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Preface 

The ‚inverted’ retina design in the 
human visual organ: a mystery between 
the brain and the eye… 

The attempts to better understand the functional principles of the human brain in 
connection with the sense organs are as old as the scientific reflection of man on 
himself. A considerable step forward was made with the histological work performed by 
Ramon y Cajal and the Golgi staining of neuronal tissue, as a result of which the more 
and more intensive research of the neuronal circuits, synapses and networks took 
priority and still has priority in brain research. It can be seen more and more that 
intelligent accomplishments in macroscopic organs – such as the visual organ – are 
based on micro and nano structures. The inverted retina is the paradigm of a cortical 
layer in the visual organ and it can be shown on it that cellular cortical layers 
functioning as micro- and nano-scopic optical gratings and space lattices can decisively 
contribute to a better understanding of intelligent image processing and shed new light 
on the cooperation between the brain and the eye in human vision. 

How a life’s journey leads to writing a book 

At an early stage, my professional life exposed me to two topics which at first sight 
have nothing in common. The one topic was that of the loss of the sense of reality of 
persons, who – despite normal functioning of vision - drift into make-believe and 
delusion. The mechanisms which lead people into delusion and the disappointment when 
they return from the consequent logic of their constructed world of delusion were the 
topics of my PhD thesis in the area of social psychology of the theater, the European 
comedy from Aristophanes to Pirandello [248]. The title of this work was "Disorder in 
social communication and loss of reality control as structural elements of drama". It was 
startling to see that the authors of the drama type comedy which basically and as 
opposed to tragedy reflects everyday life of people knew how, in a simple fashion, to 
portray how people are placed into a situation of make-believe and delusion by using 
malicious or helpful, fraudulent or benevolent lies, cunning and deception and how their 
control of reality was suspended until the classic happy-end would heal all. The 
declaration of a person to be insane by the community segregates that person in social 
life and in the reference to reality, and it corresponds to the principle propagated in the 
text books on psychopathology [31], in that insanity and pathological delusion are 
finally defined by the social consensus of a society and are segregated from normality. It 
is a common human everyday tragedy to be seeing and yet blind to reality.  

The other topic was microscopy, spectroscopy, diffractive micro and nano optics.  
I spent altogether 15 years in this product area at Ernst Leitz GmbH Wetzlar/Germany; 
and of these I spent 10 years as manager of 100 members of staff in the second largest 
agency of this company in Paris/France. This job provided me with fascinating insights 
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into the research fields of medicine, biology and technology based on optical and 
electron microscopy, mass spectrometry and other scientific proceedings in universities, 
hospitals and research centers regarding new findings in the micro and nano cosmos. 
The more an insight into the world of the extremely small succeeded and the more it 
became possible to dissect the world of the organic, the organism and the cell right up to 
a single chromosome and the genetic code, the less clear it became what constitutes life 
in its innermost part and what keeps it together.  

Somewhere amid these extremes of my own experiences I developed my interest in 
wanting to better understand, using the example of the human eye and its visual 
function, how with the use of light the visible world with its objects interacts with the 
seeing subject, with its instruments, the sense organs and the central nervous system in 
the living organism. In this it became absolutely essential to acquire an interdisciplinary 
access to the topic with very varied fields of expertise such as embryology, physiology, 
and diffractive optics as well as brain research on perception and cognition. In the 
course of the work it became evident that a book should not only make the results 
comprehensible, but also the arduous path taken in achieving them. In 1978 my first 
article on this topic was titled “Diffraction gratings on the surfaces of the optical system 
of the eye“ [249]. In 1991 a second article on this topic followed [250]. For 30 years I 
was fortunate to be able to work with scientists at times such as Emil Wolf of Rochester 
University and Erich Blechschmidt of the University of Göttingen or to correspond with 
E. G. Steward of the City University of London. All three of them had the excellent 
ability to encourage interdisciplinary approaches, even though there were times when it 
was a hard struggle to recognize the inner relationships between the disciplines. It was 
also courageous of the publisher of a SPIE volume in honor of Emil Wolf [493], to 
include my contribution in chapter 10 with the title ”Colored Shadows: Diffractive-
Optical Cross-Correlations in the Human Eye: The Missing Link between Physics and 
Psychology, Newton and Goethe“. 

The encouragement which I received also included in particular the long-term 
technical cooperation with David Casasent of the University of Pittsburgh [63-65], an 
expert for optical correlator technology, at the SPIE conferences with the topic 
‘Intelligent Systems and Robotics’ in the US. As an entrepreneur in the CORRSYS-
companies (www.corrsys-datron.com; www.corrsys3d.com) I profited from this 
technologically innovative platform of optical sensor technology and signal processing 
for over 15 years. 23 contributions to the SPIE proceedings evolved from this between 
1992 and 2007 [251-260]. These ran through often tentative results like a main thread or 
a diary thus recording these results which would not have been possible in any other 
way. Another 50 lectures at conventions or articles in expert journals between 1992 and 
2007 have so far been added. 

Emil Wolf visited CORRSYS, when we were only a staff of four just after founding 
the company in 1993 (Photo 1). 

There were always numerous discussions at the many OSA conferences in the US. 
Also here in Albuquerque, where the photograph in Photo 2 was taken.  
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Photo 1: Emil Wolf (right) visiting the newly-founded company CORRSYS in Wetzlar.  
(left: Owner and CEO of CORRSYS, N. Lauinger). © 2013 permission by Emil Wolf. 

 

Photo 2: Emil Wolf with his wife Marlies and Norbert Lauinger in Albuquerque NM at an annual meeting 
of the Optical Society of America OSA.© 2013 permission by Emil Wolf. 
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As a result of the initiative of Emil Wolf common workshops took place in 
Rochester and articles were written with Margarita Carbon, a physicist of Moscow State 
University [60]. David Casasent held a course about optical correlators for a small group 
of six members of staff in Wetzlar during the first few weeks after the establishment of 
CORRSYS in 1993. This was a fantastic encouragement. 

For over 20 years, my wife and I financed the establishment of more than 50 high 
tech jobs in the CORRSYS companies in Wetzlar, using the pro rata inheritance from 
the sale of the Ernst Leitz GmbH to the Schmidtheiny-Group [278] and in this way we 
implemented the world’s leading innovations in optical sensor technology for the 
automotive and the railroad sector. In 2000 the firm’s name changed into CORRSYS-
DATRON Sensorsysteme GmbH with a staff of 50 after the takeover of DATRON-
Messtechnik. In 2009 the company was integrated into the Vehicle Business Unit of 
Kistler AG in Winterthur/Switzerland. The start-up subsidiary company CORRSYS3D 
Sensors AG continued to work on developments for length and speed sensor technology 
in railroad technology and industrial metrology. In 2010 HaslerRail GmbH in 
Bern/Switzerland took over the railroad sensor technology as well as its development 
team from CORRSYS3D. CORRSYS3D succeeded in getting the project NAMIROS 
[34] off the ground as a project supported by the federal ministry for education and 
research, a project dealing with the functionalities of intelligent diffractive-optical image 
pre-processing in grating–optical sensor technology, and inspired by my work regarding 
a new interpretation of the inverted human retina. In this project, our industrial partners 
were the companies Vitronic/Wiesbaden and mrt/Berlin. The Fraunhofer-Institute for 
applied polymer technology IAP/Golm (Dr. E. Görnitz, Dr. J. Wagner), the Institute for 
thin-layer sensor technology IMS/Golm (Dr. J. Stumpe), the Optical Institute of the 
Technical University TU Berlin (Prof. S. Orlic) and the University of 
Siegen/Department of Physics (Prof. U. Pietsch) were our academic partners. 

A strong emotional motivation is one of the driving forces of a book author. It is 
based on events which occupy the author, when he deals with new or sometimes 
incomplete discoveries of other scientists. One such event was the realization, how 
wantonly optical microscopy with its up to 1000 fold magnifications changed over to the 
million fold magnifications of electron microscopy often without examining 
systematically and in depth the relationship between micro and nano structures. Another 
event was the realization that Ramon y Cajal [365-367] was nearly completely 
dependent on the Golgi staining technique in his microscopic study of the human central 
nervous system, a technique which one-sidedly was able to only make visible nerve 
fibers and their neuronal nets, but hardly any cellular lattice or space grating structures 
in the brain tissue. It remains incomprehensible why the cell body layers in the cortical 
tissue, which were even documented by Ramón y Cajal have not received more attention 
to this day in the research on the sense organs and the cortex. Not even in the retina on 
which they had often been shown. 

A Telephone call to H. Wässle [463-466] at the Max-Planck-Institute for brain 
research in Frankfurt/Main posing the question “What do you do with the nuclear layers 
in the retina ?“ was clearly answered by “We ignore them in the study of the retina, its 
photoreceptors and neuronal networks because they are of no consequence“. Yet still in 
the times of Ramon y Cajal there were passionate discussions among scientists regarding 
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the topic whether the CNS was to be interpreted as a syncytium or as a neuronal 
network. Subsequent to the impressive work done by Ramon y Cajal all other 
hypotheses outside the one of the neuronal networks were punished with neglect. 
Whatever is not to be must not be.  

There was further astonishment regarding the fact that the structural analysis of 
crystalline lattice structures in x-ray radiation were only done in the Fraunhofer far-field 
and in this, the Fresnel diffraction of light in the near and medium field behind the 
optical lattices remained unnoticed for a long time right up to the pioneering works of A. 
Lohmann [272-274] and Jahns [188, 189] in the 60s and 70s. The realization that the 
von-Laue- or Sommerfeld-equation for three-dimensional optical gratings or space 
lattices [417-419] was not examined for Fresnel near-field solutions for decades except 
by E. Wolf [488-492], was also astonishing. W. Horn, the design engineer of the 
Michelson interferometer at Ernst Leitz GmbH [177-179] spent some years working on 
this topic with me. New astonishment arose during the cooperation with the professor of 
anatomy E. Blechschmidt at Göttingen University [28-30] when examining the prenatal 
development of the eye. The histological working-up of the retina had so far led to a 
structural, but not to a functional understanding of the cortical organ by the optical 
sensor technology.  

It was a new experience to see that Edwin Land [237-240] had acquired new results 
regarding the relationship between the local RGB color of an object and the RGB color 
of the global illumination, during his experimental examination of color vision; 
however, he did not pay enough attention to the colorless axis in color space and thus 
the sensations of grey and white.  

Finally there was the astonishment that large parts of American literature regarding 
the ‘human visual system’ (HVS), which likes to refer to itself as the Bio-inspired model 
[264], has to this day not gone beyond the identification of the eye’s retina with the 
CCD of a camera. 

How do such a path in research and such a chain of experiences lead to the writing 
of a book ? It does, because in this way it could be possible to succeed in connecting the 
inter-disciplinary topics in a target-oriented way rather than in the framework of single 
articles. The book is structured into a few and relatively clearly definable topics. 

 The prenatal development of the eye. In this it can be shown that the ‚inverted’ 
retina constitutes a target-oriented, cortically-driven design. Ida Mann [284] and 
E. Blechschmidt [28-30], the former head of the Department of anatomy in 
Göttingen and of the unique collection of histological sections covering the 
stages of pre-natal human development were of valuable guidance on this topic.  

 The diffraction and interference of light in the near-field and the far-field of 
diffractive optical gratings and space lattices. The analysis of the information in 
the diffraction pattern leads to the topic of spatial frequency filtering and range 
mapping in the eye. Fresnel optics provides the concept of the optical correlator 
in the eye, Lohmann [272-274] and Jahns [188, 189] were innovators in this 
area pointing the way ahead. The x-ray analysis of crystals and crystal optics, 
which were developed by von Laue [244-247], Ewald [101-106], Kossel  
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[222, 223], Bragg [46-49], Sommerfeld [417-419], E. Wolf [488-493], M. Born 
[38-42], Buerger [52], Haussühl [161], Stewart [433] and others were decisive 
aides for grating and space-grating optics. 

 The spectral transformations in space-grating optics. The calculations explain 
the optical RGB-transformation and the adaptivity of color vision. The eye when 
interpreted as a vestibular organ, led to a closer insight into E. Land’s retinex 
work [237-240] and Goethe’s experiments [141] regarding colored shadows in 
twilight und thus to a polarity of object and subject, as well as of physics and 
physiology in vision. This polarity is also expressed in the broad optical 
phenomena shown on the optical trail in the town of Wetzlar, for which I wrote 
the scientific guideline (http://www.optikparcours.de). 

 The log-polar basics of the abstracting classification and of the individualizing 
identification of visual objects. Kant’s successor to the chair of philosophy in 
Königsberg, Konrad Lorenz [275, 276], became a guide in this respect. John von 
Neumann‘s [323] comparison of computer and brain functions were just as 
helpful as the work by Campbell [57-59] and Glezer [136-138] regarding the 
harmonious analysis of the visible or the contributions to constructivism in 
human vision [Watzlawick 473, 474; Oliver Sacks 387]. 

This succession of topics will be interlaced by four accompanying topics: the topic 
of axes centered symmetry operations in the eye and in the central visual pathway, the 
topic of the monocular 3D range map in the eye, ‘Pythagoras‘ laws, to which the book 
by Maor [285] contributed and the multitude of equilibrium and non-equilibrium 
positions in vision. 

In this research, was it possible to find an answer to the question of what holds the 
world together in its innermost in vision? The resonance ability of optical space-gratings 
with light, the hierarchy of equilibrium positions in the human visual system, the axis-
centered symmetry operations in the central visual pathway and in the optical correlator 
of the eye are of special importance at the cortical interface, where the exterior world of 
objects and the interior world of the subject meet and where matter as an instrument and 
light as the carrier of information interact in a way similar to the interaction of body and 
soul. The reader will have to decide whether I succeeded in conveying this.  

Max Born said to Emil Wolf [493, p. 38] “In 
pioneering work everything is allowed, as long as 
one gets the right answer. Real justification can 
come later.” 
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Man as an artist does not play his instrument as a violinist plays his 
violin, but he spends a lifetime inside his instrument 

People live inside their instrument 
– a hierarchy of cellular space gratings 
and neuronal nets… 

Scientists and engineers are used to describing instruments so that we as humans 
are able to handle them. They can explain how a violinist is able to elicit sounds and 
melodies from his violin, how a pianist has to treat his grand piano, how a clarinet player 
can produce arias. However, the description of instruments, in which we are placed as 
the artists, whole bodies, individual organs and sensory organs, our brain, is unfamiliar 
to us. However, these also consist of hardware in macro, micro and nanoscopic 
dimensions, a cross-linked software and memory files, with the help of which we 
produce the audio-visual and tangible world and also hold on to it, just as to our own 
individual melodies and topics, which accompany us all our lives and which we 
communicate to fellow humans in a living orchestra. It will always remain a miracle, 
how such different worlds can take shape, considering that the intelligent hardware and 
software is nearly identical in each individual brain. That is why it is so difficult in 
vision, which of all senses comes closest to thinking [136-138], to discover and to 
describe the hardware in the eye and the visual pathway common to all individuals. 
When one succeeds, however, to understand a part of the instrument, then we also 
consider ourselves to be artists inside our instrument and can gain a better understanding 
of the limitations of our creative possibilities. Kafka’s statement: ”Everyone lives behind 
the bars, he carries around with himself” does then not have to become a nightmare. 

Special thanks  

My special thanks go to all of those who contributed to regular astonishment and 
stimulated as well as spurred my work in a versatile fashion. Above all, my thanks go to 
my wife Yvonne, who due to her diploma in psychology at the university of Giessen was 
able to impart up to date access regarding the status of perceptual psychology at  
Prof. A. Hajos’ [154] and who beyond that and with great interest creatively enriched 
my work on this book by means of intensive discussions. She not only tolerated the side 
effects of the life of an author, but with untiring patience she converted it into quality 
time shared together.    

Similarly, my thanks go to the professors Emil Wolf, David Casasent, E.G. Stewart, 
Nils Abramson [4], Erich Blechschmidt, Jörg Willhelm [483], to Eckart Schneider who 
developed the CORREVIT-Technology at Ernst Leitz GmbH and CORRSYS, as well as 
to the partners in the NAMIROS R&D project and to others, with them being 
exceptional in their encouragement in an interdisciplinary area of research which had so 
far been worked on in a very incomplete fashion. Moreover, my thanks go to all of those 
who with their often critical curiosity made life difficult for me at scientific conferences 
and in personal discussions. The versatile literature, which I was able to acquire in the 
bookshops in Cambridge/Mass., Boston/Mass. and Rochester/NY, or in Oxford/England 
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during my annual one-week stays in many ways inspired and facilitated my work. 
Professor Stewart wanted to take on one of my articles as an attachment for the third 
edition of his book “Fourier Optics – An Introduction“ [433]; however, this edition did 
not materialize. Cordial thanks also go to G. Dillmann of the dk-computer school in 
Giessen as well as to Erich and Pascale Brenzinger, who with their professional 
experience supported me in the production of a multitude of illustrations in their Paris 
office‚ Recherche et Design‘. Special thanks go to the private co-financing partners of 
Corr3D and the NAMIROS R&D project: the Stübner and Dr. Brans families at Wetzlar, 
Professor Theo Tschudi/Darmstadt and Dr. Isabella Schnecker/Detroit, the Trade Bank 
of Hesse (Wirtschaftsbank WiBa), and the European Union. And thanks goes to the 
publishers for the work on the printing of the book and to Angelika Dürre for the 
arduous efforts at achieving a professional translation.  

Norbert Lauinger is a member of DGaO (Deutsche Gesellschaft für Angewandte 
Optik) and of EOS (European Optical Society). For many years he was member of SPIE, 
for a few years also member of OSA. 
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1 

Introduction 

It is through our visual organ – the 
eye and the central visual pathway – 
that we see the world … 

The ear is a fantastic marvel of nature; the eye is an even more fantastic one. In 
seeing we grasp the world, upon thinking we understand it. Both the eyes and the brain 
are involved in seeing. First of all, we perceive visual objects by means of the visual 
apparatus, the hardware of the visual organ. It is made up of both eyes with their central 
visual pathway. In the eyes, the hardware consists of the geometric lens-pupil imaging 
optics and of the diffractive optics of cellular space lattices [249]. The requirements 
imposed by the brain on the eyes’ building plan from the very beginning are part of 
seeing with the eyes. These convert seeing into thinking about the object and referring to 
the subject. And thinking leads to reflecting upon what was seen. Whether something 
visible is a ‘dog’ or a ‘cat’, we determine by seeing the objects and by taking a closer 
look. What we already know about the objects, we connect simultaneously when 
thinking about them or retrospectively from memory.  

When studying prenatal development, the cortical ‘inverted retina’ design of the 
eye turns out to be a targeted revolutionary step in the evolution of the visual organ with 
specific consequences for the construction of the hardware of the eye and the central 
visual pathway as well as for the relationship between object and subject in vision. By 
means of the deposition of cell body layers (granular layers, so-called ‘nuclear layers’) 
into the eye which towards the light and in front of the photoreceptors assume the role of 
diffractive optical lattices (and space lattices), the geometric lens-pupil-imaging optics is 
linked with interference optics in a grating-optical correlator  construction. Therefore, 
important functions may already have their basis in the eye: the spatial frequency 
filtering, the optical transformation of the visible spectrum into RGB color space, the 
chromatic adaptation with the reference of the local color to the illumination as a whole, 
the monocular optical three-dimensional depth map, the (log-) polar coding and the 
harmonic analysis of the visible as the basis of abstracting object classification and 
concrete identification. 

Figure 1.1 shows – schematized and anticipating matter to be dealt with later – the 
finally resulting structure of the hardware in the eye, which is similar to complex 
crosswires in an optical reticle, with which we perceive visible objects without being 
conscious of the fact or without having gained an insight into it.  



The Human Eye: an Intelligent Optical Sensor 

 22

 

Fig. 1.1: Reticle of the optical correlator in the eye. We perceive visible objects, here a colored triangle, 
through such a complex – multilayered - optical reticle. 

Inevitably, just as in other areas of the biological sciences, one has to get used  
to the idea that decisive functions are inherent in the cellular micro world and the  
sub-cellular nano world. Through these the macro organs such as the eye, the ear and the 
brain receive their ability to perform intelligently. In this the cell bodies themselves – 
not just the dendrites and axons with their synapses – are already functioning gratings 
and space lattices in the cortical layers of the eye. 

As a rule, the nuclear cell body layers receive little or no attention at all. As early as 
1898, no less a scientist as J. v. Kries [226] spoke about the “partly conscious, partly 
perhaps also automatic overestimation of the conductive principle” when interpreting the 
brain as a neuronal network (p. 67). He did not exclude that “e.g. through the coherence 
of functionally similar cells … general ideas of similar simplicity such as the conductive 
principle for the peripheral fibers” could be gained (p. 70). The question “whether an 
anatomical examination will again endow us with a fact of similar far-reaching 
importance, such as is neuronology” is followed by the statement (p. 71): ”One would 
only lament if the scientist’s endeavors were to be distracted away from these problems, 
be it either by the optimistic idea that there was nothing to be searched for any longer in 
this field or be it by the pessimistic idea that there was nothing more to be found here in 
the first place”.  

1.1.  Paradox and Smart Facts in Human Vision 

Initially, a lot of things seem to be paradox when being preoccupied with the human 
visual system. Paradox means that some of the chosen solutions in the development of 
the visual organ are apart from the usual and the established doctrine. Other intelligent 
solutions in other areas of life are often set apart from good common sense. Be they 
paradox or intelligent: both attributes for something out of the ordinary give rise to 
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scrutiny of what is special. Some such topics, which will later be integrated into a larger 
context, are to be introduced in this section. 

1.2.  The Eye is more than and Different to a Camera 

The optics of the camera is calculated for the imaging of everything visible on to a 
flat surface. The optical imaging in the eye is designed for the imaging of the three-
dimensional world on to the body’s own three-dimensional coordinates’ system  which 
was imposed on the eyes by the brain. In camera optical systems it is deemed to be true, 
what Franke [116] in 1964, phrased as follows: ”Today, photography is the means which 
in the sense of our geometric and physical visual conception allows for the truest image 
of a space on a flat surface”. The optical imaging of the visible is the only common 
feature between the eye and the camera. Both of them image visible objects optically 
and in doing so, turn them upside down. The light contributing to the optical imaging is 
refracted on lenses, on the pupil it is diffracted in the lens-pupil system and it is focused 
on to an even projection surface (film- or CCD-level) in the image plane. For the 
geometric-optical 1:1 image of an arrow standing upright in object space, Figure 1.2 
shows the geometric path lines in the lens-pupil system which guarantee an axis 
centered symmetry operation, so that the upright arrow in object space is inverted in the 
image. The dilemma of photography results from the waiver of a 3 D image... 

Franke [116] clearly described the dilemma of photography: “An image in the 
mathematical sense is made up of the reciprocal correlation of two coordinate systems 
according to a predetermined function, in which the coordinates of the one system are 
determined by the ones of the other system. The imaging of a three-dimensional room 
into another means that in the image straight lines reconvert into straight lines and flat 
surfaces into flat surfaces. Such an image is conveyed by the linear transformation. It is 
reversibly clear that each point of the one space corresponds to one and only one point in 
the other space. The points, straight lines and flat surfaces corresponding with each other 
in the image are said to be conjugated to one another (p. 3)”.  

 

Fig. 1.2: Optical 1:1-imaging of an arrow (left). Compact camera LEICA (right). 
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And further (p. 16): “in photography there is always the task of imaging the object 
area onto a surface. It is obvious that such an image when reversed cannot be as distinct 
because the flat surface is of less diversity than the space … Of the many possibilities to 
image the space upon a flat surface, one will look for one that can be easily explained. 
And that is the imaging of the space in the central perspective. This seems “natural“ to 
us because to some degree the impression thus provided corresponds to the impression 
which the eye provides when fixating upon a particular point in space, the visual fixation 
point… In this fixating vision the pupil is the centre of perspective. However, as a 
complement and as it were, as a compensation for its low spatial extent of the focused 
elements in space, the eye has the ability to change the visual fixation rapidly, namely 
the direction by turning in its orbital cavity as well as in depth by changing its 
accommodation. By means of such looking around the space is scanned and put together 
mosaics-like from the individually sensed space elements. In this fashion the spatial 
juxtaposition and consecutiveness is changed into a temporal sequence. The memory 
constructs a consciousness of space from the individual impressions which are provided 
in a rapid sequence…“.  

The photographic community is struggling hard to defend its art of imaging to be 
the superior one. Despite all permitted upgrading of photography, a camera is not able to 
say the very least about WHAT it actually sees. Therefore, it is all the more astonishing 
when one can read in optics text books: [20, p. 137] “The human eye as an optical 
instrument, e.g. compared to a photographic camera, is to be gauged to be very bad “. 

The intelligent further development 
of the camera is the optical correlator… 

The human eyes with their central cortical visual pathway make up the visual organ 
of the brain, specialized to deal with light and are thus the brain’s windows into the 
visible world. Everything visible refers to the body axes of the seeing person via the 
axes-centered symmetry operations and a hierarchy of equilibrium states.  

The eye is more than and different to a camera which images and stores the visible 
world  in detail on a `tabula rasa`, a  monotone flat surface occupied by CCD pixels or 
an unstructured film in image space. It is more than a geometric-optical lens pupil 
imaging system. It is also equipped with an additional grating-optical correlator system, 
an instrument therefore which places completely light transparent diffractive structures 
in the way of the images of seen objects on their way to the photoreceptors. The 
superimposition of the object’s image and the inherent structure of the optical sensor 
results in a cross-correlation, the result of which is available to the photoreceptors. The 
correlation consists of the fact that the image of an object is superimposed by or 
multiplied with the diffractive structure of the recipient organ. Object and subject are 
thus intertwined very closely before any information reaches the photoreceptors in the 
retina, which covers the surface of a compressed rotational ellipsoid. From the very 
beginning, the structure of the visual organ is imposed on the objects so that also the 
information about WHERE there is something visible and WHAT is visible is acquired 
and processed on the objects. It is not to be found in the image of the object in the eye 
and not in the image of the object in the cortical visual centre in the brain. The 
correlator-optical structure of the eye leads to the fact that not only the refraction of light 
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on the imaging lenses and the diffraction on the pupil, but also the diffraction and 
interference on the diffractive cellular lattice structures contribute to the visual function.  

1.3.  Photoreceptors for CCD Cameras and for the Eyes 

Are cell nuclei or optical 
waveguides exposed to the light? 

Just like every camera, every visual organ relies on having suitable receivers on the 
interface where light is converted into conductible electric energy. Photo receivers are 
the traditional light–sensitive elements in technology, photoreceptors the traditional 
light-sensitive elements in biology. In the shape of light traps, optical fibers or light 
antennae, they are designed for the incidence of light and its conversion into electricity. 
As a rule, traditional photo receivers such as in Figure 1.3 (left) record – without any 
optical interconnection to their surroundings – the local intensity of light and via the 
RGB receivers the local color of the incident light. They are optically isolated receivers 
which are sequenced monotonously in a pixel structure in the image plane of cameras. 
Spatial distributions of intensity can then be processed electronically and pixel parallel 
on the camera chip, so that in the electronic CNN-Hardware (CNN = cellular neuronal 
net) the connection of every pixel with its neighbor and with the previous picture will 
succeed by which means also non-local information on the surface, namely about edges, 
shapes, textures and color patterns, can be connected with the local characteristics of 
individual objects in spatiotemporal processing.  

The second type of photoreceptor, as it is found in the human eye and as illustrated 
in Figure 1.3 (right) guarantees an interconnection of information even in the optical 
pre-processing. In this case, the photoreceptors are arranged behind light-transparent and 
structured optical lattices. In the retina, the nuclei in the granular layers are the bricks of 
the lattices. The dendrites generating synapses multilaterally grow out of these in the 
direction of the associative fiber layers inside the retina; and the photoreceptors with 
their inner and outer segments grow out of the last cellular nuclear layer. The nuclei of 
the ganglion cells send the axons of the optic nerves in the opposite direction to the 
brain. By means of the cellular lattice construction the light is not only being directed 
purposefully or bundled but information is pre-processed optically in that the lattice 
elements communicate with their neighbors in an optical cross-talk before the light falls 
into the waveguides. From this the role of the cell bodies and their nuclear lattices is 
derived for the individual functionalities of seeing. 

An interconnection of local information is achieved by optical interference with 
neighboring signals. Each individual photo receiver can thus already acquire parts of its 
neighbor’s information. In this way a lateral-optical communication becomes possible, 
and the more the lateral intercommunication becomes effective, the local 
communication becomes connectable with the global one. Finally, the essential 
statement about an object – WHAT is it – becomes available as information on the total 
area which it occupies in image space. Rather than just one individual lattice, several 
lattice layers can be combined in such a way that they make the optical pre-processing 
more sophisticated. Then the first lattice can work on the first part of the information 
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which becomes available with the incidence of light, and other layers can work on 
further information so that later photoreceptors can receive already quite specific and 
differentiated information about color, orientation, distance, texture and shape of 
objects. Which architecture of the receiving elements is best suited to an intelligent 
visual organ? Is it the one with the optical intercommunication or the one with the best 
electrical intercommunication or one which possibly guarantees both at the same time? 

 

Fig. 1.3: Two basic types of optic sensors. (Left) Photo receivers on a CCD with sequentially arranged cell 
nuclei and axons; (right) photoreceptors behind the lattice of cell bodies and their axons.  

1.4.  The Unity of Visual Objects and the Diffraction of their 
Images in Seeing 

A visual object is present as a 
whole in object space, in the individual 
eye and in V1 correspondingly. 

Where is the image of the individual visual object to be found in monocular or 
binocular vision? And what happens to this image? Ramon y Cajal [365-367] outlined 
how two human eyes whose visual fields overlap and which are connected to the central 
visual pathway, fixate an arrow with feathers – a one-dimensional visual object – 
(Figure 1.4). Each of the two eyes perceives warps, diminishes and inverts the arrow. 
The central visual pathway grasps the image in the eyes and diffracts it or cuts the arrow 
in half where the central axis of vision (added as a broken line by the author) meets the 
arrow at the binocular fixation point. Later it will be shown that for a two- and a three-
dimensional visual object there is not only the breaking-down of the object image into 
two halves, but in addition there is a breaking-down into four quarters (quadrants) in the 
eye. It is only at the end of the central visual path, in the visual cortex (V1) that the 
arrow is assembled again from its fragments. The crossing of the visual nerves in the 
Optic Chiasm is a necessary consequence of this logic of vision with overlapping visual 
fields and the breaking-down of images. Also in V1, the centre of the arrow is located on 
the central axis of vision. At the intermediate point marked as S on the visual pathway, 
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the Corpus Geniculatum, the left and the right halves of the visual field are 
superimposed. They are compared or correlated with one another. In monocular vision, 
the process is the same, except for the absence of the important correlation of two 
perspectively differing stereoscopic images which is important for binocular 3D vision. 
Therefore we see the individual object which we view in a fixating fashion, nearly 
simultaneously in the individual eye as separated and then in the visual cortex 
reassembled to an individual whole. 

 

Fig. 1.4: The visual processing of a one-dimensional object (an arrow) in both eyes and in the central visual 
pathway according to Ramon y Cajal [365, Fig. 67, p. 473]. FIX = Fixation point on the object.  F = Fovea 
in the eye and cortical fovea in V1. The crossing of the visual nerves (Chiasma opticum) is followed by the 

intermediate point (S) (CGL = Corpus Geniculatum Laterale) and the cortical visual centre V1 (Rv).  
(The central symmetrical axis was added by the author as a broken line).  

© 2013 permission by MIT Press. 

The diffraction of the images goes unnoticed by the seeing person, and yet it 
constitutes a basic function of seeing, one that is inherent a priori as hardware in the 
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visual space of the eye and upon which we have no insight in the seeing process. One 
may regard this construction to be paradox for as long as it cannot be understood to be a 
particularly intelligent one. Fixating vision of an object differs from non-fixating vision 
only in a gradual fashion; however, by means of the imaging of the object in the high-
resolution centre of the retina of the eye it has at its disposal a maximum of detailed 
information and in this way optical access to the individual particularities of the visual 
objects. 

Similar to Ramon y Cajal, Newton also described the processing of information in 
the eye and in the central visual pathway (Figure 1.5). 

I.Newton Opticks, Book Three, Part 1, Qu.15: 

Are not the Species of Objects seen with both Eyes united where the optick
Nerves meet before they come into the Brain, the Fibres on the right side of
both Nerves uniting there, and after union going thence into the Brain in the
Nerve which is on the right side of the Head, and the Fibres on the left side of
both Nerves uniting in the same place, and after union going into the Brain in
the Nerve which is on the left side of the Head, and these two Nerves meeting
in the Brain in such a manner that their Fibres make but one entire Species or
Picture, half of which on the right side of the Sensorium comes from the right
side of both Eyes through the right side of both optick Nerves to the place
where the Nerves meet, and from thence on the right side of the Head into
the Brain, and the other half on the left side of the Sensorium comes in like
manner from the left side of both Eyes. For the optick Nerves of such Animals
as look the same way with both Eyes (as of Men, Dogs, Sheep, Oxen etc.)
meet before they come into the Brain, but the optick Nerves of such Animals
as do not look the same way with both Eyes (as of Fishes, and of the Chame-
leon) do not meet, if I am rightly inform‘d.

 

Fig. 1.5: Newton [324, Question 15]. The binocular design with the overlapping field of vision compels the 
crossing of the visual pathways in order to guarantee the identity of the visual object in V1.  

1.5.  Diffraction and Interference of Light in Human Vision? With 
the Interference Term Intelligence Comes into the Game 

A paradox phenomenon to which we pay no 
attention at all in everyday life… 

If we close one eye when seeing, everything visible remains evenly bright. One 
could well have expected that the luminance of the visible objects would be halved. 
Merely the stereoscopic depth perception which is good in binocular vision becomes 
somewhat less sharp because a second view with a changed perspective of the object is 
missing. In binocular vision, the rule of non-additivity of luminance applies. In the large 
field of optics the rule of non-additivity fundamentally holds in interference optics. 
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Would the non-additivity therefore not be an indication of interference-optical 
processing of Information in human vision?  

Interference optics is wave optics. It all 
depends on the interference term… 

Light waves which are diffracted on double slits and gratings with dimensions in 
proximity of the light wavelengths overlap one another in the `reciprocal` grating space 
behind the diffracting openings and lead to redistributions of light intensities. By means 
of interference the intensity patterns `reciprocal` to the diffracting apertures are 
produced. Interference optics deals with amplitudes, the height of waves, and with the 
phases of waves, the shifts relative to one another, and with their full or partial 
coherence or incoherence and with the distribution of intensity resulting from the 
superimposition of waves. It calculates with wavelengths λ or with their reciprocal 
frequencies ν = 1/λ. It is the norm in interference optics that the so-called interference 
terms determine the distribution of energy in the resulting intensity pattern.  

The differences between a² + b² and (a + b) ²… 

If a and b are the amplitudes and a² and b² the intensities of two interference-
capable wave trains, then the possible distributions of intensity come about through  
(a + b)² or (a – b)². The interference term may be +2ab or -2ab, which leads to 
constructive or destructive interference. There is an exception to the rule, when the 
interference term does not have any influence and the energy distribution can be 
described with a² + b².  As a rule, the wave fields are added vectorially; in an 
exceptional case “the vectorial addition degenerates into an algebraic addition” [20]. The 
sum a² + b² is the well-known solution from Pythagoras’ right triangle. It is an exception 
in interference optics; (a + b)² is the rule here together with (a – b)². 

The directions in which intensity redistributions take place through the interference 
of waves in  reciprocal grating space, are determined by the cosine xgn / .or ng x /  

(n = integers) in right triangles; therefore through relations between the wavelength λ of 
the light and the grating constants xg  in the diffracting double slit or in the grating. 

Since these cosine terms relate amplitudes which represent lengths in Pythagoras, the 
Cos²- terms are the particular quantities, which in the shape of squared amplitudes 
(Square of the field force) or areas above the sides of the triangle represent the 
intensities in the interference patterns. Therefore the resulting intensity stripes or dot-
shaped interference maxima are also named Cos²- stripes or Cos²-weights [433]. “All 
that can be measured in light are the intensities…, which are proportional to the squares 
of the amplitudes; by omitting negligible constants the intensity can be directly equated 
to the amplitude square….; in general the resulting intensity is not equal to the 
(algebraic) sum of the individual intensities; there is strict additivity of intensities only 
in the case of the interference term being zero. Every deviation from the additivity of 
intensities is called interference” [20, p. 226]. Further information concerning the above 
in [371, 433, 447 etc.].  
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1.6.  Interference Optics is at Home in the Micro  
and in the Nano World 

In hearing, the first transformation 
is the one from sound waves into 
standing interference fields…  

By means of its eardrum and two other membranes, the human ear transforms the 
incoming sound waves into standing waves. In nature and technology, interferences in 
optics occur in particular, where light meets structures with dimensions near to visible 
wavelengths, i.e. 0.4 to 0.8 millimeter or 400 – 800 micrometer (µm) respectively. Upon 
light incidence in microscopic gratings and space gratings, the phenomenon of 
`diffraction and interference` of light occurs. Biology has made infinite and manifold 
use of this. The wings of a butterfly are structured in the sector of light wavelengths and 
act as a reflection lattice so that with the diffraction of sunlight in them at great 
distances, information, such as the location of a male can be sent [22, 146]. The opal is a 
well-known example among the precious stones; in its space lattice, the microscopic 
diameter of the tiny silicon balls is decisive regarding the angle, in which a spectral 
wavelength, i.e. a color of light is reflected out of the lattice [80, 150, 151]. The 
structural analysis in the X-ray light, which has an approx. tenfold shorter wavelength 
than visible light, uses the atomic crystal structures of the elements in order to receive 
specific information by diffraction and interference about the inner construction of the 
atomic space lattices of the matter. In inorganic as well as organic matter the Bragg- and 
von-Laue-interferences provide the interference patterns named after these authors. 
Figure 1.6 shows a highly-symmetric diffraction pattern in the X-ray light on a 
hexagonal apatite crystal and [46-49, 101-106, 244-247]. 

 

Fig. 1.6: Diffraction and interference of X-ray light in a hexagonal apatite crystal (left) in transmission, 
result in, in relation to the crystal axis, the highly symmetric interference pattern [52, Fig. 32, p. 205],  

© 2013, courtesy of Walter de Gruyter/Berlin.  
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A few decades ago, the following statements regarding space-grating optics made 
in expert literature were reckoned to be true: 

“ Diffraction in a space lattice is not of any 
real relevance in optics in the proper sense of the 
word, since it has so far not been possible to 
produce a sufficiently exact space lattice” 
[Bergmann-Schaefer Bd.III, Optik and 
Atomphysik 3/1962, p. 296]. 

“Diffraction on space lattices plays only a 
small part in light optics. It is all the more 
important for the X-ray sector“. [Bergmann-
Schaefer Bd.III Optik, 8/1987, p. 428]. 

During the last few years and decades, the world of micro and nano optics has 
developed powerfully and some earlier thoughts were carefully rephrased or overtaken 
by progress. 

1.7.  Light as a Particle in the Double Slit Experiment 

Pythagoras law a² + b² = c² 

If light is treated as quanta or particles such as the bullets of a gun, then, as shown 
by Feynman in Figure 1.7, they can run through just one of the two available slits in the 
double slit experiment.  

 

Fig. 1.7: The gun fires on the double slit in the wall (a) at different impact angles. The detector which is 
adjustable and attached to the absorbing wall counts the statistically scattered incidents behind slit 1 and 2, 
from which the two frequency distributions in (b) with the two peak values P1 and P2 result.  If in (c) their 

frequencies are added, then the distributions curve P12 results as the sum of P1 and P2  
[111, Fig. 37-1, p. 512] © 2013 permission by Oldenbourg München/Wien. 
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Being incidents a and b, independent of each other and not interfering with each 
other, they produce a bell-shaped distribution curve of the impact frequency. When both 
curves are added and thus the intensities of all occurring incidents, then the sum of the 
curves results in equation (1.1): 

  a² + b² = c² (1.1) 

If a = b = 1 the result is that a² + b²= 2. If a > b, e.g. a = 2 and b = 1 the result is of 
a² + b² = 5. The waiver of any interaction whatsoever, i.e. of an interference of the 
incidents a and b restricts the available possibilities here to addition only.  

Pythagoras in the right triangle in Figure 1.8 illustrates the result of equation (1.1) 
for a = b and for a ≠ b.  

 

Fig. 1.8: Pythagoras a² + b² = c² in the right triangle. Both triangles with a = b and a > b have a common 

hypotenuse c = 
22 ba   in the Thales circle on which the tip of the triangles with the right angle  

is situated.  

The ‘light-like’ Pythagoras….. 

If instead of the known measures of length cm = Centimeter, mm = Millimeter,   
µm = Micrometer, nm = Nanometer etc. a particular wavelength λ is used as a unit of 
measurement for the right triangles, then the `light-like` Pythagoras results. A 
transformation of the dimensions of length is justified if in the light-like world one does 
not have any (material) measurement device other than the wavelength λ scale of light. 
Or – and this will become an important topic further on - if one deals with the `optical 
tuning’ of light diffracting lattices and their spectral resonances. With a = b = λ as a 
spectral amplitude and with the areas F as squared amplitudes, the intensities  
a² + b² = 2λ² results; with a = λ and b = 2λ the value c² = 5λ² results, in this way the 
smallest whole number c²-value in the Pythagoras of right triangles. 
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1.8.  Light as a Wave in the Double Slit Experiment 

(a ± b)² = a² ± 2ab + b² 

A light wave can run through both slits simultaneously and the spherical waves 
forming in the slits can interfere with each other. With the interconnection of a and b in 
binominal equations (a + b)² or (a – b)², the world of interference optics with its 
constructive and destructive possibilities beyond the pure rules of addition opens up.  

Interference optics calculates differently: „A 
strange new rule of addition. One plus one is 
sometimes zero and sometimes four; two is only 
the average“ [482, p. 106]. 

In interference optics, the sum of intensities is replaced by the fragmentation and 
redistribution of light into the polarity of bright and dark, light and darkness, maxima 
and minima of intensities. Between the two extremes there is the equilibrium of light 
and dark in the mean value of the contrast-less grey. 

The constructive interference results in 
central maxima…  

Feynman’s drawing in Figure 1.9 (right) shows the constructive interference of 
light waves. Starting in a light source the wave produces two spherical waves in both 
slits in (a). The detector measures the intensity of the waves arriving in any place in (b). 
Instead of the possibly expected distribution curves of the intensities in (b), the curve in 
(c) results. It has a central maximum and two secondary maxima in the ± 1 diffraction 
order. As a constructive solution it represents the result of the interlinked incidents in the 
equation (a + b)².  

    

Fig. 1.9: Constructive interference on the double slit experiment. Diffraction of the light on the double slit 
with the addition of intensities in the 0th Maximum and in the ± 1st diffraction orders (secondary maxima). 

On the left it is shown as a pattern of intensities in the image plane. On the right Feynman’s diagram is 
reproduced [111, Fig. 37-2, p. 514], © 2013 permission by Oldenbourg München/Wien. 
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Central maxima of luminance result where, such as in the middle (0th order) of the 
curve, there are integers of phase-lengths or path differences between the interfering 
waves. The angle dependent modulation of the intensities in the diffraction pattern 
depends on Cosθ = λ/D (θ = off-x-axis angle; D = distance between the slits or grating 
constant). A spatial frequency results in a periodic sequence of stripes which are 
dependent on D. In a constructive interference with integer nλ-path differences the  
Cos²-weights of the maxima have the value 1, in a destructive interference the minima 
with half-number nλ/2-phase differences have the value -1. The mean value around 
which the intensities waver, has the value 0.  

The Pythagoras theorem is suitable for the illustration of the constructive result of 
the interference. The interconnection of the two values a and b in (a + b)² leads to the 
binominal equation (1.2): 

 (a + b)² = a² + b² + 2 a b = c² + 2 a b  (1.2) 

In the geometrical proof of the Pythagoras theorem in Figure 1.10, the result of this 
equation, namely the interference maximum, can be shown by means of the total area F 
of the square made up of  a, b and c.  

 

Fig. 1.10: Geometric proof of the constructive interference (Equation 2) by means of the Pythagoras 
theorem a = b (left) and a ≠ b (right) [285, Fig. 5.2, p. 61], © 2013 permission by Princeton University 

Press. In each of the four triangles c² always results over a² + b².  The area F in the commonly filled square 
(left) with a = b = 1 and c² = 2 results in the value F = 2ab + c² = 2 + 2 = 4. With a ≠ b, thus e.g. a = 1, b = 2, 

c² = 5 in the smallest Pythagoras with unequal integers of length in the catheti (right) the area  
F = 2ab + c² = 4 + 5 = 9 results as a maximum. 

Figure 1.11 again, and in a different way, demonstrates geometrically the condition  
(a + b)² of equation (1.2) for a ≠ b. Here, c² does not occur, but the parts a² and b² as well 
as the two areas a  b being explicitly shown. The square commonly made up of a and b 
now has the total area F = a² + 2ab + b², which represents the maximum value in the case 
of constructive interference.  
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Fig. 1.11: The binomial equation (1.2) with (a + b)² results in two areas a  b and in the areas a² and b². The 
total area of a common square results with a = 1, b = 2 with F = a² + 2ab + b² = 1 + 4 + 4 =  

= (1 + 2)² = 3² = 9 [according to 285, Fig. 5.3, p. 62], © 2013 permission by Princeton University Press.  

The destructive interference results 
in central minima… 

When light from the one and from the other slit meet centrally with a half-number 
wavelength λ/2 and therefore out of phase, all light will be extinguished there. The 
maxima shift symmetrically towards the zero line in the ± 1st diffraction orders. The 
central minimum of the interference is described with (a – b)² by means of  
equation (1.3): 

 (a – b)² = a² + b² - 2 a b = c² - 2 a b (1.3) 

Figure 1.12 shows the interference pattern resulting from light and dark. It 
represents the reciprocal curve to the maxima curve.    

 

Fig. 1.12: Interference pattern for destructive interference with the central minimum of light extinction  
in the 0th diffraction order. Maxima are in the ± 1st diffraction orders. 

The equation (1.3) with (a – b)² describes the destructive interference. With  
a = b = 1 the result of F = a² - 2ab + b² = 0, which is the central minimum to be reached 
in destructive interference. With a ≠ b, thus e.g. a = 1, b = 2 the result in the smallest 
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whole number Pythagoras is F = a² - 2ab + b² = 1 – 4 + 4 = 1. The same result is 
achieved with a = 3, b = 4, where F = 9 - 24 + 16 = 1 and c² - 2ab = 25 – 24 = 1. An 
illustration of the result of this equation in a descriptive fashion (a – b)² is not possible 
without more ado in the geometric Pythagoras. It makes sense to first show the third 
extreme situation in the interference incidents and to find a geometric solution there for 
all three cases.  

The mean value results in the 
interference-optical equilibrium… 

The former equation (1.1) with a² + b² = c² is an equation with two non-linked parts 
a and b. For this reason the simple sum of the curves was the result common to both. As 
against this, a and b were binomially linked in the equations (1.2) and (1.3) and their 
results were the maxima and the minima of the interferences. If the constructive and 
destructive interferences in ‘running interferences’ occur in rapid succession and in 
‘standing interferences’ occur simultaneously, then the randomly generated optical noise 
results in a curve diagram showing the mean values of shares of light and darkness in the 
contrast-less grey of the mixed intensities. Figure 1.13 shows that therefore the curve 
diagram of the sums of the intensities in equation (1.1) corresponds to a stochastic, 
randomly generated equilibrium state in the interferences and explains itself as a 
statistical mean in the mixture of phase situations.  

 

Fig. 1.13: The grey-curve of the mean value shown as a statistical result of the stochastically varying phase 
situations in the interferences.  

Equation (1.4) describes all conditions of the 
two-beam interferences… 

The total energy of the light is retained during all of these different interference 
patterns; it is merely spatially redistributed in the change from equilibrium positions to 
non-equilibrium positions. Equation (1.4) describes the stochastic equilibrium position 
and thus the statistical mean value of the interferences: 
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a² + b² = c² of equation (1.1) results from equation (1.4), when the interference 
terms (-2ab and +2ab) neutralize each other.  With a = b = 1 the result in the numerator 
of equation (1.4) is (a + b)² = (1 + 1)² = 2² = 4 and (a – b)² = (1 – 1)² = 0; thus only  
(a + b)²/2 = 4/2 = c² = 2 remains as the mean value. The difference between the mean 
value 2 to the maximum at 4 and the minimum at 0 is ± 2. With a = 2 and b = 4 the term 
(a + b)² = (2 + 4)² = 36 and the term (a – b)² = (2 – 4)² = 4; and the mean value is at  
(36 + 4)/2 = 20. The difference between the mean value, the maximum 36 and the 
minimum 4, amounts in each case to ±16. Equation (1.1) is therefore a special case of 
equation (1.4), which describes the complete interference laws. While there is only an 
addition in equation (1.1), there is an addition or subtraction and a multiplication in the 
interference term in equations (1.2) and (1.3). In equation (1.4), there is moreover a 
division. Interference optics is therefore more sophisticated because it allows for 
multiplications and divisions as calculi.  

The Chinese geometrical proof of the 
Pythagoras theorem explains all these 
constellations of the interference laws 
simultaneously….  

The Chinese proof of the Pythagoras theorem [285, p. 63] in Figure 1.14 is suitable 
for showing geometrically the result of the formation of the mean value and at the same 
time the results of the constructive maxima and the destructive minima, therefore the 
results of all equations (1.1), (1.2), (1.3), and (1.4) at the same time. 

 

Fig. 1.14: The Chinese geometrical proof of the Pythagoras theorem [according to 285, Fig. 5.4, p. 63]  
© 2013 permission by Princeton University Press. The change of view from the yellow square in the centre 
towards the rotated square and then to the large square corresponds to the transition from the interference 

minimum to the mean value of the interferences and to the interference maximum. 
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The drawing is based on an example with the sides of the triangle a = 3 and b = 4. 

With a² + b² = c² (equation 1.1) the value of the hypotenuse c = 25  = 5 results. In the 
four rectangles, which are each made up of 2 triangles, a surface area F = ab = 12 
results. Together they cover a total surface area F = 4 x 12 = 48. The large outer square 
has, with (a + b)², a surface  area of F = (a + b)² = (3 + 4)² = 7² = 49; it represents the 
maximum of the constructive interference in equation (1.2). The differences between the 
two surface areas F = 49 and F = 48 amounts to the surface area of the small yellow 
square in the centre with F = 1. With (a – b)² = (3 – 4)² = (-1)² = 1 in equation (1.3), it 
represents the minimum of interference. The rotated medium-sized square with the sides 
c has the surface area F= c² = 5² = 25; it represents the mean value of equation (1.4), 
which is achieved through F = [(a + b)² + (a – b)²] /2 = (7² + 1)/2 = c² = 25. The sums of 
the surface areas of the maximum (F = 49) and the minimum (F = 1) in equation (1.4) 
are halved with F = (49 + 1)/2 = 25. This surface area is identical with the surface area  
c² = 5² = 25. Therefore, the Chinese proof of the Pythagoras theorem describes all three 
extreme situations of the interference optical laws in two-beam interferences: that of the 
maxima, of the minima and of the mean value. And therefore all results of the equations 
(1.1) – (1.4).  

The detailed presentations regarding the role of Pythagoras in interference optics 
will be helpful later on, when instead of the topic of interference stripes in a viewing 
plane parallel to the double slit, thus in a one or two-dimensional world, the topic of 
optical diffraction lattices with three–beam or multi-beam interferences will be an issue. 
Lattices consist of a multitude of optically cooperating diffraction slits and in a regular 
phase position a sequence of interference planes results behind the lattices, which can 
feature alternately constructive, destructive and in the mean mixed planes of light and 
darkness in three-dimensional space. Accordingly, the ratios in the three-dimensional 
and multi-dimensional Pythagoras with multiple interference terms will become even 
more complex, but due to this no less comprehensible. 

1.9.  Would Interference Optics be Able to Explain the Non‐
additivity of Luminances in Binocular Vision ?  

Very often the paradox and the intelligent 
are very close. However, to recognize the 
intelligent and to describe it is an additional 
challenge.  

The fact that in binocular vision luminances are not halved when shutting one eye 
and are not doubled when reopening the other eye proves the non-additivity of the 
incidents, but it does not explain the connection to the interference optical algorithms 
and its three extremes of the constructive maxima, the destructive minima and the mean 
value of the interferences. Physically, in ‚standing’ or in ‚running’ interferences, the 
maxima result from whole integers of-phase-differences, the minima from λ/2-path 
differences and the mean value from the stochastic, and therefore randomly generated 
mixture of all possible phase situations. Equation (1.4), which describes this 
interference-optical incident with the amplitudes a and b, is made up of the constructive 
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equation (1.2) with (a + b)², and the destructive equation (1.3) with (a – b)². And the 
mean results from the fact that both values are added and divided by factor 2. Addition 
conceals that the constructive interference term + 2ab and the destructive term – 2ab are 
always equal and therefore cancel each other out.  

If one assigns the part of the constructive interference to one eye and the part of the 
destructive interference to the other eye, then it becomes clear that in binocular vision, 
on principle, one deals with two reciprocally interrelated, complementary, parallel 
working, cooperating or competing partners. The interaction and the ‚binocular rivalry’ 
are part of the basis of human vision. The latter contains the possibility of dominance of 
one eye over the other in the processing of information and images. The authors of the 
book ‚Binocular Rivalry’ [6] presented a wide range of results regarding this topic.  

Binocularly together or against each other, 
however, at the same time monocularly as good 
as in the binocular cooperation. …. 

To explain the synergy and the rivalry of both eyes is difficult. However, to then 
explain why there is the same luminance in monocular vision as there is in binocular 
vision, is a further challenge. However, interference optics gives clear answers. When 
both eyes, as is the rule in everyday vision, deal with the same luminance components a 
= b, then a particular mean value results in equation (1.4). With a = b = 4 e.g. the result 
is the value 32 (with a = b = 3 the value 18, with a = b = 2 the value 8 etc.). The result 
can be represented in two ways: 

1) [(4 + 4)² + (4 – 4)²]/2 = (8² + 0)/2 = (64 + 0)/2 = 32 or 
2) [(4 + 4)² + (4 – 4)²]/2 = (16 + 32 + 16 + 16 – 32 + 16)/2 = (2 x 32)/2 = 64/2 = 32. 

 

In the formulation in (2) it becomes clear that the two interference terms + 2ab = 32 
and – 2ab = - 32 compensate each other and that due to this the two expressions (a + b)² 
and (a – b)² of the constructive and destructive interference incidents of the equations 
(1.2) and (1.3) – after the cancellation of the two interference terms - reach an 
equilibrium (32 + 32) in equation (1.4), just as binocular vision proves. In 1) and 2) it 
becomes clear what happens when one eye is closed or malfunctions. Monocular vision 
automatically takes on the part of the constructive partner in equation (1.2) and achieves 
the same result for the mean value of the luminance components in equation (1.4) as in 
binocular vision. The representation 3) proves this (the same goes for all other equal a = 
b pairs): 

3) [(4 + 4)² + 0]/2 = (16 + 32 + 16)/2 = 64/2 = 32. 
 

Binocularly against each other… 

If both eyes are disconnected artificially, as is possible in the laboratory or by 
different image templates for each separated eye, then the formation of the equilibrium 
position in the formation of the mean value is prevented and each eye is unavoidably 
competing with the other for the take-over of the constructive part and for the 
cancellation of the antagonist’s contribution. As a result vision jumps from the dominant 
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vision of the one image to that of the other of two images. If in this case the luminance 
components of the images also become unequal so that a ≠ b applies, then an additional 
difference results between the monocular performance ability of the dominant and the 
inhibited eye. The representations 4.1) (binocular) and 4.2) (monocular) illustrate for  
a = 4, b = 2 the result (which is identical to the solution for the mirror-imaged 
constellation a = 2, b = 4): 

4.1) [(4 + 2)² + (4 - 2)²]/2 = (16 + 16 + 4 + 16 – 16 + 4)/2 = (20 + 20)/2 = 40/2 = 20 

4.2) [(4 + 2)² + 0]/2 = (16 + 16 + 4)/2 = 36/2 = 18. 

The monocular result of the dominant eye in 4.2) decreases by 18/20 (factor 0.9) as 
opposed to the binocular equilibrium position. The larger the difference between a and b 
becomes, the larger this discrepancy becomes (with a = 6, b = 2 it already amounts to 
32/40 with the factor 0.8). In 1838, Wheatstone [481, p. 386] described one of the 
possible consequences: „if the two pictures be equally illuminated, the alternations 
appear in general of equal duration; but if one picture be more illuminated than the 
other, that which is less so will be perceived during a shorter time“. 

Where does the formation of sums 
and mean values take place in vision? 

In the cortical visual pathway there are two retinotopic visual centers, in which 
binocular data are merged: in the Corpus Geniculatum Laterale (CGL) and in the visual 
center V1 (Area 17). In the CGL the neuronal layers are superimposed on each other, a 
fact which suggests comparative operations and correlation operations; in V1 they are 
arranged in separate columns next to each other for each local image position. Anyway, 
at the very latest in V1, the sum of the weights and the formation of the mean value for 
the integration into a single concept ought to succeed.  However, this topic has as yet not 
been sufficiently researched in detail.  

Interference optics is substantially 
more than holography… 

It is probably no coincidence that the publishers of ‚Binocular Rivalry’ [6] chose a 
cover picture, which is very close to the holodiagram of interference optics in 
holography, shown in Fig.1.15 [4].  

Diffractive optics covers a much larger field than holography, which is 
predominantly dependent on highly coherent light and represents a special case in wave 
optics. Pribram [353, 354] and others have tried to relate this special case to human 
vision. Despite close proximity regarding some details of interference optics this step is 
not appropriate. Diffractive grating and space-grating optics in partly coherent and 
incoherent light will play a much more prominent part than holography in human vision 
and support a multitude of functionalities in image processing. 
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Fig. 1.15:  The interference-optical holodiagram by Abramson [4, Fig. 2.19, p. 59]  
© 2013 permission by SPIE/Bellingham WA.  

1.10.  Color Constancy in Daylight Vision: the Individual  
and the Whole 

To adjust the individual (the color 
of an object) to the whole (the color of 
the illumination)…. 

It was unknown for a long time how vision relates the color of an object to the 
global illumination. And that it deduces color constancy from it, and in that way some 
objects retain their color to a large extent under changing illumination. Detailed 
investigations on this topic were first done when dealing with the development of the 
color film in camera technology. In the so-called Retinex-experiments, E. Land  
[237-240] at Polaroid attempted to explain in which way the global illumination in 
object space influences the color perception of an individual object. The investigations 
led to the installation of a so-called white balance into the cameras, in order to thus 
make the spectral composition of the ‘global’ illumination in object space available as a 
norm for the colors of the individual objects. It is only through the reference to a white–
norm that the colors become related colors. The eye is not a photometer, which would be 
able to measure color. It will be shown later how an optical operation relating local color 
to a white norm in the eye itself i.e. not in the brain, can succeed and correspond to the 
findings of the Retinex experiments: „Human color vision is a spatial calculation 
involving the whole image“ [290, 291].  
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1.11.  Two Axes and a Double ‘Blind Spot’ in Each Eye are Present  
in the Central Area of Vision 

No optician would ever even think 
of building any kind of optical systems 
with two axes… … 

Each single eye has two axes [252] which tilt towards each other with an angle of  
5 to 7°: a so-called eye axis and a visual axis (Figure 1.16). The eye axis centers the 
mechanical construction of the inner eye. It connects the corneal vertex (CV) with the 
lens vertex (LV) and the nodal point (N) and at the same time pierces the wall of the 
inner eye in the rear pole – when looking at it in the horizontal cross-section of the right 
eye; in the viewing direction to the left of it, towards the nose, is the papilla in the retina, 
the place of exit of the optic nerves from the inner eye. The eye axis is the primary one, 
the axis which was first developed. The visual axis is the secondary axis, which in 
daylight vision connects the fixation-point on the object of vision (FP) with the point of 
the most acute daylight vision, the fovea (F). In a horizontal cross-section of the eye the 
fovea is located on the side of the temple, therefore in the direction of vision to the right 
of the eye axis.  

 

Fig. 1.16: The two axes of the eye. The eye axis is the mechanical axis of the eye and the visual axis is  
the optical axis in daylight vision. The center (C) has been constructed only schematically. The numeric 
values R are the radii of the optical curvatures; n1 to n6 are graduated refraction indices of the media,  

the other numbers are the distances in mm from the corneal vertex. The retina covers the total intraocular 
area (120° to the visual axis) as far as the borderline of the ORA. 
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This biaxial construction of the eye leads to the fact in the highly sensitive central 
area of the retina that there is a double blind spot, which as a rule does not become 
apparent because it does not cause a gap in the range of vision. The one ‚blind spot‘ 
exists in the (photopic) daylight vision and in the (scotopic) twilight vision and it 
represents the place of exit of the optical nerves out of the retina, the papilla, on which 
there are no photoreceptors available, neither cones nor rods. 

The second ‘blind spot‘ exists only in twilight vision. The retinal region of the 
fovea, the area of the most acute daylight vision is responsible for this, because it has 
only got cones – but also not blue-cones [308] - and in return does not have any rods as 
photoreceptors which are necessary for twilight vision. Figure 1.17 shows a typical view 
on to this central area of the retina in ocular fundus photography. 

Papilla

 

Fig. 1.17: A direct view of the central area of the inside of the author's right eye. The papilla (P) is on the 
left, the place of exit of the optical nerves out of the eye. To the right is the fovea (F), the place with the 

most acute vision in daylight vision. 

The biaxial design of the eye is thus augmented by a bipolar construction of the 
central area. Without a special reason, an optician would probably never decide on such 
a precarious or simply paradox principle. The reason why it can be understood to be 
targeted and intelligent will be shown in the discussion of the development of the eye in 
the prenatal phase of the human being.  

As shown in Figure 1.18 the central area of the retina is generally defined centered 
to the visual axis. Upon addition of the near and medium peripheral zones the papilla is 
also included.  
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Fig. 1.18: Arrangement of the retina into zones according to Hogan [176]. The central area with fovea, 
parafovea and perifovea covers a circular area (diameter approx. 5.5 mm); together with the near  

(1.5 mm) and medium periphery (3.0 mm) it also embraces the papilla (diameter approx. 14.5 mm). 

The complete world visible in the 
visual field of one eye is reduced to  
9 cm² retinal area… 

As Table 1.1 shows, only 2.3 % of the total 1012 mm² = approx. 9 cm² - retinal area 
are part of the central area, another 13,3 % are part of the near and medium periphery 
zones, so that 84,3 % of the retinal area are left for the far periphery zones. 

Table 1.1: Overview of the retinal areas of these zones in mm² and in per cent of the total area  
of the retina (1011 mm² = approx. 9 cm²). 

Retinal zones  mm² % 
Fovea  1.77 0.17 % 
Parafovea  3.14 0.31 % 
Perifovea  18.72 1.85 % 
Total of central area  23.63 2.34 % 
Near periphery  32.36 3.20 % 
Medium periphery  102.55 10.14 % 
Far periphery  853.02 84.33 % 
Total of peripheries  987.93 97.66 % 
Total  1011.56 100 % 
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1.12.  The Inverted Retina Construction 

Another strange slip-up of nature? 

In the retina, three cellular layers lie lightwards in front of the light-sensitive layer 
of the photoreceptors (cones and rods). Since they consist of cell bodies, with nuclei and 
plasma, they are named nuclear or granular layers. In the imaging of the visual objects, 
the incident light has to run through these layers in image space (Figure 1.19).  

 

Fig. 1.19: The inverted retina of the human eye [350]. INL = inner, MNL = medium, ONL = outer nuclear 
layer, REC = Photoreceptor layer (cones and rods), PE = Pigment epithelial layer.  

© 2013 permission by University of Chicago Press.  

This design is often dismissed as a slip-up of nature: „The inverted vertebrate retina 
is an unfortunate evolutionary accident, but one that was not so disastrous as to be 
eliminated. There are numerous compensating mechanisms that limit the deterious 
effects, but it is clearly not the optimal design… The neurons that lie in the optical path 
are as transparent as the vitreous humor and thus do not provide any optical problem” 
[81]. Similarly Levine assesses [261, p. 71] the inversion of the retinal layers as  
“a curious inversion by nature!” At least the following assessment was already more 
careful: “The prereceptor retinal layers are cellular and cannot strictly be regarded as 
having a uniform enough constitution to assign to them a single refractive index. 
Unstained material from these tissues has structures that can be seen with a phase-
contrast microscope – obviously an indication of a refractive index difference” [480,  
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pp. 449-481). That the so-called inversion of the retinal layers represents a purposive 
design will be shown in the discussion of the pre-natal development of the human eye. 

1.13.  The Unusual Position of the Peaks of the Spectral RGB 
Sensitivity Curves in Additive Tri‐chromatic Color Vision 

A paradox centering error in color vision…? 

In human color vision, the physical wavelength spectrum, which is called „white 
spectrum“ at the same intensities in all visible wavelengths (380 – 760 nm), is reduced 
to three RGB colors or color channels, which are named R (RED), G (GREEN), and B 
(BLUE) or LMS (long, middle, short wavelengths). With the same share of intensity of 
light they additively result in a tri-chromatic white sensation. In order to have as wide a 
range of colors as possible in color vision, it would surely be theoretically sensible that 
the peaks of the spectral RGB sensitivity curves in Figure 1.20 should e.g. be at an equal 
distance of 100 nm to each other, i.e. they should be at: for R (RED), for G (Green),  
for B (Blue) = 630 : 530 : 430 nm respectively.  

380 430 480 530 580 630 680

B G R
447nm

537nm

559nm

380 430 480 530 580 630 680

 

Fig. 1.20: (top) White spectrum 380 – 700 nm; (below) RGB-curves of spectral sensitivity in human color 
vision. Peak for R = 559 nm, G = 537 nm, B = 447 nm.  

However, this is not the case in human vision. Instead, with the individual scope 
there is a ratio of close to R : G : B = = 560 : 540 : 450 nm. In particular, there is the 
question, why the peaks of the R- and G-curves are so close to each other. Could it be 
the case that the bees are superior to man in color vision because they have set close to 
equal distances between their altogether four RGBV sensitivity curves (V = ultraviolet)? 
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A biochemical explanation of the 30 nm-difference between R and G is up to now based 
only on the fact that „three amino acid substitutions produce the approximately  
30-nanometer difference in spectral peaks of the pigments underlying human red-green 
color vision“ [322, p. 971]. The answer to this can this time is not given by analyzing the 
prenatal development of the eye, but only after understanding the laws of the space-
grating interference optics in vision. 

1.14.  The Axis‐centered Symmetry Operations in the Central 
Nervous System and in the Ocular System 

Everything visible refers to the 
subject’s own axes… 

In nature and in optics, as well as in the construction of the human central nervous 
system, reflections and rotoreflections on one or more axes are elementary and therefore 
often occurring operations: on a surface area just as in space. The stem of a tree or the 
veins of a leaf in Figure 1.21 and the optical axis of a camera lens are examples how 
bilateral – left and right – incidents and detailed structures refer to a common axis and 
use this arrangement to their advantage.  

 

Fig. 1.21: Axis-centered symmetry operations in a leaf.  

It is only through the formation of axes that a differentiation between left and right, 
front and back, top and bottom is possible. Axes are often defined as straight lines in a 
space, but also curved lines or spirals can take the part of axes. In three-dimensional 
crystals the law of symmetry is responsible for the physical behavior. ”Each symmetry 
property is manifested in one of four operations: rotation, reflection, inversion and 
rotoreflection. Therefore there are also four different types of symmetry properties: 
symmetry against a given point, a surface, an axis and against a symmetry axis of a 
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second type, which is a product of rotation and reflection” [399, p. 43]. Combinations of 
symmetry operations result in manifold multiplicative products such as levorotary and 
dextrorotary rotations, identity-preserving translation groups and coordinates 
transformations with symmetry properties etc.; some cortical maps owe their existence 
and their structure to such basic operations. 

One great advantage of symmetric formations is to be found mainly in the fact that 
information towards the axis and away from it has equal paths and transit times. A lot of 
organic bodies make use of this advantage. If lateral twigs and branches grow from the 
vertical axis of a tree, they constitute an axis-centered group with a simple organizing 
principle. The task of balancing the whole, i. e. the tree, or to at least adapt it to the 
always changing surroundings is assigned to a group made up of the stem and the 
branches. This task is a great deal more difficult for non-stationary organisms than it is 
for stationary plants.  

The development of a coordinate 
system belonging to the body... 

The central nervous system (CNS) which plays the decisive part in the life-long 
processing of Information in the optical sector just as in the acoustic and the tactile 
sector, quickly develops an inner coordinate system in the period of time before and 
after birth, which is anchored in the body and at first has one axis, then two and finally 
three axes (Figure 1.22) [18, 297, 298]. 

 

Fig. 1.22: An orthogonal or Cartesian Coordinate system with three x- ,y- ,z-axes, perpendicular to one 
another. MP = centre or point of origin of the coordinates. 

The body’s longitudinal axis is developed first due to the effect of gravity, after that 
the body’s lateral axes as second axes (Figure 1.23). 

The lateral axes are generally set perpendicular to the longitudinal axis. The ribs 
and the symmetrically arranged organs grow towards the right and the left, the front and 
the back in the human embryo. The cranial nerves which grow out from the CNS in the 
head quite early develop symmetrically to the body’s longitudinal axis on both sides 
specific sensory organs for hearing and vision. Via these, information about the inside 
and the outside world becomes available. In this sense, the early development of the eye 
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alveoli and eye stalks (Figure 1.24) is also axis-symmetrically centered. The reference 
axis is the center line of the cranium. 

 

Fig. 1.23: The development of the body’s longitudinal axis z (left) in the human embryo  
and the development of the x, y, z axes in the 23 day-old embryo. 

 

Fig. 1.24: Eye development symmetrical to the body axis, 16 mm length of embryo, angle between  
the eye stalks is 120°, angle of each eye stalk to the central axis = 60° [284, Fig. 233, p. 270]  

© 2013 with permission by the British Medical Association. 
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Many cellular structures in the spinal cord and the nerve paths in the Corpus 
Callosum are also axis symmetrically centered (Figure 1.25).  

 

Fig. 1.25: Corpus Callosum at the development of the embryonic cerebrum with nerve paths running 
perpendicular to the central brain axis [28, Fig. 17].  

© 2013 with permission by Hogrefe Verlag/Göttingen. 

By shifting the longitudinal body axis in the course of the body’s own movements 
from the surface plane into the interior of the body to become its centroidal axis, the 
human body’s own three-axes reference system is developed completely. In this way, 
aside from top and bottom, which can already be differentiated by a single axis, also the 
left and the right, front and back are distinctly laid out. A living organism is thus 
centered in itself; it can regulate its own movement relative to physical gravity in a 
dynamic balance and has in this way reached autonomy of movement. It’s a long and 
arduous path for an infant until it has learned to walk upright in all critical situations and 
until it has reached automatic balancing also with the help of vision. In order to 
experience spatially and temporally secure movements, the early development of a 
spatial-temporal axis-centered, body’s own reference system is required. In this way, 
objective world events become related to and contrasted with subjective events and the 
two can be differentiated.  
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1.15.  From the Body’s Own Reference System to the Object‐
centered 3D Coordinates of Seen Objects 

The world of autonomous objects 
and subjects... 

Not only the centering in the body’s own 3D coordinate system is part of the 
earliest experience before and after birth; but also that other organisms and objects 
(other humans, animals, toys) are also autonomous, are centered in their own reference 
system, relative to which their movements and equilibrium states take place. Figure 1.26 
shows this on randomly selected examples. The embryo experiences this already in the 
womb, the infant experiences this in the arms of all those who pick him up from firm 
ground, the toddler makes the experience when handling plants, animals, appliances  
and toys.  

 

Fig. 1.26: Centering of objects in their inherent 3D coordinate systems.  

In order to perceive objects in space and time relative to their own reference 
system, experience with transformation of coordinates is required in hearing and in 
seeing. In this way it is possible to register, where a visual or sound-making object is 
located or in which part of space it is moving relatively. An autonomous creature lives 
with the constant risk of more or less perilous collisions with other objects located or 
moving in space or time. The answer to the question, WHERE something is located in a 
constantly moving world, is therefore of great importance. Each of the senses has to 
answer this question in its own way, although we sometimes allow deceptions more 
generously for some senses than we do for allegedly always ‘open eyes’. 

In vision we grasp an object as an 
autonomous whole … 

When a creature begins to discover the world with its senses, then it quickly 
becomes natural for the sense organs that visual and hearing objects can be grasped in 
their own 3D reference system. The Gestalt psychologist Metzger [304] therefore 
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described the process of perception as follows: „In the perception of objects, it is not the 
main task of our sensory organs to assemble individual pieces to make up an entity, but 
to break down the initial unity of the perceptible in the sensory field into subunits.“ 

Axis-centered symmetry operations in the 
human visual system … 

In human vision, axis-centered symmetry operations also play an important part for 
the optical information processing both in the eye as well as in the central visual 
pathway. The art of binocular vision with overlapping visual fields lies in the fact that in 
this way the brain – the visual cortex – is provided with one single, coherent concept of 
visual objects related to the body’s own 3D coordinate system. 

1.16.  The Axis‐centered ‘Global Optical Column’ in the Imaging  
of Visual Objects 

In object space, in each eye and in V1 a 
visual object is always a coherent entity…. 

The inversion of a visual object when imaged in image space of a camera or of the 
eye is a first axis-centered optical symmetry operation. In it the visual object is retained 
as a whole, i.e. coherent in all of its parts. Each visible object in object space is subject 
to an axis-centered rotoreflection during its transmission from object to image space in 
its own ‚global optical column’ (Figure 1.27). The object and the inverted object image 
are situated opposite each other on the border areas of the optical column. In each 
rotation or change in position of the object this ‘global optical column’ rotates 
simultaneously. 

 

Fig. 1.27: The optical 1 : 1 – image of a triangle in a `global optical column’ encompassing the whole 2D 
object with the area of the triangle acting as the border of the column in object and image space. 

A coherent object is and remains a coherent 
object in imaging optics … 

The fright one gets upon the diffraction of an object, which happens at night, when 
two initially coherent headlights moving towards the driver suddenly separate, because 
there were two motorbikes rather than one car shows how our vision is used to the entity 
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of objects. Geometric ray optics does not consider the transmission of the whole, when it 
transforms each single object point into its corresponding point-like image. In this 
process the erroneous impression arises that the object is broken down into a multitude 
of point-shaped elements.  

1.17.  Axis‐centered Symmetry Operations in the Central  
Visual Pathway 

Also in the visual center V1 a 
visual object is always an entity…  

With the development of a central cortical visual pathway, vision relates all visible 
events in space and time to the body’s own cortical Cartesian coordinate system. In this 
way the visual system simultaneously becomes an axis-centered vestibular organ. (It was 
shown on astronauts in zero gravity [A. Friederici 117, p. 70], that “the head is the 
coordinate system, or more precisely, that the position on the retina decides“ upon the 
experienced reference system of the human being in space).  

The symmetric operations taking place in the central visual pathway refer to the 
cortical axis of vision, the ‚central optical shaft’, which connects the visual center V1 
(location of the cortical fovea) with the fixation point of both eyes on the targeted object, 
thus as a central z-axis creating the optical bridge between object and subject  
(Figure 1.28).  

 

Fig. 1.28: Symmetry operations related to the x,y,z-axes in the cortical visual pathway. The cortical z-axis 
connects the fovea in V1 with the fixation point on the binocularly fixated object. 

In order to allow for the creation in the cortical visual center of a single concept 
centered on the body’s own coordinate system of a binocularly fixated object, the 
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images of the object, which were already cut into quadrants in the eyes, have to be 
superimposed upon each other through previous axis-centered symmetry operations. 
This is guaranteed by the indispensable crossing of the visual paths in the Optic Chiasm. 

Figure 1.29 shows the scotomata in the case of injuries of the central visual 
pathway, which correspond to the hemi fields and quadrants. Through there localizations 
the basic scheme of the symmetry operations is confirmed. Depending on the site where 
the lesion took place, parts of the visual field fail. Vice versa, the failures can point to 
the site of the lesion. Depending on the site of lesion, hemi field loss (bilateral in B, 
equilateral in C and E) or quadrant (D) visual field loss results. 

 

Fig. 1.29: Lesions in the central visual pathway often lead to defined visual failures, which confirm  
the division into quadrants [361, Fig. 11.8, p. 268]. © 2013 permission by Sinauer Association, 

Sunderland/Mass. 

The z-axis of the central visual pathway is thus the actual optic shaft between object 
and subject in vision. It is towards this that the optical axes of both eyes pointing at the 
same object are adjusted. All objects in the visual field have to correspond to the 
Horopter condition, in order to be seen singly and not double (Figure 1.30). All 
deviations from the centrally fixated object detection are finally – via the eye muscles – 
controllable asymmetry conditions with reference to the cortical central axis.  
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Fig. 1.30: Horopter H at fixation of an arrow oriented in the z direction  
at the fixation point F (H = Horopter circle in binocular vision). 

In this interpretation of vision it is clearly shown that the brain develops the pair of 
eyes as a discrete organ, but at the same time forcing it to structure the central visual 
pathway leading back to the cortex into quadrants according to the requirements of the 
brain and to guarantee the unity of the concept of visual objects by crossing the ocular 
nerves. The central visual pathway also works, when one eye fails, however, the 
binocular disparities at the local image sites in V1, which are more informative about the 
distance of objects in binocular depth vision than in monocular vision, are missing.  

By means of fixation, an object is 
perceived by the cortical hardware in 
the eyes and centrally in V1… 

This chain of symmetry operations from the object through each of the two eyes up 
to V1 means that each eye perceives a visual field divided into 4 quadrants by its two 
orthogonal x, y-axes, thus imaging fixated visual objects only through the structure of 
the cortical x, y, z-reference system, which was imposed to the visual organ from the 
outset. Since this structure is anchored in the hardware, it is invisible for the seeing 
subject. It will be shown that this hardware design corresponds to that of a diffractive-
optical correlator in the eye which simultaneously guarantees that in seeing we process 
the visible on the objects and not on their images. In addition to the structuring of an 
optical correlator in the eye, there is, aside from the body’s own coordinating axes, 
further structuring in the retina - in the image space of the optical system -, which only 
becomes apparent when illustrating the prenatal development of the eye.  

The aspects of human vision illustrated in this introduction offer such wide scope to 
allow for the disclosure of some paradoxical facts to be intelligent solutions. 
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2 

The Prenatal Development of the Eyes  
and the Central Visual Pathway 

The brain and the eyes together 
construct the hardware of vision… 

One achieves a better understanding of human vision when looking at the eyes and 
the brain in their reciprocally complementing correlation. The prenatal macroscopic 
steps in the development of the visual organ disclose the construction plan of the eyes 
and the central visual pathway as well as some precepts of their reciprocal correlation. 
The micro and nano structures reveal the hardware underlying important functions of the 
visual information processing. If, on the one hand, one has come to realize that cognitive 
perception takes place inside the brain, then, on the other hand, the brain is helpless, if it 
does not have an intelligent eye at its disposal. The better the central and the peripheral 
organ cooperate, the sooner a human being is ready to deal with information in the light. 

In this chapter, it will be shown that the ‚inverted retina‘ design in the eye which 
owes its name to the incorporation or the differentiation of three cell body layers located 
lightwards in front of the photoreceptor matrix represents a target-oriented cortical 
hardware construction. In a developmental process with an early and risky setting of the 
later course this construction plan is implemented. With the hierarchy of cellular 
gratings in the hardware which do not correspond to the construction principle of a 
camera, but rather that of a grating-optical correlator, a layered optical image processing 
is already realized in the eye. As a direct consequence of the inversion of the retina, a 
biaxial and bipolar structure results which characterizes the distribution patterns of the 
cell bodies and photoreceptors (cones and rods). With the development of the central 
visual pathway by means of the optic nerves, both eyes connect to the brain. In the logic 
of the relays of the visual pathway, the requirements of the brain on the optical hardware 
of the eyes - which are implemented into the procedure of object fixation and are 
invisible for the seeing person - become clear. With the imposed hemisphere and 
quadrant division and the reference of the fixated object on the body’s own coordinate 
system of the seeing person, every eye is set at birth for the processing of information 
directly on the object. 
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2.1.  The Development of the Visual Organ Before Birth 

The human eye is in general close to being fully developed in its hardware after 
nine months at the time of birth, but still not mature in its functionalities. Babies look at 
the world with an impressively large opening of the pupil, as if there was only very little 
light to be expected there. The target-oriented and controlled closing of the pupil which 
develops a logarithmic dependence on the light intensities in the visual field, as well as 
much other functionality has to be trained after birth. 

Figure 2.1 illustrates how the cornea and sclera enclose the inner eye with the 
anterior chamber between the cornea and the lens and the posterior chamber, which is 
filled with vitreous humor. The ciliary body develops the iris on the anterior surface of 
the lens; the lens is attached on the ring-shaped ciliary muscle. The curvature of the lens 
changes when focusing on objects at different distances. The retina takes up the rear area 
of the inner eye. The fovea being the location for the most acute daylight vision lies 
temporally to the eye axis; the papilla (optic disc) lies nasally to it. The optic nerves 
emerge through the optic disc from the interior of the eye. 

 

Fig. 2.1: A cross-section through the right human eye [361, Fig. 10.1, p. 230]. 
© 2013 permission by Sinauer Association, Sunderland/Mass.  
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The central cortical visual pathway also develops long before birth. It originates in 
both eyes. The approximately one million optic nerves, which emerge through the optic 
disc from each eye, make their way via the Optical Chiasm and the Corpus Geniculatum 
Laterale (CGL) to the cortical visual center V1. The development, which initially led 
from the brain to the eye, is reversed there and re-layed to the brain via the central visual 
pathway.  

A construction plan setting the 
cumbersome course during its 
implementation…  

The developmental process of the human eye has, in the course of the evolution 
been enriched with experience and knowledge of which construction plan is suitable for 
intelligent vision. The construction blue-print for a human eye, the central visual 
pathway and binocular vision may therefore be predetermined in a detailed fashion and 
genetically precisely programmed. However, upon closer inspection, in different stages 
of the pre-natal developmental process, there are clearly recognizable settings between 
alternative concepts. By and large phylogeny decided these, but they have to be 
implemented individually – in ontogenesis – in concrete terms and successfully. In order 
to embed this knowledge into the temporal process of nine months, important settings 
are put forward in the schedule; therefore, the earlier they are built into the 
developmental process, the more important they are for vision as a whole. Sometimes 
this takes place even acquiescing in consequences with which the further construction 
plan will have to deal constructively. The adventurous path up to the opening of the eye 
will be portrayed here.  

It is better when a brain has two 
eyes at its disposal… 

The ability to see depends upon the good working order of the eyes and the central 
visual pathway. If one of the eyes fails, a lot of visual functions are retained, even 
though stereoscopic three dimensional vision is no longer possible. The brain can also be 
responsible for failure in vision. After birth in particular, the practicing of axis-centered 
symmetry operations, of hierarchies of equilibria in vision, which are important in 
dealing with brightness, color, shape and distance of visual objects, commences. The 
answer to the question ‚WHAT’ something visible may actually be in each case and 
whether something visible is something already known will play a central part in the 
process of learning to see. In this connection, the pathology of vision can also begin 
early, which can lead to blindness already at birth or to a missing acuteness of vision, to 
a restricted field of view, to macular degeneration in old age, or to disorders in pigment, 
cornea and lens or optic nerves in the course of life. The ophthalmic repair service for 
the hardware reaching from glasses to spare parts for the eyes and eye prosthesis right 
up to the artificial eye is doing its best to develop and offer helpful technical solutions. 
However, in this area, a lot of problems have not been solved. A sub-retinal or epi-
retinal electronic chip implant is still not a full-fledged retina; however, it is an 
important sub step on the way to a replacement organ. More detailed knowledge is 
necessary here. 
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2.2.  The Brain Develops the Pair of Eyes and Imposes Structural 
Requirements; the Eyes Develop the Central Visual Pathway  
to the Brain 

The requirements of the brain 
cannot be inspected by the observer… 

Although it generally remains valid that the brain has to develop the eyes up to the 
point where the optic nerves emerging from the retina can form the central visual 
pathway, these apparently simultaneous operations do not describe the actual sequence 
of events. From the very beginning, i.e. even while the eye develops from cortical tissue 
into the visual organ and long before the eye can receive optical information about the 
visible world, the brain imposes its laws regarding the structure of processing visual 
information upon it. It compels a division into quadrants in each eye, centered towards 
the fixation point on the visual object, together with the corresponding bundling of the 
optic nerves, the direct reference of the centrally fixated object onto the body’s own 
coordinate system, the centering of binocular vision with overlapping fields of view onto 
a central cortical axis (also called ‘cyclopean’ axis). With these cortical requirements the 
logical structure of the axis- centered symmetry operations in the central visual pathway 
are preprogrammed. For this reason, other senses, especially in the locomotary hand–
eye-coordination, prefer to depend on “eye-centered coordinates“ [17, p. 257]. 
Moreover, most mammals have “coordinate systems in their heads” and “navigate using 
special brain cells” [475]. The fact that such brain cells which register information about 
object distances with “correlations between their firing rates and the absolute distances 
of objects“ and which are to be found in nearly all visual cortical centers in monocular 
and binocular vision (“The information necessary for object and spatial scaling is 
common to all visual cortical areas“ [88, p. 552]) were identified, has been proven by 
Dobbins [88] and Barinaga [16]. The authors are of the opinion that the cell information 
is “probably based on the focal position in the eye” [16, p. 500].  

The statements quoted are typical for a lot of the scientific work done on the brain, 
be it concerned with color vision, the perception of orientated structures, the vision of 
movement or the measurement of distance. It is supposed or postulated that there are 
visual pre-processing steps in the eye, which cannot be explained without a more exact 
knowledge of the cortical hardware construction imposed on the eye. In the analysis of 
the prenatal construction of the eyes it will be shown that aside from the rather more 
macroscopic cortical hardware requirements there are also decisive microscopic 
structures of the visual organ added, which from the very beginning entail the optical 
diffraction of the images of the visual objects and the interference-optical processing of 
information in each eye. Therefore, the eye is considerably more than and different from 
an instrument for just optically imaging the exterior world, as it is still often described 
when compared with a camera. 
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2.3.  The Cellular Elements are the Cortical Micro Construction 
Materials for the Eye 

The cell bodies constitute the basis 
of the microscopic cortical grating 
constructions in the eye… 

The cell is not only the primal unit of life, but cells are also the consistent 
construction material used by biological architects. By means of the areal accumulation 
and dense packing of individual cell bodies, which consist of cell nucleus and cell 
plasma, pavement epithelia develop, which in cross-section show polygonal or 
hexagonal patterns. The predecessor structure of the retina is the hexagonal pavement 
epithelium of the pigment epithelial layer in Figure 2.2, on which later on the 
invaginated retina lies and is fastened there. 

 

Fig. 2.2: Pigment epithelial structure consisting of mainly hexagonal cells. (left) [495, Fig. 100, p. 105]; 
(right) [495, Fig. 104, p. 109]. © 2013, reproduced by permission of Taylor & Francis Books UK. 

Figure 2.3 (left) shows a typical pavement epithelium in the cornea. Such pavement 
epithelia can be found where flat, concave or convex surface structures are to be 
developed or shaped. Often they are used for the purpose of constructing multi-layered 
and three-dimensional space grating structures. As a result of the spatial layering of cell 
bodies or cellular pavement epithelia cellular space gratings are formed in the cortical 
tissues (so-called nuclear or granular layers), which, as a rule, isolate themselves clearly 
from the so-called associative fiber layers (Figure 2.3, right). As the comparison of the 
pictures of the cortex and the retina in cross-section show, the typical sequence of the 
layers is more or less identical in both cortical tissues. In the vertical, the cellular layer 
structures differentiate, in the horizontal this is done by the associative neuronal nets, in 
which the fibers run, which emerge from the cell bodies.  
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Fig. 2.3: (left) typical polygonal pavement epithelium consisting of cell bodies in the cornea of the eye  
(cell distance or grating constant at 3 – 8 µm [176, Fig. 3-35, p. 102] © 2013 permission by J. A. Alvarado. 
(right) cross-section through typical multi-layered cortical tissue with three nuclear layers and intermediate 
associative layers (left); arrows; Nissl-staining of the cell bodies in V1 [366, Fig. 64, p. 151] © 2013 by 
permission of Oxford University Press, USA. The three cortical cell body inner, middle and outer nuclear 
layers in the retina with the associative layers are illustrated (right) in a detail from Fig. 1.26 [15, Fig. 654, 
p. 709] © 2013 permission by Georg Thieme Verlag/Stuttgart. 

„Biological cells can be considered as 
dielectric objects with a given refractive-index 
distribution“ [443]. 

The cellular space gratings in biology can be compared morphologically to the 
photonic crystals in solid-state physics. An opal, which began its development only 
about 15 million years ago, is a hexagonal or cubic most densely packed space grating 
consisting of silicone globules, whose diameter measures only a few hundred 
nanometers, being therefore in the dimension of visible light (Figure 2.4). If light falls 
into such a space grating, then the crystal will reflect certain wavelengths of the light at 
specific angles. “The micro structure consisting of small transparent silicagel globules, 
whose water-filled plena make up the diffractive gratings, is decisive for this. In this 
process the rays diffracted on the neighboring plena become stronger by means of 
constructive interference. This effect presupposes that the distance between the plena 
depending on the diameter of the globule is in a whole number proportion to the light 
wavelength. For this reason, the diameter of the small globules in the red area of a 
precious opal measures 400 nm; in the green areas 250 nm” [150, 151]. (The 250 nm go 
into the green wavelength twice with 500 nm). More on this topic can be found in 
Darragh [80].  
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Fig. 2.4: The space grating of a precious opal consists of most densely packed silicon dioxide globules with 
diameters of the (actual or multiple) size of wavelengths of visible light. [Photo by Z. U. Nissen, Solid state 

physics ETH Zürich]. 

Organic cells are made up of nucleus and shell, each having different refraction 
indices. Using "phase-contrast microscopy it was shown in the optic cells of night-active 
animals that the chromatin distribution results in a nucleus with a slightly higher 
refraction index being surrounded by a less refracting shell” [225] [similar in 149  
and 415]. For this reason they optically represent phase or amplitude-phase gratings.  

Together, cellular grating structures and 
neuronal networks build cortical layers… 

Histology of the cortical tissue, from an early stage and almost exclusively, focused 
on the neuronal net structures in the central nervous system (CNS).This succeeded by 
using the Golgi staining methods which are particularly suitable for marking the 
neuronal fiber structures. They allowed Ramon y Cajal in particular to study and review 
the CNS microscopically [365-367]. The Golgi markings made visible the neuronal 
vascular tissue and net structures, which develop horizontally in the cortical layers and 
vertically through the nuclear layers. They are being understood increasingly better by 
brain research as neuronal circuits and electrical networks. As opposed to that, the 
nuclear layers are still being regarded as insignificant for information processing. In 
order to make them visible, other staining methods were necessary which have been 
more or less developed in the meantime.  
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2.4.  The Emergence of the Eyes from the Forebrain 

The eyes owe their development to 
an axis-centered symmetry operation in 
the brain…  

It is thanks to a symmetry operation vertically to the central axis of the brain that in 
an embryo, at that point 2.6 mm in length, two hemispheres made of so-called pavement 
epithelia grow out reciprocally on the left and right of the head part of the brain  
(Figure 2.5). They approach two locations opposite each other on the body surface of the 
embryo in order to develop the eyes there as the windows to the world of light. 

 

Fig. 2.5: (left) Primordium of the eyes in the forebrain halves (2.6 mm embryo length) [284, Fig. 6,  
p. 7]. Symmetrically to the central brain axis, hemispheres grow out from O to both sides. (right) The 

hemispheres develop into eye stalks (4 mm embryo length, 3rd – 4th week) (right part cut open). The neural 
ectoderm (b) advances directly to the surface ectoderm (a) [284, Fig. 17, p. 20]. 

© 2013 reproduced by permission of the British Medical Association. 

On their in part longer way to the body surface (Figure 2.6) the hemispheres rapidly 
become nearly full spheres located on the front part of the eye stalk.  

Figure 2.7 of a much later stage of the development of the eye, in which the retina 
has already invaginated into the eye cavity and the lens in the front part of the inside of 
the eye has been developed, shows three things particularly vividly: on the one hand, 
how far the distances are, which the eye stalks have to put behind them to reach the 
surface of the head; on the other hand, it shows that, a channel, which is filled 
consistently with cerebrospinal fluid, maintains the connection to the brain via the eye 
stalks; and last but not least, that the direction in which the eye stalks grow is nearly 
vertical to the central body axis, the center line in the picture.  

The emerging growth of the eyes from the brain is only one part of the central 
nervous events, by which the brain tries to find access to internal and external sources of 
Information. As the side view of the developing brain in Figure 2.8 shows, so-called 
brain nerves (V – X) grow out early in prenatal development.  
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Fig. 2.6: Side view of the forebrain with the spherical optic vesicle in A (4 mm embryo length)  
[284, Fig. 19, p. 21] © 2013 reproduced by permission of the British Medical Association. 

 

Fig. 2.7: The eye stalks grow out of the forebrain to two diametrically opposed sides [11]. 

 

Fig. 2.8: Side view of the developing brainstem and forebrain with the brain nerves V – X, 5th week. The 
eyes have their origin in the forebrain (arrow). [W. J. Larsen Essentials of Human Embryology. Churchill 

Livingstone Inc., Singapore, 1998, Fig. 13-5, p. 283]  
© 2013 with permission by Elsevier Ltd., Oxford UK. 
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The brain nerves establish connections to the different body organs and develop the 
different sense organs. The brain nerve VII becomes Facialis and obtains information for 
the cortex from both halves of the face; nerve IX provides information from the area of 
the tongue and the larynx whereas nerve X, being the longest brain nerve, subserves the 
gastrointestinal area (vagus), etc. The eye develops out of the head part of the forebrain.  

2.5.  The First Setting of the Course to the Disadvantage  
of the Construction of an Ommatidium Eye 

As soon as the eyeballs reach the surface epithelium which limits the body of the 
embryo to the outside, thus when brain tissue and the exterior skin of the body make 
contact for the first time, a construction type of the individual eye could on principle be 
realized, as it is executed in other living organisms, especially in insect eyes. In the 
ommatidium eye the light receiving receptor structures typically directly cover the 
hemispheric surface of the eye (Figure 2.9). In the construction plan of the human eye 
the decision was made against such a solution. It would theoretically have been 
advantageous that the photoreceptors would be hit by light directly and immediately 
behind them, a branch of the optic nerves could have gone to the brain through the  
eye stalk.  

 

Fig. 2.9: The typical, schematized development of an ommatidium eye with the visual cells  
on the front part. Behind are the brainward emerging optic nerves. 

What type of basis for information processing could such a construction have 
offered? It would have made possible an access to ‘global’ information, such as it comes 
about optically on the hemispheric anterior surface when all light emitting and reflecting 
objects divergently shine into the eye and their spectral intensities totalize on the 
anterior surface of the eye at any place. What use would there be in the fact that at every 
place of the photoreceptor layer the same ‘global’ information could be found? An 
efficient visual organ requires ‘local’ information about individual visual objects and 
not, or at least not only, an integral overall impression of the conditions of illumination 
in the visual field. The insect eyes generally manage to gain access to ‘local’ 
information by allocating a narrow visual angle to each ommatidium so that all the 
surrounding information is masked out. In the inside part of the eye, a global view of the 
world can then be worked out again by means of lateral networking. The example shows 
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that it is necessary to decide in the construction plan of the eye at an early stage, how 
vision is to deal with available local and global information. The human eye chooses the 
invagination of the eye cavity as an alternative and the inversion of the retina in the eye 
cavity. As will be shown later, it neither foregoes the global nor the local information 
about the visible in vision.  

2.6.  The Invagination of the Eye Cavity: Setting the Course  
for the Optical Imaging of the Visible World 

The anterior hemisphere of each human eye is invaginated to the inside into the eye 
chamber in order to develop into the retina there and to line the inside of the eye, the 
posterior hemisphere. It modulates more and more the curvature of the pigment 
epithelial layer, which formed the primary eye chamber. However, for a long time, there 
remains an open gap between the retina and the pigment epithelium, the two layers of 
cortical tissue, which is not filled in and closed until just before birth. With this, the 
construction plan of the eye chooses a hardware which is suitable for the optical imaging 
of the visible. Due to the suction effect in the invagination of the eye chamber, parts of 
the pavement epithelium, which forms the skin, are pulled into the eye and are shaped 
into the capsule of the later lens in the anterior part of the eye (Figure 2.10).  

 

Fig. 2.10: (From left to right) A schematic illustration of the invagination of retina and lens in the eye 
cavity. A = the interior cavity of the optic vesicle, which with the invagination of the retina reduces itself 

except for the gap between the retina and the pigment epithelium. B = Invagination of a part of the surface 
ectoderm and shaping of the lens behind now closed skin of the body. [284, Fig. 22, p. 24]  

© 2013 reproduced by permission of the British Medical Association. 

Individual stages are well documented: in Figure 2.11 (left) the invagination of a 
part of the body’s surface tissue and (right) it’s shaping to become the lens capsule. 

In the further course, fine fibers (zonular fibers) grow from the front edge of the 
retina towards the front and thus hold the lens in place; later on, they will become the 
ring-muscle of the ciliary body, which warps the lens and takes over the focusing and 
the accommodation on objects at different distances. In addition, cortical tissue grows 
forward from the front edge of the retina over the anterior surface of the lens and 
subsequently develops into the iris or pupil of the eye. It remains closed until just before 
birth. Even further to the anterior of the eye, the gap in the body’s skin is closed and 
thickens to become the cornea of the eye. The typical construction of an optical imaging 
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apparatus becomes apparent, namely that of a camera with a lens, pupil, and a 
spherically shaped curved imaging plane. For the time being it is still unclear, what an 
axial length the eye will require in order to provide an acute image of the visible objects 
on the retina. In the expectation of light, which will familiarize it with the laws of optical 
imaging, it just grows in length towards the back for the time being.  

 

Fig. 2.11: (Left)  Commencing invagination of the surface ectoderm into the inside of the eye  
(5.5 mm Embryo length) [284, Fig. 21, p. 23]. (Right) Development of the lens in the eye chamber  

(7.5 mm embryo length) [284, Fig. 23, p. 26]. © 2013 reproduced by permission  
of the British Medical Association. 

2.7.  The Second Setting of the Course to the Disadvantage  
of a Camera Construction Plan 

The eye, which, based on whatever prior knowledge, decided on the optical 
imaging of the visible world, is again confronted with the necessity of having to make a 
choice. If it were to choose the consistent construction principle of a camera, then it 
could place the photo sensitive receptors (later the cones and rods) on the anterior side 
of the retina, where it would be directly exposed to the incident light and the ‘local’ 
image information at each place on the retina could easily be conducted brainwards 
through the optic nerves located behind via the eye stalk (Figure 2.12, left). A ‘gateway’ 
for the emergence of the optic nerves to the brain would be directly available.  

A construction of this type, moreover without a lens, was for instance chosen by the 
Nautilus eye [Detwiler, Amer. Scientist, 44 (1956)]. This obvious camera model is 
however not implemented in the construction plan of the human eye. As is shown in 
Figure 2.12 (right), a decision on whether the photoreceptors ought to emerge forward 
towards the light or towards the back into the gap space between the retina and the 
pigment epithelium would have remained open for a longer time. The actual decision 
against a camera model eye sets a fundamental course which leads into a completely 
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different direction of optic image processing – into that of the inverted retina 
construction and thus into one of a grating- optical correlator. 

 

Fig. 2.12: (Left) Schematic model of the retina of an eye similar to a camera with photoreceptors directly 
turned towards the light (REC). Pathway of the optic nerves behind the retina in the optic nerve. 

 (Right) In this early embryonic state of development of the invaginated retina and lens, a decision  
in favor of the camera model would still be possible; n = optic sulcus. [284, Fig. 28, p. 31]     

© 2013 reproduced by permission of the British Medical Association. 

2.8.  The Third Setting of the Course for an 'Inverted Retina'  
in Favor of a Diffractive‐optical Correlator in the Eye 

Together with the decision to allow the optic nerves to emerge from the ganglion 
cell bodies on the inside of the retina which is turned towards the incident light, the 
course is set at the same time that the photoreceptors can finally only find their place 
behind the retina (Figure 2.13) In this way the ‘inverted’ retina construction is 
determined. The question posed by P.W.V. Gurney [152] is surely justified: “Is Our 
‘Inverted’ Retina Really ‘Bad Design ?“. However, it is questionable, whether  
his answer suffices: "I suggest that the need for protection of the retina against the 
injurious effects of light, particularly with the shorter wavelengths, and of the heat 
generated by focused light necessitates the inverted configuration of the retina in 
creatures possessing it". 

Simultaneously the problem arises that the invaginated hemisphere of the retina 
does not have a ‘gateway’ to the eye stalk and therefore no access to the brain. The 
consequences are serious, but they are overcome in an individual and really cunning 
way. In order to create a ‘gateway’ at the posterior pole of the inside of the eye, through 
which the optic nerves can grow towards the brain, an artery presses towards the eye 
chamber in such a fashion that an opening to the eyestalk is created (Figure 2.14 left). 
The artery quickly conquers a central location in the zenith of the inside of the eye  
[28-30, 284] and at its place of entry develops the ‚nutritive pole’ [28-30], the future 
papilla – the blind spot in the retina (right).  
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Fig. 2.13: Schematic outline to illustrate the model of the inverted retina construction. The optic nerves 
emerge from the inner layer, the photoreceptors emerge from the outer layer of the retina.  

 

Fig. 2.14: (Left) An artery with several branches penetrates the optic sulcus into the inside of the eye  
[284, Fig. 31, p. 35]. (Right) The artery takes its place in the eye stalk and localizes the papilla.  

(65 mm embryo length, 3rd month). [284, Fig. 29, p. 32]. © 2013 reproduced by permission  
of the British Medical Association. 

Directly after this, the sulcus in the bottom half of the hemisphere closes again. The 
artery which was imported into the inside of the eye immediately makes itself useful 
there; it supports the lens from behind and ensures the nutrition for the inside of the eye 
(Figure 2.15). 
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Fig. 2.15: Illustration of the intraocular embryonal vascular system of the eye. (left) The arteria hyaloidea 
takes a central position in the inside of the eye. Its place of entry into the papilla is in the zenith of the retina 

[284, Fig. 32, p. 36]. (right) Embryonal vascular capsule in the inside of the eye  
(40 mm Embryo length, week 9 of development). a = iris vessels, b = vessels on the lens equator,  

c/d exterior and interior branches of the arteria hyaloidea, e = stem of the arteria hyaloidea  
in the papilla [284, Fig. 180, p. 210, Source Versari). 

© 2013 reproduced by permission of the British Medical Association. 

2.9.  The Eye Axis is the Primary Axis Centering the Eye, the Visual 
Axis is the Secondary Axis. The Papilla is the Primary Pole; 
the Fovea is the Secondary Pole in the Retina 

Axis-centered symmetry operations 
determine the construction of the visual 
organ…. 

The artery system which was brought into the inside of the eye accelerates the 
cellular growth processes in the retina layers lying on the inside towards the vitreous 
humor. In this way, the emergence of the optic nerves out of the ganglion cell bodies of 
the retina (INL layer) is given top priority. Due to the influence of the ‘nutritive pole’ 
these direct their growth along the inner limiting membrane of the retina in a radial 
concentric fashion towards the papilla. Due to the acceleration of the growth of the optic 
nerves the emergence of the photoreceptors is put back for the time being. Only just 
before birth they emerge behind the retina into the gap space towards the pigment 
epithelium out of the ONL layer. In this way, important developmental steps in the pre-
natal construction plan are shifted forward in time. It could be assumed that the 
development and the assertion of the ’inverted retina’ construction has taken a decisive, 
even revolutionary role in the evolution of the eye. Also, the consequences of this setting 
of the course are initially very unpleasant for the further development of the eye. In the 
zenith of the inside of the eye a ‘blind spot’ sits enthroned, a solution that is impossible 
to accept for an efficient eye and a challenge for the creativity of the construction 
engineer of an intelligent visual organ to find a happy solution.  
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To see in a biaxial and bipolar 
fashion with each eye … 

The inside of the eye is centered towards the mechanical eye axis for as long as the 
papilla holds its place in the zenith of the inside of the eye. Therefore, in many respects, 
the peripheral retina is structured towards this primary axis, also in its first cell 
distribution, as will be shown using the example of the distribution patterns of the 
ganglion cells. Just in time before birth, the papilla is ousted from its privileged location 
by the fact that the visual axis is built up as a secondary axis. This is accomplished as it 
were by a splitting of the primary axis in its posterior part (Figure 2.16) whereby the 
papilla is moved to the side towards the nose in the horizontal meridian of each eye and 
on the other temporal side space for the development of a fovea as the place of the most 
acute cone or daylight vision is created. The splitting of the axis thus leads to a biaxial 
structure of the inside of each eye. “The development of a fovea or Area centralis, as 
well as the papilla can be seen as a consequence of the inversion of the eye of the 
vertebrate” [459, p. 23].   

 

Fig. 2.16: Central area of the retina with fovea (F) and papilla (P) as bipoles in the horizontal meridian.   
By means of an axis splitting the primary mechanic eye axis is complemented with a photopic visual axis, 

which connects the fovea with the fixation point on the visual object. Distances from CV in mm along  
the Eye axis. R = radius, C = Centre. 

The transition from the mono-polar, centered towards the papilla, to the bipolar 
structure, centered towards the papilla and the fovea in the central area of the retina 
represents the solution, which results as a consequence from the ‚inverted retina’ 
construction. Figure 2.17 shows schematically, how fovea and papilla share the position 
in the zenith of the retina.  
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Fig. 2.17: (Left) Mono-polar retina structure centered towards the papilla. (Right) Bipolar structure  
of the central area of the retina centered towards the fovea F and papilla P (left eye) (Complex sine function 

of the radial geometric structure [348, p. 13]). 

The extension of the central retina region in favor of the foveal area deposited on 
the side of the temple is helpfully supported by another process, which is shown in 
Figure 2.18 and which represents another symmetry operation centered towards the 
central cortical axis. With the development of the human face the muscle in the forehead 
sees to it that the angle, which is made up by the two eye stalks and the later eyes, is 
progressively decreased. In this the papilla is moved towards the nose and new space 
becomes available temporally, into which the fovea grows. The visual axis and, as will 
be shown further on, the distribution pattern of cells relevant for daylight vision are 
centered in the retina towards the fovea. The progressive decrease in the angle between 
the two eyes finally leads to binocular vision with an overlapping field of view of both 
eyes.  

At the end of this development, just in time before birth, the anatomical picture in 
Figure 2.19 presents itself. To the right and left of the truncated nasal cavities (center) 
both eyes with the lens and darkly marked retina are located in the head. The arteria 
hyaloidea has not completely degenerated in the inside of the eye; however, the optic 
nerve emerging through the papilla is already clearly filled with axons and the papilla 
itself has already been moved towards the nose to the extent that space becomes 
available temporally for the insertion of the fovea.  

At the end of this macroscopic structuring process, each individual eye has got two 
axes: the primary eye axis and the secondary visual axis. And it has two central poles: 
the fovea and the papilla. The visual axis and the eye axis are augmented by the central 
cortical viewing axis, by which, in binocular vision, the visual center V1 creates the 
connection to the binocular fixation point on the visual object. In this way, in fixating 
vision, every focused visual object is captured in an eye-based macroscopic axis system 
as well as in a brain-based one and referred to this.  
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Fig. 2.18: The gradual reduction of the angle between the eye stalks leads to binocular vision with an 
overlapping field of view and it moves the papilla towards the nose and creates space temporally for the 

later positioning of a foveal area in each eye (A = 9 mm embryo length, approximately week 4),  
B = 16 mm (approx. week 5), C = 40 mm (approx. week 9) [284, Fig. 233, p. 270] © 2013 reproduced by 

permission of the British Medical Association. 

 

Fig. 2.19: Condition of eye development with an already decreased angular distance  
between the eye stalks [11]. 
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Fritsch [120] showed that the macula as the central area of photopic vision 
represents a late depositing into the retina connected to the axis-splitting and the bipolar 
development of papilla and fovea. Figure 2.20 gives an overview of the anatomical 
traces of the depositing of the macula. In the retina itself, this border can hardly be 
discerned histologically and functionally. Bach and Seefelder [11, p. 120] emphasize 
that the development of the fovea does not start until the end of 6th month. 

     

Fig. 2.20: Anatomic traces of the late depositing of the macula area in the center of the retina (fovea in the 
center of the macula). (Left) To the right of the fovea in the left eye the papilla can be discerned  
[120, Photo 40/Plate VII). (Center and right): foveola-funnel with clear signs of concentrically  

effective traction forces [120, Photo 23/plate 4 and Photo 17/plate 3]. 

All in all, with these developmental stages the macroscopic structuring of the inside 
of the eye is completed; long before the eye comes into contact with targeted incident 
light. Further notable fine structuring results from the differentiation of the cellular 
grating layers in the cornea and retina.  

2.10.  The Development of Cellular Layers in the Cornea and Lens  
of the Eye into Optical Gratings and Space Gratings 

Microscopic „diffractive gratings on the 
border areas of the optical system of the human 
eye” [249] transform the eye into a diffractive-
optical correlator.  

The cornea and the lens have the task of shielding the eye to the exterior, to 
maintain the difference in pressure between the interior and exterior, to transform the 
incident divergent cones of light into convergent cones by means of refraction, and to 
safeguard their own transparency for light. The cornea is the strongest light refracting 
lens in the optical system of the eye. Its structure is made up of microscopic and 
nanoscopic cellular and fibrillar aerial and spatial layers. They constitute micro and nano 
gratings which are completely transparent for light and due to the very low refraction 
differences between their structured components (cell nuclei, fibrils) and their watery 
components (cell plasma, interfibrillar fluid) they ought to be dealt with as optical phase 



The Human Eye: an Intelligent Optical Sensor 

 76

gratings. Depending on their dimensions they influence incident light differently. If the 
distances between the cell nuclei, the grating constants, are larger than the wavelength of 
the light (380 – 760 nm) or if they reach the 10 – 20-fold dimensions, thus 5 - 10 µm, 
then they represent light diffracting optical gratings. If the fibrils making up the grating 
are in the nanometer dimensions, thus smaller than the wavelength of visible light, then 
they represent light scattering gratings. If these cellular and fibrillar gratings develop 
several layers, then one deals with optical space gratings. In the cornea and on the 
anterior surface of the lens, there are several types of gratings to be found, which have 
been microscopically and electron microscopically well documented [176]. 

The first layered grating structure is the cornea epithelium with 3-4 grating layers. 
The distances between the nuclei or grating constants are at 5 - 15 µm (Figure 2.21). In 
these gratings, no regularity in the grating constants can be discerned; for this reason 
they are polygonal phase gratings with a stochastic, thus random order in their grating 
developing with approx. 10 µm high cell nucleus - cell plasma structures. 

 

Fig. 2.21: Cornea epithelium [176, Fig. 3-20, p. 84] © 2013 with permission of J. A. Alvarado. 

The second grating in the cornea is the stroma layer, which is approx. 500 µm thick. 
It represents a space grating made up of collagenous lamellae which are approx. 6 µm 
thick. In each lamella there are fibrils 360 nm thick with a distance between them of  
120 - 180 nm and most densely packed (Figure 2.22). The lamellae cover the entire 
anterior surface of the cornea and overlay one another at angles of approx. 60°. If the 
fibrils are packed regularly in the nano space grating, then the transparency of the cornea 
is ensured. If they are arranged in a disorderly fashion, the transparency for light is 
reduced. Maurice [288] described this fibrillar grating as a diffractive optical space 
grating which, in the case of ordered fibril layers eliminates by means of destructive 
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interference the light scattered sideways from the main propagation direction and thus 
guarantees the transparency of the cornea.  

  

Fig. 2.22: (Left) The fibrillar nano space grating consisting of layers of collagen fiber bundles in the cornea 
of the human eye [176, Fig. 3-26, p. 92]; (Right) Grating structure of the layers of fiber bundles. Ordered 

grating structure in C. The random structure to the right reduces the transparency  
(288 in 176, Fig. 3-26, p. 92). © 2013 with permission of J. A. Alvarado. 

On the back of the cornea there is a third, much more ordered one-layered cellular 
grating, the cornea endothelium (Figure 2.23). The approx. 500,000 grating-forming 
cells are individually polygonal, however, mainly hexagonal and approx. 5 µm high; 
they display grating constants of 18 – 20 µm. This grating represents the limiting layer, 
which is also of great importance for the stabilization of the eye.  

 

Fig. 2.23: The corneal endothelium as a polygonal cellular grating [176, Fig. 3-35, p. 102].  
© 2013 with permission of J. A. Alvarado. 
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On the anterior side of the lens of the eye, whose capsule was created by means of 
the invagination of a cellular pavement epithelium, this grating remains as a polygonal, 
cellular one. It displays central grating constants of 5 – 8 µm and towards the periphery 
up to 11 – 17 µm (Figure 2.24). 

 

Fig. 2.24: The lens epithelium as a polygonal grating [176, Fig. 12-3, p. 649].  
© 2013 with permission of J. A. Alvarado. 

It is remarkable in this list of micro and nano grating structures in the anterior eye 
area, the aperture space in imaging optics, that the completely light transparent lenses, 
being macro structures of the eye, are out formed by micro and nano cells, the normal 
building bricks of biological organs. The fact that these gratings are also particularly 
suitable as architectural stabilizers of organs with a large surface area is being realized 
more and more. It will be shown later, which optical and functional roles are taken on by 
these light scattering and diffracting gratings. 

2.11.  The Differentiation of the Nuclear Retinal Layers 

Image processing layer by layer 
begins in the imaging space of the eye…  

As opposed to the cornea and the lens, the retina of the eye is a cortical tissue layer, 
whose layer construction when fully developed is, to a large extent, identical to the 
nuclear and neuronal layers of the human cerebrum. Typically there are two layers with 
associative fibers between three nuclear layers. In the fovea, the cell bodies and fibers of 
the INL and MNL layers are located towards the side; only the cell nuclei of the cones 
(towards the periphery also those of the rods) lie towards the light as an outer nuclear 
layer ONL in front of the photoreceptors (Figure 2.25). 

The following picture of the retina (Figure 2.26) from Boycott and Dowling [43] 
again shows in cross-section an area outside the fovea, in which the separation of the 
three nuclear layers which is typical for 99.9 % of the retina becomes particularly clear.  
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Fig. 2.25: The three nuclear layers in the Fovea centralis of the retina of a rhesus monkey (hematoxylin-
eosine-staining) (V = 250x). (INL = inner nuclear layer, MNL = middle nuclear layer, ONL = outer nuclear 

layer. REC = Photoreceptors, PE = pigment epithelium). [15, Fig. 654, p. 709]  
© 2013 with permission of Georg Thieme Verlag/Stuttgart. 

 

Fig. 2.26: A microscopic cross-section through the retina. Between the inner and outer limiting membrane 
there are three nuclear layers INL, MNL und ONL, between these there are two associative layers; REC = 

Photoreceptors. [43, plate 32, p. 116] © 2013 with permission of Copyright Clearance Center, Danvers, US. 
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After the early invagination of the one-layered cortical pavement epithelium into 
the optic cup, a development of the histological basic structure takes place structuring 
the space between the inner and outer limiting membrane of the retina. Prismatic pillars 
with polygonal basal areas located on the limiting membranes fill the entire interior 
space of the retina. For the time being, they will only allow vertical cell movement. “The 
walls of the pillars stand so close to each other that, in general, between every two of 
them there is only a space of the diameter of a ganglion cell at most” [403, p. 266]. Later 
the pillars will also become permeable horizontally (Figure 2.27), when the side walls of 
the pillars disintegrate and only the Müller glial cells remain as the cornerstones of the 
pillars. The Müller cells also stand vertically to the outer and inner limiting membrane 
and form the so-called ‘dynamic supporting frame’, the trajectory basic structure of the 
retina [29, 30].  

 

Fig. 2.27: Schematic sketch of the glia supporting frame in the retina  
(according to Van Buren, 457, p. 20). 

E. Blechschmidt [29, p. 542] described the “trajectory system“ of the retina and its 
glia structure in detail. He emphasizes [29, p. 545) that “the Müller supporting fibers 
provide the retina with its typical stability of shape by means of their vertical position in 
relation to the two limiting membranes,… which connect them at the shortest distance 
with ultimate tensile strength”. As "primitive elongated cells" (29) or "elongated, but 
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columnar cells“  [453, p. 306], they, being the earliest developed construction elements, 
define the rough framework of the ‘cell cavities’ or ‘cell cabins’ of the early retina. At 
the same time, the trajectory basic framework is the condition that the cells lying on the 
outer limiting membrane accommodate themselves "vertically to the outer limiting area 
[29, p. 542]. Wolter [496, p. 118] emphasizes: "The Müller fibers, together with the 
inner and outer limiting membranes, make up the coarse skeleton, which supports the 
ganglion cells, the glia tissue and the blood vessels of the retina”. Similarly,  
Uga & Schmelzer [454, p. 306]. In an embryo with a total length of 17 mm, i.e. approx. 
in week 6, the trajectory basic structure is developed in nearly the entire retina.  

The construction of this framework is followed by the differentiation of the cellular 
and associative layers in the interior of the retina. The layer closest towards the light 
(INL = inner nuclear layer) is the nuclear layer which is differentiated first. From it, the 
layer of the ganglion cell nuclei, the cell bodies of the MNL and ONL layers gradually 
develop. By means of cell divisions in each previous layer the following nuclear layers 
are filled up with increasingly smaller cell bodies in an increasing number. In order to 
monitor the volume of the entering cell bodies, so-called Chievitz filters [284] are 
created temporarily in the interior of the retina. These are nets with an increasingly 
narrow mesh, which disintegrate again after sorting the cell bodies. In this process the 
final layer sequence of the nuclear layers INL, MNL and ONL becomes increasingly 
visible in the vertical. Between the nuclear layers, the neuronal associative fiber layers 
simultaneously continue to develop in the horizontal (Figure 2.28).  

 

Fig. 2.28: Differentiation of the three nuclear layers in the retina. (left) undifferentiated accumulation of cell 
bodies; (center) dissociation of the INL-layer; (right) differentiated INL-, MNL- and ONL-layers with 

photoreceptors REC oriented perpendicularly to them (outer right). [29, Fig. 9]  
© 2013 with permission of S. Karger AG, Basel. 
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With this process the cellular layer architecture typical for the entire retina area 
with the exception of fovea and papilla is completed. Up to pre-natal month 7, the gap 
space between the outer limiting membrane of the retina and the pigment epithelium 
layer remains unfilled. For the time being the retina is firmly fixed to the pigment 
epithelium only at the papilla. 

2.12.  The Central Cell Body Accumulation and the Shift  
of the Frequency Peak of the Retinal Cell Bodies  
from the Papilla to the Fovea 

The cell body accumulation 
towards the respective center of the 
retina…  

The differentiation of the nuclear layers and fiber layers deep in the retina is 
superimposed by a process of redistribution of the cellular elements in the retina towards 
the center. Initially, the ganglion cell nuclei and the cell bodies in the nuclear layers of 
the entire retina are nearly evenly distributed everywhere. However, their density 
increases rapidly in the concentric retinal zones, which are located in the proximity of 
the papilla. The ‘nutritive pole’  [Blechschmidt] of the papilla in the zenith of the early 
retina is the first to exercise its ’attractive’ influence, so that more and more cell bodies 
move towards it centripetally or prefer to develop in its proximity. The distribution 
frequency of the cellular components reaches its first peak in the papilla. Thus the retina 
becomes a net of grating forming cell nuclei, which is equipped with coarse granules in 
the far periphery, with an increasingly finer granulation in the near periphery and the 
finest granulation in the central area of the retina.  

After the papilla, the fovea 
becomes the attractive pole for cell 
bodies…  

Even before these distributions centered towards the papilla have been completed, 
then, chronologically displaced, the fovea, which, as a secondary pole, was deposited on 
the temporal side of the central area, begins to exercise its influence on the earlier 
cellular distribution pattern and to develop its own peak of cell body distribution.  
Figure 2.29 shows first in Fig. 1 (pre-natal month 6) the increasing accumulation of 
ganglion cell bodies above the later fovea. It is only after that “that the development of 
the Fovea centralis commences from the end of month 6” (11, p. 120]. Slowly, due to 
the increasing depression, the actual fovea funnel develops (Fig. 3 in month 8, Fig. 5 
Newborn). "The foveal depression continues to deepen after birth until 15 months, due 
to the migration of the cells of the inner retina toward the periphery" [502, p. 847, 
similar 3]. The fovea funnel does not acquire its final shape until adulthood.  
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Fig. 2.29: Development of the fovea and its cellular nuclear layers between the pre-natal month 6  
(Fig. 1) and adulthood (Fig. 8). Excerpt from [11, p. 120]. 

2.13.  The Splitting of the First Distribution Peak of the Cell Bodies 
and the Re‐centering of the Cell Body Distribution from the 
Eye Axis to the Visual Axis 

The biaxial-bipolar structuring of the central 
area of the retina is accompanied by a re-
centering of the cell distributions from the eye 
axis to the visual axis…  

Directly, after anchoring on the pigment epithelium, the fovea asserts in the not yet 
fixated retina areas that the distributions of the cell bodies relevant for photopic vision, 
no longer retain their concentricity towards the eye axis, but re-center towards the visual 
axis. With the aid of histological pictures of the fully developed retina, this pre-natal re-
centering process of the cell body distributions can only be identified by its traces. 
Finally, however, it achieves that two visual systems, which as a photopic and as a 
scotopic visual system complement each other with two ‘mono-polar, centered’ 
distribution patterns interlace in the retina in a differentiated manner; and where the 
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photopic system finally takes on the dominant part. In order to comprehend the 
dynamics of this development, it is worth taking a quick look at the part played by the 
altogether even three retina poles.  

Three retina poles control the cell 
distribution process in an oscillatory manner…  

For as long as the retina is located in fluid and hanging freely in the inside of the 
eye, the three poles which were fixated first, the ora serrata (Figure 2.30), the papilla, 
and the fovea control the distribution process of the retinal structural elements by means 
of synchronized or desynchronized oscillations. References regarding the oscillatory 
wave development and propagation in the retina can be found particularly in C. Shatz 
[408, 409] and Wong [497]. In the older literature there are also references that the fovea 
has contractile and, therefore, muscle fibrils capable of oscillations [120, 368]. 

    

Fig. 2.30: Suspension of the retina on the rear of the lens [176, Fig. 7-6, p. 272 and p. 274].  
© 2013 with permission of J. A. Alvarado. 

Figure 2.31 illustrates how the bundling of the optic nerves can be envisaged to take 
place in the major components of the basic structure of the retina. Roughly 2745 
‘dentate processes’ fixate the retina like staying ropes at its anterior edge, the ora serrata. 
After the invagination into the eye cup, the biaxial, concentric, and bipolar retina is first 
anchored firmly to the pigment epithelium at the ora serrata, then at the papilla, only 
after that, at the fovea and finally starting from the papilla and fovea in the peripheral 
retina zones. 

The papilla being the entrance of the embryonic vascular system of the arteria 
hyaloidea into the inside of the eye is a first influential ‘nutritive’ pole. The papilla as 
the decisive center of high circulatory activity in the eye is the source of energy supply 
for the growth process of many retinal structural elements. It influences the direction of 
the growth of optic nerves as well as the centripetal concentrations of cell body 
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distributions. The fixated pole located centrally in the zenith of the retina is also a 
pulsating and oscillating place for a net attached only to the ring-shaped ora, which can 
emit concentric waves to the primary eye axis via the retina and which can receive 
waves reflected on the ora or emitted by it or can develop them into stationary waves. 
Also, long before the eye comes into contact with light, synchronized action potentials 
of the ganglion cells influence the distribution patterns of cells in the retina [299, 123]. 
In the course of the increasing filling of the papilla by the visual nerve bundle growing 
out of the eye, the central artery in the inside of the eye dies off. The papilla thus loses 
its nutritive-attractive and oscillatory polar role and cedes it to the secondary pole  
of the fovea. 

 

Fig. 2.31: Scheme of the bundling of the optic nerves in the retina zones (specifications are given in angular 
degrees). Between ora and papilla, increasingly more visual nerve axons are bundled.  

The second leg is determined by the new macula pole with the fovea in the center. 
It is only with a considerable delay that the fovea achieves a fixation of place, which 
allows it to take on the function of a pole. The waves emitted or received by it are now 
themselves concentric to the secondary axis, the visual axis. Figure 2.32 illustrates 
schematically the transition from a net centered towards the papilla (left) to the bipolar 
net, centered to the fovea and papilla (right). 

One has to imagine this process roughly as follows: The local valleys, which are 
closer to the energy-providing pigment epithelium layer, become secondary, nutritive-
attractive local centers for cell bodies producing cones. There are indications that 
initially there is only one type of receptors – therefore the rods – in the retina and that 
only due to nutritive processes at selected locations the cones are differentiated as the 
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better-nourished rods. Ramon y Cajal states that „The cones are anatomically more 
highly developed rods“ (Ramon y Cajal, quoted from Ladd-Franklin [235, p. 466). 

 

Fig. 2.32: (Left) Net peripherally attached to the ora, centered monopolarly towards the papilla.  
(Right) Net centered bipolarly towards papilla and fovea in the central area of the retina.  

Figure 2.33 [332, Fig. 4] provides an overview of the amount of different retinal 
cell body types (number of cells per 4000 µm² retina surface) in the retina zones 
centered towards the visual axis (angular details regarding the macula at 0°) in the 
horizontal meridian of the right eye also taking into consideration both central poles, 
fovea and papilla. There is a notch above the papilla in every curve because there are no 
retinal construction elements whatsoever.   

The distribution curves for the photoreceptors clearly show the central peak for the 
cones in the fovea and two peaks to the right and left for the rods at approx. 20°. The 
two peaks of the curve of the rods represent the edge of the crater which remains of the 
originally one-peak-distribution towards the papilla, after the macula, by bursting the 
rods-peak, asserted the fovea-peak of the cones. The central steep decrease of the 
frequencies of the rods down to zero in the macula region proves that the fovea lacking 
rods is a ‘blind spot’ in twilight vision.  

When looking at the distributions of ganglion and bipolar cells, it becomes evident 
that the ganglion cells have two larger frequency peaks to the left and right in the macula 
and that they have two smaller peaks to the left of the papilla and to the right of the 
macula at 20°. The bipolar cells, for their part, have also got two larger peaks in the 
macula and two smaller peaks at approx. 25 - 30° to the left and right of the visual axis 
(0-line). The two larger and smaller peaks in the distributions again represent the edges 
of a crater of two outbursts of initially one peak distributions. The larger peaks 
developed due to the fact that the ganglion cell bodies in the INL layer and the bipolars 
in the MNL layer in the fovea funnel were deposited laterally into a ring-zone and from 
there supplied the fovea area. The smaller peaks in the cell body distributions of 
ganglion and bipolar cells are traces of the outburst of the early distribution pattern, 
which tended towards the formation of peaks in the papilla. The splitting of these peaks 
results from the deposit of the macula and its fovea centre into the central retinal area.  
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Fig. 2.33: Frequency distribution of retinal components in the retinal zones of the right eye Macula is at 0°. 
(The marking of the papilla was added by the author). [332, Fig. 4, p. 103] 

 © 2013 with permission of Schattauer GmbH, Stuttgart. 

These acts of a central splitting of the peaks go hand in hand with a simultaneous 
re-centering of the distributions. This can be seen particularly well on the distribution 
curve of the ganglion cell bodies in the following Figure 2.34. The cell body counts 
were carried out in the INL layer on several eyes in the horizontal meridian [431]. On 
both sides of the eye axis which, as it were, penetrates the retina between papilla and 
fovea, the corresponding number of ganglion cells was applied in each angular segment 
for two individual eyes and for the mean value of the counts on altogether five eyes. In 
this it can be seen that if one connects the two angular segments occupied by the same 
number on both sides, the primary centering towards the eye axis is followed by a 
centering towards the visual axis. This re-centering finally leads to the ganglion cell 
distribution centered towards the visual axis (0°) in the central area. Nearly comparable 
data will be shown in the later analysis of zone-specific frequency distributions of cones 
and rods. Seemingly, the same appears to apply to the distribution curve of the bipolar 
cells, for which, however there are no comparable count data available.  

The data regarding the distribution patterns of the retinal cell bodies clearly show 
traces of the axis-centered redistribution process, which is a direct consequence of the 
setting of the course in favor of the ‚inverted’ retina construction. If it had not been for 
the rapid emergence of the optic nerves out of the ganglion cell bodies in the INL layer, 
then a biaxial-bipolar structuring of each eye would not have been required at all. This in 
turn made possible the intertwining positioning of the distributions of cell bodies in the 
nuclear layers as well as that of photopic and scotopic receptors. 
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Fig. 2.34: Data concerning the distribution frequency of the ganglion cell bodies in the horizontal meridian 
of the retina [according to Steinbach 431], with reference to a sphere with a radius R = 11.5 mm, angular 

system at 0° in the fovea. Re-centering from the eye axis to the photopic visual axis. The connection of the 
zones of similar ganglion cell frequencies has been illustrated in the shaded angular segment with the tilting 

of the lines and the red arrows.  

2.14.  The Development of Photoreceptors (Cones and Rods) 

It is only with the fixation of the fovea on the 
pigment epithelium that the development of the 
photoreceptors commences…   

At a relatively late point in time, the fovea finds its final location in prenatal  
month 7 and is attached as before only ora and papilla to the pigment epithelium. With 
this the development and the fixation of all photoreceptors can be carried out, starting in 
the macula itself and following that, in increasingly peripheral zones of the retina. The 
cones and rods grow out of the cell bodies, which accumulated in the outer nuclear layer 



2. The Prenatal Development of the Eyes and the Central Visual Pathway 

 89

of the retina (ONL). As is illustrated in Figure 2.35, they penetrate through the outer 
limiting membrane into the gap space to the pigment epithelium, upon which they 
anchor correspondingly.  

   

Fig. 2.35: Photoreceptors emerge out of the cell bodies of the ONL layer through the outer limiting 
membrane of the retina through the gap space to the pigment epithelium in pre-natal month 7.  
(Left) Paracentral retina area. Thick cones and thin rods in the gap spaces between the cones.  

[284, Fig. 84, p. 103 Source: Bach & Seefelder 11]. (Right) In month 8, the development of the cones  
in the rodless fovea has made large progress [284, Fig. 83, p. 102; Source: Bach & Seefelder 11]. 

Figure 2.36 illustrates different points in time for the development of the 
photoreceptors and it thus shows even more clearly how the cones and rods gradually 
emerge from their cell nuclei. Only in E, in month 8, do the photoreceptors become 
structured more clearly.  

2.15.  The development of the photoreceptor outer segments 

The neuronal conduits and electrical relays are completed in the eye and in the 
central pathway of vision chronologically before the photoreceptor outer segments, 
which are responsible for the photo-electric energy conversion. The cones and rods outer 
segments of the retina are described as ‘optical waveguides’ [414, 427], ‚dielectric 
antennas‘ [450], ‚wave receptor antennas‘ [331, 186] or as nano-antennas and optical 
half-wave dipoles [163]. “The primary processes of excitation of the outer segments 
might be due entirely to the absorption of light quanta at discrete sites in the outer 
segment disks, resulting in the activation of a single or a number of disks“ [413, p. 24]. 
In the length of the rod, therefore, “in the physiological direction of the incidence of 
light, the maximum absorption of the proper wave prevails” [395, p. 172]. The electron-
microscopic picture of the external segment of a rod is shown in Figure 2.37. 
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Fig. 2.36: Stages of development in the emergence of the internal and external segments of the cones out  
of the cell nuclei of the outer nuclear layer (ONL). In A = week 10 (approx. 48 mm embryo length),  

in B = week 13 (approx. 80 mm embryo length), in E = month 8 [284, Fig. 83, p. 102;  
Source: Bach and Seefelder 11].  

Another step into the nano world… 

In the cones as well as the rods there are double membrane plates swimming in 
watery protein. They are piled on top of each other around a common longitudinal axis 
just like „poker chips“ and are enclosed by a membrane coating (Figure 2.38). The most 
delicate plates stand in a “pillar vertically to the optical axis, therefore to the length of 
the external segment” [395, p. 172]. The two receptor types are clearly distinguishable in 
the number and dimensions of the double membrane plates [176, p. 426-427]. 

 Cones and especially those in the central fovea area have 1000 – 1200 double 
membranes with a total thickness of 310 - 320 Angstrom each (including the area 
between the two individual membranes and between the double membranes). Since 
1 Angstrom = 0.1 nm, a double membrane takes up a length of approx. 31 nm. 
Since 1 µm = 1000 nm, there are approx. 32 double membranes for 1 µm in length. 
For one medium wavelength of 0.5 µm of visible light there are therefore already 
16 double membranes. With an average total length of approx. 35 µm an outer 
segment has a total of approx. 1120 double membranes. In the fovea, the outer 
segments of cones reach lengths of even 100 µm. 

 Rods contain 600 – 1000 double membranes with 300 Angstrom each in thickness 
[176, p. 427; 153]. Other authors mention thicknesses of 435-455 Angstrom. Thus, 
on a length of 1 µm there would again be approx. 30 double membranes. Since the 
rods outer segments have an average total length of approx. 30 µm, nearly  
900 double membranes would be available to them. 
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Fig. 2.37: Electron microscopic photo of the inner segments (upper part) and outer segments  
(lower part) of a rod photoreceptor (V = 36.000x). At b double membranes bent in the preparation. [176, 

Fig. 9-23] © 2013 with permission of J. A. Alvarado. 

 

Fig. 2.38: The poker chips of a rod outer segment. The arrows in the picture point to the cell membrane, 
which enclose the platelets. Bottom left Zoom of the double membranes  

(V = 300.000x) [176, Fig. 9-25] © 2013 with permission of J. A. Alvarado. 
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The electron-microscopic data are compatible with the light-microscopic length 
measurements on the receptor outer segments. Obviously they do not provide 
information about the limits of dynamic changes in length of the outer segments. 
Measurements on newly fixated receptors, which yielded greater lengths, prove that 
changes in length have to be taken into account and it was also shown by thermal tests in 
polarized light [395]. Aside from the differences in measurement, there are the familiar 
photo-chemical differences [13]. Whereas rhodopsin is deposited in the outer segments 
of the cones, the related iodopsin is found in the rods. A sodium-potassium pump 
converts each photo cell into a small, permanently charged battery [127]. 

2.16.  The Special Position of the Foveola Funnel in the Center  
of the Fovea 

In general, there are considerable differences in evaluating the fact that – as  
Figure 2.39 shows – in the fovea, where the best visual acuity in daylight vision is 
accomplished, two of the three nuclear layers are moved to the side in a funnel-like 
fashion.  

 

Fig. 2.39: The center of the fovea of the human retina, the rodless foveola-zone with the fovea funnel [176, 
Fig. 161], © 2013 with permission of J. A. Alvarado. Top: schematic representation of the course of the 
nuclear layers in the fovea. The medium (6) and inner nuclear layers (8) are set off to the side. In layer 4 

there are cell bodies of the cones only. (Arrow = direction of light incidence). Below:  
A section with the histological picture of the foveola. The cones reach their greatest length in the center of 
the foveola. Underneath the ONL layer of the cone cell bodies, the nerve fascicles running to the side are 

visible as well as, at the bottom, the MNL and INL layers at the edge of the funnel [350].  
© 2013 with permission of University of Chicago Press. 
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According to I. Mann [284, p. 111] this represents “the highest stage in the 
development ever accomplished by any part of the eye. Only the cell bodies of the inner 
nuclear layers (INL and MNL) are moved to the side, not the cell bodies of the outer 
nuclear layer (ONL), out of which the longest cones with a length of approx. 100 µm 
and most densely packed ones with a diameter of approx. 1 µm emerge. 

Figure 2.40 shows a similar view on the foveola of the human eye. At a) there are 
the cell nuclei of the photoreceptors, at b) there are Müller glia cells and nerve fascicles 
to be seen. 

 

Fig. 2.40: Foveola-region of the retina of the human eye. Microscopic photo (V = 425x). The cones lie 
underneath the limiting membrane, above there are the cell bodies of the ONL layer and the diagonally 

running nerve fascicles. (REC = Photoreceptors). [176, Fig. 9-80, p. 493] 
© 2013 with permission of J. A. Alvarado. 

In the top view, the foveola region presents the picture of a funnel, in which the 
cells of the outer nuclear layer represent the floor and in which the fibrous elements 
make up a ring-shaped surrounding structure (Figure 2.41).  

This peculiar structuring of the foveola funnel is often commented upon by stating 
that the image of the fixated objects has to be focused directly on to the photoreceptors 
at this location of the most acute vision. This interpretation is not adequate because it 
ignores the consistent presence of the ONL layer of cone cell nuclei there. The fact that 
the foveola as the posterior pole of the visual axis is involved in the process of fixation 
of the seen objects in phototopic vision is to be taken more seriously. It will be seen in a 
later part, which deals with measuring the distance to visible objects, that there may be 
reasons for these peculiarities at a prominent location on the retina. 

 



The Human Eye: an Intelligent Optical Sensor 

 94

 

Fig. 2.41: Top view on to the foveola funnel. Cells of the ONL layer on the floor of the funnel and radial 
fibers on the edge of the funnel [120, Photo 160, Plate 38 and Photo 174, Plate 45].  

2.17.  The Distribution Patterns of the Cones and Rods in the Retina 

Is there an order or is there only 
disorder in the photoreceptor matrix? 

There are numerous studies dealing with the search for an order in the retinal 
distribution pattern of the cones – especially of the specialized red – green – blue cones 
and rods [75-77, 334, 463-466, 484-485 et al.]. Most of the authors came to the 
conclusion that at least in the cone distribution pattern there is no other recognizably 
geometric order other than a more or less stochastic random order. Unfortunately, in 
most of these studies, the type of microscopic preparation of the retinas, their taking and 
storage conditions as well as their staining and fixation methods, upon which the quality 
on the anatomical preparation depends in microscopy at the end of the day, are not 
sufficiently discussed. As a rule, it also remains uncommented that any order possible in 
vivo is guaranteed and maintained by the high intraocular pressure, which cannot be 
simulated in a post mortem state. Furthermore, the photoreceptor matrix is generally 
examined after its disengagement from the retina layers located in front and towards the 
light, whose ordering influence is not taken into account. In former times, researchers 
placed a lot more care on these questions and were often able to get very fresh retinas. 
The attempt by Shapiro [407], to describe the ‚order in the disorder’ for the blue cones 
by means of an “elastic ball model“ with “a core and a soft surrounding shell“ as a 
Voronoi-Net, is somewhat closer to in vivo conditions. 

To this day, one of the best sources is the work done by Osterberg [333] with data 
regarding the distribution of cones and rods per mm² of retina surface. His data will be 
of importance again in connection with the functional aspects in the central area of the 
retina. Regarding the distribution pattern of the two receptor types, he explicitly states 
[333, p. 58]: “As the microscopic photos prove, the cones and rods mosaic is extremely 
regular. With the exception of the special conditions in the central area, the cones and 
rods in the largest part of the retina are so evenly distributed that within narrow 
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microscopic fields of study there is no reason to expect any deviation in the distribution 
pattern... The deviations from the average frequency of the cones and rods within one 
counting area must be seen as random deviations within the framework of the statistic 
distribution laws and they do not represent systematic deviations.“  

M. Schultze [403] was one of these older scientists, who in 1866 graphically 
recorded the ordering principle, which he had observed on particularly fresh retinas. He 
commented on his observation reproduced in Figure 2.42 as follows [403, p. 196]: “In 
order to establish the presence or the absence of cones and their proportion to the rods, 
the only safe method is to remove the retina in a serum and to place it under the 
microscope with the chorioidea side to the top and without a cover glass at high 
magnification. In this way one receives a picture of the natural cross-sections of the 
elements of the perceiving layer; and by lifting and lowering of the lens barrel one can 
easily check through the rods layer and cones layer in their complete thickness. Such 
specimens of the retina of humans, as I was able to examine twice on just previously 
extirpated bulbs, immediately give a picture in all locations with the exception of the 
macula lutea, where there are only cones, of a regular order of rods and cones standing 
alternately (403, plate XII, Fig. 3)“. It corresponds to a geometric involute pattern for the 
location of cones. This principle of construction consisting of two interlaced spirals with 
one going clockwise and the other counterclockwise is often found in sunflower seeds 
and other flowers as a natural result of the process of plant growth. Stewart [434] 
describes it as follows: “Sunflower head, like that of daisies and many other flowers, 
contains two families of interlaced spirals – one winding clockwise, the other 
counterclockwise. Models show that this regular pattern results from the dynamics of 
plant growth.” 

   

Fig. 2.42: Cone distribution pattern with the locations on involute clusters in the foveola and fovea.  
From Pirenne [346, Fig. 7] according to Schultze [403, p. 175]. 

If one chooses the ordering scheme as the heuristic origin and then allows for the 
possibility of local disorders, then one succeeds at least in receiving an ordering total 
view of the receptor distribution pattern in the individual retina zones. This is reason 
enough to counteract widespread misjudgments of the conditions in the entire retina; 
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such as e.g. the often-expressed opinion that there are no cones present in the periphery 
of the retina, so that color vision is not possible there.  

In a schematized area of 0.01 mm² (0.0001 mm² in the foveola), Schultze’s 
drawings can be connected to microscopy photos and to the counting data of cones and 
rods in individual retina zones. The eight locations (1 – 8) in the retina zones of the left 
eye chosen to be illustrated for this purpose are marked in Figure 2.43 on the cones 
distribution curve.  

 

Fig. 2.43: Cones/rods distribution in the retina zones of the left eye (176, Fig. 9-22, p. 424].  

The eight recorded counting locations cover, from 1 – 8, the retina from the center 
to the far periphery. The ratios of the respective cones/rods which extend from 1 : 0 in 
the fovea up to 1 : 17 in the far periphery, are indicated here in parentheses. In 
particular, it is about the following: 1 = Foveola 0° (1 : 0); 2 = fovea approx. 1-2° (4 : 1); 
3 = fovea towards the parafovea, approx. 2-3° (1 : 1); 4 = parafovea approx. 4° (1 : 6);  
5 = perifovea towards the near periphery approx. 9° (1 : 10); 6 = near periphery approx. 
13° temporally, approx. 18° nasally (1 : 18); 7 = Medium periphery approx. 15° 
temporally, approx. 25° nasally (1 : 26); 8 = far periphery approx. 45° temporally, 
approx. 60° nasally (1 : 17). The basic scheme chosen for the counting of the cones and 
the rods is illustrated in Figure 2.44.  

1. Foveola. Due to the extremely dense packing of the cones in the foveola, a strict 
hexagonal order is created, which has been microscopically documented numerous 
times - here in the left part of Figure 2.45 by Polyak [350].  
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Fig. 2.44: A schematic sketch with the locations of the cones at the intersection points of three clusters  
of parallels crossing at 60°. (left) a reference plane of 0.0001 mm² was chosen for the most central retina 
region (foveola). (right) a hexagonal area of 0.01 mm², in which the line s in the hexagon has a length of  

s = 107,5 µm applies for all other zones. 

 

Fig. 2.45: (left) Foveola [350, Fig. 155, p. 267]; (right) A schematic representation of the 37 most central 
cones in an area of 100 µm² (0.0001 mm²) with a cone diameter of 1.25 µm (incl. shared  

interstice = 1.65 µm). © 2013 with permission of University of Chicago Press.  

2. + 3. Fovea and transition to the parafovea. This retina zone, which at approx. 1-2° 
surrounds the foveola circularly, is characterized by the fact that gradually 
individual rods find their place in the interstice between the cones (Figure 2.46). The 
initially considerably larger number of cones is reduced towards the edge of the 
fovea (2-3°-zone) and there it reaches a 1 : 1 ratio of cones and rods. 

4. Parafovea. In this ring-shaped zone around the fovea (approx. 4° around the 
foveola), the number of rods for the first time clearly exceeds that of the cones 
(Figure 2.47).  
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Fig. 2.46: (Left) Fovea: Ratio of cones to rods approx. 4 : 1, diameter of the cones 2.8 – 3.2 µm, rods 
approx. 1 µm); on the retina surface of 0.01 mm² (s = 107.5 µm) there is room for approx. 720 cones and 

approx. 180 rods. (Right) Fovea towards the parafovea, approx. 2-3° away from the foveola. Ratio of cones : 
rods = 1 : 1, cone diameter approx. 3.6 µm, rods approx. 1.2 µm. On a retina surface of 0.01 mm² there  

is room for 400 cones and 400 rods. At a distance of 130 µm (according to Osterberg [333] or of 250 µm 
(according to Polyak [350]) from the foveola, the first rods sporadically enter the interstices  

between the cones.  

 

Fig. 2.47: Parafovea. (Left) Taken from M. Schultze [403]. Ratio of cones : rods = 1 : 6, diameter of cones 
approx. 4.3 µm, rods approx. 1.4 µm. On a retina surface of 0.01 mm² there are approx.  

220 cones and approx. 1300 rods. (Right) Schematic representation. 

5. Perifovea. This zone lies at approx. 9° around the fovea and is no longer strictly 
circular. In it there are 10 times as many rods as there are cones (Figure 2.48).  
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Fig. 2.48: Perifovea. (Left) Photo taken by G. Fritsch [120, Photo 238, Plate LXVII]. Ratio of cones  
to rods = 1 : 10, diameter of the cones approx. 4.8 µm, rods approx. 1.5 µm. In a retinal area of 0.01 mm² 

there are approx. 170 cones and 1700 rods. (Right) Schematic drawing. 

6. Close to the periphery of the retina. This zone circulates the fovea in a slightly 
elliptical shape at approx. 13°. The number of rods as opposed to the number of 
cones continues to increase rapidly (Figure 2.49).  

  

Fig. 2.49: Near periphery. Ratio of cones : rods at 1 : 14 centrally and 1 : 22 peripherally (average  
1 : 18). Diameter of cones approx. 5.5 µm, of rods approx. 1.6 µm. On an area of 0.01 mm² there are approx. 

130 cones and 2340 rods. (Left) Taken from Rodieck [375, p. 354 according to Schultze 403).  
(Center) Schematic drawing. (Right) G. Fritsch [120, Photo 238, Plate LXVII].   

7. Medium periphery (Figure 2.50). In this elliptical zone, which circulates around the 
fovea as well as around the papilla, the rods reach a number of 2300 units per 
schematized unit area and thus also their highest density. Using the Osterberg’s data 
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[333] it will later on be characterized more precisely as the zone of the most acute 
rod vision.  

   

Fig. 2.50: Medium periphery temporal location at approx. 15°, nasally at approx. 25° from the foveola; 
temporal distance from the foveola approx. 3.9 mm, nasally approx. 7.1 mm, on average  

5-6 mm (333). Ratio of cones: rods approx. 1 : 26. Diameter of the cones approx. 6 µm, of the rods approx. 
1.7 µm. On an area of 0.01 mm² there is room for approx. 90 cones and approx. 2300 rods. (Left) E. Wolff 

[495, Fig. 154, p. 142] © 2013, reproduced by permission of Taylor & Francis Books UK.,  
(Center) schematic drawing. (Right) E. Wolff [495, Fig. 108]. © 2013, reproduced by permission  

of Taylor & Francis Books UK. 

8. Far periphery (Figure 2.51). Beyond the maximal density of the rods in the medium 
periphery zone, the number of cones as well as that of the rods per an area of  
0.01 mm² continues to decrease towards the outer edge of the retina, the ora serrata, 
particularly in view of the fact that the diameter of the rods as well as that of the 
cones continues to increase. At all times the number of rods exceeds that of the 
cones.  

    

Fig. 2.51: Far periphery. Average ratio of cones to rods = 1 : 17. The diameter of the cones grows to approx. 
7.2 µm and more, that of the rods to approx. 1.8 µm and more. (Left) Taken from Osterberg [333, p. 101] 

with a counting grid; © 2013 with permission of Wiley The Atrium, Chichester UK.  
(Right) Schematic drawing. 
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The distribution patterns of the cones and rods in selected areas of the retina 
illustrate that the cones determine the main order and that the rods are forced back into 
the remaining interstices. The patterns are at times also helpful in allocating photos, 
which were published without any indications, to a specific region of the retina. As 
opposed to frequently made statements, they prove that the cones being the 
photoreceptors responsible for color vision are present in high numbers up as far as the 
zone of the far periphery so that color vision is possible there and thus in the entire 
retina provided there is sufficient luminance and good adaptation guaranteed. 

The ratio of cones and rods frequency specific to the retina zones… 

Osterberg [333] provided Information regarding the typical frequency ratios of 
cones and rods in the individual retinal regions. In order to provide a better overview 
they were used to make Figure 2.52 and they were connected to the generally used angle 
system in the eye (MP- or OP–centered angle system). If one starts at the center of the 
fovea, where a 1 : 0 ratio applies, then it is easily recognizable along the horizontal 
meridian that the rods whose total number is approx. 110 million as opposed to approx. 
6-7 million cones, rapidly occur 20 times more often. In the most peripheral zones, 
however, the ratio of the cones to the rods improves again to 1 : 3 or 1 : 5 in favor of the 
cones. 

Visual axis

Angular degrees
to MP

Cones : Rods

Cones : Rods

Angular degrees
to OP 

Periphery

Periphery

 

Fig. 2.52: The ratio of the frequency distribution of cones and rods in the horizontal meridian of the right 
eye [Angle system OP to the visual axis by Osterberg [333], angle system to the central point MP of the 

eyeball according to Steinbach [431] and Oppel [332]. 
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The cones and rods distribution also proves 
the recentering from the eye axis to the visual axis 
in the inside of the eye…  

If the zones with the same cones and rods ratios were to be connected on both sides 
in the horizontal retina meridian, the initial centering of the distribution pattern in the 
peripheral retina zones towards the eye axis is observed, as well as, in the more central 
retina zones, the increasing re-centering of the distributions towards the visual axis. 
Altogether it becomes obvious that a hexagonal structure of the retina grating is quite 
compatible with the nearly hexagonal structure of the cone locations.  

The total map of the retina… 

Following the review of a lot of details, it is recommendable to take a final look at 
the map of the central retina regions, which Hogan [176] provided with Figure 2.53. The 
circular zones are just an auxiliary construction because no traces in the retina 
correspond to the zone limits.  

 

Fig. 2.53: A map of the central retina areas in the left eye. Top: overhead shot, below: cross-section. 
 At a = Foveola, b = Fovea, c = parafoveal zone, d = perifoveal zone. On the edge on the right:  

the papilla with the vascular system inside the eye. [176, Fig. 9-78, p. 491]. 
© 2013 with permission of  J. A. Alvarado. 



2. The Prenatal Development of the Eyes and the Central Visual Pathway 

 103

The following Table 2.1 summarizes the data reviewed so far regarding the cellular 
elements in the retina, except for the bipolars in the MNL layer. From these data the 
zone-specific ratio of cones to rods and that of cones and rods to ganglion cells can be 
deduced.  

Table 2.1: Data regarding the cellular elements of the human retina in counting areas  
of 4000 µm² = 0.004 mm² for the ganglion cell bodies [Steinbach [431] and of 0.01 mm² for cones  

and rods [Osterberg [333]).  

Central area 
Retina 
area 

(mm²) 

Cones 
per 
0.01 
mm² 

Rods per 
0.01 
mm² 

Total 
number 
of cones 
per zone 

(K) 

Total 
number 
of rods 

per zone 
(K) 

Ganglion- 
cells per 

0.004 
mm² 

Total number 
of ganglion 

cells per zone 
(K) 

Central area        
-Foveola 0.196 1450 - 28 - - - 
-Fovea 1.574 558 279 88 44 109 43 
-Parafovea 3.14 217 1302 68 409 125 98 
-Perifovea 18.72 169 1690 316 3164 36 169 
Sum 23.63   500 3617  310 
Periphery of retina        
-Near 
Periphery 

32.36 127 2286 411 7397 19 154 

-Medium periphery 21.42 115 2645 246 5666 16 86 
 38.41 91 2275 350 8738 14 134 
 42.72 79 2089 337 8926 11 117 
Sum 134.91   1344 30727  491 
- Far periphery 84.52 75 1575 634 13312 8 169 
 115.51 70 1400 809 16171 5 144 
 133.65 65 1170 869 15637 3 100 
 149.03 58 870 864 12966 1 37 
 161.44 50 650 807 10494 0.4 16 
 208.92 42 335 879 14078 0.25 13 
Sum 853.02   4862 82658  479 
Total 1011.6   6.706 117.000  1.280 

 

The world visible to each eye is 
imaged on 9cm² of retina surface… 

The data in the column 2 regarding the retina area make it quite clear that the 
visible world as realized by the individual eye is imaged downscaled on 1011,6 mm², 
therefore, approx. 9 cm² as a square, an area with the length of the sides measuring 3 cm. 
Binocular vision even with extensive overlapping of the two fields of vision does not 
cover more than approx. 13cm² of the retina area either. Likewise, in column 2 it 
becomes apparent, that the central area with 23.6 mm² covers only 2.4 % of the total 
retinal surface. Column 5 shows that with 6.2 million 92.5 % of all cones lie in the 
peripheral retina. It also applies that with 3.6 million only 3 % of the rods find a space in 
the central area of the retina. In the case of the ganglion cells in column 8 it applies that, 
by contrast, 24 % of the 1.28 million cells are to be found in the central area of the 
retina.  
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Two bipolar, biaxially centered and 
intertwined ganglion cell and photoreceptor 
distribution patters in each retina… 

The data regarding the microscopic elements of the inverted retina illustrate that the 
pre-natal development leads to a bipolar, biaxially centered macroscopic hardware of the 
eye. For as long as the papilla in the zenith of the retina is the only pole of the central 
retina, the eye axis and the centripetal accumulation of cells concentric to it determine 
the zone-specific distribution patterns of the rods and the ganglion cells. In a second 
phase, the visual axis together with the fovea as a secondary pole in the central area of 
the retina organizes the distribution pattern of the cones concentrically arranged towards 
the visual axis and - especially near the central area – also the distribution of the 
ganglion cell bodies. In this process, the distribution pattern of the cones is imprinted 
upon the initially undifferentiated monotone photoreceptor distribution, the rods take up 
the interstices in the dominant pattern.  

2.18.  The Sampling Geometry of the Optic Nerve in the Bipolar 
and Biaxially Centered Retina 

The discussion of the distribution pattern of the ganglion cells in the retina clarified, 
just as the discussion regarding the photoreceptor distribution pattern did, the process of 
re-centering which increases towards the center from the eye axis towards the visual 
axis. It can be read off again in a very distinctive form from the sampling geometry of 
the visual nerves. Since the ganglion cell bodies develop the visual nerves as their axons 
and send these through the papilla towards the brain, it is through them that the final 
optic nerve sampling geometry is developed. Here it is again the case that microscopic 
elements turn into the support of a macroscopic hardware structure of the eye and once 
again, in the result, the process behind it is displayed. Figure 2.54 (right) shows the 
retina with increasingly small meshes towards the center. Being the primary pole, it is 
only the papilla that influences the direction of growth of the optic nerves, so that an 
early radial concentric progression centered towards it develops. When, however, the 
secondary pole, the fovea fixates its position and asserts its designing influence, the 
maximum ganglion cell concentration is reoriented towards it. Due to the corresponding 
guidance of the optic nerves, the so-called papillo-macular bundle of nerves results as a 
deposit into the primary visual nerves progression. The optic nerves growing out of the 
ganglion cell bodies close to the fovea have to make their own way to the brain through 
the papilla gap in the previously strictly radial concentric progression. After the junction 
with the optic nerve they make up its central fiber and in the course of the further visual 
pathway they are responsible for the division into quadrants. The central retina area 
remains marked by means of the Cassini ovals acting as transition lines between two 
polar concentric structures. Figure 2.54 (left) schematically shows the guiding lines in 
the retina, which are thus relevant for the ganglion cell distribution as a whole. 

In this way the most direct pathways for the optic nerves to the papilla for those 
optic nerves arriving from the periphery of the retina and for those optic nerves arriving 
from the papillo-macular bundles are predefined as illustrated schematically in  
Figure 2.55. 
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Fig. 2.54: Guiding lines for the optic nerves progression in the bipolar central area of the retina. (Right) The 
meshes in the net become increasingly smaller towards the papilla and the fovea. (Left) The change from a 

radial-concentric order towards the papilla pole to a bipolar centering with the fovea and papilla is conveyed 
by means of the so-called Cassini ovals, which again approach circular guiding lines (broken lines) towards 

the periphery.  

 

Fig. 2.55: The final collecting net for optic nerve bundles in the bipolar central area of the retina. 

The top view of the actual progression geometry in the bipolar center of the human 
retina is shown in Figure 2.56 [176]. “The papillo–macular bundles of optic nerves 
move temporally into the papilla area and gradually translocate towards the center into 
the interior of the optic nerve”. “The segmentation of the retina into 4 quadrants  
(top-bottom, right-left) is also maintained in the Opticus“ [459, p. 41].  
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Fig. 2.56: Optic nerve bundles in the central area of the retina. The papillo-macular bundle  
of optic nerves is artfully deposited into the original radial diagram of the course of the optic nerve.  

In the fovea the division into quadrants is developed. (OD = papilla (optic disc), F = fovea,  
P = papillo-macular bundle, R = Raphe-dividing line). [176, Fig. 10-8, p. 536] 

© 2013 with permission of J. A. Alvarado. 

The entire design of the ‘cortical’, inverted retina… 

With the outlined steps in the development and data, the prenatal development of 
the macro, micro and nano structures in the hardware of the eye have been extensively 
documented. In this, it becomes evident that the construction of the ‘inverted’ retina 
represents a target-oriented design in the imaging space of the optical imaging system 
corresponding to a ‘far-reaching’ or ‘revolutionary ‘ step in the ‘cortical’ design of 
vision. It is built into the pre-natal development of the eye at an extremely early stage 
and it implicates considerable consequences for the centering of the inside of the eye and 
its cell distributions. It provides the development of the three nuclear layers, providing 
the basis for a layered optical image pre-processing.  

2.19.  The Pre‐natal Development of the Central Visual Pathway 
and the Cortical Requirements for Fixating Vision 

“Neuronal connections in the central 
nervous system are exquisitely complex and yet 
remarkably precise as if, during development, 
nothing had been left to chance” [409, p. 197]. 

With the early outgrowing of the optic nerves through the papilla of both eyes, the 
central visual pathway is developed long before there is any contact with light. It leads 
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via the optic nerve crossing to the intermediate position of the Corpus Geniculatum 
Laterale (CGL) in the thalamus and from there to the cortical visual center V 1, which is 
also identified as area 17 (Figure 2.57).  

 

Fig. 2.57: Central visual pathway from the eyes via the crossing of the optic nerves (Chiasma Opticum) and 
the CGL (Corpus geniculatum laterale) to area 17 in V1 [211, p. 619]. © 2013 with permission of Copyright 

Clearance Center, Danvers, MA USA, and kind permission of Georg Thieme Verlag, Stuttgart. 

The central visual pathway has to deal with the problem that two eyes with 
extensively overlapping visual fields provide views with different perspectives of the 
visible world. According to current doctrine, it is their disparities, which are analyzed in 
binocular vision at corresponding retina locations in V1 with the help of binocular cells, 
and thus – in comparison to monocular 3D vision – guarantee the better stereo vision. 
The integration of the two different views into a single three-dimensional concept is said 
to be the optimum solution because, in this way the binocular rivalry of both eyes would 
come to an end. The first steps of the central visual path do, however, not prove this 
hope for an early binocular integration. 

Whatever one eye sees, is shown to the other 
eye in the CGL, is opposed and confronted to its 
counterpart…  

Due to the crossing of the optic nerves, by means of a symmetry operation at the 
cortical central axis, the left and right halves of the fields of view of both eyes are 
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imaged each on one hemisphere of the brain. The exact superimposition of the two 
halves of the equal-sided halves of the field of vision, which is shown in cross-section in 
Figure 2.58 succeeds in the CGL with the simultaneous segregation of the „eye-specific 
layers“. In six layers, three layers out of the half-field of one (ipsilateral layers 2, 3 and 
5) and three layers out of the same half-field of the other eye (contralateral layers 1,  
4 and 6) are superimposed in the central area of the CGL, the macula seems to be 
represented in the layers 3 + 5  and 4 + 6 respectively, not in the layers 1+2 [317,  
p. 228], which “seem to represent the scotopic apparatus” [155, p. 140]. The segregation 
of the layers is realized early before birth by means of “competitive spontaneously 
generated action potentials“ in the ganglion cells of the optic nerves. Due to practice in 
vision they are segregated more sharply afterwards [409]. At the CGL “each point in 
visual space is represented along a line perpendicular to the layers” [204, p. 656], the 
‘projection line’. 

 

Fig. 2.58: Superimposition of the equal-sided hemispheres of the binocular fields of view  
in the Corpus Geniculatum Laterale. Layers 1-4-6 originate from the contra-lateral eye,  

2-3-5 from the ipsi-lateral eye [374, p. 282, idem 181] © 2013 with permission  
of Sinauer Associates Inc., Sunderland, MA. 

When seen from a neuro-physiological point of view, the layers 1-2 are often 
summarized as the ‚magnocellular pathway‘ (M)  and differentiated from the layers 3-6, 
the ‚parvocellular pathway‘ (P). For this, different criteria are used, first of all the 
observation that the P-layers are innervated by smaller ganglion cell nuclei in the retina 
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with smaller receptive fields; the M-layers by larger ganglion cell nuclei with larger 
dendrite areas and corresponding receptive fields [361, Chapter 11, p. 275). It remains 
unclear so far, why in the layers 3-4-5-6 in the CGL the sequence ICIC (ipsi-contra-ipsi-
contra-lateral) is applied and in the layers 1-2 the inverted sequence C - I (contra-ipsi-
lateral) is applied. Between retina and CGL a logarithmic magnification factor is 
applied, through which the central retina area claims up to 400-fold the surface in the 
CGL [317, p. 231].  

Visual information processing in the neuronal layers…. 

In the CGL, in each case three layers supplied by each of the two eyes are 
combined to become a cortical 6-layer-construction. In V1 this multi-layer-development 
is differentiated even further. A superimposition of layers suggests that with it, a 
comparison of the information of both eyes, a data confrontation or correlation might be 
intended. Even though it applied so far that the M-layers were responsible for movement 
and the P-layers for color, texture, shape and depth in information processing, it remains 
unclear, which specific information is present in the particular layers and which data in 
the layers 3+4 and 5+6 or inverted in 1+2 are compared with each other and possibly 
correlated. Generally, it is assumed that the three layers of each eye are related to the 
associative layers of the retina, which were somehow transferred via the optic nerves, or 
represent three steps or levels in the software, which, as M, P, and K cells would 
correspond to the three ganglion cell classifications in the retina [204, p. 667]. Behind 
that is the idea which is supported by many findings that these layers, by means of 
hierarchic neuronal circuits which are based on the monotone pixel matrix of the 
photoreceptors and the elementary (opponent color-) center-surround RFs may have 
available differentiated, specific information, which they either transport individually or 
collectively: be it local information regarding brightness, color, texture, edges, spatial 
frequencies, or object distance, etc. None of these types of information has as yet been 
assigned clearly to the retinal or CGL layers.  

From the elementary to the whole?... 

The basic concept of the software specialists presumes that the data basis, following 
the camera model of seeing, consists of the ‘elements or atoms of vision’, the cones and 
rods pixels in the retina and that the first grouping of photoreceptors is a result of the 
development of the neuronal RFs. This serves as a reason that any further and 
hierarchical information linkage has to be acquired neuronally, right up to the 
acquisition of a visual object as a whole. If it is proven to be true, as will be attempted in 
the following chapters, that certain features can be already developed optically in the 
three nuclear layers of the retina, then the layered visual information processing would 
not begin in the associative layers of the retina and in the CGL, but already in the optical 
nuclear layers of the inverted retina. Furthermore, if it were to turn out that cellular optic 
gratings and optic columns already pre-structured the information across the pixels, thus 
separating an individual whole, then the thesis of the solely neuronal processing, which 
is based on the hope of being able to construct a diversity of the indivisible whole made 
up of always the same parts may be challenged. A better understanding of the 
cooperation between optic and associative neuronal layers in the retina may also provide 
new insights into the layered processing of information of CGL and V1. 
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The multiple production of retinotopic maps 
for the cortical centers… 

Via the eyes and the central visual pathway, several retinotopic maps are supplied 
to the brain. Each location in them corresponds to a location in the visual field of the 
retina. Not only the CGL and V1 receive such maps. For the coordination of the eye 
muscles at the saccades of the eye from object to object, or from one fixation point to 
another, an individual retinotopic map for the control of the movement of the eyeball in 
its eye socket is provided in the superior colliculus of the brain. Similar to the CGL, the 
superior colliculus is located behind the crossing of the optic nerves on both sides of the 
central cortical axis, so that it controls the two left visual fields and on the other side, the 
two right ones superimposed upon each other. By means of similar mirror imaging and 
axis related symmetry operations all further cortical retinotopic maps are created. 

The cortical viewing center V1 is a mystery 
which is even more difficult to unravel… 

It seems to be a fact that all Information about what is visible in the eye is also 
available in V1. For the time being, it still remains partly unsolved, how the visual 
center V1 in detail, deals with the data from the CGL. Hubel & Wiesel [183], Tootell et 
al. [451, 452] documented that the further processing in V1 is initially carried out by 
means of separate, monocular ‚ocular dominance stripes‘, and ‚orientation-specific 
columns’. The ipsi-lateral layers 2-3-5 and the contra-lateral layers 1-4-6 of the CGL 
contribute information in layer 4 of V1 for each eye to neighboring, but separate ocular 
dominance columns [451, 452]. As far as layer 4, therefore, the basic principle of the 
separation of monocular local data in column and layer structures remains valid. 
However, for as long as the cellular cortical layers of the inverted retina of the eye are 
not integrated into the analysis of the cortical processing of information, the following 
statement will continue to be valid: “It has been difficult to decide why nature has gone 
to so much trouble to create layers in the LGN…“ [204, p. 664]. Also, the doubts 
remain, with which Hubel & Wiesel during their work on layer 4 in V1 were regularly 
confronted [183, Epilogue p. 706]: “It was assumed that you had to understand the retina 
perfectly before going more centrally“. In this respect, only the temporary hypothesis 
can be applied that somewhere above layer 4 in V1, binocular RF structures, in layer 2 
and 3, finally take on the integrating work [204, p. 678; 182]. They are to achieve that 
“the two monocular input maps are effectively ‘squeezed’ together in striate cortex 
(presumably to obtain a singular retinotopic representation in the binocular layers”  
[452, p. 1532]. Tootell found the first evidence with a binocular perimeter projection 
that two monocularly focused images lying in layer 4C are transferred from the 
“extragranular layers” into a “single binocular map, so that disparities of the lines which 
would be imaged in 4C on separate ’ocular dominance stripes’, would be integrated into 
binocular cells [452, Fig. 14, p. 1547-1548]. Julesz [195, 2.2, p. 17] demonstrated 
examplarily, how, in stereoscopic vision of ‚random stereograms’, the disparities of two 
images are integrated by means of a correlation of the images into a three dimensional 
view in the cortical ‘cyclopean image’ and that, in vision, they can be interpreted as a 
binocular construct of V1.  
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The visible world is also upside down in V1… 

The orientation of the images in V1 is identical with that in the eyes, i.e. whatever 
can be found in the top half or the bottom half of the visual field, is found there also  
in V1. All pathways originating in the two top retina quadrants on the same side of both 
eyes end above the fissura calcerina in V1; those originating in the two bottom quadrants 
on the same side end below the fissure. In addition to the sketch by Ramon y Cajal 
depicted in the introduction, Figure 2.59 using a three-dimensional visual object, which 
is fixated binocularly, shows how the broken parts of the image are delivered in V1 and 
assembled.  

 

Fig. 2.59: The path of a three-dimensional, binocularly viewed and centrally fixated object, a colored house, 
via the eyes to the CGL and on to V1 (drawn following 361, Fig. 11.5, p. 265). There is a twofold axis-

related symmetry operation between object space and V1. Whatever is on top outside, is now at the bottom; 
whatever is outside on the left, is now on the right. © 2013 with permission of Sinauer Associates Inc., 

Sunderland/Mass. 



The Human Eye: an Intelligent Optical Sensor 

 112

In V1, the central cortical axis is the connection between the fovea and the fixation 
point on the object, just as the visual axis guarantees this in each of the two eyes. In 
daylight vision, the fixation point is located also in V1, where it is located in the 
individual eye, namely in the ‘cortical’ fovea, which results from the superimposition of 
the two foveae of both eyes on the ‘cyclopean’ axis at the central pole. On it, binocular 
vision is connected to the body’s own coordinate system.  

Figure 2.60 shows, how the binocular visual field in V1 is developed in photopic 
vision. The papillae of both eyes are now on the left and right of the ’cortical’ fovea. 
The two foveae of the eyes have merged at the central location, being the rear pole of the 
cortical axis serving as the connection to the fixation point on the object.  

 

Fig. 2.60: Perimeter-Illustration of binocular vision in V1. The foveae of both eyes are superimposed in 
photopic vision at a central location. The papillae are located to the left and right in the overlapping visual 

fields [329, Fig. 17-31, p. 438].© 2013 with permission of Elsevier Ltd., Oxford UK.  

The rotational ellipsoid as a model shape for 
the eye and for V1… 

The geometry of an organ is not always insignificant or meaningless and sometimes 
it can provide clues about its functionalities. V1 and the inside of the eye can both be 
described in their macroscopic form by means of a rotational ellipsoid. If one were to 
image the dimensions of the inside of the eye on three axes, then it would represent a 
compressed rotational ellipsoid (Figure 2.61). The greatest individual deviations are to 
be found in the z-axis. 
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Fig. 2.61: (left) model of a compressed rotational ellipsoid with the axis segments abc on the axes xyz. 
(right) Inside of the eye as a rotational ellipsoid with reference of the axis dimensions to a theoretical central 

point MP (Hs = Zenith of the cornea). The dotted lines at the end of the axes illustrate the individual 
deviations in length (according to Hogan, 176). 

From the central area of the retina to the zenith of the cornea Hs a distance of 
altogether 24 mm results on the x-axis and y-axis with 212  mm. Together they form 
the ball shape of the entire eye. Inside the eye c ends at 3.6 mm behind the zenith of the 
cornea, so that the distance on the z-axis in the rotational ellipsoid amounts to altogether 
10+10.4 mm = 20.4 mm.  

The logic of the central visual pathway 
illustrates the requirements of the brain on the 
eyes and vision as a whole…  

In the development of the central visual path, which in case of the loss of one of the 
two eyes remains intact and can function except for the loss of stereo vision, the 
requirements, which the brain implemented from the very start in the hardware of vision, 
once again become visible. In a way which is invisible for the seeing, a structure was 
developed in each eye which compels that at the central retina location of fixating 
vision, the fixated object becomes related to the body’s own coordinate system and its 
image divided into four quadrants. In order for this requirement to be implemented on 
each fixated object, the original location of the body’s own orthogonal coordinate 
system, which is duplicated in each eye, is moved into the zenith of the retina. In 
daylight vision the visual axis represents the z-axis, by which the fovea is connected to 
the fixation point on the object and by which the reference of the fixated object on the 
body’s own coordinate system is guaranteed. In twilight vision, the eye axis or the 
particular connecting line respectively between a location in the zone of the most acute 
rod vision and the fixation point on the object take over this task. In that the eye 
implements these cortical requirements correspondingly, the optical image of the visible 
world becomes, in fixating vision, a full-fledged 3D coordinate transformation in the 
‘cyclopean’ central perspective reference system. With that, the question as to WHERE 
the fixated object is located in 3D space in relation to the observer can be answered 
beyond a doubt. The two coordinate axes as the horizontal and vertical axis execute the 
division of the visual field into quadrants in the retina, which from the beginning 
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determines the corresponding bundling of the visual nerves in the central visual 
pathway.  

The instrument, with which we see, has an 
invisible, predetermined structure…  

The division into hemispheres and quadrants as well as the centering towards the 
body’s own coordinate system, which are carried out at the fixation point of an object, 
do not correspond to a projection of the eye in the sense of light emission onto the 
fixated visual object. The process is identical with the view through a reticle of a 
camera. Through it, the object, which is focused, is sensed in a predetermined structure 
of microprisms, reticles or similar target devices [25]. For active vision, this hardware 
development of human vision immediately results in the fact that the coordinate system 
and the division into quadrants of the fixated objects move rapidly from one object to 
another with the saccades of the eye. In vision, with every change in view, not only the 
corresponding axis of view is oriented into a new direction, but every fixated object is 
automatically captured in this individual structure of the visual organ. Fixating (foveal) 
vision, in this way becomes a special type of vision, to whose normalizing results the 
just ‘looking’ vision [116, p. 17] can relatively refer. At birth the structure of this 
hardware is already completely available to vision, even though its effectiveness is 
tested and trained after birth. The only seemingly paradox logic of the central visual 
pathway is converted into an entirely intelligent solution thanks to the requirements of 
the brain on the eye.  
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3 

Diffraction and Interference of Light, 
Information in Diffraction Patterns 

For the eye, the wave character of light is 
more important than its quantum aspect 
[Gregory, 148, p. 142]. 

This chapter deals with the question of what information about visible objects in 
optical image pre-processing is available when the cellular grating layers of the 
‘inverted’ retina in the image space of imaging optics take on a light-diffracting, 
diffractive-optical hardware role and convert images into diffraction patterns. The 
receiving area of the photoreceptors then moves into the ‘reciprocal grating space’ 
behind the gratings. In the Fresnel near-field and the Fraunhofer far-field, the 
interference patterns resulting from the diffraction orders of the gratings provide 
different stages of information. They differ in particular depending on whether they 
contain local or global information about special characteristics of the imaged objects 
and the diffractive gratings. Since the information about the visible and that about the 
instrument of vision itself are joined in reciprocal grating space, the seeing subject has 
control there over the visible objects as well as over the invisible instrument of the 
imaging and diffractive optics in his eye. In the eye’s correlator-optical hardware, the 
Fresnel interferences in particular turn out to be an advantageous hardware solution for 
image pre-processing in vision. 

Information in interference-levels behind 
diffractive apertures… 

Diffraction and interference of light are explicable due to the wave character of 
light. For light as such, slits, pupils and gratings constitute so-called ‘diffractive 
apertures’. They force incident light to reveal its wave character more clearly, the more 
its own dimensions approach those of the wavelength of light; and to develop optical 
interferences by the superimposition of light waves in, to some extent, several levels. 
Depending on the composition of light, bright – dark patterns or color patterns result and 
depending on the degree of coherence of light – the extent, to which the light waves 
oscillate in the same mode - more or less contrasting light distributions result. In expert 
literature, a lot of special topics regarding geometrical or diffractive optics, such as e.g. 
the topic of coherence, of the polarization of light, of the contrast transfer function of 
optical systems, the spatial frequency filtering, holography, and many more have been 
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dealt with in detail [41, 143, 157, 300, 301, 380, 433, 438, 458]. The presentation of the 
diffraction and interference of light is to begin with simple slits and gratings and is then 
to continue with the diffraction of object shapes which are inscribed into gratings as 
periodic sub-areas in order to finally get to the diffraction of the images of visible 
objects optically imaged onto the diffractive gratings. In this, the diffractive patterns in 
the Fraunhofer far-field of the diffractive apertures and then those in the Fresnel near- or 
middle-field are examined regarding their content of information.  

To look upon the objects starting 
from the diffraction patterns… 

In order to reach any conclusions regarding human vision, it is very helpful to start 
in one’s mind with the diffractive pattern, thus with the interference pattern, and at the 
same time, to look ‘from back to front’ through the grating and lens optics on to the 
visible objects. In the grating-optical correlator, which consists of an imaging optics, a 
diffractive grating in image space and the photoreceptors in ‘reciprocal grating space’, 
all acquisition of information about objects takes place on these themselves and not on 
their images or diffraction patterns. However, there is no projection of the gratings on to 
the visible objects in the sense that structured light would be emitted from the eye to the 
objects. Instead, to a greater degree, it is a view through a grating-shaped reticle which is 
not to be seen by the eye itself. Just as the lenses and the pupil in the eye, the gratings 
also remain invisible in vision; it is only when they image badly that we occasionally 
take more note of them. 

3.1.  Information in the Fraunhofer Far‐field at Diffraction of Light 
on a Single Aperture 

Interference patterns in 
monochromatic light… 

Figure 3.1 shows the diffraction pattern, which is created by monochromatic light 
in the far-field behind a single hexagonal aperture. It has a 0th diffraction order in the 
center; and in the angles of 60° in each case, it has the interference maxima of the ± 1st, 
± 2nd and higher diffraction orders. The radial straight lines, upon which the maxima are 
aligned, are each perpendicular to the sides of the hexagon creating them. The 
diffraction orders receive their shares of light by means of the fact that from the 
direction of the 0th order light is diffracted into higher diffraction orders depending on 
the shape and size of the diffractive aperture. Maxima and minima periodically take 
turns; they represent a harmonic Fourier-series. In the number and the angles of the 
interference maxima lying in circles around the center, there is information about the 
geometry and size of the diffractive aperture to be found in the diffraction pattern; and in 
the distances between the diffraction orders there is information to be found about the 
wavelength and in this way about the chromatic composition of the incident light. 
Diffraction patterns always have a reciprocal relationship, which is not always an easy 
one, to the shape of the diffractive aperture. Photographs of a series of simple 
Fraunhofer diffraction figures were published by Schreiner [393] amongst others. 
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Fig. 3.1: Diffraction of monochromatic light on a hexagonal aperture [21, Fig. 2, p. 123].  
© 2013 with permission of S. Hirzel Verlag, Stuttgart. 

3.2.  Information in the Fraunhofer Far‐field at Diffraction of Light 
on a Planar Grating 

If one were to join several square, rectangular or triangular, rhombic or hexagonal 
apertures to make up a planar diffraction grating and if one were to let the light fall 
vertically on to the grating as a parallel beam, then a far-field diffraction pattern of the 
grating is created as a result of diffraction and interference at a greater distance behind 
the grating. When monochromatic light runs through a square or rectangular grating, 
which has developed from two perpendicularly inter-crossing, standing ultrasonic 
waves, then an interference maximum of the central 0th diffraction order is surrounded 
on a first circle by four fainter ± 1st orders (Figure 3.2 left). Upon these, further, 
increasingly fainter maxima of higher diffraction orders, harmonics, attach themselves 
on larger circles and on angle bisectors. A hexagonal grating made up of three standing 
ultrasonic waves at an angle of 120°, provides a central 0th diffraction order and six 
radially deflected higher diffraction orders (Figure 3.2 right). The directions, under 
which the maxima come about, are determined by the cosine of the diffraction angle α to 
the x-axis and β to the y-axis of the grating, whereby in a right triangle, in each case the 
proportion between the integer wavelength λ of the light and the grating constants 

xg and yg is developed in Cosα = λ/ xg  and in Cosβ = λ/ yg . Since the sides in the right 

triangle represent the amplitudes in the cosine, their values squared represent the areas 
for the Cos² weights of intensity. The maxima of the interferences therefore are named 
Cos² streaks or Cos² weights in the diffraction pattern [433]. The amplitudes and the 
intensities behave to one another in the case of light diffraction as, in the Pythagoras 
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theorem, the sides in a right triangle would behave to their surfaces squared. The 
Pythagoras theorem in diffraction optics therefore is the basis of the optical harmonics.  

In both diffraction patterns, information about the geometry of the diffracting 
grating is present and in the distances between the diffracting orders there is Information 
about the wavelength of the light and the size of the grating constants.  

 

Fig. 3.2: Diffraction patterns in monochromatic light produced in the case of irradiation of a square (left) or 
hexagonal (right) grating developed by standing interferences of ultrasonic waves in a liquid medium [21, 

Fig. 16, p. 121, source 21]. © 2013 with permission of S. Hirzel Verlag, Stuttgart. 

Interference patterns in white 
(polychromatic) light… 

If white light is diffracted on a hexagonal grating, the Fraunhofer diffraction pattern 
in Figure 3.3 results in the far-field. It demonstrates that for each spectral color or 
wavelength in white light, i.e. light composed from all visible wavelengths between  
380 and 760 nm with the same intensities, the same basic law of diffraction is valid. The 
diffraction angles for the shortwave light (violet-blue) are smaller than those for long 
wave (yellow-red) light, therefore resulting in the rainbow-like color sequence violet, 
blue, green, yellow and red in every order. The 0th diffraction order remains white, when 
in the diffraction of light, the color parts are transferred in equal parts from the 0th order 
to the higher orders. Otherwise it takes on the color of the light remaining in it. The  
0th order loses intensity the more parts of the light are diffracted into higher orders.  

The diffraction pattern reveals information about the shape of the individual grating 
element and about the chromatism of the light. The size of the angles of the diffraction 
orders in relation to the 0th order – the spreading of the interference maxima - provides 
information about the size of the diffracting grating cells. The smaller the grating 
constant or period in the grating, the further the diffraction orders move away from the 
0th order. The spreading in the interference pattern increases with the higher spatial 
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frequencies 1/ xg and 1/ yg in the grating – the reciprocal lengths of the grating 

constants. 

 

Fig. 3.3: Fraunhofer-diffraction pattern in the far-field behind a hexagonal grating when using white light 
(left). The white 0th diffraction order is located in the center and the chromatic ± 1st, ± 2nd and higher orders 

(right) are located on the intersection points between three parallels staggered at 60° to each other (black 
lines), hyperbolas (blue lines) and circles around the center point (red lines). 

3.3.  Information in the Fraunhofer Far‐field at Diffraction  
of White (X‐ray and Visible) Light on Space‐gratings 

„The basic law governing physical 
behavior in crystal optics is the Law of 
Symmetry“ [399, p. III]. 

If one proceeds from the planar single-layered grating to the multi-layered grating 
and on to the three-dimensional space-gratings, then one reaches the far-field diffraction 
patterns of the Bragg or von Laue interferences. Figure 3.4 shows the x-ray diffraction 
patterns for two types of crystal. Diffraction patterns of this type were first documented 
in the diffraction of white x-ray light on the space-gratings of crystals [352]. In the 
Fraunhofer diffraction pattern, it is conspicuous in the symmetry of the interferences, 
which is reached when a crystal or space-grating is centered towards the incident light, 
that the information about the shape of the elementary grating cell is retained. 
Hexagonal grating structures provide hexagonal interference patterns. In comparison to 
the Fraunhofer diffraction pattern of the planar grating, a new distribution of the Cos² 
weights, namely the chromatic maxima, results however in the diffraction pattern of the 
space-grating. In hexagonal geometry in the space-grating they are not sequenced line-
shaped to several sides in the rainbow sequence, but the maxima of a particular color are 
located on completely different concentric circles around the central 0th order. In this, 
the color sequence mirrors complex laws in the hexagonal space-grating and as a 
spectral Fourier transformation thus provides more detailed information about the 
geometric structural conditions inside the space-grating.  
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The laws of diffraction and interference, which are valid for white x-ray light, are 
also valid in visible light [106, 51]. As the number of grating levels in the space-grating 
increases, the interference maxima become more strongly monochromatic because the 
conditions for an optimum transmission and for a maxima development of spectral 
shares of the light become more restrictive. The neighboring lights of wavelength λmax 
in the spectrum, transmitted with a maximum intensity, are being dimmed increasingly 
and with that the spectral range in the diffraction orders is reduced [60].  

 

Fig. 3.4: von Laue-interferences in white x-ray light on hexagonal crystals with a different spreading factor 
of the maxima [352, Fig. 9.10, p. 372; Fig. 8.24, p. 234]. © 2013 with permission  

of Wiley The Atrium, Chichester UK. 

It holds true for all diffraction patterns in the far-field behind diffracting gratings 
that in the planar or spatial distribution of the diffraction orders, they contain reciprocal 
information about the shape of the diffracting grating elements, and also in the color 
sequence in the diffraction orders they contain reciprocal information about the three-
dimensional geometry inside the space-grating as well as about the chromaticity of the 
incident light.  

3.4.  Information in the Fraunhofer Far‐field at Diffraction of Light 
on Gratings, which are Composed of Periodically Structured 
Sub‐areas 

The Fourier-roof and the Fourier-house in 
the grating…  

Periodic structures in sub-areas of gratings produce harmonic Fourier series in their 
diffraction patterns. Optical Fourier transformations become particularly descriptive in 
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cases where diffracting gratings are composed of periodic sub-structures, which 
together, as a group, make up the shape of a defined object, thus producing a super-
structure. The super-structure in Figure 3.5 represents (right) a so-called Fourier-house 
and (left) a Fourier-roof in a top-down view [438].  

 

Fig. 3.5: A super-structure composed in different ways of four periodic sub-gratings. (left) Roof structure in 
a top-down view, (right) Fourier-house. The far-field diffraction pattern (center) of both structures  

is identical. 

On each of the square total areas, in each case four periodically structured sub-areas 
produce two different super-structures. Each sub-area with its structure of straight lines 
produces one of the four straight lines perpendicular to it in the diffraction pattern and 
occupies it with its interference maxima [according to Stößel [438]]. For both super-
structures the same diffraction pattern results in the Fraunhofer far-field (center). The 
sequence of the ± 1st and higher interference maxima indicates the spatial frequencies, 
which are reciprocals to the periodicity of the parallel lines in the four sub-areas. If the 
grating constants in one sub-area were smaller, then the distances between the maxima 
in the far-field diffraction pattern would be larger. Vice versa, the distances would be 
smaller if the grating constants were larger. The Fraunhofer diffraction pattern is no 
longer an ‘image’ of a light diffracting object, but, being its “spatial harmonic analysis” 
[438, p. 43], it is a reciprocal ‘correlate’ of the visible object. A spatial periodic object 
has a discrete spectrum of spatial frequencies. On the other hand, a non-periodic object 
has a continuous frequency spectrum (438, p. 76). 

The Fourier-triangle in the grating… 

Figure 3.6 again shows using a further example (left), how periodically structured 
sub-areas produce the common super-structure of a triangle. The figure represents an 
optical diffraction grating composed of three individual line gratings with different 
grating constants. Upon the irradiation with a parallel monochromatic bundle of light a 
Fraunhofer diffraction pattern (right) is created.  
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Fig. 3.6: A Fourier-triangle, which is composed of three periodic structures as a line grating (left),  
and its Fraunhofer-diffraction pattern (right) with three components of the harmonic Fourier-analysis 

[according to Stößel, 438].  

In three directions, which are perpendicular to the orientation of the individual 
gratings, periodic interference maxima develop in the Fraunhofer far-field. The angles 
between the straight lines, on which the maxima lie, provide information about the 
orientation of the periodic structures in the three sub-gratings. The maxima of the 
grating with the smallest grating constant (blue stars) lie furthest apart; the ones of the 
grating with the largest grating constant (red stars) lie closest together. Thus, via the 
distances between the maxima, the diffraction pattern provides ‘reciprocal’ information 
about the periodicity in the sub-areas of the grating, as well as about their spatial 
frequencies as the reciprocals of the grating constants. However, the Fraunhofer 
diffraction loses the information about the actual shape of the super-structure of the 
entire object because it provides the ‘spatial harmonic analysis of the diffracting object’. 
The diffraction pattern neither provides any information regarding shape, size, or 
relative position of the particular sub-areas nor regarding the relative length of one of the 
triangles (length of the side, height, etc.). The harmonic Fourier analysis in the 
Fraunhofer far-field represents an abstraction of particular properties of the object, one 
in which the usual local information regarding position and image characteristics  
are lost.  

In normal vision, the human visual system, as a rule, only very rarely has to deal 
with periodically structured objects and their images. And it especially does not have to 
deal with periodic structures firmly imprinted into the retina. The imprinting of an object 
structure into a grating therefore is not comparable with the optical imaging on to a 
grating. However, it shows the basic idea of a Fraunhofer-Fourier-analysis and its 
advantages and disadvantages for image processing.  

3.5.  Information in the Fraunhofer Far‐field at Optical Imaging  
of a Periodic Object on to a Diffractive Space‐grating 

The optical imaging of a bar structure on to a holographic space-grating is shown in 
Figure 3.7; at the elaboration of a US patent [337], and subsequent to a BMBF-project, 
M. Pinnow, E. Görnitz and S. Kusch [233] from the Fraunhofer IAP Golm showed that 
an image of two object structures projected by a coherent laser beam on to a volume-
holographic element made up of several Bragg gratings, provides an optical Fourier 
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transformation on a detector CCD. Figure 3.7 reproduces the corresponding Fig. 7 and 
Fig. 8 of the US patent specification.  

When projecting the bar structure of the line grating, the result was a Fourier-
image, which shows a line-shaped order of interference maxima (Cos²-weights), running 
perpendicular to the lines in the object. Correspondingly, maxima resulted in two 
directions perpendicular to each other in those cases, where the object structure was 
composed of a square or right-angled pattern. The optical imaging of each individual 
periodic object on to a periodic grating or space grating thus leads to the same result in 
the far-field, one which was already reached for a periodic sub-grating inscribed into the 
grating in the case of the Fourier-house. Both Fourier diffraction patterns are identical to 
those described by DeValois/Yund [85] in 1979, which were found as Fourier analyses 
in the human cortex when the test persons were looking at periodic structures. 

 

Fig. 3.7: Fig. 7 and 8 taken from [233] and US-patent 5,982,483 [337]. Diffractive-optical 
 harmonic Fourier-analysis of a line grating (top) and a right-angled grating (bottom)  

on a holographic space-grating.  

The optical imaging technology for the time being decided to search for traces of 
periodic or non-periodic objects on a different level, namely the Fourier-level of lens 
optics, which is located in front of the imaging plane.  

3.6.  Information in Fourier‐space of the Imaging Lens Optics 

“The optical image can be understood to be 
the Fourier-transform of the Fourier-transformed 
object” [268, S. 317]. 

The image of an object or a scene of objects is generally the best-known product of 
imaging optics. Optics provides a magnified or a down-scaled inverted image of the 
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individual objects. At its best, it transfers the information visible on the objects without 
any loss, thus ‘plenoptically’ into the image space of the optics. The optical 
transformation of the visible into images depends on several influencing factors, also 
ones which limit the possible content of information. Aside from the optical beam 
pathway and its aberrations, the pupil, being a circular diffracting aperture, has a 
considerable influence on the image quality. It determines the diameter of the Airy-disc 
in the imaging of a point-like object. The further the pupil is opened, the smaller the 
Airy disc, and the better the lateral resolution of point-like objects next to each other, the 
more precisely we can see the details of things. On the other hand, the narrower the 
pupil opening, the larger is the depth of field in the image.  

The image of an object or of a scene of objects, however, is already itself the 
product of an optical product, namely that of an optical Fourier-analysis or Fourier-
transformation [1].The result is to be found in the posterior focal plane of the imaging 
optics, in the ‘Fourier-space’  between aperture and image space. The first results of the 
lens optics are therefore not the images, but “the diffraction figures of the objects with 

their spatial frequency distributions” [377-379]. On the “level of the Fourier-analysis P
~

 
there is an amplitude and phase distribution of the wave function present, so that one can 

directly see | P
~

|² as the intensity distribution on a plate inserted in this level” [268]. It is 
only after this ‘global’ Fourier-analysis that the transformation of the object information 
in the Fourier-synthesis of the images of the individual objects follows in image space. 
All individual visible objects are thus led on the optic pathway to their image through 
the ‘global’ Fourier-spectrum in the focal plane of the lens system. There, visible details 
are transformed with all of their structural components into the frequency domain and – 
unless specific details are not eliminated by inserted target-designed spatial frequency 
filters - all the details contribute to a spatial frequency spectrum in a ‘global’ far-field 
diffraction pattern. If all the details are well represented there, they will also be present 
in the images of the objects. It is the merit of E. Abbé to have discovered and described 
this harmonic Fourier-analysis in the focal plane of the imaging optics – located before 
the image plane – at the imaging of transparent objects in microscopy (1). 

The global and the local (patchwise) 
Fourier-analysis of the visible… 

Figure 3.8 shows such a scene (left) and the result of its Fourier-analysis in the 
frequency domain. It provides information about the statistical frequency of oriented 
borders in the image. The bright diagonal from the top left to the bottom right proves 
that relatively many diffracting borders in the real image run perpendicular to it from the 
bottom left to the top right. The second bright line through the zero-point in the center 
runs horizontally and provides the information that relatively many borders in the image 
are oriented vertically. Thus, the Fourier-transformation again provides a global 
harmonic analysis of the visible. Again it is proven that all further information about 
concrete objects is lost in the process.  

One way out of the ‚global’ Fourier-analysis is to Fourier-analyze an optical image 
in parts, namely e.g. in grating- or lens-shaped segmented individual areas. In this way, 
piecewise or patchwise or partial ‘local’ Fourier-analyses become available. Figure 3.9 
shows the breaking-up of an image into small artificially defined segments of a square 
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net (left), in whose center are their partial far-field Fourier-images and (right) the exact 
superimposition of the image on the partial Fourier-images is shown. In this process, 
however, a nearly local statistics of the line orientations becomes visible in the image, as 
the diffraction patterns in the center image show; e.g. the vertical pipe on the left hand 
side of the image produces clear and bright horizontal lines in the Fourier-image. The 
fact that these are due to the existence of the pipe, is shown on the extreme left column 
in the image on the right hand side. However, the diffraction structures reciprocal to the 
orientations of the real objects in the image are again statistical compounds made up of 
several components.  

 

Fig. 3.8: Lady wearing a hat and the logarithmic Fourier- diffraction pattern (Far-field) [209]. 
© 2013 with permission of N. Kingsbury, Cambridge UK. 

     

Fig. 3.9: Image of a lady wearing a hat in a square grating (left); a partial Fourier-analysis in  
64 diffraction patterns (Center); (Right) Superimposition of the image and the partial diffraction  

patterns [209]. © 2013 with permission of N. Kingsbury, Cambridge UK. 

The ‚local‘ Fourier-analysis with its solely statistical information about periodic 
areas or those areas structured in the direction of one orientation is also not suitable for 
that optical image processing, in which  - as in human vision – specific information 
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about local object properties, such as color, place, distance, shape, and texture are to be 
retained.  

However, the Fourier-analysis with coherent laser-light proved its technical 
superiority over human vision in those applications, where, in the global Fourier-image 
of a scene, it is to recognize, classify and identify specific objects such as tank-types or 
airplane-types. In his pioneering work over decades D. Casasent showed what other 
identification work and quality control tasks this coherent-optical image processing 
technology is able to master and he also implemented these practically in many 
applications. His publications and Short Course Notes [63-65] are filled with the 
multitude of operations, (Dilation, Correlation, Erosion, Morphological Filtering, Hit-
Miss-Detection, Gabor Wavelet Detection Filtering, Distortion-Invariant Filtering, Shift-
Rotation-Scale-Invariant Feature Extraction, Multi-Layer Classifier Neuronal Nets etc.) 
which are necessary to return from the global to the local. 

The requirements for image processing in human vision, which relies on being able 
to perform excellently in incoherent or at best partially coherent light, are only done 
justice by the Fresnel interferences in the near- or middle-field behind the diffractive 
gratings and space-gratings. The images of objects, the gratings in image space of the 
eye and their corresponding diffraction patterns together determine what our eyes see as 
the result of the optical transformation. Let us therefore start with the Fresnel diffraction 
of light again on a simple diffracting structure or aperture.  

3.7.  Information in the Fresnel Near‐ or Middle‐field  
at Diffraction of Light on One or Multiple Apertures 

The Fraunhofer-diffraction is a special case 
of the Fresnel diffraction… [Stößel, 438, p. 38]. 

Fresnel-interferences  are created directly behind a single diffracting aperture or 
behind planar and space-gratings in the direction of the z-axis, in the so-called near- or 
middle-field behind the diffracting structures. Near-field microscopy, which has 
revolutionized classic microscopy with the STM- (scanning tunneling microscopy) and 
SNOM-technology (near-field scanning optical microscopy ) and led to developments in 
the nanoscopy and plasmon area, has defined the Fresnel near-field as an extremely near 
field behind the examined light-diffracting objects: “near-field optics considers 
configurations that depend on the passage of light to, from, through, or near an element 
with sub-wavelength features and the coupling of that light to a second element located 
at sub-wavelength distance from the first” [335, p. 16]. Diffractive grating Fresnel optics 
therefore deals more with the middle-field in the scope of some micrometers to 
millimeters behind the diffracting structures.  

Figure 3.10 illustrates the Fresnel diffraction of light on a border. As the curve in 
the graph showing the intensity profile (left) demonstrates, part of the light incident on 
the border is diffracted away from it. In this process, maxima and minima develop in a 
series of interference lines, which run in waves parallel to the diffracting border.  
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Fig. 3.10: The Fresnel diffraction on a border. (left) Intensity profile perpendicular to the border; (right) 
Cos²-Intensity lines in the Fresnel-interferences (371, p. 62, Fig. 9.5 and 9.6).© 2013 with permission of 

SPIE Press, Bellingham WA, USA. 

Figure 3.11 shows the diffraction images behind a circular pupil aperture at 
constructive (right) and at destructive interference (left). In the center of the diffraction 
pattern there is either a maximum or a minimum. In this case also, the ring-shaped 
interference zones always run parallel to the border of the shape of the aperture.  

 

Fig. 3.11: Fresnel diffraction on a circular aperture [268, p. 160, Fig. 7.7]  
with a destructive interference (left) and a constructive interference (right). 

© 2013 with permission of Cambridge University Press. 

Figure 3.12 illustrates the Fresnel diffraction on a square aperture and on a 
triangular one. As opposed to the Fraunhofer diffraction patterns of comparable objects, 
it becomes visible throughout that the diffracted light develops interference lines  
– Cos²-lines - running parallel to the borders of the diffracting structures (border, 
circular pupil, triangle, square). These interference lines superimpose and in this way, 
supplement each other constructively in the maxima and destructively in the minima. 

In the Fresnel middle-field diffraction pattern the information about the shape of the 
diffracting object is always retained, as well as that about the relative length and 
orientation of each local part of the shape of the entire object. During the diffraction of 
light on a triangular opening, parallel interference ‘lines’ develop on the inside of the 
triangular area towards the borders, on which, as shown in Figure 3.13 discrete maxima 
result from the cooperation of the 0th, ± 1st , ± 2nd, ± 3rd  and higher diffraction orders. If 



The Human Eye: an Intelligent Optical Sensor 

 128

one were to add the numbers of the harmonic, on each maximum the sum 7 will be the 
result (right). Similar number combinations such as 007-070-700 and others describe the 
triangular shape directly; others as a mirror image (133-331-313). In this, the Fresnel 
interferences lead to increasingly smaller images of the shape of the object in its  
interior area.  

    

Fig. 3.12: (left) Fresnel-diffraction pattern of a square aperture and (center) its maxima–minima map 
[Thompson in 493, Fig. 12, p. 16]. © 2013 SPIE Press, Bellingham WA, USA. (Right) Fresnel-diffraction 

pattern of a triangular aperture [371, p. 63, Fig. 9.8a]. © 2013 with permission  
of SPIE Press, Bellingham WA, USA. 

 

Fig. 3.13: Fresnel-Diffraction pattern of a triangular aperture mapped on a hexagonal net (left), with the 
diffraction orders of the borders. (right) Cooperation of the diffraction orders of the triangle borders in the 

local sum 7 of the maxima.  

Fresnel-interferences of several 
diffracting apertures… 

The diffraction pattern  in Figure 3.14 (left) [268, p. 443] finally illustrates, how six 
circular apertures, which are ordered concentrically to a seventh opening, develop a total 
of 4 x 6 = 24 interference maxima in the Fresnel diffraction pattern. Three apertures in 
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each case determine the ‘local’ interference optical occurrence. In the center of their 
interstices, they each produce larger triangular points of light, which make up the 
innermost circle of the interference maxima. Six more interference maxima are located 
on the larger circles. Since the maxima of the higher diffraction orders have lower 
intensities, it is possible to work out on each circle which diffraction orders cooperate 
with their contributions. The geometry of the locations of the maxima corresponds to a 
pattern, which is characterized by groups of parallels crossing at 60° and by circles.  

 

Fig. 3.14: Diffraction pattern (left) on seven circular apertures with the interference maxima  
in the intersections of three groups of parallels crossing at 60° [268, p. 443, Fig. 15.22b].  

© 2013 with permission of Cambridge University Press. 

3.8.  Fresnel‐interferences in Talbot‐ and Fractional Talbot‐planes 
of Diffractive Gratings 

Again, the transition from individual diffracting apertures with a defined shape to 
diffraction gratings with periodically repeating apertures is only a small step, also in the 
Fresnel interferences. In particular since the 1970s, there has been greater interest in 
diffractive grating optics in Talbot-planes [442], Lau-planes [243] or Fresnel-planes 
behind diffractive optical gratings and double gratings [10, 97, 188-189, 198, 219-221, 
272-274, 300-301, 340, 362, 416, 420-421, 440, 441, 445, 449, 487 and others]. 
Multiple beam interferences were studied in coherent and incoherent light in the Fresnel-
middle-field behind one and two-layered gratings. Even though Fraunhofer and Fresnel 
diffraction are both results of diffraction of light on gratings, there are decisive 
differences between the two.  

The basic periodicity of the Talbot/Fresnel planes for monochromatic light 
perpendicularly incident into a line grating results from equation (3.1):  
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where g is the grating constant, λ is the wavelength of light, z is the distance behind the 
grating; p, q are the integers. With integers of p in the numerator and q in the 
denominator of equation (3.1) the ¼- ½- and ¾-Talbot-planes result at the square grating 
and the ¼-, ⅓, ½- and ⅔- Talbot-planes at the hexagonal grating. Figure 3.15 in a side 
view, illustrates the periodicity of the Talbot-planes in the case of a simple line grating. 
In the 1z - and 2z -planes, the grating periodicity repeats itself, with interference 

locations being staggered sideways in 2z  by half a period. In the fractional Talbot-

planes 3z the periodicity of the interference maxima is doubled. “Behind the grating 

there is a space grating of repeating light distributions in Fresnel diffraction”  
[301, p. 51]. 

 

Fig. 3.15: Talbot-/Fresnel-planes behind a line grating with a simple and double periodicity  
of the interference maxima in parallel incident monochromatic light [301, p. 52, Fig. 2-15].  

© 2014 with permission of Springer Verlag Heidelberg. 

In a side-view Figure 3.16 shows the Talbot/Lau-light-carpet behind a line grating 
with a grating constant 50 µm for a wavelength of 0.625 µm. In the sequence of the 
Talbot-planes, the Talbot/1-plane is located at 2g²/λ = 8000 µm, the T/2-Ebene at  
g²/λ = 4000 µm and the T/3-plane at z = 2g²/3λ at 2667 µm. The location and periodicity 
of all planes depend on the wavelength of the light and the size of the grating constants. 
The periodicity of the maxima in T/1 and that of the minima in T/2 amounts to 50 µm 
that in T/4 is at 25 µm (g/2) and in T/3 at 16.7 µm (g/3). 
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Fig. 3.16: Talbot/Lau-light-carpet behind a line grating in monochromatic light [according to 449]. 
© 2013 with permission of M. Tomandl, Wien. 

The periodicity of the fractional Fresnel-
/Talbot-planes of a hexagonal grating with a 
grating constant xg  = 16 µm. 

The fractional interference planes of a hexagonal grating are illustrated with the 
grating in Figure 3.17. It is defined by means of two grating constants xg  and yg . In 

the right hand coordinate system xg > yg , the grating constants are xg  = 16 µm,  

yg = 75.0xg = µm86.13 . In the left hand case yg > xg  they are yg  = 16 µm and 

xg =13.86µm .  

 

Fig. 3.17: A hexagonal grating can be defined by means of two grating constants and an angle α = 30°  

or 90°. Depending on whether yg > xg or yg < xg , one has to deal with a left hand or right hand 

coordinate system. 
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In the case of a perpendicularly incident parallel monochromatic bundle of light 
with λ = 0.587 µm into the hexagonal grating, the T/1 – Talbot-plane, the plane of the 
self-imaging of the grating, is located as shown in Figure 3.18 at p = 3 ²xg /2λ = 654 µm, 

the T/2-Talbot-plane with the inversion of the grating structure is at p/2 = 327 µm,  
the T/3-Talbot-plane is at p/3 = 218 µm, the T/4-Talbot-plane is at p/4 = 163.5 µm. 

p/3 p/2 p

λ/2

λ

T/1T/3 T/2

Inversion Self imageGrating

ygµmy  86.132

3
24.91 xg

µmy 

T/4
p/4

163,5µm
218µm

327µm
654µm

 

Fig. 3.18: Talbot-planes behind a hexagonal grating at perpendicular incidence of monochromatic light.  

The periodicity 2 13.86y µm  of the minima in the T/2-plane at µm327  

corresponds to the grating constant yg in the grating and to the periodicity of the maxima 

in the T/1-plane of the grating. In the T/3-plane at µmgp x 2186/33/ 2   , via yg  

the periodicity µmgy y 83/1  results or via xg  and via a 30° rotation the 

periodicity µmCosCosgy x 83/30163/301   results. This is illustrated in 

the photo taken at the microscope in Figure 3.19. 

 

Fig. 3.19: A hexagonal amplitude grating (left) with a grating constant of 16 µm; (right) 8 µm-periodicity  
of the interference maxima in the Talbot/3-plane behind the grating; photo with  

λ = 587 nm at z = p/3 = 220 µm (Fraunhofer-IAP 2011).  
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The periodicity of the fractional Fresnel-
/Talbot-planes of a hexagonal grating with a 
grating constant xg  = 8 µm. 

In the case of a hexagonal grating with the grating constant xg  = 8 µm,  

yg  = 30Cosgx  = µm93.6  the T/1-plane is located at p = 3 ²xg /2λ = 163.5 µm. The 

periodicity 2y  of the minima in the T/2-plane corresponds to the grating constant yg  in 

the grating and to the periodicity of the maxima in the T/1-plane of the grating. In the 

T/3-plane at µmp 5.543/  , via yg
 
the periodicity µmgy y 43/1   results and 

via xg  and a 30° rotation the same periodicity with 

µmCosCosgy x 43/3083/301   results. This is shown in Figure 3.20. 

 

Fig. 3.20: A hexagonal amplitude grating with a grating constant of 8 µm (left); (right)  
4 µm-periodicity of the interference maxima in the Talbot/3-plane behind the grating, photo  

with λ = 587 nm at z = 55 µm (Fraunhofer-IAP 2011). 

The fractional T/3- and T/4-Fresnel-
periodicity in a hexagonal grating… 

In the case of hexagonal gratings, the Talbot periods are the result of triangular 
interferences. Figure 3.21 shows the sequence of the fractional Talbot diffraction 
patterns closest to the grating in the z-axis direction behind a hexagonal amplitude 
grating with a grating constant xg = 16 µm. The interference pattern in the ¼-Talbot-

plane at z = 160 µm shows a doubling of the period, in which the secondary maxima lie 
on a circle around the 0th order (on the vertical there is in each case a maximum above 
and one below and two maxima each to the right and left of the 0th order). The ⅓-Talbot-
plane, which is located at z = 218 µm, also shows a doubling of the period, but with the 
secondary maxima rotated by 30°.  

The T/3-periodicity in the diffraction pattern corresponds to the structure shown in 
the right half of the picture in Figure 3.22 (124, p. 67 Picture C). The T/4-structure is 
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recognizable in the left half of the picture if one only takes the corners of the red 
hexagons to be the locations of the maxima. 

 

Fig. 3.21: Fractional Talbot-interferences in the Fresnel middle-field behind a hexagonal grating  
with g = 16 µm in the case of perpendicular incidence of monochromatic light. (λ = 587 nm).  

(Left) Hexagonal amplitude grating at z = 0 µm, (center) ¼-Talbot-plane at z = 160 µm,  
(Right) 1/3-Talbot-plane at z = 220 µm (Fraunhofer-IAP/Golm in 2011). 

 

Fig. 3.22: The T/3- (left) and T/4-Fresnel-periodicities (right) [124, p. 67]. 

Both structures lead to the fact that in the diffraction pattern, there is in each case a 
maximum of the 1st order between the two central maxima of the 0th order. There, the 1st 
orders of neighboring grating elements overlap. A segmentation of the kind, where in 
each case the six maxima of the ± 1st orders make up a separate group, is not guaranteed 
by a single hexagonal grating.  

The Fresnel-/Talbot-/Lau-interferences as 
frequency-dependent effects… 

As the grating constant g increases, the Talbot periodicity moves further away from 
the grating. What the Talbot effect is for coherent light, the Lau-effect [243] is for 
incoherent light. Overviews of the current status of the work done on this topic are to be 
found in Suleski [440] and about the Talbot effect on hexagonal gratings in Qu [362] 
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and others. Since equation (3.1) contains the item 1/λ, which is generally named v 
(frequency), it stands to reason to call the interference optical Talbot/Fresnel diffraction 
a frequency dependent effect.   

3.9.  The Transition from Fresnel to Fraunhofer Diffraction 
Patterns at Apertures and Gratings 

From interference maxima aligned in 
parallel to borders to maxima sequences located 
perpendicular to the borders…  

The transition  from the Fresnel diffraction patterns which are located close to the 
grating to the Fraunhofer ones located far from the grating can be demonstrated even on 
simple shapes of diffracting apertures. It takes place gradually in the reciprocal grating 
space in the z-direction in a depth depending on the size of the diffracting aperture and 
the wavelength of light. It corresponds to the transition from the multiple-beam to the 
parallel-beam interferences. Figure 3.23 shows how starting from the Fresnel 
interference pattern of a triangle (top) and a square aperture (bottom), with an increasing 
distance of the viewing plane from (a) to (d) of the diffracting aperture, the Fraunhofer 
diffraction pattern in (b – d) gradually develops from the Fresnel diffraction in (a)  
[371, p. 63]. More and more, the interference waves parallel to the borders of the 
apertures are lost and the three or four Fraunhofer ‘beams’ occupied by the maxima, 
which are reciprocal to these, and which in d) stand perpendicular to the borders of the 
triangle and square, come out more clearly. The local information about the structure of 
the grating contained in the Fresnel interference pattern is increasingly lost along in  
this way and the harmonic Fourier analysis of the global grating structure  
prevails increasingly.  

From local data in the Fresnel diffraction 
pattern to global data in the Fraunhofer 
diffraction pattern at hexagonal gratings… 

Figure 3.24 shows a schematic sketch, which has incorrect dimensions, regarding 
the transition from local multiple-beam interferences in the Fresnel near- or middle-field 
of a hexagonal grating to the global diffraction pattern in the Fraunhofer far-field. The 
Fresnel interferences closer to the grating are the product of a few local diffractive 
elements in the grating. Being multiple-beam interferences, their maxima are the result 
of the constructive cooperation of diffraction patterns of neighboring grating elements 
(interferences of unequal slant) [433, p. 25] coming from different directions and 
cooperating. On the other hand, in the Fraunhofer far-field further away from the 
grating, all of the exposed diffractive elements cooperate and the beams emerging from 
the grating parallel to each other (interferences of the same slant) determine the global 
occurrence in the diffraction orders. Diffraction patterns in the middle- or far-field are 
therefore basically different because in the Fresnel pattern, local information is 
available, whereas in the Fraunhofer pattern it is global information. Both are reciprocal 
to each other.  
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Fig. 3.23: (top) Transition from the Fresnel diffraction on a triangular aperture to the Fraunhofer diffraction 
[371, Fig. 9.8, p. 63]. (bottom) The same transition on a square opening [371, Fig. 9.4,  

p. 62]. © 2013 with permission of SPIE Press, Bellingham WA, USA. 

Hexagonal grating

Fresnel interferences

Lens

Fraunhofer interferences

 

Fig. 3.24: Schematic illustration of the transition from the local Fresnel multiple-beam interference  
to the global Fraunhofer diffraction pattern. Increasingly larger areas in the grating cooperate  
for the far-field diffraction pattern. By means of a collecting lens, the far-field is zoomed in.  
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The Fraunhofer diffraction is a special case of the Fresnel diffraction because “the 
illumination of the diffracting object no longer takes place by means of a spherical wave 
as in the Fresnel diffraction, but by means of a planar wave” [268; 438, p. 38]. The 
Fraunhofer diffraction pattern is based on the interference of beams propagating in ‘the 
same direction’ from points in the diffracting aperture towards the location of the 
interference maxima and it is therefore a linear transformation; the Fresnel diffraction 
pattern, on the other hand, results from the interference of beams with ‘unequal 
direction’ and it is therefore a non-linear transformation [433, p. 16+28].  

In the far-field the spatial information is lost 
together with the local details … 

By means of the Fourier transformation of an object “the immediate descriptive 
spatial information is lost. In fact, it is coded in phase-factors, from which it can only be 
won again in an indirect way, e.g. by a retransformation” [377-379]. Therefore, “a 
spatial frequency spectrum, which was gained by means of the Fourier transformation of 
an entire object field, is also not particularly informative regarding local details. Local 
changes of the object structures produce only minimal changes in the spectrum, which in 
some cases are hard to prove“ [377, p. 23]. On the other hand, in the Fresnel near-field, 
there is the possibility of having spatial and object information available simultaneously.  

3.10.  The Optical Imaging of an Object on to a Hexagonal 
Diffraction Grating and the Information about Object and 
Grating in the Fractional Fresnel Diffraction Patterns 

The digital diffraction pattern arises from the 
analog pattern…  

Figure 3.25 shows how a triangle cut from aluminum is imaged acutely on to the  
16 µm grating (left) and how its blurred shadow falls into the fractional T/4- (center) and 
T/3-plane (right). Instead of the acute image of the triangle in the grating, this can also 
take place acutely on a selected fractional plane. 

    

Fig. 3.25: Figure of an aluminum triangle on the grating plane (left); shadow of the triangle in the T/4-plane 
(z = 165 µm, theoretically 160 µm) (center); shadow of the triangle in the T/3-plane  

(z = 220 µm, theoretically 218 µm) (Photos Corr3D with Fraunhofer-IAP/Golm). 
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Figure 3.26 shows a triangle, whose contours are made up of border lines and 
whose interior surface is without any structure.  

 

Fig. 3.26: A triangle with shape-limiting borders and an interior surface without structure.  

If one images such a triangle acutely on the fractional T/4- or T/3-Fresnel-plane of 
the hexagonal grating, then its image is partitioned into discrete meta-pixels by the 
grating, as is shown in Figure 3.27 for the T/3-plane. If the meta-pixels in each case 
have a 0th and six ± 1st diffraction maxima, then the meta-pixels along the borders will 
have concrete information regarding orientation of form elements. Information of this 
kind is missing in the structure-free interior surface.  

 

Fig. 3.27: Fresnel-interference diffraction pattern of a triangular grating in the fractional  
Talbot/3-plane of a hexagonal grating. 

In the T/3- or T/4-plane, the diffraction pattern of the grating and that of the local 
object structure – the borders and corners of the triangle – are superimposed. Without 
the image of an object, there is only the monotone information of the grating structure 
available. In the same way, object areas containing no shape contrasts are not 
responsible for any disturbances in the interference-field and therefore also not for any 
local, orientation-specific information. If, instead, they display at least a difference in 
brightness or color to the neighboring grating-fields, then they at least manage to 
contribute some corresponding information in this way. If, however, the object area is 
dimensioned too small, then the case may arise that this information is also lost in the 
entire interference-field and does not reach an inherent information value. It is ‘flooded’ 
interference-optically. That is the reason, why a plane flying at high altitude is so hard to 
make out in a sky which is blue throughout. Rogers [376] calculated Fresnel-
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interferences on hexagonal gratings with their amplitude patterns, their phase as well as 
their intensity patterns in order to illustrate the vision of insects with “compound eyes”.  

Different color sequences in Fresnel and 
Fraunhofer diffraction patterns… 

The diffraction pattern of the Fraunhofer diffraction, in each diffraction order, 
shows the spectral colors in a collecting plane in the color sequence of the rainbow. The 
diffraction pattern of the Fresnel diffraction supplies the spectral colors on a depth range 
perpendicular to the grating, with red closest to the grating and blue-purple furthest 
away from the grating as shown in Figure 3.28.  

 

Fig. 3.28: Incidence of white light (380 – 760 nm) into a diffractive line-grating with a grating constant  
g = µm12.12 559  . In the ± 1st diffraction order, the wavelength max 0.559µm   reaches its 

maximum at z = g²/ 559 = 2.24 µm = 5594
 
on the chromatic distance behind the grating  

(scaled incorrectly). 

The interference maximum of the arbitrary wavelength 559 nm, upon which the 
grating is optically tuned and which therefore is named max , is located roughly in the 
middle of the chromatic z-distance behind the grating in the 1st diffraction order. All 
other wavelengths reach their maxima either before or behind this z-position. The 
interference positions of the longer waves (e.g. λ = 760 nm) are located closer to the 
grating, the shorter waves (e.g. λ = 380 nm) are further away from it. At g = 8 µm in  
z = g²/λ, the chromatic z-distance has a length of 84.2 µm, at g = 4 µm of 21.1 µm. 
Finally, at g = µm12.12 559  the chromatic distance, as drawn in the figure, has a 

length of only z = 1.64 µm (Difference between 3.29 and 1.65 µm). Therefore, the 
smaller the grating constant, the more the chromatic z-depth distance is shortened.  
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The maximum of the arbitrary wavelength max, on which one optically ‚tunes’ 
the grating constant as an integer (e.g. with factor 2) and which enters into  
the ±1st diffraction order is located with z = g²/λ in a depth of z = 4 in the apex of a 
right triangle, for whose cosine of the angle α the following is valid: 

 60;5.02//  gCos . The hypotenuse of the right triangle has a 

length of 20 . With a² + b² - c² = 0 the Pythagoras, which determines the interference-

optical occurrence, has the values (2λ)² + (4λ)² - 0)20( 2  . There is always the 
expression g²/zλ = 1. 

If one transfers the result for the chromatic distance in the z-direction on to the 
image processing in a fractional Talbot /Fresnel plane, then that means that the 
chromatic images of an object are sequenced behind each other in the z-direction. Since, 
however, chromatic aberrations of the imaging optics, the size of which the eye 
estimates to be approx. 0.6 mm, are added, it is to be expected that their color sequence 
is compensated in part by the inverted color sequence of the grating dispersion. Perhaps 
this is the reason, why color defects in optics gain so little influence in normal vision. 
However, it also becomes clear that without any further restrictions, there is no one 
plane in the retina upon which the eye can image acutely in all wavelengths. Therefore, 
there are all the more reasons for providing the photoreceptor outer segments in the  
z-direction with a length of 50 – 100 µm.  

In the Fresnel middle-field, an object retains 
its position and shape, but it loses both in the 
Fraunhofer far-field…  

The differences in the stages of information about individual objects, such as e. g. a 
triangle, in the near- and far-field of light diffracting structures are considerable. The 
far-field reveals no information about the location, the color, texture, shape or even the 
distance of an object. The information about the characteristics of a concrete object is 
lost in the global Fourier transform of the entire grating. As opposed to the Fraunhofer 
diffraction which represents a global harmonic analysis of the diffracted object, the 
Fresnel diffraction manages to receive specific local object characteristics in the grating-
optical transformation. In this way, the Fresnel near-field interferences represent the 
more suitable choice of means when dealing with the analysis of local objects in the 
diffraction of their images.  

3.11.  The Diffraction of Light on a ‚Hierarchical’ Hexagonal Grating 
in the Fractional Talbot‐/Fresnel‐planes 

Double, triple, and multiple nets 
for catching light… 

Whatever holds true for a single diffractive grating in the image space of optics, 
also remains true in the diffraction of light on hierarchical gratings, which e.g. are 
composed of a first hexagonal grating with a coarse mesh (large grating constants) and 
at a suitable distance behind it of a hexagonal grating with smaller stitches, e.g. half as 
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large. Within the framework of the NAMIROS-Project [34] it was shown that with the 
deposit of a hierarchical grating (with a grating constant of 16 µm in the first and 8 µm 
in the second amplitude grating) into the image space of an optical imaging system, in a 
wavelength-specific Talbot/3-plane the 3 : 1 – interference pattern results. It represents a 
local meta-pixel structure, in which there are two ± 1st maxima between two 0th orders, 
so that the connecting distance between two 0th orders is divided into three parts. Thus 
the expression 3 : 1-structure in the diffraction pattern of the hierarchical grating comes 
about.  

Local meta-pixels manage the grouping of 
receptors and the orientation-specific 
information… 

The example shows that with hierarchical gratings, the development of local  
3:1- meta-pixel  becomes possible (Figure 3.29); in these photoreceptors are grouped 
and in their interference fields with separate 0th and ± 1st diffraction orders, local, e.g. 
orientation-specific information becomes ascertainable for each net-stitch. 

 

Fig. 3.29: A hexagonal hierarchical grating, in monochromatic light in the Talbot/3-plane of the second 
grating produces a local 3:1-metapixel structure, in which in each case, the 0th and the ± 1st diffraction 

orders are separated from one another and from the neighboring 3:1-metapixels  
(Döhler [89], University of Jena in the NAMIROS-Project [34]). 

Figure 3.30 again illustrates on the picture of a triangle, how such 3:1-metapixels 
along the sides of the triangle in the ± 1st diffraction orders can have orientation-specific 
information. One advantage of this optical grouping lies in the fact that the local 
information is not superimposed by that of the neighboring 3:1-metapixels.  

The hierarchical grating, which provides the 3 : 1 periodicity in the T/3 plane of the 
2nd grating, arises out of the insertion of the 2nd grating with xg  = 8 µm, yg  = µm93.6  

into the T/3 plane of the 1st grating with xg = 16 µm and yg = 13.86 µm with the 

distance p/3 = 218 µm. In the T/3 plane, it produces the periodicity of 

µmggy xy 24.93/66.01  , with a rotation of 30° the periodicity of 
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µmgxCosy x 83024.9  . The 8 µm grating, which normally, as a single grating 

with a distance p/3 = 54.5 µm produces the periodicity 3/62.41 xgµmy  , in the 

T/3 plane, as a combination of the two gratings, provides the 

periodicity µmy 33.53/24.9  . Since xgµmµmxy  1633.533  

and ygµmµmxy  86.1362.433 1 , there is a 3:1 proportion of y : xg  and yg  in 

the sensor plane. Figure 3.31 provides the photograph of this result for light in the 
wavelength 0.587 µm. The total thickness of the hierarchical grating up as far as the 
sensor plane is 272.5 µm. 

 

Fig. 3.30: Image of a triangle in the T/3-Fresnel-plane of a hierarchical hexagonal grating.  

 

Fig. 3.31: 5.33 µm-periodicity of the interference maxima of the wavelength λ = 587 nm in the T/3-plane  

of the 2nd grating in a hierarchical grating (1st grating with xg = 16 µm, yg =13.86 µm; 2nd grating  

with xg = 8 µm, yg = 6.93 µm) (Fraunhofer-IAP Golm 2011). 
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The chromatic Talbot-planes in the 
hierarchical grating… 

In the case of white light incident perpendicularly into a hierarchical grating the 
interference-optical laws for monochromatic light are valid also. In this, every 
wavelength can produce its own Talbot planes in the particular distance behind the 
grating, so that the chromatic interference planes in the z-direction are staggered behind 
each other. The chromatic z-depth distance occupied by the visible spectral range  
(380 – 760 nm) in the T/3 Talbot planes of both gratings ranges for the 16 µm-grating 
from 168.4 µm (λ = 760 nm) to 336.8 µm (λ = 380 nm), therefore across a total z-range 
of 168.4 µm. The maximum of the wavelength λ 587 nm is at z = p/3 = 218 µm. For the 
2nd grating with µmgx 8 , the depth distance ranges from 42.1 µm (λ = 760 nm) to  

84.2 µm (λ = 380 nm), therefore covers a total z-range of 42.1 µm. In this, the maximum 
of the wavelength λ = 587nm is at z = p/3 = 54.5 µm.  

Several grating levels lead to a cascade of fractional Fresnel planes behind the 
gratings. The targeted use of the possibilities of a microscopic hierarchical architecture 
of diffractive gratings and fractional Fresnel planes is an area in optical image 
processing, which has hardly been worked on so far. In this, hierarchical grating 
combinations in the Fresnel information processing offer a wide range of possibilities. 
Stacking of gratings results in stages of information, this can vary from layer to layer. If 
all participating gratings are phase gratings, then in each case, specific information is 
available in a suitable Fresnel interference plane behind every grating layer. Also in 
technical applications, high-performance grating combinations are acted out. A 
hierarchical Fresnel grating, which is composed of three line gratings and which is 
suitable for the measurement of changes in position, was realized by Willhelm [483]. 
Jahns[189], Hock [174] and others showed that Talbot interferences can be 
advantageously used in the temporal processing of optical signals.  

The stage of Information in the fractional Talbot planes in the hierarchical grating 
design thus becomes more differentiated as in the Talbot planes of isolated gratings. If 
one moves from the 3:1 combination of the grating constants to a 6:1 or a  
10:1 combination, then the use of increasingly higher diffraction orders in the local 
metapixels becomes possible.  

3.12.  How do the Inverted Retina in the Eye and the Brain Profit  
by the Interference‐optical Laws?  

The Fresnel interference-optics is 
in first place in the race… 

The question has been posed and the answers are controversial, also among experts 
– whether and in which form the human visual system in the eye or in the cortex would 
be able to carry out Fresnel or Fraunhofer Fourier analyses and profit by them. In the 
eye, the hierarchical gratings could make possible, e.g. the separation of the  
0th diffraction order from the higher ones in the metapixel, so that an information 
processing would be possible in a grating-optically integrated group of receptors, in 
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local optical columns or modules [138]. The transition from small concentric receptive 
fields or groups of receptors in the central retina region to peripherally increasingly 
larger receptive fields could be developed by the gradual shift of the 3 : 1 proportion of 
the gratings to 10 : 1 etc. The arrangement of the photoreceptors with their outer 
segments extending in the z-direction like an antenna behind the cellular retina layers 
could be taken into consideration to process e.g. the chromatic Fresnel/Talbot planes in 
the metapixel wavelength-specific differentiated way, and much else. The topic of the 
Fresnel – interference optics especially opens the door to a better understanding of the 
fact that the human visual organ chooses a layered analysis of the visible in the eye at 
different stages of information processing. For this reason, the Fresnel-interference 
optics in connection with some specific visual functionality will be of importance in the 
next chapters.  

However, it became clear already, that the Fresnel near-/middle-field interference 
optics, which retains the local characteristics of the imaged objects entirely, represents 
the signal pre-processing style, which would preferably come into consideration for the 
eye. The statements made by De Valois [81-85] about global (Fraunhofer far-field) 
Fourier analyses of the visible in the cortical centers would need to be augmented with 
conclusive information about where and how these could be created, since they cannot 
be shown in the inverted retina. There are, however, scattered hints about grating 
formations in the cortical centers. The research area of the photonic crystals [193], 
which deals with two and three dimensional gratings, their reciprocal grating structures 
and Brillouin zones, has in itself not developed far enough as yet. Crystal optics has so 
far hardly managed to manifest itself in brain research. Creutzfeld emphasized [73,  
p. 118], that in the uniformity of the construction plan of the brain, it is not a case of 
construction elements or „chips“, which are separated from each other, but a continually 
repeating structure of interwoven single elements, “similar to a crystal grating in 
complex molecule systems”. Whether such gratings ought to be understood at the end of 
the day as neuronal or as hardware modules and for which functionalities they would be 
of use, will have to be sorted out and clarified. In technology, geometric optics with one-
layered and multiple-layered diffractive optics is combined increasingly in high-
performance image and signal processing system [499, 500]. The gap between the only 
apparently paradox ‘inverted’ retina design and the intelligent space-grating technology 
thus becomes increasingly smaller. 
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4 

Spatial Frequency Filtering in the Grating 
Optical Correlator of the Eye 

An optical grating before a CCD… 
What for…? 

In this chapter, it will be demonstrated that the ganglion cell bodies in the inner 
nuclear layer (INL) of the inverted retina of the eye make up a cellular grating net, 
which is located lightwards in front of the photoreceptors and which plays the part of a 
high, medium or low diffractive optical spatial frequency filter. With its mesh-work, 
which is described by the grating constant (length in mm or µm) or the spatial frequency 

( 1mm ) reciprocal to it, the grating determines the size of the local catchment area for 
object information in the diffraction pattern. Just like the distribution of the receptive 
fields (RF) of the ganglion cells, the filter function corresponds to the visus visual acuity 
data in daylight and in twilight vision. 

The grating optical spatial frequency filtering (SFV-Sensor technology = Spatial 
Frequency Velocimetry), its historical development and its current position have most 
recently been described by Bergmann [19] including literature and patents. The process 
of non-contact slip-free measurement of velocity and length has been in use since the 
60s [J. T. Ator, Image-Velocity sensing with parallel slit reticles. JOSA 53(12):  
1416 – 1422 (1963); see bibliography 511-581]. With this technology, the companies 
ERNST LEITZ, DATRON, CORRSYS-DATRON, ASTECH, INTACTON und 
MICRO-EPSILON have successfully met important technical challenges in the 
automobile industry, in the railroad industry, in industry in general and in the distance 
measurement sensor technology. The SFV-technique is based on the illumination of an 
object and the imaging of its micro-structured surface through the reflected light on to a 
periodic optical grating in image space followed by photodiodes or a camera CCD. The 
cross-correlation of the structured object image moving over bar and gap of the grating 
oriented perpendicular to a specific movement direction leads to the frequency of the 
signal proportional to the velocity of object motion. The measurement of lengths  
[19, p. 97] with the addition of spatial increments is based on the same grating-optical 
method. A measurement of several directions occurring at 360° is possible, if there is a 
corresponding structure of the grating in several space directions and there is an oriented 
or circular vibration mode of the grating in x, y and z in the case of stationary objects 
(Gautama & Hulle [62 in 19], Kunitani, Makino & Mitsubashi [92, 95, 96 in 19]). Such 
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a vibration mode is known from the micro-tremor of the eye. If this tremor of the eye 
fails in vision, then the viewed objects become invisible. The structured object surface 
and the periodic grating together are indispensable parts of the correlator-optical 
information processing. In general, a spatial frequency filter algorithm, which is 
implemented on a DSP/FPGA-platform [19, p. 73], is part of the signal processing. In 
most technical implementations, gratings with grating constants of 100 – 1000 µm are 
used; it is only the gratings with periods of 20 µm to 1 µm, which bring diffractive 
interference optics into play. 

The frequency filters in the human ear……  

Instead of a spatial frequency filtering such as in the grating optical correlator, the 
human ear provides a spectral frequency analysis. In spatial hearing, the eardrum in the 
ear transforms the sound waves, which are diffracted on the head, the shoulders and the 
earlobes, into standing interferences in the inner ear [158]. In this way, the particular 
mixture of wavelengths is transformed into an acoustic frequency spectrum reciprocal to 
the wavelengths. The frequency of a sound corresponds to the reciprocal length of the 
standing wave on the string of the instrument producing it. For this reason, the ear has 
also been called, in a simplified manner and with reference to only one instrument, an 
‘inverse’ piano [170]. Several frequencies often occur simultaneously in a ‘consonant’ 
manner, ‘harmonically’ in whole number proportions of the wavelengths, ‘dissonantly’ 
in non-periodic wavelength parcels. By means of the interference-acoustic Fourier-
analysis, the components in the frequency spectrum with their amplitudes, phases and 
intensities are modulated along the length of the basiliar membrane in the cochlea of the 
ear, so that there, provided the ear of the listener is functioning properly, the entire 
information transported in the sound can be analyzed. 

The neuronal receptive field 
structure as the spatial frequency 
filtering net in vision… 

DeValois [82, 83], Glezer [136], Campbell [58] and other scientists supposed at an 
early stage that the visual system could have a similar analysis system and they 
concluded: “Retinal sensitivity to spatial patterns depends on the spatial distribution of 
receptive fields” [206, p. 665]. The basis of the ‚patchwise‘ Fourier-analysis “at early 
synaptic levels“ [81, p. 21] was seen in the distribution of the receptive fields (RFs) in 
the retina and in the cortical visual centers. In comparison with hearing DeValois 
emphasized “It is conceivable that the visual system is so built as to do a similar 
frequency analysis of the distribution of light across localized regions of space“ [81,  
p. 21]. Kelly stated: ”It may be that frequency analysis in vision is performed by the 
peripheral sense organ, just as it is in audition” [206, p. 665]. In this way, the Fourier-
analysis made its entry into neuronal spatial image processing“. According to Fourier’s 
theorem, every image can be decomposed into a weighted sum of sinusoidal gratings of 
different orientations and spatial frequencies“ [125, 386].  

In the neurology of vision, it remained unclear, whether it would be the case of a 
near-field or a far-field Fourier-transformation, of a ‘global’ Fraunhofer or a ‘local’ 
Fresnel-power-spectrum. To a large extent, the concrete material basis of the neuronal 
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spatial frequency filtering in the visual processing centers, namely the quantifiable RF 
and ganglion cell distribution patterns in the retina and the cortex, also remained 
unclear. As a monotone pixel-distribution, the photoreceptor matrix was not taken into 
consideration for understandable reasons for this task. The RF structuring could 
accordingly only be attributed to the different ganglion cell types in the retina or in the 
cortex. However, since one was not able to discover any organization of ganglion cells 
in the retina, which would have been able to perceive visible objects in their image as a 
whole in each case and separately in all of their particular details, despite the allowance 
of RFs partly overlapping each other, the opinion prevailed that an entire hierarchy of 
RFs of different sizes would be required for the structural analysis of each individual 
object. In this way, one was quickly back in the cortex on the search, which has in the 
meantime led to the generally imprecise statement, that the visual system has a multitude 
of separate bandpass ducts for different spatial frequencies. The fact that the RFs of 
simple and complex cells in V1 are to be interpreted as 2D-spatial-frequency-filters, 
which each cover a limited area in the visual field, has in the meantime been placed on a 
secure footing. 

The grating-optical retinal net 
structure as a spatial frequency filter in 
vision… 

The more exact analysis of the requirements on neuronal RFs carried out by Kelly 
in 1975 [206] demonstrated that the experimental data regarding the “sine-wave contrast 
sensitivity“ in vision could possibly be explained, under defined conditions, by means of 
a planar 2D-Fourier-power-spectrum. In this he had not even based his analyses on 
color-opponency-RF-structures and lateral “cell-to-cell-correlations“. His skeptical 
attitude regarding the then preferred opinion that one required ‘cortical’ RFs for this 
reached its peak in the statement: “As a general principle, any pre-processing of visual 
information that is known to occur, and that could be done by known retinal 
mechanisms, probably is done in the retina – simply because the alternative of 
transmitting unprocessed information to the brain is much less efficient” [206, p. 671]. 
And in the summary of his results, he emphasized: “These results are analogous to 
optical interference between wave-packets, with amplitudes and phases” [206, p. 670]. 
A concrete interference-optical pre-processing in the retina was neither taken into 
serious consideration then nor in more recent times. To a great extent, research so far 
has resorted to the idea of seeing this filtering as an adaptive performance of the 
neuronal nets and to explain it on the basis of a hierarchy of neuronal software planes. A 
spatial frequency filtering in a grating-optical correlator has, however, been state-of-the-
art in technology for a long time [160]. At times, it takes quite some time until one 
scientific area adopts the stimuli generated by another technical area.  

Grating-optical and neuronal RF grating 
structure as spatial frequency filters?  

If the ganglion cell bodies in the retina grating and the RFs of the ganglion cells in 
the retina and the cortex constitute the dragnets of information in the light, then the size 
of the net stitches is decisive of whether they are suitable for catching larger or smaller 
‘fish’. In vision, the fish represent the visible objects, whose shape elements are 
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perceived in optical imaging with their lengths, structures and textures. The lengths are 
the distances between the lines and the edges in the image or between the stitches in the 
filter-net. In the case of optical and neuronal gratings in the retina of the eye both being 
responsible for the structural analysis, they first of all have in common that their stitches 
and RFs are very small in the center and become increasingly larger towards the 
periphery in the retina. One consequence resulting from the pre-natal setting of the 
course in favor of the imaging lens-pupil-optics in the development of the eye is that the 
number of ganglion cell bodies decreases from the central to the peripheral retina 
regions whereas the size of the RFs increases. Incident cones of light coming 
increasingly laterally from the visual axis and obliquely into the pupil not only fall 
increasingly on peripheral retina zones, but under their angle of incidence the irradiated 
pupil area becomes increasingly smaller (and elliptical or slit-shaped). In order to 
compensate the disadvantages of this early solution, by means of a central accumulation 
of the ganglion cell bodies in the retina, it had to be provided for, that peripherally, 
corresponding larger optical RF’s were made available, which would prevent an 
otherwise unavoidable decrease in light intensity from the center to the edge in the 
visual field. Whether the grating-optical hardware with its smooth transition from a 
centrally very fine to a less fine and peripherally rough perception of visual objects is 
able to explain the visus-curve in photopic and scotopic vision as well as the neuronal 
RF filtering, will be decided after the examination of the corresponding data as follows. 
However, it is conceivable in any case, that cellular optical gratings could be adapted 
more easily than neuronal RF structures on rapidly changing structural alterations in the 
images, thus would be more quickly ‘tuneable’ in their grating constants to the present 
structural sizes. A clear argument in favor of the diffractive optical grating as a spatial 
frequency filter is the fact, that only these have the ability to transform the light by 
means of diffraction into ‘local’ Fresnel interferences and thus to make possible the 
basic access to interference optics in vision.  

Numerous factors influence the visual performance in human vision. The spectral 
components and intensities of the illumination, the absorption and reflection of the light 
at objects, the contrast transfer function of the imaging optics and the contrast sensitivity 
of the photoreceptors contribute to the visual performance. Object structure and the 
inherent structure of the visual organ determine the quality of the spatial frequency 
filtering, the lateral resolution of object details and with that the visus data. The abilities 
of fixation of a particular object, of saccades, of adaptation to the visible, and of an 
active change of the spatial frequency filter expand the possibilities of vision. 

4.1.  Contrast Sensitivity and Spatial Frequency Filtering in the Eye 

„Our ability to perceive the details of a 
visual scene is determined by the relative size and 
contrast of the detail present” [57]. 

The images of the visible objects are dependent on the contrast transfer function of 
the imaging optics as well as on the contrast sensitivity of the photoreceptors and on the 
spatial frequencies of the receiving nets (grating or RF-structure). Spatial frequencies at 
an object at a certain distance from the eye are defined by a visual angle in c/deg  
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(c = reciprocal value of the grating period) at a defined strength of luminance (cd/m²). 
Without structured object-surfaces rich in contrast and therefore without details visibly 
staggered in brightness or color, a human being will only see “an infinite fog“ ([133] 
with reference to [304, p. 13]). „Light/dark borders are crucial for seeing a surface and at 
least one such border must be present in the visual field before a surface will be seen“ 
[133]. Contrast sensitivity of human vision for different grating structures imaged on the 
retina of the eye has been studied thoroughly by Duffieux, Blanc-Lapierre, Linfoot, 
Schade [391], Campbell [57], Kelly [207], Robson [373], Lohmann and other scientists. 

Figure 4.1 shows in the case of two luminance intensities (500 and 0.05 cd/m²) of 
sine or square-wave- gratings, how the spatial frequency and the contrast sensitivity of 
vision develop a curve, which reaches a peak with a pupil-size of 2.5 mm for a strength 
of luminance of 500 cd/m² between 1 and 10 c/deg. With the decrease in brightness, the 
contrast and thus the quality of the spatial frequency filtering in vision decrease. Object 
structures rich in detail, as are common in the recognition of faces or in reading and 
writing are only perceived in the case of a high contrast. As the strength of luminance 
decreases (0.05cd/m²), the maximum of the contrast sensitivity moves to lower spatial 
frequencies (lower curve); the peak is then located at 0.6 – 1 c/deg; correspondingly 
only even rougher grating structures are perceived clearly. The sensitivity for very fine 
test-grating structures, therefore high spatial frequencies, in both cases decreases rapidly 
[57, Fig. 4, p. 557]. Only relatively low differences result in each case for the sine- or 
square-wave form of the chosen object structures. 

 

Fig. 4.1: Contrast sensitivity and spatial frequency resolution in human vision in sine and square-wave-
gratings. Upper curve for luminance strength of 500cd/m² (2.5 mm pupil diameter)  

with a maximum at 1 - 10 c/deg; lower curves of 0.05cd/m² and 0.6 – 1 c/deg. [57, Fig. 4, p. 557]  
© 2013 with permission of Wiley The Atrium, Chichester UK. 
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The “acuity gradient” [Gibson] in the retina… 

The larger the mesh in the optical grating or the neuronal RF’s of the ganglion cells 
in the peripheral retina become, the more the visible objects are perceived in the low-
pass filter, the more local detail information is lost and the more intensities are added up 
over larger surfaces. The information about visible objects is reduced to rough outlines. 
The reverse is true for the change from low to medium and ‘high frequency’ (high-pass) 
filtering. If one looks at a photograph which is rezor-sharp throughout, and in which e.g. 
one person is standing in the center and others on either side, then, with the eye, one can 
only identify more acutely the directly focused two or three persons who are in the close 
environment of the fixation point. The others further away from the fixation point are 
already so blurred that one can only identify them, when they in turn are targeted. The 
same difficulty arises when reading a text. Already the third or fourth word in the line, in 
which a particular word has been fixated with the eye, even though they were written 
equally clearly, can hardly be deciphered without a targeted fixation. It is only in the 
direct environment of the fixation point, i.e. in the case of an imaging of an object in the 
central area of the retina, that our eyes have a high resolution and a high frequency 
spatial frequency filtering. This is valid without alteration for vision with one or two 
eyes. Gibson [130, p. 55] described this as the ‚acuity gradient’: “The visual field in the 
center is acute and completely detailed, however, it becomes less detailed towards the 
outer borders…” It “has an acuity gradient running from the center to the periphery”. 
The organization of the lateral resolution and with that, of the spatial frequency filtering, 
is arranged nearly concentrically to the central area of the retina. This is valid for 
daylight as well as for twilight vision. With every change of the fixation point, this 
organizational form of both types of vision is available to both types of vision in an 
unchanged form.  

Reticles in image space of optics and in tracking devices… 

In vision, the structure of the objects meets the structure of the visual organ. In the 
appendix to Biberman [25], R. Legault described grating structures, which are applied in 
the image plane of optical correlators as crosshairs, so-called ‘reticles’, as a ‘spatial 
filter’: “A reticle system is essentially a mask or pattern placed in the image plane of an 
optical system. The transmission of this mask varies spatially. Usually the mask 
transmits certain portions of the image scene and completely blocks other portions of the 
scene. The intensities from the transmitted portions are added and the total intensity 
focused upon a detector”. Figure 4.2 [25, Fig. 6.17, p. 97] shows one example for a 
reticle, which is used for the optical tracking of an object. This reticle comes very close 
to the structure of the retina in as much as it has a polar, centrally small field-structure 
becoming increasingly larger peripherally, such as it may correspond to the gradient of 
the grating constant in the hexagonal net or to that of the RF-size.  

The discovery of the central perspective by the eye… 

Long before the Renaissance painters discovered the laws of the central 
perspective, they were used in human vision – in the hardware of the eye with its 
gradients of the grating and the RF structure. Photographic optics adopted it for the 
“presentation of space in the central perspective” [116, p. 16]. Based on central-
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perspective vision, in a patent of Ernst Leitz GmbH [339], an optical correlator with a 
perspective design of a spatial frequency filter inserted into the imaging plane of the 
optical system was described (Figure 4.3). Again, the target object is seen through these 
inserted structures, which are a set component of the hardware of the optical target 
devices and correlators.  

 

Fig. 4.2: A reticle, which comes close to the neuronal RF or optical grating structure of the retina  
[25, p. 97]. © 2013 with permission of Elsevier Ltd. Oxford UK. 

 

Fig. 4.3: A spatial frequency filter with a central-perspective structuring for automobile correlators Fig. 3a, 
3b und 5 from patent E. Leitz [339]. 
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The installation of a perspective spatial frequency filter into an optical correlator 
makes it possible to identify e.g. dangerous situations in traffic, the movements of 
pedestrians transverse to the direction of traffic, and to evaluate them as being more 
important than other movement directions in order to release airbags in front and on the 
side of the vehicle for the protection of the pedestrians. The spatial frequency filter is a 
grid, whose “structures run in the directions of the perspective lines of sight or 
orthogonal to them…, where the distances between the elements making up the grid are 
chosen corresponding to the distortion of the perspective image“ [339]. Through the 
central-perspective grid, which is “pivoted around an axis running through the points of 
alignment of the central perspective“ [339] the particular scene – with reference to the 
central fixation point, is perceived. In this process, a group of photo-electric receivers 
for further software-based information-processing can be allocated to each part of the 
grid. An analogy to the construction of the eye is more or less obvious.  

4.2.  The Saccades in Fixating Vision 

Leaping from one rose to another…. 

Since the human eye can only see acutely in the direct environment of the fixation 
point in the plane and in space, it constantly leaps in active vision in order to get to grips 
with the essentials precisely and acutely by means of an ‘intelligent’ sequence of 
saccades. These saccades are effected in all three spatial directions, therefore in the 
plane and in spatial depth. In monocular vision, the leaping into spatial depth is less 
clearly discernable because the individual eye only has a relatively limited ability of 
accommodation and because in this, it does not have any double images of the objects, 
which in binocular vision are located in front of and behind a fixated object. Figure 4.4 
illustrates the saccadic scanning typical for human vision of a human face.  

 

Fig. 4.4: Scanning of a human face for the exact identification of a particular person as an example  
of the strategy of high-frequency object-recognition [280].  



4. Spatial Frequency Filtering in the Grating Optical Correlator of the Eye 

 153

Also without saccades or at least with only very few saccades can a face generally 
is recognized as ‘a face’. The more individual a face as a ‘known face’ is to be 
differentiated from others, the more saccades are necessary and the finer the details must 
be perceived with high spatial frequency and placed in relation to each other. The 
scanning of an object results in a map of a multiply fixated object, in which the relations 
between the most frequently targeted places as ‘points of interest’ are registered. 

4.3.  The Grating‐optical Correlator‐product Made up of Object 
and Sensor Structures 

We see things through our inherently-
structured visual instrument… 

Without images of things, without the imaging of the visual objects by the eye into 
the imaging space of the individual eye – or into the retina of both eyes – there is no 
vision. Imaging optics, the hardware of the eye consisting of lenses and pupils, is, 
however, not the instrument, in which we separate the rough from the fine in vision. In 
vision, our visual system does not concern itself with the image of the things, which at 
best represents a type of mediator between the object and the subject. Vision does also 
not change from viewing an object to viewing its image. It is only by working on the 
object that our eyes can gain more information: by looking more closely at the 
individual object. The eye perceives the visible objects by means of its own structures 
and determines the important or constant features on the objects. As an optical 
correlator, the eyes superimpose their own hardware structure over that of the object on 
to the object itself. It is not the pixel-structure of the distribution patterns of the 
photoreceptors, the cones and the rods, no matter whether they are ordered or not, which 
plays the decisive part here. Also, even though it has been determined beyond a doubt 
that the outer parts of the receptors are the decisive locations, where the optical 
transmittance ends and by which the optical information is transformed into electrical 
information, the deciding factor is the relation of object and grating structure  
in each case. 

4.4.  Object Structures and Object Characteristics in the Visible 

What objects – being either irradiant 
themselves or requiring radiance – optically 
communicate about themselves and what they do 
not communicate. 

Visual objects can be irradiant themselves or ones requiring radiance, luminous or 
illuminated objects. If they are irradiant, such as e.g. the sun or the fixed stars, artificial 
illumination such as LEDs, incandescent steel pipes or heated tungsten threads, then 
their radiation is, as a rule, sufficiently distinguished by the spectral intensity 
distribution in the visible wavelength area (380 – 760 nm). When moving through the 
earth atmosphere in the course of the day, e.g. the sun changes the spectral intensity 
distribution reaching the eye: in the morning, it emits a more bluish light, in the 
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evenings, a more reddish light. Objects requiring radiance are those using the light of 
irradiants in order to either communicate something about themselves by means of their 
reflection to the eye or to either partly or completely conceal something. The moon uses 
the light of the sun to reveal its rough structure; most objects which are visible by day or 
by night use natural or artificial sources of light in order to optically reveal some of their 
features to the eye. Objects reflect light (more or less directed); they absorb spectral 
parts and convey information about their brightness, color, texture, shape, etc. into the 
image developing in the eye. Completely light-absorbing objects conceal all information 
about themselves and are seen as black objects. Object surfaces reflecting the 
illuminating light in precisely the same composition of the spectral intensities, remain 
colorless surfaces, which reveal themselves and their shape or structure only as 
differences in brightness, in different white and grey values. They are the ‘perfect mirror 
of the illumination’, which - like the black spots – refuse any statements about 
themselves.  

At the final end, vision is about being able to investigate the object features more or 
less well on every visible object from the light incident into the eye. When vision has 
acquired the ability to answer the question, WHERE something is located, then it must 
also provide the answer to the question, WHAT something visible is in general: a ‘bird’, 
a ‘human being’, or a ‘car’, and ‘what something is specifically’: a ‘robin’ or a ‘familiar 
acquaintance’, etc.; for this purpose, good information is required about the shape and 
structure of an object, its color and if possible also its relative distance to other objects 
and to the viewing subject.  

4.5.  The Inherent Structure of the Grating‐optical Correlator  
in the Eye  

The requirements of the brain on the eye… 

The incorporation, of a hexagonal retinal net for object structures in the imaging 
space of the eye resulting from the extremely dense packing of ganglion cell bodies, 
represents a first cortical requirement, which results directly from the pre-natal setting of 
the course in favor of the inversion of the retina layers. Figure 4.5 shows the hexagonal 
net structure. In it, a concentric order, centered to any arbitrary place is designed. Each 
circle marked by an arrow embraces a certain number of cells, which are equally far 
from the center of the net. The concentricity in the hexagonal net allows the vision, 
when fixating an object, to center it in a polar fashion.  

The fixated object caught in the optical grating… 

A second requirement of the brain on the eye consists of the condition that a 
targeted and fixated object, which is imaged centrally in the eye is divided into 
quadrants and thus by means of axis-centered symmetry operations is related to the 
orthogonal, body’s own coordinate system. To fixate a viewing object, such as e.g. a 
triangle in Figure 4.6 means, to perceive it through the 3 D coordinate system and the 
retina grating, in the polar centered system of circles. The optical superimposition of 
object and grating represents a cross-correlation, whose mathematical operation is not 
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visible in the hardware of the eye, but whose result is available to the eye in vision. If 
there are further objects present in the field of view simultaneously and are imaged 
without fixation, then these are also centred in the net at their image location, but they 
are however, not directly, as a fixated object, related to the body’s own coordinate 
system, but only related to it indirectly. 
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Fig. 4.5: Hexagonal, diffractive grating net, which can consist of hexagonal cell structures with gaps and 
bars or of globular cells with a nucleus and plasma. All grating elements are arranged in a polar fashion 

around any central hexagon in a concentric system of circles. The radii of the circles are square root values 
of integers when starting with radius R1 = 1. 

Object space Image spaceOptical system  

Fig. 4.6: Each eye sees a visible object (here: a colored triangle) through the hexagonal net of the retina. A 
centrally fixated object is perceived through the 3D-coordinate system of the eye and is centered in the polar 

circle system of the high frequency spatial frequency filter.    
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Both cortical requirements on the individual eye describe the inherent structure of 
the visual organ in the image space of the optical system and thus the ‘invisible’ reticle, 
through which our eyes perceive the world of the visible objects.  

The choice of the suitable task-specific filter 
in active vision… 

Since the spatial frequency filter of the retina has filter meshes of different sizes in 
different zones of the retina, active vision decides, in which retinal zone an object with 
the locally available filter quality is imaged. By means of the saccades of the eye any 
object can easily be transported from one zone to any other. Figure 4.7 illustrates how 
one and the same triangle can move in the hexagonal net from a rough mesh–net zone to 
a fine net zone in the retina.  

 

Fig. 4.7: A triangle in a hexagonal grating with differently sized net-mashes or grating constants.  
(Left) Low-, (Center) medium- and (Right) high frequency filtering.  

Figure 4.8 shows, using the example of a typical leaf, how the stage of information 
changes to rough borders, when its image is moved to the peripheral retina and when it 
is filtered with low spatial frequency. If its image falls on the middle retina zones, some 
rough detail is perceived more precisely; therefore, it is filtered with medium frequency. 
Its fine–detail structures which are resolvable with a good visus, i.e. visual acuity data, 
are only perceived, when the eye fixates the object directly; therefore, when it images it 
in the fovea region of the most acute daylight vision.  

Spatial frequencies are always developed in 
the gratings of the retina, only rarely in the 
structures of natural visual objects… 

The spatial frequency filtering is based on the inherent structure of the retinal 
gratings. A lot of experimental work on objects with black and white striped sinus-
gratings [Grabbe, De Valois et al.) showed that the sensitivity of human vision for 
spatial frequencies, thus rare periodic structures on visible objects, is higher than to their 
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orientations. Even though the grating is not visible for the seeing person, everyone 
knows the procedure of the process of vision, when a thin object ‘flies into’ the field of 
view of the eye from the side. It is mostly recognized quickly as something ‘bird-like’. 
However, when it moves further to the center of the retina in the field of vision, it can be 
recognized as a blackbird or a smaller singing bird. If it settles down on a branch and 
can be fixated by the eye, then it finally becomes clearly recognizable that this bird is a 
robin or a blue tit. This typical sequence in vision, which ranges from a rough perception 
to the finer definition of an object can also be observed, when an object is recognized 
firstly in the far distance and then approaches the observer. At first, it may be hard to 
say, whether a man or a woman is coming towards the observer; then it soon becomes 
clear that it is a woman. Even a little later, the aha-moment may be experienced, when it 
turns out that it is the observer’s wife.  

    

Fig. 4.8: Three leaves with a different detail resolution (left) low frequency, (center) medium frequency, 
(right) high spatial frequency filtering.  

4.6.  The Grating‐optical Explanation of the Visus‐values  
in Daylight and in Twilight Vision 

The grating constants in the net 
and the local visual acuity... 

The local and/or zone-specific visual acuity of the eye in the case of the grating-
optical hardware interpretation of the inverted retina is based on the distances between 
the ganglion cell bodies in the nuclear INL layer, the grating constants in the cellular 
hexagonal net. The cell bodies of the ganglion cells make up a “regular mosaic“ [463] in 
the local distribution pattern. In ophthalmoloy, visual acuity is described by means of 
visus values. They each correspond to a visual angle, in which two points can be 
perceived as being separate. Visual acuity decreases initially rapidly and then 
continuously from the fovea to the periphery of the retina. As a rule, in photopic vision, 
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a central visus of 1.5 to 2.0 is reached. A widely held view is that the central visus 
develops by means of “the centralward migration of photoreceptors“ [502, p. 854] only 
after birth (“The highest spatial acuity may not be fully developed until after 4 yr. of 
age“ [502, p. 855]. In scotopic vision, the central visus only reaches a maximum value 
of approx. 0.4 to 0.5. Figure 4.9 shows the visus curve above the angular zones of the 
retina (fovea at 0°, the intermediate periphery of the retina at 15-20°, the far periphery  
at 45°). For scotopic vision, the visus curve only reaches half the height in the center, so 
that in the region between 0° und ± 2° the central ‘blind spot’ in rod vision becomes 
recognizable. The central visus values are, as shown already by König [216], also 
dependant on the luminance density (log mL). As well as that, they are somewhat better 
in the short-term use [313, p. 788, Fig. 2 according to Monjé] than in the permanent use 
of the test objects. Both facts are indications of the net actually adapting to the structures 
present on average in object and image. This adaptivity can probably be more easily 
guaranteed by a grating than by a net of RFs.  

 

Fig. 4.9: (Left) Visus-curve by Wertheim [478] for daylight vision in the horizontal meridian for the right 
eye normalized to the peak value 1. (Right) Logarithmic dependency of the visus on the luminance intensity.  

In many textbooks, the histological basis of the visual acuity function is still seen in 
the distribution pattern of cones and rods in the retina. However, by comparing the 
ganglion cell distribution with the cone spacing data, Rossi & Roorda [382, p. 156] 
came to the conclusion that: “immediately outside of the (foveal) center, resolution was 
worse than cone spacing predicted and better matched the sampling of midget retinal 
ganglion cells“. The alternative explanations of the visus-values using the distribution of 
the receptive fields (RFs) in the retina or using the grating-optical net structure of the 
ganglion cell bodies correspond considerably better to the experimental data. The data 
regarding the frequency of ganglion cell bodies in the INL grating of the retina by 
Steinbach [431] and the early work done by Frisen&Frisen [119] regarding the 
frequency distribution of the ganglion cells in the retina zones are sufficient for an 
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explanation of the visus-values. In the fovea, concentric areas with a diameter of  
1.5 – 2.5 µm correspond to a visus-value of 1.5 – 2.0, areas with a diameter of 5 µm 
correspond to a visus-value of 1.0, which each human being requires at least for reading 
common texts in daylight vision at the place of most acute vision without any problems.  

Are one or two types of ganglion cell nets 
required for two modes of vision…? 

Since apparently there is only a single ganglion cell grating, the question how the 
differences in the peaks of the visus curve for both types of vision can be explained, has 
to be answered. In order to do this, the structure of the central bipolar area of the retina, 
which comprises the fovea and the papilla, must be looked at again. Since the cones 
reach their greatest density in the foveola, and the local metapixel or RF there must be as 
small as possible, it is not surprising that the central peak of the visus-values is found in 
photopic vision. For scotopic vision it is important to find the zone of the greatest rod 
density in the retina. Osterberg [333] did this work. Figure 4.10 shows the result for the 
entire retina and the magnified image detail for the central area of the retina.  

   

Fig. 4.10: Planar spread out of the retina of the right eye with the zones of equal rod density (papilla in the 
center of the added crosshairs, fovea to the right of the papilla). The zones with the numbers 17 – 20 are 
those most densely occupied with rods and have been marked in the magnified image detail (right) by the 
author as grey, nearly circular ring zones. They revolve around papilla and fovea. The picture again shows 
that the fovea has a negligible number of rods and in its center, as a rule, none at all; therefore, there is a 
blind spot in rod vision. The ring-zone around the central bi-pole (F + P) represents the zone of the most 
acute scotopic vision. Therefore, in order to see objects acutely in twilight vision, it is known to be 
necessary to fixate these with the eye laterally to the visual axis available in daylight. [333, p. 76]  
© 2013 with permission of Wiley The Atrium, Chichester UK. 
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Figure 4.11 expands the data of the photopic visus-values in the horizontal meridian 
of the right eye into a top-view of the ring-zones of the retina with comparable  
visus-values. 

 

Fig. 4.11: Photopic visus-values in the ring-zones of the retina [478]. Center visus value S = 1 in  
the fovea. The papilla, which in the right eye is located to the left of the fovea has been marked with a black 

point. The elliptical line running through it corresponds to the visus-curve with the value of 0.2. 

Two types of vision share just one spatial 
frequency filter… 

The geometry of the visus-data shows, how with the bipolar structuring of the 
central area of the retina finally a common usage of the one retinal grating in the zones 
with a visus-value of < 0.3 succeeds for photopic and scotopic vision. Aside from that, it 
again becomes clear that the distribution pattern of the rods is centered towards the 
primary eye-axis (in whose zenith only the papilla was to be found for a long time), and 
the distribution pattern of the cones is centered to the visual axis. That is to say, in 
Osterberg’s figure, if, from the periphery, one follows the elliptical lines of the same rod 
density, then initially their center is located halfway between fovea and papilla; only the 
smaller circles and ellipses are centered towards the fovea. This confirms that the change 
from cone vision to rod vision is an adaptive recentering in the interior of the eye, which 
starting from the center and expanding gradually to the periphery, leads from the 
centering towards the visual axis to that of the eye axis.  

Table 4.1 again offers a summarizing overview of the data relevant in this context. 
Column one shows the customary retina zones, column 2 shows the corresponding 
average visus-values, which may be subject to individually large deviations. In column 
3, on the assumption that the central, smallest metapixel or RF in visus 1 has a diameter 
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of 4.85 µm, a theoretical grating constant in the hexagonal net corresponding to the 
visus-values was calculated. For this purpose, the diameter of the smallest metapixel was 
divided by the visus-value in order to calculate the average zone-specific grating 
constant g (therefore 4.85 µm/1 at 0° results in g = 4.85 µm; 4.85/0.49 at 2.5° results in 
g = 9.90 µm etc. up to 4.85 µm/0.01 at 70° results in g = 331.6 µm). In column 4, 
Steinbach’s data [431] regarding the zone-specific average number n of ganglion cell 
bodies in a counting area of 4000 µm² were entered. In column 5 the diameter of the 

counting field ( 4000 63.25µm ) was divided by the number of ganglion cells on 

this diameter ( n  from column 4) (Thus e.g. 4000 / 120 63.25/10.95 5.77µm   

results for the 2.5°-zone, e.g. 41/4000  = 63.25/6.4 = 9.88 µm for the 5°-zone etc.), 
in order to find the average distance between the ganglion cells in the retina zones. In 
column 6 the zone-specific cone distances were entered.  

Table 4.1: An approximate computation regarding the connection between the visus-values [478],  
the distances between the ganglion cells [431] and the spacing of the cones in the retina zones  

[Data from distribution patterns in Chapter 2). 

1  2  3  4 5  6  

Retinal 
zone 

(Degrees)  

Visus  
Wertheim  

Zone-specific 
grating 

constant (µm) 

Number of 
Ganglion-
cells per 

4000 µm² (n)

Distance  
between 
Ganglion 
cells (µm)

Distance 
between 

cones (µm)  

0°  1.0 4.85  -  -  1.65  

2.5°  0.49 9.90  112-128 5.77  4.7  

5°  0.30 16.0  40-42 9.88  6.3  

10°  0.20 23.7  14-22 14.91  7.2  

20°  0.11 42.3  5-7 25.82  10.8  

30°  0.08 56.4  3-4 33.81  13.4  

40°  0.05 85.5  1-2 51.64  17.9  

50°  0.03 136.7  0-1 89.44  21.5  

60°  0.02 189.1  0.1  200.0  26.9  

70°  0.01 331.6  0.05  282.8  35.8  

 

Even though the data regarding the grating constants (column 3) and the distances 
between the ganglion cells are only based on an approximate computation, a very similar 
course can be observed in a comparison. However, if one compares the data in column 3 
with the cone-spaces in column 6, it becomes clear that the cone distribution does not 
account for the visus-values. This is again shown graphically in Figure 4.12. 
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Distance
in µm

Angular degrees  

Fig. 4.12: Graphic presentation of Table 4.1 with the data of columns 3, 5, and 6.  

First of all, the data clearly prove that the distribution of the ganglion cells is the 
basis of the spatial frequency filtering in vision. Seen individually, they do not allow any 
decision about, whether the ganglion cell bodies in the optical grating or their neuronal 
RFs carry out the discretization in the image space, which guarantees the visus-function 
for both types of vision. The fact that a single cellular grating is able to make possible 
the recentering of the central net area from the visual axis to the eye axis when changing 
from daylight to twilight vision, from the cone distribution pattern to the rod distribution 
pattern, more easily than a neuronal RF –net would be able to do, speaks in favor of the 
grating optical solution. The adaptivity to different object structures will also be easier 
for a cellular grating. The neuronal RF solution also has to come to grips with the fact 
that it differentiated two or even more different types of ganglion cells. At least in the 
retina of primates, two types of ganglion cells, the so-called ‘magnocellular’ and the 
‘parvocellular’ cells, which are different in the sizes of their receptive fields as well as in 
their sensitivity of contrast and color, have been verified [201].  

All data speak in favor of a cellular grating 
as the retinal spatial frequency filter… 

If therefore a lot is in favor of the fact that the distribution of the ganglion cell 
bodies in the INL layer of the inverted retina determines the optically effective, zone-
specific local grating constant in the net, then the eye has a flexibly and adaptively 
deployable instrument of spatial frequency filtering in the innermost cellular (INL-) 
layer of the retina. The ‚patchwise spatial frequency filtering‘ [Glezer] would than not 
begin in the cortical centers, but already in each individual eye. The optical grating-net 
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would be the first ‘cortical’ spatial frequency filter in a hierarchy of nets leading in 
layers from the optical to the neuronal nets. The structural perception of the visible 
would first of all be most important for the cellular INL grating in the ‘inverted’ retina 
through a filter optically superimposed to the pixel-mosaic of cones and rods. 

What does the eye have that photography as yet does not? It has the possibility of 
the gliding change between high, medium and low-frequency spatial frequency filtering, 
as well as the ability for the saccade, the polar centering of visible objects in the 
hexagonal net at their particular image location, and the legitimate relationship of a fixed 
object on to the body’s own 3D-coordinate system of the observer. The grating-optical 
correlator in the eye, through which we perceive the world, is becoming more clearly 
discernable.  
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5 

The Monocular 3D‐depth Map in the Eye 

Does the diffraction of the images in the 
inverted retina help to provide the individual eye 
with three-dimensional information?  

In this chapter, it will be shown how a combination of geometrical and diffractive 
optics produces a ‘passive’ 3D-depth map in monocular human vision. Here, ‘passive’ 
means that the 3Dworld is perceived under natural or artificial illumination, not by 
means of ‘active’ structured grating projection or the flight time measurement of laser 
light. The cellular gratings of the INL and MNL layer of the inverted retina here play the 
part of the diffractive grating in the image space of optics. They produce Fresnel 
interferences in reciprocal grating space, which reduce the focal plane differences of the 
imaging optics for objects at different distances, and miniaturize them from the 
millimeter into the micrometer domain. The 3D-world is diminished to the length of the 
photoreceptor outer segments. With diffractive optics, it becomes possible not only to 
measure intensities, but also the phases of the wave-fronts, which originate from the 
edges and corners of visible objects, and to apply the ‚phase retrieval’ procedure to 
differentiate the object distances. In this way, Fresnel diffractive optics expands the 
multitude of procedures competing for a monocular depth map. Amongst these are the 
measurement of the blur in the focus of the objects (depth from defocusing DFD), of the 
chromatic aberration in image space [266, 311, 325, 363, 472, 509] and other 
trigonometric techniques (micro-lenses, pupil division, etc.).  

Information about the distance of the in each case fixated object is reached in the 
Fresnel ‘reciprocal grating space’ in the centre of the inverted retina. Since object 
fixation and accommodation are closely linked in vision, the ’optic swing’ in the eye can 
regulate the dynamically changing equilibrium and disequilibrium states in the eye in 
such a way that all object distances are related on to a constant photoreceptor matrix in 
the central area of the retina. With every saccade in vision, the monocular 3D-depth map 
is updated. With an increasing opening of the pupil, the preciseness of the central 
distance measurement increases. With the simultaneous availability of information about 
the grating in image space and about the distances of visible objects, vision has control 
of the objects as well as of its own hardware. Eventually the visual center V1 in this way 
can also dispose of a monocularly provided 3D-depth map.  
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When closing one eye in binocular vision the 
world remains three-dimensional and does not 
collapse into a two-dimensional plane… 

Howard & Rogers [180] published “Seeing In depth“ in 2002, in which binocular 
vision is presented in detail with nearly all aspects so far examined from the perspective 
transformation of the optics to the Information processing in the cortex; and they 
documented these in an extensive bibliography. Regarding monocular vision, chapter 24 
(volume 2, p. 355 – 410) with the title “Depth from monocular cues and vergence“ 
provides Information about how monocular vision indirectly explores the three-
dimensionality of space: from the central perspective of the optical projection, in which 
the center of the entrance pupil as the ‘nodal point’ represents the center of the 
perspective, from the experience with perspective invariants, from relative movements 
(motion parallax), from disparities in the dynamic accommodation on differently distant 
objects, from the convergent movement of the eye muscles, from occlusion rules, shape 
from shading, shadow, depth from defocus or image blur and many others. However, an 
independent monocular optical 3D-depth map is not attributed to the eye. Julesz  
[195, 196], Klix [212], Kienle [208] and other authors published more general analyses 
regarding the psychophysics of spatial perception.  

A specialist of photographic optics explains the three-dimensionality of monocular 
vision as the result of the temporal sequence of the fixations [116, p. 16-18]: “As a 
complement, so to speak, as a replacement for the slight expansion of the acutely seen 
spatial element, the eye has the ability to change the visual focus rapidly, namely in its 
direction by means of rotation in its cavity, and in its depth by means of a change of 
accommodation. By means of such looking around, the space is scanned and then put 
together from the individually perceived spatial elements. In this way, the spatial 
juxtaposition and succession is transformed into a temporal succession. From the 
individual impressions which were rapidly provided in quick succession, the memory 
builds a spatial conscience“.  

‚Spatial’ hearing is based on the diffraction 
of acoustic waves on diffracting impediments, 
such as the head, the shoulders, the nose, and the 
auricles of the listener [158]. 

The proof that spatial hearing is based on diffraction and interference of acoustic 
waves succeeded convincingly. A comparable technique has so far not been 
demonstrated for monocular vision, but it has also not been conclusively refuted. It is 
however hard to imagine that the evolution should have done without possible 3D-
information in the development of the human eye. Even just for this reason, in optics 
and image processing technology, the search for the monocular 3D-depth map sensor 
technology continues. Diffractive optics and especially the Fresnel-interference optics 
have not been much taken into consideration in the search for a monocular passive 
optical depth map.  
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One-eyed pilots and baseball players have a 
very good ability of spatial orientation…  

A lot of reports of one-eyed persons in different occupations and jobs prove 
strikingly that they are able to manage the ballistics in a three-dimensional space 
extremely well. Gibson [130, p. 167] emphasizes: „Persons, who can see with only one 
eye, see with spatial depth, just like the rest of us, and they can move in it without any 
obvious loss of performance.” “Spatial perception in vision has so far not been explained 
satisfactorily” [130, p. 9] and “stereoscopic two-eyed vision is not the exclusive basis 
for our perception of a three-dimensional world” [130, p. 21]. The appeal of 3D-vision is 
great. Therefore, it is no great surprise, that it is an understandable concern of camera 
construction to, on the one hand, want to have everything in the 3D-space 
simultaneously visible highly acutely in the planar 2-dimensional image with just one 
lens, thus monocular, and on the other hand, to also capture the third dimension of the 
space, the distances of the objects between one another and to the observer. However, 
both do not succeed simultaneously. Photographic optics has decided in favor of the 
acuity of the image and the high lateral resolution in a planar image. Its stopgap in the 
dilemma between acuity and 3D-spatiality is the perception of space in the central 
perspective. There, the intersection of the main beams lies in the pupil [116, 130, 180]. 
We experience the presentation of space in the central perspective as being ‘natural’ 
because “the impression conveyed by it more or less corresponds to the one of the entire 
space provided by the eye when fixating a particular point in space” [116]. The eye gave 
priority to the three-dimensional perception of the visible rather than to the imaging 
acuity and the high resolution at each image location. Geometrical optics, which is a 
special type of physical optics, as well as diffractive optics is therefore still searching for 
the 3D-information.  

Object fixation and distance accommodation 
are accomplishments which each individual eye 
already achieves in vision.  

“In the visual system, there must be a measurement process which measures the 
distance of an object. This measurement is effected by accommodation of the eye and 
the convergence of both eye-axes” [378, p. 159]. In binocular vision, there is a close 
connection between accommodation and convergence, which provides for a visual 
equilibrium consisting of the refraction and the muscle equilibrium [313, 314]. The 
regulation circuit of accommodation is, however, already available in each individual 
eye and it is closely linked to the process of fixation of an object, which is also already 
available in each individual eye in the saccade.  

In vision, we more or less decide ourselves, which objects at different distances in 
the three-dimensional object space we consecutively target, fixate and thus relate to the 
body’s own 3D-coordinate system. These decisions are implemented by the process of 
accommodation with the participation of the ciliary body and the central retinal zone. 
The ciliary body is a ring-shaped muscle, which holds the lens of the eye in place and 
changes the curvature of the lens. The fovea in daylight vision and the ring zone of the 
greatest rod density in twilight vision, therefore the central area of the most acute vision 
of the retina is responsible for the success of the accommodation and reports back the 
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result reflexively to the ciliary body. When an object has been fixated and its image has 
been acutely imaged, a stable equilibrium situation exists in this control system, which is 
based on the enervation of the antagonists in the ciliary body. Since we can always 
fixate only one object, all other distances of objects, which we have available 
simultaneously with a low resolution and imaging acuity, are related to this central 
distance value of the fixated object.  

Measurement of distance using trigonometry… 

For a passive measurement of distance, a trigonometric basis, which should 
generally be located perpendicular to the viewing or fixating axis, is usually required, so 
that starting from their end-points on both sides, the distance of an object, using angles 
towards the axis, becomes assessable, if not even exactly measurable. In binocular 
vision, the distance between the two pupils, which represents a relatively large distance, 
leading to strong disparities of the two images, is the basis of this. By means of the 
angles towards the viewing axes and towards the central cortical (cyclopean) axis, this 
basis allows for good spatial vision. If the single eye is to accomplish a distance 
measurement, which may be less exact, it could also use the trigonometric basis. The 
largest available basis in the eye is the diameter of the particular pupil opening. It 
becomes usable in distance measurement – through the lens – in the technique of pupil 
division. However, in this case, an intervention into the pupil and/or image space is 
required. Two apertures in the pupil can divide it up. At the location of acuity of the 
centrally fixated object, a suitable optical construction element, which can gain a 
distance value by means of the view through the border zones of the pupil and can make 
this value available to the consecutive photoreceptors, can be inserted into image space. 
In reflex cameras the latter is realized by means of inserted discs with pyramid-shaped 
micro-prisms. When the lens is wide open, just as in the eye, the trigonometric basis 
increases, the acuity depth decreases and the spatial impression of the visible world 
increases.  

Hemisphere and pupil division in monocular vision… 

The division of the visual field into two hemispheres, which are led by the visual 
nerves separately from each eye to the two CGL-centers, is possibly of importance not 
only in binocular, but also in monocular vision, for the correlation of two different views 
of a fixated object. The Scheiner experiment described by Christian Scheiner in 1619 
was for the rough determination of the accommodation area, therefore for the adjustment 
of the individual eye to a certain object distance. “A lens with two fine holes, whose 
distance must not be larger than the diameter of the pupil, is placed directly in front of 
the eye. When viewing a line-shaped object, two narrow beams entering into the eye 
meet on the retina, provided the object is still within the accommodation area. The 
object appears double if it is located outside the accommodation area” [313, p. 764]. 
Due to the “peripheral measurement of the refracting media of the eye and not of the 
central parts, the Scheiner experiment is, however, insufficient for the specification of 
ophthalmic lenses” [313, p. 764].  

However, the experiment was an example for the introduction of different 
techniques of pupil division in photography. The separation of the hemispheres in the 
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eye also divides a fixated line into two images, but, in each case, it uses the complete 
half of the pupil and thus avoids any loss of intensity. Furthermore, the central visual 
pathway increases, within the distance between the two CGL, the distance between the 
two partial images. Should this method for a triangulation procedure be sufficient in 
monocular vision ? This and other stratagems of distance measurement technology still 
remain absolutely up to date in the search for a suitable hardware for a monocular  
3D-depth map [156]. The software developments have their own difficulties when 
reconstructing the 3D-space by reckoning up the disparities between the different single 
images [345].  

5.1.  Geometrical Optics Searching for the Monocular  
3D‐depth Map 

“To see three-dimensionally with just one eye…“ [344].  

Ever since Lippmann [267], geometrical optics has tried by inserting micro-lenses 
in the image space of a monocular camera, that is, in front of a film or a CCD, to balance 
out, with more or less success, the loss of the 3D-information. Modern work carries 
titles such as “Micro-lens based 4D-light field cameras for spatial image perception 
through a single lens in one photo” [344]. In this, by means of micro-optics in the image 
space of cameras, different focus situations from one or more acute or blurred images 
are detected in the ‘depth from defocus’ procedure and evaluated in their intensities. The 
jumping spider is the living demonstrator of this with his ‘four tiered photoreceptor 
layers’ in the retina. It does not only use the chromatic aberration in the eye so that 
different wavelengths of light are focused in each case on one of four levels, but it also 
uses the ‘depth from defocus’ procedure, in which green light is focused acutely on the 
4th level and in a blurred way on the 3rd level [318]. Another micro-lens procedure for the 
measurement of the focus depth-situation in 3D-image space uses the “pixel-level 
optical elements in alignment with the pixels in the CCD“ [505]. 

The work with oscillating micro-prism gratings in the image plane [392] in the 
CORRSYS companies (Corrsys-Datron, Corrsys3D) chose, within the framework of the 
MOVIS-project [32], an evaluation of the temporal phases in the pupil-splitting 
procedure for the monocular 3D-depth map. Figure 5.1 illustrates the structure of the 
sensor. A line grating oscillating with 50 Hz with a grating constant of 400 µm was 
deposited into the image space of an imaging optics. As a line grating consisting of 
prismatic elements, it was a beam-splitter, not a diffractive gratings -optical element. By 
means of the deposition of two pinhole apertures into the pupil the pupil division was 
made possible, the diameter of the pupil aperture became usable as a trigonometric basis 
for distance measurement. The grating oscillation was, with the amplitude of a grating 
constant and the frequency 50 Hz, modeled on the micro-nystagmus in the central area 
of the retina of the eye [115, 355, 422], ”a rapid shivering movement with frequencies of 
approx. 70 to 90 Hz and amplitudes of 10-15“ [379]. Object 1 was imaged with an 
optimum focus on the grating, so that the two amounts of light originating from the two 
pupil halves were in phase (Δφ = 0°). Object 2 already reached its optimum focus 
situation in front of the grating so that the light amounts became phase-shifted by  
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Δφ = 180°. The temporal phase difference Δφ was correspondingly proportional to the 
object distance Δ1 and Δ2. The photo receiver pairs (right) consecutive to the prism 
grating detected the phase differences.  

This sensor was the first ‘passive optical depth map sensor’ based on temporal 
phase information with depth values being processed in parallel. In the case of a 
focusing on an object at a distance of 5 m, distance values for 3-4 objects next to each 
other in a Din A4 size at a distance of 1 – 10 meters could be gained with an accuracy of 
1 % [392]. Work on the procedure was not continued, because oscillating parts are used 
unwillingly in practice in a corresponding sensor for the blind or in robotics. A variety 
of this was followed up with the Talbot-optics and a CCD together with Carmesin [61]. 
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Fig. 5.1: Grating-optical depth map sensor with an oscillating grating which Eckart Schneider  
at the company Corrsys-Datron developed in the MOVIS-project of the BMBF [32]. 

5.2.  Diffractive Optics Searching for the Monocular  
3D‐depth Map 

If the eye succeeds in imaging everything simultaneously visible on a retina area of 
approx. 9 cm², could it then be impossible to store the information about the third 
dimension in a depth layer which, with a length of 50 – 100 µm corresponds to that of 
the outer segments of cones and rods? Again, there are different technical approaches for 
the use of diffractive-optical in image space of optical imaging systems as well as for 
gaining information about object distances.  
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A fractional Talbot-double grating sensor 
evaluates angle-specific intensities in the 3D-
depth map… 

One attempt at a solution consists of placing two line gratings with equal grating 
constants into the image space of an optics, whereby the second grating lies in the  
½-Talbot plane of the first grating. An especially developed CMOS receiver structure 
behind the second grating measures the angle-specific intensities of the interferences in 
the Fresnel-plane [471]. Since the receivers must be large-dimensioned despite the 
microscopic structuring of the gratings, however, only a relatively low lateral resolution 
is achieved. It remains to be seen, whether this technique will prevail.  

A fractional Talbot-double grating 3D-
sensor evaluates the relation of the intensities in 
± 1st and 0th diffraction order…  

Another attempt at a solution uses the diffractive-optical separation of the 0th and 
the ± 1st diffraction order in the local metapixel behind a hexagonal grating or double 
grating; it was realized at the firm Corr3D in the NAMIROS-project [34]. A hexagonal 
double grating with grating constants of 13.8 µm in the first and 4.6 µm in the second 
grating (3 : 1 – hierarchical grating) produces local metapixels in a Fresnel-plane of the 
second grating, in which the 0th and the ± 1st diffraction orders are present separately. 
When imaging a point-like object, the relationship between the sum ΣI1 of the 
intensities in the ± 1st orders and the intensity in the 0th order results in the quotient 
ΣI1/I0 as illustrated in Figure 5.2. 

 

Fig. 5.2: Metapixels in the Fresnel plane of hexagonal gratings  
with separate 0thand ± 1st diffraction orders.  

The quotient shows – as illustrated in Figure 5.3 -  a nearly linear relationship to the 
distance of the focus plane of the object from the grating (depth in µm). A 
correspondingly designed imaging optics could guarantee the variation of the focus 
location in image space, so that distances in focus would correspond directly to distances 
in object space.  
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Fig. 5.3: Relationship between the intensities in the 0th and in the six ± 1st diffraction orders of a hexagonal 
double grating in the quotient ΣI1/I0 and corresponding changes in distance in the focus planes  

(depth in µm) (Corr3D with Döhler, University of Jena in [34]).  

Further experiments clarified that this quotient only provides good values in the 
optical imaging system in the case of a wide open pupil, however, not in the case of a 
small pupil opening. It was an indication that the trigonometric basis relevant for 
distance measurement is to be found in the pupil, that is, it corresponds to the diameter 
of the border zone of the pupil. In this way, the depth map information was to be found 
in the relation between the light shares, which preferably enter through this border zone 
into the ± 1st diffraction order, and those light shares arriving through the zone close to 
the axis in the 0th order. This basically corresponds to the principle of the zone-based 
pupil division. 

5.3.  The Distances between Images of Objects in Imaging Optics 
and their Miniaturization by the Fresnel‐interference Optics 

The 3rd dimension of the visible is minimized 
in the eye, but it is not leveled… 

As the eye reduces the entire world visible in the visual field on to a retinal area of 
9 cm², in the same way the 3rd dimension is also down-sized in the eye, but it is not 
leveled. First of all, the connection between the distances of the objects and their image 
distances can be presented in the ‘optical depth or range map’ using the parameters of 
the eye optics as an example. Secondly the question is to be answered, how fixation of 
an object and accommodation of the eye at its distance deal with the depth map. Thirdly, 
it would need to be clarified, in which way and how strongly the hexagonal gratings 
with their fractional Fresnel-planes compress the optical depth-map in order to adapt it 
to the deep space, which is available to the photoreceptor outer segments. Fourthly, it is 
to be shown, that in vision, at the central imaging location of a fixated object, a constant 
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receptor matrix can be made available, so that the eye can work at the central location on 
a secure and always identical basis. Finally, it may be possible to find out, what the eye 
reveals to the brain about the 3D-world, whether also in V1 a monocular depth map 
could be provided by each individual eye. The path is arduous, but it will lead to the 
conclusion that the Fresnel-interference optics opens up the possibility of a monocular 
‘phase-retrieval’ depth map, which guarantees a ‘plenoptic’ presentation of the visible  
in 3D.  

5.3.1. The Depth-map of Imaging Optics 

Each visible object with its specific distance to the eye has its own image plane in 
image space of the eye. Only photographic optics has, at least so far, not used this basic 
feature of imaging optics. Since it restricts itself to only one CCD-receptor plane, it does 
not have to deal with photoreceptors which, in a limited image space, have a 
differentiating sensor technology in the direction of the z-axis. Since, in vision, from the 
outset, in a 3D world there is never one single inserting plane for everything 
simultaneously visible, a photoreceptor ‘plane’ does not meet the requirements of vision. 
It requires an inserting ‘space’ and it does indeed have one.  

The imaging equation of geometric optics… 

If one initially only looks at the optical imaging in the eye without a grating in 
image space, then the imaging equation of a thin lens in Figure 5.4 applies. With back 
focal length f‘ it provides different image distances b for objects at different distances g. 
Thus, a certain image plane is always allocated to a certain object plane. Both planes are 
conjugated with each other [313, p. 762]. The decisive parameter for the location of the 
image plane of an object located at a certain distance is the back focal length f‘ of optics. 
In the case of a camera, the distance setting regulates this value. In the eye, the 
mechanism of fixation and accommodation takes over to adapt the back focal length f‘ 
in the change of view from one object to another. Therefore the lens equation for the 
calculation of the image distances b of differently distant objects contains as well as the 
object distance g, also the value f‘ being the focal distance towards the image. Using it, 
the eye works out and anchors the depth map. The focus distance f towards the object 
only appears in the formula, when the refraction indices of the media anterior to the eye 
and inside it are included. Since the refraction indices for light wavelengths are 
different, also the wavelengths only appear in the equation at that point. 

With the fixation of an object, the eye 
commits itself to a reference plane in each 
particular case… 

If one uses the optical data of the human eye, then e.g. a focus-setting to an average 
object 5 m distant with a focus distance of f‘= 22.785 mm [398] corresponds to the 
accommodation resting position, i.e. a setting “in the center between the far and the near 
point” [397, p. 290] Since individual differences are very large with regard to this, any 
other data situation for the resting position could be chosen to start off with. The image 
of the fixated object reaches its imaging plane via the visual axis, the connecting line 
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between the fixation point on the object and the fovea in the eye, at imaging plane  
b = 22.889 mm - therefore 104 µm behind the back focal distance - in the center of the 
retina. The images of more distant objects, in this case are located in front of the image 
plane of the fixated and centrally imaged object, which represents the reference image 
distance (zero-position), to which the image distances of all other objects refer; the 
images of the less distant objects are located behind its image plane.  

Lens

Image

Object

Equation for the imaging with a thin lens

 

Fig. 5.4: Optical imaging of an object at a distance g in the image distance b of a lens  
with a back focal length f‘. 

In the columns 2, 4 and 6 of Table 5.1, the image distances b for the object 
distances g in column 1, which result in the fixation of an object at a distance 5 m, 10 m 
and 0.25 m are listed. In the columns 3, 5, and 7, the differential values for the particular 
reference plane of the centrally fixated object (value 0) are listed. 

Every person wearing spectacles will be asked by his optician, for which object 
distance the imaging acuity in central vision is to be corrected (for 60 cm for computer 
work, for 30 cm for reading the newspaper, for 20 m for driving a car or for other 
individual values). The optics of the eye than is optimally adjusted to a specific image-
acuity plane as the resting position or reference plane. All deviations from it are 
compensated by the mechanism of accommodation.  

The microscopic image distance changes in 
the fixation of objects at different distances…  

When the eye fixates an object 5m distant, then, as illustrated in Figure 5.5 (left) the 
back focal length f‘ is at 22.785 mm and the image distance is at 22.889 mm, thus  
104 µm behind f‘ (columns 2+3 in Table 5.1). The image distance of a neighboring,  
10 m distant, non-fixated object is at b = 22.837 mm, thus 52 µm in front of the image of 
the fixated object and 52 µm behind f‘ of the fixated object. When the eye changes the 
view and thus the fixation and central image from the object 5 m distant to the one 10 m 
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distant (right), then, by means of accommodation the focal distance of the lens is 
lengthened by +5 µm  (from f‘ = 22.785 mm to f‘ = 22.790 mm). The relationships of 
the image distances to one another do not change. The image distance of a fixated object 
10m distant is then at b = 22.842 mm (columns 4+5), thus 52 µm behind the new focal 
distance f‘. The image distance of the non-fixated neighboring object 5 m distant is now 
at b = 22.894 mm, thus with 104 µm behind the focal distance f‘ of an object 10 m 
distant and 52 µm behind its image plane. Similarly, this applies to the object 2 m 
distant. If the fixation and the central imaging changes to an object 25 cm distant, then 
the accommodation shortens the back focal length of the lens to f‘ = 18.930 mm and the 
image distance for this reference object is at b = 20.481 mm, for all other objects shorter 
values result in Table 5.1 (columns 6+7).  

Table 5.1: Object and image distances in the fixation and central imaging of an object 5 m  
(columns 2-3, f‘ = 22.785 mm), 10 m (columns 4-5, f‘ = 22.790 mm) and 25 cm distant  

(columns 6-7, f‘ = 18.930 mm). 

1 2 3 4 5 6 7 

Object- 
distance 

g 

Image 
distance 
b (mm) 

(5 m = 0) 

Difference 
to zero 
(mm) 

Image 
distance 
b (mm) 

(10 m = 0) 

Difference 
to zero 
(mm) 

Image 
distance  
b (mm) 

(0.25 m = 0) 

Difference 
to zero 
(mm) 

10 km 22.785 - 0.104 22.790 - 0.052 18.930 - 1.551 

100 m 22.790 - 0.099 22.795 - 0.047 18.934 - 1.541 

10 m 22.837 - 0.052 22.842 0 18.966 - 1.515 

5 m 22.889 0 22.894 + 0.052 19.002 - 1.479 

2 m 23.048 + 0.159 23.053 + 0.211 19.111 - 1.370 

1 m 23.316 + 0.427 23.321 + 0.479 19.295 - 1.186 

0.5 m 23.873 + 0.984 23.878 + 1.036 19.675 - 0.806 

0.25 m 25.070 + 2.181 25.076 + 2.234 20.481 0 

Total 2.285  2.285  1.551  

Object Distance g Image Distance b

Object Distance g Image Distance b

 

Fig. 5.5: Three objects 10 m, 5 m and 2 m distant with their image distances in image space.  
(left) in the case of a central fixation of an object 5 m distant, (right) in the case of fixation  
of an object 10 m distant. The image distances of the three objects are in each case located  

within a depth-distance of 0.211 mm. 
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The macroscopic distances in 
object space are reduced to microscopic 
distances in image space… 

In the z-direction, these three objects cover a depth-distance of 0.211 mm within the 
total available depth of 2.285 mm, which are only used completely, when, as shown in 
the last line of Table 5.1 (Total), objects at distances between 10 km and 0.25 m are 
present in object space. The transformation of the object distances into image distances 
is again illustrated in Figure 5.6 using a three-dimensional scene in object space. The 
change in fixation of a certain object plane is associated with a corresponding shift of 
the image plane. By changing the back focal length, accommodation alone takes over 
the adaptation to the new situation.  

 

Fig. 5.6: In a three-dimensional scene, object and image distances are conjugated planes. The fixated object 
plane is the reference plane in each case. With the change in fixation on differently distant objects, the back 

focal length of the optics changes.  

All image distances are located in the eye in 
a space 2.285 mm deep… 

The image equation shows that every object located in object space at a different 
distance achieves an acute image on a different plane. Altogether, all image distances, 
regardless of the question of which object is being fixated, are located within a deep 
space of 2.285 mm (in the case of near-accommodation at 0.25 m of 1.551 mm (last line 
of the Table 5.1 in column 6). It is plausible that the accommodation process in the eye 
would be too demanding on the retina if it also had to process the change of the 
geometrical-optical image distances by means of a shift of 2.285 mm.  

5.3.2. The ‚Optical Swing’ in the Eye: Object Fixation and Accommodation  
of the Imaging Optics to the Object Distance 

The ‚optical swing’ regulates the dynamic equilibria in the eye in the case of 
changing fixation and accommodation. The imaging equation extended by the refraction 
indices of the optical media describes this process more precisely: 
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The eye fixates e.g. an object 5 m distant, which in the case of an accommodation 
resting position is imaged acutely in an image plane at the central location of the most 
acute vision, the fovea. In the image equation, object distance g and image distance b for 
beams close to the axis depend on the focal distance 2fn  on the object side and the focal 

distance 1' nf  on the image side of the lens. The refraction index in front of the eye 

corresponds to the one in the air with 1n  = 1, in the inside of the eye the refraction 

index 2n = 1.336 [398] is valid, whereby f/f‘ = 1n / 2n with 1n < 2n . In the case of an 

accommodation resting position, therefore, f‘ = 22.785 mm and f = 17.055 2n =  
= 22.785 mm (f = 17.055 mm is the anterior focal distance of the eye when looking into 
the distance) are exactly the same size. An image distance b = 22.889 mm corresponds 
to the object distance g = 5 m and the image equation is therefore f 2n /g + f‘ 1n /b =  

= 22.785/5000 + 22.785/22.889 = 0.004557 + 0.995443 = 1 as an equilibrium state.  

Geometrically, the ’optical swing’ represents a rotational ellipsoid, whose focal 
points are the points of the same name in optics F and F‘; the object is located in the 
anterior pole, the subject, the fovea of the viewer, in the posterior pole. It guarantees the 
balance in each case between the exterior and interior optical occurrence. Figure 5.7 
illustrates the macroscopic changes in distance in object space and the microscopic 
changes in image distance in image space of the imaging optics in the case where an 
object is fixated at a distance of 10 m and imaged centrally and this fixation is retained 
during an approach of the object to 5 m. During this approach to 5 m (g = - 5 m) the 
image distance is shifted by b = +52 µm in the image space (from 22.842 mm to  
22.889 mm). The same applies in the case of a sudden change of fixation from an object 
10 m distant to a neighboring one 5m distant. Accommodation compensates the change 
in focal distance by means of a new equilibrium position; the image distances of the 
objects refer to the particular reference image distance of the fixated object.  

 

Fig. 5.7: The ‚optical swing’ regulates the dynamics of fixation and accommodation in the eye.  



The Human Eye: an Intelligent Optical Sensor 

 178

The geometrical constellation of the rotational ellipsoid and its relativ1istic 
deformation in wave optics was thoroughly demonstrated by Abramson [4]. (The same 
geometrical model applies in telecommunications engineering for zero-loss conducting 
lines [173, p. 226) and in electrical engineering for magnetic fields [394, p. 128)). 

The extreme and the mean 
positions of the ‘optical swing’ and the 
3D-depth map in image space…  

Fixation and accommodation work ’macroscopically’ in the eye for distances 
between infinity and 25 cm. If an object is fixated in the distance on the far horizon so 
that its image is at b = f‘ = 22.785 mm, then the image planes of all other objects are 
located ‘behind’ its image plane, in the area between 22.785 and 25.070 mm. The object 
on the far horizon in this case takes up the anterior (left) pole in the 3D-depth map in 
image space. If an object is fixated at the close proximity, e.g. at a distance of 25 cm, 
then its image is at b = 20.481 mm, and the image planes of all remaining objects are 
located ‘anterior’ to its image plane in the available deep space of 1.551 mm up to  
f‘ = 18.930 mm for the farthest objects on the horizon. The near-object in this case takes 
the posterior (right) pole in the 3D depth map. In the case of the fixation of an object at a 
medium distance, the reference image plane is located between the two poles, so that the 
images of the more distant objects are located ‘anterior’ and the closer ones are 
’posterior’ to it. If there is no 3D-scene present at all, but only a single planar object fills 
the entire field of view, then its image would be located in the center between the poles 
of the depth map.  

If accommodation were to succeed also for an object located in the anterior focal 
point of the optics at 17.055 mm, then the description by Franke [116, p. 7-8] for the 
location of the image of an object point in the ‘optical swing’ would apply: “The 
posterior focal point F‘ corresponds to an object point located on the axis in infinity  
(z = -∞). If one allows the object to move along the z-axis towards the eye, then the 
image point also moves towards the right until the image also arrives at z‘ = + ∞ when 
reaching the anterior focal point F.“ The range of fixation and accommodation in the 
‘optical swing’ is considerably less. If the visible world is completely flat, if e.g. the 
computer screen fills out the entire field of view, then the eye does not have the 
possibility to play the game of the ‘optical swing’ with fixation and accommodation. In 
binocular vision, an occasional change of distance to the screen or a walk around the 
workplace helps here. A regular look out of the window or a walk in the countryside 
offsets this deficiency. A 3D-presentation on the screen cannot perform the same. The 
optical swing wants to pulsate in the 3D world in order to be challenged and retain its 
capability. In this context, it also becomes clear how important it is, that even babies can 
learn and test the fixation and accommodation of objects at different distances, not least 
in order to be able to give the eye clear signals of where to find the resting equilibrium 
position of the ‘optical swing’, so that it can stop its length growth successfully during 
the search for this reference setting plane.  
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How could accommodation 
determine the direction, in which it has 
to take corrective action?  

Object fixation and accommodation act together closely in each eye. “Control of the 
accommodation is mainly associated with the fovea. A blurred retina image is the 
stimulus, stimulating accommodation.” Fine object structures represent a greater 
accommodation stimulus than rough structures do. “The lower spatial frequencies 
determine the direction, in which accommodation is to take place. Higher spatial 
frequencies are responsible for the fine setting of accommodation” [263, Chapter 4,  
p. 21 - 22]. In this case, the eye has to find out the direction, in which acuity would need 
to be corrected. In this, the 5 Hz tremor could play the part, through which the  
z-direction is scanned: “An accommodation stimulus has to be offered for at least one 
second, so that a complete accommodation response is possible. Also in the case of 
statically provided stimuli, the accommodation is subject to fluctuations. The refraction 
value of the eye fluctuates with amplitude of 0.25 diopters and with a frequency of  
5 Hz around the average value” [263, Vol. 1, p. 22]. Howard [180, Vol. 1, Chapter 9] 
quotes other authors with similar data about microfluctuations in the z-direction. Nguyen 
[325, p. 1003]: „There are spontaneous fluctuations in accommodation of a few tenths of 
a diopter at frequencies up to 3 Hz”. M. Born [38] was already preoccupied with the fact 
that in space-gratings, oscillations centered towards three axes take place in x-ray light 
as well as in visible light. The oscillation in the z-axis direction could “represent the 
local mechanism in the eye which controls the axial growth of the eye and which must 
already be able to recognize the omen of a defocusing” [87]. Measurements in the eye 
show that „the retina is pulled forward by 0.05 mm per diopter accommodation effort” 
[263, Vol. 1, p. 20]. A higher accommodation effort is demanded in the case of near-
point accommodation.  

5.3.3. Gratings in Image Space Compress the Optical 3D Depth Map 

With the incorporation of a diffractive grating into image space of the imaging 
optics, the depth map is transformed and compressed in the fractional Fresnel-planes in 
reciprocal grating space. The following quotation is suitable as a guide for the 
representation of the interference-optical effect:  

“The position of the self-imaging planes 
depends on the wavelength of light, on the 
distance of the object from the source of light and 
on the grating constants” [221, p. 284]. 

The dependence of position and periodicity of the Fresnel planes on the wavelength 
of light, on the grating geometry and on the grating constants of the diffractive grating 
have so far attracted more attention than the dependence on the focal position of the 
incident light, on the “distance p of the object (grating) from the source of light (focus)”. 
This dependence on the focal position is of decisive importance if an optical system with 
a defined focus position is placed before the grating as shown in Figure 5.8. 
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Fig. 5.8: Three focus positions in imaging optics. Focus p on the grating (red), anterior to the grating (left) 
and posterior to the grating (right). 

Two or just one grating in image space…? 

A single diffractive grating is not automatically able to shield local ± 1st diffraction 
orders, which, since Abbé [Bergmann-Schäfer 3/1962 p. 303] are of greatest importance 
for a microscopical imaging, from interferences with neighboring grating elements in an 
image plane. A hierarchical grating succeeds better in this, as already demonstrated on 
the 3:1 grating. Then the first grating takes over the image resolution and the 
discretization of the local interferences, the metapixel development; and the second 
grating takes over the interference-optical information processing in the 3D-depth map. 
It is only with the development of local metapixels, that the interference-optical image 
pre-processing in the Fresnel-interference field has orientation-specific information 
regarding the position of edges and corners of visible objects. Therefore, two gratings 
are better than a single grating. In the human eye and its ‘inverted’ retina construction, 
there is a hierarchical cellular grating (INL and MNL nuclear layer) in image space of 
the optics and at a low distance behind the retina, there is the layer of photoreceptors, 
which in the central foveal retina consists of most densely packed cones with outer 
segments with a length of 70 – 100 µm and oriented perpendicular to the grating. In the 
peripheral retina, the receptors are always oriented towards the direction of the incident 
light and thus increasingly oblique to the retina. Figure 5.9 illustrates this order 
schematically – not to scale-. 

 

Fig. 5.9: Imaging optics with two hexagonal gratings in image space and a photoreceptor waveguide matrix 
in Fresnel-space behind the grating (not to scale). 
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An 8 µm-grating reduces the optical depth 
map from some millimeters to only a few 
micrometers… 

For the time being, the Fresnel-optical laws relevant for the monocular depth map 
can be illustrated on a single hexagonal grating with grating constants 

µmgµmg yx 93,6;8  . With the insertion of a grating into image space of optics, the 

image distances are transformed into the ‘focal positions’ in Fresnel-space behind the 
grating. In this process, just as in imaging optics, each object distance is still allocated its 
own image plane. A grating in image space of the optics does not level-out the  
3D-image depth map. Also, the relating of all image distances to the image distance of 
the centrally fixated object does not change. Since there are several fractional levels in 
Fresnel-space, a decision needs to be made at an early stage of learning to see regarding 
on which plane the fixated object is focused and in which plane it is to be processed. The 
T/1 plane of the hexagonal grating, the first self-imaging plane of the grating, lends itself 
best as a focal position; and the T/3 plane with its 1y -periodicity of the interference 
maxima for image processing. For the reference object which is in each case fixated and 
centrally imaged in the depth map, it is vital that this 1y -periodicity of the maxima 

always corresponds to that of a hexagonal photoreceptor matrix.  

Both Fresnel-planes are linked to each other, are close to the grating and show 
constructive interference maxima. The focus positions ip of all not fixated objects result 

from the depth map as differential values to the T/1 plane of the fixated reference object. 
The values 1q (Talbot/3-plane) and 1y  (Maxima-periodicity in the T/3-plane) are 
calculated using the equations stated in Table 5.2. 

 

Table 5.2. Equations for the calculation of ii qp , and iy  (where ip  is the focus position behind the 

grating; 1q  is the distance of the T/3-plane from the grating; 1y  is the periodicity of the maxima in the T/3-

plane, λ is the wavelength, grating constants µmgµmg yx 93,6;8  , i = integer). 
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Fig. 5.10: Illustration of the connection between ii qp , and iy at the hexagonal 8 µm-grating  

(λ = 0.587 µm). In the case of the hexagonal 8 µm-grating the 1p - focus-plane for λ = 0.587 mm is at  

µmgp x 5.1632/3 2
1  

 
(Maxima with λ-path difference), the T/2-inversion-plane (Minima with λ/2-

path difference) at µmq 7.812   and the T/3-plane at µmgq x 5.546/3 2
1   . The periodicity 1y  

of the maxima in the T/3-plane is at 5.33/4.62 µm.  

Table 5.3 shows the ii qp , and iy  - the values for the object fixated 5 m distant 

(Zero-value in column 3). By means of addition and subtraction of the differences of the 
image distances b of all objects in column 3 where the 1p  is the value of the reference 

object (163.5 µm); 1p   is the value in column 4 result. It is through them that the 1q  is 

the value in column 5 and the iy  is the value in column 6 result. 

 

 



5. The Monocular 3D-depth Map in the Eye 

 183

Table 5.3: A centrally fixated object 5m distant constitutes the reference (zero) plane  

for all other object distances. Object and image distances in columns 1-3 and 1p , 1q  and 1y   

are the values in columns 4-6. 

1 2 3 4 5 6 

Object distance 
G 

Image distance 
b (mm) 

Difference 
to zero (µm) 

1p  
(µm) 

1q  
(µm) 

1y  
(µm) 

10 km 22.785 - 104 59.5 34.44 3.37/2.92 

100 m 22.790 - 99 64.5 36.06 3.53/3.06 

10 m 22.837 - 52 111.5 47.17 4.62/4.00 

5 m 22.889 0 163.5 54.51 5.33/4.62 

2 m 23.048 + 159 322.5 65.23 6.38/5.53 

1 m 23.316 + 427 590.5 71.83 7.03/6.09 

0.5 m 23.873 + 984 1147.5 76.33 7.47/6.47 

0.25 m 25.070 + 2181 2344.5 79.02 7.73/6.70 

Sum 2.285 mm 2285 µm 2285 µm 44.6 µm  

 

In the case of fixation and central imaging of an object 5 m distant, the focus 
positions 1p  of all objects at other distances but related to the 5 m reference distance 
(zero-position in column 3) will thus act in the same way as the optical image distances 
so far. Again, the focus plane for the object furthest away (10 km) is located with  

1p = 59.5 µm (163.5 µm – 104 µm) closest to the grating, the focus levels of the less 
distant objects are correspondingly further away from the grating. (The focus plane of an 
object 0.25 m distant is at 1p = 163.5 µm + 2181 µm = 2.34 mm). The focus positions 
are distributed in the same way as the image distances in a deep space of altogether 
2.285 mm. Therefore, the grating transforms the optical depth map without any change 
into Fresnel-space. 

Figure 5.11 illustrates for the fixated and centrally imaged object 5m distant, that 
the focal plane is at 163.5 µm ( 1p  = T/1-plane), the image processing plane is at  

54.5 µm ( 1q = T/3-plane) and the periodicity of the maxima, which is to correspond to 

that of the photoreceptor matrix is at 1y  = 5.33 µm in this plane.  

The data in Table 5.3 show, that the objects at distances between 2 m and 10 m with 
their 1p -focus positions cover a depth-distance of 211 µm (323 – 112 µm) and with 

their T/3-plane of 1q =18 µm (65 – 47 µm).  
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Fig. 5.11: Focus position in the T/1-plane as well as position and periodicity of the T/3-plane for the 
reference object 5 m distant and for the objects 2 m and 10 m distant (data in Table 5.3). 

An 8 µm-grating in image space of the optics 
minimizes the depth map in the T/3-plane from 
2.285 mm to < 50 µm… 

The T/3-plane of an object 10 km distant is at 1q = 34.4 µm, that of one 0.25 m 

distant at 1q = 79 µm behind the grating; the entire depth map reduces itself to 44.6 µm. 
In Table 5.4 the data, which result for a fixated and centrally imaged object 10 m distant, 
are listed. With 1p  = 163.5 µm and 1q = 54.5 µm, it represents the reference object for 

all other object distances. The relations for the image distances and the 1p , 1q  and 1y  
values act similarly as with the reference object 5 m distant. 

Table 5.4: A fixated object 10m distant (f‘ = 22.790 mm) as the reference object. Data regarding the object 

and image distances (columns 1-3) and regarding the 1p , 1q und 1y -values (columns 4-6) in the case of a 

hexagonal grating with grating constants µmgµmg yx 93,6;8  .  

1 2 3 4 5 6 

Object distance 
g 

Image distance 
b (mm) 

Difference 
to Zero (µm) 

1p  
(µm) 

1q  
(µm) 

1y  
(µm) 

10 km 22.790 - 52 111.5 47.17 4.62/4.00 
100 m 22.795 - 47 116.5 48.05 4.70/4.07 
10 m 22.842 0 163.5 54.51 5.33/4.62 
5 m 22.894 + 52 215.5 59.28 5.80/5.02 
2 m 23.053 + 211 374.5 67.12 6.57/5.69 
1 m 23.321 + 479 642.5 72.54 7.10/6.15 

0.5 m 23.878 + 1036 1199.5 76.55 7.49/6.49 
0.25 m 25.076 + 2234 2397.5 79.07 7.74/6.70 

Sum 2.286 mm 2286 µm 2286 µm 31.9 µm  
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By comparison, for a reference object 10 m distant it arises that the objects at a 
distance between 2 m and 10 km with their focus positions also cover a depth-distance 
of 211 µm (374.5 – 163.5 µm); the objects at a distance of between 0.25 m and 10 km 
cover a depth-distance of altogether 2.286 mm. The T/3-planes in comparison with the 
5m reference object with 44.6 µm cover a depth-distance of only 31.9 µm. 

Thus, the 3D-depth map is compressed by means of the 8 µm-grating  
(λ = 0.587 µm) from 2.286 mm to < 50 µm (by comparison, with a 16 µm-grating it 
would be reduced from 2.286 mm to 88 µm). The smaller the grating constant of the 
grating, the stronger the miniaturization of the 3D-depth map in the fractional  
T/3-Fresnel-plane is. 

5.3.4. A Constant Photoreceptor Matrix at the Central Image Plane  
of the Fixated Object 

It is only if the eye has a constant photoreceptor matrix at the central location of 
vision when changing the fixation that the 3D-depth map can refer to a secure basic 
pattern. It is not for nothing that every optician adjusts the primary correction of the eye 
to the acuity of centrally fixated letters and test symbols. The acute imaging at the 
central matrix is guaranteed in the fovea by means of fixation and accommodation in the 
visual axis. This can be made more precise using an earlier example. If an object is 
approaching, but still remains fixated by the eye, e.g. from a distance of 10 m to 5 m, 
then only the focal distance f‘ of the lens is reduced (from f‘ = 22.790 mm to  
f‘ = 22.785 mm) and the focal point approaches the lens by 5 µm. The T/1- and  
T/3-planes in the reciprocal grating space remain the same at the central imaging 
location of the particular fixated object, however with 1p = 163.5 µm, 1q = 54.51 µm 

and 1y = 5.33/4.62 µm. The same result is achieved when the eye carries out a saccade 
from an object 10 m distant to one 5 m distant. The ‘optical swing’ balances object 
movements and changes in accommodation for the fixated object in such a way that at 
the central location of the fovea there are constant conditions. In this, the special 
significance of the fovea in the eye becomes clear not only in histology, but also in 
interference optics. In the fovea, accordingly, the periodicity in the ONL grating has to 
adjust well to that of the most densely packed cones. Since the cell bodies in the ONL 
grating are superimposed in 4-5 layers, one may presume that the grating constant is 
larger than the central cone distance measurement.  

The distance of an object cannot depend on its color… 

The results so far on the hexagonal 8 µm-grating were valid for the wavelength 
0.587 µm. What changes if the entire visible wavelength range of 0.38 – 0.76 µm is 
ready to be processed? The diffractive grating, as shown earlier, is accompanied by 
spectral dispersion. Also, if this is contrary to that in optics, which in the remote 
adjustment of the eye is estimated to be approx. 0.6 mm and if both were able to 
compensate each other reciprocally to a certain degree, it would not be sure at the end of 
the day, whether the 1y = 5.33/4.62 µm-matrix would be constant for all wavelengths. In 



The Human Eye: an Intelligent Optical Sensor 

 186

the case of the equations for the 1p = 163.5 µm (T/1)- and 1q = 54.51 µm (T/3)-Fresnel-
planes it applies that the wavelength λ is taken into consideration here. In the case of the 
8 µm-grating, it results that 1p varies between 252.63 µm for λ = 0.38 µm and  
126.32 µm for λ = 0.76 µm; therefore the visible spectrum covers a chromatic depth-
distance in the T/1-Fresnel-plane of 126.32 µm. For 1q  in the T/3-Fresnel-plane a 

chromatic depth-distance of 42.1 µm results ( 1q = 84.21 µm for λ = 0.38 µm and  

1q = 42.11 µm for λ = 0.76 µm). On this depth distance, the interference maxima of all 
visible wavelengths are located consecutively. If in a particular case, the wavelength of 
light would be changed e.g. from λ = 0.587 µm ( 1p = 163.5 µm; 1q = 54.51 µm) to  

λ = 0.450 µm, a focus location at 1p = 213.3 µm and a depth-location of 1q = 71.1 µm in 
the T/3-plane would result, which would show completely different object distances than 
the previous wavelength. If all wavelengths reach their maxima on the 42.1 µm depth-
distance, on which the distance data with < 50 µm are located, there is a possible 
conflict between the 3D-depth map and the chromatism of the viewing objects. The eye 
cannot settle with this and it has to come up with something. It would be easiest, if it 
could have the depth map rely on a single, but nevertheless variable wavelength. Since 
human color vision made a decision in favor of the reduction of the visible spectrum to 
three RGB color channels, the examination of the spectral space grating optics regarding 
the topic of the 3D-depth map will have to make a contribution to this question.  

The central photoreceptor matrix and the 
T/3-periodicity of interference maxima are a 
constant for all wavelengths… 

For a fixated and centrally imaged object the periodicity of the interference maxima 
in the T/3-Fresnel plane of a hexagonal grating is a constant for all wavelengths. For an 
8 µm grating the periodicity is 1y = 5.33/4.62 µm for λ = 0.587 µm as well as for all 

other wavelengths. In Table 5.2 for iy the term 1p  as well as λ are parts of the 

equation. Therefore λ is cancelled out. Each object at a distance between 25 cm and  
10 km, as it is fixated and imaged with any wavelength of visible light, will therefore 
correspond to an identical photoreceptor pattern in the fovea. This fact is not only 
decisive for the relation of all other object distances to the object distance on the visual 
axis but also for the functioning of accommodation.  

The closer the object, the more precise the 
distance measurement… 

Figure 5.12 shows, for the fixated object 5 m distant, the non-linear transformations 
of the object distances. The optical b-image distance map transforms into the grating 
optical 1p - focus location map (z-depth in each case = 2.285 mm) and into the approx. 

50-fold miniaturized 1q -depth map in the T/3-Fresnel-plane (z-depth = 44.6 µm, 

difference between 34.4 µm and 79.0 µm). 
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Fig. 5.12: Miniaturization of the depth space from 2.285 mm of the optical image distances (b)  

and the focus locations 1p behind the 8 µm-grating on the space 44.6 µm deep of the 1q -T/3-planes 

(difference between 34.4 µm and 79.0 µm).  

If a fixated object 5 m distant moves off to 10 m, the image position in the T/3 
Fresnel plane is shifted by 7.3 µm (from 54.5 to 47.2 µm) closer to the grating. If, 
however, it moves from 5m to 2 m, the image position in the T/3 Fresnel-plane is shifted 
by 10.7 µm (from 54.5 µm to 65.2 µm) further away from the grating. Therefore, the 
closer an object moves towards the eye, the more precisely its changes in distance can be 
perceived. The entire shifting distance of 44.6 µm in the T/3-Fresnel-plane of the  
8 µm-grating is nearly identical to the 0.05 mm = 50 µm distance which the 
accommodation of the eye has to guarantee in the entire depth of object space from  
0.25 m to 10 km. As the data show, the monocular depth map is not a super-precise 
distance measuring device.  

5.4.  Diffractive Optics and the Fresnel ‘Phase‐retrieval‘  
Depth Map 

To work out the distance of objects 
from diffractive images… 

Diffractive gratings in the image space of optics also lead to another approach to 
monocular object-distance mapping. The local wave-front detection in Fresnel-space 
behind gratings via ‘phase retrieval’ leads to the determination of object distances [34]. 
The ‚phase-retrieval‘-topic has been worked on multilaterally in microscopy [343, 390, 
432, 489]. Already Teague [444] had represented the deterministic connection in the 
intensity-transport-equation (ITG) between the phase distribution of a wave field and the 
corresponding intensity distributions in different planes perpendicular to the direction of 
light expansion in reciprocal grating space. Kolenivic [218] und Menzel-Mirandé [301] 
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described the correlation between intensity and phase in monochromatic light. Fienup 
founded a “Phase Retrieval and Imaging Science Group“ at the Optics Institute at the 
University of Rochester/NY, which applies this technology ”in the areas of 
unconventional imaging, wave-front sensing, imaging with sparse-aperture telescopes, 
and image reconstruction algorithms“. 

In phase-reconstruction technology with diffractive-optical gratings in image space, 
the phases of wave-fronts produced by the structural elements of objects are measured 
monochromatically in several planes of the Fresnel-field or in specific Fresnel-planes of 
different wavelengths. The location for the optimum focus position, which correlates 
with the object distance, is determined from the phase positions. The preciseness of the 
phase-reconstruction procedure was ascertained in the NAMIROS-Project [34] using a 
design with an imaging optics (f‘ = 25 mm), a diffractive hexagonal phase grating 
(grating constant 9.4 µm) and a motor-driven CCD camera slidable in Fresnel-space, 
and it was compared to the depth-from-defocus procedure using different planar, tilted 
and spatially graduated objects. The result was clearly a higher accuracy of the phase-
retrieval detection in comparison to the DFD procedure. Figure 5.13 shows a single 
result. Using the differences in intensity in the phase images of the edges of an object, 
which were perceived at a distance of 5 µm or 20 µm in the Fresnel-space of a 9.4 µm 
grating (ordinate), and whose difference in contrast was evaluated with 0 – 1 (degree of 
focus), the best focus position for each of the two object distances was calculated using 
the Gerchberg-Saxton algorithm (an algorithm, which calculates the phase from a pair of 
intensity distributions in a propagation function of the diffractive pattern). The change of 
the object position by 17 mm (from 360 mm to 377 mm) corresponds to a phase shift of 
the best focus position by Δz = 80 µm. 

Degree of focus: Gray-level local variance

370 mm360 mm
(4 bilder)

d, μm

80μm

Every point is the parameter for the single slide. Step is 5 μm

Focal plane

Δz, µm

377 mm360 mm

Focal plane

 

Fig. 5.13: Phase-retrieval-example taken from a presentation held by D. Ksenzov and N. Samfirescu 
(Institute for Physics Prof. U. Pietsch, University of Siegen) in 2012. 
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Mathematically the difference Δz corresponds to the result of the image equation in 
Figure 5.4. The best focus for the image of the object 377 mm distant is located  
26.78 mm behind the imaging optics, therefore closer to the optics by 80 µm than the 
image of the object 360 mm distant at 26.86 mm. Again, the image distances would 
cover, with the lens used (f‘=25 mm), across the complete area of object distances 
between 10 km and 25 cm a depth-space of Δz = 2.77 mm, which would be very close to 
that of the eye (Δz = 2.285 mm) prior to its further miniaturization in the T/3 Fresnel-
space.  

Depending on the choice of the imaging optics anterior to the diffractive grating 
and the Fresnel-space used for the evaluation, other 3D-depth map relationships result 
correspondingly, as the earlier example of the optics of the eye with an 8 µm grating in 
the T/3 Fresnel-plane proves. With an f‘ = 50 mm-optics, the space, which the image 
distances of the objects between 25 cm and 10 km cover, expands to Δz = 12.5 mm etc. 

All procedures of object-distance measurement in monocular optics prove that there 
are successful methods towards a monocular 3D-depth map. The procedures of pupil 
division, of depth-from-defocus measurement, of the chromatic aberration search for 
their solution in geometrical optics; the procedure of phase-retrieval does the same using 
data in the Fresnel-planes of diffractive gratings making use of interference optics and 
its high detection accuracy.  

Diffractive optics thus describes the microscopic basics of monocular 3D-vision. 
With the miniaturization of the optical 3D-image map in Fresnel space to < 50 µm, with 
the ‘optical swing’ of fixation and accommodation, the constant receptor-matrix in the 
fovea, the optical aggregation of photoreceptors in local metapixels, and the chromatic 
processing of standing interferences along the photoreceptor outer segments, the 
‘plenoptical’ monocular 3D-depth map thus receives a sound basis in the image pre-
processing. 

5.5.  Information about the (Hierarchical) Grating and about Local 
Objects in the 3D‐depth Map 

Simultaneous control over object and subject 
in the T/3 Fresnel plane… 

Every visual perception includes information about visible objects and about the 
condition of the visual organ. In the visual process, however, we see nothing of the 
optics or anything of the hardware in the eye or the brain. We only experience that all 
works well for us for as long as it does its duty without any problems. The diffractive-
optical image-processing in Fresnel-space has information about both: regarding the 
object and the subject. The information about the grating, which is undisturbed by the 
object information and therefore monotone is shown in Figure 5.14 for the case of a 
hexagonal double grating with grating constants of 16/13.86 µm in the first grating and 
8/6.93 µm in the second. The second grating was laid into the T/3-plane of the first 
grating at 218 µm, theT/3-plane of the second grating – the photo-plane of the Figure – 
is at 54.5 µm behind the second grating. The monotonously distributed metapixels in 
each case consist of a 0th and six ± 1st diffraction orders. 
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Fig. 5.14: Periodicity of the maxima in the T/3 –plane of the 2nd grating ( 1q = 54.5 µm) in the hexagonal 

double grating (Fraunhofer-Institute for Applied Polymer Research IAP/Golm, 2011). 

 

The T/3-Fresnel-plane controls object and subject… 

If one, as shown in Figure 5.15, images an object on the T/3-plane of a hexagonal 
grating, then together with the grating information the high in contrast information about 
the object is available simultaneously.  

 

Fig. 5.15: Flower with a grating structure ( 1y = 5.33 µm) in the T/3- plane of a hexagonal grating  

with the grating constants of 16 µm/13.86 µm (V = 10x) (Fraunhofer-IAP, Golm, 2011).  
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If an object provides an acute image in the T/3 Fresnel-plane, then, quite naturally, 
a blurred image low in contrast will result in the anterior and posterior planes. Tootell 
[452, Fig. 18, p. 1553] observed a comparable deterioration in acuity and contrast in V1 
in the case of the acute and high-contrast imaging of perimeter lines on the layers 3 and 
4 outside of these layers (in the layers 2 and 5). This is an indication that the image 
planes of differently distanced objects in the case of the layered image pre-processing 
are actually localized in an always specific z-depth.  

In the monocular 3D-depth map, the eye images the visible world spatially and 
miniaturized in the intermediate space between the ONL laver of the retina and the 
pigment epithelium, where the photoreceptors are located. In the early development of 
the eye, the information in this sensor space is particularly relevant during the time, 
when the photoreceptors in the fovea perceive the optimum image plane, the time when 
they determine the cone matrix and stop the longitudinal growth of the ocular bulb. 
These phases are more or less completed shortly after birth of the human being. Due to 
age and illness as well as due to ill use of the eyes, changes may also occur later. With 
the beginning of the correctly adjusted vision, the interest is directed primarily at the 
actual object information, and less at the condition of the visual organ of the subject.  

In every saccade the entire depth 
map is updated… 

A monocular 3D-depth sensor, which is to have information regarding object and 
distance for the particular fixated and centrally imaged reference object as well as for all 
objects simultaneously present in object space at different distances, will consistently 
choose the T/3-Fresnel-space as the detector space. In this Fresnel-plane, the 3D-depth 
map can work with a constant receptor matrix at the central location of the highest visus-
values; and with each saccade, with each shift of the fixation position in object space, 
the individual eye can update the entire 3D-depth map. With such a solution, the 
individual eye has a hardware, which on the one hand makes available object 
information locally, and, on the other hand, reduces the image distances from 2.28 mm 
in the 3D-depth map to the length of the outer segments of the photoreceptors of  
50 – 100 µm. The 3D-grating-optical depth map sensors are equally available to cone as 
well as rod vision in human vision.  

The human visual system works with three z-axes… 

For stereoscopic vision, the „primary relevant criteria are convergence, 
accommodation, and the retinal lateral disparity. Accommodation is already monocular, 
the others are only available binocularly“ [130, p. 45]. In the binocular visual field, the 
monocular fields are superimposed in the central area in each case. ”Only this central 
field contains double images” [130, p. 160]. In human vision, between the two eyes, a 
direct connection takes place via the central cortical (cyclopean) axis of each fixated 
object with the body’s own coordinate system [171]. An “image in the mathematical 
sense exists in the reciprocal correlation of two coordinate systems according to a pre-
defined function, in which the coordinates of one system are determined by those of the 
other system” [116]. Since the visible objects in each case have their own object-
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centered coordinate system, a 3D-coordinate transformation in monocular as well as in 
binocular fixating vision is realized.  

Figure 5.16 illustrates the relevant three z-axes for the binocular distance 
Information. In monocular fixating vision two of the three target axes are still available 
for a depth map, even though the cortical axis now no longer represents the symmetry 
axis, as in binocular vision, located in the center between the two eye axes,  
but is derived from the orientation of the entire body to the outside world as a second 
reference axis.  

 

Fig. 5.16: Three axes (two optical axes and the cortical ‚cyclopean’ axis) in binocular vision and two axes 
(an optical axis and the cortical axis) in monocular vision, connect the fixation point on the object  

with the foveae in the eyes and in V1.  

No special explanation is necessary to explain the fact that a monocular depth map 
must fall considerably short of the binocular map, which is based on a substantially 
greater trigonometric basis, with regards to the accuracy in the depth of space. Fahle 
[108] described the six reasons, why two eyes are better than only one.  

5.6.  The Miniaturized Monocular 3D‐depth Map in the Eye  
and the Three Typical Marginalities of Accommodation  
in the ‘Optical Swing’ 

The space between two ellipsoid half shells, the eye-cup formed by the pigment 
epithelium and the invaginated retina, is available to the miniaturized monocular  
3D-depth map in reciprocal image space of the eye. The photoreceptors grow out of the 
ONL cells into this space through the outer limiting membrane. It reaches its greatest 
height, as illustrated in Figure 5.17, in the fovea and in the central area of the retina.  
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Fig. 5.17: In the eye, the anterior half-shell of the cortical rotational ellipsoid is invaginated into the 
posterior half-shell. The turning plane is at the ora. The intermediate space between the retina and the 

pigment epithelium in reciprocal image space is occupied by the photoreceptors. In it,  
the 3D-depth map is outperformed.  

If an object is fixated at a great or a small distance or fits in the state of the 
accommodation resting-position at a medium distance, then three typical marginalities 
correspond to the in each case specific relative position of the image planes in the  
3D-depth map of an eye. Figure 5.18 again shows the miniaturized monocular 3D-depth 
map in Fresnel-space behind the diffractive retinal grating according to the data 
regarding the hexagonal 8 µm grating. 
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Fig. 5.18: Miniaturized monocular 3D-depth map in the eye (Data for a hexagonal grating with a grating 
constant of 8 µm). The images of differently distanced fixated objects are located at different z-depth planes 

between 34.4 µm and 79 µm behind the diffractive retinal grating, therefore within the total height of the 
Fresnel-depth map of 44.6 µm.  
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Figure 5.19 illustrates in a cross-section through the inside of the eye, the relative 
position of the image shells corresponding to the object distances. Since the inner eye 
has the shape of a compressed rotational ellipsoid, the image surfaces occupy the 
posterior half-shell of the ellipsoid. Depending on the closeness or distance of the 
fixated object which is centrally imaged in the fovea, the ’optical swing’ in the eye 
corrects the accommodation position and in this way guarantees that its image is in the 
fovea in each case.  
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Fig. 5.19: 3D-depth map in the photoreceptor gap space of the inverted retina (Data of the hexagonal 8 µm-
grating) with image half shells depending on the object distance. 

If an extremely distant object (10 km) is fixated and imaged centrally in the fovea, 
then its image is located 34.4 µm behind the grating, therefore closest to it. The  ’optical 
swing’ accommodates to this image plane in the fovea, so that all images of less 
distanced objects in the environment of the fixated object lie on planes further away 
from the grating.  

If an extremely close object (25 cm) is fixated and imaged centrally in the fovea, 
then its image lays 79 µm behind the grating, therefore furthest away from it. The 
‘optical swing’ accommodates to this image plane in the fovea. The images of all objects 
further away in the environment of the fixated object therefore lie on image planes, 
which are closer to the grating.  

If an object 5 m distant is fixated in an accommodation resting position, then its 
image will lie 54.5 µm behind the hexagonal 8 µm grating, thus about halfway between 
the extreme positions in the 3D-depth map; the image planes of the objects further away 
are now closer to the grating, those of the closer objects are further away from the 
grating.  
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These three typical extreme positions of the object images in reciprocal grating 
space correspond to a central perspective depth map. Figure 5.20 shows the central 
perspective photo of a typical everyday scene. It illustrates the situation, where the 
centrally fixated object is at the greatest distance and all other objects along the line of 
sight lie on concentric zones closer to the eye of the viewer. The same is valid 
conversely, if the centrally fixated object lies as closely as possible and the other objects 
are increasingly further away.  

 

Fig. 5.20: Central perspective with a central figure at a great distance.  
[From Wetzlarer Neue Zeitung 20.02.2012, p. 9]. 

The central perspectival projection 
into the half shells of an ellipsoid… 

The 3D-depth map with its three typical extreme positions corresponds to the 
‘optical swing’ in its functionality of a central perspectival projection. This can be 
illustrated in Figure 5.21 using the example of a perimeter disc, which would be located 
at a distance of approx. 5 m in front of the eye and whose image would be realized in the 
center of a 3D-depth map (in the equator of the ellipsoid). This image position would 
correspond to the accommodation resting position of the ‘optical swing’. The projection 
in the anterior half-shell then corresponds to the situation, in which the fixated center of 
the perimeter disc is shifted into its zenith; the fixated object would therefore lie at a 
great distance from the eye. The projection in the posterior half shell corresponds to the 
situation, in which the fixated center of the perimeter disc is shifted into its zenith; the 
fixated object would therefore lie at the least distance from the eye. The circular and the 
segment lines in the environment of the center of the perimeter disc would in each case 
be projected on to the walls of the half shells. The ring-zone, in which the one half shells 
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turns over into the other one would be the equator zone, the accommodation resting 
position at an object distance of approx. 5 m. The corresponding shift of the ‘optical 
swing’ would guarantee, in the case of a change from one extreme position to another, 
that the image of the fixated object in each case is always located at the fovea. 

Anterior Half-shell Posterior Half-shell

Image of the10km 
distant fixated

object

Image of the 25cm 
distant fixated

object
Image of the 5m distant

fixated object in the fovea.
Rest-position of accommodation

In the ‚optical swing‘.

Fovea Fovea

Ellipsoid
Grating

Optics

Depth of the 3D map  

Fig. 5.21: Illustration of a central perspectival functionality of the 3D-depth map using the example  
of a perimeter disc in the equator zone of a rotational ellipsoid and its projection into the half shells  

of the ellipsoid.  

With the diffractive-optical monocular 3D-depth map, whose standing interferences 
shape a depth space three dimensionally in the Fresnel field behind the inverted retina, 
the eye has the result of hardware available, with which the separation of the object from 
its background and from other objects is carried out. The optical 3D-depth map would 
be the basis for the take-over of the object-specific data by the neuronal nets.  

5.7.  Does the Cortical Visual Center V1 Dispose of a Monocular 
3D‐Depth Map?  

From the eye towards V1… 

The data regarding the diffractive-optical monocular 3D-depth map in the eye 
would allow the assumption that also in the cortical visual center  V1, there may also be 
a 3D-depth map from each eye. At least there is no obvious reason, why it should be 
reduced to a 2D-imaging of the visible world on the way from the eye to V1. In 
binocular vision, two 3D-depth maps would then be superimposed on each other and be 
interlocked. Knowledge regarding the retinotopic map in V1 has not been sufficiently 
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explained, although at least in monocular vision there are secure experimental results. 
Figure 5.22 shows the drawing made by Hubel [182] and adapted from Daniel & 
Whitteridge [79] of a so-called ‘unfolded’ retinotopic map of a single eye in V1 (left). 
Next to it (right) there is half a planar perimeter field (180 – 270°) with ring-shaped 
zones drawn around the center (0 – 90°), as it was used in experiments and 
measurements with the eye of a monkey, which was” lightly anesthetized, 
pharmacologically paralyzed”. The view of the laboratory animal was directed rigidly at 
the center of a planar perimeter disc, so that the image of the perimeter projected on to 
the retina was centered towards the fovea. Therefore, the fovea and the central fixating 
location in the perimeter constitute the two end-points opposite each other or the poles 
of the optical axis. Even though a perimeter generally describes a geometric figure made 
up of concentric circles, ophthalmic optics in the systematic measurement of the visual 
field uses a hemisphere or a perimeter shell, into which the test person looks and on 
whose center the view of the test person remains fixated during the measurements. 

 

Fig. 5.22: V1 in the illustration by Hubel [182, p. 134] and commented as “adapted from P. M. Daniel  
and David Whitteridge” [79, Fig. 6]. 

It remains obscure, how the 3D-shape in the left picture, where the fovea and the 
‘far periphery’ occupy the poles of a central axis in the ellipsoid, can be deduced from 
the perimeter surface on the right. (The line from the fovea to the ‘far periphery’ marked 
as ‘horizon’ indicates the equator or meridian in the eye). Hubel commented on the 
illustration by Daniel und Whitteridge as follows [182, Fig. 6]: “The unfolded striate 
cortex has a shape something like a pear”. Shortly after, he speaks of a ‘quarter-sphere‘ 
of the egg-shaped entity: “The striate cortex has the shape of a very distorted quarter-
sphere, rather like a pear or an egg. This result was predicted in 1962 by Daniel und 
Whitteridge, who determined experimentally the magnification in area 17 as a function 
of distance from the foveal representation… and used the result to calculate the three-
dimensional shape”. “Some shape or other must exist whose configuration should follow 
logically from its function” (182, p. 134). The ellipsoid of the unfolded retinotopic map 
in V1 is therefore supposed to represent a calculated ‘functional map’ of the cortical 
magnification factor.  
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Figure 5.23a reproduces the original drawing by Daniel & Whitteridge, which 
illustrates the pear, or egg, or ellipsoid shape of the ‘unfolded’ retinotopic map in V1.  

 

Fig. 5.23a: Unfolded retinotopic map in V1 [79, Fig. 6, p. 213].  
© 2013 with permission of Wiley The Atrium, Chichester UK. 

In Figure 5.23b the ‘folded’ retinotopic map is shown. By approximation, the 
difference between the ‘unfolded’ and the ‘folded’ retinotopic map in V1 is that upon 
folding, the anterior half shell of the ellipsoid is invaginated into the posterior one. This 
invagination is similar to the one, which in the eye led to the development of an 
interstice between the two half shells, into which the photoreceptors grow out just before 
birth. A sketch comments on the folding [79]: "It has been found empirically that if two 
principal folds are made, one horizontal at 25-90° and one vertical at about 8-9°, with 
the appropriate connecting folds of Text-Fig. 5, the resulting folded surface resembles 
the visual cortex closely".  

 

Fig. 5.23b: (Left) Sketch for folding. (Right) Folded retinotopic map in V1 [79, Fig. 5+6, p. 213].  
© 2013 with permission of Wiley The Atrium, Chichester UK. 
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Neither the pear or egg shape nor the 'folded' ellipsoid provides an explanation of 
why V1 should have a functionality corresponding to a full ellipsoid, while the retina 
occupies only a half ellipsoid shell. Tootell et al. [452] showed how the radial concentric 
lines of a perimeter disc, whose center was fixated by the laboratory animal with only 
one eye and which were presented as bright or dark stimuli on a grey background in a 
flicker mode with a frequency of 3 Hz, are imaged in V1. By means of radioactive 
marking, it was possible to make visible the image of this stimuli pattern in V1. In this 
way, it was experimentally proven, that there was in V1 an exact, though slightly 
distorted („a distorted, but precise map“ ) projection of the retinotopic pattern on a 
”distorted quarter sphere“ [182, p. 134], by which the posterior ellipsoid half shell was 
meant. The designation “periphery” proves, that here the edge of the perimeter disc is 
projected on to the posterior half shell in V1 at the level of the equator of the ellipsoid. 
Therefore the center of the perimeter disc in the cortical fovea is located at the posterior 
pole of this half shell (Figure 5.24). 

  

Fig. 5.24: Projection of a planar perimeter disc – fixated in the center by the eye – on to half an ellipsoid 
shell in V1. Three concentric circles around the center and five segment lines of the perimeter disc image 

half the stimulus pattern. (Tootell et al. [452, p. 1535, Fig. 2B, from J. Nolte [329, p. 435]).  
© 2013 with permission of Copyright Clearance Center, Danvers, MA USA. 

Magnification factor and/or 3D-depth map in V1? 

The histological data regarding V1, which Daniel & Whitteridge describe as the 
‘folded’ ellipsoid form, prove, however, as do later photos by Hubel & Wiesel, that there 
is also an invaginated anterior half shell in V1. However, it remains open, which 
functionalities could correspond to this design. Daniel & Whitteridge [79] und Tootell et 
al. [452] measured the ‚mathematical projection’ of the perimeter image in monocular 
vision from the retina onto V1 and in this way proved two things: that the image in V1 is 
retinotopic and that there is a cortical magnification factor, which allocates considerably 
larger areas to the central retina regions in the projection on V1 than the peripheral 
retina zones. Nearly 80 % of the V1 area, with individual deviations, is responsible for 
the central 10 % of the visual field; this is due to the cortical magnification factor. Using 
sinusoidal gratings, Grabbe [144, p. 77] showed for search tasks, that the spatial 
frequency filtering in human vision follows this factor. Rovamu and Virsu [384], Virsu 
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& Rovamu [461] and Wässle: „The ganglion cell density can fully account for the 
cortical magnification factor“ [464, p. 1897] confirmed this context. Most authors saw 
this finding in the context of the zone-specific number of ganglion cells and the size of 
their sampling area in the retina. The ganglion cell distribution, however, in the eye 
extends only to the hemisphere, which the invaginated retina occupies in the eye. 
However, if, in V1, two half shells positioned within each other are located in front of 
each other and directly opposite to each other, one of which processes the central area of 
the eye up to approx. 20°-30°, and the other invaginated one processes the peripheral 
retina in the eye, then this order is concerned with another functionality, namely that of 
the 3D-depth map. And then the perimeter projection by Tootel et al. actually only took 
place in the central area of the eye and therefore only in the half shell in V1 responsible 
for it.  

The 3D-monocular depth map in the 
‚unfolded’ and ‚folded’ ellipsoid in V1… 

In V1 the ‚folded‘ ellipsoid is the basis of the 3D-depth maps arriving from each 
eye. Figure 5.25 illustrates this process. (Following the above-mentioned authors, for 
V1, the inverse arrangement of the fovea and the fixated object has been chosen). As in 
the eye, an interstice between the two half shells of the ellipsoid results in V1.  

Figure 5.26 shows the direction, in which the invagination process in V1 would 
take place. The ring-zone, upon which in the case of an accommodation resting position 
in the eye the images of the objects 5 m distant lie, would be the folding edge at the 
equator of the ellipsoid. At it, the right half shell, in whose zenith the image of the 
fixated object furthest away would lie, would be invaginated into the left half shell. The 
invagination develops the interstice, which would again reach its greatest height in the 
3D-depth map in the cortical fovea.  

Figure 5.27 again illustrates in V1, analog to the eye, the margin available in the 
3D-depth map for the relative position of the images of objects at different distances.  
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Fig. 5.25: Invagination in V1 of the half shell of the ellipsoid, which images the peripheral retina,  
into the half shell, which embraces the central area of the retina up to a zone of approx. 20-30. 
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Fig. 5.26: Development of the interstice for the cortical 3D-depth map in V1. 

A rotational ellipsoid would therefore be the geometrically correct shape for the 
functionality of the 3D-depth map. The invagination of the two half shells would 
represent the easiest solution in order to provide a maximally compressed 3D-depth map 
for each eye. The microscopic image distance map is, as was shown earlier, in optics, 
always linked to the focal distance f‘ of the object furthest. The standing or running 
‘optical’ interferences in the retina only have to find in V1 their equivalent in neuronal 
oscillations.  

 

Fig. 5.27: Cortical 3D-depth map in V1. The interstice between the ellipsoid half shells offers, as in the 
individual eye, space in V1 for all image planes between the extremes of 25 cm and 10 km.  

Whether the visible 3D-world is really presented again monocularly or binocularly, 
cannot be proven for the time being. The “baffling accordance between the eye and the 
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brain can be found in the fact that optical stimuli elicit synchronic nerve impulses in 
space grating structures” [462]. Singer emphasized: "Electrophysiological results 
indicate that neurons in the visual cortex exhibit oscillatory responses which can 
synchronize across spatially separate columns if elicited by stimuli sharing coherent 
features” (411, p. 1), “therefore, e.g. all of those belonging to a coherent structure”  
[63. Heraeus Conference 1990 on Non-linear dynamics and neuronal nets). It would be 
the ‘neuronal correlate’ of an ‘image in the head’. The distribution of the ganglion cell 
bodies and their RFs would image, as a spatial frequency filter, the result of the optical 
image and the cortical magnification factor correctly. The 3D-depth map in V1 would, 
however, than be that functionality, about which Hubel was of the opinion that it “had to 
correspond” to the unfolded rotational ellipsoid [182, p. 134]. It looks as if the 
microscopic and nanoscopic hardware of vision structured itself systematically geared 
towards the three-dimensionality of the visible world.  

The cortical visual maps beyond V1 are no longer linked to the geometric form of 
the sense organs and to retinotopy. Regarding further retinotopic maps in the cortex, the 
observation made by Creutzfeld [72, p. 7] is of importance, that they were all arranged 
mirror-inverted to each other, with either the vertical meridian (e.g. between area 17 and 
18) or the periphery of the visual field (e.g. between area 18 and 19) representing the 
symmetry axes. Gregory’s topic of the ‚Mirrors in Mind‘ [148] thus gains in relevance. 

 



6. Spectral Space-grating Optics in the Diffractive-optical Correlator of the Human Eye 

 203

6 

Spectral Space‐grating Optics  
in the Diffractive‐optical Correlator  
of the Human Eye 

Interference optics in daylight color vision… 

In the case of the first two granular layers in the inverted retina (INL and MNL) it 
was a matter of the grating-optical spatial frequency filtering and the optical 3D-depth 
map. In the case of the third nuclear layer (ONL), it is about the space-grating optical 
contribution of diffractive optics to color vision. In this chapter, it will be shown, that 
the spectral diffraction orders of the multiple beam interferences in Fresnel space behind 
the hexagonal space-grating can be calculated by means of the von-Laue equation for 
light double cone transformations and the so-called reciprocal von-Laue equation. The 
space-grating optical calculations result in the location of the three RGB wavelengths in 
the peak of the spectral sensitivity curves of the cones, in the local separation of the 
RGB diffraction orders and in the 25 : 24 : 20 – RGB tuning of the fundamental R-wave 
and its GB-harmonics. The part played by the interference term in the 3D-Pythagoras 
throws light on the geometry of the optical RGB transformations in reciprocal grating 
space and on the chromatic harmonics in vision. Regarding the monocular 3D-depth 
map, space-grating optics makes it clear that color and distance of an object do not get 
into conflict with each other, but that the RGB total carries the color sensation and the 
R-fundamental wave detects the distance of an object.  

Cellular space-gratings are not only located in the retina, but also in the cornea of 
the eye. Space-gratings are three-dimensional gratings with several layers of light 
diffracting cells. Generally, optical gratings are known for the fact that they diffract light 
into its spectral components, just as prisms do in a different manner. The arrangement of 
the colors is the exact reverse in the spectra of gratings and prisms: Prisms provide the 
color sequence of the rainbow on a projection surface: violet – blue – green – yellow – 
red. Behind a diffractive grating, red is closest to the grating and violet furthest away on 
a depth distance perpendicular to the grating. Furthermore, the process of spectral 
splitting is different: in the case of the prism, refraction takes effect, in the case of the 
grating it is diffraction.  
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6.1.  Well‐known and Less‐known Facts Regarding Human  
Color Vision 

Human color vision is RGB-vision… 

Much is known about human color vision. It is trichromatic additive RGB-vision  
(R = red or long-wave sector of the visible light, G = green or medium wavelength 
sector, B = blue or short-wave light). The same intensities of red, green, and blue 
supplement each other in the same way as the complementary color pairs do (blue-
yellow, red-turquoise, purple-green, etc.) with regards to white, as illustrated in  
Figure 6.1. Thomas Young (1773 – 1829) showed that the eyes perceive the colors as a 
mixture of the three primary colors in an RGB-additive color synthesis. 

 

Fig. 6.1: Th. Young demonstrated the trichromatic and the complementary color addition to become white 
(Figure from R. Graham [145, P.III]). © 2013 by Whittles Publishing, Scotland UK. 

The colors blue, green, and red of the surfaces of the large circles add to white, the 
complementary color pairs blue-yellow, red-turquoise, and green-purple are located 
opposite on either side of white, to which they add. And last but not least, as shown by 
Newton, the linear visible ‘white’ spectrum also adds to white (Figure 6.2).  

For Newton and physics, the fact that white light is split by a prism into the spectral 
elements of light in the rainbow arrangement and that vice versa the colors can be added 
again to white, was most important. In a ‘white spectrum’ all spectral components have 
the same intensity (Figure 6.3). 

Goethe [141] and Newton [324] both emphasize the addition of opponent colors to 
white in the complementary color wheel. Newton associates these with musical 
intervals, Goethe with human characteristics and moods (color psychology) (Figure 6.4).  
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Fig. 6.2: Newton, Goethe and the addition of the colors to white. 

380 430 480 530 580 630 680  

Fig. 6.3: The ‘white’ spectrum with the same intensities in all spectral components.  

 

Fig. 6.4: Complementary color wheel in Newton [324] and in Goethe [141]. 
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The sunlight below the earth’s atmosphere fluctuates in the course of a day by 
nearly a white spectrum. Therefore, O. Lummer [279] pointed out emphatically in the 
case of the development of artificial light sources that these should have a spectral 
energy distribution similar to that of sunlight in order to be suitable for the eye adapted 
to and trained with sunlight and not to harm it.  

A white-perception is something special... 

It is not for nothing, that the white perception and the associated achromatic gray 
shades as well as the color shades are central topics in color vision. A white sensation is 
more than an arbitrary RGB-constellation. Being the RGB equilibrium, white is the 
reference center for the order in the RGB-space of the achromatic values and the color 
values. Since A. König [213-217] and Helmholtz [165-169], the association between the 
white physical spectrum and a white-perception in the physiology of vision, had been 
more or less confirmed. Camera technology applied itself to the topic in a simple form 
by the introduction of color photography, in that a white-balance was built into each 
color camera. In comparison to that, the eye is more flexible and more sophisticated.  

RGB-colors in the camera and in the eye… 

In the camera model of vision, the RGB color vision is explained exclusively by the 
fact, that at every image point in the retina in each case at least three cones specialized 
on R, G, and B analyze the local spectral light distribution, and that downstream 
neuronal nets in the retina produce resulting color perceptions by means of additions of 
RGB as well as of the complementary colors. The RGB sensitivity of the corresponding 
cones is deduced from different genetically programmed photo-pigments in their outer 
segments. The spectral RGB-sensitivity curves of the cones in Figure 6.5 were 
determined experimentally at an early stage by A. König. 

 

Fig. 6.5: RGB-sensitivity curves in daylight vision (A. König [213, 215]).  
Maxima are approx. at 559 nmR, 537 nmG and 447 nmB. 
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The spectral absorption curves of the cone pigments were repeatedly measured with 
spectral photometers. They feature clear spectral RGB maxima. With the spectral 
photometric measurement of the photo-pigments in the 1960s, Wald [467] & Rushton 
[385] reached the result in Figure 6.6, which shows a maximum for R at approx.  
565 – 570 nm, for G at approx. 535 - 540 nm and for B at approx. 435 - 445 nm. 
However, RGB triple values more or less deviating from these were also often 
measured.  

 

Fig. 6.6: Photo-chemical spectral sensitivity of the cones. W. Rushton in Straatsma [437, p. 271; Source: 
Marks, Dobelle & MacNichol 1964].© 2013 with permission of B. R. Straatsma, Los Angeles.  

An even clearer graph of these curves, which is shown in Figure 6.7, was provided 
by Rushton in [385]. Nathans [319-321] was able to explain the genetic traces of the 
different color pigments in their chemical components.  

And yet, it is hard to imagine, that it is genes and not our eyes, which determine, 
what light we see under natural sunlight, thus where the visible area, which the photo-
pigments process, is located in the physical spectrum. It would be superfluous, that 
mothers would go for walks with their babies in parks and fields if there wasn’t a dialog 
between the genes and the sun, by means of which, using the optics, the genes would be 
stimulated to produce the right pigments. Mathematically, the RGB bell-shaped curves 
are generally described by means of the curves shown in Figure 6.8 with their height and 
spectral half bandwidth. In this form they are the basis of all further calculations. 
Kürzinger [232] was of the opinion that the RGB-curves of the spectral sensitivity of the 
eye could approximate Gauss-functions.  
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Fig. 6.7: Rushton-RGB-curves from Scientific American [385], © 2014 reprocuded  
with permission of Scientific American, Inc. 

 

Fig. 6.8: RGB-curves calculated with 
²
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y  with 
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 321max  with a = 0.56,  

n = 34 for blue (S-curve), a = 0.88, n = 53 for green (M-curve) and a = 0.92, n = 35 for red (L-curve).  
Total curve (black). 

The eye is not a photometer, it builts up relations… 

Further examinations of human color vision showed that the eye is not a 
photometer, thus it does not process the RGB–spectral intensities at one image location 
in their absolute values. But as well as the local RGB connection, it forms other 
associations also, so that color becomes a relative feature of the visual objects, one, 
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which is particularly dependent on changing illumination and the color surrounding. 
Several models were developed, which attempted to explain the algorithms of the 
illumination adaptivity and thus the color constancy performance: the fact that visual 
objects nearly retain their color under changing illumination. Mostly, photo-chemical 
reactions or neuronal calculation processes were made responsible for this. Optical 
explanations were hardly taken into consideration. Science allowed itself, as it were, a 
‘blind spot’ for optical alternatives. Therefore it is a major challenge to show, using the 
diffractive grating-optical correlator in the eye, what the cellular space-gratings of the 
cornea, which are located in the aperture space of the imaging optics, are able to perform 
together with the space-grating located in the 3rd nuclear layer (ONL) of the inverted 
retina in interference-optical information processing.  

Space-gratings are light scatterers or light diffractors… 

The part played by the fibrillar nano space-grating (corneal stroma) and the micro 
space-grating in the cornea made up of polygonal cells of irregular size (corneal 
epithelium and endothelium) is mainly that of a diffuse light scatterer. As opposed to 
that, the cellular grating present in the ONL layer of the retina is, at normal intraocular 
pressure, a hexagonal, most densely packed multilayer space-grating with periodic 
grating constants, which are only slightly larger than the wavelengths of visible light, so 
that it is to be treated as a light diffracting space-grating.  

The strange position of the RGB-peaks… 

The visible spectrum and with that, the peaks of the RGB-sensitivity curves are 
located at approx. 570 nmR, 540 nmG and 445 nmB; they lie “on both sides of the 
intensity maximum of the solar radiation” below the earth’s atmosphere [Schrödinger, 
401, p. 925]. It is not clear, why the peaks for red and green are so close to each other. A 
solution with peaks at 650 nmR, 550 nmG and 450nmB, therefore, at the same distance 
to each other, would have made more sense and also would have been more welcome in 
the development of color films for cameras.   

6.2.  Physical Equilibrium in the White Spectrum and Physiological 
Equilibrium in the RGB‐white‐sensation of Color Vision 

The white-norm in color vision… 

A. König had already shown, that a white illumination spectrum (with the same 
intensities in all spectral parts), to which the sunlight, as a rule, comes more or less close 
in the course of the day, in color vision corresponds to an RGB-equilibrium, because 
then areas of the same size under the RGB curves (33 %R, 33 %G, 33 %B) in total cause 
the white sensation. However, he had also shown with table XVI [217] reproduced in 
Table 6.1, that these spectral sensitivity curves are linked with each other and that they 
shift their position together along the scale of the physical wavelengths in order to adapt 
to different illuminations; at that time, yellow gas light was placed in contrast to white 
sunlight.  
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Table 6.1: A. König showed in 1903 [217], that the spectral sensitivity curves in human color vision are 
linked and that they adapt to the illumination.  

The synchronous shift of the RGB-curves (V stands for B) in the visible spectrum 
(400 – 720nm) during the change from gas light to sunlight can be seen particularly 
clearly in the shift of the maxima (marked by the author) from the medium wavelength 
to the long wavelength sector.  

RGB-color vision is adaptive to illumination…. 

The sum in each case of the three RGV-columns results nearly in a 33 % 
equilibrium. The sunlight produces a slightly more bluish white (33.4 %R, 33.0 %G, 
33.6 %V) than the more yellowish gas light (33.1 %R, 33.6 %G, 33.2 %V). The maxima 
of the RGB-curves shift from 563 nmR, 545 nmG and 445 nmB at sunlight to 600 nmR, 
563 nmG und 475 nmB at gas light, thus to larger wavelengths. The spectral half 
bandwidth of the curves remains nearly the same in this ‘adaptive RGB-shift’. Thus, the 
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spectral RGB-sensitivity curves behave in the same way as a shift register, which moves 
along the visible spectrum in the direction of the color of the global illumination, until it 
again reaches an approximate RGB–equilibrium as an adaptive white norm.  

The color-insensitive rods in the human retina… 

Since aside from the color-sensitive cones (approx. 6 million), there are also rods 
(approx. 110 million) in each eye, it was important to find out, whether their spectral 
sensitivity curve corresponded to a similar bell-shaped curve in the visible spectrum. 
The corresponding curve showed a short wavelength peak at approx. 510-520 nm. Other 
measurements also showed, that below a defined threshold of brightness, the rods take 
on the work of the cones, but they cannot communicate any color sensation with only 
one single photo-pigment.  

The work regarding human color vision, which has delighted and inspired science 
throughout the centuries, is easy to pursue thanks to substantial expert literature [2, 44, 
142, 203, 229, 283, 336, 402, 455, 510 and others].  

6.3.  Diffraction and Interference of Light on the Planar Grating 
and on the 3D‐space‐grating; Fresnel Medium‐field and 
Fraunhofer Far‐field Interferences 

It is not a long way from the diffraction and interference of light on slits and planar 
gratings to that on space-gratings. Since 1913 [Laue, Bragg, Friedrich, Kossel, Ewald, 
James, Sommerfeld], X-ray crystallography has very successfully dealt with the 
diffraction of X-ray radiation, also called ‘Roentgen light’, on atomic space-gratings of 
crystalline inorganic matter, and later also on organic matter, which altogether have 
grating constant dimensions close to the wavelengths of X-ray radiation. The 
interference patterns initially of greatest interest were the Fraunhofer far-field power 
spectra behind the space-gratings, as Figure 6.9 again shows. As opposed to this, the 
optics active in the visible spectrum has hardly concerned itself with space-gratings. For 
a long time, the opinion prevailed that “Diffraction on a space-grating is of no 
importance in the actual optics, since it has so far hardly been successful to produce a 
sufficiently exact space-grating for visible light” [Bergmann-Schäfer Vol. III Optics and 
Nuclear Physics 3/1962, p. 296). Times and opinions only changed gradually later on.  

In the visible spectrum, however, interferences in the Fraunhofer far-field behind 
space-gratings brought no access to ‘local’ light-like data, because in it there is present a 
‘global’ impact of the entire grating area, in which ‘local’ data are lost. This is different 
in the case of the Fresnel-interferences, such as e.g. the Talbot/Fresnel diffraction 
patterns. Since these are commonly interpreted to be frequency-dependent phenomena, 
the connection between the two physical parameters frequency and wavelength is to be 
illuminated here, for the purpose of which a short comparison between hearing and 
vision lends itself.  
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Fig. 6.9: Von-Laue-X-ray diffraction pattern of a hexagonal barite crystal with concentric diffraction orders. 
The maxima located on one of the rings around the center, in the majority have an identical chroma  

[52, p. 186]. © 2014 with permission of Walter de Gruyter Gmbh Berlin. 

6.4.  The Dealing of the Sensory Organs with the Reciprocity  
of Wavelength λ and Frequency ν in νλ = 1 

Optics deals with light waves and acoustics with sonar waves. In both cases, it 
applies that the product of frequency v and wavelength λ equals νλ = 1. In optics the 
product is the speed of light c, in acoustics it is the considerably lower speed of sound. 
Wavelength describes the spatial structure of the wave; frequency with the number of 
oscillations per time unit, describes its temporal structure. Blue light of a short 
wavelength has a high frequency, red light of a larger wavelength has a lower frequency. 
The energy of a light quantum, a photon, is proportional to its frequency.  The color of 
the light is proportional to the wavelength in physics, but this is not the case in vision. 
Figure 6.10 illustrates the basic physical law.  

The speed refers to “that distance, through which each of the waves passed per time 
unit” [405, P.17]. “For light, the speed is about 300 000 kilometers per second or about 
300m per microsecond. One oscillation per second is one Hz (Hertz), one million Hertz 
is one megahertz MHz”. Therefore, the speed of light c, just as the speed in acoustics, 
deals with two components, wavelength and frequency, which act reciprocally to each 
other. In the case of a fast movement of an object radiating light or emitting sound 
relative to a static observer, visible or audible frequency shifts result. In the case of a 
movement of a light-emitting star relative to a static observer, visible shifts of 
wavelength will result. In this process, the ear analyzes the frequency shifts; the eye 
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analyzes the shift of wavelengths as the relevant information. When a train drives into a 
station, the frequency perceived by the observer increases and the pitch becomes higher. 
Inversely, the frequency decreases as the train departs and the pitch becomes lower. The 
eye registers the wavelength shift as a blue or red shift in the Doppler Effect [96]. Figure 
6.11 shows for a source of light, which, as a star in outer space, moves at half the speed 
of light in a certain angle θ relative to the two-dimensional co-ordinate system (x-axis at 
0/180°, y-axis at 90/270°) of a static observer, how the two reciprocally linked 
parameters, frequency v and wavelength λ, which as a rule are always present 
simultaneously, change. 

 

Fig. 6.10: The product of ν and λ is a constant νλ = 1 [405, p. 16-17]. 

 If a source of light moves towards an observer at c/2-speed at an angle θ = 20°, 
then the wavelength λ = 500 nm (blue-green) radiated in a static position is 
reduced in a so-called Blue-shift to 300 nm (ultra-violet). This is indicated by 
the circles around the zero point at θ = 20°. Correspondingly the frequency of 
the arriving light (shown to scale right) increases. From approx. 14107  Hz to 
approx. 15102.1   Hz. 

 If the source of light at the angle of θ = 140° moves away from the observer, 
then the wavelength λ = 500 nm of the light is lengthened in a so-called Red-
shift to approx. 700 nm and reciprocally the frequency v changes.  

Whatever applies to an observer’s 2D coordinate system stretched out on a surface, 
can also be extended to a spatial 3D coordinate system. 
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Fig. 6.11: The Doppler-shift for a star with the resting position wavelength λ = 500 nm depends on the 
angle θ of the relative movement towards the coordinate system of a static observer. It becomes registered as 

a Red or a Blue shift (circles around the zero point) and/or as a frequency shift (Scale in the vertical axis). 
The product νλ = 1 is a constant.  

6.5.  Interferences in the Fresnel Near‐ or Medium‐field  
at Diffraction of Light on a Space‐grating Located  
in Image Space of an Optical Imaging System 

If one moves from the three-beam and multi-beam interferences on planar gratings 
on to space-gratings and one looks at the case of a space-grating, as in the eye, being 
located in image space of an optically imaging lens-pupil system, then it needs to be 
taken into account, that the image of an object point is created by means of a multitude 
of light cones with different apertures centered towards a common axis. The first 
divergent light cones have their tips on the object and the cone basis in the aperture, the 
pupil of the eye; the second convergent light cones lead from this cone basis to their tip 
in the image plane (said in a simplified manner). By means of diffraction on the space-
grating in this image plane, a multitude of divergent light cones symmetric to the three 
grating axes and corresponding to the ± 1., ± 2. etc. diffraction orders are again created. 
Their common intersection points in reciprocal grating space are the locations of the 
interference maxima. For the case of the hexagonal space grating, Figure 6.12 illustrates 
the corresponding result for one maximum out of six maxima of the ± 1st diffraction 
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order. The case of vertical incident light, in which a bundle of parallel beams falls into 
the grating, is just like the 0th diffraction order behind the grating, a borderline case of 
diffractive optics. If light cones containing apertures fall into the grating, then the 
convergent and diffracted divergent light cones taken together are named a ‘double 
cone’. In the ideal situation of convergent focusing on or into the space-grating, both 
cones have their particular tip in the origin of ordinates of the diffraction orders in the 
space-grating.  

Max.

X
Y

Z

 

Fig. 6.12: At diffraction of light in the hexagonal space-grating, the maxima are located in the intersection 
points of three light cones, which are concentric to the xyz-axes. In the top-view, the locations of the 

maxima are defined by three bundles of parallels cutting at angles of 60°, three pairs of hyperbolas and 
circles around the z-axis.  

6.6.  The Mathematical Equations for the Diffractive Interference‐
Optical Light Double Cone Transformations in Space‐gratings 

The Fraunhofer-pattern of the interference maxima in the far-field behind space-
gratings develops from the Fresnel-patterns of the interference maxima in the medium-
field. The Fraunhofer interference result as the ‘global’ sum from all ‘local’ Fresnel 
interferences. In this, the far-field interferences merge the diffracted beams of the same 
angle in the entire grating; the Fresnel-interferences merge those of different angles. In 
the case of the hexagonal space grating, the latter follow the scheme of the three-beam 
interferences. The same laws apply for the light reflecting space-gratings [47].  
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The Fraunhofer and the Fresnel interferences of space-gratings can both be 
calculated with the von-Laue equation and the so-called reciprocal von-Laue equation. 
The mathematical description is always done by means of the double cone direction 
cosine, which results from the linking of the direction cosine for the incident light cones 
with that for the diffracted light cones. Its formulation was prepared by Kossel [222], 
von Laue [244], Friedrich [118], Ewald [103], quantitatively checked by von-Laue [244] 
and explicitly formulated in particular by Sommerfeld [418, 419] for an orthogonal 
coordinate system: “in the case of the rhombic system, whose construction is based on 
three vertical axes, it is only necessary, in the equations…, to replace the value a by the 
grating constants a, b, c for the three axes directions. From this, the resulting expression 
according to the spectral size λ follows”: 
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 (6.1) 

With this von-Laue equation that wavelength can be calculated, which in the double 
cone transformation on a space-grating defined in the geometry of its elementary cell is 
admitted for the development of interference maxima in a particular diffraction order. It 
only provides information about the admitted wavelength λ, not about the resulting 
intensities. The variable parameters in this equation are the triplets of integers 321 hhh  of 

the diffraction orders, the grating constants a, b and c in x-, y- and z-axis direction, as 
well as the aperture angles α°, β° und γ° of the light cones incident into the space 
grating. From the relation of zyx ghghgh /;/;/ 321   in the cosine between the 

adjacent side and the hypotenuse in the right triangle, the angles α, β, and γ of the 
diffracted light cones result.  

In parts, the way of writing of the von-Laue equation is different in literature, as are 
the signs for the variables. Müller-Pouillet explained regarding x-ray crystallography 
[312, p. 1089/1090): “Laue-interference points appear in a direction, in which the 
elementary waves emitted by all grating atoms increase. The condition for this , if we 
base it on a simple cubic space grating, in which all atoms are located on the corners of 
cubes d³, can be mathematically grasped as follows: The arriving x-ray light has the 
direction cosine α° against the x-axis; if the diffracted light is to become stronger in a 
direction, whose direction cosine has the value α with the x-axis, then the path 
difference of the neighboring beams, i.e. the difference d α – d α° must be equal to an 
integer multiple of λ”. This corresponds to the three formulations in equation (6.2). To 
the left is the formulation by M. von Laue [245, p. 311 and 246, p. 113], P.P. Ewald 
[104, p. 248], M. Born [41, p. 173] and E. Wolf [491] for three different grating 
constants 321 ,, aaa ; in the center is that of Müller-Pouillet, to the right is the 

Sommerfeld expression for the grating constant d identical in three axis directions.  
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 101 ),( hssa   or d (α – α°) = 1h  or (Cos α – Cos α°) = 
d

h 1   

 202 ),( hssa   or d (β - β°) = 2h  or (Cos β – Cos β°) = 
d

h 2  (6.2) 

 303 ),( hssa   or d (γ - γ°) = 3h  or  (Cos γ – Cos γ°) = 
d

h 3  

In annotation 1) on p. 1090 Müller-Pouillet [312] complements the statement 
regarding equation (6.1): ”Easiest way to calculate: write down the equation (6.2) in the 
form α = α° + 1h / d and square and add taking account of α°² + β°² + γ°² = 1 and  

α² + β² + γ² = 1“. 

Emphasis is placed on the importance of the path differences between neighboring 
beams, as well as on the necessary linking of the two direction cosines for α°, β° and γ° 
and for α, β, und γ. The formulation of the necessary integration of the direction cosines 
of both light cones in the double cone system is not specified more precisely. The 
derivation of equation (6.1) in Sommerfeld [418, p. 162-163] is made by means of the 
Laue fundamental equations for space-gratings in (6.2a) – (6.2d):  

 31 2
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In this, the direction cosine applies .1222   The solution (6.2a) in (6.2b) 
is: 
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With the direction cosine 12
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22 2

2 3 31 2 1 2
0 0 02 2 2

2 1 1
h hh h h h

a b c a b c
    

            
  

 (6.2c) 

The solution with λ results in (6.2d): 
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Aside from the Fraunhofer diffraction on three-dimensional objects (crystal 
gratings), in 1973, Menzel/Mirandé/Weingärtner [301] also worked on the Fresnel 
diffraction of visible light on diffraction gratings and on their interferences in the near-
field behind, such as e.g. for three-beam and for Talbot interferences. In this case s and 

0s  as the direction vectors of the light waves incident in the grating and those diffracted 

in the grating are components of the direction cosines of α°² + β°² + γ°² = 1 and  
α² + β² + γ² = 1.The derivation was made with reference to E. Wolf’s work of 1969 
[489], where he applied the Born theory of the scalar waves for the first time to visible 
light and transparent objects, and with reference to the Fresnel interferences [442] 
described by Talbot. The three parts of the von-Laue equation there with zyx RRR ,, as 

the spatial frequencies or local coordinates in the reciprocal grating, therefore with 
reciprocal grating constants ( zzyyxx gRgRgR /1,/1,/1  ) read: 

 zyx RkRkRk  2)(;2)(;2)( 000000 
 

For the diffraction phenomena in Fresnel-space behind the space-grating, the period 

0z  in the z-direction is described by the expression  2² 01 zR , which when solved 

for 0z with xgR /11   leads to the periodicities of the Talbot-interferences: 
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With this, the connection between the Fraunhofer-interferences in the far-field and 
the Fresnel diffraction phenomena behind gratings and space-gratings in the von-Laue- 
equation was proven. Landé [241] showed in 1937, based on the interpretation by  
W. Duane [92], that the von-Laue equations also describe the law of preservation of the 
three components of the momentum in the case of a collision of photons and crystal. In 
1969 [489] and in 1970 [490], Emil Wolf pointed out, that the von-Laue equations for 
the x-ray analysis of crystals and those for the momentum transfer in the diffusion of 
light on three-dimensional transparent media are identical. E. Wolf again showed [491] 
the connection between the von-Laue equation (6.2), the Ewald sphere of reflection and 
the momentum transfer vector in the case of the orthorhombic crystal (grating constants 
a, b, c) in diffraction tomography. On numerous occasions, the identity of the von-Laue 
and the Bragg equation was shown in literature. The literature regarding crystallography 
provides a good insight into these topics [Als-Nielsen [7], Cowley [70], Fischer [112], 
Giacovazzo [129], Glusker [140], Hunter [184], James [190, 191], Joannopoulos [193], 
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Kleber [210], Nye [328], Paufler [341], Rousseau [383], Spieß [423], Woolfson [498], 
and others. 

6.7.  The Application of the Von‐Laue equation to Hexagonal 
Space‐gratings 

Space-gratings with a hexagonal most densely packing of point-like scatterers, such 
as e.g. of biological cells with cell nuclei, have the significant advantage for the axis-
centered optics, that they provide interferences concentric towards the z-axis. Therefore, 
the imaging optics and the space-grating optics are compatible. The von-Laue equation 
describes the diffraction of light in the space-grating. Figure 6.13 shows an orthogonal 
coordinate system, whose coordinate origin is at the same time the peak of the incident 
light cones and of those leading to the diffraction orders. By means of α°, β°, γ° and α, β, 
γ the angles towards the x-, y-, z-axis are described. The grating constants in the 
hexagonal grating are termed zyx ggg ;; , the diffraction orders are termed using the 

triplet of integers 321 hhh . 

 

Fig. 6.13: Cartesian xyz-coordinate axes; angle α°, β°, γ° in the incident light cone; α, β, γ  
in the diffracted light cone. ± 111 = first diffraction order. 

The interconnection of the two light cones involved in the space-grating diffractive-
optical transformation is carried out by means of the three binomial expressions for the 
phase differences squared in equation (6.3). Their sum represents the direction cosine for 
light double cone transformations, whose value must be = 1 as it is in each single 
direction cosine.  
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 ( )² ( )² ( )² 1Cos Cos Cos Cos Cos Cos              (6.3) 

The three interference terms between the cosines squared terms of the individual 
angles make up the really significant values, because they guarantee the entanglement of 
the two light cones by means of making up the product of the cosine terms of angles of 
the same name. By means of the solution of (6.3), this is clarified in equation (6.4).  
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In the cosine terms, the interference optical occurrence in the double cone 
transformation is formulated by means of relations between light and space-gratings, 
between integer wavelengths h  and the grating constants zyx ggg ;; . With the cosine 

values, Cos α, β, γ written-out in full, equation (6.3) passes into the form of equation 
(6.5):  
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If one does not regard the cosine terms α, β, γ as quotients, but as the product 
of h and the reciprocal grating constants xg/1 , yg/1 and zg/1 , then equation (6.5) 

formulates the multiplicative connection between the integer wavelengths and the spatial 
frequencies in the space-grating. 

Which wavelengths have the best chances of 
an optimal transmission in the space-grating? 

If one solves the equation (6.5) for λ , equation (6.6) results. It represents the most 
general equation in crystal optics, as stated by Sommerfeld in [418, p. 230, Eq. 10] and 
in [419, p. 162-163] as well as in Müller-Pouillet [312, p. 1090]; it is also suitable to 
describe multi-beam interferences in the Fresnel medium-field and interferences of 
beams with the same angle in the Fraunhofer far-field [301].  
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For the special case of the vertical incident light it is reduced to the shortened 
equation (6.7), which can be found in some optics textbooks in one of the two ways of 
writing it [19, 20].  

 

3

3

31 2
31 2

2
2

²² ²²² ²
² ² ²² ² ²

z

z
x y z

x y z

h
Cos

h g
oder

hh hhh h
g g g gg g g





 

      
 

 (6.7) 

The Fraunhofer diffraction pattern is a special case of the Fresnel diffraction. 
Therefore, the von-Laue equation is a special case of the Fresnel multi-beam 
interferences. The wavelength diffracted into a diffraction order of the space-grating and 
admitted for the development of interference maxima, is the result of the quotient from 
the sum of the interference terms in the numerator and the sum of the Cos²αβγ-parts of 
the direction cosine of the angles of the diffraction order in the denominator of equation 
(6.6) and (6.7). 

1 µm = 1 Micrometer = 1000 nm (Nanometer)…. 

If one adds α°, β°, γ° on the one hand and α, β, γ, on the other hand for zyx ggg ,, , 

321 hhh  and λ specific values in equation (6.6), and then only initially looks at the 

borderline case formulated in equation (6.7) of the parallel incidence of white light with 
α° = β° = 90°, γ° = 0°, then it remains to be considered in the hexagonal grating that the 
grating constants xg and yg  are linked with each other geometrically. With xg = 2 µm 

and 3/4yg  µm as well as zg = 4 µm and all low diffraction triplets 321 hhh  

between 111–333 the solutions for wavelengths 321 hhh need to be looked for in the 

reciprocal grating space. The sequence of the grating constants corresponds to a right-
handed coordinate system because the grating constants behave in their order like the 
thumb, the index finger and the middle finger of the right hand.  

The hexagonal space-grating provides a wavelength triplet… 

Only three values for 321 hhh which need to be considered closer, result with the 

low triplets 111, 123 and 122: 1111  ; 96.0123  ; 8.0122  . The 

wavelength 1111  is the greatest wavelength, the so-called fundamental wave in the 
wavelength triplet. (The answer to the question why in the following, in the case of a 
hexagonal space-grating only these three wavelengths need to be considered in the 
triplet, is based on the fact that for all 321 hhh -triplets with higher numbers than 123, the 

γ-angles in the reciprocal space grating for visible wavelengths become too large to be 
received locally in a plane close to the grating, and as well as that, the intensities of the 
higher diffraction orders are considerably reduced).  
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The value 1111  in equation (6.6) or (6.7) states, that for the spectral fundamental 
wave, the sum of the interference terms in the numerator of the quotient is identical to 
the sum of the Cos²α,β,γ – weights in the denominator, thus both values are in 
equilibrium. Therefore their reciprocal product 1/ 321 hhh  also = 1. This again 

corresponds to the fact that the product of wavelength and frequency in every diffraction 
order is always νλ = 1. For the wavelength triplets this means that always 

1122122123123111111  cv  or 122
321

2
321  chhhhhh  .  

The relation 25 : 24 : 20 in the wavelength triplet… 

Human hearing is tuned to a frequency relation of 25 : 24, human vision with three 
wavelengths in relation 1 : 0.96 : 0.8 is tuned to a wavelength triplet in relation  
25 : 24 : 20. In order to get into the visible spectrum with these three wavelengths a 
further step needs to be taken with regards to a factor common to all λ values. 

6.8.  The Chromatic Tuning of a Space‐grating 

A space-grating can chromatically be tuned 
to the fundamental wave 111 …. 

If one presumes, that in nature, for the measurement of the visible world, there is no 
other scale for lengths and distances than the light itself, then one is dealing with a 
‘light-like’ Pythagoras in geometry. Visible objects would not only be imaged with light, 
but they would also be perceived and measured in their image with the grating 
dimensioned for a particular wavelength λ. If one then correspondingly expresses the 
grating constant dimensions in any arbitrary wavelength λ, then one transforms it to λ 
and chromatically tunes it optically. This is illustrated in Figure 6.14. 

 

Fig. 6.14: Diffraction of light on a grating with a grating constant xg = 2λ.  



6. Spectral Space-grating Optics in the Diffractive-optical Correlator of the Human Eye 

 223

The λ resonant with the grating can be identical to the wavelength λ, which is 
emitted with the 111-diffraction order at an angle of 60°. Such a transformation to a 
particular wavelength λ is possible in the space-grating for all three grating constants. 

xg = 2 changes to xg = 2λ, 3/4yg  changes to 3/4yg  and zg = 4 changes 

to zg = 4λ. The fundamental wave, to which the tuning is done, is the longest of the 

wavelength triplet, thus the 111 - wavelength. As a basic principle, it is freely selectable 

in the visible spectrum. The above-mentioned three 321 hhh values therefore represent 

three harmonics in a relation of 25 : 24 : 20 , which are all based on the 111  
fundamental or resonance wave. Basically this means, that e.g. in the choice of a visible 
wavelength of 600.0111   µm (600 nm), the two harmonics 123  and 122  would be 

located at 0.576 µm (576 nm) and 0.480 µm (480 nm) in the visible spectrum. The 
presentation of λ in µm is chosen, therefore a wavelength of 500 nm e.g. is indicated 
with 0.5 µm. In this way, it can be explained, why in A. König’s Table showing the 
change from gas light to sunlight, the three RGB curves shift synchronously, like a 
fundamental wave with two harmonics, in the spectrum.  

The transformation of the grating constants to 111 … 

The transformation of the grating constants to a particular wavelength 111  is made 
easier in the equation (6.6) or (6.7) by the fact, that it is sufficient to multiply the entire 
expression for 111 on the right hand side with 111  in order to tune all three grating 
constants to that wavelength as the fundamental wavelength, which as λmax in the 

321 hhh = 111-diffraction order is optimal for interferences, thus develops maxima. The 

equation (6.6) or (6.7) is then as specified in equation (6.8). 

 

31 2

111 111
31 2

2

²² ²

² ² ²

x y z

x y z

hh h
Cos Cos Cos

g g g

hh h

g g g

  
 

 
     

 
 

 (6.8) 

Equation (6.8) describes the optical resonance situation for a certain wavelength in 
a space-grating. 

6.9.  The Crystal‐optical Resonance Factor 

 
1

1
 c




 

A number, which is multiplied with its reciprocal value, describes an inner 
equilibrium position. Where there is no difference between frequency and wavelength, 
there is the perfect resonance condition. This applies to the fundamental wave and their 
connected harmonics in the space-grating as well as to the equilibrium of the electrical 
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and magnetic forces in the speed of light c. In the case of the Doppler effects, the 
difference between v and λ shows an imbalance, which provides information about the 
direction and size of the relative movements between a faraway star and an observer  
on earth.  

If the entire expression on the right hand side of the equation (6.8) takes on the 
value 1x 111  and if one transfers this to the left hand side, then the expression for the 

phase velocity Vp = 1/ 111111  c  of the optically resonant wave in the space-
grating, the resonance factor of crystal optics, results [106]. Ewald showed that in the 
case of strict symmetry of the higher diffraction orders in relation to the 0th diffraction 
order, the resonance factor reaches an optimum, and the crystal, the diffracting space-
grating, is “optically empty”, because then any absorption in the crystal is negligible 
[105, 106]. Ewald described the phase velocity [106] as the decisive resonance factor of 
crystal and grating optics in the von-Laue equation in x-ray and visible light. Figure 6.15 
reproduces the first page of his article.  

The central statement regarding the equilibrium position is in the following 
quotation: „The scattering elements of the crystal are supposed to act as dipoles; and for 
the interior of the medium the problem is that of finding a balanced, or self-consistent 
state of optical field and dipole vibration. This is an eigenvalue problem, with the phase 
velocity as the eigenvalue”. 

6.10.  The Harmonically Linked RGB‐diffraction Order Triplet 

With equation (6.8), the three harmonically linked wavelengths BGR 122123111 ,,   

result in the case of white light vertically incident into a hexagonal space-grating. If, 
with regards to human RGB color vision, one chooses the wavelength 559 nm (more 
precisely: a quarter of the hypotenuse in the smallest whole number Pythagoras  

1² + 2² = 5, thus 4/5 = 0.559017 µm) as 111 R, which is the peak of the long-wave 

spectral sensitivity curve, the wavelength 123 G results at 537 nm and the wavelength 

122 B at 447 nm. Together they form the tri-chromatic RGB triplet. In the RGB bell-
shaped curves, they represent the wavelengths in the three peaks of the RGB sensitivity 
curves: 111 = 559 nmR, 123  = 537 nmG, 122  = 447 nmB. 

R inside, B in the middle and G on the 
outside on concentric circles around the z-axis… 

The relations in the cosine terms of equation (6.3) provide information about the 
angles, at which the diffraction orders emerge from the hexagonal space-grating in the 
case of vertically incident light. (In the cosine terms, λ in the numerator is always the 
wavelength in the particular 321 hhh - diffraction order, 111  is the wavelength in the 

grating constants: only with 321 hhh  = 111 both - λ und 111 - are identical to each other). 

Table 6.2 shows that the six particular maxima of the three RGB diffraction orders for 
vertically incident light are localized on different circles around the z-axis. 
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Fig. 6.15: the title-page of the article by Ewald [106], as shown also in [493]. 
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Table 6.2: angles α, β, γ of the three RGB diffraction orders 321 hhh = 111R, 123G und 122B  in relation to 

the three axes x,y,z of the orthogonal coordinate system in the case of vertical light incident  
into the space-grating.  

Angles α, β, γ 
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111

1

2
 









 




Cos
h

111
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4
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Cos
h

111

3

4

 

Sum of the 
terms 

squared 

111 = 559 nm α = 60° β = 64.3° γ = 41.4° 1 

123  = 0.96 111  

= 537 nm 
α = 61,3° β = 33.8° γ = 73.7° 1 

122  = 0.80 111  

= 447 nm 
α = 66,4° β = 46,1° γ = 53,1° 1 

 

The RGB-diffraction orders do not overlap…. 

The interference maxima of the wavelength 111  = 559 nmR are located with  

γ = 41.4° on the circle with the smallest diameter, 122  = 447 nmB with γ = 53.1° is on 

the middle one and 123  = 537 nmG with γ = 73.7° on the outer circle. The six maxima 

on each circle are locally discretely separate from each other as R-, G-, and B-maxima, 
as is shown in Figure 6.16 .An overlapping of the RGB-bell-shaped curves does not 
exist in diffractive space-grating optics. This fact provides a new and definite answer to 
the often repeated question regarding the ‘apparent’ overlapping of the spectral RGB 
sensitivity curves in human color vision.  

 

Fig. 6.16: RGB-Triplet of the diffraction orders of the hexagonal space-grating in the case of vertically 
incident light. The six maxima for R are located on the smallest circle, those for B on the middle one  

and for G on the outer one. (ONL = outer nuclear layer of the retina as a cellular space-grating). 
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Why are R and G in the RGB triplet in 
human color vision so close to each other… 

The fact literally leaps to the eye that with this, for the first time there is an answer 
to the question, why the peak of the R-curve with 559 nmR is located so close to the G-
curve with 537 nmG. It is only, when the RGB shares are present in separate concentric 
ring zones, as is the case here, that a neuronal interconnection with R : G – and  
B : (G+R = Yellow)-complementary colors can take place. A certain disorder in the cone 
distribution pattern may be permitted, because the ring-zone guarantees a higher 
probability, that sufficient specimen of each RGB cone type are involved in color vision.  

An original new color sequence in diffractive 
optics… 

The color sequence in the concentric diffraction orders – from the inside to the 
outside, from red to blue and green – is unusual, as it does not correspond to any of the 
chromatic color sequences known so far from the Talbot /Fresnel or Fraunhofer 
interferences. It represents an original product of the Fresnel space-grating optics.  

The peaks of the RGB bell-shaped curves are 
determined by the axis beam… 

Simultaneously, the data show, that in the case of the optical imaging of a point-like 
object on a space-grating in image space, the axis-beam vertically incident into the 
space-grating with the angles α° = β° = 90°, γ° = 0°, to which all other light cones are 
concentric, provides the wavelengths 111 R, G123 , B122 , which occupy the peaks in 

the spectral sensitivity curves of color vision. They represent the symmetry axes of the 
RGB bell-shaped curves.  

The equations describe a Fresnel near-field 
solution…  

The sizes of the diffraction angles, which result behind the space-grating, allow 
only little room for the optical interference occurrence in the z-direction. They contain 
the decisive hint that there are Fresnel-near field solutions. This, in turn, corresponds 
well to the fact, that in the inverted retina of the eye, the light-sensitive photoreceptor 
outer segments are located directly behind the cellular grating layers. They lay even 
nearest to the ONL space-grating containing the cell bodies producing them.      

The RGB-chandelier becomes visible… 

The data regarding the angles α und β also show, that the three RGB rings are 
located directly behind the space-grating in different z-planes, are thus ‘hung up’ at each 
local image position like a ring-shaped chandelier in reciprocal grating space. This is 
illustrated in Figure 6.17. As the angles γ of the diffraction orders in Table 6.3 show, the 
green ring is located closest to the grating, the blue ring is in the middle and the red ring 
is at the very bottom.  
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Fig. 6.17: The chandelier of the RGB maxima in the case of white light incident into the space grating.  
A not to scale projection of the RGB rings behind the space-grating along the z-axis.  

6.11.  The Fresnel‐interference Optics for Light Double Cones with 
Different Apertures 

From the peak wavelengths to the complete 
RGB bell-shaped curves…  

What changes as opposed to the vertical light incident into the space-grating, which 
only provides the three linked wavelengths in the peaks of the spectral RGB sensitivity 
curves, when simultaneously with the optical imaging, the convergent light cones with 
their different apertures make a contribution to the RGB diffraction orders? The larger 
the aperture angles α° and β° of the imaging light cones become, the more longer and 
shorter wavelengths are admitted in each RGB diffraction order for the development of 
interference maxima. The spectral space-grating optics uses the angles of incidence for 
the spectral and/or chromatic information processing. In this way, the whole colorful 
world of the visible spectrum opens up in the complete RGB-chandelier.  



6. Spectral Space-grating Optics in the Diffractive-optical Correlator of the Human Eye 

 229

6.12.  The Longer and Shorter Wavelengths in Comparison  
to  111 =559 nm in the 111R‐diffraction Order 

The RGB-maxima of a light cone incident at γ° = 1° are located at longer 
and shorter wavelengths as in the case of vertically incident light with γ° = 0°. 

Using the 111R diffraction order, as an example, it can be shown that this rule also 
applies to the other diffraction orders 123G and 122B. For vertically incident light into 
the space-grating the angles of incidence α° = β° = 90°, γ° = 0° apply. The equation (6.8) 
for the 111R-diffraction order with the previous 321 hhh  and the grating constant values 

reads as in equation (6.9): 

 0
111 559

2( 0.25 0.1875 0.0625 )
( 0 )

0.25 0.1875 0.0625 nm

Cos Cos Cos      
  

 
 (6.9) 

 

It leads to the result in equation (6.10): 

 0
111 559 559

2( 0.0625 0 ) 0.5
( 0 ) 0.559

0.25 0.1875 0.0625 0.5nm nm

Cos
µm   

    
 

 (6.10) 

Longer wavelengths result in the 111R diffraction order from the fact, that in 
equation (6.8) and/or (6.9) angles with γ° > 0° und α° = β° ≠ 90° enter into the 
corresponding cosine parts. Using the example of the aperture angles α° = β° = 89.29°, 
γ° = 1°, the result can be calculated with the aid of the equations (6.11) and (6.12).  

 111 559

2( 0.25 89,29 0.1875 89,29 0.0625 1 )

0.25 0.1875 0.0625
1.046 0.559 0.585

nm

Cos Cos Cos

µm

   


 
  

 (6.11) 

The equation (6.11) provides the wavelength 585 nm, which is larger than the 
wavelength 559 nm in the peak of the R-curve by +26 nm. The angles at which the 
diffraction orders of this wavelength emerge from the space-grating, result from 
equation (6.12). With this wavelength 585nm in the 321 hhh =111 diffraction order and 

111 = 559 nm in the grating constants zyx ggg ;;  the following results: 

 
22 2

0.585 0.585 3 0.585
89.29 89.29 1 1

2 0.559 4 0.559 4 0.559
Cos Cos Cos

                       
 (6.12) 

From the roots of the values in the three brackets, the new angles in relation to the 
x-, y-, z-axes for the wavelength 111 = 585 nm in the 111R diffraction order result. They 
are α = 59.3°, β = 63.84° and γ = 42.42°. The corresponding angles for vertically 
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incident light were at α = 60.0°, β = 64.3° and γ = 41.4°. Figure 6.18 illustrates this 
result. 

x

z

y

 10

 00

nm559)0( 0
111 

nm585)1( 0
111 

1°

 4.41

 4.42

 

Fig. 6.18: Light cone with γ° = 1°- aperture and with vertically incident light (γ°= 0°), Angle shift of the 

111  diffraction order of α = 60°, β = 64.3°, γ = 41.4° to α = 59.3°, β = 63.9°, γ = 42.4°.  

By this, 111 shifts by +26 nm from 559 nm to 585 nm. 

The maximum of the +26 nm longer wavelength is thus located somewhat closer to 
the space-grating in the z-direction than the R-peak wavelength 111 =559 nm. The sum 
of the Cos²-values of these angles results in each case in the value 1, so that the 
conditions of the interlinked double cone direction cosine are fulfilled.  

The shorter wavelengths in the 111R 
diffraction order in comparison to 111 = 559 nm… 

How do the shorter wavelengths result in the 111R diffraction order? Due to the 
fact that Cosα° and Cosβ° change from + to – for values, which are smaller or larger 
than 90°, the Cosγ°, however, for values, which are smaller or larger than 0°  does not 
do so; the equation (6.11) must read as in (6.13). In it, the two Cosα° and Cosβ° parts 
take on a negative value, because α° = β° > 90°. 

 
0

111 559

559 559

2( 0.25 90.71 0.1875 90.71 0.0625 1 )
( 1 )

0.25 0.1875 0.0625
0.477

0.954 0.533
0.5

nm

Cos Cos Cos

µm

  

 

  
  

 

  

 (6.13) 
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111 R for γ°= 1° is located at 585 and 533 nm… 

In equation (6.13), the resulting value of 559954.0   is the maximally interferential 

wavelength 111 = 533 nm, therefore, a shorter wavelength in comparison to 

111  = 559 nm for γ° = 0°. Of the two for γ° = 1° resulting wavelengths, the one is 
longer by +26 nm, the other shorter by -26 nm than 559 nm. A symmetry operation to 
the axis in the peak of the R-curve exists.  

6.13.  Wavelengths Contributing by Means of the Same Light Cone  
to all Three RGB‐sensitivity Curves 

Every incident light simultaneously serves all three RGB-bell-shaped curves…  

This can be shown for the 123G-diffraction order by means of equation (6.7) in 
equations (6.15) and (6.16) with 321 hhh = 123. For vertically incident light with α° = β° 

= 90°, γ° = 0° first of all, with 111 = 0.559 µm in the cosine terms of the diffraction 

angles α, β und γ in equation (6.14) for γ° = 0° the peak wavelength 123  = 537 nmG 

results: 

 0
123 559 559

2(0.75 0 ) 1.5
( 0 ) 0.960 0.559 0.537

0.25 0.75 0.5625 1.5625nm nm

Cos
x µm   

     
 

 (6.14) 

In equations (6.15) and (6.16) the longer and the shorter wavelength result, which, 
by means of the light cone with α° = β° = 89.29°, γ° = 1° make a contribution to the 
123G diffraction order: 

 123 559

2( 0.25 89.29 0.75 89.29 0.5625 1 )

0.25 0.75 0.5625
0.982 0.559 0.549

nm

Cos Cos Cos
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 (6.15) 

 123 559

2( 0.25 90.71 0.75 90.71 0.5625 1 )

0.25 0.75 0.5625
0.938 0.559 0.524

nm

Cos Cos Cos

µm

   


 
  

 (6.16) 

123  G for γ°= 1° is located at 549 and 524 nm… 

The larger wavelength is with 549 nm by +12 nm longer, the shorter is with 524 nm 
by -13 nm shorter than the peak wavelength 537 nmG. Using equation (6.5) and/or 
(6.12) the angles can be calculated, at which these wavelengths achieve their maxima in 
the 123G diffraction order. Since, when γ° = 0°, the angle γ for the nm537123   is at 

73.7°, for nm549123  an angle γ of 74.8° and for nm524123  an angle γ of 72.8° 
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results. In this way, it can be seen here, that the longer wavelength is located a little 
closer to the space-grating, the shorter one is a little further away from the maximum of 
the peak wavelength on a z-depth distance behind the space-grating.  

122 B for γ°= 1° is located at 462 and 432 nm… 

The solution for the 122B-diffraction order can be found by means of equation (6.6) 
in the equations (6.18) and (6.19) with 321 hhh = 122 .For vertically incident light with  

α° = β° = 90°, γ° = 0°, in the cosine terms of the diffraction angles α, β and γ in equation 
(6.17) for the first the peak wavelength 122  for γ° = 0° with 447 nmB results: 

 0
122 559 559

2(0.5 0 ) 1.0
( 0 ) 0.80 0.559 0.447

0.25 0.75 0.25 1.25nm nm

Cos
x µm   

     
 

 (6.17) 

In equations (6.18) and (6.19) the longer and the shorter wavelength result, which 
by means of the light cone with α° = β° = 89.29°, γ° = 1° make a contribution to the 
122B diffraction order: 

 122 559
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 122 559
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 (6.19) 

With 462 nm the larger wavelength is by +15 nm longer, the shorter with 432 nm is 
-15 nm shorter than the peak wavelength 447 nmB. With equation (6.5) and/or (6.12), 
the angles can be calculated, at which these wavelengths achieve their maxima in the 
122B diffraction order. Since at γ° = 0°, the angle γ for thee nm447122  is at 53.1°, 

for nm462122  an angle γ of 54.1° and for nm432122  an angle of 52.2° results. 
Again, it can be seen here, that the larger wavelength is a little closer to the space-
grating, the shorter one a little further away from the maximum of the peak wavelength 
on a z-depth distance behind the space-grating.  

The light cone incident into the space-grating with an opening angle γ° = 1° thus 
achieves interference maxima with altogether 6 wavelengths in the three RGB 
diffraction orders, in so far as these wavelengths being represented energetically in the 
incident light: with 585 nm and 533 nm in the R-diffraction order, with 549 nm and  
524 nm in the G-diffraction order and with 462 nm and 432 nm in the B-diffraction 
order. Figure 6.19 illustrates the positions of these wavelengths on the RGB bell-shaped 
curves of the spectral sensitivity of the cones. These laws also apply to other 
wavelengths in the visible spectrum.  
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Fig. 6.19: Light cones, which are incident into the space-grating with an aperture of γ° = 1° serve  
the three RGB sensitivity curves with two wavelengths each. The same is illustrated for light cones  

with apertures of γ° = 3° and γ° = 5°.  

6.14.  Space‐grating Optics Provides the Complete RGB Sensitivity 
Curves 

Each convergent light cone with an aperture angle incident into a space-grating 
makes a symmetrical shorter-wave and longer-wave contribution to the peaks of the 
RGB curves. The law of the spectral space-grating optics shown for vertically incident 
light (γ° = 0°) and for a light cone with an aperture of γ° = 1° also applies to all 
transformations of light cones with apertures [260]. This is illustrated in Figure 6.20: 

 

Fig. 6.20: The example of the 111R diffraction order shows that, in white light, the vertically incident axis-
beam provides the λmax-wavelength 559 nm – the peak wavelength of the bell-shaped R curve in reciprocal 
grating space. With an increasing aperture, the light cones with an aperture γ° > 0° make their contributions 

to the bell-shaped R-curve. The longer wavelengths further away from the λmax wavelength are marked 
with λ+, the shorter ones are marked with λ-. The spectral light cones have been divided into two halves for 

the sole purpose of better illustration.  
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Increasingly larger light cone apertures finally supply the bell-shaped RGB-curves 
completely with spectral intensities on both sides of the RGB peaks if these wavelengths 
are represented energetically in the incident light. The Table 6.3 shows the contributions 
of the light cones with γ°-apertures of 1°, 3°, 5° and 8° and their corresponding 
wavelengths. 

Table 6.3: Spectral contributions of different light cones with an aperture γ° = 3 – 8° in relation to the bell-
shaped RGB curves in comparison to γ° = 0°. In the brackets next to the RGB wavelengths, the angles γ of 
the diffraction orders in relation to the z-axis are indicated; on the right next to that, there are the distances 

to the peak wavelengths in nm.  

γ° 111 R and γ 123 G and γ 122 B and γ 

0° 559 nm (41.4°) 537 nm (73.7°) 447 nm (53.1°) 

3° 
635 nm (44.4°) +76 

481 nm (38.4°) -78 

572 nm (76.6°) +35 

500 nm (70.8°) -37 

492 nm (56.0°) +45 

401 nm (50.2°) -46 

5° 
685 nm (46.4°) +126 

428 nm (36.4°) -131 

595 nm (78.6°) +58 

474 nm (68.9°) -63 

521 nm (58.0°) +74 

370 nm (48.3°) -77 

8° 
759 nm (49.4°) +200 

348 nm (33.4°) -211 

628 nm (81.5°) +91 

435 nm (66.0°) -102 

563 nm (60.9°) +116 

323 nm (45.5°) -124 

 

In the case of a maximum pupil aperture with a radius R = approx. 4 mm and a 
distance between the nodal point and the fovea of approximately 20  mm, the eye will 
only allow an aperture angle around the optical axis of γ° ± 11°. In the axis-beam, the 
wavelengths 111 =559 nmR, 123 =537 nmG and 122 =447 nmB are optimally 

transmitted in their diffraction orders with γ = 41.4° R, γ = 73.7° G and γ = 53.1° B. By 
means of the light cone with γ° = 3°, the wavelength triplet 111 = 635 nm (γ = 44.4°), 

123 = 572 nm (γ = 76.6°) and 122 = 492 nm (γ = 56.0°) closer to the space-grating in the 

z-direction is transmitted. Simultaneously, the wavelength triplet 111 = 481 nm  

(γ = 38.4°), 123 = 500 nm (γ = 70.8°) and 122 = 401 nm (γ = 50.2°) achieves its spectral 

maxima on the far side of the space-grating. With an increasingly larger aperture of the 
light cones, the wavelengths 111 = 759 nm (γ = 49.4°), 123  = 628 nm (γ = 81.5°) 

and 122 = 563 nm (γ = 60.9°) on the side closer to the grating, as well as the wavelengths 

111  = 348 nm (γ = 33.4°), 123 = 435 nm (γ = 66.0°) und 122  = 323 nm (γ = 45.5°) on 

the far side of the grating are finally admitted, in the zone, which is covered at the edge 
of the pupil with γ° = 8°; for wavelengths beyond 360 nm and 760 nm, no transmission 
of optical media and no spectral sensitivity exist anymore. These data only illustrate the 
main principle and can be calculated more precisely by applying specific parameters of 
the eye optics. The connection between the incident angle of light in the pupil and the 
sensation of brightness and/or color had already been examined by Stiles und Crawford 
[436].  
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The bilateral distances of the wavelengths from the RGB peak wavelengths exhibit 
a low asymmetry, which can also be recognized in the bell-shaped curves of A. König, 
Rushton and other authors.  

6.15.  The Modulation of the Spectral Maxima along the Outer 
Segments of the Cones in Reciprocal Space 

The angle data γ of the zone-specific wavelengths show, that closer to the space 
grating; thus anterior to the RGB interference maxima of 111 =559 nmR,  

122 =447 nmB and 123 =537 nmG for vertically incident light (γ° = 0°), the interference 

maxima of the increasingly longer wavelengths line up, and behind these, the 
interference maxima of the increasingly shorter wavelengths. This is illustrated in  
Figure 6.21 for a one-layered (left) and a multiple-layer grating (right).  

 

Fig. 6.21: On a z-depth distance behind the gratings, each wavelength of the visible spectrum reaches a 
specific position of its maximum. (Left) In the case of a single grating, all wavelengths in a white spectrum 

can achieve the same intensities. (Right) In the case of a space-grating, the wavelength denoted as λmax 
reaches the highest intensity and thus becomes the symmetry axis in the bell-shaped RGB curves.  

This law agrees with that of the Talbot/Fresnel-interferences. It is this z-depth 
distance, which is scanned spectrally in the eye by the antenna-shaped outer segments of 
the photoreceptors. The spectral sensitivity curves space-grating-optically turn out to be 
the result of symmetry operations centered to the three RGB peak wavelengths as the 
axes. It is the most likely then, that complete bell-shaped RGB curves come into 
existence if as many as possible or all spectral wavelengths, as in white light, participate 
in the optical imaging of a local object point. If, on the other hand, the wavelength  
585 nm is not represented energetically in the incident light, because a visual object does 
not reflect it, but possibly absorbs it, then there will also not be a contribution to the 
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position of the corresponding maxima of this wavelength on the z-depth distance; the 
spectral analysis will then have gaps. The Fresnel-modulation of the spectral shares of 
light on the photoreceptor outer segments can be viewed in connection with the electro-
dynamical interpretation by Hajiaboli [153] of the outer segments of the cones and rods 
as ‘optical micro filters’. How the optical light energy is transformed into neuronal 
signals in the photoreceptor outer segments was shown by Schnapf and Baylor [396]. 

Why the RGB curves are bell-shaped curves… 

In the case of the space-grating dealing with a white spectrum, only the central 
RGB wavelengths termed λmax are transmitted with maximum intensities. The maxima 
of the longer and shorter wavelengths lead to increasingly weaker intensities 
proportional to the distance to the λmax. In every diffraction order, a space-grating 
diminishes those spectral components for which it is not optimally structured; it absorbs 
more and more shares of energy approximately proportional to their distance to the three 
peak wavelengths [60]. 

A visible local object area is transformed 
into a multitude of chromatic RGB interference 
levels in reciprocal grating space… 

The diffractive space-grating optics guarantees that an imaged white or colored 
object is transmitted into a multitude of λ-specific chromatic interference levels in the 
three RGB diffraction orders in the typical sequence of Fresnel-interferences. In this 
way, it also becomes clear, why chromatic aberration in normal vision is of no 
consequence.  

6.16.  The Significance of the Interference Terms for the Light‐like 
Geometry in Space‐grating Optics 

The interference terms keep the light-like 
geometry in equilibrium…  

In the double cone direction cosine, the three interference terms interlock the 
convergent light cones incident into a hexagonal space-grating with the divergent light 
cones emerging from the space-grating into diffraction orders in reciprocal space. The 
geometrical importance of the interference terms becomes clear, when looking again at 
equation (6.4):  

 
² 2 ²

² 2 ²

² 2 ² 1

Cos Cos Cos Cos

Cos Cos Cos Cos

Cos Cos Cos Cos

   
   
   

  
  
   

 (6.4) 

If, e.g. one compares the values of equation (6.4) for light cones, which are incident 
into the hexagonal space-grating with apertures γ° = 1°, and in which the wavelengths 
585 nm and 533 nm calculated in equations (6.12) and (6.13) are diffracted in the 111R 
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direction, with the values for vertically incident light (γ° = 0° und 111 =559nm), then it 
can be seen first of all, what significance the sum of the interference terms in the spatial 
Pythagoras has for the geometry of space-grating optics.  

The sum of the Cos²α,β,γ-parts minus the 
sum of the interference terms is always = zero… 

For γ° = 0° with 111 = 0.559 µm equation (6.4) results as illustrated already: 

2 2 2 0 2 0( ) 2 1Cos Cos Cos Cos Cos Cos           

(0.25 + 0.1875 + 0.0625) – 0.5 + 1 = 1 and thus 0.5 – 0.5 = 0 

For γ° = 1° equation (6.4) results with 5851h )1( 1 h in the numerator and 

5592xg in the denominator in 273.0;523.02/ 2
5595851   CoshCos etc. 

for the Cosβ, Cosγ parts: 

2 2 2 0 0 0

2 0 2 0 2 0

( ) 2( )

( ) 1

Cos Cos Cos Cos Cos Cos Cos Cos Cos

Cos Cos Cos

        

  

     

  
 

(0.273 + 0.205 + 0.067) – (0.012 + 0.011 + 0.522) + (0.00015 + 0.00015 + 0.9997) = 1 

Thus the following applies 0.545 – 0.545 + 1 = 1 and 0.545 – 0.545 = 0 

For γ° = 1° equation (6.4) results with 5331h )1( 1 h in the numerator and 

5592xg in the denominator in: 227.0;477.02/ 2
5595331   CoshCos etc. 

for the Cosβ, Cosγ parts (with – as illustrated earlier – the two interference terms 
0CosCos and 0CosCos taking on negative values): 

(0.227 + 0.170 + 0.057) – (- 0.012 - 0.010 + 0.477) + (0.00015 + 0.00015 + 0.9997) = 1 

Thus the following applies 0.455 – 0.455 + 1 = 1 and 0.455 – 0.455 = 0 

Behind this rule in the double cone direction cosine, according to which the sum of 
the Cos²αβγ-parts is equal to that of the interference terms and both supplement each 
other to result in zero, and which applies to all wavelengths and light cone apertures, the 
spatial Pythagoras in Figure 6.22 is hidden. 
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Fig. 6.22: In the 3D-Pythagoras, three path parts a, b, c along the coordinate axes x, y, z lead from the 
coordinate origin C to the location of a maximum E in the 3D space. The shortest connection in the cuboid 
is via the space diagonal d [285, Fig. 9.12, p. 134] © 2013 with permission of Princeton University Press. It 

is the hypotenuse in the triangle with the sides e and c. In the 2D Pythagoras 
222 bae   and in the 

3D-Pythagoras e² + c² = a² + b² + c² = d² applies.  

In the hexagonal diffractive space-grating and in its reciprocal grating space, the 
lengths a, b, c are the distances traveled along the axes x, y, z, which lead from the 
coordinate origin in C to the location of the wavelength-specific interference maximum 
in E. Each wavelength in the diffracted light cone has its own propagation sphere, which 
has its center in the coordinate origin C of the space-grating. The wavelength-specific 
radius r of this sphere is identical with the spatial diagonal d in the cuboid and it leads 
directly to the location of the particular chromatic interference maximum in E [285,  
p. 134]. The paths in the reciprocal grating space correspond to the roots of both sum 
values: 

 0 0 0 2 2 22 Cos Cos Cos Cos Cos Cos Cos Cos Cos            
 

Due to the hexagonal 60° symmetry, there are in each case, six equally chromatic 
maxima in the interface with the sphere which is centered towards the z-axis. For each 
of the six maxima, the following applies: x² + y² + z² - r² = 0.  „The three-dimensional 
version of the Pythagorean theorem says: In a rectangular box, the square of the space 
diagonal is equal to the sum of the squares of the three sides” [Maor 285, p. 134]. In the 
identity of the sum of the Cos²α, β, γ parts with the sum of the interference terms, an 
equilibrium of the light-like occurrence exists for each wavelength – as a symmetry 
operation related to the coordinate system in the space-grating. 

The interference terms determine the 
chromatic harmonics  in the space-grating 
optics… 

Each wavelength has its own double cone constellation. The path from the original 
location of the diffraction in the space-grating to the location of the maximum in 
reciprocal space is described in the von-Laue-equation (6.6) for each wavelength 
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321 hhh in the sum of its three Cos²α,β,γ parts, the Cos² weights in the x, y, z-axis 

direction, transmitted in its double cone with a maximum transmission. The sum of the 
interference terms themselves, in which the incident and diffracted light cone in the 
2CosαCosα°, 2Cosβcosβ° and 2CosγCosγ° terms is interlinked multiplicatively, 
describes the direct way back from the maximum to the original location, thus the 
chromatic spatial diagonal in its particular cuboid. In this way, the interference terms 
together with the areas over the sides of the cuboid make up the basis of the chromatic 
harmonics in vision in the Fresnel-interferences. 

The wavelength λ itself results from the 
quotient of both sums of the spatial Pythagoras…  

The particular value of λ is itself a product of the two sum values. This was already 
made clear in the solution of the von-Laue-equation according to λ in equation (6.6): 
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31 2

2

²² ²
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x y z

x y z

hh h
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hh h
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 (6.6) 

If one rewrites this equation correspondingly in equation (6.20), then this becomes 
even clearer:  

  
2 2 2

2 Cos Cos Cos Cos Cos Cos

Cos Cos Cos

     


  
  


 

 (6.20) 

The resulting wavelength λ owes, as reciprocally the frequency 1/λ, its value to the 
very same relation of the two sums, which, in the double cone direction cosine make up 
an equilibrium state: 

 0 0 0 2 2 22 Cos Cos Cos Cos Cos Cos Cos Cos Cos              

Geometry and chromatics are strictly interlinked in space-grating optics [260].  

The basic RGB-chords center the chromatics 
of space-grating optics…  

The wavelengths in the peak of the spectral RGB-sensitivity curves make up the 
basic chord in the chromatic harmonics of space-grating optics. The corresponding sum 
values and differential summation values for the RGB triplet read with 

µmµmµm 447.0;537.0;559.0 122123111   : 

For 111:  (0.25 + 0.1875 + 0.0625) – 0.5 = 0.5 – 0.5 = 0 

For 123: (0.2304 + 0.6912 + 0.5184) - 1.44 = 1.44 – 1.44 = 0 
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For 122: (0.16 + 0.48 + 0.16) – 0.8 = 0.8 – 0.8 = 0 

Correspondingly, this applies to all other illumination-adaptively possible 
chromatic RGB-triplet constellations.  

6.17.  The Chromatic Harmonics in Vision and in Hearing 

The spatial diagonal in the spatial 
Pythagoras plays a role in vision and in 
hearing… 

There is a noticeable parallelism in the spatial Pythagoras between the diffractive 
frequency analysis in human hearing [158] and the analysis of the wavelengths in 
diffractive space- grating optical vision.  

In hearing, every musical sound is made up of a sine wave, which corresponds to an 
integer multiple of the sine of a fundamental wave. The energy or intensity of a sine 
wave is proportional to the square of its amplitude. Therefore the total energy of sound 

results from the sum of the amplitudes squared ...2
3

2
2

2
1  aaa [285, p. 138]. The 

root of the sum of all a²-segments is identical to the length of the spatial diagonal of a 
limited or also infinite series of a²-areas in the spatial Pythagoras. These root functions 
make up the basis of the ‘Pythagorean harmonics’ of the fundamental waves and their 
harmonics in acoustics. Maor described the importance of the spatial Pythagoras in 
acoustics [285, p. 138] as follows: „Every sound is a mixture of many different 
vibrations, each represented by a simple sine wave with its own amplitude and 
frequency. A musical sound is made up of sine waves whose frequencies are integral 
multiples of a lowest, or fundamental, frequency. The fundamental frequency 
determines the pitch of the sound – its position on the musical staff – whereas the higher 
frequencies, known as harmonics or overtones, determine its timbre; the quality that 
makes a violin sound different from a clarinet, even when they play the same note. Let 
the fundamental frequency be f, measured in cycles per second (the note A above middle 
C, for example, has a frequency of 440 cps). Its overtones have the frequencies 2f, 3f…. 
In addition, each overtone has its own amplitude na , so we can express its vibration as 

tnfan )2sin(  with n = 1,2,3,…, where t denotes time. The actual sound is the sum of 

these vibrations, that is


1

)2sin( tnfan  . Now it is shown in the theory of sound that 

the energy of a pure sine wave is proportional to the square of its amplitude. Therefore, 

the total energy carried by the sound is given by the expression ...2
3

2
2

2
1  aaa - 

the very same expression whose square root represents the length of the diagonal of an 
infinitely many-dimensional box. That this sum does indeed converge is a consequence 
of the fact that the total energy content of the sound cannot exceed the initial energy put 
into it when the sound was generated (for example, by plucking a string), and this 
energy, by necessity, is finite.” 
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In the case of the Pythagoras of the spectral space-grating optics the following 
applies: "What you can actually measure in light alone, are the intensities, i.e. the 
average time values of the field strength squares, which are proportional to the squares 
of the amplitudes; dismissing the unimportant constants, one can set the intensity as 
equivalent with the amplitude square”. [19, p. 226]. In the spatial Pythagoras, the sides 
of the cuboid, which included in the Cos parts, make up the amplitudes, the areas over 
the sides included in the Cos²-parts m"ke up the intensities. Even if only one single 
octave of wavelengths is processed in vision and, as well as that, the RGB diffraction 
triplets restrict the multitude of possibilities, as a result of the chromatic Fresnel space-
grating optics nearly infinite possibilities of variations of additive color sensations result. 
It is the same as music in acoustics, if not even superior. In the fundamental laws of the 
spatial Pythagoras, the performance of both senses is very closely related, no matter 
whether one describes them in wavelengths or in the frequency aspect.  

6.18.  The Description of the Double Cone Transformations  
of the Fresnel‐interferences in the Space‐grating by Means  
of the So‐called Reciprocal von‐Laue Equation 

The right hand and the left hand being 
mirror images are reciprocally identical…; ”A 
grating and its reciprocal grating are conversely 
reciprocal to each other” [52, p. 86-91]. 

Already in the case of the Talbot-interferences, it was striking, that there are two 
possible formulations, which are reciprocal to each other, for the near-field 
interferences, either by relating the wavelength λ to the grating xg with xg/ or by 

relating the grating to the frequency 1/  with /xg in the cosine parts. Already E. Lau 

thought it striking that the double grating diffraction effect observed by him and named 
after him, is ”reciprocally proportional to the wavelength, but proportional to the 
frequency. This is striking because otherwise in the case of gratings, the measurement 
parameters are always proportional to the wavelength” [243, p. 418]. Rotations, mirror 
imaging, cheval mirror imaging and many other symmetry operations, which take place 
with reference to axis-systems or polar centers, guarantee the identity of the contents. In 
this respect there are a lot of things that vision taught the brain in the course of the 
development of thinking. Also in space-grating optics, these phenomena are part of the 
standard operations. The reciprocity of the wavelengths λ and the frequencies ν = 1/λ 
make it possible to contrast the von-Laue equation with a Talbot-Fresnel equation 
reciprocal to it, which is to be termed the ‘reciprocal von-Laue equation’. 

The von-Laue-equation describes in 
zyx g

Cos
g

Cos
g

Cos
  ;;  the 

relations between a wavelength λ and the grating constants zyx ggg ,, . The 321 hhh -

triplets of integers add the periodicity to the light wave and are therefore with λ 
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interlinked in  
zyx g

h
Cos

g

h
Cos

g

h
Cos

 321 ;;  . Figure 6.23 again illustrates 

the corresponding cosine part 
xg

h
Cos

 1 in the zx gg plane.  

 

Fig. 6.23: Illustration of the Cosα in the notation of the von-Laue equation (above) and the reciprocal  
von-Laue equation (below).  

In Fresnel-interference optics the reciprocal relation between the grating constants 

zyx ggg ,,  and the wavelength λ applies. In this, the determining rectangular triangle of 

the von-Laue equation is tilted by means of a rotation in such a way that 2xg no 

longer constitutes the hypotenuse, but rather a short side of the rectangular triangle. The 
distance termed s, in whose direction the waves of the ± 1st diffraction orders run, and 
which are identical with the wave, to which xg  is tuned optically, now represents the 

hypotenuse of the triangle. Thus the cosine-parts read 

s

g
Cos

s

g
Cos

s

g
Cos zyx   ;; . The triplets of integers plug periodicity into the 

space-grating; in this, they are not linked with the wavelengths in 

s

gh
Cos

s

gh
Cos

s

gh
Cos zyx 321 ;;   , but with the grating constants, which in 

turn can be an integer multiple of a wavelength. The double cone equation for the 
general case, in which convergent light cones are incident into the space-grating and 
divergent cones of the diffracted light emerge into reciprocal space, reads 
correspondingly in (6.21):  
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22 2
21 3

0 0 0 1yx z
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 (6.21) 

For the vertical incidence of a parallel light bundle equation (6.22) results:  
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With the solution to s the equation (6.23) results: 
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  (6.23) 

With the rotation of the areas, the handedness of the coordinate system changes for 
the space-grating.  

The reflection of the left-handed Cartesian 
coordinate system in a reciprocal right-handed…  

In the von-Laue equation, the grating constants with 4;
3

4
;2  zyx ggg  

correspond to a left-handed Cartesian coordinate system, in which the grating constants 
are oriented in the same way as the thumb, the index finger and the middle finger of the 
left hand and xy gg  . For the reciprocal von-Laue equation, a reciprocal right-handed 

Cartesian coordinate system with 1;3;2  zyx ggg  applies, in which the grating 

constants are oriented in the same way as the thumb, the index finger and the middle 
finger of the right hand and where yx gg  . The rotation of the determining areas and 

the transformation of the coordinate system result in the fact that the angle α has the 
same size in the von-Laue equation as in the reciprocal von-Laue equation with 

 60;5.0
2 111

111 

Cos  due to .60;5.0

4

2

111

111  

Cos This also applies 

to the β, γ angles in the space-grating. The rotation of the wavelengths into frequency 
space guarantees the identity of relations and angles.  

Figure 6.24 shows the symmetry operation, which is behind the reciprocity of the 
grating constants in the von-Laue and in the reciprocal von-Laue equation. The axis, to 
which the mirror imaging is carried out, is the axis 2xg . Multiplication of 2 by 

33.1 results in 3/4 , division of 2 by 33.1  results in 3 ; multiplication of 2 by 2 
results in 4, division by 2 results in 1.  
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Fig. 6.24: The grating constants in the von-Laue equation 4;
3

4
;2  zyx ggg  are reciprocal  

to the grating constants in the reciprocal von-Laue equation 1;3;2  zyx ggg .  

If one uses these values in equation (6.23) and simultaneously transforms the three 
grating constants as earlier on in the von-Laue equation onto the fundamental wave 111  

as the resonant wave, then, with the 321 hhh -triplet = 111 and 

111111111 ;3;2   zyx ggg  results for 111s  in equation (6.24):  

 
2 2 2

111 111 111
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   (6.24) 

Equation (6.22) for 111321 hhh  leads to the value 1 in (6.25): 
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   (6.25) 

The same holds for the reciprocal equation. Multiplication of both reciprocal terms 
in equation (6.26) results in the product of frequency x wavelength in .1111111   
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 (6.26) 

In order to find the wavelengths 111 , 123  und 122  in the RGB diffraction orders, 

one plugs the fundamental wave 111 and the corresponding  321 hhh -triplets into the 

wavelength term and comes out with:  
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These values 1 : 0.96 : 0.80 represent the always well known relations 25 : 24 : 20 
between the fundamental wave 111  and its harmonics in the RGB-triplet. Again – as 
before in equation 5.6 – these values result from relations between the sum of the 
interference terms and the sum of the cosines squared in the 3D Pythagoras theorem. 
The concrete dimensions of the RGB-wavelengths result in (6.27). The parameter s in 

the 2D-Pythagoras theorem      2111

2

111
2

111 16122    in Figure 6.23 with  

s = 4 111  = 5  represents the hypotenuse and is identical with s = 4 111  = 5 in the 

3D-Pythagoras theorem in equation (6.24).  

 

111

123 111

122 111

2 1 1 5 2 5 5
0.559017 559

4 3 1 8 4

2 3 1 5 6 5
0.5366563 0.96 537

4 12 9 25

2 2 1 5 4 5
0.4472136 0.80 447

4 12 4 20

x x x
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x x x
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x x x
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 (6.27) 

As in the von-Laue equation, the wavelengths 123 G and 122 B are harmonics of 

the fundamental wave 111 R. The three wavelengths 111  = 559 nmR, 111123 96.0   = 

= 537 nmG and 111122 8.0   = 447 nmB occupy the peaks of the spectral RGB 
sensitivity curves. The concrete dimensions of the RGB-wavelengths exclusively result 
in the reciprocal von-Laue equation and not in the classical von-Laue equation. By 
anticipation they have been used there. This is the reason why the reciprocal von-Laue 
equation can be considered as the decisive basis for the description of the space-grating 
optics in Fresnel space. It seems to correspond to a 4D spectral representation of wave 
fields. “Due to the space-time symmetry in the 4D Fourier-spectra approach, there is no 
principal difference between wave fields and some periodical (and even non-periodical) 
structures described by a refractive index function, which can be represented by its 4D 
Fourier spectrum”… The reciprocal von-Laue-Equation “can be easily derived… all you 
need to do is to represent a 3D grating by its 4D Fourier spectrum” [Letter from M.A. 
Carbon to N. Lauinger, dated 1 December, 1992. (Details in M.A. Carbon and  
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V. N. Parygin, Diffraction of light by a three-dimensional acoustic column. Optical 
Engineering, Vol.31, pp. 2103-2109, 1992 and M. A. Carbon, Using diffraction theory 
of human vision for design of color vision devices. SPIE-Proceedings Vol. 2353,  
pp. 550-560, 1994 and in [60] dated 1998). 

The radius of Ewald’s sphere has the size of 
the frequency 1/λ… 

The description of the Fresnel-interferences in reciprocal space with reference to 
the frequency is, just as the von-Laue equation is to the Bragg equation, directly related 
to Ewald’s construction of the sphere of reflection in crystal optics [Ewald 103, Born-
Wolf, 41]. The vector radius of Ewald’s sphere of reflection in reciprocal space has the 
length 1/λ [106], as shown in Figure 6.25, and it indicates for the particular frequency, in 
which direction the maxima of the wavelengths diffracted in the space-grating, are 
realized. The decisive common ground of the von-Laue, the reciprocal von-Laue, the 
Bragg and the Ewald equations is in the λ-wavelengths or in the v-frequency aspects. 
The common denominator is always the resonance factor νλ = c = I. 

 

Fig. 6.25: Ewald’s sphere design taken from M. Born, E. Wolf [41, Fig. 13.4, p. 701].  
© 2013 with permission of Cambridge University Press, Cambridge UK. 
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Whatever is reciprocal to one another is not 
necessarily identical in all details…  

The results of the von-Laue and the reciprocal von-Laue equations are identical to a 
great extent in spectral RGB space-grating optics. The wavelengths in the peaks of the 
bell-shaped RGB curves of spectral sensitivity in daylight vision are equal; the same 
goes for the angles of the RGB diffraction orders towards the z-axis and thus their 
chromatic dispersion in the z-direction in Fresnel-space. The variation of the aperture 
angles α°, β°, γ° leads to identical wavelengths in the RGB diffraction orders. It applies 
in the same way, that the wavelength 321 hhh  results from the relation between the sum 

of the interference terms and the sum of the weights squared of the spatial sizes, so that 
the sum of the interference terms describes the direct path between the point of origin of 
the diffraction light cone in the space-grating and the positions of the spectral maxima in 
3D space.  

Equation (6.28) shows exemplarily with the reciprocal von-Laue equation for the 
111 diffraction order in the case of vertically incident light, what applies to all RGB 

diffraction orders, that the interference term 
s

gh z32
 is identical with the sum of the 

three Cos²α+Cos²β+Cos²γ-terms. 
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The unequal results of both von-Laue equations…  

The illustration of identical results of the von-Laue equation and the reciprocal von-
Laue equation does not necessarily mean that this applies to all aspects. One result, 
which is not insignificant, proves not to be identical at first sight when comparing the 
two equations.  

The doubling of the grating constants in the 
von-Laue equation results in wavelengths twice 
the size in the diffraction orders… 

In the von-Laue equation, if one doubles the size of the grating constants of the 

space-grating 4;3/4;2  zyx ggg  onto 8;3/8;4  zyx ggg , then, for 

vertically incident light as well as for all other incident angles, always the double of the 
values of 111 , 123 , 122 result. Instead of nmnmnm 447,537,559 122123111    
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in equation (6.8) or (6.10) a triplet of wavelengths with 
nmnmnm 894,1074,1118 122123111    results: 

3 111 0.559
111

31 2

2 2 2 0.559
1.118

1 1 1 8(0.0625 0.0469 0.0156)²² ² 8
4² 4.62² 8²² ² ²z

x y z

h x
µm

hh h
g

g g g

     
            

 

As Figure 6.26 illustrates, this corresponds, in the case of a constant angle α = 60°, 
to the transition from a Thales’ circle with radius r = 559 nm in the Pythagoras in a) to a 
circle twice the size with r = 1118 nm in b). The former fundamental wave 

nm559111   becomes a harmonic; the new nm1118111  becomes the new 
fundamental wave. The wavelength 1118 nm unfortunately is located outside the visible 
spectrum.  

 

Fig. 6.26: The doubling of the grating constants in the von-Laue equation results  

in the fact that nm1118111  in b) becomes the fundamental wave and nm559111   
in a) becomes the 1st harmonic. 

The von-Laue equation only indicates with which grating constants which 
fundamental waves and harmonics of any spectral range can be processed in a 
diffractive-optical manner.  The equation does not determine a specific λ-value for the 
optical tuning of the space-grating. However, any 111 -value can be specified for it, with 
which a suitable constellation of grating constants with the value λ = 1 in equation (6.6) 
or (6.7) results and a fundamental wave 111 in equation (6.8) or (6.10). In natural 

sunlight, the wavelength nm559111   as the fundamental wave with its two harmonics 
in the visible spectrum, however, has a pretty good natural chance regarding the optical 
tuning of the space-grating. Without any specification for λ, a space-grating in white  
x-ray light or visible light will choose “that wavelength (or the wavelengths), for which 
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equation (6.6) is fulfilled: in this case, however, the diffracted light in any triplet of 
integers is no longer white, but rather monochromatic” [Bergmann-Schäfer, 20, p. 428].  

The doubling of the grating constants and 
the parameter s always results in identical 

122123111 ;;  - RGB-wavelengths in the case of 

the reciprocal von-Laue equation… 

In the case of the reciprocal von-Laue equation, when the four determining values 

5;1;3;2  sggg zyx  are doubled, the same wavelength values in the 

diffraction orders of the RGB triplets always result. The angle α = 60° is retained in this 
case. Equation (6.29) shows the calculation for 111  with twice the dimensions 

52;2;32;4  sggg zyx for 321 hhh = 111: 

 3
111 2 2 2 2 2 2

1 2 3

2 2 1 2 2 5 8 5
0.559 559

16 12 4 32
z

x y z

h g s x x x
µm nm

h g h g h g
     

   
 (6.29) 

As shown in Figure 6.27, one can change arbitrarily from the relation of the cosine, 
Cosα = 559559 4:2  in the central triangle a) to that of 559559 8:4   in the larger triangle 

c) or to that of 559559 2:   in the smaller triangle b), as the arrows demonstrate. 

 

Fig. 6.27: In the reciprocal von-Laue equation, with the doubling of the grating constants from b  
to a and c, the fourth determining value s also changes. It is the hypotenuse in each  

of the triangles a, b, and c. The cosine of the angle α = 60° is constant. 
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The reciprocal von-Laue equation as opposed to the von-Laue equation, directly 
provides a specific value for the fundamental wave 111 , that is to say, 

µm559.04/5111  . Taking this into account, it becomes understandable, that 
only the development of the reciprocal von-Laue equation [250] made it possible, that its 

specific value for nm5594/5111   could be used in the von-Laue equation, 
which is basically optically tunable to any wavelength.  

In triangle a) the Cosα with 2λ/4λ = 0.5, α = 60° results in like manner to the larger 
triangle c) with 4λ/8λ = 0.5 or in the smallest triangle b) with λ/2λ = 0.5. Since s 
occupies the hypotenuse in the rectangular triangles, it determines the z-distance, in 
which the Fresnel-planes are localized.  

Together with xg in the space-grating z results in the Pythagoras by means 

of zgs x  22 . In a) z results by means of 12)2()4( 111
2

111
2

111   , in b) by 

means of 48)4()8( 111
2

111
2

111   and by means of the smallest possible 

whole-number Pythagoras in c) by means of 3)()2( 111
2

111
2

111   . In the case 

of a change from 55945 s  to s = 559852  or to s = 55922/5  , the 

relations remain the same. For diffractive optics, however, only cases starting at a) are 
taken into consideration, because the relation in Cosα must always be < 1.  

With the enlarged grating constants, the Fresnel-planes also shift behind the space-
grating. This can already be demonstrated on the planar hexagonal grating. While with 

5592xg  in the hexagonal grating the first self-imaging plane of the grating  

(T/1-Talbot plane) results at µmgz x 35.362/3 559559
2   , with a grating 

constant of 5594xg  a value of µmgz x 42.13242/3 559559
2   , thus a 

periodicity of the Fresnel-planes, which has been quadrupled, results. Therefore, it is 
advisable to stay with 5592xg , which represents the smallest solution with integers 

as well as the most diffractive-efficient solution in the optically tuned diffractive optics.  

The reciprocal von-Laue equation describes 
the space-grating as a ‚living crystal’ [126]… 

In contrast to the von-Laue equation for solid-state crystals, the reciprocal von-Laue 
equation describes an organic crystal, which is characterized by a flexible space-grating 
with the ability for adaptation. If the volume of the elementary cell changes evenly in all 
directions, thus, if the xyz grating constants in Figure 6.28 grow or shrink 
synchronously, then the spectral RGB result will always remain a constant. If one e.g. in 
equation (6.27), increases e.g. the four determining sizes of 

5;1;3;2  sggg zyx by any common factor, such as e.g. 1.25, then the RGB 

triplet with nmnmnm 447,537,559 122123111    results again in each case. The 
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frequency-based reciprocal von-Laue equation also in this aspect is the better instrument 
for the description of Fresnel space-grating optics. 

 

Fig. 6.28: Elementary ‚breathing‘, i.e. adaptable grating cell in the reciprocal von-Laue equation.  
If the grating constants grow evenly, then the RGB triplet remains the same.  

A second topic, in which the two von-Laue equations do not agree with each other, 
will become clear in the next chapter on color vision in connection with the Purkinje 
shift between daylight and twilight vision.  

The partial aspects regarding the diffractive grating optics prove, what high 
potential for innovation in this technology is waiting to be worked on scientifically and 
experimentally more intensively and to be expanded upon. As in the case of the photonic 
crystals, the number of open questions is higher than that of conclusive answers. This 
applies in particular to the inter-disciplinary area of medical optics and brain research.  

If the eye were not sun-like, it would never 
see the sun… [Goethe, 141] 

Goethe was not able to indicate, what the sun-like might actually be in the eye. The 
harmonics of the light waves in the space-grating and thus the optical resonance ability 
of the space-gratings in the inverted retina of the eye provide the answer. The 
comparison of the von-Laue equation with the reciprocal von-Laue equation 
demonstrates that the eye is to be understood as an instrument for the analysis of the 
waves of light, just as the ear represents an instrument for the frequency analysis of the 
sound waves.  

Since human vision committed itself to just one wavelength octave in the visible 
spectrum, it has to decide flexibly and adaptively on a fundamental wave in this area as 
the resonance wavelength in each illumination situation. In dealing with sound waves of 
several octaves, human hearing, by comparison, has more complicated rules in this 
respect; for these other solutions of harmonics are valid.  
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Both von-Laue equations describe the reciprocal connection between the periodicity 
of the structure in the space-grating, therefore the structure of the light diffracting 
matter, and the periodicity of the light interferences in Fresnel-planes behind the grating. 
The space-grating and the light must both get involved in a resonance between the two 
variables, the spatial grating constants and the wavelengths in the light in order to 
process information interference-optically in the visible spectrum. A space-grating has 
to adapt to the area of those wavelengths, which offer the best conditions for this in the 
environment, in sunlight or in artificial light. 

6.19.  The Spectral Space‐grating Optics and the Monocular  
3D‐depth Map 

The distances of the visible objects do not 
depend on the colors of the objects… 

The question in chapter 5, whether in the interference-optical 3D depth map, a red 
object and a blue one at the same distance result in different distance values, whether 
therefore the chromaticity and the distance Information can get into conflict with each 
other, still remains unanswered. Observation teaches that the colors of objects normally 
don’t change much, although certain observations, in which a change in color gives the 
impression of a change in distance, have been documented [294].  

The analysis of spectral space-grating optics now shows that the visible spectrum in 
image space of an object divides up its particular intensities diffractive-optically into 
local metapixels with three separate concentric RGB diffraction orders. Therefore, first 
and foremost, the color of an object is based on the sum of its intensities in the 
interference maxima of the three RGB diffraction orders. The three values are parallel-
optically located in the RGB ‘chandelier’ in photoreceptor space, locally separated and 
only optically linked. In order for them to enter into the neuronal processing, they, 
however, have to be added up by means of lateral interconnections in concentric 
receptive fields or they have to be processed in their complementary color characteristic. 
Furthermore, there is the additional complication, that at the same time, the local RGB 
object color has to be related to the RGB color of the global illumination in object space. 
This entire effort can only be realized by means of complex neuronal software 
interconnections, which, as is known to be the case, begin in the associative layers  
of the retina.  

The object distance depends on the λmax of 
the R-fundamental wave, the object color on the 
three RGB-values... 

Since the analysis of space-grating optics also showed, that the wavelength λmaxR 
as the resonance fundamental wave, on which the space-grating is ‘optically tuned’, 
decisively determines the entire tri-chromatic sensation with its B and G harmonics, 
there is also the result that the object distance is connected to this wavelength only. 
Studies done by Siemens decades ago supported the presumption that the eye estimates 
the object distance in each case and focuses with one of the longer wavelengths in the 



6. Spectral Space-grating Optics in the Diffractive-optical Correlator of the Human Eye 

 253

yellow – red range of the spectrum. Since the distance values also depend on the depth 
position of the object images in the 3D-depth map it is only consistent to connect the 
optical depth map to the fundamental wave, which moreover is adaptive to the global 
illumination in a scene. It is up it to use the information in the depth-from-focus, phase-
retrieval or other procedures. In this way, chromaticity and distance information are no 
longer in conflict. However, the separation of RGB color information and object 
distance information has to succeed first at the central location of the retina. The center 
of the fovea (foveola) as the location with the high frequency spatial frequency filtering, 
again gains special importance by becoming the decisive location for the distance 
measurement to the particular fixated reference object in the 3D depth map.  

“An approaching object becomes brighter, 
one, which is receding, becomes darker”. 
(Quotation of the title of an article in 'Nature', 
which I could not find again).  

What happens in the eye, when an object approaches and the perception of its 
distance would be triggered by e.g. the establishment of a relationship between the 
intensities in the RGB diffraction orders and the 0th order in the local meta-pixel? It 
changes its brightness. If those light shares, which contribute to the central imaging of a 
fixated object and, in this, run through the peripheral zones of the pupil, preferably 
provide the ± 1st diffraction orders in the quotient ΣJ RGB/J0 (sum of the RGB 
intensities in the ± 111 – order / intensities in the 0thorder) with intensities, then, as 
Figure 6.29 demonstrates this e.g. for the 111R diffraction order, the spectral RGB 
sensitivity curves, which are located to the left and right of the particular λmaxR become 
‘inflated’ optically and energetically. The absolute increase in intensity connected with 
the approach of an object is small in the central areas of the RGB curves, in the 
peripheral zones, however, it is considerably larger. In the case of ten ring-zones  
of the same width for a pupil aperture with a diameter of r = 4 mm (total area  
F = π r² = 50,3 mm²) the smallest central zone F1 would exhibit an area of F = 0.5 mm², 
the largest peripheral zone F10 with F = 9.55 mm². If a bright object approaches the eye, 
then the light intensity incident into the eye will increase relatively in all directions; 
absolutely, however, the share, which goes through the peripheral zone of the pupil F10, 
will be 19 fold higher. If the contribution from the peripheral zone of the pupil is 
included mainly in the ± 1st diffraction orders of a hexagonal grating in image space, 
then this will increase the difference of the intensities in the quotient ΣJ RGB/J0. 

Whatever is valid for the 111R diffraction order refers to all 3 RGB diffraction 
orders in the same way. Figure 6.30 demonstrates, for a colorless object with equal areas 
under the RGB curves, how these are ‘inflated’ optically in the peripheral zones. Since 
each physical wavelength serves all three RGB curves, the three spectral double cones, 
whose position is drawn along the RGB cones, react synchronously. At the same time 
their positions in z-depth co-vary with distance in the 3D depth map, as shown earlier in 
chapter 5. 



The Human Eye: an Intelligent Optical Sensor 

 254

Object space Image space

O1

O2

 

Fig. 6.29: In the case of the approach of an object from position 01 to position 02 (left), the intensities in the 
peripheral zones of the RGB sensitivity curves increase. As an example the 111R diffraction order is shown. 
(right) the spectral R-sensitivity curves for position 02 (above) and position 01 (below) represent ‘inverted’ 

R-sensitivity curves. 

BLUE

RED

GREEN 

 

Fig. 6.30: Inverted RGB curves (below). The RGB peak wavelengths λmax are located  
in the constriction of the double cones (above). At these locations, the least change in intensity  

dependant on the object distance, takes place. 
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Also in the case of great brightness – small 
pupil, the visible world does not shrink to a 2D 
surface…  

In the case of decreasing brightness in object space, the pupil becomes larger. And 
with it, the trigonometric distance measurement basis in the pupil increases. This law 
corresponds to the experience, that the depth impression of the world is more clear when 
viewed with larger pupils (in twilight) than with small pupils (in the midday sun). The 
peripheral zones of the pupils contribute much more to the distance information than the 

core zones do. In the case of a pupil with a diameter of 2 mm ( 00 3 ), this means e.g. 
in the R curve that the greatest contributions could be made in the wavelengths 635 nm 
and 481 nm from the peripheral pupil zones. In the case of a pupil with a diameter of  

3.5 mm ( 00 5 ), the intensity contributions are extended to the wavelengths 685 nm 
and 428 nm. 

6.20.  The Importance of the Spectral Space‐grating Optics  
for the Better Understanding of Human Color Vision 

The combination of imaging optics and Fresnel-interference optics in the cellular 
ONL space-grating of the inverted retina made it possible to calculate the spectral 
double cone transformation in human vision. The resonance between cellular space-
gratings and incident light in the case of space-grating optical RGB transformations 
provides in particular a new basis for the better understanding of the spectral RGB 
sensitivity curves and the monocular 3D-depth map. Following the presentation of the 
genetic code of the visual pigments, Nathans [321, p. 75] posed the question: ”How do 
the individual visual pigments actually get their different absorption spectra? How does 
a visual cell arrange, which color pigments are to be produced?” The answer is provided 
by the diffractive space-grating optics in the optical correlator of the eye. It represents 
the missing link, which completes the chain of causality in vision. The optical 
programming and activation of photopigments by ‘standing RGB interferences’ 
represents an excellent procedure for the control of the photochemical processing.  

In this connection, the statement is interesting, that the eye has a considerable 
chromatic aberration, but this defect is not noticed at all in visual perception. Already 
Helmholtz performed an experiment to remedy the defect by means of lenses with a 
chromatic aberration contrary to that in the eye, and to thus achieve a higher visual 
performance. The experiment, however, showed no results. Lau and Mütze, who 
repeated the experiment, were able to show, that there was only a certain increase in 
contrast in the perception, which, however, did not result in an improvement of the visus 
acuity. There have been a lot of speculations about a physiological compensation of the 
chromatic aberration in the visual organ. In ordinary vision, the defect does not appear at 
all, but it is evaluated by the eye in favor of support of the accommodation, as Ivanoff 
was able to show. The eye has a smaller accommodation width in monochromatic light 
than in blended light; in this, the restriction is in the shortwave light in the distance, in 
longwave light in the proximity. That means, that the eye prefers a certain wavelength 
area corresponding to the required accommodation; and it thus derives a benefit from its 
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defect of the chromatic aberration for the accommodation. It uses e.g. “the rays refracted 
more weakly in the distance, in the proximity, those refracted more strongly, and it saves 
this difference in the change of refraction of the lens” [459, Vol.2, p. 79]. The grating 
and space-grating optics is the instrument, with which the chromatic dispersion can be 
used in a considerably more sophisticated way than in lens optics.  

The analysis of the spectral space-grating optics again shows, that the ‚inverted’ 
retina design, which at first sight seems to be a paradox event, results in particularly 
intelligent performances.  
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7 

Space‐gratings in Aperture and Image 
Space of Optics: New Insights into  
RGB‐based Achromatic and Color Vision, 
Opponent Colors, Color Constancy, 
Purkinje‐shift and Bezold‐Brücke 
Phenomenon 

Achromatic and color visions are based on 
relations between the individual and the whole, 
local and global RGB data…  

In this chapter, it will be shown, how additive human RGB color vision qualifies 
the equilibria and non-equilibria of local (object-specific) and global (whole-field 
illumination-specific) RGB values onto a RGB white norm and thus, in the case of 
changing illuminations leads to achromatic and to color sensations. Using the data of E. 
Land’s Retinex experiments as an example as well as the CORRSYS experimental data 
regarding these topics [34] as well as those regarding the phenomenon of the 
‘paradoxical’ colored shadows, one gains a specific insight into the independent 
contributions of physics and physiology, of object and subject to human color vision. 
With this, the complete correlator-optical hardware of the eye with space-gratings in 
aperture and in image space of optics can be described. The scattering of light by the 
space-gratings in the aperture of the eye contributes to the development of relations 
between local and global RGB spectral intensity distributions, which are relevant for the 
adaptation to the color of the illumination in color constancy performance at daylight 
vision. The part played by the opponent colors becomes clear in the laws governing the 
colored shadows in twilight. In the space-grating-optical calculation, the shift of the 
peak of the spectral sensitivity curves to shorter wavelengths in the case of decreasing 
light intensities in the Purkinje-shift reaches a new explanation as an intensity-adaptive 
merger of the RG diffraction orders of human vision at a common spectral location. 
Thus a new light is cast on the revolutionary phylogenetic developmental steps in human 
vision. In the Bezold-Brücke phenomenon, finally, the special reference of wavelengths 
to brightness and hue sensations in vision receives a new explanation.  
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Physics and physiology together explain different partial aspects in human color 
vision. Physics, with its photometers, is suitable for the measurement and quantification 
of the radiation of illumination (self radiators) and the reflection of light from 
illuminated objects (reflectors). Physiology describes the work done by the eye itself in 
vision, its rules of the game and laws of calculation in the hardware and the software, 
which in part are shared with the brain. By means of specific and cunning experiments, 
one succeeds in gaining an insight into the functional performances, which are exclusive 
to the eye alone. Some central aspects of achromatic and color vision have therefore for 
centuries prompted famous brains of the most different scientific disciplines to conduct 
such experiments. All topics addressed in this chapter have in common, that they go 
beyond the local information processing in human vision and that they attempt to clarify 
the questions regarding how the individual and the whole are correlated. In this, the 
following explanations result:  

  The eye calculates and constructs the color of objects. Retinex-experiments with 
object surfaces, whose RGB reflections to the eye are kept constant and 
experiments with ‘paradoxical’ colored shadows in twilight open up an insight into 
the laws, with which the eye constructs the colors of objects.  

  Achromatic and color sensations are the result of relations between local and 
global RGB values. The local color and the achromatic gray and white shades, 
which the eyes see on individual objects, depend on the RGB color of the global 
illumination in object space. The eye always sees the individual and the whole 
simultaneously and reckons up the two.  

 The adaptive RGB white norm centers the RGB color space and supports color 
constancy. In the case of a change in the global illumination, the colors of the 
objects remain nearly the same, because the eye adapts to a new RGB white norm.  

 During the transition from daylight to twilight vision, the colors of objects 
gradually fade. Previously blue objects then appear brighter and red ones darker. 
This so-called Purkinje-shift receives a new explanation by means of space-grating 
optics.  

 Every physical wavelength has its own relation to brightness and hue sensations. 
By means of space-grating optics, a new interpretation of the Bezold-Brücke 
phenomenon is accomplished.  

7.1.  Space‐gratings in Aperture and Image Space of the Eye, their 
Contribution to RGB Color Vision 

Space-grating optics enables the chromatic 
tuning of vision to the illumination in object space… 

In the course of the development of the color film in photography, the issue of how 
the eye can be satisfied with the color rendering became urgent at the Polaroid 
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Company. With this, the topic of color constancy in human color vision became the 
center of attention. Color constancy means, that the color of an individual object is 
perceived as being quite constant under different illuminations in object space, to which 
it has to adapt in each case. Furthermore, there have been many studies regarding this 
topic [224, 242, 310 and others]. After many years of experimental work by E. Land and 
his disciples [289-294], the conclusion is regarded to be certain, that the eye always has 
control over the individual and the whole simultaneously. In retrospect, J. J. Cann, one 
of E. Land’s famous disciples, formulated this as follows: 

“Human color vision is a spatial calculation 
involving the whole image“ [290, 291]. 

The establishing of necessary relations between local color and global illumination 
have, however, never been attributed to optics, but always to photochemical or neuronal 
connectivities in the retina and in the cortex, which are down streamed after the 
photoreceptors and were to guarantee the necessary lateral data connections in neuronal 
networks [293]. It can be taken to be certain, that color vision does not depend on the 
spectral intensities radiated from an individual object into the eye, and also not on its 
physical wavelengths, but ”color at a point in an image depends on a ratio of ratios“  
[E. Land 237, Part 2, p. 636], thus a constellation of relations, which in E. Land’s 
opinion could offset both the retina and the cortex. These experiments carried out in the 
color lab and named ‘retinex’ experiments, a word made up of retina and cortex, 
answered at least some of the open questions in color vision. And technically they 
resulted in an indispensable additional feature in the construction of cameras, the  
so-called RGB-white balance, without which there would be no distinct definition of a 
local color adapted to the global illumination in the visual field, in photography and 
camera technology.  

What is achromatic, white, gray and black – and what is colored if the result cannot 
be ascertained physically by absolute measurements, but is only to be determined by 
means of relations between the RGB values of local and global spectral intensities? The 
retinex work done by E. Land was carried out using the Mondrian patterns, and in this, 
the variables influencing subjective color vision were objectified by measurements. 
Figure 7.1 shows the experimental arrangement. With the left eye, the test person looks 
at a Mondrian color chart, which is illuminated by three illuminants with narrow spectral 
bands at 450 nmB, 530 nmG und 630 nmR. With the right eye, the test person looks at 
the Munsell color charts under a standard ‘white’ illuminant and adjusts the same color 
there.  

Due to the choice of illuminants and filters used for the photometric measurements 
of spectral intensities, it was conceded to the eye, that it works tri-chromatically in RGB. 
The photometric measurement of the spectral absorption curves of the photopigments of 
the cones by Wald [467-469] and Rushton [385] had just been accomplished in the 
1960s. Nevertheless, in the choice of the illumination and the filter for RED, there 
results were not implemented, where R = 565-570 nm represented the peak of the red-
curve, but a narrow-band filter around the wavelength 630 nm was chosen for R. The 
tradition of the CIE-norm of 1931, in which the red curve had been standardized to  
630 nm was followed, but not the latest measurement data of the eye pigments. On the 
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other hand, for green and blue, a narrow-band filter around 530 nm and 450 nm was 
chosen corresponding to the absorption maxima of the cone photopigments.  
A transformation of the RGB sensitivity curves to a 630 nm R-peak, however, entails, 
that, one has to generate considerably more energy for R in the illumination  
in order to achieve an equally good result at low R-sensitivity at this spectral location as 
for G and B. 

 

Fig. 7.1: E. Land’s experimental arrangement [239, Offprint 392, p. 6]. © 2014 reproduced  
with permission of Scientific American, Inc. All rights reserved. 

7.2.  White and Gray Achromatic Sensations are Equilibria of Local 
and Global RGB Data 

”The true opposite to ‘color’ is gray, not white. 
White is only the brightest gray sensation“ [234]. 

The first difficulty, to which the retinex experiments led, was the question of how a 
white-gray-achromatic sensation differs from a color sensation. The fact that a ‘white’ 
illumination spectrum, in which all spectral shares have the same intensities and which 
is approached by the sunlight under the earth’s atmosphere with daily fluctuations, 
would correspond to an RGB equilibrium, had already been examined by A. König; 
however, for a long time one did not have laboratory lamps similar to sunlight.  

In RGB vision, for all gray and color shades, the 
eye relies on the relation of local to global RGB-values.  

In the experiments, E. Land found out, that white, gray and the colors, which we 
see, are indicated most likely by means of the RGB triplet in the so-called ‘reflectance’. 
In it, the relation between the local ‘energy at eye’-values (the spectral intensities 
reflected in RGB from any individual Mondrian patch to the eye) and the global 
‘illuminant’-values (the illumination intensities incident on the complete Mondrian in 
RGB) is generated: 
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“It is with reflectance that sensation of color 
is strongly correlated when we view the world 
around us“ [E. Land 238, p. 1]. “The light 
coming to our eye is the product of the reflectance 
and illuminance”. 

By means of the creation of this relation, E. Land was able to determine his 
gray/white-value, his so-called “Best White”. The result is shown in Figure 7.2. For two 
measurements, on the one hand on a gray Mondrian area, and on the other hand on the 
Munsell-chip, which was referred to by the observers as being uniformly ’gray’, under 
‘illuminant’ and ‘energy-at-eye’ in each case from R to G and to B (630 : 530 : 450 nm), 
nearly identically decreasing intensity values were registered. The data for the 
illumination were fully identical. Only the Energy-at-Eye values differed slightly. From 
the relation of Energy-at-Eye/Illuminant for R, G and B, the reflectance (left: R = 0.50, 
G = 0.41 and B = 0.48; right: R = 0.40, G = 0.35, B = 0.36) results. 

  

 

Fig. 7.2: E. Land’s data regarding Best White/Gray [239, Offprint 392, p. 7]. The data in the RGB sequence 
are presented from left to right. © 2014, reproduced with permission of Scientific American, Inc.  

All rights reserved. 

If one qualifies the reflectance data to 100 % in each case, then the deviations 
between Mondrian (left: R = 36.0 %, G = 29.5 %, B = 34.5 %) and Munsell (right:  
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R = 36.0 %, G = 31.5 %, B = 32.4 %) are very low indeed. This justifies the statement 
that the two gray-values were perceived to be nearly the same.  

Also under a colored illumination there is a gray/white… 

The following Table 7.1 demonstrates even more clearly, that in the case of the 
gray/white achromatic sensations, not only a similarity in the percentages in the 
reflectance is important, but also their approximation to an RGB equilibrium. First of all, 
the Table contains data in the columns Land 1 and Land 2. (In it and in all the Tables 
following the sequence BGR was chosen when presenting data according to the tradition 
of presenting the transition from shorter (violet) to longer waves (red) in the visible 
spectrum from left to right). In the line ‘illuminant’, it is immediately apparent, that E. 
Land used a strongly red illumination in the laboratory (51 % red proportion). The 
relation of the RGB-values in the ‘Energy-at-Eye’ and in the ‘illuminant’ data indicates 
a nearly identical RGB equilibrium in the RGB triplet of the reflectance. The last line 
shows the deviations from an ideal 33 %B, 33 %G, 33 %R situation. Thus, the eye also 
sees white and gray under a colored illumination, which in this case was strongly red, on 
a Mondrian area if it reflects the RGB percentages of the global illumination nearly 
unchanged towards the eye.  

Table 7.1: The basis of a GRAY, WHITE, achromatic sensation in RGB color vision in the retinex 
experiments by E. Land (BGR-columns Land 1 and Land 2) with a strong share of red  

in the illumination as well as in CORRSYS, with white illumination (BGR-columns CORRSYS). 

GRAY-WHITE  
(Milliwatts per 
Steradian per 
square meter)  

450 
nm 
B 

530 
nm 
G 

Land 1

630 
nm 
R 

450 
nm 
B 

530  
nm 
G 

Land 2 

630 
nm 
R 

450 
nm 
B 

530  
nm 
G 

CORRSYS 

630  
nm 
R 

Energy-at-Eye (local)
1.6 

15 %
3.2 

30 % 
5.8 

55 % 
1.2 

14 % 
2.7 

32 % 
4.6 

54 %
2.83
33 %

2.83 
33 % 

2.83 
33 % 

Illuminant (global) 
3.3 

14 %
7.8 

35 % 
11.5 
51 % 

3.3 
14 % 

7.8 
35 % 

11.5
51 %

9.04
34 %

9.04 
34 % 

8.13 
32 % 

Reflectance  
= EaE/Illum. 

0.49
35 %

0.41 
29 % 

0.5 
36 % 

0.36 
32 % 

0.35 
32 % 

0.40
36 %

0.31
32 %

0.31 
32 % 

0.35 
36 % 

RGB-Equilibrium 
Difference  

33 %
+2 %

33 % 
-4 % 

33 % 
+3 % 

33 % 
-1 % 

33 % 
-1 % 

33 %
+3 %

33 %
-1 %

33 % 
-1 % 

33 % 
+3 % 

 

White and gray areas are ‘perfect mirrors’ 
of the global illumination in RGB and therefore 
they always provide equilibria between the local 
and the global RGB-values.  

Therefore, the development of a white, gray, achromatic sensation depends on the 
fact that the corresponding Mondrian patch is a ‘perfect mirror’ of the global 
illumination in RGB, that the ‘Energy-at Eye’ values in RGB have to show nearly the 
same distribution on a percentage basis as the ‘illuminant’ values – A conclusion  
E. Land never explicitly drew. This is the case in Land 1 with 15 %B, 30 %G, 55 %R 
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Energy-at-Eye as opposed to 15 %B, 35 %G, 51 %R Illuminant just as in Land 2 with 
14 %B, 32 %G, 54 %R Energy-at-Eye as opposed to 14 %B, 35 %G, 51 %R Illuminant. 
Thus the reflectance is not far from a perfect 33 %R, 33 %G, 33 %B equilibrium, as the 
last lines of the Table prove. This means that also under a red illumination or one of 
another color, a local object area is seen as white or gray if it reflects the red or the color 
of the illumination unaltered towards the eye.  

The answer to the question as to why E. Land had to add such a strong red share to 
the illumination, is in the fact that, with the chosen wavelength 630 nmR on the already 
declining R-curve of the spectral sensitivity of the eye, he was able to induce only a 
fraction of the red sensation, in contrast to what he would have been able to induce in its 
actual peak at 565 nm-570 nmR. Here, the deviation of the red filter from the peaks of 
the known RGB curves came back to roost.  

However, if a white, gray, achromatic sensation is possible in the case of 
correspondingly strong red illumination, what is the case in other illuminations? In the 
NAMIROS research project [34], we explored this question further in the Corrsys 3D 
company. In this, as opposed to E. Land, a white illumination in the complete Mondrian 
was worked with. The data in the columns ‘CORRSYS’ show, that here also in the case 
of an achromatic sensation, the Energy-at-Eye values as a percentage (33 %B, 33 %G, 
33 %R) are nearly identical with the illuminant values (34 %B, 34 %G, 32 %R). The 
corresponding Mondrian patch is therefore a nearly ‘perfect mirror’ of the global light 
source in RGB.  

In RGB-vision, the eye is a vestibular organ … 

In comparison, the results clearly show that white, gray sensations are possible 
under very different colors of the global illumination. If surfaces are available on visible 
objects, which are able to serve as the ‘perfect mirror of the illumination’, then their tri-
chromatic RGB equilibrium in the reflectance constitutes the crucial basis for the 
achromatic sensations. White is not only the brightest of the gray-levels. White, together 
with the other achromatic ‘perfect mirrors of the global illumination’, is the crucial 
factor, which, being the central reference point in RGB space, and being the 
illumination-adaptive RGB white norm, guarantees the particular order in the world of 
colors. The white, gray, achromatic axis centers color space. 

In reality, the visible world is more complex than in the example of an illuminated 
Mondrian, in which no shadows are cast as a consequence of 3D gradings of objects. 
Gilchrist [132-134] showed that for large shadow areas (so-called frameworks) in the 
image, an independent standardization for white and for gray values is valid. In human 
vision, therefore, in the case of more complexly structured scenes, the consequent 
perceptions of brightness , following the concept of co-determination by Kardo (1934) 
seem to result from a weighted combination of relative values of brightness in the local 
‘framework’ and the relative value ascertained in the total visual field (image).  
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7.3.  Color Sensations are Disequilibria of Local and Global  
RGB‐Data 

The colors of objects result from the RGB-
disequilibria in the eye… 

While all gray, white sensations are based upon RGB equilibria, all color sensations 
result from RGB disequilibria. For this, the indicator is again the relation of the local 
(Energy-at-Eye) data to those of the global (illuminant) RGB data in the reflectance 
RGB-percentages. The following tables, on the one hand, are concerned with, in the case 
of the color sensations BLUE-TURQUOISE, GREEN, YELLOW, and RED, with the 
particular deviations from the ideal RGB equilibrium (33 %R, 33 %G, 33 %B), and on 
the other hand, with the specific understanding, how one achieves the sensation of each 
particular color starting with a gray, white sensation. The data from all three series of 
experiments (Land 1 and 2 as well as CORRSYS) again are placed next to each other.  

Sometimes experimental tricks are required 
in order to enable an insight into the working of 
the eye…  

The test series ‘Land 1’ and the one by CORRSYS are identical in their 
experimental set-up. In them, the local Energy-at Eye RGB-values of a Mondrian patch 
are kept constant and only the global illuminant RGB-values are varied. The changes in 
illumination are to force the eye to produce a color on an originally, having the suitable 
illumination, achromatic surface, and to indicate it in the reflectance values, as well as to 
reveal its rules of color construction. If the test succeeds, then the widely accepted naïve 
assumption, that the color sensation is based on the color and intensity of the 
wavelengths reflected from the object to the eye, would definitively be proven wrong. 
Such an unusual experiment is only possible in cunning laboratory conditions because in 
natural vision, as a rule, it is the illumination, which at least approximately remains 
constant. In contrast, in the test series ‘Land 2’ the illumination was always kept 
constant, which is why it corresponds to the natural RGB color vision, in which the 
colors are expressed only in the Energy-at-Eye RGB relations, even though in this they 
are referred to the particular (adaptively set) RGB white norm. Together, both test series 
grant an insight into the trilogy of illumination, object and eye and they make 
transparent the independent parts played in vision by the illumination, the surfaces of the 
objects and the eye in the RGB equilibria and disequilibria.  

7.3.1. The BLUE-TURQUOISE Sensation 

Increase the share of red in the illumination… 

How does the eye accomplish a BLUE-TURQUOISE sensation having started with 
a gray sensation on an achromatic Mondrian-patch by means of only a change in 
illumination? By creating an RGB-disequilibrium in the reflectance values in favor of 
BLUE-TURQUOISE. In order to clarify this, in the last line of Table 7.2, in addition to 
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Energy-at-Eye and illuminant values, the differences of the reflectance values to a 
theoretically perfect RGB equilibrium (33 %R, 33 %G, 33 %B) in the gray/white 
sensation are indicated. The BLUE-TURQUOISE sensation is indicated in all three test 
series by means of a similar trend of the reflectance triplet values (+15 %B in Land 1, +8 
%B in Land 2, +12 %B and +3 %G in CORRSYS). The RGB triplets in Land 1 and 
Land 2 point more in the direction BLUE, those in CORRSYS more clearly towards 
BLUE-TURQUOISE due to the increased value for GREEN as well as that for BLUE.  

In Land 1 and CORRSYS, a BLUE-TURQUOISE sensation is reached, with the 
Energy-at-Eye values kept constant, by means of a change of illumination:  14 %B,  
35 %G, 51 %R for GRAY in Land 1 changes to: 7 %B (-7 %), 23 %G (-12 %), 70 %R 
(+19 %);  in CORRSYS 34 %B, 34 %G, 32 %R for GRAY changes to an illumination 
with 23 %B (-11 %), 22 %G (-12 %), 55 %R (+23 %).Therefore, a clearly stronger 
illumination intensity in the RED range is required for the perception of BLUE-
TURQUOISE, the opponent color of RED. The starting basis in CORRSYS eases the 
transition from white to red in the illumination; in Land 1 it is more difficult because 
already the illumination resulting in GRAY-WHITE has a high share of red. Altogether, 
both test series show, that the intensification of the opponent color in the global 
illumination to the color requested, is the key to success.  

Table 7.2: The basis of a BLUE-TURQUOISE sensation in RGB color vision in E. Land’s retinex 
experiments (series 1 and 2) with a strong share of red in the illumination as well as in CORRSYS with 

white illumination.  

BLUE-
TURQUOISE 
(Milliwatts per 
Steradian per 
square meter) 

450 
nm 
B 

530 nm 
G 

Land 1 

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

Land 2

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

CORRSYS 

630 
nm 
R 

Energy-at-Eye 
(local) 

1.6 
15 % 

3.2 
30 % 

5.8 
55 % 

1.7 
19 % 

(+5 %)

3.3 
37 % 

(+5 %)

3.9 
44 % 

(-10 %)

2.82 
36 % 

2.15 
28 % 

2.8 
36 % 

Illuminant 
(global) 

2.9 
7 % 

(-7 %) 

8.6 
23 % 

(-12 %) 

26.6 
70 % 

(+19 %)

3.3 
14 % 

7.8 
35 % 

11.5 
51 % 

4.44 
23 % 

(-11 %)

4.29 
22 % 

(-12 %) 

10.69 
55 % 

(+23 %) 

Reflectance = 
EaE/Illum. 

0.55 
48 % 

0.37 
32 % 

0.22 
19 % 

0.52 
41 % 

0.42 
33 % 

0.34 
26 % 

0.64 
45 % 

0.50 
36 % 

0.26 
19 % 

RGB-Equilibrium 
Differences 

+15 % -1 % -14 % +8 % 0 % -7 % +12 % +3 % -14 % 

 

Under constant illumination, a Mondrian 
patch has to reflect a lot of BLUE-TURQUOISE 
in order to appear BLUE-TURQUOISE…  

In Land 2, with constant illumination values, in the case of a transition from a gray 
Mondrian patch with an Energy-at-Eye RGB triplet of 14 %B, 32 %G, 54 %R for 
GRAY to a blue-turquoise colored Mondrian patch, the Energy-at-Eye triplet changes to 
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19 %B (+5 %), 37 %G (+5 %), 44 %R (-10 %), therefore to BLUE-TURQUOISE. This 
corresponds to the fact, that in natural vision under a constant illumination, the BLUE-
TURQUOISE sensation is expressed in the Energy-at-Eye triplet directly – with +5 %B 
and +5 %G –, correspondingly in the reflectance values with +8 % B. 

7.3.2. The GREEN Sensation 

Increase the share of red-violet in the illumination… 

In Land 1 and CORRSYS, a GREEN sensation is reached, with the Energy-at-Eye 
values kept constant, via a change in the illumination: 14 %B, 35 %G, 51 %R for 
GRAY-WHITE in Land 1 changes to 16 %B (+2 %), 18 %G (-17 %), 66 %R (+15 %); 
in CORRSYS the illumination with 34 %B, 34 %G, 32 %R for GRAY-WHITE changes 
to an illumination with 61 %B (+27 %), 11 %G (-23 %), 28 %R (-4 %) (Table 7.3). 
Therefore, there is a need for a more intensified illumination in the VIOLET-RED field 
in order to create the color GREEN, the complementary color to PURPLE. In this case, 
in Land 1 the share of RED (16 %B, 66 %R), in CORRSYS the share of VIOLET  
(61 %B) is represented more strongly. Again, the opponent color in the illumination is 
the most important influence leading to the sensation of the color requested.  

Table 7.3: Data regarding the GREEN sensation. 

GREEN  
(Milliwatts per 
Steradian per 
square meter)  

450 
nm 
B 

530 
nm 
G 

Land 1

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

Land 2

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

CORRSYS 

630 
nm 
R 

Energy-at-Eye 
(local) 

1.6 
15 % 

3.2 
30 % 

5.8 
55 % 

1.2 
12 % 

(-2 %) 

4.4 
45 % 

(+13 %)

4.2 
43 % 

(-11 %)

2.73 
35 % 

2.14 
28 % 

2.91 
37 % 

Illuminant 
(global) 

4.9 
16 % 

(+2 %)

5.4 
18 % 

(-17 %)

20.1 
66 % 

(+15 %) 

3.3 
14 % 

7.8 
35 % 

11.5 
51 % 

16.72 
61 % 

(+27 %)

3.15 
11 % 

(-23 %) 

7.64 
28 % 

(-4 %) 

Reflectance = 
EaE/Illum. 

0.33 
27 % 

0.59 
49 % 

0.29 
24 % 

0.36 
28 % 

0.56 
43 % 

0.37 
29 % 

0.16 
13 % 

0.68 
56 % 

0.38 
31 % 

RGB-
Equilibrium 
Differences  

-6 % +16 % -9 % -5 % +10 % -4 % -20 % +23 % -2 % 

 

In order to appear GREEN under stable 
illumination, a Mondrian patch has to reflect a lot 
of GREEN… 

In Land 2, in the case of stable illuminant values the Energy-at-Eye RGB-triplet of 
14 %B, 32 %G, 54 %R for GRAY-WHITE changes to 12 %B (-2 %), 45 %G (+13 %), 
43 %R (-11 %). This corresponds to the fact that under stable illumination the GREEN 
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sensation in the Energy-at-Eye RGB triplet is expressed directly with +13 %G, 
correspondingly with +10 %G in the reflectance values.  

7.3.3. The YELLOW Sensation 

Increase the share of blue in the illumination…  

Having started with a gray-white sensation, how does the eye accomplish a 
YELLOW sensation? This is accomplished by creating RGB disequilibrium in favor of 
YELLOW in the reflectance values. The YELLOW sensation is indicated in all three 
test series, as Table 7.4 proves, by means of a similar trend of the reflectance triplet 
values (+6 %G and +14 %R in Land 1, +6 %G and +11 %R in Land 2, +8 %G and  
+20 %R in CORRSYS). 

 

Table 7.4: Data regarding the YELLOW sensation. 

YELLOW 
(Milliwatts per 
Steradian per 
square meter) 

450 
nm 
B 

530 
nm 
G 

Land 1 

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

Land 2

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

CORRSYS 

630 
nm 
R 

Energy-at-Eye 
(local) 

1.6 
15 % 

3.2 
30 % 

5.8 
55 % 

1.0 
6 % 

(-8 %) 

5.3 
35 % 

(+3 %)

8.9 
59 % 

(+5 %)

2.80 
36 % 

2.20 
28 % 

2.76 
36 % 

Illuminant 
(global) 

6.4 
37 % 

(+23 %) 

4.3 
25 % 

(-10 %) 

6.5 
38 % 

(-18 %)

3.3 
14 % 

7.8 
35 % 

11.5 
51 % 

19.77 
80 % 

(+46 %)

2.50 
10 % 

(-24 %) 

2.42 
10 % 
(-22 
%) 

Reflectance = 
EaE/Illum. 

0.25 
13 % 

0.74 
39 % 

0.89 
47 % 

0.30 
17 % 

0.68 
39 % 

0.77 
44 % 

0.14 
6 % 

0.88 
41 % 

1.14 
53 % 

RGB-
Equilibrium 
Difference 

-20 % +6 % +14 % -16 % +6 % +11 % -27 % +8 % 
+20 
% 

 

In Land 1 and CORRSYS a YELLOW sensation is reached, with the Energy-at-Eye 
values kept constant, via a change in the illumination:  14 %B, 35 %G, 51 %R for 
GRAY-WHITE changes in Land 1 to 37 %B (+23 %), 25 %G (-10 %), 38 %R (-13 %); 
in CORRSYS 34 %B, 34 %G, 32 %R for GRAY-WHITE changes to an illumination 
with 80 %B (+46 %), 10 %G (-24 %), 10 %R (-22 %). Therefore, high illumination 
intensity is required in the BLUE area, in order to create the YELLOW sensation, the 
opponent color to BLUE. Again, the complementary color in the illumination is the 
important influence leading to a sensation of the color located opposite in the color 
wheel.  
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In order to appear YELLOW under stable 
illumination, a Mondrian patch has to reflect a lot 
of YELLOW…  

In Land 2 with stable illuminant values the Energy-at-Eye RGB-triplet changes 
from 14 %B, 32 %G, 54 %R for GRAY-WHITE to 6 %B (-8 %), 35 %G (+3 %), 59 %R 
(+5 %). This corresponds to the fact that in natural vision under stable illumination, the 
YELLOW sensation in the Energy-at-Eye RGB triplet is expressed directly with +3 %G 
and +5 %R, correspondingly in the reflectance values with +6 %G and +11 %R.  

7.3.4. The RED Sensation 

Increase the share of GREEN in the illumination…  

Starting with a gray-white sensation, how does the eye make possible a RED 
sensation? This is accomplished by creating RGB disequilibrium in the reflectance 
values in favor of RED. In all three test series, the RED sensation is indicated by a 
similar trend in the reflectance triplet values (+31 %R in Land 1, +17 %R in Land 2,  
+15 %R in CORRSYS). The presentation of the data for RED by E. Land is shown 
again in Figure 7.3. 

  

 

Fig. 7.3: (above) Mondrian and Munsell-patch with Energy-at-Eye and Illuminant data for the RED 
sensation. (below) Data by E. Land regarding the RED sensation in the RGB sequence; in the black field 

there are the reflectance values [239, Offprint 392, p. 7]. © 2014, reproduced with permission of Scientific 
American Inc. All rights reserved.  
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In Land 1 and CORRSYS a RED sensation is reached, with the Energy-at-Eye 
values kept constant, via a change in the illumination (Table 7.5): 14 %B, 35 %G,  
51 %R for GRAY-WHITE in Land 1 changes to 19 %B (+5 %), 58 %G (+23 %), 23 %R 
(-28 %); in CORRSYS 34 %B, 34 %G, 32 %R for GRAY-WHITE change into an 
illumination with 28 %B (-6 %), 52 %G (+18 %), 20 %R (-12 %). Therefore, there is a 
need for a considerably more intense illumination in the GREEN area in order to create 
the RED sensation, the opponent color to GREEN. Again, the complementary color is 
the important influence in the illumination leading to the sensation of the color located 
opposite in the color wheel. 

In order to appear RED under stable 
illumination, a Mondrian patch has to reflect a lot 
of RED… 

In Land 2 with stable illuminant values, the Energy-at-Eye-RGB triplet changes 
from 14 %B, 32 %G, 54 %R for GRAY-WHITE to 11 %B (-3 %), 21 %G (-11 %),  
68 %R (+14 %). This corresponds to the fact that in natural vision under stable 
illumination, the RED sensation is expressed in the Energy-at-Eye triplet directly with 
+14 %R, correspondingly in the reflectance values with +17 %R. 

Table 7.5: Data regarding the RED sensation. 

RED 
(Milliwatts per 
Steradian per 
square meter) 

450 
nm 
B 

530 
nm 
G 

Land 1 

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

Land 2

630 
nm 
R 

450 
nm 
B 

530 
nm 
G 

CORRS-
YS 

630 
nm 
R 

Energy-at-Eye 
(local) 

1.6 
15 % 

3.2 
30 % 

5.8 
55 % 

1.0 
11 % 
(-3 %)

2.0 
21 % 

(-11 %)

6.5 
68 % 

(+14 %)

2.86 
36 % 

2.1 
28 % 

2.73 
36 % 

Illuminant 
(global) 

6.1 
19 % 

(+5 %) 

18.8 
58 % 

(+23 %) 

7.4 
23 % 

(-28 %)

3.3 
14 % 

7.8 
35 % 

11.5 
51 % 

6.47 
28 % 
(-6 %)

11.9 
52 % 

(+18 %) 

4.67 
20 % 

(-12 %) 

Reflectance = 
EaE/Illum. 

0.26 
22 % 

0.17 
14 % 

0.78 
64 % 

0.30 
27 % 

0.26 
23 % 

0.57 
50 % 

0.44 
37 % 

0.18 
15 % 

0.58 
48 % 

RGB-Equilibrium 
Differences 

-11 % -19 % +31 % -6 % -10 % +17 % +4 % -18 % +15 % 

 

The eye develops relations, upon which color 
vision is based...  

The logic of the co-operation of illumination, object and eye, is clarified with these 
examples. E. Land’s decisive contribution is to be found in the photometrically exact 
proof that the eye works exclusively with relations in RGB in the case of achromatic and 
color vision and that it develops these relations itself. For E. Land, who worked out the 
relation of the local Energy-at-Eye and global illuminant RGB data in the reflectance 
RGB triplets, it was possibly not striking or worth mentioning, that also the law of 
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opponent colors was included in the interaction of illumination and color vision. At 
CORRSYS, within the NAMIROS project [34], the test persons in the Mondrian 
experiments were also prompted to do a subjective hue comparison of their own color 
sensations with the Munsell color charts. Here it was conspicuous, that the GRAY-
WHITE sensation, by which the RGB color space is centered and to which all color 
sensations refer, showed a clear scattering of the RGB values of different individuals, as 
was to be expected.  

7.4.  Color Constancy in the Change between White  
and Colored Illuminations 

E. Land’s and CORRSYS’ results with two different illuminations for the gray-
white sensations confirm E. König’s earlier results regarding the illumination-adaptive 
shift of the spectral RGB sensitivity curves, which he had documented in the change 
from gaslight to sunlight. The eye shifts the alignment of the achromatic axis in the 
change of illuminations to RGB equilibrium constellations for gray-white, which are 
different in each case, and thus recenters the color space. In this way, the color 
constancy performance in vision could be explained by the fact that the eye adaptively 
approaches the color of a new illumination until it reaches a nearly optimal new RGB 
equilibrium. The color adaptation consists of a fast phase, which proceeds within a few 
seconds, and a slower part, which can take up to 45 minutes. Many different attempts at 
an explanation of the color constancy performance in human vision can be found in 
literature [242, 456 and others.]. 

If the peaks of the spectral RGB sensitivity curves, in the case of a white global 
illumination in the visual field, are located at 559 nmR, 537 nmG and 447 nmB (relation 
1 : 0.96 : 0.8), and if it is directly replaced by a blue illumination with larger spectral 
intensities in the range between 400 and 500 nm of the visible spectrum, then the eye 
initially registers an RGB disequilibrium (with e.g. 24 %R, 28 %G and 48 %B), in 
which blue dominates. A previously white surface is suddenly seen as being bluish. The 
eye then relatively quickly follows the color of the illumination by shifting the RGB 
peaks e.g. up to 513 nmR, 492 nmG and 410 nmB (relation 1 : 0.96 : 0.8). In this 
situation it reaches a new RGB equilibrium (e.g. 33 %R, 35 %G und 32 %B) and the 
temporarily bluish surface appears white again. At the same time, all other RGB color 
values are related to this new white norm without any big changes in the shade of the 
color.  

In the case of a corresponding transition from a white to a red illumination with 
larger spectral intensities in the red area between 550 – 700 nm, initially also 
disequilibrium (with e.g. 43 %R, 39 %G and 18 %B), in which red dominates, results. A 
previously white surface is suddenly seen as being reddish. However, if the eye then 
follows the color of the illumination and if the RGB triplet of the wavelengths shifts e.g. 
up to 728 nmR, 699 nmG and 582 nmB (relation 1 : 0.96 : 0.8), then it reaches a new 
RGB equilibrium there (33 %R, 35 %G and 32 %B) and the temporarily reddish surface 
appears white again. Simultaneously, all other RGB color values can be related to this 
new white norm, so that their former color shades remain nearly the same [255]. This 
sequence corresponds to the observation that after a short period of adaptation to the 
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new illumination the shades of color are correct again to a large extent. “Color 
constancy in the case of a changed illumination is never perfect. Color sensation follows 
the chromaticity shift of the illumination mostly to a lesser, but variable extent, namely 
always, also in the case of a minor change in the illumination” [Lange-Malecki, 242, 
Summary topic 9, p. 108].  

After the discussion of the results of these experimental test series and the 
statements regarding the illumination-adaptive rule in the color constancy performance, 
the further question now is posed as to which mechanism in the grating optical correlator 
would be able to guarantee this adaptive performance.  

7.5.  The Relation‐building between Local and Global RGB Data in 
the Grating Optical Correlator 

Impose the light in the pupil onto the light in the retina…  

In aperture space, in the pupil, the grating correlator in the human eye has optical 
information, which basically camera technology also has, but as opposed to the eye, it 
does not use it. Already Zernike [506] recognized that ”The image that will be formed in 
a photographic camera – i.e. the distribution of intensity on the sensitive layer – is 
present in an invisible, mysterious way in the aperture of the lens, where the intensity is 
equal at all points“. E. Wolf was also impressed by this statement, which is why this 
quotation usually preceded his Short Courses on “Modern Coherence Theory” [488]; 
however, he made no further comment regarding the human eye. The information in the 
aperture of the eye described by Zernike represents ‘global’ information about the 
statistically average distribution of the spectral intensities in object space. The spectral 
contributions to the optical image, which all light emitters and reflectors present in the 
visual field of an observer supply by means of divergent light cones into the pupil, are 
added up at each location in the pupil. Since the emissions of all visible objects and 
illuminations with a wide cone basis arrive in the pupil, it can be assumed that the totals 
are nearly identical at each location in the pupil. If a fraction of this global information 
there is scattered diffusely into the interior of the eye, it is either optically superimposed 
on or laid under the ‘local’ information, the spectral intensities at each individual image 
area of visible objects. The influence of scattered light in the eye was described by Stiehl 
and others [435]. Nano and micro space-gratings, which in this sense act as diffuse light 
scatterers, are inserted in the cornea of the eye. Since the inside of the eye being a 
rotational ellipsoid, it is a good optical resonator. This ‘global’ information is distributed 
uniformly over the complete retina by means of multiple reflections on the walls of the 
inside of the eye. (If the resonance situation is particularly good, a small fraction of this 
radiation may find a way out of the pupil, so that the eyes ‘glow’. Other research may be 
permitted to disagree with this conclusion [486], because optimal resonance conditions 
only rarely exist).  

Local and global data become available 
simultaneously in RGB space…  
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At the diffractive-optical transformation of the spectral intensities in the image of a 
local object, the ‚global’ spectral intensities laid under these, which characterize the 
global illumination in the visual field, are transmitted simultaneously into RGB color 
space. By means of superimposition both information correlate in the RGB interference 
contrast in reciprocal grating space. Where no contrast in RGB between a local object 
and its surroundings is created, there is no local object recognizable. It is lost in the 
interference field. Otherwise the local RGB data are related to the global RGB data; and 
only the result of this quotient is available to the photoreceptors for further processing. 
Thus, also the white norm in the eye is a dynamic size, which is permanently being 
adapted and automatically newly regulated with every change of view. Exactly the way, 
in which E. Land’s and CORRSYS’ reflectance data actually predict: because the 
‘Energy-at-Eye’ values are nothing else than the local RGB constellation and the 
‘illuminant’ RGB values are the global RGB data. In the reflectance they are both 
referred to each other. E. Land expressed this formula as follows:  
Reflectance × Jlluminant = Energy-at-Eye. The clearer expression is probably the one 
used here: Reflectance = Energy-at-Eye/Jlluminant. It emphasizes the relation of the 
local onto the global data.  

Through the local image of an object and 
through the global color of the illumination, we 
look at the visible objects…  

At each single object surface in the visual field, we generally perceive a specific 
color or an achromatic value. The photoreceptors in our eye, which have the product of 
the global and local RGB data-source available to them, correspondingly simply look 
through the image of the object on the retina and through the pupil onto the visible 
objects. Just as it corresponds to the concept of an optical correlator.  

7.6.  The Complete Hardware of the Grating‐optical Correlator  
in the Eye 

The hierarchy of gratings and space-gratings 
in the eye make seeing with the inverted retina 
intelligent…  

With the inclusion of the function of the space-gratings in aperture space of the eye, 
the performance of the hardware of the diffractive-optical correlator in the eye has been 
described completely. Figure 7.4 shows, using the example of two point-like objects and 
their images, the nano and micro space-gratings inserted in aperture space, which scatter 
a fraction of the light incident from all objects from all directions, diffusely into image 
space and superimpose it there onto the ‘local’ object image. At the cellular INL/MNL 
space-gratings in image space, the local diffractive-optical pre-processing of the spatial 
frequency filtering and the 3D-depth map takes place. The transformation of the local 
and global information superimposed upon each other is taken over into the three 
concentric diffraction orders at each retina location by the cellular ONL space-grating. 
This provides the local RGB constellations related to the global illumination as well as 
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object distance data and orientation data of elementary shape components to the 
photoreceptors grouped optically in meta-pixels in reciprocal space-grating.  

Optically grouped
RGB Interferences

Object 1 (white)

Object Space
Local Data

Image Space 
Local+Global

Data

Reciprocal Space/RGB-Space 
Local/Global Data

Nanogratings + polygonal 
diffuse Scatterers

INL, MNL,ONL
Gratings Photoreceptors

Object 2 (black)

O 1

O 2

Aperture Space
Global Data

The diffractive-optical correlator in the optical imaging system
(nano- and micro- phase gratings in aperture and in image space)

 

Fig. 7.4: The complete hardware of the diffractive-optical correlator in the human eye with space-gratings 
in aperture and in image space (schematized presentation).  

In RGB color vision, it becomes clear that the eye ‚reckons up’ optical signals 
intelligently in the creation of the relations between local and global data. In the topic 
‘colored shadows’ it will become even clearer that and how the grating-optical hardware 
carries out such mathematical operations.  

7.7.  Space‐gratings in Aperture and Image Space of the Eye  
and their Contribution to the ‘Paradoxical’ Colored Shadows 
in Twilight 

Opponent colors complement each other in 
the RGB equilibrium of the white sensation…  

The topic ‘color constancy’ was about a trichromatic RGB equilibrium in the 
GRAY-WHITE axis of color space, to which all other RGB disequilibria are referred as 
colors. Colored shadows in twilight provide a further example for equilibria and 
disequilibria between colors, which complement each other additively in the color wheel 
as opponent colors to become achromatic GRAY-WHITE’s. Experiments in twilight are 
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based on the use of two, generally different illuminations, which, at an obstacle, produce 
shadows, which are illuminated directly by only one of the illuminants. (A similar test 
arrangement is used in binocular vision for the examination of the accommodation 
convergence equilibrium of the eyes. In the so-called Turville procedure, by means of an 
obstacle it is achieved that letters in a specific field can in each case be seen by only one 
eye [313, p. 783]). 

The ‘normal’ colored shadows are physically 
measurable and explainable… 

Non-physicists such as Goethe [141], physicists and others interested in the 
physiology of vision (from Helmholtz to Schopenhauer, etc.) provided diverse 
observations regarding colored shadows in twilight, which can initially be sorted 
according to physical aspects into ‘normal’ and ‘paradoxical’ shadows. The general 
arrangement of the experiments is shown in Figure 7.5: 

      

Fig. 7.5: The arrangement of experiments with reference to the (normal) colored shadows.  

7.8.  The Repartition of the Light onto Two Lights in Twilights 

There are many possibilities to distribute one light on to two lights. Figure 7.6 
shows the range of visible light from violet to red. The spectral components have the 
same intensities in this representation in the so-called ‘white spectrum’. The colored 
band can be partitioned into some typical twilights, which are to be examined more 
closely. 

380 430 480 530 580 630 680  

Fig. 7.6: The visible spectrum (380 – 760 nm) with identical intensities in all spectral components  
(So-called ‘white’ equienergy spectrum).  
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If one divides a white spectrum, as it were horizontally, into two white spectra, then 
each light in the twilight consists of half a white. Figure 7.7 shows this type of division.  

 

Fig. 7.7: Division of a white light into two white lights A and B. 

The shadows projected onto a wall via an obstacle by the twilight shown in  
Figure 7.8 (left) are both gray. They are not white because each shadow area contains 
the light of only one of the two illuminants; therefore, it has only ‚half a white’. The loss 
of half the intensity is registered by the eye as a step away from white to gray. The 
surroundings, which both illuminants A and B commonly illuminate, remain white.  

 

Fig. 7.8: (left) In the case of two white lights A and B, two gray shadows S1 and S2 result. (right) A white 
(S1) and a black shadow (S2) result in the case of only one light A casting a shadow.  

‘Half a white’ which becomes gray in a white 
surrounding, remains white without a stronger 
white in the surroundings…  

If there is only one white light A present in the experimental arrangement, then the 
shadow S1 is white and not gray, even though in the case of the two lights A and B, its 
surface is illuminated exclusively by A, the ‘half-white’. The reason for this is due to the 
fact that in the case of two lights in twilight, a reference to the brighter global 
surroundings (A+B = white) is possible, by which the local white is relativized and/or 
downgraded. In the case of only one light A, something different global is missing to 
which S1 could refer. Therefore S1 is white. Photometrically, the relativized gray is 



The Human Eye: an Intelligent Optical Sensor 

 276

measured as ‘half a white’. This simple example proves impressively the fact that the 
vision of gray-white values in human vision follows the same rules and laws, by which 
in color vision the local is referred to the global in RGB. Gilchrist [132-134] showed 
that further complications occur in this.  

7.9.  Colored Lights in Twilights and their ‘Normal’ Colored 
Shadows 

Among the colored shadows there are those, which are physically measurable and 
may therefore be termed as ‘normal’ colored shadows. They can be differentiated from 
the ‘paradoxical’ colored shadows, which are physically not measurable. Let us look at 
the normal colored shadows first.  

7.10.  Goethe’s Experiment with the Full Moon and a Candle 

Goethe describes his experiment with the full moon and the candle as follows:  

“One of the most beautiful instances of colored shadows can be observed 
with a full moon and a candle light… A white surface being placed against the 
light of the full moon, and the candle being placed a little to the side at a due 
distance… An opaque object is placed in front of the white plane. A double 
shadow will then be seen: the one cast by the moon and illuminated by the 
candle-light will be a powerful red-yellow; and contrariwise, the one cast by the 
candle and illuminated by the moon, will appear of the most beautiful blue” 
[141, VI, 75]. 

Figure 7.9 demonstrates the arrangement of the experiment. Physically, the full 
moon reflects the nearly bluish-white light of the sun; the candle emits a yellowish-
white light. In the surroundings of the two shadows, the two spectral intensities of A and 
B add up to nearly a global White.  

 

Fig. 7.9: Goethe’s experiment with the moon and a candle in twilight. 
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Figure 7.10 illustrates the diagonal division of the white spectrum to two lights A 
and B in the twilight, which reproduces approximately the physical situation in Goethe’s 
experiment. 

A = MOON

B = CANDLE

 

Fig. 7.10: Diagonal division of the white spectrum into two lights in the twilight. 
A = moon, B = candle. 

Table 7.6 provides the data, upon which the calculation of the results of the 
experimental design is based. 

Table 7.6: Calculation steps and results for the experiment with the full moon and the candle. 

1 2 3 4 5 6 7 8 9 10 11 

nm A B A+B B G R  B G R 

380 
400 
420 
440 
460 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 

440 
420 
390 
360 
330 
300 
270 
240 
210 
180 
150 
120 
90 
60 
30 
10 

10 
30 
60 
90 

120 
150 
180 
210 
240 
270 
300 
330 
360 
390 
420 
440 

450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 

37 
264 
950 
1712 
1543 
696 
157 
18 
1 

- 
1 
9 
40 

138 
357 
698 
1025 
1133 
941 
588 
277 
98 
26 
5 
1 

- 
- 
2 
10 
43 

138 
344 
657 
965 
1087 
940 
624 
318 
124 
37 
9 

A+B 
 
 

A 
 
 

S1 
 
 

B 
 
 

S2 

33 % 
 
 

47 % 
 

------- 
+14 %

 
 

17 % 
 

------- 
-16 % 

33 % 
WHITE 

 
29 % 

BLUE 
----------- 

-4 % 
BLUE 

 
39 % 

ORANGE 
------------ 

+6 % 
ORANGE 

33 % 
 
 

24 % 
 

-------- 
-9 % 

 
 

44 % 
 

-------- 
+11 % 

 

Column 1 divides the visible spectrum into 20 nm steps. The light of the moon A 
and that of the candle B in the columns 2 and 3 are added in column 4 to become a white 
spectrum (A+B). After that, in each case, A and B as well as the total illumination 
(A+B), are multiplied with the RGB curves of the spectral sensitivity (columns 5-7), 
which have been adapted to a white spectrum by means of the peak values at the 
wavelengths 447 nmB, 537 nmG and 559 nmR. The result of these transformations in 
RGB space and the differentiations appear in the columns 8-11 in percentage values. 
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First the resulting RGB percentage values of the global illumination (A+B) are 
expressed; with 33 %B, 33 %G and 33 %R, their data indicate a white illumination. The 
illumination A on its own with 47 %B, 29 %G and 24 %R is a blue illumination. The 
shadow S1 lit by it directly, in the formation of the difference to the white global 
illumination with +14 %B, -4 %G and +9 %R, proves to be blue also. The illumination 
B with 17 %B, 39 %G and 44 %R, is an orange light. With -16 %B, +6 %G and  
+11 %R, the shadow S2 lit by it directly proves to be orange as well or, as in Goethe’s 
description, red-yellow. (This example was presented already with slightly changed data 
in [493].) 

The same calculation, graphically simplified, again illustrates Figure 7.11; it shows 
(left) the multiplication of the spectral intensities of moon and candle with the RGB 
curves and (right) the results of the calculations for the global illumination (A+B) as 
well as the formation of the differences for the lights A and B and the shadow areas S1 
and S2 to the global illumination (A+B).  

47% 29% 24% 17% 39% 44%

S1 S2

+14%

-9%
-4%

+11%
+6%

-16%

B
33%

G
33%

R
33%

Blue Orange

(A+B)

White

A B

380 430 480 530 580 630 680

x =
447nmB

537nmG
559nmR

A = MOON
B = CANDLE

 

Fig. 7.11: Graphic presentation of the calculation steps and results  
with A = moon, B = candle in the twilight.  

In this way, in both colored shadows, the color of the individual lights is found 
again in the twilight. The colored shadows display the complementary colors blue and 
orange – or in Goethe’s description – red-yellow. It is a case of physically deducible and 
photometrically measurable quantities; the shadows are therefore named ‘normal’ 
colored shadows.  
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7.11.  The World of Fairies in Goethe’s Walking Tour  
in the Harz Mountains 

A further example for colored shadows in the twilight is provided by Goethe in the 
report about a walking tour in the Harz Mountains [141]: 

“During a journey in the Harz Mountains in winter, I was descending from 
the Brocken towards evening; there was snow on the wide planes above me; also 
the heath below me was covered by snow; all the insulated trees and the 
protruding cliffs, as well as all the masses of trees and rocks were completely 
frost-covered; the sun was sinking towards the Oder ponds. During the day, 
owing to the yellowish hue of the snow, shadows tending to violet had already 
been observable; these might now be pronounced to be decidedly blue, as the 
illuminated parts exhibited a yellow deepening to orange. But as the sun finally 
was about to set, and its rays, greatly mitigated by the thicker vapours, began to 
diffuse a most beautiful purple color over the whole scene around me, the 
shadow color changed to a green, which could be compared to a sea-green 
because of its clarity or to an emerald-green because of its beauty. The 
appearance became more and more vivid; one might have imagined oneself in a 
fairy world, because everything was covered in the two vivid and beautifully 
harmonizing colors, until finally with the sunset, the magnificent spectacle was 
lost in a gray dusk and gradually in the moon-and-star-lit night” (141, VI, 75). 

The description concentrates on the dynamics of hue changes in the illumination 
and in the colored shadows, which in turn occur as pairs of opponent colors. However, 
the physical situation behind the phenomena is described incompletely. It is only 
communicated that the sunlight (B) with its yellow and then increasingly yellow-red and 
then purple light illuminates directly the white snow-covered surfaces uphill. Therefore, 
one has to presume that the snow surfaces further down at each stage of the occurrence 
received only the more long-wave yellow-red part of the sunlight, the snow surfaces at a 
medium height received the more blue-green shares and the highest snow surfaces still 
received the full, approximately ‘white spectrum’ of the sun. The snow surfaces at a 
medium height thus functioned as the second light A in the twilight and reflected the 
sunlight on those surfaces, which constitute the shadows S1 cast by the sunlight. At the 
same time, the light coming from the snow surfaces, casts the shadows S2, which still 
receive direct light from the ‘more moderate’, thus distinctly more long-wave shining 
sun. At the shadows S1, first of all the violet, then the deep-blue and later emerald-green 
shadow colors occur; at the shadows S2, it is first the yellow, then the red-yellow and 
later the purple shades. Other snow surfaces “further up”, which do not necessarily 
reflect in the direction of the observers, must have still received the full sunlight  
(380 – 700 nm) and thus made up the white illumination (A + B) in the background of 
the occurrence. Further down towards the valley, those surfaces are located, which 
received no direct light at all from the sun. With these parameters, the individual steps, 
in which in each case the complementary-colored shadows S1 change from violet to 
blue and to turquoise (emerald-green) and the shadows S2 change from yellow to red-
yellow to purple, can be illustrated in Figure 7.12. 
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At sunset progressively the blue shares in the spectrum are lost 
(quicker for the sun than for the snow).

SUN

SNOW

440 700

A

B

380

SUN

SNOW

440 700

A

B

480

SUN

SNOW

480 700

A

B

540

S1 +9% -4%  -4%

B G RB G R

S2 -14% +8%  +8%

S1 -23%  +15%  +10%

S1 +7% -2%  -4%

S2 -31% +15% +17% 

S2  -33% +5%  +29%

VIOLET

YELLOW

BLUE

RED-YELLOW

GREEN

PURPLE

S2 = Shadow illuminated by the sun; S1 = Shadow, illuminated by the snow.  

Fig. 7.12: Representation of the physical changes which arose during Goethe’s walk in the Harz Mountains 
in the sunlight (B) and in the reflected light of the snow surfaces (A). The dynamics of the change of the 

shadow colors S1 and S2 is physically explainable and photometrically measurable; therefore, the shadows 
constitute ‘normal’ colored shadows.  

For the determination of the hue of the first colored shadows S1 and S2 (above), for 
the light A higher spectral intensities in the range 380 – 440 nm are applied than for the 
sunlight B, which quickly loses its blue shares. Due to this, the violet color of shadow 
S1 with +9 %B and the yellow color of S2 with +8 %G und 8 %R results. If the hue of 
the sun shifts further towards red (center), therefore loses further blue-green shares, the 
light A, which also loses further blue-green shares, always a little later than the sun, 
receives higher spectral intensities in the range of 440-480 nm. Thus the color of S1 
shifts with +7 %B to blue, that of S2 with +15 %G and +17 %R to red-yellow (Goethe’s 
“enhanced yellow“ = orange). A further step with higher spectral intensities only in the 
range of 480-540 nm for A (below) and with direct sunlight, which is restricted to the 
spectral range of 540-700 nm, results with +15 %G for S1 in green and with +29 %R for 
S2 in purple. The changes in hue of the shadows in the twilight thus correspond to the 
‘normal’ opponent colors, which have a physically measurable basis and explanation.  

The following Table 7.7 provides an example for the calculation of the point in time 
just before sunset. The opponent color pair green-purple, which in normal daylight 
vision practically never occurs, appears under the special light and twilight constellation 
in Goethe’s walk in the Harz Mountains.  
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Table 7.7:  Dynamics of the colored shadows in Goethe’walk in the Harz Mountains: the last stage just 
before sunset. The ‘normal’ colored shadows S1 and S2 show the opponent color pair green – purple.  

1 2 3 4 5 6 7 8 9 10 11 

nm  A B A+B B G R  B G R 

380 
400 
420 
440 
460 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 

0 
0 
0 
0 
0 

450 
450 
450 
450 
250 
250 
250 
250 
250 
250 
250 
250 

0 
0 
0 
0 
0 
0 
0 
0 
0 

200 
200 
200 
200 
200 
200 
200 
200 

450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 

37 
264 
950 
1712 
1543 
696 
157 
18 
1 

- 
1 
9 
40 

138 
357 
698 
1025 
1133 
941 
588 
277 
98 
26 
5 
1 

- 
- 
2 
10 
43 

138 
344 
657 
965 
1087 
940 
624 
318 
124 
37 
9 
2 

A+B 
 
 

A 
 
 

S1 
 
 

B 
 
 

S2 

33 % 
 
 

10 % 
 

------- 
-23 % 

 
 

0 % 
 

------- 
-33 % 

33 % 
WHITE 

 
48 % 

GREEN  
----------- 
+15 % 

GREEN 
 

38 % 
PURPLE 
----------- 

+5 % 
PURPLE 

33 % 
 
 

43 % 
 

--------- 
+10 % 

 
 

62 % 
 

---------- 
+29 % 

 

7.12.  The ‘Normal’ Colored Shadows in the Closed Opponent  
Color Wheel 

Whatever is valid for the blue-yellow and purple-green opponent colors in the 
previous examples is also valid for all opponent color pairs in the closed color wheel. In 
order to illustrate this, the visible spectrum is divided up between two lights in the 
twilight in such a way, that the one light (A) has the same spectral intensities in the 
range of 380-520 nm as the other (B) has in the range of 540-680 nm. Then both blocks 
comprising 140 nm each in Table 7.8 (column 1) are shifted in each case by 20 nm in 
the visible spectrum (380 - 700 nm), which has become circular. If one calculates the 
changes in hue in the shadows S1 and S2 using these data, then these run through the 
complete opponent color wheel as ‘normal’ colored shadows.  

In general, the complementary color pairs blue-yellow and green-purple are of 
particular interest. In the laboratory the blue-yellow pair and the rare pair green-purple 
can be illustrated physically by means of particular filters. Figure 7.13 illustrates on the 
left the division of the visible spectrum in the twilight by means of two filters into blue 
and yellow; on the right is the division, in which the one filter takes over the green range 
at 420-600 nm, while the other filter takes over the red end of the spectrum at  
600-680 nm and the violet-blue beginning of the spectrum at 380-420 nm in the circle of 
the spectrum.  
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Table 7.8: The normal opponent color shadows S1 and S2 in the complete color wheel.  

1 2 3 4 5 6 7 
  S1   S2  

A(nm) B G R B G R 
380-520 +27.2 % -7.6 % Violet -19.6 % -33.6 % +9.5 % Orange +24.1 % 
400-540 +15.4 % -2.1 %    Blue -13.3 % -32.9 % +4.6 %    Red +28.3 % 

420-560 +6.5 % 
+1.0 % 

Turquoise 
-7.5 % -24.6 % -3.6 %    Red +28.2 % 

440-580 -2.4 % +3.9 % Green -1.5 % +11.4 % -18.3 % Purple +6.9 % 
460-600 -14.1 % +8.4 % Yellow +5.7 % +47.7 % -28.4 % Violet -19.4 % 

480-620 -25.7 % 
+13.0 % 
Yellow 

+12.7 % +57.4 % -28.9 % Violet -28.6 % 

500-640 -31.8 % 
+14.5 % 
Orange 

+17.3 % +53.2 % -24.1 % Violet -29.1 % 

520-660 -33.4 % 
+12.9 % 
Orange 

+20.5 % +41.4 % -15.9 % Violet -25.5 % 

540-680 -33.6 % +9.5 % Orange +24.1 % +27.2 % -7.6 % Violet -19.6 % 
560-700 -32.9 % +4.6 % Red +28.3 % +15.4 % -2.1 %   Blue -13.3 % 

580-400 -24.6 % -3.6 % Red +28.2 % +6.5 % 
+1.0 % 

Turquoise 
-7.5 % 

600-420 +11.4 % -18.3 % Purple +6.9 % -2.5 % +3.9 % Green -1.5 % 
600-420 +11.4 % -18.3 % Purple +6.9 % -2.5 % +3.9 % Green -1.5 % 
620-440 +47.7 % -28.4 % Violet -19.4 % -14.1 % +8.4 % Yellow +5.7 % 
640-660 +57.4 % -28.9 % Violet -28.6 % -25.7 % +13.0 % Yellow +12.7 % 
660-480 +53.2 % -24.1 % Violet -29.1 % 31.8 % +14.5 % Orange +17.3 % 
680-500 +41.4 % -15.9 % Violet -25.5 % -33.4 % +12.9 % Orange +20.5 % 

 

 

 

Fig. 7.13: The division of the visible white spectrum in the opponent color twilight. (left) blue (A)  
and yellow (B) in the two lights results in the opponent colors blue-yellow in the shadows S1 and S2;  

(right) red + violet (A) and green (B) in the lights results in purple-green in the colored shadows.  
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Due to this, in Figure 7.14 (left) the shadow S1 takes on the color blue and S2 the 
color yellow; (right) the shadow S1 takes on the color green and S2 the purple color.  

   

Fig. 7.14: The colored shadows on the optical course in Wetzlar with the opponent color shadows  
yellow-blue and purple-green.  

This was already illustrated in nearly the same way in Table 7.8, which contains the 
full color wheel. Where in column 1 the spectral range 600-420 is allocated to light A, 
the shadow S1 will exhibit the purple and S2 the green. Vice versa, the purple appears in 
S2, when in column 1, the spectral range 440-580 is allocated to light A, and the green 
appears in S1.  

Complementary colored lights and 
complementary colored shadows… 

In the case of ‘normal’ colored shadows, which result from the use of two 
complementary-colored lights of the same spectral intensities in the twilight  
(blue-yellow, red-turquoise or purple-green, etc.), the corresponding opponent colors are 
found again in those shadow areas, which they illuminate directly with their light. 
Therefore, physically everything is in excellent order. These colored shadows do not 
indicate anything special about the way the eye works. They only show that opponent 
colors in color vision add up to white. Therefore, one can also attempt to base the 
complete color vision, as Bertulis and Glezer [23] did, including the color constancy 
performance on “three pairs of double-opponent cortical units (red-green, yellow-blue 
and white-black)“ as “the basis of the three-dimensional opponent colour space”.  

7.13.  The ‘Paradoxical’ Colored Shadows in Twilights 

’Normal’ and ‘paradoxical’ colored shadows 
can be clearly distinguished from each other…  

The examples so far, all belong in the field of the ‘normal’ complementary-colored 
shadows, which are physically explainable, photometrically measurable and 
photographable. In order for physics and physiology to become visible distinctly in their 
role in human color vision with their particular share, it is important to produce the 
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‘paradoxical’ shadows. Sometimes, simply an experimental trick is required in order to 
gain a direct and at the same time deeper insight into the working procedure of the eye.  

The ‚paradoxical’ colored shadows are physically not explainable, photometrically 
not measurable; however, they are photographable with a camera with a white balance. 
They do not occur arbitrarily, but according to a traceable rule. They occur, if one 
retains one of the two lights in the twilight; hereafter always B constantly is a white light 
and only A varies its color. Figure 7.15 illustrates the experimental design and its result 
for the case, where A is a blue light source.  

 

Fig. 7.15: Experimental design regarding the paradoxical colored shadows (blue light in A,  
white light in B. Shadow S1 blue, shadow S2 orange). 

If white light is chosen for B and consecutively in each case another colored second 
light A is added, so that the global illumination results in a mixture of white and the 
particular hue (bluish-white or whitish-blue, etc.), then our eyes do not see white at that 
shadow area, which is illuminated by the white light, but the opponent color of the 
colored light in the twilight. Again, according to the scheme so far, the particular 
observable ‘paradoxical’ shadow with the opponent color to the colored illumination can 
be calculated.  

If in Figure 7.16 and Table 7.9, a blue light A and a white light B is chosen for the 
twilight, for (A+B) in column 4 a distribution of the spectral intensities in the visible 
spectrum results corresponding to a blue in RGB (49 %B; 28 %G, 23 %R in columns  
9-11). All the more, light A proves to be blue (60 %B, 24 %G, 16 %R) and also the 
shadow S1 directly illuminated by A is blue (+11 %B, -4 %G, -7 %R). Since the light B 
is a white light, therefore corresponding to an RGB equilibrium (33 %B, 33 %G,  
33 %R), it should not be surprising after what has been said so far, that the shadow S2 
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results in the formation of the difference to (A+B) in orange (-16 %B, +5 %G, +10 %R) 
by calculation and clearly observable.  

What is valid for this case is valid as a law for every further combination of a 
colored light with a white light in the twilight. Further examples were indicated in  
[258, 259]. Therefore, the paradoxical colored shadow has by law definitely only got a 
hue construed by the eye.  

A colored and a white light in the twilight.

White

A

B

380nm                               760nm

x =
60% 24% 16% 33% 33% 33%

S1 S2

+11%

-7%
-4%

+10%
+5%

-16%

B
49%

G
28%

R
23%

Blue Orange

A + B

Blue

A B

N h h

380 430 480 530 580 630 680

447nmB

537nmG
559nmR

 

Fig. 7.16: Calculation of paradoxical colored shadows (example with A = blue; B = white). 

“If the opponent color is not offered to the 
eye externally, then it generates it itself by means 
of its inherent light“ [Goethe, 141]. 

The particular ‘paradoxical’ colored shadow is photometrically not measurable in 
its hue, but always only as white. It can also not be photographed as colored if the white 
balance has been turned off in the camera. The photometer, as opposed to the eye and 
the camera with a white balance, does not have the reference to the whole, the access to 
the spectral intensity distribution of the global ambient light conditions, the possibility 
for the relativization of local RGB values to the global RGB data. If one deprives the 
eye of the view of the environment by viewing only the ‘paradoxical’ shadow through a 
thin pipe, then consequently this will no longer appear colored to the eye, but white or 
achromatic gray. Many good observers have reported about this paradox.  
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Table 7.9: Paradoxical colored shadows with a calculation scheme. Multiplication of the particular spectral 
intensities in the columns 2-4 with the RGB curves in the columns 5-7. In the columns 8-11, the RGB values 
of the lights and shadows result from the formation of the differences to (A+B). In the case of the blue and 

white lights in the twilight the yellow/orange shadow which is the opponent color to blue/violet, results.  

1 2 3 4 5 6 7 8 9 10 11 

nm  A B A+B B G R  B G R 

380 
400 
420 
440 
460 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 

630 
630 
670 
570 
640 
510 
380 
260 
220 
140 
80 
60 
40 

240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 

870 
870 
910 
810 
880 
750 
620 
500 
460 
380 
320 
300 
280 
240 
240 
240 
240 

37 
264 
950 
1712 
1543 
696 
157 
18 
1 

- 
1 
9 
40 

138 
357 
698 
1025 
1133 
941 
588 
277 
98 
26 
5 
1 

- 
- 
2 
10 
43 

138 
344 
657 
965 
1087 
940 
624 
318 
124 
37 
9 
2 

A+B 
 
 

A 
 
 

S1 
 
 

B 
 
 
 

S2 

49 % 
 
 

60 % 
 

--------- 
+11 % 

 
 

33 % 
 
 

--------- 
-16 % 

28 % 
BLUE 

 
24 % 

BLUE 
------------- 

-4 % 
BLUE 

 
33 % 

WHITE 
 

------------ 
+5 % 

ORANGE 

23 % 
 
 

16 % 
 

-------- 
-7 % 

 
 

33 % 
 
 

-------- 
+10 % 

 

What then do the ‚paradoxical’ colored shadows convey about the hardware of the 
eye? They contain a simple, yet interesting message. They confirm that the eye has got a 
constructive principle following a simple law by which the particular relation of the 
individual (local) is formed to the whole (global). If, in the twilight, the eye registers a 
disequilibrium (white + color), then it compensates this by producing the color located 
opposite in the opponent color wheel. Thus, the eye is a vestibular organ in RGB color 
space. Thus, the ‘paradoxical’ colored shadows are not a case of delusion in perception: 
”The eye does not deceive, it acts by law” and “It is blasphemy to say that there is such a 
thing as optical deception” (Goethe, 141).  Also without a clear distinction between 
‘normal’ and ‘paradoxical’ colored shadows, Goethe with his tests and observations in 
the twilight, gained the sound conviction, that the eye of the subject in clearly defined 
cases, constructs the colors, which it sees, by means of an ‘inner’ mechanism. His 
contribution to the physiology of vision [406], which he performed with the examples 
quoted here, is to be evaluated as absolutely at the same level as Newton’s contribution 
to the physics of colors after the passing of light through a prism.  

Our eyes do not see in the paradoxical 
colored shadows, what is (physically) real, but 
rather what our eye has calculated by means of 
optical building of relations….  

The color observable in the ‘paradoxical’ colored shadows results from the strong 
logic of a mechanism, which consists of the space-grating optical hardware in image 
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space of the correlator in the eye and which is available to the subject of the observer. 
The interference optical building of relations between local and global RGB data, the 
reference of the individual to the whole, is not inspectable by the observer. These 
operations are already taking place before the actual receptor level in the ‘inverted’ 
retina. Only their results are available to the photoreceptors in ‘reciprocal grating space’. 

The results of E. Land’s test series with constant Energy-at-Eye and those tests 
regarding the ‘paradoxical’ colored shadows show in the same way that the eye as the 
RGB-vestibular organ has the ability to or is also sometimes compelled to compensate 
disequilibria between the color of the illumination and that of the object by means of the 
construction of opponent colors or by falling back on these. However, the eye does not 
produce them in its own interior, but on the visible object itself. In E. Land’s 
experiments with a constant Energy-at-Eye, it constructs the color complementary to the 
illumination on one and the same Mondrian area, in the case of the ‘paradoxical’ colored 
shadows in the twilight, on the shadow area S2.  

7.14.  The Opponent Color After‐images in Color Vision 

Look at a red spot on a white paper for a 
while. If one looks at the white paper only after 
that, a complementary turquoise colored spot 
appears on the white paper…  

Mostly, in literature, the frequently proven complementary colored after-images are 
explained as a symptom of fatigue of the photopigments in the cones of the retina. As 
comprehensible as the observation may be, that a one-sided extreme use of 
photopigments can result in a photo-chemical counter-reaction, thus briefly having the 
unused photopigments determine the scene in the after-image, until the equilibrium is 
established again, as obvious is the explanation, that in the case of a deviation from the 
grating-optical RGB equilibrium in a particular color direction, the compensatory 
oscillation in the direction of the complementary color takes place in the after-image, in 
order to then gradually reconstruct the RGB equilibrium for opponent colors in the white 
sensation.  

Sounds and hues… 

The colors, which we see, do not belong to the real objects. “They are carried onto 
them by our eyes (Helmholtz [167]). Does the eye therefore have no music? Helmholtz 
emphasized in [165]: “The eye cannot distinguish composite colors from each other; it 
perceives them in a simple sensation, that of a mixed color, which cannot be resolved. It 
does not have a harmony in the sense that the ear has one; it does not have music“. Now, 
however, it becomes apparent that the eye, in space-grating optics just as in the field of 
conflict between illumination and object colors plays a no less multi-colored 
constructive game of the hues as a vestibular organ in RGB space. Such a function as a 
vestibular organ can be realized best grating-optically. 
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7.15.  Space‐grating Optics and Scotopic Vision: the Intensity‐
adaptive Purkinje‐shift 

RG- instead of RGB vision with rods…  

At the beginning of this chapter, another phenomenon in human vision to be 
explained was indicated, namely that in scotopic twilight vision, the colors of the objects 
gradually disappear, and that after that, previously blue objects appear brighter and red 
ones darker. The spectral sensitivity curve for rod pigments was thoroughly measured. It 
is nearly concentric to its peak wavelength at approx. 510-525 nm. In the comparison of 
the von-Laue equation to the one reciprocal to it, it was mentioned, but not shown, that 
both differ from each other in another aspect. With this background, a new interpretation 
of the Purkinje phenomenon is to be attempted.  

At dawn the colors are born out of gray… [360]. 

Purkinje, to whom this phenomenon owes its name, being a good observer, 
described the morning transition from rod to cone vision very vividly using the 
following words [360, § 109-110] in a translation of Brozek [50]: “Objectively, the 
illuminance has a great effect on the intensity of color quality. To convince oneself of 
this extremely vividly, consider the colors before daybreak, just as twilight begins. 
Initially, only black and gray are visible. The very colors which are the most vivid in 
daylight, namely red and green, appear the blackest. Yellow cannot be distinguished 
from pink for a considerable time. Blue is the first to appear. The red shades which 
otherwise stand out the brightest in daylight, namely carmine, vermilion and orange, 
remain the darkest for some time, definitely not in relation to their mean brightness. 
Green appears more bluish and its yellow tints only develop as day sets in“. The 
corresponding evening transition from cone to rod vision has a parallel in the reciprocal 
sequence of sensations.  

In the case of the Purkinje phenomenon, it is doubtless a gradual functional 
transition from the one type of photoreceptors of the rods to that of the cones and vice 
versa, which is dependent on the intensity threshold of the light available in the optical 
imaging. In its course ”(colored) lights of equal brightness in daylight vision result in 
unequal twilight values” [Kries 227] and vice versa. The intensity-adaptive transition 
first displays a relatively quick, and afterwards a slower progression. In the rod-free 
fovea, the anatomical basis for the phenomenon is missing. However, the transition in 
the processing of light from cones to rods starts in the central area of the retina and then 
extends to the periphery of the retina. Further observations complement these facts.  

In the gray, colors are desaturated, in the 
brighter light, saturated hues appear. In the case 
of too high intensities, they disappear in a 
desaturated fashion in the white.  

Purdy [357, p. 285] described the following aspects: “At very low intensities… all 
sensations are completely desaturated and the spectrum is simply a band of grey. As the 
intensity is increased, hues begin to appear… The saturation of the colors steadily 
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increases with rising intensity until a certain level is reached at which the saturation is a 
maximum. Further increase of intensity results in a diminution of saturation and … if the 
intensity is made sufficiently high the colors once more become completely desaturated, 
and the entire spectrum appears white”. The opponent color pairs also seem to be 
involved, as Purdy [357, p. 71] explained regarding the Purkinje-shift: “If we imagine, 
for example, a medium gray… on the one hand changed to yellow and on the other hand 
changed to blue, the gray-yellow formed appears brighter, and the gray-blue darker than 
the initial colorless gray, and in both cases the more so the more yellow or blue emerges 
from the gray. The same happens with red and green, although the lightening or 
darkening effect of the color is not so great as for yellow and blue”.  

The usual explanation today of the peculiarities of rod and cone vision is based on 
the fact that it is mostly regarded to be a genetic mutation of the photopigments in the 
evolution of vision [319-321]. Ladd-Franklin [235], who got the first English translation 
of Helmholtz’ main work Physiologische Optik off the ground in 1924, adding an article 
of her own titled “The Nature of the Color Sensations“, summarized the early status of 
theories, about which a short time later, J. von Kries, to whom the term ‘duplexity 
theory of vision’ for cone and rod vision is owed, reported as follows [227]: “The idea 
of a phylogenetic development of the color sense has more recently been represented 
and developed by Ladd-Franklin. In this, the idea has priority, that the original and 
oldest achromatic vision is followed by the distinction of yellow and blue in the style of 
a fission, and that then at a later stage in a similar way, a fission of the yellow sensation 
into red and green and thus the emergence of the red-green sensation gains ground. 
Certainly this is a very appealing and noteworthy assumption”.  

Again, one comes across this idea of a successive ‘fission’ in the phylogenesis of 
vision in a slightly changed form at E. Schrödinger. Regarding the development of a 
light-processing organ, he distinguished three levels in his, what he regarded to be his 
most important life’s work [400, p. 488/489]: 

 In the first level, the function of the eye would have been restricted “just even to 
reacting to the radiation of a restricted frequency range.” 

 In the second level, the organ would begin, within this frequency range to react 
qualitatively differently dichromatically. “The sensation characteristic would be the 
blue-yellow series, with the neutral white of the sunlight as the transition point, 
which could indicate a predominance of the long-wave or short-wave radiation”.  

 “A third step results in trichromatism. The fission due to the predominance of long-
wave or short-wave radiation, which before referred to the whole perceived 
frequency range, is repeated a second time in the range of the long-wave lights 
only. In this way, yellow separates into red and green, as before white did into blue 
and yellow. Just as little as previously in the case of white, does the yellow now 
lose its already established simple color characteristic by means of a further 
differentiation. Yellow is for the color pair red-green the same as white is for the 
color pair blue-yellow, namely its neutral transition point… Of the still to this day 
’unfissured’ basic sensations, one (blue) still originates from the dichromate stage, 
the other two (red and green) are the latest acquisition”.  
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Moreover, Schrödinger expressed an assumption, which could be connected 
directly with a grating-correlator optical explanation of the Purkiinje phenomenon: In 
twilight vision, only the two red and green color channels were symbiotically effective: 
“The brightness sensation” in twilight vision ”depends nearly exclusively on the red and 
green sensation” [401, p. 926, Note 3].  

The grating-optical correlator provides a 
new explanation for the Purkinje shift…  

For the space-grating optical explanation of the Purkinje shift, mainly two 
arguments come into effect. The first argument is that of the intensity-adaptive centering 
of the retina towards two eye-axes and the adaptive adjustment of the retina towards the 
two interlocked photoreceptor distribution patterns. The second argument results from a 
special calculation regarding the spectral space-grating optics.  

 The first mechanical argument: the biaxial recentering in the eye and the intensity-
adaptive adjustment of the inverted retina towards the photoreceptor distribution 
patterns.  

How can, in the case of an ‘inverted retina’ construction, a recentering of the 
optical image, which begins in the central retina and gradually extends to the 
peripheral zones of the retina from the cones to the rods, which are always forced 
away into the gaps between the cones, succeed? It can be taken to be valid, that 
each eye has two axes showing a different centering in the retina: the visual axis 
has its center in the fovea, the eye axis is centered to a location, which is 
approximately in the middle of the line connecting fovea and papilla. In the 
Purkinje-shift to rod vision, the eye can fall back on the primary centering to the 
eye-axis; in the reciprocal shift to cone vision, the secondary visual axis centers the 
image on the distribution pattern of the cones. Therefore, the central and zone-
specific regional recentering with reference to the axes would become effective 
adaptively as a macroscopic process at the decisive intensity threshold. The 
recentering would microscopically result in the local and zone-specific shifts of the 
retinal cellular ONL space-grating alternatively to cones or rods. Both distribution 
patterns, those of the RGB interference maxima and those of the photoreceptors 
have in common, that they are located concentrically.  

 The second optical argument: the space-grating optical calculation regarding the 
intensity-adaptive spectral RGB signal processing.  

Under a certain premise, the space-grating optical calculations with the von-
Laue and the reciprocal von-Laue equations each contain a solution, which is 
suitable for a new explanation of the phenomenon of the Purkinje–shift and the 
phylogenesis of vision. The premise is connected with the third grating constant zg  
in the equations. If one allows the question, which of the three grating constants 
would lend itself best in a grating most densely packed with cell bodies, such as the 
space-grating optical ONL layer of the retina, for an adaptive change in length, then 
the lot inevitably falls on the third grating constant zg . It is the one, which under 
normal intraocular pressure would be able to react adaptively most rapidly to 
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canges of the light pressure connected with two intensity levels. Then, the thickness 
of the retina would be a dynamically changeable size in the micrometer range.  

If one changes only the length of zg  in the von-Laue equation, with a 

prolongation of zg = 4 111  to zg = 4.38 111 , the result is that the RGB maxima in 

the visible spectrum shift to 111 = 123 = 521 nm; 122 = 422 nm. If one does the 

same calculation in the reciprocal von-Laue equation, then with a reduction of zg = 

1 to zg = 0.912, a shift of the RGB maxima to 111 = 123 = 512 nm; 122 = 415 nm 

results. Figure 7.17 demonstrates the results. In both cases the maxima of the 
spectral sensitivity curves for R and G shift towards shorter wavelengths. In the 
spectral location, where the R and G diffraction orders merge, the von-Laue and the 
reciprocal von-Laue equation differ a little from each other. The calculation 
resulting in the value of 512 nm with the reciprocal von-Laue equation (left) is, 
compared to the spectral measurement results on the photopigments of the rods, 
probably the one which agrees best with the experimental measurements regarding 
the Purkinje-shift.  

 

  

Fig. 7.17: Calculation of the Purkinje-shift regarding an adaptive change of the grating constants zg  in the 

von-Laue equation (right) and in the reciprocal von-Laue equation (left). Both equations lead to a merger of 
the R and G diffraction orders at the shorter wavelengths 521 nm and 512 nm and to a reduction of tri-

chromatic to di- and mono- or a-chromatic vision. 

An adaptive change in length of zg  depending on the level of intensity would in 
each case correspond to a deformation of the grating-producing spherical cell bodies of 
the ONL layer into micro rotational ellipsoids. In acoustics, similar deformations are 
well known in the auditory cells in the ear depending on the volume of sound. The 
merger of the R and G diffraction orders at 512 nm or 521 nm and the fact that the B 
wavelength migrates more and more out of the visible spectrum, therefore contributes 
increasingly little or nearly nothing to the brightness sensations, is suitable to the shape 
and peak location of the spectral sensitivity curve of the rods. The grating-optical 
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adaptive interpretation could replace the earlier genetically and photochemically based 
explanations of the Purkinje-shift. Additionally, it would provide an explanation for the 
fact that the R and G peaks of the spectral sensitivity curves were not able to move far 
from each other. The scopes of cellular measurement variability in biological space-
gratings are naturally limited. Finally then, it would again be optics throughout, which 
would provide photochemistry with the correct recipes for the production of the four 
photopigments in the retina.  

Is there a Purkinje-shift for further 
increasing light intensities?…  

A. König commented [214, p. 343] on the shift of the peaks of the spectral 
sensitivity curves in daylight vision in the change from gaslight to sunlight as follows: 
“The curves of the spectral sensitivities change their shape with the change of intensity. 
In our dispersion spectrum of the gaslight, the maximum of the curves… moves from 
the lowest to the highest of the intensities used in the case of three test persons from 
approx. 530 nm to approx. 615 nm, in the case of another test person from approx. 530 
nm to 570 nm. The change in shape commences very slowly with increasing intensity.” 
For A. König, this observation was connected with the Purkinje-shift.  

As Figure 7.18 demonstrates, the straight lines, on which the RGB peak 
wavelengths lie in each case, can be extended upwards mathematically by means of 
corresponding zg  values to the longwave spectrum. In this, the peak values of the 
spectral RGB sensitivity curves move apart increasingly. The fact that this possibility, 
which has high demands on the plasticity of the cell bodies, would actually be used in 
human vision within the framework of RGB adaptivity to higher illumination intensities, 
is experimentally not examined.  

  

Fig. 7.18: Grating optical calculation with variable zg -values for the RGB maxima of the spectral 

sensitivity curves of the cones above the resonance position (447nmB, 537 nmG, 559 nmR) in equienergy 
white light. Left for the von-Laue equation, right for the reciprocal von-Laue equation.  
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The grating-optical correlator 
could help to comprehend the evolution 
of vision in a new way…  

Space-grating optics makes it possible to interpret the Purkinje-shift as being an 
adaptive process dependent on the available intensity of the light containing the levels of 
the monochromatic or achromatic, the dichromatic and trichromatic processing in a 
smooth transition. The lowest level of these would be the one corresponding to rod 
vision, being achromatic, with the GR diffraction orders merged – at 512 nm or 521 nm. 
With increasing illumination intensity, the dichromatic processing would be possible 
and in this, the B diffraction order would complement the as yet unfissured RG 
diffraction order. In this way, the blue-yellow differentiation would succeed. In the case 
of the dichromates, it would already represent the final level of color vision, because the 
further fissuring and the corresponding development of the photopigments are not 
successful. The third and final level would be the fissure of the yellow RG diffraction 
order into the red-green diffraction orders and thus the step to trichromatic RGB vision. 
In this interpretation, the Purkinje-shift would also prove that evolution builds upon the 
early levels of vision, holding on, in this, to all transition levels as solutions to be 
flexibly used.  

The laws, according to which, due to the dominance of color vision, the brightness 
sensation has become a secondary item, are still unresolved. Already Purdy [356, S.283] 
demonstrated this difficulty on the basis of the experimental measurements, which he 
carried out for his thesis about the connection of brightness and hues: “One of the most 
fundamental problems of psychophysiology of vision is that of the relationship between 
the chromatic and achromatic processes… A careful study of the phenomena of color 
saturation might be expected to throw light upon this important question.” For as long as 
no common explanation has been found for both aspects R. Graham’s statement [145, 
P.25] remains valid „It is perhaps strange that the most obvious feature of imagery – the 
varying degrees of brightness we perceive when viewing the image of a scene – is the 
least understood part”. 

The topic of the connection of hue and brightness sensation in human color vision 
is to be analyzed briefly at the end of this chapter using the Bezold-Brücke phenomenon. 
In modern expert literature, it is often not even mentioned and the work done by Purdy 
is generally not quoted.  

7.16.  The Bezold‐Brücke Phenomena in Human Color Vision 

The brightness, with which we see visible 
objects, depends on the RGB cumulative curve…  

In color vision, the Bezold-Brücke phenomenon describes the observation, that the 
change in intensity of a colored light changes the hue perceived. Furthermore, that a 
change in wavelength modifies the brightness perceived. Wavelength, brightness and 
hue of the light are inextricably connected to each other.  
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In his laboratory, Purdy [356, 359] set up an experimental arrangement regarding 
the Bezold-Brücke phenomenon, which provided him with the results for his thesis at 
Harvard University. The test persons looked through an artificial pupil (2.5 mm diameter 
at a distance of 4 mm from the eye corresponding to a γ°-visual angle of approx. 3°) on 
to a circular area, appearing at an angle of 3° and divided into two hemifields, which 
were illuminated from behind independently. The artificial pupil was to guarantee that 
the diameter of the pupils in the eye, which rapidly increases in the case of intensity 
reductions, was not to increase to higher values. Within the 3° angle itself, these could, 
however, not be eliminated altogether. Both hemifields were each first illuminated with 
the same wavelength and relatively high illumination intensity. Then, the high 
illumination strength was kept stable for the one hemifield, for the other, it was 
decreased step by step.  

 

Fig. 7.19: Purdy’s [356] six measurement curves for different test persons in the wavelength range  
of 460 – 660 nm are superimposed upon each other. The zero baseline is the reference size  

for the ± deviations of the wavelength corrections in nm.  

The test persons had the task to again adapt possibly perceived hue changes, which 
were noticeable in differently decreased intensity levels, to the hue in the stable 
hemifield. In this, they had only and exclusively the possibility to shift the wavelength 
of the light. They had absolutely no influence whatsoever on the spectral illumination 
intensities. After every shift of the wavelength, the intensities of the two fields were 
again adjusted. The shifts of the wavelengths necessary for the compensation of the 
different illumination intensities were measured in a wide range of the visible spectrum 
(460 – 660 nm) and were applied with +/- differences to the constantly higher intensity 
which served as the baseline. In this way, the data at weaker illumination intensity were 
referred to the data at higher illumination intensity in Purdy’s experimental design. The 
curves reproduced in Figure 7.19 for six different test persons indicate the applied  
± differences to the higher original intensity level, the baseline.  
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The reference baseline is thus based on the RGB cumulative curve of the spectral 
sensitivity of the eye in the case of higher illumination intensities and therefore, on a 
very small pupil. The line has been calculated in Figure 7.20 for a very narrow pupil 
(opening angle γ° nearly = 0°), its maximum is at 550 nm. 

Increases in intensity result in a decrease, reduction in intensity results in an 
increase of the pupil diameter. The pupil changes its diameter according to the 
logarithmic formula by Reeves [369; Schober 398, p. 57]:  

2)4,8(lg000401.08558.0lg  Ld  
In this, the pupil diameter d is in mm; the luminance L of the extended stimulus 

area radiating evenly in all directions is in cd/m². A pupil diameter d of 4 mm results e.g. 
in the case of 1.53 cd/m², of 3 mm in the case of 25.8 cd/m², of 2 mm in the case of  
553 cd/m². 
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Fig. 7.20: Cumulative curve (black) of the three RGB sensitivity curves of human color vision  
in the case of an extremely small pupil (γ° nearly = 0°) at high illumination intensity. 

Every physical wavelength has its own 
relation to brightness and hue.  

In Purdy’s data, first, three intersection points of the curves with the baseline at on 
average 474 nm, 506 nm und 571 nm are clearly discernable. Purdy indicated the 
intersection points at 482 nm, 532 nm und 584 nm, the variation range was at  
471 – 484 nm, 500 – 507 nm und 565 -580 nm. They were rashly referred to as ‘hue-
invariant’ locations in the visible spectrum, labeled B, G and Y – blue, green and 
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yellow, because for these there was no necessity for a hue correction. Also, the two 
wavelength ranges can be recognized, in which the curves deviate above the baseline, as 
well as two ranges where they ran below the baseline. The results showed that the test 
persons in the ranges where the curves ran above the baseline (474 – 560 nm) made hue 
corrections to shorter wavelengths. The wavelength shifts to blue amount to e.g. at  
650 nm between -12 and -30 nm, at 490 nm only -2 to -3 nm. In the areas produced by 
the curves below the baseline (460 - 474 nm and 506 - 571 nm), the wavelengths were 
shifted towards longer wavelengths, towards red in the spectrum. The wavelength shifts 
to red amounted to e.g. at 460 nm between +2 and +6 nm, at 520 nm between +4 and 
+22 nm, on average +14 nm. The experimental results with several test persons proved 
that the spectral brightness sensation and the perception of hues were connected 
consistently by law. In this, each physical wavelength displayed a somewhat different 
relation to brightness and hue. By means of this, however, an explanation for the 
Bezold-Brücke phenomenon had not yet been provided.  

If one now calculates the RGB cumulative curve for increasingly low illumination 
intensities, therefore, larger pupil diameters (opening angle γ° = 0 - 2° and γ° = 0 - 3°), 
then, due to the results of spectral space-grating optics for light cones with larger 
apertures γ°, more and more wavelengths on both sides of the RGB peaks make 
contributions to the RGB diffraction orders.  

Figure 7.21 shows, that the RGB cumulative curves shift relative to the cumulative 
curve for γ° = 0° (peak values at 559 nm, 537 nm, 447 nm) to longer wavelengths (in the 
case of γ° = 1° to the peak values at 585 nm, 549 nm, 462 nm, in the case of γ° = 2° to 
the peak values at 610 nm, 560 nm, 477 nm).  
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Fig. 7.21: Aside from the cumulative curve for an extremely small pupil opening at high illumination 
intensity [γ° = (0 + 1°)/2], the cumulative curves for a 2° pupil aperture (blue curve) and a 3° aperture 
(brown curve) are shown. The difference curve (black) shows the differences between the 2° and 3° 

aperture curve. It shows two areas with positive and two with negative deviations.  
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The Bezold-Brücke phenomenon is an 
aperture phenomenon… 

If one adds these three curves, one receives an average RGB sum curve 
(0°+1°+2°)/3 for the 2° pupil aperture. If one calculates the same with the peak values 
for γ° = 3° at 635 nm, 572 nm, 492 nm, then, for the aperture γ° = 0 - 3° by means of the 
addition (0°+1°+2°+3°)/4 an average RGB sum curve for the 3° pupil aperture results. 
If, as in Purdy’s measurements, the relation of a lower illumination intensity to a higher 
one is of particular interest, then the average γ° = 0 - 2° sum curve ought to be chosen as 
a baseline and to be compared to the average γ° = 0 - 3° sum curve. The resulting 
difference curve provides nearly exactly the values of Purdy’s curves. The intersection 
points with the baseline are located at 474 nm, 517 nm and 586 nm. The two areas above 
the baseline mean blue-shifts of the wavelengths (minus-shifts), the two areas below 
signify red-shifts (plus-shifts), which become necessary in order to compensate the 
intensity differences of the individual wavelengths in the RGB curves. Brightness and 
hue are most closely related in the grating-optical correlator. Thus, the Bezold-Brücke 
phenomenon proves to be an aperture phenomenon.  

Boring [36]: „It is the traditional view of psychology that the 
attributes of sensation show a one-to-one correspondence to the 
dimensions of the stimulus”.  

Purdy (359, p. 313) summarized his results as follows: “Spectral hue is a joint 
function of wavelength and intensity. If wavelength is kept constant, hue varies with 
intensity except at the three invariable points in Y, G and B. This variation is the 
Bezold-Brücke phenomenon. The phenomenon can be measured by determining how 
much the wavelength must be altered to keep hue unchanged when intensity changes”. 
And further on: “It is evident that there is no one-to-one correlation between the 
attributes of sensation and the dimensions of the stimulus. Hue, like brilliance and 
saturation, depends upon both the wavelength and the intensity of the stimulus”  
[Purdy, 359, p. 315). Boring [36] confirmed this statement: “Hue varies with wavelength 
when energy is constant, but it also varies with energy when wavelength is constant, as 
the Bezold-Brücke phenomenon shows”. And further on: “Hue, brightness and 
saturation are joint functions of wavelength and energy… Three attributes of a 
bidimensional stimulus”. Much is connected to too much in vision. And Purdy continued 
[358, p. 541]: “As the intensity of a spectral stimulus is changed, the color sensation is 
in general altered both in hue and saturation”. In the examinations at that time of the 
human auditory organ, four attributes of sensation had resulted, which are dependent on 
two dimensions of a stimulus [Boring 36]. While in hearing explainable results came 
about and quickly became recognizable, that e.g. with increasing intensity the timber of 
the sound heard changed [Stevens, 430], it was not successful in vision to produce 
comparably proven results. Hayek [162, p. 14] generalized the actual findings for the 
sensations of all the senses: “A change in one dimension of the stimulus may affect 
almost any dimension of the sensation. Hue depends not only on wavelength but also on 
intensity; pitch not only on frequency but also on intensity”. In 1958, Boring phrased the 
resignation in Harvard retrospect [35, p. VIII]: “It is interesting to see what time does to 
some facts. In 1932 there were two introspective phenomena which, for systematic 
reasons, had gained considerable importance. One involved the fact that tones have 
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volume, and the question as to how pitch, loudness and volume, which are all three 
functions of but two stimulus dimensions, frequency and intensity, come to be 
discriminated. The other was the fact of the peculiar cutaneous quality of heat, which 
arises from the simultaneous stimulation of adjacent receptors for warmth and cold, as 
does yellow from red and green. The discoveries in these areas are still valid but their 
importance has faded in thirty years because they lead but little further. Not all facts  
are fertile“.  

The Bezold-Brücke phenomenon at 
both ends of the visible spectrum… 

The calculated RGB cumulative curves and their difference curve extend beyond 
the range covered by Purdy’s data to the limit of the visible spectrum at 380 and 760 nm. 
They document that all spectral RGB cumulative curves asymptotically approach the 
baseline. This fact was named by Purdy [356] as “The Bezold-Brücke effect for extra-
spectral hues”, because, with this, there is a fourth intersection point of the curves with 
the baseline, where both ends of the visible spectrum meet in the closed spectral circle. 
Boring generalized the results for all sense organs: “Differentiation in the sense-organ 
depends upon the nature of the sense-organ in relation to the stimulus and not solely 
upon the differentiation in the stimulus” [36]. In RGB color vision the list of the values 
related to each other has become longer due to this than in some other sense organs: The 
locally perceived RGB color not only depends on the participating wavelengths, their 
brightness and saturation, but also on the color of the global illumination, as well as on 
the texture and color of the environment and the subjective condition of the observer.  

Due to the multitude of such psycho-physical examinations at Harvard, the 
significance of relations and correlations in understanding the performance of sense 
organs became clearer. Boring summarized: „Whatever exists as reality for psychology 
is a product of inductive inference…. These inferred realities of psychology are 
relations. A fact is a relation, and the simple basic fact in psychology is a correlation of 
a dependent variable upon an independent one” [36, p. VI] And J. von Neumann [323], 
the inventor of the computer, in his comparison of the computer with the human brain, 
described the situation as follows: “The message-system used in the nervous system is 
of an essentially statistical character… Thus the nervous system appears to be using a 
radically different system of notation from the ones we are familiar with in ordinary 
arithmetic and mathematics: … The meaning is conveyed by the statistical properties of 
the message. This leads to a lower level of arithmetical precision but to a higher level of 
logical reliability: deterioration in arithmetic’s has been traded for an improvement in 
logics (great arithmetical depth vs. great logical depth)” (p. 79). “It is natural to think of 
various correlation-coefficients…” (p. 80). The eye in any case decided in favor of the 
development of relations in RGB color vision. The waiver of the photometer function 
constitutes a waiver of physics in vision. In human vision, the logic of relations and 
correlations is preferred. It is a small step from these statements to the transformation 
rules of a diffractive-optical correlator.  

It seems to be evident, that the nuclear ONL layer of the ‘inverted retina’, in which 
the cell bodies of the photoreceptors generate a diffractive-optical space-grating, takes 
over the transformation of visible light into RGB color space. The fact that this 
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proposition is able to explain some phenomena in human vision in a new fashion was 
demonstrated. The conclusion therefore seems to be justified that this third cellular ONL 
layer, in interaction with the INL and MNL layers of the retina, which take over the 
spatial frequency filtering and the monocular 3D-depth map, and together with the 
space-gratings in the aperture of the eye, in the layered image preprocessing, guarantees 
the part of the RGB color and brightness processing as a further diffractive-optical 
achievement of the cortical inverted retina. 
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8 

The Grating‐optical Layered Pre‐
processing of the Visible in Global  
and Local Optical Columns 

The whole is processed in ‚global’ optical 
columns, the individual in ‚local’ ones… 

The grating-optical development of columns in image space of the eye and the labor 
division between the cellular grating layers of the retina in the optical pre-processing of 
the visible have already occasionally been pointed out in the presentation so far. At this 
point, the topic is to be examined somewhat more closely. The imaging optics of the eye 
transmits the information about every visible object as a whole in ,global’ optical 
columns into the 3D-depth map in image space. The diffractive gratings in image space 
transform the information about every individual object in a group of ‘local’ optical 
columns, so-called meta-pixels, which are developed through the hierarchical gratings in 
reciprocal grating space, into the local Fresnel-diffraction patterns with their RGB 
interference maxima. Thus, with the optical pre-processing of an object as a whole, the 
diffractive-optical processing of its subunits is directly linked. In the ,local’ optical 
columns, the object-specific information is analyzed by means of three cellular layers 
with reference to spatial frequency filtering, the orientation of structures, the 3D-depth 
map (object distance), as well as RGB color. The labor division in the optical layers can 
be connected with that in the neuronal processing levels and layers.  

8.1.  The Pre‐processing of the Visible in ‚Global’ Optical Columns 

The geometric imaging optics transmits each individual object as a whole in a 
global optical column, an axis-centered body of rotation, into its image in image space 
(Figure 8.1). In this column, the object is optically held together and is separated as a 
shape from the background or from objects at other distances in the 3D-depth map. For a 
long time, the view upon this performance was blocked by the one-sided photographic 
optical development and by the exclusively planar film and CCD production.  
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Fig. 8.1: A planar triangle is transmitted as a whole into its image by means of the global optical column. 
(The triangles between the limiting areas only serve the purpose of a better demonstration of the symmetry-

transformation). In this, instead of a 1:1-image, magnifications or diminutions are possible.  

In vision, we perceive things first of all as a whole… 

A visible object is transmitted into its image ‘holistically’ [353], as a whole. At the 
front and end face of the ,global’ optical column, the object is located on one side, and 
on the other side is its image inverted due to a symmetry operation. The axis of the 
,global’ column connects object and subject with each other as an ,optical shaft’. In this, 
the particular objects are scaled down in the human eye. The Gestalt psychologist 
Metzger [304, p. 59] emphasized: “The initial task of our senses in the perception of 
objects is not to combine an assembly of tiny individual sensations into more extensive 
wholes, as was taught for centuries even to the present by philosophers and 
psychologists, but rather to break up the initial unity of the sensory field, to subdivide it 
with boundaries, and to segregate out formed substructures from within it”. Contrary 
opinions of those convinced of the analogy of the eye to the camera, represent the idea, 
that it is the brain, which chooses that group of neuronal receptive fields or cortical 
columns, which are able to perceive the complete object and which are responsible for 
the object–object separation as well as that of object and background.  

Every other object next to the centrally fixated object at another distance has its 
own ‘global’ optical column. Also an object, which is partly covered by neighboring 
objects, retains its independent global column for this object part. In the case of eye 
movements, the global columns of the visible objects move synchronously across the 
retina. In their relative motion to one another, they increase the spatial impression of the 
world. In general, in its presentations, geometric optics neglects the fact that the objects 
are bound together in ,optical columns’. It considers an object as a construct composed 
of individual object points, which transmits the optics by means of double cones, light 
cones which are divergent anterior to the pupil and convergent posterior to it, into 
corresponding pixels. In this, the perception of the individual object as a whole is 
ignored. In photographic optics, by means of the imaging of everything visible on to one 
plane, this separation of the objects in space is specifically destroyed. It is contradictory 
to the daily experience that the world does not immediately shrink on to a plane if one 
were to close one of the two eyes.  

From the interference-optical to 
the neuronal cohesion of the whole… 

Therefore, the individual object is first and foremost optically a whole. Standing 
optical interference fields assign a multitude of cellular elements to so to speak 
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crystalline hexagonal most dense packaging and in this way cause an ,optical binding’, 
as Burns et al. [53, 54] have demonstrated impressively. There is sufficient evidence, 
that despite a layered and columnar neuronal processing, an object is still bound together 
as a whole in the retina and in the visual centers of the brain. The ,optical binding’ can 
thus be directly followed by the ,neuronal binding’. Outstanding brain researchers 
discern a “simultaneous firing” of the nerve cells [Singer 411] then, and only then, 
“when the pattern presented optically appears as one single object“. Neurons in the 
visual cortex of cats synchronize their oscillations over spatially separate areas, “when 
neuronal groups are stimulated by stimuli having common characteristics; e.g. all belong 
to a cohesive figure” (Singer in conference proceedings Phys. Bl. 46 (1990), No. 7,  
p. 255 of the 63rd WE-Heraeus-seminar about “Non-linear dynamics and neuronal 
networks” of 30 April – 2 May, 1990 in Friedrichsort near Frankfurt/M.). By means of 
the synchronization in linked harmonic oscillations, an object with its subunits is also 
retained as a synchronous whole in the cortical columns as well as in the wide-spaced 
receptive fields of the brain.  

Eckhorn [94, p. 7] describes the “spatial and temporal segmentation coding” [94,  
p. 1] in the neuronal processing as follows: “It seems plausible for us to assume that 
neurons can synchronize their oscillations over broader visual areas at low frequencies 
than at higher ones. Accordingly, the activities evoked by the outer borders of an object 
may therefore synchronize at a low frequency, whereas those of the object’s subfields 
may engage at higher frequencies. However, the different frequency components 
induced by the same object may loosely be coupled in order to code its entity”. And for 
the object-background separation, Eckhorn [94, p. 7] deduces: “Adjacent or overlapping 
segments should be coded by temporally separable oscillations or by any other type of 
uncorrelated signals.” The optical pre-processing of object information in global optical 
columns would here be regarded as the direct input of the optical hardware to the 
neuronal software.  

8.2.  The Pre‐processing of the Visible in ‚Local’ Optical Columns 

The 'global' optical column 
transmits the image of an object to a 
group of ‚local’ meta-pixels…  

Diffractive optics in image space of the imaging optics by means of the mesh in the 
INL grating and in the hierarchical construction with the MNL and ONL gratings brings 
the ,local’ optical columns, the so-called meta-pixels into play. In the group of receptors 
embraced by them the ,plenoptical’ information about the characteristics of the object 
details are present interference-optically; about RGB color and brightness, distance, 
orientation about edges and corners. A meta-pixel keeps the local characteristics of an 
object together. The global optical column, which transmits the object as a whole into its 
image and binds it together there, will always cover a larger or a smaller group of meta-
pixels in imaging space. Depending on which region of the retina an object is imaged, it 
comes upon a rougher or finer net or spatial frequency structure, with which the 
information about the local object characteristics is transmitted to a larger or smaller 
group of photoreceptors. It is not the individual photoreceptor, but rather the optically 
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linked receptor group in the meta-pixel, which thus becomes the elementary information 
processor in human vision. In the diffraction pattern of the gratings, the information 
about the object as a whole and about the sum of its parts reaches the particular image 
distance of the compact 3D-depth map, in reciprocal grating space or receptor space, 
which the receptor outer segments of the participating groups process.  

The smallest meta-pixel in the central area of the retina … 

Figure 8.2 in a sketch shows in the central area of the retina, how three graduated 
hexagonal gratings (e.g. with grating constants of 16, 8 and 4 µm) in reciprocal space 
behind the 4 µm grating develop a ‘local’ optical meta-pixel and thus guarantee the 
optical grouping of photoreceptors in concentric fields. If, in a simplified manner, one 
calculates with a pupil radius of 2 mm and a distance of 20 mm between the pupil and 
the photoreceptors, then an aperture angle of 5.71° in the light cone on the image side 
results. If one, again in a simplified manner, assumes an average thickness of the retina 
at its top of 250 µm in the central area, then the circle with the 16 µm grating has a 
radius of R = 25 µm, with the 4 µm grating a radius of R = 5 µm in the slice plane of the 
light cone. In the case of even smaller grating constants the total distance of 250 µm is 
reduced even further, with a larger pupil, the radii of the circles in the slice planes of the 
light cone with the gratings increase; in the case of the larger pupil, the diameters of the 
pixel images, the airy discs, decrease simultaneously. In this way, the central meta-pixel 
area dimensionally approaches the smallest pixel image diameter of approx. 4.8 µm, 
which is usually applied for the peak of the visus values (visus 1) in daylight vision.  
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Fig. 8.2: The ‚local’ model meta-pixel is developed behind the third grating by means of the imaging light 
cone, which is diffracted in the three hexagonal gratings. The distances between the gratings correspond to 
the T/3 Fresnel-distances for a specific wavelength. The distance of approx. 200 µm between the first and 

the third grating corresponds to the thickness of the retina. The meta-pixel itself has a depth of approx.  
50 µm. The total depth adds up to 250 µm.  
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Furthermore, the zoom of the meta-pixel in Figure 8.3 demonstrates that on its total 
length of approx. 50 µm, there is not only room for the T/3 Fresnel-planes of the RGB 
colors, graduated as indicated on the side, but at the central retina location, it becomes 
possible for the particularly long outer segments to simultaneously process several 
fractional Fresnel-planes up as far as the T/1 focus-plane in the diffraction pattern of one 
image pixel, which are located in the 3D-depth map in the z-direction depending on the 
distance of the fixated object. It is particularly advantageous for the phase-retrieval 
method at the detection of the distance of a fixated object that there are simultaneously 
several wave-front periods available in the three RGB diffraction orders in  
Fresnel-space.  
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Fig. 8.3: Zoom of Figure 8.2. In the central local meta-pixel in reciprocal space, in the fractional T/3 planes, 
not only the RGB maxima on concentric circles are graduated in depth, but also further fractional Fresnel 

planes become detectable in the diffraction pattern along the photoreceptor outer segments  
which are 50 – 100 µm long.  

In this way, the part played by the fovea in the measurement of distance at object 
fixation in the monocular 3D-depth map is emphasized. The fact that in this, only the 
ONL space-grating in the fovea funnel is available can be taken as proof for the 
importance of the optical RGB transformation for an exact depth map.  

 The receptor group in the central 
meta-pixel… 

The smallest meta-pixel in the center of the retina groups 18 concentrically 
arranged cones to be a spiral-shaped unit (Figure 8.4). By means of the pinwheel-like 
structure of the diffractive meta-pixels, which cover the image space completely, an 
overlapping of the neighboring meta-pixels is avoided. 
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Fig. 8.4: A local meta-pixel with concentric RGB maxima from 3 RGB diffraction orders.  
(left) 3  6 = 18 RGB-photoreceptors process a single image meta-pixel. (right) The isolated optically  

linked diffraction pattern of an object meta-pixel resembles a cortical pinwheel structure.  

Figure 8.5 represents the possible interlocking of the RGB groups in local meta-
pixels. In reciprocal grating space, with a cone distance of 1.2 µm, this results in a 
distance between two neighboring meta-pixels of 5.2 µm, with a cone distance of  
1.0 µm, it results in 4.4 µm. Smaller grating constants would make an even shorter 
distance between the cones possible. In the case of a waiver of the blue cones in the 
fovea, the smallest meta-pixel would reduce itself even further. In this way, the smallest 
,local optical column’ would readily fulfill the requirements of the peak value (visus 
value 1.0) in the visus curve at the central retina location.  

 

Fig. 8.5: The non-overlapping interlinking of neighboring pinwheel-like RGB diffraction patterns of meta-
pixels in reciprocal grating space. The distance between two centers of the diffraction patterns represents  

the critical measurement for the lateral resolution ability in the visus-function. 
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Certain misgivings regarding the model of the grating-optical grouping of receptors 
in discrete meta-pixels exist only in as much as it has not been conclusively explained, 
how diffuse scattered light and directed diffracted light in different grating and space-
grating types behave towards one another. At first sight, it seems unavoidable, that in the 
case of a light being mainly radiated diffusely to all sides through a grating or a space-
grating, an overlapping of the information from neighboring pixel-images takes place. 
On the other hand, it could be seen in the case of the corneal space-grating [288], that a 
small share of scattered light is useful for the information processing in image space, for 
the relativization of the individual to the whole, but that simultaneously the ‘optical 
transparency’ of the multi-layered gratings can be guaranteed by the fact that laterally 
scattered shares of light are mainly absorbed in the space-grating and only those shares 
of light diffracted in the focus direction enter the gratings in image space and via these 
reach the RGB diffraction orders of the meta-pixel. Compromises between scattered 
light and diffracted light can appear very differently. It is conceivable, that the INL and 
MNL gratings or space-gratings would only be effective as diffractive gratings in the 
central area of the retina, or that the ONL space-grating in the retina would have the 
main part in the diffraction of light assigned to it.  

From the optical to the neuronal ‚meta-pixel’ … 

The ‘local optical column’ of the meta-pixel with the concentricity of the RGB 
diffraction orders corresponds to the simplified model of the concentric receptive field 
of a ganglion cell in Figure 8.6 (left), as was proven by Kuffler [230], David Marr [287] 
and other authors. The model ideas of the neuronal grouping of the receptors in meta-
pixels cannot however, as opposed to the space-grating optics explain, how concentric 
RGB zones, which differentiate different complementary color pairs in receptive fields, 
could be achieved in this. Without a previous RGB fission of the light incident into a 
meta-pixel, the photochemistry of the receptor pigments can also not differentiate itself 
correspondingly. The smallest optical receptive fields correspond to the arrangement in 
Figure 8.6 (right), with which Li [264, Fig. 1.6, p. 14] demonstrates “how 
photoreceptors and receptive fields are arranged“.  

At transition to the periphery of the retina it is important to take into account that 
bundles of rays obliquely incident into the pupil of the eye result not only in a 
continuously stronger reduction of brightness due to increasing vignetting, but that at the 
same time the meta-pixel shape changes from a circle to an ellipse with the decrease of 
the effective pupil. In order to compensate the loss in brightness, the local meta-pixel 
becomes increasingly larger, so that more and more photoreceptors are grouped together 
in an elliptical concentric group. The radially concentric ganglion cell distribution and 
the visus curve are directly connected with this aperture effect of the pupil.  

The progression curve of the retina 
thicknesses receives a grating-optical 
explanation…  

The thickness of the retina is, provided one adds together the space between the 
inner and outer limiting membrane of the retina and the length of the photoreceptors, 
lowest in the center of the fovea with approx. 150 µm and then increases rapidly to 
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approx. 250 µm in the central area and after that decreases continuously as far as the 
edge of the ora to approx. 50 µm [249]. Generally, the text books for ophthalmic optics 
contain the statement, that optics images objects acutely ‘on the central retina’. 
Ultrasound measurements in the interior eye have shown that the surface of the retina 
cannot be meant by this. Ultrasonic waves are reflected from the surface of the retina. 
Therefore, for a good correction of the eye by means of spectacles or contact lenses, a 
further measurement section of 200 – 250 µm, corresponding to the average thickness of 
the retina in the central area must be added to the measured construction length of the 
interior of the eye.  

 

Fig. 8.6: (Left) Simplified representation of the local receptive field in the retina according to David Marr. 
Light incident from below [470, p. 132). (Right) Organization of the photoreceptors in receptive fields 

(Center-surround Organization) [264, Fig. 1.6, p. 14]. 

The 'local' meta-pixel is an element 
of hyperbolic geometry…  

The size of the retina surface covered by the meta-pixels increases continuously 
from the fovea to the retina periphery. Ellipses and hyperbolas determine the laws of the 
hyperbolic geometry in the individual meta-pixel. In the case of the ellipse, the sum of 
the two distances (a+b) from the focal points to a point on the ellipse and their product 
squared (a + b)² is a constant. On the other hand, in the case of the hyperbola, the 
difference between two distances leading in each case from one focal point of the 
hyperbolas to a point on the hyperbola (a - b) and their product squared (a – b)² is a 
constant. The squared binomial expressions are part of the two-dimensional Pythagoras’ 
theorem expressed in equation (8.1). The interference terms provide the basis of an 
interference optical equilibrium system.  
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Since the RGB interference maxima in reciprocal Fresnel-grating space of 
hexagonal space-gratings, as shown in Chapter 6, are located in the intersections of light 
cones, which are centered towards the axes x, y, and z, their projections on to a surface 
in the z-direction are the intersections of ellipses and hyperbolas. In this way, a centro-
symmetrically structured hyperbolic database exists in each local meta-pixel  
(Figure 8.7).  

    

Fig. 8.7: Local grating-optical meta-pixels. (left) Concentric RGB diffraction orders in the Fresnel-near 
field; behind the cellular diffractive gratings, local groups of photoreceptors are available. (right) Top view 

on to the interference optical structure of the Fresnel-plane behind two hexagonal gratings (The grating 
constant in the first grating is approx. 80 µm, in the second grating approx. 20 µm). 

RGB-color and brightness, distance and 
orientation of an object detail in the grating-
optical meta-pixel… 

In the individual grating-optical meta-pixel the ‚local’ information acquired in three 
grating layers is supplied to the deep space, which the photoreceptor outer segments 
occupy. If all 18 local RGB maxima in the meta-pixel have the same intensities in the 
case of white light incident into the ONL space-grating, a gray/white-achromatic 
sensation results. If each of the RGB circles with its 6 maxima in each case registers 
different intensities, then the meta-pixel provides information about a disequilibrium in 
the RGB color space and thus about the RGB color of a local object detail. Moreover, if 
due to the alignment of an edge in the meta-pixel there is a directed disequilibrium of the 
intensities, then this provides information about the orientation of a local object detail. 
In this way, local RGB color data, object distance and orientation-specific data can 
already become available in the eye and not first in the cortex [27].  
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8.3.  The Layered Grating‐optical and Neuronal Information  
Pre‐processing in the ‘Inverted’ Retina 

"Is the existence of separate pathways an 
accident of evolution or a useful design 
principle?" [Livingstone, 270, p. 748] 

If an optical pre-structuring of the visible and a layered interference-optical 
information pre-processing takes place in the inverted retina and if a layered neuronal 
processing is constructed upon it, then both must be synchronized somehow and must be 
interlinked in a complementary fashion. The layered optical information processing in 
vision takes place in the local meta-pixels of the inverted retina of the eye. It is 
guaranteed by the three cellular gratings (INL, MNL, ONL). The INL grating takes over 
the spatial frequency filtering and the orientation-specific processing of the information 
about corners and edges of the visible objects. The INL and MNL gratings guarantee the 
detection of the local object distance within the framework of the monocular depth map 
in the individual meta-pixel. For the spatial frequency filtering, the orientation-specific 
and the object distance information, both gratings could basically relay on a bright-dark 
processing in the image pre-processing. Additional color information would not be 
required because in any case, shape, orientation, distance of an object do not depend on 
its color. However, the ONL space-grating provides the local RGB color information in 
cone vision and the brightness information based on it in rod vision within the 
framework of the RGB transformation. Moreover, in the adaptation processes, it 
regulates the relation of the local to the global. Finally, all three gratings merge the 
result of their functional contributions in the photoreceptor space.  

The neuronal layered image processing starts in the associative layers of the retina 
and continues in CGL, V1 and other cortical visual centers. Figure 8.8 again shows the 
cellular and associative layers in the retina. The ganglion cell bodies are in the INL 
granular layer, the cell bodies of the amacrine cells, of the bipolars and of the horizontal 
cells are in the MNL layer, the cell bodies of the cones and rods are in the ONL layer. 
The ,inner synaptic layer’ is located between the INL and MNL, ,the outer synaptic 
layer’ is located between the MNL and ONL, both being associative layers.  

The neuronal information processing takes place in the central optical pathway in 
three stages, the retina, CGL and V1, and it leads on to a considerable number of visual 
cortical centers. In each of the three stages, a layered processing is documented. The 
processing in steps and layers of shape, color, stereo depth map and movement in the 
retina, in the CGL, and in V1 was clearly described by Livingstone [269-271] as a 
“three-part visual system“ representing the basis for an “integrated visual perception of 
the unified three-dimensional world“. 

The matter becomes complicated due to the fact that not only does the neuronal 
processing start in the retina, but already specialized nerve fibers, taking on certain 
functionalities, emerge separately from the main fiber of the optic nerve from the eye. In 
general, in the MNL layer of the retina, two types of cells are differentiated, the A-cells 
(horizontal cells) with large cell bodies and wide receptive fields and the B-cells (bipolar 
cells) with small cell bodies and narrow receptive fields.  
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Fig. 8.8: The human retina in cross-section [336, p. 30, Fig. 1.3.7 Palmer. St. E. Vision Science from 
Lindsay & Norman, Human Information Processing, New York, Academic Press, 1977].  

© 2013 with permission of The MIT Press, Cambridge MA. 

Both cell systems receive their information from concentric cone-rod-fields, which work 
mainly with antagonistic ‚center-surround opponency‘. The basis for the division into 
Magno (M) and Parvo (P) processing channels, which has been particularly examined in 
the CGL, is seen in this dichotomy. It is not sure whether the additional P-system 
developed temporally after the M-system [270, p. 748]. The M-channel is color-blind 
and therefore works achromatically with RGB- sum brightness values. Its responsibility 
is seen mainly in the sensation of temporally rapid movement, object distance, 
brightness contrast at low resolution. The P-channel processes mainly color in 
complementary antagonistic center-surround-receptive fields; it has a wavelength 
selectivity and high color contrast sensitivity and is made partly responsible for an 
analysis of a local spatial frequency, shape, and orientation with a high resolution. 
Casagrande emphasizes [62, p. 665]: “P cells are necessary for form discrimination and 
M cells are necessary for motion discrimination“. While it appears to be undisputed to a 
large extent, that the ganglion cells of the retina work with complementary colors, it 
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remains controversial, whether two types of horizontal cells could be responsible for the 
processing of three RGB cones onto two R-G- and B-RG- (Blue – Yellow) color 
channels [78]. The part played by the amacrine cells and the function of an additional K-
channel with a responsibility for medium spatial frequencies remain by and large 
unclear. The interconnections in on- and off-center pathways are the subject of intensive 
research [13, 197, 373].  Authors such as Polyak [350], van Buren [457, S.17], Kaplan 
[202], Niemeyer [327], Wässle [466] and others speak of an even larger number of 
distinguishable cell types in the retina. Technical progress in the electrical imaging 
techniques may lead to an increasing order in the results. 

The layered processing already in the retina, but particularly in the CGL cannot be 
ignored. In the CGL separately processed information arrives via so-called magno (M) 
and parvo (P) channels. Four parvo layers originating from the equilateral halves of the 
visual field (I= ipsi) and the contrary (C=contra) halves of the visual field of both eyes in 
the C-I-C-I sequence and two magno layers in the reverse I-C sequence are 
superimposed upon each other. Since the INL and MNL gratings work together very 
closely in the optical pre-processing, it is conceivable that they remain binocularly 
linked in the CGL in layers 3 – 6, while the ONL gratings responsible for the color 
processing would be merged binocularly in the layers 1+ 2.  

In the layered and stepwise information processing, the big mystery is still 
particularly the organization of the cortical visual center V1. Anatomical and 
physiological evidence suggest that two separate information channels, which transmit 
shape and color, are integrated in V1 [124, 194]. In a first step, in a black & white 
system, information about corners and object-limiting edges would be transmitted, in a 
second step color would be filled in the shapes. This concept could fit the optical work 
division in the inverted retina between the INL/MNL layers on the one hand and the 
ONL layer on the other hand. The development of the orientation-specific dominance 
columns in the retinotopic maps of V1 proves to be a congenital development, which, 
however, is only developed and differentiated to the necessary effectiveness by a 
training in the first three weeks after birth, the timeframe of brain plasticity [71]. 

Mahowald & Mead [281] conducted the experiment of copying the neuronal 
layered architecture of the retina by horizontal and vertical electronic circuits on a Si-
chip. In this, they connected the photoreceptors with two cell types, the horizontal cells 
and the bipolar cells in the MNL layer, in a hexagonal circuit of the analog processing 
artificial Si-retina. A combination of two Si-chips was to also detect the distance of an 
object in binocular vision. It was possible to also simulate the sensitivity for the 
movement of objects and the reinforcement of the edges in human vision, for which the 
amacrine cells and ganglion cells are made responsible [349]. These experiments 
indicate more clearly than ever before, that the known models of digital processing on 
computers in the quest for an understanding of the brain fail. The complex analog and 
hierarchical modeling of the neuronal information processing of the brain therefore still 
remains to be an immense technical challenge.  

Bertulis & Glezer [24] described a “neuronal model of color-spatial vision”, which 
based on the receptive field structure in the retina (horizontal cells), carries out the 
spatial frequency filtering and uses the RGB totaling of the cone signals (bipolar cells) 
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in the ganglion cells in CGL and V1, as Th. Young [503] described them, for the 
purpose of the construction of a complementary color/black-white color space, as Hering 
[172] described it. The layered hierarchical processing in sequenced visual centers (RGB 
in the retina, complementary colors in CGL and V1) is a central characteristic in this 
[68]. And the linked processing of color and spatial frequency in the cortical centers 
occupies many researchers [305]. In addition, the ontogenetic, cyto-archtectural 
development of the cortical columnar organization by means of glia-based lead 
structures [364] is scrutinized and also the development of the cortical “neighboring 
clockwise/counterclockwise pinwheel-patterns“ [494] and their importance for the 
neuronal processing of “edge-like stimuli of a particular orientation“. Zeki [504] 
represented the even more extreme opinion in comparison to the Retinex  
(retina + cortex) concept of E. Land, that the RGB colors would in vision be processed 
first in the brain (in area V4), after an RGB analysis in the cones of the retina and a 
further RG, B-RG (RG= yellow) and B-W (black – white) intermediate step (as 
developed by Hering [172], Hurvich [185] and Jameson [192]).  

Also in the case of the multi-layered grating optics, in one level between the 
gratings the appearance of complementary colors was observed by E. Lau [243] in the 
so-called Lau effect of the Fresnel-interferences. And a parallel to Hering’s 
complementary color theory was developed. So far, however, this result has not been 
examined more closely and experimentally verified in grating-optics. If it were to be 
confirmed, this opponent color analysis could in turn be localized before the neuronal 
processing in the retina.  

Therefore, the type of linking of a layered optical pre-processing, which has only 
been researched in part, and a layered neuronal processing of the visible, can only be 
described to a certain extent.  

8.4.  The Specific Visual Functionalities in the Layered Grating‐
Optical Information Pre‐processing 

With the solutions shown on the model of the 3-layered-grating it can be concluded 
that the three gratings can be assigned in each case layer-specific functionalities in the 
grating-optical image information pre-processing. These are the spatial frequency 
filtering for the first grating (INL, Chapter 4), the analysis of oriented object structures 
and the 3D-depth map for the double grating consisting of the first and second grating 
(INL + MNL, Chapter 5) and the grating-optical RGB transformation of the visible for 
the third grating (ONL, chapter 6). To a great extent, the interference-optical occurrence 
resembles a spiral-like winding of the light through the multi-layered grating, just as 
seems to be at the basis of the structure of the ‚orientation pinwheel centers‘ in ocular 
dominance columns in the visual cortex V1 [361, p. 277]  

It will be reserved for future research work to further explain the three-layer-model 
experimentally and to accurately examine the connection between optical and neuronal 
information processing in the visual organ and in the stages of its central visual pathway.  
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Optics is the key technology of the 21st 
century, diffractive optics is one of its core 
parts… 

In summary, it is demonstrated, that the performance profiles of combined optical 
grating and space-grating layers and neuronal network architectures will have to remain 
the subject of intensive examinations and clarifications for a long time to come. In this, 
the statement by Kuffler [230, p. 800] is helpful: “Neurons in the visual system tend to 
be arranged in ordered layers. This layering is most obvious in the retina and in the 
lateral geniculate nucleus, and is less striking, but present in the cortex“. And [230,  
p. 800]: “The retina performs its own analysis of visual events in a stepwise manner….; 
information might be handed on according to hierarchically ordered levels, progressing 
from one layer to the next“. 

In this, the diffractive grating and space-grating optics will be able to make 
considerable contributions to the interference-optical layered information pre-
processing. Already in 1974, K. Pribram, M. Nuwer and R. J. Baron were able to write 
in the introduction to their article titled “The Holographic Hypothesis of Memory 
Structure in Brain Function and Perception” [354, p. 416]: ”Recently a growing number 
of theorists have invoked the principles of holography to explain one or another aspect 
of brain function… More specifically, however, Goldscheider (1906) and Horton (1925) 
proposed that the establishment of tuned resonances in the form of interference patterns 
in the adult brain could account for a variety of perceptual phenomena. More recently, 
Lashley (1942) spelled out a mechanism of neural interference patterns to explain 
stimulus equivalence and Beurle (1956) developed a mathematically rigorous 
formulation of the origin of such patterns of plane wave interferences in neural tissue. 
But it was not until the advent of holography with its powerful damage-resistant image 
storage and reconstructive capabilities that the promise of an interference pattern 
mechanism of brain function became fully appreciated”. Modern optics is increasingly 
occupied with complex combinations of geometric and diffractive-optical systems. 
Diffractive optics is not restricted to the special case of holography in coherent light. It 
fully focuses on wave-optical engineering. Wyrowski & Turunen [499] emphasized this 
forcefully in their appreciation of the pioneering theoretical work done by E. Wolf in 
Chapter 18 of the SPIE-book published in his honor. Accordingly, for human vision, the 
statement of R. Gregory quoted at the beginning of the second chapter gains greater 
importance: “For the eye, the wave character of light is more important than its quantum 
aspect” (147, p. 142).  

The question remains unanswered as to what share the eye has in the perception of 
WHAT something visible is… How the shape analysis of an entire object can finally be 
carried out in the ,global’ optical column, will therefore be the central topic in the  
next chapter. 
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9 

Object Classification and Object 
Identification in Vision 

"The object does not have a copy in the 
image, but rather a 'correlate' " [130, p. 89]. 

The abstracting object classification and the individualizing object identification is 
in each case about the perception of an object as a whole. In order to classify, one has to 
e.g. be able to perceive different triangles as ‘triangles’ and be able to distinguish them 
from ‘squares’; in order to identify one has to be able to distinguish e.g. an equilateral 
triangle from a right triangle. If, in human vision, the individual object as a whole is 
transformed in its ‘global’ optical column into reciprocal grating space, centered there, 
held together, and isolated from other objects in the 3D-depth map, then the neuronal 
analysis and processing of the object as a whole could be effected directly after the 
grating-optical pre-processing. The (log-) polar coding could make a last decisive 
contribution to this in the retina, so that one would not have to search in the brain for 
what can succeed already in the eye. Especially at the interface between grating optics 
and neuronal nets in the inverted retina, the question could be answered, why we 
generally realize within an extremely short time, WHAT something visible basically is: 
a human being, a house, or more specifically: a well-known acquaintance, one’s own 
house.  

The object as a whole at the top of a neuronal hierarchy…?  

The concepts of the neuronal image processing agree to a large extent that the 
processing of an object as a whole would represent the peak and not the basis of a 
hierarchy of neuronal nets and would therefore not be localized in the eye, but rather in 
the brain. On the other hand, these concepts set conditions for an ordered pre-processing 
of the visible, which easily can be guaranteed optically. For the topic ‘spatial and 
temporal segmentation coding’, the idea comes up sporadically that the neuronal nets 
could also perceive larger areas immediately: “neurones can synchronize their 
oscillations over broader visual areas… [Eckhorn, 93, p. 7]. Or even perceive the object 
as a whole: “Accordingly, the activities evoked by the outer borders of an object may 
therefore synchronize at a low frequency, whereas those of the object’s subfields may 
engage at higher frequencies. However, the different frequency components induced by 
the same object may loosely be coupled in order to code its entity” [93, p. 7]. However, 
a previous figure-ground separation is postulated as an essential pre-condition for this 
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oscillation performance, therefore a spatial and temporal order, which permits that 
“Adjacent or overlapping segments (should) be coded by temporally separable 
oscillations or by any other type of uncorrelated signals” [93, p. 7]. A further premise, 
which Reitboeck [370] formulated as a condition for the invariance algorithm for  
2-dimensional objects: the location of the centroid on the fixated object must be 
determined: “We assume that two steps of preprocessing have already been 
accomplished: an object has been recognized as being different from the background 
and/or from other objects and the object regions have been labeled… The gaze is 
centered on the centroid of the object” [370, p. 114]. It is only when these conditions 
were fulfilled, that “The transformation to object-centered logarithmic polar 
coordinates” for every visible object in the neuronal net would be effected and with it, 
the invariant perception can succeed [370, p. 117]. The (log-) polar coding is to provide 
the correlate of the entire object for the object classification and identification.  

Several experiments for the realization of the distance, orientation and shift 
invariant object recognition in software algorithms are based on neuronal models, which 
mainly follow the conviction that the whole is to be constructed out of its individual 
parts. Mertsching et al. [302] have attempted, inspired by neuro-biological principles, to 
realize an artificial retina, which uses the superimposition of several retinae with a log-
polar hexagonal structure for the distance (size) and orientation invariant object 
classification, as a software. Vidacic [460] und Li [264] developed a similar, robust log-
polar software analysis system by including the RGB color channels and lateral 
inhibition (linear networks with recurrent connectivity). This model also assumes that 
“in a preprocessing stage the centroid of the object must be determined before the 
rotation and scale invariant color image pattern recognition process” [264, p. 3-4].  

Since invariants are indispensable, in search of them, also optics has yielded varied 
approaches for software solutions. The discovery of “invariant characteristics can be 
effected with the help of transformation groups… Such transformations are e.g. 
translation, rotation, and dilation (the latter resulting in a size-invariance in vision [378, 
p. 207]. A proposal for the extraction of invariant exemplary characteristics was put 
forward by Glünder [139]. The invariants are determined by a group of similarity 
transformations (translation, rotation, centric extension, and mirror images). In this, a 
correlation procedure is used, which provides the generalized autocorrelation function of 
the structure of the object, for the identification of invariants (378, p. 209).  

The object as a whole in the hexagonal optical grating… 

In the grating-optical correlator, an object is perceived as a whole with all its parts 
from the outset. With the standing Fresnel-interferences in the 3D-depth space behind 
the hexagonal gratings, it already performs the object–background (figure-ground) or 
object–object separation in the 3D-depth map and it has ready the high, medium, or low 
frequency spatial frequency filtering of the individual object as a whole and in its parts. 
And with the axis-centered focusing of the fixated and centrally imaged object, it has an 
exemplary centroid solution. Therefore, the question can be posed, whether the 
interference optical correlator in the hexagonal grating would also be able to guarantee 
the (log-) polar coding of the visible objects, directly at their image location in the retina 
or even at the object itself. Such a solution would have to contain the polar-related 
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analysis of relations, which describe the shape of the object as a whole. The harmonic 
Pythagoras theorem analysis in the Cartesian x, y, or in the (log-) polar coordinate 
system could be suitable for a size, orientation and location invariant processing of the 
shape in object classification and identification [265]. It would have to provide the 
‘optical melodies’ of the objects as their correlates and to transfer these in the standing 
or running wave field into the oscillations of the neuronal retina layers. While in human 
hearing, a melody is perceivable over time and therefore finds its expression in the time-
frequency-diagram of acoustics, human vision has the ‘melodies of the visible objects’ 
in the synchronicity of the optical parallel processing available to it. The interference-
optical inducing of object-specific space-grating resonances in the neuronal net could 
represent the searched-for ‘missing link’. The inverted retina would in vision 
increasingly resemble an eardrum for light and images…. 

On this basis, by means of clustering in a multidimensional parameter-space, also 
the differentiation between object classes should succeed. The fact, that after a particular 
processing level in the hierarchical conceptualization and differentiation in vision, the 
brain puts on its neuronal software, should not stop one from looking more closely, what 
can in this already be dealt with by the eye. In vision, it does not matter as much to the 
eye as to photography to perceive everything visible simultaneously acutely and with a 
high resolution in all its details. But it matters rather to convey to the brain within an 
extremely short time, WHAT something visible is generally and WHAT it is quite 
specifically.  

9.1.  How Vision Ascribes a Meaning to Things 

The question of WHERE something is, can usually be answered without any great 
difficulties in vision by means of reference to the body’s own coordinate system. The 
question regarding WHAT something visible is generally (a ,dog’ or a ,car’) or 
specifically (the ,neighbor’s dog’ or ,one’s own dog’), has to be processed by vision by 
means of the analysis of the holistic or specific object shape and possibly further 
characteristics such as color, texture and others. “Things are the product of an 
intellectual ability, which is referred to as perception” [130, p. 32]. It is only by means 
of this analysis, that in vision the step succeeds to assign a meaning and a name to 
something visible and to make it independent from the location where it appears, as well 
as from its size, location, and orientation. Different solutions for log-polar, scale, 
rotation and translation invariant filtering have been designed and practically 
implemented in engineering and neuroscience [63, 264, 370]. In the neuro and cognitive 
sciences [26, 55, 67, 69, 74, 81-86, 95, 107, 110, 121, 136-138, 142, 175, 187, 231, 236, 
261, 286, 295, 302, 306, 307, 315, 316, 326, 342, 372, 378, 381, 386, 410, 429, 439, 
446, 448, 507-508 and others], there is a multitude of suggestions as to how the image 
pre-processing hardware or software would have to be designed in order to achieve a 
size (distance), location (orientation) and position (shift) invariant object perception. 
Most concepts refer to software solutions and are correspondingly shifted to the 
neuronal nets of the retina and the cortex [424-426]. They are based throughout on the 
receptive fields (RF) of the retinal ganglion cells as the elementary information media. 
Reitboeck took up the log-polar transformation into the cortical levels which were 
originally proposed by Fischer [113]:  
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„The retinal projection to area 17 (V1) can be approximated by a logarithmic polar 
coordinate transform… An exact logarithmic polar coordinate transform converts 
rotation and scaling into translations, if the image is centered…” In this, the starting 
points are the RFs of the ganglion cells in the retina: ”The first processing stage of the 
model is realized via “Mexican hat” filters whose diameter increases linearly with 
eccentricity, similar to the characteristics of the receptive fields of retinal ganglion cells” 
[370, p. 113]. The neuro-histological literature [Pelli and others] correspondingly 
postulates adaptive cortical RF-modules which would be able to perceive an object as a 
whole. The idea, that already in the grating-optical hardware of the retina itself, a 
holistic perception and log-polar filtering of the objects could have been developed, is 
closest to the concepts of Casasent and Psaltis, as well as of Reitboeck and Altmann.  

If, for a human being, all four-legged 
animals were just ‘dogs’ and all animals with 
wings were just ‘birds’… 

In vision, it is successful to classify objects and to simplify the world in this way by 
reducing it to a few categories such as 'dogs', 'birds', etc. It is the abstracting of details, 
which permits the ordering of objects into categories, which in a generalizing way define 
what is common or relate the individual to a common denominator. Therefore, 
abstraction means the exclusion of the negligible, the disregard of the extraneous, the 
reduction of the visible to the important. The ability of vision to reduce the infinite 
variety is of great importance in the linguistic development for the construction of 
generic terms. Many generic terms such as ‘dog’. ‘car’, ‘bird’ etc have already been 
developed pre-linguistically, and are defined differently in each linguistic area and are 
therefore also named differently. The meanings of the terms ‘Hund’ in German, ‘dog’ in 
English and ‘chien’ in French do not completely overlap. Someone, who experiences 
dozens of types of birds in his or her environment and simply perceives them all in 
vision without looking more closely as ‘birds’, gives up the knowledge  about the 
diversity in birdlife. He or she may have more detailed knowledge in other areas.  

WHAT something visible is must not and 
cannot depend on how big something is, how far 
it is away, whether it is perpendicular or rotated, 
standing still or moving…. 

In object classification, vision must guarantee invariance under changing conditions 
of WHAT an object is, a ‘dog’ or a ‘bird’. A bird at different distances and changing 
size, just as with different illumination, must remain a bird (size or distance invariance). 
If it turns around while sitting on a branch, the same applies (orientation and location 
invariance). If it moves its position in the visual field, its basic meaning must not change 
substantially (shift invariance). For object classification, a rough perception of the 
objects, an analysis in the range of low spatial frequencies in the low resolution 
peripheral retina, without the necessity of the fixation of the object, already suffice. The 
ability of the visual organ of object classification has another advantage: with the 
abstraction of detail, it guarantees also the disregard of the absolute dimensions of 
things.  
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When a thousand different terms for different 
subspecies of birds evolve from the one category 
'bird' … 

In vision, it is possible to identify objects and to thus perceive a complex world in a 
differentiated manner. By means of the individualization of visual objects, knowledge 
about the world becomes richer. Identification constitutes the antipole to classification. 
In the case of object identification, abstraction from the general takes place and the 
individually specific is worked out. By means of closer and object-fixating inspection it 
is possible to perceive visual objects in their unique shape or special combination of 
visible characteristics, to recognize a ‘bird’ without doubt as a ‘robin’ or a ‘redstart’. 
The human being is free to decide, in which worlds he or she would like to know more 
and then at first sight recognize the particular, the individual and unique which 
distinguishes objects from each other. Konrad Lorenz was astonished by the fact that his 
little granddaughter was able to classify the ducks faster than he according to their 
particular type and to identify them more clearly, when she accompanied him.  

9.2.  The Polarity of Classification and Identification 

The transition from classification to identification of an object moves from the 
perception of the global shape (rough analysis) to the registration of the local more fine 
shape and structural details (fine analysis). This sequence corresponds to the transition 
from the low-frequency spatial frequency filter (coarse-mesh retina net) to the medium 
(less coarse-mesh net) and to the high frequency (fine-mesh net) filter in the grating of 
the retina of the eye. The transition between generalization and individualization is 
smooth. The way, in which we allow our glances wander or direct them in a targeted 
manner, decides on which retina area we offer to an object in vision for its optical 
imaging. Whether we fixate our view on it and offer a space to its image in the central 
area of the retina, so that we can recognize by looking more closely whether a lady 
coming towards us is a ‘stranger’ or a ‘good acquaintance’, possibly even ‘one’s own 
wife’. Or whether we more or less look past things and in this way assign a peripheral 
retina area to their image in order to only roughly classify them. For this visual working 
on the object there is often little time; and thus it is mostly decided within milliseconds, 
WHAT an object basically and specifically represents. As a rule, it takes less than  
100 milliseconds to classify known objects in vision [90, 428]. An individual human 
being also has little time to develop these abilities. A little boy may impress his mother 
at an early stage with the fact that he names a football, the moon, a tomato, and other 
objects as a “ball”. His father will not be delighted by him for as long as he classifies 
and terms every male face as ‘daddy’. Therefore it is worthwhile to particularly practice 
the individualization of objects at an early stage as well as the classification… 

The human being is superior to the image 
processing technology in the art of being able to 
see the general as well as the particular…  

Both abilities, the object abstraction or classification and the object identification or 
individualization are intelligent accomplishments, which so far no technical device can 
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guarantee to a comparable extent and with such high perfection as a human being does. 
Einstein [98, p. 314] emphasized: “In my opinion, the first step for setting up a ‘real 
outside world’ lies in the concept formation of the physical object, or physical objects of 
different types”. The working out of the knowledge of the world, the development of 
concept hierarchies is based on a long and individually very different learning process in 
vision, to which senses other than vision also contribute considerably. Scientific 
literature has treated the theoretical models of multisensory human concept-building in 
detail, together with its part-aspects of hierarchical organization, prototype development, 
knowledge basing, linguistic structuring, etc. [315, 236 and others]. By means of many 
examinations, it has been shown, that children actively already develop ‘generic’ 
categories by the end of the first year of their life (315, p. 314) and in this achieve a 
‘basic level of categorization’ in the hierarchy of the concept formations, which is the 
basis for the later differentiation in object identification. “Concepts are the glue that 
holds our mental world together.... Our concepts embody much of our knowledge of the 
world, telling us what things there are and what properties they have” [315]. And “If we 
have formed a concept (a mental representation) corresponding to a category (the class 
of objects in the world), then the concept will help us understand and respond 
appropriately to a new entity in that category” [315]. There is sufficient evidence that 
beholding and recognizing, object detection and categorization often succeed equally 
fast according to the motto ”As soon as you know it is there, you know what it is…“. 
And it is well known that distinguishing within a category (within category 
identification task) takes more time than the assignment to categories (perceptual 
categorization task). To distinguish pigeons from other birds takes longer than 
distinguishing birds from cars. Temporally in ontogenesis, vision of the general 
succeeds earlier than recognition of the particular. Using the faces of those to whom the 
child relates most closely, the more precise identification is practiced after birth, 
simultaneously with the maturing of foveal vision.  

WHAT something visible is principally and 
WHAT it is specifically, we work out in vision on 
the objects themselves…  

Whether we recognize something visible with our eyes as any ‘door’ or as ‘our own 
front door’ makes a significant difference in many situations with the appropriate 
consequences. WHAT an object is generally or specifically, we work out in vision on 
the visual object itself, not in image space and not in cortical space. If we are not quite 
sure, WHAT something is in one case or another, then the only thing that helps is to 
look more closely. If, for whatever reasons, it remains unsure, WHAT something visible 
is, then the guess-work and searching of the brain only seldom results in accurate 
answers and suitable names. Subsequent interpretations often are theoretical constructs. 
In the logic of vision, some constructs, however, appear so early and directly in object 
space, that we only recognize them as such when examining them more closely. We then 
term them to be visual deceptions. As in the case of the paradoxical colored shadows, 
however, they reveal otherwise invisible laws according to which vision works. The 
Kanizca triangle is an example for how the eye constructs the shape of the whole object.  
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It is valid for the construction of the whole, 
an object or a figure in vision: “The eye does not 
play tricks; it acts lawfully“ [141]. 

In the Kanizca-triangle  [199, p. 52] in Figure 9.1 it is demonstrated, how the eye 
deduces complete closed figures from shortest and partly hinted directions of borders. 
With the so-called “completion hypothesis” by Kanizsa [199, p. 52], it constructs 
subjectively quasi-real outlines, which are proven to be physically not present.  

 

Fig. 9.1: The Kanizsa-triangle [199, p. 48+49]. © 2014 reproduced with permission of Scientific American 
Inc. All rights reserved. 

The outlines of the subjectively constructed figures disappear, when the view is 
directed at a detail and not at the whole figure. The reference to the whole than is lost for 
vision. The further the fixating view is shifted from the center of the figure to the side, 
the more therefore low spatial frequency filters come into play, the faster the subjective 
outline disappears. Other structures in the triangle should also not be determined too 
specifically on a depth level as in Figure 9.2 (right). Then the eye does not have the 
possibility to deposit the subjective whole as a construct in its own plane of the  
3D-depth map, which is located spatially anterior to the other structures.  

 

Fig. 9.2: Kanizsa-triangles (199, p. 52). © 2014 reproduced with permission  
of Scientific American Inc. All rights reserved. 

The subjective construction succeeds if preferably all three conditions are fulfilled: 
the whole and its environment are in view, the figure can be fixated and thus centrally 
imaged in the retina, and a 3D-depth map provides spatial scope for a subjective 
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construction level. The grating-optical correlator can provide all this directly in the 
reciprocal grating-space of the retina. And – this will not surprise anyone – it all works 
already in monocular vision; also the placing of the figures into separate planes of a 
three-dimensional space. In this way, a paradoxical visual perception phenomenon 
provides an inside here again into the laws, with which vision works. The fact that there 
is an optical hardware behind this is demonstrated by the fact, that every seeing person 
without exception will recognize this and other similar ‘optical illusions’ immediately.  

What tipping figures teach… 

In many course books of perceptual psychology, Figure 9.3 has been printed. In 
vision, we cannot simultaneously ascertain a white vase or two black facial profiles, but 
only recognize them consecutively after a ‘switch’, which is stimulated subjectively. 
The tipping process in each case brings one of the two images to the foreground so that 
the other image moves into the background. This phenomenon also works monocularly.  

 

Fig. 9.3: Tipping figure with a white vase or two black facial profiles [I. Rock, Wahrnehmung,  
Spektrum-Verlag Heidelberg, p. 104 and at many other places in literature].  

Again, the tipping is about a procedure in the 3D-depth map, in which the 
mechanism of accommodation with the ‘optical swing’ determines the spatial 
arrangement of the object-specific planes. In vision therefore, one experiences the 
tipping as the result of an exertion. Not every observer succeeds in influencing the 
accommodation, the optical swing in one’s own eye and thus the manipulation of the 
spatial planes. This phenomenon also constitutes a lawful subjective construct of vision 
because there is verifiably no difference in distance between the two alternative images.  

9.3.  The Correlator‐optical Hardware of the Eyes and their Visual 
Pathway Available for Object Classification and Identification 

" There is no better or more efficient real-
time pattern recognition mechanism known than 
the Human Visual System" [264, p. 2]. 

The diffractive grating-optical correlator in the eye has structures  in the ,inverted’ 
retina and in the cortical visual pathway, which are suitable for the size (distance), 
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orientation (location) and shift invariant perception of visual objects and which provide 
the preconditions for a flexible transition from a classification to an identification of 
visual objects or vice versa. Summarizing, Figure 9.4 illustrates the hardware 
components of this apparatus. In this, there is a special emphasis on the hardware 
structures, with which the eyes perceive the particular object: the xyz-coordinate system, 
the hexagonal net, the centered spherical system.  

 

Fig. 9.4: The hardware of the optical correlator in the eye and in the central visual pathway (see text). (For 
the purpose of a better demonstration, the triangular image in one of the two eyes and in the optic nerve is 

colored. The x and y-axes are located in the object area; the z-axis corresponds to the visual axis  
of the eyes).  

An object, a colored triangle in the picture, is fixated by one or both eyes and thus 
perceived in the hexagonal retinal grating-net with its polar ring-system and centered in 
the body’s own xyz-coordinate system. In this way, the fixated object is cut into 
hemispheres and quadrants and related to the body’s own coordinate system. It is held 
together in its global optical column and it is separated in its own Fresnel plane in the 
diffractive optical depth map from other objects in space. It is not until after this figure-
ground separation, that it can be perceived in its rough total shape and can be analyzed 
in local optical columns in its RGB color, its local distances and its oriented 
substructures. Via the optical nerve crossing, in a symmetry operation, the information 
about the fixated object gets to the central cortical ‘cyclopean’ axis, to the CGL and to 
V1, where the object information from both eyes is integrated. Objects next to the 
fixated object, which are therefore not fixated, are only perceived in their shape with 
medium or low frequency, in their RGB color and in the orientation of their structural 
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elements as well as related relative to their distance to the fixated object. The transition 
from the fixated to the non-fixated object is flexible, as is the transition from high to 
medium to low spatial frequency filtering areas. By means of saccades the eyes succeed 
in shifting the fixation locations in object space in the xyz-directions erratically.  

During the time after birth, vision with the peripheral retina is practiced first, and 
only later, the transition to fixating vision with the fovea succeeds. Even later, the 
strategies of the saccades are learned and the targeted use of the fovea for object 
identification is practiced; the same goes for the opto-motoric cycle of the management 
of fixation and saccade-leap, of deliberate stop and go (Prof. B. Fischer, Blicklabor 
Freiburg in ARTE on 25 June, 11). Only after that, when finally pre-linguistic concepts 
have been developed for the visible objects and events, it is learned to name objects with 
their categories and individual expressions, to save them, to remember and to compare 
them with each other.  

9.4.  At Object Classification and Identification, Vision Reduces  
all Objects to Relations 

In the perception of the invariant essential, 
vision comes down to “only relations and 
configurations” [275]. 

Konrad Lorenz describes the necessary work on the visual objects in his book „Die 
Rückseite des Spiegels, Versuch einer Naturgeschichte menschlichen Erkennens“ [275]: 
“The perception of figures is abstracting in as far as that it discards the accidental shape 
and type of the stimulating data at the procedure of gaining knowledge; and it is 
objectifying in so far as it always reports characteristics, which constantly adhere to 
objects, independent of the accidental perceptual conditions, in always the same way”. 
If, in the perception of WHAT something visible is, it comes down to the analysis of 
relations, then there must be reference points or reference structures in the hardware of 
vision, to which its shape is related. Konrad Lorenz describes the 'appartus' of the human 
being with the words: “The ability to separate the essential from the accidental, is based 
on processes of the senses and nerves, which are inaccessible for our self-observation 
and rational control, but which functionally are quite similar to rational calculations and 
conclusions”... “Offsetting devices, which can perform in such a way, are already 
present in relatively low animals and always developed phylogenetically for the purpose 
of being able to recognize individual objects again as the same in different conditions. 
However, in their highest development, these ‘computers’ are able to highlight 
characteristics, which are attached to many individual objects as a common and essential 
attribute of the genus”... Such ratiomorph offsetting procedures (Egon Brunswik) with 
their “abstracting performance of the perception of figures create… a pre-condition for 
conceptual thinking”. In the case of the abstraction of the invariant essential, “only 
relations and configurations matter”. The description sounds like that of a hardware, and 
not that of a software.  
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Einstein understands Pythagoras’ 
theorem by means of studying the 
similarity of right triangles … 

By means of the shape analysis of objects, it is generally possible to recognize these 
to be similar to each other or equal or dissimilar or unequal. Similar or equal objects can 
be classified in a common category, dissimilar or unequal objects generally have to be 
separated and named with different terms. Triangles can be similar to each other, just as 
squares can be similar to each other in many different ways. All the same, triangles are 
principally different to squares. In order to principally distinguish both shapes from each 
other, it needs to be explained first, how e.g. different triangles are perceived in their 
similarity and reduced to relations.  

At the age of 12 or 14, Einstein  worked on three similar right triangles of different 
sizes, shown in Figure 9.5 [405, p. 19-21], where the two smaller triangles 1 and 2 cover 
part areas of the large triangle. He had the goal to understand the Pythagoras theorem a² 
+ b² = c² in the right triangle 2 by these means.  

 

Fig. 9.5: A large, right triangle with the catheti a and b and the hypotenuse 
21 ccc   is made  

up of two smaller right triangles 1 and 2 (Schwinger [405]). (The angles α and β were inserted  
by the author. The angle γ is always the right angle). 

What is the similarity of right triangles based on? There are several geometric 
quantities which enter into the cosine rule of the triangle and which can provide 
information about what a triangle basically is and which quantities remain constant in it. 

 The cosine rule in the triangle, which only uses angle γ, is: 
cos2²²² abbac  . The areas a², b², c² above the sides of the triangle, the 

dimensions of the catheti a and b in the product 2ab and the cosine of the angle γ 
enter into it. In the cosine rule of the right triangle, with the angle γ = 90°, for 
which the Cosγ = 0, Pythagoras’ theorem a² + b² = c² remains.  

 The cosine rule for the triangle using all three angles α, β and γ, formulates the 
relations of areas in the sum of the Cos²-parts: Cos²α + Cos²β + Cos²γ = 1.  
In this case Cosα = (b² + c² - a²)/2bc, Cosβ = (a² + c² - b²)/2ac and  
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Cosγ = (a² + b² - c²)/2ab. In the right triangle in each case one of the three parts 
becomes zero and the cosine rule agrees with Cos²α + Sin²α = 1 and  
Cos²α + Cos²β = 1 if γ is always the right angle.  

If, with the exemplary values a = 1, b = 2, c = 5 , 2.01 c , 2.32 c ,  

h = 8.0 , α = 63.43°, one looks first of all at the length of the sides of the triangle and 
moves forward in each triangle via the catheti and via the hypotenuse back to the 
starting-point, then, in the large triangle with a + b – c the value 0.764 results, in the 
medium-sized triangle with bch  2 the value 0.683 results and in the smallest 

triangle with ahc 1 the value 0.342 results. Thus the distances provide no indication 

of a similarity of the triangles.  

If, in this case, one chooses the values of the areas above the sides of the triangles, 
then a² + b² - c² = 0 results in each of the three triangles. This is valid because the 
(Thales-) circle and the sphere are the two wave forms, which encompass the right 
triangle in such a way, that the hypotenuse becomes the diameter of the circle or the 
sphere. His law appeared already in the three-dimensional Pythagoras in chapter 6 in the 
extended form of a² + b² + c² - d² = 0. 

If one calculates with the relations of the lengths in the cosine and the sine of the 
angle α, then, with Cosα + Sinα always the same value 0.447 + 0.894 = 1.341 results. In 
the cosine rule of the triangle with three angles, for the sum of the cosine-relations of the 
length of the sides, exactly this value results. If one calculates with the areas above the 
sides of the triangle, therefore the sum of the Cos²-parts, then, in the large triangle  

(a² + b²)/c² = 1 and a² + b² - c² = 0 results. The result is the same with 0222
2  bhc  

in the medium-sized triangle and with 0222
1  ahc  in the smallest one.  

In summary, for the three right triangles with a = 1, b = 2, c = 5 , 2.01 c , 

2.32 c , h = 8.0 , α = 63.43° the following values result:  

 The smallest triangle: 

For ahc 1 , the result is 342.018.02.0  ; for 222
1 ahc  , 

the result is 0.2 + 0.8 - 1 = 0. 

1 0.2 0.8
0.447; 0.894; ² ² 0.2 0.8 1

1 1

c h
Cos Sin Cos Sin

a a
              

018.02.0²²² 2
22

1 












  Cos

a

h

a

c
CosCosCos   

 Medium-sized triangle:  

For bch  2 the result is 683.022.38.0  ; for ²²² 2 bch  the 

result is = 0.8 + 3.2 - 4 = 0. 
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 Large triangle: 

For cba  the result is 764.0521  ; for ²²² cba  the result 
is 1 + 4 - 5 = 0. 
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Therefore, throughout, it is not the lengths of the sides of the triangle, but the 
relations of the lengths in the cosine or sine of an angle in the triangle as well as the 
relations of areas in the Cos²- or Sin²-values, which are identical in the three triangles. It 
is these relations which provide information about the similarity of the differently sized 
triangles. The corresponding law of similarity for triangles expresses basically the same 
as the cosine α of the three triangles does: „Two triangles are similar if they agree in the 
relation of two sides and the size of the enclosed angle” [91, Theorem 6, p. 159]. The 
similarity between the three triangles cannot be seen automatically, they don’t have a 
common centering. This succeeds if one views them in a hexagonal net with a polar 
reference in perspectival extension.  

By means of the following steps, Einstein finally arrived at the Pythagoras’ theorem 

equation: since 1c + 2c  = c therefore 52.32.0  , the result of 
a

c

c

a 1 , is that 

a² = cc1  and of 
b

c

c

b 2 , that b² = cc2 . And because ccc  21 ,  Pythagoras’ theorem 

a² + b² = c² results.  

9.5.  The Polarly Centered Processing of the Shape of Right 
Triangles in the Hexagonal Net and the Determination  
of their Similarity 

In the hexagonal net of the inverted 
retina of the eye, every object is 
centered at its image place…  

If one images a right triangle on a hexagonal net or, with the same result, if one 
images it behind the hexagonal net on a Fresnel-plane behind the grating in discrete 
interference maxima, or if one looks at the triangle through a corresponding reticle and 
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relates its shape to a central fixation point in the interior of the triangle, then the 
triangular shape can be described by means of a series of polar vectors. Figure 9.6 
demonstrates this exemplarily in the net with grating constants 1xg  µm and 

3yg  µm. The description of the shape can be carried out in equal measure in the 

Cartesian x, y coordinate system (x, y are the intercepts of the triangular catheti,  

r is the hypotenuse in the triangle with 22 yxr  ) or in the r, θ – (log)-polar 

coordinate system (r is the polar vector, θ is the angle between the x-axis and r with 
Cosθ = x/r). Cosθ describes the relations between the intercepts on the x-axis and the 
circle radii r and Cos²θ describes the relations between the areas above x and r in the 
Pythagoras. For the description of the chosen type of triangle shown, altogether 21 polar 
vectors result, for which in each case r and θ are indicated. All interference maxima in 

Fresnel-space are located on 15 circles with radii between r = 3  and r = 117 . 

 6.6;57r

 9.10;84r

 9.13;117r

 8.21;49r

 30;27r 1.46;13r 1.79;7r 120;9r

 4,143;19r
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 240;4r  1.259;7r  270;12r  300;9r  330;12r
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 0;36r

 0.17;79r

 

Fig. 9.6: Triangle in the hexagonal net, centered in the polar circle system (only 5 circles with radii  

r = 3, 4, 7, 9, 12  are drawn). Description of its shape by means of 21 polar vectors  

with data regarding the polar vector r and the angle θ. 

If, in the processing of the shape of the triangle, as shown in Figures 9.7 and 9.8, 
one takes local meta-pixels as a basis with in each case a 0th and six ± 1st interference 
maxima, then the description of edge and corner orientations in each of the meta-pixels 
affected by the shape limitation succeeds. In the example drawn, each side of the 
triangle is described by at least three meta-pixels in their orientation. The same goes for 
two of three corners. Instead of 20, there are now only 14 polar vectors and seven circles 
available for the description of the shape.  
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Fig. 9.7: Triangle in the hexagonal net, centered in the polar circular system (Only a few circles with radii 

of r = 28.16,12,4  are drawn). Meta-pixels with the 0th and ± 1st diffraction order maxima 
possess the orientation information.  

 

Fig. 9.8: Triangle in the hexagonal net with meta-pixels, in which the ±1st diffraction maxima do not 
overlap each other (3 : 1 – structure as in chapter 3).There are only 12 polar vectors available for the 

perception of shape. (The four circles have radii of r= 63,36,27,9 ). 

The Figures illustrate that the number of polar vectors and circles available for the 
perception of shape is reduced if the local meta-pixels become larger and increasingly 
more photoreceptors are involved in the information processing. Also the shift of the 
fixation point reduces the number of the circles necessary for the analysis of the shape 
until an optimal centering is effected.  

From one to two triangles… 

If one images two right triangles of different sizes in Figure 9.9 on the hexagonal 
net and relates its shape for the purpose of a comparison regarding similarities, to a 
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common central fixation point, then the result is first of all that the number of the polar 
vectors common for both triangles is reduced to 11. The smaller triangle, which by itself 
can be described by means of 15 polar vectors, does not, in each vector direction, meet a 
maximum in the large triangle, which on its own was described by means of 21 polar 
vectors. The bases of shape common to both triangles are again realized by means of 
circles in the ring system. Each side of the triangle is grasped by at least three polar 
vectors.  
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Fig. 9.9: Two unequally large right triangles are centered in the hexagonal grating (grating 

constants 3;1  yx gg ). The two triangles are located in the four quadrants which constitute the x 

and the y axis with the zero point at the fixation point. They can be described in the Cartesian xy or in the 
polar θ-coordinate system. For the 11 polar vectors, which grasp both triangles, the values for the angles θ 

and their Cos²θ-values are indicated.  

At the polar vector, which connects the central pole with the right angle of both 
triangles, it can be shown, how the large triangle from the relation of 5,10xg  and 

35.1yg  in the angle θ = 13.9° results in the two values 
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and 94.02 Cos  result. The hypotenuse, which 

corresponds to the root extracted from the sum of the areas above the catheti of the 
triangles, has a length of 82.10117   µm and of 21.752   µm in the small triangle. 
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If, in both triangles, one moves from the polar center via the triangle catheti x and y in 
Pythagoras’ theorem to the right tip of the triangle and back to the departure point via 
the hypotenuse r, then the equation (9.1) is valid for the lengths and for the areas 
equation (9.2) is valid.  

 0x y r    (9.1)    

 and  ² ² ² 0x y r    (9.2) 

In the large triangle, the equation (9.1) results in the values 10.5 + 2.60 -10.82 =  
= 2.28 and in the small triangle in 7 + 1.73 – 7.21 = 1.52. Equation (9.2) results in 

0117)35.1(5.10
222   in the large triangle and in 05237

222   in 

the small one. The same applies to all other polar vectors.  

In Figure 9.10, the polar vectors for θ = 0 – 360° are related to the length of r for 
both triangles with the same centering. The large triangle is described by 21 polar 
vectors in 15 circles, the small one by 15 polar vectors in 15 circles. In the case of this r, 
θ representation, the run of the shape of both triangles is graphically visible in direct 

comparison. The larger triangle (blue arrows) has a maximum at 13.9° (r= 117 ), at 

143.4° (r= 19 ) and at 270° (r= 12 ); the smaller one (red arrows) at 13.9° (r= 52 ), 

at 150° (r= 12 ) and at 259.1° (r= 7 ). The longest radius vector is located at 13.9° 

with   8.1011735.1²5.10
222  yxr  µm in the large triangle, and 

also at 13.9° with r = 52 = 7.2 µm in the small triangle.  

The polar r, θ-description of the two triangles in the circular system results in the 
same picture as the description in x, y-Cartesian coordinates in the hexagonal net. The 

radius r is the resultant being the hypotenuse over 22 yxr  , in each  

x, y-determining triangle of Pythagoras’ theorem. And the angle θ appears in the 
xySin /  and in rxCos /  . 

The 11 polar vectors common to both triangles are sufficient to prove the similarity 
of the two triangles. It is remarkable that all of these, with the exception of the right 
corner (at 13.9°), have several intersection points with the sides of the triangle, but not 
with the corners.  

The central perspective in the Cos-segments… 

The Figure referring to r, θ (or x, y) shows that behind the identity of the Cosθ- and 
Cos²θ-segments for the polar vectors, the geometric intercept theorem of intersecting 
lines is hidden. As the concept of similar triangles it proves the similarity of the 
triangular shape in the central perspectival projection or centric elongation in the 
hexagonal net. Therefore for similarity detection of triangles the theorem is valid: ”Two 
figures are said to be perceptively similar if they can be imaged upon each other by 



The Human Eye: an Intelligent Optical Sensor 

 332

means of a centric elongation. The elongation centre is called the similarity score”  
[91, p. 157]. In this way, it is proven for the eye that the hexagonal net of the retinal 
reticle provides the ideal structure in the object fixation for a (log-)polar r, θ-shape 
analysis in the circular system or exactly the same x, y-shape analysis in the Cartesian 
coordinate system.  
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Fig. 9.10: Log-polar description of right triangles. Representation of the 21 polar vectors of the large 
triangle and the 15 of the small one in the (log-) polar r, θ – description. 15 circles describe the large 

triangle, 9 circles describe the small one. (The blue arrows indicate the location of the corners in each case 
in the large triangle; the red arrows indicate them for the small triangle). 

Similarity and congruence of triangles… 

Similarity is more than congruence. Two triangles are congruent or superimposable 
if they agree in the length of two sides and the enclosed angle. The condition for 
congruence is thus fulfilled by pure lengths. It is retained in the case of a parallel shift, 
rotation, reflection and other operations. Similarity has an additional degree of freedom. 
Two triangles are similar to each other “if they agree in one angle and in the relation of 
the two adjacent sides” [Wikipedia]. “Except for the case of a shift, a rotation and a 
reflection, the similarity is also retained in the centric elongation” [Wikipedia]. The 
centric elongation is present in the central-perspectival object description in vision, 
when an object approaches and thus becomes larger or vice versa, when it removes itself 
and becomes smaller.  

The stability of the relations in the case of the centric elongation corresponds to the 
zoom- effect in photography. There is however a decisive difference in that, it is not 
valid for the image as a whole, but for every individual object at its image location, thus 
within its specific global column. The zoom-effect is also responsible for the fact that 
the object shape in each case can be reduced to a strongly decreased group of polar 
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vectors; the object can therefore be miniaturized. This miniaturization to the essentially 
important eases the storing of information. Both functions, the zoom-effect and the 
miniaturization in the object-specific polar net, can be guaranteed better by a hexagonal 
net than by a pixel-monotonous photoreceptor matrix. At least the CCD-matrix would 
rely on software, which separates the individual object as a whole, centers it and 
perceives it central-perspectivally. It is not surprising that even rats are able to recognize 
the triangles in Figure 9.11 as being of similar shape.  

 

Fig. 9.11: Four triangles, which even rats recognize as being of similar shape. [304, p. 187, quoted  
from K. S. Lashley: Basic neural mechanism in behavior. Psychol. Rev. 37, 1930]. 

9.6.  The Polarly Centered Processing of the Shape of Quadrangles  
in the Hexagonal Net and the Determination of their 
Similarity 

Whatever goes for triangles should be valid 
for quadrangles too… 

Object classification, therefore, e.g. the basic differentiation of triangles and 
quadrangles, can only succeed if beforehand different triangles are invariantly identified 
as ‘triangles’ and quadrangles as ‘quadrangles’. Just as for the triangles, the grating-
optical shape analysis also holds for two differently sized quadrangles in Figure 9.12 by 
means of 12 polar radius vectors common to both quadrangles. The Figure shows, that in 
each case, three basic points per side are sufficient to determine the similarity of the 
quadrangles in the central perspectival projection.  

Figure 9.13 demonstrates in analogy to the representation of the triangles, the  
r, θ-values of the two quadrangles. The larger quadrangle is described by means of  
22 polar vectors, the smaller one by means of 20 polar vectors. The larger quadrangle 
has a maximum at 30°, 139.1°, 220.9° and 330° ; the smaller quadrangle at 49.1°, 
130.9°, 229.1° and 310.9°.  

Again the determination of similarity succeeds by means of the reduced number of 
12 polar vectors common to both quadrangles, in which each side of the quadrangle is 
described with three basic points in each case. In the Cos and Cos²-values, the central 
perspectival projection in the hexagonal net again exists.  
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Fig. 9.12: Two unequal quadrangles in the hexagonal net with a common centering (grating 

constants 3;1  yx gg ). Both quadrangles are described by means of 12 common polar vectors, 

(whose length r for the larger quadrangle is indicated on the side of the illustration) and six circles  
(only three are drawn).   
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Fig. 9.13: Log-polar description of quadrangles. The 22 polar vectors of the large quadrangle  
and the 20 polar vectors of the small one are rendered in a polar r, θ-illustration. 12 polar vectors are 

common to both quadrangles. 5 circles describe the small quadrangle, 9 circles describe the large one.  
(The blue arrows indicate the location of the corners in the large quadrangle; the red arrows indicate the 

same in the small quadrangle).  



9. Object Classification and Object Identification in Vision 

 335

Again, it is remarkable, that the common polar vectors have all of their intersection 
points with the sides, but not with the corners of the quadrangles. Therefore, the 
conclusion immediately suggests itself that the eye deduces the similarity of shapes as a 
geometrician does, from the law that already two points define a straight line and its 
direction. The exact analysis of the Kanizsa figures supports this thesis. This rule is 
more reliable than the perception of corners because every bend in one of the straight 
lines changes the shape completely. With just one bend in one of its sides, the triangle 
immediately becomes a quadrangle.  

The polar coding miniaturizes the object shapes… 

Since two points distinctly define a straight line, two common points of support on 
each side of the triangle or quadrangle are sufficient in an extreme case to determine the 
similarity of these simple geometric shapes. In the final analysis, vision can therefore 
compare every visible object shape with its smallest possible prototype shape in the 
hexagonal net in order to carry out an abstracting shape perception with a similarity 
analysis on this size, location and shift invariant basis. The conclusion suggests itself 
that in vision, the visible is filed in miniaturized prototypes and referred to these. Thus, a 
mechanism of miniaturization of the visible would exist, which would be effected by 
means of the (log-) polar coding in the hexagonal net. It would not be a long way to go 
from the classification of an image of a ,grandmother’ to the identification of ,one’s own 
grandmother’.  

The similarity of objects cannot be always 
recognized immediately, the rotation of the objects in 
the mind aids the analysis of their shape…  

Why do we not ‘see’ the similarity of triangles immediately, if these are not 
arranged in an orderly manner on top of each other? If we could rotate them in our mind 
and project them on top of each other with the same orientation, everything would 
immediately be obvious. The question of what distinguishes the perception of an object 
from its mental conception, has received an initial answer [12, p. 55]. “The group around 
Roger Shepard from the Stanford University in Palo Alto proved in the early seventies 
that we allow imagined images to rotate in our minds, as if they were real objects with 
physical characteristics. The scientists showed their test persons two spatial figures in 
different perspectives, which were either identical or different. The test persons had the 
task to decide as quickly as possible, whether the two figures shown were different. 
After the experiment, all test persons reported that while trying to come to a decision, 
they had attempted to superimpose the two figures by means of a rotation. Interestingly, 
a linear relation between the angle to be rotated and the time required for this became 
obvious. Just as in the real world, where the laws of physics apply, it takes all the longer 
to rotate an imaginary image, the larger the rotation angle is” [128].  

The zooming of objects in the mind aids the 
analysis of their shape… 

Another indication for the use of a central-perspectival filter for a size or distance-
invariant object classification also exists [12]: “The scientists working with the 
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psychologist Stephen Kosslyn at the Harvard University of Cambridge (USA) 
demonstrated in several elegant experiments, that the test persons even scanned 
imagined images and zoomed them closer in order to view them more precisely with 
their “inner eyes”; the longer the object distance and the more zooming was done, the 
more time was required for it“. Thus in the case of viewing and imaging an object, in the 
case of viewing with the „inner“ and „outer“ eyes, the same category-specific structures 
in the brain are activated.  

Rotation as well as zooming only succeeds if the object is related to an adequate 
reference system. This is guaranteed by the central-perspectival hexagonal spatial 
frequency filter of the correlator in the eye, which, at the same time, in the case of 
fixation of the object refers to the body’s own Cartesian coordinate system. With every 
rotation, magnification or diminution by means of zooming in the central-perspectival 
polar net, the shape of the polarly centred object remains the same. If the triangles or 
quadrangles are magnified, the number of common basic points increases. If one 
miniaturizes the triangles or quadrangles, then, as a lower limit, the result is, that on 
each side of the triangle or quadrangle, at least a minimum of two basic points of the 
object shape must be located.  

The eye as a geometrician… 

It is obvious to also use the fact, that only very few polar vectors are sufficient for 
the invariant description of simple geometric shapes, for the explanation of the 
subjective construction of contours in the Kanizca-figure. The eye would follow the 
most elementary basic laws of geometry if it develops its construct from very short axis 
or curve segments. In each case, two points on three non-parallel straight lines are 
sufficient to describe a triangle; in each case, two points on four non-parallel straight 
lines are sufficient to define a quadrangle, etc.; as a geometrician, the eye would be able 
to work with very few relations in the central-perspectival net rather than with absolute 
magnitudes.  

9.7.  The (Log‐) Polar Ascertainment of a Typically Human Figure 

Cartesian in the eye and (log-) polar in the cortex ? [507] 

During the research of the visual cortical centers, a controversy arose among 
experts regarding where the Cartesian and where the (log-) polar processing in the visual 
system would be located. This debate is based on the transformation scheme of a linear 
into a logarithmic r, θ-shape description and vice versa as shown in Figure 9.14. 

Each circle zone of the Cartesian x, y-coordinates (left) is transformed into a line in 
the (log-) polar plane (right); each angle segment is transformed into a vertical column. 
Li [264, p. 11] describes this transformation as follows: “A single circle maps to a single 
horizontal line in the transform space since the radius of the circle at all angles is given 
by a constant value r for all θ coordinates. Similarly an image of radial lines which have 
constant angle but variable radius, results in a map of vertical lines in the transform 
space”. By means of the transformation, changes in size and rotations of the centrally 
perceived objects are transformed into a simple translation: an object, whose shape is 
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enlarged concentrically in the (central perspectival) hexagonal net (left), is shifted in the 
columns, because only r changes; an object, where only the orientation to the central 
pole in the net changes (right) will be shifted in the same line, because only θ changes. 
The (log-) polar transformation has therefore got “some interesting properties for the 
scale and rotation invariance about the origin in the Cartesian plane“ [264, p. 11]. „If an 
object is rotated around the origin, its mapping stays on the same horizontal line moving 
from the left to the right. If a point moves out from the origin along a radial line, this 
will result in only a vertical displacement of the mapped image” [264, p. 11-12]. 

 

Fig. 9.14: Transformation of the polar centered Cartesian map of the retina to the log-polar map in V1  
[264, Fig. 1.3, p. 11], see also [9]. The x, y coordinates (left) correspond to the r, θ-coordinates  

in the (log-) polar plane (right). © 2013 with permission of Prof. Messner, University of New Hampshire, 
Durham, NH. 

The ‘human being’ reduced to a stick figure… 

Figure 9.15 shows (left) a human figure in the hexagonal net, corresponding to one 
of the figures chosen by Reitboeck [370, p. 116], with which he depicted exemplarily 
the size, orientation and shift invariance in the (log-) polar transformation. To begin 
with, for this figure it applies that as an object, it is separated from the background and it 
is referred to a centre point. The extremely reduced prototype shape of this figure is 
sketched on the right; it is describable with very few polar vectors.  

    

Fig. 9.15: (Left) A human figure and (Right) a stick-figure in the hexagonal net.  
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Figure 9.16 shows that the ‘human figure’ can be described central-perspectivally 
by means of 22 polar vectors or in the x, y circular system by means of 8 concentric 

circles with radii of 16,13,12,9,7,4,3,1 , which have not been drawn 
for the sake of clarity. In this, it results that under the θ-angles of 90°, 120°, 150°, 240° 
and 330°, in each case two polar vectors with different r-values occur. This means that 
shape elements in the interior of the figure, which in turn is transmitted by means of 
fundamental waves, can also be depicted by means of harmonics.  

 0;12Cos

 30;75.02Cos

 60;25.02Cos 90;02Cos

 9,103;06,02Cos

 120;25,02Cos

 9,130;43,02Cos

 0,150;75,02Cos

 1,169;96,02Cos

 180;12Cos

 

Fig. 9.16: The ‘human figure’ is perceived by means of 22 polar vectors. The Cos²θ-values  
and the angles are only indicated in the top half of the figure.  

Figure 9.17 shows the result of the (log-) polar r,θ-transformation of the object. It is 
congruent with the x, y Cartesian description in the hexagonal net. The lines correspond 
to the radii of eight circles around the center point, upon which the marginal lines and 
corners of the figure are located, the columns correspond to the angle segments.  

The initially somewhat unusual total image becomes more comprehensible, if in the 
puzzle one reassembles the original figure by means of multiple reflections on the x, y 
axes. The labels permit one to realize where in the transformation the head, the arm, the 
left leg, etc. are localized in the upper and lower half of the figure.  

In comparison, Figure 9.18 shows the result of the r,θ-transformations in the 
algorithm  applied in Reitboeck, and similarly in Li, in the software for two unequally 
large and differently oriented figures. Up as far as the third line of the image, the results 
are identical with our previous data. At least as far as there, the inverted retina in the eye 
could therefore take over the encoding of the object images in the global optical column 
at the image location of each object. Only all further transformation steps would have to 
be taken over by the software in the cortical visual centers.  
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Fig. 9.17: (log-) polar r,θ-Coding of the ‘human figure‘ (scale right: distances from the center point as circle 
radii in root functions (µm); (scale left: the same as distances in µm). Between 0 and 180°, the angles 

entered into Figure 9.16 are located. By means of ellipses, those polar vectors, which have a fundamental 
wave as well as harmonics, are marked in five angle segments or columns.  

In Reitboeck, the (log-) polar processing especially after another transformation of 
the polar vectors into scattered diagrams (R-transforms H(s,t) of h(u,v)), result in a 
coding, which has no descriptive similarity with the object itself. The comparison of two 
transformed object functions results in a similarity degree of the object: ”Two 
transformed object functions are compared, using the normalized Euclidean distance as a 
similarity criterion. Two objects of similar shape that may differ by translation, rotation, 
and scaling will have a low distance value. By defining a suitable threshold, the 
similarity can be detected” [370, p. 118].  

What types of coding for size, location and shift-invariance of an object shape are 
actually accomplished in the eye and which reflections or axis-centered transformations 
are processed in the brain, needs to be examined more closely. There are many 
indications in research, that at the latest in the visual cortex between V1 and IT (Infero-
Temporal cortex), a (log-) polar coding of the visible would take place [66, 404]. 
“Retinotopic cortex seems to favor polar coordinates, with eccentricity (distances from 
the center of gaze) mapped onto one cortical axis, and polar angle mapped onto a 
roughly perpendicular axis“ [200, p. 455]. The polarly centered objects would in this 
sequence be translated from “visual plane to cortical plane (spatial domain to log-polar 
domain)“ [264, p. 29]. Weiman [476], Anstis [8], Vidacic [460], Sandini [389], Li [264] 
and others have built upon this basis of image processing; the corresponding literature is 
to be found in Li [264] or Kandel [197]. Since the retinotopic maps in the eye and in V1 
in hexagonal nets have either the x, y-analysis or the r,θ-analysis, it suggests itself, that 
further transformations do not occur until retinotopics loses its importance.  
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Fig. 9.18: Two human figures in a) are transforms to the r,θ-coordinate system in b) and c); further 
reduction to scatter diagrams in d) [370, p. 116]. © 2013 with permission of Copyright Clearance Center, 

Danvers, MA, with kind permission from Springer Science+Business Media. 

9.8.  Harmonics‐analyses and Saccades in Vision…  

In the case of objects with a detailed structuring on its interior, the harmonics 
analysis and the temporally sequential analysis by means of saccades of the eye are 
added to the (log-) polar processing of the whole object.  
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The example of the ‘human figure’ in the net has shown that from time to time 
several basic points of the total shape of an object can lie in the same radial vector 
direction. The same applies to elements of edge or line texture in the interior of an object 
surface. Aside from the fundamental waves, which ascertain the outer shape in every 
direction, harmonics are then available in the hexagonal net in order to provide the shape 
information in the interior of the object comparable to the ‘chords’ in hearing. In  
Figure 9.19, the 5 polar vectors, which necessitate a combined fundamental wave and 
harmonics analysis of the object shape, are marked using the example of the ‘human 
figure’. At 120°, 150° and 210° the harmonics has the value of ½ of the fundamental 
wave, of ⅔ of the fundamental wave at 90°; at 330° two harmonics with values of ¼ and 
¾ of the fundamental wave are necessary to process the object shape at this location 
completely.  

 90 120

 150

 210

 330

 

Fig. 9.19: The ‘human figure’ in the hexagonal net. Harmonics are in play under 5 angles  
for the shape analysis (red lines). 

Harmonics in optics, just as in acoustics are whole number parts of the fundamental 
waves. The contents of fundamental waves are decisive for the quality of ascertainment 
of the entire object, the contents of harmonics for the quality of the ascertainment of the 
detailed structure of the individual object. The more an object is imaged in the central 
retina zones, the more medium and high frequency nets are available for the processing 
of its substructures by means of harmonics. In this way, Eckhorn’s statement would also 
hold for the object image processing in the net of the optical grating: ”the outer borders 
of an object may therefore synchronize at a low frequency, whereas those of the object’s 
subfields may engage at higher frequencies [94, p. 7]. The space-grating of the standing 
interferences in reciprocal space of the inverted retina is an ideal candidate for taking 
over these functionalities. Interference optics acquires its most complex and at the same 
time harmonic form in reciprocal space.  
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The analysis of object details by means of the 
saccades of the eye… 

Saccades of the eye lead from the mono-polar to the multi-polar analysis of objects. 
Simple geometric shapes such as triangles or quadrangles are perceivable ‘at one 
glance’, even without object fixation in vision. More complicated objects can be roughly 
classified in the low-frequency net of the peripheral retina (a dog is recognizable as a 
‘dog’); however, for the more precise differentiation of the breed, a series of saccades 
has to result in so-called ,regions of interest’ on the object, on the head, legs, ears, and 
tail. In this case, as illustrated in Figure 9.20, in the temporal sequence of monopolarly 
centered analyses, a more precise multipolarly processing is possible, which makes the 
more exact object classification or the individual object identification possible. The 
transition to the multi-polar analysis of objects thus entails a temporal chain of saccade 
leaps on the surface of an object, the results of which are integrated into the memory.  

 

Fig. 9.20: Multipolar saccadic object analysis of a dog in the polar net of the retina. 

By means of targeted learning of scanning strategies (saccade sequences) a result is 
achieved very quickly. The knowledge about the world of objects increases and becomes 
more precise using the targeted saccadic information processing. With the saccade-
strategy a sequential information processing is added to the parallel optical image 
processing. The question about a possible “type of connection of simultaneous and 
successive order” [130, p. 237] in visual perception therefore remains without a 
conclusive answer. It is important to find out where the “interface is to be found, where 
a transition from a parallel to a sequential information processing occurs; how the brain 
actually does this… The human brain perceives an identity and saves it over time” 
[282]. And it completes it and differentiates it in time.  

The multi-modal perception of objects by means of several senses provides the 
object classification and identification with an even wider basis for decision-making. 
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Because a dog will also be distinguished from cats and other types of animals 
acoustically and haptically by the way it barks, greets, moves, by the type of its fur, etc. 
The experience of looking more closely promotes the development of hierarchies of 
terms and secondary terms, which are already developed pre-linguistically; during a 
lifetime however, the experience of seeing a specimen, which has never been seen 
before, for which neither a term nor a name has been developed is also possible. In order 
to perceive it as a unique individual, one needs to deal with it for a longer period. The 
unique ‘optical melody’ of the visible objects has to be worked out on the objects 
themselves. Hearing does this in its own way.  

9.9.  The Acoustic Melody as an Invariant in Human Hearing 

Melodies are the actual constants in acoustics. They are invariant, because they 
remain constant in spite of a different composition of their parts. A melody is an 
organically structured whole. In hearing, the melody has a temporal progression with its 
own rhythm. It has a sense of direction in the tone-space, has intervals and distances as 
relations between its parts, comprises tone relations and tone differences. As a whole, it 
is transferable into different keys. By means of an analysis of the melody, its 
explication, individual elements such as the tones with their frequencies, volumes, 
acoustic colors and other qualities become determinable as those elements, from which 
the melody is assembled into the particular whole. The invariant whole is then always 
more than and different to the sum of its parts. Its description is generally effected in the 
time-frequency range [114]. Gabor [122] emphasized: “Hitherto communication theory 
was based on two alternative methods of signal analysis. One is the description of the 
signal as a function of time; the other is Fourier analysis. Both are idealizations, as the 
first method operates with sharply defined instants of time, the second with infinite 
wave-trains of rigorously defined frequencies. But our everyday experiences – 
especially our auditory sensations – insist on a description in terms of both time and 
frequency”. The ear executes the Fourier analysis of the acoustic sound waves on a 
depth distance in the space of the inner ear. In this, it develops the amplitudes present in 
the interference pattern of the sound and its energy-weights squared on the central 
longitudinal membrane in the inner ear, the resonating body of the frequency range for 
several octaves. This analysis of the frequency range is the basis for a further resonatory 
cortical processing of the information about the sources of the sound and their sound 
reflecting and diffracting environment [159, 309, 386]. 

Figure 9.21 shows the typical song of the whale in the time-frequency diagram. In 
the vertical, the progression of signals in time has been entered and in the horizontal, the 
varied mixtures of frequencies, which occur with changing amplitudes and intensities, 
are represented. Since only the relations matter, this melody can be transferred 
arbitrarily into another frequency range and in doing so retain its identity. The essential 
message depends on the total of the relations, which transports the melody.  

The acoustic melody as a time-frequency structure is useful for the classification of 
the causal sound sources. If a melody is identified as the song of a particular bird or as 
the sound figure of a definable type of car, then the object becomes identifiable as a 
‘blackbird’ or a ‘nightingale’, as a ‘Porsche’ or a ‘Mustang’. The more frequently a 
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melody is repeated, the more it is recognized as being typical and it is classified into a 
class of occurrences. At the same time, it is distinguished from other typical repeating 
melodies.  

 

Fig. 9.21: Time-frequency diagram of a whale song. [69, p. 72, Fig. 5.1] 

For object identification, a stronger inclusion of and attention to the variations in 
the elements of the melody is required. Then it can be determined whether it is more 
specifically the song of a female blackbird, that of a particularly young nightingale, or 
the sound of a Porsche model of a particular series. For the individualization of the 
sound sources, object identification requires finer analyses than object classification. 
This is also valid in vision.  

9.10.  From the (Log‐) Polar Shape Analysis to the Melody of a 
Visible Object: the Harmonic Pythagoras’ Analysis of the 
Visible 

The grating-optical or neuronal, Cartesian or (log-) polar, shape analysis of visible 
objects in specifically structured nets serves the perception of the ‘melodies’ of these 
objects. The melody of an object becomes available, when it is perceived as a whole, is 
available separated from other objects or from the background, and is perceived polarly 
centered in a grating net. The grating optical correlator in the eye guarantees all of this at 
the image location of each object or on this itself.  

Cortical nets are harmonic Pythagorean analyzers…  

In the retina and in the cortex, neuronal nets constitute the basis of the software 
information processing. The cellular layers of the retina of the eye as diffractive-optical 
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gratings constitute a cortical hardware component. Quadrangular and hexagonal net 
shapes are suitable as harmonic Pythagorean analyzers. Not all net geometries have a 
concentric order towards a central pole or a central-perspectival order. Figure 9.22 
shows a quadrangular net, in which with radius r = 1 in the innermost circle, a concentric 

sequence of radii ,2²1²12 r  ,43 r  ,5²2²14 r  

822 22
5 r  etc. results. In the Cartesian coordinate system, the radii are the 

hypotenuses of right triangles. In Pythagoras‘ theorem with 
22

yx ggr  they 

constitute the root of the sum of the areas squared above the catheti of the determining 
triangles and they correspond to a logarithmic series.  

 

Fig. 9.22: Logarithmic metrics of the circle radii (marked red) in the quadrangular net. 

The eye has ‚music‘ in the shape of 
‘Pythagorean harmonics‘… [137, 138]. 

Cortical filter nets were described by Glezer [137, 138] amongst others in the visual 
cortex. They were localized as ‚patchwise or piecewise spatial frequency filters‘  in V1 
and in particular in the ITC (Infero Temporal Cortex). In the spatial frequency filtering 
they process the object shape in vision with the ‘harmonics of Pythagorean geometry’: 
”The organization of neural connections is highly ordered. Despite the apparent 
randomness seen in anatomical preparations, the main functional parameters of neural 
connections can be described in harmonic Pythagorean terms” [138, p. XVI]. With its 

1: 2 : 4 : 8 : 16 – periodicity (it probably ought to be expressed completely as  

1 : 2 : 4 : 5 : 8 : 9 : 10 : 13 : 16  etc.), in their object analysis localized in 
the ,simple cells’ of V1, they follow the logarithmic metrics of the root functions 
described by the hypotenuses in Pythagoras’ theorem (Figure 9.23). 
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Fig. 9.23: Local cortical spatial frequency filter with harmonics, which, as a root function, have a 
logarithmic metrics of fundamental waves and harmonics. The radii, which are described in the Cartesian x, 

y coordinate net (top), are similarly describable in the (log-) polar coordinate system (below)  
[138, Fig. 3.8, p. 72] © 2013 with permission of Copyright Clearance Center, Danvers MA, with kind 

permission from Taylor and Francis Group LLC Books. 

Pythagoras’ theorem in the hexagonal net… 

In the hexagonal net in Figure 9.24 the radii of the circles also follow a logarithmic 

periodicity of the root function of 1: 3 : 4 : 7 : 9 etc. in the Pythagoras’ theorem. 
The smallest circle R1 provides the necessary area for the perception of a point-like 
object in the peak of the visus-curve.  

In the shape analysis of objects, the eye and the ear can produce ‘standing’ or 
‘running’ interferences with a wide range of fundamental waves and harmonics by 
means of diffraction of the wave fields. The fact that this is the case in the RGB-spectral 
analysis of the visible was already shown in Chapter 6. Correspondingly, an object 
centered polarly in a hexagonal grating can be determined as a whole and in all its 
structural elements by means of an infinite chain of Cos-amplitudes and Cos²-weights in 
fundamental waves and harmonics in Pythagoras’ theorem. The fact that Pythagoras’ 
theorem can include a multitude of dimensions was expressed by Maor [285] for 
acoustics: “Nothing prevents us from working in an infinitely many dimensional space. 
However, if our infinitely many dimensional box is to preserve any semblance to an 
ordinary box, we ought to be able to find the length of its space diagonal. Assuming the 
Pythagorean theorem to be valid in this space, the length of the diagonal is given by the 

formula d = ...2
3

2
2

2
1  xxx . Of course, for this formula to make any sense at all, 

the sum of squares under the radical sign must have a finite value – it must converge“ 
[285, p. 137].  
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Fig. 9.24: Metrics of the root functions (non-linear logarithmic metrics with 1 : 3  : 4  : 7 : 

9 etc.) in the radii of the circles of hexagonal nets. Whatever applies in acoustics and in  spectral space-
grating optics, also determines the grating-optical image processing…  

Temporal coincidence power spectra of the 
visible with Cos-amplitudes and Cos²-intensity 
weights…  

Also in optics, melodies are the actual invariants in the shape analysis of objects. 
Since optics is based on a parallel processing of the visible, an object-specific 
constellation of Cos²-weights of the spatial fundamental waves and harmonics in 
Pythagoras’ theorem for the angles of 0 – 360 degrees takes the place of the time-
frequency-diagram in acoustics for the polar-related shape of an object and its details. 
The harmonic object analysis in the retina takes place at any diffraction image of an 
object in Fresnel-space, covered by the particular ‘global’ optical column of the object. 
In different retina zones, it is only concerned with the image of the object meeting 
differently sized mashes of the spatial frequency filter.  

The harmonic object analysis is responsible 
for the music in vision… 

The ‘optical melodies’ are the correlates of the objects. The diffractive-optical 
harmonic object analysis provides the clarity in the fundamental waves in the hexagonal 
net, that a bird is a bird and a blackbird is not a pigeon. The fundamental waves 
ascertain the shape of the whole object centered in the ‘global optical column’; the 
harmonics analyze the detail structures within the object and complement the rough 
image with information about the local structure and texture, so that a blackbird can be 
distinguished clearly from a starling, a pigeon immediately from a green woodpecker. 
The missing total structure of an object, e.g. a face shown in profile in the scatter 
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diagram of a search image, can therefore at times also be constructed from a multitude 
of detail structures by just adding the missing fundamental waves as a complement. 
Figure 9.25 shows a typical optical search image of this kind. 

 

Fig. 9.25: A search image, in which a facial profile is constructed as a coherent, centered and spatially 
arranged whole from a group of initially separately ascertained planar detailed structures. In this process, the 
multitude of harmonics of the details are again related and arranged and the missing fundamental waves are 

complemented in the ‘global optical column’, which binds the constructed whole together.  

Imaging optics together with diffractive 
optics guarantee, what is missing… 

The examples and explanations demonstrate that the hardware construction of the 
inverted retina meets all the requirements necessary for an optical pre-processing for the 
purpose of object classification and identification. Each object is optically held together 
in a ‘global column’, separated from other objects in the 3D-depth map by means of the 
optical figure-ground separation and invariantly perceived in the centering at its image 
location in the hexagonal net in the (log-) polar coding. These decisive services can only 
be provided by a combination of imaging optics and diffractive optics. What is finally 
missing then is the clarification and exact description of the oscillations in the space-
grating nets, which transform the optical 3D-depth map into neuronal 3D-data by means 
of object-specific resonances without any loss of information.  

9.11.  The Differentiation Between Object‐categories in Hearing  
and in Vision 

The multiple dimensions of the feature vector 
in the correlation matrix… 

The decision about the similarity of object shapes within a category is as little 
sufficient in vision as in hearing. Furthermore, it is necessary to succeed in isolating 



9. Object Classification and Object Identification in Vision 

 349

shapes from different object categories from each other. The fact that even the monkey 
brain is able to perform this was described by Meier [296]. Triangles and quadrangles 
constitute optical clusters or object and concept families, which are characterized by 
their different optical melodies by means of the negative correlations of their 
parameters. In the same way, cats are distinguished from dogs or cars from birds.  
The feature vector in the polar correlation matrix serves the separation of the object 
clusters. The more dimensions a feature vector has, the more differentiated the object 
classes can be separated; if there are overlappings in the correlation histogram between 
the populations of two classes, it can in individual cases result that a cat initially 
becomes misclassified as a dog, or that a man for a short moment is mistaking “his wife 
for a hat” [387].  

How hearing develops clusters… and separates them…  

If typical acoustic melodies alternate in time, they cluster themselves as it were in 
the bottom-up-process. This is demonstrated in Figure 9.26, which is based on the 
recording of acoustic melodies in the two frequency ranges 5 and 20 kHz in wind and 
rain directly under the surface of the ocean. In this, the clustering determines some 
typical constellations (drizzle, rain, extreme rain) using the statistical typifying analysis 
of the global weather.  

 

Fig. 9.26: Under-water cluster during wind and typical types of rain; acoustic weather classification by 
means of segmentation and comparison of the volumes in under-water ranges at 5 kHz and 20 kHz  

(dB = decibel). The differently colored scatter diagrams correlate negatively with each other, thus showing 
different classes of events (drizzle, rain, extreme rain, etc.) in the correlation histogram. [330]  

© 2013 with permission of J. A. Nystuen, Washington US. 

Just image, as a final example, a blind person sitting at a traffic circle and listening 
attentively to the cars passing occasionally for a short time. After some training, he or 
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she will be able to distinguish a car from a motor-bike or from a bus with high accuracy. 
Here also, the rough invariant acoustic melodies ascertainable in typical time-frequency 
diagrams sort themselves into clusters. Only a closer analysis of the fine details in the 
melodies will make it possible to distinguish a Porsche from a VW Beetle or from a 
Mercedes 200 and to classify objects not only in an abstracting manner, but to identify 
them more individually in their sub-groups. Diffractive hearing succeeds in listening 
more precisely, thus to better resolve a mixture of different frequencies. “Sound waves 
that come from different directions in space are differently scattered by the listener’s 
outer ears, head, shoulders, and upper torso. The scattering leads to an acoustical 
filtering of the signals at left and right ears” [158].  

The optical differentiation of clusters or object classes 

Wherever it is not sure in vision, whether something is one thing or another, it only 
helps to look more closely. The harmonic object analysis in the retinal spatial frequency 
net, the spectral RGB transformation in the retinal space-grating and the local 
orientation and distance-specific data entail, that vision has a feature vector with 
considerably more dimensions than hearing. It looks really bad in camera technology, 
which only has three RGB parameters with its pixel CCDs, and which can make 
absolutely no statements about WHAT something visible is.  

Vision has RGB data, local distance and orientation values and optical melodies of 
the visual objects, which are analyzed with low, medium or high frequency; thus it has a 
multi-dimensional classification feature vector. The invariant ascertainment of objects 
belonging to a common object class succeeds by means of auto-correlations. By means 
of cross-correlations between different feature combinations in the histogram, vision 
also succeeds in a sublime manner in separating object classes and correspondingly with 
training to differentiate increasingly more finely. With this device, the visual system 
acquires the knowledge of meaning, thus the answer to the question, WHAT something 
visible actually is. The same device generally guarantees the accurate and quick 
recognition of objects which have been classified or identified before. The linguistic 
meaning of distinct object-classes (dog or bird) then represents, just as the finding of a 
name for different objects of the same class (terrier or saluki, sparrow or robin), the 
result of an early and continuous life-long training of the harmonic analysis on the 
objects. The world of the optically visible objects is mostly ordered automatically by 
means of correlations in the bottom-up process. 

The progress in the technical optical object classification (65) has in the coherent 
light with wedge-ring methods based on the FT²-power spectrum and multilayer NNs 
etc. become part of the repertoire of intelligent signal processing. The division 
measurement of the Euclidian distance is applied in the comparison of the parameter 
theorems in Reitboeck [370] and Li [264] in order to calculate the similarity correlation 
of objects in polar coordinates, size, orientation, and shift invariantly. However, the 
smarter diffractive-optical image pre-processing methods which are replaced tediously 
and often very elegantly by software developments, are still missing to a large extent. 
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9.12.  Object Identification Succeeds Best in Fixating Vision, Object 
Classification in Non‐fixating Vision 

The focusing on an object is a kind of “optimization or acute imaging of the 
texture“ of the object [130, p. 169]. The fixation of a visual object does not mean, that it 
must be fixated in its center or in its center of gravity, as in the example of the arrow in 
the 2D-image by Ramon y Cajal. It would also be disastrous if the objects were to lose 
their intensity, as soon as we turn our view away from them and they were only imaged 
at the edge of the visual field. This is not so; a dog remains a dog, a car remains a car for 
as long as they are both visible in any way. They only lose their individual specific 
identity if our eye images them on rough-mesh retina areas. However, they regain it 
immediately, when we look at it fixatingly. Then a dog immediately becomes a ‘Collie’ 
again and a car again a ‘Ferrari’. The constancy of the meaning of the objects is the rule. 
Each object generally remains the same thing, no matter, whether something appears in 
light-dark or in RGB colors, whether we focus it or not, whether it is far away or directly 
in front of the eye, whether it appears in familiar or strange surroundings. And it also 
remains roughly classifiable if it is imaged on the peripheral retina and we do not fixate 
it in a targeted manner with our view.  

The fixating vision, which succeeds with the optical imaging of the visual object on 
the central area of the retina, (in daylight as in twilight vision), is the basis for a secure 
object identification, because only by means of a high-frequency filtering, the individual 
particularities of a visual object are perceived. This succeeds in daylight vision in the 
environment of the fovea with the highest attainable visus-values, in twilight vision in 
the environment of the fovea and papilla, thus in the zone of the most acute rod vision 
with a lower lateral resolution of the object details. In these central retina areas, e.g. in 
“face-selective areas”, preferably human faces are identified; in peripheral areas in 
rather “place-selective areas”, buildings and more roughly structured objects are 
classified [200, p. 455; 262, p. 533]. For as long as initially peripherally perceived 
objects in vision are not fixated by means of looking at them actively, they escape the 
breaking up into four quadrants, the fate of centrally fixated objects. And in this way, the 
direct reference to the body’s own coordinate system.  

This way of construction of the visual apparatus corresponds to the increasing 
motivation of intelligent vision for the purpose of object identification, for the extension 
of the maximum of information, the individualization of knowledge in vision. It results 
in the fact that central vision in the visual cortical centers covers a considerably larger 
area in comparison with peripheral vision. The competitiveness in the more precise 
identification of objects must also have been a fitness-characteristic with a high survival 
value in phylogenesis. In this, it is important to provide a quick answer to the question 
WHERE something visible is and WHAT it is basically or specifically, quite early in the 
chain of information processing. A lot does not have to be answered by the brain, but 
can already be answered by the eye, in vision, directly on the objects.  
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9.13.  The Correlate of the Visible in the Eye 

Standing or running Fresnel-interference fields in the reciprocal grating-space of 
the inverted retina with its object-specific patterns of the Cos²-maxima constitute the 
correlate of the visible world in the eye. For an object, which is always perceived as a 
whole and separated in image space, centered, coded (log-) polarly and miniaturized, the 
Fresnel-interference optics represents the missing link, by means of which the optical 
and neuronal processing of the visible are linked directly in the space-grating resonator 
of the inverted retina. Optical and neuronal image processing are procedures which are 
linked with each other. However, it is the grating-optical correlator, which makes the 
eye an adaptively tuneable optical resonator with its wide performance range: in RGB 
vision, in the spatial frequency filtering, in the monocular 3D-depth map and in the 
search for the ‘melodies’ of the objects for the classification and identification  
of the visible.  
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Summary 

Optics is back…, it still has a serious say in vision… 

The interpretation of human vision up today is based on a camera-like optical 
hardware design in the eye and on a stepwise and hierarchically layered neuronal 
software processing along the central visual pathway (retina, CGL and V1) and in other 
cortical visual centers. The hardware in the eye in this interpretation consists of a 
geometrical-optical lens-pupil system imaging the visible onto a flat CCD-like 
photoreceptor matrix with monotonously distributed photoreceptors (RGB-cones in 
daylight and rods in scotopic vision). The 3rd dimension of the visible in monocular 
vision is lost from the very start on. All structuring and intelligent processing of visual 
information is attributed to the neuronal processing: the spatial frequency filtering, the 
centering of an object as a whole, the figure-ground separation, the reconstruction of the 
3rd dimension, the RGB-chromatic adaptation to illuminants to reach color constancy, 
the (log-)polar coding for object classification or identification etc.  

Contrary to this classical camera-like interpretation of human vision new insights 
into the optical image processing become available, when the micro-structured cellular 
gratings in aperture and image space of the human eye and their diffractive interference-
optical functionalities are considered in the hardware of the eye, supported by the 
hardware-structure of the central visual pathway between the eye and the cortical visual 
center V1. In Chapters 2 - 9 the main interdisciplinary aspects of this new interpretation 
of the optical hardware are described, showing that the ‘inverted’ human retina has a 
key-function in an eye’s cortical design and that the grating- and space-grating based 
diffractive Fresnel-interference optics assume intelligent functions: the spatial frequency 
filtering, the figure-ground separation and the dealing with the 3rd dimension, the space-
grating diffractive-optical RGB-transformation, the processing of chromatic adaptation 
to illuminants, the centering of an object as a whole, the (log-)polar coding for object 
classification or identification etc.; the eye through modern micro- and nano-optics is 
given back a great part of the intelligent functionalities up today exclusively attributed to 
the neuronal software processing.    

Chapter 2: The prenatal development of the eyes and the central visual pathway 

 During the 9 months before birth a cortical cellular layer is invaginated into the optic 
cup of the eye and develops the three nuclear layers in the ‘inverted’ human retina, 
the biaxial structure of the inner eye, the bipolar centering at Papilla and Fovea, the 
centripetal optic nerve running out of the eye, the photoreceptor array of cones and 
rods with their nano-antennae growing out into the near-field behind the retina. At 
least the central visual pathway with its optical nerve crossing on its way to CGL and 
V1 (cortical visual centers) dissects the image of the fixated object into quadrants, 
relates them to the body’s orthogonal coordinate system and after layer-by-layer 
information processing integrates the visual data in binocular fusion at V1. The 
‘inverted’ human retina is interpreted as a targeted cortical design of the micro- and 
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nano-hardware in the eye and as a revolutionary step in the development of the 
hardware in human vision.  

Chapter 3: Diffraction and Interference of light; Information in diffraction images 

 The three nuclear layers of the inverted retina are interpreted as diffractive-optical 
cellular gratings producing near-field Fresnel-diffraction patterns in reciprocal 
grating space, therefore guaranteeing local information about seen objects. This is in 
contrast to Fraunhofer-diffraction in the far-field of optical gratings offering global 
information about visible scenes. 

Chapter 4: Spatial frequency filtering in the grating-optical correlator of the eye 

 The inner nuclear layer INL of the inverted retina is interpreted as a spatial frequency 
filter, based on the histological distribution of ganglion cell bodies in retinal zones. It 
guarantees the visual acuity data with high spatial frequencies in central retinal zones 
and with low spatial frequencies in peripheral zones.  

Chapter 5: The monocular 3D-depth map in the eye 

 The grating-optical correlator of the inverted retina with the combined INL inner and 
MNL middle nuclear layers provides monocular 3D-depth information about object 
space. The geometrical optical system furnishes object-specific image planes and the 
Fresnel diffraction optics miniaturizes the optical range map available in reciprocal 
space, provided at fractional Talbot-Fresnel interference planes and processed by 
‘phase retrieval’- and similar techniques in Fresnel-space. 

Chapter 6: Spectral space-grating optics in the diffractive-optical correlator of the 
human eye 

 The ONL outer nuclear layer with the hexagonally densest packed cell bodies of the 
photoreceptors is interpreted as a three-dimensional space-grating optically 
transforming incoming light into three RGB-diffraction orders with peaks at 559, 537 
and 447 nm corresponding to the peaks of the spectral sensitivity curves of the photo-
pigments in photopic vision and to the peak at 512 nm in scotopic vision. The von-
Laue- and the reciprocal von-Laue-Equation well-known from Crystal-Optics 
mathematically describe the light-double-cone transformations in the visible 
spectrum. 

Chapter 7: Space-gratings in aperture and image space of optics: new insights into  
RGB-based achromatic and color vision, opponent colors, color constancy,  
Purkinje-shift and Bezold-Brücke phenomenon 

 The diffractive-optical RGB-transformation explains results obtained by E. Land’s 
Retinex experiments (the relation of local RGB-data to the global RGB-data of the 
overall illumination) and allows a new interpretation and better understanding of 
visual phenomena like paradoxically colored shadows in twilight, adaptation to 
colored lights with color constancy performance, the adaptive Purkinje-shift between 
photopic and scotopic vision and the relation of brightness and color in the Bezold-
Brücke phenomenon. 
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Chapter 8: The grating-optical layered pre-processing of the visible in global and 
local optical columns 

 The diffractive grating-optical image preprocessing in the inverted human retina 
clearly structures image space into ‘global’ optical columns processing a seen object 
as a whole (the appropriate solution to the ‘binding’ problem) and in ‘local’ optical 
columns or meta-pixels including all optically transmitted information about local 
aspects of seen objects (brightness, RGB-color, distance of objects, oriented form and 
texture structures etc.). The optical multilayer-preprocessing of images in the 
inverted retina allows a new correlation with the well documented multilayer data 
processing in associative layers of the retina, in CGL and in V1. 

Chapter 9: Object classification and object identification in vision 

 In the grating-optical structure of the inverted retina each visible object is analyzed at 
its image position by the object-specific local centering and (log-) polar coding in the 
hexagonal net in its scale-, orientation- and shift-invariant features. The optical (log-) 
polar coding helpfully prepares classification and identification of objects, to answer 
the question about WHAT an object represents generically or specifically. 

In summary the diffractive interference-optical approach to human vision illustrates 
with the diffractive-optical layer-by-layer processing in nuclear retinal layers, the 
hardware structure of the ‘inverted’ retina and of the central visual pathway with its 
neuronal layer-by-layer processing, how intelligent functionalities can be guaranteed in 
early vision, too often and too quickly in science up today attributed to the cortex alone. 
More than ever a new interpretation of human vision appears realistic: that we see the 
world by looking from V1 through the fully transparent and therefore invisible 
multilayer reticle of the hardware of the eyes and their central visual pathway onto the 
visible objects. This is the main reason because we are seeing brightness and color, 
structure and distance of objects, WHERE and WHAT these objects are, at the objects 
themselves and not at their images or their traces in the cortex. Not only the visual field 
becomes miniaturized to 9 cm² on the retina, but also the 3rd dimension of the visible 
world is reduced to 50 µm in the Fresnel near-field behind the retina, the visible 
spectrum is optically reduced to three RGB-diffraction orders and last but not least the 
seen objects by (log-)polar processing in the hexagonal retinal net are compressed onto 
their invariant prototype-like optical melodies. 

This novel interpretation of human vision can also make a modest contribution to 
the body/mind problem as discussed at the Symposium “TurmderSinne” from October 4 
to 6, 2013 in Nürnberg-Fürth with the title “Consciousness – Self – Ego, Brain Research 
and the Subjective”. Without in their macro, micro and nano hardware well structured 
sense organs there is probably not any conscious ego-centered experiencing in the brain. 
The central perspective hardware in the eyes, the centering of the visual pathway to the 
main cortical axis and their reference to the body’s own coordinate system together 
guarantee a basic hardware structure for ego- and self-organization at the development 
of consciousness and of thinking, mainly trained in vision. Therefore there cannot be 
any unstructured neuronal data clouds in the brains of living creatures at conscious 
cognitive activity, put forward by some prominent speakers (Ch. Koch, R. Singer). This 
may be different at dreaming, at anesthesia or similar conditions connected to closed 
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eyes. Vision always leads to the perception of related and correlated data, e.g. between 
local and global data, which express the actual psychological facts, with which the brain 
deals. For the same reason, the brain should not be dealt with without its intelligent 
sense organs and their hardware, which are temporally developed prior to any 
structuring of the cortex.  

Even if parts of the presentation and of the modeling of a future-generation retinal 
implant are inevitably incomplete and therefore have to be supplemented or corrected in 
the future, the inter-disciplinary compact description of the interference-optical 
information pre-processing at the interfaces between eye and brain, between wave-
optical and neuronal image processing, provides a contribution of modern optics to brain 
research. In this, the same is valid in a similar way as it was for Hubel & Wiesel  
60 years ago, something they reported themselves and what they were reproached for in 
a not quite unjustified manner: “In the visual cortex we had little competition for about 
ten years, perhaps because it was generally felt that our type of work was too arduous, or 
perhaps because it was assumed that you had to understand the retina perfectly before 
going more centrally…” [183, Epilogue, p. 706]. Micro- and Nano-Optics as key 
technologies of the 21st century are qualified to rehabilitate the eye in human vision. 

A concrete practical application to the problem of prevention of myopia in human 
vision will be described in the Appendix. 
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Epilogue 

Five short topics are to constitute the final chapter of this book. 

 How the visible world gets into the head… 

 What in human vision holds the world together in its innermost… 

 What retina implant is technically due next as a solution… 

 What the grating-optical correlator and diffractive interference optics contribute 
to our experiencing reality…  

 How long the pathway of learning in vision, the comprehension and naming of 
the objects takes… 

How the Visible World Gets into the Head … 

Miniaturization of the visible by means of 
optical hardware opens the access to the brain… 

Imaging optics in the eye diminishes the visible in the visual field to an image area 
of approximately 9cm² and a space depth of approximately 50 µm. Hardware and 
software of the retina reduce the information available to the 6 million cones and  
110 million rods, grouped optically in local meta-pixels, to approximately one million 
optic nerves leading from the eye to the brain. The visible spectrum with a wavelength 
octave is reduced grating-optically to three RGB diffraction orders. The visible objects 
are condensed in the hexagonal net by means of (log-) polar coding into their invariant 
prototype miniature. The miniaturization of the visible in all of its dimensions is 
necessary because the language used by the brain is a micro- and nanoscopic one.  

What in Human Vision Holds the World Together in its Innermost… 

Resonance of matter and mind binds the 
living together. 

The correlation of hardware and radiation, of matter and light, of body and mind, 
succeeds in human vision through the phenomenon of optical resonance. In this, the 
macro-, micro- and nanoscopic bio-engineering of the hardware and the wave character 
of light are of importance. Resonances of light in optical gratings and space-gratings can 
already be transformed in image-space of the eye into oscillations in the neuronal nets. 
A large part of this topic has not been researched. Resonances are short-term or long-
term states, in which physical dimensions and states of systems achieve a ‘harmonic 
connection’, a correlation to each other. In this, immaterial physical forces such as 
visible light or x-ray radiation generally require a material partner such as 
correspondingly structured gratings in order to achieve wave-optical resonance states. 
Resonances can wear on and off, can be composed of fundamental waves and 
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harmonics; they can break down and be destroyed by destructive interferences. By 
means of approximating its material structures to the dimension of the wavelength of 
light, diffractive optics succeeds in ‘stopping’ the light with its high velocity and to slow 
it down in running interferences to a time period which can be experienced by human 
beings. In this way, the eye can perceive the world of the visible as something stable and 
tangible. The optical hardware uses imaging and diffractive optics, develops cellular 
gratings and space-gratings as optical resonators and transformers, global and local 
optical columns, optical reticles and waveguide antennae. In this, it is complemented by 
optical equilibrium states at the regulation of brightness in the pupil, at the RGB 
transformation for the white norm in reciprocal grating space, at the accommodation in 
the optical swing of the 3D-depth map, and by means of axis-centered symmetry 
operations, which determine the processing of the visible from the fixated object via the 
crossing of the optical nerves to the cortical visual center V1.  

What makes people struggle against the resonator idea? It seems hard to accept that 
soul and mind carve out their infinitely variable and highly individual existence in vision 
and hearing to a large extent on the non-material basis of wave-optics and -acoustics. 
That, WHICH we experience, from love to hate, from thinking to feeling and imagining, 
of perception of oneself and of the strange, on this basis subjectivity achieves higher 
relevance than all the substantial. The fact that as opposed to the violinist with his 
instrument, we do not live separately as an artist and an instrument, but rather live in our 
material instrument itself, does not change the fact that standing and running 
interferences in vision and in hearing are suitable procedures for processing real 
occurrences, for imaging, diffracting, miniaturizing and thus for making them storable. 
Also many other technical or biological systems are based in an established manner on 
the resonance foundation.  

In physics, chemistry, biology and other scientific disciplines, periodic occurrences 
are observed and mathematically described as resonances. Many types of movement are 
mathematically interpreted as resonances. To remain in the ¼ or ⅔-beat, to run in a trot 
or a gallop always means that there are harmonics between the steps of part movements 
and the total rhythm: ½, ¼, ⅔ etc. are relations between integers and describe harmonic 
resonances. In a 4 : 2 : 1 resonance, the three Jupiter moons move on their 
spatiotemporal orbits because the period of the moon Ganymede (7.16 days) constitutes 
the period common to all three moons which orbit around the planet Jupiter. The moon 
Europe runs through the orbit in the same time twice and the moon IO four times  
[433, p. 37]. Earth and moon keep up a 1 : 1 resonance of rotation and orbit time, which 
is why the inhabitants of the earth never get to see the reverse side of the moon. Between 
the rotation and orbit time of the planet Mercury around the sun, there is a 2 : 3 
resonance, etc. [433, p. 37]. The explanatory model of the resonance development goes 
via the microscopic range into the nuclear range of the physical occurrence. In 1913, 
Nils Bohr discovered an elementary condition for the stability of the orbit of an electron 
orbiting an atomic nucleus. According to de Broglie (1892 – 1987), it was possible to 
explain it with the assumption that the wave correlated with the electron along its orbit 
has to satisfy a resonance condition; thus that the size of the orbit constitutes an integer 
multiple of the wavelength of the electron. This concept was accepted first by Einstein, 
to whom de Broglie’s thesis was sent for assessment [228]. W. Becker writes in the 
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introduction of the translation of de Broglie’s thesis [Untersuchungen zur 
Quantentheorie, Leipzig, Akademische Verlagsgesellschaft, 1927]: “The theory of 
relativity demands that to the steady motion of every single material point ought to be 
allocated the spread of a certain wave, whose phase expands in space with superluminal 
speed… The adaptation of this concept on the periodic movement of an electron in the 
Bohr atom results in expressing the quantum-theoretical stability conditions as a 
resonance of the wave along the orbit.” Max Planck’s completely new demand was the 
following: “The energy exchange between the resonators of the matter and the radiation 
only takes place in finite quanta, which are equal to hv (v = frequency), where h is a new 
universal constant… In this way, a type of energy atom, an energy quantum corresponds 
to each frequency”. In a lecture in Florence, which however was not included in the 
collection of his speeches [347], Max Planck emphasized: “As a physicist, therefore as a 
man who dedicated his whole life to the most austere science, namely to the research of 
matter, I am surely above suspicion of being taken for a shallow spirit. And therefore, 
after my research of the atom, I will tell you this: there is no matter as such! All matter 
comes into existence and only exists by means of one power, which puts the atomic 
parts into oscillations and binds them together to be the smallest solar system  
of the atom”.  

In acoustics, fundamental waves and harmonics are the oscillating measuring units 
which develop resonances. The tuned string of a violin provides the basis for all 
harmonics, which can be grasped by targeted fingering due to its length. An instrument, 
a piano, a guitar, etc. is tuned harmonically if the resonance steps are in relation 25 : 24. 
This tuning corresponds optimally to the resonance-specific way of construction of 
human hearing. In musical instruments, which as wind-instruments insist on the targeted 
partition of air columns, such as the flute, the trumpet, the saxophone, the oboe and 
others, resonance is built up by the hierarchy of integer wavelengths in the ,standing 
waves’ in the partitioned harmonics of the resonator column. The equations of the 
hollow space resonator are in many ways similar to the von-Laue and Bragg equations 
of space-grating optics. The total tuning of each musical instrument always provides the 
longest wave, the fundamental with the lowest frequency, even if it often constitutes 
only the virtual envelope of the wave and frequency phenomena and does not have to 
sound itself. In acoustics, the resonance theory contributed to the explanation of 
phenomena in human hearing. This can be seen in the explanation of the connections 
between intensity and pitch provided by Stevens [430]: "The change in pitch with 
intensity is due to the resonant characteristics of the ear". And: "The failure of pitch to 
exhibit a one-to-one correlation with frequency means, on the basis of a resonance 
theory of hearing, that the point of maximal stimulation on the basilar membrane, due to 
a given frequency, changes position with changes of intensity". In this, the localization 
of the resonance effect in the peripheral organ was emphasized: “It seems certain that 
one is correct in attributing the change of pitch to a peripheral mechanism and in 
particular to a change in the spatial pattern of excitation in the cochlea”.  

In optics, resonators are especially relevant in laser technology and interference 
optics because by means of reflection between mirrors multiple resonances can be 
achieved in white light resulting in the fact that only one single wavelength or ‘color’ 
leaves the resonator as a highly coherent wavelength. In grating-optics, Fresnel and 
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Fraunhofer diffraction phenomena constitute optical resonance phenomena [300,  
p. 251], which can harmonically be composed in the Fourier-analysis [45] from sine and 
cosine gratings. Similarly, diffractive crystal gratings and space-gratings are optical 
resonators in transmission or reflection in x-ray light or visible light. Especially Ewald 
[106] emphasized this aspect of the resonance ability in space-grating optics of the x-ray 
and the visible light; other authors of physics textbooks describe the light-like 
occurrence in von-Laue or Bragg interferences as resonances: “The Bragg reflection of a 
crystal with the stimulation of a characteristic frequency in the case of the turning of a 
crystal through the reflection position in the x-ray spectrometer can be compared with a 
change of the tuning of a receiver via a resonance frequency” (223, p. 133). In the case 
of opals and many other gemstones the color of the Bragg reflection depends on the 
resonance ability of the crystalline micro-structures in a particular space direction. Also 
nano-optics is dealing with resonances between light and material structures. In the 
annual report 2008 of the Fraunhofer Institute IOF in Jena, it says: ”In the case of nano 
colors of glass layers including grain of silver, the incident light causes the electrons 
locked in the silver islands to produce an oscillating electro-magnetic field with a 
coupling effect, which is responsible for the electrons to oscillate in a common mode. 
The resonance frequency and thus the color of the layer depend on the number and size 
of the islands in the electric host material. With an increasing temperature, the nano-
islands expand and the color changes correspondingly”. Butterflies also signal their 
presence to each other across a distance measuring many miles by means of the nano-
mirrors for light in their wings [22, 146]. The descriptions of grating-optical resonances 
are becoming increasingly numerous in the literature regarding diffractive optics [277, 
412, 477].  

The human sensory organs are resonators… 

For more than 100 years, the term resonance has been mentioned in discussions 
regarding human vision. In part, it lasts to this day; in part it was corrected by more 
profound knowledge. In 1922, Aigner [5, p. 21] emphasized in his article ‘Regarding the 
resonance theory of color vision’: “The mechanism of the human eye is only completely 
clarified regarding geometric optics, while a final physical optics is missing so far”. 
Aigner and Exner [99] developed a theory which attempted to interpret A. König’s 
spectral sensitivity curves as resonance curves. With this, the chemo-electrical 
transformation of light on the RGB photoreceptors was to be explained. Resonance as a 
frequency-dependent mechanism was then only known for energy absorption. However, 
Exner reaches the conclusion (5, p. 319): “It would be too early to already embark on 
speculations about a possible mechanism of the resonators due to unreliable figures“.  
E. Schrödinger [400, p. 482] also commented on this interpretation in connection with 
Exner’s calculations: “The resonance theory is in unison with all experiences on normal 
and abnormal eyes. The green-blindness e.g. is simply explained by the fact that in these 
persons, the electro-magnetic characteristics (characteristic frequency and attenuation) 
are equal to those of the normal red-resonators…”.  In the case of the blue curve, 
“merely a look at A. König’s curve shows that the characteristic frequency of the blue 
resonators has to be noticeably higher, their attenuation somewhat lower than that of the 
green resonators” (400, p. 482). The results regarding space-grating optics presented 
here are evidence for the possibility that the visual RGB color channels work in a ratio 
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559 nmR : 537 nmG : 447nmB, therefore with an R-fundamental wave and two G and B 
harmonics in a ratio of 25 : 24 : 20  and that many adaptive achievements succeed in a 
resonatory manner (Purkinje-Shift between cone and rod vision, the Bezold-Brücke-
phenomenon at different light intensity levels, the color constancy phenomenon with a 
resonatory adaptation to the spectral composition of illuminations, etc.). By means of the 
resonance ability, the visual organ succeeds to adapt to changes in the environment. The 
inner eye as a rotational ellipsoid is a macroscopic resonator; the cellular space-gratings 
are microscopic resonators and the outer segments of the photoreceptors are nanoscopic 
resonators.  

The optical correlator in the eye as a resonator…  

If, in vision, the simple light absorption model of the camera and CCD technology 
does not apply, but rather the model of information processing in the grating-optical 
diffractive correlator of the eye with its ‘inverted’ retina, then the resonance of the light 
in the cellular gratings and space-gratings is the connecting link, which holds together 
the visible world, subject and object, hardware and information, body and soul, in its 
innermost. By means of resonances, realities arise from correlations: „Whatever exists 
as reality for psychology is a product of inductive inference… These inferred realities of 
psychology are relations. A fact is a relation, and the simple basic fact in psychology is a 
correlation of a dependent variable upon an independent one” [35]. And a considerable 
part of thinking is based on vision: “If we can explain the process which determines the 
differential responses of the organism to the various physical stimuli, we have at the 
same time also explained the qualitative order which is the peculiar characteristic of 
mental phenomena” [162, p. 17]. Glezer was of the opinion: “Even the most elementary 
act of vision … may be regarded as an act of thinking. (138, p. VII) and “Vision is 
concrete thinking” [138, p. VIII]. 

On the basis of resonances there is no mysterious leap between the spiritual and the 
physical, but there is also no reason for the assumption “The soul is what the brain 
produces” [Uni-Forum of the University of Gießen/Germany, No.5, Dec. 17, 2003]. 
Already Emmanuel Kant warned: ”I would stick with general experience and say for the 
time being: Wherever I feel, I am. I am just as directly in the tip of a finger as in the 
head. It is I myself, who suffers at the heel as in the head. It is I myself, whose heart 
beats in the heat of passion. – No experience teaches me to keep some parts of my 
sensitivity away from me, to lock my indivisible I into a microscopically small place in 
the brain”. The complete organism of the human being is the resonating body, which is 
involved in seeing, feeling and thinking. Thus, Descartes’ concept of the dualism of the 
world in body and mind is not sustainable. Einstein also still held the “conviction of the 
possibility of a complete separation of the world in an objective and a subjective domain 
and the hypothesis that one had to be able to discuss the objective side in an 
unambiguous fashion. Quantum mechanics, however, could not meet these demands and 
it does not look, as if science could ever return to Einstein’s postulates” [164]. Therefore 
quantum optics has to concern itself with the explanation of resonances between two 
‘material’ partners far apart… 
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What in the Bio‐engineering of a Retina Implant of the Next 
Generations is Technically Due…  

Can one copy a human eye by a 
grating-optical correlator ? 

With the cochlea implant years ago, not only the reproduction of the inner ear was 
achieved, but with considerable practice, it also became possible to connect the brain 
with its acoustic processing levels to the implant. Therefore, the attempt is worthwhile to 
reproduce human sensory organs in an intelligent manner. Currently, epi- and sub-retinal 
implants are being developed and have already been implanted on a trial basis. With 
this, it was possible to connect the optic nerve to an electronic chip in order to pick up 
any irradiated information. Even just the ability to recognize rough object structures is a 
great gain for persons suffering from blindness in the central retina. The diffractive 
grating-optical correlator with its substantially extended performance could result in a 
retina implant of one of the next generations. It also applies to the eye: “We are at the 
beginning of a technological and scientific development, which will one day allow us to 
create artificial visual systems for the sensor and robot technology, which will function 
human-like” (Mark Greenlee at the opening of the 32nd European Conference on Visual 
Perception ECVP in 2009 at Regensburg/Germany). The combination of geometric and 
interference optics in the space-grating optical correlator of the eye leads the way in this 
development, but it still has to deal with some technical challenges. Part of these is 
above all the development of stable and immune-tolerant diffractive hexagonal phase 
and space-gratings with high diffraction efficiency in Fresnel-space. Furthermore, there 
is that of the hexagonal photoreceptor arrays with ‘chromatic nano antennae’. The 
conclusion drawn by Middleton & Sivaswamy [306, p. 196] regarding the comparison of 
quadrangular and hexagonal arrays for image processing is suitable to the hexagonal 
gratings: “Overall, the findings of our comparative study suggest that the impact of 
changing the sampling lattice from square to hexagonal on image processing is, by and 
large, quite positive”. Similar ideas are presented in Calvin [56]. The results in the 
BMBF-projects [32-34, 337-338] and in the NAMIROS-project [34], which were 
achieved in the polymer development and in the laser-optical inscription of space-
gratings in thick polymers, do not yet suffice. Optical antennae are a topic for optical 
communications engineering, which has sufficient models for this from other 
wavelength ranges. It is only with further developmental work that there is hope of 
improving the today existing implant solutions and of technically realizing the more 
complex signal processing. The production of hexagonal gratings with grating constants 
measuring 1 – 20 µm and of hierarchically combined gratings has by and large already 
been technically achieved [34, 501]. The Fresnel interference-optical results are 
currently of particular benefit to the monocular ‚phase-retrieval‘- 3D-depth map. The 
question, how the layered processing of optical information with three cellular gratings - 
with one space-grating for the RGB-spectral performance among them - can succeed 
requires a better clarification by means of suitable experiments. The knowledge of 
grating-optical resonators has to be deepened in a modern theory of gratings (Modern 
Theory of Gratings. Resonant Scattering. Analysis Techniques and Phenomena. Edts. 
Sirenko, Y. K., Ström St., Springer Series in Optical Sciences, 2010). The human eye 
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could then be better understood as an optical resonator with two perpendicularly 
oriented ellipsoids, comparable to a lossless electrical circuit in telecommunications 
engineering [E. Herter, W. Lörcher, Nachrichtentechnik 4/1987, Hanser-Verlag 
München-Wien, pp. 224-230].  

What the Grating‐optical Correlator and Diffractive interference 
Optics in the Eye Contribute to the Experiencing of Reality … 

“One only sees well with the heart. 
The essentials are invisible for the eye”. 
Antoine de Saint Exupéry [388]. 

There are a number of phenomena in human vision, which sometimes make one 
doubt the realistic reproduction of the visible world. The fact, that this is however also 
true for photography, which in this respect is considered to be incorruptible, was 
demonstrated using the example of the paradoxical colored shadows in twilight. The 
hues of these shadows are construed by the human eye and clearly seen on the 
corresponding surfaces in object space. But they cannot be photographed and also not 
photo-metered. They are realities in vision, but not in physics. Therefore, in vision, 
understanding the seemingly paradoxical by means of knowledge of the construction 
principles of the visual organ and in this way gaining an insight into the logic of some 
delusions may help in sorting out realities. Many other traps make the search of reality 
in vision a hard job. 

The visual world is instable: visible objects can lose their shape and thus lose their 
existence and become invisible despite open eyes. In the Museum of Science in 
Boston/USA there used to be or perhaps still is, a demonstrator, on which one initially 
recognizes an object on a flat display, which is similar to that in Figure 11.1. On four 
turning knobs marked in each case with R, G, and B and H (brightness), one can change 
the brightness separately for the figure and the environment.  

 

Fig. 11.1: An M-shaped colored or gray object on a colored or gray background  
(according to a model in the Museum of Science in Boston/MA). 
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Provided the object does not have independent achromatic or colored borderlines, 
but only shows brightness or RGB color differences to its environment, its shape is 
contrasted clearly from its environment. However, if one sets the object and the 
environment at the same RGB-values and the same brightness, then the object 
disappears without a trace; it no longer has a shape and can therefore no longer be 
perceived. 

If one sets the same RGB-values at different brightnesses, then the shape becomes 
visible again; the object gains certain independence as an object delimited in its 
brightness. The shape and the presence of the object are as a rule dependent on the 
contrast in RGB or in brightness between object and environment. For this same reason, 
objects such as a distant airplane in the blue sky, which are too small for the 
development of a local contrast in brightness or RGB, can hardly or not at all be 
perceived. The area covered by them is interference-optically just filled up or ‘flooded’ 
by the color or the brightness of the environment. The same happens, when we work 
with the peripheral retina zones in vision and in doing so, do not grant sufficient space in 
the spatial frequency filter to small objects which are immediately clearly perceivable in 
fixation, in order for them to be perceived independently. The change from the existence 
to the non-existence of objects takes place all the time in vision. We do not even miss 
the details ‘lost’ in peripheral vision because we ‘know’ that we can get them back by 
targeted fixation. The effect known as ‘filling in’ which can be explained interference-
optically plays a part in many observations and delusions.  

The visible world is unfinished: where no clear shape can be perceived, it must be 
constructively complemented. In cloud formations and in Rorschach test cards with the 
ink-blot pictures, in search pictures with hidden figures and many more the ability for 
visual construction is required [135].The individually different strategies of perception, 
of creative complementing and construction generally produce vivid phantasms. In 
constructivism and its production of subjective realities, creativity of design is 
developed just as the art is to “become unhappy” by means of misconstruing reality 
[473, 474]. 

A completely empty world without any structures either drives one into insanity or 
it makes blind: If in thick fog or in a dazzling white snow landscape there is nothing 
specific to be seen or e.g. in deprivation experiments in a space without contours, where 
an observer is left to himself for a longer time, he or she will have no other choice but to 
create phantasms or visions in order to not completely lose the orientation and go insane. 
The structured is an indispensable part of the ability to see. If the eye does not find such 
a world after birth, it not only degenerates, but its connections to the brain also stop 
functioning. Blindness can have exogenous as well as endogenous causes.  

Where others see something which we cannot see: Even just the description of a car 
accident by different witnesses proves that in certain situations they all see something 
different and disregard different details. In many such situations, we then begin doubting 
our eyes and ourselves. Sometimes we rather renounce than insist on our way of seeing 
things, because it is to be feared that others will consider us to be insane. “The term of 
insanity is not based on medical or psycho-pathological criteria, but on that of social 
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inability, the lack of intellectual comprehensibility and emotional empathy” [31, p. 122], 
therefore on the fact of being different and seeing differently.  

Where our eyes see something that others cannot see or do not want to see: 
Innovative and creative ideas are not welcome because they question the usual and 
deviate from it. It is only after death of the inventor, discoverer or artist, that as a rule his 
or her products are recognized as being valuable. The part of the lonely visionary is 
painful and hard to bear. In [473, p. 7] the psychological situation is described: “The 
shaky frame of everyday conceptions of reality is insane in the actual sense and we are 
continuously busy with mending and propping it up, even accepting the considerable 
danger of distorting facts so that they do not contradict our concept of reality, instead of 
adapting our view of the world to the undisputable facts… The belief that there is only 
one reality is the most dangerous of all self-delusions. On the contrary, there are 
innumerable concepts of reality, which can be very contradictory. They are the result of 
communication and not the reflection of eternal, objective truths”. Appearance and 
reality are the elements of the daily drama in the comedy of life… from Aristophanes to 
Pirandello [248]. Anyone who insists stubbornly on that, which only he sees, loses the 
ability for commonness and normality. 

Where thinking follows vision and where it contradicts it: The eye can reverse the 
view to the exterior in order to open the view to the interior. While vision looks for the 
concentration on the objects, the freedom of thinking leads to the partial or complete 
disengagement from them with the eyes open. Many facts of the interior are only visible 
in thinking. Opinions and verdicts regarding certain topics, just as the so-called 
knowledge, are hard-earned individual realities. They can teach the eye and make it look 
closer, but they can also as ideology or preconception make vision blind for reality. 
What is not to be, will also not become visible… 

What does not interest us, we also do not see: We live with a lot of white spots on 
the map of our vision and thinking. Anyone who is rich does not have to perceive the 
poverty of many; anyone, who does not have children, does not have to perceive their 
joy; anyone, who is not disabled, can lose sight of the blind and the deaf; anyone not 
interested in plants or animals, can be just as blind as some are for their fellow human 
beings. Out of sight, out of mind, is a bad motto.  

Where vision becomes an addiction: With the rapid increase in information 
possibilities, it suggests itself to become addicted to images and the internet early in life; 
when at certain ages, only the many trips, sightseeing or zapping from one TV channel 
to another keeps one awake, then the experienced world becomes a permanent movie 
theater. As a final consequence it is logical, that then in the Alzheimer disease a state is 
reached, where everything and everyone appears as new and first-time every day.  

The dangers and chances in vision are great. Not only the eye serves vision, from 
time to time, one sees better with the emotion, with the heart. Sometimes the brain and 
the mind think that they see more clearly than the eye and emotion. Therefore the life of 
the seeing is similar to the Odyssee. Scylla and Charybdis are lurking daily at the side of 
the road. The eye and its visual pathway offer freedom and independence from the 
visible objects, and provide the opportunity for a constructive or selective dealing with 
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the world in thinking, design and dreaming. Even though these dispositions which were 
developed mainly in vision, they keep ready the danger of the loss of reality.  

The Path of Learning in Vision, of Understanding and Naming  
of Objects is Long … 

Learning and forgetting, 
acquisition and release determine the 
circle of life… 

After birth, babies have wide-open pupils, as if they expected there to be very little 
light in the visible world. Fortunately this is not so, they have to learn to adapt the 
aperture of the pupil to the specific light intensities in a targeted manner in order to 
achieve stable brightness and contrast levels in the inner eye. Furthermore, vision has to 
register any kind of change in stimulus, regardless of whether we are dealing with 
changes in brightness, color, shape or distance of objects [14]. Since objects at different 
distances are visible simultaneously, the focusing of the eye on objects, the 
accommodation reflex has to be trained. Therefore it is sensible if mothers and fathers 
present objects within reach in front of a 3D—background. The targeted fixation of 
objects by means of saccades in the visual space has to be trained and learned. In this 
way, the reference of the visible to the body’s own coordinate system is trained. The eye 
as an equilibrium organ becomes particularly important in the case of the first attempts 
at walking upright. In daylight vision, it is important to develop the trichromatic RGB 
differentiation and to create the relations between the local RGB color and the global 
illumination due to which the colors of the objects remain relatively stable. The change 
from daylight to twilight vision can succeed gradually if the grating-optically adaptive 
Purkinje-shift with the re-centering of the inner eye takes place in a coordinated manner. 
If human vision is then increasingly faced with the question WHAT something visible 
is, then gradually the classification and the differentiating individualization of the visible 
have to succeed. Visual object classification, concept formation and linguistic naming 
are correlated in the development in early childhood. Progress in the classification of 
objects leads more and more from the general to the particular, from classification to 
differentiating object identification. Experiments with monkeys [196] showed that many 
animals have the ability for visual categorization. In hearing, similar complex learning 
processes are on the agenda [Merzenich, 303]. The extensive literature in the cognitive 
sciences [95, 175, 231, 306, 342, 429] regarding the concept formation in human vision 
proves that object classification is developed in the low and medium frequency range of 
the spatial frequency filter. The object identification complementary to it, which 
comprises the spatial relations to other objects as well as a detailed individual analysis of 
texture, color and shape of the object, is in turn guaranteed by high frequency spatial 
frequency filters in fixating vision. This is demonstrated in particular by the reaction 
time tests in the perception experiments [142, 236].  

Via the pre-lingual visual concept formation thinking and contemplating about what 
happened and the constructive dealing with the incompletely or only vaguely perceived 
commences. With the gradual acquisition of language, a first order is created in vision 



Epilogue 

 367

and thinking, with the acquisition of the grammar of one or several languages, the inner 
space of thinking and emotions is opened and ordered. Each decade in life has new 
challenges in store. Only by means of training, the corresponding visual abilities 
required for writing and reading, for understanding images, for a sure interpretation of 
the visible world and necessary for the orientation in it, can be acquired. Until these 
abilities are permitted to break down in old age and it remains humanly understandable, 
if the performance of vision and perception are waning.  

Finally, brain research is that discipline, which profits from a better understanding 
of vision, in the eye and in the central visual pathway. This book makes a contribution to 
this, one which is to encourage in adjudging a role to modern diffractive optics and in 
providing new impulses to interdisciplinary thinking. 
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Appendix 

Prevention of MYOPIA: the Eye Ought  
to Exercise the Use of the 3rd Dimension 
of the Visible at an Early Age...  

A child ought to be permitted to experience 
at an early age that the visible world is further 
than one’s own four walls… 

The correct way of learning to see succeeds if the eye not only learns the plain 
optical imaging of the visible as such, but also if it is able to actively use and 
successfully exercise the mechanism of fixation and focusing of visual objects inherent 
at birth and the accommodation to the distances of objects in three-dimensional space 
[7]. This is according to the principle: ’Whatever it is that you have inherited from your 
fathers, make it your own in order to possess it’. The gaze saccades into the depth of the 
three-dimensional space, the leaping of the view to objects at different distances are of 
decisive importance for the early development and life-long fitness of the visual organ. 
Therefore, the eye requires to use the third dimension of the world at an early age. 

A myopic person sees far-away objects 
indistinctly; the objects close to him he sees with 
normal acuteness [8]. 

The occurrence of myopia (short-sightedness) has still not been resolved 
sufficiently. The extent, to which myopia is increasing worldwide, is terrifying. 
“According to estimates made by the World health Organization (WHO) in the next 10 
years 2.5 billion people will be affected by myopia” [3, p. 16]. In searching for a 
remedy, “large-scale studies undertaken during the last few years have shown that 
children, who spend more time in the fresh air will develop myopia less often or will see 
it progress more slowly“ [1, 4]. The hypothesis that “bright daylight will increase the 
deep focus, which results in a more acute image and that by means of daylight more 
dopamine is released on the retina, which has an inhibitory affect on the growth of the 
length of the eye” is not sufficient for a successful counter measure. Scientists have 
proven that the daily time of reading, the distance of the text and intensive near-work 
facilitate the progression of myopia” and that “persons in urban regions are affected by 
myopia more often” [3, p. 57]. The more frequent going out into daylight is surely 
already a step in the right direction. However, the danger continues to persist that more 
and more people will have to rely on corrective glasses or contact lenses, only because 
they cannot successfully capture the world in the third dimension. 
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Two axes in each eye are responsible for the 
fixation of the visual objects. 

The fixation of objects is related to the alignment of the axes in the eye. Each eye 
has two axes [5]. In daylight vision it is the visual axis, which connects the fovea being 
the location with the most acute cone vision in the central area of the retina with the 
fixation point on the targeted object (Figure A.1, left). In twilight vision, this function is 
taken over by the mechanical axis of the eye with the ring-zone of the greatest rod 
density (zone of the most acute rod vision), which orbits the fovea and papilla in the 
central area of the retina (Figure A.1, right). In fixation, one spot on this ring zone will 
relate the central retina with the fixation point on the targeted object. In doing so, in 
comparison to daylight vision, we look slightly to the side of the object, when we  
target it.  

   

Fig. A.1: (Left) The two axes of each eye: the visual axis and the mechanical eye axis with angle α between 
the two axes. (Right) The central area of the retina with the Fovea (F), the location of sharpest daylight 
vision, which has the greatest density of cones [5], and the papilla (P), the place of exit of the optic nerve 
from the eye, which makes up the ‘blind spot’ in the eye and causes its lack of photoreceptors (right eye). 
The ring zone of the highest density of rods orbits both poles of the central retina [9, ring zone was marked 
by the author. The gray segments in the image are missing pieces of the retina preparation]. 

The mechanism of accommodation is responsible for providing the acute image of 
the particular fixated object present at different distances in the central area of the retina 
in the relevant image plane. The ring muscle of the ciliary body around the lens of the 
eye regulates the curvature of the eye lens with its holding fibers (Zonula- fibers) and 
thus also the refraction value of the optic. The fixation of an object and the 
accommodation at its distance take place under the influence, the stimulation and control 
of the central area of the retina. Both mechanisms are present in each individual eye and 
are therefore not only available binocularly, but also monocularly.  
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The Imaging Equation of Optics 

An object, which is approaching from a great 
distance, pushes the image plane in the eye 
further backwards… 

The imaging equation of optics in Figure A.2 describes the regular connection 
between the object distance g and image distance b depending on the anterior focal 
length f and the posterior focal length f’. In this simple form, it applies to a thin lens. 
With low modifications however it also applies to composite optical imaging systems 
such as the human eye.  

 

Fig. A.2: The optical imaging equation describes the relationship between object distance (g)  
and image distance (b) depending on the anterior focal length (f) and the posterior focal length (f’) of a lens. 

For the human eye, the equation generally describes the fact that, if g decreases, f’ 
decreases and b increases. As well as the fact, that in the case of approach of an object 
fixated by the eye from a distance of e.g. 100 m to 25 cm, the focal length f’ will 
decrease due to a stronger curvature of the lens and thus the image distance b in the eye 
will increase. If the imaging equation is extended by the refraction indices of the optical 
media, this process is described more precisely: 
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In the imaging equation the object distance g and the image distance b now depend 
on the optical focal lengths and the refractive indices, on 2fn and 1' nf . The refraction 

index anterior to the eye corresponds to the one in air with 1n  = 1; in the inner eye the 

overall refraction index is 2n = 1.336 [9, 10]. Therefore f/f‘= 1n / 2n with 1n < 2n  holds. 
It means that in the case of a fixation of e.g. an object at a distance of 5 m, with  
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f‘= 22.785 mm and f = 17.055 2n = 22.785 mm (f = 17.055 mm is the anterior focal 

length of the eye), both relations become equal (f’/f = 2n / 1n = 1.336). The object 
distance of g = 5m corresponds (with f‘ = 22,785 mm) to an image distance  
b = 22.889 mm and the imaging equation thus results as follows f 2n /g + f‘ 1n /b =  
= 22.785/5000 + 22.785/22.889 = 0.004557 + 0.995443 = 1. This corresponds to an 
equilibrium state in the ‘optical swing’ of the accommodation, comparable to a balance 
with arms of different lengths and with unequal weights. The ‚optical swing’, as 
illustrated in Figure A.3 represents an elongated rotational ellipsoid, whose focal points 
are the points F and F’ of optics; the object lies in the anterior pole, the subject – the 
fovea of the observer in daylight vision - in the posterior pole. It guarantees the balance 
between outer and inner optical events. The equilibrium state always occurs when the 
eye has successfully adjusted to a particular object distance. The object thereby is 
imaged acutely in an image plane at the central retina place of the most acute vision. 

 

Fig. A.3: The optical swing of the object fixation and accommodation in the eye in the case of an eye 
saccade from an object at a distance of 10 m to one at a distance of 5 m (O1 and O2 = objects at different 
distances, B1 and B2 = their particular image locations in the case of a successful accommodation. F and F‘ 
are the focal points of the imaging optics). Exterior measurements are in meters, interior ones in 
micrometers. A leap in fixation from 10 m to 5 m in object space results in a shift of the image distance by 
+52 µm backwards (the difference between b = 22.837 mm and 22.889 mm in Table A.2, Col. 2 and  
Table A.3, Col. 3), a leap in fixation from 5 m to 2 m results in a shift of the image distance by +159 µm 
(the difference between b = 22.889 and 23.048 mm in Table A.2, Col. 2 and Table A.3, Col. 3). 

The Options the Eye has for the ‚Proper’ Processing of the Third Dimension… 

The ‘optical swing’ in each eye has to 
provide for the correct depth position of the acute 
image of the particular fixated object  at the 
central retina location…  

Within the framework of the imaging laws, from the very beginning, the eye 
basically has a choice between three different solutions for the processing of the third 
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dimension of the visible. However, while learning to see, it has to choose between these 
at an early stage. In this, consequences for the imaging of the particular fixated object 
result as well as for the imaging of the non-fixated objects in the neighborhood of the 
fixated object.  

 
 3D-information exclusively in focal space. By choosing the first solution, the eye 

could place value on the fact that the visual objects at different distances would 
always provide their acute image into one and the same image plane if they are 
fixated alternately. The image distance b would become a constant and the focal 
distance f’ would become a variable in the image equation. The possible result is 
illustrated in Table A.1.  
 

Table A.1: Variable focal distance f’ and constant image distance b. 

Object 
Distance g 

Focal distance 
f’ variable 

Image distance 
b constant 

1000 m 22.888 mm 22.889 mm 
100 m 22.884 mm 22.889 mm 
10 m 22.837 mm 22.889 mm 
5 m 22.785 mm 22.889 mm 
2 m 22.630 mm 22.889 mm 
1 m 22.377 mm 22.889 mm 
0.5 m 21.887 mm 22.889 mm 
0.25 m 20.969 mm 22.889 mm 

 
 
The image distance b would be the same at 22.889 mm for all object distances, 

whereas the focal distance f’ would be specific for the distance g of the particular fixated 
object. As the data demonstrate, f’ would decrease in the case of fixation of increasingly 
approaching objects, between 1000 m and 25 cm by 1.92 mm in total. The 
accommodation mechanism would all the time be strongly challenged, because with 
every change in fixation it would have to implement an erratic readjustment of the optics 
and it would never settle down. If this were the solution for the eye, it would only have 
information about the third dimension of the visible in focal space, however not in 
image space where the photoreceptors are located. The complete waiver of the 3D-
information in image space corresponds to the solution chosen by photographic optics in 
order to be able to image everything visible on to a plane surface (film or CCD). Then, 
the distance adjustment takes place exclusively by means of the lens optics, which has 
been calculated especially for this case, namely the reduction of the 3D-world down to 
two dimensions in image space. In the case of such a solution a connection of the central 
retina and the circular muscle around the lens would be dispensable for the eye.  

 
 3D-information exclusively in image space. In the case of a second solution, the 

eye could place emphasis on the fact that all visible objects would provide their 
acute images in each case into an image plane specific for the distance of the 
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objects. This could succeed if f’ became a constant and b became a variable. The 
possible result is demonstrated in Table A.2. 

 

Table A.2: Constant focal distance f‘ and variable image distance b. 

Object 
Distance g 

Focal Distance 
f’ constant 

Image Distance 
b variable 

1000 m 22.785 mm 22.785 mm 
100 m 22.785 mm 22.790 mm 
10 m 22.785 mm 22.837 mm 
5 m 22.785 mm 22.889 mm 
2 m 22.785 mm 23.048 mm 
1 m 22.785 mm 23.316 mm 
0.5 m 22.785 mm 23.873 mm 
0.25 m 22.785 mm 25.070 mm 

 
 
To each object distance now would correspond a specific image plane in image 

space. The closer an object comes to the eye, regardless of whether it is fixated or not, 
the further back its acute image plane would shift. The acute image of an object at a 
distance of 10 m would be located -52 µm anterior to that of an object at a distance  of 5 
m; the acute image of an object at a distance of 2 m would be located +159 mm posterior 
to the acute image of an object at a distance of 5m. Altogether the image planes would 
take up a space depth of 2.285 mm. This is regardless of the fact that the retina itself 
only has an average thickness of approximately 0.25 mm. The complete 3D information 
about the visible would in this case at least be available where the photoreceptors are 
located in the eye. However, in this solution any accommodation mechanism in the lens 
or in the optical apparatus would be dispensable. The eye could do without the complete 
apparatus around the ciliary muscle. However, since the accommodation mechanism is 
already developed before birth and is thus available at an early stage, there must still be 
a third solution, which the eye preferred to the two solutions so far.  

 
 3D-information in image space, related to the accommodation resting position. 

The eye has decided to comprehend the refraction   and with it the focal distance  
f’ as variables for the determination of the image distance b. In this context  
the accommodation resting position of the ‘optical swing’ becomes of vital 
importance. The result is illustrated in Table A.3 for an accommodation resting 
position at an object distance of 5 m (columns 2+3), of 2 m (columns 4+5) and of  
1 m (columns 6+7). 
If the eye adapts to an accommodation resting position for objects fixated at  

5 m  distance (columns 2+3 in Table A.3), then the acute image, due to   = 1.336 and  
f’ =22.785, will lie at the central retina at a depth of b = 22.889 mm, as was already 
demonstrated in the previous Tables A.1 and A.2. If, however, the eye chooses an 
accommodation resting position for fixated objects at 2 m distance, then not only the 
refraction  changes, but the focal distance f’ becomes shorter and the image distance b 
larger. For an accommodation resting position at 2m with an appropriate refraction 
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index a -35 µm shorter focal distance f‘ = 22.750 mm results. The image of the object 
fixated in this resting position will lie at b = +123 µm = 23.012 mm (Table A.3,  
col. 4+5). With a resting position set at g = 1 m, again   changes and f‘ shortens by  
-150 µm to f‘ = 22.600 mm. The image distance will then be at b = +111 µm =  
= 23.123 mm (Table A.3, col. 6+7). If the eye chooses an accommodation resting 
position at object distances < 5 m, then always  f’ decreases,   changes and  b increases. 
In every case, with these values for the resting position the equilibrium state of the 
‘optical swing’ (f /g + f‘ /b = 1) results. A change in fixation from the particular resting 
position to objects at a greater distance will then result in shorter image distances, in the 
case of objects more close the result will be larger image distances. The depth distance 
in image space covered by all image planes would have a length of 2.285 mm with a 
resting position at 5 m; at 2 m it would be = 2.277 mm and at 1 m = 2.246 mm. In all 
cases, the image planes b for objects fixated at a distance g greater than the resting 
position, will always be shifted forward more closely to the focal distance. In the 
proximity the differentiation of object distances increases. After an initial decision in 
favour of an accommodation resting position at a particular object distance, thus in 
favour of this third solution, its image distance b becomes the reference image plan, 
upon which the image planes of all other objects at different distances, which together 
with the fixated object are optically imaged, are related. 

 

Table A.3: Determination of focal distance f’ and image distance b for an accommodation resting  
position at g = 5 m, 2 m, or 1 m (lines in bold print). 

1 2 3 4 5 6 7 
Object- 
Distance  

g 
(m) 

Focal  
Distance 

 f‘  
(mm) 

Image 
Distance  

b 
(mm) 

Focal 
Distance  

f‘  
(mm) 

Image  
Distance  

b 
(mm) 

Focal  
Distance 

 f‘  
(mm) 

Image 
Distance  

b 
(mm) 

1000 m 22.785 22.785 22.750 22.750 22.600 22.600 
100 m 22.785 22.790 22.750 22.755 22.600 22,605 
10 m 22.785 22.837 22.750 22.802 22.600 22.651 
5 m 22.785 22.889 22.750 22.854 22.600 22.703 
2 m 22.785 23.048 22.750 23.012 22.600 22.858 
1 m 22.785 23.316 22.750 23.280 22.600 23.123 
0.5 m 22.785 23.873 22.750 23.834 22.600 23.670 
0.25 m 22.785 25.070 22.750 25.028 22.600 24.846 

 

If one closes one eye in vision,  
the world does not shrink into a plane. 

The introduction of an accommodation resting position, in favour of which the eye 
in fact decided, shows that the 3D-information in vision always is present in focal space 
and in image space. The work of the accommodation, which leads to the determination 
of an accommodation resting position, is taken on by the ciliary body in close harmony 
with the central retina. It is thus in a considerably simplified manner placed on a secure 
reference basis, the accommodation resting position of the ‘optical swing’ in the eye. 
This also applies to the subsequent accommodation work, which becomes necessary in 
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the case of a fixation leap from the already found resting position to an object in another 
distance. However this work decreases because the distances from the resting position  
to the extreme object positions are now shorter. The adjustments of  ,f‘ and b are  
now easier. 

How does the Eye Find an Accommodation Resting Position in Vision?  

The trick, with which the eye engages in 
statistics while learning to see: adaptivity to the 
real world is required… 

The accommodation resting position corresponds to an equilibrium state of tension 
and relaxation in the ciliary body or in the inner eye in the ‘optical swing’. The search 
and final finding of it is the relevant factor, which decides over the axis length of the eye 
and in doing so, over the location of the correct image distance in the central retina for 
objects fixated at any distances. Thus the decision regarding emmetropia, myopia and 
hypermetropia (short-sightedness and far-sightedness) is linked to this resting position. 
Therefore, vision at a very early stage has to rely on determining such an 
accommodation resting position from the visible in object space by means of actively 
fixating. In order to do so, it engages in statistics. The statistics works similar to the 
calculation of the Gaussian distribution of random events and their probabilities.  
Figure A.4 illustrates the calculation of the mean value. If one throws balls into a multi-
layer grating of rods, then these finally land via different ways and detours at different 
places behind the grating with the frequency shown in the normal curve. Already 40 to 
50 balls are sufficient for calculating a normal curve. The mean value (M) is located in 
the peak of the curve; it shows that those balls which chose the shortest way in the 
grating, are registered most frequently at the exit. The full width half maximum (HW) 
shows the range of the remaining frequencies to both sides.  

 

Fig. A.4: The Gaussian distribution of random events in a normal curve.  
An experiment at the Museum of Science in Boston/Mass. 
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The eye does not gamble for very long… 

This is how one has to imagine the work of fixation and accommodation in early 
vision during the adaption to the real world. The place of the balls falling into the 
grating is taken by the objects, which are fixated at different distances by the eye. On 
average, approximately 20,000 eye movements per day are executed to visual objects at 
different distances [6. p. 88]. “Even infants at the age of only a few months show 
evidence that they can fixate their view” [6. p. 90]. Figure A.5 demonstrates the result if 
the eye is regularly offered different object distances for fixation and if these are used by 
it; if it experiences the mean value e.g. at an object distance of 5 m, the equilibrium state 
of the accommodation resting position will become located there. However, if the eye is 
regularly only offered short object distances for fixation or if it only uses these, then in 
consequence, it will locate the equilibrium state of the accommodation resting position 
at a lower mean object distance, e.g. at 2 m.  

 

Fig. A.5: Experiences with the object distances (scale below) result in different accommodation resting 
positions (curve 1 at 2 m, curve 2 at 5 m). 

Once a resting position has been chosen, then this is not determined for eternity. 
Early experiences can be corrected by further learning and re-learning. Normally the 
accommodation resting positions for adults come out at medium object distances  
(2-5 m). Since the ocular bulbs, which are already very large at birth, nevertheless 
continue to grow, this process must always be readjusted. Here, everything finally 
depends on the life-long experiences of the eye in dealing with the 3rd dimension.  

How the range of the calculated image planes of approximately 2 mm in the depth 
expansion can be reduced even further down to the length of the photoreceptor outer 
segments in the central area of the retina, consequently down to approximately 70 µm-
100 µm, has been discussed and illustrated in the book itself. 

Getting glasses too early could 
result in irreversible disabilities… 

In the course of the early experiences with the third dimension of the visible, while 
searching for the accommodation resting position, consequently also the length of the 
axis of the inner eye is determined and its growth is stopped. If after an insufficient early 
learning effect - the choice of a resting position determined on object distances which 



The Human Eye: an Intelligent Optical Sensor 

 402

are too close -, the eye is offered objects at a greater distance, then the acute imaging of 
these objects will fail because the axis in the inner eye turns out to be too long. Their 
images are than supplied in front of the retina and become blurred. Then the eye has 
already adapted itself onto a world which is reduced in the 3rd dimension. Vision 
becomes short-sighted and myopia is acquired. Correction can only be effected by 
means of glasses or other visual aids. If the first pair of glasses has been acquired, the 
natural stimulus and the chance for exercising proper vision in the 3rd dimension are lost. 
Careful consulting at getting glasses to young children is always recommended. 

Early experience can only be avoided or changed if the eye is regularly offered the 
opportunity by means of gaze saccades in the depth of space to explore a greater 
environment than its own four walls and investigate it actively by means of fixation. In 
environments such as maternity wards, in play rooms and children’s rooms, in the 
computer and mobile phone display world, in learning materials in schools, in city 
environments, etc. there is usually a lack of the possibility of a corresponding regular 
experience. At the school age the so-called school myopia often occurs due to learning 
materials at short distances. This can only be influenced to a limited extent by further 
growth of the body. Also later in life, there is nothing as relaxing as a walk in the wood, 
in the park or in an object world scaled in depth. In this the eye can and has to busy itself 
with the third dimension and all of its scope. Finally, due to the basically central 
perspective manner of spatial vision, the differences in the individual accommodation 
resting positions only result in minimal deviations in the three-dimensional space 
perception.  

The Optical Parallel Processing of the Visible in the Eye… 

View saccades explore the third dimension in 
the complete visual space… 

The eye always fixates only one particular visual object at a specific distance. Other 
objects - in the near or farther neighbourhood of the fixated object - in optical parallel 
processing are simultaneously imaged onto the retina. These images are not only seen 
less precisely (with a lower resolution, a visus of 1.0 – 1.6 in cone vision, and 0.4 in rod 
vision due to peripherally increasing meshes in the net of the retina), but also imaged 
diffusely for as long as they are not fixated themselves. At an early stage, the eye 
collects experiences about whether these objects in space are in a plane in front of or 
behind the fixated object, on equal or unequal horopter shells. A short gaze cascade to 
one of these neighbouring objects shows that the distance of an acute image is located 
relative to the depth position of the image of the previously fixated object in a different 
image plane. In this way, each eye learns at an early stage to estimate, at which distances 
other objects in the environment of the particular fixated object are located [6]. With the 
help of these experiences in a depth map, the orientation in space is developed as a vital 
ability of self-moving creatures. Wherever the experience with object fixation does not 
suffice, the eye uses over-lapping and other phenomena to work out the question of 
distance. With the foveal micro-tremor in the z-axis [7], it can also scan the direction, 
into which the fixation has to be changed in each case.  
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The depth map is not presented to vision for free… 

Since the retina only has a thickness of 0.25 mm and the fovea cones only have a 
length of maximally 0.1 mm, the eye has to adapt at an early stage to the optical 
miniaturization of the third dimension of visual space by means of intensive training of 
fixation and accommodation. Two dimensions of the visible have been given to each eye 
as it were; the third dimension it has to work itself both monocularly and binocularly. In 
this way, vision gains its pre-eminence against the optics of the world of photography 
and television, which have narrowed down the visual on to a planar world. And this is 
only because until today there are only flat image receivers such as films or CCD arrays. 
Their ‘flatland’ images are well understood in vision only by means of the central-
perspectival interpretation of the two-dimensional. However, the eye has high 
performance nano antennas with its outer segments of cones and rods which are  
30-100 µm long; these nano antennas are suitable as receivers for three dimensional 
information. Their technical replica might succeed in future [2]. It would well augment 
the concept for a later generation of retina implants. 
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