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Preface 
 

After successful publication of ‘Advances in Intelligent Systems: 
Reviews’, Open Access Book Series, Vol. 1 in 2017 and very positive 
feedback from our authors and readers, we have decided to publish the 
second volume of this Book Series in 2021. 

The 2nd volume of ‘Advances in in Intelligent Systems: Reviews‘ Book 
Series contains 6 chapters written by 16 authors from  
7 countries: China, France, Italy, Morocco, Romania, Spain and United 
Arab Emirates. But it is not a simple set of reviews. As usually, each 
chapter contains the extended state-of-the-art followed by new, 
unpublished before, obtained results. 

Chapter 1 presents the essential tasks of software engineering and the 
main role of software engineers to improve this field in the future. This 
chapter introduced main four areas, Internet of things, artificial 
intelligence, ubiquitous computing, and system of systems. We 
presented the recent view and challenges for each area and the future 
view and challenges as well. 

Chapter 2 describes some hybrid models in medical diagnosis. A short 
perspective on some of the approaches to automated reasoning is 
presented in the chapter. 

Chapter 3 presents an application of the proposed adaptive and self-
organizing fuzzy logic approach on two different systems to evaluate its 
effectiveness and improve the real-time control performance. Then, a 
quantitative comparison is made on the results obtained by the self-
adaptive fuzzy logic controller and a set of conventional controllers 
under the same operating conditions. This comparison demonstrates that 
the methodology presented in this chapter optimizes the control process 
and reduces the energy consumed by the controller itself.  

Chapter 4 describes a series of artificial synapses based on low 
dimensional conjugated polymers were discussed. These synaptic 
transistors were designed and fabricated with low-cost and relatively 
mild processes. Besides basic synaptic functions including EPSC, SFDP, 
SDDP and SNDP, their special nanostructures facilitate further 
modulation of the synaptic plasticity.  
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Chapter 5 introduces the MOTION, a Java environment for modeling 
MANETs and for simulating their behavior. This tool has been used to 
analyze the performances of three routing protocols, and to compare the 
results to those that can be found in the literature. A sensible prosecution 
of this work could be the attempt to modeling a larger set of MANET 
behavior, in order to establish the usefulness of the tool, and to improve 
the user interface of our system, showing how the network evolves, 
during the computations. 

Chapter 6 describes the impact of the Covid pandemic and the resilience 
of the healthcare system in France. In a context of digital transformation, 
the applications of Intelligent Systems are numerous in the healthcare 
sector with important interactions with human users. It corresponds to 
digital devices: portals or platforms for information, decision support, 
monitoring of patient pathways, computerised medical records, 
telemedicine and teleconsultations, artificial intelligence for diagnostic 
assistance. These digital devices contribute to the implementation of 4P, 
or even 5, 6 or 7 P medicine (Personalization, Prevention, Prediction, 
Participation, Relevance, Pathway, Platform). The French Healthcare 
System, already in crisis, has been strongly impacted by the Covid 
pandemic. So this chapter corresponds to an analysis of the resilience of 
the Healthcare system. At the first, the challenges it is faced with: 
compartmentalisation between primary care and the hospitalisation 
sector, between health and social care, social and territorial inequalities, 
etc. will be presented. It will be then, the solutions proposed by e-health 
will be critically analysed. It will be insisted on the importance of 
solutions adapted to the diversity of territories (smart cities or territories). 
The interest of interface organisations (frontier organisations) in 
healthcare as spaces for innovation and (re)construction of trust between 
all stakeholders and in new socio-technical systems will be shown. 

We hope that readers enjoy this book and that can be a valuable tool for 
those who involved in research and development of various intelligent 
systems. 

Sergey Y. Yurish 

Book Series Editor 
IFSA Publishing Barcelona, Spain 
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1. 

Emerging Technologies and the Future  
of Software Engineering 

Saada Khadragy1 

1.1. Introduction 

As a result of the huge demand of building advanced software systems 
and the great needs of offering updated and qualified programs, this 
chapter reflects a set of future reviews towards the importance of 
software in managing everything in the world life over the next thirty 
years. Moreover, the chapter presents the challenges which face the 
present and the future generations based on this huge revolution of 
technology and automations. In addition to that, the writer would provide 
some solutions for those obstacles in order to enhance the role of 
software engineers in 2050. 

Between the recent days and 2050, there will be many changes and the 
capacity of institutions and their services, programs, and systems will 
follow an advanced generation of software. On the other hand, there will 
be significant and unexpected issues to the worldwide range even 
economically or politically related to the revolution of industry and the 
rapid increase in number of people and their needs. This chapter 
particularizes the nature of these cumulative demands of software 
systems and their associations. Also it introduces both of importance and 
challenges of the future of software engineering through four sections: 
Section 1.1 presents a general view about the use of IOT (Internet of 
Things) in the recent and the future days, Section 1.2 introduces the term 
of Artificial Intelligence, its importance and future, Section 1.3 would be 

                                                      
Saada Khadragy 
Management Information Systems, City University College of Ajman, UAE 
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about Ubiquitous computing and its importance, Section 1.4 would be 
about system of systems. 

All of the four areas would be examined from different point of views. 
Finally, the researcher would conclude the chapter with general point of 
view and suggestions. While software has become a progressively 
important and energetic element of our society, there is no commerce 
field or factor of our daily life which is not controlled by software. 
Individual and group tasks, business and economic enterprises, political 
and manufacturing substructures, governmental, educational, and 
amusement are all intensely infused and ruled by software applications 
and systems. Thus, software growth has become an essential task that 
should be sensibly considered, understood, deliberated, and improved 
[1]. In the past fifty years, the main aim of the Software Engineering 
community has been to improve and manage these matters. Also, the 
software engineering group emphasized the way of illustrating, 
identifying, and enhancing the methods, rules, and systems to control this 
complicated issue. Also, the research in the field of software engineering 
provided many remarkable results; some of them have been exaggerated, 
while some others were ignored. So, no one can deny that research in the 
field of software engineering has many issues and procedures are still 
under investigation [2]. However, there are many research studies 
written in solving the software products issues, one paper presented a 
survey about some attempts to collect many articles related to software 
products line. This study focused on ideas of improving the present 
advances in genetic improvement which helps in growing new products 
with new functional and non-functional techniques [3]. As mentioned 
earlier, the recent chapter is divided into four areas, the researcher tended 
to survey them based on reviewing the literature. The main four areas of 
this chapter are internet of things, artificial intelligence, ubiquitous 
computing, and system of systems. The following section will be about 
those four areas, their present and future. 

1.2. Related Work 

In this section, we would review some historical resources, articles, and 
perspectives about the future of software engineering and its future 
obstacles. In one study, the writer described the developed global future 
with explaining the challenges that face achieving a certain vision and 
he reviewed some related topics from the literature, reflecting challenges 
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in four areas; software engineering, ways of communication and their 
requirements, environment and equipment. Then, the study was 
concluded by recommending having a systematic understanding of our 
needs and what drives the society [4]. On the other hand, Software 
systems shape the basics of the new information community, and many 
of those systems are between the most complicated items ever produced. 
Software engineering (SE) is about improving, preserving and 
controlling high-quality software systems in a profitable and  
expectable method. 

SE research examines the real-world phenomena of SE and worries [5] 
the enhancement of modern, or adjustment of existing, technologies to 
help SE tasks, and [6] the assessment and contrast of the effect of using 
such technology in the often very complicated interaction of persons, 
groups, projects and institutions, and different kinds of activity and 
software system. Another study cited the short history of software 
engineering. Software growth has been categorized by dangerous 
separates between important tasks such as planning, organizing and 
application. The problem is further intensified by the sporadic and rare 
achievement of activities such as planning, examining, mixing and 
announcement. Several mixing phenomena introduce efforts to 
emphasize these issues. For instance, endless incorporation is an activity 
which has arose to remove breaks between progress and distribution. We 
suggest a similar steadiness is obligatory between business approach and 
progress [7]. These separates are even trickier assumed the need for 
dependability and flexibility in the complicated and data-intensive 
systems being improved in the recent days. We determine a number of 
nonstop activities which together we call as Continuous which we 
introduce as part of an overall view for Continuous Software engineering 
[8]. To reach this goal, scientists need to understand and identify the 
demands of people and societies. For instance, one researcher developed 
a model to examine developers’ status of mind [9]. 

1.3. Sample of Software Platforms 

1.3.1. The Internet of Things 

Currently, one of the most familiar names rising new elevations and 
making a benchmark in the world is the Internet of Things (IoT). It is a 
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most need for the future of communication that has changed things 
(objects) of the real-world into smart objects. The functional 
fundamentals of IoT is to link every object of the world under one 
common infrastructure; at the same time humans do not only have the 
ability to manage these objects; but to offer regular and timely updates 
on the present status [10]. IoT terms were suggested few years ago and 
it may become a benchmark for creating communication among objects. 
Number of papers evaluate different contributions of researchers in 
different areas of applications. These papers were investigated on a set 
of parameters presented in each application domain. Furthermore, 
existing challenges in these areas are highlighted in the literature too. In 
addition to research directions in the field of IoT have also been 
highlighted in another study to equip novel researchers in this area to 
assess the current standings of IoT and to improve upon them with 
creative ideas [11]. 

The Internet of Things (IoT) signifies a broad setting that includes a huge 
number of devices intersecting mixed physical items to the Internet. As 
it is clear in Fig. 1.1, physical items are connected together to construct 
the IOT platform. Many areas such as industrial, farming, cultivation, 
automated homes, and many ubiquitous computing applications have 
used IOT [12]. As Fig. 1.1 shows many different fields need that 
connection between their devices to qualify the presented services. 
According to [13], IOT platform has five basic foundations as shown  
in Fig. 1.1. 

 

Fig. 1.1. The IOT platform [13]. 

Main components of IoT platforms 

Companies can achieve many things and produce many services with 
IOT platforms, the following is a set of examples of their 
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accomplishments. All the scenarios are about enhanced productivity, 
efficiency, flexibility, innovation, and, of course, the new business 
models made possible by these platforms. The main focus of IoT 
platforms is on standard IT functions that can be set into powerful 
application systems by applying different connected sensors and 
actuators [14]. This would not be happened without the cooperation of 
IT workers, with automation specialists, mechanical engineers, and 
systems integrators. The platforms connect the physical world with the 
virtual world of IT, thus allowing completely new data-based business 
models and value creation systems to arise. The following five standard 
functions of IoT platforms are discussed in [13]: 

 Connectivity: An Internet of Things device, for instance a machine 
tool, a household electricity meter, or a wind turbine out at sea, must 
be linked with the internet and that connection has to be managed. 
This usually needs the use of wireless technologies such as ZigBee, 
Z-Wave, or other energy-saving wireless personal area network 
technologies, but mobile providers also offer Machine-to-Machine 
(M2M) communication solutions that convey data through their 
mobile phone networks to corresponding data centers or the cloud. 

 Security: Any connected devices with the generated data they transfer 
must be protected, so platforms need security mechanisms to 
authenticate the devices, manage identity-and-access control, protect 
connections, update software, and protect against data loss. 

 Management: IoT systems often contains thousands of connected 
devices that evaluate and control operating states such as pressure, 
temperature, vibration, and more. IoT platforms consequently have 
features for distantly monitoring and testing device components, 
updating the software, and correcting errors. 

 Analysis: the IOT analysis functions are still at the development 
stage. They include data filtering or streaming analytics so data can 
be monitored in recent time and advanced analyses can be done to 
find hidden facts and other insights in the available information and 
to take actions. 

 Structure: As IoT application scenarios are widely varied, software 
connectivity and APIs are needed to support conventional business 
cycle and applications. Then, it must be ready to charge a smart home 
or smart energy service through a normal enterprise resource planning 
(ERP) system. Platforms streamline business logic and program 



 
Advances in Intelligent Systems: Reviews, Book Series, Vol. 2 

18 

creation, supporting developers with functions for managing data, 
connectivity, and security. 

Also Internet of Things (IoT) is a talented technology that aims to 
transform and link the universal world through assorted smart devices 
through unified connectivity. The recent need for machine-type 
communications (MTC) has risen in a diversity of communication 
technologies with different service tools to attain the modern Io 
foresight. More recent cellular principles like long-term evolution (LTE) 
have been presented for mobile equipment but are not well instructed for 
low-power and low data rate equipment such as the IoT devices. To 
tackle this issue, there is a number of developing IoT standards. Such as, 
fifth generation (5G) mobile network which aims to adopt the restrictions 
of old cellular features and be a probable key enabler for future IoT. In 
one paper, the state-of-the-art of the IoT application needs along with 
their related statement technologies is reviewed [15]. The following line 
graph reflects the high increase of using IOT and the number of research 
papers was written in 2016/2017 to investigate the benefits of IOT in 
different fields. The presented indications and evidences in the recent 
years are considered as an evidence for the future use depending on the 
nature laws for following the same directions by passing the time. 

From an analytics report in 2019, top ten applications are found as shown 
in Fig. 1.2 [16]. For example, the overview of mobile devices has 
revolutionized our day-to-day lifetimes. They allow consumers to attain 
information even in an itinerant setting and give information without 
constraints. After 100 years the overview of this technology, but we are 
now confronting the next revolution that will transform our day-to-day 
lifetimes. With the insertion of the Internet of Things (IoT), our 
interaction would not be limited to only mobile devices. Sooner, it will 
enlarge to include all services with which we live. A lot of research 
papers have examined IoT-related stages and platforms. In addition, 
there are only few arguments about the IoT network [17]. 

Fig. 1.3 shows the main parts and tasks of IOT. Any system is a mixture 
of software and hardware to achieve an enthusiastic task. Some of the 
major devices used in fixed services are Microprocessors and 
Microcontrollers. Microprocessors are normally known as general 
objective processors as they usually receive the orders, process it and 
give the results. While a microcontroller not only receives the data as 
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inputs but also operates it, shares the data with different devices, 
manages the data and then finally gives the outputs. 

 

Fig. 1.2. Reviewing the improvement of IOT in 2019. 

 

Fig. 1.3. IOT tasks and work. 

On the other hand, Internet of Things (IOT) introduces an essential role 
in connecting the surrounding environmental objects to the network and 



 
Advances in Intelligent Systems: Reviews, Book Series, Vol. 2 

20 

get easy to access those concrete objects from any remote location. It’s 
unavoidable for individuals to know the increasing technology. And 
usually people have issues on parking vehicles in parking times in a city. 
In one study the authors plan a Smart Parking System (SPS) which 
allows the user to reach the nearest parking area and provides availability 
of parking times in that particular parking area. And it mostly focuses on 
decreasing the time in reaching the parking lots and also it keeps away 
from the redundant travelling through occupied parking lots in a parking 
place. Also it decreases the fuel consumption which also decreases 
carbon footprints in an atmosphere [18]. 

1.3.2. Artificial Intelligence 

AI is the second area of the current chapter. As people live in a time of 
inconsistency. Organizations applying artificial intelligence complement 
or exceed people point achievement in many areas, achieving fast 
enhancements in other fields and driving high stock values. Since 
calculated productivity development has decreased by half of the past 
centuries, and usual income has deteriorated meanwhile the late 1990s 
for a maturity of Americans. We label four possible clarifications for this 
conflict of prospects and numbers: wrong expectations, false 
measurement, restructuring, and employment gaps [19]. 

The numerical revolution is in its greatest generation. The question is 
about the way of the change which will result from this revolution. The 
quantity of data we generate twice as much every year. It means that in 
2019 we generated the greatest amount of data in the whole history of 
our lives through 2018. Every minute we generate millions of Google 
searches and Facebook posts. This includes material that conveys the 
way of our thoughts and emotions are built. 

In the future, everything in our lives, conceivably even our clothing, also 
may be linked to the Internet. It is approximated during the 10 years’ 
time there will be 150 billion interacted computing sensors, more than 
20 times population on our planet. As a result, the quantities of data will 
amplify every 12 hours. The majority of institutions are already trying to 
change this big amount of Data into Big amount of Money as a kind of 
industry. We think that all things around us will be intelligent; also we 
will not only have smart devices, but also smart houses, smart institutions 
and smart places. As a result, we expect smart nations to be one of the 
main goals of the field of artificial intelligence which is, actually, 
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producing spectacular developments. Especially, it is donating to the 
automation of data analysis. Artificial intelligence is not constructed step 
by any one, but is now able to learn, thus uninterruptedly improving 
itself. Newly, Google's Deep Mind algorithm learned itself how to gain 
49 Atari games. 

How Google Map use a DeepMind AI tools for future predictions 

Google Maps is considered as one of the institutions most widely-offered 
services, and its ability to predict upcoming traffic jams in order to make 
it indispensable for many users. Every day, states Google, more than one 
billion kilometers of road are used with the app’s help. But, as the search 
giant shows in a blog post today, its features have got more precise 
thanks to machine learning tools from DeepMind, the London-based AI 
lab owned by Google’s parent company Alphabet [20]. 

In the blog post, Google and DeepMind researchers show how they 
extract data from different sources and feed it into machine learning 
models to predict traffic flows. The extracted data has live traffic 
information gathered anonymously from Android devices, historical 
traffic data, information like speed limits and building sites from national 
governments, and also factors like the quality, size, and direction of any 
given road. So, in Google’s approximations, paved roads tap unpaved 
ones, while the algorithm will decide it’s sometimes faster to take a 
longer stretch of motorway than navigate multiple winding roads [21]. 
This data is fed into neural networks considered by DeepMind that take 
out patterns in the data and use them to predict future traffic. Google 
illustrates its new models have developed the accuracy of Google Maps’ 
real-time ETAs by up to 50 percent in some cities (see Fig. 1.4). It also 
shows that it’s had to change the data it uses to let these predictions 
following the outbreak of COVID-19 in the current period and the 
subsequent change in road usage. 

Additionally, Algorithms can now realize handwritten concepts and 
designs almost as well as people and also conclude some activities better 
than humans. They are capable of labeling the subjects of images and 
videos. In the recent days, 70 % of all commercial industries are achieved 
by algorithms [23]. For instance, the major part of the news is 
automatically produced. All of this has fundamental financial 
significances: in the coming 10 to 20 years about half of today's jobs will 
be reduced by algorithms. 40 % of today's major 500 institutions will 
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have endangered in a decade. It can be supposed that new generations of 
computers will soon exceed human abilities in the majority of fields –
wherever between 2020 and 2060. Specialists are beginning to call alarm 
signs. Technology prophets, such as Elon Musk from Tesla Motors, Bill 
Gates from Microsoft and Apple co-founder Steve Wozniak, are alerting 
that super-intelligence is a critical risk for humanity, probably even more 
serious than nuclear weapons. One thing is significant: the approach in 
which we systematize the economy and society will vary basically. We 
are feeling the major alteration since the end of the Second World War; 
after the mechanization of manufacture and the formation of self-driving 
cars the computerization of society is coming soon. As a result, humanity 
is at great point, which assures great chances, but also significant 
dangers. Then, when we decide to take any decision, we have to be aware 
of its results because it will affect our future and threatened our past 
performance. No one can deny the fact of past inventions development 
in both of the present and future. In the last decade, Norbert Wiener 
(1894–1964) originated cybernetics. He insisted that behaviour of 
systems could be regulated by the tools of appropriate feedbacks. 
Immediately, some researchers assumed managing both of the economy 
and society based on this simple rule, but the essential technology was 
not accessible at that time. It is also vital to understand different types of 
AI for future predictions and developments. 

 

Fig. 1.4. Google Maps ETA improvements around the world [22]. 



 
Chapter 1. Emerging Technologies and the Future of Software Engineering 

23 

Understanding different types of AI 

Since AI research helps to enable machines mimic human-like 
functioning, the level to which an AI system can replicate human abilities 
is applied as the principle for defining the types of AI. However, based 
on how a machine competes humans in terms of versatility and 
performance, AI can be classified under one, among the multiple types 
of AI. Thus, an AI that can work more human-like functions with 
equivalent targets of proficiency will be determined as a more evolved 
type of AI, while an AI that has limited functionality and performance 
would be considered an easier and less evolved type. 

Based on this measure, there are two systems in which AI is generally 
classified. One type is based on classifying AI and AI-enabled machines 
based on their similarity to the human mind, and their ability to “think” 
and perhaps even “feel” like humans. Based on this system of 
classification, there are four types of AI or AI-based systems: reactive 
machines, limited memory machines, theory of mind, self-aware AI, 
Artificial Narrow Intelligence, Artificial General Intelligence, and 
Artificial Superintelligence [24]. 

Table 1.1. AI different types and their future effects. 

No  AI type What is it? 

1 Reactive Machines 

It is the oldest form of AI types which 
has extremely limited capability. It 
imitates the human mind’s ability to 
reply to different kinds of stimuli. It 
does not have memory-based 
functionality, which means such 
machines cannot use previously gained 
experiences to inform their present 
actions and does not have the ability to 
learn [25]. 

2 Limited memory 

Limited memory machines have the 
abilities of purely reactive machines, 
are also capable of learning from 
historical data to make decisions [26]. 
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No  AI type What is it? 

3 Theory of mind 

Theory of mind AI is the future level 
of AI systems that researchers are 
recently involved in innovating. A 
theory of mind type AI will be able to 
better recognize the entities it is 
interacting with by discerning their 
needs, emotions, beliefs, and thought 
processes [27]. 

4 Self-ware 

This type of AI will not only be able to 
recognize and advocate emotions in 
those it deals with, but also have 
emotions, needs, beliefs, and 
potentially desires of its own [28]. 

5 
Artificial Narrow 
Intelligence (ANI) 

Artificial narrow intelligence is about 
AI types that can only perform a 
certain task autonomously using 
human-like abilities [29]. 

6 
Artificial General 
Intelligence (AGI) 

This type will be able to impartially 
construct multiple skills and build 
connections and generalizations 
among domains, extremely cutting 
down on time needed for training [30]. 

7 
Artificial Superintelligence 
(ASI) 

The construction of Artificial 
Superintelligence will probably make 
the highpoint of AI research, as AGI 
will be by far the most capable types of 
intelligence on earth [31]. 

1.3.3. Ubiquitous Computing 

The huge spread of processing into the natural fields assures more than 
the ubiquitous obtainability of computing substructure; it provides new 
examples of communication enthused by continuous approach to 
instruction and computational competences. Through the past few 
decades, many research papers indicated the importance of applying 
ubiquitous computing (UbiCom) which has argued three communication 
areas: usual boundaries, framework based, and robotic apprehension. To 
monitor the progression for future research in ubiquitous computing, we 
revise the activities of these labors and direct the other research 
obstacles. Research in ubiquitous computing indirectly needs to find out 
some concepts of rule, not only in the amount of devices, the substantial 
space of spread computing, or the number of population using a system 
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[32]. There are many fields those will be affected by the technology of 
ubiquitous computing, such as business and industries. Ubiquitous 
computing will shift the style we survive with technology. Mark Weiser 
illustrated that: “The most insightful technologies are those that vanish. 
They include their roles into the stuff of the daily lives until they are 
identical from it” [33]. 

In addition to that, there are three basic architectural design models for 
UbiCom system can be classified to smart devices, smart environment 
and smart interaction. The term of “smart” refers to the object is active, 
digital, networked, can operate autonomously, is reconfigurable and has 
a local management of the resources which it needs such as energy, data 
storage, and emerging technologies. These three main systems design 
may also have sub-systems, sub-parts or fundamentals at a lower stage 
of granularity that may also be recognized as a smart (e.g., a smart 
environment device may contain smart sensors and a smart controller, 
etc.). The diagram (Fig. 1.5) presents a clear example of UbiCom types. 

 

Fig. 1.5. Models of UbiCom. 

Fig. 1.5 indicates the three parts of UbiCom and the interaction between 
people and machines and introduces the three components of this 
interaction (environmental intelligent, aware, and automation). Also, we 
don’t consider that pens or joints or spouts as technology. They are just 
basically structures of the world we live in and construct the technique 
we behave in the life. With ubiquitous computing, enhancing 
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information technology will gradually bear more like applying these 
everyday elements than applying personal devices [34]. The tendency to 
ubiquitous computing does not introduce just a modification in the way 
of contacting and applying information. Eventually, that would have a 
deep impact on the way people contact and apply services, allowing new 
generations of services that only have sense by feature of being rooted in 
the environment [34]. 

The current devices such as smart phones, palmtops and notebooks have 
started to be expanded to some extent and substitutes traditional 
computer such as workstations, PCs and servers [35]. Computers are 
involved in everyday devices, thus expanding their efficacy and 
executing capacities using fixed technology in which a chip is being 
imbedded into the daily use object making it a “smart object”. Ubiquitous 
computing is one of the newly materialized fields of technology, and also 
is an originating application of information and communications 
technology (ICT) that is emerged in everyday life. The goal is to meet 
the declaration of everything, always, everywhere for data processing 
and transmission through the ubiquity of ICT systems. Having 
characteristics such as: 

1. Miniaturization: shrinking the size of ICT parts for their mobility 
with ease of access; 

2. Implanting: ICT parts are implanted into everyday objects, 
changing them into smart objects; 

3. Networking: ICT parts are similar to each other for communication 
through radio, Infra or Micro Waves, and are designed to work 
simultaneously; 

4. Ubiquity: since implanting ICT parts are ubiquitous, they are 
insensible or even invisible too, to user. 

1.3.4. System of Systems 

A system is defined as a group of elements that together create some 
outcome that cannot be accessed by the components operating 
individually [36]. The basics of a system may themselves be huge and 
complex, and comprised of sub-elements. The concept system of systems 
(SoS) designates the case where the main elements of a system are 
collaborating systems that display two properties: 
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1. Operational independence (each main system works to achieve a 
useful goal independent of its S participation in the SoS); 

2. Managerial independence (each main system is controlled and 
managed, at least in part, to gain its own goals rather than the SoS 
goals). 

The aim of the Tip Framework is to capably push the performance, 
achievement and process of unified, joint systems. It is depending on the 
presented Service. The basic components of the framework are systems 
that introduce and utilize services, and work as systems of systems. Some 
usually implemented systems, such as instrumentation, approval or 
service archive are called as essential. 

These can be applied by any system of systems that have the instructions 
of the Arrowhead Framework. Within the framework, systems – 
applying varied information change technologies throughout 
collaboration – are contributed through many approaches. In addition to 
what is called Interoperability stage, as well as systems and services for 
transformation. Moreover, one of the basic issues of improving such 
extremely interoperable systems is the shortage of sympathy between 
different development communities. Suitable improvement and service 
certification ways can contribute to overwhelm this issue. The structure, 
improvement and confirmation methodology for each task, system and 
system of systems within the Arrowhead Framework helps that these can 
be applied, confirmed, organized, and run in an interoperable way [37]. 
The term of system of systems is considered as a practical solution for 
many technological issues. As International Institute for Applied 
Systems Analysis (IIASA) presented policy-oriented research, according 
to integrated systems explanation of normal, technology and substructure 
and population and social systems to obtain clarifications for 
sustainability alterations. The Governance in Transition study theme 
within the Risk and Resilience program explores how governance 
structures form ideas and successive consequences by constructing and 
contributing to research on decision-making strategies, general 
agreement, risk insight, cognitive preferences, and national perspectives, 
as well as participating governance project [38]. 

SOS concerns 

The main concerns of a SoS platform are: 
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1. Provide interoperation between the systems applying the platform; 

2. Decreasing the cost and time for developing or modifying systems 
for use in the SoS; 

3. Allow modular replacement of basic systems in the SoS. These 
three concerns are related to each other. First, a SoS platform 
reinforces interoperation by offering common information models 
(semantics) and common communication mechanisms such as 
offered by frameworks and middleware (syntax). The platform may 
also set patterns or sequences of interaction for clear system-of-
system functions. 

1.4. The Experiment 

This chapter presents a clear review about the future of software 
engineering through main four areas. Also it presents our conceptual 
framework of the future challenges which will be resulted from the 
development of IOT, AI, UC, and SOSs. An online interview was 
constructed for a number of expertise and the questions of this interview 
were assigned to some CS experts from different places in the world 
through Skype and linked-in applications. The findings of the current 
experiment matched the results of one study [39] Six questions were 
formed as followed: 

Q1. Can you imagine the future of software engineering with the 
presence of the new emerging technologies ? 

Q2. Will be a relationship between the software system and AI ? 

Q3. What will be the significant effect of software engineering on the 
future of the 3D printing ? 

Q4. Explain your own point of view towards the impact of advanced 
software in the future of Driverless cars. 

Q5. What would be the relationship between the services and the costs 
of software systems in the future ? 

Q6. What will be the disadvantages of (IOT) in the future from your own 
point of view ? 
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Through the next section, we would analyze the answers of the questions 
from the experts and scientists in the field of software engineering and 
computer science. 

Data analyses 

The previous section presented the online interview questions which 
were assigned to a number of scientists and experts. 500 invitations had 
been sent to CS specialists to ask them if they would be able to participate 
in the mentioned online interview in order to survey the majority of ideas 
and perspectives towards the future of software engineering. 85 expert 
accepted to participate and give answers for the six questions. Lastly, 
104 experts only sent their answers. The following explanation gives the 
ideas of the majority of the participants: 

Q1. Can you imagine the future of software engineering with the 
presence of the new emerging technologies ? 

The majority of answers came to support the idea of Software 
Engineering differs from all other branches of engineering because it is 
in constant evolution. The concepts that seem relevant today can become 
completely redundant in the next few years. Also they feel that the 
software would become a very integral part of our lives in the near future. 
From self-driving cars to wearable devices, the amount of technology 
immersed in our environment would make us a very different species as 
compared to our past generations. Along with the technology, the 
environment must evolve as well. For example, if we have a self-driven 
car, the traffic lights installed by the government and the way fines are 
dealt with would have to change as well. The point we are trying to make 
is that the future of software engineering is not just confined to software 
itself, but it will force the environment around us to change at a very 
rapid pace. 

Q2. Will be a relationship between the software system and AI ? 

We believe that the bulk of scenarios where Artificial Intelligence would 
be put to use are in places or jobs that are too dangerous for humans to 
do. Robots are already taking over some of the most hazardous jobs 
available, including bomb defusing. Other jobs such as welding, well 
known for producing toxic substances, intense heat, and noise, would 
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likely be outsourced to robots in most cases. Machines have much more 
access to data than one person ever could—storing a large amount of 
statistical information. Using big data, Artificial Intelligence systems 
could one day identify trends and use that information to come up with 
solutions to the world’s biggest problems, such as climate change. 
Additionally, ‘Home’ robots or domesticated robots could help elderly 
citizens with everyday tasks and allow them to stay independent for as 
long as possible, which could improve their overall well-being. 

Q3. What will be the significant effect of software engineering on the 
future of the 3D printing ? 

We think that what we are seeing right now is just the start of a big 
revolution in the world of manufacturing. The day we get to a point 
where we can use Metal for 3D printing, it would change of the world of 
consumer electronics. The prices would drop significantly because if the 
3D printers are affordable, families could start printing their own tools 
to avoid hefty market prices. Same is the case with 3D printed parts of 
the human body, such as bones, or valves. That would surely change the 
world of healthcare and would make things much more affordable in the 
long run. Some experts stated that “Personally, we feel that 3D printing 
would have a much greater impact than any other technology mentioned 
in this interview”. We could add that there is Some Increasingly 
Significant Technology by 2050 for the European Commission’s KT 
2050 scenarios group as the relation between different technology fields. 

Q4. Explain your own point of view towards the impact of advanced 
software in the future of Driverless cars. 

As the population of the world is increasing at a very rapid pace, 
transportation would be a big problem in the future. The amount of traffic 
on the roads, along with new laws and fines would incline people 
towards Driverless cars. As vehicles become smarter and more 
automated, there will also be advances in data communication between 
cars on the road and between cars and roadside installations. In other 
words, there is a need to “teach” those cars to take into account real-time 
data about their surroundings and other vehicles. This would require 
massive investments from governments around the world, something 
that I remain very sceptical about. 
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Q5. Will be a relationship between the provided services and the cost of 
the software system ? 

With the amount of technology around us, the demand for software 
engineers with current and relevant skills would go higher. This would 
result in higher salaries in the technology industry, which could lead to 
higher cost of software. However, this can be countered by introducing 
emerging markets such as China, India, Pakistan and Brazil into the mix, 
since they cost of development is lower in these countries. Secondly, I 
think the concept of open-source software would gain more attention and 
this would enable people to have free alternatives as well. 

Q6. What will be the disadvantages of (IOT) in the future from your own 
point of view ? 

One word: Privacy. We believe that we have already surrendered this 
aspect of our lives to various social media platforms and corporations 
such as Google and Microsoft, which control most aspects of our digital 
lives. However, if the Internet of Things concept gets more popular in 
the future (and we are sure it will), then there would be an increased need 
of security and privacy algorithms to protector us against hacking, 
unauthorized access and identity fraud. As adults, by and large, we guess 
that our houses as very confidential and private places … for children it's 
not a private place. They have no power over who enter and leave their 
rooms, or who enter and leave their houses. As a result, the technological 
online world gives more privacy because it looks like it has more control. 

Discussion 

In addition to the previous analysis, there is a general belief in having a 
smart generation of everything which will affect the future of software 
engineering positively and negatively. The positive side would be in 
providing easy, comfortable, and costless services. While the negative 
side would come clear in reducing the number of people in each 
institution and company because they would be replaced by machines 
and robots. I think that the major ten cycle trends for the future of 
software engineering would be as: the industry will be gradually based 
on innovation and both workers and consumers would be less exhausted. 
Then, the form and offer of the infrastructure industry will move 
extensively, with new business forms, artefacts and products. 
Accordingly, Infrastructure will be reshaped on form physical and steel 
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to contain new resources which greet their environments. Also, new 
careers and industries will be generated and some will vanish, 
particularly low or zero skill roles and those depending on repetition of 
activities. Caring only about design and construction will be an outdated 
concept as infrastructure becomes multi-functional. Moreover, robots 
will become more predominant in construction. As a result, construction 
will get sooner, using 3D and 4D printing, and self-transforming 
elements which self-assemble. New, troublesome thoughts will arise, for 
making mass transportation faster, saved and less harmful to the 
environment. Thus, we will gradually use more wearable technology 
such as exoskeletons. Lastly, direct neural regulator over devices and 
vehicles will be connected to the industry. 

On the other hand, The Internet is successively transformed and 
developed. The basic connection shape of recent Internet is  
human-human. The Internet of Things (IoT) can be determined as the 
future evaluation of the Internet that recognizes machine-to-machine 
(M2M) learning. Consequently, the internet introduces connectivity for 
everybody and everything. It implants some intelligence in  
Internet-connected items to interact, transforms information, take 
decisions, appeal actions and support smart services. All of this lets 
software engineering services gradually beneficial and software 
vocations progressively powerful, but it also targets substantial 
accountabilities on software engineers to certify that their software will 
be able to provide great amount of dependability. Also there are some 
extra future goals that would make this goal progressively challenging, 
but also gradually essential to tackle. These goals are: ambiguity and 
development; quick transformation; complex dependability; variety; and 
interdependence. The improvement of computing technology touches 
the environmental transformation of domestic field a lot in a many 
technologies. It means that we suggest that Ubiquitous computing 
technology will shape our very concept of our houses. The most 
dissimilar occurrence of Ubiquitous settings is that the amount of 
individual computers will enlarge main fold. So in the coming future we 
will collaborate with computers in daily life and people will have more 
computers to control. Related to users, the interaction between systems 
and users in home-network setting should construct the next stage which 
is distinctive from recent way of using computer. Hence, Ubiquitous 
setting should be shaped for people and it must be beginning with 
supporting users and grabbing advanced and fundamental needs of them. 
The following Fig. 1.6 shows the recent fears of Ubiquitous setting. 
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Fig. 1.6. The recent fears of Ubiquitous setting. 

1.5. Conclusion and Future Work 

This section summarizes the main points of this chapter. The major aim 
of the chapter is to emphasize the essential tasks of software engineering 
and the main role of software engineers to improve this field in the future. 
This chapter introduced main four areas, Internet of things, artificial 
intelligence, ubiquitous computing, and system of systems. We 
presented the recent view and challenges for each area and the future 
view and challenges as well. 

Following the present directions and ways of using technology in the 
daily lives, we guess that the future would follow the same directions 
through using software in all fields and actions. In addition to surveying 
the state of art, we designed an online interview for experts from the 
same field. Six questions were assigned to the participants, 104 responds 
were received and analyzed. The majority of the answers reflected both 
of positive and negative attitudes towards the growth of technology 
through the four areas. It can be concluded that, by 2050 many changes 
would be done on our daily and career lives because of the great 
development in software systems. Productivity will get higher and more 
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qualified; the cost of software would be less, a number of jobs would 
disappear, and the privacy would be lost. 

As a software engineer, I suggest having a huge system which can 
manage the produced amount of data every day. This system manages 
some sub-systems and each of them has its own manager to organize data 
and give accurate results for all tasks. 
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2. 

Hybrid Models in Medical Diagnosis 

Sabina Costache Munteanu2 

“Medicine is an art based on much science.” 

 

2.1. Introduction to Medical Diagnosis 

We live in a world of imprecision and uncertainty. Our tools to measure 
things and facts are imperfect, and our knowledge is limited and shallow. 
And yet we strive a way towards truth, colliding through all our 
limitations. While human reasoning is a magnificent but difficult task, 
prone to errors, machine reasoning should be seen as a helping guide, – 
and never a substitute for its model. 

A short perspective on some of the approaches to automated reasoning 
is presented following. Section 2.2 will introduce you to some  
best-known common machine-solving paradigms, while Sections 2.3 
and 2.4 detail a few techniques we have found useful in our experience 
within the medical field of human diagnosis and risk-benefit assessment 
of foods and drugs. Fuzzy decision functions are discussed for their 
efficiency and knowledge-representative power in pruning the space of 
hypotheses (Section 2.3), and argumentation systems are detailed in 
Section 2.4, for their explanation-facilities and tractability advantages 
within non-monotonic reasoning (as it is the case with reasoning most of 
the time…). A worth-mentioning algorithm that can deal with arguments 
in a reasonable time is also presented in Section 2.6. A few conclusions 
will end our expose in Section 2.7. 

                                                      
Sabina Costache Munteanu 
Computer Science Department, Dunarea de Jos University of Galati, Galați, Romania 
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2.1.1. Problems in Diagnosis’ Formulation 

A diagnosis is, informally, ''the most plausible combination of 
hypotheses which explains all present data'' (abduction’s definition from 
[1]). This definition needs three basic elements: a notion of 
“explanation”', a mechanism to generate diagnostic hypotheses, and a 
tests-based discrimination algorithm. An initial set of incomplete data 
helps to develop the investigation’s directions which are focalized using 
a testing plan (completing thus the initial information up to a 
recognizable profile, from a set of known prototypes). During the 
algorithm, some generated hypotheses may be cancelled by new 
evidence, whilst new hypotheses may come into place. The problem is 
in general, intractable, (NP-hard) ([1]). Significant interactions may 
occur among composite hypotheses. For instance, in medicine, the 
simultaneous presence of two disorders could mask relevant symptoms 
and could introduce symptoms specific to the combination only. Another 
difficult task is differential diagnosis: symptoms or combinations of 
symptoms in a given context may cancel a hypothesis and may defeat the 
hypothetic reasoning developed so far. 

2.1.2. Some Sources of Difficulties and Errors 

Firstly, the space of possible solutions is huge, so exhaustive search 
should be rebuked. Secondly, the model behind the problem is a rough 
simplification of reality (the medical field still misses many 
mechanisms’ insight and many information are still incomplete). 
Thirdly, the evaluation of solutions is affected by noise from different 
sources (inappropriate presentation of symptoms, erroneous medical 
tests, other human mistakes). The clinical picture of a disease in a given 
patient may differ according to genetic peculiarities or undertaken 
treatments. Moreover, a clinical diagnosis should always lead towards 
etiological and pathogenetical diagnosis (cause and mechanism of 
induction of the disease). 

Causes and complications of diseases are easier to ignore, and so are 
related conditions (disorders that tend to appear simultaneously although 
it is not known to cause one another). Disorders with vague symptoms 
(like fatigue) and rare disorders may also be sub-diagnosed. 
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Another source of difficulty for the problem resides in its dynamism (a 
diagnosis is built on a step-by–step basis, as new evidence is gathered 
from testing). 

Masked disorders also are worth mentioning: clinical manifestations of 
some disorders may be so atypical that match the clinical picture of 
another disorder (myocardial infarction can evolve as a dyspepsia with 
bloating and nausea, gastric ulcer may appear as pancreatitis etc.). The 
solution is to correctly identify the cause of the disease. 

Lately, new difficulties arise from the fact the medical field is aiming 
towards personalized medicine, where each disease is conditioned by 
individual specific particularities [2]. 

2.2. Diagnosis as Classification-statistic  
and Non-statistic Approaches 

Depending on the type of available information, two types of decision 
making prevail: either model-based (deep causal model of the 
domain/process) or statistical (shallow class-characteristics 
associations). 

Statistical diagnosis is based upon statistical classification, which either 
explicitly or implicitly builds discriminant functions [3] to prioritise 
diagnostic hypotheses. These functions, in general, use conditional 
probabilities or fuzzy measures in order to define the limits of the 
decision regions. 

These classification techniques are usually efficient as they use 
associative, shallow, already compiled knowledge. We may say that 
statistics approximates logical inference on formal models, by using 
these cause-effects associations. Their main drawback resides in the fact 
they have poor conclusions’ explanation capacities. 

Statistical methods are good at selecting diagnostic hypotheses, to prune 
the search space of the problem. A classic basic principle is Bayesian 
classification that constructs around the notion of probability. We know 
that probabilities can be viewed either frequentially (statistics: 
probability measures the proportion of individuals) or subjectively 
(Bayes: probability is the measure of an agent’s trust in his own 
knowledge). Bayes’ decision rule chooses the category which minimizes 
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the aposteriori conditional probability, given a priori conditional 
probabilities and absolute frequencies of categories. 

Structured probabilistic models (like, let’s say, Bayesian nets [4]) suffer 
from the major drawback of depending on conditional probabilities, 
which are often not easily computed. Also, probabilistic inference in 
Bayesian nets is NP-hard. The former disadvantage is removed by neural 
networks (unstructured probabilistic models) that have the ability to 
learn from data. Multilayer perceptrons, for instance are universal 
approximates (they approximate a non-linear function from a set of 
examples). It is well known that the backpropagation algorithm is in fact 
computing conditional aposteriori probabilities and that finally we can 
use Bayes’ rule to classify forms. 

2.2.1. Bayesianism and Causality 

Causal nets are a step further towards deep causal model-based 
diagnosis. They are Bayesian nets in which the parents of a node are its 
direct causes, and as David Poole has shown (1988), they can be 
modelled as a logic program with probabilities assigned to each 
hypothesis, being equivalent to the logic view on abduction  
(see Section 2.4). 

As the author noticed in [5], statistics discovers the associations among 
variables, and models them as correlation coefficients, using regression 
and estimation, and any statistic concept may be viewed as a distribution 
probability (either subjective or frequency-based). It only models static 
relations from the world. Dynamic conditions should be modelled in a 
formalism that accounts for causality, among others. Conditional 
probabilities are not suitable to model causality. In probability, if H is a 
hypothesis and E a set of evidences, and we try to model causality with 
conditional probabilities we get: 

 P(H|E) = 1-P(H’|E),  (2.1) 

which implies a cause-effect relationship between E and H’ when there 
is a cause-effect relation between E and H. Here is a simple example 
from [6] that shows this is not correct: 

 “If P(to graduate | grade “A” at course X) = 0.7”,  (2.2) 
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this doesn’t mean that: 

 P(to not graduate | grade “A” at course X) = 0.3 (2.3) 

Pearl introduced the model of structural equations to tackle causal 
systems [7], and the key-notion of intervention to differentiate between 
a causal relation and any other type of dependency: in a cause-effect 
relationship if we modify the parents we get modifications of the  
child-nodes (and only of them). Causal nets have been used in medical 
diagnosis over the time (CASNET to diagnose glaucoma [8]), Heart 
Disease Program [9] ). 

2.2.2. Non-statistic Uncertainties: Fuzzy and Possibility  
Measures 

As the authors notice in [4], functionality of truth values modelled with 
probability measures is not recommended in uncertain reasoning:  
100 conjunctively aggregated premises of 0.99 probability each lead to 
a conclusion of probability 0.37 only (which is counter-intuitive). 

The fuzzy sets of Lotfi Zadeh occurred as a necessity to model  
non-statistic uncertainties and imprecisions by representing linguistic 
terms, expressions and approximate reasoning. Fuzzy sets are well suited 
to medicine, with all its imprecision, subjectivity and uncertainty 
sources. The first subjective probabilities in medicine were the 
confidence factors from MYCIN. The fuzzy sets and the possibility 
measures may be viewed as a generalisation of these confidence factors, 
used to overcome the probability problems. 

If probability represents the degree of confidence in our knowledge, a 
fuzzy set represents the fact that there exist different degrees of truth in 
the modeled world. Just like neural nets, fuzzy systems are universal 
approximators and can be used in decision problems [10]. A fuzzy 
inference system is an aggregation of if-then rules (Mamdani,  
Takagi-Sugeno), with linguistic variables (as temperature, age, height, 
error...) that model the experts’ experience in imprecise and uncertain 
conditions. They use compositional inference as a specific form of 
generalised modus-ponens, as inference rules (CRF: combine rules first 
or FRF fire rules first for Mamdani type, or a linear combination of inputs 
for Takagi-Sugeno) [11]. 
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Possibility measures. Possibility causal nets have been developed using 
possibility distributions [12], as an alternative to Bayesian nets 
(uncertain reasoning with precise data), to model uncertain reasoning 
with imprecise data [13]. 

Because structural and probabilistic measures are complementary, they 
should be combined in order to add strengths and overcome drawbacks. 
The DiaMed original system (Section 2.6) uses such a hybridization: 
general associative reasoning with fuzzy decision functions to prune 
large medical contexts, focus search and select hypotheses in the first 
stage, and categorical reasoning within a direct argumentation systems’ 
framework, which addresses logical uncertainty with non-monotony 
(Section 2.4) during the second stage. 

2.3. Fuzzy Decision Functions 

Selection of hypotheses should be efficient, and may be less precise or 
transparent. As discussed earlier, most popular among  
shallow-knowledge-based associative reasoning are neural nets [14], 
rule-based systems [6], fuzzy models [12]. All these model human 
expertise starting from input-output pairs and statistical correlation is the 
key concept behind them. 

We propose an original selection method, based on fuzzy decision 
functions [15, 16], and we compare it to fuzzy inference systems (the 
closest approach). We’ve used the C statistic index to measure the 
discriminative power of these tests with very good results [17]. 

2.3.1. Prerequisites of Fuzzy Decision 

A fuzzy decision function is a hierarchy of fuzzy aggregation operators, 
applied to the membership degrees of the fuzzy criteria of each 
considered alternative (diagnostic hypothesis). Fuzzy criteria are defined 
by fuzzy linguistic values. Decision is made by ordering known 
alternatives using their decision function. 

Definition 1 [18]. An ordered weighted averaging (OWA) operator of m 
variables is a function : mW    with an associated vector  
wT = (w1,….,wm), where the weights wi satisfy: 
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using the convention 1 ... .mb b   (Re-ordering is a fundamental 

property.) 

Definition 2 [18]. A generator function of an aggregation operator of 
fuzzy sets is a function f:[0,1] →    [-, ] continuous and strictly 
monotonic. The generator function is an increasing (decreasing) 
generator if it is continuously increasing (decreasing) monotonic in 
interval [0,1]. 

Definition 3 [18]. The pseudo-inverse of a generator f is the function: 

 f(-1):[- ,]→[0,1],  (2.6) 
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generator (f-1 is the known inverse function). 

Definition 4 [18]. A t-norm T is Archimedean if T(a,a) < a. Similarly, a  
t-conorm S is Archimedean is it satisfies S(a,a) > a. 

Proposition [18]. A continuous aggregation operator (a,b) for  
a,b  [0,1] can be represented by its generator function f as: 

 (a,b) = f(-1)(k(f(a)+f(b))), cu k > 0,  (2.7) 
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if the operator is an Archimedean t-norm, an Archimedean t-conorm, a 
generalised average operator (and others). 

So a decision function D based on t-norms and t-conorms can be 
represented by its generator function as following: 

 1( , ) ( ( ) ( ))D a b f f a f b  , (f being the generator function) (2.8) 

The generator functions are used to characterise a large class of fuzzy 
aggregation operators, such that they can be used to analyse the influence 
of the criteria’s weights on the decision function. Because the decision 
function is used to order the decision (diagnoses) alternatives, it would 
be natural that a more important criterion (i.e. with greater weight) to be 
more influential on the result of the aggregation than a less important 
criterion. The influence of criteria’s weights on the decision function can 
be analysed with the sensitivity index. 

Let Dw be the weighted decision function generalised from the decision 
function D to include weights wi ≥ 0, I  {1,2,...,m}. 

Definition [18]. The sensitivity index D
iS  of the decision function 

D(μ1,..., μm) with respect to weight μi is defined as: 

 D
i i

i

D
S 



 



  (2.9) 

The sensitivity index measures the relative change of the value of the 
decision function when the value of μi is varied. 

Conditions for a weighted decision function [18] 

Condition 1. A weighted decision function Dw(μ1,..., μm) should be such 
that: 

 0,
wD

iS  I  {1,...,m}, cu 
0

lim 0
w

i

D
i

w
S


   (2.10) 

Condition 1 assumes Dw monotonic in μi (the degree of membership to 
criterion i), in accordance to the monotonicity of the fuzzy aggregation 
operators. 
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Condition 2. When the weight wk of criterion ck raises, the contribution 
of this criterion to the value of the decision function should raise: 

 If 
^
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w w
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D D
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k m
D
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i

S
S
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 k  {1,...,m} then 
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0
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  (2.11) 

Therefore, (2.8) can be extended to a weighted decision function by 
transforming the decision space: 

 1( , ) ( ( ) ( )), ( , ),w
a b a bD a b f w f a w f b w w w     (2.12) 

where w represents the weights’ vector. 

The decision function (2.12) satisfies conditions 1 and 2, required from 
a weighted decision function. 

For instance, if we choose the T-norm T(a,b) = ab to express conjunction, 
the generator function of this t-norm will be: 

 f(x) = -ln(x), and f -1(x) = e-x, 

such that: 

 ( .( ln ) .( ln ))( , ) a b a bw a w b w wwD a b e a b       (2.13) 

Moreover, if wD  is the weighted decision function based on a T-norm, 
the weighted decision function based on the dual co-norm has the 
following expression: 

 1

.ln(1 ) .ln(1 )
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w w

a b

w a w b w w

D a b D a b

f w f a w f b

e a b



  

    

     

     

  (2.14) 
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2.3.2. Fuzzy Decision in Medical Diagnosis [17] 

Let 1{ ,..., }Nd d   be a restricted context of considered disorders 

(classes/ diagnostic hypotheses), and let 1{ ,..., }KM m m  be a complete 

set of manifestations that characterize them. We consider that  is a 
complete set of possible causes for M. The matrix 1..

1..( )i N
ij j KWEIGHTS w 

  

contains the relevance indices of the symptoms inside the classes’ 
definition (either statistically computed or given by an expert). 

We originally define the classes (disorders) by transforming a fuzzy 
decision model as described following: 

 Each symptom jm  is defined as a fuzzy function  

: [0,1],j jM dom   (domj represents the domain of function Mj, and 

may be discrete or continuous, -depending on the symptom), and 

1

K

j
j

A dom


   is the set of all possible observations ( is the 

carthesian product; the observations are considered over the domain 
of all possible symptoms, although only a small part of them are 
used in practice, the rest being null (0) because they are missing at 
the observed patient or because they have not been tested yet); 

 The observations are represented by a K-dimensional point 

1( ( ),..., ( ))Ko M o M o ; -this vector will evolve with new tests; 

 Diagnoses are defined by the fuzzy decision functions:  
1

1 ,..., Nww
ND D , as follows: 

 
1

( ( ),..., ( )),i

i

w
i i i inD h M o M o   (2.15) 

where 
1

( ) { ,..., },
ii i inSymptoms d m m  and 1,... {1,..., }

ini i K  

represent the indices of the relevant symptoms for diagnosis di; iw  
is the vector of weights of the symptoms within the definition of 
class ;id  ih  is an aggregation function defined with fuzzy operators 
that model a human expert’s way of thinking. 

Let “”, “” be a T-norm and, respectively, an S-norm [18]. Studies 
within the fields of fuzzy logic and decision theory have shown that 
conjunctive and disjunctive aggregation are not enough to model experts 
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in making decisions. Many practical situations prove a compensatory 
way of thinking: good properties of some criteria compensate for poor 
qualities of other criteria (medical diagnosis is an appropriate example, 
as the presence of only a few symptoms out of a big set is often enough 
to diagnose a certain disease). 

If we must express the fact that x diagnosis criteria out of a given number 
are met, where x may be a crisp value or a fuzzy criterion-like, for 
instance, “the majority”, “a few” etc., we choose a vector of weights 
where all the positions are null, excepting exactly x positions. If  
wT = (0 0 0 0.25 0.25 ), then Ww computed with Equation (2.5) will raise 
above a threshold of 0.5 only when at least 2 out of the 5 criteria 
(modelled by the fuzzy functions Mj), are maximally fulfilled ( = 1). To 
simplify the exposition, we shall consider from now on all the symptoms 
either completely present or completely absent (that is, domj = {0,1}). 

Observation. The Condition 1 in Definition 1 is not essential and it may 
be dropped if more discriminative power is needed: if 3 out of 5 criteria 
are met, the algorithm should be sensitive enough to consider this 
situation better than when only 2 are met out of 5 (instead of assigning 1 
in both cases). 

The OWA operators are a special case of fuzzy integrals. They are more 
suitable to compute the diseases’ score for the situation when “some” 
symptoms should be present (we do not have a precise criterion) – we 
shall refer them as “type B” disorders, to differentiate them from the 
“type A” disorders that have criteria like the one given in Example 1). 

For the type B diseases, let CB be the set of relevant symptoms, A  CB 
and g(A) the normalized weight of subset A (i.e. the sum of weights of 
symptoms in A divided by the sum of weights of all the symptoms from 
CB). We consider p(mj) to be the value of criterion (symptom) mj at a 
given patient p. We may therefore give the following definition. 

Definition 7. Let di, and p a patient under observation. The score of 
type B disease di at patient p, associated to the observations vector o is 
defined as: 

 Score(p, di) = Sg(
1
( )iM o ,…, ( )

iinM o ),  (2.16) 

where g is defined using wi, and the fuzzy measure of a set of symptoms 
is the normalized sum of their weights, Sg being the Sugeno integral [18]. 
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For type A diseases, we shall include the weights inside the model in a 
different way. The decision function (Equation (2.12)), should be 
sensitive to each criterion according to the latter’s weight. 

Therefore, if di is a type A disease whose symptoms are divided into 

d in  classes 1,..., ,
di

nC C  then the diagnostic criterion will be defined as: 

1 1( ,..., ),
d di i n nd h W C W C  where iW  is an OWA operator for ''at least x 

out of | |kC '', and hi is the aggregation function built with an hierarchy 
of t-norms and t-conorms. 

Example 1. Rheumatic fever (RF) is a type A disease. We present its 
clinical picture, the weights of the symptoms (defined by an expert, 
[0,1]) and its diagnosis criteria. 

The Jones’ criteria to diagnose RF [PopIon99]: 

1. Major manifestations (C1): 

 Carditis 0.7; 

 Poliarthritis 0.9; 

 Chorea 0.7; 

 Marginal erithema 0.6; 

 Subcutaneous nodules 0.6. 

2. Minor manifestations (C2): 

 Fever 0.4; 

 Arthralgia 0.6; 

 Seric abnormal rheumatoid factor 0.8; 

 High C reactive protein 0.8. 

3. Streptococcus infection (C3): 

 High ASLO titre 0.7; 

 Group A streptococcus inside the pharynx 0.6; 

 Scarlet fever 0.5. 
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Diagnostic criterion: the presence of 2 major criteria, or of a major 
criterion and 2 minor criteria suggest a high probability for RF, if the 
streptococcus’ presence has been proved. 

This general diagnostic criterion may be written as: 

 DAAR = ( 11W C1  3W C3)  ( 12W C1  2W C2  3W C3),  (2.17) 

where kW  are the OWA operators used to define the diagnostic criterion 
and based upon the following weights, respectively: 

 11w  = (0 0 0 0.25 0.25), (at least 2 out of 5), 

 12w  = (0 0 0 0 0.5), (at least 1 out of 5), 

 2w  = (0 0 0.25 0.25), (at least 2 out of 4), 

 3w  = (0 0 0.5) (at least 1 out of 3), 

such that, if 1{ ,..., }
k

k k
k nC m m  is the set of manifestations from class Ck, 

we can write: 

 1
1

( ) ( ( ),..., ( )) ( ),
k

K

nnot
k k k k k k

k n j j
j

W C o W M o M o w M o


    (2.18) 

( )k
jM o  being the observed value of the symptom k

jm  (0 or 1, absent or 

present) in a given patient p, and o is the vector of observations. 

The weights above should not be confused with the observed symptoms’ 
weights: 

 1 2 3( , , ),AAR AAR AAR AARw w w w   (2.19) 

partitioned after the 3 classes of symptoms ( k
AARw  is the vector of weights 

for the observed symptoms which belong to class k). 
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We chose the pair of dual norms T(a,b) = ab and S(a,b) = a + b - ab, so 
that replacing the operator “” in 3.14, we can write: 

 DAAR = 1-[1-( 11W C1 3W C3)]w13*[1- 

 -( 12W C1 2W C2 3W C3)]w123, (2.20) 

where w13 = w(C1) +w(C3); w123 = w(C1) + w(C2) + w(C3), and  

w(Ci) 
not

  wi is the sum of the weights of the observed symptoms from 
class Ci, normalized with the sum of the weights of all observed 

symptoms (o was omitted from ( )k
kW C o  to simplify the notation). 

Let’s suppose that, in a simplified notation, o = {chorea, arthralgia, seric 
abnormal rheumatoid factor, group A streptococcus inside the pharynx}, 
the data of a RF suspect patient. 

Then 

 DAAR = 1-[1-(( 11W C1) w1* ( 3W C3)w3)]w13*[1- 

 -(( 12W C1 )w1*( 2W C2)w2* ( 3W C3)w3)]w123, (2.21) 

w1 = 0.26, w2 = 0.5, w3 = 0.22; 11W C1 = 0.25, 12W C1 = 0.5,  
2W C2 = 0.5, 3W C3 = 0.5. 

The final result is DAAR(o) = 0.62, which means RAA will be selected as 
a possible hypothesis, and will be a subject of the discrimination process. 

*** 

In the representation above, symptoms are seen as fuzzy criteria which 

define a diagnosis. The degrees of matching ( )iw
iD o  between the vector 

of observations and the complex criterion that defines diagnosis ,id  help 
us to prioritise the diagnostic hypotheses using the particular evidences 
of a given case. A variable (disease-specific) threshold could then be 
used to decide if a given disease should remain in the list of  
possibilities or not. 
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2.4. Abduction and Consistency Model-based  
Diagnosis in First Order Logic 

Abduction and consistency-based diagnosis are needed to explain 
conclusions and to eventually remove conflicts in differential diagnosis 
situations, for instance. They use a deep causal model and are transparent 
but efficiency becomes a problem. 

2.4.1. Abduction and Consistency-based Techniques 

Abduction means “the process of forming an explanatory hypothesis for 
a set of observations”(Peirce, 1800) and is a general reasoning scheme, 
used in reasoning with incomplete information, in generating the causal 
explanations in diagnosis and Bayesian nets’ simulations. 

The general structure of abductive reasoning. D is the true 
observations, H explains D, there is no H’ better than H which explains 
D, H is assumed true. 

In abductive reasoning we should answer the following questions: Which 
is the data to be explained? 

 What does it mean that ‘’H explains D’’? (“causal relation” or 
“logical consequence”); 

 What does it mean a ‘’better’’ hypotheses‘ set? 

The logic definition of abduction. Let T be the domain’s theory, and D 
–the formula to be explained. An explanation for D in T is a formula E 
that meets the requests: 

1. T   E is consistent; 

2. T   E ├ D; 

3. E is formed of assumable predicates only, and is the simplest that 
satisfies 1 and 2. 

Abduction is intractable in general. Probabilities and heuristics can be 
used to focalize abduction and improve performances (e.g. shallow 
knowledge can shortcut through deep knowledge- like in first generation 
expert systems). 
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Abduction is preferred when we have a model of the abnormal behaviour 
of a system, and this model is complete. In this case, the diagnosis will 
be a minimal abnormality hypotheses set which covers (that is, implies) 
the observations (if the model is complete, abduction is reduced to 
deduction [20]). If, on the other hand, we have a model of the normal 
behaviour, consistency –based diagnosis is more sound; here diagnosis 
means a minimal set of components of the system, which being assumed 
faulty renders the consistency of the observations. In abduction, an 
explanation i should be such that I → o (o- the observations), in 
consistency-based it is necessary that I   o is not a contradiction. The 
advantage of the consistency-based approach resides in its validity, 
regardless the completeness of the model, but the result cannot be 
explained and the defect cannot be identified. These drawbacks can be 
overcome if we integrate abduction inside consistency techniques. In 
[21], the authors propose a unified vision: a diagnostic problem is seen 
as an abduction problem with consistency constraints [21]. The clauses 
of this behavioural model may be seen as cause-effect relations, being 
very close to Pearl’s structural equations [5, 7]. 

Abduction is a form of defeasible reasoning (non-monotonic).  
If we have: 

 p1 → q,..., pn → q,  (2.22) 

where pi, q is the propositions within the theory T of a domain, and the 
material implication is used to model cause-effect relations, abduction 
says that to explain q we must assume at least one pi (this being correct 
only if we have complete knowledge about q inside T). 

In first order logic, abduction was used in logic programming (Abductive 
Logic Programming), and abductive computing procedures were 
developed, which were found valid only for the admissible  
semantics [22-24]. 

First order logic has limited capacities in automated reasoning because 
of two main reasons: limited abilities to represent uncertainty and its 
monotonicity (the drawback of semidecidability being closely related to 
these issues). In searching of a complete and valid technique, with a 
constructive and efficient computation technique, we have turned our 
attention towards direct argumentation systems- this being the only 
efficient alternative in non-monotonic logic. They can be attached CSP 
(Constraints Satisfaction Problems) algorithms as an inference method. 
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2.4.2. Arguments for Abduction 

Non-monotonicity is uncertainty modeled in logic: new information can 
contradict older information, and the concept became useful from the 
moment researchers understood that probabilistic uncertainty is not 
enough to model the real world. Non-monotonicity can be expressed in 
various forms- in logic programming (the completion of predicates, 
general logic programming, disjunctive logic programming, the stable 
and admissible semantics [25-27]), or inside McCarthy’s 
circumscription [28] (a more general form of completion). All these are 
“indirect argumentation systems” [29]. The notion of argument occurs 
implicitly within them, as a general sense of “formal/informal 
demonstration for the truth of a formula starting from the premises”. 

Direct argumentation systems [29] contain arguments as explicit objects 
of the formalism [29]. Non-monotonicity reduces to an attack relation 
among monotonic structures-the arguments ([30-32]). In the non-
monotonic logic of McDermott şi Doyle ([33, 34]), or the implicit logic 
of Reiter [35], a conclusion is accepted if it doesn’t introduce 
inconsistencies at the global level of the theory. Apart from the fact that 
consistency-check is only semi-decidable and expensive from the 
computational point of view, the mentioned approaches are missing a 
determinist mechanism to select a particular extension (a consistent set 
of conclusions), when more than one are generated. Therefore, conflict 
resolution (when we have pros and cons for the same conclusion) is a 
difficult task for the “indirect argumentation systems” [29]. 

Direct argumentation systems, instead, have an explicit representation of 
arguments which reduces conflict resolution to a defeat relation among 
these structures. Moreover, the argumentative admissible semantics is an 
efficient consistency – maintaining mechanism that can be used for 
abduction. To compute this semantics one can use CSP – specific 
algorithms, as admissibility can be written as the satisfiability check of a 
logic formula. 

2.4.3. Direct Argumentation Systems 

In direct argumentation systems, the model based theoretical semantics 
of Tarski is replaced substituting “true” with “justified”: a conclusion is 
justified if there exist an undefeated argument that sustains it inside the 
context of present evidences. Non-monotonic reasoning needs this 
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different semantics (different from the models’ correspondence with the 
reality of the world), as the classification normal-exceptional for “true in 
general, if some exceptions are not met” already condenses implicitly a 
part of the reasoning chain. The notions of attack and defeat from 
defeasible reasoning are not “propositional” as their meaning doesn’t 
occur from the correspondence with the real world [36], but from the 
relations among the propositions themselves, judged with respect to a 
dynamic context of evidences. 

Moreover, medical diagnosis reasoning needs iterative belief revision 
which can be naturally modelled within a direct argumentative 
framework that mimics human reasoning in front of complex situations. 
This formalism can also be adapted to interactivity to account for 
sequentially tests that alternate with the hypotheses’ generation. 

Definition [32]. An abstract argumentation system A is a triplet (L,R,), 
where L is a language, R is an inference rules set, and “” is a reflexive 
and transitive order relation over the set of arguments. 

Definition [37]. An argument for literal p is a demonstration tree (using 
monotonic derivation) for p, built with inference rules from R. 

The most used rules for conflict resolution are: ''the specificity principle'' 
(Toulmin: “more specific information overrides more general 
information”) [38], domain-dependent methods, numerical methods (the 
latter associate a number to each argument (like, for instance the strength 
of the weakest link [31], or the valued arguments from [39])). New 
approaches have introduced the notion of valued arguments: the same 
argument can be more or less valuable according to a specific audience, 
and we have justified in [2] that this idea is very suitable for risk-benefit 
assessment in medicine, among other fields (practical reasoning,  
law, etc.). 

Definition [32]. A base set is a finite compatible sub-set of L. 

A base set contains “irreducible information” that is the departure point 
in a forward reasoning and the final point of “backward” reasoning. 

The interesting part of direct argumentation systems from the diagnosis 
point of view is that abduction can be modelled more efficiently within 
their framework than inside a hypothetical-deductive framework. 
Explanations are replaced by arguments, hypotheses’ cancellation is 
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replaced by solving conflicts among arguments and initial observations 
may be a base set. Our DiaMed medical diagnosis framework [17] uses 
an arguments-based abductive framework to base and discriminate 
diagnostic hypotheses and to maintain coherence of final conclusions. 

An argumentative frame to generate explanation was used in 
WOZ(Wizard of OZ) [40], using the structure of arguments proposed by 
Toulmin [38]. But Toulmin’s arguments structure is not expressive 
enough to express the whole complexity of diagnosis’ reasoning (for 
instance, we cannot model exceptions to exceptions), therefore we will 
propose a more complex argumentative scheme that gives more insight 
into nonmonotonic reasoning details. 

2.4.4.  Dung’s Argumentation System. The Fixed Point  
Approach 

Dung, a pioneer in the field, proposed an argumentation system that 
abstracts the internal structure of an argument. The majority of 
nonomonotonic reasoning approaches in automated reasoning and logic 
programming may be seen as particular instances of this system. This 
frame contains a primitive notion of argument and a binary  
defeat relation: 

Definition [41]. 

1. An argumentation framework AF is a pair 

 AF = <AR, attacks>,  (2.23) 

where AR is a set of arguments, and attacks is a binary relation over 
AR: attacks ;AR AR   

2. An AF is finite if each argument in AR is defeated by at most a finite 
number of arguments; 

3. A set S of arguments is conflicts-free if there aren’t any arguments 
A, B in S such that A attacks B. 

The notion of acceptability is central to argumentation, because it defines 
the relation of argumentation to non-monotonic reasoning. There doesn’t 
exist a universal computation method for this notion yet. 
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Definition [41]. An argument A is acceptable with respect to a set S of 
arguments if any argument that attacks A is attacked by an  
argument in S. 

Definition [41]. A conflicts-free set of arguments S is admissible if each 
argument in S is acceptable with respect to S. 

The admissible semantics (credulous) improves the stable semantics 
(sceptical- attacks everything that it does not contain), which cannot 
express the intuitive meaning of some argumentation frameworks, and 
whose globality makes it intractable in general. Admissible extensions 
exist for each argumentation framework, regardless the associated attack 
structure. More than that, admissibility is local and therefore more 
efficient from the computational point of view: one has to build a set of 
hypotheses that monotonically imply the proposition we need to justify, 
and then this set is augmented with “defences” against any possible 
attack. Starting with these observations, we give an original definition to 
a multiple diagnosis set. 

Definition. A multiple diagnosis is an admissible hypotheses set which 
covers all the observations, and is minimal with this property 
(hypothesis- any active disease). 

This definition will be used in Section 2.6. 

Example. Consider the following 3 arguments A = {leukemia},  
B = {normal PT,PTT level}, C = {medication that affects PT,PTT 
levels}. The attack relation is given by the graph: A ← B ← C. Then A 
is acceptable with respect to C, C being a defense of A from the attack 
B. So {A,C} is an admissible set, such that “leukemia” is a possible 
diagnosis within the C context. 

Definition [41]. Dung’s ground semantics. Let Args be a set of 
arguments ordered by a binary attack relation, and let S   Args. Then 
the F operator is defined as: 

 F(S) = {A  Args|A este acceptable with respect to S}  (2.24) 

Definition [41]. An argument is justified iff it belongs to the least fix 
point of the operator F. 

Proposition [41]. Consider the following sequence of arguments: 
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 F0 = 0; 

 Fi+1 = {A  Args | A is acceptable with respect to Fi}. 

Then: 

1. All the arguments in 
0i



 (Fi) are justified; 

2. If each argument is attacked by at most a finite number of 

arguments, then an argument is justified iff it is in 
0i



 (Fi). 

2.4.5. The Recursive Approach 

Definition. Defensible and overridden arguments [36]: 

 An argument is overridden iff it is not justified and either attacks 
itself or one of its proper sub-arguments are attacked by a justified 
argument; 

 An argument is defensible iff it is not justified or overridden. 

Definition. Recursively justified arguments [36]. An argument A is 
justified iff: 

1. A doesn’t attack itself; 

2. All proper sub-arguments of A are justified; 

3. All arguments that attack A either attack themselves, or they have 
at least one proper overridden sub-argument. 

Within the credulous approach (which allows multiple states for 
arguments), equal-strength contradictory arguments will introduce two 
alternative states. 

Definition [36]. A state assignation to a set X of arguments, ordered by 
a binary defeat relation, is an assignment of the state ''in'' or ''out'' to each 
argument, such that the following conditions hold: 

1. An argument is ''in'' if all its defeating arguments are ''out''; 

2. An argument is ''out'' if it is defeated by an ''in'' argument. 
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Remark. In both credulous and sceptical approaches, odd defeat cycles 
don’t have a state assignation. 

2.4.6. CSPs for Argumentation Systems 

Admissible extensions may be computed in three main ways, after [42]. 
We chose the satisfiability check from the three methods, as this is a 
starting point in tackling argumentation systems by means of constraints 
solving. Our aim is to adapt a Dynamic Constraint Satisfaction Program 
to the computation of admissible extensions. 

Proposition [42]. Let (A,R) be an argumentation framework. A set  
S   A is admissible iff the formula: 

 
:( , ) :( , )

( ( ( ( ))))
a S b b a R c c b R a S

a b c a
   
           (2.25) 

is satisfiable (the last term in (2.25) represents the maximality condition, 
which may be dropped if it doesn’t address the particular conditions of 
our medical diagnosis). 

If formula (2.25) is satisfiable (see also Fig. 2.1.), it means it has a 
solution inside the system. The CSP algorithms can compute these 
solutions. If we define the attack relations as constraints over the 
contained variables, the CSP algorithms may find the solutions in a 
systematic and hopefully efficient way, as we shall see. The computed 
possible solutions will be the admissible arguments’ sets: “in” arguments 
will be those assigned “true” in CSP. 

 

Fig. 2.1. Graphic representation of relation (2.25)  
(the arrows are the attack relations). 
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The CSPs algorithms allow us to reduce the non-monotonic problems in 
first order logic to search problems (in Dynamic CSP the search space is 
dynamically modelled). This idea is not new: Sylvie Doutre [43] 
proposed a computation for the preferred extensions of an argumentation 
system with algorithms that enumerate the sub-sets of a set, but their 
complexity is of order O(2|set|), as compared to the polynomial 
complexity of dynamic backtracking. Therefore we may approach the 
complex non-monotonic reasoning with an efficient search method 
within a dynamic space of possibilities. 

We chose dynamic backtracking for DCSP (dynamic constraint 
satisfaction programs) [44] because it is efficient and suitable for a 
medical diagnosis problem. Not only the DCSP algorithms are a better 
procedural approach than TMS for abduction, but they are adequate for 
what we need in our medical application: they keep multiple solutions 
simultaneously, they are incremental and they adapt to a dynamic 
environment of evidences and test-results. 

2.5. Solving Problems through Searching 

Diagnosis belongs to that class of problems for each any found solution 
is important (as compared to the optimization problems). Take, for 
instance, a classic backtracking problem: the queens on a chess table: it 
might be a solution or not and we do not have “intermediate” solutions. 
Constraint Satisfaction Problems algorithms are most suitable for this 
class of problems. 

Constraints are a natural knowledge representation for many domains 
[45] and as the authors mention in [46]: “All decisions assume the 
presence of constraints. The problems are only differentiated by the form 
of the constraints: rules, dependencies among data, algebraic  
expressions etc.” 

A classic constraints-based problem assumes the existence of three main 
components, as seen following. 

Definition [47]. A constraints satisfaction problem (V,D,c) represents a 
set V of variables; for each v  V, there exists a set of possible values 
Dv. c is a set of constraints, each being a pair (W, K), where W = (v1,…vk) 
is an ordered sub-set of V, and K is a subset of Dv1   …   Dvk. 
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Constraints are a fundamental inference technique. They may be seen as 
“a logical relation among the variables expressing an admissible 
combination of values”. In practice they may take the form of equalities/ 
inequalities. 

CSPs algorithms have been applied in diagnosis [48], logic programming 
(CLP-Constraint Logic Programming- [49] replaced Robinsons’ 
unification with constraint satisfaction algorithms) and up to 
combinatorial NP-hard problems in operational research and discrete 
mathematics. 

2.5.1. Dynamic Backtracking for CSPs 

Classic algorithms for constraints’ satisfaction fall in two main 
categories: pre-processing algorithms, which use the constraints to 
actively reduce the search space (arc-consistency, path-consistency), and 
solving algorithms that passively use the constraints to test the already 
generated solutions (a paradigm of “generate and test”). 

Backtracking is one of the mostly used systematic search techniques. It 
is essential a depth-first search inside the space of possible solutions, of 
exponential complexity. A major drawback of backtracking is that 
finding an inconsistency and returning to previously assigned variables 
to modify them is “blind”, as it doesn’t consider the variable effectively 
implied in the contradiction. We regress to re-assign the previous 
variable, but the variable that generated the inconsistency may lie at a 
distance. This is partially resolved in Back jumping, -a better 
Backtracking which jumps back directly to the source of conflict and 
ignores irrelevant assignations [50]. 

Notations: 

Va = the set of assigned variables; 

Vn = the set of un-assigned variables; 

C = the set of constraints. 

Proposition [47]. The necessary space for back jumping is o(i2v), where 
i = |I|, is the number of variables of the problem and v is the number of 
values for the variable with the largest value set Vi. 
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Back jumping maintains an important drawback: when jumping back 
because of a conflict, it loses the partial solution from the current position 
to the source of the conflict (and which may be useful until the end). 

This weakness is removed in Dynamic Backtracking [47]. This 
algorithm dynamically structures the search: for each eliminated value 
of a variable, a list of “no goods” is recorded – just like in TMS-, with 
those variables whose current assignations conflict the eliminated value. 
These lists are called “eliminatory explanations”, and they are recorded 
only for the current values – those that depend on former values are 
removed, thus improving the algorithm’s performances: 

Dynamic_backtracking (Vn, Va, C) 

1. If (Vn = Ǿ) return Va  

    Else  

          Choose v  in Vn; 

          Current_domain(v) = Domain(v)- (inconsistent values with Va,  
          using C) 

          If (Current_domain (v)= Ǿ) 

                  Let Ve be an eliminatory explanation of the conflict (i.e. a set  
                  of variables in conflict with v) 

                  If (Ve = Ǿ) no solutions   

                  Else  

                        Un-assign v’ the most recent variable in Ve   

                         Vn = Vn   {v’}; Va = Va- {v’};  

                         Create an explanation for the elimination of value  
                         val’ = {Ve – v’}; 

                         Delete eliminatory explanations that contain v’; 

                         GOTO 1. 

           Else  

               For each (val   Current_domain(v)) 

               v ← val; Va = Va   v; Vn = Vn-{v}; GOTO 1. 

The result for back jumping remains valid for dynamic backtracking 
because the space is still limited by the structure of eliminatory 
explanations. 
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2.5.2.  Dynamic Constraint Satisfaction Problems  
and Algorithms 

Classic CSP are not suitable for those problems whose structure changes 
dynamically (new requests from the users, new data to be integrated by 
the constraints. These situations should consider that the set of 
constraints is dynamic: we may remove or add new constraints. The 
DCSP technique and its variants [45] are the solution for the problem 
above, and we have chosen the activity-based variant to use in our 
application. 

Definition [45]. An activity-based Dynamic Constraint Satisfaction 
Problem (aDCSP) consists of a classic CSP problem and a mechanism 
that describes how the variables are added (removed) from the problem, 
dependent on the values of another set of variables (Context) (this latter 
mechanism can also be represented by constraints). 

Therefore, an aDCSP contains two types of constraints: compatibility 
constraints (classical), and activity constraints, which specify under 
what circumstances a variable and its domain become relevant for the 
solution. The activity constraints may take one of the forms: 

 1 : , ,... ( ),
a ba i i j j kc C x d x d active x      (2.26) 

 2 : , ,... ( ),
a ba i i j j kc C x d x d inactive x      (2.27) 

 3 : ( ), ( ),... ( ),a i j kc C active x active x active x    (2.28) 

 4 : ( ), ( ),... ( )a i j kc C active x active x inactive x   (2.29) 

The structure of the problem may change as a result of internal decisions 
[45]. For instance, the results of medical tests may continuously adapt 
the context of medical diagnosis. 

2.5.3. Dynamic Backtracking for DCSPs 

We present following a dynamic backtracking version for aDCSPs [44], 
we have adapted for medical diagnosis in DiaMed. 
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Dynamic_backtracking_DCSP (Vn, Va, C) 

1. If (Vn = Ǿ) return Va (assigned variables) 

    Else  

          choose v a variable in Vn; 

          Current_domain(v) = Domain(v)- (Values inconsistent with Va,  
          using C) 

          If (Current_domain (v) = Ǿ) 

                 Let Ve be and eliminatory explanation of the conflict (i.e. a  
                 set of variables in conflict with v) 

                 If (Ve = Ǿ) (no solutions) (*) 

                            Let AC (Added Constraints), 

                                  RC (Removed Constraints- dependent on the  
                                  problem) 

                            Let V – the set of variables which violate constraints  
                            from AC 

                                 Un-assign variables in V: 

                                      Vn = Vn   V; Va = Va- V;  

                                 Delete eliminatory explanations that contain  
                                 variables in V; 

                                   Delete eliminatory explanations that contain  
                                   variables which violate constraints in RC; 

                            GOTO1; 

                  Else  

                         Un-assign  v’ the most recent variable in Ve  

                         Vn = Vn   {v’}; Va = Va- {v’};  

                         Create an explanation for the elimination of value  
                         val’ = {Ve – v’}; 

                         Delete eliminatory explanations that contain  
                         v’; ( → update the variables’ domains) 

                         GOTO 1. 

           Else  

               For each (val   Current_domain(v)) 

                v ← val; Va = Va   v; Vn = Vn-{v}; GOTO 1. 
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At the step (*) the set of the variables of the problem is changed. The 
problem is continued over a new set of variables. 

2.6. The DiaMed System 

The DiaMed system (Diagnosis for Medicine) is a hybrid combinative 
system with two levels. Uncertainty is modelled with fuzziness during 
the first stage and with non-montonicity during the second stage. We 
approach the problem through generation: composite hypotheses are 
aggregated by exploiting the admissible solutions of a dynamic 
constraint satisfaction problem. A deep causal model is used to better 
understand the explanations and the situations when multiple disorders 
interact with each other. 

Composite hypotheses (multiple disorders) are represented using 
covering admissible sets. Admissibility is computed using attack 
relations and allows the dynamic building of composite hypotheses. 
Even if the causal model is not complete, we may represent only the 
nodes relevant for the decision. 

The first stage implements the selection of hypotheses with an efficient 
associative reasoning (the fuzzy decision functions), to discriminate 
among classes. These can accurately express a great variety of fuzzy 
criteria. The second stage uses the deep causal model restricted at the 
limited context of the hypotheses selected during the first stage, and is 
used for discrimination, explanation and to remove eventual 
contradictions generated at the first level. The DCSP algorithm controls 
the active constraints. The reasoning schema respects the 
nonmonotonicity of diagnostic decision, combining arguments and the 
DCSP algorithm (an efficient approach, as compared to logic abduction). 

2.6.1. Knowledge Representation 

The diagnostic classes (like medical disorders, for instance) will be 
modelled as special causal nets, with different types of nodes and arcs 
that resume the deep causal model. There exist three types of nodes: 

 Root nodes, associated to diagnostic hypotheses, the deep causes of 
the observed manifestations; 
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 Intermediary nodes, associated to deep symptoms (inaccessible or 
accessible through invasive, expensive and time consuming 
investigations; 

 Leaf nodes corresponding to shallow observations (easily 
observable/ accessible). 

Manifestations may be necessary or supplementary. The invalidation 
after testing of a necessary node leads to the elimination of the diagnostic 
hypothesis that contains it. 

The arcs that link the nodes of the causal net are of different types, too: 

1. Necessary implications: the presence of the cause always produces 
the consequence; 

2. Possible implications: the cause may produce the consequence, but 
this is not always the case (because the model is incomplete); 

3. Bidirectional or unidirectional attacks: they model elements that 
cannot be simultaneously present (not in one and the same patient). 

Each diagnosis is defined by a causal net that contains all the elements 
related to it, organised in deep and shallow levels (Fig. 2.2). 

Definition. An argument associated to a diagnostic class is an instance 
of the causal net that defines the class. An instance of a causal net is a 
subset of its nodes that contains all the necessary nodes and at least one 
observed symptom. 

Observations: 

 Dung observed that the attack relations among the arguments in 
default reasoning depend only on the assumptions (the hypotheses) 
those arguments rely on, and defined an argument as a deduction 
whose premises are all assumptions. Besides, argument a attacks 
argument b if a attacks an assumption of b. (An argument attacks an 
assumption α when the conclusion of a is the contrary not α of α). 

 Inference is nonmonotonic, through attack relations. An argument is 
an instance of a class, added or removed from the context according 
to the attacks. 
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Fig. 2.2. The general structure of a causal net and an example of a sub-net  
(d – disease; i – intermediary nodes; s – shallow symptoms). 

Definition. The abstract attack graph is the attack graph among the 
arguments which contain the nodes that belong to the attack relation 
(there are no attacks among the nodes of one and the same argument). 

We shall use three types of attacks. Firstly, two alternative causes for an 
effect attack each other, we assume that only one has produced the effect 
and it is not correct to consider them both “in”. 

The second type of attack models the situation when a disease b 
resembles another disease, such that b is sometimes confused with a, 
then we consider that b attacks a. We initially assume a, but 
supplementary tests invalidate a and prove b. This type of attack 
subsumes the experts’ experience about the possible order of hypotheses 
during reasoning. For instance, heart failure attacks cirrhosis, because 
sometimes doctors confuse it with it. 
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Finally, the third type of attack is defined by logical inconsistency: if in 
heart failure the heart’s pressure and volume are affected, we considered 
that “normal heart pressure and volume” directly attack the congestive 
heart failure (abstractization). If there are exceptions to this situation 
(like, for instance, in hypothiroiditis where we have congestive heart 
failure but with a normal heart pressure and volume, because of a 
different generation mechanism: hypocalcemia), we considered that 
hypothiroiditis attacks “normal heart pressure and volume”, within the 
context of “congestive heart failure”. Hypothiroiditis is therefore a 
defense of congestive heart failure for the attack “normal heart 
pressure/volume” (Fig. 2.3). This is, in fact, another example of an 
“alternative cause” type of attack. 

 

Fig. 2.3. The attack graph for the firstly selected context. 

2.6.2. Medical Diagnosis as an aDCSP Problem 

Notations: 

 Diagnostic hypotheses: d1,…,dN (N classes -diseases); 

 The causal nets associated to the classes: C1,…,CN; 

 Arguments: A1,… AL (L possible instantiations of the causal nets); 

 Ip = {d1,…,dt} –the set of selected hypotheses, ordered decreasingly 
after the weight computed during the selection phase; 

 Confirmed_Manifestations = {mc1,…,mck}- the set of present 
manifestations- true; 
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 Invalidated_Manifestations = {mi1,…,mip}- the set of absent 
manifestations –false after testing; 

 Context = Confirmed_Manifestations   Invalidated_Manifestations 
–the total set of tested symptoms -true or false; 

 Ga – the abstract attack graph restricted at the set Ip; 

 We partition Ip into:  
Invalidated_hypotheses, Considered_hypotheses, New_hypotheses. 

We start with Confirmed_manifestations, and select hypotheses through 
fuzzy decision (the generative phase of abduction) thus building the set 
of active hypotheses: {d1,…,dt}, with their associated causal nets 
C1,…,Ct. firstly, we compute every node linked to confirmed or 
invalidated manifestations through deterministic relations (a node whose 
un-defensible attack is true will be false). The nodes from the activated 
nets which have not been tested yet form a set of active variables 
Active_Var = {V1,…,Vp} that shall be used by an adapted dynamic 
backtracking algorithm for dynamic CSPs [44] (this will be the 
consistency-check phase). The active variables are usually associated 
with defensible nodes: they may be “in” (assumed true) or “out” 
(assumed false) at a certain moment but their situation may change as 
testing and reasoning move further. The active constraints of the CSP 
algorithm -Active_Constr- are the ones that contain at least an active 
variable. A multiple diagnosis will be a minimal solution: an admissible, 
completely covering and minimal set. (We have simplified the 
implementation by introducing in Active_Var the diagnostic hypotheses 
directly whenever that was possible). 

We keep trace of the tested nodes with Confirmed_Manifestations 
(contains diagnostic hypotheses and symptoms that sustain them – used 
for the final explanation) and Invalidated_Manifestations – used to not 
reactivate through selection the already defeated hypotheses or nodes. 

The three types of implications which might occur within a causal net 
may be represented as binary constraints- like in BCP- Boolean 
Constraint Propagation): 

 Necessary implications: a → b: Cab = {00,11,01}; 

 Attacks: a   b: Catac = {10, 01,00}; 
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 The possible implications do not restrict the variants, so the domain 
will be {00,01,10,11}. 

Let Cons(v) is the constraints which contain variable v; Var(c) is the 
variables that occur within constraint c. 

The set of current constraints Active_Constr is defined as: 

 
_

_ ( )
v Active Var

Active Constr Cons v


    (2.30) 

Definition. A solution of the problem is a complete assignment of truth 
values for all the active variables, and which covers all the confirmed 
manifestations. A solution with a minimum number of hypotheses/nodes 
is a minimal solution. This corresponds to the definition of multiple 
diagnosis given above. 

If we get more solutions (minimal or not), we may prioritise them by 
their degree of determination, described following. 

Degree of determination. If we naturally assume that the nodes within 
one and the same argument do not attack each other, we may abstract the 
attack relation from the level of nodes to the level of arguments –
hypotheses, getting an acyclic attack graph Ga. 

Definition. We call degree of determination of an argument A  
the number: 
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  (2.31) 

where necessaryc(A) represents the set of necessary nodes confirmed 
inside argument A, and necessarya(A) is the set of its assumed nodes (and 
similarly for “supplementary”), and “+u” is the “unfair” variant of 
Bernoulli’s law of evidences’ combination: 

 e1+ue2 = e1+(1- e1)*e1* e2  (2.32) 
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Definition. If S1, S2 are subsets of arguments, we define an order relation 
“ ”: S1   S2 if det(S2)>det(S1) or det(S2) = det(S1) and S2 is minimal (it 
contains less hypotheses-arguments than S1). (We used the notion of 
“minimal-defense” defined in Section 2.4). 

The degree of determination may be used by the algorithm to compare 
the quality of alternative solutions. 

Discrimination of hypotheses and decision argumentation  
in DiaMed 

We describe following the algorithm used for the discrimination and 
explanation stage within the hybrid system DiaMed [51]. The algorithm 
is an adapted and enriched version of the basic variant from Section 2.5, 
such that the dynamics of the constraints is controlled by the test results. 

2.6.3. Algorithm 

1. We order the set Active_Var starting with the most constrained 
variables (a heuristic for more efficient CSP algorithms). Because the 
attacks are the most restrictive, we put the variables from the attack 
relations first; 

2. We adapt dynamic backtracking [44] for the set Active_Var, with 
associated constraints- Active_Constr, to compute diagnosis, as follows 
(Nodes In or Out, = defensible nodes which may be subsequently 
attacked). 

Initializations 

Let Va =   be the set of assigned variables, Vn = Active_Var the set of 
un-assigned variables, and C = Active_Constr – the constraints with 
variables from Active_Var; the domains of variables are {in, out} in the 
beginning. 

We have adapted the dynamic backtracking for DCSP for our diagnosis 
problem, as follows. 

Diagnosis_with _Dynamic_Backtracking_for_DCSP (Vn, Va, C) 

Vtotal = the set of hypotheses and nodes relevant for the decision; 
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1. If (Vn = Ǿ) return Va (assigned variables) 

                      if Va is a complete admissible covering for the present  
                      symptoms 

                                   show the solution; 

                      if Va inadmissible  

                                   Inadmissible_solutions =  
                                   = Inadmissible_solutions   Va; 

                      If Va admissible incomplete 

                                   Partial_Solutions = Partial_Solutions   Va; 

                      (memorized to be extended further on) 

    Else  

          choose v a variable from Vn; 

          Current_domain(v) = Domain(v)- (Values inconsistent with Va,  
          using C) 

          If (Current_domain(v)= Ǿ) 

                  Let Ve be an eliminatory explanation for the conflict (i.e. a  
                  set of variables in conflict with v) 

                  If (Ve= Ǿ) (no solution) (*) 

                              New_Data=Test; 

                            Resume the selection of hypotheses (by fuzzy  
                            decision) with New_Data; 

                            Change the working context: 

                            AC = the constraints that define the new context of  
                            hypotheses, 

                            RC = constraints associated to those contexts in  
                            which a necessary node was attacked by the nodes  
                            corresponding to the newly tested symptoms; 

                            Let V be the set of variables that violate constraints  
                            from AC  

                                  Un-assign variables from V: 

                                      Vn =Vn   V; Va = Va- V;  
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                            Delete explanatory explanations which contain  
                            variables from V; 

                            Delete explanatory explanations which contain  
                            variables from RC; 

                            GOTO1; (start all over again) 

                     OR: try to extend partial inadmissible solutions, blocking  
                     Va and working only with Vn. 

                  Else  

                         Un-assign v’ the most recent variable from Ve   

                         Vn =Vn   {v’}; Va = Va- {v’};  

                         Create an eliminatory explanation for value  
                         val’ = {Ve – v’}; 

                         Delete the eliminatory explanations that contain  
                         v’; ( → update the variables’ domains) 

                         GOTO 1. 

           Else  

               For each (val   Current_domain(v)) 

                v ← val; Va = Va   v; Vn = Vn-{v}; GOTO 1. 

(in bold we have the modifications to the original algorithm). 

2.6.4. Example [17] 

Suppose we initially observe the following symptoms: 

Confirmed_Manifestations = {anorexia, heart rhythm irregularities, 
ascites, dyspnea, edema, fatigue, muscular weakness, chronic disease 
anemia}. 

At the first step, the system selects through fuzzy decision all disorders 
with a score higher than 0.2 (the chosen threshold): 

 Angina pectoris 0.51; 

 Cirrhosis 0.22; 
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 Hypothiroiditis 0.25; 

 Heart attack 0.26; 

 Heart failure 0.29; 

 Miocardithis 0.70; 

 Pericardithis 0.34. 

The algorithm also selects a special node in the list of hypotheses: 
“normal heart pressure/volume”. The node is special because it is a part 
of the attack relations that comprise the selected diseases (without being 
a symptom to any of them). Fig. 2.3 presents the attack graph associated 
to the selected context. 

The CSP algorithm returns three minimal admissible covering solutions: 

 Hypothiroiditis, heart failure, myocarditis; 

 Hypothiroiditis, heart failure, heart attack; 

 Hypothiroiditis, heart failure, angina pectoris. 

Suppose further that the user wants to complete the investigations with 
new tests. So he may add to the program newly observed symptoms and 
may invalidate some necessary nodes for the diseases active at the 
moment, to eventually narrow the current context. To this purpose, the 
program presents the list of necessary symptoms within the current 
context (an automated clue to guide the testing process). The necessary 
symptoms are preferred over the supplementary ones because their 
invalidation can limit the work space (Fig. 2.3). 

According to the new observations, Invalidated_Manifestations = 
{“chest pain which yields with nitroglycerine”, “chest pain that doesn’t 
yield with nitroglycerine”, “gallop rhythm”, “pericardial rubbing”}, and 
these exclude from the list of possible hypotheses {angina pectoris, heart 
attack, myocarditis, pericarditis}- (all being disorders with necessary 
manifestations missing at the observed patient. The invalidated 
manifestations support “normal heart pressure/volume” that defends 
hypothesis „cirrhosis”. The testing discovers in addition “high Mi2, 
SRP antibodies” that is suggestive for “Polymiositis”, which gathers a 
score of 0.45 and is added to the list of active hypotheses. The attack 
graph becomes that of Fig. 2.4. 
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Fig. 2.4. The attack graph for the secondly selected context. 

When the algorithm restarts, it tries to extend inadmissible assignations 
from the previous step with defences. For instance, the inadmissible 
assignment {“cirrhosis” “in”, “normal heart pressure/ volume” “in”} 
may be extended to the admissible but not completely covering 
assignment: {“cirrhosis” “in”, “normal heart pressure/volume” “in”, 
“polymiositis” “in”}, because the node “polymiositis” is a defense for 
the set {“normal heart pressure/volume”, “Cirrhosis”}, against the 
possible {“heart failure”, “hypothiroiditis”} which were activated  
by the evidences. 

In conclusion, the algorithm simulates the dynamics of the search space 
through newly acquired data and invalidation of hypotheses, very close 
to a human expert’s way of thinking. 

2.7. Conclusions 

The fuzzy decision functions we proposed are a more efficient alternative 
to fuzzy inference rules: a decision function for each possible output 
(diagnosis) replaces an entire set of fuzzy rules (m functions for m 
possible diagnoses). Moreover, they are more intuitive and easier to build 
than fuzzy inference rules, and they can clearly express a large variety of 
vague criteria (the majority, at least x out of n, a significant number of..). 
Therefore, they are a simple and efficient way of calculus which quickly 
focuses the search towards relevant directions. 
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The aDCSP adaptation from Section 2.6 dynamically models the 
working context, taking into account the evidences brought by tests, and 
allowing us to operate on limited sections of the entire model. The 
adding/removal of hypotheses mechanism after the selection step and 
testing is the basis of the activity constraints which add and remove 
variables according to some domain – dependent rules. The method is 
incremental and keeps the partial subsolution when transitions towards 
different regions of the model. Hypotheses are generated even when we 
do not have enough information, and we may reconsider them as soon as 
relevant evidence invalidates them (non-monotonicity). 

The above algorithm computes the admissible semantics in an adapted 
manner, CSPs being a valid option for checking the admissibility of a set 
of arguments. The dynamic version of the algorithm allows to model the 
contextual properties of this semantics. We therefore have an efficient 
and systematic tool for non-monotonic reasoning. 

The definition of multiple diagnoses through the admissible semantics is 
a new idea in the field of medicine. The determination degree of 
arguments index and the domain-adapted definition of arguments, which 
groups the disorders in possibly-interacting kernels is also an original 
contribution. 

As the authors observe in [52], “following research in non-monotonic 
reasoning should emphasize the computational aspects”, because this 
domain “will have a long-lasting impact in automated reasoning only if 
it will give people useful tools in solving real-world problems”. 
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A New Adaptive and Self-organizing 
Fuzzy Logic Approach to Improve  
the Real-time Control Performance 

Hamid Chekenbah, Rafik Lasri, Héctor Pomares, Ignacio Rojas 
and Olga Valenzuela3 

3.1. Introduction 

In recent years, the field of intelligent control and regulation has 
experienced remarkable progress by the design of new techniques [1, 2], 
or by the improvement of old methods [3]. Among the most used 
techniques in the design of this controller, we find fuzzy logic 
controllers. From its appearance in 1974 by Mamdani [4], several 
techniques based on fuzzy logic have been developed to ensure the 
design of conventional, adaptive, or even self-evolving controllers. 
Adaptive and self-evolving controllers can improve the functioning of 
complex systems and especially non-linear systems, whose transfer 
function is not always known [5]. In this context, this chapter presents a 
new intelligent control methodology based on the design of an adaptive 
and self-organizing fuzzy logic controller applied online and in real-time 
during its operation. The proposed technique improves the performance 
of conventional controllers by reducing energy consumption and 
increasing the accuracy of the system. 

Self-Organizing Fuzzy Logic Controller (SOFLC) was first applied by 
T. Procyk and et al. in 1979 [5], the principle of this technique is based 
on identifying the rule responsible for the poor condition of the plant and 
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replacing it with a value that can reduce the error made. Since the 
Jacobian matrix is not always known, as well as the transfer function of 
the system. SOFLC only uses the sense of monotony of the system to be 
controlled to apply the necessary adaptation to the rule responsible for 
such a plant condition. This type of adaptation makes it possible to 
improve the performance of the nonlinear system which does not present 
a high level of complexity by modifying only the consequences of the 
rules. This is not the case for the more complex systems, which require 
the self-organization of the internal structure of the fuzzy logic controller 
[6-10]. The technique proposed in this chapter is different than the 
majority of algorithms cited in the literature, as it allows  
self-organization of the internal structure of the controller as well as an 
adaptation of the consequences of the rules in real-time, which 
guarantees the design of a robust and reliable controller. 

The proposed methodology has a double effect; reducing the error made 
during operation of the system to be controlled and minimizing the 
power consumed by this system. Indeed, the energy consumed in a 
control process plays an important role in the evaluation of such a 
methodology. Despite its importance, this area of energy consumption 
during control processes is not well documented [11-15]. The techniques 
proposed in the literature identified two principles to minimize energy 
consumption. The first technique is based on optimizing the system by 
minimizing the intervention time of the actuators to avoid excessive 
expenditure [14]. While in the second method, the energy optimization 
is achieved by generating a more moderate control signal [13]. In [15], 
the authors carried out a comparative study between a conventional fuzzy 
controller and a PID controller. They concluded that the fuzzy logic 
controller can control the system by consuming a minimum of energy 
than the remaining controllers. This comes down to the effect that the 
fuzzy controller directly controls the actuators. 

In this chapter, an application of the presented technique is carried out 
on two different systems to evaluate its effectiveness. Then, a 
quantitative comparison is made on the results obtained by the  
self-adaptive fuzzy logic controller and a set of conventional controllers 
under the same operating conditions. This comparison demonstrates that 
the methodology presented in this chapter optimizes the control process 
and reduces the energy consumed by the controller itself. This chapter 
represents the advancement of the work presented in [16]. 
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3.2.  Layout Design of the Proposed Adaptive  
and Self-organizing Fuzzy Logic Controller 

Usually, the mathematical model of the plant to be controlled can be 
expressed by equation (3.1). Provided that a sufficiently short sampling 
period is used [17]. 

 𝒚 𝒌 𝑻   𝒈 𝒚 𝒌 , … , 𝒚 𝒌 𝒑 , 𝒖 𝒌 , … , 𝒖 𝒌 𝒒 , (3.1) 

where T is the delay of the plant and g is an unknown continuous and 
differentiable function, u is the plant output, and the plant order is 
determined by the constants p and q. 

The principle of every control process is to force the system output to a 
well-known set-point. On the other hand, for each controller input, the 
partial derivative of the output relative to the control input must be 
different than zero within the operating range. This means that this 
derivative must have a constant sign because of the continuity of the 
plants [9–15]. Using the TSK-0 structure, the fuzzy ruleset of the 
controller can be represented by: 

𝐼𝐹 𝑥 𝑖𝑠 𝑋 𝐴𝑛𝑑 𝑥 𝑖𝑠 𝑋 𝐴𝑛𝑑 … 𝑥 𝑖𝑠 𝑋 𝑇𝐻𝐸𝑁 𝑢  𝑅 … , (3.2) 

where 𝑿𝒎
𝒊𝒎𝝐 𝑿𝟏

𝒊𝟏, 𝑿𝟐
𝒊𝟐, … , 𝑿𝑵

𝒊𝑵  are the MFs of input Xm, nm is the number 
of MFs for that input variable and 𝑹𝒊𝟏𝒊𝟐…𝒊𝑵

 is a numerical value 
representing the rules consequent. For the inference method, we will use 
the product as T-norm, while the “center of gravity” with a sum-product 
is chosen as a defuzzification strategy. Hence, the fuzzy controller’s 
output may be expressed as: 

 𝐹 �⃗�   
∑ ∑ … ∑ … .∏         

∑ ∑ … ∑ ∏         
, (3.3) 

where 𝒙𝒕 is the N-dimensional input vector at instant k. 

The objective of this work is to design a self-adapting and  
self-organizing fuzzy logic controller capable of reorganizing its internal 
structure in real-time using only certain qualitative information from the 
plant. The main characteristics of this technique are as follows: 

 This technique is effective for complex systems that do not present 
a mathematical model or have a complicated model; 
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 No need for a differential equation or system transfer function; 

 It does not require prior information on the control strategy. This 
adaptive fuzzy controller can start with minimal structure by giving 
arbitrary values for the rule base; 

 It does not use characteristic information about the dynamics of the 
system. 

We therefore conclude that the behavior of this controller is independent 
of its internal structure since it adapts automatically by modifying this 
structure and even by modifying its rule base. This controller can also 
compensate for any kind of unexpected conditions by bringing the 
controlled plant to operate within the allowed range. 

The adaptation process takes place in two parts. The first part consists of 
adapting the consequences of fuzzy controller rules, it is a 
reward/penalty type adaptation to reduce the error made during the 
control process. While in the second part, the self-organization of the 
internal structure of the controller is applied online and in real-time to 
optimize its operation. The goal of this last part is to balance the input 
space for each input variable. This balancing is based on the contribution 
of the accumulated error recorded during the previous learning period. 
With this self-organization of membership functions, the new rule's 
antecedent will be more suited to the current state of the plant. This 
guarantees improved system performance. The closed-loop structure of 
the proposed controller is summarized in the diagram in Fig. 3.1. 

 

Fig. 3.1. Representation of the closed-loop control system with the On-Line 
Adaptive and Self-Organizing Fuzzy Logic. 
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3.2.1. Stage of Auto-learning: Adaptation of the 
Consequent of the Rules 

The main objective of such an optimization algorithm is to ensure a high 
level of precision by minimizing the error made during the operation of 
the system as much as possible while taking into account its stability. To 
do this, we need to improve our fuzzy controller through a self-learning 
process capable of determining the action that leads to the desired set 
point. In the present work, the self-learning process is used to correct the 
consequences of the rules, therefore these optimized rules allow us to 
obtain new and improved results. 

Changing the internal structure of the controller is not an easy task to 
implement, especially since you do not know the internal structure of the 
plant to be controlled. Some authors use the gradient-descent algorithm 
to overcome this problem, but in this technique, we need to handle the 
partial derivative of the plant output relative to the command input  
(y / u). However, in the case of complex systems, the structure of the 
plant to be controlled is sometimes unknown. Therefore, its differential 
equation is also unknown. One cannot thus manage the partial derivative 
of the exit of the installation. On the other hand, the management of this 
derivative strongly depends on the choice of the sampling period. Indeed, 
in the case of a high period, the approximation cannot be performed. To 
avoid an anarchic operation, the plant must be controlled and therefore, 
its derivative must have a well-defined constant sign. To this end, the 
displacement of the consequences of fuzzy rules must not be random. 
For this, in this work, we relied on a learning process based on 
information on how the monotony of the plant changes compared to the 
command entry. This process makes it possible to indicate the direction 
and the displacement value of these rules to guarantee the desired 
improvement [5-9]. The learning process makes it possible to evaluate 
the current state of the plant and to compare it with the instruction and 
consequently to apply the appropriate correction (either a reward or a 
penalty) on the rules responsible for reaching this state. If the output of 
the installation increases with the command input (positive monotony) 
and at instant (t + 1), the value of the output obtained is greater than the 
set-point ((y (t + 1) > r (k)), the command used at the previous time (t) 
should be less, otherwise, the output obtained is less than the set-point  
(y(t + 1) < r(k)), the command entry should be larger. In the case of 
negative monotony, the same strategy is used except that the direction of 
the movements must be reversed. 
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However, we know that for such a state of the system, only a finite 
number of rules will be activated, so the adaptation (reward/penalty) 
must be applied only to the rules responsible for this state (the current 
state of the plant) while taking into account the degree of activation of 
these rules. The correction must therefore apply only to the activated 
rules and must be proportional to the degrees of this activation. 
Considering all the criteria mentioned above, equation (3.4) makes it 
possible to translate the correction to be applied to the i-th rule of the 
fuzzy system. 

 ∆𝑅 …. 𝑡   𝐶. 𝜇 … 𝑡 𝜏 . 𝑟 𝑡 𝜏 𝑦 𝑡 , (3.4) 

where τ is the system delay, µi(t-τ) is the degree of activation of the i-th 
rule at time t-τ, r(t-τ) is the required set point of the system output at the 
instant (t-τ) and y (t) is the output of the system. We use here the value 
of r(t-τ) instead of r (t) because the rules which are activated at the instant 
(t-τ) are used to reach the value r(t-τ) and not r(t). C is a normalization 
constant which has the same sign as the monotony of the plant. Its 
absolute value is determined by the following equation: |C| = u / r. Where 
u is the range of the actuator of the controller, and r is the range in which 
the reference signal varies. The values of u and r can be fixed offline by 
the data extracted from the human expert. 

Real-time self-adapting controllers are sometimes confronted with 
certain unexpected states which negatively affect this performance. This 
type of limitation sometimes occurs where the appropriate control input 
needed to reach the reference value is outside the limits of the actuator 
range, in this case, the controller output will be the extreme value of the 
actuator range, which does not allow the set-point to be reached. In this 
case, and to avoid this problem, this adaptation of the consequences of 
the rules should not be applied. To do this, we must add the following 
two rules before applying the proposed corrections: 

 IF u(k - d) = umin AND Ri(k) < 0 THEN Ri(k) = 0, 

 IF u(k - d) = umax AND Ri(k) > 0 THEN Ri(k) = 0 

It should be noted that this process of correcting (adapting) the 
consequences of the rules is applied in real-time throughout system 
operation. 
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3.2.2. Self-organization Stage of Membership Functions 

In the first stage of adaptation, the process of correcting the 
consequences of the rules is based on a fuzzy logic controller with a fixed 
internal structure. However, fixing the internal structure of such a 
controller requires precise knowledge of the system to be controlled, 
which is not always possible, especially for nonlinear systems [5-18]. On 
the other hand, the main goal of the methodology proposed in this 
chapter is to build a controller that can start the control of the plant with 
minimal information about the plant. We must therefore use more 
developed self-adaptation and self-organization techniques, which can 
adapt and/or optimize the various parameters of the internal structure of 
the controller. 

For this, we rely on the input/output data obtained in real-time during the 
operation of the system. This information is used to construct the actual 
reverse function of the controlled plant. This information is used as 
follows; if the value of the control input at time t is u (t), and the plant 
output is y(t + τ), we can have useful information on the behavior of the 
plant. Indeed, if for example under the same operating conditions, we 
have the reference value r(t') = y(t + τ), then we are sure that the optimal 
control input will be u(t) independently of y(t + 1) is the desired output 
or not. Note that in the case of systems where the dynamics change 
rapidly over time, this I/O information cannot be exploited. 

The regulation process is based on the exploitation of I/O data stored 
during system operation. However, the uptime of the system is 
indeterminate, which means storing a huge amount of data that can slow 
down the controller or even explode memory. To overcome this problem, 
we fix the size of the memory and each new data will be stored in the 
corresponding hypercube defined by this grid (memory). To avoid local 
processing of the data obtained, we do not assign any weight to the stored 
data. If the stored information is all favored (fixed reference signal for 
example), the weight of each cell is increased, thus rendering the data 
stored in the preceding cells irrelevant. In our methodology, the  
self-organization stage of the controller structure will be based only on 
the processing of local data. 

Otherwise, all stored information would be considered relevant. In this 
context, the information stored during the operation of the system 
reflects a uniform representation of the inverse function of the plant. 
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While the system is running in real-time, the system often operates under 
standard conditions. Therefore, the extracted I/O data does not allow us 
to perform a full functional approximation of the inverse function of the 
plant, as we did not cover the total exploitation regions of the input space 
of the plant. To be able to control the system in less exploited areas, a 
self-learning mechanism based on the region of interest is used to learn 
the controller on how to control the plant in these less frequented regions. 
While taking into account all of the data stored for these areas of interest 
and not just the new data as adopted in [20], which guarantees the 
construction of an actual inverse function of the plant and thus improves 
the control performance. 

In this work, the adaptation of the fuzzy controller is applied in two steps; 
a correction of the consequences of the rules and self-organization of its 
internal structure. The transition from the first step to the second is when 
correcting the rules does not produce a significant improvement. This 
reorganization is only applied in the case where a representative amount 
of I/O information has been stored to ensure accuracy during controller 
initialization. Especially in our methodology, the control process starts 
with minimal parameters with the use of an arbitrary set of rules. This 
amount of I/O information is provided using a threshold on the number 
of empty hypercubes in the memory used. Fig. 3.2 shows the general 
flowchart of the proposed methodology. 

 

Fig. 3.2. General flowchart of the proposed methodology. 

The idea of the membership function reorganization part is based on the 
fact that the input space must have a balanced input on the Integral of the 
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Square Error (ISE) transcribed during the checking mechanism. The ISE 
assessment allows us to know which region is most frequently activated 
(which will have the greatest contribution). The ISE can be determined 
by equation (3.5): 

 𝐼𝑂𝑆𝐸   𝑒 𝑡 𝑑𝑡| , 𝑒 𝑡 𝑑𝑡| ,  

 (3.5) 

Equation (3.3) allows us to evaluate the error recorded to the left (first 
integral) and the right (second integral) of the center of each membership 
function. If the ISE is positive, this means that the error on the left is 
greater than that on the right. To have a balanced contribution, we must 
therefore move the center of the membership function to the left and vice 
versa. This shift must be applied while always respecting the order of the 
functions of belonging. Equation (3.6) makes it possible to apply the 
desired displacement while respecting the last condition. 

 ∆𝑐   

⎩
⎪
⎨

⎪
⎧  ;  𝑖𝑓 𝐼𝑂𝑆𝐸 0

 ;  𝑖𝑓 𝐼𝑂𝑆𝐸 0
 (3.6) 

The value of Rj determines the degree of displacement of the centers of 
the membership functions. A large Rj results in a large displacement of 
the center and a small Rj produces a small displacement. When the 
system starts up, the reorganization process begins with large values of 
Rj and it will be reduced with each learning cycle (T). During the first 
cycle, the rule correction step would be executed, and the sum will be 
calculated at the same time without evaluating the ISE. In the next cycle, 
the ISE will be evaluated and the part of the reorganization of the MF's 
will be carried out after the last iteration of the second period T. In the 
third execution, the new configuration obtained is used to readjust the 
consequences of the rules (without evaluations of the ISE) and so on. 
This process runs periodically throughout the system's operating life but 
with small values of Rj. 

3.3. Application of the Presented Methodology 

To assess its performance, the proposed technique is implemented in two 
different systems: 
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 A temperature regulator inside a room; 

 A maximum power point tracker for a PV system. 

The results obtained in each system are compared with those obtained by 
conventional controllers under the same operating conditions. 

3.3.1. Temperature Control inside a Room 

In this part, a self-evolving and self-organizing fuzzy logic controller is 
produced based on the technique presented in the previous chapter. Its 
role is to set the temperature inside a room at a given set point. To 
evaluate the presented controller, a scale model of a room that can mimic 
the control of the temperature inside the room was used (Fig. 3.3). 

 

Fig. 3.3. Scale model of a room. 

The control process takes place in two stages; A fan that cools the 
environment inside the room, and a temperature source to warm the 
environment. 

3.3.1.1. Implementation of the Used Controllers 

In this part, a comparison between the algorithm presented in the 
previous section and a classic set of controllers is made. All the 
controllers studied present identical structures that contain two inputs 
and one output (MISO). The inputs are the error and its derivative  
(Te, ∆Te). The error represents the difference between the instantaneous 
temperature inside the room and the set temperature. The output of the 
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controllers is the supply voltage of the fan which is responsible for 
cooling the room. 

Design of PID controllers 

PID controllers are used in this work to highlight the presented 
methodology, on which we adopted the Ziegler-Nichols heuristic method 
in closed-loop [18]. Table 3.1 shows the formulas used to tune the PID 
controllers. 

Table 3.1. Parameters of the PID controller in the Ziegler-Nichols  
closed-loop method. 

Structure 
Parameters 

Kp Ti Td 

P controller 0.5 kpu ∞ 0 

PI controller 0.45 kpu Pu/1.2 0 

PID controller 0.6 kpu Pu/2 Pu/2 + t/4 

 

Design of a conventional fuzzy controller 

In this part, the zero-order Takagi-Sugeno-Kang fuzzy model (TSK-0) 
was chosen because of its ease of implementation. Triangular 
membership functions have been chosen for the controller inputs. Since 
this is a TSK-0 controller, the output is a set of scalar values. The 
structure of the implemented conventional fuzzy controller is  
shown in Fig. 3.4. 

3.3.1.2. Analysis of Results and Conclusion 

To evaluate the performance of the technique presented in this work, a 
statistical analysis of the results obtained is carried out in comparison 
with those of the conventional controllers used. The simulations are 
carried out in real-time and under the same conditions with two different 
sets of instructions, to create a sample set, each simulation performed 
lasts 200 minutes of execution and will be repeated five times. Statistical 
analysis of these results is performed by the ANOVA tool. The 
comparison made is based not only on the error committed (MSE) but 
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also on the power consumption (CE) for each controller. Table 3.2 
summarizes the results obtained for the different algorithms. 

  

 

 

Fig. 3.4. The Global structure of the classical Fuzzy Logic Controller used  
in the simulation. 

Table 3.2 (A). The MSE obtained during each simulation Set-points 1. 

 1 2 3 4 5 ∑/5 

PI 
MSE 1.62 1.09 1.56 1.36 1.7 1.46 
EC 1142 968.4 1159.9 1136.7 1158 1113 

PD 
MSE 1.07 1.07 1.5 1.12 1.45 1.25 
EC 1048.2 1022 1163.4 1024.3 1109.3 1074 

PID 
MSE 1.07 1.16 1.66 1.35 1.06 1.26 
EC 1121.1 1120.2 1151.9 1135.2 1133.1 1132.3 

FLC 
MSE 0.92 1.03 1.49 1.31 1.05 1.12 
EC 1159.3 1140.3 1130.9 1139.5 1108.7 1135.7 

ADAPT 
FLC 

MSE 1.1 0.7 0.74 0.65 0.5 0.74 
EC 1084.4 1088.2 1084.3 932 1082.3 1054.2 
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Table 3.2 (B). The MSE obtained during each simulation Set-points 2. 

 1 2 3 4 5 ∑/5 

PI 
MSE 1.22 1.28 1.35 1.7 1.65 1.45 
EC 1112 1108 1106 1092 1121.3 1107.8 

PD 
MSE 1.37 1.28 1.3 1.35 1.4 1.35 
EC 1092 1120.83 1133 1089 1079.9 1103 

PID 
MSE 1.34 1.27 1.26 1.32 1.26 1.3 
EC 1127.3 1102.04 1101.1 1179.3 1121.7 1126.3 

FLC 
MSE 1.47 1.08 1.11 1.33 1.3 1.25 
EC 1121 1098.2 1107.4 1115.2 1162.3 1120.8 

ADAPT 
FLC 

MSE 1.1 1 0.83 0.78 0.84 0.9 
EC 1187 1121.3 1009.7 1013.8 987.5 1063.8 

 

Analysis of variance (ANOVA) 

The ANOVA tool is used to assess the variance of the MSE, which 
decomposes the variability of the variables used (MSE and CE) in the 
inputs due to several factors. In this case, the sum of type III squares is 
chosen as the default parameter in the analysis, and the contribution of 
each factor is measured by avoiding the effects of the remaining factors. 
The statistical evaluation of each factor is carried out from the P-Value, 
this value (in percentage) makes it possible to calculate the contribution 
of the variable MSE compared to CE. A value of 0.05 for example means 
that the factor evaluated has a statistically significant contribution with a 
confidence level of 95 %. It is therefore possible to determine whether a 
factor has a significant effect or not from the data presented in the 
ANOVA table. 

Multiple range test 

To determine which average has statistical differences from the others, a 
multiple range test is performed using fisher's Least Significant 
Difference (LSD) method. Pairs that exhibit LSD with a 95 % confidence 
level are indicated in the table with an asterisk. To analyze the results 
obtained, two interesting factors were used; the factor (A: SET POINTS) 
which shows the influence of using two different sets of set-points on the 
two variables MSE and EC. The second factor (B: CONTROL) presents 
the effect of the control algorithms used on the variables studied. 
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MSE Analysis 

All the F-ratios are based on the residual mean square error. 

Multiple Range Test for MSE of B: CONTROL 

All the F-ratios are based on the residual mean square error. 

Results analysis 

By analyzing the results obtained in the ANOVA Tables 3.3(A and B), 
we can conclude that the factor A: SETPOINTS does not have a 
statistically significant influence on the two variables MSE and CE, 
because its value is slightly higher than 0.05. This means that the quality 
of the results obtained does not depend on the instructions used. On the 
other hand, factor B: CONTROL has a statistically significant influence 
on the MSE and CE variables recorded with a confidence level greater 
than 95 % (P-Value < 0.05). This means that if we repeat the simulations, 
there is a 95 % chance of having similar values of the variables  
MSE and EC. 

Table 3.3 (A). Analysis of Variance for MSE (sum of squares type III). 

Source  
Sum of 
squares 

DF 
Mean 
Square 

F-Ratio P-Value 

PRINCIPAL 
EFFECTS 

     

A: SET POINTS 0.069192 1 0.069192 1.98 0.1663 
B: CONTROL 2.18831 4 0.547078 15.66 0.0000 
RESIDUAL 1.53669 44 0.0349247   
TOTAL 3.79419 49    

Table 3.3 (B). Analysis of Variance for EC (sum of squares type III). 

Source  
Sum of 
squares 

DF 
Mean 
Square 

F-Ratio P-Value 

PRINCIPAL 
EFFECTS 

     

A: SET POINTS 85.2035  1 85.2035 0.04 0.8504 
B: CONTROL 35365.0  4 8841.24 3.74 0.0106 
RESIDUAL 104108.0 44 2366.09   
TOTAL 139558.0 49    
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Note from the results of Tables 3.4(A), 3.5(A) and Tables 3.4 (B), 3.5(B) 
that the self-adaptive controller has significant advantages over other 
conventional algorithms, concerning the level of confidence in the 
results obtained for the two variables MSE and EC (> 95 %). It should 
also be noted that modifying all the set-points does not affect the quality 
of the results obtained, therefore it can be concluded that the adaptive 
algorithm studied exhibits a wide operation range as it achieves the best 
results compared to other controllers even when using different sets of 
set points.  

Table 3.4 (A). Method of 95.0 % LSD for MSE of CONTROL. 

CONTROL  Cases Mean LS ∑LS 
Homogeneous 
Groups 

Adapt 10 0.824 0.0590971 X 
FLC 10 1.209 0.0590971 X 
PID 10 1.275 0.0590971 X 
PD 10 1.291 0.0590971 XX 
PI 10 1.453 0.0590971 X 

 

Table 3.4 (B). Method of 95.0 % LSD for EC of CONTROL. 

CONTROL  Cases Mean LS ∑LS 
Homogeneous 
Groups 

Adapt 10 1059.05 15.3821 X 
FLC 10 1088.19 15.3821 XX 
PID 10 1129.29 15.3821 X 
PD 10 1128.28 15.3821 X 
PI 10 1110.43 15.3821 X 

 

Table 3.5 (A). The contrast between all used algorithm  
for MSE of CONTROL. 

Contrast  Sig. Difference +/- Limits 
Adapt - FLC * -0.385 0.168437 
Adapt - PID * -0.451 0.168437 
Adapt - PD * -0.467 0.168437 
Adapt - PI * -0.629 0.168437 

* Indicates a significant difference. 
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Table 3.5 (B). The contrast between all used algorithms for EC of CONTROL. 

Contrast  Sig. Difference +/- Limits 

Adapt - FLC * -69.23 43.8415 

Adapt - PID * -70.244 43.8415 

Adapt - PD  -29.143 43.8415 

Adapt - PI * -51.38 43.8415 
* Indicates a significant difference. 

A comparison between all the results obtained by the different controllers 
used in the simulations is shown in Figs. 3.5 and 3.6. It can be seen that 
the self-adapting and self-organizing controller presents the best results 
for either MSE (Fig. 3.5) or even EC. On the other hand, the statistical 
analysis carried out on the results shows that thanks to the methodology 
presented, the performance of conventional controllers can be greatly 
improved. This deduction is demonstrated by a large number of 
simulations and with different sets of instructions [1]. 

 
 

Fig. 3.5. Means of MSE of all used 
algorithms. 

 
Fig. 3.6. Means of EC of all used 

algorithms. 
 

The effects of disturbance on control performance 

To assess the behavior of the proposed algorithm in the face of 
disturbances, a disturbance in the form of a 25 % decrease in temperature 
is applied by a secondary fan at minute 20. Another disturbance in the 
form of a 20 % temperature rise is applied at minute 65. Fig. 3.7 shows 
the results obtained by a conventional FLC and our adaptive FLC. By 

Adapt FLC PD PI PID

Means and 95.0% of LSD of Fisher

0.73

0.93

1.13

1.33

1.53

1.73

MSE

Adapt FLC PD PI PID

Means and 95.0% of LSD of Fisher

1000 

1040 

1080 

1120 

1160 

EC



Chapter 3. A New Adaptive and Self-organizing Fuzzy Logic Approach to Improve  
the Real-time Control Performance 

95 

analyzing the response of the plant after disturbances, we can deduce the 
behavior of each algorithm in the face of disturbances. Fig. 3.7a shows 
the results obtained by the conventional FLC, we notice that after the 
disturbance, the conventional FLC presents a significant error without 
exceeding the disturbance effects. On the other hand, the adaptive FLC 
(Fig. 3.7b) presents better performances that it is in the permanent mode 
or even after the disturbances. The results of Fig. 3.7b clearly show that 
the quality (precision) of control for adaptive FLC does not undergo 
large changes after disturbances and that the latter overcomes the 
disturbance effects after minimal time. 

A digital comparison is performed in 10 min before and after the instant 
of the disturbance between the conventional FLC and the adaptive FLC, 
this comparison concerns the recorded error values on which the same 
sets of instructions were used. The results obtained are shown in  
Table 3.6. The values of the MSE obtained show that the adaptive 
controller exhibits a robust behavior to environmental variations. On the 
other hand, the conventional controller is largely influenced by 
disturbance effects because it cannot adapt to new environmental 
variations. 

 

Fig. 3.7. The perturbation effects on control performance. 
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Table 3.6. Comparative performance indices before and after the perturbation. 

MSE in 10 minutes 

+ 25 % in the 
power of the Fan 

- 20 % in the 
power of the Fan 

FLC 
Adaptive 
FLC 

FLC 
Adaptive 
FLC 

Before perturbation 0.78 0.42 0.64 0.1 
After perturbation 0.32 0.36 1.77 0.14 

 

Statistical analysis of disturbance results 

Statistical analysis like that performed in the previous section is 
performed to assess the quality of data obtained in the case of 
disturbance. For this, a simulation set was performed with different 
levels of disturbance (± 15 % and ± 30 %), each simulation lasts 80 min 
and repeated five times using two different sets of set points. We focus 
on this comparison on the MSE recorded during the control process. 
Table 3.7 summarizes the results obtained. 

The results of the statistical analysis by the ANOVA tool of these data 
are presented in Table 3.8 of ANOVA. We notice that the factors  
(C: NOISE and B: CONTROL) have remarkable effects on the MSE 
recorded with 95 % confidence, which shows that if we repeat the 
simulations with the same conditions, we have a 95 % probability of 
having the MSE in the same range. 

All the F-ratios are based on the residual mean square error. 

Table 3.7. The MSE obtained under several types of perturbations. 

Perturbation 
SET POINTS 1 
MSE 
1 

MSE 
2 

MSE 
3 

MSE 
4 

MSE 
5 

∑MSE 
/5 

30 %  
Adap FLC  1.02 0.82 0.75 0.66 0.75 0.8 
FLC  1.24 1.04 1.4 1.3 1.1 1.21 

+15 %  
Adap FLC  1.18 1.03 0.78 0.93 0.78 0.94 
FLC  1.2 1.16 1.1 1.23 1.28 1.2 

-15 %  
Adap FLC  0.92 0.91 0.97 0.94 0.9 0.92 
FLC  1.3 1.16 1.2 1.17 1.5 1.26 

-30 %  
Adap FLC  1.01 0.96 0.91 0.87 0.84 0.91 
FLC  3.76 2.96 3.72 3.88 2.7 3.4 
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Table 3.7. Continued. 

Perturbation 
SET POINTS 2 
MSE 
1 

MSE 
2 

MSE 
3 

MSE 
4 

MSE 
5 

∑MSE 
/5 

30 %  
Adap FLC  1.34 1.03 0.82 1.02 0.8 1 
FLC  1.56 1.47 1.5 1.55 1.85 1.6 

+15 %  
Adap FLC  0.95 0.93 0.95 0.92 0.81 0.91 
FLC  1.13 1.28 1.36 1.37 1.41 1.31 

-15 %  
Adap FLC  1.05 1.07 1.07 0.95 0.98 1 
FLC  1.1 1.14 1.27 1.58 1.86 1.4 

-30 %  
Adap FLC  1.01 0.89 1.07 0.9 0.94 0.96 
FLC  1.84 1.9 1.66 1.7 1.26 1.7 

Table 3.8. Analysis of Variance for MSE (sum of squares type III). 

Source  
Sum of 
squares 

DF  
Mean 
Square 

F-Ratio  P-Value 

PRINCIPAL 
EFFECTS 

     

A: SET POINTS  0.20402 1 0.2040 0.95 0.3341 
B: CONTROL  9.63272 1 9.6327 44.63 0.0000 
C: NOISE  5.60313 3 1.8677 8.65 0.0001 
RESIDUAL  15.9709 74 0.2158 
TOTAL 
(CORRECTED)  

31.4108 79    

 

Multiple Range Test for MSE in the perturbation cases 

On the other hand, the test of multiple ranges shown in Table 3.9(A and 
B) for the CONTROL factor shows that there are remarkable differences 
between the two algorithms studied with a confidence level of around  
95 %. This means that there is a 95 % chance of having the same error 
differences between the two algorithms when the simulations are 
performed under the same conditions. 

Table 3.9 (A). Method of 95.0 % LSD for MSE of control. 

CONTROL Cases Mean LS  LS  Homogeneous 
Groups

Adapt FLC 40 0.93575 0.073454 X
FLC  40 1.62975 0.073454 X
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Table 3.9 (B). The contrast between Adapt FLC and FLC. 

Contrast  Sig.  Difference  +/- Limits 
Adapt FLC - FLC  * -0.694 0.206987 

* Indicates a significant difference 
 

3.3.2.  Implementation of a Maximum Power Point Tracker  
for a PV System 

To assess the applicability of the methodology presented in this work on 
different systems, in this part, the said technique is applied to a maximum 
power point tracker for an autonomous photovoltaic system. This system 
is chosen because of its strong non-linearity and its dependence on 
different parameters, which can be considered as a source of disturbance 
in the evaluation of our methodology. 

3.3.2.1. Implementation of MPP Trackers Used 

Thanks to its simplicity of implementation, we have chosen the 
Perturbation and Observation (P&O) method [21] on which we have 
integrated two types of fuzzy logic controller. The first type is a 
conventional controller, while in the second, we used an adaptive and 
self-evolving fuzzy logic controller based on the technique presented in 
the first chapter. These two types of controllers are used to determine the 
optimal increment step of the P&O algorithm. Fig. 3.8 shows the overall 
diagram of the studied PV system. 

Conventional fuzzy controller design 

Photovoltaic generators present important alternative energy sources, but 
their performance depends on several factors such as irradiation, the 
temperature of the PV cells, and the nature of the loads powered by these 
generators. To improve this efficiency, Maximum power point trackers 
(MPPT) are used between the PV generator and the load. The principle 
of the P&O algorithm is based on the study of the characteristics (I-V) 
and (P-V) of PV generators. 

As indicated by his name, this technique is based on disturbing the 
operating voltage of the PV system and observing the effect of this 
disturbance. The advantage of the P&O algorithm is its simplicity of 
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implementation. On the other hand, its main drawback is the 
coordination between response time and steady-state error. Indeed, if 
have chosen a high disturbance step, an oscillation phenomenon appears 
around the maximum power point and if a low pitch is chosen, the 
response time becomes long. To overcome this problem, a fuzzy 
controller is used to make it possible to determine at each instant the 
optimal step be used in the P&O technique as presented in the diagram 
of Fig. 3.9. 

 

Fig. 3.8. The overall diagram of the studied PV system. 

 

Fig. 3.9. Flowchart of the proposed MPPT. 
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The internal structure (fixed) of the fuzzy controller used in this part 
consists of two inputs which are the error and the error change which can 
be determined by equation (3.7). The output is the step value of the 
voltage to be used in the P&O control. Triangular membership functions 
have been chosen for the inputs and outputs of the controller. The 
structure of the implemented conventional fuzzy controller is shown  
in Fig. 3.10. 

 E(k) = (P(k)-P(k-1))/V(k)-V(k-1), CE(k) = E(k)-E(k-1) (3.7) 

 

 

Fig. 3.10. The Global structure of the classical Fuzzy Logic Controller  
used in the simulation. 

Adaptive and self-organizing fuzzy controller design 

In this part, the methodology presented in the first section has been 
applied to the conventional fuzzy logic controller used in the previous 
section (Fig. 3.11), on which, we kept the same number of membership 
functions. 

3.3.2.2. Analysis of Results 

Operation under constant conditions 

In this part, the meteorological conditions are kept constant. We take the 
values of standard Test conditions (temperature T = 25 °C and  
irradiation = 1000 W/m2). Fig. 3.12 shows the simulation results. 
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Fig. 3.11. Flowchart of the adaptive and self-organizing Fuzzy Logic. 

 

Fig. 3.12. Simulation results at STC conditions (25 °C, 1000 W/m2). 

The behavior of the System faced with a Change in irradiation  
and Temperature 

To evaluate the behavior of the system in the face of climate change, the 
system was subjected to variations in weather conditions. First, we 
maintain a constant temperature (T = 25 °C) and we modify the solar 
radiation. Fig. 3.13a, b, c, and d show the results of these simulations. 

According to the simulation results obtained from the compared 
controllers, we can note that the adaptive FLC tracker has the best results 
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whether in the permanent regime (Figs. 3.12 and 3.13d) or the transient 
regime (Figs. 3.13a, b, c). Moreover, this Adaptive Controller has a more 
stable response and allows us to track the MPP with almost zero 
oscillation (Fig. 3.13d). 

 

 

 

Fig. 3.13. Variation of the irradiation. 

The perturbation effects on the control performance 

Fig. 3.14 depicts the behavior of the algorithms (Conventional FLC and 
Adaptive FLC) after a disturbance of the irradiation. The disturbance 



Chapter 3. A New Adaptive and Self-organizing Fuzzy Logic Approach to Improve  
the Real-time Control Performance 

103 

used here is a simulation of an irradiation decrease caused by a shadow 
for example. 

In Fig. 3.13, conventional FLC tracks the MPP, but with a long response 
time to overcome disturbance effects. In the second graph, the adaptive 
FLC performs very well in the face of these disturbances. The tracking 
accuracy of the MPP does not suffer great changes and the adaptive 
algorithm can overcome the disturbance effects within a few  
moments later. 

 

Fig. 3.14. The effects of disturbance on control performance. 

3.4. Conclusion 

This chapter presents a new policy of self-adapting and self-organizing 
fuzzy control which allows guaranteeing control of complex systems 
while considerably reducing the power consumed during the control 
process. The accuracy and robustness of the presented methodology are 
widely discussed and proven for two different systems (a temperature 
controller inside a room and an MPP tracker for a PV system). Our new 
technique has allowed the design of the control process with very high 
performance compared to conventional controllers under the same 
conditions. The self-adaptive controller presented in this work can start 
the process of controlling an almost unknown installation, the only 
information needed is the delay and monotony of the installation, Also, 
this self-adapting and self-organizing controller does not need offline 
pre-training and can act without assigning a rule base and can learn from 
actual plant behavior to collect the information needed to adapt the 
consequent rules (in real-time) and reorganize the membership functions. 
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The validity and induction of the conclusions extracted from the results 
obtained were verified by simulation in Matlab Simulink and by 
statistical analysis of variance (ANOVA). 
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4. 

Low-dimensional Conjugated  
Polymer-based Artificial Synapses 

Wentao Xu, Hong Han, Shuo Zhang, Zhipeng Xu, Yao Ni  
and Huanhuan Wei4 

4.1. Introduction 

Neuromorphic electronics attracts a lot attention for its application in 
neuromorphic computing and human-machine interface. As an important 
neuromorphic device, artificial synapse is not only used in brain-inspired 
computing but also in artificial sensory systems [1-3]. Recently, great 
efforts have been made to further improve artificial synapses in 
materials, device structure, working mechanism and potential 
applications [4-9]. Ideal artificial synapses that could better emulate how 
the brain works and integrate with biological systems could show tunable 
synaptic plasticity depending on the application and could be 
mechanically flexible [10]. Conjugated polymers are promising 
candidates for their tailorable electronic properties, flexibility and  
low-processing cost [11]. Especially, low dimensional conjugated 
polymer is one of the attractive categories of materials. First, designing 
conjugated polymer ultrathin film with special nanostructured is 
beneficial to investigate the working mechanism of synaptic devices, 
thereby the modulation of synaptic plasticity. Second, the manufacturing 
process, such as inkjet printing or solvent engineering, is relatively  
low-cost and mild for these materials. Moreover, these low-dimension 
conjugated polymer materials have good mechanical flexibility. 
Therefore, we summarize here a series of artificial synapses based on 
low dimensional conjugated polymer [12-14]. 

                                                      
Wentao Xu 
Institute of Optoelectronic Thin Film Devices and Technology, Key Laboratory  
of Optoelectronic Thin Film Devices and Technology of Tianjin, Nankai University, 
Tianjin, China 
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Sections 4.2 Tunable synaptic plasticity in crystallized conjugated 
polymer nanowire artificial synapses. Sections 4.3 Full-printed  
ultra-flexible poly(3-hexylthiophene) (P3HT) nanowire artificial 
synapse. Sections 4.4 A ‘Polka Dot’-structured two-dimensional 
conjugated polymer-based artificial synapse 

4.2.  Tunable Synaptic Plasticity in Crystallized  
Conjugated Polymer Nanowire Artificial Synapses 

Artificial sensory systems prefer short-term plasticity (STP) to make 
dynamic intelligent decisions, while neuromorphic computing and 
pattern recognition prefer long-term plasticity (LTP) for higher accuracy 

[15]. Therefore, designing a strategy that could easily tune the synaptic 
plasticity of artificial synapses may be beneficial to versatile 
applications, where synapses with different short-term and long-term 
plasticity are required. 

By far, great efforts have been made to modulate synaptic plasticity in a 
fixed material and device structure to meet different application 
requirements [16-18]. However, high annealing temperatures and severe 
PH conditions are sometimes not beneficial to organic electronics, which 
is usually anticipated for flexible applications. 

Based on this situation, we propose a strategy that can easily tune the 
synaptic plasticity of crystallized conjugated polymer nanowire-based 
synaptic transistor (ST) under mild conditions. Taking advantage of the 
influence of good and poor solvents on the self-assembly of polymer 
chains, a series of poly(3-hexylthiophene) (P3HT) films with different 
crystallinity were fabricated through low-temperature solvent 
engineering. The plasticity of synaptic transistors based on these 
different crystallinity P3HT films can be easily adjusted. Meanwhile, the 
essential synaptic functions such as excitatory postsynaptic current 
(EPSC), spike-frequency dependent plasticity (SFDP), spike-duration 
dependent plasticity (SDDP) and spike-number dependent plasticity 
(SNDP) were realized. And the evident transition from STP to LTP was 
achieved. This provides a principle to optimize the synaptic plasticity 
performance for different applications such as artificial nervous system 
and neuromorphic computing. 
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4.2.1. Experimental Section 

4.2.1.1. Device Fabrication 

Regio-regular P3HT (Mn 30000, 95 %, J&K Scientific Ltd) was 
purchased from Sigma Aldrich and used without further purifications. 
We prepared by adding dichloromethane (DCM) to the well-dissolved 
P3HT in chlorobenzene (CB) (2 mg/mL) with the different volume ratio 
of CB to DCM (CB:DCM = 100:0, 75:25, 50:50, 25:75), and samples 
were heated at 60 ℃ for 2 h. The solutions were then cool down slowly 
to room temperature to form crystallized nanowires. The solutions were 
spin-coated at 2000 rpm onto glass and SiO2/Si substrates and annealed 
for 10 min at 120 °C for further characterization and device fabrication. 
Gold source/drain electrodes were thermally evaporated through shadow 
masks with a channel width of 1000 μm and channel length 100 μm. 
Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), ionic 
liquid (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
[EMIM] [TFSI]) and acetone (1:4:7, w/w/w ratio) were mixed and casted 
on glass to form ion gel at 70 °C. 

4.2.1.2. Device Characterization 

The surface morphology and the thickness of the polymer thin films were 
characterized using a tapping mode atomic force microscope (AFM) 
(NanoScope, Veeco Instrument Inc.). grazing incidence X-ray 
diffraction (GIXD) were measured at the Pohang Accelerator Laboratory 
(PAL); 11.07-keV photons (1.12 Å) with a grazing angle of 0.12° were 
directed onto the sample. All electrical characteristics of the electronic 
devices were measured in a nitrogen-filled glove box by a Keithley 
4200A-SCS semiconductor parameter analyzer. 

4.2.2. Results and Discussion 

A series of different crystallized P3HT films were fabricated by  
low-temperature solvent engineering. Typically, the self-assembly of 
polymer chains can be altered by changing the combination of good and 
poor solvent. For example, in a good solvent such as CB, P3HT is 
completely dissolved and most of it is amorphous state. However, P3HT 
chains aggregate to form nanowires in poor solvents such as 
dichloromethane (DCM) [19-21]. We use AFM, GIXD to systematically 
study their assembly (Fig. 4.1). 
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Fig. 4.1. (a-d) GIXD patterns and (e-h) AFM topographical images of P3HT 
films and RMS surface roughness values of the films: spin-coated from mixed 
CB/DCM solvents with different ratios of 100:0; 75:25; 50:50 and 25:75, 
respectively. (Scale bar: 1 μm). Reproduced from [12] with permission  
from John Wiley and Sons. 

In order to compare the crystallinity, GIXD profiles of all P3HT  
NW-based films were recorded (Fig. 4.1a-d). The GIXD patterns 
collected using the 2D detector reveal the structural information of  
out-of-plane ordering (vertical direction qz) and in-plane ordering 
(horizontal direction qxy). There is a diffuse isotropic ring in the GIXD 
pattern (Fig. 4.1a), which is caused by the disordered alkyl chains of 
P3HT. More clearly developed (h00) reflections imply higher 
crystallinity (Fig. 4.1c-d) [22, 23]. In general, the GIXD results showed 
that the crystallinity of P3HT NW films increased as the ratios of 
marginal solvent increased. AFM images show the morphology of P3HT 
NWs (Fig. 4.1e-h). It can be found that the NWs become denser and 
slender as the ratio of DCM increased. Meanwhile, the root mean square 
(RMS) surface roughness values of the film is increased from  
0.70 nm to 5.99 nm. 
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To study the effect of crystallinity and roughness on synaptic plasticity, 
a series of synaptic transistors based on different P3HT nanowire films 
were fabricated (Fig. 4.2a).  

 

Fig. 4.2. (a) Schematic demonstrations of a biological synapse and a crystallized 
P3HT NW synaptic transistor; (b) When the portion of DCM increased  
in the co-solvent, both crystallinity and roughness were increased. A balance 
between the crystallinity and roughness is required to optimize device 
performance; (c) SFDP of STn stimulated at spike frequencies from 1 to 13 Hz. 
(n = 0, 25, 50, 75); (d) EPSC stimulated at different frequencies as a function  
of STn; (e) SDDP stimulated at spike duration from 28 to 215 ms; (f) EPSC 
stimulated at different spike duration as a function of STn; (g) SNDP stimulated 
with spike number ranging from 5 to 50; (h) EPSC stimulated at different spike 
numbers as a function of STn. External spike (-4 V, 28 ms). The drain voltage 
was -0.02 V. Reproduced from [12] with permission from John Wiley and Sons. 
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Corresponding to different ratios of mixed solvents (CB: DCM = 100:0, 
75:25, 50:50 and 25:75), these STn are represented as ST0, ST25, ST50 
and ST75, respectively. We emulated the essential synaptic functions of 
SFDP, SDDP and SNDP by applying presynaptic spike (-4 V, 28 ms) 
applied on the ion gel. The EPSC was recorded at a constant drain 
voltage of -0.02 V (Figs. 4.2c, e and g), and compared the responses of 
different STn (Figs. 4.2d, f and h). EPSC first increases and then 
decreases, and there is a maximum value on the curve, which means that 
EPSC not only depends on the crystallinity of P3HT, but also relies on 
the roughness. As the crystallinity of P3HT increases, the roughness also 
increases, which acts as counteractive factors to the current. Therefore, 
it is necessary to find a balance between crystallinity and roughness to 
optimize the device (Fig. 4.2b). 

Biological synapses with different short-term and long-term plasticity 
depend on their roles and locations [24, 25]. In biology, the formation of 
long-term memory requires repeated rehearsal processes. To study the 
transition between STP and LTP, different numbers of stimuli were 
applied to enhance STP, and ΔPSC (PSC = EPSC-Ib, Ib: current before 
applied spikes) was calculated. As the number of spikes increased from 
5 to 50, the current levels of STn were increased. However, the current 
levels of ST0 and ST25 fall back to the baseline in a short time  
(Figs. 4.3a-b). On the contrary, the retention PSCs of ST50 and ST75 
can keep more than one minute, indicating the transition from STP to 
LTP (Figs. 4.3c-d).  

This phenomenon can be explained by crystallinity. The doped ions 
trapped by the high crystallinity film are difficult to release after the 
spike is removed, so it takes longer for ST50 and ST75 to return to the 
initial state. Therefore, the tunable synaptic plasticity between short-term 
and long-term was easily realized on crystallized P3HT NWs artificial 
synapses by adjusting the compositions of co-solvent. 

4.3.  Full-printed Ultra-flexible P3HT Nanowire Synaptic  
Device 

Neuromorphic electronic devices show great potential in the 
development of artificial somatosensory nerves for soft robots and smart 
prostheses. In order to adapt to complex activities of human, devices 
should maintain good performance under different bending radius with 
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repeated bending-recovery cycles [26, 27]. The printed technology of 
electrode array or semiconductor film can be applied to meet these actual 
needs [28-30]. However, the poor ductility and poor solubility of 
inorganic semiconductor limit its application on flexible devices. In 
addition, partly printing transistor is inefficient and laborious in 
fabricating process. All these restrict the development of flexible 
synaptic devices. 

 

Fig. 4.3. (a-d) The retention PSCs of STn were enhanced as the spiking number 
increased from 5, 10, 20, 30 to 50. ST0 and ST25 exhibit STP, whereas the ST50 
and ST75 exhibit the transition from STP to LTP. Reproduced from [12]  
with permission from John Wiley and Sons. 

Therefore, we fabricated a full-printed organic nanowire-based synapse 
transistor (APON-ST) through the combination of ink-jet printing and 
electrohydrodynamic nanowire printing (e-NWP), e-NWP overcomes 
the demerits of traditional electrospun method such as disorder and poor 
control in position, and can precisely manipulate single nanowires. We 
printed Ag/Ag2O electrode with ink-jet printed on flexible poly (ethylene 
naphthalate) (PEN) substrates, and then, poly (3-hexylthiophene)/poly 
(ethylene oxide) (P3HT/PEO) NWs cover on Ag/Ag2O electrode through 
e-NWP to prepare flexible synaptic transistors compatible with wearable 
devices due to the ultra-fine structure and good ductility of organic 
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semiconductor nanowires. An ion gel sheet was then transfer printed to 
form a top gate structure. The high-speed, aligned and low-cost  
APON-ST emulated essential synaptic functions, including EPSC, 
paired-pulse facilitation (PPF), SFDP, SNDP and LTP. The electronic 
device showed high PPF of 187 % and maintained good electrical 
properties after bended at a very small bending radius  
(minimum = 5 mm) for 1000 cycles. This work provides a new route to 
design and implement all-printed flexible neuromorphic electronics. 

4.3.1. Experimental Section 

4.3.1.1. Device Fabrication 

The schematic diagram of preparation of APON-ST show that 
conductive silver ink was ink-jet printed as 40-μm channel interdigital 
electrodes on PEN substrate, and then annealed at 150 °C for 15 min 
(Fig. 4.4). 

 

Fig. 4.4. The schematic diagram of preparation of APON-ST. Reproduced 
from [13] with permission from The Royal Society of Chemistry. 

PEO (Mw~400,000; Sigma-Aldrich) and P3HT (MW > 45,000; J&K 
Scientific Ltd) (7:3, w/w) were dissolved in a cosolvent of 
trichloroethylene and chlorobenzene (3:7, w/w). Polymer nanowires 
were digitally printed on Ag/Ag2O electrode/PEN substrate using  
e-NWP, at a solution feed rate of 20 nL/min. nozzle tip-to-collector 
distance of 4.5 mm, and voltage of 3 kV applied to the metal nozzle. 
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Ion gel composed of P(VDF-HFP) block copolymer and  
[EMIM]- [TFSI] in acetone (1: 4: 7, w/w/w) was heated at 70 ℃ for  
30 min, then vacuum-annealed for 4 h. Finally, the ion gel was covered 
on P3HT/PEO/Ag/Ag2O electrode/PEN to fabricate flexible APON-ST. 

4.3.1.2. Device Characterization 

All electrical characteristics of the electronic devices were measured in 
a nitrogen-filled glove box by a Keithley 4200A-SCS semiconductor 
parameter analyzer. 

4.3.2. Result and Discussion 

When a transient pulse with an amplitude of -4 V was applied to the gate, 
there is an abrupt increase in EPSC and then a slow decay to its initial 
state (Fig. 4.5a) [31]. A pair of presynaptic spikes (-4 V, 50 ms) with 
interval of 50 ms induced PPF (Fig. 4.5b). The EPSC triggered by the 
second presynaptic peak is greater than that of the first peak. The 
diffusion hysteresis of the ions and the barrier of the PEO layer did not 
allow immediate diffusion back to the gel, so the second peak 
accumulated more ions and obtained larger EPSC current than the first 
spike [32]. The ratio of the amplitude A2 of the second EPSC and the 
amplitude A1 of the first EPSC, i.e. PPF index (Fig. 4.5c), gradually 
decreased with increase of ∆t from 50 ms to 1800 ms. The maximum 
A2/A1 = 187 % was obtained when ∆t = 50 ms [33]. As ∆t increases, the 
accumulated ions diffuse back to their original distribution, so A2/A1 
decreases. The LTP of APON-ST was stimulated by increased number 
of pulses (30, 50, 80, 100, 150) and voltages (-3, -3.5, -4, -4.5, -5 V) [34]. 
EPSC remained at a gradually higher level with the increase of the 
number (Fig. 4.5d) and the voltage of pulses (Fig. 4.5e). It provides 
sufficient evidence for STP converting to LTP in the APON-ST. In 
addition, dual-pulse voltages (G1 and G2) were applied to the APON-ST 
non-simultaneously or simultaneously. It simulated “or”, “and” and 
“not” logic (Fig. 4.5f). Define VG = 0 V and -4 V to be logic “0” and 
logic “1”, define VG = 2 V and 3 V to be “Reset” and logic “-1”. When 
G1 and G2 both input “0” (i.e. signal of “00”), the output current IO was 
1.2 μA. When one of G1 and G2 input “1” and the other input “0” (i.e. 
signal of “10” or “01”), IO gradually stabilized at 1.3 μA, i.e., the range 
that represents logical “or”. Then when "Reset" was input through any 
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gate, IO returned to 1.2 μA. When G1 and G2 both input “1”, IO gradually 
stabilized at 2.3 μA; i.e., in the range that represents logical “and”. While 
G2 input “-1”, IO gradually stabilized at 0.8 μA, which represents the 
logical “no”. Therefore, the APON-ST can achieve “or”, “and” and “no” 
logic operations, which are important in the computational function of 
neural networks [35]. 

 

Fig. 4.5. (a) EPSC triggered by a presynaptic spike; (b) PPF triggered by two 
spikes with interval ∆t = 50 ms; (c) PPF index A2/A1 as a function of ∆t between 
consecutive presynaptic peaks. LTP with (d) different numbers (30, 50, 80, 100, 
150) of pulses (-4 V), and (e) different gate voltages (-3, -3.5, -4, -4.5 and -5 V); 
(f) Input dual-pulse voltage and output EPSC curve for digital logic synaptic 
devices (Gate 1 and Gate 2), Here, the blue, red and yellow regions represent 
the current levels of logical “and”, “or”, and “no”, respectively. Reproduced 
from [13] with permission from The Royal Society of Chemistry. 
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In order to explore the flexible property of APON-ST, we recorded the 
transfer curves of the APON-ST with 1000 bending-recovery cycles at 
different bending radius R ~ 5, 8 or 12 mm (Fig. 4.6a). The square root 
of absolute value of IDS was plotted as a function of VG, extrapolation of 
the linear part yielded threshold voltage Vth = 3.0 V [36]. The transfer 
curves (Fig. 4.6b) Maintain stability after bending. The variation of Vth 
and carried mobility μ were extracted using: 

 𝐼   𝑉 𝑉 𝑉 𝑉 ,  

where Ci = 2.3 μF/cm2 is the capacitance of the ion gel [37], W is channel 
width, and L is channel length. After 1000 bending-and-recovery cycles 
at R = 12 mm, the fluctuations of Vth and μ were very small. At  
R = 5 mm, Vth and μ were somewhat reduced (Fig. 4.6c): e.g., after  
1000 bends, μ decreased to 70 % of the original. APON-ST tolerates a 
smaller bending radius and retain its transfer characteristics after 
bending. Above all, APON-ST possess good mechanical flexibility and 
stability for future wearable electronic devices. 

 

Fig. 4.6. (a) Schematic diagram of APON-ST with repeated bending-recovery 
cycles with different bending radius R ~ 5, 8 or 12 mm; (b) Transfer curves  
of the APON-ST after 1000 bending cycles; (c) Variation of Vth and μ  
of APON-ST with repeated bending cycles (R = 5, 8 and 12 mm). Reproduced 
from [13] with permission from The Royal Society of Chemistry. 
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4.4.  A ‘Polka Dot’-structured Two-dimensional  
Conjugated Polymer-based Artificial Synapse 

In biology, synaptic plasticity is activity-dependent [38]. Therefore, it is 
essential to emulate versatile synaptic plasticity of biological synapses, 
and to distinguish the transition of different memory stages.  
Low-dimensional conjugated polymer film with nanoscale-segregated 
nanostructures provide a feasible way to distinguish the transition of 
synaptic plasticity. Because the separated nanostructures of ultrathin film 
interact distinctly with mobile ions, thus enabling the emulation of 
different types of receptors that in charge of different phase of memory. 
Based on this strategy, we designed the synaptic transistor based on two-
dimensional conjugated polymer film with nanoscale-segregated phases. 
The special design of the 2D CP with nanoscale-segregated “Polka Dot” 
structured crystalline phases and adjacent amorphous phases of P3HT 
thin film successfully emulate mixed receptors on the postsynaptic 
membrane, typically N-methyl-D-aspartate (NMDA) and α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors, 
distinguishing short-term plasticity and enhanced memory effect in 
working mechanism. Moreover, benefiting from this special design, 
advanced forms of synaptic plasticity, such as metaplasticity and 
homeostatic plasticity, could also be mimicked. This work will inspire 
further promising neuromorphic electronics for emulating the biological 
intelligence with nanostructured material design. 

4.4.1. Experiment Section 

4.4.1.1. Device Fabrication 

P3HT (P100, Mw ≈ 41.9 kDa, Rieke Metals, Inc.) and PMMA  
(Mw ≈ 996 kDa, Sigma-Aldrich) were separately dissolved in 
chlorobenzene and mixed to achieve an ultimate concentration of  
0.5 mg/mL P3HT and 3 wt % PMMA. Silicon substrates were cleaned 
using piranha solution, washed in deionized water, and dried with the 
nitrogen flow. The films were fabricated by spin-coating the mixed 
solutions on these substrates at 2000 rpm for 60 s in a glovebox, then 
dried in a vacuum oven overnight without heating to remove the solvent. 
The films were immersed in KOH solution (5 wt %) to separate them 
from the silicon substrate. The floated films were rinsed in deionized 
water three times, then transferred onto Cytop-treated SiO2/ Si substrates 
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(300 nm-thick SiO2), then washed with acetone. Thermally-evaporated 
gold source/drain electrodes (50 nm) were deposited on P3HT films by 
using shadow masks (width 14400 μm; length 40 μm). Ion gel liquid 
composed of poly(styrene-block-methyl methacrylate-block-styrene) 
(PS-PMMA-PS) triblock copolymer and [EMIM] [TFSI] in ethyl acetate 
(0.7:9.3:90, w/w/w ratio) was drop-cast to the channel region and 
vacuum-annealed for 2 h at room temperature to assist removal of 
solvent and formation of gel-like films. 

4.4.1.2. Device Characterization 

The surface morphologies and the thickness of the polymer thin film 
were investigated using tapping mode AFM (NanoScope, Veeco 
Instrument Inc.). The transmission electron microscope (TEM) 
observations were conducted on a JEM-2100F electron microscope, 
operating at an acceleration voltage of 200 kV. The samples for TEM 
observation were prepared by transferring the blend film onto copper 
mesh grids and etching PMMA in acetone. SEM images were measured 
on Apreo S (Thermo Scientific). GIXD was measured at PAL; 11.07 keV 
photons (1.12 Å) with a grazing angle of 0.12° were directed onto the 
sample. All electrical characteristics of the electronic devices were 
measured in a nitrogen-filled glove box by a Keithley 4200A-SCS 
semiconductor parameter analyzer. 

4.4.2. Results and Discussion 

We fabricated artificial synapses based on 2D P3HT film to emulate 
versatile synaptic plasticity of biological synapses (Fig. 4.7).  

The device structure is analogous to a biological synapse with mixed 
receptors of NMDA and AMPA (Figs. 4.7a, b). Electrical pulses 
analogous to presynaptic spikes arrive at a gate electrode that emulates 
the presynaptic membrane. The ion gel functions as the synaptic cleft 
that mediates transmission of neurotransmitters. The electrical pulses 
induce ion migration in the ion gel (PS-PMMA-PS, [EMIM] [TFSI]) to 
modulate the conductance of the conductive channel (Fig. 4.7c). The 2D 
P3HT film and source/drain electrodes are analogous to a postsynaptic 
membrane that receives transient signals through the synaptic junction. 
The conductance of P3HT can be tuned by pulse-induced electrical 
double layer effect in the ion gel and by doping effect in the P3HT layer. 
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The 2D P3HT film with distinct amorphous and highly-crystalline 
phases (Fig. 4.7d) allows ions to diffuse in and out at different speeds, 
and to exhibit different electrical properties, thus mimicking the mixed 
AMPA and NMDA receptors in the post-synaptic membrane. 

 

Fig. 4.7. (a) Schematic diagram of a biology synapse with mixed receptors  
of NMDA and AMPA; (b) Schematic illustration of the 2D CP synaptic 
transistor structure; (c) Chemical structure of TFSI in the ion-gel. Spheres:  
blue = nitrogen, silver = carbon, red = oxygen, yellow = sulfur, green = fluorine; 
(d) Schematic illustration of highly-crystallinity P3HT molecular stacking 
orientation with π-π stacking parallel to the substrate. Green: carbon atom, 
Orange: sulfur atom. The size of TFSI is shown, and the π–π distance of P3HT 
stacking is 3.81 Å calculated from GIXD data. Reproduced from [14]  
with permission from The Royal Society of Chemistry. 

2D P3HT films can be obtained by vertical phase separation from the 
P3HT/PMMA blend solution. This method can control the film thickness 
precisely down to nanometer scale. We characterize the nanostructure of 
2D P3HT films by AFM, SEM, GIXD (Fig. 4.8). The 2D P3HT thin film 
was ~2.3 nm thick (Fig. 4.8a); white spots in the AFM image are 
probably P3HT aggregates, and are consistent with the globular 
aggregates in the TEM image (Fig. 4.8b). Separated phases of  
highly-crystalline state (globular aggregates) and amorphous state 
formed after the film was fabricated, as seen in TEM image (Fig. 4.8b). 
GIXD analysis indicates that the film has highly crystalline structures 
with an edge-on alignment to the substrate (Fig. 4.7d). 
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Fig. 4.8. Characterization of 2D P3HT film. (a) Tapping-mode AFM height 
image; (b) TEM image; (c) 2D GIXD scattering patterns of 2D P3HT film. 

Reproduced from [14] with permission from The Royal Society of Chemistry. 

This synaptic transistor exhibits a similar EPSC response (Fig. 4.9a). A 
presynaptic spike (-3 V, 180 ms) was applied to the ion gel, then EPSC 
with a peak value of ~ 1.26 A was recorded at a constant driving voltage 
of -0.1 V (VD = -0.1 V). Moreover, in our 2D P3HT-based synaptic 
transistor, PPF was mimicked when two consecutive input spikes  
(-3 V, 180 ms) with a pulse interval ∆t = 540 ms were applied  
(Fig. 4.9b). As the number of consecutive gate pulses (-3 V) increased 
from 20 to 50, only a slight increase in EPSC was seen after 20 s decay, 
but a significant enhancement in EPSC was observed after  
200 stimulations, implying the transition from STP to enhanced memory 
effect (EME) (Fig. 4.9c). Potentiation is believed to underlie learning and 
memory in a brain [39, 40]. In contrast, depression selectively weakens 
specific synapses in the active stage and permits encoding of new 
information [41, 42]. Potentiation and depression were demonstrated by 
applying ten repeated negative (-3 V, 45 ms) gate pulses and then ten 
repeated positive (3 V, 45 ms) gate pulses (Fig. 4.9d). 

In order to investigate the critical point of the transition of synaptic 
plasticity, we applied 200 consecutive gate pulses (-3 V, 45 ms). The 
amplitude in current vibration below 8.47 A were much stronger than 
that above 8.47 A (Fig. 4.10a). We then took repeated measurements 
consecutively using the same stimuli, and the same featured synaptic 
current value (8.47 A) was observed. Since the vibration amplitude of 
synaptic current is related to the interaction between TFSI anions and 
different phases in 2D P3HT thin film, we further calculated the binding 
energy according to first principles calculations (Figs. 4.10 b, c), 
Simulation Method [14]). The binding energy between TFSI and P3HT 
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chains in highly-crystalline region (-0.23 eV) is much lower than that 
between TFSI and amorphous P3HT (-2.07 eV), which means TFSI 
anions preferentially bind to amorphous P3HT chains (AMPA receptor) 
and consequently cause STP (Figs. 4.10a, d).When the amorphous P3HT 
region is saturated with anions, TFSI starts to inject into the  
highly-crystalline phase (NMDA receptor) with compact molecular 
stacking, where the TFSI anions cannot easily move in and out  
(Figs. 4.10a, e), thus resulting in EME with reduced vibration amplitude 
of synaptic current. 

 

Fig. 4.9. (a) EPSC triggered by a negative presynaptic spike (-3 V, 180 ms)  
with a constant drain voltage of −0.1 V; (b) PPF triggered by a pair  
of presynaptic spikes (-3 V, 180 ms) with a pulse interval of 540 ms. A1, A2: 
amplitudes of the first and second EPSCs, respectively; (c) SNDP triggered  
by 20, 50 and 200 consecutive presynaptic spikes (-3 V) mimic the rehearsal 
process; (d) Synaptic potentiation and depression triggered by a series  
of repeated negative (-3 V, 45 ms) and positive (3 V, 45 ms) gate voltage pulses. 
Reproduced from [14] with permission from The Royal Society of Chemistry. 

Moreover, the 2D P3HT synaptic transistor shows activity-dependent 
synaptic plasticity. Comparing the three curves in Fig. 4.4 a, the critical 
value occurs at around 10 s (blue), 4 s (green), 3 s (pink) on the first, 
second and third measurements, respectively. Later measurements were 
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affected by previous one and this facilitation phenomenon of memory is 
called metaplasticity. This phenomenon is essential in learning and 
memory, i.e., a previous training process reduced the time needed to 
recall information [43]. 

 

Fig. 4.10. (a) Synergistic effect of different receptors triggered by  
200 consecutive pulses (-3 V, 45 ms) and shows metaplasticity by comparing 
three measurements; (b) Configuration and electron density difference of TFSI ˉ  
and amorphous P3HT (side view); (c) Configuration and electron density 
difference of TFSI and highly-crystalline P3HT (side view). Spheres:  
grey = carbon, white = hydrogen, yellow = sulfur, red = oxygen, cyan = fluorine. 
Isosurface level is 0.003 eV/Å3. Schematic illustration of anion distribution  
(d) before and (e) after the feature current. Left: top view, Right: side view. 
Reproduced from [14] with permission from The Royal Society of Chemistry. 

Activity-dependent neural networks are able to adapt to a fluctuated 
environment, and maintain a reasonable range of dynamic activity [44]. 
In contrast, unconstrained potentiation of synaptic plasticity leads to the 
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loss of synaptic specificity and a state away from equilibrium. 
Homeostatic plasticity prevents unconstrained potentiation by reducing 
the strengths of synapses once EPSC reaches an unsafe level [45, 46] 
(Fig. 4.11a). 

 

Fig. 4.11. (a) Unconstrained LTP will lose synapse specificity, homeostatic 
plasticity prevents this runaway potentiation; (b) Homeostatic plasticity 
triggered by nonidentical pulse (-2.5 V~ - 4.5 V, 45 ms) with different interval; 
(c) Positive feedback and negative feedback caused by 20 consecutive pulses  
(-3.5 V, 45 ms) and (-4 V, 45 ms), respectively. Reproduced from [14]  
with permission from The Royal Society of Chemistry. 

Such activity-dependent plasticity function was mimicked using our 
device. We applied gradually increased presynaptic spikes from -3.5 V 
to -4.5 V to presynaptic terminal (Fig. 4.11 b). At first, the postsynaptic 
currents increased as the amplitude of the presynaptic spike increased, 
but after the amplitude exceeded -3.9 V, the postsynaptic currents 
decreased, and the process was reproducible. Too many external stimuli 
can cause similar synaptic behavior. When 20 spikes at -4 V were 
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applied, the postsynaptic currents first showed potentiation, then showed 
depression (Fig. 4.11 c). When the applied voltage exceeds a certain 
threshold value, a controllable gate current leakage occurs to reduce IDS, 
avoiding damage of the conductive channel. The negative feedback sets 
an appropriate range of synaptic plasticity in response to excitation and 
inhibition, and allows synaptic activity to propagate through a network 
without either dying out or increasing uncontrollably into an  
epilepsy-like state [45]. 

4.5. Summary and Outlook 

In this chapter, a series of artificial synapses based on low dimensional 
conjugated polymers were discussed. These synaptic transistors were 
designed and fabricated with low-cost and relatively mild processes. 
Besides basic synaptic functions including EPSC, SFDP, SDDP and 
SNDP, their special nanostructures facilitate further modulation of the 
synaptic plasticity. 

Section 4.2 presents that tunable synaptic plasticity between short-term 
and long-term can be realized using crystallized P3HT NWs artificial 
synapses by solvent engineering; the optimized performance of synaptic 
device with a clear transition from STP to LTP and broad dynamic 
working range of synaptic weight was achieved. 

Section 4.3 demonstrated a full-printed APON-ST with CP nanowires as 
the active channel. The device exhibits an ultra-high PPF index up to 187 
%, which is the highest for printed synaptic transistors on flexible 
substrates. Moreover, the device shows excellent bending stability 
benefiting from digitally aligned long continuous nanowires with  
fiber-like morphology. 

In Section 4.4, a special design of the synaptic transistor based on 2D CP 
with segregated nanostructure is introduced; this synaptic transistor can 
emulate essential synaptic plasticity, such as distinguished STP and 
enhanced memory effect in working mechanism, metaplasticity and 
homeostatic plasticity. 

These superior properties attributed to special nanostructures of low 
dimensional conjugated polymer, and provide a new path to flexible 
synaptic electronics and neuromorphic systems. With increased new 
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biological synaptic functions being mimicked, these devices would 
provide new strategies for future neuromorphic electronics, and will 
further accelerate the developments of artificial intelligences  
in the future. 
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5. 

A Java Application for Modelling  
and Simulating Mobile Ad-hoc NETworks 

Emanuele Covino and Giovanni Pani5 

5.1. Introduction 

Mobile Ad-hoc NETwork (MANET) is a technology used to model 
wireless communication among hosts in absence of physical 
infrastructure [1]. In a MANET, hosts are autonomous agents: they can 
enter or leave the network, and they can change their relative position. 
This implies that these networks lack a predefined topology. Each host 
can communicate with the others inside a predefined range only; 
communication outside this area is possible only by means of 
cooperation between intermediate hosts. They can act as initiator, 
intermediate and destination of a communication, following a  
predefined protocol. 

This technology may be used in a number of sensitive applications, 
where malfunctioning or not adequate performance could result in severe 
damage to people, environment, or other systems; for instance, rescue 
operations in case of disasters, data tracking of environmental 
conditions, health-care, intelligent transportation, and environmental 
emergency management. This raises several problems about the analysis 
of performance, synchronization and concurrency of the network, and it 
is important to be able to verify qualities like responsiveness, robustness, 
correctness and performance, starting from the early stages of the 
development. This research area is receiving special attention in the last 
few years, in the context of smart mobile computing, cloud computing, 
Cyber Physical Systems and Internet of Things ([2] and [3]). 
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In general, the analysis and the evaluation of MANET's properties can 
be done by means of simulators (focusing on performance's metrics), or 
by means of formal models of the system (studying computational 
properties). For instance, [3-7] compare some routing protocols 
performances; [8-10] study congestion adaptive routing; [11, 12] discuss 
about managing synchronization among components involved in 
simulation; [13] evaluates a topology control approach. Nevertheless, 
some Authors show that the results obtained using simulators can be 
inaccurate or unreliable [9, 10, 14, 15]. Simulators are suitable to 
evaluate and compare performances, but they don't provide a formal 
model of the MANETs. The network is implemented at a lower level, 
while a higher abstraction level of specification is needed in order to 
study problems such as concurrency, synchronization, or deadlock. On 
the other hand, some examples of the application of formal methods to 
the analysis of MANETs have been proposed, such as process calculi 
[12], CMN (Calculus of Mobile Ad Hoc Networks) [15], and AWN 
(Algebra for Wireless Networks) [10]. They capture some essential 
characteristics of nodes, such as mobility or packet's broadcasting  
and unicasting. 

Another class of formal methods used for studying MANETs is 
represented by state-based models, such as Finite State Machines [16] 
and Petri nets. The latter have been employed to study modeling and 
verification of routing protocols [17], evaluation of protocol 
performance [18], and application to vehicular networks [19]. With 
respect to process calculi, they provide a more suitable way of 
representing algorithms, and they are typically equipped with tools, such 
as CPN Tools [20] that allow to simulate the algorithms, directly. 
However, state-based models lack expressiveness: basically, they 
provide only a single level of abstraction, and cannot support refinements 
to executable code. 

In this chapter, we introduce MOTION (MOdeling and simulaTIng 
mObile ad-hoc Networks), a Java application in which the behavior of 
MANETs is modeled by means of an Abstract State Machine 
representation [21], and then simulated with the simulation engine 
ASMETA [22]. This approach is similar to [17], in which Colored Petri 
Nets are used to model the AODV routing protocol (Ad-hoc On-demand 
Distance Vector), and CPN model is used to simulates the MANET 
behavior. As an improvement, our approach is more general purpose, 
meaning that the implementation of the routing protocol is only one of 
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the several services that can be modeled in our layered framework and 
implemented in the simulator. Thanks to the structured approach, 
services can be easily added, removed and replaced by changing some 
transitions and nested nets, as well as changing classes in software 
implementation. The ASM approach also provides a way to describe 
algorithms in a simple abstract pseudo-code, which can be translated into 
a high-level programming language source code [21]. Finally, from the 
implementation point of view, the capability of translating formal 
specifications into executable code, in order to carry out simulations of 
the models, is provided by tools like CoreASM [23] and ASMETA [22]. 
MOTION can be used to prove properties of the network, formally, as 
well as it can simulate its behavior. We provide a detailed description 
and a platform-independent version of the MOTION environment; the 
initial interface of the application and the dialogue with AsmetaS (i.e., 
ASMETA’s Simulator) are coded entirely in Java, in order to ensure 
compatibility with the main Operating Systems. 

5.2. Models for Routing Protocols 

In this section, we recall the basic concepts related to the routing 
protocols used within MOTION, to the Abstract State Machines 
formalism, and to the ASMETA framework. 

5.2.1. MANET and Routing Protocols 

We have already introduced the Mobile Ad-hoc NETworks; they are 
wireless communication systems in which each host is an autonomous 
agent that can rearrange its position with respect to the other hosts. This 
means that routes connecting the hosts can rapidly change. Several 
routing protocols have been proposed to handle this kind of networks; 
among them, the Ad-hoc On-demand Distance Vector (AODV, [24]) is 
one of the most popular, with many simulation studies dealing with it. 
For this reason, it is a reliable baseline when comparing its simulations’ 
results to those obtained with MOTION. We add two variants of AODV: 
NACK-based Ad-hoc On-demand Distance Vector (N-AODV, [25]), 
that improves the awareness that each host has about the network 
topology, and Blackhole-free N-AODV (BN-AODV, [26]) that detects 
the presence of malicious hosts leading to a blackhole attack. 
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Ad-hoc On-demand Distance Vector (AODV). This protocol 
combines two mechanisms, the route discovery and the route 
maintenance, in order to store into routing tables some knowledge about 
the routes. Each node maintains its routing table that is a list of the routes 
towards other nodes that have been discovered and are still valid. In 
particular, an entry of the routing table of the node i concerning a node j 
includes: the address of j; the last known sequence number of j; the hop 
count field (expressing the distance between i and j); and the next hop 
field (identifying the next node in the route to reach j). The sequence 
number is an increasing number maintained by each node that express 
the freshness of the information about the respective node. When an 
initiator wants to start a communication session towards a destination, it 
checks if a route is currently stored in its routing table. If so, the 
communication can start. Otherwise, the initiator broadcasts a control 
packet called route request (RREQ) to all its neighbors. An RREQ 
packet includes the initiator address and broadcast id, the destination 
address, the sequence number of the destination (i.e., the latest available 
information about destination), and the hop count, initially set to 0, and 
increased by each intermediate node. The pair <initiator address; 
broadcast id> identifies the packet; this implies that duplications of 
RREQs already handled by nodes can be ignored. 

When an intermediate node n receives an RREQ, it creates the routing 
table entry for the initiator, or updates it in the fields related to the 
sequence number and to the next hop. Then, the process is iterated: n 
checks if it knows a route to destination with corresponding sequence 
number greater than (or equal to) the one contained into the RREQ (this 
means that its knowledge about the route is more recent). If so, n unicasts 
a second control packet (the route reply - RREP) back to the initiator. 
Otherwise, n updates the hop count field and broadcasts once more the 
RREQ to all its neighbors. 

The process successfully ends when a route to the destination is found. 
While the RREP travels back to the initiator, routes are set up inside the 
routing tables of the traversed nodes, creating an entry for destination, 
when needed. Once the initiator receives back the RREP, the 
communication session can start. If the nodes’ movements break a link 
(i.e., a logical link stored in a routing table is no more available), a route 
maintenance is executed in order to notify the error and to invalidate the 
corresponding routes: to this end the control packet route error  
(RERR) is used. 
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NACK-based AODV (N-AODV). With the AODV protocol, the nodes 
have a limited knowledge about the network topology. Each node n is 
aware of the existence of a node m only when n receives an RREQ, either 
originated by, or directed to m. The NACK-based AODV routing 
protocol has been proposed and modeled by means of a Distributed ASM 
in [25], in order to improve this awareness. 

This protocol adds a Not ACKnowledgment (NACK) control packet in 
the route discovery phase. Whenever an RREQ originated by n and 
directed to m is received by the node p that doesn’t have any information 
about m, p itself unicasts the NACK to n. In this way, n and all the nodes 
in the path to p receive fresh information about the existence and the 
position of p, and they add an entry in their respective routing tables, or 
they update the pre-existing entry. N-AODV has been experimentally 
validated through simulations, showing its efficiency: the nodes in the 
network improve their knowledge about the other nodes and, in the long 
run, the number of RREQ decreases, with respect to the AODV protocol. 

Black hole-free N-AODV (BN-AODV). In general, routing protocols 
assume the trustworthiness of each node; this implies that MANETS are 
very prone to the black hole attack [27]. In AODV and N-AODV a black 
hole node produces fakes RREPs, in which the sequence number is as 
great as possible, so that the initiator sends the message packets to the 
malicious node, and the latter can misuse or discard them. The black hole 
can be supported by one or more colluders that confirm the 
trustworthiness of the fake RREP. The Black hole-free N-AODV 
protocol [26] allows the honest nodes to intercept the black holes and the 
colluders, thanks to two control packets: each intermediate node n 
receiving an RREP must verify the trustworthiness of the nodes in the 
path followed by the RREP; to do this, n produces a challenge packet 
(CHL) for the destination node, and only the latter can produce the 
correct response packet (RES). If n receives RES, it sends the RREP, 
otherwise the next node towards the destination is considered as a 
possible black hole. 

5.2.2. Abstract State Machines and ASMETA 

An Abstract State Machine (ASM [21]) M is a tuple (, S, R, PM).  is a 
signature that is a finite collection of names of total functions; each 
function has -arity n, and the special value undef belongs to the range. 
Relations are functions that always evaluate to true, false or undef. 
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S is a finite set of abstract states. The concept of abstract state extends 
the usual notion of state occurring in finite state machines: it is an algebra 
over the signature , i.e. a non-empty set of objects of arbitrary 
complexity, together with interpretations of the functions in . 

R is a finite set of rules of the form "if condition then updates", which 
transform the states of the machine. The concept of rule reflects the 
notion of transition occurring in traditional transition systems: condition 
is a first-order formula whose interpretation can be true or false; updates 
is a finite set of assignments of the form f(t1; t2; … tn): = t, whose 
execution changes in parallel the value of the specified functions to the 
indicated value. 

PM is the main rule of the machine M, of -arity 0, which is the starting 
point of the computation. 

Pairs of function names together with values for their arguments are 
called locations: they are the abstraction of the notion of memory unit. 
Since a state can be viewed as a function that maps locations to their 
values, the current configuration of locations, together with their values, 
determines the current state of the ASM. 

In order to clarify the semantics of the states with respect to the 
computational behavior of the system, we underline that each ASM state 
can be characterized by one or more predicates over the states. More 
precisely, a predicate H over an ASM state s is a first-order formula 
defined over the locations in s, such that s | = H. Each predicate allows 
us to focus on the subsets of locations that turn out to be interesting for 
verification purposes. 

The execution of an ASM is made of computational steps. Given a state 
s, a computational step in s consists in executing all the rules whose 
condition is true in that state. Since different updates could affect the 
same location, it is necessary to impose a consistency requirement: a set 
of updates is said to be consistent if it contains no pairs of updates 
referring to the same location. Therefore, if the updates are consistent, 
the result of a computational step is the transition of the machine from 
the current state to another. Otherwise, the computation doesn't produce 
a next state. A run is a (possibly infinite) sequence of steps: the 
computational step is iterated until no more rules are applicable. 
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The previous notions refer to the so-called basic ASMs. However, there 
exist some generalizations, namely the parallel ASMs and distributed 
ASMs (DASMs) [28]. Parallel ASMs are basic ASMs enriched with the 
forall construct, to express the simultaneous execution of the same ASM 
(i.e., of rules satisfying a given condition) over many independent agents. 
A distributed ASM is intended as a finite number of independent agents, 
each one executing its own underlying ASM: this model formalizes the 
behaviour of multiple agents acting in a distributed environment. A run 
of a DASM is a partially ordered set of the runs of its ASMs: the 
underlying synchronization scheme reflects causal dependencies; 
determining which agent’s move comes before is a single computational 
step of an individual agent, and is only restricted by the consistency 
condition, which is mandatory. Roughly speaking, a global state 
corresponds to the union of the signatures of each ASM, together with 
the interpretations of their functions. 

The ASM-based method consists in development phases, from 
requirements' specification to implementation, supporting developers in 
designing complex systems. Some environments support this method, 
and among them we use the ASMETA (ASM mETAmodeling) 
framework [5, 29]. This framework is characterized by logical 
components that capture the requirements by constructing the so-called 
ground models, i.e. representations at high level of abstraction that can 
be graphically depicted. Starting from ground models, hierarchies of 
intermediate models can be built, leading to executable code: each 
refinement describes the same system at a finer granularity. The 
framework supports verification, through formal proof, and validation, 
through simulation. 

5.3. Defining MOTION 

MOTION (MOdeling and simulaTIng mObile ad-hoc Networks) is a 
Java application by which the simulation parameters of a network are 
specified, the network is executed, and the simulation’s output data are 
collected. The related web pages can be found at 
https://sourceforge.net/projects/motion-project/. MOTION is developed 
within the ASMETA framework, using the abstract syntax defined in the 
Abstract State Machines Metamodel (AsmM). This is the description of 
a language for ASMs, representing domains, functions, axioms, rules; 
the syntactic constructs occurring in the ASM's states; the syntactic 
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elements enabling the transition rules, and so on. The MANET is 
modelled using the ASMETA Language (AsmetaL), and it is executed 
by the ASMETA Simulator (AsmetaS). Since the latter simulates 
instances of the model expressed by means of the AsmetaL, the 
information concerning each instance, such as the number of agents and 
their features, must be recorded into the AsmetaL file. 

The executions of MOTION and ASMETA are interleaved. MOTION 
provides the user interface and accepts the parameters of the simulation; 
then, it includes these data into the AsmetaL file, and it runs AsmetaS. 
AsmetaS executes an ASM move, simulating the behavior of the network 
protocol, then it records the values of the locations in a log file, for each 
state. The control is returned to MOTION that gets the information about 
the results of the move (such as, the relative position of the hosts, the 
sent/received packets, and the values of waiting time) and records them 
into the AsmetaL file. Then, MOTION calls AsmetaS for the next move. 
At the end of the simulation session, MOTION stores the contents of the 
log file into a csv file. 

5.3.1. The Mobility Model 

In a realistic scenario, the hosts of a MANET follow the rules of a routing 
protocol, and they play two different roles. On one hand, they are 
communication agents, acting as initiators, destinations, or as 
intermediate hosts of a communication. At the same time, they move into 
the MANET space, breaking and creating new links. Because of the 
wireless nature of MANET, each host is associated with a radio range, 
which specifies the maximum distance the signal sent by a host can be 
received by another host. Amplitude of the radio range and movement of 
the hosts determine the topology of the network. 

A realistic simulation should consider all these features, but the 
simulation of all aspects of a MANET can be cumbersome, and 
sometimes impossible; according to [30], the model of the systems to be 
simulated must be tailored depending on the goals of the simulation 
project itself. Therefore, the movement issues and the amplitude of the 
radio range are abstractly defined within the mobility model. In this 
sense, we assume that the whole network topology is expressed by the 
connections among nodes, implicitly, and for each node we consider only 
its current neighborhood. More precisely, in MOTION the network 
topology is expressed by a connectivity matrix C, such that cij = 1 if i and 
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j are neighbors; 0 otherwise, for each pair of nodes i and j. Within the 
ASM model, C is expressed by the predicate isLinked(a1;a2), which 
evaluates to true when a1 is linked to a2; to false otherwise. Changes of 
isLinked represent the transitions of each node from one set of neighbors 
to another. 

The mobility model is implemented into a Java class that, before 
executing any ASM move, updates the connectivity matrix. In order to 
do this, each cij is set to 0 or 1 randomly, according to a parameter defined 
by the user. The new values of the connectivity matrix are then stored 
into the AsmetaL file, so that the ASM move can be executed, 
accordingly. 

5.3.2. Models Based on Abstract State Machine 

The AODV routing protocol has been formally modelled through ASMs 
in [31]. It is defined as a collection of agents, each one representing a 
node. The high-level machine in MOTION is: 

MAIN RULE = 

forall a  Agents do AODVSPEC(a) 
where 
AODVSPEC(a) = 

forall dest  Agents with dest  self do 
if WaitingForRouteTo(self, dest) then 

if Timeout(self, dest) > 0 then 
Timeout(self,  dest):  =  Timeout(self, 
dest)‐1 

else 
WaitingForRouteTo(self, dest): = false 

if WishToInitiate(self) then PREPARECOMM 
if not Empty(Message) then ROUTER 

If a node has to start a communication, the function WishToInitiate 
evaluates to true, and the PREPARECOMM submachine is called. The 
function WaitingForRouteTo evaluates to true if the discovery process 
previously started is still running; in this case, if the waiting time for 
RREP is not expired (Timeout(  ) > 0), the time-counter is decreased. 
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Finally, if the node has received a message (either RREQ, RREP, or 
RERR), the ROUTER submachine is called: 

ROUTER = 
ProcessRouteReq 
ProcessRouteRep 
ProcessRouteErr 

where each submachine expresses the behavior of the node that depends 
on the type of the message received. 

The ASM model for N-AODV is similar: the main difference concerns 
ROUTER that includes a submachine PROCESS‐NACK, in order to unicast 
the NACK packet, if needed. The BN-AODV model is more structured, 
because it describes the behavior of three different types of agents: 
honest, black holes, and colluders. Thus, the main rule has the form: 

MAIN RULE = 

forall a  Blackhole do BLACKHOLESPEC(a) 
forall a  Colluder do COLLUDERSPEC(a) 
forall a  Honest do HONESTSPEC(a) 

HONESTSPEC submachine describes the behavior of the honest nodes, 
and it's analogous to AODVSPEC. BLACKHOLESPEC and COLLUDERSPEC 
are the specifications for the non-honest nodes and the colluders, 
respectively. Moreover, the ROUTER submachine for the honest nodes 
includes a submachine that verifies the trustworthiness of the RREP’s. 

5.3.3. Specific Behavior of MOTION 

A simulation in MOTION is performed in sessions, whose number is 
established by the user. Hosts included in each session depend on the 
specific evolution of the network (due to movements, some of them can 
be disconnected, meaning that they cannot be reached by the other hosts). 
Moreover, during each session, each host is the initiator for some 
attempts to establish a communication towards a destination different 
from the initiator itself: the user expresses the probability that each host 
will act as an initiator by setting the value of the parameter Initiator 
Probability (in Fig. 5.1, the value is 10 %). For each communication 
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attempt (in what follows, CA), both initiator and destination are 
randomly defined. Thanks to the intrinsic parallelism in the execution of 
the ASM's rules, more attempts can be simultaneously executed. A CA 
is considered successful if the initiator receives an RREP packet within 
the waiting time expressed by the parameter RREP Timeout; otherwise, 
the attempt is considered failed. The elapsed time is measured as the 
number of times the main rule of the ASM has been executed. 

 

Fig. 5.1. MOTION user interface. 

The hosts mobility is defined by the user by means of two parameters, 
the Initial Connectivity and the Mobility level. The former defines the 
initial topology of the MANET: it is the probability that each host is 
directly linked to any other host. During the simulation, for each pair of 
hosts <ai;aj>, and for each move of the ASM, the hosts mobility is 
expressed by changing the value of isLinked(ai;aj) with a probability 
expressed by Mobility level. 

When the BN-AODV protocol is simulated, the user interface includes 
the definition of the number of black holes and colluders, together with 
two parameters establishing the increment of the fake sequence number 
produced by the black hole. 
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In Fig. 5.1, the current state of the simulation can be found in the window 
under the two buttons START and STOP. From the ASM perspective, 
there are two different machines, both called by the ASMETA's main 
rule. First, OBSERVERPROGRAM is used to manage the execution. It 
initializes the locations and data structures for all the hosts, manages the 
mobility (setting the initial topology and resetting the connectivity 
matrix at each move), and updates the counter for the time expiration. 
The second machine, called by the main rule, is the model of the hosts' 
behavior. MOTION allows the users to study AODV, N-AODV, and 
BN-AODV, specified according to the ASMs presented in [31, 25, 26], 
respectively. Note that, for all of them, the MANET is modeled by a 
Distributed ASM. In both AODV and N-AODV all the nodes behave in 
the same way, described by the respective DASM, so the machine 
specifying the protocol is called; at each move the machine randomly 
decides if the current node will initiate new communication attempts by 
invoking the R‐PREPARECOMM submachine, then it acts as a router by 
processing the proper control packets (R‐ROUTER submachine). 

5.4. Experiments with MOTION 

In this section, we show the results of some simulations made with 
MOTION, in order to evaluate the performances of the AODV and the 
N-AODV protocols, as well as to test the usability of the tool. The results 
have been compared to those already discussed in literature, with the 
exception of studies about BN-AODV that are not available. The first 
analysis compares performances measured by MOTION to those 
obtained with other simulators. The second one deepens into the 
relationships existing among some simulation parameters. 

Each simulation is performed on a specific number of hosts in the 
MANET: 10, 20, and 30 hosts, respectively. For each population, three 
different values of the Mobility level parameter are taken into 
consideration: 25, 50, and 75 %, respectively. This leads to nine different 
simulation, and all the remaining parameters are left unchanged. Each 
simulation includes ten sessions, each of which lasting 50 ASM moves; 
the initial connectivity value is 50 %; each host is an initiator of a CA 
with a probability of 10 %; a CA is successful if the packet RREP is 
received by the initiator within 10 ASM moves. The following metrics 
have been defined and collected, for each simulation: 
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M1 the rate of success, that is the ratio between successful and overall 
number of CA's; 

M2 the control overhead, that is the total number of control packets 
produced for each CA (i.e., RREQs, RREPs, and REERs for both 
protocols); 

M3 the RERR amount, that is the total number of RERR packets 
produced as a result of a link breakage; 

M4 the RREQ percentage, that is the percentage of RREQs w.r.t. the 
overall number of control packets. 

The results of the previously mentioned simulations can be found in  
Figs. 5.2-5.5. Each data point represents an average of 10 simulation 
sessions with identical parameter setting, but with different initialization 
of the connectivity matrix. The figures show the protocol's rate of 
success (Fig. 5.2), the control overhead (Fig. 5.3), the number of RERRs 
(Fig. 5.4), and the percentage of RREQs (Fig. 5.5), for each population 
and for each mobility level. 

The Kruskal-Wallis test has been performed in order to check the null 
hypothesis, i.e., to check if the median of control overhead and route 
errors is equal for the MANET populations under consideration. The null 
hypothesis has been tested (1) for groups with different mobility levels 
and fixed network size, or (2) groups with different network sizes and 
fixed mobility level. We used this test because we have more than two 
independent groups to be compared, and the normality assumption is 
violated. The same approach has not been adopted for the rate of success 
and for the RREQ percentage, because they are only expressed as 
percentages. There isn’t any statistically significant difference (at the 
significance level 0,01) between the control overhead induced by 
networks with the same population (10, 20 or 30 hosts), varying the 
mobility level (25, 50, and 75 %). Conversely, there is always a 
statistically significant difference (p-value < 0.0001) between the control 
overhead induced by networks with different populations and fixed 
mobility level. This suggests that the increasing of control overhead 
depends on the increasing of the network size, mainly. 

As for the spread of route errors along the network, it has been found that 
there is no statistical difference (at the significance level 0.01) between 
networks with 10 or 20 hosts, with a variable mobility level; this 
difference is statistically significant in the case of 30 hosts. Since 
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rejecting the null hypothesis doesn't indicate which of the groups differ, 
the analysis has been refined by performing a pairwise comparison, using 
the Mann-Whitney test. As a result, there exists a statistical difference at 
the significance level 0,01 only between 25 % and 75 % of mobility level 
(p-value = 0.0002). Instead, there is always a statistically significant 
difference (p-value < 0.0001) between the route errors injected into the 
networks with different populations and fixed mobility level. These 
results suggest that the increasing of RERRs largely depends on the 
network size. 

 

Fig. 5.2. Rate of success. 

 

Fig. 5.3. Control overhead. 



 
Chapter 5. A Java Application for Modelling and Simulating Mobile Ad-hoc NETworks 

145 

 

Fig. 5.4. Number of RERRs. 

 

Fig. 5.5. Percentage of RREQs w.r.t. the overall number of control packets. 

5.5. Conclusions and Future Work 

In this chapter, we have introduced MOTION, a Java environment for 
modeling MANETs and for simulating their behavior. This tool has been 
used to analyze the performances of three routing protocols, and to 
compare the results to those that can be found in the literature. A sensible 
prosecution of this work could be the attempt to modeling a larger set of 
MANET behavior, in order to establish the usefulness of the tool, and to 
improve the user interface of our system, showing how the network 
evolves, during the computations. 
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6. 

The Impact of the Covid Pandemic  
and the Resilience of the Healthcare 
System in France: Cooperation, Digital 
and Territorial Challenges  
with Information and Communication 
Approaches 

Christian Bourret6 

6.1. Introduction 

In 2000, for the World Health Organization (WHO), France “offered the 
best general healthcare”, which positioned it as the best health system in 
the world, particularly in terms of access. Much has changed since then 
[1]. Within the framework of the Welfare State that developed during the 
prosperous period known as the “Thirty Glorious Years” (1945-1973), 
the social protection system in the broad sense and, in particular, the 
Social Security system founded in 1945, has become a source of pride 
and a symbol of identity for France, which devotes almost 33 % of its 
GDP to it, one of the highest rates in the world, with more than 11.5 % 
spent on healthcare and 12.5 % on pensions. As early as 1998,  
P. Rosanvallon had insisted on the need to rethink it [2]. Some ten years 
later, Y. Yalgan and P. Cahuc spoke of the affirmation of a “society of 
mistrust”, affecting all institutions, in particular the State and the French 
social model [3]. From the end of 2018, the “Yellow Vests” crisis has 
revealed this crisis of “peripheral France” [4] and of French society  
as a whole [5]. 
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This French healthcare system, already in a severe crisis (the question of 
operating costs having led to hard staff reductions in recent years) has 
been strongly impacted since March 2020 by the Covid pandemic. By  
24 December 2020, the Covid pandemic had caused 1.730.663 deaths 
worldwide, including 326.413 in the United States, 70.395 in Italy 
69.051 in the United Kingdom, 61.978 in France, 49.698 in Spain and 
28909 in Germany. It is so an essential concern to analyse the resilience 
of the Health System [6]. 

How did it come to this? And what solutions can be envisaged, in a 
context of digital transformation that has already taken on great 
importance? And what role for Intelligent Systems applications and their 
interactions with human users: digital devices, platforms, telemedicine, 
artificial intelligence, etc.? 

After this introduction, we will present the French healthcare system, 
already in crisis, and now additionally impacted by Covid pandemic 
(Section 6.2), then we explain our scientific position and the 
methodology used (Section 6.3). We outline the E-Health challenges and 
its information and communication perspectives (Section 6.4). In  
Section 6.5, we focus on the unavoidable challenge of the Territories. 
Finally, we will consider the interface organisations as spaces for 
innovation as a lever for the transformation of the French Healthcare 
System (Section 6.6), before concluding with a conclusion putting the 
main challenges encountered into perspective. 

6.2.  A Health System Already in Crisis, Strongly  
Impacted by the Covid Crisis 

6.2.1. A Health System Already in Crisis 

The French Health System could be considered effective (in terms of 
access to care) but not efficient (difficulty in controlling costs). Its 
reforms have followed one another since 1977, when it was in deficit for 
the first time. This is the whole issue of “medicalised control” of costs. 
But is it really a system? Some people have doubts about its “silos” 
operation [7]: it’s the whole question of its compartmentalisation, 
particularly between primary care and the hospitalisation sector. 
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Healthcare is an essential sector in the digital transformations of our 
entire society, using interactive devices. In the developed countries, 
Healthcare systems must tackle huge problems (especially costs), hoping 
digital devices help to solve them and also help to improve the quality of 
care and their results. It is also the problem of traceability of medical acts 
and so interoperability of different tools. An approach may be through 
uses of interactive devices such as artificial intelligence solutions for the 
improvement of human-computer interactions through telemedicine 
platforms [8]. 

The Isaac’s report [9] clearly highlighted the main challenges of this 
transformation, with digital technology and Intelligent Systems enabling 
the transition from a too curative to a more predictive medicine. More 
recently, Villani’s report [10] stressed the importance of Artificial 
Intelligence (AI), particularly in the healthcare sector. A Montaigne’s 
Institute report considers e-Health as a priority project to transform the 
French Healthcare System [11]. 

For several years now, the main challenge has been to focus on the 
coordination of medical acts, particularly with digital devices (shared 
computerised records, platforms, etc.), in the context of a new 4P 
(Personalization, Prevention, Prediction, Participation), or even 5P 
(Relevance or Proofs) or even 6P (Pathways) or 7P (Platforms) medicine. 

6.2.2. Coordination to Fight against Compartmentalisation  
and the Challenges of «Border» Areas 

This emphasis on development corresponds to the objective of 
combating the compartmentalisation of the French Health System. 
Compartmentalisation can indeed imply “breaks” in patients’ care 
pathways, which can constitute both a loss of chances of better treatment, 
or even of survival, and major elements of non-quality, and therefore an 
increase in costs and waste, notably through the redundancy of acts, with 
major challenges of interoperability of the various digital devices and 
traceability of the medical acts performed. 

In a Health System considered in a Cartesian or even Taylorian approach 
to the scientific organisation of work, the patient is often “broken” or 
“fragmented”, reduced to an organ or a pathology, without an overall 
vision of his whole body and his whole person (organic / psychological). 
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There are also the partitions between diagnosis (cure), which is the 
responsibility of doctors, and care, which is the responsibility of nurses, 
but also with the social and appoint home helps, for a more global 
approach to health and not only cure or care. However, the main 
compartmentalisation of the French health system is, above all that 
between primary care of so-called “town medicine” and the 
hospitalisation sector. As a reaction to an overly “hospital-centered” 
system, for many years there has been talk of an “ambulatory shift”, 
revaluing town medicine, or even, now, a “home shift”, with patients 
increasingly wanting to be treated at home, which, in addition would 
make it possible to reduce costs. However, we must underline the risk of 
transferring the financial and mental burden on families, with the whole 
issue of family careers. There is also the question of professional 
identities, particularly in their digital dimension, without forgetting the 
question of corporatism, which is largely a vector of 
compartmentalisations and tensions, even of conflicts between actors or 
groups of actors... 

This question of “compartmentalisation leads us to a broader reflection 
on the ambivalence of the notion of “border”. There exist two opposing 
conceptions of the border. The first, the best known, is that of the border 
as a separation, as a “barrier” with walls and fortifications, such as the 
Great Wall of China or the Roman “limes”. A border with controls, 
especially police or customs controls. But there is also another possible 
approach to the border, less known, that of the “membrane” border, as 
an area of exchange and complementarity. This approach existed in 
particular in the Pyrenees before 1789, at a time when, before the 
national states of France and Spain were fully asserted, the populations 
of the high border valleys had been able to build a society of exchange 
and cooperation, which nevertheless did not prevent all conflicts [12]. 

This approach of the border as an area of exchanges and 
complementarities can be found in the Health System. For the last forty 
years or so, it has corresponded to the affirmation of Healthcare Interface 
Organisations (HIO) in France, to overcome the compartmentalisation, 
particularly between urban medicine and the hospital sector. These 
interface organisations (health networks, multi-professional health 
centres, home hospitalisation, etc.) can be considered “hologrammatic”, 
i.e. representative of the major challenges facing the Health System. 
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6.2.3. With Resilience challenges 

For us, these important coordination challenges are an essential part or 
the Resilience’s challenges of all the Health Systems, as recently outline 
by an European Commission’s report [6] “to increase Health System’s 
capacity to absorb, withstand and recover from shocks and stresses”, 
improving preventive, forecasting and adaptive capacity. The same 
report insists on the importance “to identity the core health features that 
render health systems resilient”. This work is completely in this 
perspective.  

These challenges are largely information-communication challenges, 
now with a strong digital dimension (E-Health) with the whole question 
of territories, with, in particular, social and territorial inequalities in 
health, in their double dimension, both individual and collective. 
European Commission’s report speaks about “developing more effective 
communication tools” [6], in other words, Intelligent Systems. 

But first we need to better define our scientific position and the 
methodology used. 

6.3. Scientific Position and Methodology 

6.3.1. A Research-action Position in Information  
and Communication Sciences 

Our works on border areas in the French Health System, notably through 
interface organisations considered as “hologrammatic”, or representative 
of the stakes of the Health System as a whole, are based on cooperation 
developed around Master’s degrees (Healthcare Network Engineering, 
Social Protection, Competitive Intelligence and territories), with  
follow-up of theses masters degrees and doctoral dissertations as well as 
participation in numerous seminars, both face-to-face and distance 
learning. They have led to publications in journals and conferences and 
to a habilitation to manage research and PhD [13]. 

We position in a research-action or intervention-research approach, 
based on a back and forth between theoretical and practical dimensions, 
to produce knowledge for action. Our works are within the scope of the 
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French interdisciplinary field of Information and Communication 
Sciences, in the perspective outlined by F. Bernard [14], proposing to 
articulate the four dimensions of links or relationships (interactions in a 
systemic dimension), meaning, knowledge and action. We insist on the 
complementarity of information and communication, stressing both the 
importance of information to shape organizations and data for their 
management and development, and also of communication to foster 
change [15], by promoting cooperative dynamics, articulating the project 
and storytelling dimensions of all actors actions [16], both human and 
socio-technical devices. We propose an approach that we call 
Information and Communication Organizing Ecosystems (ICOE). The 
notion of “organizing” was proposed by Weick [17], focusing on 
processes, and interdependence of interactions, to study human activity 
by means of “sense making recipe” in a set of dynamics to try to grasp 
the complexity of organizations. We refer also to communication as 
constitutive of organizations [18] adding to that of communication the 
information dimension. For us, information and communication 
contribute to the shaping of organizations (companies, universities, 
hospitals, interface organizations, administrations, trade unions, etc.) 
considered as ecosystems, which can be also groups (families, students 
in classrooms, etc.) or territories. We thus articulate the approaches of 
Economic or Competitive Intelligence and Quality [19], in the wake of 
H. Wilensky [20], when he speaks of Organizational Intelligence, 
without forgetting the innovation dimension in process approaches [21]. 

6.3.2. Around Key Notions: Tensions, Situations,  
Interactions, Ecosystems, Trust, Resilience 

According to E. Goffman [22], we particularly mobilize the notion of 
situation (situations of activity, management, information, 
communication, decision, evaluation, etc.) with all the ambivalence of 
technology [23]. There exist important tensions between people in 
favour of new uses of digital technology (technophiles) to improve 
patient services, such as G. Vallancien [24] and those who fear 
regression in its financing. For us, modernization or rationalization may 
meaning rationing or “uberisation” (standardization and precarization of 
the health professions), such as the National Board of Doctors or Conseil 
National de l’Ordre des Médecins in France [25]. So there exist a lively 
debate between convinced technophiles and others, technophobic or at 
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least more technosceptical, insisting on the ambivalence of technologies 
and the risk of drifting to an overly “solutionist” approach, based on the 
imposition of digital tools without real consultation with their users. 

According to the “situational and interactionist semiotics” proposed by 
A. Mucchielli [26], we analyze situations of activity, also integrating the 
dimension of emotions and leadership [27] and trust building in complex 
projects as proposed by Le Cardinal, with the main problem of 
overcoming fears [28]. For us this main challenge of rebuilding trust, 
both in human and in tools, is an essential part of the Resilience of the 
whole Healthcare Systems, and, more generally, of our entire society. 

The main goal is to help to promote new services for patients and 
healthcare professionals, with the importance of information (data uses) 
and communication to improve cooperation with a strong 
territorialisation and proximity dimension with the essential part of trust 
to go to more coordination and cooperation is frequently outlined in 
various congresses or seminaries [29]. 

The context is that of patients’ empowerment, developed in France since 
the March 4th 2002 (Law about Sickness People Rights and Quality of 
Health System) with the idea of “Health Democracy”. Through social 
technical devices and social networks, patients have an increasing role. 
Always insisting of the human dimension of healthcare, we are 
interested, according to Y. Jeanneret’s perspective [30], in the 
importance of “traces”, as showing the different aspects of work 
activities and of identity, particularly digital, in both their individual and 
collective dimensions. 

6.4. E-Health and Its Information and Communication 
Issues 

6.4.1. The Development of E-Health Accelerated  
by the Covid Crisis 

A Montaigne’s Institute think tank report considers e-Health using 
Intelligent Systems as a priority project to transform the French 
Healthcare System [11]. In June 2020, Montaigne’s Institute estimated 
the potential value creation of E-Health in France between €16.1 and 
€22.3 billion per year. This economic value creation can be divided into 
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5 categories of innovations and impacts: 1) patient empowerment and the 
prevention of complications, particularly for chronic diseases;  
2) dematerialization and data exchanges, with optimization of the 
medical time of healthcare professionals; 3) telemedicine tools, notably 
with the use of teleconsultations to limit hospitalizations;  
4) automatization and optimization of care pathways in both primary care 
and hospital and at the articulation of these two sectors; 5) transparency 
and decision support, by limiting the redundancy of healthcare acts and 
overpayments. 

The Covid crisis fosters the transformation of the Healthcare System 
through new digital uses both for doctors and patients’ uses. During the 
two lockdown period (in French: confinement), in spring and then in 
autumn 2020, the number of teleconsultations exploded. The obstacles 
to the acceptance of this model of healthcare seem now to be lower. Until 
then restricted to limited experimentations, sometimes with the D 
system, teleconsultations has been elevated to the rank of miracle cure in 
a few months. When only some 100,000 remote appointments had been 
organised throughout 2019, 4.5 million will have been organised for the 
month of April alone. But this increase does not compensate for all the 
cure activities. Whereas in mid-March 2020, only 3,000 out of  
120,000 liberal doctors in France had recourse to teleconsultations, there 
were 45,000 at the end of April 2020. But is this a massive and 
sustainable adoption of teleconsultations or only an episodic wave 
favoured by short-term measures? It should be noted that we do not really 
have any information on the evolution of tele-expertise, another key 
sector of telemedicine [31]. 

According to Doctolib (an online appointment booking site), in April 
2020, consultations had fallen by 44 % among general practitioners and 
71 % among specialists, such as ORL specialists, dermatologists, 
ophthalmologists, etc., whose expertise is not well suited to those who 
are in a remote situation, and whose income has been strongly impacted. 
And while some see this aspect of telemedicine as a miracle cure, others 
denounce the anarchic use of care [32] with the risks of often 
approximate diagnoses. Another example of possible ambivalence of 
technology. 

Such technological developments foster the way to digital and 
personalized medicine. According to L. Hood, the concept of 4P 
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Medicine is composed of 4 dimensions: Personalization, especially with 
the patient’s genetic profile, Prevention, with a global approach for 
healthcare rather than a focus on diseases, Prediction, with the most 
appropriate medical treatments for the patient, and Participation, 
involving the patient’s responsibility in his healthcare. Another “P” has 
often been suggested as 5P with Pertinence or Proofs of the effectiveness 
of the medical service rendered to the patients, or even “P” as Pathway, 
with the evolution towards the management of the patients’ healthcare 
pathways. A new “P” may also be considered with the development of 
Platforms assembling diagnosis, treatment and clinical trial process and 
connecting the different healthcare professionals involved [33]. 

6.4.2. The Different E-Health Supports 

Numerous computerised medical record projects have been developed. 
The British NHS (National Health Service) developed twenty years ago 
an EHR (Electronic Health Record) program. Now the Electronic Health 
Record System (EHRS) has replaced different systems and paper records 
with a single, integrated health record [34]. In France, the DMP epic 
began in 2004. At the beginning, it was presented as a “personal” medical 
record belonging to the patient, the owner of his or her health data and 
access authorisations. It became “shared” in 2016 when its management 
was entrusted to the National Sickness Insurance (in French: Caisse 
Nationale d’Assurance Maladie). It is still struggling to prove its utility. 

The failure of the DMP can be explained in several ways. First of all, the 
DMP has never won the support of health professionals, particularly 
doctors. This rejection is linked to the specific nature in France of the 
remuneration of doctors working outside the hospital system (general 
practitioners or specialists) by means of payment for the procedures 
performed. For them, the DMP has a two-fold disadvantage: no 
recognition of a specific paid procedure in order to provide information 
by entering data for each procedure performed, and also, for fear of a 
check by the French Sickness Insurance, of the procedures performed 
and therefore of their income investigation with risk of limitations. Fears 
(or lack of trust) are always present. Other elements may explain the 
failure of the DMP. First of all, its technological “solutionism” 
dimension: it was designed by engineers, without any real consultation 
with its users. Another negative point is that the DMP does not offer real 
services. This is quite the opposite of the Diraya computerized patient 
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record, developed in the Spanish Autonomous Community of Andalusia, 
which is often cited as a success story. Diraya was designed in 
cooperation with its users, there has been continuity of the project team 
over time and it offers services such as appointment scheduling,  
tele-prescriptions, data and document transfers, etc. and has been 
developed in cooperation with its users [35]. 

Always criticised, the French DMP is in competition with other records, 
such as the pharmaceutical records or the different patient records in 
different hospitals or private clinics, with crucial questions of traceability 
of acts based on the interoperability of the systems used. Under the new 
My Health 2022 (in French Ma Santé 2022) law, modelled somewhat on 
the British Electronic Health Record System, by 1 January 2022 every 
French patient should have a “digital health space” in which the DMP 
should be integrated and which should be managed by the National 
Sickness Insurance. This system, which aims to “accelerate the digital 
shift” in healthcare, should make it possible to “bring together, on the 
same platform, all existing services”, so that each user will have access 
to “all his or her health data throughout his or her life” [36]. These 
objectives were already those of the DMP in 2004... And many questions 
remain, and, first and foremost, who will coordinate this platform? 

Private companies are also major players in the French Health System, 
particularly in E-Health, such as Doctolib, which, by acquiring its 
competitor MonDocteur from the Lagardère group in 2018, has become 
“the most widely used online medical appointment scheduling service in 
Europe”. On its site, Doctolib claims to be “the most widely used online 
medical appointment scheduling service in Europe” by December 2020, 
with 135,000 practitioner users and 60 million patient visits each month, 
positioning itself as a key player in “building tomorrow’s healthcare 
system”. If the service is interesting for patients (with a major risk of 
digital divide for those who do not have connection tools), some see a 
risk of “uberisation” of doctors, who may be condemned, to pay a large 
percentage of their income in order to enlarge their clientele... 

There are also medical information portals aimed at the general public, 
such as the famous health information site Doctissimo (created in 2000) 
which was sold, again in 2018, by the Lagardère group to the TF1 group 
(television and media). Doctissimo presents itself on its site as “the 
preferred health site of the French” with 13.8 million unique visitors in 
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May 2019. It is also worth mentioning Ameli, the site of the National 
Sickness Insurance. In addition to the sections Rights and Procedures, 
then Reimbursements and a Covid 19 section, there is a section on 
Health, Understanding and Acting, with pages on organisational or 
digital aspects such as telehealth or the DMP and also with a Sophia 
service to support the chronically ills. 

To fight against compartmentalisation by improving the coordination of 
medical acts, various cooperation platforms have been set up, 
particularly in the primary care sector, such as PTAs or Territorial 
Support Platforms to provide support to professionals in the organisation 
of complex healthcare pathways. Within the framework of the new Ma 
Santé 2022 law, these PTAs should be progressively integrated into 
DACs or Coordination Support Devices, once again emphasizing the key 
word of coordination. 

According to the French definition (telemedicine decree: 2010), we meet 
five different types of telemedicine: tele consultation, tele expertise, tele 
monitoring (for chronic diseases), tele assistance and medical answers 
for emergency regulation. A telemedicine platform is a connecting 
device, where the central data repository is related to different interfaces. 

In another paper we have outlined the importance of Artificial 
Intelligence related to Telemedicine activities [8]. Some applications for 
telemedicine now use machine learning to help the medical professionals 
with diagnostic support based on symptoms and patient health data. Data 
Collection before a consultation is also important, such as data for 
Personalized Diagnosis Support. For example, MédecinDirect is a 
telemedicine platform that provides medical advice and remote 
consultations with contracts with companies and mutualist 
organizations. IA also constitute Decision Support System, used to 
propose medical recommendations to doctors to avoid of serious risks, 
for making diagnosis and assisting medical prescription. 

There exist other aspects of E-Health or telemedicine that we do not 
analyse in this chapter. First of all, there is the monitoring in the patients’ 
home: sensors, surveillance systems and calls for help that can be linked 
to connected objects. There is also the whole dimension of mobile health, 
which can also be a matter of “augmented man”. Finally, there is also the 
whole field of tele-expertise, remote diagnosis, tele-surgery, which we 
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have not touched on and which also constitute important issues for 
Intelligent Systems in health. 

6.5. The Inescapable Challenges of the Territories 

The management of the French Health System has been progressively 
regionalised, with a view to the deconcentration of State power but no 
really decision-making autonomy at regional level (decentralisation), as 
in Spain for example. Regional Hospitalisation Agencies – ARH, were 
created in 1996. Within the framework of the HPST law – Hospital, 
Patients, Health, Territories, they became ARS – Regional Health 
Agencies, also including primary care. The evolutions are largely due to 
the digital transformation. From 2014 to 2017, the “Digital Care 
Territory” (Territoires de Soins Numérique) program has thus aimed at 
the emergence of pilot “territories of excellence” in the use of digital 
technology to improve and modernise the healthcare system. 

The ARS bureaucratic management of the Covid pandemic is highly 
controversial, probably aggravated by their recent grouping together into 
13 new regional entities instead of 22 for metropolitan France. Some are 
calling for their abolition, others at least for a much more marked 
recognition of management at the more local level of the départements. 
For example, the Occitanie Pyrénées / Méditerranée region (since 2016 
grouping together the former Midi-Pyrénées and Languedoc-Roussillon 
regions), which alone has 13 départements, and the New Aquitaine, 12. 

The French Health System, which is compartmentalised, must also face 
significant social and territorial inequalities. 

6.5.1. The Challenge of Social and Territorial Inequalities  
in Health 

With the fight against compartmentalisation and the need for 
coordination/cooperation, limiting social and territorial inequalities in 
health is a major challenge for the French Health System. 

This issue of social and territorial inequalities in health has a double 
dimension: individual and collective [37]. First of all, social and 
territorial inequalities in health have an individual dimension, with 
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patients who may have a combination of different difficulties: often 
elderly, in a situation of poverty and often even precarious and often 
isolated, with little contact with the outside world because they live in 
remote geographical areas (rural areas or anonymous areas of large cities 
or suburbs) and without proximity to their family, or even without 
family, and who may suffer from different pathologies (complex 
patients). In addition to this individual dimension of social and territorial 
inequalities in health, a collective and territorial dimension can be added 
with remote (rural) areas or large cities and suburbs. This collective 
dimension of territorial isolation in health is often summed up by the 
term “medical deserts”. This isolation can also have a digital dimension: 
medical deserts can also be numerical deserts. The issue is at the heart of 
the evolution of cities (which represent 85 % of the French population) 
and, more globally, of territories. 

6.5.2. Smart Cities / Stupid Villages ? 

For a long time, some people have opposed “smart” cities with 
innovative, highly technical solutions to the so-called “stupid villages”. 
But this is now strongly disputed: can’t the smallest peri-urban and rural 
territories also implement “smart” or “wise” solutions with local 
initiatives launched by “small towns”, i.e. towns at the centre of an 
intermunicipality and with between 8,000 and 25,000 inhabitants [38]? 
Notably in the context of the “fourth industrial revolution” [39], which 
is evolving at an exponential, rather than linear, pace, overturning almost 
all sectors of activity, everywhere in the world. The scale and importance 
of these changes implies the transformation of entire systems of 
production, management and governance. These projects have given rise 
to the drafting of a guide [40] which identifies the main possible 
obstacles: lack of knowledge of digital solutions, lack of visibility on the 
cost-benefit ratio of solutions, uncertainties on the interoperability of 
systems in heterogeneous environments and the classic elements of 
resistance to change. 

The digital revolution can thus contribute to the development of a rurality 
with a promising future, as shown by the case of the municipality of 
Tonnerre (7,000 inhabitants) in the Yonne department 
(Burgundy/Franche-Comté region). Based on networks, everything 
concerning the protection and safety of people, road safety, traffic 
fluidity, parking and waste management will see the development of new 
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applications, corresponding to a whole ecosystem, potentially leading to 
new activities and jobs [41]. 

The main sectors of application of the smart city or territory are above 
all the sectors of flows and networks: mobility and transport to improve 
fluidity, water and electricity networks, waste management, with the 
health dimension being relatively little present. However, it is central to 
the concerns of the inhabitants and certain decision-makers such as 
elected representatives of local authorities, as shown by the Future Days 
organised at the beginning of December 2020 in the new Gustave Eiffel 
University around the central theme of the “city of tomorrow” [42]. The 
technological dimension should not overshadow the human dimension 
of the city with the central notion of “well-being”, for a city that is 
resilient, sustainable, fairer and operating in network with its entire 
territory and in particular the neighboring municipalities. 

6.5.3. A Health Dimension to be Better Taken into Account 

The Covid pandemic force to take better account of the health dimension 
of city projects, particularly with regard to the production, management 
and use of data, through Intelligent Systems. 

At the end of the first wave of the Covid (June 2020), L. Comparat 
highlighted the importance of reliable data to lead public action, 
extremely sensitive data with regard to privacy and public safety, 
particularly in the health sector. She summoned J. Salomon, Director of 
Health in the French Ministry of Solidarity: “Free access to data relating 
to the epidemic, what is known as open data, ensures the confidence of 
citizens in the elements communicated to them, promotes preventive 
actions against the spread of the virus and facilitates decision-making. 
The dissemination and exploitation of this data has been made possible 
thanks to close collaboration between several administrations and  
civil society”. 

Faced with the centralized State’s difficulty in providing immediate and 
appropriate solutions, with the globalization of production and 
information, the centralized approach has shown its limits in times of 
crisis (which has always been the case). The involvement and creativity 
of local actors have made it possible to imagine quick solutions, adapted 
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to the local context and diversified. For L. Comparat, these solutions 
have shown that territories have been at the heart of “productive 
resilience” [43]. 

Interesting initiatives have been developed in the territories in the  
E-Health sector. To combat medical desertification, the departmental 
council of the Ain department (Burgundy / Franche-Comté) has decided 
to finance the salaried recruitment of the equivalent of four full-time 
doctors who will work in voluntary MSPs (Maisons de Santé 
Pluriprofessions) or with private doctors in areas with medical  
under-density. Ain has also decided to bet on telemedicine solutions by 
setting up 5 teleconsultation booths in the department [44]. 

One of the major challenges of medical desertification is that of helping 
and caring for the elderly. It is often carried out in the homes of these 
people, with the whole issue of family careers. They are also, in towns 
and even in large villages, residents of Hospitalised Establishments for 
Dependent Elderly People or EHPADs (Etablissements 
d’Hospitalisation de Personnes Agées Dépendantes). Older people are 
the main targets of the Covid epidemic: 92 % of the cases of Covid-19 
deaths are over 65 years old. The pandemic was of course the main cause 
of these deaths. But the complete abandonment by relatives, in spite of 
the efforts of care workers (telephone, Skype or Zoom links, etc.) to 
maintain a link, may have played a role which has been reported. This 
raises the question of the evolution of EHPADs. 

At the same time, the activities of associations providing care or home 
help have increased. After the “ambulatory shift” to provide more and 
more care outside hospital structures over the last thirty years or so, there 
has been an increasing talk of a “home shift”: caring for patients in their 
own homes. 

The issue at stake is more and more home care. In order to encourage 
patients to remain at home, support platforms have been developed. In 
Bordeaux, a “Seniors’ Autonomy Platform” is a local and listening 
centre located in the city centre. It enables people over 60 years of age 
to find out about all their rights, to help them with all aspects of daily 
life, such as health, meals on wheels, domestic help, the quality and 
comfort of the living environment or social and cultural life. This  
“one-stop-shop” has the task of providing information to older people, 
professionals and their families. It brings together three complementary 
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mechanisms to promote the autonomy of older people: the Local 
Information and Coordination Centre – Centres Locaux d’Information et 
de Coordination (CLIC), the Action Method for the Integration of 
Assistance and Care Services in the Field of Autonomy or Méthode por 
Améliorer l’Accompagnement des Personnes Agées -  (MAIA) 
especially for Alzheimer patients and the Territorial Support 
Coordination (CTA), which ensures the operational functioning of the 
new PAERPA – Parcours de Santé des Aînés, mechanism for the 
prevention of loss of autonomy of people aged 75 and over [45]. The 
“Autonomy Seniors” platform thus brings together different interface 
organisations. We will discuss their specificity and their importance for 
a local response to the territorialisation of health management later on. 

6.5.4. Developing Territorial Resilience 

The types of intermediation solutions analyzed correspond for us to tools 
for “territorial resilience” be based on digital devices as Intelligent 
systems. Resilience can be defined as a “capacity to overcome traumatic 
shocks” [6]. The notion appeared in the 1950s, in the physical sciences 
sector, to designate a material that returned to its original form. It was 
then taken up by psychology, for individuals who had to react to a 
traumatic situation. It then progressively took on a collective dimension 
for groups, organisations, territories, etc. 

The use of digital devices and data has become a national issue in all 
countries. In France, the law for a Digital Republic (République 
Numérique) was promulgated in October 2016. It was based on a long 
period of consultation and through a national consultation on the 
challenges of digital technology and an online consultation on the text of 
the draft bill. It emphasises the circulation of data and knowledge, with 
the importance of open data. The protection of rights in the digital society 
is also emphasised. The text also insists on digital access for all and in 
all territories [46]. 

In November 2019, a new Agency for Territorial Cohesion or Agence 
Nationale de la Cohésion des Territoires (ANCT) was created, taking 
over former administrations (such as the former DATAR: Delegation for 
Regional Planning and Regional Action or Délégation à l’Aménagement 
du Territoire et à l’Action Régionale, created in 1963) [47]. In particular, 
it insists on the role of small towns as “cohesion territories at the heart 
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of the recovery”, especially with the challenges of the Covid pandemic. 
The whole question of the “resilience” of the territories is raised, 
territories that often feel abandoned by the political power and that have 
been at the heart of the revolt of the “Yellow Vests or Gilets Jaunes” 
since November 2018 [48], against the closure of public services, notably 
schools or hospitals, or the reduction of their means, what C. Guilluy has 
described as “peripheral France” [4]. 

L. Comparat [43] insisted on the importance of reliable data to lead 
public action, with services adapted to times of crisis. For her, territories 
are at the heart of “productive resilience”. She stressed that many local 
authorities have had to find solutions to meet such legitimate demands 
as open shops (Issy-les-Moulineaux), chemists (Ile-de-France), local 
producers (Dunkirk), open services (Corsica), Smart Services  
(Ile-de-France). In many cases, local authorities have relied on citizens 
to co-produce this data, for example with the OpenStreetMap initiative 
(caresteouvert.fr). Even within the local authorities themselves, the 
services have had very significant needs for internal data in order to 
manage their actions: feedback on health data, but also on the number of 
pupils in schools, the size of cycle lanes and pavements, authorisation to 
occupy public spaces, tourist offers, geographical data of all kinds. The 
public powers noted on this occasion the importance of simplified, 
structured and systematic access to all the data they produce or handle. 
L. Comparat pleads for a better use of data: “Since the period commits 
us to it, after long years of confinement of public data with the social and 
economic consequences we can imagine (restriction of exchanges, 
limited horizon, worries, false information, slowdown of activity), it is 
time to de-confine the data! Let’s amplify the open data movement”! 

On the territories, the health crisis of the Covid strongly calls into 
question the meticulous bureaucracy of the ARS and the “nomopathy” 
or obsession with norms, standards, traditional in France, which has 
blocked initiatives, provoking ubuesque situations. Initiatives, often 
modest, have been set up at local level, showing its resilience and 
adaptability. In the PACA region (Provence-Alpes-Côte d’Azur) health 
professionals have set up WhatsApp exchange groups, which may 
prefigure new CPTS (Territorial Professional Health Communities or 
Communautés Professionnelles Territoriales de Santé) desired by the 
public authorities, bringing together hospitals or clinics, EHPADs, 
various interface organisations, liberal primary care professionals, etc. 
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[29]. We are thus in a logic of “day-to-day innovation”, the importance 
of which was emphasised by N. Alter [49]. 

But there are obstacles to the development of this cooperation [29]. The 
first is the founding choice to pay health professionals on a fee for each 
service given to patients, which dates back to 1927. It is therefore in the 
interest of health professionals to retain their clientele of patients and 
therefore not to exchange less information. There is also the whole issue 
of medical secrecy, which is rarely shared, and medical responsibility, 
which remains individual and little yet collective and shared, an 
important development that is beginning in interface organisations. 
There are also the issues of traceability and interoperability of the digital 
devices used. 

Whatever choices are made to improve the health system, it is essential 
not to lose sight of the patient’s interest and service, which Shortell et al. 
(1996) illustrated with the verbatim words of a patient they met in a 
waiting room: “You know, I have a pretty simple wish. I want to stay 
healthy and productive. When I become sick I want to get well as quickly 
as possible. But I know that costs are also important. So I want to know 
what’s done to me is really needed and is done as efficiently as possible. 
Do you think that’s too much to ask for ?” [50]. 

For many years now, our society has largely become a “society of 
mistrust” [3], particularly in the health sector, with a succession of 
scandals that can be analysed as “State lies” (amiante, contaminated 
blood or sang contaminé, Chernobyl, etc.). The shortage of masks in the 
face of the Covid health crisis and the often contradictory 
communication of the public authorities to blur it have further aggravated 
the mistrust of citizens since the spring of 2020. An essential challenge 
is therefore that of (re)building trust between all the actors at all levels 
and in the use of digital devices. And the first stage is that of removing 
fears, as proposed by Le Cardinal, et al. [28] with the FAcT or Fears – 
Attracts – Temptations in Mirror method, particularly in complex 
projects such as the implementation of information systems. The FAcT 
method is based on word-sharing workshops in which the different actors 
formulate and discuss their “fears” with each other and try to remove 
them by listening to the other actors. But, as C. Senik et al [51] outline, 
crises of trust imply to work for the construction of other modalities of 
confidence. If it is therefore important to analyse the way in which it is 
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weakened, or even destroyed, it is also necessary to grasp the ongoing 
production of trust in new forms. In this perspective, it is necessary, as 
M.-J. Thiel [52] emphasises, to preserve the full human dimension of 
care, avoiding the risks of bureaucratic and technical excesses of 
technological “solutionism”. 

The Health Interface Organisations (HIO) developed over the last thirty 
years in France between the primary care and hospitalisation sectors can 
be seen as areas for innovation and the development of trust around new 
cooperative practices. 

6.6. The Lever for Innovative Experimentations  
in Healthcare Interface Organisations (HIO)? 

We have already stressed the importance of developing coordination, 
particularly with shared tools, but for us, coordination is only a step, 
certainly fundamental, but must lead to cooperation, built around 
common collective practices and shared values, in the service of 
improving care for the patients, with for example all the importance of 
setting up interface organisations. 

6.6.1. Setting up Interface Organisations in Healthcare 

From the perspective mentioned at the beginning of this article and from 
the start of our works on the health sector [13], we have approached these 
interface organisations as “border spaces”, corresponding not to barriers 
or walls (partitions) but to “membrane” border spaces, spaces for 
exchanging practices, for complementarity of approaches, for  
“cross-fertilisation” and therefore for developing cooperation around 
shared representations and through organisational innovations. 

Health Networks (réseaux de santé), with a desire for a global approach 
(complexity) to health and social issues and not just care, developed at 
the end of the 1980s, as spaces for practical innovations, in primary care 
with doctors (often in the poor suburbs) who defined themselves as 
dissidents or “secant marginals” in relation to the hierarchical system of 
the hospital (hospital-centrism) which hardly recognised them. The crisis 
of the AIDS pandemic from 1984 onwards, which neither the hospital 
system nor traditional urban medicine in primary care really knew how 
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to deal with, “Health Networks” developed against another approach that 
of “coordinated care networks” on the model of the American HMOs 
(Health Maintenance Organizations), long favoured by the NationalSick 
Insurance (1996 decrees). Alongside the AIDS Networks, other primary 
care / hospital networks, with a generalist vocation (coordination of 
care), or dedicated to specific pathologies (diabetes, oncology, asthma, 
infant bronchiolitis, etc.) or specific situations (perinatality, palliative 
care, etc.), developed. The law of 4 March 2002 on the Rights of Sick 
People and the Quality of the Health System or Droits des Malades et 
Qualité du Système de Santé, enshrined the role of Healthcare Networks, 
including the “health democracy” dimension, supported by patients’ 
associations, in particular AIDS patients’ associations, with patients 
asserting their role as full and recognised actors in the Health System. 
This is the “empowerment” of patients in Anglo-Saxon countries. France 
is still a little behind the times and talks about giving more responsibility 
to patients, which is not exactly the same thing as empowering them... 

It is worth emphasising the dual dimension of organisational and social 
(and day-to-day) innovations in Healthcare Networks, with their global 
approach to the patient in his or her environment, as opposed to a more 
sector-based approach, with a “broken” or “fragmented” patient. These 
Healthcare Networks have often had a social dimension in the difficult 
neighborhoods of the suburbs of large cities (Créteil, Saint-Denis, etc.). 
Coordinated care networks corresponded rather to organisational 
innovations, very much focused on the coordination of care and  
reducing costs. 

From 2006 onwards, Healthcare Networks were called into question, 
with the public authorities favouring MSPs or Multi-professional Health 
Centres or Maisons de Santé. These are in fact two different ways of 
practising medicine. The Healthcare Networks bring together private 
practitioners with their own individual practices, while the Maisons de 
santé are grouped together for the purpose of medical practices, but often 
only by sharing resources (buildings, phones, secretariats, etc.). Most 
private practitioners now work in group cabinets, but few in MSPs. There 
were 910 MSPs in 2017 (compared to 36,700 doctors’ offices, and more 
physiotherapists and nurses) with as many dental surgeries, compared to 
436 in 2014. The objective is to have 2000 MSPs in 2022. They now 
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concern 13096 health professionals (and not only doctors) who have seen 
3.2 million patients [53]. 

Hospitalisation at Home or HAD (Hospitalisation à Domicile) is the 
oldest interface organisation. It has developed considerably and is now 
recognised as a hospitalisation modality in its own right. There were  
313 home hospitalisation establishments in 2016 compared to 170 in 
2006: 16300 people can now be hospitalised at home simultaneously 
compared to 6900 in 2006 [54]. 

It is also worth mentioning the home help sector, including the care 
sector: SSIAD (Home Nursing Services) and PSAD (Home Health Care 
Providers). 

Other interface organisations are mainly information, networking and 
coordination organisations, such as the CLICs (Local Information and 
Coordination Centres), the MAIAs (now a method for improving support 
for people aged 60 and over) set up by the CNSA (Caisse Nationale de 
Solidarité pour l’Autonomie – National Solidarity Fund for Autonomy) 
as part of the Alzheimer’s plan. There are now 352 MAIAs schemes in 
almost all of France. Since 2014, PAERPAs (or senior citizens’ health 
pathways) have also been developed to preserve the autonomy of the 
over-75s. Since 2019, CLIC, MAIA and PAERPA have been gradually 
integrated into the DACs (Coordination Support Systems). In each new 
system (set up while keeping the previous ones...), we find the magic 
words of “pathway” and “coordination”. 

6.6.2.  A Strong Challenge of Clarity and Complementarities  
around New Forms of Cooperation and Integration 

A report by the General Inspection of Social Affairs – IGAS (2020) on 
Home Services Providers outlines that they correspond to “a sector that 
is very heterogeneous in its composition and practices, whose rapid 
development is difficult to regulate, which provides real services, but 
whose expansion strategies are questionable”... then insisting on “a 
twofold necessity...”: to strengthen guarantees in terms of quality, safety, 
ethics and the relevance of the use of public finances, to clarify their 
place in the Health System, in line with the National Health Strategy and 
in complementarity with the other actors” [55]. 
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This has been a constant comment for many years. Although the various 
Healthcare Interface Organisations provide important services to 
patients, they lack clarity and are not very familiar with their respective 
activities, and even where they are often in strong competition, with 
accusations of “client capture”, particularly in borders activities between 
Hospitalisation at Home and Home Care Companies (Prestataires de 
Santé A Domicile) [29]. 

There is indeed – and this is paradoxical to say when these systems were 
created to fight against existing compartmentalisation! – a risk, and 
unfortunately sometimes even a reality, of the development of new 
partitions... A recent online seminar [29] insisted on the need to get to 
know each other better and first of all to draw up a map of the actors in 
a territory (!), which could be a task for the departmental delegations of 
the ARS... We can take the case of an elderly person at the end of its life 
with the coordination of the action which may be possibly taken by 
different actors with very blurred boundaries: MAIA, PAERPA, HAD, 
palliative care networks, or cancer networks... 

Bloch-Henault had already stressed this need for clarity and integration 
of the activities of these different systems [56]. The setting up of the 
DACs corresponds to this objective. But who will steer them? How will 
these DACs fit into the CPTS (Territorial Professional Health 
Communities), which bring together hospitals, clinics, EHPADs, 
Interface Organisations, etc., in the same territory? 

With the words “coordination” and “pathway”, the one that comes up 
most often is “trust”: there is no (re)construction of cooperation without 
trust. And it is precisely to encourage the development of cooperation 
based on this trust that the new Healthcare Interface Organisations were 
created. The challenge now extends to the DACs and CPTS. These 
challenges are above all communication and information challenges: 
cooperating by sharing information to improve services to patients in a 
territory. How far will these organisational recompositions go? 

6.6.3. A Hybridisation of Professions? 

All these developments are also challenging the boundaries between 
professions, often formulated in “job descriptions” and “specific roles”, 
of the doctors, the nurses, etc., and are giving rise to new ones. 
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We have already studied the job of coordinating Healthcare Networks or 
any other Interface Organisations and its information (data collection and 
use) and communication (negotiation, conflict management) 
dimensions, with now the whole issue of GDPR (General Data 
Protection Regulation). The profession of nurses, often coordinators of 
networks or other interface organisations (with skills not only in health, 
but also in management and information-communication), has 
diversified beyond care: nurses are cases managers, pathways managers, 
i.e. professions of intermediation, interacting with patients [57]... At the 
same time, quality approaches (process approaches) are increasingly 
integrating patients’ roles: discussion groups, patients – tracers, patients 
– experts, etc. 

The evolution, by breaking with the Cartesian model and the division of 
labour into very specific tasks, is now pushing towards the hybridisation 
of professions and multi-skilling perspectives, which is likely to cause 
tensions and conflicts. 

6.6.4. The Importance of Evaluation (Assessment) 

A European Commission’s report recently strongly insists on “to include 
resilience as a key dimension of performance assessment with access, 
quality and efficiency of care measurements” [6]. The report advocates 
for “formative and summative evaluation” with effective Information 
Systems. 

For about twenty years, we have worked in this perspective in Healthcare 
Interface Organisations (HIO) Information issues (production, storage, 
uses of data) are essential both for diagnosis and health monitoring 
(traceability of acts) of patients (micro level), but also for the 
management of organisations and services (meso) and for the Health 
System as a whole (macro). 

First of all, there is data for diagnoses, but also for the evaluation of acts 
carried out with the whole question of the “medical service provided”, 
giving patients their full role based on quality of life questionnaires. 

Within the framework of quality approaches, Healthcare Organisations 
are certified and evaluated, in particular by the High Authority for Health 
– Haute Autorité de Santé  (HAS). More specifically, we have been 
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working on a new approach of “contributive” evaluation, with a view to 
continuous improvement (the idea of the Japanese “kaizen”) by 
involving all stakeholders, including patients and their families, with an 
emphasis on the information (construction of a set of significant and 
accepted indicators and data) and communication (interactions and 
shared meaning) dimensions [58]. 

6.7. Conclusion 

The French Healthcare System, already in crisis, has been strongly 
shaken by the Covid crisis. In a context of digital transformation, 
Intelligent Systems, largely corresponding for us to digital devices: 
portals or platforms for information, decision support, monitoring of 
patients at home, computerised medical records, telemedicine and 
teleconsultations, artificial intelligence for diagnostic assistance, etc. 
These digital devices contribute to new approaches to 4 or 5 P, or even 6 
or 7 P medicine (Personalization, Prevention, Prediction, Participation, 
Relevance, Pathway, Platform). 

We have underlined the possible ambivalent nature of the current 
developments. These digital systems, while they may improve the 
quality of care and services provided to patients, may also lead to forms 
of technological “solutionism” and to a risk of rationing care, in order to 
reduce costs, at a time of exacerbated budgetary constraints favouring 
bureaucratic and normative approaches. 

The major issues proclaimed with the keywords of pathways, 
coordination and cooperation all converge on the implementation of 
Intelligent Systems in different forms. We insisted on the essential 
dimension of trust between all the actors, but also in all digital devices. 
By insisting on the human dimension in healthcare, digital devices or 
Intelligent Systems must help to improve the quality of care and services 
provided to patients, who must be more involved in their development 
and implementation. Initially, it is a question of removing fears and 
mistrust between all the actors or groups of actors but also in the use of 
the tools (risks of exacerbated controls, rationing of care, etc.). 

We insisted on the importance of practical solutions, with the challenge 
of their anchoring in the territories, with all the social and territorial 
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inequalities in health and the role of interface organisations as spaces for 
experimentation and (re)building trust, relying on socio-technical 
devices, often corresponding to Intelligent Systems interactions  
with users. 

The Chinese ideogram representing the word “crisis” has a double 
meaning of risk and opportunity. This is particularly the case of the 
current health crisis of the Covid pandemic. Although it has strongly 
shaken up the French Health System, it has also highlighted malfunctions 
and brought about innovative solutions thanks to the cooperation of all 
the actors in the territories and, often, by making better use of digital 
devices perspective. 

This crisis can therefore be a major factor of “resilience” in Health 
System. However, all is not won and the risks of bureaucracy taking back 
control are very real. The future will tell us whether, by making better 
use of Intelligent Systems, the current health crisis of Covid will lead to 
real “resilience”, defined not only as the ability to overcome an ordeal, 
but also to emerge positively from it by transforming itself to improve 
the service provided to patients, of the French Health System. 
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