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Abstract: The development of scale of control system lead to the increasing amount of the control unit for a 
single main control station. The organizational structure of hierarchical model, to some extend, relieves the 
efficiency problem raised by the updating and searching operation of huge amount data point in macroscopic 
view. But in microscopic level, once there are considerable data points as children of a same point horizontally, 
the soaring of the access time appears inevitably as a result of the polling mode of traditional method with the 
widespread use in present control system. A RBA algorithm is proposed by this article to organize and search 
horizontal data point based on the Advanced Red-Black data structures.  It could largely reduce the time 
consumption of searching and updating operation taking place frequently. Experiments and engineering 
applications prove that RBA algorithm improve the efficiency of addressing of horizontally data point searching. 
Further more, the problem of synchronization cycle caused by latency of addressing time could also be 
overcome. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

With the development of computer, 
communication and RTU&PLC technology, the scale 
of modern control system become increasing larger. 
Huge amount of control unit connected to a control 
system is a significant characteristic of development 
tendency. In such case, the load ratio of a single 
primary station sends quickly. The functions of 
primary station are about two aspects. On the one 
hand, it receives various of real-time data from all of 
the large numbers of RTUs and PLCs, and update the 
corresponding data point in the real-time database, 
and on the other hand, it provides services such as 
searching, addressing, accessing of data for the 
advanced intelligent application supported by real-

time monitoring data. Therefore, higher demands 
such as high throughput, rapid response and low 
latency of searching are proposed to the real-time 
database on the primary station. 

To meet these demands and adapt to the real 
device distribution, the real-time database on the 
primary station usually adopt hierarchical structure to 
describe and organize real-time data. All data points 
are stored and divided into levels as a tree [1].  
By such organization modality, the chaotic and 
massive data points realize structurization clearly 
which improve the efficiency of updating and 
searching operations. 

However, in the practical process of organization 
and application of system, such an issue that there are 
considerable amount of data points exists as children 
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of one specific data point often take place [2-4]. For 
instance, a SCADA control system of power system 
may have a large transformer substation or a 
transmission line with very long distance, and thus 
several thousands even tens of thousands transducers 
or RTUs may in a some level. Actually, the benefits 
of hierarchical structure become negligible. For the 
fact that traditional real-time database just polls the 
data points in same level to search or update data, a 
single operation of searching or updating may have 
lots of polling and judging instruction of processor in 
extreme cases [5]. However, such operation is the 
most basic operation of the control system, and 
would be expected to complete in miner than 20 ms. 
So, such many instructions in one operation almost 
could not be accepted in practical. Furthermore, if the 
time consumption of the operation exceeds the period 
of a data cycle, the timeliness disruption problem will 
arise [6, 7]. 

To deal with this circumstance, we propose a 
design of advanced red-black tree data structure and 
RBA algorithm which form lots of horizontal data 
points to a nearly balance red-black searching tree 
without interrupting the original hierarchical 
organization structure. Meanwhile, a sortable 
nonoverlapping interval represented in 2-turple is 
formulated as the searching key of red-black tree data 
point according to the actual situation. With this way, 
the times of comparing and judging in searching or 
update operation could be controllable to a 
predictable max addressing times to ensure the total 
addressing time. By experiment and engineering 
application, it is be proved that RBA algorithm can 
limited the addressing time into the range with 
constant upper limitation [8-12]. 
 
 

2. RBA Algorithm 
 
2.1. Applicable Conditions Analysis of RBA 
 

Based on the BST (Binary searching tree) data 
structure, red-black tree can limit the relationship of 
total nodes number and max depth of the BST by 
dyeing every node with red or black color. Thus the 
BST could be change into approximately balancing 
tree. And according to the feathers of practical 
control system, the single value key is improved  
to a sortable nonoverlapping interval represented in 
2-turple [13]. 

As described above, the reason that RBA is 
applicable to the circumstance that there are many 
horizontal data points under one parent data point are 
as follow: 1. red-black tree algorithm can lead the 
response time of searching and updating operation to 
such a low level, and almost stable despite the 
increment of the number of data point in the real-time 
database system. 2. It is a fact that the construction 
and destruction process of red-black tree is a little 
complex and consume more time. But the actual 
situation of most control system is more searching 
and updates operation and less or little inserting and 

deleting operation [14-16]. Thus its disadvantage is 
just avoided and benefits can fully play an essential 
role. 

Based on the consideration above, the condition 
that applies the RBA algorithm to the circumstance 
that massive horizontal data points in control system 
is ripe, and the superiority of RBA algorithm can be 
fully took. 
 
 

2.2. Basic Description of RBA Algorithm 
 

The feather of BST is that every node in the tree 
including root has two child nodes of right and left, 
and the key of every node in the left subtree of the 
node is miner than the key itself, while the key of 
every node in the right subtree is bigger. Through this 
rules it is easily realized to searching node [17, 18]. 
And there is an autologous deficiency in BST that the 
selected root not changing after it constructs lead to 
possible severe unbalance in the tree and may, to 
some extent, lose the performance benefits of BST. 

RBA algorithm can overcome the internal 
disadvantage of BST by dyeing the every node of tree 
with red and black color and establish a series of 
rules on the construction process of red-black tree. 
Thus the red-black tree adhering to these rules 
formulate an almost balanced tree and the internal 
fault of BST is conquered. 

The constraint rule of red-black tree can be 
summarized into 5 points as follow: 
• Every node in the tree is either black or red. 
• The root node is black. 
• All the leaf node(empty node) is black 
• If a node is red, its two child node must be both 

black. 
• Every path form a specific node to its every 

descendant node has the same numbers of black 
nodes. 
Within the five constraints of red-black tree, the 

position and color may be need to change while 
inserting and updating tree to maintain the property 
of red-black tree. And by doing such adjusting, the 
tree in this mechanism can be revealing an almost 
balancing status. 

The position adjusting includes two forms of left-
rotation and right-rotation. The detailed steps of left-
rotation are shown in graph 1. Left-rotation on X is to 
rotate left over the connection line of X and Y as axis, 
and Y becomes the root of the new subtree. After that, 
X becomes the left child of Y, and the left child of Y 
becomes the right child of X. Right rotation is 
inversed. After rotation, the relationship of size of the 
left and right child of every node is immutable. 
 
 

 
 

Fig. 1. Left and right rotation process of red-black tree. 
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By the adjust of position and color, red-black tree 
can maintain the 5 rules after inserting and deleting 
node to and from it. 

While inserting a node into red-black tree, making 
the new node red color, continuously iterate from the 
root to the leaf to find an appropriate position 
according to the key value of the new node. Then 
putting the node to the position may lead to break 
some rules. Thus adjust of position and color is 
necessary.  

The process of adjust is as follow: 
Firstly, we assume that the parent node of the new 

node z is left child of its grandparent c, and its parent 
c is red (if its parent is black, it is not necessary to 
adjust). There are three different circumstance need 
to be dealt with: 

I. The uncle node (the brother of its parent) of z is 
red. In this case, we dye the parent node and uncle 
node of z with black, and dye the grandparent of z 
with red. 

Analysis: for the red color of the parent and uncle 
node of z, its grandparent node must be black. 
Dyeding its parent and uncle node with black solve 

the problem that z and its parent are both red. And 
dyeing its grandparent with red solve the interruption 
of rule 5. 

II. The uncle node y of z is black and z is the right 
child of its parent. In this case, we do the left-rotation 
on the parent z, and set the left child of z after left 
rotation to z. Then it changes to the circumstance III. 

III. The uncle node y of z is black and z is the left 
child of its parent. In this case, we dye its parent with 
black and its grandparent with red, and then do right 
rotation on its grandparent. 

Analysis: circumstance II interrupt rule 4,  
and even interrupt rule 4 after changing to 
circumstance III. Dyeing it’s parent with black and its 
grandparent with red solve the interruption of rule 4, 
but also interrupt rule 5. The following right rotation 
solve rule 5. 

For the condition that the three circumstance is 
under the hypothesis the parent node of z is the left 
child of its grandparent, it just need changing the left 
and right if the parent node of z is the right child of 
its grandparent.  

The whole process of inserting is shown as Fig. 2: 
 
 

 
 

Fig. 2. The process of adjust after inserting red-black tree node. 
 
 

While deleting nodes of red-black tree, for the 
limitation that only the leaf node could be delete, it 
need to something more to delete non-leaf node. Thus 
we can set the directly descendant node y of the non-
leaf node z to z, and then delete y. And there is also a 
more complex adjust process for this operation than 
inserting node. The process is described as follow: 

While the node x to be deleted is black and is left 
child of its parent, the different circumstances to 
adjust can be concluded as the following 4 type: 

I. The brother node w of x is red. In this case, we 
dye the brother node of x with black and dye its 
parent node with red, and then do left rotation on its 
parent. Thus the new brother of x is the child of w 
before rotation, and it changes to the circumstance  
II, III, IV. 

II. The brother node w of x is black and the two 
children nodes of w are all black. In this case, we dye 
w with red and treat the parent node of x as x. 
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Analysis: Because the two children of w is all 
black and w itself is also black, it is needed to 
remove a black node between x and w. So we dye w 
with red color and treat the parent node of x as x to 
solve the issue. 

III. The brother node w of x is black and the left 
child of w is red and the right is black. In this case, 
we dye the left child of w with black and dye w with 
red, then do right rotation on w. After that, we treat 
the new left child node of w as w. Thus the 
circumstance changes to circumstance IV. 

Analysis: By exchanging the color of w and its 
left child, the rules 4 is remained. At this time, the 
new brother w of x is a black node having red right 
child node. 

IV. The brother node w of x is black and the right 
child of w is red or the two child of w is all red. In 
this case, we dye w with the color of the parent of x 
and dye the parent of x and the right child of w with 
black, and then do left rotation on the parent node of 
x and treat x as root. 

Analysis: Color adjusts and left rotation result in 
the fact that the extra black of x is shared by its 
parent after rotation and all rules are not interrupted. 

Such circumstances assume the condition that x is 
the left child of its parent. If x is the right child of its 
parent, we just exchange right and left. 

The whole process of deleting is shown as Fig. 3: 

 
 

 
 

Fig. 3. Process of adjustment of RB tree after deleting. 
 
 
2.3. Analysis and Proof of Complexity of RBA 
 

Red-Black tree data structure is based on the BST 
data structure and restricts it by 5 rules. In such 
constraints, the height of the tree is limited in a 
constant range. The relationship between the height 
of the tree h and the number of nodes n is analyzed  
as follow: 

Set the black height of x is bh(x), then the internal 

node of the tree that root is x is at least ( )2 1bh x − . 

I. If the black height of x is zero, then the number 
of internal nodes is 0(x is leaf). 

II. If the child of x is red, its black height is equal 
to x. If it is black, its black height is bh(x) – 1. So the 
black height of the child of x whatever its color is at 
least bh(x)-1. According to inductive assumption, the 
number of nodes of two subtree of x is at least 

( ) 1 ( )(2 1) 2 2 2bh x bh x− − × = − . And accounting for x 

itself, the number of nodes of the tree that root is x is 
( )2 1bh x − . 
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According to rule 4, the number of black nodes is 
always not miner than red in any path of the tree from 
any node. Then the number of black nodes in the path 
from root is at least h/2. The follow condition can  
be summarized: 
 

( ) /22 1 2 1bh x hn ≥ − ≥ −  
 
So 2 lg( 1)h n≤ × + , and the height of red-black 

tree is (lg )n . 

The time complexity of searching is (lg )n . 

Because inserting operation is also one iteration form 
root to leaf, its time complexity is also ( ) (lg )h n=  . 

It is can be concluded that By restricting 5 rules 
on BST structure, the height of BST can be 
controlled in the logarithm level of nodes number n. 
Furthermore, the range of height of red-black tree is 
clear and the tree structure is almost balanced. Thus 
the inserting, deleting and searching time  
complexity decreased form ( )n  to (lg )n , 

improving efficiency. 
 
 

3. Analysis of Experiments of RBA 
 

3.1. Analysis of Characteristics of Addressing 
Request in Practical real-time Database 

 

In the practical process of running real-time 
database, the addressing request sequence reveals 
some regularity characteristics. Especially, the 
addressing request in horizontal nodes of one specific 
level influences the extent of improvement of RBA. 
So we research and analyze these requests at 
first [19, 20]. 

Firstly, we do statics of the request sequence of 
addressing. The case we selected is a control with 
medium scale which has totally 5053 data points in a 
specific level to be monitored. By monitoring for 
15 days in 24-hour mode, the data set of the status of 
points in the control system has been collected.  
There are about 40 percent data in the data set is 
addressing request which the request key r is in the 
rang (0, 320100). 

Fig. 4 presents the probability density of r within 
1328603 samples. 
 
 

 
 

Fig. 4. Probability density distribution of r  
by sampling observation. 

 
 

According to the sample, it is can be conclude 
that r fits normal distribution. And the mathematical 
expression is E(r)≈1.40152×105, and MSE is 
D(r)≈0.41815×105. So it is considered that: 

 r~N(1.40152×105 , 0.41815×1010) 
Based on the conclusion above, we generate a 

testing data sequence that fit the regulation. 
Define abbreviations and acronyms the first time 

they are used in the text, even after they have been 
defined in the abstract. Abbreviations such as IEEE, 
IFSA, ac, dc, ms, etc. do not have to be defined. Do 
not use abbreviations in the title or heads unless they 
are unavoidable. 
 
 

3.2. Testing of Efficiency of addressing  
of RBA 

 

For the fact that the addressing request is 
independent, the time distribution can be neglected. 
And we use the same test sequence on traditional and 
RBA algorithm. The point number of test sequence is 
10, 20, 30, 50, 100, 150, 200 thousand times. 

The result is shown in Table 1: 
 

Table 1. Efficiency comparison between traditional  
and RBA algorithm. 

 
 1 2 3 5 10 15 20 

Traditional 83 158 234 395 771 1164 1551 

RBA 1 2 3 5 11 16 21 

 
 

It is can be seen that the request time and 
addressing efficiency is largely improved in the same 
sequence of testing. Furthermore, the efficiency does 
not fluctuate with the increasing of times of 
addressing requests and is almost linear. For the 
requests times scale which is about 100 thousands a 
day in current scale of control system, the updating 
and searching time is about controlled to 20 ms with 
RBA algorithm. It is can be seen that the efficiency 
of addressing operation is largely improved with 
RBA algorithm. 
 
 
4. Conclusion and Further Work 
 

For the problem that efficiency of addressing 
operation declining arised by traditional process 
method which poll the data points in same level and 
the fact that the number of addressing request in the 
level is frequent, we propose a method that construct 
red-black tree data structure on the data point in same 
level to improve the efficiency but not interrupt the 
original data structures.  

The main feather of the method can be 
summarized as 4 points: 

I. Constructing red-black tree structure on  
origin data structure lead to efficient and simple 
searching operation. 
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II. By restricting the 5 rules on BST, the structure 
of BST is more optimizing. Thus the structure of the 
tree is nearly balancing, and the addressing time of 
single searching and updating operation is shortened. 

III. Construct the method of inserting and deleting 
of red-black tree to ensure the 5 rules. 

IV. By the simple and direct iteration of searching 
and updating operation, the time consumption is 
controlled to a constant. 

The series of work in this article prove that RBA 
algorithm can tremendously improve the efficiency 
of the running control system. And the further work 
to complete in future is as follow 2 points: 

I. If the key of the addressing operation is 
multiple, how to design the correct red-black data 
structure to ensure high efficiency addressing 
operation simultaneously. 

II. How to improve the stored red-black tree 
related data structure to minimize the memory space 
used to store it. 
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