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Abstract

The article investigates the problem of traffic signal control within the framework of a
fuzzy logic approach, with particular emphasis on the application of Zadeh’s fuzzy implication.
The rapid development of artificial intelligence requires the processing of information of various
types. Today, the mathematical foundation of artificial intelligence is based on binary logic and
probability theory, which leads to information loss. According to the scientific literature, one of
the theories that has contributed to the development of artificial intelligence is fuzzy logic. Based
on logical inference and fuzzy implications, imprecise information can be effectively processed.
For this reason, fuzzy implications are still widely used today. In this study, a conditional
reasoning method based on fuzzy logic is employed and applied to controller design. Within the
methodological framework, information processing is carried out using fuzzy inference,
membership functions, and Zadeh’s implication. During model development, real traffic
conditions are taken into account, and parameters such as the number of vehicles passing during
the green light (Arrival Vehicles), the number of vehicles waiting at the red light (Waiting
Vehicle in Queue), weather variability (Humidity or Fog), and green light duration are used.
Computer simulations are performed based on data obtained from the scientific literature and are
analyzed using a new approach. As a result, it is shown that the proposed method is an effective
approach for evaluating traffic congestion and improving the efficiency of traffic signal control
systems.
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Qeyri-solis kontrollerin dizayminda Zadonin qeyri-salis implikasiyasimin
tatbiqi

S.A. 9hmadov

Azarbaycan Doviat Neft va Sanaye Universiteti (Baki, Azarbaycan)
Xiilasa

Maqalada yol herokati signallariin idara edilmasi problemi geyri-salis mentiq yanagmasi ¢argivasindo
tadqiq olunub vo xiisusilo Zadonin qeyri-solis implikasiyasinin totbiqi aragdirilib. Siini intellektin siiratli inkisafi
miixtolif tobiatli informasiyanin emalini tolob edir. Bii giin siini intellektin riyazi osas1 binar mantigs vo ehtimal
nazariyyasine asaslanir. Bu da informasiya itkisine sabab olur. EImi odobiyyata asasen qeyd etmak olar ki, siini
intellektin inkisafina tokan veran nozariyyslordon biri geyri-solis montiqdir. Moantiqi ¢ixarilis vo qeyri-salis
implikasiyalar asasinda qeyri-doqiq informasiya emal edils bilir. Bu sabobdon qeyri-salis implikasiyalar bu giin
ds tatbiq edilir. Tadqiqatda qeyri-salis mantiqe osaslanan sorti mantiqi ¢ixarilis iisulu istifads edilmis vo bu tisul
kontroller dizaynina totbiq olunmusdur. Metodoloji yanasma ¢orgivasindo geyri-salis mithakimo, mansubiyyot
funksiyalar1 vo Zado implikasiyasi osasinda informasiya emali hoyata keg¢irilmigdir. Modelin islonmasi zamani
real yol harakati goraiti nozors alinaraq yasil isiqda kegon naqliyyat vasitslorinin sayi, qurmizi isiqda gozloyen
naqliyyat vasitolorinin sayi, hava soraitinin doyiskenliyi (riitubst vo duman) ve yasil isigin miiddati kimi
parametrlor istifado olunmugdur. Kompiiter simulyasiyalar1 elmi adobiyyatdan gotiiriilmiis verilonlor asasinda
aparilmis vo yeni yanagma ilo tohlil edilmisdir. Natico olaraq, toklif olunan metodun isiqforlarin idars
edilmasinds tixacin qiymotlondirilmasi vo yol haroketinin daha somaersli tonzimlonmasi {igiin effektiv bir
yanagma oldugu gostorilmisdir.

Acar sozlor: geyri-solis montiq, Zado implikasiyasi, qeyri-salis kontroller, geyri-solis miihakimo,
mansubiyyat funksiyasi, isiqforlarin idars edilmasi

IIpuMeHeHre UMIUIMKALUH 3a/1e IPH POEKTHUPOBAHUU

HEYEeTKOr0 KOHTPOJLIepa
III.A. AxmenoB
Asepbauioscanckuii I'ocyoapemeennwitl Yuusepcumem Hegpmu u [lpomwiuinennocmu
(baxy, Azepbaiioscan)
AHHOTANUA

B cratbe nccaemyercs npobiieMa yrnpaBiieHus cBeTOGOPHBIMI CUTHAIAMH B paAMKax MOJX0/a HEUYETKON
JIOTHKM, TpU 3TOM 0co00e BHUMAHHUE yJesseTcd MPUMCHEHHIO HEYETKOW HMIUIMKauuu 3ane. beictpoe
pa3sBUTHE HCKYCCTBEHHOTO HHTENJIEKTa TpeOyeT o00paboTku HHopManuMy pasJndHOrO Xapakrepa. B
HACTOsIICEe BPeMsl MaTeMaTHYecKasi OCHOBA HCKYCCTBEHHOTO MHTEIUICKTA Ga3upyercst Ha OMHAPHOW JIOTHKE H
TEOPHH BEPOSTHOCTEH, YTO MPHBOAMT K motepe umHpopmanuu. CoriacHo HaydHOH JHTepaType, OJHOH H3
TeOpI/Iﬁ, CII0COOCTBOBABIINX Pa3BUTUIO UCKYCCTBCHHOTI'O MHTCJIJICKTA, ABJISICTCA HCUCTKAs JIOTUKA. Ha ocHoBe
JIOTUYECKOT0 BBIBOAA M HEYCTKUX HMMIUIMKALUH BO3MOXKHO 00pabOTKa HETOYHOH HH(OPMALUH, MOITOMY
HEYETKHEe MMIUIMKALUH NPOAODKAIOT aKTHBHO NPUMEHSTHCS M CeroiHs. B MccnenoBaHuN MCIOIb30BaH METO
YCJIOBHOTO JIOTHYECKOT'O BBIBOJIA HA OCHOBE HEYETKOH JIOTMKH, KOTOPBI IPUMEHSETCS NPHU MPOSKTUPOBAHHU
KOHTpoJulepa. B pamMkax MeToI0I0rHYeckoro Mmoaxoia OCyIecTBIsuIach 00paboTka HHPOPMALlMK Ha OCHOBE
HEYEeTKOTO BBIBO/A, (DYHKIMI MPHHAUIEKHOCTH U UMILHKay 3ane. [Ipn pa3paboTke MOneny yIUTHIBAINCH
pCalIbHBIC YCJIOBHA OOPOXHOI'O JIBMIKCHHUA W HUCIIOJB30BAJIUCHL TaKWE TIapaMETpbl, KaK KOJIUYECTBO
TPAHCIOPTHBIX CPEICTB, MPOE3KAIOMINX Ha 3eJIEHBIN CUTHA CBETO(OpPa, KOJINIECTBO TPAHCIIOPTHBIX CPEICTB,
OXMIIAIOINX HA KPAacHBI CHI'HAJ, W3MEHYHBOCTD IOTOJHBIX YCIOBHH (BIQKHOCTh WM TyMaH), a TaKkKe
MPOJOIKUTEIBHOCTD 3eNEHOr0 curHaita. KoMIploTepHOEe MOJEIMPOBAHUE IPOBOAMIOCH HA OCHOBE JAHHBIX,
B3ATHIX W3 HAay4YHOW JINTEPaTyphl, U aHAJIM3UPOBAIOCH C HCIIOJIB30BAaHHEM HOBOTO Tojaxonxa. B pesysnbrare
MOKa3aHO, YTO MPEIOKEHHBIH MeToJ sBIsAeTcsS d(PQEKTHBHBIM WHCTPYMEHTOM JUIS OLEHKH TPaHCIIOPTHOMN
3arpyXeHHOCTH M Oonee 3(p(PEeKTUBHOTO peryaupoBaHHs JOPOKHOTO IBIDKCHHS B CHCTEMax YIPaBJICHHS
cBetodopamu.
Karouessble ciioBa: HedeTKas JIOTHKa, UMIUTHKanus 3aje, HeYeTKHH KOHTPOIUIep, HEYeTKOE pacCyKaeHHe,

(YHKINS TPUHAIISKHOCTH, YIIpaBIeHHe cBeTodopa
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Introduction

Fuzzy implication is an extended form of
the classical, binary implication, which plays
an important role in the development of
artificial intelligence, in the process of
approximate reasoning. Implications consist of
a condition and a conclusion and are
considered to be basic operations in fuzzy
logic and approximate reasoning. Choosing the
right fuzzy implication for each specific
application is a complex task. This problem
[1,2] has been discussed.There are numerous
fuzzy implications, the creation of which is
related to human judgment. In turn, judgment
is one of the areas of artificial intelligence that
is being studied and developed. Since it is
widely used in inference and depends on the
nature of information. If the uncertainty in
information is related to chance, lack of
information, then probability theory is an
effective approach, and if it depends on the
inaccuracy of information, then fuzzy logic
judgment is an effective approach. The first
research in this field belongs to Professor
Zadeh [1]. The concept of fuzzy judgment was
also first given in this article.

Fuzzy implications, which form the basis
of approximate judgment, are used to construct
relation matrices based on rules. In binary
logic, production rules are more rigid than
those described in fuzzy logic, and are
characterized by information loss. Fuzzy logic
is a powerful tool for describing information
through fuzzy implications. This is confirmed
by the existing scientific literature [3].
However, there are still problems that need to
be studied and improved. Various operations
on fuzzy implications and matrices based on
them are investigated in numerous scientific
works. It should be noted that when processing

fuzzy relation matrices, the combination
operations and the type of implication affect
the result. For example, fuzzy implications
cannot be wused to process imperfect
information or information based on
probability and fuzzy uncertainty. There are
few works in this area.

There is a growing need for new approaches
that extend the functionality of fuzzy
implication to Z-number-based implication. Z-
numbers allow modeling both the uncertainty
and the validity of information simultaneously.
This supports the development of logical
judgment. Many existing methods of fuzzy
inference are based on the fuzzy relation
matrix and Zadeh's Compositional Inference
Rule (CRI). Thus, there is a need to improve
the approaches established in [4-6]. In the
scientific literature, there are fuzzy inference
methods that do not use Zadeh's CRI and use
the degree of similarity. In [7], fuzzy
production rules, fuzzy inference methods, and
six fuzzy inference methods based on
similarity are compared. In similarity based
approach[8], the similarity between the current
data and the data on the left side of the rules is
calculated. For the right side (outcome), a
linear combination of weights is used. The
development of this method is of interest
because it involves a combination of fuzzy and
probabilistic uncertainties [8]. This approach is
also characterized by simplicity [8], the
absence of the need for predefined rules. The
system evolves as new rules are added, and
there is no need to rewrite the algorithm [9].
However, if the given rules are not complete
and correct, they lead to incorrect results, the
results become approximate, and extrapolation
to new situations is not possible. For this
reason, the correct use of fuzzy implication is
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particularly necessary. In this sense, the
application of fuzzy implication is of particular
interest. Let us consider the use of one of the
famous  implications, Zadeh's  fuzzy
implication, in controller design.

Purpose of the work

In this study, a new fuzzy logic inference
approach based on Zadeh implication is
presented. Based on this approach, the traffic
signal control problem is investigated. To test
the approach presented by, data from a
problem existing in the scientific literature
were used. This approach allows determining
the number of vehicles passing at a green light,
the number of vehicles waiting at a red light,
and the green light duration taking into
account weather variability. Works based on
the creation of controllers based on fuzzy logic
are available in the scientific literature [10-12]
and in practice (for example, Samsung
washing machines are widely used today). The
creation of the controller based on Zadeh's
own implication is of particular interest.

Proposed algorithm

The main steps of the proposed Zadeh’s
implication based logical inference algorithm
(or designing fuzzy controller algorithm) are
as follows:

1. To identificate input and output
variables.

2. To define linguistic terms of inputs
and output variables.

3. To describe the linguistical terms as
fuzzy set(obtaining menbership function) and
formulate fuzzy model.

4. Using Zadeh’s fuzzy implication to
create fuzzy relation on production rules.

This step is to define for each rule a
fuzzy relation matrix Ry, s=1...7

5. The membership function[13] of the
relation is defined in accordance with Lotfi A.
Zadeh’s implication [14,15]:

I (a,b) =max(1-a,min(a,b)), T=min(a,b)
6.To define a composed fuzzy relation
matrix R R=URg,s=1,...,n according as
logical connective “and”.
7.To calculate the membership function

of the output defined using the compositional
rule of inference:

Ho(ab) = mex min[ 1 (P), =(P, 9)

8. To calculate defuzzificated value of the
output.

Statement of the problem and research
method. Numerical example

Data about the controller in which
Zadeh’s implication is applied is taken from
[14]. The number of input variables of this
controller is 3, and the number of output
variables is one.

The input variables are the number of
vehicles passing on the green light (AV-
Arrival Vehicle), the number of vehicles
waiting on the red light (QV- Waiting Vehicle
in Queue), and the weather variability (F-
Humidity or Fog).

Step 1. The output variable is the green
light duration (GD). This variable provides the
required extension time for the green light on
the arrival side. Input and output variable and
their values and names of linguistic variables
on one are given below:

Arriving  vehicle:(ranges,  linquistic
variables) = ((0-10, Less), (7-25, Medum),
(20-50));
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Queuing vehicle:
variables) = ((0-10, Less), (7-25, Medum),

(20-50));

Fog:(ranges,
((1000-1500, Low), (400-1200, Medum), (50-

500));
X
7
10—
Hiess (X) = 3 X
0,

(ranges, linquistic

Green light duration:(ranges, linquistic

(25-60)).

linquistic  variables)

Step 2.

below:
0<x<7 %7, 7<x<15
7<x<10 trediom() = 1 2=2 15 < x < 25
x<0o0rx=>10 0, X<7o0rx=>25

Analytical
membership functions for the arriving vehicle
(car) and queuing vehicle(car) are

Hnigh(X) =

variables) = ((0-10, Short), (8-30, Medum),

expression  of

given
X=20 5 x<35
15
S0=X 35 < x <50

0, X <35 orx>50

Analytical expression of membership functions for the Fog (in meters) are as follow:

tp (X) =

X=1000 1000 < x <1150 X400 400 <x <700
300
1500 — X 1200 — X
x) =12 "X " 1150 < x <1500 X) = 1700 < x <1200
Hiow(X) 250 iy (X) =00
0,  x<1000 orx >1500 0,  Xx<400 or X >1200

X=50 g5y x <280
230

S0 =X 280 <x <500
220

0, X <50 orx>500

Membership functions for the green light duratin (in sec) are describes as follow:

Hshort(X) =

X

77

10 —x
3

oi

0<x<7 §:§7
10
30-x

,7<x<10 Htegium(X) =

x<0orx>10 0,

8<x<18

, 18<x <30

X<8 or x=>30

Hiong (x) =

25

X_
10

60 — X

25<x<35

,35<x<60

0, X <25 orx=>60

3. Step 3. Graphical representation of linguistic terms of inputs and output of the model are
given in Figure 1.
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Figure 1 — Graphical representation of linguistic terms of inputs and output of the model (computer
simulation)

Created model using production rules are
described as follow:
IF arriving vehicle is HIGH and queuing
vehicle is LESS and Fog is LOW THEN
Green light duration is SHORT;
IF arriving vehicle is HIGH and queuing
vehicle is LESS and Fog is MEDIUM THEN
Green light duration is MEDIUM;
IF arriving vehicle is HIGH and queuing
vehicle is LESS and Fog is HIGH THEN
Green light duration is LONG;

IF arriving vehicle is MEDIUM and queuing
vehicle is LESS and Fog is LOW THEN
Green light duration is SHORT;

IF arriving vehicle is MEDIUM and queuing
vehicle is LESS and Fog is HIGH THEN
Green light duration is MEDIUM,;

IF arriving vehicle is MEDIUM and queuing
vehicle is HIGH and Fog is LOW THEN
Green light duration is LONG;

IF arriving vehicle is LESS and queuing
vehicle is LESS and Fog is LOW THEN
Green light duration is SHORT.
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Goal is to determine Green light duration
as the rezult of proposed fuzzy reasoning
Step 4. For solving this problem we create fuzzy relation on the 7 rules. Calculated
relation matrices are given below:

Relation matrix 1

appoach based on Zadeh’s implication.

0 0,43 0,86 1 0,67 0,33 0

0 1 1 1 1 1 1 1

0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86

0,28 0,72 0,72 0,72 0,72 0,72 0,72 0,72

0,71 0,29 0,43 0,71 0,71 0,67 0,33 0,29

0,64 0,36 0,43 0,64 0,64 0,64 0,36 0,36

0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86

0 1 1 1 1 1 1 1
Relation matrix 2

0 0,3 0,7 1 0,73 0,36 0

0 1 1 1 1 1 1 1

0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86

0,28 0,72 0,72 0,72 0,72 0,72 0,72 0,72

0,71 0,29 0,3 0,7 0,71 0,71 0,36 0,29

0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5

0,16 0,84 0,84 0,84 0,84 0,84 0,84 0,84

0 1 1 1 1 1 1 1
Relation matrix 3

0 0,27 0,53 1 0,68 0,36 0

0 1 1 1 1 1 1 1

0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86

0,28 0,72 0,72 0,72 0,72 0,72 0,72 0,72

0,71 0,29 0,29 0,53 0,71 0,68 0,36 0,29

0,77 0,23 0,27 0,53 0,77 0,68 0,36 0,23

0,05 0,95 0,95 0,95 0,95 0,95 0,95 0,95

0 1 1 1 1 1 1 1
Relation matrix 4

0 0,43 0,86 1 0,67 0,33 0

0 1 1 1 1 1 1 1

0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86

0,28 0,72 0,72 0,72 0,72 0,72 0,72 0,72

0,71 0,29 0,43 0,71 0,71 0,67 0,33 0,29

0,64 0,36 0,43 0,64 0,64 0,64 0,36 0,36

0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86

0 1 1 1 1 1 1 1
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Relation matrix 5

0 0,3 0,7 1 0,73 0,36 0

0 1 1 1 1 1 1 1
0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86
0,28 0,72 0,72 0,72 0,72 0,72 0,72 0,72
0,71 0,29 0,3 0,7 0,71 0,71 0,36 0,29
0,77 0,23 0,3 0,7 0,77 0,73 0,36 0,23
0,05 0,95 0,95 0,95 0,95 0,95 0,95 0,95
0 1 1 1 1 1 1 1

Relation matrix 6

0 0,27 0,53 1 0,68 0,36 0

0 1 1 1 1 1 1 1
0,33 0,67 0,67 0,67 0,67 0,67 0,67 0,67
0,66 0,34 0,34 0,53 0,66 0,66 0,36 0,34
1 0 0,27 0,53 1 0,68 0,36 0
0,64 0,36 0,36 0,53 0,64 0,64 0,36 0,36
0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86
0 1 1 1 1 1 1 1

Step 5. Fragment of graphical representation of the rules(relation 6) is given in figure 2.

0,68

0,36

0

®0,8-1
0,6-0,8
®0,4-0,6
®0,2-0,4
m0-0,2

Figure 2 — Graphical representation of the sixth rule (computer simulation)

Relation matrix7

0 0,43 0,86 1 0,67 0,33 0

0 1 1 1 1 1 1 1
0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86
0,28 0,72 0,72 0,72 0,72 0,72 0,72 0,72
0,71 0,29 0,43 0,71 0,71 0,67 0,33 0,29
0,64 0,36 0,43 0,64 0,64 0,64 0,36 0,36
0,14 0,86 0,86 0,86 0,86 0,86 0,86 0,86
0 1 1 1 1 1 1 1
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Step 6. A composed fuzzy relation matrix R R=UR;,s=1,...,n according as logical

connective “and” is defined as the following form:

1 1 1 1 1 1 1

0,86 0,86 0,86 0,86 0,86 0,86 0,86

0,72 0,72 0,72 0,72 0,72 0,72 0,72

0,29 0,43 0,71 1 0,71 0,36 0,29

0,5 0,5 0,7 0,77 0,73 0,5 0,5

0,95 0,95 0,95 0,95 0,95 0,95 0,95

1 1 1 1 1 1 1
Step 7. The membership function of the iu-X-
- - - .. 1%

output is defined using the compositional rule GLD =i=§_:6,2736 sec.
of inference: > U
i=1

IF arriving vehicle is LESS and queuing
vehicle is HIGH and Fog is LOW THEN
Green light duration (GLD) is SHORT or
GLD=(0.5/0+0.5/3+0.71/6+0.71/7+0.71/8+

+0.5/9+0.5/10).

Step 8. Obtained result is subnormal
fuzzy set(see figure 3). To defuzzify a
subnormal set, we convert it to a normal fuzzy
set as follow:

7 .
GD=y—Hi
i=1max( 4

+1/7 +1/8 +0,70422535 2/9 + 0,70422535 2/10)
Here, the “SUM” sign does not express a
SUM, it indicates that the fuzzy set is discrete.

= (0,70422535 2/0 + 0,70422535 2/3 +1/6

’ 0,7-0,8
|

0.7 0,6-0,7
0,506

04 | ®0,4-0,5

0,3-0,4
/ 0,2-0,3
/ 0,64
: ®0,1-0,2
00,1

0 /0,28

0,5

0,71
071 o071 4.

Figure 3 — Obtained result as subnormal fuzzy set
(computer simulation)

Result of defuzzification is determined
using center of gravity method:

Thus, IF arriving vehicle is LESS and
queuing vehicle is HIGH and Fog is LOW
THEN Green light duration (GLD) is 6.27 sec.

The approach proposed in this article
may allow for a better estimation of the traffic
jam.

Conclusion

The article proposes a logical inference
algorithm based on Zadeh's fuzzy implication.
The proposed approach allows designing fuzzy
controllers based on fuzzy rules. As a
numerical example, the problem of traffic jam
estimation is solved. The created controller
allows analyzing Green light duration. This
problem can be solved by increasing the
number of data in the antecedents of the rules.
The advantage of this method over the
interpolation-based method is that it allows
logical inference when adding new rules and
removing rules from the system. The proposed
approach can be used for decision-making in
any field under conditions of information
inaccuracy. The approach proposed in this
article can be used for traffic jam estimation in
traffic control.
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