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Z-number-based traffic signal control
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Traffic congestion is a significant issue in many large cities globally. This congestion can negatively impact a country's economy,
increase costs, hinder development, and contribute to environmental pollution. This study focuses on creating a Z-number-based
traffic signal system with a dynamic cycle length. The development of this type of traffic signal system relies on Z-numbers,
which are designed to handle uncertainty and vagueness in input and output parameters. Z-numbers are effective in managing
the imprecision often found in traffic systems. The key input parameters for this system are traffic density and traffic flow.
The Z-number-based traffic signal controller processes these inputs using a fuzzy inference system to calculate the optimal cycle
length. The simulation of this system is performed using Z-lab software. Based on the traffic conditions, the signal cycle length
is adjusted, reducing vehicle waiting times at intersections.

Z-number; traffic signal; Z-lab software; Traffic congestion, Z-inference; Z-IF-THEN rules.

INTRODUCTION

The traffic signal control problem is a basic aspect of modern urban infrastructure, impacting
everything from safety and efficiency to environmental sustainability and economic productivity.
Properly optimized traffic signal management systems are essential for creating smarter, safer, and
more efficient cities that can handle growing populations and increasingly complex transportation
needs.

The Traffic Signal Control Problem (TSCP) is of critical importance in real life for several rea-
sons. Efficient traffic signal management directly impacts daily life, urban development, and public
safety. The main goals are to reduce congestion, reduce waiting times, and ensure safety for all road
users.

Poorly managed traffic signals contribute to congestion, causing long wait times at intersections
and delays in vehicle movement. Efficient traffic signal control helps minimize these delays, improv-
ing overall traffic flow and reducing bottlenecks.

This research focuses on developing a Z-number based traffic signal system with a dynamic cycle
length to address traffic congestion in large cities. Traffic congestion can harm the economy, increase
costs, hinder development, and worsen environmental pollution. The system uses Z-number theory
to manage uncertainty and vagueness in traffic data, specifically traffic density and flow. These inputs
are processed through a Z-number based inference system to calculate the signal cycle length.
By adjusting the cycle length based on real-time traffic conditions, the system aims to reduce vehicle
waiting times at intersections.

There are various traffic signal control systems. The information used in these systems cannot
always be expressed precisely. Various types of uncertainties are widely used to characterize the input
and output parameters of the system — including fuzzy, stochastic (probabilistic) and imperfect
uncertainties. In modern scientific research, the description of information arising from dynamic
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factors such as experimental errors, environmental factors (temperature and climate changes), insta-
bility of technical equipment and traffic flow is of particular relevance.

Identification of the ontological nature of the existing uncertainty is of crucial importance
in the process of selecting an information processing methodology. In this regard, fuzzy logic and its
hybrid combinations are considered a priority direction in modern scientific paradigms in modeling
complex systems.

One of the fundamental components of fuzzy logic, as proposed by Professor Zadeh, is probabil-
istic reasoning. In modern scientific paradigms, the probabilistic approach constitutes a fundamental
methodological basis for the representation of uncertain knowledge structures, as well as the mathe-
matical modeling and analysis of random phenomena. Furthermore, probabilistic reasoning does not
make a distinction between knowledge uncertainty and errors that contribute to uncertainty and
incomplete knowledge.

Probabilistic reasoning (PR) involves incomplete knowledge, computational complexity, and
the axiomatic limitations of classical probability theory, but it does not offer a comprehensive meth-
odological framework for a deep understanding of these fundamental problems. The integration
of probabilistic reasoning and fuzzy set theory forms the conceptual foundation of soft computing.
Thus, it is clear that fuzzy logic theory is a highly effective tool for representing uncertain knowledge
or knowledge given in linguistic form.

However, combining data expressed by both fuzzy logic and probabilistic reasoning presents
a complex challenge, and there is limited research in this area. This article explores the application
of Z-reasoning in the example for a traffic signal controller.

In scientific literature there are some common methods used to solve traffic signal control prob-
lems. They are characterized by a set of disadvantages.

In the research paper [Thul9], the issue of optimizing the coordination of fixed-time traffic sig-
nals for practical applications was studied. The study integrated two fundamental models: an analyt-
ical optimization model based on a periodically time-expanded network approach and a co-evolution-
ary transport simulation that provides verification of the obtained schedules in large-scale, real-world
traffic scenarios.

The integration methodology of both models, the processes of parameter adaptation and iterative
improvement of the results were analyzed in detail. The optimized fixed-time signal plans were eval-
uated in comparison with other existing control methods. The results of the study prove that optimized
fixed-time signals also significantly improve the performance of adaptive (actuated) control systems
(actuated signal control).

In Fixed-Time Control method the signal timings are predetermined and do not change, regardless
of how busy the traffic is. While simple, this approach can be inefficient during times of fluctuating
traffic.

The authors of the paper [Lurl 1] discussed how to determine the optimal green split allocation
at a signalized intersection controlled by semi-actuated signals within an urban traffic network.
Discussed problem is formulated as a Mathematical Program with Equilibrium Constraints.

It is known that actuated control methods use sensors to detect vehicles at intersections and adjusts
signal timings based on the real-time presence of vehicles, offering greater flexibility compared
to fixed-time systems. The inaccuracy of the data used in solving the problem considered in this arti-
cle was not taken into account.

Adaptive Traffic Signal Control (ATSC) is an effective method for enhancing the efficiency
of signalized intersections. Several ATSC algorithms minimize delays, reduce queue lengths, or max-
imize vehicle throughput. However, most existing ATSC algorithms primarily focus on improving
traffic flow and do not account for optimizing traffic safety.

In [Ess20], a self-learning ATSC algorithm is proposed that aims to improve the safety of signal-
ized intersections. This algorithm is based on the Reinforcement Learning (RL) approach, which al-
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lows the system to learn and adapt over time based on traffic conditions. Through this dynamic ad-
justment, the system not only optimizes signal timing and reduces delays but also enhances safety by
considering factors related to accident prevention and safe traffic flow.

The Fuzzy Logic Control (FLC) approach [Lee90] for traffic signal management is widely rec-
ognized in scientific literature as an effective method for optimizing signal timings in conditions of
uncertainty or imprecision. Unlike traditional traffic control systems that depend on fixed, precise
sensor inputs, FLC can manage fluctuating and unpredictable traffic conditions, such as varying traf-
fic flow, vehicle density, and waiting times.

In FLC, parameters like traffic density, vehicle flow, and waiting time are represented as fuzzy
sets (e.g., “low,” “medium,” or “high”) instead of precise numerical values. The system then uses
a series of expert-based “if-then” rules to determine the appropriate signal timings. For example,
a rule might state, “If traffic density is high and waiting time is long, then increase green time.” These
rules are processed through a fuzzy inference system to generate optimal signal timing, adjusting
the lights in real-time based on traffic conditions.

FLC can effectively process imprecise or incomplete data, which makes it suitable for dynamic
traffic conditions. FLC can adapt to a wide range of traffic scenarios. FLC helps reduce vehicle wait-
ing times and overall congestion.

Fuzzy logic control is particularly useful for complex traffic networks where traditional methods,
especially those with nonlinear relationships and short-term uncertainty, are lacking. This approach
is effective tool in conditions of information inaccuracy, but the degree of confidence in the uncer-
tainty is not taken into account. In this case, a Z-number based approach [Ali21, Gar20, Gar22]
is needed.

In this study, the traffic signal control problem is considered using Z-valued approximate reason-
ing. Z-number-based control is a traffic signal management approach that combines fuzzy logic and
probabilistic reasoning to effectively handle uncertainty in traffic data. Z-numbers are a mathematical
tool designed to represent and process vague or uncertain information by integrating both fuzzy sets
and probability, allowing for more flexible and accurate decision-making.

In Z-number based traffic signal control, the system adjusts the signal cycle length dynamically
according to real-time traffic conditions such as traffic flow, density, and waiting times. The use of
Z-numbers allows the system to account for uncertainty and imprecision in these traffic parameters,
providing a more adaptable and robust control mechanism.

The presented article consists of four main structural sections. The second section explains
the theoretical foundations of the research and fundamental information on the topic. The third sec-
tion is devoted to the conceptual formulation of the problem and the justification of the proposed
methodological solutions. Finally, the fourth section summarizes the results of the research and pre-
sents relevant conclusions about future prospects.

PRELIMINARIES

Definition 1. Mathematical reperesentation of a trapezoidal fuzzy number [Ban11] as follows:
. x—a d—x
f(x,a,b,c,d) = max (mm (ﬂ'l'ﬂ)'o)’ (1)

where a, b, c, d are the parameters that define the shape of the trapezoid, x is the variable for which
the membership function is being evaluated.

Definition 2. A discrete Z-number [Zad10, Alil5]. is an ordered pair Z = (4, B) where 4 is a dis-
crete fuzzy number playing a role of a fuzzy constraint on values that a random variable X may take:
Xis 4, and B is a discrete fuzzy number with a membership function s1,:{ by, ..., bm } [0, 1] playing
a role of a fuzzy constraint on a value of probability measure

P(A) = 2y cx 1,(0)p(x) 2
of A: P (A)isB.
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Definition 3. Z IF-THEN rules [Alil7].

If Xy is Zx, n = (Ax, . Bx,n) and, ..., and X, is Zy , = (Ax, n Bx,n), then Y is Zy, =
(Ayn, By ) where Zy  , = (Ax, n Bx, n) 18 the Z-sets based inputs and Zy = (Ay n, By5) is Z sets-
based outputs of the rues.

Definition 4. Z-reasoning algorithm [Ali16]. Solution method of the problem described Z-rules
consists of the following steps:

1. Calculation of fuzzy relation matrices on the rules. Ry, s = 1.6 , R; € E; X U]

2. Formulation of the union of fuzzy relation matrices (R) R: R =URg,s =1, ...,6. After
defining individual fuzzy relation matrices for each rule, these matrices are combined into a single
fuzzy relation matrix R. This union represents the overall relationship between all inputs and outputs
across the rules.

3. Calculation of the membership function using the compositional rule of inference (CRI). CRI
is applied to calculate the membership function. This rule allows the fuzzy system to infer the output
membership based on the union of fuzzy relations from step 2. The compositional rule of inference
works by combining the fuzzy relation matrices to derive a fuzzy output that corresponds to the given
Imputs:

#y (W) = maxmin] uy (x), ur (y, x)]- )

4. Calculation of B part of Z-number. This step involves defining a set of probability distribu-
tions (G) by selecting specific support points (B) over the inputs of the rules. Support points are
specific values used in the fuzzy logic system to represent the input.

5. Aggregation of distributions. The probability distributions obtained from step 4 are combined
(aggregated) using a weighted sum probability method. This step helps to combine different proba-
bilities in a meaningful way based on their importance (weights).

6. Defining distributions over outputs. A set of probability distributions (G) is defined again,
but this time over the outputs of the rules. Similar to step 4, this involves selecting support points
over the outputs of the fuzzy rules.

7. Calculating minimum values for each rule. For each rule, the minimum values are calculated
using the distributions of both the inputs and the outputs. This step helps determine the most relevant
or smallest value for each rule to make accurate decisions.

8. Obtaining the set of probability distributions. After calculating the minimum values for each
rule, the next step is to aggregate the results again, using the same probability aggregation method
as in step 5.

9. Calculating probability distributions over new input.

10. Calculating the distance between two vectors using Hellinger distance (4) [Ifel2]:

ZHD(P, ,P,.) = min L i(pl/Z_p]/z) 1/2
VARIV) pai€G \/5 =t zl; z2; (4)
11. Calculation of similarity measure (5) [Ali17b]:

SM = 1/(1 + ZHD). (%)

A similarity measure is calculated to determine how close or similar the distributions or inputs are.
12. Calculating output support points and membership value. Using the 4 part of the Z-set, the

probability distributions, and the similarity measure, calculate the support points for output B.
NUMERICAL EXAMPLE AND SOLUTION OF THE PROBLEM

Numerical example. Z-number based traffic signal control system is represented by production
rules consisting of two inputs and one output. Here traffic density and traffic flow are inputs,
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and cycle length is output. The goal is to define the cycle length depending on traffic density
and traffic flow.
There are five descriptive values for each of input parameters and for output parameter of the
control traffic signal: Very Small (VS), Small (S), Medium (M), Large (L), and Very Large (VL).
Descriptive values of the B parts of the Z-number as follows:

small sure (S§S) = 0.31/0.72 + 1/0.73 + 0.37/0.74;
medium (M) = 0.25/0.55+ 1/0.6 + 0.4/0.81;

signal control system is represented by production rules as follows:

sure (S) = 0.11/0.71 + 1/0.81 + 0.31/0.91;

very sure (VS) = 0.21/0.82 + 1/0.92 + 0.23/1.

Z-number based values of inputs and output are described in Table 1. Z-number-based traffic

IF TD = (VS,VS) AND TF = (M,VS) THEN CL = (S,VS);
IF TD = (VS,SS) AND TF = (L,S) THEN CL = (M,SS);
IF TD = (VS,S) AND TF = (VL,VS) THEN CL = (L,VS);
IF TD = (S,SS) AND TF = (VS,SS) THEN CL= (VS,SS);
IF TD = (S,S) AND TF = (S,VS) THEN CL= (S,VS);

IF TD = (S, VS) AND TF = (M,SS) THEN CL= (S,SS).

Table 1
Representation of inputs and output on the rules with Z-number
No Traffic density (TD) Traffic flow(TF) Cycle length(CL)
Zm(4, B) Z1r(A,B) Zci(AB)
1 (VS, VS) =[[0, 10, 10, 15], (M, VS) = [[500, 800, 800, 1100], (S, VS)=[[16.7, 25, 25, 35],
[0.82, 0.92, 0.92, 1]] [0.82, 0.92, 0.92, 1]] [0.82, 0.92, 0.92, 1]]
2 (VS, SS) =[[0, 10, 10, 15], (L, S) = [[800, 1100, 1100, 1300], | (M, SS)=[[25, 33.2,33.2, 41.7],
[0.72, 0.73, 0.73, 0.74]] [0.71,0.81,0.81, 0.91]] [0.72, 0.73, 0.73, 0.74]]
3 (VS, S)=[[0, 10, 10, 15], (VL, VS) = [[1100, 1500, 1500, (L, VS) = [[40, 50, 50, 61.8],
[0.71,0.81, 0.81, 0.91]] 3000], [0.82, 0.92, 0.92, 1]]
[0.82, 0.92, 0.92, 1]]
4 (S, SS) =[[10, 25, 25, 40], (VS, SS) = [[0, 200, 200, 300], (VS, SS)=[[10, 16.7, 16.7, 21], [
[0.72, 0.73, 0.73, 0.74]] [0.72, 0.73, 0.73, 0.74]] 0.72,0.73, 0.73, 0.74]]
5 (S, S)=[[10, 25, 25, 40], (S, VS) = [[200, 500, 500, 800], (S, VS) =[[16.7, 25, 25, 35],
[0.71,0.81,0.81, 0.91]] [0.82, 0.92, 0.92, 1]] [0.82, 0.92, 0.92, 1]]
6 (S, VS) =[[10, 25, 25, 40], (M, SS) = [[500, 800, 800, 1100], (S, SS) =[[16.7, 25, 25, 35],

els.

[0.82,0.92,0.92, 1]]

[0.72, 0.73, 0.73, 0.74]]

[0.72,0.73,0.73, 0.74]]

In order to verify the methodology under consideration, simulation tests were performed using
the Z-Lab software [Adi23]. This software environment allows for complex calculations based
on fuzzy logic and, in particular, the theory of Z-numbers. Within the framework of the tests, various
tests were performed taking into account descriptive variables and their corresponding reliability lev-

Test 1. The mathematical-logical formulation of the test is as follows:
Input 1 (Traffic density): “Low”, Reliability: “Sure”.
Input 2 (Traffic flow): “Very low”, Reliability: “Sure”.
Objective: To determine the optimal Cycle Length based on the given fuzzy inputs.

The Z-number structure used in this test simultaneously processes both the fuzziness of infor-
mation (e.g., “low density”’) and the subjective belief in the accuracy of that information (e.g., “degree
of certainty”).
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Answer: If traffic density is (Low, Sure) and traffic flow is (Very Low, Sure), then define cycle
length is (Low, Small Sure).

Test 2. If traffic density is (Medium, Very Sure) and traffic flow is (Low, Sure) then define cycle
length="?

Answer: If traffic density is (Medium, Very Sure) and traffic flow is (Low, Sure), then define
cycle length is (Medium, Sure)

Z-lab software is a simulation tool designed to work with Z-numbers for modeling and solving
complex systems [Adi23] where uncertainty, imprecision, and vagueness exist, particularly in fields
like traffic management. Z-lab is commonly used for developing, testing, and evaluating systems that
require handling fuzzy and probabilistic data. In this work we applied Z-lab software for solving
traffic signal control problems.

CONCLUSION

This paper introduces a traffic signal controller based on Z-numbers. Obtained results show that
Z-controller is more efficient than the fixed time traffic signal controller. The cycle time calculated
through the Z-controller is more efficient than the fixed time traffic signal controller. The perfor-
mance of Z-controller is highly dependent on the Z-rule base, so it is important to tune the Z-rules
correctly. After performing the experiments on different input data sets, we get better performance
of Z-number based traffic signal controller than the fixed time traffic signal control.
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