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ARTICLE INFO ABSTRACT

Keywords: In traffic networks, proper signal control design is essential to ensure a reasonable level of service. Signal
Evolutionary algorithms control designs are becoming increasingly complex, with numerous settings that must be calibrated and set.
Optimization This paper introduces a novel approach for handling this complexity by automatically generating optimal

Grammatical evolution

. i actuated signal control plans using Grammatical Evolution (GE). GE has proven its effectiveness in automating
Automatic design

the design of different complex systems, such as neural networks and analog electronic circuits. GE’s distinctive

Traffic signal control
Traffic simulation

mapping and representation capabilities make it a powerful candidate for optimizing various systems.

In contrast to traditional optimization methods for actuated signal plans, which focus on specific parame-
ters, such as green times and cycle length, the GE-based approach evolves complete plans, including phases,
detector placements, and transit priority strategies. As a result, it eliminates the need for human intervention
in the design process, making it more efficient and less time-consuming.

The proposed approach was tested with an application to an isolated intersection in Haifa, Israel. The
results showed that the automatically generated signal plan outperformed the existing plan by reducing delay
times and queue lengths. Moreover, this method demonstrated its efficiency in generating reliable traffic signal
plans under challenging traffic conditions.

1. Introduction

Traffic congestion is a major problem in urban areas. Its direct
cost was estimated at around 88 billion dollars in the United States
in 2019 [1]. Congestion also adversely affects the environment, life
quality, economic activity, and safety. Therefore, congestion mitigation
is an important goal for the managers of transportation systems. One
way to achieve this is to invest in new or improve existing trans-
portation infrastructure. However, this approach cannot alone cope
with the increase in traffic demands due to funding restrictions and
insufficient space for additional infrastructure [2]. As a result, more
efficient operations of the existing infrastructure are necessary [3].

Traffic signal control is one of the most cost-effective tools to im-
prove the performance of traffic systems [4]. As a result, a lot of effort
has been devoted ever since Webster [5] developed the basic principles
and theory of traffic signal optimization with the aim to improve exist-
ing methods and introduce new ones. Traffic signal control plans have
become more complex due to the inclusion of advanced features, such
as pedestrian actuation and Transit Signal Priority (TSP), to increase the
overall safety and mobility of the system. Consequently, designing and

optimizing signal control plans has become an increasingly challenging
task [2].

Studies on the optimization of actuated signal control plans have
primarily focused on their design parameters. Commercial optimization
programs, such as HCM [6], SYNCHRO [7], TRANSYT-7F [8], PASSER
I1 [9], and PASSER V [10], as well as studies [11,12], optimize the basic
signal plan parameters (i.e., cycle length, green splits, phase sequence,
and offsets between adjacent intersections). Several studies [13-16]
have also incorporated additional parameters into the optimization,
such as maximum allowable vehicle waiting times and minimum and
maximum green times for actuated phases. Stevanovic et al. [17],
Stevanovic et al. [18], Balasha and Toledo [2], and Toledo et al. [19]
optimized TSP parameters along with the basic design parameters of
actuated signal plans that also implement TSP functions. In all the
studies mentioned above, incorporating additional signal plan parame-
ters into the optimization significantly improved system performance.
Optimization was based on gradient-based, genetic, and other heuristic
search algorithms. Traffic simulation models were used to evaluate
the performance of candidate solutions. These studies optimized the
parameters of plans with predefined structures. However, they did
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not consider other design components, such as the composition of
phases, selection of priority strategies to be implemented, and place-
ment of detectors. They were instead set manually by professional
traffic engineers following general engineering guidelines. To the best
of our knowledge, methods to fully design actuated signal control plans
automatically from scratch have not been proposed in the literature.

This study aims to fill this gap by leveraging Grammatical Evolution
(GE) to automatically generate complete actuated signal control plans.
While various algorithms such as Genetic Algorithms (GA) [20-23],
Differential Evolution (DE) [24-26], and Swarm Intelligence methods
like Particle Swarm Optimization (PSO) [27-29] have been applied
to traffic signal optimization, as reviewed in [30], these approaches
primarily optimize numerical parameters of the signal plan (e.g., cycle
length, green splits, red times) but lack the capability to generate
complete control plans. In contrast, GE overcomes this limitation by
employing a grammar-based approach, enabling the automatic genera-
tion of complex control plans suitable for different intersection layouts.
The use of grammar provides a simple mechanism for representing com-
plex systems and allows for incorporating problem-specific information
while limiting the design space [31]. This focused representation avoids
broad, unconstrained search spaces that often reduce the efficiency of
other optimization algorithms. Consequently, it becomes more effective
and can lead to more creative solutions [32,33].

In recent years, GE [34] has been applied in several domains to
design complex systems automatically due to its unique representation
and mapping process [35]. For example, Tsoulos et al. [36] used GE to
evolve the weights and topology of Artificial Neural Networks (ANNs)
with one hidden layer. Ahmadizar et al. [37] applied GE to generate
the ANN topology, while weights were optimized using GA [38]. As-
suncdo et al. [39] employed GE to simultaneously evolve topology and
weights for ANNs with more than one hidden layer. In addition, this
approach was applied to deep learning models. Baldominos et al. [40],
Baldominos et al. [31], and Assuncdo et al. [41] proposed systems
for automatically designing convolutional neural networks for different
applications (e.g., activity and handwriting recognition). These systems
simultaneously generate the convolutional and fully connected layers,
activation functions, and other learning parameters. In three studies
by Castején and Carmona [42-44], GE has been successfully used in
the design of analog electronic circuits. In these studies, the position
and connections of the electronic components (such as resistors, tran-
sistors, and capacitors) are determined to meet specific circuit design
requirements. In addition, Zhao et al. [33] proposed a fully automated
Grammar-based approach for generating optimized robot structures
(i.e., physical robot components including wheels, joints, and limbs)
and their corresponding controllers to traverse given terrains. These
studies demonstrate that GE can be employed successfully to design
complex systems automatically. To the best of our knowledge, GE has
never been used in the field of traffic signal control.

This paper introduces a fully automatic design system for signal con-
trol plans, which uses grammatical evolution to represent and optimize
candidate plans. It goes beyond current signal plan optimization meth-
ods in that it generates the full control plan, including the incorporation
of advanced features, rather than only optimizing its parameters such as
green times and cycle length. Thus, it can help reduce the time, cost,
and effort typically associated with the design process. The proposed
system provides a generic approach suitable for various real-world
intersection configurations, allowing effective traffic control based on
the intersection’s layout and traffic flow patterns.

The previous publication [45] laid the groundwork by presenting
the overall structure of the automatic signal control design system,
with an emphasis on transportation aspects (e.g., simulation model
calibration, characteristics of the resulting signal control plans) and
its application in real-world scenarios, including sensitivity analysis
tests. Extending from these foundational insights, the present paper
takes a deeper dive into GE’s application for traffic signal control
design. It focuses on the specifics and effectiveness of GE within the
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automated process of designing optimal traffic signal plans, paying
particular attention to the decoding and evolution of candidate traffic
signal plans.

The remainder of this paper is organized as follows: The next section
briefly presents the basic concepts, the structure, and functionalities of
signal control plans. Sections 3 presents the structure of the automatic
design system, focusing on the grammatical evolution approach and its
application in designing traffic signal plans. A case study and analysis
of its results are presented in Sections 4 and 5, respectively. Finally, a
conclusion is provided in Section 6.

2. Signal control plans

Traffic signal plans provide repeated sequences of signal indications
to road users. Fig. 1 illustrates the basic elements of signal control
plans: Phases, green times, inter-green times and cycles. Phases (also
referred to as stages) consist of compatible vehicle and pedestrian
movements. These phases are organized to operate in a specific se-
quence. Green times are the time periods allocated to each phase
during which the movements within that phase are allowed to cross the
intersection. Inter-green periods are the intervals between the end of a
phase and the start of the next one, which is used to avoid interference
between conflicting movements at the intersection. Finally, the cycle
length is the time it takes to complete a full phase sequence [46,47]. It
is the sum of the green times given to each phase and the inter-green
between phases [48]. Each movement through the intersection must be
allocated to at least one phase within a cycle, so that it can be served.

Phase sequence————>»

Phase 1 Phase 2 Phase 3
H A
| I I -

Green time Inter-green  Greentime Inter-green  Green time

CyCl\.

>

time

Fig. 1. The basic components of traffic signal control plans: phases, their
sequence, timing and inter-green transitions.

The design of signal control plans includes determining the com-
position of phases, their sequence, green times and cycle lengths that
would provide the best performance for the intersection [46]. Signal-
ized intersections are usually operated by one of three traffic control
strategies: fixed-time, actuated, or adaptive [49]:

+ Fixed-time or pre-timed control strategies assume constant
traffic demand at all times. Historical traffic demand information
is used to determine optimal signal control design based on a fixed
signal phase sequence with a fixed-time duration for each phase,
regardless of changes in traffic conditions. Therefore, it is a traffic
unresponsive signal control scheme. Notably, the vast majority of
intersections worldwide operate under this approach due to its
relative simplicity and low costs.

Actuated control strategies extend fixed-time control by allow-
ing the modification of green time allocation in real-time by
applying simple logic criteria, such as phase skipping or extending
the green time for a specific phase up to a predefined maximum
time. These modifications occur in response to traffic state infor-
mation, such as the presence of vehicles at the stop line in a lane,
which is commonly obtained from electromagnetic loop detectors
or video cameras.
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Adaptive control strategies adjust signal settings in real-time by
solving an optimization problem utilizing dynamic traffic models
to predict the near future traffic conditions, such as vehicle
platoons and their movements in the network.

With the rise of machine learning techniques, numerous learning-
based approaches have emerged in traffic signal operations, such as
reinforcement learning and deep reinforcement learning. These ap-
proaches fall under adaptive strategies, as they enable systems to dy-
namically adjust to real-time traffic conditions [50]. Despite their flexi-
bility and potential performance benefits, the implementation, mainte-
nance, and operational costs of adaptive systems often exceed the avail-
able resources of many transportation agencies [51]. Consequently,
such methods remain less common in practice compared to actuated
systems. Although adaptive methods fall outside the scope of this study,
readers interested in further details are referred to review papers [46,
50,52,53] which provide in-depth analyses of recent advancements in
the field.

In contrast, actuated traffic signal control presents a practical mid-
dle ground between fixed-time and adaptive control strategies, bal-
ancing performance improvement with economic feasibility. Actuated
control plans may also include functions for TSP, which aim to reduce
public transportation travel times [54]. Several active TSP strategies
may be used to adjust the control in response to priority requests from
transit vehicles. The TSP strategy implemented in each case depends
on the current active phase and its elapsed green time when the
transit vehicle is expected to arrive at the stop line [55]. Common TSP
functions are shown in Fig. 2, which presents a standard cycle followed
by a TSP-adjusted one [56]:

1. Green extension is applied when a transit vehicle is expected to
arrive at the intersection shortly after the end of the green time
for the phase it is served by; in this example, phase A (Fig. 2(a)).

2. Early green is applied when a transit vehicle is expected to
arrive at the intersection shortly before the phase that serves it
is activated. The green times for one or more of the preceding
phases are shortened to allow the TSP phase to start earlier (Fig.
2(b)).

3. Phase skipping involves omitting one or more phases to serve a
priority request sooner (Fig. 2(c)).
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4. Phase insertion involves adding a special phase into the normal
sequence to serve the transit vehicles approaching the intersec-
tion. It may also require truncation of the green times for other
phases (Fig. 2(d)).

3. Automatic signal control design system

Fig. 3 illustrates the overall structure of the automatic signal control
design system. It consists of two main components: a traffic simulation
model used to evaluate candidate control plans and an optimization
algorithm, specifically Grammatical Evolution, utilized to generate new
control plans based on the evaluation results. The inputs to the design
system include data on traffic demand for all road users (i.e., pedes-
trians, passenger cars, and public transportation), the intersection’s
geometric layout, and a user-defined design constraint, such as the
operation strategy (i.e., operating with a fixed or variable cycle length),
maximum or minimum cycle length, and maximum allowed waiting
times for specific movements. The system’s output is the best-evolved
control plan obtained by the Grammatical Evolution algorithm. The
following points provide detailed information about the design process:

1. Initialization:

« set the geometric intersection layout, the traffic demands
and the design constraints.

Pre-process the input data and generate all feasible phases
based on the geometric intersection layout. All feasible
phases consist of all combinations of non-conflicting vehi-
cle movements. Besides, within each phase, the crosswalks
that do not conflict with its vehicle movement are in-
cluded. Accordingly, pedestrians are allowed to cross the
road (i.e., at signalized crosswalks) only when competing
movements have red lights.

Automatically generate initial feasible signal control plans
set.

2. Run the traffic simulation model with the current signal control
plan.

3. Calculate performance measure from the simulation output.

4. Generate new solution sets (as numerical vectors) for the next
iteration based on the performance of the solutions from the pre-
vious iteration, implementing the genetic operators: selection,
crossover, and mutation.

>
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(d) Phase insertion

Fig. 2. Common strategies for transit priority provision: (a) Green extension, (b) Early green, (c) Phase skipping, and (d) Phase insertion.



M. Keblawi and T. Toledo

Applied Soft Computing 184 (2025) 113782

1. Initialization

Geometric layout, Traffic
demands, Design constrains

Input preprocessing

Automatically generate initial
feasible signal plans

Optimization algorithm (Grammatical evolution)

5. Signal plan processor

Candidate solution

4. Candidate solutions
generator

Translate candidate solution
vectors to signal plans

Apply selection, crossover
and mutation operations

7. Terminate

Best-evolved
signal plan

Convergence

6. Candidate
signal plans

2. Simulation model

3. Performance
measures

Intersection model
Traffic flow model
Control system

Fig. 3. The overall structure of the automatic signal control design system.

5. Translate the solution vectors into executable signal control
plans for application in the simulation model.

6. Set the new plans in simulation model.

7. Repeat steps 2 through 6 until the termination criteria are
satisfied, including either reaching the maximum number of
generations or observing no improvement in fitness for a defined
number of consecutive generations.

The components of the automatic design system are discussed in detail
in the following subsections.

3.1. Grammatical evolution (GE)

GE is an evolutionary algorithm classified as a grammar-based form
of genetic programming. GE is one of the most widely used grammar-
based approaches [57]. It can automatically evolve optimal expressions
and programs of arbitrary complexity for different problems [34].
In GE, individuals (candidate solutions) are represented as variable-
length numeric arrays called chromosomes. Chromosomes consist of
information units called codons, as shown in Fig. 4.

Chromosome
330479 [aalof21 1713 ] 4 |47

8 |17

"Codon "Codon |

Fig. 4. An example of the structure of a chromosome and its corresponding
codons.

The main steps of the GE search process for the optimal solution
begin with the random generation of an initial population of feasible
individuals. Next, each individual is decoded into the desired format
(e.g., a computer program). The decoding of each individual is per-
formed based on a formal grammar set. Typically, this grammar is
expressed in BNF format (Backus-Naur Form) [34]. In the third step,
the fitness of each individual is evaluated, i.e., the value of the objective
function. Next, a new generation is produced by applying genetic oper-
ators: selection, crossover, and mutation. Ultimately, after the repeated
application of the genetic operators and the fitness evaluations, the
optimal solution will be reached when one of the termination criteria
is met (e.g., convergence thresholds for the fitness or the maximum
number of generations). Note that the GE algorithm is similar to the
GA scheme. However, the main difference between GA and GE is the
decoding phase, where in GE the decoding is done using a grammar set,
while in GA it is done directly [32]. The use of grammars can provide a
simple mechanism for representing complex systems [31]. In addition,
it allows for the incorporation of problem-specific information while
limiting the design space. Consequently, the search processes become
more effective, leading to more creative solutions [32,33].

3.1.1. BNF grammar
BNF is a formal representation for encoding grammar as production
rules [58]. Generally, BNF consists of four types of elements:

» T - Terminal symbols that appear in a valid language/program
sentence, e.g., numbers (1, 2, 3), and operators (+, —, %).

» N - Non-terminal symbols that can be expanded to either terminal
or non-terminal symbols.

+ .S - Start symbol from which the decoding process begins, and it
belongs to N.
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* R - Production rules for mapping elements from N to T. Each
production rule may include a different number of rule choices.

3.1.2. Individual decoding process

The decoding process sequentially reads codons from left to right,
using them to determine the value for the next symbol. Symbols are
selected by:

S, = (C)MOD(N,) €}

Where S, is the selected symbol by the value C; of codon i. MOD is
the modulus function. Its result is an integer in the set [0,1, ...,(N,; —
1)], which represents the index of the chosen value. N,; is the number
of choices for the relevant production rule.

The decoding process starts from the start symbol in the BNF
grammar, which is a non-terminal symbol. After that, if the selected
rule is a non-terminal symbol, another codon is read. This process
continues until the final expression is reached, i.e., all non-terminal
symbols are mapped. When all codons are read, but there are still non-
terminal symbols that are unmapped, then the wrapping mechanism
will be used [57], which means that the reading of the codons will
start again from the beginning of the chromosome until all non-terminal
symbols are mapped.

3.1.3. Developed grammar for traffic signal plan design

The grammar used to decode chromosomes into traffic signal plans
is expressed in BNF format. It specified the design production rules,
which map codons to components of the signal control plan, as shown
in Fig. 5.

The production rule P represents the feasible compositions of basic
phases. Basic phases constitute the normal phase sequence for each
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signal plan. In the proposed system, the compositions of these phases
are automatically generated during the initialization step, using the
intersection’s geometric layout and specifically considering conflicts
between competing movements to ensure that all compositions are legal
and conflict-free.

However, the production rule 7 is a subset of P and represents the
compositions of insert phases. Insert phases operate outside the normal
phase sequence to support only transit priority actions, as depicted in
Fig. 2(d). Thus, T includes all compositions in P containing at least
one transit movement. This means that P covers all possible combina-
tions of intersection movements, while T focuses on combinations that
involve at least one transit movement.

The demand (C) and extension (J) detector symbols expand to
determine whether detectors exist (D and E, respectively) or not (null)
in the relevant movements. In addition, the extension detector (J)
includes a symbol that determines its distance from the stop line
(W). Demand detectors are always placed at the stop line to enable
the control system to detect the presence of vehicles. If vehicles are
detected before the stop line, the relevant phase is activated; if no
vehicles are detected, the phase may be skipped. Extension detectors
are positioned upstream of the intersection to monitor approaching
vehicles, allowing the control system to decide whether to extend the
active phase or not.

The parameters minimum duration (L), extension time (U), impor-
tance index (K), and extension detector distance (W) are numeric and
can have values from O to their pre-defined upper bounds ul, u2, u3,
and u4, respectively. The minimum duration is the least green time
granted to the active phase, ensuring sufficient operation even without
extension requests. The extension time represents the maximum green
duration that can be added to the minimum duration in response to

Production rules ri1: ®->
(U} 1 21
v —_— = gy Transit
A T I T A |
rl: @_,@ I_ _I I . l I " I movement
= @+ ©O-O-OD® i i
301 4 S
13: @-» @—@@ e G @ I; v I = T |_ I Non-transit l
@ o 0 | I oA movement
: —3 —3
@ = @;' § 7 Np-1
X —_ — p-
o ;.@ @) | I 6~ | vee
7. (D)= (0) @) [
18: ->
© 00O o
-@? @@ " Ot
ORI OHOR®) I“ | I“ | |-
p 4l I
TT
Legend
S Start symbol K Phase importance index B Next phase selection
A Basic phase object Mi Vehicle movement ul  Min duration upper bound
P Basic phase composition ~ C  Demand detector placement u2 Extension time upper bound
I  Insert phase object D Demand detector u3 Phase importance index
T Inset phase composition J Extension detector placement  u4 Extension detector distance upper bound
L Min duration E  Extension detector Np Number of all feasible phases
U Extension time W Extension detector distance Nt Number all feasible transit phases number

Fig. 5. Detailed representation of the grammar used for decoding traffic signal plans.
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continuous requests for extensions. The importance index, a unique
feature in the proposed system, assists in determining which phases
need to be shortened more when multiple phases need to be shortened
due to transit priority actions. This parameter allows the control system
to make strategic decisions, avoiding disruption to the most crucial
phases. Typically, such prioritization would be embedded within the
traffic control logic designed manually by transportation engineers.

The decoding process starts from the start symbol (.S), which leads
to the first basic phase within the cycle (4). The phase expands to
define the phase composition (P), phase minimum duration (L), ex-
tension time (U), importance index (K), the next phase (B) in the
sequence, existence of demand detectors (C), and the existence and
position of extension detectors (J) for the movements that are active
in the specific phase (M1, M2, and so on). The next phase symbol (B)
can be expanded to another basic phase (A), an insert phase (I), or
to the END symbol, which means that this was the last phase in the
cycle and terminates the decoding process. The insert phase component
(I) expands to define its composition (7)), minimum duration (L),
importance index (K), and the next phase (A). Insert phases cannot
be the last ones in the cycle and cannot be followed by another insert
phase. This is a standard rule of thumb in transportation engineering
to ensure smooth operation and avoid creating bottlenecks or safety
hazards by having too many priority phases in succession.

This grammar is generic and can be applied to any intersection
layout by adjusting the phase compositions. Further, they could be eas-
ily adapted for other design requirements, such as using other sensing
technologies or defining pedestrian buttons. The decoding process is
defined so that each phase (A or I) consumes a fixed-length block of
12 codons, as shown in Fig. 6, even if some of them will not be used
for decoding. This would be useful in the chromosome evolution step.

3.1.4. Post-processing stage

After decoding, the generated control plans cannot be directly fed
to the simulation model. These plans should undergo a post-processing
step, which includes:

* Sum the minimum duration and extension time of each phase to
determine its maximum duration.

Calculate the cycle length. The cycle length can be calculated by
the summation of all phases’ maximum green times and inter-
green times among them:

n n
€= 6M + X PTy @
i=1 j=1

Where C is the cycle length in seconds. n is the number of phases
in the cycle. G is the maximum green time allocated to phase
i. PT; ;. are the safe transition time between phases j and j+1.
For the last phase in the cycle (j = n), the transition is defined to
the first phase in the next cycle (j + 1 = 1).

Install pedestrian pushbuttons in the crosswalk that are served
only in the phases that would not be activated unless the vehicles’
requests are detected. The purpose of this is to avoid situations
in which pedestrians are waiting to cross the road, however, the
phase that serves their movement has been skipped because there
are no vehicles detected during a certain period of time.
Generate the signal control-flow diagram for execution in the
simulation model. This diagram is generated based on the phase
sequence, phase parameters, detectors, and TSP strategies. An
illustration of this diagram can be found in the decoding example
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Table 1
Overview of the relevant grammar pa-
rameters.
Parameter Value
ul 19
u2 39
u3 9
u4 39
Np 30
Nt 12

3.1.5. Screening stage

After the post-processing step, processed control plans are exam-
ined for adherence to design constraints with the goal of maximizing
optimization efficiency by excluding infeasible designs. In some cases,
constraints can be satisfied by modifying control plans that violate
them (e.g., maximum cycle length constraint). The design constraints
are predetermined and provided to the system during the initialization
process. Other constraints, such as pedestrian pushbutton integration or
phase sequence logic, are already addressed during the post-processing
stage or embedded in the grammar definition. The following are the
primary constraints checked at this stage and how they are handled:

+ All intersection movements and crosswalks are included in the
candidate signal control plan. If this condition is not satisfied, the
generated traffic signal plan will be strongly penalized to decrease
its chances of being chosen during the parent selection.

The cycle length (calculated) is less than or equal to the maximum
cycle length defined by the user. If this constraint is not satisfied,
phases’ maximum durations must be decreased by multiplying
them by a reduction factor. This factor equals the maximum cycle
length divided by the calculated cycle length. In the event that
the phase’s new maximum duration is less than its minimum
duration, it will be increased to be equal to the minimum dura-
tion. However, this can lead the cycle length to be greater than
the maximum cycle length again, so a new adjusting iteration is
required. In cases where the phases’ minimum duration is too
high and does not allow the cycle length to be less or equal to
the maximum cycle length, the traffic signal plan will be strongly
penalized.

3.1.6. Decoding example

A simple decoding example using the grammar described in Fig. 5
is presented below. It includes a detailed decoding of the first phase of
the traffic control plan presented in this example. The parameter values
within the grammar are presented in Table 1. Based on the values in
this table, the minimum duration for each phase can range from 0 to
19 (ul), the extension time from O to 39 (u2), the importance index
from 0 to 9 (u3), and the extension detector distance from 0 to 39
meters (u4). These values represent acceptable ranges rather than fixed
numbers. While larger numbers within these parameters are possible,
limiting them to these acceptable ranges increases the efficiency of the
optimization process. Additionally, there are 30 available combinations
for basic phases (Np) and 12 for insert phases (N1), reflecting the
number of feasible phase combinations generated based on the specific
intersection layout during the initialization process.

Table 2 presents the number of choices for each production rule in

in Fig. 9. the given grammar. The intersection layout in this example consists of
Block Block
A A

(

)

Y
‘25|26|29‘28|29|30‘74|32| 5 ‘26|27|28| | |26’27‘28|88’10‘3I|32|25

5 |27|28|74|32| 5 ‘---

Fig. 6. An example of fixed-length codon blocks.
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Table 2
Detailed enumeration of choices available for each non-terminal
symbol in the grammar production rules.

Rule number Non-terminal symbol Number of rule choices

1 S 1
2 A 1
3 I 1
4 B 3
5 C 2
6 J 2
7 L 20
8 U 40
9 K 10
10 w 40
11 P 30
12 T 12

six non-transit vehicle movements (movements 1 to 6), two transit ve-
hicle movements (movements 7 and 8) that pass through two dedicated
lanes, and eight pedestrian crosswalks that cross these movements.

The chromosome used in this example is: {242, 126, 215, 19, 83,
34, 63, 11, 22, 100, 99, 156, 84, 48, 253, 12, 221, 71, 68, 174,
145, 168, 44, 128, 105, 129, 37, 98, 186, 56, 16, 138, 17, 2}. The
decoding of this individual involves the following steps:

Starting with the S symbol. This symbol has only one associated
rule that is expanded directly to the basic phase component (A).
The basic phase component also has only one associated rule.
Therefore, it is expanded directly, and the result is the symbols
that define the first phase: P, L, U, K, M1, M2, and B.

P is a non-terminal symbol that has 30 rules (N p = 30). By using
the first codon, phase 2 in Fig. 5 will be selected (242 MOD
30 = 2) as phase “A” in the plan (Fig. 7).

Codons 126, 215, and 19 are used to define phase A minimum
duration (126 MOD 20 = 6 s), extension time (215 MOD 40 =15
s), and importance index (59 MOD 10 = 9).

Phase A includes two non-transit vehicle movements. Therefore,
the symbols M1 and M2 are expanded to define the demand
and extension detectors that may exist in movements 1 and 2,
respectively. Note that in this application, detectors installed in
transit vehicles’ approaches (dedicated lanes) were assumed to be
fixed and are provided to the system as input. Therefore, they are
not included in the grammar.

The next codon, 83, is used with rule #5 to determine that a
demand detector does not exist in movement 1 (D_1) (83 MOD
2 =1 => Null).

The codon 34 is applied with rule #6 to determine the existence
of an extension detector upstream movement 1 (E_1) (34 MOD
2 = 0 => E_1). The distance of this detector from the stop line is
determined by rule #10 and the codon 63 (63 MOD 40 = 23 m).
Similarly, the demand and extension detectors placed in move-
ment 2 are defined by codons 11 (11 MOD 2 =1 => Null), 22 (22
MOD 2 =0 => E_2), and 100 (100 M OD 40 = 20 m), respectively.
The symbol B expends to determine the type of the next phase
(basic, insert, or terminate sequence) By applying rule #4 to the
codon 99, a next basic phase is selected. (99 MOD 3 = 0 => A).

The complete design of the signal plan is reached by continuing
to decode the chromosome in the same way. As shown in Fig. 8, the
resulting design includes four phases. Phases A, B, and C are basic
phases, while I is an insert phase. Table 3 presents the parameter values
associated with these phases.

In this design, crosswalks unserved in phase A need to have pedes-
trian pushbuttons because phases B and C (that serve these crosswalks)
will not activate without vehicle requests. Conversely, the other in-
tersection crosswalks do not need to have pushbuttons since they are
served in phase A, which is activated every cycle regardless of the
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vehicles’ presence (There are no demand detectors used within this
phase).

The flowchart presented in Fig. 9 shows the control-flow diagram of
the yielded design within a single cycle operation. During the dynamic
simulation, the control system executes this diagram every time step to
determine the signal indication (active phase A, B, I, or C) in the next
time step.

3.1.7. Genetic operators

Genetic operators, i.e., selection, crossover, and mutation are ap-
plied to evolve the chromosomes and generate signal plans. These
operators are described as follows:

+ The selection operator chooses the chromosomes from the cur-
rent generation that will be used to generate the next generation.
In this implementation, proportionate selection [38] was used,
which assigns probability of being selected to solutions based on
their fitness values. The probability of selection of a chromosome

is given by:
1/fi
Pi= N 3)
i1/ f

where f; is the fitness value of individual i. N is the number of
chromosomes in the generation.

The crossover operator generates new chromosomes by mixing
two of the selected chromosomes from the current generation. In
this study, a two point-block crossover strategy was used, as illus-
trated in Fig. 10. It selects two random points in each parent chro-
mosome and exchanges the information between the two points to
generate the new chromosome. As discussed above, chromosomes
are structured in equally sized blocks that correspond to phases.
The crossover points were restricted to the boundaries between
blocks, so that only complete phases (i.e., movements, parame-
ters, and detectors) are exchanged. Without this restriction, over
99% of the new chromosomes were infeasible. A constraint on the
maximum length of a chromosome was also included to avoid the
bloat effect [59]. Violation of this constraint leads to trimming the
new chromosome to the maximum.

Mutation randomly alters a small part of the selected chromo-
some. The creep mutation method, which is shown in Fig. 11, is
used in this application. It is appropriate for chromosomes that
are made of integer codons. It randomly selects a pre-defined
fraction of codons and changes their value randomly [59]. Thus,
it changes some information of the phases.

As with most heuristic approaches, the proposed method does not
guarantee convergence to a globally optimal solution. However, the
grammar structure and operator design help maintain feasibility and
guide the search toward practical, high-quality configurations.

3.2. Simulation model

The simulation model represents both the movements of individual
road users (i.e., passenger car and transit vehicles and pedestrians)
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CurrPhaseDuration <= MinDuration_A
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“ CurrPhaseDuration <= MaxDuration_A AND
u ExtenrionDetector(E1)==active OR
+ ExtenrionDetector(E2)==active
2 |or
-
Extension W] MinExpectedArivalTime_BRT(move7,move8)+
Required DurationT(A,B) +minDuration(B)+DurationT(B,C) +
minDuration(C) <CycleLength
Demand N3
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MinExpectedArivalTime_BRT(move7 move8)< Required
CycleLength-TimelnCycle-DurationT(l,C)-minDuration(C)
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AND
CompensationTime(move6)==0
AND
PedWatingTime(cross_b)+minDuration(C) <maxWatingTime

Fig. 9. Control-logic diagram and associated code, demonstrating the decision-making process in traffic signal control.

Table 3
Parameter values for each phase in the traffic signal control plan.
Phase Min [s] Max [s] Importance First movement Second movement
index Dd Ed Ed_dist [m] Dd Ed Ed_dist [m]
A 6 15 9 null E1 23 null E2 20
B 4 3 D3 null - null ES5 14
I 1 - 4 - - - - - -
C 5 7 D_4 E 4 16 D6 E6 17

and the signal control plans, as shown in Fig. 12. The inputs to the
simulation model include intersection geometry and information on
the traffic demands of all road users. Within each dynamic simulation
stage, the traffic flow model receives the traffic light indication from
the signal controller and releases the queues accordingly. It updates
the detectors’ states and transfers them to the simulated signal plans.
After receiving detector states, the controller determines the traffic light
indications for the next time step. These indications are transferred
back and applied in the traffic flow model. The simulation model can

output various measures of performance, such as queue lengths, person
delays, and number of vehicle’s stops.

In this application, the MESCOP mesoscopic traffic simulation
model was used. It has proven to be computationally efficient com-
pared to the microscopic models previously used for similar purposes.
Additionally, this class of traffic models maintains the levels of detail
required to simulate complex intersection systems. For a detailed
description of the MESCOP model, see [2,19].
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Fig. 11. An example of a creep mutation strategy.
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Fig. 12. Simulation setup for evaluating the candidate signal control plans.

3.3. Performance measures

Optimization can incorporate a variety of performance measures,
including throughput, average delays, stops, and travel times. Average
person delay is considered a valuable performance measure by several
studies [18,60-62]. Accordingly, this application strives to minimize
the expected value of the average delay in the system. The vehicle’s
delay is determined by the time it takes to enter and exit the queue.
In addition, each vehicle type is assumed to carry a specific number
of occupants. The pedestrians’ delay refers to the time between their
arrival at the crosswalk and their start crossing. Based on multiple sim-
ulation runs, the following formula is used to calculate the performance
measures for each candidate signal control plan:

| 1 [y 2 Z @it
%www—iz_ifﬁaf v
s.t.

ot <o <oV "
£®)<0 N

Where, R represents the number of replications used in evaluating
each candidate signal control plan. d,, is the delay to vehicle (or
pedestrian) n in replication r. w; is the weight of a vehicle of type
i, which captures the number of travelers in the vehicle. §,,; is an
indicator variable that takes the value 1 if vehicle n is of type i (e.g., car,
bus, pedestrian) in replication r, and 0 otherwise. 6 is the vector
of decision variables that define the candidate signal control plan,
including phase compositions, detector configurations, phase durations,
and priority settings. 6% and 6V are their lower and upper bounds,
respectively. g represents additional constraints that may be imposed
on the control plan and its parameters, such as bounds on the minimum
and maximum green times. These constraints are integrated into the
grammar developed for this application.

The run-time complexity of the proposed grammar-based design
process is determined by several components, including fitness eval-
uation (simulation replications), chromosome decoding, and genetic
operations. Let:

* G: number of generations

« P: population size

 L: average chromosome length (fixed at 12 codons x number of
signal phases)

» R: number of replications per candidate

* Tgym: average runtime of one simulation replication

* T4 average time to decode one chromosome

* T,ps: average time to apply genetic operators to one chromosome

Per generation, the algorithm performs the following tasks:

1. Decoding all chromosomes: O(P-Ty..) = O(P-L), since decoding
traverses the grammar once per codon.

2. Applying genetic operators: Selection and crossover operate
once per chromosome, giving cost O(P). Creep mutation oper-
ates at the codon level, leading to a complexity of O(P- L). Thus,
the overall cost per generation is O(P - L).

3. Fitness evaluation (simulation replications): O(P - R - Tgp,),
where each candidate plan is evaluated with R independent
replications. The value of T, depends on several factors, in-
cluding the number of road users, the number of actions per
road user, the number of control actions, the total number of
simulation time steps, etc.

Among these components, the simulation time (7y;,,) is by far the
most time-consuming, making it the primary factor that determines the
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overall run-time complexity.
O(G-[P-L+P-R-Tygyl) % OG- P-R-Typ) )

This expression reflects the main computational contributors and
the expected scaling behavior of the proposed approach, with simula-
tion time being the dominant factor. For further empirical insights into
simulator run-time behavior under varying traffic flow levels, readers
are referred to [2].

4. Case study
4.1. Intersection and control

The automatic control design system was applied to an isolated
intersection in Haifa, Israel, which is shown in Fig. 13. It includes 12

wu
=
0

NI
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vehicle movements: Six signalized vehicle movements (1 through 6),
four free right-turn movements (9 through 12), and two Bus Rapid
Transit (BRT) movements (7, 8), operating on dedicated bus lanes
(marked in red). In addition, there are eight signalized pedestrian
crosswalks (a through h) and four unsignalized ones (i through 1). It
currently operates an actuated traffic signal plan that uses presence
detectors on all signalized vehicle movements for both extension (E1,
E2, E3, E4, E5, E6) and demand (D2, D5) tasks. The extension detectors
are located between 6 and 24 meters upstream of the intersection.
Demand detectors are placed at the intersection’s stop lines. In addi-
tion, each BRT lane contains three presence detectors: two upstream
detectors (150 to 600 m) to detect approaching BRT vehicles, and one
downstream used to cancel priority once BRT vehicles cross the stop
line.

The design traffic flows, also shown in Fig. 13 are based on traffic
count measurements in the morning peak hour (7:00 to 8:00 a.m.).

Deganya St.

2 o
’ 2.
El= :
ES
— =
-_— 2z
1 =
101 [
9

Achi Eilat St.

e
3]s

Fig. 13. Detailed layout of the case study intersection, illustrating movement and detector placements.

Fig. 14. Case study intersection modeling by the microscopic simulation model Aimsun.
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12 BRT vehicles per hour arrive in each direction (movements 7 and
8). Estimation of pedestrian flow was done using CCTV (closed-circuit
television) camera data. The pedestrian flow was set at 25 pedestrians
crossing the intersection per hour, from each side.

Although the current study focuses on isolated intersections, the
proposed framework can be adjusted to handle coordinated intersec-
tions. This can be achieved by simultaneously evolving signal plans for
multiple adjacent intersections, using the same grammar-based repre-
sentation to encode and optimize full signal plans. Such an extension
would involve modifying the grammar to allow encoding of multiple
intersections within a single chromosome. Similar to the system devel-
oped in [19], where the timing parameters of adjacent intersections
were simultaneously optimized to improve corridor performance and
achieve coordination, the proposed approach would enable the opti-
mization of the full signal plan structure, including timing parameters,
phase sequences, detectors placement, and priority rules.

4.2. Experiment

The experiment consisted of two steps: generating two different con-
trol plans using the proposed system and evaluating them using an in-
dependent traffic simulation model. The second step also incorporated
comparing these new plans with the existing plan.

The first new signal plan was developed using the peak hour vehicle
flows shown in Fig. 13, and the other one was generated by increasing
these flows by 20% to assess the ability of the proposed system to
generate signal control plans that maintain robust performance under
different traffic conditions, particularly extreme ones. In the optimiza-
tion process for the two new plans, the objective function value of
candidate plans was estimated using ten parallel MESCOP replications.

The performance of the three control plans (existing and the two au-
tomatically designed) was then independently evaluated, separate from
the optimization process. For this purpose, AIMSUN [63], a microscopic
traffic simulation model, was used as the evaluation environment,
illustrated in Fig. 14. Twenty simulation replications were employed
in the evaluation.

From this, it can be concluded that the optimization process of the
new traffic signal plans is carried out offline using the proposed system.
However, their operation is online, executing logic functions such as
phase extension, termination, skipping, and priority actions based on
real-time traffic flow data (in this case, using AIMSUN).

5. Results and discussion
5.1. Automatically designed signal plan

The convergence of the automatic design process is shown in Fig.
15, which graphs the average person delay of the best solution in each
generation. The optimal signal plan was obtained in generation 49. The
entire optimization process, with 80 generations and 400 chromosomes
in each, took approximately 18 h to complete. In comparison, manual
design typically requires significantly more time and effort, often repre-
senting days’ worth of expensive person-hours from experienced design
engineers. In addition, the required time can extend well beyond that,
depending on the skill level of the designer, intersection complexity,
agency coordination, and the inclusion of advanced functions. In con-
trast, the proposed method incorporates such considerations directly
into the optimization problem, such as the inclusion of pedestrian
pushbuttons and cycle length constraints.

Compared to the existing plan, the automatically designed plan
reduced the average person delay by 25% (from 39.8 to 29.8 s) and
the maximum queue length by 35% (from 11.2 to 7.3 vehicles). These
improvements were statistically significant (p— value < 0.001). Reduced
delays are due to a reduction in vehicles (—=27.9%, p — value < 0.001)
and pedestrian (—42.8%, p — value < 0.001) delays. This reduction was
accompanied by a marginal increase (4.9%, p — value = 0.502) in BRT
delays. Thus, the improvement in delays for vehicles when using the
automatically designed plan mainly result from reducing the adverse
consequences of priority activities that affect them.
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Fig. 15. Convergence properties of GE in the optimization process for design-
ing a new signal plan with base flows.

5.2. Automatically designed signal plan with increased vehicle flows

Fig. 16 graphs the average person delay of the best solution in each
generation during the optimization process for designing a new signal
plan with increased vehicle flows. The optimal signal plan was obtained
in generation 28. The entire optimization process, with 80 generations
and 400 chromosomes in each, took approximately 18 h to complete.
Accordingly, this is similar to the time taken to generate the signal plan
with base flows, demonstrating that increasing the traffic flows does not
significantly affect the optimization time, indicating that the proposed
system is still efficient under challenging traffic conditions.

60
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Fig. 16. Convergence properties of GE in the optimization process for design-
ing a new signal plan with increased vehicle flows.

To effectively manage the increased vehicle flows, particularly at
the through movement 4, which spills back and blocks the left turn
movement 5, as shown in Fig. 17, the phase sequence in this plan
was modified compared to the automatically designed plan with base
vehicle flows. As illustrated in Fig. 18, this modification included
swapping the order of phases A and B to activate phase B first. This

1

Fig. 17. Visual analysis of queue spillback and its impact on adjacent move-
ments.
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Increased flows

Fig. 18. Reordering phases A and B to mitigate queue spillback issues.

way, movement 4 queues that had accumulated during the red light
are cleared first, allowing left-turning vehicles to join the queue of
movement 5 in preparation for the next phase.

In the automatically designed plan with increased vehicle flows,
the average person delay and the maximum queue length increased
by 43% (from 29.8 to 43.6 s, p — value < 0.001) and 78% (from
7.3 to 13 vehicles, p — value < 0.001), respectively, compared to the
plan designed for base flows. However, compared to the existing plan,
that was manually designed based on the base flows — the average
delays and the maximum queue length increased only by 7% (from
39.8 to 43.6 s, p-value = 0.011) and 16% (from 11.2 to 13 vehicles,
p—value = 0.024). This slight increase occurred despite the vehicle flows
growing by 20%, of which the vehicle flows accounted for 78% of the
total road users. These findings demonstrate the ability of the proposed
system to generate automatically effective signal control plans under
increasing traffic demands.

6. Conclusion

This paper presented a method for automatic traffic signal plan de-
sign. It is based on grammatical decoding and evolution of vector-coded
signal plans. The developed grammar provides a generic mechanism
to represent a wide range of actuated signal plans for different inter-
section layouts. Furthermore, the grammar can be easily customized
to satisfy various design requirements (e.g., using alternative detection
technologies). Within the optimization framework, candidate plans are
evaluated using a traffic simulation model. The automated design can
generate actuated signal control plans with transit priority without
requiring human intervention.

The automated design process was demonstrated with a case study.
The results show significant improvements in the average person delay
compared to the existing plan. Moreover, the automated design could
successfully replace the work of experienced traffic engineers at a
lower cost, with less effort, and in lower design time. The results also
demonstrate that the proposed method remains effective in terms of
performance and running times under challenging traffic conditions.
Future research in this direction may expand the application to other
intersection configurations or to systems of coordinated intersections,
particularly those incorporating transit-priority functions, and investi-
gate techniques for improving running time and overall computational
efficiency. In addition, alternative grammar-based optimization meth-
ods could be explored to further enhance search efficiency relative to
the evolutionary approach used in this study.
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Appendix A. Code availability

The source code used in this study is publicly available at the
following GitHub repository:
github.com/mahmudkeb/GE-Traffic-Signal-Control

Appendix B. Simulation video materials

To support the findings presented in this study, four videos have
been provided and are available at the following link: https://drive.
google.com/drive/folders/1JBVqb4oYniKOdm2rIX6uNPrKO_WVynDO?
usp=sharing

The videos include:

+ A 3D animation of the simulated intersection;

+ A video of the existing (manual) signal plan in operation;

+ A video of the automatically generated signal plan;

+ A video illustrating the application of transit signal priority.

These materials are intended to help visualize the behavior and
impact of different signal control strategies discussed in the paper.

Data availability

No data was used for the research described in the article.
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