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Abstract
Traffic congestion is an extremely common phenomenal issue; it occurs in many cities around the world, especially in 
those cities with high car ownership. Traffic congestion not only causes air pollution and fuel wastage, but it also leads to 
an increased commuting time and reduces the work time availability. Due to these reasons, traffic congestion needs to be 
controlled and reduced. The traffic light is the most widely adopted method to control traffic; however, most traffic lights 
in use are designed based on the pre-defined interval, which cannot cope with traffic volume change very well. Therefore, 
Internet of Things (IoT)-based traffic light or adaptive traffic light systems are developed in the recent years as a complement 
of the traditional traffic lights. The adaptive traffic light can be built based on monitoring current traffic situation or using 
vehicle-to-vehicle and vehicle-to-infrastructure communication. This paper proposes a new design of adaptive traffic light, 
this traffic light system is based on fuzzy logic, and it introduces for the first time the use of volunteer IoT agent mechanism, 
which introduces more accurate results. To note that the presented work in this paper is the extended version of the work 
presented in (Hewei et al. in Fuzzy-logic approach for traffic light control based on IoTtechnology, 2021).
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Introduction

Traffic congestion refers to the phenomenon of a road traffic 
bottleneck that produced by heavy car’s traffic that head-
ing to congested intersections with a slow speed. This case 
is usually occurring during rush hours and holidays. This 
situation often occurs in major metropolitan areas around 
the world, areas with high automobile usage, and highways 
connecting two cities.

Frequent traffic congestion leads to an increased commut-
ing time and it reduces the time available for work, result-
ing in economic losses due to workers’ delay getting their 
working places on time, delay of delivering goods on time, 
and so many other factors. It also causes drivers to feel irri-
tated and impatient, which increases their stress and further 
damages their health. To a certain extent, traffic congestion 
is also a waste of fuel and pollution: engines keep running 
during traffic congestions, which consume extra fuel, and at 
the time of congestion, drivers always accelerate and brake 
back and forth, which further increases fuel consumption. 
Traffic congestion therefore not only wastes energy, but also 
causes air pollution.

To manage vehicles on the road more efficiently and to 
keep safety of both pedestrians and vehicles, a contraption 
was put up on a busy thoroughfare in the UK in London, 
England in 1868, this contraption was composed of a revolv-
ing lamp fixture, and the lanterns were managed by opera-
tors, and their lights were mainly powered by natural gas. 
This is known as the first traffic light in human history [4]. 
With the time goes by, industrial and manufacturing level 
has grown tremendously; the number of vehicles has also 
grown rapidly. According to a report released by research 
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house Bernstein, the global number of cars on the road will 
double by 2040, and it will reach the 2 billion marks by that 
time [10].

Nowadays, the most widely adapted traffic management 
method is using traffic light in traffic junctions; in most of 
the time, traffic light can manage traffic orderly, but in some 
cases, traffic officers also have to manage traffic junction in 
person when traffic light cannot handle heavy traffic flow 
well. This is due to the fact that most of the traffic lights 
in use today are based on a pre-defined time interval. This 
time interval is derived from observation on the local traffic 
condition and expert experiences, which they can handle 
normal traffic flow well; but in the real life, traffic condi-
tion is not predictable. In other words, traffic condition is 
a random parameter and likely to change often. Therefore, 
a simple pre-defined traffic light interval is not enough to 
handle traffic situation perfectly in the real life.

Scientists and researchers have done many research studies 
to pursue a better solution to the problem. One of the possible 
solutions is the adaptive traffic light. An adaptive traffic light 
system employs techniques like image processing and sensor 
detecting to analyze current traffic flow dynamically, and then 
make a decision on how to adjust traffic light interval accord-
ingly to optimize traffic efficiency in a traffic junction. Another 
possible solution is using inter-vehicle and inter-infrastructure 
communications; however, this method is less feasible, because 
it is very expensive to implement, as it enquires many hardware 
components to support its functionality.

In this paper, a design of adaptive traffic light is proposed, 
this traffic light system is based on fuzzy logic, and it intro-
duces for the first time the use of volunteer IoT agent mecha-
nism to make sure that the system gives a more accurate 
result, as introduced earlierin [8]. The proposed adaptive 
traffic light system will use sensors to monitor current traf-
fic situation at a traffic junction and collect data like traffic 
saturation and queue length from the sensors. The system 
also takes volunteer IoT-based agent’s feedback on traffic 
situation as another input. Inputs will be fed into a developed 
fuzzy logic control algorithm. The output of the system is 
a variable named Green Time, which indicates the duration 
of next traffic light green phase. We envisage that using our 
proposed system will facilitate traffic management unit in 
smart cities with an application for smart and adaptive traffic 
management mechanism. Our proposed system helps them 
in making automated and prompt responses to such dynamic 
traffic situation and mitigate possible congestion.

Related Work

There are many studies, which have examined different 
methods on traffic management. The authors of Ref. [5] pro-
posed a traffic congestion detection system in their paper; 

their system consists of I2I (infrastructure-to-infrastructure) 
communication method, V2I (vehicle-to-infrastructure) 
communication method, V2V (vehicle-to-vehicle) com-
munication method, and big data cluster. The system uses 
above-mentioned three communication method to collect all 
the vehicular information such as vehicle’s latitude, vehicle’s 
longitude, and vehicle’s speed. Then, data are encapsulated 
in DATA packets using the LORA-CBF algorithm and trans-
mitted to the big data cluster. In big data cluster, received 
data are interpreted and further analyzed using algorithm 
based on Binary Traffic Output (BTO) algorithm proposed 
by Gupta et al. [7] to identify potential traffic events such as 
traffic congestion and traffic accident. Similar work has been 
done in Milanes et al. [11]; this proposed system employs 
V2I communication technology based on WAVE IEEE 
802.11p standard and uses fuzzy logic to coordinate vehi-
cles on the road. Fuzzy control system considers each vehi-
cle’s comfortable and safe distance and speed adjustment to 
prevent collisions in advance and improve traffic flow. This 
traffic management system is capable of analyzing received 
information and sending warning or recommendation com-
mands to the vehicles.

As mentioned above, the adaptive traffic light is a promis-
ing method to manage traffic flow due to its feasibility and 
relatively low cost. Compare adaptive traffic light to I2I, V2I, 
and V2V communication technologies; adaptive traffic light 
system requires fewer resources. In the above-mentioned 
three communication technologies, to achieve communication 
between vehicles and infrastructures, additional communica-
tion module or detection module is required to be installed 
in the vehicles, which is not feasible in the real life; there is 
an enormous number of vehicles in the real life. However, an 
adaptive traffic light system does not require these extra mod-
ules. Therefore, many researchers have research in this area.

In the article [1], authors built an IoT-based traffic junc-
tion model, with several ultrasonic sensors placed on sides 
of road to count the number of cars and connect sensors 
to Arduino microcontroller, and then, data are transmitted 
to Raspberry Pi3 microcontroller through Wi-Fi module, 
where analysis been carried out. The traffic was categorized 
as heavy and normal traffic, as well as based on the traffic 
density; traffic signal time has been changed accordingly. 
Azura et al. have conducted a research on adaptive traffic 
light system using MATLAB simulation; in their research 
paper [2], they developed a fuzzy traffic controller based 
on vehicles queue length and waiting time at current green 
phase. They compared fuzzy traffic controller (FTC) with 
vehicle-actuated controller (VAC), and found that the fuzzy 
controller distinctly reduces average waiting time, average 
queue length, and delay time. In another research done by 
authors of Ref. [12], it divides the status of intersections 
into four categories. Then, based on the evaluation of the 
status, it adopts a fuzzy reasoning method to evaluate the 
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traffic operation status of intersections and formulate corre-
sponding traffic management method for traffic congestion. 
Table 1 compares the differences between above-mentioned 
studies including our proposed method.

As we can see from the above table, most of the studies 
use fuzzy logic as a control algorithm. Fuzzy logic is one 
of Artificial Intelligence (AI) techniques aims at imitating 
the way human intelligence think and solve problems; it can 
handle situations where the available information is impre-
cise and vague [3]. Therefore, it is suitable for a traffic light 
control system.

Proposed Method

Since traffic congestion has many negative influences on 
people’s daily life, the objective of this paper is to build 
a traffic light control system based on fuzzy logic. The 

system should be able to determine the duration of traffic 
light’s green time based on given inputs, which are traffic 
saturation, queue length, and traffic status from volunteer 
IoT agent. The system will monitor traffic condition during 
current traffic light cycle (one traffic light cycle contains 
three different phases, green-light phase, yellow light phase, 
and red-light phase), and then, the system will adjust the 
duration of green-light phase in the next traffic light cycle. 
Eventually, this system can help to improve traffic efficiency 
in a traffic junction and manage traffic more effectively by 
adjusting traffic light’s green time. Figure 1 shows how sys-
tem’s architecture at a traffic junction.

In Fig. 1, four sensors are deployed on the side of the 
road. Vehicles count sensor is placed right next to the traffic 
light. During the green-light phase, every time a car passes 
through the intersection the movement can be captured by 
this sensor. The total vehicle count is the actual traffic vol-
ume in the intersection, after getting the total vehicle count; 

Table 1  Comparison of existing work crossed with proposed method

Reference number Implementation scenario Input parameters Control algorithm

[5] I2I, V2I, V2V communication Time between iterations
Speed thresholds
Queue length thresholds

Algorithm based on BTO algorithm

[11] V2I communication Errors in the distance (actual and reference 
distances between vehicles),

Errors in the speed (the actual and recom-
mended speeds)

Fuzzy logic

[1] Ultrasonic sensor Car count Based on number of cars, adjust 
traffic signal time

[2] MATLAB simulation Waiting time,
Vehicles queue length at current green phase

Fuzzy logic

[12] Simulation based on the real-
world intersection

Traffic saturation,
Queue length,
Delay time

Fuzzy logic

Our proposed method MATLAB simulation Traffic saturation,
Queue length,
Traffic status from volunteer IoT agent

Fuzzy logic

Fig. 1  Working scenario of the system
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this value is then used to calculate traffic saturation, which 
is explained in the section “Traffic Saturation”.

Pre-threshold, threshold, and post-threshold sensors are 
used to detect vehicle queue length during the red-light 
phase. If queue length ≤ 40 M, the pre-threshold sensor will 
be triggered. If (40 M < queue length < 60 M), the threshold 
sensor will be triggered. While, if the queue length ≥ 60 M, 
the post-threshold sensor will be triggered.

Also, in Fig. 1, there are two volunteer IoT-based agents 
at the intersection, volunteer agents can observe and evalu-
ate traffic situation and send traffic situation value (e.g., 
minor congestion, server congestion) to the control system, 
and details of volunteer agent are discussed in the section 
“Traffic Status from Volunteer IoT Agent”. In the real life, 
there can be multiple volunteer IoT agents in one intersec-
tion observe and send traffic situation data at the same time. 
However, this paper will assume only one volunteer IoT 
agent is allowed. Another assumption in the paper is that 
there are no turns involved, only straight through traffic, 
vehicles can only move from East to West or from North to 
South, as shown in Fig. 1.

Since the proposed method in this paper is built using 
simulation, all the inputs will be retrieved from a created 
input file; input file contains pre-defined possible values for 
inputs variables. Input files for each parameter are discussed 
in the section “Design of Fuzzy Inference-Based Traffic Sat-
uration, Queue Length, and Traffic Status from Volunteer 
IoT Agent”.

Design of Fuzzy Inference‑Based Traffic Saturation, 
Queue Length, and Traffic Status from Volunteer IoT 
Agent

The fuzzy inference system (FIS) consists of fuzzification, 
knowledge base (membership functions and fuzzy rules), 
and defuzzification [6]. FIS takes crisp inputs and converts 
them into fuzzy inputs by using membership functions, and 
then, it combines fuzzy inputs together to come up with a 
fuzzy output based on fuzzy rules and output membership 
functions. Figure 2 [6] illustrates the workflow of fuzzy 
inference system in this paper.

Fuzzification of Inputs and Outputs

The fuzzy inference system takes three inputs, which are 
discussed in detail by the following sub-sections.

Traffic Saturation

This input metric indicating the degree of saturation of an 
intersection under traffic signal control is a measure of how 
much demand it is experiencing compared to its total capac-
ity. Road saturation refers to the ratio of actual traffic volume 

and capacity of the road; it can be represented byx , and cal-
culated using equation x = q

Q
 , where q is actual traffic vol-

ume and Q is total capacity. x can be any value between 0 
and 1. If x is greater than 0.9, the traffic condition at the 
intersection deteriorated sharply, and traffic congestion is 
very likely to occur [12]. In this paper, the total capacity of 
the intersection is assumed to be 100 ( Q = 100 ), which 
means during one green-light phase, the maximum number 
of vehicles to pass the intersection is 100. Membership func-
tion of traffic saturation is shown in Fig. 3. Y-axis indicates 
the degree of membership; X-axis indicates traffic saturation 
during the current green-light phase.

Input file for traffic saturation is named Green Phase Car 
Count Input File; this file contains all the integer numbers 
from 0 to 100; in each green-light phase, system will ran-
domly retrieve one number from the file as the actual traffic 
volume (e.g., q = 50 ) during that green-light phase, and 
then, q is substituted into equation x = q

Q
 to calculate road 

saturation x.

Queue Length

The queue length input metric refers to the length of space 
occupied by the stopped vehicles; it can reflect the traf-
fic flow at the intersection. It is of great significance for 

Fig. 2  Computation of output green time

Fig. 3  Membership function for traffic saturation
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evaluating the operation status of the intersection, meas-
uring the severity of traffic congestion, and evaluating the 
existing signal timing plan. In general, the more severe the 
congestion, the longer the length of the queue. The member-
ship function of traffic saturation is shown in Fig. 4. Y-axis 
indicates the degree of membership; X-axis indicates queue 
length which is measured in meters.

As mentioned above, pre-threshold, threshold, and post-
threshold sensors are used to detect vehicle queue length. 
If the pre-threshold value is triggered, it is considered as 
normal traffic condition; if the threshold is triggered, it is 
considered as minor congestion; if the post-threshold value 
is triggered, it is considered as severe congestion.

Input file for queue length is named Queue Length Input 
File, as indicated in Fig. 4, the minimum queue length is 
0 m, and maximum queue length is 100 m. Therefore, this 
file contains all the integer numbers from 0 to 100; during 
each red-light phase, the system will randomly retrieve one 
number from the file as queue length during that red-light 
phase.

Traffic Status from Volunteer IoT Agent

Traffic information will also be gathered from volunteer 
agents, which could be any person from nearby traffic junc-
tion; they can observe and provide traffic situation informa-
tion to the control system by mobile application. With the 
help of volunteer agents, the system takes account of nearby 
traffic junctions. For example, in case both current and next 
traffic junctions are having severe congestion, if the control 
system gives green light to current traffic junction, vehicles 
from current traffic junction will flood into next traffic junc-
tion and cause even worse traffic congestion. One solution 
can be extending the green time in the next junction to clear 
out vehicles, while current traffic junction can extend red 
time to hold vehicles, after the vehicles in the next junction 
have been cleared out, the current junction can open green 
light to let vehicles to pass. However, in this paper, we will 
assume that all volunteer agents come from current junction, 
which means that the system will only consider traffic situa-
tion at the current intersection.

Volunteer agent uses a scale of 1–5 as an indication of the 
traffic situation: 1 stands for no congestion, while 5 stands 
for severe congestion. Meanwhile, a trust level is assigned 
to each volunteer agent. Trust levels have values of high, 
medium, and low trust level; each trust level has its own 
weight, high = 20, medium = 15, and low = 10.

Calculation of a volunteer agent’s value involves follow-
ing steps:

Step 1: volunteer agent provides a number (e.g., 4) to 
indicate current traffic situation.

Step 2: system identifies volunteer agent’s trust level 
(e.g., medium).

Step 3: multiply number provided in step 1 (in this 
case = 4) with the corresponding weight associated with trust 
level (in this case = 15), 4 × 15 = 60.

The result of step 3 (which is 60 in this case) is then used 
to evaluate traffic situation using membership function, as 
shown in Fig. 5.

Traffic status from volunteer agent has two input files; 
one file is called Volunteer Agent Value Input File, which 
contains integer numbers from 1 to 5; these numbers are 
used by volunteer agent as a scale to indicate traffic situa-
tion. Another file is called Volunteer Agent Trust Level Input 
File, since there are three trust levels, high, medium, and 
low. Thus, this file contains 3 numbers 20, 15, and 10; each 
number represents high trust level, medium trust level, and 
low trust level respectively. During each green-light phase, 
the system will randomly choose one number from each file 
to calculate volunteer agent’s value.

The output of the system is a variable called GreenTime, 
which indicates how long the green traffic light will glow 
on next traffic light cycle. Membership function for output 
is shown in Fig. 6.

In the above figure, X-axis indicates the duration of the 
next green-light phase, which is measured in seconds, and 
maximum duration is 120 s.

Fuzzy Inference Engine

This section explains how fuzzy rules are derived. Fuzzy 
inference engine consists of a group of rules. There are three 
input parameters in this paper; both traffic saturation and 

Fig. 4  Membership function for queue length

Fig. 5  Membership function for traffic status from volunteer agent
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traffic status from volunteer agent have four membership 
functions, so they both have four possible values: normal, 
minor congestion, medium congestion, and server conges-
tion. The other input, queue length, has three membership 
functions, so it has three possible values: normal, minor 
congestion, and server congestion. Therefore, there are 
4 × 4 × 3 = 48 rules in total.

First, since all the inputs have the same weight, and order of 
inputs does not matter, thus, 48 rules can be classified into 19 
different patterns, each pattern is assigned with an output value 
as shown in Table 2. This table is then used to identify output 
for each rule. Note that Table 2 lists only 19 combinations of 
the total of 48 rules just for the demonstration purposes.

According to Table 2, assign a proper output value to each 
rule, rules belong to the same pattern should have the same 
output. For example, rule No. 20 in Table 3, its first and second 

inputs have the value of minor congestion, its third input has 
the value of server congestion, and rule No. 22, as shown in 
Table 3, its first and third inputs have the value of minor con-
gestion, and its second input has the value of server congestion. 
Both rules belong to pattern No. 9, because they both have two 
minor congestion inputs and one server congestion input. Thus, 
their outputs are both medium extensions. Forty-eight rules 
with clearly defined inputs and output and the first 22 rules are 
listed in Table 3 for the demonstration purposes. The complete 
set of rules were listed in Appendix A.

Based on the above-defined rules and membership 
functions, Figs. 7, 8 and 9 depict the correlation behavior 
between the input and output variables.

From the above figures, we can see that when both inputs 
variables indicate a normal traffic condition or minor con-
gestion; the output variable Green Time stays in a very low 
level, which is the normal or short extension. However, as 
both input variables’ value increase, the output variable’s 
value will also increase gradually, and it will reach its peak 
when both input variables indicate server traffic congestion.

Defuzzification

Defuzzification is the process of transforming the fuzzy out-
put obtained by the inference engine into a crisp value. In 
this paper, centroid defuzzification method is used. Centroid 
method returns the center of the area under the fuzzy set 
obtained from fuzzy inference engine.

Internal Design

Figure 10 shows internal design of the whole system.
Adaptive traffic light system consists of a main class, a 

fuzzy inference system, an interface file, a get input class, 
and four input files. Main class controls traffic light cycles 
and retrieves input data from input files using data retriev-
ing method in getInput class, and feed data, which are traffic 
saturation, queue length, and traffic status from volunteer 
agent, into fuzzy inference system, fuzzy inference system 
will return an output which is green time, and then, main 
class will update user interface according to green time.

To further explain system’s workflow, Fig. 11 is used to 
illustrate how system gets inputs and calculate output values, 
and how output values are used in the traffic light cycles.

As we can see from Fig. 11, in the 1st intersection traf-
fic light cycle. During the North–South (NS) green time, 
the system will get NS traffic saturation data and NS traffic 
status from volunteer agent. Since NS is green, East–West 
(EW) should be red, and vehicles queue up during red time, 
so during NS green time, system also gets EW queue length 
data. Same things happen during the EW green time; system 
will get EW traffic saturation data, EW traffic status from 
volunteer agent, and NS queue length data.

Fig. 6  Membership function for green time

Table 2  Classification of fuzzy rules

Pattern 
number

Input value Output

1 3 normals Normal
2 3 minors Short extension
3 3 servers Long extension
4 2 normals, 1 minor Normal
5 2 normals, 1 medium Short extension
6 2 normals, 1 server Short extension
7 2 minors, 1 normal Short extension
8 2 minors, 1 medium Medium extension
9 2 minors, 1 server Medium extension
10 2 mediums, 1 normal Short extension
11 2 mediums, 1 minor Medium extension
12 2 mediums, 1 server Medium extension
13 2 servers, 1 normal Long extension
14 2 servers, 1 minor Long extension
15 2 servers, 1 medium Long extension
16 1 normal, 1minor, 1 medium Short extension
17 1 normal, 1minor, 1 server Medium extension
18 1 normal, 1 medium, 1 server Medium extension
19 1 minor, 1 medium, 1 server Medium extension



SN Computer Science (2021) 3:68 Page 7 of 15 68

SN Computer Science

The system can only start calculating output Green Time 
(within the range between 1 and 100 s as shown in Figs. 8, 
9, 10), after getting all the above-mentioned input data, 
which means that the system will need two green times to 
get all the required input data. Therefore, first two green 
times are set to 10 s for initializing purpose. After retriev-
ing data, fuzzy inference system returns output m which is 
the duration of NS green time, and n which is the duration 
of EW green time, and then, m and n are fed into the 2nd 
intersection traffic light cycle. In the 2nd intersection traf-
fic light cycle, NS green light will glow for m seconds, and 

EW green light will glow for n seconds, data retrieving 
process is the same as the 1st intersection traffic light cycle, 
and fuzzy inference system returns new m and n values, 
then feed them into 3rd intersection traffic light cycle, and 
process of retrieving data and calculating output will be 
repeated.

External Design

A user interface has also been developed for visualizing 
purpose. With the help of simulation, people can better 

Table 3  Knowledge structure 
based on fuzzy rules

Rule Traffic saturation (input) Queue length (input) Traffic status from vol-
unteer agent (input)

Green time (output)

1 Normal Normal Normal Normal
2 Normal Normal Minor congestion Normal
3 Normal Normal Medium congestion Short extension
4 Normal Normal Severe congestion Short extension
5 Normal Minor congestion Normal Normal
6 Minor congestion Normal Normal Normal
7 Minor congestion Normal Minor congestion Short extension
8 Minor congestion Normal Medium congestion Short extension
9 Minor congestion Normal Severe congestion Medium extension
10 Minor congestion Minor congestion Normal Short extension
11 Medium congestion Normal Normal Short extension
12 Medium congestion Normal Minor congestion Short extension
13 Medium congestion Normal Medium congestion Short extension
14 Medium congestion Normal Severe congestion Medium extension
15 Medium congestion Minor congestion Normal Short extension
16 Medium congestion Severe congestion Severe congestion Long extension
17 Severe congestion Normal Normal Short extension
18 Severe congestion Normal Minor congestion Medium extension
29 Severe congestion Normal Medium congestion Medium extension
20 Severe congestion Normal Severe congestion Long extension
22 Severe congestion Minor congestion Normal Medium extension

Fig. 7  Correlation between inputs (queue length and traffic satura-
tion) and output fuzzy variables Fig. 8  Correlation between inputs (traffic saturation and traffic status 

from volunteer agent) and output fuzzy variables
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understand how the system works and see what is happen-
ing right now.

Figure 12 is the front screen of the system, which is rep-
resenting the main entrance of the program; starting screen 
shows the method’s title and some explanations about the 
proposed technique and its parameter settings. When the 
Start button is clicked, the callback function of the Start but-
ton will be invoked, new simulation screen will be showing, 
and the system will start running.

Figure 13 is the simulation screen before the program 
starts running; there are two traffic direction, North–South 
traffic and East–West traffic. Each traffic direction has its 
own traffic light, which are North–South Traffic Light and 
East–West Traffic Light. Traffic Saturation NS/EW, Queue 
Length NS/EW, and Volunteer Agent Value NS/EW text 

boxes are used to display values of input data. Duration of 
the current traffic light is displayed on the top right.

Figure 14 shows what will the simulation screen look 
like after the program is running and the pre-threshold sen-
sor is triggered. A green arrow is showing to indicate the 
current green-light direction, which is East–West traffic, so 
the duration of East–West green light is displayed on the top 
right; this duration is calculated based on Traffic Saturation 
EW, Queue Length EW, and Volunteer Agent Value EW; 
however, since currently East–West direction is green light; 
thus, Queue Length EW is set to zero.

On the red-light side, images of vehicles are showing to 
indicate vehicle queue, and next duration of North–South 

Fig. 9  Correlation between inputs (queue length and traffic status 
from volunteer agent) and output fuzzy variables

Fig. 10  System internal design

Fig. 11  Inputs retrieving and output deriving process

Fig. 12  Starting screen
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green light will be calculated based on current Traffic Sat-
uration NS (0.75), Queue Length NS (21), and Volunteer 
Agent Value NS (60).

If the pre-threshold sensor is triggered, two vehicles will 
be shown, if the threshold sensor is triggered, four vehicles 
will be shown; if the post-threshold sensor is triggered, six 
vehicles will be shown. Figures 15 and 16 show the case 
when the threshold and post-threshold sensors are triggered.

Results

There are many ways to evaluate performance and effective-
ness of traffic light control system, such as observing how 
queue length has reduced over traffic light cycles, calculating 
the waiting time of vehicles, and measuring vehicle speed 

as they drive through the intersection. Method of observ-
ing queue length and see if it is reduced is not feasible in 
this paper, because main control algorithm of this paper 
retrieves new queue length data in every traffic light cycle, 
which means that two consecutive queue length data are 
independent on each other, and current queue length does 
not have any relationship with its prior queue length data, 
so we cannot tell whether the queue length has reduced or 
not. Measuring vehicle speed is not feasible in this paper 
neither, because this developed simulation does not support 
measuring vehicle speed.

Therefore, this paper evaluates performance and effec-
tiveness of traffic light control system by calculating average 
waiting time of vehicles, waiting time is how long vehicles 
have to wait before they can pass through the intersection. To 
calculate average waiting time, two parameters are required, 
one is the number of cars and another one is total waiting 
time.

To get the number of cars, assume the length of a car is 
5 m, and then, we used the current queue length divide by 5 
to obtain the possible number of cars in traffic light’s queue. 

Fig. 13  Simulation screen before program running

Fig. 14  Simulation screen with pre-threshold sensor triggered

Fig. 15  Simulation screen with threshold sensor triggered

Fig. 16  Simulation screen with post-threshold sensor triggered
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Total waiting time can be calculated by adding together all 
the green time and time used to switch from green to red, 
which is the duration of yellow light, each time a traffic light 
switches from green to red, yellow light will glow for 2 s. 
Therefore, East–West total wait time = North–South total 
green time + 2, and North–South total wait time = East–West 
total green time + 2.

Executing the program for 500, 1000, 1500, 2000, 2500, 
3000, 3500, and 4000 traffic light cycles to see system’s 
performance in both short-term and long-term condition. 
The results of the testing were captured for 30 runs, and the 
average was taken for each individual scenario and is shown 
in Fig. 17. The statistically analysis proves the robustness of 
the proposed approach in maintaining the average waiting 
time using our proposed adaptive traffic light system.

As we can see from Fig.  17, both East–West and 
North–South average waiting time vary between 6.1 and 
6.7 s. The longest waiting time in East–West traffic is 6.64 s, 
while in North–South traffic, longest waiting time is 6.58 s, 
and the shortest waiting time in East–West and North–South 
traffic are 6.20 and 6.18 s respectively. Although the number 
of traffic light cycles has increased a lot, the average wait-
ing time does not change too much, so we can say that the 
number of traffic light cycles does not affect average waiting 
time.

To quantitatively evaluate the testing result, the Highway 
Capacity Manual 2010 [13] is used as a comparison, and 
HCM 2010 is a publication of the Transportation Research 
Board of the National Academies of Science in the United 
State, which has categorized signalized intersections to dif-
ferent Level of Service (LOS) by control Delay. LOS and 
control delay defined in this manual are summarized in 
Table 4 [13]. Control delay is the result of a control signal 
causes vehicles to reduce speed or to stop; the inherent con-
cept of control delay is the same as waiting time. Therefore, 
control delay is used as a comparison with average waiting 
time.

Comparing the average waiting time per vehicle in the 
paper with HCM 2010 LOS criteria, we can see that all the 
testing results in Fig. 17 belong to LOS A group, which has 
control delay less than 10 s per vehicle. We can also see that 
testing result is stable; results only float with a small vari-
ation. Overall, the system shows a good performance and 
high efficiency.

More details on the running the developed adaptive 
fuzzy-based volunteer IoT agent mechanism for smart traf-
fic light management system are presented in Appendix A.

Discussion and Recommendation

From the presented testing and obtained results in the pre-
vious section, we can see that, overall, the proposed adap-
tive traffic light control system in this paper shows a good 
performance, since all the testing results suggest Level of 
Service A. This is because fuzzy system makes good use 
of green traffic light by adjusting the duration of green light 
according to the current traffic situation, so the green-light 
time is never wasted, such case like green light is on, but 
there are actually no vehicles on the road will not happen. 
In other words, the system maximizes effective green time, 
and minimizes waiting time. Therefore, the system can show 

Fig. 17  Average waiting time 
per vehicle

Table 4  LOS criteria for 
signalized intersections

Level of ser-
vice (LOS)

Control delay 
per vehicle (s/
veh)

A ≤ 10
B > 10–20
C > 20–35
D > 35–55
E > 55–80
F > 80
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a good performance in managing the traffic, which justifies 
the massive impact on the level of satisfaction by the traffic 
riders.

Although the system performs well, there are still several 
improvements can be done. The defined fuzzy inference sys-
tem in this paper has proofed well enough the usefulness of 
the proposed method and shown the proof of concept has 
great potential, but it is still not perfect. Some changes can 
be made to the fuzzy membership functions, such as add 
more membership function, and define membership range 
base on more experiments and expert experiences, so the 
output surface can be smoother, and the result can be more 
accurate. Another improvement can be linking all the data 
together, which means that instead of introducing new input 
values in every traffic light cycle, the system can calculate 
new input values base on previous input values, so that the 
system and the output are more authentic. For example, the 
system can obtain the next queue length value by taking 
account of the current traffic volume, queue length, and 
vehicle speed.

In the future, this adaptive traffic light system can be used 
in a broader area. It can take account of traffic condition in 
the nearby traffic junctions, so several adaptive traffic light 
systems can collaborate together and manage traffic more 
effectively. The proposed method could be integrated to the 
smart cities’ infrastructure to elevate traffic congestion points 
and avoid any traffic lights-related accidents. There are many 
installed CCTV’s and other safely and security monitoring 
infrastructure in main cities, such as London and San Fran-
cisco (insider [9]), which can be used by our proposed system 
to be integrated for smart traffic light management. Besides, 
the proposed use of volunteer agents that can be easily inte-
grated using smart mobile Apps, such as Google, associated 
application to report surrounded traffic status to be integrated 
to the proposed fuzzy inference system.

There are also some limitations that could be further 
improved in the future related to the sensitivity and scal-
ability analysis of the proposed system considering intercon-
nected huge traffic light system across relatively big cities.

Conclusion

In this paper, a fuzzy logic-based adaptive traffic light sys-
tem is proposed, and the signalized traffic model and fuzzy 
traffic controller have been developed using the MATLAB 
software. The best of our knowledge, this was the first-
time volunteer agent concept which was integrated into a 
fuzzy-based inference system for managing smart traffic 
light system based on IoT networks. The effectiveness of 
the proposed method has been tested by running the sys-
tem for 30 times and the statistical analysis has been taken 
for the obtained results to present the average waiting time 

using our proposed adaptive traffic light system. The results 
of the testing have shown that the system has a good per-
formance using the proposed system that considered traffic 
saturation, queue length, and volunteer agent traffic behav-
ior score value. Therefore, it is feasible and effective to use 
such adaptive traffic light system at a traffic junction in the 
smart cities.

As any other proposed method, there are some limitations 
as mentioned earlier, that is, the scalability and sensitivity 
of the proposed method should be further investigated and 
analyzed. For the future work, we are also planning to imple-
ment our proposed method to multi-interconnected traffic 
light networks to test the performance and study the possible 
optimization problem to be solved accordingly.

Appendix A

A. System deployment process

1. Open the project with MATLAB; after opening, fol-
lowing files will be showing:

– fuzzyInferenceSystem.fis is fuzzy logic file.
– main.m is the MATLAB file contains main con-

trol code.
– getInput.m is MATLAB file contains function 

that reads data from input files.
– g r e e n P h a s e C a r C o u n t I n p u t F i l e . m , 

queueLengthInputFile.m, volunteerAgentTrustLe
velInputFile.m, volunteerAgentValueInputFile.m 
contain input values.

– Interface.mlapp is an MATLAB App Designer 
file contains a signalized traffic model.

– StartingScreen.mlapp is an MATLAB App 
Designer file, it is the main entrance of the pro-
gram.



 SN Computer Science (2021) 3:6868 Page 12 of 15

SN Computer Science

2. Run SetartingScreen.mlapp, and this screen will be 
showing:

3. Click the Start button on the previous screen, this 
will invoke callback function of Start button, and 
this new screen will be showing; the system will 
pause 2 s before start running:

4. Initially, the system is set to five traffic light cycles, 
means each traffic light will become green five 
times, if you want to change it, open main.m file, 
find the code in line 180, and change 5 to any other 
numbers.

B. Test report
  To test the correctness of fuzzy rules and fuzzy mem-

bership functions, open MATLAB fuzzy logic designer, 
from the menu bar select surface. By checking the sur-
face of membership functions, as shown in Figs. 7, 8, 
and 9, the correctness of fuzzy rules and fuzzy member-
ship functions can be tested, surface should be as smooth 
as possible. Then use evalfis function in MATLAB to 
evaluate fuzzy inference system.

  To test performance and effectiveness of the program, 
execute system for 500, 1000, 1500, 2000, 2500, 3000, 
3500, and 4000 traffic light cycles to see system’s per-
formance in both short-term and long-term condition. 
Before executing the system, some code needs to be 
added to the main.m file.

a) Two lines of code are added to calculate total wait-
ing time:

  N S T o t a l W a i t T i m e  =  N S T o t a l W a i t -
Time + EWGreenTime + 2;

  E W T o t a l Wa i t T i m e  =  E W T o t a l Wa i t -
Time + NSGreenTime + 2;

b) Two lines of code are added to calculate total num-
ber of waiting vehicles:

  E W T o t a l W a i t C a r  =  E W T o t a l W a i t -
Car + (EWQueueLength/5);

  N S T o t a l W a i t C a r  =  N S T o t a l W a i t -
Car + (NSQueueLength/5);

  After adding the code, execute system to get results. 
The results of testing are printed in Command Window; 
testing result is shown in the following table.

Total 
number of 
traffic light 
cycles

North–
South total 
number 
of waiting 
cars

North–
South total 
waiting 
time (s)

East–West 
total 
number 
of waiting 
cars

East–West 
total waiting 
time (s)

500 5140 31,784 4947 31,735
1000 9687 63,753 9953 63,037
1500 15,348 95,664 14,605 97,016
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Total 
number of 
traffic light 
cycles

North–
South total 
number 
of waiting 
cars

North–
South total 
waiting 
time (s)

East–West 
total 
number 
of waiting 
cars

East–West 
total waiting 
time (s)

2000 20,173 129,319 20,586 129,156
2500 25,054 159,222 24,854 158,944
3000 30,493 189,613 30,161 192,223
3500 35,052 222,457 35,520 220,333
4000 39,877 255,498 40,369 253,196

  Table below lists the calculated average vehicle wait-
ing time by dividing total waiting time by total number 
of waiting cars; final results are shown in this table:

Total number of traffic 
light cycles

North–South 
average waiting 
time (s)

East–West aver-
age waiting time 
(s)

500 6.18 6.41
1000 6.58 6.33
1500 6.23 6.64
2000 6.41 6.27
2500 6.35 6.39
3000 6.21 6.37
3500 6.35 6.20
4000 6.40 6.27

  Table below lists the complete set of rules of the pro-
posed fuzzy logic inference system.

Rule Traffic 
saturation 
(input)

Queue 
length 
(input)

Traffic 
status from 
volunteer 
agent 
(input)

Green time 
(output)

1 Normal Normal Normal Normal
2 Normal Normal Minor 

conges-
tion

Normal

3 Normal Normal Medium 
conges-
tion

Short exten-
sion

4 Normal Normal Severe 
conges-
tion

Short exten-
sion

5 Normal Minor 
conges-
tion

Normal Normal

6 Normal Minor 
conges-
tion

Minor 
conges-
tion

Short exten-
sion

7 Normal Minor 
conges-
tion

Medium 
conges-
tion

Short exten-
sion

8 Normal Minor 
conges-
tion

Severe 
conges-
tion

Medium 
extension

Rule Traffic 
saturation 
(input)

Queue 
length 
(input)

Traffic 
status from 
volunteer 
agent 
(input)

Green time 
(output)

9 Normal Severe 
conges-
tion

Normal Short exten-
sion

10 Normal Severe 
conges-
tion

Minor 
conges-
tion

Medium 
extension

11 Normal Severe 
conges-
tion

Medium 
conges-
tion

Medium 
extension

12 Normal Severe 
conges-
tion

Severe 
conges-
tion

Long exten-
sion

13 Minor con-
gestion

Normal Normal Normal

14 Minor con-
gestion

Normal Minor 
conges-
tion

Short exten-
sion

15 Minor con-
gestion

Normal Medium 
conges-
tion

Short exten-
sion

16 Minor con-
gestion

Normal Severe 
conges-
tion

Medium 
extension

17 Minor con-
gestion

Minor 
conges-
tion

Normal Short exten-
sion

18 Minor con-
gestion

Minor 
conges-
tion

Minor 
conges-
tion

Short exten-
sion

19 Minor con-
gestion

Minor 
conges-
tion

Medium 
conges-
tion

Medium 
extension

20 Minor con-
gestion

Minor 
conges-
tion

Severe 
conges-
tion

Medium 
extension

21 Minor con-
gestion

Severe 
conges-
tion

Normal Medium 
extension

22 Minor con-
gestion

Severe 
conges-
tion

Minor 
conges-
tion

Medium 
extension

23 Minor con-
gestion

Severe 
conges-
tion

Medium 
conges-
tion

Medium 
extension

24 Minor con-
gestion

Severe 
conges-
tion

Severe 
conges-
tion

Long exten-
sion

25 Medium 
conges-
tion

Normal Normal Short exten-
sion

26 Medium 
conges-
tion

Normal Minor 
conges-
tion

Short exten-
sion
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Rule Traffic 
saturation 
(input)

Queue 
length 
(input)

Traffic 
status from 
volunteer 
agent 
(input)

Green time 
(output)

27 Medium 
conges-
tion

Normal Medium 
conges-
tion

Short exten-
sion

28 Medium 
conges-
tion

Normal Severe 
conges-
tion

Medium 
extension

29 Medium 
conges-
tion

Minor 
conges-
tion

Normal Short exten-
sion

30 Medium 
conges-
tion

Minor 
conges-
tion

Minor 
conges-
tion

Medium 
extension

31 Medium 
conges-
tion

Minor 
conges-
tion

Medium 
conges-
tion

Medium 
extension

32 Medium 
conges-
tion

Minor 
conges-
tion

Severe 
conges-
tion

Medium 
extension

33 Medium 
conges-
tion

Severe 
conges-
tion

Normal Medium 
extension

34 Medium 
conges-
tion

Severe 
conges-
tion

Minor 
conges-
tion

Medium 
extension

35 Medium 
conges-
tion

Severe 
conges-
tion

Medium 
conges-
tion

Medium 
extension

36 Medium 
conges-
tion

Severe 
conges-
tion

Severe 
conges-
tion

Long exten-
sion

37 Severe 
conges-
tion

Normal Normal Short exten-
sion

38 Severe 
conges-
tion

Normal Minor 
conges-
tion

Medium 
extension

39 Severe 
conges-
tion

Normal Medium 
conges-
tion

Medium 
extension

40 Severe 
conges-
tion

Normal Severe 
conges-
tion

Long exten-
sion

41 Severe 
conges-
tion

Minor 
conges-
tion

Normal Medium 
extension

42 Severe 
conges-
tion

Minor 
conges-
tion

Minor 
conges-
tion

Medium 
extension

43 Severe 
conges-
tion

Minor 
conges-
tion

Medium 
conges-
tion

Medium 
extension

44 Severe 
conges-
tion

Minor 
conges-
tion

Severe 
conges-
tion

Long exten-
sion

Rule Traffic 
saturation 
(input)

Queue 
length 
(input)

Traffic 
status from 
volunteer 
agent 
(input)

Green time 
(output)

45 Severe 
conges-
tion

Severe 
conges-
tion

Normal Long exten-
sion

46 Severe 
conges-
tion

Severe 
conges-
tion

Minor 
conges-
tion

Long exten-
sion

47 Severe 
conges-
tion

Severe 
conges-
tion

Medium 
conges-
tion

Long exten-
sion

48 Severe 
conges-
tion

Severe 
conges-
tion

Severe 
conges-
tion

Long exten-
sion
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