The Impact of Adaptive Signhal Control
on Traffic Efficiency and Environmental
Pollution

Master’s thesis in Infrastructure and Environmental Engineering

JAKUB JASINSKI
LINUS OLSSON

DEPARTMENT OF ARCHITECTURE AND CIVIL ENGINEERING

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2025
www.chalmers.se


www.chalmers.se




MASTER'S THESIS ACEX30

The Impact of Adaptive Signal Control on Traf ¢ Ef ciency and
Environmental Pollution

Master's Thesis in Infrastructure and Environmental Engineering

JAKUB JASINSKI
LINUS OLSSON

Department of Architecture and Civil Engineering
Division of Geology and Geotechnics
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2025



The Impact of Adaptive Signal Control on Traf ¢ Ef ciency and Environmental Pollu-
tion

Master's Thesis in Infrastructure and Environmental Engineering

JAKUB JASINSKI
LINUS OLSSON

© JAKUB JASINSKI & LINUS OLSSON, 2025.

Supervisors: Shaohua Cui & Kun Gao, Department of Architecture and Civil Engineer-
ing

Examiner: Kun Gao, Department of Architecture and Civil Engineering

Chalmers University of Technology, 2025

Department of Architecture and Civil Engineering
Division of Geology and Geotechnics

Chalmers University of Technology

SE-412 96 Goteborg

Sweden

Telephone +46 31 772 1000

Cover:

The Ullevigatan-Skanegatan intersection in the area of Heden, Gothenburg, Sweden.
Department of Architecture and Civil Engineering

Goteborg, Sweden, 2025
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ABSTRACT

This master's thesis investigates the impact of adaptive signal control algorithm, partic-
ularly the Max-Pressure (MP) algorithm, on traf c ef ciency and environmental pollu-
tion within urban areas. Utilizing real-world data from Gothenburg, Sweden, a simu-
lation model was developed in Simulation of Urban MObility (SUMO) to evaluate the
performance of adaptive signal control against xed-time control. The study focuses on
key metrics such as average vehicle delay, capacity, fuel consumption, and emissions of
pollutants including C@ CO, NQ,, HC, and PM. Results demonstrate that adaptive
signal control signi cantly improves traf ¢ ow, especially under high-demand condi-
tions or in the presence of incidents. The average vehicle delay was reduced by 27%
by the adaptive signal control at network level, and 38% at a single intersection. The
network capacity was increased by 15% by the adaptive signal control. Emission levels
and fuel consumption also show notable reductions, with improvement rates reaching
up to 46% at a single intersection, or up to 23% for the whole network. The ndings
exhibit the potential of adaptive signal control to support sustainable urban mobility and
provide a foundation for developing solutions that address environmental targets amid
growing traf c demands.

Keywords: Adaptive Traf ¢ Signal Control, Environmental Pollution, Max-Pressure
Control, SUMO Simulation, Traf ¢ Ef ciency



Effekten av adaptiv signalstyrning pa effektivitet och miljopaverkan
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SAMMANFATTNING

Detta examensarbete undersoker effekten av adaptiv signalstyrning, sarskilt algoritmen
Max-Pressure (MP), pa tra keffektivitet och miljéféroreningar i urbana omraden. Med
hjalp av tra kdata fran Goteborg, Sverige, utvecklades en simuleringsmodell i Sim-
ulation of Urban MObility (SUMO) for att utvardera prestandan hos adaptiv signal-
styrning jamfort med forinstalld tidsstyrning. Studien fokuserar pa nyckelparametrar
sasom genomsnittliga fordonsférseningar, kapacitet, bransleforbrukning och utslapp av
fororeningar inklusive CgQ CO, NQ,, HC och PM. Resultaten visar att adaptiv sig-
nalstyrning avsevart forbattrar tra k 6de, sarskilt under hog belastning eller vid tra k-
storningar. Den genomsnittliga fordonsforseningen minskade med 27% pa natverksniva
och med 38% vid en enskild korsning genom anvandning av adaptiv signalstyrning.
Natverkskapaciteten dkade med 15% till foljJd av den adaptiva styrningen. Utslapp-
snivaer och bransleforbrukning minskar ocksa markant, med forbattringar pa upp till
46% vid enskild korsning och upp till 23% for hela natverket. Resultaten visar att adap-
tiv signalstyrning har potential att stodja en hallbar urban mobilitet och utgora en grund
for att utveckla I6sningar som moter miljomal i takt med 6kande tra kbelastning.

Nyckelord: Adaptiv Tra ksignalstyrning, Max-Pressure-styrning, Miljoférorening, SUMO-
simulering, Tra keffektivitet
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List of Acronyms

Displayed below is a list of acronyms that are being used throughout this report, in
alphabetical order:

BEV Battery Electric Vehicle

CVv Connected Vehicles

DRL Deep Reinforced Learning

GHG Green House Gases

HBEFA Handbook Emission Factors for Road Transport

ICE Internal Combustion Engine Vehicle

ID Identi cation for intersection or number of road segment
MP Max-Pressure control

OD Origin to Destination

SUMO Simulation of Urban MObility
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1 Introduction

An increasing amount of people are moving into cities, with more than half of the
world's population now living in urban areas (Adriazola-Steil & Colin, 2013). As more
people choose to urbanize, cities must continually adapt and expand to meet the grow-
ing demand. This urban growth leads to an increase of cars on the roads. As number
of vehicles rise, traf c-related issues and problems, such as increased emissions, con-
gestion, noise pollution, and traf ¢ accidents become more severe. These issues and
problems also affect the social and economic aspects (Harriet & Poku, 2013). The
time lost by people in traf ¢ reduces productivity, which decreases social and economic
development. Therefore, it is important to nd ways to reduce traf c congestion and
waiting-times in traf c.

To work towards the goal of the Paris Agreement regarding limiting the increase of
temperature to below 2.5 degrees Celsius, the effect from transport sector needs to be
addressed. According to the European Parliament (2019), transport was responsible for
approximately one fourth of the total carbon dioxide emissions in the European Union,
of which 71.7 % originate from road transportation. This share is represented by cars
(60.6%), heavy duty trucks (27.1%), light duty trucks (11.0%) and the remaining share
consists of water navigation, civil aviation, motorcycles and other (European Parlia-
ment, 2019). As the dominating modes of transport are cars and trucks, the importance
as well as pressure for handling these modes, is of high priority when it comes to reduc-
ing the emissions. There are several ways to address these problems: reducing amount
of cars on the roads, manufacturing electric or low emissions cars, and also optimizing
the traf c signal control in urban areas with high traf ¢ volumes (Chen et al., 2011).

The city of Gothenburg is the second largest city in Sweden, and in year 2023 it faced
the largest population growth in the country (Goteborgs Stad, 2023b). The city is ex-
pected to reach a population of 713 700 until the year 2050, an increase of about 17%,
from 609 000 in year 2025 (Goteborgs Stad, 2025a). Because of this growth and the
current housing problem, additional housing needs to be constructed, speci cally be-
tween 4000 to 5000 units of housing each year until year 2030 (Goteborgs Stad, 2024).
This makes land value in Gothenburg even more critical factor than before, especially
as major changes take place in the city, such as the transformation of low-value ar-
eas like surface parking into high-value mixed-use or residential zones (Wang et al.,
2024). In this context, expanding infrastructure to address increased traf ¢ due to pop-
ulation growth becomes a less compelling solution. Instead, alternative approaches
should be considered, particularly those that do not require new infrastructure but can
be integrated into the existing urban framework. A potential solution to this issue could
involve the deployment of intelligent traf ¢ signal control systems.

Among multiple intelligent traf ¢ control approaches, adaptive traf ¢ signal control uti-
lizes existing infrastructure while addressing traf c ef ciency. Adaptive signal control
is a traf c controller that adapts based on either real-time traf ¢ conditions or histori-
cal data (Curtis, 2017). This optimizes the traf c ow of the network by reducing the
waiting time at intersections simultaneously reducing emissions from idling. There are
multiple algorithms that can be used to control the adaptive traf ¢ signals.

This master's thesis focuses on exploring how adaptive signal control impacts traf ¢
ef ciency, simultaneously decreasing environmental pollutions in an urban setting. The
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adaptive signal control method used is the Max-Pressure algorithm, which manages
traf ¢ signals based on queue lengths, operating independently at each intersection.

1.1 Literature Review

This section reviews existing traf ¢ signal control algorithms, focusing on their func-
tions and their impact on ef ciency and emissions. It concludes by summarizing gaps in
the current research and establishing the foundation for the approach used in this thesis.

1.1.1 Traf c Signal Control Algorithms

Fixed-time traf ¢ signal control remains the most widely implemented traf c manage-
ment system in urban settings (Pavleski & lvanjko, 2019). This system has predeter-
mined phase cycles which are strictly followed. The predetermined phases are based
on historical traf ¢ data of peak hours. In the study by Pavleski and Ivanjko (2019), a
comparison between adaptive and xed signal control was made in Skopje. The study
showed that the adaptive signal control outperformed the xed timing. The level of
service for the intersections was improved, queue lengths were reduced and the vehicle
throughput was increased.

In the study by Lian et al. (2021), two adaptive signal control algorithms were intro-
duced, one iterative and the other optimized (Lian et al., 2021). These algorithms use
data from probe vehicles to control signals. A proportion of non-stop vehicles is used to
indicate the traf c state based on the data from the probe vehicles. The aim is to reduce
congestion and enhance the capacity of the networks. Simulations were performed and
the results were compared to Webster's xed-time control. For the iterative algorithm,
the average travel-time is reduced by 32%, the average delay is reduced by 36% and
the average number of stops is reduced by 43%. For the optimized signal control algo-
rithm, the average travel-time is reduced by 23%, the average delay is reduced by 35%
and the number of stops is reduced by 67%. This method is designed for arterial road
coordination which means that it is uncertain how well it performs on a larger network
scale.

Ali et al. (2021) created an adaptive signal control by combining fuzzy logic with Web-
ster's formula and its modi ed version. In this way, the optimal cycle times are pro-
vided based on current traf ¢ conditions. The fuzzy logic handles uctuation in traf c
between successive cycles, and then adjust the green phase accordingly. The method
was tested and simulated using SUMO and real-world data from Kilis, Turkey. The
results show that the combination of fuzzy logic and Webster's formula outperforms
the xed time and fuzzy logic based traf c control methods, in terms of average vehicle
delay, speed, and travel-time. Fuzzy logic handles the uncertainties, however it does not
learn, meaning the algorithm does not improve over time. Ali et al. (2021) only focuses
on single intersections which means that the application of this adaptive signal control
on a network scale is unknown.

Adaptive traf c light control system for grid-like urban networks, proposed by Chen and
Cassandras (2024), considers turning vehicles, transit delays and nite queue capacities,
with potential blocking. Using a stochastic hybrid system model together with In nites-
imal Perturbation Analysis (IPA), the performance gradients are estimated, based on
real-time traf c data. Gradients send information to an online algorithm, that through
optimization adjusts signal timing in order to minimize congestion, de ned as average
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queue lengths. The method is scalable, and with simulation results that indicate im-
proved traf c ow, lesser idling, fuel consumption and emissions, show potential for
implementation (Chen & Cassandras, 2024). This algorithm uses local gradients which
could lead to the algorithm being optimized for the local demand which could lead to
less optimal results for the network.

The study by Mirbakhsh and Azizi (2024) proposes an adaptive traf ¢ signal control
system that uses a multi-objective deep reinforcement learning (DRL). Their proposed
algorithm is built to simultaneously improve traf ¢ safety, ef ciency and reduce emis-
sions (Mirbakhsh & Azizi, 2024). It takes advantage of real-time safety assessment for
measures such as Time-to-Collision, and uses simulation models to evaluate emissions.
A simulated environment of an intersection in Changsha, China, was tested. The re-
sults indicated 16% reduction in traf ¢ con icts, 4% reduction in emissions and 18%
reduction in waiting time when compared to xed-time and actuated control. However,
it is mentioned that this multi-objective method requires further research, particularly
in integrating multiple factors, as previous studies have mostly focused on optimizing
one or two objectives.

One adaptive signal control model was developed using DRL for multi-intersection
adaptive signal control (Mo et al., 2022). This model, called CVLight, uses data col-
lected from connected vehicles (CVs). In this approach, an algorithm is trained using
CV data, and experiments show that CVLight outperforms state-of-the-art algorithms.
After applying a pre-training technique, the training time is reduced. The model was
tested in a real-world setting in Pennsylvania, USA, using a 2-by-2 intersection network.
The results indicate that CVLight achieves lower average delays compared to other
models, including PressLight, Max-Pressure, Deep Q-Network, and Webster's method.
Additionally, it performs best under low-demand traf ¢ conditions This method is de-
pendent on the rate of CV, for networks or cases where there is low or non CV both
training the algorithm and the execution of could be less effective.

Another DRL based traf ¢ signal control method is the mixed pressure model, by the
name of MonitorLight (Fang et al., 2022). This model evaluates the impact of both mov-
ing and stationary vehicles on intersections. Simulations based on both real-world and
arti cial data were conducted. Real-world simulations were performed for two cities
in China from which a 4-by-4 and 3-by-4 network was used. The arti cial simulations
were made for made in a network where each intersection has 4 incoming roads and
four outgoing roads with each road having three lanes. The traf c demand was based
on the Gaussian distribution and the average demand was 500 vehicles per hour per
lane. The real-world simulations shows an improvement of 2.84% in average vehicle
travel time and for the arti cial data an improvement of 5.71% is shown. The method
is mainly focused on the travel time and does not really consider other metrics such as
emissions, fuel consumption and fairness across different phases.

The max-pressure (MP) signal control is a queue length based algorithm. It includes
parameters such as the saturation ow rate and the turn ratios for each turn in the net-
work (Varaiya, 2013). Following equations (21), (22) and (23) from Varaiya (2013) the
MP control calculates the turn movement weights for each phase. The weight describes
how signi cant a turn movement is compared to the other turn movements. Once the
weights are calculated, the pressure is determined by factoring in the saturation ow
rate. Finally, the phase with the highest pressure is the phase that should be prioritized,
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this sequence is then updated at each time-step.

A paper from Ramadhan et al. (2020) compares the max-pressure algorithm (slotted-
and cycle based) with the current xed time controller by applying it in Bandung, In-
donesia. The algorithm is implemented for a six signalized intersection network through
the micro-simulation software of PTV Vissim. Their results showed that the slotted
max-pressure (MPS) algorithm could reduce the queue length of a certain road by up
to 63%, and the cycle max-pressure (MPC) algorithm by up to 76% during normal
conditions in the network, compared to the xed time control. The disturbed network
evaluations indicated that the algorithms could prevent the possibility of gridlock oc-
curring within the network, which took place during the xed time control. Because of
the complicated network which included a railway passage, the travel-time could only
be kept stable for two of the four evaluated roads, as the remaining two experienced
congestion, still an improvement from the gridlocked xed time scenario. For Ramad-
han et al. (2020) case study, it is fair to conclude that the MPS and MPC algorithms
reduce the queue lengths signi cantly and keep travel times stable while avoiding the
possibility of gridlock in the network.

The study by Cui et al. (2024), models the problem of optimally allocating input rates
to entry links with consideration of phase fairness for stable signal control policy (Cui
et al., 2024). The authors modelled the problem of maximizing network throughput
according to network stability, which means that the queue length was set as nite, and
also according to average phase actuation. In addition, joint admission and bounded
signal control algorithm was proposed to optimize stability and throughput factors at
the same time. The joint control achieved network throughput within the author's op-
timality criteria while trading off the average delay, for any arrival rate. This led to a
simulation of a real network of 256 OD pairs, where the joint control kept the network at
throughput maximum, with service fairness and full capacity utilization of the network.
The total throughput was increased by 17.54%.

In the report by Liu and Gayah (2022), a delay-based MP algorithm is proposed and
tested in a four by four grid network in SUMO software, with each link assumed to
have two lanes, one left turning, and the second for shared straight and right turns. The
delay is being calculated based on previous time steps and in that way gets its weight
for movements. In this way, Liu and Gayah (2022) claims that under the assumption
of in nite queue capacity, the model maximizes the throughput of the network. It has
also been tested and compared to other MP frameworks, where its performance was
better than the original-MP, TT-MP (Travel Time) and H-MP (Halting). Additionally,

as it can be implemented using measurements of a subset of vehicles which allows for
compatibility with a CV environment, if the needed metrics for the model are not fully
known (Liu & Gayah, 2022). With an increasing penetration rate of CVs, a better con-
trol performance was achieved. Lastly, a threshold was evaluated for when the proposed
model is better than the other models under a full CV environment. With an increase in
demand, the threshold values are decreasing.

This study by Agarwal et al. (2024) proposes a hybrid version of the MP algorithm
with DRL that addresses heterogeneous traf ¢ conditions, meaning different types of
vehicles. The adaptive algorithm determines the phase order based on the pressure
calculation of the traf c, simultaneously the DRL optimizes the phase timing for each
phase in order to minimize the delay and queue lengths. This was simulated in the
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software environment of SUMO, with a network and traf ¢ volumes based on videos
of intersection in Ludhiana, Punjab. The proposed algorithm managed to reduce the
total delay and queue resolution by 77%-87%, respectively 53%-77%. This showcases
the algorithm's possibility to act as an effective solution for signalized intersections,
especially with mixed vehicle types (Agarwal et al., 2024).

To illustrate the possible effects of traf ¢ signal optimization in form of ef ciency as
well as quanti cation of emissions, studies based on real life cases have been per-
formed. Gunarathne et al. (2025) performed a study that focused on optimization of
traf c lights through the software of SUMO, regarding parameters such as congestion,
carbon monoxide and nitric oxides emissions and fuel consumption (Gunarathne et al.,
2025). The methodology contained of traf ¢ data collection, creating the environment
in software for analysis and comparing it to manual signal timing calculations. The
study showed a 14.89% reduction in emissions and fuel consumption through the soft-
ware optimization, outperforming manual calculations.

1.1.2 Environmental Impact of Adaptive Signal Control

The increasing emissions from car transport are a signi cant obstacle in the environ-
mental work, and will continue to have negative effects, as the amount of cars on roads
increases. The emissions have both environmental and human health related effects
(Rossman, 2008). There are multiple pollutants that are hazardous and therefore being
regulated. This study focuses on the major pollutants, which are hydrocarbons (HC),
nitrogen oxides (N¢), carbon monoxide (CO), carbon dioxide (@nd particulate
matter (PM). These pollutants are emitted from exhausts of vehicles and have different
effects on human health and the environment.

HC together with NQ, contributes to the formation of ozone, which is bene cial in
the upper atmosphere but toxic at ground level, where it can harm the human respira-
tory system and, in severe cases, cause cancer (Rossman, 2008). In additiaanNO
disrupt the ecology as it can affect the chemical balance in waters.

The carbon oxides CO and G@re major pollutants (Rossman, 2008). {®a green

house gas (GHG) that directly contributes to climate change. CO is a toxic gas with
several dangerous health related effects, which can be fatal in extreme cases. This is
why monitoring these pollutants is of great importance., @irectly related to fuel
consumption, meaning that fuel consumption can be used as another metric to show
pollutions released from traf c.

The PM, are ne particles that are made up of metals and soot, which is the reason
behind smog being cloudy and dense (Rossman, 2008). These particles can bind and
clog up the respiratory system, which can cause serious issues and in worst cases be
fatal, as the ne particles can penetrate deep into the lungs.

In the report by Margreiter et al. (2014), regarding the environmental impacts of adap-
tive network signal controls, which are based on real vehicle trajectories, it shows that
intelligent traf ¢ control strategies both improve the performance of traf c and may
also lead to reduced emissions, in urban areas. The authors evaluated the impact for
three cities of interest, Ingolstadt, Bremerhaven and Hamburg, Germany, while looking
at speci cally chosen corridors. Their results indicate a decrease in fuel consumption
by 14.8%, depending on the vehicle type. Also a reduction in averagee@i3sions

up to 8.5% was reached, depending on the site and strategy applied. When it comes to
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NO, emissions, a reduction of 14% was reached in Hamburg. FqrtR&llargest re-
duction was of 5%, also in Hamburg. Overall, the adaptive network signal control result
shows a clear potential towards the impact on the reduction of environmental pollution
in cities.

A study regarding effects of big-data empowered adaptive traf ¢ signal control in China's
hundred most congested cities was conducted by Wu et al. (2025). The study showcases
reduced travel times during and outside of the peak hour, resulting in reduction of 11%
respectively 8%. Reductions of travel time correspond to 31.73 million tonngs CO
mitigated annually. Wu et al. (2025) also claims that the societal bene ts, that include
CGO; reduction, saved time and fuel add up to 31.82 billion US dollars, at an annual im-
plementation cost of 1.48 billion US dollars. The authors also highlight that the bene t
received from the reduction of emissions outweighs the cost, and is ef cient for smaller
cities as well. There is also potential in reducing cost of installations of traf ¢ detectors,
if data could be acquired from navigation and ride-hailing apps, to further streamline
the approach.

In the research by Ashokkumar et al. (2024), an Al-based adaptive traf ¢ signal control
Is examined from the sustainability perspective, with focus on reducing emissions. Total
of four algorithms were addressed, which included: Traf c Responsive Control (TRC),
Reinforcement Learning based Traf ¢ Signal Control (RL-TSC), and Fuzzy Logic Con-
trol based Traf ¢ Signal Control (FLC-TSC), compared to the proposed DeepQFlow
(DQF). The results indicated that the proposed algorithm held a better performance
for the measured parameters such as fuel consumption, emissions and queue length
reduction. Leading to reductions in between ranges 2%-12% of 2%-7% of fuel
consumption and 10%-31% of queue length, depending on the speci c comparison with
other algorithms and the simulation iteration. Lastly, the impact on environmental pol-
lution is clearly provided by Ashokkumar et al. (2024), even when compared to other
existing algorithms.

1.1.3 Research Gaps

Despite the emergence of advanced methods like DRL in traf ¢ signal control, MP
based algorithms remain a strong candidate due to their proven ef ciency, relative sim-
plicity, and practicality. Numerous studies demonstrate that MP algorithms outperform
traditional xed-time controls in terms of reducing queue lengths, travel-time, and even
emissions, highlighting their potential for real-world application. Unlike DRL models,
which often rely on large data, advanced tuning, and assume in nite queue capacities
(an unrealistic assumption in space-constrained urban areas), MP algorithm operates
under more practical conditions when evaluating each intersection independently. This
makes the algorithm scalable, implementable in real time, and independently operable
at each intersection, similar to other decentralized models reviewed in the literature.

Several limitations are observed in the reviewed adaptive traf ¢ signal control meth-
ods. Many approaches are designed for single intersections or arterial roads, this raises
concerns about the scalability and effectiveness when applied to larger networks. Ad-
ditionally, fuzzy logic-based methods are capable of handling uncertainties however
their performance does not improve over time as traf ¢ patterns evolve. Gradient-based
methods also pose challenges, as they tend to optimize signal timing based on local
conditions, which can lead to suboptimal performance at the network level. Further-
more, some of the proposed methods focused solely on ef ciency parameters, without
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addressing their impact on environmental aspects, such as emissions, speci ¢ pollutants
or fuel consumption. One thing worth noting is that some algorithms depend heavily
on CV data, making them less effective in scenarios where CV penetration is low or
non-existing, thereby limiting both their training and real-time decision-making capa-
bilities. Lastly, while some methods aim to address multiple objectives, they often fall
short in integrating these factors holistically, indicating a need for further research into
comprehensive, multi-objective optimization frameworks.

According to these advantages, the MP-based control algorithm is a practical choice
for evaluating the impact of adaptive signal control with focus on traf ¢ ef ciency and
environmental pollution. It offers an effective simultaneously practical solution, while
showing potential toward future integration with connected and autonomous vehicles
(CAVs), as MP models can incorporate real-time data without needing full network-
wide coordination. While DRL approaches show promise in multi-objective optimiza-
tion (including safety and emissions), they are still developing, resource-intensive, and
need tuning and training. Therefore, the decision to use MP in this context re ects
a balance between realistic urban constraints, practicality and effectiveness, making it
well-suited for current and future traf c management systems.

1.2 Aim

The aim of this master's thesis is to evaluate the impact of max-pressure control algo-
rithm on both traf ¢ ef ciency and environmental pollution within the urban network

of Gothenburg, Sweden. Utilizing real-world traf ¢ data, a simulation environment was
constructed using SUMO software. Within this framework, the adaptive signal con-
trol was evaluated to determine its effectiveness relative to the xed-timing approach
currently in use.
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2 Methods

The following chapter presents a description of the methods used to conduct this study.
Firstly, a description of the queue update equation and max-pressure algorithm. Fol-
lowed by the illustration of the vehicle dynamics and the input data used for the simu-
lations. Lastly, an explanation of how the results were analysed when considering both
traf ¢ ef ciency and environmental pollution.

2.1  Modelling Queue Evolution

The queue update equation, which was developed by Cui et al. (2024), is presented as
Equations (1) and (2). This was done to further improve the max-pressure algorithm.
The queue updates as follows: rst a turn movement is actu@ed) = 1, the number

of vehicles serve@, (t) in the queuey, (t), and ifRy, (t) = 1 the vehicles leaving the
queuex, (t) are added to the next queue in the network and this is shown in equation
(1). The equations are applied to every entry and internal link, until they exit through
designated exit links.

Xim (t + 1) = le>£t) [Clm (t + l) SIm (t) A Xim (t)]

+ 7 [Calt+1)Sa®® xa(®]Rm(t+1): 812L:m2ou D
k

Equation (2) governs the queue update for entry links by adding vehicles that arrive from
outside the networkl, (t). In contrast, Equation (1) applies to internal links, where
vehicles arrive from upstream links within the network. Apart from this difference in the
source of arrivals, both equations follow similar underlying logic for queue evolution,
based on actuation, capacity, and routing decisions.

Xim(t+1) = Xim(t)  [Cim (t + 1) Sym (t) * Xim ()]

2
+ dm(t+1); 8l 2Leny; m2 Ou 2)

2.2 Max-Pressure Algorithm

The max-pressure algorithm, which was developed by Varaiya (2013), determines the
phase order of traf c signals, by evaluating where most pressure could be relieved,
based on the queue lengths of up- and downstream links. In this section, the equations
that are central for the algorithm are presented as Equations (3), (4), & (5).

First step of the max-pressure control is to calculate the weightfor each traf c

signal phaseX, based on the queues received from the queue update equations (1) &
(2). This is done through Equation (3), whegg, are the turn ratios ant,(t + 1) is

the downstream queue length. The weight is computed as the queue length at the input
link xim (t) minus the average queue length at the output link. The weight indicates
which traf ¢ signal phase has the largest queue build up.

Thereafter, the pressurds calculated for each traf ¢ signal phaseequation (4). This
is done by summing the product of the weight, and the saturation ow rate, (t)
for all signal phases in the network. is the network's signal control matrix, which is
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included to indicate which signals are activated together. Therefore, when calculating
the pressureSi, (t) is included so that the network can determine which phases will
provide the most bene cial signal timing for the entire network at each step. Lastly,
the algorithm determines the phase order, starting with the phase that relives the most
pressure, Equation (5).

Fort 2 X ; assign tt;(e weight of each phadm) :

Wim () = Xim (t) FpXmp (€ + 1) 3)
p2 Outm

Assign thexpressure of each network iignal control m&rixS as:
(SN =" Gm () Wim (1) Sm (1) = Gim (t) Wi (1) @)

Im Im:S, =1

(In (3),Xmp = 0 for m 2 L ¢,;:) The MP policyu is:

u (t)=argmaxf (S)(t)jS2Sg (5)

2.3  Vehicle Dynamics

The input data used for the simulated vehicles is important, as it should re ect the traf ¢
situation from the real world in the simulations. In Table 2.1 presents the input data used
in the simulations. In the rst row, is the vehicle type which informs the software that

all cars are passenger cars. Thereafter, the length and width, which were set equal for
all the vehicles. The maximum speed of the vehicles follows the speed limit regulation
which is 50 km/h in the area. To be able to retrieve emissions as output data, the
Handbook Emission Factors for Road Transport (HBEFA) model (Infras, 2025), was
chosen which is further described in Section 2.4, for both BEV and internal combustion
engine vehicle (ICE).

Table 2.1: Microscopic input data for vehicles in the simulation.

Parameter Input
Vehicle Type | Passenger car
Length 4.67m
Width 1.74m

Max Speed 50 km/h
Emission Model HBEFA
BEV PC_BEV
ICE PC_G _EU6

2.4  Evaluation of Traf ¢ Ef ciency and Environmental Pol-
lution

To evaluate the impact of adaptive signal control on traf c ef ciency and environmen-

tal pollution, parameters were extracted from the simulation. Each simulation generated
output les with information about the emissions, route details, speed, arrival and depar-
ture time for each vehicle and simulation step (Simulation of Urban MObility, 2025Db).
The extracted data was used for evaluation of the parameters of interest such as delay,
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mean speed and emissions at every simulation step. This was done for multiple cases to
test the robustness of the adaptive signal control algorithm compared to the xed signal
control. The cases consisted of different incidents in traf ¢, sudden increases in demand
and different penetrations of BEV for both the signal controls.

2.4.1 Environmental Pollution

As described in Table 2.1 the emission model used is the HBEFA model (Infras, 2025).
The HBEFA model is made from a joint commitment by six agencies and partners in
different countries, with Swedish Transport Administration being one of them. The
HBEFA model is based on standard data and used for different types of studies where
an emission calculation is needed. The model provides emission factors for all vehicle
types about all regulated emissions and the most important non-regulated emissions.
Emission factors for CO, CQ NOy, PM,, HC and fuel consumption is some of the
pollutants. These parameters were the emissions analysed in this study as they are
the major pollutants from vehicles and fuel consumption is another indicator for the
pollutants from traf c.

To be able to compare the emissions with different rates of BEVs, it was rst needed to
know which emission models to use for each fuel type. In the HBEFA model there are
multiple models to choose from, but in this case the standard BEV PC_BEV was used
for the electric vehicles. For the ICEs, the standard PC_G_EU6 was used. It was also
necessary to divide the ows into new ows with different shares of BEVs. For this
study the BEVs penetration rates used were 10%, 20% and 30%. These values were
selected to represent the past, present and projected future shares of electric vehicles
in Gothenburg, with the shares in previous years being 3% in 2021 and 16% in 2024
(Goteborgs Stad, 2025b).

2.4.2 Traf c Ef ciency

From the output of each simulation, information about ef ciency was retrieved. The
output parameters of interest were the average speed, time loss, and throughput. These
parameters were used to evaluate the mean speed, fundamental diagram and average
delay experienced by the system in seconds per vehicle. The average delay served as
the main property for comparison, as well as illustrating the robustness and recovery of
the two scenarios.

All networks have a capacity threshold beyond which adding more vehicles causes
throughput to decrease (Cui et al., 2024). This is the critical point, and identifying
it reveals the capacity for the network. This is why a fundamental diagram was evalu-
ated based on the network's throughput across simulations with varying demands. This
was done for both the xed- and the adaptive signal control, to compare them. The
comparison then shows which signal controller has the highest capacity.

Average delay is a critical indicator of network performance, as it re ects how ef -
ciently the network serves vehicular traf c (Cui et al., 2024). A higher delay implies
longer travel times, longer queues, and a less utilized network, whereas a lower delay
indicates smoother and faster trips. The average vehicle delay was determined by ad-
dressing the time lost, against the total number of vehicles. The time lost is considered
when vehicles are travelling below the speed limit due to factors such as congestion,
traf ¢ signals, or intersection slowdowns (Simulation of Urban MObility, 2025b).
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The different cases that tested the ef ciency, as well as the robustness of the timing

and adaptive signal control, consisted of incidents and sudden demand. As previously
shown by Cui et al. (2024), stochastic events have a signi cant effect on the throughput

of a system, and the system'’s ability to recover from the event.

The tested incidents took place in the intersection of BS and US. The US intersection
faces higher ows of traf ¢ then the BS intersection, comparison between these could
show a difference in ef ciency deepening of the magnitude of ow. In the BS inter-
section, the simulated incident involved a 40-minute traf c blockage in the northbound
direction. In the US intersection, the incident involved two vehicles that blocked two
westbound lanes 15 meters from the intersection. The simulation was run in iterations,
with each incident lasting 10, 20, and 30 minutes.

For the response to sudden demand, three iterations were tested. In these iterations a
sudden demand, or a burst of traf ¢, was introduced for 10 minutes, between the 25th
and 35th minute of the simulation. The sudden demand implemented consisted of four
ows, each adding up to 5%, 10% and 15% of the total demand (3792 vehicles). This
corresponds to 190, 379 and 569 vehicles, for 5%, 10% and 15%, respectively.

Additionally, the simulation output was summarized in tables that compare the perfor-
mance of the xed and adaptive scenarios. Speci cally, the tables show the average
delay difference, calculated by subtracting the delay of the adaptive scenario from that
of the xed scenario. A positive value indicates that the adaptive scenario outperforms
the xed one, while a negative value indicates underperformance. Each table presents
this difference in three ways: the minimum (lowest), maximum (highest), and average
values across all cases.
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3 Case Study

This chapter presents the area selection and data collection conducted for the case study.

3.1 Area Selection

For the simulation to give the most representative results, it is important that the selected
area is highly traf cked. That is why the area selected for this study is Heden. For the
overview of the traf ¢ situation in the chosen corridor tools such as Google Maps (2025)
and TomTom (2025) were used. These maps provided an identi cation of the ratio of
traf c congestion between the road segments. These served as a base for creating a
view of the situation and how traf c behaves in the area. This base also served as a
veri cation of the later collected data, based on the ratio between congestion to the
ratio between ows.

Skanegatan, which begins by Ullevi and stretches all the way down to Korsvagen, is an
arterial road and along it there are multiple popular leisure attractions such as Ullevi,
Scandinavium and Liseberg (Google Maps, 2025). More importantly, it is one of the

major streets in Gothenburg with its intersections allowing for easy access to the E6
highway. Therefore, Skanegatan will be the main street of the corridor and it is where
the adaptive signal control algorithm will be implemented.

This area is expected to be developed in the future as part of the arena and event area
development (Goteborgs Stad, 2023b). The plans are to develop additional residential,
commercial and of ce spaces. This means more people will live and move around this
area, which leads to higher urban density simultaneously increasing the traf c demand.
This further showcases the importance of this corridor as it is part of the future devel-
opment of the city of Gothenburg.

3.2 Data Collection

The data collection took place through the directory of traf c from Goéteborgs Stad
(2023c). From the said directory, peak hour traf ¢ data was collected, for the years 2019
to 2023. However, data for all road segments was not available and had to be evaluated.
This evaluation was made possible by the directional ow information provided in the
directory, without it, such an assessment would have been challenging.

In order to have an organized approach of the corridor, systematic names and identi -
cation numbers (IDs) were created for each intersection and road segment connecting
to the intersection. The names of the intersections are shown in Figure 3.1. For exam-
ple, for one of the intersections, the crossing streets are Ullevigatan-Skanegatan, which
form the abbreviation US. The IDs of road segments are illustrated in the Figure 3.2
below, as well as the signalized intersections, marked with a cross-like symhol (

By specifying IDs the analysis of ow and implementation of segments in SUMO was
more ef cient than using direct street names.
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