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1. Introduction  

In the urban transportation system, the existing traffic infrastructure and control system can not 

meet the demand of growing traffic flow, resulting in frequent traffic congestion and causing 

unpredicted emergencies and accidents [1]. With the limited funds and resources, intelligent self-

optimizing systems and low-cost controllers are preferred to implement more cost-effectively in 

the transportation system rather than reconstruct the infrastructure. Fundamental tasks such as 

traffic light control and lane-changing control have been developed rapidly to meet the growing 

demand in the transportation system and are focused on in this dissertation. 

 

Traffic light control  

Traffic lights are utilized widely at intersections in the world. The most common traffic light 

control strategy in the real world is the constant strategy, i.e., the time intervals of traffic lights are 

fixed and periodical. However, it does not fit some situations where the imbalanced number of 

vehicles is distributed in different incoming links, aggravating traffic congestion. Thanks to the 

development of wireless communication, induction loop detector and computer science 

technologies [2], there is an opportunity for the traffic light control system to optimize the traffic 

flow at intersections based on the real-time traffic situation. 

 

Self-adaptive Traffic Light Control System (STLCS) that can automatically adjust the control 

strategy instead of manual intervention has been developed rapidly to improve traffic control 

efficiency in the past decade. The first-level STLCS utilizes a multi-timing plan in the early stage. 

The timing plan, including the parameters of cycle length, splits and offsets, is generated by 

evaluating the traffic flow condition at each intersection and stored in a timing scheme library [3]. 

Then the parameters (e.g., signal period and green signal ratio) can be adjusted dynamically to 

improve the flexibility based on the situation of the time-varying traffic flow [4]. With the 

development of technology,  STLCS integrates other traffic management systems to gain technical 

benefits so that better decisions can be generated [5]. The STLCS, with self-learning and high-

efficiency calculation abilities, can learn the traffic control knowledge independently and optimize 

the decisions intelligently [6]. 

 

However, there still exist many challenges not only in improving the traffic control efficiency but 

also in improving the robustness and reliability of the system. Integrating artificial intelligence or 

machine learning into traffic light control systems has recently received more attention, making 

the system more intelligent, efficient and stable due to its thoughtful analysis and self-learning 

ability. Therefore, it is essential to develop intelligent traffic light control methods integrating 

artificial intelligence or machine learning to optimize the traffic flow efficiently. 



Traffic lane-changing control  

Lane-changing is another primary driving task of an intelligent transportation system that 

significantly affects traffic flow characteristics and traffic safety, e.g., traffic congestion, lane-

changing crashes, traffic breakdown, etc. According to lane-changing motivations, lane-changing 

is classified as mandatory lane-changing (MLC) and discretionary lane-changing (DLC). The 

vehicles for MLC have to move to the target lane to complete an intended turn or avoid a lane 

blockage instead of getting a better driving condition in the target lane for DLC. Due to the 

different motives, DLC models are more complicated to regulate the traffic flow and reduce the 

crash risk [7]. Integrating MLC and DLC may result in more realistic characteristics in a lane-

changing model [8]. 

 

With the rapid development of vehicle-to-vehicle and vehicle-to-infrastructure technology, lane-

changing models in a connected environment (i.e., vehicles are connected and assisted by the 

system where the surrounding traffic data are shared) instead of a traditional environment (i.e., a 

conventional environment where there is no assistance system and drivers have to make the 

decision based on their experience) have been proposed frequently in the literature. The connected 

environment with the communication technology provides a reliable condition to make the driving 

vehicle take more efficient and safer driving actions [9] compared with lane-changing models in a 

traditional environment. Thus, developing a lane-changing model in a connected environment is 

necessary to generate more efficient joint decisions for all connected vehicles. 

 

The decision-generating approach is the core element of the lane-changing system. Approaches 

such as rule-based, utility-based, artificial intelligence-based, and other methods have been well 

studied in the literature [10]. Although the rule-based and utility theory-based approaches are 

widely used in lane-changing models, the efficiency may inevitably decrease under the 

circumstance of heavy traffic. Lane-changing models integrating artificial intelligence or machine 

learning methods show a more efficient method in most scenarios.  

 

Overall, it is indispensable to design intelligent traffic lane-changing control methods by 

integrating artificial intelligence or machine learning to optimize traffic flow efficiently. Moreover, 

both MLC and DLC should be considered in the lane-changing models to make the system more 

realistic. The connected environment instead of a traditional one is also the consideration for a 

better, safer driving condition and more efficient control operation.  

 

 

 



2. Research goals and methodology  

This research aims to propose and implement some novel control algorithms to reduce traffic 

congestion and improve traffic control efficiency implemented in a multi-agent traffic system. This 

dissertation focuses on the two main fundamental tasks, i.e., traffic light control and lane-changing 

control. The current control approaches in the literature are analyzed and compared as follows: 

 

Traffic light control 

The mathematics-based STLCS are developed based on the modern control theory assuming that 

the mathematical or nominal model of the controlled object is precisely known. For instance, the 

lane-changing model enhances the cumulative travel-time responsive algorithm to optimize the 

green wave band [11]. A predictive model control method is unitized to anticipate travellers' route 

choice response and determine signal timings [12]. Decentralized, independent and flexible 

optimization techniques through cooperating self-learning agents [13] are also proposed to 

optimize the traffic signal policy.  

 

Artificial intelligence plays a vital role in traffic light control, which can mimic human behaviour 

and reasoning to optimize the control strategy. For instance, the traffic signal timing plan or the 

traffic management system can be rescheduled by the fuzzy logic rules, genetic algorithm, ant 

colony optimization and particle swarm optimization, which are used widely for imitating 

biological and social behaviours [14]. The traffic problem can be constructed into a game problem 

to optimize the traffic flow by game theory where the incoming links are regarded as players and 

controlling traffic lights is considered the decision [15]. 

 

In summary, although mathematics-based traffic control models can improve traffic flow, it is 

impossible to construct a precise mathematical model due to the complicated traffic environment 

in reality. The control constraints are mostly simplified in these mathematics-based models, which 

causes an unrealistic result. The intelligent computing-based traffic control models can be more 

intelligent and efficient in regulating the traffic flow in most scenarios. Thus, I first applied the 

game theory-based approaches (i.e., global optimal strategy, Nash equilibrium strategy, 

Stackelberg equilibrium strategy) to optimize the traffic flow in a traffic light control system. As 

shown in Fig. 2.1, a general structure of a cross intersection has four incoming links (i.e., 𝑤1. . . 𝑤4) 

where the vehicles come from outside the queues and four outgoing links (i.e., 𝑧1. . . 𝑧4) through 

which the vehicles pass the intersection. In this game theoretical framework, the incoming links 

are regarded as players and the traffic light statuses are regarded as decisions. This traffic light 

control system aims to maximize the passing vehicles in the intersection in a specific period, and 

the subtasks are as follows: 

• Formulate a traffic light control system mathematically.  

• Develop game theory-based control strategies.  

• Compare the game theory-based control strategies with the constant strategy. 



 

 

Fig. 2.1: General structure of the intersection. 

 

Although intelligent computing-based models like game theory-based methods have advantages 

in traffic control, the models lack learning ability and spend a long time on computation. Therefore, 

I then adopted reinforcement learning methods to control traffic lights. I implemented a single-

agent reinforcement learning (SARL) and proposed a novel multi-agent reinforcement learning 

(MARL) that combines game theory and reinforcement learning, i.e., Semi-cooperative 

Nash/Stackelberg Q-learning (SNASBQ). The Q-function is updated based on the 

Nash/Stackelberg equilibrium. Due to the learning ability, the proposed algorithm is also more 

efficient than the constant control strategy and has less computation than the game theory-based 

approaches. The subtasks for this part are as follows:  

• Develop a SARL method. 

• Propose a novel MARL method, i.e., SNASBQ. 

• Compare the proposed method with SARL. 

• Compare the proposed method with the game theory-based strategies aforementioned. 

 



Traffic lane-changing control  

The rule-based lane-changing models make decisions by following the rules typically produced by 

the driver's knowledge and represented by crisp mathematical equations or conventional logic 

rules. In a typical lane-changing model using a decision tree with a series of fixed and sequential 

rules to output a binary choice,  a new decision rule for DLC [16] is presented, i.e., comparing the 

position after a time horizon of several seconds without a lane change. A new control design for 

guaranteeing a vehicle's safety is developed based on rules during lane change maneuvers in a 

complex traffic environment [17].  

 

Integrating artificial intelligence into the lane-changing system is a promising direction in recent 

research. For instance, the fuzzy logic-based model [18] converts the lane-changing rules into 

fuzzy rules as IF-THEN rules, which better mimics an actual decision process of a driver. Another 

primary example is combining game theory into the models, where the lane-changing process is 

formulated as a non-zero-sum non-cooperative or cooperative game [19].  

 

Many machine learning methods are applied in lane-changing models to enhance lane-changing 

maneuvers. A pre-emptive lane-changing risk level prediction method is developed, including a 

machine learning classifier and an innovative resampling method to estimate the crash risk level 

of a lane-changing event [20]. A decentralized cooperative lane-changing controller is developed 

with multi-agent deep reinforcement learning to model the lane-changing decision process [21].  

 

In summary, the rule-based approaches regulate the traffic flow with sequential and deterministic 

rules. The lane changer only changes the lane when the target lane has an available gap, reducing 

lane-changing efficiency in congested traffic. Therefore, I designed a classic game theory-based 

strategy to implement in a proposed lane-changing model. As shown in Fig.  2.2, I modelled a 

cellular lane-changing system where each traffic lane is discretized into cells. This lane-changing 

system can be divided into three sectors, i.e., the incoming queue sector, outgoing sector and lane-

changing sector. The vehicles must complete the lane-changing to arrive at the target lane before 

entering the outgoing sector. Each vehicle on the lane is regarded as a game player, and the 

vehicle's actions are considered the decisions. However, the computational complexity of the 

system increases exponentially as the number of players increases for the game theory-based 

strategy. To reduce the computational time, I proposed a game theory-based decomposition 

algorithm (GTDA), where the computational complexity is reduced dramatically by decomposing 

a large game into small games. This lane-changing system aims to improve lane-changing efficacy 

and reduce the computational complexity in control approaches, and the subtasks are as follows: 

• Formulate a traffic lane-changing control system mathematically.  

• Develop a classic game theory-based control strategy.  

• Propose a novel decomposition algorithm (GTDA) to reduce the complexity. 

• Compare the proposed algorithm with the other strategies. 



 

Fig. 2.2: The schematic of the lane-changing system. 

 

Although the proposed algorithm GDTA reduces the computational complexity, the computational 

time still increases significantly as the traffic density increases. Then I proposed another novel 

approach based on deep Q-learning with a request and respond mechanism (DQNRR) to improve 

the lane-changing efficiency and reduce the computational time. Two different groups, i.e., request 

group and the respond group, are trained and executed separately. The computational time in 

execution is fixed due to the learning ability. The subtasks for this part are as follows:  

• Develop a DQN method. 

• Propose a novel algorithm DQNRR to improve lane-changing efficiency. 

• Compare the proposed method with DQN. 

• Compare the proposed method with the game theory-based strategies aforementioned. 

 

 

 

 

 



3. Scientific results 

In this section, the developed new scientific results are summarized. The scientific work can be 

divided into two parts: traffic light control and lane-changing control. In the first part, I 

mathematically formulated a traffic light model to examine control strategies using Matlab 

platform. Firstly, I implemented the constant strategy (i.e., the green intervals are constant and 

periodic) in the traffic light model as a baseline. Then to improve the traffic flow control efficiency, 

I developed the game theory-based strategies in Matlab and got novel results (i.e., fewer queues 

and more passing vehicles compared with the constant strategy). Due to the lack of learning ability 

and long computation in executing game theory-based strategies, I designed a single-agent 

reinforcement learning (SARL) method to reduce the computation time. However, the efficiency 

is affected in SARL. Thus, I proposed a novel multi-agent reinforcement learning (MARL), i.e., 

semi-cooperative Nash/Stackelberg Q-learning (SNASBQ). With the implementation of the 

proposed method, the traffic control efficiency is improved and the computational time is reduced.   

 

The second part is traffic lane-changing control. Similarly, I mathematically formulated a traffic 

lane-changing model to examine control approaches using Matlab and Python platforms. Firstly, 

I implemented a rule-based strategy, i.e., a gap acceptance strategy in which the vehicles change 

lanes only when available gaps exist. Then, I developed a classic Nash equilibrium strategy to 

improve lane-changing efficiency. However, the computational time dramatically increases as the 

traffic density grows. Therefore, I proposed a novel game theory-based decomposition algorithm 

which significantly reduces the computational complexity. Still, the computational time of the 

execution process increases with the increasing number of players. Thus, I utilized a deep Q-

network (DQN) method to optimize the computational time, but the efficiency was decreased. 

Finally, I proposed a novel method based on deep Q-learning with a request and respond 

mechanism (DQNRR) with high lane-changing efficiency and short computational time. 

 

Thesis group 1 (Game theory in traffic light control) 

In thesis group 1, I  formulated a novel single-traffic intersection model, constructed a constant 

strategy and developed game theory-based strategies to optimize the traffic flow, including a 

global optimal strategy, Nash equilibrium strategy and Stackelberg equilibrium strategy. The 

results indicate the game theory-based strategies have more passing vehicles and fewer queues 

than the constant strategy. 

Thesis 1.1 (Traffic light model framework) 

I modelled a novel single traffic intersection with four traffic incoming links, and each traffic 

incoming link contains four traffic lanes where a traffic light has two states (i.e., 0-red, 1-green). 

In this model, the traffic flow is controlled adaptively in each phase via the analysis of dynamic 

and simulated traffic data, and the operation of traffic lights is managed automatically instead of 

adjusting the timing plans of the traffic light. Then I implemented a constant strategy as a baseline. 



Thesis 1.2 (Nash equilibrium strategy) 

I constructed the traffic management system as a non-cooperative non-zero-sum multi-player 

game, where the players make the decisions independently. Then I developed a global optimal 

strategy to generate the optimal decisions by minimizing the cost function of the whole game. I 

designed a Nash equilibrium strategy when communication is limited among players. The Nash 

equilibrium strategy is for realizing a rational balance among players. Each player will strive for 

an outcome with the lowest possible cost. The players' roles in the Nash equilibrium strategy are 

symmetric, i.e., when no single player dominates the decision process.   

 

Thesis 1.3 (Stackelberg equilibrium strategy) 

I also developed a Stackelberg equilibrium strategy in a non-cooperative game based on Nash 

equilibrium strategy. The only distinction is that there exist hierarchical levels among players 

compared with Nash equilibrium. The player who has the highest dominance is the leader, and 

others are called the followers. The leader has a higher priority in enforcing his strategy on the 

followers, and the followers will respond to the decisions made by the leader. In order to minimize 

the size of queues more efficiently, the idea is to select the leader dynamically according to the 

maximum queue length. 

The results summarized in Thesis group 1 are published in [S1-S5]. 

 

Thesis group 2 (Reinforcement learning in traffic light control) 

In thesis group 2, I  developed a SARL method to generate the optimal decisions in a cooperative 

environment. To improve the traffic flow control efficiency, I then proposed and examined a novel 

MARL method, i.e., SNASBQ. Finally, I compared the reinforcement learning methods with the 

game theory-based and constant strategies in Thesis 1. By analyzing the averaged queues and 

throughput, all the other strategies have a better result than the constant strategy. Although method 

SARL is worse than the game theory-based strategies in traffic control, the proposed algorithm 

SNASBQ performs similarly to the game theory-based strategies but with less computation.  

 

Thesis 2.1 (Single-agent reinforcement learning) 

I developed a SARL, where the traffic intersection is regarded as a "central agent", which can 

control the signal status of all the traffic incoming links. The central agent learns the optimal policy 

and updates the Q-function with the maximum operator. Thus, the agent takes actions 

corresponding to the maximum Q-values in a Q-function to make the vehicles pass through the 

intersection as many as possible. 

 



Thesis 2.2 (Multi-agent reinforcement learning) 

I proposed a novel MARL, i.e., semi-cooperative Nash Q-learning (SNAQ), that combines game 

theory and reinforcement learning to improve the traffic situation in a non-cooperative 

environment. It updates the Q-function based on Nash equilibrium of the current Q-values and 

selects the Nash equilibrium solution with cooperative behaviour due to the informational non-

uniqueness in the learning process. Then I extended the SNAQ to a semi-cooperative Stackelberg 

Q-learning (SSBQ) with hierarchical equilibrium solutions, where Nash equilibrium is replaced 

by Stackelberg equilibrium in the Q-learning process. 

The results summarized in Thesis group 2 are published in [S6-S8]. 

 

Thesis group 3 (Game Theory in Traffic Lane-changing Control) 

In thesis group 3, I  formulated a novel cellular lane-changing model and constructed a rule-based 

strategy as the baseline. Then I developed a classic Nash equilibrium strategy to improve the lane-

changing efficiency. To reduce the complexity of each independent game, I proposed a novel 

decomposition algorithm. i.e.,  GTDA. The results indicate that the game theory-based approaches 

have more lane-changing operations than the rule-based strategy in the same process but with more 

computation time. Moreover, the proposed algorithm GTDA has much less computational time 

than the classic Nash equilibrium strategy. 

 

Thesis 3.1 (Lane-changing model framework) 

I modelled a lane-changing system with five traffic lanes, discretizing each traffic lane into cells. 

This lane-changing system can be divided into three sectors, i.e., the incoming queue sector, 

outgoing sector and lane-changing sector. The vehicles must complete the lane-changing to arrive 

at the target lane before entering the outgoing sector. Both MLC and DLC maneuvers are 

considered in this lane-changing system, and the collision cases are also considered to make the 

system more realistic. 

 

Thesis 3.2 (Classic Nash equilibrium strategy) 

I constructed a game theoretical framework where each row of the lane-changing system can be 

modelled as a non-zero-sum and non-cooperative game. Each vehicle on the lane is regarded as a 

game player, and the vehicle's actions are considered the decisions. The decisions are selected by 

maximizing a utility function which determines how much benefit the player can get from taking 

the current decisions. 

 



Thesis 3.3 (Game theory-based decomposition algorithm) 

I proposed a novel algorithm GTDA to reduce the complexity and improve computational 

efficiency in such a complex system since the space complexity expands exponentially as the game 

size increases. The game is decomposed into several smaller subgames, and each subgame can 

generate Nash equilibrium solutions. The decomposition algorithm focuses on generating the 

optimal or close-to-optimal solutions by finding the consistent equilibrium between the subgames. 

The results summarized in Thesis group 3 are published in [S9, S10]. 

 

Thesis group 4 (Reinforcement learning in Traffic Lane-changing Control) 

In thesis group 4, I  developed a DQN method to ease the "curse of dimensionality" problem in the 

traffic lane-changing system with a large scale state and action space. To improve the lane-

changing efficiency, I then proposed and examined a novel method, i.e., DQNRR. Finally, I 

compared the reinforcement learning methods with the game theory-based and rule-based 

approaches in Thesis 3. By analyzing the most critical indicators, such as lane-changing rate and 

computational time, other strategies have more advantages in lane-changing efficiency than the 

rule-based strategy in congested traffic, but with more computational time. The proposed 

algorithm DQNRR performs better than DQN in lane-changing efficiency, similarly to GTDA in 

lane-changing efficiency but with less computational time. 

 

Thesis 4.1 (Deep Q-learning) 

I modelled the lane-changing system as a multi-agent system where the agents would take optimal 

joint actions to maximize a global and long-term reward in a dynamic environment. DQN is 

commonly used to solve such a problem with a large state and action space. Unlike using a single 

Q-function in Q-learning, the Q-function is updated with two separate neural networks: the target 

and the online neural network. The loss function is minimized to update the Q-network using 

stochastic gradient descent, and a replay buffer that stores the experiences is used to update the 

online network. 

 

Thesis 4.2 (Deep Q-learning with a request and respond mechanism) 

I proposed DQNRR to improve lane-changing efficiency. In the proposed approach, these groups 

can be classified into two categories: request group and respond group. The request group and 

respond group are trained separately during the training process. Specifically, the request group 

trains agents by only considering the states of the group, while the respond group also evaluates 

the superimposing actions (i.e., the request message) from the request group besides the states of 

the group. The execution process is also treated as decentralized as the training process.  

The results summarized in Thesis group 4 are published in [S11-S13]. 



4. Conclusion 

In a traffic light control problem, the investigation of game theory-based strategies has shown that 

the Nash equilibrium strategy and Stackelberg equilibrium strategy outperform the constant 

control strategy in a non-cooperative environment. In a cooperative game where all the information 

is shared among players, the global optimal strategy has the best performance, followed by the 

Nash equilibrium strategy and Stackelberg equilibrium strategy with similar performance. 

However, this model is mainly limited by the absence of yellow lights and the constant speed of 

vehicles. Additionally, the computational complexity may increase dramatically as the number of 

players increases under the game theoretical framework. Still, the insights gained from this study 

may assist in improving the efficiency of regulating traffic flow in the transportation system. 

Another thesis is integrating game theory into reinforcement learning in the traffic light control 

system. In such a non-cooperative environment, SNASBQ approach on the basis of SARL and 

Nash/Stackelberg equilibrium is proposed and examined to balance the distribution of the traffic 

flow in the intersection. The empirical results show that the proposed strategy achieves 

improvement compared with the constant control strategy. Due to the hierarchical level 

mechanism, SSBQ performs better than SNAQ. The limitation of the model is the same as the 

previous thesis. However, the proposed strategy SSBQ is more potentially applied in a large-scale 

multi-agent system than the game theory-based strategy in the previous thesis due to the learning 

ability. The time of execution process is fixed and short after a long-term learning process, 

although the space complexity still expands as the number of agents increases. 

The game theory-based methods can also be applied to the traffic lane-changing problem. The 

study has shown that the rule-based strategy fits the lane-changing control when the traffic is not 

congested. Moreover, the game theory-based strategies outperform rule-based strategies in lane-

changing, especially as traffic density increases. However, as discussed above, the computational 

complexity increases exponentially as the number of players increases due to the general problem 

of calculating Nash equilibrium solutions. Thus, GTDA is proposed to reduce the complexity. 

According to the experimental results, the proposed decomposition algorithm has great advantages 

in reducing complexity and improving lane-changing efficiency. Also, it can be implemented in 

some fields where the players have identified connections with adjacent players, including 

perimeter-defence games, smart grids, detective robotics, etc.  

The last thesis in this paper is applying multi-agent reinforcement learning in the traffic lane-

changing system. DQN is commonly used to solve such a problem with a large state and action 

space. The results suggest that the DQN performs better than the rule-based method in heavy traffic 

but slightly worse than GTDA. Therefore, a novel control approach DQNRR is proposed to 

improve the lane-changing efficiency. The proposed method based on deep Q-learning performs 

almost the same as GTDA. Still, the former method spends much less computational time than the 

latter, especially when there is a large traffic density. Thus, the proposed method DQNRR has 

more advantages than the game theory-based methods in such a system with large-scale agents. 
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