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Abstract. With the rapid development of urbanization, traffic congestion has become an increasingly 
serious issue, posing significant challenges to urban mobility and environmental sustainability. To 
improve traffic efficiency and alleviate transportation strain, this paper explores the adaptive control 
traffic light system, a promising solution leveraging advanced technologies. The paper begins by 
introducing the basic principles and technical features of adaptive traffic light control systems, which 
adjust signal timings based on real-time traffic conditions. These systems utilize a range of 
technologies, including sensors, cameras, and communication networks, to gather data on traffic 
flow, vehicle speeds, and congestion levels. It then focuses on identifying the types of exploitable 
data that need to be collected, such as vehicle counts, waiting times at intersections, and pedestrian 
movements. It outlines the future work required to address these challenges, such as developing 
more robust data collection methods, improving algorithmic efficiency, and enhancing the 
interoperability of various system components. Finally, the paper concludes by summarizing the 
findings and emphasizing the potential benefits of implementing adaptive traffic light control systems 
in urban environments. 
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1. Introduction 

Traditional traffic lights are currently facing several challenges. Firstly, their fixed cycles often 

result in inefficient traffic flow. Secondly, the absence of countdown timers in some traffic lights can 

increase the risk of drivers unintentionally running red lights, as they cannot accurately anticipate 

changes in signal lights, potentially leading to traffic accidents. Additionally, the low level of 

intelligence in traditional traffic lights makes them ill-suited to the demands of modern society. They 

lack the flexibility to adjust based on real-time traffic conditions and cannot be effectively integrated 

with intelligent transportation systems, thereby limiting improvements in urban traffic management. 

According to a report jointly released by the Big Data Development Department of the National 

Information Center and the Daimler Joint Research Center for Sustainable Transportation at Tsinghua 

University, the "Analysis Report of Major Urban Transport in China for the Second Quarter of 2020," 

shows that among the 360 cities monitored by traffic big data, 7.48% were in a congested state during 

commuting peaks, 58.17% were in a slow traffic state, and the remaining 34.35% were in a smooth 

traffic state [1]. Therefore, finding a solution to address such severe traffic conditions is imperative. 

Traffic lights play a crucial role in maintaining traffic order and ensuring urban traffic safety [2]. 

With the rapid growth of the population and the continuous increase in vehicle ownership, the 

effectiveness of traffic lights is particularly important for urban development. However, traditional 

traffic lights, which operate at fixed intervals, are increasingly unable to meet the demands of modern 

urban traffic. A traffic light system that can automatically optimize signal control, improve traffic 

efficiency, enhance safety, and improve urban management efficiency is needed. Thus, in-depth 

research into adaptive control traffic light systems is of practical significance and developmental 

potential [3]. 

Based on current technological advancements and theoretical knowledge, two feasible solutions 

are proposed. One solution involves utilizing GPS technology to locate all vehicles within a specific 

road segment, thereby assessing traffic flow in that area. The traffic flow data is then inputted into 

the control system, and the traffic light timings are determined by an algorithm [4]. The other 
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approach relies on surveillance cameras installed at traffic lights. These cameras capture traffic flow 

information, which is subsequently processed through an algorithm to determine flexible traffic light 

timings. 

However, GPS technology has its limitations. While it generally works well in open areas, satellite 

signals can become unstable or be blocked in densely populated urban areas with high-rise buildings, 

leading to inaccurate or failed positioning [5]. Additionally, not all vehicles are equipped with GPS. 

Implementing this solution would require installing GPS devices on all vehicles and ensuring 

continuous data transmission, which would increase both initial equipment costs and ongoing 

maintenance and data expenses. Moreover, continuously tracking the location of all vehicles raises 

privacy and security concerns, requiring robust data protection to prevent misuse or unauthorized 

access. The vast amount of GPS data collected needs to be processed and analyzed in real-time to 

determine traffic flow conditions [6]. This demands significant data processing capabilities and 

efficient algorithms; otherwise, it may result in poor real-time performance or errors. Building and 

improving the necessary infrastructure for real-time data transmission and processing, such as 

communication networks and data centers, can be challenging, particularly in remote or 

underdeveloped regions. Furthermore, while GPS signals are stable in most cases, they can be 

affected by extreme weather conditions or environments with strong electromagnetic interference [7]. 

This paper primarily discusses the working principles of implementing an adaptive traffic control 

system using surveillance cameras installed at traffic lights. 

2. Preliminaries 

Traffic Signal Control (Definition and Working Principle). 

Assuming a crossroad as the research scenario.  

Crossroad has 4 directions. Directions are denoted as (DN, DS, DW, DE). 

One direction is equipped with one traffic light, so there are 4 lights (LN, LS, LW, LE). 

The traffic light has 2 states: Green and Red (yellow is usually considered as the last 3 seconds of 

the Green duration time.). 2 states are denoted as G and R [8].  

Thus traffic lights have 8 states (𝐿𝐸
𝑅 , 𝐿𝐸

𝐺 , 𝐿𝑆
𝑅, 𝐿𝑆

𝐺 , 𝐿𝑊
𝑅 , 𝐿𝑊

𝐺 , 𝐿𝑁
𝑅 , 𝐿𝑁

𝐺 ). Taking 𝐿𝐸
𝑅  for example, it 

means the green light of the eastward traffic light is on. 

When the traffic lights of a direction are green, cars in the opposite direction can turn left, go 

straight and turn right. 

The traffic lights at the intersection of east-west road and north-south road are mutually exclusive. 

For example, when the traffic lights on the east-west road are green, the lights on the north-south road 

are red [9]. 

Duration time is denoted as the time of a state stays: 𝐷𝑙
𝑠(𝑇) (T: the traffic flow, which means the 

number of vehicles passing through a certain road or location within a specific period of time. 𝑇𝑑1
𝑑2 

means that the traffic flow from the direction d1 to d2. {d1, d2 ∈ (N, S, W, E)}. T = n ∗ t. t: the 

costed time when a non-stationary vehicle traveling at a normal speed is captured by a surveillance 

camera during the period. n: the number that the vehicles pass during the period. The duration time 

for light I of states, l ∈ {LN, LS, LW, LE}, s ∈ {G, R}). 

That the green lights for all straight directions have been lit up is denoted as a complete period.  

When one direction traffic light turns green, both vertical direction cameras start working until the 

traffic light turns red [10]. The data gathered by the cameras will be sent to the control system. After 

analyzing and processing traffic flow information in this period, the traffic lights adjust the next 

period, which control the traffic flows as a signal. Then the data will be collected again, forming a 

loop and keeping working continuously. 
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3. System Design 

3.1. Overview  

In a period, the surveillance camera captures the traffic flow T in one direction as input, and the 

output time Dl
s(T) obtained after the algorithm operation of the intelligent control system is used as 

the duration of the next period of the traffic lights. 

3.2. Data Collection  

Taking the information collected by the surveillance cameras of the eastward traffic lights LE as 

an example. At the beginning of a period, when the green light of the eastward traffic light 𝐿𝐸
𝐺  is on, 

the surveillance camera starts to collect information and obtains the traffic flow 𝑇𝑊
𝐸  from west to 

east until the red light of the eastward traffic light 𝐿𝐸
𝑅  is on. As shown in Fig 1. 

 

Figure 1. Structure Diagram 1 (Photo credit: Original) 

As shown in Fig 2. At the same time, the green light of the southbound traffic lights 𝐿𝑆
𝐺  is on, and 

the surveillance camera of the eastward traffic lights LE collects information to obtain the traffic 

flow 𝑇𝑁
𝐸 from north to east until the red light of the southbound traffic lights 𝐿𝑆

𝑅 is on. 

 

Figure 2. Structure Diagram 2 (Photo credit: Original) 

As shown in Fig 3. Meanwhile, the green light of the westward traffic lights 𝐿𝑊
𝐺  is on. Since there 

is no vehicles passing through the eastward traffic lights during this period, the traffic flow 𝑇𝐸
𝐸 

captured by the surveillance cameras is 0. The red light of the westward traffic lights 𝐿𝑊
𝑅  is on, and 
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the green light of the northward traffic lights 𝐿𝑁
𝐺  is on. The surveillance camera of the eastward 

traffic lights LE collects information to obtain the traffic flow 𝑇𝑆
𝐸 from south to east until the red 

light of the northward traffic lights 𝐿𝑁
𝑅  is on. 

 

Figure 3. Structure Diagram 3 (Photo credit: Original) 

The moment the green light of the eastward traffic lights 𝐿𝐸
𝐺  is on, a cycle ends. At this point, the 

traffic flow data T (T=𝑇𝑊
𝐸 +𝑇𝑁

𝐸+𝑇𝐸
𝐸+𝑇𝑆

𝐸) obtained from the surveillance cameras is aggregated. After 

processing the data through algorithms, the resulting time 𝐷𝐿𝐸

𝐺 (𝑇) and 𝐷𝐿𝐸

𝑅 (𝑇) are outputted to the 

adaptive control system. The adaptive control system then reasonably allocates the duration of the 

red and green lights [𝐷𝐿𝐸

𝐺 (𝑇) and 𝐷𝐿𝐸

𝑅 (𝑇)] for the four traffic lights in the next period, Accordingly, 

the period of traffic lights in the west, south and north directions [𝐷𝐿𝑊

𝐺 (𝑇) and 𝐷𝐿𝑊

𝑅 (𝑇), 𝐷𝐿𝑆

𝐺 (𝑇) and 

𝐷𝐿𝑆

𝑅 (𝑇), 𝐷𝐿𝑁

𝐺 (𝑇) and 𝐷𝐿𝑁

𝑅 (𝑇)] will also change. Thus the adaptive control system can be used to 

adjust the cycle of traffic lights, and the traffic on the road can also be effectively processed. 

3.3. Data Processing 

Authors in utilize the DQN algorithm, using neural networks to approximate the Q-value function. 

The basic idea is to first define the model, then initialize the experience replay buffer, followed by 

sampling and executing actions, storing the experiences, randomly sampling from the experience 

replay buffer, calculating the target Q-value, updating the Q-value network, updating the target Q-

value network, and repeating the process. Since is based on neural networks, it has good perception 

ability, but lacks decision-making ability, so reinforcement learning is needed to enhance decision-

making ability. Authors in use different technologies including Image Processing (IP), Wireless 

Sensor Networks (WSNs) and RFID Tags, depending on the location, space, street, cost etc. The 

method they use provides a more harmonious and smooth operation for the control system, which can 

effectively improve the efficiency of the control system. Authors in utilize traffic signal control 

system (TSCS) which can function without direct communication or transfer cost. The Authors in 

also use the dual targeting algorithm (DTA) to reduce the impact of the simultaneous learning 

problem. 

The structure of the adaptive control system can adopt the method mentioned by the two authors, 

thereby enabling the traffic light monitoring camera to collect and process traffic flow data on the 

road. As shown in Table 1. 
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Table 1. 3.4. form 0-1. The Difference and Advantage 

 The traditional traffic lights The adaptive control traffic lights 

Difference 

The traditional traffic lights work in a fixed period while the adaptive control traffic 

lights work in an adaptive period. 

The adaptive control traffic lights need high technical requirement while the 

traditional traffic lights needn’t. 

The adaptive control traffic lights need high intelligence level while the traditional 

traffic lights needn’t. 

The traditional traffic lights work in a low cost while the adaptive control traffic 

lights work in a high cost. 

The traditional traffic lights work in a low efficiency while the adaptive control 

traffic lights work in a high efficiency. 

The adaptive control traffic lights need to be paid more attention to protecting 

against hackers' intrusions for the damage caused by hacker intrusions is huge. 

The adaptive control traffic lights depend more on the data while the traditional 

traffic lights don’t. 

Advantage 

Low costs 

Simple structure 

Low technical requirements 

High intelligence level 

High effectiveness 

Reduce drivers’ time cost 

Reduce the accident rate and ensure driving safety 

Reduce the traffic jam rate 

Reduce the gas release time while waiting 

Enhance the efficiency of urban management 

4. Challenges / Future Work 

4.1. Technical Challenges 

To ensure smooth and safe traffic flow, the adjustment of traffic light timing must be accurate and 

stable. The adaptive control system needs to be able to identify traffic conditions in real-time and 

accurately, and quickly respond through algorithms to adjust traffic light timing. This places high 

demands on the accuracy and stability of the adaptive control system. 

This control system must also ensure high security. If the system is attacked by hackers, it will 

paralyze the traffic in the road segment controlled by the system, affecting the traffic and safety of 

the entire road segment. The economic loss caused by the delay can also be very significant. 

4.2. Challenges in Practical Applications 

As the adaptive control traffic lights system works by data feedback, ensuring system security is 

particularly significant. Therefore, it is necessary to constantly prevent network attacks. Once the 

system is invaded, the consequences will be very serious and the impact will be extremely large. 

Uncontrollable factors, especially pedestrians, need to be taken into account. The system actually 

needs to consider whether pedestrians will obey traffic rules, as well as how the traffic light cycle 

will be adjusted when there are many pedestrians on the sidewalk but few vehicles on the road. 

The adaptive control system needs to process a large amount of video data in real-time and extract 

traffic flow information from it, which places high demands on computing and storage capabilities. 

With the improvement of video quality and the increase in data volume, how to efficiently process 

and analyze this data has become a technical challenge. 

The maintenance and update cost in the later stage is relatively high, and the repair process will be 

troublesome. 

The performance of surveillance cameras can be affected by severe weather conditions (such as 

rain, snow, fog, etc.) and lighting conditions (such as nighttime, backlight, etc.), resulting in degraded 
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image quality, which in turn affects the extraction of traffic flow information and the accurate 

adjustment of traffic light timing. 

4.3. Future work 

The accuracy and efficiency of image recognition need to be further improved to ensure reliable 

vehicle identification and counting under various weather and lighting conditions. Advanced digital 

image processing techniques such as edge detection and image segmentation should be utilized to 

more precisely extract information on vehicle queue length and traffic flow. 

The image data captured by cameras needs to be transmitted to the processing center in real-time, 

requiring a stable and high-speed data transmission network. And data processing speed also needs 

continuous improvement to adapt to rapidly changing traffic conditions and respond instantly.  

More advanced control algorithms need to be developed to dynamically adjust traffic light signal 

timing based on real-time traffic flow information. What’s more, these algorithms must consider 

various factors, including seasonal variations in traffic volume, time changes during the day, and the 

impact of special events (such as holidays or large-scale activities) on traffic patterns.  

The system must be able to resist network attacks and malicious interference, protecting the 

security of data and the system. System stability should also be enhanced, reducing failure rates and 

ensuring continuous and reliable operation of the traffic light control system. 

Exploration should be conducted on integrating with other components of intelligent transportation 

systems, such as smart vehicles, smart parking systems, and emergency vehicle priority systems. 

Information sharing and collaborative work among systems should be achieved to enhance the 

efficiency and safety of the entire transportation network. 

The system should undergo continuous testing and evaluation in a real-world environment to 

ensure its performance and reliability meet expected standards. And system parameters and functions 

should be continuously adjusted and optimized based on test results and user feedback.  

5. Conclusion 

The implementation of an adaptive control traffic light system utilizing surveillance cameras is 

both feasible and practically significant. This approach allows for the real-time collection, prompt 

processing, and swift adjustment of traffic light cycles based on current traffic conditions. By 

leveraging surveillance cameras, the system can significantly enhance modern traffic management, 

improve road efficiency, and reduce travel costs for drivers. Unlike GPS-based systems, this method 

does not infringe on drivers' privacy, which is crucial for urban development. Moreover, the cost of 

implementing a surveillance camera-based adaptive traffic control system is relatively low compared 

to GPS technology, resulting in considerable savings in technological development expenditures. 

Surveillance cameras provide continuous, accurate monitoring of traffic flow, enabling dynamic 

adjustments to traffic light durations. This adaptability ensures that traffic congestion is minimized, 

travel times are optimized, and the overall driving experience is improved. The ability to respond in 

real-time to changing traffic patterns is particularly valuable in urban environments where traffic 

conditions can fluctuate rapidly. Additionally, the deployment of this system can be more 

straightforward and cost-effective, as it leverages existing infrastructure and does not require 

extensive modifications or the installation of new hardware on vehicles. 

The use of surveillance cameras in adaptive traffic control systems also aligns with privacy 

concerns, as it does not involve tracking individual vehicles or collecting personal data. This aspect 

is increasingly important in gaining public acceptance and trust in new traffic management 

technologies. Furthermore, the scalability and ease of integration with current traffic management 

systems make this approach highly viable for widespread implementation. 

In conclusion, an adaptive control traffic light system based on surveillance cameras presents a 

cost-effective, privacy-respecting, and efficient solution for modern urban traffic management. Its 
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ability to enhance traffic flow, reduce congestion, and improve road safety makes it a valuable 

development for cities aiming to optimize their transportation infrastructure. 
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