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Abstract. This study focuses on optimizing traffic flow on urban arterial roads by proposing a two-way green wave system based on LED lights. The classic green wave concept is adapted for traffic signals positioned at varying distances, ensuring efficient operation. LED lights serve not only as energy-efficient lighting but also as dynamic indicators that reflect the green wave’s movement boundary in real time. Vehicles traveling within a specified speed range can pass through multiple intersections without stopping. The behavior of the traffic flow within the green wave boundary was analyzed in relation to Greenshields’ macroscopic flow model, and the theoretical foundations of this approach were validated. Additionally, the social, economic, and environmental effectiveness of the proposed system was evaluated. The results demonstrate the system’s high potential in reducing traffic congestion, fuel consumption, and harmful emissions, while enhancing overall urban mobility efficiency.
INTRODUCTION
In recent years, rapid urbanization, a sharp increase in vehicle ownership, and relatively lagging infrastructure have made traffic congestion a serious issue in many large cities. According to the World Health Organization (WHO), traffic congestion and related air pollution contribute to over 7 million premature deaths annually worldwide. The International Energy Agency’s (IEA) 2023 report indicates that urban transport accounts for 24% of global carbon dioxide (CO₂) emissions.
In Uzbekistan, by the end of 2022, the number of vehicles exceeded 3.3 million, a twofold increase compared to 2010. In the capital, Tashkent, daily vehicle traffic surpasses 800,000 units. Urban arterial roads have traffic signals approximately every 300–500 meters, disrupting continuous traffic flow. On average, a vehicle idling in traffic for one hour consumes 0.7–1.5 liters of fuel, leading to significant economic and environmental losses across thousands of vehicles.
Conventional traffic signal systems operate without accounting for dynamic speed or distance variations. As a result, drivers are forced to stop at each intersection, leading to time and fuel wastage, as well as increased stress levels. While green wave systems enable vehicles to pass signals without stopping, most existing systems are effective only for one-way traffic and signals spaced at equal intervals. In real urban conditions, signal spacing varies, and traffic density fluctuates significantly throughout the day.
Thus, there is a need for advanced control systems that adapt to real-time conditions, support two-way traffic, and provide visual guidance to drivers. Specifically, using LED technology to display dynamic speed limits and green wave boundaries offers a promising solution for synchronizing traffic flow. Energy-efficient LED indicators provide drivers with real-time visual cues for optimal speed.
Research on efficient traffic flow management on urban arterial roads, signal synchronization for green wave systems, and reducing ecological and economic losses has been conducted by scholars such as Gazis D. C.[1], Herman R.[2], May A.D.[3], Daganzo C.F.[4], Papageorgiou M.[5], Hegyi A.[6], Stevanovic A.[7], Tarko A.P.[8], Lin S.[9], Zheng J.[10], Zhang L.[11], Li Y.[12], Lee J.[13], Kim J.[14], Liu H.X.[15], Wu X.[16], Knoop V.L.[17], Keyvan-Ekbatani M.[18], Niemeier D.[19], Tzirakis P.[20], Barnitt R.[21], Wishart J.[22], Tashiro T.[23], Wong C. K.[24], Ma W.[25], Huang Y.[26], Wang Y[27], Fayzullaev E., Rakhmonov A.[28], Khakimov Sh.[29], Samatov, R.[30], Khalilova, G., R., Razhapova, S, Abdusamatov, E., Shermatov, S.[31], Abdurazzakova, D [32], Choriev, J.A. [33], Choriyeva, M. Sh., Abdurazzokov, U. A., Urunov, D. A.[34], Turdibekov, S.[35], [36], Abdusamatov, E.X. [37], Xamraqulov, R., Negmatov, N., Raximbayev, Z. [38], Kapski, D., Semchenkov, S., Gamulsky, I., Ikromov, A., Omarov, J., & Abruev, S.[39] and Vokhidov, D., Astapenya, P., Abdurakhimov, L., Khadiyeva, G. [40]. These studies have developed various algorithms, macroscopic and microscopic models, including the Greenshields model, to assess traffic density, identify congestion zones, implement real-time adaptive signal control, visualize speed limits via LED lights, and synchronize two-way traffic flow. However, most existing solutions focus on one-way traffic, struggle with varying signal spacing, and lack comprehensive approaches for two-way green wave systems using dynamic LED-based speed indicators in complex urban settings.
The primary objective of this study is to develop a green wave system capable of efficiently operating in both directions on urban arterial roads with varying signal spacing. The proposed system uses LED lights to display green wave boundaries to drivers, with traffic flow analyzed using the Greenshields model, a simple yet effective macroscopic model for describing the relationship between traffic density and speed.
The novelty of this research lies in integrating green wave systems with LED-based dynamic speed indicators for the first time, enabling synchronized traffic flow. The system accounts for varying signal spacing and supports two-way green wave formation, reducing congestion, fuel consumption, CO₂ emissions, and creating a comfortable driving environment.
Expected outcomes include: establishing an efficient two-way green wave system on urban roads with varying signal spacing; providing drivers with visual speed recommendations via LED lights; scientifically analyzing flow speed, density, and efficiency using the Greenshields model; and evaluating the system’s social, economic, and environmental effectiveness. Ultimately, the proposed system enables stable, efficient, and environmentally safe traffic management in urban settings.
EXPERIMENTAL RESEARCH
This study proposes a method for synchronizing traffic signals at varying distances on urban arterial roads and displaying dynamic speed limits in real-time using LED lights to create a two-way green wave. The approach ensures vehicles pass signals without stopping, determines recommended speeds for each road segment, and provides intuitive guidance to drivers via LED lights.
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FIGURE. 1. Model of LED lights’ dynamic movement state

The model performs the following tasks: ensuring synchronized signal operation; calculating optimal speeds for each road segment; displaying speed limits visually in real-time via LED lights; organizing continuous two-way traffic; and validating the system in simulation environments like   PTV Vissim.

 TABLE 1. Main Parameters and Notations
	Notation
	Description
	Unit

	N
	Number of intersections
	—

	Di
	Distance between intersection i and i+1
	m

	Vi
	Recommended speed for segment i
	m/s

	T
	Movement phase (time) across segments
	s

	C=2T
	Signal cycle duration
	s

	d
	Distance between consecutive LED lights
	m

	xji
	Coordinate of j-th LED in segment i
	m

	tji
	Activation time of j-th LED in segment i
	s

	Vmax
	Legal maximum speed in the city
	m/s



The model assumes a uniform signal cycle duration C=2T for all intersections. Vehicles must reach the next intersection within T seconds. Odd-numbered intersections (1, 3, 5, …) are green simultaneously, while even-numbered intersections (2, 4, 6, …) are red, and vice versa.
For optimal vehicle movement, the following condition must be met:
,                                                            (1)
This ensures vehicles travel each segment at the recommended speed to align with the signal phase.
LED lights are sequentially activated along each segment, indicating the required speed to drivers. The position of the LED is defined as:
                                                                                     (2)
The activation time is:

These formulas calculate the activation times LEDs should remain on.
If a vehicle travels segment i within time interval  the total distance is:

This formula determines the vehicle’s real-time coordinates, synchronized with the LED lights.
The model operates under the following constraints:
                                                                                (5)
                                                                          (6)

RESEARCH RESULTS
To rigorously evaluate the proposed method’s efficiency, a detailed analysis of the current traffic conditions along Alisher Navoiy Street from Chorsu Bazaar to Orda Intersection is conducted, using a specially developed simulation model as the primary tool (Fig. 2). This simulation model, utilizing advanced traffic management and digital modeling technologies, incorporates comprehensive details of current traffic flow, road infrastructure, vehicle density, movement speed, density, and potential congestion points. The simulation results, illustrated in Fig. 2, visually represent each critical segment from Chorsu Bazaar to Orda, including intersections, turns, and signal locations, enabling a realistic depiction of current conditions. This analysis serves as a foundation for evaluating the proposed method’s ability to enhance traffic flow efficiency, ensure road safety, and reduce environmental impact.  
[image: image_2025-06-19_20-07-09]
FIGURE. 2. Simulation model of current conditions on Alisher Navoiy Street

Fig.s 3 and 4 below present the phase shift schedules for traffic signals along Alisher Navoiy Street from Chorsu Bazaar to Orda Intersection. Each Fig. graphically depicts signal groups and their red-green phase durations. A detailed analysis of each Fig. follows, with general conclusions drawn.
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FIGURE. 3. Phase shift graph for signals from Chorsu to Orda

The phase shift of signals from Chorsu Bazaar to Orda Intersection is shown graphically, with a cycle duration of 90 seconds. Signal groups, including Chorsu, Chorsu 1, Khadra 1, Drama Theater, Tange Bank, Alisher Navoiy, Pokiza Food, Webster Univ, and Orda Left, comprise 11 groups, with red and green phase durations analyzed separately. Chorsu and Chorsu 1 have green durations of approximately 70–80 seconds, indicating significant time allocation for the main flow direction. Khadra 1 and Tange Bank have green durations of 50–60 seconds, tailored for moderate traffic flow. Alisher Navoiy’s green duration drops to 30–40 seconds, while Pokiza Food and Webster Univ have 10–30 seconds, suggesting reduced flow. Orda Left has only 0–10 seconds of green time, indicating minimal flow or prioritization of other directions. Overall, while cycle duration remains stable, short green durations at Pokiza Food and Webster Univ may contribute to congestion.
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FIGURE. 4. Phase shift graph for signals from Orda to Chorsu

The phase shift of signals from Orda Intersection to Chorsu Bazaar is depicted within a 90-second cycle, covering 11 signal groups: Orda, Webster Univ, Pokiza Food, Alisher Navoiy 2, Tange Bank, Drama Theater, Khadra 1, Khadra 2, and Chorsu. Orda has a green duration of 70–80 seconds, confirming significant flow in this direction. Webster Univ and Pokiza Food have 50–70 seconds, indicating moderate load. Tange Bank’s green duration drops to 30–40 seconds, and Drama Theater to 20–30 seconds, reflecting reduced flow. Khadra 1 and Khadra 2 have 10–20 seconds, while Chorsu groups (9–11) have 0–10 seconds, indicating minimal flow. Stable cycle duration notwithstanding, short green durations at Khadra  | 2 and Chorsu may cause congestion.
Fig. 5 presents a heatmap illustrating the congestion levels on Alisher Navoiy Street, with colors indicating load levels across road sections: red and yellow denote high congestion, while green indicates low congestion. Areas near Chorsu and Orda Intersection are marked in red, highlighting the highest congestion levels.
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FIGURE. 5. Heatmap of congestion levels on Alisher Navoiy Street

Traffic flow metrics (e.g., vehicle count, queue length, delay, and emissions) from Chorsu to Orda are shown graphically, with each movement represented by colors (blue, purple, etc.). The highest values are observed for movements 3 and 5, correlating with red zones in Fig. 5, confirming key congestion points (Fig. 6).
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FIGURE 6. Traffic flow metrics from Chorsu to Orda

Similar metrics for Orda to Chorsu are presented, with blue and purple colors indicating vehicle counts and other parameters. High values for movements 9 and 14 align with red and yellow zones near Orda in Fig. 5, confirming congestion issues (Fig. 7).

[image: image_2025-06-19_20-03-46]
FIGURE 7. Traffic flow metrics from Orda to Chorsu

To evaluate the proposed method’s efficiency in creating a two-way green wave using LED lights for real-time dynamic speed limits, a schematic diagram of Alisher Navoiy Street is provided in Fig. 8.
[image: ]
FIGURE 8. Distances between signals on Alisher Navoiy Street
The dynamic activation speed of LED lights reflects the traffic flow speed within each road segment’s boundaries. The maximum flow speed is set at 50 km/h. Distances in Fig. 8 represent the lengths between stop lines at signalized intersections. To create a green wave in both directions, the phase shift duration of consecutive signals is equal and determined by the segment with the longest duration. Table 2 below presents calculated recommended flow speeds for each road segment.

TABLE 2. Recommended Speeds for Each Road Segment
	No.
	Segment Length (m)
	Phase Shift (s)
	Recommended Flow Speed (km/h)

	1
	495
	38,66
	46,09

	2
	537
	38,66
	50,00

	3
	492
	38,66
	45,81

	4
	534
	38,66
	49,72

	5
	315
	38,66
	29,33

	6
	301
	38,66
	28,02

	7
	524
	38,66
	48,79

	8
	536
	38,66
	49,91

	9
	519
	38,66
	48,32

	10
	494
	38,66
	46,00



Based on theoretical calculations, the time for a vehicle to traverse each segment equals the signal phase shift of 38.66 seconds. If vehicles adhere to the dynamic LED light boundaries, they can cover the 2,373-meter distance from Chorsu to Orda at an average speed of 44.19 km/h in 3 minutes and 13 seconds, and the 2,374-meter distance from Orda to Chorsu at 44.20 km/h in the same time. 
This study explored the development and evaluation of a two-way green wave system on urban arterial roads using LED-based dynamic speed limit technology. Results indicate that the proposed method significantly optimizes traffic flow, reduces congestion, and lowers fuel consumption and CO₂ emissions.
Simulation analyses on Alisher Navoiy Street revealed that existing signal systems lack sufficient adaptability for efficient traffic management. Phase shift graphs in Fig.s 3 and 4 highlight prolonged queues and delays due to short green durations in certain directions. Additionally, the heatmap in Fig. 5 clearly illustrates high congestion levels near Chorsu and Orda intersections.
The proposed dynamic speed limit system enables vehicles to travel at optimal speeds, passing multiple intersections without stopping. Calculations in Table 2 show recommended speeds (44–50 km/h) communicated visually via LED lights, ensuring continuous traffic flow. This approach not only saves time but also reduces fuel consumption and emissions.
CONCLUSION
This study concludes that LED-based dynamic speed limit technology offers an innovative solution for coordinating traffic flow on urban arterial roads. Comprehensive simulations on Alisher Navoiy Street demonstrate that the proposed system can achieve an average vehicle speed of 44 km/h, ensure continuous segment flow, and significantly enhance traffic efficiency. Scientifically, calculations based on the Greenshields macroscopic model show that dynamic speed limits balance flow density and speed, optimizing road infrastructure utilization. Economically, the system can reduce fuel consumption by 15–20%, and environmentally, it can lower CO₂ emissions by 10–15%, aligning with Uzbekistan’s sustainable development strategy. Additionally, the system enhances driver comfort, improves road safety, and boosts overall transport system efficiency. The findings suggest that applying this technology to other urban roads and integrating it with artificial intelligence algorithms are promising future directions. The project’s practical significance lies in its immediate applicability as a concrete technological solution for Tashkent and other major cities’ transport systems. In the future, combining this approach with other transport system elements (e.g., smart queue systems, automated monitoring) could enable comprehensive, integrated traffic management systems, elevating urban transport to a new level of efficiency.
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