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Abstract


The rapid development of the motor vehicle brings convenience to our life; however, it also increases the burden on traffic networks and the environment, especially when road space is limited. Traffic calming has proved to be an effective solution for the improvement of traffic safety and travel quality. However, most traffic-calming measures are investigated and carried out without any adaptive ability. Such measures cannot adapt to changing traffic requirements. There is a mismatch between static measures and dynamic traffic. In this study, we propose an adaptive traffic-calming measure using deep reinforcement learning. Traffic volume is controlled at intersections according to the state of dynamic traffic. Then, we take a large urban complex (the Jinding nine-rectangle-grid area) in Shanghai, China, as an example. Further, based on applied static traffic-calming measures, we consider the characteristics of the nine plots, along with traffic demand, to design traffic-calming measures. Finally, the effectiveness of the measures is evaluated in SUMO (Simulation of Urban Mobility). The experimental results show that the proposed measure can increase driving speed under the speed limit and reduce traffic volume in a peak period. The results indicate that the proposed measure is an effective and novel solution for traffic calming in the large urban complex.
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1. Introduction


With the development of urban transportation, the number of motor vehicles continues to rise and cause congestion [1]. Road network planning and design often focuses on the efficiency and driving experience of motor vehicles, while the feelings of pedestrians and non-motorized travelers are often ignored. Due to limited road space, the space for slow traffic is often compressed. However, the travel experience of slow traffic is crucial in the improvement of life quality [2]. The design of urban transportation should be people-oriented. Compared to common urban roads, the requirement of slow-traffic improvement in a large complex is more prominent. The mixed traffic of motor vehicles, pedestrians, and non-motorized vehicles in limited road space leads to potential safety risks [3]. The complicated land use (e.g., office, resident, school, hospital, entertainment, and commerce) generates various travel demands [4]. Meanwhile, with the development of an urban economy, more and more people pursue a high-quality and colorful life. They are yearning for convenient urban transportation and looking forward to a safe and livable community. It is necessary to calm traffic and provide a safe and comfortable travel experience for all travelers.



Traffic calming aims to reduce the negative impact of motor vehicles on urban traffic through physical and engineering measures [5,6]. Traffic-calming measures can be combined with traffic-management measures to improve the overall traffic environment [7]. In this way, the speeds of vehicles are reduced, and a comfortable environment is provided for pedestrians and non-motorized vehicles [8]. Conventional traffic-calming measures focus on safety improvement via speed and flow reduction [9,10,11,12]. Meanwhile, traffic calming contributes to a lessening of noise, pollution, and fuel consumption [13].



A commonly used longitudinal speed-control measure is to combine a protruding area on the road’s surface (e.g., speed humps and bumps) with a striking appearance to attract the attention of drivers for speed reduction [14,15]. Although the physical deceleration facility can effectively reduce the speed of road sections, it has a negative impact on ride comfort, especially when the physical deceleration facility is continuously set up. In addition, longitudinal speed-control measures can be incorporated with road design. For example, Solowczuk, A. verified the effectiveness of chokers combined with mid-block crosswalks, bollards, and concrete planters [13], though the speed reduction is small. Paszkowski, J. et.al. introduced road infrastructure to reduce driving speed and traffic volume [7]. However, such longitudinal speed control measures have high manufacture and maintenance costs, which are not suitable for large-scale promotion and application in cities. Lateral deceleration measures usually require major changes to the road design, such as compressing the width of road sections and intersections, changing the route shape of the road, designing circular intersections, and setting up circular traffic islands. Since most lateral deceleration measures reduce road traffic space and easily cause road traffic congestion during peak hours, this method is not suitable for an urban complex with large travel demand.



Flow control measures are typically set up with road closures, traffic islands, and dividers. Road closure is used to reduce motor vehicles and crossing traffic by setting obstacles at intersections. Small traffic islands at intersections can restrict vehicles from turning in a specific direction, while a medial divider can prevent motor vehicles from crossing and left turns. In traditional flow control measures, road closure can effectively reduce motor vehicles and is easy to implement. For urban transportation, travel demand and traffic volume are dynamically changing [16,17], but traditional road closure measures rely on managers’ understanding of traffic systems. Management lacks flexibility and cannot be applied in a large urban complex with dynamic traffic. Though flow control reduces traffic volume in the immediate area, it may lead to an increase in motor vehicles in other areas. Thus, flow control measures should be targeted and must be rationally planned based on land-use pattern analysis and traffic demand prediction.



During the implementation of traffic-calming measures, it is necessary to reduce the impact on residents’ lives as much as possible on the premise of safety [9]. In addition to the above standardized traffic-calming measures, other types of measure include the installation of signs, markings, roadblocks, whitewashed lanes, and road shoulders. However, all of the measures mentioned above are static. In practice, traffic demand dynamically changes throughout the day. For example, traffic congestion often generates during peak hours with low driving speeds and high traffic volume, while vehicles can drive with relatively high speeds in flat hours. In such a case, a traffic-calming measure is required to reduce traffic volume during peak hours. Meanwhile, the measure should be adaptive to the changing environment and applied with existing road infrastructure. Indeed, traffic volume control eases traffic congestion and may result in higher driving speeds, which seems to violate the main idea of traffic calming. In fact, traffic volume control can provide safe and comfortable spaces for slow traffic. Generally, more than one traffic-calming measure is carried out simultaneously. For example, Balant, M. and Lep, M. carried out comprehensive traffic-calming redesign and verified the effectiveness using survey data before and after the redesign [5]. Thus, conventional speed limit measures can be used with traffic-volume control. In such a way, driving efficiency is improved under the speed limit. Meanwhile, with the development of sensing, communication, decision, and control technologies [18,19,20,21], dynamic traffic information can be detected in real-time, which provides a condition for traffic volume control.



In this study, we focus on a traffic-calming problem in a large urban complex. The study aims to provide a safe and comfortable travel experience for motor vehicles, pedestrians, and non-motorized vehicles. To solve the problem, we propose an adaptive traffic volume control to limit the number of vehicles in the complex.



The remainder of the paper is organized as follows. Section 2 introduces the Jinding nine-rectangle-grid area and proposes an adaptive traffic-calming measure for the Jinding area using DRL-based traffic volume control. Section 3 shows the training and testing performance of the traffic volume control model at a T-shaped intersection in the Jinding area. Section 4 summarizes the findings of this paper and suggests future research directions.




2. Materials and Methods


2.1. Jinding Nine-Rectangle-Grid Area Introduction


The Jinding nine-rectangle-grid area is a large urban complex located in Shanghai, China. The Jinding area is located in the north of Pudong New Area with the Outer Ring Canal in the east, Jufeng Road in the south, Shenjiang Road in the west, and Zhaojiagou in the north. The planning area of the Jinding area is 202 hectares. The Jinding area provides people with fast transportation, efficient work space, a high-end reception area, and multi-level retail space, aiming to create an unrepeatable “super precinct”. As shown in Figure 1, the Jinding area contains a total of nine plots (number from 13 to 21 in the planning), integrating commerce, office, resident, education, and entertainment space. Specifically, more than 85% of the land in the Jinding area is used for commerce. The average plot ratio of the Jinding area is 3.25. The Jinding area has the characteristics of a high development intensity structure dominated by commercial land. In this large urban complex, we would like to provide people with more practical communication space, accelerate the cohesion of art culture and urban vitality, and improve the quality of interactions between people. Thus, the “Super Ring Corridor” (see Figure 1 in the lower left corner) in the Jinding area connects the commercial land and public square of the four plots to provide a broad space for slow traffic.



As shown in Figure 2, the Jinding area is externally connected to Shenjiang Road and Jufeng Road, which have a large traffic volume. In the Jinding area, there are many internal access roads. The internal Hanqiao Road, Zhiqiao Road, Shentao Road, and Shenqi Road are connected vertically and horizontally. Specifically, all the roads in the Jinding area contain two-way double lanes. The smallest road width is only 20 meters, and the length of the road section is about 200 meters, indicating that the road space is limited. The four roads in the Jinding area form T-shaped intersections on Shenjiang Road, Jufeng Road, Keqiao Road, and Shenlun Road. The Shenjiang Road bus station and subway station are located in the Jinding area and coupled with the “Super Ring Corridor”. The corridor connects to the #16, #17, #19, and #20 plots that contain more commercial land than others. Due the location of public transport stations, a large slow-traffic demand is generated, especially in the T-shaped intersections of Shenjiang Road–Zhiqiao Road and Jufeng Road–Shentao Road. The reason is that pedestrians need to cross the roads to go to stations or other plots. If the T-shaped intersections are unsignalized, it seriously affects driving efficiency and causes safety issues. Due to the difficulty of restraining the behavior of pedestrians and non-motorized vehicles, the entrances and exits of the Jinding area are the site of conflicts with motor vehicles, pedestrians, and non-motorized vehicles. To avoid traffic crashes, motor vehicles often need to slow down and give way, resulting in traffic congestion on the main and access roads. To improve the driving efficiency and provide safe and comfortable travel in the Jinding area, the traffic volume should be reduced. Based on the planning of the “Super Ring Corridor”, it is necessary to design traffic-calming measures for the Jinding area in view of flow control.




2.2. Simulation Platform


SUMO (Simulation of Urban Mobility) is an open-source micro traffic simulation platform developed by the German Aerospace Center [22]. SUMO embeds car-following models, lane-change models, and path-allocation algorithms. With these microscopic models, we can conduct precise simulations with individual routes and detailed driving behavior. Meanwhile, SUMO supports real-time information transmission via the Traci interface [23]. Real-time traffic states can be transmitted to Python for analysis, and we can use Python to control the traffic system in real time via the Traci interface. Since path routing and dynamic control should be simulated, SUMO is a suitable simulation platform for traffic simulation in the Jinding area.



In SUMO, the road network and parking lots are built according to survey and planning. Since the Jinding area is still under construction, traffic signal control schemes and traffic volume on the main and minor roads from surveys are directly used, and traffic demand after establishment is predicted in peak hours using the classical four-step traffic demand forecast. With the function of traffic flow generation in SUMO, we definite plots and the beginnings and ends of roads as origins and destinations, and set O-D pairs and traffic volume in the flow definition. In the simulation, the routes are planned using shortest or optimal path routing. In such a way, the background traffic, predicted traffic demand, and signal control schemes are loaded on the road network. In addition, the T-shaped intersections and the intersections in the Jinding area are set without any signal control schemes.




2.3. Adaptive Traffic Volume Control


In the Jinding area, speed limits have been designed as a traffic-calming measure. Based on the measures, the traffic volume is further limited to improve travel quality. The “Super Ring Corridor” in the Jinding area is located at the intersection of Zhiqiao Road and Shentao Road. Since the layout of most T-shaped intersections is similar, we take the Shenjiang–Zhiqiao T-shaped intersection as an example to design a traffic volume control strategy. Under ideal conditions, traffic volume control reduces the number of vehicles entering the Jinding area and accelerates the leaving of the Jinding area. However, dynamic traffic volume control inevitably has a certain impact on the motor vehicles, pedestrians, and non-motorized vehicles on the main roads. Therefore, volume control should consider the efficiency of motor vehicle traffic on the main road and the efficiency of pedestrian and non-motorized vehicles, and limit the number of motor vehicles entering the Jinding area. However, the traffic environment is dynamically changing in practice. It is difficult to determine traffic control rules and schemes. Therefore, we propose an adaptive traffic volume control using deep reinforcement learning (DRL). The number of vehicles entering and leaving the Jinding area is dynamically adjusted by traffic volume control in the T-shaped intersection. This adaptive traffic volume control can be used with signal control, but unlike traditional signal control, this strategy is used to decide the moment to release motor vehicles.



The adaptive traffic volume control is developed based on intelligent signal control using DRL algorithms [24]. The design of phases is shown in Figure 3. We set the minimum duration time of most phases as 3 s, while we set it as 15 s for phase 0 to ensure enough time for passing on the main road. Since the number of vehicles on the road is dynamically changing, it is difficult to determine the specific phase scheme during model design. Thus, we designed as many phase schemes as possible in the action space for phase selection. To ensure the safety of slow traffic, pedestrians and non-motorized vehicles are allowed to pass through the intersection only when the phase is straight through for the vehicles on the main road. In this study, the Deep Q network (DQN) is used to train an adaptive traffic volume control model. In the model, the deep neural network acts as an agent that provides signal phase selection [24]. The state in the DQN model can be expressed as   s ( t ) = [  n 1  ,  n 2  ,  n 3  ,  n 4  ]   to represent the number of vehicles on each entrance and exit lane (see Figure 3). At each timestep, the action is selected from the set [0, 1, 2, 3, 4, 5]. The action space is shown in Figure 3 in the right with corresponding numbers. The rewards   R ( t )   of the DQN model can be expressed as


  R ( t ) = −  (     n 2     n  max , 2     −    n 1     n  max , 1      )  −    n 3     n  max , 3     −    n 4     n  max , 4      



(1)




where    n i    is the number of vehicles in lane  i ;    n  max , i     is the lane capacity of lane  i , which is the maximum number of vehicles that can be accommodated in that lane. By training the DQN model iteratively [25], the agent can learn to select the appropriate phase according to the state to maximize the expected accumulated reward. During the training, the agent balances the driving efficiency on main and access roads. In this way, traffic congestion in the Jinding area can be alleviated as much as possible, and a more comfortable travel environment can be provided. The other details of the DQN algorithm follow the conventional settings [25]. Specifically, the neurons of each layer in the DQN network are set as 4-30-6. The input and output of the DQN network are the state and probability distribution of actions, respectively.





3. Results


To show the performance of the DQN-based traffic volume control model, called the DQN model below, we take an evening peak period as an example, use SUMO 1.6.0 to establish the road network in the Jinding area, and change the phase in SUMO using Traci interface in Python 3.7. In the simulation, we input the traffic flow calculated using four-stage method and set the signal control at crossings based on investigation. During the simulation, the number of vehicles on each road is obtained through the Traci interface of SUMO. The DQN model outputs traffic volume control strategy in real time. Then, the corresponding phase is changed in SUMO to achieve adaptive control.



The training trajectory of the DQN model is shown in Figure 4. We set the total number of timesteps in each episode as 300 to obtain enough transitions and evaluate the performance of the proposed traffic-calming measure (adaptive traffic volume control). Specifically, an episode means a simulation experiment. An episode starts with the initialization of road network and traffic flow. When the termination condition that the total timesteps are 300 satisfies, the episode ends. In each timestep, a reward is received. Since there are 300 rewards in each episode, we use mean episode score, which is the mean value of the rewards in an episode, to represent the goodness of action selection in this episode. Due to the large fluctuations in the original reward data, we use a rolling window of 20 episodes to smooth the data and show the training performance. It can be seen that the DQN model has a convergence tendency after 35 episodes, meaning that the model learns to output effective traffic volume control strategies.



To evaluate the contributions of the adaptive traffic volume control, the trained DQN model was tested on the road network of the Jinding area. The average number of vehicles and the average speed of each road were used as metrics. As shown in Figure 5a,b, the adaptive traffic volume control can effectively reduce traffic volume, increase the driving speed under the speed limit, and alleviate road traffic congestion on Zhiqiao Road. Though adaptive traffic volume control has led to an increase in the number of vehicles in the Shenjiang road entrance, it does not have an obvious impact on vehicles in terms of average driving speed. Therefore, the adaptive traffic volume control can ensure the efficiency of the straight-through vehicles on main roads. In Figure 5c,d, we also evaluate the impact of traffic volume control on roads in the Jinding area. The traffic volume on the road network in the Jinding area is reduced using the adaptive traffic volume control. Under the speed limit, the reduction in the traffic volume improves driving efficiency in the Jinding area. The experimental results show the effectiveness of the proposed adaptive traffic-calming measure on both T-shaped intersections and roads in the road network. The adaptive traffic volume control helps vehicles leave the Jinding area quickly and reduces the number of vehicles enter the Jinding area. As a result, a good traffic environment is created for motor vehicles, pedestrians, and non-motorized vehicles.



To compare with conventional traffic-calming measures, we take the most frequently used measure, speed control, as an example. The proposed adaptive traffic-calming measure was speed limit. Since the speed limit is set as 13.89 m/s (50 km/h) in the adaptive traffic-calming measure, we set the speed limit as 8.33 m/s (30 km/h) as speed control. Figure 6a shows that the speed control significantly reduces driving speed on roads. As shown in Figure 6b, due to the low driving speeds, travel demand cannot be satisfied, and traffic congestion is generated in the Jinding area.



Compared to conventional static traffic-calming measures, the proposed measure can reduce traffic volume in the Jinding area via a DRL-based traffic volume control. The proposed traffic-calming measure can adapt to a dynamic traffic environment. Meanwhile, the proposed measure can be applied with signal control schemes directly. However, the traffic volume control is based on the assumption of minimum duration time of phases. If the phase changes quickly, it may be a challenge for inexperienced drivers to control their vehicles. A long phase duration time reduces the flexibility of the dynamic environment. Indeed, the minimum duration time is associated with travel demand, traffic volume, and phase design, which has impacts on training stability and traffic safety. Thus, how to determine the minimum duration time should be investigated the in future research. Meanwhile, we present traffic volume control for a single intersection in this preliminary study. In practice, signal control at different intersections can be optimized synergistically for better system performance, which is a multi-agent control problem [26,27].




4. Conclusions


In the new stage of urban traffic development, traffic-calming measures can effectively protect the right of way of pedestrians and non-motorized vehicles. Traffic-calming measures can improve the quality of slow traffic and the overall traffic environment. In this study, we summarize the common measures for urban traffic calming in China. Then, we develop an adaptive traffic volume control approach based on the characteristics of the Jinding area for adaptive traffic calming. Further, the performance of the proposed approach is evaluated to verify its effectiveness. The experimental results show that the proposed approach can reduce traffic volume in the Jinding area in Shanghai, China. Under a speed limit, driving speed increases due to the reduction in traffic volume, which provides a safe, efficient, and comfortable travel experience for motor vehicles, pedestrians, and non-motorized vehicles. In the future, traffic calming needs to adapt to local transportation conditions and serve the development of urban transportation with a people-oriented perspective [13]. In future research, the minimum duration time and cooperative traffic volume control at different intersections can be further investigated.
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Figure 1. Land use pattern in Jinding area. 
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Figure 2. The situations of road infrastructure in Jinding area: (a) road category; (b) bus and subway station distribution; (c) section shape of Shenjiang Road; (d) section shape of Keqiao Road. 
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Figure 3. The setting of lanes and signal phases in the T-shaped intersection. 






Figure 3. The setting of lanes and signal phases in the T-shaped intersection.



[image: Sustainability 14 13023 g003]







[image: Sustainability 14 13023 g004] 





Figure 4. Training trajectory of the DQN-based traffic volume control model. 
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Figure 5. The evaluation results of traffic volume control and no control: (a,b) are average driving speed and number of vehicles at the intersection, respectively; (c,d) are average driving speed and number of vehicles in the Jinding area, respectively. 
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Figure 6. The evaluation results of traffic volume control and speed control: (a,b) are average driving speed and number of vehicles in the Jinding area, respectively. 
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