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Abstract

:

Featured Application


Integrated waiting area can be used to increase the capacity of signalized intersections where land use is limited for the traffic movement without flaring up the approaches.




Abstract


To alleviate traffic congestion in the city, an integrated waiting area is introduced to the signalized intersection in this paper. After the design idea and the typical form of the integrated waiting area is proposed, the control method at the signalized intersection is discussed. The coordination control process of the main and pre-signal at the signalized intersection with the integrated waiting area is analyzed and modeled. To assess the operational performance of the integrated waiting area at intersections, a microscopic traffic simulation software (VISSIM) is utilized to simulate intersections with and without integrated waiting areas. Key issues concerning signal timing plans are then discussed. With comparisons between the operation of intersections with and without integrated waiting areas, the implementation effect is quantified based on the statistical data of the simulation result. The results confirm the potential benefits of the integrated waiting areas at the signalized intersections and show that integrated waiting areas work best in heavy traffic demand.
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1. Introduction


Over the past few decades, there has been a rapid increase in the number of vehicles in developing countries such as China. As a result, frequent traffic jams have spread from large cities to small and medium-sized cities. Thus, this has become a focus problem that restricts the sustainable development of large and medium-sized cities in China. Intersections are the important nodes in the urban road network where many vehicles cross each other with a lot of conflicts. To make it worse, pedestrians and non-motorized vehicles are inevitably involved. This results in more complicated traffic conditions at the intersections. In addition, the intersections often become bottlenecks in road networks since the traffic capacity of the intersections is far less than that of the road sections. In particular, a single intersection with a low traffic capacity can cause a chain reaction. A congested intersection may substantially slow down the traffic, sabotaging the surrounding traffic system at the network level. Previous studies have indicated that delays at road intersections account for more than 80% of the total road network delays. At the same time, the intersection capacity is less than 50% of the road capacity. Increasing capacity and decreasing delay at signalized intersections have been areas of intense investigation. The optimization of lane assignment and signal control has been crucial for the intersection to improve capacity and decrease delay [1,2,3,4,5].



Many studies on the optimization of lane assignment have been conducted through the decades, including variable lanes, dynamic lane assignment and integrated waiting area. Jing Zhao, Wanjing Ma et al. [6,7] proposed a series of design pattern of left-turn waiting areas (LTWA) for different combinations of spatial and temporal treatments of left-turn movements and presented a generalized lane-based optimization model for the integrated design of displaced left-turn (DLT) intersection types, lane markings, the length of the displaced left-turn lane, and the signal timings. Hongmei Zhou, Jing Ding and Xiao Qin [8] developed a model that simultaneously optimizes the use of variable approach lane (VAL) and signal timings at an isolated signalized intersection and suggested that the availability of variable approach lane provided the intersection with improved capacity to deal with large traffic fluctuations. Jing Zhao, Jiao Yao et al. [9] evaluated the operational efficiency of the intersections with dynamic lane assignment using field data collected at five intersections in China. Jiang Jinsheng, Dong Ligeng [10] concluded that an integrated waiting area at the signalized intersection could effectively improve the traffic capacity of the approach and reduce stop time of vehicles through modeling and simulation. Guo Xiaofeng, Xiao Daiquan [11] studied the characteristic principle and setting condition of the integrated waiting area, and further analyzed the calculation method of the traffic capacity of the intersections with integrated waiting area. Shui Yanbin, Ye Pingyi [12] analyzed the application of integrated waiting area in the signalized control junction area at downstream ramp intersection of Chengdu second ring road. Ma Xiaodan, Ren Heng Kai, Xia Xiaomei [13] also analyzed the setting method and traffic control mode of integrated waiting area at the signalized intersection. Sun Jirui, Che Guopeng, Wen Hanhui et al. [14] studied the effect of integrated waiting area on the traffic capacity and delay of the intersection. Cai YanFeng, Liu ShuangYang, Sun Da-Zhi [15] put forward an optimization model of oversaturated queue overflow condition based on integrated waiting area, simulated the traffic running situation before and after optimization model was implemented in the target intersection.



There are also many pieces of research on signal control. The pre-signal control method was originally used for bus priority control to ensure that buses receive priority in the intersection, proposed by the British Transport Authority in 1991 [16]. Recently, pre-signal control methods for other vehicles have been studied in signalized intersections. Xuan Y.G., Daganzo C.F., Cassidy M.J. [17,18] proposed a pre-signal system that employs sorting strategies for generic intersections, illustrated the potential benefits of the proposed system, and demonstrated that the pre-signal control method can increase intersection capacity effectively by a natural experiment. Zhou Y.P., Zhuang H. [19] developed an optimization model of the lane assignment and signal timing at the tandem intersection with pre-signal to minimize the delay. Ma et al. [20,21] established a signal control model for an intersection entrance with a double-stop line. Li et al. [22] and Chen et al. [23] studied the method of setting the pre-signal at variable lanes of an intersection, with the aim of solving the problem of traffic jams and idle lanes caused by the uneven distribution of traffic flow.



As a special and complex traffic control mode, integrated waiting area (IWA) has been proposed recently as a solution to increase the capacity of the signalized intersection without flaring up the approaches. Although IWAs have been put into practice in several cities in China and decreased approach delays at some intersections in these cities which suffer from intersection space shortages, the application is still in its early stage, compared with other traffic management measures. An understanding of when and where the concept of IWA is desirable is important for its application. More studies are needed to optimize the traffic control method and quantitatively assess the impacts of IWA on the intersection capacity and travel times. To increase the utilization ratio of the approaches at signalized intersections, the pre-signal control is introduced into the integrated waiting area and a traffic control method combining the variable lanes and waiting areas is proposed in this paper.




2. Basic Concept of Integrated Waiting Area


2.1. Design Idea


The waiting area is the space where vehicles are waiting to go through the intersection. The effect of the existing left-turn and through movements waiting area at the intersection on easing the traffic pressure is limited. As well, the emergence of an integrated waiting area has added fresh blood to the design of the intersection.



An integrated waiting area is a novel kind of traffic control measure. It sets all approach lanes to be variable lanes and circularly switches the right of way of the traffic in different directions to fully utilize the time-space resources of the intersection in case the existing road supply is unchanged. With this kind of traffic control method, the traffic flow in different directions can be assigned on time and space at the approach of the intersection. With limited land in cities devoted to traffic, IWAs can be a method to increase the intersection capacity.




2.2. Typical Form


A typical layout of an integrated waiting area is shown in Figure 1. Since integrated waiting area is primarily aimed at the flow of motor vehicles, the influence of pedestrians and non-motorized vehicles is not considered in this paper [24,25].



There are two stop lines at the approach of the intersection with integrated waiting area. The original stop line is considered the main stop line. The pre-stop line is a solid or double dotted line parallel to the main line. It is set up at a certain distance upstream. Besides, a set of pre-signal lights are set up in the corresponding position in front of the pre-stop line with the aim of controlling the traffic of vehicles. The original left-turn, through and right-turn lanes move to the back of the pre-stop line. Then, the area between the main stop line and the pre-stop line will be designated as an integrated waiting area.




2.3. Organization of Traffic Flow at Intersection


The basic design element of IWAs is the waiting area before the stop bar for left-turn, right-turn and through vehicles. The waiting area is for vehicles to utilize all the available lanes on the approach to clear the intersection, i.e., all available approach lanes can be used as through lanes, right-turn or left-turn lanes. The typical layout and traffic operation of the intersection with IWAs are shown in Figure 1 and Figure 2. Right turns are combined with the through traffic at the rightmost lane since the influence of right-turn vehicles at the intersection is usually small [6,7].



Figure 2a illustrates the phase for the left-turn movement. When the pre-signal provides a green indication for the left-turn movement, the vehicles on the left-turn lanes at the approach can cross the pre-stop line and distribute to all lanes in the waiting area until the main signal lights for the left-turn turn green. They then enter the intersection and leave. At the same time, through and right-turn vehicles are held upstream by the pre-signal for those lanes. Figure 2b illustrates the same rules for the through/right-turn vehicles.



Using all approach lanes for the integrated waiting area, as illustrated in this case (Figure 1 and Figure 2), is ideal for fully utilizing intersection space. However, some considerations may prevent the use of all lanes for the integrated waiting area. For example, if right-turn traffic is relatively large in an intersection, the rightmost lane at the approach can be set as an exclusive right-turn lane with the right-turn special phase to control right turn traffic. Thus, leaving the right-turn flow out of the integrated waiting area, a ‘partial-IWA’ design can be adopted in such a situation, as shown in Figure 3d.



Figure 3 illustrates the layout of the partial-IWA. As shown in Figure 3a, two leftmost lanes are utilized as an integrated waiting area, while rightmost lane is an exclusive right-turn lane and next to the rightmost lane is a through lane. In Figure 3b, the leftmost lane is an exclusive left-turn lane and the rightmost lane is an exclusive right-turn lane. The two middle lanes are utilized as an integrated waiting area. Only one lane is utilized as an integrated area in Figure 3c.



For example, in the design shown in Figure 3a, right-turn vehicles can utilize the rightmost lane without waiting for pre-signal indication. The same rule applies for the through movement vehicles to use the second lane on the right. The pre-signal will control the timing for left-turn/through vehicles to enter the two leftmost lanes, i.e., IWA. Though these designs in Figure 3 cannot fully engage all the approach lanes, they do provide solutions where the available lanes downstream of the intersection are limited or space does not allow several simultaneous turning movements.



With the periodic changes of the main and pre-signal lights at the approach, the function of all lanes in the integrated waiting area can be switched between left-turn and through movement [26]. More particularly, the traffic in the integrated waiting area has undergone the process of “entering—waiting—proceeding—clearing”.



To make full use of the integrated waiting area at the signalized intersection, it is necessary to discuss and optimize a control method based on the general form of the integrated waiting area proposed above.





3. Signal Control Method


3.1. Signal Phase Sequence


Since integrated waiting areas aim to ease congestion at intersections where traffic demand is high, adaptive control does not have many advantages over fixed-time controls [27].



As shown in Figure 1, two stop lines are installed on the intersection approach with the first one located at the front of the integrated waiting area and the second stop line downstream at the end of the integrated waiting area. The control method of the signalized intersection with integrated waiting area is different from the conventional intersection without integrated waiting area. An intersection with integrated waiting area can be operated by two pre-timed signal controllers: one for the pre-signals on the approach with integrated waiting area and the other for the main intersection. A set of pre-signal lights group is added at the pre-stop line of the waiting area. In addition, all the traffic flow from each direction is controlled by the pre-signal lights to enter the waiting area safely and orderly [28].



The signal timing plan can be divided into two sub-plans, which are integrated. One is the plan for the main intersection signals, and the other is for the pre-signals. These two signal timing plans share an identical cycle length, so an intersection with integrated waiting areas can be operated continuously.



Two phases are employed for pre-signals with the first phase for through vehicles and the second for left-turn vehicles. The signal timing strategies for the main intersection is also illustrated in Figure 4. Left-turn indication for approaches follows a through indication. During the first phase, the upstream pre-signals provide a green indication for the through movement at NS and EW approaches. Through movement vehicles proceed downstream distributing to all available lanes in the integrated waiting areas. Meanwhile, right-turn vehicles proceed to the rightmost lane in the integrated waiting areas as shown in Figure 2b. Then the right-turn vehicles will pass through the intersection under the give-way rules. The reason for providing a green indication for the EW through movement when the main signal provides the green indication for the NS through movement is to leave more time for vehicles to enter the integrated waiting areas. The downstream signal at the main intersection, afterwards, provides a green indication for the through movement of all available lanes at the WB and EB approaches. During this phase, left-turn vehicles are held upstream by the pre-signal for those lanes. Phase 2 for pre-signal is for left-turn movements. Through movement vehicles are held at the pre-signal while left-turn vehicles distribute to all available lanes and right-turn vehicles proceed to the rightmost lane in the integrated areas at the WB and EB approaches, where the left-turn vehicles receive a circular green indication at the downstream signal to pass through the intersection and right-turn vehicles pass through the intersection under the give-way rules. Each phase requires an all-red time that is long enough to clear the integrated waiting areas.



Accordingly, it is important to understand how to coordinate between the pre-signal and main signal at the intersection. The main and pre-signal coordinated control method should be adopted for the intersection with integrated waiting areas. Figure 4 displays the phase and sequence of the signal at a typical cross intersection with integrated waiting areas.



Residual vehicles in the integrated waiting areas pose potential safety concerns. If there is a through movement vehicle left in the integrated waiting area when the through movement indication for this approach ends, it will be hard for this vehicle to pass through the intersection when the left-turn indication begins. This vehicle must stop, wait for the next indication for through movement in the next cycle and therefore block the entire lane for the duration of the cycle, during which the lane of the integrated waiting area cannot serve other vehicles behind this vehicle which is left. A similar situation will happen for a left-turn vehicle if this vehicle cannot leave the integrated waiting area and pass through the intersection in time. To avoid residual vehicles, it is crucial to have lane-clearing time. This can be regarded as the red indication of the pre-signal, meaning the green indication of the pre-signal should end earlier than the corresponding indication of the main intersection signal. The pre-signal will hold vehicles and enable those vehicles that have entered the integrated waiting areas to pass through the intersection. For example, the pre-signal indication for a through movement shall end earlier than the through movement indication in the main signal of the intersection to prevent residual vehicles in the integrated waiting areas. It means that the difference (tf) of the end time of the green signal phase between pre-signal and main signal must be satisfied:


tf≥l/vs



(1)




where l is the length of the integrated waiting area (m); vs is the average speed of the vehicles passing through the integrated waiting area (m/s).




3.2. Coordination of Main and Pre-Signal Control


3.2.1. Process of Coordination Control


According to the proposed control method, the basic idea of the coordinated control of main and pre-signal in the integrated waiting area is shown in Figure 5. The arrived right-turn vehicles are not controlled by the pre-signal. Right-turn vehicles pass through the intersection according to the give way rules. The pre-signal is used to control the direction of the available lanes in the integrated waiting area. The available lanes serve through and left-turn traffic alternately in a signal cycle. Right-turn vehicles will use the rightmost lane in the integrated waiting area as shown in Figure 2.



The rules of pre-signal control are as follows:

	
The arrived right-turn vehicles are not controlled by the pre-signal. They will use the rightmost lane in the integrated waiting area.



	
The arrived through and left-turn vehicles should stop at the pre-stop line to wait for the corresponding green light of the pre-signal.








When pre-signals at the approach provide a green indication for the through movement, all the through vehicles stopped at the pre-stop line are permitted to enter the integrated waiting area and distributed in all the available lanes in the integrated waiting area. The arrived left-turn vehicles should stop and wait in line at the pre-stop line. Vehicles that distributed in the integrated waiting area stop while the main signals provide a red indication for the through movement. When the main signal light of this phase turns green, all the vehicles waiting in the integrated area will start to pass through the main stop line into the intersection. Meanwhile, the other through movement vehicles that have not yet entered the waiting area may also go through the waiting area directly. Therefore, vehicles going through the intersection are cleared gradually. At the same time, the left-turn vehicles arriving will stop and wait at the pre-stop line. After some time, the pre-signal lights for through movement will turn red. Thus, the through movement vehicles will have to stop entering the waiting area. After the vehicles distributed in the integrated waiting area are cleared, the main signal light for the through movement turns red. Then the left-turn phase of the pre-signal turns green.



Similarly, the left-turn vehicles waiting at the pre-stop line will start to enter the integrated waiting area and distribute in the available lanes. All the lanes in the integrated waiting area will be utilized for the left-turn vehicles. The through movement vehicles arriving should stop and wait in line at the pre-stop line. All the left-turn vehicles are waiting in the integrated area while main signal lights for the left-turn movement keep red. When the main signal lights for left-turn turn green, all the vehicles waiting in the integrated area will start to pass through the main-stop line into the intersection. Meanwhile, the other left-turn vehicles that have not yet entered the waiting area may also pass directly through the waiting area. Thus, left-turn vehicles will also be cleared gradually. After some time, the pre-signal lights for left-turn vehicles will turn red. Thus, the left-turn vehicles will have to stop entering the waiting area. When all the left-turn vehicles distributed in the integrated waiting area are cleared off, the main signal light for left-turn vehicles turns red. The operation of the integrated waiting area will switch to the through phase and follow this cycle back and forth.



More importantly, clearance of the vehicles in the waiting area is critical, as it directly affects the normal traffic of the other directions in the waiting area afterwards. Therefore, the following regulations are proposed in the paper:



All vehicles that have passed through the pre-stop line must enter the intersection and pass through the main stop line in sequence within the corresponding clearing time. Vehicles should be prohibited from staying in the waiting area beyond the waiting and clearing time of this direction. Where it is impossible for the vehicles to leave the waiting area in time due to unavoidable cases like vehicle flameout or other special reasons, it is necessary to change direction in accordance with the vehicles’ direction during the next phase in the waiting area to ensure that the operation of the traffic in the integrated waiting area and intersection does not become abnormal.



Basing on this analysis, it is evident that the timing parameters of the main-signal and pre-signal are the most important factors ensuring the smooth operation of the variable lanes in the integrated waiting area of the signalized intersection.




3.2.2. Model of Coordination Control


(1) Objective function



To satisfy the constraints of the saturation of approaches at the intersection, it is notable that the shorter the phase time for the through movement and the left-turn is, the shorter the cycle time will be. As well, the operation efficiency of the intersection can be improved highly when the number of the right-turn vehicles are relatively small.



Other than the ending time difference tf between the main-signal and pre-signal green phase in the integrated waiting area discussed in Section 3.1, the starting time of the pre-signal must be earlier for a phase equal to the releasing time of the cross-direction traffic than that of the main signal. To meet the requirement of traffic in the cross-direction, this phase time is employed as the starting time difference t′ between the main-signal and pre-signal phase in the waiting area [29]. Usually, the smaller t′ is, the smaller the queuing time for the vehicles waiting to enter the waiting area will be. This will also ensure a higher operation efficiency of the waiting area as well as shortening the cycle time.



Based on the above analysis, the objective function of the coordinated control model of the main and pre-signal in the waiting area is expressed as:


{min(GT+GL)mintT′mintL′



(2)




where: GT is the duration of green time for through movement at the main signal (s); GL is the green time of the main signal for left-turn vehicles(s); tT′ is the difference of the start time for the through movement between main and pre-signal phase (s); tL′ is the difference of the start time for the left-turn movement between main and pre-signal phase (s).



(2) Constraints



For the convenience of expression, Table 1 explains the related variables. The convention is as follows: The variable subscript T represents the through movement, while the variable subscript L denotes the left-turn movement.



To coordinate the control of the main and pre-signal in the integrated waiting area, except for the starting and ending time of the green light between the main and pre-signal, both signal cycles should be the same. They are all constrained by the length of the total cycle of the intersection, and expressed as follows:


GT+GL+R=T



(3)






gTs=0



(4)






gTs+gT+tf=gLs



(5)






gLs+gL+tf=T



(6)






gTs+tT′=GTs



(7)






gLs+tT′=GLs.



(8)







To ensure that all the waiting vehicles pass through the waiting area during the phase of the release, a clearance time should be met as expressed in Formula (9):


tf≥lvs



(9)







The saturation requirements of the traffic flow from all directions should be satisfied under the control plan of the main and pre-signals. The saturation degree before the pre-signal in the integrated waiting area should not be greater than the maximum saturation the road can carry.


QTTSTGTN≤Xmax, QLTSLGLN≤Xmax



(10)






QTTsTgTnT≤xmax, QLTsLgLnL≤xmax.



(11)







For the through and left-turn traffic, the capacity of the main signal should be the same or greater than the capacity of the pre-signal, constraints are as follows:


nTgTTsT≤NGTTST



(12)






nLgLTsL≤NGLTSL.



(13)







According to the signal timing rule of the conventional intersection, duration of green for through and left-turn movement should be constrained as the maximum value and minimum value.


gT.min≤gT≤gT.max



(14)






gL.min≤gL≤gL.max



(15)






GT.min≤GT≤GT.max



(16)






GL.min≤GL≤GL.max.



(17)







If the length of the integrated waiting area is larger than the maximum queuing length of vehicles in the waiting area, it will cause a waste of resources. In contrast, if the length of the integrated waiting area is smaller than the minimum queue length of vehicles in the waiting area, vehicles will possibly queue up after the pre-signal, thus the resources in the waiting area will not be fully utilized [30]. As such, it is idealistic that the length of the integrated waiting area is between the maximum and minimum of queue length.


θmin≤l≤θmax



(18)







(3) Control model



A multi-objective linear programming problem is considered. The objectives can be divided into two levels.



Level 1: minimizing the total phase times of the through movement and the left-turn.



Level 2: minimizing the starting time difference between the main signal and pre-signal of the two movements with the same weight min(tT′+tL′). Then, the optimization model turns to be a linear programming problem with the objective of Equation (19), and constraints (3)–(18), which can be solved by the commercial optimizer Lingo.


minM(GT+GL)+(tT′+tL′)



(19)




M is an arbitrarily large positive constant number.






4. Simulation and Practical Application


Traffic flow at the signalized intersections is time-varying and random. It is also often difficult to use empirical models or mathematical models to accurately describe the characteristics of the traffic flow. In this Section, the microscopic traffic simulation software, PTV VISSIM 9.0 (2016, PTV, Karlsruhe, German) is utilized in studying the typical form of the integrated waiting area and the practical application. It is a microscopic and time-based traffic simulation program. It is employed in this research because of its ability to model unconventional lane uses and signal timing plans. The correlation evaluation indicators with or without integrated waiting area are compared and analyzed to evaluate the effect of the integrated waiting area setting at the signalized intersection.



4.1. Basic Ideas of Microscopic Traffic Simulation


The microscopic traffic simulation system is a complex and random dynamic system. The realization of the simulation system is a cyclic process. It includes problem analysis, data acquisition, model establishment, parameter selection, simulation operation, and result analysis [31,32].



Problem analysis is the overall analysis, description and characterization of traffic problems. The basic data required for microscopic traffic simulation modeling include the following: road geometry data (such as number of lanes, lane width, barrier width, non-motor vehicle lane width, lane division, and road intersection form), traffic flow characteristic data (such as traffic volumes, traffic composition, ratio of turning vehicles, vehicle arrival distribution, vehicle speed distribution, vehicle queuing and dissipation), traffic control data (such as signal timing of each intersection and traffic management), which depend on the research objectives [33,34,35].



To obtain the best simulation results, simulation parameters are selected according to sites, traffic status as well as evaluation targets in the microscopic traffic simulation system. The parameters of the simulation are continuously adjusted to ensure the accuracy of the microscopic model [36].



The operation of different random seeds can be regarded as different observations of the system. To ensure the reliability of the simulation output, multiple random seeds are utilized for multiple simulations. The results of the simulation are recorded generally after the system is stable. The average value of each operation result is also used as the final result. In regard to the statistics and analysis of the simulation results, multiple schemes can be compared.




4.2. Simulation of Typical Form Intersection


The simulation is conducted on the intersection with integrated waiting area shown in Figure 2. The road segment and intersection model with and without integrated waiting area are respectively established in VISSIM in different scenarios. After that, the corresponding signal control parameters are introduced. One is with integrated waiting areas and the other is without integrated waiting areas. The similar geometric elements are used for intersections with and without integrated waiting areas. The results from the two intersections will be compared so that an overall understanding of the advantages and limitations of integrated waiting areas will be gained.



The main and pre-signal timing schemes are shown in Table 2 and Table 3. Length of the area is set as 70 m, and the average speed in the VISSIM platform for this study is 40 km/h. According to the length of the waiting area and the average speed of the vehicle in the experimental model, the clearing time of the waiting area is considered as 6 s.



The input of the flow rate of the through, left-turn and right-turn vehicles in the peak hour is 1200 pcu/h, 600 pcu/h and 200 pcu/h respectively. To evaluate the simulation results, the average vehicle delays for an hour with and without the integrated waiting area are calculated and compared as illustrated in Figure 6.



From the figure, it is observable that the average vehicle delay for left-turn and through movement at a signalized intersection with the integrated waiting area is lower than that without it. However, right-turn vehicles’ delay is a little higher. During the simulation, right-turn vehicles only use the rightmost lane in the integrated waiting area and pass through the intersection with the give-way rules. So right-turn vehicles may be delayed by the through vehicles or left-turn vehicles stopping in the front of them. The results indicate that for the general form of the integrated waiting area studied in this paper, the average delay of left-turn vehicles with the integrated waiting area is decreased by about 43%. In addition, the efficiency of the approach in the intersection is increased.



To evaluate the effect of the design of the integrated waiting areas on the movements at the signalized intersections under different conditions, the volume for the approach is changed. The average vehicle delays for an hour with and without the integrated waiting area under different volumes are calculated and compared as illustrated in Figure 7.




4.3. Practical Application


The intersection of Linyi Road and Gonghe New Road in Zhabei District of Shanghai city is taken as an example to illustrate the practical application of the integrated waiting area. There are six lanes in the south entrance of this intersection. Lanes 1, 4 and 5 are used for the through vehicles, while lanes 2 and 3 are used for the left-turn vehicles. Lane 6 is used for right-turning vehicles.



By adding a set of LED variable signs, some lanes are turned into “variable waiting lanes”. As regards the control plan, it is possible to switch the “integrated waiting area” between through vehicles and the left-turning vehicles waiting lane. After the implementation of the integrated waiting area, lanes 2 to 4 at the south approach of the intersection are set as the three variable waiting lanes (see Figure 8b). Figure 9 illustrates the signal phase sequence with the integrated waiting area. Arriving vehicles can enter the integrated waiting area according to the prompt information indicated by the LED variable sign, and then pass through the intersection according to the phase of the main signal.



By modifying the number of random seeds in the simulation menu, five simulation experiments were performed with or without the integrated waiting area, and the random seed number was taken as 42, 369, 1578, 5961, and 7171 respectively. Table 4 and Table 5 depict the experimental data and results. It is observable that the design of the integrated waiting area at the signalized intersection reduces the travel time and delay spent by the vehicle passing through the intersection. It also improves the efficiency of the intersection. In particular, the improvement of the left-turning vehicle lane is apparent. In addition, the average travel time and vehicle delay decrease by about 18 s, while the improvement range is 24.9% and 31.3% respectively. Meanwhile, it is also apparent that the average travel time and delay of the through vehicles have not decreased as much as that of the left-turn vehicles.





5. Conclusions


The integrated waiting area can be a cost-effective solution when an intersection faces high demand but limited land use. The basic idea of the integrated waiting area is to use part of approach lanes as left-turn and through waiting areas to fully utilize space resources at a signalized intersection. According to the number of lanes available used as the waiting area at the approach, two different design of integrated waiting area are mentioned: full-IWA and partial-IWA. Theoretically, the design of full-IWA should generate greater benefits than a partial-IWA design. An evaluation of full-IWA performance and partial-IWA performance are considered and evaluated with the microsimulation system VISSIM. The experiment calculation results showed that the design of full-IWA exceeds the conventional intersection design in terms of decreasing the vehicle delay at the case study intersection. Furthermore, traffic volumes were changed. The delay analysis results show that, as the traffic volume increases, the effect of the design on decreasing the intersection delay will be even greater. It verified that the proposed full-IWA and partial-IWA design can effectively reduce vehicle delay and improve the traffic efficiency of oversaturated intersections. Evaluation of other partial-IWA performance should be considered in future research.
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Figure 1. A typical form of the integrated waiting area. 
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Figure 2. Lane function conversion in an integrated waiting area. (a) Phase for the left-turn movement; (b) Phase for the right-turn/through movement. 
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Figure 3. Typical layout of the partial integrated waiting areas. (a) With exclusive lanes for through and right-turn; (b) With exclusive lanes for left and right-turn; (c) With exclusive lanes for through, left and right-turn; (d) With an exclusive lane for right-turn. 
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Figure 4. Signal phase sequence. 
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Figure 5. The coordination control strategy of the main-signal and pre-signal. (Note: Solid arrows indicate lane direction, dashed arrows represent vehicles trajectory). 
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Figure 6. Comparison of average vehicle delays with and without the integrated waiting area (Note: CON is the conventional intersection without integrated waiting area; IWA is the intersection with an integrated waiting area). 
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Figure 7. Comparison of average vehicle delays under different volumes. 
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Figure 8. Lane assignment at the approaches without and with the integrated waiting area. 
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Figure 9. Operating status of peak hour with the integrated waiting area. 
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Table 1. Description of the relevant variables.
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	Variable
	Unit
	Description





	R
	s
	Red time of the main signal



	G
	s
	Duration of green at the main signal



	Gs
	-
	Start of green at the main signal



	g
	s
	Duration of green at the pre-signal



	gs
	-
	Start of green at the pre-signal



	T
	s
	Cycle



	tf
	s
	Clearance time of the integrated waiting area



	t′
	s
	Difference of the start of green between main and pre-signal phase



	l
	m
	Length of the integrated waiting area



	vs
	m/s
	Average speed of the vehicle passing through the integrated waiting area



	S
	pcu/h
	Saturation flow rate for each lane in the integrated waiting area



	Q
	pcu/h
	Traffic volume



	N
	—
	Number of available lanes in the Integrated waiting area



	s
	pcu/h
	Saturation flow rate of the lane before the pre-signal



	n
	—
	The number of lanes before the pre-signal



	Xmax
	—
	Maximum lane saturation in the integrated waiting area



	xmax
	—
	Lane maximum saturation before pre-signal



	θ
	m
	Traffic queue length in the waiting area
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Table 2. Signal timing scheme of the main-signal.
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Sequence

	
Phase

	
Green Time (s)

	
Yellow Time (s)

	
Cycle (s)






	
1

	
NS Through

	
92

	
3

	
200




	
2

	
WE Through

	
30

	
3




	
3

	
NS Left-turn

	
48

	
3




	
4

	
WE Left-turn

	
18

	
3
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Table 3. Signal timing scheme of the pre-signal.
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Sequence

	
Phase

	
Green Time (s)

	
Yellow Time (s)

	
Cycle (s)






	
1

	
Through

	
107

	
3

	
200




	
2

	
Left-turn

	
75

	
3
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Table 4. Experimental data before the setting of the integrated waiting area.
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Number of Experiments

	
Through

	
Left-turn




	
Travel Time (s)

	
Vehicle Delay (s)

	
Travel Time (s)

	
Vehicle Delay (s)




	
Lane 1

	
Lane 4,5

	
Lane 1

	
Lane 4,5






	
1

	
59.1

	
59.4

	
43.1

	
43.4

	
74.3

	
59.4




	
2

	
57.7

	
58.7

	
41.7

	
42.7

	
70.4

	
55.5




	
3

	
57.8

	
58.2

	
41.7

	
42.2

	
75.4

	
60.4




	
4

	
62.3

	
60.9

	
46.3

	
44.9

	
71.3

	
56.3




	
5

	
60.1

	
62.1

	
44.1

	
46.1

	
70.7

	
55.7




	
Average

	
59.4

	
59.9

	
43.4

	
43.9

	
72.4

	
57.5
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Table 5. Experimental data after the setting of the integrated waiting area.
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Number of Experiments

	
Through

	
Left-turn




	
Travel Time (s)

	
Vehicle Delay (s)

	
Travel Time (s)

	
Vehicle Delay (s)




	
Lane 1

	
Lane 4,5

	
Lane 1

	
Lane 4,5






	
1

	
59.0

	
59.1

	
43.1

	
43.1

	
54.9

	
39.9




	
2

	
56.5

	
58.1

	
40.6

	
42.2

	
53.9

	
39.0




	
3

	
57.7

	
56.9

	
41.7

	
40.9

	
55.9

	
40.9




	
4

	
61.2

	
60.4

	
45.2

	
44.4

	
53.3

	
38.3




	
5

	
59.4

	
60.1

	
43.5

	
44.0

	
53.8

	
38.9




	
Average

	
58.8

	
58.9

	
42.8

	
42.9

	
54.4

	
39.4












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Average delay(s)

50

1

0

50

a0

30

20

10

800 1200 1600 2000 2400

(a) Average delay for the through vehicles.

——CON
~=-IWA

volume

(peu)





media/file4.png
k.

N
N

/’
N

T

N

N

N

N

T

N

Y

@ | pre-signal

T

N
I\

N

N

4
N

A

N

N

A\

N
N

A

/
[/

N

N

(b)

(a)






media/file21.jpg





media/file3.jpg
YOV

pre-signal

(a) |






media/file18.jpg
©~
o
=
[asmm—
regr—
SN R
o
o

(b) Lane assignment with the i

rated waiting area





media/file22.png
N
N
INCESY
.

\

(a) Through Phase of the Pre-signal (b) Clearing time of the through vehicles

O

(@) Clearing tim o the lef-turn vehicle






media/file14.jpg
Average delay(s)

160

10

10

100

50

&

a0

20

800 1200 1600 2000 2400

(b) Average delay for the left-turn vehicles.

——con
—a—wa

(peut)





media/file7.jpg
® @ ® @
P
s || T § e
| e | te |
= LN W1
phase.
| ! i
p—
| e

Signalycle T






media/file23.png





media/file10.png
-
-
II|I

- -
|||||||||

- -
llllllll






media/file15.png
Average delay(s)

80

70

60

50

40

30

20

10

800 1200 1600 2000 2400

(a) Average delay for the through vehicles.

——CON
--IWA

volume
(pcu/h)





media/file19.png
=

o -— ]

- T = e
N - <=x < <
N'a_ ___________ -

D — — — —
— e ———
——

N N T T

(a) The original lane assignment





media/file11.jpg
average delay(s)

120

100

8

S
28

IS
8

N
8

50.1

423

110.2

627

112131

“CON
=IWA

64.3

through

left-turn

right-turn

comprehensive





media/file6.png
i main-signal
pre-stop line pre-signal main-stop line

\ \ -.xu.xx-.xt\'q;.. ‘_Ff_,.ﬁ" _,.-"
L E W m W % W w oEo. .
" - S =
— * — —i;—l:—t—"'r'l:—{—'l'—{—é:—
— B — P R R N N e R
|
S e —a —— " ip p
— — — —
Bt T
ol NN "
[1 T N

(a) (b)

d_'_,d—'—‘-'_'_P F - ‘\-"a‘-\.‘\-'sxt_rr
o x|l —— — —
. — | &y p & x P EI e —
—_— — =a== E
_\“"-_ — —_— — AR B A A B B B I ]

(c) (d)





nav.xhtml


  applsci-09-00968


  
    		
      applsci-09-00968
    


  




  





media/file16.png
Average delay(s)

160
140
120
100
80
60
40

20

800 1200 1600 2000 2400

(b) Average delay for the left-turn vehicles.

——CON
—&-IWA

volume
(pcu/h)





media/file2.png
main signal

lights

main stop
line

pre-signal
lights

pre-stop
line

= e s e

L/

Integrated waiting

arca

L/ *
.~ 1, 1. 1.

R

5 L

1,

left-
turn

T

1,

through

11,

right-

turn






media/file20.png
O ~ l! =
Lo —— -E -------- li R ey |
DD 3 | - -
e I || (R =
N _- _______ :' <=

— Il

N

AN

(b) Lane assignment with the integrated waiting area





media/file5.jpg





media/file1.jpg
main signal
lights

main stop
line

pre-signal
lights

pre-stop
line

2

Integrated waiting
area

n.=n-"n."n

N

n, n,| n,

lefi- | through| right-

tum tun






media/file12.png
120

100

80

60

average delay(s)

through

110.2

left-turn

right-turn

comprehensive





media/file9.jpg
(e

i

e
iTm
L4

L

Piim

m

LI

131

11

LU

A

|






media/file0.png





media/file8.png
Phase

Main signal
phase

North-South
pre-signal
phase

East-West
pre-signal phase

Signal cycle T






media/file17.jpg
() The original lane assignment





