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Abstract

  Long cycle times at large signalized intersections have come to be seen as a problem in Japan for reasons of environment, road efficiency and traffic safety. To solve the problem, it is necessary to consider pedestrian behavior in detail as well as vehicle movement. However, there are few simulators that are able to deal with this issue. To meet these technical and practical needs, we propose pedestrian behavior principles and an algorithm that reflects a pedestrian’s speed decision process, named PSD algorithm. Using this algorithm, we establish a new simulation system and verify it by modeling a real intersection. By simulating a reduction in cycle time, we find a significant improvement in the efficiency of vehicle and pedestrian behavior and isolate issues to be considered when putting such reductions into practice.
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1. Introduction

1.1. Need for Cycle-time Shortening
Cycle times at large signalized intersections are generally quite long in Japan as compared with European countries (Ieda and Hatoyama, 2001). On arterial roads, it is common to come across intersections operating with cycle times of 140 seconds or longer. It has been thought that the longer cycle times are, the more efficiently they can utilize time in heavy traffic because they can decrease the rates of loss time caused by phase transitions. However, unless traffic is heavy, long cycle times may also have negative effects on road capacity, emotional response and even the environment. First, too long a green phase for vehicles can reduce the saturation flow rate, especially in the latter half of the phase while accumulations of right-or-left turning vehicles can reduce capacity by spilling over from extra turning lanes. Second, too long a red phase can cause irritation among both pedestrians and drivers, leading to more aggressive behavior that can induce accidents. Third, a long red phase can increase the concentration of exhaust gases emitted by stationary vehicles around intersections and also increase greenhouse gas emission because of increased travel times. All of these reasons demand that long cycle times at large intersections should be shortened if possible.
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Unfortunately, a policy of reducing cycle times is hard to implement in actual practice. One of the biggest hurdles is the basic principle that adequate time for pedestrians to cross must be allowed by the pedestrian green (PG) phase if a pedestrian crossing is present (Ieda and Hatoyama, 2002). Traffic managers normally design PG in consideration of the length of the crossing and design pedestrian walking pace at 1.0m/s, which is very slow compared with the average pedestrian speed over a crossing. Even if a pedestrian refuge is provided in the middle of the crossing, this tends not to be taken into account for safety reasons. (If such island refuges were taken into consideration, it would be adequate to secure time for pedestrians to reach the islands.) Because of these two restrictions, long cycle times have remained in force and there has been hesitation to make changes. Conversely, there would be a possibility of reducing cycle times if a way can be found to achieve safer and smoother flows of both vehicles and pedestrians from theoretical and technical points of view. This means there is a need to verify the effectiveness of a policy of reduced cycle times.

1.2. Importance of an Integrated Simulation System for Both Pedestrian and Vehicle
To accomplish the aim of reducing cycle times, emphasis must be placed on the influence of pedestrian behavior as well as vehicle behavior. Pedestrian sentiments toward safety and comfort while crossing or waiting require particular consideration. One possible way to check the effects of cycle-time shortening is to use microscopic simulations, because there are considerable barriers to conducting experiments at real intersections. With existing microscopic traffic simulators, however, it is less feasible to simulate pedestrian behavior than to simulate vehicle behavior. Vehicle behavior is generally simulated using the Car-Following model and Lane-　Changing model. In these simulators, pedestrian behavior is reproduced using the same algorithms. In reality, pedestrians typically rush to cross an intersection if the signal is about to turn red and this dynamic behavior is difficult to reproduce with existing microscopic simulators. This means that there is a pressing need to develop a simulation system that can consider pedestrian behavior in detail as well as vehicle behavior so as to measure pedestrian safety and comfort as well as impact on vehicles.
1.3. Objectives
Considering the practical and technical needs explained above, the objectives of this research are as follows.

1) To establish a simulation system able to simulate both vehicles and pedestrians
2) To verify the effectiveness of a cycle-time shortening policy
2. Literature Review
Regarding the relationship of pedestrian and signal operations, many researchers have observed and experimented from the viewpoint of pedestrian behavior. Langlois et al. (1997) suggested the necessity to lengthen green time based on the behavior of elderly people. Hamed (2001) formulated a choice model to explain pedestrians’ crossing behavior considering their waiting time and existence of vehicles. Simpson et al. (2003) dealt with similar problems in virtual environments. Keegan et al. (2003) verified the effect of countdown timer units, one kind of remaining-time indicator. Several researches from a psychological perspective can also be found. Yagil (2000) explained the frequency of pedestrians’ ignoring a traffic light using a questionnaire asking about social norms and traffic conditions. Sisiopiku et al. (2003) discovered pedestrians’ preference on various crossing facilities to check the necessity of pedestrian crossing. There are, however, fewer researches that aim to shorten cycle times since it is quite common to use shorter cycle times in European countries.
Many researchers can be found in the field of traffic simulation system development. The details will be discussed later in Section 4.
3. Principles of Pedestrian Crossing Behavior
As mentioned above, simulation systems for vehicles have been developed and applied to practical use in various assessments. Therefore it is highly necessary to think about detailed pedestrian behavior to develop a new simulation system for both vehicles and pedestrians. Here, some principles are proposed for expressing pedestrian behavior. Cycle-time shortening policy is expected mainly during off-peak period, and intersections are usually not so crowded during these periods. Therefore, the relationship between pedestrian density and walking speed is excluded from the principles, and all pedestrians are supposed to choose their speed freely by the principles.
3.1. Principles with Perfect Information
Before formulating a new simulation system, it is necessary to introduce the principles of pedestrian crossing behavior brought into this research. In previous works, we have found that a pedestrian tries to design his/her walking speed by estimating the remaining green time and remaining distance, not only after entering the intersection but also before starting to cross (Sugimori and Hatoyama, 2004). By taking this behavior into account, we can suggest certain principles of pedestrian behavior. Figure 1 expresses these principles of pedestrian behavior as a time-space diagram under conditions of perfect information. If a pedestrian has full information about the signal phases of an upcoming intersection, such as remaining time of the phases, then he/she can, after seeing the signal state, select an appropriate speed somewhere between a comfortable walking speed and the feasible speed limit peculiar to him/her. A comfortable walking speed is a speed that would be adopted if there were no constraint. A feasible speed limit is the maximum walking speed that the pedestrian can adopt when rushing. Based on these two particular concepts of speed, three types of spatiotemporal zones can be defined as below.
1) Comfort zone
In this zone a pedestrian is able to cross without deviating from the comfortable speed.

2) Rush zone
In this zone a pedestrian cannot finish crossing without walking faster than the comfortable speed, but no faster than the feasible speed limit. The speed used must be calculated from the remaining green time and remaining distance.

3) Wait zone
In this zone a pedestrian cannot reach the other side of the intersection even at the feasible speed limit. He/she approaches the intersection at the comfortable speed and waits for the next green phase.
To provide information to pedestrians about signal phase, a variety of remaining-time indicators have been adopted in various countries (Figure 2).
3.2. Principles with Imperfect Information
As can be understood from Figure 1, when a pedestrian is in possession of perfect information he/she does not have to vary from the selected speed after noting the signal state. In reality, however, there are lots of uncertainties in a pedestrian's ability to design a suitable speed (Hatoyama, et al., 2003). For example, it is usually difficult to estimate the remaining green time with accuracy and it is hard to maintain the comfortable speed if the pedestrian density is high. In this situation of imperfect information, a pedestrian must redesign his/her speed from moment to moment as new information is received about the remaining green time (RT) and remaining distance (RD).
Figure 3 represents a Pedestrian Speed Decision (PSD) algorithm that explains how a pedestrian changes speed step by step. If there is no remaining time indicator at an intersection, the pedestrian perceives RT very roughly until the phase changes to flashing green. In this case, RT can be expressed by a normal distribution as shown in Formula (1) below. Here, if the signal phase changes to flashing green, the standard deviation 
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 must be reduced to 0 and a pedestrian can design his/her speed more appropriately. This is an easily understandable explanation for the tendency of pedestrians to rush across an intersection when the signal is about to change to red.
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The new simulation system developed in this study incorporates this PSD algorithm as the pedestrian behavior control algorithm.
3.3. Pedestrian Irritation Curve
To analyze pedestrian safety and comfort, not only objective criteria, such as stopping time at an intersection, but also subjective criterion should be considered. In previous research (Hatoyama et al., 2003), pedestrians’ irritation had been taken as an important factor and the percentages of pedestrians irritated when imposed on discrete stopping time of 30, 60, 90 and 120 seconds have been observed. From this result, we can estimate a curve which represents the percentage of pedestrians that become irritated in continuous stopping time. Figure 4 shows the Pedestrian Irritation Ratio and the mathematical expression is defined in Formula (2); the correlation coefficient of this curve was 0.982. In this research, we decided to use this formula as a subjective criterion of pedestrian safety and comfort. 
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4. Development of Traffic Simulation System that includes PSD Algorithm
   The PSD algorithm is used to establish a new simulation system able to evaluate the effects of signal cycle times on pedestrians as well as vehicles as explained in this section.
4.1. Sample Intersections
In the evaluation process, it is essential that the constructed model be based on a real intersection so as to check whether the simulator can model the present status adequately. Therefore, the first step was to select a sample intersection. The selected intersection had to meet two requirements: substantial size with a long cycle time and readily available pedestrian and vehicle data. For this investigation, a large intersection named "Hiranobashi" in Hiroshima prefecture was chosen as a center intersection. To consider the effect of offset especially on vehicles, we decided to take the neighboring intersections into account and compare results from a simulation of single intersection with results from a simulation including the neighboring intersections. Figure 5 and Figure 6 show an overall view of the intersections and the detailed structure of the center intersection, respectively. (Actually, the center intersection of “Hiranobashi” has been classified as an intersection of high accident rate.) Operation is on a 160-second cycle time in the morning peak hour (7:00-8:00 am). Research concentrated particularly on vehicles traveling between legs A and B and pedestrians crossing between legs C and D. The flow of vehicles is approximately 2,000 per hour in each direction and that of pedestrians is 250 per hour in each direction at peak hour.
4.2. Basic Simulation Environment
Several types of microscopic simulators for pedestrian behavior have been proposed by recent researchers (Helbing et al., 2001; Hoogendoorn et al., 2004; Teknomo, 2006). In these researches pedestrian behavior is represented based on an economic or physical point of view. A cellular automata approach is often adopted to illustrate pedestrian movement (Dijkstra et al., 2001; Kerridge et al., 2001; Schadschneider, 2001). However, these simulators cannot deal with pedestrians’ dynamic change in walking speed. It is also difficult to combine vehicle behavior and pedestrian behavior in pedestrian crossing by these models because of their complexity. Therefore, it is more feasible to arrange a present simulator for vehicle movement that is composed of simpler but more suitable algorithms to represent pedestrians’ dynamic change. Several models of microscopic simulators for vehicle movement have already been developed (Horiguchi et al., 1994; Yoshii et al., 1995). After deliberate comparison of models, we decided to develop a new simulation system using a simulator known as AIMSUN developed by Transport Simulation Systems (TSS) of Spain. This simulator adopts the Car-Following model, Lane-Changing model and Gap-Acceptance model for vehicle behavior while pedestrian behavior can be represented by the same models. Therefore, pedestrians are basically represented as small vehicles that move in several narrow lanes. However, AIMSUN is differentiated from other similar products in that users are free to configure it in great detail, so it is also possible to incorporate the PSD algorithm. Figure 7 illustrates the appearance of the simulation. 
4.3. Validity Evaluation of PSD Algorithm
After developing the new simulation using AIMSUN, the validity of the PSD algorithm had to be checked. Using video data collected on September 13, 2005, we first measured the actual speed of pedestrians. Removing instances in which a pedestrian was obviously rushing, we obtained a distribution of pedestrians’ comfortable speeds. The mean value was 5.38 km/h and the standard deviation was 0.62 km/h. We also calculated the mean value of rushing speed, or feasible speed limit, obtaining a value of 9.67 km/h. From these results, we set the feasible speed limit at 180% of each pedestrian’s comfortable speed. Figure 8 shows the distribution of actual pedestrian speeds within the intersection, along with simulations obtained both with and without PSD. There is no significant difference between the actual distribution and the results obtained with PSD in perfect information (t =1.08, p >0.1) whereas, in imperfect information, there is a considerable deviation between a simulation with PSD and without PSD (t =5.62, p <0.01 and t = 2.41, p <0.05). From this result, the speed distribution of pedestrians in the intersection is reproduced better with PSD in perfect information than the others. Although there is no information provided in reality, it is safe to say that the pedestrians could easily forecast the remaining time of the intersection since the cycle time was fairly constant in daytime and the pedestrians could keep a clear sight of the signal from substantial distances as well.
4.4. Simulation Case Design
   To verify the effectiveness of a cycle-time shortening policy on both pedestrians and vehicles, we set up a total of five different phasing plans. The plans at Hiranobashi intersection are shown in Table 1. These plans are for vehicles and pedestrians moving between C and D. For each plan, we placed a pedestrian refuge island at the center of the crossing. In the simulation, a pedestrian stops at the refuge only if unable to finish crossing before the red light appears. Table 2 shows the phasing plans for vehicles passing the other two neighboring intersections. Needless to say, the same cycle time is used for the three intersections in each simulation. To take into account the fluctuations in data output, we replicated the simulation 10 times for each phasing plan and calculated the averages.
5. Result and Discussion
This section gives the results of the simulations and discusses the effects of cycle-time shortening on both vehicles and pedestrians. As mentioned above, we conducted both a simulation of a single intersection and a simulation including the neighboring intersections in this research. For the latter simulation, it is natural to consider the optimal offset combination between every pair of intersections. Usually the offsets are set to 0% or 50% if there is no prior direction. Since the original cycle time is set at 160 seconds and the offsets at almost 0% in the intersections here, it is safe to say we can use the offsets of 0% or 50% even in shorter cycle times. The following results of the simulation including the neighboring intersections were obtained by the simulations with optimal combinations of offsets as is shown in Table 3. The offset of Intersection B are considered as a buffer to relieve cumulative vehicles during red lights between Hiranobashi and Intersection B.
5.1. Effect on Vehicles
To check the influence of cycle-time shortening on vehicles, we extracted average stopping times, which indicate the average duration of vehicle stops due mainly to the signals or congestion. Figure 9 expresses the average stopping time for both directions: from A to B and from B to A. Although the difference at the cycle time of 140 from A to B is less than the others, it is regarded as a transition stage from 0% offset to 50%. In either case, it is clear that cycle-time shortening can be significant for vehicles and that stopping time falls almost linearly with lower cycle times.
5.2. Effect on Pedestrians
In contrast, the situation is very different if pedestrians are provided with perfect information about remaining green time. The average stopping time for pedestrians with perfect information is indicated in Figure 10. In addition to stopping time, the percentage of irritated pedestrians can be calculated by using Pedestrian Irritation Ratio, also illustrated in this figure. From these results, the fall in stopping time and pedestrian irritation continues even with severe cycle-time shortening. It can be concluded that a cycle-time policy can be made acceptable to pedestrians by providing them with detailed information because the simulations assumed existence of information about signal phases.
This research also considers a pedestrian safety perspective. Figure 11 summarized the speed distribution of pedestrians for each cycle-time setting. (Because of its similarity in shape, the case of 140-second cycle time is omitted from this figure.) From this comparison, it is clear that for cycle times of 120 seconds or more, the distribution is fairly similar, especially in the lower speed ranges. On the other hand, if the cycle time is around 100 seconds, pedestrians with a lower comfortable speed are forced to rush. Finally, if the cycle time is 80 seconds, slower pedestrians can keep walking slowly to stop at the refuge and faster pedestrians, particularly those walking at more than 5 km/h, can get across the intersection by accelerating. From these findings, it can be said that there exist some cycle-time settings that compel lower-speed pedestrians to rush. It is necessary to consider this in designing cycle times from the pedestrian safety perspective.
6. Conclusion and Future Work
The achievements of this study can be summarized as follows.
1) We proposed pedestrian behavior principles for cases of perfect information and imperfect information in the form of the Pedestrian Speed Decision (PSD) algorithm.
2) We established a new simulation system incorporating the PSD algorithm that can deal with both vehicles and pedestrians and apply it to a real intersection.
3) From the simulations of a real intersection, it is found that:

i. Same tendencies have been observed both in the simulation of single intersection and in simulations including the neighboring intersections.

ii.
Cycle-time shortening can improve vehicle stopping times;
iii.
With perfect information, the stopping time of pedestrians is also reduced with a shorter cycle time;
iv.
In some cases slower pedestrians may be forced to rush.
These results partially demonstrate the validity of cycle-time shortening policy at least during off-peak period. However, it is also speculated that this policy cannot always stand and has adverse effects in some cases, such as oversaturated traffic demands, pedestrian green phases with a duration that is too short, existence of a large number of  elderly pedestrians and so forth. To move this research forward in the future, it is necessary to simulate various conditions of intersections to identify when and how cycle-time shortening is implemented. It is also important to analyze a comfortable speed and a feasible speed limit in various places and conditions by video surveys to understand regional and situational characteristics of pedestrian indices.
Furthermore, extensive researches on designing safer pedestrian refuges will be necessary since pedestrians will surely use pedestrian refuges more if cycle-time shortening policy is implemented. Finally, carrying out experiments at real intersections is also inevitable before full-fledged reformation. This will verify these findings, indicate how intersections should be designed in terms of structure, cycle time and provision of time information, and enable cycle-time shortening policies to be brought into practical use.
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Table 1: Phasing Plans of Hiranobashi Intersection 
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Table 2: Phasing Plans of Neighboring Intersections 
Table 3: Optimal Combination of the Offsets
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Figure 7: Scene of the Simulation with PSD Algorithm by AIMSUN
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Figure 1: Pedestrian Behavior Principle under Perfect Information








Figure 2: Remaining Time Indicators in Seoul and Taipei





Figure 3: Algorithm for Pedestrian Speed Decision at time t 


under Perfect Information








Figure 5: Hiranobashi and Neighboring Intersections (from Google Earth)








a The offsets are determined as a difference from Hiranobashi Intersection.





Figure 4: Relationship between Stopping Time and Irritated Pedestrian Ratio








Figure 8: Comparison of Speed Distributions





Figure 6: Detailed Structure of Hiranobashi Intersection








(a) From A to B 				(b) From B to A


Figure 9: Average Stopping Time of Vehicles in each Cycle Time








(a) Average Stopping Time 	  	  (b) Percentage of Irritated Pedestrians


Figure 10: Relationship between Pedestrian Criteria and Cycle Times





Figure 11: Pedestrian Speed Distribution in Each Cycle Time
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