Evaluation of a road design considering on-street parking using the virtual reality traffic experiment system
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ABSTRUCT
A well-ordered on-street parking strategy in a city is highly desired to support urban social activities.  This paper proposed a method to create on-street parking space on urban streets and evaluated its feasibility in the aspects of the efficiency and the safety by examining and modeling the driving behavior around on-street parking.  For this evaluation, the virtual reality traffic experiment system, which is an integrated system of a traffic simulator and a driving simulator, is updated and used to conduct testee experiments.  The results shows a possibility to make on-street parking spaces without deteriorating the efficiency and the safety.
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1. INTRODUCTION

Illegal on-street parking causes a lot of problems, such as traffic congestion, traffic accidents, inefficient use of road spaces, free ride of public spaces, inequality feelings among road users, and so on.  Therefore in Japan, parking has been regarded to be done off street and on-street parking is generally prohibited in an urban area.  However, there is not sufficient amount of parking space off street in a populated city and the enforcement is also not enough, so there are a lot of illegal parking vehicles almost everywhere on streets.  Actually, urban businesses and commercial activities like loading and unloading depend on on-street parking widely, therefore, it is highly desired to prepare legitimate on-street parking spaces and to apply modulated parking regulation, which means, parking at harmful locations must be strictly prohibited but at the same time some parking space should be offered in other locations instead.
To achieve this idea, a methodology to create appropriately designed parking space on surface streets should be established.  Here, it is quite important to ensure the traffic capacity as well as the safety between parking vehicles and passing vehicles in such on-street parking section.  The purpose of this study is to propose a methodology to create on-street parking space in an urban street and to examine its feasibility in the aspects of the efficiency and the safety. 
This study will contribute to realize a parking management which produces social merits of on-street parking for urban activities without deteriorating the traffic smoothness and the traffic safety.  This concept can be shown in Figure 1. In the current situation, there are no parking vehicles in principle, therefore the level of the efficiency and the safety is much higher than the current actual situation, that is, there are illegal parking vehicles everywhere.  However, from the social and economical points of view, as no-parking principle makes it difficult to conduct various business and commercial activities, the current illegal parking situation is better.  The proposed scheme aims at enhancing the social and economical benefit by legitimate on-street parking space, while keeping almost the same level of the efficiency and the safety as the current principle.
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FIGURE 1 Conceptual image of proposed parking management scheme
For the evaluation of the proposed on-street parking space, the mixed reality traffic experiment system is used, which is an integrated system of a driving simulator and a microscopic traffic simulator with virtual reality image technologies.  It can produce a highly realistic environment for driving experiments and makes it possible to analyze the driver’s behavior in an unrealized traffic environment. 
2. PROPOSED DESIGN OF ON-STREET PARKING SPACE
2.1 Outline of the proposed on-street parking space
As for traffic congestion in an urban area, the bottleneck is almost always at a signalized intersection, because the limited amount of signal green time has to be allocated among different directions of traffic.  Therefore, on-street parking around an intersection which reduces the road capacity significantly should be strictly controlled.  In other words, there is some room to allow on-street parking at a straight section between intersections. 
According to this idea, the authors propose to create on-street parking space between intersections as shown in Figure 2, that is, to make a on-street parking bay at a straight pipe section between two intersections and to keep the maximum capacity at the intersection.  This on-street parking space is designed inside road space, therefore before entering this section, the road width for passing vehicles has to be narrowed, which may sometimes cause capacity reduction or dangerous situations.  However in the current situation in Japan, there are a lot of disordered illegal parking vehicles almost everywhere even near intersections, so this concentrated parking could be better solution.  If appropriately designed, it does not reduce the capacity at the intersection even though the number of the lanes is reduced, which means, the congestion level of the network remains the same.  It can be made only by lane marking, which is inexpensive and very advantageous to make it in every street.  From a different point of view, we can say that the limited urban road space is used efficiently both for the traffic function and the access function of the street.
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FIGURE 2 Proposed design of on-street parking space
2.2 Theoretical distance of the clearance from the intersection
The next question is how to design the proposed on-street parking space specifically.  Let us call the distance from the intersections to the parking space “clearance distance”.  Then, the problem is how to determine this clearance distance, that is, L1 and L2 in Figure 3.  Here, we assume that this intersection is oversaturated with enough high demand from the upstream section.  We also assume the volume of the turning out traffic from the target route and the turning in traffic to the target route is the same so that we only have to consider a condition that all the traffic goes straight and no traffic turns in from the crossing roads.
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FIGURE 3 Clearance distance from the intersection
First, lets us consider the clearance distance L1 at the upstream of the intersection. Because flow rate at the parking section is usually lower than that at the stop line, the saturation flow rate will decrease if the flow from the parking section reaches the stop line within the green time.  In other words, to keep the maximum saturation flow rate at the stop line, green time flow from the upstream must be kept saturated.  Therefore, the condition (1) is needed. 
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where 
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The left side of the inequality means the maximum flow during green time and the right side means the number of waiting vehicles in the clearance distance.  By transforming it, L1 is obtained as the condition (2). 
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Next, let us think clearance distance L2 at the downstream of the intersection.  In the case of on-street parking space in the downstream, traffic flow passing the intersection with relatively large rate arrives at the parking section with smaller capacity.  After that, the excess demand forms a backward propagation and if it reaches the intersection, the saturation flow rate there will be decreased.  This can be shown by time-space diagram in Figure 4. 
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FIGURE 4 Time-space diagram at the downstream
The speed of backward propagation 
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where 
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The condition for this propagation not to reach the intersection is, using the vehicles’ speed at the intersection 
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On the other hand, the queue from the parking section has to disappear before the vehicles of the next cycle reach the parking section, therefore the next condition is needed. 


[image: image17.wmf]G

C

v

L

v

L

-

+

<

0

2

2

2







(5)

Transforming them using the relationship of 
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, L2 is obtained as the condition (6) and (7).
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From the above conditions (2), (6) and (7), as the capacity at the intersection is larger and the green time of the signal is longer, the necessary clearance distance becomes longer.  And also, in the downstream section, the clearance distance has to be long in proportion to the capacity ratio between the intersection and the parking section.  It means a multi-lane street which has a large capacity originally needs relatively less clearance distance even though the absolute value of the capacity reduction by parking section is the same.  As for the signal parameters, the shorter green time allows the shorter clearance distance.  It may sometimes become difficult to assure queue disappearance if the green time split of the target route is very large. 
On-street parking space can be made theoretically as above mentioned.  Although it may cause queue spill over at some local intersections from the downstream intersection due to transforming queue storage space into parking space, the total delay does not change as long as the limited bottleneck intersections are utilized in maximum capacity without influence of parking.  However, it is still not clear whether it does not make negative influence on the efficiency and the safety.  In the following sections, the feasibility of the proposed on-street parking space in these aspects is examined. 
3. OUTLINE OF THE MIXED REALITY TRAFFIC EXPERIMENT SYSTEM

For the evaluation of the proposed parking space, we used the mixed reality traffic experiment system.  It is an integrated system of a 6 axes motion driving simulator and a micro-and-macroscopic traffic simulator with virtual reality image technologies, which has been developed in the Sustainable ITS Project at CCR, The University of Tokyo.  Figure 6 shows the current composition of the system.  Explaining it by simple example, a person can drive the driving simulator as one of the cars running in the traffic simulation.  The system can reproduce a realistic interaction between a driven vehicle by a testee and surrounding vehicles run by the traffic simulator, and can observe his/her driving behavior in several different scenarios under a fully controlled environment.  The details of the system are explained in the references (Shiraishi et al. 2004, Suda et al. 2005)
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FIGURE 5 Composition of the mixed reality traffic experiment system
We used the microscopic traffic simulator function of this system for the efficiency evaluation and the driving simulator function for the safety evaluation.  The former is described in Chapter 4 and 5, and the latter is in Chapter 6.
4. MODELING OF THE VEHICLE BEHAVIOR AROUND ON-STREET PARKING

In a conventional traffic simulator, vehicles run by a unit of the discrete lane.  It means an actual lateral behavior like running over the boundary of lanes that is often observed around on-street parking cannot be described appropriately.  Therefore, before using the microscopic simulator for the evaluation of on-street parking space, passing vehicle behavior model should be updated. 
There are a lot of field surveys and observations about passing vehicle’s behavior around on-street parking, for example, passing speed, amount of lateral shift, lateral clearance from the parking vehicles, and so on.  Table 1 shows the items observed in the previous studies. 

TABLE 1 Items observed in the previous studies
	explanatory variable
	explained variable

	valid width
	num. of parallel running

	valid width
	judgment of parallel running or lane change

	valid width
	rate of running over

	valid width
	passing speed

	lateral clearance
	passing speed

	distance to parking vehicle
	passing speed

	distance to parking vehicle
	lateral shift

	1st order lateral shift
	2nd order lateral shift

	parking density
	1st lane usage rate

	section traffic volume
	lane usage rate


Referring some of these results, the passing vehicle behavior around parking vehicles was modeled.  The behavior of the passing vehicle consists of a series of actions, that is, finding a parking vehicle, judging how to pass, executing a determined action etc. Here, we introduced a continuous shift in the lateral direction in this passing behavior so that the simulator can describe a phenomenon like running over to the next lane.  In this model, each vehicle has its own target point ahead which the vehicle moves aiming at, and this target point can have a continuous value of the lateral position.  The flow of the passing vehicle’s behavior model is shown in Figure 6.
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FIGURE 6 Flow of the passing vehicle’s behavior model
The developed model is built into the existing microscopic traffic simulator as a module, and works to describe vehicles’ behaviors around parking vehicles.

5. EFFICIENCY EVALUATION OF THE PROPOSED ON-STREET PARKING SPACE
5.1 Settings
Using the microscopic traffic simulation function which introduced the developed model explained in Chapter 4, the proposed on-street parking space was evaluated.  We ran several settings of the simulations changing some variables shown in Figure 7 and Table 2. 
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FIGURE 7 Representation of the on-street parking space
TABLE 2 Settings of the traffic simulation
	item
	setting

	num. of lanes
	2, 3 [lanes]

	distance between intersections
	300 [m]

	distance from intersection to parking space
(clearance distance) (L)
	50, 100 [m]

	cycle time (C)
	60, 120 [sec]

	green time
	60% of cycle time

	offset
	simultaneous offset

	Traffic demand (Q)
	800, 1200 [veh/h/lane]


5.2 Results
First, let us show the result of 2 lanes simulation with the demand (Q) of 800 [veh/h/lane].  When the cycle time (C) is 120 [sec] and there is no parking space, the throughput of this section is 1447.6 [veh/h].  Here, if parking space is located with clearance distance (L) as 50 [m], the cumulative curve of the passing time of vehicles is shown in Figure 8. 
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FIGURE 8 Cumulative curve (L = 50 [m], C = 120 [sec])
Next, if the clearance distance is set up as 100 [m] and the cycle time is set up as 60 [sec], the cumulative curve becomes as in Figure 9. 
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FIGURE 9 Cumulative curve (L = 100 [m], C = 60 [sec])
Comparing these two, the latter has a larger gradient, which means it has more ability to process traffic demand. (Note the displayed range of these two graphs is the same.)  Actually, the throughput of the latter is 1425.2 [veh/], which is much larger than that of the former 1102.2 [veh/h] and almost the same as the situation of no parking space (1447.6 [veh/h]).

In the same way, different cases are simulated with the combination of the parameters mentioned above.  The results are shown in Table 3. 
TABLE 3 Throughput of 2 lanes road [veh/h]
	throughput
(veh/h)
	no parking space
(C=120sec)
	L=50m
C=120sec
	
C=60sec
	L=100m
	L=100m
C=60sec

	Q=800
	1447.6
	1102.0
	1253.3
	1247.4
	1425.2

	Q=1200
	1856.9
	1105.9
	1238.1
	1285.4
	1431.0


TABLE 4 Throughput of 3 lanes road [veh/h]
	throughput
(veh/h)
	no parking space
(C=120sec)
	L=50m
C=120sec
	
C=60sec
	L=100m
	L=100m
C=60sec

	Q=800
	2240.9
	1930.0
	2156.9
	2045.2
	2093.6

	Q=1200
	2758.6
	1973.2
	2180.5
	2055.4
	2445.1


In any cases, no parking space situations have the largest value of the throughput.  When the parking space is located with L = 50 [m], the value of the throughput is reduced.  However, as the cycle time is shortened and the clearance distance is extended, the value of the throughput is improved.  Assuming the no parking situation 100%, the throughput rate is improved from 59.5% (L = 50 [m], C = 120 [sec]) to 77.1% (L = 100 [m], C = 60 [sec]) in the case of 2 lanes, and from 71.5% (L = 50 [m], C = 120 [sec]) to 88.6% (L = 100 [m], C = 60 [sec]) in the case of 3 lanes.  From these results, it seems to be possible to keep the enough high throughputs depending on the clearance distance and the cycle time as indicated in Chapter 2. 
6. SAFETY EVALUATION OF THE PROPOSED ON-STREET PARKING SPACE
6.1 Settings

Using the driving simulator function, safety aspect of the proposed on-street parking space was examined by conducting a driving experiment with test subjects.  In the settings of the experiment, 3 patterns of the lane marking for on-street parking spaces were designed and the datasets to run the driving simulator were prepared as follows.  The vehicles other than the testee’s vehicle are driven by the microscopic traffic simulator using the model developed in Chapter 4.
Figure 10 shows the first pattern A, a lane marking which does not consider that parking vehicles should be outside of the through traffic lanes.  This marking actually imitates the current situation where illegal parking occurs.
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FIGURE 10 Current lane marking (pattern A)
The next lane marking pattern B creates a parking space by reducing each lane width for through traffic as shown in Figure 11.  The number of lanes for through traffic remains the same.
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FIGURE 11 Lane width reduction (pattern B)
The third lane marking pattern C creates a parking space by reducing number of lanes for through traffic as shown in Figure 12. Each of the lane width for through traffic is maintained or widened.
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FIGURE 12 Lane number reduction (pattern C)
In the experiment, a testee is asked to drive at the leftmost (curbside) lane of this road stretch including these parking sections.  The driving behavior data in every 0.1 second is recorded and questionnaire survey is also done after the driving.  Here is an example of collected data.
Driving behavior data: vehicle’s location, speed, acceleration/deceleration rate, steering angle etc.

Questionnaire survey: subjective evaluation on safety, uneasiness etc.
6.2 Results
A few dozens of testees has been invited to conduct the experiment.  Table 1 shows the properties of the testees’ at the experiment.  From them, some of the results are shown in the followings.
TABLE 5 Properties of testees
	Total
	46

	Gender
	Male:
	32
	Female:
	14

	Age
	20s
	30
	30s
	12
	40s
	2
	50s
	2

	Driving history
	< 1 year
	< 3 years
	< 10 years
	< 20 years
	20 and more

	
	4
	15
	26
	17
	4

	Driving frequency per week
	none
	< 2 hours
	< 5 hours
	5 and more

	
	12
	18
	17
	19


Figure 13 shows the driving trajectories by several testees in the pattern A.  In this pattern, most of the drivers change their lane to the right completely although parking vehicles occupy less than half of the first lane.  We can see the trajectories vary especially at the entrance point of the parking section.
[image: image29.emf]0

1

2

3

4

5

6

7

0 50 100 150 200 250 300 350

parking vehicles

（

unit : m

）


FIGURE 13 Driving trajectories
Picking up a certain testee, some kinds of personal the driving data such as brake pedal stroke, acceleration / deceleration rate, vehicle speed and steering angle corresponding to the vehicle trajectory can be shown in Figure 14.  At the entrance point of the parking section, we can see the driver takes several actions, such as steering and accelerating / braking, in order to get into the adjacent lane.
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FIGURE 14 Example of personal driving data
If these values of the driving behavior exceed a certain thresholds, it may cause a dangerous situation.  Therefore, from the recorded driving data, we selected the maximum values of deceleration and heading angular speed of each testee as simple indices of the safety.  Figure 15 and 16 show the distribution of them including the maximum/minimum value and the standard deviation.  From these results, the pattern B shows the lower value than others, which implies smoother and less dangerous driving could be realized.
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FIGURE 15 Distribution of maximum deceleration
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FIGURE 16 Distribution of maximum heading angular speed
A subjective evaluation by the testees is also done by conducting a questionnaire survey after driving.  Figure 17 shows whether testees felt dangerous or not on each of the patterns of the lane marking.  Compared with the pattern B and C, the testees feel more dangerous in the pattern A, a situation of the illegal parking.
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FIGURE 17 Subjective evaluation of lane markings
Figure 18 shows the result asking which was the most preferable pattern of the marking and why the pattern was preferred.  The testees who preferred the pattern B raised no need of lane changes, while the testees for the pattern C find an advantage in wide lane configuration.  The preference between the pattern B and C could depend on the traffic situation realized at the timing of their arriving at the parking section.
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FIGURE 18 Reason of lane marking preference
From the analysis based on the experiment so far, testees feel uneasiness or danger in the pattern A, which is similar to actual illegal parking situation, and also, indices of recorded driving data show relatively high value of dangerous.  Therefore, it would be justified to make some types of parking lane, such as pattern B and C, on street.
The data obtained at the driving simulator experiment can be utilized to improve the vehicle behavior model mentioned in Chapter 4.  Then it will run the other vehicles in the driving simulator again.  Therefore, it will work as a kind of feedback loop to improve the model, which would become a quite new approach to develop a model.
7. CONCLUSION

As one of the measures to solve the problem of illegal on-street parking vehicles, the authors proposed to create legitimate on-street parking space at a straight pipe section between intersections.  And the way to calculate the appropriate clearance distance theoretically was presented not to make negative impact on the traffic capacity at the bottleneck intersection. 

Based on this idea, the feasibility of this on-street parking space was examined in the aspects of the efficiency and the safety using a traffic simulator and a driving simulator.  As for the traffic simulator analysis, the vehicle behavior model was updated to describe the passing vehicles’ behavior around parking vehicles.  Using this model, several different settings were simulated and the results showed a possibility to make on-street parking space not reducing the capacity.  On the other hand, from the driving simulator analysis, the case like an illegal parking situation got the lowest evaluation, therefore to make intended on-street parking space may even improve safety from the current situation. 
As this study only focused on the side of the infrastructure, it is also necessary to analyze parking demand, cost burden etc. as future works.  Combining these analyses, the way of on-street parking treatment should be established and an orderly traffic environment without illegal parking vehicles will be realized.
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	2, 3 [lanes]

	distance between intersections
	300 [m]

	distance from intersection to parking space
(clearance distance) (L)
	50, 100 [m]

	cycle time (C)
	60, 120 [sec]

	green time
	60% of cycle time

	offset
	simultaneous offset

	Traffic demand (Q)
	800, 1200 [veh/h/lane]


TABLE 3 Throughput of 2 lanes road [veh/h]
	throughput
(veh/h)
	no parking space
(C=120sec)
	L=50m
C=120sec
	
C=60sec
	L=100m
	L=100m
C=60sec

	Q=800
	1447.6
	1102.0
	1253.3
	1247.4
	1425.2

	Q=1200
	1856.9
	1105.9
	1238.1
	1285.4
	1431.0


TABLE 4 Throughput of 3 lanes road [veh/h]
	throughput
(veh/h)
	no parking space
(C=120sec)
	L=50m
C=120sec
	
C=60sec
	L=100m
	L=100m
C=60sec

	Q=800
	2240.9
	1930.0
	2156.9
	2045.2
	2093.6

	Q=1200
	2758.6
	1973.2
	2180.5
	2055.4
	2445.1


TABLE 5 Properties of testees
	Total
	46

	Gender
	Male:
	32
	Female:
	14

	Age
	20s
	30
	30s
	12
	40s
	2
	50s
	2

	Driving history
	< 1 year
	< 3 years
	< 10 years
	< 20 years
	20 and more

	
	4
	15
	26
	17
	4

	Driving frequency per week
	none
	< 2 hours
	< 5 hours
	5 and more

	
	12
	18
	17
	19


List of Figures

FIGURE 1 Conceptual image of proposed parking management scheme
FIGURE 2 Proposed design of on-street parking space
FIGURE 3 Clearance distance from the intersection
FIGURE 4 Time-space diagram at the downstream
FIGURE 5 Composition of the mixed reality traffic experiment system
FIGURE 6 Flow of passing vehicle’s behavior model
FIGURE 7 Representation of on-street parking space
FIGURE 8 Cumulative curve (L = 50 [m], C = 120 [sec])
FIGURE 9 Cumulative curve (L = 100 [m], C = 60 [sec])
FIGURE 10 Current lane marking (pattern A)
FIGURE 11 Lane width reduction (pattern B)
FIGURE 12 Lane number reduction (pattern C)
FIGURE 13 Driving trajectories
FIGURE 14 Example of personal driving data
FIGURE 15 Distribution of maximum deceleration
FIGURE 16 Distribution of maximum heading angular speed
FIGURE 17 Subjective evaluation of lane markings
FIGURE 18 Reason of lane marking preference
[image: image35.emf]Current

“actual”

situation 

Current 

“principled”

situation

Proposed 

scheme

＜ ≒

Current 

“principled”

situation

Current

“actual”

situation 

Proposed 

scheme

＜ ＜＜

Efficiency and Safety aspects

Economical and Social aspects


FIGURE 1 Conceptual image of proposed parking management scheme
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FIGURE 2 Proposed design of on-street parking space
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FIGURE 3 Clearance distance from the intersection
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FIGURE 4 Time-space diagram at the downstream
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FIGURE 5 Composition of the mixed reality traffic experiment system
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FIGURE 6 Flow of passing vehicle’s behavior model
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FIGURE 7 Representation of on-street parking space
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FIGURE 8 Cumulative curve (L = 50 [m], C = 120 [sec])
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FIGURE 9 Cumulative curve (L = 100 [m], C = 60 [sec])
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FIGURE 10 Current lane marking (pattern A)
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FIGURE 11 Lane width reduction (pattern B)
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FIGURE 12 Lane number reduction (pattern C)
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FIGURE 13 Driving trajectories
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FIGURE 14 Example of personal driving data
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FIGURE 15 Distribution of maximum deceleration
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FIGURE 16 Distribution of maximum heading angular speed
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FIGURE 17 Subjective evaluation of lane markings
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FIGURE 18 Reason of lane marking preference
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