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Abstract This paper proposes a moving-coordinate system for analyzing traffic conflicts with the aim of improving ITS-assisted traffic safety. First, the benefits of the moving-coordinate system for analyzing traffic conflicts are discussed in comparison with a fixed-coordinate system. The moving-coordinate system consists of five or more synchronized on-vehicle cameras directed straight ahead and behind, to both the right and left, of the test vehicle, a video-image capturing subsystem, an image-processing subsystem, and a coordinate system that is transformed from a pixel-based coordinate system to a map-view coordinate-system of the actual roads. After reviewing previous works for conflict indicators such as TTC (Time To Collision) (Hayward, 1972) and PET (Post-Encroachment Time) (Allen et al., 1978), a new conflict indicator, PTTC (Potential Time To Collision) is proposed. The characteristics of these conflict indicators are discussed and TTC and PET indicators are shown to be inapplicable to high-speed and congested traffic environments. Finally, examples of TTC, PET, and PTTC-indicator calculations for merging traffic on an expressway are provided.
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1. Introduction: Benefits of the moving-coordinate system

One of the basic strategies employed in traffic safety is to undertake conflict analysis at sections of road where traffic frequently weaves or merges and diverges from the main traffic flow. The safety measures derived from such conflict analyses can then be implemented in ITS technologies that assist drivers’ judgment and operation. This technology is also expected to be used in the development of Advanced Cruise-Assist Highway Systems (AHS).
With the aim of preventing accidents, detecting traffic conflicts in advance and providing warning information to drivers is an effective strategy. To provide accurate conflict warnings, it is important to measure conflict indices in terms of the distances between vehicles and changes in the behavior of the involved vehicles in terms of detected distance, speed, and acceleration. This type of conflict analysis is generally undertaken from an observation point located on the roadside, such as a pedestrian bridge. This type of observation is therefore termed a ‘fixed-coordinate system analysis’ in the present paper.
In the case of a fixed-coordinate system, the distances between vehicles vary depending on the drivers’ behavior. Consequently, in certain situations, an observer may feel that a driver is driving safely despite the conflict indices indicating danger. This suggests differences in behavior among different drivers. In addition, recognition of danger by the observer and the driver are not always in agreement. Thus, rather than the observer setting the danger threshold for the conflict index, it should be established with reference to the driver’s characteristics. To determine the behavioral characteristics of an individual driver, it is necessary to observe the conflict indices for that driver while driving in a usual manner. However, ground-based fixed-coordinate systems are unsuitable for such observations. To address this problem, in the present study, a multi-camera observation system was installed on the test vehicle. This system is termed a ‘moving-coordinate system’ in the present study. We undertook conflict analysis using this on-vehicle system and the conflict indices proposed by Hayward (1972), Allen et al. (1978), and Wakabayashi and Renge (2003).
Conflict analysis undertaken using a moving-coordinate system enables the following analyses to be conducted.

(1) A new method for analyzing traffic accidents. Analyses of traffic accidents are generally carried out using a map-view road figure; that is, using a fixed-coordinate system. However, it is desirable to analyze the accident from the perspective of the moving vehicle. In this way, conflict analysis undertaken using the moving-coordinate system contributes to the analysis of traffic accidents. 
(2) Analyses of differences in the behaviors of different drivers. There are potential differences among different individuals in terms of recognizing dangerous situations. Understanding these differences can assist in the development of learning functions in ITS safety-assisted systems.
2. Traffic-conflict analysis based on the moving-coordinate system
The moving-coordinate system consists of five cameras, a synchronized unit, and camcorders. Photo-1 shows the four on-vehicle cameras that face forward to the right, forward to the left, backward to the right, and backward to the left. The fifth camera records the speedometer for the purpose of calculating conflict indices.

To reconstruct the actual map-view coordinates of the road from the obtained images, we use a vehicle tracking system that consists of digital VCRs (Wakabayashi and Renge, 2003). The vehicle tracking system records the position of the moving object by replaying the captured images on a PC.

The coordinates are then transformed from a pixel-based coordinate system to the actual map-view coordinate system using a projective transformation. The transforming equations are as follows:
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where u and v are pixel coordinates in the image, x and y are the actual map-view coordinates on the road, and a1, a2, a3, b1, b2, b3, c1, and c2 are parameters. The above equations are derived from 
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(3)
3. Indicators of traffic conflict
The use of conflict indicators enables a quantitative and objective judgment of the degree of danger involved in a certain traffic situation:

Traffic conflict techniques (TCT) was firstly proposed by the General Motors Research (GMR) laboratories in 1967 (Perkins and Harris, 1968), and many TCT have been proposed. Since the braking manipulation is one of the traffic conflict indicators, the subjective classifications were proposed. Cooper (1973) proposed three grades of conflicts, namely, routine conflicts, moderate conflicts and near miss. Spicer (1971) proposed five grades from preparative braking to emergent evasion behavior. This idea has been develop to Older and Spicer’s subjective classifications (Older and Spicer, 1976). The subjective classifications are, relatively, easy to obtain from observing site at highways and intersections, however, objective quantification was strongly required. As the quantitative conflict indicators, Hayward (1972) proposed TTC (Time To Collision) index that was firstly named TMTC (Time Measured To Collision), Hyden (1975) proposed TA (Time to accident) index that is similar to TTC, and Allen, Shin and Cooper (1978) proposed PET (Post-Encloachment Time) index. The following three indicators, TTC, PET and PTTC (Potential Time To Collision) newly proposed by authors were calculated in this study.
3.1. TTC indicator

As mentioned in the Introduction, the Time-To-Collision (TTC) indicator is one of the traffic-conflict indicators proposed by Hayward (1972). TTC is defined as the time to collision if the two vehicles continue to drive at the same speed and in the same direction without any evasion behavior. The maximum value is infinite and the minimum value is 0 seconds (at the time the collision happens). As discussed in Chapter 4 below, the TTC indicator has a defect in that it is sometimes impossible to calculate TTC when the vehicles of interest are following each other at very short distances. Thus, PTTC is proposed as a new indicator in this paper.
3.2. PET indicator

Post-Encroachment Time (PET) is defined as the time from the end of encroachment to the time that the through-going vehicle arrives at the potential point of collision (Allen et al., 1978). In other words, the potential site of collision is first determined when Vehicle 1 occupies a certain position at a certain time; PET is defined as the time taken for Vehicle 2 to reach the identified site.

3.3. PTTC indicator
In analyses undertaken using fixed-coordinate systems, many dangerous conflicts are identified that involve close following distances. Even in such situations, however, in many cases the calculated TTC indicators indicate safe traffic conditions. This occurs because even when a vehicle is following dangerously close, the two vehicles will not theoretically collide unless the lead vehicle decelerates (see the definition of TTC). This suggests that more appropriate indicators are required for these types of dangerous close-following situations.

In this context, the Potential Time To Collision (PTTC) indicator was proposed by Wakabayashi and Renge (2003). This indicator is an ‘If...then’ type of indicator; that is, if the lead vehicle evades a dangerous object and decelerates, and if the rear vehicle is following closely in the same lane, then the following vehicle will need to take rapid evasive action to avoid a collision. The PTTC value is the solution to the following equation:
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where D is the distance between the two vehicles, 
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 is the difference in speed, and a is the degree of deceleration. This indicator is suitable for use for both high-speed and congested traffic.
4. Application of the system to actual traffic and calculation of conflict indicators

We carried out experimental observations using the moving-coordinate, conflict-analysis system. The observed route was the Nagoya Expressway Ring (Loop) Line in central Nagoya, Japan. This ring road has many merging sections of road from on-ramps and other radial lines and experiences heavy traffic every day. In some sections, drivers must weave from the right-hand lane to the left-hand lane, and vice versa, depending on their destination. The driver conducting the observations used his own vehicle because he is familiar with it. Photo-2 shows an example of the images obtained from the five cameras at 2-second intervals. In this example, the test vehicle attempted to change to the left-hand lane in congested traffic conditions at approximately 20 km/h.

Using the vehicle tracking system with digital VCR, we obtained the pixel coordinates from the images and calculated the map-view coordinates on the road. Figure 1 shows the distances between vehicles measured in the longitudinal direction, the cross-sectional direction, and the integrated direction, as well as speed and conflict indicators such as TTC, PET, and PTTC.

In this example, we did not calculate the TTC index in terms of the neighboring Vehicle 1; however, the PET index was calculated at the time of approximately 6.5 seconds in Figure 1, as this lies between the times of 6 and 8 seconds shown in Photo-2 when the merging maneuver was accomplished. The PTTC index was calculated earlier than the PET index, from 5.6 to 5.8 seconds. Traffic congestion at the time of the survey meant that the distance between vehicles was approximately 2 meters at the start of the calculation period. After this time, the distances between vehicles increased.
Next, we traveled around the ring-road system to collect additional data.
We collected travel data on three occasions. The traffic conditions along stretches of road that contained series of merging sections were generally smooth during the first and second surveys, but the traffic was congested during the third survey. We extracted 64 scenes from the captured video images, including scenes of lane changes made during overtaking and merging, and scenes of drivers allowing other vehicles to change lanes. The analyzed data included the relative positions, speeds, and conflict indices of the test vehicle and the vehicle in front of the test vehicle. The danger presented by vehicles traveling behind the test vehicle was excluded, since the driver of the test vehicle was not necessarily able to actively respond to such dangers. For scenes with multiple vehicles in front of the test vehicle, the different vehicles were analyzed simultaneously. Thus, we analyzed a total of 103 merging maneuvers; these are shown in Figure 2, divided into cases where the movement of the adjacent vehicle was smooth (Cases 37 to 51) and cases where movement was congested (Cases 52 to 64). There are no major differences between the smooth and congested cases in terms of the relative positions of the vehicles in front of and behind the test vehicle.

Figure 3 shows various conflict indices, speed, and distance between vehicles (vertical axis) against elapsed time (horizontal axis) for one of the 103 cases. This example shows a vehicle merging in front of the test vehicle into the main lane at the entrance to an expressway; the test vehicle does not change lanes. In this case, the merging vehicle is traveling at approximately 60 km/h and the test vehicle is moving at approximately 70 to 80 km/h (i.e., the traffic in the main lane was moving at about 70 to 80 km/h). We were only able to intermittently calculate the TTC index as a finite value until immediately prior to the merging maneuver. The TTC value was calculated as a finite value based on the approach angle and difference in speed of the two vehicles (the vehicle merging in front of the test vehicle was moving relatively slowly), according to the characteristics of the index (see Section 4). Unlike TTC, we were able to continuously calculate the PTTC value as a finite value. This is thought to reflect the fact that the calculation of PTTC always takes into account the reduction in speed of the merging vehicle. After merging is completed, the merging vehicle increases both its speed and the distance from the test vehicle. At this point, the calculation of PTTC is complete.

5. Discussions
Based on our categorization of the 103 cases of observed merging maneuvers, we draw the following conclusions:

First, Table 1 classifies the 103 cases based on 
(a) whether TTC could be calculated, and; 
(b) whether PTTC could be calculated. 
Of the 103 cases, TTC was observed in 41 cases and PTTC in 65 cases. We note that PTTC was calculated (as a finite value) in a large number of cases, while TTC was unable to be calculated in the majority of cases. (i) The case that both TTC and PTTC are calculated is the most major category of 37 cases. For other categories in Table 1, (ii) the number of cases in which TTC was not calculated and PTTC was calculated is 28, and this category is second major observations. (iii) The category where TTC was calculated and PTTC was not calculated is such case as the lead vehicle tries to merge into main lane from on-ramp in front of the rear vehicle. In such case, TTC is calculated and PTTC is not potentially calculated because PTTC index supposes the lead vehicle’s deceleration. Both (i) and (ii) suggest that the PTTC index can be used as preventative warning index. 

We also classified the 37 cases for which both PTTC and TTC were calculated into four types in Table 2, according to how the two indices were calculated over time: 
(1) TTC was calculated within the time range in which PTTC was calculated (10 cases); 
(2) TTC was calculated outside of the time range in which PTTC was calculated (16 cases); 
(3) TTC was calculated both within and outside of the time range in which PTTC was calculated (11 cases); and; 
(4) PTTC was calculated within the time range in which TTC was calculated (0 cases).
Thus, the total number of cases in which TTC was calculated within the time range in which PTTC was calculated was 21 out of 37 cases (total of cases (1) and (3) above). 
As described below, since PTTC could be calculated continuously and TTC was unable to be calculated continuously, we conclude that the PTTC index can be calculated as a preventative warning before it is possible to calculate TTC. Figure 3 shows an example of a Type (3) case described above. TTC can be calculated outside the time-range of PTCC calculation (1.4 seconds in advance) because of the angles of the two vehicles at the time of merging.

6. Conclusion
This study proposes a moving-coordinate system for the analysis of traffic conflicts. This study also proposes a new conflict indicator, PTTC. The moving-coordinate system was applied to the behaviors of vehicles merging onto an expressway. 
(1) The moving-coordinate system enables the new traffic conflict analysis that was not carried out by the traditional fixed-coordinate system. For example, the moving-coordinate system enables driver’s continuous behavior and differences of drivers’ characteristics. The prospective for new type of accident analysis is also expected.

(2) Conflict indices are reviewed. There are potential hazardous situations that were not identified by the conventional conflict indices. This suggested that the new type of traffic conflict index is needed under high-speed and congested traffic environment. Thus, PTTC (Potential Time To Collision) index is proposed.

(3) The fixed-coordinate system and the moving-coordinate system should be used substitutionally. 

(4) Experimental observations with the moving-coordinate system were carried out along the Nagoya Expressway Ring Line for TTC, PET and PTTC indices.

(5) We focused on a comparison of two indicators: TTC and PTTC, and the results reveal the following overall trends.

(6) In contrast to TTC, which can only be calculated intermittently, PTTC can be calculated continuously.

(7) In cases other than those where TTC can be calculated on the basis of the angles of the two vehicles at the time of merging, PTTC is an effective conflict index for determining the collision risk.
The future subjects are as follows:

(1) Technical difficulties required after observation and data collection is time costly. More effective method should be developed.

(2) Accumulation of observation is needed. Analysis among different drivers is also needed and this analysis is now executed.

The new traffic conflict technique proposed in the paper is expected to contribute the safer highway traffic management and ITS-assisted traffic safety.
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Table-2. Simultaneous observations of TTC/PTTC listed in Table-1


[image: image1.wmf])

1

/(

)

(

2

1

3

2

1

+

+

+

+

=

v

c

u

c

a

v

a

u

a

x


[image: image9.jpg]



[image: image10.jpg]



[image: image11.jpg]



[image: image8.wmf]0

100

200

300

400

500

600

700

0

5

10

15

20

25

0

2

4

6

8

10

3.8

4

4.2

4.4

4.6

4.8

5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

7

7.2

7.4

7.6

DISTANCE BETWEEN VEHICLES

(cm)

SPEED

(km/h)

CONFLICT INDICATORS

(sec)

tim(sec)

dist-X

dist-Y

dist-XY

Speed of Observation Vehicle

Speed of Surounding Vehicle

Speed Defference

PET

TTC

PTTC


Photo-1 On-vehicle observation system
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Photo-2 Sequential images obtained from the synchronized multi-cameras. The vehicle within the white circle is the vehicle immediately ahead of the test vehicle (Vehicle 1). The vehicle within the red circle is the vehicle immediately behind the test vehicle. 





Figure 1: Distance, speed, and conflict indicators between the test vehicle and the vehicle in front of the test vehicle.
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