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ABSTRACT

This paper uses time proximity to hazard as driver perceived measures of
safety to simulate traffic conflicts when defined by time-to-collision. A traffic
conflicts o vation techn has n devel to rmine time-to-collision
behavioral onses. Statis and e rimental arch e provided insights for
reasonable threshold times to use in traffic conflict definition based on driver hazard
perception and behavioral response.

In order to extend the research potential, a traffic conflicts computer
simulation model, TSC-Sim, and attached graphics display for tee and 4-legged
intersections was developed and used to study traffic conflicts, with time-to-collision
as the critical traffic event in driver behaviour simulation. Some aspects of gap
acceptance criteria and differential effects of driver parameters including age, sex
and waiting time toler are investigated. The simulation was validated against
previous work in the li ure and actual conflicts at several intersections with, so
far, quite good results.

INTRODUCTION

Traffic crashes serious system failu yet our unde ng of the
failure mechanism is r; in part r, we know | about the co al linkage
between human factors and road safety. More specifically, good design, for both
con 0 icl hway (3
ani (o] ro sk an c
des . is ne ho e
between the driver and ro Y presumed to be perceived visually, may be
used in a simulation model lo r insights into this relationship.

In past investigations of human behaviour and road safety in the past the time
space between a vehicle operator and road hazards has been articulated as gap
acceptance in taking action to proceed safely and more recently as the concept of
time-to-collision in taking action to avoid collision. In this present research the
literature on gap acceptance (see for example, Darzentas, 1981) provides the means
for a simulation model of vehicle movement, while the concept of time-to-collision,
as a quantitative definiti the s ity of traffic conflicts, provides the means to
evaluate safety with the ation el.

Traffic conflicts, defined by time-to-collision measures, may well prove useful
to examine the road system failure mechanism, and may provide a measure of driver
risk that can be related to roadway and traffic parameters for safe design. But
programs to collect traffic conflict data are few because of difficult and costly
observational techniques with trained observers. It therefore appears useful to
attempt to simulate traffic conflicts for both research and professional objectives.
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CONCEPT OF TIME SPACE

he ¢ of S
beh ural wi o
con , and rst a
visual perception, a moving observer picks up prop of the ronment in the
form of ambient optical array of visual information is pro ed as an optic
flow tto b sp ich
he p dep o] ati to
haza dec n SO hip

(or synthesis) of these variables which he called temporal proximity, or more
specifically time-to-collision (TTC). Lee postulated that visual information alone, in
the form of the changing optical array at the driver's eye, is used to register the

haz br w C (o] ng pr e
spe col v a i ais e
sub by al n n haza S

the rate of separation of the image points.

The concept can be extended to the case in which two vehicles approach an
intersection on a converging course. In this case the time-to-collision is defined by

i ween the dt o e
course. |f by g e
on as a vi pt b n

s of the visual image of the clos angle ©. For a vehicle at rest at an
section waiting to proceed © is su nded by the time lag as defined in the
literature on gap acceptance.

Several braking and | ng ex ents appear to support
validity of this concept: S iler (1 McLeod and Ross (19
Carvallo et al. (1986).

The time-to-collision measure is used here as an indicator of the danger or the
risk of a collision. In principle, the lower the TTC value during the approach, the
higher the risk of a collision. In practice it is defined as the time required for two
vehicles to collide if they were to continue at their speed and were to remain on the
same path. As long as a collision course is p nt, TTC is a continuous function of
time. If two vehicles are not on a collision ¢ e, the value of TTC is infinite. The
function is linear when both speed and heading-angle of the two vehicles remain
constant. If none of the vehicles changes its speed and/or course, a collision will
result and TTC goes to zero. A "near miss" may be described by a minimum value,
TTC, . after which TTC increases.

To illustrate, Figure 1 shows what happens when a car approaches a fixed
object. Point A indicates TTC when the evasive action is ted, t,, representing the
available manoeuvring space at the mome 1t of braking. P B gives TTC,,,,, reached
during the approach.

VALUE OF CRITICAL TTC, t,

For simul n the value of the critical TTC, referred to here as t,, needs to be
defined. The dr decision rule assumed in collision avoidance is that, if TTC is less
than or equal to t, begin and continue evasive action, but after the point at which
TTC is greater than t,, revert to normal driving behaviour. If x is the distance
between a subject vehicle and a potential point of contact and v is the velocity at the
point where evasive action is taken, and if the road users are treated as point
sources for simplicity, the time-to-collision is x/v. Assuming that the velocity and
heading angle are constant, the critical event will be taken to be the point of evasive
action, or t, = Xx./v, with x, the critical distance. The t.;, measure presumes the
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driver adjusts acceleration rates to maintain a critical time space such that d,./d, = 0.
While this describes the rule on which to value t,, for simulation evasive action is not
possible to replicate and t, is simply taken as the minimum time space calculated for
two vehicles on a collision course.

A number of field and experimental studies using time-based measures of
driver risk indicate a desirable time-based driver safety space of 1.5 seconds and a
minimum space of 1.0 seconds (Godthelp, 1984; van der Horst, 1990). Van der
Horst (1990) has also examined by video analysis the distribution of critical events
from two major conflict calibration studies. In these studies conflicts were defined,

by to-coll n me but by a co on of o tive and subjective
ces by o rver from severa ries. W converted to time
measure the mean is very close to 1.5 seconds, as shown in Fig. 2.
To of an
arch ng ed
9. T re dr

various given speeds toward a styrofoam model of a stationary car, and to apply the
brakes at the last possible moment to avoid a collision with the styrofoam "car".
Driver vision was partially obstructed for some experimental runs. The experimental

site an aband airport p ing an asphalt test of 544 metres. Data
was ed and d aded to iba T1100 plus co r. A pulsed infra red
de tor on the vehicle fired on pas a side reflector pole.107m from the
co on point (that is, the styrofoam "). were 216 experimental runs in all;

18 for each subject at 3 speeds, 2 braking strategies and 3 vision scenarios. The
experimental apparatus allowed the following data to be recorded and downloaded;
distance with time, longitudinal speed with time, moment of braking action, and

m passing the r Summary results as shown on Figure 3 a mean
te conds and a in Of 1.1 second for the "hard” (emerge braking
in

The field experiment was also designed to test the visual perception
hypothesis of driver braking behaviour. For this experiment the 12 male students
instr to app ch the sty mock-up of rear of the veh at
ent a ch velo es and to t the last p le moment to a a
collision with the "car". Stroboscopic visual occlusion, by means of specially
designed electronic liquid crystal glasses, was used to monitor braking performance
in the absence of continuous visual clues 1 hich would normally be available to judge
distance and speed. Three levels of occlusion were used; (a) no visual occlusion, (b)
25 Hertz, or where vision was unrestricted for 10 ms periods at a frequency of
twenty five openings per second, and (c) 5 Hertz, or where vision was unrestricted
for 10ms periods at a frequency of 5 openings per second. These tests provide
scenarios of 100%, 25%, and 5% of the flow of optic information to the driver in
braking manoeuvres. Figure 3 shows summary results, indicating deterioration of
braking performance with visual occlusion with less deterioration at high speed than
at low or moderate speed. What is not shown by the figure is the large variation
observed across individual drivers, indicating a tendency toward individualization of
driving strategies in braking. However with this caveat, the experiment appears to
the sub braking stra could match the safe visual time space,
speed hesis, as s n by Figure 4(b), as opposed to the

conventional assumption of uniform deceleration as shown by Figure 4(a).

THE TRAFFIC CONFLICTS SIMULATION MODEL

The model simulates individual vehicles as they approach, proceed through and
depart an intersection. This process is quantified as a driver accepting a "gap" or a
"lag" in which gap is defined as the time headway between two successive vehicles
in the major road traffic stream and a lag is defined as the time remaining between a
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vehicl r nd a g
The s e emu p i
as fol c h a c
approaches; (b) on arriving at the inters
determined based on, a priori, realistic a
model assumes a minimum gap (lag) whic
with variation across drivers based on th
driver age and sex, and stopped delay. A t
a gap (lag) is acce by a driver, which n the ¢ speed of the
cting vehicles, puts h er at risk of collision the oth icle, using the
critical conflict time space criterion t.. It is assumed that traffic conflicts have the
same stochastic event characteristics as vehicle arrivals.

The model uses a micro computer version of the discrete event simulation
language, General Purpose Simulation System or GPSS/H, a specialized language
described by Schriber, 1974. The simulation model also has some features not
normally part of GPSS/H and therefore has been labelled "TSC-Sim," for Traffic
Systems Conflict Simulation. (For a full description and results of TSC-Sim, see
Sayed, Brown and Navin, forthcoming.)

Actions for vehicles in the model include vehicle generation, approach to the
intersection, choosing a gap (lag) and proce gto . The meters to
the model include: (a) traffic volumes of all fic s , (b) p of heavy

rse

ea

ino

mo
allowable headway, turning speed of vehicles, and maximum queue lengths are given
as constants to the model. It is possible to change the values of these parameters
between simulation runs.

The Gap Acceptance Process

This process takes places when a vehicle has to cross or merge with other
traffic streams where different traffic streams have different priority levels according

to ru d. i cal p by
te th nc d dt nt ion
ty c . im I \ ng th cle
type and the number of lanes to be crossed. Vehicles trying to cross or merge wait
for a gap in the conflicting t cs (streams) greater than or equal to their
critical gap. The critical gap v is multipl r cri

with a delay m on factor. The del ication ial

1.5 when the faces no delay value e

stopped delay increases with a minimum theoretical value of 0.5 when the vehicle
faces infinite delay. The model assumes that no driver will accept a gap that he/she
thinks will certainly lead to a collision. Therefore, a minimum acceptable gap is used,
with a value of 2.0 seconds as a minimum allowable critical gap, based on data
provided by Wennel et al. (1981). If the critical gap value is less than the minimum
acceptable gap, it is set to the minimum.

Vehicle drivers who decide to enter the intersection are assigned a single lane
manoeuvre time. This time is sampled from a truncated normal distribution function.
The mean and standard deviation of the function depend on the driver type
(Darzentas et al., 1980). The sampled manoeuvre time is then corrected according to
the number of lanes to be crossed and the vehicle type.
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Traffic Conflict Simulation

A traffic conflict occurs when a driver decides to execute a manoeuvre which
puts him/her at risk of collision with another vehicle. Conflicts are classified into six

as on osi
g ing |_ﬁ
. ion is

time s two converging vehicles during these conflict incidences. The
model whether or not the vehicles are on a collision course. If the
vehicles are on a collision course, the TTC value is calculated and compared with the
th  hold value of t,. If i n or | to the threshold value the m
re ds the conflict, i and TTC value. For this study
th  hold value of t_ is n
VALIDATION

Validity of the simulation was tested by comparing traffic conflicts observed at
four unsignalized intersections with traffic conflicts predicted by the simulation model

for these intersections for the same period of . The validation base
from studies of traffic conflicts at several int tions in the Gre Vanc
area. ugh several more int studies were rev , the
of the gnalized intersections by the conflict st were
co layouts, beyond-the simple T and four way rsections s d for
an All selected intersections were 4-leg interse ns with ne e gra

good visibility and simple layout. Table 1 is a summary of the intersection
characteristics.

Table 1. Study Intersections for Simulation Validation

. Turn . Peak Hour
Intersection Type Lanes Restrictions Minor Traffic
#1 4 approaches 1+1 none stop signs 120 vph/80 vph
242

#2 4 approaches 2+1 high type stop signs 500 vph/300 vph

(1+2 lane ramps on

major approaches) -
#3 4 approaches 1+1 none stop signs 460 vph/110 vph
#4 4 approaches 1+1 none stop signs 360 vph/140 vph

Conflict Observation Method

For 4 legged intersections there are 44 conflicting movements. The

these ments into the six categories

imself 2 seconds from the centre of

ke | s or the inning of ve

action. The method up hypot C z s accor to the ge

approach speed to fac e accurate

Traffic conflicts were recorded at the study intersections by trained observers.
The observation and recording method is an on-site, on-line record of the incidence
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and severity of traffic conflicts. Observations were made for two days at each
intersection. Two observers were used each day for an 8-hour observation period,
giving a total of 32 man-hours/intersection. The severity of traffic conflicts is
determined by the sum of two scores: the TTC score and A "Risk of Collision" or
ROC score. The ROC score is a subjective measure of the risk of collision and is
dependent on the perceived control that the driver has over the conflict situation.
The TTC and ROC scales were given equal weighting and combined into a 5-point
Likert type scale. The summation of the TTC and ROC scores gives the overall
severity score which range between two and six. An overall severity score of two
signifies a low risk conflict situation and a score of six is a high risk conflict situation
(Table 2). The mid-point of the composite scale registers the critical event,
corresponding to a TTC of 1.5 seconds or less with a "moderate" ROC.

Table 2. Time-to-collision and Risk of Collision Scores

TTC and ROC Time-to-collision Risk Of Collision
Scores (TTC) (ROC)
1 1.6 - 2.0 seconds Low Risk
2 1.0 - 1.5 seconds Moderate Risk
3 0.0 - 0.9 seconds High Risk

Source: Brown, G.R. (1991)

Reliability tests of the observation method gave 77% accuracy with 95%
confidence, with a high of 856% accurac assessing the correct TTC. In addition,
in a study of 13 intersections to test the ity of a TTC = 1.5 seconds or less for
a measure of safety as defined by the number of accidents, it was found that at 8 of
11 in ctions con s are sign ntly correlated with accidents at 95%
confid with R2 = with 3 inter ions having R2 = .81 (Brown, 1994).

Validation Results

Conflict simulation was based on legal speed limits of 50 km/hr, but it was
observed that vehicle speeds were by and large higher, so runs were made at 70
km/hr and 60 km/hr depending on estimated actual traffic speed. The model was
modified for traffic volume changes for morning, noon and afternoon peaks, and
further adjusted to allow the exclusion of a left turn restricted movement from 7-9
a.m. at intersection #2. The overall results are given in Table 3 which shows
encouraging results, particularly in the distribution of conflicts by movement type.
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Table 3. Observed Versus Predicted Conflicts by Movement Category

Observed Predicted Predicted
Conflicts* Conflicts* Conflicts*
@ 50 km/hr @ __ km/hr

o Pso Pag
RE 4+1 240 4+1
Crossing 140 1+1 1+2
LT/C 2 1 2

8 5 10

O Py, Py
RE 0 0 1
Crossing 2+2 343 3+4
LT/C 10 7 9
LT/O 1+2 2+1 2+1
RT 2 1 1

19 17 21

O | Py
RE 2+1 1+0 2+1
Crossing 0 0 0
LT/C 342 2+1 2+1
LT/O 1 1 1
RT 1 1 1

10 6 8

o Pso Py
RE 1 0 1
Crossing 8+4+1 443+1 6+3+1
LT/C 1 1 1

15 9 12

* by approach

CONCLUSIONS AND FURTHER RESEARCH

To gain credibility for application traffic conflicts need to provide a
quantitative, observable measure of the
ex and multi-dimensional onment,
s to control the vehicle on the
a s
a
e
. n
a driver behaviour context; the pro ity and consequences of a hazardous event
(Kalbfleisch, Lawless and MacKay, 1 ).
sa t S.
ant p va
of e h;

measure appears to replicate, with some
traffic conflict behaviour. However, the
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study has pointed to several areas of further research. Firstly, the severity definition
used is specific to the field procedure, and this constrains the wider evaluation of the
model. A larger inventory of conflict studies, using ime def on, is
needed. Secondly, more research is neejed to co the al li ge of
traffic conflicts to safety and risk. The model simulates conflicts (as defined here)
and cannot be evaluated against accident statistics. The authors are reasonably
confident that the time proximity definition of traffic conflict will prove to be a
measure of driver risk, but to date, this contention is still tentative. Lastly, simulation

has e sa
be d b en
and r [

computer simulation will prove useful for road safety evaluation.
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! P, = point at which evasive action
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Figure 1. Concept of Traffic Conflict, Showing Time-to-collision (TTC), Critical Event

(t;) and Minimum Time-to-collision (t,).
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Figure 2. TTC,,, Distr  ions of Conflicts from the Malmé and the Trautenfels
Calibration S es.
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Figure 3. Braking Strategy for 12 Male Subjects in Closed Course Experimental
Conditions (Source: van der Horst and Brown, 1989).

TICtw —» DISTh —»
\
DISTpe —>

TTCtr —»

ACC —»
ACC —»
7

Approach Speed V Approach Speed V

(2) Uniform Acceleration () Constant Safety Space

Figure 4. Two Hypotheses of Driver Braking Strategy (Source: van der Horst and
Brown, 1989).
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