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The development of surrogate safety measures has drawn significant research interest in the field of traffic safety analysis. Innovative
data sources such as video-based traffic surveillance systems have made it possible to collect large amounts of microscopic traffic
data. By deriving traffic safety indicators such as the Deceleration Rate to Avoid a Crash (DRAC) statements concerning traffic
safety over a determined road section can be made. This work presents the derivation of a novel surrogate safety indicator based
on a Constant Initial Acceleration and reaction time assumption which considers the interaction between vehicles and describes
the traffic safety of a road section. The evaluation is based on a video-based microscopic traffic data collection. To examine the
efficiency, the new developed indicator is compared to the original Deceleration Rate to Avoid a Crash (DRAC) and the modified
indicator (MDRAC) which includes the reaction time. The results showed that the new indicator is more sensitive in detecting

critical situations than the other indicators and in addition describes the conflict situations more realistically.

1. Introduction

As advances in vehicle technologies lead to a continuous
reduction of accident counts in traffic, applications of traffic
conflict technologies have received increasing attention in the
field of traffic safety research. Amundsen [1] defines a traffic
conflict as “an observable situation in which two or more
road users approach each other in space and time for such an
extent that there is a risk of collision if their movement remain
unchanged.”

A detailed analysis of traffic conflicts can give us a better
insight into crash occurrence and thus leads to more efficient
traffic safety measures. With the use of conflict indicators,
such as the Deceleration Rate to Avoid a Crash, the relevant
conflict situations can be identified.

Many of the indicators covered by existing research publi-
cations assume an unchanged speed and direction of the con-
flicting vehicles [2]. This however insufliciently describes the
complex reciprocal behavior of the individual vehicles. Fur-
thermore, many of these indicators have boundary conditions
on speed. Because of this, car interactions are considered to be
safe as long as the following vehicle has a lower speed
compared to the leader although the two vehicles might have

high speeds and small gaps between each other [3]. Moreover,
the reaction time of the road users is often neglected [4].

In this paper, a modified indicator for conflict situa-
tions is presented by considering a reasonable reaction time
and a more realistic acceleration behavior in the analytical
description. The modified indicator is derived and compared
with existing indicators based on a data-set of microscopic
traffic data collected by computer-vision-based technologies.
Furthermore, a discussion of the results is conducted to
analyze the benefits of the modified indicator and also further
possible developments are presented.

2. Literature Review

Critical safety road sections mostly have an inhomogeneous
traffic flow characterized by large speed differences leading
to an increase in the number and severity of acceleration and
deceleration phases [5, 6]. A homogenization of the traffic
flow can positively increase the safety level on such road
sections.

The Deceleration Rate to Avoid a Crash (DRAC) is a
suitable method to identify critical road sections, as it covers
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the varying speeds of individual vehicles and derives suitable
deceleration phases for the following vehicle [7-9].

DRAC is defined as the minimum required deceleration
rate which a vehicle has to apply to avoid a crash with the
leading vehicle.

One important factor in the analysis of traffic safety is
the minimum time required for the drivers to react to certain
situations, also called Perception Reaction Time (PRT).

Kuang et al. [4] argue that the initial determination of
DRAC does not consider the PRT of the following vehicle.
They modify this specific safety indicator by implementing
a factor including PRT. They reach the conclusion that
the Modified DRAC (MDRAC) improves crash prediction
performance. Wang and Stamatiadis [10-12] have successfully
considered the PRT in a number of their studies when
evaluating road safety at intersections.

Besides the area of surrogate safety analysis the PRT has
been also the focus of other research fields including the
planning of roads [13], the associated traffic light systems, and
their switching times [14, 15].

Even back in 1936, Greenshields [16] conducted a study on
the determination of the probability distribution of reaction
time. Reaction times are normally approximated with lognor-
mal probability distribution with the parameters y and o [17,
18]. In an extended study survey, Green [19] noticed that due
to the numerous influencing factors the determination of a
uniform reaction time is very difficult.

Another argument often found across publications is the
fact that the DRAC is only considering identical movement
direction of the conflicting vehicles. Therefore, Wang and
Stamatiadis [10] derived the MDRAC for typical crossing and
lane-change conflicts.

In order to reach a conclusion about whether a situation is
critical or not, the DRAC or the MDRAC has to be compared
with a threshold value [20, 21]. If the identified DRAC or
MDRAC is higher than the given threshold the situation is
derived to be critical.

3. Analytical Methods

DRAC is defined as the minimum required deceleration rate
of the following vehicle to avoid a crash with the leading vehi-
cle. The assumption in the original form of the indicator is
that the speed of the leading vehicle remains constant. Math-
ematically, the DRAC is the squared speed difference between
the following V, and the leading vehicle V; divided by their
(net) distance gap D, _, [10, 22-24].

(-v)°
DRAC = —2D1_2 , iftV, >V, )
0, otherwise.

Kuang et al. [4] add the reaction time of the vehicle following
the DRAC obtaining the Modified DRAC (MDRAC). This
parameter is calculated as follows:

Va-Vi
2(TTC-R)’
00, otherwise.

it TTC>R

MDRAC = YW, >V, (2)
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In (2) R denotes the PRT and TTC represents the time-to-
collision value at an initial time (t = 0). TTC is defined as the
time remaining until a collision between two vehicles occurs
[25] assuming a linear trajectory based on the last known
speed value:

D, .
, fV,>V;
TTC = V2 - Vl (3)
00, otherwise.

Besides the TTC, the reaction time R in (2) has a significant
influence on the resulting values. Thus, it is sensible to
conduct more thorough investigation on this parameter.
Green [19] worked on the determination of the reaction time
and came to the conclusion that the shortest reaction time is
between 0.7 and 0.75 seconds. For the reaction on unexpected
but usual signals, such as the activation of the brake lights,
approximately 1.25 seconds are necessary. For unexpected
events the reaction time is approximately 1.5 seconds. Morita
et al. [26] determined throughout their experiments that the
reaction time of the following driver lies between 1.3 and 1.6
seconds when the leading vehicle starts breaking and acti-
vates the brake lights. Zhang et al. [27] estimate the reaction
time on unexpected incidents with visual indications to 1.13
seconds with a standard deviation of 0.52 seconds and on
those without visual indications to 1.25 seconds with a stan-
dard deviation of 0.60 seconds. For a 90% percentile the value
would be 1.8 or 2.02 seconds. Therefore, two reaction times
have been considered for this study. Reaction time values of
1.3 and 2.02 seconds were used for unexpected incidents with
and without visual indications, respectively.

As described in the introductory chapters, Mahmud et al.
[28] pointed out the fact that the calculation of the DRAC
is based on the hypothetical assumption that the speed of
the leading vehicle is constant. Furthermore, the trajectory
of the second vehicle is also assumed to rely on a constant
speed until the time of the reaction. These assumptions or
omissions do not adequately cover the complexity of the real
driving situation as thorough investigations carried out by
Wiedemann [29] have shown that naturalistic driving behav-
ior consists of continuous change of acceleration and speed.
This leads to a periodical change in distance between vehicles
and also indicates that the driving speed will seldom be
constant.

Due to the fact that the DRAC and the MDRAC do not
realistically represent the driving behavior by using a constant
speed during the time periods in which vehicles are not react-
ing, the derived values tend to show a lower level of risk. Thus,
the only assumption regarding the speed of the vehicles is that
they do not change their acceleration or deceleration unless
reacting to a new situation. Assumptions on the leading
or following vehicle’s hypothetical actions are not considered.

By combining the reaction time described above with
the more realistic assumption on the acceleration behavior,
this work presents a novel indicator for describing risk called
Deceleration Rate to Avoid a Crash using Constant Initial
Acceleration (DCIA). The detailed derivation of this indicator
will be subsequently presented.
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FIGURE 1: Distance-time diagram of the conflict situation. The
trajectories of the leading and following vehicle are labeled with
the numbers 1 and 2, respectively. The considered time period for
the indicator starts at the initial time t, = 0 with a reaction of the
following vehicle at time t, = R.

Figure 1 illustrates the distance-time diagram of the
considered situation. As shown in the diagram, the following
vehicle keeps a constant acceleration until it reacts on the
deceleration of the leading vehicle. From this moment the
following vehicle will start decelerating with the DCIA value
in a way that the net distance between the vehicles at time T is
infinitely small and their speeds are equal. This means that the
DCIA is the minimal deceleration of the following vehicle so
that a collision is avoided.

The mathematical derivation of the DCIA is based on the
logic that the distance S, traveled by the following vehicle
is equal to the sum of distances S, of the leading one at the
moment T with the net distance gap D at time ¢,,.

$,(T)+D =S, (I). (4)

During an arbitrary time ¢ the leading vehicle travels the
distance S;:

diot
S, (t) = vyt + % €)

where v, is the speed and d,, is the acceleration of vehicle 1
at time £,,.

The distance, which has been covered by vehicle 2 in the
period t after the reaction time R, is composed of the distance
traveled during the reaction time R and the distance traveled
in the time period t — R.

d,, R DCIA (t - R)?
2 +v2(t—R)+¥

S, (1) = vyoR + . (6)

where v, is the speed and d, the acceleration at time ¢, v,
is the speed after the reaction time, and d, is the necessary
deceleration rate to prevent a collision or to be able to drive
at an infinitely small distance behind the leading vehicle at its
speed.

Speed (m/s)
S

Time (s)

FIGURE 2: Speed-time profile for the conflict situation. The profiles
are numbered with 1 and 2 for the leading and following vehicles,
respectively, while v, and v,, are the corresponding initial speeds.

The DCIA can be determined by substituting (5) and (6)
into (4). The required deceleration to avoid an accident is thus
calculated according to the following formula:

DCIA

2(vyoT +dyoT?/2+ D~ vyR— dyR?/2 = v, (T -R)) ()
B (T - R)?

In addition to the deceleration rate, the time T is another
unknown parameter in this equation. The following contexts
are known for the determination of T'.

The speed of vehicle 1 at an arbitrary time ¢ is

vy (t) = dt + vy (8)
The speed of vehicle 2 at the time t; = Ris
v, (R) = dygR + vy 9)
The speed of vehicle 2 at the time t after reacting is
v,(t) =d,(t=R)+v,(t). (10)

According to the definition of the DRAC, the following
vehicle should be delayed in such a way that the two vehicles
must travel at the same speed at an infinitely small distance
one after another, so that v;(T) = v,(T) must apply (see
Figure 2).

Therefore,

doT +v,o = DCIA (T = R) + dyR + vy 1

Transformed according to DCIA, the following equation is
obtained (see Figure 3):

dioT +vig — dyR — vy

DCIA = 12
T R (12)

T results from (7) and (12):
T - VooR = v oR=2D 13)

Vig = digR = vy + dyyR’
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FIGURE 3: Acceleration-time profile for the conflict situation. The
profiles are numbered with 1 and 2 for the leading and following

vehicles, respectively, while d,, and d,, are the corresponding initial
acceleration.

In contrast to DRAC and MDRAC, DCIA is also suitable for
scenarios where the speed of the following vehicle is lower
than that of the leading vehicle. Because the DCIA does not
assume constant speed profiles but rather a constant acceler-
ation, it is able to identify risky interactions where the follow-
ing vehicle has a lower speed but a much higher acceleration
than the leading vehicle and in combination with a small
headway it would come to a crash.

According to AASHTO [20], a traffic situation is consid-
ered critical when the DRAC exceeds 3.4 m/s>. Archer [30]
proposes a threshold for critical situation of 3.35 m/s*. Guido
et al. [7] have also chosen a threshold of 3.35m/s” in their
study on the traffic safety of a roundabout.

For the evaluation of the DCIA a value less than or equal
to 0 means that a collision is prevented without interven-
tion by the following vehicle. A negative value shows the
minimum deceleration rate required to avoid a collision by
adjusting the speed. In accordance with the studies referenced
above a deceleration value greater than 3.4 m/s* was chosen
as a threshold to indicate a critical situation.

4. Field Data

In order to evaluate the methods described above, the conflict
indicators are derived from microscopic traffic data. These
were extracted from videos recorded within the research
project ESIMAS [31] from surveillance cameras in an enclo-
sure tunnel on the German motorway A3, which has 3 lanes.
The surveillance cameras are located above the lanes towards
Frankfurt also covering an exit lane. The considered section
is subject to a speed limit of 100 km/h.

The video material used for evaluation was recorded from
7:35 a.m. until 7:55 a.m. in summer time with good lighting
conditions. It includes traffic jams due to the rush hour traffic.

The derivation of the microscopic traffic data has been
performed with software being developed at the Institute
of Highway Engineering (RWTH Aachen University) within
the research project AUTUKAR regarding automatic video
analysis in tunnel surveillance systems (Figure 4). The analy-
sis methods consist of a 3D model based vehicle detection,
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FIGURE 4: Manual position estimation tool GUI. A specific point
cloud is moved on the street surface to best fit a vehicle position. The
chosen position is then written into a database for further analysis.

classification, and tracking of individual vehicles [32]. The
3D models are point clouds of different vehicle types which
are being used to match image features of the real vehicles
present in the video. The projection of the point clouds into
the two-dimensional image is performed by first assessing
the intrinsic and extrinsic parameters of the camera matrix.
The assumptions used are that the street is planar and the
projection of the vehicle point clouds can only be performed
onto this plane. For each vehicle point cloud, an anchor
point is computed as the mean point of the outer contour
after projecting the point cloud onto the bottom plane. The
vehicle positions are determined manually with a graphical
user interface by selecting the optimal position of the anchor
on the street surface so that the point cloud best matches
the image of the vehicle on the street. An automatic analysis
is also possible where an image processing based likelihood
function finds the position with the best match. While the
automatic assessment delivers a higher amount of data,
occlusion may lead to false tracking and position estimation.
As the main focus of this work is the safety assessment rather
than automatic position estimation manual evaluation was
used. This gives the best humanly possible accuracy in the
position estimation, so that a better analysis of the safety
indicator effect can be performed. This manual tagging is also
used as proof for the validation of computer vision techniques
throughout different research areas.

The accuracy of the data is mostly dependent on the
camera calibration itself. An inaccurate camera calibration
would lead to inaccurate transformation of pixel coordi-
nates to street surface coordinates and thus to inaccurate
distances between vehicles. To determine the calibration
matrix, features of the road surface like the lane boundary
markings. Based on these markings, virtual positions on the
streets are used for calibration as their relative positions
can be calculated. The calibration algorithm optimizes the
calibration parameters until the back-projection of the input
points shows a high accuracy [33]. Thus accuracy of the
position estimation is dependent on the accuracy assumed
road marking geometry such as the lane width, lengths of
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FIGURE 5: A vehicle trajectory with crosses being originally chosen
positions and the line being the fitted smoothing spline, which was
used for a new oversampling.

the markings, and the gaps between them. Due to the traffic
and other safety precautions, another point estimation for t
camera calibration is not possible.

The manual position estimation consists of the first step of
choosing the right point cloud which fits best to the real vehi-
cle. After specifying the vehicle type, the position is chosen in
different frames, and the two-dimensional coordinates on the
street surface with the corresponding timestamp are written
into a database. It is important to point out that, with the
chosen point cloud, the real length and width of the vehicles
are known, which are also used in the calculation of the net
distances for the safety indicator assessment.

The coordinates of the vehicles have been imported
into MATLAB where the trajectories of the vehicles were
estimated by fitting a smoothing spline over the sampled
coordinates (Figure 5). When the considered section shows
a left curvature, the splines were adjusted, respectively. Using
the fitted smoothing splines rather than the original sampled
positions, a new sampling time of 0.1s could be used for
the estimation of the safety indicator. For the estimation of
the traffic parameters, such as speed, the values along the
smoothing spline are used so that at each 0.1s sample the
current speed of the vehicle can be estimated.

5. Results and Discussion

In order to be able to conduct a thorough validation and dis-
cussion of the derived safety indicator, a general macroscopic
analysis of the traffic included in the video data needs to be
first undertaken.

1,290 vehicles passed through the 80-meter evaluation
section in 20 minutes including 115 lane changes. In addition,
1,174 vehicle pairs were identified, which are characterized
by the fact that the two consecutive vehicles on the same
lane were both present in the 80-meter section at the same
time. For the vehicle positions a sampling period of 0.1 s has
been chosen, which has resulted in a total of 16,036 rear-end
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FIGURE 7: Traffic flux diagram.

scenarios. Out of the entire set of rear-end scenarios 5,842
were recorded on lane 2.

Figures 6, 7, and 8 show the speed profile, traffic flux, and
traffic density for each of the four lanes over the regarded
time period, respectively. The values have been determined
by running average over 60 previous seconds. In case of speed
the values are also a mean over all vehicles present in the
considered section.

The traffic is in a free flowing state during the first 300
seconds. The speeds ranged, depending on the considered
lane, from approx. 90 to 125km/h. Afterwards there was a
significant drop in the traffic speed and flux. In the video
material it can be seen that the vehicles slowed down due to an
event at a further position along the highway section, which
resulted in a recognizable change in the speed behavior.

As from second 420 onwards, a traffic backlog was
recorded on lane 1. Starting with second 540, the speed slowly
increased and the traffic flow improved. In second 580, a
vehicle with a blue flashing light was detected that supports
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the assumption that an event had occurred in a subsequent
section. Based on the traffic parameter graphs of the exit lane
it can be seen that after the presence of the blue light many
of the vehicles leave the highway. From second 700 onwards,
a drop in the speed profile is again observed. From second
750 the traffic density increases in lane 1 and from second
800 onwards it also increases in the other lanes. As from
second 840, the speed slowly increases again and the traffic
flow improved to a stable traffic state.

With the aim of testing the impact of the PRT and
the constant acceleration/deceleration, the performances of
traditional and modified surrogate indicators are compared.

The traffic in lane 2 serves as a data base for the derivation
of the microscopic traffic safety parameters, since the major-
ity of the vehicles were monitored in this lane. In addition,
there is a reduced occlusion compared to lane 1 where
high vehicles such as trucks and busses tend to lead to a less
accurate position estimation.

In Figures 9-13 the entire height of the bar shows the
amount of existing rear-end situations over the defined time
intervals. It becomes clear that a higher traffic density leads to
a high number of rear-end situations. This is due to the fact
that many vehicles are located in this section, and thus many
vehicle pairs are registered for assessment. In addition, it can
be seen that particularly many rear-end situations occur in
the periods of slow moving traffic between seconds 300 to 540
and seconds 780 to 840. However, the high number of rear-
end situations does not automatically lead to many critical
situations as vehicles tend to drive at low speeds.

Furthermore, the rear-end situations are classified into
different criticality groups based on thresholds of the required
deceleration rates. The number and proportion of rear-
end situations in different groups are marked by different
color representations inside the bars in the figures. If the
determined safety parameter exceeds the threshold value of
3.4m/s this indicates a critical situation.

As the original DRAC does not exceed the threshold of
3.4m/s” no critical conflicts were identified using this safety
indicator (Figure 9). However, it is apparent that starting from
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FIGURE 10: MDRAC values calculated with PRT = 1.3 s categorized
in four groups over the considered time interval in lane 2.

second 660 increasingly more rear-end situations occurred
where a slight deceleration was necessary to avoid a critical
situation.

The modified version of the DRAC, MDRAC, was calcu-
lated with two different reaction times, 1.3 seconds and 2.02
seconds. The MDRAC is only calculated when v, > v, and
TTC > R. However, the number of occurrences where R >
TTC can be relevant, as this may indicate an extremely critical
situation. This of course does not implicitly mean that an acci-
dent occurs but follows from the theoretical assumption of
constant speed while the reaction time is measured from the
timestamp of the current assessment. For this reason, both
criteria are considered.

In Figure 10 the MDRAC was calculated with R = 1.3 s
while in Figure 11 the reaction time value was R = 2.02s.

It can be seen that values between 1.7 and 3.4 m/s* (almost
critical situations) can be found at 960 to 1020 seconds
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when the reaction time used is 1.3 seconds (Figure 10).
Additionally to this time interval the safety parameter also
shows occurrences of values in this criticality group at 780
to 840 seconds when the reaction time is 2.02 seconds
(Figure 11). The MDRAC with a reaction time of 2.02 seconds
identifies a critical traffic situation at 780-840 seconds.

For further discussions and validation of the DCIA,
considering a constant deceleration rather than constant
speed has been derived from the data with reaction times of
1.3 seconds and 2.02 seconds (Figures 12 and 13).

Compared to the MDRAC with a reaction time of 1.3
seconds the DCIA results in more critical situations when
using the same reaction time. While MDRAC only once
identified occurrences of almost critical situations at seconds
960 to 1020, DCIA registers critical situations at seconds 300
to 360, seconds 780 to 840, and second 960 to 1020, as well as
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FIGURE 13: DCIA values calculated with PRT = 2.02 s categorized in
four groups over the considered time interval in lane 2.

almost critical situations at seconds 900 to 960 and seconds
1080 to 1140.

The phenomenon that the DCIA is more sensitive to
critical situations compared to MDRAC is also shown in the
comparison between MDRAC and DCIA with a response
time of 2.02 seconds. DCIA identifies more critical situations
and even 2 situations where the reaction time exceeds the
time to collision (TTC).

Overall, it is clear that in the periods of traffic distur-
bances greater amounts of general rear-end as well as critical
rear-end situations occur. On the basis of the critical situa-
tions in the period of 960 to 1020 seconds, in which the traffic
is almost moving, it can be seen that critical situations or
accidents can also occur under normally good circumstances
and are attributable to the driving behavior of the vehicle
drivers.

The critical situations (deceleration > 3.4 m/s?) were
subjected to a detailed analysis. Thereby it was found that four
pairs of vehicles are involved in the critical situations, which
have differently often led to exceeding the threshold depend-
ing on the indicator used (see Table 1). While no critical
vehicle combination has occurred using DRAC and MDRAC
with PRT = 1.3, there was one occurrence with MDRAC
with PRT = 2.02s, three occurrences with DCIA with
PRT =1.3s, and four with DCIA with PRT =2.02s.

In addition, it was possible to ascertain through analyzing
the video material that two of the four vehicle combinations
are lane changes. Although the indicators show that these sit-
uations are critical, accelerating before changing the lane for
an overtake is a sensible driving behavior which should not be
classified as a critical situation.

6. Conclusion

In this paper a novel surrogate safety indicator was presented
which rather than assuming a constant speed for the conflict
prediction only uses a constant acceleration and also includes
a theoretical reaction time of the road users.
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TABLE 1: Detailed information about the four identified critical situations.

Vehicle-IDs Time Safety indicator Situation
MDRAC, PRT =2.0s

1034/1036 964 DCIA, PRT =135 Lane-change
DCIA, PRT =2.0s
DCIA, PRT =135

374/375 333 DCIA, PRT = 2.0 s Rear-end
DCIA, PRT =135

872/874 798 DCIA, PRT = 2.0's Rear-end

866/868 792 DCIA, PRT =2.0s Lane-change

The DRAC, MDRAC, and DCIA were assessed using a
database of 3D microscopic traffic data gathered from video
material by using innovative image processing techniques.
A thorough comparison of the three indicators showed that
the DCIA is more sensitive in detecting critical situation
throughout all criticality groups. The discussion showed
that the DCIA is considerably more realistic regarding the
description of the dynamic conflict situation.

It was shown that critical situations more often occur
at traffic disturbances. Nevertheless, the data showed that
critical conflict situations may also occur under circum-
stances including free flowing traffic due to dangerous driving
behavior.

As two of the four identified critical situations detected
by the DCIA turned out to be uncritical lane changes, more
sophisticated safety indicators need to be developed which
can cope with the 3D trajectories of the vehicles. Further-
more, the video-based traffic safety data collection and the
subsequent data showed huge potential for safety analysis;
thus a higher data volume should be gathered. Further
research work should be conducted by comparing large data
volumes to real crash data which would lead to a more
comprehensive indicator validation.
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