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We proposed a new crash surrogate metric, i.e., the maximum disturbance that a car following scenario can accommodate, to
represent potential crash risks with a simple closed form. The metric is developed in consideration of traffic flow dynamics. Then,
we compared its performance in predicting the rear-end crash risks for motorway on-ramps with other two surrogate measures
(time to collision and aggregated crash index). To this end, a one-lane on-ramp of PacificMotorway, Australia, was selected for this
case study. Due to the lack of crash data on the study site, historical crash counts were merged according to levels of service (LOS)
and then converted into crash rates. In this study, we used the societal risk index to represent the crash surrogate indicators and
built relationships with crash rates. The final results show that (1) the proposed metric and aggregated crash index are superior to
the time to collision in predicting the rear-end crash risks for on-ramps; (2) they have a relatively similar performance, but due to
the simple calculation, the proposed metric is more applicable to some real-world cases compared with the aggregated crash index.

1. Introduction

According to the World Health Organization [1], approxi-
mately 1.24 million people died and over 50 million were
injured in road crashes all over the world. More importantly,
road crashes have been the leading cause of death for young
people aged 15–29 years. In Australia, the social cost of road
crashes has been estimated as a devastatingAU$ 27 billion per
annum [2]. It has been well recognized that freeway crashes
are much more dangerous than those on urban streets due to
their severity [3–5]. According to United States Department
of Transportation [6], the proportion of fatal crashes on
freeways is significantly higher than that on other road
types. Further, on-ramp areas of freeways may be prone to
relatively more traffic crashes than other sections of freeways
(Cheng et al., 2017) [7] because drivers have been facing a
high competition for merging space in such areas [8, 9]. In
this regard, capable solutions need to be sought in order to
proactively assess or predict on-ramp crash.

Considerable research efforts have been carried out over
the past fifty years on developing count-data regression
models to predict crash frequency [10] and to investigate

crash casualty of different collision types [11, 12], most of
which are purely dependent on statistical techniques. These
count-data regression models, in accordance with distinct
statistical assumptions, represent the relationship between
number of crashes and its contributing factors which have
little, if not none, consideration of traffic flow dynamics
[13, 14]. Since the 1970s, some researchers began to use
crash surrogate measure to evaluate road safety (e.g., [15–
19]). Only recently has a consensus emerged concerning the
definition of a crash surrogate, which is defined based on the
relationship [20, 21]: the number of crashes expected to occur
on an entity during a certain period of time (𝜆) = the number
of crash surrogates occurring on an entity in that time (𝜋) ∗
crash-to-surrogate ratio for that entity (𝑐), mathematically,

𝜆 = 𝜋 ⋅ 𝑐. (1)

A few crash surrogate metrics have been proposed
and designed, including the time to collision (TTC), the
deceleration rate to avoid crash (DRAC), and the crash
potential index (CPI). However, as proposed by Kuang et
al. [22], these models are incapable of representing crash
surrogates on freeways, especially saturated freeways where
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a minor disturbance can result in a rear-end crash due to
very high speeds and small headways. For example, if the
time headway between two consecutive vehicles on a freeway
is 0.5 seconds and their speeds are equal at 110 km/hr, all
these crash surrogatemetrics will identify it as a safe scenario.
In other words, the abovementioned crash surrogate metrics
fail to assess crash risks of this particular car following
scenario, which may lead to erroneous judgement. In this
regard, Kuang et al. [22] proposed a tree-structured crash
surrogate metric by imposing a hypothetical disturbance
to the leading vehicle. An aggregated crash index (ACI)
was proposed to combine eight possible scenarios caused
by the imposed hypothetical disturbance. According to the
validation, the ACI outperforms the traditional TTC based
surrogate metrics in representing freeway rear-end crash
risks.

The biggest disadvantage of this tree-structured crash
surrogate measure is that a closed form is not available due to
this rather complicated tree structure. It, unfortunately, limits
the metric’s applicability to deal with real-world problems.
For example, the model is naturally applicable to optimize
the traffic operations of connected and automated vehicles
in order to achieve the highest safety level. Unfortunately,
as there is no closed form for ACI, the traditional opti-
mization models cannot be used and only simulation based
optimization models can be considered as an alternative. As
such, it is difficult to analyze the analytical properties of the
optimization results.

In this paper, we proposed a new concept of traffic state
vulnerability to develop a simplified crash surrogate metric
(SCSM). Traffic state vulnerability is defined as themaximum
disturbance that a car following scenario can accommodate.
With this new concept, the SCSM with a closed form was
proposed. We further compared the performances of this
new surrogate metric, ACI, and the conventional TTC based
surrogate metrics for on-ramps. According to a comparative
analysis, although the SCSM has a much simpler form, it has
more or less similar performance compared to ACI, which
outperforms the TTC. The rest of the paper is organized as
follows. Section 2 briefs the TTC and ACI. The SCSM is
introduced in Section 3. A comparative analysis is carried out
in Section 4. Section 5 concludes this study and points out
some future research directions and possible application of
the new metric.

2. Literature Review

Multiple researchers have made great efforts to proactively
predict accident risks so that various surrogate measures of
safety have been designed and developed over past decades.
Among them, the most widely used surrogate measure of
TTC is defined as the time remaining until a collision will
occur between two vehicles if the collision course and speed
difference are maintained [23], or mathematically,

TTC = {{{{{
𝐷𝑙−𝑓
V𝑓 − V𝑙 , if V𝑓 > V𝑙

∞, otherwise, (2)

where V𝑓 is the speed of follower’s vehicle in m/s, V𝑙 is
the speed of leader’s vehicle in m/s, and 𝐷𝑙−𝑓 is the gap
between the two vehicles in metre. All TTC values need to
compare with its threshold which has ranged from 1.5 s to 4 s
in previous studies [24]. Only those car following scenarios
with TTC values less than its threshold could be judged as
risky.

The defects of the TTC contributed to the advance of
other safety surrogate measures [25–27]. However, there are
some shortcomings present in these methods. Firstly, bound-
ary condition is improperly obeyed. For example, scenarios
in which the speed of leading vehicle is higher than that of
following vehicle are identified as safe situations. However,
this condition boundary is not applicable to freeways with
saturated traffic flow, as vehicles travelling at high speeds
have relatively small differences in speeds. Accordingly, some
potential risks on freeways may not be accurately measured.
Secondly, the motorists’ reaction time, as an essential param-
eter in crash risk assessment, fails to be considered in these
surrogate metrics. Thirdly, the setting of threshold, like the
TTC, lacks a specific judgement criterion. To address the
drawbacks, Kuang et al. [22] proposed a safety surrogatemea-
sure called ACI which can better assess conflicts occurring
on saturated freeways. Built on a probabilistic causal model,
they first developed a tree-structured crash model being able
to impose hypothetical disturbance. Eight possible conflict
types under the model were recognized through four stepped
condition levels.

The advantages of the ACI lie in two aspects. First,
it was proposed for the risk assessment of car following
scenarios on saturated freeways. Accordingly, it is able to
eliminate false negative errors (in the saturated traffic flow,
the scenarios where the speed of following vehicle is less than
that of leading vehicle, but the speed difference is slight, are
mistakenly viewed as safe). Second, the ACI incorporates two
essential parameters like driver’s reaction time andmaximum
available deceleration rate (MADR) in crash mechanism.
They are invariably considered in the form of distribution
instead of a fixed value.

However, its complex probability calculation limits its
applicability to assess potential risks in the real world. As
a result, the Monte Carlo method (MCM) may be the only
method to simplify the complicated calculation processes
involved in the ACI.

3. A Simplified Crash Surrogate Metric

Based on the notion of traffic state vulnerability, a new
simplified crash surrogate metric (SCSM), with a closed
form, is proposed. It is defined as the maximum disturbance
that a traffic state could accommodate, namely, the ultimate
capacity that a car following scenario can avoid a collision. It
can be categorised into two scenarios based on the occurrence
probability of a crash.

Scenario I. A crash will not occur under the condition that

V𝑓 ≤ V𝑙 − 𝛿. (3)
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That is,

𝛿 ≤ V𝑙 − V𝑓, (4)

where 𝛿 is the maximum interference that a traffic state can
withstand.

Scenario II. A crash is possible to occur under the condition
that

V𝑓 > V𝑙 − 𝛿. (5)

That is,

𝛿 > V𝑙 − V𝑓 (6)

Apparently, as V𝑓 is greater than V𝑙 − 𝛿, a crash will occur if
both vehicles maintain the same speed. In other words, the
modified time to collision with respect to disturbance 𝛿 can
be calculated as

TTC𝛿 = 𝑑𝑙−𝑓
V𝑓 − (V𝑙 − 𝛿) . (7)

To further evaluate the crash risks of a car following state,
we need to compare the predicted remaindering time to
crash and the threshold of time to collision. If (8) holds, the
following vehicle is able to timely decelerate and a crash could
be avoided. Otherwise, a crash will occur. In this research,
according to the previous researchers’ experience [24, 28, 29],
3 s as the critical value can be suitable to assess crash risks on
freeways with saturated flow.

𝑑𝑙−𝑓
V𝑓 − (V𝑙 − 𝛿) ≥ 𝜏. (8)

𝑑𝑙−𝑓 can be estimated by

𝑑𝑙−𝑓 = V𝑓ℎ − 𝐿 𝑙, (9)

where ℎ is the time headway of this car following scenario and𝐿 𝑙 is the length of the leading vehicle. By substituting (9) into
(8), we have

V𝑓ℎ − 𝐿 𝑙
V𝑓 − (V𝑙 − 𝛿) ≥ 𝜏. (10)

As V𝑓 − (V𝑙 − 𝛿) > 0, (10) is equivalent to
(V𝑙 − V𝑓) < 𝛿 ≤ (V𝑙 − V𝑓) + V𝑓ℎ − 𝐿 𝑙𝜏 . (11)

In other words, as long as a disturbance satisfies (11), a crash
is avoidable; otherwise, a crash will occur. By combining the
conditions for Scenarios I and II, we can conclude that a crash
will not occur if

0 ≤ 𝛿 ≤ (V𝑙 − V𝑓) + V𝑓ℎ − 𝐿 𝑙𝜏 . (12)

Namely, (V𝑙 − V𝑓) + (V𝑓ℎ − 𝐿 𝑙)/𝜏 is the maximum disturbance
that a car following scenario is able to accommodate. The
greater 𝛿 is, the larger disturbance a traffic state can accom-
modate; namely, a car following scenario has better capacity
to resist on-ramp rear-end crash risks.

Table 1: 24-hour based crash counts on the study on-ramp fromyear
2005 to year 2013.

Time period LOS Crash counts
00:00–01:00 A & B 0
01:00–02:00 A & B 1
02:00–03:00 A & B 1
03:00–04:00 A & B 0
04:00–05:00 A & B 0
05:00–06:00 D 1
06:00–07:00 E 2
07:00–08:00 E 3
08:00–09:00 D 1
09:00–10:00 D 1
10:00–11:00 C 0
11:00–12:00 C 1
12:00–13:00 C 1
13:00–14:00 C 0
14:00–15:00 C 2
15:00–16:00 D 2
16:00–17:00 D 2
17:00–18:00 E 3
18:00–19:00 D 1
19:00–20:00 C 1
20:00–21:00 C 0
21:00–22:00 A & B 1
22:00–23:00 A & B 0
23:00–00:00 A & B 0

4. A Comparative Analysis

4.1. Crash Data Processing. In this study, crash data were
provided by Department of Transport and Main Roads
(DTMR) and compiled based on annual daily hourly crash
counts. Bymeans of accident coordinates, all rear-end crashes
occurring on the study on-ramp from year 2005 to year
2013 were extracted and listed in Table 1. Due to the lack
of crash data, we determined to merge current crash counts
based on levels of service (LOS). For this purpose, each time
period in the 24 hours was marked with LOS based on the
hourly traffic flow rates provided by DTMR from 15 to 19
April 2013 (5 workdays). Four groups of LOS were considered
in this study: A&B, C, D, and E. According to HCM 2010,
the determination of LOS highly depends on traffic volumes
and capacity. Accordingly, LOS acted as an important role in
this research. Based on the processed data, crash rates under
the corresponding LOS from year 2005 to year 2013 can be
calculated and presented in Table 2.

4.2. Simulation Model Development and Validation. In this
research, VISSIM was used to simulate and reproduce down-
to-earth traffic scenarios of the research segment [30]. An on-
ramp of northbound PacificMotorway, Queensland, adjacent
to the largest shopping centre of suburb Nerang, was chosen
as the research site, as it involves slight traffic delay and
relatively many weaving manoeuvres during rush hours and
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Figure 1: The sketch map of research area.

Table 2: Crash rate in the past nine years under the corresponding
LOS.

LOS The number of
time periods Crash counts Crash rate

(counts/hr)
A&B 8 3 0.38
C 7 5 0.71
D 6 8 1.33
E 3 8 2.67

has always been regarded as a bottleneck by Gold Coast City
Council (GCCC).There were 36 data collection points set up
on the 360-metre on-ramp with a spacing of 10 metres. To
reproduce the impact of the up- and down-stream traffic flow
on the research on-ramp, the simulationmodel was extended
to a length of 10 kilometres. Additional 4 on-ramps and 5 off-
ramps were involved within 10 kilometres.The sketch map of
the research area is shown in Figure 1. There was no accident
occurring during the data collection process and no major
modification of the research on-ramp and its circumambient
ramps from year 2005 to year 2013. All settings associated
with geometrical characteristics need to be coded based
on Google Earth Pro and behavioural parameters in the
Wiedemann 99 model need to be calibrated with the real
situations. According to the existing data, the average traffic
flow rates under four different LOS can be derived through
loop detectors setup at upstream 200 metres of off-ramp 1,
which was used as traffic volume input in VISSIM. Similarly,
the average number of merging traffic and diverging traffic
for each on-ramp and off-ramp can also be obtained and
shown in Table 3. Take traffic scenario 1 as an example. The
traffic volume input for on-ramp 1, 2, 3, and 5 and the study
on-ramp account for 7.1%, 6.5%, 4.6%, 4.1%, and 7.5% of
their corresponding mainline traffic, respectively. Similarly,
there are 5.4%, 5.3%, 7.2%, 6.3%, and 6.8% of mainline traffic
diverging into off-ramp 1, 2, 3, 4, and 5.

To validate the effectiveness of VISSIM in generating
dynamic vehicle behaviour, a bottleneck close to the study on-
ramp in the motorway corridor was identified and used for

video recording. Four videos need to be recorded and tomeet
the following criterion: traffic volumes in the four videos are
as close as possible to those generated by simulationmodels at
the same location.Then, the traffic trajectories for 20 random
consecutive vehicles in each video were extracted and com-
pared with those generated from simulation models. Four
error tests were herein carried out to evaluate the differences
between the simulated results and the observed data: (1) root
mean square error (RMSE), (2) root mean square percentage
error (RMSPE), (3) mean percentage error (MPE), and (4)
Theil’s inequality coefficient (𝑈), mathematically,

RMSE = √ 1𝑁0
𝑁0∑
𝑛=1

(𝑦𝑠𝑛 − 𝑦0𝑛)2

RMSPE = √ 1𝑁0
𝑁0∑
𝑛=1

(𝑦𝑠𝑛 − 𝑦0𝑛𝑦0𝑛 )2

MPE = 1𝑁0
𝑁0∑
𝑛=1

(𝑦𝑠𝑛 − 𝑦0𝑛𝑦0𝑛 )
𝑈 = √(1/𝑁0)∑𝑁0𝑛=1 (𝑦𝑠𝑛 − 𝑦0𝑛)2√(1/𝑁0)∑𝑁0𝑛=1 (𝑦𝑠𝑛)2 + √(1/𝑁0)∑𝑁0𝑛=1 (𝑦0𝑛)2 ,

(13)

where 𝑦𝑠𝑛 is the simulation value (speed) of the 𝑛th vehicle,𝑦0𝑛 is the field value (speed) of the 𝑛th vehicle, and 𝑁0 is the
number of vehicles observed or simulated. The error tests
of speeds were shown in Table 4. For any error tests, the
difference between simulated speeds and observed speeds
is the greatest under LOS A&B, as the speeds for vehicles
under LOS A&B are close to free speeds, which is difficult
to capture through video recording. Besides, the selection of
driving speeds is highly free under LOS A&B. As a result, a
larger difference in speeds is inevitable. For a speed limit of
110 km/hr (30.56m/s), an error of 3.37m/s is in the acceptable
range. The values for RMSPE are less than 15% across all
groups. The largest value for MPE is positive 7.69%, which
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Table 3: The traffic flow configuration for each on-ramp and off-ramp.

Traffic scenario 1 2 3 4
LOS A&B C D E
Freeway input (vehs/hr) 1830 3960 5220 6360
Off-ramp 1 output (vehs/r) 99 (5.4%) 245 (6.1%) 298 (5.7%) 426 (6.7%)
On-ramp 1 input (vehs/hr) 123 (7.1%) 238 (6.4%) 315 (6.4%) 362 (6.1%)
Off-ramp 2 output (vehs/hr) 98 (5.3%) 233 (5.9%) 346 (6.6%) 384 (6.1%)
On-ramp 2 input (vehs/hr) 114 (6.5%) 223 (6.0%) 303 (6.2%) 414 (7.0%)
Off-ramp 3 output (vehs/hr) 135 (7.2%) 334 (7.7%) 441 (8.5%) 512 (8.1%)
On-ramp 3 input (vehs/hr) 80 (4.6%) 189 (5.2%) 304 (6.4%) 401 (6.9%)
Study on-ramp input (vehs/hr) 136 (7.5%) 291 (7.6%) 405 (8.0%) 466 (7.5%)
Off-ramp 4 output (vehs/hr) 123 (6.3%) 276 (6.7%) 364 (5.2%) 488 (7.3%)
On-ramp 5 input (vehs/hr) 75 (4.1%) 165 (4.3%) 190 (3.9%) 279 (4.5%)
Off-ramp 5 output (vehs/hr) 130 (6.8%) 281 (7.0%) 329 (6.5%) 466 (7.2%)

Table 4: Error tests of speeds.

LOS group RMSE (m/s) RMSPE (%) MPE (%) 𝑈 (%)
A&B 3.37 14.19 7.69 0.28
C 3.28 13.73 6.67 0.26
D 2.64 11.86 5.75 0.23
E 2.68 11.51 5.51 0.24

indicates that the simulated speeds are slightly overestimated
byVISSIMcomparedwith real speeds. Furthermore,𝑈 values
are close enough to zero. The closer to zero the coefficient is,
the smaller the difference in speeds is. Accordingly, we can
conclude that VISSIM is able to well simulate a real traffic
situation in terms of microscopic level.

4.3. Preliminary Test. To assess crash risks of all vehicles on
the study on-ramp under four different LOS, the concepts
of individual risk and societal risk were introduced. The
individual risk (IR) is defined as the crash threat to an
individual motorist, which is regarded as the likelihood
of collision occurring to an individual traveller. The ACI,
SCSM, and the difference between TTC and its threshold
(if TTC is less than its threshold) all can be viewed as the
IR. Building on the notion of IR, the societal risk (SR)
index was proposed, which refers to the integrated risk of all
individual risks to all of the affected drivers at on-ramp length𝐿 measured by surrogate metric 𝑗, mathematically denoted
by

SR𝑗 = 𝑀∑
𝑖=1

∫𝐿
0
IR𝑖𝑗 (𝑙) 𝑑𝑙 ≈ 𝑀∑

𝑖=1

𝑁∑
𝑙=0

IR𝑖𝑗 (𝑙) × 𝑖dc, (14)

where IR𝑖𝑗(𝑙) represents the individual risk of the discrete
scenario 𝑖 at discrete length 𝑙 measured by surrogate 𝑗, 𝑖dc
is the interval of two consecutive data collection points,
and there are a total of 𝑁 collection points in length 𝐿. In
this study, 36 data collection points evenly spread on the
360-metre research on-ramp. Due to the complexity of the
ACI, the Monte Carlo method (MCM) was used to simplify
the calculation of crash probability. 10,000 random drivers’

reaction times and MADRs were generated by the MCM in
each car following scenario. To make the numerical values
more readable, we applied normalization method to process
the results of the SCSM. Table 5 presents the SR represented
by the TTC, ACI, and SCSM under four varying LOS. As
crash data are limited, we cannot concludewhichmetric has a
better ability to predict risks for the study on-ramp through a
linearmodel.However, according to the proportional relation
between the SR and crash rates, the performance of the
SCSM is optimal, followed by the ACI and TTC. For the
TTC, we generally compared the difference between the
leading vehicle’s speed and the following vehicle’s speed to
judge a car following scenario safe or risky. This judgement
criterion is obviously unreasonable for assessing crash risks
for on-ramps, since the speeds of leading vehicles in the
merging traffic are larger than those of following vehicles in
most cases. However, in a saturated merging traffic stream
with smaller time headways and higher driving speeds, even
though the abovementioned condition is met, a crash may
occur. Accordingly, the traditional TTC is inappropriate
for risk assessment for on-ramps. For the ACI, a robust
probabilistic causal model enables it to capture any potential
car following risks on the on-ramp. However, its complex
calculation restricts its applicability in the real world. With
the simplified calculation procedure and more or less similar
performance to the ACI, the SCSM stand out of these three
surrogate measures.

5. Conclusions and Limitations

Aiming at rear-end accidents occurring on on-ramps, this
paper proposed a new concept of traffic state vulnerability
in order to develop and assess the simplified crash surrogate
metric (SCSM). As an upgraded version of the traditional
time to collision (TTC), the SCSM not only features the
same straightforward closed form as the traditional TTC,
but also makes up for the shortcoming of the TTC that is
unable to accurately assess crash risks in saturated traffic
flow. In this study, we used it and another two surrogate
measures, aggregated crash index (ACI), and TTC, to predict
the crash risks for an on-ramp on Pacific Motorway in
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Table 5: Surrogate-based societal risk under four LOS.

LOS Crash counts Crash rate (counts/hr) SR represented by surrogate metrics
TTC ACI SCSM

A&B 3 0.38 0 119.07 29725
C 5 0.71 5.52 254.38 26540
D 8 1.33 15.91 333.67 24349
E 8 2.67 19.23 397.86 21937

Queensland, Australia. Based on a comparative analysis, the
TTC based surrogatemetric performed the worst, as it makes
a concession to limited historical crash counts and boundary
condition. Moreover, it is assessed based on the fact that
the speeds for leading and following vehicles are invariable
during the collision course, which is inconsistent with the real
world. When the following vehicle takes necessary evasive
actions to avoid a crash, the change in deceleration rates taken
by the following vehicle is hard to capture.The SCSM tactfully
takes advantage of the concept, the maximum disturbance
that a traffic state could accommodate, thereby effectively
evading the consideration for the complicated evasive actions
involved in a car following scenario. In general, as a variation
of the traditional TTC, the SCSM can better assess crash risks
in the context of urban environment. The performance of
the SCSM is more or less similar to that of the ACI. But
considering the ability to resolve practical engineering issues,
the SCSM is superior to the ACI. It can assist traffic agents in
efficiently and precisely assessing rear-end crash risks for on-
ramps.

The limitations of this research are summarized below.
There is no validation for various crash surrogate metrics.
Due to the restriction of historical crash counts on the
research on-ramp, it is not convincing to only depend
on a simple proportional relationship between the SR and
crash rates to judge that the SCSM is superior to others.
Therefore, we believe that the following solutions can to
some extent make up for the limitation. Firstly, the sim-
ilar on-ramps identified through VISSIM calibration and
validation should be grouped together as the study on-
ramps. Secondly, crash counts in each hour occurring on the
subject on-ramps need to be extracted from historical crash
record. Thirdly, based on the hourly simulation animation
for these on-ramps, the results for various surrogate metrics
can be obtained. Fourthly, the linear relationships between
the SR and crash counts for each surrogate metric can
be developed based on 24 points, which will be a sound
validation to demonstrate that a certain crash surrogate
measure is superior to others. Furthermore, the case study
was only focused on an on-ramp on Pacific Motorway.
In further study, we will apply these three surrogate mea-
sures to assess crash risks for other on-ramps on Pacific
Motorway.
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