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COMPARATIVE ANALYSIS OF SAFETY PERFORMANCE
INDICATORS BASED ON INDUCTIVE LOOP DETECTOR DATA

ABSTRACT

Confilicts in traffic stream have been detected by differ-
ent safety performance indicators. This study aims to em-
pirically investigate the differences between different indi-
cators in detecting rear-end conflicts and assessing the risk
in an uninterrupted flow. Micro-level data of a 24-hr traffic
stream (including 6,657 vehicles) were captured using in-
ductive loop detectors installed on a rural freeway section.
Different indicators (Time Headway (H), Time to Collision
(TTC), Proportion of Stopping Distance (PSD), Deceleration
Rate to Avoid Collision (DRAC) and Stopping Distance Index
(SDI)) were used to measure each car following event in a
bivalent state (safe/unsafe). Unsafe events associated with
each indicator were detected and common unsafe events
characterized by different indicators were identified. Tempo-
ral distributions of rear-end collision risks associated with
each indicator at 15-min intervals were also compared. Fi-
nally, the 15-min risk values based on different indicators
were categorized and compared across three levels (Low,
Medium and High). Data mining and statistical techniques
showed that while SDI is the single most conservative indica-
tor, DRAC and TTC detect a few risky events but very equal
ones. In almost all conflicts associated with TTC, headway
is still lower than the critical threshold. However, there exist
considerable risky events based on headway which are still
safe according to TTC. Comparison of PSD and TTC also de-
clares that almost all conflicts associated with TTC are also
risky according to PSD.
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1. INTRODUCTION

Road Safety has been conventionally defined as
“the number of accidents (crashes), or accident con-
sequences, by kind and severity, expected to occur on
the entity during a specified period” [1]. However, re-
searchers have noted the deficient aspects of studies
focusing on crash counts as the only data source. For
example, Lord and Mannering reviewed data and meth-
odological issues in research based on crash data [2].
Studies of crash counts are based on a reactive ap-
proach that is inherently limited by the available data
and includes no information about pre-crash events.
Such an approach can hardly be advocated from an
ethical point of view, because it requires crashes to
happen in a relatively long time before choosing the ef-
fective remedial countermeasures. While road crashes
are recognized to be consequences of traffic conflicts,
count-based studies only rely on reported crashes and
do not include all likely interactions between the road
users [3].

Promet - Traffic&Transportation, Vol. 26, 2014, No. 2, 139-149

139




A. R. Mamdoohi et al.: Comparative Analysis of Safety Performance Indicators Based on Inductive Loop Detector Data

Focus on all possible interactions between road
users (from undisturbed interactions to risky conflicts)
provides a proactive approach in traffic safety investi-
gation. Conflict in this approach was first introduced
by Perkins and Harris [4]; however, Amundsen and
Hydén provided a practically applicable and univer-
sally accepted definition as “an observable situation
in which two or more road users approach each other
in time and space to such an extent that there is risk
of collision if their movements remain unchanged” [5].
Performance studies of individual road users based on
this approach give an insight into potential crash situa-
tions and actions for prevention [6].

The proactive approach has offered a wide range
of methodologies to capture the conflicts in a traffic
stream. Primitive methods relied on simple judgments
by trained human observers on the road. However, re-
cent innovations (such as high quality detectors and
automated analysis techniques) help researchers
readily measure the safety of interactions between the
road users in terms of more objective safety perfor-
mance indicators (also called “proximal safety indica-
tors” or “surrogate safety measures”).

The degree to which the surrogates are correlated
with real crashes is questionable (e.g. see [7,8]). To
date very few indicators have been thoroughly vali-
dated (e.g. [9]). However, different safety performance
indicators have already been applied in previous
studies using real world data (e.g. [3,10,11]) or data
generated by well-calibrated micro-simulation models
(e.g. [12]).

To detect conflicts in a traffic stream, different in-
dicators use different aspects of interactions. For ex-
ample, Laureshyn et al. categorized indicators to those
describing proximity in space, proximity in time and the
intensity of necessary evasive action [13]. Some indi-
cators are suitable to capture conflicts from the data
obtained on a road length, whereas a few of indicators
are applicable if the data are gathered in a cross sec-
tion [14]. Some indicators are also exclusively appli-
cable on special features (intersections).

Almost all safety indicators are adopted based on
the primitive principles of Newtonian mechanics of
movement; however, the classic principles of kinemat-
ics are not always applicable to examine the differenc-
es between safety performance indicators. Moreover,
it may be hypothesized that while a given interaction
between two road users is assessed to be safe in
terms of a variety of performance indicators, it may be
recognized as risky by others.

Reviews of literature indicate that few previous
studies examined the differences between perfor-
mance indicators in capturing the conflicts. For exam-
ple, comparing headway and time to collision, Vogel
concluded that these indicators are independent of
each other [15]. Oh et al. implemented a prototypical
project to measure the real-time risk of car-following

events, based on the analysis of image processing of
video captured data [16]. They compared safety evalu-
ation methods in terms of the time each tracked ve-
hicle was driving in an unsafe manner, based on time
to collision (TTC) and stopping distance index (SDI)
criteria. Guido et al. used videotaping instruments to
extract trajectories of vehicles moving alongside the
ring and entering/exiting points of a roundabout in
Italy [3]. Tracking individual vehicles in a limited time
period, they used different performance indicators to
evaluate safety. Analysis of risky car-following events
showed that different indicators cause different loca-
tions around the roundabout to be recognized as hav-
ing high safety problems.

A holistic focus on comparative analysis of safety
performance indicators has been the subject of very
few studies to date (e.g. see [3] and [15]). The present
study aims to empirically investigate the differences
between a number of indicators in terms of equally
identification of conflicts and risks thereof in car-fol-
lowing events captured in a cross section in an uninter-
rupted traffic flow.

2. SAFETY PERFORMANCE INDICATORS

If data in use are gathered in a cross section, a
range of safety performance indicators (and associat-
ed thresholds) may be applicable in detecting vehicu-
lar risky following events (conflicts). In this research fo-
cus was placed on performance indicators addressed
more in previous studies as well as being capable to
be measured based on micro-level data obtained by
inductive loop detectors at cross sections. Assum-
ing that vehicle speed does not change considerably
in the short period before and after the measure-
ment section station at the cross section (isoveloxic
assumption [17]), the cross-sectional attributes ob-
tained can be assigned to a short distance from the
section.

2.1 Time Headway

Highway Capacity Manual (HCM) defines the Time
Headway (H) as “the time in seconds, between two
successive vehicles passing a point, measured from
the same common feature of both vehicles” [18].
(Equation 1)

H=t-ti-1 1)
where t; and ti—1 denote time of passage (s) for the
following and leading vehicles, respectively.

Vogel presents different headway thresholds rec-
ommended or enforced in different countries (from
0.9 s in Germany to 3.0 s in rural areas of Sweden)
[15]. Moreover, a limit of more than 2 s is usually ad-
vised for time headway by the European Governments
[19].
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2.2 Time to Collision

Time to Collision (TTC) was first defined by Hayward
in 1972 as “the time required for two vehicles to col-
lide if they continue at their present speeds and on the
same path” [20]. TTC is measured using Equation 2.
Xi—a(t)-Xi(t)-1 . .,

% ()% (0) VXi(t) > Xi—1(t) (2)
where X(t) and X(t) denote the position and speed
of vehicle at time t, respectively (i and i- 1 subscripts
are used to address the following and leading vehicles,
respectively) and | represents the length of vehicle.

Svensson regarded the time to collision as a con-
flict indicator [21]. Different thresholds for TTC have
been introduced as criteria to distinguish rear-end con-
flicts (e.g. see [22]). However, Van der Horst argued
that 1.5 s (corresponding to the minimum perception
and reaction time) is TTC critical value; below this val-
ue the following vehicle is assumed to be in conflict or
on an unavoidable collision path [23].

TTCi =

2.3 Proportion of Stopping Distance

Allen et al. defined the Proportion of Stopping Dis-
tance (PSD) as the ratio of the distance to the poten-
tial collision point to the acceptable minimum stopping
distance [24] (Equation 3).

RD
PSD = MSD (3)

In this equation, RD represents the remaining dis-
tance to the potential point of collision and MSD shows
the acceptable minimum stopping distance, which can
be measured according to Equation 4.
VQ
2d
where V is the approaching velocity and d is the ac-
ceptable maximum deceleration rate. PSD should be
always more than 1.0 to assure the safety of the fol-
lowing event.

MSD = (4)

2.4 Deceleration Rate to Avoid Collision

Cooper and Ferguson were one of the first to define
Deceleration Rate to Avoid Collision (DRAC) as a mea-
sure of conflict [25]. For vehicles driving in the same
direction, DRAC (m/s?) is calculated using Equation 5.
In this equation, V and X show the velocity (m/s) and
location (m) of vehicles (i and i-1 subscripts repre-
sent the following and the leading vehicles, respective-
ly) and Li—1 denotes the length of the leading vehicle.

(Vi-Vi—1)?
2X[(Xi—1-Xi)-Li-1]

Archer suggests that if DRAC for the following vehi-
cle exceeds a threshold of 3.35 m/s?, its following situ-
ation can be regarded as a conflict [26]. This threshold
is a bit lower than what is recommended by AASHTO

DRAC; =

)

Green Book as the deceleration rate available in most
vehicles (i.e. 3.4 m/s?) [27]. Moreover, Cunto and Sac-
comanno assumed that two times of Maximum Avail-
able Deceleration Rate (2*MADR) follows a truncated
normal distribution with an average of 7.42 m/s® and
standard deviation of 0.24 m/s? [28]. In another study
the same authors assumed a normal truncated distri-
bution with an average of 8.45 m/s2, standard devia-
tion of 1.40 m/s? and the upper and lower limits of
12.68 m/s? and 4.23 m/s?, respectively for 2* MADR
for small vehicles on dry pavements [29].

2.5 Rear-End Collision Risk Index

To calculate the risk of rear-end collision on free-
way cross sections, Oh et al. developed a collision risk
index based on the concept of Safe Stopping Distance
[30]. According to this concept, to avoid rear-end colli-
sion in a car following event, the stopping distance of
leading vehicle should be larger than that of the follow-
ing vehicle (Equation 6).

Vh+ Ve 1> eter VE_ (6)
2a 2a

dec dec
L F

where V, a®° and | represent velocity (m/s), decelera-
tion rate (m/s®) and length of vehicle (m), respectively
(subscripts L and F represent the leading and follow-
ing vehicles, respectively). tr is the brake reaction time
(s) and h denotes the time headway between the two
vehicles.

Oh et al. propose Stopping Distance Index based
on the comparison of Stopping Distances of leading
and following vehicles, as in Equation 7. SDI in this
equation represents the Stopping Distance Index.

Ve VP
2af 2a,‘.3'e°> -0 (7)

+

spj - 10 (safe) ifvm-thR-/H(

1 (unsafe) otherwise

The rear-end collision risk index (RCRI) is then pro-
posed as the ratio between the total number of unsafe
events and the maximum possible number of car fol-
lowing situations over a certain time interval (Equation

8).
ZSDI:‘

RCRI = —7 1t — 8

Max (T/3600)N; ®)

where N2 is the maximum number of car following

events per hour (derived from freeway capacity), T is
the analysis duration (s) and N; is the number of free-
way lanes in the analysis direction.

3. DATA

If properly installed, inductive loop detectors (ILDs)
have been shown to be useful in measuring disaggre-
gate attributes (namely: speed, length and time of pas-
sage) of individual vehicles passing over the sensors
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[30]. Automated ILDs have been used for gathering
traffic data in Iran for about a decade. By the end of
2011, rural highways of the country (with total length
of more than 12,600 km) will have been equipped with
531 pairs of ILDs [31].

In this study inductive loop sensors connected to a
personal computer (PC) as a programmable electronic
data logger enable registration of the passage time for
each vehicle. The shape of received vehicle signature
is related with the length (and type) of the passing ve-
hicle. Installing two successive sensors also allows for
vehicular speed measurement.

Empirical data used in this study were captured
by ILDs installed on a four-lane divided rural freeway,
connecting Arak to Salafchegan in Markazi province in
central Iran. For each lane, a pair of sensors embed-
ded in the pavement, were connected to a data logger
to gather traffic data. Using a GPRS (General Packet
Radio Service) modem, data packets (including speed,
length and time of passage of individual vehicles pass-
ing over the sensor) were transmitted every 5 minutes
to the main server in the central office in Tehran. Micro-
level traffic data obtained in a 24-hour duration on a
working day of January 2012 on the slow moving lane
(including 6,657 vehicles) were included in the analy-
sis. Limiting the data to the slow-moving lane tends to
cover more vehicles, of different types and of a wider
range of speeds.

4. METHODS

A “car-following event” (called “event” hereinafter)
is conventionally defined in this study as an action in
which a vehicle runs behind a leading vehicle on the
same lane and direction, regardless of its speed and
time gap. Using the different safety performance indi-

Table 1- Performance indicators and their thresholds

cators reviewed in the next section and summarized
in Table 1, bivalent safety state of each event i based
on each performance indicator j can be determined by
Safety Index Sl as Equation 9. As shown in this table,
depending on maximum deceleration rate available
for the following vehicle (fixed or variable), safety anal-
ysis based on two kinds of DRAC and SDI have been
conducted in this study.

If event i is unsafe according to associated

threshold of perfomance indicator j (9)
0 otherwise

Slj=

The present study aims to investigate the differenc-
es between safety performance indicators in explain-
ing the risk. This will be conducted via three phases.
Firstly, the total unsafe events based on different indi-
cators within the day are determined and the indica-
tors’ similarities are investigated in terms of equalities
of the conflicts they have detected.

Analysis of risky events in total 24-hr duration con-
tains no information about temporal distribution of un-
safe events over the day. Thus, in the second phase,
the day is divided into shorter 15-min intervals and
Rear-end Collision Risk Index by each indicator is cal-
culated within each interval (Equation 10).

N
> Sl

RCRIj = —

In this equation S/ is Safety Index (as defined in
Equation 9) by each indicator j and N is the total num-
ber of events in that time interval.

Finally, to illustrate the indicators’ differences in a
more understandable way, Fuzzy C-Means method is
employed to categorize each 15-min risk value by each
indicator, into clusters. In Fuzzy algorithms of Cluster-
ing, a point may belong to all clusters at the same

(10)

Performance

indicator Symbol

Assumptions

Safety requirement
(Threshold)

Time Headway H

N/A More than 2 s

Time to Collision TTC

Following vehicle is driving faster than leading vehicle

More than 1.5 s

Proportional Stop-

. . PSD | A Fixed Deceleration Rate of 3.4m/s? for the following vehicle More than 1

ping Distance
) DRAC1 | A Fixed Deceleration Rate for the following vehicle Less than 3.4m/s2
Deceleration Rate Maxi Available Deceleration Rate (MADR) foll T
to Avoid Collision aximum Available Deceleration Rate ollows Trun-
DRAC2 cated Normal Distribution* for the following vehicles Less than MADR
SDI1 Fixed Deceleration Rate of 3.4m/s? available for both Following and

Stobpi Leading Vehicles. A 2.5 s is considered for Perception Reaction Time

opping - - : :
Distance Mammum Available Deceleratlon_Ra.te f(?r Following V_e-. Equal to O
Index SDI2 hicle follows Truncated Normal Distribution*. Upper limit

of this distribution is assumed for the leading vehicles and
a 2.5 s is considered for Perception Reaction Time

* Average of 4.23 m/s>, standard deviation of 0.71 m/s? and upper and lower limits of 6.34 m/s® and 2.12 m/s, respectively have been

proposed for the assumed truncated normal distribution function.
N/A: Not applicable
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time, with different degrees of membership [32]. To
defuzzify, each 15-min risk value is assumed to belong
to the category (level) with the highest degree of mem-
bership in this study.

Average difference of risk levels between the per-
formance indicators is also calculated for each pair of
indicators, using Equation 12.

N
‘ Zki - Zij |
1

. £
Dj=t=t

N (12)

where:
D;j - Average difference of risk levels between
safety performance indicators i and j in
analysis period (24hr in this study);

Ordinal number of category (Low=1, Medi-
um=2 and High=3) in clustering risk values
associated to i'" performance indicator in
k™ time interval;

Zii -

N - Total number of time interval (N=96).

5. RESULTS

5.1 Analysis of unsafe events frequencies

Analysis of 24-hr traffic data (including 6,656 fol-
lowing events) shows that different performance indi-

cators detected different number of following events
as conflicts (Table 2). As the table shows, SDI detects
a considerable number of conflicts in traffic stream,
while DRAC, TTC and PSD are strict and H is rather
moderate criteria in detecting unsafe events.

Furthermore, the intersections of sets including un-
safe events based on different performance indicators
have been analyzed. Since each event can be either
safe or unsafe based on each of the seven perfor-
mance indicators, each event belongs to the potential
128 (= 27) partitions (clusters) theoretically; however,
only a few were observed to be available in practice.

Frequency analysis by partition resulted in 15 non-
empty (i.e. with at least one member) clusters (C1 to
C15) as depicted in Table 3. These findings were also
supported by a K-Means clustering method conducted
on the seven sets. In front of each cluster, there are
cells that show the safety state of all members in that
cluster according to safety performance indicators.
Each cell has the value of O if all events in that clus-
ter are safe based on the corresponding safety indi-
cator and 1 if they are all detected as conflicts. The
total number of events in each cluster is also shown in
the last column. For example according to Table 3, ten
events (out of 6,656) are unsafe according to all sev-
en indicators (Cluster C3) and a total of 4,812 events
have been detected as safe according to all indicators
(Cluster C1).

Table 2 - Frequencies of unsafe events for different safety performance indicators

Performance Indicator
Frequency
H TTC PSD DRAC1 DRAC2 SDI1 SDI2
Absolute 277 21 58 19 17 1,254 1,835
Relative (%) 4.2 0.3 0.9 0.3 0.3 18.8 27.6
Legend
i
Boundary of Safety
performance indicator i
NEY
Cluster C; with N
members in
(as intersection of
@ different i indicators)
Figure 1 - Schematic Venn-like illustration of events' clustering into unsafe sets
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Table 3 - Events’ clustering results based on frequency analysis*

Safety Performance Indicator Number of
Cluster Name
H TTC PSD DRAC1 DRAC2 SDI1 SDI2 Members
Cc1 0 0 0 0 0 0 4812
Cc2 0 0 0 0 0 0 1 590
Cc3 1 1 1 1 1 1 1 10
c4 1 0 0 0 0 1 1 238
C5 1 1 0 1 0 1 1 1
c6 0 0 1 0 0 1 1 16
c7 0 0 0 0 0 1 1 946
c8 0 0 0 0 0 1 0 9
Cc9 1 0 1 0 0 1 1 20
C10 1 0 1 1 0 1 1 1
C11 1 1 1 0 0 1 1 4
Cc12 0 1 1 1 1 1 1 4
C13 0 0 1 1 1 1 1 2
c14 1 1 0 0 0 1 1 2
C15 1 0 1 1 1 1 1 1

* 15 Non-empty observed clusters from among 128 (=27) potential clusters.

The corresponding graphical illustration (unique
in this problem) generated based on set theory and
Venn-diagram concepts shows these 15 clusters as
partitions (no common members) of the events’ uni-
verse. A schematic illustration of clusters shown in Fig-
ure 1 represents a Venn diagram with boundaries in
accordance with the conditions shown in Table 3. Each
closed curve in this Figure represents a performance
indicator and the codes inside denote the name and

number of members for each cluster. As the Figure
shows, both SDI1 and SDI2 are very conservative in-
dicators because almost all other clusters are subsets
of SDI1 and SDI2.

5.2 Rear-end collision risk analysis

The risk of a rear-end collision for each time inter-
val may be calculated by each safety performance in-

4!:
40
- 35
éso
§25 —=—SDI2
éig ——SDI1
n:lo —— Headway|
5 —%— DRAC2
0
OLWLWLWLWLWLW LW LW LW LW
At A A A At
SOHAdANNG O S <10
8
7 *
= 6 n
I
S5
g, I 1 I [==psp
- 1 " ] [ omce
o
2 I\ I I\ x £ £ /\ K “l” %?‘ —e—DRAC1
N TR T YA T VAT | -
A UL [ NV VRV R X7 . JV
DOLOOODOODOODOLODOLDODOOLOLOODOODOODOOOWOOILOLNOLWLWLINLWLINLWLNLWLNLWLNLWLNLLLWLWLO LW
A dgdrdgdrdgdgTdrdgTdrdgTdAdTdAdgT AT AT ToAToATASTdATdAdAdTdATdAdTdATATAT AT A<
SOHdAdNNNN T DBIOOONR BN OO AATNNNTNILILODOORNRKBOIDSOSAANNNH
A dddddddddddd T T ddddNNNNNNNN
Time
Figure 2 - Comparison of risk of rear-end collision during the 24 hr
based on different indicators (Analysis Interval=15 minutes)
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Table 4 - Risk levels at 15min time intervals associated with different performance indicators

Safety Performance Indicator

Safety Performance Indicator

11:45-12:00

Risk level

(Low)

23:45-00:00 | 8] 2

2 (Medium)

Time Interval Time Interval

H [ T1c | PsD | DRACL | DRACL2 [ sDIt | sDi2 TTC | PSD | DRAC1 | DRAC12 | SDI1 | SDI2
00:0000:15 [ 1| 1 | 1 1 1 1 12:0012:15 [2] 2 | 2 2 2
00:15:00:30 | 1| 1 | 1 1 1 1 | 1 [ 12:1512:30 1] 2 1 1
00:3000:45 | 1| 1 | 1 1 1 1 | 1 | 12:30-12:45 1] 1 1 1
00:4501:00 | 1| 1 | 1 1 1 1 | 2 | 12451300 1] 2 1 1
orooor1s [2 8 78 |8 |8 | 1 [ 1 [13001315 2 | 2 2 2
01:15:01:30 | 1| 1 | 1 1 1 1 | 1 [ 13151330 2 | 2 2 2
01:30-01:45 | 1| 1 | 1 1 1 1 | 1 | 13:30-13:45 1] 1 1 1
01:45:02:00 | 1| 1 | 1 1 1 1 | 1 | 13451400 |2 1 | 1 1 1
02:0002:15 | 2| 1 | 1 1 1 1 | 1 | 14001415 [2] 2 | 2 2 2
02:115.02:30 | 1| 1 | 1 1 1 1 | 1 | 14:15-14:30 1] 2 1 1
02:30-02:45 | 1| 1 | 1 1 1 1 | 1 | 14:30-14:45 1] 2 1 1
02:4503:00 | 1| 1 | 1 1 1 1 | 1 | 14451500 1] 1 1 1
03:0003:15 | 1| 1 | 1 1 1 1 | 1 [ 15:00-15:15 1] 1 1 1
03:1503:30 | 1| 1 | 1 1 1 1 | 1 [ 15:1515:30 1] 1 1 1
03:300345 | 1| 1 | 1 1 1 1 | 1 [ 15:30-15:45 1] 2 1 1
03:450400 [ 1| 1 | 1 1 1 1 | 1 [ 154516:00 1 8] 2 2
04:0004:15 | 1| 1 | 1 1 1 1 | 1 | 16:00-16:15 1] 2 1 1
04150430 | 1| 1 | 1 1 1 1 | 2 | 16151630 |2 1 | 2 1 1
04300445 | 1| 1 | 1 1 1 1 | 1 16301645 [1]| 1 | 2 1 1
04:4505:00 | 2| 1 | 1 1 1 1 | 2 | 16451700 [2] 1 | 2 1 1
05:0005:15 | 1| 1 | 1 1 1 1 [ 1 [1rooaras [3] 2 | 2 1 1
05:15-05:30 1 1 | 1 |17asar30 (1] 2 | 2 | 2 2
05:30-05:45 1 | 2 | 17301745 [2] 2 | 2 1 1 2
05:45:06:00 | 1| 1 1 1 1 | 1 [174s1s00 [B] 1 | 2 1 1 2 | 2
06:0006:15 | 1| 1 1 1 1 | 1 [ 18001815 [2] 2 | 2 1 1 2 | 2
06:15:06:30 | 1| 1 | 1 1 1 1 | 1 [18151830 [2] 2 | 2 2 2 2 | 2
06:3006:45 | 1| 1 | 1 1 1 1 | 1 | 18301845 2| 1 | 1 1 1 2 | 2
06:45:07:00 | 1| 1 | 1 1 1 1 | 1 | 18451900 1| 1 | 1 1 1 1| 1
07:0007:15 | 1| 1 | 1 1 1 1 | 1 [ 190019:15 [2] 1 | 1 1 1 2 | 3]
07:1507:30 | 2| 1 | 1 1 1 2 | 2 | 19:15-19:30 2 | 2 2 2
07:3007:45 | 2| 1 | 2 1 1 2 | 2 [ 19301945 2] 1 | 1 1 1 1 | 2
07:4508:00 |2 | 1 | 2 1 1 1 | 2 | 19452000 1] 1 | 1 1 1 1| 1
08:0008:15 |2 | 1 | 2 1 1 2 | 2 |20002015 [1| 1 [ 2 2 2 | 2
08:1508:30 | 1| 1 | 1 1 1 2 | 1 [20152030 [1] 1 | 1 1 1 2 | 2
08:300845 | 1| 1 | 1 1 1 1 | 1 20302045 [1] 1 | 1 1 1 1| 1
08:4509:00 | 2| 1 | 1 1 1 2 | 2 | 20452100 2] 1 | 1 1 1 2 | 2
09:0009:15 |2 | 1 | 1 1 1 2 | 2 [ 21002115 2 [3] 2 2 1| 1
09:1509:30 | 2| 1 | 1 1 1 2 | 2 [ 21152130 1] 1 1 1 1| 1
09:3009:45 | 2| 2 | 2 2 2 [ 3 | 3| 21302145 2 | 2 1 1 2 | 1
09:4510:00 |2 | 1 | 2 1 1 2 | 2 [ 214522:00 1] 1 1 1 1| 1
10:0010:15 |2 | 1 | 2 2 1 1 | 2 | 22:0022:15 2 | 2
10151030 [8] 1 | 1 1 1 2 | 38 | 22152230 2] 1 [ 1 1 1 1] 1
10:301045 |2 | 1 | 2 1 1 2 | 2 [22302245 2] 1 | 1 1 1 1| 1
10:4511:00 [ 2| 1 | 2 1 1 2 | 2 [20452300 2] 1 | 1 1 1 2
11:0011:15 [2 ] 1 | 1 1 1 2 | 2 [230023:15 [2] 1 | 1 1 1 2
11:1511:30 |8 1 | 2 1 1 231152330 | 1| 1 | 1 1 1 1
11:30-11:45 |2 | 1 | 1 1 1 23:3023:45 | 2| 1 | 2 1 1

2| 2 | 2 2 2 2 2

1
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Table 5- Average differences of risk levels between performance indicators

H T1C PSD DRAC1 DRAC2 SDI1 SDI2
H 0 0.66 0.50 0.69 0.72 0.38 0.35
T1C 0 0.30 0.07 0.08 0.76 0.86
PSD 0 0.31 0.30 0.60 0.65
DRAC1 0 0.03 0.80 0.85
DRAC2 0 0.76 0.84
SDI1 0 0.19
SDI2 0

dicator as the ratio of the number of conflicts detected
by that indicator to the total traffic volume obtained
from ILDs (Equation 10). Using the 24-hr traffic data
and considering analysis time intervals equal to 15
min (as a common time span in regular traffic studies),
a plot of 96 points of risk values for each indicator over
time can be drawn as depicted in Figure 2. As shown,
the calculated risk values based on DRAC1, DRAC2
and TTC are very similar and considerably lower than
other indicators.

Risk values denote the distribution of conflicts over
the day and can be used (in their normalized form) as
means for comparing different performance indicators.

Xjk = Xjmin
Uik = Xjriax';(jmin (11)
where ujx and xj are the normalized and calculated
risk of rear-end collision in the k™ 15-min time inter-
val according to safety performance indicator j, re-
spectively. Xjmin @and Xjmax are also the minimum and
maximum risk values calculated within all 15-min time
intervals according to safety performance indicator j,
respectively.

Based on pair-wise t-test of average daily values of
risk, the null hypotheses (the difference between the
means for corresponding risk values is zero) is reject-
ed at 5% significance level for all pairs of indicators
except for DRAC1-DRAC2, DRAC2-TTC and TTC-DRAC1
(i.e. DRAC1, DRAC2 and TTC daily means represent the
same values).

5.3 Analysis of risk levels

To more tangibly recognize the differences between
safety performance indicators, the 15-min normalized
risk values are categorized into clusters. Applying a
two step analysis assuming a log likelihood distance
measure and Schwarz’s Bayesian Criterion (BIC) [33]
on all risk values, optimal number of clusters is three
for all safety performance indicators. Fuzzy C-Means
(FCM) clustering of the risk values associated with all
time intervals and indicators into three levels (“High”,
“Medium” and “Low” risk categories) are shown in Ta-
ble 4. Each risk level in this Table is also represented
by a colour ranging from light (Lower Risks) to dark
(Higher Risks).

As depicted, the risk levels explained by some in-
dicators are totally different from others. Table 5 sum-
marizes the D values drawn from Equation 12, for all
pairs of indicators. Greater values in this table repre-
sent greater differences between related indicators in
explaining rear-end collision risk. Moreover, shaded
cells represent the pairs with the highest difference of
risk levels, during the 24hr study. For instance, indica-
tor SDI1 shows that the risk level is 0.76 levels differ-
ent as average, compared to DRAC2.

6. DISCUSSION

There is a wide variety of safety performance indi-
cators suitable for detecting conflicts in car following
events, each of which addresses safety from a special
aspect of kinematics. Empirically investigating the sim-
ilarities between the indicators is of interest because it
is not usually possible to find decisive mechanical re-
lationships between them. The present study focused
on indicators measurable by the ILD captured data in
a freeway cross section, namely: time headway, Time
to collision, proportion of stopping distance, decelera-
tion rate to avoid collision (assuming that the available
deceleration rate for the following vehicle follows a uni-
form and a truncated normal distribution, separately)
and stopping distance index (with the same so called
assumptions). This research advocates the hypothesis
that while a given interaction between two successive
vehicles in a car following event is assessed to be safe
in terms of a variety of performance indicators, it may
be recognized as being risky according to the others.

Analysis of frequencies of unsafe events according
to safety performance indicators showed that the num-
ber of unsafe events detected during the 24-hr study is
very different across different indicators (ranging from
0.3% of total events for DRAC1 and DRAC2 to more
than 27% for SDI2). Unsafe events associated with all
indicators are also unsafe according to both SDI1 and
SDI2. In contrast there are a lot of events detected as
unsafe according to stopping distance index while they
are still safe based on all other indicators. This means
that compared to other indicators, stopping distance
index may be regarded as a considerably more conser-
vative safety performance indicator.
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Contrary to SDI, DRAC is not sensitive to the func-
tion of distribution assumed for the available decelera-
tion rate for the following vehicles; all unsafe events
associated with DRAC2 are also unsafe based on
DRAC1. Moreover, almost all unsafe events based on
both DRACs are still unsafe based on TTC. So TTC and
DRAC explain the events’ safety, very similarly. This
implies that less TTC in freeway requires more decel-
eration rate to avoid a rear-end collision. On the other
hand in almost all cases where a vehicle following a
slower moving vehicle needs harsh braking to avoid
the collision, the time to collision is also less than the
critical threshold.

Analyses indicate that there are many high-risk
events according to headway which are not considered
as risky based on TTC. This means that there have
been many occasions in which headways are less than
the threshold, but their time to collision is still suffi-
cient to avoid a collision. Such cases mainly include
those where the speed of the following vehicle is less
than or equal to the speed of the leading vehicle.

In contrast almost all occasions when the event is
not safe according to TTC, it may be regarded as a con-
flict based on headway. This implies that in almost all
cases, less time to collision corresponds to less time
headways. A similar condition can be observed in com-
paring TTC and PSD; most risky events based on TTC,
are still conflicts detected by PSD.

It is worth noting that the findings imply that indica-
tors showing considerably high frequencies of conflicts
(SDI and headway) may be weakly correlated with real
collisions, mainly because there may exist additional
options for the road users, such as Braking of the fol-
lowing vehicle to avoid collision with the leading ve-
hicle, to avoid a collision. Thus, it can be argued that
it is more difficult to predict the final outcome (crash)
based on more conservative indicators.

Findings obtained from the frequency analysis of
conflicts associated with different indicators, are also
supported by rear-end collision risk analysis. Results
indicate that the measured risk values associated with
SDI are considerably higher in almost all consecutive
15-min time intervals compared to other indicators.
Moreover, normalized values of risk associated with
DRAC1, DRAC2 and TTC are not statistically different
at a 95% confidence interval. This verifies that these
indicators explain the rear-end collision risk in a very
similar pattern.

Categorizing the normalized risks calculated in
15-min intervals into ordinal clusters (to address the
situation from a safety perspective) supports the same
patterns of findings. Compared to other indicators,
considerably longer time intervals are shown to be in
the most critical situation, if SDI is used to measure
the rear-end collision risk. DRAC and TTC also show
very similar risk clusters during the conduct of the
analysis.

7. CONCLUSION

Different safety performance indicators are usu-
ally applied in traffic conflict analyses. In this study
the aim was to empirically investigate how different
the safety performance indicators identify the conflicts
in a traffic stream on a freeway section, under the
uninterrupted flow. Safety performance indicators in-
vestigated in this study were limited to time headway,
time to collision, proportion of stopping distance, de-
celeration rate to avoid collision and stopping distance
index.

Analysis of empirical data indicated that SDI can be
considered as the single most inclusive and conserva-
tive indicator compared to others; not only all conflicts
associated with all other indicators are unsafe accord-
ing to SDI, but also a relatively great share of safe fol-
lowing events according to other indicators are taken
as conflicts according to SDI.

Risky events based on DRAC are not sensitive to
the distribution function of available deceleration rate
on the following vehicles. DRAC and TTC are very simi-
lar indicators; almost all risky events based on TTC are
also risky based on DRAC (and vice versa).

Comparison between H and TTC showed that in
almost all risky events associated with TTC, headway
is less than the critical threshold. However, there are
considerable conflicts associated with headway which
are still safe according to TTC. Comparison of PSD and
TTC also provided the same results as H and TTC; al-
most all risky events according to TTC are also risky
associated with PSD.

Different safety performance indicators can be
employed as controls in launching novel intelligent
transportation systems aiming to convey the real-
time collision risk levels to drivers (for instance via
variable message signs). The present findings sug-
gest that at a specific time, different risk levels may
be expected to be provided as information to drivers,
if different indicators are employed as controls. How-
ever, the risk levels that are being communicated
by the system to the drivers are likely to have small
effects on driving behaviour unless the risk mes-
sage corresponds to the risk drivers perceive in the
driving environment. Investigating the degree of cor-
respondence between the indicated risk by each
performance indicator and the drivers’ subjective judg-
ment regarding the existing rear-end collision risk at
any occasion should be subject to analysis in future
studies.
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