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The traffic safety screening could provide guidance for determining the use of resources for traffic safety improvements and is
critical for the traffic management. To account for the impacts of traffic safety and the effects of intersection as a node in the
roadway network, a framework with six indicators and four strategies is proposed for intersection traffic safety screening. The
traffic flow has been incorporated into the process of developing three indicators from the perspective of the complex network
theory to measure the node importance. For the assessment of traffic safety, other than the observed and estimated crash frequency
and modified time-to-collision, a distance that describes the nonlane-based movements has been proposed from the perspective of
traffic safety. A multilayer entropy-weighted VIKOR (MEW-VIKOR) approach is proposed to compute the ranking results, and
four strategies have been developed to better account for the effects of the six indicators simultaneously. A roadway network with
28 intersections in Shenzhen has been adopted to verify the effectiveness of the proposed framework for intersection traffic safety
screening. The results indicate that the proposed framework with two layers could represent the features of traffic safety and the
characteristics of node importance and satisfy the expectation from the public, government, and research institutes. With an
appropriate threshold setting, the ranking results are consistent with the intersection safety investigation and contribute sig-

nificantly to the reduction of false-positive and false-negative cases in identifying the black spot intersections.

1. Introduction

Intersections indicate a complicated and hazardous
roadway environment involving human factors, vehicle
characteristics, roadway design features, and traffic flow
movements. The presence of conflicted traffic flow
movements, mixed roadway users, diversified driver ac-
tions and behaviors, and complicated roadway design
features creates a challenging and confusing condition to
the roadway users that leads to greater crash frequencies
with serious severity. Traffic crashes at intersections place a
huge burden on society and public in terms of death,
injury, and property damage [1, 2]. Once a traffic crash
occurred at an intersection, as the critical component and
important node of the roadway network, the condition of

the intersection will impact the operation efficiency and
safety of neighboring zones, and even the overall roadway
network. The influencing degree and extent depend on the
importance of the intersection as a node in the roadway
network. Hence, the measurement of importance of in-
tersection as a node in the roadway networks can provide
insights into understanding the spread rate and extent of
traffic congestions and the loss of network efficiency that
caused by the occurrences of traffic crashes. To reduce the
impacts of intersection-related traffic crashes on the
roadway network, there is a need to identify the most
important intersections with traffic safety issues in the
roadway network and ensure that the necessary coun-
termeasures are designed and applied to prevent the oc-
currences of traffic crashes and reduce the crash severity.
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2. Literature Review

As part of the roadway management process, the traffic
safety screening of hazardous intersections and identifica-
tion of high-risk traffic crash intersections are of great in-
terest from safety specialists and roadway agencies. In the
process of traffic safety analyses, the term of black spot (BS)
is adopted to describe the locations that have a greater crash
rates than an average. The identification, ranking, and
treatment of black spots have been referred to a standard
methodology of safety management for over 30 years, which
effectively reduce and prevent the occurrences of traffic
crashes [3]. Since conducting a detailed engineering study
for all roadway locations is expensive, the traffic safety
screening is critical, which helps the engineers to identify the
locations with potential for safety improvements. For the
roadway network screening, the most crash-prone sites can
be identified. The identified locations can be the school
zones, corridors, intersections, and others. In practice,
screening at intersection level for the entire roadway net-
work is required for various reasons that include the need to
meet drivers’ expectations of homogeneous infrastructure
conditions across the roadway network.

Athough the methods, such as the Empirical Bayes (EB)
method, are recommended for network screening by the
Highway Safety Manual (HSM), the simplistic approaches
that rely only on observed crash frequency or crash severity
are commonly used by researchers [4, 5]. Rahman et al. [6]
identified the most crash-prone school zones based on crash
rates in Orange and Seminole Counties in Florida. Three
countermeasures were proposed for the identified school
zones, and the simulation experiments were designed to
evaluate the implemented effects using microsimulation.
Meuleners et al. [7] assessed the effectiveness of the black
spot programs in Western Australia. The crash rate re-
duction and the economic benefits of the treatments at the
treated locations were computed. The results showed that the
programs have reduced the reported crash rate by 15%. The
estimated cost savings and net savings were 50.8 and 40.4
million Australian dollars, respectively. The benefit cost ratio
across all treated locations was 4.9.

The commonly used black spot identification (BSID)
methods include crash frequency method (crashes per year
or crashes per km per year), crash rate method (crashes per
vehicle per kilometers or per vehicles), and a combination of
the two methods [8, 9]. Since the methods are not based on
the statistical models, the results can vary in the analyzed
period. To overcome the limitations of the commonly used
BSID methods, the empirical Bayesian (EB) techniques have
been proposed, which combines the features and benefits of
the observed and predicted crash frequencies [10, 11]. The
crash frequencies can be predicted by using a safety per-
formance function (SPF) that is developed from historical
crash data. Based on the reliability level of the predicted
crash frequencies, a statistical model could be used to weight
the observed and predicted crash frequencies in the EB
methods. The safety effects of a black spot program that was
implemented in Flanders-Belgium have been evaluated by
Pauw et al. [12] using an empirical Bayes method before and
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after study. The effects of general trends and the stochastic
nature of crashes, including regression to the mean, have
been considered. The results show that the implementation
of the program has resulted in a 24-27% and 46-57% re-
duction in injury and fatal crashes, respectively.

Using observed crash frequencies and rates might result
in a volume bias, a segment length bias, and a regression-to-
the-mean bias [13]. Errors in BSID can result in false-
positive and false-negative cases [14]. In other words, crashes
can occur in both safe and unsafe locations, and the essential
is to identify the most dangerous locations with greater
impacts. Other than the crash frequency/rate methods and
the EB methods, the research explored a variety of methods
in traffic safety screening. Fan et al. [15] proposed a feature-
based depth neural network identifying the black spots, and
the accuracy is 89%. Cafiso and Di Silvestro [16] investigated
the performance of safety indicators in black spot identifi-
cation for two-lane rural roads. A Monte Carlo simulation
was proposed to produce theoretical crash data that were
used to define a priori hazardous sites. The results showed
that the indicators that are based on the EB estimation
should be used for safety improvement from the perspective
of practice. Geurts et al. [17] conducted a sensitivity analysis
regarding the identification and ranking of the black spots.
The results indicated that the injury weighting values that are
relating to the attitude of the traffic safety problem and the
usage of estimated crash counts have important impacts on
the selection and ranking of black spots in terms of ranking
order and traffic safety decisions.

Though there are a large number of studies focusing on
the development of BSID methods, few research studies have
been conducted to analyze and compare the model per-
formances. A site and method consistency test and total rank
differences test were proposed by Cheng and Washington
[11] to compare the performances of four commonly used
BSID methods. The EB methods showed the best consistency
among the other BSID methods and were recommended to
be used as the standard in the identification of BS. The same
conclusion was obtained by Montella [18], whose study also
proved the effectiveness of the EB method compared with
the other seven BSID methods. To understand the impacts of
roadway network segmentation on the performances of
BSID methods, four commonly used BSID methods (em-
pirical Bayesian (EB), excess EB, crash frequency, and crash
ratio) and four segmentation methods (spatial clustering,
constant traffic volume, constant length, and the standard
Highway Safety Manual segmentation method) have been
analyzed by Ghadi and Térok [19]. The results showed that
there is a significant relationship between the performances
of BSID methods and segmentation methods. In general, the
EB methods have superior performance compared with
other methods, regardless of the segmentation approaches.
The results are consistent with that of Montella’s study [18],
which showed that the EB method is the most reliable
method for identifying the black spots.

To identify the intersection with potential for safety
improvements and understand the impacts of intersection-
related crashes on roadway networks, in the research, a
framework of intersection traffic safety screening is
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developed by considering the indicators of traffic safety and
node importance. To account for the traffic safety assessment
and node importance simultaneously, with the developed six
indicators, four strategies are proposed in the framework of
intersection traffic safety screening. One is incorporating the
ranking results of node importance in the procedure of
traffic safety assessment. Second is incorporating the traffic
safety assessment results as a factor to calculate the node
importance. The third is to compute ranking results with the
developed six indicators. The fourth is combining the
ranking results of traffic safety assessment and node im-
portance. To overcome the limitation of the conventional
evaluation methods that are using the subjective weigh
factors, a multilayer entropy-weighted VIKOR (MEW-
VIKOR) method is proposed to compute the ranking results.
The developed framework of intersection traffic safety
screening can be used for assessing the entire intersections in
the roadway network and identifying the intersections with
potential for safety improvements from a combined per-
spective by accounting for traffic safety and node importance
simultaneously. The identified intersections with a ranking
order are recommended for further investigation with de-
tailed traffic safety countermeasures.

3. Modeling Framework and Formulation

The intersection traffic safety screening can be defined as the
process of searching and ranking the intersections in
roadway networks with a greater safety risk and potential of
significant impacts on the traffic flow states of the roadway
network. In the research, a framework that incorporates the
traffic safety assessment and node importance has been
proposed for intersection traffic safety screening and a
multilayer  entropy-weighed VIKOR (MEW-VIKOR)
method is developed for the ranking. The motivation of the
research is to measure the traffic safety and node importance
simultaneously in the process of traffic safety screening. It
would be great that all the impact factors have been con-
sidered and more indicators have been developed. However,
more indicators means more complicated interaction be-
tween the variables. In the research, the six indicators are
recommended to capture the characteristics of traffic safety
and node importance simultaneously. In practice, based on
the data and other actual situations, the indicators can be
modified under the framework of traffic safety screening.

3.1. Indicators of Intersection Node Importance. The com-
monly used methods of node importance can be classified
into the social network-based models and system science-
based models [20]. Based on the assumption that a node
importance is relevant to the connection between the nodes,
the social network models were proposed to determine the
network attributes, such as shortest path, degree, and
closeness to highlight the difference among nodes. With the
assumption that the nodes can be removed from the net-
work, the system science methods were proposed to de-
termine the node importance by changing the network
topology and assessing the destructiveness. In the research,

the node importance of intersection is computed based on
the principle of the social network-based models since the
assumption of the social network-based models is acceptable
and satisfied in the roadway network with the intersection as
the nodes.

Given that the roadway network can be considered as an
undirected network, let G=(I, S, A) represents the roadway
network that takes the intersections as the nodes, where I={i;,
iy, -+ -, i,} denotes the set of all intersections, |[I| = 13 S={s, 55, - - -,
s €IxI denotes the set of connection segments, and [S|=1
A ={a;} denotes the adjacency matrix. Accordingly, three in-
dicators can be defined to measure the node importance of the
intersections. One is the closeness centrality [20, 21], one is the
betweenness centrality [22], and the third is the degree cen-
trality. Different from the conventional closeness centrality that
are measured by the path length to other nodes, the closeness
centrality of intersection i is computed by the sum of traffic flow
and the reciprocal of the sum of path length to other inter-
sections, which is defined as

Z;l:lqij
(1/(n—- 1))Z’J?Zldijqij,

CC(i) = (1)

where CC (i) is the closeness centrality of intersection i; g;; is
the traffic flow on the shortest path between intersections i
and j; and d;; denotes the length of shortest path between
intersections i and j. When there is no available path between
intersections i and j, then dj=oo (1/d;=0). The greater
CC (i) indicates that the i intersection is more important.

The indicator of betweenness centrality indicates the
importance of an intersection controlling the traffic flow
along the shortest path in the roadway network, which can
be defined as

Z(Zns#i (trs (i)qrs (i))/trsqrs) (2)

BC(i) = w1 ,

where BC (i) is the betweenness centrality of intersection i
t,sis the number of the shortest paths between intersections r
and s, and ¢, (i) is the number of the shortest paths between
intersections r and s that go through the intersection i; g, is
the traffic flow of the shortest paths between intersections r
and s, and g, (i) is the traffic flow of the shortest paths
between intersections r and s that go through the inter-
section 7; and # is the number of the intersections, and the
formulation of n (n-1)/2 is employed to normalize the
betweenness centrality. The greater BC (i) indicates that the
intersection i is more important.

The degree centrality indicates the property that an
intersection connects with other intersections directly,
which can be defined as

Z?:ﬂij%’j (3)

PeO=1 e

where a;; is the adjacency factor and Q is the total traffic flow
on the roadway network. When there is a roadway segment
between intersections i and j, a;= 1; otherwise, a;;=0.



Compared with the conventional CC (i), BC (i), and
DC (i) that used for node importance computing, the
proposed CC (i), BC (i), and DC (i) account for the impacts
of traffic flow, which could better represent the spatial to-
pological relationship of roadway networks.

3.2. Indicators of Intersection Traffic Safety. Regarding the
assessment of intersection traffic safety, the commonly
employed methods could be classified into two categories
[23]. One is a reactive approach, and the crash data that
include historical crash records and predicted crashes could
be used. Another is a proactive approach, and the Surrogate
Measures of Safety (SMoS) were used to identify the crash-
prone locations where an observable noncrash event could
lead to a crash [24, 25]. Although the reactive approaches
have many limitations such as missing crash records, small
sample size, and unobserved causal factors of the crashes, the
methods are essential for the greatest benefit of BSID be-
cause the observed and predicted crash counts indicate the
effects of risk factors that are involving geometric design
features, traffic conditions, and environmental characteris-
tics. The SMoS approach, on the other hand, without relying
on a huge number of crash data, developed the trajectory-
based measures to identify the noncrash event that could be
further converted into the corresponding crash frequency.
In the research, the reactive and proactive approaches have
been developed simultaneously since the traffic safety of
intersection includes the interactions among human factors,
vehicle characteristics, roadway design features, and traffic
flow movement.

For the reactive approaches, the empirical Bayesian (EB)
techniques that combine the benefit of observed and esti-
mated crash frequencies have been employed [19]. The
observed and estimated crash frequencies are weighted in a
statistical model:

Y= (1-@)yio + @ips (4)

where Y;is the expected crash frequency for intersection i; y;,
and y;, are the observed and estimated crash frequencies for
intersection i in the research period; and the weight factor w;
represents the reliability level of the estimated crashes y;,.

The estimated crash frequencies y;, could be computed
by a negative binomial regression model:

yip:exp<“+2ﬁjxij>’ (5)
j

where « is the intercept and f3; is the regression coefficients of
the corresponding explanatory variables x;;.

Since not all the impact factors that could potentially
cause the occurrences of traffic crashes could be observed
and measured, there is a need to develop some effective and
efficiency SMoS for intersection traffic safety screening.
Commonly used SMoS, such as time-to-collision (TTC) [26]
and postencroachment time (PET) [23], are inappropriate
for intersection traffic safety screening since the charac-
teristics of vehicle movements at intersections, such as
frequently acceleration and nonlane-based vehicle
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movements, have not been taken into account. Based on
Newton’s equations of motion, a traffic crash could be oc-
curred when the distances traveled by the following vehicle is
equal to or greater than the sum of the initial relative dis-
tance between the leading and following vehicles and the
distance traveled by the leading vehicle [27]:

1 1
Vft+£aft221/lt+ialt2 + S, (6)

where v, and v, represent the speed of the following and
leading vehicles, respectively, ¢ is the time gap; as and a
represent the acceleration of the following and leading ve-
hicles, respectively, and s denotes the initial relative distance.

Let Av and Aa be the relative speed and acceleration of
the interacting vehicles, respectively, the Modified TTC
(MTTC) can be obtained from equation (5):

min (t,,t,), if Aa,t;,t,>0,

t if Aa,t, > 0,,<0,
MMTC =
t, if Aa,t,>0,t, <0,
ts, if (Aa<Oort,,t,>0)andt; >0,

(7)

where t; and t, are the two values that are derived from
equation (5); and t; is the original TTC:

—Av+ VAV + 2Aas

e Aa ’

. —Av - VAV + 2Aas (8)
2T Aa ’

poS

T AV

The MTTC could be computed based on the vehicle
trajectories that are obtained from a video record. Other
than the MTTC, to account for the effects of nonlane-based
vehicle movements, a distance that is based on the longi-
tudinal gap and lateral overlap is proposed to identify the
vehicle interaction characteristics:

2 w; We\?
d=\/<xl—Xf—Ll) +<|yl—yf —71—%>, (9)

where (x;, ;) is the center coordinate of the leading vehicle,
(x5 yy) is the center coordinate of the following vehicle, L; is
the length of the leading vehicle, w; is the width of the
leading vehicle, and w ¢ is the width of the following vehicle.

An interaction between the leading and following ve-
hicles is identified as critical if the path of the two vehicles is
overlapped. In other words, the interactions are critical if the

d is less than \/le +12(w; +w f)2. Such critical interactions

could be identified for individual vehicle in the intersection
area at every instant.

3.3. A Framework for Combining the Traffic Safety Assessment
and Node Importance. To obtain more comprehensive and
effective results, the multi-attribute decision-making
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(MADM) methods could be used to account for the effects of
the proposed six indicators [28]. As the commonly used
MADM methods, the Technique for Order Preference by
Similarity to an Ideal Object (TOPSIS) methods and
VlIsekriterijumsko KOmpromisno Rangiranjie (VIKOR)
methods have been proposed based on an aggregating
function representing the concept of closeness to the ideal
[29, 30]. The TOPSIS methods compare the distance of
individual alternative to the ideal and anti-ideal solution,
and the VIKOR methods have been developed to provide
compromise solutions to discrete multiple indicators that
include noncommensurable and conflicting indicators. In
the research, the VIKOR methods have been employed to
screen and rank the intersection with multiple indicators
since the indicators of traffic safety and node importance are
not commensurable. In addition, a multilayer entropy-
weighed VIKOR (MEW-VIKOR) method is proposed to
better account for the effects of traffic safety indicators and
node importance indicators, simultaneously.

Suppose the set of indicators is C={cy, ¢, . . ., ;,}, then
the normalized decision matrix can be expressed as

[X11 X12 "0 Xy ]
Xo1 X2 vt Xom
D= R
(10)
LXu1 X2 o0 Xy

Cij

A ——— 4
Yt (Cij)

where x;; is the normalized value of ¢;; and ¢;; is the value of ji;,
indicator for the iy, intersection, and i=1, 2, ..., n;j=1, 2,
cn M

To overcome the limitation of the conventional VIKOR
methods that are using the subjective weigh factors, the
entropy-weighted (EW) method is adopted to compute the
weight of individual indicator. By accounting for the in-
formation entropy, the weight of the jy, indicator of the
proposed entropy-weighted VIKOR (EW-VIKOR) can be
computed as

1+ (1/Inn)yYe;;
wiT Z;Zl(l + (l/lnn)Z?e,»j)) (D)

where e;; is the information entropy of j, indicator for the i,
intersection; n is the number of analyzed intersections.
The e;; can be computed as

e-»:ﬁln Xij
X X.)

(12)

The utility and regret measures for all intersections can
be computed as

5

& (xf - xy)

U;=) w7 =
J; ](xj _xf) (13)

Ry = maxw; (] —x;) (%] = 7).

where U; is the utility measure; R; is the regret measure; and
x; is the ideal solution, x/ =max; x;; x; is the negative
solution, and x7 = min; x;;.

Let U*=min; U;, U =max; U, R*=min; R;, and
R™ =max; R;, the EW-VIKOR index of importance of the iy,
intersection can be computed as follows:

v KR (14)

U,-U"
Pizl—(xi( ! ) = *\2
(R"-R")

U -
where « is the weight for the strategy of maximum group
utility, whereas 1-« is the weight of the individual regret,
here a=0.5.

The greater the P; is, the more important the analyzed
intersection is. The analyzed intersections can be sorted by
the value of P;. If P; =0, the intersection is the least important
and some maintenance methods should be taken into ac-
count to ensure that the interaction condition stays at a
certain level. If P;=1, the intersection is the most important
and more resources of traffic safety improvements should be
assigned and implemented.

In the research, to fully address the issues of combining
the indicators of traffic safety assessment and node im-
portance, four strategies have been proposed under the
framework of intersection traffic safety screening and the
MEW-VIKOR methods are developed, as shown in Figure 1:

(1) Strategy 1 is using the EW-VIKOR method to
compute the ranking results based on the indicators
of traffic safety assessment. The results of traffic
safety assessment will be incorporated into the
process of computing the node importance as an
impact factor, and the EW-VIKOR method will be
running for one more time.

(2) Strategy 2 is using the EW-VIKOR method to
compute the ranking results based on the indicators
of node importance. The results of node importance
will be incorporated into the process of traffic safety
assessment as an impact factor and the EW-VIKOR
method will be running for one more time.

(3) Strategy 3 treated all the traffic safety assessment and
node importance indicators equally, and the EW-
VIKOR will be used to compute the ranking results
based on all the indicator set of traffic safety as-
sessment and node importance.

(4) Strategy 4 is a MEW-VIKOR method. The first layer
computes the ranking results based on the indicators
of traffic safety assessment and node importance,
respectively. The second layer computes the ranking
results based on the results of first layer, which in-
cludes the ranking results of traffic safety assessment
and node importance. The third layer is the final
ranking results, which comprehensively account for
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FiGUre 1: Flow chart of the proposed framework with four strategies: (a) strategies 1 and 2 and (b) strategies 3 and 4.
the effects of traffic safety assessment and node  intersection traffic safety screening. To examine the effec-
importance. tiveness of the proposed indicators and verify the efficiency
of the proposed framework with four strategies, a roadway
4. Data network of an old town in Futian District, Shenzhen City,

In the research, six indicators have been developed from the
perspectives of node importance and traffic safety, which
demonstrate the complex interactions among the human
factors, vehicle characteristics, roadway design features, and
traffic flow movement. Based on the developed indicators, a
framework with four strategies has been proposed for

China, has been adopted, which includes 26 intersections
and 52 roadway segments, as shown in Figure 2(a).

To compute the indicators of node importance, the
topology of the roadway network needs to be extracted. The
intersections are treated as the network nodes, and the
roadway segment between the intersections are treated as the
network edges. The topology of the roadway network of an
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FIGURE 2: Roadway network of an old town in Futian District, Shenzhen City, China: (a) a map of research zone and (b) the topology of

roadway network.

old town in Futian District is shown in Figure 2(b). The
traffic flow of an individual segment in the roadway network
can be considered as the weighting factors. The lengths of the
roadway segments are measured to compute the shortest
path between intersections i and j. The Dijkstra algorithm is
employed to compute the shortest path between 7 and j. The
statistics of all the shortest paths from i to j (j # i) are shown
in Table 1.

Other than the data of segment length and the length of
the shortest path, the information of the traffic flow is
needed to compute the indicators of the node importance. In
the research, instead of the annual average daily traffic
(AADT), the capacity is used to measure the traffic flow of
the shortest path because the AADT data are not available.
The capacity of the individual segment is computed as the
product of the number of through lanes and the capacity of
the through lane. The capacity of the through lane is equal to
1700 pcu per lane. The statistics of the traffic flow of the
shortest path are shown in Table 1. The range of the traffic
flow of the shortest path is from 13,852 to 37,526.

Regarding the indicators of traffic safety, to obtain Y}, the
Yip in equation (4) is computed by using the negative binomial
(NB) regression model. The factors of speed limit, percent of
trucks, and important measures of roadway design features,
such as lane widths, median types, and shoulder widths are
employed as the explanatory variables since they have shown
significant impacts on the crash frequencies [31]. The study
period of y;, and y;, is 5 years, and the weight factor w; is equal
to 0.5. The indicators of MMTC (i) and d; are obtained from
the video record with the recoding time of 30 min. The cal-
culation results are shown is Table 2.

5. Modeling Results

Based on the indicators of traffic safety and node impor-
tance, the ranking results could be obtained by using the
proposed MEW-VIKOR method. Using the three indicators
of traffic safety, Y, MMTC (i), and d;, the intersection
ranking results have been obtained with the focus of con-
ventional traffic safety evaluation. Using the three indicators

TaBLE 1: Statistics of the shortest path and traffic flow.

Length of the shortest Traffic flow of the shortest path

D path
Min Max Mean SD  Min Max  Mean SD

1 040 1.77 1.13  0.32 6800 51000 27704 9966

2 027 1.64 1.01 035 10200 78200 33370 15752
3 0.17 1.61 095 0.40 3400 61200 28333 14456
4 013 150 0.85 040 3400 57800 25815 12519
5 026 1.66 089 0.41 3400 54400 27200 11433
6 0.28 1.92 1.07 0.47 10200 68000 37526 14254
7 013 137 076 035 3400 37400 19393 8837

8 026 1.37 075 0.29 6800 44200 21156 9493

9 016 118 0.65 029 3400 30600 16748 7657

10 011 124 0.63 030 3400 44200 16622 8812

11 011 136 0.70 0.33 3400 54400 22919 12024
12 020 1.64 090 0.41 6800 78200 30600 16442
13 013 1.18 0.65 030 3400 40800 16874 9117

14 018 159 0.94 042 3400 68000 22793 15082
15 0.09 118 0.66 0.29 3400 37400 15867 8745

16 018 1.77 1.00 0.39 6800 61200 28711 13413
17 013 1.61 0.82 0.40 3400 44200 19393 9927

18 012 148 0.75 0.37 3400 40800 15489 9539

19 014 1.31 0.69 0.33 3400 37400 16244 9446

20 021 1.52 0.83 0.33 3400 44200 20400 10458
21 011 1.71 0.87 044 3400 47600 21659 12082
22 011 160 0.81 041 3400 44200 18763 10931
23 011 1.41 0.75 0.38 3400 40800 17630 10836
24 011 153 0.82 043 3400 44200 20904 12175
25 026 1.92 1.03 0.47 10200 68000 37022 16369
26 014 1.66 093 045 3400 47600 25311 13280
27 0.09 117 0.65 0.29 3400 34000 15111 8293

28 021 112 065 0.24 3400 37400 13852 8271

of node importance, CC (i), BC (i), and DC (i), the inter-
section ranking results with the focus of roadway network
function and traffic flow have been obtained. Using the six
indicators and the proposed framework, the intersection
ranking results have been obtained with four strategies. The
intersection ranking results of the proposed approaches with
the different focuses are shown in Table 3. The comparison
results are shown in Figure 3.
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TaBLE 2: Indicators of intersection node importance and traffic safety.

D Indicators of node importance Indicators of traffic safety
CC (i) BC (i) DC (i) Y; MMTC (i) d;

1 0.88 0.00 0.04 6 0.32 6.84
2 0.99 0.03 0.07 6 0.60 6.77
3 1.05 0.06 0.11 7 1.14 6.42
4 1.18 0.05 0.11 8 1.24 6.18
5 1.13 0.06 0.11 4 0.74 6.26
6 0.93 0.04 0.07 0 0.45 6.18
7 1.32 0.21 0.11 7 0.52 6.96
8 1.33 0.22 0.15 5 1.22 7.05
9 1.55 0.53 0.11 0 0.35 6.20
10 1.59 0.63 0.11 0 0.66 6.67
11 1.43 0.28 0.11 0 0.63 6.90
12 1.11 0.14 0.11 0 0.80 6.28
13 1.53 0.50 0.11 5 1.03 6.09
14 1.07 0.10 0.11 0 1.05 6.67
15 1.52 0.41 0.07 0 0.56 6.83
16 1.00 0.03 0.07 0 0.65 6.38
17 1.22 0.12 0.11 8 1.12 6.34
18 1.34 0.24 0.15 0 0.26 7.02
19 1.46 0.47 0.11 7 0.70 6.47
20 1.20 0.06 0.11 0 0.61 6.67
21 1.15 0.12 0.11 6 0.36 6.49
22 1.23 0.20 0.11 7 0.62 6.62
23 1.34 0.35 0.11 5 0.50 6.40
24 1.23 0.25 0.11 7 1.05 6.40
25 0.98 0.00 0.07 0 0.41 6.36
26 1.08 0.07 0.11 5 0.35 6.15
27 1.53 0.46 0.11 0 0.35 6.50
28 1.54 0.37 0.15 8 1.09 6.21

TaBLE 3: The results of intersection ranking.

Intersection ID Results of traffic safety Results of node importance Strategy 1 Strategy 2 Strategy 3 Strategy 4

1 0.20 0.00 0.00 0.15 0.00 0.00
2 0.44 0.14 0.62 0.28 0.56 0.21
3 0.94 0.23 0.79 0.39 0.61 0.46
4 1.00 0.36 0.87 0.56 0.65 0.60
5 0.51 0.32 0.70 0.41 0.64 0.40
6 0.15 0.08 0.51 0.05 0.29 0.05
7 0.40 0.54 0.76 0.74 0.76 0.52
8 0.92 0.57 0.91 0.72 0.77 0.78
9 0.06 0.92 0.75 0.64 0.95 0.33
10 0.36 1.00 0.84 0.68 1.00 0.64
11 0.34 0.66 0.79 0.54 0.83 0.50
12 0.45 0.32 0.67 0.31 0.65 0.39
13 0.79 0.88 0.95 0.95 0.94 0.99
14 0.56 0.26 0.69 0.25 0.62 0.36
15 0.27 0.79 0.81 0.59 0.90 0.49
16 0.34 0.15 0.60 0.13 0.56 0.18
17 0.95 0.43 0.87 0.65 0.69 0.65
18 0.00 0.59 0.66 0.51 0.79 0.18
19 0.55 0.82 0.85 0.99 0.90 0.75
20 0.31 0.37 0.69 0.37 0.66 0.38
21 0.20 0.35 0.62 0.50 0.66 0.27
22 0.48 0.47 0.74 0.66 0.72 0.54
23 0.30 0.64 0.73 0.78 0.81 0.46
24 0.87 0.49 0.84 0.69 0.74 0.68
25 0.11 0.11 0.52 0.09 0.52 0.07
26 0.16 0.26 0.58 0.37 0.62 0.20
27 0.07 0.84 0.75 0.61 0.92 0.32

28 0.92 0.78 1.00 1.00 0.91 0.99
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F1GURE 3: Comparison of the ranking results with analyzed intersections: (a) ranking results of node importance, (b) ranking results of traffic
safety, (c) ranking results of strategy 1, (d) ranking results of strategy 2, (e) ranking results of strategy 3, and (f) ranking results of strategy 4.

From the comparison, the results indicate that strategies
1 and 3 have the similar pattern and changing trend, which is
different compared to the results of node importance and
traffic safety. The strategies 2 and 4 have the similar pattern
and changing trend, which is a compromise solution of the
node importance and traffic safety. In other words, strategies
2 and 4 represent the ranking result features of node im-
portance and traffic safety simultaneously.

To further verify the performance of the proposed
methods, the consistency test has been applied. With the
ranking results of two methods, the consistency test
analyzed consistency rate, which is a ratio of the inter-
sections with same ranking order in total intersections,
and the results are shown in Figure 4. The results dem-
onstrated that the consistency rate between the ranking
results of strategy 3 and node importance is 78.57%,
which is significantly greater than the others. The ranking
results of strategy 3 represent more roadway network
function and traffic flow characteristics compared with
other strategies.

The consistency rate between the ranking results of
traffic safety and strategies 1, 2, and 3 is 0. The consistency
rate between the ranking results of traffic safety and strategy
4 is 7.14%. The findings indicate that ranking results of
strategy 4 represent more traffic safety assessment features
compared with the other strategies. In addition, the con-
sistency rate between the ranking results of strategy 4 and the
node importance is 14.29%, which is greater than the
consistency rate between strategy 4 and the traffic safety.
Though strategy 4 represents more node importance features
compared with the traffic safety, strategy 4 represents the
superior balance between roadway network function and
traffic safety assessment.

The results of the consistency test between the four
strategies are shown in Figure 4(b). The results show that
strategies 1 and 4 have the greatest similarity, and the
consistency rate of the ranking results is 32.14%. The con-
sistency rate between the strategies 1 and 3 is 17.86%, and
between the strategies 3 and 4 is 14.29%. The consistency rate
of the rest of strategy combinations is 7.14%. The findings
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FIGURE 5: Comparison between the results of questionnaire survey and the proposed framework with strategy 4: (a) compared to the

questionnaire survey and (b) differences with ranking value.

indicate that the strategies 1 and 4 could provide consistency
results that cover both perspectives of traffic safety and node
importance. Combined the comparison results and the
consistency test, the proposed framework with strategy 4 is
recommended for intersection traffic safety screening, since
it has both merits of node importance and traffic safety.
To verify the effectiveness of the proposed method with
strategy 4, a questionnaire survey has been conducted. In
total, 42 people who are from the government office, re-
search institute, and public have participated the survey.
Each participant ranked the 28 intersections according to
their own expertise and experience. The ranking results of
the poll have been analyzed and compared with the proposed
framework with strategy 4, which are shown in Figure 5(a).
The results of the proposed framework with strategy 4 are
closely approximate to the results of the questionnaire
survey. The consistency rate between the survey results and
the proposed framework with strategy 4 is 85.71. The

findings indicate the ranking results could represent the
attitude and expectation of the public and agencies.

The proposed framework could be used as the method of
BSID with an appropriate threshold setting. The ranking
results with the values that are greater than the threshold
could be the intersections that are the black spots. In the
research, for the proposed framework with strategy 4, when
the threshold is setting to 0.60, the intersection of 8, 10, 13,
17, 19, 24, and 28 have been identified as the black spots, as
shown in Figure 5(b). The results are consistent with the
intersection safety investigation, and the rate of the false-
positive cases and false-negative cases is 0. The false-positive
case is an intersection involved in safety investigation while
it is not needed, and a false-negative case is not involving a
site in safety investigation while it is needed. The rates of
false-positive and false-negative cases in identifying black
spots are the assessing standards in justifying the perfor-
mance of the traffic safety screening method. The findings
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show that the proposed framework with strategy 4 con-
tributes significantly to the reduction of false-positive and
false-negative cases in identifying the black spot
intersections.

6. Conclusions

In the research, a framework with the indicators that are
from the perspectives of complex network and traffic safety
is proposed for the intersection traffic safety screening. By
incorporating the traffic flow and the characteristics of
roadway network topology, three indicators have been de-
veloped to measure the node importance. The observed and
estimated crash frequencies, modified time-to-collision, and
a distance that describes the nonlane-based movements at
intersection have been proposed from the perspective of
traffic safety assessment. A MEW-VIKOR approach is
proposed to compute the ranking results, and four strategies
have been developed to account for the effects of the six
indicators simultaneously. To verify the effectiveness of the
proposed framework for intersection traffic safety screening,
a roadway network with 28 intersections in Shenzhen has
been adopted.

The ranking results of the proposed framework with two
layers could represent the features of traffic safety and the
characteristics of node importance and satisfy the expec-
tation from the public, government, and research institutes.
With an appropriate threshold setting, the ranking results
are consistent with the intersection safety investigation and
contribute significantly to the reduction of false-positive and
false-negative cases in identifying the black spot
intersections.

The inappropriate designs at intersection can cause
safety problems and impact the operation efficiency of
neighboring zones and even the overall network. The
screening, ranking, and identification of black spots are the
first steps of the traffic safety management process. Errors
and bias in black spot identification might result in the
inefficient use of resources for traffic safety improvements
and impact the effectiveness of the traffic safety manage-
ment. The proposed framework could be used as a guideline
to develop traffic management policies, enhance the level of
traffic management, and reduce the impacts of traffic crashes
and congestion.
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