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Evaluating safety performance of first-class highways in China is important due to their high mortality rates. Traditional models
for statistical crash prediction and traffic conflict techniques require long periods of data collection which is time-consuming and
labor-intensive. This paper introduces a safety evaluation method based on catastrophe theory for highways in China.The method
firstly divides the highway into multiple road sections and uses video-based road detection (VRD) system to collect video data of
existing road conditions. Then, experienced drivers and experts are invited to watch the collected videos to establish a multilayer
safety index system and assign values to bottom indexes. By applying catastrophe theory, a general safety index is derived, which
indicates the relative safety level of a road section. Finally, all road sections can be ranked based on the general safety index. A case
study shows encouraging results where (1) the safety index is highly correlated with real mortality rates and (2) the safety index
successfully identifies most dangerous road sections.The proposed method can be considered as a promising supplementary safety
evaluation method that could help traffic engineers to better understand safety implications of first-class highways in China.

1. Introduction

Themortality rates (deaths per 100 km per year) of highways
are unevenly distributed in China. First-class highways that
only account for 1.79% of the total highway mileage have
the highest mortality rate (36.16 deaths per 100 km per year),
followed by second-class highways (16.18 deaths per 100 km
per year) and expressways (15.53 deaths per 100 km per year).
Thus, first-class highways can be considered as the most
dangerous roadway type in China, which certainly deserves
careful safety evaluations.

Safety evaluations can help to develop effective safety
countermeasures to lower crash rates and reduce crash
severity. Figure 1 shows the scope of safety evaluations that
can be applied in different time stages including design,
construction, and operation and can be evaluated at different
levels (i.e., macro-, meso-, and microlevels) [1]. Different
evaluation methods are utilized depending on specific pur-
poses. This paper will be focused on the mesolevel safety

evaluations on first-class highways in China at the operation
stage.

Table 1 demonstrates the scope and objective of safety
evaluations on first-class highways in China at three levels.
Macrolevel safety evaluations focus on an entire highway
to improve overall road safety. Microlevel safety evaluations
examine detailed information including road characteristics,
human behaviors, and traffic flows, in order to evaluate safety
of a specific location or traffic facility (e.g., an intersec-
tion). A first-class highway generally goes through multiple
provinces and administrative regions, which could have
significantly different land-use, demographic, and social-
economic characteristics. Therefore, examining the overall
safety of a first-class highway (i.e., macrolevel safety eval-
uations) is not enough to understand the safety issues of
different areas and road sections. On the other hand, a
first-class highway generally has long length and enormous
traffic facilities, which makes it time-consuming and labor-
intensive to evaluate every single traffic facility (microlevel
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Table 1: Safety evaluations on first-class highways in China at different levels.

Evaluation level Evaluation scope Primary objective
Macrolevel The entire highway Understand the overall safety of the entire highway

Mesolevel Road sections Understand the safety of road sections and identify
dangerous road sections for further in-depth analysis

Microlevel Certain facility and road spot Find out safety issues of the specific locations/traffic facilities
and provide countermeasures

Space

Macrolevel

Mesolevel

Microlevel

TimeDesign
stage

Construction
stage

Operation
stage

Figure 1: The scope of safety evaluations.

evaluations). Consequently, evaluating road sections (i.e.,
mesolevel evaluations) could be considered as a more cost-
effective way to provide enough useful information that can
allow traffic professionals to further conclude overall road
safety or identify dangerous road sections that require further
in-depth safety analysis.

Traditional safety evaluations are mostly based on histor-
ical crash data or traffic conflict data. However, it is difficult
to obtain sufficient reliable crash data for a highway which
basically has long length and runs across multiple regions. A
study performed by Turner and Mansfield in 1983 indicates
that about 25% of urban traffic crash records and 20% of
rural traffic crash records in Alabama State in USA were
mistakenly recorded [2]. Traffic conflict techniques have been
attempted to analyze traffic safety performance of roadway
intersections in recent years [3–7]. But one limitation of
such techniques is that the identification of traffic conflicts
and their type relies on the experiences and knowledge
of observers, which could easily generate human bias and
adversely affect data reliability. Besides, collecting conflict
data of an entire highway is a very challenging task even
using automated video techniques. In recent years, some
comprehensive evaluation methods have been developed by
researchers. In 2008, Lu et al. introduced the concept of
level of safety service and developed a noncrash based model
for safety evaluation [8]. Yuan and Lu also presented a
diagnostic approach for safety evaluation which is based on

Mesolevel road division

Data collection

Derivation of a general safety index

Classification of safety levels of road sections

Identification of dangerous road sections

Figure 2: The flow process of the mesolevel safety evaluation
method for first-class highways in China.

road characteristics [9]. Most of these methods can only be
applied to intersections which limit their usage in highway
safety evaluations.

Notably, some risk-based approaches were also utilized
to evaluate road safety. The Highway Safety Manual provides
quantitative information for decision making based on safety
performance of road and facilities. It assembles currently
available information andmethodologies onmeasuring, esti-
mating, and evaluating roadways in terms of crash frequency
(number of crashes per year) and crash severity (level of
injuries due to crashes) [10]. The U.S. Road Assessment
Program has developed a protocol to assign ratings to roads
on the basis of the presence or absence of key design features
related to safety. This protocol rates roads by assigning
them one to five stars according to approximately 20 key
roadway safety features [11]. However, these methods, such
as safety performance functions (SPFs) of HSM or the iRAP
methodology, still require crash modification factors (CMF)
that were derived based on historical data. As stated earlier,
reliable crash data in China are severely lacking, which
prevents these methods from being applied in practice.

To fill this gap, a new comprehensive method will be
introduced to evaluate the safety of first-class highways in
China at the mesolevel. Also, the method requires neither
historical crash data nor time-consuming field observations.

2. Methodology

Figure 2 shows the whole process of the proposed safety
evaluation method. Firstly, a first-class highway is divided
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(b) The limitation of the fixed-length division in identifying a road
section with the unique geometrics

Figure 3: The limitation of the fixed-length division method.
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Figure 4: The video-based road detection (VRD) System.

into multiple road sections (i.e., mesolevel). Then, the road
information (e.g., geometrics, pavements, etc.) of each high-
way section is recorded in video data. After that, experienced
drivers and experts are invited to watch the collected videos
and determine the safety impacts of various variables on each
road section. Next, a catastrophemodel is applied to generate
a safety index, which indicates the relative safety level of each
road section. Finally, all road sections are ranked by their
safety levels based on the safety index and dangerous road
sections are identified.The following subsections will address
each step of the process in detail.

2.1. Mesolevel Road Division. The first step of the method is
to divide a highway into multiple sections based on certain
criteria. The fixed-length division method and the nonfixed
division method are the two commonly used methods for
road divisions [12]. The fixed-length division method is easy
to conduct but has obvious limitations: roads are subjectively
divided into the same length without considering factors
such as traffic volumes, road geometrics, and traffic crashes.
Thus, when used in practice for special purposes (e.g., safety
evaluations), this method is not capable of identifying the
crucial road sections or road sections with similar features.

In Figure 3(a), the nonfixed division method fails to identify
a road section with extremely high crashes. In Figure 3(b),
the nonfixed division method fails to identify a unique road
section that has different curve radius from all other sections.

The nonfixed division method has been considered to
have advantages over the fixed-length division method [13–
15]. It is based on the internal links among road character-
istics such as traffic volume, speed limit, lane allocations,
horizontal/longitudinal curves, and cross-section types. A
highway can be divided into different lengths according
to road characteristics for certain purposes. Expert panels
and cluster analysis method are commonly used to conduct
nonfixed road divisions.

2.2. Data Collection. All required video data are collected by
a video-based road detection (VRD) system that consists of a
video capture terminal, a system server, and a client terminal,
as is shown in Figure 4. The video capture terminal consists
of 3 high-speed cameras which record road/traffic conditions
from different angles. A sensor installed in a vehicle will
transmit videos and data (including time, road stake number,
and vehicle speed) to the system server. The system server
is equipped with the vehicular industrial computer system,
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(a) Median and horizontal curves and shoul-
ders and barriers

(b) Traffic controls and pavement markings (c) Traffic signs and road surface

Figure 5: The examples of video data collections.

which is used to save and process the data.The client terminal
shows the real-time road videos.

The VRD system captures road and traffic videos from
the perspective of road users (i.e., drivers). Video data can
be watched repeatedly to ensure that all important details are
examined. Thus, compared to traditional field-based obser-
vations, the VRD system significantly improves efficiency
and accuracy of road data collections. Figure 5 shows some
examples of video images extracted from the VRD system.

2.3. Derivation of a General Safety Index Based on Catas-
trophe Theory. Catastrophe theory, proposed by the French
mathematician René Thom in the book “Structural Stability
and Morphogenesis,” addresses the process of how a series
of small internal changes could result in a significant and
sudden external change [16].Thomregards the overall “jump”
process as a catastrophe. This theory can be used to analyze
and predict complex dynamical systems.

A traffic catastrophe means that the internal changes in
a traffic system cause the unbalance of the system and thus
result in external changes. A traffic system can be described
by a group of variables including road alignment, pavement,
signs, markings, control, and signals. If any small changes
happen to one of those variables, the system balance could
be broken and external changes (e.g., traffic crashes) could
happen.

Catastrophe theory only requires the ranks of variables
according to their importance to the system. Therefore,
assigning weights to variables is unnecessary, which are
mostly required by other fuzzy methods such as the analytic
hierarchy process (AHP) and the fuzzy interval method
(FIM) [17]. The derivation of a general safety index based on
catastrophe theory can be conducted by the following 3 steps.

2.3.1. Step 1: Establish a Multilayer Index System. In order
to apply catastrophe safety evaluation models, a multilayer
index system needs to be established firstly. The top-layer
index should be a general safety index that indicates the
overall safety level of the specific road section under safety
evaluation. We first come up with the initial indexes based
on literature and field research. And 15 experts are invited
to give each index a score within the range 1 to 5 according

to its practical influence on the overall safety. According
to clustering analysis and expert panels, traffic conditions
of intersections, geometric designs, road facilities, and road
environment are selected as the four second-layer indexes
that significantly influence the safety of first-class highways in
China. The four second-layer indexes are further subdivided
into 13 third-layer indexes according to experts. Table 2 shows
the multilayer index system of first-class highways. In order
to apply catastrophe theory, subindexes in the same group are
ranked in a top-downmanner, according to their importance
to the main index. For example, the bottom-layer indexes
A41, A42, A43, and A44 need to be ranked according to their
importance to the second-layer index A4. The ranks can be
determined by various methods such as statistical analysis
and expert based scoring. Notably, for different road sections,
the ranks of indexes can be determined to be different,
depending on the characteristics of road sections.

The following briefly address the four indexes at the
second layer.

(1) Intersections. Highway intersections have much more
crashes compared to other road sections, due to complex
traffic control strategies and numerous vehicle interactions
(i.e., conflicts). According to historical crash data, in theUSA,
about 55% of total traffic crashes and 23% of fatal traffic
crashes in urban areas happened at intersections and about
32% of total traffic crashes and 16% of fatal traffic crashes in
rural areas happened at intersections [18]. In China, about
30% of urban traffic crashes happened at intersections and
about 47% of rural traffic crashes happened at intersections
[19]. These indicate that the intersection characteristics need
to be carefully examined.

(2) Road Environment. Attractive road environment could
make drivers feel comfortable and influence drivers’ actual
behaviors in a positive way including driving aggressiveness,
speed choice, and conformity to traffic rules [20].

(3) Geometric Designs. Previous studies have shown that inap-
propriate geometric highway designs are highly associated
with increased crash risks. For example, an inappropriate
design of road alignment and sight distance could confuse
drivers and increase their workloads and driving risks [21].
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Table 2: The multilayer index system of first-class highways.

The general safety index Second-layer index Bottom-layer index

The safety level of a road section

Intersections 𝐴
1

Traffic flows 𝐴
11

Traffic controls 𝐴
12

Channelization 𝐴
13

Road environment 𝐴
2

Road surface condition 𝐴
21

Minor access point density 𝐴
22

Roadside design/obstacle 𝐴
23

Geometric designs 𝐴
3

Quality of curve 𝐴
31

Sight distance 𝐴
32

Lane width and shoulder width 𝐴
33

Road facilities 𝐴
4

Medians 𝐴
41

Barriers 𝐴
42

Street lightings 𝐴
43

Delineation 𝐴
44

A wide median can effectively reduce the likelihood of head-
on crashes [22]. Therefore, geometric elements need to be
examined to ensure that they are properly designed.

(4) Road Facilities. Road facilities such as barriers, lightings,
and signs play very important roles in highway safety.
Functional road facilities will effectively provide drivers with
guidance and protection. Thus, functional road facilities can
ensure the safety performance of a highway.

2.3.2. Step 2: Assign Original Values to Bottom-Layer Indexes.
Three steps need to be conducted: (1) experienced drivers
and road safety professionals are invited to watch the video
data of each road section collected by the VRD system; (2)
experts evaluate each road section and assign an initial value
{𝑎
𝑖𝑗
} to each bottom index based on their knowledge and

experiences; (3) standardize {𝑎
𝑖𝑗
} to get the standardized value

{𝐴
𝑖𝑗
} of each index.
A higher value {𝑎

𝑖𝑗
} indicates a safer condition. For

example, if an expert gives 0 to the index of road surface
condition for a certain road section (score ranges from 0
to 10), he/she considers the surface condition of this road
section to be extremely unsafe to road users.

The standardized value can be calculated by

𝐴
𝑖𝑗
=

𝑎
𝑖𝑗
− 𝑎min

𝑎max − 𝑎min
, (1)

where 𝐴
𝑖𝑗
is the standardized value of the 𝑗th important

bottom index that is a subdivision of the 𝑖th second-layer
index; 𝑎max are the maximum values that can be assigned to
a bottom index; 𝑎min are the minimum values that can be
assigned to a bottom index.

2.3.3. Step 3: Calculate the Value of the Top-Layer Index.
With known values of bottom-layer indexes, the intermediate
catastrophe values can be calculated according to

𝑋
𝑖𝑗
= 𝐴
1/(𝑗+1)

𝑖𝑗
, (2)

where𝑋
𝑖𝑗
is the intermediate catastrophe value of 𝑗th impor-

tant bottom index that is a subdivision of the 𝑖th second-layer
index.

After the intermediate catastrophe values are determined,
“complementary” and “noncomplementary” rules should be
considered when deciding the original higher-level values.
The “complementary” rule means that the impact of an index
on its higher-level index can be replaced by other indexes. For
those indexes, the original values of second-layer indexes can
be derived by

𝐴
𝑖
=

𝑋
𝑖1
+ ⋅ ⋅ ⋅ 𝑋

𝑖𝑗
⋅ ⋅ ⋅ + 𝑋

𝑖𝑘

𝑘
, (3)

where 𝐴
𝑖
is the original value of the 𝑖th second-layer index

and 𝑘 is the total number of bottom indexes that belong to
the 𝑖th second-layer index.

“Noncomplementary” indexes are the indexes with sig-
nificant impact on the higher-level index, which cannot be
ignored. For those bottom indexes, the original values of the
second-layer indexes can be calculated by

𝐴
𝑖
= min {𝑋

𝑖1
, . . . , 𝑋

𝑖𝑗
, . . . , 𝑋

𝑖𝑘
} . (4)

When the second-layer indexes are known for their
original values, formula (2) can be utilized again to derive
the intermediate catastrophe values of the second layer.
Thus, the catastrophe value of the top-layer index (i.e., the
general safety index) can be derived through this recursive
algorithm. For first-class highways, the value of the top-layer
index (i.e., the general safety index) can be derived using
the “noncomplementary” rule since the four second-layer
indexes are all very important factors that cannot be ignored.

2.4. Safety Levels Classification. Calculate the values of the
top-layer index when all bottom-layer values are assigned.
Table 3 shows the top-layer values, assuming that all bottom-
layer indexes have the same values from 0 to 1 with the
increment of 0.1.
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Table 3: Bottom-layer values and catastrophe values of the general safety index.

Bottom-layer values 0 0.1 0.2 0.3 0.4 0.5
Top-layer value 0 0.669 0.753 0.808 0.849 0.884
Bottom-layer values 0.6 0.7 0.8 0.9 1
Top-layer value 0.913 0.938 0.961 0.981 1

Table 4: Classification and description of mesolevel safety levels of first-class highways.

Level Value Qualitative description

Excellent (0.981, 1) A highway section with excellent safety performance which does not
require safety improvement.

Good (0.938, 0.981) A highway section with good safety performance which has some
safety issues that need to be examined and improved.

Fair (0.884, 0.938)
A highway section with fair safety performance which has a
considerable number of safety issues that need to be carefully
examined.

Poor (0, 0.884) A highway section with poor safety performance that needs to be
thoroughly examined.

Based on experts, the safety of a first-class highway
section is determined to be four levels from poor to excellent
(shown in Table 4).

Identification of Dangerous Road Sections. According to the
safety level classifications, each road section’s relative safety
level can be determined. The road sections with low safety
levels need to be carefully examined through in-depth safety
evaluations to identify safety issues and develop countermea-
sures.

3. Experimental Validations

In our experimental validations, the mesolevel safety evalua-
tion method was applied to evaluate the safety performance
of National Highway G205 in Jiangsu province (Figure 6).
G205 is 318 km in total length, including 263 km of a first-
class highway section across Xuzhou, Suqian, Huaian, and
Nanjing city in Jiangsu. It is an important part of the
north-to-south transportation corridor in China, connecting
multiple expressways and highways. As an open highway,
G205 has complex traffic environment, heavy mixed traffic,
and frequent access points.

3.1. Mesolevel Road Division. G205 in Jiangsu province runs
acrossmultiple cities which have various road characteristics,
traffic conditions, and land environments. After expert panel
discussions, the first-class highway was finally divided into 10
different road sections by the demarcation of administrative
zones.

3.2. Data Collections. TheVRD system was utilized to record
data of G205 Jiangsu section. Then, 10 experienced drivers
and 10 traffic professionals were invited to evaluate safety of
each road section according to video data and assign initial
values (from 0 to 1) of bottom-layer indexes for each road
section.

Shandong province

Xuzhou city

Suqian city

Anhui province Jiangsu province

Huaian city

Nanjing city

Figure 6: National Highway G205 in Jiangsu province.

3.3. Derivation of the General Safety Index. Taking Section 4
as an example, by applying catastrophe safety evaluation
models, the catastrophe values at all layers and the general
safety index can be derived. Table 5 shows the catastrophe
values of Section 4.

3.4. Determination of Safety Ranks and Identification of Dan-
gerous Road Sections. Likewise, the general safety indexes
of the other 9 road sections can also be derived. All road
sections’ safety is ranked based on their general safety
indexes. Table 6 shows the safety rank of 10 sections based
on the general safety index as well as the safety rank based on
mortality rates (deaths per 100 km per year).
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Table 5: Catastrophe values at all layers and the general safety index (Section 4).

Third-layer index Intermediate index Second-layer index Intermediate index General safety index
𝐴
11

0.70 𝑥
11

0.837
𝐴
1

0.896 𝑥
1

0.947

0.944

𝐴
12

0.73 𝑥
12

0.900
𝐴
13

0.82 𝑥
13

0.952
𝐴
21

0.72 𝑥
21

0.849
𝐴
2

0.842 𝑥
2

0.944𝐴
22

0.45 𝑥
22

0.766
𝐴
23

0.69 𝑥
23

0.911
𝐴
31

0.79 𝑥
31

0.889
𝐴
3

0.819 𝑥
3

0.951𝐴
32

0.55 𝑥
32

0.819
𝐴
33

0.50 𝑥
33

0.841
𝐴
41

0.70 𝑥
41

0.837

𝐴
4

0.837 𝑥
4

0.965𝐴
42

0.72 𝑥
42

0.896
𝐴
43

0.56 𝑥
43

0.865
𝐴
44

0.70 𝑥
44

0.931

Table 6: Safety ranks based on mesolevel safety evaluations and historical crash data.

Section Mesolevel safety evaluations Historical crash data
General safety index Safety level Rank Mortality rate (death per 100 km per year) Rank

Number 1 0.956 Good 3 23 5
Number 2 0.963 Good 2 14 2
Number 3 0.981 Excellent 1 10.5 1
Number 4 0.944 Good 4 17.86 3
Number 5 0.938 Fair 8 90 10
Number 6 0.939 Good 7 19.22 4
Number 7 0.943 Good 5 38.43 9
Number 8 0.941 Good 6 29.17 7
Number 9 0.881 Poor 10 31.25 8
Number 10 0.933 Fair 9 25 6

Spearman rank tests were carried out between the general
safety index and mortality rates. The Spearman coefficient is
0.709, which indicates significant rank correlation between
the two variables. Moreover, the general safety index success-
fully identifies 4 of the top 5 crash-prone road sections.

4. Discussion and Conclusions

This paper proposes a mesolevel safety evaluation method
based on the video-based road detection (VRD) system for
first-class highways in China. The method firstly divides a
first-class highway into multiple road sections and uses the
VRD system to collect video data of existing road conditions.
Then, experienced drivers and experts are invited towatch the
collected videos to establish a multilayer safety index system
and assign values to bottom indexes. By applying catastrophe
theory, a general safety index (i.e., the top index) is derived,
which indicates the relative safety level of a road section.
Finally, all road sections’ safety can be ranked and dangerous
road sections are thus identified, based on the general safety
index. The experimental validations show that (1) the safety
index is highly correlated with real mortality rates and (2)
the safety index successfully identifies most dangerous road
sections.

Although the validations have shown encouraging results,
there are still some issues that need to be addressed here.
Firstly, this method can only estimate the relative safety of
each road section.The general safety index cannot be directly
used as a predictor of mortality rates or crash rates. Thus, the
method can only be used as a supplementary safety evaluation
method when crash/conflict data are lacking or missing. The
second issue is that there is no widely accepted criterion for
mesolevel road divisions. Expert panels need to be estab-
lished to determine the criteria of road division. However,
even experienced experts could have very different opinions
on selecting certain criteria to divide highways. Thus, the
mesolevel road division needs to be carefully conducted.
Besides, this evaluation method is only developed for first-
class highways in China. Thus, the usage of this method
is limited. Future studies can be conducted to improve the
method to allow for safety evaluations on other highway types
in China.

Another issue that needs to be addressed is that the
method is based on catastrophe theory that requires human
decisions on ranks/values of indexes. Although twenty expe-
rienced experts were invited to reduce human bias and
catastrophe theory does not require index weights compared
to other fuzzy methods, the method still needs to be further
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validated and the index system needs to be improved to
include more contributing factors.

Although the proposed method requires human judg-
ment, the introduction of advanced data collection tech-
nology (i.e., the VRD system) allows experts to thoroughly
examine road/traffic details according to video data which
could reduce human errors. Catastrophe theory avoids the
process of subjectively determining index weights compared
to other fuzzymethods, which further reduces human bias. In
general, this approach has shown its strength and potential
to be used as a supplementary safety evaluation method
that could help traffic engineers to better understand safety
implications of first-class highways in China and to identify
dangerous road sections that require further in-depth safety
analysis, when reliable crash/conflict data are missing or
lacking.
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