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Abstract—Due to the rapid development of vehicular transporta-
tion and urbanization, traffic congestion has been increasing and
becomes a serious problem in almost all major cities worldwide.
Many instances of traffic congestion can be traced to their root
causes, the so-called traffic bottlenecks, where relief of traffic
congestion at bottlenecks can bring network-wide improvement.
Therefore, it is important to identify the locations of bottlenecks and
very often the most effective way to improve traffic flow and relieve
traffic congestion is to improve traffic situations at bottlenecks. In
this article, we first propose a novel definition of traffic bottleneck
taking into account both the congestion level cost of a road segment
itself and the contagion cost that the congestion may propagate to
other road segments. Then, an algorithm is presented to identify
congested road segments and construct congestion propagation
graphs to model congestion propagation in urban road networks.
Using the graphs, maximal spanning trees are constructed that
allow an easy identification of the causal relationship between
congestion at different road segments. Moreover, using Markov
analysis to determine the probabilities of congestion propagation
from one road segment to another road segment, we can calculate
the aforementioned congestion cost and identify bottlenecks in the
road network. Finally, simulation studies using SUMO confirm that
traffic relief at the bottlenecks identified using the proposed tech-
nique can bring more effective network-wide improvement. Fur-
thermore, when considering the impact of congestion propagation,
the most congested road segments are not necessarily bottlenecks
in the road network. The proposed approach can better capture
the features of urban bottlenecks and lead to a more effective
way to identify bottlenecks for traffic improvement. Experiments
are further conducted using data collected from inductive loop
detectors in Taipei road network and some road segments are
identified as bottlenecks using the proposed method.

Index Terms—Bottleneck identification, congestion propagation,
bottleneck validation, graph theory, maximal spanning
tree, SUMO.
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I. INTRODUCTION

TRAFFIC congestion has become a serious problem in
almost all modern metropolitan cities due to increased

use of vehicular transportation, urbanization and population
increases. Congestion reduces the efficiency of transportation
infrastructure and increases travel time, air pollution and fuel
consumption, which in turn result in various social and econom-
ical problems [1]–[5].

As a major contributor to congestion, traffic bottlenecks ac-
count for 40% traffic congestion [6]. Therefore, locating traffic
bottlenecks to identify the root causes of congestion is important
and provides effective and cost-efficient means for traffic im-
provement. In addition to increasing the capacity of bottleneck
by widening the road, advanced traffic control strategies such as
traffic light control and vehicle rerouting can be implemented to
relieve congestion at traffic bottlenecks [7]–[13].

Most works in the literature on bottleneck identification fo-
cused on freeway [14]–[16]. However, bottleneck identification
in urban road networks is much more challenging. First, road
topology is more intricate in urban networks. Consequently,
vehicle travel pattern and congestion propagation pattern are
more difficult to be estimated. Second, there is more traf-
fic in urban roadways, which leads to more unexpected traf-
fic conditions in road networks. Third, other factors such
as traffic signals and social events have more significant impact
on urban roadways than on freeways. Recently, urban bottleneck
identification has received significant attention. In [24], Ma et al.
defined a parameters Im based on traffic impedance Crs and
network effectiveness E. They compared the parameter Im
before and after a particular road segment failure (in congestion)
and regarded the road segment with more difference of parameter
Im as a bottleneck. Ye et al. [17] used a critical index v/c based
on the ratio of traffic flow and road capacity of a road segment
to identify whether a road segment is a bottleneck or not. Lee
et al. [25] developed a three-phrase spatio-temporal bottleneck
mining model to identify bottlenecks in urban road networks
and considered that bottlenecks most likely existed in the spatial
cross section of two congestion propagation patterns.

Intuitively, the notion of a bottleneck implies that removal of
the bottleneck should bring network wide traffic improvement,
not just the traffic situation at the bottleneck location. As the most
significant road segments causing congestion, when congestion
occurs at bottlenecks, it is more likely to propagate to the other
road segments and cause a large-scale of congestion in road
networks. Thus, if we can identify and improve the traffic
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conditions at bottlenecks, congestion will not only be mitigated
at bottlenecks, traffic congestion in the entire road network will
also be alleviated. Following the intuitive arguments above,
to gauge bottlenecks properly, two main features should be
considered: 1) the congestion level of a bottleneck itself; 2) the
consequences of congestion propagation to other road segments.
However, most of existing works on bottleneck identification
only take congestion level cost of a bottleneck itself into con-
sideration and neglect the congestion propagation effects, which
may lead to erroneous bottleneck identification.

To fill the gap, in this paper, we first propose a novel bottleneck
definition considering both congestion costs on road segments
themselves and congestion propagation costs to other road seg-
ments. Then, a graph-theoretic method is proposed to model
congestion propagation in a road network. Furthermore, with
the combination of graph theory and Markov analysis, this paper
quantifies the congestion costs of all road segments and identifies
bottlenecks. Finally, both simulations using SUMO [27], [28]
and experiments using inductive loop detector data of Taipei
urban areas are conducted to validate our proposed bottleneck
identification method and provide an application example over
a real urban road network, respectively. More specifically, the
following contributions are made in this paper:
� An intuitive bottleneck definition is proposed considering

both the congestion level cost of a road segment itself and
the congestion contagion cost, which can better capture
the impact of bottlenecks on the road network and the
causal relationship between congestion at different road
segments. The proposed metric provides a more rigorous
way to identify traffic bottlenecks;

� A novel technique is proposed, based on a combined use
of graphical models, maximal spanning trees and Markov
analysis, to model and analyze congestion propagation in
urban road networks, which presents an effective approach
to quantify congestion propagation processes and conges-
tion costs of all road segments in road networks;

� Simulations are conducted using SUMO which demon-
strates that compared with those techniques in the literature
only considering congestion on road segments themselves
for bottleneck identification, the proposed method can cap-
ture the features of urban bottlenecks and is more effective
in identifying bottlenecks;

� Using the inductive loop detector data, the proposed tech-
nique is also applied to identify bottlenecks in urban areas
of Taipei and shows that the most congested road segments
are not necessarily bottlenecks.

The rest of paper is organized as follows. Section II presents an
overview of the existing congestion propagation and bottleneck
identification methods in urban areas. Section III presents the
proposed bottleneck identification technique. Simulations based
on SUMO and discussions are conducted in Section IV. Exper-
imental results are presented in Section V. Finally, Section VI
concludes the paper.

II. RELATED WORK

Traffic congestion in urban networks is a long-standing and
even increasing problem in modern society. Many advanced

traffic control strategies, such as traffic signal control and vehicle
rerouting, have been introduced to mitigate congestion and im-
prove the network performance in urban traffic control systems.
For signal control, Split, Cycle and Offset Optimization Tech-
nique (SCOOT) [29] and Sydney Cooperative Adaptive Traffic
System (SCATS) [30] have been applied in many cities around
the world extensively to achieve reduced vehicle delays and mit-
igate road congestion. For route guidance, the rerouting methods
have also been widely exploited to manage traffic networks in
a more organized way and relieve congestion in road networks.
Pan et al. [31] presented proactive vehicle rerouting strategies,
which computed tailored rerouting for drivers when congestion
was predicted on their routes. Simulation results demonstrated
that the route choice strategies were effective in mitigating
congestion and improving traffic efficiency. In [32] and [33],
Cao et al. developed several route guidance strategies based
on a multi-agent framework, where each local agent collected
vehicle intentions and then provided route guidance for these
vehicle by solving a route assignment problem. Simulations
were conducted based on traffic networks in Singapore and New
York using SUMO to validate the effectiveness of proposed
strategies in improving average probability of arriving on time
and total travel time. Moreover, there are also some works fo-
cusing on the combination of signal control and route guidance.
Xiao and Lo [34] formulated a traffic system considering both
day-to-day route choice and signal control, which was crucial
for developing an optimal control strategy to increase traffic
fluency and even relieve possible congestion in traffic networks.
Researchers in [35] proposed a pheromone-based traffic man-
agement system for traffic congestion mitigation, which unified
both dynamic route choice and signal control. Simulation results
showed that the proposed system outperformed other approaches
that only considered vehicle rerouting or signal control in terms
of road congestion levels, travel delays, air pollution and fuel
consumption.

For the entire traffic network, it is not reasonable to apply
traffic control strategies on all intersections or road segments
to mitigate congestion, which not only leads to more compu-
tational complexity, but also causes more extra installation and
maintenance costs. Therefore, it is necessary to locate the most
critical road segments (bottlenecks) in road networks and when
congestion on the identified bottlenecks can be relieved by ap-
plying these advanced traffic control strategies, traffic conditions
will be improved in the whole traffic network effectively and
efficiently. Most works on bottleneck identification are based on
the congestion level of a road segment itself, which evaluates the
congestion according to average travel time, travel speed and so
on, to identify the most congested road segments as bottlenecks
in urban road networks. Ye et al. [17] employed a route choice
model to simulate traffic flow and identify bottlenecks in urban
areas. They first determined an index v/c based on the ratio of
the traffic flow and the road capacity of a road segment. If the
real-time v/c is higher than a critical value, the road segment was
considered to be a bottleneck. The critical threshold in this paper
was considered as a fixed value 0.539, which was determined
empirically. However, this definition is better suited to describe
the congestion level of road segments and is really not a good
metric for bottleneck as it does not capture the important aspect
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of bottleneck that congestion at a bottleneck may spread to other
road segments. A similar definition was employed in [18], where
Long et al. took the average journey speed of a road segment
as a key parameter to determine whether the road segment can
be considered as a bottleneck. Specifically, if the average travel
speed of a road segment is larger than 20 km/h, the road segment
can be seen as a bottleneck. In [19], Gong and Wang identified
the congestion of each road segment based on the road occu-
pancy on each road segment itself, where 30% of the average
occupancy was considered as the threshold to differentiate the
“uncongested state” and “congested state”. Moreover, they ana-
lyzed the temporal relations among the detected road segments
and regarded the road segment where congestion occurred first
as a bottleneck. However, the first congested road segment is
not necessarily the root cause of congestion in urban areas.
In summary, these bottleneck identification methods were only
based on the congestion level of road segment itself and did not
consider the congestion propagation effects.

On the other hand, as a novel insight to analyze causal
relationship between congestion on different road segments,
congestion propagation in urban areas has received significant
attentions recently [20]–[25]. In [20], Nguyen, Liu and Chen
introduced an algorithm to construct causality trees based on
congestion propagation, which demonstrated the congestion
propagation pattern and estimated their propagation probabil-
ities based on temporal and spatial information of congestion.
Then, they found the frequency sub-structures in these causality
trees to discover frequent patterns of congestion propagation
in the road network, which can reveal not only the recurring
interactions among spatio-temporal congestion, but also poten-
tial bottlenecks in road network. Wang et al. [21] proposed a
three-phase framework to study congestion correlation between
road segments using GPS trajectories of taxis. They extracted
various features on each pair of road segments and analyzed the
important features which led to congestion correlation between
two road segments in urban areas. They found the important
features that could lead to a high/low congestion correlation,
such as time of the day, betweenness and closeness of each road
segment. In [22], Tao et al. analyzed the congestion relationship
between road segments and their simulation results suggested
that the congestion of a road segment was affected by the road
network structure and congestion of its adjacent road segments.
The same conclusion was drawn in [23], where Li, Liu and Zou
utilized a coordination game model to analyze the critical condi-
tion that could lead to congestion propagation. They found that
the influence of congested road segments on other adjacent road
segments is a key contributor to traffic congestion propagation in
urban environment, and when the influence reaches to a certain
critical threshold (determined by the road network topology), a
massive traffic congestion will be generated.

Based on the aforementioned researches, some urban bottle-
neck identification methods have been proposed taking conges-
tion propagation into account directly or indirectly. In [24], Ma
et al. took traffic impedance Crs and network effectiveness E
into consideration and combined the two parameters together as
a new parameter Imbased on a certain weight. They regarded the
road segments with significant difference in the parameter Im
before and after a particular road segment failure (in congestion)

as bottlenecks. However, because the traffic impedance and
network effectiveness are difficult to calculate, the performance
of their proposed method is yet to be comprehensively vali-
dated. Moreover, this method did not explicitly consider the
congestion propagation relationships between road segments.
Lee et al. in [25] developed a three-phrase spatio-temporal traffic
bottleneck mining model to identify bottlenecks and considered
that bottlenecks most likely existed in the spatial cross area of
two congestion propagation patterns. A congestion propagation
pattern depicts the congestion propagation relationship between
two congested areas. Using data collected from a taxi dispatch-
ing system, the experimental results showed the effectiveness
of the proposed method in congestion prediction and bottleneck
identification. Reference [25] was the first paper that identify
urban bottlenecks explicitly based on the congestion propaga-
tion feature and spatio-temporal property of urban bottleneck.
However, the bottleneck identification method in [25] defined
urban bottlenecks as the spatial cross area of two congestion
propagation patterns, which failed to quantify the congestion
cost to give a rigorous and intuitive identification of bottlenecks.
Moreover, [25] considered only congestion propagation of two
congested areas and could not extend to the whole urban road
network. Our previous work [26] also studied a bottleneck iden-
tification method considering congestion propagation effects,
however, the definition and calculation of congestion costs were
not well-conducted and the validation of identified bottlenecks
should also be further investigated.

In order to overcome the shortcomings of the aforementioned
works, in this paper, we propose a novel congestion bottle-
neck definition taking into account the two identifying features
of bottlenecks: congestion level cost of a road segment itself
and contagion cost that the congestion may propagate to other
road segments. Novel graph theoretical technique and Markov
analysis are employed to analyze and quantitatively determine
the two costs. Both simulations using SUMO and experiments
using inductive loop detector data are presented to demonstrate
the effectiveness of our proposed method in urban bottleneck
identification.

III. BOTTLENECK IDENTIFICATION TECHNIQUE

In this section, a bottleneck identification technique is pre-
sented and a roadmap of the technique is given in Fig. 1. Firstly,
we introduce a metric about road congestion (Fig. 1(a)) and a
definition of congestion correlation between two road segments
(Fig. 1(b)), which indicates the causal relationship between
congestion at different road segments. Then, based on the cor-
related congestion, we build a graphical model to represent the
congestion correlations and analyze the congestion propagation
pattern in the network (Fig. 1(c) (d)). Finally, considering both
congestion of a road segment itself and congestion propagation
effects, we quantify congestion costs of all road segments and
identify traffic bottlenecks (Fig. 1(e)).

A. Congestion and Congestion Correlation

Traffic congestion has become one of the most major and
costly problems in many cities, which always leads to an in-
crease in travel time and a decrease in velocity. Generally,
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Fig. 1. Roadmap of bottleneck identification technique.

traffic congestion can be categorized as recurrent congestion and
non-recurrent congestion and their identification and detection
methods are also different. On the one hand, researchers often
identify recurrent congestion by setting up a critical threshold
for a variety of metrics, such as travel time, speed and road
occupancy. Most of the critical thresholds are seen as a fixed
value [41], [42] and when the monitored real-time traffic metric
on a road segment is higher or lower than a pre-designated
threshold, the traffic condition of this road segment can be seen as
congestion. For example, following a document of the Ministry
of Public Security of China [43], if the average speed of vehicles
on a road segment is less than 20 km/h, this road segment can be
regarded to be congested. However, the fixed threshold is usually
determined empirically and does not take the characteristics of
individual road segment into consideration, such as road lengths,
number of lanes and speed limits. In this case, some works
defined recurrent congestion considering different properties of
each road segment [20], [44]. For instance, Nguyen et al. [20]
suggested that a segment was considered as congested at a
specific time if the average travel time is longer than 80% of its
time distribution. On the other hand, non-recurrent congestion in
a road network is mainly caused by incidents, workzones, special
events and extreme weather [45]. Comparatively, the identifica-
tion of non-recurrent congestion is much difficult, which is often
dealt as a pattern recognition problem and many classifiers are
utilized to determine the locations and severities of non-recurrent
congestion [46], [47]. In this paper, to identify the long-term
traffic bottlenecks in urban traffic networks, we mainly concern
about the identification of recurrent congestion.

As an important metric to evaluate road conditions, researches
about vehicle travel speed have been conducted along several
directions, such as travel speed forecast [36]–[40] and traffic
congestion detection [41], [42]. Existing studies about travel
speed forecasting have shown their capabilities in predicting fu-
ture traffic states, such as autoregressive integrated moving aver-
age (ARIMA) [36], Convolutional Neural Networks (CNN) [37]
and Graph Convolutional Networks (GCN) [38]–[40]. These
methods have the potential to be applied in congestion detection
by using the critical threshold for average travel speed to classify
the real-time congestion status of road segments. Therefore,
in this paper, to identify traffic congestion, the evaluation is
done based on the average travel speed of each road segment.
More specifically, a road segment is considered as congested
at a specific time if its travel speed is lower than the n% of its
average travel speed, where n is varies between 10 and 90 in our
experiments. Fig. 2 shows the travel speed on a road segment
over 12 hours, where each point represents the travel speed at

Fig. 2. The average travel speed of a road segment within 12 hours.

each minute. The average travel speed (38.67 km/h) and 60%
of the average travel speed (23.2 km/h) on the road segment are
presented by red dotted line and black dotted line, respectively.
This road segment can be marked as congested where the average
travel speed is lower than 23.2 km/h.

Furthermore, when congestion occurs on a road segment,
it may potentially affect the traffic flows of surrounding road
segments and lead to more congested road segments. Therefore,
it is essential to analyze and uncover the correlation between con-
gestion on different road segments. To achieve this, we propose
a congestion correlation definition based on the spatial-temporal
relationship of two road segments, as follows:

Definition 1. (Congestion correlation between two road seg-
ments): Congestion on a road segment A is correlated with
congestion on road segment B, if the following requirements
are satisfied.
� Spatial threshold: the shortest path distance between con-

gestion on road segments A and B is less than a pre-
designated spatial threshold.

� Congestion propagation speed interval: according to the
shortest path distance and time difference between conges-
tion occurring at road segments A and B, the congestion
propagation speed between the two road segments should
be within a pre-designated (and empirically set) congestion
propagation speed interval.

In this paper, we consider that congestion at two different road
segments are correlated only if both the spatial threshold and the
congestion propagation speed interval are met. Compared with
existing works [21], [25], the congestion correlation definition
in this paper has two merits: firstly, determining the spatial
threshold Ts based on the shortest path distance can indicate
the congestion propagation path and the propagation direction
in the actual traffic network; secondly, the congestion prop-
agation speed interval can better capture the spatial-temporal
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Fig. 3. An illustration of the congestion correlation between two road
segments.

relationship of congestion propagation. The two thresholds are
set empirically and may be different for different cities.

An example is given in Fig. 3. Congestion occurs on road
segment 1 at 17:00 and we need to investigate the correlated
congested road segments for road segment 1 based on our pro-
posed congestion correlation definition. According to the spatial
threshold Ts, we first determine the shortest path distance from
congested road segment 1 to its upstream road segments in the
road network, as shown in Fig. 3. In this way, because the shortest
path distance between congested road segment 1 and congested
road segment 4 is larger than the spatial threshold Ts, congestion
on road segment 4 is not considered to be correlated with con-
gestion on road segment 1. Moreover, in terms of congested road
segments 2 and 3, their shortest path distances from congested
road segment 1 are both less than the spatial threshold Ts. How-
ever, congestions on road segments 1 and 3 occur at almost the
same time despite that the shortest path distance between them is
relatively large. Therefore, when congestion propagation speed
is taken into account, it is unlikely that congestions on road seg-
ments 1 and 3 are correlated. Hence considering both the spatial
threshold and the congestion propagation speed interval, only the
congestion on road segment 2 is considered to be correlated with
the congestion on road segment 1 and we can further obtain the
causal relationship “congested road segment 1→ congested road
segment 2”.

B. Congestion Propagation Graph and Maximal
Spanning Tree

In this subsection, according to the aforementioned conges-
tion correlation definition, we first connect these correlated
segments together based on their spatial relationship to construct
congestion propagation graphs (CPG). Then, using the con-
structed congestion propagation graphs, we employ a maximal
spanning tree algorithm to obtain a set of trees in the graphs,
where each tree includes as many edges in the congestion
propagation graphs as possible, to capture the causal relation
among congestion at different road segments.

Fig. 4. An illustration of the construction of congestion propagation graphs.

More specifically, using the procedure described in the pre-
vious subsection, we can obtain a set of congestion correlated
road segments and each correlation relationship can be seen as a
directed edge, which indicates that congestion propagates from
the road segment corresponding to the start vertex of the edge
to the second road segment corresponding to the end vertex of
the edge. Then, using Algorithm 1, we can connect the obtained
congestion correlations (i.e., these directed edges) together to
construct a set of disjoint directed graphs. An example is shown
in Fig. 4. Assuming that we have constructed two disjoint
congestion propagation graphs, we need to add the other four
new correlations 4 −→ 6, G −→ C, 8 −→ 9 and 1 −→ A into
the graphs. As depicted in the congestion propagation graph I
of Fig. 4, if either road segment in a correlation relation already
exists in the current graphs, such as correlation 4 −→ 6 and
G −→ C, we can connect the correlation to the corresponding
graph (lines 7–8). If none of the two road segments in a corre-
lation relation are in the existing graphs, such as correlation
8 −→ 9, then this edge (and the associated vertices) should
form the first edge of a new graph, as shown in the congestion
propagation graph II of Fig. 4 (lines 9–11). Moreover, if one road
segment in a correlation is in a graph and another road segment
in a correlation is in another graph, such as correlation 1 −→ A,
then we can join the two graphs together and form one graph, as
shown in the congestion propagation graphs III (lines 12–13).
However, if two road segments in a correlation are both in a same
graph, then we can delete this correlation (lines 15). In this way,
we can construct several disjoint congestion propagation graphs
using the aforementioned correlation relationship.

Then, using the constructed congestion propagation graphs,
we can construct maximal spanning trees from the graphs, which
is required to compute the congestion cost of each road segment
in the trees. The following gives a formal definition of the
maximal spanning trees considered in this paper.

Definition 2. (Maximal spanning tree): A maximal span-
ning tree is a tree with a maximal set of directed edges (i.e.,
correlations) such that there is a unique (directed) path from the
root of the tree (i.e., a road segment) to any other vertex (i.e.,
the end point of an edge) of the tree.
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Algorithm 1: Constructing Congestion Propagation Graph
(CPG).

1: Input: a set of congestion correlations and there are
two road segments (road segment A and road segment
B) in a correlation indicating congestion propagates
from road segment A to road segment B.

2: Output: a set of congestion propagation graphs.
3: Graph1 ← an empty set;
4: CPG← an empty set;
5: CPG← CPG

⋃
Graph1;

6: for Each correlationi (i ∈ (1, . . ., N)) do
7: if ((road A ∈ one of graphs in CPG (e.g. Graphm))

&& (road B /∈ all graphs in CPG)) || ((road B ∈ one
of graphs in CPG) && (road A /∈ all graphs in
CPG)) then

8: Graphm ← Graphm

⋃
correlationi;

9: else if (road A/∈ all graphs in CPG) && (road B/∈
all graphs in CPG) then

10: Graphnew ← correlationi;
11: CPG← CPG

⋃
Graphnew;

12: else if (road A ∈ the mth graph Graphm in CPG)
&& (road B ∈ the nth graph Graphn in CPG) then

13: Graphm ← Graphm

⋃
Graphn;

14: else
15: Delete correlationi;
16: end if
17: end for
18: return CPG;

Following Definition 2, in order to quantify the congestion
propagation effects caused by one road segment and calculate
its congestion propagation cost, we present an algorithm based
on Breadth First Search (BFS) as shown in Algorithm 2 and
consider each road segment as a root node to construct a maximal
spanning tree respectively from congestion propagation graphs.
An example is given to illustrate the construction of maximal
spanning trees. As depicted in Fig. 5, a congestion propagation
graph is obtained based on our proposed method above, which
consists of 5 vertices (road segments) and 9 directed edges
(correlations). Regarding road segments A, B, C, D and E as
the root of a tree respectively, we can get 5 different maximal
spanning trees (because congestion on road segment E does
not propagate to the other road segments, the fifth tree only
consists of a root node, i.e., road segment E) and each of them
indicates the congestion propagation path and influence areas
when congestion occurs on the root road segment.

C. Bottleneck Identification

Bottlenecks are a result of specific physical conditions, such
as road network geometries, roadway operation strategies and
traffic demand fluctuations, which are often the most vulnerable
points in a road network [48]. Therefore, it is essential to identify
urban bottlenecks for locating the root cause of congestion in
a road network. In this subsection, according to the existing

Algorithm 2: Constructing Maximal Spanning Trees in
a Graph.

1: Input: a set of congestion propagation graphs.
2: Output: a set of maximal spanning trees.
3: for Each graphn (n ∈ (1, . . . , N)) do
4: Compress graphn to adjacency matrix An;
5: for Each nodem (m ∈ (1, . . .,M)) do
6: head = 1;
7: tail = 1;
8: queue(head) = m;
9: head = head+ 1;

10: flag = m;
11: tree←an empty set;
12: while tail �= head do
13: i = queue(tail);
14: for j = 1 to the dimension of An do
15: if An(i, j) == 1 && j /∈ flag then
16: queue(head) = j;
17: head = head+ 1;
18: flag ← flag ∪ j;
19: tree← tree ∪ [i, j];
20: end if
21: end for
22: tail = tail + 1;
23: end while
24: return tree;
25: end for
26: end for

definitions about congestion costs [24], [49], [50], we first
propose a novel congestion cost definition and the corresponding
bottleneck definition. Then, we elaborate the procedures to
identify bottlenecks by calculating both the congestion level
cost of a road segment itself and the contagion cost that the
congestion may propagate to other road segments.

To better identify long-term bottlenecks and quantify their
negative effects to the entire road network precisely, we should
not only calculate the congestion levels on road segments, but
also analyze the congestion propagation influences of these
roads to their neighboring road segments. For the quantification
of congestion level on each road segment, in order to describe
the long-term traffic condition of a road segment, in this paper,
we calculate the average road occupancy with consideration of
road importance to measure the congestion level cost of a road
segment itself. Moreover, due to the difficulties in congestion
propagation process estimation and quantification, in this paper,
we utilize Markov analysis to build the bridge between conges-
tion on two different road segments by the congestion propaga-
tion probabilities. Then, combining with the maximal spanning
trees, the congestion propagation costs of all road segments in
a road network can be obtained and quantified. Specifically,
the definition of congestion cost and urban bottlenecks are
demonstrated in Definition 3 and Definition 4, respectively.

Definition 3. (Congestion cost): Traffic congestion cost of
a road segment indicates the quantification of congestion on
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Fig. 5. An illustration of the construction of maximal spanning trees.

this road segment that causes the negative influence on the
whole road network, which can be expressed as the sum of
the congestion level cost of the road segment itself and the
congestion propagation cost that the congestion may propagate
to other road segments. The first item is calculated based on
the normalized average road occupancy and the importance of
the road segment and the second item is determined using the
congestion propagation probabilities from this road segment to
the other road segments and the congestion costs of the involved
road segments based on the obtained maximal spanning trees.

Definition 4. (Bottlenecks in urban areas): Urban traffic
bottlenecks indicate that the most significant road segments
that cause more congestion costs in urban areas, which can be
determined when congestion costs of road segments exceed a
pre-designated threshold.

Firstly, we can calculate the congestion costs of road segments
themselves in the road network. By using the inductive loop
detector data, it is convenient to collect road occupancy data
to quantify the real-time road condition on each road segment,
which is defined as the percentage of a road segment occupied
by vehicles [51]. Therefore, in this paper, we utilize the average
road occupancy to indicate congestion levels of road segments.
However, the same level of congestion on different road seg-
ments may have different impact on a road network, so we
normalize the average traffic flow on each road segment by the
maximum flow as the weights of their road congestion levels. For
road network with N road segments, let the normalized average
traffic flows on all road segments be [X1, X2, . . . , XN ] and the
average occupancy of all road segments be [Y1, Y2, . . . , YN ]. The
weighted congestion levels of road segments can be presented
as

[X1 ∗ Y1, X2 ∗ Y2, . . . , XN ∗ YN ] . (1)

Furthermore, we utilize the normalized congestion levels of
road segments to indicate congestion costs of road segments

Algorithm 3: Calculating the Total Congestion Cost of Root
Node in a Maximal Spanning Tree.

1: Input: a maximal spanning tree; congestion levels of
all nodes in the tree; and congestion propagation
probabilities of all vertexes in the tree.

2: Output: the total congestion cost of root node.
3: while there are n (n ≥ 2) nodes in the tree do
4: Find the leaf nodes in the tree.
5: Calculate congestion contagion costs from leaf

nodes to their parent nodes.
6: Add the congestion contagion costs to the

corresponding parent nodes.
7: Delete the leaf nodes and the connected edges to

form a new tree.
8: end while
9: return the total congestion cost of root node.

themselves, which is

[W1,W2, . . . ,WN ] , (2)

where Wi =
Xi∗Yi

max{X1∗Y1,X2∗Y2,...,XN∗YN } .
Next, utilizing the obtained maximal spanning trees, we can

calculate the congestion contagion costs of all the road segments
in the trees. This is done by the first determining the congestion
propagation probabilities between two road segments connected
by an edge, such asA −→ B,A −→ C,A −→ D andD −→ F
in Fig. 7. In this paper, we utilize Markov analysis to de-
termine the probabilities of congestion propagation from one
road segment to another road segment [52], which provides an
intuitive way to better capture the causal relationships between
congestion on different road segments and quantify congestion
propagation probabilities. Specifically, suppose that At = 1 de-
notes the event that road segment A is congested at time t and
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Fig. 6. Congestion cost calculation of root node in a tree.

Fig. 7. An illustration of the determination of the congestion propagation
probability.

Bt = 1 denotes the event that road segment B is congested at
time t, the congestion propagation probability PAB from road
segment A to road segment B (A −→ B) can be calculated
according to a conditional probability in (3), which indicates
the probability that road segment B is congested at time t0 + τ
(Bt0+τ = 1) given that congestion occurs on road segment A at
time t0 (At0 = 1).

PAB = P (Bt0+τ = 1 | At0 = 1) , (3)

where τ indicates a time instant and should fulfill the condition
in (4).

Distance(A,B)

Speedmax
≤ τ ≤ Distance(A,B)

Speedmin
, (4)

where Distance(A,B) denotes the shortest path distance
Distance(A,B) between road segments A and B, Speedmax

and Speedmin are determined according to the upper and
lower bounds of congestion propagation speed interval in
Definition 1, respectively.

Based on the obtained congestion propagation probabilities
of all congestion correlations and the topologies of maximal
spanning trees with different root nodes, we propose an algo-
rithm to calculate the congestion costs of all road segments
in urban traffic network, as shown in Algorithm 3. For easy
implementation, we calculate the congestion cost of root node in
each tree starting from the leaf nodes (outdegree= 0) recursively
to the parent nodes of these leaf nodes and so on, till reaching the
root of the trees. An example is shown in Fig. 6, and there are five
nodes with congestion costs [WA,WB ,WC ,WD,WE ] and six
directed edges with the corresponding propagation probabilities.

As we can see that, node A is the root of the tree and congestion
at road segment A propagates to road segments B, C, D and E
gradually. To calculate the congestion cost of node A, we start
from the leaf node E and the corresponding directed edges AE
and DE. Using the normalized road congestion cost of node E,
WE and congestion propagation probabilities of edge AE and
DE, PAE and PDE , we can first get the congestion contagion
costs caused by congestion propagation from road segment A
to road segment E and road segment D to road segment E,
which is PAEWE and PDEWE , respectively. Then, we delete
the node E and edges AE and DE, thus the tree in Fig. 6(a) can
be presented as Fig. 6(b). Because node D is the leaf node in
this new tree, considering both normalized congestion level WD

and congestion contagion costs propagating to the other nodes,
PDEWE , the total congestion cost of node D can be written
as WD + PDEWE . In this way, we can recursively obtain the
congestion costs of node B and node C and eventually get the
total congestion cost of the root node road segmentA, as follows:
� Road segment B: WB + PBD(WD + PDEWE);
� Road segment C: WC + PCD(WD + PDEWE);
� Road segment A: WA + PAB [WB + PBD(WD +
PDEWE)] + PAC [WC + PCD(WD + PDEWE)] +
PAEWE .

Hence considering both the congestion level cost of road
segment A itself and its congestion propagation effects, we can
rigorously quantify the total congestion cost caused by road
segment A to the whole traffic network using our proposed
graph-based approach. Similarly, for the other road segments,
we can also calculate their total congestion costs according to
the maximal spanning trees with different root nodes. Further,
following Definition 4, we regard the road segments with higher
congestion costs as the bottlenecks in the whole urban road
network.

IV. SIMULATION AND DISCUSSION

Because of the difficulty in validating our proposed bottleneck
identification method in actual road networks, in this section,
using a traffic simulator SUMO, we first identify bottlenecks in
a simplified network based on the City of Sioux Falls, South
Dakota, USA. Then, we increase the number of lanes at each
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Fig. 8. Sioux falls network.

road segment and compare the average traffic speed in the total
network before and after these increases to validate the effec-
tiveness of our proposed graph-theoretic approach. Moreover,
based on different vehicle arrival rates, we compare the average
traffic speed under the real road network, road network with an
increased number of lanes on the identified bottlenecks using
existing method in the literature and network with increased
number of lanes on the identified bottlenecks using our proposed
method to validate the effectiveness of the proposed graph-
theoretic bottleneck identification approach.

A. Sioux Falls Network

Sioux Falls network is very popular within the transport
research community and has been used as a benchmark and test
scenario in many publications [53]–[55]. As shown in Fig. 8,
using a map of the City of Sioux Falls, 24 nodes of the network
are matched to the major intersections of the city and 76 directed
edges of the network roughly are matched to the major arterial
roads of the city. The lengths of all road segments are set equal to
the Euclidian distances between the respective two intersections
in real road network and each road segment is set with 2 lanes,
which is also a good simulation of the real conditions [53].

B. Bottleneck Identification Based on Our Proposed Method

In this subsection, we first set the average vehicle arrival rate
of Sioux Falls network to be 7200 vehicles per hour. Then,
using our proposed graph-theoretic approach, we identify bot-
tlenecks under different congestion thresholds respectively and
evaluate the travel speed improvement of the road network after
increasing the number of lanes on each identified bottleneck.
These results can be utilized to analyze the effectiveness of our
proposed bottleneck identification method under different con-
gestion thresholds and determine the most appropriate threshold

TABLE I
THE EVALUATION OF TRAVEL SPEED IMPROVEMENT UNDER

DIFFERENT CONGESTION THRESHOLDS

for classification of road segments’ congestion status. Finally,
based on the threshold, we represent the congestion costs on
road segments themselves and congestion propagation costs,
respectively, and identify bottlenecks in Sioux Falls network.

As illustrated in Table I, we investigate the travel speed
improvement with the congestion identification thresholds of
road segments, which varies from 10% of their average travel
speeds to 90% of their average travel speeds. It can be noted that
as the percentage increases, the number of congestion propaga-
tion trees follows an upward trend until congestion occurs on
almost all road segments in Sioux Falls network. This trend is
expected, because more and more traffic statuses are regarded as
congestion with an increase of the congestion threshold. More
importantly, according to different congestion thresholds, we
utilize the existing method (based on congestion level only)
and our proposed method (with combination of congestion level
and congestion propagation) to identify bottlenecks in Sioux
Falls network, respectively. We can see that after increasing the
number of lanes at the identified bottlenecks, the travel speed
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Fig. 9. Congestion costs of road segments and identified bottlenecks in Sioux
Falls network.

improvement follows a declining trend with an increase of the
congestion threshold for the existing method. The reason lies in
that the existing method about bottleneck identification is better
suited to describe the congestion level of road segments. At the
same time, the smaller the congestion threshold is, the worse
road conditions of the identified bottlenecks are. However, when
the threshold is determined as 60%, our proposed bottleneck
identification method can achieve the highest improvement of
the average travel speed in Sioux Falls network. Thus, in this
paper, we choose 60% of the average travel speeds as the metric
to classify the real-time congestion status of road segments.

Using the threshold, we display the congestion costs on
road segments themselves and congestion propagation costs
respectively. As shown in Fig. 9, the horizontal axis indicates
each road segment in Sioux Falls network and the vertical axis
demonstrates the congestion costs of all road segments. The
grey bars indicate congestion costs of road segments themselves,
which are obtained according to the normalized congestion
levels on each road segments (in Subsection III-C) and the
white bars describe the congestion propagation costs which are
calculated based on the aforementioned congestion propagation
graphs and maximal spanning trees (in Subsection III-B). The
sum of congestion level costs and congestion propagation costs
are considered as the total congestion costs of road segments
in the road network. We can see that based on the existing
bottleneck identification method (considering congestion lev-
els of road segments only), road segments 48 and 55 will be
identified as bottlenecks in Sioux Falls network. However, when
we also take congestion propagation effects into consideration
to quantify the congestion costs for all road segments in the
road network, road segments 28 and 51 are more likely to be
regarded as bottlenecks, as illustrated in Fig. 9. Especially, the
congestion level on road segment 28 is not very high compared
with the other road segments (e.g., road segments 48, 51 and
55). However, as shown in Fig. 8, congestion on road segment
28 tends to propagate to road segments 48, 51 and 55 due to the
spatial connections between these road segments. In this case,
considering both congestion level and congestion propagation,
the congestion cost of road segment 28 is much higher such that
this road segment is more likely to be a bottleneck in Sioux Falls

Fig. 10. Increasing the number of lanes on each road segment.

Fig. 11. Percentage of travel speed improvement in road network after
increasing the number of lanes on each road segment.

network. These results demonstrate that the most congested road
segments do not always incur more congestion costs in the whole
traffic network and identifying bottlenecks in urban areas only
according to the congestion levels of road segments is not always
effective. Moreover, by quantifying congestion costs for all road
segments in a road network, more than one bottleneck can be
identified in a spatio-temporal congestion propagation area.

C. Bottleneck Verification

As mentioned in Subsection III-C, an intuitive definition of
bottlenecks is that traffic improvement at bottlenecks brings the
most significant network-wide traffic improvement. Therefore,
in this subsection, in order to validate the effectiveness of our
proposed method in identifying bottlenecks, we increase the
number of lanes on each road segment on SUMO and compare
the percentage of travel speed improvement in the road network
before and after each increase respectively. An example is given
in Fig. 10, where the number of lanes on road segment 55 is
increased from 2 to 3 and we can analyze the importance of
congestion on road segment 55 to the traffic conditions in the
entire Sioux Falls network by comparing the average network
travel speed under the two scenarios respectively.

As indicated in Fig. 11, after increasing the number of lanes on
each road segment, the average travel speed of road network will
be improved. Especially, there are significantly improvements
of the average travel speed in the road network after increasing
the number of lanes on road segments 28 and 51, which are
91.4% and 98.3% respectively. Thus, road segments 28 and 51
have greater impacts on traffic conditions of the entire road
network and according to our proposed bottleneck definition
in Definition 4, the two road segments can be considered as
bottlenecks in Sioux Falls network. The result suggests that
our proposed bottleneck identification method considering con-
gestion levels and congestion propagation costs simultaneously
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Fig. 12. Average travel speed of the road network after increasing the number
of lanes on identified bottlenecks based on the existing methods and our proposed
method.

can better capture the features of urban bottlenecks and have a
superior performance in identifying bottlenecks for urban traffic
networks.

D. Comparison With the Existing Bottleneck
Identification Method

In this subsection, we first identify bottlenecks by using our
proposed graph-theoretic method, the first congestion based
method [19], congestion level based method and spatial cross
area based method [25], respectively. Specifically, for our pro-
posed method, as shown in Fig. 8, road segments 28 and 51
are regarded as bottlenecks in Sioux Falls network. For the first
congestion based method, the road segment where congestion
occurs first is more likely to be considered as a bottleneck,
thus road segments 65 and 72 are seen as bottlenecks in the
road network. For the congestion level based method, the road
segments with higher congestion level are considered as bot-
tleneck, as illustrated in Fig. 8, road segments 48 and 55 are
regarded as bottlenecks. Finally, according to the spatial cross
area based method, the road segments located at the spatial cross
area of two congestion propagation patterns are more likely to be
bottlenecks, in this case, road segments 51 and 63 are regarded
as bottlenecks in Sioux Falls network.

Then, we increase the number of lanes on each identified
bottleneck and compare the average travel speed of the road
network based on different bottleneck identification methods
under different vehicle arrival rates. As shown in Fig. 12, the
horizontal axis indicates the vehicle arrival rate of the entire
road network and the vertical axis describes the average network
travel speed. We can see that when the vehicle arrival rate is
small, after increasing the number of lanes on each identified
bottleneck based on the existing methods and our proposed
method, the average travel speed of the road network has little
improvements. This is expected because the capacity of the road
network has not been saturated and increasing the number of
lanes on bottlenecks can hardly improve the average travel speed

Fig. 13. An illustration of the locations of inductive loop detectors in Taipei.

of the road network. However, with the increase of vehicle arrival
rates, congestion starts to occur in the road network, and in
this occasion, when we increase the number of lanes on each
bottleneck identified by both the existing methods and our pro-
posed method, the average travel speed of the road network will
be improved obviously. Furthermore, when vehicle arrival rates
are large enough, increasing the number of lanes on bottlenecks
identified by our proposed method will bring more improvement
on network travel speed than increasing the number of lanes on
bottlenecks identified by the existing methods. Especially, when
the vehicle arrival rate is 7200 veh/h, the average travel speed can
be improved by 25.3% using the first congestion based method,
by 47.7% using the congestion level based method and by 74.3%
using the spatial cross area based method, while our proposed
method can provide 95.2% travel speed improvement for the
road network, which indicates that our proposed bottleneck
identification approach considering congestion propagation can
provide a more effective and rigorous way to identify bottlenecks
in road networks.

V. EXPERIMENTS AND DISCUSSION

In this section, we carry out experiments utilizing data col-
lected from loop detective sensors in the traffic network of
Taipei, Taiwan and use the proposed technique to identify bot-
tlenecks in Taipei.

A. Data

An inductive loop detectors data set from the urban traffic
network of Taipei, Taiwan is used for this research. The detector
data were collected from 1 April, 2013 to 30 April, 2013 and
we choose the weekday data to implement our experiments.
In this data set, there are 153 detectors in the urban areas, as
shown in Fig. 13 and the average speed, occupancy and flow
data of all the detectors over 1-minute intervals for 24 hours a
day were available. In this paper, we choose the average speed
data to determine whether the road segments are congested
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Fig. 14. An illustration of the histogram of the congestion propagation speed.

and implement our bottleneck identification using the proposed
technique.

B. Experiments on Congestion Correlations

Utilizing the classification of congestion and non-congestion
introduced earlier in the paper, we first obtain a set of congested
road segments based on the inductive loop detectors data in
Taipei. Then, we need to enforce the spatial threshold Ts and
congestion propagation speed interval to get a set of congestion
correlations based on the proposed Definition 2.

Term two road segments connected directly as first-order
spatial neighbours. Then, it naturally follows that the second-
order spatial neighbours of a road segment are the first-order
neighbours of their first-order neighbours (excluding itself)
and so on [56]–[58]. According to the simulation results in
Section IV and the analytical result in [57], we find that the
presence of spatio-temporal correlation between road segments
extends to spatial order three but the strength of the correlation is
diminished significantly beyond three orders. Therefore, in the
experiments, we set the spatial thresholdTs as 2 km according to
the actual average road length of traffic network in Taipei. In this
way, we can connect two congested road segments as congestion
correlated road segments. However, because of incidents in
urban areas, such as traffic accidents and road construction, there
might be some incidental congestion correlations which occur
only few times and if we take these congestion correlations into
consideration, it will lead to erroneous bottleneck identification.
Therefore, in this paper, we need to delete these rarely happened
congestion correlations and obtain a set of preliminary conges-
tion correlations.

Moreover, we also need to determine the congestion propa-
gation speed interval to pick out the realistic congestion correla-
tions. Therefore, we calculate the congestion propagation speed
of all the preliminary congestion correlations which is obtained
only based on the spatial threshold Ts using their shortest path
distances and the corresponding congestion time. Then, we can
obtain the histogram of the speed of the preliminary congestion
correlations, as shown in Fig. 14. However, if the shortest
path distance between two road segments in a correlation is
comparatively large (smaller than Ts) and congestion in the two
road segments occur almost at the same time, then the congestion
propagation speed will be quite large. Similarly, if the shortest

path distance between two road segments in a correlation is small
and congestion in the two road segments occurs successively
during a long time period, then the congestion propagation
speed will be quite small. Both scenarios suggest a possible
non-casual relationship. Therefore, in order to eliminate the
impact of the aforementioned extreme congestion propagation
speed, we choose a 80% confidence interval to determine the
congestion propagation speed interval where the area in left
tail is 15% and the area in right tail is 5%, according to the
existing studies [21], [25] about congestion propagation speed
and the actual road traffic network of Taipei. After deleting
the preliminary congestion correlations which are not within
the congestion propagation speed interval, we can get a set of
congestion correlations and all of them can be seen as directed
edges to construct congestion propagation graphs.

C. Experiments on Congestion Propagation Graphs
and Maximal Spanning Tree

In this subsection, using the obtained congestion correlations,
we connect them together based on our proposed method in
Subsection III-B to construct congestion propagation graphs
and map them onto the urban road network of Taipei, as shown
in Fig. 15. We can see that there are 5 connected congestion
propagation graphs in Fig. 15 and all the graphs are marked
by different colors. The largest congestion propagation graph is
located in the west of urban areas (the red solid line) and includes
the most number of congestion correlations. This suggests that if
congestion occurs in this area, the congestion tends to propagate
to the more road segments and bottlenecks are more likely
located among these road segments.

Then, utilizing Algorithm 2, we can build the maximal span-
ning trees from these congestion propagation graphs by re-
garding each road segment of these graphs as the root node
of a congestion propagation tree respectively. For convenience,
we present one maximal spanning tree from each congestion
propagation graph. As shown in Fig. 16, road segment 27 is
the root of one of the maximal spanning trees in CPG 1, road
segment 18 is the root of one of the maximal spanning trees
in CPG 2, road segment 63 is the root of one of the maximal
spanning trees in CPG 3, road segment 91 is the root of one of
the maximal spanning trees in CPG 4, and road segment 39 is the
root of one of the maximal spanning trees in CPG 5. Particularly,
the maximal spanning tree with root road segment 27 consists
of 11 edges and congestion from road segment 27 can almost
propagate to the whole west urban area of Taipei.

D. Experiments on Bottleneck Identification

In this subsection, according to the obtained maximal span-
ning trees, we calculate congestion costs of all road segments and
then identify bottlenecks in urban traffic network of Taipei based
on our proposed bottleneck identification approach. As shown in
Fig. 17, the horizontal axis indicates each road segment in Taipei
and the vertical axis describes congestion costs of all the 153 road
segments. Moreover, the congestion propagation costs of road
segments and the congestion costs of road segments themselves
are marked by the white and grey bars respectively, and the sum
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Fig. 15. An illustration of congestion propagation graphs in Taipei.

of them can be seen as the total congestion cost of each road
segment in Taipei road network. We can see that the congestion
costs of some road segments are mainly caused by congestion
costs on road segments themselves, such as road segments 30,
42, 50 and 121. While congestion on some road segments trends
to propagate and leads to congestion on the other road segments,
so the congestion costs of these road segments are mainly caused
by congestion propagation costs, such as road segments 48 and
125. In this case, when we utilize the existing method that
considers congestion levels on road segments only to identify
bottlenecks, road segments 30, 42, 50 and 121 will be regarded
as bottlenecks. However, as illustrated in Fig. 17, although the
congestion levels on some road segments (e.g., road segments
48 and 125) are not as high as some other road segments (e.g.,
road segments 30, 42 and 50), their congestion propagation
effects to the whole traffic network are significant and mitigating
congestion on these road segments can lead to a network-wide
traffic improvement. Thus, these road segments should also
be considered as bottlenecks in the road network. Compared
with existing bottleneck identification methods, the proposed
urban bottleneck definition takes both congestion levels and
congestion propagation costs into account, which provides a
more intuitive and also effective notion for urban bottleneck
identification. We can see that in Fig. 17, road segments 48, 50,
113, 121 and 125 are five road segments that incur the most
congestion costs in the urban road network of Taipei and these
road segments can be considered as bottlenecks in the road net-
work of Taipei. In summary, defining bottlenecks in urban areas
only based on congestion costs of road segments themselves will
lead to the inaccuracy and ineffectiveness in identifying urban
bottlenecks because the most congested road segments are not
necessarily bottlenecks in urban traffic networks.

Moreover, according to the congestion costs of all 153 road
segments, we divide them into five categories and map them onto
the traffic network in Taipei. As shown in Fig. 18, road segments
are marked by red labels when their congestion costs are greater
than 1; marked by purple labels when their congestion costs
are greater than 0.8 and less than 1; marked by yellow labels

Fig. 16. An illustration of maximal spanning trees in Taipei.

Fig. 17. Congestion costs of road segments in Taipei.

Fig. 18. Bottlenecks in Taipei.

when their congestion costs are greater than 0.6 and less than
0.8; marked by green labels when their congestion costs are
greater than 0.4 and less than 0.6; marked by white labels if
their congestion costs are less than 0.4. Specifically, the road
segments marked by red labels (road segments 48, 50, 113, 121
and 125) are more likely to be bottlenecks in the road network
of Taipei and if the traffic conditions on these road segments can
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be improved, congestion in the entire urban traffic network can
be mitigated significantly.

VI. CONCLUSION

In this paper, in order to identify bottlenecks in urban traffic
network, we proposed a novel urban bottleneck definition, which
calculates congestion costs of road segments to identify bottle-
necks in urban areas taking into account both road congestion
level cost and congestion contagion cost. First, we obtained a set
of congestion correlations which connect congestion in two road
segments according to the shortest path distance between the two
road segments and the corresponding congestion propagation
speed. Then, we proposed an algorithm to connect these cor-
relations together and obtained congestion propagation graphs.
We also presented an algorithm to build maximal spanning trees
in the congestion propagation graphs. After that, we calculated
the road congestion level costs themselves according to the
normalized average road occupancy and importance of road
segments and then obtained the congestion contagion costs of
road segments based on the maximal spanning trees. Moreover,
using road congestion level costs themselves and congestion
contagion costs, we calculated congestion costs of road segments
and identified bottlenecks in urban areas. Finally, we validated
that the proposed bottleneck identification technique on SUMO
and the results indicated that our proposed method could provide
a more effective and rigorous way in identifying urban bottle-
necks. We further utilized our proposed method to identify the
bottlenecks in urban areas of Taipei based on inductive loop
detector data and the experiment results showed that the most
congested road segments are not necessarily bottlenecks in the
road network, which suggests the effectiveness of our proposed
method for urban bottleneck identification.

To the best of our knowledge, this is the first work to quantify
the congestion costs of road segments and identify bottlenecks
using both congestion costs on road segments themselves and
congestion propagation costs. The simulation and experiment
results derived in this paper can be utilized to provide proper
guidance for road capacity improvement and congestion mitiga-
tion in urban traffic networks. In the future, combining the traffic
data with more details about road characteristics, our proposed
method can better analyze congestion propagation and achieve
finer-grained bottleneck identification in urban traffic networks.
Moreover, the notion of congestion propagation in this paper
can also be utilized to predict congestion in urban areas by using
deep learning, such as CNN and GCN, which will also play an
important role to further improve traffic performance in road
networks.
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