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Abstract. With the development of urbanization and motorization, the imbalanced contradiction 

of urban traffic between supply and demand becomes increasingly sharp. Traffic congestion has 

become very serious and results in problems such as increase of traffic accidents and rise of fuel 

depletion. Expanding existing links in the urban traffic network is one of the commonly used 

methods which can effectively solve the capacity limitation problem and is considered more 

sensible for road networks. Thus, it is important to evaluate the expansion effect of links, so as 

to meet the demand for the expansion of traffic network capacity, and the minimum cost of 

expansion. This study puts forward the definition of a link’s contributive degree to evaluate the 

expansion effect of links for traffic network capacity. According to the stochastic user 

equilibrium model, a bi-level programming model for determining the maximum contributive 

degree of link is proposed. Moreover, the efficient-paths-based stochastic traffic assignment 

algorithm is adopted based on the impact area and the evaluation process for contributive degree 

of links is put forward. In order to demonstrate the efficiency of the proposed model and 

algorithm, it is applied to a simple network and some results have been got. 

Keywords:  bi-level programming, contributive degree, link capacity expansion, traffic 

assignment, urban traffic network 

1 Introduction 

With the development of urbanization and motorization, the imbalanced contradiction of urban traffic 

between supply and demand becomes more and more sharp. Traffic congestion has become a serious 

urban illness in China, and it results in problems such as travel time delay, increase of traffic accidents, 

rise of fuel depletion, survive environmental degradation and so on [1]. In order to satisfy the traffic 

demand, the traffic authorities and policy makers usually pose this problem in one of the following two 

forms: changing the network topology or introducing traffic control measures [2]. Traditionally, this 

problem has been referred to as Urban Transportation Network Design Problem (UTNDP). Based on the 

nature of the decisions considered, UTNDP can be further classified in three groups: (i) Discrete Network 

Design Problem (DNDP), which only deals with discrete design decisions such as constructing new roads, 

adding new lanes, determining the directions of one-way streets, and determining the turning restrictions 

at intersections, (ii) Continuous Network Design Problem (CNDP), which is only concerned with 

continuous design decisions such as expanding the capacity of links, scheduling traffic lights, and 

determining tolls for some specific streets, and (iii) Mixed Net-work Design Problem (MNDP), which 

contains a combination of continuous and discrete decisions [3]. 

Expanding existing links in the urban traffic network is one of the commonly used methods which can 

effectively solve the capacity limitation problem and is considered more sensible for road networks. Link 

capacity expansion is often discussed as CNDP, who concerns about how to determine the set of link 

capacity expansions and the corresponding equilibrium flows for the network are optimal [4-5]. Link 
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capacity expansion has received increased attention and the number of related publications has grown 

over time. Dantzig, et al. [6] presented a convex nonlinear programming problem to deal with network 

improvements including introduce new links, increase the capacity of existing links, or decrease the free-

flow (uncongested) travel time on existing links. Meng and Yang [7] examined the benefit distribution 

among the network users and the resulting equity associated with the continuous network design problem 

by using bi-level programming models. Yang, Hao and Zhang [8] considered the optimum capacity 

problem for a class of bottleneck capacity expansion problem and provided an efficient algorithm to 

solve this problem. Ordóñez and Zhao [9] considered the problem of expanding arc capacities in a 

network subject to demand and travel time uncertainty and proposed a robust optimization approach to 

obtain capacity expansion solutions that are insensitive to this uncertainty. Mathew and Sharma [10] 

established a bi-level optimization problem: the upper level determines the optimal link capacity 

expansion vector to minimize the total system cost and the lower level determines the link flows subject 

to user equilibrium conditions. Miandoabchi et al. [11] investigated a multi-objective DNDP, considering 

reserve capacity and two newly proposed travel time related objective functions. In their discrete network 

design problem, four types of decisions were made, including adding lanes to the existing network links, 

constructing new links, determining the lane allocations on two-way links, and converting some two-way 

links to one-way links. Baskan [12] employed a bi-level programming model to solve the CNDP problem 

with link capacity expansion. The upper level objective function was defined as the sum of the total 

travel time and total investment costs of link capacity expansions on the network, while the lower level 

problem was formulated as a user equilibrium traffic assignment model. The Harmony Search (HS) 

algorithm was used to solve the upper level objective function and the Frank-Wolfe method was used to 

solve the traffic assignment problem at the lower level. Msigwa et al. [13] established a bi-level 

optimization model with complementarity constraints for the equilibrium transportation problem 

concerning both capacity expansion and road toll pricing under the user equilibrium conditions. Graham 

et al. [14] studied the effect of road network capacity expansions on aggregate traffic volume and density 

in U.S. cities using a linear mixed model GPS approach for continuous dose-response estimation. Zhang, 

et al. [15] employed a bi-level mathematical programming modeling for the capacity expansion in the 

continuous network design problem, and developed a golden ratio based hybrid genetic algorithm to 

solve the upper-level model of expanded capacity and adopted the classic Frank-Wolfe algorithm to solve 

the lower-level model. 

Moreover, some studies have been carried out considering optimal signal timings and capacity 

expansion plan together. Marcotte [16] considered two network optimization problems, a particular 

version of the Network Design Problem and traffic signals setting problem, which have the following 

characteristics: control parameters vary continuously and network users behave according to War-drop’s 

first principle of traffic equilibrium (“user-optimization”). Gao and Song [17] proposed a bi-level 

programming model to solve signal setting problem with link capacity expansions with user-equilibrium 

route choice. Chiou [18] considered a signalized road network where the set of link capacity expansions 

and signal settings were simultaneously determined. Karoonsoontawong and Waller [19] present a robust 

optimization formulation that simultaneously solved capacity expansion, signal optimization and 

dynamic traffic assignment problems, considering the long-term O-D demand uncertainty. Baskan and 

Ozan [20] proposed a bi-level solution methodology combined capacity expansion and signal setting 

problems. The upper level dealt with minimizing total system travel cost under given budget and signal 

timing plan while the User Equilibrium link flows were determined by VISUM at the lower level. Chiou 

[21] presented a robust bi-level model for an urban traffic network system under uncertain travel demand 

to account for signal settings at junctions and capacity expansion at links simultaneously. Aissi and 

Vanderpooten [22] dealt with the problem of capacity expansion of a network under independent 

uncertain demands as a bi-objective minimum cost flow problem. 

Typically, the problem of link capacity expansion is usually formulated as a bi-level problem in which 

the upper level problem is the investment decision-making problem to minimize the total travel cost or 

maximize the social welfare while the lower level problem is the problem of demand-performance 

equilibrium for travelers in given investment. In an urban traffic network, one link may be shared by 

travelers from multiple OD pairs. Thus, expanding one link’s capacity may affect the traffic volumes of 

other links and the implementation of link’s capacity expansion will require investment. Therefore, 

different expansion project will cause different capacity expansion of the network. Accordingly, it is 

important to evaluate the expansion effect of links, so as to meet the demand for the expansion of traffic 
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network capacity, and the minimum cost of expansion. Therefore, applying the bi-level mathematical 

modeling method on describing the traffic capacity expansion of network and developing efficient 

solution algorithm becomes research focus. Many algorithms have been proposed to calculate the lower 

level model, such as incremental assignment method and Frank-Wolf algorithm, and so forth. Traffic 

assignment is always the part of the algorithms for traffic network capacity evaluating, and then the vast 

majority of calculations are spent on finding shortest path during large network traffic assignment. 

Moreover, a commonly used technique in the literature for evaluating the expansion effect of links is the 

full network scan approach which will consume a lot of time. In this case, a traffic assignment is firstly 

conducted to calculate the network capacity under normal condition, and each link in turn is expanded 

and a traffic assignment is carried out again to account for expansion effects and traveller responses to 

the link’s expansion in an impact area. In view of the above, this study proposes an efficient-paths-based 

analysis approach for evaluating the contributive degree of links in an impact area of urban traffic 

network. 

The remainder of the paper is structured as follows: In section 2, the definition of the link’s 

contributive degree for an urban traffic network is proposed and a bi-level programming model for 

determining the maximum contributive degree of a link is presented based on the stochastic user 

equilibrium. Section 3.1 introduces the efficient-paths-based stochastic traffic assignment algorithm and 

analyses the impact area of a link. Section 3.2 provides the evaluation process for contributive degree of 

links. A numerical experiment is tested in section4. Finally, the conclusions are given in Section 5. 

2 The Contributive Degree Evaluation of Links 

2.1 The Definition of The Link’s Contributive Degree 

For an urban traffic network, it is important to evaluate the expansion effect of links, so as to meet the 

demand for the expansion of traffic network capacity, and the minimum cost of expansion. So, this needs 

to analyze the variation in the service level or the network capacity brought by a link’s expansion. In 

order to measure the level of this change, this paper puts forward the definition of a link’s contributive 

degree. 

The notations used in this paper are given as follows: 

( , )r s -- the OD pair on traffic network, where r R∈  is the origin, s S∈  is the destination and R  is the 

origin set, S  is the destination set. 

rs
q --the existing OD demands. 

{ 1, 2,..., }iV v i n= = --the intersections set. 

{ , 1, 2,..., }ijE e i j n= = --the links set. 

e
x -- the traffic flow on link e. 

v
y -- the traffic flow of intersection v. 

e
C -- the capacity of link e. 

v
C -- the capacity of intersection v. 

{ ( ) }
e e

T t x e E= ∈ -- the link travel cost set. 

{ ( ) }
v

D d y v V= ∈ -- the intersection cost set. 

rs
P -- the set of paths from origin r to destination s in the network. 

rs

kf -- the traffic flow on path k between r and s. 
rs

kc -- the travel cost of path k. 

min( 0)rs rs rs

m k kc C f= > -- the travel cost of shortest path between r and s. 

ej
rsδ , vj

rsδ -- 0-1 variables. ej
rsδ =1 means link e is on path j between r and s, otherwise ej

rsδ =0. vj
rsδ =1 

means intersection v is on path j, otherwise ej
rsδ =0. 
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Q -- the network capacity before link expansion. 

eQ -- the network capacity after expansion of link e. 

µ -- the O-D matrix multiplier of the capacity after expansion of link. 

e
α -- the level of service for link e, indicated as /

e e
x C . 

θ  be the dispersion parameter. 

The traffic network capacity is measured by the maximum common multiplier that can be applied to a 

given O-D matrix subject to the flow on each link not exceeding its service level when the multiplied O-

D matrix is assigned to the network by some equilibrium model [23]. 

So, the contributive degree of a link for an urban traffic network can be defined as the variation of 

network capacity brought by the link expansion in a certain investment. 

Definition 1. In an urban traffic network, the contributive degree of a link ( )e e E∈  is defined as 

 
e

e

Q Q
Con

B

−

= , (1) 

where B is the investment for link expansion. 

2.2 The Mathematical Model 

For the investment sector, it is hoped that the investment is used to the most effective place. That is, 

investing in the link with the largest contributive degree. So, the evaluation of contributive degree for 

links in urban traffic network is finding the link which causes the maximum variation of the network 

capacity after the link expansion. 

Suppose that the investment B is the function of link capacity increment, that is, ( )
e e

B G C= Δ  which 

is a strictly monotone increasing function. So, 1 ( )
e e

C G B
−

Δ = . Therefore, the objective function for this 

problem can be expressed the following: 

 max
e

e
e E

Q Q
Con

B∈

−

= .  (2) 

For a given investment, B is a constant value and greater than zero. In addition, the network capacity 

before link expansion, Q is a determined value. Thus, the objective function can be transformed to the 

following: 

 max e ij

r s

Q µq=∑∑ .  (3) 

Assume that the investment is only used for one link, that is:  

 1,e

e E

λ

∈

=∑   (4) 

where 
e
λ  is 0-1 variable, 1

e
λ =  means link e is expanded, otherwise 0

e
λ = . 

In this paper, the stochastic user equilibrium (SUE) model is adopted for modeling the travellers’ 

heterogeneous risk-taking behavior. So, we can formulate the mathematical model for determining the 

maximum contributive degree of a link as follows: 
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( )1

0 0
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max

( ) ,

1

01,

min ( ) ln ( ) ( )

. .
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,
. .

e v

rs

rs

rs

e ij

r s

e e e e e

e

e E

e

m x y
rs rs rs

k k e v

r s k P e E v V

rs ek
e k rs

r R s S k P

rs vk
v k rs

r R s S k P

k

Q μq

x α C λ G B e E

λ

λ e E

c
Z f f f t w dw d w dw

θ
s t

x f δ e E

y f δ v V
s t

f

,

−

∈

∈ ∈ ∈

∈ ∈ ∈

∈ ∈ ∈

=

≤ + ∈

=

∈ ∈

= + +

= ∈

= ∈

∑∑

∑

∑∑ ∑ ∑∫ ∫

∑∑∑

∑∑∑

(5)

(6)

(7)

(8)

, ,

0 , ,

rs

rs
rs

k P

rs
k rs

μq r R s S

f r R s S k P,

∈

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪ ⎧⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎨⎪ ⎪⎪ ⎪ = ∈ ∈⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ ≥ ∈ ∈ ∈⎪⎪ ⎪⎩⎩

∑

(9)

(10)

(11)

(12)

 

This bi-level programming model consists of two sub-models. The upper level of the bi-level 

programming model is to identify the link with maximum contributive degree of an urban traffic network. 

The lower level represents the user equilibrium assignments considering the influence of intersection. 

Equation (5) is the service level constraint for links after expansion. Equation (6) and (7) determine 

which link is expanded. Equations (8) - (12) describe the SUE problem. 

3 Solution Algorithm 

3.1 Efficient Paths-Based Stochastic Traffic Assignment Algorithm 

The key problem to solve the bi-level programming model is to find the reaction function through solving 

the lower-level problem [24]. 

The lower level of this bi-level programming model is a traffic assignment model. In this paper, the 

efficient-paths-based stochastic traffic assignment algorithm proposed by Yang et al. [25] is adopted for 

stochastic traffic assignment. 

(1) Efficient Paths Searching Algorithm  

Generally speaking, there are some paths between an O-D pair which are not chosen by travelers 

whatever congestion the traffic network is from result of traffic assignment and practical observation. If 

an amount of traffic flow is assigned to a new path, the choice probability of other paths which already 

have got traffic flows will be influenced. Herein the conception of path effect degree, proposed by Yang 

et al. [25], is used to denote the degree of one path affecting traffic flow. 

Definition 2 (see [25]). For an OD pair ( , )r s , let rsP  be the path set which is chosen by travellers. The 

effect degree of path j for rsP  is defined as: 

 '

rs

rs

j i i
rs rsP

i P

inf pos pos
∈

= −∑ ,  (13) 

where i

rspos  and '

i

rspos  are the choice probability of path i before and after adding a new path j to the 

path set rsP . 

Besides, the choice probability of path i is: 

 
exp( ( / ))

exp( ( / ))
rs

rs rs

i mi

rs
rs rs

l m

l P

θ c c
pos

θ c c
∈

−

=

−∑
, (14) 

where rs

ic  is the travel cost of path i and rs

mc  is the travel cost of shortest path between r and s. 
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Definition 3 (see [25]). The path k in efficient path set 
rs

A  for ( , )r s  pair must not have a loop, and 

should satisfy the following: 

 ,
rs

k

rs Aq inf ε>   (15) 

where ε is a small positive number to represent efficient path parameter. 

So, an algorithm to search for efficient paths is designed based on the definitions above, which is 

stated as follows: 

Step1. Compute shortest path length ir  from the origin r to node i. 

Step2. Compute likelihood value ijl  for each link ije  according to equation (16). 

 
( )j i ijθ r r t

ijl e
− −

= .  (16) 

Step3. Forward pass. Consider nodes in ascending order of ir  from the origin r. For each node i, 

calculate the link weight ijw  for each link ije , where 

 

( )

,

,

ij

ij
ij mi

m D i

l i r

w
l w i r

∈

⎧ =⎪
⎪
⎪=⎨ ≠⎪
⎪
⎪⎩

∑ .  (17) 

Step4. Generate path. 

Step4-1. Search path by step from the origin r, and let , 0m r i= = . 

Step4-2. If 
m

O =∅  where 
m

O  denotes the set of eligible node of all links leaving node m, then 

terminate. Otherwise, compute the choice probability ( , )

m

mj

mk

k O

w
p m j

w
∈

=

∑
 of link mje  for 

m
j O∈  where 

( , ) 1
mj O

p m j
∈

=∑  and calculate cumulative probability 
1

( , ), 1, 2, ,
k

k m

j

P p m j k O
=

= =∑ � . 

Step4-3. Generate a random number (0,1)p ∈ . If 1p P≤ , then first node is chosen. If 1[ , ),k kp P P
−

∈  

2, ,
m

k O= � , then the kth node is chosen and let n be the node number. 

Step4-4. If n=s, then terminate; else let , 1m n i i= = +  and go to Step4-2. 

Path k is an efficient path if it satisfies the condition 
rs

k

rs Aq inf ε>  from definition 2, while the effect degree 

 
( )

( ) ( )

exp ( / )

exp ( / ) exp ( / )
rs

rs

k m

rs rs
k k

A rs
l m k m

rs rs rs rs

l A

θ c c
inf pos

θ c c θ c c
∈

−

= =

− + −∑
.  (18) 

Then, SUE traffic assignment could be applied on the efficient path set. 

(2) Efficient Paths-Based Stochastic Traffic Assignment Algorithm 

In this paper, a solution scheme based on the method of successive averages (MSA) is developed 

based on the efficient path set. The compute procedure is stated as follows: 

Step1. Initialize the OD demands 
rs
q  and the certain equilibrium criterion ξ . Let n= 1, perform the 

assignment and yield the initial link flows n

e
x  and the traffic flow of intersection n

v
y . 

Step2. According to the current link flows, calculate the link travel cost ( )n
e e
t x  and intersection delay 

( )n
v

d y , and update the travel cost of efficient paths. 

Step3. Perform the assignment in terms of the current travel cost of efficient paths and then get path’s 

flow and the auxiliary link flow ˆn
e
x . 

Step4. Update link flow by the following equation: 

 1 ˆ(1/ )( ),n n n n

e e e e
x x n x x e E

+
= + − ∈ .  (19) 
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Step5. If the certain equilibrium criterion, the following inequation, is satisfied, stop and output the 

solution; otherwise, let n=n+1 and go to Step 2. 

 1 2( ) ( )n n n

e e e

e E e E

x x x ξ
+

∈ ∈

− <∑ ∑   (20) 

(3) Impact area 

Obviously, a link’s expansion will influence the path choice probability of travelers. The impact area 

of a link’s expansion is the area that the selectable paths, chosen by travelers, passing by for an OD 

demand. Actually, the choice probability of paths in efficient path set will be impacted for the efficient 

path set whose path includes expanded link. The effect of the link expansion will then impose restrictions 

only on its impact area and not disperse throughout the whole network. So, the efficient path set whose 

path includes expanded link a is the impact area of link a. If link a belongs to more than one efficient 

path set, the impact area of link a is all the efficient path sets whose path includes link a.  

For example, a simple network is shown in Fig. 1. The efficient paths from 1 to 6 and 2 to 5 are shown 

in Table 1. The flow on the link 1 in Fig. 1 contains the traffic flow from point 2 to 5. Therefore, the 

impact area of expansion of link 1 is the area that the paths passing by in the efficient path set for 2-5. 

Accordingly, the impact area of expansion of link 1 is the area that path 2-1-3-5, path 2-1-3-4-6-5, path 

2-4-6-5 and path2-4-3-5 passing by. 

 

Fig. 1. A transportation network G 

Table 1. Efficient paths 

1-6 2-5 

No Path No Path 

1 1-3-5-6 5 2-4-6-5 

2 1-3-4-6 6 2-4-3-5 

3 1-2-4-6 7 2-1-3-5 

4 1-2-4-3-5-6 8 2-1-3-4-6-5 

 

3.2 Solution Algorithm for Evaluation the Contributive Degree of Links 

Based on above stochastic traffic assignment method, the evaluation process for contributive degree of 

links is stated as follows: 

Step1. Search the efficient path set 
rs

A . 

Step2. Let 0
e

Q = , EX φ= ; 

Step3. If /E EX φ= , then terminate. Otherwise, select a link / ,e E EX∈  let { },EX EX e= +  1
e

u =  

and update the travel cost of link e and the travel cost of efficient path. 

Step4. Perform the efficient paths-based stochastic traffic assignment in terms of the travel cost and 

efficient paths in the impact area of link e. Get path’s flow and the auxiliary link flow ˆn
e
x . 

Step5. Calculate the level of service for all links ˆ /
n

e e e
α x C= , let * max( )

e
α α= . 

Step6. Set a small positive number γ . If *

α α γ− < , output 
e

Q  and go to Step3. Otherwise, let the 

OD demands be *

/
rs

μq α α , go to Step4. 
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Now we use the simple network in Fig. 1 as example to illustrate the calculation process for 

contributive degree of links. The traffic demands from 1 to 6 and 2 to 5 are 15 and 13, respectively. 

According to the calculation process above, the stochastic traffic assignment can be perform firstly as 

shown in Fig. 2(a) where the numbers give the 
e
x / ( )

e e
t x  of link. Select a link a E∈  for expanding, such 

as link 1 from point 2 to 1. The the impact area of expansion of link 1 is the area that path 2-1-3-5, path 

2-1-3-4-6-5, path 2-4-6-5 and path2-4-3-5 passing by, which is shown in Fig. 2(b) with broken lines. In 

this impact area, the efficient paths-based stochastic traffic assignment is performed again. Then the 

result of traffic assignment after link expansion is shown in Fig. 2(b). After all the links are calculated, 

the contributive degree of links can be obtained. 

2

1

4

3

6

5
13.63/20.78

8
.1
6
/1
5
.4
4

6
.8
4
/1
5
.1
8

5
.4
7
/1
5
.0
6

14.37/22.53

7
.5
3
/1
5
.3
0

13.63/20.78

14.37/22.53

 

2

1

4

3

6

5
13.65/20.82

8
.1
6
/1
5
.4
4

6
.8
4
/1
5
.1
8

5
.4
9
/1
5
.0
2

14.35/22.47

7
.5
1
/1
5
.2
9

13.65/20.82

14.35/22.47

 

(a) The result of traffic assignment (b) the result of traffic assignment after link 

expansion 

Fig. 2. 

4 An Application to a Simple Network 

A simple network is shown in Fig. 3. Assume that the unit expansion investment is same for all the links. 

The investment function ,B C ψ=Δ ×  and let 1.ψ=  The travel cost function of link is 

5( ) (0) 1 2.62( )
e

e e e

e

x
t x t

C

⎡ ⎤
⎢ ⎥= +
⎢ ⎥⎣ ⎦

 and the intersection cost function is used the following equation (21) 

referring to Highway Capacity Manual 2000 where 
v

C , g/C are the intersection capacity and the 

weighted average green-to-cycle-length ratio for through movements. The parameters of link and 

intersection are given in Table 2 and Table 3, and the traffic demands from 1 to 12 and 3 to 10 are 27 and 

31. 

 

2

2

2

0.5 1
3.2

( ) 225 ( 1) ( 1)
0.25

1 min(1, )

v v v

v

v vv v

v

g
C

y y yC
d y

C Cy g C

C C

⎛ ⎞⎟⎜ − ⎟⎜ ⎟ ⎡ ⎤⎜⎝ ⎠ ⎢ ⎥= + − + − +⎢ ⎥⎡ ⎤ ⎢ ⎥⎣ ⎦⎢ ⎥−
⎢ ⎥⎣ ⎦

.  (21) 

 

Fig. 3. A simple traffic network 



Journal of Computers Vol. 30 No. 4, 2019 

39 

Table 2. The parameters of link 

e i, j (0)
e
t /min 

e
C  e i, j (0)

e
t /min 

e
C  e i, j (0)

e
t /min 

e
C

1 1, 2 15 50 13 4, 7 25 50 25 8, 9 15 50

2 2, 1 15 50 14 7, 4 25 50 26 9, 8 15 50

3 1, 4 15 50 15 5, 6 20 20 27 8, 11 18 40

4 4, 1 15 50 16 6, 5 20 20 28 11, 8 18 40

5 2, 5 15 50 17 5, 8 20 30 29 9, 12 22 30

6 5, 2 15 50 18 8, 5 20 30 30 12, 9 22 30

7 2, 3 25 50 19 6, 9 20 40 31 10, 11 26 50

8 3, 2 25 50 20 9, 6 20 40 32 11, 10 26 50

9 3, 6 10 30 21 7, 8 20 60 33 11, 12 16 20

10 6, 3 10 30 22 8, 7 20 60 34 12, 11 16 20

11 4, 5 10 20 23 7, 10 24 40     

12 5, 4 10 20 24 10, 7 24 40     

Table 3. The parameters of intersection 

v 
v

C  g C v 
v

C  g C v 
v

C  g C 

1 100 50 50 5 100 50 60 9 80 40 45 

2 90 45 50 6 80 40 60 10 90 45 40 

3 100 50 50 7 80 40 40 11 80 40 30 

4 80 40 50 8 90 45 50 12 80 40 30 

 

Let 30,θ =  0.01ε= . The efficient path sets from 1 to 12 and 3 to 10 are attained as shown in Table 4 

by use of efficient paths searching algorithm.  

Table 4. Efficient path set 

1-12 1-12 3-10 3-10 

Path travel cost Path travel cost Path travel cost Path travel cost

1-4-5-8-11-12 93.29 1-2-3-6-9-12 106.29 3-6-9-8-7-10 102.21 3-6-5-8-7-10 109.54 

1-4-5-8-9-12 97.71 1-4-7-8-11-12 107.41 3-6-5-4-7-10 102.57 3-2-5-4-7-10 113.29 

1-2-5-8-11-12 98.47 1-2-5-6-9-12 107.54 3-6-9-8-11-10 103.63 3-2-1-4-7-10 116.5 

1-4-5-6-9-12 100.57 1-4-7-8-9-12 110.21 3-6-9-12-11-10 106.86 3-2-5-8-11-10 118.27 

1-2-5-8-9-12 102.89 1-4-7-10-11-12 173.45 3-6-5-8-11-10 109.34 3-2-5-8-7-10 118.47 

 

Set the level of service 70%α= , and the investment 2, 4, 6, 8,10B= . The link’s contributive degree 

and variation of network capacity are shown in Table 5. The results show that the contributive degrees of 

one link with different investment are different. Generally, the higher the service level value, the bigger 

the contributive degree will be. From Table 5, it can be seen that the contributive degrees of some links, 

such as link1, 12, 16, 19 and 29, are negative. This shows that expansion of some links may actually 

reduce the capacity of the network. For example, link 1 belongs to path 1-2-3-6-9-12, and link 9, the most 

congested link, also belongs to this path. When link 1 is expanded, travelers choosing this path will 

increase, and then link 9 will become more crowded. In addition, the expanding effect of some links with 

small service level value is not obvious. For example, the contributive degrees of link 2, 4, 6, 7, 10, 14, 

18, 20, 21, 22, 24, 25, 26, 28, 30, 31, 32 and 34, which the service level values are no more than 11%, are 

zero. 

The link’s contributive degree is also observed in different service levels. For the sake of convenience, 

link 1, 9, 11, 17, 29 are taken for example when 2B= . The results are displayed in Table 6. As shown in 

Table 6, the contribution degrees of a link with different service level values are different when expanded. 

Generally, the contributive degree is a little bigger when the link with higher value of service level and 

the link with maximal contributive degree is the restricted link which has the biggest value of the service 

level. Therefore, the restricted link should be priority expanded. 
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Table 5. The contributive degree and variation of network capacity of link ( 70%α= ) 

e B QΔ  
e

Con  e B QΔ  
e

Con  e B QΔ  
e

Con  

2 0 0 2 0.09 0.045 2 -0.036 -0.018 

4 0 0 4 0.14 0.035 4 -0.065 -0.0163 

6 0 0 6 0.18 0.03 6 -0.087 -0.0145 

8 0 0 8 0.205 0.0256 8 -0.105 -0.0131 

2, 4, 6, 7, 10, 

14, 18, 20, 21, 

22, 24, 25, 26, 

28, 30, 31, 

32, 34 10 0 0 

11

10 0.22 0.022 

19 

10 -0.119 -0.0119 

2 -0.0008 -0.0004 2 -0.025 -0.0125 2 0.0014 0.0007 

4 -0.0014 -0.00035 4 -0.04 -0.01 4 0.0024 0.0006 

6 -0.002 -0.00033 6 -0.05 -0.0083 6 0.0034 0.00056 

8 -0.0024 -0.0003 8 -0.055 -0.007 8 0.004 0.0005 

1 

10 -0.0027 -0.00027 

12

10 -0.06 -0.006 

23 

10 0.0045 0.00045 

2 0.01 0.005 2 0.002 0.001 2 0.0001 0.00005 

4 0.02 0.005 4 0.004 0.001 4 0.0002 0.00005 

6 0.03 0.005 6 0.006 0.001 6 0.0002 0.00003 

8 0.04 0.005 8 0.0065 0.0008 8 0.00023 0.000025 

3 

10 0.045 0.0045 

13

10 0.007 0.0007 

27 

10 0.00024 0.000024 

2 0.0006 0.0003 2 0.003 0.0015 2 -0.0154 -0.0077 

4 0.001 0.00025 4 0.005 0.0013 4 -0.0276 -0.0069 

6 0.0014 0.00023 6 0.006 0.001 6 -0.037 -0.0062 

8 0.0016 0.0002 8 0.0065 0.0008 8 -0.044 -0.0055 

5 

10 0.0018 0.00018 

15

10 0.007 0.0007 

29 

10 -0.05 -0.005 

2 0.0005 0.00025 2 -0.061 -0.0305 2 0.0004 0.0002 

4 0.0009 0.00023 4 -0.1 -0.025 4 0.0006 0.00015 

6 0.0012 0.0002 6 -0.123 -0.0205 6 0.0009 0.00015 

8 0.0014 0.00018 8 -0.138 -0.017 8 0.0012 0.00015 

8 

10 0.0016 0.00016 

16

10 -0.149 -0.015 

33 

10 0.0014 0.00014 

2 1.5 0.75 2 0.035 0.0175     

4 3 0.75 4 0.062 0.0155     

6 4.47 0.745 6 0.084 0.014     

8 5.94 0.7425 8 0.1 0.0125     

9 

10 7.39 0.739 

17

10 0.114 0.0114     

Table 6. The contributive degree in different service levels 

e α  

QΔ  
e

Con  e α  

QΔ  
e

Con  e α  

QΔ  
e

Con  

70% -0.0008 -0.0004 70% 0.0900 0.0450 70% -0.0154 -0.0077 

75% -0.0015 -0.0008 75% 0.1163 0.0580 75% -0.0183 -0.0091 

80% -0.0027 -0.0014 80% 0.1414 0.0707 80% -0.0200 -0.0100 

90% -0.0056 -0.0028 90% 0.1496 0.0748 90% -0.0327 -0.0164 

1 

100% -0.0083 -0.0042 

11 

100% 0.1185 0.0593 

29 

100% -0.0136 -0.0068 

70% 1.5000 0.7500 70% 0.0350 0.0175     

75% 1.5443 0.7721 75% 0.0420 0.0210     

80% 1.5340 0.7670 80% 0.0462 0.0231     

90% 1.4892 0.7446 90% 0.0465 0.0233     

9 

100% 1.4906 0.7453 

17 

100% 0.0504 0.0252     

 

Additionally, the comparative analysis of link’s travel cost is illustrated with link 1, 3, 9, 11, 17, 29 

when service level 70%α=  and 2B= . The results are shown in Fig. 4 to Fig. 9. The results show 

that one link’s expansion may bring other link’s travel cost variation and some time may cause some 

link’s travel cost increase. Travel cost decrease of this link is generally higher than the variation of other 

links, and the link with a maximal decrease is the restricted link 9. 
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Fig. 4. Travel cost variation of links when Link 1 is expanded 

 

Fig. 5. Travel cost variation of links when Link 3 is expanded 

 

Fig. 6. Travel cost variation of links when Link 9 is expanded 

 

Fig. 7. Travel cost variation of links when Link 11 is expanded 
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Fig. 8. Travel cost variation of links when Link 17 is expanded 

 

Fig. 9. Travel cost variation of links when Link 29 is expanded 

5 Conclusions 

Different expansion project will cause different capacity expansion of the urban traffic network. It is 

important to evaluate the expansion effect of links, so as to meet the demand for the expansion of traffic 

network capacity, and the minimum cost of expansion. This study puts forward the definition of a link’s 

contributive degree to evaluate the expansion effect of links for traffic network capacity. According to 

the stochastic user equilibrium model, a bi-level programming model for determining the maximum 

contributive degree of link is proposed. In order to improve the computational efficiency, the impact area 

of a link’s expansion is quantified and an efficient-paths-based stochastic traffic assignment algorithm is 

adopted based on the impact area. Moreover, the evaluation process for contributive degree of links is put 

forward. 

The case study performed for evaluating the contributive degree of links illustrates the effectiveness of 

the optimization model and algorithm, and some results have been got as follows: 

(1) The contributive degrees of one link with different investment are different. Generally, the higher 

the value of service level, the bigger the contributive degree will be. 

(2) The contributive degrees of some links may be negative and expansion of these links may actually 

reduce the capacity of the urban traffic network which is consistent with Yang and Bell [4]. 

(3) Expansion effect of some links with small service level value is not obvious. 

(4) The contribution degrees of links with different service level values are different when expanded. 

Generally, the contributive degree is a little bigger when the link with higher value of service level and 

the link with maximal contributive degree is the restricted link which has the biggest value of the service 

level. Therefore, the restricted link should be priority expanded. 

(5) One link’s expansion may bring other link’s travel cost variation and some time may cause some 

link’s travel cost increase. Travel cost decrease of this link is generally higher than the variation of other 

links, and the link with a maximal decrease is the restricted link. 

When determining the maximal contributive degree of link in this work, the green-to-cycle-length ratio 

g/C of intersection is set to be fixed. Considering a general road network, most of travel time delay 

strongly depends on the signal setting at intersections. In future work, the authors will analysis the 

influence of signal timing setting of intersection on link’s contributive degree. Moreover, the 
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development of Intelligent Transport Systems (ITS) is a trend for requiring more timely, accurate and 

reliable transport related information. The impact of ITS on route choice behavior is becoming more and 

more important. We also plan to analysis link’s contributive degree with ITS applications. 
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