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Abstract: Congestion pricing strategy has been recognized as an effective countermeasure
in the practical field of urban traffic congestion mitigation. In this paper, a bi-level
programming model considering carbon dioxide emission is proposed to mitigate traffic
congestion and reduce carbon dioxide emissions. The objective function of the upper level
model is to minimize the sum of travel costs and the carbon dioxide emissions costs. The
lower level is a multi-modal transportation network equilibrium model. To solve the
model, the method of successive averages (MSA) and the shuffled frog leaping algorithm
(SFLA) are introduced. The proposed method and algorithm are tested through the
numerical example. The results show that the proposed congestion pricing strategy can
mitigate traffic congestion and reduce carbon emissions effectively.
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1. Introduction

Urban road traffic congestion has been one of the worldwide urban problems (e.g., in some cities of
China), which brings about many negative impacts. On the one hand, traffic congestion affects the
efficiency and quality of life, such as lengthening travel time, increasing travel delays and resulting in
traffic accidents. On the other hand, traffic congestion aggravates environmental pollution, such as
reducing the use of fuel, increasing energy consumption and increasing pollutant emissions reduction.
When traffic is congested, vehicles are often in the stop-and-go state, which leads to increased the
carbon emissions. Previous studies [1] have shown that the emissions of motor vehicles are high in
cases of stop-and-go traffic and in high-speed situations. As shown in Figure 1, the carbon dioxide
emissions are lowest when the speed is between 64 km/h and 96 km/h. From the perspective of

environmental protection, traffic congestion is a serious problem that needs to be solved.
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Figure 1. Carbon emissions under different speed.

Traffic congestion is caused by the unbalance of supply and demand, so the typical method of
mitigating traffic congestion is to construct a transportation infrastructure, such as a road network.
However, the development practices of many cities, both here and abroad, have shown that increasing
the supply of transportation alone is not sufficient to meet the growth in transportation demand. In fact,
congestion pricing strategy has been recognized as one of the most effective countermeasures of traffic
demand management (TDM) to mitigate traffic congestion. Several regions (e.g., Singapore, London
and Toronto) have implemented congestion pricing strategy for many years. Practice has proven that
congestion pricing strategy can effectively transfer the car users to the public transportation and
mitigate traffic congestion.

Several articles have studied the congestion pricing strategy. The concept of congestion pricing [2,3]
was put forward on the basis of marginal cost pricing principle of economics. Several articles have
studied the congestion pricing strategy. The concept of congestion pricing [2,3] was put forward on the
basis of marginal cost pricing principle of economics. The major congestion pricing models are the
static models (Walters [4], Dafermos and Sparrow [5], Dafermos [6], Yang and Huang [7]) and the
dynamic models (Wie and Tobin [8], Yang and Hai-Jun [9], Armott et al. [10]). Some scholars
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(Walters [4], Yang and Huang [7], Yildirim and Hearn [11]) proposed each link of the network should
be charged according to the theory of marginal cost pricing. However, the high cost makes the
congestion pricing strategy have low public acceptance. Then, some scholars proposed the optimal
system (Verhoef [12], Yang and Zhang [13]). These papers regarded parts of the roads or links as
tolled objects, and few guaranteed that the total carbon emissions would decrease after implementing
the congestion pricing strategy.

The typical aim of traffic congestion pricing strategy is to minimize the total travel time of the
entire transportation system. The reduction of carbon dioxide emissions has been another important
aim of traffic congestion pricing strategy, as haze has become a more and more serious problem. Due
to the difficulty of calculating carbon emissions, few studies investigate traffic congestion pricing
considering carbon emissions. The models used for calculating carbon dioxide emissions on the road
can be divided into the micro-scale model and the macro-scale model. The micro-scale model (e.g.,
Comprehensive Modal Emissions Model, CMEM) calculates the amount of instantaneous emission [14,15]
using the driving cycles of vehicles, vehicle data, road gradient and so on. Estimating the exact amount
of carbon dioxide emission with detailed input data is the advantage of this model, but it is impossible
to collect the exact driving cycle data of all vehicles on the road. The macro-scale model (e.g.,
COPERT, MOBILE, EMFAC) uses emission factors (EFs) and vehicle kilometers traveled (VKT) per
average speed of different vehicle types to calculate the amount of emission per link unit [14]. The
macro-scale model can calculate the total carbon dioxide emission of all vehicles within the given link
on the base of average speed, so it is more appropriate than the micro-scale model. However, the
average speed model cannot reflect driver behavior and road characteristics, Ryu et al. [16] verified the
accuracy of the average speed model, analyzed the cause of errors affecting the accuracy and developed
a model that can improve the accuracy. In this paper, the corrected average speed model [16] is
introduced to calculate the total carbon dioxide emission.

Due to the difficulty of calculating carbon emissions, few studies investigate traffic congestion
pricing considering carbon emissions. Naguemey et al. [17-19] presented a multimodal traffic network
equilibrium model with emission pollution permits and paradoxes on the road network with zero
emission links. Almodovar et al. [20] presented to mitigate traffic congestion in the form of optimal
CO:2 emission taxes for private transport. Li et al. [21] proposed environmentally sustainable toll
design for congested road networks with uncertain demand. Hensher [22] assessed the influence on
CO2 of a number of “at source” and “mitigation” instruments such as improvements in fuel efficiency,
a carbon tax, variable user charges, and improvements in public transit. Nicolas and David [23]
analysed CO: emissions caused by passenger transport in France. Ubeda et al. [24] proposed the
crowded conditions of road can affect carbon emissions, and calculated carbon emissions through
travel distance, assuming fuel combust completely. In this paper, the corrected average speed model [16]
is introduced to calculate the total carbon dioxide emission, which is easier than micro-scale models. It
has good generalization and can apply a wide range of practical problems.

In this paper, the average speed model is proposed to calculate carbon emissions. Then, a bi-level
programming model considering carbon dioxide emission is proposed to mitigate traffic congestion
and reduce carbon dioxide emissions. Moreover, there schemes is analysed in this paper. Scheme 1
does not implement traffic congestion pricing; Scheme 2 only considers the congestion into the
objective function; Scheme 3 considers both the congestion and carbon emissions costs into the



Sustainability 2015, 7 10537

objective function. The results shows that the scheme proposed in this papper can mitigate traffic
congestion and reduce carbon emissions more effectively than the other two schemes. This paper
provides a reference for the future congestion pricing strategy in many cities and has practical
significance.The rest of this paper is organized as follows. In Section 2, problem formulation is
introduced. The lower level model of the bi-level programming model and the upper level model of the
bi-level programming model is proposed. In Section 3, to solve the model, the method of successive
averages (MSA) and the shuffled frog leaping algorithm (SFLA) are introduced. In Section 4, the
numerical example is introduced. The result shows that the traffic congestion pricing strategy will
improve the efficiency of both public and private transport, while at the same time it is able reduce
carbon emissions. Finally, some conclusions and direction for future research are provided in Section 5.

2. Model Development

With traffic congestion more serious, people pay more and more attention on the traffic
management. The relevant departments begin to charge a form of congestion pricing, if they go
through the crowded regions or crowded links. Actually, the essence of congestion pricing is a process
of traffic reassignment, and it can balance the traffic supply and traffic demand in a certain period of
time. Congestion pricing can make full use of the road resource and ensure the efficient operation of
the urban traffic system. Meanwhile, the fees can be used to subsidize public transport, which can
improve the public transport service level and the public transport attraction.

Urban congestion pricing is a typical bi-level programming problem. The upper level traffic
administrative department hopes to ensure optimal system efficiency through congestion pricing.
The lower level traveler wants to reach its destination through the minimum cost or the minimum time
by adjusting the path. Upper traffic managers focus on system efficiency, whereas the lower travelers
only care about personal interests. Upper management needs to find a pricing scheme for the urban
traffic network under the equilibrium state.

2.1. Assumptions

The following assumptions are introduced to simplify the construction and the calculation of
the bi-level programming model:

» There are only two travel modes, car and bus.

» Assume one person per car and all buses of the same type, whose capacity can accommodate
B passengers.

» All the travelers can obtain traffic network information accurately; the traffic demand is
constant and no demand response.

» Do not take toll revenues and fare revenues into account. In China, most public transport
operator is publicly owned and government subsidies are high. For example, the government
subsidy of Dalian public transport operator is 2.5 billion. Therefore, Compared with toll
revenues and fare revenues, we are more concerned with how to mitigate traffic congestion and
reduce carbon emissions.
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2.2. The Bi-Level Programming Model

A summary of the bi-level programming model construction is as follows. First, perform modal
split and traffic assignment from the perspective of traveler. And the lower level model is proposed.
Then, minimize the sum of the road users’ travel costs and the carbon dioxide emissions costs from the
perspective of the traffic department; the upper level model is proposed. Finally, implement to mitigate
traffic congestion and reduce carbon emissions through iteration.

2.3. The Lower Level Model: Multi-Modal Transportation Network Equilibrium

Urban road congestion pricing strategy has widely been recognized as an effective countermeasure
in the practical field of urban traffic congestion mitigation. The congestion pricing aims to transfer
the traffic flow from the crowded roads to clear roads, which is a process of traffic reassignment.
In the traffic assignment, all the OD demand is distributed to the multi-modal transportation network.

If travelers know the information of the transportation network accurately, they will choose
the shortest path or the minimal general travel costs path obviously. In this paper, it is assumed that
travelers have the choice between two travel modes in the transportation network, car and bus transit.
Travelers” mode choice depends on the general travel costs of two modes. Travelers’ general travel
costs by car primarily consist of travel time and congestion pricing. Travelers’ general travel costs by
bus primarily consist of travel time and bus fares. The traveler’s choice between two modes is based
on a logit function split. However, within the same mode, the travelers choose their path based on user
equilibrium principle of general travel costs. The multi-modal transportation network equilibrium
analysis attempts to solve a combined model with modal split and user equilibrium based on the
travelers’ general travel costs.

2.3.1. Modal Split Based on a Logit Function

Consider a road transportation network (V, A), where V' and A denote the sets of nodes and links,
respectively. Let O denote the total travel demand from origin » to destination s , where
(r,s)e RS cVxV . Let K denote the path set from the origin » to the destination s, where ke K _,

The link flow can be written as follows:

X, = Z z&;kxfk“, Vae A
(r,s)ERS keK (1)
xi= > Y 8xf, Vaed 5
(r,s)ERS keK ( )

where x¢ and x’ denote the link flow of travelers by car and bus for Vae 4, respectively. &, (8°,)
denote the relationship between path and link; &¢,(8,)=1 if the path k passes link a; otherwise
(O (5§k) =0.

To facilitate analysis, assume one person per car and all buses of the same type, whose capacity can

accommodate B passengers. The actual travel time of travelers by car and bus on link a can be written
by a BPR (Bureau of Public Road) function as follow:



Sustainability 2015, 7 10539

L
. x;‘+K><X%
Ca

t=t,X1+a , aecd (3)

, ae€A 4)

B |
‘ X7
Xi+KXx"a
=t x|[1+0r| —— LB
C(l

I |

where ¢, and ¢, denote the travel time of travelers by car and bus on link a in a free circumstance,

respectively; os o+ B~ B’ denote the corrected BPR parameters; denote the vehicle conversion
coefficient; C, denotes the actual capacity of link a.

Economic assessments of externalities from road travel include the costs of air pollution emissions,
noise, space consumption, fuel consumption, vehicle maintenance, road maintenance, and other
dimensions (Maibach et al. [25]; Parry et al. [26]). Time is usually the largest single cost component,
but the estimation of other costs is important for the development of roadway pricing systems that aim
to internalize the external costs of transportation [27]. In this paper, travelers’ total travel costs by car
primarily consist of travel time and congestion pricing. Travelers’ total travel costs by bus primarily
consist of travel time and bus fares. C; and C; represent the total travel costs by car and bus on

the path K from the origin r to the destination s, respectively, and can be written as follows:

Ci=vxD 8, xtc+> 8, xu,, VkeK,, (r,s)eRS 5)
ac A ac A4
C]f:’ybxzal;kxtj+mk, Vke K’,S,(I”,S)E RS (6)

ac 4
where |1 _, = the congestion pricing on the link a; m, = the bus fares on the path & ; v*, v* = value of
time of travelers by car and bus, respectively.

C:, = Min{C;

ke K. }, V(r,s)eRS 7
C,, = Min{C; |ke K.}, V(r,s)eRS )

where C¢, C” = the total intuitively minimal travel costs by car and bus on the path from the origin r

to the destination s, respectively.

According to the principle of utility maximization, travelers will choose the shortest path or the
minimal general travel costs path. P’ represents the probability of choosing bus from the origin » to

destination s. The value of P’ is equal to the probability of bus costs considered to be the least.
The utility function of modal split is considered as the negative path costs, V' =-0xC;,V,} =-0xC;,
where 0 is the empirical parameter to describe the randomness of traffic network. 6 reflects the

travelers’ familiarity of the traffic network. The value of 6 and perceptual error is inversely
proportional to the size. When 6 is high, the majority of people chooses the shortest path.
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According to the principle of utility maximization, the probability of choosing bus P’ can be

written as follow:

b exp(V,.) _ exp(=6xCy)
T exp(V)rexp(Vy)  exp(-8xCy)+exp(-0x Cy) +exp(—6x ) ©)
1 Vke K, ,(r,s)e RS

- 1+exp[0x(C’. —CS - )]’

where ¢ is empirical parameter, and ¢ =0 means it has no impact on mode choice. Because

the modal split is based on the logit function split of general travel path costs, the travel demand of
the two modes ¢” and ¢‘ can be formulated as:

g =0, xp’ = Q”,, : , VkeKk,,
1+exp[0x(C. —C: —0)]

(r,s)e RS (10)

q:s:Qrs_q:’s’ VkeKrs’(r’S)ERS (11)

2.3.2. The Lower Level Model Based on Beckman-UE Model

If travelers know the information of the transportation network accurately, travelers choose the
paths with minimal travel costs in traffic network (V, A). The user equilibrium state is reached when
the total travel costs of all paths for the same origin-destination (OD) pair are equal and the total travel
costs of all unused paths are not lower than total travel costs of used paths. Based on the preceding
analysis, a multi-modal transportation network equilibrium model can be confirmed as follows:

Min Y Y [ [ comaw+ [ c,f<w)dw} (12)

(r,5)eRS keK,

s.t. z fi=q,, V(r,s)eRS

Pl (13)
k; fkh =qu, Y(r,s)e RS (14)
fi 20 (15)

£ =0 (16)

subject to: Equations (1)—(11).
2.4. The Upper Level Model: Cost Optimization of the Traffic Network

Considering the deterministic travel demand situation, the total general costs of the multi-modal
transportation system can be considered to consist of two parts. The first part is the sum of travelers
total travel costs in the multi-modal transportation network. The second part is the total costs of
carbon dioxide emissions. In 2008, road emissions accounted for 80% of the total emission in
the transportation sector, which has since then increased continuously [28]. In particular, carbon
dioxide (COz2) emissions on roads in urban centers substantially affect global warming.
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2.4.1. Carbon Emissions Model Based on Average Speed

Because of the dramatic growth of car ownership, traffic congestion is becoming increasingly
prominent. Congestion traffic can make a negative effect to our environment, such as reducing the fuel
efficiency and increasing pollutant emissions reduction. Previous studies have shown that the
emissions of motor vehicles are highest in cases of stop-and-go traffic and in high-speed situations.
Obviously, the road motor vehicles will inevitably be in the stop-and-go state when the traffic is
congestive. It is important to quantify CO2 emissions in terms of the link unit in order to reduce these
emissions on the roads. In order to estimate emissions-related congestion externalities, modeled
emissions rates must be at least a function of speed [29]. In this study, the average speed model [30] is
applied to estimate CO2 emissions. In order to carbon emissions per link unit in the urban center,
the emission factor EF‘ and EF’ are required. The calculation for carbon emissions per link unit can
be shown below in Equations (17) and (18).

g, =X Xl XEF; (17)
g =x"xl xEF’ (18)

where g¢ and g’ are the carbon emissions (g/T) on link a by car and bus, respectively.  is the
length of link @. x¢ and x” are the traffic flow on link @ by car and bus, respectively; EF (g/km™)
and EF" (g/km™') represent emission factors by car and bus on link a, respectively.

Ryu et al. [14] formulized the emission factors of different vehicle type with different fuel type,
when T = 15 min. In this paper, cars are considered as light duty gasoline vehicles (LDGV) and buses
are considered as heavy duty diesel vehicles (HDDV). For the accelerating speed, fuel consumption is
affected and the carbon emission is high. The carbon emissions model can be written as follow with
a division of 65 km/h.

. [1313.7057°¢,  0<v¢ <65km/h
EF‘ = . ] (19)
0.5447v¢ +78.746,  v¢ >65km/ h

EF’ =

1555.50:°),  0<v’ <65km/h
(20)

0.0797v" +144.19, v’ >65km/h

. : [
where v¢ and v are the average speed on link a by car and bus, respectively, where v¢ = Vae 4
t(,‘

a

and v’ :L‘;,Vae 4.

a

Congestion causes a lot of stop-and-go traffic, which increases waiting queues, the time of
the accelerating speeds, and signals. For idle time or the accelerating speed, fuel consumption is
affected and the carbon emission is high. However, the average speed model was unable to reflect such
traffic behaviors, so the result of the average speed model was a lower estimation of emissions than the
instantaneous emission model.

The results of an analysis of the average speed model and the instantaneous emissions model
showed that traffic congestion caused a bigger error, so Byu et al. [30] revised the value of the average
speed model during congestion. The sum of the accelerating speeds in the range 20—40 km/h was
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rather high but its error in emissions was low, which was affected by acceleration and deceleration
without stops. However, the error of the range of 20 km/h and lower was clearly large. In this paper, a
corrected average speed model [30] is introduced as follow:

. {1.1767(x;><1a)><EF:—2.8044, 0< v <20km/h
ga:

X XL XEFS, v >20km/ @
» |1.1767(x) %1, )X EF, —2.8044,  0<v, <20km/h
8 XXl XEF’, V) >20km/h 22)

2.4.2. The Upper Level Model

Traffic managers focus on cost optimization and system efficiency. Considering the deterministic
travel demand situation, the total general costs of the multi-modal transportation system can be
considered to consist of two parts. The first is the sum of travelers total travel costs in the multi-modal
transportation network. The second is the total costs of carbon dioxide emissions. The congestion
pricing can be calculated by follow function:

. .. et th
Min ¥ (Cogh+Clal)+, Y (e X' +e! X'y (23)

(r,s)eRS

subject to O<u,<u™, Vaecd (24)

subject to: Equations (1)—(11) and Equations (17)—(22).
where vy, is the conversion parameter of carbon emissions costs; |1, = the congestion pricing on the

link a; pu™ = maximal congestion pricing on the link a.

3. Solution Algorithm

The bi-level programming problem is a NP problem, and there is not an effective global algorithm
up to now. Even if both the upper and the lower level model are convex programming problems, the
bi-level programming problem is not likely to be a convex programming problem. So the solution of
algorithm might be a local rather than a global optimal solution. The shuffled frog leaping algorithm
(SFLA) is more likely to get global optimal solution, which has strong robustness and global
optimization capability. This paper introduces the method of successive averages (MSA) and the
shuffled frog leaping algorithm (SFLA) to solve the bi-level programming problem.

3.1. Algorithm 1. The Method of Successive Averages (MSA) of the Lower Level Model

The lower level of the bi-level programming model is a multi-modal transportation network
equilibrium model. To solve the lower level model, the method of successive averages (MSA) is
introduced. In iterations, firstly, it is necessary to evaluate which travel mode has a lower demand than
the demand that it can gain by a logit split function for each OD pair. Secondly, the path must be found
that currently has minimal general travel costs for the mode, and the auxiliary path flows must be
determined by loading all OD demand to that path. Finally, the auxiliary path flows are loaded into
current path flows using “MSA”.
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Input: Transportation network (V, 4), capacities C,,ae A, traffic demand Q_,(r,s)e RS and split
(r,s)e RS related

(r,s)e RS , convergence precision € and iteration

capacities 0,¢ ; related parameters by bus: B,K,tjo,ab,ﬁb,yb,mk,ae A ke K
o,B,Y,ae A,ke K

rs?

parameters by car: ¢

a0? rs?
number N

Output: Bus related ¢”,¢’, 1", ke K,_,(r,s)e RS ; Carrelated ¢',¢’, ke K

(r,s)e RS, £79 =0; f7V =0;n=0;
Step 1: Perform an all-or-nothing assignment. For k€ K,
For ke K

(4), (7) and (8);
Step 2: Calculate additional flow path. Calculate additional flow path F™ and F" using

(r,s)e RS.

rs?

Step 0: Initialization. For ke K

(r,s)e RS, calculate C; using Equation (5);
(r,s)€ RS, calculate C; using Equation (6); Calculate C¢,C”,¢,t" using Equations (3),

rs? rs?a’

Equation (12);
Step 3: Update path flow using.
For ke K, ,(r,s)e RS, [ = £} +1(Fkb(’” ") Vke K,,n>1, calculate auxiliary path
n
flows f/"*" ; For ke K, (r,s)e RS, f"" = f +1(Ef(") — "), Vke K ,n>1 , calculate
n

c(n+l) .

auxiliary path flows f"";

Z (fkb(n+1) _fkb(n))z

keK,

Z b(n)

keK,,

Step 4: Check convergence. If n>N or l<n<N , <e and

c(n+1) C(I’l))
keK

Z kc(n)

keK,,

<¢. Then go to Step 5; otherwise, let n=n+1, go to Step 1;

Step 5: Calculate ¢ ,q¢ using Equations (10) and (11)

3.2. Algorithm 2. The Shuffled Frog Leaping Algorithm (SFLA) of the Upper Level Model
3.2.1. Shuffled Frog Leaping Algorithm

Shuffled frog leaping algorithm (SFLA) was developed by Eusuff and Lansey [31]. It is a
meta-heuristic optimization method which combines the benefits of genetic-based memetic algorithm
(MA) and the social behavior-based particle swarm optimization (PSO) algorithm. The meme is a kind
of information body for distribution, reproduction, and exchange by infecting the thought of human or
animal. The most obvious characteristics of meme algorithm is that memes can share and exchange
experience, knowledge and information between memes or in each meme by a local search method in
the process of evolution.

In the Shuffled frog leaping algorithm, the population consists of the frogs with similar structure.
Each frog represents a solution. The entire population is divided into many subgroups. Each subgroup
performs local search. They can communicate with each other and improve their memes among local
individuals. After a pre-defined number of memetic evolution steps, information is passed between
memeplexes in a shuffling process. Shuffling ensures that the cultural evolution towards any particular
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interest is free from bias. The local search and the shuffling processes alternate until satisfying the
stopping criteria.

For the problem of D dimensions, a frog is thought as F,= (fii, fi2,..., fip). The algorithm first
randomly generates F frogs as the initial population, ranks them in descending order according to the
fitness of each frog. Then the entire population is divided into m subgroups, and each subgroup
contains n frogs. From the initial population, the first frog is selected in the first subgroup, the second
frog is selected in the second group, until the m™ frog is selected in the m™ subgroup. Then, the
(m + 1) frog is selected in the first subgroup. Repeat the process, until all frogs are distributed.

In each subgroup, the frog with the best fitness and the worst fitness are denoted as F» and Fi,
respectively. While, in the total population, the frog with the best fitness is denoted as F,. The main
work of SFLA is to update the position of the worst-performing frog through iterative operation in
each subgroup. Its position is improved by learning from the best frog of the sub-memeplex or its own
population and position. In each subgroup, the new position of the worst frog is updated according to
the following equation.

[ min{int{rand(F, ~ F,)1, S}, F, — F, 20
| max{int[rand(F, - F,)1.~S,,,.}.F, - F, <0 @)
F =F +8 (26)

Equation (25) is used to calculate the updating step vector S, Smax means the maximum step size
allowed to change by frog individual. Rand (') is the random number between 0 and 1. Equation (26)
updates the position of Fw. If a better solution is attained it will replace the worst individual.
Otherwise, F¢ will instead of F». Then, recalculate Equation (25). If it still cannot get a better solution,
new explanations, generated randomly, will replace the worst individual. Repeat until a predetermined
number of iterations, and complete the round local search of various subgroups. Then all subgroups of
the frogs are re-ranked in mixed sort, and divided into sub-group to the next round of local search.

3.2.2. Coding

In this paper, a multi-dimensional code format based on real numbers is introduced. Each gene
value of the individual is in a range of a floating point number. The coding length of individuals is
equal to the number of links. In this paper, each coding can be shown as in Figure 2. The traffic
congestion pricing of each link generates randomly within the scope of a floating point number.

Link1 Link2 | - - Link a

2.3 o | ..... 1.5

Figure 2. Example of coding.
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3.2.3. The Process of Algorithm

The general structure of SFLA can be described as follows:
Step 0: Input population size, the maximum number of iterations J . Define the chromosome

segment and the code rule of chromosome.
Step 1: Initial population. Randomly generate an initial population U, (0) with F individuals

(F = m x n), according to the maximal congestion pricing and population size. For the D dimension

optimization problem, the individuals of the population are D dimension variables and it represents the
frog’s current position. Calculate ¢, q", CS, C2, £, f!, t, t! using Algorithm 1; then calculate

rs? rs?

current minimal transportation system costs using Equation (23), which represented by £;let j=0;
Step 2: For U, e U (), calculate their fitness function F; =|Ei(Ua)—{E(Ua)},Ua eU,(j)|, which

is used to determine if the performance of the position is good. Then note individuals in descending
order according to the fitness of each frog.

Step 3: Divide the population into m subpoplations: Y1, Y2, ..., Ym. Each sub population contains
n frogs.

Step 4: In each subgroup, with its evolution, the positions of individuals have been improved.
The following steps are the process of the subgroup local search.

Step 4.0: In each sub population, compute Fb and Fw, respectively. Set im = 0. im represents
the number of the sub population, which is from 0 to M. Set in= 0. in represents the number of
evolution which is from o to N (the maximum evolution iteration in each sub population).

Step 4.1: im=1im + 1

Step4.2:in=1n+ 1

Step 4.3: Try to adjust the position of the worst frog using Equation (25) and Equation (26).
If a better solution is attained, it will replace the worst individual. Otherwise, Fg will instead of Fv.
Then, recalculate Equation (25). If it still cannot get a better solution, new individual generated
randomly will replace the worst individual.

Step 4.4: If in <N, then do Step 4.2

Step 4.5: If im <M, then do Step 4.1

Step 5: Implementation mix operations. After each subgroup carrying out a certain number of meme
evolution, merge each subgroup Y1, Y, ..., Ym. to X, descend X again and updates the best frog Fg in
the populations.

Step 6: Stop check. If the iterative termination conditions meet, then stop, calculate
g, q", C,CoL £, £t ,t) using Algorithm 1; then calculate current minimal transportation system

rs? rs?

costs using Equation (23). Otherwise, do Step 3 again.
4. Numerical Example
4.1. The Traffic Network of Numerical Example

As shown in Figure 3, to illustrate the proposed model, an urban road network based on Nguyen and
Dupuis [32] is constructed. There are two travel modes in Figure 3, car and bus. The car network is
shown in solid line, and the bus network is shown in dashed line. ci represents the link i of the car
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network, and bij represents the link j on the path i of the bus network. For example, b12 represents
the second link on Path 1.
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b34 : 16
[
|
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Figure 3. Numerical network including two modes.

The network consists of 13 nodes, 19 links, and 12 OD pairs. Six bus lines are shown in the
network. Bus transfer nodes are v2, v4, v5 and v11. For simplicity, the bus fare is considered to be one
dollar for each transfer. A constant fare rate is a general practice in many developing countries such as
China. The car’s free flow time is 0.3 h on Link c18, 0.2 h on Links ¢4 and c13, and 0.1 h on other
links. The bus’s free flow time is 1.2 times the free flow time of a car on each link. We assume there
are three lanes for each link and the capacity of each lane is 400 passenger cars per hour. So the
capacity of each link is 1200 passenger cars per hour. When the vehicle flow is more than 80% of the
capacity, the link is congested.

Table 1 shows the fundamental demand of each OD pair in the test network, and the actual demand
was set to be p times of the fundamental demand.
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Table 1. Fundamental demand of each OD pair.

estination
\ 5 6 7
Origin

1 480 220 220
2 600 300 220
3 540 200 360
4 580 260 260

Parameters for the algorithm terminate are € =0.001, N =1000. Normal values of the numerical
parameters are shown in Table 2. The conversion parameter of carbon emissions costs vy, is

26 dollars/ton, a figure that is also widely used in Europe [33]. The actual demand is shown in Table 3,
when u=2.25.

Table 2. Normal values of the numerical parameters.

Parameter Value (unit) Parameter Value (unit)
Y 0.6 CNY/min 0 1
Y 0.5 CNY/min ) 0
Y, 26 dollars/ton of 0.15
U 5CNY B 4
K 3 o’ 0.15
B 40 persons/vehicle Bb 4

Table 3. Actual demand of each OD pair.

tinati
W 5 6 7
Origin

1 1200 550 550
2 1500 750 550
3 1350 500 900
4 1450 650 650

4.2. Results of Test

In order to conduct the experiment, we implement the algorithm in Matlab and run on a PC with
2.0 GHz, 512 MB of RAM memory and a Pentium processor running at 1000 MHz. The computation
time is 1781.23 s. Figure 4 shows the constract of traffic flow on each link. Before the implementation
of congestion pricing, link v3-v11, link v8-v9, link v12-v5, link v9-v5 and link v2-v8 are seriously
congested, of which traffic flow exceeds the link capacity. Meanwhile, link v13-v7, link v11-v12 and
link v11-v13 are congested to a small extent, of which traffic flow is more than 80% of the link
capacity. The vehicle flows of all links are uneven. The congestion pricing of Link v8-v9, link v9-v5
and link v12-v5 should be 2 CNY, 1.5 CNY and 1.1 CNY, respectively, using algorithm 1 and
algorithm 2. After the implementation of congestion pricing, though the traffic flow of link v8-v9, link
v2-v8 and link v12-v5 are still more than 80% of the link capacity, they have decreased obviously.
However, the traffic flow of the links v8-v12, link v1-v2, link v5-v7 and link v2-v10 increases a little.
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We take the link v8-v12 as an example to analyze the reason. Travelers from origin 2 to destination 6
can travel by the path v2-v8-v9-v5-v6. After implementing traffic congestion pricing, because link
v8-v9 and link v9-v5 are tolled links, some travelers choose the path v2-v8-v12-v5-v6. So the traffic
flow and the frequency of bus on the link v8-v12 increases.

2000
1800 B before W after
1600
1400
1200

1000
800
600
400
200

0

Total vehivle flow (PCU)

A SR CRIATIPR TN R A © A D O WO
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AR AR R SRR R U G S LR AR

) pel

Figure 4. The contrast of traffic flow on each link.

Congested traffic consumes more energy and produces more air pollution than smooth traffic flow.
Comparing the carbon emissions before and after the implementation of congestion pricing (Table 4),
the total carbon emission reduces from 121.22 (ton/h) to 98.31 (ton/h), which falls 18.9%. This is
because traffic congestion pricing can increase the total cost by car, transfer the car users to the public
transportation and reduce the car traffic flow reduce dramatically. Table 5 shows the vehicle flow
change on each link before and after the implementation of congestion pricing by car and bus. The
share rate of bus increases from 30.1% to 43.7%, while the share rate of car decreases from 69.9% to
56.3%. Obviously, congestion pricing can adjust travel structure, increase the public transport
attractive and reduce carbon emissions effectively. The results show that the traffic congestion pricing
strategy will improve the efficiency of both public and private transport, while at the same time it can
reduce carbon emissions.

Table 4. carbon emissions before and after the implementation of congestion pricing (ton/h).

Link vl-4 vl-2 v3-4 v3-11 v4-8 v4-11 v8-9 v8-12 v13-7 v9-5
Before 3.34 4.24 0.23 11.51 6.87 5.88 12.88  4.66 7.60 9.24
After 1.49 541 0.26 8.40 5.69 2.97 10.09 6.12 5.59 6.5
Link vi0-6 v11-12 v11-13 v12-5 v5-6 v5-7 v2-8§ v2-10 v9-10  Gross
Before 4.81 8.79 7.60 1445 235 1.28 10.68 2.17 2.64 121.22
After 4.93 4.75 5.59 12.08 1.66 2.16 9.73 2.74 2.15 98.31
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Table 5. Vehicle flow change before and after the implementation of congestion pricing.

Link vl-4 vl-2 v3-4 v3-11 v4-8 v4-11 v8-9 v8-12 v13-7 v9-5
Before car 456.59 54445 15467 14199 921.85 788.22 16079 60693 1021.5 1246.7
bus - 2547 12,16 1252  12.16 11.39 12.16  21.87 1252 12.16

After car 204.78 699.74 12373 989.91 753.56 38297 1218.8 788.11 741.80 925.55
bus - 29.05 1785 1636 17.85 13.57 17.85 3512 1636 17.85

Link v10-6 v11-12 v11-13 v12-5 v5-6 v3-7 v2-8 v2-10  v9-10 Gross
Before car 63849 1186.7 1021.5 1793.6 305.63 160.86 1293.1 277.17 36132 15,667
bus 1428 11.39 12,52 3326 11.39 10.68  21.88 14.27 - 262.13

After car 650.07 631.06 741.80 1319.7 207.88 27531 1153.85 351.11 29326 12,341
bus 17.13 13.57 1636 42.63 13.57 1426  29.06 17.12 - 345.16

This paper also analyzes three schemes. Scheme 1 does not implement traffic congestion pricing;
Scheme 2 only considers the congestion into the objective function; and Scheme 3 considers both the
congestion and carbon emissions costs into the objective function. Both Schemes 2 and 3 implement
traffic congestion pricing on part of the congested link. The traffic congestion pricing condition of the
three schemes can be shown as Figure 5. The red arrows denote the optimal congestion tolls alone. The
green arrows denote the congestion pricing of Scheme 3.

Orici ..
rigin 2 Origin
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b22,b31
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' |
|
| | |
c6 23,632 | | c8 bad | || c8 b13 1 | cll
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b34 c16
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- Scheme 2
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Figure 5. The contrast of traffic flow on each link.
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Table 6 shows the analysis of three schemes. Compared with Scheme 1, the total travel time of
Scheme 2 decreases 13.8%, while the total costs fall 5.33%. The total travel time of Scheme 3
decreases 13.2%, while the total costs fall 6.9%. The total travel time of Schemes 2 and 3 only have a
little difference, while the total costs are diverse. This is because Scheme 2 only considers the
congestion into the objective function and makes the traffic flows of all links are more even than
Scheme 3. However, from the perspective of urban sustainable development, Scheme 2 is not suitable
for all actual situations. Scheme 2 only considers the congestion into the objective function, while
Scheme 3 considers carbon emissions costs and travel costs into the objective function. Compared with
Scheme 1, the carbon emission costs of Scheme 2 decrease 5.31%, while that of Scheme 3 decrease
6.98%. This is because Scheme 2 only considers the congestion into the objective function and
prevents travelers from choosing the shortest path more effectively. However, the congestion pricing
strategy of Scheme 2 would like to arouse some travelers to make a detour to avoid traffic congestion
pricing, which increases the carbon emissions costs. From the perspective of environmental protection,
Scheme 3 is more likely to be implemented. We take the link v3-v11 as an example to analyze the
reason. Travelers from origin 3 to destination 7 can travel by the path v3-vl1-v13-v7. After
implementing congestion pricing of Scheme 2, the traffic flow of link v3—vI11 decreases 32.1%. While
the traffic flow of link v3-v11 decreases 29.7% after implementing congestion pricing of Scheme 3.
Moreover, the traffic flow of link v3-v4 increases 12.3% after implementing congestion pricing of
Scheme 2. While the traffic flow of link v3-v4 increases 9.4% after implementing congestion pricing
of Scheme 3. It is because that after implementing congestion pricing of Scheme 2, travelers would
like to make a detour through v3-v4-v8-v12-v5-v7 to avoid traffic congestion pricing.

Table 6. Analysis of three schemes.

Analysis object Scheme 1 Scheme 2 Scheme 3
Tolled link Non v3-11,v8-9,v9-5 v8-9,v9-5,v12-5
Share rate of car 69.9% 54.2% 56.3%
Share rate of bus 30.1% 45.8% 43.7%
Total time (h) 21,050 18,140 18,256
Total cost (CNY) 261,500 247,560 243,470

5. Conclusions

Traffic congestion has been one of the significant city traffic problems. Some cities in China are
going to implement traffic congestion pricing, but most of them only consider the congestion into the
objective function. This aims to acrouse many travelers make a detour to avoid congestion pricing,
leading to increased carbon emissions on some links. In china, with more and more serious haze
problems, people should pay more attention to environmental protection. Therefore, this paper
considers both the congestion and carbon emissions costs into the objective function.

Firstly, this paper introduces the average speed model to calculate carbon emissions of different
veichle type. Then, a bi-level programming model with a minimization objective for the sum of total
travel costs and total carbon emissions costs is proposed to optimize traffic congestion pricing.
To solve the model, the method of successive averages (MSA) and the shuffled frog leaping algorithm
(SFLA) are introduced. The proposed method and algorithm are tested through the numerical example.
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The results show that the proposed congestion pricing strategy can effectively transfer the car users to
the public transportation, mitigate traffic congestion and reduce carbon emissions, compared to
increasing the supply of transportation alone. Finally, there schemes is analysed in this paper. Scheme 1
does not implement traffic congestion pricing; Scheme 2 only considers the congestion into the
objective function; and Scheme 3 considers both the congestion and carbon emissions costs into the
objective function. The results shows that the scheme proposed in this papper can mitigate traffic
congestion and reduce carbon emissions more effectively than the other two schemes. This is because
traffic congestion pricing considering the carbon emissions costs can adjust the structure of urban
traffic and thus to create a low carbon city.

For further studies, a more practical transit assignment model for the multi-modal transportation
equilibrium problem with a different mixture of vehicle types in different routes should be considered,
and therefore, testing the model in a practical transportation network can be improved. The proposed
method and algorithm are expected to have practical significance to further studies.
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