
 

Abstract—Sustainability of transportation has become one of 
the most significant issues in the world due to the increasing 
global warming concerns. There has been a growing interest in 
improving the performance of the transportation systems using 
sustainability concepts. In this study, we use some social and 
environmental measures to assess the sustainability of 
transportation, such as accessibility of zones and equal 
distribution of the accessibility, accidents, emissions and noise 
generated by vehicles. Our main aim is to achieve a sustainable 
traffic assignment. To carry out our purpose, we develop a bi-
level traffic assignment model. The lower level of this model 
consists of the stochastic user equilibrium with multinomial 
logit discrete choice and multiple user classes. At the upper 
level, we identify user class based toll prices while optimizing 
social and environmental objectives. As the two objectives are 
conflicting, we aim to generate a set of Pareto optimal 
solutions. Overall problem is solved with an adapted genetic 
algorithm, namely Non-Dominated Sorting Genetic Algorithm. 
During the course of the algorithm, the lower level problem is 
solved many times by means of Self-Regulated Averaging 
method. The developed method is applied to a known instance 
from the literature, and solutions are elaborated.  
 

Keywords—Sustainable traffic assignment, bi-level 
programming, stochastic user equilibrium, non-dominated 
sorting genetic algorithm, self-regulated averaging method 

I. INTRODUCTION 

ransportation has important and long lasting social,                    
environmental, and economic impacts, thus, it is a 

significant dimension of urban sustainability. Therefore, 
there are some attempts which are related to urban 
transportation sustainability development. Some studies 
implement sustainable transportation indicators to compare 
sustainability through different world cities [1]. To achieve 
more sustainable urban transportation in the cities, we need 
some pillars which are “effective governance of land use 
and transportation”, “fair, efficient, stable funding”, 
“strategic infrastructure investments”, and “attention to 
neighborhood design” [2]. 

Planning for sustainable transportation systems has 
become one of the most important subjects in many studies, 
conferences, and debates. To determine the right policies for 
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sustainable transportation is a significant issue for policy 
makers and planners, because the identified accurate 
policies will contribute to the sustainability of urban 
transportation effectively. However, it is difficult to acquire 
a consensus for generating the right mix of policy measures. 
Sometimes, policy makers and planners can face with the 
problem of finding a suitable approach for sustainability 
development. These times, it can be efficient to use scenario 
approaches to obtain right policies and plans for 
sustainability development of transportation systems [3].  

Sustainable transportation systems are the requirement of 
modern times. There has been a considerable increase in the 
number of transportation activities in recent years. This 
increase causes environmental costs such as air pollution, 
noise, etc. which reduce quality of people life. This means 
that we have to consider the sustainability of transportation 
as an important issue for people’s health [4].  

The features of sustainable transportation are safe, 
comfortable and efficient in terms of economic and energy 
consumption and minimization of the environmental 
pollution. Carbon emissions into the atmosphere contribute 
to the environmental pollution in terms of quality decrease 
of life [5]. If we try to reduce carbon emissions with some 
restrictions, we can decrease the environmental pollution. 
Furthermore, if we balance the transportation costs between 
the user classes, transportation can become more economic. 
In addition to these, if road accidents are decreased, we have 
safer transportation than before. To realize all of these 
within the scope of sustainability development of 
transportation will increase the quality of human life. With 
the consideration of these, we can easily say that sustainable 
transportation is important for the life quality.  

The pace of life in the 2lst Century continues to increase 
dramatically, and as a result of this, it can be said that 
mobility is now one of the most significant characteristics of 
societies. This means that more and more cars and, 
unfortunately, more and more pollution [6]. This pollution 
can be air or noise pollution. If we establish sustainable 
transport systems, we can reduce these pollutions. If we 
reduce these pollutions, there will not be any need to 
decrease mobility.  

We first provide in the next a brief literature survey to 
introduce some studies related to our study. Then, a multi-
objective multi-user bi-level traffic assignment model 
together with the method developed to solve it optimally is 
explained in details. The efficiency of the modeling 
approach is demonstrated with an illustrative example. 
Finally, the last section contains some concluding remarks 
and perspectives. 
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II. LITERATURE SURVEY 

Every transportation system plays a major role for the 
sustainability of the planet. The transportation systems must 
be sustained in order to continue to afford to all people 
access to the social, environmental, and economic 
opportunities which are necessary for the quality of life. 
While great developments have been made to many 
transportation systems, there are also a lot of problems in 
the sustainability of these systems [7]. In the literature, there 
are some studies which find solutions to these problems 
with some models and algorithms for the sustainability of 
transportation systems.  

Traffic assignment models are sorted according to users’ 
behaviors for route choice. These models can be 
deterministic user equilibrium (UE), stochastic user 
equilibrium (SUE), and system optimum (SO) [8]. In UE, all 
drivers have complete and perfect information regarding 
network conditions, and behave rationally. In SUE, drivers’ 
perception variations for travel times or costs are taken 
account [9]. At SO, the drivers have to cooperate with each 
other in order to minimize the overall travel costs [10]. 
Thus, it is difficult to implement this last model.  

SUE traffic assignment models can be used for 
transportation network designs. In the literature, there some 
models and solution algorithms for SUE traffic assignment. 
For example, expected value model, chance-constrained 
model, and dependent-chance stochastic models in bi-level 
programming framework can be used for designing 
transportation networks with demand uncertainty. To solve 
these stochastic network design problem models, traffic 
assignment algorithm, genetic algorithm, and Monte-Carlo 
simulations can be used [11]. 

Bi-level programming approach can be used for SUE 
traffic assignment problems. Bi-level programming models 
are constituted with two levels which are upper and lower 
levels of the model. In the transport network analysis, there 
can be some problems which are trip matrix estimation and 
traffic signal optimization on congested road networks. 
These two problems can be formulated with bi-level 
programming approach as the second-level programming 
problem for SUE traffic assignment [12].    

Bi-level programming model with uncertain demand can 
be used for the multi-period network design problem of 
comprehensive transport. The upper level of the problem 
maximizes the consumer surplus of all demand scenarios 
with budget constraint. The lower level problem maximizes 
the consumer surplus of every demand scenario with the 
consideration of the network investment decisions of the 
upper level problem. The lower level problem also takes 
into account the collaborations of transportation modes, 
traffic load balancing and capacity constraints [13]. As we 
see in this problem, if we would like to establish a complex 
model, bi-level programming is a convenient approach for 
this. The transportation network design problems need 
comprehensive models to acquire optimal solutions. Thus, 
the bi-level programming is an appropriate approach for 
these problems.  

To select sustainable transportation systems, multi-criteria 
decision making approach can be used under partial or 
incomplete information (uncertainty). In this approach, 
fuzzy TOPSIS can be used for sustainability assessment and 

selecting the best alternative among transportation systems. 
This approach includes three steps. In the first step, the 
criterion for sustainability assessment of transportation is 
identified. In the second step, experts give linguistic ratings 
to the potential alternatives against the selected criterion. 
Finally, in the third step, sensitivity analysis is used to 
determine the effect of criterion weights on the decision 
making process [4]. Multi-criteria decision making approach 
is a consistent and comprehensive approach for the analysis 
of urban transportation problems. With the contribution of 
this approach, we can generate and design strategies for 
sustainable transportation in sustainable cities. This 
approach can consist of socioeconomic, environmental, and 
technological concepts which include the development, 
integration, and demonstration of tools and methodologies 
to improve assessment of sustainability [14].   

Generally, in traditional traffic assignment problems, only 
a single objective is taken account. However, the concept of 
traffic assignment is a significant procedure for 
transportation planning and thus all needs have to be 
considered. Because of this reason, we have to use multi 
objectives to do the transportation planning more 
comprehensive. If we formulate an effective multi objective 
model for traffic assignment problems, we can obtain 
optimal flow patterns from this model. The objectives can 
be related to total travel time, air pollution, travel distance, 
etc [15]. Moreover, these objectives can be classified such 
as social, environmental, economic, and institutional 
objectives. 

In the traffic assignment models, we can use more than 
one user class. The classes are separated according to their 
characteristics. “Multiple user classes” concept is used in 
some traffic assignment models in the literature. It can be 
used in link transmission model for dynamic transportation 
network loading. In this model, triangular fundamental 
diagrams for each user class are considered [16]. Moreover, 
a novel reliability-based SUE traffic assignment model for 
transportation networks includes multiple user classes. In 
this model, each class of users has a different safety margin 
for on-time arrival in response to the stochastic travel times 
which increase with the demand variations. Users’ 
perception errors on travel times are also taken account in 
this model [17].  

This study differs from the previous ones by considering: 
(1) sustainability related objectives within a multi-objective 
optimization framework; (2) a bi-level model where traffic 
authority adjusts toll prices to achieve sustainability 
objectives at the upper level while users aim to decrease 
their perceived travel time to their destination at the lower 
level; and (3) behaviors of different traffic network users. 
Moreover, a solution method is developed to solve the 
problem efficiently. These features are explained in the next 
sections. 

III. MATHEMATICAL PROGRAMMING MODEL 

Let us denote  the directed graph with  as the 
set of nodes and  is the set of links. Then,  is the flow 
of class  users on link ,  is the 
total link flow on link , and  is the total flow-
dependent travel cost for link ,. We also define  as 
the trip demand of class  users for origin-destination 
(OD) pair ,  as the path flow and  as the path 
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travel cost on path  respectively where  is the 
set of paths for pair . The relationship between path 
flow and demand can be described as  for 
each  and OD pair . We can now describe the 
problems that we involve at the upper and lower levels of 
our bi-level traffic assignment problem.  

A. Upper Level Problem 

At the upper level, we aim to identify the toll prices that 
best serve sustainability objectives. The functional forms of 
these objectives are given as follows: 
 
Accessibility and Equity: 

. Here the total 
accessibility is calculated as   where  is 
the accessibility of node . The accessibility of node  
can be found as  where  

and  is the minimum actual travel cost for OD pair . 
The equity of the accessibility is calculated based on the 
well-known Gini coefficient such as 

 where  is the 
number of destinations and  is the mean accessibility of 
these destinations. Finally, note that  and  as simple 
weights with  and  [18]. 
 
Road Accidents:  

, where  
with  as a constant,  as the number of trips per day and 

 as the average speed (km/h) on link  [19].  
 
Vehicle Emissions:  

. Here the total network emission (g) 
is obtained as   where  
is the vehicle emission (g/km) and  is the length (km) of 
link  [19]. 
 
Vehicle Noise:  

 where   
and  is the noise (dbA) generated by vehicles travelling 
on link  as a function of vehicle flow  and average 
vehicle speed  [20].    

Based on these definitions, the social and environmental 
objectives can be formulated as 
 
  (1) 
 
and  
  
  (2) 
 
respectively. The weights , ,  and  are 
set according to the traffic authority priorities. 

B. Lower Level Problem 

At the lower level, we are considering SUE assignment. 
Let us define  as the link-path 
incidence matrix where  if path  traverses link  and 

 otherwise. It is then possible to relate link flows and 
path flows as . Similarly, the relationship between 
link-cost and path-cost is given as  where  

denotes toll price vector. The flow of class  users on path  
is determined by  where  is the 
probability that a class  user traverses through path 

. We assume that the random term of discrete route 
choice satisfies Gumbel distribution, hence the route choice 
probability can be described as a multinomial logit, or 

 . (3) 

 
Here  indicates the familiarity degree of a class  

driver to traffic conditions. This parameter is set such that 
drivers with more equipped cars have larger . Sheffi and 
Powell (1982) proposed the following unconstrained convex 
minimization model for SUE problem:  
 
  

  (4) 

 
where 

  (5) 

 
define the expected perceived travel cost for OD pair  
and user type  which is relevant to the entire path set 
between  and .  

IV. SOLUTION METHOD 

To solve the proposed bi-objective bi-level optimization 
model, we adapted the well-known Non-dominated Sorting 
Genetic Algorithm (NSGA-II) which is proven to be very 
efficient for multi-objective problems [21]. At each iteration 
of this algorithm, SUE model in (4) must be solved for each 
individual of the current solution population. To realize this, 
we make use of the Self-Regulated Averaging (SRA) 
method due to [22] and the Bell’s second algorithm to solve 
logit-based stochastic network loading problem [23]. The 
details about these algorithms are provided in the next.  

A. SRA Algorithm 

The solution of the minimization problem in (4) can be 
found by simultaneously solving the set of equations 

 for each . This gradient is given as 
  

  (6) 

 
for all . When the travel cost function is separable, 

 is a diagonal positive definite matrix. With this 
property, it is possible to express the set of equations such 
as  
 
  (7) 

 
for all . If we denote  
then the solution of the minimization problem can be found 
by solving  for each  
simultaneously. It can be shown that  is a 
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descent direction. With this property, it becomes possible to 
solve the equation system iteratively. A recently proposed 
algorithm, namely SRA method [22], exactly achieves this. 
The general description of the adapted SRA is given as 
follows: 
 
I.  Set , , , and the stop criteria . 

Calculate initial points  and . 
II. While  do  
  if  
    
  else 
    
  end 
            
   
   
   
 End.  
III. Output:  

 
The operation  in this algorithm corresponds to 

stochastic network loading. Here we use Bell’s second 
algorithm for solving logit-based stochastic transportation 
network loading problem [23]. 

SRA method depends on the consideration that the step 
size must be larger to give more aggressive search of the 
solution space when the current iteration’s solutions 
converge, but, it must be smaller when the solutions 
diverge. The step size series  in SRA method satisfies 
the conditions of  and . 
Because of this, it ensures the convergence for SUE 
problems. In SRA method,  is a monotonically 
decreasing positive series. However, it maintains a more 
reasonable decreasing speed. Particularly, when iterates are 
close to the optimal solution, the step sizes decline slowly to 
avoid a slow convergence speed [22].  

B. NSGA-II Algorithm 

In the literature, there are several multi-objective 
evolutionary algorithms (MOEA). Among them, we 
implemented NSGA-II algorithm since it is widely accepted 
as one of the best MOEA [21].  

“Non-dominated sorting” is one of the main characteristics 
of the NSGA-II algorithm. A vector  is 
said to dominate another vector,  if and 
only if  for all  and there exists an  such that 

 [24]. Furthermore, another important concept is 
“crowding distance” for this algorithm. It measures the 
density of an individual through all the individuals in a 
particular front (rank).  

The decision variables for the upper level problem are the 
toll prices. Each solution is represented by a vector of size 

 where  is the set of tolled arcs of the network. 
In other words, we choose to collect different toll prices for 
each user type. The general description of the adapted 
NSGA-II is given as follows [25]:   
 
I.  Generate the initial population by randomly choosing 

toll prices between predetermined lower and upper 
bounds. 

II. Assess the objective functions. To realize this, first solve 
SUE model given toll prices for every individual of the 
population using SRA algorithm. Then, using optimal 
SUE flow values calculate the value of each objective 
function for every individual. 

III. Assign the rank to every individual in the population 
on the basis of non-dominance.  

IV. Classify the individuals in the population according to 
the ranks.  

V.  Find the crowding distance for every individual in the 
population.  

VI. For each generation, we have to accomplish some tasks 
which are given below:  

a) Perform tournament selection to select the individuals 
randomly from the population. 

b) Produce offspring population by doing crossover and/or 
mutation based on the crossover and mutation 
probability. 

c) Generate intermediate population by integrating the 
populations of parents and offsprings. 

d) Carry out non-dominated sorting on the intermediate 
population. 

e) Choose the individuals from the intermediate 
population by depending on rank and crowding 
distance. The individuals in rank are classified in the 
increasing order of rank and added until the population 
size is reached. The final rank is included according to 
the individuals with least crowding distance.  

f) Replace the individuals in the population.  

V. ILLUSTRATIVE EXAMPLE 

To demonstrate the efficiency of our approach, we have 
employed the nine node example from [26] which has data 
similar to large-scale traffic assignment problems. It has 18 
links and all of the links have cost functions with the same 
structure: 

 
 

 
where  and  are two constants denoting the free flow 
time on link  and the capacity of link  respectively. There 
are four OD-pairs: (1,3), (1,4), (2,3) and (2,4). The network 
is shown in Figure 1. The pair near link  is ( , ).  

 

Three types of users are investigated in this study with 
,  and . In other words, type 

one users belong to the low income class with the least 
equipped cars while type three users belong to the high 
income class with the most equipped cars. The users travel 
demands are given in Table I. 

Fig. 1.  The nine node network 
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NSGA-II is run for a population size 50, tournament size 

2, crossover rate 0.80, Pareto front population fraction 0.20 
and maximum number of iteration 150. For the crossover 
operator, we first create a random binary vector. We then 
select the genes where the vector is a 1 from the first parent, 
and the genes where the vector is a 0 from the second 
parent, and combines the genes to form the child. For the 
mutation operator, we randomly generate directions that are 
adaptive with respect to the last successful or unsuccessful 
generation. A step length is then chosen along each 
direction so that linear constraints and bounds are satisfied. 
Finally, the minimum and maximum toll prices that can 
collected are set to 0 and 20 respectively, independent from 
the arc and user type selected.  

Three different toll pricing schemes are investigated: (1) 
first best toll pricing (FBTP), (2) second best toll pricing 
(SBTP), and (3) no toll pricing (NOTP). In FBTP plan, it is 
assumed that all arcs can be tolled. As this can be difficult to 
realize in practice, only a subset of arcs is tolled in SBTP 
plan. In this study, only arcs (5,7), (6,8), (6,9) and (7,8) are 
included in this subset. For the first two pricing schemes, 
final results for 5 different runs of the NSGA-II are pooled 
and the final Pareto front is obtained after removing 
dominated solutions from this pool. The result of the last 
NOTP plan is found with a single execution of SRA and the 
calculation of the upper level objectives. These results are 
shown in Figure 2. It can be observed that toll pricing policy 
pays off in terms of sustainability objectives: NOTP 
solution is strictly dominated by all FBTP and SBTP 
solutions, and the closest solution to the NOTP solution is at 
least 16% better in both objectives. Moreover, FBTP plan 
produces solutions that all strictly dominate SBTP plan 
solutions. They are also much more diversified in the 
objective functions space, thus form much more interesting 

choices to the traffic authority. However, the inconvenience 
of pricing plans is that they lead to an increase in total time 
spent by the users on the network (in system optimum 
sense). Compared to SO total travel time at NOTP case, this 
increase resides in the interval 2.5%-5.5% for SBTP 
solutions while it resides in the interval 23%-28% for FBTP 
solutions. Therefore, we can claim that second best pricing 
is the most appropriate policy for sustainable traffic 
assignment.  

Other insights can be gained by examining link flows. 
Here we only contrast NOTP plan flows with one of the 
Pareto optimal solutions of SBTP plan (see Table II). This 
solution is selected such that its distance to the origin at the 
objective functions space is minimal. Note that this distance 
is calculated by assigning equal weights to both 
environmental and social objectives. As the origin in this 
space corresponds to the ideal solution (yet impossible to 
attain), the closest Pareto optimal solution to the ideal 
solution can be considered as sustainable. It can be 
remarked from Table II that flow of user type 3 is 
significantly altered by the optimum toll prices. The change 
is much more less for user type 2 and almost insignificant 
(less than 1%) for user type 1. This implies that collecting 
toll from users that are more familiar with the road 
conditions help to achieve sustainability.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

VI. CONCLUSION AND FUTURE RESEARCH 

There exist several sustainability related measures for 
rating urban transport systems and these measures are most 
of the time conflicting. Therefore, finding a single dominant 
solution that is the best performer regarding to all objectives 
is impossible. In this work, we aim at providing solutions 
that are sustainable for the traffic assignment if only 
environmental and social objectives are considered. To 
achieve this, we develop a bi-objective bi-level optimization 
model which includes user type based toll pricing policy and 
a solution method to solve this model. The efficiency of the 
model is demonstrated with an illustrative example and a 
descriptive analysis on the obtained results is provided. 

This study has the potential of being a starting point for 
many future researches. We can only conceive of apparent 
ones. As for example, the economical dimension can be 

TABLE II 
USER FLOWS ON NETWORK ARCS 

 No Tolling  Second Best Tolling 
Arcs UT1 UT2 UT3 UT1 UT2 UT3
1-5 7.97 3.95 1.66 7.98 4.23 5.30
1-6 7.03 5.05 4.34 7.02 4.77 0.70
2-5 19.05 13.28 9.00 19.23 14.97 11.96
2-6 15.94 9.72 3.00 15.77 8.03 0.04
5-7 7.47 7.56 9.40 8.01 11.77 1.45
5-9 15.06 8.82 1.27 15.29 6.70 15.81
5-6 40.02 0.87 0.00 39.61 0.74 0.00
6-5 35.52 0.01 0.00 35.70 0.02 0.00
6-8 10.06 8.40 6.84 11.01 12.18 0.70
6-9 17.40 7.22 0.49 15.69 1.35 0.04
7-3 10.90 9.10 6.41 11.07 9.25 6.86
7-4 15.86 10.28 4.50 16.06 10.20 6.21
7-8 66.59 0.20 0.00 61.04 0.19 0.00
8-3 9.10 3.90 0.59 8.93 3.75 0.14
8-4 14.14 8.72 6.50 13.94 8.79 4.79
8-7 70.47 3.11 0.01 65.76 3.67 0.01
9-7 15.41 8.90 1.51 14.40 4.21 11.62
9-8 17.05 7.13 0.25 16.58 3.84 4.24

   UTx = user type x 

Fig. 2.  Pareto optimal solutions depicted in the objective functions space

TABLE I 
USER FLOWS ON NETWORK ARCS 

OD UT1 UT2 UT3 
1-3 5 3 2 
1-4 10 6 4 
2-3 15 10 5 
2-4 20 13 7 

                               UTx = user type x 
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incorporated as a third objective. This objective may include 
several measures such as affordability or value-of-travel 
time. The number of environmental and social measure 
could be also increased. Instead of only focusing car traffic 
assignment, other stages of the transportation planning such 
as trip generation, trip distribution and/or modal split could 
be also included to the model. Only peak hour demand is 
investigated here. However, it is also possible to model in-
day and day-to-day traffic by taking into account dynamic 
traffic assignment. All these enhancements will inherently 
enable the development of new sustainability performance 
metrics for urban transportation. 
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