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Abstract:  Based on long-term transportation network design decisions and potential parameter variations, it is important that 
demand uncertainty is considered in transportation modeling. In this paper, we present a novel robustness measure that combines the 
two objectives by minimizing the expected travel time while bounding the relative regret in each scenario facing uncertain 
origin-destination demand (OD demand). The concept of α-robust solution is introduced into the transportation network design 
problem. We propose a robust transportation network design model with regret value constraints, then design an algorithm based on 
the genetic algorithm to solve the problem and obtain the optimal solutions for different regret values. Finally, numerical results 
based on the Nguyen-Dupuis network validate the effectiveness of the algorithm. While detailed analysis on trade-offs, between the 
expected travel time and the maximum regret value, shows that large reductions in maximum regret do not necessarily result in a 
great increase in expected travel time. Meanwhile, we compared the robust model presented with the stochastic model and numerical 
examples demonstrate that the robust planning network is more reliable and less risky than the stochastic model if demand 
uncertainty is considered in modeling.  
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1  Introduction  

Transportation network design is defined as selecting arcs 
in a network for addition (discrete) or improvements 
(continuous) in order for system performance optimization of 
the traffic network that satisfies certain equilibrium conditions. 
The transportation network design problem (NDP) is 
formulated as either a bi-level optimization problem or a 
mathematical program with equilibrium constraints. Many 
formulations and solution algorithms to solve this 
mathematical program have been presented[1–5]. In practice, 
there are various uncertainties in the NDP, such as the 
uncertainty in OD demand, available link capacity, and cost 
parameters. The influence of uncertainty is an important 
aspect in which the investors should be considered in the NDP. 
If not, we may get only sub-optimal solutions. Once the 
parameters deviate from the predicted values in the actual 
operation, they will lead to operational inefficiency, a lower 
service level, and squandering of resources.  

Uncertainty places a high value on transportation network 
design and recent literature has considered its impact on NDP. 
Ukkusuri et al.[6] proposed a formulation of the robust NDP, 
which accounted for not only the expected value of the 
network performance in the objective function but also the 
standard deviation of the network performance. Ukkusuri et al. [7] 
presented a multi-time period NDP considering both demand 
uncertainty and demand elasticity. Chen et al.[8] developed 
three stochastic multi-objective models for designing 
transportation networks under demand uncertainty. These 
three models are formulated as the expected value 
multi-objective programming model, chance constrained 
multi-objective programming model, and dependent chance 
multi-objective programming model in a bi-level 
programming framework using different criteria to hedge 
against demand uncertainty. Sharmal et al. [9] formulated and 
solved the multi-objective NDP with uncertain demand. The 
objective of the model is to minimize the expected value and 
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standard deviation of the network performance. Dimitriou 
et al. [10] investigated the continuous version of the stochastic 
NDP with reliability requirements. Yin et al. [11] used “box” as 
the uncertainty set and investigated the continuous NDP with 
demand uncertainty under stochastic user equilibrium (SUE) 
conditions. Chen et al. [12] adopted a risk measure, that is, 
value-at-risk to optimize the system performance. Lou et al. [13] 
proposed a discrete version of the min-max model to model 
the capacity improvement problem under demand uncertainty. 
Chootinan et al. [14] presented a new capacity reliability 
criterion, which measures the probability that all of the traffic 
links are operating below their respective capacities, to 
determine the optimal design to maximize network capacity in 
the stochastic NDP model. Karoonsoontawong and Waller [15] 
developed a robust dynamic continuous NDP that accounted 
for both the short-term traffic dynamics and the long-term OD 
demand uncertainty. Ng and Waller [16] presented a 
mean-variance model with chance constraints to 
probabilistically guarantee that the obtained capacity 
enhancement decisions satisfy certain system-wide travel time 
requirements. Chen et al. [17] provided a state-of-the-art review 
of the transportation NDP under uncertainty and presented 
some new developments on a bi-objective-reliable NDP. Sun 
et al. [18] assumed that the demands between every origin and 
destination are uncertain and belong to a bounded interval. 
They proposed a min-max model of continuous NDP with 
demand uncertainty under user equilibrium. Lu et al. [19] 
supposed OD demand elements are stochastic variables. The 
framework of discrete network design under OD demand 
uncertainty was presented based on stochastic bi-level 
programming and means-variance mode. 

Results showed that uncertain factors are of vital 
importance to the transportation network design problem. 
Based on the above theoretical research, we present a novel 
robustness measure. With the expected travel time and 
maximum regret value combined, we propose a robust 
transportation network design model with regret value 
constraints. First, the definition of a regret model is introduced 
and a bi-level transportation network design model with regret 
value constraints is presented. We then designed an algorithm 
based on the genetic algorithm to solve the problem and 
obtain optimal solutions for different regret values. The test 
results validate that the performance of the algorithm is 
effective. The trade-off between the expected travel time and 
the maximum regret value were also analyzed. Meanwhile, we 
compared the robust optimization model presented with the 
stochastic optimization model. 

2  The model formulation 

2.1  The regret model  
To introduce the robustness measure, let Ω  be a set of 

scenarios. Let (Qw) denote the deterministic optimization 

problem where scenario w is realized. For each w∈Ω , let *
wz  

be the optimal objective function value of problem (Qw). We 
assumed * 0wz >  ( w∀ ∈Ω ). 

Definition 1  Let 0α ≥  be a constant. Let X be a feasible 
solution to (Qw) for all w∈Ω , and ( )wz X  be the objective 
value of problem (Qw) under solution X. X is called α -robust 
if for all w∈Ω , 

*

*
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or equivalently， 
*( ) (1 )w wz X zα≤ +                 (2) 

The left-hand side of Eq. (1) is the relative regret for 
scenario w; the absolute regret is given by *( )w wz X z− . We 
considered only the relative regret case and used the term 
“regret” to refer to the relative regret.  

The α -robustness solution can be combined with a 
min-expected-cost objective function to obtain problems for 
the regret model of the following form: 
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where wp  is the probability that scenario w occurs and Θ  is 
the set of solutions that are feasible for all (Qw). 
2.2  Robust transportation network design model with 
regret value constraints  

In a transportation network ( , )G N A= , N denotes the set of 

nodes, A denotes the set of links. OD demand is the 

uncertainty. We use the demand scenarios to approximate the 

probability distribution of the OD demand. The probability of 

the occurrence of each scenario is given. The problem we 

consider is to select arcs in the network for improvement, to 

satisfy the budget constraint, the user equilibrium conditions, 

and α-robustness solution constraint to minimize the 

performance of the overall traffic network. Follow shows the 

definitions of the notations used in this model. 
( )w w

a at x : the unit cost of transportation on arc a, given that the 
demand w∈Ω  is realized; 

w
ax : the flow on arc a for demand realization w∈Ω ; 

,rs w
kf : the flow on path k between OD pairs rs for demand 

realization w∈Ω ; 
w
rsq : the demand between OD pair rs for demand realization 

w∈Ω ; 
wp : the probability that scenario w∈Ω  is realized; 

*
wz : optimal objective value of the deterministic problem 

(Qw) under the data from scenario w ; 
α : the maximum regret value desired; 

ar : the initial capacity of arc a; 

av : The increased capacity of arc a if arc a is selected to be 
expanded; 
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