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Abstract 

In this paper a Network and Route Optimization Problem (NROP) in evacuation 
conditions is proposed. The variables involved in the problem are discrete (link 
topology, routes for rescue vehicles) and continuous (link capacity). The discrete 
variables are related to the link direction, lane numbers, lane use and sequence of 
users reached by rescue vehicles. The continuous variables, assuming that the 
link capacity is a function of the characteristics of the final node in the link, are 
related to the intersection control setting. The NROP is hence formulated as a 
mixed (discrete/continuous problem) in a congested network considering the 
ordinary demand and the evacuation demand. The network topology is optimized 
considering the users who evacuate on their own and the rescue vehicles that 
move to rescue some users. A heuristic procedure is used to find the best 
network configuration.  
Keywords: continuous/discrete variables, heuristic approach, vehicle routing. 

1 Introduction 

The Network Optimization Problem (NOP) consists of finding the optimal 
configuration of an existing network optimizing some objectives. Initially, this 
problem concerned the link direction and lane allocation optimization (a discrete 
problem). It was then extended to capacity optimization (a continuous problem) 
defining a Mixed NOP (MNOP). The capacity optimization regards the 
optimization of the signal setting at intersections, known as Traffic Signal 
Setting Optimization (TSSO). 
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     The Vehicle Routing Problem (VRP) consists of finding the optimal set of 
routes respecting some constraints. The VRP, formulated initially to optimize the 
routes for a fleet of vehicles for freight transport, has been extended to other 
fields. Thus, the problem was extended to other vehicle classes, like vehicles for 
passenger transport or rescue vehicles. In this second case, two cases can be 
distinguished in relation to ordinary operations or emergency situations (i.e. in an 
evacuation). 
     In the transport field, the NOP and the VRP are generally treated separately 
and rarely to optimize vehicle routes in an evacuation, but they are closely 
connected. In this paper, a formulation trying to link the two problems is 
proposed. Moreover, the formulation is made in evacuation conditions, to 
optimize the travel time of users who evacuate on their own and the travel time 
of rescue vehicles that operate to rescue some users. Since in the literature the 
two problems are separated, below a literature review is developed separately for 
NOP and VRP and it is reported in Section 2. 
     The problem proposed in this paper is a Mixed Network and Route 
Optimization Problem (MNROP). The MNROP can aid in the evacuation of a 
city when a sudden event happens. In fact, a network optimization (i.e. number 
of lanes for each link, intersection regulation) can reduce significantly the 
evacuation time. In an evacuation, other impacts of network optimization can be 
considered, for example the lane reservation for rescue vehicles to create a 
lifeline that allows the movement in and out of the rescue vehicles. The negative 
side in a lifeline is the reduction of capacity devoted to other vehicles, which 
could exit from the area in a longer time compared to the scenario without a 
lifeline. Hence, it is necessary to have an arrangement between the two cases, to 
improve the rescue vehicle movements without compromising the evacuation of 
private users. 
     The MNROP is formulated and solved in evacuation conditions. The problem 
treated is related to link orientation, lane allocation and signal setting 
optimization to regulate the intersections and, hence, optimize the link capacity. 
The objective function defined is related to the total travel time spent on the 
network; others formulations are however possible. 
     In road evacuation (for general considerations, see  [1]), the MNROP can be a 
means to help planning  [2–6]. 
     As reported, in this paper the original contributions are related: 
 a mixed (discrete and continuous variables) network optimization problem is 

defined highlighting the link capacity optimization; 
 the network optimization problem is connected with vehicle routing 

problems; 
 the proposed approach is formulated in evacuation conditions. 
     The paper is structured as follows. In Section 2 a literature review is reported, 
considering a possible classification for the NOPs. In Section 3 the problem 
formulation is reported; this section is divided in two sub-sections, related to the 
models and the algorithms. Finally, in Section 4, the conclusions and possible 
future developments are reported. 
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2 Literature review 

This section is made up of two subsections: in the first the NOP is treated, in the 
second the VRP is reported.   
     Various characteristics can be considered in NOPs, related to the variables, 
the objectives, the demand and so on. 
     The first classification refers to the variables type, considering: (i) problems 
with discrete variables (DNOP, Discrete NOP), (ii) problems with continuous 
variables (CNOP, Continuous NOP) and (iii) mixed problems (both discrete and 
continuous variables, MNOP, Mixed NOP). This classification must pay 
attention to the continuous case, which has various conflicting treatments in the 
literature. In fact, frequently the problem is tackled as a link width optimization 
problem not considering: (1) the intersection optimization, (2) that the link width 
depends on lane allocation and hence is a discrete problem, (3) that link 
widening is strictly tied to the lane addition (i.e. for provision of constraints). 
Hence, below when the continuous problem is tackled, the problems concerning 
the signal setting optimization are considered. 
     In the discrete field, Billheimer and Gray  [7] propose an approximate 
algorithm (based on insertion and deletion of links in the network) to solve the 
NOP; the original algorithm is applicable only to uncongested networks, but can 
be extended to congested cases. Xie and Turnquist  [8], in evacuation conditions, 
define a problem to optimize the network with the aim of optimizing a lifeline 
reserving some lanes to rescue vehicles and giving them priority at intersections. 
In Chen and Alfa  [9] a heuristic branching algorithm is proposed for solving 
NOPs considering the congestion. In emergency conditions, Kalafatas and Peeta 
 [10] propose a model to enhance the capacity of some links using contraflow 
strategies and lane additions. Other papers with discrete variables can be 
considered, such as  [11–13]. 
     In the continuous field, the NOP can be formulated as a TSSO  [14], 
considering also two other aspects  [15]: path choice (rigid or elastic) and 
interacting junctions (with or without coordination optimization). Considering 
the rigid path choice, the analysis may be on a single junction  [16] or on a 
network of interacting junctions, optimizing offset  [17]. In  [18– 21] an approach 
with elastic path choice and isolated junctions is considered, while in  [22, 23] 
interacting junctions are considered. Some works deal with the problem in a 
continuous approach  [24–30], but they can be traced back to the discrete 
approach. Other papers with continuous variables can be considered, such as 
 [31– 33]. 
     In the mixed field, Cantarella et al.  [15] propose some heuristics approaches 
to optimize the link topology and light traffic at the intersections, minimizing the 
total cost in the network. A heuristic approach is proposed in  [34] to solve the 
NOP considering topological variables and signal setting parameters, without 
changes in infrastructural resources. A three-step method is proposed in  [35] to 
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select, considering some criteria, the best network configuration: first a 
topological similarity evaluation between solutions is performed, second, cluster 
formation is carried out, thirdly, selection of the best solution in the clusters is 
made. In Table 1 some papers classified by considering the aspects described 
above are reported. Other authors propose some NOP formulations based on 
other problem aspects. Miandoabchi and Farahani  [36] define a problem with 
rigid demand, the aim being to maximize the reserve capacity. Chiou  [37] 
propose a problem supposing that the link equilibrium flow is a function of link 
capacity and that this function is derivable to apply a gradient-based resolution 
method. Moreover, a further characteristic can be made considering the demand, 
rigid  [7,  8– 13] or elastic  [38] A further approach considers the infrastructural 
resources given  [7] or considers the possibility of strengthening the 
infrastructural resources (i.e. building new streets or widening some existing 
streets) respecting a budget constraint  [36]. Other considerations can be made on 
the objective; some papers consider a single objective  [10,  11– 36], others a 
multi-objective problem  [38,  39]. Other papers  [40,  41] propose an 
approximation in the problem formulation to solve it more easily; nevertheless 
the solution is not exact for the original problem. 

Table 1:  NOP classification: some papers in the literature. 

Reference Variables Demand Infrastructural 
resources 

Objective Conditions 

 [7] D R F Mono Or 

 [8] D R F Mono Ev 

 [10] D R F Mono Ev 

 [11] D R V Mono Or 

 [13] D R V Mono Or 
… … … … … … 

      

 [20] C R F Mono Ev 

 [21] C R F Mono Or. 
… … … … … … 

 [15] M R F Mono Or 

 [34] M R F Mono Or 

 [35] M R F Multi Or 

 [38] M E F Multi Or 
… … … … … … 

D: Discrete, C: Continuous, M: Mixed; E: Elastic, R: Rigid, F: Fixed, V: Variable, Mono: Mono-
objective, Multi: Multi-objective, Or: ordinary, Ev: Evacuation. 
 

     The NOP was formulated also for transit system optimization considering the 
optimization of lines  [42] and optimal frequencies  [43]; line and frequency 
optimization can be considered simultaneously  [44]. 
     General considerations in the NOP field can be found in  [45– 47]. 
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     The VRP concerns the necessity to visit a certain number of users optimizing 
the user sequence, leaving from an origin and returning to it with respect to some 
constraints and optimizing an objective function. The field of VRP is extensive, 
and a large number of works tackle the problem. A first classification can be 
made considering the solution approach, exact  [48] or heuristic  [49]. 
     Another classification element can be the type of vehicles considered: freight 
vehicles or rescue vehicles. Moreover, considering the rescue vehicles, if they 
operate in ordinary conditions or in emergency conditions can be evaluated. 
     In emergency conditions, Shen et al.  [50] propose a two-stage model:  at the 
first (planning) the routes are generated in advance, at the second (operation) 
changes are made to the routes considering the changes in the supply. In Araz et 
al.  [51] a model to maximize the number of users rescued minimizing the 
evacuation time is proposed. Similarly, Liu et al.  [52] propose a formulation to 
maximize the served demand and minimize time delays in the distribution of 
medical supplies. 

3 Problem formulation 

Figure 1 shows the proposed approach for MNROP. Two stages can be 
considered: the first is the MNOP, the second the VRP. 
 

 

Figure 1: Proposed approach for network and route optimization. 

     The network optimization needs as inputs the infrastructural supply and the 
demand. The infrastructural supply is represented by the infrastructural resources 

Infrastructural supply 

VRP 

Routes 

Objectives 

MNOP 

Ordinary demand 

Constraints 

Road network capacity and 
topology for private vehicles 

(ordinary and emergency 

Road network capacity and 
topology for rescue vehicles 

(save) 

Private emergency 
demand 

To save  
demand 

Path choice 

Paths for private 
vehicles 
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available (streets). It must also consider that in emergency conditions some 
infrastructural resources may not be available. The demand has two main 
components: the ordinary demand is the travel demand that moves on the 
network during a typical day; the emergency demand is the demand that moves 
on the network when a sudden event imposes the evacuation of the people. To 
study in depth the demand analysis, refer to  [53– 57]. In ordinary cases to 
simulate the system the classical approach of transport theory (distribution, 
modal choice, path choice and so on) can be used; in emergency cases this 
approach must be altered to consider the modification in the system and in the 
demand (i.e. the destination is blocked). The emergency demand can be divided 
into two parts: the first related to the users who evacuate on their own (private 
emergency demand), the second related to the users who need help to evacuate 
(to save demand). Considering the problem objectives and constraints a model 
for network optimization is proposed (Section 3.1) and solved with a genetic 
algorithm (Section 3.2). This procedure allows one to find the optimal network 
configuration both for user who in an evacuation leave the area on their own 
(optimal private network or ordinary line) and for users who need help to leave 
the area (optimal rescue vehicles network or lifeline). The outputs are the public 
network topology and the optimal regulation in the junctions (also ordinary line) 
and the rescue vehicle network, with some lanes reserved for emergencies 
(lifeline). With the public network is defined the road network which can be used 
by all users to evacuate the area; with the rescue vehicle network is defined the 
network portion reserved for rescue vehicles. 
     The network optimization has as output the network capacity and topology 
for private and rescue vehicles. At this level, the private users can choose the 
path they follow to leave the area and the rescue vehicles need to optimize the 
routes to rescue the users. Two cases can be considered for private users: the 
users are on a path that is constrained or can be choose the path. In the first case, 
the disaster manager chooses the path for the vehicles; in the second case the 
users choose the best (perceived) path. The path choice can be influenced by 
external messages, which can induce the driver to choose a path instead of 
another. The path choice for private users is not treated in this paper; the focus is 
on route optimization. Hence, the next stage is, considering the optimal rescue 
vehicle network, to solve a vehicle routing problem for rescue vehicles that 
rescue some users (Sections 3.1 and 3.2).  
     In the next sections, the proposed models and algorithms are reported. 

3.1 Model 

Two models are considered in this section: the first regards the network 
optimization and the second the route optimization. 
     The proposed NOP allows minimization of the total time spent in the network 
optimizing the street orientation, the lane numbers and the light traffic. 
Moreover, the optimal configuration of links reserved for the rescue vehicles is 
considered. 
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     The proposed route optimization model allows the minimization of the route 
cost for rescue vehicles, prioritizing the use of reserved lanes. This approach can 
be extended to other fields (i.e. freight distribution,  [59]).  

3.1.1 Network optimization 
The NOP model is based on equilibrium concepts, since the link costs considered 
are the costs related to the equilibrium point of an assignment problem. 
     The following notation is used: 
 fORD is the ordinary flow vector, with entry fORD

i the flow due to the ordinary 
demand; 

 fEME is the emergency flow vector, with entry fEME
i the flow due to the 

emergency demand; 
 f is the total flow vector, the weight sum between the ordinary and 

emergency flows (f = fORD + fEME); 
 c is the link cost vector, with entry ci the cost on the link i (the cost ci depends 

on the link i characteristics and, in general, on the flow vector f); 
 y is the configuration variables; 
  is the homogenization coefficient; 
 (f) is the objective function. 
     The problem is formulated as a minimization problem, as follows. 

Minimize (f) = i=1…l ci(f
*, y) · (f*ORD

i +  f*EME
i) (1) 

 

where the elements with the superscript “*” are the result of a user equilibrium 
assignment.  
    The optimization variable is the vector y. The problem constraints are related 
to the:  
 network connection;  
 node equilibrium;  
 structural constraints. 
     The objective function (1) is expressed as minimization of total travel time 
spent on the network; the costs and the flows considered are those obtained with 
an equilibrium assignment. 

3.1.2 Route optimization 
The route optimization model is formulated as a VRP, in which the network and 
the link costs are those obtained solving problem (1). The link costs are flow 
dependent if the link is used by both private vehicles and rescue vehicles, and 
constant if the link is only used by rescue vehicles. 
     The following notation is used: 
 zij is the cost of the shortest path between node i and node j; 
 is the generic route; 
 ij, is thebinary variable equal to one if the path between i and j belongs to 

route , zero otherwise; 
  is the objective function. 
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     The routing problem is formulated as follows. 

Minimize  =  i j zij·ij, (2) 
 

     The problem constraints are the classical vehicle routing and can be 
summarized as: 
 only one vehicle can visit a node; 
 all routes leave from a refuge area and come back to it; 
 capacity. 
 
     The optimization variables are the routes . 

3.2 Algorithms 

Both the network optimization and the route optimization problems are solved 
using heuristic procedures.  
 

3.2.1 Network optimization 
The genetic algorithm implemented to solve the NOP is that proposed in  [15]. 
The genetic algorithm, starting from an initial population, randomly generated, 
evolves the population for a fixed iteration number.  The population evolution is 
performed using the crossover and the mutation operators. A solution represents 
a network configuration; each solution generated can be admissible. The 
admissibility is verified with a connection test to evaluate that all centroids are 
reachable. The connection test is performed using the Dijkstra algorithm; the 
solution is considered connected if there exists at least a path between each o/d 
pair. Given an admissible solution, a procedure based on the Webster approach 
 [16] is applied to optimize the traffic lights. 
 

3.2.2 Route optimization 
The route optimization is also performed using a genetic algorithm proposed 
previously in  [58]. In this case, the genetic algorithm is used to solve a discrete 
problem (the variable j,of the problem (2) is a binary variable). A solution 
represents a sequence of users to visit respecting the constraints. 

4 Conclusions 

In this paper a model for network and route optimization in evacuation 
conditions is reported. A whole approach is proposed, considering two stages: 
first, the network is optimized (with lane allocation and link capacity 
optimization);  second, route optimization is performed. Both problems are 
specified and solved with a genetic algorithm. In evacuation conditions, two 
scenarios are considered, regarding whether or not to include lane reservation for 
rescue vehicles.  
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     Future developments consider the specification of a multi-objective problem 
to conjugate the total evacuation time for private users (which increases with 
lane reservation) and the routes cost (which decreases with lane reservation). 
Moreover, there are plans to extend the application to a real case. 
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