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ABSTRACT 
In emergency conditions, with dangerous events with effects delayed in the time, the transport supply 
requires configurations that allow the reduction of the negative effects on people. Therefore, it is 
necessary to define suitable design methodologies for risk reduction. In the context of the wider problem 
of the transport demand managing in all its components, this paper reports the problem for the road 
network design in transport systems. The problem analysed considers the design of the link directions 
and the traffic light regulation at the junction in the road networks for users and emergency vehicles. 
The paper: reports a state of the art of the problem; introduces a general framework; formulates the 
problem in terms of aggregate mathematical models. For further information on the topics reported, the 
literature cited can be considered. 
Keywords:  emergency condition, network design problem, vehicle routing problem, risk reduction. 

1  INTRODUCTION 
In the presence of natural or manmade disasters with effect on the people delayed in the time, 
the transport system must work at its best in order to allow the evacuation of users in the 
shortest possible time. Considering the three components of the risk, occurrence, 
vulnerability and exposure, with this type of events, the application of design methodologies 
for exposure reduction is fundamental (for more details see Fig. 1 cited in the Section 3 of 
this paper and the connected comments). 
     The design methodologies require the definition of different components of the transport 
system: 

 the evacuation planning [1]; 
 the evacuation training [2], [3]; 
 the risk assessment and management [4]; 
 the analysis of the demand for mobility in terms of user behaviour [5]; 
 the study of the performance of the supply model in terms of disutility for users [6]; 
 the interactions between supply and demand models [7]–[9]; 
 the evaluation methods [10], [11]. 

     The study of these components is beyond this paper scope. 
     This paper deals with some design methodologies with the assumption that the interaction 
between supply and demand is considered as a behaviour constraint of the optimum model. 
These methodologies can be used in the planning phase of the short or long term in the design 
of the best configuration of the supply system for risk reduction. 
     Among all the design models, the goal of this paper is to report a brief state of the art and 
to formulate the models commonly used to address the following problems: design of the 
link directions and the traffic light regulation at the junction in the road networks to be used 
by users and emergency vehicles (network design problem (NDP)). 
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     Following this approach, the paper is divided into the following sections: Section 2 
contains the state of the art for NDP; Section 3 reports a general framework of the method; 
Section 4 contains the formulations for the NDP. Finally, Section 5 reports some conclusions. 

2  STATE OF THE ART 
The NDP consists in defining the optimal configuration of the road and transit transport 
network in terms of topology and capacity. In the case of transport systems in emergency 
conditions, the NDP refers to the road transport system because transit transport vehicles are 
used and designed in emergency with VRP (vehicle routing problem) procedures reported in 
other papers, i.e. [12], [13]. 
     The design of the topology consists in defining the optimal configuration of the directions 
and the allocation of the lanes in the road links. The allocation of the lanes involves the 
definition of the capacity of the links in each direction. One of the first papers concerning the 
road network topology design has been proposed in Chen and Alfa [14]. Other design 
methods have been proposed for the generation of optimal topological configurations under 
ordinary conditions, i.e. [15], [16]. The problem has been studied by numerous authors. 
Among all the papers proposed, some examples of methods for the design of the road network 
in ordinary conditions are cited, i.e. [17]–[20]. 
     The road design problem has been extended to the emergency conditions. A method for 
vehicle assignment in emergency condition is reported in Kalafatas and Peeta [21]; a method 
for planning evacuation is reported in He et al. [22]; a method for contraflow operation is 
reported in Webster [23]. 
     The design of the capacity consists in defining the optimal configuration of the regulation 
parameters at road intersections with methods valid for traffic light and priority junctions. 
The priority junctions, can be treated from a model point of view as the signalized junctions 
with appropriate mathematical analogies. Numerous methods have been proposed for the 
design of traffic light regulation in ordinary conditions. Some methods proposed are cited for 
single junctions, i.e. [24], [25] and interacting junctions, i.e. [26]–[29]. 
     In ordinary conditions the topology and the capacity are studied inside the same model 
with the solution adopting heuristic procedures, i.e. [30]. 
     In the SICURO project a general formulation for the risk has been proposed [4] the 
problem of the link topology design and the light regulation of the junctions has been studied 
under emergency conditions by experimentation, i.e. [31]–[34]. 

3  FRAMEWORK 
The overall framework regarding NDP in emergency conditions is shown in Fig. 1. 

3.1  A 

The main part of the NDP is the risk reduction model (A in Fig. 1). This model takes as input:  

 the occurrence values of the calamitous event and the vulnerability of the supply system 
(B in Fig. 1);  

 the risk reduction objectives (C in Fig. 1);  
 external and technical constraints (D in Fig. 1);  
 the consistency between demand, flows and costs, which is also called behavioural 

constraint (from E to N in Fig. 1);  

and it provides as output the configurations of the supply model in terms of topology of links 
and capacity at junctions (O in Fig. 1). 

 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on The Built Environment, Vol 206, © 2021 WIT Press

268  Safety and Security Engineering IX



 

Figure 1:  General framework. 

3.2  B 

The risk function is assumed to consist of three components: occurrence, vulnerability and 
exposure [4]. Each component is defined by a probability with the exception of the social 
risk case where the exposure is defined by a quantity in term of people. In the case of the 
transport network design, it is assumed that the first two components (B in Fig. 1) are defined 
a priori (it is the case of the occurrence of calamitous events in a transport system with 
predefined vulnerability). Therefore, the reduction of risk, in this case, coincides with the 
exposure reduction (A in Fig. 1). 

3.3  C 

The risk reduction in this specific case coincides with the reduction of exposure, which is 
implemented with evacuation measures. Evacuation has the purpose of making people move 
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away and therefore reduces the number of people present in the system when the calamitous 
event generates effects in the system (C in Fig. 1). The objectives to be pursued with the 
reduction of exposure are mainly of two types: to minimize the evacuation time of the last 
user who leaves the system from the areas at risk; evacuate all people from the dangerous 
area (or, if it is not possible, maximizing the number of people evacuated before the 
dangerous effects). 

3.4  D 

The external and technical constraints must be respected and that cannot be modified with 
the project (D in Fig. 1). Some examples of technical constraints are for example the number 
of emergency vehicles available, the size of the safe areas. Some examples of external 
constraints are laws, regulations and guidelines. 

3.5  E–N 

The behavioural constraint models represents the users choice in the transport system on 
different levels and it is non-linear. The best choice to users can be recommended and it is 
difficult to force each user to make the choice. Therefore it is necessary: 

 to build a demand model (E in Fig. 1) that models user behaviour (F in Fig. 1) starting 
from socio-economic data (G in Fig. 1); 

 to build a supply model (H in Fig. 1); it models the performance of the system (I in Fig. 
1) starting from transport infrastructure characteristics; it should be noted that the supply 
model has also input the supply topology and capacity characteristics (O in Fig. 1), 
output of the design model and which will be reported in the next paragraph (O); 

 to build a model of interaction between supply and demand (M in Fig. 1) which provides 
as output the consistency between demand, flow and costs (N in Fig. 1) and takes as 
input the behaviour of users and network performances. 

3.6  O 

The model gives as outputs the topological and capacity configuration of the network (O in 
Fig. 1). It should be noted that the output of the design model is also the input of the 
behavioural constraint, that is of a non-linear type. For this reason, heuristic procedures [30] 
must be applied to solve the problem in real size transport systems. 

4  MODEL 
The NDP in a general form can be specified in the following form: 

 
Minimumy  (y, f) (y* is the optimal value of y) (1) 

 
Subject to: 
 

y  ETy; f  ETf  (external and technical constraints) (2) 
 
f = (f,y); f  Bf  (behavioural constraints) (3) 
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     The output (O in Fig. 1) of the design model is given by the value y* of the vector y which 
minimizes the objective function (). The vector y contains the design variables that define 
the topological configuration of the network (discrete variables) and the light regulation 
strategy at junctions (continuous variables). 
     The objective function (minimum (y, f)) models risk reduction (C in Fig. 1). Considering 
that the occurrence and the vulnerability are predefined (B in Fig. 1) in this specific case of 
evaluation, the objective function (A in Fig. 1) is the reduction of the probability of presence 
of people (individual risk) or of the total number of people (social risk) in the areas at risk. 
Therefore the objective function can consider one of the following two criteria: 

 minimum of the total evacuation time of all users; 
 evacuate all people from the dangerous area or, if it is not possible, maximizing the 

number of people evacuated in a pre-established time and generally coinciding with the 
expected time of production of the negative effects on users. 

     The technical and external constraints (D in Fig. 1) can be indicated by belonging to the 
vectors y and f to the respective feasibility sets ETy and ETf (y  ETy; f  ETf). Very often 
these constraints are defined with linear inequalities (e.g. number of lanes lower than and 
equal to a predetermined value; number of vehicles available minimum or equal to a 
predetermined value). 
     The behavioral constraint (f = f(f,y)) considers the choice of users that follows the 
maximum of his utility (from E to N in Fig. 1). Therefore behavior must be modeled using 
established approaches in transport engineering [35]. The result of the users’ choice is the 
flows vector f and the network performances. Each element of the vector f models the flow 
of users in each link of the network. Random utility models typically is applied. 
     In a static context (which does not well represent the system in emergency conditions), 
the behavioral constraint can be expressed as: 

 f = () () d() (4) 

where 
 () = (y) the link-path incidence matrix; it depends on y; 
 () = (()’ (), y) the path choice-origin destination pairs matrix; it depends on the 

path cost ()’ () and y; 
 d() = d(()’ (), y) the demand vector for the origin destination pairs; it depends on 

the path cost ()’ (), and y; 
 ()’ () = (y)’ (f,y) the path cost vector; 
 () = (f, y) the link cost functions vector; it depends on f and y. 

     It is the results of the interaction between demand models (represented by means () and 
d() and their relations) and supply models (represented by () and (f, y) and their 
relations). 
     In emergency conditions the dynamic approach better represent the users’ behavior. Two 
approaches can be adopted: within-day and/or day-to-day models [35].  
     In both cases, a compact representation can be adopted: 

 f = (f,y) (5) 

     In both cases the flow belongs to the flow feasible set Bf:  

 f  Bf (6) 
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5  CONCLUSIONS 
In this paper a model for the urban road transport network design has been reported. The 
model has been considered in the wider problem of risk reduction and, in particular, exposure 
reduction in presence of calamitous events. The quantitative design models is required in 
order to optimize the system in a preventive way and therefore be ready to allow optimal 
evacuation of users. 
     The main novelty reported in this paper concerns the specification of a model for the road 
transport networks design; it could be used for planning transport systems in emergency 
conditions. The design model has been reported in a unitary approach, starting from the state 
of the art. It is linked to the three components of risk: occurrence, vulnerability, exposure. 
The objective function was considered as a quantitative indicator of the risk exposure 
component in order to link network design and risk areas. The overall model has been 
specified also considering the behavioural constraint that models the choices of the users. 
The behavioural constraint is not linear and the design variables are continuous and integers. 
Therefore the problem requires the use of heuristic solution algorithms.  
     The methodologies proposed in this paper can be used for the medium or long-term design 
of the links layout and junctions regulation of a road network, aimed at reducing the risk. The 
optimal design of the transport network, especially in emergency conditions, would reduce 
the time required for the evacuation of users. Therefore, this methodology is a decision 
support that must be taken into account by operators in emergency conditions. The 
application of the methods reported cannot be implemented in real time. An emergency 
situation generates wide and differentiated management problems and scenarios. Therefore 
the design methods must be specified, calibrated and validated in advance using hypothetical 
risk scenarios. In real situations, the results and models obtained previously can be updated 
with changes in the real scenario compared to those assessed a priori; it could be considered 
as a decision support system. Therefore, for the application of these models, a preventive 
planning activity is required, including training. 
     In the future, the framework and the models reported require an extensive activity of 
specification–calibration–validation in real contexts followed by continuous training on the 
various components involved (system managers, operators, users, citizens). 
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