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Abstract 

In this paper a particular method of analysis of hazardous events is shown to 
determine a quantitative indicator by means of which it is possible to estimate 
the total risk to which the transport networks in a territory are subjected.  To give 
a practical exemplification of the proposed procedure, an application to the real 
network of the historical centre of a small city is described, studying the 
evacuation in the hypothesis that in the event of a calamity  the present 
population in the area follows the directives proposed from the municipal plan of 
civil protection.  The assessment of the effects on the analysed transport network 
has been undertaken by means of the application of a mesoscopic dynamic 
assignment procedure with the aid of dedicated software. Different temporal 
periods have been considered within a day and the combination of the various 
scenarios of supply and demand has led to the construction of multiple scenarios 
of simulation, with the aim of analyzing the main types of situation, bearing in 
mind the vastness of the possible cases.  The work done puts in evidence, more 
than the single results obtained for the particular case of study, how adequate 
quantitative methodologies based on a dynamic approach represent a useful 
instrument in supporting the process of the evacuation planning at the several 
territorial scales. 
Keywords: evacuation, dynamic assignment, emergency condition. 

1 Introduction 

The evacuation of an area involves an amount of users larger than the ones 
usually considered in the simulation of a steady state working conditions of a 
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transportation system. A static approach does not allow a reliable representation 
of the dynamic evolution of demand profiles within a reference period; in this 
case an intra-period dynamic approach (within-day dynamics) is more suitable 
since it can give a satisfactory representation of both over-saturation and queues 
formation and scattering phenomena. The dynamic assignment model here 
considered is mesoscopic that is flow characteristics depend on link conditions 
defined within discrete time intervals; using this approach both evacuation time 
and temporal evolution of flow conditions can be evaluated. In the following, 
after a short description of the properties of the adopted model in point 2, an 
application to a real case will be described in point 3 with some comments and 
indications for further developments. 

2 Model reference 

Many studies ([1], [2], [3]) highlighted the limits of static assignment models in 
performing an analysis of phenomena connected to temporal variations in terms 
of both demand and supply, such as rising and scattering of queues due to 
temporary peaks of demand and/or capacity reductions of infrastructures.  
     Thus, in order to comply with these phenomena, it is necessary either to use 
static models in pseudo-dynamic assignment procedures [4], or to remove the 
intra-period stationarity hypothesis and choose within day dynamic assignment 
models (Dynamic Traffic Assignment models - DTA). 
     In general, a classification of DTA models can be made depending on the 
traffic variables representation (continuous or discrete) and on the aspect of the 
variables representing network performances (aggregate o disaggregate).  
     So called macroscopic models (or Flow-based Analytical Models: [5], [6], 
[7], [8], [9], [10], [11]), simulate network performances by means of aggregate 
variables (speed, density, flow) with explicit capacity, as in static models, and 
use a continuous representation of traffic; generally, in the formulation of 
macroscopic models, fluid-dynamic analogies of traffic are adopted. 
     A second type of models, named mesoscopic (or Packet-based models: [12], 
[13], [14], [15], [16], [17]), is similar to the previous one in the way of 
simulating network performances (aggregate variables with explicit capacity are 
used), but it is different in terms of traffic representation; mesoscopic models 
peculiarity consists of a discrete flow representation for group of vehicles/users. 
A third type is made up by microscopic models, where individual trajectories of 
all the vehicles are simulated by using disaggregate variables with implicit 
capacity, and a discrete traffic representation. 
     The DTA used for the application presented in this paper is mesoscopic and it 
is based on the one proposed by Cascetta and Cantarella [16] and successively 
developed [19] [20] [21] [22]; in particular it consists of an evolution of the 
dynamic approach developed for evacuation purposes in [21] and [22]. 

2.1 Main hypotheses 

Referring to [20] for a more detailed description of the whole structure of the 
model, in this paragraph some highlights, concerning the main features of the 
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DTA procedure here considered, are reported. The used approach refers to 
discrete time intervals, supposed of constant amplitude (without any loss in 
terms of generality). Let δ be the amplitude of the generic interval t and τ the 
current time within the interval, τ ∈[0, δ]. A packet of users P(h, k) can be 
defined once identified the followed path k (and consequently the 
origin/destination pair connected from the path k) and the departure interval h. 
Flow conditions are considered homogenous along a link and constant for the 
entire duration of each interval, and the link variables flow (q), density (ρ) and 
speed (v) within interval t are subjected to the following relationship: 

qt = ρt·vt 
     Outflow characteristics are calculated at the end of the interval; if the 
amplitude of each interval is sufficiently short, they can be considered valid for 
the successive one; so, in order to better evaluate flow characteristics, temporal 
intervals can be subdivided in evaluation sub-intervals. Once known outflow 
characteristics on a link for a generic interval (or sub-interval), the movement of 
a point (representative of a generic packet of users) can be traced on the link,  
depending on the definitions of link model and on the adopted movement rules. 

2.2 Demand model 

Let D(h, u) be the demand vector made up by the set of users belonging to class 
u that moves between the several origin/destination (in the following o/d) pairs 
leaving during interval h and let K(i, u) the set of paths connecting the i-th o/d 
pair followed by the users belonging to class u. A choice probability π(k) is 
associated to every path k ∈ K(i, u). Every departure interval h (of amplitude δ) 
is subdivided in n  sub-intervals that, for the sake of simplicity, are supposed of 
equal length λ = δ/n, and let η be one of these sub-interval. The generic packet 
P(η, k, u) will be composed by number x(η, k, u) of users, belonging to class u 
departing during the sub-interval η and following path k, defined assuming 
uniform the departures distribution within interval h.   

2.3 Supply model 

The generic arc of the graph  a of length La, is divided, from the functional point 
of view, into two segments by means of section S whose abscissa, xS

a, can 
assume values between 0 and La, as shown in Fig. 1. The part of the arc with x ∈ 
[0, xS

a [ is named running segment, while the other part, with x ∈ [xS
a , La], is 

named queuing segment. The evaluation of the abscissa of section S is performed 
at the end of each sub-interval. 

2.3.1 Point movements 
Let, at time τ  of interval t, P(h, k) [with h ≤ t] be a packet of users represented 
by a point p located at abscissa x of arc a belonging to path k. Let va

t the current 
speed on running segment during interval t, Qa the capacity of final section of the 
arc (capacity can depend on t) and ρa the maximum density on the arc. 
− If x < xS

a, point p moves on running segment with speed va
t and, within 

interval t, can reach at least abscissa xS
a and then, the distance that can be 
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covered on running segment is given by: min{ xS
a – x, (δ − τ)⋅ va

t }. If it 
occurs that xS

a – x < (δ − τ) ⋅ va
t, point p enters the running segment of  arc 

a, at time τ’ = τ + [( xS
a – x ) / va

t]. 
− If x ≥ xS

a, point p moves on queing segment; outflow on this segment is 
ruled by capacity of final section of arc a; The queue length covered by 
point p until the end of the interval is given by δ = [(δ − τ)⋅ Qa] / ρa. If it 
occurs that x + δ > La, point p exit arc a during interval t at time τ” = τ +  [ 
(La – x ) ⋅ ρa ] / Qa . 

 

Figure 1: Functional scheme of an arc. 

2.3.2 Spill-back management 
Once point p reaches abscissa La before the end of the interval (either τ” < δ if 
xS

a < La or τ’ < δ if xS
a = La), it is checked that the length of running segment of 

the arc a+ following arc a on path k is not null, that is xS
a+ > 0. If it is true, point p 

can enter arc a+ otherwise it means that the whole length of arc a+ is occupied by 
a queue and  point p remains on arc a until queue length on arc a+ is lower than 
the whole length of the arc, that is for all the time until condition  La+ - xs

a+ < La+ 
→ xs

a+ > 0 is not verified. 

3 Application 

The application has been carried out on the pedestrian area of the historical 
centre of the town of Potenza, whose surface area is about 24,5 hectare.  The 
main characteristics of the graph representative of the considered pedestrian 
network (Fig. 2) are: 

• 433 nodes (98 origins and  8 assembly centres);   
• 915 links (718 real, 197 connections).  

3.1 Demand model 

On the basis of the location of the 8 assembly centres defined by the Civil 
Protection Plan (Piano Comunale di Protezione Civile), 8 influence zones, one 
for each assembly centre, has been individuated in the considered area. The level 
of demand has been estimated separately for the following three categories:  
 

S 

La 

running queuing 

xs
a La - xs

a 
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• residents within the area; 
• non residents who systematically reach the area for work activities; 
• non residents who occasionally reach the area for shopping or other 

activities. 
     In order to take into consideration the different distribution of population 
within the area, the following 6 different hypotheses have been considered: 
A. morning period (08:00 – 15:00): 5782 users; 
B. afternoon period (15:00 – 18:00) with public offices open: 4199 users; 
C. afternoon period (15:00 – 18:00) with public offices closed: 3359 users; 
D. evening period (18:00 – 22:00): 5527 users; 
E. night period  (22:00 – 08:00): 3287 users; 
F. holiday: 1650 users. 
 

 
Figure 2: Graph of the pedestrian network. 

3.2 Supply model 

Depending on the classification of buildings vulnerability, as proposed by 
Braga et al. [25], a classification of the network on the basis of the risk 
connected to seismic hazard has been conducted, associating each link to one of 
the three risk bands defined on road width, vulnerability and height of the 
overlooking buildings. 
     Evacuation paths have been defined taking into account that in such situation 
(residents with knowledge of the network) population tends to escape using 
preferably main roads and avoiding to pass through narrow zones. They have 
been defined for the following three different situations: 
1. the hazardous event does not cause significant damages; all the arcs can be 

used and their capacities have not been modified; 
2. because of the event, 16 of the 718 arc (2.2%) have significant damages and 

cannot be used; 
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3. because of the event, 61 of the 718 arc (8.5%) have significant damages and 
cannot be used; 

3.3 Simulation scenarios 

Combining the several hypotheses on supply and demand described above, 18 
scenarios have been identified, as summarised in Tab. 1. 

Table 1:  Definition of simulation scenarios. 

DEMAND   
A 

(8 - 15) 
B 

(15 - 18) 
C 

(15 - 18) 
D 

(18 - 22) 
E 

(22 - 8) 
F 

holiday 
1 1A 1B 1C 1D 1E 1F 

2 2A 2B 2C 2D 2E 2F 

SU
PP

LY
 

3 3A 3B 3C 3D 3E 3F 
 
     The amplitude δ of the each simulation interval has been considered of 60 
seconds and, for the evaluation of outflow characteristics, each interval has been 
divided into two sub–intervals. Two different distributions (day and night) have 
been considered for the departures of users in order to take into account the 
different response of population to the event. Departure period has been divided 
into 15 time strips of different length, and to each strip a fraction of demand has 
been assigned, as described in Fig. 3. 
 

Figure 3: Departure distribution: day and night. 

3.4 Analysis of results 

In order to analyse and compare the simulated scenarios, the following indicators 
have been introduced: evacuation time or time at which the last vehicle exits 
from the network (TE), average evacuation time for each o/d pair (Tod), average 
speed on the network (Vm). Values obtained for the several scenarios are 
reported in Tab. 2. Analysing the reported results it can be seen how evacuation 
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process is not influenced by the reduction of supply described in point 3.2: 
evacuation times obtained for supply scenarios 2 and 3 are not very different 
from those related to scenario 1; the same consideration can be done concerning 
average speeds. Evacuation times result stable also concerning demand 
scenarios, since they do not vary significantly all along the periods. The only 
significant variation occurs in night scenario and is due to the different 
distribution of departures. 

Table 2:  Indicators of evacuation. 

 1A 2A 3A 1B 2B 3B 1C 2C 3C 

TE   [mm:ss] 22:16 22:16 22:16 22:16 22:16 22:16 22:13 22:13 22:13 

Tod  [mm:ss] 03:14 03:15 03:17 02:44 02:46 02:48 02:38 02:40 02:43 

Vm   [m/s] 1.0 1.0 1.0 1.2 1.2 1.2 1.2 1.2 1.2 

          

 1D 2D 3D 1E 2E 3E 1F 2F 3F 

TE   [mm:ss] 21:33 21:33 21:46 26:33 26:33 26:46 21:33 21:33 21:46 

Tod  [mm:ss] 02:26 02:28 02:31 02:38 02:40 02:42 02:32 02:34 02:37 

Vm   [m/s] 1.2 1.2 1.2 1.1 1.1 1.1 1.2 1.2 1.2 

 
     Results obtained from simulations indicate that, due to the reduced density of 
inhabitants of the area and the high level of connectivity of the network, capacity 
supplied from the system results sufficient to evacuate towards assembly centres. 
     Nevertheless, on some arcs queues take place; in particular it can be observed 
that the amount of arcs interested by queues depend on the level of demand and 
it is non influenced by the different supply scenarios. Considering scenarios 1A, 
2A and 3A, queue that arises on arc #653 (piazza B. Bonaventura) corresponding 
to the entrance to assembly centre #3 (via Acerenza) spills back on upstream 
arcs; an example of this phenomenon is sketched in Fig. 4 where queue profile 
on link 581 is reproduced on upstream link 580 with a temporal phase 
displacement. Other links where queues occur are those connecting to assembly 
centres, in particular arcs 213, 212, 256 and 541.  
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Figure 4: Queue profiles on links 580 and 581. 

     Average values of pedestrian density (d) result generally low (0 < d < 0,2 
users/mq ); it can be observed that on the links close to the assembly centres it 
seems approximately distributed as a normal distribution among simulation 
periods, with peaks of 0,6 - 0,8 users/mq, as shown in Fig. 5 where the time 
diagram of densities on arc 212 for simulated scenarios 1C, 2C and 3C are 
depicted.  
 

Figure 5: Densities profiles on arc 212 for scenarios 1C, 2C and 3C. 

3.5 Comments and conclusion 

Quantitative methodologies based on a dynamic approach can be adopted either 
for design purposes, looking for those strategies optimising evacuation process, 
or for verifying evacuation plans, by simulating the transport system under 
prefixed configurations. The application here described can be classified as a 
verification. 
     Analysing the results obtained using the here described methodologies it is 
possible to individuate both instabilities in outflow process and those location 
where they occur. Such information can be used both to define causes (i.e.: arc 
capacity not sufficient; damage of the arc due to the collapse of nearby buildings; 
etc) and propose solutions (section enlargement; seismic adjustment; etc.). By 
means of a cost-benefit analysis, list priorities for the necessary interventions can 
be built up, defining what kind of operation should be carried out; as an example, 
if it is more convenient to operate on infrastructural system or on the evacuation 
plan; in this latter case it can be decided, for example, either to modify the 
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location of those assembly centres not effectively used or to define a different 
attribution of destinations to the several zones of the area. 
     A more general conclusion concerns the particular suitability of within-day 
dynamic assignment models to simulate the outflow conditions of the networks 
in emergency conditions. As a matter of fact, the adopted loading procedure 
shows adequate capabilities to individuate critic situations on demand and supply 
scenarios and to simulate those actions act to guarantee the management of those 
processes to be adopted in occurrence of hazardous events. 
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