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Abstract

Methodologies for transportation planning in urban area when exogenous events
occur and/or in emergency conditions have not received great attention in the
past in literature. Models and algorithms specified and calibrated in ordinary
conditions cannot be directly applied in emergency conditions. Users move on
the network in different behavioural conditions and in general they are in panic
behaviour, they do not know system congestion and reliability in real time
because system is in exceptional condition, and the user optimum, in general, is
different from the system optimum. Different models and algorithms have to be
proposed in this scenario respect that proposed for simulating ordinary
conditions.

In this paper general model and relative solution algorithms are proposed for
simulating road urban network system in emergency conditions. Models and
algorithms used for simulating system in ordinary conditions are proposed and
compared. Pros and cons for the different models in different simulation
conditions are discussed.

1 Introduction

Methodologies for transportation planning in urban area when exogenous events
occur and/or in emergency conditions have not received great attention in the
literature and only emergencies when a nuclear event occurs are treated [11] and
in some case for building [9] and urban system [14]. In general, there is no
systematic analysis of different events connected with transportation system
design. Models and algorithms specified and calibrated in ordinary conditions
[21, [31, [7], [12], [15] cannot be directly applied in emergency conditions. Users
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move on the network in different behavioural conditions, they do not know
system congestion and reliability in real time, and the user optimum, in general,
is different from the system optimum. Different models and algorithms have to be
proposed in this scenario.

A problem which entails particular attention in terms of coordination and
management is that strictly linked to general mobilization which is created in a
densely populated area after a disaster (earthquake, flood, etc.) or in any kind of
emergency.

Two different approaches are considered for planning co-ordination: "what if"
models (system or user optimum with deterministic user behaviour) and "what
to" models (optimal user distribution and departure time, optimal network design
system).

In this paper a general framework is reported with specific methods and models
(section 2) for analysing road urban transportation performance in emergency
conditions when exogenous phenomena occur in the context of "what if"
approach while a specification of "what to" model is reported in [13]. The
obtained results confirm the goodness of procedure and highlight some aspects
that need to develop ([17], [18], [19], [20]). Some indication about the single
paper reported for models and applications is reported in section 3.

2 Models for the simulation in emergency condition

The simulation in emergency condition needs to study two different models
strictly connected: the risk analysis and the evacuation simulation.

2.1 Risk analysis

Definite an emergency event E; in an area T, the event E; can be happens in T
with different intensity level Lg;. For each event a probability function g(Lg;,T)
can be defined that represents the probability that and event E; happens, with
level Ly; in T in a slice time A. It is defined as:

-[l‘ J.LEi Q(LD,T) dLEi dT =1

The function can be obtained from the frequency that the event occurs .
The probability that an events E; occurs in T with intensity level between Ag; and
Bg; in an time slice A is:

B
Peir a(As< Le <Be) = Jr Ja,, * q(LesT) dLe; dT

The probability that an events E; occurs in T with intensity level upper than Cg; in
an time slice A is:

+cc
Pyt a( Lgi >Cgi) = ..‘T J-AM q(Lg;,T) dLg; AT

Pyi1,a(Le>Cri) can be defined the "dangerousness" of the event E; in T and A.
A quantitative level of social disutility that the event E; in T and A generates is
R(T, Lg;) given by the product of:
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R(T, Lg;) = V(T, L) N(T)

where

e the "vulnerability" V(T, Lg;), that is the capacity of infrastructures (building,
road, bridge, ....) to resist to the event;

e the "exposure" N(T), that is the "equivalent" value of people and
infrastructure in T.

A measure of the "risk" for the events E;, in T, with intensity level between Af;

and Bg;, in an time slice A, is:

B,
Rlg; 1 s(Agi<Lg<Bg) = /T./,;E,- " R(T,Lgy) q(Lg;,T) dLg; AT

Considering an homogenous territory, a probability function constant ed equal to
p', a vulnerability V(T, Lg;) constant ed equal to V', an exposure constant ed
equal to N(T), the risk has the simply form:

Rigp A(Ag<Lgi<Bg) = V'E'P'

The risk modify the system simulation as reported in Fig. 1.

Event E; with intensity Landscape T
level Ly
Pericolosity Pr; s Vulnerability (T,Ls;)
) Exposure N(T)
L Risk
R(T, Lg)
A 4

Evacuation simulation

Figure 1: Relation between risk and transportation systemnt.
2.2 Evacuation simulation

The drawing-up of an evacuation plan for a city requires a study of the problems
connected to land use and cornected to the disaster. The complete procedure for
developing an evacuation plan can be subdivided into the following variously
connected phases: study of the land-use; supply analysis; demand analysis;
supply-demand interaction analysis; system design with “what if” and/or “what
to” methodology. In Fig. 2 a system of models which may be proposed for
elaborating evacuation plans and relative functional connections are represented.

The demand model is subdivided into the following sub-models: Emission, with
emergency or pre-arranged approach, in relation to temporal gap available
between the time when the event is perceived by the public decision-maker and
the time when the event occurs; Distribution towards assembly centre free (with
or without user information on the system configuration) or constrained; Modal
Split with different choice sets in relation to the alternatives: pedestrians towards
nearby assembly centre, cars towards assembly centre further away, using special
police transport modality for particular categories of disadvantaged users such as
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the sick, the elderly, prisoners, etc.; Route Choice free (with or without user
information on the system configuration) or constrained.

The supply model is subdivided into the following sub-models: infrastructure
network available for evacuation with relative characteristics; reliability level of
the supply system in relation to exogenous causes.

The assignment model simulates how the transportation system works where
supply and demand models are defined. The interaction model has in a static
approach to consider the user objective (user deterministic or stochastic
optimum) or system objective (system optimum).

[Emission iInfrastructure network
® Emergency or Pre-arranged e Characteristics
IDistribution
e Free or Constrained [Reliability level
Modal split » Exogenous causes
o Pedestrian or Auto or Not- - Cost function
Protected Users or
BEmergency Services = Event g
Route choice e
@ Free or Constrained

> Topology

J  Supply/Demand
interaction

‘What if
Distribution

g _L DESIGN
Departure time ‘What to

Figure 2: The global procedure for the evacuation plan and relevant links.

Paths

2.2.1 Methods for supply analysis

The first phase consists in studying the area as follows: the area is delimited,
defined as that area comprising the transport system in question and where most
of the effects of the planned interventions are believed to be; homogeneous areas
are identified; zoning and minimal road network plan.

The second phase involves supply analysis which is conducted by the following:
verification of the exogenous disturbances on the transport network; construction
of the transport network; graph representation of the network; construction of
link cost functions. All the roads are represented by links and intersections
between roads with nodes. In each node the control strategy to be used must be
defined.

When emergencies occur, the transport system must be optimised, chiefly to
allow two operations: evacuation of system users to appropriate assembly centre;
access of emergency vehicles and the security forces.

Perturbed conditions on networks may be classified in various ways [13]. As for
the cause producing the disturbance, there may be traffic-endogenous and —
€X0genous causes.

Transport supply is represented by a graph G consisting of an ordinate pair of
sets, a set N of elements called nodes and a set L of pairs of nodes belonging to N
called arcs or links: G=(N.T)
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The link cost vector, ¢, is defined as a vector whose generic component c;
consists of the transport cost (generalised) on link ij. To each link may be
associated a link flow fj; (f being the link flow vector) which represents the
average number of users which, in the time unit, uses the link. The flow vector
can only assume values belonging to its feasibility set denoted by Sy. The scalar
function cy(f), which allows us to calculate the average transport cost of each link
corresponding to a link flow vector, is called a cost function and may be either
separable or non-separable. In the former case, the cost of a link depends
exclusively on the flow relative to the link itself:

ci(f) = cy(fy)
However, in the latter case, it depends on the flow on more than one link:
¢ =¢(f)

In transport networks, various functions may be used to relate travel time ¢ or
velocity v on the link to vehicle flow f, capacity C and other characteristics. One
of the most commonly used functions is the BPR function which relates travel
time to zero flow to; of a link ij, vehicle flow f;; on the link and capacity Cy to
travel time t;;:

tij = t()ij [1 +a (f/C)B]

o and B being parameters greater than zero to be calibrated.

For queuing at junctions Doherty’s adaptation of Webster’s formula is generally
used.

Some indications about link reliability for motorway link is reported in [10].

2.2.2 Methods for demand analysis

The use of demand models in simulating an evacuation plan involves various
problems connected with the many cases that may lead to a state of emergency.
Below are considered two decisional units: on the one hand the citizen user who
has to decide in some cases how to act, and on the other the public decision-
maker (Prefect, Mayor, etc.) who may impose or advise some user choices. The
public decision-maker must predict the effects that implementation that his/her
measures have on the system, and must bear in mind that his’her proposed
solutions may interact with the individual reactions of the users served by the
transport system in question.

Average demand, with its main characteristics in a certain reference period, may
be obtained with a system of demand models, that allows us to associate to a
given system of activities and transport supply the average number of trips with
certain characteristics and in a reference period. In all choice models, we need to
define the set of alternatives considered by the public decision-maker and the
user, as well as the type of choice models considered [2], [3]. The sequence of
submodels is as follows: emission model supplying trips originating from a
certain zone in the study area; departure time mode! supplying the number of
users leaving in each time slice; distribution model supplying the number of users
reaching a particular assembly centre from a fixed origin zone; modal split model
supplying the number of users using a given transport modality from a certain
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origin to a certain assembly centre; route choice model supplying the percentage
of users who use a certain route between a fixed origin and assembly centre with
a transport modality.

The term o is used to indicate generic trip origin and d assembly centre, dyq being
the nmumber of users travelling between the origin and assembly centre pair (o,d).
The demand vector d (whose generic element is d,q) may assume values
belonging to its feasibility set denoted by S4. The choice model from a given
choice set, in the context of random utility models, assumes that a generic user,
travelling between an origin- assembly centre pair (o, d), associates to each
alternative k belonging to the set K 4 of available alternatives connecting that
O/D pair, a perceived utility Uy oq which may be expressed as:

Uk,od = Vk,od +8k,0d Vke Kod

The term Vo4 denotes the average, or systematic, utility of alternative k while
the random residual g4 is usually assumed to include perception errors of the
decision maker as well as the modelling approximation of the analyst.

If the g 4 are assumed to be independent and identical Gumbel G(0,0) variates of
zero mean and parameter © more than zero, then the well-known Multinomial
Logit model of choice results [2]. The probability of choosing an alternative k
between o and d, giving a choice set Kq, Poa(k/Kog), 18:

Pod(k/Koa) = exp(Vicod) / Ziekod €XP(Vi,oa)

If the residuals are assumed to be jointly distributed as a Multivariate Normal of
zero mean, the Probit choice model is obtained [8].
Different specifications can be used for term Vy 4. A possible specification is:

Vk,od = Zl 041 Xl - 2m Bm Ym

where oy and (,, are parameters greater than zero to calibrate; X, are user utility
attributes; Y, are user disutility attributes.
In Tab. 1 an example of attribute specification of the different models is reported.

Table 1. Example of attributes specification for choice models.

Choice Dimension _ Utility Attributes X; Disutility Attributes Y,
Emission Resident, vehicle owner, number or people

in family, sick
Departure time Accessibility, resident Congestion
Distribution Resident, worker, students Distance, travel time
Modal split Vehicles owner, modality available Travel time
Route choice Travel time

2.3 Methods for supply-demand interaction analysis

A mathematical model of supply-demand interaction allows us to simulate the
way in which the demand uses the supply system, producing flows on network
links that in turn generate travel costs. System configuration, simulated through
models, depends on user behaviour hypotheses (attributes used, distribution of
random residuals, level of information available on supply, quality of
information). Demand-supply interaction in the system, in the case of evacuation,
cannot be tackled by using static assignment models directly with stationary flow.
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On the other hand, the use of dynamic assignment models, in a non stationary
approach, is fairly complex in that there are many parameters to calibrate and
there is often a lack of complete data regarding transport systems on which to
calibrate the models. The main models that can be used for analysing demand-
supply interaction are in the following reported.

In the stationary flow simulation approach: the stochastic equilibrium approach,
ie. the use of static assignment models with stochastic user behaviour, by which
user information is more or less correctly reproduced, non-perfect respect of
impositions, alternative choice behaviour; the deterministic equilibrium
approach, ie. the use of static assignment models with deterministic user
behaviour, by which complete user knowledge of the system is reproduced; the
system optimum approach, i.e. the use of static assignment models with user
behaviour imposed by the public decision-maker, . In the case of equilibrium
(stochastic or deterministic) each user tends to maximise his/her utility and
minimise costs, while in the case of the system optimum, we may consider a
system in which all the choices are made in such a way that the utility of all those
to be evacuated is maximised. The differences between the two behaviour types
(deterministic and stochastic) and the effects in terms of assignment have been
analysed by Wardrop [16]. The solutions for the three models are not identical.
Stochastic equilibrium assignment is obtained in the hypothesis of probabilistic
route choice with congested networks. In the literature this problem is indicated
by the abbreviation SUE (Stochastic User Equilibrium). The resulting route flows
F" correspond to a condition in which, for each OD pair, the perceived cost of the
routes used at equilibrium is less than or equal to the equilibrium cost perceived
for every other route, and may be obtained by the following type of modet:

F =PAT c(AF")) d where F~ € Sy

where P is the probability matrix whose generic element supplies the probability
of a route k belonging to an OD pair, d is the demand vector, Sg is the feasibility
set of route flows. Similarly, to obtain the link flows vector f the model is:

f=APAT () d where f* € Sy

where Sy is the feasibility set of link flows. Conditions which ensure the existence
and uniqueness of stochastic equilibrium link flows and costs are, respectively,
continuity and monotonicity of cost functions (a condition not always respected
in the presence of vehicle queues on the network).

Deterministic equilibrium assignment supplies the vector of link flows f (or
similarly route flows F") with the following relation:

e(f(f-1)20 Y feS;

termed “variational disequality”.

The flows obtained respect Wardrop’s principle according to which the users in
equilibrium conditions use only least cost routes. In practice, users tend to
minimise their own individual cost without considering the overall cost of users
travelling on the network.

System optimum (SO) assignment models hypothesise that all users are
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channelled towards routes so as to obtain the minimum overall cost for all users
on the whole network. Considering the behaviour of each user, the behavioural
hypotheses underlying the SO are somewhat unrealistic if the user should choose
a non-optimal route for him/her, but one which greatly benefits other users. In the
case of evacuation, it is perfectly legitimate for the public decision-maker to seek
to optimise trips globally; where emergency trips have to be planned, the use of
this type of model should be mandatory. System Optimum assignment is defined
by an optimisation model, expressed in terms of link flows, the objective function
being total user cost:

" = arg min z(f) = 17 ¢(f) where f* & Sy
g

Models with a stationary approach are good at simulating systems with a uniform
user flow on links in the simulation period and also with an overall demand level
compatible with system capacities. In evacuation problems, such hypotheses are
restrictive since the flow can be non-stationary and unstable, and the links all
have a capacity lower than demand. Thus to use such models, it is worth
simulating the system by subdividing simulation time into several intervals in
which flow is maintained in stationary conditions and demand, to be assigned, is
compatible with supply. This approach can be called pseudo-dynamic. Within the
pseudo-dynamic approach, one of the three assignment models proposed in this
section may be used.

Tab. 2 summarises the proposed demand models with relative specifications for
the choice set generation and for choice form a given choice set, for public
decision-maker and for user.

In non-stationary models [1], [4], [5], [6], it is hypothesised that the flow
variables may have a variability not only in space but also in time. There may be
three aggregation levels in representing the flow: aggregate flow parameters;
analysis of homogeneous vehicle groups (vehicle packages); analysis of
individual vehicles. Macroscopic models use a continuous representation of the
flow, as if it were a fluid in a similar way to that of hydrodynamic theory.
Microscopic and mesoscopic models employ a desegregate representation of
individual (microscopic) or group user behaviour (mesoscopic). Model outputs
either refer to the individual user or group of users. In the case of macroscopic
models, the individual vehicle (or group of vehicles) is not monitored directly
while in the other models vehicle trajectories are directly monitored. In
evacuation problem generally the macroscopic models are not used.

Table 2 — Choice set alternatives and choice models.

Choice Choice set Choice model/Assignment
Dimension Public decision-maker User Pub. decis.-maker User
Emission Emergency (Immediately or Not evacuate) Like pub.  Systemoptimum  Stochastic user
Pre-arranged  (Delayed or Not evacuate)  decis. maker equilibrium
Departure Constrained (Time slice 1, Time ....) Like pub.  System optimum  Stochastic user
time Free (Time slice 1, Time ....) decis. maker cquilibrium
Distribution ~ Constrained (Centre 1, Centre 2, ...) Like pub.  System optimum  Stochastic user
Free (Centre 1, Centre 2, ...) decis. maker equilibrium
Modal split ~ Vehicle, Pedestrian, Emergency services Like pub.  Systemoptimum  Stochastic user
decis. maker equilibrium

Route choice Exhaustive, Filtered Behavioural System optimum __ Stochastic u. e.
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3 Structure of the models and applications

The pseudo-dynamic, mesoscopic and microscopic models are proposed in the

following papers presented in the same proceeding:

e cvolution of an urban transportation system in emergency conditions:
analysis through a pseudo-dynamic assignment model {17];

e use of a mesoscopic dynamic assignment model for approaching the
evolution of an urban transportation system in emergency conditions [18];

e microscopic approach for the evaluation of an urban transportation system
in emergency conditions [19].

The application and the results comparisons are reported in the following paper

presented in the same proceeding:

e analysis and comparison of several urban road transportation assignment
models [20].

Research for the analysis and the modelling of transportation systems in

emergency conditions requires new studies in the supply, demand and supply-

demand interaction. In emergency conditions there is the necessity to develop

new methodologies and to rearrange standard procedures such as: network

vulnerability analysis in terms of “security coefficient” of the supply system in

relation to the events with different levels of hazards and different probabilities

of fulfilment; specification and calibration of link cost functions to use in system

simulation in over-saturation conditions in the analysis periods; specification and

calibration of demand models for the different choice levels for users and for the

public decision-maker.
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