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Abstract

In this paper a mesoscopic model for the simulation of traffic flow in urban areas
of medium dimensions during evacuation conditions is applied. The simulation of
traffic with a within-day dynamic approach is necessary, in order to represent the
formation and dissipation of the vehicles queues, due to the presence of over
saturation phenomena. The model, implemented inside a general assignment
procedure, allows to obtain evacuation time and traffic parameters during the
dynamic evolution of the evacuation phases.

1 Introduction

The evacuation of an area involves an amount of users (or vehicles) larger than
the ones usually considered in the simulation of a steady state working conditions
of a 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 considered
dynamic model 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 brief description of the properties of dynamic model in
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point 2, the proposed model will be described in point 3 and some indications for
further developments are given in point 4.

2 Dynamic models

Assumptions concerning stationarity in time variations of demand in

transportation systems made by static assignment models can be summarised as:

o Inter-period stationarity hypothesis; it is assumed that there is no variation in
terms of demand among time intervals with similar characteristics;

¢ Intra-period stationarity hypothesis; it is assumed that there is no variation in
terms of demand within a reference time interval whose length is sufficiently
large to allow the system to reach a stationarity condition.

Many studies ([1], [2], [3]) highlighted the limits of such models, due to

particular assumptions (i.e. the hypothesis of uniform spatial distribution of

traffic), and underlined the importance of a dynamic analysis of traffic evolution
to overtake those limits due to stationarity hypotheses.

As a matter of fact, static models do not allow to perform 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], [S], [6]), or to remove the

intra-period stationarity hypothesis and choose within day dynamic assignment
models (Dynamic Traffic Assignment models - DTA).

Passing from static models to dynamic ones is not straightforward; as a matter of

fact it is necessary to consider not only time dimension, by introducing another

variable, but, especially, to specify in a different way both supply and demand
models.

Time dimension can be taken into consideration within the DTA problem in two

different ways:

s by introducing a continuous variable v defined within the reference time
interval [0, ], thus simulating the system evolution continuously
(continuous models);

e by dividing the time interval [0, Q] in n sub-intervals whose length is 0, and
introducing a discrete variable T whose value represent the generic sub-
interval (discrete models).

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: [7], [8], [9],

[10], [11], [12], [13]), 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: [14],

[15], [16], [17], [18], [19]), is similar to the previous one in the way of
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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 model here presented is mesoscopic and it is based on the one
proposed by Cascetta and Cantarella [18] and successively developed by one of
the authors [19] e [20] [22] where users are assembled in packets that move on
the network discretising demand for each origin-destination pair. The model here
described consists of an evolution of the dynamic approach developed for
evacuation purposes in [21].

2.1 Supply models

The specification of supply model is different from those commonly adopted in
static approach for the explicit modelling of rising and/or scattering of queues at
the terminal edge of each link.

In order to formulate a model, it seems necessary to introduce some concepts

concerning within-day dynamic assignment:

» the flow of users that, in a certain interval T is on a link varies from a section
to another (it is not uniform), moreover the flow related to a certain section is
not constant in time;

s time needed to cross a link can assume different values for different time
intervals, depending on time variations in terms of supply and/or demand;

» in congested networks time needed to cross a link ¢ in an interval T generally
depends not only on the characteristics of link @ and, in case of not separable
cost functions, on characteristics of other links, related to interval T, but also
on traffic characteristics of previous time intervals.

On the basis of these observations, the relation between link flows and path flows

(path flow propagation model) can be described as:

Non congested networks

f(t) = DF(), () V " < 1)
TR =T{(") V1" =1)
Congested networks
f(1) =DF(), (")t <) 1" < 1)
T =T{tft)t”’ <) 7" 271

where:

0] represents the path flow propagation model;

Tr represents the function giving path times starting from link
times

T, et represent time intervals belonging to the reference period;

f() is the vector of exiting arc flows related to interval T; the

generic element is addressed as f(1);
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F(7) is the path flow vector whose generic element F (1) represents
the flow of users following path k leaving during time interval
T

T(1) is the travel time whose generic element T, (t)represents the

travel time of generic path & for an user leaving during interval
7, every travel time is evaluated taking into account the travel
times obtained during intervals ¢’ when the various link making
up path k are crossed;

t(7) is the link time vector whose generic element t,(1) defines the
travel time of link a for the generic user entering link during
interval 7.

2.2 Demand models

Demand model formulation is similar to the static case, so it is simpler to develop
respect the supply model. Model specification slightly differs since it is necessary
to define a demand profile, that is the evolution of demand in time, then to form
the hypothesis that the choice of leaving interval depending on desired arrival
time (it is also possible to define the model considering the desired leaving
interval).

In the considered case of rigid demand, path flows are given by:

Fi(1) = dis(1) Pros(DH(Vs(T))
Vi(r) = -Tu(1) - 2i(1)

where:

Prs,k(T) is the path choice probability of path k given leaving interval t
and o/d pair 1/s;

V(1) is the & vector of systematic utilities Vi(t) of paths related to
pair 17/s;

gk(1) takes into account other components of generalised cost,
different from travel time, associated to path k and perceived by
generic user starting its travel during interval t;

drs(1) is travel demand from origin r to destination s, leaving during

interval t.

2.3 Interaction between demand and supply

The model of interaction between demand and supply comes from the integration
of demand model with supply one.
Using the above introduced notations, it can be written as:
Non congested networks
f)=DFC), t()V1 <1)
Fk(’c) = drs(T) prs,k(T)(Vrs(T))

Congested networks
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f(1) = D(F (), t(f(x) 1 <) 1" <71)
Fi(t) = dis(7) prop D(Visl(T))

3 The proposed procedure

The proposed procedure takes advantage of the above described consolidated
methodologies for the analysis of transportation systems. The proposed approach
can be used both for the definition (design) and for the checking of evacuation
plans: in the first case searching for strategies finalised to optimise the evacuation
process; in the second one simulating pre-defined scenarios of the transportation
system.

Within the proposed procedure it is possible to define the following three
activities:

o definition of escape path;

o network loading;

¢ evaluation of evacuation times and flow characteristics.

3.1 Path and demand definition

Once defined origin-destination pairs, that is associating a safe destination to
each origin zone, paths connecting the la m-th pair are generated by evaluating
the ky, (k,, > 1) paths, in a way that depends on the requirements of the analysis
(k-shortest paths, in terms of distance or time, not overlapping paths, etc.), and
associating to each one a choice fraction n(k).

Let n,; be the number of origin-destination pairs (in the following 1/s); let d, be
the number of users moving on the m-th pair 1/s; let the reference period Q be
divided in n, intervals having the same time length 0 and let users start at first n;
intervals; the path flow Fj, that is the number of users leaving during interval j
and following path k, in the hypothesis that starts are uniformly distributed, can
be defined as Fj, = (n(k)-dy,)/n; and its vectorial representation is F.

3.2 Network loading

Assignment problem in the proposed procedure is approached by means of a
dynamic network loading model using packets, initially defined in Cascetta and
Cantarella [18] and successively developed by one of the authors [19], [22]. In
the following a description of the proposed approach is briefly pointed out.

Demand model

Let d(j, u) the demand vector made up by the set of users belonging to class u
travelling between the pairs 1/s leaving during interval j, and let K(m, u) the set of
paths, connecting the m-th pair 1/s, used by the users belonging to class u. A path
choice probability (k) is associated to each path k£ € K(m, u).
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Every starting interval j (whose length is ) is divided into » sub-intervals that,
for the sake of simplicity, are supposed to have the same length A = 8 /n, and let
7 be one of these sub-intervals.

The generic packet P(#7, k, u) will be made up by an integer number of users x( 7,

k, u), belonging to class u leaving during sub-interval 7 and following path £,

whose value is defined making the hypothesis that the distribution of starts being

uniform within interval ;.

The dimension of users’ distribution among starting sub-intervals underlies path

choice, so, at first the number of users choosing the path is computed for each

path &k € K(m, u), then these users are distributed among the starting sub-
intervals. The following cases can arise:

» the number of starting users d(j, ) is less than the number of paths within
the set K(#1, u): in this case only the first d,(j, «) paths will be loaded, where
paths are ranked in descending order respect to the choice probabilities k),

o the number of users d; = di(j, w)a(k), k € K(m, u), choosing path £ is less
than the number # of sub-intervals: in this case users following path & will
start only in the first d, sub-intervals.

A packet is made up by an integer number of users x(7 , k, u), so it must be

verified that:

x(n, kuyeN
En:l, n EkeK(m, ) x(’? i k) u) = d;n(i)u)

where dy(j, ©) represents the number of users belonging to m-th pair 1/s of vector

d(j, u).

The leaving instant of each packet P(77, k, u) coincides with the initial instant of

sub-interval 7 to which it refers.

Supply model
The network is made up by nodes and links. In particular two kinds of link are

considered [23], [19]: rumning in which packets move and queuing where
packets are queued; the functionalities of these two link types can also be
represented by using another kind of model that uses an unique link [21]. Points
representing packets move on the running part depending on speed and cross
queuing part depending on capacity. In the following, for the sake of simplicity,
how model works will be described using the two link model.

Point movement
Point movement can be synthesized as follows: a point p located at time © of
interval © at the abscissa x of link a, owns a temporal residual resource Ap* =
8 — o to be used to move before the end of the interval.
Let w,(t) the entity that allows the movement of the point on link a during
interval T and z,.(©) the impedance that point p must overcome to reach the end
of link a starting from its current position. The resource Ao necessary to point p
to reach the end of the link can be expressed as:

Aw = Zax((’))’/wa(r)
If the residual resource of the point is sufficient to entirely cross the link, that is
Aw* = Ao, point p leaves the link a during the interval T and its residual resource
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is updated by subtracting Ao to the initial value and can be used to cross, during
interval 7, the link following link a on path k.

If otherwise Ao* < Aw, point p cannot leave link a during interval 7 and the
impedance that point p must overcome to reach the end of link a in the next
interval is updated by subtracting Az,, = Ao*- w,(t) to the initial value.

The physical meaning of quantities A®, z,(®), w,(t) and the initialization of the
value of z,,(\) when the point enters link a at time y depend on the type of the
link, as described in the following.

Running link
Let L, the length of link a and v,(t) the crossing speed of the link during interval

t. Point p located at abscissa x,(w) at instant @ must cover a portion of link
whose length is Ax,(®) =L, — x,(®) and the time needed to cover it is given by
Aw = AX () / v (7).

If residual time is sufficient to entirely cover the link, that is (6 — ®) > A, point
p leaves the link and its residual time is updated by subtracting Ao to the initial
value; otherwise the point covers on the link a distance (6 — w)v,(t) and stops, at
the end of interval, at abscissa X,,(1) = X, (0) + (8 — @)V4(1).= X,(7)

The value of x,,(\), when point enters the link at instant v, is initialized to 0.

Queuing link

Let C,(7) the capacity of the link, that is the maximum flow that can cross link a,
and let g,(®) be the number of users making up the queue that is in front of point
p at time @ of interval 1. The time needed to cross the link is given by Ao =
Gal( @)/ Co(D) .
If residual time is sufficient to get over the queue in front of point p, that is
(6~ ) 2 Aw, point p leaves the link and its residual time is updated by
subtracting Ao to the initial value; otherwise the point remain on the link and a
number of users (8 — w)C,(t) located before of point p leave the queue. The
value of the queue in front of point p is updated and the point is located at the
end of interval at abscissa (1) = qae(®) -(8 — ®) C,(z) = qu(7) .
The value of the queue in front point p, when point enters the link, is initialized
to:

QW) = MAX { 0, qu(t-1) + 9,(w) - Cy(1) v}
where ¢@,.(y) is the number of users entering the link until the instant y when
point p enters the link.

3.3 Evaluation of evacuation times and flow characteristics

The several link characteristics (flows, densities, queues) related to interval zare
computed, by means of the described model, tracking the movement of each
point, representing a packet of users, along the followed path during the
considered interval.
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Every time one of these points representing the packets of users reaches its fixed
destination, the time at which safe place is reached is evaluated and, depending
on starting time, travel time are computed.

For every origin-destination pair it is possible to know the time needed to all the
users belonging to the pair to clear the network. Evacuation time is thus defined
as the difference (whatever is the origin-destination pair) between the starting
time of the first user and the time the last users leave the network to reach the
safe place.

4. Some remarks

To manage and control those events that modify in a drastic way the assessment
of a transportation system in an urban area the use of tools and procedures able to
acquire information through the simulation of several scenarios, representing the
feasible alternatives to face up to the problem, is needed.

The proposed mesoscopic approach seems to a flexible tool able to simulate a
complex event such as the evacuation of an urban area taking into account the
connected flow phenomena like the building up and getting over of queues.

The procedure not only allows to simulate scenarios exogenously defined, but
also to define an optimal distribution of starting times to reduce the time needed
to evacuate an area.
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