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Abstract

Network flows over time comprising many variants form a wide area in evacuation domain. However the macroscopic type that
characterizes these models forms their main drawback comparing to traffic assignment models that treat traffic situation in a
more realistic way where selected evacuation paths as well as flow-dependent transit times on links are taken into consideration.
Evacuation paths that may not be respected in dynamic flow models was studied in a previous paper. In this paper we are
interested on the development of a mezoscopic vehicles pursuit model (VPM) belonging to traffic assignment models which
is capable to capture the flow of vehicles on the network combining both discrete and continuous time aspects. This model is
based on a discrete scheduling carried out by a lexicographic maximum flow algorithm according to an evacuation priorities
list. VPM then transforms the discrete process to a continuous one avoiding overlap between successive time intervals while

minimizing the departure times of vehicles from sources.
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1. Introduction

There are nearly half a century that Ford-Fulkerson [16]
addressed the construction of dynamic flow in network from
static one [15], with constant transit time on arcs and fixed
discrete time horizon. Dynamic flow, also called flows over
time, is traditionally solved by a time-expanded network,
introduced by Ford and Fulkerson (1958), that contains a copy
of the static network for each discrete time step ¢ € {0,1,...,T —
1}, where T is a defined evacuation time horizon i.e. no flow can
leave its source if its last particle does not reach its destination
at the latest at T.

Given a static network G = (N,A,1,c¢) defined by a set
of nodes N, a set of arcs A and a constant transit time T
and capacity ¢ of arcs, a time-expanded network Gr_; is
built so that Ny_; = {j(#) : j € N,t € {0,1,...,T - 1}} and
Aoy = {(i(0), j(t+71; ), £ €10,...,T =1 —71; ;}}. The problem
of dynamic maximum flow during T is a classical problem of
maximum flow from source s(0) to destination p(T —1) [14]
with a pseudo-polynomial complexityi.e. the execution time of
algorithms based on time-expanded network is a polynomial
function of the number of time steps T [23].

The independent-flow transit time on arcs in this network
is converted in number of time steps. Therefore to achieve an
accuracy in model a too high number of T is needed. However
it results in a huge graph with fractional capacities of arcs (for
instance, c; ; = 0.38888veh/sec). Moreover since the number
of arcs in time-expanded network depends on the travel time,
this type of network is no longer valid if this latter depends on
flow. To avoid the huge size of a time-expanded graph, Ford
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and Fulkerson have introduced the flow temporally repeated
that can be solved by one minimum cost flow computation
in a static network. The construction of this flow is based on
a decomposition paths algorithm [10] enabling to send an
amount of flow through each path p; at every ¢t € {0,1,...,T -
1- ‘l'(pi)}, where T(pi) corresponds to the total travel time on
the path p'.

Despite that flow temporally repeated solves the problem
concerning the size of network, therefore it meets the problem
of multi-sources that cannot be reduced to a single source.
Indeed the flow temporally repeated algorithm determines for
every source an amount of flow to be routed in the network at
each time step. This amount may equal zero for some origins,
this is first, and second, an origin with a low quantity of vehicles
does not need all the horizon time to remove them (network
under-utilization).

Many authors were addressed the dynamic flow problem
enriching the literature by developing different efficient
approaches (dynamic maximum flow [14, 18, 17], universal
dynamic maximum flow [12, 15, 19, 23, 27, 28, 36], quickest
dynamic flows [7, 8, 13, 23], lexicographic dynamic maximum
flow [21, 22, 23, 27]). Those approaches, in addition to their
difference in problem treated and resolution method, differ
in terms of transit time considered as flow-dependent or
independent, time-dependent or independent capacity, etc.

Kohler et al. [25] distinguished between two flow-dependent
transit times aspects, the first one is adopted by many
models in the literature based on relatively simple assumptions
i.e. traversal time on a road link is treated as a function
depending only on the flow rate at time of entry to the
arc (for example, see [9]). While in contrast, a fully realistic
model of flow-dependent transit times must take density,
velocity and flow rate on roads into consideration. To be
as realistic as possible, a flow-dependent time model must
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consider the density, speed and flow on the roads [20]. They
have proposed a formulation based on a model developed by
U.S. Bureau of Public Roads, describing the time depending
on flow. Based on flow, free-flow travel time and capacity of
road, this formulation computes transit time on road. This
model is of limited use because first, the definition of flow rate
on the arc at a specific moment in time is not explicit, and
second, it’s not reasonable to assume that the transit time on
a road link depends only on the current flow rate. According
to the authors, even if the flow rate which enters a road is low
compared to the maximal flow rate on this latter, the transit
time may nevertheless be huge due to traffic jams caused by
a large number of vehicles entered previously. That model is,
of course, not able to capture all properties of traffic since no
delay on any road caused by congestion is considered.

Carey and Subrahmanian [9] introduced a generalized
time-expanded network to meet the issue of flow-dependent
transit time. At each time step, several copies of each arc
corresponding to different transit times are created. However
this approach cannot be solved by standard network flow
techniques but by a general linear programming solver due
to the necessity of special capacity constraints in order to
respect flow-dependent transit time. This is a serious drawback
because of the inefficiency and the difficulty of applying such
a model.

Kohler et al. [26] proposed a closely related model which
overcomes the drawback of Carey and Subrahmanian’s model
introducing additional ’regulating’ arcs which enable to
observe the flow-dependent transit time without resorting to
generalized capacity constraints.

Although this approach does not fully take into
consideration the behavior of flow over time, it has a
satisfactory result. This incompleteness is a consequence
of discrete time function used on arcs which takes only
a few values. Thus, besides the disadvantage of size of
time-expanded graph, the number of arcs is much higher
in the case of a generalized time-expanded network. The
complexity of this network is a polynomial function of the
number of time steps T multiplied by the number of values
that the time function can take.

The nature of time between, discrete and continuous, forms
beside the flow-dependent transit time a second important
element in flow modeling. Define here the function f,(f)
for measuring the flow rate (quantity of flow per time unit)
entering the arc a at time ¢. In discrete time, f,(t) is defined
over a discrete time set : {0,1,...,T — 1} — R", while in
continuous time it is defined on a continuous interval : [0, T —
1] — R*. The figure 1, slightly modified from that proposed
by [33], explains the cause of adopting a discrete time interval
{0,1,...,T -1} despite a horizon equal to T.

This example consists of a single arc a of capacity u, = 2
veh/sec, a travel time 1, = 3 sec and a time horizon T = 5.
This figure shows the circulation of dynamic flow on the arc
a. At t = 0, the arc a is empty and we inject a flow equal to its
capacity. At t = 1, the first flow circulates on the arc and we
send a second flow of two units, then we stop.

We stop at t+ = 1 and not at ¢ = 2, in order to avoid
that the third flow arrives at its destination too late i.e. after
T. Therefore, the last time step T is the time required for
network for absorbing flow, since a flow is composed of
several particles. In other words, the time period between two

successive injections of vehicles in the network is equal to one
time unit.

Weight : [travel time in second, capacity in number of vehicles per second]
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FIGURE 1: Circulation of dynamic flow through a road link

Fleischer and Tardos [14] noted a strong interaction between
discrete and continuous models and introduced a natural
transformation of discrete time in continuous one. Let f(?)
a discrete flow rate entering arc a at time ¢ € {1,...,T -2}
and f;(t,) the continuous flow rate corresponding to f,(t) for
feltt+1). Assuming constant network settings (capacities
of arcs, travel times), we get an identical continuous flow
rate with this transformation for both functions f et f/ and
for any interval (¢, + k), ¢ € {1,...,T — 2}, k € N. For instance,
the capacity (or maximal flow rate) expressed in number of
vehicles per one half hour is equal to 30 times the capacity
expressed in number of vehicles per minute.

Philpott [29] and Anderson et al. [5] formulated and solved
dynamic flow problems in continuous time with zero transit
times and time-varying arc capacities and storage at nodes.
That research was later extended by Philpott [30] to arbitrary
transit times.

Koch et al. [24] devopped a model which combines both
discrete and continuous models based on measure theory.
They studied the maximum flow over time in a directed graph
where the flow on arcs is a Borel measure in R. The aspect
of storage of vehicles and the wait of these latter in nodes
are considered with a time-dependent cost. However transit
time on arcs is fixed in their model and does not depend on
flow. Philpott [31] also studied this problem with fixed transit
times in the space of finite Borel measures introducing a dual
program.

Sherali and Carter [32] formulated a non-linear
mixed integer program for evacuation planning under
hurricane/flood conditions. The approach developed aims to
minimize the total traffic-jams during an evacuation process.
Travel time on roads is computed using the same traffic
model in [25]. Daganzo and so [11] developed a socially « fair »
as well as an optimal model for managing traffic network
in real-time during emergency evacuations. That model
combines between the two principles of Wardrop [35]; the
user equilibrium and the system optimum.

We address in this paper the problem of evacuation of
buildings located in zone exposed to a natural disaster and
more particularly to a risk of flood. The transportation network



not allowing a simultaneously evacuation of all buildings,
a scheduling evacuation system based on a priorities list
established is developed in order to organize the evacuation.
The strategy applied in this system is to evacuate at each time
slot (15 minutes, 30 minutes, etc.) the lexicographic maximal
flow from each building not yet completely evacuated. This
system was studied in a previous papers (see [1][4])under
some constraints in order to meet several objectives. Since the
sources from which flow incoming may change over time, an
overlap between successive time slots can be occurred and
therefore the period time between two successive injections of
vehicles in the network is greater than or equal to one time slot.
This required to develop a mezoscopic vehicles pursuit model
(VPM) to organize traffic in network tracing the trajectory of
vehicles incoming from different buildings at each time slot.
VPM, which is based on a polynomial traffic model enabling
the computation of flow-dependent transit time, aims to
minimize the evacuation departure times of every building
while avoiding any congestion in the network. This model
combines both discrete and continuous time aspects. Our
evacuation model STOM ! computes the minimum possible
total evacuation time.

2. Problem formulation

Two main objectives are pursued in the VPM : (i)
minimizing evacuation departure dates of buildings, and (ii)
ensuring continuity of flow in the evacuation network without
congestion.

2.1. Graph Construction

Let us consider B = {%,...,98,} a priorities list of n
buildings to be evacuated towards S = {#1,...,%,} a set of
m shelters. Each shelter #; € S is defined by its capacity of
vehicles c; and each building 98; € B with a number of vehicles
v; is connected to one or more shelters /;. A set of minimum
paths %; ; between each building 98; and each associated
shelter #; € #; is computed. We denote by v;; and n; ;
successively, the number of vehicles to be evacuated and the
dimension of minimum paths set from 98; to .#;. We represent
the k-th-path connecting %; to -#; by the vector of arcs Arcllfj.

Let ¢ = (A, ) be the graph representing the evacuation
network established. We define J) 1, 1 € A, the maximal flow rate
(capacity) of arc ! expressed in number of vehicles per unit of
time (veh/h, etc.). This capacity is provided by a polynomial
traffic model applied in STOM such as congestion on roads is
not allowed (see section 2.3).

We extend the graph ¢ to ¢* = (A", «/*) by adding 1)
a super node s and a super destination p, 2) a sub-set of

virtual nodes M of dimension Z |#;] including one node .4 ;

by each safety point .} ass0(:1ated to each building 3;, 3) a
sub-set of virtual arcs between s and M which represent the
number of vehicles to be evacuated from buildings to safety
points, 4) a sub-set of arcs of dimension n;,; between each
node .4 ; € M and 98; which represent the number of vehicles

1. A spatio-Temporel Optimization Model for the evacuation of population
exposed to natural disasters. Developed in ACCELL project funded by Région
Centre and FEDER, France

to be evacuated through the paths ArcllC It and finally 5) a
sub-set of virtual arcs among shelters and p which represent
the capacities of shelters in terms of number of vehicles.
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FIGURE 2: Buildings to be evacuated
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2.2. Notation

¢ i:Anindex for building, %;

e j:Anindex for shelter, #;

e k:Anindex for k-th best path, Arcl(fj
e 0:time slot

[ : Road link (arc)

« {; : Capacity of road link

. q)? : Flow on arc [ at time slot 0

. -/ﬂj,i : %i g L%

The vehicles pursuit model developed here is based, as
we mentioned previously, on a evacuation scheduling model
providing (i) the number of time slot ® for evacuating all
buildings (ii) the number of vehicles evacuated through each
path from each building at each time slot 0 € {1,...,0}, and (iii)
the network load (assigned flow on arcs) at each slot.

2.2.1. Input data from the evacuation scheduling system

* X; j k6 : number of vehicles evacuated from building 28; to
safety point .#; using the k-th path connecting 98; and .%;
at time slot 0.

. (p‘;' : number of vehicles crossing road link [ at time slot 6

2.2.2. Decision variables

* fjjke - departure time of vehicles evacuated from
building 9; to safety point .#; using the k-th path
connecting 98; to #; at time slot 0

* Tjjkp : travel time between 98; and .; through the k-th
minimal path at slot 0

* A j ke : flow rate of vehicles outgoing from building %;
and evacuated to safety point #; using the k-th path
connecting 9; to #; atslot 0

e 1y :start date of time slot 0

e Jg : duration of time slot 6

e I'g:end date of slot 0

e T :travel time on arc [ at time slot 6

~DD

L]
m>
~ D

: entry time of last vehicle crossing [ at slot 6
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E release time of arc [ at time slot 0

e c

Auxiliary variables :
. A‘l]) : journey time through a road link [, given an arrival
flow ¢.
1 if 9; is effectively evacuated, completely
° ejp= { or partially, at time slot 6
0

otherwise
Parameters :
B 1 if %; is connected to &
. —
b 0 otherwise
1 ifle ArcllC .
. (xi,j,k,l = ]

0 otherwise
* Aj j:constant flow rate of vehicles outgoing from 28; and
evacuated to 98; using the k-th path.

2.3. Traffic model

This section focuses on the presentation of a traffic
polynomial model which allows to determine the maximal flow
rate on each arc depending on free-flow speed and jam density.
In addition this model computes speed on roads depending on
density which in turn is depending on flow of vehicles.

By hypothesis, the network is considered here loaded by a
variable number of vehicles depending on the start date of the
evacuation.

Transport network as it is known has a capacity limited to
a number of vehicles per unit of time. In other words there is
no buffer or waiting space, and therefore as soon as a vehicle
enters the road link, it starts obtaining the service [34]. Any
overload on any road leads to a congestion on all or part
of network. Our model prevents the traffic-jams on network
respecting maximal flow rate on each road. The calculation of
flow rate g is crucial, it depends on two elements, firstly the
density k expressed in number of vehicles per unit of distance,
and secondly, the speed v in unit of distance per unit of time.

qg=kxv

The traffic model used here is the polynomial traffic model
of order 3. The relationship between velocity and density is a
second degree polynomial equation [6] :

1/:11f+bk+clc2

where : vy is the free-flow speed, b and c are constants.

Jam-density on a road of network road can be computed
in a go & stop condition, when by approximation, the
inter-vehicular distance closes the average length of a vehicle
(see figure 3).

According to L'Argus?, the average french car length in 2011
is 4.19 m. Given a road of length L = 1km and a car of
length x = 4.19 m, the jam-density k; = 119.8 veh/km/lane is
determined by the next formula :

ij+(k]-—1)x=L

2. www.largus.fr
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FIGURE 3: Representation of a road link in case of congestion

The speed vs. density relationship may be expressed as a
quadratic equation of the form [6] :

2
V= Vf(l - —2)
kj

The maximal flow rate g,, is obtained when % =0.

The two following figures 4 and 5 show successively the
relationship between firstly speed and density, and secondly,
density and flow rate.
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FIGURE 4: Speed vs. density relationship

3. Time routing optimization

To achieve the stated objectives in the vehicles pursuit
model, two methods behaving differently, from organizational
point of view, are developed here.

Let’s define for each time slot 0 :

e B = {Bile;y > 0} the set of buildings evacuated
completely or partially. This set is a result from the
evacuation scheduling model.

o 0 = {T,-,j,k,e/xi,j,k,e > 0,V%B; € BG,V% € J6,Vk €
{1,---,n;, j}} the set of journey times on routes connecting
buildings to shelters

e A0 = {)\,‘yjyk'e/xi'j'k,e > 0,V%B; € Be,V,yG' € H4,Vk €
{1,---,r]i,j}} the set of vehicles flow rates on paths of
buildings



| N
— g |an_ |1®
771 Fluid regime p
72 Congested 1 ‘ 7
/
4
+ %
4
4 / k
L\ ok
0
ki
1 V3

FIGURE 5: Flow rate vs. density relationship

o t? = {ti,j,k,e/xi,j,k,e > 0,VAB; € Be,Veyj € J,Vk €
{1r""'1i,j}} the set of departure dates of evacuated
vehicles through the paths of buildings.

BY is the input data of VPM; 1% A® and t°® constitute the
output of this model.

The set of start times of vehicles which use the k-th
path connecting %; and ; at slot 6 is denoted by
[ti,j,k,G) Liike + Aijke - (Xijke — 1) ] where the first
vehicle on this path leaves at ;e and the last one at
Lij k0 + Aij ko - (Xij ke —1). The waiting time between two
start times is determined by A; j r.¢. The set of arrival times of
vehicles using the k-th path connecting %; and %; at slot 0

constraint is expressed as follows :

vVOell,...,0-1}L, %N 1 =0 <Tg:1 =19 1
The total evacuation time T, according to this scheduling is
given by :
Te=Te—11

3.2. Vehicles pursuit model : availability of network roads

In the evacuation model STOM, minimizing the total
clearance time depends on two elements : (i) minimizing the
number of slots by maximizing flow in the network at each
time interval under some constraints (scheduling evacuation
model?) , and (ii) minimizing the start times of vehicles from
buildings at each time slot, this property also guarantees a
continuity of flow in network.

The first solution represented by equation 1 (see above),
responsible of avoiding overlap between successive time
intervals, is not optimal especially when safe points are
away from buildings to be evacuated (evacuation network
underutilized).

To exploit the network, a vehicles pursuit model is
developed. It allows to trace the flow of vehicles along the
transport network in order to determine the availability of
roads during each time interval. This solution ensures the
continuity of flows from buildings while avoiding overlap
between successive time intervals.

VPM is based on the concept of availability of road links : A
road link (arc) [ is considered available at a given time if and
only if the release time €; of this road is less than or equal to
this time.

35m

.. Last vehicle First vehicle
18 glVenbY [ti,j,k,G+Ti,j,k,6r ti,j,k,B"'Ai,j,k,e'(xi,j,k,9_1)+Ti,j,k,9]- crossing road at crossing road
time slot © at time slot 6+1

We denote by %y = [fy,T'g] the time interval corresponding
to slot O where :

g =Mil’l{l’ilj,k,9 , V%; EBe,Vespj eAAV1<k< r]i,j}

0
To =Max{t; jro+Xi ko Xijke—1)+Tijke, VB €B’}

Travel time T? on a road link [ at slot 6 is computed by

the traffic model (see section 2.3) depending on flow rate of
vehicles crossing this road at this slot.

Recall that the capacity of each arc at each slot was observed
by the evacuation scheduling model. This constraint ensures
a traffic circulation in the best possible conditions (without
congestion) during the time interval [tg, [g].

3.1. Empty evacuation network

Since the origins of vehicles are not always the same during
successive time intervals, the capacity constraint may be
violated by overlap between two successive time intervals.

To overcome this constraint, a new time interval will be
allocated when the previous one is completely finished. This

FIGURE 6: Availability of a road

According to this definition, the road link / cannot be used
before the complete crossing of the last vehicle. Therefore the
more the distance of road is big, the more the exploitation of
this latter is low (see figure 6).

The maximal flow rate on each arc is formed with a density
k= % (k; : jam-density), which means that the inter-vehicular
distance is equal to 2.49 times the average length of a vehicle
(see figure 7).

This leads to divide each arc [/ into a number of identical
portions of length greater than or equal to 2.49 times the
average car length (x). The lower and upper bounds of length
of a portion are given by [2.49x%, 2x2.49x[. Note that travel time
on each portion I, of road link [ is obviously the same (see
figures 6 and 8).

3. This part of STOM was addressed in a previous papers
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FIGURE 7: Distance between two successive vehicles in case of
maximal flow rate
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FIGURE 8: Maximum continuous flow of vehicles on the
network

The objective of the VPM, which corresponds to minimizing
the departure dates of vehicles at each time interval, is carried
out for each route ensuring both a maximal flow rate of
vehicles on roads and a continuous flow between successive
time intervals. This condition of maximal flow rate is ensured
between the last vehicle crossing road at previous time interval
and the first vehicle in the current time interval : it guarantees
the absence of overlap (see figure 8). The continuity of flow on
roads during each time interval is ensured by the traffic model
(see section 2.3).

By definition, an arc is considered shared between two paths
at time slot 0, if and only if, it receives flow from both these two
paths:

Arcl(fj mArcf,’yj, # @ during % if and only ifit3 [ € Arcllfj
such as oG ik 1 Xit ke >0

The importance of this definition is described later.

Theorem 1 The flow rate of vehicles on a path, in a given time
interval, depends on the maximal flow rate on minimum arc
(in terms of maximal flow rate) of this path, if this latter does
not share any arc with another during this time interval.

The next paragraph details this theorem.

The second objective of VPM is to organize the evacuation
on the network and especially on shared arcs between several
paths, by a specific passage time allocation. This requires an
harmonization of flow in network and in particular on the
shared arcs. This is discussed below.

3.3. Harmonization of flow between parallel and sequential
methods for intervals of long periods

The organization of flow on arcs shared by several paths
(muli-source) differs from that on arcs that belong to a
single path. To harmonize the flow on the road network, two

approachs have been developed. A so-called parallel approach
to inject in network, in a parallel manner, vehicles from
multiple sources with a flow rate more or less low. And a
sequential approach simulating a sequential circulation of
vehicles on the network with a higher flow rate.

3.4. Parallel Harmonization of flow

The first method in the parallel approach is to harmonize
flow on all arcs per unit of time (hour, half hour, etc..). For a
unit of time equal to one hour, vehicles must be removed with
a flow rate given by the equation :

3600
Xi, j,k,0

Nijko = with \;jre€A’ )

Due to the formulation of A; j r¢ which depends on time
unit on arcs, a waste of time at each interval may then be
met. We consider in the example below a building 98; with 700
vehicles to be evacuated towards .#; through the path Arcfj at

slot 0 (figure 9) :

700

1400 —»O— 2000 —»O— 1800

FIGURE 9: Flow rate of vehicles on a road

As the capacity unit of arcs is expressed in veh/hour, so
the vehicles from 2; will need an hour to leave the building,
which leads to A; j e = % = 5.14. Since density of vehicles
on road is low, speed becomes higher reducing the travel time
(see section 2.3). According to this method (equation 2), the
total evacuation time of vehicles from ; is equal to one hour
increased travel time of the last vehicle from 2; to #; through
Arcf, It

Looking closely, we note that it is possible to evacuate
vehicles of 28; in a shorter time by injecting vehicles with a
constant flow rate (independent of assigned flow at each time
slot 0) equal to the maximal flow rate of minimum arc (in terms

of maximal flow rate).

3600

. k
Mln(bArcl.,j

The total discharge time corresponds to a half hour plus the
travel time of the last vehicle. In this case (equation 3), the
travel time on Arcgfj is greater than the previous one (case of
equation 2) since the density on road is much higher.

Therefore the loss of time in the evacuation process resulting
from the use of equation 2 can be solved by applying the
equation 3. However this method is no longer valid if the
evacuation paths share arcs and especially minimum arcs. The
figure 10 shows an example of two buildings %; and %, with
700 vehicles each. The two paths of these two buildings share a
minimum road.

According to the maximal flow rates of minimum arcs of
paths Arcf]. and Arcgj, both buildings will evacuate their
vehicles, at the current time slot 8, with a flow rate Ay jx =
A2,k = 2.57 and therefore all vehicles from 98, and %, will be
evacuated within an half hour.

However as the capacity of common arc allows to receive
one vehicle per 2.57 seconds, a congestion will be occurred

Lik = 3)
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FIGURE 10: Flow rates on paths sharing arcs

theoretically on this arc in a half hour and reaches its
maximum after one hour of the beginning of the evacuation.
Hence this method cannot be used to generate an evacuation
plan (without congestion).

3.4.1. Evacuation network decomposition algorithm

To solve the loss of time present in the equation 2, a
modification of this equation (A;jre = xféofe) has been
performed based on the decomposition of the evacuation
network <f, at each time slot, into several sub-networks
{<,...,4,}. Each sub-network </, has its own period
(bounded by ]0,3600]) enabling vehicles to leave their
buildings. The construction of the set of sub-networks 1% at
each time slot 0 is given by the following.

Definitions :

1. &/, : sub-network.
2. oynody # @ :ifitexists at least a common arc between the
two sub-networks </, and <7),.

We denote by P={a,..., o} the z sub-network(s) built by
the algorithm at time slot 9, z = 1..
The progress of this algorithm is given by the following :

Algorithm 1 Decomposition of evacuation network

1: procedure CONSTRUCTION OF SUB-NETWORKS
21 2= U?:l U@jgjfi UZl:JI Arcllfj > Set of remaining paths
3: md =g > Initialization
4:  while 2 # ¢ do
5: Take a path Arcfj €2
6: if x; j .0 >0 then
7: Build the sub-network o7, 1 ={Arcll°j }
8: Find the sub-setE g < 1® which satisfies the following :
9: sl Nedx# 0,V dx€Eg
10: e Ny =3,V .;zfxel'le\EHe
11: ﬂz:&f’zuUEne
12: Sort 1 \E g
13: z:z+1—IEHeI
14: Ay =l
15: 9 = (O\E g Utz
16: end if
17: 2=2\{arck |
L

18:  end while
19: end procedure

The result of this algorithm is a set of sub-networks 1% =
{of,...,o;} which satisfies the following property :

V(e oty) € MO x %) A nety=0, x£y
We define the following family of Boolean variables :

Yi,j ks = {

1 ifArcl(C . belongs to
J

0 otherwise

And 0 <Maxy s <1, Vs € 19,
¢
The new equation to calculate the flow rate of vehicles on

paths at each time slot 0 is therefore as follows :

3600
Xi,j,k,0

ik = ‘Max((Maxy s) - Yi,jks) Vs € @
b

Now the organization of flow in network is optimized
without congestion by the equation 4, we present in the
following the algorithm of the parallel approach developed in
the vehicles pursuit model (see algorithm 2). This algorithm
enables to minimize the departure times of buildings to be
evacuated ensuring a continuity of flow in network without
traffic-jams.

Theorem 2 The velocz'ty of a flow of vehicles ¢, crossing a road
link | with a capacity d;-a veh/(hour-a), wherea > 0, is equal
to the velocity of a flow of vehicles % crossing | with | has a
capacity d; vehl hour

This theorem which can be proved based on the traffic
model (see section 2.3) is shown by the line 18 of the
algorithm 2. This algorithm takes as input at each time slot 0
the set of buildings BY. Its purpose is to compute the flow rate
of vehicles A; j x.9,%i € BY from BY (line 10) and the departure
times of these vehicles t; jko (ine 59, algorithm 2). This
algorithm ensures traffic fluidity while minimizing the total
evacuation time. It assumes that all vehicles of all buildings in
all time intervals leave at the beginning of the evacuation (line
11, algorithm 2). At each time slot 0 € {1,...,0} and for every
path Arcf’j/ Xij ke > 0, this algorithm simulates in real time
the trajectory of flow of vehicles in order to compute its start
time. On each arc belonging to this path, we check if vehicles
of previous time intervals sharing this arc have left before the
first vehicle on route Arcl(fj enters this arc at the current time
interval (lines 17-18, algorithm 2).

If this is not the case, we divide the current arc in several
portions (see figure 8) and compute the difference time i.e. the
waiting time of the first vehicle of flow outgoing from %; on
Arcl(fj before leaving (Lines 19-31, algorithm 2). Ans so on all
the arcs of path Arcllfj.

In order not to update the start and release times of arcs
on the current path at each time difference founded and for
technical reasons (to keep the release times of these arcs by
vehicles that passed at the previous time slots and not those
who are passing in the current time slot) we compute the start
time of vehicles and update the release times just after simulate
the paths of all outgoing vehicles from buildings B® (Lines
39-64).

3.4.2. Tests of the parallel method with and without
decomposition of evacuation network

A sample evacuation network is given by the figure 11.

In this network we consider 4 buildings to be evacuated,

the priority list established is {98, %1, %4, %3}. Being %,

must be evacuated to two shelters so an other level

of priority is established and the list can be seen as



Algorithm 2 Parallel pursuit of vehicles > Part ]
1: st=start_time() > Start time of the evacuation (h: m:s: ms)
2: é(l’ = e(l) =st,Vled > Entry and release times of arc [ initialized to st
3: procedure PARALLEL METHOD
4: Decomposition() >Build®, 6> 1
5. =01 -l view
6: for ;e BY do
7: for & e #; do
8: fork=1ton; ;do
9: if x; j k.0 >0 then

3600-MAX((MAX ¢ 5)-Y, j )
. _ $ 0

10: Nijko= E ,Vels €Il > Flow rate
11: ct=st > Initialization of current time
12: sum_dt=0
13: for / eArcl’.‘j do
14: dr=0 > Initialization of difference time
15: ctt=ct
16: hms=cmp_time(ct,ej)

17: if hms =0 then l>ct2€?’1

4,‘? x3600

18: cr=ct+4, 51070 k8 > Add the travel time on arc [
19: else
20: cé) = é?’l > Copy
21: for p=1to l.prt_nb() do > Number of portions of road !
22: c&y = c&; + i) > Transit time on each portion: fj, =...= flp
23: hms= cmpftime(ct,cé?_l)

24: if hms #0 then
25: dt=dt+hms > Increment the difference time
26: ct=ct+hms
27: sum_dt=sum_dt+hms
28: end if

¢‘? x3600

29: ct=ct+ Alll']'k’e £.j,k8 > Add the travel time
30: end for
31: end if
32: v_e.add(ct), v_é.add(ctt), v_dt.add(dr)

33: end for
34: v_sum_dt.add(sum_dt)

35: end if
36: end for
37: end for
38: end for
39: it=iv=1

40:  for #; <B® do
41: for #; € 7; do

42: fork=1ton; ;do

43: if x; j k0 >0 then

44: sub_sum=0
45: forle Arclkj do

46: v_élit) = v_élit] + v_sum_dt[iv] — sub_sum > 1! veh entering

47: v_€litl=v_elit] + )‘i,j,k,a . (xl-yj,k'g -1) > Last vehicle entering
48: sub_sum = sub_sum+ v_dt[it]

49: v_elit]l = v_elit] + v_sum_dt[iv] - sub_sum> 1! vehicle leaving
50: v_elitl =v_elit]+A; j ko (X j ko~ 1) > Last vehicle leaving
51: if v_elit] = e? then > Update entry, release and travel times
52: e? =v_elit]

53: & = v elin

4;? %3600

54: ill :Al i,j,k,0°%i,j,k,0

1

55: end if
56: it=it+1
57: end for
58: f= Arcf’jl > First arc in path Arcll‘j
59: tij k0 =€ =N jko-(x;jke—1) > Departure time of first vehicle
60: iv=iv+1l
61: end if
62: end for
63: end for
64: end for

65: end procedure

(M2, M0 1, M) 4, Moa, Mo 3} The input of this network is
given in figure 12.

The figure 13 shows the evacuation scheduling of the set

X1,1,1,0 a, as
X1,1,20 ¥
4
o *2,1,1,0 "}v
l @)
v ag

N X2,1,2,0
s M

Q .

a3
bs,.a5 @ X321 +./'

P,

.
7 2 *
? E? a7
e% 41,19
%
X219

FIGURE 11: Sample evacuation network ¢* = (A*, o/ *)

of buildings {%;,%,, %3, %8} performed by an evacuation
scheduling system developed in the evacuation model STOM.
The number of time slots O for evacuating these buildings is 2,
and for each time slot 0 € {1, ..., 0} we know Xij,k,0 the number
of vehicles evacuated by path Arcf, j,l < k =n;,; and a priori
Cps,ﬂjj = :lzjl X; j,k,6 the number of vehicles evacuated from %;
to S, 1si<4,Se .

The figure 14 shows, at first time slot, the approach used to
compute the departure moments of vehicles from buildings
{91, %.}.

3.4.2.1. First slot.

The decomposition of graph, at first slot, generates the same
graph with MAXy </ = 1. The expression for computing the
d

flow rates of vehicles gives A; j x.0 = 9

xiyj
capacities is here equal to 15 minutes).
The departure moments of vehicles from all buildings, at

first slot, are given by the table 1.

29 (the time unit of arcs

i J k 0 Xi,j k0 Ai ko Li,j,k,0

1 1 1 1 200 4.5 10:0:0:0
1 1 2 1 350 2.571 10:0:0:0
2 1 1 1 150 6 10:0:0:0
2 1 2 1 350 2.571 10:0:0:0
4 2 1 1 600 15 10:0:0:0

TABLE 1: Departure times of vehicles from all buildings at first
slot : parallel method

Similarly, the entry, release and travel times on roads at first
time slot, are given by the table 2.

3.4.2.2. Second slot.

The main objective of VPM is to minimize, at each slot,
the departure times of vehicles avoiding overlap (congestion)
in evacuation network. Departure times of vehicles from all
buildings evacuated at the first time interval are identical (10 :
0:0:0), because the network is considered empty (this does
not eliminate the hypothesis of loading of evacuation network
by a some number of vehicles, but we assume here that the
capacities of arcs are computed taking into account this load).
The departure dates of vehicles from buildings evacuated at
the second slot are different from those of the first one.



Aoy Aves vy Auey Mo, Ave, Ae s
a, as as as a3 a7 a7
az ag az ag a4 ag ag
a3 az az ao ais aig ais
as as as a a6 a0 a6

a2 as

ay
a: Paths between buildings and shelters
I L o I L oy

(Km) (veh!}h) (Km) (veh!}h)

a 15 500 an 2 700
a 14 350 a2 3 700
as 1.2 350 a3 3 350
a, 1.3 700 aiy 1 500
as 3 350 a5 3 600
ag 1.4 500 ap 2 600
a; 500 a7 2 600
as 500 aig 15 600
ag 350 apg 1 500
ap 1.7 350 ay 1 350

b: Road links caracteristics

2 300
Ni2 2 700
1
1
1

c: Number of vehicles to be evacuated from buildings to shelters

FIGURE 12: Evacuation model input

According to the formula 2 and for the second slot, table 3
provides the departure moments. Beside, table 4 indicates,
for each road link, the entry, release and travel times. On the
other side, the application of the formula 4 is the result of
all information illustrated by tables 5 and 6. The evacuation
network decomposition algorithm led to the construction

€4 = St+2.571-349

€a5 =€ag+lag &

| | |
| | |
9B :750 (550 ' 200 )! ! {x1,1,1,1 =200, x1,1,2,1 =350, x1,1,1,2 = 200}
| | |
| | | |
#,:500 |((500) } } {x2,1,1,1 = 150, %71 2,1 =350}
| | | |
| | | | .
23 :300 I (300 ), | {x3,2,1,2 = 300}
I I I I
I I I I
B4 1100 | | | | {x4,1,1,2 = 100}
I I I I
I | I I
B5:700 (600 | 100 ), | {X52,1,1 =600, x5,2,1,2 = 100}
> 0
FIGURE 13: Scheduling evacuation
st=10:0:0:0
X112 =350 X1,1,1,1 = 200 X211, = 150 X212, =350
A = 2571 A =45 Aoi11=6 A2120 = 2571
t,1,21=10:0:0:0 17,11,1=10:0:0:0 11,1,1=10:0:0:0 12121=10:0:0:0

8q = St+4.5-199

€q =€a) +1a

@,
1

€ay =Eay + lay

A 5 o
€a5 =€as + la; ¢

. Cay =€
4, = Max{st +6-149 + 14, €4} o

€a5 =€q5 % €ay =Eay Iy

.

awo

)
S

€a, =€a, + Ta,

e

€ayg = €ag

€a, =€qq o A
a7 = €ag €ayg =€ayg + layy

2

\ ‘
< .
€a; =Max{eq;, €qr}

€a, =&, + lay 2,

€an = €ayg
€ayy = €ay + lay
\./ wr

FIGURE 14: Calculation of departure times #1,1,1,1, £1,1,2,1, £2,1,1,1»

€qy =€ay

€ag =€qy +1Igy

€y, = €ay

Cay=Cay+ lay Cary = €y + lary

12,1,2,1
l él €] fl
(time) (time) (seconds)

ay 10:14:55:500 10:17:3:183 127.683
ap 10:21:7:499 10:25:16:498 249
as 10:25:16:498 10:28:49:926 213.428
as 10:29:0:124 10:30:55:730 115.607
as 10:14:57:428 10:23:50:998 533.571
ag 10:23:50:998 10:25:58:285 127.287
az 10:25:58:285 10:29:0:124 181.839
ag 10:14:57:428 10:21:10:927 373.499
ag 10:21:10:927 10:27:6:640 355.714
ao 10:27:6:640 10:32:8:996 302.357
al 10:32:8:996 10:34:12:534 123.538
ap 10:34:12:534 10:37:17:841 185.307
as 10:21:1:623 10:26:12:872 311.25
ae 10:26:12:872 10:29:40:371 207.5
ary 10:14:58:500 10:18:25:999 207.5
ag 10:18:25:999 10:21:1:623 155.625

TABLE 2: Entry, release and travel times on roads at first slot :
parallel method

of a single sub-network with a maximum value of ratio of



flow to capacity equal to 0.857 (unlike the first slot where
the maximum ratio of flow to capacity were equal to 1).
This is due to a sub-optimal use of arcs (there is no more
vehicles to be evacuated through this sub-network). In this
case, vehicles leave buildings during 0.857 - ih, and speed on
arcs is computed according to theorem 2 (see also algorithm 2).
For example the speed on arcs whose flow capacity ratio is
0.857, is equal to that on the same arcs when flow is equal to
capacity (see theorem 2).

i jJ k8 xk0  Aijko %i,j,k,0

1 1 2 2 200 4.5 10:21 :46 :618
3 2 1 2 300 10:14 :59 :345
4 1 1 2 100 10:19:19 :896
4 2 1 2 100 10:19:20 :618

l € €] 5]
(time) (time) (seconds)

ay 10:33:41:795 10:35:50 :638 128.964
ap 10:35:50 :638 10:38:50 :458 179.915
as 10:38:50 :458 10:42:23:732 213.428
as 10:42 :23:732 10:43:43:910 80.2998
a3 10:25 :35 :464 10:34 :29 :34 533.571
aja 10:34:29:34 10 :35:59 :953 90.9196
ais 10 :35:59 :953 10:39:54:16 234.258
ale 10:39:54:16 10 :42 :29 :970 156.172
ayy 10 :31 :47 :259 10:34 :8:720 141.662
ag 10:34 :8:720 10:35:54 :810 106.246
ag 10:35:22 :289 10 :36 :45:975 83.6861
azo 10 :36:45 :975 10:38:46 :601 120.626

TABLE 3: Departure times at second time slot without
decomposition of evacuation network

l él €] i'l
(time) (time) (seconds)

ay 10:36:42:119 10:38:49:616 127.683
ap 10:38:49:616 10 :41 :44 :999 175.487
as 10 :41 :44 :999 10 :44 :32 :509 167.593
as 10 :44 :32 :509 10:45 :51 :830 79.361
a3 10 :29 :56 :346 10:36 :55:328 418.982
aia 10:36 :55 :328 10:38 :23 :644 88.3365
ais 10:38 :23 :664 10:42 :8:345 224.894
ae 10:42 :8:345 10 :44 :38:81 149.93
ayy 10:34:11:619 10:36:32:144 140.731
ag 10:36:32:144 10:38:17 :663 105.548
ayg 10:38:16 :940 10:39 :40 :440 83.5007
azo 10:39 :40 :440 10:41 :40 :499 120.06

TABLE 4: Road links at second time slot without decomposition
of evacuation network

i i k8 xXijre  Aijke 1, j,k,0

1 1 2 2 200 3.857 10 :20 :54 :223
3 2 1 2 300 2.571 10 :12 :46 :606
4 1 1 2 100 7.714 10:18 :31 :23
4 2 1 2 100 7.714 10:19 :3 :544

TABLE 5: Departure times at second time slot with
decomposition of evacuation network

A detailed calculation of the start time #4,;,1,2 of vehicles
outgoing from %, to . at second slot is given by the figure 15.
The table 7 provides some attributes of path Arcil. We note
that no attribute on arcs {ay9, aso} is provided since these two
arcs were unoccupied at the first slot (the algorithm will not
enter in the bloc of else (lines 19-31, algorithm 2)).

TABLE 6: Road links at second time slot with decomposition of
evacuation network

sum_dt=0

v_€.add(10:0:0:0) !
v_c.add(10:18:26:310) B

v_dt.add(965.739) =
sum_dt=sum_dt+965. 739*
v_¢€.add(10:18:26:310)
v_e.add(10:21:2:320)

v_dt.add(50.48)
sum_dt=sum_dt+50.48
v_&.add(10:21:2:320)
v_e.add(10:22:25:820)

v_dt.add(0)
sum_dt=sum_dt+0

v_¢€.add(10:22:25:820)
v_e.add(10:24:25:879)
v_dt.add(0)
sum_dt=sum_dt+0
v_¢€.add(10:24:25:879)
v_e.add(10:28:51:279)
v_dt.add(97.847)
sum_dt=sum_dt+97.847

4O<7 & —— QO ozu —()«— 61p —( .79!,;—()

v_¢€.add(10:28:51:279)

v_e.add(10:30:55:456)

v_dt.add(44.827)
m_dt=sum_dt+44.827

kbn
)

v_sum_dt.add(sum_dt)

a: Part]

X4,1,1,2 =100
As112=9
t1112=10:19:19: 896

v_€[5]+ = v_sum_dt[2] — sub_sum+(9- 9‘))
sub_sum+ = v_dt[5]
v_el5]+ = v_sum_dt[2] — sub_sum+(9-99)

if v_e[5] = 62” — ar7.update();

v_E[6]+ = v_sum_dt[2] - sub_sum+(9-99)
sub_sum+ = v_dt(6]
v_el6]+ = v_sum_dt[2] — sub_sum+ (9-99)

if v_e[6] = eﬁm — aig.update();

v_€[71+ = v_sum_dt[2] - sub_sum+(9-99)
sub_sum+=v_dt[7]
v_e[7]+ = v_sum_dt[2] — sub_sum+ (9-99)

if v_el7] >e,m — ayg.update();

v_€(8]+ = v_sum_dt[2] - sub_sum+(9-99)
sub_sum+=v_dt(8]
sub_sum+(9-99)

v_el8]+ = v_sum_dt[2] —

if v_e(8] = cam — az.update();

v_€[91+ = v_sum_dt[2] - sub_sum+(9-99)
sub_sum+=v_dt[9]
v_e[9]+ = v_sum_dt[2] — sub_sum+(9-99)
if v_e[9] = C(Z1 — az.update();
v_€[10]+ = v_sum_dt(2] — sub_sum+(9-99)

sub_sum+ = v_dt[10]
v_e[10]+ = v_sum_dt[2] — sub_sum+(9-99)

— 1 ——O—— o ——Q+— 61p ——O+— 6Ip —— O 81lp ——O+— Hn

if v_e[10] = eem — ag.update();

b: Part II

10

FIGURE 15: The steps for computing #4112

y L Ly

3.4.3. Simple example of parallel pursuit of vehicles

The figure 16 shows, for a small example, the steps
performed by the algorithm from the second slot. For
simplification reasons, we will not use in this example all the
mobilized variables in the algorithm 2. This example does not
attempt to identify all scenarios. For a more comprehensive
understanding, we invite the reader to refer to the algorithm 2
and previous examples. The example assumes a part of
network shared by two paths of two different buildings. Also for



1 prt_nb() Ly, 7} i,
meter second second

as 115 10.434 213.428 1.855
as 124 10.483 115.606 0.932
ayy 191 10.471 207.499 0.736
ag 143 10.489 155.624 0.738
ag = = = =
ao - - - -

TABLE 7: Characteristics on arcs belonging to path Arci1 at
second time slot (with decomposition)

simplification reasons, we assume that the number of portions
is equal to one for each road link, and that part of network
is first used by vehicles outgoing from %; at time slot 0. we
denote by tl1, sequentially, the release time of each arc by
the last vehicle outgoing from %8;. Similar for %, with the
difference that this building takes this part of network at slot
0 + 1. The first values of t1 and t2 (10 and 11 respectively)
correspond to the release time(s) of arc(s) whose origin node
of first arc (belonging to this part of network) corresponds to
destination node of these arcs. The maximal flow rate and the
length of every road link in this part of network are considered
equal, the journey time at a given time slot is therefore the
same on every road. The journey time (figure 16) differs from
one slot to another because of the difference of flow, where the
journey time was 3 seconds at time slot 8 against 2 seconds at
time slot 8 + 1. This result is due to a flow outgoing from %8,
higher than that from 28,. The difference time expressed by the
variable dt is the waiting time needed for that the first vehicle
outgoing from 98, can use the current arc (current portion in
case if an arc is divided in several portions). At slot 8 + 1 and
for each arc belonging to this part of network, d¢ and ¢2 are
computed as follows :
dt=11-12

and R2=12+dt+2

The waiting in network nodes is only authorized from an
algorithmic point of view. In other words, at each slot, the
variables will be updated once all paths of all buildings have
been processed. Finally, the algorithm applies a back strategy
to update time variables on arcs (see figure 16), and then to
set the start time of vehicles through the given path. This
strategy (delay start time) guarantees the absence of overlap
between the two time intervals .%5 and %, (network without
congestion).

3.5. Sequential method and
harmonization of flow

of pursuit of vehicles

The modification represented by the construction of a
set of sub-networks at each time slot reduces the total
clearance time, but not entirely, because all vehicles using
paths belonging to the same sub-network have the same
period time for being evacuated. In addition, for a large time
unit of slot (for example 1 hour) and a small number of vehicles
to be evacuated from buildings (for example 10 vehicles),
the organization of the evacuation becomes difficult : these
buildings will be forced to take 1 hour to evacuate 10 vehicles
only. Finally, the organization of departure times of vehicles

11

dt +2 +1 +1 +1 +1
2 1 15 18 21 24 27
e A
3 sec.
t1 10 13 16 19 22 25
sum_dt=6
sub_sum=0
sub_sum=0 sub_sum=2 sub_sum=3  sub_sum=4  sub_sum=5  sub_sum=6
2 11+6-0 15+6-2 18+6-3 21+6-4 24+6-5 27+6-6
| | | | | |
| | | | | |
t1 10 13 16 19 22 25

FIGURE 16: Simple example of pursuit of vehicles, 6 > 1

on roads sharing common arcs requires a system of periodic
tasks within a given time slot. The figure 10 (page 7) provides
an explication on this periodic scheduling. The capacity of the
common arc in this example is equal to one vehicle each 2.57

seconds, and the flow rate of vehicles of buildings is given by :
k k
3600~Max{Max$ Arcly]. ,Max% Arcz'j}

)\l,j,k,e = )\Z,j,k,e = e =5.14

According to this scheduling method, 98, begins to evacuate
first its vehicles then %, does the same 2.57 seconds later.
Thereby, this strategy ensure that only on vehicle crosses the
common arc each 2.57 seconds, unlike the case where 28, and
%> begin simultaneously (2 vehicles crossing the common arc
each 5.14 seconds).

This periodic scheduling must take into account the
distance among buildings and common arcs. It should be
noted that such a clarification in case of massive evacuation is
not required since the behavior of evacuees are not generally
calibrated to the scale of the second. In addition, traffic
flow model adopted allows such phenomena to occur in the
network, without risk of congestion on roads.

To solve the problem of too few vehicles, a sequential
evacuation method has been developed here. The flow rate
of vehicles A; j x is a constant equal to the maximal flow rate
on minimum arc of path Arcgf i (see formula 3). At each time
slot, the departure of vehicles on a path, which shares arcs
with another path, starts a period of time (the time needed
to avoid an overlap) after the last vehicle using the other path
(from a priority building or from the current building) leaves
its building (see algorithm 3).

The overload problem between vehicles in the sequential
method is not only between successive time slots (the
case of parallel method) but within time slots themselves.
Solving of this problem within a time slot follows the same
strategy applied to solve it between successive time slots (see
algorithm 3). The entry and release times of arcs belonging
to a path are updated once the algorithm simulate this path
(contrary to the parallel method where these times are not
updated before that all paths from all buildings are simulated).

We take back the example (see figure 10) of 9, and %,, we
see that according to the sequential method, 28; will evacuate
its vehicles in a half hour, then 28, will start just after 98; exits
its last vehicle. The sequential method organizes better the
evacuation, it allows to define for each building a minimum
evacuation time interval with a maximal flow rates on paths



(maximal flow rates of minimum arcs).

Algorithm 3 Sequential pursuit of vehicles

1: procedure SEQUENTIAL METHOD
st=start_time()

2 > Departure time of hte evacuation (h: m:s: ms)
3: ¢ =¢=stfor0=1,Viesd

4 for B; € BY do
5 for & € #; do
6: fork=1ton; ;do
7: if Xi k>0 then
8 Aijk= ‘Look > Flow rate of vehicles on Arcf :

Mm(bArci,j J
9: ct=st > Initialization of current time
10: sum_dt=0
11: forleArcfy]. do
12: dt=0 > Initialization of difference time
13: hms=cmp_time(ct,e])
14: if hms =0 then >ct>¢
15: ctt=ct

Min(bArcg.cj .
16: cr=ct+A; ’ > Add the travel time on arc /
17: else
18: ctt=ct
19: for p=1to l.prt_nb() do > Number of portions of arc [
20: &=+ ill > Travel time on each portion : ill =..= ilp
21: hms=cmp_time(ct,&;)
22: if hms #0 then
23: sum_dt=sum_dt+hms
24: dt=dt+hms
25: ct=ct+hms
26: end if
Min: Arck .
27: ct=ct+ All b > Add the travel time
28: end for
29: end if
30: él:Ct[+()\i,j,k'(xi.j,k,6_1))
31: El:Ct+()‘i,j,k'(xi,j,k,971))
Min: Arc(C .

32: h=a, 0
33: v_dt.add(d?t)
34: end for
35: sub_sum=0,it=1
36: forile Arcfy]. do
37: &/ =&+ (sum_dt—sub_sum) > Update entry time
38: sub_sum = sub_sum+v_dtlit]
39: ey =€;+ (sum_dt— sub_sum) > Update release time
40: it=it+1
41: end for
42: f= Arcfy'j1 > Firstarc in the k-th path connecting %; to %}
43: L j ko =€f > Departure time of first vehicle
44: v_dt.clear()
45: end if
46: end for
47: end for

48:  end for
49: end procedure

3.5.1. Tests on sequential method

The application of the sequential method to the evacuation
problem present in figures 11 and 12 results in the following
four tables. The table 8 provides the departure times of
vehicles from all buildings at first time slot, while the table 9
gives the entry, release and travel times on road links at this
same time slot. Similarly the two tables 10 and 11 provide these
information at the second time slot.

3.6. Harmonization of flow for intervals of short periods

Despite flow rates of vehicles are maximal in the sequential
method, the total evacuation time increases. This is due to
the fact that this method does not benefit from common arcs
(non-parallel evacuation). Indeed, the problem of increase of
the evacuation time occurs when common arc between several
paths has a capacity greater than the capacity of minimum arc

i J k0 xjk0  Aijko Li,j,k,0

1 1 1 1 200 2.571 10:0:0:0
1 1 2 1 350 2.571 10:2:34:813
2 1 1 1 150 2.571 10:16:1:226
2 1 2 1 350 2.571 10:21:0:288
4 2 1 1 600 1.5 10:0:0:0

TABLE 8: Departure moments of vehicles from all buildings at
first time slot : sequential method

l él €] 1]
(time) (time) (seconds)
ay 10:6:38:0 10:8:54:379 136.379
ap 10:25:31:984 10:29:40:889 249
as 10:29:40:889 10:33:14:214 213.428
as 10:33:14:214 10:34:34:384 80.299
as 10:14:12:814 10:23:6:384 533.571
ag 10:23:6:384 10:25:13:671 127.287
az 10:25:13:671 10:28:15:510 181.839
ag 10:32:38:288 10:37:10:825 372.759
ag 10:37:10:825 10:43:6:538 355.714
ao 10:43:6:538 10:48:8:894 302.357
a 10:48:8:894 10:50:12:432 123.538
apn 10:50:12:432 10:53:17:739 185.307
ais 10:16:2:123 10:21:13:372 311.25
ale 10:21:13:372 10:24:40:871 207.5
a7 10:9:59:0 10:13:26:499 207.5
ag 10:13:26:499 10:16:2:123 155.625

TABLE 9: Entry, release and travel times on the roads at first
slot : sequential method

i J k8 xijke  Aijke ti,j,k.0

1 1 2 2 200 2571 10:23:17:620
3 2 1 2 300 2,571 10:8:10:800
4 1 1 2 100 2571 10:27:37:500
4 2 1 2 100 1.5 10:30: 56 : 266

TABLE 10: Departure dates at second slot : sequential method

of one or more of these paths. The example in the figure 17
shows this case.
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FIGURE 17: Problem of common arcs, weight : flow/capacity(in
hour)
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l € €] i
(time) (time) (seconds)
ay 10:29:55:620 10:32:11:899 136.379
ap 10:32:11:899 10:36:20:813 249
az 10:39:40:717 10:43:13:991 213.428
as 10:43:13:991 10:44:34:219 80.299
a3 10:18:8:801 10:27:2:371 533.571
aiq 10:27:2:371 10:28:33:290 90.919
ais 10:38:38:276 10:43:49:525 311.25
ale 10:43:49:525 10:47:17:24 207.5
a7 10:32:35:266 10:36:2:692 207.5
ag 10:36:2:692 10:38:38:276 155.625
aig 10:35:11:942 10:36:42:861 90.919
azo 10:36:42:861 10:39:40:717 177.857

TABLE 11: Road links at second slot : sequential method

According to parallel method, %3 must evacuate its 10
vehicles during one hour with a flow rate A ;g = % =
360 seconds per vehicle. While the sequential method allows
%3 to inject its 10 vehicles during 25.7 seconds with a flow
rate A g = % = 2.57. The evacuation departure of %3 in
this case is just after the departure time of the last vehicle
from %, (priority list of buildings). We see that the increase of
evacuation time in the sequential method is due to the fact that
%3 does not comply with the time period dedicated by the arc
(N1,N2). Indeed the capacity of common arc (N1,N2) is twice
that of minimum arc (%3, N1) of path from %s.

To sum up, the parallel approach allows to minimize the
total evacuation time using the advantage of common arcs,
however it is less effective from an organizational point of
view. In contrast, the sequential method is more efficient in
organizational aspect but less interesting in terms of time
optimization. Hence the interest to bring these two approaches
together in order to simultaneously benefit of their advantages.
Thus, the gap in the first approach can be filled based on the
principle of the sequential method by the use of a smaller slot
time unit (for example : 1 minute, 5 minutes, 15 minutes, etc.).

The example of figure 18 compares the time unit « hour »
with decomposition of the evacuation network to time unit
«minute ».

We note that slot of an hour enables a parallel evacuation of
vehicles from %8, and %, during 30 minutes, while the slot of
one minute leads to a sequential evacuation during 15 minutes
for %, plus 30 minutes for 93, (travel time on arcs are not
considered here in this comparison).

Note that if 98, has priority over %, the total clearance time
remains always equal to 30 minutes.

The other figure 19, in turn, compares the slots hour -
minute and illustrates the interest of the latter in terms of
reducing the total evacuation time.

In the case of slot of one hour, the part (a) shows that
buildings {98, %>, %3} are evacuated during on hour. While
through the slot of one minute (part b), theses buildings take
only Max(30,40,50) = 50 minutes.

The two cases (hour and minute) consider the same list of
priorities {9, %, %s}. However, with another list of priorities
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FIGURE 18: Preference of slot hour over slot minute

{%B3, B, %1}, parts (c) and (d) show an evacuation during 55
minutes.

The transition to slot minute requires a real variables in
order to keep the total capacity of network. In the context
of a real evacuation plan, it should use for a building,
an appropriate slot in the order of 15, 30 minutes, etc.
The aggregation of evacuated vehicles per minute (real
values), in slot of 15 minutes for example, gives a real
number where the rounding by raising the lower bound
is necessary. If the aggregation of a building results in a
integer number of vehicles, however the total time of this
aggregation does not necessarily correspond to time step of
15 minutes. In addiction, such aggregation is only possible if
the evacuation slots (minute) of this building are consecutive
(non-preemption evacuation). Faced with