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Abstract—In the evacuation problem by using dynamic net-
work flow, the time-expanded network introduced by Ford and
Fulkerson [6] has been used in many applications. Although the
algorithm based on the time-expanded network can be easily
implemented, the size of the time-expanded network depends on
granularity of the unit time adopted. In this paper, we present
the results of the trade-off between actual runtime and the
accuracy of model through numerical examples arising from real
data. Furthermore, we consider several other features from the
viewpoint of actual evacuation planning (i) To avoid disorderly
congestion in evacuation situation, blocking at intermediate
vertices is undesirable. (ii) It is preferable that all the supplies
at the same vertex take the same path to a sink. In this paper,
we present the well-defined theoretical models in order to solve
the above problems, and the results concerning these models.

Index Terms—Dynamic network flow, Evacuation problem,
Combinatorial optimization

I. INTRODUCTION

O(log(n-maxceca 7(€) + > ey b(v))) submodular function min-
imizations. Hence the running time is high-order polynomial, and
the algorithm is not practical in general. Therefore it is necessary
to devise a faster algorithm for a tractable and practically useful
subclass of this problem. In our previous papers [10] and [11],
we have presented respectively @fn logn) time algorithm for
a+/n x 4/n grid network with uniform transit time and uniform
arc capacity where denotes the number of vertices in the given
network and the algorithm for lager class of networks including
the grid network with uniform transit time and uniform arc
capacity.

When we consider the evacuation planning in practical situa-
tions (e.g. buildings, cities, and so on), the algorithm of [8] is
very complicated, and it is hard to implement. Furthermore, in
general the network which we need to treat may not belong to
the above special classes studied by [10] and [11]. Therefore,
in many applications we need to use the time-expanded network
introduced by Ford and Fulkerson [6]. Although the algorithm

N December 2004, the Sumatra-Andaman earthquake &@sed on the time-expanded network can be easily implemented,
curred. It triggered tsunamis, and tragedy fell upon marifie size of the time-expanded network depends on granularity
people. Not only earthquakes but also diverse disasters occur@édhe unit time adopted, e.g., if we set the unit time to one

and caused serious damages in many countries. Therefore i$§§0nd, the size of the time-expanded network is sixty times
very important to establish crisis management systems agailager than the one in the case where the unit time is set to
large-scale disasters such as big earthquakes, conflagrations @i minute. Namely, a more accurate model relies on finer
tsunamis to secure evacuation pathways and to effectively gu@@nularity, requiring longer running time. We need to make

residents to a safe place. The problem for finding the modggcision considering the trade-off between actual runtime and the
effective plan to evacuate people to safe place has been modefiéguracy of model. In our paper, we present the results concerning
as anevacuation prob|ent|)y usingdynamic network flowin the this trade-off thrOUgh numerical examples ariSing from real data.
evacuation problem, we are given a directed graph= (V, A) Moreover we need to consider several other features from the

which consists of a vertex setwith supplyb(v) on every vertex, ~ Viewpoint of actual evacuation planning.

and an arc setl with capacityc(e) and transit time-(e) on every i
arce and a single sinks € V. If we consider urban evacuation,
vertices model buildings, rooms, exits and so on, and arcs model
pathways or roads. For an ar¢ capacityc(e) represents the

The first problem isblocking at intermediate vertices. To
avoid disorderly congestion in evacuation situation, block-
ing at intermediate vertices is undesirable. Theoretically,
it is known [5] that there exists an optimal flow without

blocking for the evacuation problem. However, such optimal
flow incurs a situation such that people at sources must wait
even if the outgoing arc is not occupied. Thus, this flow is
not “psychologically” acceptable for human. In this paper,
we present a new model for a flow without blocking.

The commodity which flows through the network represents
people. Therefore, it is desirable for the evacuation guidance
that all the supplies at the same vertex take the same path
to a sink. In this paper, we present teeacuation problem
which is the evacuation problem under the constraint such

number of people which can traversger unit time, and transit
time 7(e) represents the time required to travesseor any vertex

v, supplyb(v) represents the number of people which exist.at
The evacuation problem asks to find the minimum time required
to send all the supplies to a sink.

The first algorithm to solve the dynamic flow problem was ii-
proposed by Ford and Fulkerson [6]. It first transforms the
problem to a maximum-flow problem whose size is the original
network size times the time horizof, and thus its running
time is pseudo-polynomial. Theoretically, the first polynomial
time algorithm for the evacuation problem was proposed by that all the supplies at the same vertex take the same path
Hoppe and Tardos [8]. However it requires to use the submodular  t0 a sink.
function minimization as a subroutine. Their algorithm requireBhese practical issues are not only very interesting from practical

) ] ) viewpoint but provide new theoretical issues. In our paper, we
. The authors are with Department of Architecture and Architectur ocont the well-defined theoretical models in order to solve the
ngineering, Kyoto  University, Kyotodaigaku-Katsura,  Nishikyo- ;
ku, Kyoto, 615-8540, Japan. E-mail {is.kamiyama, naoki, above problems, and the results concerning these models.
kukure }@archi.kyoto-u.ac.jp This paper is organized as follow. Section Il introduce notations



and fundamental definitions. Section Il presents the results Gfven time horizonT", we define thelecision version oEP(N\)

the trade-off between actual runtime and the accuracy of moddth time horizonT as the problem which determines whether
through numerical examples arising from real data. Section Bere exists a feasible dynamic network flgiwith ©(f) < T
consider a new model for a flow without blocking. In Section Vin N

we consider the evacuation problem under the constraint such thathroughout this paper, we use the convention that in a figure
all the supplies at the same vertex take the same path to a simka dynamic network, the pair of numbers attached to an arc

Section VI concludes this paper. indicates the capacity and the transit time. Moreover, the number
attached to a vertex indicates the supply (see Figure 1(a) for
Il. PRELIMINARIES example).

Let R+ andZ, denote the set of nonnegative reals and non-
negative integers, respectively. We will not distinguish betweenG Static network
singleton{z} and its element. For any finite setX, we define  Let A’ = (D = (V, A), ¢,b, S) be astatic network! A" which
|X| as the number of elements that belongxo consists of a directed grapp = (V, A), a capacity function
é: A — Ry, a supply functionb: V — R, and a set of sinks
S CV.Wecallf: A— R, afeasible static network floin A if
it satisfies the following two conditions, i.ecapacity constraint
andflow conservation
Capacity constraint: For anye € A,

A. Directed graph

Let D = (V, A) be a directed graph. We denote by uv an
arc e whose tail isu and head isv. If e = uv has no parallel
arc, we may simply writeuwv. For X C V, we defines™ (X) =
{e=zyecA:zeX,yeV-X}tandd (X)={e=uzy: z € 0 < f(e) < é(e).
V — X,y € X}. Throughout this paper, andm denote|V| and

|A|, respectively. Flow conservation: For anyv € V — S,

S fo- Y fle)=bw)

B. Dynamic network e€st (v) e€d— (v)

Let N = (D = (V,A),c,7,b,s) be a dynamic network\V'  If there exists a feasible flow in/, A is calledfeasible
which consists of a directed gragh= (V, A), a capacity function ~ Throughout this paper, in a figure of a static network, the
c: A — R4 which represents the upper bound for the rate of flomumber attached to an arc and a vertex indicates the capacity
that enters an arc per unit time, a transit time functtord — Z,.  and the supply, respectively. If no number is attached to an arc,
which represents the time required to traverse an arc, a suptilg capacity of this arc is infinite. Moreover, if no number is
function b: V. — R4 which represents the supply of a vertexattached to a vertex, the supply of this vertex is zero.
and a single sink € V. Since we consider evacuation ipwe
assume that has no Igaving arcs and no sgpply, and any vertexﬁ_ Time-expanded network
reachable ta. We define dengthof a pathp in D as3_ ., 7(e).
We define adynamic network flowf: A x Zy — Ry in N as
follows. Fore € A and g € Z., we denote byf (e, d) the flow
rate entering: at the time ste which arrives at the head efat
the time step + 7(e). We call f feasible dynamic network flow
in A if it satisfies the following three conditions, i.eapacity
constraint flow conservationanddemand constrainfl3].
Capacity constraint: For anye € A andf € Z,

In order to solve the decision version &P(N) with time
horizonT, Ford and Fulkerson [6] introduced thiene-expanded
network N (T') which is a static network such that for anye V/
andi =0,1,...,T, there is a vertex;, and for anye = uv € A
andi =0,1,...,7 — 7(e), there is an are; = u;v; () Whose
capacity isc(e), and for anyv € V- and: =0,1,...,7 — 1, there
is a holdover arcv;v;41 with infinite capacity. For every € V,
the supply ofyy is set tob(v) and the supplies of all the other
0< f(e,0) < c(e). verticesv; for i = 1,...,T are set to zero. Letr be a single
sink of A'(T') (see Figure 1).

Flow conservation: For anyv € V and® € Z, It is known [6] that there exists a feasible dynamic flgwvith

c] ©—7(e) O(f) < T if and only if N(T) is feasible. Although we can
S D flet)— > > f(e0)<bv). (1) decide whether the time-expanded network is feasible or not by
e€dt(v) 6=0 e€s—(v) 6=0 solving the maximum-flow problem, the running time is pseudo-

polynomial because the size of the time-expanded network is

Demand constraint: There exist®d € Z such that )
proportioned tor".

©—7(e)
Yo D fed =D b ) ,
e€s—(s) 6=0 oeV E. Grid network

In this paper, we often consider the evacuation problem defined
on agrid graph (see Figure 2) since the grid structure often
appears in modelling building corridors and city streets.

Here we give the formal definition of grid graph D =
(V, A). We assume any € V is on grid points{0,1,..., N} x

Notice that (1) allows blocking at vertices. LE(N) be the set
of all feasible dynamic network flows. Fgr € F(N), let ©(f)
denote the minimum time step satisfying (2). Theevacuation
problem asks to find the minimum value od(f) among all
f € F(N). Given a dynamic network/, the evacuation problem

EP(N) is formally defined as follows 1In order to distinguish classical network from dynamic network, we call
o classical networlstatic network and flow defined on static network is called
EP(N): minimize{©(f): f € F(N)}. static flowor simply flow.



the transit time of an arc becomes abobi time units where we
assume that human can walk abétitcentimeters in one second.
Next we consider supplies of vertices. Since abtift persons

live in a square of side length of one hundred meters, a supply of a
single vertex is about50 if we regard one supply as one person.

If we regard one time unit and one supply as one second and
one person respectively, the upper bound of the optimal value of
EP(N), i.e.,n-max.c 4 7(e)+)_,cy b(v) is more than a hundred
thousand, and the size of a time-expanded network becomes huge.
Thus, in our numerical examples, we regard one supply as four
persons, and one unit time as the following four cases (i) five
seconds, (i) fifteen seconds, (iii) twenty-five seconds, and (iv)
fifty seconds. In the following subsection, we present the time
spent to solve the evacuation problem and the accuracy of each

model.
(b) ,
B. Numerical Example
Fig. 1. (a) Dynamic network\. (b) Time-expanded netwotk/(7). First we randomly generate four sets of problem instances each
of which consists of nine dynamic networks with the following
properties

e 20 x 20 grid network.

« a single sink is randomly placed in a grid network.
o supplies of vertices are between and 45.

« capacities of arcs are betweerand 10.

« transit times of arcs are betweef0 and 200 seconds.

Four sets of problem instances are generated by setting the unit
Fig. 2. Grid graph. time of transit time to five, fifteen, twenty-five and fifty seconds,
respectively. These four sets are denoted by Cases (i), (ii), (iii)
and (iv), respectively. These experiments were done on a PC with
{0,1,...,N} in R?, and a vertex is identified witltz, y) with 4 Anthion 64,2.20 GHz with 1.00 GB memory, and the code was
0 <z < N and0 <y < N. Thedistancebetween two vertices yyitten by C++. Furthermore, We used LEDA [1] to implement
(z,y) and(z',y) is defined age — 2| + |y —y'|. Two verticesv  the maximum-flow algorithm. Table | shows the results of this
andw are connected by an arc if and only if the distance betwe@Rperiment. In this table, “opt” represents the optimal value,

v andw is equal to one. Given a specified vertex V' as a sink, and “time” represents the runtime in seconds spent to solve the
the arc which connects andw is directed fromw to w if and  proplem.

only if the distance fromw to s is smaller than that from» to

s. A dynamic network defined on a grid graph is calledyrid TABLE |
network RESULTS OF EXPERIMENT

IIl. TRADE-OFF BETWEENACTUAL RUNTIME AND

Case (i) Case (i) Case (i) Case (iv)
ACCURACY OF EVACUATION MODEL No. opt time opt | time | opt | time | opt | time
In this section, we present the results of the trade-off between 1 930 | 624 | 311 | 72 | 187 | 23 | 94 8

2779 | 899 1109 | 133 | 693 55 | 347 | 14
5073 | 12012 | 2027 | 507 | 1266 | 284 | 633 | 73
998 1341 | 341 | 132 | 207 47 | 104 | 15
790 864 297 56 194 27 98 7
684 536 240 69 146 28 79 7

actual runtime and the accuracy of model through numerical
examples arising from real data. As was shown in Section II-D,
we can solve the decision version&f (A\) by solving maximum-
flow problem defined on the time-expanded network. Thus, we

can solveEP () in the framework of binary search. To apply the 2620%8 1492%8 gﬁ 14604 i%g ;g 2;5599 253
binary search method, we first have to estimate the upper bound ¢ 888 | 1237 | 322 | 113 | 197 | 50 | 101 | 11
for the optimal value oEP(N). It is known [8] that the optimal ~average| 1666 | 2213 | 633 | 142 | 392 | 68 | 198 | 18
value of EP(N) is bounded by - max.c 4 7(e) + >, oy b(v).

0O Ut W

With respect to the time spent to solve the problem, the average

A. Modelling Kyoto City runtime in Case (i) was sixteen times longer than that in Case (ii),

In this paper, we modeKyoto cityas an input data. This city although the unit time of Case (i) is three times longer than that
has a grid structure. In this city, it is planned that people who liveéf Case (ii). Similarly, for Cases (ii), (iii) and (iv), the average
in a square of side length of two kilometers evacuate to the sanuatime decreases according to granularity. On the other hand, for
refuse such as a schoolyard. Thus, we consider the evacuatlmmoptimal value, there was a drastic difference between Case (i)
problem defined or20 x 20 grid network and we regard theand Case (ii). In these cases, the average of the evacuation time
distance between the adjacent vertices as one hundred meter # real world are3330 seconds and495 seconds, respectively.
we regard one time unit of the evacuation problem as one secomtle difference between two cases is equal to about seventeen



minutes. That is, the granuality of Case (ii) is too rough. From Here we give a formal definition of a smooth evacuation. For
this experiment, we can see that the time unit is set to at most fives V, let c(v) = >- s+, c(e). We defineg: V x Z; — Ry
seconds although the time spent to solve the problem is longer follows

than that in the other cases. c(v), if 6 < t*(v)
g(v,0) =< bv) —t*(v) - clv), If 0=t"(v)+1
IV. SMOOTH EVACUATION 0, it 0> t*(v) + 1

In this section, we consider a dynamic network flow without

blocking. To avoid disorderly congestion in evacuation situatiod/nere b
blocking at intermediate vertices is undesirable. Theoretically, it t*(v) = {(—U)J .
is known [5] that there exists an optimal flow without blocking c(v)
for the evacuation problem. However, this optimal flow withouf smooth evacuation is a feasible dynamic network flbowhich
blocking incurs a situation such that people at sources wattisfies the following property (1) for evetye V—s andé € Z
even if the outgoing arc is not occupied. Thus, this flow is natbstead of (1).

sychologicallyacceptable for human.
P )L/et usgcon)s/?der% small example (see Figure 3). First we Z e 8) = Z fle, 0 =7(e)) = g(v,0). (6)
consider the case where supplies at each vertex enter into an  ¢€9"(v) e€d™(v)
incident arc as much as possible. Table (3) shows the amounfn this section, we give the necessary and sufficient condition
of flow entering into each arc in this case. For convenience, tBgch that there exists a smooth evacuation in a dynamic network
supply ofv and that ofw are assumed to be distinguishabfe. with uniform path-lengthsThe uniform path-lengths property is
and f., represent the amount of flow of the supplywindw, that for each vertex # s, the sum of transit times of arcs on any
respectively. In this case, the supplywofhas to wait at. Thus, path fromv to s takes the same value. The class of a dynamic
this flow is not acceptable. Next we consider a flow as shown fetwork with uniform path lengths include a tree, a grid network
Table (4). In this flow, although no supply waits at intermediatgith uniform transit time.
vertex, the supply of yield to the supply ofv, and itis unnatural  From here, we assume thaf is a dynamic network with
in an evacuation situation. Finally we consider a flow as showfhiform path-lengths. Here we introduce necessary notations. For
in (5). In this flow, the supplies ofv do not have to wait at. 1 c v, let D[W] denote the directed subgraph bf induced
Hovyever, at time step, the supplies ofw wait although an arc by W. For eachv € V, we definel, as the length of a path
wv IS empty. from v to s. Let us arrange the distinct values §f,: v € V} as
Ly < --- < L whereL; = 0 andk is the number of the distinct
path-lengths tos in A, i.e., |[{lv: v € V}|. We say a vertex

v v 5 is at leveli whenl, = L;, which is denoted byev(v) = i.
() Letting T € Z, be a sufficient large number which is more than
the optimal value ofEP(N) and Ly, = T + 1, we partition
Fig. 3. Input dynamic network. interval [0, T into Iy, I2, ..., I} such thatl; = [L;, L;4+, — 1] for
i=1,...,k. Fori=1,...,k, let Vo; = {v € V: lev(v) < i}.
time ol1]l2]3]4 For example, forA/ with T = 7 in Figure 1(a), we obtain
s fol3]13]1]0]|0 3) (Is,lw,lu,lv) = (0,1,3,6). Thus, we havek = 4 and I; =
fw 010231 {0}712 = {17 2}713 = {3’475}714 = {677}
wv | fwl2]|212]0]0
time ol1l121314 Theorem 1.Ther.e exists a smooth .evacuation .in a dynamic
IR network with uniform path-IeAngthsa\/ if and only if for every
vs (4) i=1,...,k, a static network\; = (D[V<;],¢;, b, s) is feasible
fw]0]2]2]2]0 wherec; is a restriction ofc on arcs inDTVQ-] andb; is defined
wo | fu]2]2]2]0[0 for v € Ve, as follows -
time 011](2(3]|4
f?) 313[1]o]o0 bi(v) = g(’U, L’L - lv)
vs (5)
Jw [0]0]2)2)2 Proof: We first remark thaty(v, L; — l,) represents the
wu | fw |0 ]2]2]2]0 amount of the supply ob which has to reachs at time step

From the above discussion, we definesmooth evacuation L; for eachi = 1,...,k andv € V. Sincel, is the length
which is anatural dynamic flow without blocking as follows. of a path fromv to s and a smooth evacuation does not allow
Intuitively speaking, a smooth evacuation satisfies the followirgocking, the supply ot which starts fromv at time stepL; — I,
two properties reaches ta at time stepL;.

(i) Blocking at intermediate vertices is not allowed. To prove the theorem, we first show an important property
(i) For each vertexy and time step, the number of supplies concerning the time-expanded netwo¥kT) of a dynamic net-
of v going out fromwv at time stepd is the minimum of work with uniform path-lengths. As was shown in [7] and [11],
Zeea+(v) c(e) and the supplies remaining at the time-expanded network of a dynamic network with uniform
The property (i) means that people can “smoothly” evacual@th-lengths hakyered structureMore formally,
without any intermediate blocking. The property (ii) means th@t) N(T) consists ofT" components such that for any €
people do not yield to those from behind. {0,1,...,T}, the #-th component is isomorphic t®[V<;]



where § € I;. And, the capacity of an are in the 6-th Notice that Theorem 1 holds for only uniform path-lengths

component is equal te(e). case. Here we show that Theorem 1 does not always hold for
(L1) Consecutive components are connected by holdover arcsthe general case. For a general dynamic network i.e., a dynamic
For example, the time-expanded network /gt is illustrated in network which does not satisfy the uniform path-lengths condition
Figure 1(a). That is, the static network in Figure 4 is equal t& and a vertexo of AV, let [, be the length of a shortest path
that in Figure 1(b) (notice that we remove vertices which are nsbm v to a sinks. Given a dynamic network\ illustrated in
reachable tos and arcs incident to them from the network irFigure 6, satisfies the condition of Theorem 1. However
Figure 1(b)). does not have a smooth evacuation. Figure 7 shows the time-
expanded network/ (7). The supply ofv must wait at time step
0, or must be blockedv at time steps.

Fig. 6. Input dynamic networkV".
Fig. 4. Layered structure o¥/ (7).

Thus, a smooth evacuation N is equivalent to a feasible v 0
static flow f in a static network\/(T") obtained by transforming
N(T) as follows

« Remove holdover arcs ifw;v;41: v€V —s,i=1,...,T—

1} from N(T) (see Figure 5). wo

« Change the supply of from b(v) to g(v,8) for v € V and Var
6=0,...,T (see Figure 5). O-mFirt

0 1 2

Fig. 7. Time-expanded network/(7).

If there exists no smooth evacuation in a given network, we
must transform the network so as to have a smooth evacuation.
One approach is to augment transit times of several arcs, i.e. to

T
o> for make abuffer by making supplies take a detour. For example,
oo in the network of Figure 3, we can transform this network so

_ _ o as to have a smooth evacuation by augmenting the transit time

Fig. 5. N/(7) for N'(7) in Figure 4. of an arcwv by one (see Figure 8). It is clear that if we

We denote byD andb the underlying graph and the supply (2,2)

function of N/(T), respectively. Ford = 1,. , let Dy be EANC S35 o
i w v S

the underlying graph of thé-th component. For example, in

Figure 5,D4 = D[{s4,ws, uz}]. Furthermore, fo) = 1,...,T

let Ng = (Dg,cg,be,sg) where ¢y and bg are restnctlon Ofc Fig. 8. Transformed network.

andb on Dy. Since (LO) clearly holds foN( ) and there exist

holdover arcs only between copies 9fN'(T) is feasible if and augment transit times of all arcs long enough, the network has
only if N is feasible for every) = 1,...,T. For example, in @ smooth evacuation. However, we want to minimize the total

N(7) of Figure 5, we consider the networksfo,Nl,...,N7, augmentation. This leads to the following optimization problem
separately whose underlying graphs amso} D[{s1,wo}],
D[{s2,w1}], D[{s3, w2, uo}], D[{s4,w3,u1}], D[{s5, wa,uz}],

SMOOTH EVACUATION PROBLEM

[{.86’w~5’ u3’.UO}] .[{87’w6.’ u4fvl}] . Input Dynamic network\/.
Sinceb(vy) is non-increasing iM and the underlying graph of Output  Minimum value of sum of augmentation
the 6-th component is isomorphic tB[V<,] fori=1,...,k with such that\ has a smooth evacuation.

6 € I; from (LO) (see Figure 4), if there exist fea5|ble flows in

NL for all i = 1,...,k, there exist feasible flows in, for all
9 ¢ I,. For example in Figure 5, we need to consider aNfy, 1he existence of an efficient algorithm for this optimization

Ni, N3, and V. problem including the uniform path-lengths case is open.
From the definition of the time-expanded network, we can see
thatvy, ;, is contained inNg, for i = 1,...,k andv € V. V. EVACUATION PATH PROBLEM
Recalling thatb(vg) = g(v,0) for v € V and¢ = 1,...,T, In the evacuation problem, we do not restrict paths from

b; = b; holds. Thus, fromDy,, is isomorphic toD[V<;], the vertices to a sink. Thus, in an optimal solution, the path that
theorem follows. m supplies from a vertex to a sink follow may not be unique.



However, it is desirable for the evacuation guidance that all the Proof: We prove the theorem by showing that any instance
supplies at the same vertex flow through the same path toofaan well-known A“P-complete problemPARTITION can be
sink. We call this problem thevacuation path problem.e, the reduced to an instance of the decision versiocRP(N).
evacuation problem under the constraint such that for each vertex

v € V, all the supplies ofv take the same path form to s. PARTITION

If only one vertex has a positive supply, this problem is calledinstance K ={a1,a2,...,ap} C Zy

the quickest path problerand has been widely studied. For the Question Is thereX’ C K such thaty, cxrai =30, i er @i?
quickest path problemQ(m? + mnlogn) time algorithms are

independently presented by Chin et al. [4], Rosen et al. [15],

and Martins et al. [14] where: and m denote|V| and |4|,  We construct the dynamic netwolX = (D = (V, A), ¢, 7,b, s)
respectively. As for space complexity, the algorithm of [4] hat® which an instance oPARTITION is reduced as follows. Let
to store the network whose size is equalion(n+m)), where V be the union ofL; = {v1,...,vp} and Ly = {w1, w2} and
the two other algorithms requir@(n + m). Furthermore, Chen {s}. Let A be the union of{v;w;: i = 1,...,p,j = 1,2} and
et al. [3] and Lee et al. [12] independently presented algorithrig;s: j = 1,2} (see Figure 9). For every ¢ A, we define
to determine the quickest path for any two verticeiflogm) c(e) = 1 andr(e) = 0. Forv; € Ly, letb(v;) = a;, and letb(w,)
time, usingO(mn?) preprocessing time. However, to the best okndb(w2) be equal to zero.

our knowledge, the evacuation path problem has not been studied.

A. Definition of Evacuation Path Problem

Here we formally define thevacuation path problenfor a
dynamic network\' = (D = (V, A), ¢, 7,b,s). Given a pathp,
from v to s for eachv € V — s, we define a dynamic network
flow fi,: AxZ4 — Ry in A as follows. Forv € V — s, e € A,
andé € Z., we denote byf, (e, 8) the amount of flow of supplies
of v entering the tail ofe at the time ste@. In this section, we
call f feasiblein N if it satisfies the following four conditions,
i.e., path constraint capacity constraintflow conservationand
demand constraint
Path constraint: For anyv € V — s, e € A which p, does not
use, andh € Z,

Fig. 9. Arcs betweer.; and Ly (resp.Ls ands) are directed to fronl.;
to Lo (resp. fromLs to s).

For everyv € L1, p, has to use one ofi;s andwgs. Given
PeP,letvy CV (resp.Va C V) be the set ofv € L; such

fole,0) =0 that p, usesw;s (resp.wss). In this case, it is easy to see that
v bl - M

. . O(f) = max{>_, cv, @i, >y, v, @i} — 1 fOr any f € F(N, P).
Capacity constraint: For anye € A andf € Z, Thus, letting? = (3°, < 4 ai)/2 — 1, it is clear thato(f) < T if

and only if the answer oPARTITION is “yes”. [ ]

From this theorem, we can see ti&®P(N) is A/P-hard. Thus,
the next approach is to devise an approximation algorithm for
this problem. How abougreedy algorithr? That is, for each €

0< Z fu(e,0) < c(e).

veV —s
Flow conservation: For anyv,w € V — s and® € Z,

o) O—7(e) b(v), if v=uw V — s, we first solve the quickest path problem, i.ERP(N)
Do D fuled)= D D fule) < { 0, if vw Withb(w)=0foreveryw eV —wv. After this, we solveEPP(A)
€€t (v) 6=0 e€s=(v) 6=0 such that we are given paths which are computed in the first
Demand constraint: There exist® € Z, such that step for allv € V — s. However, the approximation ratio of this
0—r(e) greedy algorlthm.lsﬂ(n) wheren is the number of yertlces in
given network. Figure 10 shows the worst case instance. The
Z Z Z fole,0) = Z b(v). (7) vertex set of this worst case instanaé is the union of{s,w}
e€d—(s) 0=0 wveV veV

and L = {vy,...,v,—2}. The arc set is the union dfws} and
Letting P = {py: v € V — s} and F(N, P) be the set of all A} = {vw:i=1,...,n—2} andAs = {v;s:i=1,...,n—2}
feasible flows©(f) denotes the minimum time st&p satisfying (see Figure 10). The supply of vertex inis equal to one, and
(7) for f € F(N, P). Let P be the family of all sets of paths from that of w is equal to zero. The capacity of every arc is equal
eachv € V to s. Given a dynamic networkV, the evacuation to one. The transit time of every arc iy U {ws} is zero, and
path problemEPP (V) is formally defined as follows. that of every arc inAs is one. The supply of every vertex ih
. is equal to one, and that af is zero. In this instance, for each
EPP: minimize{©(f): f € F(N, P), P € P}. (8) v € L, the quickest path usesv andws. Thus, the value of the
greedy algorithm i —2. However, the optimal value &PP(N)

B. Intractability of the Evacuation Path Problem is obtained when a path for only one vertexc L usesvw and
First, we show that the decision version BPP(N) is NP- ws, and a path for every € L — v usesws. Hence the optimal
hard where the decision version 8PP(N) for T € Z, asks value of EPP(VN) is equal to one. Thus, the approximation ratio

whether there exist® € P such that there existg € F (N, P) of this greedy algorithm i€2(n).

with ©(f) < T. However, in the next subsection, we show that for the instance
which have a grid structure and whose vertex size is small, the

Theorem 2 The decision version dEPP(N) is A'P-hard. greedy algorithm gives a good solution.
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Fig. 10. Worst case instance.

Un—3 Un-2

numerical examples arising from real data. Moreover, we studied
the evacuation problem with several other features from the
viewpoint of actual evacuation planning.

There is one more issue that we have not dealt with in this
paper which is important from the viewpoint of actual evacuation
planning. That is the difference of the transition speed depending
on people. In the conventional model, each arc is given a single
transit time. In the model taking the difference of the speed of
people, there exist multicommodities in the network, and arcs
have to be given several transit times for each commodity.

C. Numerical example

In this subsection, we solv&EP(N) by formulating this
problem as a mixed integer programming. In this formulation,
letting 7' be the upper bound of the optimal value, we use

minimize ) > t-fle,t—7(e))  (9)
e€d—(s) te{0,....,.T—7(e)}

as an objective function instead of (8) since these two objectives
are equivalent [9]. (9) represents the minimization of the totafl]
time of evacuation. 2]

We choose a x 4 grid network as an input instance since an[3]
instance of & x 5 grid network can not be solved in an hour.
Moreover, we generate eight instances by changing capacities il
transit times and supplies between one to ten. 5]

We have done two experiments. In the first experiment, we
solve a mixed integer programming, i.e., compute the optimaf!
value. In the other experiment, we use the greedy algorith
described in the previous subsection. To solve a mixed integer pro-
gramming, we used GLPK(GNU Linear Programming Kit) [2].
Furthermore, we wrote by C++ the code to find a quickest path fdf!
each vertex. These experiments were done on a PC with a Anthlgg)
64 2.00 GHz with 960 MB memory. Table 1l shows the results of
this experiment. In this table, “opt” represents the optimal valuB0l
and “time” represents the runtime in seconds spent to solve the
problem. Moreover, “value” represents the objective value which
the greedy algorithm found. Notice that for “Greedy”, althougfi1]
“time” does not contain the time spent to find a quickest path for
all vertices, this time is no more than one second, and hencqlg]
is negligible.

(23]
TABLE I

RESULT OF EXPERIMENT
[14]

Optimal Greedy [15]
No. | opt | time | value | time
1 878 | 567 | 888 3
2 1429 | 171 | 1513 6
3 635 29 635 1
4 1111 | 103 | 1130 3
5 1212 | 503 | 1271 5
6 1583 | 198 | 1694 2
7 1191 | 3104 | 1233 4
8 1723 | 3444 | 1862 6

As shown in Table I, in small size grid networks, the greedy
algorithm can find a good solution. Moreover, the greedy algo-
rithm can solve larger instance than those which we consider and
this algorithm is very fast. Thus, in practical situation, the greedy
algorithm is very useful.

VI. CONCLUSION AND FUTURE WORK

In this paper, we presented the results of the trade-off between
computational complexity and the accuracy of model through
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