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Exteviig EAnvikn Hepiinyn
(Summary in Greek)

Ewcaymyn

Q¢ éxtoKtn KoTaoTaon opiletal GVUPAV EKTOC KAVOVIKOV GUVONK®OV TOv eVOEYETL
va. TPOKaAEGEL PAGPN oty omoia gival dHoKOAO Vo avTame&EADOVY Kot VO TPOGAPUOGTOLY Ol
emnpealopevol. Ot KaTaoTPOPES dLaPEPOVY GTo emimedo PAAPNG MoV TTpoKoAoDY Kol £xovV
ONUOVTIKEG EMATMOCELS, ONWOC OTMAEES avOpdnivoy (Omdv, VAIKEC Kol TEPPUAAOVTIKEG
BAGBeg k.a. Tig TeElevtaieg dekaeTieg  GLYVOTNTA KATAGTPOP®V avEdveTal Taykoopimg. [To
GUYKEKPLUEVA, TNV TEAELTAL OEKAETIO Ol KATAGTPOPYEG £XOVV TPOKAAEGEL OIKOVOLUKES CNég
vyoug 1.4 tpioekatoppvpiov dorapiov, exnpedlovtag 1.7 dicekatoppvplo. avOp®TOLS €K

TV onoimv ot 0.7 ekatoppdpra Exacav T {on Tovg [5].

Ot katooTpoég yopilovtol og Tpeic Pacikég KaTNYOPles: PLOIKES, TEXVOMOYIKES KOt
KOW®VIKEG. O KOKAOC QVTILETOTIONG TOVG OmoTeEAEITON ammd Técoeplc paoels. Ot Tpmteg 600,
‘uetpracpog’ (mitigation) ko ‘etoudmra’ (preparedness), viomolobvian Tpv EECTACEL Ld,
KOTOOTPOPN, €V ot 000 televtaieg, ‘amdkpion’ (response) kor ‘avéxtnon’ (recovery),

£MOVTAL TNG KATOGTPOPNC.

Y& KOTOOTOGELS £KTATNG OvVAykne Kot otov 7mpémel vo dwnombel mAnbvoudc,
oxeOAleToL 1) EKKEVMON TEPIOYMY KL 1] LETAPOPAE TOL TANBVGUOV TOVG G AGPUAT UEPT), UE
TOV KOADTEPO OLVOTO TPOTO, MOTE VO, amopevybovv andleleg avOpodnivov (oonv. O
OYEOAGOG EKKEVMOTG YopoKkTnpiletal g uétpo g 6gvTepng paong (‘eTodmTa’) Kot 1
EKKEVOOT VAOTOEITOL KoTd TN dldpKelo ™G Tpitmg edong (‘amdkpion’). O oyxedacuog
EKKEVOONG amoTeEAEl GUVION TOKTIKY Yol TNV OVTILETOTION TOV KOTUGTACEDV EKTAKTOV
avaykng evao m ekkévoon opiletar og m ddikacio Katd tnv omoio AvOpwmol, o1 omoiot
OmELOHVTOL OO L0 KOTAGTPOPT), HETOKIVOUVTOL OO TIC OMEIMOVUEVEG TTEPLOYES OE LEPN UE

UEYOAVTEPT] AGPAAELQ.

Mopd 10 yeyovog 61t ot exnpealopevol Oa pwmwopodoay va ¥pNGILOTOIGOVY To SIKE,
TOVG OYNLLOTO KOTA T OIBPKELDL HLOG EKKEVAOOTNG, T OTOUIKT EKKEVOOT) UTOPEL VO TPOKOAETEL
emmA0KEG Kot kaBvuoTEPNGELS e GLUVETELD TNV oA avOpdrvav {odv. [ To Adyo avtd,

oL 0PYEC OVAAUPAVOVY TOV GYESIAGIO GUVTOVICUEVNG EKKEVOOTG Ie dNUOGLOL LET.

H exkévoon amotelel moAvmhokn dadikacio g omoiag 1 emttvyio eoptdtor amd
TOALOVG TOPAYOVTIEC, OMMG TO OPOHOAOYLN, OTPOATNYIKEG EAEYYOL TNG KLKAOPOPLOKNG

GLUPOPNONG, CLUTEPLPOPE TOV EKKEVWOEVTWV KAT.
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Opropog Tpofinquarog

2V TopovGa SITAMUATIKY EPYOCIO aVOTTUGGETUL HEBOOOAOYIKO TTAMIGIO Yoo TOV
OYEOLOCHUO TNG EKKEVMONG TEPLOYDV KOl TNV UETAPOPE TOL TANBvoUoD o€ KoTapOYyld O
TEPIMTOGT] PLGIKNG KOTAGTPOPNG. AvaAvTikoTepa, povielomoteitar to [IpdPinua Exkévmong
[IinBvopov ypnoonowwvtag Etepoyeviy Xtoho oynuatev (IIEIEX). To pobnuotkd
LOVTELO OV OVOMTOGGETOAL Y10, TO GUYKEKPLUEVO TPOPANUA GTOXEVEL GTOV KOBOPIGUO TV
dpoporoyimv ta omoio EANYLGTOTOOVV TOV YPOVO EKKEVMOONG. £T0 TPOPANUE Hag, 0 (pOvog

eKKEVOONG opileTal mg 0 YpOVOG OV 0 TEAELTALOG KATOIKOG POAVEL GE AGPAAES KATUPVYLO.

Y10 [IEIIEZ, ypnoyiomoleital 6TOMOG OYNUATOV HE OLUPOPETIKA YUPUKTNPIOTIKA,
06OV apopd TV YOPNTIKOTTE Tove. Ta oyNpaTe KAAOVVTOL VO, GLAAEEOLY TOVG KATOTKOVG
GUYKEKPIUEVOV TIANBUGLIOK®Y GUYKEVIPOCE®MY, Ol omoieg Ppiokovior vmd ameldn (T.y.
O0OIKN TLUPKAYLRL), KOl VO TOVG HETOQEPOLY GE OCPUAESTEPO UEPOG (Katapvyo). H {rjtnon

Kkd0e TomoBeciog etvan yvootn €€ apyns Kot To KoTapOylo glval anepldploTng YOpnNTKOTNTOC.

Mo mv avartoén tov KaTdAANAov padnpatikod HoviéAov, apylKd, EVIOTICTNKOY
OTMUOVTIKEG OUOIOTNTEG KOl JPOPEG UE TO MON LEAPYOVTH TPOPANUOATE TNG GYETIKNAG
Biproypapioc. ASomoidvtog ta amoteléopata g PipAoypapiog kot Aapfdvovtag vmoym
To WOWHTEPO YOPOKTNPIOTIKG TOV VIO UEAETN TPOPANUOTOC, avamTuxOnke véo HOVTEAO

MATTL.
Agoopéva Tpofiquartog

H dwotdmmon tov pobnuotikov poviélov tpotmodétel v yvdon 1oV 6£d0UEVOY TOV
npoPAiuatoc. o cvykekpyéva, yia kdbe TAnbovopokn cvykévipoon (xwpid), ta dedopéva,
€16000V TOV TPOPANUATOC TEPLOUPAVOLY TOV aKkpiPn aplOUd KATOIK®MV 0L TPOKELTUL VO
petapepfoiv kabdc kat T KaTnyopieg avtadv. 1o TPOPANUG pag, ot kdtotkol ywpilovtal cg
Tpeic katnyopieg ol omoieg dnuovpynOnkay pe Bdomn T avaykeg TOVG KATo TNV S1APKELD, TNG
petapopds tovg. H mpdtn xatnyopia mepiapuPdvel dtopo to omoia dev ypetdlovral €101kn
petayeipion katd v petoeopd tovg. H dgdtepn xotmyopion mepiloufdvel dtopo Ue
TPOPANUOTO KIVITIKOTNTOG TO. OTOl0L UETAPEPOVTAL O OvamnPIkd apo&idlo Kol KoTd TV
dlpkeln NG EKKEVOONG B0l ¥pEIOCTODV oY LOTA LE EOKA YopoKTNPLoTIKA. TéAOC, N Tpitn

Katnyopia apopd dropa To onoio o petapepBoiv pe acbevopopo.

EmnmAéov dedopéva €16600v amotedodv ot akpiPeic tomobeoieg tov mAnbuciuokmv
GUYKEVIPMGEMY KOl Ol avTioTOoo 00Kd dikTLo (0mooTdcelc Kot ypdvol dtadpounc). Ocov
aQopd To OYALOTA, T YOPNTIKOTNTO TOVG OIOETOL OYETIKA WE TIC TOPATAVED KOTIYopleg

EKKEVOODEVTOV.
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Hpooeyyiotikn Exidvon IHpopfinquarog

H Béitiotn emiAvon tov pobnuatikov poviédov egival dvokolo vo emtevybdel oe
gOAOY0 YpOVO Yo mpoPANpaTe TTPaKTIKOL uHeyéBovg. o TV aVTIHETOMION OVTOV TOV
OUCKOAMDYV, OVOTTOCCOVTOL EUPETIKOL  OAyOplOHol o1  omoiol  moPEYOVY  AITOOOTIKEG

TPOCEYYIOTIKEG AMIGELS GE AOYIKA YPOVIKA TAOIGLO.

2V Topovca SUTAMUATIKN EPYOCIN AVOTTUGGOVTOL SVO EVPETIKOL OAYOPIOLOL Vi TO
[EIEZ. Ot 6vo evpetikoi olyopiBpot eviomilovv OSpOHOAOYLD YPTCULOTOIDVINS TOV
Olb€o1o GTOAO OYNUATOV UE OKOTO TNV ekkévmon Ttov mAnbvouod mov Ppicketal oto
ONUElD CLYKEVTIPOONG KOl TNV HETOPOPA TOV GTO KOTAPVYLO, UE OVIIKEWLEVIKO GTOYO TNV
€AOYLOTOMOINGT TOV GUVOMKOD YPOVOL EKKEVOONG Tov TANBLGHOD VRO TEPLOPIGHOVGS
GYETIKOVG LLE TN OPNTIKOTNTO TV S0BECIUOV oxNUATOV, TOV SLBEGILOL 001KOD SIKTVOL K.
Noa onuewmfel 011, 10 0610 eKKEVOONG KOl OPOUOAHYNONG TOL TPOKVATEL OO TOLG OVO
alyopiBuovg, ekkevdvel olokinpo tov mAnBuopd. Apywkd, ot mpotewvouevol alyopidpot
epappoloviol e amAoVoTEPT TEPIMTOOT TOV TPOPANUATOG EKKEVMOGNG GTNV OToid OVOElg
and Tovg exkKevwBévteg avtipetomilel mpoPANUa KvnTIKOTNTAG. XTn GLVEXEW, Ol VO
alyopfpol cvykpivovtol 6GOV 0QOPAE GTO GLUVOAKO YPOVO EKKEVMONG KOl OUTOG LE TOV
EMIYIOTO  YPOVO EKKEVMONG EMAEYETOL VO EPOPUOCTEL GE TOAVTAOKY €KOOYN TOL

TPOPANUATOG EKKEVMOTG, GTNV 0010 01 EKKEVMBEVTEG EUMITTOVY GE TOAAATALG KOTIYOPiES.

[No v ovykpion twv aiyopiBuov, avamtdydnke yevviTpla mpoPANUATOV Kol Ot
alyoppol peretnnkov oyetikd pe Pocikéc TOPaUETPOLS TOV TPOPANUOTOS. XTO TPMTO
oevaplo o aplfuog Tov TANBLGUIOKOV GUYKEVIPMOE®V TOPAUEVEL 0TOOEPOS KOl O aptOpdg
TOV OYNUATOV UETOPAALETOL, €VAD OTO Oe0TEPO GeVEPLO O oplBpdc TV TANGLGUOKOV
CLYKEVTPMGE®V HeTAPAALETOL Kot 0 aplBpdc TV oynudtov Tapapével otafepog. o kdbe
oLVOLOCHUO OYNUATOV- TANBVC UKDV GLYKEVTPOGE®V OMpovpynOnkay 100 TpofAnuata, to
omoian AOnKav kot pe Tovg dvo aAyopifuovg. Akorovbwc, VIoAoyioTnKe N WECT T TOV

YPOVOL EKKEVOGNC Y10, KAOE cLVIVLAGIO TPOPANUATOV Yio KaOe odydopOpo.

A7d T0 amoTEAEGUOATA GUVETAYETOAL OTL O EVPETIKOC odlyOp1Opog 1 (H1) €xer kodvtepn
amOO00T] OGOV APOPE, GTOV XPOVO EKKEVOONG, GE GYECT LE TOV EVPETIKO adyopiBpo 2 (H2).
Avto ocvpaiver 810t 0 gupetikdg adyopBuog 1 aflomolel TEPIGGOTEPA OYNUOTO YO TNV
0AOKANP®OT| TNG EKKEVMOOTG G avTIOEDT e TOV EVPETIKO OAYOPLOUO 2. TUVETMG O EVPETIKOG
aAyopOpog 1 olokAnpavel TV eKkEVmoT o€ AyOTEPO YPOVO KOL Yo TO AOYO QVTO,

EMALYETAL VO EPAPUOCTEL OTNV IO TEPITAOKT| TEPITTMOT (LEAETT TEPIMTWOOTNC).
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Merétn HepinTmong

H pelém mepintwong mov mapovctdleTol 6€ auT TNV SIMAGUOTIKY EpYacio e0TIALEL
o€ PEOMOTIKN LOIKN Kataotpoen. [lio cvykekpiuéva peretode SaoIKn TLPKAYLH 1 OOl
efeliooetan duvapukd oty enapyio tov Teruel oty Iomavia. Ot amelobpeveg meployEg eivan
Tpio pukpd xmpid, to Tramacastiel, to Rubiales kot to EI Campillo pe min6vopd 44, 31 kon

40 katoikovg avtictorya, kKovid otny emapyio tov Teruel.

XpNoonoimdvtag Tov €upetikd aiyopiBuo 1, otoyedovue omnv avimtuén Ttov
KOTAAANAOL TAGVOL eKkévmong yio Ty emapyio tov Teruel. Ewdwotepa, gotidlovue oty
dNuovpyic TPOGEYYIGTIKOY ADGEDV Y10 TPio SPOPETIKA GEVAPLa. To TPMTO GEVAPLO, 0POPa
v ekkévoon tov Tramacastiel kot v petaeopd tov ekkevobéviov oto Villel, o pixpn
oA otnv enopyio Tov Teruel. To devTePo GEVAPLO, OPOPA THV EKKEVOOT KL TOV TPLOV
YOPIOV KOL TNV UETOPOPE TOV KOTOIK®OV TOVG 68 OOPUAES KATAPVYLO0 otV TOAN Tov Teruel.
Té\og, T0 Tpito GeVipPLO AVTILETOTILEL TNV EKKEVMOOT TOV TPIOV QVTOV YOPLOV GE TEPITTMON
oMoV 1M dac1KN TupKayld e€elicoeTal GOUP®VA PE TIG Kaplkég cuvOnKes. e avtd T0 GEVApIO,
N mopkayld ametkel apyd To Tramacastiel kot émerta tavtoypova to Rubiales kot to El

Campillo.

Ymv pelétn mepintoong tov Teruel avtipetomiotnke M mpOKANGON HETAPOPAG
CUYKEKPIUEVAV KOTNYOPIDV EKKEVOOEVIOV HEe TPOPANUOTE KIVNTIKOTNTOG TTOL OOLTOVV
xpNon eWkdv oynudtov. Iapatnpnbnke 6t To dtopa pe Kivntkd TpofAqpota exnpealovy
ONUOVTIKA TOV YpOVO €KKEVMOONG Kol OTL 1) ¥PNON TEPIOGOTEP®Y OYNUATOV, €0KA
TPOCUPUOCUEVAOV OTIC OVAYKEG TETOLOV ATON®V, UTOPEL Vo LELOOEL 68 PeYAAo Pabud tov

YPOVO EKKEVOOTC.
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Abstract

The thesis presents and solves the Population Evacuation using Heterogeneous Fleet Problem
(PEHFP), which concerns evacuation planning of certain pick-up locations and the
transportation of the evacuees to safe shelters. To address PEHFP, a Mixed Integer Linear
Programming (MILP) mathematical formulation and two heuristic algorithms have been
developed. Initially, the heuristic algorithms are tested on a simple scenario of the evacuation
problem, in which none of the evacuees faces mobility constraints. Then, the heuristic
algorithm with the minimum evacuation time is applied to the more complex scenario, in
which some of the evacuees are characterized by a physical disability. The selected heuristic
algorithm is applied to a case study that focuses on developing an evacuation plan to deal

with a forest fire in the Province of Teruel, Spain.
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1. Introduction

1.1 Scope of the thesis

An emergency refers to an unexpected event that may cause damages which may not
be dealt with the existing resources of the affected community. Disasters have both physical
and human impacts such as human deaths and property losses and the level of such effects

vary from disaster to disaster.

Although disasters can take several forms, they are classified to three major
categories; natural, technological and social. The aforementioned types of disasters relate to a
management cycle consisting of four phases. The first two phases, mitigation and
preparedness, precede a disaster while the last two phases, response and recovery, occur post
the disaster occurrence [1].

When a disaster strikes and sets people lives in danger, evacuation planning and
transportation of population to safer places is of great importance so that human losses are
avoided. Evacuation can be defined as the process in which affected people are relocated
from threatened areas to safer places and consists a common and effective strategy to deal
with emergency situations. The designing of evacuation plans is characterized as a mitigation

measure while its execution takes place during the response phase.

The proposed approaches in evacuation planning vary and they have been developed
under different aspects. Such aspects are traffic control strategies, identification of optimal
evacuation routing plans in complex road networks, household behavior etc. [1]. Evacuation
is a complex process consisting of various stages [2]. Due to the complexity of evacuation
process, its effectiveness depends on several factors such as warning time, the traffic flow

conditions etc. [3].

The necessity and importance of developing evacuation plans, has significantly
increased due to the steep rise of the number of disasters during the last ten years. In
particular, disasters caused economic damages of 1.4 trillion dollars in total and affected 1.7
billion people including 0.7 million fatalities. Roughly, 70% of deaths are caused by natural

disasters such as earthquakes and tsunamis and 30% due to other types of disasters [5].

Despite the fact that a part of the population would use their own vehicles during the
evacuation process, individual evacuation could lead to traffic congestion and impede
operations. Moreover, due to the chaotic nature of a disaster it is hard for individuals to get

access to reliable vehicles. Therefore, other forms of transportation such as public
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transportation resources are needed [4]. Authorities and evacuation planning managers are
responsible for the development of evacuation plans, which aim to define optimal evacuation

policies for the individuals/households from areas under risk and uncertainty [2].

This thesis deals with the development of a mathematical model and a solution
method for the logistics problem under consideration; that is, planning the evacuation from
certain pick-up locations and the transportation of the evacuees to shelters in the minimum

evacuation time, subject to related constraints.

The contribution of the approach proposed in this thesis is two-fold. Firstly, a novel
approach of evacuation planning is introduced, which deals effectively with some unique
features of the problem compared to the existing literature. The main differences of the
proposed approach consist in considering that a) vehicles are of different types and, thus,
capacities (heterogeneous fleet), b) evacuees are also of different type in terms of mobility
characteristics, c) vehicles are allowed to make multiple trips in order to collect evacuees, and
d) each pick-up location can be visited at least once. Secondly, most of evacuation plans are,
usually, car-based which means that they cannot satisfy the needs of transit-dependent
population such as elderly or people with mobility issues. In this thesis, the needs of transit-

dependent population are taken under consideration.

To address the problem we developed a novel Mixed Integer Linear Programming
(MILP) and two heuristic algorithms for the evacuation of population, a part of which deals
with a form of disability. By comparing the two proposed heuristics, in evacuation time terms,

helped us produce an effective solution approach.

We applied this approach to a real case study and obtained very encouraging results.
1.2 Problem Description

This thesis introduces, models, and solves the Population Evacuation using
Heterogeneous Fleet Problem (PEHFP), thereinafter called PEHFP. PEHFP concerns
planning the evacuation of population from assembly points, and transporting the evacuees to
safe shelters. The related case study concerns the evacuation of one or more villages of the
Province of Teruel, in case of a major forest fire, and the transportation of the evacuees into

one or more shelters.

In this thesis, we present a new mathematical model for the above problem along with
all appropriate assumptions, available data and information related to this problem. The
model for PEHFP seeks to determine the set of routes that minimize the total evacuation time.

Among the possibly multiple solutions with the minimum evacuation time, the one with the

2
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minimum operational cost (total travel time) is selected. The proposed model includes
multiple constraints that concern key operational issues, such as routing constraints, timing
constraints, capacity constraints and other constraints. In order to develop the proposed
model, we initially identify certain similarities and differences of the problem under
consideration with the existing evacuation problems in the relevant literature. Accordingly,
leveraging the related modeling work of the literature and considering fully the special
characteristics of the problems under study, we developed the novel MILP.

To solve this problem we developed two heuristic algorithms. Moreover, we
compared the algorithms in terms of the total evacuation time, and selected the most superior

one to deal with the population evacuation planning for the case study of Province of Teruel.

This complex case study deals with the multipoint-to-point evacuation of
Tramacastiel, Rubiales, and ElI Campillo, three small villages with 44, 31 and 40 citizens
respectively, and the transportation of the evacuees to the Sports Hall "Los Planos" in Teruel.
The latter is a province of Aragon, in the northeast part of Spain. The main types of
emergencies in the area are floods and forest fires. In particular, the frequency of forest fires
in Spain is one forest fire every 2.3 years. In addition, the fact that these three villages are

located inside a forest, makes their evacuation planning an issue of great importance.

1.3 Literature Review

Prior to modeling and developing efficient algorithms to solve PEHFP, an extended
literature review was carried out in order to identify similar problems. In [6], the author
introduces a model specifically designed for Bus-based Evacuation Planning (BEP) along
with two mathematical programming formulations, which are used to develop a heuristic
algorithm. Using these models, the author analyzes the differences in the structural properties
of optimal solutions between this problem and traditional vehicle routing problems. The
objective in [6] is to transport evacuees from pickup points to shelters in a minimal amount of
time by using a fleet of capacitated and homogenous buses. The BEP model has a key
feature: it is assumed that the demand is predefined and fixed during the evacuation process.
In an extended version of BEP, called robust bus evacuation problem, the demand is assumed
to be known at later evacuation stages. In [7] the authors consider a set of estimates for the
demand. The decision about whether buses need to be dispatched immediately (based on the
estimates of demand) or to wait (until exact demand information is available) must be taken.
Moreover, once a bus is routed, its plan cannot be changed. The model aims to minimize the

maximum travel time of the buses.



University of the Aegean Department of Financial Management and Engineering

In [8] the evacuation of a carless population under a no-notice scenario, in which
buses perform a single trip without returning to pick up the rest of the carless population, is
considered. All buses are initially located at a depot and the optimal departure time to demand
points, so that the minimum travel time of buses is achieved, is discussed. In addition, travel

times on network links are produced by a simulation model as a function of time.

In [9] a binary integer programming model is developed. The objective is to
maximize the number of carless evacuated people within a certain time horizon. It is assumed
that buses are located at the demand points at the beginning of evacuation and they have to
return to the same demand point. The area under threat is divided by the zip code, and pick up
points are assigned inside each zip code. Finally, the demand of each zip code is a certain
percentage of the population within that zip code.

In [10] the authors present a simplified version of BEP. A Branch and Bound
framework is used to identify lower and upper bounds of evacuation time. In [11] the authors
focus on using public transport in emergency evacuation, aiming to maximize the number of
evacuees. In the related work, a constraint of single trips of vehicles is considered and,
therefore, it is assumed that not all evacuees may be transported. In [12] the authors propose a
two index MILP to address the evacuation problem and its variants, and they developed a
hybrid solution framework. They present extensive experimental results indicating that the

proposed framework provides efficient solutions in reasonable computational times.

In [13] an emergency evacuation strategy is presented, in which buses serve a set of
pick-up requests and delivery points using a certain routing strategy aiming to minimize the
exposed casualty time. The delivery nodes of this case are of limited capacity and include

both train stations and shelters.

Interested readers may also refer to [14], [15], [16] and [17] for research advances in
the area of evacuation planning and emergency response. Recently, the work in [18]
introduced the Integrated Bus Evacuation Problem (IBEP) that extends the simplified model
of [10] by determining both the pick-up and the shelter points for evacuating a region using
buses. To address this problem, the authors developed a branch-and-price strategy and
compared its efficiency using a commercial IP solver. In general, the case of evacuation upon
advance notice of threat bears similarities with the Vehicle Routing Problem with Satellite
Facilities (VRPSF) studied in [19].

Other known problems that share common attributes with BEP include the Multi-Trip
Vehicle Routing Problem (MTVRP) [20], [21], [22], [23], in which only one depot is

available for vehicles to replenish their load between trips, and the VRP with Intermediate
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Facilities or with inter-depot routes [24], [25], in which the vehicles may visit intermediate

depots for load replenishment along their trips.

A related, but more general, class of problems includes the Location Routing
Problems (LRP), in which the appropriate number and location of distribution centers are
determined simultaneously while optimizing the routing costs to serve a set of customers. An
extensive review of LRP is provided in [26], and recent interesting cases are addressed in [27]
and [28]. In [29] the authors address an LRP that considers depots and vehicles with limited
capacities, as well as fixed costs to establish a depot or to use a vehicle. In [30] a stochastic
optimization model to minimize the total evacuation time is developed. However, the

assumption that the demand is under uncertainty is not appropriate.

From the existing literature, the problems that are closer to the PEHFP evacuation
case are those discussed in [6] and especially in [12]. Notable differences of the problem
introduced in [12] with PEHFP include the following:

- In [12] all vehicles are assumed to be of equal capacity, though in PEHFP the
vehicles are of different types and, thus, capacities (heterogeneous fleet)

- In PEHFP each vehicle is allowed to make multiple trips in order to collect
evacuees. This is not the case in [12]

- In[12], when a vehicle visits a pick-up location it has to pick up the entire demand.
In the PEHFP problem this constraint is relaxed. Consequently in [12] each pick-up
location is visited exactly once, while in the PEHFP problem each pick-up location
is visited at least once.

- In PEHFP, the evacuation of different types of evacuees, as far as their mobility

problems concerns, is considered. This is not included in [12].

1.4 Thesis Structure

The rest of this thesis is organized as follows: In Chapter 2, the problem description,
along with the mathematical formulation for PEHFP are presented. In Chapter 3 two heuristic
algorithms developed to deal with the PEHFP are presented and discussed. Furthermore,
computational results for comparing and evaluating the performance of the proposed
algorithms are provided. In Chapter 4 the selected heuristic algorithm is applied to a more
complex scenario, in which different types of evacuees, who need different treatment as far as
their transportation is concerned, are considered. Chapter 5 describes the implementation of
the proposed algorithm to the case study of Province of Teruel and the related computational

results. Finally, the conclusions of this thesis are summarized in Chapter 6.
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2. Mathematical formulation for the Population Evacuation

using Heterogeneous Fleet Problem (PEHFP)

In this chapter a MILP mathematical formulation is proposed for the Population
Evacuation using Heterogeneous Fleet Problem (PEHFP). Furthermore, the inputs of the

mathematical formulation are also presented.
2.1 PEFHP Description

In PEHFP a fleet of vehicles with different characteristics (as far as their capacity and
their capability of transferring different types of evacuees with mobility problems) has to pick
up citizens from certain locations under threat and transport them to safe locations (shelters).
In the problem under consideration, the shelter is a single facility of unlimited capacity and
the objective is to determine the set of routes that minimize the total evacuation time; among
the possibly multiple solutions with the minimum evacuation time, the one with the minimum
operational cost (total time spent all resources) is selected. Note that the evacuation time is
defined by the point in time the last evacuee arrives to a shelter, and the total operation time is

the sum of the operation times of all vehicles (till they return to the ending depots).

As for the available vehicle fleet, it consists of different capacity as mentioned before
and the capacity of its vehicle is known in advance. Moreover, all vehicles start and finish

their routes from/to different locations (depots).
2.2 Mathematical Formulation

Let {t} be the shelter of unlimited capacity (a single node) in which all the evacuees
will be transferred to, and let K = {1,.., u} be the set of available vehicles, assuming that u is
their total number, each of capacityQy, k € K. All vehicles start and finish their routes from/to
different locations (depots), and thus we define two sets for the vehicle starting and ending
locations - sets S and E, where S = {s*|k € K} is the set of originating locations and
E = {e"|k € K} is the set of the ending locations. Each of these locations may be considered
to be a single parking space. The locations are used in order to address the requirement to

separate the total vehicle operation time from the evacuation time.

Let C be the set of all nodes representing the evacuee locations, hereafter called pick-

up nodes. Additionally, let d; € N*,i € C be the number of evacuees waiting at pick-up node

i. Moreover, let V¥ = {v{‘,vé‘, ...,vﬁ,k|},k € K be an ordered set containing the possible trips
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of each vehicle k, assuming that |V"| = [ ],k € K, i.e. the maximum number of trips

Qk
required to pick-up all evacuees by (utilizing the full capacity of) vehicle k. Let also V =
Ukex V¥, be the set of all possible trips. Note that we use ancillary parameter Q¥ = Q,,v €
Vk, k € K to denote that the capacity of the trips is equal to the capacity of the corresponding

vehicle making the trip.

We formalize now the definition of directed graph G(N, A), in which N = {t} U S U
E U C is the set of nodes, A is the arc set connecting the nodes of N and A = AgU A UA, U

Apg is a set of triplets, with each triplet comprising an arc and a trip. Thus, let

- As ={(s%,j,v¥)|j € Cu{e*}, k € K} be triplets containing the arcs starting from
the originating location of each vehicle k, and the corresponding first trip. The first
trip may be directed to a pick-up location, or to the ending location. The latter is used
to model idle vehicles (if any)

- Ac={G,jv)iec,je(C\{iHhuft}ve Vk\{vﬁ/k|};k € K7} be triplets containing:
a) arcs connecting each pick-up location i € C to all other pick-up locations and to the
shelter, and b) all trips besides the last trip that is dedicated to the return of the
vehicle to its ending location (from the shelter or from the originating location for

possible idle vehicles)

- A ={tjv)jeCve V"\{v{‘,vl’;k|},k € K } be triplets containing arcs departing
from the shelter to all pick-up locations by all trips besides the first and the last one

- Ap={(, ek’vﬁ/kl)lk € K} be triplets comprising of arcs connecting the shelter with

the ending location of each vehicle by its last trip

Additionally, we define a set of pairs comprising trips related to certain nodes of the

directed graph. Thus, we define the set N = Ng U N U Ng, where:

- Ns ={(s*,vf)|k € K} contains only the first trip of each vehicle

- Ne={(Gv)]iecuftlve Vk\{vﬁ’kl}’k € K} contains all trips, except the last trip
of each vehicle, that may arrive to the pick-up location and to the shelter

- Ng ={(e*v)|v e {vF, vll;"l}’ k € K} contains the last trip of each vehicle that
arrives at the corresponding ending location. Note that an idle vehicle will be directed

from the originating location to its ending location at its first trip, though a non-idle

vehicle will make its last trip to its ending location.
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Lett;, (i,/,v) € A be the minimum travel time between nodes i and j by trip v. Let

also:

- w/,(i,v) € N be the time that trip v arrives to node i

- q?,(i,v) € {N|i € C U E} be the number of evacuees onboard the vehicle of trip v
just before its arrival to node i

- dY,(i,v) € {N|i € C} be the number of evacuees picked-up form node i during trip v

- XZ (i,j,v) € A be assigned the value 1 if arc (i,j) € A is traversed by trip v, and 0
otherwise

- T,yqc be the duration of the evacuation, i.e. the time span defined by the start of the

evacuation until the time the last evacuee arrives to a shelter

Then the objective function of the PEHFP is defined as follows:

: — 1 v,V
min TC = Tppqc + I tixi (2.1)
(i,jv)EA

where the second term is the total vehicle operation time (cost) and L ensures that the first
term of (2.1) dominates lexicographically the second term: L > ¥; ; )e4ti;- In particular, in

case there are more than one optimal solutions, in terms of evacuation time, the one with less

total “cost” is selected.

Optimization of (2.1) is subject to:

Routing constraints

k
v
Z xs,ij =1, k€K 2.2)

JEN|(sk,jvk)ea

x;=z1, 1€C (2.3)

vEV,JEN|(i,j,v)EA

L v _ k
z Xk = z X, =1,V -1 kek 2.4)
iEN|(i,tvk)ed JEN|(t,jvk, e
Uf + v _ 1 k k
X ok gk X =L wvevV \{v|Vk|},k EK (2.5)
iEN|(i,t,v)EA
¥ vﬁ”‘l keK 2.6
v f— .
xsl%ek + xtek ] ( )
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v o v
Xip = Xnj

).

iEN|(i,h,v)EA JEN|(h,jv)EA

Timing constraints

wi +t; —B(1 —xj;) <wy,

k k k k
Un Un+1 Vn+1 Un+1
Wttt B(1 X¢f ) < w; ",

v v
0< Wj <B Z xij'
(i,jv)EA

Capacity constraints
qf +df —B(1—-x}) <q’,

q} < B(1—x})),

hecCve V"’-\{v|"vk|},k €K

v € {vF |k € K}

V-1

(i,j,v)EAi€eSuC

(t,jvk)ed n=1,..,

vkl -1,
k€eK,jeCu{er}

(j' 17) € N\NS

(i,j,v)EAi€eC

(i,jv)EAi€e{tius,jecC

i :
D+ ) Wik =0

kEK

0<q’<Q” 2 x?,

(i,jv)EA
Other constraints

d:’ = di,

veV|(i,v)eEN
d; € Ny,

xY; € (0,1},

kKEK

(j,v) € N\Ng U Ng

iecC
iecC (i,v)EN
(i,j,v) EA

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

Regarding the routing constraints: Constraint (2.2) indicates that the first vehicle

trip should depart from the related originating depot. Constraint (2.3) ensures that all pick-up

locations should be visited at least once. Constraint (2.4) ensures that when a vehicle trip

arrives to the shelter, the next vehicle trip should depart from it. Constraint (2.5) indicates that

trips of non-idle vehicles should arrive at the shelter, or idle vehicles should head directly to
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the ending location. Constraint (2.6) ensures that the first or the last trip should arrive at the
ending depot. Constraint (2.7) ensures that if a vehicle arrives to an evacuee location, it

should also depart from the location within the same trip.

Regarding the timing constraints: Inequality (2.8) ensures that the evacuation time
should be greater than the last visit to the shelter. Constraint (2.9) defines the change of the
arriving time at each node within the same trip. Constraint (2.10) defines the change of
arriving time between successive trips (through the shelter). Constraint (2.11) ensures that the
time of arrival to any node, other that the starting location, will be greater or equal to zero,
with B > 1, and, specifically, it will be equal to zero if the location is not visited. Constraint
(2.14) denotes that the first trip of each vehicle starts at time equal to zero (and that each

vehicle arrives at the ending location empty).

Regarding the capacity constraints: Constraint (2.12) defines the change of load for
each trip, where B > 1. Constraint (2.13) ensures that every vehicle trip departs empty after a
visit to the shelter and departs empty from the starting location. Constraint (2.14) denotes that
each vehicle arrives at the ending position empty (and that the vehicle leaves its starting
position at time equals to zero). Inequality (2.15) ensures that at any node, other than the
starting locations, the number of evacuees aboard the vehicles will not exceed the vehicle’s

(trip) capacity nor will it be negative.

Regarding the rest of the constraints: Constraint (2.16) ensures that all evacuees
should be picked-up from all pick-up locations by one or more vehicle trips. Finally,
constraint (2.17) defines the nature of the variable that represents the number of evacuees

picked up. Constraint (2.18) defines the binary nature of the arc variables at each trip v.

2.3 Inputs for PEHFP

For PEHFP, the formulation of the appropriate mathematical programming model
assumes prior knowledge of the population at each village to be evacuated, including enabled
and disabled citizens, since these citizen categories have different transportation needs.
Specifically, for each village (pick-up point), problem inputs include the number of enabled
evacuees, the number of disabled evacuees using wheelchairs who will be transported by
vehicles with certain technical characteristics, and the number of disabled evacuees who need
to be transported by ambulances. Note that for each village we assume that there will be a
single pick-up point (assembly point) already been identified. This assumption does not
present significant restrictions, since the intra village distances and travel times for citizens

that require home pick ups are significantly shorter than the inter-village or the village to city

10
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distances and travel times. Note that the proposed approach does not address the case of

citizens that evacuate using their own means of transport.

Further input data include the exact village locations (pick-up points), and the
corresponding road network connecting all villages and the city (shelter). Note that the road
network may offer the opportunity for more than one route between any two locations.
Consequently, all network nodes and arcs should be provided, along with the corresponding

distances and travel times.

Vehicle-related information includes the location of the starting point of each vehicle
and the connecting road network, vehicle capacities and other characteristics. The latter
concerns vehicles which may be used for transportation of enabled evacuees, wheel chair

users, or citizens in need of special care (ambulance users).

Finally, additional input data include the exact shelter location. In the proposed
approach we assume that the capacity of each shelter is unlimited.

11
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3. Solution approach for PEHFP

Mathematical programming problems like the one presented in Section 2 for PEHFP
are difficult to solve to optimality. In fact, such problems become harder to solve as
complexity increases due to problem size. Consequently, trying to obtain an optimal solution
for practical, complex, problems in reasonable time usually is not feasible. To overcome such
difficulties, heuristic and other algorithms are developed in order to obtain efficient, near

optimal solutions in reasonable time.

In this thesis two (related) heuristic approaches for PEHFP are presented. In both
approaches, the algorithms schedule routes for the available vehicles in order to evacuate the
population waiting at the pick-up locations and transport the evacuees to the shelter. The
routing and pick up plan evacuate the entire population, minimizing operational time span,
and respecting the capacities of the available vehicles, the traveling times between network
nodes, and all other constraints. The heuristic algorithms are applied initially to an instance of
the evacuation problem, in which none of the evacuees faces any mobility disabilities. The
heuristics are compared in terms of total evacuation time and the one with the minimum
evacuation time is then applied to the more complex case, in which some of the evacuees are

characterized by a form of disability.

Both heuristics developed to solve this problem use the following input information.
- Number of available vehicles and the corresponding capacities
- Number of evacuees to be collected from each pick-up location (node)
- The network comprised by the vehicle starting points, the vehicle ending points, the
shelter, and the pick-up locations, as well as all arcs feasibly connecting these nodes

- Travel times for all arcs in this network.

3.1 H1 for PEHFP for enabled population

For the first algorithm we create a list of the available vehicles (List) arranged in
descending order with respect to their capacity. Thereafter, the vehicles in List are routed
simultaneously. In particular, the first vehicle of List is routed to the node with the highest
demand (always keeping a record of the corresponding traveling time), the second vehicle of
List to the second node with the highest demand (record traveling time), etc., until the List is
exhausted, or the demand of all pick-up locations is met. If the List is exhausted and the
demand is not met, the algorithm sorts the vehicle traveling times in ascending order and the

vehicle with the minimum traveling time is routed after it completes its first pick up route. If

12
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the vehicle with minimum traveling time is at the shelter, it is routed to the node with the

highest demand, otherwise it is routed to its nearest node.

The steps of the proposed algorithm to deal with PEHFP are the following:

Step 1. Sort the vehicles in descending order with respect to their initial capacity (List).
Step 2. Sort the demand of nodes in descending order (Demand_List).

Step 3. Set the first vehicle k in List as current vehicle (CV), delete it from List and route it

to the node with the highest demand.

Step 4. Update CV's travel time (Time_List), travel distance (Total_Distance), capacity
and update the demand of current node (CN).

Step 5. If List is not exhausted and demand is not met go to Step 2

elseif demand is met
route the vehicles which are not at the shelter to the shelter, update their traveling
time and their travel distance. Set T,,,,.= maximum element in Time_List, set
Distance = sum(Total_Distance) and stop.
elseif List is exhausted and demand is not met
sort Time_List in ascending order and route the vehicle with the minimum travel
time. Repeat steps 4-5.

end
In the following, the pseudo-code of the corresponding heuristic algorithm is given:

Step 1. Set T, qc = 0, Time_List = 0, Total_Distance = 0
Step 2. While }..cc D, > 0
Step 3. While List is not empty
3.1. Set the first vehicle k € K in List as current vehicle (CV = k), delete it from List
and route it
3.2. Update CV's travel time (Time_List), travel distance (Total_Distance),
capacity and update the demand of current node CN
Step 4. Sort Time_List in ascending order
4.1 Set the vehicle k € K with the minimum travel time as current vehicle (CV = k)
and route it to the nearest node if CV is at any demand point, otherwise route it to
the node with the highest demand.
4.2 Repeat 3.2.

13
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Step 5. Find the vehicles which are not at the shelter and route them to the shelter. Update
their travel time (Time_List) and their travel distance (Total_Distance)

Step 6. Find maxelement{Time_List}, set T_evac = maxelement{Time_List} and
Distance = Y,ex Total_Distance (k)

The detailed algorithm and the corresponding pseudo-code are given in Appendix A.

3.2 H2 for PEHFP for enabled population

In this second algorithm a list of vehicles (List) is uses also arranged in descending
order with respect to their capacity. Thereafter, the first vehicle of List is routed to the node
with the highest demand (always keeping a record of the corresponding traveling time), and
subsequently, if the capacity of the vehicle is not exhausted, it is routed to its nearest node.
The process is continued in the same manner until its capacity is exhausted or the total
demand is met. The vehicle returns to the depot. If the routing process of the first vehicle is
completed and the total demand is not satisfied, then the algorithm continues with the second
vehicle of the List following the same process until the List is empty. In case that the List is
empty and the demand is not satisfied, the algorithm identifies the vehicle that will return first
to the shelter and continues performing the process described above until the total demand is

met.
The corresponding steps of the second algorithm are the following:

Step 1. Sort the vehicles in descending order with respect to their initial capacity (List).
Step 2. If List is not empty and demand is not met, set the first vehicle k in List as current
vehicle (CV) and delete it from List.
Elseif List is empty
Sort Time_List in ascending order and set the vehicle with the minimum travel
time as CV.
Step 3. Route CV from its starting point (or from the shelter) to the node with the highest
demand and then to its nearest node until its residual capacity is equal to zero or the
demand is met. Record its travel time (Time_List), travel distance (Total_Distance),

capacity and update the demand of each node that CV services.

Step 4. If demand is not met, repeat steps 2-4
Else
Route the vehicles which are not at the shelter to the shelter. Update their travel
time and their travel distance. Set T,,,.= maximum element in Time_List, set

Distance = sum(Total_Distance) and stop.

14
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end
Accordingly, the pseudo-code for the second algorithm is given below:

Step 1. Set T, qc = 0, Time_List = 0, Total_Distance = 0
Step 2. While Y .ecD. > 0
Step 3. If List is not empty
3.1 Set the first vehicle k € K in List as current vehicle (CV = k) and delete it from
List
3.2 Route CV from its starting point (or from the shelter) to the node with the highest
demand and then to its nearest node until its capacity is equal to zero or the
demand is met. Record its travel time (Time_List) , travel distance
(Total_Distance) , capacity and update the demand of each node that CV
Services.
3.3 Else
3.4 Sort the Arrival_List in ascending order and set the first vehicle k in
Arrival_List as current vehicle(CV = k). Route it according to step 3.2
Step 4. Find the vehicles which are not at the shelter and route them to the shelter. Update
their travel time (Time_List) and their travel distance (Total_Distance)
Step 5. Find maxelement{Time_List}, set T_evac = maxelement{Time_List} and

Distance = Y yex Total_Distance(k)

The detailed version of the second algorithm and the corresponding pseudo-code are
given in Appendix B.
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4. Comparison between H1 and H2 and application to the

general problem

In order to evaluate and validate the proposed heuristic algorithms, a set of sample
evacuation problems is generated and solved. To this end, a problem generator has been

developed.

Both heuristics have been tested under two different scenarios that vary key
parameters. In the first one, the number of pick up nodes is fixed and the number of vehicles
varies, while in the second scenario, the number of nodes increases and the number of
vehicles is fixed. For each vehicle-node combination, 100 problems have been generated and
solved by both heuristics. Subsequently, the mean evacuation time is computed for each

heuristic per vehicle-node combination.
The problem generator has been provided with the following inputs:

- Number of vehicles

- Number of nodes

- Vehicle capacities

- Node demand

- Travel times from each vehicle starting point to each node
- Travel times between nodes

- Travel times from shelter to each node

- Coordinates of each vehicle’s starting point

- Coordinates of shelter

- Coordinates of nodes

- Average speed of each vehicle

Additionally, note that the following probability distributions have been used for the

generated data:

- Vehicle capacity is generated from a Normal distribution N(10,4).

- Node demand is generated from a Normal distribution N (25,25).

- The coordinates of the shelter, nodes and vehicle starting points are generated from a
Uniform distribution U(0,100).

- Distances are calculated using the Euclidean norm.

- For each problem, the mean speed of all vehicles is generated from a Uniform
distribution U (45,55).
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- The travel times are calculated as % , Where s is the distance between nodes in km

and v is the mean speed assumed for vehicles, generated from a Uniform distribution
U(45,55) km/h for each vehicle.

4.1. Scenario 1:Fixed number of operating vehicles

Under the first scenario, the number of vehicles v is fixed while the number of nodes
i varies. Initially, for i =1 node and v =5 vehicles the generator creates 100 different
problems. Both heuristics 1 and 2 are used to calculate the evacuation time and the total
distance covered by all vehicles for each problem. Subsequently, the corresponding mean

values are computed. The same process is followed for i = 2,3, ..., 15.

The results obtained are presented in Table 4.1, and in Figures 4.1, 4.2, 4.3 and 4.4. In
Figure 4.1, the mean evacuation time for both algorithms is shown with respect to the number
of nodes (increasing as expected). Similarly, in Figure 4.2, the mean total distance covered
by all operating vehicles during the evacuation problem increases with the number of nodes
for both heuristics. Due to its nature, H1 utilizes more vehicles for meeting the demand. Thus,
H1 is better, in terms of evacuation time, in comparison to H2, which is better in terms of
total covered distance, since it uses fewer vehicles.

Table 4.1. Mean total evacuation times, mean total distances and percentage differences for heuristic algorithms 1
and 2 for v = 5 vehicles and i nodes

i Mean Teoer  Mean Teoey  Mean Total_Dist;  Mean Total_Dist, Percentage Percentage
in min in min in km in km Difference of  Difference of
Tevac (H2-H1) Total_Dist
(H2-H1)
1 151.7 151.7 215.47 215.4 0.00% 0.00%
2 184.6 2115 557.68 439.8 12.70% -26.79%
3 221.1 235.8 652.62 636.9 6.24% -2.45%
4 294.4 322.7 894.5 852.2 8.77% -4.95%
5 3335 365.4 1090.1 1037.4 8.73% -5.08%
6 399.7 425.1 1335.7 1289.5 5.98% -3.57%
7 4425 476.2 1525.5 1460.2 7.07% -4.47%
8 478.6 511.7 1681.4 1625.5 6.47% -3.43%
9 523.9 564.2 1852.5 1782.0 7.15% -3.95%
10 587.2 624.3 2075.2 1999.4 5.93% -3.78%
11 631.3 665.4 2260.5 2166.7 5.12% -4.32%
12 669.6 718.6 2445.6 2366.1 6.81% -3.36%
13 720.2 769.2 2644.1 2545.3 6.35% -3.88%
14 753.9 804.5 2781.6 2674.2 6.28% -4.01%
15 814.2 855.9 3020.9 2917.2 4.86% -3.55%

Moreover, in Figure 4.3, the percentage difference for the mean evacuation time
between the two heuristics is shown. The percentage difference of the mean evacuation time
decreases. This may be attributed to the fact that as the number of nodes increases the
population to be evacuated also increases and, consequently, in both algorithms more routes

are needed in order to evacuate the entire population. Since more routes are executed for
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meeting the demand, the evacuation time increases in both algorithms and their percentage
difference, in term of total evacuation time, reduces. Thus the predominance of Hlfades out
as the number of demand points increases.

In Figure 4.4, the corresponding percentage difference of the mean total distance is

given which is stabilized. Since the same number of vehicles serves more nodes, the covered

distance in both algorithms is increased and their percentage difference is stabilized.
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4.2. Scenario 2: Fixed number of pick up nodes

In the second scenario, the number of nodes is maintained constant while the number
of vehicles v varies. Initially, for v = 1 vehicles and i = 5 nodes, 100 different problems are
generated and heuristics 1 and 2 are used to determine the evacuation time and the total
distance for each problem. The mean values are computed and recorded for each heuristic.

This process is repeated fori = 5andv = 2,3,...,15.

Table 4.2 includes the results obtained. These results are also presented in Figures
4.5, 4.6, 4.7 and 4.8. In Figure 4.5 the mean evacuation times for both algorithms are
presented with respect to the number of vehicles used. As expected, the evacuation time

reduces with the number of operating vehicles since the same number of pick-up locations are

18



University of the Aegean

Department of Financial Management and Engineering

served by more vehicles. Similarly, in Figure 4.6, the mean total distance for both algorithms

reduces with the number of vehicles for both heuristics.

Table 4.2 Mean total evacuation times, mean total distances and their percentage difference for heuristic

algorithms 1 and 2 for k vehicles and 5 nodes

k Mean Teyac1 Mean Teoe; Mean Total_Dist; Mean Total_Dist, Percentage Percentage
in min inmin in km in km Difference of  Difference of
Tevac (H2-H1) Total_Dist
(H2-H1)
1 1332.337 1332.337 1057.9542 1057.954 0.00% 0,00%
2 676.618 690.912 1051,.615 1034.285 2.07% -1,68%
3 489.120 512.858 1077.149 1050.720 4.63% -2,52%
4 391.300 416.897 1069.378 1035.949 6.14% -3,23%
5 337.887 368.899 1081.782 1049.800 8.41% -3,05%
6 308.832 349.316 1121.711 1065.205 11.59% -5,30%
7 275.471 309.127 1084.043 1023.118 10.89% -5,95%
8 241.683 272.031 1062.912 1029.039 11.16% -3,29%
9 224.658 261.642 1079.255 1037.393 14.14% -40,35%
10 202.767 248.686 1066.8726 1006.079 18.46% -6,04%
11 194.623 245,510 1126.600 978.794 20.73% -15,10%
12 195.703 244.126 1085.523 992.689 19.84% -9,35%
13 201.397 252.357 1060.189 1010.959 20.19% -0,49%
14 195.217 250.606 1061.407 1003.759 22.10% -5,74%
15 199.372 248.468 1036.897 957.072 19.76% -8,34%

Finally, in Figure 4.7, the percentage difference of the mean evacuation time between

the two heuristics is presented, while in Figure 4.8, the corresponding percentage difference

of the mean total distance is provided. Due to its nature, H1 utilizes more vehicles for meeting

the demand in comparison to H2. Therefore, as the number of the available vehicles increase,

H1 uses more vehicles and manages to complete the evacuation process earlier than H2.

Consequently, the percentage difference of the mean evacuation time between the two

heuristics increases.
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4.3. Comparison of the two heuristics

Considering Figures 4.2 and 4.6, it is deduced that heuristic algorithm 1 (H1) is

superior in terms of T,,,.than heuristic algorithm 2 (H2). The reason lies in the fact that H2 is

greedy in terms of distance and attempts to fully load each vehicle during each trip. In H1 the

vehicles operate in parallel. Thus, H1 tends to minimize the total traveling time. Contrarily, as

shown in Figures 4.3 and 4.7, H2 is superior with respect to the total distance covered by all

vehicles, since less vehicles operate in parallel. To confirm this statement, the following

example is presented. In this example let v = 7 vehicles, i = 5 nodes.

Input Data:
Table 4.3 Travel time between nodes
From 1 2 3 4 5
To
1 0 72.1139 41.4709 22.9490 70.1249
2 72.1139 0 73.2866 54.0694 29.9720
3 41.4709 73.2866 0 29.1830 54.3531
4 22.9490 54.0694 29.1830 0 47.4931
5 70.1249 29.9720 54.3531 47.4931 0
Table 4.4 Travel time from shelter to each node
From
To 1 2 3 4 5
Shelter 45.2821 57.0145 77.7297 48.7042 74.067
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Table 4.5 Travel time from each vehicle’s starting point to each node (Note: S* indicates the starting point of

vehicle k)
o em 1 2 3 4 5
gt 24.2659 89.7237 64.2596 46.6567 92.6210
g2 49.0665 120.2944 78.1593 71.2473 118.7385
s? 59.0027 32.7607 78.6444 51.0082 56.3768
g4 59.1934 16.3588 56.9286 39.1825 20.4996
s° 50.2553 95.8922 91.6881 68.1829 107.6253
s® 36.2560 41.8239 59.3286 30.3415 53.5540
s’ 14.4474 67.2251 27.3765 13.2964 59.8673
Table 4.6 Node demand
i 1 2 3 4 5
Demand D; 22 24 27 17 27
Table 4.7 Vehicle’s capacity
k 1 2 3 4 5 6 7
Capacity Qx 10 14 5 14 11 12 7

The resulting routes for the evacuation problem for both heuristics are presented in
the following Table 4.8:

Table 4.8 Routes of heuristics 1&2

Heuristic 1

Heuristic2

Routel= S°-3-shelter with vehicle 2
Route2= S*-5-shelter with vehicle 4
Route3= S°-2-shelter with vehicle 6
Route4= S°-1-shelter with vehicle 5
Route5= S'-4-shelter with vehicle 1
Route6= S’-3-shelter with vehicle 7
Route7= S3-5-shelter with vehicle 3
Route8=shelter-2-shelter with vehicle 4
Route9=shelter-1-shelter with vehicle 1
Route10=shelter-5-shelter with vehicle 5
Routel1l=shelter-4-shelter with vehicle 6
Route12=shelter-3-shelter with vehicle 7

Route13=shelter-1-shelter with vehicle 3

Routel= S°-3-shelter with vehicle 2
Route2= S*-5-shelter with vehicle 4
Route3= S°-2-shelter with vehicle 6
Route4= S°-1-shelter with vehicle 5
Route5= S'-4-shelter with vehicle 1
Route6= S’-3-shelter with vehicle 7
Route7= S°-5-shelter with vehicle 3
Route8=shelter-2-5-shelter with vehicle 4
Route9=shelter-1-shelter with vehicle 1
Route10=shelter-4-1-3-shelter with vehicle 5
Routel1=shelter-5-3-shelter with vehicle 6

Tevaci= 260.6 min

Tevace= 305min
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The first trips for all vehicles are identical for both heuristics. Let’s examine further the
second step of each algorithm. In both algorithms, vehicle 4 is the first vehicle that arrives at

the shelter after its first trip at time t* = lss 5 + ls sheiter = 20.5 + 74.1 = 94.6 min, where

L; j is the travel time between nodes i and j and t'is the traveling time of vehicle i.

According to H1, vehicle 4 leaves the shelter at time t* = 94.566 min, visits node 2, picks
up the residual demand (12 evacuees) and returns to the shelter although it has some residual
capacity (2 seats). Vehicle 4 returns to the shelter at time t* = t* + Lipeier2 + Lo sheiter =
208.6 min. Note that, at time t> = lgs 1 + Ui sheiter = 95.5 min, vehicle 5 leaves the shelter,
visits node 5, picks up the residual demand (8 evacuees) and returns to the shelter to drop off
the evacuees at time t> = t° + lgperers + Us sheicer = 243.7 min. Thus, under H1, node 5 is

completely evacuated at time t> = 243.7 min.

According to H2, vehicle 4 leaves the shelter at time t* = 94.566 min, visits node 2 and
picks up the residual demand (12 evacuees). However, there is still free space onboard vehicle
4 (2 seats). Due to this reason, the vehicle visits the nearest node, which is node 5, to collect
more evacuees. At node 5, it picks up 2 evacuees (residual capacity) and then returns to
shelter at time ¢t* = t* + lsperter2 + los + ls.sneiter = 255.6 min. But not all evacuees are
picked up from node 5 and thus another vehicle needs to visit node 5 to collect the remaining
evacuees. Consequently, the evacuation time of node 5 when H2 is applied, is higher than the
corresponding evacuation time with H1. Therefore, H1 manages to completely evacuate node
5 faster than H2.

Note that this pattern is repeated through the following trips planned by the algorithms, and
hence, the accumulated difference of evacuation time increases. Consequently, H1 manages
to complete the evacuation process earlier than H2. On the other hand, under algorithm H2,
less distance is covered to complete the evacuation process. In particular, vehicle 4 returns to
the shelter after its first trip and then, in both algorithms, it is routed to the node with the
highest demand. According to H2, vehicle 4 is routed to node 2. After it serves node 2, it is
routed to the nearest node because its remaining capacity is greater than zero. In H1, vehicle 4
is routed to node 2 and, although its residual capacity is greater than zero, it is not routed to
the next node because the vehicle with the minimum travel time (vehicle 1) has priority to be
routed. In that way, H1 uses more vehicles for meeting the demand and the total distance

covered by the vehicles of H1 is greater than the total distance of H2.
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4.4, PEHFP for a population that comprises enabled and disabled

evacuees

Based on the results of Section 4.3, the first heuristic algorithm (H1), which performs
better in terms of evacuation time, is selected to be implemented in the case of multiple
evacuee types.

In particular, we deal with three evacuee types in total. The type of evacuee depends
on her/his mobility status. The first types of evacuees, enabled evacuees, are those who have
been considered in the previous section. The second type of evacuees concerns people with
partial disability who use a wheel chair. The third type concerns citizens with more severe
disability who need to be transported on stretchers. In other words, in contrast with the
enabled evacuees, due to their mobility problems, the last two categories need special

transportation treatment.

Due to evacuees’ special needs for transportation, vehicles with special characteristics
are required, contrarily to the previous approach where vehicles pick up only enabled
evacuees and they do not need to be specially equipped. Specifically, partially disabled
evacuees need to be transferred by vehicles that are equipped with ramps so that wheel chairs
can easily get onboard. Totally disabled evacuees can only be transferred by ambulances.
Furthermore, we assume that both partially and totally disabled evacuees are accompanied by
a relative or a doctor/nurse. The aforementioned difference is critical for the evacuation
problem since the fleet to be used needs to include specific types of vehicles. Note that a
vehicle that can transport partially disabled evacuees can also transport enabled evacuees,
while a vehicle that can transfer enabled evacuees cannot necessarily transfer partially or
totally disabled evacuees. In addition, a vehicle that can transfer totally disabled evacuees

may transfer partially disabled evacuees.

Additionally, it is worth mentioning that another critical difference with the problem
so far presented concerns the service time. In particular, the service time of a partially or
totally disabled evacuee is higher compared to the service time for an enabled evacuee, a fact
that clearly affects the total evacuation time since the pick-up and drop-off processes last
longer. Taking into account the aforementioned constraint along with the fact that a disabled
evacuee may need immediate medical help, indicates that disabled citizens should be
evacuated first. This decision affects the solution approach, since vehicles that can transport

disabled evacuees should be routed with a priority.
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Consequently, we have divided the problem in two parts according to the
aforementioned constraints concerning the order of citizens’ evacuation. The first part deals
with partially and totally disabled evacuees, and the second part deals with partially disabled

and enabled evacuees.

In the first part of H1, a list of available ambulances arranged in descending order
with respect to their capacity for the partially disabled, is initially created. Note that in case
none of the ambulances is adapted for partially disabled evacuees, the ambulances are sorted
in descending order with respect to their capacity for enabled evacuees. Thereafter, the
ambulances in List are routed simultaneously. In particular, the first ambulance of List is
routed to the node with the highest demand for totally disabled (always keeping a record of
the corresponding traveling time), the second ambulance of List to the second node with the
highest demand for totally disabled (record traveling time), etc., until the List is empty, or the
demand of pick-up locations for totally disabled is met. If the List is empty and the demand
of totally disabled is not met, the algorithm sorts the traveling times in ascending order and
the ambulance with the minimum traveling time is routed after it completes its first trip to the
node with the highest demand for totally disabled.

According to the second part of H1, a list of the available vehicles (List) is initially
created as follow: in case that there are vehicles adapted for partially disabled, they are sorted
in descending order with respect to their capacity for partially disabled and then, the rest of
the vehicles are sorted in descending order with respect to their capacity for enabled.
Thereafter, the first vehicle of List is routed to the node with the highest demand (If the
vehicle is adapted for partially disabled, it is routed to the node with the highest demand for
partially disabled, otherwise it is routed to the node with the highest demand for enabled) and
always keeping a record of the corresponding traveling time, the second vehicle of List to the
second node with the highest demand (record traveling time) etc. This process is repeated
until List is exhausted or the demand for both partially disabled and enabled is met. If the
List is empty and the demand is not met, the algorithm sorts the vehicle travel times in
ascending order and the vehicle with the minimum travel time is selected to be routed. In case
that the vehicle with the minimum travel time is adapted for partially disabled, the demand for
them is not met and the current node of this vehicle is any demand point, then, it is routed to
its nearest node with nonzero demand for partially disabled, otherwise, if it is at the shelter, it
is routed to the node with the highest demand for partially disabled. In case that the vehicle
with the minimum travel time cannot serve partially disabled and its current node is any
demand point, then, it is routed to its nearest node with nonzero demand for enabled,

otherwise, it is routed to the node with the highest demand for enabled.
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The steps of the proposed algorithm to deal with PEHFP for enabled and disabled
population are the following:

Step 1. If the demand for totally disabled is higher than zero execute steps 2-5,
Else
got to step 6.
Step 2. Sort the ambulances in descending order with respect to their initial capacity (List).
Step 3. If List is not empty
set the first vehicle in List as current vehicle and delete it from List,
Else

sort the Time_List in ascending order and set as current vehicle (CV) the vehicle with

the minimum travel time.

Step 4. If CV s at its starting point or at the shelter, sort the demand of nodes for totally
disabled in descending order (Demand_List3) and route it to the node with the
highest demand for totally disabled.

Else
route it to the nearest node with nonzero demand for partially disabled.

Step 5. Update CV's travel time (Time_List), travel distance (Total_Distance) , capacity
and update the demand of current node(CN). Go to Step 1.

Step 6. Sort the vehicles for enabled and partially disabled in descending order with respect

to their initial capacity (List).

Step 7. If the demand for partially disabled OR the demand for enabled is greater than zero

execute steps 8-11,
Else
got to step 12.
Step 8.

- Case 1: In case that List is not empty, set the first vehicle in List as current vehicle

and delete it from List.
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Step 9.

Case 2: Otherwise, sort the Time_List in ascending order and set as current vehicle
the one with the minimum travel time. Note that if the demand for enabled is met,
only the travel times of vehicles adapted for partially disabled are sorted.

Case 1: In case that CV is at its starting point or at the shelter, sort the demand of
nodes in descending order with respect to their demand for partially disabled
(Demand_List?) or with respect to their demand for enabled (Demand_List') (It
depends on either CV is adapted for partially disabled or not). Set as current node
(CN) the node i with demand D; = Demand_List?(1)(or D; = Demand_List(1))
and route CV to CN.

Case 2: In case that CV is at any demand point, route it to its nearest node with
nonzero demand for enabled or for partially disabled (It depends on either CV is

adapted for partially disabled or not).

Step 10. Update CV's travel time (Time_List), travel distance (Total_Distance), capacity

and update the demand of current node(CN).

Step 11. In case that there are vehicles adapted for partially disabled and the demand for

partially disabled is met, convert their remaining capacity for partially disabled into

capacity for enabled. Go to step 7.

Step 12. Route the vehicles which are not at the shelter to the shelter, update their traveling

Step 1.
Step 2.

2.1.

2.2.
2.3.
Step 3.
Step 4.

Step 5.
5.1.

time and their travel distance. Set T,,,.= maximum element in Time_List, set

Distance = sum(Total_Distance) and stop.

In the following, a pseudo-code of the above heuristic algorithm is given:

Set Tppqe = 0, Time_List = 0, Total_Distance = 0, List = @

If Yiexstry>0AND Y e D3>0

Sort the vehicles with descending order with respect to their capacity for partially
disabled

Else

Sort the vehicles in descending order with respect to their capacity for enabled
Insert the sorted vehicles into List

While ¥.cc D3>0

While List is not empty
Set the first vehicle k € K in List as current vehicle (CV = k), delete it from List. In

case that it is at its starting point or at the shelter and it is a vehicle adapted for
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partially disabled, among the nodes with the greatest demand for totally disabled
route it to the node with the highest demand for partially disabled. If it is not a vehicle
adapted for partially disabled route it to the node with the highest demand for totally
disabled. In case that CV is at any demand point route it to its nearest node.
5.2.Update CV's travel time (Time_List), travel distance (Total_Distance),
capacity and update the demand of current node CN.
Step 6. Sort Time_List in ascending order
Step 7. Set the vehicle k € K with the minimum travel time as current vehicle (CV = k),
route it according to step 5.1 and repeat step 5.2.
Step 8. While ¥2_; ¥eec DY >0
Step 9. If List is not empty set the first vehicle k € K in List as current
vehicle (CV = k)

9.1 Ifrf, = 1 OR node = {t}
9.2 If Dis_veh # 0 AND x,, = 1 AND Y. DZ > 0
9.3 Setas CN the node with the highest demand for partially disabled
9.4 Elseif (Dis_veh # 0 AND x., =0 ) OR Dis_veh = 0 OR (Dis_veh #+ 0 AND
Yeec DZ =0)
9.5 Setas CN the node with the highest demand for enabled
9.6 Elseif node # {t}
9.7 Ifx., = 1AND Ycec DZ > 0AND Q4, >0
9.8 Route vehicle CV to node [ with min{L¢y;, I € C\{CN}} and demand D? # 0.
9.9 Elseif xz, = 0 OR (s, = 1 AND( X cec DZ = 0 OR Q& = 0))
9.10 Route vehicle CV to node I with min{L¢y;, L € C\{CN}} and demand D} # 0.
Step 10. Repeat step 5.2
Step 11. Elseif List is empty, Repeat step 6
Step 12. If Y.cc D2 =0
12.1 Set as CV the vehicle with the minimum travel time and the highest capacity for
enabled
12.2  Elseif Yoec D=0
12.3  Set as CV the vehicle with the minimum travel time and the highest capacity
for partially disabled
12.4  Elseif Yec DZ > 0AND Y, DI >0
12.5  Setas CV the first vehicle in Time_List

Step 13. Find the vehicles which are not at the shelter and route them to the shelter. Update

their travel time (Time_List) and their travel distance (Total_Distance)
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Step 14. Find maxelement{Time_List}, set T_evac = maxelement{Time_List} and

Distance = Y,ex Total_Distance (k)

The corresponding pseudo-code for enabled and disabled population is given in
Appendix C.
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5. Case Study

The case study considered in this thesis focuses on a forest fire in the Province of
Teruel, which evolves dynamically. The aim is to develop an appropriate population
evacuation plan for the Province of Teruel, by using heuristic algorithm H1, enhanced to
address the evacuee (and vehicle) types. In particular, we focus in obtaining near-optimal

solutions for three different case scenarios.

e The first one (Scenario A) concerns the evacuation of the small village of
Tramacastiel at the province of Teruel and the transportation of evacuees to
Villel (point-to- point PEHFP).

e The second scenario (Scenario B) deals with the evacuation of Tramacastiel,
Rubiales and ElI Campillo (small villages) and the transportation of the
evacuees to a safe shelter at the city of Teruel (multipoint-to-point PEHFP).

e Finally, the third scenario (Scenario C) deals with evacuating the three
aforementioned villages in case of a forest fire that evolves according to
weather condition changes. More specifically, under Scenario C, the fire
initially threatens the village of Tramacastiel and its evacuation is ordered by
the local authorities. Later the fire evolves and threatens both the villages of
Rubiales and EI Campillo. An order to evacuate these villages is then given

by local authorities.

In order to apply the heuristic algorithm presented in Section 4.4 to the
aforementioned evacuation scenarios, three categories of data need to be provided: (a)

Evacuees and demand, (b) Network, (c) Available Vehicles.

Regarding the evacuees to be picked up, the total population of each village
(Tramacastiel, Rubiales, EI Campillo) should be provided. Additionally, in order to use the
appropriate vehicles for the transportation of the evacuees, for each village the number of
enabled evacuees, the number of wheel chair users and the number of evacuees to be

transported by ambulances is required.

Regarding the nodes of the network, the pick-up locations (villages), and their exact
location should be provided. The same holds for the starting and ending locations of each
vehicle, as well as of the shelter. For the network arcs, input data required include the
distances a) between the originating points of available vehicles and the pick-up locations, b)

between each pick-up location and the shelter, ¢) between the pick-up locations, d) between
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the shelter and the ending locations of each vehicle. Note that when possible, any alternative

arcs should be also be provided.

For each of the available vehicles input information should include the capacity per

type of evacuee (enabled, wheel chair users, totally disabled).
All the aforementioned necessary input data are provided in Appendix D.

It is also important to note that the total evacuation time depends on the
circumstances under which the physical disaster evolves. For instance, there may significant
traffic along the road network used by the proposed solution, resulting in an increase of the
total evacuation time. If one of the operating vehicles becomes incapacitated (for any reason),
then the load and the exact location of the vehicle should be known in order to decide on how
to overcome such a difficulty, e.g. either by sending another vehicle to take over the mission
of the failed one, or to reach the location of the accident and transfer its load. To deal with
such unplanned situations, redundant vehicles should be also available.

5.1 Scenario A: PEHFP solution for point-to point evacuation

The evacuation of Tramacastiel and the transportation of all types of evacuees to
Villel is a small scale evacuation problem. Note that Villel can be considered as a safe

assembly point for inhabitants of Tramacastiel during an emergency.

San oiay valgecenro
Tt,\lh‘}\ [ A-23 |
Tédruel

[A-1513 |
| N-234 |

| N-330 ] Castralvo
Villaspesa

Villastar
Rubiales

Aldehuela

b 4

| N-330 | Cubla
ramacastiel del Rio

| N-330 |

Figure 5.1 Pick-up point Tramacastiel and shelters of Villel and Teruel

Table 5.1 List of evacuees of Tramacastiel

Disabled Evacuees Disabled Evacuees

Village Village ID Enabled Evacuees (with total disability) (v;!th p_a_rtial
isability)
Tramacastiel 100 37 1 6
Teruel (Shelter) 1000
Villel (Shelter) 2000
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Table 5.1 provides the population of Tramacastiel village that need to be evacuated in
Scenario A. The evacuees are categorized as follows: a) enabled evacuees that will be
transported via buses, 4x4 vehicles, and vans, b) disabled evacuees with total disability that
will be transported via ambulances and emergency mobile units and, ¢) disabled evacuees
with partial disability that will be transported via vans or ambulances (if needed).The results
of evacuation planning for Scenario A are shown in Table 5.2. The Table provides each route
to be operated indicating which vehicle operates the route, the starting point, the pick-up
location and the delivery location, and the exact number of evacuees collected at each route
per type of evacuee. According to Table 5.2, only one ambulance and three vehicles for
enabled and partially disabled evacuees are adequate for evacuating Tramacastiel. The total
evacuation time is 97 min and the total distance covered by all vehicles to accomplish the
evacuation plan is 202.4 km; 4 vehicles were employed during the evacuation operation.

Table 5.2 Emergency plan for the evacuation of Tramacastiel to Villel

Route Operating Type of Node Sequence Route Route Number Of Collected
No Vehicle Vehicle Start End Evacuees
ID Time Time Enabled Totally Partially

Disabled Disabled

Routes Operated by Ambulances

1 43 Collective Teruel- 0 97 1 1 2
Ambulance Tramacastiel-
(PR) Villel
Routes Operated by Fleet for Enable and Partially Disabled Evacuees
1 74 Minibus Teruel- 0 97 22 0 3
(PR) Tramacastiel-
Villel
2 44 Collective Teruel- 0 73 1 0 1
Ambulance Tramacastiel-
(PR) Villel
3 53 Bus(PR) Teruel- 0 65 13 0 0
Tramacastiel-
Villel
Total Evacuation Time = 97 min Total Distance = 202.4 km

PR = Private Vehicle

The routes for the solution of the proposed algorithm of Table 5.2 are given also on a
map in Figure 5.2, which shows the vehicle starting locations in Teruel, along with the pick-

up location in Tramacastiel and the shelter in Villel.

Teruel

Starting/Ending point
of vehicles

From Teruel to
Tramacastiel

8 min 32.8 Km

5
‘-

From Tramacastiel to
Villel

Pick Up
Point(Tramacastiel)

Figure 5.2 Evacuation routes for PEHFP: Tramacastiel-Villel
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5.2 Scenario B: PEHFP solution for multipoint-to point evacuation

Scenario B addressed the case when a simultaneous evacuation of all three small
villages Tramacastiel, Rubiales and EI Campillo is required. The evacuees are to be
transported to a safe shelter at the city of Teruel. The plan can be applied during an
emergency when the entire Province of Teruel is threatened by a physical disaster. Table 5.3

presents the necessary data in terms of the number of evacuees per village.

The results of this large scale evacuation scenario are given in Table 5.4. According
to Table 5.4, the algorithm uses 8 vehicles in total, each one operating just one route. The
total evacuation time is 112 min, less than 2 hours, and the total distance is 511.6 km. Note
that 11 vehicles were available for the evacuation operation.

—
San Blas Valdece
T,u;‘:)\ [A25]
Toruel
Bezas [ A-1513 |
ot
El Cafhpillo
ESEES = Gt
Villaspesa
Villastar
F lales
Aldehuela
Villel
AT Cubla
ramacastiel del'Rio

Figure 5.3 Pick-up points Tramacastiel, Rubiales, EI Campillo and shelter of Teruel

Table 5.3 List of evacuees of pick-up points

Disabled Evacuees Disabled Evacuees

Village Village ID  Enabled Bvacuees . iip, total disability)  (with partial disability)
Tramacastiel 100 37 1
Rubiales 200 26 1 4
El Campillo 300 33 1
Teruel (Shelter) 1000

Table 5.4 Emergency evacuation plan for Tramacastiel, Rubialles and El Campillo to Teruel

Route  Operating Type of Vehicle Node Sequence Route  Route Number Of Collected
No Vehicle Start End Evacuees
ID Time Time Epabled Totally Partially

Disabled Disabled

Routes Operated by Ambulances

Colective

1 43 Ambulance(PR) Teruel-El Campillo-Teruel 0 68 1 1 2
Colective Teruel -Tramacastiel-

2 a4 Ambulance(PR) Teruel 0 112 ! ! 2
Colective .

3 45 Ambulance(PR) Teruel -Rubialles-Teruel 0 90 1 1 2
Routes Operated by Fleet for Enabled and Partially Disabled Evacuees

. Teruel - Tramacastiel -

1 74 Minibus(PR) Teruel 0 112 22 0 3
Colective Teruel - EI Campillo -

2 46 Ambulance(PR) Teruel 0 56 ! 2
Colective Teruel - EI Campillo -

3 4 Ambulance(PR) Teruel 0 56 ! 2

4 48 Colective Teruel - Rubialles - Teruel 0 78 1 2
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Route  Operating Type of Vehicle Node Sequence Route Route Number Of Collected
No Vehicle Start End Evacuees
ID Time Time Enabled Totally Partially

Disabled Disabled

Ambulance(PR)

Colective Teruel - Tramacastiel -
5 49 Ambulance(PR) Teruel 0 88 ! 0 1
6 53 Bus(PR) Teruel - El Campillo - 0 36 30 0 0
Teruel
7 54 Bus(PR) Teruel - Rubialles - Teruel 0 58 24 0
Teruel - Tramacastiel -
8 64 Bus(PR) Teruel 80 13 0
Total Evacuation Time = 112 min Total Distance =511.6 km

In Figure 5.4, the routes of the vehicles are provided along with their starting
locations in Teruel, the pick-up locations in Tramacastiel, Rubialles and EI Campillo, as well
as the shelter in Teruel.

From Teruel to
Rubiales

From Teruel to EI
Campillo

E_ 27 Min 21.4
Km

E_ 16 Min
15.1 Km

Pick Up Point(EI
Campillo)

Shelter(Teruel)
Starting/Ending
point of vehicles

Pick Up
Point(Rubiales)

Pick Up
Point(Tramacastiel)

E_ From Teruel to bin
Tramacastiel
38 min 32.8 Km

Figure 5.4 Evacuation routes for PEHFP: Tramacastiel, Rubiales, EICampillo-Teruel

5.3 Scenario C: PEHFP solution for multi-point-to point evacuation

Scenario C includes firstly the evacuation of Tramacastiel and the transportation
of the evacuees to Teruel; thereafter, having available the entire fleet, Rubiales and El
Campillo are evacuated, and the evacuees are transported to Teruel. In table 5.5 the
population to be evacuated is shown.

The results provided by the proposed algorithm for the evacuation of
Tramacastiel and transportation of the evacuees to Teruel are given in Table 5.6. The total
evacuation time is 112 min, and the total distance is 262.4 km; 4 vehicles were employed

during evacuation.
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Figure 5.5 Pick-up point Tramacastiel and shelter of Teruel

Table 5.5 List of evacuees of pick-up points

Disabled Evacuees Disabled Evacuees

Village Village ID Enabled Evacuees - S (with partial
(with total disability) disability)
Tramacastiel 100 37 1 6
Teruel (Shelter) 1000

Table 5.6 Emergency evacuation plan for Pilot Test Event: Tramacastiel to Teruel

Route Operating Type of Node Sequence  Route Route Number Of Collected
No Vehicle Vehicle Start End Evacuees
1D Time Time Enabled Totally Partially

Disabled Disabled

Routes Operated by Ambulances

Colective Teruel-

1 43 Ambulance Tramacastiel- 0 112 1 1 2
(PR) Teruel

Routes Operated by Fleet for Enabled and Partially Disabled Evacuees

Teruel -

1 74 Minibus (PR) Tramacastiel - 0 112 22 0 3
Teruel
Colective Teruel -

2 44 Ambulance Tramacastiel - 0 88 1 0 1
(PR) Teruel
Teruel -

3 53 Bus (PR) Tramacastiel - 0 80 13 0 0
Teruel

Total Evacuation Time = 112 min Total Distance = 262.4 km

PR = Private Vehicle

The solution presented in Table 5.6 is given in Figure 5.6, which shows the vehicle
routes, the starting locations in Teruel, the pick-up locations in Tramacastiel, as well as the

shelter in Teruel.

Table 5.7 List of evacuees of Rubiales and ElI Campillo

. . Disabled Evacuees Disabled Evacuees
Village Village ID  Enabled Evacuees . i tal disability)  (with partial disability)
Rubiales 200 26 1 4

El Campillo 300 33 1
Teruel (Shelter) 1000
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Shelter(Teruel)
Starting/Ending
point of vehicles

£l Campilio
[A513 ]

2= 38 min 32.8 Km

Pick Up
Point(Tramacastiel)

=

Figure 5.6. Evacuation routes for PEHFP: Tramacastiel -Teruel

After Tramacastiel, according to the dynamic scenario, the villages of Rubialles
and El Campillo are threatened by the evolving forest fire. Consequently, having available the
entire fleet of vehicles, we need to plan a new evacuation schedule for the transportation of
inhabitants of these two villages to Teruel. Table 5.7 presents the number of evacuees in
Rubialles and EI Campillo.

The results are shown in Table 5.8. The total evacuation time, after the
evacuation of Tramacastiel, is 90 min, and the total distance is 249.2 km; 7 vehicles were

employed during the evacuation operation.

Concud ey
San Blas
T’ué)\
Tdruel
Bezas [A-1513 |
El Cafhpillo
[N-330] Castr

Villaspesa

Villastar
iales

Villel
Figure 5.7. Pick-up points Rubiales, El Campillo and shelter of Teruel

Table 5.8 Emergency evacuation plan for Pilot Test Event: Rubiales and EI Campillo to Teruel

Route Operating Type of Node Sequence  Route Route Number Of Collected
No Vehicle Vehicle Start End Evacuees
ID Time Time Enabled Totally Partially

Disabled Disabled

Routes Operated by Ambulances

Colective Teruel -EI
1 43 Ambulance Campillo-Teruel 68 1 1 2
(PR) P
Colective Teruel -
2 44 Ambulance . 0 90 1 1 2
Rubialles-Teruel
(PR)
Routes Operated by Fleet for Enabled and Partially Disabled Evacuees
1 74 Minibus (PR) Teruel - El 0 68 22 0 3

Campillo - Teruel
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Route Operating Type of Node Sequence  Route Route Number Of Collected
No Vehicle Vehicle Start End Evacuees
ID Time Time Enabled Totally Partially
Disabled Disabled
Colective Teruel -
2 45 Ambulance . 0 66 1 0 2
Rubialles-Teruel
(PR)
Colective
3 46 Ambulance Teruel - El 0 44 1 0 1
Campillo - Teruel
(PR)
Teruel -
4 53 Bus (PR) Rubialles- Teruel 0 58 24 0 0
Teruel - El
5 54 Bus (PR) Campillo - Teruel 0 36 9 0 0
Total Evacuation Time = 90 min Total Distance = 249.2 km

*PR = Private Vehicle

The routes for evacuating Rubialles and El Campillo, and transporting the evacuees to
the shelter in Teruel are shown in Figure 5.8. The Figure shows the vehicle starting locations
in Teruel, the pick-up locations in Rubialles and EI Campillo and the shelter in Teruel.

[asa] g, xm
1512 8

From Teruel to El Campillo

16 Min 15.1 Km

wz

From Teruel to Rubiales
=

27 Min 21.4 Km

in6polis Teruel @

Shelter(Teruel)

Starting/Ending
point of vehicles [*

Pick Up Point(EIl Vi
Campillo)
TV
Villastar
o —— Pick Up
Point(Rubiales)

Figure 5.8. Evacuation routes for PEHFP: Rubialles, EI Campillo -Teruel
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6. Conclusions

The last decades due to the increasing frequency of both natural and man-made
disasters, evacuation planning of affected populations is of great importance. Evacuation
planning is a complex process and its effectiveness depends on several factors, such as
warning time, response time, etc. Many researchers have developed mathematical models,
algorithms and simulation programs in order to develop effective evacuation plans, which can

be applied to various disaster events such as floods, fires etc.

In this thesis the Population Evacuation using Heterogeneous Fleet Problem (PEHFP)
is proposed. PEHFP deals with the evacuation of population that characterized by different
types of evacuees as far as their mobility status concerns. In particular, we deal with three
types of evacuees. The first types of evacuees, enabled evacuees, are those who do not need
any special transportation treatment. The second type of evacuees concerns people with
partial disability who use a wheel chair. The third type concerns citizens with more severe
disability who need to be transported on stretchers. To describe PEHFP a mathematical
programming model has been developed. The objective is to minimize the total time needed

for evacuating the population from a set of pick-up points under all related constraints.

Trying to obtain an optimal solution based on this mathematical problem in
reasonable time is not feasible for problems of practical size. Thus, two heuristic algorithms
were developed to solve this problem. The heuristic algorithms obtain near optimal solutions
in reasonable time and they are applied initially to instances of the evacuation problem, in
which all evacuees are able and do not face and mobility challenges. The proposed heuristics
have been compared in terms of total evacuation time and it proved that H1 minimizes the
evacuation time in contrast to H2. H1 utilizes more vehicles for meeting the demand and
therefore, H1 manages to complete the evacuation process earlier. Consequently, H1 is
chosen to be applied to the more complex case, in which some of the evacuees are

characterized by one of two forms of physical disability (which need particular treatment).

Finally, the proposed algorithm was applied to a case study which deals with the
evacuation of three small villages when a forest fire occurs. The results obtained provide a
route schedule for each vehicle that is needed for the evacuation. The route schedule includes
the starting location of each vehicle, the pick-up points visited, the number of evacuees that
are collected per type of evacuee and the exact time needed for each vehicle to collect the
evacuees and transport them to a safe shelter. The case study illustrates the practicality of the

proposed algorithm to provide efficient solutions to practical PEHF problems.
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Comparing with the existing literature in the area of evacuation planning, the
proposed PEHFP takes into account heterogeneous fleet, multiple trips, multiple visits at each
pick-up location, and, importantly, treats different types of evacuees. We have observed that
evacuees with mobility disabilities have a great impact on the total evacuation time and that
using more vehicles adapted for disabled evacuees can lead to significant reduction of total

gvacuation time.

It should be noted that both the proposed mathematical model and heuristic
algorithms can be used for any type of disaster, provided that the appropriate inputs are

available.

Further research may be done in planning the evacuation process. Uncertainties

concerning the availability of road links may be included in the model. For instance,

e Uncontrolled fires are able to damage road links, making some parts or roads
inaccessible. In such cases, alternative routes must be provided

e  Future work may also include the development of more advanced heuristics, or
metaheuristics, to deal with PEHFP

e Ways of overcoming difficulties of incapacitated vehicles may also be

investigated.
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Appendix A. PEHFP: Algorithm and Pseudo code for
H1

A.1 Notation

G(N, A) is a directed graph where N is the set of all nodes related to the problem, and A is the
set of arcs that connect the nodes.

Nodes and vehicles

- Let{t} c N be the shelter

- Let C © N be the set of all nodes representing the evacuee locations, called pick-up
locations. In particular: € = {1,2, ..., m}.

- LetK = {1,2,...,v} be the set of available vehicles

- Let S¥c N, k€ K be the originating location of vehicle k. In particular: S* =
{s1,s2,...,s"}

- LetE¥ c N, k € K be the ending location of vehicle k. In particular: E¥ = {e',e?,...,e"}
Arcs (travel times)

- Let[;; be the traveling time from node i to node j, i,j € N,i # j. In particular:

( l511 lslm
< P ) ieskjec
ls"l ls”m
I (R i €{t}jes
0 I lim
g 0 lom ) LjECi+#]
I ln2 0

Arcs (distances)

- Letp;; be the travel distance from node i to node j, i,j € N, i # j. In particular:
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( [Pst1 " Psim
oo P, ieskjec
Psv1 ' Ps'm
P (Pest - Dts?), i€{t},jesk
0 plz s plm
P 0 Pam ) LjECi+#]
\ Pmi1 Pm2 - 0

Other

- Let D; be the demand of each pick up location i € C

- Let Qy be the capacity of vehicle k € K

- LetICV = {Q, k € K} be the set of initial vehicles’ capacities

- Let List be the list of all the available vehicles k € K arranged in descending order with
respect to capacity.

- Let Time_List be the list of the traveling times of the vehicles. Note that initially all the
elements of Time_List are zero.

- Let Capacity_List be a list of vehicles with the same traveling time arranged in
descending order with respect to their capacity.

- LetVehicles_List be a set of vehicles k € K which have not returned to the shelter while
the entire demand has been met

- Let T4 be the time that the last evacuee is dropped off at shelter {t}

- Let Demand_List be a list with the demand of nodes arranged in descending order of
demand.

- Let Furthest_List be a list of nodes of equal demand, arranged in descending order with
respect to their distance from the starting location of current vehicle (or from the shelter).

- Let Nearest_List be a list with nodes of equal demand, arranged in ascending order with
respect to their distance from the starting location of current vehicle (or from the shelter).

- Let Total_Distance be the list with the traveling distances of each vehicle. Note that
initially all the elements in Total_Distance are equal to zero

- Let st = 2 minutes be the loading/unloading time of each vehicle

- Let Distance be the total traveling distance of all vehicles:

Distance = Y,ex Total_Distance(k)

- Let node be the last node that vehicle k € K visits during its last route

43



University of the Aegean Department of Financial Management and Engineering

A.2 H1 and the corresponding pseudocode

Heuristic algorithm 1 comprises the following steps:

Step 1. Sort the vehicles in descending order with respect to their initial capacity (List).
Step 2. Sort the demand of nodes in descending order (Demand_List).
Step 3. Set the first vehicle k in List as current vehicle (CV), delete it from List and route it
considering the following cases:
- Case 1: In case there are more than one nodes with the same highest demand in
Demand_List
- Subcase 1: If CV’s capacity is higher than the first element in Demand_List
- Route CV to the furthest of the nodes with the same highest demand. Set
this node as CN
- Subcase 2: If CV’s capacity is less or equal to the first element in
Demand_List
- Route CV to the nearest of the nodes with the same highest demand. Set
this node as CN
- Case 2: In case the first element in Demand_List is unique, route vehicle CV to the
first node in Demand_List and set this node as current node (CN).
Step 4. Record the travel time of CV (Time_List) and its travel distance (Total_Distance)
Step 5. Update the capacity of current vehicle (CV) and the demand of current node (CN) as
follows:
- Case 1: In case that CN’s demand is greater than CV’s capacity
- CV picks up Qy evacuees and returns to the shelter
- update the travel time of CV :
Time_List(CV) = Time_List(CV) + Leygy + 2 - st
- update the demand of CN: D¢y = Dey — Qcv,
- update the capacity of CV: Qcy=0
- update the traveling distance of CV:
Total_Distance(CV) = Total_Distance(CV) + Peyy

- Case 2: In case that CN’s demand is lower than CV’s capacity

CV picks up D,y evacuees

update the travel time of CV: Time_List(CV) = Time_List(CV) + st

update the capacity of CV: Qqy = Qcy — Den,

update the demand of CN: Dy = 0.
Step 6.

- Case 1: If List is not exhausted and demand is not met go to Step 2
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- Case 2 If demand is met

- route all vehicles (those which are not at the shelter) to the shelter

- update their traveling time and their travel distance

- set T,,q.= maximum element in Time_List

- set Distance = sum(Total_Distance)

- End

- Case 3: If List is exhausted and demand is not met, sort Time_List in ascending

order

- Subcase 1: In case there are more than one vehicles with the same minimum

traveling time in Time_List

- Select among the vehicles with the same minimum travel time, the

one that has the highest capacity and set it as current vehicle(CV)

- Subcase 2: In case the first element in Time_List is unique, set the

corresponding vehicle as CV.

- Subcase 2.1: In case that CV is at the shelter

restore its capacity

repeat Step 2

repeat Case 1 or Case 2 of Step 3 (depends on CV’s capacity)
repeat Steps 4-6.

- Subcase 2.2: In case that CV is not at the shelter

find its current node and route it to its nearest node (nn) with
nonzero demand

update its travel time and its travel distance:

Time_List(CV) = Time_List(CV) + Lengny

Total _Distance(CV) = Total_Distance(CV) + Peymny

Set the nearest node as CN andgo to Step 5.

The proposed heuristic algorithm 1 for PEHFP is implemented using Matlab R2010b
on a PC equipped with a 1.8 GHz Intel Core i5 and 4 GB of RAM. The pseudo code of the
algorithm is given in the following:

Step 1. Set T, qc = 0, Time_List = 0, Total_Distance = 0

Step 2. While Y.ecD. > 0

Step 3. While List is not empty

- Set the first vehicle k € K in List with capacity Q; as current vehicle (CV=k)

- Delete vehicle k from the List

- Sort nodes in descending order with respect to their demand (Demand_List)
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Step3.1  If Demand_List(1) # Demand_List(2) # ---..# Demand_List(z),z > 1

- Set node i with demand D; = Demand_List(1) as current node (CN)

Elseif Demand_List(1) = Demand_List(2) = --- = Demand_List(z),z > 1

AND Qy > Demand_List(1)

- Find nodes i = 1,2, ...,z with demand D; = Demand_List(1) and sort
them in descending order with respect to their distance from the starting
location of CV (Furthest_List)

- Set CN = Furthest_List (1)

Elseif Demand_List(1) = Demand_List(2) = --- = Demand_List(z),z > 1
AND Q. < Demand_List(1)

- Findnodesi = 1,2,...,z with demand D; = Demand_List(1) and sort
them in ascending order with respect to their distance from the starting
location of CV (Nearest_List).

- SetCN = Nearest_List (1)

End
- Route CV to CN
- SetTime_List(CV) = Time_List(CV) + Lgcv oy
- SetTotal_Distance(CV) = Total_Distance (CV) + Pgcv iy
Step3.2 IfDey < Qcy

- load vehicle CV with D¢y evacuees

- update the capacity of vehicle CV: Qcy < Qcy — Den

- update the demand of node CN: D¢y = 0

- Set Time_List(CV) = Time_List(CV) + st

Elseif Dey = Qcy

- load vehicle CV with Q. evacuees

- update the capacity of vehicle CV: Q¢cy =0

- update the demand of node CN: Doy < Dey — Qcv

- route vehicle CV to shelter {t} to drop off the evacuees

- SetTime_List(CV) = Time_List(CV) + Ley ¢y + 2 st

- SetTotal _Distance(CV) = Total_Distance (CV) + Pcy (n

- Vehicle CV becomes available and its capacity is restored from ICV

End
End
Step 4. Sort Time_List in ascending order
Step 5. If Time_List(1) = Time_List(2) = --- = Time_List(z),z > 1

Sort vehicles in descending order with respect to their capacity (Capacity_List).
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Step 5.1 While Capacity_List is not empty
- Set the first vehicle k € K in Capacity _List with capacity Q as CV
- Delete vehicle k from the Capacity_List
Step 5.2  If CV is at the shelter (node = {t})
- Sort the nodes in descending order with respect to their demand
(Demand_List)
Step 5.3 If Demand_List(1) # Demand_List(2) # +--..# Demand_List(z),z > 1
- Set the node i with demand D; = Demand_List(1) as current node CN
Elseif Demand_List(1) = Demand_List(2) = --- = Demand_List(z),z > 1
AND Q¢ > Demand_List(1)

- Find the nodes i = 1,2,...,zwith demand D; = Demand_List(1)
and sort them in descending order with respect to their distance from
the shelter (Furthest_List)

- SetCN = Furthest_List (1)

Elseif Demand_List(1) = Demand_List(2) = --- = Demand_List(z),z > 1

AND Q.y < Demand_List(1)

- Findthenodesi = 1,2,...,z withdemand D; = Demand_List(1)
and sort them in ascending order with respect to their distance from
the shelter (Nearest_List).

- SetCN = Nearest_List (1)

End
- Route CV to CN
- SetTime_List(CV) = Time_List(CV) + Liyen
- SetTotal _Distance(CV) = Total_Distance (CV) + Pycn
Elseif CV is not at the shelter (node # {t})
- Route vehicle CV from its CN to node [ with min{L¢y;,l € C\{CN}} and
demand D; # 0.
- SetTime_List(CV) = Time_List(CV) + Lcn
- SetTotal_Distance(CV) = Total_Distance (CV) + Py,
- SetCN =1
End
Step 5.4 If Dey < Qey
- load vehicle CV with Dy evacuees
- update the capacity of vehicle CV: Qcy < Qcy — Den
- update the demand of node CN: D¢y = 0
- SetTime_List(CV) = Time_List(CV) + st
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Elseif Dey = Qcy
- load vehicle CV with Q. evacuees
- update the capacity of vehicle CV:Qcy =0
- update the demand of node CN: Dey < Dey — Qcy
- route vehicle CV to the shelter {t} to drop off the evacuees onboard
- SetTime_List(CV) = Time_List(CV) +L¢yry + 2+ st
- SetTotal Distance(CV) = Total _Distance (CV) + Py
- Vehicle CV becomes available and its capacity is restored from ICV
End
End
Else
- Set the first vehicle (k, with capacity Q,) in the Time_List as CV
Repeat Step 5.2-Step 5.4
End
End
Step 6. Find the vehicles which are not at the shelter
Step 6.1 While Vehicles_List is not empty
- Set the first vehicle k € K in Vehicles_List as CV
- Delete vehicle k from the Vehicles_List
- Route vehicle CV from its current node to the shelter
- SetTime_List(CV) = Time_List(CV) + Loy + st
- SetTotal Distance(CV) = Total Distance (CV) + Py
End
Step 7. Find maxelement{Time_List}
Topae = maxelement{Time_List}
- Distance = Y,,ex Total_Distance(k)

Step 8. Stop
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Appendix.B PEHFP: Algorithm and Pseudocode for
Heuristic Algorithm 2

B.1 Notation

The notation for the second heuristic algorithm is exactly the same as of the previous
algorithm apart from the Arrival_List, which is a list with vehicle arrival times at the shelter.
Note that initially all the elements of Arrival_List are zero. Moreover, note that the last node
that vehicle k € K visits during its last route, previously denoted as node, is not used in the

second algorithm.
B.2 Heuristic algorithm 2 and the corresponding pseudocode

Heuristic algorithm 2 comprises the following steps:

Step 1. Sort the vehicles in descending order with respect to their initial capacity (List).
Step 2.
- Case 1: If List is not empty and demand is not met
- Set the first vehicle k in List as current vehicle (CV) and delete it from List
- Case 2: If List is empty and demand is not satisfied
- Sort Time_List in ascending order
- Subcase 2.1: In case there are more than one vehicles with the same
minimum traveling time in Time_List
- Select among the vehicles with the same minimum travel time the one
that has the highest capacity and set it as current vehicle(CV)
- Subcase 2.2: In case that the first element in Time_List is unique, set the
corresponding vehicle as CV.
Step 3. Sort the demand of nodes in descending order (Demand_List).
- Case 1: In case there are more than one nodes with the same highest demand in
Demand_List:
- Subcase 1.1: If CV’s capacity is higher than the first element in
Demand_List
- Route CV to the furthest of the nodes with the same highest demand
and set this node as CN
- Subcase 1.2: If CV’s capacity is less or equal to the first element in

Demand_List
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- Route CV to the nearest of the nodes with the same highest demand
and set this node as CN
- Case 2: In case the first element in Demand_List is unique, route vehicle CV to the
corresponding node (with the highest demand) and set this node as current node (CN)
Step 4. Record CV’s traveling time (Time_List) and its travel distance (Total_Distance)
Step 5. Update the capacity of CV and the demand of CN as follows:
- Case 1: In case CN’s demand is higher than CV’s capacity
- CV picks up Q. evacuees and returns to the shelter
- update the demand of CN: Doy = Dcy — Qcy
- update the capacity of CV: Q.y =0
- CV returns to the shelter
- update the travel distance of CV:
Total Distance(CV) = Total _Distance(CV) + Peygy
- update the travel time of CV :
Time_List(CV) = Time_List(CV) + Loy + 2 - st
- Case 2: In case CN’s demand is lower than CV’s capacity
- CV picks up D¢y evacuees
- update the capacity of CV: Qcy = Qcy — Den
- update the demand of CN: Dy = 0
- update the traveling time of CV:
Time_List(CV) = Time_List(CV) + st.
- the last visited node is CN
Step 6.
- Case 1: If demand is not met
- Subcase 1.1: If the remaining capacity of CV is higher than zero:
- route CV from its CN to the nearest node (nn) with nonzero demand
- update travel distance of CV:
Total_Distance(CV) = Total_Distance(CV) + Peyny
- update traveling time of CV:
Time_List(CV) = Time_List(CV) + Lengny
- Repeat Steps 5-6
- Subcase 1.2: If the remaining capacity of CV is equal to zero
- Repeat Steps 2-6
- Case 2: If demand is met
- route all the vehicles to the shelter

- update their traveling time and their travel distance
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- set T,,qc= maximum element in Time_List
- set Distance = sum(Total_Distance)

- End

The proposed heuristic algorithm 1 for PEHFP is implemented using Matlab R2010b
on a PC equipped with a 1.8 GHz Intel Core i5 and 4 GB of RAM. The pseudo code of the

algorithm is given in the following:

Step 1. Set T, qc = 0, Time_List = 0, Arrival_List = 0,Total_Distance = 0
Step 2. While }.ec D> 0

Step 3.

Step 3.1  If List is not empty

- Setthe first vehicle k € K in List with capacity Q, as current vehicle (CV = k)

- Delete vehicle k from the List

- Sort the demand of nodes in descending order (Demand_List)

Step 3.1.1 If Demand_List(1) # Demand_List(2) # --- # Demand_List(z),z > 1

Set node i with demand D; = Demand_List(1) as current node (CN)

Elseif Demand_List(1) = Demand_List(2) = - = Demand_List(z),z > 1
AND Q. y > Demand_List(1)

- Findnodesi = 1,2,...,z with demand D; = Demand_List(1) and sort
them in descending order with respect to their distance from the starting
location of CV (Futhest_List)

- SetCN = Furthest_List (1)

Elseif Demand_List(1) = Demand_List(2) = - = Demand_List(z),z > 1
AND Q. y < Demand_List(1)

- Findnodesi = 1,2,...,z with demand D; = Demand_List(1) and sort
them in ascending order with respect to their distance from the
startinglocation of CV(Nearest_List).

- SetCN = Nearest_List (1)

- Route CVto CN

- Set Time_List(CV) = Time_List(CV) + Lgcvey

- Set Total_Distance(CV) = Total_Distance(CV) + Pgcv iy
Step 3.2 Elseif List is empty

Sort the Arrival_List in ascending order

Step 3.2.1 If Arrival_List(1) = Arrival_List(2) = --- = Arrival_List(z),z > 1
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- Set vehicle k with capacity Q, = max{Qarrivai_vist(j),J = 1.2, -, 2} as
current vehicle (CV = k)
- CV becomes available and its capacity is restored from ICV

- Delete vehicle k from the Arrival_List

Else
- Set the first vehicle k with capacity Q) in Arrival_List as current
vehicle (CV = k)
- Vehicle CV becomes available and its capacity is restored from ICV
- Delete vehicle k from the Arrival_List
End

- Sort nodes in descending order with respect to their demand
(Demand_List)
Step 3.3 If Demand_List(1) # 1Demand_List(2) # --- # Demand_List(z),z > 1
- Set node i with demand D; = Demand_List(1) as current node (CN)
Elseif Demand_List(1) = Demand_List(2) = - = Demand_List(z),z > 1

AND Qcy > d(Demand_LiSt(l))

Find nodesi = 1,2,...,z with demand D; = Demand_List(1) and sort

them in descending order with respect to their distance from the shelter
- (Furthest_List)
- SetCN = Furthest_List (1)
Elseif Demand_List(1) = Demand_List(2) = --- = Demand_List(z),z > 1
AND Qcv < d(pemand_List(1))
- Findnodesi = 1,2, ...,z withdemand D; = Demand_List(1)and sort
- them in ascending order with respect to their distance from the shelter
- (Nearest_List).
- SetCN = Nearest_List (1)
End
- Route vehicle CV to CN
- SetTime_List(CV) = Time_List(CV) + Linen
- SetTotal Distance(CV) = Total Distance(CV) + Pyyen
End
Step 4.
Step4.1l If Doy < Qe
- load vehicle CV with D, evacuees
- update the capacity of vehicle CV: Qqy < Qcy — Den
- update the demand of node CN: Doy = 0
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- SetTime_List(CV) = Time_List(CV) + st
Elseif D¢y = Qcy
- load vehicle CV with Q. evacuees
- update the demand of node CN: Doy < Dey — Qcv
- route vehicle CV to the shelter t to drop off the evacuees
Set Arrival_List(CV) = Time_List(CV) + Leygey + 2+ st
- SetTime_List(CV) = Arrival_List(CV)
End
Step4.2 While Qcy >0
- Route vehicle CV from CN to node | with min{L¢y;, ! € C\{CN}} and
demand D; # 0
- SetTime_List(CV) = Time_List(CV) + Ly
- SetTotal_Distance(CV) = Total_Distance(CV) + Pcn;
- SetCN =1
Repeat Steps 4.1-4.2
End
End
Step 5. Find max element {Time_List}
Topac = maxelement{Time_List}
- Distance = Yy ex Total_Distance(k)

Step 6. Stop
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Appendix C. PEHFP: Pseudo code of Heuristic for enabled and disabled population

evacuation

Notation

Since most of the notation has been already defined in Section 2.3.2, we present only the additional notation.

Nodes and vehicles

We consider three categories of evacuees (enabled, partially disabled and totally disabled evacuees). Let P = {1,2,3} be the set of evacuees category
and letp € P. Let p = 1 denote enabled evacuees, p = 2 denote partially disabled evacuees and p = 3 denote totally disabled evacuees.

Let Df be the demand of evacuee type p € P at pick up pointi € C

Let Q,f be the capacity of vehicle k € K for evacuee type p € P

Let ICV = {ng, k € K,p € P} be an array of initial vehicle capacity (ng is the initial capacity of vehicle k € K for evacuees type of p € P) . ICV is
an 3 x |K| array, the rows of which correspond to evacuee type and the columns to vehicles. Note that a vehicle that can transport partially disabled
evacuees (p = 2) can also transport enabled evacuees (p = 1), while a vehicle that can transfer enabled evacuees (p = 1) cannot necessarily transfer
partially disabled evacuees (p = 2) or totally disabled evacuees (p = 3). In addition, a vehicle k € K that can transfer totally disabled evacuees
(p = 3) may transfer partially disabled evacuees (p = 2). Finally, we assume that an ambulance can transfer only one totally disabled evacuee
(p = 3) per ride.

Consider the following indicators:

1,if Q2, >0AND Q3, >0

Tk = e 2 3 k€K
0,if Q¢ = 0AND Q3 >0
1,if Q¢ >0

fk={ ,fQOZ'k ,kEK
O;I'fQO,kzo

Let Dis_veh = Y ek Xk + Dkek StTx , be the number of vehicles that can transport partially disabled evacuees.
Let Initial_Dis_Dem = Y..cc DZ, be the total initial demand for partially disabled evacuees at all the pick-up locations.
Let r;, be an indicator with

- ={1, if vehiclek € K ,is at s*
k 0, otherwise

Let a = 3 be a coefficient of capacity conversion.

1, ifQy .k € K, has been converted to Qg

Let w; be an indicator with Wy = { ,
0, otherwise

Let Demand_ListP be the list with demand of nodes Dip arranged in descending order,p € P

Let st? be the service time of evacuees. In particular:

2, p=1

P —
st {6, pe(2,3}

Let ¥; ¢ Dis_evac? be the number of partially disabled evacuees that vehicle k € K collected at its last route
Let ¥; ¢ Dis_evac; be the number of totally disabled evacuees that vehicle k € K collected at its last route
Let n;, be an indicator with

n _{1, if vehicle k € K executes its first route

k710, otherwise

Let Dis_evac; be the number of partially disabled evacuees that vehicle k € K collects fromnode i € C
Let Nodes_Array be an array with all nodes i € C for which D} > 0and at the time when ¥... D? = 0, a vehicle k € K with QZ > 0is about to
collect evacuees from node i
Let Vehicles_Array be an array with all vehicles k € K of type x,, = 1 with remaining capacity QZ > 0 which is converted to Q} and they serve

node i € C with D}¢, > 0

Let Convertion_Array be an array of vehicles k € K with w;,, =0

The proposed heuristic algorithm for this version of PEHFP is implemented using Matlab R2010b on a PC equipped with a 1.8 GHz Intel Core i5 and
4 GB of RAM. The pseudo code of the algorithm is given in the following:
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Pseudocode

Step 1. Set Tppge = 0, Time_List = 0, Total_Distance = 0, List = @

Step 2.
Step 2.1
Step 2.1.1
Step 2.1.2

Step 3.

Step 3.1
Step 3.2

Step 3.2.1
Step 3.2.2
Step 3.2.3

YrekStrk > 0 AND Y. .cc D3 >0
- Sort, first, all vehicles k € K with str;, = 1 in ascending order with respect to their initial capacity for partially disabled
- Sort vehicles with str;, = 0 in ascending order with respect to their initial capacity for enabled
Ykex Stre = 0 AND Y cec DE >0
- Sort vehicles with str;, = 0 in ascending order with respect to their initial capacity for enabled

- Insert the sorted vehicles into List

While ¥cec D2 > 0
If List is not empty
- Set the first vehicle k € K in List with capacity Q,’f as current vehicle (CV = k)
- Remove vehicle k from the List
Else
- Execute Step 5
End
If rfy, = 1 OR node = {t}
- Sort the demand of nodes for totally disabled in ascending order(Demand_List®)
Demand_List3(1) # Demand_List3(2) # -+ # Demand_List3(2),z > 1
- Set as current node (CN) the node i with demand D; = Demand_List3(1)
Demand_List3(1) = Demand_List3(2) = --- = Demand_List3(z),z > 1
If ¥?_, D? > 0 AND Q2, > 0
- Sort the demand of nodes for enabled in ascending order (Demand_List?)
If Demand_List?(1) # Demand_List?(2) # -+ # Demand_List?(z),z > 1
- Set as current node (CN) the node i with demand D; = Demand_List?(1)
Elseif Demand_List?(1) = Demand_List?(2) = --- = Demand_List?(z),z > 1
- Find the nodes i = 1,2,., z with demand D? = Demand_List?(1) and sort them
in ascending order with respect to their distance from the starting location of CV (or
from the shelter if CV is at the shelter) (Nearest_List)
- Set CN = Nearest_List(1)
End
Else
- Find the nodes i = 1,2,.,z with demand D} = Demand_List3(1) and sort them in
ascending order with respect to their distance from the starting location of CV (or from the
shelter if CV is at the shelter) (Nearest_List)
-Set CN = Nearest_List(1)
End

If ngy =1
Set Time_List(CV) = Time_List(CV) + Lgcv -y
Set Total_Distance(CV) = Total_Distance(CV) + Pscvy
Else
Set Time_List(CV) = Time_List(CV) + Lgen
Set Total_Distance(CV) = Total_Distance(CV) + Pyen
End
Elseif node # {t}
- Route vehicle CV to node [ with min{L,,,4.;, € C\{CN}} and demand D? # 0.
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- Set Time_List(CV) = Time_List(CV) + Lypge1
- Set Total_Distance(CV) = Total_Distance(CV) + Ppoger
-SetCN =1

End

Step 4.

Step 4.1 If Q%, > 0 AND Q}, > 0 AND Q3, > 0 AND Y .cc DZ>0
- Load CV with Q}, + Q32, evacuees
- Update the demand of CN for enabled: D}y « D&y — Q&y
- Update the demand of CN for totally disabled: D3y « D2y — Q2
- Set Time_List(CV) = Time_List(CV) + Q2 * st3
Step 4.1.1 If DZy = Q&
- Load CV with Q2, evacuees
- Update the demand of CN for partially disabled: DZy < D&y — Q&,
- route vehicle CV to the shelter ¢t to drop off the evacuees
- Set Time_List(CV) = Time_List(CV) + Q2y * st® 4+ (Q&y * 2 * st?) + Lengy
- Set Total_Distance(CV) = Total Distance(CV) + Peyyg
Elseif D&y < Q&,
- Load CV with D2, evacuees
- Update the capacity of CV for partially disabled: Q2y « Q2%, — D2y
- Set Time_List(CV) = Time_List(CV) + D&y * st?
- Update the demand of CN for partially disabled: D2y = 0
End
Elseif Q%, > 0 AND Q%, = 0 AND Q2, = 0 AND Y .cc DZ >0
- Goto Step 4.1.1.
Elseif (Q%, = 0 AND QZ, > 0 AND Q2, > 0) OR (Q3, > 0 AND Q}, > 0 AND Q2, > 0 AND Y .cc DZ = 0)
- Load CV with Q%, + Q2, evacuees
- Update the demand of CN for enabled: D}y « D}y — Q&v
- Update the demand of CN for totally disabled: D2y < D2y — Q2,
- route vehicle CV to the shelter ¢t to drop off the evacuees
- Set Time_List(CV) = Time_List(CV) + (Q3y * st* - 2) + Lengy
- Set Total_Distance(CV) = Total Distance(CV) + Peygg
End
Step 4.2 If Yeec D =0 AND Ypek Str, > 0
- Route all vehicles k € K with str, = 1 AND Time_List(k) # 0 AND node # {t} to the shelter
- Set Time_List(k) = Time_List(k) + (X; ec Dis_evac; - st3) + (X; ec Dis_evac? * st?) + Lnoge (1)
- Set Total_Distance(k) = Total_Distance(k) + Ppoge(s;
End

Step 5.
If List is empty
- Insert to a new array the travel times of vehicles that can transfer totally disabled evacuees (Time _List_Array)
- Sort Time _List_Array in ascending order
If Time _List_Array(1) = Time _List_Array(2) = ...= Time _List_Array(z),z > 1
If 271 QFime List arrayq) > 0 AND Ycec DZ > 0
- Set as current vehicle CV, the vehicle k with capacity Qi = max{QFme List(jyrJ = 1,2, ..., 2},
Else
- Set as current vehicle CV, the vehicle k with capacity Qi = max{Qime rise(jyrJ = 1,2, ) 2}
End
Elseif Time _List_Array(1) # Time _List_Array(2) # ...# Time _List_Array(z),z > 1
- Set the first vehicle (k, with capacity Q}) as current vehicle CV
End
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-Goto Step 3.2.1
Else
- Go to Step 3.2
End
End

Step 6.

Step 6.1 Dis_veh # 0 AND Y .cc D2 > 0
Step 6.1.1 - Sort, first, vehicles k € K with Time_List(k) = 0 AND x;, = 1 in ascending order with respect to their capacity for partially
disabled. In case that any of the vehicles for partially disabled have the same capacity for disabled, sort them in ascending order

with respect to their initial capacity for enabled.

Step 6.1.2 - Sort the vehicles for enabled in descending order with respect to their initial capacity.

Step 6.1.3 - Insert the sorted vehicles to List

Step 6.2 Dis_veh # 0 AND Y .cc D2 =0

Step 6.2.1 - Convert the initial capacity of vehicles with x;, = 1 into capacity for enabled: ICV! « ICV}} + (ICV? * a)
Step 6.2.2 -SetICVZ =0

Step 6.2.3 - Sort all vehicles in descending order with respect to their initial capacity.

Step 6.2.4 - Insert the sorted vehicles to List

Step 6.3 Dis_ veh =0

- Sort all the vehicles in descending order with respect to their initial capacity.
- Insert the sorted vehicles to List

Step 7. While ¥2_1 Ycec DY >0

Step 8. If List is not empty

Step 9. If Dis_veh # 0 AND Y..cc D > 0

IfYeec D2 =0AND Y ecc DE>0AND Yyexré =0
- Set the first vehicle k € K in List with capacity Q} as current vehicle (CV = k)
- Delete vehicle k from the List
Elseif Yeec D2 =0AND Y.cc DL > 0AND Ypex1# > 0
- Find the vehicles k € K with r#Z =1
- Repeat Steps 6.2.1-6.2.4
- Set the first vehicle k € K in List with capacity Q,’j as current vehicle (CV = k)
- Delete vehicle k from the List
End
Elseif Dis_veh = 0 OR (Dis_veh # 0 AND Y..cc D? = 0)
- Set the first vehicle k € K in List with capacity Q} as current vehicle (CV = k)
- Delete vehicle k from the List
Elseif (Xcec D2 = 0 AND Y cec D2 = 0) OR (Beec D2 > 0 AND Yocc D = 0 AND Yyer 12 = 0)
-Set List = @
End
Elseif List is empty
- Go to Step 13
End

Step 10.

rg’V =1 OR node = {t}
If Dis_veh # 0 AND x,, = 1 AND ¥ .cc D? > 0

- Sort nodes’ demand for disabled in descending order(Demand_List?)
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Step 11.

If Demand_List?(1) # Demand_List?(2) # -+ # Demand_List?(z),z > 1
- Set node i with demand D; = Demand_List?(1) as current node (CN)
Elseif Demand_List?(1) = Demand_List?(2) = --- = Demand_List?*(z),z > 1
If Yeec DL >0
- Sort the demand of nodes for enabled in descending order (Demand_List?!)

- Set node i with demand D; = Demand_List*(1) as current node (CN)

Else
- Find the nodes i = 1,2,.,z with demand D? = Demand_List?(1) and sort them in
ascending order with respect to their distance from the starting location of CV (or from the
shelter if CV is at the shelter) (Nearest_List)
-Set CN = Nearest_List(1)

End

End
Elseif (Dis_veh # 0 AND x., =0 ) OR Dis_veh = 0 OR (Dis_veh # 0 AND Y. D? = 0)
- Sort the demand of nodes for enabled in descending order(Demand_List?))
If Demand_List'(1) # Demand_List'(2) # --- # Demand_List'(z),z > 1
- Set node i with demand D; = Demand_List*(1) as current node (CN)
Elseif Demand_List'(1) = Demand_List1(2) = --- = Demand_List'(z),z > 1
If Q1> Demand_List*(1)
- Find the nodes i = 1,2,.,z with demand Dl-1 = Demand_List'(1) and sort them in
ascending order with respect to their distance from the starting location of CV (or from the
shelter if CV is at the shelter)(Furthest_List)
- Set CN = Furthest_List (1)
Elseif Q},< Demand_List*(1)
- Find the nodes i = 1,2,.,z with demand D} = Demand_List*(1) and sort them in
ascending order with respect to their distance from the starting location of CV (or from the
shelter if CV is at the shelter) (Nearest_List)
-Set CN = Nearest_List(1)

End

End
End
If ngy =1

- Set Time_List(CV) = Time_List(CV) + Lgcvy

- Set Total_Distance(CV) = Total_Distance(CV) + Pgscv oy
Else

- Set Time_List(CV) = Time_List(CV) + Lgyen

- Set Total _Distance(CV) = Total_Distance(CV) + Pyyen
End

node # {t}

Set CN = node

If X = 1AND Yo D2 > 0 AND Q2Z, >0
- Route vehicle CV to node [ with min{Lcy;, I € C\{CN}} and demand D? # 0.
- Set Time_List(CV) = Time_List(CV) + L¢y
- Set Total_Distance(CV) = Total_Distance(CV) + Py
-SetCN =1
Elseif xg = 0 OR (X = 1 AND( Y cec D2 = 0 OR Q2 = 0))
- Route vehicle CV to node [ with min{L¢y;, L € C\{CN}} and demand D} = 0.
- Set Time_List(CV) = Time_List(CV) + Ly
- Set Total_Distance(CV) = Total_Distance(CV) + Py
-SetCN =1
End
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Step 11.1

If Dis_veh = 0 AND Q%, >0AND Y2_; ¥ cc DY >0

Step11.1.1 1 DZy = Q% AND D¢y > Q%,

Step 11.1.2

- load vehicle CV with Q}, + QZ, evacuees
- update the demand of CN for enabled : D}y « D¢y — Qv
- update the demand of CN for disabled :DZy < D2y — Q3,
- route vehicle CV to the shelter ¢t to drop off the evacuees
- Set Total _Distance(CV) = Total _Distance(CV) + Peyyg
- Set
Time_List(CV) = Time_List(CV) + Ley 1y + Q&y * 25t% + X ec Disevac, - St° + (Zi ec DiSevac: — Qév) - st?
Elseif Dy < Q2, AND D}y < Q},
- load vehicle CV with ¥pe(1,2; Doy
- update the capacity of vehicle CV:Qf, < Q¢ — Yper1,2 Doy
- Set Time_List(CV) = Time_List(CV) + D2y * st?
- update the demand of node CN: Y.pe(1 23 Df:’N =0
Elseif D&y = Q%, AND D}y < Q%
- load vehicle CV with Q2, evacuees and with D¢, evacuees
- update the capacity of vehicle CVfor enabled:Q}, < Q2, — Dy
- update the demand of CN for enabled: D}y = 0
- update the demand of CN for disabled:DZy < D2y — Q%
- Set Time_List(CV) = Time_List(CV) + QZ, * st?
- update the capacity of vehicle CVfor disabled:Q%, = 0
Elseif D&y < Q%, AND D}y = Q%
- load vehicle CV with D2, evacuees and with QZ,, evacuees
- update the demand of CN for enabled:D}y < D}y — Qy
- update the capacity of CV for enabled: Q}, = 0
- update the capacity of CV for disabled: Q2, < QZ, — D&y
- Set Time_List(CV) = Time_List(CV) + D2y * st?
- update the demand of CN for partially disabled: D2y = 0
End
dcec Dc2 =0
- Find all the vehicles k =1,2,...,u with x, =1 and wj = 0 and convert their capacity for partially
disabled to capacity for enabled (Convertion_Array).
Convertion_Array is not empty
- Set CV= Convertion_Array(1)
- Set Convertion_Array(1) = @
- Find the last node(node) that CV visited during its last route
If node # {t}
- Update CV's initial capacity for disabled: ICV3, = ICVE, — Q3,
- Update CV'’s initial capacity for enabled: ICV}, = ICVE, + (Q3, * a)
- Convert CV's capacity for disabled to capacity for enabled and update CV's capacity for
enabled: Q¢y = Q¢y + (Qéy * @)
-Set Q%, =0
Djioge > 0
- Insert node to Nodes_Array

- Insert CV to Vehicles_Array

Elseif node = {t}
- Update CV's initial capacity for enabled: ICV3, = ICV3, + (Q3, * @)
-SetICVZ, =0
- Set QF, = ICV}, p € {1,2}

End
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Step 11.1.3 While Nodes_Array is not empty
-Set CN = Nodes_Array (1)
- Delete CN from Nodes_Array
- Set CV = Vehicles_Array(1)
- Delete CV from Vehicles_Array
Step 11.1.4 If D¢y = Q&
- load CV with Q% evacuees
- update the demand of CN: D}y = D&y — Qdv
- route vehicle CV to the shelter ¢t to drop off the evacuees
- Set Total_Distance(CV) = Total _Distance(CV) + Pcygy
If YiecDis_evac; =0
- Set Time_List(CV) = Time_List(CV) + st + Lengy
Else
- Set Time_List(CV) = Time_List(CV) + (¥; ec DiSevac. * St%) + Lengy
End
Elseif D&y < Qdv
- load CV with D}, evacuees
- update the capacity of CV: Q%, < Q%, — D¢y
-SetD}y =0
If Dis_evacqy =0
- Set Time_List(CV) = Time_List(CV) + st!
Else
- Set Time_List(CV) = Time_List(CV)
End
End
End
Step 11.2 Elseif x., = 0 OR (xcy, = 1 AND Q2, = 0)
Go back to Step 10.1.4
Step 11.3 Elseif (strey =1 OR xzp = 1) AND Yoee D2 > 0 AND Xoee D2 = 0
Step 11.3.1 Déy = Q&
- Load CV with Q% evacuees
- update the demand of CN: D2y = D2y — Q&
- route vehicle CV to the shelter ¢t to drop off the evacuees
- Set Time_List(CV) = Time_List(CV) + (QZy * st * 2) + Lewgey + Xiec DiSevac, * St
Déy < Qéy
- load CV with D%, evacuees
- update the capacity of CV: QZ, « Q2, — D&y
- Set Time_List(CV) = Time_List(CV) + (D&y * st?)
-Set D&y =0
End
Step 12.

IfZCEC DCZ > 0 AND ZCEC Dg = 0

- Route all the vehicles k € K for enabled to the shelter

- Set Time_List(k) = Time_List(k) + st + Lyoqe (1)

- Route all the vehicles k € K for disabled with capacity QZ, = 0 to the shelter

If ¥ ec Dis_evac? > 0

Else

End
End

- Set Time_List(k) = Time_List(k) + (X; ec DiSevac; * St2) + (Ziec Disevacs * St>) + Lnoge (1)

- Set Time_List(k) = Time_List(k) + (X; ec DiSevac. * St2) + Lnoae 1)
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- Set Total _Distance(k) = Total_Distance(k) + Proge (1}

Step 13.
If List=0
If Yeec Dc2 =0
Repeat Steps 11.1.2-11.1.4
- Sort the Time_List in ascending order
- Insert to a new array the travel times of vehicles with x;, = 1 (Time _List_Array)
- Sort Time _List_Array in ascending order
If Time _List_Array(1) = Time _List_Array(2) = ...= Time _List_Array(z),z > 1
- Set as current vehicle CV, the vehicle k with capacity Qi = max{Q7ime List array(jyJ = 102 ) 2}
Else
- Set the first vehicle (k, with capacity Q}) as current vehicle CV
End
Elseif Y.ec DL =0
- Insert to a new array the travel times of vehicles with wc, = 1 (Time _List_Array)
- Sort Time _List_Array in ascending order
If Time _List_Array (1) = Time _List_Array (2) = ...= Time _List_Array (z),z > 1
- Set as current vehicle CV, the vehicle k with capacity:
- Qt = max{QFime List array gyJ =12,..,z}
Else
- Set the first vehicle (k, with capacity Q%) as current vehicle CV
End
Elseif Ycec D2 > 0AND Y. D1 >0
- Sort the Time_List in ascending order
If Time _List(1) = Time _List(2) = ...= Time _List(z),z > 1
If Z§=1wcj >0
- Set as current vehicle CV, the vehicle k with capacity:
- Qk = max{QFime rise¢jyf = 1,2, -, 2}
Else
- Set as current vehicle CV, the vehicle k with capacity:
- Qk = max{QFime List(jy) = 1.2, 2}.
End
Else
- Set the first vehicle (k, with capacity Qﬁ) as current vehicle CV
End
End
- Gotostep 10
Elseif List + @
-Gotostep 8
End
End
Step 14.
- Find all the vehicles k € K of which node # {t} and route them to the shelter
If XiecDisevac; = 0 AND Eiec Disevac; = 0
- Set Time_List(k) = Time_List(k) + Lpoge (¢} + St*
Else
- Set Time_List(k) = Time_List(k) + Lnoae (1} + (Xi ec DiSevac, * St2) + (Ziec DiSevac; * St*)
End
- Set Total_Distance(k) = Total_Distance(k) + Ppoge (1}
Step 15.

- Find maxelement{Evac_time}
- Set Tppaqe = maxelement{Evac_time}

- Set Distance = Y,,ex Total_Distance(k)
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Appendix D: Input data for the case study

The following tables present the necessary data in terms of a) the number of evacuees per village, b) the transportation network that links the villages with the
shelter, the transportation network between villages, the transportation network that links each vehicle’s starting point with the villages, c) the public and

private fleet of vehicles available for the evacuation, for the PEHFP.

D.1 Evacuees

Table D1, presents the population of each village that need to be evacuated. The evacuees are categorized as follows: a) enabled evacuees that will be
transported via buses, 4x4 vehicles, and vans, b) disabled evacuees with total disability that will be transported via ambulances and emergency mobile units

and, c) disabled evacuees with partial disability that will be transported via vans or ambulances (if needed).

Table D1. List of evacuees per village

. . Disabled Evacuees Disabled Evacuees
Village Village 1D Enabled Evacuees (with total disability) (with partial disability)
Tramacastiel 100 37 1 6
Rubiales 200 26 1 4
El Campillo 300 33 1 6
Teruel (Shelter) 1000
Villel (Shelter) 2000

D.2 Road Network
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Table D2, presents the road network that connects the villages with the shelter, the villages themselves and each vehicle’s starting point with each village. In

case study of Teruel the starting point of each vehicle is the same with the shelter (each vehicle starts its trip from city of Teruel and returns to it to drop off

the evacuees). The routes presented in Table A2 are the best, based on the available road network of the area. Figure D1, depicts the best routes using Google

maps.
Table D2. Transport Network (best routes) between villages and shelter
Distances (in Km) & travel times of best Routes (in min)
To Shelter (Teruel) Tramacastiel Rubiales El Campillo Villel

From Min km min km min km min km min km

Shelter (Teruel) 38 32.8 27 21.4 16 15.1 -
Tramacastiel 38 32.8 - 62 52.8 51 46.3 23 17.8

Rubiales 27 21.4 62 52.8 - 15 6.9 -

El Campillo 16 151 51 46.3 15 6.9 - -

Villel 23 17.8 - - -

Figure D1. Road network between evacuation problems nodes
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D.3 Public Vehicles

Table D3, presents the fleet of public vehicles that will be that will be available during the evacuation process. As it can be obtained, there are various types

of vehicles available (e.g. cars, vans, etc.) that can be used only for enabled citizens. Furthermore, the table presents the number of each type of vehicle that is

available and its capacity (seats). Last but not least, the starting point (depot) of each vehicle is given.

Table D3. List of public vehicles available

Type Of . . .
: Number of Each . Capacity Per Adapted for Starting Point
Vehicle Type Of Vehicle Vehicle 1D Vehicle(seats) Disabled People . Company Name
Address Number City
Agrupacion de Voluntarios

de Proteccion Civil

Car 4x4 1 5 4 No Temprado 4 Teruel Comarca Comunidad de

Teruel
Van 1 6 7 No Calle Temprado 3 Teruel Comarca Comunidad de
Teruel

Van 1 7 8 No Poligono La })az, s/n Teruel Diputaciéon de ]_“eru_el -
Calle Berlin Parque Maquinaria

van 1 8 8 No Poligono La Paz, sin Teruel Diputacion de Teru_el -
Calle Berlin Parque Maquinaria

van 1 9 8 No Poligono La Paz, sin Teruel Diputacion de Teru_el -
Calle Berlin Parque Maquinaria

Patrol Car 1 10 4 No Plaza la Catedral 1 Teruel Ayuntamiento de Teruel

Patrol Car 1 11 4 No Plaza la Catedral 1 Teruel Ayuntamiento de Teruel

Patrol Car 1 12 4 No Plaza la Catedral 1 Teruel Ayuntamiento de Teruel

Patrol Car 4x4 1 13 4 No Plaza la Catedral 1 Teruel Ayuntamiento de Teruel

Patrol Car 4x4 1 14 4 No Plaza la Catedral 1 Teruel Ayuntamiento de Teruel
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D.4 Private Vehicles

Table D4, presents the fleet of private vehicles that will be available during the evacuation process. Note that there are various type of vehicles available (e.g.
common ambulance, emergency mobile unit, bus, etc.) that can be used for both enabled and partially disabled citizens, vehicles that can be used for enabled
citizens and ambulances that can be used for both totally and partially disabled citizens. Furthermore, the table presents the number of each type of vehicle
that is available, the capacity per vehicle as well as whether a vehicle is adapted for disabled people and its capacity for this category of people. Finally, the

starting point (depot) of each vehicle is given.

Table D4. List of private vehicles available

Number of Capacity of Each Vehicle Starting Point
. Each Vehicle’s .
Type Of Vehicle Type Of D Enabled Pgrtlally Totally Address Number City Company Name
- Disabled Disabled
Vehicle
Common 1 15 2 0 1 Poligono Los Hostales Nave 1 Teruel  Transportes Sanitarios de Teruel S.L.
Ambulance
Ccommon 18 16-33 2 0 1 Poligono La Paz, Irin, - Teruel Ambuiberica S.L.
Ambulance Parcela 166
Common , I
3 34-36 2 0 1 Poligono Los Hostales Nave 1 Teruel  Transportes Sanitarios de Teruel S.L.
Ambulance
ng'pcplage 1 37 1 0 1 Poligono Los Hostales Nave 1 Teruel  Transportes Sanitarios de Teruel S.L.
Ambulance 2 38-39 1 0 1 San Miguel 3 Teruel Cruz Roja Espaiiola
Emergency Poligono La Paz, Irun, ) -
Mobile Unit 1 40 1 0 1 Parcela 166 Teruel Ambuiberica S.L.
Emergency ) Poligono La Paz, Irtn, ) -
Mobile Unit 2 41-42 1 0 1 Parcela 166 Teruel Ambuiberica S.L.
Colective 8 43-50 1 2 1 Poligono La Paz, 13B Teruel Nuevos Transportes Sanitarios de
Ambulance Estocolmo Aragén
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Number of Capacity of Each Vehicle Starting Point
. Each Vehicle’s :
Type Of Vehicle Type OF D Enabled Pgrnally Totally Address Number City Company Name
: Disabled  Disabled
Vehicle
Colective 2 5152 1 1 1 Poligono La Paz, 13B Teruel Nuevos Transportgs Sanitarios de
Ambulance 4x4 Estocolmo Aragén
Bus 2 53-54 55 0 0 Croacia 4 Teruel Autocares Nolasco
Bus 1 55 22 0 0 Croacia 4 Teruel Autocares Nolasco
Bus 8 56-63 50 0 0 Poligono Los Hostales, - Teruel Autobuses Teruel-Zaragoza, S.A.
Nave 1-4
Bus 2 64-65 55 0 0 Poligono Los Hostales, - Teruel Autobuses Teruel-Zaragoza, S.A.
Nave 1-4
Bus 2 65-67 22 0 0 Carretera Cubla 3 Teruel Auto Transportes Teruel S.L.
Bus 4 68-71 55 0 0 Carretera Cubla 3 Teruel Auto Transportes Teruel S.L.
Small Truck 1 72 9 1 0 San Miguel 3 Teruel Cruz Roja Espaiiola
Small Truck 4X4 1 73 9 1 0 San Miguel 3 Teruel Cruz Roja Espaiiola
Minibus 1 74 22 3 0 San Miguel 3 Teruel Cruz Roja Espafiola
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