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Abstract

In this thesis we deal with the problem of optimizing the logistics network of a Third-Party
Logistics (3PL) company. The goal is to minimize the cost of storage and transport
operations, in the case of multiple warehouses, multiple suppliers, multiple clients, multiple

products and multiple types of transportation vehicles.

We model this problem by a new Mixed Integer Linear Program (MILP). The related
decisions include selection of (a) the warehouse(s) to store each product (SKU), (b) the
inventory level per SKU per warehouse, (c) the warehouse(s) to serve each customer and (d)
the appropriate vehicles to transport the products from the suppliers to the warehouses,

and from the latter to the final customers.

We implemented the model in Python Pulp and solved it using Gurobi Optimizer 9.1.2.
Multiple validation tests were performed to confirm the correct structure, and completeness
of the model. Subsequently the model was applied in case study of a 3PL company in
Thessaloniki Greece. The company’s network consists of: (a) three warehouses located in the
industrial area of Thessaloniki, (b) 23 suppliers throughout Greece that ship one or more
products, 53 customers, the majority of which are located in northern Greece. The company
manages 41 dry products classified into 13 product families. All operations are performed in
pallets. The transport fleet comprises commercial vehicles (Anpdolag Xpriong). All

information was provided directly from the company.

The proposed method was fully capable to model this complex practical environment,
Furthermore, the results obtained were very encouraging, since overall warehousing and
distribution costs were lowered by 10.84% compared to the way the company operates

currently.
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Ektevin¢ nepiAnyn (Summary in Greek)

Neplypadn npoBAfpatog

Jtnv mapoloa SUTAWHATIKA €pyacia avamtUuoosTal VEO HABNUATIKO MOVTEAO MiKToU
Aképalou Tpappikou Mpoypappatiopot (MATT) pe okomd tnv €AAXLOTOMOLNCN TOU
amoBnkeutikol Kal PeTadoplkol kooTtoug etatlpeiag Third-Party Logistics (3PL). To povtého
KOAUTITEL TLG ONUOVTLKOTEPEC ATIODACELG TTIOU OXETL{OVTAL LE TOV OTOTEAECUATLKO OXESLAOUO
SiktUou edodlaotikng alucidag Aapfdavoviag umoyn TOAATAEG XPOVIKEG TMEPLOSOUCG,
npolovta, amoBrkeg, MEAATES, MPOUNBEUTEG Kal TUTIOUG OXNMATWY HETAPOPAC. OL OXETIKEG

anodAceLg ava xpovikn epiodo sival ot €€AG:

(a) Nowad amoBnkn (1 anobrkeg) Ba xpnotpononBel (oUv) yla tpododooia KOs MPoidVTog

amnd kabe mpounBeuth;
(B) Noto eival To eninedo anoBepartomnoinong ava MPoiov Kal ava anobnkn;
(y) Mowa amoBbnkn Ba amootéAAeL Ttola tpolovTa o€ KABe eAATN;

(6) MoloL TUMOL KaL Méoa oxAuaTa Ba peTadEPouv Ta PoidvTa ard TOUC MPOUNBOEUTEC OTLG

amoBnKeg Kol amod ekel 0TOUG TEALKOUC TTEAATEG;

Ta amobnkeutik@ kootn mou AoapPdavovtal umoyn, elvol autd NG ekdOPTWONG,
anobnkeuong amoBéuatog, cuAAoyng Kal ¢poptwong. Ta peTadoplkd KOOTN amoteAouvTol
amnd 1o KOOToG HeTadopdg amd Toug MPOUNBEUTEG WE TG AMOBAKEG KAl amd TLG amoBnKeC

OTOUG TEALKOUG TIEAATEC.

JuyKekpLpéva, To mpoPAnua mou avaAletal adopd Tig etatpeieg 3PL mou BeAtioTonololy To
Siktuo YwpoBEtnonc-amobrikeuong-petodopdg viog koboplopévou xpovikol opilovta pe
OKOTO va g€uTminpetioouv tn {Atnon. Ito mpoPAnua AapPdavovtal unmoyn ot akoAouBeg
ovtoTNTEG Kal dpaoctnplotnteg: (a) medatelakn Intnon, (B) mpounBeutég, (y) amobnkeg, (6)

peTadOopLKO cUGTNUA.

NeAdreg ko {AThon
OL meAdteg pumopel va ivat xovSpéumopot, Alavéumopol, kataothpata KATL. Ot yewypadLKE
B£oelg Toug Oewpolvtal YWwoteS. H {tnon ava kwdikd kat meAdtn ekdppaletol o MOAETEC

ovVa Xpovikn mepiodo.
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NpounBeutég
OL mpounBeuTéG TOPAYoUV 1 EUMOPEVOVTAL TIPOIOVTA OlapopeTikwy Kwdlkwy. Kdabe
TPOUNBeUTNC Umopel va TpounBeloel MOCOTNTEG UEXPL £va TIPOKABOPLOUEVO OpPLO ava

KWOLKO KAl ava XpoVvLIKr Tepiodo.

AnoOnKeg

Ou amobnkeg mapalappdavouv TAAETOMOLNUEVA TIPOIOVTOL OO TOUG TPOUNBEUTEC.
Oewpol e WG KABe amobnkn €XeL £€va AVWTOTO OPLO XWPNTIKOTNTAC TAAeTwy. O aplBuog
TWV TPOIOVTWVY Tou MeTadEpovtal ava TaAETa SladEpel avaloya HE TOV KWOLKO TOu
npoilovtog. ta mAaiola Siaxeiplong tou amoBéparog, kaBe mpoidv oxetiletal pe €va

ehayLoto eninedo anobéparog achaieiog.

Metadopa

MoAAarAol TUTIOL OXNUATWY Kal cuVSUAOUOL AQUTWV HImopolV va XpnaotpomnolnBolv yla tn
peTadopd amd Toug MPOUNOEUTEG OTLC ATOBNKeG KAl amo TIG anmoBnKeg otoug meAdtes. H
Bewpnon auth eival amapaitntn oe meptpailiov 3PL mou ouvnBwg Xpnotpomolouvral

oxrjpata AX (Anpootag xpriong).
MPOTELVOUEVO HOONUATIKO HOVTEAD

Mpwv amd tov KaBoPLoPO TNG AVILKELUEVIKAG CUVAPTNONG KOl TWV CXETIKWV TEPLOPLOUWY,
opiloupe ta amopaitnTa otolxeia Tou padnuatikol HoviéAou Ta omoia gival ol kKoppot, ot

OUVSEOELC-TOEQ, OL TTOPAUETPOL KAl OL LETABANTEG anmddaon .

Aiktuo

S: Yplotauevol mpounSeutég
. W' Yoplotaueveg anoBrkeg

Koupot
C: Yplotauevol meAdteg

N=SuWuc

, ’ A ={(@,)NIi€S,jeWIU{(ijieW,j€C} sovoro ouvséoewv-t6{wv
Juvdéoelc-Tota
UETAPOPAC TIAAETWV

Mpoidvta p € P 6rou P 1o auvolo twy npoidviwv

Xpovikég mepiodol [T Ypiotapeveg ypovikoi mepiodot
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Napdpetpot

Adopa ta akdéAouBoa cuvoAa: (a) kootn:

anobepa,

netadopeg,

napaAafeg, ouMoyn (picking) kat amootoA£g,

XWPNTIKOTNTA-OUVOIKOTNTA:  amoBnkwv, ipounBevTwWY,

(B)

OXNUATWY, OLKOYEVELWV TPoioviwy, (y) INtnon mpoildovtwv o TaAéteg Kal (8) to eminedo

anoBépartog acdaleiog yia KABe mPolov Kal To andbepa TG apXLKNE XPOVLKAG TtepLodou.

Kootn
Koéotog mapalafrg
R,,: Kéotog napadaBric kat tortov€tnong naAetwv otnv anodrikn w € W
TIAAETOG
Kbéotog cuAhoynig
(picking) & S.: Kéotog ouAdoyric (picking) kat amootoAri¢ naAetwy otnv anodnkn w € W

QIMOCTOANG MOAETAG
Kbotog

anoBepatomnoinong

Kbotog petadopadg

Np,,: Kootog anodeuaronoinong (uiag nadétag) npoidvtog p € P otnv
armodnknw € W
Ef;: Kéotog petapopds pe ouvéuaoud tomou oxruatosv € V and tov koubo

i otov kouBo j omou (i,j) € A

XwpntkotnTa - AUVOHLKOTNT

Xwpntikotnta

anoBbnkng

Avvapikotnta

npounBeutn

XwpnTLKOTNTA TUTOU

petadopag
Katwtepo

OpLO CUVTEAEDTH

dopTWONG OXrUaTOG

Q. Xwpntkotnta amodnkngw € W (oe naAéteg)

Qspe: Auvapukotnta tou mpoundeuty s € Syl to mpoidv p € Pt xpovikr

nepiobot €T

M?: JuvoAdikn xwpnTikOTNTA CUVSUAGUOU OXNUATWY v € V

F?: Katw 0pto ouvteAeotr @optwaon¢ ouvduacuoU oxnuatwv v € V (umopei va

elvat unbéev)

Npotovta & ZRtnon

TUToL MpoloVTWY

PS € P: Mpoiovra mou mapEyovtatl armo tov mpoundeuty s € S

ZAtnon

Dy Zitnon npoidvrog p € P tnv nepiobo t € T yia tov neddin ¢ € C

Nopadpetpol anoOEpatog

AnoBepa aodaleiag

L,: An6Vepa aopaleiag tou npoidvios p € P (in pallets). To anéUeua autd

apopa OA&C TIC aToVKEG

vi
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Ipow’ APXLKO anoUeua tou npoioviog p € P, otnv anodrikn w € Wt otwyun
ApXLKO anobepa
t=0

TUMOL PETADOPKWV HECWV

V: Z0voAo twv Stad€oiuwy oxnudtwy kot twy mdavwy cuvduaouUwy TouG LY.
v = 1 0xynua van xwpntkotntag 7 mMoUAETwv

v = 2 (popTNyo oxnua xwpntikotntac 18 naAetwyv

v = 3 (optnyo oxnua xwpntikotntac 33 maAeTwyv

v = 4 guvbuaouog SU0 oxNUATWY YWPNTIKOTNTAS 7-TIAAETWY

v = 5 guvbuaoudc 7-maAetou oxnuatog ko 18-nmaAetou oxnuUATog

v = 6 ouvbuaoudc 7-maAetou oxnuato¢ kat 33-maAetou oxnuatogy = 7
ouvéuaoudc U0 18-MAAETWVY OYNUATWY

v = 8 ouvbuaouog 18-mtGAetou oxnuatog kat 33-maAETOU OXNUATOC

v = 9 ouvbuaouog 500 33-MAAETWY oxNUATWY

v = 10 ouvbuaoudg tpLwv 33-mAAETWY oxNUATWY

v = 11 ouvbuaoudg teocoapwv 33- MAAETWY OxNUATWY

v = 12 ouvbuaouog nevre 33- MAAETWVY OYNUATWY

v = 13 ouvbuaouog €&t 33- maAetwy oxnuatwv

v = 14 ouvbuaouog enta 33- MAAETWY OxNUATWY

v = 15 ouvbuaouog oktw 33- MAAETWY oxNUATWY

v = 16 ouvbuaouog evvia 33- TAAETWY OYNUATWY

v = 17 ouvbuaouog Séka 33- MAAETWY oxNUATWY

v = 18 ouvbuaouog évteka 33- MAAETWY OYNUATWY

v = 19 ouvbuaouocg Swbeka 33- MAAETWV oxNUATWY

v = 20 ouvbuaouog Sekatplwv 33- MAAETWY OXNUATWY

MetafAntég anodaong
’ x;ti ;- O apiuog maAetwv mpoidvtog p € P mou  petagéepoviat pe tov

Metadepopeveg

ouvbvaouo oxynuatwv v € V tnv nepiodo (m.x.. uia nuépa)t € T and tov koubo
TIOOOTNTEG

i otov k6uBo j omou (i, )) € Ay

lpew: AnoOeua (oe maléteg) tou mpoidviog p € P oto TEAOG TNG XPOVIKIG
Anobeua

nieptodou (nuépac) t € T otnv anodnknw € W

mg; ;- NauBaver v tun 1, av o ouvbuvaouog oxnudtwy v € V xpnowionoteitat
Xprjon oxnuatwy ™ xpovikn otyun t €T yia va Siacyioer to toéo (i,j) € A, Stagpopetikd,

AauBaver tnv tun 0

H paOnuatikr SLatumwon Tou TPOTELVOUEVOU HOVTEAOU TIOPOUCLATETAL TIOPOKATW.

vii DeOPSys Lab




University of the Aegean Department of Financial Management and Engineering

AVTIKELMEVIKA cuvApTnON

JTOXO0G TNG AVILKELUEVLKAC ouvAPTNoNG lval N EAa)LOTOMOLNGN TOU GUVOALKOU KOOTOUC TWV
Aeltoupylwv amoBrikeuong Kot petadopag pLag stalpeiag 3PL otn SLAPKELX TOU UTIO HEALTN

XPovikoU opilovta. To GUVOALKO KOOTOG AmOTEAELTAL QTIO TA TTAPOKATW ETMLUEPOUG KOOTN:
(a) o k6oTog amoBepatonoinong: (Xier Lper Zwew Npwipwe) )
(B) To k6oTOG ActTOUPYLWV TNG OMOBONRKNG:
(2ter Lpep Xses Lwew Zvev RwXprsw + Leer Lpep Zwew Lcec Lvev SwXpewe ),
(v) T0 k60T0G peTadopds: ( rer Tvey i jyea Emy; )-

H paBnuatikr Slatumwaon T OVTLKELUEVIKAG CUVAPTNONG EXEL WG €ENG:

IS 3 YN

teT peP weW teT pEP SES WwEW veEV

+ZZ Z Zzs‘”’x;twc * ZZ Z Efmy;

teT peP weW ceC veV teT veV (i,j)EA

OL TtEPLOPLOKOL TOU TIPOTELVOREVOU HOVTEAOU £lval oL e€N¢:
NeAatelakn {Rtnon

O meploplopog (3.2) e€aodailel otL n {NTnon KaBe meldtn yla KOs mpoidv Kat yio Kabe

nieplobo kavoroleital.

Z Zx;)}tWCZDPtC' pEP,ceC,teT (3.2)

WEW vev

MetadepOEVEG TOOOTNTES

O meploptopog (3.3) Stacpahilel mwg ol petadepdpeveg mocotnteg oto to€o (i,)) € Ay,
TPEMEL VoL €lval PEYOAUTEPEG 1) LOEC HE TO KaTWTATo 6plo Ppoptwong FY tou oxfpatog (A

ocuvuaopol oxnuatwv) v € V. O neploplopdg (3.4) e€aodolilel mwg ol PeTadEPOUEVES
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TIOOOTNTEG £lval MIKPOTEPEG N (0gg pe TN ouvoAlkh xwpntikdtnta MY tou oxnuatog (A

ouvbuaopol oxnuatwv v € V, otnv nepiodot € T.

Z Xpeij = FP MPmy;, () e A t€T,vEV (33)
pPEP
Z xgtij < M’ mfij: (i,j) €At €T, VEV (3.4)
pEP

AnéBspa

O meploplopog (3.5) opier tnv €€€AEn tou amoBENATOG ippy, OTLG amobrikeg w € W. O
TEPLOPLOUOG (3.6) eGaodaAilel TwG TO CUVOALKO amdBepa ToU TPOTOVTOG p € P og OAEG TLG
anobrikeq w € W, eivaw peyahutepo f {oo pe to andbepa acdaleiag L, Tou mpoiovtog p €

P tn xpovikr meplodo t € T.

bptw = Ipe-1yw + z z Xptsw ~ z z Xptwe» p € P,w EW,tET (3.5)

SES vEV CEC vEV

z bew ZLp, pepPteT (3.6)

WEW

Xwpntikotnta anodnkng

O neploplopdg (3.7) Slaodhoailel MwE TOo OUVOAIKO amdBepa OAwv Twv MPOIOVIWV oTNV
arnoBrkn w € W eival pukpdtepo amo 1 (oo e TN ouVOALKA XwpenTikétnta Q,, TNG amobnkng

(og maAéteg) yia kaBe nepiodo t € T.

zir)tw SQw ew,terT (3.7)
pep

Avvapkotnta npounOeuti

i Tou

O neploplopdg (3.8) StachaAilel MwE oL CUVOMKEG UETADEPOUEVEG TOCOTNTEC x;m

Tpoidvtog p € P amd tov mpounBeuty s € S mpémel va elval KPOTEPEG 1 LOEG TNG
XwpNTKOTNTAG Qpy TOU TPOUNBEeUTH s € S ( 0 MANETEG ) TOU TPOIOGVTOG p € P TN XPOVIKA

neplobot €T.

Z Z x;’aj < Qspe, pEPt ET,seS (3.8)

vEV WEW
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MetapAntég anodaong

O meploplopoc (3.9) opllel tn xprion Tou oxAUATOC m't’l-j va gival Suadikn, Aappavovtag tnv
T 1, av 0 ouvbuaoudg oxnudtwy v € V xpnowponoteitat oto to€o (i,j) € A tn xpovikn
niepiodo t € T kat 0 av OxL. O neploplopdg (3.10) opilel Mwe oL HETADEPOUEVEG TTOOOTNTES

X, .+ €lval BeTikol mpaypatikoi aplBpoi. O meploplopog (3.11) Staodpaiilel mwg To anobeua

v
ptij

Iptw EVAL TIPOYHATIKOG BETIKOG aplOUOG.

m; €{0,1},veV,(i,j) €A (3.9)
x;tij >0,veV,teT, (l,]) € Af' (3.10)
Iptw = 0, pEPteET,weW (3.11)

YAomnoinon kat emaA®suon Tou PovtéAou

To Mapanmdvw HOVTEAO avamtuxBnke o€ TPOYPAUUATIOTIKO TeptBalov Python PulP kat
ETUAVONKE PE TN XPnon tou AoylopikoU BeAtiotonoinong Gurobi Optimizer 9.1.2 (Gurobi
Optimization, 2021) oe umoAoylotr pe enefepyaotn Intel Core i7, cuxvotntag Asttoupyiag

3,4GHz kot pe pvnun 8GB.

Mo oglpd €MTA SOKLUWVY TIPAYLOTOTOLBnKe TIPOKELUEVOU va eTKUPpwOeL n opBdtnta Tou
T(POTELVOLEVOU HOVTEAOU. AUTEC oL SOKLUEG e€€tacav SLAdope; AMAEC TIEPUTTWOELG TIOU
niepteAappavav Suo mpounBeutég, SUo amobrkeg, dUo meldteg, SUo mpoidvta Kal Tpia
oxnuota pe dtadopeg xwWPNTIKOTNTEG, o SUO XPOVIKES Tteplodoug (8U0 nuépec). To povtélo
KoL n uAomoinorn tou teAslomolnBnkav wote To cUVOAO Twv SOKLUWY va emaAnBeutolv

TANPWC.

e Aok (a) - EmkUpwoe Tov MEPLOPLOUO TNG SUVOULKOTNTAC TWV TIPOUNBeUTWY Kal
Tou amnoBépatog achaAsiag.

e Aokwun (B) - EmkUpwoe TOV MEPLOPLOUO TOU OUVTEAEDTH GOPTWONG TWV OXNUATWY
(lower bound).

e Aok (y) - EmkOpwoes TOV TIEPLOPLOMO OMOBEUOTOC KAl XWPNTLKOTNTOC TNG
amnoBnkng.

e Aokuwun (8) - EmkUpwoe Tov MEPLOPLOUO XWPNTKOTNTAS TWV OXNUATWV.
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e Aokiwun (g) - EmkUpwoe tov MePLOPLOPO TNG {ATNONC MEAATWY KAl TNV €mAoyn
BéAtiotng SLadpoung.

e Aok (ot) - EmKUpwOe TOV TEPLOPLOUO TNG I{ATNONG TWV TIEAQTWV KOl TOV
TIEPLOPLOUO TNC SUVALKOTNTAC TWV TTPOUNBEUTWV.

e Aok (n) - EmkUpwos tov MEPLOPOUO tTNC I{ATNONG TWV TEAATWV KOL TOU

anoB<parog aodpaleiog.

MeA£tn Nepintwong

H peAétn nepintwong eotiaoe ot etalpeia Third-Party Logistics (3PL) mou paotnplomoteitat
o€ 0An tnv EAAGda, pe Baoelg tnv ABrva, tn Osooalovikn kot tv MNatpa. e 6An T XWPa N
etatpio Staxelpiletal ouvolikd 30 amobrikeg cuvoMKA¢ emidAvelag dvw tTwv 130.000 m?. H
etalpela Stayelpiletal maAeteg pe mpoidvta Enpol doptiou Tou eEuNNPETEL TIG AVAYKES TWV
TMEAQTWVY TNC TPOCTIOOWVTAC VO EAAXLOTOTOLOEL TO QMOBNKEUTIKO KAl PETAPOPLKO KOOTOG.
H pelétn meplmtwong EMIKEVIPWVETAL OTLG amoBnikeg Tng Teploxng tng ivéou

@eocalovikng.

To Siktuo edodlaotikng aAuoidag mou avaAluBnke, amoteleital amno: (a) 23 npounBeuTég o
OAn tnv EAAGSa Tou mpounBevouv 41 mpoiovta, (B) 3 amobrikeg otn BI.ME. O@scoalovikng

Kot (y) 53 mehdreg og 6An tnv EAAGSa, oL meplocotepol otn Bopela EAAGSa.

H etalpeila 3PL mapalapPavel amd toug MPOoUNnBeUTEC TWV MEAQTWY TNG, amobnkelel Ta
nipolovta kKol £podlalel Toug TMEAATEG Twv TEAATWV TG avaioya pe tn {NTnon. Evag
TPOUNBUTAG Uropel va pounBeloeL £vav f TEPLOCOTEPOUC KWELKOUC polovIwy. Ma KABe
npoilov Slatnpeital amdBOepa aocpoieiog. ITIC amobRkeg ta Mpoiovta amobnkevovtol o
padla back-to-back, extog amoé tnv tpitn Kal pPkpotepn amobhnkn otnv omola Ta mpoidovta
anoBnkevovtal oto damedo. lNa TI¢ pHeTadopeG eVvidg TwV amobnkwy, XpnoLpomnoLolvTal
NAEKTPIKA TtaAsTodpOpa oxnuata. Ta Spopoldyla HeTall mpounbeutwv Kol amobnkwv
g€unnpeToUVTAL ATIOKAELOTIKA OO OXNUATO TIOU TIapEXOVTAL omd Toug mpopnBeutés. Ta
SpopoAdyla petaty amobnkwyv Kot meAatwy eumnpetolvtal ano AX ¢optnyd oxnuota pe

Baon tig avaykeg g talpeiog 3PL.

H BeAtiotonoinon (to-be) tou Silktiou avtiotolyel oe peiwon Tou CUVOALKOU KOOTOUG
petadopdg kal amobrnkevong kata 10.84% oe olykplon ME T udloTAueva Kootn. H
peyaAltepn Stadopd oxetiletal e Ta KOoTn MopoAoprc, cUAOYAC Kal amOCTOANG OTWG
napouactdletal otov Mivaka 1. Mikpn avénon mapatnpsitol oto K6oTog anobepatonoinong

KOLL OTO KOOTOC PeTadOPAC Ao TIC anoBnKeg otoug MeAATeC, SLOTL To andbspa KOTAVEUETOL
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og amoBnKeg Pe xapunAotepa AEITOUPYLKA KOoTn. Ta koot petadopdg dev emnpealovral

ONUOVTLKA KaBOTL oL TPELG amoBnKeG YeLTvLAlouv yewypadLKA.

Mivakag 1. JUYKPLoN TOU KOOTOUG TOU HoVTEAOU BeATLoTOmOLNONC to-be mou mPoKUTITEL amod

T(POTELVOUEVO PoVTEAD MATT évavTtl TOu UPLOTAUEVOU Kol BEATLOTOMOLNUEVOU as-is

Koéaotog (€/eBdopada) Awadopd Awadopd
Koéotn BeAtiotonoinpévo  Yuotdapevo as-
as-is - to-be (%) is - to-be (%)
Yiotapevo BeAtt/pévo Movtélo to-
Movtélo as-is  Movtélo as-is be
MNapalaBwv 5,817.60 5,817.60 4,443.20 -23.62% -23.62%
Picking & AmootoAwv 8,534.80 8,534.80 6,996.00 -18.02% -18.02%
AnoBepatonoinong 10,279.98 10,279.98 10,312.42 0.31% 0.31%
Metadopwv mpog
anoBnkeg 36,111.09 32,444.92 31,269.86 -3.62% -14,59%
Metadopwv amno
anoBnkeg 27,134.30 25,788.16 25,843.95 0.21% -5,02%
Zuvolo 87,877.86 82,865.46 78,865.23 -4.82% -10.84%
Tuunepaocpato

To TPOTEWVOUEVO TIPWTOTUTIO MOVTEAO QTOTUTIWVEL TANPWG TNV TIOAUTTAOKOTNTA TOU

KUKAwHato¢ petadopdg, amobrnkeuong kot Sitavoung etalpiag 3PL. H opBodtnta tng

vlormoinor¢ tou emaAnBeltnke pEow TMOAOTMAWY SOKIHWY. TOo HOVIEAO €PapPUOOTNKE UE

OomOAUTN ETLTUXIOL O ONUAVTIKN HEAETN Tepinmtwong etalpiog 3PL pe eyKATOOTACELC OTN

Oeooalovikn mou tpododotel Tn Bopela EANGSa. Ta amoteAéopata mou mpogkuav nrav

TIOAU evBappuUVTLKA, KABWE TO CUVOALKO KOOTOG amobrkeuong Kat SLavoung HElwOnKe Katd

10.84% og oUYKpPLON UE TOV TPOTO AELToupylag tng eTalpeiag onuepa.
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Chapter 1. Thesis scope

A supply chain is a system that consists of people and organisational structures, material,
material transformation activities, information and resources used in fulfilling the demand
for a product or service by a customer (Simchi-Levi, et al., 2017). The world is connected
through supply chains and, thus, supply chains have become the prime mover of world
trade, which is, in turn, is a pillar of global economy. This is evident from the share of trade
in global Gross Domestic Product (GDP) which has increased from 39.2% in 1990 to 58.2% in
2019 (World Bank, 2020).

Top global third-Party Logistics (3PL) companies (i.e. DHL, Kuehne & Nagel, DB Schenker)
have developed interlinked and complex global supply chains that comprise a multiplicity of
suppliers, warehouses, distribution centers and business partners distributed across a global
footprint. According to various reports and studies, the best companies are the ones which
design efficient supply chains aiming at cost and customer service improvement (Saddikuti,
et al., 2020). The design and management of a supply chain network in today’s competitive

business environment is an important challenge (Reeve & Srinivasan, 2005).

Distribution network optimization is one of the most significant factors of productivity and
profitability of a supply chain (Forouzanfar & Tavakkoli-Moghaddam, 2012). The three major
problems that have been typically taken into account in designing a distribution network are
related to location-inventory-routing and more specifically are: (a) the location-allocation
problem, (b) the vehicle routing problem and (c) the inventory problem (Dehghani, et al.,
2017). Determining the locations and capacities of warehouses and distribution centers and
specifying the volume of the transferred product from suppliers to the final customers
through the distribution centers are important decisions in supply chain design (Mousavi, et
al., 2015). Due to the importance and the complexity of distribution network design,
significant research work has been conducted in this area, especially concerning the

relationship of costs with the architecture of the distribution network.

In this Thesis, we study the optimization of the distribution network from a third-Party
Logistics (3PL) company perspective, focusing on the location-inventory-routing aspects. To
do so, we developed a novel Mixed Integer Linear Programming (MILP) model that covers
the most significant decisions involved in efficient re-design of a supply chain network

considering multiplicity of time periods, products, warehouses, customers, suppliers,

2 DeOPSys Lab




University of the Aegean Department of Financial Management and Engineering

transportation types. The model is able to support the designer to make the following

decisions for each time period of the planning horizon:

(a) Which warehouse should be served by each supplier?

(b) Which warehouse will be selected to store the products and at what level
(inventory)?

(c) Which warehouse should serve each customer?

(d) Which vehicle would be suitable to transfer the products from the suppliers to the

final customers?

Warehousing costs include receiving, inventory, picking and shipping costs. Transportation
costs include both the costs of transporting the goods from the suppliers to the warehouses

and the corresponding costs from the warehouses to the final customers.

An important part of this Thesis is the application of the proposed model in an actual case
study. Through this case study, our goal is to validate that the proposed model is all inclusive

and complete, as well as capable of optimizing complex networks of actual 3PL companies.

The remainder of the Thesis is organized as follows:

Chapter 2 discusses the motivation of this Thesis, and the recent research results in related
areas. The literature review focuses on location-inventory-routing aspects of the general
supply chain network design problem. Chapter 2 also highlights the research gaps and

outlines the contributions of this work.

Chapter 3 presents the novel mathematical model proposed to optimize the warehousing
and transportation network from a third-Party Logistics (3PL) company perspective. Its
objective is to minimize the warehousing and transportation costs over the design horizon.
Appropriate constraints model the complex relationships among the links of the supply
chain. To ensure proper modelling, a series of validation test cases were conducted and are

presented in this Chapter.

Chapter 4 applies the model of Chapter 3 in a significant case study. The Chapter 4 presents
the case, the data collection process, and the exact solutions obtained by a commercial

solver. The resulting optimal network is compared to the current network of the company.

Finally, Chapter 5 summarizes the main findings of the current research, presents the

conclusions of the work, and provides recommendations for further research.
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Chapter 2. Literature background in location-inventory-routing

problems

Prior to focusing on the research problem addressed in this thesis, this Chapter reviews the
research state-of-the-art on the location-inventory-routing problems, identifying research

gaps and setting the research goals.

Several studies in this area have focused on topics related to the current thesis. Hamedani et
al. (2013) examined a location-inventory problem in a three-level supply chain network
under uncertainty. Their single time period model addresses the design of a three-level
supply chain network that includes multiple suppliers, distribution centers, customers,
products, scenarios and a single transport model. The model is formulated as a multi-
objective mixed-integer nonlinear program that minimizes the expected total cost and the
cost variance of the network including the transportation, ordering, purchasing, holding,
shortage, opening facility costs. Using the Lingo 9 software, they solved small problems with
the Epsilon Constraint Method, while for larger ones they used a Multi-Objective Particle
Swarm Optimization (MOPSO) meta-heuristic algorithm. This work does not include

transportation type decisions among the key supply chain network decisions.

Forouzanfar and Tavakkoli-Moghaddam (2012) addressed a problem of designing a multi-
echelon supply chain network to determine the number of the distribution centres, their
locations, capacities, service and lead times and also the routes among suppliers,
distribution centres and customers encompassing one product and a single transport mode.
They presented a mathematical model that minimizes the establishment costs of
distribution centres, the safety stock cost considering uncertainty in customer demand, the
inventory ordering and holding cost and also the transportation cost among all entities. They
formulated this problem using a Mix Integer Non-Linear Programming model (MINLP), and
solved small-sized problems using General Algebraic Modeling System software (GAMS) and

larger-sized problems through a new genetic algorithm.

Sainathuni et al. (2014) presented a Non-Linear Integer Programming model (NLIP) that
considers multiple suppliers, customers, products, time-periods, and a single warehouse.
They also modelled worker congestion, a dynamic condition that causes blocking and delays.
The main aim of their model is to minimize inventory, labour and transportation costs of the
distribution network. For solving small-sized problems they used FICO Xpress, while they
developed a heuristic method to solve the industry-sized problems with up to 500 stores and

1,000 products. They highlighted that a multi-warehouse consideration will be the next step
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for their research.

Gzara et al. (2014) focused on the location and allocation decisions of warehouses and
inventory management under demand uncertainty on a three-level supply chain network
that includes a main distribution centre, a single transport mode and multiple warehouses,
customers and products. Aiming at optimizing inventory, transportation and facility
establishment costs, they developed two MINLP models providing an equivalent linear
formulation under service level requirements for the combination part-warehouse, and an
approximate linear formulation under part service level requirements. They used CPLEX
optimization software for the computational experiments. For further research, they
proposed a model consisting multiple distribution centres with limited inventories, different

service level measures, and part bundling or consolidation.

Ghorbani and Jokar (2016) addressed a multi-product and multi-period location-routing-
inventory problem considering decisions for inventory, location-allocation and routing in a
three-level supply chain including multiple suppliers, warehouses, customers and vehicles.
To describe their problem, they proposed a Mixed-Integer Programming (MIP) model that
minimizes operational, routing and inventory costs over all time periods. They solved their
model by developing a hybrid heuristic algorithm for their large-sized examples and CLPEX

for the smaller ones.

Yao et al. (2010) considered a facility location—allocation and inventory problem, in which
the inventory of each SKU in each warehouse may be replenished by multiple plants. Their
network includes multiple suppliers/plants, warehouses and customers. In this problem,
multiple products are produced by several plants and each customer is related to a certain
demand and an amount of safety stock that must be maintained to achieve certain service
level, which is determined by the customer of the 3PL company. Their problem is to
determine the number, the location and the inventory level of warehouses and the
allocation of customer demand. This problem was formulated by a MINLP model to minimize
the total inventory and transportation costs. An iterative heuristic method was developed to
solve it. They applied their model and method to a chemicals company that selects among
the available warehouses of a third-party logistics service provider. For future research, they
proposed to consider other ways of expressing actual transportation costs (i.e., fixed and

per-unit transportation cost), instead of proportional transportation cost.

Shahabi et al. (2014) examined a three-level location-inventory problem in which client

demand among retailers is correlated. Their formulation includes multiple plants,
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warehouses and retailers, and the aim of the model is to minimize the facility location,
transportation and inventory costs considering a single period. They formulated their model
as a binary integer nonlinear program which was transformed to a Mixed Integer Conic
Quadratic Program (MICQP). The authors proposed an outer approximation-based algorithm
and demonstrated the algorithmic efficiency for this class of programs. A possible extension
of this work, according to the authors, could be the incorporation of inventory control of

retailers and plants.

Shahabi et al. (2013) developed mathematical models to bring together facility location and
inventory control for a four-echelon single period supply chain network that comprises
multiple suppliers, warehouses, hubs and customers. Firstly, they formulated the problem as
an MINLP and then they reformulated it as a Conic Quadratic Mixed-Integer Program
(CQMIP) to take advantage of the recent advances in solving conic programs in commercial
solvers. Their objective is to minimize the facility location, transportation and the inventory
costs of the four-echelon supply chain. They highlighted that capacity and congestion

considerations will be possible extensions of their work.

Guo et al. (2018) examined a location-inventory-routing single period problem in a closed-
loop supply chain that includes multiple suppliers, warehouses, customers and vehicles. The
problem is formulated as an Integer Non-Linear Programming (INLP) model to optimize
facility location, inventory control, and vehicle routing decisions for a single product and a
single type of vehicles. They developed a heuristic approximation, Adaptive Hybrid
Simulated Annealing Genetic Algorithm (AHSAGA) as a solution method. For further research
they proposed to: (a) allow a many-to-many relationship between vehicles and retailers,
relaxing the assumption that a retailer will be visited by a vehicle every working day, (b)
consider secondary markets as they have become an important channel to sell used

products and (c) incorporate more scenarios, such as supply risk and multiple sourcing.

Seyedhosseini et al. (2014) addressed a single-product, single-period location-routing-
inventory problem considering decisions for inventory, location-allocation and routing in a
three-level supply chain. The latter comprises multiple distribution centers with random
disruptions, customers and vehicles. To formulate their problem, they proposed a MINLP,
which minimizes facility location, transportation and inventory costs. The proposed model
has been applied to a real case study of a soft drink company and is solved by a meta-
heuristic methodology. The authors provided a comprehensive sensitivity analysis. For
future research, they proposed to: (a) consider the frequency and the duration of random

disruptions, (b) develop the model for three-level supply chains, considering product
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distribution to customers through warehouses or directly from suppliers to customers and

(c) consider customer differentiation with partial backordering.

Diabat et al. (2017) examined a network design problem for a supply chain with a single
supplier, multiple distribution centers (DCs) and multiple retailers. They formulated the
problem as an MINLP model that determines the number and the location of DCs, assigns
customers to DCs and indetifies the size and the timing of orders for each DC. Their objective
is to minimize the supply chain cost that includes DC location cost, transportation cost
between DCs and customers, purchase cost from a supplier, shortage cost, ordering cost,
holding cost and lost sales cost for unserved demand. To solve the model, they used a hybrid
solution algorithm based on a metaheuristics technique. To validate the model, several

computational experiments were performed.

Saragih et al. (2019) developed a MINLP model and a heuristic method for the location-
inventory-routing problem in a three-echelon supply chain system where location, inventory
and transportation decisions are made. The network comprises a single supplier, multiple
warehouses and retailers. Their single period and product model with probabilistic demand
aims to minimize holding, ordering, shortage, warehouse establishment and transportation
costs. The proposed heuristic was applied in a food supply chain company. The authors
presented a comprehensive sensitivity analysis, showing that this company is very sensitive
to the ordering cost parameter. For future research they proposed to include time windows,

multiple modes, multiple products and multiple supplier considerations.

Dehghani et al. (2017) developed a mathematical model to design a three-level supply chain
network, in which a single supplier sends one product from multiple distribution centres to
multiple retailers with several types of vehicles. The problem is formulated as a MINLP that
aims to minimize purchase, shortage, ordering, holding costs, the establishment cost of
distribution centres and the transportation cost among all entities with different types of
vehicles. The problem deals with major supply chain issues: (a) location-allocation, (b)
vehicle routing and (c) inventory planning. Due to the computational complexity of the
problem, they developed a Simulated Annealing (SA) algorithm to solve larger-scale
problems. As a possible extension of this model, the authors proposed the consideration of

multiple products instead of a single one.

Hiassat et al. (2017) examined a location-inventory-routing model for perishable products
that identifies the number and the location of the required warehouses, the inventory level

at each retailer, and the routes traveled by each vehicle. In their multi-period model, they
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considered multiple warehouses, customers, routes and vehicles. They created a genetic
algorithm approach to solve the problem that they validated through a number of randomly
generated instances were. Multiple product considerations could be an extension of their

model, among others, as per the authors.

In Table 2.1 we present the recent literature on the location-inventory-routing problem
classified around eight main aspects: (a) The scope of the location-inventory-routing model,
(b) the solution method, (c) the breadth of the model in relation to the multiplicity of
entities addressed, (d) capacity considerations, (e) cost considerations, (f) decision variables,
(g) the applicability of the model and the related approach to realistic practical cases. More

specifically:

The objective function aspect in Table 2.1 deals with the scope of the model with

respect to economic aspects, such as minimization of cost (MC) and maximization of

profit (MP).

= The solution method aspect in Table 2.1 refers to the method that the authors used to
solve their numerical problems/examples (validation tests or the case study).

= The capacity, cost and decision attributes of Table 2.1 refer to critical parameters and
decision variables addressed by the design method.

= Finally, the last column of Table 2.1 is related to the applicability of the location-

inventory-routing models to practical industrial cases.

According to Table 2.1 and the analysis of the literature encompassing other works, we
observe the following: Regarding multiplicity, several models deal with multiple warehouses
and customers, while a larger number of models deal with multiple products and suppliers.

However, only a few papers deal with multiple transportation types and time periods.

In terms of capacity, the majority of the literature models that we examined include
warehouse capacity consideration, fewer models deal with transportation and supplier
capacities. We have not come across of any work that model’s lower bound capacity for
vehicles. This is not difficult to model, but it is an important practical parameter, that
secures appropriate vehicle fill rates. Furthermore, very few models consider the selection

of the type of vehicles.

In terms of costs, all the models we analyzed consider inventory and transportation costs.
Fewer papers consider warehousing costs, that is, receiving, picking and shipping costs. Very
few models dealt with the choice of transport type selection. Finally, there are few papers

that included a case study.
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Our work deals with all important issues a 3PL company faces in optimizing its network.
Unique aspects, in addition to those dealt by various authors include the lower bound
constraint in vehicle fill, and the various warehousing costs considered. The value of the
work is this completeness of decisions considered, as well as the model validation through a

comprehensive case study.
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Table 2. 1 Key features of single objective location-inventory-routing models in recent literature

s . - Case
Multiplicity Capacities Costs Decisions rud
stu
# Reference Goal | Solution method — Y
. Picking & l Inventory | Warehouse | Transport |Transport type
TP S|w|cC W [SS| T | LB | Receiving L, Inventory | Transportation . ] ] )
Shipping quantity selection quantity selection
1 Hamedani et al. 2012 MC ECM & MOPSO o o e . . . . . . .
2 Forouzanfar et al. 2012 MC MINLP & GA . e o o e o o . . . . N
3 Sainathuni et al. 2014 MC MINLP . . . 3 . . . . .
4 Gzara et al. 2014 MC MNLIP o . . . . . . .
5 Ghorbani et al. 2016 MC MIP & Heuristic . e o e 3 . . . . . . . .
6 Yao et al. 2010 MC | MINLP & Heuristic e o o 3 . . . . . .
7 Shahabi et al. 2014 MC MINLP & OA e o o o o . . . . . .
8 Shahabi et al. 2013 MC MINLP & CQMIP o o o . . . . . . .
9 Guo et al. 2018 MC INLP & AHSAGA o o o 3 . . . . . . .
10 | Seyedhosseini et al. 2014 MC MINLP & GA o e o o o . . . . . . . .
11 Diabat, et al. 2017 MC MINLP & SA . . . . . . . . .
12 Saragih et al. 2019 MC MINLP & SA e e e o o . . . . . . .
13 Dehghani et al. 2017 MC MINLP & SA . . . . . . . . . . . .
14 Hiassat et al. 2017 MC MIP & GA . o o o o . . . . .
The proposed location-
15 . X MC MILP 0 0 0 0 0 0 . . . . . . . . ) . .
inventory-routing

Notation: MC: Minimize cost, MP: Maximize profit, MO: Multi objective, TP: Time period, P: Product, S: Supplier, W: Warehouse, C: Customer, T: Transportation types, SS: Safety stock, LB: Lower bound of transportation, ECM: Epsilon

Constraint Method, MOPSO: meta-heuristic algorithm, Mixed integer conic quadratic program (MICQP), Simulated Annealing (SA), PL: Piecewise Linearization, MIP: Mixed-integer program, GA: Genetic Algorithm, OA: Outer

approximation, CQMIP: Conic Quadratic Mixed-Integer Program, AHSAGA: Adaptive Hybrid Simulated Annealing Genetic Algorithm
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Chapter 3. Design of the location-inventory-routing network

In this Chapter, we propose a comprehensive model for the location-inventory-routing problem
that minimizes the location-inventory-routing cost from a third-Party Logistics (3PL) company

perspective.
3.1 Problem description

We examine the optimization of the supply chain network from a third-Party Logistics (3PL)
company perspective focusing on key location-inventory-routing aspects. To do that, we
developed a novel Mixed Integer Linear Programming (MILP) model that covers the most
significant decisions involved in efficient re-design of a supply chain network considering
multiplicity of time periods, products, warehouses, customers, suppliers, transportation types.
The model is able to support the designer to make the following decisions for each time period

of the planning horizon:

(a) Which warehouse should be served by each supplier?

(b) Which warehouse will be selected to store the products and at what level (inventory)?
(c) Which warehouse should serve each customer?

(d) Which vehicle would be suitable to transport the products from the suppliers to the

warehouses to the final customers?

Warehousing costs include receiving, inventory, picking and shipping costs. Transportation

costs include the route cost from the suppliers to the customers through the warehouses.

More specifically, the problem addressed here concerns 3PL companies that optimize their
location-inventory-routing network over a typically long planning horizon in order to satisfy the
product demand. This location-inventory-routing problem considers the following entities and

activities: (a) product (customer) demand, (b) suppliers, (c) warehouses, (d) transportation.

Product (customer) demand
Customers may include wholesalers, retailers, stores etc. Their locations and their demand per

period of the design time horizon are considered to be known.

Suppliers
The suppliers provide products of different types. Each supplier can provide up to a maximum

quantity per product and per time period.
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Warehouses

The warehouses receive products from the suppliers. We consider that the warehouses are
characterized by a maximum facility capacity (i.e., in pallets). The number of products carried in
a unit load (i.e., pallet) varies among product pallets. In terms of inventory management, each

product is related to a minimum safety stock level.

Transportation

Regarding transportation, there are no capacity considerations. Transportation demand is
quantified in unit loads (i.e., pallets) of a certain product within a certain time period. Since the
number of units of a product per unit load (i.e., pallet) is given, the transportation cost per
transportation type between two nodes may be defined either per unit load (in pallets) or per
product unit (i.e., box or piece). The transportation types we consider in the model are the
following: (a) a 7-pallet van, (b) an 18-pallet truck, (c) a 33-pallet truck, (d) any combination of
two trucks (e.g., 7 and 7 or 7 and 18, or ..., or 33 and 33). These transportation types are
indicative, and combinations of any number of trucks and types may be defined and used in
general. In the case study of Chapter 4, there is no occasion in which more than two vehicles
arrive from a certain supplier to a certain warehouse in the same period (day), or from a

certain warehouse to a certain customer.

To solve the problem described above, we propose a novel Mixed Integer Linear Programming
(MILP) model that is described in Section 3.2. In order to validate the proposed model, we have

applied it to a number of cases. All tests and the related results are presented in Section 3.3.

3.2 Mathematical model

Prior to setting up the formulation, comprising the objective function and the related
constraints, we first present the definition of the necessary elements of mathematical model,

nodes, arcs, parameters, and decision variables.

Network
S: Set of existing suppliers
Nodes W' Set of existing warehouses
C: Set of existing customers
N=SuWuc
Arcs A ={@Q,j))li€S,j € WU {(ij)|i €W,j € C}: Set of transportation arcs
Products P: Set of existing products
Time periods T: Set of time periods
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Parameters

It concerns the following sets: (a) costs; receiving, picking and shipping, inventory,
transportation, (b) capacities; warehouse, supplier, vehicle, products, (c) demand of products in

pallets and (d) the safety stock levels for each product and the inventory of the initial period.

Costs

Receiving pallet cost  |R,,: Pallet receiving and placement cost in warehouse w € W

Picking & Shipping cost |S,,: Pallet picking and shipping cost in warehouse w € W

Inventory cost N,,,: Daily inventory cost of (a pallet of) product p € P in warehousew € W

E}j Cost of a trip made by vehicle type combination v € V from node i to node j

Transportation cost
where (i,j) € A

Capacities

Warehouse capacity  |Q,,: Capacity of warehouse w € W (in pallets)
Supplier capacity Qspe: Capacity of supplier s € S of productp € P at periodt € T

Transportation type
M?Y: Total capacity of the vehicle type combination v € V
capacity

F?: Lower bound of loading factor of vehicle type combination v € V (may be zero
Lower bound
for the smallest vehicle type)

Products & Demand

Products PS € P: Products provided by supplier s € S

Demand Dyy.: Pallet demand of productp € P int € T for customerc € C

Inventory parameters

L, : Safety stock of product p € P (in pallets). Note this indicates stock across all
Safety stock
warehouses

Initial inventory i,ow: Initial inventory of product p € P, in warehouse w € W at timet = 0

Transportation types

V: Set of transportation types i.e., available vehicles and possible vehicle
combinations i.e.,

v =1isa 7-pallet van

v = 2is an 18-pallet truck

v = 3is a 33-pallet truck
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v =4 is the combination of 7-pallet van and 7-pallet van

v = 5 is the combination of 7-pallet van and 18-pallet truck

v = 6 is the combination of 7-pallet van and 33-pallet truck

v = 7 is the combination of 18-pallet truck and 18-pallet truck
v = 8 is the combination of 33-pallet truck and 18-pallet truck
v = 9 is the combination of two 33-pallet trucks

v = 10 is the combination of three 33-pallet trucks

v = 11 is the combination of four 33-pallet trucks

v = 12 is the combination of five 33-pallet trucks

v = 13 is the combination of six 33-pallet trucks

v = 14 is the combination of seven 33-pallet trucks

v = 15 is the combination of eight 33-pallet trucks

v = 16 is the combination of nine 33-pallet trucks

v = 17 is the combination of ten 33-pallet trucks

v = 18 is the combination of eleven 33-pallet trucks

v = 19 is the combination of twelve 33-pallet trucks

v = 20 is the combination of thirteen 33-pallet trucks

Decision variables

Quantities transported

Inventory

Vehicle Usage

x;ti i Number of pallets of product p € P transported by vehicle type combination
v €V in period (i.e., day) t € T from node i to node j where (i, ) € Af

Ipew: Inventory (in pallets) of product p € P at the end of day t € T in warehouse
weWw

mg; ;- Takes value 1, if vehicle type combination v € V is used at time t to traverse

arc (i,J) € A, otherwise it takes value 0

The mathematical formulation of the proposed location-inventory-routing model is presented

below.

Objective function (3.1) minimizes total transportation and warehousing costs (inventory and

processing costs) over the entire time period. Transportation costs include both the costs of

transporting the goods from the suppliers to the warehouses and the corresponding costs from

the warehouses to the final customers. Total cost comprises the following parts:

(a) Inventory cost: ( Xer Xpep Zwew Npwipwe ).

(b) Processing cost: ( Xier Xpep Lses Zwew Zvev wa;;tsw + Yter Lpep Zwew Xcec ZVEVwa;;twc )

14

DeOPSys Lab




University of the Aegean Department of Financial Management and Engineering

(c) Transport cost: ( Xeer Xvev X(i,j)ea Emi; )-

Y Y S Mt YT Y S vt

teT peP wewW teT peP seS weEW veV

ST Y s+ XYY s

teET pEP WEW cEC VEV teT veV (i,j)EA

The constraints of the proposed model are presented in groups as follows:

Customer demand

Constraint (3.2) ensures that the demand Dy, of customer ¢ € C for each product p € P is

satisfied with produced quantities x,;,,. during each time period t € T.

z z Xptwe 2 Dptes p e P,c € C,t €T (3.2)

WEW veV

Transportation routes

Constraint (3.3) ensures that the transported product quantities x,,. along arc (i,]) € 4y,
must be greater than or equal to the lower bound set by the loading factor F? of the selected

vehicle type combination v € V. Constraint (3.4) ensures that the transported product

v

quantities Xx,;;; must be less or equal to the total capacity MV of the vehicle type

combination v € V, in periodt € T.

z Xpeij Z FV MPmyj, (4,5) € At €T, VEV (3.3)
pEP
Z Xpeij < MY Mey, (i,j) € Apt € T,vEV (3.4)
pEP

Inventory

Constraint (3.5) defines the evolution of inventory iy, of warehouse w € W: that is, iy, is
equal to the inventory i, _1)w Of the previous period plus the quantities received from the
suppliers xp¢s,, minus the ones shipped to the customers xp;,. at time periodt €T.
Constraint (3.6) ensures that the total inventory of product p € P in all warehousesw € W, is

greater or equal to the safety stock L, that is set for this product p € P at period t € T.

bpew = Ipe-1yw + Z Z Xptsw ~ Z Z Xptwer p e P,w EW,tET (3.5)

SES VEV CceC veV
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Z iptw = Lp' pEPLtET (3.6)

wEeEW

Warehouse capacity

Constraint (3.7) ensures that the total inventory of all products in warehouse w € W is less

than or equal to the total capacity Q,,of this warehouse (in pallets) at time period t € T.

ZipthQwr EW,teT (3.7)
pPEP

Supplier capacity

Constraint (3.8) ensures that the total quantities x;tij of product p € P supplied by supplier
s € S must be less or equal to the capacity Qgp,; of supplier s € S (in pallets) of product p € P

inperiodt €T.

z z Xpeij S Qspt, pe Pt €T,sE€S (3.8)

vEV wew

Variables

Constraint (3.9) defines the vehicle usage m't’ij variable to be binary, receiving the value 1, if

vehicle type combination v € V is used along arc (i,j) € A in period p € P and 0 otherwise.

Constraint (3.10) ensures that product quantities xgu-j shipped by vehicle combinationv € V
along arc (i,j) € Ag, in time period t € T, must be greater or equal to 0. Constraints (3.11)
ensure that the inventory variables i,, of product p € P at the end of time periodt €T in

warehouse w € W must be greater or equal to 0.

my;; € {0,13, veV,(,jeA (3.9)
x;tij = 0; v E V't € T' (l']) € Af; (3.10)
Iptw = 0, peEPteT,weW (3.11)

3.3 Model validation

The model was implemented in Python PuLP, using a PC equipped with a 3.40 GHz Intel Core i7
and 8.0 GB of RAM. It was solved by the commercial MILP solver Gurobi Optimizer version 9.1.2
(Gurobi Optimization, 2021).
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A series of tests have been performed in order to validate the consistency and correctness of
the proposed model. These validation tests considered various simple cases comprising two
suppliers, two warehouses, two customers, two products and three vehicles with various

capacities.

The validation cases are presented in Table 3.1 and described in detail below. The table also

shows per case, which part of the model was validated and the model attributes tested.
Case (a) - validation of supplier capacity and safety stock constraints
In this case two time periods (T=2) were considered.

e Supplier 1 may not supply product 2 (Qq2+ = 0) and supplier 2 may not supply product
(Q21t = 0).

e The demand of customers 1 and 2 is 21 pallets of product 1 per period in both time
periods (D111 = 21, Dq31 = 21,D412 = 21,D4,, = 21). The demand for product 2 is zero
for customer 1 in both time periods and 7 pallets per period for customer 2 in both time
periods (Dy11 =0, Dyyq =0, Dy = 7,D055 = 7).

e The safety stock of products 1 and 2 is 2007 and 2014 pallets (L, = 2007,L, = 2014),
respectively, and is higher than the inventory of those products on day 0 (2000 pallets for
product 1 and 2000 pallets for product 2) (ijgw = 2000,i50, = 2000). Therefore,
appropriate quantities of products must be transported from the suppliers, to satisfy the
demand and safety stock constraints.

e The capacities of the vehicles are 7 pallets for vehicle 1, 14 for vehicle 2 and 21 for vehicle 3
(M =7,M? = 14,M3 = 21).

We confirmed the expected solution:

e Supplier 1 ships only pallets of product 1 and supplier 2 ships only pallets of product 2.

e The quantities that are transported from suppliers to the warehouses are 119 pallets
(Xptsw = 119) and the customer demand is 98 pallets (D = 98). The difference of 21

pallets is equal to the safety stock deficit of the products.

Case (b) - validation of the vehicle loading factor constraint
Two time periods (T=2) were considered.

e Supplier 1 may not supply product 2 (Qq,x = 0) and supplier 2 may not supply product
1(Qz1t = 0).

17 DeOPSys Lab




University of the Aegean Department of Financial Management and Engineering

The demand of customer 1 is 13 pallets of product 1 per period in both time periods. The
demand of customer 2 for product 1 is zero (D14 = 13, D131 = 13,D142 = 0,D12, = 0).
The demand for product 2 is zero for customer 1 in both time periods and 7 pallets per
period for customer 2 in both time periods (D311 = 0, D331 = 0, D315 = 7,D55, = 7).

The safety stock of products 1 and 2 is 2007 and 2014 pallets (L; = 2007, L, = 2014),
respectively, and is higher than the inventory of those products on day 0 (2000 pallets for
product 1 and 2000 products must be transported from the suppliers, to satisfy the demand
and safety stock constraints pallets for product 2) (i;ow = 2000, iy = 2000). Therefore,
appropriate quantities of products must be transported from the suppliers, to satisfy the
demand and safety stock constraints.

The capacities of the vehicles are 7 pallets for vehicle 1, 14 for vehicle 2 and 21 for vehicle 3
(M1 =7, M?2 =14, M3 = 21).

The vehicle lower bound for vehicle 2 is set to 100% of its capacity (F? = 100% and for the
vehicle 1and 3is 0% (F! = 0%, F3 = 0%).

The warehousing costs of warehouse 1 were higher than those pf warehouse 2. Receiving
and shipping costs in warehouse 1 are 1000€ (R; = 1000, S; = 1000), and those costs in
warehouse 2are 1€ (R, =1, S, = 1).

We confirmed the expected solution:

Shipments and receipts are made from the most cost-effective warehouse, which is
warehouse 2.

Supplier 1 ships only pallets of product 1 and supplier 2 ships only pallets of product 2.
Vehicle 2 carried 14 pallets, more than the demand which is 13, to satisfy the loading factor

constraint.

Case (c) - validation of inventory and warehouse capacity constraints

Two time periods (T=2) were considered.

Supplier 1 may not supply product 2 (Qq2; = 0) and supplier 2 may not supply product
1(Qz1e = 0).

The demand of customers 1 and 2 is 21 pallets of product 1 per period in both time
periods (D117 = 21, Dy = 21, Dy1, = 21, Dy, = 21). The demand for product 2 is zero
for customer 1 in both time periods and 7 pallets per period for customer 2 in both time
periods (Dz11 = 0, Dpp1 =0, D212 =7, Dazp = 7).

The safety stock of products 1 and 2 is 1007 and 1014 pallets (L; = 1007, L, = 1014),

respectively, and is higher than the inventory of those products on day 0 (1000 pallets for
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product 1 and 1000 pallets for product 2 must be transported from the suppliers, to satisfy
the demand and safety stock (ijgw = 1000, izow = 1000). Therefore, appropriate
quantities of products must be transported from the suppliers, to satisfy the demand and
safety stock constraints.

The capacities of the vehicles are 7 pallets for vehicle 1, 14 for vehicle 2 and 21 for vehicle 3
(M! =7, M? = 14, M3 = 21).

The warehousing costs are the same in both warehouses. Receiving and shipping costs in
warehouses land2are1€(R; =1, S; =1,=1, S, =1).

Warehouse 1 capacity is set on 8000 pallets (Q; = 8000) and its initial inventory is
2000 (ippq = 2000) for both products. Warehouse 2 has not capacity (Q, =0,

so in effect is not operational) and of course no inventory (i, = 0).

We confirmed the expected solution:

Supplier 1 ships only pallets of product 1 and supplier 2 ships only pallets of product 2.
Warehouse 2 can not used to store pallets.

The quantities that are transported from suppliers to warehouse 1 are 119 pallets (thsl =
119) and the customer demand is 98 pallets (Dpic = 98). The difference of 21 pallets is

equal to the safety stock deficit of the products.

Case (d) - validation of vehicle capacity constraint

Two time periods (T=2) were considered.

Supplier 1 may not supply product 2 (zero capacity) (Qq2¢ = 0) and supplier 2 may not
supply product 1 (Q2;; = 0).

The demand of customers 1 and 2 is 21 pallets of product 1 per period in both time
periods (D117 = 21, Dy = 21, Dy1, = 21, Dy, = 21). The demand for product 2 is zero
for customer 1 in both time periods and 7 pallets per period for customer 2 in both time
periods (D311 =0, Dyyq =0, Dy =7, Dyyy = 7).

The safety stock of products 1 and 2 is 2007 and 2014 pallets (L, = 2007, L, = 2014),
respectively, and is higher than the inventory of those products on day 0 (2000 pallets for
product 1 and 2000 products must be transported from the suppliers, to satisfy the demand
and safety stock constraints for product 2) (i1 = 2000, iz, = 2000).

The capacities of the vehicles are 7 pallets for vehicle 1, 14 for vehicle 2 and 21 for vehicle 3
(M =7, M? = 14, M3 = 21).

Receiving and shipping costs in warehouse 1 are 2€ (R; = 2, S; = 2), and those costs in

warehouse 2 are1€ (R, =1, S, = 1).
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We confirmed the expected solution:

Supplier 1 ships only pallets of product 1 and supplier 2 ships only pallets of product 2.

All products are transferred with vehicle 3, which has the appropriate capacity.

Shipment and receipt operations are performed from the most cost-effective warehouse,
that is warehouse 2.

The quantities that are transported from suppliers to warehouse 1 are 119 pallets (x;;tsl =
119) and the customer demand is 98 pallets (Dpic = 98). The difference of 21 pallets is

equal to the safety stock deficit of the products.

Case (e) - validation of customer demand and transporting route constraints

Two time periods (T=2) were considered.

Supplier 1 may not supply product 2 (Q42: = 0) and supplier 2 may not supply product
1(Q21t = 0).

The demand of customers 1 and 2 is 21 pallets of product 1 per period in both time
periods (D117 = 21, Dy = 21, Dyq, = 21, D5, = 21). The demand for product 2 is zero
for customer 1 in both time periods and 7 pallets per period for customer 2 in both time
periods (Dy11 =0, Dyyq =0, Dy =7, Dyyy = 7).

The safety stock of products 1 and 2 is 2007 and 2014 pallets (L, = 2007, L, = 2014),
respectively, and is higher than the inventory of those products on day 0 (2000 pallets for
product 1 and 2000 products must be transported from the suppliers, to satisfy the demand
and safety stock constraints for product 2) (i;gw = 2000, 150, = 2000).

Vehicle capacities are 7 pallets for vehicle 1, 14 for vehicle 2 and 21 for vehicle 3 (M! =
7, M? = 14, M3 = 21). The minimum loading factor is zero in all three vehicles (F! =
0%, F2 = 0%, F3 = 0%).

The warehousing costs are the same for both warehouses. Receiving and shipping costs in
warehouse 1 are 1€ (R; = 1, S; = 1), and those costs in warehouse 2 are also 1€ (R, =
1, S, =1).

The transportation costs per vehicle from warehouses to customers have large differences.
The costs from warehouse 1 to customer 1 are as follows: for vehicle 1: E}; = 900€, for
vehicle 2: E2; = 1500%€, for vehicle 3: E3; = 2100€. From warehouse 1 to customer 2 the
costs are: for vehicle 1: E}, = 920€, for vehicle 2: EZ, = 1540€, for vehicle 3: E3, =
2180€. Similarly, El, = 91€, E3, = 152€ and E3, = 214€, E}, = 93€,E%, = 156€,
E3, = 222€).

We confirmed the expected solution:
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Supplier 1 ships only pallets of product 1 and supplier 2 ships only pallets of product 2.
Shipments towards the customers are all made from warehouse 2, due to the high
distribution costs from warehouse 1.

The quantities that are transported from suppliers to warehouse 1 are 119 pallets (x;;tsl =
119) and the customer demand is 98 pallets (Dpic = 98). The difference of 21 pallets is

equal to the safety stock deficit of the products.

Case (f) - validation of customer demand and supplier capacity constraints

Two time periods (T=2) were considered.

Supplier 1 may not supply product 2 (Q,¢ = 0) and supplier 2 may not supply product
1(Q21t = 0).

The demand of customers 1 and 2 is 21 pallets of product 1 per period in both time
periods (D111 = 21, Dq31 = 21, D142 = 21, Dy, = 21). The demand for product 2 is zero
for customer 1 in both time periods and 7 pallets per period for customer 2 in both time
periods (Dy11 =0, Dyyq =0, Dy =7, Dyyy = 7).

The safety stock of products 1 and 2 is 2007 and 2014 pallets (L, = 2007, L, = 2014),
respectively, and is higher than the inventory of those products on day 0 (2000 pallets for
product 1 and 2000 products must be transported from the suppliers, to satisfy the demand
and safety stock constraints for product 2) (i;gw = 2000, 150, = 2000).

Vehicle capacities are 7 pallets for vehicle 1, 14 for vehicle 2 and 21 for vehicle 3 (M! =
7, M? = 14, M3 = 21). The minimum loading factor is zero in all three vehicles (F! =
0%, F2 = 0%, F* = 0%).

The transportation costs per vehicle from warehouses to customers have large differences.
The costs from warehouse 1 to customer 1 are as follows: for vehicle 1: E1;, = 70€, for
vehicle 2: E2, = 120€, for vehicle 3: E3; = 180€. From warehouse 1 to customer 2 the
costs are: for vehicle 1: E}, = 71€, for vehicle 2: E?, = 122€, for vehicle 3: E3, = 184€.
Similarly, E3, = 720€, E3, = 1240€ and E3, = 1880€, El, = 730€, E3, = 1260¢€,
E3, = 1920€).

The warehousing costs are the same for both warehouses. Receiving and shipping costs in
warehouse 1 are 1€ (R; = 1, S; = 1), and those costs in warehouse 2 are also 1€ (R, =

1, S, = 1).

We confirmed the expected solution:

Supplier 1 ships only pallets of product 1 and supplier 2 ships only pallets of product 2.

21 DeOPSys Lab




University of the Aegean Department of Financial Management and Engineering

Shipments towards the customers are all made from warehouse 2, due to the high
distribution costs from warehouse 1.

The quantities that are transported from suppliers to warehouse 1 are 119 pallets (x;;tsl =
119) and the customer demand is 98 pallets (Dpic = 98). The difference of 21 pallets is

equal to the safety stock deficit of the products.

Case (g) - validation of customer demand and safety stock demand constraints

Two time periods (T=2) were considered.

Supplier 1 may not supply product 2 (Q42: = 0) and supplier 2 may not supply product
1(Qz1t = 0).

The demand of customers 1 and 2 is 21 pallets of product 1 per period in both time
periods (D111 = 21, Dq31 = 21, D142 = 21, Dy, = 21). The demand for product 2 is zero
for customer 1 in both time periods and 7 pallets per period for customer 2 in both time
periods (D211 = 0, D21 =0, D12 =7, Dazz = 7).

The safety stock of products 1 and 2 is 2007 and 2014 pallets (L, = 2007, L, = 2014),
respectively, and is higher than the inventory of those products on day 0 (2000 pallets for
product 1 and 2000 products must be transported from the suppliers, to satisfy the demand
and safety stock constraints for product 2) (i;gw = 2000, 150, = 2000).

Vehicle capacities are 7 pallets for vehicle 1, 14 for vehicle 2 and 21 for vehicle 3 (M! =
7, M? = 14, M3 = 21). The minimum loading factor is zero in all three vehicles (F! =
0%, F2 = 0%, F* = 0%).

The warehousing costs are the same for both warehouses. Receiving and shipping costs in
warehouse 1 are 1€ (R; =1, S; = 1), and those costs in warehouse 2 are also 1€ (R, =
1, S, =1).

The transportation costs per vehicle from warehouses to customers have large differences.
The costs from warehouse 1 to customer 1 are as follows: for vehicle 1: E}; = 700€, for
vehicle 2: E?; = 1200%€, for vehicle 3: E3; = 1800€. From warehouse 1 to customer 2 the
costs are: for vehicle 1: E}, = 71€, for vehicle 2: E?, = 122€, for vehicle 3: E3, = 184€.
Similarly, E1, = 720€, E3, = 1240€ and E3, = 1880€, Ei, = 73€,E3, = 126€, E3, =
192€).

We confirmed the expected solution:

Supplier 1 ships only pallets of product 1 and supplier 2 ships only pallets of product 2.
Shipments towards the customers are all made from warehouse 2, due to the high

distribution costs from warehouse 1.
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 The quantities that are transported from suppliers to warehouse 1 are 119 pallets (Xpes; =
119) and the customer demand is 98 pallets (Dpic = 98). The difference of 21 pallets is

equal to the safety stock deficit of the products.
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Table 3. 1. Validation cases and the model attributes tested

Constraints Validated Parameters Validation scope
# Cases
CD‘TR‘IE‘WC‘SC‘VLB’VC’SSD s | w | RC Ic ‘ PSC ‘ TC

Supplier capacity and safety

1 Case (a) . .
stock constraints

2 Case (b) 3 . . . Vehicle lording factor

Inventory and warehousing
3 Case (c) . . . . .

constraints
4 Case (d) 3 . Vehicle capacities and types
Which warehouse will ship the
5 Case (e) . . . . .
demand, due to costs
Customer demand and

6 Case (f) . . .

supplier capacity constraints

Customer demand safety stock
7 Case (g) . 3 .
demand constraints

CD: Customer Demand, TR: Transportation Route, IE: Inventory Evolution WC: Warehouses Capacity, SC: Suppliers Capacity, VLB: Vehicle Lower Bound, VC: Vehicles Capacity, SSD Safety Stock

Demand, S: Suppliers, W: Warehouses, C: Customers, VT: Vehicle Types, C: Costs, RC: Receiving Costs, IC: Inventory Costs, PSC: Picking & Shipping Costs, TC: Transportation Costs

24

DeOPSys Lab




University of the Aegean Department of Financial Management and Engineering

Chapter 4. Case study: Improvement of a 3PL network

We have applied the proposed location-inventory-routing model to an industrial case in order
to investigate the model’s applicability and effectiveness. More specifically, we have examined
the re-design of part of the supply chain network of a large-scale Greek 3PL company. To apply
the model to this case, we have used information provided directly from the company, its
geographical footprint including the warehouses, its suppliers and customers, the related
capacities and the products managed by the company. Any information not available from

company sources was retrieved from relevant literature or was based on relevant assumptions.

Firstly, we validated all information, data and assumptions by modelling the current (as-is)
supply chain network of the 3PL company and compared the company’s current status and
costs to the costs obtained from the proposed MILP model. During this step, some decision

variables of the model were assigned fixed values to reflect the current situation.

Subsequently, we tested the ability and the efficiency of the model to re-design high
performing networks by comparing the current (as-is) network with the transformed (to-be)
network that emerged as the solution of the proposed location-inventory-routing model.
Despite the high complexity of this case, the selected commercial solver provides optimal

solutions within reasonable computational times.

4.1 Company Description

Company general characteristics

The selected company is a pioneering Greek 3PL provider that offers a full spectrum of supply
chain services, including dry and cold cargo services. Also, it manages all types of consumer
goods, from very smalls to heavy and bulky items. It also specializes in bonded warehouses,
customs clearance services, and all types of customs procedures, as well as specialist customs
consultancy services. The industries served include food, beverage, consumer goods, retail, e-
commerce, technology, motor and pharmaceuticals-cosmetics.

The company has three bases located in Attica (@ Mandra, Magoula and Aspropyrgos),
Thessaloniki (Sindos area where this case study has focused upon) and Achaia (Patras). It owns
30 warehouses throughout Greece, in Alexandroupolis, Kavala, Thessaloniki, Florina, loannina,
Larissa, Attica, Achaia, Sparta, Rhodes and Heraklion Crete a total area over 130,000 m2. Most
warehouses are equipped with modern back-to-back racks, electro-hydraulic ramps with blow

tubes and state-of-the-art electric forklift trucks. The company also uses total of 600 trucks
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provided by cooperating transport providers. The number of staff employed is 500. Regarding
the financial data of the company from the annual financial statements for ear 2020, revenues
amounted to 21.7 million euros and EBITDA was 2.8 million euros.

Network in Northern Greece

In this thesis we study the network in Northern Greece, which comprises: (a) three warehouses
in the industrial area of Thessaloniki, (b) 23 suppliers throughout Greece that may supply one
or more products to the company warehouses, and (c) 53 customers with the majority of them

located in Northern Greece. The structure of the 3PL network is illustrated in Figure 4.1.
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Figure 4. 1. Structure of the 3PL network under study

Products and demand of N. Greece operations

The 3PL company receives 41 products from its suppliers. All products are of the dry type (i.e.,
not temperature controlled nor frozen) and were classified into 13 product types. Each product
type includes products with very similar product characteristics in terms of weight, size, usage.
Each product is characterized by a certain pallet loading (boxes per pallet) and thus known
receiving, picking, shipping, inventory and transportation costs. For example, consider a
product type that comprises washing powder and laundry softener products. One pallet of this
product consists of 25 boxes of laundry products. The exact costs are presented in Appendix B.
The actual customer demand in number of pallets for each customer, for each day, for each

product have been provided by the company.

26 DeOPSys Lab




University of the Aegean Department of Financial Management and Engineering

Warehousing (and inventory) of N. Greece operations

The capacities of the three existing warehouses in N. Greece are 22,000, 7,000 and 3,000
pallets, respectively. The two higher capacity warehouses use back-to-back pallet racking while
the lower capacity warehouse has no shelves; pallets are stored on the floor in blocks. Electric
pallet trucks are used for material handling in all warehouses. We have assumed that the
minimum stock level for each product equals to 15% of its daily demand as a realistic
assumption for this market. Based on the actual inventory data at product level provided by
the 3PL company, the initial inventory for all products are 5,763 pallets in Warehouse 1, 3,879
pallets in Warehouse 2 and 577 pallets in Warehouse 3. These products are stored in the
available warehouses according to the requirements of each supplier and space availability.
The initial inventory per product is given in Table 4.1. Warehousing costs were defined per

pallet based on realistic assumptions and are presented in Appendix B.

Table 4. 1. Inventory for each product per warehouse (in pallets)

Warehouse 1 Warehouse 2 Warehouse 3
Product 1
roduc 17
2
Product 105
Product 3
roduc 150
Product 4
roduc 183
Product 5 140
Product 6
roduc 138
Product 7
roduc 112
Product 8
66
Product 9
roduc 217
Product 10
roduc 164
Product 11 264
Product 12
roduc 95
Product 13
87
Product 14
64
Product 15
roduc 291
Product 16
99
Product 17
70
Product 18 158
Product 19 175
Product 20
156
Product 21
185
Product 22
101
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Product 23
161
Product 24
56
Product 25
45
Product 26
roduc 40
Product 27
roduc 34
Product 28
30
Product 29
26
Product 30
51
Product 31
! 61
Product 32
35
Product 33
5 36
P 4
roduct 3 61
p
roduct 35 172
Product 36
uc 97
Product 37
ue 74
Product 38 212
ue 626
Product 39 577
ue 756
Product 40
roduc 75
Product 41 3667

Transportation and fleet

The suppliers are responsible for transportation between their facilities and the 3PL
warehouses, while the 3PL company is responsible for transportation between warehouses and
customers. The available fleet of vehicles consists of three types of trucks: 7-pallet vans, 18-
pallet trucks, 33-pallet trucks. We assumed that there is no lower bound for the 7-pallet van
while the 18-pallet and the 33-pallet trucks should be full at least by 70% of their maximum

capacity to be available for usage.

4.2 Analysing the as-is network

We first analysed the current (as-is) network. This analysis has been used to estimate the
current costs and then to compare these costs and network to the proposed one (to-be). To
perform this analysis, we solved the MILP model of (3.1) to (3.11) under appropriate conditions

as described below.
Inputs of the network

The inputs of the network include: the suppliers and their products, the warehouses and their

capacities, the connections between suppliers, warehouses and customers, the inventory per
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product per warehouse in day 0, the customers and their demand, the vehicles with their

capacities, the warehousing and transportation costs.

Regarding the as-is scenario, Figures 4.2-4.6 show the transportation connections among the
main entities of the 3PL company (i.e., suppliers, warehouses and customers), in each day of
the time horizon (i.e., 5 days of a week) respectively. More specifically, the left-hand side of
those Figures presents the connections at country level while the right-hand side focuses on
the wider area of Thessaloniki in North Greece. Each node represents an entity and each arc
represents the connection between a supplier and a warehouse or a customer and a
warehouse. More specifically, blue, green and purple nodes represent suppliers that are
connected to warehouse 1, warehouse 2 and warehouse 3, respectively. Orange, red and black
nodes represent customers that are connected to warehouse 1, warehouse 2 and warehouse 3,

respectively.
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Figure 4. 2. lllustration of the as-is 3PL network in Day 1
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Figure 4. 5. lllustration of the as-is 3PL network in Day 4
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Figure 4. 6. lllustration of the as-is 3PL network in Day 5

To model the current network and thus the as-is scenario, we fixed the connections among the

entities (i.e., suppliers to warehouses, warehouses to customers) with respect to the actual 3LP

network, as presented in Tables 4.2 & 4.3. Within the 5-day horizon the company receives from

its suppliers and ships products to its customers multiple times. This detailed analysis of the

connectivity by day of the horizon is presented in Appendix D.

Table 4. 2. As-is general connectivity between suppliers and warehouses

To... Suppliers 1-22 Supplier 20 Supplier 21 Supplier 23
Warehouse 1 °
Warehouse 2
° [ ]

Warehouse 3

Table 4. 3. As-is general connectivity between warehouses and customers

From... Customers 1-48 Customers 32-33  Customers 41-44  Customers 49-53

Warehouse 1

Warehouse 2

Warehouse 3

Table 4. 4. As-is product allocation at each warehouse

Products at... Product 1-37 Product 38 Product 39 Product 40 Product 41
Warehouse 1 ° ° ° °
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Warehouse 2 ° °

Warehouse 3 °

In the as-is model we also limited the type of vehicles used to (v =1,v = 2,v = 3) and the

combinations of these vehicles:v=5,v=7,v=8,v=9v=10,v=11,v=13,v=14,v=15.

Table 4. 5. Capacity and inventory, receiving and shipping cost at warehouses

Warehouses Capacity (in pallets) Receiving cost (€) Inventory cost (€) Picking & shipping
cost (€)
1 22000 2.4 0.216 2.4
2 8000 2.0 0.18 2.0
3 3000 1.6 0.144 1.6

Outputs of the network

For the as-is network, the model optimized only the transportation quantities for throughout
the time horizon (i.e., 5 days). Specifically, the solution provided the values of the following
decision variable which were not provided by the company: transportation type and quantities

per day for each pre-defined connection.

In the as-is scenario, warehouse 1 manages 59.8% of the total inventory while warehouses 2
and warehouse 3 manage 36.2% and 3.8%, respectively, as presented in Table 4.6. The
allocations of each product to one or more warehouses are an input for the as is scenario (see

Table 4.4).

The model included 6,686 decision variables and 3,042 constraints; the run time to optimality

was approximately 18,000 sec (5 hr) on the system mentioned previously.

Table 4.6. As-is inventory at each warehouse per day in pallets for all products. Day 0 inventory

is the initial inventory (input)

Inventory at... Day 0 Day1 Day 2 Day 3 Day 4 Day5 Pallets shipped Pallets
to... shipped
from...
Warehouse 1 6,666 6,450 6,296 6,206 6,075 5,911 1,618 2,373
Warehouse 2 3,879 3,690 3,640 3,630 3,607 3,584 975 1,270
Warehouse 3 577 540 489 452 432 380 0 197
Total 11,112 10,680 10,425 10,288 10,114 9,875 2,593 3,840
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Note that stock is turned every 20 days in each warehouse, according to company data.

Based on the model’s results of the as-is scenario, Tables 4.7 and 4.8 below present the
number of trucks delivering or shipping to/from each warehouse during each day of the under-

study horizon, respectively. Again, these are model outputs.

Table 4. 7. As-is number of trucks between suppliers and warehouses per day

Trucks to... Day1 Day 2 Day 3 Day 4 Day5 Total
Warehouse 1 27 11 16 16 16 86
Warehouse 2 5 9 9 7 9 39
Warehouse 3 0 0 0 0 0 0

Total 32 20 25 23 25 125

Table 4. 8. As-is number of trucks between warehouses and customers per day

Trucks from... Day1 Day 2 Day 3 Day 4 Day5 Total
Warehouse 1 40 27 14 22 32 135
Warehouse 2 12 12 9 11 10 54
Warehouse 3 3 4 3 2 4 16
Total 55 43 26 35 46 205

As described in Section 4.1, the as-is scenario represents as much as possible the real status of
the 3PL company for the selected horizon based on actual data provided from the 3PL company
and some reasonable assumptions. More specifically, in the as-is scenario, the connectivity is
totally in line with the company’s actual network; thus, the proposed MILP model considers as
fixed the connections among the entities. However the transportation quantities were
optimized for the under-study horizon. Thus, the number of the actual trucks is higher than
those specified by the model in the as-is scenario. More specifically:

e 140 actual trucks arrived at warehouses instead of the 125 as per the model’s as-is

scenario (reduction of 11%),
e 216 actual trucks were actually used for shipping from the warehouses instead of 205

as per the model’s as-is scenario (reduction of 5%).

As a result, the actual transportation cost is 7.92% higher than the transportation cost resulting
from the MILP model for the as-is scenario. The total supply chain costs, taking into account

both warehousing and transportation costs, resulting from the MILP model are 5.70%, lower
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than actual costs, as presented in detail in Table 4.9 below. This points to an opportunity for

savings, even if truck routing is not changed.

Table 4. 9.Total cost difference between actual data and as-is scenario

Actual as-is Optimised as-is %
scenario scenario difference
Trucks to warehouses 140 125 -10.71%
Trucks from warehouses 216 205 -5.09%
Transport costs to warehouses 36,611.19 32,444.92 -11.30%
Transport costs from warehouses 27,209.10 25,788.16 -5.22%
Total transportation cost 63,820.29 58,233.08 -7.92%
Total warehousing cost 24,632.38 24,632.38 0%
Total cost 88,452.67 82,865.46 -5.70%

Note that, warehousing costs remain the same, since the same quantities are received and
shipped per warehouse per day in both cases.

4.3 Evaluating the to-be network

For the to-be scenario we took into account the same parameters as in the as-is scenario i.e.,
costs for receiving, picking and shipping, inventory, transportation; product characteristics,
warehouse capacities, etc. Furthermore, we respected the actual supply chain network
architecture (i.e., warehouse locations, customer locations, supplier locations, types of
vehicles). We optimized all decision variables of the proposed location-inventory-routing model
as presented in Chapter 3. The to-be design results that are presented in this chapter are under

optimality gap of 1.30%.

Table 4.8 shows the allocation of product among warehouses. The changes with the as is case
are noted with a dot. A tic mark indicates no allocation change. It is observed that all
warehouses have an active role in the storage of these products, in relation to the existing as-is
situation. The allocation of 65.8% of products was changed (wholly or partially). Partially means

that some quantity of the product was also stored in an additional warehouse.

Table 4. 10. To-be allocation of products per warehouse (V=no change, e=change)

Products Warehouse 1 Warehouse 2 Warehouse 3
Product 1 v °
Product 2 v °
Product 3 °
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Product 4 v °
Product 5 v

Product 6 v °
Product 7 v

Product 8 °
Product 9 °
Product 10 °
Product 11 o
Product 12 v °
Product 13 v .
Product 14 v °
Product 15 .
Product 16 °
Product 17 °
Product 18 v °
Product 19 v

Product 20 v .
Product 21 v

Product 22 v

Product 23 v

Product 24 v

Product 25 v

Product 26 v

Product 27 v

Product 28 v

Product 29 v

Product 30 v

Product 31 v

Product 32 .

Product 33 .

Product 34 .

Product 35 .

Product 36 .
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Product 37 ° °
Product 38 v

Product 39 v ° v
Product 40 °
Product 41 °

In the as-is situation warehouse 3 was only used for a few products, but in the to-be situation
warehouse 3 takes an active role, and now manages a part of 50% of the products that the
company handles. This happens because warehouse 3 has reduced warehousing costs
compared to the other two warehouses, making it more likely to be chosen to store products.

Note that warehousing costs were based on assumptions and were not provided by the

company. Thus, the change may be only due to our assumptions.

The following Figures 4.7-4.11 show the to-be connections among the main entities of the 3PL
company, suppliers, warehouses and customers, during each day of the under-study horizon,

respectively. The main difference between the as-is and the to-be networks is that warehouse

3 now manages a higher number of products.
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Figure 4.11. lllustration of the to-be 3PL network in Day 5

Table 4.11. To-be inventory at each warehouse per day in pallets for all product (in number of

pallets). Day O inventory is the initial inventory (input)

Pallets Pallets
Inventory at... Day 0 Day1 Day 2 Day 3 Day 4 Day 5 shipped shipped
for... from...
Warehouse 1 6,666 6,449 6,365 6,330 6,293 6,254 215 627
Warehouse 2 3,879 3,657 3,435 3,374 3,287 3,284 270 865
Warehouse 3 577 636 666 590 522 337 2,198 2,438
Total 11,112 10,742 10,466 10,294 10,102 9,875 2,683 3,930

Table 4.11 presents the to-be inventory at each warehouse per day. As expected, warehouse 3

handles more shipments and receipts than in the as-is scenario due to lower costs. Note that

warehouse 3 has a maximum capacity is 3000 pallets, and thus may manage the related

volumes.

Tables 4.12 and 4.13 below present the number of trucks that each warehouse is receiving and

dispatching each day of the under-study horizon in the to-be scenario.

Table 4. 2. To-be number of trucks between suppliers and warehouses per day

Trucks to... Day 1 Day 2 Day 3 Day 4 Day5 Total
Warehouse 1 0 3 3 3 3 12
Warehouse 2 3 3 3 3 3 15
Warehouse 3 30 19 18 21 24 112
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Total 33 25 24 27 30 139

Table 4. 3. To-be number of trucks between warehouses and customers per day

Trucks from... Day1 Day 2 Day 3 Day 4 Day5 Total
Warehouse 1 11 9 7 6 10 43
Warehouse 2 13 13 3 8 4 41
Warehouse 3 27 18 12 18 30 105
Total 51 40 22 32 a4 189

Table 4. 4. Trucks used between suppliers and warehouses per day for three scenarios

Scenario Day1 Day 2 Day 3 Day 4 Day5 Total % Dif vs actual
as-is
Actual as-is 35 23 28 24 30 140
As-is optimized 32 20 25 23 25 125 11.32%
To-be 33 25 24 27 30 139 -0.71%

Table 4. 5. Trucks used between warehouses and customers per day for three scenarios

Trucks to... Day1 Day 2 Day 3 Day 4 Day5 Total % Dif to actual
as-is
Actual as-is 58 45 29 36 48 216
As-is optimized 55 43 26 35 46 205 -5.22%
To-be 51 40 22 32 44 189 -13.33%

Table 4.16 compares the costs of the as is scenario (strictly based on the company inputs), the
as is optimised scenario (based on the company inputs but optimising the missing variables not

provided by the company as inputs), and the to be one (optimising all decision variables).
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Table 4. 16. Total cost difference between as-is current, the as-is optimized and to-be scenario

% %
As-is As-is To-be
Dif As-is current Dif As-is opt &
current optimized scenario
& To-be To-be
Trucks

Trucks to warehouses 140 125 139 -0.7% 11.2%

Trucks from warehouses 216 205 189 -12.5% -7.8%
Transportation trucks

Transport costs to warehouses 36,611.1 32,444.9 31,269.8 -14,5% -3.6%

Transport costs from -5% 0.1%

27,209.1 25,788.1 25,843.9
warehouses
Warehousing costs

Receiving 5,817.6 4,443.2 -23.6%

Picking & Shipping 8,534.8 6,996 -18%

Inventory 10,279.9 10,312.4 0.3%

Total transportation cost 63,820.2 58,233 57,113.8 -10.5% -1.9%
Total warehousing cost 24,632.3 24,632.3 21,751.6 -11.7% -11.7%

Total cost 88,452.6 82,865.4 78,865.2 -10.8% -4.9%

The most significant differences comparing the optimised as-is and the to-be scenarios are

presented below:

According to Table 4.10, the majority of the total to-be receipts (80.57%) and
shipments (55.55%) are managed in warehouse 3, while the majority of the as-is
receipts (68.80%) and shipments (65.85%) are managed in warehouse 1. The reason for
this change is that warehouse 3 has lower warehousing costs compared to the other
two warehouses, while the transportation cost does not have significant differences
between the warehouses, since they are all located in the same area.

According to Table 4.9, customer 1, the customer with the highest demand, is served
by warehouses 1 and 3 while in the as-is scenario it is served only by warehouse 1.
Supplier 23 in the as-is scenario serves only warehouse 2. In the to-be scenario Supplier
23 serves all three warehouses of the company. In the to-be scenario customers 51 (at
Ritsona) and 52 (at Thessaloniki) are served by warehouses 3 and 1 respectively, for
financial and geographical reasons, while in the as is scenario those customers are
served only by warehouse 2.

According to Table 4.16, the inventory cost between the optimized as-is and the to-be

scenarios increases by 0.3%. This is due to the slight increase of inventory levels.
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e The to-be design results to total costs of 78,865.23€, almost 11% lower to the current
as-is. Extrapolating the weekly figure, network optimization may result to 500,000€
cost savings on an annual basis. The most significant difference is related to the
receiving and picking / shipping costs as presented in Table 4.16. A decrease is
observed for the transportation costs from node to node, that drives to a notable cost

decrease on the rest warehousing costs due to the optimized product allocation.
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Chapter 5. Conclusions and recommendations for future research

5.1 Work performed and conclusions

In this thesis we focused on the location-inventory-routing problem related to Third Party
Logistics (3PL) companies. We developed a new mathematical model that addresses most
significant decisions involved in efficient re-design of the related supply chain network
considering multiplicity of time periods, products, warehouses, customers, suppliers,
transportation types. The model is able to support the designer to make the following decisions
for each time period of the planning horizon that involve selection of: (a) the warehouse(s) to
store each product (SKU), (b) the inventory level per SKU per warehouse, (c) the warehouse(s)
to serve each customer and (d) the appropriate vehicles to transport the products from the

suppliers to the warehouses, and from the latter to the final customers.

In order to validate the consistency and correctness of the proposed MILP model, a series of
validation tests have been performed. The expected solutions were obtained by the model in

all cases.

Also, we applied the proposed location-inventory-routing model to a complex industrial case in
order to examine the model’s effectiveness. Specifically, we have investigated the re-design of
the Northern Greece supply chain network of a large 3PL company operating throughout
Greece. Based on the data we obtained from the company, we applied the MILP model to
estimate aspects of the network operation not provided to us by the company, but respecting
the basic network. In this step, we partially optimised operations (through the free part of the
model), resulting in 5,70% cost savings. Subsequently we re-designed the network resulting in

10,84% overall savings.
In the optimised (to-be) model significant changes were observed in terms of:

e Allocation of product to warehouses,
e The selection of the appropriate supplier-warehouse-customer route and

e The selection of the appropriate combination of vehicles for supply and distribution.
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5.2 Recommendations for future research

Future research in this supply chain network may explore some new interesting areas, as

follows:

Multi-objective considerations in the supply chain network design

In addition to minimizing costs, the model could be extended to also deal with emissions, in
order to promote sustainability of 3PL operations. In this way the 3PL brand and business may

be enhanced.

Addition of reverse logistics to the supply chain

The model could evolve and become more complete, by considering the reverse logistics of the
supply chain, which may include the returns of expired or non-conforming products by
customers. We have formulated the mathematical model to serve the reverse logistics of the
company, but this part was not implemented in ode. Implementation, testing and validation is

an interesting extension for further study.

Extension of the existing model to consider the network design problem

The current mathematical model considers the case of redesigning an existing network with
fixed warehouse locations. If the number of warehouses, their size and their location are to be
selected, then appropriate extensions should be made; for example new binary variables
should be defined for selecting the locations from a finite set of network nodes, appropriate

constraints should secure consistent flows from/to these warehouses, etc.
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Appendices

Appendix A: Questionnaire used to obtain information about the operations of the

company.

In this appendix, Table A.1 presents the questions that were needed to provide important

information in the context of the research for the specific 3PL company.

Table A. 1. Table of the questionnaire we used for company

Number Questions

1 The orders of products that arrive at the warehouses and concern the customer

1 (significant customer with many orders per week), by whom are they written?

2 When a shipment is made by the suppliers supplying the customer 1 to the
warehouses and by what criteria?
Strictly based on daily orders? Is there a grouping of orders? If so, by what

criteria? Another method?

3 The products of the suppliers how many calendar days approximately remain

stored in warehouses until their shipment to the customers?

4 Is there a forecast and if so, for how long?

5 By what criteria are customer products stored in the three different

warehouses? How is the warehouse selected per supplier and per product?

6 In terms of shipping products from suppliers, when the supply is made and by

what criteria? To cover safety stock? To deliver immediate to end customers?

7 Before shipments from suppliers to warehouses take place, the agreement is
guided by the presence of empty pallet places on the racks?

They are shipped without the information about whether there are empty
pallet places in warehouses?

There is a continuous flow agreement whether empty or not

Pallet places on racks?

8 Orders for end customers (recipients of shipments) from who do they come
from? From the Suppliers? Regular shipment from warehouses based on long-

term order?

9 How often are these orders placed? Is forecast used by the company?

10 There are a minimum number of pallets for a truck to load? There is a lower

bound for the vehicles?
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11 The weekly demand of customer 1 but also of other customers, remains at
about the same levels throughout the year?

Is there a significant increase in demand due to seasonality?
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Appendix B: Warehouse capacities and warehousing costs.

In this appendix we present in Table B.1 the capacities of the warehouses of the company and

the warehousing cost of each.

Table B. 1. Table of warehouse capacities and warehousing costs

Warehouses Warehouse Receiving cost Storage cost (€) Picking &
capacity in (€) Shipping cost (€)
pallets
1 22000 2.4 0.216 2.4
2 8000 2 0.18 2
3 3000 1.6 0.144 1.6

Appendix C: Transportation costs.

In this appendix we present in Table C.1 the transportation costs per vehicle and their analysis.

Table C. 1. Table of transportation costs analysis per vehicle

Vehicle type Vehicle Driver cost | Cost per km Depreciation Min cost of
capacity in (€) (€) per km (€) route (€)
pallets
1 7 30 0.11 0.022 50
2 18 40 0.275 0.055 50
3 33 100 0.6 0.16 50

Appendix D: As-is connectivity.

In this appendix we present in Table D.1 the as-is connectivity between suppliers and
warehouses per day and in Table D.2 the as-is connectivity between warehouses and

customers.

Table D. 1. As-is connectivity between suppliers and warehouses (The values in each cell

represent the warehouse(s) the related supplier visits the related day)

Days

Suppliers 1 2 3 4 3
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From the table above it may be seen, that supplier 23 ships products to warehouse 2 daily, and

so does supplier 13 to warehouse 1. Supplier 10 ships 4 days out of 5 of the time horizon.

Table D. 2. As-is connectivity between warehouses and customers (The values in each cell

represent the warehouse(s) the related supplier visits the related day)

Days
Customers 1 2 3 4 3
1 Warehouse 1| Warehouse 1 | Warehouse 1 | Warehouse 1 | Warehouse 1
2 Warehouse 1| Warehouse 1
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Customer 1 has daily demand and is served by warehouse 1. Also, customers 43 and 52 equally

have daily demand that is met by warehouses 3 and 2 respectively. It may also be seen that

several customers demand products once or more times per week, and are served by the

warehouses.
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