A AW E71s Al (time window) AA| &
054 74 (multi-depot) TF3] A (multi-trip) XF&78 Z&A:
22 9 2 o= QYT HIH

Multi-depot Multi-trip Vehicle Routing Problem for
Offering Available Delivery Time Windows:
Online Assignment and Offline Reassignment Approach

Keyju Lee, Dongjin Jeong, Junjae Chae’

School of Air Transport, Transportation and Logistics, Korea Aerospace University

The last mile delivery efficiency is becoming prominent, as its demand is boosting. As the last mile
delivery provider and customer are both interested in differentiated services, on-demand delivery
and time-reserved delivery services are receiving attention. This research characterizes the problem
into multi-depot multi-trip vehicle routing problem for offering available delivery time windows
(MD&T VRPOTW). A mathematical formulation for the problem that includes previous schedule
constraints and current-time constraints is provided. A strategy for reducing complexity is suggested.
The problems were solved using CPLEX, and the complexity reduction was proven effective in
online assignments. The experiments on offline re-assignment showed that over 10% of delivery
distance (time) can be reduced when the schedules were re-assigned or re-optimized after about 10
delivery scheduled had been accumulated. This research and directed future research should

contribute to the improvement of on-demand delivery and time-reserved delivery services.

Keywards. On-demand Delivery, Vehicle Routing, Vehicle Assignment, Vehicle Reassignment
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1 A8

AAA =EAA e F=a3 3152 2t=EntY(Boysen et al., 2021)2 &7 2 FE A A FFol 4H]
Al Al A E = vpA g GAE orsty, SfxEndu$e] £, T2, WA o] anA oA AEsE A
3 S A 337 W}E—‘?ﬂ 1 8 =57F AA I Y (Korea Maritime Institute, 2022). 53] I =1 199] FaFo
2 AAZANR Y niFo] F58HA S7HeE o™ (Bhatti et al, 2020), °l<= st=ErtLdulEo] it 8 F
7FE ol HTh iR molA Z2uY 1971 B4 g4k 2020 @i EFS Ad il of 21% 9] w5 AE
YERATH(Park et al., 2021). t@dl=ro] AAFAHE AmjAAe 37% 5 AA 3t Jon, A =
A EI 2 Au| 2o FPol FF 53d3t 45% 744 S7HE A o' HA-EtH(Morgan Stanley, 2022).

Dablanc et al. (2017)8] Aol &J3tH ZAIA] A 2] ©]-F(mobility)#7 & Uber(2020)2} o] 2utE
Z gL 7IRte g &= FEF(on-demand) &F AHI2=Z WP HALL, o2 FAL =AAHY FEE
& 5, eF /A AR Aoz gFET 7 ATelAs AN e S2ErdFel B
A AL 7hsAde] EAEE =Wt Il AE o] Ysk= AZEH(time window)ell o oFl <5}
£ AH¥l2(Korea Logistics News, 2022; SK Telecom, n.d.-a) =& FAI8]% A H] 2 (Kyunghyang, 2022;
Maeil Business, 2021)¢} 2] 28 stE vl SAv] 20 tig #A4A 2 871 SVt Aok AlZE o 2Fhl 5
Mul 2ot SAE AHl s o] & dolFHoF st A(HaAF ¥R B A4, 7o wis
=¥ 2 AA, AP HEFA ) 3 24T o] ek Ae(AEAEE BERE T)ok 2ol

o] mjEA ol UL 142 A3 (attended home delivery)oll A &2 4= At} WA o] 3 Mujx o7
WE71Ae] A& F ﬁ]ﬁlE]_]_ Rom, oo e EEA I HiA £FAAE AANE F AT
gl M 2IHE Ha £ 71Hg 5 Atk

2 dAFdAE ol#ld FAFHE AAME7Is Al (time window) AAIE 9% A FA
(multi-depot) T3] & (multi-trip) 237 Z Al (vehicle routing problem)Z 9| dtt}. A FAHZEA = AH
oA LT g aFo] MiE T2 AHEE a7t 1S 54T AR WEsta oA AL
2 EHsts Ha & AE2E AAste wAloln. & dATelA AAsts AFEAZEA 72 v
714 (multi-depot) ol Th<F2] 2ol &drE o] Ql= A&olA dejol AN dAzte s A st= 112 9
& o Aol g3t 2 Ao 7" Wi 2AESS 1H e W aAAR viE THs T A ZEdh
(time window)E =<3 # LA Al (offer)st, A2 AAE AZH F stdE AT + ATt
(Figure 1). 4 &2 A AFaolA et ok W7hA o aAS AHaT 5 9loy, Ao
B FA| o] _I_E:]HOiO]: toh 4 A 2a 9 AE REESE B3] (multi-trip) BIAF7E 7hs sk, vt

Hzotstol drt. B A7 Fyrd A2 2l(@ARY) 2 5S4 w
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1. request ] ' _ )
—> 2. find possible time windows
3. offer possible time windows and schedules
customer |« model
4. select a time window 5. update schedules with

the selected time window

Figure 1. A simplified process of delivery request and offering possible time windows



Uber(2020)2] AMu2Z == AAZF AFTGEA F, $3A-Ff(ride-sharing) & AFZE
(ride-hailing)oll & AF7F &dstA o] FoA L Ut 3 EA= AA-2}FF(trip-vehicle) FZA)(S.
Li et al., 2020; Mori & Samaranayake, 2021) ¥+= 4 A|ZH] 2 (online vehicle dispatch)(Zhao et al., 2019)
A2 doldn. -2 D-EAANAM Y A (trip)> ”O] AAT 7Moo FHLRY o5 o]
stH, lF AAHES 7P ESHOE FIPL F e A dIsteE AS FFEE S} Alonso-Mora et
al.2017)9] AFolAM = AAG-AF SFEAE ¢ $249 550 7Ied FHZ ditsidla, AAZte R
2 7R A4 dEE A% ¢uglES AT Zhou & Roncoli(2022)2] A T3 F 29| EA 0
ek E824 EFAE AAAT. 259 A7 dA-AF FEAE OS5 L2 TAANA =
249 wFAFH AQ-AF dF AA A EA = WA (endogenous) EFAFES A 1HE F 9

A2 SFEA G FARE FEHE 227 2 (food/meal delivery routing) 4l (Reyes et al., 2018)
7F Atk A EAlAE 540 FHlE O]—?—Oﬂ ggjo] 7hsdtthe o] FUHA o2 nHEY, g
B7HA A8 FHE AREE AfstAY 2HAATE HAsEHr] Hs =gt S o] FHlIEE AtE FgE
Aoz 31#g AF(Ulmer et al., 2021), A2 w1 Al2] &4 (transfer)S & A7(J. Li et al., 2022)
A7 o] FoAHT. SAMEAE ZAY HAHE AR EEdE AL AL R

2 SHAS BAs7] Hdl TZ4 (constructive) &iLE]EF AT(Wang et al., 2021), §73}38+
< 83 A7 (ahanshahi et al, 2022) T E33t 7|ASGE RIS &3 EFA0] AAEHIA

&4 (dynamic) X} F7 =& A (Ojeda Rios et al., 2021; Pillac et al.,, 2013)& FEH O & EA e FECIY
AZEol Aol wel =2uA] H= A&l tsshy] AR AFHREAE £8sk= JidelH, 53 A2
AYARA 2 o 7R om A3 FETI Y. FHAAFEZEA ] WA FE o=, vE A

= MEE FEES FE XFANAY MEZL AF

et ste AV 2FET M2 FEES AFE A 9 (Predictive)®} A SH A 4 A¢

(Unexpected)’} &2 4 31 2™ (Kucharska, 2019), 52 &3 o FAT + = vlEES AH A
(re-optimization)& #A & Fa N & AtH(AbdAllah et al., 2017).

-

A2t (time window) A 2F X} 7] 2 A (El-Sherbeny, 2010)o1 4= 2 o] vj$S Wske Al
AAH Ja(dE =01, 174~184]), o] o] BE 2] wjEAI S %—7‘“3]-74‘/}, " ErE
Hagteto] wWiES SEstaA vk Y FHY Aol thal A &dHexact) ¥l F(Baldacci et al.,
2012)3 WEL-Fel Y L2 E(Dixit et al., 2019) 5 ThF3h o] A= At f‘a Ao A eF 2}
dEZA et Aol FASEAIRE L W&o & AR A (Spliet & Gabor, 2015)7F AT}, Al
DS T AFEZEANAL] AL vl Ee w5 3l oF &F= /\“HX4°]E'4 7ol Azt E
AAste Ade B2 FFATE W SARIHE ‘%M—T—O
g oA EATEE A5 F (continuous) O] A 2 o]4k(discrete) NP2 7T AT (Spliet &
Desaulniers, 2015), Xﬂ%—?gl )& S 1H T AT (Neves-Moreira et al., 2018) & Av]d +Fo] A4
< Bt FAHCE 18T F RS DA on, B o2 E7] AT (branch-and-cut) Y318 &
o] A Al = A tH(Dalmeijer & Spliet, 2018).

o
=

UIN



22, AEA 2 AT 7o

SH O]'EH Table 1°ﬂ 1/]‘5}-‘/]' H}Q} Zro|l B :,L(z.] Al HH_4\_7]__1: A7+

GEAFA o8 AP ZEA, MD&T VRPOTW)S| 283 < 1@ 4 9tk MD&T

VRPOTWOl A o] @A 3l= A& oA o] obd T (arrival) = v & (delivery)ol ™, AAIZE tf-&o] 7}
[e]

sabch wAe] $Ask g vE ¢ 4 Qla, Uwi By Bk me 8o Ay we =
+ ZAl(on-demand) =5 ook 3t EAFHESE Th2A 120] Aedt A 7tel g3 74 Al(on-time)Hl
ol oF gt} whef, A AAE AT F 7%L o] & AlRto] AelHTH FAEFS] Fejolx g2
4 9th MD&T VRPOTWE Hi%$7Hs AIZFHE Aol Al A A (offer)dt7] 13 mdlo|n, 142 wj&7ls
g Ao AAE o] AR FoAlA stUE Add 5 At dSAFLEIE Ly FHo v AgEd
QA7 2AB, 2+ AFe a4 RLE ST BASIE MR el WAL s,
Table 1. Comparison of MD&T VRPOTW and other related works
Trip-vehicle | ) .1 delivery | Dynamic |VRP with time| Time window - s oy Wi Hon
assignment : ) . offering available delivery
problem routing problem| VRP window assignment VRP fime windows
(TVAP) (MDRP) (DVRP) (VRPTW) (TWAVRP) (MD&T VRPOTW)
Request Trip Trip Arrival Arrival Arrival Arrival
Real-time 0 @) @) X X ()
Unknown 0 0 X/0 X X 0
customer
On—demand Demand Demand Demand Time Time Demand/Time
/On-time
Arr1ve'11't1me Provider Provider Provider Customer Provider Customer
decision
# of Arrival . . . . .
time options Single Single Single Single Multiple
Vehicle start . . . . . .
Jocations Multiple Multiple Single Single Single Multiple
Vehicle return X X @) @) 0 ()
Vehicle capacity X 0 0 0 ) 0]

3. MD&T VRPOTW EA9 =383}

2 AFAE MD&T VRPOTWE EFAFAGHoZ FA3AT A= Vv =29 A,
A={G )l je Vii#j}7F okae AFE Jvlste :La]E G=(V,A) ’¢ellA Aegth o]9fo] MD&T
VRPOTW &4 2¥3lE 93l Qg F7| ¥ (notation)S o}l Table 20| AASAT. F == (4,5) Akl
o] o] FHI &R ¢; ;& AFY olF AQAZHE Ut =& JYFE V=V, U Vg U Viewa U Vi, S &
o7 FAHY, 2 JAFge 1 L=V ={1,..,n)}, ETHFLE XS V.= {nt+1,..
={ntwt+l,...nt2w}, FAZFE == V,,,, = ht20+1,..
CAlE 2o we O FA(multi-depot) o] ¢S 2w gt
=Y og FUI AYFHE Foll SASHAT, T ?L**fﬂ AL S8l FEAT EAl
= =R FAe T3 AYHRRE VM, BAEFLE AF B3] A (multi-trip)
2317 %‘H & Hfﬂt} =, 7 A «1 BEE REEA %%Hé%i =EF sty nA =

= =

d== FHUL.

B

ntw), ERFF

amt2wtm—1wl =

= = = =
FRYFL wEd SHAF

o P K

b
e
e

o
-
e e



ZF wE o tigk FRFE p, ARl RQATEES 5, B&S) oF Sk A Y] Al ZFAI X (earliest) S ¢;, =3
of sh= A FE A (latest)= [ AYdth == 7 1A == JE Vol TFEHA Ze H5
= BF AFLE UYBHEERE pot s; @0l BF 002 2390 =& 7F Vg, o 23ETH ¢ 9 [ &
S BEF 0o AASH, Vi, B Vi, TFETE ;= 008, [+ 2AFY GFFTEATCE AT
& S0, & 9H=Z FH3E 10AF ZFIHH 60002 AA). aAFS 2 AFL L&H e
AFE FAFA K=K U...UK, ={1,....k} 2 E738H (K, 11 AFxo 258 25 1), =8
AFL A3 FF QE 7RI

e TR AAWTFEE x5, L G A 77 AT =5 (0L 7) 2] olFe AT k7t 35t
T A xS #2101, 18R ow 09 ge stk ¢, 9 @S =& o AR k7 RS o

ANZre YEH, ¢, =2 o A% 7 E2Fe W AF kol A" &FS e MD&T
Z

Table 2. Notations used for modeling MD&T VRPOTW

Index Definition
i index for nodes
j index for nodes
w index for multiple depots
k index for vehicles
Set Definition
|74 set of all nodes, V.U ViU Viewa U Viopy
V., set of customer nodes
Vistart set of starting depot nodes, Vdm”1 U...uU Vdsmm
Viena set of ending depot nodes, V,,,; U--U Vg,
Viacopy set of copied depot nodes, Vi, U--U V.,
dem set of copied depot nodes at depot w
K set of all vehicles, K;U...U K,
K, set of vehicles at depot w
S’ set of (7, j,k) tuples of x; =1 in the previous solution (schedule)
Parameter Definition
Cij cost (time) of traveling from node 7 to
S service time required at node ¢
b; amount of load to be delivered to node ¢
e; earliest possible time for arriving at node ¢
l; latest possible time for arriving at node
Q vehicle capacity for the amount of load
T a number to denote the present time
M a very large positive number
Decision Variable Definition
X ih 1 if vehicle % travels from ¢ to j, 0 otherwise
tin arrival time of vehicle £ at node ¢
ik amount of available space on vehicle % after servicing node 7




minimize £ — Z Z ZQ‘, P XXk )

ievjeVeek

subject to > sz‘,;‘,k =1, vjeV, )
eV=V, . kEK

). in,j,kzl’ VieV, )

JEV= Vi FEK

z;vx”k Zxﬂk, ViE V.U Vi kEK @

Y. i =1, Vi€V, KEK, )
A R

. T =1y VI€E Vi REK, ®)
1€ VoY Vistart,Y Vacops,
2k =00 Vi€ Vi +7E Vioia ™ Vitona )V Vaeopy = Vi ) FE K, (7)
2 =0, ViE (Vi — Vdsmrtw) U (Ve — Vdcopyw) E Vs »FEK, @®
z i, =0, Vie Vdstmw,je VikZz K, (9)
Zijp =0y VIEVJEVy R E K, (10)
i =0, VIEVLIEV,, UV, kZ K, (1D
z,=0, VieV,jeVg,nkeK (12)
=0, VieVy,, 1€V, kEK (13
tiptsite; <t tMxU—zx,,), VieV,jeV,U V.U Ve, k€K (14)
t,, =0, VieV,keK (15)
tip = e VIEVEEK (16)
tin <l YiEVREK an
g, =0, VieV,kEK (18)
G, =Q, ViEV,kEK (19)
Gpt D < @t Mx(Q—z;,), VieV,jeV, keK (20)
Gptp; < Q+Mx(1—zx;,,), VieV,jeV,keK @1
Gt tMx(Q—z;,) =0, VieV,jEV, kEK 22)
Yoz =1, V(i.jk)ES ©23)
eV
tp T Mxz,;, =T, v(ijk)ES (24)

2Dl yebd MD&T VRPOTW Flnde] EX = 24 2o dAZGRAZ A S ﬂ*i}’&}
1z ok AgzA 29 Q) Ystd RE 1A =T 3] 3 WMol S<(nflow)d {2
(outflow)o] EA&fof 3t} & RE 4L ¥ ojof gt} AkxA e 1A
o] ;(ﬂ

B iz ﬂJ{N

=g BAgFL bz 6ol o3) 2 e
=4 Aol é% SHARE wERYH 2EAH, A O 9N 4 AFE BEA A
9 SAYFLE =52 Bk Gk A% NS 5F FLHRE =CEVE FUF FFo| g



SRHFAE EE B B BEARFTA REE FYEHA FEF, 283 Afxrd ) AFo] 54 =3
ARAE Y2 W B SUFFL E5 B BAAFLE REE25E HIT Zlo] olUEF AgErt A
k7 (9E o] A2&HA G 2UAHFAL LEFRHE 29 £ QEE AFz2d (102 xpEko)
2&EHA e AFOZE BEATY £ ES At ALz 1D 14 =228 =4 F4 =
T EE BAARA 22 FY2 W AFY AFL aEo] A& oF & vERAT Alofxd (12)¢
(13S 28 AFAL E2Z2F oW 385 FUHA REF, SAAFL 82X EE oJd 385 #§F
A gxE gt Agzrd (1499 (15DEe A BFEo A A(sub-tour elimination) Al Fz7do]H

Miller-Tucker-ZemlinMMTZ)2] -4 W H(Desrochers & Laporte, 19912 &&3t9ch Ad=4A 16)3 A7)
2 37 = g5 A" =EFANUARAITIDE EF5EES b Az 187 19= Aol F
2AoA 7HE F de AAFY] HA P HUHES Ao Agzd 20~22)= AFFe] FEE 13
gt Ml Ao E WAEE AAF WMSE duolEsty] 8 AFEE AT Atz 23)7 24)9
el A= o)A = AT EEANA A3 =S gt

3.1. 718A 2AE AF=E7 (constraints for previous schedules)

< Yepdth B AF A A ASHE MD&T VRPOTW EE 2
g 2AZEH S A, 71F4d 2ASE FHARG. o] we} 3
xgsta Qlth WA, MD&T VRPOTW RdS 53] &5
g J3e SE AHosta, viE A 3AFE/A] EEH

2
Aol ARz, =19 (i,7,k) 2 N JF S E AAAHA AA 1A FEL A FEo] EA)

ofbgfjoll AAIE Figure 2(a)~(u)olAl+= A WA DA =HE 253 WA
VRPOTW Edof o3 &g=3 YHH wlFHZE JAZ YeEl L Q). 3

9

F49 A= (30,50)3F (70,50)22 7HASIAY. == 7He] olF A8 HEH il
A-gstH, o] AE 7Hs3k AP E 03 600 Akelol Al 60 Aol FRto = Qo AAsAH. L
oAl AQF = AHI 2N BT 1582 AR Boh FA1AQ AY dolHol et A9e BE& 414
of AA" &S FxFozA diAd

Ak (23)0l ofstd, Aol A ddd 1 ke 35 ADIEHY] A7A i Aol &
102 ZAE B2 2AE0] FHHET. 7hef o] =
A (2, ;, = 1), olFol= 2F k= 12 ;& FEaoFrt 3ok o, A

&
HtE ] 7128 ;Y BaE Qi) Figure 2(e)0lA 4 2] Aze [A™->22(5) -7

T > e T s O
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Figure 2. Example results of MD&T VRPOTW model’s vehicle assignment with 2-depot, 2-vehicle per
depot, and multi-trip assumptions (vehicles are distinguished by colors, service time required for each

customer: 15, customer time window length: 60, full time window length: 600)

AN 18 A FE7 (constraints for current time consideration)

Aekxd Qe FAAR 18 AfxdS vtk A4 uAFE 8 &), AgeR
AL ANZFE ulsts TR HAd LFHE Ao® AP 2AZE WAL F Qo F, J)Ed 2
e o EFAREE FAAZ o] F=RE MAD F AEF Atlof stH, o= Az 24)<}
of 2dT 4 Utk o9 Figure 3lM= AR 79 Fhol E Wl M2 & ARt =2 F 3
& QAL At Figure 3@ A F& 1402 o]@7HA FHHE MiEHZE YL Aok A
F= 2A402= T %ol 1009 =, 2AZFQ)el @-=H= 2o HHo= Yehum, T o] 200€ wol=
AHF@) el Edatr] H% 2AlEe Y  glo] AF Dol @3ET. Figure 3@9] 7184 A=A
zy45=1 17 W&l MZE 2AE T4 A x;,,0 @S 022 WSt 2AQ) o) Fol 2=
=EE WAt doE, Az Qo Yl 1y, = TE WESjok ot olw, xEB)e] B
TastE AEE UBE £, @2 Ak 163 ANl os H4 120, Hof 1809 7o g AT
t}. Figure 3038 @A T ol 1002 A% z,,, &2 002 FAFHGE 1,, =120 = T=100
3 o]l 24L& UET = o, T Fhol 2002 Figure 3@NME z,,, &S 022 48 4 Qith

O my e

.30d) 3041
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(a) vehicle routes accumulated (b) nodel2 assigned to vehicle3 (c) nodel2 assigned to vehicle4
(nodel~nodell) when T=100 when T=200

Figure 3. Example results of MD&T VRPOTW model’s vehicle assignment with different present time
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Figure 4. An example result of MD&T VRPOTW model’s vehicle re-assignment
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Figure 6. Experimental results of MD&T VRPOTW model’s online vehicle assignment
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Figure 7. Experimental results of MD&T VRPOTW model’s offline vehicle re-assignment
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