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Growth of E-commerce
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® South Korea: E-commerce Value (KRW trillion)
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E-commerce retailers (Retailers)

1. Low-capital business

2. Warehouse with small space

Traditional solutions

1. Build warehouse infrastructure
— High setup cost

2. Lease warehouse from traditional warehouse operators (Long-term)
— Low flexibility



On-demand warehousing

Retailers On-Demand Warehousing Warehouse Providers
Need Services Make Connections Provide Services
Source: FLEXE.com
www.mychango.com
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Low-risk way to test new strategies and keep up with rising customer
expectations

Connect warechouse providers who have excess capacity and retailers who need
flexible solutions

Secure warehousing and fulfillment solutions quickly

Create a distribution-network strategy that’s as dynamic as retailer’s business

Match varying demand and manage the unexpected throughout the year




Research questions

Decision Maker: E-commerce retailer

RQ1: Advantages of on-demand .
warehousing system

Total cost

Utilization of warehouses

RQ2: Supply chain design :

Inherent uncertainty

Effective solution
approach

RQ3: Warehouse commitments .

Varying commitment cost

Available shared
warehouses

18} SCM Lab.
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Shared Warehouse

Duration

Start date

2021-03-01

End date

2021-03-08

Capacity

20m?

&



II. Problem Description and Mathematical Model

g@%ﬁ SCM Lab.



Problem description
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Suppliers & p‘rO\_'id_ers’ warehouses
selection
Supply

t-1
------ Retailer Provider

Commitment period decision

IHHEHE]

o
@mﬁ% Customer (Demand)

Time period =t

Emergency @ e

: first-stage decision

R recourse decision



Problem description

First-stage decision

18 SCM Lab.

11/44

Suppliers selection & Commitment periods decision

» Suppliers and providers’ warechouses selection

» Warchouse (Retailer, Provider, Emergency)

4

How long do we use the provider’s warehouse?

m = |M| (Long term) m = 1 (Short term)

Cheap < > Expensive

commitment cost: m ay™

a :commitment cost for a day
m :the period of commitment

y :discount factor
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Recourse decision
Operational decision

» Inventory holding decision in warehouse
(Retailer, Provider, Emergency)

» Transportation between warehouses, suppliers, and customers

» Stockout

Provider Retailer Emergency

Cheap < > Expensive

Holding Cost per period
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e Stockout — lost sales

e No lead time

* Demand

Uncertain
* Supply
* C(Capacity of warchouses 1

Given

* Maximum period of commitment



Nomenclature

Indices and sets

D AN NN

set of periods, t € T ={1,2,--- ,T}

set of items, i € Z = {1,2,--- , I}

set of suppliers, j € J ={1,2,---,J}

set of provider’s warehouses, k € £ = {1,2,--- | K}

set of available commitment periods, m € M ={1,2,---

set of scenarios, w € ()

188 SCM Lab.
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Parameters Uncertainty
Dy demand of items 7 at period ¢ under scenario w
Sijt supply of items ¢ from supplier j at period ¢ under scenario w
cr capacity of retailer’s warehouse
{8 capacity of provider’s warehouse k
F; investment cost to utilize items of supplier j
h; inventory holding cost of retailer’s warehouse per unit per period

for item ¢
hf inventory holding cost of provider’s warehouse k per unit per period

for item ¢
h$ inventory holding cost of emergency warehouse per unit per period

for item ¢
a commitment cost for a day
b; delivery service cost of a logistics company for a unit of item
c;-"j transportation cost for a unit of item ¢ from supplier j to retailer’s warehouse
cf’j transportation cost for a unit of item ¢ from supplier j to provider’s warehouse k
Cij transportation cost for a unit of item ¢ from supplier j to emergency warehouse
y discount count factor of commitment cost
P probability that scenario w occurred



Nomenclature

Decision variables

W
gk, 1 if a m period commitment is made at period ¢ for provider’s warehouse k,

0 otherwise
29KW
Tyt 1 if items can be stored at provider’s warehouse & due to the m period commitment Vit

at period £, 0 otherwise

s Dok : o ; : ew
Yj 1 if items of supplier j is available entire time horizon, 0 otherwise Vit

First-stage decision Tiji

huw
gt

ew
Uy

e
it

number of item 7 held in inventory at retailer’s warehouse

from period t to ¢ + 1 under scenario w

number of item ¢ held in inventory at provider’s warehouse of k

from period t to ¢ 4+ 1 under scenario w

number of item ¢ held in inventory at emergency warehouse

from period t to t + 1 under scenario w

number of item ¢ transported from supplier j to retailer’s warehouse
at period ¢t under scenario w

number of item ¢ transported from suppliers 7 to provider’s warehouse k
at period ¢ under scenario w

number of item ¢ transported from suppliers 7 to emergency warehouse
at period ¢ under scenario w

number of item ¢ delivered to customers from retailer’s

warehouse at period ¢ under scenario w by a logistics company

number of item ¢ delivered to customers from provider’s

warehouse k at period ¢ under scenario w by a logistics company
number of item % delivered to customers from emergency

warehouse at period ¢ under scenario w by a logistics company

lost sales of item 7 at period ¢ under scenario w

Recourse decision
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First stage problem Investment cost for
suppliers
min Y Fyi+ Y Y Y may" g+ Y QY7 w) (1) Commitment cost for

JET ke meMteT weN . ,
provider’s warehouses

min{t+m—1,|T 1
LT} Optimal value of the

s.t. Z gk <1, Vke K,YmeMNVteT, (2)-
: second stage recourse
t problem
> gk =7k VE e K,Ym e MVt T, (3)
T=max{t—m+1,1}
Sk <1, vkeK,vteT, (4 |‘Commitments
meM
> ghi <1, VeeK,VvteT, (5)
meM
rk gt €{0,1}, VEe K,Yme MVteT, (6)-



Two-stage stochastic programming model
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Second stage recourse problem

Q(yvrv w) =

min E E (i‘i.:-"'i.’;'tw + h{vg’ + E hivEe 1+ b; (u’f;‘ + ug’

i€ teT kek

w Tl € EW Kk kw
+Biziy + Z (Cijuﬂijg. + €555 + Z ('ij‘LijL))

JIET ke

TW § : kw ew w
s.t. xijt + 'rijt + xijt S Sl]tyj’
ke
rw W o__ ) TW rw
Ui + V- = Vg + E Tty
JjeJ

kw kw _  kw kw
Uz + Vg —Uit—1‘|‘§ Tijts

i Z ul

kekl )

VieZ,VjeJ,NteT,
VieIVteT,

VieZ,Vke K,Vte T,

Inventory holding cost

Stockout cost

Transportation cost

Delivery service cost for a logistics company

ew ew __ ew ew
Ui + Vi = Vi1 + E Tijts
JjeT
rw kw ew w w
U + E Ui+ ug” + 2 > Dy,
kek
(8) d < CT,

i€T

M
kw & k
Zvit S C Z Tmt>
€T m=1

rw T
DIPIE el
i€l jeJ

kw k k
DI IE D D
€L jET meM
rw , kw ,ew
Vi0'» V0 » Vio = 0,

rw kw ew
(11) Tyt Tije, Tigr > 0,

=

9)

(10)

e rw ,kw [ ew rw ,kw | ew
Ui > Ugp » Uit > Vgg » Vg » Vg = 0,

24 >0,

(18)
VieZVje T, Vke K,VteT, (19)
Vie ZLVke C,Vte T, (20)

(21)

(9) - (13) : Distribution constraints

(14) - (17) : Capacity constraints

VieI,VteT, (12)
VicI,VteT, (13)

YteT, (14)

Vke K, VteT, (15)
YteT, (16)

Vk e K,Vte T, (17)

Vie I Vk ek,

VieZVteT.
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Compact representation
First stage problem: Second stage recourse problem:
Qly,r,w) =
min fTy +eTg + Z PoQ(y,r,w) (22) min hTv, +bTu, + 87z, + c'x, (28)
weh s.t. Px, <S,¥, (29)
st. Ag<l, (23) Uu, + Vv, — Tx, = 0, (30)
Bg =r, (24) Ku, + Rz, > D,, (31)
Gr <1, (25) Mv’, < C7, (32)
y € {0, 1}V, (26) HvF < Ckp (33)
g.re {07 1}|’C||M||T| ) (27) Ex], < C", (34)
Lx" < CFF, (35)
Vi, Uy, Zey, X > 0. (36)
x, = [(x)T, ()T, (x9)T], vl T=[(v)T, (vE)T, (vE)T]




III. Solution Approach

SCM Lab.
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True problem Sample Average Approximation (SAA) problem

N
. 1
min  fTy +eTg + ) prQ(y, r,w) ||min fTy +efg+ - nE 1 Q(y,r,wn)
we =

st (23) — (27). s.t. - (23) — (27).

* Sampling methodology — Obtain estimates of upper and lower bound
on the optimal value of the True problem

. (wl, o, ) N) — Generate a sample of scenarios (N independent scenarios)
— Monte Carlo sampling

Approximation . o .
* SAA problem | > True problem (Optimal objective value: Y™ )




Lower bound estimation

N
1
' il T — E : m
er,IgIlelg,reR{ yreegt N — Ry, r,wy)

|

18 SCM Lab.
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| SAA problem (sample m) |
m=1,---,M

. (wan, By, w}(}) — Generate M independent sample sets of scenarios

— Monte Carlo sampling

. ¢R} — Optimal objective value

° 5’ %7 Q}"\}, f'% — Optimal solution



Lower bound estimation

Lower bound

PR <

M=

- 1
wMN = M

m=1

Variance of Y¥arN

9 1
(O . —
YMN _7\1(_]\[_1)

—

m=

% . Tm
m’ = argming, crq ... a7} qu

X e M B . ST
Y =YN g_gNa

M
a _ 2
Z (lbﬁ — Yy N) (Derived from Central Limit Theorem)

18 SCM Lab.
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Upper bound estimation

* Determine the solution for upper bound

for each m € {1,---
_ R R N " “ N/ . .
fN’(Y%’gan7r]Tf) — Ty +eTgy + % Zn:l Q(Yﬁa r?\%a“ﬂ)

,M} do

end for
m* < argmin,, fy(¥0, g%, t0), Vm € {1,--- M}
o CE T e
* Upper bound N
S| A 3
I (3:85) =g +eTg+ > Q.7 wn),
n=1
*  Variance of fy' (3,8 1) N
1
2 (o A A . "
oy (¥,8,T) = N (N = 1) Z (ny +e'g+ Q(y,r,wy) —

18 SCM Lab.
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Optimality gap estimation
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>See Appendix A.
« Optimality gap of the solution y,g,T

e Variance of Gap,, ' (¥,8,T

)
2 e 2 (o oan
UGapMNN’ = O 6y (y7 g, I') T O

e If) Gapﬁf}lNN, < €saa

Otherwise) N <— N + 20 , and repeat the process
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N
1
. , ¢T ro L m : : :
N 1) . { y+elg+ N g:l Qly,r,w, )}I:> Spend a lot of time to compute with small size N

v With many realizations of scenarios, the two-stage
stochastic problems become large

. > Benders decomposition

v' Utilize the special structure (block diagonal structure)
of stochastic programs

Stagel Stage2 T T T
Ty, Ty, Ty,
Tw, W, Dual
(T\/-Irll 4 WM-['l )
* Ty, W,
(TV-|I-/2 ) WMIZ )
Tw, W, T T
(TW3 ) WW3 )
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Full master problem
Stage 1 min fTy +eTg+ prQ(y, r,w) (22) min fTy +eTg + Z Pl (37)
weN we
st Agsl, (23) st Ag <1, (38)
Bg=r, (24 |Reformulation Bg =1, (39)
Gr <1, (25)
<
s 0, w [——p| = (10
g,r € {0, 1}/KIMITI (27) 0, > (a')Ty + (¢t)'r + dt , Vi e XP(I1,) ,Yw € Q, (41)
y € {0, 1}, (42)
Stage 2 g,r € {0, 1}RIMITT (43)
Q(Y‘ r)w) =
min hTv, +bTu, + A7z, + c¢'x, (28)
s.t. Px, <Su.y, (1) (29) where
Uu, + Vv, — Tx, =0, (fe) (30)
Ku, + Rz, >D,, (1) (31) a,T =7, TSy
Mv], < C, (A) (32) ol = (pu + k) C*
HVZ: £ CFz, (pu) (33) dy = V" Dy + (Aw + 6w)TCr
Ex;, <C', (0.,) (34) IT,, := feasible region of dual variables (7, p, v, A, p, d, k) under scenario w
Lx < Ckr, (Ku) (35) X P (I1,,) := finite set of extreme points of IL,
Wiy Wiy Zas X = 0 (36)
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Full master problem (reformulation)

min fTy +eTg + Z Pl (37) . .
we * Number of variables has been reduced substantially
s.t. Ag <1, (38)
Bg =r, (39) * Number of constraints can be extremely large due to the
Gr<1, (40) large size of extreme points
6, > (a)y +(ct)'r+ di, Vi € XP(IL,),Yw € Q, (41)
y € {0,131, (42) > Overcome using cutting plane method
g,r e {0, 1}/MMITT, (43)

(i.e., Benders decomposition)

e » Involve only subsets of Constraint (41)
a,T :=m, S,

c.T = (po + Ky,)TCF

dy :=1,"Dy, + (A, + 6,,)TC"

IT,, := feasible region of dual variables (7, u, v, A, p, d, k) under scenario w
XP (I1,,) := finite set of extreme points of II,
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Master problem (MP) Sub problem for scenario w (SUB(w))
min fTy +eTg+ prﬁw (44) Forw=1,---,|9|
we =
st. Ag <1, (45) QF,T,w) =
: T T T T
Bg —r, (46) min hTv, +bTu, + 87z, + c'x, (51)
Gr<1, (47) s.t. Px, <S.¥, (7rw), (52)
0, > (ab)Ty + (cl)Tr +dt,, Vte {1, - ,n},YweQ, (48) Uu, + Vv, — Tx, =0, (He), (53)
y €40, 1}"7‘ , (49) o Ku, + Rz, > Dy, (Vw)s (54)
g,r € {0, 1}IEIMITT (50) V.8 10w Mv], < C", (Aw)s (55)
m—) Hv < C'r, (p), (56)
|unt7jl (ZUB — Z1B < €X ZLB)| Ex, < C", (0w), (57)
4 Lxk < Chr, (K), (58)
Optimal solutions — ¥, &, T, 0, Optimality cut Vo, Uy, Zeo, X > 0.
Lower bound < 7y + e7g + Z Pl
(ZLB) wen
Onti . n+l  n+l . nt+l yn+l _nt+l gnt+l _n+l
ptimal solutions — ", wl VLT AL, LT 00T K
Upper bound < 7y + e7g + Z PuQ(Y,T,w)
(ZuB) weQ
if) By < (@) + () TE + a3
(6o > @2y + (™) r +d¥™) — Addto MP




Acceleration method for Benders decomposition

Initialization problem (EVP)

min fTy+eg+h'v+bTu+ 37z + c™x
st. Ag<1,
Bg =,
Gr <1,
PxSy,
Uu+Vv-Tx=0,
Ku+ Rz > f)7
Mv" < C",
Hv" < Ckr,
Ex" < C",
Lx" £ Ckr,
v,u,z,x > 0,
y € {0,137,
g,re {0, 1}|’CHMIITI )

09
60
61
62
63
64
65
66
67
68
69
70
il

)
)
)
)
)
)
)
)
)
)
)
)
)
72)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
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>See Appendix B.

(Typical method)
Use any feasible solution of dual variables to generate
initial optimality cut

(Acceleration method)
Step 1: Solve EVP with Branch and Bound algorithm
until the upper bound and lower bound gap is within 5%.

Step 2: Get optimal solution Y, 8, T .

Step 3: Solve SUB(w) with obtained initialization

solution ¥, 8, T .

Step 4: Get optimal dual solutions
Ty Vs Aws Pus K, 0, Yw € €.

Step 5: Generate initial optimality cut with above
optimal dual solutions.



IV. Computational Experiments
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Description of the test instances
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Test instances specifications (N= 40) XY plane of test instance 14
No. XY Total Vars Binary Vars Cont Vars Cons Izl |71 1T K] M|
500 4
i 100x100 29,103 153 28,950 14000 2 3 10 5 3 .
2 32,899 181 32,768 15104 2 3 8 8 2 450
3 73,844 324 73,520 26000 3 4 10 & 4 400 é
4 88,204 304 87,900 30,000 3 4 10 10 3 b , @
5 88,803 483 88,320 34800 3 3 12 10 4 350 - |
19
6 300x300 146,859 471 146,388 51,168 4 3 12 13 3 300 4
i 149,404 544 148,860 48,480 3 4 12 15 3 " 20 2 L
8 289,355 630 288,675 76200 4 5 15 15 3 250 | °
9 434,705 1,355 433,350 109,080 5 5 18 15 5 24 3
10 467,405 1,205 466,200 112,200 5 5 15 20 4 200 4 és
11 500500 532,806 906 531,900 114600 5 6 15 20 3 150 17 g @0
12 561,605 1,805 559,800 135360 5 5 18 20 5 14
13 1,046,606 2,506 1,044,100 210,800 6 6 20 25 5 100 oo
14 1,049,606 4,006 1,045,600 213800 6 6 20 25 8 0 € ]a 2
15 1,738,566 5,766 1,732,800 334560 7 6 24 30 8 ¢ 5 @1
|

Distributions for stochastic parameters value

w
Di

w
ijt

¥

179.06 (91.18

]

bl

]

?)

ud

179.06
Izl

91.1812
IZ]

)

* Derived from the real-world E-commerce data

50

@® Suppliers

Provider’s warehouse

T
100

T T T T T T T
150 200 250 300 350 400 450 500

@® Rectailer's warehouse

@® Emergency warehouse




Performance of the Benders decomposition

188 SCM Lab.

32 /44
>See Appendix C.
1.6 so06] =
= Golver Pt —v—  Solver L | E— o 0 TBD
Lt TBD Pl 81 TBD 1800 | TBD aal™ —e— ABD
=121 —=— ABD F 2 | —=— ABD —e— ABD v % |
o o g 4 B 1600 7 g 28
S f 5 : e & £ 1400 x 226
;: 0.8 '/./,/ ; /_/ £ /./,/ :
206 Pl [ 4 _/ & L300 o ;%é 24
§0,47 /// §7 i S 10004 A 3
) 3 : o~ 2
02 7 v _ g0 .~ ’
of e =
4.__—____'__———.
004 = 04 - 20
0 30 40 0 60 70 80 0 30 40 50 60 70 80 20 0 40 0 60 70 80 20 0 40 50 60 70 80
N N N N
Gap (avg) Gap (max) CPUs Itr
N Solver TBD ABD
Gap cpus 7 Of Gap CPUs It 7 of Gap CPUs  Itr 7# of
(avg,max) tinas (avg,max) T tinas (avg,max) tona
20  (0.10, 1.44) 724.64 1 (0.01, 0.05) 661.91 30.87 1 (0.00, 0.01) 626.56 27.80 0
40 (0.59, 6.58)  1096.03 2 (0.04, 0.35) 0.04 24.60 2 (0.00, 0.00) 631.76  21.67 1
60  (0.83, 5.39) 1737.56 5 (0.15, 1.17)  0.15 2233 2 (0.02, 0.16) 797.48 20.53 2
80 (1.54, 5.74) 199241 7 (0.87,9.43) 0.87 21.73 2 (0.08, 1.00) 871.50 19.93 2
Best solution (Z — Best bound (Z . . . .
+ Gap .= De5t sobution (Zys) — Best bound (Z15) 100(%) * CPUs : Computation times (seconds) * Itr : Number of iterations

Best bound (Zrp)

*# of t), qx : Number of times experiments cannot be solved within time limit  * Solver : Xpress-Optimizer

* TBD : Benders decomposition (Typical method) * ABD : Benders decomposition (Acceleration method)



Total cost

Total cost

Performance of the Benders decomposition

Comparisons of the TBD and ABD

150000

125000

100000

75000

50000

25000

0

—25000

160000 4
140000 4
120000 4
1000004
80000 4

60000 4

40000 4

20000 4

0+

Z,(TBD)
Z,(TBD)
—s— Zup(ABD)
o Zip(ABD)
\;rﬁ‘???'.-ﬁ"ﬁ-—t—-—“
J
0 2 4 7 9 1l 14
Tteration
(a) Instance 12 (N = 40)
Zub(TBD)
Z,b{TBD)
—e— Z, 5(ABD)
o Zip(ABD)
—
LR oo o B AREal asasa
o L J
0 2 4 6 8 10 13
[teration

(c) Instance 14 (N = 40)

150000

125000

100000

75000

Total cost

250004

04

—25000 1

200000 4

1500004

Total cost

50000 4

50000 1

e =0.03
Zup(TBD)
ZID(TBD]
—— Z,p(ABD)
~w Zjp(ABD)
™
\T-t‘i‘fbww'
0 5 10 15 20 25 30

Iteration

(b) Instance 13 (N = 40)

100000 4

Zup(TBD)
Zp(TBD)
—e— Z,s(ABD)
L o ZH:,(ABD)
==ttt
0 3 6 10 13 16 20

Iteration

(d) Instance 15 (N = 40)

18 SCM Lab.
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ABD could generate a good initial cut in the

primary stage

ABD could converge faster than TBD
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Performance of sample average approximation Optimality gap of stochastic solution and EVS

No. N LB oLB UB ocup EEV ocppy WS VSS EVPI No. Stochastic solution EVS

Gap(abs) Gap(%) oGap Gap(abs) Gap(%) ocGap

1 80 13,3843 110.7 13,449.1 69.3 16,720.6 127.1 12,0445 3,271.5  1,404.6

2 40 109234 893  11,023.1 534  20,079.1 1435  10,099.1 9,056.0  924.0 1 6438 0.48 130.60 3,336.3  24.93 16851
340 11,1474 743 11,2387 42.2  23,088.7 138.0 10459.0 11,850.0 779.7 2 99.7 0.91 10408 9,155.7 8382  169.06
4 80 16,346.0 77.7 16,4335 67.0 29.244.1 159.6 15316.3 12,810.6 1,117.2 3 913 0.82 85.46 11,9413  107.12  156.71
5 40 10,643.5 82.0 10,6859 40.0 23,951.2 1484 10,109.7 13,265.3 576.2 4 815 0.54 102.61 12,898.1  78.91 177.50
6 80 13,8206 57.0  13,835.7 40.5 26,936.8 1324 13,108.1 13,101.1 727.6 8 A 040 .22 153077 L50B 16962
7 60 134723 748 13,520.1 41.7 243771 120.1 12,6223 10,857.0 897.8 (; }1;; 81; gfgi }géézé 2332 iigig
8 20 165152 97.6 16,6637 364 36,2524 1727 156020 19,5887 1,061.7 A 050 i0d 199005  1B6i  iGags
9 20 131804 50.2 132008 27.8 142024 47.9 127031 10016  497.7 3 4 515 R An.41
10 20 14,8835 106.8 15017.9 324 16,1587 60.8  14,396.0 1,140.8  621.9 10 1344 0.90 11156 12752 857 122.87
11 20 156727 915 157713 31.0 26,593.1 97.1  15284.8 10,821.8 486.5 11 98.7 0.63 96.56 10,9204  69.68  133.41
12 20 20,3792 735 20,3844 359 21,901.6 59.7 19,9137 1,517.2  470.7 12 52 0.03 81.81 15224 747 94.69
* EEV : expected result of using the EVS ~ * WS : wait-and-see solution * EVS : EVP solution

* VSS : EEV — UB (value of the stochastic solution)
* EVPI : UB — WS (expected value of perfect information)
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Impact of different number of available providers’ warehouses on cost

* Number of available providers’ warehouses 1

Kiae  Utilization Cost
Total Delivery Commitment Stockout Suppliers Transportation Inventory
1 15 32,406.9 6,534.7 1,120.4 19,985.5 1,134.8 3.566.1 65.4 = TOtal COSt ‘L
2 25 16,360.0 7,717.9 1,885.6 2,145.3 1,134.8 3,397.2 79.2
3 30 15,532.5 7,719.0 2,246.5 2,129.3 1,134.8 2,229.4 73.4
4 30 15,259.9 7,718.6 2,240.8 2,135.5 1,134.8 1,969.3 61.0 = S k
5 30 15,250.9 7,718.6  2,240.8 2,135.5  1,134.8  1,969.3 61.0 tockout cost l
6 30 15,259.9 7,718.6 2,240.8 2,135.5 1,134.8 1,969.3 61.0
7 30 15,098.2  7,742.5 2,240.8 1,570.6 1,810.1 1,668.4 65.7
8 30 15,098.2 7,742.5 2,240.8 1,570.6 1,810.1 1,668.4 65.7 .
9 29 14,986.9 7,743.9  2,192.4 1,549.6 18101  1,634.4 56.5 = Transportatlon cost l
15 29 14,986.9 7,743.9 2,192.4 1,549.6 1,810.1 1,634.4 56.5
20 29 14,986.9 7,743.9 2,192.4 1,549.6 1,810.1 1.634.4 56.5
, = Delivery cost 1
5 2250 —
—&— Delivery swo] | " |—— Stockout
7740 2200
2150 2000 \
7738 \
- 2 . \ - . X
é 7730 é :(:3 é - \‘, *  Utilization := Z Z Z Tﬁ‘”’
- 1800 \ keK meMteT
7725 - 1700 “'\ 1
1950 rLy y )
70 100 o oo 1600 . % Delivery service cost := N Z Z Z b; (u}f +uf’ 4+ Z u{“,”)
2 ! s 6 7 % 9 2 34 s 6 78 9 2 3 4 5 6 7 5 9 1L teT wel kek
Number of available providers' warehouses (Kpgx) Number of available providers' warehouses (Kmax) Number of available providers' warehouses (K max) % Commitment 6ost i Z Z Z n— m gf‘;]t
(a) Delivery service cost (b) Commitment cost () Stockout cost ke meM teT
1 w
“ %k Stockout cost := ~ Z Z Z Bizs
18007 —ggm Suppliers 3250 = Transportation =h= Inventony €T teT weh
e 3000 h sk Suppliers investment cost := Z Fiy;
1600 2750 70 pI ) - ‘ . ey J/j
Z 1500 “Z ,,;,( z 4=d
] o] 2500 S
1400 2350 \ 63 X 1 C w ko kw
1300 it o " % Transportation cost := W Z Z Z Z CiiTize T C5Ti + Z CiTiT
1200 1750 T e jeT teT weQ kex
NN § 9 NN ) ) 1 - o b
Number of available providers' warehouses (Kmax) Number of available providers' warehouses (Kmax) Number of available providers' warehouses (Kmax) 3 Inv(;ntory 1101(111’1;; cost 1= V Z Z Z h, 'l,‘]f' + }I, Vi T Z /L,' 1',"/W
(d) Suppliers investment cost (e) Transportation cost (f) Inventory holding cost IeL 1T we kek
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Utilization and total cost varying the commitment cost Share of the total cost for each type of cost varying the commitment cost
L 100000 EZA Delivery K Stockout KZN Commitment E=3 Suppliers [0 Transportation ] Inventory
35 1 100 A =0 == ?
301 80000 I I I ]: D Q B \ %
— 80 1 - N N e X N N K
_ Sl X N
25 =
E - .z | NE 4 <Be N NN
= —e— Utilization 60000 S & 60 e AN 5
N T = £ 7/_ > X N
= —+— Total cost . 3 o v > N b AN P
=3 F§4o_¢%%>> X NN QR
B 40000 z o % % R X N N N N
TNV ER NNNANR
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Appendix A. Sample average approximation

Algorithm 1 Sample Average Approximation

1: Initializations:

20:

N + 0
¥ arel g
Gapygyn < o9

. while Ga Piﬁ{w:\s' > €gaq OF C-?ap;"l}"NN, <0 do

+— N + 20;

Estimation of lower bound:

Generate M independent samples of size N scenarios, (w{®, - - -
for each m ¢ {1,--- ,M} do

Jwi), Yme {1,---

'q-?’f{? « optimal objective value of the corresponding SAA problem;

”1

V '\, s
end for

??l
VM 'U E'm 1 !'N

2
2 1 M gmo T .
Oun & MM Y i (UN Y MN) 5

Estimation of upper bound:

, I <= optimal solution of the corresponding SAA problem;

Generate a samples of size N’ scenarios, (wq,--- ,wy), N < N';
) N

for each m € {1,--- , M} do

Fae(FR, &7, B0)  £T970 + eTER + 7 N, Q3 3, wa;
end for
m* arﬁmmm Ine (IR 83, EN), Yme {1,--- \ M},

>3

a3 am*

IR, B8N, P 1‘«
Lw( &, 1) 15 + €78 + 3 Ynly Q(F, F,wn);

Cﬂpawv( 1) — fN'(f/ &, F) — bmn;

2 2
o2, —0o B +o%
Gapysnwe v ) + VAN
el  (Fpr (T8 =) 0
Gapyyy e =5 = X 100(%)
27: end while
ey ) 2 B e . 2 el
: Return: N, 0], [ 0k, GAPyuN N O8ap,, 100 GOPR N7

20(9:8,8) — w= Ln (19 + €8+ Q(9, £,wn) — [e(§,8, 1)) s
Estimation of SAA gap:

LMY
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Algorithm 2 Benders Decomposition Algorithm (Acceleration Method) 4

1: Initializations
2: Zub — 00, Zyp — —ox,ilr < 1;
3 solve EVP and get y, g, 1;

4: for each w € 1 do

5: solve SUB(w) and get dual solution;

6: get (a%")7, (c#)7, d,, with dual solution;
7: add an initial optimality cut to MP;

8: end for

9: while Zu{, = Zﬁb e Zgg, do
10: solve MP and get y, g, 0, Yw € §;
11: Zp 4— max {Z;b, Ty +eTg + nggﬂ?w@w}!

12: for each w € (2 do

13: solve SUB(w) and get dual solution;

14: get (a7 (cit+1)T 4, with dual solution;
15: store the optimal objective value Q(y,r,w);
16: if 6, < Q(y,r,w) then

17: add an optimality cut to MP;

18: end if

19: end for

20: if Zup > Ty +e'8+ ) ,coPuQ(¥,T,w) then
21: Zup — T+ e84+ ) cqPuQY, T, w);

22: Y 4 ¥,8 81" T

23: U, ¢ Uy, V), — Vo, X, — X, Yw € Q;

24: end if

25: itr + ifr + 1

26: end while
27: Return: Z,;, Zp, y*, g%, v%, 0, x5, v, Vw € ()
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Appendix C. Computation results of the proposed algorithm , ,,

¢

No. Method
20 40 60 80
Gap CPUs Itr  Gap CPUs Itr  Gap CPUs Itr  Gap CPUs Itr
1 Solver 0.01  9.10 - 0.00  20.88 - 0.00 31.83 - 0.00 44.76 -
TBD 0.00 1.52 10  0.00 4.15 12 0.00 4.76 12 0.00 8.66 13
ABD 0.00 1.43 8 0.00  3.69 10  0.01  3.95 9 0.00 5.86 9
2 Solver 0.00 17.02 - 0.00 12.01 - 0.00  26.46 - 0.00 3291 -
TBD 0.01 11.39 16 0.00 3.48 12 0.00 5.76 14 0.00 9.59 14
ABD 0.01  15.78 16 0.00 3.75 12 0.00 3.52 9 0.00 10.86 13
3 Solver 0.00 25.28 - 0.00  85.65 - 0.00 106.62 - 0.00 162.18 -
TBD 0.00 5.38 10 0.00 2151 14 0.00 2290 14 0.00 42.72 14
ABD 0.00 5.87 9 0.00 20.17 11 0.00 29.33 15  0.00 38.06 12
4 Solver 0.00  37.27 - 0.00 41.29 - 0.00 78.91 - 0.00  137.13 -
TBD 0.00 21.34 24 0.00 28.35 20  0.00 20.28 13 0.00 59.74 21
ABD 0.00 25.21 23 0.00 25.65 17 0.00 31.02 14 0.00 46.51 17
5 Solver 0.00 261.04 - 0.00 81.00 - 0.00 220.67 ] 0.00 215.84 -
TBD 0.00  59.89 6 0.00 17.97 13 0.00 64.15 19  0.00 75.06 17
ABD 0.00 86.06 25 0.00 24.51 13 0.01 43.07 13 0.00 46.71 11
6 Solver 0.00 34.65 - 0.00  99.10 - 0.00 156.24 - 0.00 186.76 -
TBD 0.01 25.14 20 0.00 28.85 14 0.00 38.02 13 0.00 50.92 14
ABD 0.01  20.99 17 0.00 24.67 11 0.00 30.42 10 0.00 27.51 8
7 Solver 0.00 95.04 - 0.00 156.42 - 0.00 270.24 - 0.00  406.06 =
TBD 0.00 79.92 28 0.00 37.88 17 0.01 137.00 27 0.01  167.79 26
ABD 0.00  79.99 28  0.00 34.59 13 0.01  149.66 27  0.00 180.35 25
8 Solver 0.00 644.87 - 0.01  1,488.56 - 2.72  3,600* B 3.94 3,600 -
TBD 0.01 1.,812.62 42 0.01 849.53 50  0.01  352.67 26 0.00 961.77 31
ABD 0.01 1.855.33 38 0.01 865.72 49  0.00 269.13 19  0.00 975.94 31

7 Solver 0.00  95.04 - 0.00  156.42 - 0.00  270.24 - 0.00  406.06 -
TBD 0.00  79.92 28 0.00 37.88 17 0.01  137.00 27 0.01  167.79 26
ABD 0.00  79.99 28  0.00  34.59 15 0.01  149.66 27 0.00 180.35 25
8 Solver 0.00  644.87 = 0.01  1,488.56 - 272 3,600* - 3.94  3,600% -
TBD 0.01 1,812.62 42 0.01 849.53 50  0.01  3b52.67 26 0.00 961.77 31
ABD 0.01 1.855.33 38 0.01 865.72 49  0.00 269.13 19  0.00 975.94 31
9 Solver 0.00  945.19 - 0.00  1,377.556 - 0.00  2,792.00 - 1.99  3,600* -
TBD 0.00  875.93 43 0.00  463.74 23 0.00 519.25 24 0.00 842.90 27
ABD 0.00  1,176.35 43  0.00  240.60 18 0.00  497.58 21 0.00 772.08 23
10 Solver 0.01  313.20 - 0.00 858.58 - 1.74  3,600% - 3.12  3,600% -
TBD 0.00 170.04 31 0.00 246.00 25 0.00 762.02 32 0.01 540.72 22
ABD 0.00 176.85 28  0.00 201.56 20  0.00 491.67 26 0.00 453.25 19
11 Solver 0.01  285.13 - 0.00  766.73 - 0.00  1752.75 - 0.00  3,500.58 -
TBD 0.00  116.37 28 0.01  207.00 25 0.00 282.96 22 0.00 448.74 26
ABD 0.01  67.85 18 0.00 187.64 22 0.00 360.37 24 0.00  466.15 24
12 Solver 0.00  455.63 - 0.00 1,983.03 - 0.00 2,627.69 - 0.64  3,600% -
TBD 0.01  504.14 37 0.00 469.77 28 0.00 1,095.53 28 0.00 970.46 26
ABD 0.00  471.05 32 0.00 296.14 21 0.00 899.16 24 0.00 829.04 23
13 Solver 1.44  3,600* - 2.28  3,600* - 5.39  3.600* - 5.74  3,600% -
TBD 0.05  3,600* 76 0.30  3,600% 52 0.99  3,600* 43 3.64  3,600% 33
ABD 0.01 3,156.88 70 0.03  3,600* 51 0.12  3,600* 44 021 3,600* 37
14 Solver 0.00  1,217.37 - 0.00  2,269.65 - 0.24  3,600* - 2.82  3,600* -
TBD 0.00  509.10 25  0.00 1,821.07 27 0.00 1478.69 20 0.00 235270 23
ABD 0.01  371.06 17 0.01 1,41055 21 0.00 195334 20 0.01 202025 20
15 Solver 0.00 2,928.81 - 6.58  3,600%* - 2.37  3.,600* - 4.84  3,600% -
TBD 0.00 2,135.87 47 0.35  3,600* 37 117 3.600* 28 9.43  3,600% 19
ABD 0.00 1.887.76 45 0.00 2,537.23 36 0.16  3.,600* 33 1.00  3,600% 27

* Time limit was reached
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