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Background and Motivation

Indeed, products are made of materials and components, and the components
and materials are produced and supplied not by the firms that process them
into products but by suppliers in globalized supply chain networks.
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W% The quality of a product

g depends not only on the quality
| of the firm that produces and
delivers it, but also on the
quality of the components
provided by the firm’'s suppliers
(Robinson and Malhotra (2005)
and Foster (2008)).
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The number of components comprising a finished product may be small or
immense as in aircraft manufacturing and other complex high-tech products.
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In recent years, a series of recalls caused by suppliers’ poor quality
components/materials has received intensive attention.

@ In 2007, the toy giant Mattel recalled 19 million toy cars because of a
supplier’s lead paint and small, poorly designed magnets, which could
harm children if ingested (Story and Barboza (2007)).

@ In 2010, four Japanese car-makers, including Toyota and Nissan, recalled
3.6 million vehicles sold around the globe, because the airbags supplied by
Takata Corp., were at risk of catching fire (Kubota and Klayman (2013)).
The recalls are still ongoing and have expanded to other companies as
well (Tabuchi and Jensen (2014)).

@ In 2013, in the food industry, Taylor Farms, a large vegetable supplier,
was under investigation in connection with an illness outbreak affecting
hundreds of people in the US (Strom (2013)).
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Furthermore, since suppliers, which may be located on-shore or off-shore,
supply chain networks of firms may be more vulnerable to disruptions than ever

before.
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@ The firms are responsible for assembling the products under their brand
names using the components from their suppliers, and delivering the
products to multiple demand markets.

@ Firms also have the option of producing their own components, if
necessary.

@ The firms compete in product quantity, the quality preservation level of
its assembly process, the contracted component quantities produced by
the suppliers, and in in-house component quantities and quality level.

@ The potential suppliers may either provide distinct components to the
firms, or provide the same component in which case they compete
non-cooperatively with one another in terms of quality and prices.

@ In this model, the value of each supplier to each firm is identified. This
information is crucial in facilitating strategy design and development in
supplier management especially in response to supplier disruptions.
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The Multitiered Supply Chain Network Topology with Suppliers

Suppliers

Demand Markets s @
Figure: The Multitiered Supply Chain Network Topology with Suppliers
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The Model

Conservation of flow equation

Q,‘kzd,'k, i:l,...,l;k:17...,nR. (1)

Nonnegative shipment volumes

Q,‘kZO, i:l,...,l;k:17...,nR. (2)

Quality levels
qil/ij5”207 J: ,--.,ns;i:1,-”,/;/:17...,”/:', (3)
gy > qf >0, i=1,...,0;1=1,... n. (4)

The average quality level of product i's component /

a qiQf + Zjnil Qj{"/qﬁ/ i—1 |- l=1 n (5)
1= ) = Lyoaoglpll = Lyacogllffis
! Q,I/: + E‘;’il Qﬁl I
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The Model

The quality level of a finished product

n,’_
gi=af () wigi), i=1,... ;=1
=1

af captures the percentage of the quality preservation of product i in the
assembly process.

0<af <1, i=1,...,1I (7)J

wijs is the ratio of the importance of the quality of firm i’s component / in one
unit product i to the quality associated with one unit product i (i.e., gi).
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The Model - The Behavior of the Firms

The total utility maximization objective of firm i

Maximizeq oF o5 oF oF ZP:k(Q QF,Q%,4",¢% , aF)du — fi(Q,af)
k=1
i nR ns i ns i
A F *
=3 QR d) =D (@, 0, Q%65 ¢, aN) =D N (@) =D h@n
=1 k=1 j=1 I=1 j=1 I=1
(11)
subject to:
Zo,ke,,<Zoﬁ,+Q,,, i=1,...,051=1,... 0, (12)
CAPY > Qp > J=1,...,nsi=1,....1;1=1,...n; (13)
CAP,fzo,.fzo, i=1,...,051=1,...n, (14)
and (1), (2), (4), and (7).
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The Model - The Behavior of the Firms

We define the feasible set R,F as VIF = {(Q;, Q,-F, Q,—S, qf, af)\(l), (2), (4), (7), and (12) - (14)are satisfied}.
F—n! IRF
=N, K; .

All FIF; i=1,...,1, are closed and convex. We also define the feasible set <

Definition 1: A Cournot-Nash Equilibrium

A product shipment, in-house component production, contracted component production, in-house component

* * i
quality, and assembly quality preservation pattern (Q™, QF*, Q‘s’K 5 qF 5 of ) € KF s said to constitute a

Cournot-Nash equilibrium if for each firm i; i =1,...,1,
F A F* AF* S* as* F* F* F* _F* S*
U;(Q?,Q,‘*»Q,‘ ,Q Q7 Q7 g LG o L& q‘"',?k»q ) >
F A F AF* S AS* F .F* F .F* S*
U,-(Qin,'*,Q,-,Q,- ,Q7, Q7 9,8 o, & vﬂ';«vq )5
F S F _Fy _ 3oF
Y(Qi, Q Q. q; ;) €K, (15)
where
A* * * * *
QF = (QF - Qs @ity Q)
AF* * F* F* *
Q,- :(01 7--'7Qi7170f+17"'701 )’
A5*  _g* S S *
Q,- :(Q1 1"'JQ,'7110,'+11"'1QI )1
aF* F* F*  F* F*
i = (g see s Qi1 941554 )
and
~F* _ o F* F* F* F*
&; = (g 0 a0 p I lp (T a0 g ) )
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Variational Inequality Formulation

(@*, QF*, %", qF* s af " ) € KF is a Counot-Nash equilibrium if and only if it satisfies the variational

inequality:

o

n Fro* oF* oS* F* F* _x _s*
Ui (Q*,Q77, @7, q" a7/, q )
¢ : X (Qik — Qi)

- Z 0Qik

!
i=1

=~
1
-

i Fio* oF* 05* oF " oF " % o5*
vy (Q*,Q",Q>",¢" ,a" ,7f,q° ) *
i ) ) ) ) i 5% (Q,’/: _ QI,I: )

!

- F
i=1 /=1 8QN
) B . *
s ZI: - OU(@", Q7. Q% aT ol e ) | as o
2 2.2 Q3 il jil
j=1i=1 I=1 il
n,; * * *
LUl (@, @, Q% ,¢F 5 xt %) (e —aE")
il — il

F
i=1 1=1 dq;

/ Fio* oF* oS* 4F* F* _* _S
Uy (@, Q" 7, Q7 o T, * ic
it d D) @f —af") 20, W@ QF, Q% o aF) e KF,

a Z daf : J

im1 i
(16)
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equivalently, (Q™, QF* s QS* s qF* s af” LA%)€ KF is a Counot-Nash equilibrium if and only if it satisfies the

variational inequality:

o o
K| ouf(@*,@",Q°",¢" af 7} q
=1 k=1 9Qik

5*) i
+ D A0 | X (Qik — Q)
=1

/ auf(Q*,QF ", Q%" , ¢ a7 q%)

F F*
=N x(Qp —Qy )

3
i=1 =1 oQ;
n ni * P * * *
SRR BT A G L AT ST B a5 G
+ >0 >0 - 208 = Ai | < Qi — Qi )
j=1i=1 1=1 jil
n; * * *
L | auf@,ef", %", ¢ ,af nfq%) FF*
+> = ok X (g —ay )
i=1 =1 i
; o Gm o
iy _ouf(Q", @7, %, q" o™ mf T |k of)
F ]
i=1 Oa;

1M [ns

R

S* F* * * F S F F F

DD D@ QT =D Qubn| x (i —A7) =0, V(Q,Q,Q%,q ,a", ) ek,
k=1

i=1 /=1 [ j=1

17)

Dong “Michelle” Li and Anna Nagurn INFORMS Annual Meeting, Nov 13-16, 2016




The Model - The Behavior of the Suppliers

The total utility maximization objective of supplier j

| nli ny 1 "Ii
- 5 S(oS* .S S(nS* .S
Maximize, os UP =3 3 muQi =3 f7(Q°,a%) =3 > t3(Q° ,q”)
=1

J

i=1 |=1 i=1 |=1
I i
=>_ > ogj(m) (18)
i=1 =1
subject to:
Wj,‘/ZO, j:l,...,n5;i:1,...,/;/:1,...,n,,-, (19)
and (3).
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The Model - The Behavior of the Suppliers

Definition 2: A Bertrand-Nash Equilibrium
A price and contracted component quality pattern (m*, qs*) € K3 is said to constitute
a Bertrand-Nash equilibrium if for each supplier j; j =1,..., ns,

UP(Q% 7}, 47,7 .87 ) > UP(Q ,m,47,q7,87 ), Y(mj,qf) € KP,  (20)

where
Ak * * * *
J :(7r17'"77rj7177rj+17"'77rn5)

and * * *
PN S S S* S*
qj :(q]_ 7"'7qj717qj+17"'7qn5 )
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Variational Inequality Formulation

(7, qs*) € K° is a Bertrand-Nash equilibrium if and only if it satisfies the variational
inequality:
ns L2 oUS(QST,m, %) .
->>° - (mjir — m7i)
=1 =1 =1l il
s LU QS 1, q5")
oW ® S S* S S
- sza—sx(qj'ﬂ*qu)ZQ v(r,q”) € K°. (21)
=1 == it
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The Equilibrium Conditions for the Supply Chain Network with Supplier Selection and

Quality and Price Competition

Definition 3

The equilibrium state of the multitiered supply chain network with suppliers is
one where both variational inequalities (16), or, equivalently, (17), and (21)
hold simultaneously.

Dong “Michelle” Li and Anna Nagurney INFORMS Annual Meeting, Nov 13-16, 2016



* * * x x _
Determine (Q*, Q7 , Q%" ,¢F ,af ,7*,¢° ) € K, such that:

2’22*?: auf(@*, Q" @, 4", af  xf ¢%)
OQix

i=1 k=1

X (Qik — Q)

I aUF(Q*, @F*, Q5" F* _F* _x _S*
i ) ) g o ,T,q ) F F*
= . X (Qy — Q)

n

3
i=1 1=1 oQ;
n i « . p* * *
S L auf (@, QF, @ dF o nr e s s*
-2 2Q° X (Qjir — Qi )
j=1 i=1 I=1 jil
n; o « F*  px *
Ll auf (@, QF", @5, ¢ o ,nf,¢°) =
_Z F X (a7 —ay )
i=1 I=1 oq;
0 " . g+ = =
oUf(@*, Q7" @°" a" o mr a®T)
—Z ool X (e —aj )

=i\ i
ng | i S(oS* .+ ,S*
aUs(@5" 7+, ¢5")

7222 T X (mjir = ﬂ';’)
i

j=1i=1 I=1

Loouf (@ m,q%) s s* S F F F S\ - =
———— X (g — 93 )20, V(Q,Q,Q,q9 ,a ,mqg’)eEK.  (22)
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Determine (Q™, QF* s QS>K s qF* s of” ST T qs*) € K, such that:

E | auf (@, @, Q%" ¢ af nr, q°

nI,
) + DO N00| X (Qik — Q)

i=1 k=1 9Qik
n: T *
L auf@*,ef", 0%, " o mreT) F o F*
+> = 50F =X | x (Qp — Q)
i=1 1=1 i
n.: * * *
s L _auf@, @ %" d o nr ey s s
+> > - 2 =X | < Qi — Qi )
=1 =1 =1 Q3
o
LI auf(er, @F, @5, ¢ of  xt d®) .
i i F_F
+>° = ok X (g —ay )
i=1 1=1 9i
S o
+i _aUF(Q QF* QS* F ,aF ,ﬂi*,qs ) X(aF aF*)
F i T %
i=1 Oa;
1M ng i DUS(QS* ¥ s*)
F* ; , T, q
+3 Z jil T+ QST =3 @l | x (A +ZZZ - o X (mjit =)
i=1 /=1 k=1 j=1i=1 =1 il
ng i aUS(QS", n*, q5")
j DU o S F oS F F S
+S S [ x(@ -4 ) 20, ¥(Q,Q",@% ¢" e A %) ek (23)
j=1 i=1 I=1 ‘9‘7,','/
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Standard form VI

We now put variational inequality (23) into standard form: Determine X* € K
where X is a vector in RN, F(X) is a continuous function such that
F(X): X — K cR", and

(F(X*),X = X*) >0, VX€K, (24)

where (-, ) is the inner product in the N-dimensional Euclidean space,
N = Ing +3 25:1 ni + 3ns Z::l ni + 1, and K is closed and convex. Define
the vector X = (Q, QF, Q°,q", o, \, 7, ¢°).

Standard form VI

We also put variational inequality (22) into standard form: Determine Y* € K
where Y is a vector in RM, G(Y) is a continuous function such that
G(Y): Y= KcR"Y, and

(G(Y*),Y = Y*) >0, VY€K, (26)

where M = Ing + 23! nji +3ns 31, nji + 1, and K is closed and convex.
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Qualitative Properties

Suppose that in our multitiered supply chain network model with suppliers and
quality competition, there exist a sufficiently large I, such that,

7Tj;/§r|, j:1,...,n5;i:1,...,I;l:1,...,n,,-. (27)

Theorem 4: Existence

| N

With Assumption 1 satisfied, there exists at least one solution to variational
inequality (24) and (26), equivalently, (23) and (22).

A\
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Theorem 5: Monotonicity

Under the assumptions in Theorems 1 and 2, the F(X) that enters variational
inequality (24), is monotone, that is,

(F(X') = F(X"), X' = X"y >0, ¥X, X"eK, (28)
and the G(Y) that enters variational inequality (27) is also monotone,

(G(Y)=-G(Y"),Y —=Y"y>0, VY, Y'eK. (29)

| 5

Theorem 6: Uniqueness

Assume that the function G(Y') in variational inequality (26) is strictly
monotone on IC. Then, if variational inequality (26) admits a solution,
(Q*, Q7 , Q% , ¢ ,af ", 7*,q°"), that is the only solution.

A,
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The Algorithm - The Modified Projection Method

The modified projection method

Step 0: Initialization

Start with X° € K. Set 7 := 1 and select a, such that 0 < a < % where L is
the Lipschitz continuity constant for F(X).

Step 1: Construction and Computation

Compute YT_I by solving the variational inequality subproblem:

T= ~T—1

X (@FXT = XxT YT, x-X ) >0, ¥XeK.

Step 2: Adaptation
Compute X7 by solving the variational inequality subproblem:

XT +(@F(XT ) =XxTHT x-xTy>0, VXeK.

Step 3: Convergence Verification
If | X7 — X,T_1 |<'e, for all /, with € > 0, a prespecified tolerance, then stop;
else set 7 :=7 + 1, and go to step 1.
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Numerical Examples and Sensitivity Analysis - Example 1

Demand Market
Figure: Supply Chain Network Topology for Example 1
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The product of firm 1 requires only one component 1. 2 units of 1! are needed
for producing one unit of firm 1's product. Thus,

011 = 2.
The capacity of the supplier is:
CAP;; = 120.
The firm's capacity for producing its component is:
CAP}, = 80.
The value that represents the perfect component quality is:
g = 75.
The supplier’s production cost is:
£3(Q1, ginn) = 5Qi + 0.8(gi1s — 62.5)°.
The supplier’s transportation cost is:
tC1511(Q15117 Ghsn) =0.5Q% + 0.2(171511 - 125)2 +0.3Q71 91,
and its opportunity cost is:

oci11(mii1) = 0.7(m11 — 100)%.
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The firm's assembly cost is:

A(Qu,af) = 0.75Q% + 200al” +200af + 25Qual.
The firm’s production cost for producing its component is:

£ (Qf, af) = 2.5Qf +0.5(qf; — 60)° +0.1Qf af,
and its transaction cost is:

6111(Q1511) = 0»5015121 + Qi + 100.
The firm’s transportation cost for shipping its product to the demand market is:
tef1(Qu, 1) = 0.5Q% +0.0247 +0.1Quqs,

and the demand price function at demand market R; is:

p11(di1, g1) = —du + 0.7g1 + 1000,

QF F+QS S
where g1 = af wyy WAL gnd g = 1.
11 111
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The equilibrium solution obtained using the modified projection method is:

Q =89.26, Q7 =60.16, Q,=118.38, qf, =71.17,

go =57.25, i, =184.53, aof =1.00, )\ = 305.25.
with the induced demand, demand price, and product quality being

d11 = 89.267 P11 = 954.10, g1 = 61.94.

The profit of the firm is 33,331.69, and the profit of the supplier is 13,218.67.
For this example, the eigenvalues of the symmetric part of the Jacobian matrix
of G(Y) are all positive. Therefore, VG(Y) is positive-definite, and G(Y) is
strictly monotone. The uniqueness of the solution

(Q*,QF,Q% ,q" ,a" ", 7*,¢°") and the convergence of the modified
projection method are then guaranteed.
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Example 1 - Sensitivity Analysis

We maintain the capacity of the firm at 80, and vary the capacity of the
supplier from 0 to 20, 40, 60, 80, 100, and 120.

B
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&) Equilibrium Product Quantity (Demand) 9 Product Quality
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Figure: Equilibrium Product Quantity (Demand) and Product Quality as the
Capacity of the Supplier Varies
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a) Equiibrium Quality Presenvation Level b) Equilibrium Lagrange Muttiplier
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Figure: Equilibrium Quality Preservation Level and Equilibrium Lagrange
Multiplier as the Capacity of the Supplier Varies
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&) Profit of the Supplier 10" 1) Profit of the Firm
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Figure: The Supplier's Profit and the Firm's Profit as the Capacity of the
Supplier Varies
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We then maintain the capacity of the supplier at 120, and vary the capacity of
the firm from 0 to 20, 40, 60, and 80.

3) Equilibrium Contracted Gomponent Guantity b) Equilibrium In-house Companent Quantity
120 T 70
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Figure: Equilibrium Component Quantities as the Capacity of the Firm Varies
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#) Equilibrium Product Quantity (Demand)
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Capacity of the Firm Varies
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4) Equillbrium Guality Preservation Lavel

b) Equilibrium Lagrange Multiplier
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x 10 &) Profit of the Supplier « 10t ) Profit of the Firm
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Figure: The Supplier's Profit and the Firm’s Profit as the Capacity of the Firm
Varies
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Example 1 - Sensitivity Analysis - Investing in Capacity Changing

- gy 10 H CAPE, =0 20 40 ‘ 60 ‘ 20 ‘ 100 ‘ 120
TOom
APy, =0 007,580 | 2.86,10.17 | 508, 13.00 10.37, 14.77 | 13.22, 13.60

20 0.07, 580 100,428 | 4.00,7.20 040,888 | 12.55
0 386, 1017 | 1.00, 428 790, 2.02 751, 460 | 1036, 352
50 5.06, 13.00 | -4.09, -7.20 531, 1.68 | 8.16, 0.60
50 757, -14.62 | -6.60, 8.13 ,-1.53 281, 0.15 | 5.66, -0.03
00 10.37, 14.77 | 9.40, 888 168 7.85, 1.08

120 ,-13.69 | -12.25, -7.80 | -10.36, -3.52 3, -0.60

Figure: Maximum Acceptable Investments (x10%) for Capacity Changing when
the Capacity of the Firm Maintains 80 but that of the Supplier Varies
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~_ T ca PE=0 20 40 60 80

From ™™ -

CAP[ =0 0.00, 5.94 0.00,9.77 | -0.25 11.10 | -0.26, 11.10
20 .00, 5.04 000, 3.83 | -0.25, 516 | -0.26, 5.16
10 0.00,-0.77 | 0.00, 3.83 -0.25, 1.33 | -0.26, 1.38
60 0.25, -11.10 | 0.25, -5.16 | 0.25, -1.33 ~0.01, 0.004
80 0.26, -11.10 | 0.26, -5.16 | 0.6, -1.3% | 0.01, -0.00§

Figure: Maximum Acceptable Investments (x10%) for Capacity Changing when
the Capacity of the Supplier Maintains 120 but that of the Firm Varies
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Numerical Examples and Sensitivity Analysis - Example 2

Suppliers

Demand Market
Figure: Supply Chain Network Topology for Example 2
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611 = 1, 612 = 2, 0 = 2, O»n = 1.

The ratio of the importance of the quality of the components to the quality of
one unit product is:

w1l = 0.2, w12 = 0.8, w1 = 0.4, W = 0.6.
The capacities of the suppliers are:
CAP};; =80, CAP{, =100, CAPDy; =100, CAPD, = 60,

CAP5;; =60, CAP3, =100, CAP3; =100, CAP3, =50.

The firms' capacities for in-house component production are:
CAP, =30, CAPf, =30, CAPS, =30, CAPL =30.
The values representing the perfect component quality are:

g =60, qr» =75 g% =60, qs =75
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The suppliers’ production costs are:
fii = 0.4(QP1 + Q) + 1.5(q711 — 50)° + 1.5(q7a1 — 50)° + G511 + @
£ = 0.4(Q7 + Qir) + 2(a712 — 45)° + 2(aia — 45)> + 515 + oo,
£ = Q311 + Q31 + 2(g51, — 31.25)° + 2(q5y; — 31.25)7 + gf11 + Gians
f2 = Q3o+ Q5o + (G512 — 85)° + (9320 — 85)° + G71p + G-
Their transportation costs are:
tClsll = 0201511 + 12(qf11 — 4-].67)27 tC1512 = 0101512 + 12(q1512 — 375)27
teh = 0.2Q5; + 1.4(giar — 39.29)%,  tci = 0.1Q5% + 1.1(gix — 36.36),
tCésu = 03Q2511 + 13(CIQ511 — 3077)2, tC2512 = 0402512 + 17(q2512 — 3235)27
teyy = 0.2Q5 + 1.3(ga1 — 30.77)%,  tcin = 0.1Q5 + 1.5(g52 — 30)°.
The opportunity costs of the suppliers are:
ocii1 = 5(m11 — 80)2 +0.5m11, oci2 = 9(mi12 — 80)2 + m12,
OC121 = 5(71'121 — 100)2 + 7221, OCi2 = 7.5(71'122 — 50)2 + 0,17T222,
0co11 = 5(mo11 — 50)° 4 27111, 012 = 8(m212 — 70)° + 0.57112,

0cn1 = 9(m21 — 60)2 + 21, OG22 = 8(ma2 — 60)2 + 0.5m122.
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The firms' assembly costs are:
2
A(Qu,af) = 3Q% +0.5Quaf +100af + 50af,

2
H(Qa1,a5) = 2.75Q3% + 0.6Quaf + 10005 + 50a5.

Their production costs for producing components are:
R(Qh. an1) = Qn +0.0001Q11g1; + 1.1(g1; — 36.36)°,

2
F5(Qh, ah) = 1.25Q% + 0.0001QLqh + 1.2(gh, — 41.67)?,
le(sz Q21) = 021 +0.0001Q%; g4 + 1-5(%:1 - 33'33)25
fo(Q4a, qa2) = O. 75Q22 +0.0001Q5,q3, + 1.25(g5, — 36)°.
The transaction costs are:

2 2
Clll(len) = 0-501511 + Q1511 + 100, C112(lelz) = 0-5691512 + 0-501512 + 150,

2 2
ci21(@a1) = 0.75Q3y; +0.75Q3y + 150, ciao(@512) = Q312 + Q512 + 100,
2 2
C211(lezl) = 0-7501521 + Qiszl + 150, C212(01522) = 0-5Q1$22 + O-75531522 + 100,
2 2
C221(stz1) = 0-802521 + 0-2502521 + 100, C222(st22) = 0~5Qé§22 + stzz + 175.
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The firms' transportation costs are:

tcfl(Qll’ Q) = 3(:)121 + 0.3Q11q1 + 0.25q1,

tcs(Qa, q2) = 3Q% + 0.3Qu g2 + 0.1¢e,
and the demand price functions are:

p11(di1, do1, q1, g2) = —3d11 — 1.3d21 + q1 + 0.74q2 + 2200,

p21(db1, di1, g2, 1) = —3.5dx1 — 1.4d11 + 1.1g> + 0.9¢1 + 1800,

F F .S .S s s F F .S .S s s
F Q1911+ Q7119711 + @211 951y Q12912+ Q7129710+ @212 9310
where g1 = o1 (w1 LT + w12 il ) and
F( . 511*2111:0211 s 512*2112*0212
G = ag(w2 Q2191+ Q121 9791 + @2 95 + wa szq22t01zzs‘7122+(53222‘7222
= F .05 S -
Q1 +Qp +Q3 Qoo+ Qi +Q3
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The modified projection method converges to the following equilibrium solution:

QL =30.00,

Qi = 27.37,

Q5 = 36.19,
gl = 38.26,
g = 46.30,
1 = 31.06,

71':)(1]_ = 8274,
71';11 = 53627
A1 = 109.83,

Q11 = 93.56,

Qf; =30.00,
Q, = 100.00,
Q3 = 57.12,
g, = 45.15,
G = 42.19,
Qésl*z = 51.85,

12 = 85.56,

T = 73.57,
o =1.00,
A}, = 187.06,

Qi = 71.34,

Q% = 30.00,
Qi = 45.44,
Qo = 67.24,
gh = 34.93,
Gin = 44.83,
o = 31.06,

Ti = 104.54,
Ty = 63.74,
o =1.00,
Ao = 172.34,

Q5 =30.00,
Qi = 23.35,
Q5 = 17.99,
g = 41.71,
G = 41.94,
G = 52.00,

Wikzz = 5156,
7T;22 = 6].127
)\52 = 7658,

and the induced demands, demand prices, and product quality levels are:

di1 = 93.56,

by = 71.34,

q1 = 44.06,

Dong “Michelle” Li and Anna Nagurney

p11 = 17 90107,

g = 41.13.

po1 = 1,504.22,
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The firms' profits are 94,610.69 and 57,787.69, respectively, and those of the
suppliers are 15,671.13 and 6923.20.

The eigenvalues of the symmetric part of the Jacobian matrix of G(Y) are all
positive. Therefore, the uniqueness of the solution

(Q, QF,Q%,¢" a7, qs*) and the convergence of the modified
projection method are guaranteed.
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Example 2 - Supplier Disruption Analysis and the Values of Suppliers

(2 Supplier

Demand Market
Figure: Supply Chain Network Topology With Disruption to Supplier 1
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The equilibrium solution achieved by the modified projection method is:
Qi1 = 65.00, @5; = 65.00,

Qf =30.00, Q =30.00, QF =30.00, QF =30.00,
Q5 =000, Q% =000, Q5 =000, Q% =0.00,
Q1 =35.00, Q5 =100.00, Q% =100.00, Qs = 35.00,
gf =3826, q¢f, =45.16, qf =34.93, qf, =41.75,
@ =31.06, g5 =51.85, g5y =31.06, qsmm = 52.00,
o1 = 53.50, Ty = 76.25, Ty = 65.56, My = 62.19,
ot =1.00, of =1.00,

N =107.53, A, =448.93, )\, =242.02, )5, = 95.98,

and the induced demands, demand prices, and product quality levels are:
din = 65.00, dr1 =65.00 p11=1,998.07, po1 =1,569.17,

qi = 47.12, q> = 41.14.

The firms' profits are 80,574.83 and 57,406.47, respectively, and supplier 2's
profit is 13,635.49. The uniqueness of the solution
(Q*, Q7 , Q% ,¢" ,af ,7*,¢°") is guaranteed.
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Supplier

Demand Market
Figure: Supply Chain Network Topology With Disruption to Supplier 2
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The modified projection method converges to the following equilibrium solution:

Q}1 = 65.00,

QL =30.00, Qf =30.00,

Q1 =35.00, Q) = 100.00,
Q51 = 0.00, Q5, = 0.00,
g =38.26, g =45.16,
gon = 46.30, qP, = 42.19,
w11 = 83.50, i, = 85.56,
of = 1.00,

A =110.17, A\ = 442.79,

Qs = 63.79,
QF =30.00, QF =30.00,
QP =97.58, Q= 33.79,
Qég2*1 = 0.00, Qégz*z = 0.00,
gh =34.93, b, =41.75,
qo = 44.83, gy = 41.94,
o1 = 109.76, i = 52.25,
o =1.00,
Mo = 256.75, i, = 86.75.

The induced demands, demand prices, and product quality levels are:

di1 = 65.00, d = 63.79,

qu = 42.82,

P11 = ].7 996.05,

p21 = 1,570.59,

qr> = 42.11.

The firms' profits are 83,895.42 and 53,610.96, respectively, and supplier 1's
profit is 22,729.18. The uniqueness of the solution
(Q*, Q7 , Q% ,¢" ,af ,7*,¢°") is guaranteed.
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@ Without supplier 1, the profit of firm 1 decreases by 14.84%, and that of
firm 2 decreases by 0.66%. Therefore, from this perspective, supplier 1 is
more important to firm 1 than to firm 2. The value of supplier 1 to firm
1 is 14,035.86, and that to firm 2 is 381.22, which are measured by the
associated profit declines.

@ Without supplier 2, firm 1's profit declines by 11.33%, and that of firm 2
reduces by 7.23%. Thus, supplier 2 is more important to firm 1 than to
firm 2 under this disruption. The value of supplier 2 to firm 1 is
10,715.27, and that to firm 2 is 4,176.73.

@ In addition, according to the above results, supplier 1 is more important
than supplier 2 to firm 1, and to firm 2, supplier 2 is more important.
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Demand Market

Figure: Supply Chain Network Topology With Disruption to Suppliers 1
and 2
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The equilibrium solution obtained using the modified projection method is:
11 = 15.00, 5 = 15.00,

Qf =15.00, Qf, =30.00, Q5 =30.00, Q) =30.00,
Q5 =000, Q% =000, Q5 =000, Q% =0.00,
Q1 =000, Q5 =000, Q5 =000, Q5 =0.00,

g =3720, ¢f =45.08, q¢f =35.71., qb =37.90,
ot =1.00, of =1.00,
Ao =30.46, Mo =067.28, N =772.88, M\, =22.63.

The induced demands, demand prices, and the product quality levels are:
d11 = 15.00, d21 = 15.007 P11 = 2,206.427 P21 = 1,806.407

qu = 4352, q = 37.02.

The firms' profits are 30,016.91 and 24,391.32, respectively. The uniqueness of
the solution (Q*, @F o R ) is guaranteed.
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Compared to Example 2, without the suppliers, the demands at the demand
market decrease, the firms' product quality levels decrease, and the prices at
the demand market increase. Firm 1's profit deceases by 68.27%, firm 2's
reduces by 57.79%. The value of the suppliers to firm 1 is 64,593.78, and that
to firm 2 is 33,396.37.
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Summary and Conclusions

@ The novelty of this framework lies in its generality and its computability.

@ |t is illustrated with numerical examples, accompanied by sensitivity
analysis that explores such critical issues as the impacts of capacity
disruptions and the potential investments in capacity enhancements.

@ We also conduct sensitivity analysis to reveal the impacts of specific
supplier unavailability along with their values as reflected in the profits of
the firms and in the quality of the finished products.

@ With knowledge of the values of the suppliers to the firms, the firms can
make more specific, targeted efforts in their supplier management
strategies and in their contingency plans in the case of supplier
disruptions.
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Thank you!
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