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@ Increase environmental awareness and improve ecological
footprint

@ Walmart plan for CO2 reduction with its suppliers

@ 2015 Siemens investment for emission reduction for future
saving

@ Carbon footprinting (Wiedmann and Minx (2008))
@ IBM heat map to illustrate the degree of carbon impact

@ We consider the environmental impact of production,
inventory, transportation, and consumption of products in
the supply chain network, and the tradeoff between the
initial investment in technology and its ecological footprint
effect

Sara Saberi: Worcester Polytechnic Institute Multiperiod Green Supply Chain-Freight Carrier Network



Background

@ Modeling supply chain decision making and management from
operational, tactical, and strategic business perspectives (Brandenburg
et al. (2014); Ding et al. (2016); Fahimnia et al. (2015); Ouardighi et
al. (2016); Zhu and He (2017))
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operational, tactical, and strategic business perspectives (Brandenburg
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al. (2016); Zhu and He (2017))

@ Environmental decision making in supply chain management processes
and associated optimization from a number of dimensions (Nagurney
et al. (2007); Cruz (2008); Frota Neto et al. (2008))

@ Utilizing regulatory policies related to internalizing externalities such as
including emission taxes (Cruz and Liu (2011); Dhavale and Sarkis
(2015); Diabat and Simchi-Levi (2009); Zakeri et al. (2015))

@ However, the investigations were limited to the static case, which is
only a preliminary step in understanding what happens in the real
world

@ One important systemic tool that can provide useful insights, and has
not seen much work in the environmental supply chain arena is network
equilibrium models.
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@ Explicitly model competition among manufacturing firms,
retail stores, and freight carriers in terms products and
inventory quantities, product shipping costs, and energy
rating levels using initial technology investments
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@ Explicitly model competition among manufacturing firms,
retail stores, and freight carriers in terms products and
inventory quantities, product shipping costs, and energy
rating levels using initial technology investments

@ Integrating oligopolistic competition among manufacturers,
retail stores, and freight carriers and environmentally
sensitive demand functions with nonlinear cost functions

@ Explicit integration of environmental preferences of
retailers and manufacturers in selecting their
manufacturers and carriers

@ Consumer awareness of green technology and foot print
outcomes in spatial price equilibrium conditions
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Multiperiod Green Supply Chain-Freight Carrier Network

Manufacturers

Freight Carriers

Retailers

t=1 .

Figure: The supply chain network with freight carriers
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Multiperiod Green Supply Chain-Freight Carrier Network

Manufacturers

Freight Carriers

Retailers

Demand Markets

t=1

Figure: The supply chain network with freight carriers

Notation | Definition
Omi Energy rating of manufacturer i.
dco Energy rating of carrier o.
Orj Energy rating of retailer ;.
Omax Maximum possible level of energy rating.
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The Behavior of Manufacturers

T

N
Maximize Z e {Zp,}:q,}t PCit(St,5mi) — Y _ TCije(e: mi)
Jj=1

N O
— WCit(lit, 6mi) ZZ Ruot 5c0)qut} = TSIi(6mi)

j=1o0=1
1)
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The Behavior of Manufacturers

T

N
Maximize Z e {Zp,}:q,}t PCit(St,5mi) — Y _ TCije(e: mi)
Jj=1

N O
- Wclt If? ml ZZ Ruot pt :6co)PUot} - TSIi(émi)

j=1o0=1
(1)
subject to:
N
N Z q,-}l (2)
j=1
N
lie—1y+ Sie = le > > _ap,  Vt=2,...,T 3)
o
qijl't = Z Rijot (P% 8co), Vj,t (4)
P
5mi < 6c07 Yo (5)

and the nonnegativity constraints: qi}t >0,S5:>0, I >0, 0<0mi < Omax, VJ,t.
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Manufacturers’ Optimality Conditions

The optimality conditions for manufacturer i;i = 1,..., M simultaneously can
be expressed as the following variational inequality, determine
e s 1% 8™t 0% nt*) € KU satisfying:
q b ) ) ) :LL ) ) 17 y g
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The Behavior of Freight Carriers
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The Behavior of Freight Carriers
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The Behavior of Freight Carriers
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Joint Constraint for all Carriers

Generalized Nash equilibrium problem (GNEP)

T O T
DD o= G Vi (10)
t=1

t=1 o=1

We modify it to two inequality constraints as:

Sara Saberi: Worcester Polytechnic Institute Multiperiod Green Supply Chain-Freight Carrier Network



Joint Constraint for all Carriers

Generalized Nash equilibrium problem (GNEP)

T O T
SN G = ah Vi (10)
t=1

t=1 o=1

We modify it to two inequality constraints as:

T O
DD Gt =) G Vi (11)
t=1 o=1 t=1
and
T O T
D G <D i Vi (12)
t=1 o=1 t=1
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The Behavior of Retailers

T
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The Behavior of Retailers

T

Maximize Z 1) { Z Qe — 1Gje(Zjt, 6,5) — HCje(Ye, 87)
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k=1

i=1
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DY =2"3"2 diut a4
t=1 t=1 /=1 o=1
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DY =2_D ap (15)
t=1 t=1 =1
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k=1
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and @i >0, Yje > 0,2 >0, 0< 6 < Gmax VK, .
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The Behavior of Consumers within the Dem Markets

4 . 3
ﬁpkﬁa if  qu: >0,

[P + SCiee (g )] (19)

1+ t * . *
( ) Zﬁpijt: if qﬁ(t:
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The Behavior of Consumers within the Demand Markets

i’ + SGalic)] (19)
1 + t * . *
( r) > (pi,)t Pfjt: if qﬁ(t =

and

\ =gy, if pi >0,
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The Behavior of Consumers within the Demand Markets

b+ SGu(@ 3 (19)
2 @Pee i e =0

(1+r)t
and

\ =qu, if pg >0,
Di(p™, 67;) (20)
<gqgn, if pi=0.

Conditions (19) and (20) must hold simultaneously for all demand
markets. These conditions correspond to the well-known spatial

price equilibrium conditions (cf. Nagurney (1999); Takayama and
Judge (1964)).
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The Equilibrium Conditions

Definition 1: The Equilibrium State of the Multiperiod Supply Chain Network

with Freight Carriers
The equilibrium state is one where:

@ all manufacturers have achieved optimality for their production levels, the
retailers’ order levels, inventory levels, and the energy rating level

@ all carriers have achieved optimality for the prices of shipment, the
amount of deliveries, and the backlog sizes as well as their energy rating
level

@ all retailers have achieved optimality for the order quantities from
manufacturers, the inventory levels, and the sales volume to demand
markets besides the level of energy rating

@ the equilibrium conditions for all demand markets hold
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The Equilibrium Conditions

Theorem 1: Variational Inequality Formulation

The equilibrium conditions governing the multiperiod supply chain - freight
carrier model are equivalent to the solution of the variational inequality problem
given by: determine

(ql*7 q2*, q3*’ 5*7 I*,(S;;, p2*’ B*, 6:, Y*, Z*,(S:, p4*’M1*7M2*7‘u3*70*7771*7n2*,
v v y*) € K, satisfying

(F(X*),X = X")y>0, VXek (21)
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The Equilibrium Conditions

Theorem 1: Variational Inequality Formulation

The equilibrium conditions governing the multiperiod supply chain - freight
carrier model are equivalent to the solution of the variational inequality problem
given by: determine
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X=(9"9*9>5,1,6m p*, B,5c, Y, Z,6:, p*, i, 1i?, 112, 0,m", n° . v, 1P, )
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The Equilibrium Conditions

Theorem 1: Variational Inequality Formulation

The equilibrium conditions governing the multiperiod supply chain - freight
carrier model are equivalent to the solution of the variational inequality problem
given by: determine
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The Equilibrium Conditions

Theorem 1: Variational Inequality Formulation

The equilibrium conditions governing the multiperiod supply chain - freight
carrier model are equivalent to the solution of the variational inequality problem
given by: determine

(ql*7 q2*, q3*’ 5*7 I*,(S;;, p2*’ B*, 6:, Y*, Z*,(S:, p4*’M1*7M2*7‘u3*70*7771*7n2*,

v v y*) € K, satisfying
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The term (-, ) denotes the inner product in N-dimensional Euclidean space.
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The Algorithm

The Modified Projection Method

Step 0: Initialization
Start with X° € K, as a feasible initial point, and let 7 = 1. Set w such that

0 <w < I, where L is the Lipschitz constant for function F(X).

Step 1: Computation
Compute X7 by solving the variational inequality subproblem:

(XT+wF(XTH=X"T"1X-X")>0, VXeK. (22)

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

(XT+wF(XT)=X"T"1X-X")>0, VXek. (23)
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Numerical Examples

Example 1
Two manufacturers, M = 2; two retailers, N = 2; two carriers, O = 2; and two
demand markets, K = 2; competing over five planning periods, T = 5.
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Numerical Examples

Example 1
Two manufacturers, M = 2; two retailers, N = 2; two carriers, O = 2; and two
demand markets, K = 2; competing over five planning periods, T = 5.

Manufacturers

Freight Carriers
Retailers

Demand Markets

Figure: Example 1 Supply Chain Network

The energy rating, d, can be zero and should not be more than 1, (dmax = 1)
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Example 1

The cost functions are:

PCit(Sit, Smi) = ' Syt + 0.05(Si)2 — 8, Sit, i=1,2,t=1,...,5.
ot =[2,2.5,3,3.5,4], a?' = [3,4,4.5,5,5.5].
WCit(lig, Smi) = 1.051; + 0.002(l;)® — Spmiliy + 10, i=1,2,t=1,...,5.
TCje(qijes Smi) = 1.5j + 0.8(qyt)* — Smidijes i=1,2j=1,2,t=1,...,5.
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Example 1

The cost functions are:

PCit(Sit, i) = o't S1¢ + 0.05(S;t)2 — 6miSic» i=1,2,t=1,...,5.
ot =[2,2.5,3,3.5,4], a?' = [3,4,4.5,5,5.5].

WCit(lig, Smi) = 1.051; + 0.002(l;)® — Spmiliy + 10, i=1,2,t=1,...,5.
TCiie(qiies Smi) = 1.5G55 + 0.8(qjje)” — Smidie» i=1,2,j=1,2,t=1,...,5.
HCjt(Yie, 8,7) = 3Yje + 0.05(Yj)® — 6,3V, j=1,2t=1,...,5.

ICi¢(Zj¢, 8,7) = 1.01Zj; +0.002(Z;x)® — 6,;Z,  t=1,...,5.

Rijot (P} 8co) = 20 — 1.5p5, + 0.5 po + 30co, i=1,2j=1,20=1,2,t=1,...,5.

c#o
CCyot(aops 6co) = L1 + 000362, — Scodlpes  i=1,2j=1,20=1,2t=1,...,5.

ACiot (Biot 8co) = Biot +0.001(Bio)* — 6coBiot, i=1,20=1,2,t=1,...,

The investment cost functions for manufacturers, retailers, and carriers are defined, respectively, as:

TSI = 500 + 300(8 )3, i=1,2.

TSI = 500 + 200(5,1)* j=1,2
I g ,2.
2 2

TSIZ = 500 + 200(6c0)3, 0=1,2.

ultiperiod Green Supply Chain-Frei Carrier Network
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Example 1

The demand functions for customers within demand market 1 are defined to be
less sensitive to future product prices, while customers within demand market 2
are defined to be more sensitive to future product prices.

4 4 4 4
Dyj1(p*, 6,;) =130 — 1.3p3j; + 26,5, Daja(p®, 8,) = 110 — 1.1pyj5 + 24,5,
4 o 4 4 4 N
Dyj3(p*, 8,7) = 80 — 0.9p3 ;3 + 25,5,  Dyja(p®, 5,) = 50 — 0.7p1;4 + 25,5,

4 4
Dyjs(p”, 6,5) = 40 0.4pyjg + 26

iy J=1,2.
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Example 1

The demand functions for customers within demand market 1 are defined to be
less sensitive to future product prices, while customers within demand market 2
are defined to be more sensitive to future product prices.

4 4 4 4
Dyj1(p*, 6,;) =130 — 1.3p3j; + 26,5, Daja(p®, 8,) = 110 — 1.1pyj5 + 24,5,
4 o 4 4 4 N
Dyj3(p*, 8,7) = 80 — 0.9p3 ;3 + 25,5,  Dyja(p®, 5,) = 50 — 0.7p1;4 + 25,5,

4 4
Dyjs(p”, 6,5) = 40 0.4pyjg + 26

iy J=1,2.

4 4 N 4 4
Daj1(p*, 5,5) = 80 — 0.7pa;y + 26,5, Daja(p®, 5,) = 120 — 1p3;, + 25,5,

a . a - a . a4 -
Daj3(p®, 8,7) = 150 — 1.2p3;3 + 25,5,  Daja(p®, 5,j) = 180 — 1.7p3;, + 25,5,

4 4 .
Dajs(p*, 8) = 200 — 2p3js + 28,5, j=1,2.
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Example 1: Equilibrium Solution

700 m M1 inventory = M2 Inventory
7600 —e—M1supply == =M2 supply
7500 600
L g o B
2 nw 3
E Z;ﬁ H 200 . ;F B
68.00 200 "!i aﬁt ‘i i
6100 o 5 i
66.00 1.00 ?! g : -1
o oo S g s
1 2 3 4 5 E
Time period Time Period
(a ) Supplies at manufacturers ( b) Manufacturers’ inventories

Figure: Manufacturers’ supply and carriers’ shipment and inventory
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Example 1: Equilibrium Solution

Units of Product

Units of Product

7.00 m M1 inventory m M2 inventory
76.00 =®—M1supply =@ =M2 supply
75.00 6.00
70 5.00
7200 z .
;Zx ; 400 %
7000 5 300 i
550 £ :
68.00 > 00 E‘E
70 i
sc0 100 g
6500 1 2 3 4 5 0.00 ‘sé
Time Period ! : i | .
Time Period
(a ) Supplies at manufacturers ( b) Manufacturers’ inventories
160
140 m Carrier Backlog 38.00
3750
120 7.0
100 o 36
050 g 36.00 54“‘"/
0.60 é 35.00 each retailer
0.40 S 3450 === Carrier's orders from M1
. 3400
33.50 == Carrier's orders from M2
000 500
1 2 3 4 s 1 2 3 4 5
Time Period Time Period
(C) Carriers’ service backlogs (d) Carriers' orders and shipment

services from manufacturers
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Example 1: Equilibrium Solution

85.00
——Retailer supply —e—DM1 purchase of each retailer ~ =®= DM2 purchase of each retailer
80.00
70.00
.
£ 7500 - -
] 60.00 . .
- -
3 T P S~e
£ 7000 3 so00 -
5 g L
% 65.00 %40(}0 > Z
B 5 .
£ 30.00
60.00 g
20.00
55.00
10.00
50.00
s ) s . s 000
. 1 2 3 4
Time Period T ° "
(a) Retailers’ supply (b) Customers’ purchase

Figure: Retailers’ and customers’ product flow
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Example 1: Equilibrium Solution

85.00
——Retailer supply —e—DM1 purchase of each retailer ~ =®= DM2 purchase of each retailer
80.00
70.00
- PO
g 7500 60.00 g ——.—
3 - - ——
£ 7000 3 5000 ~
5 g L
£ 6500 & 400 >
B 5 .
£ 30.00
60.00 g
20.00
55.00
10.00
50.00
s ) s . s 000
. N 1 2 3 4
Time Period T ° "
(a) Retailers’ supply (b) Customers’ purchase

Figure: Retailers’ and customers’ product flow
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Example 2

Baseline is Example 1, but the time periods have been extended (T = 10).

The demand functions for periods 6 to 10 are:
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Example 2

Baseline is Example 1, but the time periods have been extended (T = 10).

The demand functions for periods 6 to 10 are:

4 4 4 4 N
Dyje(p”, d,)) = 40 — 0.4py ;6 + 23,5, Dij7(p", ) = 40 — 0.4py;7 + 24,5,
-J! )
a4 . a a . a
Dyjg(p”, 8,) = 40 — 0.4p3;g +25,, Dijo(p”,8,) =40 — 0.4p5 + 25,

4 4 . .
Dyj10(p”, 6,5) = 40 0A4p1j1° F26,, j=1,2.

4 4 4 4
Dajo(p*, 85) = 200 — 2p3ig + 28,5,  Dajz(p*, 6,;) = 160 — 1.7p3; + 25,5,
4 o 4 N
Dajs(p*, 6,5) = 130 — 1.5p3;5 + 26,5,  Dajo(p®, 8,) = 130 — pjg + 25,5,

4 o 4 N .
Daj10(p™, 6,7) = 100 — Pajio + 264, J=1,2.
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Example 2: Equilibrium Solution
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Example 2: Equilibrium Solution

%0
M1 supply == « M2 supply 7
PR
. . N [ —
e s
5 70 5 2
68 B
66 o
L2 s a4 s s 7 s 5w
Time Period
Time Period
(a ) Manufacturers’ supply ( b) Manufacturers’ inventory level
160 =@=DM1demand =@ =DM2demand
‘mm— Retailer's inventory e Retailer's supply o
100 120
5 80 g 100
H 8
£ e 5 &
g £ w
> a0 =
w0
» - 20
o - u 0
12 s 4 s 6 7 8 9 1w
Time Period Time Period
(C) Retailers’ supply and inventory (d ) Demand markets purchase
level
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Example 3

Follows the same network structure as Example 1 but with varying cost
functions for all network parties in order to focus on constraints

5mi S 5co~, Vo (5)

8j < Omi, Vi (18)
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Example 3

Follows the same network structure as Example 1 but with varying cost
functions for all network parties in order to focus on constraints

5mi S 5co~, VO (5)

8j < Omi, Vi (18)

Here, we vary the coefficient of § in cost functions
TSIH =500 + 360(0m)>,  i=1,2.
TSIZ = 500 4+ 360(00)®,  0=1,2.
TSI? =500+ 360(3,;)%,  j=1,2

from 360 to 560 by increment of 20 and analyze the companies’ capability in
acquiring green technology.
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Example 3: Equilibrium Solution

GV ij,o ——

360 380 400 420 440 460 480 SO0 520 540 560

(e) In an obliged network

Figure: Energy rating of all entities for different investment levels
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Example 3: Equilibrium Solution

o by b
SV ij,0 ——
1 | e — a8 —O—
\
08 08 \ \
06 \
os \ \
\
" : \ \
b2 ! \
'
0 \ \\
360 380 400 420 440 460 480 S0 520 540 560 B e o008
R A S S
(2) In an obliged network

(b) In an uncommitted network
Figure: Energy rating of all entities for different investment levels

Sara Saberi: Worcester Polytechnic Institute

Multiperiod Green Supply Chain-Freight Carrier Network



Conclusions and Managerial Insights

@ Global warming is a huge issue for the world
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Conclusions and Managerial Insights

@ Global warming is a huge issue for the world

@ Governments can bring down the barrier of entry for green energy by
taking steps to subsidize the green technology adoption and protect
the posterity of our planet
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Conclusions and Managerial Insights

@ Global warming is a huge issue for the world

@ Governments can bring down the barrier of entry for green energy by
taking steps to subsidize the green technology adoption and protect
the posterity of our planet

@ Time and the cost of investment affect firms’ decisions, profitability,
competitive advantage, and their environmental impact
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Conclusions and Managerial Insights

@ Global warming is a huge issue for the world

@ Governments can bring down the barrier of entry for green energy by
taking steps to subsidize the green technology adoption and protect
the posterity of our planet

@ Time and the cost of investment affect firms’ decisions, profitability,
competitive advantage, and their environmental impact

@ Our work fills the gap by capturing both Bertrand and Cournot
competition for production and inventory flow and the prices of
shipments in a multitiered multiperiod competitive supply chain-freight
carrier network, along with the energy rating level for each entity as
strategic variables.
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The Equilibrium Prices

The price that manufacturer i;i = 1,..., M charges retailer j;j =1,..., N at
time period t;t=1,..., T:

AT Cije(ic » o)

1x t * *
2= (1l R
pii = (14 r)"(pi + 05) + o,

; (24)
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The Equilibrium Prices

The price that manufacturer i;i = 1,..., M charges retailer j;j =1,..., N at
time period t;t=1,..., T:

AT Cije(ic » o)

1x t * *
2= (1l R
pii = (14 r)"(pi + 05) + o,

; (24)

The prices of products at the retailers:

OTCire (it I77)

3x t *x
P = (1 )
pjt ( ) /jt aqjkt

(25)
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Qualitative dies

The feasible set underlying the variational inequality problem is not compact.
However, by imposing a rather weak condition, we can guarantee the existence
of a solution pattern. Let
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Qualitative Studies

The feasible set underlying the variational inequality problem is not compact.
However, by imposing a rather weak condition, we can guarantee the existence

of a solution pattern. Let

q
b 2 .
m <6 0<p” <bs;O<B

max’
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< bi7;0 < vt
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Qualitative Studies

The feasible set underlying the variational inequality problem is not compact.
However, by imposing a rather weak condition, we can guarantee the existence

of a solution pattern. Let

q
b 2 .
m <6 0<p” <bs;O<B

max’

o
N
N
IN
o
N,
o
IN
aQ
w
N
o
w
o
IN
(%)
IN
o
B
o
IN
IN
o
a
o
IN
>
N
=
N
o
&
[
o
IN
=
IN
o
S
N,

< b10; 0

< bi7i0 < vt

Hence, the following variational inequality admits at least one solution X? € K
since Kp is compact and F is continuous.

(F(X"),X = X" >0, vX°eK,. (27)
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