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Introduction

Introduction

@ Manufacturers and freight service providers are
fundamental decision-makers in globalized supply chain
networks.
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Introduction

Introduction

@ Manufacturers and freight service providers are
fundamental decision-makers in globalized supply chain
networks.

@ Success is determined by how well the entire supply chain
performs, rather than the performance of its individual
entities.
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Introduction

Introduction

@ Quality and price have been identified empirically as
critical factors in transport mode selection for
product/goods delivery (cf. Floden, Barthel, and Sorkina

(2010), Saxin, Lammgard, and Floden (2005), and the
references therein).

We offer three kinds of service:

GOOD - CHEAP-FAST /.
You can pick any two -

GOOD service CHEAP won’t be FAST

GOOD service FAST won’t be CHEAP
FAST service CHEAP won’t be GOOD
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Introduction

Introduction

@ Quality and price have been identified empirically as
critical factors in transport mode selection for
product/goods delivery (cf. Floden, Barthel, and Sorkina

(2010), Saxin, Lammgard, and Floden (2005), and the
references therein).

We offer three kinds of service:

GOOD - CHEAP-FAST /.
You can pick any two -

GOOD service CHEAP won’t be FAST

GOOD service FAST won’t be CHEAP

FAST service CHEAP won’t be Goob

!

@ Quality has also become one of the most essential factors
in the success of supply chains of various products.
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Introduction

Introduction

@ Increasingly, tough customer demands are also putting the
transport system under pressure. The online retailer
Amazon.com recently submitted a patent (United States
patent (2013)) for anticipatory shipping and speculative

shipping.
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Introduction

Introduction

@ The providers may offer flexibility to meet customer needs
of safety, and/or traceability and, furthermore, differentiate
themselves from the rest of the competition.
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Introduction

Introduction

@ The providers may offer flexibility to meet customer needs
of safety, and/or traceability and, furthermore, differentiate
themselves from the rest of the competition.

@ In this paper, quality of the product is traced along the
supply chain with consumers differentiating among the
products offered by the manufacturers.
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Contributions

Contributions

@ We model explicit competition among manufacturing firms
and freight service providers (carriers) in terms of prices
and quality of the products that the firms offer and the
prices and quality of the freight services provided.
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Contributions

Contributions

@ We model explicit competition among manufacturing firms
and freight service providers (carriers) in terms of prices
and quality of the products that the firms offer and the
prices and quality of the freight services provided.

@ The transportation costs differ by mode, leading to an
evaluation of quality vs. costs for the freight service
providers and the modes of transportation that they offer to
the customers.
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@ We handle heterogeneity in the providers’ cost functions
and in the consumers’ demands and do not limit ourselves
to specific functional forms.
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Contributions

Contributions

@ We model explicit competition among manufacturing firms
and freight service providers (carriers) in terms of prices
and quality of the products that the firms offer and the
prices and quality of the freight services provided.

@ The transportation costs differ by mode, leading to an
evaluation of quality vs. costs for the freight service
providers and the modes of transportation that they offer to
the customers.

@ We handle heterogeneity in the providers’ cost functions
and in the consumers’ demands and do not limit ourselves
to specific functional forms.

@ Utilities of each manufacturing firm and freight service
provider considers price and quality for not just his own
products, but that of other firms or providers as well.
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The Model

The Supply Chain Network Model with Price and
Quality Competition

Manufacturing Firms

AN
SR

Demand Markets

The consumers at demand market k reveal their preferences for firm F’s
product transported by freight service provider C; via mode m:
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The Model

The Supply Chain Network Model with Price and
Quality Competition

@ As in Nagurney and Li (2014), we define and quantify
quality as the quality conformance level, that is, the degree
to which a specific product conforms to a design or
specification (Gilmore (1974), Juran and Gryna (1988)).
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The Supply Chain Network Model with Price and
Quality Competition

@ As in Nagurney and Li (2014), we define and quantify
quality as the quality conformance level, that is, the degree
to which a specific product conforms to a design or
specification (Gilmore (1974), Juran and Gryna (1988)).

@ Firm F; manufactures a product of quality g; at the price p;.
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The Supply Chain Network Model with Price and
Quality Competition

@ As in Nagurney and Li (2014), we define and quantify
quality as the quality conformance level, that is, the degree
to which a specific product conforms to a design or
specification (Gilmore (1974), Juran and Gryna (1988)).

@ Firm F; manufactures a product of quality g; at the price p;.

@ The quality and price associated with freight service
provider C; retrieving the product from firm F; and
delivering it to demand market k via mode m are denoted,
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The Model

The Supply Chain Network Model with Price and
Quality Competition

@ As in Nagurney and Li (2014), we define and quantify
quality as the quality conformance level, that is, the degree
to which a specific product conforms to a design or
specification (Gilmore (1974), Juran and Gryna (1988)).

@ Firm F; manufactures a product of quality g; at the price p;.

@ The quality and price associated with freight service
provider C; retrieving the product from firm F; and
delivering it to demand market k via mode m are denoted,
respectively, by q,% and p{ﬁ’(; Vi, j, k, m.

@ Demand is denoted by d,;f( for consumer market k, mode m
coming from firm / through provider j.
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The Model

The Supply Chain Network Model with Price and
Quality Competition

Demand Function:

dik = dik(Pr, aF, P, qc); Vi j, k, m.

Demand depends on firm’s price and quality, its competitors,

and freight service providers.
The Firms’ Behavior: Supply of Firm:

o a M

Si(pFaQFaPCaQC) = Z d/]r'Z(PF,QF,PCan);W-
j=1 k=1 m=1

The Production Cost:
PC; = PCi(sr(pF,qF, Pc:qc), 9F), Vi
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The Model

The Supply Chain Network Model with Price and
Quality Competition

The Utility of Firm:

UFi(pr. 9F, Pc, 9c) = pilsi(PrF, 9F, Pc, qc)] — PC;, Vi.

Bounds on Quality:

qi <Qq < C_],,\V/I
G; = 100 corresponds to perfect quality conformance level.
Positive lower bound corresponds g; to a minimum quality
standard.
Bounds on Price:

0<p; < ﬁMVI
Let K denote the feasible set for firm F;
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The Model

The Supply Chain Network Model with Price and
Quality Competition

The Freight Service Providers’ Behavior: The Transportation
Cost:

TCjk = TCjx(d(pr, G, Pc, qc). Ac), Vi.j, k, m.
The Utility of Freight Service Provider:

N O M
uc; =>_>_ >_Ipjkafk — TCRl. ¥
i1 k=1 m—1

Bounds on Quality:

aj < afk < G, Vi j, k, m.
Bounds on Price:

0 < P < B V1,j k, m.
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The Model

The Equilibrium Conditions

Definition 1: Nash Equilibrium in Prices and Quality Levels

A price and quality level pattern (pg, gz, ps, q5) € K® = H, LK x H] NG

is said to constitute a Nash equilibrium if for each firm Fj; i =1,
U (07, P75 47 > a7, PG, 95) = Uk (pi, BF, i, 97 PE, G¢), V(i @i) €

where

E(p‘)lky"'7p7717p?(+17"'7p;/) and Cii* E(qrﬂ"?q;:‘lyqi:»‘ly"'

and if for each freight service provider C;;j =1,..., O:

U, (P, 9%, PGy P 95, Gg,) = Ucy(PF, GF, P, PG, dc;» G, ):

where

S * * * * S * * *
pa- = (pC17'"7pCj,17pCj+1""7pCo)and qél = (qu"'vo/-,ﬁqC]qrﬁ"'

I bl

» )

7qzo)'

’
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Formulation

Variational Inequality Formulation

Theorem 1: Variational Inequality Formulations of Nash Equilibrium in Prices
and Quality

(PF, 95, Pe, &) € K2 is a Nash equilibrium according to Definition 1 if and
only if it satisfies the variational inequality:

~ ZN: OUs (P, G5, PE 96) | (1 ) ZN: OUr, (PE, GF. PS, 95)

x (qi — g
i=1 opi i=1 o @)
o QU OUc(PE, GF P GE) e
_ZZZZ . X (Pjk — Pik )
=1 =1 k=1 m—1 Pk
o) W

~ 9Uq,(PF, 9F, PG; 9C)

oqgm
j=1 i=1 k=1 m=1 i

X (gjk — qjx ) > 0,

v(p:‘:7 QF:pC»QC) € K:37

v
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Formulation

Variational Inequality Formulation

Standard Form

Determine X* € K where X is a vector in R" , F(X) is a continuous function
such that F(X) : X — K c R", and

(F(X*),X —X*)>0, VvXek.

We define the vector X = (pr, gr, pc, 9c) and F(X) = (Fpr, Fars Fog» Fag)
with the j-th component of Fp. and Fq,. given, respectively, by:

__9Us. p _ 09Uy

g9 —

pPi — ap; ’ - oq; )

and the (/, j, k, m)-th component of F,, and Fq,, respectively, given by:
3ch ) 8UC,-
kT “opp %k aqp

<
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Formulation

Existence of the Solution

Theorem 2: A Solution to the Variational Inequality Discussed
here Exists

Existence of a solution to the variational inequalities discussed
earlier is guaranteed since the feasible set K is compact and
the function F(X) in our model is continuous, under the
assumptions made on the underlying functions. Hence, the
following theorem is immediate from the classical theory of
variational inequalities (see Kinderlehrer and Stampacchia
(1980)).
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The Dynamics

The Dynamics

We now propose dynamic adjustment processes for the
evolution of the firms’ product prices and quality levels and
those of the freight service providers (carriers).

Rate of change of p;:

OUE,(PF.qF,Pc.qc)

pi = op;
max {0, min{

; it 0<pi<pi
oy ,QF.Pc, . _
rlprarpode) By, it pr=0or p = P
Rate of change of g;:
AU, (PF,GF.Pc.qc) : -
Qi = O—q" (PF,9F.Pc,9c) P g<a<a
max {q,, min{ 1P AFPede) Gay it g = g, or g = Gi.
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The Dynamics

The Dynamics

Rate of change of p;ﬁ(:

9Uc,(pr,qF Pc-4c)

i m nm
- m o ) if 0< Pik < Pk
Pijk = ’ oUc,(Pr+9F.pc,qc)
max {0, mm{fTﬂ,pijk}}, if pfi =0 orpf.

Rate of change of q,ﬁ’(:

9Uc, (pr,9F-pc,9c)

H m m ~m

.m oqg, ) if gijk < qijk < qijk
Ak = m o 9Uc (PF.GF.Pcdc) it

max {gijk, m'”{—aqg; ,q,.jk}}, it qff = qu or g
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The Dynamics

The Dynamics

Ordinary Differential Equation (ODE) for the adjustment
processes of the prices and quality levels of firms and freight
service providers, in vector form:

X = Ni(X,—F(X)), X(0)= X°.

The projection operator:

(X, ~F(x) = Jim DX IR =X

with Px denoting the projection map:

Pic(X) = argmin, || X — z||.
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The Dynamics

The Dynamics

Theorem 3

X* solves the variational inequality problem if and only if it is a
stationary point of the ODE, that is,

X =0 = Ng(X*, —F(X*)).

This theorem demonstrates that the necessary and sufficient
condition for a product and freight service price and quality
level pattern X* = (pg, 9, pg, q¢) to be a Nash equilibrium,
according to Definition 1, is that X* = (pg, q¢, pg, qz) is a
stationary point of the adjustment processes defined by ODE,
that is, X* is the point at which X = 0.

v
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The Algorithm

Explicit Formulae of the Euler Method

Closed form expressions of price and quality of firms:

M;

o Q
p/7—+1 = max{ovmin{bfvpl"r+a7' Zzzd/ﬂ( pFaqupC7qC)

S

j=1 k=1 m=1

Q M
8dl ) bl )
+P;T Z Z Z /k(pF 8C'701:i pC %)

N 9PCi(se(pE, 9F. P, 98), GF) . 051(PF. GF . PE: GB),
83/ (9,0,' ’

I=1
M

o Q Mm( AT AT AT P
gt = max{qi , min{E;,- .q +a- [pf Z Z Z adj(PE, 98, Pc, 9¢)

0Qq;
j=1 k=1 m=1 g

_i3PC/(SF(DE,qE,pE,q6),qE) 9s/(PF, GF » P 9¢) 8PCf(sF,qE)]}}.

= 9si 2qi 0qi
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The Algorithm

Explicit Formulae of the Euler Method
Closed form expressions of price and quality of freight service

providers:
1 .
P+ — max{ 0, mind 5%, pBT + a- [d(PF, GF , PG, 95)
i ik > P i
NaM ad[/g PFqu po»Qc) 1
=
595 9p ppa AL ALAL NP
=1 s=1 t=1 Piik
M.
NQ b N O Q8 M aTCl(dpE, aF PG, 95): 95) | OdZ,,(OF, GF PG 4G
1is(d(PE, GF» PC- AC), 9C row (PE > QF » PC» AC)
OIS x N5 oo
=1 s=1 =1 r=1 v=1 w=1z=1 i apj
m(r+1) m noa M 8dl]5(pF’qF1pcaqc) tr
ik = maxq il mln{q,,k gi +ar[DoD0> ——aam P
=1 s=1 t=1 Tk

Is(AEF  GF PG GE): 9B O (PF . GF PG GE)

N Q Q
722 (ZZZ ad? 6q(;r(
rvw i

My aT1Ct

N o M a1ct (d7,q7)
_ Z st 2 HC )
R RILE R

I=1 s=1 t=1
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The Algorithm

Convergence

Theorem 4

In our multitiered supply chain network game theory model,
assume that F(X)=—VU(pr, g, pc, 9c) is strictly monotone.
Also, assume that F is uniformly Lipschitz continuous. Then,
there exists a unique equilibrium price and quality pattern

(PE, 9F, P, 95) € K and any sequence generated by the Euler
method as given by the closed form expressions, where {a; }
satisfies Y2 ja, = o0, @ > 0, a- — 0, as 7 — oo converges to
(PE> 9F. PG 9G)-

v
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The Algorithm

Example 1

The supply chain network topology is depicted as here:

Manufacturing Firm G

Freight Service Provider @

Demand Market @

The demand functions are:
diy = 43 — 1.62pl4; + 1.6g11; — 1.45p; + 1.78¢1 + .030%11 — .2¢51+,
d?y =52 — 1.75p51 + 1.21¢51; — 1.45p; + 1.78¢1 + .03pi11 — .2q1+.
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The Algorithm

Example 1

The supply of manufacturing firm Fy is :
s1 = diyy + diis

The transportation costs of the freight service provider C; for modes 1 and 2
are:
TCl11 = 5dity + (Q1111)2,

TC?,, = 4502, + .54(¢%1)? + .00350% ¢+
The utility of freight service provider C; is:

Ue, = pindiyy + phidfy — TClyy — TCHy,

0 < pfy <70, 9<gfy <100.
The equilibrium solution, after 166 iterations, is:

pii = 21.68,p25; = 24.16,p] = 27.18,qi7; = 14.58, 55, = 22.43, g} = 25.59.

Nagurney, Saberi, Shukla, Floden University of Massachusetts, Amherst



Trajectories: Example 1

N
]

The Algorithm

N
=]

@

o 5

Price and Quality of Made 1

o

20 40 60 80 100
Iteration Number

120 140 160

Price and Quality of Mode 2

0 L L L L

100

20 40 60 0
Iteration Number

120 140 160 180

I w
=] g

=

Product Price and Quality

o

o

20 40 B0 80 100
Iteration Number
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The Algorithm

Example 2

Manufacturing Firm G
Freight Service Providers a @
Demand Market 0
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The Algorithm

Example 2

The demand functions are:

1 1 2 2 1 1
d1111 =43 — 1.62py¢y + 1.6qy17 — 1.45p1 +1.78q1 + .03p711 — 20711 + -04p1o1 — 1421,

il 1 1 1
o2, =52 — 1.75p%; + 1.21¢%; — 1.45p; + 1.78q; + .03pl4; — 2141 + .04play — 1qlpq,
dlyy =47 —1.79p),, +1.41q]5, — 1.45p; +1.78q; + .03p]14 — 2114 + .04p%, — 1¢244.

The transportation costs of freight service provider C; are:
TCl11 = .5d11 + (qi11)? + .045d]x,

TC%11 = 450511 + .54(qf1)? + 00505106+,
and that of freight service provider C; is:

TClo1 = .64d}s + ~76(CI1121 )2-

The utility of G, is:
Ue, = P121 dioy — TClz.

0< P121 <65, 12 < Q1121 < 100.
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The Algorithm

Example 2: Result

The equilibrium solution, computed after 218 iterations, is:
pily =45.69,  pil; =45.32,  piy =44.82,  p;=53.091,
i1 = 31.69, Gir = 41.32, Gisy =41.24, g} =78.43.

The utility of manufacturing firm F; is 961.39 and that of freight service
providers Cy and C, are 4753.06 and 2208.92, respectively.

The inclusion of an additional freight service provider helps to increase the

total demand. So that, manufacturing firm F; increases his quality level and,
consequently, his price.
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The Algorithm

Variant of Example 2

The demand functions are:

1 1 2 2 1 1
dlyy =43 — 1.44p),, + 1.53q]1; — 1.82p¢ +1.21Gy + .03p%y; — .29511 + .04ploy — .1G1n1,

2 1 1 1
02, = 52 — 1.49p%,, + 1.65¢%; — 1.82p1 +1.21gy + .03p}y; — 29111 + .04ploy — .1G1ny,
dlpy = 47 — 1.57plp; + 1.64q1; — 1.82p4 +1.21q4 + .03pl4; — 2141 + .04p2; — 10544

The equilibrium solution, computed after 553 iterations, is:
piy =871,  piy=6317,  pis =16.22, p} =24.80,
gl =9.00, iy =93.15, g3 =16.92, g =23.67.
Quality levels offered by the freight service providers take on higher values

than their prices as opposed to a vice versa situation in the case of Example
2.
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The Algorithm

Example 3

Manufacturing Firms G e
Freight Service Providers a e
Demand Market 0
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The Algorithm

Example 3

The demand functions for manufacturing firm F; are:
diyy =43 — 1.62pl4; + 1.6ql4; — 1.45p; + 1.78y + .08py — .04Gp + .03p%;; — 203, + .04ploy — 105y,

1 1 1 1
o2, =52 — 1.75p2; +1.21¢%,; — 1.45p, +1.78q; + .08D, — .04Gp +.03p}4; — .2111 + .04plpy — .1a]5;,

dlpy =47 —1.79pl,, +1.41q15 — 1.45p; +1.78q; + .08p, — .04qp + .03p}y4 — -2q14 + .04p51, — 16244,

and that of manufacturing firm F; are:
dlyy =51 —1.57ph +1.2604¢ — 1.65p, +1.98G2 + .08py — .04G; + .04p5 — 1G5 +-02D01 — -12G20¢

1 1 1
02,y = 44 —1.63p5,, +1.21g3,, — 1.65p, +1.98G5 + .08p; — .04y + .04p51 — 1311 +-0208p¢ — -12Gh01 ,

2
dhpy = 56 — 1.46p3p; +1.41q0p1 — 1.65p5 +1.98Gs + .08p; — .04y + .04p1 — 141 +-020511 — 1255 -
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The Algorithm

Example 3

The supply of F; is similar to that in Example 2 and that of manufacturing firm
F2 is:

Sy = d2111 + d2211 + d2121-
The utility of manufacturing firm F; is:

UF2 = 252 — PCz,

and the price and quality of his product are constrained in the following
manner:
0<p<95  8<q <100.

The utility of Cy is:
Ue, = P1111d1111 +P1211d1211 +P;11d2111 +P§11d2211 — TC}11—TChH1 — TChy — TCgm
and that of C; is:

Ue, = P121 d1121 +P;21 Gay — TClay — TC1221-
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The Algorithm

Example 3: Result

The equilibrium solution, computed after 231 iterations, is:
pif = 4020, p%, =40.72,  piy =239.79,  pi =48.08,
Py =51.17,  pdy =42.88,  pis =69.18,  ps =50.89,

gy =27.73, ¢, =37.76, g3 =3653, g =66.25,
@ =37.64, i =29.42,  giy =63.97. g = 75.65.

Due to the added competition at the manufacturers’ level, the quality and
price of the product manufactured at firm F; have declined as compared to
Example 2.
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The Algorithm

Variant of Example 3: Result

The equilibrium solution, computed after 568 iterations, is:

pit =830, pff =64.70, pi3 =1554, pi=2502,
paly =28.70,  pil; =18.47,  piy =36.15,  ps =21.38,
iy =9.00, ¢ =96.71, g3 = 16.16, qF = 22.71,
gty = 28.34, g5 =17.19, Qo =38.55. g =19.24.

At equilibrium, the utilities of manufacturing firms F; and F, are 2037.45 and
1511.87, and that of freight service providers C; and C, are 1729.44 and
737.02.

Based on the variant’s solution, the utilities of the freight service providers
(focus on quality) are lower than the utilities of the manufacturers (focus on
price). This is directly connected to the transportation costs which increase in
order to ensure high quality
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The Algorithm

Example 4

Manufacturing Firms

Freight Service Providers

Demand Markets

We consider competition at the manufacturers’ level, the freight service
providers’ level, and between modes of a particular service provider, wherein

all these players are competing to satisfy the demands at two different
demand markets.
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The Algorithm

Example 4: Result

The equilibrium solution, after 254 iterations, is:
pii1 =56.79,  pf; =55.45  pii; =7296,  pi;, =36.93,

pi3 =55.19,  pls» =53.55,  pi; =62.77,  pi; =53.28,
Dalo = 72.94,  p3l, =65.91,  pis =76.15,  pis, = 83.73,
pi =63.76, p;=6490, g =100.00, g = 100.00,
Qi =3953, ¥ =5120, qi,=7461,  qi,=23.54,
qi3 =50.93, @i =51.05 gy =46.25 Q& =36.72,
Qoo =76.89,  Gh»=69.56, o3 =61.18,  qas» = 94.70.

The price and quality levels have gone up as well as utilities for both
manufacturers and carriers as compared to Example 3 since there are two
demand markets to be satisfied now as opposed to one.
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Summary

Summary

@ We developed a game theory supply chain network model in both static
and dynamic versions with multiple manufacturers and freight service
providers competing on price and quality.
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Summary

Summary

@ We developed a game theory supply chain network model in both static
and dynamic versions with multiple manufacturers and freight service
providers competing on price and quality.

@ Variational inequality theory was employed in the formulation of the
equilibrium governing the behaviors with respect to price and quality.

@ The computational procedure utilized was the Euler method.

@ The discrete-time algorithm, also serving as an approximation to the
continuous time trajectories, yields an equilibrium price and quality
patterns.

@ we then provided solutions to a series of numerical examples - small to
large scenarios and their variants.

@ In the scenarios, quality was given more importance and in the variants,
prices were given more importance.
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Summary

. The Virtual Center for Supernetworks

Questions?

For further details, please visit: http://supernet.isenberg.umass.edu/
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