Supply Chain Network Competition in Price and
Quality with Multiple Manufacturers and Freight
Service Providers

Anna Nagurney Sara Saberi  Shivani Shukla
Department of Operations and Information Management
University of Massachusetts, Amherst

Jonas Floden
School of Business, Economics and Law
University of Gothenburg, Sweden

2015 INFORMS Annual Meeting
1-4 November 2015

2015 INFORMS Annual Meeting 1-4 No/vggnm

Shivani Shukla University of Massachusetts Amherst



This presentation is based on the paper:

Nagurney, A., Saberi, S., Shukla, S., Floden, J. 2015. Supply chain
network competition in price and quality with multiple manufacturers
and freight service providers. Transportation Research Part E:
Logistics and Transportation Review 77, 248-267.

2015 INFORMS Annual Meeting 1-4 Novemb:
Shivani Shukla University of Massachusetts Amherst /38



I
Outline

0 Introduction

Q Contributions

Q Supply Chain Network Model with Price and Quality Competition
Q Variational Inequality Formulations

Q Dynamics

0 Algorithm

o Numerical Results

Q Summary and Conclusions

2015 INFORMS Annual Meeting 1-4 No/vemb<
38

Shivani Shukla University of Massachusetts Amherst



Background

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

@ The decisions that the firms make affect the prices and quality of
products as well as that of the freight services provided, which, in turn,
impact their own profitability.

@ 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)).

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

Motivation

@ Increasingly, tough customer demands are also putting the transport
system under pressure.

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

@ Quality of freight encompasses factors such as on-time deliveries,
reliability, and frequency.

Oime!

Delivery -

2015 INFORMS Annual Meeting 1-4 No/vemb<
38

Shivani Shukla University of Massachusetts Amherst



Introduction

Relevant Literature

@ Akerlof, G.A., 1970. The market for lemons: Quality uncertainty and the
market mechanism. Quarterly Journal of Economics, 84(3), 488-500.

@ Spence, M., 1975. Monopoly, quality, and regulation. The Bell Journal of
Economics, 6(2), 417-429.

@ Sheshinski, E., 1976. Price quality and quantity regulation in monopoly
situation. Economica, 43, 127-137.

@ Mussa, M., Rosen, S., 1978. Monopoly and product quality. Journal of
Economic Theory, 18, 301-317.

2015 INFORMS Annual Meeting 1-4 Novemb:
Shivani Shukla University of Massachusetts Amherst /38



Introduction

Relevant Literature

@ Dixit, A., 1979. Quality and quantity competition. Review of Economic
Studies, 46(4), 587-599.

@ Gal-or, E., 1983. Quality and quantity competition. Bell Journal of
Economics, 14, 590-600.

@ Brekke, K.R., Siciliani, L., Straume, O.R., 2010. Price and quality in
spatial competition. Regional Science and Urban Economics, 40,
471-480.

@ Nagurney, A, Li, D., 2014. A dynamic network oligopoly model with
transportation costs, product differentiation, and quality competition.
Computational Economics, 44(2), 201-229.

@ Nagurney, A., Li, D., Nagurney, L.S., 2014. Spatial price equilibrium with
information asymmetry in quality and minimum quality standards.
International Journal of Production Economics, 158, 300-313.

2015 INFORMS Annual Meeting 1-4 Novemb:
/38

Shivani Shukla University of Massachusetts Amherst



Contributions

Contributions

@ We model explicit competition among manufacturing firms and freight
service providers (carriers) in terms of prices and quality.
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Contributions

Contributions

@ We model explicit competition among manufacturing firms and freight
service providers (carriers) in terms of prices and quality.

@ 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 model explicit competition among manufacturing firms and freight
service providers (carriers) in terms of prices and quality.

@ 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.
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Contributions

Contributions

@ We model explicit competition among manufacturing firms and freight
service providers (carriers) in terms of prices and quality.

@ 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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Supply Chain Network Model with Price and Quality Competition

The Supply Chain Network Model with Price and
Quality Competition

Manufacturing Firms

Freight Service Providers

Transportation Modes

Demand Markets

Figure : The Supply Chain Network Structure of the Game Theory Model
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Supply Chain Network Model with Price and Quality Competition

Supply Chain Network with Price and Quality
Competition

@ Asin 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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Supply Chain Network Model with Price and Quality Competition

Supply Chain Network with Price and Quality
Competition

@ Asin 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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Supply Chain Network Model with Price and Quality Competition

Supply Chain Network with Price and Quality
Competition

@ Asin 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 qji, and pji; Vi, j, k, m.
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Supply Chain Network Model with Price and Quality Competition

Supply Chain Network with Price and Quality
Competition

@ Asin 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 qji, and pji; Vi, j, k, m.

@ Demand is denoted by d,]"’,z for consumer market k, mode m coming from
firm / through provider j.
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Supply Chain Network with Price and Quality
Competition

Demand Function:

Demand depends on firm’s price and quality, its competitors, and freight
service providers.
The Firms’ Behavior: Supply of Firm:

o aQ M
Si(pFa qFapC7qC ZZ dljk Pr, QFaPCaQC)
j=1 k=1 m=1
The Production Cost:

PC; = PCi(sr(pF,qrF.Pc,dc), gF), Vi
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Supply Chain Network Model with Price and Quality Competition

Supply Chain Network with Price and Quality
Competition

The Utility of Firm:

UF.(PF, 9F, Pc, 9c) = pilsi(pF, 9F, Pc, 9c)] — PCi, Vi.

Bounds on Quality:
9 <9 <q,Vi.
Gi = 100 corresponds to perfect quality conformance level. Positive lower
bound corresponds g; to a minimum quality standard.
Bounds on Price:
0 < Pi < ﬁlaVI
Let K denote the feasible set for firm F; and the bounds on price and quality

hold. K' = [[X, K;'. Functions are continuous and continuously
differentiable.
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Supply Chain Network Model with Price and Quality Competition

Supply Chain Network with Price and Quality
Competition

The Freight Service Providers’ Behavior: The Transportation Cost:

TCjj ik — TC/ ( (pFaqFapCan)vo)avjaja k, m.
The Utility of Freight Service Provider:
'

N O M

U, =YD D lpjkdjc — TCRL. Y.
i=1 k=1 m=1

Bounds on Quality:

q quk < quk7VI fak m.

—jk —
Bounds on Price:
0< p,fﬁ’( < f),f/?ﬂw,j, k,m.

i 2. )2 — 179 . K2
Feasible set, K7 K* =[] K7
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The Equilibrium Conditions

Definition 1: Nash Equilibrium in Prices and Quality Levels

A price and quality level pattern (pg, g5, pg. G5) € K® = H, LK x H/ | K2 is
said to constitute a Nash equilibrium if for each firm ;i =1,.

Ur (b}, 67 af G5 - Pe- az) = Uk (pi, B} i, 7 - PS G6): - Y(pin ai) € K7
where
b\;'k = (pT""7p;kf17pf+17"‘7p7§l) and d\i* = (q1*7"'vqithqah""qln)v

and if for each freight service provider C;;j =1,...,O:
Ug, (P ¢ PG, P, 96, 95,) = U, (PE. G- Pe;: P, 4, G )

where
3 * * * *
pe = (PC,s -+ PG+ PC,ys - -+ PC,)

W * * *
qC] = (qC1a"'an,‘j717qu+17~-
Shivani Shukla University of Massachusetts Amherst
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Variational Inequality Formulations

Variational Inequality Formulation

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

(PE. 9. P, Qg) € KC® is a Nash equilibrium according to Definition 1 if and
only if it satisfies the variational inequality:

N N
OUE( pF7qF7pC>qC) OUF (P, 9F: PE, Q2) «
—Z ' < (pi—pf) = — x(qi—aqy)
P 0q;
o QM
Y235 AR )
j=1 i=1 k=1 m=1 pl/k

8UC, (pF7 CIF; pC7 qC)
j=1 i=1 k=1 m=1 O

x (qfk — gji’) > 0,

Y(pr, GF, Pc, gc) € K3,
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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 Cc R", and

(F(X*),X —X*) >0, VXeKk.

We define the vector X = (pr, gr, pc, 9c) and F(X) = (Fp, Fge, Fpg, Fgo) With
the i-th component of . and F,, given, respectively, by:

OUF, OUF,
Fp = — S !
api Qi

Pi

- aq;’
and the (i, j, k, m)-th component of F,, and F,,, respectively, given by:
oUg, oUg,
o =~ ams Fan = -5
ijk apijk iik aqijk

Shivani Shukla
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Existence of the Solution

Theorem 2: A Solution to the Variational Inequality

Existence of a solution to the variational inequalities 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.
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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;:

OUF, Nel=N ol . _
. F,(pFB‘Z)f; Pc qc)’ if 0<pi<pi
max {0, min{ Z2PramPee) pyy it p =0 or p; = p.

Rate of change of g;:

OUE, Nel=N ol . —
o { F,(PFafz; Pc qc)au if 9. <q<gq
I — . . —_
max {g,, min{ ZPRAPede) gy it g =g, or gi =g
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Dynamics

Rate of change of pjj:

9Uc (pr,qF.Pc,9c)

Piik = Pl au,
i C; (PF.GF.pc.Gc) —m
max {0, m'n{Tﬂw}}’
Rate of change of gji:
9Uc; (Pr,qF:Pc:qc)
“mo_ aqﬂ I
ik = c.(PF,9F.Pc,dc) =
max {qu, mln{—aqk q,.jk}}’

Shivani Shukla

University of Massachusetts Amherst

it 0 < pji < Pjik

if p,’./?]( = Oor[),f]?](.

if g;.j?}(<q,f]](<a,-,’?,’(

H m __ m ~m
if Qjk = gijk or Gjj-
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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 =Nk(X,—F(X)), X(0)=X°.
The projection operator:

Me(X,—F(X)) = lim P'C(X*5(’;(X))—X,

with Px denoting the projection map:

Pr(X) = argmin,c,c[| X — 2.
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Dynamics

Theorem 3

According to Dupuis and Nagurney (1993) X* solves the variational inequality
problem if and only if it is a stationary point of the ODE, that is,

X =0 = MNg(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, 98, pg, q;) to be a Nash equilibrium, according to Definition 1, is
that X* = (pg, gf. pg. ;) is a stationary point of the adjustment processes
defined by ODE, that is, X* is the point at which X = 0.
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Explicit Formulae for the Euler Method Applied to the
Multitiered Supply Chain Network Problem
Closed form expressions of price and quality of firms:

Q M

o
prtt = max{o,min{b,- PT+ar[ D> > dR(PF. 9F, PG 92)
=1 k=1 m=1

8d,,";(pF, qF, pc, ac)

+p72
Jj=1

k=1 m=1

N, OPCi(sr(PE, 9F. PG G): GF) Bs/(p;,q;,pg,qg)]}
p 95 opi ’

T+1 . = T T ° Q Mj 0 ljk(pF’qF’pC’qC)
a7 = max{ g, min{a.q7 +a. oy >3 > I
=1k ’

=1 m=1

—XN: OPC(sr(PF, GF+PE: 96):9F) | 9SI(PE: 9F+ PG, 98) 6PC/(SE,QE)]}
e 05 oq; oq;
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Explicit Formulae for the Euler Method Applied to the
Multitiered Supply Chain Network Problem
Closed form expressions of price and quality of freight service providers:

m(T+1) _

Piik maX{O mm{p,,hp,,k + a- [dfk(PF, 9F, PC+ Q)

N Q / od ‘r7 T’ ‘r7 T
Y is(PF q; pg-4ac) < Bl

I=1 s=1 t=1 apiik

(XN:XO:XO: Y oTCl (d(PE, 9F, PG, 93), O5) y adfvw(p;,q;,pg,qg))]}
oo el '

N Q@ M adt (pT 9z, pL, qr)

et jis\PE> 9F> Pcy dc -

qlfj;’(( +) = max{q/’ﬁ(,mm{q,]k,q,]k +a (> > IST"Z i

=1 s=1 t=1 i
M; T T pT._ qT T T aT pT aT
7%% / (iii My 8Tcljs(d(p,:,qf:7pcch)rqc) y adrsz(vaC’F’pC’qC))

2 ddz,, elejih
—1 5=1 t=1  r=1 v=1 w=1 z=1 ijk

M T AT
N Q ! 8TC/;s(d 7qC)

aqf, ) } }
=1 s= U 2015 INFORMS Annual Meeting 1-4 Novemb:
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Algorithm

Convergence

Theorem 4

In our multitiered supply chain network game theory model, assume that
F(X)=—VU(pr, g, pc, qc) is strictly monotone. Also, assume that F is
uniformly Lipschitz continuous. Then, there exists a unique equilibrium price
and quality pattern (pg, g¢, P&, g¢) € K and any sequence generated by the
Euler method as given by the closed form expressions, where {a, } satisfies
Y oar =00, a >0,a- — 0,as T — oo converges to (pf, i, Pg, 95)-
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Numerical Results

Example 1

Manufacturing Firm e

Freight Service Provider @

Demand Market a

Figure : The Supply Chain Network Topology for Example 1

The demand function for demand market 1 is:
diy; =43 —1.62p};; + 1.6q]1; — 1.45p; + 1.78¢q;.

The supply of Fy is:
S1 - d1111 .

Shivani Shukla University of Massachusetts Amherst
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Numerical Results

Example 1
The production cost and utility of manufacturing firm £ is:
PCy =1.55(sy +1.15¢%),  Ur, = p1s1 — PCy.
The quality and price of the firm are bounded as per the following constraints:
0<p; <80, 10<gq <100.
The transportation cost of freight service provider C; is:
TClyy = 5d4s + (9111)?.
The utility of freight service provider C; is:
Ue, = pi11dii — TChis,
with the following limitations on his price and quality:

1 1
0<pi41 <70, 9 < gy <100.
University of Massachusetts Amherst
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Numerical Results

Example 1

The equilibrium result, after 60 iterations, is:
pli, =16.63, p;=19.57, qi;; =1290, g} =10.00.

1
Pi1q

1
i

Freight Price and Quality
=

L
] 10 20 30 40 50 60
lteration Mumber

5 i

L
o 10 20 30 40 a0 B0
lteration Mumber

Praduct Price and Quality

Figure : Prices and Quality Levels for the Product and Freight of Example 1
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Example 2

The supply chain network topology is depicted as here:

Manufacturing Firm e

Freight Service Provider @

1 2
Demand Market @

Figure : The Supply Chain Network Topology

The demand functions are:
diyy =43 —1.62pj4; + 1.6q11; — 1.45p; + 1.78qy + .03p5,4 — 2054,

1 1

d?, =52 — 1.75p3; + 1.21¢%,; — 1.45p; + 1.78q4 + .03pl,; — .2q144.

111 p1 11 q1 " p1 (270115 INFORI\%/lAnuaI Meecg%a ll -4 Novemb
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Example 2

The supply of manufacturing firm F; is :
s1 = diyq + dyy

The transportation costs of the freight service provider C; for modes 1 and 2
are:
TC}H = .5d; + (g111)%,

TC?H = 4502 + .54(q%1)? + .00350% G5 .

The utility of freight service provider C; is:

1 2
Ue, = P111d1111 +P1211d1211 = TCy41 — TCHy4,
0 <pfy <70, 9 <gfy; <100.
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Numerical Results

Example 2

The equilibrium solution, after 166 iterations, is:
pli, = 21.68, p2, = 24.16, pi = 27.18,
gl = 14.58, g%, = 22.43, q; = 25.59.

Price

Hteration Number

Price and Quality of Mode 2

20 40 B0 80 100 120 140 180 180
Hteration Number

rice and Quality

20 40 B0 80 100 120 140 180
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Numerical Results

Example 3 and Variant

Manufacturing Firm

Freight Service Providers

Demand Market

Figure : The Supply Chain Network Topology for Example 3 and Variant
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Example 3

The demand functions are:
dlyy =43 — 1.62pl4; + 1.6ql4y — 1.45p; + 1.78qy + .08p2,; — .2¢%4; + .04ploy — 1qipy,

oy =52 — 1.75p2,, +1.21¢2,, — 1.45p; + 1.78q; + .03p]14 — 20111 + -04ploy — 1q1aq,
1 1 1 'l 1 2 2
dlpy = 47 — 1.79plyy + 1.41q1p, — 1.45p; + 1.78gy + .03ply; — 20141 + .04p2,; — 16245

St = djyy + dfyy + diy.
The transportation costs of freight service provider Cy are:
TClyy = 541 + (qi11)? + 0450y,
TCiy1 = 450 + .54(q711)* + 0054 f1,
and that of freight service provider C, is:
TClpy = 64diy +.76(q121).

The utility of G, is: 1
Ue, = Pi21dias — TCiay.

0<ply <65  12< gy < 100.
2015 INFORMS Annual Meeting 1-4 Novemb:
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Example 3

The new equilibrium solution, computed after 218 iterations, is:
pii; =45.69,  pi;, =4532,  ply =4482,  p;=5391,

gl =381.69, g3y =4132, qi3 =4124,  q; =7843.

Add trajectories.
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Variant of Example 3

2 2 1 1
dlyy =43 — 1.44pl,; +1.53ql4; — 1.82p; + 1.21q4 + .03p%;; — 2511 + .04plny — 1qlpq,
2 2 1 1 1 1
o, =52 — 1.49p2,, +1.65¢2,, — 1.82p; + 1.21q; + .03p]14 — 20114 + .04ploy — -1q1aq,

1 1 1 2 2
d1121 =47 — 157,’.)}21 +1.64q45y — 1.82py +1.21q7 + .03py4y — 29711 + .04p74¢ — 10741 -

The equilibrium solution, computed after 553 iterations, is:
pii; =871,  p,=6317, pl3 =16.22,  p;=24.80,

g1y =9.00, ¢%,=93.15 = qi5; =16.92, g} =23.67.

2015 INFORMS Annual Meeting 1-4 Novemb
Shivani Shukla University of Massachusetts Amherst /38



Example 4

Manufacturing Firms @ @

Freight Service Providers

Demand Markets

Figure : The Supply Chain Network Topology for Example 4 and Variant
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Numerical Results

Example 4: Result

The equilibrium solution, after 254 iterations, is:
piiy =56.79,  piiy =55.45,  pii, =72.96,  pii, = 36.93,

pis =55.19,  pls =53.55,  pi; =62.77,  pi; =53.28,
palo =72.94,  p3i,=65.91, pis =76.15,  pis, = 83.73,
pi =63.76, p;=6490, g =100.00, g = 100.00,
gy =39.53, ¥ =5120, qi,=7461,  qi, =23.54,
i1 =50.93, gz =51.05, gy =46.25  g& =36.72,
Qats = 76.89, G5ts = 69.56, Gany = 61.18,  Gasnr = 94.70.

The price and quality levels have gone up as well as utilities for both manufacturers
and carriers as compared to Example 6.4 since there are two demand markets to be
satisfied now as opposed to one.
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Summary and Conclusions

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

@ 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.
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Summary and Conclusions

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.
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Summary and Conclusions

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.
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Summary and Conclusions

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.
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