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SpringerReference]

This presentation is based on the paper with the same title,
co-authored with Dong " Michelle” Li, which is in press in the
Journal of Global Optimization, and also on our book Competing
on Supply Chain Quality, Springer 2016.
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Background and Motivation
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Supply chains are the critical infrastructure and backbones for the
production, distribution, and consumption of goods as well as
services in our globalized Network Economy.

Supply chains, in their most fundamental realization, consist of
manufacturers and suppliers, distributors, retailers, and consumers
at the demand markets.

Today, supply chains may span thousands of miles across the
globe, involve numerous suppliers, retailers, and consumers, and be
underpinned by multimodal transportation and telecommunication
networks.
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A General Supply Chain

Suppliers Manufacturers Distribution Demand
Centers Markets

Domestic
Manufacturer

Information

International
Manufacturer
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Examples of Supply Chains

» food and food products
» high tech products
» automotive

» energy (oil, electric power, etc.)
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Examples of Supply Chains
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We are living in an era of Fragile Networks and, yet, at the same
time, quality of products is essential.
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Background and Motivation

Suppliers are critical in providing essential components and
resources for finished goods in today’s globalized supply chain
networks. Even in the case of bread ingredients may travel across
the globe as inputs into production processes.

Suppliers are also decision-makers and compete with one another
to provide components to downstream manufacturing firms.
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Background and Motivation

When suppliers are faced with , Whether due to
man-made activities or errors, natural disasters, unforeseen events,

or even terrorist attacks, the ramifications and effects may
propagate through a supply chain or multiple supply chains.
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Examples of Supplier Failures Due to Natural Disasters

Examples of supplier failures, due to natural disasters, and
associated supply chain disruptions.

Anna Nagurney Supply Chain Performance Assessment



Examples of Supplier Failures Due to Natural Disasters

e The Royal Philips Electronics cell phone chip manufacturing
plant fire, due to a lightning strike on March 17, 2000, and
subsequent water and smoke damage, which adversely affected
Ericsson, which, unlike Nokia, did not have a backup, and suffered
a second quarter operating loss in 2000 of $200 million in its
mobile phone division.
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Examples of Supplier Failures Due to Natural Disasters

e The Royal Philips Electronics cell phone chip manufacturing
plant fire, due to a lightning strike on March 17, 2000, and
subsequent water and smoke damage, which adversely affected
Ericsson, which, unlike Nokia, did not have a backup, and suffered
a second quarter operating loss in 2000 of $200 million in its
mobile phone division.

e The Fukushima triple disaster on March 11, 2011 in Japan
resulted in shortages of memory chips, automotive sensors, silicon
wafers, and even certain colors of automotive paints, because of
the affected suppliers.
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Examples of Supplier Failures Due to Natural Disasters

e The Royal Philips Electronics cell phone chip manufacturing
plant fire, due to a lightning strike on March 17, 2000, and
subsequent water and smoke damage, which adversely affected
Ericsson, which, unlike Nokia, did not have a backup, and suffered
a second quarter operating loss in 2000 of $200 million in its
mobile phone division.

e The Fukushima triple disaster on March 11, 2011 in Japan
resulted in shortages of memory chips, automotive sensors, silicon
wafers, and even certain colors of automotive paints, because of
the affected suppliers.

e The worst floods in 50 years that followed in October 2011 in
Thailand impacted both Apple and Toyota supply chains, since
Thailand is the worlds largest producer of computer hard disk
drives and also a big automotive manufacturing hub.
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Examples of Supplier Failures Due to Quality Issues

, ended up having to buy two suppliers
for $2.4 billion because the units were underperforming in the
chain (Tang, Zimmerman, and Nelson (2009)).
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Examples of Supplier Failures Due to Quality Issues
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Examples of Supplier Failures Due to Quality Issues

e |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)).
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Examples of Supplier Failures Due to Quality Issues

e In 2007, the toy giant Mattel recalled 19 million toy cars because
of a

(Story and Barboza (2007)).

e In 2010, four Japanese car-makers, including Toyota and Nissan,
recalled 3.6 million vehicles sold around the globe, because

(Kubota and Klayman (2013)). The recalls are still
ongoing and have expanded to other companies.
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(Story and Barboza (2007)).

e In 2010, four Japanese car-makers, including Toyota and Nissan,
recalled 3.6 million vehicles sold around the globe, because

(Kubota and Klayman (2013)). The recalls are still
ongoing and have expanded to other companies.

e In 2013, in the food industry, Taylor Farms, a large vegetable

supplier, was under investigation in connection with
(Strom (2013)).

Anna Nagurney Supply Chain Performance Assessment



Examples of Supplier Failures Due to Quality Issues

e In 2007, the toy giant Mattel recalled 19 million toy cars because
of a
(Story and Barboza (2007)).

e In 2010, four Japanese car-makers, including Toyota and Nissan,
recalled 3.6 million vehicles sold around the globe, because

(Kubota and Klayman (2013)). The recalls are still
ongoing and have expanded to other companies.

e In 2013, in the food industry, Taylor Farms, a large vegetable
supplier, was under investigation in connection with
(Strom (2013)).

e In 2016, Samsung made the unprecedented decision to

because of
explosions and fires, suspected from the batteries (Hollister
(2016)).
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Representation of Supply Chains as Networks
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Characteristics of Supply Chains and Networks Today

> and complexity of network topology;
> . which leads to nonlinearities;
> , which may lead

to paradoxical phenomena;

> , such
as the Internet with electric power networks, financial

networks, and transportation and logistical networks;
» recognition of

» policies surrounding networks today may have major impacts
not only economically, but also
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Supply Chains Are Network Systems

Supply chains are, in fact, Complex Network Systems.

Hence, any formalism that seeks to model supply chains and to
provide quantifiable insights and measures must be a system-wide
one and network-based.

Such crucial issues as the stability and resiliency of supply chains,
as well as their adaptability and responsiveness to events in a
global environment of increasing risk and uncertainty can only be
rigorously examined from the view of supply chains as network
systems.

Anna Nagurney Supply Chain Performance Assessment



Representation of Supply Chains as Networks

By depicting supply chains as networks, consisting of nodes, links,
flows (and also associated functions and behavior) we can:
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Representation of Supply Chains as Networks
By depicting supply chains as networks, consisting of nodes, links,
flows (and also associated functions and behavior) we can:

e see commonalities and ¢ ifferences among supply chain problems
and even other network problems;
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Representation of Supply Chains as Networks

By depicting supply chains as networks, consisting of nodes, links,
flows (and also associated functions and behavior) we can:

e see commonalities and among supply chain problems
and even other network problems;

e avail ourselves, once the underlying functions (cost, profit,
demand, etc.), flows (product, informational, financial, relationship
levels, etc.), and constraints (nonnegativity, demand, budget, etc.),
and the behavior of the decision-makers is identified, of powerful
methodological network tools for modeling, analysis, and
computations;
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Representation of Supply Chains as Networks

By depicting supply chains as networks, consisting of nodes, links,
flows (and also associated functions and behavior) we can:

e see commonalities and among supply chain problems
and even other network problems;

e avail ourselves, once the underlying functions (cost, profit,
demand, etc.), flows (product, informational, financial, relationship
levels, etc.), and constraints (nonnegativity, demand, budget, etc.),
and the behavior of the decision-makers is identified, of powerful
methodological network tools for modeling, analysis, and
computations;

e build meaningful extensions using the graphical /network
conceptualization.
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In Competing on Supply Chain Quality, we present supply chain
network models and tools to investigate: information asymmetry,
impacts of outsourcing on quality, minimum quality standards,
applications to industries such as , freight
services and quality, and the identification of which suppliers
matter the most to both individual firms’ supply chains and to that
of the supply chain network economy.
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Methodology - The Variational Inequality Problem
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Methodology - The Variational Inequality Problem

We utilize the theory of variational inequalities for the formulation,
analysis, and solution of both centralized and decentralized supply
chain network problems.

Definition: The Variational Inequality Problem
The finite-dimensional variational inequality problem, VI(F,K), is
to determine a vector X* € IC, such that:

(F(X*), X =X*) 20, VXeK,

where F is a given continuous function from IC to RN, K is a given
closed convex set, and (-,-) denotes the inner product in RN.
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Methodology - The Variational Inequality Problem

The vector X consists of the decision variables — typically, the
flows (products, prices, etc.).

IC is the feasible set representing how the decision variables are
constrained — for example, the flows may have to be nonnegative;
budget constraints may have to be satisfied; similarly, quality
and/or time constraints may have to be satisfied.

The function F that enters the variational inequality represents
functions that capture the behavior in the form of the functions
such as costs, profits, risk, etc.
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The variational inequality problem contains, as special cases, such
mathematical programming problems as:

systems of equations,

optimization problems,

complementarity problems,

game theory problems, operating under Nash equilibrium,

e and is related to the fixed point problem.

Hence, it is a natural methodology for a spectrum of supply chain
network problems from centralized to decentralized ones as well as
to design problems.

Anna Nagurney Supply Chain Performance Assessment



Geometric Interpretation of VI(F,K) and a Projected
Dynamical System (Dupuis and Nagurney, Nagurney and
Zhang)

In particular, F(X*) is “orthogonal” to the feasible set K at the
point X*.

Normal Cone

Associated with a VI is a Projected Dynamical System, which
provides natural underlying dynamics associated with travel (and
other) behavior to the equilibrium.
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To model the dynamic behavior of complex networks, including
supply chains, we utilize projected dynamical systems (PDSs)
advanced by Dupuis and Nagurney (1993) in Annals of Operations
Research and by Nagurney and Zhang (1996) in our book
Projected Dynamical Systems and Variational Inequalities with
Applications.

Such nonclassical dynamical systems are now being used in

(Sandholm (2005, 2011)),

ecological predator-prey networks (Nagurney and Nagurney (2011a,
b)), and

even neuroscience (Girard et al. (2008)

(Setoodeh,
Haykin, and Moghadam (2012)).

Anna Nagurney Supply Chain Performance Assessment



The Multitiered Supply Chain Network Model with Suppliers
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Overview

We develop a multitiered competitive supply chain network game
theory model, which includes the supplier tier.

» The firms are differentiated by brands and can produce their
own components, as reflected by their capacities, and/or
obtain components from one or more suppliers, who also are
capacitated.

» The firms compete in Cournot-Nash fashion, whereas
» the suppliers compete a la Bertrand.
» All decision-makers seek to maximize their profits.

» Consumers reflect their preferences through the demand price
functions associated with the demand markets for the firms’
products.
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Overview

» We propose supply chain network performance measures, on
the and on the , that
assess the efficiency of the supply chain or firm, respectively,
and also allow for the identification and ranking of the
importance of suppliers as well as the components of suppliers
with respect to the full supply chain or individual firm.

» Our framework adds to the growing literature on
by providing metrics that allow individual firms,
industry overseers or regulators, and/or government
policy-makers to identify the importance of suppliers and the
components that they produce for various product supply
chains.
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The Multitiered Supply Chain Network Model

Demand Markets

Figure 1: The Multitiered Supply Chain Network Topology
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Notation

Qﬁ-,: the nonnegative amount of firm /'s component / produced by
supplier j; j=1,...,ns; i=1,...,1; I =1,..., n.

Q,-’,:: the nonnegative amount of firm i's component / produced by
firm i itself.

Qix: the nonnegative shipment of firm i's product from firm i to
demand market k; k=1,...,ng.

mjji: the price charged by supplier j for producing one unit of firm
i's component /.

di: the demand for firm i's product at demand market k.

0;;: the amount of component / needed by firm / to produce one
unit product i.
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Notation

ﬁ-,F(QF): firm i’s production cost for producing its component /.

fi(Q): firm i's cost for assembling its product using the
components needed.

tc,’;(Q): firm 's transportation cost for shipping its product to
demand market k.

c,-J-/(QS): the transaction cost paid by firm i for transacting with
supplier j for its component /.

pik(d): the demand price for firm i's product at demand market k.
All the {Qf?-,} elements are grouped into the vector

QS e R:_S Zf:l ”/i.

o
All the {QF } elements are grouped into the vector QF € R_%":l i

All the {Qjx} elements are grouped into the vector Q € RJTR.
We group all {djx} elements into the vector d € ijR.

Anna Nagurney Supply Chain Performance Assessment



The Behavior of the Firms

nR i nR
Maximizeq, oF os UF = pi(d)dic — fi(Q) = D _ £ (QF) = D tci(Q)
k=1 = =1

ng i
—ZZ Q=22 ci(Q°) @

j=11=1 Jj=1I=1
subject to: Qix=diy, i=1,....1;k=1,..., ng, (2)
Zo,ko,,<ZQj,+Q,,, i=1,...,01=1,...,n;, €)

Q>0, i=1,... lk=1,...

Pj,>Q j=1,...,n5;i=1,...,

CAPf > Qf >0, i=1,...
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The Behavior of the Firms

We define K| = {(Qi, QF, Q)|(3) - (6) are satisfied}. Al K;; i=1,....1,
are closed and convex. We also define the feasible set ' = I'I,LIR:-E.

Definition 1: A Cournot-Nash Equilibrium

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

. —=F . . .
component production pattern (Q*, QF", Q%) € K s said to constitute a
Cournot-Nash equilibrium if for each firm i; i =1,... 1,

UIF(QI))(7©I*7 I.*7AI‘F*7QiS*7©is*77r*)ZUI.F(Q”Q??QI‘F)AI.F*7QI.$7©1‘S*77T*)7
—F
Y(Q, QF, Q) e K, (7

where
QI =(Qr,....Q 1, Q%,...,Q),
AFF F* £ * F*
i Z(Ql gooag i—17Qi+17"'7 1 )7

& =@, QL Q@)
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Variational Inequality Formulation of the Cournot-Nash
Equilibrium

Theorem 1: Variational Inequality Formulations

Assume that, for each firm i; i =1,...,1, the utility function
UM (Q, @, @, ") is concave with respect to its variables in Q;, QF, and Q7,

g g . . . * * * —F
and is continuous and continuously differentiable. Then (Q*, Q7" Q*") e K
is a Cournot-Nash equilibrium according to Definition 1 if and only if it satisfies
the variational inequality:

IR [F * [P 5* *
oU; o
Z - (Q ngk Q ) X (Qik - Qik)

i=1 k=1

n

I 8UF % AF* 5* o
-5y S DT T (of - 0

i=1 =1

ns ! Fro* OF* OS*
ouU;
B 3)3) LA A L ME R SRR TS o
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Theorem 1 (continued)
with notice that: fori =1,...,1; k=1,...,ng:

_OUf _ [9f(Q) | SN 0teh(Q) NN 9n(@) o
Qi [ OQix OQu Z 0Qu Qin — pi(Q) |

h=1 h=1

fori=1,...,1;1=1,...,n;:

auf 8f,,f,(QF
5= )

forj=1,...,ns; i=1,....01; =1,... n;:

ouf 25\ o OCigm
WJ”: |:7TJ,I+ZZ Cg (Q :|

g=1 m=1 J’I
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Theorem 1 (continued)

Equivalently, (Q*, QF, Q%" \*) € KF is a vector of the equilibrium product
shipment, in-house component production, contracted component production pattern,
and Lagrange multipliers if and only if it satisfies the variational inequality

I ng ng - ”
of:(Q") otcf,(Q") pin(Q*) .
;; Qi Z 9Qn h; 90 — pu(Q") + ;A,,e,,

v [0 o (QF ) )
x(Qik — Qi +ZZ Z%—A” x (QF —QF)
il

i=1 I=1 | m=1

n

ng 1 8 .
2.2 w4 S5 50 Dl Q) Punl @) 5| x (05 - a5)
j=1i

i
i=1 I=1 g=1m=1 l/

ni

) nR
+>° Z 2+ QT =D Quon| x =2 >0, ¥(Q QF, Q%) ekF,
k=1

i=1 |=1
(9)
where KF = N!_ KF and K = {(Q;, QF, @7, \;)|\i > 0 with (4) - (6) satisfied}.
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Notation for the Suppliers

f7(Q®): supplier j's production cost for producing component /; [ =1,...,n;.

tcj“,?,(QS): supplier j's transportation cost for shipping firm i's component /.

ocj(m): supplier j's opportunity cost.
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The Behavior of the Suppliers

I i
Maximize,, U’ = Z Zﬂ'jilei/ Z (@) — Z Z tci(Q%") — ogi(m)
=1 =1

i=1 I=1

(11)

subject to:

miy >0, j=1,...,ns;i=1,....05;1=1,...,n,. (12)
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The Behavior of the Suppliers

1 Fls
We define the feasible sets K = {m|m; € RE:"ZI LK = I'IJ'.EIKJ-S, and
K=K xK°.

Definition 2: A Bertrand Equilibrium

A price pattern m* € K° is said to constitute a Bertrand equilibrium if for each
supplier j; j=1,...,ns,

UP(Q° 7, 20) > UP(Q°,m, 77), Vm € K7, (13)

Ax * * * *
T = (71'1,. ..,7['j_1,7Tj+1,...,7l'ns).
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Variational Inequality Formulation of Bertrand Equilibrium

Theorem 2: Variational Inequality Formulation

Assume that, for each supplier j; j =1, ..., ns, the profit function UJ-S(QS* )
is concave with respect to the variables in 7;, and is continuous and
continuously differentiable. Then n* € K° is a Bertrand equilibrium according
to Definition 2 if and only if it satisfies the variational inequality:

ns 1 M S(QS" *
_Zzzm X (mjy — mjy) >0,

vr e K2, (14)

with notice that: forj=1,... . ns;i=1,...,1;1=1,... n:

_% _ Qog(m) _ Q.

;i oy
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Equilibrium Conditions for the Multitiered Supply Chain
Network

Definition 3: Multitiered Supply Chain Network Equilibrium
with Suppliers

The equilibrium state of the multitiered supply chain network with
suppliers is one where both variational inequalities (8) (or (9)) and
(14) hold simultaneously.
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Theorem 3: Variational Inequality Formulations of the
Multitiered Supply Chain

The equilibrium conditions governing the multitiered supply chain network model with
suppliers are equiveilent to the solution of the variational inequality problem:
determine (Q*, QF ", Q%" ,n*) € K, such that:

5*

UF x OF* * UF * OF* *7 *
_ZZ (Q Q Q F)X(Qik ’k _ZZ (Q Q Q 7T)

i=1 k=1 Qi i=1 /=1 Q)
AUF(Q*, QF", Q%" =*
x(Qf — )—Z Z ( 207 ) (@5 - a5
j=1 i=1 I=1 jil
! US QS* * B
_ZZZ (a )X(Wﬁ/—ﬂﬁz)zo» ¥(Q,QF, Q% n)ek.  (15)

1i=1 /=1 il
Jj=
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Theorem 3 (continued)
Equivalently: determine (Q*, QF, Q% 2, 7*) € K, such that:

I ng - . ng ni
33 [, S 0@) S 0@y @)+ S

i=1 k=1 h=1 =1

"L afE(QF
‘(- o,k)+zz[§;8flm" )—Aﬁ]x(oﬁ—@f*)

i=1 |=1 Lm=1

- 8Cl m Q * *
+ 75:/4‘22 g ( ) _)\iI:| X (Qj‘?I_Qj” )
Jj=1 i=1 I=1 g=1 m=1
ni ng
+ [Z Qi +Qf Z Qﬁﬂﬂ] x (A — Aj)
i=1 I=1 Lj=1 k=1
S - [dog(n™) s . F S
+j=1;l=1 TM—QJ,’/ X (my —7m5) 20, Y(Q,Q,Q°,\m) ek,

)

Anna Nagurney Supply Chain Performance Assessment



Standard Variational Inequality Form

Standard Variational Inequality Form

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

(F(X*),X —X*) >0, VXeK, (17)

where (-, ) is the inner product in the N-dimensional Euclidean
space, N = Ing + 2ns Z,’-Zl nji + 2 Zl{:l nyi, and K is closed and
convex. We define the vector X = (Q, QF, Q°, A\, 7) and the
vector F(X) = (FY(X), F?(X), F3(X), F*(X), F3(X)),
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1x) = |26(Q) | §% 9tci(Q) pn(Q)
F (X)_ |: ank 8Qik Z aQ th_ lk(Q)+Z>\1191h

h=1 h=1 =1

i=1,....,0;k=1,... ng], (18a)

F F
F2(X):[Zaﬁ’"(0 = ,,i:l,...,l;l:l,...,n,i], (18b)

o N Oigm
PO = [ma 4 305 G <Q Oegn(Q) _

g=1 m=1 ﬂl
j=1,....ns;i=1,...,0;1=1,...,n4], (18¢)

ng ng
F(X) = [ZQ,%JrQ,f—ZQ,-ke,-,;i: 1.0 = 1,...,n,,-:| . (18d)
=i k=1

) = [%’flf)—Q,f-,;j:l,...,ns;i:1,...,/;/:1,...,n,f]. (18e)
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Qualitative Properties

It is reasonable to expect that the price charged by each supplier j
for producing one unit of firm i's component /, 7, is bounded by
a sufficiently large value, since, in practice, each supplier cannot
charge unbounded prices to the firms.

Assumption 1

Suppose that in our supply chain network model with suppliers
there exists a sufficiently large T, such that,

ﬂ'j,'/Sn, j:1,...,n5;i:1,...,/;/:17...,n,,-. (19)

Theorem 4: Existence

With Assumption 1 satisfied, there exists at least one solution to
variational inequalities (17); equivalently, (16) and (15).
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Qualitative Properties

Theorem 5: Uniqueness

If Assumption 1 is satisfied, the equilibrium product shipment,
in-house component production, contracted component production,
and suppliers’ price pattern (Q*, QF", Q" 7*) in variational
inequality (17), is unique under the following conditions:

(i). one of the two families of convex functions f;(Q); i =1,...,1,
and tc,';(Q); k =1....ng, is strictly convex in Qj;

(ii). the £F(QF); i=1,...,1,1=1,....n, are strictly convex in
Qi

(iii). the c;i(Q®); j=1,...,ns, i=1,....0,1=1,....n, are
strictly convex in Qﬁ-l;

(iv). the ocj(m); j =1,...,ns, are strictly convex in mjy;

(v). the pi(d); i=1,...,1,k =1,....ng, are strictly monotone
decreasing of d.
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The Nagurney-Qiang (N-Q)
Network Efficiency / Performance Measure
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The Nagurney and Qiang (N-Q) Network Efficiency /
Performance Measure

Definition: A Unified Network Performance Measure
The network performance/efficiency measure, £(G, d), for a given
network topology G and the equilibrium (or fixed) demand vector
d, is: )

E=E(G,d)= Lwew X A

nw

where recall that nyy is the number of O/D pairs in the network,
and d,, and \,, denote, for simplicity, the equilibrium (or fixed)
demand and the equilibrium disutility for O/D pair w, respectively.
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The Importance of Nodes and Links

Definition: Importance of a Network Component

The importance of a network component g € G, I(g), is measured
by the relative network efficiency drop after g is removed from the
network:

_AE E(G,d)-E(G —g,d)
Ig)=—> =
& £(g,d)
where G — g is the resulting network after component g is removed
from network G.
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The Approach to Identifying the Importance of Network
Components

The elimination of a link is treated in the N-Q network efficiency
measure by removing that link while the removal of a node is
managed by removing the links entering and exiting that node.

In the case that the removal results in no path connecting an O/D
pair, we simply assign the demand for that O/D pair to an abstract
path with a cost of infinity.

The N-Q measure is well-defined even in the case of
disconnected networks.
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The Advantages of the N-Q Network Efficiency Measure

e The measure captures demands, flows, costs, and behavior of
users, in addition to network topology.

e The resulting importance definition of network components is
applicable and well-defined even in the case of disconnected
networks.

e It can be used to identify the importance (and ranking) of either
nodes, or links, or both.

e It can be applied to assess the efficiency/performance of a wide
range of network systems, including financial systems and supply
chains under risk and uncertainty.

e |t is applicable also to elastic demand networks.

e ltis applicable to dynamic networks, including the Internet.

Anna Nagurney Supply Chain Performance Assessment



Some Applications of the N-Q Measure
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The Sioux Falls Network

Figure 2: The Sioux Falls network with 24 nodes, 76 links, and 528 O/D
pairs of nodes.
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Importance of Links in the Sioux Falls Network

The computed network efficiency measure £ for the Sioux Falls
network is & = 47.6092. Links 27, 26, 1, and 2 are the most
important links, and hence special attention should be paid to
protect these links accordingly, while the removal of links 13, 14,
15, and 17 would cause the least efficiency loss.

611 12 141517

Figure 3: The Sioux Falls network link importance rankings
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According to the European Environment Agency (2004),

. These
events account for approximately 80% of all economic losses
caused by catastrophic events. In the course of climate change,

catastrophic events are projected to occur more frequently (see
Schulz (2007)).

Schulz (2007) applied N-Q network efficiency measure to a
German highway system in order to identify the critical road
elements and found that this measure provided more reasonable
results than the measure of Taylor and D'Este (2007).

The N-Q measure can also be used to assess which links should be
added to improve efficiency. This measure was used for the
evaluation of the proposed North Dublin (Ireland) Metro system
(October 2009 Issue of ERCIM News).
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BaWueRoadLinks by iNQ

e 0,00019t0 0,0011  (29)
4e-005 t00,00019 (133)
-2e-005 to4e-005 (521)

Figure 4: Comparative Importance of the links for the Baden -
Wurttemberg Network — Modelling and analysis of transportation
networks in earthquake prone areas via the N-Q measure, Tyagunov et al.
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Mitsakis et al. (2014) applied the N-Q measure to identify the
importance of links in Peloponessus, Greece. The work was
inspired by the immense fires that hit this region in 2007.

Link efficiency
(national network)

The N-Q measure is noted in the " Guidebook for Enhancing Resilience of
European Road Transport in Extreme Weather Events,” 2014.
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The N-Q measure has also been used to assess new shipping routes
in Indonesia in a report, " State of Logistics - Indonesia 2015."

elected major domestic goods routes

toute is part of "Pendulum Nusantara® (
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An Application to the Braess Paradox
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The importance of behavior will now be illustrated through a
famous example known as the Braess paradox which demonstrates
what can happen under U-O as opposed to S-O behavior.

Although the paradox was presented in the context of
transportation networks, it is relevant to other network systems in
which decision-makers act in a noncooperative (competitive)
manner.
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The Braess (1968) Paradox

Assume a network with a single

a b
O/D pair (1,4). There are 2
paths available to travelers:
p1 = (a¢ C) and py = (b7 d) @ @
For a travel demand of 6, the C d
equilibrium path flows are
Xp, = Xp, = 3 and
The equilibrium path travel cost
is
Cp1 = sz = 83. Ca(fa) = ].Ofa, Cb(fb) =fp+ 50,

Cc(fc) — fc+50, Cd(fd) = ].Ofd
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Adding a Link Increases Travel Cost for All!

Adding a new link creates a new
path p3 = (a, e, d).

The original flow distribution
pattern is no longer an
equilibrium pattern, since at this
level of flow the cost on path
p3, Cpy = 70.

The new equilibrium flow pattern

network is
ko ko *x
XP1 * XPz i XP3 = 2.

Anna Nagurney

ce(fe) =fe +10
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The 1968 Braess article has been translated from German to
English and appears as:

“On a Paradox of Traffic Planning,”

D. Braess, A. Nagurney, and T. Wakolbinger (2005)
Transportation Science 39, pp 446-450.
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An Application to the Braess Paradox

We now apply the unified network efficiency measure £ to the
Braess network with the link e to identify the importance and
ranking of nodes and links. The results are reported in the Tables.

Table 1: Link Results for the Braess Network

E Measure | £ Measure
Importance | Importance
Link Value Ranking
a .2069 1
b 1794 2
c 1794 2
d .2069 1
e -.1084 3
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An Application to the Braess Paradox

Table 2: Nodal Results for the Braess Network

& Measure | £ Measure
Importance | Importance
Node Value Ranking

1 1.0000 1
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Supply Chain Network Performance Measures
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Supply Chain Network Performance Measures

We now present the supply chain network performance measure for
the whole competitive supply chain network G and that for the
supply chain network of each individual firm i,G;; i=1,...,1,
under competition.

» Such measures capture the efficiency of the supply chains in
that the higher the demand to price ratios normalized over
associated firm and demand market pairs, the higher the
efficiency.

» Hence, a supply chain network is deemed to perform better if
it can satisfy higher demands, on the average, relative to the
product prices.
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Supply Chain Network Performance Measures

Definition 4.1: The Supply Chain Network Performance
Measure for the Whole Competitive Supply Chain Network G
The supply chain network performance/efficiency measure, £(G), for a given

competitive supply chain network topology G and the equilibrium demand
vector d*, is defined as follows:

Z/ lzk 1 pi( d*

I><nR

E=E(G)= (20)

Definition 4.2: The Supply Chain Network Performance
Measure for an Individual Firm under Competition
The supply chain network performance/efficiency measure, Ei(Gj), for the

supply chain network topology of a given firm i, G;, under competition and the
equilibrium demand vector d*, is defined as:

gi:‘gi(Gl') Zk In:Ik d* ) ’:137l (21)
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The Importance of Supply Chain Network Suppliers and Their Components

Definition 5.1: Importance of a Supplier for the Whole
Competitive Supply Chain Network G
The importance of a supplier j, corresponding to a supplier node

J € G, I(j), for the whole competitive supply chain network, is
measured by the relative supply chain network efficiency drop after

J is removed from the whole supply chain:

NE  E(G)-E(G—-j) .
= = 563 . j=1,....ns, (22

1G) =

where G — j is the resulting supply chain after supplier j is
removed from the competitive supply chain network G.

Supply Chain Performance Assessment
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The Importance of Supply Chain Network Suppliers and Their Components

We also can construct using an adaptation of (22) a
robustness-type measure for the whole competitive supply chain by
evaluating how the supply chain is impacted if all the suppliers are
eliminated due to a major disruption. Specifically, we let:

ij) _ Ag _ S(G) - &(G6 - ZJnilJ) (23)

£(6) ’

measure how the whole supply chain can respond if all of its
suppliers are unavailable.
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The Importance of Supply Chain Network Suppliers and Their Components

Definition 5.2: Importance of a Supplier for the Supply Chain
Network of an Individual Firm under Competition

The importance of a supplier j, corresponding to a supplier node j € Gj, I;(j),
for the supply chain network of a given firm i under competition, is measured
by the relative supply chain network efficiency drop after j is removed from G;:

A& E(G) = E(G —))

I,-(j):Ti Z(G) , i=1,...,1;j=1,...,ns. (24)

The corresponding robustness measure for the supply chain of firm i if all the
suppliers are eliminated is:

S NE E(G) &G - )
/l(j;J)_T"_ £.(G) , i=1,...,1. ()
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The Importance of Supply Chain Network Suppliers and Their Components

Definition 5.3: Importance of a Supplier's Component for the
Whole Competitive Supply Chain Network G

The importance of a supplier j's component l;; I; = 1;,..., nj;, corresponding
to j's component node I; € G, I(l;), for the whole competltlve supply chain
network, is measured by the relative supply chain network efficiency drop after
lj is removed from G:

£(6) - €(G - 1)

/(/)—— e (R J=1,....ns;li=1;,....,n;.  (26)

where G — [; is the resulting supply chain after supplier j's component I; is
removed from the whole competitive supply chain network.

The corresponding robustness measure for the whole competitive supply chain

network if all suppliers’ component /;; ; = 1;,..., ny;, are eliminated is:
ns
NE E(G)—E(G -3 5 1)
/(;/j):?: £(C) . =1, (27)
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The Importance of Supply Chain Network Suppliers and Their Components

Definition 5.4: Importance of a Supplier's Component for the
Supply Chain Network of an Individual Firm under Competition
The importance of supplier j's component I;; ; = 1;,..., ny;, corresponding to
a component node l; € Gj, li(l;), for the supply chain network of a given firm i

under competition, is measured by the relative supply chain network efficiency
drop after I; is removed from G;:

Agi 5/(Gl)_51(Gl—lj)
I’(/J): gi = gl(Gl) )

I:1,...,/;_j:1,.4.7115;/]:11',...,[1/]-.

(28)

The corresponding robustness measure for the supply chain network of firm i if
all suppliers’ component /;, ; = 1j,..., nj;, are eliminated is:

i:1,...,l;lj:1j,...,n/j.

B NE Ei(G) = E(G =305 1))
Q=% = ZOR
j=1

(29)
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The Algorithm and Numerical Examples
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The Algorithm - The Euler Method

Iteration 7 of the Euler method

XTH = Pe(XT — a,F(XT)), €)

where Px is the projection on the feasible set K and F is the
function that enters the variational inequality problem (17).
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Explicit Formulae for the Computation of the Product and Component Quantities

oH(QT) i UACIN i 9pin(Q7)

T+1 T T
07 i - I
Q7 = max{0, Q] + a-( 2Qn 2" 9q, 2" 50, Qi+ Pi(Q7)
nl,
=D NOn)ki=1,...,lik=1,...,ng. (31a)
i aff (QF7
Q; = min{ CAP!, max{0, Q,/ +ar(— Z B(Q ) + A7)
m=1 il
f=1oooglll=15cao,ympo (31b)

Qﬂ, —mln{CA ,,,max{O QJ,, +ar(—7j ZZ 3C,gm Q ) + A0

g=1m=1 J”
Jj=1,...,ns;i=1,....1;1=1,... n;. (31c¢)
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Explicit Formulae for the Computation of the Prices and Lagrange Multipliers

ng nR
A7 = max{0, A} + a.,-(—z Qi —Qf + Z QLoN}i=1,...,05;1=1,... n.
j=1 k=1

(31d)

dogj(n™)

,n,‘r+1
aﬂ'j,'[

jil

+QY =1, nsii=1,...

= max{0, 7j; +ar(—
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Numerical Examples

We implemented the Euler method using Matlab on a Lenovo
7580. The convergence tolerance is 107, so that the algorithm is
deemed to have converged when the absolute value of the
difference between each successive quantities, prices, and Lagrange

multipliers is less than or equal to 107°. The sequence {a,} is set

: 11111
tO. {1,§7§’§7§,§,...}.

We initialize the algorithm by setting the product and component
quantities equal to 50 and the prices and the Lagrange multipliers
equal to 0.
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Numerical Examples - Example 1

Supplier (D)
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Numerical Examples - Example 1

The product of firm 1 requires two components: 1! and 2. 2 units
of component 1! and 3 units of component 2! are needed for
producing one unit of firm 1's product.

The product of firm 2 requires two components, 1% and 22. To
produce one unit of firm 2's product, 2 units of component 12 and
2 units of component 22 are needed. Therefore,

011 =2, 012=3, 01 =2, 0Oxpn=2

Components 1! and 12 are the same component, which
corresponds to node 1 in the second tier in Figure 6. Components
2! and 22 correspond to nodes 2 and 3, respectively.

Anna Nagurney Supply Chain Performance Assessment



Numerical Examples - Example 1
The capacities of the suppliers are:
CAP?; =80, CAP{, =90, CAPp; =80, CAPPy, =50,
, so their capacities are:

CAPf, =0, CAPL, =20, cAPf =0, CAPL =30.

The supplier's production costs are:

ﬂsl(leua Q1521) = 2(('71511 + 01521)1 ﬂsz(Q1512) = 301512’ ﬂ%(szz) = Qi§22~

The supplier's transportation costs are:
S (NS 5 5 5 S (AS 5 5 5
tei (@11, Qfiz) = 0.75Q71 1 +0.1Q7n,  teiin( @112, Qi) = 0.1Q7, + 0.05Q7 4,

tcio1 (@b, Qian) = Qin + 0.2Q,  teiny(Q, @) = 0.6Q + 0.25Q5%;.

The opportunity cost of the supplier is:

oc1 (111, T112, 7121, T122) = 0.5(7111 —10)2 4 (7112 —5)?+0.5(7121 —10)?+0.75(r122— 7).
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Numerical Examples - Example 1

The firms' assembly costs are:
fi(Qu1, Qi2, Qo1, Q22) = 2(Q11 + Q12)° + 2(Q11 + Q12) + (@11 + Q12)(Q21 + Q22),

H( Q1. Qu2, Qo1, Q22) = 1.5(Q21 + @2) + 2(Q21 + Q22) + (Q11 + Qu2)( Qo1 + Q@22).
The firms' production costs for producing their components are:
(@, @) =30y + @fi +050f10%,  Fh(Qh) = 2Qf; +150f,
F1(Qf1, @5) = 305 +205 +0.75Q 0L, £ (Q5) = 1504 + Q.
The firms’ transportation costs for shipping their products to the demand markets are:

tef1(Qu1, Q1) = Q4 + Qi1 +0.5Qu1 @1,  tehH (@12, Q) = 2Q% + Q12 4+ 0.5Q12 Qoo,

tch (@1, Qu1) = 1.5Q3 +Qo1+0.25Q11 Qo1,  tehy (@12, Q22) = Q3,40.5Q20-+0.25Q1> Qoo
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Numerical Examples - Example 1

The transaction costs of the firms are:
2 2
cnn(Qi) = 0.5Q5 +0.25Q%,  cu2(Qfi2) = 0.25Q + 0.3Q12,

2 3
(O = 1008 F 0208, w0 = 0208 + 0108

The demand price functions are:
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Numerical Examples - Example 1

The Euler method converges to the following equilibrium solution.
Qi1 =13.39, Q@ =451, @ =18.62, @ =5.87.
dii =13.39, di =451, dy =18.62, dy =5.87.
P11 = 461.30, P12 = 435.11, P21 = 456.077 P22 = 383.75.
Qfi =000, Q =11.50, Qf =000, Qf =14.35.
Qin =35.78, Qi, =42.18, Qi =48.99, Qi = 34.64.
A1 =81.82, A, =47.48, X3 =88.58 )3 = 44.05.
w1 = 45.78, 7, =26.09, 5 = 58.99, 5, = 30.00.

The profits of the firms are, respectively, 2,518.77 and 3,485.51. The profit of
the supplier is 3,529.19.
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Numerical Examples - Example 1 - Performance Measures

Table 3: Supply Chain Network Performance Measure Values for Example

1
Chain || €(G) | &(G —1) | (G —11) | €(G6 —21) | £(G —31)
Whole 0.0239 (0] 0] 0.0181 0.0183
Firm 1's || 0.0197 (0] 0] 0.0071 0.0203
Firm 2's || 0.0281 (0] 0] 0.0292 0.0163

Anna Nagurney
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Numerical Examples - Example 1 - Importance Measures

Table 4: Importance and Rankings of Supplier 1's Components 1, 2, and 3 for

Example 1

Importance for the
Whole Chain Ranking
Supplier 1 1
Component 1 1 1
Component 2 0.2412 2
Component 3 0.2331 3

Importance for Importance for
Firm 1's Chain Ranking | Firm 2's Chain Ranking
Supplier 1 1 1
Component 1 1 1 1 1
Component 2 0.6401 2 —0.0387 3
Component 3 —0.0329 3 0.4197 2

Anna Nagurney
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Discussion of Results for Example 1

Because supplier 1's component 2 is produced exclusively for firm
1, it is more important for firm 1 than supplier 1's
component/node 3, but not as important as component 1. After
removing it from the supply chain, firm 1's profit decreases, but
firm 2's profit increases because of competition. The supply chain
performance of firm 2's supply chain also increases after the
removal. In addition, component 2 is more important for firm 1
than for firm 2 and for the whole supply chain network.

For a similar reason, since supplier 1's component/node 3 is made
exclusively for firm 2, it is more important than supplier 1's
component 2 for firm 2.
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Numerical Examples - Example 2

Example 2 is the same as Example 1 except that supplier 1 is no longer the
only entity that can produce components 1* and 12. The firms have recovered

some capacity and can produce the components.
The capacities of the firms are now:
CAP{; =20, CAP{, =20,

CAP;; =20, CAPL, = 30.

Table 5: Equilibrium Solution and Incurred Demand Prices for Example 2

Q" | @1 =1443 Q5 =513 @;=1960 @, =7.02
QF | Qi =1023 @, =1250 QF =1128 Q) =15.47
Q% | Q5 =2889 QF,—46.10 Qo —41.97 Q5,— 37.78
N | A\1=6804 A, =5149 )3 =77.35 i = 47.40
7 | mf1 = 38.89 7w = 28.10 o = 51.97 i = 32.19
d* | dij =1443 d;, =5.13 diy =19.60 d5p, =7.02

p | p1 =45875 pi, = 43272 px = 45358 px = 380.83

The profits of the firms are now 2,968.88 and 4,110.89, and the profit of the
supplier is now 3,078.45. With recovered capacities, the firms’ profits increase

but that of the supplier decreases.

Anna Nagurney Supply Chain Performance Assessment



Numerical Examples - Example 2

If there are costs for capacity investment for each firm, and if the
costs are less than the associated profit increment, it is profitable
for the firms to recover their capacities and produce more
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Numerical Examples - Example 2 - Performance Measures

Table 6: Supply Chain Network Performance Measure Values for Example 2

Chain || £(G) | €(G—1) | £&(G —11) | &G —21) | &(G —31)
Whole 0.0262 0.0086 0.0105 0.0197 0.0195
&(G) | &G —1) | &(G —11) | €(G —21) | &(G — 31)
Firm 1's || 0.0217 0.0067 0.0106 0.0071 0.0226
Firm 2's || 0.0308 0.0105 0.0105 0.0324 0.0163

Anna Nagurney
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Numerical Examples - Example 2 - Importance Measures

Table 7: Importance and Rankings of Supplier 1 and its Components 1, 2, and
3 for Example 2

Importance for the
Whole Supply Chain Ranking
Supplier 1 0.6721
Component 1 0.5984 1
Component 2 0.2476 3
Component 3 0.2586 2

Importance for Importance for
Firm 1's Chain Ranking | Firm 2's Chain Ranking
Supplier 1 0.6897 0.6598
Component 1 0.5121 2 0.6590 1
Component 2 0.6721 1 —0.0505 3
Component 3 —0.0438 3 0.4710 2
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Discussion of Results for Example 2

With firms' recovered capacities for producing components 1! and
12, supplier 1's component 1 is still the most important component
for the whole supply chain network and for firm 2, compared to the
other components.

In addition, supplier 1 is now most important for firm 1. Therefore,
in the case of a disruption on the supplier’s side, firm 1's supply
chain will be affected the most. Moreover, components 1 and 3 are
most important for firm 2, and component 2 is most important for
firm 1.
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Numerical Examples - Example 3

Example 3 is the same as Example 2, except that two more suppliers are now
available to the firms in addition to supplier 1.

Suppliers

Demand Markets @)
Figure 7: Example 3
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Numerical Examples - Example 3

The data associated with suppliers 2 and 3 are following.

The capacities of suppliers 2 and 3 are:
CAP3;; =60, CAPs;, =70, CAP3,; =50, CAPsy, =60,

CAP3;; =50, CAP3, =80, CAP3, =80, CAP3, = 60.

The production costs of the suppliers are:
) S S S S S 5] S S S S
f1(Qz11: Q1) = Q11 + Qao1s F3(Q212) =3Q51,,  f3(Q%2) = 2Q5,

fésl(QE}Sll? Q?)S21) = IO(Q:’;SII + Q3521)7 '(:’;52(03512) = Q?;S127 653(in522) = 2'503_:;22’

The transportation costs are:
tc511 (@311, @312) = 0.5Q5; +0.2Q51,,  tc315(Q512, Q511) = 0.3Q51, + 0.1Q5);,
S (AS S 5 5 S (AS  AS s s
tcon1 (Q3n1, Q322) = 0.8Q%; +0.2Q%,,  tery(Q32, Q221) = 0.75Q5; +0.1Q%1,
tc311(Q311, Q312) = 0.4Q31; +0.05Q31,,  te315(Q31p, Q311) = 0.4Q35, + 0.2Q3;,
tc301(Q3o1, @32) = 0.7Q31 +0.1Q30,  tc32(Q32, @31) = 0.6Q55 +0.1Q3y,.
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Numerical Examples - Example 3

The opportunity costs are:
0ca (211, T212, T221, T222) = (211 —6)2+0.75(m212 —5)?+0.3 (7221 —8)%40.5(m222 —4)?,

oc3 (311, 7312, T321, T302) = 0.5(m311—5)?+1.5(7312—5)%+0.5(m301 —3)>+0.5(7r320— 4)°.

The transaction costs of the firms now become:

2 2
c21(Q5n) = 0.5Q5; + @5y, c122(@5hp) = 0.25Q5), + 0.3Q3),,
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Numerical Examples - Example 3

The Euler method converges in 563 iterations.

Table 8: Equilibrium Solution and Incurred Demand Prices for Example 3

Q" | @1=218 Qi =961 Q3 =2423 @5 =1241
QT | Qi =557 QL =911 Qf =648 Q, =12.94
Q% | QS =1371 QF,=32.64 Qo —21.77 Q5, — 30.68
Q5 =2045 Q5,=27.98 Qs =10.07 Q5 =11.78
Q5. =2313 Q5,=2456 Q5 =34.94 Q5 =17.86

N | A\ =37.68 A, =37.94 )3 =4503 A, = 39.83
7 | w1 =23.71 7w =21.32 7wy =31.77  win = 27.45
w1 = 16.23 73, = 23.65 mop = 24.79 T = 15.78

T =28.13  wi, =13.10 7l =37.94  mh, = 21.86

d* | d=2182 d, =9.61 di = 2423  dy = 12.41
p p11 = 443.04  pip =418.38 po = 440.64 pro = 365.58

Anna Nagurney
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Numerical Examples - Example 3

The profits of the firms are now 4,968.67 and 5,758.13, and the
profits of the suppliers are 1,375.22, 725.17, and 837.44,
respectively.

With more competition on the supplier’s side, the prices of supplier
1 decrease, and its profit also decreases, compared to the values in
Example 2.
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Numerical Examples - Example 3 - Performance Measures

Table 9: Supply Chain Network Performance Measure Values for Example 3

Chain || €(G) | &(G—-1) | £&(G=2) | &(G=3) | &(C - 2r5J)
Whole 0.0403 0.0334 0.0361 0.0332 0.0
&(G) | &G —1) | &(Gi—2) | &(Gi—3) | &G — >rn0))
Firm 1's || 0.0361 0.0309 0.0303 0.0309 0.0067
Firm 2's || 0.0445 0.0358 0.0419 0.0355 0.0105
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Numerical Examples - Example 3 - Importance Measures

Table 10: Importance and Rankings of Suppliers for Example 3

Importance for the
Whole Supply Chain  Ranking
Supplier 1 0.1717 2
Supplier 2 0.1035 3
Supplier 3 0.1760 1
All Suppliers 0.7864
Importance for Importance for
Firm 1's Chain  Ranking | Firm 2's Chain  Ranking
Supplier 1 0.1443 2 0.1939 2
Supplier 2 0.1612 1 0.0566 3
Supplier 3 0.1438 3 0.2021 1
All Suppliers 0.8139 0.7641
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Discussion of Results for Example 3

As shown in the Table, supplier 2 is the most important supplier
for firm 1's supply chain, and supplier 3 is the most important
supplier for firm 2 and the whole supply chain network, compared
to the other suppliers. In addition, suppliers 1 and 3 are most
important for firm 2.

Anna Nagurney Supply Chain Performance Assessment



Summary and Conclusions

>

We provided background and motivation for the need for general
multitiered supply chain models with suppliers.

The behaviors of both suppliers and firms are captured in order to be able
to assess both supply chain network performance as well as vulnerabilities.

The firms have the option of producing the components needed in-house.

A unified variational inequality is constructed, whose solution yields the
equilibrium quantities of the components, produced in-house and/or
contracted for, the quantities of the final products, the prices charged by
the suppliers, as well as the Lagrange multipliers.

The model is used for the introduction of supply chain network
performance measures for the entire supply chain network economy
consisting of all the firms as well as for that of an individual firm.

Importance indicators are constructed that allow for the ranking of
suppliers for the whole supply chain or that of an individual firm, as well
as for the supplier components.
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supernetworks and serves as a resource on networks ranging from transportation and los
including supply chains, and the Internet, to a spectrum of economic networks.

The Applications of Supernetworks Include: decision-making, optimization,
and game theory; supply chain management; critical infrastructure from transportation to
electric power networks; financial networks; knowledge and social networks; energy, the
environment, and sustainability; cybersecurity; Future Internet Architectures; risk management;
network vulnerability, resiliency, and performance metrics; humanitarian logistics and
healthcare.
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For more information, see: http://supernet.isenberg.umass.edu
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