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Background and Motivation
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We Are in a New Era of Decision-Making Characterized by:

> among decision-makers in organizations;

> used in
decision-making;

> : human, financial, natural, time, etc.;
> of many decisions;
> of many decisions;
> 1
> the and realizing a timely response to

evolving events.
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Characteristics of 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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Interdisciplinary Impact of Networks
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Transportation,
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Energy Networks
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Components of Common Physical Networks
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Networks in Action

Some social network websites, such as facebook.com and
myspace.com, have over users.

Internet traffic is approximately each year.

In the US, the annual traveler delay per peak period (rush

hour) has grown from 16 hours to since 1982.
The total amount of delay reached in 2003.
The wasted fuel amounted to due to

engines idling in traffic jams (Texas Transportation Institute
2005 Urban Mobility Report).
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Why User Behavior Must be Captured in Network Design
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The importance of capturing user behavior on
networks will now be illustrated through a
famous paradox known as the Braess paradox
in which travelers are assumed to behave in a

, as opposed to a
system-optimizing (S-O) one.

Under U-O behavior, decision-makers act
independently and selfishly with no concern of
the impact of their travel choices on others.

Anna Nagurney Network Design



Behavior on Congested Networks

User-Optimized

Decentralized Selfish Uu-0o0
VS. <:> VS. <:> VS.
Centralized Unselfish S-0

System-Optimized

Flows are routed so as to minimize the total cost to society.
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The Braess (1968) Paradox

Assume a network with a single
O/D pair (1,4). There are 2
paths available to travelers:
p,=(a,c) and p,=(b,d).

For a travel demand of 6, the
equilibrium path flows are xp1"

=xp*=3and
2

The equilibrium path travel cost
IS c,(f.)=10f, c,(f,) = f,+50

C,=C, =83. _ _
c.(f.) = f.+50 c,(f,) = 10 f,
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Adding a Link
Increases Travel Cost for All!

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

The original flow distribution pattern is
no longer an equilibrium pattern, since
at this level of flow the cost on path p,,

C,.=70.

The new equilibrium flow pattern
network is

xp1* = xpz* = xp3*=2.

The equilibrium path travel costs: Cp1 =

C, =C, =92.
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Under S-O behavior, in which case the total cost in
the network is minimized, the new route p3, under
the same demand, would not be used.

The Braess paradox does not occur in S-O networks.
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The 1968 Braess article has been translated from
German to English and appears as:

On a Paradox of Traffic Planning

by Braess, Nagurney, Wakolbinger in the November
2005 issue of Transportation Science.

-'JE-_ _
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The Braess Paradox Around the World

1969 - Stuggart, Germany - Traffic
worsened until a newly built road
‘was closed.

1990 - Earth Day - New York City - ==
;1420 Street was closed and traffic
__flow improved.

2002 - Seoul, Korea - A 6 lane road
built over the Cheonggyecheon

River that carried 160,000 cars per |
% day and was perpetually jammed
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Other Networks that Behave like Traffic Networks

The Internet

Networks

Financial Networks

(BWILEY
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This paradox is relevant not only to
congested transportation networks but
also to the Internet and electric power
networks.

Hence, there are also
for network design.
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Recall again the Braess Network
where we add the link e.

What happens if the demand varies over time?
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The U-O Solution of the Braess Network with
Added Link (Path) and Time-Varying Demands

Braess Network with
Time-Dependent
Demands
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10 - Paths 1 and 2
Demand(t) = t — Path 3
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In Demand Regime |, only the new path is used.

In Demand Regime lI, the Addition of a New Link (Path) Makes
Everyone Worse Off!

In Demand Regime llI, only the original paths are used.

7]
=
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©
o
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7]
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o

— Network 1
— Network 2

Network 1 is the Original Braess Network - Network 2 has the added link.

Anna Nagurney Network Design



The new link is NEVER used after a
certain demand is reached even if the
demand approaches infinity.
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Another Example

Assume a network with a single O/D pair (1,2).
There are 2 paths available to travelers: p,= a

and p,= b. a b

For a travel demand of 1, the U-O path flows are:
x, =1;x,"=0and
1 P2
c,(f,)="f,

c,(f,) = f,+1

the total cost under U-O behavior is TC,_ = 1.

The S-O path flows are: X, = a; X, =% and

the total cost under S-O behavior is TCg = 7/8.
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The price of anarchy is defined as the
ratio of the TC under U-O behavior to the
TC under S-O behavior:

p=TC,, /TCq,

See Roughgarden (2005), Selfish Routing and the
Price of Anarchy.
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Question: When does the U-O solution
coincide with the S-O solution?

Answer: In a general network, with user link
cost functions given by: ¢ (f,)=c.° f.f for all
links, with ¢,°20 and B = 0.

Note that for c,(f,)=c., that is, in the case of

uncongested networks, this result always
holds.
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Network Design Must Capture the Behavior of Users.
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Network Design Through Mergers and Acquisitions

Anna Nagurney Network Design



Mergers and Acquisitions and Network Synergies

Recently, we introduced a system-optimization perspective for
supply chains in which firms are engaged in multiple activities of
production, storage, and distribution to the demand markets and
proposed a cost synergy measure associated with evaluating
proposed mergers:

o A. Nagurney (2009) “A System-Optimization Perspective for
Supply Chain Network Integration: The Horizontal Merger
Case,” Transportation Research E 45, 1-15.

In that paper, the merger of two firms was modeled and the
demands for the product at the markets, which were distinct for
each firm prior to the merger, were assumed to be fixed.
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Figure 1: Case 0: Firms A and B Prior to Horizontal Merger
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Figure 2: Case 1: Firms A and B Merge

Network Design
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Figure 3: Case 2: Firms A and B Merge

Network Design
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Figure 4: Case 3: Firms A and B Merge

Network Design
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Synergy Measure

The measure that we utilized in Nagurney (2009) to capture the

gains, if any, associated with a horizontal merger Case /; i =1,2,3

is as follows: o ;
Si_ [TC - TC

70 ] x 100%,

where TC' is the total cost associated with the value of the
objective function »___,i €;(f;) for i = 0,1,2,3 evaluated at the
optimal solution for Case i. Note that S’; i = 1,2, 3 may also be
interpreted as synergy.
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This model can also be applied to the teaming of
organizations in the case of humanitarian
operations.
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Bellagio Conference on Humanitarian Logistics

Humanitarian Logistics: Networks for Africa

Rockefeller Foundation Bellagio Center Conference, Bellagio, Lake Coma, Italy
May 5-9, 2008

Canference Organizer: Anna Nagurney, John F. Smith Memorial Professor
University of Massachusetts at Amherst

See: http://hlogistics.som.umass.edu/
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The Supply Chain Network Oligopoly Model (Nagurney
(2010))

Figure 5: Supply Chain Network Structure of the Oligopoly
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Mergers Through Coalition Formation

Firm 1/ Firm 2/
@) @)

. Firm n
Irm nys v+

Figure 6: Mergers of the First n;, Firms and the Next nys Firms
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Network design (and redesign) can be accomplished through link
and node additions (as well as their removals).

It can be accomplished by modifying the link capacities (expanding
certain ones and, if applicable, reducing or selling off others).

It can also be accomplished through the integration of similar
networks as in mergers and acquisitions.
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Network Design Through
the

Evolution and Integration
of
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In addition, network design can be accomplished through the
evolution and integration of disparate network systems, including
social networks.

Two References:

T. Wakolbinger and A. Nagurney (2004) “Dynamic Supernetworks
for the Integration of Social Networks and Supply Chains with
Electronic Commerce: Modeling and Analysis of Buyer-Seller
Relationships with Computations,” Netnomics 6, 153-185.

A. Nagurney, T. Wakolbinger, and L. Zhao (2006) “The Evolution
and Emergence of Integrated Social and Financial Networks with
Electronic Transactions: A Dynamic Supernetwork Theory for the
Modeling, Analysis, and Computation of Financial Flows and
Relationship Levels,” Computational Economics 27, 353-393.
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Flows are
Product Transactions

___F'ré\};/s are
Refationship Levels .-

.-""'-éupply Chain__Nef\'/'\-/-c;rk

Social Network

Figure 7: The Multilevel Supernetwork Structure of the Integrated
Supply Chain / Social Network System
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Flows are
Financial Transactions

...................

___F'ré\};/s are
Refationship Levels .-

/.-~ Financial Netv_\_/prk'
with Intermediation

Social Network

Figure 8: The Multilevel Supernetwork Structure of the Integrated
Financial Network / Social Network System
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We will now focus on network design in the case of an especially
challenging problem — that of supply chain network design for
critical need products.
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A Challenging Network Design Problem

Anna Nagurney Network Design



The number of disasters is increasing globally, as is the number of
people affected by disasters. At the same time, with the advent of
increasing globalization, viruses are spreading more quickly and
creating new challenges for medical and health professionals,
researchers, and government officials.

Between 2000 and 2004 the average annual number of disasters
was higher than in the period 1994 through 1999, with
more humans affected in the former period than in the latter (cf.
Balcik and Beamon (2008) and Nagurney and Qiang (2009)).
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Natural Disasters (1975-2008)
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However, although the average number of disasters has been
increasing annually over the past decade

According to Development Initiatives (2006), based on data in the
Financial Tracking System of the Office for the Coordination of
Humanitarian Affairs, from 2000-2005,

79% by the food sector;
37% of the health needs;
35% of the water and sanitation needs;

28% of the shelter and non-food items, and

vV V. v vy

24% of the economic recovery and infrastructure needs.
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Hurricane Katrina in 2005

Hurricane Katrina has been called an “American tragedy,” in which
essential services failed completely (Guidotti (2006)).
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Haiti Earthquake in 2010

@y

2 :.L

Delivering the humanitarian relief supplies (water, food, medicines,
etc.) to the victims was a major logistical challenge.
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HIN1 (Swine) Flu

As of May 2, 2010, worldwide,
more than countries and
overseas territories or
communities have reported
laboratory confirmed cases of
pandemic influenza HIN1 2009,
including over deaths
(www.who.int).

Parts of the globe experienced
serious flu vaccine shortages,
both seasonal and HIN1 (swine)
ones, in late 2009.
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of Influenza Activity and Virus Subtypes

Status as of week 09

Percentage of respiratory specimens that tested positive for influenza 28 February-06 March 2010

T e T
S T w5,

[ nwenza nzmisi

e ahon bandaies

% influenza positive*
>

o
SR B A or st ;
o - Note: The available country data were joined in larger geographical areas with similar influenza
[ oot visns fransmission pattens o be able to give an overview (www.who.inticsr/disease/swineflu/

w fransmission_zones/en). The displayed data reflect reports of the stated week, or up to two weeks
* when total number of samples tested >10 - before if no data were available for the current week of that area.
“*when influenza posiive samples >20 Data used are from FluNet (www.who.intfiunet) regional WHO offices or ministry of health websites.

h o any Data Source: Word Health Organizaion World Health
onthe part o the World Health Organization concerning the legal status of any county, teritory,city or area orof it authoriies Wap Production: Public Health nfomation Glorla feaith
or concerning the delimitation o s frontiers or boundaries. Dotted i Systems (GIS) 9

there may notyetbe full aresmont, World Health rganization ©WHO 2010, Alligtsresorved

Source: World Health Organization
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Fragile Networks

FRAGILE NETWORKS

Identifying Vulnerabilities and Synergies

in an Uncertain World

Anna Nagurney / Qiang Qiang

#WILEY

We are living in a world of Fragile Networks.
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Background and Motivation

Underlying the delivery of goods and services in times of crises,
such as in the case of disasters, pandemics, and life-threatening
major disruptions, are , without which essential
products do not get delivered in a timely manner, with possible
increased disease, injuries, and casualties.

It is clear that better-designed supply chain networks would have
facilitated and enhanced various emergency preparedness and relief
efforts and would have resulted in less suffering and lives lost.
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Supply Chain Networks

Supply Chain Networks are a class of complex network. Today,
supply chain networks are increasingly global in nature.

International
Manufacturer Distribution

Retailers

Domestic
Manufacturer

Domestic
Manufacturer
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Supply Chain Networks provide the logistical backbones for the
provision of products as well as services both in corporate as well
as in emergency and humanitarian operations.

Here we focus on supply chains in the case of

Anna Nagurney Network Design



Critical Needs Products

Critical needs products are those that are
, and can include, for example, vaccines, medicine,
food, water, etc., depending upon the particular application.

The demand for the product should be met as nearly as possible
since otherwise there may be additional loss of life.

In times of crises, a approach is mandated
since the demands for critical supplies should be met (as nearly as
possible) at minimal total cost.
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An Overview of the Relevant Literature
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» A. Nagurney, T. Woolley, and Q. Qiang (2010) “Multiproduct
Supply Chain Horizontal Network Integration: Models,

Theory, and Computational Results,” International Journal of
Operational Research 17, 333-349.

» A. Nagurney (2010) “Formulation and Analysis of Horizontal
Mergers Among Oligopolistic Firms with Insights into the
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Computational Management Science, in press.
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in the International Journal of Sustainable Engineering.
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This part of the presentation is based on the paper:

“Supply Chain Network Design for Critical Needs with
Outsourcing,”

A. Nagurney, M. Yu, and Q. Qiang, to appear in Papers in

Regional Science,

where additional background as well as references can be found.
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The Supply Chain Nfetwork Design Model
or
Critical Needs with Outsourcing
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We assume that the organization (government, humanitarian one,
socially responsible firm, etc.) is considering ny manufacturing
facilities/plants; np distribution centers, but must serve the ng
demand points.

The supply chain network is modeled as a network G = [N, L],
consisting of the set of nodes N and the set of links L. Let L! and
L2 denote the links associated with “in house” supply chain
activities and the outsourcing activities, respectively. The paths
joining the origin node to the destination nodes represent
sequences of supply chain network activities that ensure that the
product is produced and, ultimately, delivered to those in need at
the demand points.

The optimization model can handle
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Supply Chain Network Topology with Outsourcing

The Organization

4
X
NES

A

Demand Points
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The Links

The possible manufacturing links from the top-tiered node 1 are
connected to the possible manufacturing nodes of the organization,
which are denoted, respectively, by: My,..., Mp,,.

The possible shipment links from the manufacturing nodes, are
connected to the possible distribution center nodes of the
organization, denoted by Dy 1,..., Dy 1.

The links joining nodes Dy 1, ..., Dp, 1 with nodes Dy 5, ..., Dy, 0
correspond to the possible storage links.

There are possible shipment links joining the nodes Dy 5,..., Dy, 2
with the demand nodes: Ry, ..., Ryg.
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There are also outsourcing links, which may join the top node to
each bottom node (or the relevant nodes for which the outsourcing
activity is feasible, as in production, storage, or distribution, or a
combination thereof). The organization does not control the
capacities on these links since they have been established by the
particular firm that corresponds to the outsource link.
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Demands, Path Flows, and Link Flows

Let di denote the demand at demand point k; k =1,..., ng, which is a
random variable with probability density function given by Fi(t). Let x,
represent the nonnegative flow of the product on path p; £, denote the
flow of the product on link a.

Conservation of Flow Between Path Flows and Link Flows

fo= X0, Va€lL (1)
peP

that is, the total amount of a product on a link is equal to the sum of the
flows of the product on all paths that utilize that link. d,, = 1 if link a is
contained in path p, and 6., = 0, otherwise.
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Supply Shortage and Surplus
Let

Vk = pr, k=1,...,ng, (2)

PEPw,

where vy can be interpreted as the projected demand at demand market
k; k=1,...,ng. Then,

A; = max{O, dy — Vk}, k=1,...,ng, (3)

At = maX{O,Vk_dk}; k = 17"'7nR7 (4)

where A, and A} represent the supply shortage and surplus at demand
point k, respectively. The expected values of A, and Aj are given by:

E(AL) = /Oo(t —vi)Fi(t)d(t), k=1,...,ng, (5)

k

E(Af) = /Ow(vk )R, k=1 ..k (6)
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The Operation Costs, Investment Costs and Penalty Costs

The total cost on a link is assumed to be a function of the flow of the
product on the link. We have, thus, that

&, =¢&(fy), Vael (M)
We denote the nonnegative existing capacity on a link a by u,, Va € L.

Note that the organization can add capacity to the “in house” link a;
Va e L'. We assume that

72 =%a(us), Vacll. (8)
The expected total penalty at demand point k; k =1,...,ng, is,
EQ A +AAL) = N E(AL) + ACE(AY), ©)

where )\, is the unit penalty of supply shortage at demand point k and
A/ is that of supply surplus. Note that A\, E(A, ) + A\ E(A]) is a
function of the path flow vector x.
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The Supply Chain Network Design Optimization Problem

The organization seeks to determine the optimal levels of product
processed on each supply chain network link (including the
outsourcing links) coupled with the optimal levels of capacity
investments in its supply chain network activities subject to the
minimization of the total cost.

The total cost includes the total cost of operating the various

links, the total cost of capacity investments, and the expected
total supply shortage/surplus penalty.
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The Supply Chain Network Design Optimization Problem

nR
Minimize > &(f)+ > #a(ua) + > (A E(Ar) + M E(AY))
k=1

EIS ael!
(10)
subject to: constraints (1), (2) and
fo<Os+u, Vaell, (11)
fa <O, Vacl? (12)
u; >0, Vaell, (13)
xp >0, VpeP. (14)
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The Feasible Set

We associate the Lagrange multiplier w, with constraint (11) for
link a € L' and we denote the associated optimal Lagrange
multiplier by w}. Similarly, Lagrange multiplier v, is associated
with constraint (12) for link a € L? with the optimal multiplier
denoted by 7. These two terms may also be interpreted as the
price or value of an additional unit of capacity on link a. We group
these Lagrange multipliers into the vectors w and +, respectively.
Let K denote the feasible set such that

K={(x,u,w,7)Ix € R, ue Rﬂl,w € Ri“, andy € Riﬂ}'
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Theorem

The optimization problem is equivalent to the variational inequality
problem: determine the vector of optimal path flows, the vector of
optimal link capacity enhancements, and the vectors of optimal Lagrange

multipliers (x*, u*,w*,v*) € K, such that:

>y acgiix*)—i—Zazjéap—i—Z*y:(Sap—k)\ZPk S X

k=1 pePy, 2 acl! acl? PEP,
N [1=-Pc| D % X [xo — x3]
PEPY,
on,(u* _
T D e T AP DRSS PP )
aell a acl? peP

+ ) (B =D x50l X [ =131 20, V(x,uw,y) €K (15)
ael? pEP
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Theorem (cont'd.)

In addition, (15) can be reexpressed in terms of links flows as: determine
the vector of optimal link flows, the vectors of optimal projected demands
and link capacity enhancements, and the vectors of optimal Lagrange
multipliers (f*,v*, u*,w*,v*) € K, such that:

> [aag(g) ] =]+ 3 [a@ } T

ael! ael?
+ 30 | o) | -
acell
nr
+ 3 P = A (1 = P X =i 1+ D [ty — £ X [wa—w]
k=1 acl!
+) (G- f1xha—%3]120, Y(f,v,uwy)eK, (16)

agl?
where K = {(f,v,u,w,v)|3x > 0, and (1),(2),(13), and (14) hold,
and w >0, v>0}.
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Applications to Vaccine Production

Consider a vaccine manufacturer who is gearing up for next year’s
production of HIN1 (swine) flu vaccine. Governments around the
world are beginning to contract with this company for next year's
flu vaccine.

By applying the general theoretical model to the company’s data,
the firm can determine whether it needs to expand its facilities (or
not), how much of the vaccine to produce where, how much to
store where, and how much to have shipped to the various demand
points. Also, it can determine whether it should outsource any of
its vaccine production and at what level.

The firm by solving the model with its company-relevant data can
then ensure that the price that it receives for its vaccine production
and delivery is appropriate and that it recovers its incurred costs
and obtains, if negotiated correctly, an equitable profit.
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Applications to Emergency Preparedness and Humanitarian
Logistics

A company can, using the model, prepare and plan for an
emergency such as a natural disaster in the form of a hurricane
and identify where to store a necessary product (such as food
packets, for example) so that the items can be delivered to the
demand points in a timely manner and at minimal total cost.

In August 2005 Hurricane Katrina hit the US and this natural
disaster cost immense damage with repercussions that continue to
this day. While US state and federal officials came under severe
criticism for their handling of the storm’s aftermath, Wal-Mart had
prepared in advance and through its logistical efficiencies had
dozens of trucks loaded with supplies for delivery before the
hurricane even hit landfall.
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Numerical Examples

Consider the supply chain network topology in which the
organization is considering a single manufacturing plant, a single
distribution center for storing the critical need product and is to
serve a single demand point. The links are labeled, that is, a, b, c,
d, and e, with e denoting the outsourcing link.

The Organization

Ry
Demand Point
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Example 1

The total cost functions on the links were:
&(f) = B +f, &(f) = 5f +2f, co(fe) = 562+ £,
ea(fy) = 52 +2fy,  &(f.) = 5f..
The investment capacity cost functions were:
#a(u,) = 5u2 +u,, Vacll.

The existing capacities were: i, =0, Vae L', and 0. = 2.

The demand for the product followed a uniform distribution on the
interval [0, 10] so that:

Zpe P, %P

Pl(zxp): 10

PEPw,

The penalties were: A7 =10, )\ =0.
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Example 2

Example 2 had the same data as Example 1 except that we now
increased the penalty associated with product shortage from 10 to
50, that is, we now set A; = 50.

Example 3

Example 3 had the same data as Example 2 except that u, = 3 for
all the links a € L. This means that the organization does not
have to construct its supply chain activities from scratch as in
Examples 1 and 2 but does have some existing capacity.
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Example 4

Example 4 had the total cost functions on the links given by:

ea(fa) = f2) eb(fb) = sz; Cc(f;:) = f;;za ed(fd) = fdz, ee(ﬁ-:-) = 1007%

El

The investment capacity cost functions were: #,(u,) = u2, Vac LL.

The existing capacities were: u, =10, Vae L.

We assumed that the demand followed a uniform distribution on the
interval [10,20] so that

ZpePwl x, — 10

The penalties were: A\; = 1000, \; = 10.
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The Solutions

Example 1

The path flow solution was: x5 = 0.00, x; = 2.00, which
corresponds to the link flow pattern:

fr=f =f* = f5 =0.00, £ = 2.00.

The capacity investments were: u} = 0.00, Va e LL.
The optimal Lagrange multipliers were: w? = 1.00, Va¢€ Lt
v& = 3.00.

Since the current capacities in the “in-house” supply chain links
are zero, it is more costly to expand them than to outsource.
Consequently, the organization chooses to outsource the product
for production and delivery.
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The Solutions (cont’d.)

Example 2

The path flow solution was: x;jl = 2.31, X;z = 2.00, which
corresponds to the link flow pattern:

£ =f=f=f =231,£ =2.00.

The capacity investments were: u} =2.31, Vaec Ll
The optimal Lagrange multipliers were: w? = 3.31, Vae€ L},
~v5 = 23.46.

Since the penalty cost for under-supplying is increased, the
organization increased its “in-house” capacity and product output.
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The Solutions (cont’d.)

Example 3
The path flow solution was: x5 =3.23, x; = 2.00, which
corresponds to the link flow pattern:

£ =f=f=f; =323 f =2.00.

The capacity investments were: u} = 0.23, Vaec Ll
The optimal Lagrange multipliers were: w? =1.23, Va¢€ L},
5 = 18.84.

Given the existing capacities in the “in-house” supply chain links,

the organization chooses to supply more of the critical product
from its manufacturer and distributor.
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The Solutions (cont’d.)

Example 4

The path flow solution was: x5 = 11.25, x; = 7.66, which
corresponds to the link flow pattern:

=1 =f=f;=11.25f =7.66.
The capacity investments were: u} = 1.25, Va e Ll

The optimal Lagrange multipliers were: w? =2.50, Vae€ L!,
v& = 0.00.

Since the penalty cost for under-supplying is much higher than
that of over-supplying, the organization needs to both expand the
“in-house” capacities and to outsource the production and delivery
of the product to the demand point.
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The Algorithm — The Euler Method
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The Algorithm

At an iteration 7 of the Euler method (see Dupuis and Nagurney
(1993) and Nagurney and Zhang (1996)) one computes:

XTH = Pe(X™ — a,F(XT)), (17)

where Px is the projection on the feasible set K and F is the
function that enters the variational inequality problem: determine
X* € K such that

(FIX*)T,X = X*) >0, ¥XeK, (18)

where (-, -) is the inner product in n-dimensional Euclidean space,
X € R", and F(X) is an n-dimensional function from K to R",
with F(X) being continuous.

The sequence {a,} must satisfy: > % ja, = o0, ar >0, ar — 0,
as 7 — oo.
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Explicit Formulae for (17) to the Supply Chain Network
Design Variational Inequality (15)

X = max{0,] + 2 (A (1 - Pl Y ) = APl Y )

PEP, PEP,

=) wibp— > _ i)}, Vp € P; (19)

axp acll acl?
A (uT
w7 = max{0, u7 + ar(w] — 7r5’1(1“3))}, Vacll;  (20)
wItt = max{0,w] + a, ZX Oap — Ua— u3)}, Vaell (21)
peP
T+1 T T = 2
v = max{0,7] + aT(Z Xp0ap — Ua)}, Vae L (22)

peP
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Additional Numerical Examples
The Organization
d
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Example 5

The demands at the three demand points followed a uniform probability
distribution on the intervals [0, 10], [0, 20], and [0, 30], respectively:

> P,, Xp > P., Xp
P ( Z x,) = "671, P Z x,) = ”672’

o 10 e )
ZpEP Xp
P — TP P
3( Z XP) 30 )
PEPusy

where wy = (1, Ry), v = (1, Rz), and w3 = (1, R3).
The penalties were:

Af =50, A =0; A, =50, A =0; A; =50, A =0.
The capacities associated with the three outsourcing links were:
tig =5, Ug=10, @y =>5.

We set @, = 0 for all links a € L.

Anna Nagurney Network Design



Table 1: Total Cost Functions and Solution for Example 5

Link a &(1) #ta(us) fx ub | Wi
1 f2+2f | Suf+u |134]134]234] -
2 Sf2+h | 5us+tu | 247|247 (347 -
3 S5f2+f | 5ui+uwus [205]205]3.05] -
4 | 15f2+2f | BSuj+us |061]061 161 -
5 f2+3fs | Sus+us |073]073]173| -
6 f2+2f | Sus+us |0.83]083[1.83] -
7 5f2+2f | Bbuz+u; | 1.64 | 1.64 | 2.64 | —
8 5fy +2fg | 5ui+ug | 1.67 | 1.67 | 2.67 | —
9 f2+5f | S5ud+uy |037]037[137] -
10 | 5f+2fo | Sudy+up | 3.11]3.11 [ 411 | -
11 f2+f1 | Bud; +u [ 275]275]3.75 | -
12 | 5f% +2fp | 5ui, +uip | 0.04 [ 0.04 | 1.04 | -
13 | .5f3 +5f3 | .5uiz+ ui3 | 0.00 | 0.00 | 0.45 | -
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Table 2: Total Cost Functions and Solution for Example 5 (continued)

*

*

Link a & (fa) 7ta(ua) I up | wj Vi
14 2 5uf, +ua | 3.07 [ 3.07 | 407 | -
15 fix +2fs | .5ufs + s | 0.00 [ 0.00 [ 045 -
16 | .5f +3fg | .5uis+ue | 0.00 | 0.00 | 0.45 | -
17 | 5% +2f7 | Suf +uwy | 275 [ 275375 -
18 10fg - 500 | - | - [1477
19 12f19 - 1000 - | - [13.00
20 15f - 500 | - [ - [16.96

Note that the optimal supply chain network design for Example 5
is, hence, as the initial topology but with links 13, 15, and 16
removed since those links have zero capacities and associated
flows. Note that the organization took advantage of outsourcing to
the full capacity available.
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Example 6

Example 6 had the identical data to that in Example 5 except that
we now assumed that the organization had capacities on its supply
chain network activities where T, = 10, for all a € L!.

Table 3: Total Cost Functions and Solution for Example 6

Link a & (f2) 7a(us) fr ub | wr ol
f2+2f | .5uf +u | 1.84]0.00 | 0.00| -
5f7 +f | .5u5+up | 451000000 -
5ff+f | .5u5+us |3.85|0.00[0.00]| —
1.5f2 +2f; | .5uf + us | 0.88 | 0.00 | 0.00 | —
f2 +3f | .5u2 +us | 0.97 | 0.00 | 0.00 | -
f2+2f; | .5u2 +ug | 1.40 | 0.00 | 0.00 | —
5f2 +2f; | .5uZ + u7 | 3.11 [ 0.00 | 0.00 | -
5fg +2f3 | .5uf + ug | 3.47 [ 0.00 | 0.00 | -
fZ +5f | .5u3 +uo | 038 ]0.00]0.00 | -

OO N[O OB WIN| -
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Table 4: Total Cost Functions and Solution for Example 6 (continued)

Link a & (1) 7ta(ua) I up | wi o

a a
10 | .5f% +2fo | 5uiy+ue | 5.75 | 0.00 | 0.00 | -

11 f2+HR1 | 5ud +ug | 446 | 000|000 -

12 | 5f%+2f | 5ui,+up | 0.82 | 0.00[0.00 | -

13 | 5f3+5h3 | .Sui;+u3 | 052 | 0.00 [ 0.00 | -

14 2 5uf, +ug | 441 [0.00]000| -

15 fix +2fs | .5ufs + w5 | 0.00 [ 0.00 [ 0.00 [ -

16 | .5f% +3fie | .5uig+ ue | 0.05 | 0.00 | 0.00 | -

17 | 5f% +2f7 | Sui; +ui7 | 441 | 0.00 | 0.00 | -

18 10fg = 5.00 = - | 10.89
19 12f1g = 10.00 | - - | 11.59
20 15f = 5.00 = - | 11.96

Note that links 13 and 16 now have positive associated flows
although at very low levels.
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Example 7

Example 7 had the same data as Example 6 except that we
changed the probability distributions so that we now had:

> €P,, Xp
PiY ) = =5

> Py, Xp
Py ( Z xp) = ”672’

120
pEPw,
ZpEPW Xp
Pa( > xp) = TR
pePW3
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Table 5: Total Cost Functions and Solution for Example 7

*

*

Link a & () 7a(us) fx ub | wi ol
1 f24+2f | 5uf+u | 423 [0.00]0.00] -
p) 57 +f | 5u3+u | 9.06 [0.00][000]| -
3 5f2+f; | B5ui+us | 861 |0.00]000]| -
4 | 1.5f?+2f, | 5uj+us | 2.05 | 0.00|0.00 | -
5 f2+3fs | .S5uz+us | 2.18 | 0.00 | 0.00 | —
6 f2+2fs | 5uz+ug | 3.28 | 0.00 | 0.00 | —
7 52 +2f | 5us+ur | 5.77 [0.00 | 0.00 | -
8 5f2+2fz | 5uz+ug | 7.01 [0.000.00] -
9 f2+5f | 5u3+u | 1.61 |0.000.00] —
10 | .5ff +2fo | Sudy+uie | 12.34 | 2.34 [ 3.34 | —
11 f2+fi1 | .5uf +u | 956 | 0.00[0.00] -
12 | 5f% +2f | Sui, +up | 5.82 | 0.00 | 0.00 | —
13 | 5f3 +5f3 | .Sui; +ui3 | 2.38 | 0.00 | 0.00 | —
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Table 6: Total Cost Functions and Solution for Example 7 (continued)

*

*

Link a &a(fa) 7a(ua) fr ut | Wi ] A2
14 2 BuZ, +us | 414 [0.00 | 0.00 | -
15 | f2 +2fs | 5u% +ups | 2.09 | 0.00 | 0.00 | -
16 | .5fj +3fg | .Suds+ue | 2.75 | 0.00 | 0.00 | -
17 | 5f% +2fi7 | .S5uf; +w7 | 472 [0.00]0.00] -
18 10118 - 500 | - — 3413
19 12fi9 - 10.00 | - — 13170
20 150 — 500 | - — 12966

The optimal supply chain network design for Example 7 has the
initial topology since there are now positive flows on all the links.
It is also interesting to note that there is a significant increase in
production volumes by the organization at its manufacturing

plants.
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Summary and Conclusions
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Summary and Conclusions

» We discussed a variety of network design approaches.

> We developed an integrated framework for the design of
supply chain networks for critical products with outsourcing.

» The model utilizes cost minimization within a
system-optimization perspective as the primary objective and
captures rigorously the uncertainty associated with the
demand for critical products at the various demand points.

» The supply chain network design model allows for the
investment of enhanced link capacities and the investigation
of whether the product should be outsourced or not.

» The framework can be applied in numerous situations in
which the goal is to produce and deliver a critical product at
minimal cost so as to satisfy the demand at various demand
points, as closely as possible, given associated penalties for
under-supply (and, if also relevant, for over-supply, which we
expect to be lower than the former).
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Thank You!

ual Center for Supernetworks at the Isenberg School of Management,
under the directorship of Anna Nagurney, the John F. Smith Memorial Professor, is an
interdisciplinary center, and  includes the Supernstworks Laboratory for: Computation and
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For more information, see: http://supernet.som.umass.edu
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