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What is Network Economics?

Network economics is a scientific approach
of using mathematical network models
and algorithms to abstract decision-
making focusing on several or numerous
interacting decision-makers.

It is usually used to analyze complex real-
world network-based systems in a
graphical manner.



We are in a New Era of Decision-
Making Characterized by:

• complex interactions among decision-makers in
organizations;

• alternative and at times conflicting criteria used in
decision-making;

• constraints on resources: natural, human, financial,
time, etc.;

• global reach of many decisions;
• high impact of many decisions;
• increasing risk and uncertainty, and
• the importance of dynamics and realizing a fast and

sound response to evolving events.



This era is ideal for applying the tools of Network
Economics.

Network problems are their own class of
problems and they come in various forms and
formulations, i.e., as optimization (linear or
nonlinear) problems or as equilibrium problems
and even dynamic network problems.

Network economic problems will be the focus of
this lecture with transportation as the unifying
application.
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Components of Common Physical
Networks
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Interstate Highway System



US Railroad Freight Flows



Natural Gas Pipeline Network in the US



World Oil Trading Network



Internet Traffic Flows Over One 2
Hour Period

from Stephen Eick, Visual Insights



Electricity is Modernity



The scientific study of networks
involves:

• how to model such applications as
mathematical entities,

• how to study the models
qualitatively,

• how to design algorithms to solve
the resulting models.
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Classic Examples of Network Problems

The Shortest Path Problem

The Maximum Flow Problem

The Minimum Cost Flow Problem.



The Shortest Path Problem

1

2

3

4

5

6

2

4

2  1

3

4

2

   3

2
1

What is the shortest path from 1 to 6?



Applications of the Shortest Path Problem

Arise in transportation and
telecommunications.

Other applications include:
• simple building evacuation models
• DNA sequence alignment
• assembly line balancing
• compact book storage in libraries.



The Maximum Flow Problem

Each link has a maximum capacity.

How does one Maximize the flow from s to t,
subject to the link capacities?
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Applications of the Maximum Flow
Problem

• machine scheduling

• network reliability testing

• building evacuation



The Minimum Cost Flow Problem

1

2

3

4

$2 ,13

Each link has a linear cost and a maximum capacity.
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The Optimization Formulation

Flow out of node i - Flow into node i = b(i)

Minimize Σi,j cij xij

     s.t. Σj xij - Σj xji = b(i)   for each node i
           0 ˜ xij ˜ uij   for all  i,j
           Σi b(i) = 0



Applications of the
Minimum Cost Flow Problem

• warehousing and distribution

• vehicle fleet planning

• cash management

• automatic chromosome classification

• satellite scheduling



The study of the efficient operation on
transportation networks dates to ancient
Rome with a classical example being the
publicly provided Roman road network and
the time of day chariot policy, whereby
chariots were banned from the ancient city of
Rome at particular times of day.



Brief History of the
Science of Networks

1736 - Euler - the earliest paper on graph theory -
Konigsberg bridges problem.

1758 - Quesnay in his Tableau Economique introduced
a graph to depict the circular flow of financial funds in
an economy.



1781 - Monge, who had worked under Napoleon
Bonaparte, publishes what is probably the first paper
on transportation in minimizing cost.

1838 - Cournot states that a competitive price is
determined by the intersection of supply and demand
curves in the context of spatially separate markets in
which transportation costs are included.

1841 - Kohl considered a two node, two route
transportation network problem.

1845 - Kirchhoff wrote Laws of Closed Electric Circuits.



1920 - Pigou studied a transportation network system of
two routes and noted that the decision-making
behavior of the users on the network would result in
different flow patterns.

1936 - Konig published the first book on graph theory.

1939, 1941, 1947 - Kantorovich, Hitchcock, and
Koopmans considered the network flow problem
associated with the classical minimum cost
transportation problem and provided insights into the
special network structure of these problems, which
yielded special-purpose algorithms.



1948, 1951 - Dantzig published the simplex method
for linear programming and adapted it for the
classical transportation problem.

1951 - Enke showed that spatial price equilibrium
problems can be solved using electronic circuits

1952 - Copeland in his book asked, Does money flow
like water or electricity?

1952 - Samuelson gave a rigorous mathematical
formulation of spatial price equilibrium and
emphasized the network structure.



1956 - Beckmann, McGuire, and Winsten in their
book, Studies in the Economics of Transportation,
provided a rigorous treatment of congested urban
transportation systems under different behavioral
mechanisms due to Wardrop (1952).

1962 - Ford and Fulkerson publish Flows in
Networks.

1969 - Dafermos and Sparrow coined the terms user-
optimization and system-optimization and develop
algorithms for the computation of solutions that
exploit the network structure of transportation
problems.
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Interdisciplinary Impact of Networks
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Characteristics of Networks Today

• large-scale nature and complexity of network
topology;

• congestion;
• alternative behavior of users of the network, which

may lead to paradoxical phenomena;
• the interactions among networks themselves such as

in transportation versus telecommunications;
• policies surrounding networks today may have a

major impact not only economically but also socially,
politically, and security-wise.



Transportation science has historically been the
discipline that has pushed the frontiers in terms of
methodological developments for such problems
(which are often large-scale) beginning with the book,
Studies in the Economics of Transportation, by
Beckmann, McGuire, and Winsten (1956).

The Cowles Foundation has made the book available on its website:
http://cowles.econ.yale.edu/archive/reprints/specpub-BMW.pdf



There are two fundamental principles of travel behavior,
due to Wardrop (1952), which we refer to as user-
optimization (or network equilibrium) or system-
optimization. These terms were coined by Dafermos
and Sparrow (1969); see also Beckmann, McGuire,
and Winsten (1956).

In a user-optimized (network equilibrium) problem,
each user of a network system seeks to determine
his/her cost-minimizing route of travel between an
origin/destination pair, until an equilibrium is reached,
in which no user can decrease his/her cost of travel
by unilateral action.

In a system-optimized network problem, users are
allocated among the routes so as to minimize the
total cost in the system.  Both classes of problems,
under certain imposed assumptions, possess
optimization formulations.
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Congestion according to the Texas Transportation Institute's
2007 Urban Mobility Report is costing Americans more than
$78 billion dollars a year in the form of 4.2 billion lost hours and
2.9 billion gallons of wasted fuel. Urban travelers are delayed in
rush hour traffic nearly 40 hours a year.

The degradation of transportation networks due to poor
maintenance, natural disasters, deterioration over time, as well
as unforeseen attacks now lead to estimates of $94 billion  in
the United States in terms of needed repairs for roads alone (cf.
American Society of Civil Engineers (2005)).

Poor road conditions in the United States cost US motorists $54
billion in repairs and operating costs annually. (cf. American
Society of Civil Engineers (2005)).



Even worse, over one-quarter of the nation's 590,750 bridges
were rated structurally deficient or functionally obsolete
(National Bridge Inventory (2005)).

At the same time, a recent report from the Federal Highway
Administration (2006) states that the United States is
experiencing a freight capacity crisis that threatens the
strength and productivity of the US economy.

According to the American Road & Transportation Builders
Association (Jeanneret (2006)), nearly 75% of US freight is
carried in the US on highways and bottlenecks are causing
truckers 243 million hours of delay annually with an estimated
associated cost of $8 billion.



Traffic Congestion



Capturing Link Congestion



BPR Link Cost Function



The User-Optimization (U-O) Problem
Transportation Network Equilibrium





 Transportation Network Equilibrium
Conditions





The System-Optimization (S-O)
Problem



The S-O Optimality Conditions



The Braess (1968) Paradox

Assume a network with a single
O/D pair (1,4). There are 2
paths available to travelers:
p1=(a,c) and p2=(b,d).
For a travel demand of 6, the
equilibrium path flows are  xp1

*

= xp2
* = 3 and

The equilibrium path travel cost
is
Cp1

= Cp2
= 83.
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ca(fa)=10 fa  cb(fb) = fb+50

cc(fc) = fc+50  cd(fd) = 10 fd



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,
Cp3=70.
The new equilibrium flow pattern
network is
 xp1

* = xp2
* = xp3

*=2.
The equilibrium path travel costs: Cp1 =
Cp2  = Cp3

 = 92.
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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.



What is the S-O solution for the two
Braess networks (before and after

the addition of a new link e)?



Toll Policies

The system-optimizing flow pattern is one that minimizes the
total travel cost over the entire network, whereas the user-
optimized flow pattern has the property that no user has any
incentive to make a unilateral decision to alter his/her travel
path.

The latter solution typically results in a higher total system cost
and, in a sense, is an underutilization of the transportation
network. In order to remedy this situation tolls can be
applied with the recognition that imposing tolls will not
change the travel cost as perceived by society since tolls
are not lost.



Tolls can be collected on a link basis, that is, every
traveler on a link will be charged the same toll,
irrespective of origin or final destination, or on a
path basis, in which every traveler traveling from
an origin to a destination on a particular path will
be charged the same toll.

 Note that one can construct multimodal versions of
such a toll policy in which the pricing on links or
paths is according to mode; see Dafermos (1973)
and Nagurney (1999).





A Link Toll Policy Example







Extensions of the fixed demand models in which the cost on a link
depends on the flow on a link have been made to capture
multiple modes of transportation as well as elastic demands.

• For example, one may have that the cost on a link as
experienced by a mode of transportation (or a class of user)
depends, in general, on the flow of all the modes (or classes)
on all the links on the network.

• To handle elastic demand associated with travel between
origin/destination pairs, we introduce a travel disutility
associated with traveling between each O/D pair which can be
a function of the travel demands associated with all the O/D
pairs (and all modes in a multimodal case).



• The U-O and the S-O conditions are then generalized to
include the multiple modes/classes of transportation as well
as the travel disutilities, which are now functions and are
associated with the different modes/classes.

• For a variety of such models, along with references see the
books by Nagurney (1999, 2000).



In addition, in the book Sustainable Transportation Networks
published in 2000 I illustrate, through specific examples, the
following counterintuitive/paradoxical  phenomena:

1. the addition of a road may result in an increase in total
emissions with no change in travel demand;

2. a decrease in the travel demand may result in an increase in
total emissions;



3. the improvement of a road in terms of travel cost reduction
may result in an increase in total emissions without a
change in the travel demand;

4. a transfer of travel demand from a mode with higher total
emissions to a mode with lower total emissions on a
network may result in an increase in the total emissions; and

5. making travel less attractive between an origin/destination
pair as revealed through its travel disutility function may
result in an increase in total emissions.



Recall the Braess Network
where we add the link e.

What happens if the demand varies over time?
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The new link is NEVER used after a
certain demand is reached even if the
demand approaches infinity.

Hence, in general, except for a limited
range of demand, building the new link
is a complete waste!



If the symmetry assumption does not hold
for the user link costs functions, then the
equilibrium conditions can no longer be
reformulated as an associated optimization
problem and the equilibrium conditions are
formulated and solved as a variational
inequality problem!

 Smith (1979), Dafermos (1980)



VI Formulation of
Transportation Network Equilibrium
 (Dafermos (1980), Smith (1979))



A Geometric Interpretation

of a Variational Inequality



The variational inequality problem, contains, as
special cases, such classical problems as:

• systems of equations
• optimization problems
• complementarity problems
and is also closely related to fixed point

problems.

Hence, it is a unifying mathematical formulation
for a variety of mathematical programming
problems.



In particular, variational inequalities have been
used to formulate such equilibrium problems
as:

• transportation network equilibrium problems
• spatial price equilibrium problems
• oligopolistic market equilibrium problems

operating under Nash equilibrium
• migration equilibrium problems
• a variety of financial equilibrium problems.

Moreover, all such problems have network
structure, which can be further exploited for
computational purposes.



Some Other Interesting Applications

• Telecommuting/Commuting Decision-Making
• Teleshopping/Shopping Decision-Making
• Supply Chain Networks with Electronic Commerce
• Financial Networks with Electronic Transactions
• Reverse Supply Chains with E-Cycling
• Knowledge Networks
• Energy Networks/Power Grids
• Social Networks integrated with Economic

Networks



Transportation
and

Other Network Systems



The TNE Paradigm is the Unifying Paradigm for a Variety
of  Network Systems:

• Transportation Networks

•the Internet

• Financial Networks

• Supply Chains

•Electric Power Generation and Distribution
Networks.



The TNE Paradigm can also capture multicriteria
decision-making. Decision-makers (manufacturers,
retailers, and/or consumers) in multitiered networks
may seek to:

• maximize profits

• minimize pollution (emissions/waste)

• minimize risk

with individual weights associated with the different criteria.



The Equivalence of Supply Chains
and Transportation Networks

Nagurney, Transportation Research E (2006).



Nagurney, Ke, Cruz, Hancock, Southworth, Environment and Planning B (2002).



The fifth chapter of Beckmann, McGuire, and
Winsten’s book, Studies in the Economics of
Transportation (1956) describes some unsolved
problems including a single commodity network
equilibrium problem that the authors imply could
be generalized to capture electric power
networks.

Specifically, they asked whether electric power
generation and distribution networks can be
reformulated as transportation network equilibrium
problems.



Electric Power Supply Chains



The Electric Power Supply Chain Network

Nagurney and Matsypura, Proceedings of the CCCT (2004).



The Transportation Network Equilibrium
Reformulation of Electric Power Supply

Chain Networks

Electric Power Supply       Transportation Chain
Network                              Network

Nagurney, Liu, Cojocaru, and Daniele, Transportation Research E (2007).



Electric Power Supply Chain Network
with Fuel Suppliers

Matsypura, Nagurney, and Liu, International Journal of Emerging Power Systems (2007).



In 1952, Copeland wondered whether
money flows like water or electricity.



The Transportation Network Equilibrium
Reformulation of the Financial Network
Equilibrium Model with Intermediation

Liu and Nagurney,  Computational Management Science (2007).



We have shown that money as well as
electricity flow like transportation and have
answered questions posed fifty years ago by
Copeland and  by Beckmann, McGuire, and
Winsten!



Examples:
• 9/11 Terrorist Attacks, September 11, 2001;
• The biggest blackout in North America, August 14, 2003;
• Two significant power outages in September 2003 -- one in the

UK and the other in Italy and Switzerland;
• Hurricane Katrina, August 23, 2005;
• The Minneapolis I35 Bridge Collapse, August 1, 2007;
• The cable destruction in the Mediterranean, January 30, 2008.

Recent disasters have demonstrated the
importance and the vulnerability of
network systems.









Recent Literature on Network Vulnerability

• Latora and Marchiori (2001, 2002, 2004)
• Holme, Kim, Yoon and Han (2002)
• Taylor and D’este (2004)
• Murray-Tuite and Mahmassani (2004)
• Chassin and Posse (2005)
• Barrat, Barthélemy and Vespignani (2005)
• Sheffi (2005)
• Dall’Asta, Barrat, Barthélemy and Vespignani (2006)
• Jenelius, Petersen and Mattson (2006)
• Taylor and D’Este (2007)



Our Research on Network Efficiency,
Vulnerability, and Robustness

A Network Efficiency Measure for Congested Networks, Nagurney and Qiang,
Europhysics Letters, 79,  August (2007).

A Transportation Network Efficiency Measure that Captures Flows, Behavior,
and Costs with Applications to Network Component Importance Identification
and Vulnerability, Nagurney and Qiang, Proceedings of the POMS 18th
Annual Conference, Dallas, Texas (2007).

A Network Efficiency Measure with Application to Critical Infrastructure
Networks, Nagurney and Qiang, Journal of Global Optimization, 40  (2008).

Robustness of Transportation Networks Subject to Degradable Links, Nagurney
and Qiang, Europhysics Letters, 80, December  (2007).

A Unified Network Performance Measure with Importance Identification and the
Ranking of Network Components, Qiang and Nagurney, Optimization Letters,
2  (2008).



A New Network
Performance/Efficiency Measure

with Applications
to

a Variety of Network Systems



The network performance/efficiency measure ε(G,d), for a
given network topology G and fixed demand vector d, is
defined as

where nw is the number of O/D pairs in the network and λw is
the equilibrium disutility for O/D pair w.

The Nagurney and Qiang (N-Q)
Network Efficiency Measure

Nagurney and Qiang, Europhysics Letters, 79 (2007).



Definition: Importance of a Network Component

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

where G-g is the resulting network after component g is
removed.

Importance of a Network Component



Definition: The L-M Measure

The network performance/efficiency measure, E(G) for a
given network topology, G, is defined as:

where n is the number of nodes in the network and dij is
the shortest path length between node i and node j.

The Latora and Marchiori (L-M)
Network Efficiency Measure



The L-M Measure vs. the N-Q Measure

Theorem:

If positive demands exist for all pairs of nodes in the
network, G, and each of demands is equal to 1, and if dij
is set equal to λw, where w=(i,j), for all wεW, then the N-
Q  and L-M network efficiency measures are one and
the same.



The Approach to Study 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. Hence, our measure
is well-defined even in the case of disconnected networks.

The measure generalizes the Latora and Marchiori network
measure for complex networks.



Example 1
Assume a network with two O/D pairs:
w1=(1,2) and w2=(1,3) with demands:
dw1=100 and dw2=20.

The paths  are:
for w1, p1=a;      for w2, p2=b.

The equilibrium path flows are:
xp1

*= 100, xp2
*=20.

The equilibrium path travel costs are:
Cp1=Cp2=20.

1

2 3

a b

ca(fa)=0.01fa+19
cb(fb)=0.05fb+19



Importance and Ranking of Links and
Nodes

Link
 

Importance Value
from Our Measure

Importance Ranking
from Our Measure

a 0.8333 1

b 0.1667 2

Node
 

Importance Value
from Our Measure

Importance Ranking
from Our Measure

1 1 1

2 0.8333 2

3 0.1667 3



Example 2

The network is given by:

w1=(1,20) w2=(1,19)

dw1 = 100 dw2 = 100

From: Nagurney,

Transportation Research B (1984)



Example 2: Link Cost Functions



Algorithms for Solution

The projection method (cf. Dafermos (1980) and
Nagurney (1999) )  embedded with the equilibration
algorithm of Dafermos and Sparrow (1969) was used
for the computations.

In addition, the column generation method of Leventhal,
Nemhauser, and Trotter (1973) was implemented to
generate paths, as needed, in the case of the large-
scale Sioux Falls network example.



Example 2: Importance and Ranking of
Links
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Example 3 - Sioux Falls Network

The network  data are from
LeBlanc, Morlok, and
Pierskalla (1975).

The network has 528 O/D
pairs, 24 nodes, and 76
links.

The user link cost functions
are of Bureau of Public
Roads (BPR) form.



Example 3 - Sioux Falls Network
Link Importance Rankings



The Advantages of the N-Q Network
Efficiency Measure

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

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

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

• It can be applied to assess the efficiency/performance of a
wide range of network systems.

• It is applicable also to elastic demand networks (Qiang and
Nagurney, Optimization Letters (2008)).

• It has been extended to dynamic networks (Nagurney and
Qiang, Netnomics, in press).



Motivation for Research on
Transportation Network Robustness

According to the American Society of Civil Engineering:

Poor maintenance, natural disasters, deterioration over time,
as well as unforeseen attacks now lead to estimates of
$94 billion in the US in terms of needed repairs for roads
alone.

Poor road conditions in the United States cost US motorists
$54 billion in repairs and operating costs annually.



Transportation Network Robustness

The focus of the robustness of networks (and complex
networks) has been on the impact of different network
measures when facing the removal of nodes on networks.

We focus on the degradation of links through reductions in
their capacities and the effects on the induced travel costs
in the presence of known travel demands and different
functional forms for the links.



Global Annual Mean Temperature Trend
1950-1999



Impacts of Climate Change on
Transportation Infrastructure

Examples from Alaska (Smith and Lavasseur)



According to the European Environment Agency (2004),
since 1990 the annual number of extreme weather and
climate related events has doubled, in comparison to the
previous decade. 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 the Nagurney and Qiang (2007)
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).



Robustness in Engineering and
Computer Science

IEEE (1990) defined robustness as the degree to which a
system of component can function correctly in the presence
of invalid inputs or stressful environmental conditions.

Gribble (2001) defined system robustness as the ability of a
system to continue to operate correctly across a wide range
of operational conditions, and to fail gracefully outside of
that range.

Schilllo et al. (2001) argued that robustness has to be studied
in relation to some definition of the performance measure.



“Robustness” in Transportation

Sakakibara et al. (2004) proposed a topological index.
The authors considered a transportation network to
be robust if it is “dispersed” in terms of the number of
links connected to each node.

Scott et al. (2005) examined transportation network
robustness by analyzing the increase in the total
network cost after removal of certain network
components.



A New Approach to
Transportation Network

Robustness



The Transportation Network
Robustness Measure

Nagurney and Qiang, Europhysics Letters, 80, December (2007)

We utilize BPR functions user link cost functions c for the robustness analysis.



Simple Example

Assume a network with one O/D
pair: w1=(1,2) with demand
given by dw1=10.

The paths are: p1=a and p2=b.
In the BPR link cost function, k=1

and β=4; ta0=10 and ta0=1.
Assume that there are two sets of

capacities:
Capacity Set A, where ua=ub=50;
Capacity Set B, where ua=50 and

ub=10.



Robustness of the Simple Network



Example: Braess Network with BPR
Functions

Instead of using the original cost functions, we construct a
set of BPR functions as below under which the Braess
Paradox still occurs. The new demand is  110.



β= 1



β= 2



β= 3



β= 4



Importance of Nodes and Links in the
Dynamic Braess Network Using the N-Q

Measure when T=10





Where Are We Now?

An Integrated Electric Power Supply Chain and Fuel Market
Network Framework: Theoretical Modeling with Empirical
Analysis for New England, Liu and Nagurney (2007).



Empirical Case Study
• New England electric power market and fuel markets
• 82 generators who own and operate 573 power plants
• 5 types of fuels: natural gas, residual fuel oil, distillate fuel oil,

jet fuel, and coal
• Ten regions (R=10): 1. Maine, 2. New Hampshire, 3.

Vermont, 4. Connecticut(excluding Southwest Connecticut),
5. Southwest Connecticut(excluding Norwalk-Stamford area),
6. Norwalk-Stamford area, 7. Rhode Island, 8. Southeast
Massachusetts, 9. West and Central Massachusetts, 10.
Boston/Northeast Massachusetts

• Hourly demand/price data of July 2006 (24 × 31 = 744
scenarios)

• 6 blocks (L1 = 94 hours, and Lw = 130 hours; w = 2, ..., 6)



The New England Electric Power Supply
Chain Network with Fuel Suppliers



Predicted Prices vs. Actual Prices ($/Mwh)



We have been focusing on network vulnerability
and robustness analysis. We also have
results in terms of synergy in the case of
supply chain network integration as would
occur in mergers and acquisitions.

In this framework we model the economic
activities of each firm as a S-O problem on a
network.



Supply Chain Prior to the Merger



Supply Chain Post Merger



Quantifying the Synergy of the
Merger

The synergy associated with the total generalized
costs which captures both the total costs and the
weighted total emissions is defined as:



This framework can also be applied to teaming of
humanitarian organizations in the case of
humanitarian logistics operations.

http://hlogistics.som.umass.edu



Ongoing Research and Questions
• How can time delays be incorporated into the measure?

• How do we capture multiclass user behavior; equivalently,
behavior in multimodal networks?

• Can the framework be generalized to capture multicriteria
decision-making?

• What happens if either system-optimizing (S-O) or user-
optimizing (U-O) behavior needs to be assessed from a
network system performance angle? We have some results in
this dimension in terms of vulnerability and robustness analysis
as well as from an environmental (emissions generated)
perspective.



• We also have results for synergy associated with
supply chain network integration in the case of
multiple products  using an S-O formulation of the
economic activities of firms.



References - for Further Reading
Link to Network Economics course materials as well as several other

related courses conducted by Professor Anna Nagurney on her
Fulbright in Austria:
http://supernet.som.umass.edu/austria_lectures/fulmain.html

Overview article on Network Economics by Professor Nagurney:
http://supernet.som.umass.edu/articles/NetworkEconomics.pdf

Background article on the importance of the Beckmann, McGuire, and
Winsten book, Studies in the Economics of Transportation:
http://tsap.civil.northwestern.edu/boyce_pubs/retrospective_on_beckmann.pdf

Preface to the translation of the Braess (1968) article and the translation:
http://tsap.civil.northwestern.edu/bouce_pubs/preface_to.pdf
http://homepage.rub.de/Dietrich.Braess/Paradox-BNW.pdf

Link to numerous articles on network modeling and applications,
vulnerability and robustness analysis, as well as network synergy:
http://supernet.som.umass.edu/dart.html

Link to books of interest: http://supernet.som.umass.edu/bookser.html



http://supernet.som.umass.edu



Thank you!

For more information, see
http://supernet.som.umass.edu

The Virtual Center
 for Supernetworks
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