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Special thanks to the organizers of this very special event – it is an
honor to be here tonight.

Also, sincerest thanks to all the great students at UMass Amherst,
present, past, and future who continue to think past boundaries
and build bridges across disciplines.
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Life is about Choices:

• from which college to attend

• to which major you pick

• to the job offer that you accept or grad school that you go to,

• to where you decide to live (and with whom), and even

• to the mode of transport you chose to get to this event tonight
and the route that you took.
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And the choices that you make affect not only you
but others who are journeying with you through the
various networks.
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We Are in a New Era of Decision-Making Characterized by:

I complex interactions among decision-makers in organizations;

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

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

I global reach of many decisions;

I high impact of many decisions;

I increasing risk and uncertainty;

I the importance of dynamics and realizing a timely response to
evolving events.
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The Era of Supernetworks

Supernetworks are Networks of Networks, and their prevalence in
the world around us is illustrated by:

• multimodal transportation networks;

•complex supply chain networks consisting of manufacturers,
shippers and carriers, distributors, and retailers;

• electric power generation and distribution networks,

•multitiered financial networks, and

• social network platforms such as Facebook and Twitter, along
with the Internet itself.
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Multimodal Transportation
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Complex Supply Chain Networks
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Electric Power Generation and Distribution Networks
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Financial Networks
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Social Networks
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Visual Image of the Internet (opte.org)
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Characteristics of Networks Today
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Characteristics of Networks Today

I large-scale nature and complexity of network topology;

I congestion, which leads to nonlinearities;

I alternative behavior of users of the networks, which may lead
to paradoxical phenomena;

I possibly conflicting criteria associated with optimization;

I interactions among the underlying networks themselves, such
as the Internet with electric power, financial, and
transportation and logistical networks;

I recognition of their fragility and vulnerability ;

I policies surrounding networks today may have major impacts
not only economically, but also socially, politically, and
security-wise.
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Congestion Delay for Commuters
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Congestion costs continue to rise: the cost of
congestion has risen from $24 billion in 1982 to
$121 billion in 2011 in the United States.

The average commuter spent an extra 38 hours
traveling in 2011, up from 16 hours in 1982. In
areas with over 3 million persons, commuters
experienced an average of 52 hours of delay in 2011.

In 2011, 2.9 billion gallons of wasted fuel – enough
to fill 4 New Orleans Superdomes.
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Capturing Link Congestion
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Congestion is Not a New Phenomenon

The study of the efficient operation of transportation networks
dates to ancient Rome. The Romans instituted a time of day
chariot policy, whereby chariots were banned from Rome at
particular times of day.
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Congestion as the West was Won
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Some Network Systems

Interstate Highway 
System Freight Network

World Oil Routes Natural Gas Flows

Network                     Systems

Internet Traffic
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Network Components

The components of networks as a theoretical (modeling, analysis,
and solution) construct include: nodes, links, and flows.

We use such a representation to conceptualize, formulate, and
study network systems in the real-world.
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Interdisciplinary Impact of Networks

Networks

Energy

Manufacturing

Telecommunications

Transportation

Supply Chains

Interregional Trade

General Equilibrium

Industrial Organization

Portfolio Optimization

Flow of Funds 
Accounting

OR/MS and 
Engineering

Computer Science

Routing Algorithms

Price of Anarchy

Economics and 
Finance

Biology

DNA Sequencing

Targeted Cancer 
Therapy

Sociology

Social Networks

Organizational 
Theory
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Why Behavior Matters and Paradoxes
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Network Models from Analysis to Design Must Capture the
Behavior of Users
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Behavior on Congested Networks

Flows are routed so as to minimize the total cost.

System-Optimized

Centralized Unselfish S–O

vs. vs. vs.��
@@

@@
��

��
@@

@@
��

Decentralized Selfish U–O

User-Optimized or Equilibrium

Flows are routed on individual cost-minimizing routes.
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Two fundamental principles of flow (traffic) behavior, due to
Wardrop (1952), with terms coined by Dafermos and Sparrow
(1969).

User-optimized (U-O) (network equilibrium) Problem – each user
determines his/her cost-minimizing route of travel between an
origin/destination, until an equilibrium is reached.

System-optimized (S-O) Problem – users are allocated among the
routes so as to minimize the total cost in the system.
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We Can State These Conditions Mathematically!
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The U-O and S-O Conditions

Definition: U-O or Network Equilibrium – Fixed Demands
A path flow pattern x∗, with nonnegative path flows and O/D pair
demand satisfaction, is said to be U-O or in equilibrium, if the
following condition holds for each O/D pair w ∈ W and each path
p ∈ Pw :

Cp(x
∗)

{
= λw , if x∗p > 0,
≥ λw , if x∗p = 0.

Definition: S-O Conditions
A path flow pattern x with nonnegative path flows and O/D pair
demand satisfaction, is said to be S-O, if for each O/D pair
w ∈ W and each path p ∈ Pw :

Ĉ ′
p(x)

{
= µw , if xp > 0,
≥ µw , if xp = 0,

where Ĉ ′
p(x)=

∑
a∈L

∂ĉa(fa)
∂fa

δap, and µw is a Lagrange multiplier.
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The Braess Paradox Illustrates

Why Behavior on Networks is Important
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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:
p1 = (a, c) and p2 = (b, d).

For a travel demand of 6, the
equilibrium path flows are
x∗p1

= x∗p2
= 3 and

The equilibrium path travel cost
is
Cp1 = Cp2 = 83.
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ca(fa) = 10fa, cb(fb) = fb + 50,

cc(fc) = fc +50, cd(fd) = 10fd .
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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,Cp3 = 70.

The new equilibrium flow pattern
network is
x∗p1

= x∗p2
= x∗p3

= 2.

The equilibrium path travel cost:
Cp1 = Cp2 = Cp3 = 92.
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ce(fe) = fe + 10
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Under S-O behavior, the total cost in the network is
minimized, and the new route p3, under the same
demand of 6, would not be used.

The Braess paradox never occurs in S-O networks.
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Braess Comes to the Isenberg School at UMass Amherst

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, 446-450.
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The Braess Paradox Around the World

1969 - Stuttgart, Germany - The
traffic worsened until a newly
built road was closed.

1990 - Earth Day - New York
City - 42nd 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 was torn
down to improve traffic flow.
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Interview on Broadway for America Revealed on March 15,
2011
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Other Networks that Behave like Traffic Networks

The Internet, electric power networks, supply chains, and even
multitiered financial networks!

Anna Nagurney The Traffic Circle of Life



���
4

���
2

@
@

@
@
@R

c

���
3

�
�

�
�

�	

d

-e

���
1

�
�

�
�

�	

a

@
@

@
@
@R

b

Recall the Braess network with the added link e.

What happens as the demand changes over time?
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For Networks with Time-Dependent Demands

We Use Evolutionary Variational Inequalities
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Radcliffe Institute for Advanced Study – Harvard University
2005-2006

Research with Professor David Parkes of Harvard University and
Professor Patrizia Daniele of the University of Catania, Italy
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The U-O Solution of the Braess Network with Added Link (Path)
and Time-Varying Demands Solved as an Evolutionary Variational
Inequality in a Model of the Internet (Nagurney, Daniele, and
Parkes (2007)).
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In Demand Regime I, Only the New Path is Used.
In Demand Regime II, the demand lies in the range [2.58, 8.89],
and the Addition of a New Link (Path) Makes Everyone Worse Off!
In Demand Regime III, when the demand exceeds 8.89, Only the
Original Paths are Used!
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The new path is never used, under U-O behavior,
when the demand exceeds 8.89, even out to infinity!
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From Transportation to the Internet
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Evolution of the Internet
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The Existing Internet

Much of the Internet’s success comes from its ability to support a
wide range of service at the edge of the network.

However, the Internet offers little choice of service inside the
network.

It is widely agreed that this limitation inhibits the development and
deployment of new networking services, protocols, security designs,
management frameworks, and other components that are essential
to support the increasingly diverse systems, applications, and
communication paradigms of the next-generation Internet.
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Envisioning a New Kind of Internet – ChoiceNet
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Envisioning a New Kind of Internet

We are one of five teams funded by NSF as
part of the Future Internet Architecture (FIA)
project.

Our project is: Network Innovation Through
Choice and the envisioned architecture is
ChoiceNet with UMass Amherst as the lead.

Team:

University of Kentucky: Jim Griffioen, Ken
Calvert
North Carolina State University:
Rudra Dutta, George Rouskas
RENCI/UNC: Ilia Baldine
University of Massachusetts Amherst:
Tilman Wolf, Anna Nagurney
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ChoiceNet Goals

• Expose choices throughout the network
– Network is no longer a “black box”

• Interactions between technological alternatives and relationships
– Introduction of a dynamic “economy plane”
– Money as a driver to overcome inertia by providers
– Market forces can play out within the network itself

• Services are at the core of ChoiceNet – “everything is a service”
– Services provide a benefit but entail a cost
– Services are created, composed, sold, verified, etc.
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ChoiceNet Principles

Competition Drives Innovation!

Services are at core of ChoiceNet
(“everything is a service”)

Services provide a benefit, have a cost
Services are created, composed, sold,
verified, etc.

“Encourage alternatives” Provide
building blocks for different types of
services

“Know what happened” Ability to
evaluate services

“Vote with your wallet” Reward good
services!

Anna Nagurney The Traffic Circle of Life



ChoiceNet Principles

Competition Drives Innovation!

Services are at core of ChoiceNet
(“everything is a service”)

Services provide a benefit, have a cost
Services are created, composed, sold,
verified, etc.

“Encourage alternatives” Provide
building blocks for different types of
services

“Know what happened” Ability to
evaluate services

“Vote with your wallet” Reward good
services!

Anna Nagurney The Traffic Circle of Life



ChoiceNet Principles

Competition Drives Innovation!

Services are at core of ChoiceNet
(“everything is a service”)

Services provide a benefit, have a cost
Services are created, composed, sold,
verified, etc.

“Encourage alternatives” Provide
building blocks for different types of
services

“Know what happened” Ability to
evaluate services

“Vote with your wallet” Reward good
services!

Anna Nagurney The Traffic Circle of Life



ChoiceNet Principles

Competition Drives Innovation!

Services are at core of ChoiceNet
(“everything is a service”)

Services provide a benefit, have a cost
Services are created, composed, sold,
verified, etc.

“Encourage alternatives” Provide
building blocks for different types of
services

“Know what happened” Ability to
evaluate services

“Vote with your wallet” Reward good
services!

Anna Nagurney The Traffic Circle of Life



ChoiceNet Principles

Competition Drives Innovation!

Services are at core of ChoiceNet
(“everything is a service”)

Services provide a benefit, have a cost
Services are created, composed, sold,
verified, etc.

“Encourage alternatives” Provide
building blocks for different types of
services

“Know what happened” Ability to
evaluate services

“Vote with your wallet” Reward good
services!

Anna Nagurney The Traffic Circle of Life



ChoiceNet Architecture
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Use Cases Enabled by ChoiceNet

• ChoiceNet / economy plane enables new business models in the
Internet
– Very dynamic economic relationships are possible
– All entities get rewarded.

• Examples
– Movie streaming
– Reading The New York Times and The Boston Globe in a coffee
shop (short-term and long-term contracts)
–Customers as providers.
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Places that Working on Networks Will Take You

Anna Nagurney The Traffic Circle of Life



Places that Working on Networks Will Take You

Yalta, Ukraine with my taxi driver Igor

Buenos Aires, Argentina and the Blue Lagoon in Rejkyavik, Iceland
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The Traffic Circle of Life
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Enjoy the Journey

Thank You!

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