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MotivationMotivation
•• Recent disasters have demonstrated the importance as well Recent disasters have demonstrated the importance as well 

as the vulnerability of network systems.as the vulnerability of network systems.

•• For example:For example:

•• Hurricane Katrina, August 23, 2005Hurricane Katrina, August 23, 2005

•• The biggest blackout in North America, August 14, 2003The biggest blackout in North America, August 14, 2003

•• Two significant power outrages during the month of Two significant power outrages during the month of 

September 2003 September 2003 –– one in England and one in one in England and one in 

Switzerland and ItalySwitzerland and Italy

•• 9/11 Terrorist Attacks, September 11, 20019/11 Terrorist Attacks, September 11, 2001



MotivationMotivation

� The Internet has revolutionized the way in which 
we work, interact, and conduct our daily 
activities. It has affected the young and the old 
as they gather information and communicate 
and has transformed business processes, and has transformed business processes, 
financial investing and decision-making, and 
global supply chains. The Internet has evolved 
into a network that underpins our developed 
societies and economies.



MotivationMotivation

� “A network like the Internet is volatile. Its traffic patterns 
can change quickly and dramatically... The assumption 
of a static model is therefore particularly suspect in such 
networks.” (page 10 of Roughgarden (2005)).

� We can expect that a variety of time-dependent demand 
structures will occur on the Internet as individuals seek structures will occur on the Internet as individuals seek 
information and news online in response to major events 
or simply go about their daily activities whether at work 
or at home. Hence, it is relevant to study the vulnerability 
of in Internet networks with time-varying traffics.

� “... traffic over the Internet doubling every 100 days…” 
(Frances Hong (1999)).



Global Internet Communication Global Internet Communication 

NetworkNetwork

research.techkwondo.com



Global Internet Traffic GrowthGlobal Internet Traffic Growth

www.netvalley.com



Examples of Other Dynamic

Networks

� Oil & Natural gas network

� Electricity generation and distribution � Electricity generation and distribution 

network

� Supply chain network



Varying Demand in Global Oil Varying Demand in Global Oil 

DemandDemand

Energy Information Administration, U.S. Department of 

Energy 
www.eia.doe.gov



Electricity Consumption Change Electricity Consumption Change 

in a Typical Dayin a Typical Day

www.terrapass.com



Literature on EVI and the Literature on EVI and the 

ApplicationsApplications

� Daniele, Maugeri, and Oettli (1999)

� Daniele (2003, 2004, 2006)

� Nagurney et al. (2006)

� Nagurney, Liu, Cojocaru and Daniele � Nagurney, Liu, Cojocaru and Daniele 

(2006)

� Nagurney, Parkes, and Daniele (2006)



Recent Literature on Network Recent Literature on Network 

VulnerabilityVulnerability
•• Latora and Marchiori (2001, 2002, 2004)Latora and Marchiori (2001, 2002, 2004)

•• Barrat, Barthélemy and Vespignani (2005)Barrat, Barthélemy and Vespignani (2005)

•• Dall’Asta, Barrat, Barthélemy and Vespignani (2006)Dall’Asta, Barrat, Barthélemy and Vespignani (2006)

•• Chassin and Posse (2005)Chassin and Posse (2005)

•• Holme, Kim, Yoon and Han (2002)Holme, Kim, Yoon and Han (2002)•• Holme, Kim, Yoon and Han (2002)Holme, Kim, Yoon and Han (2002)

•• Sheffi (2005)Sheffi (2005)

•• Taylor and D’este (2004)Taylor and D’este (2004)

•• Jenelius, Petersen and Mattson (2006)Jenelius, Petersen and Mattson (2006)

•• MurrayMurray--Tuite and Mahmassani (2004)Tuite and Mahmassani (2004)



EVI and the InternetEVI and the Internet



EVI and the InternetEVI and the Internet









Dynamic  Network EquilibriumDynamic  Network Equilibrium





A Simple Numerical ExampleA Simple Numerical Example

Consider a network consisting of two nodes and Consider a network consisting of two nodes and 
two links. There is a single O/D pair two links. There is a single O/D pair ww=(1,2). =(1,2). 



Equilibrium Trajectories of the 

Simple Numerical Example with 

Dynamic Demands



The Nagurney and Qiang The Nagurney and Qiang 

Network Efficiency MeasureNetwork Efficiency Measure

Nagurney and Qiang (2007) proposed a network Nagurney and Qiang (2007) proposed a network 
efficiency measure (the Nefficiency measure (the N--Q Measure) for networks Q Measure) for networks 
with fixed demand, which captures demand and with fixed demand, which captures demand and 
flow information under the network equilibrium. flow information under the network equilibrium. flow information under the network equilibrium. flow information under the network equilibrium. 



Network Efficiency Measure for Network Efficiency Measure for 

Dynamic Networks Dynamic Networks -- II

Note the above measure is the average network 
performance over time of the dynamic network.



Network Efficiency Measure for Network Efficiency Measure for 

Dynamic Networks Dynamic Networks -- IIII



Special CaseSpecial Case



Importance of a Network Importance of a Network 

ComponentComponent



The Approach to Study the The Approach to Study the 

Importance of Network Importance of Network 

ComponentsComponents

The elimination of a link is represented in the NThe elimination of a link is represented in the N--Q Q 
measure by the removal of that link while the removal measure by the removal of that link while the removal 
of a node is managed by removing the links entering of a node is managed by removing the links entering of a node is managed by removing the links entering of a node is managed by removing the links entering 
and exiting that node. In the case that the removal and exiting that node. In the case that the removal 
results in no path connecting an O/D pair, we simply results in no path connecting an O/D pair, we simply 
assign the demand for that O/D pair to an abstract assign the demand for that O/D pair to an abstract 
path with a cost of infinity.path with a cost of infinity.

Hence, our measure is wellHence, our measure is well--defined even in the case defined even in the case 
of disconnected networks.of disconnected networks.



The Braess (1968) ParadoxThe Braess (1968) Paradox

Assume a network with a single Assume a network with a single 

O/D pair (1,4). There are 2 O/D pair (1,4). There are 2 

paths available to travelers:paths available to travelers:

pp11=(a,c) =(a,c) andand pp22=(b,d).=(b,d).

For a travel demand ofFor a travel demand of 6, 6, the the 32

1

a b

For a travel demand ofFor a travel demand of 6, 6, the the 

equilibrium path flows areequilibrium path flows are xxpp11
**

= x= xpp22
** = 3 = 3 andand

The equilibrium path travel cost The equilibrium path travel cost 

isis

CCpp11
= C= Cpp22

= 83= 83..

32

4

c d

ca(fa)=10 fa cb(fb) = fb+50

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



Adding a Link Adding a Link 

Increases Travel Cost for All!Increases Travel Cost for All!

Adding a new link creates a new pathAdding a new link creates a new path

pp33=(a,e,d). =(a,e,d). 

The original flow distribution pattern is The original flow distribution pattern is 

no longer an equilibrium pattern, since no longer an equilibrium pattern, since 

at this level of flow the cost on pathat this level of flow the cost on path pp , , 32

1

a b

e
at this level of flow the cost on pathat this level of flow the cost on path pp33, , 

CCpp33
=70. =70. 

The new equilibrium flow pattern The new equilibrium flow pattern 

network isnetwork is

xxpp11
** = x= xpp22

* * = x= xpp33
**=2.=2.

The equilibrium path travel costs:The equilibrium path travel costs: CCpp11
= = 

CCpp22
= C= Cpp33

= 92.= 92.

32

4

c d

ce(fe) = fe + 10



Dynamic Braess Network –

Without Link e



Dynamic Braess Network-

Solution



Dynamic Braess Network –

Adding Link e



Dynamic Braess Network

For demand in the 

range 2.58 < dw(t) = t 

< 8.89, the addition of 

the new route will 

result in everyone 

Minimum Used Route Costs for Braess Networks 1 

and 2

result in everyone 

being worse off.



Importance of Nodes and Links in Importance of Nodes and Links in 

Dynamic Braess NetworkDynamic Braess Network

Link e is never used 

after t=8.89 and in the 

range t ∈ [2.58, 8.89] it 

increases the cost, so 

the fact that link e has the fact that link e has 

a negative importance 

value makes sense; 

over time, its removal 

would, on the average, 

improve the network 

efficiency!



ConclusionConclusion

�� The network efficiency measure captures user The network efficiency measure captures user 
behavior, flows and costs on networksbehavior, flows and costs on networks

�� Extend our previous research on the network Extend our previous research on the network 
efficiency measure into the dynamic settingefficiency measure into the dynamic setting

�� Applicable for varying demand in both Applicable for varying demand in both �� Applicable for varying demand in both Applicable for varying demand in both 
continuous and discrete timecontinuous and discrete time

�� The measure can be applied to other critical The measure can be applied to other critical 
infrastructure networksinfrastructure networks





Thank You!Thank You!Thank You!Thank You!Thank You!Thank You!Thank You!Thank You!
For more information, seeFor more information, see

http://supernet.som.umass.eduhttp://supernet.som.umass.eduhttp://supernet.som.umass.eduhttp://supernet.som.umass.edu
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