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Structure of the tutorial

ÅBackground

ÅAnalyzing ISP interaction
ïCooperative Game Theory

ÅTwo-sided market model
ïCongestion Equilibrium

ÅAnalyzing Access Provider-Content Provider interaction 
ïAPΩs paid prioritization and its impact on net neutrality

ïCPΩs peering decisions and competition

ÅDifferential Pricing and Zero Rating
ï(re)Defining Net Neutrality



Conversation between a prominent Economist and 
Dave Clark (Foundational Architect of the Internet)

ÅEconomist: άThe Internet is about routing 
money. Routing packets is a side-effect.έ

ÅEconomist: άYou really screwed up the money-
routing protocolsέ.

ÅDave: άWe did not design any money-routing 
protocolsέ. 

ÅEconomist: άThatΩs what I saidέ. 



The Physical Internet
http://www.caida.org/research/topology/as_core_network/pics/2014/ascore-2014-jan-ipv4v6-poster-2000x1294.png



The Conceptual Internet Platform



Net Neutrality Debate

ÅFolk definition of net neutrality

ïάAll data (packets) should be treated equallyέ

ï(DidnΩt make sense to networking people)

ÅFailure to άrouting the moneyέ makes it 
difficult to price packets based on their values

ïCauses to economics problems like peering 
disputes



Peering Disputes Among ISPs

S. Bafnaet al.,έAnatomyof the Internet Peering Disputesέ, 2014







ÅWe first focus on the ISPs

A cooperative lens of the Internet



Building blocks of the Internet: ASes

ÅThe Internet is operated by thousands of interconnected 
Autonomous Systems (Ases)
ï Internet Service Providers (ISPs)

ïCommercial and nonprofit organizations

ÅAn ISP is an autonomous business entity
ïprovide Internet services

ïcommon objective: to make profit

ISP ISPISP



Three types of ISPs

Å Eyeball (local) ISPs:

ïprovide Internet access to residential users.

ïe.g., Singtelin SG and Comcast in US

Å Content ISPs:

ïserver content providers and upload information. 

ïe.g., Cogent, Google, Akamai (Content Delivery Networks)

Å Transit ISPs:

ïprovide global connectivity, transit services for others.

ïe.g., tier 1 ISPs: Level3, Global Crossing

ISP ISPISP
BTC



Cooperative Games

Players: N

Value: ὺCoalitions

Coalition: A

Value: ὺὃ

Coalition: B
Value: ὺὄ



Cooperative Game Theory

ÅAnalyses coalition formation given value 
allocation

ÅValue allocation characterizes a solution of a 
game

ÅSome properties of interest in a solution
ïStability: Players do not want to deviate from the 

solution 

ïFairness:  Allocation to players reflects their 
contribution



Convex coalition games

ÅThe value functionὺis convex if for 
all coalitionsהandכ

ïὺ᷾ה Ὥ ὺה ὺ᷾כὭ
ὺכȟᶅ כṖה

ïmarginal profit increases with the size of 
the coalition

ÅNatural models for networks

ïaŜǘŎŀƭŦŜΩǎ law:ὺﬞ ὕ ﬞ

ïhŘƭȅȊƪƻΩǎlaw: ὺﬞ ὕ ﬞ ÌÏÇﬞ



Core and Shapley Value of Convex Games
Unstable Solutions

Stable Solutions (Core)
Shapley Value



Stability: an example

ÅConvex game:

ïὺ᷾ה כ ὺה ὺכ

ïwhole is bigger than the sum of 
parts

○ ╪ȟ○ ╫
○ ȟ ╬ ╪ ╫



Stability: an example

ÅConvex game:

ïὺ᷾ה כ ὺה ὺכ

ïwhole is bigger than the sum of 
parts

ÅCore: 
ï the set of efficient profit-share 

that no coalition can improve 
upon or block

○ ╪ȟ○ ╫
○ ȟ ╬ ╪ ╫



Stability: an example

ÅConvex game:

ïὺ᷾ה כ ὺה ὺכ

ïwhole is bigger than the sum of 
parts

ÅCore: 
ï the set of efficient profit-share 

that no coalition can improve 
upon or block

ÅShapley value:
ïcore is a convex set.

ï located at the centerof gravity 
of the core

○ ╪ȟ○ ╫
○ ȟ ╬ ╪ ╫



Axiomatic characterization of the Shapley value

Shapley Value

Efficiency Symmetry Fairness

Myerson 1977

Efficiency Symmetry Dummy Additivity

Shapley 1953

Efficiency Symmetry Strong Monotonicity

Young 1985

What is the Shapley value? ïA measure of oneôs contribution 

to different coalitions that it participates.



Efficiency, Symmetry

Efficiency: All Profit goes 
to the Players

Symmetry: Identical
players get equal
shares



Balanced Contribution (Fairness)



How do we share profit? -- the baseline case

ÅOne content and one eyeball ISP

ÅDefine total profit ὠ

ï total revenue ɀtotal costs 

ï content-side profit eyeball-side profit

ÅFair profit sharing:

ⱴ║ ⱴ╒ ╥

C1 B1



How do we share profit? ς2 symmetric eyeball ISPs

ÅDesirable properties:

Symmetry: same profit for symmetric eyeball ISPs

ⱴ║ ⱴ║ ⱴ║
Efficiency: summation of individual ISP profits equals ὠ

ⱴ║ ⱴ║ ⱴ╒ ╥

Fairness: same mutual contribution for any pair of ISPs

ⱴ╒
ρ

ς
ὠ ⱴ║ π

Unique solution (Llyod Shapley, 1953) Č

C1

B2

B1

ⱴ╒ ╥

ⱴ║ ╥



How do we share profit? ςn symmetric eyeball ISPs

ÅTheorem: the Shapley profit sharing solution is

ⱴ╒
▪

▪
╥Ƞⱴ║ ▪▪

╥

C1

B2

B1

Bn



Implications of profit sharing

Å With more  eyeball ISPs,  the content ISP 

gets a larger profit share.

ïMultiple eyeball ISPs provide redundancyι

ï The single content ISP has leverage.

Å Contentôs profit with one less eyeball: ⱴ╒
▪

▪
╥

Å The marginal profit loss of the content ISP:

ⱴ╒ ⱴ╒
▪

▪
╥

▪

▪
╥

▪
ⱴ╒

Å If an eyeball ISP leaves

ï The content ISP will lose 1/n2 of its profit.

ï If n=1, the content ISP will lose all its profit.

ⱴ╒
▪

▪
╥Ƞⱴ║ ▪▪

╥



Profit share -- multiple eyeball and content ISPs

ÅTheorem: the Shapley profit sharing solution is

ⱴ╒
▪

□ ▪ □
╥Ƞⱴ║

□

▪▪ □
╥

C2

C1

Cm

B1

B2

Bn



Results and implications of ISP profit sharing

ⱴ╒
▪

□ ▪ □
╥Ƞⱴ║

□

▪▪ □
╥

ÅEach ISPΩs profit share is
ï Inverselyproportional to the number of ISPs 

of the sametype. 

ïProportionalto the number of ISPs of the 
other type. 

C2

C1

Cm

B1

B2

Bn

Å Intuition
ïWhen more ISPs provide the same service, each of them obtains 

lessbargaining power. 

ï When fewer ISPs provide the same service, each of them becomes 
more important.

Å Implication: market structure determines the value!




