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Structure of the tutorial

A Background
A Analyzing ISP interaction
I Cooperative Game Theory
A Two-sided market model
I Congestion Equilibrium
A Analyzing Access Provid@ontent Provider interaction

I APQ paid prioritization and its impact on net neutrality
I CR peering decisions and competition

A Differential Pricing and Zero Rating
I (re)Defining Net Neutrality



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

A EconomistiThe Internet is about routing
money. Routing packets is a siefecte

A EconomistiiYou really screwed up the money
routing protocols.

A Dave:dWe did not design any moneguting
protocols.

A EconomistiThat@ what | saié



L T . CAIDA’s IPv4 & IPv6 AS Core
~ AS-level Internet Graph
Archipelago January 2014

This visualization illustrates the extensive geographical scope
and rich interconnectivity of nodes participating in the global
Internet routing system, and compares snapshots of macroscopic
connectivity in the IPv4 and IPv6 address space.
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The Conceptual Internet Platform
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Net Neutrality Debate

A Folk definition of net neutrality

i AAll data (packets) should be treated equally
I (DidmM2make sense to networking people)

A Failure todrouting the moneyg makes it
difficult to price packets based on their values

| Causes to economics problems like peering
disputes



Peering Disputes Among ISPs

S.No. | Conflicting Companies Month/Year | Reason

1. Telecom ltalia - Other 1SPs July’13 Telecom ltalia was reducing the number of neutral access points
2. Cogent - Verizon June' 13 Verizon neglected upgrading the peering connection

3. FT Orange - Cogent + Google Jan'13 FT-Orange restricted bandwidth for online video service Youtube
4. Cogent - China Telecom Mar’12 Parties de-peered for unknown reasons

5. Cogent - France Telecom Aug’ll France Telecom didn’t allow Cogent to connect with its Customers
6. Cogent - ESNet June'11 ESNet was below the Cogent’s minimum traffic volume threshold
7. Level3 - Comcast 2010 Comcast started charging new fee to deliver Level3 traffic

8. Cogent - Hurricane Electric Oct’09 Both are IPv6 Tier 1 backbone. cogent de-peered HE

9. Chunghwa Telecom - TFN Apr'09 Reason not known

10. Sprint - Cogent Sept’08 Traffic Exchange Criteria not met

11. Telia - Cogent Mar 08 Imbalanced Traffic Ratios

12. Cogent - Limelight Sept’07 Cogent de-peered Limelight for unknown reasons

13. Cogent - Level3 Oct-05 Link Terminated due to imbalanced Traffic Ratio

14. AQOL - MSN Sept’03 Reasons unknown, but AOL users were not able to access MSN
15. Cogent - AOL Dec’02 Imbalanced Traffic Ratio

16. C&W - PSINet 2001 C&W dropped the peering agreement

17. BBN/Genuity/GTE - Exodus Before 2001 | Battle over imbalanced traffic flows

18. BBN/GTE - MCI/'Worldcom Around 99 Nature of peering agreement was not clarified

19. UUNet Whole Earth Networks Inc | May'97 UUNet demanded for paid peering

20. UUNet- Others May'97 UUNet notified its peers that they would terminate their peering
21. AGIS - Others Before "97 AGIS announced its new peering policy at the NANOG meeting
22. Digex Inc - AGIS Oct’96 Reasons not known

23. Sprint - Other ISPs Before "96 Sprint refused to upgrade its connection at the CIX router

24. BBN - Other ISPs Around 95 BBN terminated its connection at CIX router

25. BBN - ANS Around 95 BBN broke the agreement

26. DANTE - EUNet Oct’94 DANTE asked EUnet to increase their connection rate

S.Bafnaet al. (Anatomyof the Internet Peerind@isputes, 2014




Netflix and YouTube Are America's Biggest Traffic Hogs

Percentage of peak period downstream traffic in North America, by application*
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Netflix-Comcast Deal Marks The End Of Net Neutrality

Average Netflix connection speeds on Comcast's broadband network
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A cooperative lens of the Internet

A We first focus on the ISPs
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Building blocks of the Interne&Ses

A The Internetis operated by thousands of interconnected
Autonomous System#6es
I Internet Service Providers (I9Ps
I Commercial and nonprofit organizations

A An ISP is an autonomous businestity
I providelnternet services
I commonobjective: to makeorofit

&

- >

Go ug[e' You 8 a



Three types of ISPs

A Eyeball (local) ISPs:
I providelnternet access to residential users.
I e.g.,Singtelin SG and Comcast in US

A Content ISPs:
I servercontent providers and upload information.
I e.g.,CogentGoogle, AkamgiContentDeliveryNetworks)

A Transit ISPs:
I provideglobal connectivity, transit services fothers.
I e.g., tierl ISPsLeveB, Global Crossing
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Cooperative Games

Coalition:A

PlayersN Value:0(0)

Coalition:B
& Value:u(0)

Coalitions Value:v



Cooperative Game Theory

A Analyses coalition formation given value
allocation

A Value allocation characterizes a solution of a
game

A Some properties of interest in a solution

| Stability Players do not want to deviate from the
solution

I Fairness Allocation to players reflects their
contribution



Convex coalition games

A The value functiow is convex if for =——
all coalitionsh and>
o™ {® o@ O {P
v(O)h! nP>
I marginalprofit increases with the size of
the coalition

A Naturalmodels for networks
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Core and Shapley Value of Convex Game

Unstable Solutions

Shapley Value
PIeY Stable Solutions (Core)



Stabllity: an example

0} Oo(({{ }% })=|=hch{ i Jﬁ A Convex game:
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Stabllity: an example

A Convex game:
i oM 2) v v0)
I wholeis bigger than the sum of
parts

A Core:

I the set of efficient profitshare
that no coalition can improve
upon or block

A HoLy
Boehy 4 ot




Stabllity: an example

o{ 1 HHUD

o{ hp + £ Jﬁ A Convex game:
i oM 2) v v0)
I wholeis bigger than the sum of
parts

(91,92) A Core:

I the set of efficient profitshare
that no coalition can improve
\ upon orblock
\ A Shaplewalue:
C | coreis a convex set.

I locatedat the centerof gravity
of the core



Axiomatic characterization of the Shapley value

What is the Shapley value? T A measure of one® contribution
to different coalitions that it participates.

Shapley Value

Shapley 1953 I
Efficiency  Symmetry Dummy Additivity

Myerson 1977 I
Efficiency  Symmetry
Young 1985 I

Efficiency  Symmetry Strong Monotonicity




Efficiency, Symmetry
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Balanced Contribution (Fairness)




How do we share profit? the baseline case

Wi~ (c) — (&)«

A One content and one eyeball ISP

A Define total profitc
I total revenuez total costs
I contentside profit eyeballside profit

A Fair profit sharing
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How do we share profit@ 2 symmetriceyeball ISPs

- O
A Desirable properties: ‘

Symmetry same profit for symmetric eyebd$Ps

L I
Efficiency summation of individual ISP profits equails
A
Fairness same mutual contribution for any pair of ISPs
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How do we share profit2 n symmetric eyeball ISPs
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A Theorem the Shapley profit sharing solutias
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Implicationsof profit sharing

. 1 . (= yT .
A With more eyeball ISPs, the content ISP @ /

gets a larger profit share.

I Multiple eyeball ISPs provide redundancyi
I The single content ISP has leverage.
Ve —0T ®

A The marginal profit loss of the content ISP:

Ve Ve T
A If an eyeball ISP leaves

i The content ISP will lose 1/n? of its profit.
I If n=1, the content ISP will lose all its profit.

A Content® profit with one less eyeball:

m _V|=



Profit share-- multiple eyeball and content ISPs
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A Theorem the Shapley profit sharing solutias
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Results and implications of ISP profit sharing
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A EachiSR& profit share is @
I Inverselyproportional to the number of IS

of the sametype.

I Proportionalto the number of ISPs of the
other type.

A Intuition

I Whenmore ISPs provide the same service, each of them obtains
lessbargaining power.

I Whenfewer ISPs provide the same service, each of them becomes
more important.

A Implication: market structure determines the value!







