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The Internet topology has witnessed significant changestbee
years with the rise and fall of several Internet Service Rierg

Why do certain ISPs succeed and others fail? In this paper, we
propose a simple economic model that provides a mechanism fo

(ISP). In this paper, we propose a new economic model that cananalyzing the evolution of the Internet topology. Our moiel

aid in understanding the evolution of the Internet topolagy pro-
vide insight into why certain ISPs fail and others succeedir O
economic model is motivated by the Cournot model for charac-
terizing oligopolistic markets. We model the Internet tiogy as

a conglomeration of Cournot markets across different gigaigc
regions comprising of regional markets within each gedgape-
gion and transit markets across geographic regions. Byzanal
ing the Nash equilibrium of the overall system, we charaotea
simple relationship between the Nash price, demand, thebaum
of ISPs and fraction of traffic exchange across regions. ©or e
nomic model is powerful enough to provide a simplified chterac
ization of the aggregate evolution of the Internet topolegthin
and across geographic regions without the need for capgtimhi-
vidual variations across each ISP. Based on this model, we sh
evidence that existing bandwidth pricing trends are irkistg con-
trast with the expected Nash equilibrium behavior theresylting

in the rise and fall of ISPs. We also corroborate the modetdas
analyzing Internet topology evolution from 2002 to 2008.

1. INTRODUCTION

based on the Cournot model for oligopolistic markets. Ini@oti
competitive markets, the product being sold is homogeneouds
each firm chooses a price based only on the quantity of thauptod
they produce. While the assumptions in Cournot competition
not hold across the global bandwidth markets, we model ttez-In
net topology as a collection of regional and transit Coumnat-
kets. In other words, we split the Internet topology into ggaphic
regions and apply a local Cournot competition model withaate
region and transit Cournot market for transit ISPs thatauenect
regions. In our economic model, each ISP is a player in the-ban
width market either within a specific geographic region arasit
player across regions. Based on limited pricing data &bvlailan-
line, we find that bandwidth prices across ISPs within a gaoigic
region are comparable; hence, assuming separate Courrkgtma
within and across regions is a reasonable assumption.

Our economic model provides a simple yet powerful way of an-
alyzing Internet topology evolution due to three importtautors.
First, the Cournot model enables us to analyze the Nashitequil
rium of a market in the aggregate without analyzing the iiaizl
strategies and variations across each player. In the kttéopol-
ogy case, this is powerful because, it can provide an ingifjhow

In the past decade, we have witnessed dramatic changes in theegional and transit bandwidth prices should vary as a fonaif

evolution of the Internet’s topology, especially at theelesf top-
tier ISPs. These top-tier ISPs, otherwise referred to ad tg tier-
2 ISPs, are the primary suppliers in the market for Interoeéss.
During this growth period, several tier-1 ISPs have eithergad

variations in aggregate quantity and number of ISPs. Sewumite
the Internet topology as a whole is tightly coupled, our ecoic
model allows us to analyze each regional and transit mankisbr
lation under Nash Equilibrium. Third, the final set of Nashukq

or been bought by other ISPs while other new tier-1 ISPs have librium equations we arrive in our system are simple and ¢asy

emerged. For example, AT&T and Genuity (formerly BBN) sold
their backbone networks to SBC and Level 3 communicatiohs [1
Similarly, MCI Communications and Worldcom merged andrate
were bought over by Verizon after Verizon filed for bankryg2].

At the other end of the spectrum, several globally operatit®Ps

analyze involving few parameters.

We draw many important insights from our model. First, for a
given demand, as the fraction of traffic from a geographicoreg
increases, regional bandwidth prices shouictease and not de-
crease as what is happening today; hence, as Internet traffic be-

have emerged in Asia such as KDDI, Japan. We observe a strongcomes more global, overall prices should increase. Seddodal

geographic correspondence to the rise and fall of ISPs withym
ISPs in US and Europe having failed while several others iia As
and South America have risen to prominence.
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bandwidth prices decrease with increasing traffic outflboe,tum-
ber of regional ISPs sustainable at Nash equilibrium desesaNe
establish a Nash equilibrium relationship between thetifracmf
traffic outflow and the number of ISPs within a region. Thind, i
our model, we show that the Nash price for bandwidth conviegti
is the sum total of fractional Nash price for transit coniwetytand
the Nash price for regional connectivity (assuming a locali@ot
market for the same demand). Hence, in Nash equilibriurarmet
pricing should be similar to pricing in telephone networkisene
the price of an international call is the sum total of the Icaad
the international transit cost. Finally, our model not ohslps in
explaining the existing economic topology of the interiet, also



provides insights into predicting future market behavior.

We corroborate the theory using a detailed analysis of thkiev
tion of the Internet topology from 2002 to 2008. For this g8,
we use the 5-tier characterization of the Internet topolatpng
with the inter ISP relationships as characterized in priorkain
Subramaniaret al [19]. We also use a wide variety of Internet
sources to estimate quantity, price, fractional traffic anchber of
ISPs. While the topology characterization and our paramneste-
mation techniques are not very precise, it does providetiotuin
analyzing the aggregate evolution of the Internet topalogy

2. RELATED WORK

Transit ISP

There have been several studies which have mapped and anaFigure 1. Anillustration of Internet topology: Regional ISPs

lyzed the evolution of the Internet topology at both the ASel
and the router-level using a variety of techniques. Trageranal-
ysis have often been used in efforts to map router topolqd®s3,
7, 14]). The commonly used approach to infer AS-level togies
is to analyze BGP routing tables at the Internet routers.

One of the commonly used models for Internet topology evolu-
tion is the power law model by Michalis Faloutsos et al. [9heTe
have been several followup studies to this work which hawe pr
sented contrasting variants of the power law model [20, \8jile
these models are useful from understanding the graph steuand
its evolution, these models do not consider the financialcor e
nomic relationship between the different players (ISPs end-
users) in the Internet.

with tier structureand Transit | SPs connecting them

been many followup works which have improved these relatign
inference algorithms. In this paper, we leverage thesd¢ioakhip
inference mechanisms to analyze the economic rise and f&lPs.

3. INTERNET ECONOMIC MODEL

In this section, we provide a high level overview of our Imietr
Economic Model. and follow up with more details on the model i
Sections 4 and 5.

The Internet is a collection of Autonomous Systems (AS) wher
each AS is either an Internet Service Provider (ISP) or eooust

There have been few works which have analyzed the Internet stub network (university, company etc) representing thesamer
evolution from an economic perspective. Freiden [11, 16¢dsses such as a university or a company. Each autonomous system is
Internet balkanization and the ISP peer relationships &ndpli- associated with a AS number and AS’s use the Border Gateway

cations. The author argues why growing service demand,essng
tion at quasi-public interconnection sites and commematibn of
the industry have motivated major ISPs to pursue more feliab
quasi-private network interconnection, as opposed talldoilab-
orative behavior between the entities. Bailey [6] survéyeseco-
nomics of Internet interconnection and infers that largevoeks or
ISPs form bilateral relationships where coordination €@se low
and there is little chance for opportunism; and smaller néta/or
ISPs are better off forming cooperative relationships.

Recent efforts have attempted to model these complex commer

cial interactions between AS entities using game theoryeRity
Ma et al. [15] usedhapely value, a concept from coalition games
to model the cooperative behavior of ISPs. Their model darta
maximization of individual ISP profits, but maximizes thegesy
gate profit of all ISPs put together. This prevents selfishimgu
strategies [16] among ISPs and provides a aggregate nepnafii
which in turn encourages ISP connectivity and reduces halka
tion. Cao et al. [8] and Shakkottai et al. [17] apply game theo
to analyze Internet pricing and the economics of ISP intemec-
tion. In particular, Cao et al. show that modeling the int&cms
between AS entities as a cooperative game leads to bettaroas
for both the ISPs and the users [8]. They also prove the exista
of a Nash-equilibrium point, where two ISPs would not mové ou
without cooperation. Shakkottai et al. show that in the veaild,
interactions between ISPs are often non-cooperative. Thew
that these interactions can be modeled as a multi-stage, gédreee
ISPs are linked together through transit-ISPs.

Protocol to determine routing paths. BGP is a policy baseid ro
ing protocol where each AS uses its own set of routing pditde
choose routes.

The Internet topology has three common types of relatigsshi
customer-provider, peer-peer and transit. A transitiaiahip can
be one of two kinds: (a) a provider-customer relationshipvben
a large ISP and a small ISP; (b) an ISP that provides transit co
nectivity across geographic regions (trans-pacific, trathantic).
Based on these inter-ISP relationships, the Internet égyohas
an inherent hierarchical structure where tier-1 ISPs samethe
most important inter-continental ISPs, tier-2 represtrgsational
ISPs, tier-3 and tier-4 ISPs represents the regional |SiPtharcon-
sumers (stub networks) form the lowest portion of this higmga
Prior work by Subramaniaet al. [19] provides a 5-tier characteri-
zation of the Internet hierarchy based on inferring AS refethip
information from multiple BGP routing tables. Our model and
evaluations leverage this 5-tier characterization.

Based on the existing Internet hierarchical structure, sethe
following simplified model for the Internet topology illusted in
Figure 1. We characterize the Internet into different gapgic re-
gions and associate each geographic region with a set afrr@gi
ISPs and a set of transit ISPs that interconnect geograggions.
In practice, if a large ISP has both a regional and a transgegnce
(such as ATT, Sprint), we model these ISPs as separate |8#®&fo
regional and transit cases; in the existing Internet, th&8s reg-
ister the regional and transit ISPs as separate entitiegyththey
may be owned by the same parent entity. A transit relatignshi

Our work builds on these insights and uses an economic modelin our model, is a customer-provider relationship betwetnamsit

to understand and predict the large-scale behavior of |SRss
regions. Critical to our economic analysis is to leveragevin
edge about commercial relationships across ISPs. Priok twpr
Gao et al [12] and Subramanian et al. [19] have proposedréliffe
algorithms for inferring AS relationships among three gatées:
provider-customer, peer-peer and sibling relationshijere have

ISP and a regional ISP; hence the regional ISP has to payahe tr
sit ISP for connectivity. We assume that in a peer-peeriogighip,
peers do not pay each other for routing traffic between these
Hence, if two regional ISPs or two transit ISPs share a pgegn
lationship, they do not need to pay each other for the mutatild
exchanged. The set of customers in our model are distrilacieds



geographic regions and they represent the "quantity of ddima
each geographic region. While customers pay their regitBR$
and the regional ISPs in turn pay the transit ISPs.

Our economic model for analyzing Internet topology evalutis
based on the Cournot model for oligopolistic markets. Weass
that each geographic region represents a regional Couraiden
and the collection of transit ISPs that interconnect a seegibns
as a transit Cournot market. The Cournot Competition madahi
economic model that makes the following basic assumptions:

1. The product being sold is homogeneous across firms

2. Every firm in the market adjusts the quantity of the product
they produce simultaneously

3. The price of the good is determined by the cumulative dutpu
of all the firms

The Cournot model is a natural fit for analyzing regional and
transit markets. While bandwidth prices may vary signiftan
across regions, the bandwidth prices are roughly compaweitthin
a geographic region. If there is a significant price diffessrthen
the ISP charging lower prices (assuming it is profitable) thes
capability to expand coverage and get a larger portion ofitae
ket. In addition, given that regional ISPs peer with eacleott
zero cost (assuming these ISPs are in equal standing), BPs ¢
route between their customers without additional cost. ddem
the regional case, the competition is between how the densand
distributed across competing ISPs. The same case extentiefo
transit market where the regional ISPs represent the cestoof
the transit ISPs.

The Cournot model represents a powerful way to analyze-Inter
net topology evolution since it can enable us in analyzirggNash
equilibrium of the system at an aggregate level without tidi-i
vidual parameters or strategies of each player. In othedsydo
analyze the Nash equilibrium of the system, we do not reqiere
tailed values of each ISP’s demand, bandwidth and otheststat
rather we can predict the behavior of ISPs and their intenacts-
ing only the aggregated values from all the ISPs.

In formal terms, given N firms in a market, each firm’s produces
a quantityg; and a price functiop; (¢; ). Additionally, the marginal
cost of productiong is the same for all firms. When the market is
at equilibrium, each firms price is equal and the equilibripmce
function P is be given byP(q1 + ... + gn). The only tool each
firm has to maximize their profits is adjusting the quangitypeing
produced.

As we describe later in Section 4, in the general cas¥ @ifms,
the Nash Equilibrium is characterized by the following etpra

p’(q)% +p(q) = co

wherep(q) is the variation of price with aggregate demanend
co is the unit cost incurred by the ISP per unit demand. Hence,
the Cournot model characterizes the Nash equilibriunVdfrms

entire network comprises ¥ ISPs co-located in a region and pro-
vide connectivity toM stub networks wherd/ >> N. In addi-
tion, we assume that all th¥ ISPs peer with each other and peers
exchange traffic at no additional cost.

We make some assumptions about the interaction of these ISPs
in the regional setting. Let; > 0 be the quantity produced per ISP
I; or the traffic demand for the ISR, ¢ = /=Y ¢; be the net
demand across ally. In the simple case where all stub networks
generate comparable amounts of traffiégs a function ofM, the
number of stub networks in the region. L&t > 0 be the unit
cost required to produag (we assume that, is the same for each
1I;, since the cost of “producing” (routing) traffig for eachl; is
relatively the same). Let(q) be the price function or the market
price charged by each. Also, we assume thal) is differentiable
with p’(¢) < 0 atallg > 0.

We will briefly illustrate the Cournot model for th&ISP case.
To find the Nash equilibrium of this model, we have to starthwit
the profit maximization function. Consider the case of twB'tS
where each ISP tries to maximize profit, which is given by ttodip
maximization function,

max{p(q: + ¢;)qi — coqi}
q; >0

whereg;,q; is the quantity ofl;,I; respectively. Then the optimal
quantity choice for ISH; has to satisfy the first order function,

P (¢ +a5)ai + pgi + q5) = co

If (¢7,q¢5) is a Nash equilibrium for such a system, then it has to
satisfy these equations,

p(ai + @) +p(dh +¢:) =co
and

P(ai +¢)e +p(dd +¢:) =co
Adding these two equations, we have,

at+a
2
This equilibrium equation can be extendedNolSPs that have
identical cost and price functions as,

P (gF +a5)( )+ p(ai +¢) = co

P (@) +p(a) =co

To further simplify this equation, we can writ&(q) asp’(t) /¢’ (t).
In general, the price variation as a function of aggregataate
is not known. However, the price variation across time ared th
quantity variation across time are easier to estimate. rGaveer-
tain time periodT’, p'(t)/q’(t) can be crudely approximated as
(p(t+T)—p(t))/(a(t+T)—q(t)). In addition,p(q) — co repre-
sents the profit per unit demand. Given this profit per custpthe
expected variation in price at Nash equilibrium can be ezt as
a function of NV, ¢(t) andq(t + T") — ¢(t). Note that this equation

purely based on the aggregated state or aggregate demapd as o is independent of how the price function varies with the aggte

posed to the individual states of each firm. This aggregade-ch
acterization is the main reason why we picked the Cournotainod
as a base point to design an economic model for inter-1SiPaicrte
tion. Note that the aggregate characterization holds évée cost
functionc(q) is not linear. As long as the cost function is uniform
across all firms, we can replaegin the equation with'(q).

4. REGIONAL MODEL

We use the simple N-party Cournot model for our basic rediona
case as illustrated in Figure 2. Consider the scenario winere

demandy.

4.1 Implications

The significance of this Nash equilibrium stems from the flaat
the price function is independent of individual quantitie®f any
one ISPI;, but dependent on the aggregate quartity Z;j” Q-
At one extreme, ifN — oo, thenp(¢*) = co; the market price
equals cost of the quantity and the ISPs make zero profit. ©n th
other extreme, ifV = 1, then equation reduces to the monopolistic

first order functionp’(¢*)q* + p(q*) = co; providing a monopoly



of the market for the ISP. The evolution of ISPs in the regiona
model has remained between these two extreme market seenari
The market tries to be in Nash equilibrium, since any dewiati
from this equilibrium would reduce the profit of some of théS
while increasing the profits of other ISPs. As bandwidttddde-
mand grows, the aggregate quanttincreases and the priggq)

reduces to a marginal amount. The profit function of each ISP

would depend on the production of quantity This behavior af-
fects the smaller ISPs: ISPs that produce relatively desas the
reduction in market price might not be balanced by increaked
mand forg;; due to this situation, the smaller ISPs profit might be
marginal and would cause it to quit the market or be taken byer
larger ISPs. The Cournot oligopoly model captures this catimp
tive market strategy of ISPs on the regional level.

4.2 Hierarchy within aregion

In reality, every geographic region may have a hierarchyeef r
gional ISPs. The above model can be directly applied at {hei¢o
ISPs within the region (these are not tier-1 ISPs). If all iBEs
within the region are dependent & ISPs for connectivity within
and across regions, then the above model can be extendezsto th
N ISPs. Qutside of thes® ISPs, if there are other regional ISPs
which depend on thes® ISPs for regional connectivity, we can
analyze such a hierarchical structure using a two-leveiahiy
with N, regional ISPs at the top level aidd, ISPs which depend
on theN; ISPs.

The corresponding Nash equations are:

P(a) () +pi(a) = e
roan 4 Y
Pa(q7)(qy;) +p2(a7) =2

The following constraints should hold to make sense forXhe
regional ISPs to exist. First; should be significantly different
from c;; otherwise theV; ISPs can capture the local market (un-
less regulatory laws interfere). Second, should be larger than
p1 since theN- regional ISPs pay the price difference per unit de-
mand to theV; ISPs. In our evaluations, we primarily analyze the
regional case as a single hierarchy in our evaluations diaekoof
fine grained pricing and demand data to analyze the lowes tier
the regional hierarchy.

5. TRANSIT ECONOMIC MODEL

In this section we characterize the internet beyond thedRed)i
Model into aTransit Model, where regional ISPs are connected
with each other usingransit ISPs. The transit ISPs act as intercon-
nect hubs between ISPs of different geographic locations.

A typical transit model is shown in figure 2. Létbe the fraction
of traffic flow from ISPsN; of each geographic region to the transit

Figure 2: Regional | SPsand Transit | SPs

in a region,3 is the demand per ISP in a region with fraction of
traffic f; from the transit ISP and, 8; = fiq:, wheref; is the
total fraction of traffic to/from transit ISRy is the cost per unit
quantity.

To compute the Nash equilibrium of the system, we first have to
compute the first order profit maximization function, whi@nde
obtained by differentiating (1)

apl aai aai apt 8@ o

i — — ; — =0
8qz~ &+ 8qz~ o 8qz~ 8qz~ ﬁ b 8qz~
We know that 32 = 1, 5% — f,, Adding over alli ISPs,

> piei+pi—co—piBi —pef =0
pigi + Nipi — Nico — pifigi — Nape f =0

where N, is the total number of ISPs in a region. Therefore the
first order joint profit maximization is,

)

The price values in this equation is a function oyer So, Eq. (2)
can be precisely written as,

(1 —pifl)]%—l + (p—pefi) =co
1

i) —p;(ql)fl)fv—ll + (u(q) — pe(@) f1) = co

ISPsk. We assume that peer-peer traffic between transit ISPs areThe Nash equilibrium of this system can be written as,

cost-free: the ISPs do not pay each other for the traffic mguti

between themselves. The Cournot model can be applied to each

region taking into consideration the transit ISPs to whiwytroute
the traffic. (Here, we consider only the economics of theargi
ISPs and not the transit ISPs.)

In the scenario, the profit maximization functionidf ISP in a
region is given by,

max{p;(q;)o — coa — pe(qi) P} 1)

wherep; is the price function in the region (locaj is the transit
price given to the transit ISPs by the regional ISP the demand
per ISP in a region aniy_, «; = q1, Whereg; is the total demand

Let
Aaq1) = pi(qr) — fipe(qr) (3)
so the equation reduces to,
X(Ql)](if—l +A(gq1) = co (4)
1
!/ * qf *®Y\
AN(q1) - + A1) = co (%)

Ny

This equation has the same significance as the Nash equifitori
the Regional Model. As the number of regional ISPs — oo,
Agi) = co = p = co + fipe. The market price equals the
cost price plus the transit price and there is no profit forlsie
On the other hand, ifV; = 1, then the equation characterizes a
monopolistic market model.

To understand the effect of transit ISPs on the model, we show
how transit ISP prices affect the ISPs in a geographic regitre
regional pricep; is affected by transit prices and this is shown by



(3) by,
pi(ar) = Aar) + fipe(ar) (6)

wherep;(q7) is the price function in the regior\(q7) is the price
paid by the customers in a region afith:(q7 ) is the transit price
based on the fraction of traffic between the regional ISP &ed t
transit ISP.

As bandwidth demand increases, the transit ISPs chargerhigh
prices to the regional ISPs. The regional ISPs charge lesaiginal
prices to the customers in the region due to competition atitier
regional ISPs. This reduces their profit and smaller reditBRs
go bankrupt or they are taken over by larger regional ISPs. As
fip+(q7) increases and(q;) decreasesp;(q7) will be compara-
ble (or almost equal) t¢f p«(¢7). Also, as demand for bandwidth
increases the number of ISPs increase, which causes eadb ISP
have reduced profits. This is a deviation from the Nash dayuitin
of the transit model. If demand or quantigy increases, transit
price p: increases, customer pricgq;) reduces due to regional
ISP competition, then the only way for the market to be in Nash
equilibrium is to reduce the number of ISR5 in the region. By
reducing the number of ISPs each regional ISP has a largekchu
of bandwith (or demand; ), which in turn increases the profit.

51 k-region case

In a duopoly & = 2) Cournot model, if we consider an inverse
demand functiom(q) = a — bg, witha > ¢ > 0 andb > 0, then
in Nash equilibriumg+ of each firm is“<. To include regional
ISPs and transit ISPs in the model, we extend the two firm Gxurn
model to multiple firm Cournot model. In a multiple firm segin
the inverse demand function of a firm changes to

p=a—0blg2+g+...+qn)—bq
Letg—1 = g2 + g3 + ...+ qn, therefore
p=a—bg-1—bq

The profit maximization of a firm now depends on the other firms’
output. As the number of firms increases the profit of each firm
comes closer to the cost functioand attains only marginal profit.
The cost function can be written as,

c=a—bg_1— 2bq1
Therefore at Nash equilibriung; of a firm is,

* a—c q-1

Nn= T T e
Since the firms are in equilibriuny_, can be approximated as
(N — 1)g1*. S0,q1* can be computed as,

a—¢c¢C

* _ 7

q1 N+1 (7)

Therefore forN firms the joint output quantity™ at Nash equilib-
rium is,

q = 5 )(N——H) (8)
The joint profit function is,
- « _a+Nc
p—a—bq—NJrl 9)
So, the profit per firnp7 is given by,
_ 2
pi= 0" — gt = =Dy (10)

We apply this Cournot model of multiple firms to regional ISPs
and transit ISPs and provide a relationship among them hased
the quantity produced, the fraction of traffic flow betweesnthand
the number of ISPs in each of the regions. For a two region-one
transit model, a conservation equation can be written as,

fiqr + faq2 = f3qa

where f1, f2 is the fraction of traffic flowing from the two regions
to the transit ISPsfs is the incoming fraction of traffic at the transit
region. Generalizing it ta regions,

Z fiQi = ftQt

where f; is the aggregate fraction of incoming traffic to the transit
ISPs. In Nash equilibrium condition, the equation can betemi
as,

(1)

a—cCc

M)

N; +1

K;
K; +1

PR ) 12
where K; is the number of transit ISPs. At Nash equilibrium, we
also show that the Nash price per customgr., can be writ-
ten AS:Pnash = Pregion + fpt'r'ansit: Wherepregion is the Nash
price within the geographic region assuming no transifitraind
Prransit 1S the transit price at Nash equilibrium.

We draw several important insights from these results.t,Fits
Nash equilibrium, the Nash price that a regional ISP shob&dge
is the sum of the Nash price for local connectivity and thetfeaal
Nash price for transit connectivity. In other words, if thadtion of
external traffic i), then the Nash price for connectivity is the price
for local connectivity as drawn from the regional model. Hoer,
as the fractionf increases, the Nash price should correspondingly
include the fractional price for transit connectivity. Fhpricing
structure is present in existing telephone networks whesecost
of any call is dictated by the destination of a call.

Unfortunately, the existing Internet pricing structureedanot
follow the Nash equilibrium pricing structure. For a giveentand,
as the fraction of traffic from a geographic region increases
require regional bandwidth prices increase. However, existing
bandwidth prices have steeply decreased. The only way ainret
Nash equilibrium is forN to decrease; hence some regional ISPs
may need to fail at Nash equilibrium. Hence, for a given deinan
q, as Internet traffic becomes more global, overall bandwpdites
should increase or some regional ISPs have to fail slfnificantly
increasesN can correspondingly increase.

The Nash equilibrium also sets up a relationship betwggand
fi within each region. When all other parameters are kept a con-
stant, any fluctuations ifi, have corresponding implications v .
Hence, in the absence of external fluctuatiofagy; /(INV; + 1) ex-
hibits roughly constant behavior over time. We show this um o
evaluations using real world data.

Finally, we note that the Nash equilibrium in our model can be
characterized by a set of equations with very few aggregatpe-
ters and no individual parameters corresponding to spexd#iers.
The larger the number of parameters, the harder it becomm@adgo
in values and perform meaningful empirical analysis frorohsa
model.

6. PRELIMINARY RESULTS

In practice, it is very hard to obtain accurate informatidioat
traffic demand, prices, price fluctuations,fraction of aing traffic
per geographic region and number of competing ISPs in the sam
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hierarchy within a region. We have tried our best to apprataty
infer these parameters from a variety of sources and appiy ih

the model. To measure how ISPs were performing over time, we
used a heuristic developed by Subramanian et al. [19] tsifyas
autonomous systems into a 5-tier hierarchy. Since the g&twAS
model is a heuristic, the differences between tiers are matys
clear. Consequently, instead of focusing on exactly whieha
specific AS is ranked, we will be focusing on the relative nmoeat

of the different ASes.

Our data model partitions ISPs and IP prefixes by geographic r
gion based on ASGeo Netlantis database [4]. Traffic is thiesgoa
rized by whether its source and destination are in the sagierre
producing internal traffic, or whether the source and detitin are
in different regions, producing transit traffic.

We estimate the number of ASes per regiptV; and theseV;
are further grouped into various tiers. The aggregate ¢raffir
regiong; is estimated by adding all the tier 5 ASes in that region.

The fraction of traffic per region per tigt is estimated a e

where Ny; is the number of ASes per tier in that regiotﬁ. In the
equationp’( %) +p(¢") = co, p'(¢") can also be written as
p 10)

o) and we estimate this parameter using variation in price and
quantlty observed in quantized intervals (on a monthly)agihe
price variation data is taken from OECD’s [5] broadband ipgc
data. Also, we use a linear price function to approximateptices

for years where no data is available.

6.1 Nash Equillibrium Analysis

We present our initial analysis of the Nash equillibriumdition
for the existing Internet by using estimated values of thiévidual
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Figure 5: Variation of Transit function for Tier2& 3 acrossre-
gions

parameters.

Variation of p’(t): First, we analyze the variation pf(¢) across
North America for Tier 1,2,3 providers. Here, we approxienai(t)
as the expected relative difference in price over one ydaguré€ 3
shows the variation of price difference across time in Néuther-
ica. The Tier 1, the expected price difference values vaily on
slightly. This shows the Tier 1 ISPs tend to have same profit ma
gin per customer and their only way to increase profit woulddbe
increase the quantity, thereby serving lot more lower level ISPs.
Hence, at Nash equillibrium the expected price differecefer-

1 providers is relatively small. While transit prices are readily
available online, the small set of published numbers ordiojgear

to be relatively constant. We find that the price differerfoesier

2 & 3 correlate with the OECD broadband price variations pub-
lished online [5].

Transit Model: To analyze the Nash equillibrium equation for
the transit model and computed the variatio Of fi(%5°)(5°%5)
with respect to Tier 1 and Tier 2 & 3 across reglons Iflgure 4
shows the variation of transit functiop. f; (5 ‘)(N ) with
respect to Tier 1 across regions. The varlatlon is ‘not much an
this result holds good with the Transit model for multiplePES
Hence, this validates our Nash Equillibrium equation thatquan-
tity f:V;/(N; + 1) is roughly constant over time for different ge-
ographic regions. Figure 5 shows the variation of trangitfion
with respect to Tier 2 & Tier 3. The values per region seem to
fluctuate only slightly and they correlate with the Transddal as
stated earlier.

7. CONCLUSIONS

This paper proposes a simple Cournot market based model for
analyzing the evolution of the Internet topology within aamatoss
geographic regions. The power of the model lies in the faat th
the Nash equillibrium can be characterized by few aggregate
rameters without the need for any individual parametersache
player in the system. By analyzing Internet topology datanfr
2002 to 2008, we corroborate the model and also performldetai
case studies of the rise and fall of individual ISPs acrosgghic
regions.
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