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Abstract—Peering between two networks may be either
settlement-free or paid. In order to qualify for settlement-free
peering, large Internet Service Providers (ISPs) require that peers
meet certain requirements. However, the academic literature
has not yet shown the relationship between these settlement-
free peering requirements and the value to each interconnecting
network. We develop two models to analyze the value to each
network from the most common and important requirements
in the United States. Large ISPs in the U.S. often require
potential settlement-free peers to interconnect at a minimum of
6-8 locations. We find that there is a substantial benefit from
this requirement to the ISP, but little incremental benefit from a
larger number of interconnection points. Large ISPs often require
that the ratio of incoming traffic to outgoing traffic remain
below approximately 2:1. In the case of two interconnecting
ISPs, we find that this requirement ensures a roughly equal
exchange of value. We also show that it is rational for an ISP to
agree to settlement-free peering if the content provider agrees to
interconnect at a specified minimum number of interconnection
points and to deliver a specified minimum proportion of traffic
locally, but a limit on the traffic ratio is irrational.

Index Terms—Internet Interconnection; Peering; Net Neutral-
ity

I. INTRODUCTION

N Internet Service Provider (ISP) provides the capa-

bility to transmit data to and receive data from all
or substantially all Internet endpoints. In order to provide
this Internet access service, an ISP must make arrangements
with other networks to interconnect and exchange traffic. An
interconnection arrangement is for transit service if and only
if the transit provider agrees to accept and deliver traffic to
and from the ISP, regardless of where this traffic is going
to or from. In contrast, an interconnection arrangement is for
peering if and only if each network agrees to accept and deliver
traffic with destinations in its customer cone'.

We focus on peering. Historically, peering was principally
used by Tier 1 networks. Peering may be either paid (i.e.,
one interconnecting network pays the other) or settlement-
free (i.e., without payment). The conventional wisdom is that
two Tier 1 networks agree to settlement-free peering if and
only if the two networks perceive a roughly equal exchange of
value from the peering arrangement. For example, if two Tier
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1 networks are both ISPs with similar numbers of customers
and similar size backbones, then they may perceive a roughly
equal value from the exchange of traffic with destinations in
their customer cones. Large ISPs often require that peers meet
certain requirements, including a specified minimum number
of interconnection points, a traffic ratio less than 2:1, and
symmetric routing. The conventional wisdom is that these
requirements are related to the perception of roughly equal
value, but the academic literature has not yet established such
a relationship.

More recently, it has become common for large ISPs and
large content providers or content delivery networks (CDNs)
to peer. However, there have often been disagreements be-
tween them over whether the peering arrangement should
be settlement-free or paid. Large ISPs advertise the same
settlement-free peering requirements for content providers as
for ISPs. However, large content providers do not satisfy
requirements about traffic ratios, and often are more inclined
to use non-symmetric routing. The academic literature has not
lent much insight into when settlement-free peering between
an ISP and a content provider is appropriate.

In 2013-2014, a dispute between Comcast and Netflix
over terms of interconnection went unresolved for a sub-
stantial period of time. In 2014, Netflix and a few transit
providers brought the issue to the attention of the United
States Federal Communications Commission (FCC), which
was writing updated net neutrality regulations. Some large
content providers and some large ISPs disagreed over the
appropriate requirements for settlement-free peering between
content providers and ISPs. For example, Verizon asserted that
“[i]f parties exchange roughly equal amounts of traffic ..., then
the parties may exchange traffic on a settlement-free basis”, but
that “when the traffic exchange is not roughly balanced, then
the net sending party typically makes a payment in order to
help compensate the net receiving party for its greater relative
costs to handle the other party’s traffic” [1]. In contrast, Netflix
asserted that “[traffic] [r]atio-based charges no longer make
economic sense since traffic ratios do not accurately reflect
the value that networks derive from the exchange of traffic”
[2].

The FCC discussed the dispute in the 2015 Open Internet
Order [3], and asserted oversight over such interconnection
arrangements. However, in 2018, the FCC reversed itself and
ended its oversight of interconnection arrangements, when it
repealed most of the 2015 net neutrality regulations [4]. It is
almost certain that the FCC will revisit the issue in the next
few years. Recently, the FCC noted that some stakeholders
are advocating that the FCC require content providers to pay
a fee based on download traffic that would be used to subsidize
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broadband Internet access in rural areas and for low income
consumers [5]. Such advocates are using similar arguments
that large ISPs have used to argue for paid peering.

Similarly, there are ongoing debates over paid peering in
South Korean and in Europe. South Korea requires paid
peering between ISPs interconnecting in the country, based on
the volume of traffic exchanged. These paid peering fees have
often been passed on to content providers interconnecting with
ISPs in South Korea. South Korea is also currently considering
a proposal to require content providers to pay usage fees
to ISPs based on traffic volume [6]. The European trade
association representing many of Europe’s ISPs has similarly
recently proposed that content providers should be required
to pay usage fees to ISPs based on the traffic volume [7].
European regulators, however, are worried that such usage fees
could be exploited by ISPs and are skeptical of arguments
that ISPs’ costs are not already properly covered by ISPs’
customers [8].

The focus of this paper is to relate the settlement-free peer-
ing requirements of large ISPs to the value the arrangement
brings to the ISP. We represent value in terms of an ISP’s
traffic-sensitive costs. In particular, we examine settlement-free
peering requirements on the minimum number of intercon-
nection points, the locations of these interconnection points,
limits on traffic ratios, and symmetric routing. We also wish
to understand if it is rational to apply these settlement-free
peering requirements to the interconnection between an ISP
and a content provider.

The paper is organized as follows. In Section II, we sum-
marize the settlement-free peering requirements of the ten
largest ISPs in the United States. The four largest ISPs require
interconnection at a minimum of 4 to 8 interconnection points
from specified lists, that incoming and outgoing traffic be
roughly balanced, and that the two parties use symmetric
routing. The next six largest ISPs require interconnection at a
specified minimum number of interconnection points, but often
less than 4, and may or may not require roughly balanced
traffic. We henceforth focus on the settlement-free peering
requirements of the four largest ISPs.

In Section III, we summarize the relevant research literature.
Although a number of papers discuss settlement-free peering
requirements, few analyze the relationship between these re-
quirements and network costs. The academic literature thus
provides little insight into why large ISPs impose settlement-
free peering requirements or how these requirements are
related to either the ISP’s network cost or its perception of
value.

In Section IV, we develop two models. The first model is an
analytical model in which an ISP serves the contiguous United
States with a uniformly distributed population of subscribers.
The ISP’s network consists of access networks, middle mile
networks, and a backbone, each with a regular geometry. The
second model is a numerical model in which subscribers are
distributed according to census statistics. Access networks are
based on counties, and interconnection points are chosen from
a list of the largest exchanges in the United States. Traffic
matrices are based on population, and traffic-sensitive costs
are modeled as a function of both distance and traffic volume.
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In Section V, we determine the distances on each portion of
an ISP’s network over which it carries traffic to and from an
end user. We calculate the average distance using traffic ma-
trices. We model the average traffic-sensitive cost associated
with carrying the traffic over these average distances.

In Section VI, we analyze settlement-free peering require-
ments about the number and location of interconnection points
between two ISPs using hot potato routing. We consider the
conjecture that such requirements are related to a perception
of roughly equal value. When the traffic ratio is 1:1, we
show that the ISP’s cost is a uni-modal function of the
number of interconnection points, and that there may be little
value in requiring interconnection at more than 6 Internet
Exchange Points (IXPs). The ISP’s cost is typically minimized
by selecting interconnection points that span the country and
are near population centers.

In Section VII, we analyze settlement-free peering require-
ments about traffic ratios between two ISPs using hot potato
routing. Large ISPs require that the ratio of downstream to
upstream traffic not exceed a specified threshold. We consider
the conjecture that this requirement is related to a perception of
roughly equal value. The traffic ratio determines the trade-off
between the downstream and upstream costs. We show that for
traffic ratios above 2:1, the variation in the downstream cost
with the number of IXPs dominates, and it is rational for the
ISP not to agree to settlement-free peering. When traffic ratios
are at or below 2:1, we estimate that requiring interconnection
at more than 8 interconnection points is of little incremental
value.

In Section VIII, we analyze interconnection between a large
content provider and an ISP. Large ISPs have often asserted
that content providers should meet the same settlement-free
peering requirements on the number of interconnection points
and the traffic ratio as do ISPs in order to qualify for
settlement-free peering. However, it is not clear the degree to
which the settlement-free peering requirements between two
ISPs should apply to interconnection between a large content
provider and an ISP. We first consider a content provider that
does not replicate its content and delivers traffic using hot
potato routing. We show that the ISP has little incentive to
engage in settlement-free peering. We next consider a content
provider that replicates all of its content at peering points and
delivers 100% of traffic to the ISP locally. We show that it
is rational for an ISP to agree to settlement-free peering, if
the content provider agrees to interconnect at a minimum of
9 IXPs. Finally, we consider a content provider that hosts
a content server at peering points, but that replicates only a
portion of this content on each of these servers. We show that
it is rational for an ISP to agree to settlement-free peering,
if the content provider agrees to interconnect at a specified
minimum number of interconnection points and to deliver a
specified minimum proportion of traffic locally. However, we
show that a limit on the traffic ratio is not rational.

A portion of the results in this paper were previously
presented in [9] and [10]. The analytical model was introduced
in [9] and the numerical model was introduced in [10]. This
paper includes both models and compares the results obtained
from each. In addition, this paper includes several extensions,
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including an analysis of multiple cost ratios, an analysis of the
effect of the traffic ratio on cost using the analytical model,
and an analysis of full content replication and no content
replication.

II. SETTLEMENT-FREE INTERCONNECTION POLICIES

We studied the settlement-free peering policies® of the ten
largest ISPs in the United States [11]-[20]. Table I summarizes
the most relevant requirements® of these policies.

The column labeled “subscribers” gives an estimate of the
number of subscribers of each ISP in 2021 [21], as settlement-
free peering policies differ with the number of subscribers.

The column labeled “peering inclination” indicates the ISP’s
predisposition towards or against peering, as noted by Peer-
ingDB [22]. The four largest ISPs (Comcast, Charter, AT&T,
and Verizon) are either selective (i.e., have moderate require-
ments) or restrictive (i.e., have strong requirements). The next
four largest ISPs (Cox, CenturyLink*, Altice, and Frontier)
are selective. The ninth and tenth largest ISPs (Mediacom and
TDS Telecom) are open (i.e., have low requirements).

One of the most common requirements in settlement-free
peering policies is a minimum number of mutually agreeable
locations at which the two parties will agree to interconnect.
Tier 1 ISPs typically interconnect in at least 8 of the 10 largest
Internet Exchange Point (IXPs), as shown in the first ten rows
of Table II. In this paper, we use the term IXP to refer to
any interconnection point where ISPs and network operators
exchange traffic. While the term IXP is sometimes used to
refer to neutral third-party operated exchange points, we use
it more broadly to encompass all types of interconnection
points. The four largest ISPs each require interconnection at a
minimum of 4 to 8 IXPs (see the column labeled “minimum
number of IXPs” in Table I). The next four largest ISPs are
varied in their characteristics. CenturyLink’s and Frontier’s
backbone networks likely qualify them as Tier 1 networks,
but they have significantly fewer subscribers than do the four
largest ISPs. Cox’s and Altice’s backbone networks likely
qualify them as Tier 2 networks. These four moderate-size
ISPs require interconnection at a minimum of 2 to 6 IXPs. The
ninth and tenth largest ISPs do not specify a minimum number.
Amongst ISP that do specify a minimum number of mutually
agreeable locations, most also require that these IXPs must
be chosen from ISP-specified lists (see the column labeled
“number of IXPs in ISP-specified list” in Table I), and often
require that the chosen IXPs be geographically diverse.

Another common requirement in settlement-free peering
policies is the minimum amount of traffic to be exchanged
between the two networks. The three largest ISPs specify a
minimum of 20 or 30 Gbps in the dominant direction (see
the column labeled “minimum traffic volume” in Table I).

20ften settlement-free peering policies are called settlement-free intercon-
nection policies.

3However, meeting the requirements of a settlement-free peering policy is
not a guarantee that the ISP will agree to peer on a settlement-free basis;
instead, it is typically viewed as the minimum requirements to start a more
detailed discussion with the ISP.

4Throughout this paper, we consider CenturyLink as it was circa 2019. In
2020, it changed its name to Lumen, and it is currently attempting to sell a
substantial portion of its business.
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Smaller ISPs generally specify lower traffic volume thresholds,
if they have such a requirement. In addition, settlement-free
peering policies often require an approximate balance between
incoming and outgoing traffic. Some (e.g., AT&T and Verizon)
require that the ratio of incoming traffic volume to outgoing
traffic volume not exceed a specified threshold. Others (e.g.,
Comcast) do not specify a maximum traffic ratio, but instead
state the exchanged traffic should be in general balance’.

Finally, settlement-free peering policies almost always have
requirements about routing policies. Some ISPs (e.g., Charter
and Verizon) require both parties to use hot potato routing®,
while other ISPs (e.g., Comcast and AT&T) only require that
the two parties either both use hot potato or both use cold
potato routing.

In the remainder of this paper, we focus on the settlement-
free peering requirements of the four largest ISPs.

III. RESEARCH LITERATURE

Although there are many papers in the academic literature
that consider various aspects of peering, there are few that
analyze the common requirements of settlement-free peering
policies, and fewer yet that attempt to relate these requirements
to the value of the peering agreement to each interconnecting
network.

PeeringDB is a database where ISPs (and other network
operators) can provide information about the interconnection
of their networks [22]. Lodhi et al. [23] studied PeeringDB
data. They found that the volume of traffic that an ISP carries
on its network is positively correlated with the number of IXPs
at which it interconnects, i.e., large ISPs interconnect at many
IXPs, and that ISPs with large traffic volumes and a large
number of subscribers are more likely to be classified by Peer-
ingDB as having a selective or restrictive peering inclination.
However, they did not analyze the particular requirements in
settlement-free peering policies (e.g., the minimum number of
IXPs or the traffic ratio), instead relying on PeeringDB’s more
coarse classification of peering inclination (i.e., restrictive,
selective, or open). We have not found any academic papers
that do. The closest may be Johari and Tsitsiklis [24], who
discuss the selection of IXPs in a few networks with idealized
and regular topologies.

There is some work that discusses the presence of traffic
ratio requirements in settlement-free peering policies. Faratin
et al. [25] noted that already by 2007 large ISPs often included
traffic ratio requirements in their settlement-free peering poli-
cies, and that such a requirement impacts the relative costs
of the two interconnecting networks when using hot potato
routing. However, they did not analyze how traffic ratios affect
the costs of each party. Dhamdhere et al. [26] constructed a
model of ISP revenue and costs and used the model to compare
peering policies that maximize profit to those with traffic ratio
requirements. However, they did not analyze the effect of the

SFor example, Comcast requires that “[a]pplicant must maintain a traffic
scale between its network and Comcast that enables a general balance of
inbound versus outbound traffic. The network cost burden for carrying traffic
between networks shall be similar to justify SFL” [11].

The settlement-free peering policies commonly use the term “shortest-exit
routing”.
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TABLE I: Settlement-free peering requirements of the ten largest ISPs in the United States

ISP Subscribers Peering Minimum Number of Minimum Traffic Ratio Routing
Inclination | Number of IXPs | IXPs in ISP- | Traffic Volume
Specified List
Comcast 31,901,000 Selective 4 12 20 Gbps Balanced | Common Policy
Charter 30,089,000 Selective 6-8 15 30 Gbps - Hot Potato
AT&T 15,504,000 Selective 6 12 30 Gbps 2:1 Common Policy
Verizon 7,365,000 Restrictive 8 - 12 Gbps 1.8:1 Hot Potato
Cox 5,530,000 Selective 2 15 1 Gbps Balanced | Common Policy
CenturyLink | 4,519,000 Selective 6 10 10 Gbps 1.5:1 Common Policy
Altice 4,386,200 Selective 2 - 0.1 Gbps 1.8:1 Hot Potato
Frontier 2,799,000 Selective 3 6 - - Hot Potato
Mediacom 1,463,000 Open - 5 5 Gbps - Common Policy
TDS Telecom | 526,000 Open - 9 - - -
TABLE II: The largest IXPs at which some ISPs interconnect
List of Major Comcast Charter AT&T Verizon Cox Latitude Longitude
U.S. IXPs
Ashburn J J J J J 39.0438°N 77.4874°W
Chicago J J J J J 41.8781°N 87.6298° W
Dallas J J J J J 32.7767°N 96.7970° W
San Jose J J J J J 37.3382°N 121.8863° W
Los Angeles J J J J J 34.0522° N 118.2437° W
New York J J J J J 40.7128°N 74.0060° W
Seattle J J J J 47.6062° N 122.3321°W
Miami J J J J 25.7617°N 80.1918° W
Atlanta J J J J 33.7490°N 84.3880° W
Denver J J J 39.7392°N 104.9903° W
Boston J J 42.3601°N 71.0589° W
Minneapolis J 44.9778 N 93.2650° W

traffic ratio upon costs, and thus were not concerned with
relating traffic ratio requirements to the value of the peering
agreement to the ISP.

Indeed, there is some work that is skeptical that traffic ratios
relate to the benefits to each interconnecting party. Zarchy et
al. [27] asserted that traffic ratio requirements do not have any
relevance to the economic benefits of interconnection for each
party, and that an ISP’s profit may be increased by examining
the benefit of each potential interconnection partner and of the
potential locations of interconnection.

In addition, there is some work that points out that traffic
ratio requirements are not directly relevant to the case in which
an ISP interconnects with a content provider or CDN. Clark
et al. [28] discussed how interconnection between a content
provider and an ISP differs from the interconnection between
two ISPs. They suggest a simple model of interconnection
between a content provider and an ISP, and use this model
to consider settlement-free peering and paid peering. In the
case of paid peering, they suggest that payment may be based
either on bargaining power or on traffic ratio, but point out that
traffic ratio may not be an accurate representation of benefit.
However, they do not analyze the effect of the number of
interconnection points nor the effect of routing upon an ISP’s
costs.

There are also some papers that model the benefits and
costs of peering between a CDN and an ISP. Patchala et
al. [29] analyzed the economics of direct peering arrange-
ments between a content provider and an ISP as well as
peering between a CDN and an ISP. They also analyzed how
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sending traffic through a CDN improves quality of service
for end-users compared with sending traffic through transit
providers. Lee et al. [30] analyzed the effects of CDNs on
content providers and ISPs in the context of Internet traffic
delivery. The authors modeled the CDN as a business-to-
business platform that provides caching and other services
between content providers and ISPs. While this paper does not
directly address the topic of peering requirements, it provides
important insights into the effects of CDN-mediated delivery
on content providers and ISPs and highlights the importance
of considering the impact of interconnection decisions on
different parties in the network. Chang et al. [31] proposed
benefit-based and cost-based frameworks for interconnection
decisions by ISPs. They suggest that large ISPs choose peers
based on their geographic scope and number of customers,
and the traffic ratio. Agyapong and Sirbu [32] examined the
relationship between ISPs and CDNs and proposed a model of
how routing or interconnection choices might influence total
costs and potential payment flows. However, neither paper
considers the number or location of interconnection points, nor
routing, and neither paper justifies traffic ratio requirements.

As a result, the academic literature provides limited insight
into how to judge disputes between ISPs and content providers
over interconnection.

IV. MODEL

In this section, we develop two models that will enable
our analysis of settlement-free peering policies. The analysis,
presented in later sections, examines the effect of routing poli-
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cies, the number of IXPs at which interconnecting networks
meet, and the traffic ratio between interconnecting networks on
network cost. Thus, both models focus on the characteristics
that we believe are most critical to this analysis, and abstract
other less critical characteristics.’

The analytical model is designed to foster closed-form anal-
ysis. It makes very simplistic assumptions. An Internet Service
Provider (ISP) is assumed to serve the United States, which is
simplistically modeled as a rectangular region. Interconnection
points (IXPs) are assumed to be equally spaced throughout the
region. The network is partitioned into a backbone network,
middle mile networks, and access networks, each of which
is similarly uniform in shape. The population is assumed to
be uniformly distributed. Traffic matrices are built using these
assumptions.

The numerical model is designed to reflect key characteris-
tics of the United States. Although an ISP is still assumed to
serve the United States, we now consider the actual geography
of the contiguous United States. We consider the actual
geographic location of the largest IXPs in the United States.
Middle mile and access networks are modeled based on the
U.S. counties. The density of the population is drawn from
U.S. census statistics.

Although the numerical model is a more accurate represen-
tation of topologies in the United States, the analytical model
also adds value to the analysis. The analytical model provides
a simpler and more general understanding of the peering
policies, allowing for closed-form expressions to be derived for
the cost model in situations where numerical simulations are
difficult due to lack of public data. Additionally, the analytical
model serves as a validation tool for the numerical model by
identifying potential discrepancies or errors.

Subsection IV-A introduces the topology of an ISP’s U.S.
network. Subsection IV-B develops the traffic matrices over
this network. To help readers easily refer to the symbols used
in this paper, we provide a glossary of symbols in Table III.
This table includes all the symbols used in the paper and their
corresponding descriptions. Throughout the paper, we use the
subscript 1 to denote variables pertaining to the analytical
model, the subscript 2 to denote variables pertaining to the
numerical model, the subscript down to denote downstream
traffic, the subscript up to denote upstream traffic, the subscript
cp to denote the content provider, the superscript hot to denote
hot potato routing, the superscript cold to denote cold potato
routing, the superscript no to denote no content replication,
the superscript full to denote full content replication, and the
superscript partial to denote partial content replication.

Table IV also shows a parameterization comparison between
the numerical and analytical models.

"However, outside the United States, other models may be more appropriate
given differences in network topology. While the trends identified in this paper
are likely to be similar in a qualitative way, the specific results may differ
quantitatively. In addition, it should be noted that the terminology used in the
paper (access, middle mile, and backbone) may not be applicable in other
regions. For example, in Europe, a different terminology may be used, and
the relative importance of different parts of the network (such as access and
middle mile) may be different.
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TABLE III: Glossary of Symbols

Symbol Description

A1(j,k) Geographical center of access network 7, k

Az(7) Geographical center of access network j

Access1(j, k)  Geographical region of access network j, k
Accessa(j) Geographical region of access network j

a Distance from west to east of access networks

b Distance from south to north of access networks

C Variable portion of the ISP’s traffic-sensitive cost

c® Cost per unit distance and volume in access network

cb Cost per unit distance and volume in backbone network
cm Cost per unit distance and volume in middle mile network
De Distance on ISP’s access network

Db Distance on ISP’s backbone network

D™ Distance on ISP’s middle mile network

ED?® Average distance on ISP’s access network

EDP Average distance on ISP’s backbone network

ED™ Average distance on ISP’s middle mile network

P The IXP at location I.X PP

IXP(i) Location of IXP ¢

IXPpP* Location of the IXP closest to the end user

IXPP Location of the IXP at which traffic enters/exits the ISP

1 Set of locations of the IXPs

v Set of N IXPs at which the ISP agrees to peer

L Distance from west to east of the United States

N Number of IXPs at which the ISP agrees to peer

p Population of the contiguous United States

P(j,k) Probability that an end user resides in access network (j, k)
D; Population of the county associated with access network j
r Ratio of downstream traffic to upstream traffic
R(IXP(7)) Geographical region of IXP 7’s access networks

8 Size of county j

S Traffic source’s location

U End user’s location

Us ISP’s service region

14 The volume of traffic

w Distance from south to north of the United States

TABLE IV: Parameterization Comparison between Analytical
and Numerical Models

Parameters Analytical Numerical

ISP’s service region
IXP Locations

Rectangular US
Equally spaced

Contiguous US
Actual locations

Access Network Topology ~ Uniform Modeled by county
Population Distribution Uniform U.S. census
Distribution of sources Uniform County population
Distribution of end users Uniform County population
Calculation of distances Euclidean Great-circle

A. Topology

The topology of an ISP’s U.S. network consists of a model
of the ISP’s service territory, the location of IXPs, and a model
of segments of the network.

1) Service Territory: While most ISPs do not offer res-
idential broadband Internet access service over the entire
contiguous United States, we see little in their settlement-
free peering policies that are specific to their service territory
other than a subset of the IXPs at which they peer that are
concentrated near their service territory. Thus, in both the
analytical and numerical model, we focus on a single ISP
whose service territory covers the contiguous United States.

In the analytical model, the ISP’s service region is sim-
plistically modeled as a rectangular abstraction US; of the
contiguous United States, measuring L = 2800 miles from
west to east and W = 1582 miles from south to north [33].
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We use a coordinate system (x,y) centered on this rectangle,
ie.

272 272 M

In the numerical model, the ISP’s service region is modeled
as the contiguous United States, denoted U.Ss, using real
geographical data of its boundaries. We use a coordinate
system with x and y measured in degrees of longitude and
latitude, respectively.

Throughout the paper, we use the subscript 1 to denote
variables pertaining to the analytical model, and the subscript
2 to denote variables pertaining to the numerical model.

2) Location of IXPs: In the analytical model, we focus
on the interconnection between the ISP and a single inter-
connecting network (e.g., another ISP or a content provider).
We denote by N the number of IXPs at which the ISP and
the interconnecting network agree to peer. We denote the
location of IXP i (i € I = {1,...,N}) by IXP;(i). We
simplistically assume that these N IXPs are located at the
middle latitude y = 0 and at equally spaced longitudes =z, i.e.

L L2i-1)
_2+2N’0>

We denote the set of locations of the IXPs at which the
ISP interconnects with this interconnecting network by I} =
{IXPy(i),i €N}

In the numerical model, we use the actual geographic
locations of the M = 12 largest IXPs in the United States,
listed in Table II [34]-[39]. The coordinates of these M IXPs
are denoted by IX Py(i) i (i = 1,..., M), and the set of these
IXPs are denoted by 737,

We note that the largest ISPs in the United States (Comcast,
Charter, AT&T, and Verizon) each interconnect at a minimum
of 9 of these 12 IXPs, although a smaller ISP (Cox) intercon-
nects at fewer IXPs; see Table II.

An ISP and an interconnecting network often agree to
interconnect at a smaller number N < M of IXPs. We denote
the set of N IXPs at which they agree to interconnect as
I C{1,..., M}, and we denote the set of locations of these
IXPs by I = {IXP,(i),i € 1Y} C I},

3) Backbone Network, Middle Mile Networks, and Access
Networks: We model the ISP’s network as partitioned into a
single backbone network, multiple middle mile networks, and
multiple access networks.

In the analytical model, we simplistically model each access
network as a rectangle of size a miles from west to east and
b miles from south to north. We index the access networks
from west to east (j) and from south to north (k), so that a
particular access network is referred to by the pair of indices
(j,k),where j =1,...,L/a,and k =1, ..., W/b. We denote
by Accessi(j,k) the geographical region of access network
(4, k). We denote the location of the geographical center of
access network (7, k) by

L 25 —1 W 2k —1)b
Ai(j, k) = (_2+(]2)a7_2+(2)> 3)

A middle mile link is assumed to run from the geographical
center of each access network (j, k) to the closest IXP, and

o[£ 1]

IXP(i) = ( )
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Fig. 1: Topology of an ISP’s network

points of presence connect the middle mile networks with their
corresponding access networks.

The backbone network is assumed to connect all of the IXPs
at which the ISP is present. The IXPs thus serve both to offer
interconnection between the ISP and other networks and to
route traffic across the ISP’s backbone network.

The IXPs can be used to partition the ISP’s service territory
into a set of regions closest to each IXP. In the analytical
model, denote by Ry (/X P;(i)) the geographical region that
consists of the union of access networks for which the closest
interconnection point is IXP ¢, namely

Ri(IX Py(i)) = U

(k) A1 Gk)—IX P1(3)| <
AL (k) —IX Py ()| Vi’ €LY

Accessy(j, k) (4)

Figure 1(a) illustrates these regions for the analytical model.
Since the analytical model has a regular topology, each region
is simply a rectangle:

. L (i—-1)L L L w W
BlXAE) = [‘2 L A N] . [‘z’ zj
®)

In the numerical model, we model each access network
as spanning a single U.S. county. While we recognize that
topologies of access networks differ widely, this assumption
will not significantly affect the results in this paper, since
differences in network costs between various forms of peering
depend more critically on the number of interconnection points
than on the topologies of access networks. We index the access
networks in an arbitrary order by j. We denote by Accessa ()
the geographical region of access network j, and we denote
by As(j) the location of the geographical center of access
network j. These locations are assigned to be the longitudes
and latitudes of the center of each county in the contiguous
United States [40].

In the numerical model, consider an ISP and an intercon-
necting network that agree to interconnect at the N IXPs
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15 C {1,...,M}. For i € 1, denote by RY(IXP5(i))
the geographical region that consists of the union of access
networks for which the closest IXP at which the ISP and the
interconnecting network agree to peer is IXP ¢, namely

RY(IXPy(i)) = U
i 1A ()~ IXPo()] <
142 ()~ I X Py (") vi' €1

Accessa(j)  (6)

Figure 1(b) roughly illustrates these regions when the ISP
and an interconnecting network agree to interconnect all 12
IXPs.? (We will discuss the case when N = 8 below.)

B. Traffic Matrices

We now turn to modeling the traffic matrices over the ISP’s
network.

1) Distribution of Sources and End Users: The locations
of end users of the ISP are represented by a probability
distribution over the ISP’s service territory. We decompose
this distribution into (a) a distribution of the number of end
users in each access network and (b) for each access network,
the distribution of end users within the access network.

In the analytical model, we denote the probability that an
end user resides within access network (j, k) by P;(j, k). We
simply assume that end users are uniformly distributed across
access networks, i.e. Pi(j,k) = ab/LW. We also simply
assume that end users are uniformly distributed within each
access network.

In the numerical model, we denote the probability that an
end user resides within access network j by P»(j). We assume
that end users are distributed across access networks according
to the population of the county associated with the access
network. We denote the population of the county associated
with access network j by p;, and we denote by p =3, p(;j)
the population of the contiguous United States. We assign
these values using U.S. census data [41]. It follows that
P5(j) = pj/p. We further assume that end users are uniformly
distributed within each access network, and we denote the size
of county j by s; [42].

We focus here on downstream traffic that originates outside
the ISP’s network and terminates at an end user on the ISP’s
network. Denote the source’s location by S and the end user by
U. We consider two cases. When we consider interconnection
between the ISP and another ISP (which we call the ISP-ISP
case), the source S is on the other ISP’s network. When we
consider the interconnection between the ISP and a content
provider (which we call the CP-ISP case), the source S may
be at an IXP at which the content provider has a server. We
consider the ISP-ISP case here, and we consider the CP-ISP
case in Section VIIIL.

In the analytical model for the ISP-ISP case, we assume that
the distribution of the source S is identical to the distribution
of end users, which is jointly given by {P;(j, k)} and the uni-
form distribution of end users within each access network. We
assume that the source S and the end user U are independent.

81n the figure, the partition of the regions is only roughly illustrated. More
precisely, they should follow county boundaries.
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In the numerical model for the ISP-ISP case, we make
similar assumptions, i.e. that the distributions of .S and U are
both jointly given by {P5(j)} and the uniform distribution of
end users within each access network, and that S and U are
independent.

2) Routes: In the analysis below, we distinguish between
several points along traffic routes. We continue to focus on
downstream traffic that originates outside the ISP’s network
and terminates at an end user on the ISP’s network. Along the
route from the source S to the end user U, denote the location
of the IXP at which downstream traffic enters the ISP’s
network with hot potato routing by I.X P}, (;Z‘;f, the location of
the IXP at which downstream traffic enters the ISP’s network
with cold potato routing by X P2°! "and the location of
the IXP closest to the end user by I X P“. These points are
illustrated in Figure 1.

The ISP offers a portion of the route from a source S to
an end user U. It carries traffic on its backbone from the IXP
at which traffic enters the ISP’s network (IX P} ) to the
IXP closest to the end user (/ X P“), and it carries traffic on a
middle mile network and access network from the IXP closest
to the end user (/X P") to the end user (U). The portion
of the route on the ISP’s network thus depends on the joint
distribution of (IXP, ~~IXP" U).

First, consider the analytical model. The end user U is
uniformly distributed in U.Sy, as discussed above. The IXP
closest to the end user is a deterministic function of U, namely
IXPy' = (g'|U € Ri(g')).

However, the IXP at which downstream traffic enters the
ISP’s network (I X Pﬁ down) depends on the routing policy.
If the ISP and the interconnecting network use hot potato
routing, then the IXP at which downstream traffic enters the
ISP’s network is independent of the end user, and it is the IXP
closest to the source, i.e. IXPII’)’C%;ZH = (g| S € R1(g)). Since

end users are assumed to be uniformly distributed across the
contiguous U.S., IX PP"! s also uniformly distributed:

1,down

_ 1
—g) = Pi(j k)=~ ()
Access1(j,k)CR1(g)

P(IX PPhot
( N

1,down

In contrast, if the ISP and the interconnecting network use
cold potato routing, then the IXP at which downstream traffic
enters the ISP’s network is no longer independent of the end
user, and it is the IXP closest to the end user, i.e. I X Py cold
IX P

In the ISP-ISP case, there is also upstream traffic. The routes
and distributions are similar, but inverted. If the ISP and the
interconnecting network use hot potato routing, then the IXP
at which upstream traffic enters the interconnecting network
is the IXP closest to the end user, i.e. IXPﬁf;t = IXPq
If the ISP and the interconnecting network use cold potato
routing, then the IXP at which upstream traffic enters the
interconnecting network is independent of the end user and
follows a distribution similar to (7).

We turn next to the numerical model. The access network
of the end user is distributed according to { P»(j)} and the end
user U is uniformly distributed within the access network, as
discussed above. The IXP closest to the end user is a deter-
ministic function of U, namely IX Py = (¢'|U € R} (¢')).
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However, the IXP at which downstream traffic enters the
ISP’s network (1 X P; down.) depends on both the routing policy
and the IXPs at which they agree to interconnect. Consider an
ISP and an interconnecting network that agree to interconnect
at the N IXPs in I)V. If the ISP and the interconnecting
network use hot potato routing, then the IXP at which
downstream traffic enters the ISP’s network (/X PJ ’dhoojm) is
independent of the end user, and it is the IXP closest to
the source among the IXPs at which they agree to peer, i.e.
IXP;;OO,LH = (g| S € RY(g)). For example, suppose S is
in Maine and U is in Imperial county, California. Then, as
illustrated in Figure 1(b), IX P"° might be in New York (if
the two networks do not agree to peer in Boston) and I X Py is

in Los Angeles. Since end users are assumed to be distributed

according to U.S. county population statistics, I.X Py goozm is
distributed as:
,ho ]
Access2(j)CRY (g)
1 ’ _ ®)
== > pl)

p Accessz(j)CRY (g)

In contrast, if the ISP and the interconnecting network
use cold potato routing, then the IXP at which downstream
traffic enters the ISP’s network (/X P; ’;sqludn) is no longer
independent of the end user, and it is the IXP closest to the end
user at which they agree to peer, i.e. IXP; wold — (g|U
RY (g)). For example, suppose S is in Maine and U is in
Imperial county, California. Then, as illustrated in Figure 1(b),
IXPy ggfn might be in San Jose (if the two networks do not
agree to peer in Los Angeles) and /X P3' is in Los Angeles.

For upstream traffic in the numerical model, the routes and
distributions are again similar, but inverted. If the ISP and the
interconnecting network use hot potato routing, then the IXP
at which upstream traffic enters the interconnecting network
is the IXP closest to the end user at which they agree to
peer, ie. IXPyu' = (g|U € RY(g)). If the ISP and the
interconnecting network use cold potato routing, then the IXP
at which upstream traffic enters the interconnecting network is
independent of the end user and follows a distribution similar

to (8).

V. TRAFFIC-SENSITIVE COSTS

Although we know that an ISP’s traffic-sensitive cost is a
complicated function of the topology of the network, to make
the analysis tractable, we abstract the network geographically
into three non-overlapping sections: backbone, middle mile,
and access. We define the backbone network as the set of
links between IXPs. We define the middle mile networks as
the set of links between the geographical center of each access
network and the closest IXP. We define the access networks
as the set of links that connect the middle mile networks to
end users.

In this section, we first determine the distances on each
portion of its network that an ISP carries traffic from a source
to an end user. We next calculate the average distance using the
traffic matrices above. Finally, we model the traffic-sensitive
cost associated with carrying the traffic over these average
distances.
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A. Distances

We first determine distances in the analytical model. We
continue to focus on downstream traffic that originates outside
the ISP’s network and terminates at an end user on the ISP’s
network. The distances on each section on the ISP’s network
depend on the joint distribution of (IXPY ;... X P, U).
All distances in the analytical model are Euclidean distances
between the corresponding points on a plane.

The distance on the ISP’s backbone network is a function
of the location of the IXP at which downstream traffic enters
the ISP’s network (IX P/ ;,,,,) and the location of the IXP
closest to the end user (/XP}*). We denote the distance
on the ISP’s backbone network between these two IXPs by
Dy (IXx PP IXP!") = |IXP} ,,.n—IXP!|. Denote by

1,down’
iP the IXP at location IX P? ie. i =i|(IXP! ;00 =

1,down?
IXPi(i)), and denote by ¢* the IXP at location /X P, i.e.
% = i|(IX Pt = IXPi(i)). The distance between two IXPs
can be determined by their locations given in (2):

DY(IXPP

1,down>

L
IXP) = sl =] ©)

The distance on the ISP’s middle mile network is a function
of the location of the IXP closest to the end user (I XP[")
and the location of the access network on which the end user
(U) resides. We denote the distance on the ISP’s middle mile
network between these two locations by D"(IXPY,U) =
IIX P —Aqi(j, k)|, where U € Ri(IXP*) and (5,k) | (U €
Accessi(j,k)). The distance can be determined by the loca-
tions of the IXP and the access network, given in (2)-(3):

DyMIXP}U) =

\/(L(Zz;;v N (2j21)a>2+ <_I/;/ N (Qk; 1)b>2

(10)

where U € Ri(IXP}) and (j,k) | (U € Access1(j,k)).

The distance on the ISP’s access network is a function of
the location of the end user. We denote the distance on the
ISP’s access network by D$(U) = ||Ai(j,k) — Ul|, where
(4, k)| (U € Accessi(j,k)). The distance can be determined
by the location of end user within the access network.

The distances in the numerical model can be similarly
represented as DS(IXPY,  IXPy) = |IXP}, . —
IXPY|, DF(IXP,U) = |[IXPy — Aa(j)|| (where U €
RM(IXPg)), and D(U) = ||A2(j) — U||, where j| (U €
Accessa(7)). All distances in the numerical model are great-
circle distances between the corresponding points on a sphere,
and are calculated using the Haversine formula. However, there
are no closed form formulae for these distances.

B. Average Distances

An ISP’s traffic-sensitive cost depends on the average dis-
tance of traffic on each segment of its network. As discussed
above, the distances on each section of the ISP’s network
depend on the joint distribution of (/X PP IXP" U). This
joint distribution was given in Section IV-B for both models,
separately for hot potato routing and for cold potato routing.

We first determine average distances in the analytical model.
We continue to focus on downstream traffic that originates
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outside the ISP’s network and terminates at an end user on the
ISP’s network. The distance on the ISP’s backbone network is
a function of (IXPY} ,,,,,, [XP}'). When hot potato routing
is used, the IXP at which downstream traffic enters the ISP’s
network (IX P} ’(?Oolfm) is independent of the end user and thus
independent of the IXP closest to the end user (/X P*). Thus,
the average distance on the ISP’s backbone network is:
E Db,hot

1,down —
Jh
Z Z D?(gﬂg/)P(IXpﬁdoiZn
g€l g’ely

= g)P(IXP! =g) (D

The distance D%(g,g’) is given in closed form in (9). The
probability distribution of IX P} ot s given in (7), and
the probability distribution of I X P}* is similarly uniformly
distributed. We can use these results to give a closed-form
expression:

Theorem 1:

L(N-1)(N+1)

b,hot

ED 1,down — 3 N2

The proof can be found in the Appendix.
When cold potato routing is used, the IXP at which down-

stream traffic enters the ISP’s network (I.X PP°' ) is the IXP

1,down
closest to the end user, i.e. IX P} ;(fiil = [ X P¥. Thus, the

ISP does not carry traffic across its backbone, i.e.

EDb,cold -0

1,down

12)

13)

The distance on the ISP’s middle mile network is a function
of (IXPj,U). It is independent of the routing policy, and the
average distance is:

2. 2

g'€l A1(j,k)CR1(g")

EDY" = D' (g', Av(5, k) Pr(j, k) (14)
The distance D (¢’, A1(j,k)) is given in closed form in (10).
Also, Pi(j,k) = ab/LW. We can use these results to give a
closed form expression:

Theorem 2:

EDT =

w L
abN <~ X (2j —1a— £
B (2

2
fv> <(2k1)bW>2
L U
k=1 j=1

5)
The proof can be found in the Appendix.
The distance on the ISP’s access network is a function of U.
It is also independent of the routing policy. Since end users
are uniformly distributed between access networks and also
within each access network, the average distance is:

a b
1 a b
EDS = 7)/2 / Va2 + 2 dy dz (16)
a _a J_b
2 2
It can be shown that:
Theorem 3:
EDY =
(17)

b a
3 1100 3 1p-12 2 1 12
T2ab {a sinh (a) + b’sinh (b) + 2abv/a? + b

The proof can be found in the Appendix.
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We next determine average distances in the numerical
model. We continue to focus on downstream traffic that
originates outside the ISP’s network and terminates at an end
user on the ISP’s network. The distance on the ISP’s backbone
network is a function of (IXPJ ;... [XP5).

As in the analytical model, when hot potato routing is
used, the IXP at which downstream traffic enters the ISP’s
network (X Pj ’C?O(Zm) is independent of the end user and
thus independent of the IXP closest to the end user (/X P3').
However, whereas in the analytical model the IXP at which
downstream traffic enters the ISP’s network depends only on
the routing policy, in the numerical model it also depends on
the IXPs at which they agree to interconnect. Consider an ISP
and an interconnecting network that agree to interconnect at
the N IXPs in I¥. The average distance on the ISP’s backbone

network is:
EDb,hot

2,down =
> > Di(g.d)PUXPL,

g€l g'el}’

=g)PUIXP =)

(18)
The probability distribution of 1X P} foolfm was given in (8).
The probability distribution of I.X P3* can be similarly repre-

sented as:

P(IXPy =g') = > Py (j)
Accessz(j)CRY (g
| 2(4) 21 (9") (19)
= - > p(j)

Access2(j)CRY (")

When cold potato routing is used, the IXP at which down-
stream traffic enters the ISP’s network (I X Pg ’j;’fudn) is the
IXP closest to the end user at which they agree to peer. In
addition, X P ’jgifln is no longer independent of 7 X P¥. Since
they might not agree to peer at all IXPs, the ISP might still
carry traffic across a portion of its backbone, namely from
IX PP o X Py, and the average such distance is:

2,down
b,cold u

EDy, = 37 Dilglg' € By (9),9)PUXPy =)
g€y’

2,down

(20)

The distance on the ISP’s middle mile network is a function

of (X P, U). It is independent of the routing policy, and the
average distance is:

D VDS

g'€I} A2(j)CRY (9')

D3'(g', A2(7))P2(j) 2D

The distance on the ISP’s access network is a function of
U. It is also independent of the routing policy. Since end users
are uniformly distributed within each access network, but not
between access networks, the average distance is:

a pj / a
ED: =N Li DI(U)
2 zj: PSj JUeAccesss(j) ?

(22)

C. Cost

The ISP incurs a traffic-sensitive cost for carrying traffic
over the average distances calculated in the previous subsec-
tion. We only consider here traffic-sensitive costs, because
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non-traffic-sensitive costs do not vary with routing policies,
the number of interconnection points, or traffic ratio.’

Traffic-sensitive costs are a function of both distance and
traffic volume. We assume here that traffic-sensitive costs
are linearly proportional to the average distance over which
the traffic is carried on each portion of the ISP’s network,
see e.g., [43]. We also assume that traffic-sensitive costs are
linearly proportional to the average volume of traffic that an
ISP carries on each portion of its network. Although the cost
might be an increasing concave function of traffic volume (or
a piecewise constant function), the linear model will suffice
for our analysis.

We model the cost per unit distance and per unit volume
differently on the backbone network, the middle mile net-
works, and the access networks. Denote the cost per unit
distance and per unit volume in the backbone network by
c®, the cost per unit distance and per unit volume in the
middle mile networks by ¢, and the cost per unit distance
and per unit volume in the access network by ¢®. Denote the
volume of traffic by V. The ISP’s traffic-sensitive cost is thus
\% (chDb +cMED™ 4 caED“).

In the analysis below, we fix the source-destination traffic
matrix, and we consider the effect of changes in the number of
IXPs at which peering occurs, routing policies, and the traffic
ratio.

In the analytical model, given a fixed source-destination
traffic matrix, the average distance across the ISP’s access
networks in (17) is constant. Thus, the ISP’s traffic-sensitive
access network cost is similarly constant. The variable portion
of the ISP’s traffic-sensitive cost is thus:

CTTL

Cp=c (ED’{ + CbED;”) 1% (23)
Below we consider the effect on the variable traffic-sensitive
cost (C1) of changes in the number of IXPs at which peering
occurs, routing policies, and the traffic ratio, for constant cb
and different ratios of ¢™/c’. (In the remainder of the paper,
we use the term cost to refer to the variable traffic-sensitive
cost.) We will find that changes in the number of IXPs, routing
policies, and the traffic ratio all affect ED? and/or EDJ".

In the numerical model, given a fixed source-destination
traffic matrix, the average distance across the ISP’s access
networks in (22) is similarly constant. In addition, the average
distance across the ISP’s middle mile networks in (21) is
constant, once we fix M = 12, since the IXPs at which the
parties agree to peer do not affect the middle mile. The variable
portion of the ISP’s traffic-sensitive cost is thus only:

Cy = PEDYV (24)
Below we consider the effect on the variable traffic-sensitive
cost (C3) of changes in the number of IXPs at which peering
occurs, routing policies, and the traffic ratio, for constant b,
We will find that changes in the number of IXPs at which
peering occurs, routing policies, and the traffic ratio all affect
EDS.

9There is a small cost for each interconnection points; however, this cost
is relatively small compared to transportation costs.
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VI. NUMBER AND LIST OF IXPS

With both the analytical and numerical models in place, we
now turn to analyzing the effect on an ISP’s variable traffic-
sensitive costs of the number of IXPs at which peering occurs,
routing policies, and the traffic ratio. We are in particular
interested in explaining the settlement-free peering policies
of large ISPs, why large ISPs require settlement-free peers to
meet at a minimum of 4-8 IXPs, and also why these IXPs are
geographically distributed across the country.

In this section, we examine the effect of the number of IXPs
at which two ISPs agree to peer, and the list of IXPs at which
they peer. As shown in Table I, large ISPs require other ISPs
who wish to have settlement-free peering to interconnect at
a minimum specified number of IXPs. For Comcast, Charter,
AT&T, and Verizon, this minimum is between 4 and 8. In
addition, large ISPs often specify a list of eligible IXPs that
this minimum must be chosen from. The academic literature
provides little insight into why large ISPs require interconnec-
tion at a minimum specified number of IXPs, nor why they
require that they be selected from a list of eligible IXPs.

In order to better understand these requirements of
settlement-free peering policies, we initially focus only on
downstream traffic that originates outside the ISP’s network
and terminates at an end user on the ISP’s network. We first
assume that both ISPs use hot potato routing.

Using the analytical model, the cost of downstream traffic
is:

m
Cown = ¢ Viown (ED’{’Z;’fM + chDi"’) (25)
' ’ c

Substituting the expressions we previously found for
EDYY in (12) and for EDY in (15), we obtain:
LIN-1)(N+1) ™ abN

hot _ b
Cl,down =cC Vdown( 3N2 CTW

WL

zb: XN: (2n —1)a — L/N 2+ (2m —1)b— W\ >
m=1n=1 2 2

(26)

Figure 2(a) shows the effect of number of interconnection
points (N) on the cost of downstream traffic (C’f‘;fown),
when ¢™/c® = 1.5. (The costs in the figure are normalized
by the cost per unit distance and per unit volume, and by
the combined downstream and upstream traffic volume.) The
number of interconnection points affects both the backbone

cost and the middle mile cost.

The average distance the ISP carries traffic across its
backbone (EDb’hOt ) is proportional to 1 — ﬁ Thus, the

1,down
backbone cost is increasing and concave with the number of

interconnection points. A larger number of interconnection
points results in a larger distance between the IXP closest
to the west coast and the IXP closest to the east coast. As a
result, the backbone expands and the ISP carries traffic across
a longer distance on this larger backbone.

The average distance the ISP carries traffic across its mid-
dle mile networks (£ D7T*) is a complicated function of N.
However, as we see in Figure 2(a), the middle mile cost is
decreasing and convex with the number of interconnection
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Fig. 2: Downstream costs (analytical model)

points. A larger number of interconnection points results
in more closely spaced IXPs that are closer to the access
networks. As a result, the middle mile networks shrink as the
backbone expands.

In the analytical model, therefore, increasing the number of
interconnection points increases backbone cost and decreases
middle mile cost. The variation of the sum of these two costs
with the number of interconnection points depends on the
ratio of the per unit costs of the backbone and the middle
mile. For relatively small values of ¢™/c® (e.g. 1.5), the
cost of downstream traffic is a uni-modal function of N. For
relatively large values of ¢ /c?, the cost of downstream traffic
is decreasing with N, since the middle mile costs dominate;
an example is shown in Figure 2(b) when ¢™/c® = 3.1°

However, when two ISPs peer, there is also upstream traffic.
Using the analytical model, the cost of upstream traffic using
hot potato routing is:

27

m

Col = Vi (EDZ;;Z;t + CC—bEDT>

As we discussed in Section IV-B2, the route that upstream
traffic takes when using hot potato routing is the same route
(but in the opposite direction) that downstream traffic takes
when using cold potato routing. The average distance the ISP
carries traffic across its middle mile networks (ED7") is the
average distance between the center of the access network
and the nearest IXP, which is the same for downstream and
upstream traffic. In addition, the average distance the ISP

10We use values of 1.5 and 3 for the parameter ¢ /c? in our analytical
model to analyze the effect of interconnection points on downstream traffic
cost. However, due to the lack of publicly available data on network cost
structures, determining a representative value can be challenging.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

11

1500
&
Ny
+ 1000
3
s
N
< 500
o~
% [ Upstream
[ ]Downstream
0
2 4 6 8 10 12
Number of IXPs
(@) ™/t =1.5
3000
5
+ 2000
e
=
N
<5 1000
=~
IS
< B Upst
O |:|D§\s;v:;z?tf2am

2 4 6 8 10 12
Number of IXPs

() ¢/’ =3

Fig. 3: Total costs (analytical model)

carries upstream traffic across the backbone when using hot
potato routing is the same as the average distance the ISP
carries downstream traffic across the backbone when using
cold potato routing. Thus, from (13), we know that:
EDb,hot _ EDb,cold -0

1Lup 1,down

(28)

The average distance the ISP carries upstream traffic across
the backbone when using hot potato routing is zero because
the ISP is exchanging this upstream traffic at the nearest IXP
to the access network.

Substituting the expression we previously found for ED7*
in (15), we obtain:

hot _ m abN
Cl,up =cC Vupm
¥ & 2 2
L ((Zn—l)a—L/N) ((Zm—l)b—W)
> +
m=1n=1 2 2

(29)

Figure 3(a) shows the effect of the number of interconnec-
tion points (/V) on the cost of both downstream (C{L,?itown) and
upstream (C19%) traffic, when ¢™/c” = 1.5 and when there
is an equal amount of downstream and upstream traffic (i.e.,
Viown = Vup). Figure 3(b) shows the same effect when the
cost ratio ¢ /c’ = 3.

We observe that, when the traffic ratio is 1:1, the cost is
decreasing and convex with the number of interconnection
points. We also observe that, over a wide range of cost ratios,
there is less than a 2% difference in the cost between N = 8
and N = 12, so this indicates there may be little value in
requiring interconnection at more than 8 IXPs.
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We turn next to our numerical model, which we expect to
be more accurate, albeit without closed-form expressions. The
cost of downstream traffic is:

h b b,hot
OQ,?ii)um =c Vdow"EDQ,dan (30)
where EDS’Z(‘:Z}" is given in (18).
The cost of upstream traffic is:
hot b b,hot
Cyop = VupEDy ) (3D

where EDY = EDY | which is given in (20).

Figure 4 shows the effect of the number of interconnection
points at which they peer (V) on the cost of both down-
stream and upstream traffic using hot potato routing. The
cost ratio ¢ /c” is no longer relevant, as only the backbone
traffic is affected. However, the number of interconnection
points affects the backbone cost. The cost is the function of
[ IX Py —IXPg| and |[IX Py —IX Py | for all IXPs.
As the number of IXPs at which they peer increases, the IXP
closest to the end user /X P;' is fixed since it is related to
the location of the end user and a deterministic function of

U, namely IX Py = (¢'| U € R} (¢')). However, I X PL7°"

N 2,down
p,hot
and IX P’ " change.

IX P? does depend on the number of IXPs at which they
peer. The IXP at which traffic enters the ISP’s network is
the IXP closest to the source among the IXPs at which
they agree to peer, ie. IXPPI — (4| S € RY(g)), and

2,down
thus as the number of IXPs at which they peer increases,

IX PPt moves farther from IX Py and [|IXPPIof

2,down 2,down
IX P}| increases. Thus, the downstream cost increases. The
downstream cost is concave, because the incremental distance
from X P21 1o I X Py associated with adding another IXP
decreases, ﬁamely there are decreasing returns.

However, at the same time, the ISP exchanges upstream traf-
fic using hot potato at the IXP closest to the end user at which
the two ISPs agree to peer, i.e. IXP;;Z? = (g|U € RY (g)).
Thus as the number of IXPs at which they peer increases,
IXP;f;t moves closer to JX P} and ||IXP§’Z$’5 —IXP}|
decreases. Therefore, the upstream cost decreases. The up-
stream cost is convex, because the incremental distance from
IXPs to IXPy 17; " associated with adding another IXP
decreases, namely there are decreasing returns.

When the traffic ratio is 1:1, the decrease in the upstream
cost exceeds the increase in the downstream cost. In the

upstream route, [X PJ ’:;t is the closest IXP to IXPy,
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whereas, in the downstream route, IX PP"" could be any

IXP (including the closest or farthest IXP from X P3Y). Thus,
as the number of IXPs increases, the absolute value of the
slope of [|[IX PP:"" _ 1 X P2| in the upstream route is higher

2,up
than the slope of |[IX Py ";0’)12” — IXP}| in the downstream
route. It follows that the total cost decreases.

There are some differences between our results in our
analytical and numerical models. The first difference is the
middle mile cost. In our analytical model, the IXPs’ locations
vary with the number of interconnection points (see (2)), and
thus the middle-mile cost, which varies with the distance
between the access network and the closest IXP, decreases
as the number of IXPs increases. However, in our numerical
model, the number of IXPs at which both parties agree to
interconnect does not affect the location of the IXP closest to
the access network. Therefore, for fixed M, the middle mile
cost is fixed. In Figure 3 for the analytical model, the upstream
cost decreases but it does not decrease to zero, since the cost
of the middle mile does not decrease to zero. However, in
Figure 4 for the numerical model, the variable traffic-sensitive
upstream cost decreases to zero, since the middle mile cost is
fixed and the variable traffic-sensitive upstream backbone cost
is zero at N = M, since there is no local delivery and thus
no need to transfer traffic between IXPs.

The second difference is the traffic matrix. In our ana-
Iytical model, we assume that incoming traffic is uniformly
distributed over IXPs and that the population is distributed
uniformly over the ISP’s network. However, in our numerical
model, we assume that the distribution of incoming traffic is
related to the population of the region closest to an IXP and
that end users are distributed across access networks according
to the population of the county associated with the access
network. Therefore, the slope decreases more quickly at a
small number of IXPs (i.e., the second derivative is higher)
in the numerical model than in the analytical model, because
in the numerical model the ISP chooses an incremental IXP
based on how much population would be affected by choosing
that IXP.

We observe that, when the traffic ratio is 1:1, the cost
is uni-modal with a minimum at N = 8. We also observe
that there is less than a 2% difference in the cost between
N =6 and N = 8§, so this indicates there may be little value
in requiring interconnection at more than 6 IXPs. Based on
Table I, Charter, AT&T, and Verizon each require 6-8 IXPs
for settlement-free peering.

We also wish to examine why ISPs require that the IXPs at
which the two parties peer be selected from a specified list. To
answer this question, our model selects the N IXPs at which
to peer, from the list of M = 12 IXPs given in Table II, so as
to minimize its cost (C2°%):

N . b b,hot
15 = arg Hllzl\rn c (VdownEDQ}down

+ VupEDb’hOt> 32)

2,up
2
The cost is typically minimized by selecting IXPs that span
the country, so that the average distances the ISP carries traffic
across its backbone are relatively small. Furthermore, when
selecting a moderate or large number of IXPs, the cost is
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typically minimized by selecting more IXPs near where there
are higher populations.

Comcast not only requires that potential settlement-free
peering partners agree to peer at a minimum of 4 IXPs from
Comcast’s list of IXPs, it also requires that at least 1 of these
4 be on the west coast, that at least 1 be on the east coast,
and that at least 1 be in a central region [11].'"! For N = 4,
our numerical model chooses IXPs in Ashburn, Chicago, Los
Angeles, and Atlanta, i.e. 1 on the west coast, 2 on the
east coast, and 1 in the middle. All 4 of these cities are on
Comcast’s list.

Charter not only requires that potential settlement-free peer-
ing partners agree to peer at a minimum of 6-8 IXPs from
Charter’s list of IXPs'?, it also requires that at least 2 of these
be in an eastern region, at least 2 be in a western region,
and at least 2 be in a central region [12].13 For N = 8, our
numerical model chooses 4 on the east coast (Ashburn, New
York, Miami, and Atlanta), 2 on the west coast (Los Angeles
and Seattle), and 2 in the middle (Chicago and Dallas). All 8
of these cities are on Charter’s list.

Our numerical model thus not only explains why large ISPs
require settlement-free peers to meet at a minimum of 4-
8 IXPs, it also explains why these IXPs are geographically
distributed across the country. Furthermore, it also predicts
that more will typically be on the east coast, due to its greater
population, than on the west coast or in the middle.

VII. TRAFFIC RATIO

In this section, we examine the effect of the traffic ratio on
the variable traffic-sensitive cost. Large ISPs often require that
the ratio of incoming traffic to outgoing traffic remain below
approximately 2:1. In the case of two interconnecting ISPs, we
find that this requirement ensures a roughly equal exchange
of value. Two networks will agree to settlement-free peering
if and only if the arrangement is superior for both parties
compared to alternative arrangements including paid peering
and transit. The conventional wisdom is that settlement-free
peering thus occurs if and only if the two parties perceive
that they are gaining an approximately equal value from the
arrangement. Furthermore, the conventional wisdom, when the
two parties are both Tier 1 networks, is that the perceived
value is related to the size of each network, the number of
customers of each party, and the ratio of traffic exchanged in
each direction.

Indeed, the settlement-free peering policies of large ISPs
often place limits on the ratio of downstream traffic to up-
stream traffic. AT&T’s settlement-free peering policy requires
that this traffic ratio not exceed 2:1, and Verizon’s settlement-

Comcast does not specify which IXPs are considered to be on the west
coast, on the east coast, or in the central region. It also requires that the IXPs
be “mutually agreeable”.

121t requires a minimum of 6 IXPs when the 95th percentile of traffic
exchanged is less 500 Gbps in the dominant direction, and it requires a
minimum of 8 IXPs when it exceeds this threshold.

13Charter also specifies the IXPs in each of these regions.
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free peering policy requires that this traffic ratio not exceed
1.8:1.14

In this section, we use our models to investigate the effect
of the traffic ratio on the value to each interconnecting party,
when the two parties are both ISPs. We use the variable
traffic-sensitive cost as a proxy for value. Denote the ratio
of downstream traffic to upstream traffic by r = V{;w".

When using hot potato routing, the cost (C"°t) was plotted
in Figures 3 and 4 for a traffic ratio of 1. For general traffic

ratios, using the analytical model, we can derive the cost from
(25), (27), and (28), as:

C{Lot _ Chot + Chot

1,down 1,up
rEDYt 4 (4 1)ED
_ Cb(vdown + Vup) 1,down cb ( ) 1
r+1
(33)
where EDll7 Z;’fm and E'D7* are given in (12) and (15).

Figure 5(a) shows the effect of the traffic ratio on the
cost, for various traffic ratios, when ¢/ ¢® = 1.5. The traffic
ratio determines the trade-off between the downstream and
upstream costs. For traffic ratios at or below 2:1, the variation
in the upstream cost with the number of IXPs dominates,
and thus interconnecting at 6 to 8§ IXPs results in close to a
minimum total cost. Requiring interconnection at more than 8
interconnection points is of little incremental value. However,
for traffic ratios above 2:1, the variation in the downstream
cost with the number of IXPs dominates, and it is rational
for the ISP to not agree to settlement-free peering. The traffic
ratios at which an ISP will perceive approximately equal value
from peering depends on the difference in value it is willing to
accept, and the alternatives it has to deliver and receive traffic.

Figure 5(b) shows the effect of the traffic ratio on the
cost, for various traffic ratios, when the cost ratio is higher,
at ¢/ c¢® = 3. For any traffic ratio, the variation in the
middle mile cost dominates the backbone cost, and thus both
downstream and upstream costs decrease as the number of
IXPs increases. Therefore, the cost decreases as the number
of IXPs increases for all plotted traffic ratios. As was true
for a lower cost ratio, the requirement to peer at 6 to 8
interconnection points is reasonable, and requiring peering at
more than 8 IXPs is of little incremental value.

Switching to the numerical model, we can derive the cost
from (30) and (31), as:

thot — Cg?itown + Chot

2,up
EDb hot + EDb’}iOt (34)
= Cb(Vdown + Vup) = do;f:_ 1 2up

Figure 6 shows the effect of the traffic ratio on the cost,
for various traffic ratios using the numerical model. For traffic
ratios at or below 2:1, the decrease in the upstream cost with
the number of IXPs dominates the corresponding increase
in the downstream cost, since the decrease in upstream cost
due to all traffic exiting the ISP’s network at a closer IXP
outweighs the relatively small increase in downstream cost

14Some ISPs’ settlement-free peering policies express an expectation of
approximately equal value, but may not specify what this means, see e.g.
Comcast [11].
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due to some traffic entering the ISP’s network at a further
away IXP. Recall that when the traffic ratio is 1:1, there is
less than a 2% difference in the cost between N = 6 and the
N at which cost is minimized, so there may be little value in
requiring interconnection at more than 6 IXPs. We now find
that when the traffic ratio is 0.5:1, there is less than a 2%
difference in the cost between N = 7 and the N at which
cost is minimized, and when the traffic ratio is 2:1, there is
less than a 2% difference in the cost between N = 4 and the
N at which cost is minimized.

In contrast, when the traffic ratio is 4:1, the increase in the
downstream cost dominates the decrease in the upstream cost,
since the downstream traffic volume is 4 times higher than the
upstream traffic volume. As a result, the total cost increases
with the number of IXPs at which they peer, and thus it is no
longer rational for the ISP to agree to settlement-free peering.

In conclusion, the traffic ratios at which an ISP will per-
ceive approximately equal value from peering depends on the
difference in value it is willing to accept, and the alternatives
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it has to deliver and receive traffic. However, based on both
models, we would expect the maximum acceptable traffic ratio
to be 2:1 or less. Indeed, we observe that amongst the four
largest ISPs, one specifies a maximum traffic ratio of 2:1, one
specifies a maximum traffic ratio of 1.8:1, and one requires a
“general balance” of traffic. In addition, we observe that for
traffic ratios at or below 2:1, it remains rational to require
interconnection at a minimum of 6-7 IXPs.

VIII. PEERING BETWEEN A CONTENT PROVIDER AND AN
ISP

In the paper so far, our focus has been on the ISP-ISP case,
in which two ISPs interconnect with each other. Settlement-
free peering policies were originally constructed for peering
between two Tier 1 ISPs. However, it has become common
for large content providers to peer with ISPs. We call this the
CP-ISP case. It is not clear the degree to which the settlement-
free peering requirements discussed above should apply to the
CP-ISP case.

Large ISPs do not generally have different settlement-
free peering policies for content providers than for ISPs and
transit providers. In addition, they have often asserted that
content providers should meet the same requirements on the
number of interconnection points and traffic ratio to qualify
for settlement-free peering. We will show that if a content
provider delivers traffic to the ISP locally, then a requirement
to interconnect at a minimum number of interconnection points
is rational, but a limit on the traffic ratio is not rational. We
will also show that if a content provider does not deliver
traffic locally, the ISP is unlikely to perceive sufficient value to
offer settlement-free peering. In Section VIII-A, we consider a
content provider that does not replicate its content and delivers
traffic using hot potato routing. In Section VIII-B, we consider
a content provider that replicates all of its content and delivers
100% of traffic to the ISP locally. Finally, in Section VIII-C,
we consider a content provider that replicates only a portion
of its content and delivers only that portion to the ISP locally.

A. No Content Replication

We first consider a content provider that does not replicate
its content and delivers traffic using hot potato routing.

The ISP network topology remains the same as was pre-
sented in Section IV-A. The distribution of the location of end
users remains the same as was presented in Section IV-B1. For
downstream traffic, we assume that the location of the content
requested by an end user is independent of the location of the
end user. We also assume that the distribution of the location of
the content requested by an end user, namely the distribution
of the source S, is identical to the distribution of end users.
We further assume that the content provider uses hot potato
routing. The routing of downstream traffic is thus identical
to that considered in Section IV-B2. As a result, the distances
that the ISP carries downstream traffic from a content provider
across the ISP’s network remain the same as was presented in
Section V.

However, whereas in the ISP-ISP case there was both
downstream and upstream traffic, we assume that in the CP-
ISP case the volume of upstream traffic is negligible. As a
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result, the ISP’s costs are those discussed in Section V-C, but
only for downstream traffic. Equivalently, we can think of this
CP-ISP case as being equivalent to an ISP-ISP case with hot
potato routing and a traffic ratio of infinity. It follows that the
ISP’s total cost in this CP-ISP case is the same as the ISP’s
downstream cost in the ISP-ISP case. In the analytical model,
this downstream cost C7'7,, was given by (25)-(26), and in the
numerical model, this downstream cost C3'?,, was given by
(30).

The effect of the number of interconnection points (V)
on the ISP’s downstream cost using the analytical model is
thus illustrated in figure 2. There is little, if any, decrease in
the ISP’s downstream cost as the number of interconnection
points increases. The equivalent effect using the more accurate
numerical model is illustrated as the downstream curve in
figure 4. Here, the cost is minimized when N = 1.

We conclude an ISP has little incentive to peer at multiple
IXPs with a content provider that does not replicate content
and that uses hot potato routing. This is not surprising, since
as we discussed at the end of Section VII, it is not rational
for an ISP to agree to settlement-free peering with another
ISP when the traffic ratio of downstream to upstream traffic
is high.

B. Full Content Replication

We next consider a content provider that hosts a content
server at each IXP at which it agrees to peer with an ISP, that
replicates all of its content on each of these servers, and that
transmits all of its traffic locally.

The ISP network topology remains the same as was pre-
sented in Section IV-A. The distribution of the location of end
users remains the same as was presented in Section IV-BI.
However, the location of the content is no longer the same as
in previous sections. We now assume that the location of the
content requested by an end user is the content server located
at the IXP closest to the end user at which the content provider
and the ISP agree to peer, i.e. IXPP7"" — (g|U € Ry(g)) in

l,cp

the analytical model and IX Py/*" = (9| U € R} (g)) in the
numerical model. Routing is now irrelevant, since the content
is entering the ISP’s network directly from the content server.
The distances that the ISP carries downstream traffic from a
content provider across the ISP’s network are the same as the
distances in the ISP-ISP case that an ISP carries downstream
traffic when using cold potato routing, which were given in
Section V-B. We again assume that the volume of upstream
traffic is negligible. Equivalently, we can think of this CP-ISP
case as being equivalent to an ISP-ISP case with cold potato
routing and a traffic ratio of infinity.

As a result, the ISP’s cost in this CP-ISP case using the
analytical model is:

l,cp 1,down

T = Vipun (EDZ”COM - chEDgﬂ> (35)

Because the content provider provides all content to the ISP at
the IXP nearest to the end user, ED”<%4 — . Substituting

1,down
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the expression we previously found for EDT* in (15), we
obtain:

full _ m abN
Cl,cp =c LVdownW

v & 2 2
Zb: “ZN: (2n—1)a—L/N n 2m-1)b-W
m=1n=1 2 2

(36)
Similarly, using the numerical model, the ISP’s cost in this
CP-ISP case is:

CQfIé;l = vadow”EDgfiZlgn (37)
Substituting the expression we previously found for EDS’Z‘;ZI”
in (20), we obtain:
Cgfé;l =c’ Vaown
> Diglg € RY(g),d)PUXPy =g) B8
g,GléW

The effect of the number of interconnection points (/V) on
the ISP’s downstream cost using both models is illustrated in
figure 7. The cost decreases as the number of IXPs increases.
Note that the ISP has this incentive to increase the number of
IXPs at which the two parties peer despite the fact that the
traffic ratio is infinity, unlike in the ISP-ISP case. However,
there is less than a 2% difference in the cost between N = 9
and N = 12 in both models, so this indicates there may be
little value in requiring interconnection at more than 9 IXPs.

Using the analytical model, we can compare the cost in the
ISP-ISP case (illustrated in figure 3) to the cost in this CP-ISP
case (illustrated in figure 7(a)). In the ISP-ISP case, we found
that there is little value in requiring interconnection at more
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than 8 IXPs. In this CP-ISP case, we found that there is little
value in requiring interconnection at more than 9 IXPs. The
numerical model shows a similar but more pronounced pattern.
Comparing the cost in the ISP-ISP case (illustrated in figure
4) to the cost in this CP-ISP case (illustrated in figure 7(b)),
we find that there is little value in requiring interconnection at
more than 6 IXPs in the ISP-ISP case, but there is a significant
incremental value in the CP-ISP case to increasing the number
of IXPs to at least 9.

The number of interconnection points at which the cost
curve flattens is higher in the CP-ISP case than in the ISP-
ISP case. In the CP-ISP case, the cost is entirely incurred by
carrying downstream traffic, which is localized. In the ISP-
ISP case, there are cost components for both downstream and
upstream traffic. The upstream cost using hot potato routing
is the same as the downstream cost in the CP-ISP case, which
is similarly decreasing in /N. However, the downstream cost
using hot potato routing in the ISP-ISP case is increasing with
N, which causes the total cost to flatten out at lower values
of N.

This comparison indicates that it is likely rational for an ISP
to agree to settlement-free peering with a content provider that
replicates its content at all agreed peering points and delivers
all traffic locally, as long as it agrees to interconnect at a
minimum of 9 IXPs. We would thus expect large ISPs to
have different settlement-free peering requirements for such
content providers than for ISPs. First, we would expect the
minimum number of interconnection points to be higher for
content providers than ISPs. Second, we would certainly
expect there to be no traffic ratio requirements for content
providers. Third, we expect there to be some type of traffic
localization requirement. We turn to this last requirement in
the next subsection.

C. Fartial Content Replication

Finally, we consider a content provider that hosts a content
server at each IXP at which it agrees to peer with an ISP, but
that replicates only a portion of this content.

The ISP network topology remains the same as was pre-
sented in Section IV-A, and the distribution of the location of
end users remains the same as was presented in Section IV-B1.
However, the location of the content is no longer the same as in
previous sections. We assume that, within each access network,
a proportion = of requests is served by the content server
located at the IXP closest to the end user at which the content
provider and the ISP agree to peer. We also assume that,
within each access network, the remaining proportion 1 — x
of requests is served by a content server that is independent
of the location of the end user, and that the distribution of the
location of this content server is identical to the distribution
of end users. We further assume that the content provider uses
hot potato routing for non-locally delivered content.

For the analytical model, the ISP’s cost in this CP-ISP case
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Fig. 8: Costs under partial replication
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EDY™  and ED7" are given in (28), (12),

1,down

where EDZ{:flzlgn,
and (15) respectively.

Figure 8(a) shows the effect of the number of intercon-
nection points (V) on the ISP’s downstream cost, for various
values of the proportion z, when ¢™/c? = 1.5. When = < 0.3,
too little of the downstream traffic from the content provider to
the ISP is delivered locally. The cost of the content delivered
using hot potato routing dominates the ISP’s downstream cost,
and thus it is rational for the ISP to not agree to settlement-
free peering. However, when x > 0.3, the cost of the locally-
delivered content dominates the ISP’s downstream cost, and
thus the ISP benefits from increasing the number of IXPs at
which the two parties agree to peer.

We next determine the cost in the numerical model. The
ISP’s cost in this CP-ISP case is:

artial wll no
Cg,cpt = Cg,cp + (1 - .TZ‘) 2,cp
= Cdeown (IEDZQJZE?Jljn + (1 - I)EDZZZZ’Z)TL)
(40)
where EngZg;n and EDS:ZZl;in are given in (18) and (20).

The effect of the number of interconnection points at which
they agree to peer (V) on the ISP’s downstream cost using the
numerical model is illustrated in figure 8(b), for various values
of the proportion z. The pattern is similar to the analytical
model. When x < 0.3, too little of the downstream traffic
from the content provider to the ISP is delivered locally, and
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as before the cost to the ISP increases as the number of IXP
increases. However, when x > 0.3, as before the ISP benefits
from increasing the number of IXPs at which the two parties
agree to peer.

We conclude that it is likely rational for an ISP to agree to
settlement-free peering with a content provider that provides
partial replication and delivers that portion locally. We expect
that the ISP may require a specified minimum amount of traffic
to be delivered locally. We expect the ISP to require inter-
connection at a specified minimum number of interconnection
points, although the number may depend on the amount of
traffic delivered locally. However, we certainly expect there to
be no traffic ratio requirements.

IX. CONCLUSION

In order to explain the common settlement-free peering
requirements of the largest ISPs in the United States, we
examined the effect of the number of interconnection points
at which two networks peer, the locations of these intercon-
nection points, and traffic ratios on an ISP’s variable traffic-
sensitive costs.

When two ISPs peer with a traffic ratio of 1:1, the variable
traffic-sensitive cost is uni-modal, and we estimate that it
is minimized with 8 IXPs. There may be little value in
requiring interconnection at more than 6 IXPs. The ISP’s
cost is typically minimized by selecting interconnection points
that span the country and are near population centers. When
two ISPs using hot potato routing peer with an imbalanced
traffic ratio that is below 2:1, the decrease in the upstream
cost with the number of IXPs dominates the corresponding
increase in the downstream cost, and thus interconnecting at 6
to 8 IXPs results in close to a minimum total cost. Requiring
interconnection at more than 8 interconnection points is of
little incremental value. In contrast, when the traffic ratio
is above 2:1, the variation in the downstream cost with the
number of IXPs dominates. As a result, the total cost increases
with the number of IXPs, and thus it is no longer rational for
the ISP to agree to settlement-free peering.

However, when a content provider interconnects with an
ISP, it is not clear the degree to which the settlement-free peer-
ing requirements between two ISPs discussed above should
apply. Large ISPs often argue that large content providers
should meet the same requirements as other ISPs to qualify for
settlement-free peering. If a content provider does not replicate
its content and uses hot potato routing, an ISP is unlikely
to perceive sufficient value to offer settlement-free peering.
However, if a content provider does replicate its content, it is
rational for an ISP to agree to settlement-free peering if the
content provider agrees to interconnect at a specified minimum
of IXPs and to deliver a specified minimum proportion of
traffic locally. However, we show that a limit on the traffic
ratio is not rational.

These results are not the end of the story. We considered
direct interconnection between a content provider and an ISP.
It would be useful to examine the decision of a content
provider choosing between direct interconnection with an ISP
versus indirect interconnection via a transit provider. Such an
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analysis could give insight into both an ISP’s and a content
provider’s decision, as well as settlement-free peering require-
ments between an ISP and a transit provider. In addition, it
would be worthwhile to consider other factors that can affect
interconnection decisions, e.g., geographic scope, backbone
capacity, and traffic volume. In particular, it would be interest-
ing to refine the model for networks outside the United States,
including differences in ISP service territories and locations of
peering. It would also be interesting to examine if the use of
public IXPs results in different conditions for settlement-free
peering than the use of primarily private IXPs considered here.

APPENDIX

A. Proof of Theorem 1
In (11), we have

EDb,hot —

1,down

> 2 Dilg.d)PUXPL,, = g/ PUXP =),
geh g'el
(A4l
The distance D%(g,g’) is given by (9). The probability
distribution of IX Pf ;’O(’;n is given in (7), and the probabil-

ity distribution of I X P" is similarly uniformly distributed.
Substituting these expressions into (A.41),
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The inner sum is the average distance from interconnection
point 9 to other interconnection points. If 9 is the k"
interconnection point (from left to right), then the inner sum

L /
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Substituting (A.43) into (A.42),
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B. Proof of Theorem 2
In (14), we have:

ED VDS

9'€l A1(j,k)CR1(g’)

9’ A1(5, k) P1(j, k).

(A.45)
The access networks A;(j, k) C Ry(g’) are given by
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/
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The double sum in (A.45) can thus be written as

N ¥ -
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The distance DY*(¢’, A1(j, k)) is given by (10):

Din(glv Al(j7 k)) =
((Qj —1)a— L/N(2i9" — 1)>2 ((Qk —Db—W\?
+ -  Z

2 2
, (A.48)
The variable substitution j' = j— "~ will help simplify

the equation:
2j' — a— L/N\? 2k —1)b —
2 2

(A.49)

Changing the inner sum over j into a sum over j’ and
substituting Py (j,k) = ab/LW,

N
ED" = Z D;ﬂ (A.50)
1,9 =tk
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DT is no longer a function of 79 , and thus we can remove
the outer sum, resulting in
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L
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C. Proof of Theorem 3
In (16), we have
ED? = / / Va2 +y?dyda. (A52)
By symmetry,
a b
4 [ b
E‘D“:—b/z/2 V2 +y2dydx. (A.53)
av Jo Jo
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We first partition the area of integration into regions below
and above the 45-degree line, resulting in

s ot
//\/x2+y2dydm:
o Jo
/ / \/x2+y2d:cdy+/ / Va?+y?dydx
o Jo o Jo

(A.54)

Converting the integral into polar coordinates by substitut-

ing x = rcosf and y = rsinf, the previous expression can
be Written as

2{3600 5 sect
/ / r drd0+/ / r2 dr do

a
tan™ F

a tan™ 2
24 ; sec 0d9+ﬂ/ sec 36 do
b | 2a a b
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Substituting this expression into (A.53),

Do — a’sinh ™' (2) + b3sinh ™' () + 2abva? + b2
12ab :
“ (A.56)
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