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Abstract—The Internet is composed of many distinct networks,
operated by independent Internet Service Providers (ISPs). There
are primarily two kinds of relationships between ISPs: transit
and peering. ISPs’ trafﬁc and economic relationships are mainly
decided by ISPs’ routing policy. However, in today’s Internet,
overlay routing, which changes trafﬁc routing at the application
layer to better satisfy the applications’ demands, is rapidly
increasing, and brings challenge to the ISPs’ settlement interconnection researches. The goal of this paper is to study the economic
implications of overlay routing on ISPs’ peering incentive, costs
and strategy choice. For this purpose, we introduce an ISP
interconnection business model based on a simple ISPs’ network.
We then study the overlay trafﬁc patterns in the network in
various conditions. Combining the business model with trafﬁc
patterns, we study the ISPs’ economic issues such as incentive to
upgrade peering link and cost reduction conditions with various
overlay trafﬁc patterns and settlement methods. AT last, we
analyze the bilateral Nash equilibrium (BNE) strategy of ISPs in
the network. We also give some numerical examples to explain
our results.

I. I NTRODUCTION
The Internet is composed of many distinct networks, operated by independent Internet Service Providers (ISPs). There
are primarily two kinds of relationships between ISPs: transit
and peering [1]. In transit relationship, a traffic-originating
provider pays a transit provider for the traffic destined to
outside the originator’s local network. On the other hand, in
a peering relationship, only traffic between the two peering
ISPs and their respective customer ISPs can be exchanged
on the peering link. Such traffic exchange on a peering link
helps both peering ISPs to reduce the dependence on their
transit providers for transit service, and thus save monetary
cost. In today’s Internet, peering relationships are mostly “Billand-Keep (BK)” [2] due to ease of implementation. In this
arrangement, the peering providers do not charge each other
for the traffic on the peering links. There are also kinds of
paid peering relationships depending on ISPs’ agreement [3]
[4].
Various aspects of ISPs peering settlement have been analyzed in the literature of [3], [5]–[7]. The authors in [5] are
the first to analyze ISP peering in depth from an economic
perspective. It analyzes the impact of symmetric access charge
on strategies of the providers and shows that operators set
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prices for their customers as if their customers’ traffic were
entirely off-net. The authors in [6] extend the model in [5] to
include the fact that ISPs are geographically located. It thus
analyzes the local ISP interactions separately from the local
and transit ISP interactions. The authors in [7] use a different
model of symmetric ISP peering. It focuses on the equilibrium
of early exit routing and late exit routing, and gives the
characteristics of the Nash equilibrium [8] and corresponding
conditions. The authors in [3] use a more general asymmetric
peering network, and look at how ISPs could charge each other
in response to the externalities caused by their traffic strategies.
All the above researches are based on the policy routing
with focuses on business considerations and do not consider
the performance of the networks and services for subscribers
and their applications. However, in today’s Internet, overlay
application, which changes traffic routing at the application
layer to better satisfy the applications’ demands, is rapidly
increasing, and brings challenge to the ISPs’ settlement interconnection research. [9] is the first paper to study the impact
of the application layer routing of P2P applications on ISPs’
peering and provisioning strategies. It proposes simple models
to represent P2P traffic demands, peering and routing in a
market place of two competing ISPs, and investigates alternative peering and provisioning strategies available to ISPs and
analyzes their effectiveness. The authors in [10] extend [9] to
include more general P2P traffic models and the subscribers’
choice process. It builds a multi-leader-follower game-theory
model of subscribers choosing ISPs, and the ISPs’ making
provisioning and peering decisions. [9] and [10] both focus
on P2P applications. Today’s ISPs can take various kinds of
P2P localized technologies such as P2P caching [11] and P4P
[12] to reduce the inter-ISP P2P traffic, so that the impact
of P2P applications on ISPs’ economic can be significantly
reduced. However, ISPs have not got effective methods to
manage another important kind of overlay application: overlay
routing traffic. [13] first studies the tussle between overlay
routing applications and ISPs’ monetary profits, and discusses
the guidelines for overlay routing applications to select paths
that are more effective while with less negative effects on ISPs’
profits.
In this paper we also focus on the interaction of ISPs’ profit
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and overlay routing applications, while it is from the viewpoint
of ISPs interconnection strategies and economic issues. In the
present paper, we assume a typical ISPs interconnection scenario with two ISPs and an abstracted transit service provider.
As we focus on ISPs’ economic issues, we introduce an ISP
cost model composed of the monetary cost and link latency
cost. For monetary cost, linear pricing scheme is assumed in
both transit service and paid peering agreement. For latency
cost, a general convex, increasing and continuous link latency
function is assumed to be used. As the ISPs’ costs are closely
relative to the inter-ISP traffic pattern, we then study the interISP traffic patterns in Nash equilibrium with various peering
link capacities. The traffic in our network is composed of nonoverlay routing traffic and overlay routing traffic. Non-overlay
routing traffic is transmitted in accordance with policy routing,
while all the overlay routing flows play a selfish routing
game. We assume the overlay routing applications are latency
sensitive, and are willing to take the paths with the least link
latency. We find three traffic patterns in Nash equilibrium exist.
Corresponding to each traffic pattern, we identify the peering
link capacity as low level, medium level and high level, and
show that different ISPs with different peering agreements
have different preferences to each level. With BK peering, the
ISP which free-rides the other prefers medium and high level
peering, while the ISP being free-ridden prefers only peering
of medium level. With paid peering, both ISPs show similar
preference to low level and medium level peering. Based on
the results above, we also analyze bilateral Nash equilibrium
(BNE) [14] strategies for the two ISPs. The strategy space
includes no peering, BK peering and paid peering by Nash
bargaining [15], and we give the conditions in which certain
strategy is in BNE.
Our work is different from [3], [5]–[7], because they focus
on ISPs economic problems based on policy routing, while
we build different ISPs business model and introduce overlay
routing traffic into it. It is different from [9] and [10], because
their focuses are on P2P applications, while ours is on overlay
routing traffic. This paper is also different from [13], because
it is from the viewpoint of overlay routing applications, and
give guidelines on overlay protocol design, while our work
is a research from the viewpoint of ISPs’ connecting strategy
choices.
The paper is organized as follows. Section 2 builds ISP
network and business models. Section 3 studies the traffic
pattern under the network model. Section 4 analyzes the
economic issues of ISPs peering connection influenced by
overlay routing traffic. Section 5 makes conclusion and offers
an outlook on the future work.
II. N ETWORK AND BUSINESS MODELS
We consider a network as shown in Figure 1. 𝐼𝑆𝑃𝐴 and
𝐼𝑆𝑃𝐵 are two ISPs connecting with each other through
a peering link of capacity 𝑐𝐴𝐵 . 𝑅 represents the rest of
the Internet, and both 𝐼𝑆𝑃𝐴 and 𝐼𝑆𝑃𝐵 have a connection
with 𝑅 of capacity 𝑐𝐴𝑅 and 𝑐𝐵𝑅 . Subscribers of both ISPs
may have traffic demand between each other as well as the
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rest of the Internet. As we focus on inter-ISP traffic in the
paper, the intra-ISP demand is not considered. The traffic is
composed of non-overlay routing and overlay routing traffic.
The overlay routing traffic takes ratio 𝜌 to the total traffic
amount. For example, given the traffic with source-destination
pair in 𝐼𝑆𝑃𝐴 and 𝐼𝑆𝑃𝐵 as 𝑡𝐴𝐵 , then overlay routing traffic
is 𝜌𝑡𝐴𝐵 . Non-overlay routing traffic is transmitted with policy
routing, while overlay routing traffic is performance sensitive
and user-directed, and chooses routes by itself. Overlay routing
applications can get better performance by choosing multi-hop
paths to avoid the bottleneck link. In this paper, the multihop overlay traffic is denoted as 𝑡𝑜𝑖𝑗𝑘 (𝑖, 𝑗, 𝑘 ∈ {𝐴, 𝐵, 𝑅},
𝑖 ∕= 𝑗 ∕= 𝑘). We assume overlay routing traffic takes latency as
performance criterion as in general cases, and overlay routing
prefers the routes with the least latency. As the existence
of overlay routing, the actual traffic on link 𝑙𝑖𝑗 may not
equal 𝑡𝑖𝑗 , we denote it as 𝑡˜𝑖𝑗 . A general link latency function
𝐷𝑖𝑗 (𝑐𝑖𝑗 , 𝑡˜𝑖𝑗 ) is used to denote the latency of link 𝑙𝑖𝑗 , 𝑐𝑖𝑗
is link capacity and 𝑡˜𝑖𝑗 is actual traffic on the link. We
assume 𝐷𝑖𝑗 (𝑐𝑖𝑗 , 𝑡˜𝑖𝑗 ) is continuous and twice differentiable,
∂𝐷𝑖𝑗 (𝑐𝑖𝑗 ,𝑡˜𝑖𝑗 )
and also with the following properties:
> 0,
∂ 𝑡˜
∂𝐷𝑖𝑗 (𝑐𝑖𝑗 ,𝑡˜𝑖𝑗 )
∂𝑐𝑖𝑗

∂ 2 𝐷 (𝑐 ,𝑡˜ )

𝑖𝑗

𝑖𝑗 𝑖𝑗 𝑖𝑗
< 0, and
> 0. The latency is
∂ 2 𝑡˜𝑖𝑗
assumed the same of both directions of traffic. Without loss
of generality, we assume that

𝐷𝐴𝑅 (𝑐𝐴𝑅 , 𝑡𝐴𝑅 ) > 𝐷𝐵𝑅 (𝑐𝐵𝑅 , 𝑡𝐵𝑅 ).

(1)

The results for the case 𝐷𝐴𝑅 (𝑐𝐴𝑅 , 𝑡𝐴𝑅 ) < 𝐷𝐵𝑅 (𝑐𝐵𝑅 , 𝑡𝐵𝑅 )
is similar, with the ISPs swapping roles. We note that the case
𝐷𝐴𝑅 (𝑐𝐴𝑅 , 𝑡𝐴𝑅 ) = 𝐷𝐵𝑅 (𝑐𝐵𝑅 , 𝑡𝐵𝑅 ) is not interesting, since
in this case it can be verified that no free-riding happens. In
this paper, we assume 𝑡𝑖𝑗 , 𝑐𝐴𝑅 and 𝑐𝐵𝑅 are fixed, and study
the effect of various 𝑐𝐴𝐵 .
An ISP’s cost is composed of monetary cost and performance cost. In order to access the Internet, ISPs have to pay
higher tier ISPs for transit service. We assume linear pricing
scheme is used, then 𝐼𝑆𝑃𝐴 is charged 𝑃𝐴 for per unit of traffic
transmitting, and 𝐼𝑆𝑃𝐵 is charged 𝑃𝐵 for per unit of traffic
transmitting. If paid peering agreement is reached, a linear
peering price 𝑝𝐴𝐵 is also assumed to be used. 𝑝𝐴𝐵 > 0 implies
𝐼𝑆𝑃𝐴 pays 𝐼𝑆𝑃𝐵 , while 𝑝𝐴𝐵 < 0 implies 𝐼𝑆𝑃𝐴 charges
𝐼𝑆𝑃𝐵 . Particularly, 𝑝𝐴𝐵 = 0 implies BK peering agreement
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is in use, and no money exchange between each other. Besides
monetary cost, ISPs also suffer from link latency. We use ISPs’
latency cost as the product of link latency and traffic on the
link as in [16], and then the ISPs’ costs with paid peering can
be denoted as
𝑃𝑃
= 𝜆(𝑡˜𝐴𝑅 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) + 𝛼𝑡˜𝐴𝐵 𝐷𝐴𝐵 (𝑡˜𝐴𝐵 ))
𝐽𝐴
+ (𝑃𝐴 𝑡˜𝐴𝑅 + 𝑝𝐴𝐵 𝑡˜𝐴𝐵 )
𝑃𝑃
= 𝜆(𝑡˜𝐵𝑅 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ) + (1 − 𝛼)𝑡˜𝐴𝐵 𝐷𝐴𝐵 (𝑡˜𝐴𝐵 ))
𝐽𝐵
+ (𝑃𝐵 𝑡˜𝐵𝑅 − 𝑝𝐴𝐵 𝑡˜𝐴𝐵 ).

(2)

Analogously, we define the cost functions without peering as
𝑁𝑃
= 𝜆(𝑡𝐴𝑅 + 𝑡𝐴𝐵 )𝐷𝐴𝑅 (𝑡𝐴𝑅 + 𝑡𝐴𝐵 ) + 𝑃𝐴 (𝑡𝐴𝑅 + 𝑡𝐴𝐵 )
𝐽𝐴

𝑁𝑃
= 𝜆(𝑡𝐵𝑅 + 𝑡𝐴𝐵 )𝐷𝐵𝑅 (𝑡𝐵𝑅 + 𝑡𝐴𝐵 ) + 𝑃𝐵 (𝑡𝐵𝑅 + 𝑡𝐴𝐵 ).
𝐽𝐵
(4)

Sometimes it is useful to consider the total cost of the two
ISPs. We denote the total cost of paid peering, BK peering
and no peering as
(5)

In order to reach paid peering agreement, ISPs have to
negotiate to decide 𝑐𝐴𝐵 and corresponding 𝑝𝐴𝐵 . We suppose
Nash bargaining solution is used for the negotiation. Nash
bargaining is widely used for characterizing labor negotiations
and a range of other bargaining situations. Bargaining power
can be impacted by many factors. In this paper, we take
𝛼 as the bargaining power of 𝐼𝑆𝑃𝐴 , and (1 − 𝛼) as the
bargaining power of 𝐼𝑆𝑃𝐵 , because the ISP who takes more
cost of the peering link should also benefit more from it. The
costs without peering are supposed as the breaking point of
agreement. The optimal problem by Nash bargaining can be
formulated as
) ( 𝑁𝑃
)
( 𝑁𝑃
𝑃𝑃 𝛼
𝑃 𝑃 1−𝛼
− 𝐽𝐴
.
𝐽𝐵 − 𝐽𝐵
min 𝐽𝐴
We can transform it into an equivalent problem by taking the
logarithm of the objective function. We then get the following
equivalent problem
)
(
𝑁𝑃
𝑃𝑃
𝑁𝑃
𝑃𝑃
− 𝐽𝐴
) + (1 − 𝛼) ln(𝐽𝐵
− 𝐽𝐵
) .
min 𝛼 ln(𝐽𝐴
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(6)

substituting (6) into (2), and we get the ISPs’ costs determined
by Nash bargaining as
𝑃𝑃
𝑁𝑃
𝑁𝑃
𝐵𝐾
𝐵𝐾
= (1 −𝛼)𝐽𝐴
−𝛼𝐽𝐵
+𝛼(𝐽𝐴
+𝐽𝐵
)
𝐽𝐴

𝐵𝐾
= 𝜆(𝑡˜𝐴𝑅 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 )+𝛼𝑡˜𝐴𝐵 𝐷𝐴𝐵 (𝑡˜𝐴𝐵 ))+𝑃𝐴 𝑡˜𝐴𝑅
𝐽𝐴
𝐵𝐾
𝐽𝐵 = 𝜆(𝑡˜𝐵𝑅 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 )+(1−𝛼)𝑡˜𝐴𝐵 𝐷𝐴𝐵 (𝑡˜𝐴𝐵 ))+𝑃𝐵 𝑡˜𝐵𝑅 .
(3)

𝑁𝑃
𝑁𝑃
𝑁𝑃
𝐽𝑡𝑜𝑡𝑎𝑙
= 𝐽𝐴
+ 𝐽𝐵
.

and the Nash solution is
𝑎𝑠ℎ
𝑁𝑃
𝐵𝐾
𝑁𝑃
𝐵𝐾
− 𝐽𝐴
) − 𝛼(𝐽𝐵
− 𝐽𝐵
),
= (1 − 𝛼)(𝐽𝐴
𝑝𝑁
𝐴𝐵

The first term is latency cost of transit link, the second term
is latency cost of peering link, and the third term is monetary
cost of transit and peering. The variable 𝜆 > 0 translates the
latency cost into an appropriate monetary value. As 𝐼𝑆𝑃𝐴 and
𝐼𝑆𝑃𝐵 share the same peering link, and the latency of peering
link is experienced by both users of the two ISPs, so that the
latency cost of peering link is also shared by the two ISPs.
We use 𝛼 (0 < 𝛼 < 1) to measure the ratio of 𝐼𝑆𝑃𝐴 ’s share,
and (1 − 𝛼) to measure 𝐼𝑆𝑃𝐵 ’s share. If 𝑝𝐴𝐵 = 0, it implies
that BK peering is used, and the ISPs’ costs are

𝑃𝑃
𝐵𝐾
𝐵𝐾
𝐵𝐾
= 𝐽𝑡𝑜𝑡𝑎𝑙
= 𝐽𝐴
+ 𝐽𝐵
𝐽𝑡𝑜𝑡𝑎𝑙

The first order condition is
)
(
𝑁𝑃
𝑃𝑃
𝑁𝑃
𝑃𝑃
− 𝐽𝐴
) + (1 − 𝛼) ln(𝐽𝐵
− 𝐽𝐵
)
∂ 𝛼 ln(𝐽𝐴
= 0,
∂𝑝𝐴𝐵

𝑃𝑃
𝑁𝑃
𝑁𝑃
𝐵𝐾
𝐵𝐾
= 𝛼(𝐽𝐵
−(1 − 𝛼)𝐽𝐴
+(1−𝛼)(𝐽𝐴
+𝐽𝐵
).
𝐽𝐵

(7)

We can see that paid peering provides a cost re-allocation
mechanism for peering ISPs, while it cannot lead to additional
cost reduction for the total welfare.
III. T RAFFIC MODEL WITH OVERLAY ROUTING
It is shown in the business model that ISPs’ costs are closely
related to traffic model. In this section, we study the traffic
patterns composed of overlay routing and non-overlay routing
in the network as in Figure 1. Non-overlay routing traffic is
routed with policy routing strategy. In our model, traffic with
source 𝑖 and destination 𝑗 ( 𝑖, 𝑗 ∈ {𝐴, 𝐵, 𝑅}, 𝑖 ∕= 𝑗 ) is
routed through the directed path 𝑙𝑖𝑗 , while overlay routing
traffic generated by all overlay users are playing a non-atomic
selfish routing game [17]. In this game, each unit of overlay
routing traffic flow travels along the minimum-latency path
available to it, where latency is measured with respect to the
rest of the flow; otherwise, this flow would reroute itself on a
path with smaller latency. In other words, all paths in use by
an equilibrium flow have minimum-possible cost. In particular,
all paths of a given commodity used by an equilibrium flow
have equal latency. In our model, there are only three links, so
we are able to analyze all the cases of overlay routing traffic
patterns explicitly.
First, suppose at certain time, latencies of the three links
are as follows:
𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) + 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ) < 𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 ),
which happens when 𝑐𝐴𝐵 is too small that the latency of
path 𝐴 ↔ 𝑅 ↔ 𝐵 is less than path 𝐴 ↔ 𝐵. Then overlay
routing traffic with source-destination pair in 𝐼𝑆𝑃𝐴 and 𝐼𝑆𝑃𝐵
would choose the multi-hop path for better performance.
Such process will continue until the latencies of the two
paths become equal, or all the overlay routing traffic with
source-destination pair in 𝐼𝑆𝑃𝐴 and 𝐼𝑆𝑃𝐵 has chosen path
𝐴 ↔ 𝑅 ↔ 𝐵. Then we have such situation:
𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) + 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ) ≤ 𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 ).

(8)

Note that, given (8), we can also have
𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) < 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ) + 𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 )
𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ) < 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) + 𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 ),

(9)

which suggests that 𝑡𝑜𝐴𝐵𝑅 = 𝑡𝑜𝐵𝐴𝑅 = 0, and it is a traffic
pattern of Nash equilibrium. Note that a peering link with too
samll capacity will cause serious congestion status, so that it
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is not feasible in practice. Also, in order to make the analysis
mathematical tractable, we set a lower bound for 𝑐𝐴𝐵 as the
value that makes (8) an equation, and denote it as 𝑐𝑙1 . Then
the properties of this pattern can be summarized as follows:
𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 ) = 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) + 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 )
𝑡˜𝐴𝑅 = 𝑡𝐴𝑅 + 𝑡𝑜𝐴𝑅𝐵
𝑡˜𝐵𝑅 = 𝑡𝐵𝑅 + 𝑡𝑜𝐴𝑅𝐵
𝑡˜𝐴𝐵 = 𝑡𝐴𝐵 − 𝑡𝑜𝐴𝑅𝐵

(10)

𝑡𝑜𝐴𝐵𝑅 = 𝑡𝑜𝐵𝐴𝑅 = 0, 0 ≤ 𝑡𝑜𝐴𝑅𝐵 ≤ 𝜌𝑡𝐴𝐵 .
(10) suggests that given transit link capacities and latency
functions, 𝑡𝑜𝐴𝑅𝐵 is determined only by 𝑐𝐴𝐵 . So 𝑡𝑜𝐴𝑅𝐵 can
be seen as a function of 𝑐𝐴𝐵 , and it is decreasing with respect
to 𝑐𝐴𝐵 . We denote the upper bound of 𝑐𝐴𝐵 that allows (10)
to hold as 𝑐ℎ1 .
Next we discuss the situation when 𝑐𝐴𝐵 increases to certain
value that makes
𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 ) < 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) + 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 )


𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 ) > 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) − 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ) .

(11)

𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) − 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ) < 𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 )
< 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) + 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 )
(12)

𝑡𝑜𝐴𝐵𝑅 = 𝑡𝑜𝐵𝐴𝑅 = 𝑡𝑜𝐴𝑅𝐵 = 0.
We denote the lower bound and upper bound of 𝑐𝐴𝐵 that
makes (12) hold as 𝑐𝑙2 and 𝑐ℎ2 , and note that 𝑐𝑙2 = 𝑐ℎ1 .
If 𝑐𝐴𝐵 continues increasing and exceeds 𝑐ℎ2 , then
𝐷𝐴𝐵 (𝑐ℎ2 , 𝑡𝐴𝐵 ) ≤ 𝐷𝐴𝑅 (𝑡𝐴𝑅 ) − 𝐷𝐵𝑅 (𝑡𝐵𝑅 ).

𝐷𝐴𝐵 (𝑐𝐴𝐵 , 𝑡˜𝐴𝐵 ) = 𝐷𝐴𝑅 (𝑡˜𝐴𝑅 ) − 𝐷𝐵𝑅 (𝑡˜𝐵𝑅 )
𝑡˜𝐴𝑅 = 𝑡𝐴𝑅 − 𝑡𝑜𝐴𝐵𝑅

𝑡˜𝐵𝑅 = 𝑡𝐵𝑅 + 𝑡𝑜𝐴𝐵𝑅
𝑡˜𝐴𝐵 = 𝑡𝐴𝐵 + 𝑡𝑜𝐴𝐵𝑅
𝑡𝑜𝐴𝑅𝐵 = 𝑡𝑜𝐵𝐴𝑅 = 0, 0 ≤ 𝑡𝑜𝐴𝐵𝑅 ≤ 𝑡¯𝑜𝐴𝐵𝑅 .

(14)

Note that 𝜌𝑡𝐴𝑅 may not be a tight upper bound of 𝑡𝑜𝐴𝐵𝑅 . We
denote the maximum of 𝑡𝑜𝐴𝐵𝑅 as 𝑡¯𝑜𝐴𝐵𝑅 . The traffic traveling
through the path 𝐴 ↔ 𝐵 ↔ 𝑅 is called free-riding traffic.
𝐼𝑆𝑃𝐴 needs not pay for the transit service of the free-riding
traffic, while 𝐼𝑆𝑃𝐵 pays instead.
As in the three patterns discussed above, if the properties
of two ISPs are given, the traffic patterns are independently
determined by the peering link capacity. We identify the
peering levels as low level, medium level and high level
according to the three traffic patterns above. The peering level
is an important factor for ISPs to make connecting decision.
IV. E CONOMIC ISSUES ON ISP S CONNECTING

In this case no multi-hop overlay routing traffic exists. With
the assumption 𝐷𝐴𝑅 (𝑡𝐴𝑅 ) > 𝐷𝐵𝑅 (𝑡𝐵𝑅 ), we can summarize
the properties of this pattern as

𝑡˜𝐴𝑅 = 𝑡𝐴𝑅
𝑡˜𝐵𝑅 = 𝑡𝐵𝑅
𝑡˜𝐴𝐵 = 𝑡𝐴𝐵

pattern as follows:

(13)

If so, a portion of overlay routing traffic with sourcedestination pair in 𝐼𝑆𝑃𝐴 and 𝑅 will move to the path
𝐴 ↔ 𝐵 ↔ 𝑅 until the latencies of the two paths become
equal, or all overlay routing traffic with source-destination pair
in 𝐼𝑆𝑃𝐴 and 𝑅 have chosen the alternative multi-hop path.
Note that 𝑐𝐴𝐵 can be increased infinitely in the theory, but it
is not feasible in the practice. Also, as 𝑐𝐴𝐵 exceeds some very
big value, the traffic pattern will become trivially complicated.
In order to make the analysis practical and mathematical
tractable, we set an upper bound for 𝑐𝐴𝐵 as a relatively
large value that makes (13) an equation, and denote it as 𝑐ℎ3 .
𝑡𝑜𝐴𝐵𝑅 (𝑐ℎ3 ) ≤ 𝜌𝑡𝐴𝑅 . We also denote the lower bound of 𝑐𝐴𝐵
as 𝑐𝑙3 , and 𝑐𝑙3 = 𝑐ℎ2 . Then we summarize the properties of this

In this section, we combine the business model and the
traffic patterns in the previous sections to obtain the ISPs’ costs
with different peering agreement and various peering capacities. First, we summarize the costs functions by combining
(3), (10), (12) and (14) as follows:
⎧

𝜆((𝑡˜𝐴𝑅 + 𝛼𝑡˜𝐴𝐵 )𝐷𝐴𝑅 + 𝛼𝑡˜𝐴𝐵 𝐷𝐵𝑅 )



+𝑃𝐴 𝑡˜𝐴𝑅 , if 𝑐𝑙1 ≤ 𝑐𝐴𝐵 ≤ 𝑐ℎ1 ;



⎨𝜆(𝑡 𝐷 + 𝛼𝑡 𝐷 ) + 𝑃 𝑡
𝐴𝑅 𝐴𝑅
𝐴𝐵 𝐴𝐵
𝐴 𝐴𝑅
𝐵𝐾
=
𝐽𝐴
(15)
𝑙
ℎ

else
if
𝑐
<
𝑐
<
𝑐
;
𝐴𝐵

2
2




𝜆((𝑡˜𝐴𝑅 + 𝛼𝑡˜𝐴𝐵 )𝐷𝐴𝑅 − 𝛼𝑡˜𝐴𝐵 𝐷𝐵𝑅 )


⎩
+𝑃𝐴 𝑡˜𝐴𝑅 , else 𝑐𝑙3 ≤ 𝑐𝐴𝐵 ≤ 𝑐ℎ3 ;
⎧

𝜆((𝑡˜𝐵𝑅 + (1 − 𝛼)𝑡˜𝐴𝐵 )𝐷𝐵𝑅




+(1
− 𝛼)𝑡˜𝐴𝐵 𝐷𝐴𝑅 ) + 𝑃𝐵 𝑡˜𝐵𝑅 ,




𝑙

if 𝑐1 ≤ 𝑐𝐴𝐵 ≤ 𝑐ℎ1 ;



⎨𝜆(𝑡 𝐷
𝐵𝑅 𝐵𝑅 + (1 − 𝛼)𝑡𝐴𝐵 𝐷𝐴𝐵 ) + 𝑃𝐵 𝑡˜𝐵𝑅 ,
𝐵𝐾
𝐽𝐵
=
else if 𝑐𝑙2 < 𝑐𝐴𝐵 < 𝑐ℎ2 ;





𝜆((𝑡˜𝐵𝑅 − (1 − 𝛼)𝑡˜𝐴𝐵 )𝐷𝐵𝑅




+(1 − 𝛼)𝑡˜𝐴𝐵 𝐷𝐴𝑅 ) + 𝑃𝐵 𝑡˜𝐵𝑅 ,



⎩
else 𝑐𝑙3 ≤ 𝑐𝐴𝐵 ≤ 𝑐ℎ3 .
(16)
Costs of paid peering can be calculated from (7), (15) and
(16).
We can see that all the cost functions with overlay routing
traffic are of three-piece. Figure 2 shows two examples of
ISPs’ costs vs. peering link capacity with and without overlay
routing traffic. In the examples, we assume two ISPs use the
same latency model of M/M/1. For a M/M/1 queue, the latency
1
+ 𝑝𝑟𝑜𝑝, where 𝑥 is the traffic
can be expressed as 𝑙(𝑥) = 𝜇−𝑥
load, 𝜇 is the link capacity, and 𝑝𝑟𝑜𝑝 is the propagation delay.
This model satisfies all our assumptions of latency model. In
the examples, we set 𝑃𝐴 = 𝑃𝐵 = 0.0001, 𝑡𝐴𝑅 = 200, 𝑐𝐴𝑅 =
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Fig. 2.

600, 𝑡𝐵𝑅 = 150, 𝑐𝐵𝑅 = 300, 𝑡𝐴𝐵 = 100. The propagation
latencies are set as 𝑝𝑟𝑜𝑝𝐴𝐵 = 𝑝𝑟𝑜𝑝𝐵𝑅 = 0.001, 𝑝𝑟𝑜𝑝𝐴𝑅 =
0.008. The bargaining power of 𝐼𝑆𝑃𝐴 is 𝛼 = 0.65, 𝜆 = 1.
In Figure 2(a), the ratio of overlay routing traffic is 0, and
the ISPs’ cost curves are smooth. In Figure 2(b), the ratio
of overlay routing is 0.5, and the costs curve become threepiece curves corresponding to different peering levels. From
the examples, we can see the significant impact of overlay
routing on ISPs’ cost functions.
A. Incentives of upgrading peering link
In this part, we assume that a peering link between 𝐼𝑆𝑃𝐴
and 𝐼𝑆𝑃𝐵 has been set up, and analyze the incentive of
individual ISP to upgrade the peering link. We measure the
incentive as derivative of cost to peering link capacity. If the
derivative is negative, it indicates that ISP can reduce cost
by increasing peering link capacity, and if the derivative is
positive, it indicates that an ISP will suffer increases in cost
by increasing peering link capacity. We have the following
results:
Proposition 1: (1) 𝐼𝑆𝑃𝐴 always has incentive to upgrade
the peering link with BK peering when the peering level is
medium or high.
(2) 𝐼𝑆𝑃𝐵 always has incentive to upgrade the peering link
with BK peering when the peering level is medium.
(3) Both ISPs always have incentive to upgrade the peering
link with paid peering when the peering level is low or
medium.
Proof: For 𝐼𝑆𝑃𝐴 with BK peering, if the peering level
is medium, from (15), we have
′

𝐵𝐾
′
(𝑐𝐴𝐵 ) = 𝜆𝛼𝑡𝐴𝑅 𝐷𝐴𝐵
(𝑐𝐴𝐵 ) < 0.
𝐽𝐴

If the peering level is high, we can get from (14) that
𝑡˜′𝐴𝑅 (𝑐𝐴𝐵 ) = −𝑡𝑜𝐴𝐵𝑅 ′ (𝑐𝐴𝐵 ) < 0, 𝑡˜′𝐴𝐵 (𝑐𝐴𝐵 ) = 𝑡𝑜𝐴𝐵𝑅 ′ (𝑐𝐴𝐵 ) >
′
′
′
(𝑐𝐴𝐵 ) = 𝐷𝐴𝑅
(𝑡˜𝐴𝑅 )𝑡˜′𝐴𝑅 (𝑐𝐴𝐵 ) < 0, and 𝐷𝐵𝑅
(𝑐𝐴𝐵 ) =
0, 𝐷𝐴𝑅
′
′
𝐷𝐵𝑅 (𝑡˜𝐵𝑅 )𝑡˜𝐵𝑅 (𝑐𝐴𝐵 ) > 0. Substituting the results into
𝐵𝐾 ′
𝐵𝐾 ′
𝐵𝐾
𝐽𝐴
(𝑐𝐴𝐵 ) and we obtain 𝐽𝐴
(𝑐𝐴𝐵 ) < 0. Also, as 𝐽𝐴
is continuous, we can say that 𝐼𝑆𝑃𝐴 always has incentive to
upgrade the peering link with BK peering when the peering
level is medium or high.
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For 𝐼𝑆𝑃𝐵 with BK peering, if the peering level is medium,
from (16), we have
′

𝐵𝐾
′
(𝑐𝐴𝐵 ) = 𝜆𝛼𝑡𝐵𝑅 𝐷𝐴𝐵
(𝑐𝐴𝐵 ) < 0.
𝐽𝐵

So 𝐼𝑆𝑃𝐵 always has incentive to upgrade the peering link
with BK peering when the peering level is medium.
∂𝐽 𝑃 𝑃

∂𝐽 𝑃 𝑃

∂𝐽 𝐵𝐾

𝐴
𝐵
From (6), it is known that ∂𝑐𝐴𝐵
= ∂𝑐𝐴𝐵
= ∂𝑐𝑡𝑜𝑡𝑎𝑙
.
𝐴𝐵
𝐵𝐾
For 𝐽𝑡𝑜𝑡𝑎𝑙 , when peering level is low, we can get from
′
′
(𝑐𝐴𝐵 ) = 𝐷𝐴𝑅
(𝑡˜𝐴𝑅 )𝑡˜′𝐴𝑅 (𝑐𝐴𝐵 ) < 0 and
(10) that 𝐷𝐴𝑅
′
′
′
˜
˜
𝐷𝐵𝑅 (𝑐𝐴𝐵 ) = 𝐷𝐵𝑅 (𝑡𝐵𝑅 )𝑡𝐵𝑅 (𝑐𝐴𝐵 ) < 0. Substituting the
𝐵𝐾 ′
𝐵𝐾 ′
results into 𝐽𝑡𝑜𝑡𝑎𝑙
(𝑐𝐴𝐵 ), and we can have 𝐽𝑡𝑜𝑡𝑎𝑙
(𝑐𝐴𝐵 ) <
𝐵𝐾 ′
(𝑐𝐴𝐵 ) =
0. If the peering level is medium, then 𝐽𝑡𝑜𝑡𝑎𝑙
𝐵𝐾 ′
𝐵𝐾 ′
(𝑐𝐴𝐵 ) + 𝐽𝐵
(𝑐𝐴𝐵 ) < 0. It indicates that both ISPs
𝐽𝐴
always have incentive to upgrade the peering link with paid
peering when the peering level is low or medium.

In fact, for 𝐼𝑆𝑃𝐴 with BK peering, if the peering is of
low level, it is uncertain whether it is good to increase the
peering link capacity. If the peering is of medium level, 𝐼𝑆𝑃𝐴
can always reduce cost by increasing peering link capacity. If
the peering is of high level, it can continue reducing the cost
partly by free-riding 𝐼𝑆𝑃𝐵 . For 𝐼𝑆𝑃𝐵 with BK peering, if
the peering is of low level, it is uncertain whether cost can be
reduced by upgrade the peering link, which is just the same
as 𝐼𝑆𝑃𝐴 . If the peering is of medium level, 𝐼𝑆𝑃𝐵 can reduce
cost by increasing peering link capacity. If the peering is of
high level, it is uncertain whether it is good to upgrade the
peering link because of the free-riding effect by 𝐼𝑆𝑃𝐴 . In
the case of paid peering, both ISPs are with similar incentive
on upgrading peering link. When the peering is of low level
or medium level, they can both reduce cost by upgrading the
peering link. But if the peering is of high level, it is uncertain
whether it is good to upgrade the peering link. We can also
conclude from the results above that free-riding is welcomed
by the ISP who free-rides the other, while it is uncertain for
the ISP being free-ridden. Also, free-riding might do harm to
the total welfare of the two ISPs.
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B. The conditions in which peering is better than no peering
If the cost of an ISP with certain peering agreement is less
than the cost without peering, it is better for the ISP to reach
peering agreement than no peering. Whether an ISP can reduce
cost by peering is an important factor for the ISP to make
connecting decision. Based on the upgrading incentive analysis
we further study the conditions under which peering is better
than no peering. We have the following results:
Proposition 2: (1) 𝐼𝑆𝑃𝐴 can reduce cost with BK peering
of any peering level, if the following condition holds
𝐵𝐾
𝑁𝑃 𝑙
(𝑐𝐴𝐵 ) < 𝐽𝐴
, 𝑐1 ≤ 𝑐𝐴𝐵 ≤ 𝑐ℎ1 .
max 𝐽𝐴

(2) 𝐼𝑆𝑃𝐵 can reduce cost with BK peering of low and medium
level, if the following condition holds
𝐵𝐾
𝑁𝑃 𝑙
(𝑐𝐴𝐵 ) < 𝐽𝐵
, 𝑐1 ≤ 𝑐𝐴𝐵 ≤ 𝑐ℎ1 .
max 𝐽𝐵

(3) Both 𝐼𝑆𝑃𝐴 and 𝐼𝑆𝑃𝐵 can reduce cost with paid peering
of low and medium level.
𝐵𝐾
is continuous, it must have at least one
Proof: As 𝐽𝐴
maximum value when 𝑐𝐴𝐵 ∈ [𝑐𝑙1 , 𝑐ℎ1 ]. Denote the maximum
𝐵𝐾
𝐵𝐾
𝐵𝐾 ℎ
(𝑐𝐴 ), we have 𝐽𝐴
(𝑐𝐴 ) ≥ 𝐽𝐴
(𝑐1 ). As we
value as 𝐽𝐴
𝐵𝐾
have proved in Proposition 1 that 𝐽𝐴 (𝑐𝐴𝐵 ) is decreasing
𝐵𝐾
in [𝑐𝑙2 , 𝑐ℎ3 ], and 𝑐ℎ1 = 𝑐𝑙2 , so 𝐽𝐴
(𝑐𝐴 ) is the maximum value
𝑙
ℎ
𝐵𝐾
𝑁𝑃
𝐵𝐾
in [𝑐1 , 𝑐3 ]. Then if 𝐽𝐴 (𝑐𝐴 ) < 𝐽𝐴
, we have 𝐽𝐴
(𝑐𝐴𝐵 ) <
𝑁𝑃
everywhere in [𝑐𝑙1 , 𝑐ℎ3 ], which indicates 𝐼𝑆𝑃𝐴 can reduce
𝐽𝐴
cost with BK peering of any peering level.
𝐵𝐾
(𝑐𝐴𝐵 ) also has at least one maximum value in [𝑐𝑙1 , 𝑐ℎ1 ]
𝐽𝐵
𝐵𝐾
𝐵𝐾
, and we denote it as 𝐽𝐵
(𝑐𝐵 ).
for the same reason as 𝐽𝐴
𝐵𝐾
𝐵𝐾 ℎ
Also 𝐽𝐵 (𝑐𝐵 ) ≥ 𝐽𝐵 (𝑐1 ). As we have proved in Proposition
𝐵𝐾
(𝑐𝐴𝐵 ) is decreasing in [𝑐𝑙2 , 𝑐ℎ2 ], and 𝑐ℎ1 = 𝑐𝑙2 ,
1 that 𝐽𝐵
𝐵𝐾
so 𝐽𝐵 (𝑐𝐵 ) is the maximum value in [𝑐𝑙1 , 𝑐ℎ2 ]. Then if
𝐵𝐾
𝑁𝑃
𝐵𝐾
𝑁𝑃
(𝑐𝐵 ) < 𝐽𝐵
, we have 𝐽𝐵
(𝑐𝐴𝐵 ) < 𝐽𝐵
everywhere
𝐽𝐵
𝑙
ℎ
in [𝑐1 , 𝑐2 ], which indicates that 𝐼𝑆𝑃𝐵 can reduce cost with
BK peering of low level and medium level.
In the case of paid peering, Nash bargaining solution
𝑃𝑃
𝑁𝑃
𝑃𝑃
𝑃𝑃
𝑁𝑃
< 𝐽𝑡𝑜𝑡𝑎𝑙
(𝐽𝑡𝑜𝑡𝑎𝑙
), then 𝐽𝐴
< 𝐽𝐴
gurantees that if 𝐽𝑡𝑜𝑡𝑎𝑙
𝑃𝑃
𝑁𝑃
𝐵𝐾
𝑙
and 𝐽𝐵 < 𝐽𝐵 . For the total cost 𝐽𝑡𝑜𝑡𝑎𝑙 , if 𝑐𝐴𝐵 ∈ [𝑐1 , 𝑐ℎ2 ],
from (15) and (16), we have
𝐵𝐾
= 𝜆((𝑡𝐴𝑅 + 𝑡𝐴𝐵 )𝐷𝐴𝑅 (𝑡˜𝐴𝑅 )
𝐽𝑡𝑜𝑡𝑎𝑙
+ (𝑡𝐵𝑅 + 𝑡𝐴𝐵 )𝐷𝐵𝑅 (𝑡˜𝐵𝑅 ))

+ 𝑃𝐴 𝑡˜𝐴𝑅 + 𝑃𝐵 𝑡˜𝐵𝑅
≤ 𝜆((𝑡𝐴𝑅 + 𝑡𝐴𝐵 )𝐷𝐴𝑅 (𝑡𝐴𝑅 + 𝑡𝐴𝐵 )

+ (𝑡𝐵𝑅 + 𝑡𝐴𝐵 )𝐷𝐵𝑅 (𝑡𝐵𝑅 + 𝑡𝐴𝐵 ))
+ 𝑃𝐴 (𝑡𝐴𝑅 + 𝑡𝐴𝐵 ) + 𝑃𝐵 (𝑡𝐵𝑅 + 𝑡𝐴𝐵 )
𝑁𝑃
.
= 𝐽𝑡𝑜𝑡𝑎𝑙

Then it is proved that both ISPs can reduce cost with paid
peering of low and medium level.
We can see from the results above that the conditions
in which individual ISP’s cost can be reduced are closely
dependent on the other ISP. If it is certain that 𝐼𝑆𝑃𝐴 can
reduce cost with BK peering of low level, then it can reduce
more cost by upgrading to the medium level and high level.
While for 𝐼𝑆𝑃𝐵 , if it is certain to reduce cost with BK peering

𝐼𝑆𝑃𝐴 /𝐼𝑆𝑃𝐵

𝑁𝑃

𝐵𝐾

𝑃𝑃

𝑁𝑃

𝑁𝑃

𝑁𝑃

𝑁𝑃

𝐵𝐾

𝑁𝑃

𝐵𝐾

𝑁𝑃

𝑃𝑃

𝑁𝑃

𝑁𝑃

𝑃𝑃

of low level, it can only guarantee that the cost can be further
reduced in the medium level. The uncertainty of upgrading to
high level is because of free-riding effect. With paid peering
agreement, we have a different result that both ISPs can always
be better with paid peering than no peering of both low level
and medium level. However, the case with peering of high
level is still in uncertainty.
C. Regime equilibria
In this part, we study the ISPs’ connecting strategy choice
directly with a simple game theoretic model. In this model, two
ISPs have to choose among no peering, BK peering and paid
peering strategies to make contract. The ISPs simultaneously
announce the type of contractual agreement they intend to
have. Define 𝑆𝑖 , 𝑖 ∈ {𝐴, 𝐵}, as the strategy set of 𝐼𝑆𝑃𝑖 ,
and 𝑆𝑖 = {𝑁 𝑃, 𝐵𝐾, 𝑃 𝑃 }. A strategy choice 𝑠𝑖 = 𝐵𝐾
indicates that 𝐼𝑆𝑃𝑖 seeks a BK peering agreement. 𝑠𝑖 = 𝑃 𝑃
indicates that 𝐼𝑆𝑃𝑖 is interested in paid peering agreement.
𝑠𝑖 = 𝑁 𝑃 indicates that 𝐼𝑆𝑃𝑖 prefers no peering agreement.
The outcomes of possible combinations of the decisions are
give in Table I. A feasible contract requires consent of both
ISPs, otherwise (𝑁 𝑃, 𝑁 𝑃 ) is default output. To rule out any
Pareto-inferior equilibrium, the paper uses the definition of
BNE, which allows for coordinated two-person deviations. The
formal definition follows:
Deﬁnition 1: A strategy profile 𝑠∗ = (𝑠∗𝑖 , 𝑠∗𝑗 ) is a BNE if
the following conditions hold:
(1) for any 𝑖 ∈ 𝑁 , and every 𝑠𝑖 ∈ 𝑆𝑖 , 𝜋𝑖 (𝑠∗𝑖 , 𝑠∗−𝑖 ) ≥
𝜋𝑖 (𝑠𝑖 , 𝑠∗−𝑖 ) and
(2) for 𝑖, 𝑗 ∈ 𝑁 , and every strategy pair (𝑠∗𝑖 , 𝑠∗𝑗 )
𝜋𝑖 (𝑠𝑖 , 𝑠𝑗 , 𝑠∗−𝑖−𝑗 )
>
𝜋𝑖 (𝑠∗𝑖 , 𝑠∗𝑗 , 𝑠∗−𝑖−𝑗 )
⇒
∗
∗ ∗ ∗
𝜋𝑗 (𝑠𝑖 , 𝑠𝑗 , 𝑠−𝑖−𝑗 ) < 𝜋𝑗 (𝑠𝑖 , 𝑠𝑗 , 𝑠−𝑖−𝑗 )
BNE suggests that at equilibrium, no player or a pair of
players can deviate and benefit from the deviation. From this
definition, we have the following results.
𝐵𝐾
𝑁𝑃
> 𝐽𝑡𝑜𝑡𝑎𝑙
, (𝑁 𝑃, 𝑁 𝑃 ) is the only
Proposition 3: (1) If 𝐽𝑡𝑜𝑡𝑎𝑙
strategy in BNE.
𝐵𝐾
𝑁𝑃
𝐵𝐾
𝑁𝑃
𝐵𝐾
𝑁𝑃
< 𝐽𝑡𝑜𝑡𝑎𝑙
, and (𝐽𝐴
−𝐽𝐴
)(𝐽𝐵
−𝐽𝐵
) > 0,
(2) If 𝐽𝑡𝑜𝑡𝑎𝑙
(𝐵𝐾, 𝐵𝐾) and (𝑃 𝑃, 𝑃 𝑃 ) are two strategies in BNE.
𝐵𝐾
𝑁𝑃
𝐵𝐾
𝑁𝑃
𝐵𝐾
𝑁𝑃
< 𝐽𝑡𝑜𝑡𝑎𝑙
, and (𝐽𝐴
−𝐽𝐴
)(𝐽𝐵
−𝐽𝐵
) < 0,
(3) If 𝐽𝑡𝑜𝑡𝑎𝑙
(𝑃 𝑃, 𝑃 𝑃 ) is the only strategy in BNE.
𝐵𝐾
𝑁𝑃
> 𝐽𝑡𝑜𝑡𝑎𝑙
,
Proof: (1) is straightforward because if 𝐽𝑡𝑜𝑡𝑎𝑙
there must be at least one ISP with more cost than no peering,
and this ISP will never agree with BK agreement. Also, paid
peering by Nash bargaining solution is meaningless in this
𝐵𝐾
𝑁𝑃
< 𝐽𝑡𝑜𝑡𝑎𝑙
, there are two possibilities as in (2)
case. If 𝐽𝑡𝑜𝑡𝑎𝑙
and (3). If both ISPs have less cost than no peering, then
BK peering and paid peering by Nash bargaining are better
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TABLE II
C OST MATRIX 1

TABLE IV
C OST MATRIX 3

𝐼𝑆𝑃𝐴 /𝐼𝑆𝑃𝐵

𝑁𝑃

𝐵𝐾

𝑃𝑃

𝐼𝑆𝑃𝐴 /𝐼𝑆𝑃𝐵

𝑁𝑃

𝐵𝐾

𝑃𝑃

𝑁𝑃

(3.43, 5.28)

(3.43, 5.28)

(3.43, 5.28)

𝑁𝑃

(3.43, 5.28)

(3.43, 5.28)

(3.43, 5.28)

𝐵𝐾

(3.43, 5.28)

(3.44, 2.53)

(3.43, 5.28)

𝐵𝐾

(3.43, 5.28)

(2.22, 1.35)

(3.43, 5.28)

𝑃𝑃

(3.43, 5.28)

(3.43, 5.28)

(1.65, 4.31)

𝑃𝑃

(3.43, 5.28)

(3.43, 5.28)

(0.09, 3.48)

TABLE V
C OST MATRIX 4

TABLE III
C OST MATRIX 2
𝐼𝑆𝑃𝐴 /𝐼𝑆𝑃𝐵

𝑁𝑃

𝐵𝐾

𝑃𝑃

𝐼𝑆𝑃𝐴 /𝐼𝑆𝑃𝐵

𝑁𝑃

𝐵𝐾

𝑃𝑃

𝑁𝑃

(3.43, 5.28)

(3.43, 5.28)

(3.43, 5.28)

𝑁𝑃

(5.60, 25.20)

(5.60, 25.20)

(5.60, 25.20)

𝐵𝐾

(3.43, 5.28)

(2.48, 1.36)

(3.43, 5.28)

𝐵𝐾

(5.60, 25.20)

(1.63, 29.99)

(5.60, 25.20)

𝑃𝑃

(3.43, 5.28)

(3.43, 5.28)

(0.27, 3.57

𝑃𝑃

(5.60, 25.20)

(5.60, 25.20)

−

off than no peering. If one ISP has less cost than no peering
while the other ISP has more cost than no peering, BK can not
be BNE because the ISP with more cost can never agree with
a BK agreement. However, paid peering by Nash bargaining
in this case can be better off than no peering, and it is the
only strategy in BNE.
At last, we have the following corollary.
Corollary 1: Paid peering is always BNE if peering level
is low or medium.
Proof: Combine the results in Proposition 3 and Proposition 2, it can be straightly proved.
By the analysis of the regime equilibria, we can find
that if the peering level is low or medium, paid peering by
Nash bargaining is always a strategy in BNE, while only
in sometimes BK peering is strategy in BNE. No peering
is never BNE. But if the peering level is high, too much
uncertainties are caused by free-riding effect. If ISPs choose a
high level peering relationship, they have to do calculation and
bargaining process very carefully to avoid lost. Also, it would
lose elasticity because a slight variation in traffic model or
link capacity may lead to unknown risk to the ISPs.
Consider the example of Figure 2(b). In this example,
𝑁𝑃
𝑁𝑃
𝑁𝑃
= 3.43, 𝐽𝐵
= 5.28, and 𝐽𝑡𝑜𝑡𝑎𝑙
= 8.71. The bounds
𝐽𝐴
𝑙
ℎ
𝑙
of levels are 𝑐1 = 97.95, 𝑐1 = 𝑐2 = 158.25, 𝑐ℎ2 = 𝑐𝑙3 =
645.45, and 𝑐ℎ3 = 950.00. If the ISPs choose to peering with
𝑐𝐴𝐵 = 101.68, which is of the low level, we can get the
cost matrix as Table II. Paid peering by Nash bargaining is
the only BNE strategy. If the ISPs decide to peering with
𝑐𝐴𝐵 = 318.25, which is of the medium level, the cost matrix
is as Table III. Both BK peering and paid peering by Nash
bargaining are BNE strategies. If the ISPs decide to peering
with 𝑐𝐴𝐵 = 764.50 which is of the high level, the cost matrix
is as Table IV, both BK peering and paid peering by Nash
bargaining are BNE strategies. If we make some changes of
the example in Figure 2(b) as 𝑃𝐴 = 0.001, 𝑃𝐵 = 0.060,
𝑡𝐴𝑅 = 300, 𝑐𝐴𝑅 = 500, 𝑡𝐵𝑅 = 300, 𝑐𝐵𝑅 = 900, 𝑝𝑟𝑜𝑝𝐴𝐵 =
𝑝𝑟𝑜𝑝𝐵𝑅 = 0.001, 𝛼 = 0.7, and 𝑝𝑟𝑜𝑝𝐴𝑅 = 0.003. Then
𝑁𝑃
𝑁𝑃
= 5.60, 𝐽𝐵
= 25.20, 𝑐𝑙1 = 109.50, 𝑐ℎ1 = 𝑐𝑙2 = 203.45,
𝐽𝐴
𝑐𝑙3 = 𝑐ℎ2 = 330.77, and 𝑐ℎ3 = 1000.00. The cost matrix is as
Table V. Note that in practice, 𝑃𝐵 could not be as big as 60
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times of 𝑃𝐴 . We just show an extreme condition here in the
theory. Then if the ISPs decide to peering with 𝑐𝐴𝐵 = 996.15
which is of the high level, no peering is the only strategy in
BNE. Although the examples above may not include all the
possibilities, we can see intuitively our analytical results about
peering level choices and BNE strategies.
V. C ONCLUSION
In this paper, we studied the economic issues in ISPs
connecting with the advent of overlay routing. We obtained
the overlay routing traffic patterns in Nash equilibrium with a
simple network model, and revealed how does peering link
capacity affect the traffic pattern. Based on the effect on
different traffic patterns, we identified the peering level as three
levels: low level, medium level, and high level, each of which
is corresponding to a certain traffic pattern. Combining the
traffic patterns and business model, we studied the economic
issues in ISPs’ peering. We showed that with BK peering,
the ISP that may free-ride the other ISP prefers peering of
medium and high level, while the ISP being free-ridden prefers
only medium level. With paid peering determined by Nash
bargaining solution, it is preferred by both ISPs with peering
of low level and medium level. However, the peering of high
level still has much uncertain factors caused by free-riding. We
also proposed a regime equilibria analysis with BNE theory,
and showed that paid peering by Nash bargaining is always a
BNE strategy when the peering is of low level and medium
level.
A shortcoming of this paper is that the model analyzed
is quite stylized. Although this model is quite informative,
we would like to extend the model to include more realistic
features. First, we would like to incorporate more complicated
network. Second, we plan to use various overlay routing applications. Finally, we would like to incorporate implementing
issues.
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