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Abstract

We analyze pricing and competition under paid prioritization within a model of in-
terconnected internet service providers (ISPs), heterogeneous content providers (CPs)
and heterogeneous consumers. We show that prioritization is welfare superior to a
regime without prioritization (network neutrality) and yields higher incentives for in-
vestment in network capacities. As ISPs price discriminate between on-net and off-net
CPs, their bottleneck property is propagated and competition for consumers increases
resulting in a potential prisoner’s dilemma when deciding whether to offer prioritiza-
tion. We show that peering for prioritized traffic emerges as a collusive outcome and
present off-net prices as a further collusive instrument.
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1 Introduction

In November 2015 the European Union passed regulation on open internet access (EP and
Council of the EU, 2015) providing a legislative answer to the European side of the ongoing
debate on “network neutrality” - a concept that broadly requires that all traffic should be
treated equally (Wu, 2003). This regulation was accompanied in August 2016 by guidelines
set up by the Body of European Regulators for FElectronic Communications (BEREC)
which provide a framework for national regulators on how to execute the regulation in
domestic markets (BEREC, 2016). While neutral treatment of internet traffic is a central
pillar of the new regulation, internet service providers (ISP) may still offer differentiated
Quality-of-Service (QoS) to content providers (CP) under certain conditions.!

In this paper we want to focus on the QoS practice of “paid prioritization”, where CPs
can pay ISPs to be prioritized over remaining traffic in order to reach consumers at a
higher throughput rate. Considering that content types are typically highly heterogeneous
with respect to transmission quality sensitivity (think of e-mails as opposed to live stream-
ing), a tiered transmission quality scheme might be beneficial from a welfare perspective.
An aspect we want to shed light on in addition is pricing and how pricing of prioritiza-
tion can affect competition. While multi-homing of CPs and the extensive use of Content
Delivery Networks (CDNs) is commonly observed with the heavy-weights of the content
industry (Netflix, Youtube/Google, etc.), smaller CPs typically single-home and rely on in-
terconnected networks.? Considering the sequential structure, where signals possibly pass
through different networks when being transported from emitters (here CPs) to receivers
(here consumers) the possibility of double marginalization has to be taken into account.
At the same time, emitter and receiver might belong to the same or to different net-
works which could motivate price discrimination between on-net and off-net traffic when
offering prioritization. Lastly, we want to analyze the role of interconnection charges in

prioritization schemes.

! As long as there is no discrimination within content classes, differentiated QoS measures can be applied
to different content classes if they are considered to be reasonable. While traffic management measures can
not be put in place based on purely commercial considerations, the guidelines remain silent on pricing of
differentiated QoS in the case they are technologically reasonable. For further details we refer to BEREC
(2016).

2Radware Ltd. (2013) report that CDNs are used by 21 percent of European e-commerce websites and
23 percent for the US respectively.



We present a model with two symmetric and interconnected ISPs connecting a continuum
of heterogeneous CPs to differentiated consumers. Content is differentiated with respect to
connection quality sensitivity and we assume that in a regime of network neutrality ISPs
offer a single quality level to all CPs free of charge whereas in a discriminatory regime
networks operators offer two quality classes where the “priority lane” is associated with
some fee structure, while the “non-priority” class remains free of charge.

Using this framework we show that prioritization propagates the bottleneck property of
the ISPs such that competition for consumers intensifies heavily. At the same time prioriti-
zation allocates existing capacity more efficiently resulting in a higher welfare compared to
a neutral regime. Strengthened competition combined with higher network quality leaves
consumers as the main beneficiaries from prioritization. This increase in competition out-
weighs any profits network operators can make on the CP side in a discriminatory regime.
In fact ISPs face a prisoner’s dilemma: they have a unilateral incentive to introduce pri-
oritization offers, but are worse off once both networks do so. The fee structure plays
thereby an important role. As long as networks charge each other for terminating prior-
itized traffic, ISPs have an incentive to increase incoming prioritization traffic from CPs
connected to the other network (off-net). Therefore, they lower consumer prices and make
prioritization for off-net CPs more attractive. Networks therefore have a strong incentive
to lower the interconnection fee in order to reduce competition for consumers. We further-
more show that charges for incoming off-net traffic can be used as a potential collusive
instrument to overcome the prisoner’s dilemma and show that the simplest fee structure,
where ISPs only charge CPs connected to their own network (on-net) for prioritization can
be established as a collusive outcome. Lastly, in terms of investment incentives we show
that capacity investment is higher under prioritization as a discriminatory regime allows
for higher increases in consumer prices.

Pricing in telecommunication networks is not a new area of interest for economists. Starting
with pricing in telephone networks Armstrong (1998) and Laffont et al. (1998a) analyze
how networks can use access charges as means of collusion. Since access charges increase
each network’s effective marginal cost, reciprocal charging can lead to higher consumer
prices. In their accompanying article Laffont et al. (1998b) focus on discriminatory pricing

for the termination of calls and conclude that this creates externalities between operators



even though their networks are interconnected. Dessein (2003) elaborates on those results
and shows that access charges are difficult to maintain as an instrument for collusion when
consumers are heterogenous. Later work explicitly focused on interconenction of internet
networks. Adopting a two-sided market approach with content providers and consumers as
distinct market sides Laffont et al. (2003) show that operators will charge their customers
as if the entire customers’ traffic were off-net. We will build on this stream of literature
in a sense that we consider differences in pricing when offering prioritization of traffic
which occurs entirely on-net as opposed to traffic which originated off-net.? Also, the
interconnection aspect is reflected in the sense that we allow networks to charge CPs for
simply passing traffic on (double marginalization) and to charge each other for exchanging
traffic (interconnection fee).

In the traditional telecommunication literature the capacities of networks and eventual
congestion problems played a minor role and therefore transmission quality and quality
differentiation were largely disregarded. However, with the upcoming availability of broad-
band connections during the 2000s, new bandwidth intensive internet applications emerged
which pushed network capacities especially in the last-mile segment to their limits. The
resulting congestion externalities motivated CPs to strike deals for better QoS as connec-
tion quality is a crucial input factor in their competition for consumers. This spurred a
general debate about whether or not those practices violate network neutrality. Hermalin
and Katz (2007) compare a neutral network where ISPs are restricted to offer a single
quality level as opposed to a discriminatory regime where ISPs can offer multiple quality
levels to CPs. They conclude with ambiguous welfare effects: offering a single quality level
drives some content types out of the market and provides an inefficient low quality level
for other content types. However, CPs “in the middle” are likely to benefit from it. Econo-
mides and Hermalin (2012) expand on this result by explicitly modelling bandwidth limits
where different qualities could introduce welfare gains in light of congested networks. An-

other stream of literature tackles the congestion problem using a queueing approach. Choi

3However, there is a crucial difference to price discrimination in telephone networks. While some phone
plans discriminate in prices between on-net and off-net calls, the customer only gets billed by a single
phone company. In analogy to our setting, however, the customer would pay her provider the price for
on-net calls and each provider who terminated off-net calls seperately. This reflects the idea that e.g. a CP
based in the United States might pay a European ISP for prioritization even though his internet access
point is in the US.



and Kim (2010) and Cheng et al. (2011) present a model where a monopoly ISP offers a
prioritization service to two CPs. This framework is extended by Kramer and Wiewiorra
(2012) to a model with a continuum of heterogenous CPs. While Choi and Kim (2010)
and Cheng et al. (2011) derive mixed results regarding welfare and investment incentives,
Kramer and Wiewiorra (2012) show that a discriminatory regime is more efficient as it
allocates existing capacity more efficiently and provides higher investment incentives in
the long run.

While we follow the same direction in terms of CP heterogeneity and the use of queueing,
our model differs substantially as we model two competing and interconnected platforms.
This aspect is captured to some extent by Economides and Tag (2012) and Njoroge et al.
(2013) where platform competition is considered but the congestion issue is ignored. Choi
et al. (2013) present a similar setup but also account for the interconnection aspect be-
tween networks which makes it more comparable to our model. However, the most closely
related work is the model by Bourreau et al. (2015) where competing ISPs offer queue-
ing based prioritization to differentiated CPs and ISPs face a prisoner’s dilemma when
deciding whether to introduce prioritization, a result which recurs in our own analysis.
Still, the focus of their model is slightly different. Bourreau et al. (2015) and also Njoroge
et al. (2013) consider an elastic number of active CPs in the market and interpret the
resulting difference as an effect on innovation in addition to the comparison in terms of
welfare and investment incentives. While we acknowledge the importance of this issue, we
do not allow for explicit exclusion of CPs in our model. At the same time Bourreau et al.
(2015) disregard the issue of interconnection as they assume that the competing networks
do not provide internet access to the CPs in the model. In terms of investment incentives
we support the results of Njoroge et al. (2013) and Bourreau et al. (2015) as we also show
that capacity investment is higher under prioritization. It that sense our work comple-
ments the existing literature as it is to our knowledge the only model which combines the
problems of interconnection with competing platforms and queueing based prioritization
of heterogeneous content types.

The paper is structured as follows. Section 2 introduces the model. Section 3 presents the
case of network neutrality as benchmark. Section 4 characterizes the equilibrium with pri-

oritization. Section 5 compares the two regimes regarding welfare aspects and investment



incentives. In Section 6 we consider collusion between ISPs. Section 7 concludes.

2 Model

We analyze a basic Hotelling model with two identical ISPs ¢ = 1,2 located at the ends
of the Hotelling spectrum (A; = 0 for ¢ = 1 and A; = 1 for i = 2). There is a continuum
of differentiated consumers and content providers (masses normalized to one). Consumers
have a uniformly distributed location = € [0, 1] and obtain utility u; from consuming one

unit of content from each CP of type 6 delivered with quality ¢;

u; = 0g; (1)

Overall utility (2) then depends on the aggregate monetary utility Eu; from consuming
content, the price p; for internet access and the location of the consumer. Eu; will be
defined in detail later but can be thought of as the aggregate utility from content con-
sumption across all CPs and all content types. Lastly, u captures utility which is derived
from connecting to the internet but not covered by our CP model and is assumed to be

sufficiently high such that market coverage is ensured.

Ui =u+ Eu; —p; — |\ — (2)

CPs are differentiated with respect to their quality sensitivity # which we assume to
be uniformly distributed on [0, 1]. Low values of 6 correspond to content-types with low
sensitivity with respect to transmission quality (e.g. e-mails) whereas high values represent
quality-sensitive services (e.g. live streaming). We assume the CPs’ business model is
purely advertisement based and that the interaction between a CP of type 6 and one

consumer connected to ISP 7 generates advertisement revenues

ri = 0g; (3)



for the CP.# Furthermore, we assume that CPs are differentiated with respect to their
location p € [0,1] such that CPs incur some cost ¢ (\;) = ¢|A\; — p| when engaging with
an ISP where

¢ with prioritization
c= (4)

0 without prioritization

with ¢ > 0. Note, (4) implies that only engaging in a prioritization contract with an ISP is
costly for CPs. We follow the argument made in Bourreau et al. (2015) and assume that
there is ubiquitous interconnectivity in the economy, such that CPs can reach consumers
at ISP ¢ at non-priority (“best-effort”) quality irrespective of whether they are conencted
to ISP ¢ or j, while prioritization requires some direct agreement between the CP and ISP
i. Costs t (\;) can then be interpreted to capture geographical or contractual differences
when engaging with one of the ISPs while the cost parameter ¢ pins down the absolute
level. Note, this structure implies that for each content type 0 there is a full spectrum of
1. This reflects the idea that there is heterogeneity of CPs within the same content type.
Their overall mass is normalized to one such that fol fol dfdp = 1.

Considering the quality of traffic, we distinguish between the backbone networks and the
last-mile networks of the ISPs. We assume that the bottlenecks are the last-mile networks
of the ISPs and that the traffic quality perceived by the consumers and the CPs depends
on the capacities of the last-mile networks the consumers are connected to. Furthermore,
we use a M/M/1 queueing model with an arrival rate of content requests equal to one
and define quality as 1 over the waiting time. More specifically, let N; denote the number
of consumers connected to ISP 7 and let YiP denote the number of CPs who purchased
prioritization in network i. The quality ¢¥ of prioritized traffic in network ¢ and the quality

q? of non-prioritized traffic in network i are given by

¢ = ki — N;Y;¥ with prioritiation (5)
k — N
q? = p 1qf without prioritiation (6)
i

4Note, in our model u; = r; which is a simplifying assumption. We could also allow for a setting where
consumers receive a fraction s of the surplus 6¢; and advertisers the remaining fraction (1 —s). Our results
would not change qualitatively.



where k; denotes the network capacity of ISP i.> Regarding notation we introduce su-
perscripts p for “priority” and 0 for “no priority” in a regime of paid prioritization, and
leave values under network neutrality without superscript. For the timing of the game we

assume the following;:

1. ISPs invest in network capacity (relevant in section 5.2)
2. Collusion (relevant in section 6).

3. ISPs agree on a symmetric interconnection fee. ISPs then set their connection prices

for consumers and prioritization fees for CPs.

4. Consumers and CPs decide to which network they connect to and CPs decide whether

they choose prioritization or not.

The solution concept is sub-game perfection and we solve the game by backward induction.

3 Benchmark case: No prioritization

In this section stages 1 and 2 of the game structure are omitted and the game starts at
stage 3. We first establish a simple benchmark scenario without prioritization (”network
neutrality”). In this scenario ISPs can not sell prioritization to CPs and their only sources
of revenue are selling internet access to consumers.

Starting with CPs using (3)-(6) the profit 7(6, u, -) without prioritized traffic can be written
as

mi(0, 1, -) = 0 (¢ Ni + q;N;) (7)

where ¢; = ¢?(YP =0) = k; — N; and ¢; = q?(Yjp = 0) = k; — N;.% Since non-prioritized

(2

traffic is free for CPs (see section 2 for a motivation), CPs are indifferent between the two

ISPs and the resulting allocation of CPs to ISPs is irrelevant for the equilibrium.

5We assume that each network could shoulder the whole traffic by itself, i.e. k; > 1Vi such that the
non-negativity constraints for the qualities can be ignored. Also this assures that there are not any purely
allocative reasons behind our setup.

5Here and in the following we will omit function arguments where this does not lead to any confusion.



Turning to consumers the average monetary utility without prioritization Fu; can then

1 1
Eu; = ql-/ / 0dodu (8)
0 JO

Fu; aggregates over all content types 6 at each location p. Since there is only one quality

be written as:

level in the neutral regime all content types arrive at the uniform quality level g;. The
market shares of both ISPs are then given by the indifferent consumer on the Hotelling

line

—_

1
Ny =5+ 5 [(Bur = p1) = (Buz = p2)] and Ny =1~ Ny. 9)

[\

which gives rise to the following maximization problems for platform i:

maXHi = pzNz(), = 1,2
Pi

Note, that even though this is a very simple maximization problem it is not the stan-
dard Hotelling problem. The endogeneity of ¢; leads to a less elastic market share N;(+)
than in the standard Hotelling model. Still, equilibrium prices are directly obtained from
intersecting the respective reaction functions

1

SO+ k) i A (10)

pi =

and utilizing (9) gives rise to equilibrium profits of

1

M= —
108

O+ ki —k;)*s i#j (11)

4 Prioritization: Consumers, Content Providers and ISPs

We start by characterizing the behavior of consumers and content providers. Turning to
the decisions of the ISPs we characterize properties of the ISPs’ charges for prioritized

traffic.



4.1 Content Providers and Consumers

Consider first the decisions of the CPs to choose prioritization and to which ISP to connect.

Without prioritization profits are determined by best-effort quality levels ¢, q? as in (6).
w00, 11,) = 0 (! N7 + I N7 ) (12)

The profit with prioritized traffic is given by (14) where ¢ (\;) denotes the costs of pri-
oritization which we introduced in section 2. Furthermore, we assume that if CPs decide
to prioritize they will prioritize at both networks such that total prioritized traffic in a
network Yip is given by

Y =27+ 7} (13)

and consists of traffic originating in the same network (on-net) Z? and traffic originating
in the other network (off-net) Z;.’ .7 If prioritization and connection to ISP 4 is chosen,

profits are given by
(0,1, ) = (0g; — fu) N} + <9q§ — fij — fjt) NP —t(N) (14)

Regarding the fee structure we allow a priori for discrimination between prioritizatin of on-
net and off-net traffic and for double marginalization. ISPs can therefore charge a different
price for prioritization if the incoming traffic is on-net (f;;) or off-net (f;;). Also, ISPs are
able to charge a fee for prioritization even if termination occurs in different networks (f;;),
a fee for simply passing on traffic.

Figure 1 summarizes this fee structure with an exemplary CP who engages in prioritization
contracts with ISP ¢ and ISP j. Regarding on-net charges (1a) ISP i charges a fee f;; for
reaching a household connected to his network at quality ¢”. The household in turn pays
the internet access fee p;. If the same CP wants to reach a household connected to ISP j at
prioritized quality qﬁ-’ we allow for two additional payments streams. First, the CP might

have to pay f;; to ISP i for passing traffic on (double marginalization), and secondly, ISP

"Note that we could guarantee prioritization at both networks by introducing a fixed component F
in addition to the location specific component to the cost function. Given this amended cost function
t (\i) = ¢|Ai — u|+ F CPs would only be able to recover the fixed costs F by prioritizing at both networks.
For tractability reasons we leave out the fixed component and focus on symmetric solutions where CPs
prioritize at both networks by assumption instead.

10



/ ISP i ISP i ISP j
[
|

(a) on-net fees (b) off-net fees

Figure 1: Fee structure

J might charge a termination fee fj; which potentially differs from ISP j’s on-net fee f;;
(discrimination). Note, that the linear fee structure could also be rewritten as a system of
fixed payments or a combination of both (two-part tariffs).®

Comparing the profits of the CPs we define critical values of 6 such that CPs are indifferent

between prioritization and the free “best-effort” quality. First, we define functions Qf ()

such that WO(Hf(-), )= Wf(Qf('), J):

6 () = falNY + (fij + fie) N7+t (\i)
' NP (g —af) + Nj(q} — 47)

(15)

pinning down the content class 6¥(-) which is indifferent between prioritization and no

prioritization for a given location . Secondly, we define ;*(-) such that 6F(u*(.),) =

(), )
§EC) = 5 e (NS + (o + O ND) = (Ve + (o + 2O N (16)

yielding market shares of the ISPs on the CP prioritzation market. Using these critical
values and focusing on interior solutions, i.e., u*(-) € (0,1) and 0 < 6F(-) < 1 for all

p < pF(+), we can calculate the numbers of CPs who connect either to ISP 1 or 2 and

8Remember that the quantity of transmitted content is fixed in our model (unit demand) and therefore
a distinction between linear and fixed fees is irrelevant. Non-linear tariffs are not applicable to this setup
for the same reason. This allows us to focus on the linear fees presented above.

11



choose prioritization as:

7z~ [ - o) (17)
75 = / ;') (1-650)) du (18)

A CP will therefore engage in a prioritization contract if she offers sufficiently quality-

sensitive content (6 > Hf) and/or it is relatively easy for her to engage in such contracts

(n < ub).
The average monetary utility with prioritization Eu! perceived by consumers connected

to ISP 4 is then given by

1
=g [/ / 0dody + / / Gdﬁdy,]
07 () () JO5()
TORAO 05 (-)
/ / 0dOdu +/ / 0dOdu (19)
0 0 uk () Jo

To gain some intuition for Eul one should note that there is content which arrives at

+q)

prioritized quality ¢¥ while the remaining content arrives at best-effort quality q?. Both
‘quality groups ’, however, consist of content provided by CPs coming from both networks,
therefore for each quality group there is content provided by CPs connected to the same
network (on-net) and content provided by CPs connected to the other network (off-net).
Finally, turning to the consumers’ decisions the ISPs market shares can be written as

before (see (9)) by pinning down the indifferent consumer
1 1
NP = L+ LB = ) — (B — )] and Y = 1— N 20

4.2 Internet Service Providers

Employing the functions Z(-) and NP(-) the maximization problem of the ISPs with

respect to their prices can be written as

pirfote i I} = piNy + fiZ) N} + fi; Z) N} + fuZy N} +a | Z] N} — Zf’Nf] (21)
isJiisJigsJi

on—net _ . .
of f—net interconnection

12



The maximization problem reflects the fee structure depicted in figure 1. While the on-net
and off-net parts concern payments from consumers to ISPs and from CPs to ISPs the
interconnection part reflects the settlement for inter-network traffic. Depending on the
balance between incoming prioritized traffic Z7 N} and outgoing prioritized traffic Z7 N7
ISPs pay or receive a symmetric fee a. Analyzing the respective first order conditions given

in the appendix we obtain the following result.”

*

Lemma 1 The optimal charges f;; can be normalized to zero.

Proof. To prove the result we show that the first order conditions OIl;/ df;; = 0 and
OI1;/ Ofii = 0 are linearly dependent. We start by rewriting the indifference conditions for

the consumers and the content providers and define

Ay = Bl — g~ NP — (Bub — p — (1 - NY)

k() N
Ay = Zf—/o (1—91(-)) dp and Ag := Zg—/
0

k() (1 B 95()> dp-

Note that A; = Ay = Az = 0 allows us to define NV, ZV and Z8 as functions of the ISPs’
connection prices for consumers and prioritization fees for CPs. Starting with the partial
derivatives of A; with [ = 1,2,3 we obtain

oA, N7 oa,
dfi;  NPofy

Using these results as well as A; = 0 and the implicit function theorem, standard compar-

ative statics show that the reactions of N¥, Z¥ and Z¥ to changes in f;; and f;; satisfy

ONP  N7ON? ozP Njoz? 0Z] NjOZj
dfi; NP Ofy 0fi; NPOfy df; NPOfy

Substituting in the first order conditions 91T/ df;; and OIIY/ f;; leads to

oy N7 om?
ofij NP Ofy

*

Hence, 4 can be normalized to zero. m

9 At this point we assume that the maximization problem is well-behaved. However, numerical analysis
shows that our equilibrium results indeed characterize a global maximum.

13



Recall from the definition of CP profits (14) that when chosing ISP i payments going to
ISP i are given by fi;; N + f;; N} whereas f;; N¥ is the payment to ISP j. Since CPs make a
binary decision of whether to accept the prioritization offer or not, only the aggregate level
of payments matters. In other words, from a CP perspective the composition of payments
is irrelevant. In particular regarding the fraction going to ISP 4, fi;N¥ + f;; N JP , only the
total value matters; splitting it into components depending on f; and f;; is just ‘book
keeping’. From a regulatory point of view this result has an interesting implication: an
isolated regulation of double-marginalization charges is unlikely to be effective as ISPs
can reshuflle remaining fees such that the resulting market outcome is unchanged. Any
regulation concerning double-marginalization charges f;; must therefore be accompanied
with a regulation of on-net charges f;; in order to be effective.

Using f75 = f}; = 0 and analyzing the ISPs’ first order conditions with respect to f;; and

fit we then obtain
Lemma 2 With {; = ;‘i =0 and

a
NP

)

fit = fu -

the solution f}; of I/ 8f; =0 also solves OIIY ) dfiy = 0 and implies Z} = Z5.

1)

Proof. Using Ay = 0 and Ag = 0 (see the proof of Lemma 1) f;; = fi; — a/N! leads to

Zf = Zg as well as
0A3  0Aj nd 0A3  0A3

Ofu  Ofu "9z~ 9ZF

and (1 =1,2)

OA;  9A; 9A; A nd N; 0A; AN, A
Ofw  Ofu’ 0fi  Ofj; Y A Y

Employing these equations, simple calculations show that solving 9IIY/df; = 0 for fi;
and substituting in I/ @ f;; also implies OIIY/ 9 f;; = 0. m

This result has two main implications. First of all we see that the fee for prioritization
of off-net traffic f;; is lower than the fee for on-net traffic f;; as long as as interconnec-

tion fees a are positive. Since ISPs can not attract all CPs for their direct prioritization

14



business through f;; they want to increase the balance of incoming traffic by lowering
fit such that the settlement balance a Zf NP — ZPN ]P moves in their favour. Vice versa,
we have f;; = fi; for a = 0. That means agreeing on seetlement free interconnection im-
plies non-discrimination between prioritization of on-net and incoming off-net traffic as
the settlement balance is irrelevant. In section 6 we elaborate on this result.

Using Lemmata 1 and 2 and imposing symmetry (k; = k; = k) we can then simplify the

maximization problem in (21) to obtain equilibrium prices of

fi*-:i(2+4a—c—4Zf)—§£(1—QZf) (22)
f{;’ =0 (23)
fir = Jii — 2a (24)
W = g 97 (14 22 - 2432

+ (/-c2 — 2ka) (12a2 + 2+ 6cff —6a(c+4f5) +6(1+2f5 (f — ASES Zf))} (25)

and equilibrium consumer market shares and number of prioritization contracts of

1
NP = NP =2 (26)
1
pP_ 7P _ _ —
20 =177 = o (3 + 6k — /9 + 4Kk(9k + 5¢ 1)) (27)

Let us look at the equilibrium number of prioritization contracts in more detail. Note, that

P
we have ddz(j = 0, i.e. the share of prioritizing CPs does not depend on the interconnection

fee a. Consider the total payments a CP who opts for prioritization is charged fy, , =

1o e df dzP
ENP+ fAN f . In equilibrium we have % = 0 and therefore —- = 0. Furthermore, we
P

az
have 5
C

< 0. As engaging in prioritization contracts becomes more costly the share of
CPs who can afford to do so decreases. Lastly, let us analzye the effect of existing capacity
k. Remember we focus on interior solutions in a sense that 0 < 6¥(-) < 1 for all u, such
that it is sufficient to check whether it holds for the indifferent CP 0 < 6% (1*) < 1. Using
our equilibrium results above in equations (15) and (16) we can reduce this condition to

an upper bound ¢ for our cost parameter c¢.!° Regarding our comparative static result we

—3)2 2
'9The upper bound is given by ¢ = -1 <k (—\/ w + 32k + 12> - 9).

15



P
then have dlej > 0 for 0 < ¢ < ¢ implying that the number of prioritization contracts

increases in the level of capacity k.

4.3 Interconnection fee

Finally we want to analyze which level of settlement fees a would be optimal if ISPs
maximize joint profits. We follow the tradition in the literature (see e.g. Laffont et al.,
2003) and assume that networks agree on a symmetric interconnection fee a prior to
competing in CP and consumer prices. Utilizing our equilibrium results and in particular

Z;’ = ZP and N} = ij = 1 we obtain ISP industry profits of

Wgp = T84T = 0" 4 320 + [ (25)

7

Taking the derivative with respect to a evaluated at equilibrium values and remembering

that f, = f — % and hence CZ% = ng} — 2= —1 yields
dit ¢ p dp?”* dff: dz? dr dz?
— P _ 20 zP Lo i gp L =22 <0 29
da da + da * * da Jii + da * + da it E (29)
~— =~ ~—~ ~—~ ~—~
:7221?) =1 =0 =—1 =0

which gives rise to the following result:

Proposition 1 Settlement-free interconnection a* = 0 maximizes joint profits.

Consider increasing the interconnection fee to a > a*. The increase in fees for on-net

prioritization dfi = 1 is completeley offset by the decrease in fees for off-net prioritization

a
*
dit

74 = —1. However, ISPs want to generate a positive net inflow of settlement charges

a Z;? N f — Zf N jl? ] and therefore want to increase their share of the market on the consumer

D*
side by lowering prices, dsg = —2ZP < 0. Since the number of prioritization contracts

. . dz? .
does not depend on the interconnection fee — - = 0, a can be seen as an instrument to

. . d1i?
shift rents from consumers to ISPs, i.e. —dgfp =-22F = —2E.

Since the industry profit is decreasing in a, ISPs have an incentive to agree on settlement-
free interconnection and this corresponds nicely to the peering agreements we observe in
the industry. However, we want to stress that peering as an equilibrium outcome can in

our model only be supported through an industry structure with symmetric ISPs. Once
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we consider an asymmetric industry structure, settlement free interconnection seems to be
unlikely. Note further, that changes in a are welfare-neutral and just shift rents from ISPs
to consumers, which makes the interconnection fee an interesting instrument for policy

makers. !

5 Comparison

This section compares the neutral regime characterized in section 3 to the prioritization
regime from 4. In the first part we look at profits and consumer surplus separately to gain
a better understanding of the underlying dynamics before combining our results in a single
welfare measure. The second part compares incentives to invest in network capacities in

both regimes. Proofs are delegated to the Appendix.

5.1 Welfare

Turning to equilibrium values given in equations (22)-(27), we can now compare the prior-
itization scheme to the bechmark scenario. Starting with the definition of consumer utility
(2) and utilizing symmetry we can calculate a simplified measure for consumer surplus
under paid prioritization

1

CSP =2 /2u+Euf—pf—|)\i—a:|dx (30)
0

and under network neutrality accordingly

1
cS =2 /Qu—i-Eui—pi—)\i—w\dx (31)
0

and Eu! and Eu; are given by (19) and (8) evaluated at respecive equilibrium values.

Also, let ACS =CSP - CS

"'We a priori assume a > 0. Let us consider a lift of the non-negativity constraint. ¢ < 0 implies a
negative net inflow of settlement charges a [ZfNip - Zipr] when attracting consumers. To dampen this
effect ISPs will increase consumer prices. However, this mechanism would be very prone to fraudulent and
manipulative behavior. For example, if a < 0, network ¢ could generate money by setting up a machine
which requests prioritized content from network j. This leads us to the presumption that in practical
applications the non-negativity contraint on the interconnection charge would be binding and indeed we
do not observe negative interconnection charges in the industry. The assumption a > 0 will therefore be
maintained for the subsequent analysis.
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Proposition 2 Consumers benefit from prioritization CSP > CS as consumer prices

decline p! < p; and average connection quality increases Eul > Eu;.

Competition for consumers is now propagated. Attracting consumers not only increases
market share on the consumer side, which in turn shifts the settlement balance between
networks in favor of the attracting network. Also, it makes the ISP’s prioritization offering
more appealing to CPs increasing the network’s share of CP business which in turn has
a negative effect on the settlement balance. However, the attraction of CPs is less intense
since ISPs can opt for off-net prioritization instead of switching networks. The increase in
importance of the consumer market is reflected in the fact that consumer prices decrease
p? < p; and average connection quality increases Eu? > Eu which in the end is beneficial
for consumers.

Turning to CPs we firstly define industry profits

3ot 3 1
I, = 2 / / TdOdu + / / mPdfdu (32)
0 0 0 Gf

1 1
Hep = / / T dfdp (33)
0 JO

where mcp denotes the industry profit without prioritization (7) and 7}, with pri-
oritization contract (14) evaluated at respective equilibrium values. Furthermore, let

Allep = 1%, — Icp.

Proposition 3 The aggregated CP industry is worse off under prioritization I, , < H%P

while CPs with high quality sensitivity potentially benefit from prioritization.

Since CPs who choose to prioritize now incur costs t();) and pay fees {f7, f7;, fii}, the ag-
gregated benefits of higher quality provision for content sensitive providers can not prevail.
Since we have q? < ¢i < ¢¥ there is a fraction of CPs who do not prioritize 1 — (27 + Zf)
and are worse off under the prioritzation scheme. Also, a fraction of CPs with prioritiza-
tion are also worse off as we can always find CPs who are indifferent between purchasing

prioritization and sticking to the best-effort quality, leaving CPs with very quality sensitive

content as the only group of CPs who potentially benefit from prioritization.
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Finally, we can compare ISP industry profits under prioritization (see (28))

Wgp =10 + 105 = pi" + £ 27 + £ 2}

(2

and under net neutrality
3
sp =11; +11; = 3 (34)

in the symmetric equilibrium and define All;gp = HIIJ gp — rsp.

Proposition 4 ISP profits are lower under prioritization HZ;SP < I;sp. If costs are low

c < ¢ <, ISPs face a prisoner’s dilemma.

Even though prioritization opens up new revenue streams on the CP side, the induced com-
petition dynamics on the consumer market leads to lower industry profits. This result also
holds if ISPs exchange traffic for free a = 0. However, this leads to the question whether
ISPs face a prisoner’s dilemma. If given that the other ISP does not offer prioritization,
introducing prioritization leads to higher profits than given by (11), a coordination failure
may arise where both ISPs end up with lower profits. In fact one can show that if the costs
for CPs to engage in prioritization are low enough ¢ < ¢ < ¢ the coordination problem
will arise. If costs are high on the other hand ISPs will not offer prioritization. This result
also allows an interpretation regarding the competitive structure of the market: if the CP
market is very competitive (c¢ is very low, i.e. networks are not very differentiated) the
dilemma will arise. The critical level ¢ is characterized in the appendix.

Finally we combine our results into one welfare measure
AW = ACS + Allgp + Alljsp

and conclude this section with the welfare comparison between both regimes.
Proposition 5 Welfare is higher under prioritization AW > 0.

Consumers face lower prices for internet access and higher average quality. While some
CPs benefit from an increase in quality due to prioritization of high-sensitivity traffic, the

aggregate of CPs suffers from prioritization in light of setup costs and fees charged by
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network operators. On the ISP side the additional revenue stream is depleted by tight-
ened competition on the consumer side to a point, where ISPs have lower profits under

prioritization. However, the net effect is positive.

5.2 Investment incentives

In this section we want to compare investment incentives between the regime with and
without paid prioritization from a symmetric equilibrium perspective. We assume that
investment costs C;(k;) with C(k;) > 0, C/'(k;) > 0 are identical in both regimes and

therefore we can restrict our analysis to the comparison of marginal profits gross of in-

vestment costs. The marginal profit in the regime without prioritization %k follows from

dk;
(1)

—_— = | p; + N;— = - (35)
dk; |, _p dk; " dk; =k, 6
whereas marginal profits under prioritization ng can be written as

dIr? dN? dp?* dzP  dz?

12 — NP [ J

dk; |, <p, kN dk;  dk

dNP afr

ZP + Z8) | fi =~ + NP =2 36
+ ( 7 + J ) |: (] dkz ) dkz:| ) ki:kj ( )

where we use our results from Lemmata 1 and 2 in the definition of ISP profits under pri-
oritization (14) and our result from section 4.3 such that interconnection is settlement-free
(a = 0). Figure 2 compares investment incentives for different levels of initial symmetric

investment network capacity k; = k; = k. The solid line depicts investment incentives un-

der prioritization 6321 and the dashed line the case without prioritization dk

6 summarizes the illustrated results.

Proposition 6 Investment incentives are higher in a regime with priom’tz’zation A’? =

di? dl'[ Ak
s dk <0

or if prioritization is costly Af < 0.

We should note that the difference Ak > ( is mainly driven by the difference in marginal

+« dNP

profits made from consumers ( ik N? d(fk ) (pZ Cg,jz + Nij dp ’) > 0. In both regimes
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Figure 2: Comparison of investment incentives

an increase in quality allows networks to increase consumer prices. However, with prior-
itization consumers additionally benefit from the presence of prioritized content classes.

The positive effect in terms of consumers is especially pronounced if we consider that

p az¥
the marginal profits made from the CP business are negative N7 f7 [Cﬁz + de] + (27 +

D *
Z0) | F 5 + NP9E| < 0. Utilizing Lemma 2 this inequality implies

az? dN? df*
NP o gP _NPgzpii

77 0 NP S 0 and Y5 < 0. Even thoush th ity investment would i
dk; > ) dks > al dk; < U. VeI Oug e CapaCI yaneS ment wou 1mcrease

.. dNP C e
the market share on the consumer side ;= > 0 and the number of prioritization contracts

P *
% > 0, the adverse effect on prioritization fees prevails Z];;? < 0. Note that increasing the

with

capacity level has a positive impact on both quality levels, which in turn makes purchasing
prioritization less appealing.

Similarly, the higher the initial capacity level, the higher the free best-effort quality. This
k
in turn lowers the benefit of purchasing prioritization and therefore Cﬁ: < 0. The higher

the cost for engaging in a prioritization contract ¢, the smaller the number of CPs who

dAk
dCZ < 0-

can afford to purchase prioritization, implying
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6 Collusion

This section analyzes how a symmetric fee for prioritization of off-net traffic fi; = fj: = f
can be used as an instrument for collusion. In particular we are interested in the cases
where f; deviates from the optimal level of the non-collusive case towards zero. The idea
is that ISPs offer a package of prioritization (on-net and off-net) but CPs only pay one
fee f;; to the ISP they are connected to. The panel in figure 3 depicts equilibrium values
of the collusive game (solid line) for different levels of f; where the right bound is given
by f7 such that the depicted range shows the movement from f;, towards zero. The gray
horizontal lines indicate reference values from the non-collusive game as characterized in
section 4. The dashed line shows reference values from the regime without prioritization
as shown in section 3.12

The top left graph depicts ISP profits for different levels of f;. As can be seen collusion re-
garding the pricing of off-net prioritization is a potential remedy to the prisoner’s dilemma
the ISPs are facing. Profits can be increased above the non-collusive level by lowering the
level of f; towards zero.

Turning to the mid left graph we see as f; approaches zero the optimal f;; decreases
as well which makes opting for prioritization very cheap for CPs increasing the overall

number of prioritization contracts (top right graph). The complementarity between f; and

P

K12

ofr

that 3 I
P

g}zi < 0, which implies that on-net fees f! and off-net fees fj; are strategic substitutes.

. . dff . . . afr afr .
What we observe in figure 3, however, is JJ}Z > 0 which implies | 8?;| > | anflﬂ using our
i J
. dff _ aff dff, | off dff o dfh dfy
separation & = or df: ors dft > 0 with df: =ah = 1.

is, however, not straightforward. If we disentangle f; into f; and fj; one can show

> 0, so that prioritization fees are complementary on-net. However, we also have

As CP payments per consumer are now very low, competition for consumers becomes less
intense which pushes consumer prices up (mid right graph). Also, it is easy to show that
for Z¥ — % we have ¢ — ¢;: prioritization of every CP is equivalent to no prioritization
at all. Unsurprisingly, the aggregate quality level Fu; decreases towards the level under

net neutrality (bottom graph).!3 This implies that by pushing f; towards zero ISPs can

12For the purpose of illustration equilibrium values are evaluated at ¢ = 0.02, k = 2 and a = 0.

13Note, however that full prioritization, i.e. zZ? = % can not be reached since we assume c¢ > 0, i.e.

prioritzation is costly. When we argue that values approach levels of net neutrality we are strictly speaking
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Figure 3: Collusion

simply coordinate to go back towards the neutral regime. Consumer prices approach the
level observed in the case without prioritzation p; — p? (bottom right graph) and so do
ISP profits IT} ¢, — IIgp (top left graph). A similar argument can be made for increasing
f+ above the competitive level f};.1

However, this suggests the presence of opposing opposing effects as can be seen in the

about closing in on levels of net neutrality up to some margin € where € is determined by c. This, however,
is omitted for the sake of brevity.

14 Prioritization gets increasingly more costly which implies that the total number of prioritization
contracts decreases. If the number of prioritization contracts is very low we have ¢ — ¢; which again
relates to a regime without prioritization. However, consumer prices increase in this case in f;. Since
consumer demand in our model is inelastic by design, however, this increase is theoretically unbounded.
This makes a reasonable analysis in ranges of high f; values very hard and we therefore stick to the
presented case of fi — 0.
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non-monotonicity of e.g. the consumer price graph. Consider lowering f; marginally from
the competitive level fj. Since f;; is complementary, the direct payment stream from CPs
to ISPs drops initially. ISPs try to offset the reduced fee level by attracting new consumers,
so consumer prices decrease even further. However, after a certain threshold substituting
the reduced prioritization fees through attracting new consumers becomes too costly and
consumer prices begin to increase again.

This provides a good narrative for the 'consumer sweet spot’ in the non-collusive case.
For f; — f;; attracting consumers becomes crucial and unsurprisingly consumer prices
are low. At the same time utility from consuming content is high as existing capacity
is allocated efficintly through the queueing mechanism. This, however, leads to low ISP
profits. By colluding with respect to off-net prices network operators can avoid this pitfall.
In particular our results show that a regime where ISPs only charge positive prices for on-
net CPs (and zero prices for off-net CPs, f; = 0) can be an outcome of collusive behavior.
In this case ISPs can approach the profit level under net neutrality and CPs face very low
fees for prioritization (fj; is still positive), however consumers face higher prices and lose
the benefit of prioritized content classes.

We would like to end this section by briefly discussing the stability of the collusive out-
come. Obviously, every network could profitably deviate from the collusive fee f; = 0 by
marginally increasing its fees above zero f;; > 0. This would render the collusion unstable
since in our model there is no contractual punishment for deviation or any other more ad-
vanced mechanism ensuring collusion. This is beyond the scope of this work. Nevertheless,
we would like to make an intuitive argument in favour of the collusive outcome. Let us
imagine a CP who signed a contract with ISP i at price fi(f;) > 0 and f; = 0 promising
prioritization in both networks. In order to be able to make this offer, there must also
be some agreement between ISP ¢ and ISP j in place. If ISP j now introduces a positive
additional fee in exchange for prioritization in network j, ISP i can not fulfill the promise
made in the contract with the CP anymore invoking potential legal repercussions between
the CP and ISP i and consequently between ISP ¢ and ISP j. The fact that deviating from
the collusive price setting (i.e. fiz > f; = 0) is not in the interest of CPs could therefore

make the collusion more stable.
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7 Conclusion

We characterized an equilibrium with competing and interconnected ISPs offering
queueing-based prioritization to heterogeneous CPs. Prioritization leads to increased com-
petition for consumers and to a more efficient use of existing network capacity, implying
a higher welfare level compared to a regime of network neutrality. Comparing investment
incentives we also conclude that capacity investment is higher under prioritization.

We showed that details in the fee structure matter when it comes to collusion of ISPs.
Since a positive interconnection fee produces a strong incentive to generate a positive
inter-network balance by 1) attracting consumers through low consumer prices and 2)
discriminating in favour of incoming off-net traffic, networks have a strong incentive to
decrease interconnection fees. This is especially true since networks are likely to face a
prisoner’s dilemma when it comes to the introduction of prioritization and would therefore
want to reclaim some lost rents. We motivate collusion with respect to pricing of off-net
traffic as a potential remedy to the dilemma and show that the simplest fee structure
where only on-net CPs are charged for prioritization can be a collusive industry outcome.
In light of the ongoing network neutrality debate our analysis favours a non-neutral regime
and highlights once more the importance of competition for consumers within this context.
However, there are some clear limitations to our model. We restrict our analysis to the
case where CPs single-home when it comes to prioritization and rely on interconnection
agreements to reach different networks. If CPs are able to multi-home for prioritization,
the bottleneck property of ISPs is likely to be weakened and the role of interconnection is
less clear. Our results also rely on a symmetric setup. However, having in mind regional
ISPs which partly rely on infrastructure provided by larger ISPs, we expect our results to
change significantly. Lastly, one could also imagine the content industry to actively react
to ISP investments into network capacity. Since capacity investment affects all quality
levels it is not clear to what extent ISP and CP investments are complementary. These

questions could provide some direction for future research.
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Appendix

A Equilibrium conditions

The following system of equations describes the first order conditions to the maximization problem

presented in (21).

15 5 A 1[50
+ (fit +a) Zjaaii + N; 68?2 =0
o, ~ew g g o [ e
+ (fie +a) -Zj g;\f + Ng? =0
57, = N g g+ ] o [ g
+ (fit +a) ngj[\; +N; gij =0
R G R s
+ (fie +a) _Zj gj}; + N; g?ﬁ} =0
Adding the system of auxillary equations presented in the proof of Lemma 1
Ayi=Eqi —p1 = Ny — (Egy —pa — (1= NY) =0
40!
Boi=zp= [ (1= 050) dn 0
Agzzg/l (1—05()) du =0
k()

and normalizing f;; = 0 (see Lemma 1) we can apply the implicit function theorem to determine

the remaining elasticities. Imposing symmetry we obtain closed form solutions for our equilibrium

values.

B Omitted proofs

Proposition 1

Proof. See (29). m
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Proposition 2

d

P
Proof. In a first step we show that p!™ < p;. Note, that Z; < 0 such that it is sufficient to check

d(pi—p?™)

whether p?* < p; at @ = 0. We can then see that I

< 0V ce€l0,¢ and therefore it
a=0

- > 0 which is true V £ > 1 and therefore implying p!™ < p;.

Similarly, we show that Fu;, < Eu?. Note, that d}g:f < 0 and obviously % = 0. Since we

suffices to show that (p; — p!™)|

a=0,c=

have (Eu! — Eu;)|._, > 0 it follows by monotonicity that Fu; < Eul ¥ ¢ € [0,¢],1 < k. Finally,
P’ < p; and Eu; < Eul implies CS < C'SP from the definitions in (30) and (31). m

Proposition 3

Proof. In equilibrium we have ¢) < ¢; < ¢} implying that profits without prioritization (7)

decrease. Since there are CPs of type 6¥(-) who are indifferent between prioritization and best-

P
effort quality (15), some CPs are also worse off under prioritization. Since 681'[0i > 0 only CPs at

the high end of the type spectrum potentially benefit. For the aggregate effect we should note that

P
Mor 0 and Mer = 0. Since Mp — M%,| >0 we have I%,, <11, Ve € 0,8, 1 < k. m

Proposition 4

dIl

s M) g e

e <0as

. d
Proof. We start by comparing profits IT} ¢, and II;gp. Note, that

and dnd% = 0 such that it is sufficient to show that 1Y, — I;sp > O|C:E which holds for all
1<k

For the second part of the proposition we characterize an equilibrium where only one ISP of-
fers prioritization. Assume without loss of generality that ISP 2 does not offer prioritization. Let
{p{,p%, £} denote equilibrium prices derived from the profit maximization problem of ISP 1
maxXp, , f,; H‘li =p1 N1 + fllZle and ISP 2 max,, Hg = pa Ny where the share of CPs with prior-
itization is given by Z7 = fol (1 —6%(-)) du and consumer market shares are obtained as in (9).
Comparing profits of ISP 1 evaluated at equilibrium values I1¢(-) to the symmetric solution without
prioritization given in (7) implicitly defines the critical cost level & : TI¢(-) = II{ with & < € such

that I{(:) > T for 0 < c < éand I¢(-) <) forc<c< e m

Proposition 5

Proof. Note, that all monetary payments are transfers between consumers and ISPs and CPs and

ISPs respectively and therefore do not affect overall welfare. The difference in welfare can then be
1

expressed as AW = 2 (Euf — Eu; — [ falk(_) t(/\i)dﬁdu) such that the sign of the difference will

depend critically on the cost level ¢. One can show that AW is decreasing for ¢ € [0, 2] with ¢ = 2
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being the smallest positive root to AW = 0. However, it is easy to verify that ¢ < 2 and therefore

AW >0forallce[0,¢,1<k. m

Proposition 6

ddA; < 0 one can verify that A¥ > 0| __ for all 1 < k and therefore A¥ > 0 for all

ce0,¢,1<k. m

Proof. As
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