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Abstract

The exponential growth of the Internet in virtually
every metric has sparked a discussion about the role
of pricing in public data networks. Initial research
results demonstrate that priority pricing, congestion
pricing, and other pricing schemes have the potential
for improving social welfare over flat-price schemes.
While promising, these initial results have significant
shortcomings that have limited their applicability; no-
tably that they usually only consider a single network
and always consider a single administrative domain
when they include multiple switches. Furthermore,
most prior analyses usually focus either on the techni-
cal or economical aspects without consideration of the
interplay between the two. This paper addresses the
need for a detailed study of more realistic networks
under multiple administrative domains. The interac-
tions between networks under multiple administrative
domains are analyzed in terms of revenues collected
by these networks. More specifically, we study the
revenue flows or settlements among multiple intercon-
nected networks when one of the networks changes its
technical or economic strategies.

Keywords.  Packet Networks, Network Pric-
ing, Multiple Networks, Simulation, Modeling, Settle-
ments.

1 Introduction

Prices can be used to control network traffic by giving
signals to users to modulate their traffic when the net-
work is congested. This has been shown previously by
several researchers, both analytically and using sim-
ulation [1, 2, 6, 7, 9, 10]. While this result is not
surprising to most economists, a variety of technical
problems must be addressed to understand and imple-
ment price-based resource allocation schemes.

Most studies of pricing in computer networks con-

sider only a network under a single administrative en-
tity. Lehr and Weiss [4] argue that new economic and
technical issues arise when multiple, administratively
independent networks are interconnected that are not
readily captured in the economic studies of single net-
works. To support this argument, they developed a
static model that extended earlier work by Mackie-
Mason and Varian [5]. In this work, they assumed
that both networks used a congestion pricing scheme.

To address the above issues, we have developed
a general simulation-based framework to capture the
essential properties of pricing in computer networks.
This framework is designed so that it can easily accom-
modate different user models, pricing models, and net-
work models. The user model supports a wide variety
of user profiles, including interactive users, bulk users,
and real-time users. Traffic from each user model is
characterized by its burstiness, the length of its pack-
ets and a desired value of end-to-end network delay.
Interactive users generate streams of short packets
with moderate end-to-end delay requirements. Bulk
users are characterized by large size packets and a high
tolerance for long end-to-end delays. Real-time users,
on the other hand, are characterized by stringent end-
to-end delay requirements and large size packets, such
as video packets. Depending on the user model, a de-
cay function is associated with each packet. The decay
function models the user’s loss in value as a function
of time.

The network model can be tailored to represent ei-
ther a network administered by a single network ser-
vice provider or multiple networks administered by
multiple network service providers. Both models are
of interest: the former to evaluate the operation of
a network under a single administrative domain and
the latter to develop a richer understanding of the in-
teractions between multiple networks under multiple
administrative domains. For this paper, we will focus
on the latter; the question of single network service



provider was addressed in [8].

The pricing models considered in this study are flat
pricing and congestion pricing. We consider specif-
ically flat pricing schemes at various price levels as
well as a congestion-based pricing scheme. Using flat
pricing, users are charged a fee for every unit of traf-
fic they generate. Congestion pricing, on the other
hand, is responsive to traffic load. Congestion prices
rise as the demand for the network resources increases.
Network costs or fixed charges that users may expe-
rience as part of a two-part tariff are not considered.
Flat pricing and congestion pricing strategies are im-
plemented using route dependent pricing scheme.

We use the above framework to simulate networks
under multiple administrative domains. In the case
of multiple administrative domains, any network in a
network-of-networks can have its own technical and
economic strategies. Also, each network can optimize
profits and technical operations locally. Many mod-
ern network structures consist of networks connected
in serial fashion, with each network in the chain being
separately administered and operated. A network ser-
vice provider may want to change the technical and
economic strategies of its network in order to gain
profits. A network can change its technical strategy by
changing its capacity and traffic load. A network can
change its economic strategy by changing its pricing
schemes and price levels. When a network changes its
technical and economic strategies, it affects the traffic
and revenue of other networks.

In this paper, we study the behavior of other net-
works if one of the networks changes its technical and
economic strategies. The incentives of a network to
change its behavior and the resulting consequences of
this behavior on other networks are analyzed in terms
of revenue flows or settlements among the networks.
The other networks may be directly connected to the
network changing its strategies or they may be n hops
away. The other networks can also be either mixed
or transit only networks. A mixed network generates
revenue through originating, terminating, and tran-
sit traffic. A transit only network collects revenue by
transmitting the traffic of other networks only because
it does not have any originating or terminating traffic.

The rest of the paper is organized as follows. Sec-
tion 2 describes user model, network models, and pric-
ing models. Section 3 talks about experimental design.
Section 4 presents and analyzes the results obtained
for the multiple networks. Section 5 discusses and
concludes the paper. Section 6 introduces our future
work.

2 Model Description

The results that we discuss in subsequent sections de-
pend heavily on the way in which the model is for-
mulated. In this section, user model, network models,

and pricing models are described.

This model is implemented using CSIM simula-
tion package [3]. CSIM is a process-oriented discrete-
event simulation package based on C programming
language.

2.1 User Model

An important part of the model is the way in which the
user is modeled. Each user ¢, or U; is characterized by
its task and behavior as: {U; : Tk;;, B;}, where Tk;;
is task j executed by user i and B; is the behavior of
user .
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Figure 1: Decay function for Packets

Users execute tasks, which generate packets. Each
user performs a task of certain type. A task Tk
is characterized by its type and value as: {Tk; :
Tpij, Vi }, where Tp;j is type of task j of user i and V;
is the time ¢ dependent value of task j of user 7. The
value of a task is the sum of the values of the packets
associated with that task. At the start of the task,
the same value is assigned to all packets of the task.
The value of each packet decays with time. The user
uses a decay function related to the type of task that
models the user’s loss in value as a function of time.
Decay functions are of the form shown in Figure 1.
Each packet associated with a task type receives the
identical profile and gets the full allotment of time.
Note that value figures are relative, so that v; = 1 and
v = P, (0 < B < 1). A “hard deadline” means
that ¢, =~ t4, and more moderate deadlines imply a
larger difference between t, and t4.

Users have a behavior associated with them. The
behavior B; of a user i depends on the values of packets
it sends, and the price and delay information received
from the network. The user compares the value of a
packet with the price for sending the packet. If the
value of the packet is greater than the price, the user
sends the packet into the network. Otherwise, the user
does not send the packet and waits until the next price
interval for new price update. The user can also record
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Figure 2: User Model

the experienced delay, d;, of the most recently trans-

mitted packet. The user computes d;;;, the delay
estimate for the next packet to be transmitted. The
user does this by computing d;1+1 = (1 — a)d; + ad;,
where 0 < a < 1is a weighting factor and d; is the de-
lay estimate for the most recently transmitted packet.
The user uses this delay information in computing the
value of the packet according to the decay function.

The tasks can be of different types. In this model,
we assume three types of tasks: interactive, real time,
and bulk. In each case, the packet length is computed
by n;l, n; = 1,2,.... These are characterized as fol-
lows: interactive, real time, and bulk. In each case,
the packet length is computed by n;l, n; = 1,2,....
We characterize these as follows: Interactive users
(e.g., telnet or WWW) generate a stream of short
packets (n; = 1) with moderate deadlines (no packet
loss); real time users (e.g., voice, video) are charac-
terized by large packets (n; = 3) and a hard deadline
(packet loss permitted); and bulk users (e.g., ftp)
consist of large packets (n; = 3) with long deadlines
(no packet loss).

Operationally, the process works as follows: (1) Val-
ues are assigned to packets when a task initiates; these
values are randomly drawn from a uniform distribu-
tion (0,1]. Each packet associated with a task is given
this nominal value, v;. (2) If the packet is transmit-
ted prior to the deadline (t4), its value remains intact.
This is implemented by placing the packet first in a
FIFO (First In First Out) queue in the user. (3) If
the packet resides in the buffer too long, its deadline
is exceeded, and the value begins to decay linearly un-
til the expiration (t.). This is implemented by placing
the packets that have waited in the FIFO beyond t4
into a LIFO (Last In First Out) queue (Decision 1 in
Figure 2). (4) The user will always transmit the FIFO
packets first, then the LIFO packets, up to either ca-
pacity of the network or the point at which the price
exceeds the value of the packet, whichever comes first
(Decision 2 in Figure 2). This ensures that the highest
value packets are transmitted first.

2.2 Network Models

The network model consists of three packet switches
connected in series by communication links. Each
packet switch is modeled as a single queuing system.
This model does not place a limitation on buffer size
(so that there can be no dropped packets once a packet
enters the network), and each buffer is serviced as a
FIFO. The service rate is limited by the bandwidth of
the link to the next destination. For this simulation,
the channel capacity is X packets/second. Thus, the
actual delay that a packet experiences is composed of
the sum of waiting time (queuing delay) and transmis-
sion delay. Transmission delay is faced by all packets,
so the primary source of delay variation is queuing de-
lay. It is therefore the queuing delay that is the focus
of our interest.
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Figure 3: Network Model - Switch 2 is Transit Only

We chose to model 108 users so that any user’s de-
cision would have a negligible impact on the price or
performance faced by other users. It is also assumed
that the service providers face a contestable market
for network services which prevents the network ser-
vice provider from charging monopoly prices.

The network models for multiple service providers
are shown in Figures 3 and 4. In Figure 3, the traffic
is arranged such that the middle switch neither orig-
inates nor terminates any traffic. The middle switch
just transits the traffic of other switches. This implies
that its only source of revenues comes from congestion
fees. In Figure 4, the traffic is arranged such that the
middle switch has mixed traffic consisting of originat-
ing, terminating, and transit traffic.

The networks also inform each user of the de-
lay that the most recently transmitted packet expe-
rienced. The user uses this delay value d; to compute
the estimated delay d;y; as described in section 2.1.
While networks do not provide delay information to
the user in practice, it is assumed that a user could
gather this information at virtually no cost.
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Figure 4: Network Model - Switch 2 is Mixed

2.3 Pricing Models

We use two pricing models or strategies: flat pricing
and congestion pricing. In flat pricing, the network
sets a fixed per packet price (0 < P < 1) that is
faced by all packets. Non-usage sensitive prices, such
as attachment prices are not included in our model.
In congestion pricing, each switch ¢ computes a price

pi=a+b [1—%], where p; is the utilization of switch

¢ in a price interval, and a and b are constants that
are selected so that the price is in the range of packet
values (0 < p; < 1). We make no assertion here that
this is an optimal congestion price; however, we do
assert that this price behaves in a way that is similar to
the way in which optimal congestion prices are likely
to behave.

In case of multiple service providers, each can have
its own pricing scheme. For example, one might use
flat pricing while others can use congestion pricing
schemes. Flat and congestion pricing strategies are
implemented using route dependent pricing schemes.
In a route dependent pricing scheme, the price faced
by users is the sum of the prices of the switches
through which the users’ packets are transmitted. The
overall network price P is computed as: P = ZLI Di,
where p; is the price of switch i.

From an economic perspective, time is divided into
fixed “price intervals”. At the beginning of each price
interval, the network announces a per-packet price
that is valid for the duration of the price interval. For
flat prices, this computation is simple; the network
simply sets price and all users pay the same rate or
price depending on the route of their packets.

For congestion prices, each switch ¢ in the network
computes its utilization pi as pi = X¢/ul, where pi is
the utilization of switch ¢ during price interval ¢, \! is
the arrival rate of packets at switch ¢ during price in-
terval ¢t and p! is the service rate of packets at switch
1 during price interval t. Each switch ¢ in the network
computes pi, , the utilization estimate for the next
price interval ¢ + 1. The switch does this by comput-

ing pi.; = (1 —a)p; + ap}, where 0 < o < 1is a
weighting factor and p! is the utilization estimate of
switch 4 for the current price interval . Each switch
computes a price pi 41 for the next price interval ¢ + 1

aspi,, =a+b [%‘i—l} . The overall network price P,

is computed based on the individual switch prices as
P, = Z?Zl pz_H. The network also computes Pt+1, the
price estimate for the next price interval t+1. The net-
work does this by computing P11 = (1 — a)P; + aP;,
where 0 < a < 1 is a weighting factor and P; is the
price estimate for the current price interval ¢. The
network announces this estimated price PtH to the
users. The users use the estimated price in making
a decision by comparing the estimated price with the
value of the packets that they want to transmit.
Revenue for each switch ¢ is computed as the prod-
uct of switch price p; and the number of packets trans-
mitted by switch ¢ during a price interval. Each switch
i collects revenue for packets transmitted through it
and aggregates its revenue over the simulation time.
In case of multiple service providers, each switch col-
lects its own revenue independently of other switches.

3 Experimental Design

We conducted a number of experiments on multiple
networks with each network being under a multiple
administrative domain. Each of the switches in Fig-
ures 3 and 4 are considered to be under a separate
service provider. There are three independent network
service providers administering each of the individual
networks separately.

In this study, multiple networks are supposed to be
heterogeneous and multiply-administered computer
networks. Heterogenous means that any network in
a network-of-networks can have its own technical and
pricing strategies. Multiply-administered means that
each network optimizes profits and technical opera-
tions locally. Many modern network structures consist
of networks connected in serial fashion, with each net-
work in the chain being separately administered and
operated. A network service provider may want to
change the technical and pricing strategies of its net-
work in order to gain profits. In such an environment,
the revenue flows or settlements among networks in a
network-of-networks becomes an interesting issue. A
network changes its behavior by changing its techni-
cal and pricing strategies. We study the effects due to
the changing behavior of a network on other networks
which are directly or indirectly connected to the net-
work which is changing its behavior. The effects pro-
duced due to the changing behavior of networks are
analyzed in terms of revenue flows.

A network can change its behavior as follows:

Change Pricing Scheme: Each network can have



a pricing scheme of its own. For example, one
network can use flat pricing scheme whereas
the other networks can use congestion pricing
schemes. Each network can also change the al-
gorithm or formula for computing the prices.
Changing pricing schemes is a strategic deci-
sion. Three networks with two pricing schemes
can have eight possible combinations.  The
four meaningful combinations considered here
are: Flat-Flat-Flat (FFF), Flat-Congestion-Flat
(FCF), Congestion-Flat-Congestion (CFC), and
Congestion-Congestion-Congestion (CCC).

Change Flat Price: This applies only to those net-
works that use flat pricing schemes. A network
can change the levels of its flat prices. The lev-
els of flat prices of one or more networks are kept
fixed whereas the levels of flat prices of other net-
works are varied between 0.0 and 0.9. Changing
levels of flat prices is a strategic decision.

Change Traffic: The offered traffic to a network is
varied by changing p for that network. The levels
of p are: 0.1, 0.5, and 0.9.

Change Capacity: The capacity C of a network can
also be varied. Varying capacity of a network
changes utilization p of that network. The levels
of capacity are: low (L), medium (M), and high
(H). If capacity of a network is low, p of that
network will be high for a fixed amount of traffic
entering the network and vice versa.

The effects produced due to the changing behavior
of a network can be seen on other networks which are
in the following positions:

Transit Only Network: The transit only network
transmits the traffic of other networks only. This
kind of network does not have originating or ter-
minating traffic. The second network shown in
Figure 3 is a transit only network. Network 1 has
27 1-hop users. There are 54 3-hop users con-
nected to network 1 whose packets go through all
the three networks. Network 2 does not have any
users. It just transmits the packets of network 1.
Network 3 has 27 1-hop users and it transmits the
packets of networks 1.

Mixed Network: A mixed network can have origi-
nating, terminating, and transit traffic. The sec-
ond network shown in Figure 4 is a mixed net-
work. Network 1 has 18 1-hop and 18 2-hop users.
There are 36 3-hop users connected to network 1
whose packets go through all the three networks.
Network 2 does not have 1-hop users. It has 18
2-hop users and it transits the packets of network
1. Network 3 has 18 1-hop users and it transmits
the packets of networks 1 and 2.

Next Network: The next network of a network is
a directly connected network with no other net-
works in between the two networks. In case of
three networks, next network of network 1 is net-
work 2 and the next network of network 2 is net-
work 3.

Network Removed by n hops: A network
removed by n (n > 1) hops from a network is
a network which is n networks away from that
network. If n is 1, the networks will become next
networks to each other. In our model, the maxi-
mum value of n is 2. Network 1 is removed by 2
hops from network 3.

For the analysis of multiple networks, the mean val-
ues and 95% confidence intervals for revenues of each
of the networks are computed and plotted in the next
section.

4 Research Results

Previously, we have reported on the results of our
studies of a network under a single administrative do-
main [8]. In this paper, we report on experiments
that were conducted on multiple networks, with each
network being under an independent administrative
domain.

In the case of multiple networks, the revenue flows
are examined more carefully. For each network, we
consider the revenue sources. In the case of route
dependent pricing, we can consider the revenue de-
rived from non-local networks as being a sort of “set-
tlements” revenue stream?!.

The four meaningful combinations of networks
and pricing schemes considered here are Flat-Flat-
Flat (FFF), Flat-Congestion-Flat (FCF), Congestion-
Flat-Congestion (CFC), and Congestion-Congestion-
Congestion (CCC). Under each combination, the lev-
els of flat price, traffic and capacity of a network are
changed. The effects of these changes on transit only
networks, mixed networks, next network, and net-
works removed by n hops are discussed in the following
sections.

4.1 Flat - Flat - Flat (FFF)

In this case all the three networks use flat pricing
schemes.

4.1.1 Change Flat Price - FFF

The plots in Figures 5, 6, 7, and 8 show total revenues
of networks 1, 2, and 3 versus flat prices of networks

L An interconnection arrangement between two independent
service providers may be based strictly on non-traffic sensitive
access charges. We do not consider such a revenue stream; only
the revenue stream from usage-based charges.



2 and 3. The levels of flat prices of networks 2 and 3
are varied between 0.0 and 0.9 in all cases. The level
of p is 0.5 in all cases.

Network 2 is a transit only network in Figures 5
and 6. The level of flat price of network 1 is fixed at
0.1 in Figure 5. The revenue curve of network 1 is
maximum at 4 x 10* and then it decreases to 2 x 10*
as the levels of flat prices of network 2 and 3 increase
to 0.9. The (flat) price faced by users of network 1
also increases with the increase of flat prices of net-
works 2 and 3 because prices in multiple networks are
computed using only route dependent pricing scheme?.
As the price faced by the 3-hop users of network 1 in-
crease, fewer packets are sent by these users which
results in decreasing revenue for network 1. Network
2 is the next network of network 1. Since network
2 does not have users of its own, it only transmits
the packets of network 1. The revenue of network 2
is only due the transit traffic of network 1. As the
flat prices of networks 2 and 3 become 0.5 and above,
network 2 cannot transmit the packets of network 1.
At this point and above, the 3-hop users of network
1 will face a flat price of 1.0 (0.5+0.5) and above. At
these prices, these users cannot transmit packets be-
cause the packet values (0 < values < 1) are lower
than the prices for sending the packets. Network 3
is removed by 2 hops from network 1. The revenue
of network 3 is due to the its own packets plus the
packets of network 1 before flat price of 0.5. After flat
price of 0.5, the revenue of network 3 is due to its own
packets only because the 3-hop users of network 1 can
not send packets to network 3 anymore due to higher
prices. The revenue of network 3 is higher than that
of network 2 because network 3 has 1-hop users.

12 x 10* Total Revenue vs. Flat Price
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Figure 5: FFF: Total Revenue vs. Flat Prices of Net-
works 2 and 3 - All ps=0.5 - Flat Price of Network 1
= 0.1 - Network 2 is Transit Only

2In route dependent pricing scheme, users have to pay higher
price if their packets have to go through more hops.

The level of flat price of network 1 is fixed at 0.9 in
Figure 6. The revenue curve for network 1 is maximum
at 4 x 10* and then it decreases quickly to 1.8 x 10* as
the levels of flat prices of network 2 and 3 approach 0.1.
At this point and above, the 3-hop users of network
1 face a price of 1.1 (0.940.140.1) and above. The
revenue of network 1 stays constant because only 1-
hop users of network 1 send packets and they face a
flat price of 0.9 all the time. The revenue of network
2 is very small before flat prices of networks 2 and 3
reach 0.1. As flat prices of networks 2 and 3 reach
0.1, the revenue of network 2 becomes zero because
the users of network 1 will face a price of 1.1. Since
this price is higher than the packet values, no packets
are sent through network 2 by the users of network
1. The revenue of network 3 after flat price of 0.1
is due to the its own packets only. Network 3 collects
revenue because the 1-hop users of network 3 can send
packets all the time at all levels of flat prices. Revenue
of network 3 is lower than its revenue when the flat
price of network 1 is fixed at 0.1 (Figure 5) because
at flat prices of 0.1 network 1 sends more packets to
network 3.

Clearly, the viability of a transit only networks is
substantially dependent on the behavior of the end
networks. In fact, it seems that the only viable envi-
ronment for a transit only network is when the (fixed)
prices are low. This may explain why many transit
Internet Service Providers have paired with ones that
serve end users.

x 10° Total Revenue vs. Flat Price
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Figure 6: FFF: Total Revenue vs. Flat Prices of Net-
works 2 and 3 - All ps=0.5 - Flat Price of Network 1
= 0.9 - Network 2 is Transit Only

The transit network service providers just provide
the transport for the traffic of other networks. These
providers may not generate enough revenue if the
prices of the other end networks, to which the transit
network is connected, are high. The providers would



like to provide other services too in order to generate
more revenue. They can provide content and direct
access to the users. By providing content, a network
will have terminating traffic. By providing access, a
network will have originating traffic. Now the net-
work can have transit traffic as well as originating and
terminating traffic. This kind of network is mixed net-
work. We explore the results of this change by exam-
ining Network 2.

Network 2 is a mixed network in Figures 7 and 8.
The level of flat price of network 1 is fixed at 0.1 in
Figure 7. The revenue curves for networks 1 and 3
are almost similar to those of networks 1 and 3 when
network 2 is transit only (Figure 5). The main differ-
ence is between the revenue curve of network 2 (tran-
sit only network) in Figure 5 and that of network 2
(mixed network) in Figure 7. In Figure 7, the revenue
curve of network 2 (mixed network) does not become
zero at the point when the flat prices of networks 2
and 3 equal 0.5. After flat price of 0.5, network 2 can
still transmit the packets of network 1. Also, the rev-
enue curve here is much higher than that of network 2
(transit only network). The reason is that the mixed
network has 2-hop originating and terminating traf-
fic too which adds to the total revenue generated by
network 2.

Thus the network service provider generates more
revenue and is better off if he has a mixed network
instead of transit only network. Will he still be bet-
ter off if the end network before the mixed network
increases its price? To see the effects let us see what
happens if network 1 increases its flat price to 0.9.

x 10 Total Revenue vs. Flat Price
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Figure 7: FFF: Total Revenue vs. Flat Prices of Net-
works 2 and 3 - All ps=0.5 - Flat Price of Network 1
= 0.1 - Network 2 is Mixed

The level of flat price of network 1 is fixed at 0.9 in
Figure 8. The revenue curves for networks 1 and 3 are
almost the same as those of networks 1 and 3 when
network 2 is transit only (Figure 6). Again, the main

difference lies between the revenue curves of network
2 in Figures 6 and 8. In Figure 8, the revenue curve
of network 2 does not become zero at the point when
the flat prices of networks 2 and 3 equal 0.1. After flat
price of 0.1, network 2 can still transmit the traffic of
2-hop users of network 1. As flat prices of networks
2 and 3 reach 0.5, the revenue of network 2 becomes
zero because the 2-hop users of network 2 can not send
packets any more. When the flat prices of networks 2
and 3 are 0.5, the users of network 2 will face a price
of 1.0. This price is higher than the packet values. So,
no packets are sent. Also, the users of network 1 will
not send any packets to networks 2 and 3 after flat
prices of networks 2 and 3 become 0.1.

Though network 1 increased its flat price to 0.9, but
network 2 (mixed network) can still generate revenue
because of its terminating and originating traffic.
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Figure 8: FFF: Total Revenue vs. Flat Prices of Net-
works 2 and 3 - All ps=0.5 - Flat Price of Network 1
= 0.9 - Network 2 is Mixed

4.1.2 Change Traffic - FFF

Do these results hold when traffic changes? To ex-
amine that question, we varied the traffic entering the
network (assuming all networks use flat pricing); these
are shown in Figures 9, 10, 11 and 12. Here, we show
the total revenues of networks 1, 2, and 3 versus flat
prices of networks 1, 2 and 3. The levels of flat prices
of networks 1, 2, and 3 are varied between 0.0 and 0.9
in all cases.

Network 2 is a transit only network in Figures 9
and 10. The levels of p are 0.5 in Figure 9 for all the
three networks. The revenue of networks 1 and 3 are
almost the same because these two networks transmit
almost the same number of packets. The revenue of
network 2 becomes zero at flat price of 0.4 because
the 3-hop users of network 1 cannot send their traffic
through network 2 due to the high price that they



face. At this point, they face a flat price equal to 1.2
(0.440.4+0.4) which is higher than packet values.

12 x 10 Total Revenue vs. Flat Price
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Figure 9: FFF: Total Revenue vs. Flat Prices of Net-
works 1, 2 and 3 - All ps=0.5 - Network 2 is Transit
Only

The levels of p are 0.9 in Figure 10 for all the three
networks. The revenues of all the three networks are
higher than their revenues at p of 0.5 because at higher
level of p more traffic enters the network. The revenues
of network 1 and network 3 are also almost the same
here. Also, the revenue of network 2 becomes zero at
flat price of 0.4 due to the same reasons discussed in
previous paragraph. Though the users want to send
more traffic but they are constrained by price of 1.2.

These plots show that revenues increase as more
traffic is added. The transit network service provider
may be interested in generating even more revenue.
He can do that by adding originating and terminating
users to his network turning it into a mixed network.
Now the revenue curves for mixed network will be dis-
cussed.

Network 2 is a mixed network in Figures 11 and 12.
The levels of p are fixed at 0.5 in Figure 11 for all the
three networks. The main difference is between the
revenue curves of network 2 in Figures 9 and 11. In
Figure 9, the revenue curve of network 2 (transit net-
work) becomes zero at the point when the flat prices of
the three networks are 0.4. In Figure 11, the revenue
curve of network 2 (mixed network) becomes zero at
the point when the flat prices of the three networks
are 0.5. After flat price of 0.4, network 2 (mixed net-
work) can still transmit the packets of the 2-hop users
of network 1 and the 2-hop users of network 2. The
revenue of network 2 becomes zero at flat price of 0.5
because now the 2-hop users of networks 1 and 2 also
stop sending packets. Also, the revenue curve here
is much higher than the revenue curve of network 2
(transit only network) due to the 2-hop originating
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Figure 10: FFF: Total Revenue vs. Flat Prices of
Networks 1, 2 and 3 - All ps=0.9 - Network 2 is Transit
Only

and terminating traffic.

x 10° Total Revenue vs. Flat Price
T T T T T

Network 1
- Network 2
o- E— Network 3 | |

Total Revenue
)
T
I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Flat Price

Figure 11: FFF: Total Revenue vs. Flat Prices of
Networks 1, 2 and 3 - All ps=0.5 - Network 2 is Mixed

The levels of p are 0.9 in Figure 12 for all the three
networks. The revenues of all the three networks are
higher than their revenues at p of 0.5 because at higher
levels of p more traffic enters the network. There is
a difference between the shapes of revenue curves of
networks 1 and 3 in Figure 10 and those of networks
1 and 3 in Figure 12. In Figure 10, the revenue curves
of networks 1 and 3 do not go down much at the flat
price of 0.5 whereas in Figure 10 they go down much
at the flat price of 0.5. In Figure 10, networks 1 and
3 have only 1-hop and 3-hop users. At the flat price
of 0.5, only the 3-hop users stop sending packets but
the 1-hop users face the same price and keep sending



the same amount of traffic. In Figure 12, networks 1
and 3 have 1-hop, 2-hop, and 3-hop users. At the flat
price of 0.5, the 3-hop as well as the 2-hop users stop
sending packets. That is why the curves goes down
more here.

Clearly, revenues increase as we add more traffic.
This makes sense in the case of flat (per packet) pric-
ing; to explore the consequences of capacity restric-
tion, we conducted another set of similar experiments.

12 x 10* Total Revenue vs. Flat Price
T T T T T

Network 1
- Network 2

E— Network 3
101 B

Total Revenue
)
T

I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Flat Price

Figure 12: FFF: Total Revenue vs. Flat Prices of
Networks 1, 2 and 3 - All ps=0.9 - Network 2 is Mixed

4.1.3 Change Capacity - FFF

The plots in Figures 13 and 14 show total revenues of
networks 1, 2, and 3 versus flat prices of networks 1, 2,
and 3. The levels of flat prices of networks 1, 2, and 3
are varied between 0.0 and 0.9 in all cases. The levels
of capacity (C') of networks 2 and 3 are medium in all
cases.

Network 2 is a transit only network in Figure 13.
The level of capacity of network 1 (C1) is low, which
makes p of network 1 high. The revenue curves for
networks 1, 2, and 3 have the same values and shapes
for different levels of C1 that is why we have shown
only one figure. Increasing and decreasing C1 does
not affect the revenue curves in these figures. Though
the capacities are changed, the amount of traffic that
enters the network stays the same. Once packets en-
ter the network, they are never dropped because of
infinite queue sizes. These packets wait in the queues
and are eventually transmitted. The same number of
packets are transmitted by a network whether its ca-
pacity is low or high. The level of p of network changes
by changing its capacity. The flat price of a network
does not change when p of a network changes. That
is why revenue of a network does not change when its
capacity changes. This is true when a network is using

a flat pricing scheme. If a network is using congestion
pricing scheme, its revenue will be affected by chang-
ing its capacity. This will be shown in sections 4.3.3
and 4.4.3. What is remarkable is that revenue flows
are hardly affected. This may be a consequence of a
relatively delay-insensitive user model.
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Figure 13: FFF: Total Revenue vs. Flat Prices of
Networks 1, 2 and 3 - C'1=Low - Network 2 is Transit
Only

Network 2 is a mixed network in Figure 14. C1 is
low which makes p of network 1 high. In this case too,
the revenue curves for networks 1, 2, and 3 have the
same values and shapes for different levels of C'1 that
is why we have shown only one figure. The revenue
of network 2 (mixed network) in Figure 14 is much
higher than that of network 2 (transit only network)
in Figure 13 due to additional 2-hop originating and
terminating users on the mixed network. It is not due
to changing the capacity of network 1.

4.2 Flat - Congestion - Flat (FCF)

In the previous section, we showed that a network ser-
vice provider can change from transit only network to
a mixed network to increase revenues. While this may
or may not improve profitability due to potentially
higher costs, it does reduce the provider’s dependence
on the business decisions of other networks.

An alternative to this is for the network service
provider to switch to a congestion pricing scheme in-
stead of flat pricing scheme. To examine the conse-
quences of this, we conducted a set of experiments for
our three network model with network 2 using a con-
gestion pricing scheme and networks 1 and 3 using flat
pricing schemes.
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Figure 14: FFF: Total Revenue vs. Flat Prices of
Networks 1, 2 and 3 - C'1=Low - Network 2 is Mixed

4.2.1 Change Flat Price - FCF

The plots in Figures 15, 16, 17, and 18 show total
revenues of networks 1, 2, and 3 versus flat prices of
networks 3. The levels of flat prices of networks 3 are
varied between 0.0 and 0.9 in all cases. The levels of
p are 0.5 in all cases.

Network 2 is a transit only network in Figures 15
and 16. The level of flat price of network 1 is fixed at
0.1 in Figure 15. The revenue curve for network 1 is
maximum at 3.2x 10 and it stays almost the same and
decreases slightly to 2.0 x 10* as the levels of flat price
of network 3 approach 0.9. In case of FCF, network 2
uses congestion pricing scheme. The revenue curve of
network 2 in FCF is different from the revenue curves
of network 2 in case of FFF. In FFF case, the revenue
of network 2 is low at low flat prices, it increases as
flat prices increase and then decreases with further
increase of flat prices. In FCF case, revenue curve of
network 2 is high at low flat prices and it decreases
gradually until the flat prices reach 0.9. In congestion
pricing scheme, the prices are not fixed as in case of
flat pricing scheme. The prices of a network vary in
response to the load on that network. When revenue
of network 2 is highest (4.6 x 10%), the flat price of
network 3 is zero and the flat price of network 1 is
0.1. The 3-hop users of network 1 face a smaller price
and they send many packets. These packets transit
through network 2. The congestion price of network
2 goes high which results in high revenue for network
2. Revenues of network 2 decrease as the flat prices of
network 3 increase. Now the 3-hop users of network 1
face higher prices and they send fewer packets through
network 2. Revenue of network 3 is due to its own
packets plus the packets of network 1 at lower flat
prices of network 3. At higher flat price of network 3,
network 3 collects revenue mostly of its own packets.
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Figure 15: FCF: Total Revenue vs. Flat Price of Net-
work 3 - All ps=0.5 - Flat Price of Network 1 = 0.1 -
Network 2 is Transit Only

The level of flat price of network 1 is fixed at 0.5 in
Figure 16. There is an increase in revenue of network
1 with a fixed flat price of 0.5 as compared to a flat
price of 0.1 (Figure 15). The reason is that revenue is
computed as the product of price and the number of
packets transmitted. Though fewer packets are trans-
mitted at flat price of 0.5 than at flat price of 0.1 but
the higher price term (0.5) in the product increases
the revenue. If the flat price is increased to 0.9, very
few packets are transmitted and the price term is not
effective in increasing the revenue as we observed in
section 4.1.1. There is a decrease in revenue of network
2 as flat price of network 1 changes from 0.1 (Figure
15) to 0.5 (Figure 16). With the increase in flat price
of network 1, the 3-hop users of network 1 send fewer
packets through network 2 which reduces the conges-
tion price of network 2. Lower congestion price results
in lower revenues for network 2. Revenue of network 2
also decreases as the flat prices of network 3 increase.
Revenue of network 3 deceases as flat price of network
1 changes from 0.1 to 0.5 because the 3-hop users of
network 1 send fewer packets through networks 2 and
3.

Network 2 is a mixed network in Figures 17 and
18. The level of flat price is fixed at 0.1 in Figure 17.
The revenue curves of networks 1 and 3 look almost
the same in Figures 15 and 17. The main difference is
between the revenue curves of network 2 in these two
figures. In Figure 15, the revenue curve of network
2 (transit network) is much lower that of network 2
(mixed network) in Figure 17. Though network 2 uses
congestion pricing in both cases but network 2 has
2-hop originating and terminating traffic in case of
mixed network. This traffic increases the level of con-
gestion price of the mixed network and thus increases
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Figure 16: FCF: Total Revenue vs. Flat Price of Net-
work 3 - All ps=0.5 - Flat Price of Network 1 = 0.5 -
Network 2 is Transit Only

its revenue.
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Figure 17: FCF: Total Revenue vs. Flat Price of Net-
work 3 - All ps=0.5 - Flat Price of Network 1 = 0.1 -
Network 2 is Mixed

The level of flat price is fixed at 0.5 in Figure 18.
There is an increase in revenue of network 1 with a
flat price of 0.5 as compared to a fixed flat price of 0.1
(Figure 17) due to the same reasons as discussed for
the behavior of revenue curves of network 1 in Figures
15 and 17. There is a decrease in revenue of network
2 as flat price of network 1 changes from 0.1 to 0.5.
With the increase in flat price of network 1, the 2-
hop and 3-hop users of network 1 send fewer packets
through network 2 which results in lower congestion
price and lower revenues for network 2. Revenue of
network 3 also deceases as fixed flat price of network

1 changes from 0.1 to 0.5.

If networks 1, 2, and 3 are owned by three indepen-
dent Internet Service Providers, there will be a conflict
of interests between networks 1 and 2. Network 1 gen-
erates higher revenue at a flat price of 0.5 and lower
revenue at a flat price of 0.1 whereas network 2 gen-
erates lower revenue at a flat price of 0.5 and higher
revenue at a flat price of 0.1. This would seem to sug-
gest that incentives exist for Networks 1 and 2 to enter
into a contractual arrangement outside of the pricing
schemes we study here.
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Figure 18: FCF: Total Revenue vs. Flat Price of Net-
work 3 - All ps=0.5 - Flat Price of Network 1 = 0.5 -
Network 2 is Mixed

4.2.2 Change Traffic - FCF

The plots in Figures 19, 20, 21, and 22 show total
revenues of networks 1, 2, and 3 versus flat prices of
networks 1 and 3. The levels of flat prices of networks
1 and 3 are varied between 0.0 and 0.9 in all cases.

Network 2 is a transit only network in Figures 19
and 20. The levels of p are 0.5 in Figure 19 for all
the three networks. The revenues of network 1 and
network 3 are almost the same because these two net-
works transmit almost the same number of packets.
The revenue curve of network 2 is high at low flat
prices and it decreases gradually until the flat prices
reach 0.9. The congestion price of network 2 stays the
same for the same levels of p. As the flat prices of
networks 1 and 3 increase, the 3-hop users of network
1 start to send fewer packets through network 2 and
network 2 starts collecting decreasing revenues.

The levels of p are 0.9 in Figure 20 for all the three
networks. The revenues of all the three networks are
higher than their revenues at p of 0.5 because at higher
levels of p more traffic enters the network. The rev-
enue curve of network 2 is at maximum when the flat
prices of network 1 and 3 are zero. Since the flat price
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Figure 19: FCF: Total Revenue vs. Flat Prices of
Networks 1 and 3 - All ps=0.5 - Network 2 is Transit
Only

of network 1 is zero, the 3-hop users of network 1 are
sending many packets through network 2. The con-
gestion price of network 2 goes high due to packets of
network 1. Network 2 collects higher revenue due to
higher congestion price.
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Figure 20: FCF: Total Revenue vs. Flat Prices of
Networks 1 and 3 - All ps=0.9 - Network 2 is Transit
Only

Network 2 is a mixed network in Figures 21 and 22.
The levels of p are 0.5 in Figure 21 for all the three
networks. The revenue curve of network 2 (mixed net-
work) is higher in Figure 21 than that of network 2
(transit only network) in Figure 19.

The levels of p are 0.9 in Figure 22 for all the three
networks. The revenues of all the three networks are
higher than their revenues at p of 0.5. The revenue
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Figure 21: FCF: Total Revenue vs. Flat Prices of
Networks 1 and 3 - All ps=0.5 - Network 2 is Mixed

curve of network 2 (mixed network) is higher in Fig-
ure 22 than that of network 2 (transit only network)
in Figure 20. The revenue curve of network 2 is at
maximum when the flat prices of network 1 and 3 are
zero. Since the flat price of network 1 is zero, the 2-
hop and 3-hop users of network 1 are sending many
packets through network 2. The congestion price of
network 2 goes high due to packets of network 1 and
its own packets. Network 2 collects higher revenue due
to higher congestion price.

It is obvious that the network service provider oper-
ating network 2 makes very high revenue by adopting
a congestion pricing scheme and extending his network
to a mixed network.

x 10° Total Revenue vs. Flat Price
2 I T T T T T T
\ Network 1
18F --- Network 2 |
\\ ——  Network 3
16 AN 7

Total Revenue
o [ =
© = N i
T T T T
-
-
I I

o
=)
T

0.4

I I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Flat Price

Figure 22: FCF: Total Revenue vs. Flat Prices of
Networks 1 and 3 - All ps=0.9 - Network 2 is Mixed



4,2.3 Change Capacity - FCF

The plots in Figures 23 and 24 show total revenues
of networks 1, 2, and 3 versus flat prices of network
3. The levels of flat prices of network 3 are varied
between 0.0 and 0.9 in all cases. The levels of capacity
of networks 2 and 3 are medium in all cases.

Network 2 is a transit only network in Figure 23.
In this Figure, the level of C'1 is low which makes p
of network 1 high. The revenue curves for networks 1,
2, and 3 have the same values and shapes for differ-
ent levels of C'1 that is why we have shown only one
figure. Increasing and decreasing C1 does not affect
the revenue curves in these figures due to the same
reasons as described in section 4.1.3.
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Figure 23: FCF: Total Revenue vs. Flat Prices of
Networks 1 and 3 - Cl=Low - Network 2 is Transit
Only

Network 2 is a mixed network in Figure 24. In
this Figure, the level of C'1 is low which makes p of
network 1 high. The revenue curves for networks 1,
2, and 3 have the same values and shapes for different
levels of C'1 that is why we have shown only one figure.
The revenue curve of network 2 (mixed network) in
Figure 24 higher than that of network 2 (transit only
network) in Figure 23. The reason is that more traffic
enters network 2 (mixed network) due to the 2-hop
originating and terminating traffic of network 2.

The end network service providers may want to im-
plement congestion pricing schemes too after seeing
the benefits of congestion pricing scheme implemented
by the middle network service provider. In the next
section, we discuss the effects produced due to conges-
tion pricing schemes implemented by networks 1 and
2.
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Figure 24: FCF: Total Revenue vs. Flat Prices of
Networks 1 and 3 - C'1=Low - Network 2 is Mixed

4.3 Congestion - Flat -
(CFC)

In this case the first network uses congestion pricing,
the second network uses flat pricing, and the third
network uses congestion pricing scheme.

Congestion

4.3.1 Change Flat Price - CFC

Here the levels of flat prices of network 2 can be var-
ied between 0.0 and 0.9. The effects produced due to
changing the flat prices of network 2 are discussed in
the next section 4.3.2 along with the effects produced
due to changing the traffic of networks.

4.3.2 Change Traffic - CFC

The plots in Figures 25, 26, 27, and 28 show total
revenues of networks 1, 2, and 3 versus flat prices of
network 2. The levels of flat price of network 2 are
varied between 0.0 and 0.9 in all cases.

Network 2 is a transit only network in Figures 25
and 26. The levels of p are 0.5 in Figure 25 for all
the three networks. The revenue curves for networks
1 and 3 look the same because networks 1 and 3 use
congestion pricing schemes and both networks have
same levels of p. The revenue curve of network 2 be-
comes zero as the flat price of network 2 approaches
0.6. After flat price of 0.6, the revenue curves of net-
works 1 and 3 become constant and remain constant
until the flat price of 0.9. The reason is that after this
price, the 3-hop users of network 1 stop sending pack-
ets to network 2 and 3. Now the revenues of networks
1 and 3 are only because of their 1-hop users. With
a higher level of p, the congestion prices of networks
1 and 3 are higher. The price faced by 3-hop users of
network 1 goes high because of high congestion prices



of networks 1 and 3. These users reduce sending pack-
ets through network 2 when the price goes higher than
1.0. Revenues of networks 1 and 3 are high due to their
high congestion prices.
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Figure 25: CFC: Total Revenue vs. Flat Price of net-
work 2 - All ps=0.5 - Network 2 is Transit Only

The levels of p are 0.9 in Figure 26 for all the three
networks. The revenues of all the three networks are
higher than their revenues at p of 0.5 because at higher
levels of p more traffic enters the network. The revenue
curve of network 2 becomes zero as the flat price of
network 2 approaches 0.3. It goes to zero earlier than
it does when p is 0.5 (Figure 25). Now the level of p
is 0.9 which makes the congestion prices of networks
1 and 3 higher than those when p is 0.5. The 3-hop
users of network 1 send fewer packets through network
2 due to higher congestion prices of networks 1 and 3.
That is why the revenue curve of network 2 is smaller
now and also becomes zero at a lower flat price (0.3).
The revenues of networks 1 and 3 decrease as the flat
price of network 2 approaches 0.3. After this point
the revenues of networks 1 and 3 are constant because
the congestion prices of both networks are also almost
the same for same value of p and both networks are
transmitting their own packets only. Networks 1 and
3 collect more revenues than they do when p is 0.5 due
to higher congestion prices.

Network 2 is a mixed network in Figures 27 and 28.
The levels of p are 0.5 in Figure 27 for all the three
networks. The revenue curve of network 2 (mixed net-
work) is much higher than that of network 2 (transit
only network) in Figure 25. The revenue curve of net-
work 2 (mixed network) does not become zero at flat
price of 0.6; it becomes zero at flat price of 0.9. This
is an advantage of a mixed network over a transit only
network.

The levels of p are 0.9 in Figure 28 for all the three
networks. The revenues of all the three networks are
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Figure 26: CFC: Total Revenue vs. Flat Price of net-
work 2 - All ps=0.9 - Network 2 is Transit Only
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Figure 27: CFC: Total Revenue vs. Flat Price of net-
work 2 - All ps=0.5 - Network 2 is Mixed

higher than their revenues at p of 0.5 (Figure 27) be-
cause at higher level of p more traffic enters the net-
work. Here the revenue curve of network 2 (mixed
network) is also much higher than that of network
2 (transit only network) in Figure 26. The revenue
curves of networks 1 and 3 are at maximum when the
flat price of network 2 is zero. Since the flat price of
network 2 is zero, the 2-hop and 3-hop users of net-
work 1 are sending many packets through network 2.
The congestion prices of networks 1 and 3 go high due
to large number of packets transmitted by these net-
works. Networks 1 and 3 collect high revenue due to
high congestion prices. The revenue curves of network
1 and 3 decrease as flat price of network 2 increases
because now the 2-hop and 3-hop users of network 1



start sending fewer packets through network 2.

The results show that the decision made by the
end network service providers to implement conges-
tion pricing schemes is very useful for them if the traf-
fic on their networks increases. At the same time,
this decision is very detrimental to the interests of the
middle network service provider who is using flat pric-
ing scheme. The high volume of traffic increases the
congestion prices of end network service providers and
thus they generate more revenue. Due to these high
congestion prices less traffic goes through the middle
network.

These end network service providers now have the
incentive to change the capacity of their networks in
order to affect the congestion prices and make profits.
Now we discuss the consequences when one of the end
network service providers changes the capacity of his
network.
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Figure 28: CFC: Total Revenue vs. Flat Price of net-
work 2 - All ps=0.9 - Network 2 is Mixed

4.3.3 Change Capacity - CFC

The plots in Figures 29, 30, 31, and 32 show total
revenues of networks 1, 2, and 3 versus flat prices of
network 2. The levels of flat prices of network 2 are
varied between 0.0 and 0.9 in all cases. The levels of
capacity of networks 2 and 3 are medium in all cases.

Network 2 is a transit only network in Figures 29
and 30. The level of C'1 is high in Figure 29. The
main point to note here is that the revenue curves for
network 1 have different values for different levels of
C1 in these figures as opposed to revenue curves of
network 1 in cases of FFF (section 4.1.3) and FCF
(section 4.2.3). The revenue curves of network 2 and
3 are also affected by changing C'1. High level of C1
makes p of network 1 low. Congestion price of network
1 is low when its p is low. Network 1 collects low

revenue due to its low congestion price. The revenue
curve of network 3 is higher than that of network 1.
The reason is that the capacity of network 3 is lower
than that of network 1 resulting in higher p for network
3. Congestion price of network 3 is higher when its p
is higher. Network 3 collects higher revenue due to its
higher congestion price.
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Figure 29: CFC: Total Revenue vs. Flat Price of Net-
work 2 - C'1=High - Network 2 is Transit Only

The level of C1 is low in Figure 30. The revenue
curve for network 1 is higher than its revenue curve
when C1 is high (Figure 29). Low level of C'1 now
makes p of network 1 high. Congestion price of net-
work 1 is higher when its p is higher. Network 1 col-
lects higher revenue due to its higher congestion price.
Now the behavior of revenue curve of network 1 is dif-
ferent from revenue curves of network 1 in cases of
FFF (section 4.1.3) and FCF (section 4.2.3). In cases
of FFF and FCF, network 1 uses flat pricing scheme.
In case of flat pricing scheme, increasing and decreas-
ing C'1 does not affect the revenue curves. In flat pric-
ing scheme, the price does not change in response to
p- That is why revenue does not change. If capacity
of a network is increased or decreased, its p decreases
or increases for the same number of packets entering
the network. In our model, packets are never dropped
once they enter the network. So, the same number of
packets are transmitted for both high and low levels
of capacity. In case of CFC, network 1 uses conges-
tion pricing scheme and congestion price is affected by
the values of capacity and p. If capacity of a network
changes, its p changes. If p of a network changes, its
congestion price changes because that is how conges-
tion prices are computed. If the congestion price of
a network changes, its revenue changes because rev-
enue is simply the product of price of a network and
the packets transmitted by that network. The revenue
curves for networks 2 and 3 are lower than their corre-



sponding revenue curves when C1 is high (Figure 29).
Now the 3-hop users of network 1 send fewer packets
through network 2 due to higher congestion price of
network 1. The revenue curve of network 3 is lower
than that of network 1. The reason is that the capacity
of network 3 is lower than that of network 1 resulting
in lower p for network 3. Congestion price of network
3 is lower when its p is lower. Network 3 collects lower
revenue due to its lower congestion price.
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Figure 30: CFC: Total Revenue vs. Flat Price of Net-
work 2 - C'1=Low - Network 2 is Transit Only

Network 2 is a mixed network in Figures 31 and
32. The level of C1 is high in Figure 31. The revenue
curve for network 2 (mixed network) in Figure 31 is
higher than that of network 2 (transit only network) in
Figure 29. Congestion price of network 1 is low due to
its low p resulting in low revenue for network 1. Now
the 2-hop and 3-hop users of network 1 send more
traffic through network 2 because of low congestion
price of network 1. Also, the 2-hop users of network 1
send packets through network 2. This results in high
revenue for network 2 (mixed network).

The level of C1 is low in Figure 32. The capacity
of network 1 is low now which makes p of network 1
high. Here, the revenue curve for network 2 (mixed
network) in Figure 32 is also higher than that of net-
work 2 (transit only network) in Figure 30 due to the
same reasons as described in previous paragraph.

A network service provider may have the incentive
to reduce the capacity of its network in order to create
congestion artificially. The users face higher conges-
tion prices due to congestion but the network service
provider generates more revenue. This problem can
be handled by competition and regulatory policies.

All the three network service providers want to use
congestion pricing schemes. In the next section, we
will discuss the implications of changing traffic and
capacity when all the three networks use congestion

x 10" Total Revenue vs. Flat Price

12 T T T T T T

Network 1
-——- Network 2
_— Network 3

Total Revenue

L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Flat Price

Figure 31: CFC: Total Revenue vs. Flat Price of Net-
work 2 - C'1=High - Network 2 is Mixed
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Figure 32: CFC: Total Revenue vs. Flat Price of Net-
work 2 - C'1=Low - Network 2 is Mixed

pricing schemes.

4.4 Congestion - Congestion - Conges-
tion (CCC)

In this case all the three networks use congestion pric-
ing schemes. Since none of the networks uses flat pric-
ing schemes, Tables are used instead of Figures in this
section because revenues cannot be plotted versus flat
prices.

4.4.1 Change Flat Price - CCC

Changing flat price does not apply in this case because
all the three networks use congestion pricing schemes.



4.4.2 Change Traffic - CCC

The values in Tables 1 and 2 show total revenues of
networks 1, 2, and 3 for different levels of p. Network
2 is a transit only network in Table 1. The levels of
p are 0.5 in the first rows for each of the networks in
Table 1. The revenues of network 1 and network 3 are
almost the same because these two networks transmit
almost the same number of packets.

The levels of p are 0.9 in second rows for each of the
networks in Table 1. With higher levels of p more traf-
fic enters a network. The congestion price of a network
increases with the increase in traffic. Higher conges-
tion price generates higher revenue. This is true for
networks 1 and 3 because these networks have 1-hop
users which do not face higher congestion prices due to
higher levels of p. In case of network 2, the revenue is
lower at higher levels of p. The reason is that now the
3-hop users of network 1 stop sending packets through
network 2 due to higher congestion prices of networks
1, 2, and 3. The reduction in number of packets sent
through network 2 reduces the revenue for network 2.

Total Revenue
Network 1: Mean (C.I)
pl=p2=p3=0.5 | 64097.7 (62564.2, 65631.1)
pl=p2=p3=0.9 | 112501.4 (109766.0, 115236.7)
Network 2: Mean (C.I)
p1=p2=p3=0.5 | 7548.3 (7136.4, 7960.1)
pl=p2=p3=0.9 | 2658.3 (2340.2, 2976.4)
Network 3: Mean (C.I)
p1=p2=p3=0.5 | 65030.9 (62782.8, 67279.0)
pl=p2=p3=0.9 | 108249.4 (102339.0, 114159.8)

Table 1: CCC: Revenues of Networks for different ps
- Network 2 is Transit Only

Network 2 is a mixed network in Table 2. The levels
of p are 0.5 in first rows for each of the networks in
Table 2. The revenues of networks 1 and 3 in Table 2
are lower than those of networks 1 and 3 in Table 1 for
the same levels of p. The revenue of network 2 (mixed
network) in Table 2 is higher than that of network 2
(transit only network) in Table 1. Now the congestion
price of network 2 is higher due to its 2-hop originating
and terminating traffic. This results in higher revenue
for network 2. At the same time, the 2-hop and 3-hop
users of network 1 send less traffic through network
2 due to its high price. That is why the revenues for
network 1 and 3 are lower.

The levels of p are 0.9 in second rows under each
network section in Table 2. The revenues of all the
three networks are higher than their revenues at p of
0.5 because at higher level of p more traffic enters the
network. Higher level of p results in higher congestion
prices which in trun result in higher revenue. The be-
havior of network 2 (mixed network) in Table 2 is just

opposite to that of network 2 (transit only network)
in Table 1. In case of network 2 (mixed network), the
revenue is higher at higher levels of p. The reason is
that now network 2 has 2-hop originating and termi-
nating users too. Even though congestion prices are
still high but these 2-hop users face lower congestion
prices as compared to congestion prices faced by the
3-hop users of network 1 in Table 1.

A transit only network service provider is always at
disadvantage if the end network service provider uses
congestion pricing and the traffic increases. In such
a situation, the congestion prices of all the networks
increase. The end network service provider generates
higher revenue due to higher congestion prices. The
transit only network service provider does not receive
much traffic due to high congestion prices of end net-
work service providers.

Total Revenue

Network 1: Mean (C.I)
p1=p2=p3=05 | 59263.2 (57420.1, 61106.2)
pl=p2=p3=0.9 | 97462.9 (92646.9, 102278.9)

Network 2: Mean (C.I)
pl=p2=p3=0.5 | 38825.7 (37504.9, 40146.6)
pl=p2=p3=0.9 | 49069.7 (46400.5, 51739.0)

Network 3: Mean (C.I)
pl=p2=p3=0.5 | 59466.1 (57538.4, 61393.8)
pl=p2=p3=0.9 | 101680.2 (98264.4, 105096.0)

Table 2: CCC: Revenues of Networks for different ps
- Network 2 is Mixed

4.4.3 Change Capacity - CCC

The values in Tables 3 and 4 show total revenues of
networks 1, 2, and 3 for different levels of capacity C.
The levels of capacity of networks 2 and 3 are medium
in all cases.

Network 2 is a transit only network in Table 3. The
level of C'1 is high in the first row for each of the
networks in Table 3. High level of C1 makes p of
network 1 low. Congestion price of network 1 is low
when its p is low. Network 1 collects low revenue due
to its low congestion price. The revenue of network
2 is lower than those of networks 1 and 3. When the
congestion prices of networks 2 and 3 are high, the
1-hop users of network 1 send fewer packets through
network 2. The revenue of network 3 is higher than
that of network 1. The reason is that the capacity of
network 3 is lower than that of network 1 resulting in
higher p for network 3. Congestion price of network
3 is higher when its p is higher. Network 3 collects
higher revenue due to its higher congestion price.

The level of C1 is low in the second row for each of
the networks in Table 3. The revenue for network 1



is higher than its revenue when C1 is high. Now the
lower level of C'l makes p of network 1 high. Conges-
tion price of network 1 is higher when its p is higher.
Network 1 collects higher revenue due to its higher
congestion price. The revenue for network 2 is lower
than its revenue when C'1 is high. This is due to the
higher congestion price of network 1. Now the 3-hop
users of network 1 send fewer packets through net-
work 2 due to higher price. The revenue of network 3
is lower than that of network 1. The reason is that the
capacity of network 3 is lower than that of network 1
resulting in lower p for network 3. Congestion price
of network 3 is lower when its p is lower. Network
3 collects lower revenue due to its lower congestion
price.

Total Revenue
Network 1: Mean (C.I)
21095.9 (20498.7, 21693.1)
72585.9 (71161.3, 74010.5)
Network 2: Mean (C.I)
17975.5 (16937.5, 19013.4)
3191.5 (2897.1, 3485.8)
Network 3: Mean (C.I)
78721.4 (76654.3, 80788.4)
56154.4 ( 54021.6, 58287.1)

CI=H,02=C3=M
C1=L,02=C3=M

CI=H,02=C3=M
C1=L,02=C3=M

CI=H,02=C3=M
C1=L,02=C3=M

Table 3: CCC: Revenues of Networks for different C's
- Network 2 is Transit Only

Network 2 is a mixed network in Table 4. The level
of C'1 is high in the first row for each of the networks in
Table 4. The revenue of network 2 (mixed network) in
Table 4 is higher than that of network 2 (transit only
network) in Table 3. Now network 2 (mixed network)
has 2-hop originating and terminating users. The rev-
enue of network 3 is higher than that of network 1 due
to the same reasons discussed for revenues of network
1 and 3 in Table 3.

The level of C1 is low in the second row for each of
the networks in Table 4. The revenue for network 1
is higher than its revenue when C'1 is high. Network
1 collects higher revenue due to its higher congestion
price. The revenue for network 2 is lower than its
revenue when C1 is high. Now the 2-hop and 3-hop
users of network 1 send fewer packets through network
2 due to higher congestion price of network 1. The
revenue of network 3 is lower than that of network
1. Network 3 collects lower revenue due to its lower
congestion price.

5 Discussion and Conclusion

In this paper, we study the behavior of networks in
terms of their revenue flows or settlements under mul-
tiple service providers. Each of these networks can

Total Revenue
Network 1: Mean (C.I)
19847.5 (19537.5, 20157.6)
65075.2 (62989.8, 67160.6)
Network 2: Mean (C.I)
60408.4 (58806.8, 62010.0)
27996.8 (26796.5, 29197.1)
Network 3: Mean (C.I)
65331.2 (63555.1, 67107.4)
55785.7 (53894.1, 55785.7)

CI=H,02=C3=M
C1=L,02=C3=M

CI=H,02=C3=M
C1=L,02=C3=M

CI=H,02=C3=M
C1=L,02=C3=M

Table 4: CCC: Revenues of Networks for different C's
- Network 2 is Mixed

change its pricing strategies, flat price levels, its traf-
fic, and capacity. The effects of these changes on other
networks are shown.

If a network service provider uses flat pricing
scheme, he has the incentive to change the levels of
flat prices in order to maximize his profits by generat-
ing more revenue. A network service provider does not
like a flat price of zero because the network does not
generate any revenue at zero flat price. The revenue of
a network increases with the increase of its flat price
until the flat price reaches some optimal level and af-
ter this level the revenue decreases with the increase
of flat price. The network service provider would like
to keep the flat price at the level where the revenue
is maximum. Changing the levels of flat price of a
network also affects the traffic and revenues of other
networks in the chain. These other networks can be
transit only networks, mixed networks, and networks
which are n hops away. If flat price of a network is
zero or low, this network may send more packets to
other networks in the chain depending on the price of
other networks. The low flat price of a network may
not collect high revenue for itself but it may help other
networks to collect high revenue. If the other networks
on the chain use congestion pricing schemes or the op-
timal levels of flat pricing schemes, these network will
collect more revenue due to high traffic coming from
the first network because of its zero or low flat price.
If the other network on the chain is transit only net-
work, it is better off if the networks before it on the
chain use lower levels of flat prices. Transit only net-
work collects high revenue if other networks transmit
more packets through it. On the other hand, if the
flat price of a network is high it will not send packets
to other networks. It will not help other networks to
collect revenue. If the other network on the chain is a
mixed network, it can still generate revenue due to its
originating and terminating traffic. A mixed network
is still affected by the high flat prices of the end net-
work but it can generate revenue due to its own traffic
too. Increasing the traffic of a network increases the



revenue for that network. If this traffic goes through
other networks, it also increases the revenue for other
networks. Changing the capacity of a network does
not affect its revenue for a fixed amount of its traffic.
In our model, queues have infinite sizes so packets are
not dropped once they enter the network. The change
of capacity changes the p of a network. Flat price of
a network does not change when its p varies. That
is why revenue does not change with the change of
capacity in case of flat pricing scheme.

A network service provider may have the incentive
to use congestion pricing instead of flat pricing in or-
der to generate more revenue. If a network uses con-
gestion pricing scheme, it always collects nonzero rev-
enue as long as it transmits some traffic. Increasing
the traffic of a network increases the congestion price
of that network. Revenue of a network increases with
the increase of its congestion price. A network service
provider would be happy with more traffic but this has
some implications for this network as well as for other
networks on the chain. If a network sends more traf-
fic, its congestion price will go higher and its users will
send fewer packets resulting in decreasing revenue. If
the other network on the chain is a transit only net-
work, its congestion price will be higher due to higher
traffic. Now the first network will send fewer packets
through it and the revenue of transit only network will
be lower. If the other network is a mixed network, its
congestion price can still go high and the first network
will send less traffic though it. But a mixed network
has its own 2-hop users who face lower prices. Thus a
mixed network can generate more revenue than tran-
sit only network. Changing the capacity of a network
affects its revenue for a fixed amount of its traffic. In-
creasing the capacity of network reduces its p for a
fixed amount of its traffic. Congestion price of a net-
work increases or decreases with the increase or de-
crease of its p. Revenue of a network increases or de-
creases with the increase or decrease of its congestion
price. Increasing capacity of a network collects low
revenue for that network. On the other hand, increas-
ing capacity of a network may help other networks
on the chain to collect more revenues. The reason is
that if congestion price of a network is low because
of its high capacity, its users may face low price and
they send more packets through other networks and
the revenues of these networks increase.

6 Future Work

Our future work will address pricing issues in real time
networks supporting multiple service classes and mul-
timedia applications with Quality of Service (QoS) re-
quirements. The interactions and settlements among
these kinds of networks will also be investigated.

It is expected that the outcome of this research
will inform public policy development process and the

standards development process to aid in the imple-
mentation of effective standards and efficient public
policy in the area of computer networks.
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