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MEASURING AND PRICING QoS
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Abstract

The authors stody a scalable pricing (ramework [iw QoS enabled
networks that support real-tine, adjustabde reai-time, and non-real-
time traffic. The scheme. which belongs to usage-based methods,
is independent of the nnderlying network and the mechanisms for
QoS provisioning.  The framework is credit based, ensuring the
faimess. comprehensibility, and predictability of usage price. [t also
provides a means for the network providers to ensure, with high
probability. cost recovery and profit, competitiveness of pyices, and
encouragement of client behaviours that will enhance the network's
efficiency. This is achieved by appropriate charging mechanisims
and the provision of suitable incentives. Simulation results sngpest
that users have better overall satisfaction, that providers are able to
recover costs: and that better network utilization is achieved while
reduced call Blocking probability is obsenved. The implementation

and usage costs of the framework are low.
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1. Introduction and Related Work

Ever since its inception, the Internet has seen unprece-
deated growth. The characteristics of the Iuternet are
rapidly changing in many dimensions. It has made a re-
markable 1ransition from a research testhed, which was
available only to a small society of aware and selfless users.
tc a commercial enterprise. The scope and number of
Internet services and applicatious are also growing rapidly.
These services and applications could consume widely dif-
fering amounts of resources. Some common examples of
earlier Internet services/applications include Telnet, FTP.
e-mail, Gopher, and WWW, with few real-time audic
and video services such as MBONE {multicast hackbone).
More recent services include telephony, audio- and video-
conferencing, distance learning (DL). interactive games,
distributed interactive simulation activities such as tank
battle simulations, remote visualization. VoD (video on de-
mand}, video e-mail, computer-based FAX, virtual reality,
exchanging of medical records. exchanging of experimen-
tal weather maps, and wireless personal digital assistants
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(PDAs). Businesses, research, and social institntions will
be greatly utilizing these services for interactions. Couse-
quently, the future Inmernetworks is expected to facilitate
cominuitication requirements for a wide variety of services.

In addition, the number of users, sites, and hosts has
grown dramatically. Also, in the past few years, access
to information on the Internet and Intranets has become
easier and more user [riendly and highly data intensive.
The result of availability of user-friendly interfaces, faster
PCs and hosts, and high speed of access (in gigabit/sec),
coupled with higher awareness of these services. has already
heen creating congestion problems on the Internet for some
time now.

The sources of funding are also changing. Internet was
funded hy federal government apencies: individual users
have not been charged for their use of networks. and have
not generally been aware of the impact of their use on net-
work performance. When the U.S. government decowmis-
sioned the NSFNET in 1994, alternative sources of funding
becate a necessity (1-15]. The pricing structures adopted
since then are ad hoc, complex. and based on unrealis-
tically simplified assumptions {(ahout underlying network,
charging/pricing policies, ete.) [2. 3, 5}

Traditional pricing strategies are usage insensitive and
prices are relatively low. These pricing schemes are either
free (subsidized through government funds) or flat rate for
unliinited usage. These strategies were simple and worked
reasonably well, as the bulk of the costs are berne by
government and respective organizations with little con-
tribution from users. Some variations have emerged that
price bandwidth of the connection, or charge flat rate to
a certain number of hours and per-hour charges there-
after. These charging mechanisms are crode, inefficient,
and, with the Internet’s establishment as a commercial
enterprise, inadequate.

Moreover, the greatly increased usage of the Internet
and the resultant performance degradation have focused
attention on the inefficiencies of the traditional pricing
structure as well as necessitated a renewed focus on the
reseatch to improve hardware, software, and protocols.
Although there have been dramatic and osutstanding sue-
cesses in infrastricture research, resulting in high band-
width backbones having gigabit/sec transfer capability.
widespread availability of PCs, easy network connections
from homes, faster routers. and sophisticated protocols,
there has been a critical vacuum in pricing research.

In the remainder of this section, we briefly discuss some
of the relevant existing approaches for pricing services in



today's Internet as well as establishing the shoricomings of
these traditional pricing mechanisms.

Since traffic dernands increase as bandwidth (and other
resources) improves, it is a mistake to argue that overpro-
visioning the capacity is the only solution for achieving
bigh network performance [16]. Repeatedly, history has
shown that creative application developers and researchers
invalidate the claimn of limitless bandwidth. Also, there is
always potential for botilenecks even in the case of ample
capacity. Furthermore, the unpredictable and bursty na-
ture of traffic sources can cause congestion problems even
in lightly louded systems. Efficient pricing mechanistus
coupled with traditional congestion control protocols are
the ultimate solution to congestion control, which will re-
sult in better overall network performance. These pricing
mechanisms are based on user incentives, for example, per-
formance versus monetary as well as administrative, that
seem to be the answer to the challenges posed by upcoming
Quality-of-Service {QoS5) enabled Internetworks.

Researchers have recently focused on pricing a netwerk
that offers heterogenecus services. Following the early and
important work by Cocchi et al. {2], a number of authors
have worked on the issue of pricing with different emphasis
and objectives (3, 4, 7-13, 17, 18]. Following is a brief
summary of few representative schemes of these studies.
We have compiled a comprehensive survey in [9-13], to
which interested readers are referred.

Cocchi et al. [2] have studied the pricing of a single
reservation-less network that provides multiple services at
different performance levels (four classes only). Each user
is characterized by a utility function and can request a
Type of Service (ToS) by setting bits in its packets. They
showed that in comparison with fat-rate pricing for all
services, pricing based on performance objectives enables
every customer to derive a higher surplus from the service.
At the same time, it generates greater profits for the service
provider. Hence it is reported that quality-sensitive pricing
is more efficient than a flat pricing scheme.

However, the scheme is not handling a more general
case of Internetworks that enable and guarantee Qo8. Also.
hecause resnurces cannot be reserved, users may suffer QoS
degradation. In this case, the only way to measure good-
ness of the pricing scheine is to measure the net satisfaction
from the network, that is, the user utility functions have to
be assumed. Because of the difficulty in determining a valid
user utility function, this is undesirable. Therefore, this
scheme (otherwise an important and elegant one} does not
seem apprapriate for reservation-oriented networks. where
QoS5 guarantees can be made. Furthermare, their method
is computationally expensive. as it is based on a fine-graiu
per byte accounting. Finally, in the optimal pricing mod-
els. the fact that different applications may have ditferent
performance objectives was usually not considered.

Parris et al.  [15] also presented a pricing scheme.
which studies a host of iimportant issues in connection with
pricing (peak/off-peak traffic, elasticity of users’ demarnl.
call hlocking, erch
work provides only two classes of services (both requiring
some fixed amount of bandwidih to be roserved for the
connection). This scheme only considers one resonrce of

Hewever, they assnme that the net-

1960

real network, namely link bandwidth. In reality, any suc-
cessful scheme must consider a host of resources. Also, a
single-node network model is an oversimplification in any
pricing model.

Sairamesh [14] proposed a method that provides few
fixed QoS levels that are specified by a set of parameters
such as packet loss probability and average delay or packet
loss probability and maximum and average delay. Connee-
tions wutilize/purchase a service identified by the QoS level.
This scheme is restricted due to the fact that certain flows
cannot be accommodated in the setup of fixed QoS leves,
because of the nature of the applications and their bursty
traffic characteristics, and hence the required quality is
not delivered, which results in decreased user satisfaction.
Any attempt to classify applications into a fixed number of
classes or impose fixed QoS levels is restrictive and bound
to be unable to cncompass a broad set of applications,
with traffic characteristics unknown or indescribable with
currently known traffic characterization mechanisms. New
applications with new traffic characteristics will also not
be covered. The scheme will therefore fail to scale.

The research in this field is still in its early stages.
and fornwlating a strategy in the face of network and
usage dynamism is a challenging task. We will use the
stmulation and analytical results from our proposed scheme
to compare and contrast the strength and robustness of
our scheme to the approaches presented in this section.

1.1 Integrated Multiservice Internetworks

As a result of the rapid development of network technol-
ogy, it is becoming increasingly efficient to provide dif-
ferent telecommunication services through one integrated-
services network instead of multiple single-service net-
works.  In order to support these services, the public
data networks will have to be transformed from best-effort
to QoS capable and secure Internetworks (e.g., upcoming
Integrated Service Internet consisting of a collection of
domains as depicted in Fig. 1).

Figure 1. Federated multi-domain QoS-enabled [nternet-
works.  Eacl cloud represents «1 domain. an independent
entity. Only the edge routers are shown i the fignre.




For this reason. this work is based o the assmmption
Heat rhe nnderlying network is Qo8 capuble, and that the
QaS is negotiated at connection setup  19-22], Lach ronter
has Duffers for cach ontgoing link, Appropriste resonzess
are allocated 1o connections that are adinitted. Users can
nake requests wirh degraded Qo8 parameters so that thew
requests are accepled in case their current request s re-
jevted due to network overload. Alternatively. the network
can make suggestions to wsers about QoS parametors (il
can he accepted.
connections. their QoS paraneters |23, 24
that users desiring hest-effort level services can present
their unrestricted QoS requirements and the network will
accept the connection. and such users will be treated ac-
cording to the network policies laid down for this category
of service. We alse assume that the underlving network
emplovs policing and shaping mechanising to enforce the
network policies and guarantee the delivery of QoS. We
do not state (and for that matter do not care about) how
these capahilities are provided or how the negotinted Qo8
parameters are guaranteed. This makes our pricing frame-
work independent of network infrastructure and hence one
that can be deployed in any such networks that will emerge
as Future QoS-Enabled Intemetworks.

Users can also renegotiate, during the
We assunie

1.2 Challenges in Pricing QoS

As mentioned earlier. it is expected that in the very near
future integrated (JoS capable networks will emerge that
provide a variety of transmission services. snch as tele-
phony, video. and file transfer.

In Future Iuternet. the issue of pricing is more relevant
and critical than it is today. Without appropriate pricing,.
every future user can and will opt for highest QoS available,
thus creating a huge congestion problemn—thus the role of
incentives. Lack of such pricing will also result in a high
rate of rejection of call admission requests.

Note that, unlike with the traditional Internet, there
are great differences among the services offered by the QoS
network. Therefore, one might ask whether the prices of
these services should also differ, and if so. how. Alsa. it
is trivial that each service class specifies more than one
QoS parameter. such as average delay. bandwidth, and
packet loss probability. When this is the case. the question
remains how to price each of such service classes. For
example, average delay = ! ms and bandwidth {denoted as
BDW) =4 Mbs versus avg. delay = 2 ms and BDW = 8 Abs
or 1% packet loss probability and 400 ms avg. delay versnus
2% packet loss probability and 200 ms avg. delay. How
to price them? What is the appropriate ratio for each
Qo8 parameter? Which should vest more? Should the
requirement for security be priced too? Integrating mwul-
tiple services into a single network generates economies of
scale: however, heterageneous services complicate pricing
decisions. Pricing issues in Internetworks that offer het-
erogeneous QoS services has been the research focns of a
number of authors [1-4, 9-13. 14, 15].

The rapidiy changing Internet characteristics make it
necessity to devise new and improved pricing frameworks
silitable for multiservices QoS enabled environment. The
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rumework will additionally provide proper infertace (0

Haets 1o lind ot the price of communnmicatinon hetween 1wo
hosts at different times of day given the QoS paraimneters
It will also proviede a standard interface for reguesting con
nection establistinent and tear-down Aceannting. hitling.
aneh other price-related aspeects will also be handled by this
systenn,

1.3 The Proposed Pricing Framework

In this work., we have proposed. analvsed. and evatuated
a computationallv inexpensive and sealable pricing frame-
work for QoS enabled Internetworks [9-13]. The frame-
work. which belongs to usage-based methods, is indepen-
dent of the nnderlving network. and the mechanisms for
Qo5 provisioning. The franiework is credit based. ensuring
fairness, comprehensibility. and predictability of the usage
cost. On the other hiaud. it provides a means for network
providers to ensure. with high probability, cost recovery
and profit, competitiveness of prices. and encouragenent
of client behaviours that enhance the network’s efficiency.
This is achieved by appropriate charging mechanisms and
suitable incentives. This charging mechanisim can be made
sensitive to class of services, to the time of usage {such as
peak and nonpeak times). to the network conditions {con-
gested and noncongested), and other situations. We have
evaluated wsers’ satisfaction. expressed using the utility
functions. network utilization. and measured call blockings
throngh a series of simulations conducted on three network
configurations with increasing complexities.

1.4 Paper Outline

Section 2 discusses testhed network infrastructure. Our
method for quantifving and pricing QoS is discussed in
detail in Section 3. Simulation results are presented in
Section 1. Section 5 presents conclusions, explores issues
still to be tackled. and describes possible extensions of this
work.

2. Testhed Network Infrastructure

In this section. we describe the simulated network infras-
tructure testheds, ranging from a single bottleneck link
to a very highly complex network representing a real-life
scenario. We base cur pricing scheme on (o8 enahled
Internetworks supporting real time, adjustable real time.
non-real time. and best-effort traffic. We consider band-
width. delay, delay jitter. and packet loss probability as
Qo3 parameters in this work. The network configurations
used in studying the perforniance of our pricing miechanisiu
utilize admission control and employ scheduling. quening
mechanisms. policing. and shaping functions to ensure the
traffics conform to contracts,

In conventional QoS models, the required bandwidth
or the BitRate has no rigid relation to the PacketRate.
However, all the forwarding, and hence the pricing, takes
place based on packets. Therefore, we choose to use Pack-
etRate instead of BitRate as the QoS parameter. All other
QoS parameters also consider a per-packet behaviour (e.g..
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Figure 2. Reference model for Internetworks/ATM.

Delay, Jitter and LossProbability). Hence, considering
PacketRate instead of BitRate will help relate all the QoS
parameters. The principle of our pricing framework is the
same even if BitRate is used during the call admission
phase.

The packet size is fixed for constant bit rate (CBR)
service and is variable for variable bit rate (VBR) service.
The users/applications need to declare the mean packet
size (and possibly the standard deviation, SD, which would
be helpfnl in QoS-Routing mnechanism) in advance.

2.1 Quality of Service

Several definitions of quality of service exist in the litera-
ture: perhaps the most adequate is given in ATM termi-
nology, which states that QoS is the performanee observed
by an end user. The main QoS parameters are loss, delay,
and delay jitter. Fig. 2 depicts a reference model for QoS
in ATM on an end-to-end basis-—the perspective more rel-
evant to an end user. This model generally consists of
one or more intervening networks (Fig. 1); each of them
in turn may have multiple nodes. Each of these networks
introduces loss, delay, error die to nmultiplexing, error due
to switching, or error due to transmission, amdl thereby
affects the QoS. In addition, statistical variations in the
offered traffic may result in loss due ro buffer overHow
on links connecting congested networks nodes in the Qo8-
enabled Internetworks. ITU-T Recormendation 1.356 [25!
takes the approach of defining a worst-case concatenation
of networks and devices for specifying the QuS. As long as
coneaienation across networks stays within these Loy,
the users will experience a consistent level of (205,

bois not a trivial task 10 select precise values or (QuS
parmmmeters such as deluy, delay jitter. and loss.  One
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common approach is to group applications with siinilar QoS
requirements into broad generic classes and then specify
the parameters for these classes. ATM protocols allow
applications to specify QoS in two ways, namely through
the generic service categories (such as CBR. rt-VBR, nrt-
VBR, and UBR), or through explicit enumeration of the
QoS parameters in signalling messages. There are other
dynamic and predefined QoS in ATM networks. Readers
can explore these topics elsewhere [19, 22|, as they are not
discussed further here. RSVP [20], on the other hand,
defines a means to request and confirm specific bounds
on delay variation for the Guaranteed QoS Integrated
Services. The Internet standards presently assume that
loss is always low for applications given the preferred levels
of quality.

2.2 Network Setups

Li order to study the robustness of onr pricing mechanism,
we conducted extensive simulations on a wide range of
increasingly complex network configurations. The first
configuration (referred to as Configuration 1} is given in
Fig. 3. It is a simple network setup consisting of six
bottleneck links. In Confizuration 1. one of the bottleneck
links (in this case R3-R4, Fig. 2) was studied. In order
to stidy the sealability of our scherme, we also conducted
experiments on a highly complex network confisuration
(Configuration 2), shown in Fig. 4. Here ulso, u singh-
bottleneck link was randomly chosen and studied. The
pricing agents, diseussed in great derall in Section 3.7, are
attachied 1o edge ronters ondy: core ronters do not Lave anov
pricing apents attached to them.

Liach rowter has buffers for each outgoing link. W er-
ployed a work-conserving weighted round-robin selicdniing
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Figure 3. Configuration 2. six bottleneck links. All the routers are edge ronters.

scheme. Bottleneck links. in both configuratious, connect
two routers and are 2 hIbps with 10ms of propagation de-
lay. All other links. which connect hosts to routers, are
10 Mbps with propapation delay of 1 ms.

3. Quantifying and Pricing QoS8

In this section, we provide the details of our proposed
pricing QoS. This method of quantifving and pricing is the
basis for the charging mechanism, whicl is the subject of
Section 3.6. It is a simpie method vet covers the most
important aspects of a practical pricing framewark. It is
scalable framework for Qo8 enabled multidomain Interuet-
works. The Internctworks support real-time. adjnstable
real-time, and non-real-time traffic.  We consider hand-
width, average delay, delay jitter, and packet loss probabil-
ity as QoS parameters in this work. The scheme, belonging
to usage-based [2. B] methods. is independent of the un-
derlying network and the mechanism for Qo5 provisioning,
and it can he deployed in any QoS enabled cuvironent
where best-effort is one of the available classes.
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The scheme is credit based, ensuring fairness {from
the user’s point of view). comprehensibility. controllahility,
predictability, and stability, On the other hand. it provides
a means for network providers to ensure cost and profit
recovery, competitiveness of prices, and encouragement of
client behaviours that wili enhance the network’s efficiency.
This is achieved by appropriate charging mechanistus and
snitable incentives,

The main problem in pricing of Internetworks services
is to find a way that fairly quantifies and represents the
relative merit of each service. In this work. we present
a novel technique that not only includes the definition of
such quantification but also is used as a basis for a charging
mechanism. The technique also covers the practical issues
of its inpletuentasion tn the existing or future QoS-enabled
Internetworks.

3.1 Assumptions

In this section, we state the assumptions made in this
work.  Also, for comparison with other related work in



Figure 4. Configuration 3, multiple bottleneck links. Both edge and core routers are present.

this area [2-8, 14, 15, 26-31|, and when relevant, we state
whether we relaxed any of the assumiptions made by other
researchers,

The first assumption is that the underlying network is
QoS enabled, and that QoS are negotiated at connection
setup phase.

We assume that a call will be rejected if the requested
delay (one of the QoS parameter) is less than the propaga.-
tion delay—where we assume that the propagation delay
is a standardized delay metric between two ronters and is
independent of the path taken. Enforcing this assumption
is not part of our pricing scheme; rather, it should be
handled by tlie call setup mechanisu.

In order to maximize profit (though not necessarily
revenue}, the routing mechanism should be smart enough
to select the route that incurs minimum cost yet delivers
the demanded QoS.

I this work we use coarse pricing (for a given session),
where accounting is done per packets rather than bytes.
which substantially reduces the overhead. A service flike
cistomer service) is available to the nsers to find out the
price of communication between twao hosts. siven the (JoS
parameters, at different times.

We use PacketRate instead of BitRate as the QoS Pa-
rameter, as routers forward packets and all other Qo8 Pa-
rameters also consider a per-packet behavionr (e.g.. Delay,
Jitter and LossProbability).  Henee, considering Packe-
tHale instead of BitRate will help relate all of the QoS
paranmicters for pricing purposes.
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3.2 Types of Service

We categorize the services as falling within the following
broad types of classes. each having a different set of QoS
parameters. Within each type of service different qualities
of service are available by adjusting the QoS parameters
[9-13].

Real-Time Service (RT): services that have critical /
tight upper bound on the time at which the bits/packets
should arrive at the destination. Anv data that arrive
bevond the estimnated time of arrival (ETA} are discarded.
Packets delayed are of no use to users. Examples of
such services are telephony, teleconferencing, and covering
ATM's CBR and rt-VBR.

Adjustable Reof- Time Service fA-RT): Inthis ser-
vice class. we do not discard data if they are delayed. In-
steacd, the ETA is adjusted as long as the ocenrrences and
durations of these delays and discontinuations are within
some acceptable bounds. For example. half-duplex video
may he resumed after a short panse due to the delay in
a packet’s arrival. In this case, we can adjnst the ACCepr-
able delay parameter, increasing it by the stalled rime.
Exanmples of such services are video on densand. video.
interactive games. and distance learning.

Non-fleel-Time Service:  This service is provided
tfor those applications that require terialh suarantees hot
no tight bound of the end-to-end delavs: rather, i very
loase bontd is imposed o the delays. Fxamples of such
service are traditional c-inail and file tranafor,



Best-f2ffort Service -
serviee class. without (o8 gaarantees, which exploits avail-
abie resources. In our simulations, the background tlows
were serviced on a hest-effort hasis,

The system supports & fonrth

3.3 Quality Metric

The main reasen for conmplicating the priving of QoS-
enabled networks services is the lack of a method to com-
pare the quality of different types of services. We need
a common metric that fairly represents the relative merdit
of each connection that is characterized by ToS and QoS.
Finding such a metric is difficult, as even comparing qual-
ity within the same type of service is difficult. For exam-
ple, comparing two connections of the same 1ype of service
but different QoS requirements or different hop counts {or
distances) is not stiraightforward. In other words, we need
a common metric f(ToS, QoS} such that:

AT1.Q1) > f(T2.Q2) oy

implies user of service T'1 is more satisfied than user of
service T2,

The common metric is a good indicator of the price,
representing the relalive merit of each service. We term
this common metric Price (P{og.s}), where oq.g is the
set of QoS parameters, such as bandwidtli, average delay,
delay jitter, packet loss probability, and so on. Plog,s), is
also used as a basis for charging.

In this work we forinulate a technique that not only
includes the definition of such a metric but also covers
the practical issues of implementation in existing or future
Internetworks.

3.4 Deriving a Common Metric for RT Service

In this section, we derive the metric Price for RT Service
class (P{oqes)). In order to derive such a metric, for
pricing purposes. we reduce the QoS parameter set through
a series of redefinitions of these parameters such that
P{ages) involves as few parameters as possible. At the
end, we are getting raw indicators, P{ogas), which satisly
the property of the common metric. In what follows we
show the treatment of QoS parameters in this redefinition
process where “=" means the particular parameter is used
as is in the derivation of P(og.s), and *—" means that
the parameter in the left-land side is transformed into the
parameter in the right-hand side. The delay, packet rate,
packet size, and distance parameters (see below) are anly
used to derive P{oq.s).

Delay Jitier — Delay:  Jitter is removed by the use
of play-out buffers, whicl introduces an increase in the
end-to-end Delay. In other words, Delay Jitter is reduced
into an increase in the end-to-end Delay as follows:

Revised Delay = Acceptable Delay
+ Acceptable Delay Jitter
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PackethossProbability — PacketRale:  For pricing
purposes agaiin, we absorh Packel Loss Prohability (1PL1Y)
into revised Piacket Rate, shown via the following example:

Cannection 47 Connection “827
PacketRate = 20 P /See.

PLP = 1% {102 P/Sec)

PacketRate = 18 P/Sec.
PLI* =0%
BestEffort =2 P /Scc.

Revised PacketRate = Requested PacketRate s (1 —T'LD).

PacketRate:  We charge for any packets that are re-
ceived in time at the destination. Hence higher PacketRate
connections will end up paving more. Call Admission
mechanisms should accept only those PacketRates that can
be accommodated. Policer does not let the sender, 1sing
leaky bucket, send at higher than agreed rates.

Packet Size: DBelug a usage-based scheme, larger
Packet Size means more usage of resources and, therefore,
mare cost. (i.e.. larger PacketSize ==> more cost). Price is
directly proportional to acket Size. During a simulation,
we assume fixed packet sizes ranging from 53 hytes (ATM
cells} to 1500 bytes. For this reason, we use “cell” and
“packet” interchangeably.

Delay: Because delay has two components, Quening
Delay and Propagation Delay (in other words, Delay =
Queuing Delay + Propagation Delay), by nsing Standard-
ized Propagation Delay (SPD) with some cushion to cope
with larger routes, we define Acceptable Queuing Delay as:

AcceptableQueuingDelay = Delay — SPD

Requirement of lesser AcceptableQueuingDelay {AQD)
means more cost, and hence Price is inversely proportional
to the AcceptableQueuingDelay.

Distence: To provide the same QoS, connections be-
tween distantly located hosts need more resources than
those between closely located hosts. Again using Standard-
ized Distances (in Hops), the network routing mechanism
should And smaller routes to save costs. Here, Price is
directly proportional to Distance.

Per-Packet Accounting: We compute ETA for each
packet based oun the Acceptable PacketDelay. Any packet
that has arrived within its ETA, satisfies the required QQoS
and is charged at:

Distance
Price = ActualPacketSize * —-:—S%EE
Any packet siot that is missed by the sender is charged at:

Distance
Price = MinimumPacketSize » ---ES‘;{P

The packets that are delayed beyond their ETA are cred-
ited at:

Distance

Price = ActualPacketSize = AQD



The packets that are dropped due to congestion are cred-
ited at:

Price = MeanPacketSize * Distance
AQD

As we can see, the pricing framework for each packet
that is sent only performs a constant number of simple
steps. Also, the framework needs to keep the state for each
flow and therefore requires memory, This requirement is
very small; only one record is kept per flow. In summary,
both time and space complexity are low.

3.5 Deriving a Common Metric for A-RT Service

Recall that A-RT Service dues not discard data if they
are delayed. Instead, each acceptable pause results in
an increase in Acceptable Delay parameter by the stalled
time and therefore an adjustment in ETA. In case the
frequencies or durations of such delays are violating the
agreement, users will be eredited using the same method
of RT service class.

Noting this difference, we are using the same proce-
dures and formulae of RT service with adjusted Acceptable
Delay being recalculated afier each acceptable pause. This
yields lower overall price for A-RT service class.

As no tight delay bounds are given for non-RT service,
the pricing of this service class is simply usage-based such
that the packets that arrive within a loose hound are
charged. Because AQD is large for this service class,
using the same procedures as Section 3.4, users end up
paying less.

We formulated a common metric that takes the QoS
parameters into account and bases itself on the QoS8 pro-
vided in relation with what the network guaranteed: as
such it is a quantification and measuring of this gnarantee
that this method provides, which is used for charging. This
scheme is independent of the underlying network and the
mechanism for QoS provisioning, aud it can be deploved
in any QoS capable environment. It is also a credit-hased
scheme, hence ensuring fairness.

The metric Plog,s), is used as the basis for onr pric-
ing fraruework, which is the subject of the next section.
The charging mechanism uses this metric for hilling pur-
poses, and it also provides the basis for the utility func-
tions, which are used to gauge the users’ satisfaction—an
oversimplification of users’ behaviour, but nonetheless a
practical approximation.

The tiie complexity of caleulating this metric is con-
stant (for each packet) and the memory requircments are
negligible: therefure, our pricing fraimework is practical,
sealable. and contorms to end-to-end argument [32). which
fundamentally advocates leaving complexity at the edges
ahd keeping the network core simple.

3.6 Charging Methods
A number of charging-related issnes are disenssed in this

section.  The following is a gencric eharging fonnuda for
usage-hased pricing where the uetwork adininistradors set
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domain-wide charging coefficients. The formula consists of
three components: usage charges, reservation charges, and
access charges.

Crraffictype{TQas) = Quraftictype * P{0Qos)+ 3+ R{oqos) + 7

{2)
where:
Cirafictype(0Qos):  Cost for traffic type (e.g., RT,
A-RT, etc.)
Plogas): Common metric
FQas: QoS parameter set (bandwidth,
packet loss probability, average delay,
delay jitter, etc.)
Rlogus): Resource reservation charge (may

inchide connection establishment
charge)

Coefficient for usage charges
{e.z., (g is for real time, a,.

for A-RT, and so forth)

3 Coeflicient for reservation

¥ Fixed access charge

Ctraticty pe’

In this work, we only apply a fixed charge for con-
nection establishment. Also, we assume that the access
charge component is not per connection: rather, the access-
providing entity can charge this per month, and during the
revenue distribution this amount is charged by the billing
mechaniso.

We also consider the following simplified formulae in
some of the simulations conducted in 1his work:

Crt/ar!.(o—QUS) = Qepsapt * P(UQ”S) + i (3)

And:

(1)

Cnrr./bf’(UQoS) = art/he * P(”Qns}

where R is a fixed connection establishment charge. These
formulae were helpful in keeping our focus on a particular
issue, such as the effect of charging and/or fixed connection
coefficients, in situations where we did not want to he
concerned with other issues.

Note that it makes sense to assume that ¢, is higher
in value than g, which in turn is higher than g
with ay. being the lowest of all the values. We assume
these coefficients arc defined by pricing agents—discussed
below- —and not individual routers that are involved in the
eonnection. Network providers ecan make these coefficients
sensitive to different time periods. For exaunple, in a corpo-
ration these coeflicients can be made such that individual
departments, to conserve virtnal-money. delayv their batch
work Lo off-peak times or to be triggered by low network
utilization. Also, administrators can set different high co-
efficients hetween corianin ks =0 thar the truffic load in
a certain portion of the network is kept low, However. as
network perforiuance degradation may becorme apparent in
extreme cises, the swing shonld be carefully destgned.




e

3.7 Pricing Agents

n order for our pricing framework o be scalable, wie choose
endpaints {ege ronters o be the place for acconuting,
where dodicated suents receive duplicate headers Trom
corresponding edae routers on the receiving host side
Thev are ouly dummy lhosts with no overbead 1o the
network. Pricing agents discard the messages attor logaing
the header information. In addition. they can be used to
perform other activities, such as coefficients estimations,
providing charging information. acting as a call adnmission
mechanism, deciding queue sizes for network providers.
and a host of other activities including metering, billing.
advertisciments, and revenne distribution. They can also
bill electronically and receive payvinents vis network.

The pricing framework is lhnplemented in a complete
decentralized manner. A handshake is needed between
the call admission mechanism of the network and the
pricing mechanism so that the later knows about the QoS
parameters (and their values) that the nerwork guaranteed
to the user. Alse. users can enguire ahont their accounts.
In case the Qob network suppeorts renegotiations [14]. this
renegotiation is accepted by the network., so that the price
handshake needs to take place every time such negotiation
oceurs, and final. net charge is calculated accordingly. A
pricing agent ¢an also be used to implement a renegotiation
mechanisin such as the one reported in [1-41.

3. 7.1 Network Interface

We use a standard interface to request call admission
or iuquire about the charging amount, for billing and
accounting nformation. For call admission requests or
renegatiations, we use Call{ID, Sr, Des, ToS, o qqs, PS,
MPS,...). ID is the user identification. Sr is source liost.
Des is the destination, ToS is the type of service being
requested, oges states the requested QoS parameters, P8
is packet size, and iean packet size is MPS. Charge(ID.
ConnlD, Sr, Des, ToS, oqes} are used to inquire about
the charging amount per unit. ConnID is cenuection ID.
Finally, Bill{ID, [ConnID]) is used 10 request the billing
information and balance for a lost or eveu for a conuection
of a particular host.

3.8 Utility Functions

We base the definition of the utility finctions nsed in
this work on economic theory. whicl states Uhat given a
congested resource, the price one payvs 1o send w message
{t.e., its utility) should reflect the loss of utility inflicted on
other users whose messages did not get the same treatment.
The utility functions need to show the performance one’s
application gets and the price others pay for [2]. In general,
the utility function takes the following form:

U(P(UQL)S” = Lt.mﬁi"t_vp(a{P(chS]} - C"Hi-d-ﬁrt.l\-pc(UQnH)

(5)

where Licamfictvpe (P{oGos)) is the apparent degrada-
tion level (in favour of other users) to a user, atl
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bty (T 51 15 the price one s clurged, frig
Vsl — =R a0 mapping trom a non-negative real
rutiber Lo non-positive real nunber showing the utility
percelved by a nwer (for o sage request with gqualite given
b g, and for whielt cost 4, el T a5 ) was padd ).

Following is une set of L. 0.0 Plag.sit for real-
time. adjustable real thine, and not-read-time traflie. Tn
this work. best eHort traffic was wtilized for the Background
flows, and hence we did not explicitly study the quality of
the service they recelved,

L (P{ag.w]! = nmuber of packets that did not

mest ETA (6)
Lo (Plegus)) — munber of packets that
did not meer adjustable ETA  (7)
Lue{ Plogas)) = number of packets that did not
arrve within a loose bound
generally a few minutes) (%)

User satisfaction can be asserted by using utility func-
tions, given above. for different traffic types. Users prefer
Lo {or less) performance degradation to their application
as well as lower costs. These two factors are captured in
{7. The lower value of U7 {for a user/application] means
more user satisfaction. In this work, U7 (as well as L) is
an average value [or several runs of the same application
(characterized by the samie service class. traffic source. and
traffic mix}). Traffic sources and traffic mixes utilized in
this work are the subject of Section 4.2, To determine
whether a user/application is satisfied or not. we compare
the computed utility function. I7, for that user /application
to that of the ideal case of I7 that represent the situation
of na performance degradation (i.e., where L is zero), A
user is satisfied if the difference is not wide (far RT we used
lower difference for this purpose than A-RT). Utility func-
tioms defined in this section can also be used to compare
different pricing schewes {for example, to compare Aat-
rate versus differentiated pricing). Note. that because our
proposed pricing scheme is eredit based. there is already
a built-in compensation (in terms of less cost) during the
derivation of ' (7g,e). This enables us to compare our
proposed scheme with credit-based feature enabled versus
the case where we disabled this feature.

3.9 Additional Pricing Components

Metering is another important and problematic issue that
needs to be included within the pricing framework. What is
needed here is to log traflic by the pricing agents. Moreover,
those agents are used to perform other activities sueh as
coefficients estimations, providing charging information.
acting as call admission mechanisim (not part of our pricing
framework}. deciding gieue size (not part of our pricing
framework) for network providers. and a host of other
activities including metering. hilling, advertisements. and

revenue distribution. They ecan also bill electronically and



receive payments vian network. In order for our pricing
framewark to be scalable, we choose endpoints for pricirg-
related work and no increased work at the core routers.

In this work, the billing is done per connection and
accounting is done on specific time periods (of all completed
connections).

Distribution of revenue—like accounting—is done per
connections where actual billing wilt happen in predeter-
mined time periods for all completed connections. As we
mentioned earlier, every domain/router can set its charging
coefficients, which will be reflected in charging the user, but
revenue must be distributed according (proportionally) to
the delays in each ronter. For the most part we used uni-
form charging coefficients in this work. The routers caus-
ing the packets to be delayed must have favoured packets
from other connections, and hence it is fair to receive less
revenue. Note that the routers only set the coefficients in
specific time periods independent of any particular connec-
tion and that the pricing agents at the endpoints only do
the pricing-related work. Users can probe pricing agents
for the values of different coefficients before requesting a
connection.

Each domain takes its independent course to set tlieir
coefficients; the routing and revenne distribution decisions
can become complicated. In this work they are assumed
to be uniform. However, in a corporate domain, when
pricing is used as regulatory tool and as an incentive-based
means, different coefficients can be used for different tasks,
hetween different sites, and during different time periods.
If chosen carefully, this tactic could increase efficiency.

Adjustable real time can be useful for sponsored multi-
media service where a network provider, in return for some
reduced (possibly free) cost, broadcusts (for example by
using a tool like realplayer) advertiserments to users during
pauses.

In multicasting the revenuie distribution is more com-
plex and, in addition to being proportional to the delay
experienced at routers, is also proportional to the number
of receivers depending on them (as more processing work
is carried out by the router).

3.10 Implementation and Deployment Issues

Our pricing framework can be implemented in a completely
decentralized manner. A handshake is needed between
the QoS provisioning mechanism of the network and the
pricing scheme so0 that the later knows about the QoS
parameters that the network guaranteed to the user. As we
can see, the edge routers route a small number of packers
per How in connection with pricing mechanisms, and the
destination edge router copies the header off of each packet
and forwards it to the destination pricing agent. Therefore,
the computational overhead for the deplovment of our
pricing framework is low, which enahles it to be scalable.
b case the QoS provisioning mechanism supports rene-
gotiations. this handshake necds to tuke place every time
such renegotiation is siceesstlly accepted by the netwark,
s0 that the price and quality metrie (and finally clharying)
are calenlared accordingly. The pricing agent can be used
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to implement a renegotiation mechanism such as the one
reported in [24].

Note that the routers only set the coefficients in specific
time periods independent of any particular connection and
that the pricing agents at the endpoints only do the pricing-
related work. As we mentioned earlier, we assume that
all the routers set the same charging coefficient. However,
it is also our goal to simulate networks where routers set
different charging coefficients (perhaps by using MPLS-
like methods [33]). However, this will also complicate the
distribution of revenue because in addition to delsys in
each domain, the charging coefficients of each domain now
have to be considered. In addition, it will make the task
of finding optimum path more difficult. Also, using the
interface described above, users can inquire about their
accounts. Most of these inquiries are handled by the pricing
agents.

4, Simulation Results

I this section, we present the results for a large number
of simulations conducted on a variety of network configu-
rations and under realistic traffic workload and traffic mix.
Most of the simulations included between 24 and 48 lows of
which 4 to 8 were background flows {simulating best-effort
traffic). We have also conducted sinulations with up to
128 Hows with 10 te 15 background processes. This number
of Hlows was kept constant for the entire duration of the
simulations. Whenever a connection was completed and
disconmnected another one wus generated (after the lapse of
a small and random period of time). User requests arrived
according to Poisson distribution with a rate of a request
per p minutes, and with the duration of connections expo-
nentially distributed with a mean A. Users chose between
RT and A-RT services classes. This was modelled as a
bimodal distribution with a fraction 7 of users choosing
RT and 1-7 opting for A-RT. Unless otherwise stated, we
assuimne a single domain network, and hence the revenue
distribution related issues would not come into the picture.
Also, we have used. unless otherwise indicated, 1024 bytes
packet size. Here, offered load (luad for short) is defined as
the ratio between the total amount of bandwidth reserved
{for all connections) and tutal bandwidth of boitleneck.
Also, link utilization is defined as the ratio between the
total amount of bandwidth required (for all connections)
and total bandwidth of bottleneck. Experiments were con-
ducted for at least two hours (most of the simulations were
conducted for five hours) with varying flow durations, and
results were observed alter the lapse of an initial warm-up
time of few minutes. until link utilization reached 60Y7.
Data were collected at different load levels. As mmentioned
earlier, the simulations performed were frace driven. that
is. the traflic was first generated {for a particular traffic
mix) and then the same traffic was applied to each of the
sinulated algorithms,  For each simulation setup, we ap-
plied a number {between 10 and 20) of such traces and
averaged the results. All the instances of eacl siulion
setnp were conducted nsing the same trathe mix fexplained
later in this section). We have chosen traffic sONrees,ix
to be bursty as well as non-bursty, Each ronter has bnfers




for each ontgoing linke We eaploved s Work-Conserving
Weighted Ronnd-Roliy Sebiednling seliemse 119]0 Bottle-
neck ks inoall of the condignraiions connect anly two
ronters and are 2 Mbps with 1o of propagation delay
All stlier links. which connect Tiusts to ronters, are 10 Ahps
with propiagation deligy of Tuse T each experiiment. one
of the botilencck finks was studied. Note that ance the
link was randomly selected in 1he bepinning of a simnla-
tion rui that sawe link was kept under study thronghout
Every uiser has some fixed bidzes
for network connniuication.
middle class. or poor based on their allovated budget. Un-
less comnbication is deemed Important | users will trv 1o
conserve their monev and hence will respond to monetary
incentives in favour of performance. Users are nsing bud-
get and incentives available, in terms of redueed charges.
te wodify their behaviours.

the oxperiment runs.
Lisers are classified as rich.

4.1 Scalability

Scalability [19. 34] is one of the most important factors
when designing a distributed system. In order 1o achieve
this goal. we designed onr framework such that the core
and distribution routers were not required to perform any
activities needed by the framework. the edye routers were
only involved in exchanging a small munber of packets
generated by the source host, the source and destination
pricing agents as well as time stamping the packets on the
source side while passing a copy of the headers of packets
to the destination pricing agent. The pricing agents on
their part perform few simple steps per packet. making the
computation complexity linear on the number of packets.
In addition, keeping with spirit of the end-to-end argument,
the pricing agents are located at the edges of the network
[32]. In summary, we kept the computations within pricing
agent simple that only require a consrant number of steps
and coustaut space for storing state information per flow,
We also pushed all the computation to the edges of the
uetwork with the bulk of the compntations performed hy
the priving agent and only a few data exchanges. per flow.
carried out by the edge ronters. All these design decisions
were made to ensure that owr pricing framework is sealable.
We have evalnated our framework for scalability by
varving the following setups and variable in the simulations:
L. Increase in nunther of users, represented by the number
of fows,
2. Inerease iu volume of data, to which the simulated
networks were subjected,
3. The chiunge in characteristics of data. represented by
different traffic mixes.
1. Increase in complexity of the sitnulated networks. rep-
resented by different network configurations.
3. Introduction of other issues. such secure commmnica-
tion inta the framework.

4.2 Traffic Sources

The emerging QoS-Enabled Internetwork is expected to
suppart a wide range of traffic sources. It is generally
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. """

expectod that the varions teathie =onrees to he serviced by
the huemetworks helong to the following main classes:

1. Constant Bit Rate (CBRY,
consst of
teleconferencing. or telephony. Voice siguals lave a con-

Tl sourcees maanly

applications  such as volee waile ancdio-

stant bit rate of 63 Kbps o1 as low as 4 Kbps wlen the voice

i heavity compressed. Andio ranges between 2 Kbhps to
arotind 1.3 Mbps for CD quality, Some video-conpressing
standards, such as AMPEGL. compress video into CBR
{poar quality at 1.5 Abps: good quality ar 3 3 bps),

For video and voive 1o be of acceptable gquality, delay
al Joss should be kept low. For exaniple, the end-1o-end
delay should be less than 200 ms for real-time video and
voice conversations. The delay can be a few seconds for
non-real interactive applications {for instance, juteractive
video}. The maximum acceptable loss is about 1074 for
noncompressed videa and audio and mmch less than 1077
otherwise [19, 22, 35].

2. Variable Bit Rate (VBR).  These sources mainly
include computer-related data sources. such as terminal
emntlation. electronic mail. or file transfer. The range of
this tvpe of traffic can be from a few dozen bits per sccond
to a couple of AMega {eveu Giga) bits per second.

3. VBR-Video. These sources are mainly generated
by multimedia applications,  Some single-compression
techniques, for exaanple MPEG2, convert video into VBR.
We have low rate for slow-moving scenes and high for fast-
moving ones. The range can be from 6 Mbps to 24 Mbps
or even hizher with some other technigues.

t. Conneefiondess and Connectron-Oriented Data.
Sources of this tvpe exhibit both burstiness and constant
rate characteristics.

To study the suitability and robustness of a particu-
lar priving mechanisin, the workloads should have some
desirable characteristics, such as:

1. The traffic loads will form a variety of common sources
that cover hirsty and non-bursty scenarios.

2. The traffic mix should provide an approximation of
the actual traflic realities and emerging trends.

3. The correlation in space as well as in time is exhibited
by the traffic sources. This correlation lasts for the
entire duration of the connections and not just for a
single hurst. The factors forming the correlation are
several. including burstiness nature of the sources and
the pairing of the input hosts with the output hosts.

4.2.1 Simulated Traffic Source Models

Many scholars have studied the traffic source character-
ization [35]. For any particular traffic source. the es-
sential characteristics are all those parameters that are
needed to completely characterize the randomness in the
These important traffic parameters are used to
develop/simulate a traffic model for the given source.

In the ON-OFF traffic mudel, throughout the lifetime
of a virtual connection, the corresponding traffic source
will he in either active (or ON) or idle (OFF) mode. In the
former mode, the source is transmitting packets/cells at
given rate. This will ¢ followed, depending on tvpe of the
source. by an idle period during which the source will be

AAlree.



silent. Hence the model is known as the ON-OFF model.
With the exception of CBR sources that have no OFF state,
there is a general belief that all other traffic sources exhibit
this cyclic behaviour, depicted in Fig. 5 [19, 35]. Note that
the packets generated during the same ON-period form a
burst, and it is always assumed that successive active and
idle periods are statistically independent. According to
the suggestion by the ITU-T [36], the length of the active
period as well as that of the idle period is exponentially
distributed, with average lengths 1/a and 1/b respectively,
as is given in Fig. 5.

OM: Average Length = a— 1
U —

T Packet interamival tme

OFF: Avg. Length = b~ 1 N OFF

T.: Average lime between 2 consecutive bursts

Figure 5. ON-OFF traffic source model.

Several other traffic source models exist, such as the
Markov Modulated Poisson Process Model (MMPP) or
the Generally Modulated Deterministic Process Model
(GMDP) [35]. The ON-OFF model is, however, the least
complex and is the most widely used by researchers to
mode] network traffic sources. Also, this basic ON-QFF
model is flexible enough to acenmmodate most of the exist-
ing traffic sources with reasonable accuracy and with ease
of implementation.

4.2.1.1 ON-OFF Traffic Generation. In order to
generate the simulated traffic sources, we, in this work,
have assumed that the following three parameters are
always known about each such source:

e The average packet rate, m. which is used to calculate
the average bit rate, as we assume a fixed packet size
{and this is why we use the work celi and packet
interchangeably)

¢ The mean burst length B in packets/cells

# The burstiness factor &

Given the parameters m, 8, and k, we can derive all
the required parameters that are necessary to implement
the ON-OFF model. We have also assumed that the
active and idle periods are exponentially distributed (with
average lengths of @~ ! and b~! respectively).

Now from the knowledge of . B, and k. we will show
the process of calculating paramerers o', b 1, as well
as other needed parameters, such as T and p.  This is
Hlustrated with the help of the following example abour
VBR traffic source.

Exponential distribution can be generated from the
uniform distribution as follows. Let y be an exponentially
distributed random variable with mean equal to 175, and
Fy) be the ecnmulative distribution fanerion of ¢, Then:

Flyy=1-¢ #4 (9)
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Let:
z= F(y) (10)

We can prove that 2 is uniformly distributed over the
interval {0, 1). Because:

z = F{y)} (11)
s=1-—g¥7 (12)

1 _ ]
=>y=- (E) xln(l — =) (13)

Now because both z and (1 — z) have the same distri-
bution, we have:
y=— (l) v In(2)
7

By taking {1/j) to be a=! and 57!, we can generate
exponentially distributed durations for any source in a
given time period for both the active and the idle periods
respectively. Finally, using these values, we can calculate
the number of packets in the i-th active period by using
the equation:

(14)

: (15)

Lately. we have seen great interest in the development
of techniques to generate traffic patterns that exhibit self-
stmilar properties [19, 37]. There are several techniques
proposed including a technique involving the modelling
of a mumber of ON-OFF sources and another technique
that simulates A /G /oo queue (with the arrival being
Markovian, but the general service time distribution is
not). In the ON-OFF technique, the distribution of the
times between ON and OFF transitions uses a heavy-tailed
distribution, like those distributions modelled by Pareto
distribution, instead of negative exponential distribution.
We use this model, which has recently drawn the attention
of many researchers, to simulate self-similar traffic sources
{371,

4.2.2 Strnulation Traffic

We have developed software that simulates the traffic
sources.  Following I'TU-T recommendations, all VBR
sources tollow the aforementioned ON-OFF model, where
cach VBR source is characterized by thiree parameters: av-
erage cell rate e, averange munber of vells per harst B, and
the hiirstiness facror &.

it is impractical to conduet simulation for all possible
traffic tixes, Instemd, we limited onrselves to some of the
rypieal worklonds expected by a network, We experituented
with the following, tvpical tratic mixes:

Traftic Miz 1. The source consists of 30%, Data, 50%
Volce, and 20% Video.




Fraffic Afir 20 20% of the sources are Connectionless
ata, 209 Connection-Oriented Data, 209 Voice. and 409
VBR Data/Video.

Traffic Mur 3: The sources are as in Trathe Mix
2, but with output concentration, where close hosts are
chosen 50 as to create a scenario of locality.

Traffic Mix 4: In this mix mode, the peak/nonpeak
seenario is captured. In this mixing scenario, we increase
certain traffic classes by indueing a surge in the number
of Hows, with average durations of these flows sct to the
duration of the peak time that is intended 1o be simulated.
This cycle is repeated as many times as the number of
peaks desired to be included in the life of a simulation.

Traffic Mir 5: In this traffic mix. in addition to
including known traffic classes given the above, we try to
capture some of the emerging and futuristic traffic trends.
As we move towards high-speed high-capacity (HSHC)
networks, we can clearly see that this trend also enables
different service architectures. For instance, an HSHC
network enables transfer of an entire database to a user for
high-speed local searching, versus the current paradigm of
query-response applications, such as many web pages do
today, which is poor in productivity and introduces long
delays. This traffic class is highly bursty and tolerates
almost no errors or losses.

Traflic Mix 2 subjects the network to a much larger
workload than generated by Traffic Mix 1. The reason
15 that the secoud traffic mix has a higher percentage of
burstier sources with larger bandwidth requirements. The
change in perforisance behaviour from Traffic Mix 1 to
Traffic Mix 2 will expose the sensitivity of the pricing
mechanisin to the workload. Traffic Mix 3 gencrates as
high a workload as Traffic Mix 2, with the important
difference that the level of internal {internal links) as well
as external {ontput hosis) contention is increased. Traffic
Mix 4 generates as high a workload as Traffic Mix 2 or
3. but in a piece-wise manner, with each piece having a
duration and with different burstiness, so as to simulate
the peak/nonpeak scenarios. In essence each peak and
nonpeak period itsell is Traffic Mix 2 or 3. Traffic Mix 5
generates emerging traffic sources mixed with traditional
traffic sources such as Traflic Mix 1, 2. 3, or even Traffic
Mix 4,

As mentioned, the iuterarrival thnes of the packets
generated by different traffic sources are usually exponen-
tially distributed, and hence the traffic can considerably
vary from one run of the simulation to the next. Hence, the
trace-driven technique is adopted for compatison reasons.

4.3 Traffic Generation

During the simulation lifetime there were between 24 to
128 flows, including some 4-15 background flows. User
requests arrived according to Poisson distribution and the
duration of connections exponentially distributed. Users
chose between RT and A-RT services classes using a bi-
modat distribution. The traffic generated by a user, after
the request is admitted, is modelled by ON-OFF process
explained earlier. In order to characterize a traffic source,
three traffic parameters were specified: peak packet arrival
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rate, average numiber of packets inoa burst, and awverage
rirne between two consecutive bursts,

We have used typical values for traffic parameters
for various traffic source types reported in [35° in order
to generate the traffic for our sinulations.
paranieters, we were able to calculate « ' and &7 for
ON-OFF model. The trafiic sources for N flows consist of
N ON-OFF maodels that are multiplexed to a router. We
have conducted simulation for a variety of traflic mixes.

In order to simulate peak-tite scenarios, a sudden
surge in number of flows is made by triggering a timer.
After the lapse of a specified time (a randomily chosen
time period}. the number of flows are brought back to the
normal range as specified above,

In this work, we conducied extensive simulations on a
wide range of increasingly cotuplex network canfigurations,
Qur earlier sitnulations were conducted on a simple network
setup (referred to as Configuration 1 and given in Fig. 3).
It consists of six bottleneck links. This configuration
mimics a corporate or campus environment. I[n our first
experiments the single bottleneck link was observed, and
in the second experiment one of the hottleneck links (in
this case R3-R4, Fig. 3} was studied. In order to study the
scalability of our scheme, we conducted experiments on a
highly complex network configuration (Coufiguration 2),
shown in Fig. 4. This configuration mimics an enterprise
network. Here also, a single botileneck link was randomly
chosen and studied.

Given these

4.3.1 Calli Admissions

The network that is assumed in this work is capable of
negotiating (JoS parameters at connection setup, and upon
accepting user connection it is responsible for guaranteeing
the agreed quality. Based on the adinission control scheme,
requests are accepted or rejected. Appropriate resources
are allocated to connections that are admitted, Users can
make requests with less stringent Qo8 parameters so that
their requests are accepted in case their current request
is rejected (because of network overload). Alternatively,
the network can suggest to users QoS parameters that
can be accepted. Users can also renegotiate, during the
connections, their QoS paramecters [23, 24]. During the
connections lifetime users, if needed, can also renegotiate
their (Jo& parameters. We assume that users desiring
best-effort-level services can present their unrestricted QoS
requirements and the network will accept the connection,
and such users will be treated according to the network
policies laid down for this category of service, We do not
state (and for that matter do not care about) how this ca-
pability is provided or how the negotiated QoS parameters
are guaranteed. This makes our pricing framework inde-
pendent of uetwork infrastructure and hence one that can
be deployed in any emerging QoS-enabled Internetworks.
The admission control requires that each node
check every new request {whether & request for a new
flow/connection or renegotiation of a current flow/
connection) against available capacity and current QoS
capabilities. A request will be accepted only if the network
can provide the required QoS to existing flows/connections



Table 1

Typical Emerging Applications and their Costy

Application Rate Real Life Scenario Service | Duration (Minutes) | Cost {§)
Teleconferencing 1.544 Mbps | Project meeting RT 60 6.38
Teleconferencing 2.048 Mbps | Formal business meeting RT 60 11.06
Teleconferencing 3 Mbps Medical examination RT 60 16.88
Movie 1.154 Mbps | Entertainment A-RT 90 4.47
Movie 1.544 Mbps | Entertainment A-RT 90 6.40
Distance learning 384 Kbps | Live class A-RT 50 1.73
Web browsing 64 Kbps Browsing/Surfing RT 60 0.65
Web browsing 32 Kbps Browsing/Surfing RT 60 0.30
Telephony 128 Kbps | Conversation RT 60 1.38
Telephony 64 Kbps Conversation RT 60 0.69
Radio 16 Kbps Information /Entertainment | RT 60 0.35
Data transfer (50 MB) N/A Information NRT N/A 0.31
Peer-to-peer media sharing | 512 Kbps | Chat A-RT 60 1.49
Peer-to-peer media sharing | 128 Kbps | Chat A-RT 60 0.70

and to the requesting flow/connection. RSVP, MPLS, Diff-
serv, and ATM all have comparable admission control poli-
cies. as they all effectively operate in a connection-oriented
paradigm [19, 20, 33].

In order to avoid being involved in complex issues of
call admission mechanisms {such as those utilizing schedul-
ing region or Connection Admission Control {CAC), which
is widely implemented in ATM switches), and to fucus on
issues of pricing, we utilize a few simple call admission
algorithms. The first algorithm is a simple one, where a
request for call admission is accepted if network utilization
is under 4% (in our sitnulations we have varied the valiie of
u% from 95% to 100%) and at least one path with required
bandwidth is found. The network can use multipaths, if
available.

4.3.2 Charging Parameters

In these simulations we used charging coefficients of
8.328 x 10771 for RT (i.e., @) traffic, and a.. =4.164 x
10! for A-RT traffic is used in our experiments. We used
Cnre == N OF erypy = 2.083 x 1071 for NRT traffic, and ap,e =2 0
for hest-effort traffic, to miruic present-day Internet. These
coefficients were computed as follows: using 64 Khps link
we can deliver 480 KB of data per minute. If it costs us 10
cents per minute for this link. we can deliver ~5 MB data
for a dollar. If we are using 1 KB packets, then it costs
2,083 x 107 for one such packet. Instead. if it costs 20
cents per minute for this link, then the cost of sending a
1 KB pucket is 4.164 x 107 and it will cost 8.328 x 1071
for such a packet if the link costs 40 cents.

A wide series of charging coefficients (mnltiples of
2,082 x 107 ) and with and withont fixed connection estab-
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lishment charges were used in these simulations. We used
$2.00 for A-RT and $4.00 for RT as connection-establishing
charges in some simnlations and set both to zero in oth-
ers. The charging coefficient for A-RT is always equal to
twice that of the real time. We refer to the case when we
used 8.328 x 104 for RT and 4.164 x 10-* for A-RT and
2.083 x 1074 for NRT as Setd 1. SetA2 is double (of each
element) of Setd 1, SetA3 is thrice, SefA4 is four times
SetAl, SetAd 1s five times of that of Setd I, and so forth.
The charging coefficients for peak time are three times the
normal coefficients. By default, the charging coefficient for
best-effort service class is set to zero.

We also have used another set of charging coefficients,
SetB1, where we have used 1.12 x 107% for RT, 5.6 x 10—6
for A-RT, and 2.8 x 107° for NRT. These coefficients were
cormputed as follows: using 1.154 Mbps link we can deliver
8655 MB of data per mimte. If 1t costs us 10 cents
per minute for this link, we can deliver ~86.6MB data
for a dollar. If we are using 1 KB packets, then it costs
1.12x 107" for one such packet. On the other hand, if
stich a link costs 5 cents per minute, the 1 KB packet costs
5.6 x 10~%. Similarly, we compute the coefficient for NRT'.
Using this set if, for exanple. we are watching a 90-mimite
movie using 1.154 Mbps and A-RT service class, this movie
will cost the customer $4.47. Like the case with Setd !,
we have used Set B! to deline SetB2, SetB 3, and so forth.
Table 1 lists some emerging applications, the traffic service
they utilize. and their typical cost to users.

4.5.8 Sonulated Pricing Sehemes

[n order 1o provide the relative merit of our pricing medel.
we have simulated four pricing mechanisms.  Firstly, we




Table 2

Stnnlation Pavioeters

Simmlations!| Confignration 'I':'e;“i-f_ir_- wix | Clinrgiug, coefficients

| Parameters -

Fig. 6 Conflguration P2, 3 and 1 1 8Set A

Fig. 7 Configuration 22 and 4 Setdd |

Fig. s (‘(Jllﬁ;},llI:;;T.-i(.;.l:i- 2 .S'r:"t_:_luf

Fig. ;_ o Conﬁgurat.inn 2 ‘.é;mri 1 SetAd

Fig. 10 Confignration 1|2 3and 1 | Srtd
‘ Fig. i Confignuration 2|2, 1and 5 | SeiAl. .. Setd7
' Fig. 12 Confignration 202, 1and 5 | SetBI. .. SetB7

Fig. 13 Configuration 22, 4 and 5 | Setdl. .. SetdA 7

Fig. 11 Configuration 22, 1 and 5 | Sets31.. .-SctB'f
’ Fig. 15 Configuration 22, 4 and 5 SetA s ... Seta 7

Fig. 16 Configuration 212, land 3 | SeiB1... SetB7

Fig. 17 Configuration 2| 2.3 4 and 5[ Sefd ... Setd7

simulated « flat-rate {per packet) sclietne. Ay there is
no incentive for the users in this scheine, every user will
choose the highest level of service they cau ge1. Secondly.
we simulated an algorithm hased on To§ with no QoS
available, which assigns a connection into one of four
available Tob based on settings of two hits in the hewder
of packets (similar to work in [2]. we refer to this scheme
as Fixed ToS scheme}. Thirdly, an algorithim that assigns
a counection to one of a few ToS with fixed QoS levels
was siniulated. The QoS levels were defined by paranieters
such as packet loss probability and average delav. or packet
loss probability, maximun and average delay. The users
in the same class compete for the shared resources. This
schewne is similar to the one reported in [14]. Ve refer
to this scheme as Fixed QoS Levels scheme. Finally. our
proposed pricing mechanism where the users can specify
their QoS parameters and ToS freely was simulated.

4.4 Simulation Results

A pricing schemne must be able 10 generate sufficient rev-
enue for network operation and expansion. In addition. as
with any other cotmnodity, the users of the network want
to be satisfied with their performances and the providers
want to be profitable and competitive. In this section.
we have studied user satisfaction. expressed using the util-
1ty functions, and the percentage of blocked/rejected calls
{recorded by call adwission mechanism), indicating the
sticcesses and failures of potential counectious and hence
expressing a second form of user satisfaction. The study
is performed through a series of simulations condncted on
two network configurations with increasing complexities
and a variety of traffic sources. We also study network
utilizatiou, expressed as a ratio between the total amounts
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of bandwidtlh: required for all connections and total band-
width of bottleneck. and investigate the generated revenue.
We have also studied 1he relative perforiance and seala-
hilitv of our pricing scheme and conducted an elaborate
comparison with other techniques. The effect of varving
charging coetficients is also studied. In each section below,
wr hegin by presenting the simulation on simple network
configuration and one type of tratfic mix. Then wr move to
sitnnlations condueted on more complex configuration sub-
jected to several traffic mixes in arder to measure the effect
of burstiness. locality, peak/nonpeak time. and emerging
traffic source trends.

We simulated different network scenanos and trafic
sources under the above traffic mixes. Simulations con-
ducted under genuine traflic sources with traffic niixtures
are essential to study the robustness of our pricing scheme.
Below are the aspects of our proposed pricing iechanism
that were simulated and analvsed:

e Network performances
¢ Rejection of call adiission requests

- One form of user satisfaction that indicates tiie

satisfaction of potential usery

User satisfaction

Using miility finctions, this incicates the satisfaction
of aduitted users

Effect of secure conmunications

Effect of different charging mechanisins

Effect of network size on performance, call blockings.
ete.—scalability

IFffect of peak/noupeak scenarios

* Comparison with other proposed pricing mechanisms
Table 2 gives details of simulation parameters used for
simutlations presented in Figs. 6- 12,
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Figure 7. Utilization for configuration 2 for all pricing
schemes.

Blocked Calls

—a— Proposed Pricing
—&—— Fivad ToS
- w#e - Flay-Rate

Fraction blockad calls

Figure 8. Call bloekings for three schemes for configura-
tion L.
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O

g4 8 Network Porformaner

Fin. o shows network atifizacion for onr selistne versis
that of Fixedl Ton schenie as well as tat-rate schenne.
The defanlt valnes for all other priviug parvatueters and
sitnubarion variables woere nsed in these simmilation rans.

Utilization increases continousty when our pricing,
mechanizn is used and settles near the targer utilization
for the cxperitnents. On the other hand, utilization is low
(witl various degrees) when Hatrate pricing is used as a
means to provide nmonetary incentives for the users. In
this case, users opt for the highest quality of service each
time they request a connection establishment. Before the
load reachies the capacity, the proposed scheme pertorms
about 12% -13% Dbetter than the flat-rate scheme. After
enough Hows are admitted and the resources reservations
exveed the capacity, the decline hecomes sharper. After
this point the systenn will start rejecting new requests, As
new flows are not adimitted to utilize some of the nunused
handwidth, we notice a coitinned decline in utilization.
In this rase, the performance of flat-rate scheine degrades
to abont 52% . whereas our proposed scheme niaintains its
utilization around 95% . On average. however. our sclieme
utilizes the link over 33% better than the fat-rate scheme.
Note that the small peaks in the graph are due 10 new
connections 1that are established.

Fixed TaS scheme provides four types of services to
nsers 5o that thev can assign their traffic too, by setting
appropriate hits in the header of packets. Because the
users within each ToS have no incentives ro use lower
quality, they opt for the highest quality thev can get. As
this scheme provides incentives for choosing among four
ToS, it shows betrer utilization than the flat-rate scheme.
However. as we can observe from the results. our proposed
seheme utilizes the network better. The performance of
the Fixed ToS scheme degrades from 77% 80% (when the
load is just approaching the capacity) to 55%-374 as we
increase the capacity and stabilizes just below 6007

The wtilization of our scheme. on the other hand,
exceeds 90% and stabilizes uear 95%. Neote that we have
more than one path between source hosts and destination
hosts: new calls are still admirted even after exhausting the
resources on the bottleneck link nnder study. Hence. we
do uot observe continued decline. Due to burstiness in the
traffic mix. there are simall peaks in the utilization graphs.

On average the Fixed TaS scheme performs 15%6-20%
hetter than Aat-rate. However. the fat-rate scheme suffers
from over-reservation of resources amd ultimate decline in
utilization.  As enough Hows are admitted towards the
beginning of the siimulations. and hecase the Hows are
of longer durations. new requests for call admission are
rejected. Hence. we ohserve that as we increase the load,
the utilization for botl Hat-rate and Fixed ToS continue to
decline. This is due to the fact that more and miore reserved
resources are not utilized, and because they are reserved
the network cannot admit new flows. The end resnit is
lower utilization. Before the load reaches the capacity. the
praposed scheme performs ahout 12%-15% better than the
Hlat-rate scheme. Our propeosed schiene. on the other hand,
maintains its superiority and perforins 23%-35% better




than both schemes as the network load is increased bevond
the capacity (after enough flows are admitted).

Fig. 14 shows the utilization for the Fixed ToS scheme,
Fixed QoS Levels scheme, and the proposed scheme. The
network configuration in this simulation is very cotuplex,
and the traffic sources are highly bursty with the pealk-
time usage effect also introduced. This is a typical real-life
network scenario with the emerging new applications. The
results show that for Fixed ToS and Fixed Qo8 Levels the
utilization decreases with load exceeding the capacity and
then setiles near 71% and 76%, respectively. However,
our proposed scheme has 95% utilization. Before the
load reaches the capacity, the proposed scheme performs
about 15%-~18% better than both schemes (with the Fixed
QoS Levels performing better than the Fixed ToS in these
load levels). We can observe that our scheme utilizes
the network much better than the other two schemes
(Fixed QoS Levels and Fixed ToS schemes) in this complex
network configuration. Note that the dynamic connection
completion and admission of new connections, during the
simulations, resuits in a small surge or drop in utilization.
The burstiness in tratfic and the nature of traffic mix also
have this effect. This can be seen in the figures in the form
of peaks.

The resuits in Fig. 15 in general reatfirm the results of
Fig. 13. However, when proper pricing scheme is not used,
utilization is worse. The last observation is important as
it shows that the more complex the network configuration
is (which is certainly the case with the Internet and its
future derivatives), the more a robust and efficient pricing
scheme will resitlt in network-wide better utilization.

As a direct conelusion of these observations. we can
deduce that by introducing proper pricing mechanism, we
achieve enhanced utilization.

In addition, the pricing mechanism provides suitable
onetary incentives that the users respond to by properly
clwosing the method, class, and QoS parameters for their
counections such that they can balance their required per-
formance in view of the monetary incentives provided hy
the network. Hence, pricing can achieve congestion avoid-
ance by appropriate network usage patterns and adjusted
user hehaviour.

4-4.2 Caoll Blockings

In this section. we study the effect of pricing mechanism
on the rate of rejection of new connection requests anc
analyse the simnlation results. As we noted above, nri-
lization inecreases continucusly when pricing is used and
settles near the target utilization for the experiments. On
the other hand, utilization is generally low when proper
pricing mechanism is not utilized a5 a means to provide
monetary incentives for the nsers. In this case nsers opt
for the highest guality of service cach time thev requesi
a connection establishient.  The end result is not oulv
low utilization, but also high fraction of new connection
requests heing blocked. The reason is that resonrces are
being unnecessarily reserved] as nsers generally choose the
higl end of guality. This is shown in Fig. 16. The Mraction

of hlocked ealls increases with network colnplexity,  Heow-
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ever, the increase is marginal for the proposed scheme. As
we can observe, Fixed ToS scheme performs about 18%-
20% better than flat-rate scheme, whereas the proposed
scheme results in very low blocking rate. In Fig. 17, the
results for Fixed ToS and the proposed scheme are shown
for the more complex network configuration. As we can
chserve from the results, the proposed scheme still enjoys
very low blocking rate in this complex scenario (in terms of
both network configuration and traffic mix). The scheme
on average performs 30%-35% better than the Fixed ToS
scheme.

4.4.3 User Satisfaction

User satisfaction was determined by using the utility func-
tions defined in Section 3.8 Fig. 15 shows users' satisfac-
tion as a function of load for the first configuration. The
figure shows that users’ satisfaction deteriorates {normal-
ized for all user} as we increase the offered load, particularly
when fixed four ToS scheme is eniploved. This is due to
this scheme’s failure to take into account the QoS require-
ment of users. As such, when several How traffics are in
active mode, multiple packets drop as the network hecomes
congested {due to high load). The proposed scheme, on
the other hand, retains a 92% satisfied users’ base, which is
a liuge performance advantage in comparison to the Fixed
ToS scheme.

When we combine these results with the apparent
increase in the percent of blocked calls, as given in Figs. 16
and 17, a complete picture of deteriorated user satisfaction
cinerges, both in the case where users do get connections
aud when their requests for connections are refused.

4.4.4 Effect of Charging Coeflicients

Figs. 6~11 show a number of results for a wide series of
charging coefficients and with and without fixed connection
establishment charges. Note that we refer to the caue
when we used 8.328 x 10~ for RT. 4.164 x 10-* for A-RT.
and 2.082x 10 * for NRT as Setd!. SetA2 is double
{of each element) of Setd 1, SetA? is thrice, and so forth
{see Table 3). We used $2 for A-RT and $4 for R as
connection-establishing charges. The charging coefficients
for A-RT is always equal to twice of that of the real time.

TFable 3
Charging Coefficients—Set A
RT A-RT NRT
;ct.u BA28x 1074 [ 4164 x 10—t | 2.082 % 10 4
Setd2 | 16.656 x 1071 8328 x 10 " | 1164 x 101
Setd 124089 x 1071 12,492 % 1O~ '} 6.246 % 107
Setdf 33312 10 16656 < 10 4| 8.398 % 10 *
SetAT 141640 %« 10 {20,820 x 10~ m,uoxmj'
Gerds LG8 < 107 20 001 10 112902 x 1074
SetA7 | 58.206 % 1077 2!)_.“1-;8 AT 5T < 10
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The charging coctficien s for peak time are three thines the

norinal cocflicients. By defaudt. the charging coefficient

hest-effort serviee class is set to zero.

We have also used a second set of charging coefli-
cietits SetH ] where we have used 1.12 x 107" lor RT, for
56 % 107% for A-RT. and for 2.8 x 107" for NRT. Using
these coeflicients. Table 1 gives costs for the usage of sonie
of the emerging applications. Like the case with Setd 1,
we have used Set8! in the same manner to define SetB2
and so forth {see Table 1}.

Tabhle 4
Charging Coeflicients—5et B

RT

A-RT

NRT

SetB1

1.12 x 10~°

56 x 1079

2.8x 107"

SetB2

224 %1077

1.12 x 1073

56 % 1070

SetB3

336 =105

1.68 x 10°°

840 x 107°

SetB4

4.48 % 10 °

224 %1075

1.12x 10" ®

SetBs

5.60 x 107°

2.80 x 1078

1.40 x 1075

SetBf

6.72 x 1077

3.36 x 10~°

1.68 x 10"

SetB7

784 % 107"

3.92 % 1077

1.96 x 10"

In Fig. 6 we observe the network utilization for com-
plex network confignration. In this simulation, each user
belonged to a specific class {randomly assigned) based on
the fixed budget they allocared for network use. Here
we used three user classes (rich, middle class, and poor).
We observe that utilization is high for charging coefficients
SetAl and SetA2. As we increase the charging coeffi-
cients, we see that the utilization drops (see Setd ¥ and
SetA4). In this case poor users stop using the network as
their budget is exhausted. However, when Setd 5 is used
the utilization is very low. This is because most middle-
class users also dropped after using the network for only a
few minutes. The drop is very steep here (dropping to 75%
compared with 96% for SetA2). The small peaks in the
graph are due to new connections that arc established.

We have conducted the same simulations using more
realistic charging coefficients SetB1-SetB5 to study the
utilization in Configuration 2 network infrastructure. The
results are given in Fig. 7. As expected. the utilization
remains very high (97%) for SetB1 Se¢iB3: it slightly
drops (04%-93%) for SetB4: and for SetB5 it is 84% for
high loads. Therefore, we can observe that the network
utilization is very high when the charging coefficients are
low. In this range, there is no noticeable difference between
the results of SetB1, SetB2, and SetB3, suggesting that
when the coefficients are very low and when the user
budgets allow, increasing the coefficients does not adversely
affect the utilization. When the charging is increased to
higher levels (more than threefold), the difference becones
apparent. The network providers can choose charging
coefficients in such a way that the desired utilization is
achieved, keeping in mind realistic user budgets for the
network usages.
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As we canl see in Figo 8 when connection establislh-
ment cliarges are not applied, the rate of new connectivn
rejection becomes low for larger coeflicients. as fewer users
can afford and /or want 1o use the nerwork when the cost of
usage becoines very hizh, The results are worse. in general.
when fixed connection charges are applied. Fig. 9 shows
similar results for SetB1-5e¢t 87, We can obgerve that the
rejection rate is higher than when we used SetA7-Setd 7.
However, in this case the increwse is slower than in Fig. &
We can conclude that as we reduce the charging coetfi-
cients, call rejection rate becomes higher. This is because
more users can afford to use the network, or their budgets
allow them to usc it more. and hence the chances of call
rejection increase.

We also observe a higher number of unsatisfied users
(when we used SetAf-SetA 7 as shown in Fig. 10} as the
coeflicients are increased. The reason is that as the users
pay niore for the services, satisfaction deteriorates at a
faster rate than when they pay less. In Fig. 11, we observe
that the number of unsatisfied usets increases more slowly
with charging coefficients SetB7-SetB7.

4.4.5 Revenue

Fig. 12 shows revenue for a fixed range of offered loads
[1-1.2] and for a wide series of charging coefficients (see
Table 3}, and with and without fixed connection estab-
lishment charges. We used $2 for A-RT and $4 for RT
as connection-establishing charges. Approximately $4200
was collected in revenue for SetA f. All other revenues are
given in terms of percentage of this base case. Revenue
grows as we increase the value of coefficients and then de-
creases sharply after reaching a maximum. The reason is
that when the provider charges more for each unit of usage,
some users will no langer be able (or willing} to pay for the
services and will stop using the network, hence decreas-
ing the revenue. When connection establishment charges
are applied, the figure shows a similar trend to the case
where no such charges were applied. However, revenues
are mostly low, as users who allocate smaller amount of
money for network usage are discouraged.

As we previously noted, in general, the higher the
charging coefficients are, the lower the network utiliza-
tion is. Also, user satisfaction deterivrates faster as the
charging increases beyond a certain amount. This acts as
an incentive for the network providers to choose proper
coefficients.

5. Conclusion

In this work, we have studied and analysed a computation-
ally simple and scalable pricing framework. We have stud-
ied user satisfaction, expressed using utility functions, net-
work utilization, and percentage of blocked calis through a
series of simulations conducted on three network configu-
rations with increasing comnplexities.

We have simulated four pricing miechanisms. Firstly,
we simulated a Bati-rate scheme. Secondly, we simulated
an algorithm based on ToS with no QoS available, which



assigns a connection into one of four available ToS (sim-
ilar to work by [2]}. Thirdly, an algorithm that assigns
a connection to one of a few ToS with fixed QoS levels
was simulated. The QoS levels were defined by parameters
such as packet loss probability and average delay, or packet
loss probability and maximum and average delay. The
users in the same class compete for the shared resources.
This scheme is similar to the one reported in [14]. Fi-
nally, we simulated our proposed pricing mechanism where
users can freely specify their QoS parameters and ToS.
Comparisons with other schemes show that our pricing
mechanisim achieves better utilization, lower percentage of
blocked calls, and/or greater user satisfaction.

Better network utilization. lower percentage of blocked
calls, and better overall user satisfaction were some of the
direct results of emploving pricing in QoS-enabled Inter-
networks. It also provides a means for network providers
to ensure, with high probahility, cost recovery and profit,
competitiveness of prices. and encouragement of client he-
haviours that will enhance the network’s efficiency.

The framework not only provided sufficient incentives
to users to modify their behaviour {through the usage of
network resources), but also gave insights and incentives
to providers {in terms of revenue and satisfied enstomers)
to modify their behaviour (in terms of fair coefficients and
policies). The scheme acts as an incentive tool to network
providers, by keeping the charging coeflicients reasonahle.
As we observed. when reasonable charging coefficients were
used, user satisfaction was increased as well as revenues.
Results were even better when we did not apply fixed
connection charges. Also, the overhead involved with the
initial “handshake” that is part of the security mechanism
is marginal.

Furthermiore. as mentioned earlier, ali the pricing-
related work was done either at the edge routers or at
dummy hosts, called pricing agents, attached to the edges
routers, and therefore the proposed pricing framework is
designed to easily scale. To evaluate the scalability of the
framework. we conducted specific simulations to evaluate
the effects of certain predefined variables on the system. As
we ohserved, the performance of the framework deploved in
different network configurations. ranging from a simple one
with only one bottleneck link to highly complex networks,
remained consistent in all the simutations. In addition. the
increase in the number of users {flows). the change in the
characteristics of the traffic sources required by different
service classes, and the increase in the volume of data
transmitted through the network did vot adversely affect
the consistency of the perforniance of our proposed pricing
framework. Therefore, it is evident that the proposed
pricing framework is scalable.

We can deduce from these resnits that efficient pric-
ing mechanisms coupled with traditional congestion con-
trol mechanisms are the ultimite solution ro congestion
andl that such mechanismis can provide an aceurate guanti-
Her /indicator of the delivered (oS, Also. we ran conclude
that pricing is an effective regulatory tool. It can be de-
ploved even in private networks to enforce quota and assign
virtual money to orgamnizations. individnals, svstems, svs-
tens activities such as backups/restores and replications.

or even applications for their usages of the congestible and
finite resources.

An additional advantage of pricing, therefore, is that
it can be a guiding tool for network designers to have
their designs not driven by peak-traffic-load considerations
alone.

In this work, user satisfaction and hehaviour were
modelled using parameters detailed in this work. How-
ever, in order to fully understand the robustness of the
systemn, it is necessarv to deploy the pricing scheme in real
Internetwoks enviromment. and subject it to real users. A
university campus or a corporate dotnain is an ideal place
to start practical deplovment of such a pricing framework
for analysis.

We have assumed that all the routers set the same
charging coefficients and that each network domain re-
ceived equal revenue shares when it was used in the route.
More experiments are needed to study the issue of revenue
distribntion that can be made sensitive to the delay each
packet experiences in each network domain in the federated
Internetworks.

Also, the issue of coefficient estimation is to be inves-
tigated. The changing demand patterns (with potential
madified network usage). revenue, suppliers’ competitions,
and other market forces are also to be used to guide the
process. It is also interesting to study the feasibility and
generalization of similar incentive-based pricing techniques
for server and other congestible resources. This seeins to
be & natural suppleinent to pricing the network.
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