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Price-Based Quality-of-Service Control Framework for
Two-Class Network Services

Whan-Seon Kim

Abstract: This paper presents a price-based quality-of-service (QoS)
control framework for two-class network services, in which circuit-
switched and packet-switched services are defined as “premium
service class” and ‘best-effort service class,” respectively. Given
the service model, a customer may decide to use the other class as
a perfect or an imperfect substitute when he or she perceives the
higher utility of the class. Given the framework, fixed-point prob-
lems are solved numerically to investigate how static pricing can be
used to control the demand and the QoS of each class. The ratio-
nale behind this is as follows: For a network service provider to
determine the optimal prices that maximize its total revenue, the
interactions between the QoS-dependent demand and the demand-
dependent QoS should be thoroughly analyzed. To test the robust-
ness of the proposed model, simulations were performed with grad-
ually increasing customer demands or network workloads. The
simulation results show that even with substantial demands or
workloads, self-adjustment mechanism of the model works and it
is feasible to obtain fixed points in equilibrium. This paper also
presents a numerical example of guaranteeing the QoS statistically
in the short term—that is, through the implementation of pricing
strategies.

Index Terms: Fixed-point problem, pricing, quality-of-service
(QoS), two-class network services.

I. INTRODUCTION

Since recently, the telecommunications engineering commu-
nity has been paying much attention to quality-of-service (QoS)
issues. This is due mainly to the wide dissatisfaction with the
perceived performance of telecommunications networks, in-
cluding the Internet.

With regard to the Internet, the flat-rate pricing scheme, based
on the best-effort service model, has contributed to the explo-
sive growth of the Internet user population and of their Inter-
net usage. With this pricing scheme, however, Internet users or
customers do not have any incentive to cut down their network
usage, thereby leading to the congestion of the network.

The customers’ demand for high-quality and premium ser-
vices in the face of this congestion has stimulated the develop-
ment of various protocols to achieve a QoS guarantee, which
are supposed to provide differentiated QoS levels. These proto-
cols, however, may be hard to implement due to their technical
complexity, and may require major changes in the network.

This paper presents a simple approach to implementing dif-
ferentiated QoS services by adopting an integrated packet-
switched and circuit-switched services model, in which circuit-
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switched service is the premium service while packet-switched
service is the current best-effort service. The circuit-switched or
connection-oriented service is a premium service in that trans-
mission speed is guaranteed by reserving the required band-
width and buffers in the network. There is no information loss
during the transmission.

Given the engineering model, usage-sensitive pricing schemes
are applied to the service model to induce the customers to opti-
mize their network resource usage. More specifically, a volume-
sensitive pricing scheme is used in the packet-switched ser-
vice,! and a time-sensitive pricing scheme is used in the circuit-
switched service.?> Therefore, the charge for packet-switched
service is determined based on the volume of data to be served
in a job, while the charge for circuit-switched service is deter-
mined based on the amount of network connection time used to
carry out a job.

The prices that are considered in this paper are static prices,
or those that do not change as the traffic load in the network
changes. The static-pricing scheme has the following draw-
backs: Prices should be chosen a priori—that is, without yet
knowing the actual demands; and prices do not react to the
changes in the network’s traffic load. One obvious advantage
of the static-pricing scheme, however, is that it is much sim-
pler to implement than the dynamic-pricing scheme. Therefore,
no real-time mechanism is needed to communicate prices to the
customers. Moreover, as the charges do not change frequently,
the customers can predict them. The purpose of this paper is to
look into how static pricing can be used to control the demand
and the QoS of each class in the two-class network services. Ul-
timately, the objective of the proposed model is to find the prices
that maximize the network service providers’ total revenues.

Pricing in communication networks has received much atten-
tion, as shown in the literature. Regarding packet-switched net-
work services, [1] and [2] propose packet-based pricing as an in-
centive for a more efficient flow control. Especially, usage-based
schemes, which charge based on the actual resources used, have
been proposed for multiple-service classes in {3] and [4]. Re-
garding circuit-switched network services, [5] and [6] adopt
a conventional practice of pricing per connection, and show
that pricing schemes can offer efficient resource allocations in
connection-oriented networks offering QoS guarantees. Static
pricing has been studied in [7]-[9] for the cases of a single-
service class, two priority classes, and a continuum of priorities,
respectively. Particularly, [10] quantifies how much is lost when

1 Volume-sensitive pricing scheme has been adopted for data services in which
the charge is proportional to the job size. For example, countries such as Aus-
tralia, Austria, Belgium, Germany, New Zealand, and Singapore have adopted
various forms of usage-based pricing scheme for Internet services where the
total charge depends on the total job size measured in bytes.

2Time-sensitive pricing scheme has been adopted for voice (telephone) ser-
vices where the total charge depends on the total service time.
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using static pricing instead of dynamic pricing with a finite num-
ber of priority classes.

This paper proposes a means of estimating the demands
of two-class network services, based on a network service
provider’s service quality as well as the consumers’ willingness
to pay. Among the goals of this paper are to combine the engi-
neering and economic aspects of the two-class network services
model, and to obtain a better understanding of the interactions
between the demand-dependent QoS and the QoS-dependent de-
mand.

This paper is organized as follows: Section II presents an
overview of the proposed model and the basic assumptions made
in the modeling process. Section III presents the basic model-
ing framework and develops mathematical models. Also, sys-
tematic ways of checking the stability of an equilibrium point
are derived in solving fixed-point problems. In Section IV, a nu-
merical example is presented to illustrate the models that were
developed, and the simulation results are shown and discussed.
Finally, Section V presents the conclusions and the suggestions
for further research.

II. OVERVIEW OF THE MODEL

Service class is defined according to the type of service it is
associated with. Therefore, there are two class options in this
model, namely:

e The premium service class, in which an entire job is processed
using the circuit-switched technology. (In this class, the so-
called connection establishment stage is a prerequisite, in
which an end-to-end route reservation takes place. There-
fore, this class, based on a successful connection establish-
ment, provides a fixed bandwidth end-to-end. This service
class may be implemented using the RSVP-like route reser-
vation technologies.); and

e The best-effort service class, in which an entire job is
processed using the packet-switched technology. (In this
class, the entire information stream is chopped into multi-
ple packets. These packets are then queued and processed.
Therefore, a packet transmission is subject to queueing de-
lay.)

e Given the engineering model, demand substitution effects are
incorporated into the economic model as follows: When a
customer requests a job process or information transmission
to a network service provider, a pop-up menu listing the class
options and their prices is shown on the monitor screen of
his/her local machine. Then, based on the price and the ex-
pected QoS of each class, the customer chooses a service class
with which the job will be processed. This means that the cus-
tomer may decide to use the other class as a perfect or an im-
perfect substitute’> when he/she perceives the class as having
higher utility. Therefore, cross-elasticity of demand exists.

The assumptions used in the modeling process are as follows:

e For simplicity, this model assumes that a predetermined
bandwidth is guaranteed to all the customers in the circuit-

3This depends on the types of applications and on the network conditions. For
example, real-time applications may work reasonably well only in the premium-
service class. They may also work well in the best-effort service class, but only
when its QoS is good.
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Fig. 1. Price-based QoS control framework in two-class network ser-
vices. (P: price, A: demand, QoS: quality-of-service, QoS™: ex-
pected QoS, and the subscripts p and ¢: packet-switching services
and circuit-switching services, respectively.)
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switched service. Therefore, it does not consider a customer-
specific or application-specific QoS request.

o The size and characteristics (e.g., income, taste or preference,
willingness to pay) of the customer pool that a network ser-
vice provider considers do not vary in the short term.

e The revenue and QoS of a network service provider are af-
fected only by the pricing strategy it uses, given that the net-
work capacity is fixed. Therefore, for analytical convenience,
this paper excludes network-capacity-decision problems and
focuses mainly on price-decision problems.

e The customers or their local machines know the total cost of
the job in each class before they make their decision, given
the job length and the estimated service time based on the
bandwidth allocated.

e In the packet-switched service, the customers are charged
for the packets submitted to the network rather than for the
packets actually delivered. This simplifies the implementa-
tion since there is no need to track the dropped packets for
accounting and billing purposes [11].

e In the circuit-switched service, in order to implement end-to-
end route reservations, peering agreements among network
service providers are necessary. The implementation of peer-
ing agreements, however, and the corresponding charging
schemes are beyond the scope of this paper, and will there-
fore not be dealt with.

. MODELING FRAMEWORK

A. Price-Based QoS Control Framework in Two-Class Network
Services

The price-based QoS control framework in two-class network
services is shown in Fig. 1. In Fig. 1, the entire model consists
of two submodels, namely: The network performance evalua-
tion model and the consumer decision-making model. The lat-
ter is further subdivided into the QoS expectation model and the
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demand estimation model.

The network performance evaluation model derives an actual
QoS value for each class based on customer demands, taking
the network capacity, adopted technologies, and service disci-
plines as given. The QoS expectation model derives a QoS value
for each class that consumers predict for the immediate future,
based on the actual QoS values collected in the present and in
the past. Then the expected QoS value of each class is used as
an input to the demand estimation model, in which the actual
demand on each class is derived. The mathematical representa-
tions of these submodels are shown in Section I1I-B.

Fig. 1 shows that the demand vector (A, and A.) and the QoS
vector (QoSp, and QoS,) are controlled by the price vector (P,
and P,). Since all the submodels shown in Fig. 1 form a closed
loop, the demand vector and the QoS vector may converge* at
different fixed points in equilibrium, respectively, depending on
the price vector. The ultimate goal of this price-decision model
is to find an optimal price vector that will provide maximum
revenue to the service provider.

B. Mathematical Models

As mentioned earlier, the network performance evaluation
model derives an actual QoS value for each class based on cus-
tomer demands. Taking the network capacity, adopted technolo-
gies, and service disciplines as given, the QoS, and QoS. in
Fig. 1 can be written in the following simple forms:

Q0S, = fp(Ap, Ac) (1)

QOSC = fc(/\pa >\c) (2)

where A, and ). are unit-time demands of packet-switched ser-
vice and circuit-switched service, respectively, and f,(-) and
fe(+) represent some nonlinear functions.

In this paper, the QoS parameters QoS,, and QoS are limited
to the average delay per packet for the packet-switched service
class, and the blocking probability for the circuit-switched ser-
vice class. A specific model is presented and analyzed in Sec-
tion IV as a numerical example.

Customers may not believe that in the future, network perfor-
mance will be exactly the same as that in the present or in the
past. There are several factors that affect customers’ expecta-
tions of QoS, among them knowledge by experience, word-of-
mouth referrals, and advertising.

As mentioned earlier, the QoS expectation model derives the
QoS value of each class that the customers predict at present for
the immediate future, based on the actual QoS values collected
in the present and in the past. They may use convex combina-
tions of the past values to estimate the next period’s value. This
prediction constitutes an exponential smoothing forecast based
on past information obtained [16]. This expectation model is
called adaptive expectation model [2].

For example, customers may use convex combinations of the
past two periods’ QoS values for the next period’s estimated
QoS values. Assume that time is divided into an infinite number
of non-overlapping periods of fixed length and a succession of

4T0 be exact, it is possible to make them converge. More details will be dis-
cussed in Section III-B.
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discrete time periods are labeled m = 1,2, 3,-.-. Mathemati-
cally, forw € (0,1) and¢ = porec,

QoS (m) = (1 — w)QoS;(m) + wQoS;(m —1)  (3)

where Q0S;”(m) is the “predicted” QoS value estimated at pe-
riod m; and QoS,(m) and QoS;(m — 1) are the “actual” QoS
values measured at period m and m — 1, respectively. Let this
model be called adaptive expectation model with window size 2
since the customers rely on the past two periods’ (rm and m — 1)
values to estimate the next period’s value.

In (3), as m becomes large, it is possible for QoS (m) to
reach a steady state in equilibrium. That is, by controlling w
in (3), given the specific price vector in Fig. 1, it is possible to
make QoS; (m) converge to a fixed point in equilibrium. If the
QoS vector converges, the demand vector converges as well, as
shown in Fig. 1.

In general, fixed points remain identical for any w € (0, 1).
In the expectation model, releasing or advertising the past net-
work performance data will induce the customers to choose a
larger smoothing factor w, which will in turn lead to a more sta-
ble network behavior {12]. This does not mean, however, that a
large w is always the preferred choice. This is because a larger
w requires more aggressive advertising of the past performance
data, thereby incurring a higher advertising cost. Given this, as
an effort to minimize the cost, the service provider should try to
find the smallest w that will stabilize the system.

Whatever the value of w, however, there may be cases where
the system will not be stabilized at all. This means that in this
model, the QoS vector and the demand vector will continue to
fluctuate as mgoes to infinity. In this case, the service provider
has two options, namely:

o To increase the capacity of the network elements so as to elim-

inate congestion as a source of instability [12]; or

o to consider expanding the window size.

The first option is good in that it is a more direct approach to
stabilizing the system. Its downside, however, is that it cannot
be achieved in the short term. On the other hand, the second
option is achievable in the short term, through advertising. It
is an indirect approach, though, and the service provider needs
to explicitly reveal past performance information by advertis-
ing. In any case, either option will incur a fixed cost, namely:
The cost of purchasing new network elements and the cost of
advertising, respectively. Therefore, the service provider should
conduct cost/benefit analyses of the two options before deciding
which option to choose.

Now, let the variables associated with the customers’ willing-
ness to pay be defined as follows:

o WT'F,: Maximum willingness to pay for a job in the packet-
switched service, given the best QoS value (QoS,, = 0); and
e WT P,: Maximum willingness to pay for a job in the circuit-

switched service, given the best QoS value (QoS, = 0).

Since the customers’ willingness to pay is heterogeneous,
this variable has some probabilistic distributions. Let the cor-
responding probability density functions be denoted as follows:
o fwrp,: pdf of random variable WT F,;

e fivrp,: pdf of random variable WTFP,;
e fwrp, wrp,: Joint pdf of WT'F, and WT'F,; and
¢ fwrp.wrp,: Conditional pdf of WT P, given WT'P,.
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Given that the circuit-switched service is a premium service
compared to the packet-switched service, the customers are as-
sumed to have a higher willingness to pay for the former than
for the latter. Therefore, WI'P, and WTF, are dependent
on the relationship 0 < WT'F, < WTPF,, and the joint pdf
fwrp, wrp. can be written as follows:

fwre, wre. = fwrp, fwre,yjwrp,, 0 < WI'F, < WTPec.
®

Now, for each customer j, the utility function for service class
1 (i = p or ¢) is defined as follows:

Ul =WTP] — C!(QoS;") — TP,. 5)
Here C?(-) is a cost function reflecting the customer’s valuation
for the expected service quality. Therefore, its value decreases
as QoS; improves. Furthermore, C(-) converts QoS;” into a
monetary value so that the units of all the terms in (5) are stan-
dardized. T P is the total price for a job in service class 4. There-
fore, C? (QoS7") + T P; is the total cost occurring to customer j
for using service class z.

Let S denote a random variable of job size and fs the corre-
sponding probability density function of S. As for the packet-
switched service, let V' be a unit size (measured in bytes) for
charging and P, the charge per Vin the volume-sensitive pric-
ing scheme. Likewise, as for the circuit-switched service, let T’
be a unit time® (measured in seconds) for charging and P, the
charge per T in the time-sensitive pricing scheme. Then the total
price, T P;(i = p or ¢), can be determined as follows:

S
TPp = Pp[-‘—/-] 6)
TP, = Pc|_—S/7b51 ™

where b. is the bandwidth allocated to a job in the circuit-
switched service. Therefore, S/b. in (7) represents the total time
required to process a job.

Let Xdenote the total number of subscribers or customers of
a network service provider. Then each customer j makes the
following decisions:
o If Ug > 0 or U > 0, choose the service class with a higher

utility value.
e If UJ < 0and UJ < 0, do not choose any service class.b

Given that each customer decides based on the above rules
whether to join and which service class to join if he/she de-
cides to join, the overall demand on each class can be estimated
from Fig. 2.7 In Fig. 2, the region I indicates that the utility
value for the packet-switched service is positive and that for the
circuit-switched service is negative, while the other way around
is true for the region IV. The region II indicates that the utility
value for the packet-switched service is higher than that for the
circuit-switched service, while the other way around is true for
the region III. Therefore, the unit-time average demands for the

5This unit time 7T is different from the unit time mentioned in (1) and (2).

S1n this case, the customer may wait for a random time and may keep trying
until a service class provides a positive utility value.

"Fig. 2 shows a two-dimensional graph viewed from the top of a three-
dimensional graph.
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for WIP, < WIP,
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Do not

(Up =0 purchase v
~ WTi
C, (QoS, TP, P,
(v, =0)

Fig. 2. Graphical representation of customers’ choices.

packet-switched service and the circuit-switched service can be
estimated by integrating the joint pdf, fwrp, wrp,, over the
regions I4+1I and HI4+-1V in Fig. 2, respectively, as follows:

Ao = XTaug / / /I+II

fwrp, fwre.,jwrp, fsdWTP,dWTP.dS  (8)
Ae = XTqug / / /
J JIIV
fwrp, fwre,jwrp, fsdWTFP,dWTP.dS  (9)

Here, 74,4 is the average number of jobs sent by a customer per
unit time.

C. Optimization Formulations

When the size of a job is divided by the unit size V" to estimate
a charge in the volume-sensitive pricing scheme, the remainder
may be less than V. Likewise, when the time required to process
a job is divided by the unit time 7" to estimate a charge in the
time-sensitive pricing scheme, the remainder may be less than
T'. Therefore, to estimate the average charge for a job, it is nec-
essary to round up the remaining part of the job, which is less
than Vor T'.

Mathematically, this rounding up process can be accom-
plished by converting a continuous distribution of job size into
a discrete distribution of that. Let m,, denote the number of unit
size of a job and m, the number of unit time of a job. The av-
erage numbers of unit size and unit time of a job can then be
estimated from (10) and (11), respectively, as follows:

o Vimy
Emy)= > m, / fsdS (10
mp:1 V(mp_l)
et beme
Emd = > m, / fsdS (1)
me=1 bC(mC_l)

Ultimately, the optimal price-decision model can be repre-
sented mathematically as follows:
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fsdS +

Vmy
glaX ApFp Z mp/

»Fe V(mp—1)

Ao(1 = Q0S,)P, Z mc/ T fedS (12)
0 oame-n)

subject to Q0S,, = fp(Ap, Ac) (13)

QoS = fe(Aps Ac) (14)

Ap = gp( Py, P, QgoS,, QoS.,) (15)

Ae = Ge(Pp, e, QoS,, QoS,) (16)

P,P.>0 an

The objective function (12) represents the unit-time totaj rev-
enues. More specifically, the first term of (12) is revenues from
the packet-switched service and the second term of (12) is rev-
enues from the circuit-switched service. The circuit-switched
service involves admission control and therefore its unit-time
total demand is controlled by A.(1 — QoS,), while the unit-
time total demand for the packet-switched service is just A,.
Given the assumptions of finite customer pool as well as finite
willingness-to-pay ranges,? this objective function is bounded.
The constraints (13)—(16) are fixed-point problems, and f,(-),
fe(+), gp(-), and gc(-) represent nonlinear functions of (1), (2),
(8), and (9), respectively. Regarding the fixed-point problems,
systematic ways of checking the stability of an equilibrium point
are derived in the appendices. More specifically, the conver-
gence conditions for the case of window size 2 in the adaptive
expectation model are derived in Appendix A.1l, and they are
generalized into the case of window size n in Appendix A.2.

The above optimization problem and the fixed-point prob-
lems can be solved numerically through simulations.’ The time
it takes to solve the optimization problems of (12)-(17) depends
mainly on two factors. First, it depends on how long it takes
to find the QoS values in Fig. 1, which corresponds to solving
(13) and (14), given the specific network performance evalua-
tion model. Secondly, it depends on how soon the QoS and the
demand values converge at equilibrium points, respectively, in
Fig. 1, which corresponds to solving fixed-point problems of
(13)—(16).

IV. ANUMERICAL EXAMPLE

This section provides a numerical example to illustrate the
price-based QoS control framework shown in Fig. 1. Given that
the main focus of this paper is to present an optimal price-
decision algorithm given the proposed framework of Fig. 1,
rather than presenting a QoS estimation algorithm given the spe-
cific network performance evaluation model in Fig. 1, this paper
presents a simple example of a single-node case in the network
performance evaluation model. The network performance eval-
uation model presented here is similar to that developed in [6],

8Finite willingness-to-pay ranges imply finite price ranges.

91f the Jacobian matrix shown in the Appendix cannot be solved analytically
to get the corresponding eigenvalues, the trial-and-error method for choosing the
value of w should be applied in the simulations.
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Fig. 8. Schematic diagram of the two-class model with batch (r) arrivals
and with movable boundary & preemptive priority service disciplines.

but the original model has been modified to incorporate batch
arrivals so it can be more appropriately applied to the packet-
switched service class. A schematic diagram of the two-class
model is shown in Fig. 3, and the assumptions about technology
choice, network capacity allocations, and service disciplines are
as follows:

o In the circuit-switched service class, jobs arrive according to
Poisson, at a rate of A, and each job is processed in a channel
of bandwidth b.. The job size S is exponentially distributed.
Therefore, the corresponding service time is also exponen-
tially distributed, with a mean of 1/p.

o In the packet-switched service class, jobs arrive according to
Poisson, at arate of A,. A job is chopped into r-batch packets,
and each packet is processed in a channel of bandwidth b,,.
The packet size is exponentially distributed. Therefore, the
corresponding service time is also exponentially distributed,
with a mean of 1/p,,.

o Given by, b, and the total available capacity F', N, channels
are initially assigned to the packet-switched service class, and
N, channels are initially assigned to the circuit-switched ser-
vice class. The infinite queue capacity is assumed to derive
analytical-form solutions for QoS,,.

e Movable boundary and preemptive priority service disciplines:
A job that arrives at the circuit-switched service class is
blocked if, on arrival, all N, channels are busy carrying out
other jobs. A packet that arrives at the packet-switched ser-
vice class is queued in a FIFO (first-in first-out) manner, and
then processed when any N, channel is available. If all the
N, channels are busy, the packets are allowed to use any
unused bandwidth assigned to the circuit-switched service
class (Movable Boundary). A job that arrives at the circuit-
switched service class, finding all the N, channels busy, pre-
empts the packets currently using the channels (preemptive
priority). Those preempted packets then go back to the head
of the queue, waiting for any channel to become available.

Given the service disciplines, circuit-switched traffic experi-
ences no interference from packet-switched traffic. Therefore,
the Erlang loss model of M/M/N./N, [1] can be applied, and
the blocking probability QoS, can be represented by the Erlang



324 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 9, NO. 3, SEPTEMBER 200"
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Fig. 4. State diagram of the two-class model.

loss formula, as follows:

(ﬁ)m /N,!

QoS, = —
s ()

(18)

Finding the average delay per packet, QoS,, is more chal-
lenging. Let M C, denote the maximum number of channels
available for packets when there is no circuit-switched traffic.
Then MC,, can be represented as follows:

MCy = Ny + [(bo/bp)Ne]. (19

A two-dimensional state diagram of the two-class model is
shown in Fig. 4. The balance equations for Region 1 in the state
diagram shown in Fig. 4 can be represented as follows: For 0 <
k<MC,—1and0 < j <N,

[)‘ +(1 JNc)’\ +jpe +

min(k, Ny + [ (be/bp)(Ne — 7)) iep) Pr, 5
= ApPrrj + AcPrj—1(1 = 6N ) (G + DpcPrjrr +
min(k + 1, Ny + | (be/bp)(Ne — §)| Pers- 20)

These are M Cp(N, + 1) equations with MCp(N; + 1) +
(N, + 1) unknowns, among which N, + 1 extra unknowns are
boundary probabilities and Ppcp,;’s (5 = 0,1,2,--+,N¢) in
Region 1. Therefore, additional N, + 1 equations are needed
to solve (20). These equations can be obtained from Region 2.
The balance equations for Region 2 shown in Fig. 4 can be rep-

resented as follows: For MCp, < kand 0 < j < N,,
Ao + (1 = din)Ae + Jpe +
(N:n + L(bC/bp)(Nc - j)J)Np]Pk,j
= M Pirj + AcPrj—1(1 = 85N, ) (G + DppePr,j+1 +
(Np + L(be/bp) (Ne — 7)) pp Pie1,5- (21)

To solve (21), the following z-transform or generating func-
tion should be applied:

Gi(x)= Y. Pz "M%, j=0,1,-,
k=MC,

Ne  (22)

and the same approach used in [6] and [14] is followed with
some modifications. Let E(L) denote the average number of
packets in the system (queue + server). Then F(L) can be de-
termined in the following way:

N, MCp—1

=5 > kP +Z[MC Gi(1) +G;(1)] 23)

7j=0 k=0

where G;(1) = G (Z) =1
From L1tt1e s result [19], the average delay per packet, QoS,,

can be represented as follows:

E(L)

QoS, = N

(24)

Regarding the consumer decision-making model shown in
Fig. 1, uniform distributions are used!® for the customers’ will-

10Given that real-world data on the actual distributions do not exist for the
two-class services, simple uniform distributions are chosen among distributions
with finite ranges. The uniform distributions can be replaced by any other dis-
tribution later, if necessary, to further refine this model.
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Fig. 5. Willingness-to-pay distributions used in the simulations.

ingness to pay. As shown in Fig. 5, the willingness-to-pay ranges
for the packet-switched and circuit-switched services are 0~ K,
and 0 ~ (K, + K_), respectively. For the customers’ cost func-
tion, a simple linear form of C? (Q0S;") = v;Q0S;” is used, as-
suming the homogeneity!! of the customers’ valuation of the
expected QoS value.

The algorithm that should be used in solving the fixed-point
problems is programmed in Mathematica. Using the program,
simulations to find an optimal price vector have been under-
taken in Excel. The program is designed in such a way that
the iterations stop when the difference between the successive
values is less than 1/1000.!? In searching for the optimal price
vector, the exhaustive search algorithm is applied. This means
that given the finite willingness-to-pay ranges, all possible price
ranges are searched with a fixed step size. When the exhaus-
tive search algorithm is used, the whole process is quite tedious
and inefficient,' but it is necessary to view the overall shape of
the iso-revenue regions, from which useful implications can be
gathered.

A simulation output!# of a numerical example (with b, = 64
K; b, =256 K; N, = 3; Ne = 85 pp = 45 pbe = 4; X = 50;
Tavg =1L Kp =3, Ke =30, =1L0v.=1LV=50K;T=1;
and AP; = 0.1) is shown in Fig. 6. By appropriately round-
ing up the revenue values found for all the price vectors, the
graph shows iso-revenue regions or bands centered at the maxi-
mum revenue. Even within an iso-revenue band, however, each
point or cell has different implications in terms of price, QoS,
and demand. This implies that the network service provider can
strategically control the QoS and the demand of each class while
maintaining the same revenue. Moreover, the oval shapes of the
iso-revenue bands in Fig. 6 imply that revenues are less sensi-
tive to the changes in P, than to the changes in F,. Therefore,
the network service provider has more flexibility in changing P,
than in changing P, without affecting the total revenue.

The center point of the iso-revenue bands in Fig. 6 represents
the unit-time maximum revenue(R*), and the corresponding op-

11The homogeneity assumption is made for computational simplicity. This
model can be refined further by relaxing this assumption and incorporating a
probabilistic distribution, at the cost of increased computational complexity.

12This convergence tolerance is quite an acceptable small value.

13More efficient search algorithms, such as the steepest-ascent algorithm, can
be used, but they may not provide information as useful as those that are pro-
vided by the exhaustive search algorithm.

141p this simulation with the window size 2, the same form of (3) is used for
each service class in the simulation algorithm. In the simulation, with w = 0.5
in (3), (13)-(16) all converged at fixed points.
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Table 1. Simulation results with gradually increasing demands or

workloads.
Tavg || Py | P& | R* | windowsize
1 1.1 | 94 | 32.61 2
2 1.2 | 10.8 | 43.92 2
3 1.3 ] 11.5 ) 48.84 2
4 141 11.9 | 51.59 2
5 1.4 | 12.2 | 53.38 2
6 14 | 123 | 54.66 3
7 14 | 12.5 | 55.64 3
8 1.5 | 12.6 | 56.41 3
9 1.5 | 12.7 | 57.05 4
10 1.5 | 12.8 | 57.59 4
11 1.5 ] 12.8 | 58.06 5
12 ~ not converging (no fixed points)

timal price vector is as follows:

(P, F2) = (1.1,9.4). (25)

Now, to test the robustness of the model, the service request
rate, 7qy4, Which is an exogenous variable in this model, is in-
creased from the original value of 1, and the simulation results
are shown in Table 1. Here increased service request rate im-
plies increased customer demand as well as increased network
workload. Table 1 shows that given the values of 74,4 ranging
from 1 to 11, it is feasible to obtain fixed points by controlling
the window size. This implies that with substantial demands or
workloads, self-adjustment mechanism of the model works and
the demand vector as well as the QoS vector shown in Fig.1 con-
verge at fixed points in equilibrium, although the model may re-
quire a larger window size as shown in Table 1. However, given
the extremely large demands or workloads, which correspond to
the values of 74,4 greater than or equal to 12 in the simulations,
it is not feasible to obtain fixed points with any values of the
window size. In these cases, the only way to make the network
stable is to expand its capacity, as explained in Section II-B.

Given the bandwidth allocation policy, consider the case
where the QoS is guaranteed!” by using the pricing strategy.
Since the circuit-switched service is a premium service, this pa-
per considers a case where only QoS, is guaranteed.

The optimal point in Fig. 6 has the following QoS vector:

(QoS,,, 00S,) = (1.07,0.17). (26)

Now, consider a specific case where QoS, < K (K = 0.10),
is guaranteed. By appropriately rounding up the QoS, values
found for all the price vectors, an iso-QoS, graph is constructed,
as shown in Fig. 7. Even though circuit-switched traffic expe-
riences no interference from packet-switched traffic in Fig. 3,
the shapes of the iso-QoS, bands show that the QoS values are
affected not only by F,, but also by F,. This result can be at-
tributed to the demand substitution effects. Since the packet-
switched service and the circuit-switched service are perfect or

15Given that QoS is an average value, it is a statistical guarantee of QoS [8].
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Fig. 6. Iso-revenue graph.

imperfect substitutes, depending on the types of applications and
the network conditions, the demand of the circuit-switched ser-
vice (\;) depends on P, as well as on P.. The same is true for
the demand of the packet-switched service (A,). Therefore, the
QoS of each class, QoS,, or QoS,., is affected by both P, and F..

To find an optimal price vector under the condition of guar-
anteeing QoS,, the optimization problem, (12)—(17), should be
resolved with the following modification of the constraint (14):

008, = fe(Ap, o). 27

Now, Fig. 7 shows that the optimal point has changed and that
the new optimal point, indicated by an arrow, is as follows:

(Pr, P¥) = (1.2,10.2). (28)

This result means that when the price increases, the demand
decreases, thus improving the QoS but decreasing the revenue.

V. CONCLUSION

This paper presents a price-based QoS control framework
for two-class network services, in which circuit-switched and
packet-switched services are defined as a “premium service
class” and a “best-effort service class,” respectively. Given the
framework, fixed-point problems are solved numerically to in-
vestigate how static pricing can be used to control the demand
and the QoS of each class. The rationale behind this is as fol-
lows: For a network service provider to determine the optimal
prices that maximize the total revenue, close analyses of the in-
teractions between the QoS-dependent demand and the demand-
dependent QoS should be conducted. That is, the network ser-
vice provider should consider the consumers’ willingness to pay
and their sensitivities regarding QoS when estimating their de-
mands. The network service provider must then understand the
possible impact of these demands on the QoS.

To test the robustness of the model, simulations were per-
formed with the increased customer demands or network work-
loads. The simulation results show that up to a certain value of

demand or workload, self-adjustment mechanism of the model
works and it is feasible to obtain fixed points by controlling the
window size. However, beyond that value, expanding the capac-
ity of the network is the only solution to make it stable.

This paper proposes a means to guarantee the QoS statisti-
cally in the short term—that is, through the use of pricing strate-
gies. The simulation results show that given the network capac-
ity, when the price increases, the demand decreases, thus im-
proving the QoS but decreasing the revenue. Beyond the short-
term measure that relies on the pricing strategy, expanding the
network capacity as a mid- and long-term strategy can be one
way of increasing the revenue and of improving the QoS at the
same time. Even though this is beyond the scope of this paper,
it is necessary to point out that since the size and the charac-
teristics of the customer pool ultimately vary in the mid- and
long term, decision-making over this kind of investment should
be made carefully based on accurate forecasts of the changes
in the consumers’ willingness-to-pay distributions and of their
valuations of the service quality.

Regarding the implementation issues, it is very inconvenient
for the customers to make a decision every time they request
for a job process. Given this, the role of decision-making can
be transferred to their local machines, so that the machines
can make frequent decisions automatically. This can be im-
plemented by pre-specifying in their machines the reservation
prices for both classes, as well as the maximum budget to spend
during the billing cycle. It is also possible to implement the sys-
tem in which, for the non-emergency and elastic jobs, the cus-
tomers can indicate in their machines the minimum utility level
they are requiring so that the job can wait and be carried out
when the minimum utility value has been met.

In these schemes, however, the QoS expectation model shown
in Fig. 1 may no longer work since it is the machine, not the
human customer, that makes the decisions. Therefore, either the
machines should have some heuristic algorithm to estimate the
expected QoS values, or the current and past information about
the QoS should be explicitly provided to the machines. Further
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Fig. 7. 1so-QoS. graph.

research is needed in this area.

Depending on the types of applications the customers are us-
ing, they may have different levels of willingness to pay and
different valuations of the service quality. The current mod-
els may be refined to incorporate this consideration by defin-
ing application-specific customer pools and utility functions.
Also, by allocating variable bandwidths instead of fixed band-
widths to job requests in the circuit-switched service, the cur-
rent models can be extended to accommodate customer-specific
QoS requests, instead of guaranteeing QoS statistically. Further
research is needed as well in all these areas.

APPENDIX: SYSTEMATIC WAYS OF CHECKING
THE STABILITY OF AN EQUILIBRIUM POINT

A.l Derivation of the Conditions for Convergence in the Adap-
tive Expectation Model with Widow Size 2

For the nonlinear functions g,[-] and g.[-],

Integrating all of the above, the followings can be obtained:

Ap(m + 1) = gp[QoS,(m), QoS (m),
00S,,(m. — 1), 00S,(m — 1)]
= gp[fp(Ap(m), Ac(m)], fe(Ap(m), Ac(m)],
JpO(m = 1), Ao(rm — 1)),
Ferplm — 1), Aclm — 1]
= hp[Ap(m), Ac(m), Ap(m — 1), Ac(m — 1)]
(35)
Aol + 1) = g,[Q0S, (m), 005, (),
QoSp(m —1),Q08.(m —1)]
= ge[fp(Ap(m), Ac(m)], fe(Ap(m), Ac(m)],
fp()‘P(m - 1)7 )‘C(m - 1)]’
fc()‘P(m - 1)7 Ac(m - 1)”
= he[Ap(m), Ac(m), Ap(m — 1), Ac(m — 1)]
(36)

Here, hy[-] and h.[-] are some nonlinear functions as well.

A 1) = S Y 29
p(m+1) = gyl Qo P (m), QoS¢ (m)] 29 Now, conditions for convergence to a fixed point in equi-
N N librium are derived as follows. Let A denote a 2-dimensional
Ae(m +1) = g[QoS; (m), QoS (m)] B0)  state vector, A = (A, Ac), and A\* denote a 2-dimensional

where

QoS (m) = (1 = w)QoS,(m) + wQoS,(m — 1), w € (0,1)

equilibrium point, namely, A* = (Ay,A%). And let H de-
note a 2-dimensional vector function whose components are the
h;[-]’s. Then, with the vector notations,

&2 A(m + 1) = H[{A(m), \(m — 1)]. (37)
S =(1- Se + S.(m—1), we (0,1
QoS (m) = ( w)Qo (m) +wQo (m hw ( (3%) Then, in equilibrium, this becomes
and for the nonlinear functions fp[-]and f.[-], A= HD' M. (38)
QoSp(m) = fp[Ap(m), Ac(m)] 33) Let a vector A(m) denote the deviation from the fixed point
as follows:
Q0S.(m) = fe[Ap(m), Ac(m)]. G4 A(m) = A(m) — A¥ (39)
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Then, A(m + 1) = H[A(m), A(m — 1)] can be expressed as

A+ A(m+1) = HX + A@m), \* + A(m —1)].  (40)

Now, using Taylor expansion, the above can be approximated
as follows:

A+ A(m 4+ 1) & HA M 4 Vi m H(A®, M) (A(m) — A%)
VamenHAS A (A(m — 1) — M), @1)

Since A* = H[A*, A*] in equilibrium, this becomes

A(m+ 1) & Vaemy HO', M) (A(m) — A*)
Vammen HOS A (A(m — 1) — AY).  42)

Let’s rewrite the above as follows:

Op(m+1) OXp(m+1)
Ap(m)  3A.(m)
c(m+1) 8re(m+1)
p(m) BAc(m)
Ap(m+1) 9p(m+1)
2N 1) Br(m—
8Ai€$+8 axiﬁﬁ% A(m —1)

Ap(m—1) M (m=T) | gt z»

= Jp(A")A(m) + J(A)A(m - 1).

Am+ 1)~ A(m) +

at A+

(43)

Here J,(X\*) and J.(A*) represent Jacobian matrices.

Since the above equation is a 2nd-order difference equation, I
will convert it into the equivalent system of 1st-order difference
equation, so that Liapunov’s first method [9] can be applied in
checking the stability. Let’s define a vector,

- [%(m)
Z(m) = [ 2 (m)] (44)
where Z1(m) = A(m — 1) and Zz(m) = A(m).
With these definitions, it follows immediately that
Zi(m + 1) = Za(m) (45)
Zo(m+1) = Jp(A*) Za(m) + J.(A*)Z1(m) (46)
and in matrix form,
Zs(m+1) Je(A*) Jp(X*) | | Zo(m) |~
That is,
Z(m+1) = Jp(A*)Z(m) (48)
where
[0 I
Jr(A*) = N «
T = | 10) g(a )]
[0 0 1 0
0 0 0 1
= | 8Ap(m+1) Xp(m+1) IAp(m+1) dAp(m+1) 49
p(m—1) Trc(m—1) BAp(m) OA(m)
e(m+1) 6/\C§m+1) Melm+1) 8A(m+1)
| Bap(m—1) x.(m—1) OA,(m)  Oxc(m) | at x»

As long as all eigenvalues of the combined Jacobian matrix,
Jr(A*), lie inside the unit circle of the complex plane, the de-
viation from the fixed point, Z(m + 1), will converge to zero,
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thereby implying the convergence to a fixed point in equilib-
rium. Therefore, a necessary and sufficient condition for as-
ymptotic stability is

Vleigenvalue of Jr(\*)| < 1. (50

All elements of the combined Jacobian matrix, Jr(A*), can bz
numerically estimated using Chain rules and therefore, 4 eigen-
values of J(A*) can be found.

A.2 Generalization into Window Size n in the Adaptive Expec-
tation Model '

By generalizing the window size into 7, the linear approxi-
mation of the nonlinear system results in the following:

« An nth order difference equation;

o n Jacobian matrices;

¢ 2n X n combined Jacobian matrix; and
o 2n eigenvalues.

A larger n makes the stability conditions more difficult to an-
alyze. In the extreme case of the “entire-history” adaptive ex-
pectation model, in which the window size corresponds to the
total time it takes to converge, it is very difficult to check the
local stability analytically. Therefore, it is important to find the
appropriate window size from the analytical point of view.
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