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Abstract— In this paper, an analytic model is developed
for the study of the impact of user behaviors on the effec-
tiveness of pricing, service quality, and link bandwidth al-
location/sharing in a multiple class-of-service Internet. The
model characterizes a variety of user behaviors, such as user
sensitivity to service price/quality and user migration effect
from one class of service to another. It also incorporates
a usage-based pricing scheme and a general trunk reserva-
tion policy. In particular, a three-tier service model for a
single link is considered. Numerical studies reveals the rich-
ness of this research issue and provides insights in how to
optimally select service price, quality and trunk reservation
values with given user behaviors. We find that trunk reser-
vation is effective in terms of service protection only when
the call migration effect is small and call migration effect can
be harnessed by a proper design of service pricing-quality
structure. We also find that user sensitivities have great im-
pact on service price-quality structure design and care must
be taken to avoid sudden network performance degradation
at certain price-quality parameter values.

Keywords— Differentiated Services, Quality of Services,
Assured Service for TCP, Performance measurement, Adap-
tive algorithm design, End-to-End performance

I. INTRODUCTION

The network design methodology which separates service
design from traffic behavior has attracted much attention
recently, e.g. the differentiated services (DS) model [1], [2]
and DS in multi-protocol label switching (MPLS) networks
[3]. To provide this kind of services, several key design is-
sues are identified: (1) what CoSs should be offered and
how to set service quality for each CoS; (2) what pricing
policy should be used and how to set the price values for
individual CoSs; (3) how to allocate network resources and
allow resource sharing among different CoSs. The decou-
pling of service design from traffic behavior results in a
loose tie between services and applications. Besides ap-
plication requirements the service price-quality structure
largely determines user behaviors. User behaviors impact
the effectiveness of resource allocation policies, which in
turn determine the service quality. The strong coupling
and intertwining of different design aspects calls for an in-
tegrated approach with all different aspects being taken
into account.

Unlike the previous work on the optimal resource al-
location and pricing based on microeconomic and game-
theoretic approaches [5], [6], (7], this paper focuses on the
performance analysis of the impact of user behaviors on the
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effectiveness of a simple pricing scheme and a bandwidth
allocation policy.

Whether dynamic pricing or static pricing policies should
be used in multiple CoS-enabled Internet has been a widely
debated issue [8], [9]. Dynamic pricing can potentially im-
prove network performance by regulating user behaviors in
response to network congestion {10]. On the other hand, it
may introduce psychologically negative effect on users due
to unpredictable service rates. In this paper, we adopt a
simple static pricing policy and usage charges are used for
reservation based CoSs.

A commonly adopted bandwidth allocation/sharing
technique is to allow bandwidth sharing among different
CoSs while using trunk reservation to protect one CoS
from being overloaded by other CoSs. Here trunk reserva-
tion means that bandwidth sharing among different CoSs
is allowed, provided that a given amount of bandwidth
is reserved for the underloaded CoSs. The trunk reser-
vation technique was successfully in a multi-CoS circuit
switched link to allocate link bandwidth [16], and in a cir-
cuit switched network to guard against network instability
[4]- Recently, Gerald Ash [11] pointed out the importance
of trunk reservation for quality of service (QoS) based rout-
ing in TP networks, traffic engineering in MPLS networks,
and bandwidth sharing in multiple CoS-enabled TP net-
works. In this paper, we examine a simple but general link
bandwidth allocation policy. It combines trunk reservation
and bandwidth partitioning and it takes complete sharing
and complete partitioning policies [17] as its special cases.

With a simple user utility function, we were able to char-
acterize rather complex user behaviors. In particular, we
were able to quantitatively characterize an important phe-
nomenon known as call migration effect, i.e., a user whose
call gets blocked by one CoS may decide to migrate to
another CoS. E. Altman, et al. first studied the call migra-
tion effect between QoS traffic and the best-effort traffic.
[12]. In this paper, we study the call migration effect from
a more fundamental point of view by formulating it as a
direct consequence of user behaviors.

The remainder of this paper is organized as follows. In
Section 2, the problem is formulated. Section 3 develops
an analytical model to solve the problem posed in Section
2. Section 4 presents the numerical results and analyses of
the results. Finally, conclusions and future work are given
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in Section 5.

II. PROBLEM FORMUIATION
A. Service Model

We considen a three-tier model with two reservation-
based service classes and a best-effort service class. In
this model, traffic is described at call (session) level and
each reservation-based call requires a fixed bandwidth.
Throughout the paper, we shall use the terms “call” and
“session” interchangeably. The three CoSs defined in this
model bear some resemblance to the three DS classes de-
scribed in [14). However, our model is different from the
DS model in the sense that ours is a generic performance
analysis tool without specification on implementation.

B. Admission Control and Bandwidth Allocation/Sharing

A call for the biest-effort service is always admitted. The
admission control policy for the other two CoSs depends on
the actual bandwidth allocation/sharing policy in use. For
simplicity, the two reservation-based CoSs and best-effort
service are referred to as the 1st, 2nd, and 3rd CoSs, respec-
tively, where the 1st CoS requires more stringent QoS guar-
antee than the 2nd CoS. Let Wy, Ws, and W3 be the nom-
inal bandwidths allacated to the 1st, 2nd, and 3rd CoSs,
respectively, and Wy = W + W3 and W = W; + W», where
W: s the total link bandwidth and W is the total band-
widthi allocated to the 1st and 2nd CoSs. We consider the
following link bandwidth allocation/sharing policy: Admit
an i-th CoS session with requested rate u;, if and only if

u WU = U - 4y, fori=1,2 (1)
where
01 if Uz’ < Wh - uq
Ay =4 min{R;,W; - Uj}6(W; - Uj;), (2

HU; >W;—uifori#j=12

where R; is the trunk reservation far the j-th CoS, U; is
the aggregate bandwidth in use for the i-th CoS, and 6(t)
is a step function where #(t) = 1 for ¢ > 0, and 0, other-
wise. Note that A; is the bandwidth reservation against
thle admission of thie i-th' CoS session. Allso note that by
setting R; = 0 for ¢ = 1,2, the above policy reduces to the
complete sharing polioy. for the 1st and 2nd CoSs, and by
setting R; = W;, it degenerates to the complete partition-
ing polioy. for the two CoSs.

C. Performance Measures

Three performance measures are used in this paper. One
is network revenue V, whidh is the average rate of network
monetary, income, subtracted by, an implicit average cost
rate. The implicit average cost rate is generated by user
dissatisfaction and the loss of revenue due to call blocking.
The other two performance measures we use are the call
blocking probabilities for the two reservation-based CoSs.
The network revenue is used as a measure of the overall
network performance. The blocking probabilities are used
to measure the performance of the reservation-based CoSs.
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D. Pricing and Service Quality,

First, we define our pricing polioy. as follows. A fixed
monthly fee is applied to the service subscription. There
is no per call charge for the best-effort service. A user
of any ofi the other two services incurs usage charge with a
fixed price rate and proportional tio the reserved bandwidth
multiplied by the call duration. Note that in our model
analysis, the monthly. fee is irrelevant because we are only.
concerned with short-term user behaviors (or dynamics)
relevant to the bandwidth allocation/sharing. We define
the usage prioes for the lst, 2nd, and 3rd CoSs as py, p2,
and ps respectively with p3 = 0. The prices are measured
in the unit of dollars per unit bandwidth per unit time.

In general, the service quality, of a given CoS can be chlar-
acterized by a multi-dimensional vector with components
such as delay, call blacking probability, packet loss rate,
and so on. It can be a function of time and should be mea-
sured based on the current network congestion situation.
For simplicity, in this paper, we use a single-valued statio
parameter q; to characterize the quality of the ¢ — th CoS
(i = 1,2,3), which is determined by measured service qual-
ity of & session in isolation or measured average quality, of
a session over a long period of time.

E. User Behavior

In order to quantitatively characterize user behavior as
a consequence of service quality and price tradeoff, here we
make a strong assumption that service qualities ¢; can be
measured in the same unit as the prices p;. By following
Sairamesh and Kephart [15], a user behavior is character-
ized by. the following user utility, function:

Uilp,¢,7) = {wp—pi) + (1 —7)(g — )}

6(p - pi)0(gi —q), fori=1,23 O
where U;(p, g,) is the user utility with respect to the i—th
CoS, and p; and g; are the price and quality for the ¢ — th
CoS, respectively. p is the maximum price a user is willing
to pay. ¢ is the minimum quality the user can tolerate. 8(z)
is ai step function whichis 0 forx < 0and 1 forx > 0. «v is
a weight that quantifies a user’s sensitivity to service price
as compared to service quality. A' user with y = 1 is at the
extreme limit of price sensitivity: it will choose a CoS with
the lowest prioce, so long as its received quality is no less that
g. On the other hand, a user with v = 0 is at the extreme
limit of quality sensitivity: it will choose a CoS with the
highest quality, so long as what is paid is no more than
p. A usen’s decision-making process is as follows. He will
select a CoS for which his utility is maximal among three
CoSs. If the maximal utility is zero, he will not use any
of the services. If the access gets blocked, he will then try
the CoS with the next highest utility, and so on, until he is
granted an access, otherwise, he will drop the call. Hence,
with oun modeling technique, the call migration effect can
be quantitatively characterized by the service quality-price
tradeoff.



IIT. ANALYTIC APPROACH
A. Link Model

To be mathematically tractable, we formulate the overall
problem as a two-CoS, multi-rate loss model plus a “sink”.
The “sink” is a chiannel with bandwidth W3 which drains
the best-effort traffic as well as the traffic migrated to the
best-effort service from the other two CoSs. The link band-
width allocation/sharing is dictated by (1). For simplicity,
we further assume that 1st and 2nd CoS calls will request a
fixed bandwidth of integer K units and 1 unit respectively.
Then it makes sense to assume that W; and R, are integer
multiples of k. The maximum numbers of calls, N;, and
Ny, that the I'st and 2nd CoSs can carry are given by,

N 1= W1 / ,d,

Ny =W, )

B. Call Arrival and Departure Processes

We assume that the call arrival is Poisson process with
mean arrival rate A. Bach arrived call independently makes
itls decision as to which CoS it should request an access to.
For any given user population, the probability for a user to
access any given CoS is fixed, denoted by 8; (i = 1,2,3).
Itt can be shown (18] that the resulting arrival process for
each CoS is still Poisson with mean arrival rate given by,

)

To accountl for the call migration effect, we assume that
a blocked request for the é-th CoS has a probability a;
tio migrate to the j-th CoS, for i # j, and 4,5 = 1,2,3.
Note that a3; = ass = 0, since a request for the best-effort
service is always admitted.

We further assume that the call durations are i.i.d. and
thiey follow an exponential distribution with departure rate
u; for thie i-th CoS (i = 1,2). Fig. 1 gives two exam-
ple model scenarios under two different overload/underload
situations.

C\ Model of Usen Behavion

Throughout the paper, we assume p = g, i.e., when a
user has a high quality requirement, he will be willing to
pay. a high price, and vice versa. We also assume that p (or
q) and ~ are independent of each other. We further impose
the following conditions on the relative values of p; and ¢;»

/\i=/9,ix fori:1,2,3

for i=1,2,3

i > Pi
Q>q >4
P >p2>p3

(6)

Fig. 1. Two madel soenarios: the 1st CoS is averloaded and the 2nd
CoS is underloaded (left), and vice versa (right)

g; > p; is required because otherwise U; = 0 for any p and
no user will make an attlempt to access thie i —th CoS. Sinoe
thiere is no chlarge for the best-effortservice users, p3 = Q.
Without loss of generality, we set g1 = 1.

With the above assumptions, we can now use pnice-
quality phase diagrams tio olassify, user behaviors. In Fig. 2,
five possible phase diagrams are plotited, corresponding to
five relative values of p; and p, with respect to ¢; and ga.
Let A; be the set defined by

for

A; = {ala € (s, 1)} i=1,2,3.

(7
Note that U;(p, p,¥) is positive when p falls into A;. Hence,
we call A; the feasible region for the i-th CoS.

In the first phase diagram, no customer wilt have more
than one non-zero utilities, and thus call migrations cannot
occur for this case. If p falls into any of the two shaded
areas, called forbidden zones, no service will meet his price-
quality requirements and he will simply drop the call. In
diagram 2, region A; N Ay, the intersection between A
and Aj, is most interesting. A request falls into this region
may migrate from the Ist CaoS to the 2nd CoS if Uy > U,,
and vice versa. Diagram 3 represents a case when call
migrations can take place between the 2nd and 3rd CoSs.
In diagram 4, call migrations can occur between the 1st and
2nd CoSs, and the 2nd and 3rd CoSs as well. In diagram
5, call migrations can occur among all three CoSs in region
AN Az N Az,

Let © be the sample space {0, 1] for any given diagram. Al
probability space {2, 4, P(4)} can be defined with 4 C Q
and

P(4) = fA fide, P@)=1, P@=0. (8

We define:
ﬂl(7) = P{pIUi(p’ 'Y) > ma‘z{Uj(p! 7):Uk(p’ 7)]’: (9)
i£j AR} i5k=123
C Cqe=r - 19y=1 pee L
: A ! Al i | A |
P , Al Ay i‘lz Py
R p'i WA .
i i !
i Az | Loom | ! Az |
[ | P i*' -9
I AT I
3 43 Pap — - |
Ay : ! Ay | i Ay ‘\
. - py=0l i Py=0l o
1 2 3
. T =t Q=1
' Ay : Ay !
i i 14z P lay
B 10 1A2 X oo AMiliA tay
Ay ‘ Al 1Ay Ay !
i qy P,E |
Ay 1A3 . A A
m . ) P2
! A !
Py=0! 3 Py=0l A
4 s

Fig. 2. Price-quality: phase diagrams
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ﬂplU-Cpn)>Uj(xw)>'g&Uj(p.'v)>Uka,'1-),iaﬁ#k}-
Y

i=1,2, and j,k=1,2,3
0

i=3, j=1,2.

where U;(p,7) = Ui(p, p, 7).

Three user sensitivities groups are considered, i.e., an
incoming call has probabilities ry, n and r3 (r; + 7‘2 +
r3 = 1) to be extremely quality; sensitive (y = 0), equally
sensitive to quality and price (y = 0.5), and extremely price
sensitive (y = 1), respectively. We then have,

Bi = r18i(0) + r28:(0.5) + r35;(1),
a,']' = ﬂlaij (0) + Tza,'j (05) + 7'3&,']‘(1).

D. Model Analysis

The model is formulated in mathematical terms as a
Markov process. Each state in the Markov proocess is
uniquely identified by a tuplet (ni,n;) where n; (ng) is
the number of active calls in the 1st (2nd) CoS. According
to the bandwidth allocation/sharing policy, a feasible state
should satisfy the following conditions: The total oocupied
bandwidth should not exceed the total bandwidth W for
CoSs 1 and 2; the occupied bandwidth of the 1st (2nd) CoS
should not exceed W — R, (W — R;). So, we define,

S:={n=(n1,n2)lkny +ny < W,
0<n; < Ny + (W, — Ry)/k,
0<ny < Np+ W, - Ry}

as the set of feasible bandwidth occupancies. Denote by
the set D1 (D) the acceptance region for the 1st (2nd)
CoS calls. We then have,

aij(y) =

(10)

(1)

(12)

Dy :={ne€8|(ng X Ny, bny +ny < W.—k)U
(’nz < Nz,km <W: + (Wg - N9 — Rg)'H - k)},
(13)
D; :={n€S|(n >Ny, kn; +n, <W - 1)U
(m < Ni,np < Wy + (Wh — kny — Ry)*t - 1)},
(14)

where (z)* equals z when z is larger than zero, otherwise
iti takes value zero. Define My (M32) to be the region where
there are the 1st (2nd) CoS call blocking and call migration.
Then we have,

My :={n€ S|n ¢ Dy},
= {ne Sin¢ Dy},

The bandwidth oooupancy. constitutes an irveducible
Markov proocess with the state space S. The steady-state
probability. distribution, w(n), for each state n € § is de-
termined by the following glabal balance equations, which
oan be solved using any linear equation solution procedure,
for example, Gauss-Siedel method,

A 21=1 2 )‘ll‘(n € Di) + aﬂXII(n S| Mi) + nl/"ij
E ii=1,2,i4 N (0 — e € Dy) + apXgI(n — 5 @ M)
T —ey) + )y o TN + eg)(my + 1)I(n + 5 € S),
VneS, Enes'”(n) =1.

(15)

(16)

where I(z) is the indicator funotion of event z, and e; =
(1,0),es = (0,1).

Now, the performance measures can be easily. calculatied.
The average network revenue per unit time, V, can be ex-
pressed as:

V.= Zt:] ZneDl 1p1n17r(n)
Zd_l JJ# c,ld,p, Pnes—p, 7(n)
E.:a,#, ,.zkipg@-_s)ﬁ

o an
Znes—amuD,)W('ﬂ) ar)

where k; = k, ks = 1,and ¢; (i = 1,2) is the penalty (cost)
coefficient for an i-th CoS call blocking without call mi-
gration. A call blocking not only means that there is a
loss of network revenue but it also causes user dissatisfac-
tion. So in general, ¢; is set at a value larger than 1 [16].
Note that any call migrations to the 3rd CoS will be ac-
cepted and hence there is no penalty associated with the
call migrations to the 3rd CoS. We also use call blocking
probabilities of the 1st and 2nd CoSs, denoted by B; and
By, respectively, as performance measures to reflect the
dynamic nature of the service qualitiies. They; are,

B, = Z w(n), B, = Z w(n).

neS-Dy neS—Day

(18)

IV. NUMERICAL ANALYSIS

Due to space limitation, only a few typical case studies
are presented in this paper. We set f(p) = 1, which means
we only consider a uniformly distributed user population in
terms of p and ¢ (p = ¢ as assumed). For all our numerical
studies, the following parameters are fixed: W, = 40, W, =
20, =2, 1 =2, =1Lps=0,p =01 q =1,
g3 = 0.1, &1 = ¢z = 4, and we only consider go > p;.
Consequently, we focus on the study of a special case of
phase diagrami 4 in Fig. 2, i.e, AyN A3 = ¢ without creating
a forbidden zone.

A. Offered Load

We study the performance under different overall offered
loads. The following parameters are used for the numer-
ical analysis: 1 = 0.5,72 = 0,73 = 0.5, p; = 0.6, and
g2 = 0.8. The first row in Fig. 3 presents V., By, and B,
against the overall offered load X at four different trunk
reservation values: R; /Wy = Ry /W, = 0%, 20%, 50%, and
100%. To identify the call migration effect, the three per-
formance measures without call migtations are caloulated
and presented in the second row in Fig. 3.

First, we note, from the first plot for V, that when
the link is lightly loaded, trunk reservation is unnecessary
and the complete sharmg policy offers the highiest revenue.
However, the camplete sharing policy. results in a quick
drop of the revenue when the offered load X exceeds 50
calls per second and it also causes a sharp increase of the
blocking probability for the 1st CoS (see the first plot for
B,) as the offered load increases. On the ather hand, the
complete partitioning policy, suffers from an overall low V'
values and a rather high By values due to the lack of re-
source sharing. One can see that the case with 20% trunk
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Fig. 3. Performance measures versus traffic load with and without
call migration effect

reservations for both CoSs offers the best tradeoffs. It of-
fers the highest overall V' values, a good protection for the
1st CoS calls (low B; values) and lower overall B, values
than the case fon complete partitioning. In fact, 10 — 20%
trunk reservation has been found to be sufficient for all the
cases we studiad.

Second, by comparing with the case without call migra-
tion, we find that B; reduces when call migration is not
allowed. This suggests that the call migration effect re-
duces the effectiveness of trunk reservation in protecting
the 1st CoS against the 2nd CoS calls. As the overlap re-
gion A, N A, in diagram 4 of Fig. 2 increases when either p;
decreases or ¢y, inoneases (not given here), we find that the
negative impact of the call migration effect becomes signifi-
cant. On the other hand, the call migration effect improves
network revenue by allowing better bandwidth sharing.

B. Effect of Usen Behaviors

In what follows, we study the effect of distinot user sen-
sitivities inv isolation. We set the trunk reservation values
at 20% for both CoSs.

First, we study, an extremely price sensitive (ry = 0,72 =
0,73 = 1) user population. With the other parameters un-
changed from the previous case, we calculated the three
performance measures at different p; and ¢» values, sub-
ject to pr < g2, as shown in Fig. 4. For any fixed ¢, value,
inoreasing p; both improves revenue and reduces the block-
ing probabilities for both CoSs and in a large quality range

neNe

Fig. 4. Performance fon extremely prioe sensitive population

(>0.5), reducing g, generates higher revenue without signif-
icantlly, changing thle blacking probabilities for both CoSs.
This observation has a significant implication on the op-
timal price and quality setiting for prioe sensitive popula-
tion, i.e., setl p; = ga, or Ay N Ay = ¢. The key to under-
stand this unique phenomenon is to realize that all the calls
falling into the overlap region A; M A, will choose the 2nd
CoS and reducing the avenlap region by, raising p; will not
change the call arrival rate for the 2nd CoS. The only, effect
of raising py s to reduce the call migrations from thie 2nd
CoS to the 1st CoS. Hence B; decreases. The inorease of
Vi is due to increased price p; for the Ist CoS calls. How-
ever, it seems gounter intuitive that B, also drops when
raising p; since the call arrival rate for the 2nd CoS does
not change with the increase of p;. The reason is that the
reduced traffic load for the 1lst CoS provides better sharing
of its own bandwidth with relatively heavily. loaded 2nd
CoS. Here we see, once again, how remarkable the trunk
reservation mechanism is in providing CoS quality protec-
tion and bandwidth sharing. Finally, reducing g2 reduces
the call arrival rate for the heavily loaded 2nd CoS and in-
creases the call arrival rate for the lightly loaded 1st CoS.
Consequently, reducing ¢» helps to improve Vi at any, given
P1-

Second, let’s study the case when user population is ex-
tremely, quality sensitive (r; = 1,my = 0,73 = 0). The
numerical results are presented in Fig. 5. First, we note
that all three performance measures are rather insensitive
to the variation of the overlap region A; N A, caused by.
thle changes of g2. Notice that all the calls falling into this
overlap region belong to the 1st CoS and changing g, does
not alter the call arrival rate for the 1st CoS. This explains
why B; does not vary much as g» changes. Neither does B2
because the call migration effect from the 1st CoS ta the
2nd CoS is small due to small blocking probability, By (as
p1 increases). Consequently, V' does not vary much as g2
chianges. Second, one observes that V increases with p; up
to a certain point and then drops. This is because increas-
ing p1 improves per call revenue for the 1st CoS but at the
same time, the call arrival rate for the Ist CoS decreases.
Hence there is a p; value where V! is maximized. As py
increases, By also increases but then drops after a certain
point. This can be explained as follows: The call arrival
rate for the 2nd CoS increases as p; increases and conse-
quently B increases initially. However, after a certain py
value, the 1st CoS becomes highly, underloaded and the 2nd
CoS starts to benefit from bandwidth sharing and take over

Fig. 5. Performance for extremely quality sensitive population
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the available bandwidth (except the 20% reserved band-
width) from the 1st CoS. Consequently By drops. Again,
the trunk reservation mechanism plays a key role here. In
summary, for the extremely quality sensitive population,
the performance measures are insensitive to the selection
of g but sensitive to the selection of py. There is a unique
pr where V' is maximized.

Finally, we examine the user population in which users
are equally sensitive to the price and quality. (m = 0,73 =
1,73 = 0). The numerical results are presented in Fig. 6.
Interesting enough, all the performance measures have sud-
den changes at some p; value. To understand this phe-
nomenon, we note that U; = ¢; — p; (1 = 1,2), when p
falls into Ay N As. Since U; > U2 when py is small, all the
calls in A N A2 belong to the 1st CoS. As p; increases and
reaches a critical point, the inequality is reversed and all
the calls in Alf N A, shift to the 2nd CoS, resulting in sud-
den value changes fon the performance measures. Although
this phenomenon is a consequence of our using a simplified
user behavion model, it reveals that the network may ex-
perience severe performance degradation when prices are
improperly adjusted. In practice, the operational point
should stay away, from this critical point. The performance
behavior as ¢» changes is similar to the price sensitive case.

We make a few general observations based the above
analyses. First, it suffices to set trunk reservation values at
10-20% of the nominal bandwidth to achieve a good service
protection. Second, call migration effect undermines the
effectiveness of trunk reservation as a service protection
measure and should be prevented. The key is to design
pricing-quality structure in such a way that the overlap
regions 4;NA; (i,j =1,2,3, i # 7) are kept small. Finally,
user sensitivities have great impact on senvice price-guality
design. Care must be taken to avoid the possible sudden
network performance degradation at some operating points
in price-quality parameter space.

V. CONOLUSIONS AND FUTURE WORK

In this paper, an analytical model was developed for
the study. of the impact of user behavior on the effective-
ness of pricing, service quality deolaration, and link band-
width allooation/sharing policies in a multiple-CoS Inter-
net. In particular, a single link was considered. A static
usage-charge based pricing policy and a bandwidth alloca-
tion/sharing polioy. with trunk reservation were examined.
With the aid of a set of price-quality phase diagrams, we
were able to capture the impact of distinct user behaviors

Fig. 6. Performance for equally sensitive population

on the performance of various design aspects.

In this paper, we restirictied ourselves tio the analysis of a
single link case. An extension of the paper tio a multiple-
node case was presentied in [13]. However, in thiat report,
only fixed routing was studied and mostl of tihle observa-
tions made in thie presentl paper was found tio be still valid.
An interesting research direction is to extend thle present
work tio a multiple-node network with CaS-based routing.
Among othen issues, the performance of trunk reservation
in the context of protecting shortest path connections is
worthi studying. Note that with the bandwidth allooa-
tion/sharing policy proposed in this paper, CoS-based rout-
ing algorithm design can take advantage of the service seg-
regation and abstraction provided by, the allocated nominal
link bandwidths for individual CoSs.
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