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Analytical Modeling of Offset-Induced Priority
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Abstract—In this paper, we present for the first time an analyt-
ical model that quantifies the mechanism by which offset size af-
fects priority in multiclass optical-burst switching (OBS) systems.
Using the model, we derive an exact expression for the distribution
of the number of bursts that contend with an arriving burst. The
model is applicable to systems in which each class has an arbitrary
burst-length distribution and an arbitrary offset size. We also de-
rive accurate approximate expressions for the burst-blocking prob-
ability of premium-class traffic, as well as expressions for the sen-
sitivity of premium-class performance to offset jitter and varia-
tions in the arrival rates of each class. In a case study, we find that
scaling up a system in terms of the number of wavelengths and the
traffic load significantly improves not only the burst-blocking per-
formance of the premium class, but also its sensitivity to lower class
traffic variations. We also use the model to dimension and provi-
sion the system to guarantee a minimum level of premium-class
blocking and premium-class robustness to low-class load varia-
tions.

Index Terms—Analytical model, blocking probability, optical-
burst switching (OBS), optical networks.

1. INTRODUCTION

PTICAL-BURST switching (OBS) is a promising archi-
O tecture for accommodating bursty traffic and efficiently
using the huge amounts of available bandwidth in wavelength-
division multiplexing (WDM) optical networks. OBS is seen as
a compromise between optical-packet switching and optical-cir-
cuit switching, as it benefits from the flexibility and efficiency
of the former, while requiring a level of optical technology com-
plexity that is closer to the latter [1]-[4].

In OBS, packets are assembled electronically at the edge of
the network into long bursts, which are transmitted through the
OBS network core entirely within the optical domain. By sep-
arating the transmission of the burst header (or control packet)
and the burst payload by a time offset, OBS eliminates the need
for buffering of the burst during processing of the header and
configuring of the switch. Further, because headers are trans-
mitted on a separate control channel and are processed electron-
ically in each node, there is no need for optical processing.

In this paper, we restrict our examination to just-enough-time
(JET) OBS [5]. Each control packet contains information about
the size of its offset and the duration of its burst. Upon arriving
at a node, it attempts to reserve resources for the time between

Paper approved by K. Kitayama, the Editor for Optical Communication of
the IEEE Communications Society. Manuscript received April 19, 2004; revised
October 2, 2004. This paper was presented in part at the IEEE Canadian Con-
ference on Communications, Niagara Falls, ON, Canada, May 2004.

The authors are with the Department of Electrical and Computer Engi-
neering, University of Toronto, Toronto, ON MS5S 3G4, Canada (e-mail:
neil.barakat@utoronto.ca; ted.sargent@utoronto.ca).

Digital Object Identifier 10.1109/TCOMM.2005.852845

the start and the end of its burst. If sufficient resources are not
available to accommodate the burst, it is dropped. A multiclass
version of JET to support quality of service (QoS) has also been
proposed. In multiclass JET OBS, high-priority bursts are given
an extended QoS offset, which gives them a higher probability
of successfully reserving resources at each hop in their path [6].

Simulation is often used to analyze OBS system perfor-
mance. However, simulations can be very time consuming,
particularly when examining systems with very low blocking
rates. Analytical models allow researchers to examine systems
under a very wide range of system parameters in a reasonable
amount of time. Perhaps even more significantly, models also
provide valuable insight that may not be available from simu-
lation. Further, models can also be integrated into scheduling
mechanisms to provision resources dynamically and improve
system performance.

Because the offset of every burst in a single-class OBS system
is the same, it can be neglected for the purpose of system-per-
formance analysis, and classical Markovian queueing analysis
can yield accurate performance predictions. In multiclass OBS
systems, however, the different header-offset sizes of each class
render the blocking processes nonmemoryless. This poses a
problem, because classical Markovian queueing models cannot
be directly applied. However, a number of researchers have been
able to apply Markovian models to OBS systems with multiple
classes by restricting their examination to particular types of
networks, and by describing the network and traffic parameters
such that the systems resemble a set of classical M/G/m/m
(or M/G/m/D) queuing systems. The two most common sim-
plifications are the assumption that the high-priority class is
completely isolated from the low-priority class [6]—[8], and the
assumption that the OBS system is work-conserving [7]-[10].

In a system with class isolation, the behavior of the low-class
traffic will have no effect on the performance of the premium
class. Isolation between classes can be achieved if the additional
offset of the high class is selected to be larger than the max-
imum burst length of the low class. However, depending on the
ingress traffic characteristics, the burst-aggregation scheme, and
the latency requirements of the premium-class traffic, complete
isolation may not be practical. For a network with N classes,
the premium-class offset must be increased N-fold if isolation
between each class is to be achieved. Thus, there is an active in-
terest in modeling multiclass OBS systems in which only partial
isolation between classes exists [9], [10].

A multiclass OBS system is said to be work-conserving if the
overall rate of blocking is unaffected by the number of classes
and the size of the QoS offsets assigned to them. However, a
number of practical OBS systems are not work-conserving. For
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example, in [9] and [11], it was demonstrated that systems in
which low-class bursts are much longer than high-class bursts
do not obey the conservation law. Thus, the assumption of work
conservation imposes a restriction on the types of systems that
can be analyzed.

We presented a general analytical model for multiclass OBS
systems that assumed neither work conservation nor isolation
between classes in [11]. However, the model was only appli-
cable to single-channel OBS networks.

In this paper, we derive an exact model that quantifies the
mechanisms by which extended offsets induce priority and af-
fect performance in a wide range of OBS systems, including
multichannel systems and systems without work conservation
or isolation. We define the notation used in Section II, and de-
scribe qualitatively how extended offsets can be used to imple-
ment multiple classes in Section III. We introduce our new ana-
Iytical framework in Section IV, and present an exact model that
quantifies the manner in which extended offsets induce priority
in OBS systems. In Section V, we derive accurate expressions
for both the blocking probability of the highest priority class,
and the sensitivity of this performance with respect to variations
in low-class traffic load and offset jitter. Simulation results ver-
ifying the correctness and accuracy of the model are presented
in Section VI, and the model is used to perform a case study
examining the effect of wavelength number and offset size. Fi-
nally, future work is discussed and conclusions are drawn in
Section VII.

II. NOTATION

The following notation will be used throughout this paper.

e )\ is the average arrival rate of class-i bursts.

e [, isarandom variable representing the length of class-:
bursts. F,, denotes its distribution function, f,; denotes
its probability density function (pdf), L; = E[L;] de-
notes its mean, and L[*** denotes its maximum value (if
one exists).

e ), is the size of the extended QoS offset of each class-i
burst (it is assumed that the size of the header-processing
offset is negligible, compared with €2,).

o 05 = ;= is the difference between size of the class-i
and class-j offsets.

s A;; = 6;;/L; is the normalized offset difference be-
tween class-z and class-j.

*  [3;; denotes the number of class-j bursts in the contention
window of a class-z burst. (The contention window is
defined in Section IV.)

*  fg, is the probability mass function (pmf) of the overall
number of bursts in the contention window of an arbitrary
class-¢ burst.

* 7y, is the average number of class-j bursts in the con-
tention window of a class-¢ burst of length /;.

* 1y, is the overall average number of bursts in the con-
tention window of a class-i burst of length ;.

e Pb; is the average burst-blocking probability of class-i.

Additionally, for a given burst-A, we say that:

e T4 is the arrival instant of its control packet;
e ()4 is the duration of its offset;
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Fig. 1. Achieving priority with QoS offsets in JET OBS networks. In (a), burst

A successfully reserves the channel due to its longer QoS offset, even though
its start time is later than that of burst B. In a system without class isolation,
high-priority bursts may be blocked by low-priority bursts, as shown in (b),
where burst B successfully reserves the channel.
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Fig. 2. Class-i offset is larger than the maximum burst length of class-j, so
class-¢ is isolated from class-j.

e [4 is the duration of its burst payload;
e  Hy =74+ Q4 is the head or start of the burst;
e 4 =74+ Q4+ 14 is the tail or end of the burst.

III. QOS VIA EXTENDED OFFSETS

Class differentiation in JET OBS networks can be imple-
mented by assigning a QoS offset to higher class bursts [6]. In
particular, bursts with longer offsets will tend to have higher
priority than bursts with shorter offsets. To illustrate this, we
describe a simple two-class system in Fig. 1. In Fig. 1(a), burst
A and burst B arrive at the node at nearly the same time, and
desire to be switched to the same outgoing channel. In a system
with no offsets, bursts are serviced in the order of their arrival
(first come, first serve) so burst B will successfully reserve the
channel. However, in the system in Fig. 1(a), since burst A has
a larger offset, its control packet arrives first and successfully
reserves the channel before burst B. When the control packet
of burst B arrives, it will see that the channel has already been
reserved. In this way, the extended offset of burst A gives it
implicit priority over burst B. This scheme can be extended to
an arbitrary number of classes by assigning each class a longer
offset than the offsets of all lower priority classes [12].

Despite having a shorter offset, burst B may still successfully
reserve the bandwidth if its control packet arrives before that of
burst A, as illustrated in Fig. 1(b). In certain systems, however,
this event can be made impossible if the burst-A offset is made
sufficiently large. More specifically, if the offset difference ¢;;
between class ¢ and class j is chosen to be longer than the max-
imum class-j burst length, class-¢ traffic will be completely iso-
lated from class-j traffic [8]. This is illustrated in Fig. 2. Al-
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though this result has been described intuitively in previously
studies, it has never been formally proven. In Appendix II, we
prove it in the context of our new analytical model framework.

While QoS offsets are an effective method for increasing the
priority of premium-class traffic, the resulting improvement in
blocking performance comes at the cost of increased premium-
class delay. Although this delay is typically quite small (on
the order of milliseconds), depending on the latency require-
ments of the premium-class traffic and the other sources of delay
in the system, the maximum offset size could be limited. In
[13], a framework is presented for selecting the premium-class
offset size and the burst-assembly mechanism, such that both
the premium-class blocking and delay requirements are simul-
taneously satisfied.

IV. ANALYTICAL MODEL

We now describe a general and exact analytical model that
quantifies the effect of QoS offsets on the burst-contention
process in multiclass OBS systems.

A. Model Framework: Contention Window and Maximum
Perceived Load

In this section, we introduce the concept of the contention
window, the instantaneous perceived load, and the maximum
perceived load of a burst. We also prove that, for a burst from
the highest priority class, the maximum perceived load and the
number of bursts in the burst’s contention window are equal.

Assume that there are two bursts arriving at nearly the same
time at a node. If the first burst’s control packet arrives before
that of the second burst, and the two bursts overlap, the first
burst is said to be in the contention window of the second burst.
The contention window is the framework with which the rest of
the results in this paper will be derived. Using the notation from
Section II, we define the contention window of a class-A burst
as follows.

Definition 1: Burst B is said to be in the contention window
of burst A if all three of the following conditions are satisfied:

T8 <TA (1)
B+ <74+ Q4a+14 )
T8+ QO+l >74+ Q4. 3)

We say that burst B contends with burst A. The conditions in
(2) and (3) can be restated in terms of the start and end times of
burst A and burst B as Hg < €4 and eg > H 4, respectively.
The contention window is a good reflection of how a burst
“sees” the rest of the bursts in the system. By increasing the
offset of class-7 bursts, we reduce the number of bursts that
contend with it, which is tantamount to increasing its priority.
We quantify the relationship between offset size and contention-
window occupancy with an exact model in the next section.
For the purpose of computing blocking probabilities, one
would also like to know the maximum number of bursts that si-
multaneously overlap within the duration of a given burst A. To
aid us in finding this value, we make the following definitions.
Definition 2: Given a time instance ¢ that lies within the du-
ration of a given burst A, the instantaneous perceived load of
burst A at time ¢ is denoted by £ 4 (¢), and is equal to the number
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Fig. 3. For the system shown, there are four bursts in the arriving burst’s
contention window. The arriving burst’s instantaneous perceived loads at ¢, and
t,, are two and one, respectively. The arriving burst’s maximum perceived load
is two.

of bursts that contend with burst A, and that overlap time ¢. Thus,
£4(t) can be expressed as

La(t) = dailt), t€(Haea) )
€S

where S is the set of all bursts in the system, and ¢4 ;(¢) is
defined as

Pa,i(t) = {é

Definition 3: The maximum perceived load of a given burst
A is the maximum number of contending bursts that overlap
any subinterval of the burst’s duration. Thus, the maximum per-
ceived load £7}** can be expressed as

(Ti < TA) ﬂ(HZ < t) ﬂ(fi > t)
otherwise.

)

A= elhax | L4(2). (©6)

The concepts of contention window, instantaneous perceived
load, and maximum perceived load are illustrated in Fig. 3. In
the figure, there are four bursts in the contention window of
the arriving burst. The instantaneous perceived load at time ¢,
and time ¢,, are two and one, respectively. Since there are never
more than two contending bursts simultaneously overlapping
the arriving burst, the maximum perceived load is two.

We will now prove some useful results that describe the
manner in which low-priority bursts can contend with high-pri-
ority bursts.

Theorem 1: Suppose that a class-7 burst is in the contention
window of a class-¢ burst, and that class j is of equal or lower
priority than class z. Then the class-j burst overlaps the head of
the class-7 burst.

Proof: 1f a class-j burst is in the contention window of a
class-¢ burst, from (1), we have that 7; < 7;. Additionally, if
class j is of lower or equal priority than class ¢, we have Q; <
2,. Thus, we have that 7;4-€2; > 7;+€;. From (3), we also have
that 7;+Q; < 7;4+Q;+1;. Thus, 7,4+Q; € (7;4+Q;, 7;4+Q,;+1;),
so the head of the class-7 burst lies between the head and the tail
of the class-7 burst. ]

Corollary 1: Assume that class ¢ has higher priority than
class j, and that there are n class-j bursts in the contention
window of a class-¢ burst. Then all n of them overlap the head
of the class-: burst. The proof follows directly from Theorem 1.
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Theorem 2: Assume that class ¢ has the highest priority of
all classes in the system. Then the maximum perceived load of
a class-¢ burst is equal to the total number of bursts that lie in its
contention window.

Proof: Assume that exactly n contending bursts overlap
the head of the arriving class-z burst. Also assume that its max-
imum perceived load is m. Thus, we must have n < m. If
n < m, then there exists at least one burst in the contention
window that does not overlap the head of the class-z burst. By
Theorem 1, since class ¢ is the highest priority class, this is not
possible. Thus, we must have that n = m. From Corollary 1, it
follows that the number of bursts in the contention window of
the class-% burst is also equal to m. ]

Thus, for the highest priority class in the network, the max-
imum perceived load is exactly equal to the total number of
bursts in the contention window. This result enables us to derive
an expression for the blocking probability of the highest priority
class of a multiclass OBS network in Section V.

B. Exact Analytical Model of Burst Overlap Process

In this section, we derive an exact analytical model for the
distribution of the number of bursts in the contention window
of a given class-2 burst. We start by deriving an expression for
the probability that there are m class-j bursts in the contention
window of a class-i burst of length [;. In general, an expres-
sion for this distribution is elusive, because of the dependency
between the arrival instants of the m class-j bursts. However,
assuming that bursts arrive according to a Poisson process, we
can render the arrival instants independent and identically dis-
tributed by conditioning on the event that the class-j bursts ar-
rive in a given time interval [14]. More specifically, if we con-
dition on the event that k class-j bursts arrive in the interval
[r: — A/2, 7, + A/2], the resulting conditioned arrival instants
are independent and identically, uniformly distributed over that
interval. We can then proceed to find the desired distribution
based on the probability that any one of these k bursts lie in our
class-¢ contention window.

We define 3;; as the number of class-j bursts that lie in the
contention window of an arbitrary class-z burst, and y7A as the
number of class-j arrivals in [; — A/2,7; + A/2], so we have

k=0
(N
Without loss of generality, we select A to be sufficiently large
(A — 00) such that there is negligible probability that a class-j
burst that arrives outside of [1; — A/2,7; + A/2] lies in the
class-¢ burst’s contention window. Then the only contributing
terms in (7) are those for which & > m, so we write

Py =ml|Li=l]=Y_P[Bi;=ml|Li=l;,yj=k]P [y =Fk].

k=m
®)
The conditioned arrival instants and the lengths of each
class-j burst are independent. The & arriving bursts can, there-
fore, be considered independently, and the number of bursts in
the contention window follows a binomial distribution. Further,
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given that class-j bursts arrive according to a Poisson process
with mean rate \;, we have

P[Bij =m|L; = ;] = i <:l> (Aijiae)”™

k=m

(1= Agan) T R

k!

where we define A;jia,;, = P[Bi; = 1|L; = li,yl% = 1]. After
grouping terms and shifting indexes, we are left with

m —MNij|i,
nij‘lie i

P[Bij =m|L; = ;] = (10)

m!
where we define 7;;;, = AjAA;ja,, as the mean number of
class-j bursts in the contention window of a class-i burst of
length [;.

Equation (10) implies that the number of class-j bursts in
the contention window of a given class-i burst with length /; is
distributed according to a Poisson random variable, with mean
equal to 7; 55, - Since the burst-arrival processes of each class are
independent of each other, and since the sum of Poisson random
variables is also Poisson, we have the following conclusion.

If bursts from each class in a multiclass OBS system ar-
rive according to a Poisson process, the distribution of the
number of class-7 bursts and the distribution of the overall
number of bursts in the contention window of a class-¢
burst are Poisson random variables, with means of n;;;,
and 1,1, = > |, respectively.
This result is true for an arbitrary number of classes with arbi-
trary QoS offset values and arbitrary burst-length distributions.
This includes not only multiclass systems, but also systems in
which bursts have different offset values corresponding to the
amount of residual header-processing time.

Expressions for the mean occupancy 7;;, can be derived as
(see Appendix I)

AjLj - [L= Ry, (8;)], 8i5>0
Mijlt: = § Aj - (Z‘F li), 0i5 <0, I; < =05
Aj - (Lj = bi) bij <0, li 2 —b;;
(11

where L_] is the mean burst length of class j, ¢;; is the offset
difference between class i and class j, and Ry, (6;;) is the dis-
tribution function for the residual life of the class-i burst-length
distribution.

Equation (11) implies that the contention window occupancy
of a given low-class burst depends on its length. In multiclass
OBS systems, short low-class bursts will experience better
performance than long low-class bursts because they can more
easily fit into the spaces (or voids) left by premium-class
reservations. Although this low-class burst-selection effect has
been observed in previous OBS simulation studies [12], to our
knowledge, this paper is the first to provide a framework in
which this effect can be analytically quantified. Graphs that
clearly illustrate this effect are included in our numerical study
in Section VI.

Last, by integrating the expression in (10) over all possible
burst lengths, we can yield the following pmf for the total
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number of bursts in the contention window of class-z bursts
averaged over all burst lengths:

nf’;ie—mui
) = [ H

m!
I;

fr.(l)dl;. (12)

The model presented above is based purely on the traffic char-
acteristics of the OBS system and makes no assumption about the
OBS node architecture or the contention resolution capabilities of
each node. The model’s sole assumption is that bursts from each
classarrive according toaPoisson process. In addition to allowing
for tractable results, this assumption has also been found to be a
reasonably valid for a large number of practical OBS systems.
In particular, in systems that use timer-bases burst aggregation
[15]-[17], the aggregate burst-arrival process has been found to
closely resembles a Poisson process [18], [19].

V. PERFORMANCE MODELING OF PREMIUM-CLASS TRAFFIC

In this section, we apply the model in Section IV to derive an
analytical expression for the burst-dropping probability of the
highest priority class of traffic. We then derive expressions for
the sensitivity of the highest-priority class’s performance with
respect to offset jitter and variations in the arrival rate of each
class.

We assume that traffic arrives from C independent traffic
streams, each corresponding to a different class and with a
different QoS offset. Without loss of generality, we assume that
Q; > Q, forall¢ < j, such that class O has the highest priority,
class 1 has the second highest, and class C' — 1 has the lowest. The
total number of wavelength channels in the system is W. In this
section, we examine the performance of OBS systems with full
wavelength conversion and no fiber delay line (FDL) buffers.!

A. Estimating Premium-Class Burst-Loss Probability

In the system under consideration, a burst from the highest
class is blocked if its control packet arrives to find that no single
channel is available for the entire duration of its burst. This will
occur if there is at least one subinterval in the burst duration
over which all W channels are occupied. In networks in which
Pb; < 1 for all 7, this can be closely approximated by the event
that the maximum perceived load of the burst is greater than or
equal to W.

By applying Theorem 2, we can approximate the burst-drop-
ping probability of class O by the probability that W or more
bursts lie in the contention window of an arbitrary class-0 burst.
Using (12), we have

Pbo = > fa,(k)

=W
W—1 °° _m _—no
Mo, © 0
=1- Z ‘OTfLo(lo)dlu (13)
k=0, 2,

IAlthough we only consider full wavelength conversion systems here, the
model in Section IV is directly applicable to any OBS system, regardless of the
contention resolution strategy employed. The study of more general systems,
such as those with partial wavelength conversion and/or FDL buffering, is left
for future study.
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From (11), it is evident that 7o;, does not actually depend on
lp, so we can easily perform the integration in (13) to yield

w-1 ™ =10
Ph=1-Y Mo (14)
k=0

m!
where we have replaced 7g|;, by 1o for added clarity.
Thus, the probability of blocking for the highest class in a
multiclass OBS system in which bursts arrive according to a
Poisson process can be closely approximated by the comple-
mentary distribution function of an appropriately parameterized
Poisson random variable.

B. Sensitivity Analysis

In this section, we derive direct expressions for the sensitivity
of premium-class traffic, with respect to changes in the arrival
rates in the system and to offset jitter.

1) Sensitivity to Lower Class Arrival-Rate Variation: When
provisioning an OBS system, it may not be possible to exactly
predict the arrival rate of each class a priori. Also, the arrival
rate of each class may vary over short time scales. Thus, the
sensitivity of the premium-class performance with respect to
fluctuations in the lower class arrival rates provides an additional
metric to measure the robustness of the QoS provided and the
level of premium-class isolation.

We can derive an expression for the sensitivity of the class-0
blocking rate with respect to the class-j arrival rate as follows:

8Pb0 8Pb0 8770
= . 15
8)\]' (9770 8)\] ( )
Substituting (14) and (11) into (15) yields
dPb Wle=mo _
0= To L; - [1= R, (8,)].  (16)

0A;j (W =1
2) Sensitivity to Offset Jitter and Offset Variation: In real
OBS systems, the size of the offsets of a burst will shrink after
each hop by an amount equal to the electronic processing time
of the control packet. Thus, at each node, burst from a given
class do not all have the same offset, but follow some discrete
offset distribution that depends of the residual path length of all
arriving bursts of that class. Furthermore, queueing of control
packets may contribute a further source of offset jitter in systems
with a large number of control packets. In certain systems, this
offset variability could lead to a degradation of premium-class
performance. We can write an expression for the sensitivity of
the premium-class blocking probability with respect to varia-
tions in offset size, as follows:

8Pb0 o 8Pb0 (9770
860]' 0770 360]'
77(1])[/_16an
= won N [1—Fr,(80)] . (A7)

When class ¢ is isolated from class j, 6;; > L;»“a". Thus,
Ry, (60;) = 1and Fr,,(6;) = 1, so the sensitivity with respect
to arrival-rate variation and to offset variation are both zero, as
expected.

VI. NUMERICAL RESULTS AND MODEL VALIDATION

In this section, we use simulation to verify the correctness
of the exact analytical model presented in Section IV and the
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Fig. 4. PMF for the number of class-j bursts in the contention window of
a class-i burst of length L, = 10 for if € {00,01,10,11}. Bursts are
exponentially distributed with mean lengths for class 0 and class 1 of 20 and
40, respectively, arrival rates of 2 and 4, respectively, and an offset difference
of dp1 = 40.

accuracy of the premium-class blocking formulas presented in
Section V. We then present a design case study, in which we
vary the size of the premium-class offset and the number of
wavelengths in the system.

For each simulation in this section, two classes and a total of
one hundred million bursts were simulated. Bursts arrived ac-
cording to a Poisson process. and both Gaussian and exponen-
tial burst-length distributions were simulated.

A. Accuracy of Contention Model

In Section IV, we showed that the number of bursts in a
given burst’s contention window follows a Poisson distribution,
whose mean is a function of the offset sizes, arrival rates,
and burst-length distributions of each traffic class. In order to
verify this conclusion and the correctness of our exact model,
we simulated an OBS system with two classes. Bursts from
class 0 and class 1 were exponentially distributed with mean
lengths of 20 and 40, respectively; bursts from class 0 and
class 1 arrived according to a Poisson process with means of 2
and 4, respectively; and the offset difference between class 0
and class 1 was 40. The results are shown in Fig. 4, where we
graph P[f3;; = m|L; = 10], the pmf of the number of class-j
bursts in the contention window of arriving class-z bursts of
length 10. Both simulation results? and analytical results based
on (10) and (11) are shown for all four combinations of ¢ and
7. The effect of the QoS offset difference between the two
classes is clear. Even though the low-class load is four times
that of the premium class, far fewer low-class bursts contend
with high-class bursts due to the premium-class QoS offset, as
the curve for (o is significantly lower than the curve for Gyg.
The simulation results match the Poisson distribution curves
from the analytical model extremely well, thus verifying the
correctness of the model.

B. Low-Class Burst-Length Dependence

The results in Fig. 4 give the pmf for the number of bursts
in the contention window for bursts of length L; = 10. One
may also be interested in examining similar curves for different

2Because the burst-length distribution is continuous, each simulation curve in
Fig. 4 corresponds to L; = 10 £ 0.1.
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Fig.5. Average number of class-j bursts in the contention window of a class-7
burst for different values of class-i burst length L, for ij € {00,01,10,11}.
Traffic parameters are the same as those in Fig. 4.

burst lengths. In order to examine how a burst’s length affects
its performance, in Fig. 5, we plot 7;;);,, the average number
of class-j bursts in the contention window of a class-¢ burst, for
different values of burst length /;. The intersections of the curves
and the vertical line at [; = 10 correspond to the means of the
distributions illustrated in Fig. 4.

For all curves in Fig. 5, the simulation matches the anal-
ysis almost exactly. The curves corresponding to 7001, 701]1,»
and 71, are constant-valued, and the curve corresponding to
nNiop1, increases linearly until [y = dp1 = 40, where it becomes
constant. These results are expected from the expressions in
(11), and graphically illustrate the mechanism by which short
low-class bursts are favored over long low-class bursts in mul-
ticlass OBS networks.

C. Accuracy of Premium-Class Blocking-Probability Formulas

In this section, we examine the accuracy of the expression
for the class-0 burst-dropping probability presented in Sec-
tion V-A. We simulated an OBS system with eight wavelengths,
full wavelength conversion, no FDL buffers, and two traffic
classes. Bursts from class 0 and class 1 arrived according to a
Poisson process. The burst-length distribution of class 0 fol-
lowed a Gaussian distribution, with a mean of 1 and a variance
of 0.1. The distribution of class-1 burst lengths was Gaussian,
with mean and variance of 2 and 0.2, respectively.?

For Fig. 6, the offset difference between class 0 and class 1
was 1 (i.e., 50% of the class-1 mean burst length). The figure
plots the simulated burst-blocking probability of each class and
the analytical blocking probability for class 0, as the arrival rate
of the system is increased, while keeping the ratio of the class-1
and class-2 arrival rates fixed at 2. Using these traffic parame-
ters, class 1 is not isolated from class 0, and the system is non-
work-conserving.

3The use of Gaussian burst-length distributions implies that negative burst
lengths were possible. To avoid this nonsensical scenario, the simulator dis-
carded any negative bursts that were generated. However, for the mean and
variance used, the probability of a negative burst was extremely small (approx-
imately 10~22), so this had negligible impact on the system’s performance or
the models’ accuracy.
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Fig. 6. Burst-blocking probability for each class versus overall traffic load for
an eight-wavelength system with two classes of traffic and Gaussian burst-length
distributions. The model is extremely accurate when Pby < 1 and Pb; < 1,
and reasonably accurate for higher burst-blocking probability values.

When the system is operating at low-to-moderate burst-drop-
ping probabilities, the analytical formula predicts the premium-
class burst-dropping probability very accurately. The predic-
tions become less accurate as the traffic load increases and the
low-class burst-blocking probability approaches one. This is ex-
pected, as the single assumption made in deriving (14) was that
Pb; < 1 for all <. However, even in this regime, the predic-
tions from the analytical formula are still reasonably accurate,
differing from the simulation by less than half of an order of
magnitude.

Fig. 7(a) plots results from a simulation with similar param-
eters as those in Fig. 6, with the class-0 and class-1 arrival rates
fixed at 0.5 and 1, respectively. We varied the offset difference
between class 0 and class 1, and graphed the resulting pre-
mium-class burst-blocking probability Pb, versus the normal-
ized offset difference Ag; = 801 /L1. When the offset difference
between the classes is zero, Pbg and Pb; are equal. As the offset
of the premium class is increased, it becomes more isolated from
the lower class, and its blocking probability decreases accord-
ingly. When the normalized offset difference is larger than 1.6,
increasing the class-0 offset has very little effect on its blocking
probability, as class 0 is almost completely isolated from class
1. For all points simulated, the analytical model predicts the pre-
mium-class blocking probability very accurately.

Fig. 7(a) also plots 9Pby/JA1, the sensitivity of class 0 with
respect to variations in the class-1 arrival rate. As mentioned in
Section V-B, 9Pby/0A; can be used as a good measure of the
robustness of the offset-based class-differentiation scheme, and
a quantitative measure of the isolation of class 0. From Fig. 7(a),
one can conclude that class 0 is well isolated from class 1 when
OPby/O\; is between one and two orders of magnitude lower
than Pby.

Fig. 7(b) plots results from a simulation with the same param-
eters as those in Fig. 7(a), except that burst lengths followed an
exponential distribution. Again, the model’s predictions match
the simulation results very closely. Although the curves are sim-
ilar to those in Fig. 7(a) when Ay is large enough that class 0
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Fig. 7. Burst-blocking probability versus normalized offset difference in a
two-class OBS system. Bursts have Gaussian-distributed burst lengths in (a),
and exponentially distributed burst lengths in (b).

is isolated from class 1, it is interesting to note the difference in
the partial-isolation regime. Because the tail of the exponential
distribution is heavier than that of the Gaussian distribution, the
probability of long class-1 bursts is higher. As such, to achieve
near-complete class isolation, a value of Ag; > 6 is required in
Fig. 7(b), compared with Ay; > 1.6 in Fig. 7(a). Again, isola-
tion occurs when the sensitivity with respect to \; is between
one and two orders of magnitude lower than Pby.

The model presented in Section V-A is approximate, because
it ignores the effect of second-order blocking in the system. As
such, it gives an upper bound on the blocking probability of
the premium class. This is verified by the curves in Figs. 6 and
7. The fact that the formula gives a tight upper bound makes
it an attractive tool for providing worst-case, premium-class
burst-blocking probability guarantees through QoS offset pro-
visioning.

D. Design Case Study: The Effect of the Network Scaling on
Premium-Class Performance

In this section, we use our model to examine the effect of net-
work scaling on the performance and the level of isolation of pre-
mium-class traffic. We simulated an OBS system with two classes
of traffic and Gaussian burst-length distributions. The mean burst
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lengths of class 0 and class 1 were 1 and 2, respectively, and the
variances of the class-0 and class-1 burstlengths were 0.1 and 0.2,
respectively. Bursts arrived according to a Poisson process, and
the arrival rate of class 1 was twice that of class 0. While varying
the number of wavelengths in the system from 8§ to 24, the load
of each class was scaled to keep the load per wavelength constant
at 0.625. Because of the large number of data points and the ex-
tremely low blocking probabilities, simulation would have been
prohibitively time consuming for this analysis, so having an ac-
curate analytical model was essential.

In Fig. 8(a), we plot the premium-class burst-dropping proba-
bility as a function of the normalized offset difference Ay and the
number of wavelengths in the system. The burst-blocking prob-
ability decreases as we increase the offset, as was similarly ob-
served in Section VI-C. It also decreases as the number of wave-
lengthsisincreased duetothe well-knownnetwork-scaling effect.

Fig. 8(b) plots 9Pbg/0\;, the sensitivity of the class-0
burst-dropping probability with respect to variations of the
low-class arrival rate versus the normalized offset difference
and the number of wavelengths in the system. As Ag; increases,
class 0 becomes more isolated from class 1, and the sensitivity
decreases. Also, as the number of wavelengths increases, the
sensitivity dPby /0, decreases, especially for large values of
normalized offset difference.

Thus, we can conclude that scaling up an OBS network im-
proves not only the burst-dropping probability of the premium
class, but also the level of isolation between the high- and low-
class bursts. This conclusion is especially important for systems
in which the premium-class traffic has a low delay tolerance.
In such systems, where the size of the premium-class offset is
restricted, designers could use aggregation to scale up the net-
work, and thereby improve the level of isolation between high-
and low-class traffic without increasing the high-class offset.

To illustrate how the results in Fig. 8 could be used to dimen-
sion and provision an OBS system, we present the following
network-design problem. Assume that we require that the pre-
mium-class burst-blocking probability is less than 10710, In
order to ensure that the system was robust with respect to vari-
ations in the low-class traffic load, we also require that the sen-
sitivity with respect to the low-class arrival rate is less than
10712, These design constraints are represented by the hori-
zontal planes in Fig. 8(a) and (b). Thus, the allowable region of
operation can be found by taking the intersection of the regions
where the curves are below these planes. The resulting set of al-
lowable offset-wavelength combinations is shown in Fig. 8(c).
We observe that at least 18 wavelengths are needed, and that in-
creasing the number of wavelengths decreases the size of the
minimum required premium-class offset. The 18-wavelength
system requires a normalized offset difference of at least 1.5 to
meet the premium-class blocking and sensitivity requirements,
while the 24-wavelength system requires a normalized offset
value of only 1.1.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we proposed for the first time an analytical
model that quantifies the mechanism by which QoS offsets in-
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Fig. 8. Performance of high-class traffic as a function of normalized offset
difference Ao and number of wavelengths in a two-class OBS system. Burst
lengths have a Gaussian distribution. The blocking probability Pbg is shown
in (a), and the sensitivity with respect to low-class arrival rate 9 Pbo/dA; is
shown in (b). The allowable region of operation for a blocking probability less
than 10~1%, and a sensitivity less than 1012 is shown in (c).

duce priority in multiclass OBS systems. We introduced the con-
cepts of the burst contention window and the maximum per-
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ceived load of a burst, and we showed that the distribution of
the number of bursts that contend with a given burst follows a
Poisson distribution. We then used our model to derive accurate
formulas for the blocking probability of premium-class traffic
and the sensitivity of the premium-class blocking probability to
variations in the arrival rates and offsets of each class.

We verified the correctness of our model and the accuracy of
our burst-blocking formula using simulation, and performed a
case study examining the effect of network scaling on premium-
class performance. We found that scaling-up a system tends to
improve the performance of the premium-class traffic, both in
terms of the burst-blocking probability achieved and of the level
of isolation achieved for a given set of QoS offsets.

Future work in involves applying the model to systems with
partial wavelength conversion, systems in which limited FDL
buffering is available, and multinode OBS networks.

APPENDIX 1
AVERAGE CONTENTION-WINDOW OCCUPANCY

Here we derive an expression for the mean number of class-j
bursts that lie in the contention window of a class-z burst, with
length [; for arbitrary classes 7 and j. Let 7 be a uniform
random variable on the interval [r; — A/2,7; + A/2] that
represents the conditioned arrival time of a class-j burst. From
our definition of 7;;;, and using the definition of the contention
window in Section IV-A, we have

Nij|t; :)‘J"A'P |:Tj <Tim7-j+Qj <7+ Q;

+liﬂTj+Qj+L]’ >7'1',+Qi,:|
:/\j-A~P[Tj€(T5+5i]’—LJ’,

n11n(7‘,7’7—|—§u+ll))] (18)

To evaluate the right-hand side of (18), we divide the solution
into two regions, corresponding to class-z having equal or higher
priority than class-j (6;; > 0), and class-¢ having lower priority
than class-j (6;; < 0).

1) é;; =2 0: Since l; > 0, we have

Nij|t; :)\AP [T E(’TZ-F(S”—L 7'2)]

YN / [T € (rit8j— L)) fr, (L)dl;. (19)
1;=0
The integrand in (19) will be zero when [; < 6;;. Making use

of the fact that the distribution of 7 is uniform over an interval
of length A, we can write

T —(Ti+ 65—
Uij\l,:/\j'A'/ %f@.(lj)dl
I;=06;;
=X / L fr,; (L;)dl 511[1 Fr, (6 )]
=6
i
=) fj— Lifr. (1;)dl 6”[1—FLJ.(5 )] (20)

1351

We can make use of the convenient relation for nonnegative
random variables [20]

a a

/fo(x)dw:a[FX(a)—1]+/1—FX(w)dx (21)
0 0
to simplify (20) to yield the following expression for 7;;;, :

Mg, = Aj - Ly - [L = Ry (85)] (22)

where Ry, (l,) is the distribution function for the residual life
of L; [21]

la

1

LJ / LJ ]
0

From Theorem 3, class i is isolated from class j when 6;; >
L. In this case, we have Ry, (6i5) = 0and n;;;, = 0, as
expected.

2) 6;; < 0: The value of min(7;, 7; + 6;; + {;) will depend
on the magnitude of é;; 4 /;. Proceeding directly from (18) and
again making use of the fact that the distribution of 77 is uniform
over an interval of length A, we have

(23)

B )\ “A - fl l+l)f (lj) s 67J+l1<0
Mij|; = A fl ° (1, —5,,)f ](l]) i Gl 0
— )\.7 ’ (L] + li)? l’i < 6L_7

APPENDIX II
OBS ISOLATION THEOREM

If the offset size difference between a high and low class of
traffic is larger than the maximum burst duration of the low
class, then the high class will be completely isolated from the
low class. While this result is stated in a large number of studies
on multiclass OBS, and while a number of these justify its cor-
rectness using intuitive arguments, to to our knowledge, a formal
proof has never been presented. Thus, we now present a simple
proof using our contention-window framework.

Theorem 3: Given two classes ¢ and 7 in a multiclass OBS
system, if 6;; > L;-“ax, then no class-7 burst can contend with a
class-z burst. Class ¢ is therefore isolated from class j.

Proof: Let 6;; > L™ . If 7; < 7;, then we have that
Tj-l-Qj—l—L]' <T¢—|—Qj+L]’ < 7'7;—|-Qj+L§“ax <T1',—|—Qj+
0;; = Ti + Q;. Therefore, the conditions in (1) and (3) cannot
be simultaneously satisfied when 6;; > L. [ |
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