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Abstract

In this paper, we consider the next generation Optical
Internet, where direct communication channels between
IP entities are provided through an all-optical WDM
layer. Since current IP provides only best effort ser-
vice, supporting Quality of Service (QoS) has become
a crucial issue. We propose a simple, yet efficient prior-
ity scheme to support basic QoS at the WDM layer of
the Optical Internet. Unlike existing approaches that
depend on buffers (queues) and scheduling algorithms
(e.g., Fair Queuing), our scheme does not mandate any
buffer in the WDM layer in order to differentiate the
services. The proposed scheme is based on the con-
cept of using an offset time between a control (set-up)
packet and the corresponding data burst as in optical
burst switching (OBS) [1]. More specifically, by assign-
ing different offset times to different classes, it is possi-
ble for a higher priority class to be isolated from lower
priority classes. We quantify the offset time required
for class isolation, and analyze the blocking probability
of each class.

1 Introduction

For the past couple of decades, the Internet has been a
dominant communication infrastructure for transport-
ing data traffic through Internet Protocol (IP), which
provides best effort service when delivering variable
length packets. In recent years, the amount of Inter-
net traffic is doubling every 3 to 6 months, and seems
to keep growing exponentially. Such an unprecedented
explosion of the traffic demand calls for the next gen-
eration Internet using Wavelength Division Multiplex-
ing (WDM), which can provide huge deliverable band-
width.
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IP over ATM [2,3] has been considered as one of the
possible ways of building the next generation Internet
mainly because ATM has well-defined Quality of Ser-
vice (QoS) support. However, using ATM to transport
IP incurs a high ATM cell taz because of the ATM
header [4] and complex ATM signaling protocols. An
alternative would be IP over SONET/SDH (4] which
provides fast restoration in the event of a fiber cut or
failure. However, the cost of SONET/SDH equipment
at a bit data rate at/above 10 Gbps is high, and in
addition, the restoration capability is inherent in the
Internet. Therefore, IP over WDM (or so-called the
Optical Internet) seems to be an efficient and economi-
cal way to implement the future Internet since the over-
head of SONET/SDH and ATM can be eliminated. In
the next generation Optical Internet, direct communi-
cation channels between IP entities can be provided by
an all-optical WDM layer.

Given that current IP provides only best effort ser-
vice, supporting QoS becomes a crucial research issue in
the Optical Internet since the future integrated Inter-
net will demand differentiated services. For example,
applications such as Internet telephony and video con-
ferencing require a higher QoS than electronic mail and
general web browsing.

Up to date, most literatures [5-7] have proposed to
implement QoS using buffers (queues) and scheduling
algorithms (as in IP over ATM) such as fair queuing
(FQ), weighted fair queuing (WFQ), frame-based fair
queuing (FFQ), and etc. Such scheduling algorithms
introduce a high processing overhead and/or hardware
cost. In addition, in order for existing QoS mecha-
nisms to differentiate services, all intermediate nodes
should have a certain amount of buffer, which is often
partitioned into small portions, one for each priority.
However, the use of electronic buffer necessitates O/E
and E/O conversions, thus sacrificing the data trans-
parency. On the other hand, no optical buffer (RAM) is
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available and the use of fiber-delay lines (FDLs), which
can provide a limited delay, should also be avoided as
much as possible in the WDM layer of the all-Optical
Internet.

The proposed QoS scheme to be described mainly
differs from existing ones in that it does not mandate
any buffer (or FDL). Instead, it extends the concept
of a “base” offset time introduced in {1] to support
QoS. Specifically, each burst is assigned different “ex-
tra” offset time according to its class. When a burst
is generated at a source node, its corresponding control
packet is sent to reserve the bandwidth (wavelength) us-
ing delayed reservation (DR) (see Figure 1). The data
burst, after waiting at the source for the offset time
(base plus extra), follows the path that has been set up
by the control packet without waiting for an acknowl-
edgement from its destination. Since the extra offset
time, which can provide an end-to-end priority (as to
be discussed later), is determined at the source node,
end-to-end QoS can be easily accomplished.

Previously, we have conducted a preliminary study
of a two-class scheme [8]. In this paper, we propose
and evaluate a model which can support an arbitrary
number of classes. The paper is organized as follows.
Section 2 describes the proposed priority scheme for
QoS. Section 3 presents the analytic model for the pro-
posed scheme. Section 4 shows the numerical results
from analysis and simulation, followed by the conclu-
sion in Section 5.

2 The Proposed Priority Scheme

In order to describe the proposed priority scheme in a
simple way, we assume that there is no buffers avail-
able at any switch (i.e., a bufferless WDM network),
and first consider two classes of service: namely class 0
and class 1, where class 1 has priority over class 0. In
Section 3, the number of classes will be extended to n,
where n > 2. We also assume that the link has only one
wavelength for data (and an additional wavelength for
control). In the proposed priority scheme, to give class
1 a higher priority for wavelength reservation, an ex-
tra offset time, denoted by 3, is given to class 1 traffic
(but not to class 0, i.e., t3 = 0). For simplicity, we as-
sume that the base offset time is negligible as compared
to the extra offset time, and will refer to the latter as
simply the offset time hereafter.

Figure 1 illustrates why a class 1 request that is as-
signed ¢} obtains a higher priority for reservation than
a class 0 request. For ¢ = 0,1, let ¢} and ¢ be the ar-
rival time and the service-start time for a class ¢ request
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denoted by req(i), respectively, and let {; be the burst
length requested by reg(s).
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Figure 1: Offset time for service differentiation

Consider the following two situations where con-
tentions among two classes of traffic are possible. In
the first case as illustrated in Figure 1(a), req(1) comes
first and reserves wavelength using DR, and req(0)
comes afterwards. Clearly, req(1) will succeed, but
req(0) will be blocked if t0 < ¢! but 3+ > ¢}, or
if 2 < 2 < ¢! +1. In the second case, req(0) ar-
rives, followed by req(1) as shown in Figure 1(b). When
tL < 89 +1y, reg(1) would be blocked had no offset time
been assigned to reg(1) (i.e., t1 = 0). However, such
a blocking can be avoided by using a large enough off-
set time so that £} = ¢} +¢) > ¢ +l;. Given that ¢}
may equal to 0 + o, where o > 0 can be very small, £}
needs to be larger than the maximum burst length over
all bursts in class 0 in order for reg(1) to completely
avoid being blocked by req(0). With that much offset
time, the blocking probability of (the bursts in) class
1 becomes only a function of the offered load belong-
ing to class 1, that is, independent of the offered load
belonging to class 0. On the other hand, the blocking
probability of class 0 will be determined by the offered
load belonging to both classes. In the next Section,
we quantify the offset time required to achieve a given
degree of class isolation, and analyze the blocking prob-
ability of each class when the number of classes to be
supported is an arbitrary integer n > 2.

3 Analysis

To simplify our analysis, let us assume that the burst
length is exponentially distributed with an average of
L;_, for a given class ¢ — 1. Then, the percentage of the
bursts in class § — 1 whose length is no longer than a
given value, t, is obtained by the following probability
distribution function (PDF)

PDF =1~ e k-1t (1)
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Note that Equation 1 gives the minimum probability for
a given class ¢, denoted by R; ;_,, that reg(i) will not be
blocked by reg(i — 1). For example, let ¢; ; denote the
difference in the offset times assigned to classes ¢ and
j, where i > j. If ;1 = t{ — ti~! is set to L;_;, then
R;;_, = 0.6321 since the probability that the length of
a burst in class ¢ — 1 is shorter than L;_; (and thus t)
is1—e~! =0.6321.

We may rewrite Equation 1 by replacing PDF with
Rm_l, and burst length ¢ with ¢;;_; as follows,

_In(1-Rii.)

Mi-1
=-In(1 - Rii-1)-Li— )

Table 2 shows some of the corresponding values of ¢; ;1
and R;; ;. Note that R = 1 can be achieved only
with ¢ = oo (or t{ = oo). However, as can be seen
in Table 1, when tii—1 = 5-Lj_y, R;;1 is over 99%,
which means that class ¢ is virtually free of blocking
by class ¢ — 1. In fact, even when ¢;;_1 = 3-L;_y,
R, = 0.95 which is still close to 1. In addition, if
class i — 1 is also free of blocking by class ¢ — 2 with
Ri_y,i—2 = 0.95 (i.e.,, when #;_y; o = 3 L;_3), then
class 7 is virtually free of blocking by class ¢ —2 because
tiji—2 =3+ Lj~1 +3- Li_, and when L, _; = L; 5, we
have R;;_2 > 0.99). Similarly, class ¢ is virtually free
of blocking by all other lower priority classes such as
i-3,i—4,---,0.

tigo1 =t~y =

3Ly
0.9502

04-Liy | Li,
0.3296 | 0.6321

5-Liy
0.9932

tii-1

Ri;_,

Table 1: Offset time and R

We now analyze the blocking probability assuming
a complete class isolation (i.e., R;i;-1 = 1.0). In this
- analysis, we consider two cases, namely the classless
and the prioritized. In the classless case, no offset time
will be assigned to any class (i.e., no priority as in cur-
rent IP’s best effort service), whereas in the prioritized
case, a longer offset time will be assigned to a higher
priority class. In order to simplify our analysis, we con-
sider a bufferless switch with a single output link, and
assume that there are n classes, each of which gener-
ates traffic with the exponentially distributed arrival
rate and service rate. Let A\; be the average burst ar-
rival rate and p; = 1/L; be the average service rate in
class i, where L; is the average burst length in class .
Accordingly, the offered load of class ¢ will be given by
pi = i/ (i - k) = ri/k, where r; = A\;/pi, and the total
offered load will be p = Y2 pi.
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Assuming that there are k wavelengths on the output
link, and the switch is capable of wavelength conver-
sion, the blocking probability in the classless case can
be calculated using the following Erlang’s loss formula
(M/M/k/k), where r = p- k.

1k -7

B(k,p) = i T

&)

'm.—O

Without loss of generosity, assume that class 7 has a
higher priority over class j if i > 7, where 0 < i,5 <
n—1. The priority between classes can be accomplished
by assigning class 4 an offset time of £{, where ¢} > ti~1
fori=n-1,n-2,---,1,and t3 = 0.

We now determine the blocking probabilities of each
class, denoted by pb;, where § =0,1,---,n — 1, in the
prioritized case. Let p,_;,; be the partial sum of of-
fered load and PB,,_, ; be the partial overall blocking
probability from class n — 1 through class j, respec-
tively, then we have p,,_; ; = Zt'—] pi and PB,_, ; =
B(ppn-1,j,k). Assume that the conservation law holds,
that is, the overall performance (i.e., blocking proba-
bility and throughput) stays the same regardless of the
number of classes and the priority assigned to them,
then we have PB,_; o = B(p,k). In addition, when

" ¢; = pi/ p, which is the ratio of the offered load in class

1 over the total offered load, the overall blocking prob-
ability can be obtained by summing the blocking prob-
abilities of each class, that is, PBp_10 = 3 rg Ci - Pb;.
To obtain each pb;, we start with the highest class,
n — 1, and move down to the lowest class, 0. Since
class n — 1 has the highest priority, and is completely
isolated from any other classes with R,_j n—2 = 1.0,
pbp_y = B(pn-1,k). According to the conserva-
tion law, we have PBn_1n—2 = B(pa-1,n-2,k), and
from the class blocking probabilities, PByn_1n-2 =
Z?;"l_z ¢; - pb;. By equating the two, we have pb,_2 =
B(en """‘)“"‘” Pbn=1  This procedure can be applied
recurswely, a.nd accordingly, a general blocking proba-
bility for a given class j, except for classn — 1, is

B(pn-1,5,k) - Zt—]-}-l Ci - pb;

G

pbj = 4

4 Results and Discussion

In this section, numerical results from both simula-
tion and analysis of a bufferless single-node system
are presented. These results are obtained assuming
that all sources have equal average arrival rate (A\g =
Al = -+ = Aa—1 = A/n) and average service rate
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(o = 1 = -+ = pp—1 = p/n), ie., generate equal
amount of offered load (po = p1 = -+ = pn—1 = p/n).

Figure 2 and Figure 3 show the blocking probabilities
as a function of the offered load, p, when the number
of classes, n, is8 4 and the number wavelengths, k, is
8. For simulation, class % is assigned the offset time of
i-3-L (e, t =i-t), where t! = 3-L), where i =
0,---,3 and L is the average burst (or packet) length of
each class. In Figure 2, the dotted and solid lines show
the analysis and simulation results, respectively. As
can be seen, analysis and simulation results are closely
matched. The service differentiation can be observed in
this Figure in that the blocking probability decreases as
the priority increases.

Figure 2: Class blocking probability of class 0 ~ 3

Figure 3 shows the overall blocking probabilities as t}
(and t) changes. It is shown that the overall blocking
probabilities stay the same regardless of the ti’s, which
shows that the assumed conservation law holds. Hence,
one can conclude that the proposed priority scheme ef-
fectively achieves service differentiation while the over-
all performance remains the same as that of the classless
case. It is also interesting to observe the bounds of the
blocking probabilities of each class by comparing both
Figure 2 and Figure 3. When ¢t} = 0, it becomes the
classless case, where all classes share the high blocking
probability (Figure 3) because all bursts equally com-
pete for the resource. As ¢} increases, blocking proba-
bilities of each class move to the pattern as in Figure 2,
where low priority classes move upwards, while high
priority classes move downwards.

Figure 4 shows the effect of the number of wave-
lengths, k, when the offered load, p, is 0.8 and the
number of classes, n, is 4. The blocking probability
of the classless case is 10~2 (10~%) even when k= 64
{k = 128). However, in the prioritized case, pb, pbs,
pbs have much lower value than the classless case. As
an extreme, pbs is as low as 10~2% (107%%) when k = 64
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Figure 3: Overall blocking probability

(k = 128), which is more than twenty (forty) orders
of magnitude reduction when compared to the classless
case. As k increases, the blocking probability of higher
priority classes decreases rapidly. Note that service dif-
ferentiation costs only small increase in pby, which is
very close to the blocking probability of the classless
case.
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Figure 4: Blocking probability vs. number of channels

Figure 5 plots the blocking probabilities as a func-
tion of the number of classes, n, when the number of
wavelengths, k, is 16 and the offered load, p, is 0.8. The
horizontal line shows blocking probability in the class-
less case, while the top and bottom curves show pby
and pb,_1, respectively. Under the conservation law,
the overall blocking probability of the prioritized case
is the same as that of the classless case, which remains
the same (around 10~!) regardless of n. However, as n
increases, pb,_; decreases rapidly (10~!2 when n = 10).
This is because even though the overall offered load,
p, remains the same, the effective offered load of class
n — 1, pn_1, decreases when n increases. This means
that higher priority classes receive better service when
more classes exist.
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Figure 5: Blocking probability vs." number of classes

Finally, for delay-sensitive applications, it is impera-
tive to discuss the end-to-end delay. We first note that,
the use of a base offset time doés not increase the end-
to-end delay of a burst becaug'e' the offset time merely
substitutes for the total processing delay to be encoun-
tered by the corresponding control packet (see [1]). As
compared to circuit switching, the end-to-end delay of
the proposed scheme is 2P shorter, where P is the end-
to-end propagation delay (typically tens of msec coast-
to-coast). o

To assess the impact of using an extra offset time, let
the total processing delay be A (typically tens of usec)
and the average burst length be I (typically a few usec
or a few kilobytes at 10 Gbps). In addition, assume
that in a real-time application, each byte (or bit) gen-
erated at the source has to reach its destination in D
msec, which is often large compared to A or even P.
For example, for today’s voice and video communica-
tions, it may be acceptable for D to be as large as a few
hundreds of msec. Accordingly, if the extra offset time
is equal to a few tens times of the average burst length,
the increase in the end-to-end delay may not be signif-
icant, (for example, when'n =10 and R,_3 n-2 = 0.95,
tp-1.n-2 = 931, which is only a few tens to hun-
dreds of psec), although the reduction in the blocking
probability of higher priority classes can be significant.

5 Con"clusior‘; o

In this paper, a novel priority scheme has been pro-
posed, which can efficiently support differentiated ser-
vices in the next generation Optical Internet. Unlike
the existing priority schemes, the proposed scheme does
‘not mandate the use of any buffer at the intermediate
nodes, and hence is especially suitable for the WDM
layer as the technology for optical buffer (¢.g., fiber de-
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lay lines or FDLs) is not as mature as the electronic

counterpart. We have compared the performance of the
prioritized case with that of the classless case. It has
been shown that in the prioritized case, a service differ-
entiation can be achieved by simply taking advantage
of the extra offset time, while the overall performance
remains the same as in the classless case. As a future
work, we will extend the performance evaluation work
from a single node system to a network to identify the
delay characteristics of high priority classes, and deter-
mine the network resources (e.g., the number of wave-
lengths and amount of FDLs) needed to meet the delay
and loss requirements of certain applications.
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