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QoS Performance of Optical Burst Switching in
IP-Over-WDM Networks

Myungsik Yog Member, IEEEChunming QiapMember, IEEEand Sudhir Dixit Senior Member, IEEE

Abstract—\We address the issue of how to provide basic quality Furthermore, it is necessary not only for carrying some WDM
of service (QoS) in optical burst-switthed WDM networks with  |ayer traffic such as those for signaling and protection/restora-

limited fiber delay lines (FDLs). Unlike existing buffer-based QoS ; ; ; ‘o .
schemes, the novel offset-time-based QoS scheme we study in thigIon purposes, which require a higher priority than other ordi

paper does not mandate any buffer for traffic isolation, but never- nary traffic, b_Ut also for §upporting certain applications directly
theless can take advantage of FDLs to improve QoS. This makes (i-€., bypassing IP) or indirectly through other legacy or new
the proposed QoS scheme suitable for the next generation Optical protocols incapable of QoS support.

Internet. The offset times required for class isolation when making Much work has been devoted to supporting QoS in the

wavelength and FDL reservations are quantified, and the upper | armet such as Integrated Services (IntServ) [6] and Differ-
and lower bounds on the burst loss probability are analyzed. Sim-

ulations are also conducted to evaluate the QoS performance in €ntiated Services (DiffServ) [7]. In addition, various service
terms of burst loss probability and queuing delay. We show that disciplines and scheduling algorithms, which govern per-hop
with limited FDLs, the offset-time-based QoS scheme can be very behavior, have been proposed in the literature (for survey work,
efficient in supporting basic QoS. refer to [8], [9]). However, to date, there are no QoS schemes
Index Terms—Class isolation, fiber delay lines (FDLs), that take into account the unique properties of the WDM
IP-over-WDM networks, priority, quality of service (QoS) perfor-  layer. Specifically, existing QoS schemes are based on packet
mance. switching, and mandate the use of buffer to isolate different
classes of traffic. We call these the buffer-based schemes. In
I. INTRODUCTION such schfames, the complexity of the scheduling algorithms is
. _usually high. While these buffer-based schemes can provide a
T HE BANDWIDTH demand on the Internet is surgingyery fine granularity of QoS (e.g., per-flow or per-connection),
phenomenally, due to emerging multimedia applicationfiey do not scale well when the number of connections is large.
sucr_l as video conference, HDTV, Interne_t telephony, and d|g|tﬁl,ey are also difficult to apply to the WDM layer because of
audio. WDM networks [1]-[3] are attractive as an integral paghe following two key reasons. First, the use of electronic buffer
of the infrastructure in the next generation Internet mainly dygoyid necessitate O/E and E/O conversions at intermediate
to their huge deliverable bandwidth. Recently, IP-over-WDMoqes, thus losing data transparency. Second, optical RAM is
networks (or so calleddptical Interne} [4] have received not yet available even though a limited delay can be provided
much attention as a promising approach to building the n&gf optical packets via fiber delay lines (FDLs). Note that the
generation Internet as it can reduce complexities and overhegds of FDLs does not allow the functions of the buffer-based
associated with the ATM and SONET layers [5]. Having ag:hemes to be implemented fully.
all-optical WDM layer will enable a huge amount of “through”  The novel scheme to be studied in this paper is based on the
traffic to be switched in the optical domain, bypassing thgsncept of optical burst switching (OBS) [10]-[12]. OBS is a
potential bottleneck in electronic routers. It will also providgaw put promising paradigm that combines the best of wave-
direct high speed/high bandwidth communication pipes, fgth-routing and optical packet-switching in order to facilitate
well as transparency to bit rate and coding format. efficientintegration of IP and WDM. The proposed QoS scheme
In the next generation Optical Internet, one must addregges arextra offset timénstead of buffer to isolate classes of
among other issues, how to support quality of service (Q0Sh@iffic. we call it the offset-time-based scheme, which is suit-
the WDM layer. This is because current IP provides oblsst  gpje for implementation in bufferless WDM networks as it does
effortservice, but mission-critical and real-time applications rgjot mandate the use of any buffer (though it can take advantage
quire a high QoS (e.g., low delay, jitter, and loss probabilityhf Fp|_s to improve QoS performance). By eliminating the com-
Supporting basic QoS at the WDM layer will facilitate as welhjex queuing operations required in the buffer-based schemes,
as complement a QoS-enhanced version of IP (such as IPYR} complexity of the offset-time-based scheme can be much

lower. In addition, the proposed scheme manages QoS on a class
Manuscript received October 22, 1999; revised May 15, 2000. This work why class basis with a few priority levels and thus can be more
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Fig. 1. Structure of optical switching node.
Fig. 2. Structure of FDL buffers: (a) fixed-delay, (b) variable-delay, and (c)
hybrid.
The offset-time-based QoS scheme has been studied and eval-

uated in[13] and [14] assuming no FDLs. In this paper, we study o )
how the scheme can be applied when FDLs are used and evalthe FDL buffers shown in Fig. 1 may be implemented as
uate the resulting improvement in the QoS performance. In tRBOWn in Fig. 2. In Fig. 2(a), each FDL buffer hasdelay lines,
following discussion, a set of FDLs used to provide a limite§ach of which provides a different, but fixed delay ranging from
delay at an optical switching node will be referred to as a FDEer0 to the maximum buffering time (dela)) = (N — 1) x b,
buffer: Many studies on such FDL buffers have focused offhereb is the delay that a single fiber delay element (repre-
“time slotted” optical packet-switched networks [15]—[17] witrsented by a circle in thg Fig. 2) can provide. This structure will
synchronous switching of fixed size packets (or ATM cellspe referred to as the fixed-delay FDL buffer. The FDL buffer
In this work, we focus on burst-switched WDM networks witHn Fig. 2(b) also has the same number of delay linésbut
asynchronous switching of variable size bursts [10]-[12]. each delay line can provide a variable delay ranging from zero
The rest of the paper is organized as follows. Section I di2 B = (N —1) x b= (2° +2' +---+2") x b by using mul-
scribes typical structures of optical switching nodes and FOIP'e wavelength-sensitivé : 2 switches. This structure will
buffers under consideration. Section lll presents the offset-tinfe€ referred to as the variable-delay FDL buffer. The fixed-delay
based QoS scheme when FDL buffers are used. Section IV di&€L buffer is simpler (i.e., has_, a lower cost which IS propor-
cusses the extra offset time required to achieve class isolatits1@! to the number o2 : 2 switches), but less effective than
as well as related pretransmission delay and queuing delaytlg variable-delay FDL buffer. The FDL buffer shown in Fig.
Section V, we analyze the upper and lower bounds on the buf§) is @ hybrid of Fig. 2(a) and (b) where each FDL can pro-
loss probability. The results obtained from analysis and simuidde avariable delay, but has a different maximum delay ranging

tions are discussed in Section VI. Finally, concluding remarff€om & to (V — 1) x b. Note that all the FDL buffers shown
are presented in Section VII. in Fig. 2 havek 1 : IV switches followed byV & : 1 multi-

plexers at the input side, ard 1 : £ demultiplexers followed
by k£ N : 1 switches connected at the output side. This allows
one physical FDL to be shared by &lwavelengths, which ef-
We consider IP-over-WDM networks, where IP edge routefgctively creates: virtual FDLs per physical FDL. Also, two
connect to optical switching node (OSN). Inside the WDMtages of wavelength converters before and after the FDL buffer
backbone network, each OSN is interconnected with neighs shown in Fig. 1 are useful since they allow a burst to use dif-
boring OSNs through fiber links. Fig. 1 illustrates possiblgsrent wavelengths in a FDL buffer and on an output link, thus
structure of an OSN. There ate incoming (and outgoing) resolving contentions among multiple incoming bursts for the
fiber links, each of which has wavelengths for carrying data same FDL and link more effectively. In the rest of the paper, we
bursts (solid lines) and one (or more) additional wavelengi{fj|| concentrate on the hybrid FDL buffer and simply refer to

for carrying control packets (dotted lines). Every contrqf a5 the FDL buffer, though our discussions also apply to other
packet is processed by the electronic control module inside gp|_ puffers.

OSN, which generates appropriate control signals to set up

the wavelength converters, FDL buffers, and switching fabric.

The optical switching fabric, which functions as @: Lk

(i.e., Lk by Lk) nonblocking switch, switches each burst olt. Basics of OBS

an incoming wavelength as it arrives (i.e., without having to Before we discuss the offset-time-based QoS scheme in de-

synchronize it with other incoming bursts). tail, we first review how resources such as wavelengths and
1The meaning of “buffer” here is different from that in the ordinary electronié:DL buffers are reserved in the non-QoS capable optical burst

buffer. switching (OBS) (hereafter called classless OBS), where no pri-

Il. OPTICAL SWITCHING NODE AND FDL BUFFER

lll. THE OFFSEFTIME-BASED Q0S SHEME WITH FDL
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ority is given to any particular class of traffic. At a source edge burst arrived previously EZEEEE class O burst BB class | burst
router, a “base” offset time is calculated based on the total pro- ¢! . !
cessing time to be encountered by a control packet (or request)
on its way to the destination edge router [12]. The basic idea is
that the control packet will be sent first, but the corresponding s| v/ °
burst (e.g., several IP packets) will be buffered at the source y
edge router for this base offset time. While the control packet ;
is processed at each and every intermediate OSN to establis! é }
an all-optical path, the burst will cut through the preconfigured )
OSNss along the established path.

As to be discussed in the next subsection, to give a high pri-

t! y
ority to a burst, an “extra” offset time is also determined. The . L_té_’
i St

tl)

control packet carries the value of the total offset time (which —
is the sum of the base and extra offset time) along with other 0 t
information such as destination address (or label), and burst du-

ration. As a result of processing the control packet at each intEig- 3. Class isolation in resource reservation due to offset time.

mediate OSN, a wavelength on the desired output link will be

reserved usindelayed reservation (DR} 2], where reservation rival time of a class request denoted byq(i), and#: be the

is made from the burst arrival time to the burst departure timgervice-start time (i.e., the arrival time of the corresponding data
If no wavelength is available, the burst will be blocked and OMsurst) whose burst length will be denotedlbywhere: = 0, 1).

FDL will be reserved using DR as wélNote thatin OBS, since Then we have! = L + ¢! andt® = ¢ (sincet? = 0).

every wavelength reservation is made with a known duration, | et us assume that whenq(0) arrives at? (= t?), the only

the blocking time of the burst can easily be determined. Basggia wavelength is in use by a burst that arrived earlier. Thus, the
on the blocking time, the FDL with an appropriate length (delayyrst corresponding tecq(0) has to be delayed by a blocking
time) will be reserved. If the blocking time is larger than th@me, 0 units. Ift) < B, the FDL will be reserved for the class
maximum delay time3, no FDLs will be reserved and the bUbe burst fromtg to tg + 1y as shown in F|g 3(m,and the wave-

will be simply dropped without wasting any buffer capacity. Tgength will be reserved from? + 9 to t0 + 2 + I, as shown
facilitate our discussion, we assume that the base offset timqﬁs;:ig_ 3(a). Now assume thatq(1) arrives later at} (where
negllglble Compared to the extra offset time, and will refer tg{; > tg) and tries to reserve the Wave]ength for the corre-

the latter as simply the offset time hereafter. sponding class 1 burst. Clearly,g(1) will succeed in reserving
the wavelength as long as the offset timds long enough so
B. Isolation of Two Traffic Classes thattl = ¢! +¢L > t +1 + lo. Note that had-eg(1) arrived

In this subsection, we describe the QoS-capable OBS (calf@flier thanreg(0) as shown in Fig. 3(c),eq(1) would succeed
prioritized OBS) when applied to WDM networks with FDLsn reserving the wavelength (from to ¢; + 1, using delayed
For simplicity, we consider two classes of traffic, i.e., 0 and 1€servation), buteg(0) would not. This shows that class 1 can
where class 1 has a higher priority over class 0. The numis isolated from class 0 when reserving “wavelength” due to the
of classes will be generalized to an arbitrary integewhere Use of the offset time.

n > 2, in Section IV. To help explain the offset-time-based Similarly, Fig. 3(b) illustrates class isolation in “FDL” reser-
QoS scheme, we distinguish between two different contentioy@{ion due to the use of the offset time. More specifically, let
in reserving resources (wavelengths and FDLs): the intraclatsassume thateq(0) has reserved the FDL as described ear-
contentions caused by requests within the same class, andli#feand in addition, becausg is not long enough (i.e., if, =
interclass contentions caused by requests from different claséest s < ta + ) + lo), req(1) would be blocked in wave-
Since our QoS scheme is intended to isolate class 1 from cliength reservation and thus needs to reserve the FDL in order to
0, we will focus on how to resolve interclass contentions usirfif!ay the corresponding class 1 burst. In such a eagél) will

the offset time in the following discussion. successfully reserve the FDL#f is nonetheless long enough to

Specifically, in order for class 1 to have a higher priority foRavet; = t;+t; > tg+1lo. Intuitively, this is because the head
reserving resources such as wavelengths and FDLexaa of class 1 burst will be able to enter the FDL after the tail of class
offset time, denoted by, is given to class 1 traffic (but not O burst enters. Otherwise (i.e.£f < ¢, +lo), reg(1) will not
to class O traffic, i.e.t = 0).4 To simplify our presentation, Succeed and the class 1 burst will be dropped. Note thagfl)
consider a single data wavelength and a single FDL, which caffives first, it can reserve the FDL, butq(0) will be blocked
provide a variable delay between 0 aBidFig. 3 illustrates why (@nd dropped) (either whey < g < ¢ buttg +1o > t;, or
havingt: can give a class 1 request a higher priority over a claghent, < g <ty +1).

0 request when reserving resources. Specifically: Ibe the ar- The above discussion implies that class 1 can be isolated from
class 0 in reserving both wavelengths and FDLs by using an ap-
propriate offset time, which essentially gives class 1 a higher

2Request and control packet will be used interchangeably hereafter. o . . .
priority over class 0. Accordingly, it is possible to allocate the

3Dropped if no FDLs are used or available.

4Intuitively, giving an offset time is similar to allowing someone to purchase
a ticket to certain evernb advanceinstead ofat the dooronly. 5The burst will be dropped i} exceeds3.
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entire resources to class 1 when necessary (e.g., when conges- TABLE |

tion occurs). On the other hand, as a result of having a low pri- ISOLATION DEGREE AND OFFSETTIME DIFFERENCE

ority in resource reservation, class 0 bursts will have a relatively Rii 0.6321 0.9502 0.9932

high blocking (and loss) probability. ti,i—1 (FDL) Lioy 3-Li 5-Liy
tiic1 () Li,+B|3-Li1+B|5-Li;+B

IV. OFFSETTIME AND END-TO-END DELAY

A. Offset Time Requirement B. Pretransmission and Quereing Delays
In this subsection, we first quantify the offset times required For real-time applications, it is imperative to discuss the

f(_)r class isolation when reserving wavelengths and_FDLs. Caghd-to-end delay, which consists of three components in the

_slder a general case where the number_of classe_s is an arbitgafyet-time-based QoS scheme: propagation delay from source

integern > 1. Lett; ;(> 0) denote the difference in the offsetyg destination?, pretransmission delay, (due to offset time),

times assigned to classind clasg (i.e.,t; ; = 7, —t;), where - and quereing delay in the FDltg (due to blocking). Among

0<y <isn-—1andd < R; < 1denote the proba- them, P is not related to the use of the offset time.

bility that req(i) will not be blocked byreq(y) (arrived earlier). Althought,, is affected by the use of offset time, we first note

?ereaftertijj andf;, ; will be referred to as theffset time dif- 1 10156 of a “base” offset time [12] does not increase the
‘erenceand‘thedegree of isolationrespectively, between Classend—to—end delay as compared to packet switching because it
¢ and clasg. . . . . merely substitutes for the total processing delay to be encoun-
We may generahze the discussion _related toFig. 3 as‘follovxfgred by the corresponding control packet. On the other hand,
In qrder for class to b.e completely |splated from clags — when compared to circuit switching, the pretransmission delay
1)(ie, Ry = 1.0)in FDL reservationt; ;. needs to be (and thus end-to-end delay) is ab@k shorter (which trans-
larger than the maximum burst length of clgss- 1) since in lates into about tens of milliseconds if a burst travels coast to

ST e )
the worst case one may hatje ~ t,” . Similarly, to achieve coast) as the offset-time-based QoS scheme is based on one-way
complete class isolation in wavelength reservatipn, needs reservation

to be larger than the sum &f and the maximum burst length of . o
However, the use of an “extra” offset time, which isolates a

class(i — 1) since in the worst case one may haye t:~* and - o )
tz—l can be as large . This implies that for a given offset time high priority class from lower priority classes, does increase
e end-to-end delay. In fact, when using the extra offset

differencet; ;_;, different degrees of isolation between clasg1

i and classi — 1) will be achieved in FDL and Wavelengtht'me’ the additional pretransmission delay is a function of
reservations. the number of classes and the offset time differencg ;_;

More specifically, in FDL reservation, the relationship bel0r Ri:iil)' Assuming that all the offset time differences are
tweenR; ;_; andt; ,_, only depends on the distribution of thetqual (le.tn1n 2 = tn 2,3 = -+ = tio = tain),
burst length of clas& — 1). Let us assume that the burst Iengtr'ihen the longest addltlo_nal prletrans_m|5_3|c_)n delay (equal to
(or service time) of clasé — 1) is exponentially distributed with 1€ 10ngest extra offset timg="), which is incurred by the

H A H —_ -1 _ .
ameanL;_;. Then, the probability that a clags— 1) burst has highest priority clasi;n — 1. isty =70 = (n— 1) - ta.
a length no longer than a given valtiss (1 — e=#i-1't), where Given that in today’s voice and video communications, the

ji_1 = 1/Li_.. Given that a class burst will not be blocked interactive applications require a few hundreds of mi!liseconds
as long as the length of the clags— 1) burst arrived earlier is €"d-t0-end delay bounds, such delay may be negligible. As an
no greater thar, ;_,, we haveR; ;,_, = (1— ¢=#i-14-1), o exqmple, assume that all classes have equal mean burst length
’ ’ L (ie,L,y = L, o =--- = Ly = L), and the average
burst size is 15 kbytes (containing few tens of average sized
tiia=t — = —In(1—R;; 1) -L; ;. (1) IP packets), which at 10 Gb/s, resultsin= 12 us. When
n = 6 andtge = 5L (corresponding to a high degree of
In wavelength reservation, a classurst will not be blocked isolation), the longest pretransmission delay’is= 300 ps.
as long as the length of clagé— 1) burst is no greater than Note that to support such delay-sensitive applications using
t;.i—1 — B. Hence, we havé®, ;_, = (1 — e*#f—l'“w—l*B)), the offset-time-based QoS scheme, the number of classes and
ort;;—1 =—In(1—R;, 1) L;_1 + B. Table | shows some the average burst length should be considered as key design
of the values of; ;_; needed to achieve a givéty ;_; in FDL  parameters.
and wavelength reservations. For example, in order to achievéOn the other hand, the quereing delgy which is a func-
99% isolation in FDL reservation, we neéd,_; = 5- L;_;. tion of blocking probability (and maximum delay time of an
However, in wavelength reservation, only 95% degree of isolBDL B), reduces with the offset time difference. This is be-
tion is achieved for the samg,;_; assumingb = 2. L;_;. cause as the offset time difference increases, the degree of iso-
Note that if clasg is isolated from clas§: — 1) in reserving lation increases, resulting in reduced blocking probability and
FDL (or wavelengths) witlf2; ;_1, then it is also isolated from thus low quereing delays for high priority classes. Note that as
class(i — 2) with a higher degree, that i&; ;_» > R,;;_1, be- far as end-to-end delay concerng,is a fixed delay, whereas
causet; ;o > t;;—1. Similarly, classi is also isolated from ¢, is a variable delay. It implies that in the offset-time-based
all other lower priority classes witli; ; > R;;_1, where QoS scheme, high priority classes incur leywy introducing
j=i—3,41—4,...,0. t,, which can be negligible as described above. Thus, by virtue
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of the extra offset time, the end-to-end delay of high prioritgf the traffic intensity from clas$n — 1) through clasg, i.e.,

classes can be low as well as predictable. Pn—1,j = E?;jl p;. Dueto class isolation, traffic from lower pri-
ority classes (clasg — 1) through class 0) does not affect the
V. ANALYSIS loss probability of higher priority classes (cldgs— 1) through

assj). In other words, the loss probability averaged over class
%1_ 1) through clasg, denoted bys™ 1+, only depends on the
sum of traffic intensity from clasg: — 1) through clasg. Thus,
according to the conservation law, one may apply (2) and (3) to

In this section, we analyze the loss probabilities of two OB
protocols, namelglassles©BS andprioritized OBS. As men-
tioned earlier, the latter distinguishe€lasses where clastas

tf;:ghfer prlor(l;ty (Iongfr'gﬁset tm}(ﬁ) ?V?r, clagst it > é W?'Ie obtain the upper and lower boundsgdg '/ = B(k, pp—1 ;)
e former does not. Assume that clasgenerates bursts ac'andpb?_l’J = PB(k, pn_1;, D), respectively.

cording to an exponentiall_y distribu.ted arrival rate with an av- e may also represent the average loss probabilities using a
erage); and an exponentla}lly dlstnp uted service rate \.N'th a\WIeighted sum of loss probability of each class. More specifi-
gvergg_q;;\‘: 1/ L;{’ TEe }ra]:f ITNIQ t?ns)?t{of)\c‘zlas‘slsntgl:s glvfnl cally, lete; = p;/p be the ratio of the traffic intensity in class

Y pi = Aif (i k) = rifk, wherer; = Ai/pi;, @ € total - over the total traffic intensity. Then the averaged upper and

traffic ir_1te_nsity ISp =iy pie F_or si_mplicity, we consider an |ower bounds on the loss probability over cléas- 1) through
OSN similar to the one shown in Fig. 1, and focus on a g've({?assj can also be written agh"~14 = Y"1 ¢, - pbi. and
U - i=j P " U

output link havingk wavelengths and a single FDL buffer con- ; ) ' ; .
b o g g b?’l” = E?;jl c; - pbt, respectively. Again, according to the

taining N FDLs. p o !
Let us first derive the lower and upper bounds on the |p§gnservation law, we have
probability in classless OBS. In classless OBS, the upper bound n—1
on the loss probabilityb,, is reached when there is no FDL Bk, pp_1,;) = Z ci - pb’, (4)
buffer, i.e.,B = 0, and this upper bound is determined using i=j
the following Erlang’s loss formulaM//M/k/k) [18], where
r=p-k for upper bound, and
n—1
1.k :
pba = B(k, p) = kl/# 2 PB(k, pn15, D)= ¢; - pbj )
Z 1/m!-rm -
m=0 for lower bound.

We can now obtain eachd, and pbi by starting with the

The lower bound is determined by assuming that tgghest priority class (i.ei, = n — 1). Since clas¢n — 1) has
switch has an FDL buffer which can be roughly modeled age pighest priority, and is completely isolated from any other
M/M/k/D (whereD is to be determined). More specifically,cjasses, the upper bound (when a bufferless switch is used) is
let vV denote the number gfhysicalFDLs in the FDL buffer pb"~t = B(k, po_1) as in (2), while the lower bound (when a
as shown in Fig. 2(c). Since the numberoftual FDLS is  yffered switch is used) g ' = PB(k, p._1, D) as in (3).

d = N -k, the maximum number of bursts in the switchry gptain the upper bound for clags — 2), we have
(including those being transmitted and those being delayed) is

D=k+d=k+k-N.According to theM /M /k/D model pb 2 =Bk, pp1n2)
[19], the lower bound on the loss probabiljy; is

and
n—1
TD n—1ln—2 __ . @
pbe =PB(k, p, D) = 5y " Po ®) pbu B ‘_E:Q ¢i - pby
where according to (4). By equating the two, we obtain

-1
B(kv pnfl,n72) — Cp—1 pbﬂ_l

k—1 D
_ g g bﬁ’_Q _
po—(Z ﬁ—i_z:k k"—k-k!> : Pou Crn—2

n=0

) Similarly, according to (5), we obtain the lower bound as
We now determine the lower and upper bounds on the loss

probability of classi in prioritized OBS, denoted byb: and
pb' , respectively, wheré = n — 1,n — 2,...,0. For the fol-
lowing derivation, it is assumed that class completely iso-
lated from clasgi — 1), i.e., R, ;_1 = 1.0. In addition, assume This procedure can be applied repeatedly. In general, the upper
that theconservation lavholdss that s, the overall performancePound on the loss probability for a given clgssvhere0 < j <

(i.e., loss probability and throughput averaged over all classésy~ 2. IS

of the network stays the same regardless of the number of classes el

and the degree of isolations. In particular,dgt ; ; be the sum Bk, pr_y;) — Z ¢ - pbl,

PB(ka Prn—1,n-2, D) — Cp—1" pb?_l

Cp—2

-2
pb ™" =

6As to be discussed later, our simulation results have verified that this as- p J i=j+1 (6)
w

sumption is valid when the traffic intensity is high. c;

=g
1
Il



YOO et al: QoS PERFORMANCE OF OPTICAL BURST SWITCHING IN IP-OVER-WDM NETWORKS 2067

1 blocking time

time 10 v . -

(@)
)i

(b)

L O

© v
FDL queue FDL
available available available

Fig. 4. Difference between an FDL and a queue.

loss probability

and the corresponding lower bound is

—+— class 0 (S}
n—1 —— class 1(S)
. -0~ classiess (S) |
. — . Z .
PB(kapn—l,JaD) E G pbl 10°F iz:::g((g))
5 i=j41
pb = . (1)
C
J o . . . . . . N
0.2 0.3 0.4 05 06 07 0.8 0.9 1

tratfic intensity

Before we present simulation results in the next section, it
is worth noting that a FDL cannot be accurately modeled asg. 5. Class loss probability.
queue. This is because a queue in #¢A/k/D model can
store any burst regardless of its blocking time, whereas an Figimulate self-similar traffic, Pareto distribution [20] and expo-
has to drop a burst if its blocking time is longer thah Of nential distribution are used to generate the burst inter-arrival
course, ag? increases, it is expected that such a difference bgme and the burst length, respectively.
tween the two will diminish. However, regardless of the value The simulation (and analysis) results are obtained for a single
of B, the time an FDL becomes available may differ from th© SN with an outgoing link having wavelengths and an FDL
time a queue il/ /M /k/D becomes available as illustrated irbuffer containing N FDLs. Without loss of generality, we as-
Fig. 4. sume that all sources (classes) generate an equal amount of

More specifically, assuming that a burst | is using the onlyaffic (i.e.,po = p1 = --- = pn—1 = p/n). In addition, it
available wavelength as shown in Fig. 4(a) when another bukstassumed that all classes have equal mean burst length (i.e.,
Il (or 11I) arrives and subsequently reserves an FDL as showniy,_, = L,,_, = --- = Ly = L), and all offset time differences
Fig. 4(b) [or (c)]. In theM /M /k/D model, a queue becomesare equal (i.e4, 1, 2 =ty 2, 3=+ =t1 0 = ta). The
available (to other bursts) as soon as burst | releases the way@formance metrics are the burst loss probability and quereing
length to burst 11 (or 111) (i.e., exactly at the end of the blockingielay as a function of traffic intensity, the maximum delay
time indicated by the dashed vertical line). However, the FDfime B, the offset time differenceys, the number of FDLSV,
occupied by burst Il (or Il) becomes available (to other burst#)e number of classes and the number of wavelengths
as soon as the tail of burst Il (or 1) enters the FDL. In other
words, the time FDL becomes available depends on the lendth Service Differentiation and Conservation Law

of burst Il (or IIl) and could be later (or earlier) than the time Fig. 5 plots the simulated loss probability as a function of
a queue becomes available as shown in Fig. 4(b) [or (c)]. Thse traffic intensity whem = 4,k = 1, N = 3(d = 3),

if the average burst length is longer than the average blockipg— 31, andt,; = 3L+ B. As can be observed by comparing
time, theM /M /k/D model tends to predict a lower blockingthe loss probabilities of the classes 0 to 3 in prioritized OBS
probability than that obtainable from simulations of the FDLwjith the average loss probability (over all classes) in classless
Such a case is likely to occur when the maximum delay tim®BS, service differentiation is achieved by taking advantage of
B is relatively short as compared to the average burst leng{he offset time. More specifically, class 2 and class 3 have a
and/or when the number of wavelengthis small, which results |ower loss probability than the classless case (or average), while
in a relatively long average blocking time. On the other hangiass 0 and class 1 have a higher loss probability because of
if the average burst length is shorter than the average blockigir low priority. As to be shown later, the reduction in the
time, the simulated blocking probability can be lower than th@gss probabilities of classes 2, 3 over the average increases with
predicted by theM/ /M /k/D model, and such a case is likelythe maximum delay timé (see Section VI-B), the offset time

to occur whenB is relatively long as compared to the averaggifferencet ;s (see Section VI-C), and other parameters such as
burst length, and/or whehis large, which results in a relatively the number of FDLs, the number of classes, and the number of

short blocking time. wavelengths (see Section VI-D). In particular, when the number
of wavelengths is large, the loss probability of class 1 can also be
VI. RESULTS AND DISCUSSION lower than that of the classless case as will be shown in Section

. . . .. VI-D. However, as the offset time difference decreases, the loss
The results from analysis and simulation are presented in this

section. We consider two traffic models, Poisson and self-sim“Simulation results under self-similar traffic are not presented due to space

ilar traffic. We simulate Poisson traffic. which facilitates the&onstraints. It is shown that the offset-time-based QoS scheme still achieves a
’ ood service differentiation under self-similar traffic (with Hurst parameter set

analysis in t.h.e previous S(?Ct'on and yields a IOV\_’er_ bound.on '?3%.8), although burstiness of traffic causes lower performance than the case
loss probability and quereing delay under self-similar traffic. Tander Poisson traffic.
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Fig. 6. Overall loss probability. Fig. 7. Maximum delay time versus loss probability.
2 T T
probability of each class in prioritized OBS reduces to that o | |5 aso$ls
the classless case. o]
With all other parameters being the same, the average lo: 'ef t=-cas3 1
probabilities for various offset time differenceg are plotted ek

in Fig. 6. When the traffic intensity is lowp( < 0.8), priori- _
tized OBS tends to have a higher average loss probability the"
classless OBS. However, wher> 0.8, the average loss proba-
bilities for various offset time differences tend to match closely
with each other, implying that the assumed conservation la\”
holds well. Since all the subsequent simulation (and analysis os
results are obtained with a high traffic intensity (e 0.8),

itis justified to apply the conservation law. Accordingly, we may
regard the results for classless OBS to be the same as the aver: oz}
over all classes in prioritized OBS.
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B. The Role of the Maximum Delay Time of FDL

Fig. 8. Maximum delay time versus quereing delay.
In addition to achieving service differentiation, it is important
to keep the quereing delay (and end-to-end delay) low as weThe quereing delay experienced by each class (averaged over
introduce FDL buffers. Thus, although a long maximum delagll bursts in that class) is plotted in Fig. 8 with the same set of
time (or FDL length) can reduce the loss probability, one neeplarameters as those used in Fig. 7. Since the quereing delay is
to keep it as short as possible. In this subsection, we show tlteportional to the blocking probability, it is not surprising that
effect of maximum delay time on QoS performance such as Idke quereing delays of different classes in prioritized OBS are
probability and quereing delay, and, in particular, how servictifferentiated, and a higher priority class has a lower quereing
differentiation can reduce the quereing delay of high prioritgelay. In addition, although the quereing delay for a given class
classes even with long FDLs. increases withB, the high priority classes (especially class 3)
Fig. 7 shows the loss probability as a function of the ma@ncounter a low quereing delay (less titeb2L) even whenb
imum delay timeB. The parameters used ate= 4, k = 2, isaslonga$9L due to their low blocking probabilities achieved
N =3(d =6),p = 0.8, andtys = 3L + B. The dotted by class isolation.
and solid lines show the theoretidawer boundobtained by ~ Although not shown (due to space constraints), other simu-
analysis and the actual loss probability obtained from simult@tion results show that the maximum delay tifieequired to
tions under Poisson traffic, respectively. As can be seen, the l@shieve a given loss probability can be significantly reduced as
probability of each class is the highest whiiis zero (i.e., with the number of wavelengths increases.
a bufferless switch). A$3 increases, the loss probability ap- _ _
proaches to, and even goes slightly below, the lower bound (for The Role of the Offset-Time Difference
class 3 and the average). The latter phenomenon is due to thAs mentioned earlier in Section IV, pretransmission delay is
difference between an FDL and a queue as explained in Figpdoportional to the offset time difference used for class isola-
We also observe that the higher the priority of a class is, thien, and thus it is important to see the effect of the offset time
more the benefit is due to the use of FDLs. difference on quereing delay as well as loss probability.
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2 Although not shown due to space limit, other simulation re-
Db sults show that as the number of wavelengths increases, the same
% bt 4 isolation degreg can_be maintained with significantly reduced
™, T s 3D value of offset time difference.

0.8 4
\\ D. The Effectiveness of the Offset-Time-Based Scheme

In the previous subsections, we have presented the QoS per-
N — formance results when the number of wavelengths (and classes)

oal | is small because otherwise the simulations take too much time to
converge, especially for cases with low loss probabilities (e.g.,

< 10-%). Inthis subsection, we present analytical results to eval-

queuing delay (xL)
(=3
)

°~2~:\\ 7 uate the effectiveness of the offset-time-based QoS scheme with
\.,\_5\_ a larger number of wavelengths (and classes).
0 . : . ; . ] Fig. 11 shows the lower bound on the loss probability as a

function of the number of classes whenk = 16, N = 4
(d = 64), andp = 0.8. Since the average loss probability is in-
dependent of the number of classes, it is shown as a straight line.
For prioritized classes, while the loss probability of class O stays
The loss probability and quereing delay as a function of tieelittle above than the average, the loss probability of cte/@s
offset time differenceq;z are plotted in Figs. 9 and 10, respecand class+# — 1) drops as: increases. This means that higher
tively, forn = 4,k = 2, N = 3(d = 6), B = 3L, and priority classes receive better service when more classes exist.
p = 0.8. The classless case (average) has a constant loss prdihes is because even though the overall traffic intengite-
bility (and quereing delay) because it is independent of the offgeains the same, the traffic intensity of a high priority clags.,
time difference. For prioritized classes, the offset time diffefor example, decreases proportionally wheincreases. Note
ence plays an important role in service differentiation, as it withat the loss probability of class/2 almost stops decreasing at
result in a low loss probability (and quereing delay) in high priz = 6. This is because whem increases, the relative priority
ority classes. As can be seen in FigtQy < 3L is sufficient of classn/2 drops as more higher priority classes undermine
for high priority classes to achieve a high enough class isolatiaiasses below /2.
Fig. 10 shows that the quereing delays of prioritized classes deThe lower bound on the loss probability as a function of the
crease with the offset time difference. Specifically, classes 2 andmber of FDLsSN is shown in Fig. 12, whem = 4, k =
3 have alower quereing delay than the average due to their lowér andp = 0.8. As can be seen, all classes except the lowest
blocking probability. Note that the quereing delays of classeg@iority class (class 0) have a lower loss probability than the
and 1 tend to saturate with a large offset time difference. Thaserage. Even whelN = 5, the reduction in the loss probability
is because while the low priority classes have a longer blockiag compared to the average is more than 10, 20, and 40 orders of
time caused by higher priority classes as the offset time diffenagnitude for classes 1, 2, and 3, respectively. This means that
ence increases, the bursts whose blocking time is longerBhamvith a limited number of physical FDLs, the QoS performance
are dropped (and not considered when determining the averaga be significantly improved when the number of wavelengths
quereing delay). is fairly large.

4
offset time ditference (xL)

Fig. 10. Offset time difference versus quereing delay.
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Fig. 13 shows the loss probability as a function of the number[e]

of wavelengths: whenn = 4, N = 4 (ord = 4 - k), and

p = 0.8. The solid lines show the upper bounds obtained from [7]
(2) and (6), while the dotted lines show the lower bounds ob- 8
tained from (3) and (7). A% increases, the improvement ratio

of the loss probability of class wherei > 0, over the average
becomes significant. For example, with= 40, classes 1, 2, and

3 can achieve more than 10, 20, and 100 orders of magnitude re-

duction in the loss probability, respectively, while resulting in

negligible increase in the loss probability of class 0. This can

be inferred from (7) since whepbi (wherei > 1) (and the
average loss probabilit# B) is small,pb? ~ PB. For a given

k, the difference between the lower and upper bounds on thﬁ2
loss probability of class, which can be as large as 100 orders
of magnitude fori = 3, indicates the potential improvement [13]
that is solely due to the use of four physical FDLs. In addition,
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VII. CONCLUDING REMARKS

In this paper, we have described the offset-time-based QoS
scheme when applied to an optical burst-switched WDM
network with limited fiber delay lines (FDLs). Unlike the
buffer-based schemes, the offset-time-based scheme does not
mandate any buffer to achieve class isolation, but can never-
theless take advantage of FDLs to further improve the QoS
performance. The offset times required for class isolation in
wavelength reservation and FDL reservation have been quanti-
fied. For both classless OBS and prioritized OBS, theoretical
upper and lower bounds on the loss probability have been
obtained based on{/M/k/k and M /M /k/D, respectively.

In addition, under both Poisson and self-similar traffic, QoS
performance has been measured in terms of the burst loss
probability and quereing delay as a function of the maximum
delay time of a FDL, the offset time difference, the number of
FDLs, the number of classes, and the number of wavelengths.
We have shown that the offset-time-based QoS scheme can
be effective in achieving a good service differentiation and in
particular, for high priority classes, both the quereing delay
due to blocking and the pretransmission delay due to the use
of the offset time can be kept low while maintaining a low loss
probability. In summary, the offset-time-based QoS scheme
can efficiently support basic QoS in the next generation Optical
Internet due to its simplicity, scalability, and effectiveness with
the number of wavelengths.
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