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ABSTRACT

Optical burst switching �OBS� is a new paradigm proposed to e�ciently support the ever�growing broadband mul�

timedia tra�c either directly or indirectly �e�g�� via IP� over all optical WDM networks� In this paper� we propose

a new prioritized OBS protocol based on Just�Enough�Time �JET� which can provide Quality of Service �QoS� in

bu�er�less WDM optical networks� Speci�cally� we apply OBS to support two tra�c classes	 real�time and non�

real�time� such that each burst belonging to the former is assigned a higher priority by simply using an additional

o�set time between the burst and its corresponding control �set�up� packet� We analyze the lower and upper bounds

on the blocking probability of each tra�c class� and evaluate the performance of the proposed prioritized OBS pro�

tocol through analysis and simulation� We show that real�time tra�c can achieve a signi�cantly reduced blocking

probability by using a reasonable amount of additional o�set time� In addition� the overall blocking probability and

throughput can be maintained regardless of the additional o�set time used�

Keywords� Optical Burst Switching� WDM Networks� IP services� QoS and priority� Erlang
s loss formula�

�� INTRODUCTION

Over the past several years� all�optical switched networks have received enormous attention in telecommunications and

computer communications due to their huge deliverable bandwidth and high degree of data and format transparency�

There are two main drivers for optical internetworks� One is the explosion of Internet tra�c which has doubled every

three to four months� and is expected to keep growing exponentially as more bandwidth intensive applications such

as high de�nition television� video mail and digital audio generate an unprecedented demand for bandwidth on the

Internet�

The other driver for optical internetworks is the rapid advance in the Wavelength Division Multiplexing �WDM�

optical networking technology� in addition to many successful e�orts made on optical components ��
 such as optical

transmitters� receivers� �lters� ampli�ers� and add drop multiplexers� Recent experiments showed that using dense

WDM ��
� it is possible to put �� or �� separate wavelengths on a single �ber� each supporting a data rate of OC���

or OC�����

Even though the huge bandwidth of all�optical WDM networks could alleviate the e�ect of the explosion of

Internet tra�c� challenges remain on how to e�ciently provide integrated services to Internet applications in such

networks� So far� Asynchronous Transfer Mode �ATM� has been proposed as a solution to support Quality of Service

�QoS� according to tra�c classes ����
� However� the size of ATM cells is too small for the high channel bandwidth

of �ber optic� and a plenty of bu�er space is required to manipulate elaborate QoS operations� In particular� the

bu�er not only introduces additional control complexity� but is also di�cult to implement in optical networks since
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one has to deal with either E�O and O�E conversions in order to use electronic bu�ers� or optical �ber delay lines

�FDLs�� which is curbersome with the current technology�

On the other hand� Internet Protocol �IP� as a simple� �exible� robust� and scalable mechanism has been successful

in handling Internet tra�c over the past couple of decades� Although the recently proposed Multi�Protocol Label

Switching �MPLS�� which avoids the forwarding overhead of conventional Internet Protocol �IP� routing� is promising�

the classless best e�ort nature of IP routing limits its usefulness in supporting future integrated Internet services�

Thus� for the next generation optical Internet� a new switching paradigm which can provide di�erent levels of QoS

and at the same time e�ciently support bursty tra�c is highly desirable�

Previously� we have proposed a paradigm called optical burst switching �OBS� and in particular� a protocol

called Just�Enough�Time �JET� for supporting bursty tra�c in high speed optical backbone networks �����
� In this

paper� we investigate a new prioritized OBS protocol based on JET� which can provide di�erent levels of priorities to

di�erent classes of service when running IP directly over the optical networks� Speci�cally� our study will focus on

two classes of services� real�time and non�real�time� The bursts in the real�time class have a strict bound on delay and

delay�jitter� thus requiring a guaranteed low blocking probability� On the contrary� the bursts in the non�real�time

class can tolerate delay but require reliable delivery which can be accomplished by bu�ering and retransmission�

In this study� we assume that no bu�er is used� which is highly desirable in all�optical networks� Since blocked

bursts have to be dropped in bu�er�less optical networks� existing priority schemes such as fair�queueing strategies

that require the use of bu�er can thus no longer be applied� In order for real�time tra�c to achieve a low blocking

probability� it should be given a higher priority for resources �bandwidth� reservation� By extending the features of

the JET protocol such as the use of Delayed Reservation �DR� and o�set time as in the JET protocol� it is possible

to e�ciently implement di�erent levels of priority in bu�er�less optical networks�

The paper is organized as follows� Section � gives an overview of OBS and protocols such as JET� In Section ��

our new approach to guaranteed QoS which utilizes a key parameter called o�set time will be described� Bounds

on blocking probability in each tra�c class will be analyzed in Section �� Section � shows numerical results from

analysis and simulation� followed by concluding remarks in Section ��

�� AN OVERVIEW OF OPTICAL BURST SWITCHING �OBS�

In a future optical Internet� it is very important to provide e�cient support for bursty tra�c because of the nature of

broadband multimedia services� Recent studies have shown that� in addition to tra�c in a local Ethernet and between

remote Ethernets �i�e�� WAN tra�c�� tra�c generated by Web browsers� wide�area TCP connections �including FTP

and TELNET tra�c carried over TCP connections�� and variable�bit�rate �VBR� video sources are all self�similar �or

bursty at all time scales�� More importantly� some have concluded that multiplexing a large number of self�similar

tra�c streams results in bursty tra�c ������
�

Both existing switching paradigms� namely circuit switching and packet�cell switching� have inherent shortcom�

ings when used to support bursty tra�c in optical networks� Optical circuit switching can be based on two�way

reservation protocols such as tell�n�wait �TAW� ���
 and ATM Block Transfer with Delayed Transmissions �ABT�

DT� ������
� where a source node sends out a control packet to make reservation� then waits for an acknowledgment

to come back before transmitting data� It requires at least the end�to�end round trip time �RTT� to set up the path�

and is suitable to tra�c requiring connections that last much longer than RTT� As an example� at ��� Gbps� a burst

of ��� Kbytes �or ����� average�sized IP packets� can be transmitted in about ��� msec� and RTT is about � msec

over a distance of merely ��� Km� Although guaranteed services can be provided to an established connection� the

bandwidth utilization will be low if the connection has a relatively shorter duration than RTT� especially when tra�c

is bursty and the bandwidth supporting the peak rate is reserved for the connection�
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An alternative to circuit�switching is packet�cell switching whereby the payload �data� is sent along with its

header �control�� It can e�ciently support bursty tra�c due to its nature of statistical sharing of the resources�

However� it assumes that bu�er space is available at each node� Speci�cally� while the header is being processed�

the payload needs to be bu�ered� which necessitates O�E and E�O conversions along with electronic bu�er �e�g��

RAM� or the use of �ber delay lines �FDLs�� either of which is di�cult to implement in optical networks� Note that

such bu�ering is to compensate for the processing time� not to resolve con�icts� In particular� due to variations in

the processing time at the intermediate nodes� all�optical packet�cell switching requires a complicated control and

stringent synchronization� Another problem with packet�cell switching is that the size of the payload �especially

those ATM cells� is usually too small when considering the high channel bandwidth of optical networks� thus normally

resulting in a relatively high control overhead� For example� a single ATM cell will be transmitted in ���� nsec over

OC����� and hence the processing time has to be below � nsec to keep the overhead down to ���

Optical burst switching �OBS� has been proposed to achieve the balance between the coarse�grained circuit

switching and the �ne�grained packet�cell switching� thereby combining the best of the two while avoiding their

shortcomings� It is based on one�way reservation protocols such as JET ��� ��
� tell�n�go �TAG� ���� ��� ��
� fast

reservation protocol �FRP� ������
� and ATM Block Transfer with Immediate Transmission �ABT�IT� ���
� in which

a data burst follows a corresponding control packet without waiting for an acknowledgment� Table � compares the

three switching paradigms qualitatively�

Optical Switching Bandwidth Latency Optical Proc��Sync� Overhead Adaptivity

Paradigms Utilization �set�up� Bu�er �per unit data� �tra�c � fault�

Circuit low high not required low low

Packet�Cell high low required high high

OBS high low not required low high

Table �� A comparison between three optical switching paradigms

OBS protocols can be roughly classi�ed into two types	 JET�based and TAG�based ��� ��
� The former uses an

o�set time� T � between each burst and its control packet� but the latter does not� Speci�cally� using JET� a source

sends out a control packet� which is followed by a burst after T �
PH

h�� ��h�� where ��h� is the �expected� control

delay �i�e�� the processing time incurred by the control packet� at hop � � h � H� Because the burst is bu�ered at

the source �in the electronic domain�� no FDLs are necessary at each intermediate node to delay the burst while the

control packet is being processed �but such FDLs are necessary when using TAG�based protocols�� In addition� JET

uses delayed reservation �DR� to e�ciently utilize the bandwidth� For example� as shown in Figure �� the bandwidth

on hop i is reserved from the time the burst is expected to arrive� i�e�� tb � tc�T �i�� where tc is the time the control

packet arrives and T �i� � T �
P�i���

h�� ��h��

+ t b lt b

i

 t c

timeT(i)

Figure �� An illustration of the JET protocol

Note that other variations in the format of burst and in the reservation scheme are also possible� For example�

one variation is to establish �and then release� an entire session during which several bursts can be transmitted� It
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is di�erent from circuit switching in that reservation is one�way instead of two�way� although the two may share

some disadvantages� Another variation is to use �xed burst length and synchronous switching as in packet switching

except that the burst length is long to reduce the control overhead� However� none of these OBS protocols can

provide guaranteed QoS�

�� GUARANTEED QOS IN OBS

In this section� we will describe a new JET�based OBS protocol which uses o�set time as a simple� yet e�ective way

to provide di�erent levels of priorities� We consider two classes of service	 namely class � and class �� respectively�

Class � corresponds to the best e�ort or non�real�time services for applications such as transporting plain data� while

class � corresponds to guaranteed or real�time services for applications involving audio and video communications�

Since class � tra�c should be delivered with a strict bound on delay and delay jitter� and thus requiring a low

blocking probability� it is given a higher priority for resource �bandwidth� reservation�

Recall that JET�based protocols utilize an o�set time to avoid the mandatory use of FDLs� It turns out that

o�set time can also be used to provide di�erent QoS in bu�er�less optical networks� Speci�cally� in order for class �

to have a higher priority for bandwidth reservation� an additional o�set time� denoted by toffset� is given to class �

tra�c �but not to class ��� The value of toffset is a constant� which is usually a multiple of the average burst length

as to be discussed later� For simplicity� we assume in the following discussion that toffset is much greater than the

base o�set time T � and accordingly� will ignore the latter and refer to the former as simply the o�set time�

Let tai and tsi be the arrival time and the service�start time for a class i request �where i � �� �� denoted by

req�i�� respectively� and let li be the burst length requested by req�i�� Since we only consider the bu�er�less case�

a class � request� req���� will try to reserve immediate bandwidth upon its arrival� and will be serviced right away

if bandwidth is available �and dropped otherwise�� In other words� ta� � ts� when reservation is successful �see

Figure ��b��� However� for a class � request� req���� a delayed reservation is made with an o�set time� toffset� and

hence� it will be serviced at ts� � ta� � toffset when reservation is successful �see Figure ��a��� Note that within the

same class� requests are serviced on a FCFS basis� However� interactions between the two classes create a complicated

queueing e�ect other than that of simple FIFO�

( = t s 0 )

( = t s 0 ) t a 0

t s 1 t s 1

l+ t s 0 0t a 1 t s 1

(a)

(b)

i

i

 t a 0t a 1 l+ 1

time

time

offset time

offset time

Figure �� o�set time for guaranteed service

Figure � illustrates why a class � request that is assigned toffset obtains a higher priority for reservation than

a class � request that is not� Consider the following two situations where con�icts among the two classes of tra�c

are possible� In the �rst case as illustrated in Figure ��a�� req��� comes �rst and reserves bandwidth using DR� and

req��� comes afterwards� Clearly� req��� will succeed� but req��� will be blocked if ta� � ts� but ta� � l� � ts�� or if

ta� � ts� � l�� In the second case� req��� arrives� followed by req��� as shown in Figure ��b�� When ta� � ta� � l��
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req��� would be blocked had normal FIFO queue been used� that is� no toffset been assigned to req���� However�

such a blocking can be avoided by using a large enough o�set time so that ts� � ta� � toffset � ta� � l�� Given that

ta� may equal to ta� � �� where � � � can be very small� toffset needs to be larger than the maximum burst length

over all bursts in class � in order for req��� to completely avoid being blocked by req���� With that much o�set

time� the blocking probability of �the bursts in� class � becomes independent of the o�ered load in class �� and only

a function of the o�ered load in class �� On the other hand� the blocking probability of class � will be determined

by the o�ered load in both classes�

�� LOWER AND UPPER BOUNDS ON BLOCKING PROBABILITY

In this section� we consider two OBS protocols� one that distinguishes two classes and assigns a higher priority to

class �� and the other that does not� The former will be referred to as prioritized OBS� while the latter� which is

just the ordinary OBS� will be referred to as class�less OBS to emphasize its di�erence from the prioritized one� As

mentioned earlier� we will assume� for simplicity� that the control delay at each node is negligible and so is the base

o�set time T � Accordingly� there is little� if any� di�erence between JET�based and TAG�based OBS protocols�

We will analyze the lower and upper bounds on the blocking probability of each class when using prioritized OBS�

In order to make such analysis tractable� we consider a system with a single switch and a single output link� and

assume that there are two sources for class � and class �� respectively� which generate poisson tra�c according to

exponential distribution� Let �i be the average burst arrival rate and �i � ��Li be the average service rate in class

i� where Li is the average burst length in class i� Accordingly� the o�ered load of class i will be given by �i � �i��i�

and the total o�ered load will be � �
Pn

i�� �i� where n is total number of classes �n � � in this analysis��

By assuming that there are k wavelengths on the output link� and that there is no bu�ering at the switching node�

which is capable of wavelength conversion� the blocking probability using class�less OBS can be calculated using the

following Erlang�s loss formula ���
�

B�k� �� �
��k� � �k

Pk

m�� ��m� � �m
���

The blocking probability of each class using prioritized OBS will be dependent on the value of the o�set time�

toffset� used by class �� Speci�cally� let us �rst examine the probability that req��� will be blocked by req��� for a

given toffset� Since the burst length is exponentially distributed with an average of L�� the percentage of the bursts

in class � whose length is no longer than t is given by the following probability distribution function �PDF � ���
�

PDF � �� e����t ���

which is plotted in Figure �� where t is a multiple of the average burst length� Note that such a PDF can be used

to determine R� the minimum probability that req��� will not be blocked by req���� For example� if toffset is set to

L�� then R � �	���� since the probability that the length of a burst in class � is shorter than L� �and thus toffset�

is � � e�� � �	���� �see Figure ��b� and related discussion�� Note that the actual probability that req��� is not

blocked by req��� may be larger than R since as long as req��� arrives � �time units� later than req��� and � is not

negligible� it will not be blocked by any burst whose length is shorter than than L� � ��

We may rewrite Equation ��� by replacing PDF with R� and burst length t with o�set time value toffsst as

follows�

toffset � �
ln ��� R�

��
� � ln ���R� �L� ���

Table � shows some of the corresponding values of toffset and R� Note that R � � can be achieved only with

toffset � �� However� as can be seen in Figure � and Table �� when toffset � � � L�� R is over ���� which means
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that class � is virtually free of blocking by class �� In fact� even when toffset � � � L�� R � �	�� which is close to ��

Using a larger toffset �e�g� than � � L�� only increases latency without any signi�cant increase in R�

toffset �	� � L� L� � � L� � � L�

R ������ ������ ������ ������

Table �� o�set time and R

We now determine the lower and upper bounds on the blocking probability of class �� denoted by pb�� Clearly� it

is minimized when R � �� and hence the lower bound on pb� is B�k� ���� which is only a function of the o�ered load

in class �� The upper bound on pb�� reached when R � � �or equivalently toffset � ��� is B�k� ��� which is the same

as the blocking probability using class�less OBS�

We now derive the lower and upper bounds on the blocking probability in class �� denoted by pb�� using class�less

OBS� It is intuitive that its lower bound will be B�k� ��� which is achieved when R � � or toffset � �� However�

its upper bound is di�cult to obtain through analysis because a class � request is blocked not only by other class �

requests but also by prioritized class � requests�

Nevertheless� if conservation law applies� the overall performance �i�e�� blocking probability and throughput� stays

the same regardless of the values of R and toffset� Speci�cally� let the overall blocking probability using prioritized

OBS be pb� and denote ci � �i�� as the proportion of the overall o�ered load that belongs to class i� Clearly�

pb �
P�

i�� ci � pbi and accordingly� we can use the following equation to determine pb��

pb� �
pb� c� � pb�

c�
���

Since pb � B�k� �� according to the conservation law� one may obtain the upper bound on pb� as

� �B�k� �� � �� �B�k� ���

��
���

where B�k� ��� is the lower bound on pb� obtained when toffset � �� Note that for any given toffset� once pbi�

where i � �� �� are obtained� the overall throughput� S� can be expressed as

S �
nX

i��

�i � ��� pbi� � � � �� � pb� ���

The above analysis have been veri�ed through simulations as to be discussed next�
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�� NUMERICAL RESULTS

In this section� numerical results from both simulation and analysis of the bu�er�less single�node system mentioned

earlier are presented� These results are obtained assuming that both sources have equal average arrival rate ��� � ���

and average service rate ��� � ���� i�e�� generate equal amount of o�ered load ��� � ���� For a given � � �� � ��� a

larger �� means a smaller �� and vice versa� But in either case� the overall performance �i�e�� blocking probability

and throughput� remains the same if the conservation law applies� As an extreme case� when either �� or �� is ��

prioritized OBS becomes identical to class�less OBS regardless of the value of the o�set time�

Figure ��a� compares the blocking probabilities as a function of the total o�ered load � �and their bounds� when

k � �� that are obtained through simulation �and analysis�� Given that it is impossible to simulate the case where

R � � �or toffset � ��� the top curve shows the value of pb� obtained through simulation when R � �	�� �or

toffset � �L��� Note that simulations have also veri�ed that this value is in fact very close to the value of pb�

when R � �	�� or larger� Compared to the second curve showing the upper bound on pb� obtained through analysis

�when R � ��� one may conclude that the results through simulation and analysis agree with one another fairly well�

although the analysis tends to yield a slightly lower value�
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Figure �� Blocking probability and their bounds through simulation and analysis� �a� in log scale and� �b� in

normal scale

Similarly� the bottom two curves show the values of pb� obtained through simulation �when R � �	��� and analysis

�when R � ��� respectively� In addition� the middle two curves show the values of pb obtained through simulation

and analysis� respectively� when R � �� Note that� since R � �� there is no di�erence between prioritized OBS and

class�less OBS� and in addition� such a pb value is both the lower bound for pb� and the upper bound for pb��

To assess the e�ect of R �or toffset� on the blocking probabilities� the above simulation results are replotted in

Figure ��b� using a normal scale� In addition� simulation results on pbi for two other values� namely� R � �	�� �or

toffset � �	� �L�� and R � �	�� �or toffset � L��� respectively� are also shown�  From these results� it is clear that for

a given � � R � �� the curve for R � � is at the center of the two curves representing pb� and pb�� respectively� As R

decreases �i�e�� from ���� to ������ pb� decreases but pb� increases� The throughput of each class� being proportional

to the blocking probability� follows a similar pattern�

�



The total blocking probability pb and throughput S are shown in Figure � �a� and �b�� respectively� These results

show that unlike the performance of each individual class� the overall performance is almost independent of R �or

toffset�� In other words� the assumed conservation law does hold for pb and S� Note that� although the overall

blocking probability improves slightly with R� the overall throughput degrades slightly with R at a high load �i�e��

� � �	�� because more and more long bursts in class � are dropped�
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Figure �� Overall performance �a� total blocking probability and� �b� total throughput

Figure � compares the minimumblocking probability of real�time tra�c using prioritized OBS with that of using

class�less OBS when � � �	�� The results in the �gure may also be used to determine the number of wavelengths

required for a given tolerable blocking probability of real�time tra�c� Hence� we only consider real�time tra�c here

because it requires a guaranteed low blocking probability in order to meet its delay and delay�jitter bounds� On

the other hand� non�real�time tra�c can tolerate a relatively higher blocking probability� and still achieve a low loss

ratio through bu�ering or retransmission�

In Figure ��a�� the minimum value of pb� using prioritized OBS through analysis assuming R � �� which is

close to that obtainable by using toffset � � � L�� is compared with that of pb through analysis with R � �� the

blocking probability encounted by real�time tra�c if class�less OBS is used� Assuming that a burst will encounter

the same blocking probability on every hop� the end�to�end blocking probability along a path spanning H hops can

be expressed as �� ��� pb�H � The values of such an end�to�end blocking probability when H � � using prioritized

and class�less OBS� respectively� are shown Figure ��b�� As can be seen� with k � ��� the one�hop and end�to�end

blocking probability of real�time tra�c can be as low as ���� and ����� respectively� when using prioritized OBS�

However� they will be ���� and ����� respectively� when using class�less OBS� In addition� the improvement in the

blocking probability of real�time tra�c due to prioritized OBS will be larger as k increases�

	� CONCLUDING REMARKS

In this paper� we have described a novel paradigm called optical burst switching �OBS� as an e�cient way to support

bursty tra�c �i�e�� IP tra�c� on top of WDM networks� A prioritized OBS protocol based on Just�Enough�Time

�JET� has been proposed to provide QoS� The protocol can work in bu�er�less optical networks� which is a desirable

feature with the current optical memory technology� It assigns a higher priority to real�time tra�c simply by making
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Figure �� Blocking probability of class � �a� one�hop pb and� �b� end�to�end �path� pb

bursts wait for an additional o�set time after its corresponding control packet is sent� Both simulation and analysis

have shown that while the blocking probability of real�time tra�c can be signi�cantly reduced using the proposed

prioritized OBS� the overall network performance can be maintained� Our future research will extend this work to

optical networks with a limited optical bu�er space provided by �ber delay lines �FDLs�� It is expected that by

using the bu�er �and retransmission�� non�real�time tra�c can be delivered more reliably even when the same high

priority is given to real�time tra�c� The bu�er space may or may not be used by real�time tra�c depending on the

delay �and loss ratio� it can tolerate�
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