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Abstract

In this article, we first explore design choices in burst-switching and describe a new variation that is
especially suitablefor optical WDM networks. We then identify main features of optical burst switching
(OBS), discussmajor differencesand similarities between OBSand optical circuit- and packet-switching,

and address important QoS related performance issuesin OBS.

1 Introduction

Circuit- and packet-switching have been used for many years for voice and data communications. The
concept of optical circuit-switching (e.g. wavelength-routing in WDM networks) and optical packet-
switching, though still evolving, has also been around for quite a while. Burst-switching[1, 2], on the
other hand, isless popular. In particular, optical burst switching (or OBS) was introduced only recently
for optical (WDM) networks [3, 4], and is thus not as well-understood as optical circuit- and packet-
switching. Accordingly, questionssuch aswhat arethedifferences(and similarities) between burst switch-
ing and circuit-/packet-switching in general, and specifically, between OBS and optical circuit-/packet-
switching have been raised.

A common definition of aburst is a (digitized) talk spurt or a data message. In circuit-switching, a
call (or session), which consists of multiple bursts, is treated a basic switching (or transferring) entity
in terms of consuming bandwidth as well as setting up switches!, while in packet-switching, a burst is
usually transferred in several packets, each of which being abasic switching entity. Assuch, aburst may

be considered as having an intermediate “ granularity” when compared to acall (or session) and a packet.

IThe term " switches” will be used broadly to refer to cross-connects, routers, add-drop-multiplexers etc. aswell.



However, there are more to the differences between burst-switching and circuit-/packet-switching
than simply the granularity of the switching entity. More specifically, we may express the differences
among various switching techniques in terms of whether data will use the switch cut-through or store-
and-forward method. Furthermore, switching techniques may also differ based on how and when the
network resources, e.g. bandwidth, is reserved and released, and whether control signals and data are
separated by using different channels, and/or by sending one (e.g. data) after another (e.g. a control sig-
nal) with anon-zero offset time, i.e., agap or an idle period.

Another issuethat is becoming more and more prominent iswhich layer in aprotocol stack forwards
data at intermediate nodes. For example, | P packets (or datagrams) are traditionally forwarded at layer
3 (or the network layer). With Multiprotocol Label Switching (MPLS) [5], which is similar to virtual-
circuit (VC) based packet-switching, they, just as ATM cells, can be forwarded at layer 2 (the data link
layer). Thisissueis of course a key in distinguishing electronic switching from optical (or photonic?)
switching, where dataiis kept in the optical (WDM) layer at intermediate nodes.

Note that, which layer runs directly on top of the optical WDM layer determines the traffic patterns
to be supported, and henceis afactor affecting the suitability of a given optical switching technique. For
example, wavelength-routing isanatural choicefor establishing SONET/SDH connections, while optical
packet- and burst switching are moreefficient for directly carrying bursty traffic generated by the | P layer.
Other important factors have to do with the unique characteristics of optical networksincluding the lack
of optical buffer, limited optical logic and difficulty in achieving synchronization, which explain why
optical packet-switching, unlike its electronic counterpart, has not yet become a dominant choice.

This article will distinguish burst-switching from circuit- and packet-switching based primarily on
whether cut-through or store-and-forward is used and how bandwidth is reserved (and released). It will
also explore design choices in burst-switching and explain why a new technique, which separates data
from control signals, can effectively alleviate the problems such as alarge buffer space requirement and
ahigh control complexity, which otherwise exist in burst-switching. Moreover, the article will show how
the new burst-switching technique makes OBS a viable choice for building the next generation Optical
Internet.

The article is organized as follows. In Sec. 2, we will describe the main characteristics of circuit-
switching and discussthe pros and cons of wavelength-routing in WDM networks. In Sec. 3, we will de-
scribe packet-switching based on either datagrams or virtual circuits (V Cs), and discuss main challenges
and recent trends in optical packet-switching. In Sec. 4, we will describe and then compare three basic
variations of burst-switching, namely, tell-and-go (TAG), in-band-terminator (IBT), and reserve-a-fixed-
duration (RFD), and discuss why RFD, which has not been studied for electronic networks, is attractive

especialy when combined with the use of an appropriate offset time. Finally, we will describe a RFD-

2We will hereafter use the term “optical” even if control signals may be processed electronically.



based OBS protocol called Just-Enough-Time (JET), and address two important QoS performanceissues,
namely, burst-dropping and end-to-end latency, in Sec. 5, and summarize the main features of OBS in
Sec. 6.

2 Circuit-Switching

Circuit-switching has three distinct phases, circuit set-up, data transmission and circuit tear-down. One
of the main features of circuit-switching is its two-way reservation process in phase 1, where a source
sendsarequest for setting up acircuit and then receives an acknowledgment back from the corresponding
destination.

A circuit is set-up by reserving a fixed bandwidth channel (e.g. afrequency or atime slot) on each
link along a path from the source to its corresponding destination. When distributed control is used in
phase for “routing” (i.e. finding a path), the offset time between a set-up request and data transmissions,
T, isat least aslong as 2P + A, where P is the one-way propagation delay and A is the total processing
delay encountered by the set-up request along the path.

Another feature of circuit-switchingisthat all the intermediate switcheswill be configured to “latch”
the channels (e.g. frequenciesor time slots) on the adjacent linksin order to form acircuit, and remain so
for the duration of the call (or session), L. Thisfeature also impliesthat no buffering (of data) is needed
at any intermediate node (except for interchanging time dotsin a TDM system).

Notethat in avariation of circuit-switching used by the time assignment speech interpolation (TASI)
systems for undersea cables, the first phase does not reserve “dedicated” bandwidth. That is, it does not
actually set up acircuit but instead, only establishes a route, much like in a vV C-based packet-switching
to be discussed later. When a burst arrives, a specia signal is sent to acquire bandwidth (and set-up a
circuit), and after the end of the burst (e.g. silence) is detected, the bandwidth (or circuit) is released.
Thistechniqueis called fast circuit-switching because routing has been done (i.e. a path has been deter-
mined) in phase 1, and circuit set-up and tear-down take place at the burst level |ater. Because of the strict
delay-constraint, a digitized talk spurt is sent after the special control signal without waiting for the ac-
knowledgment that a circuit has been successfully set up. In other words, circuit set-up is now aone-way
process. Nevertheless, for data communications, a data message may wait, so atwo-way processis still

used asin circuit-switching (see[6, 7]°).

2.1 Wavelength Routing

In WDM networks, circuit-switching takes the form of wavelength routing, where an all-optical wave-

length path, consisting of a dedicated wavelength channel on every link, is established between two re-

3[6] studied three protocols. This specifically refersto one of them called CC in [6]. The other two will also be referenced later.



mote communicating nodes. |n addition to providing high-speed, high-bandwidth pipesthat are transpar-
ent to bit-rate and coding format, wavelength routing is especially suitable for supporting SONET/SDH
communications because (1) SONET/SDH switches communicate with each other at a constant bit-rate
that matches the bandwidth of awavelength (e.g. 2.5Gbps or OC-48), (2) the connection duration, L, is
long relative to the path set-up time, (3) the number of expensive SONET switches can be reduced with
proper traffic grooming and wavel ength assignment algorithms and (4) the optical switches (wavelength
routers) based on opto-mechanical, acousto-optic or thermo-optic technologies are currently too slow for
efficient packet-switching.

However, wavel ength-routing will result in alow bandwidth utilizationif thetraffic to be supportedis
bursty. Since Internet traffic is self-similar (or bursty at all time scales), this meansthat providing wave-
length paths between two remote I P routers may not be efficient. In addition, given alimited number of
wavelengths, only a limited number of wavelength paths can be established at the same time, implying
that some data may still need to go through O/E/O conversions. |f wavelength paths are established (and
torn-down) dynamically to alleviate the above problems, the set-up time of a wavelength path based on
two-way reservation, whichis at least tens of msin a nation-wide backbone network, will betoo long for
a burst containing a few megabit of data (the size of a small file) because the burst length Ly, will be at

most afew ms given the high bandwidth (e.g. 2.5Gbps or OC-48) of each wavelength.

3 Packet-Switching

In packet-switching, the length of each packet, Lp, can be either fixed, say at Sy, or variable having a
minimum Sy, and a maximum Syax. With a fixed packet length, a burst of size Ly, will be broken into
[Lb/Stix] packets of the same size (by using padding if Ly, is not an integer multiple of Stiy). With a
variable length, the message will be broken into [Ly/Snax] packets, and padding is used only if a packet
is shorter than Syin. For voice communications, fixed-length packets (e.g. digitized voice packets) are
used, but for data (computer) communications, variable-length packets (e.g. |P datagrams) are used.
Packet-switching may be based on either datagrams or virtual-circuits (VCs). A main feature of both
variations of packet-switching is store-and-forward. That is, a packet needs to be completely assembled
(and received) by a source (and each intermediate node) before it can be forwarded. One of theimplica
tions of this feature is that a packet will experience a delay which is proportional to L at each node. In
addition, a buffer of size at least equal to Syax IS Needed at each intermediate node. These implications
are some of the reasons why small, fixed-length packets are used in ATM, and why message-switching,
where an entire message is switched using one header, is not an attractive variation of packet-switching.
A disadvantage of using small, fixed-length packets (or cells) is that the percentage of control overhead
is higher (due to arelatively large header in each packet/cell) and bandwidth utilization is lower (due to
both headers and possible paddings) than using variable-length packets or messages. For example, the



control overhead in ATM (called “cell-tax”) is as high as 10%.

3.1 Datagram versusVirtual Circuit

In datagram-based packet-switching (used by | P), a packet header contains the destination address of the
packet, based on which layer 3 forwarding (or routing) is done at every intermediate node. In V C-based
packet switching (used by ATM), aVC is set-up first (implying that routing is already done) and hence,
each packet’'s header carriesalabel (e.g. aVCidentifier), based on which layer 2 forwarding (or switch-
ing) is done at every intermediate node.

Notethat, in ATM, certain network capacity (bandwidth and buffer space) can be“reserved” foraVC
for the purpose of providing quality of service (QoS). The reservation process can be either two-way or
one-way. When such atechniqueis applied to making reservation for a burst of packets (or ATM cells)
asin fast reservation protocol (FRP) and its variations (see for example, [8, 9]), it becomes quite similar
to fast circuit-switching. However, unlike in fast circuit-switching, atalk spurt is segmented into many
packets/cells, and each packet/cell (of the burst) over the VC is still stored and forwarded individually.
That is, the header of each packet/cell will be processed to determine how to configure aswitch, aswitch
will stay in the configured state for aduration of L, whereLp < Lp < Le.

3.2 IP Flow and Multiprotocol Label Switching

Normally, layer 2 forwarding is based on finding an exact match between thelabel carried by a packet and
alabel created during the V C set-up processand accordingly, it iseasier (faster) than layer 3 forwarding®.
In fact, the simplicity of layer 2 forwarding along with the use of cells is the reason why ATM is once
considered asfast packet-switching, and ATM switches can beimplemented with alower cost (in dollars)
than | P routers with the same performance (in throughput).

Thesimplicity of layer 2 forwarding isalso amotivation behind Multiprotocol Label Switching (MPLS)
(which can also facilitate traffic engineering). Thebasicideaof MPLSisto establish label switched paths
(LSP), which are similar to VCs, so packets (e.g. |P packets or datagrams) may be forwarded at layer 2
instead of layer 3. The establishment of L SPs can be control-driven, i.e., performed by anetwork accord-
ing to itstopology and connectivity asin Tag-switching but it may also be data-driven asin I P-switching
[5]. For example, the first few | P packets of aflow are forwarded at layer 3, where aflow could refer to
al the IP packets from a source to a destination. (At afiner granularity level, it could refer to al the IP

packets from a source host to a destination host, or just those belonging to the same TCP connection).

4Recently, the ATM Forum has been working on a specification called Fast (Framed ATM over SONET Transport), which will

allow up to 64 Kbytes of datafor every header of 4 bytes.
5In IP forwarding (or routing), one needs to find the longest substring in the routing table that matches the packet’s destination

address.



As soon as the destination recognizes the flow (e.g. when the number of 1P packetsit received from the
source exceeds a given threshold), it triggers the establishment of a L SP so the rest of the I P packets of
the flow can be forwarded at layer 2.

3.3 Optical Packet Switching

Optical packet switching is suitable for supporting bursty traffic sinceit allows statistical sharing of the
channel bandwidth among packets belonging to different source and destination pairs. To keep the per-
centage of the control overhead down, however, it needs fast switches based on Lithium Niobate tech-
nologies and semiconductor optical amplifiers (SOAS).

In optical packet switching, the payload (i.e. data) will remain in the optic form, while its header
may be processed electronically or optically (though the optical logicis very primitive). There are many
challengesin keeping the datain the optical domain [10]. One of the biggest challengesisthat thereisno
optical equivalence of the random access memory (RAM), and accordingly, (1) an optical datasignal can
only bedelayed for alimited amount of time viathe use of fiber-optic delay lines (FDLs) beforethe header
processing has to complete, and (2) the length of each packet, in terms of the product of its transmission
time and the speed of light, cannot exceed that of the available FDL in order for the optical packet to be
“stored”. A related issue is synchronization since each node needs to recognize the header and the end
of a packet, and re-align a modified/replaced header with its payload. Consequently, V C-based optical
packet switching with small, fixed-length packets (or cells) ismore attractive than datagram-based optical
packet switching.

In addition to using fixed-length packets almost exclusively (e.g. see[11]), optical packet switch-
ing traditionally uses the full-bandwidth of afiber based on TDM (or soliton) technologies, but has aso
been adapted to using WDM technologies by transmitting packets at the bandwidth of awavelength. In
particular, in order to facilitate implementation, headers can be transmitted on a separate wavel ength or
a subcarrier channel (see e.g. [12, 13]). Such use of “out-of-band” control may be regarded as a step
to loosen the coupling between control and data, which istight in the traditional packet-switching. More
specifically, using aseparate control wavelength or subcarrier channel makesit possible for anodeto pro-
cess the header (and set the local switch) before the payload is fully “stored” (in FDLs). An additional
step can also be taken so that the FDL s are used to simply delay the payload for a maximum processing
time, instead of storing it. In this way, the payload can be of a variable length (provided that the header
contains the length information or there is a way to recognize the end of a packet), and moreover, the
payload can be forwarded to the next node as soon asthe local switch is set. These deviationsfrom tradi-
tional packet-switching has brought such approachesto optical packet-switchingin WDM networks (e.g.
see[12]) closer to what we call optical burst switching (OBS), which isto be discussed in Sec. 5.



4 Burst-Switching

In this section, we first describe, and then compare three variations of burst-switching, namely, tell-and-
go (TAG), in-band-terminator (IBT) and, reserve-a-fixed-duration (RFD). Of thethree, thefirst two have
been studied for the el ectronic networksbut the third hasnot. Inall threevariations, bandwidthisreserved
at the burst level using aone-way process, and moreimportantly, aburst can cut-through switches, instead
being stored and then forwarded. Thisiswhy, at least theoretically, the size of a burst may be unlimited
(just asacall).

4.1 Design Choices

In TAG (based burst-switching), asourcefirst sendsacontrol packet on aseparate control channel (similar
to acircuit set-up request under distributed control) to reserve bandwidth (and set switches) along a path
for the following data, which, unlike in circuit-switching, can be sent on a data channel without having
to receive an acknowledgment first. Thisimpliesthat the offset time T can be (much) lessthan the circuit
set-up time, or even 0 as in packet-switching. After the burst is sent, another control signal (similar to a
circuit tear-down signal) is sent to rel ease the bandwidth.

InIBT, each burst has aheader just asin packet-switching, aswell asaspecial delimiter (called termi-
nator in [1]) to indicate the end of the burst. Although the difference between IBT and packet-switching
(in particular, message-switching), especially intermsof what triggers bandwidth all ocation/deall ocation,
can be very subtle, we note that IBT uses virtual cut-through, instead of store-and-forward. More specif-
icaly, in IBT, a source and any intermediate node can transmit the head (not necessarily the header) of
a burst even before the tail of the burst is received. Accordingly, a burst will encounter less delay and
in addition, a smaller buffer space is needed at a hode, except for the worse case where the entire burst
has to be buffered because the bandwidth at the output is not available. Note that, TAG- and IBT-based
burst-switching, when preceded by acall set-up phasefor voice communications, ismore or lessthe same
asfast circuit-switching.

Thethird variation of burst-switching, RFD, has been studied for optical networksonly (seefor exam-
ple, [3, 4, 14]), but not for electronic networks. RFD issimilar to TAG inthat acontrol packet is sent first
to reserve bandwidth (and set switches), followed by data after an offset time T. What distinguishes RFD
from TAG (and other circuit- packet-switching) isthat in RFD, the bandwidth is reserved for a duration
specified by the control packet which, like a header of a variable-length packet, contains the (expected)

burst length. Thisimplies, however, that a burst will have alimited maximum size.



4.2 Comparison of Burst-Switching Variations

Although the three variations use different triggers for bandwidth de-allocation (and all ocation), agiven
burst will consume (almost) the same amount of bandwidth in an ideal situation. Nevertheless, asto be
discussed next, RFD is more attractive because it can take advantage of the use of an appropriate offset
time while avoiding its potential disvantages more effectively than the other two variations.

Oneof the advantagesof using an offsettime, T, isthat since dataisbuffered (or delayed) at itssource,
it does not need to wait at intermediate nodes for its corresponding control packet (or header) to be pro-
cessed. Hence, no buffer is necessary at intermediate nodes, and even if there is buffer space in place at
each intermediate node, 100% of the buffer space can be used for conflict resolution. The potential dis-
advantages of using an offset time include increased end-to-end latency and bandwidth waste. Note that
these tradeoffs are reflected in circuit- and packet-switching, but burst-switching and especialy RFD can
combine the best of the two.

More specifically, in circuit-switching, having aT at least as large as 2P + A eliminates the need for
buffering data at any intermediate node. In burst-switching, the data can be sent before the last few chan-
nels are latched together, (that is, we may have T < P+ A), and still without having to be delayed at any
intermediate node. Thisisbecause, aslongasT > A and the bandwidth reservation by the corresponding
control packet (or header) is successful, by the time the data arrives at a switch, the switch should have
already been set. Of coursg, if T ismadetoo small (e.g. T =0asinIBT), or congestion occurs such that
no bandwidth can be reserved prior to the data arrival, the data needs to be delayed. If the data cannot be
delayed, because either thereisinsufficient buffer spacefor it, or the delay it has encountered has reached
the maximum that can betolerated by the real-time application (e.g. voice communication), the data may
be dropped or deflected (i.e. forwarded to an alternate output port).

However, having T > 0 may not be desirable for TAG (and IBT) if buffer space at the intermediate
node is not a concern at all, as the amount of bandwidth reserved during the offset time will be wasted.
Even if bandwidth can be reserved starting at the time of expected arrival of a burst, instead of at the
completion of the processing of its control packet (or header), using just-in-time switching (asin two-way
reservation protocols [6, 7]6), the achievable bandwidth utilization will not be as highasusing T = 0in
TAG and IBT. Thisis because the (non-zero) offset time creates fragmented bandwidth which cannot be
utilized efficiently by other bursts without possibly pre-empting or being pre-empted by the burst.

Thecasefor RFD isdifferent because now, it ispossiblefor anodeto makeintelligent decisions, based
on its knowledge of the duration of each reservation, on how to allocate bandwidth (as well as buffer) so
that utilization can be as high as possible and close to that achievable by using T = 0. For instance, in
RFD, it is possible to determine (1) whether it will be able to satisfy arequest for reserving bandwidth
without affecting existing reservations, and (2) if aburst needsto be delayed, exactly how long the delay

6See the protocol called RIT in [6].



should be and whether thereis enough buffer spaceto provide such adelay. We will discuss several issues

related to RFD in more detail along with optical burst switching (OBS) next.

5 Optical Burst Switching (OBS)

Inoptical burst switching (OBS), adataburst iskept in the optical domain at theintermediate nodes, while
itscontrol packet or header can be converted to electronicsfor processing. Sinceeach burst istransmitted
at the full-bandwidth of awavelengthin aWDM network whileits control packet or header istransmitted
on a separate wavelength, deciding how to schedule bandwidth reservation and set switches should be
relatively simpler thanin a TDM system (e.g. atelephone network employing pulse code modulation).
Accordingly, arguments against fast circuit-switching (or burst-switching) based on its high processing
complexity (as well as reasons why burst-switching has not been successful in electronic networks) are
no longer valid for OBS. Thisistrue especially with the high processing speed of today’ s microprocessors
and the use of an offset time (as in RFD), which should give each node enough time to process control
packets (or headers).

Although OBS may be based any of the three burst-switching variations described above, RFD-based
OBSisthe most attractive because, asdiscussed earlier, FDLsare scarce, and RFD ismoreefficientin uti-
lizing bandwidth and FDL s (especially when using anon-zero offset time). Note that, in order to release
reserved bandwidth in IBT-based OBS, the end-of-burst terminator needs to be detected, which could be
difficult. Similarly, in TAG-based OBS (see the so-called TAG protocol in [6] terabit burst switching in
[15]7), loss of atear-down signal during its transmission will result in bandwidth waste. A possible al-
ternative isto require a sourceto periodically send out arefresh signal, and only if no refresh signalsare
received after atime-out period, the bandwidth will be released. But this approach will generates many
control signalsand with anon-zero probability, result in undesired bandwidth rel ease duetoloss of refresh
signals.

Animportant issue related to one-way reservation in general, and OBSin particular (sincethereisno
optical buffer), ishow to deal with contention and reduce burst dropping. Another important issuerelated
to OBSusing anon-zero offset timeisthe end-to-end latency encountered by each burst. Thesetwoissues
are also fundamental when applying OBS to the next generation Optical Internet where differentiated
services are to be provided. Intherest of the section, wefirst describe a RFD-based OBS protocol called
Just-Enough-Time (JET) [3, 14], and then address the two issuesin more details.

7Althoughin more recent publications such as[16], a RFD-based OBS protocol was proposed for terabit burst switching instead.



5.1 Just-Enough-Time (JET)

Thebasicideaof JET isshowninFigure 1. More specifically, asource sendsout acontrol packet (similar
to a set-up request), which is followed by a burst after an offset time, T > A (in Figure 1, it is assumed
that the number of hopsH = 3, and at each hope, the delay encountered by the control packetisd. Hence,
A = 3-0). Because the burst is buffered at the source (in the electronic domain), no FDL s are necessary
at each intermediate node to delay the burst while the control packet is being processed.

A unique feature of JET is the use of delayed reservation (DR) as shown in Figure 1 (b), whereby
the bandwidth on the output link at nodei (e.g. i = 1,2) isreserved fromt, the time at which the burst
is expected to arrive, instead of from t’, the time at which the processing of the control packet finishes
(and the request for bandwidth reservation is made)®. In addition, the bandwidth will be reserved until
the burst departure time, t + I, where | isthe (expected) burst length.

The above discussion implies that in JET, a control packet will include not only the burst length |
(asin any RFD protocol), but also the (remaining) value of the offset time Ty s (iNitially, Tofssg = T).
To cope with the variable processing delay encountered by a control packet aswell as any receiving and
transmission delay at each node, the control packet can be stamped with itsarrival timet;,, and scheduled
for transmission at timeto; (assoon asitsprocessingisdone), whereti, <t’ < toy. Inthisway, bandwidth
will be reserved from t = Tyt + tin (this meansthat in the figure, T(i) = Toffsa — (t' —tin)), and the
control packet will carry an updated value of Tyt to the next node, which is Tof fsg — (tout — tin)-

If the requested bandwidth is not available, the burst is said to be blocked, and will be dropped if it
cannot be buffered (a dropped burst may then be retransmitted later if necessary). The use of DR can
reduce burst dropping (and increase bandwidth utilization) even without using any buffer, as illustrated
in Figure 1 (c). More specifically, when the 2nd control packet arrives, it knowsthat if eithert, >t + 14
(case 1) orty + 1, < tp (case 2), bandwidth for the 2nd burst can be successfully reserved. Note that, if
aTAG- or IBT-based OBS protocol is used, there is no way for the 2nd control packet to know that the
bandwidth will be released before the 2nd burst will arrive (case 1), or that the length of the 2nd burst is
short enough (case 2).

JET can also take advantage of any FDLs available at an intermediate node by using the FDLs to
delay ablocked burst until bandwidth becomes available (even though FDL s are not mandatory in JET).
As mentioned earlier, by taking advantage of the information on the duration of each reservation, DR
can increase the effectiveness of the available FDL s, just asit can increase bandwidth utilization through
scheduling® (for more detailed discussions and quantitativeresults, see[3, 14]). Inaddition, if the control

delay isrelatively large compared to the average burst length, then withthesame FDL s, JET will achievea

8Notethatt =t' + T (i), where T (i) depends on the remaining value of T aswell as the processing time at nodei.
9Scheduling is also useful in RFD-based OBS without an offset time, or in optical packet switching with variable-length packets

[17] which, as mentioned earlier, can be quite similar to OBS.
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better performance (e.g. alower burst dropping probability) than optical packet/cell switching and other
OBS protocols that do not use any offset time (i.e. T = 0). Thisis because JET can use 100% of the
available FDL sfor the purpose of resolving conflicts but these protocol s cannot (due to the fact that some

FDLs must be used to delay the burst while the header or control packet is being processed).

5.2 Application tothe Next Generation Optical I nternet

Recently, there have been several initiativesin building an Optical Internet where P routers are intercon-
nected directly with WDM links (seee.g. [18]). Such an Optical Internet will reducethe control overhead
duetothe high ATM “cell tax” aswell as complex signaling protocols, and eliminate the need for the ex-
pensive SONET/SDH switches. It is envisioned that in the next generation Optical Internet, P will run
over aWDM layer consisting of WDM switches and WDM links. Having the WDM layer will enable
a huge amount of “through” traffic to be switched in the optical domain, and as a result, can reduce the
number of expensive terabit routers and high-speed transceivers required at the IP layer (in addition to
creating high-speed communication pipesthat are transparent to bit-rate and coding format, as mentioned
earlier).

OBS can be applied to the next generation Optical Internet as follows. A control packet may be pro-
cessed by each and every intermediate node running | P to set up aWDM switch and reserve bandwidth on
an outgoing wavelength channel, so that the corresponding burst (e.g. severa I P packets) will go through
only the WDM switches at the intermediate nodes [19]. To further reduce the overhead involved in IP
(or layer 3) forwarding, the control packets corresponding to multiple bursts of |P packets belonging to
the same I P flow may be label switched (i.e. forwarded at layer 2) asin MPLS, by letting the first few
control packets set up alabel switched path (L SP) for the subsequent ones. Notethat, if JET isused, each
of the subsequent control packets will still need to carry control information such as the offset time and
the duration of the reservation, in addition to a label. Such an approach, which may be called labeled
OBS (or LOBS), will be especialy useful for multicasting bursty 1P traffic at the WDM layer [20].

Several related switching techniquesfor the next generation Optical Internet have also been proposed.
For example, a wavel ength-routing based technique was proposed in [21], whereby IP packets are first
forwarded asusual (i.e. by the P layer), but assoon asan | P flow is recognized, awavelengthis assigned
asalabel to al subsequent 1P packets of the flow. Such an approach isthus based on wavel ength routing
as awavelength path needs to be established.

For the next generation Optical Internet to be ubiquitous, it is important for the WDM layer to be
ableto provide low burst-dropping probability for high-priority traffic and limited end-to-end latency for
delay-sensitive (real-time) traffic. Such aWDM layer capable of supporting basic QoS (e.g. differenti-
ated services) will facilitate as well as complement a QoS-enhanced version of 1P (which currently only

provides best-effort services). Furthermore, it isnecessary not only for carrying some WDM layer traffic
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such asthosefor signaling and protection/restoration purposes, which require ahigher priority (and alow
|atency) than other ordinary traffic, but also for supporting certain applicationsdirectly (i.e. bypassing IP)
or indirectly through other legacy or new protocols incapable of QoS support.

5.3 Prioritized OBS

Lack of buffersin the WDM layer not only makes burst dropping more likely, but also makes existing
priority schemes no longer applicable. In this subsection, we will discuss how JET can be extended to
support priority and accordingly, reduce the probability of dropping bursts carrying crucial information
in the presence of congestion.

Consider aprioritized OBS protocol called pJET, where bursts are classified into multiple (e.g. two)
classes, and differentiated services are to be provided. For example, class O corresponds to best-effort
services and can be used for non-real-time applications such as email and FTP, while class 1 corresponds
to priority services and can be used for delay sensitive applications such as real-time audio and video
communications. Since adropped class 0 burst may be retransmitted but not a dropped class 1 burst (due
toitsstringent delay constraint), it isdesirableto assign class 1 bursts ahigher priority than class 0 bursts
when reserving bandwidth to ensure that class 1 burstsincur alower blocking (dropping) probability.

Themainideaof pJET isto assign an an extra offset time, denoted by t,; s, to €ach class 1 burst (but
only a“base” offset time T is used when sending each class 0 burst), while al control requests are still
treated equal, i.e. processed in the first-come-first-served (FCFS) order. Intuitively, this extra offset time
alows a control packet corresponding to a class 1 burst to make bandwidth reservation in much more
advance, thus giving it a greater chance of success, than the control packet for a class O burst, which can
only “buy tickets at door”.

Toillustratetheprinciple of pJET using termscommon to queueing systems, lett; andtg bethearrival
time and the service-start time respectively, of aclassi request, denoted by req(i), wherei = 0,1. Also,
let I; be the service time (i.e. burst length) requested by req(i). To simplify the following presentation,
let us assume no FDLs at any intermediate node. In addition, we will ignore the effect of the base offset
time assigned to both classes of bursts and concentrate on that of the extra offset time assigned only to
class 1 bursts.

Since no extra offset timeis given to class O bursts, aclass 0 request, req(0), will try to reserve band-
width immediate upon its arrival, and will be serviced right away if bandwidth isavailable (and dropped
otherwise). In other words, t,g = tgg When reservation is successful (see Figure 2(b)). However, for a
class 1 request, req(1), adelayed reservation is made with an extra offset time, tof ts«, and hence, it will
be serviced at ty; = ta1 +to ¢ When reservation is successful (see Figure 2(a)).

Figure 2illustrateswhy aclass 1 request that is assigned tof ;s Can obtain a higher priority for reser-

vation than a class 0 request that is not. Consider the following two cases where contention between two
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requestsin different classesis possible. Inthefirst caseillustrated in Figure 2(a), req(1) arrivesfirst and
reserves the bandwidth (using delayed reservation), and req(0) arrives afterwards. Clearly, req(1) will
succeed, but req(0) will be blocked if t;g < tg1 but tyo + 1o > tg, Or if tg < tyo < tg +13. In the sec-
ond caseillustrated in Figure 2(b), req(0) arrives first, followed by req(1). Whenty; < tao+ lo, req(1)
would be blocked had t,¢ s« NOt been assigned to req(1). However, such ablocking is avoided as long
aSty = tag +toffsa > tao+lo-

If ty1 =tao + 0, where o > O isvery small, tof 15 Needsto be longer than the maximum burst length
over al classOburstsin order for req(1) to completely avoid being blocked by any req(0). With that much
extra offset time, the blocking probability of class 1 bursts becomes independent of the offered load in
class 0, that is, class 1 is completely (i.e. 100%) isolated from class 0.

Notethat however, areasonabletys s+ Can beused to achieve a sufficient degree of classisolation. For
example, if the length of class 0 bursts are exponentially distributed with an average of Lo, thentysfse =
3- Lo is sufficient to achieve at least 95% isolation [22]. In addition, with a reasonable degree of class
isolation, class 1 bursts will have a blocking probability that is several orders of magnitude lower than
class 0 bursts, although the overall blocking probability does not depend on the degree of isolation but
rather other factors such as the overall traffic load and number of wavelengths. The resultsin [22] have
also shown that even with alink load of 0.8 and 40 wavelengths, the blocking probability of class 1 bursts

canbeaslow as10~ 7.

54 Pretransmission Delay

For real-time bursts, it is imperative to discuss their end-to-end delay. We first note that the use of a
(base) offset time asin JET does not increase the end-to-end delay of a burst as the offset merely substi-
tutes for the total processing delay to be encountered by the corresponding control packet. Compared to
circuit-switching, the end-to-end delay in OBSis about 2P shorter (where P isthetotal propagation delay
between the burst’s source and destination switches, and is typically around tens of milliseconds or ms
coast-to-coast). In addition, compared to | P routing which uses store-and-forward, OBS can reduce the
end-to-end delay because the data can cut-through the WDM switches as described earlier.

To assess the impact of using an extra offset time asin pJET, let the total processing delay be A (typ-
ically tens of microseconds or ps) and the length of aburst be | (typically afew psor less). In addition,
assume that in a real-time application, each byte (or bit) generated at the source has to reach its destina-
tion in D ms, which is often large compared to A or even P. For example, for today’s voice and video
communications, it may be acceptable for D to be aslarge as afew hundreds of ms. Nevertheless, if one
takes into account the delays introduced by the higher-layer protocols at the source and destination, the
available budget for the total delaysin the WDM layer, denoted by B, could be significantly smaller.

Let B=P+ A+ b, wherebisthe available budget for pre-transmission delay and could be aslarge as
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several ms'®. Accordingly, if the extraoffset time used in pJET isequal to afew timesof Lo (the average
burst length), the increase in the end-to-end delay may not be significant (although the reduction in the
blocking probability of higher priority bursts could be significant as discussed earlier).

Note that in RFD-based OBS (such as JET and pJET), it isrequired that a control packet specify the
duration of the following burst, where aburst usually consists of all the IP packets belonging to the same
data message. Such a requirement can be easily met when each burst can be assembled in less than a
few ms(i.e. the burst assembly timeis shorter than the tolerable pre-transmission delay b). Nevertheless,
there may be cases where a message islong, the data bel onging to the same message arrives (fromthe IP
layer) at aslow rate, and/or each messageistoo short so that | P packetsbel onging to different messages (or
flows) may need to be assembledinto oneburst in order to lower the percentage of the overhead introduced
by the control packet. In such cases, the time to assemble a burst with all the desirable content, A, may
be larger than b.

More specifically, let thetimethat the burst assembly startsbetg. If A > b (which does not necessarily
mean that | > b aswell since A > 1), an obvious solution is to stop accumulating data prior to (or at) time
(to+b) (or in pJET where an extra offset timetys ;¢ IS Used, before (to + b —to &t )), and immediately
send out a control packet specifying the length of the (partial) burst assembled so far, say I'.

If the total offset timet (which may include both the base and extra offset timein pJET) to beused is
relatively large (e.g. due to alarge A), an aternative to the above solution is to continue to accumulate
data for another t ps, but still send a control packet prior to time (to + b) (or tg + b —tofsa in PJET),
which will specify the expected length of the (partial) burst to be transmitted. Asillustrated in Figure 3,
the control packet will specify the length to be | =1’ + f(t), where f(t) is the estimated average burst
assembly rate during the next t ps (which may be calculated based on the actual rate observed so far).
Notethat if it is an over-estimation, some extra bandwidth reserved by the control packet will be wasted.
On the other hand, if it is an under-estimation, additional data accumulated will have to be transmitted
later as a separate (partial) burst. The potential advantage of this alternative isthat more data can be sent,
thus reducing the percentage of the overhead introduced by the control packets.

Note that we may extend the estimating period t to include the burst transmission time aswell. Such
aflexibility of OBSin sending out a control packet while aburst is still being assembled, combined with
the fact that the line speed of 1P routers is reaching OC-48, enables OBS to efficiently support real-time
applications such as voice or video over 1P (over WDM) that generate data periodically. In addition, in
some applications such as file transfers, WWW downloadings or video-on-demand, a server can deter-
mine the burst length as soon as arequest for transferring/downl oading afile from itsclient is processed.

Accordingly, the server can send out a control packet specifying the exact burst duration even before the

10The assumption hereisthat b < 2P so circuit-switchingis out of the question. Notethat evenif bisaslargeas 2P, OBSmay still
be preferred since retransmissions (of a control packet and a burst) may be possible when using OBS, but not when using circuit-

switching (after a set-up request fails).
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fileisretrieved from a storage unit. This essentially overlaps the processing of the control packet at the
intermediate nodes with the file retrieval operation, thus reducing the overall end-to-end delay. Finally,
asmentioned earlier, in order to reduce delay (and overhead) of layer 3 forwarding of the control packets,
labeled optical burst switching (or LOBS) (e.g. similar to [12]) may be adopted for for a long flow (of
bursts of |P packets), where the control packetswill be forwarded at layer 2.

6 Summary

Optical burst switching (OBS) have the following main features: (1) datais sent in bursts (of packets),
implying it can have avariable size, (2) dataistransmitted at the bandwidth of awavelength (not afiber),
(3) data can cut-through optical switches, implying that aburst may al so be transmitted before it is com-
pletely assembled (and received) at the source (and each intermediate node, respectively), (4) control
packets are transmitted on a separate band (wavelength), and possibly with an offset timeaswell (e.g. in
RFD and TAG), (5) bandwidth is consumed only when data is transferred, and (6) the duration of each
bandwidth reservation (or the size of the data) may be specified (asin RFD) or unlimited (asin TAG and
IBT).

Some of these features (e.g. (3)) are similar to those of optical circuit-switching while some others
(e.g. (5)) are similar to those of optical packet-switching. Consequently, OBS will require a limited or
even no delaying (or buffering) of the dataat intermediate nodes as optical circuit-switching, and achieve
an efficient bandwidth utilization when supporting bursty traffic as optical packet-switching. In addition,
OBSwiill result in asmaller (amortized) overhead involved in processing control signal's, setting switches
and achieving synchronization than optical packet-switching, and alower pre-transmission (and end-to-
end) latency than optical circuit-switching.

Notethat, based on the current and near future WDM technol ogiesand expected traffic to be supported
(e.g. IP traffic) by the WDM layer, the question of whether there will be an single switching technique
(and if so, which one) for use by the optical WDM layer is still open for debate. Nevertheless, as OBS
achieves a balance between optical circuit- and packet-switching, it can serve as a base for any future

convergence.
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Figure 1. The use of an offset time and delayed reservation in Just-Enough-Time (JET)
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