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ABSTRACT

We introduce Proactive Reservation-based Switching (PRS)—a switahatnitecture for IP/WDM networks based on
Labeled Optical Burst Switching. PRS achieves packet delay and ldssmpance comparable to that of packet-switched
networks, without requiring large buffering capacity, or burst salied across a large number of wavelengths at the core
routers. PRS combines proactive channel reservation with periodjmrghof ingress—egress traf c aggregates to hide
the offset latency and approximate the utilization/buffering characterigtidéscrete-time queues with periodic arrival
streams. A channel scheduling algorithm imposes constraints on lapattdre times to ensure ef cient utilization of
wavelength channels and to maintain the distance between consecusitethuwugh the network. Results obtained from
simulation using TCP traf c over carefully designed topologies indicatePf® consistently achieves channel utilization
above 90% with modest buffering requirements.
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1. INTRODUCTION

In recent years, research into building high-speed IP/WDM routergkiaibited a trend toward leveraging the advances in
optical devices and fast optical switching to circumvent the capacity bettleand high power consumption in IP routers.
One approach is optical packet switching (OPS), in which the packéiamhis optically buffered using Fiber Delay Lines
(FDLs) at each router while its headers are processed electronicathyripute the forwarding decision. In addition to the
limited buffering capacity achievable using FDL buffers, OPS poses Iswitheduling and control problems that remain
under research.

A hybrid electro-optical approach is adopted in the Optical Router (O8j¢et? which proposes substituting an opti-
cal switching fabric for electronic cross-bars in traditional routers. titkets are buffered and processed electronically
at the line cards. To match the speed limitations of electronic line card®(Gbpsg, incoming WDM links are demulti-
plexed into single-wavelength bers so that a line card handles traf mfamly one wavelength channel, thus requiring a
large number of ports per router.

A third approach, is Optical Burst Switching (OB%). In an OBS network, IP packets are assembled into bursts at the
ingress routers, and, ahead of each burst transmission, a badsrhgacket is forwarded on a dedicated control channel
along the path of the burst. The header packets are processed etediyaat every routers to compute the forwarding
decision and to reserve router resources (e.g., output channelpéier, and wavelength converters) to the incoming
burst. The resource allocations at a given router represent awdehectording to which arriving bursts are switched
transparently through the router. The duration between the transmigsidmeader packet and its corresponding burst is
called thetransmission offsgsimply, offset). The offset should be large enough so that thevatsen request is processed
at all routers ahead of burst arrival.

In this paper, we introduce Proactive Reservation-based Switchirg)(RR IP/WDM switching architecture that over-
comes the limitations of OBS, particularly, the limited bandwidth utilization ef cieotdata and control channels, and the
increased packet delay compared to packet switching. The propodgtecture combines a proactive reservation scheme
with periodic shaping of ingress—egress traf ¢ aggregates. This ow@tibn hides the offset latency and approximates the
utilization/buffering characteristics of discrete-time queues with periodicahistreams. A channel scheduling algorithm
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imposes constraints on burst departure times to ensure ef cient utilizatimavelength channels and to maintain the dis-
tance between consecutive bursts through the network. The goal pfdaetive-reservation scheme in PRS is to allocate
bandwidth to individual traf ¢ aggregates according to a speci ed natech as TDM switching does. However, compared
to TDM-based transparent switching, the PRS relaxes the synchronizatjairements and allows the ingress routers to
react to changes in bandwidth demands and network conditions by agifpgireservation rate.

The network utilization ef ciency depends on the effectiveness of thiettacheduling algorithms used at the ingress
and core routers. lhorizon schedulin§ an incoming burst cannot be scheduled on a given channel be®iatést-
scheduled burst transmission on that channel, which leads to potentigbylaused intervals (calleaids in the channel
schedule, and hence poor channel utilization. Scheduling algorithms eiihling have been proposed® However,
these schedulers may result in gaps between adjacently schedulegithatsare too small to t additional ones. The
gaps are created because reservation requests have arbitratiyngtsrtThe ratio of the average gap size to the burst size
represents a further reduction in effective channel capacity. PBSauslotted burst scheduling algorithm that eliminates
the gaps by buffering bursts to align their reservation requests with ehalwh boundary. The scheduling algorithm also
maintains the periodicity of individual trunks through the network.

A performance limitation of OBS in comparison with packet switching is theeiased packet latency due to burst
assembly and offset delays incurred at the ingress routers. Weitekgredictability of periodically-shaped traf ¢ to
completely hide the offset latency through proactive channel retsemyan which the reservation requests for individual
trunks are periodically generated by the corresponding ingress saatanticipation of burst formation. In addition to
improving packet delay, proactive reservation was motivated by tked teeimprove the ef ciency of control channels.
This is achieved in PRS by bundling multiple reservation requests overgpghid of time into one reservation packet
thus amortizing the headers overhead, which is signi cant especiallytimonks using an IP-based control plane.

The inef ciency of OPS and OBS in utilizing network capacity compared tated@ic packet switching is due in
part to an inherent trade-off between packet loss rate and networlatitiizthat results from the limited FDL buffering
capacity. In OBS, packet loss is a consequence of burst blockintpbdigmtention at the output of core routers. The large
variability in the arrival process of IP packet traf ¢ at the ingresgteosiresults in high burst blocking rate as bursty packet
arrivals at the ingress nodes lead to periods of contention among tfabeck-to-back bursts at the output OBS core
routers followed by idle periods. The burstiness of IP traf ¢ typicallyuiesin periods of back-to-back arrivals forming
burst trains followed by prolonged idle periods. Coincidental syndbhadion among trains from different sources results
in high loss rate. Spacing burst arrivals from the same source so thatithnot compete among themselves for buffer
capacity can signi cantly reduce the loss rate.

In order to reduce the loss rate, the chance of collision among traingstmeeds to be reduced, hence the trade-
off between loss rate and network utilization (or equivalently, offered loabursts=second. This effectively reduces
the capacity of network channels. Although backbone links are usuallipiigiaded under normal operation, the excess
capacity is often planned to carry rerouted traf c in the case of link faillmehis paper, we show that regulating individual
ingress—egress traf ¢ aggregates (henceforth referred tauaks into periodic streams allows the ef cient utilization of
network capacity with modest buffering requirements.

The remainder of the paper is organized as follows. In the next segtmpyovide a brief overview of optical burst
switching; in Section 3, we introduce the PRS architecture and describedaetige reservation scheme. The case for
periodic trunk shaping is presented and the PRS burst scheduler isuicgibth Section 4. In Section 5 we report results
from a simulation-based evaluation of the loss-utilization performanc&8f Eoncluding remarks are given in Section 6.

2. OPTICAL BURST-SWITCHED NETWORKS

An OBS network consists of OBS nodes, also referred topdigal core routers or simply asore routers, and electronic
edge routers connected by WDM links. Packets are assembled at katgrass into bursts. The bursts are then forwarded
through the OBS network to the egress, where the bursts are disasddmatitanto packets. The edge routers must provide
capability to assemble and disassemble bursts on interfaces facing thegdB@k. On the other side the edge routers
continue to support legacy interfaces such as SONET/SDH (POS) aabitHghernet. A core router consists of an optical
switching matrix and a switch control unit.

Prior to sending out a burst into the OBS network, core routers musirbguwred to switch the burst. This is achieved
by sending out a reservation request (control) packet slightly aHdaden The control packet traverses the OBS network



to reserves the channels along the path. The switch control unit on eeehotiter has a controller that runs routing and
signaling protocols. The reservation request may be routed throughBBenetwork in two ways. It may be routed hop by
hop as in a connectionless IP network which requires an IP lookup &br @ntrol packet. Alternatively, label switched

trunks may be established between edge routers, and the controt fremkeontains a label that determines how it is to
be routed at a core router. The latter approach also referred to atetaDptical Burst Switching (LOBSY.

Establishing a traf c engineered trunk in LOBS is different from settingampoptical circuit in wavelength routed
networks, for example using GMPLS. In LOBS, allocation of bandwidthuoks can be at sub-wavelength granularity,
thus allowing a wavelength channel on a given WDM link to be shared ammatiiple trunks. This is conceptually closer
to establishing trunks in MPLS-based packet networks.

The initiation of the reservation process for a burst at the ingress orrikel @f the corresponding control packet at a
core router triggers the scheduling algorithm for the outgoing link/wavéhésigon which the burst needs to be forwarded.
Since requests for transmission of a burst are generated asyoaklpit is possible that two or more bursts intended for
the same channel arrive in an overlapped fashion. This implies thasarbay need to be dropped or delayed to the time
when it can be scheduled in a con ict-free manner. A burst may beyddlasing FDLs.

To alleviate the loss-utilization trade-off, burst scheduling is typically peréml across a large number of data channels
(assuming wavelength conversion capability) on the desired output limkiitage a multi-server queue. As the output link
scheduler needs to process a reservation request per burst, it gate (in reservations/second) needs to be at least
equal to the total link throughput in bursts/second. A slow scheduler winnilcthe link throughput. Given an electronic
processing speed of few GHz, a simple calculation assuming a link of @@levayths at 100Gb/s, an average burst size
of 10 KB, and 10 clock-cycles per scheduling operation reveals thadsding across the candidate wavelengths must be
attempted in parallel. An associative-memory based hardware desigAftC-VF — a void- lling scheduling algorithm
that supports parallel scheduling was presented in Ref. 11.

3. PROACTIVE RESERVATION-BASED SWITCHING

PRS is based on a label-switched control architecture to facilitate traf ceggtjon at the ingress nodes into traf ¢ trunks
based on the egress address and quality of service requiremerits.aggregation allows for ef cient burst reservation
and traf ¢ shaping. The sequence of labels that a reservation paskatnes as it traverses the network links determine
the label-switched path (LSP) for the corresponding trunk. For reagbforwarding ef ciency, LSPs may be merged as
they reach the rst of a sequence of common links, then later split as pladis diverge. A trunk identi er within the
reservation packet payload enables the switch controllers to perfashdmineduling based on trunk membership.

A Routing and Wavelength Assignment (RWA) algorithm is used to computegoh trunk a path and a set of wave-
lengths that it can use on each link along that path based on its expectaddland the wavelength conversion constraints
at the core routers. This algorithm is run whenever there is a changerietiverk topology or traf c demands.

PRS regulates trunks into periodic streams to achieve high network bahduytilization without large buffering re-
quirements at the core. Since the ingress routers are electronic gagtates, large buffers can be used to smooth the
bursty packet arrival process without incurring substantial pdokst Periodic traf ¢ regulation (periodic shaping) effec-
tively implements trunk policing based on peak rate allocations. In caseeffa@ent network-wide bandwidth allocation,
no ow is allocated bandwidth more than it demands. To achieve a highedenfr statistical multiplexing under peri-
odic shaping, the bandwidth allocations should be dynamically revised tdammaéf ciency. In addition to ef ciency, a
common objective of bandwidth allocation is fairness. Consider two traokgpeting for bandwidth at a bottleneck, the
trunk with a higher number of ows should be allocated more bandwidiwag that individual ows within each trunk
have demands higher than their corresponding allocations. Techrimube estimation of fair and ef cient bandwidth
allocations at the level of traf c aggregates were proposed in RefTCP(trunking) and in Ref. 13. These techniques
attempt to estimate the instantaneous fair allocation for each trunk so thatrrke@pacity is ef ciently utilized.

Dynamic bandwidth allocation may interfere with periodic reservation in teeséandwidth allocations changes over
short time scales. To avoid this problem, the time averages of the instantaaklocations can be used as the peak rate
allocation for the trunks. It has been repeatedly obséf#¥dthat the number of ows crossing individual links at the
Internet's core exhibits little variability over relatively large intervals of timan(mtes). This implies little variability in
the time average of the allocations produced by the above techniquestaregals that are much larger than the trunk
reservation cycle.



3.1. The case for proactive reservation

Due to the burst assembly and transmission offset latencies, Thegaveaaket delay along an OBS network path is
typically higher than that along an identical path in a packet-switched netlarge delays not only limit the usability of
OBS networks for transporting delay-sensitive traf ¢, but also imp&iPTthroughput performandé. In this section, we
argue that the burst length adopted by a trunk should re ect its traflame so as to minimize the burst assembly delay,
then introduce a proactive reservation scheme that leverages kmg@ndéthe trunk's burst size and the predictability of
the transmission schedule of regulated traf ¢ to hide the transmissioet ddfiency.

The average burst size used in the network is dictated by bandwidth méygieonsiderations. A burst is typically
formed of multiple IP packets. Packets are buffered at the burstsidgstage until either the desired burst size is met or
a limit on packet waiting time in that stage is violated, in which case, padding@tesachieve the desired burst length.
The burst assembly time is a concern only in trunks with low arrival rateis, case the ingress lacks adequate buffering,
thus resulting in excessive packet loss. For trunks with low packetarete, the burst assembly latency can be improved
by adopting a burst length and a waiting-time limit that are commensurate witirtival rate.

The transmission offset is the difference between the time of transmiskitata burst and that of the corresponding
reservation request. To avoid burst dropping, the offset must ge kmough to allow for the queuing and processing
(header processing, forwarding, and resource scheduling)sifelegd by the request packet along the transmission path,
and hence must be proportional to the number of Hops$n order to maintain ef cient use of link bandwidth under
TCP traf c, core routers in packet-switched networks should havenawalth-delay product worth of packet buffers at
each interface. Similar reasoning applies to the control path in OBS switchragimize the chance of a reservation
packets being lost due to temporary congestion. Taking into consideth8aaverage number of packets per burst and
the difference in packet size between the IP traf ¢ and control trafhe queuing delay experienced at each hop by a
reservation packet can be in the millisecond range in periods of tramsirgéstion.

In principle, the reservation process for a burst transmission canitiz#eéd proactively—before the formation of the
burst to hide the transmission offset latency. The main concern is tlinidth waste due to unused reservations. Given
an ef cient bandwidth allocation, that is, no trunk is allocated more baniwidan it demands, then the trunk’s burst
queue at the ingress constitutes a single server FIFO queue with buisifsafburst formation inherits the burstiness
of packet arrivals) and burst departures occur at the instantsHmhvthere are reservations. A fundamental result of
queuing theory is that for a queuing system with general arrival andcseprocesses, as the arrival rate approaches
the service rate at steady state (utilization approadhethe probability of the system being idle approachg8 that
is, no wasted reservations. This queuing model assumes a in nitermafecity; in practice, the buffer must be large
enough to accommodate the bursty arrivals. As mentioned above Ciertfaf ¢, the buffer size must accommodate a
bandwidth-delay product worth of packets (bursts) to achieve eftdiak (channel) utilization. We conclude that given
ef cient allocation of network bandwidth, and adequate burst buifgacity at the ingress, bandwidth waste due to unused
reservations is not a concern. This is corroborated by simulation rés@esction 5.

We propose a periodic proactive reservation scheme that combinegipshaping with proactive reservation. Periodic
shaping can be viewed as the generation of time-stamped tokens; thertiffidoetween the time-stamps of two consecutive
tokens is equal to the trunk's period, the reciprocal of its bandwidth almtan burst=s. The burst at the head of the
queue is released only when the clock time becomes equal to the time-stathp éarliest generated tokens. Consumed
and expired tokens are destroyed. The process of generating aisokenprocess of initiating the reservation process
(generating a request packet) for burst transmission after a ceftsdén. drhis process occurs periodically at a rate equal
to the trunk's bandwidth allocation. We refer to the transmission offsetaseatbervatiorhorizon As is the case with
a regular OBS transmission offset, the horizon must be an upper lmutite queuing and processing delay witnessed
by the reservation packet along the path. However, this latency is totallgmiidm the burst as illustrated in Figure 1.
Bursts suffer shaping delays in the burst queue. These delaysiavaleqt to those suffered in a packet-switched network
with ingress shaping. Note also that in OBS, limited buffering at the corer®guarantees small queuing delay beyond
the ingress.

To minimize the offset delay, Turneand Xiong and associafeproposed buffering the data bursts at the core routers
to maintain the difference between the arrival time of the reservatiorest@nd the corresponding burst at downstream
nodes. The merit of this approach is that the delay incurred by a pagkbts a burst re ects the actual delay faced by

We make the distinction for reasons that will become appanethe next section.
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Figure 2. Reservation request format. Field sizes are shown in bits.

the corresponding request packet along the control path. Its disi@gesis that it introduces synchronization requirements
between the data path and the control path within the routers. In additioketpagithin the data burst still incur the
scheduling and forwarding delay at each node. A recently propabedre named Forward Resource Reservation (FRR)
also attempts to partially hide the offset latency by starting the reservaticegedor a burst transmission starts with the
arrival of the burst's rst packet at the ingress. FRR does notltdrom traf ¢ aggregation, shaping, or knowledge of the
burst size. The main goal of FRR is the accurate prediction of the baesard the burst assembly delay after the arrival
of the initial packet.

3.2. Proactive reservation in PRS

PRS uses the periodic proactive scheme introduced in Section 3.1, aliwed can be classi ed as a Just Enough Time
(JET) reservation schenie Figure 2 shows a possible format for the reservation request mesEhagarrival time
anddeparture time elds are used to account for the time spent by the reservation packatcimrouter as described
in Ref. 3. Thechannel eld identi es the wavelength channel on which the burst will arrive. iape eld is used

by the scheduler. In case the trunk allocation is at or below 50% of chhandwidth, theshape eld is interpreted
based on its most signi cant bit, which is set only if the trunk's bandwidthcatmn is less than 50% of a wavelength
channel bandwidthshape then provides the desired length of time between successive bursts iroititgak's burst
size. If the allocation is greater than half the channel bandwidth, shape is interpreted as the maximum number of
back-to-back bursts from the same trunk before a gap of trunks kize should be forced by the scheduler. $hape

eld is included in every reservation to allow for dynamic bandwidth allocation

The use of proactive reservation offers a simple yet effective vi@yproving the ef ciency of the control channels
by bundling the reservation requests for a trunk ovepbject intervalin a single reservation packet. This is especially
desirable when the network has an IP-based control plane. In stliclysea reservation protocol data unit is encapsulated
in IP datagram, which is in turn augmented with a shim-header before bagapsulated in a layer-2 frame for transmis-
sion. In case each IP datagram carries only one reservation retiwesf,ciency of the control channel is below 50%
assuming 20-Bytes IP headers and ignoring the shim-header ane?lagader overheads. In addition, note that only the
offset andthechannel elds need to be repeated for each reservation within the requesttpddielarger the length
of the object interval the greater the improvement in control chanreéety. However, the length of the largest offset in
a reservation packet dictates the size of the guard bands around theigssa which directly affects the ef ciency of the
data channels. Given that a single reservation request in each dategmnebe considered a special case, we describe the
reservation process in terms of the more general case.

in reservationss; throughs, at the ingress router. Periodically the switch controller at the ingressrrimitiates the
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reservation process to ful Il the bandwidth allocation for the trunks oritiingpat that node within a futurebject interval

The time between transmitting consecutive request packets (the imeisyecle) for a trunk is equal to the length of the
object interval so that new reservations are made at the same rater¢hegnsumed. Suppose the length of the object
interval iso, and consider a trunk with bandwidth allocation and burst sizé8. The number of burst transmissions
required to ful Il the bandwidth demand within an object interval of lengtaren = o =B , assuming that the is
such thatb bis an integral multiple oB. For a 40Mb/s trunk and 4Kb bursts, a 4ms object interval contains #&Q bu
transmissions. Referring once again to Figure 2, the reservationstgopeket would contain 48offset,channel>

pairs in addition to the common headers. Moreover, the 20-Bytes IRefeaderhead becomes relatively small compared
to the reservation packet payload of 680 Bytes.

After locally scheduling the requested transmissions, a reservatioesepacket is created and forwarded on the
control channel to the next switch along the trunk's path where onde #ua switch controller attempts to schedule the
requested transmissions; the process is repeated until the requiest meches the egress node where it is discarded.
Unsuccessfully scheduled requests are markeztasedby setting theiroffset  elds to zero in the forwarded request
packet. If all requests were unsuccessfully scheduled at a cae rthe reservation packet is dropped.

4. TRUNK SHAPING AND SCHEDULING

TCP interprets packet loss as a congestion signal and reacts by igdsaanding rate. Therefore, a challenging problem
for OBS network designers in an IP backbone is the trade-off of bosstrate (which translates to packet loss rate) to
network utilization, given very limited buffering at the core switches. @médnd OBS reservation schemes propagate the
IP traf c burstiness to the network's core. Independently from loadjdental synchronization among bursty trunks leads
to high loss rate when the buffer capacity is small. An advantage of paekithed networks over OBS is that through
large buffering capacity, packet switches are capable of sustainistylvaf ¢ at high-level of link utilization without
excessive packet loss.

PRS regulates trunks into periodic streams at the ingress routers toxapai® the utilization/loss performance of
discrete-time queues with periodic arrival streams — which were stugiedaoalels for ATM multiplexerd? and are
known to allow high bandwidth utilization with modest buffer capacity requéets. One particular model, tm®=D=1
queué! assumes xed-size cells and time-slotted output link, with a slot duratioalequcell transmission time. The
traf ¢ consists ofn periodic streams having independent but equal periods of levgtsiots. Each of then streams
chooses a slot uniformly at random fr@to M 1 where it produces a packet each period. Packets arriving to the queu
are served in FIFO manner. Tm®=D=1 queue has some structural similarities with OBS: the choice of the slot (i.e.,
packet holding at the source until a speci c slot), despite not beingegad/to the multiplexer ahead of packet arrival, is
analogous to reservation in a slotted OBS system with one output chande¢heaRIFO queue is analogous to a rst-t
burst scheduling algorithm.

A plot of the complementary queue length distribution for tiil==D=1 at 90% utilization is shown in Figure 4. This
distribution is an upper bound on the blocking probability of a nitB=D=1 queue. ThenD=D=1 model applies to
streams of equal bandwidth allocations. Upper bounds on queue leistiibudion for the case of different bandwidth
allocations are provided in Ref. 20 where it was observed that the Wwoffgtr requirement occurs when all trunks have
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Figure 4. Upper bound on blocking probability of a nite  Figure 5. Blocking probability of anM=M=m=L system
nD=D=1 queue at 90% utilization. at 90% utilization. At high loads, increasing the number of
servers (channels) does notimprove the blocking proltgbili

the smallest allocation (i.e., largest number of trunks). Thus the dasgual bandwidth allocation should be used in
determining the buffer capacity requirements.

In a network setting, a trunk traverses multiple hops, and bursts encaamigble buffering delay at each hop. The
variability in delay between successive bursts destroys the periodicitg dafihk. Consider the case of a variable delay
with a bound equal to the trunk's period. After traversmbops, the trunk may have groupstoback-to-back bursts. To
avoid excessive loss at downstream switches, the scheduler at theocters in PRS need to maintain the shape of the
trunks through scheduling constraints.

Chaskar and associaté$® recognized the need for shaping at the ingress of OBS networks apdgad enforcing
an exponentially-distributed inter-arrival time between consecutiveitnegsion requests from the same trunk in order to
obtain the blocking performance of a bufferlessserver-loss systemM=M=m=m) at each core router. They observed,
that Poisson shaping leads to a substantial improvement over unreg@sateirce allocation at light lo&d. The authors
also provide a traf ¢ engineering framework centered around Elalogs formul&* for trading-off the utilization of
network links to loss probability given the lack of buffers at the netwoek'se. The lack of buffers obviates the need for
shaping at the network's core.

A more general model for Poisson shaping is that ofraserver system with nite buffer\I=M=m=L). The plot
in Figure 5 shows the blocking probability at 90% utilization ofrarserver system with a bourld on the number of
customers allowed in the system at any time and Poisson arrival aridesprucesses—thd=M=m=L queuing systerd*
At high load, a system with Markovian arrivals and service times has a larffering requirement that is almost indepen-
dent of the number of channels. The variability in packet arrival @ge@t a backbone router is known to be much higher
than that of Markovian arrivals suggesting that even larger buffe@pgcity would be required in practice. By comparing
gures 4 and 5, itis clear that periodic shaping yields better loss/utilizatidiopeance than Poisson. Th®=D=1 queue
requires a buffer capacity of less than 40 to support a loss rdte df for 200 trunks at 90% load, whereas the Markovian
queue requires a buffer capacity of 200. Note that the number ofdnpialys no role with Poisson arrivals since a mix of
a set of Poisson processes is also a Poisson process.

Reacting to phase synchronization

It can be shown that given utilization 1, a link subject to periodic reservations implements a guaranteed rass farv
each stream with latency no greater than its period. The complementaiputistr in Figure 4 indicates that there is a
large gap between typical behavior and worst case guarantee. Ghissts that to avoid worst case buffering and waiting,
switches should detect trunks experiencing high blocking rate and shymaigress to randomize its phase with respect
to competing trunks. Phase synchronization may result in severe tipotideterioration for affected trunks. In order to
guarantee robustness to phase synchronization, switch controllarsagatain a moving average of the fraction of blocked
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reservations from each trunk that passes through them. If that fndnticeases beyond a prede ned threshold, it indicates
that there is phase synchronization. A Phase Synchronization Ind{€8trpacket containing the trunk identi er is sent
back to the ingress. Upon receiving a PSI for a particular trunk, thealtar at the ingress randomizes the phase of the
request generation cycle for that trunk. Provisions to avoid congetengontrol channels with PSI packets, such as a
limit on the rate of generation of PSls by individual switches, must bel@red to avoid the congestive collapse of the
control channels in the case some wavelength channels get oveisatisiue to faulty ingress controllers.

Scheduling in PRS

In PRS, the scheduling algorithm is deployed at the output interfaces ibfghesss and core routers to process reservations
and allocate channel, and if necessary, buffer resources to incdmists. The scheduler provides a best-effort service
in the sense that it may fail to schedule a subset of the requests iteagckie to channel and buffer constraints, in which
case the request is blocked, as described in Section3.2. The sata@dalacts as a shaper by delaying individual bursts to
maintain the temporal distance between successive bursts from thérsakne

The switching elements within core OBS routers operate in discrete time slaliesthan the burst duration. We shall
refer to these aswitching slotswith durations nanoseconds Since OBS-based networks are not globally synchronized,
requested transmission start time for a burst may not be aligned with swgitstot boundary at the switch processing the
reservation request. As described in Ref. 8, guard bands aroubhdrsteguarantee that differences smaller than the switch
slot size do not affect proper burst reception.

In order to emulate the discrete-time queuing model in Section 4, we retpairehannels are allocated in slots of
duration equal to the burst size. We shall refer to thesghaanel slotswith durationS switching slots. Bursts arriving
within a channel slot need to be buffered for a duration that may betdneof the burst size, buffer allocation is therefore
performed at the granularity of switching slots. We assume that a lmdfesists of a set of FDLs capable of buffering from
1 switching slot up to a multipl®V of the channel slot duration. THeokahead= W 1 is a bound on the buffering
time a burst may experience at the switch in units of channel slots afternadign

In describing the burst scheduling algorithm, we represent the siehefla channel or buffer resource as an array (a
calendar) where each entry describes the availability of the resounicegy dutime slot of the proper granularity. Consider
a channel calendar, each entry corresponds to a slot of duratiah teqihhat of the burst size. L&k be the requested
arrival time for bursi from trunkt in units of absolute time. The alignment constraint requires that the beiatdrated
a buffer starting at switching sl@;; = ba;; =sc for a number of switching slots equalbo= S (A;1 mod S). The
aligned arrival time of the burstisiy = Aix + b.

The shaping function of the scheduler involves temporally spacing ssiweebursts from the same trunk. The distance
that the scheduler enforces betweenithelth andith bursts from trunkt is denoted byl; whereO di;  lookahead
This value is set based on the value of ghape eld in the request for bursi.

The example in Figure 6 illustrates the working of the scheduling algorithrehditvs the calendar for one channel,
where channel slots are drawn with thick boundaries. For the purpdsis example, a channel slot consists of only three
switching slots. Due to the shaping distance constiint—three channel slots from the preceding channel allocation for
the same trunikched 1..—bursti can only be scheduled starting at the channel slot masted _slot, but not beyond
thelookahead The slot atart _slot is already allocated, but the next one is available and would therefolobatad to
bursti. The scheduler may attempt scheduling the burst across multiple wgtledeim which case the calendars for the
candidate wavelengths may be checked in parallel. The channel slots avithiandar may be checked sequentially or in
parallel using an associative structure. Note that the response timesahibaduler in the case of sequential implementation
is determined by thibokahead which is typically small because of the limited buffer capacity.
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Figure 7. Single-bottleneck topology with forward andn reverse trunks

5. PERFORMANCE EVALUATION

To evaluate the performance of the proposed traf ¢ shaping andlsthg schemes under TCP traf ¢, we implemented a
PRS simulator in n&> We rely on the sum of throughputs of TCP ows crossing a link to evaluat clzannel utilization
performance given a bounded scheduling lookahead. As ef ciglitation of the individual channels is the motivation
behind the proposed shaping and scheduling schemes, we condidéireorase of one data channel per link in addition to
a control channel. TCP traf c is generated by long-lived FTP sessidbheugh most ows in the Internet are short-lived,
80% of the traf ¢ belongs to long-lived TCP sessions. Therefore,miheomes to the evaluation of network throughput
performance, we are primarily interested in the steady-state throughlaung-lived TCP ows.

5.1. The single-bottleneck case

In Section 4, the number of competing trunks was the main factor affettngueue length and waiting timenb=D=1
gueues. In this section, we evaluate the performance of PRS by véinjsrgarameter. Figure 7 shows the topology used to
conduct the experiments. A forward trunk is composed of 20 FTP .d#ech FTP source is connected to the trunk's edge
node which, in turn, is connected to the PRS router. We choose to notri&ststhhare edge nodes to ensure that the PRS
link is the only bottleneck in the system. Similarly, the FTP sinks for a particulaktare connected to its egress edge,
which is in turn connected to a PRS router. A reverse trunk from the £gpengress carries the TCP acknowledgments
for the forward traf c. All links havel mspropagation delay an20 Mb=s capacity.

We chose to use scaled-down channel capacities, trunks and nuinbes@er trunk for simulations to complete in
reasonable amounts of time. This does not affect the conclusion ek asave evaluate the performance of PRS under
TCP traf c. The TCP segment size is set266 Bytes burst size is512 Bytes The reservation horizon is 10 ms and
the object interval length is 10 ms. Note that the bandwidth-delay prodwzjual to 80 packets, which is the buffer
requirements for the bottleneck router with unregulated TCP traf ¢ to aehiell bandwidth utilization. We x edge
router buffer size at 100 packets to allow smoothing without excessége Bince all trunks have equal number of ows
that traverse identical paths, all trunks have equal allocations of tliedshattleneck bandwidth. Each trunk initiates its
reservation process by choosing a random time instant during theeecsthsl of simulation time. FTP ows start at random
moments during the next second. Experiments reported here weest olannel load of 90%. Subsequent simulations
indicate that increasing the load up38% does not affect the utilization/loss performance when periodic trafapsig
and burst alignment are used.

5.1.1. Effects of shaping and alignment

We begin by demonstrating the bene ts of alignment and periodic shagiaget the number of trunks vary from 1 to 10
trunks and evaluate the bottleneck utilization performance with a xed loekdlof 5 bursts. Note that the throughput of
TCP ows and hence link utilization is an indicator of loss performance. fe@@compares the throughput achieved using
Poisson shaping and periodic shaping with alignment. The combination ofraigt and periodic shaping result in double
the utilization achieved by Poisson shaping (92%). Enforcing the alignomgrstraint on Poisson-shaped traf ¢ result in
signi cant improvement in throughput from 40% to 73%.

5.1.2. Effect of number of trunks

Next, we demonstrate the effect of increasing the number trunks d¢omgp the bottleneck on buffer requirement for
achieving high link bandwidth utilization. In Figure 9, the normalized througlgnd the loss rate are plotted against
the lookahead for different number of trunks. The normalized thmpugis the ratio between the sum of the throughputs
of trunks crossing the bottlenecks divided by the utilizable channel @gpd8Mb/s). Note that the loss rate beyond
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lookahead = 35 is zero in all curves. We conclude that the required lookahead valwesgiower than the number of
trunks. Note that the lookahead is an upper bound on the number & Bimailtaneously waiting in the buffer.

5.2. The case of multiple bottlenecks

In case of multiple bottlenecks, as data bursts are subjected to a variableuyeled waiting time delay at each hop, we
expect the bandwidth utilization and buffer occupancy to deteriorate dioersbiness compared to the single-bottleneck
performance. To emphasize the effect of burstiness, we desigaddpblogy in Figure 10. Each link is shared among
exactly10trunks. A subset of the trunks continue while others exit after crossihgame bottleneck. Continuing trunks
are subjected to competition on each link to increase their burstiness. Riysteows that a lookahead of 5 bursts is no
longer suf cient to maintain low loss rate for the traf ¢ after crossing muéipottlenecks. This is an indication that in
networks with large diameter, traf ¢ shaping only at the edge is not seft Figure 11-b shows the bene t of shaping at
the core routers. There is a trade-off between buffering opportuaitiéshaping. Given a lookahead of 5 channel slots, if
the scheduler enforces a minimum distance of 5 channel slots betwessrotive burst reservations from the same trunks,
the burst has only one transmission opportunity, if the channel is busygdhat time, the burst is dropped. For the 5-hop
network, the best performance was achieved when the enforcphgltistance was 2 channel slots.



Figure 10. Multi-bottleneck topology.
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Figure 11. Effect of number of hops on bandwidth utilization, and thie iaf shaping at the core.

6. CONCLUDING REMARKS

In this paper, we introduce the PRS framework for implementing IP/WDiMs Tramework modi es OBS in a number of
ways: 1) enforcing uniform traf ¢ shaping both at the ingress andtatinediate nodes, 2) discretizing the calendar at each
node into slots and aligning burst reservations to minimize calendar fragtran, 3) applying proactive burst reservation
rather than on-demand reservation, and 4) packing multiple bursvagiesis into one reservation request packet. The rst
two modi cations lead to increased bandwidth and decreased blockidzapildy, while the third modi cation reduces
the end-to-end delay and the fourth modi cation reduces the traf c orctmrol network and allows for a more ef cient
scheduling. Due to space limitation, we only present in this paper simulasottse¢o show that PRS ef ciently utilizes
the bandwidth of the optical data channels and reduces the blockindaiityhia a level that is adequate for supporting IP
traf c. Results showing that PRS reduces the end-to-end delay anatiimtoverhead will be presented in subsequent
work.
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