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Abstract—To cope with ever-increasing traffic demands in that this architecture has improved performance over single-
transport networks, all-optical switching is currently pervceived  technology nodes (e.g. a circuit-only node).
as a solution to remove bottlenecks imposed by O/E/O conversions Previous work on hybrid optical switching can be classified

during data transfer. The succesful realization of this conceptisin . W fi First | effort f
large part dependent on the optical switch, which must support a In two sectons. kirst, several eflorts propose periormance

wide range of traffic patterns, while remaining feasible to build Models for hybrid optical nodes, focused on achieving ac-
both in an economical and practical sense. In this paper, we curate and scalable logical (as opposed to physical layer)
show a generic design for a hybrid optical switch composed of performance calculation [2], [3], [4], [5]. Further research has
both slow and fast switching fabrics, and present a performance 5 gated the possible improvements by using hybrid optical
analysis to provide deeper insight in its behaviour. To this end, . )
we propose and evaluate scheduling algorithms required at the in contrast to single-technology app_roaCheS [6_]'.[_7]' HOV\_’ever’
edge of the network to map traffic on the different portions ©Only recently work has appeared which shows initial studies on
of the core switch, and present a simulation analysis covering a the architecture and design of such hybrid optical switches [8].
wide range of traffic parameters and switch design choices. These  This work can be considered as performance modeling ef-
results show the effectiveness of the hybrid switch in catering for 1 1t js the first to identify and evaluate essential parameters
short-lived circuits (bursts) by only a limited amount of costly . . ) .
high-speed switching components. related to data trafflc'and S\.Nlt(?h' design. Additionally, the
results w.r.t. the behaviour of individual nodes can be used as
l. INTRODUCTION guideline for the design gnd optimization of optica! transport
networks, based on hybrid switching nodes. To this end, our
Optical networks have a proven track-record in the contewtork starts from a generic model for a hybrid optical switch,
of long-haul, point-to-point networking, where large amountsllowing us to make very general assumptions while still draw-
of data are transported in a cost-effective way. Howeveng important conclusions, valid for a wide range of hybrid
interest is growing to use optical networks in edge and even aptical switch designs. This is achieved by implementing the
cess networks (e.g. FTTH), mostly because of the predictalgleneric model in a discrete event simulator, and running a
performance of photonic technology (i.e. high bandwidth, loseries of experiments aimed at analyzing the performance and
latency). A major issue is O/E/O (optical/electronic/opticabehaviour of a single switch. The performance analysis is
conversions in the network, mostly because the speed mbstly focused on the acceptance probability of the switch;
electronic processing can not match the bandwidths currentiys is a measure for the fraction of traffic which can be
offered in the form of 40 Gbps and higher. For this reasosuccesfully switched. As such, it is an important parameter
current research is focusing on all-optical networking solder the optimization of the network’s operation as a whole.
tions. As of today, it is possible to create all-optical networks The rest of this paper is structured as follows. In Section I
through the use of circuit-switched paths, which essentiallye discuss in detail the problems related to construction and
reserve one or more full wavelengths between end poingerformance optimization of an optical switch, and present a
For instance, Lambda Grids are a general term to refer generic model for the design of a hybrid optical switch. The
Grid applications making use of wavelengths (i.e. lambdafgjllowing Section Il introduces two scheduling algorithms for
to connect high-performance computing sites over an optigake assignation of traffic onto different wavelengths, and their
network. However, novel applications are appearing which diefluence on the traffic pattern offered to the switch. Extensive
mand a much more fine-grained access to bandwidth capadiiyaulations of a single hybrid optical switch are shown and
as is demonstrated for instance in consumer Grids [1]. dfiscussed in Section IV, while our conclusions are presented
such a scenario data sizes become smaller, since aggregatidBection V.
of multiple data sources is much harder, and the bandwidth
utilization would drop dramatically if full wavelengths were Il. PROBLEM STATEMENT AND SWITCH DESIGN
to be used by these applications. Consequently, the networkhe basic function of an optical switch (also referred to
must support reservation and allocation of bandwidth on a suds OXC or Optical Cross Connect) is straightforward: it must
wavelength scale. In this paper, we propose a generic hybcitate a path between an input and an output port for each
optical switch architecture, which supports both circuits andcoming data packet. The decision which output port a data
bursts. We show through simulation analysis of a single nogacket should be directed to is usually made in a control unit
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Fig. 1. Upper bound for utilization of an optical switch for different switch
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Fig. 2. Generic model for a hybrid optical switch

available at each optical switch. This unit receives control

information from each data transfer, which can be a reservatiQiyrig optical switching, and becomes essential if a single,

packet long in advance for circuit switching, or a headgfnified data plane needs to support a wide range of users and
prepended to the actual data for packet switching. In tr‘g&, lications.

paper, we assume data is sent in bursts, i.e. OBS or Optica

Burst Switching, and control information is sent ahead of lobal netwqu .optlmlza'uon not only dep.ef‘.ds on effi-
clency and utilization, but also on the feasibility to offer

the aqtual data ona seperate control plane (i.e. OUt'Of'bz%Hlls technology in a cost-effective and practical way. Current
signaling). The time between the control packet and the actua

. . ; . tical switching technologies offer a broad range of switchin
data transfer is denoted By ¢ ¢..:, and is the time available to op 9 gies o geo g

the switch to reconfigure its internal cross-connections. E Sﬂ%ds’ but faster switching speeds generally have two dis-
9 ' aéfnct disadvantages: cost and scalability. For instance, micro-

switching fabric (see [9] for current technologies) is limite : . ; oo
by its switching Spee@ihyiren, and thus a data burst Carlelectromechamcal switches (MEMS) have a typical switching

. time in the millisecond range, while it is technologically
only be switched successfully Fsitcn < Tofrser- A related . .

. : o . ) feasible to produce port counts of for instance 1000x1000. In
parameter is the switch utilization, and is bounded by:

contrast, Semiconductor Optical Amplifier technology (SOA)
Taata can only scale up to 32x32 port counts at very high cost, but at
Toata + Tswiteh the same time can achieve switching speeds in the nanosecond

An illustration of this can be found in Figure 1, which show. ange. Hgnce, c.ost-effef:tweness. IS an |mpo_rtqnt driver for
the maximum utilization of an optical switch as a function o ybrid optical switch designs requiring only a limited amount

varying switching speeds. The data transferred has a Sizeo&expens_lve fast switching cqmponents. As our resul_ts S.hOW
.g. Section IV-D), even a minimal amount of fast switching

80 Mbit (10 MB), and the experiment is repeated for differe £-9: . . . .

link speeds. If we take, for instance, a switch speed of 10 rics can achieve considerable improvements in network
(a representative value for MEMS-based switches), we see tﬂg{formance.

the switch utilization is 76% for a 2.5 Gbps link speed. This Figure 2 shows a generic design of a hybrid optical switch,
value drops to below 20% for 40 Gbps link speeds, and tMdich is composed of two separate switching fabrics. The
situation clearly becomes worse for even higher bandwidttégnaling plane, depicted out-of-band in the figure, informs
Obviously, the same argument holds for a fixed bandwidth aHée Control Unit of the imminent arrival of a data burst. If
decreasing data sizes. The example shows that, to support v&#jjcal signaling is used, additional O/E and E/O conversions
long data transfers (i.e. circuits), slow switching speeds s necessary before and after the Control Unit.

usually sufficient to obtain a high switch utilization, even for A final note is related to the practical realization of the
very high speed link rates. However, for smaller data transfeswitch, where several architectural choices remain an open re-
(burst or even packet sizes), high speed switching fabrics aearch challenge. For instance, a sequential design (where the
required to achieve acceptable throughput in optical switchifst switching fabric is cascaded behind the slow fabric) such
nodes. As current and emerging applications generate dasathe one presented in [8], allows reconfiguration of the fast
according to very diverse distributions (both the data sizesvelengths, at the expense of an increase in dimensionality
and the instants of time at which the data is created), the id&fathe slow switch. The design depicted in Figure 2 places
arose to integrate multiple types of switching fabric into the two switching fabrics in parallel, and as such loses its
single optical switch. This concept is generally referred to asconfigurability for a slightly smaller slow switching matrix.
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Fig. 5. Influence on generated traffic for different scheduling algorithms

The resulting Figure 5 shows the load generated at the switch
itself, i.e. after scheduling is performed. First, we see that
even without scheduling it is not possible to generate 100%
load, since the arrivals are generated independently with both
interarrival times and data lengths as exponential distributions.
Secondly, as expectedjreedy scheduling generates higher
loads at the switch thasimplescheduling.

IV. SINGLE NODE SIMULATIONS

The following sections present simulation results of a single
hybrid optical switch, which consists of 2 input and 2 output
fibers, with each fiber carrying 10 wavelengths. No wavelength
conversion is present in any of the switch designs. Unless
noted otherwise, the hybrid switch supports 5 slow and 5

In case hybrid switching is used, an additional algorithm iggt wavelengths, and each incoming data burst has a 50%
required to map generated traffic on either slow or fast wavgropapility of choosing the first output fiber (see the discussion
lengths. This algorithm will be executed at the network’s edggp, traffic directionality in Section IV-B for more information).
thus before entering the all-optical data transport networkpe pandwidth of each wavelength is 10 Gbps, and traffic
We propose two algorithmssimple (Figure 3) andgreedy s generated according to a Poisson process with an average
(Figure 4) scheduling. Theimplescheduling algorithm works jnterarrival time of 15 ms. Data lengths follow an exponential
by looking up the requested switching time of the burst, angstripution, with a varying average to establish the switch’s
if it is possible to switch slow (i.e. offset between headgpad. The offset times between control packet and data are
and data (ofsset) is larger than the switching time of themodeled as a 2-phase hyperexponential distribution, with prob-
slow switchTy,;,.,), the burst is assigned to a slow Wavelengtgbi"ty density function (0Af)f = paiow - fetow + Prast - fast-
in case one is free, otherwise the burst is dropped. In casgless otherwise notedhsio,, = .8 andpfas = ‘.2, and the
fast switching is required, a fast wavelength is used if one jgif of the slow (resp. fast) traffic is an exponential distribution
free. Greedyscheduling also allows slow packets on the fagiith average 100 ms (resp. 10 ns). The slow switching fabric
wavelengths in case no slow wavelength is available. It usgss 5 speel’,,;i.n = 1 ms, while the fast switching speed is
available bandwdith more aggresively, at the risk of assigniqgwitch = 1ns. These values are representative for a MEMS-
valuable fast wavelenghts to slow data bursts. The other optigRgeq (resp. SOA-based) switch. For both slow and fast-
where fast packets are allowed on the slow wavelength W&ty designs, a generated data burst is mapped on the first
not implemented because of its obvious non-optimal use gfailable wavelength; if no free wavelength is found, the burst

wavelength capacity; fast packets on the slow wavelengiasdiscarded. For the hybrid design, the scheduling algorithms
cannot be switched in most cases, and additionally consug discussed in Section Il are used.

capacity required for slow packets. _ . _ .

To evaluate the influence of the scheduling algorithm on tife Comparison between different switch architectures
traffic offered to the switch, we implemented a scenario whereFigure 6 shows the acceptance probability for different
generated traffic is composed of 50% fast and 50% slow burstgjitch designs. For all architectures, the generated load con-
and the wavelengths consists of 5 slow and 5 fast wavelengtsists of 50% fast and 50% slow traffic (i.8si0w = Pfast =

Fig. 4. Greedyscheduler for hybrid optical switches

IIl. SCHEDULING ALGORITHMS
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Influence of directionality of traffic
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Fig. 7. Architectural comparison: acceptance probability vs offered load Fig. 9. Influence of fraction of fast/slow traffic (before scheduling)

.5). For lower loads, the hybrid designs have the best pemmposed of 20% fast traffic and 80% slow. Figure 8 shows the
formance, while higher loads allow the fast-only design tdetails of this traffic directionality for all switch designs (for
have the highest acceptance probability. Also note ginstdy clarity, hybrid is shown only fossimple scheduling). Clearly,
scheduling always performs at least as good assihgle having a high probability of choosing the same output port for
scheduling approach. The reason for the behaviour of fast-ohlyo consecutive burst (case 10% - 90%) results in the highest
vs hybrid can be seen in Figure 7, which shows the acceptamoeeptance probability. For this specific case, the slow-only is
probability of bursts that are actually offered to the switch (i.&ven able to outperform the hybrid approach, although when
after the scheduling process). The hybrid switch achieves thitching gains importance (i.e. directionality values closer to
highest performance for all offered loads. This implies th&0%) this advantage quickly disappears. In a final remark we
for lower generated loads, the scheduling algorithm does raminfirm that, although not showigreedyscheduling outper-
drop a significant amount of packets, but the assignation ftrms simplescheduling consistently as before.

different wavelengths allow the hybrid switch to have betteh;ﬁ Influence of fraction of fast/slow traffic

performance. For higher loads, packets are dropped by ftHe

scheduler before entering the switch, and this amounts to mord>reviously we assumed generated traffic consists of 50%
dropped packets than the fast_omy drops interna”y_ slow and 50% fast traffic. We now investigate the effects

o . ] of having more (80%) or less (20%) fast traffic. The hybrid
B. Influence of directionality of traffic switch consists of 5 slow wavelengths and 5 fast wavelength
Previously we have assumed that traffic has a 50% prolgeer fiber. Figures 9 and 10 shows the expected high sensitvity
bility of choosing each output fiber. Now we investigate othdo fast traffic of the slow-only switch design. The fast-only
options, i.e. where traffic has a 10%, 30% or 50% probabiligesign is completely insensitive to the varying fraction of
of choosing the first output fiber (with corresponding probdast traffic. The hybrid design shows the highest performance
bilities for the other output). The generated network load fer the case where the number of fast/slow wavelengths
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corresponds to the fraction of fast/slow traffic. Also for the fast, 8 slow) show very similar behaviour. In these cases, the
hybrid design, the case with the lowest fraction of fast traffidesign with the highest number of fast ports has slightly better
(20%) performs slightly better than the one with the higheperformance. The acceptance probability of packets which are
fraction (80%). Finally note that for low loads, the hybridactually offered to the switch shows the best performance
scheme outperforms even the fast-only switch. The slow-orflyr the combination of fast/slow ports which corresponds to
architecture seems only viable for low fractions of fast traffiche ratio of fast and slow traffic (i.e. 50% fast, 50% slow).
since only then there are (high) load regions where the hybférformance degrades as the number of fast/slow ports differs
does not perform better. more from the ratio of fast and slow traffic.

2) Greedy scheduling:The greedy scheduling method
clearly makes better use of the available capacity, by allowing

In the following series of experiments, we show the influslow bursts access to the fast wavelengths. In contrast to
ence of the ratio of fast/slow wavelengths, for a fixed ratio @he simple scheduling algorithm, the corresponding fast/slow
fast/slow traffic. This latter ratio is held constant throughowtavelength counts (e.g. 8 fast, 2 slow and 2 fast, 8 slow) do
the following simulations, and equal t&. Obviously these not have similar performance. Instead, higher number of fast
results show the performance of the hybrid switch desigwavelength counts are used more effectively by gneedy
and we discuss the performance of thienple scheduling scheduling and ultimately lead to higher performance.
separately from thgreedyscheduling.

1) Simple scheduling:The best performance is achieved
by the hybrid switch with a number of fast/slow ports that In this paper we presented a generic model for a hybrid
corresponds to the fast/slow traffic ratio. We also see that casgsical switch, to support all-optical switching in future trans-
for corresponding fast/slow port counts (e.g. 8 fast, 2 slow apdrt networks. Through simulation analysis, we showed the

D. Influence of fraction fast/slow wavelengths

V. CONCLUSION
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possible performance improvements of the hybrid switch oVt
a wide range of traffic and switch parameters, in comparison

(1]

(5]
(6]

to more traditional single-technology switch designs. Also, wél
introduced two scheduling algorithms required for integrating
hybrid switches in a network, and showed their influence on

the traffic offered to the switch and its respective effect on thd

switch performance.
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