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Abstract  In this article, we present a detailed perfor-
mance evaluation of a hybrid optical switching (HOS)
architecture called Overspill Routing in Optical Net-
works (ORION). The ORION architecture combines
{optical) wavelength and (electronic) packet switching,
s0 as to obtain the individual advantages of both switch-
ing paradigms. In particular, ORION exploits the pos-
sible idle periods of established lightpaths to transmit
packets destined to the next common node, 0T even
directly to theilr common end-destination. Depending
on whether all lightpaths are allowed to simultaneously
carry and terminate overspill traffic or overspill is re-
siricied to a sub-set of wavelengths, the architecture
limits itself to construined or un-constrained ORION. To
evaluate both cases, we developed an extensive network
simulator where the basic features of the ORION archi-
tecture were modeled, including suitable edge/core node
switches and load-varying sources to simulate overload-
ing traffic conditions. Further, we have assessed vari-
ous aspects of the ORION architecture including two
basic routing/forwarding policies and various buffer-
ing schemes. The complete network study shows that
ORION can absorb temporal traffic overloads, as in-
tended, provided sufficient buffering is present. We also
demonsirate that the restriction of sumultancous packet

- K. Viagho - K Christodoulopouios - k. Ramantas
Computer Engincering and Informatics Department &
Research Academic Computer Technology Institute,
University of Patras, GR26300, Rio, Patra, Greece
e-mail kviachos@ceid.upatras.gr

E. Yan Br
Department

cgem - 1 Colle - P Demeester
Information Technology {INTEC),

insertions/extractions, to reduce the mnecessary
interfaces, do not deteriorate performance and thus the
use of rraffic concentrators assure ORION'S economic
viability.
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Introduction

The advent of WM technology has resulted in trans-
mission capacities that have increased manifold inrecent
vears. [t is the router/switch throughput, however, that
really transforms the raw bit rates into effective band-
width, and commercially available switching technolo-
ples are typically capable of handiing line rates of up
to 40 Gbfs. Current optical networks are wavelength
{circuit) switched, where optical cross-connects (OXC)
are used 1o switch traffic [11] Optical circuit switch-
ing (OCSY is perfectly fitted for relatively static traffic
profiles. However, it is well-known that Internet traffic
exhibits multifaceted burstiness and correlation strue-
tures over a wide span of time scales (short and long time
variations}. Therefore, the use of optical circuits to trans-

port IP traffic results in low capacity utilization, primar-

ily due to the low statistical multiplexing efficiency that
can be achieved. Optical packet switching {OPS) and
optical burst switching (OBS) [12,10] have been pro-
posed for “on demand” use of capacity. Although very
promising, these technologies lag behind from the lack
of a true optical random access memory. This siresses the
need for "on-the-fy” optical packet processing, which s
infeasible with the current sate of the an of optical
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logic {13]. A promising solution, easier to implement
than OPS and more efficient than OCS, is hybrid optical
switching (HOS), which is a compromise between (elec-
tronic) packet and (optical) circuit switching, Hybrid
switching combines the merits of both swiiching para-
digms to increase link utilization efficiency. to decrease
the required number of wavelengths and to constrain
the processing overhead of the 1P routers.

Variaus schemes have been proposed so far for a HOS
system, including HOS {7], [18] and the hybrid optical
transport network (HOTNET), [9], where optical cir-
cuit and message switching are integrated in a comple-
mentary manner o cooperatively transport a variety
of traffic types efficiently. In the HOS approach, best
effort traffic is transported using OBS, while high pri-
ority iraffic uses OCS. At the ingress node, OBS and
OCS fairly compete for all wavelengihs during resource
reservation process, while the core nodes support both
OCS and OBS burst switching, In 8], two sirategies are
proposed and evaluated: (1) with no priorities between
cireuits and bursts and (i) when circuits are given pre-
emptive priority over bursts, In HOTNET, {8], proposed
the modification of the OBS scheme to meet the oper-
ational medel of a TDM wavelength routed network.
Therefore, a time-siotted OBS approach is co-imple-
mented with OCS in TDM frames and thus the two
switching technologies share all transport, control and
switching resource,

Other hybrid switching approaches inciude the light-
trail [51, [6] and the lighi-bus concept [1], as well as the
polarization-based scheme [2]. In the light-trail concept,
& light-trail forms the basic switching entity. A light-trail
is a lightpath that is set up between two nodes by con-
figuring the optical shutters (ON-OFF switches) of the
source nodes, the intermediate as well as the destination
nodes. All nodes across a fighi-irail have access (¢ (he
data and can initialize connections——transmil bursts to
the other nodes. A light-bus s a light-tradl with buffers
and electronic control at a node. Finally, in the polariza-
tion-based coneept, the polarization state (SOP) is used
to ditferentiate OCS waffic from best effort 1P traffic,

A signilicant pew hybrid approach called Overspill
Routing In Optical Networks (ORION) has been pro-
pased in [13], [14} und partially evaluated in {3]. ORION
is & hybrid architecture that allows {ull sharing of all
~wavelengths on a link, without using large amounis of
electronic switching, or resorting to deflection routing.
ORION s based on a reconfigurable wavelength
switched (W3} network. which can react to long-term
tratfic variations by reconfiguring the wavelength paths,
Addiionally, in ORION packets can be transmitied dus-
g i
forwarded etther o thelr next node or direatly (o their

z e perwods of esiablished Hehioaths and can be
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own end-destination if this matches the lightpath desti-
nation. In ORION, packets do not compete with OCS
tratfic during resource reservation and the core nodes
can inserv/extract packets to/ffrom any passing through
or node inftiated wavelength channel.

in this article, we present the first detailed and net-
work wide performan ce evatuation of the ORION archi-
ecture for the case of constrained and un-consirained
overspill routing. In the latter case, all wavelengths are
allowed to simultaneous carry and terminate overspill
wraffic by emploving a separate transmitter and receiver
per wavelength, while in the former case the number of
packets that can be simultaneously extracted or inserted
is constrained by two concenirator interfaces, one for the
extraction and one for the insertion of overspill packets.
A detailed ORION network simulator has been devels
oped 10 evaluate both cases, where the basic features of
the architecture were modeled. ORION performance is
assessed with load-varying tratfic sources (o determine
its ability 1o absorb temporal network overioads, which
in the normal case of a pure OCS network would require
additional wavelengths, We have used the ORION net-
work simulator to assess various aspects of the architec-
ture. in particuiar, we have evaluated the performance
of two routing policies, called “once ORION always
ORIGN" and “lightpath re-eniry” as well as the per-
formance of various butfering schemes in the corefedge
nodes,

The rest of the article is organized as follows, Sece
tion *Overspiil routing in optical networks™ presents the
ORION switching architecture and the iwo considered
routing schemes. Section “ORION network simulator”
describes the developed “CRION network simulator”
and the implemenied edge/core node modules, while
Section “Network level performance evaluation — uncon-
strained overspill routing”™ presents performance evala-
ation results. Finaily, Section “The case of constrained
overspiil routing” discusses and present results of the
special case of ORION paradizgm when the number of
packels that can be simultancousty extracted or inserted
iy limited routing.

Overspill routing in optics! networks
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ORION is based on an avtomatically switched opti-
val network (ASON]. where lghtpath connections are
established with OXCs The latter can react o long
lerm traltic pattern variations of hours, or even days, By
guring the wavelength paths, ORION srchites-

ture abiows full sharing of all wavelengihs on a Hak and
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thus significant statistical multiplexing gains can be ob-
tained. In order to cope with short-term temporal traffic
imbalances, ORION employs selective and {ranspar-
ent insertion/ extraction of data on wavelengih paths
al ORION-enabled nodes. This ability results in a net-
work that operates preferably like a WS network, but
if necessary {when congestion arises at certain flows],
as a packei-switched network. The basic idea is to send
IP/MPLS packets as if operating a WS network, but
change the switching operation when the provided wave-
length paths are temporarily overloaded. In that case,
the excess data is sent as “overspifl”, and the network
is effectively operated in packet switching mode. By in-
stantly switching between the two operating modes, the
processing overhead on the IP/MPLS routers is main-
tained smaller than if functioning in a pure packet mode
since most traffic is sent through a direct wavelength
path, while simultanecusty ORION provides maximal
resource sharing, since if needed all wavelengths are
accessible. ORION uses the idle periods of the estab-
lished lightpaths to insert packets towards either their
next hop or directly to their destinations, if this matches
the Hghtpath destination.

Figure 1 illustrates how this principie would work
in practice. Suppose that path A - C is a direct wave-
length path on Ay, as well as A - B and B ~ C on Ag.
All paths have a capacily of, say, 10Gb/s. Under nor-
mal conditions all traffic {rom nade A destined (o node
C will pass node B transparently. Now assume node A
has 12Gb/s of trailic for B, In a usual WS network this
would result in foss, as there is only 10 Gb/s available,
or it would require the establishment of an additional
wavelength. In ORION, however, the remaining 2 Gb/s
can be served by sending the data in overspill mode
over wavelength Ay in idle periods (when there is un-
used capacity ). These packets are marked as "overspiil
packets” and are treated as in a packet-switched net-
work. Therefore, node B extracts these packets from the
passing through flow and directs them to the electronic
1P router of node B Figure 2 shows an ORION-enabled
node architeciure, suitable to support overspill routing,
Fast 1 x 2 optical switches are used at the output of the
KO to extract overspill packets. A single (or more)
wunable laser transmitter (ORION Tx) with a simple
power combiner {fiber coupler) is used 1o nserl over-
spill packets to Bows. A void detection module, employ-
ing & fiber delay Hoe (FI3L) and two power detection
uniis, scouts for possible idle periods in the oulgoing
lightpaths and signals the 1P router to insert an overspill
packet.

In principie, for cach wavelensgth channel passing

fe, & separate receiver mterface and a

rate tunable ransmitter i needed, Howsver, this
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Fig. 1 ORION switching paradigm: In the case that iy wave-
length channel of A-to-B connection overloads, packet from A
to B are sent in “overspill” mode over A4y wavelength channel,
although Ay s a direct wavelength path from A 10 C

is not cost-effective, since it would require as many
ORION fransceivers (receivers and {ransmitiers) as in
a typical poini-to-point packei-switched node, at no or
limited advantage. Therefore in the node architecture
shownin Fig. 2, wavelengths of the passing through light-
paths are grouped 1ogether to upload packets through a
common cencentrator interface. This comes with the dis-
advantage of possible contention, in the case that more
packets than the available interfaces arrive at the same
time. Deciding on how many and which wavelengths
should be grouped together is a design parameter that
depends on how many overspill packets are simulta-
nzausly expected. The same contention may also oceur
with the available tunable transmitiers and the num-
ber of packets that are expected to be simultaneously
inserted, ‘

We will call constrained overspill routing the case
when the number of lightpaths passing through a node
{up to eight in Fig. 2) is higher than the number of
ORION receivers and transmiiters {one in Fig. 2} and
unconsirained overspill routing when it is equal. The case
of constrained overspill routing is separately studied in
Section “The case of constrained overspill routing”™.

ORION routing policies

Within the ORION architecture, several options are
possible on how overspill traffic is handled. These op-
tions, termed routing policies, dictate if, how, and when
packets should leave overspili mode, and go back to the
wavelengih swilching regime. The different policies in
some cases lead o different reguirements in the control
as well as in the architecture’s hardware, In this article
we evaluate two such routing policies: ' '

»  Onee ORION always ORION: Tnthis routing policy
a packet that has entered overspill mode remains
there. Therefore, the overspill packet is treated at
every node by the electronic router and thus hop-by-
hop routing s performed. In GRION
alwayy ORION policy, packets are stored in overspill
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Fig. 2 ORION node architecture employing (1) a fast [ = 2 opti-
cal switch for overspill packet exiraction, {2} a concentrator for
handling overspili packet 1o the electronic router, {3} a traffic

buffers and, evidently. have to iook for an idie
periad at every hop.

Operationally, once ORION always ORIGN routing
is the simplest policy, but increases the electronic
processing at each node and also increases packet
delay. This can eventualiy lead to high packet drop
ratios due to buifer overflows, and thus resulf in a
iow overspill throughput.

e Lightpath re-entry: As anoverspill packet progresses
towards its end-destination in the network, it can oc-
cur that it reaches an intermediate node that has a
Hightpath ending at the same destination node. In
that case, under the lighipath re-entry policy, the
node inserts the overspitl packet into this path. The
packet is not marked as an overspill packet and is
transported transparently until its destination. The
advantage is that subsequent core nodes no longer
sece the overspill packer. which results in less
processing overhead and smaller delay.

However, lightpath re-eniry is a more complex policy
as i requires state information to be maintained and
additional  operations to  be performed for
forwarding the overspill packess. For example, to
facilitate maiching between overspill packets and
tighipath destinations. the edgefeore routers have
to employ muliple FIFOs {one per destination —
Virtual Qutput Queve). Furthermore, with the light-

_Ymih re-eniry p(};wy packets may arfzm out- of- cmja,r

atthe destination node, which s not the case in “once
(IRION glways ORIONT A solution 1o -E}w nrob-
lern can be the restriction of packets belonging o
the same flow to enter the same hghtpath, so as
to propagate through the same path. This can be
auo;ng;ﬁzahm by mapping entire fows {or bundles

of flows) o and out of §i"3§2§‘ﬁz§§h re-entry mode and
By i

vt decide on a per packel basis

igp:_g Springer

concentrator for inserting overspill packets to lightpaths and (4}
a fiber combiner for overspill packet insertion

Beside the aforementioned routing policies, other
more complex ones also exist. For example, a combi-
nation of the above basic routing schemes that would
enable the exiraction of an overspill packet beyond
the next hop but also before the end-destination of the
fightpath, (and therefore termed as sub-lightpath entry’,
could increase network efficiency. This would enable the
network to utilize all available wavelength paihbs af cach
node 1o turther reduce overspill packet processing and
thus improve overspill throughput and delay. However,
in this study, we have limited ourselves to the two alove-
mentioned policies, primarily due to the simplicity of
thelr implementation.

ORION network siomulator

In order to evaluate the ORION architecture, we have
developed a discrete-event network simulator based on
the ns-2 platform. Basic feature of the simulator was the
design of a suitable core and edge architecture, capable
of supporiing overspill routing. A specilic packet/header
format was used for marking overspill and OCS packets,
wiile appropriate load-varying sources were developed
1o simulate temporal network overtoading scenarios.
Orverspill packer format
The fealure that needs (o be mentioned at the ﬂ’i{vx‘écﬁi
level of communication is the presence of an ORION
tabel to distinguish overspill packets, Gverspill packets
were mwdw using a custom packet format shown in
Fig. 3. The ORION label, Fleld 1, specifics whether the
gmd{d s in wverspill mode or pot, while header field
2 GMPLS lebel) defines the hightpath (L3P that the
packet s loaded on,

i 5
in the sctual case of an opticatly
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Fig. 3 ORION packet form

labeled swiiching network, both the GMPLS and the
ORION labels can be encaded in the optical domain
[16}. A core node extracts and processes only these
two optical fabels, while payload remains in the optical
domain,

ORION edge router architeciure

Figure 4 shows the edge router (ER) architecture, imple-
mented in the ORION simulator. Typical blocks for
IP/GMPLS processing have been omitted for simphe-
ity. The ER handles requests from flows and establishes
lightpath connections. In the current implementation,
the RSVP protocol is used for setting up the lightpaths.
The ER maintains a table of the active LSPs and their
associated network paths. Thus, it is aware of the links
and the intermediate nodes that are being used by each
flow. Further, the ER employs a “void detection” mod-
ule that fstens to a FDL in order to deteet idle periods
in the L5Ps. This FDL should be at least the maximum
packet size.

The data of each flow is forwarded to a separate per
lightpath Random Early Detection (RED) queue {41
The RED queue detects incipient congestion by com-
puting the estimated queue sizeg; if ¢ exceeds a pre-
defined threshold g it drops {i.e., furns o overspill
mede} incoming packets with probability P, The aver-
age queue size is calculated for each packet arrival by
Trew = {L—wy) Tprevious + Wy §. Where Fpreviows a0d Frew
are the previous and newly-computed average queue
size, g is the current queue size and wy is a weighting
factor. As § varies from Gmin 10 Gmax. the individual
packet dropping probability, Py, varies linearly from 0
IO Pangxt

Py = paax- 5\’{,?" s }),whcm Py i the maximum
Lo max T min

dropping probability. The final packet dropping proba-

bility, P, increases slowly with the number of packet

arrivals since the tast dropy

i Gein <4 = denax.

i if 4 > dmax

(1)

where O is the number of arrivals since the last drop,
In the developed ER archifecture, the drop ports of

alt the BED queues are connected with the overspill

mechanism, which collects the “salvaged™ packets and

stores them in dedicated “overspill buffers” (see Fig. 43.
The numbers in Fig, 4 refer to the packet fields, shown in
Fig. 3, that are being processed in each particular action,
Theus, the Route and Wavelength Assign (RWA) logic
module processes the GMPLS label (Field 2) to assign
the packets to the proper outgoing wavelength. Simi-
larly, the GRIOGN agent processes the IP/MPLS label
{Field 3) of the “overspill” packets in order to iden-
tify their destination IP address and store them in the
proper queue in the overspill buffer. The implementa-
tion of this buffer depends on the routing policy. For the
once ORION always ORION policy, a FIFOG queue is
used per outgoing link, while for lightpath re-entry pol-
icy, the butfer is implemented with multiple FIFOs (a
separate virtual queue per destination).

in general, both the tightpath and overspill mode can
have a buifer for resolving temporary overloads, This
leads (o the following possible buffering schemes:

e No-Buffering (N8B} When a packet of a connection
finds its lightpath occupied (temporal overload), it
is immediately put in overspill mode, provided that
ORION is enabled. In the case of No-Buffering
{INB}, there is no overspill buffer and thus the over-
spill packet has only one immediate attempt to find
an idie wavelength. I this is unsuccessful, or ORION
is disabled, the packet is dropped.

e Circuit-buffering {CB): In this case, cach lightpath
has an associated RED queue, termed as Clrcuit
Buffer {CB)., When a packet of a conneciion is
dropped from the RED queue, due {0 temporal
overloading (and ORION is enabled) it tries to go
immediately into overspill mode. If this is not imme-
diately feasibie (no overspil! buffer), or ORION is
not supported, the packet is discarded.

e Overspill-Buffering (OF): The dual of the previous
regime: a packet immediately tries to enter its lght-
path. I unsuccessiul, the packet becomes overspill
and is stored in an overspill buffer {OB), while the
node starts looking into the passing through LSPs, o
find an idle gap to insert it. As described earlier, for
once ORION always ORIGN policy, OB is imple-
mented as a single FIFO per outgoing link, while for
lightpath re-emry, VOUs are used. I the OB bulfers
overflow the most recent packet is discarded.

e Uircuit-Buffering and Overspill-Buffering (CBOB )
Thiz is the combination of OB and OB, where RED
queues are used for LsP data and FIFO {or VOO
gueuves, depending on the policy) are used for over-
spifl packets. Packets dropped from the lighipath
KD gueues are forwarded (o the overspill
bulfer,
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Fig. 4 ORION edge router
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Note that, in the ER, and in the case of fighipath re-
entry policy, overspill packets are looking for possible
idle periods in their own, initial LSP In contrast, in core
routers (CR), overspill packets are looking for an idle
period in any LSP passing through the node, heading
for the same destination. After this general overview,
we provide a short deseription of the specific modules
present in the ER architecture. The design is based on
work presented in [17].

Route and Wavelength Assign (RWA) logic module:
‘This module calculates the routing paths using an RWA
algorithm (shortest path in our simulation} and is respon-
sible for establishing the Hghtpaths It also maintains a
table with the network virtual topology.

ORION Agent: This includes the Traffic Conroller
moduic that handies cireait switched reguests by dom-
mummiz;‘w with the RWA and Logic module

fic controller establishes L3Py
stored in the CB buffer.

When g tme-gap in g L8P 8 detected {(Void Detec-
rior module), GRION agent inverts an overspill packet
from the OB

is taken by the GRIGN policy enforcing point module,

The lraf-
and forwards the walfic

The decision of which packet 1o insert

@ Springer

‘Thus, depending on the ORION policy, the overspill
packet is retrieved either {rom the matching VOO or
from the single FIF(,

Void Detection module: The void detection module
consists of two power detection points positioned at the
edges of & FDL unit. The module detects the possible
idie ?Cr'u)d\; in the lightpaths and signals the insertion of
averspill packets.

Classifier module: The Classifier module Is responsi-
ble for veceiving and {orwarding packets depending on
their header information. In the GRION network sim-
ulator, the Classifier accesses the packet header ficlds §
and 2 (see Fig. 3) and performs the appropriate forward-
ing/routing actions. The Classifier module also porforms
all the typical functions for circuit-switched traff ic that
are omuiied from Fig 4 Tor simplicity,

ORION core

voRier archiecture

The operation of the UR s sinnlar (o that of the ER
hut it additionally has o accommuodate the detection
and extraction of overspill packe

architecture of the

21, ¥ w.jm & shows the

CR Othat was modeled. The OR
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employs a concentrator module that groups together ali
passing lighipaths to upload overspill packets via a set
of /B interfaces to the electronic domain. The num-
bers in Fig. 5 refer to the packet fields that are being
processed. Thus, the overspill packet detection moduie
processes Field 1 of the packet header, to determine if
the incoming packet is in overspill mode and if it is, it
extracts and stores it in the OB buffer according o its
[P/IMPLS labei (Feld 3). Similar to the BR, the RWA
module processes the GMPLS label (Field 2) to assign
the packet to the proper outgoing wavelength,

For the execution of the routing/forwarding ORION
policy, the CR maintains a table with the active light-
paths and their associated link-paths, similar to that
maintained at the ER. Control actions are identical to
those of the ER, except for the handling of locally in.
serted traffic. Thus, all possible buffering architectures
of NB and OB are supported.

The toad-varying sources were developed for testing
purposes. BEach source-destination pair was modeler
with 2 separate traffic source. Each source generales
packets according to a Poisson process, with packet sizes
drawn from a typical Internet mix packet size distribu-
tion (40, 326, 1500 Byies of 3 ¥7.5%, and 12.5%

G, 37,

v The traffic load of g souree s

OUCUTTERCE, TELDeCuval

ORION Core Rouler

defined in the experimenis as the ratio of ON/(OER),
which can exceed 1.0 to simulate path overloading, In
that case, the excess traffic is switched to the overspill
mode and thus data is dropped from the CB to the
overspill buffer (OB}, Every source selects its load ran-
domly —according to a uniform distribution with a given
average value (X-axis in the performance graphs) and
a standard variation equal to 0.5. This randomly chosen
load is maintained throughout a simulation cycle.

Network level performance evaluation —unconstrained
overspili routing

The evaluation of the GRION architecture was per-
formed on the NSFnet network topology, shown in
Fig. 6a. All links were assumed to be bidirectional, with
a § Ghps capacity per wavelength, to reduce simulation
times, With these assumptions, we have first measured
the mipimum number of wavelengihs reguired 1o sup-
port all source-destination pairs with & 1% packet loss
ralio, in the case of 2 pure wavelength swirched (W5)
network and in the case of a point-lo-point, packet-
switched network (F2P) Figure &b shows the corre-
sponding resulis. It can be scen that for an average
foad of 14, the required wavelengths are 4 and 43
for the case of 2 W8 and P2P anerwork. In order io
assess the overspill mechanism for absorbing temporal
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{a)

# Number of Wavelengihs

Fig. 6 () i4-node NSFnet backbone network topology with the
number of crossing lightpaths of every node (the shown distances
are in km). (8} Mumber of wavelengths per average load needed

6% 08 07 08 098 Y 43 12 13 14
Average Load
1o support the communication of all source-destination pairs with

shortest path rowting in the case of wavelength switching {WS)
and point-to-point, packet switching, (P2} for 0.01 Toss ratio

Fig. 7 Packet loss ratio for {a}

fay e {b)

{#) “once ORION always 1.00£+00 1.00E+00

ORIONT and (b) “lHightpath

re- Lntrg routing pthy for o 100EGT o 1.00E01

the various supported K] 2

buffering schemes versus @ g .

IS . S 1.00E-52 - 1.00E-02 4= ——

average source foad: The . %: ,;/( e 93 wibu GRIOW ".g U7 W iUt GRIGH

number besides the name of S s~ NB with ORICR = -4 N with ORION

05 ¢+ P ra ot . . N & 4 OB- $12KB B /7 OB- 812 KB

cach _buft{'l m_g }’Ch“'mt . & 300E03 I - 68 512 KB, withawt GRIOR & 100603 A/ CB- 512 KB, wilhout ORIGH

denoies the size of each in ¢ e G- 543 K81, with OFICR < G- 512 KB, with ORION

KByteg 1 D0E-04 i —#—CB—Z‘S&KEIIDB- 258 KB 1. 00E-04 -'&;—53*256 KB j OB- 256 KB
06 06 OF 08 88 1 L1 12 13 18 05 66 07 08 69 1 11 1Z 13 14

Average Load Average Load

traffic imbalances, we used in our experimental analy-
sis the minimum case of only 31 wavelengths, It is then
feasible to compare the gain in using fewer wavelengths
in the network as well as the vielding loss ratios in both
cases.

In the simulations carried out, & separate RED gueue
was maintained for each source-destination pair and
their total size at an ER is depicted as "CURT buller.
The chosen RED queue parameters are: wy = D001
Do = 0.2 and gin = U7 - Gangn WHere gmax 18 the RED
queue size. Further, in all experiments carried out, the
opto-electronic conversion time was set eyual 1o (.01 ms,
while the FDL tength in the vold detection module was
seteqgual to 0,04 ms [13]. The addition of this FDL length
inside ail core nodes resulted in an average propagation

~delay through the nciwm'k of T3 1ms. o

The key performance metrics measured indude
packet loss ratios for the various buffering schemes,
overspill packet throughput. and end-o-end delay. All
these were measured versus 1he given average source
load for both ORION policies, In this section, it & as
sumed that all wavelengths can simultaneousiy carty and

i

terminate {unconsirained case) oversoii ;:&waia sl A

have an individual receiver/transmitter interface so that
no overspitl packet contention can occur.
constrained overspiil routing, where the number of {O/E
interfaces is smaller than the number of wavelengths,
is studied in Section “The case of constrained overspili
routing”.

Figure 7a, b shows the average packet loss ratio of

the once CRION alwavs ORION and the lighipath re-
eniry policies for the various buffering schemes. It can
be seen that the vases of NI, either with or without
ORIGN support, exhibit the highest loss ratios, This was
cxpected since when no bulfering is avaitable, packets
are dropped immediately after the emporary overload
of the WS paih. As prtucd, the foss curves for all cases
that do not use ORION (NE withowur ORTON and CH-

CSPZ K withowt ORIONY are (denteat fnboth Fig. 74, 6,

since these schemes do not depend on the routing policy
{actually there are no overspill packets),

With respect to the Overspill-Buffering scheme with
312 KB buffer size [OBSZKB), the fighipath re-entiry
poticy outperforms once GRIGN always ORION. in
his scheme, o large part of incoming traffi

switches o overspili mode, since thergar

The case of
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Fig. & Traffic statistics for lighipath re-entry  policw.  (a)
CEB =512 KB without GRION and {6y CB =256 KB, OB =256 KB

As a resuit, OB buifers become congested and thus hop-
by-hop routing {once ORION always ORION policy)
tends to drop more packets. On the other hand, overspill
packets that happen to re-enter a lightpath are treated
more favorable in the sense that they are transparently
forwarded to their end-destinafion,

Regarding the two last cases, CRSIZ KB with ORION
and CB236 KB/GB256 KB, both routing policies exhibit
similar performance characteristics. This is because
overspill traffic is a small percentage of the total traffic
and thus the difference in the loss probabilities between
the two policies is smali.

With respect to the performance of the different
buffering schemes, CHZ56 KB/OBIS6KE (CBOR
buffering) significanily outperforms the other for the
same total buffer size. The comperison of the CBOB
scheme with the CE3512 KB without ORION scheme re-
veals the positive effect of overspill routing. It is evi-
dent from Fig. 7, that using the same 512 KB bulfer,
but dividing it into two equal parts for OB and OB,
results in a reduction of the loss ratio when the over-
spill mechanism is efficiently uiilized (for average traffic
ioads smaller than 1.0). Flgure B shows the correspond-
ing traffic statistics for the fightpath re-entry policy, for
the cases of CBSIZ KB without ORION (lefi columas)
and CB256 KB/OH256 KB {right columns) schemes. In
particular, Figure 8 illusirates the percentage of packets
transporied as circuit traffic or as overspill packets {e1-
ther dropped or successiully {i"m*;pm‘zcd} [tcan beseen
tat the overspill mechenism s more offective for mod-
te traffic loads {(between 08 and 1.0), while, when
the traffic load exceeds 1.2 both loss ratios converge
{drop percentages for both CB-5312 KB without GRION
and U256 KB/AOB-256 s coual 1o ~29%)
sonable, since as the average iraffic inad increases, all
lghtpaths become saturated. vold Alling cannot be por-
Hrouting

e

3. Thils 18 rea-

formed and thus the beneficial effect of overspl

sveniuaily disappears,

s06
800 B onca ORION aiways ORION
704 i tighipath re-aniry

500
500
400
360
260 ¢
160 4

ORION Throughput (Mbps)

g 4 . . . oo
05 06 67 068 08 1 11 1,2 1.3 14

Average Load

Fig. 9 Throughput of overspill traffic for the two policies, for the
CB236 KB/OB256 KB scheme
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Fig. 10 Average delay of overspill packets for the two policies,
for the CB256 KB/OR256 KB scheme

To further compare the two GRION routing policies,
we have measured the throughput and average packet
delay of overspill packets obtained for the best per-
forming CH256 KB/OB256 KB scheme. Figures § and
1{} shaw the corresponding results. It can be seen that
for traffic loads higher than (.7, the lightipath re-entry
policy cutperforms once ORION aglways ORION both
i terms of throughput and delay, since a fraction of
overspil traffic reaches its destination immediately and
fewer packets are extracied at intermediate nodes. This
insertion/extraction process of overspill packets espe-
cially in the ¢ase of vnce ORION always ORIGN policy
increases the dropping probability and the end-to-end
delay. Figu;‘c 11 shows t%‘;e anumber of overspill packets
that arg e srmediate nodes per secend for
both poticies. This is tha: gdditional traffic seen by the
electronic pare of the CR due to the overspill mecha-
nism, The difference in the number of exiracted packets
two policies reveals the actual number of
averspil traffic that was inthe i 5,1 tpaihs,
ry 1o switch
'zciizm of
tand delay

tragted-atin

hetween the

re-entered”
Note that et low trafficloads, packets thats

into overspill mode constitute only a g“m%

the towal traffic, explaining the low through
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Fig. 11 Number of overspili packets uploaded st iniermediate
nodes

levels, and the small difference between the two policies
observed in Figs. 9 and 10, As traffic increases, through-
put increases as well, reaching its maximum value for
traffic loads close to 0.8 —~ 0.9, Above this average value,
throughput steadily decreases for both policies (but their
difference in terms of loss rate increases) and finally the
performance of both policies converge, since the net-
work saturates and thus there is no bandwidth to be
re-used by the overspill mechanism,

With respect {0 packet defay (see Fig. 10), its maxi-
murm value corresponds to the same load range of 0.8
-~ (.9. Note that the packet delay recorded in the figure
refers to the delay of packets that reach their destina-
tion, while the delay of the lost packets {which i5 infinite)
is not taken into account. Beyond this load range, over-
spilf packets start gelting dropped, and thus gradually
are given limited chances to be successfully transported
in overspill mode, independently of the policy enforced.
However, delay for traffic loads higher than 0.9 starts
decreasing, and this is due to the fact that ondy overspill
packets that follow short paths (usually one-hop) are
serviced, Almost all the other packets are dropped.

Finally, we have also investigated the effect of the to-
tal buffer size, Figure 12 shows the corresponding loss ra-
tios of the lighipath re-entry policy for buffers of 512 and
1024 KB of total size, The improvement in the loss ra-
tio differs for the various supporied buffering schemes,
and higher gaing are observed for the combined CBOB
scheme, The important finding from Fig. 12 is that the

~performance differences between the buffering schemes
remain, regardless the size of the bulfer. For example,
both the CBOB schemes perform better than the OF8-
512 K8 with ORION scheme, which in turns performs
{(shightly} better than the CB-7024 KB without ORION
scheme. Of course, I buffer size is increased, the latter
scheme will perform better, but always worse than the
same scheme with
clearly shows that both types of bulfers (CH and OBlare

the support of overspill rathic. This

%;: Springer
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Fig. 12 Packet loss rate for lightpath re-entry policy for various
buffering schemes with buifers of 512 KB and 1024 KB 1otai size

necessary to obtain the best performance improvements
fram overspill routing,.

Concluding, the preceding results indicate that the
ORION architecture can indeed absorb temporal traffic
overloads and ensure a low packet loss ratio. The pro-
pused buffering schemes perform differendy, and the
best performance is exhibited when adequate buffering
is provided for both overspill and circuit traffic (CBOB).
Finally, with respect to the iwo examined overspill rout-
ing policies, lightpath re-entry policy yields the best per-
formance with the tradeoff that it requires additional
control overhead.

The case of constrained overspill routing

tn this section, we consider the case of constrained over-
spill routing, where the number of receivers and tunable
laser fransmitiers at a node limits the number of over-
spill packets that can be simultancously terminated or
inserted. Thisis done via two concentrator interfaces (a3
shown in Fig. 1} that groom overspill packets. Since it
is not known in advance which wavelengths will tempo-
rally overload, it is reasonable to aliow all wavelengihs to
carry overspill traffic and constrain the number of pack-
cts that can be simultancously extracted (or inserted),
rather than constrain the number of waveleagths that
are allowed to carry overspill traffic. To this end, in the
case of consirained overspill routing, we look into the

Csizeolthe pwo concentraiors (one for the exiraction and
]

one for the insertion of overspill packets). and analyze
their effect in network performance. The size

of the con-
centrator is defined as the number of receivers or un-
able trapstritters commissioned {0 recelve or ransmit
overspill packeis.

Inorder toassess the case of Emitng oversplll routing,
we experimented with bursty trafiic, since it 15 expecied
that f

srstingss will have g signiflcant effect on rafic
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Fig. B4 (u) Overspill packet loss rate due to contention, (b) overall network loss rate for the case of constrained overspilt iraffic reception
- upconstrained overspill traffic transmission {constrained Rx — unconstrained Tx case)

foad. Thus, the traffic generating sources were modified
s0 as to generate traffic with Pareto infer-arrival times,
while packets’ sizes were again drawn from the same
Internet mix size distribution.

Fipures 13a, bshows the percentage of 1 234 and > 3§
simuftancously extracted and inserted overspili packets
for the lighipath re-eatry policy and for Pareto iraffic
with a shape parameter e=12. From Fig. 13, it can
be seen that for average traffic loads in the range of
17-00.8, where the overspill mechanism s mostly uti-
lized {(more packets are uploaded in the intermediaie
nades), the percentage of 4 and > 5 simultaneously
uploaded packets increases, while the percentage of |
and 7 simultaneously uploaded packets decreases. The
curves for 1 oandg = S-packet uploads change rapidly
{decrease/increase, respectively), while the curve for 3-
packet uploads remains simost constant. In general, only
une-third of the overspill traffic corresponds to g single
packet upload, a percentage that drops to one-fifth. for
tratfic loads in the range of 0708, I s therefore clear
that the use of a concentrator at the recelver side will
have an imminent effect 1o oss ratio,

The resuits differ significantly for the simultaneous
From Fig. 13b 0t can be seen that

sertions, dogs not de-

i kel inseriions

single packet

crease as much as in the single packet extraction, while
the percentage of >3 simuitancous packet insertions
increases from 4% to =>23% for a larger workload
range of 0.7-1.1. The rest of the curves {2-, 3-, and
4- simuitaneous packet insertions) remain almost con-
stant. ‘The difference between the extraction and inser-
Hon processes (Fig. 13a, b) is mainly due to the Lightpath
ve-eniry policy. In pariicular, a percentage of overspill
packeis is inserted as overspill packets {through the
ORION ransmitters) but extracted as circuit switch-
ing traffic {OCS). Thus, GRION wransmitters are more
utiized in the lighipath re-entry policy than the corre-
sponding receivers, which means their impact on loss is
highcr
3ased on the above analysis, we have first measured
Emw packet loss ratio varies when only one concentrator
is emploved either at the receilver or the transmitter side
{construined Bx = unconstrained Tx and unconsirained
Ex — constrained Tx casesy and then how loss varies
again when both the ORION receivers and transmitiers
are constrained {constrained Rx ~ constrained Tx casel,
Figure 14 shows the first case, where only the ORION
-to-5interfaces. In particu-
-t foss ratic due (o contention

¢eonsirained (o |

receivers are

sthe pack

g

in the concenin oups overspiil ralfic from ail

% Springer
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Fig, 15 Overall network loss Unconstrained Rx — Constrained Tx case Consirgined Ax ~ Constrained Tx case
ratio for the case of (&) LEGD 16480
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passing through lightpath and terminates it to either 1, 2,
3,4, or 5 ORION Ry interfaces. The loss ratio depicted
in Fig. 1d4a corresponds only o the contending tratfic,
and which decreases at high loads due to network satu-
ration.

Figure 14b shows the overall packet loss ratio in the
network, including the packets, dropped due to buffer
overflows. For comparison, in Fig. 14b we have also in-
cluded the corresponding losses for the unconstrained
case as well as for the case that nointérfaces (no ORION)
are employed at all. The imporiant finding {rom Fg. 14b
is that by employing one QRION receiver, performance
approximates the case of a pure circuit switch
nefwork (no ORION), while five interfaces highly
approximate the unconsireined ORION case, In the sim-
ulated network topology, using five receivers per node
is a reduction of up 10 82% of the recetvers needed in
the unconstrained case.

In the sequence, we have measured how loss varies,
when the number of packet insertions is constrained
with a concenirator at the transmitter side. Figure 15a
shows the overall packet loss ratio, in the case that a
concentrator fumits the number of packets that can be
simultaneously inserted to 1, 3, or 5 packets, while there
is o Hmitation at the receiver side {waconsirained Rx
~ constrained 'Tx case). In this case, no packets are lost
due to contention but only due Lo bufier overfiow. From
Fig. 15g, itcan be seen that one transmitter resembles the
case of g pure vircuit switching network (no ORION],
while the case of five Tx approximates again the wicon-
strained case, but not as much as in the case of five
receivers in the consirgined Ry — unconsirained Ty case
{see Fig. 14b). It is therefore clear that the number of
ORION transmitters s more imporiant than the num-
yer of receivers,

Finally, Fig. 15b. shows the loss performance of the
constrained Rx - uaconstrained 'Tx case. [t can be seen
that performance has deteriorated for all curves, Nev-
erthetess, i in s sl slgnificant and particuiarly iy

ransceivers { Ty and By

deld aioss ratinof

Average Load

4% and 129% at e workload of 0.5 and (.9, respectively.
whereas the corresponding losses in the pure circuit-
switching case (no ORION) are 7.6% and 20%.

It must be noted here again that five transceivers
per node results in 70 transceivers in the NSEF network,
as opposed to 390 (sce Fig 6a) needed in the uncon-
strained ORION case. Thus, the gain in cost and size
of ag ORION-enabled node is significant, This con-
clusion 8 valid for the specific network topology un-
der study and the wavelength-routed paths designed.
For other topologies, resulis may differ but in any case
they prove L cconomic viability of the architecture.
In particular, it is clear that with only a small subset
of ORION transceivers, a large part of the overtoaded
traffic can be absorbed without the deployment of new
wavelengths.

Conclusions

In this article, a detatled performance evaluation of the
ORIOGN hybrid switching archifecture was presented
using a network simulator platform developed for this
purpose. We have evaluated the case of unconsirained
and consirained overspill routing, depeading on whether
all lightpaths are sflowed to simultaneously carry and
wriminate overspill raffic or overspill s restricted o
a sub-set of wavelengths via traffic concentrators. Fur-
sher, we have assessed various aspects of the ORION
architecture including two basic routing/forwarding pol-
icies and various buffermg schemes, B was shown that
the lightpath re-entry policy. combined with the Circuit-
Buffering Overspill-Butfering (CHOR} scheme is supe-
rior 1o all other schemes examined in terms of Toss ratio,
throughput and packet delay. The complote network
study reveated that ORION can absorh wemporal tral-
fic overtoads, as intended, provided sufficient buffering
er, we ha

is present. Moreoy > shiown that we can lmi

the number of transceivers i the architecture (o 4 siall
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subset, while still maintaining asignificant gain inn perfor-
mance. Limiting the number of ORION receivers and
sransmitiers results in a reduction of the size and the
cost of the node and thus improves ORION economic
viability.
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