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Abstract

This paperinvestigategerfamanceof differert opticalgroomingswitchesj.e., opticalgroomingcross-
conrects(OXCs), undera dynanmic traffic ervironmen. Four optical grooming OXC architectuesarepre-
sentednamely single-top grooning OXC, multi-hop partial-gooming OXC, multi-hop full-groonming OXC
and lighttree-lasedsourcegrooning OXC. After exploring theseOXCs' grooming capabilities,we pro-
posedthree grooming schemesand two correspondiry algaithms, Grooning Using an Auxiliary Graph
(GUAG) andGroaming UsingLighttree (GUL). Through thesetwo algoithms,we evaluatethe performarce
of differentopticalgroaming OXCs in adynanic traffic environmen underdifferentcomectionbandvidth-
grarularity distributions. Our experiment resultsillustrate that, (1) the multi-hop full-grooming OXC al-
wayshasthe bestnetwork performane, while it mayencourer with costandscalabilityconstraints(2) by
usingsignificantlylesslow-granulaity electronicprocessingandthrough intelligert traffic-grooning algo-
rithms, multi-hop partialgroaming OXCs shav reasonble goodnetwork performarce; (3) the performarce
of asingle-top groaning OXC canbesignificantlyimprovedby emplgying lighttreebasedsourcegroaning
scheme.Fromour results,we alsoobsene that conrectionbandwidh-grarularity distribution hasa strong
impacton network throughpu andnetwork resourceefficiency, andhenceshouldbe carefullyconsideedfor

network designandtraffic provisioning

|. BACKGROUND INTRODUCTION
A. Next-Geneation Optical WDM Networks

Fiber optics and wavelength-division multiplexing (WDM) techndogy have signficantly increasedthe
transmissioncapadty of todays transprt networks, and played an extremelyimportant role to support the
explosively increasedinterret traffic aswell aslarge amountof tradtional traffic. Using WDM tecmology,
the bandwidh of afiber link canbe dividedinto tens(or hundreds)of non-overlagppedwavelength chamels
(i.e.,frequeny channelg, eachof which canoperde at the peekelectonic procesingrate i.e., over gigabits
persecoml. The bandvidth of awavelergth chanrel canbefurtherdividedinto finer grandarity trunk using
Time-dwision multiplexing (TDM) techiqueandbe sharedby differentenduses. An endusercanbe ary
typeof client netvork equpmentssuchasiP, ATM or Framerelay network equpment.Hence opticd WDM
network have serned as an important platform (a circuit core to provide network comectvity aswell as
transmissioncapacity to today’s Internet infrastrucure andapplicationsenice.

As WDM switching tecmology keep maturirg, optical WDM networks is expected to evolve from in-
tercacnneced SONET/WDM ring topolagiesto irregular meshtopdogies andnetwork provision procedire

will migratefrom an on-ste manualy interconneding proces to a point-and-<lick or on-demandautomatic



switching andconrecting process.Suchanintelligentoptical WDM network is emeging underthejointly ef-
fort of optical switchdevelopmentoptical network control plare stardardization andextersive optical WDM
network reseach andexperimentactivity in industry andacadenic. Amongdifferent opticd WDM switching
techrologies(i.e., circuit switching, burstswitching, andpacket switching), WDM circuit switching is known
to be oneof the mostpractical apprachesto enablethe next-generdion optical network. Hence,this study

conentraeson anintelligent optical circuit-switched WDM transport( backbonémetro)network.

B. Traffic Groomingin Next-Geneation Opticd WDM Networks

Traffic groomingis a procedureof efficiently multiplexing/demultplexing andswitching low-speed traffic
streansonto/from high-capacty bandvidth trunk in orde to improve bandvidth utilization, optimize network
throughpu andminimize network cost Thoughthe grooming concepthasexistedin telecanmunicatio in-
dusty for years(e.g.,S0to T1, T1 to SONET STS-1),becaiseof the lack of intelligent network cortrol and
autamatic provisioning functiondity, traditional traffic-groomingis morelike a multiplexing/demultplexing
coneeptrathe thananefficient hierarchial multi-granulaity switching andend-b-endprovisioning concept.
Traffic grooming is an extremely importantissie for next-geneation optical WDM networks to efficiently
perform endto-endautamaticprovisioning. In differentsoplisticd WDM networks domais, different multi-
plexing techrologiesmaybeapgdied for traffic grooming. For example TDM schemecanbe usedto perform
time-sbt to wavelergth chanrel groomirg in a SONET/SDH over optical WDM network ervironmert; WDM
schene canbe usedto perfaom wavelergth chamel to wavebandgrooming or wavelength/wavebandto fiber
groaming in an all-opticd WDM network ervironment'; and statisticatbasedpaclet-division multiplexing
(PDM) schenecanbe usedto perfaom padket flow or virtual circuit (VC) to wavelength chanrel groomingin
alP overWDM network ervironmert, etc. Differert multiplexing technquesmayimposedifferentgrooming
congraintsin optical networks. In this study, we consder a hybrid TDM-overWDM (SONET/WDM) basel
optical network ervironment in which optical crossonnets (OXCs¥ of different switching architecturesare

usedto constuctedaintelligentnext-geneation optical corenetwork.

C. RelatedStudy and Our Contribution

Most of earlier traffic-grooming researchfocused on network designoptimizaion of SONETWDM ring

networks[3]-[ 10]. By employing wavelergth add-dop multiplexer (W-ADM) andthroughproperwavelergth

! An all-optical WDM network canswitchtraffic at opticaldoman, without corverting optical signalsto electronicsignals.
ZNotethat,OXC is known asanothemamefor anintelligentoptical switch, we usethesetwo terminologiesnterchangablein this

paper



assigimentand SONET time-sld assgnmentalgorithms, network opelatorscandesgn their SONET/WDM
network to accanmodateall traffic requests,andatthe sametimesminimize network costwhichis dominated
by the number of SONETelectical add-dop multiplexers(ADMs).

In recen yeas, asoptical trangort networks keepevolving from interconned¢ed SONET/WDM ring net-
worksto irregular meshbasedoptical WDM networks, increasingamourt of reseach efforts have beencon
ducted on traffic-grooming problem in opticd WDM meshnetworks. The authorsin [11] studythe traffic
provisioning optimization problemwith grooming consderaton. Two meshgrooming node archiectuesare
presated. The problemis formulated asan integer linear program (ILP), andtwo heuristic algoithms are
proposedaswell. The authasin [12] quartitively comparethe network costgain by employing grooming
capdility at optical core networks. By using the OXCs of different grooming and switching charateris
tic in a 46-nade opticd core network, the auttors evaluated the network costperformancefor a given static
traffic demanl. A gereric gragh modelis presntedfor provisioning conrectiorsin amulti-granularity multi-
wavelergth optical WDM network in [13]. The authas shov thatdifferent network optimization objectives
andcorrepondng route selection schenescanbe eadly accanmodatedby this graphmodel Basedon this
model, the authas proposesereral groomirg heuristicsfor given static traffic demandand showv thatthese
heuistics can achiee nea-optimal soluion. The work in [15]-[18] consderedtraffic-grooming isstesin
dynamic traffic ervironmert. The auttors in [15] observed that in a multi-granularity WDM network, it
is more possble to block the conrections with high bandwidh requrementthan to block thosewith low
bandvidth requrement,which resuts in unfairnessbetweencomectians of differentbandvidth-granulaity
clas®es.Hence they propaeacall admisson control (CRC)algarithm to achiee thefairness. Theauthorsin
[16] and[17] studytheon-line provisioning mechamsmsfor connetionsof different bandwidh grandarities
in traffic-groomabe WDM network. Several algarithms are proposedto optimize overall network perfor-
mance. The authorsin [18] proposeda genealized network model called trunk switched network (TSN)
to facilitate the modelirg and analysis of a multi-wavelengthTDM switched networks. They andyze the
blocking performanceof TSN andextendedtheir modelto analyzetheblocking performanceof multicasttree
estallishmert in optical WDM networks.

In this study, we systematally investigateand evaluae the characeristics of different optical grooming
switches, i.e., the optical crossonneds (OXCs) with traffic-grooming capalility. According to various OXC
archtectures,we explore and proposedifferent possilde traffic-groomingschenes,and compae the peifor-
manceof thoseschemesunde a dynamic traffic ervironmert. To the bestof our knowledge this is one of

thefirst work which comprefensiely examinesthe charaterisics andperformanceof differenttypes of op-



tical grooming OXCsfor dynamic traffic under differentconnestion bardwidth-grandarity distributions. Our
investigation will help network opeatorsto costeffectively desgn and operate a optical groomable WDM
backbonenetwork, andit will be also helpiul for systen vendors to develop high-performancegrooming
OXCs.

D. Organizdion

Therestof the paperis orgarized asfollows: In Sectionll, we introducedifferent optical grooming OXCs
andexplore their corresporling groomirg schanes. Furthemore, Sectionlll presatsthe detal appioache
andalgoithmsfor the propssedgroomirg schemeasising different grooming OXCs. The experimentaland

numercal resuts areshavn andanalyzedin SectionlV. Section V concludesthe study.

I1. DIFFERENT GROOMING SWITCH ARCHITECTURES AND CORRESPONDING GROOMING SCHEMES

In anopticd WDM network, thelightpath[1][ 2], providesa basiccommuni@tionmechaismbetweertwo
network nodes. Fromtraffic-grooming pergectve, a lightpathis a circuit with full wavelergth capadty. It
mayspanoneor multiple fiberlinks andberoutedby intermedate switching nodes. Low-speedraffic streams
will bepacledto alightpathatits endnodes by groomingOXCs. Therearetransgarent(all-opticd) or opagque
switchingtechhologesto implementthose OXCs. Transpaent(all-optical) technology refersto theswitching
without opticalto electonic (OE) corversion Opaqueechrology refersto the switching with OE corversian.
Differert techrologiesand architectures may leadto different groomirng OXCs, which may be capable for
different grooming schemes Specificdly, there are three different grooming schemesnamely singe-hop
grooming, multi-hgp groomirg, and souice-nodegrooming Eachtype of grooming OXCs may suppat one
or multiple grooming schremes. Thosegroaming OXCs with their correponding grooming schemesanbe

categyorized asfollows.

A. Singlke-hopgroomingOXC

An OXC canbe called a single-hopgrooming OXC if (a) it canonly switch as wavelergth grarularity,
and(b) it haslow-daterateinterfaces(ports) which canbe usedto direcly suppat low-spedl traffic streams
from client network equipment. Notethat, co-ogperate with a sepaatednetwork aggegationequpment(e.g.,
anelectical multiplexer), an OXC with only wavelergth portsandonly switching at wavelergth grarularity
canalsobe viewed asa singe-hop groomirg OXC. Using this OXC, low-speed traffic from clients canbe
multiplexed onto a wavelengh chanrel usinga TDM scheme. Sincethis OXC doesnot have the capability

to switch low-speed streans, the low-spee streamson one wavelength chanrel from a sourice nodewill be



switched to the samedestirationnode, i.e., a low-spee& conrectioncanonly traverse a sinde lightpathhop.
Thus,this endto-erd grooming schemeis called single-hopgrooming scheme.

Figure1(a) shavs how alow-speedcomectian (C1) is cariied by a lightpath (Z4) from nodel to node 5.
Notethat, in Fig. 1(a),the nodel, 4, and5 areequigoedwith single-hg groomirg OXCs, which canonly

switchat wavelength chamel grandarity.
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Fig. 1. Exmaplesof single-hopmulti-hop,andsource-wdegroomingschemes.

B. Multi-hop partial-groomingOXC

A multi-hop partial-grooming OXC conssts of two switch fabrics, a wavelergth-switch fabric (W-Fabric)
which canbe either all-optical or electionic, andaneledronic-switchfabric which canswitch low-speedraf-
fic streams. The eledronic-switch fabric is also called grooming fabric (G-Fabric). With this hierarchicd
switching and multiplexing archtecture, this OXC canswitch low-grarularity traffic streamfrom onewave-
length channel to othe wavelength channelsand groom themwith other low-speedstreans without using
ary extra network element Assumingthat the wavelergth capadty is OC-N andthe lowestinput port of
the eledronic switch fabricis OC-M (N > M), the ratio betwee N and M is called the “grooming ra-
tio”. In this archiecture, only a few of wavelengh chamels (lightpaths) can be switchedto G-fabric and
perform switching atfiner grandarity level. Thenumberof ports, which connet thewavelengh switchfabric
andG-fabric, detemineshow muchmulti-hop grooming capabiity this OXC has. Figure2(a) showsa sim-
plified multi-hop partial-grooming OXC architecture. A multi-hop parial-grooming OXC cansuppat both

singe-hopgroomirg andmulti-hop grooming schemes.

Figure 1(a) shovs how a low-speed conrection (C1) is carried by multiple lightpaths(L1, L2, and L3)

from nodel to node5. Notethat, node 2 andnode3 areequigpedwith multi-hop partal-grooming OXCs,
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Fig.2. Samplegrooning OXC architecturesa multi-hop partial-groomingOXC anda source-nde groomingOXC.

andonly the G-fabrics areshown in thefigure.

Figure 1(a) also showsthat there may exist four typesof lightpathin a WDM network which emplgys
multi-hop partial-grooming OXCs. Now, assuming all network nodes are equigped with multi-hop pattial-
grooming OXCs, andonly the G-fabrics of node 2 and3 andW-fabiics of nodel, 4, and5 areshown in the
figure. Thelightpath L1, L2, L3, and L4 representhes four lightpathtypes.

« Multi-hop ungroomale lightpath(Z4): A lightpath(s, j) is amulti-hop ungrcomablelightpathif it is not
connestedwith finer grandarity switching elemen atits endnodes. This lightpath canonly be usedto
carrythetraffic directly betweemodepair (7, j). Lightpath L4 in Fig. 1(a)is a multi-hop ungroomabé
lightpath.

« Souce-groomablelightpath (L3): A lightpath (7, j) is a soure@-graomablelightpathif it is only con
nectal with finer grarularity switching elemen at its sourcenode. All traffic on this lightpath hasto
terminak atnode j, but thetraffic may originatefrom arny othernetwork node. Lightpath L3 in Fig. 1(a)
is asource groomablelightpath.

« Destindion-groomabe lightpath (L1): A lightpath(i, 7) is adestiration-groomale lightpathif it is only
connetedwith finer grarularity switching elemen at its destnation node. All traffic on this lightpath
hasto originatefrom nodei. At the lightpath destirationnode j, the traffic on lightpath (7, j) caneithe
terminat at j or be groomedto otherlightpathandroutetoward othe nodes. Lightpath L1 in Fig. 1(a)
is adestnation-grcomablelightpath.

« Full-groomablelightpath (L2): A lightpath (7, j) is a full groomablelightpathif it comectsto finer
granuarity switching elementat bothendnodes This lightpathcanbe used to carrytraffic betweerary

nodepairin the network. Lightpath .2 in Fig. 1(a) is afull-groomalte lightpath.



In a optical WDM network employing multi-hop pattial-grooming OXCs, thoselightpathscan either be
estallished dynamically accading to current conrection requests, or be preplannedbasedon forecastirg

traffic demands

C. Multi-hop full-grooming OXC

A multi-hop full-grooming OXC can provide full-grooming functiondlity, i.e., every OC-N wavelergth
chamelwill bedemultplexedinto multiple OC-M streamsbefare it entergheswitchfabric. Theswitchfabric
canswitchthes OC-M traffic streamsn a non-docking manner The switched streanswill be multiplexed
backto different wavelength chanrels. An OXC with full-grooming functionality hasto be built using the
opagieapproach.

Whena WDM network employs multi-hop full-grooming OXC at every network node eachwavelergth
chamel at every fiber link conrectedby two network nodesforms a full-groomalte lightpath In this way,
the virtual topology (i.e., lightpathtopdogy) areexactly the sameasthe physial topology (fiber topology),
anda traffic streamcanbe easly switched from onetime-sla of a wavelengh chamel to anaher time-sia
of a wavelength chamel (canbe the sameor differentchamel). at every intermedate noce it traverses. A

multi-hop full-grooming OXC cansupport single-hop or multi-hop grooming scheme.

D. Lighttreebasel source-noek groomirng OXC

Optical“lighttree’ hasbeen proposedto supprt multicag appicationsin optical WDM networks[19]-[20].
A lighttreeis a wavelengh treewhich connests one souce nodeand multiple destiration nodes. Through a
lighttree, The traffic from the souice nodewill be deliveredto all destiration nodesof the tree. Estabishing
lighttree in an optical WDM network requires that network nodes have multicag capalility. In orderto
supprt multicasting an OXC needduplicate the traffic from oneinput port to multiple output ports. For an
OXC usingtrangarenttechrology, this duplicationcanbe donein opticd doman using anopticd splitter by
splitting the power of optical signals from oneinput port to multiple output port. For an OXC usingopague
techrology, thetraffic dugication canbeeasly accompishedby copying electranic bit streamfrom oneinput
port to multiple output ports. Figure2(b) shavs a simplified architecture of a multicast-cgpable OXC using
thetrangarenttechology.

Figure 1(b) shavs how to use OXCs’ multicast capaility to perform traffic grooming. Therearethree
low-speedtraffic steans from the samesource nodel to differentdestnation nodes 3, 5, and6. By settirg
up alighttree, thesethree traffic streamscanbe packed to the samewavelermgth chamels, and delivered to

all destnationnodes (i.e., lighttreeleaf nodg. At eachdegination node, only the neeckd traffic streamss



Grooming | Provisioning Switching . Optical Technology
Type \ Charac. capability flexibility = capacity Cost  Scalability bypassing maturity
Single-hop
grooming poor poor largest low good can medium/medium
OXC
Source-node
grooming good good largest ' meduim good can medium/low
(0) (¢!
Multi-hop
partial-grooming better better large | medium good can medium/low
OXC
Multi-hop
full-grooming best best small high poor cannot high/high
OXC
TABLE |

A SUMMERY OF THE CHARACTERISTICS OF DIFFERENT OPTICAL GROOMING SWITCHES

pickedup andrelayed to client equipments.In this way, the low-speedtraffic from the samesouice nodecan
be groomedto the samewavelergth chamel andbe sentto differentdestnation nodes. Pleasenotethat, if a
conrectionbetwee anode pairrequresfull wavelergth-channé capaity, alighttreebecanesalightpath We
call this grooming schemdighttree-baedsource-noa grooming schane. Fromtraffic-groomingperspective,
the multicast-cgable OXC can be called lighttree-baed source-nade grooming OXC. Suchan OXC can

support lighttree-basedsouce-nale grooming schemeaswell assinge-hgp groomirg schene.

E. Overviav of differentgroominy schemesand grooming switch architectuies

As anoverview, we canseethat, single-hopgrooming schemecanonly groom traffic from the samesoure
nodeto the samedegination node; lighttree-asedsouce-nale groomirg schene cangroam traffic from the
samesoure nodeto different destnation nodes, and multi-hop grooming schemesnay groom traffic from

differentsoucenodesandto different destnation nodes.

Tablel summarizeshe characeristics of differentoptical groomirg switches(OXCs). The multi-hop full -
groaming OXC hasthe bestgroaming capability and provisioning flexibility. It canonly be implemeried
using the opaqte techrology. Hence,it requressignificantly amountof electranic processing which poten
tially leadsto its poor scalallity and high cost(normalized per bit switching cos). Sinceit hasbuild-in
wavelergth conversioncapaility andfull-grooming capaility, the network contrd of this OXC encainters

lessphysical corstrairts andwill berelatively easyto bedeveloped.
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The single-hopgrooming OXC, on the otherhand haspoor groaming capability and doesnot have too
muchflexibili ty to provision comectinsof different bardwidth grarularity, sinceonly the single-hg groom-
ing schemeis supprted Both transparem (less maturg andopaque tecmology (more mature)canbe usel
to develop the OXC. As the OXC switchestraffic at high grandarity level, it canhave the largestswitching
capaity andthe lowestcost(nomalizedper bit switching cos). The single-hopgrooming OXC with trans
pareri techrology alsohasgoodscalalility (for wavelength-bandswitching, fiber switching). Deperding on
the implementdion, the OXC may employ wavelergth-continuity constrairt, if it is built using trangaren
techrology andit hasno wavelengh-converson capaliity or only haspatial wavelergth-conversion capa
bility. Hence,certan intelligent control software suppat are needed. Provisioning conrectiors in a WDM
network with wavelergth-continuity constaint is known as a standard routing and wavelength assigiment
(RWA) problemandhasbeenwell addressedin theliterature.

Most characteistics of the source-nale grooming OXC andthe multi-hop partial grooming OXC arebe-
tweenthos of the single-hopgroomirg OXC andthe multi-hop full-grooming OXC. Intelligent algarithms
are nealed for WDM networks which employ lighttree-baed souce-nale grooming OXCs (or multi-hop
partial-grooming OXCs) to efficiently settirg up lighttree (or multi-hop groomablelightpath). Comparirg
with RWA problem, therearereldively lessreferencesin the literature, and more efforts are needel on the
developmentof these algarithms to perform efficiently traffic grooming andto optimize network resairce

utili zation

[1l. APPROACHES AND ALGORITHMS

In this sectbn, we preset two apprachesand algorithms to efficiently achieve the propsedgrooming
schenein a optical WDM network, onefor single-hopand multi-hop grooming scheme andthe othe for

lighttree-asedsouice-noa grooming scheme.

A. Singlke-hopand multi-hop groomirg usingan auxliary graph model

1) GroomingPolicies and an Auxiliary Graph Model In atraffic-groomabe WDM network, theremay
be multiple waysto carry a low-speedconrectionreqlest,i.e., theremay exist multiple routesfrom a given
souice nodeto a givendestiration node, eachof which may usedifferentamountof network resouces,e.g.,
wavelergth chamels,groomirg capability, etc. The decison of how to chocsea proper route from multiple
canddatesis known asthe “grooming policy”. Differert grooming policiesreflectthe network operators

intertion on how to engireertheir network traffic using available network resouces. For example a low-
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spea comectian canbe carried throuch existing lightpaths, or by settirg new lightpathbetweengivennode
pair. Theeffect of differentgrooming policeson traffic grooming problemhasbeenaddressedin [13], [17].

Weextendageneic gragh mode| whichwasoriginally proposedn [13], to hardle thesingle-hopgrooming
and the multi-hop groomirg sclemes. The extended model can uniformly incorporae different grooming
OXC archtecture (single-hopgrooming OXC, multi-hop parial-groomingOXC andmulti-hop full-grooming
OXC) andeasilyachieve different groomirg policies. In this model,an auxiliary gragh is constuctedfor a
given network state The route of a comectian requestis compued basedon the auxliary graph. We use
G(V, E) to denok a given network state,whereV dendes the network nodeset (i.e., the OXCs) and E
dendesthe network link set, (i.e., the fiber links andthe lightpath links). We thenuseG(V’, E’) to denot
the corespomling auxiliary graph, whereV’ dendesthe vertex setand E' dendesthe edgeset. From now
on, for clarity, we will usethetermsnode andlink to representa vertex andan edgein the original network
stateG(V, E), respetively, andwe will usethetermsvertexandedge to representavertex andanedgein the
auxiliary graphG'(V', E"), respectively.

The auxiliary graph G'(V', E') canbe dividedinto four layer, namelyaccesslayer, mux layer, grooming
layerandwavelergth layer Theaccessayerrepresentgheaccespointof acomectian request,i.e.,thepoint
wherea cusbmers connetion startsandterminges. It canbean|P router, anATM switch, or ary otherclient
equpment.Themux layer representsthe portsfrom which low-speedtraffic streamsarediredly multiplexed
(demutiplexed) onto (from) wavelength chanrels and switched by W-Fabric without going through ary G-
Fabric. It canbeaneledronic multiplexer/demultiplexer, a SONET ADM, etc. Thegrooming layer represeng
the grooming (i.e., mux/demux and switching low-speed traffic streans) comporent of the network node,
e.g.,groaming fabric. Thewavelengh layer representghe wavelergth-switching capability. A network node
is divided into two verticesat ead layer. Thesetwo vertices representthe input port and output port of
the network nodeat that layer Fig. 3 shaows the graph representaion of different grooming OXCs. For
simplification reasm, assume the every network nodehasfull wavelength-conversioncapability. The edges
in Fig. 3 representthe resouce availability at a given network node. It alsodenoesthe reachéility from a
givenport of agivenlayerto anotrer port of anaherlayerin anetwork node. A conrectionrequest betwea
nodepair (z, ) alwaysoriginates from the output port of the accesdayerin node: andterminat attheinput
port of the accesslayer in nodej. Note that, through somestraightforward extensons (by streching the
sinde wavelergth layer to multiple layers onefor eachwavelergth), the network without full wavelergth-

corversioncapalility canalsobepropely modekd.
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A single-hop A multi-hop A multi-hop
grooming partial- full-grooming
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Grooming
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Wavelength ° e

layer

Fig. 3. DifferentgroomingOXCs andtheir representatiogin the auxiliary graph.

Thelinksin theoriginal network stategraphG(V, E) canberepresentedby the edgesvhich conrectedthe
verticesfrom onenetwork node to anoher network node showvn in Fig. 3. We explain themasfollows.

« A wavelemthlink (4, j) canberepresenedby anedgewhich connetsthe output port of the wavelergth
layerin nodes to theinput port of thewavelengh layer in nodej.

« A multi-hop ungroomalde lightpath (¢, 7) canberepresenédby anedge which connets the output port
of themux layer in node s to theinput port of the mux layerin node j.

« A source-goomablelightpath (7, j) canberepresente by anedgewhich comectsthe output port of the
groomirg layerin nodes to theinput port of the mux layer in nodej.

« A destiration-groomablelightpath (i, j) canberepresentel by an edge which comectsthe output port
of thegroaming layer in node ¢ to theinput port of the mux layer in node j.

« A full-groomale lightpath (7, j) canbe repreentedby an edgewhich connets the outpu port of the

groomirg layerin nodes to theinput port of the groomirg layerin nodej.

Figure 4 illu strateshow to constuct the auxiliary gragh for a given network stae. Figure 4(a) and 4(b)
shav the network stae for a simple 3-node network. The shade node (node 0) is the nodewhich employs
a multi-hop partial-grooming OXC andthe un-shadel nodes (node 1 and 2) are equipped with sinde-hop
groaming OXCs. Eachlink in Fig 4(a) representsa free wavelength chamel betweena node pair andead

link in Fig 4(b) representsan estallishedlightpath. Thelightpath (0, 2) is a souce-goomablelightpath,the



13

Node 1 Node 2

Access layer

Mux layer

Grooming
layer

Wavelength
layer

(b) (c)

Fig.4. Network statefor a simplethree-no@ network andthe corresponihg auxiliary graph.

lightpath (1, 0) is a desthationgroomablelightpath, andthe lightpath (2, 1) is a multi-hop non-goomabé
lightpath. A low-speedcomectin request from node1 to node2 can be carried by lightpaths(1,0) and
(0,2). Ontheothe hand,arequestfrom node 2 to node0 camot traverse lightpaths(2, 1) and(1,0) since
nodel do nothave multi-hop grooming capalility. According to the network stateshownin Fig 4(a)and4(b),

we canconstucttheauxliary graph, whichis shavn in 4(c).

Node 0

Access layer

Mux layer

Grooming
layer

Wavelength
layer

Fig.5. Two alternatve routeswhich canbefoundusingthe auxiliary graph.

2) Groomingusing auxiliary graph (GUAG) algorithm: This auxiliary graph canbe usedto provision
custamers’ conrection requests. By assiguing proper weight (i.e., admiristratve link cost)to eachedge in
the auxiliary graph, suitabe routeswill be compued through standrd shorest-pah compuation algarithms

accading to different groaming policies. Figure5 illu strates how to achieve different grooming policiesby
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using this gragh model. The network stak andthe auxiliary graph representaion areshavnin Fig 4. Suppog
thatthere is a traffic requestfrom node 1 to node2, Fig. 5 shavs two possille routes(in thick edge$ for
this conrection request. Theroute shavn in Fig. 5(a) traversestwo existing lightpathlinks, while the route
shavn in Fig. 5(b) employs two new wavelengthdink chanrels. If the conrection requiresfull wavelergth
chamel capaity, the route in Fig. 5(b) is preferred since wavelength chanrels are fully utilized and no
groomingis neadedat node0; othewise,theroutein Fig. 5(a) maybepreferred.More detailed studyon how
to usethis grapgh modelto achieve differentgroomirg policiesandhow thosegroomirg policies may affect
network perfamancecanbefoundin [13]. Basedonthemodel,we designanalgorthm, call GroomingUsing
Auxiliary Graph(GUAG), which canbe usedto provision comectims of different bandvidth grandarities.
Thisalgarithm canbeusedin aWDM network whichemploys single-hopgrooming OXCs, multi-hop pattial-
groaming OXCs, or multi-hop full-groomirg OXCs

3) Computaional Compleity of GUAG: In GUAG, the time compleity to constuct an auxiliary gragh
for a N node, full-wavelergth-cawertible WDM network, is O(N?), becaisethe auxiliary graph of sucha
network will consitof 2 x 4 x N verticesandatmost(2 x 4 x N)? edges Conseguenty, the compuationd
complexity of Stepl andStep2 is O(N?). Step3 compuesa leastcostroute betwee two given vertices
basel ontheauxliary graphusing standgrdshotest-mthalgorithm. Sincetheauxiliary graphhas2 x 4 x N,
the compuational complexity of Step3 is alsoO(NN?). The computdional complexity of theremairing stegs
of is O(N). Therefoe, the overall compuational compleity of GUAG is O(N?) for a full-wavelergth-
corvertible WDM network. Usingthe sameanalay, we canseethatthe compuational complexity of GUAG
will be O(N2?W?2) in aWDM network without full -wavelergth conversian capaility, whereW is thenumbe

of wavelengthchamelssupportedby the network.

B. source-nodegroomingusinglighttreeapproac

theauxiliary gragh modelandthe GUAG algorithm canrot beused to hande souce-nalegroomirg scheme
using lighttreeapprach.Hence we desgn anotteralgarithm to performlighttreebasel soure-graomingin a
WDM network employing sourcenodegrooming OXCs. Notethat, in aWDM network using lighttree-baed
source-graming scleme,the network statecanbe representedasa graphG(V, E, T') whereV dendesthe
network nodeset, £ denoesthe network link set,and7” dendesthe estaltished lighttreeset.

1) GroomingUsingLighttree(GUL)algorithm: Thepropacsedalgarithm for lighttree-tasedsoure-groaning
schameis descibed asfoll ows.

2) Computaton Compleity of GUL: In the Step2 of GUL, the compuational complkexity to find the

closest node i to the desthation noded in a givenlighttreeT; is O(N?). Thisis becaisethatnode i canbe
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Algorit hm 1 GroomingUsingauxliary Graph(GUAG)
Input: Network stateG(V, E), anda comection request Req(s, d, c) wheres andd dende the soure and

destnation nodeof therequest(i.e. s,d € V) , andc derotesthe capadty requrement
Output A route R betweennode s andd, which satisfiesthe conrection’s capaity requrementanda nen
network stateG,ew, (View, Fnew) afterprovisioning the conrection

1) Construttheauxiliary graph G'(V', E') accordnhg to network resouce availability andthe bandwidh require-
mentof thereqiest,i.e.,(a) If thereis no freewavelengthon afiber comecteda given nodepair (i, 7), thereis no
edge conrectsthe verticesof wavelengh layerbetweemodepair (i, j); (b) If thereis no lightpathlink between
node pair (i, j), or lightpatts between(, j) do nothave enogh free capacityfor Req, thereis no correspndirg
edee in the auxiliaty graph (c) If amulti-hop partial-goomirg OXC at a givennocke ¢ hasusedup all groaming
potts, thereis no edgebetweerthe verticesof the groominglayerandthe wavelengh layerat nodei.

2) Assignproperweightto eachedgein G', accordimg to thegrooring policy. Thegroomingpolicy we usedin this
studyis describedhsfollows.

a) If thereis any multi-hap ungoomablelightpath between(s, d) with enoudn free capacity carry Req using
thislightpath

b) otherwisea conrectionis provisionedthroughtheleast-costoute. In this study the costof afiberlink is
assumeo be unity. Thecostof alightpathlink is equé to theoverall costof the concateatedfiber links it
traverses.

c) If therearemultiple least-costoutesandtheconnectio doesnotrequirefull wavelengh-chamel capacity
selecttheroutewhich emgoys the minimal nunberof freewavelengh links.

d) If thereare multiple least-costroutes and the bandwidh requrementof the conrection requires full
wavelengthchanrel capacity selectthe route which traversethe minimd nunbersof electronic groaming
fabrics.

Pleaseeferto [13] onhow to assignprope edgeweightto the auxiliary graph accordirgy to agroorning policy.

3) CompuearouteR' basedntheauxiliary graphG'. if fails, returnnull.

4) Map R’ in G' torouteR in original network stategraphG.

5) Allocate resouce and update the network stateaccoding to the route R. It may includethe operdions of (a)
updatingavailablewavelengh numteronfiberlinks alongtheroute R, if it is necessary(b) creatinghew lightpah
links if it is necessary(c) updating the groaming poit nunmber in a partial-gooning OXC R traversesif it is
necessaryand(d) updatirg the free capacityof a lightpathinvolvedin R, if it is necessaryNotethat, if thereis
multiple apgicable lightpatts betweera nock pair (7, j) alongtheroute R, we will randan choseonelightpath
for Regq.

6) ReturnR andthe updatednetwork stateG ,ew (View, Prew)
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Algorit hm 2 GroomingUsing Lighttree (GUL)
Input: Network stateG(V, E, T'), anda conrectionrequestReq(s, d, ¢) wheres andd denot the source and

destnation nodeof therequest(i.e. s,d € V), andc derotesthe capadty requrement
Output A lighttreeT? which is rooted at nodes andcoversnode d asa destnation node anda new network

stateanda new network stateGew, (View, Enew, Tnew) afterprovisioning the conrection

1) LetT, denoteagivenestablishedighttreerootedat nodes, if noded is oneof leaf nodeof treeT ; andT; have
enaugh free capacityfor Regq, Let Ts' be equalto T;, andgo to Step5. Notethat, if multiple suchtreeexists,
rancomly pick oneto betheT'..

2) For ary given T's which have enowgh free capacityto carried Req, compue a least-costroutefrom every noce
in T to noce d, subjectto availablewavelengh link constraintandavailablesplitter constraintat nodes (if the
transpaenttechrology is usedto build the OXC at nodei, asshavn in Fig. 2(b)). Let ¢ dende the noce which
have theleast-costoute to d amongall thetreenode.If no suchtreeexist, goto Step4.

3) Findout thetreeTs' andthe correspadingnode i’ suchthatnodei’ is the closestoneto noce d amorg all tree
nodesof all canddatetrees.If thenodei is theroat noce of T',, goto Step4, otherwiseextendthetreeto include
anew treebrarch from nodei’ to noce d. Thus,nodei’ needduplicatethe traffic originating from noce s and
route it to noded. After that,goto step5.

4) Setup a lighttreefrom nock s to noded following the least-costroute basedon current network state. Note
that, this speciallighttree instanceonly hasonedestinatiomocde. Hence,it is equivaentto a lightpah. Let this
lighttree to be T',.

5) Allocatefree capacityof T', to Req. If T, is anew treeor if T', is a establishedreebut a new branchhasbeen
adcedto T;, updatethe correspadingwavelengthlink availability information.

6) ReturnT; andthe new network stateG pew (View, Enews Inew)-

found by constucting a shortest-pah tree’l; rooted at noded. In Ty, we caneasilyfind the closest node (to
noded) which is alsoin thetree7;. Thatnodewill be the nodei neede in Step2. Assumirg tha there
is K cardidatelighttreesrooted at node s, which canbe expended to support the conrection request, the
computtional complexity for Step2 and Step3 will be O(K N?). The compuational complexity of other
stepsin GUL is O(N). Hence the compugtiond compleity of GUL is O(K N?)

IV. ILLUSTRATIVE NUMERICAL RESULTS

We simulde a dynamic network ervironmen to compae the perfamanceof different optical grooming
switches andtheir correspomling groomirg schenes,using propcsedalgarithms, GUAG and GUL. We as-
sumethatevery network nodeis equigpedwith sametype of groomirg OXCs. Theconrection arrival process

is assumedto be Poissm andthe connestion holding time follows a negaive exporential distribution. For the
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illustrative resuts showvn here,the capaity of eachwavelengthis OC-192;the network hasfull wavelergth-
corversioncapaliity and eachfiber link cansupport eight wavelergth chanrels; when multi-hop pattial-
groaming OXCs areused,it is assumedhat eachof themhassix (incoming and outgdng) grooming ports

it is alsoassumedhat the lighttreebasedsource-noa groomirg OXC consderdd is built usingthe opaque
techrology andhene hasunlimited multi-cast capability ; aconrectionrequest canhave ary bardwidth gran
ularity of OC — 1, OC — 3, OC — 12, OC — 48 andOC — 192; Threebandwidh-granulaiity distributions
for the numberof comectian requests(OC —1: OC —3: OC — 12 : OC — 48 : OC — 192) is examined,

3:3:3:3:1,1:1:1:1:1,andl:1:1:1:3; conrectiors areuniformly distributed amongall

nodepairs; averagecomectian holding time is normalizzdto unity; load (in Erlang) is definedasconrection
arrival ratetimesaverggeholding time timesa comectian’s averagebardwidth andit is normalizedto the unit

of OC-192.Theexample network topology usel in our expelimentis shavn in Fig. 6.

Fig.6. A 24-nadesamplenetwork topology

A. BandwidthBlodcing Ratio (BBR)

Figure7 compaesthe network perfaomance(bardwidth blocking ratio (BBR) vs. load) by usingdifferent
optical grooming OXCs unde different conrectionbandwidh-granularity distributions. BBR reprentsthe
percentageof the amourt of blockedtraffic over the amourt of bandvidth requrementof all traffic requests
during entire simulation period. Note that pure blocking probaility canrot reflectthe effectivenes of the

algarithm asconnestions have differentbardwidth requrements
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Fig. 7. Bandwidthblockingratio (BBR) vs. load (in Erlangs)for differentgroomingOXCs underdifferentbandvidth granularity
distributions.

In Fig. 7, the multi-hop full-grooming OXC has showvn the beg network performance and multi-hop
non-groomirng OXC shavs anoher extreme case. We can obseve that, (a) without emplgying ary low-
grarularity multiplexing and switching functiondity, lighttree-tasedsoure-nod grooming OXCs cansig-
nificanty improve network performancecompaimg with multi-hop non-grooming OXCs; (b) conrection
bandvidth-granulaity distribution play animportant role to the network perfamance. Whenthereis a lot
of low-speea conrection requests, multi-hop full-grooming OXCs outperform multi-hop partial-grooming
OXCsasshawn in 7(a). As the numberof high-spe@l comecticnsincreasesthe perfaomancegapbetwee
multi-hop full-grooming OXC is significantly reduced. Although not shavn here, our experiment resuls

verifiedthat,whenall conrectionsrequre full-wavelengh bandwidh grarularity, those OXCs have the same
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network perfaomance Notethat,thehighBBR regionshavn in Fig. 7 maynotberealisic in apractical WDM
baclkbonenetwork. They wereshawn for illustrative purpcseto fairly comparehe groomirg OXCs’ network
perfoomanceunde sameoffered load, (c) asshowvn in 7(d), the multi-hop full-grooming OXC perform al-
mostthe sameunderdifferent bardwidth grarularity distribution. On the other hand for the othertypesof
groaming OXCs, unde the samenetwork load, whenthereis morelow-spee conrectiors, the network per-
formarcewill beworse. This is beausethatlow-spe@ conrections may potentially caug bandvidth waste
andunde-utilization of link-capadty whenanetwork node doesnot have multi-hop full-grooming capality .

As we canseefrom Fig. 7, comparng with the multi-hop full-grooming OXC, the multi-hop pattial-
groaming OXC can have rea®nabk good network perfarmance,while using significantly lessamountof
low-speed electranic processimg. Besidesthe grooming policy andthe correpondng groaming algoiithm,
the perfarmanceof multi-hop partid-grooming OXCs aredetermired by two facbrs:

« How mary grooming capacty a multi-hop partid-grooming OXC canhave.

« How to costeffectively estdlish the multi-hop groomablelightpath (i.e., source-graomablelightpath,

destiration groomablelightpath andfull-groomabe lightpath) to perform multi-hop grooming.

Hence,oneapprachto improve the performanceof the multi-hop partid grooming OXC is to increaseits
groaming capacity. Recallthat, the groaming capacity of a multi-hop pattial-grooming OXC is detemined
by the size of G-fabric andis representd by the numberof grooming ports (G-ports) comectirg betwee
the W-Fabric andthe G-Fabric. Anothe appraachis to optimize the estdblishmert of multi-hop groomable
lightpath. Thoselightpathscan be either dynamially (on-demand)setup or be statically predanned. In
dynamic groamable-lightpah estdlishmentapproach it is assumedhatthe future traffic patte'n is unknown.
Hence,insteadof consdering long-term global optimization, the groomablelightpathis setup accading to
the requrementof curent connetion request. On the other hard, groamable-ightpath preplan apprach
tries to pre-esablish certan amountof groomablelightpath based on the future traffic-demandprojedion.
Low-speedcomectian requests are then dynamically provisionedusing thesepredanneal resouces. When
all predannad groomalte lightpathshave beensaturaed,new groomaltbe-lightpah canbedynanically estab

lished for currert requestssulject to network resouce constaint.

Figure 8 showshow the numberof grooming portsandhow different groomable-ightpath estatishmert
appoache may affect the network performanceof a multi-hop partal-grooming OXC underdifferent con
nection bardwidth-g-anulrity distributions. In Fig. 8, ¢ dendesthe numbe of grooming ports a multi-

hop partid-grooming OXC has. We canobsere that, asg increases,the perfamanceof multi-hop patial-
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Fig. 8. Theeffect of preplaning multi-hop groomable-lightpth schemesanddifferentnumberof groomingportsto the network

performancen a WDM with multi-hop partial-groomingOXCs.

grooming improved. We have alsosimulaed a very simple preplkn schane, called Embeddd on Physica
Topology (EPT). In EPT, full-groomale lightpathsare pre-establshedbetwea every adja@nt node pair.
Thoselightpathsform a groomirg layer, which hasexacty the sametopdogy asthe physdcal fiber topok
ogy. A low-speed comectian will be carried by jointly utilizing the resaurce on this grooming layer aswell
ason physical topology through the groomirg policies descrbedin GUAG. Unlike a dynamicestaliished
lightpath which will be teareddown if it doesnot carry ary traffic, a predanned groomablelightpath will

never be teaed down. If onewavelergth channel on every fiber link is usedfor EPT, we called it one de-
greeEPT (1-EPT),which is simulaedin out experiments. Figure 8 showsthat, 1-EPT preplan scremedoes
improve the performanceof multi-hop pattial-grooming OXC comparng with dynamic groomalbe-lightpah
estallishmert scheme This is becaisethatthe dynamicschememay gredily estallish groomalbe-lightpat
without considering the possble future traffic patten. Althoughthe GUAG algoiithm try to perfarm local (or
shot-term) resouce optimization, the groaming layer, which is formed by dynamicestalished lightpaths,
may not be optimal andefficient to carry the future requests. If every multi-hop partal-grooming OXC has
enowgh groomirg capaility (i.e., enowgh groaming ports) and W-EPTis used (whereW is the number of
wavelergth channel suppated by every fiber link), a network employing with multi-hop partial-grooming
OXC will beequivalentto a network with multi-hop full-grooming OXC everywhere. Hencethey will have
the samenetwork perfarmance.

Note that, besdesthe groomirg policy usedin GUAG, apgdying othergrooming policiesmay further im-
prove the network perfarmance pleasesee[13]-[14] for more possible grooming policies andtheir effect to

network perfaomance. Similarly, bestdes1-EPT, othe prepln schemesanalsobe usedandit is possble
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for themto improve network perfomance.For example,the Integer Linear Program(ILP) formulation pro-
poseal in [11] canbe usedto predan groomablelightpaths,and may achieve betternetwork perfamance.A
potential drawback of this apprachis thatit may not be scabble. This is becaisewe may have to re-dothe
predan procedue whenthe network neel to be scalal or whenthe traffic patten fluctuates. The study of

othe preplhnschemes(2-EPT, ILP apprach,etc),is beyond the scope of this pape, andwill beaddressedn

our future study

B. Wavelengh Utilization
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Fig. 9. WavelengthUtilization (WU) vs. load (in Erlangs)for differentgroomirng OXCs underdifferentbandwidthgranularity
distributions.
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In Fig. 9, we plot the average (weighted by time) wavelength utilization (WU) versis network offered
Erlang load for different grooming OXCs unde different conrection bardwidth-granularity distributions.
WU represens the average numbe of usedwavelergth links over total numberof wavelergth links supported
by the network during entire simulaion period

It is straicht-forward to seethat underthe samenetwork offered load, single-hopgroomirg OXCs will
exhauwstwavelengthlinks morequickly thanotherOXC types. We canalsoobseve from Fig. 9 thatunde the
samenetwork offeredload, the morelow-speea conrectiors the network sugports,the morewavelengthlinks
tendto be used For the samebandwidh-blocking performance,a lower wavelengh utilization is desiable

sincefewer wavelergth links areconsimedto carrythe sameload.

C. Resouce EfficiencyRatio (RER)

Wavelergth utilization shovn in Fig. 9 may not be the bestmetricsto understaml the resairce usageof
different grooming schemesand grooming OXCs. From Fig. 9, one cannot tell thathow efficiently those
allocated wavelength channels are utilized. Resouce efficiengy ratio (RER) is a more suiteble metric to
undestandthe grooming performanceof different OXCs anddifferentgrooming schems. RER represens
how efficiently connections arerouted andgroomed. It canbe compued asthe average (weighted by time)
of network carried traffic (in termsof OC-1 unit) divided by the total allocatednetwork capadty (i.e., totd
numberof allocatedwavelengh link times192) over the entire simulaion periad. If we corsider“minimal
hops asour objedive for a routecomputdion algorithm thenthe inverse of the average hop distanceis the
RERuppe bourd This uppe bound is achieved only whenevery conrectionrequresOC-192bandvidth and
follows the shorestpath. Sincetherearelimited resouces(asin our cag), not every comectian canfollow
shotest path and the upper bourd may not be achevable Let o dende the RER « canbe compued as

follows:

_ Zz Pi X 1

B Zz Vi X t;

wheret; is the time period betveenthe " event (connecton arrival or depature) and (i 4 1)} event, p; is

«

the network carriedload during the time periodt;, and-; is thetotal numbe of wavelengh links used during
t;. (Pleasenotethat p; and~y; donotchargeduring time period ¢; asthereis no othereventduring theperiod.)

Figure 10 shavs the normdized resouce efficiencgy ratio (RER) versis network offeredload for different
groaming OXCs under differentbandvidth grandarity distributions. The higher RER meangthat a network
canroute andgroam traffic requestsmoreefficiently. Hence,a network with high RERwill have low band

width blocking ratio (BBR), which is shownin Fig. 7. This explained that, why under the samenetwork
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offered load, the multi-hop full- groomirg OXC usetheleag amountof wavelergth chamel (it hasthe lowest
wavelergth utilization) but carrythe mostamour of traffic (it hasthe lowestbandvidth blocking ratio). We
canalsoobserve from Fig. 10 that, underthe samenetwork offered load, whenthe numbe of low-speel
conrectionincrease theresairceefficiency ratiowill decreae.Thisis becasethatincreasingthe numbe of
conrectiors will increasethe difficulty for a network to fully utilize allocatedwavelength chanrels, sincethe

network resoucearetendto befragmented.
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Fig.10. NormalizedResourceEfficiengy Ratio(RER)vs. load(in Erlangs)for differentgrooming OXCsunde differentbandwidth
granularitydistributions.
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V. CONCLUSIONS

In this study we preseted four optical grooming OXC archiectuies and compake their chamacterstics.
Threegroaming schemes single-hopgrooming, multi-hopgrooming,andlighttreebasedsoure-nod groom-
ing for thoseOXCswasexplored. We propcsedtwo algorithms, GUAG andGUL, to efficiently provision cor+
nectonsof differentbandvidth grandarities. The perfomanceof different grooming OXCs wascomparel
using the proposedalgorithmsunder a dynamic traffic environment We alsoinvedigatethe effect of differ-
ent bandwidh-granulaity distributionsto network performanceof different grooming OXCs. We obseve
that, the lighttree-lasedsour@-noce groomirg using OXCs’ multi-castcapaility cansignificantly improve
the network performanceof singe-hgp groomirg OXCs without employing ary low-grandarity electranic
processing The multi-hop full-grooming OXC always hasthe bestnetwork perfarmancein term of network
bandwvidth blocking ratio, wavelergth utilization, and resouce efficiency ratio. But, it may encaunter an
scaldility problem sincehugeamountelectionic processare needd at low-speedgrarularity. With a few
low-grarularity switching capability, multi-hop partial-grooming shovs reasmablegoad perfamancecom-
paring with othe grooming OXCs, which makesit asa goodalterratechoice whenmulti-hop full-grooming
is not nealedat every network nodes. In orde to fairly comparethe performance a network is assumedo
uniformly employ onetype of groaming OXC. This assumgion may not be pracical andcanbe relaxedin
next-generdion optical backbonenetwork, wheredifferent OXCswith different grooming capailiti esmaybe
inter-conrectedandco-exist. The proposedalgarithms, GUAG andGUL, employ onetraffic groomirg policy
andlighttreeestallishmert apprach. Othergrooming algotithms with differenttraffic grooming policy and

lighttreeestallishmentappoachesmayalsobe examined, andwill beour future reseach work.
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