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Abstract] In most casesdefragmentation occurs, in elastic
optical networks, in the links between the network's nodes.
In this article, defragmentation in an elastic optical network’s
node is investigated. The W-SW switching architecture has
beenusedas a node. A short description of a purpose-built
simulator is intr oduced. Several methods of defragmenta-
tion which are implementedin this simulator are described
aswell.
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1. Introduction

Nowadgs, a typical optical WDM network o ers enough
su cient bandwidth. However, it is highly probablethat
in the neares future it will not be su cient to handlea
quickly increasingonlinetra c. Of course,a highertrans-
missionspeedcould be usedto solve that problem,but an
optical pathwith the speedof 100 Gb/s,400 Gh/sor even
1 Tb/s is not neededby all users. Sudt speedswill be
usedmogly by network operatordnsidethe core network.
Hence somecog-e ective andscalablesolutionsto convey
sud diversetra c will berequired. Therebre, the use of
Elagic Optical Networks (EONSs) has beenproposed[1],
enabling exible assignmentof optical bandwidth. The
total optical bandwidthis divided into a lot of frequency
slots,whereone sud frequencyslot congitutesthe small-
ed amountof optical bandwidthwhich canbe assignedo
anoptical path. Therebre,any connectioncoulddemanda
di erent numberof sud slots. In general,one connection
demandsn sud slots. Currently, the slot width granulaity
equals12.5GHz, andit is referedto asa FrequencySlots
Unit (FSU) [2].

EONsmale bandwidthmanagmenteasier However, they
o er alsonew challengs, sud as, for instance,spectum
fragmentation. A seqienceof connectionand disconnec-
tion operationscausedby the dynamic natureof the net-
work's operationsooneror later resultsin the existenceof
non-aligned,isolated, and small-sizeblodks of spectum
segments.Thesesegmentsan seldombe usedfor future
connections.In mod caseghis resultsin a low spectum
utilization rate and a high probability of blodking. There-
fore,theuseof di erent defragmentatiotechniquesallows
to setup some,or sometimesall connectionswhich nor
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mally will not be setup dueto improperutilization of the
spectum.

Table1
Abbreviationsusedin the paper
Abbreviation Desciption
BVAWCS BandwidthVariable Wavelength
) Corverting Switch
BVAWSSS BandwidthVariable Wavelength
) Selective SpaceSwitch
BVAWSS BandwidthVariable Wavelength
i Selective Switch
EON Elagic Optical Network
FSU FrequencySlot Unit
NED Network ElementsDesciption
PC Passie Coupler
Spacewavelength-Spacswitching
SW-S fabric
TWBC TunableWavebandBandwidth
Corwverters
W-SW Wavelength-Spac&Vavelength
i switching fabric
Table?2
Symbolsusedin the paper
‘ Symbol‘ Desciption
c Numberof TWBCs
Numberof FSUsin ead interdage ber
m Numberof FSUsoccupiedby one
connection
Maximum numberof FSUs
Miax occupiedby one connection
n Numberof FSUsin ead input/output ber
p Numberof switchesin the centerstage
Numberof input/output bers in eah
q input/outputswitching element
r Numberof switchesin the input/outputstage
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Several architecturesof elagic optical switching nodesare
known [3[{[5] . Recenty, new architecturesof EONSs, re-
ferred to as Wavelength-Spac&avelength (W-SW) [6]

and SpaceWavelength-Spacg¢S-W-S) [7] were proposed.
In this paper two instancesof the W-S\W arditecture
areconsideredcalledWSW1 andWSW?2, respectiely [8].

Someabbreviationsandsymbolsusedin this paperhave al-

readybeenintroduced,andsomewill be de ned later. For

the readers corvenience,they are presentedn Tables1

and?2.

The remaining portion of the paperis organizedas fol-

lows. In Section2 a shott desciption of the EON arci-

tecturesusedis provided. In Section3 problemstatement,
andin Section4 defragmentatiormethodsare descibed.
Section5 introduceghe simulatorwhich allows to simulate
W-SW EONSs. The lag Sectionpresentsconclusionsand
the future work.

2. EON's Architectures

As mentioned before, two W-SW switching architec-
tures are consideredin this paper: WSW1 and WSW?2.

In paper[9], only the WSW1 structure was implemented
in the simulator proposedin Section5. As the simula-
tor in quegdion ill remainsin the developmentphase,
both WSW1 and WSW2 switching fabrics are alreadyim-

plemented.

The WSW1 switching fabiic (see Fig. 1la) consiss of

r BandwidthVariable Wavelength Corverting Switches
(BV-WCSs)with the capacityof 1 1 in the rst andthird

stages, and of one BandwidthVariable WavelengthSelec-
tive SpaceSwitch (BV-WSSS)with the capacityof r  r in

the centerstage. Eacd BV-WCS containsone Bandwidth-
Variable WavelengthSelective Switch (BV-WSS),one Pas-
sive Coupler (PC), and ¢ Tunable Waveband Bandwidth
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Corwverters (TWBCs). The role of BV-WSS is to direct
connectiongrom the input ber to di erent TWBCs, one
connectiorto one TWBC. In the TWBC, the connectionis

movedfrom onesetof FSUs(onefrequencyslot) to another
setof FSUs(anotherfrequencyslot). After conversionin

TWABCs, all connectionsare combinedto the output ber

by the PC. In turn, one BV-WSSShasr BV-WSSsand
r PCs. For a detaileddesciption of the WSW1 switching
fabric see[8].

The WSW2 switching fabiic (seeFig. 1b) consigs of r BV-

WCSswith the capacityof q p in the rst stage, r BV-

WCSs with the capacityof p q in the third stage, and
p BV-WSSSswith the capacityof r r in the centerstace.
Ead BV-WCS of the rst stage containsg BV-WSS, p PCs
andc TWBCs. Ead BV-WCS of the third stage contains
p BV-WSS, g PCsand c TWBCs. For WSW2, c= qgp.

The role of BV-WSSis, similaly asin the WSW1 switch-

ing fabiic, to direct connectionsfrom the input ber to

di erent TWBCs, one connectionto one TWBC. Then,in

TWBC, the connectionis moved from one setto another
setof FSUs.After spectum conversion,all connectionsre
combinedby PCto theoutput ber. In turn, ead BV-WSSS
hasr BV-WSSsandr PCs. For a detaileddesciption of

the WSW?2 switching fabric see[8].

Ead input and eat output ber in the W-SW switching

fabric hasn FSUs and eat intergage ber hask FSUs
(seeFig. 1). As mentionedbefore,a new connectioncould
require m frequencyslots, wherem is typically limited by

1 m mnax n. Of course,the following is always
true:n k.

3. Defragmentation

Defragmentatiorof EONsvery often occursat the network
level [10]{[12]. This meansthat input and output nodés

1 (001 (Bv-wes| 1=K (= (BV-wes| 1=l X
1 BV-WSSS I

. [0 (Bv-wes| 1K =K (Bv-wcs| 1= .
r r

(b)

| (2Bl eeefi weli) 12BHT) el 1
—TBV-WCS BV-WSSS BV-WCS .
, JREAGENT o |(2BHS5 -2y .
. e = 5
B-i_ g
gir-HH1—— —BV-wWCS|_ BV-WSSS — qr-Dl
o (2BES (|,  |(2BHEETR K| p .

Fig. 1. W-SW elagic optical networks: (a) WSW1 structure,(b) WSW?2 structure.
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FSUsaredefragmente@ccordingto the network state,and
for sudh a defragmentatioiit is not importantwhich struc-
ture of the network nodeis used. However, from the node
point of view, defragmentatiorcould be pefformedinside
the node as well. Defragmentatiorin an EON node oc-
cursinsideintergace links only. This meansthatthe order
of FSUsat ead input, as well as at ead output link of
the W-SW switching fabric will not be changd. The only
place where the order of FSUs can be changd is at the
input andoutputlink of the BV-WSSSswitch.
Thefrequencyslot unit defragmentatiomlgorithm needgo
addresghe following quegions: whento defagmentwhat
to defagmentand how to defagment?

3.1. Whento Defragment?

Defragmentationn the WSW1 or in the WSW2 switching
nodescould be pefformedat a di erent moments:

The rst moment of defragmentationis when an
m-slot connectionhas just been disconnectedand
m free FSUs have appearedn the switching node
for new, future connection(s);

The secondmoment of defragmentationis when
a nen m-slot connectionappearsn a nodeandthere
are enoughFSUsto egablish this connection,with
thoseFSUsnot beingadjacenthowever.

3.2. What for Defragment?

Defragmentatiomllows to egablishanewx connectiorwhen
thereare enoughFSUsin a switching node,with the said
FSUsnot beingadjacento ead other however. Thereare
severalmethod=f defragmentatiomandthey di er in thein

which the unusedFSUsare ordered. Therebre, choosing
the right defragmentatioomethodenablego reorderFSUs
in the optical spectum, which meansthat after the defrag-
mentationprocesstherewill be enoughadjacentFSUsto

edablisha new connection.

3.3.How to Defragment?

Several methodsusedto defragmentFSUs may be dis-
tinguished: re-optimization[13], make-bebre-break[14],
push-and-pul[15], and hop-tuning[16]. All of them are
commony usedfor defragmentatiorof an available spec-
trum usedin links between EON nodes.In this article
they were usedto defragmentan optical spectum inside
a W-SW node.

4. DefragmentatiorMethods
In a specialsimulator the four methodsreferred to above

are usedto defragmentan optical bandwidth inside an
EON node There are, of course, more known methods
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of defragmentationHowever, they are have not yet been
implementedin the simulator available. The simulatoris
descibed shotly in Section5 and it is ill under de-
velopment.

4.1. Re-optimization

In there-optimizationmethod all existing connectionhave
to bedisconnectedndsetup onceagain. The advantag of
this methodis that no additionaltransmittersare required.
Thetime of defragmentatioiis a disadantag. Sometimes,
thisleadtime is very long. A simpleexampleshaving how
this methodworkingsis presentedn Fig. 2.

(a) (b) (©

1L

Fig. 2. Re-optimizationdefragmentatiormethod: (a) step 0 {
state before defragmentation(b) step 1 { disconnectingall ex-
isting connections,(c) step 2 { settingup all connectionsonce
agpin (state after defragmentation)(Seecolor picturesonline at
www.hit.eu/publications/jounal-jtit)

4.2. Make-bebre-break

In the make-bebre-breakmethod,a copy of someexisting

connectionis createdin free FSUsandtwo identical con-

nectionsexist simultaneougl at a certain time. To handle
this, an additionaltransmitteris needed.Moreover, during

the defragmentatiorprocess,a new connectioncannotbe

edablisheddueto fact that more FSUsare occupiedcom-

paredto the \before defragmentatiorstaté' in the EON

node. It is obvious that in orderto perform defragmenta-
tion using this method,an additionalnumberof free slots

is required (in facttwice asmary new FSUsare required

by the new connection)and it will not always be possi-
ble to defragmentan optical bandwidthinside the EON's

node. A simple exampleshaving how this methodworks

is presentedn Fig. 3.

(d)

(®) (©
Fig. 3. Make-bebre-breakdefragmentatioomethod: (a) step O {
state before defragmentation(b) step 1 { creatinga copy of the

existing (blue) connection,(c) step 2 { disconnectingoriginal
connection,(d) step 3 { state after defragmentation.

(2)

4.3. Push-and-pull

In the push-and-pulimethod,someexisting connectiongre
moved within the optical bandwidth. Any connectionmay
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be moved inside the free adjacent-SUs,until the connec-
tion in quegion becomesadjacento the otherconnection.
In the casein which thereareno free FSUsadjacento the
connectionunderconsiderationthis connectioncannotbe
movedto otherFSUs. A simpleexampleshaving how this
methodworksis presentedn Fig. 4.

(@ (b) (©

IR g

Fig. 4. Push-and-pulefragmentatiomethod: (a) step0 { state
befre defragmentation(b) step 1 { moving the second(green)
connectionto the left side, (c) step 2 { moving the third (blue)
connectionto the left side (state after defragmentation).

4.4. Hop-tuning

In the hop-tuningmethod,an existing connectionis moved

to ary free FSUsthat are not necessaly adjacentto the

connectionunder consideration.Unlike with the male-

before-breakand push-and-pullmethods,this methodal-

lows to move several connectionsat the sametime. Thisis

a big advanta@, asthe time neededor sut a defragmen-
tationis very oftenshoterthanl ns. In this method there
is no needto useadditionaltransmitterswhich is another
adwantag. A simple example shawving how this method
worksis presentedn Fig. 5.

ﬂ (b)[l
Fig. 5. Hop-tuningdefragmentatiormethod: (a) step 0 { state

befre defragmentation(b) step 1 { maving (blak) connection
(state after defragmentation).

(a)

5. Simulator

In orderto simulatethe EON WSW1 arditecture,a spe-
cial software simulatorhasbeendeveloped,basedon the
OMNeT++ discreteevent simulator version5.0 [17]. The
sametool hasbeenexpandedto enablethe simulation of
WSW2 switching fabrics. At presentthe simulatoris op-
eratingbasedon OMNeT++ version5.2. All functionali-
ties (sudh asthe behaior of all elements)and algorithms
(sut as defragmentatiormethods)have been developed
with the useof C++. All graphicalrepresentationsf eat
element,in turn, have beenpreparedwith the use of Net-
work ElementsDesciption (NED) { a speciallanguag
usedin the OMNeT++ ervironment. OMNeT++ ensures
also a variety of generatorswhich can be used as traf-
Cc generators.The trac is very ecient in simulating
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all connectionsaappeaing in the elagic optical nodeunder
considerationlt alsoallows to randomy choosea di erent
size of the new connectior{ in the caseof W-SW, it is
simply the m value.

The rst versionof this tool was usedto simulate strict-
sensenon-bloking conditions for the WSW1 switching
fabric. The results obtained were comparedwith these
adhieved in paper[8]. Then, the secondversion of the
simulatorwas expandedto provide for rearangablenon-
blocking conditionsin the WSW1 ardhitecture. The re-
sults obtainedwere comparedwith thesepresentedn pa-
per [18]. However, in both simulator versionsmentioned
above, graphical representatiorof the WSW1 switching
fabric was not possible{ it merey hadthe shapeof one
or several gray elements.Therebre, a third versionof the
simulator was developed,where the graphical representa-
tion of a WSW1 EON was possible(seeFig. 6). Four de-
fragmentationalgorithms were addedto it aswell. In the
currentversionof the simulator a new structureof W-S-W
wasadded,namey the WSW?2 switching fabric. In the fu-
ture, more defragmentatioralgorithms will be addedand
more di erent EON structureswill be suppoted (like, for
instance,SW-S-typeswitching fabiics).

WSW1 Generato V-WBCS BV-WBCS eceive
e R e
Generator V-WBCS BV-WBCS Receive

\ BV-WBSSS /@
- ot

Generatol V-WBCS BV-WBCS eceive!

@.m m@.

Generator BV-WBC! -WBCS Receive

LII], (I (000 M

Fig. 6. WSW1 nodewith n= 5, r = 4, andk = 7 operatingin
the OMNeT++ ervironment.

The currentsoftwareversionusesgr+ 1 cMersenneWwiger
randomnumbergeneratorghat arealreadyavailablein the
OMNeT++ simulationervironment. Thereareqr di erent
generatorgone per input) which drav the numberof the
outputto which the new connectionis directed. The size
of the new connectionm, in turn, is dravn by anothergen-
erator assigningan integer from the range of 1 and mpax.
In the future, a generatorresponsibleor the Poissontype
of trac will beaddedaswell.

The WSW1 switching nodesimulatorasksthe user imme-
diately afterits start-up, which parameterglike n, r, andk)
shouldbe usedduring the simulation. By specifyingdi er -
entvaluesof n, r andk, di erent structuresof WSW1 will
be obtained. For example,whenn=5,r = 4 andk = 7,
the WSW1 EON looks aspresentedn Fig. 6. Mearwhile,
with n= 10, r = 2 andk = 15, the WSW1 gructurelooks
asshovn in Fig. 7.
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Fig. 7. WSW1 nodewith n= 10, r = 2, andk = 15 operatingin the OMNeT++ ervironment.

In the simulator eat BV-WBCS, aswell as BV-WBSSS,
are representecby a proper module which consi¢s of
smallerpieces,suct as PCs,BV-WSSsand TWBCs. For
example, for n= 5, eathh BV-WBCS looks as shavn in

Fig. 8.

Fig. 8. The BV-WBCS switch implementedn OMNeT++.

For r = 2, the BV-WBSSS switch looks as presentedn
Fig. 9, andforr = 7, asshavn in Fig. 10.

Fig. 9. The BV-WSSSswitch for r = 2.
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Fig. 10. The BV-WSSSswitch forr = 7.

6. Conclusions

Four defragmentatiormethodsfor the W-SW ardhitecture
have beendescibed in this paper All of thesemethods
were alreadyimplementedn a purpose-degelopedsimula-
tor. The currentversionof the simulatoro ers a graphical
interfaceas well. However, it is gill underdevelopment.
The future step is to representhe SW-S switching fabric
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(anotherexampleof an elagic optical network) in the sim-
ulatoraswell. Both SWS1 and SWS2 architectureswill be
implemented. Sud a future solution will make it possi-
ble to compareboth typesof structureswith one another
Otherdefragmentatiomethodswill be deploed aswell.
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