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SwitchingNetworks
�PermutationSwitchingNetworks.

�Multiple-multicastingSwitchingNetworks.

ApplicationsofSwitchingNetworks

�Communicationsubsystem(interconnectionnetwork)inaparal-
lelcomputingsystem.

�Switchingfabricinnetworkswitchesandrouters.
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PermutationSwitchingNetworks

An���switchingnetworkhas�inputsand�outputs.Itusually
comprisesanumberofswitchingelements(SEs)interconnectedbya
setoflinks.

Withoutlossofgenerality,weassumethatanSEisofsize���;i.e.
ithas�inputsand�outputs.

ThetwoinputsofanSEintendingtobeconnectedwiththesame
outputcauseslinkconflict.

IfanI/Oconnectionpathdoesnothaveanylinkconflictwithother
connectionpaths,itiscalledaconflict-freepath.

Nonblockingswitchingnetworkshavebeenfavoredinswitchingsys-
temsbecausetheycanbeusedtosetupconflict-freeI/Oconnection
pathsforany(partial)I/Opermutation.
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ThreeBasicTypesofNonblockingSwitchingNetworks
�StrictlyNonblocking(SNB)networks.

–Aconnectionfromanyidleinputtoanyidleoutputcanalways
beestablishedregardlessofhowexistingconnectionswere
established.

–Usefulforbothcircuitswitchingandpacketswitching.

�Wide-SenseNonblocking(WSNB)networks

–Aconnectionfromanyidleinputtoanyidleoutputcanalways
beestablishedbyfollowingarule(algorithm).

–Usefulforbothcircuitswitchingandpacketswitching.
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�RearrangeableNonblocking(RNB)networks.

–Aconnectionfromanyidleinputtoanyidleoutputcanbees-
tablishedifrearrangementofexistingconnectionsisallowed.

–Usefulforpacket(cell)switchingbutnotsuitableforcircuit
switching.



LowerBoundfortheCostofNonblockingSwitchingNet-
works

Cost:��������SEs.

OptimalSNBandWSNBNetworks

��������-costtheoreticallypossible,butnotpractical.

Suboptimal:Closnetworkof�����	�cost,andCantornetworkof

�������
��cost.RoutingI/Oconnectionsistime-consuming.

OptimalRNBNetwork

��������costpracticallyachievable.Example:Benesnetwork.
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BenesNetwork
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AnOutstandingOpenProblem

Findpractical��������-costSNBandWSNBNetworksforcircuit-
switchingapplications.

Question:DowereallyneedSNBandWSNBnetworks?

Practically,maybenot.
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VirtualNonblockingNetworks

Aswitchingnetworkisavirtualnonblocking(VNB)networkifitsatis-
fiesthefollowingconditions:

(i)itprovidesmorethanonepathfromanyinput(i.e.source)toany
output(i.e.destination)suchthatdifferentpathsthatconnectthe
samesource/destinationpaircanbemomentarilysetupsimulta-
neouslybutanytwopathsconnectingdifferentinput/outputpairs
arelink-disjointatanytime;and

(ii)whenproperlycontrolled,thenetworkcanperfectlyemulatean
WSNBnetwork.

ThisdefinitionisbroadenoughtocovermanyembodimentsofVNB
networkarchitectures.
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Ping-PangVNBNetwork
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HandoffProcessofPing-PangVNBNetwork
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HandoffSchemes

Lazyhandoffscheme:handoffisonlyneededwhenfindingconflict-
freepathsfails.

Eagerhandoffscheme:handoffisinvokedwhennewconnectionre-
questsarrive,regardlessofwhetherconflict-freepathsforthenew
connectionrequestsexistornot.

VNBnetworksareusefulincircuitswitchednetworks.Theyareused
asswitchingnetworkswithinnetworkroutersandswitchestoestab-
lishandmaintainnondisruptivecircuits.
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OptimalVNBNetworks

Theping-pangVNBnetworkconstructedusingtwocopiesofBenes
networkhascost��������,whitchisoptimal.

RoutingPerformanceConsideration

ParallelBenesroutingalgorithmusingan�-processorhypercube
takes������

�

�time,whichistooslow.

Self-routing:theabilitythatanyconnectioninanetworkcanbees-
tablishedbyinspectingaddressesofitssourceanddestinationre-
gardlessofotherconnections.

Generalization:Thispropertycanbegeneralizedtoincludethecase
thatthesetupofeachSEonlydependsonthe�������information,
whichmaynotbetheaddressesofsourceanddestination,available
attheSEduringrouting.

Self-routingVNBnetworksaredesirable.
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SBVNBNetworks

EachplaneisaconcatenationofaSortingnetworkandaBanyan(but-
terfly,Omega,baseline)network.
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AnSBping-pangVNBnetwork.

UsingAKSsortingnetwork,thisVNBnetworkhascost��������.
Butthisisnotpracticalbecausethecoefficienthiddenbybig-�is
toolarge.
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Q-sort:ANewSortingNetwork

Buildingblock:�-classifier����.
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,nonumberin

��islargerthananynumberin��,andnumbersin��and��appear
atthefirstandsecondhalfoftheoutputs,respectively.
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�-SortNetwork���:ConstructedUsingClassifiersRe-
cursively
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�-SortNetwork���asanRNBNetwork

Routingapartialpermutation

��������� ������	�������������������������	�
��������������

I0
I1
I2
I3
I4
I5
I6
I7
I8
I9
I10
I11
I12
I13
I14
I15

0 O

1 O

2 O

3 O

4 O

5 O

6 O

7 O

8 O

9 O

10 O

11 O

12 O

13 O

14 O

15 O

S01

S00

S10

S11

S1

S0

Phase 1Phase 2Phase 3Phase 4

8

7.5

7.5

7.5

7.5

7.5

4

14

7.5

12

2

15

3

0

10

6

4

3

0

2

6

8

15

10

12

14

3.5

3.5

3.5

11.5

11.5

11.5

2

6

12

14

1.5

15

8

9.5

9.5

3

0

0

2

3

4

6

4

4.5

6.5

8

8.5

10.5

12.5

12

1010

15

14

0

3

2

4

6

8

10

12

14

15

5.5

5.5

13.5

(7.5)

(7.5)

(7.5)

(7.5)

(3.5)

(3.5)

(11.5)

0.5

(11.5)
(11.5)

(5.5)

(1.5)

(9.5)

(9.5)

(13.5)

idle

idle

idle

idle

idle

idle

(5.5)

(7.5)
(7.5)

0.5

4.5

6.5

8.5

12.5

10.5

(3.5)

Self-routingprocessin������forpartialpermutation�,where����

indicatesthatinputisidle(nottobeconnectedtooutput).
17



Self-RoutingPing-PangVNBNetworkBasedin���

Usingtwocopiesof�-sortnetwork,wecanconstructaself-routing
ping-pangVNBnetwork.

�
�

��Network:CostSavingVNBNetwork
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MoreDetailsof�
�

��Network
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CyclicHandoffSchemefor�
�

��Network
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SummaryforPermutationVNBSwitchingNetworks
�Theconceptofvirtualnonblocking(VNB)networks,whichare

operationallyequivalenttoSNBorWSNBnetworksbutassimple
asRNBnetworks.

�Thetheping-pangstructure,fordesigningaclassofVNBnet-
works.

�ItissimpletodesignanoptimalVNBnetworkthatcontains��������

SEsusingtwoBenesnetworks.Incontrast,noexplicitlycon-
structedSNBnetworkofcostintheorderof��������cost
withasmallcoefficienthasbeenreportedintheliterature.

�Theoreticallyitispossibletoconstructself-routingVNBnetworks
with��������SEs.Practicallyitiseasytoconstructself-
routingVNBnetworkswith������
��SEsbyadoptingsort-
ingnetworks.Tothebestofourknowledge,noself-routingSNB
networkof������
��SEshasbeenreportedintheliterature.
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�Anewsortingnetwork,calledthe�-sortnetwork,basedonclas-
sifiers,andshowhowtoconstructself-routingRNBnetworks
with������
��cost.

�AcyclichandoffschemeforconstructingVNBnetwork�
�

���

withreducedcost.

�VNBnetworkscanachievelowercostandfasterrouting,which
arenoteasytoachievesimultaneouslyforSNBnetworks.Thus,
forallcircuitswitchingapplications,allweneedareVNBnet-
works.



Almost-NonblockingPermutationSwitchingNetworks

PyramidBenesnetwork�������has���layers��,������,
suchthat��isa� ����� ���Benesnetwork.
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Inter-layerConnections
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Nonblokingnessof����Networks

�����has��������cost.

Byextensivesimulations,wehavenotfoundanyblockingcasefor

�����.

Wecannotclaimthat�����isstrictlynonblocking.

However,wecanclaimthat�����isalmoststrictlynonblocking.
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Multiple-MulticastingSwitchingNetworks

Broadcastingisacommunicationpatternwhichsendsamessage
fromagiveninputporttoalloutputports.

Multicastisacommunicationpatternthatsendsamessagefroma
giveninputporttoasubset��ofoutputports.

AmulticastI/Oconnectionpatternisrepresentedbyapair� ����.

Alegalmultiple-multicastisacommunicationpatternthatisrepresented
byasetofpairs��� ����� ��� ����� �������������suchthat�� ��

and���
	�����if� ��.

Permutation(i.eone-to-one)andbroadcast(i.e.one-to-all)arespecial
casesoflegalmultiple-multicast.
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VNBNetworksforMultiple-Multicast

InordertoobtainaVNBnetworkwithmultiple-multicastcapability,
wehavetodesignaRNBnetworkwithmultiple-multicastcapability.



Multi-log�Networks

An���networkof�identicalplanes,eachbeingamultistagenet-
workof�����
��stages.

input port 0

output port 15

input port 0

input port 15

Plane  0

.

.

.

.

.

.

.

.

Multi-��� 
�networks.

IfeachplaneisaBanyannetwork,then��������

planesarerequired
forthemulti-log
�networktobeanRNBpermutationnetwork.Cost:

�����	�����.

Noknownmulti-log
�ofcost�����	�����canrealizeconflict-free
multiple-multicast.
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���:ASelf-RoutingMulti-log�NetworkforMultiple-
Multicast
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Structureof���Network

Assumethat��� �,where�iseven.

���planes,����� �������	��,eachbeingabaselinenetwork.

�Inputportisconnectedtothe-thinputsofallplanesthrougha
tree��.

�Plane��isdedicatedtoconnectinganyinputporttoanyoutput
ports�����,������.

�Plane��hasadistributor,and��matchers,eachhaving��

outputs,withthe�thoutputsofthematchersconnectedtooutput
port�����.
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StructureofaPlane

M0

M1

M2

M3

DistributorMatchers

Aplaneof�������isaBaselinenetwork.
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3-PhaseRoutingAlgorithm

Aninputisactiveifitistobeconnectedtoanoutput.

Multiple-multicastcommunicationpattern:��� ����� ��� ����� �������������

suchthat�� ��and��� 	�����if� ��.

Let����������output�belongstothe�-thplane�.������isthesetof
outputportstobeconnectedtoinputport�inplane��.
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Phase1:Routeinputstotheinputsofplanes.

Forall�� �����dothefollowinginparallel:

Connectinputport�tothe�-thplaneif��� ���� ��usinginput
tree���.
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ImplementatinofPhase1

Eachinputport�computesabitstringforplanesithastobecon-
nected.Then,thisbitstringisusedtoroutethroughthetree�� ��

usingbroadcast-and-selecttechnique.

1100111000001 011

1010011110010001

1010011110010001

10101001

10101110010001 01

01110001

Broadcast-and-select:withabit-string101001111001000,theinputof
thetreeisconnectedtotheoutputsspecifiedbythebit-string.
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Phase2:Routingthroughdistributors.

Forallplanesdothefollowinginparallel:

Connectactiveinputsofeachplanetotheinputsoftheplane’s
matcherssuchthateachmatcherhasatmost2activeinputs.
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ImplementationofPhase2

Eachplaneisequippedwithacircuitforgeneratingprefixsumsof�

Booleanvalues,whichareusedforself-routingintheplane.Wecall
thiscircuitintraplaneroutingpreprocessing(IRP)circuit.

Itissufficienttoconsiderroutingoperationsinasingleplane.

Ifinputisactive,set����;elseset����.

TheIRPcircuitisusedtocomputebinaryprefixsumsof��s,where
thebinaryprefixsum��isdefinedas

���������������(1)

��scanbecomputedin�������timebyanIRPcircuitoftreestruc-
ture.

Usethebitsof��torouteactiveinputsupordownrecursively.
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Example:

For�����������
��������������	���������

���������������� 
������� ����	���wehave
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�� ��
��	������������

������������� 
������� ����	��.
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Self-routinginPhase2.
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ActiveInputsofMatchers

Phase2guaranteesthateachmatcherhasatmost2activeinputs.

Phase2guaranteesthetwoactiveinputshavelink-disjointbroadcast
treesinthematcher,whichisaBaselinesubnetwork.

i

j
j’’

j’

i’’

i’

Twobroadcastingtreesin������.
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Phase3:Routingthroughmatchers.

Forallmatchersinallplanes��,������,dothefollowingin
parallel:

Ifanactiveinputisoriginatedfrominputport�,thenconnectthe
activeinputtoalloutputsof�����withinthematcher.
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ImplementationofPhase3

Usingbroadcast-and-selecttechniquebasedonbitstrings..

1100111000001 011

1010011110010001

1010011110010001

10101001

10101110010001 01

01110001

Broadcast-and-select.
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SummaryonRouting���Network

Routingin�����isperformedin3phases.

BitstringsforPhase1andPhase3arecomputedbyinputports.

BinaryprofixsumsforPhase2areperformedbyacircuitattheinput
ofeachplane.

Then,self-routingisconductedinallphases.
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Making���VirtuallyNonblocking

Usingping-pangscheme,weneedtwocopiesof�����.

Butwecanreducethecostbyonlyintroduce1extraplane.

plane 3
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plane 1
plane 0

input port 15

input port 0

output port 3
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output port 1

output port 0
.
.
.
.

extra  plane
plane 4

Extended�������network.
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Hand-offinVirtuallyNonblockingMultiple-Multicast���

Network
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Using1extraplanetodohand-off.
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ConcludingRemarks

ThehighdegreeofconnectioncapabilityinSNBandWSNBnetworks
isachievedatmuchhighercost,whichimpliestheirlowerscalability.

Weintroducetheconceptofvirtualnonblockingness.Weshowthat
avirtualnonblockingnetworkfunctionslikeastrictlyorwide-sense
nonblockingnetwork,butitisconstructedwiththecostofarear-
rangeablenonblockingnetwork.

WhilefindinglowcostSNBnetworksremainstobeachallenging
theoreticalandscientificpursuit,VNBnetworkscansatisfyallthe
requirementsofanSNBorWSNBinpractice.

Ourresultsindicatethatforlarge-scalecircuitswitchingapplications,
weonlyneedtobuildvirtualnonblockingnetworks.
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