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MessageRouting

If messageis sentbetweenprocessorsthatarenot
directly connected,thenit mustberoutedthrough
intermediateprocessors

Messageroutingalgorithmscanbe
minimal or nonminimal
staticor dynamic
deterministicor randomized
circuit switchedor packetswitched

Most regularnetwork topologiesadmitrelatively
simpleroutingschemesthatarestatic,deterministic,
andminimal
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Example: Routing in Mesh

In 2-D mesh,messageis
forwardedalongrow (or
column)of sendingnode
until column(or row) of
destinationnodeis reached,
thenforwardedalong
destinationcolumn(or row)
until destinationnodeis
reached

In 3-D mesh,forwarding
takesplacesimilarly along
eachdimensionuntil
destinationnodeis reached
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Example: Routing in Hypercube

In hypercube,if currentnode
numberdiffersfrom thatof
destinationnodein

�

th bit,
thenmessageis forwardedto
adjacentnodewith opposite
valuein

�

th bit

Messagereachesdestination
nodein

�

steps,where
�

is
numberof bit positionsin
whichsourceanddestination
nodenumbersdiffer, which
is atmost
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MessageRouting

Thereis oftenconsiderablefreedomin choosing
routingscheme

In 2-D or 3-D meshonecantake respective
dimensionsin any order
In hypercube,bits thatdiffer betweensourceand
destinationnodescanbe“corrected”in any order

Thus,thereareoftenmultiple possiblepathsfor any
givenmessage,andthis freedomcansometimesbe
exploitedfor improvedperformanceor fault
tolerance
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Cut-Thr oughRouting

Earlydistributed-memorymulticomputersused
store-and-forward routing: ateachnodealongpath
from sourceto destination,entiremessageis
receivedandstoredbeforebeingforwarded

Moderncommunicationnetworksusecut-through
(or wormhole) routing,in whichmessageis broken
into smallersegmentsthatarepipelinedthrough
network

Eachnodeonpathforwardseachsegmentassoonas
it is received,which improvesperformanceand
reducesbuffer spacerequirements
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Store-and-Forward vs Cut-Thr ough
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Cut-Thr oughRouting

In effect,cut-throughroutingestablishesvirtual
circuit betweensourceanddestinationnodes

Caremustbetakenin designingroutingalgorithmto
avoid potentialdeadlockwhenmultiple messages
contendfor samelink

Cut-throughroutingmakesnetwork distanceless
importantfor individualmessages,somatching
problemtopologyto network topologyis lesscrucial

Aggregatebandwidthconstraintsstill necessitate
someattentionto locality, however
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Communication Concurrency

Wehave thusfarconsideredonly point-to-point
communication,in whichonepairof processors
communicatewith eachother

If many processorscommunicatesimultaneously,
overall performanceis affectedby degreeof
concurrency supportedby communicationsystem

It mayor maynotbepossiblefor processorto
sendandreceiveonsamelink simultaneously
sendononelink andreceiveonanotherlink
simultaneously
sendand/orreceiveonmultiple links
simultaneously
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Communication Concurrency

Wecanusuallyallow for thesedistinctionsby
appropriatelydefiningwhatwemeanby “step” of
givencommunicationpattern

Effect is to multiply overall costby constantfactor
in network whosedegreedoesnot varywith number
of processors

Correspondingfactormaygrow with numberof
processorsin network having variabledegree
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CollectiveCommunication

Collectivecommunicationinvolvesmultiple nodes
simultaneously

Examplesoccurringfrequentlyinclude
broadcast: one-to-all
reduction: all-to-one
multinodebroadcast: all-to-all
scatter/gather: one-to-all/all-to-one
total exchange: personalizedall-to-all
scanor prefix
circular shift
barrier
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Broadcast

In broadcast, sourcenodecommunicatessingle
messageto � � �

othernodes

Sourcenodecouldsend� � �

separatemessages
serially, oneto eachof othernodes

Efficiency canbeimprovedby exploiting
parallelismandfactthatmessagesoftenneedto be
routedthroughintermediatenodesanyway
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GenericBroadcastAlgorithm

1. If source 
 me,receivemessage

2. Sendmessageto eachof my directneighborswho
have notalreadyreceivedit
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Broadcastin Mesh or Torus
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Broadcastin Hypercube

4-cube

3-cube2-cube
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Costof Broadcast

Broadcastalgorithmgeneratesspanningtreefor
givennetwork, with sourcenodeasroot

Heightof spanningtreedeterminestotalnumberof
stepsrequired

Costof broadcastfor messageof length

�

is
1-D mesh:

� � � � 
 ����� � � � 


2-D mesh:

� � � � � 
 ���� � � � 


Hypercube:

�� � � � 
 ����� � � � 
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EnhancedBroadcast

For longmessagefor whichbandwidthdominates
latency, network bandwidthmaybebetterexploited
by breakingmessageinto piecesandeither

pipelinepiecesalongsinglespanningtree,or
sendeachpiecealongdifferentspanningtree
with sameroot

In hypercubewith

� �

nodes,with any givennodeas
root, thereare

�

edge-disjointspanningtrees,all of
whichcanpotentiallybeexploitedsimultaneouslyin
broadcast
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Reduction

In reduction, datafrom all � nodesarecombinedby
applyingspecifiedassociative operation(e.g.,sum,
product,max,min, logicalOR, logicalAND) to
produceoverall result

As with broadcast,reductionusesspanningtreefor
givennetwork, but dataflow is in oppositedirection,
from leavesto root

Incomingresultsarecombinedwith receiving
node’s valuebeforeforwardingto its parent

Final resultendsupat root node;if it is alsoneeded
by othernodes,final resultcanbebroadcast
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GenericReductionAlgorithm

1. Receive messagefrom eachof my childrenin
spanningtree,if any

2. Combinereceivedvalueswith my own using
specifiedassociative operation

3. Sendresultto my parent,if any
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Reduction in Mesh
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Reduction in Hypercube

4-cube

2-cube 3-cube

Copyright c

�

2004,MichaelT. Heath– p.21/38



Costof Reduction

Reductionalgorithmusessamespanningtreeas
broadcast,but messagesflow in reversedirection

Heightof spanningtreedeterminestotalnumberof
stepsrequired

Costof reductionfor messageof length

�

is
1-D mesh:

� � � � 
 �����

�� � ���

 � 


2-D mesh:

� � � � � 
 ����

��� � ��

 � 


Hypercube:

�� � � � 
 �����

��� � ���

 � 


where

��� is costperwordof associative reduction
operation
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Multinode Broadcast

In multinodebroadcast, eachnodesendsmessageto
all othernodes

This all-to-all operationis logically equivalentto �

broadcasts,onefrom eachnode,andcouldbe
implementedthatway

Efficiency canoftenbeimprovedby overlapping
separatebroadcasts

Total costof multinodebroadcastdependsstrongly
ondegreeof overlapsupportedby targetsystem

Multinodebroadcastneedbenomorecostlythan
standardbroadcastif aggressiveoverlappingof
communicationis supported
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Multinode Broadcastin Torus

In 1-D torus,broadcastcanbeinitiatedfrom each
nodesimultaneouslyin samedirectionaroundring

After � � �

steps,eachnodehasreceiveddatafrom
all othernodes,andmultinodebroadcastis
complete,andcostis sameasstandardbroadcast

In 2-D torus,ring algorithmcanbeappliedfirst in
eachrow, thenin eachcolumn(or viceversa)

Thereare

� � � � � 


stepsfor square2-D torus

Messagesfor secondphasearelargerby factorof

� , sototal amountof datatransferredis still
proportionalto �
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Multinode Broadcastin Hypercube

In hypercubewith

� �

nodes,multinodebroadcast
canbeimplementedby successive pairwise
exchangesin eachof

�

dimensions,with messages
concatenatedateachstage

Thereare

��� � � � 


stepsfor hypercube,but growth in
messagesizesmeansthattotal communication
volumeis still proportionalto �
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Reductionvia Multinode Broadcast

If insteadof concatenatingmessagesthey are
combinedusingspecifiedassociative operation,
multinodebroadcastcanbeusedto implement
reduction

Sinceall nodesreceivefinal result,thisapproach
avoidsrootnodehaving to broadcastit after
reduction,therebysaving factorof up to two in cost
if resultis neededby all nodes
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PersonalizedCollectiveComm.

In broadcastor multinodebroadcast,givennode
sendssamemessageto all othernodes

In analogouspersonalizedversions,distinct
messageis sentto eachothernode

Scatter: analogousto broadcast,but root sends
distinctmessageto eachothernode
Gather: analogousto reduction,but data
receivedby root areconcatenatedratherthan
combinedusingassociative operation
Total exchange: analogousto multinode
broadcast,but eachnodeexchangesdistinct
messagewith eachothernode

Copyright c

�

2004,MichaelT. Heath– p.27/38



PersonalizedCollectiveComm.

Scatterusesspanningtreealgorithmsimilar to
standardbroadcast,but multiple messagesare
transmittedtogetherateachstage

Rootnodesendsmessagesto eachof its children
containingdatafor entiresubtreeof which that
child is root
Eachchild retainsits own portionof dataand
forwardsappropriatesubsetsof remainderto
eachof its children
Eventualyevery nodereceivesits distinct
message
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PersonalizedCollectiveComm.

Gatherusesalgorithmssimilar to reduction,except
dataareconcatenatedateachstageratherthan
combinedusingassociative operation

Total exchangeusesalgorithmsimilar to multinode
broadcast,exceptbroadcastsarereplacedby scatter
operations,whichareoverlappedasin multinode
broadcast
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Scanor Prefix

In scanor prefixoperation,datavalues

����� ����� � � �� � � ! �
aregiven,onepernode,alongwith specified
associative operation

Sequenceof partialresults

"�#� "� � � � �� "� ! �

is to becomputed,where

" � 
 �$� �$� % % % � �

and " � is to resideonnode

�
�

� 
 &
� � � � � � �
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Scanor Prefix

Scanoperationcanbeimplementedby algorithms
similar to thosefor multinodebroadcast,exceptthat
intermediateresultsreceivedby eachnodeare
selectively combined,dependingonsendingnode’s
numbering,beforeforwarding
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Cir cular Shift

In circular

�

-shift, with

& ' � ' � , node

�

sends
datato node

� � � 
 (� ) �

Suchoperationsarisein somefinite differenceand
matrix computationsandstringmatchingproblems

Circularshift canbeimplementedquitenaturallyin
ring network

Implementingcircularshift in othernetworkscanbe
considerablymorecomplicated,but basicallyit
involvesembeddingring or seriesof ringsin given
network
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Barrier

Barrier: synchronizationmechanismin whichall
processorsmustreachbarrierbeforeany processor
is allowedto proceedbeyondit

Implementationof barrierdependsonunderlying
memoryarchitectureandnetwork

In distributed-memorysystems,barrieris usually
implementedby messagepassing,usingalgorithms
similar to thosefor all-to-all communication

In shared-memorysystems,barrieris usually
implementedusingtest-and-set,semaphore,or other
mechanismfor enforcingmutualexclusion
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