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If messages sentbetweerprocessorghatarenot
directly connectedthenit mustberoutedthrough
Intermediatgrocessors
Messageoutingalgorithmscanbe

minimal or nonminimal

staticor dynamic

deterministicor randomized

circuit switchedor paclet switched
Most regularnetwork topologiesadmitrelatvely

simpleroutingschemeshatarestatic,deterministic,
andminimal
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Example: Routing in Mesh

» In 2-D mesh,messagées
forwardedalongrow (or
column)of sendinghode o o °
until column(or row) of |

destinatiomodeis reached,o—o¢ ¢

thenforwardedalong
destinatiorcolumn(orrow) ¢ ¢ ¢ * ¢

until destinatiomodeis — o o — o

reached l

@

= In 3-D meshforwarding ¢ *—°
takesplacesimilarly along
eachdimensionuntil
destinatiomodels reached
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In hypercubejf currentnode
numberdiffersfrom thatof
destinatiomodein :th bit, 0 o
thenmessagées forwardedto /
adjacennodewith opposite 91Q 011,
valuein :th bit

Messageaeachegslestination . .
nodein k stepswherek is / /

numberof bit positionsin 000 001
which sourceanddestination
nodenumberdiffer, which

IS at mostlog(p)
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Thereis oftenconsiderablédreedomin choosing
routingscheme

In 2-D or 3-D meshonecantake respectre
dimensionsn ary order

In hypercubebits thatdiffer betweernsourceand
destinatiomodescanbe“corrected”in any order

Thus,thereareoften multiple possiblepathsfor any
given messageandthis freedomcansometimede
exploitedfor improvedperformancer fault
tolerance
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Early distributed-memorymulticomputersised
store-and-forwad routing: ateachnodealongpath
from sourceto destinationgntiremessagées
recevedandstoredbeforebeingforwarded

Moderncommunicatiometworksusecut-through
(or wormholg routing,in which messagées broken
Into smallersegmentsthatarepipelinedthrough
network

Eachnodeon pathforwardseachsegmentassoonas
It is receved,whichimprovesperformanceand
reducesuffer spacaequirements
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Store-and-Forward vs Cut-Thr ough

store-and-forward

P, I

P, I

P, I

P, |

» time

cut-through

P, EEEEE

P EEEEE

P EEEEE

P, EENEE

> time
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In effect, cut-throughroutingestablishesirtual
circuit betweersourceanddestinatiomodes

Caremustbetakenin designingroutingalgorithmto
avoid potentialdeadlockwhenmultiple messages
contendfor samdink

Cut-throughrouting makesnetwork distancdess
Importantfor individual messageso matching
problemtopologyto network topologyis lesscrucial

Aggregatebandwidthconstraintstill necessitate
someattentionto locality, however
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We have thusfar considereanly point-to-point
communicationin which onepair of processors
communicatevith eachother

If mary processorsommunicatesimultaneously
overall performancas affectedby degreeof
concurreng supportedy communicatiorsystem
It mayor maynot be possiblefor processoto
sendandreceve on samdink simultaneously

sendononelink andreceve on anotherink
simultaneously

sendand/orreceve on multiple links
simultaneously
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We canusuallyallow for thesedistinctionsby
appropriatelydefiningwhatwe meanby “step” of
givencommunicatiorpattern

Effectis to multiply overall costby constanftactor
In network whosedegreedoesnot vary with number
of processors

Correspondindactormaygrow with numberof
processorm network having variabledegree
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Collectivecommunicationnvolvesmultiple nodes
simultaneously
Examplesoccurringfrequentlyinclude
broadcast one-to-all
reduction all-to-one
multinodebroadcast all-to-all
scattefgather. one-to-all/all-to-one
total exchange: personalizeall-to-all
scanor prefix
circular shift
barrier
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In broadcast sourcenodecommunicatesingle
messagéo p — 1 othernodes

Sourcenodecouldsendp — 1 separatenessages
serially oneto eachof othernodes

Efficiengy canbeimprovedby exploiting
parallelismandfactthatmessagesftenneedto be
routedthroughintermediatenodesanyway
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Generic BroadcastAlgorithm

1. If source~ me,receve message

2. Sendmessagéo eachof my directneighborsvho
have notalreadyrecevedit

Copyright © 2004,Michael T. Heath— p.13/38



Broadcastin Mesh or Torus

@ @ @ @
/40 4 4 4 4
o @ @ o
4 3 2 1 2 3 4 3
® © o0—o 00— © O o 32 31 32 3
1-D mesh f 74 4 4 4 4
2 1
1?. o @ @ o
-D torus 2-D mesh

(ring)
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dcastin Hypercube




Broadcasalgorithmgeneratespanningreefor
givennetwork, with sourcenodeasroot

Heightof spanningreedeterminedotal numberof
Stepsrequired

Costof broadcastor messagef length L is
1-Dmesh:(p — 1) (ts + t, L)
2-Dmesh:2(,/p — 1) (ts + tuL)
Hypercubelog(p) (ts + tw,L)
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~or long messagéor which bandwidthdominates
ateng, network bandwidthmay be betterexploited
Oy breakingmessaganto piecesandeither
pipelinepiecesalongsinglespanningree,or
sendeachpiecealongdifferentspanningree
with sameroot

In hypercubewith 2 nodeswith ary givennodeas
root, therearek edge-disjoinspanningreesall of
which canpotentiallybe exploited simultaneousliyn
broadcast
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In reduction datafrom all p nodesarecombinedby
applyingspecifiedassociatie operation(e.g.,sum,
product,max, min, logical OR, logical AND) to
produceoverall result

As with broadcastreductionusesspanningreefor
givennetwork, but dataflow Is in oppositedirection,
from leavesto root

Incomingresultsarecombinedwith receving
nodes valuebeforeforwardingto its parent

Final resultendsup atroot node;if it is alsoneeded
by othernodesfinal resultcanbe broadcast
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Generic Reduction Algorithm

1. Receve messagé&rom eachof my childrenin
spanningree,if ary

2. Combinerecevedvalueswith my own using
specifiedassociatie operation

3. Sendresultto my parent,f arny

Copyright © 2004,Michael T. Heath— p.19/38



Reductionin Mesh

1

@
1 1 1
1 2 3 4 2 1 1 2
> 12 |2 |2
3 3y 4] 3

o >0 o =9 o
1-D mesh \i -
S 4 @ 1 1 1 |1
® ® @ @ @
1-D torus 2D mesh

(ring)
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ctionin Hypercube




Reductionalgorithmusessamespanningreeas
proadcastbut messageBow In reversedirection

Helghtof spanningreedeterminegotal numberof
Stepsrequired

Costof reductionfor messag®ef length L Is
1-Dmesh:(p — 1) (ts + (tw +te) L)
2-Dmesh:2(,/p — 1) (ts + (tw +tc)L)

Hypercubelog(p) (ts + (tw + te)L)

wheret, Is costperword of associatie reduction
operation
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In multinodebroadcasteachnodesendanessagé¢o
all othernodes

This all-to-all operations logically equvalentto p
broadcastspnefrom eachnode,andcouldbe
Implementedhatway

Efficiengy canoftenbeimprovedby overlapping
separatdroadcasts

Total costof multinodebroadcastiependstrongly
on degreeof overlapsupportedy targetsystem

Multinode broadcasheedbe no morecostlythan
standardroadcasif aggressie overlappingof
communications supported
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In 1-D torus,broadcastanbeinitiatedfrom each
nodesimultaneouslyn samedirectionaroundring

After p — 1 stepseachnodehasreceveddatafrom
all othernodesandmultinodebroadcasis
complete andcostis sameasstandardroadcast

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

Thereare2(,/p — 1) stepsfor square2-D torus

Message$or secondpohasearelargerby factorof
/D, sototal amountof datatransferreds still

proportionalto p
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In hypercubewith 2* nodesmultinodebroadcast
canbeimplementedy successte pairwise
exchangesn eachof £ dimensionswith messages
concatenatedt eachstage

Therearelog(p) stepsfor hypercubeput growth in
messageasizesmeanghattotal communication

volumeis still proportionalto p
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If iInsteadof concatenatingnessagethey are
combineausingspecifiecassociatie operation,
multinodebroadcastanbe usedto implement
reduction

Sinceall nodesreceve final result,this approach
avolidsroot nodehaving to broadcasit after
reductiontherebysaving factorof up to two in cost
If resultis neededy all nodes
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In broadcasbr multinodebroadcastgivennode
sendssamemessagéeo all othernodes

In analogoupersonalizeaversionsdistinct
messagées sentto eachothernode

Scatter analogougo broadcastbut root sends
distinctmessagéo eachothernode

Gather. analogoudo reduction but data
recevedby root areconcatenatechtherthan
combineausingassociatie operation

Total exchange: analogougo multinode
broadcastbut eachnodeexchangeglistinct
messagevith eachothernode
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Scatterusesspanningreealgorithmsimilarto
standardyroadcastbut multiple messageare
transmittedogetherat eachstage

Rootnodesendanessagew® eachof its children
containingdatafor entiresubtreeof which that
child is root

Eachchild retainsits own portion of dataand
forwardsappropriatesubset®f remaindero
eachof its children

Eventualyevery noderecevesits distinct
message
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Gatherusesalgorithmssimilar to reduction,except
dataareconcatenatedt eachstageratherthan
combinedusingassociatie operation

Total exchangeausesalgorithmsimilar to multinode
broadcastexceptbroadcastarereplacedyy scatter
operationswhich areoverlappedasin multinode
broadcast
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In scanor prefixoperationdatavalues
Loy, L1y Lp—1

aregiven,onepernode,alongwith specified
assoclatrie operationd

Sequencef partialresults
S0, S1y - -+ Sp—1
IS to becomputedwhere
Sk =Ly DT D--- DX

ands; Istoresideonnodek, £k =0,...p — 1

Copyright © 2004,Michael T. Heath— p.30/38



Scanoperationcanbeimplementedy algorithms
similar to thosefor multinodebroadcastexceptthat
Intermediataesultsreceved by eachnodeare
selectvely combineddependingon sendingnodes
numbering beforeforwarding
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In circular k-shift, with 0 < £ < p, node: sends
datato node(: + k) mod p

Suchoperationsarisein somefinite differenceand
matrix computationsandstring matchingproblems

Circularshift canbeimplementedjuite naturallyin
ring network

Implementingcircularshift in othernetworkscanbe
considerablynorecomplicatedput basicallyit
Involvesembeddinging or seriesof ringsin given
network
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Barrier: synchronizatiormechanismn which all
processormustreachbarrierbeforeany processor
IS allowedto proceedbeyondit

Implementatiorof barrierdepend®n underlying
memoryarchitecturandnetwork

In distributed-memorysystemsbarrieris usually
Implementedy messag@assingusingalgorithms
similar to thosefor all-to-all communication

In shared-memorgystemsbarrieris usually
Implementedisingtest-and-sesemaphoregr other
mechanisnior enforcingmutualexclusion
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