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Abstract—In the evolving sub-micron technology importance
of wire delays is growing, making it particularly attractive to
use decentralized designs.A common form of decentralization
adopted in processorsis to partition the execution core into
multiple clusters Each cluster has a small instruction window,
and a set of functional units. A number of algorithms have
been proposedfor distrib uting instructions among the clusters
The rst part of this paper analyzes (qualitatively as well as
quantitati vely) the effect of various hardware parameters such
asthe type of cluster interconnect,the fetch size,the cluster issue
width, the cluster window size, and the number of clusters on
the performance of differ ent instruction distrib ution algorithms.
The study shows that the relative performance of the algorithms
is very sensitve to these hardware parameters, and that the
algorithms that perform relatively better with 4 or fewer clusters
are generally not the best onesfor a larger number of clusters.
This is important, given that with an imminent increasein the
transistor budget, more clusters are expectedto be integrated on
a single chip.

The second part of the paper investigates alternate inter-
connectsthat provide scalable performance as the number of
clustersis increasedlIn particular, it investigatestwo hierarchical
interconnects— a single ring of crossbarsand multiple rings of
crossbars— aswell asinstruction distrib ution algorithms to take
advantage of these interconnects. Our study shaws that these
new interconnectswith the appropriate distrib ution techniques
achieve an IPC (instructions per cycle) that is 15-20% better
than the most scalable existing con guration, and is within 2%
of that achieved by a hypothetical ideal processomhaving a 1-cycle
latency crossbar interconnect. These results con rm the utility
and applicability of hierarchical interconnectsand hierarchical
distrib ution algorithms in clustered processors.

Index Terms— Clustered ProcessorAr chitecture, Pipeline pro-
cessors,Inter connection architectures, Load balancing and task
assignment

I. INTRODUCTION

Two hardware trendsplay a key role in processomdesign:
theincreasinghumberof transistorsn a chip [5], [22], andthe
increasingclock speedsA majorimplicationof goingfor sub-
microntechnologyis thatwire delaysbecomemoreimportant
thangatedelays[22], especiallyfor long globalwires.Another
importantimplication of the physicallimits of wire scalingis
that centralizedstructuressuch as the dynamic schedulerdo
not scalewell [13]. A naturalway to dealwith the wire delay
problemis to build the processoasa collectionof independent
clustes, sothat (i) thereareonly a few global wires and (ii)
very little communicationoccursthrough global wires. Fast
localizedcommunicationcan be done using shortwires. The
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designof clusteredprocessorss also much simplerthanthat
of a monolithic processarbecauseoncea single clustercore
hasbeendesignedit canbeeasilyreplicatedfor multiple cores
asthe transistorbudgetincreases.

In the recentpast, several decentralizationproposalsand
evaluations,using a small numberof clusters,have appeared
in the literature [2] [3] [4] [6] [7] [8] [12] [13] [14] [15]
[16] [18] [20] [19] [21]. Detailed comparatie studies of
thesedecentralizatiorapproachegor 2-clusterand 4-cluster
processord4] [6] have been pivotal in understandingheir
behaior with a small nhumber of clusters. With continued
increasesn the numberof transistorsintegratedon a chip,
we can expect more clusterson a single chip [2]. Adding
more clusterscould potentially improve the performanceof
a program,and studying the impact of increasednumber of
clusterson the performanceof a single threadof execution
is very important. Balasubramoniaret. al. [2] investigate
dynamicrecon gurationfor optimal useof a subsebf clusters
from a large number of clusters.However, as clustersare
“turned-on”and“turned-of”, the inter-clusterinterconnection
mayalsohave to berecon guredfor optimalperformanceThe
mainfocusof their work wasto studydynamicrecon guration
for optimal ILP exploitation, whereasin this paper our main
focus is to study the performanceof a non-recon gurable
clusteredprocessomvith a large numberof clusters.To study
the performanceémpactof increasechumberof clustersin an
effective manney it is importantto rst study the impact of
differenthardwareparametersuchasthetype of interconnect,
clusterissue and window size, the numberof clusters,etc.
on the performanceof clusteredprocessorsln particular the
following speci ¢ questionsneedto be addressed:

How well does each instruction distribution algorithm
(usedto distribute instructionsamongthe clusters)permit
scalingof performance?

What is the impact of the interconnecton performance
scaling?

What are the implications of different designdecisions
such as processorfetch size, cluster issue width, and
clusterwindow size?

The rst part of this paperreportsthe resultsof experi-
mentsconductedto provide speci ¢, quantitatve evaluations
of different trade-ofs. Thesestudiesshov that the relative
performanceof the distribution algorithmsis very sensitve
to hardware parameterssuch as fetch size, issuewidth, and
cluster window size. They also showv that the distribution
algorithmsperformingrelatively well with 4 or fewer clusters
generallydo not performwell with alargernumberof clusters,



andsometimesaven performworse.For scalableperformance
from alarge numberof clustersfwo importantinter-relatedis-

suesneedto be addressed(i) betteralgorithmsfor instruction
distribution amongthe clusters,and (ii) betterinterconnects
for inter-clustercommunication.

The secondpart of this paperinvestigatesalternateinter-
clusterinterconnectsas well as instructiondistribution algo-
rithms suitablefor a larger numberof clusters.In particular
it presentstwo hierarchicalinterconnects:a single ring of
crossbarsand multiple rings of crossbars.Although mary
interconnectshave been studied in the context of parallel
processorg9], interconnectgor on-chip clusteringhave not
beenstudiedin detail. The importantissuesin designingthe
two types of interconnects(on-chip and off-chip) are very
different (the primary objectives of off-chip interconnectsare
fault-toleranceconsisteng of data, etc., whereasthat of on-
chip interconnectss lateng). The hierarchicalinterconnects
presentedn this paperdivide the clustersinto groups(inter-
nally connectedisingcrossbhars)which areconnectedogether
using either a single ring interconnector a multiple rings
interconnect.The paperalso presentsinstructiondistribution
algorithmsthat take advantageof thesehierarchicalintercon-
nects. We expect such interconnectsto be usedin future
clusteredprocessorsaving alarge numberof on-chipclusters.

The rest of this paperis organizedas follows. Section
2 presentsa common framework for analyzingthe perfor
manceof differentinstructiondistribution algorithms.Section
3 presentsdetailed simulation results and analysis of the
differentinstructiondistribution algorithms.Section4 investi-
gateshierarchicalinterconnectiortopologiesand distribution
algorithms.Section5 presentsan experimentalevaluation of
thesenen schemesSection6 discusse®theradwantageshat
are obtainedwhen using hierarchicalinterconnects Finally,
Section7 concludeghe paper

Il. IMPORTANT ISSUES IN CLUSTERING

In this paper a decentralizegprocessohasseveral clusters,
as shavn in Figure 1. Eachclusterhasa dynamicscheduler
(DS) and several functional units (FUs). Instructions from
multiple clusters are issued independentlyof each other,
subjectonly to the availability of operandvalues. An in-
terconnectionnetwork (ICN) connectsthe clusterstogether
for supportinginter-cluster communication.Instructionsare
distributed amongthe clustersusing a distribution algorithm
and are committedfrom the clustersin programordet

A. ImportantCriteria for PerformanceScaling

Two important criteria for obtaining a good instruction
distribution are: (i) minimize inter-cluster communication,
and (if) maximize load balancingamong the clusters. The
former attemptsto reducethe wait for operandsandthe latter
attemptsto reducewait for anissueslot.

Inter-Cluster Communication: In a single-clustemprocessar
whenavalueis producedijt isimmediatelyavailableto all the
instructions.However, in multiple clusters,someinstructions
have to wait due to inter-cluster communication.Typically,
inter-clustercommunicatiorlateng increasesvith the number
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Fig. 1. A Generic4-ClusterProcessor

of clusters becausef the physicaldistancebetweerthe clus-
ters. The relative importanceof inter-cluster communication
thusincreasedor more clusters.
Load Balancing: With anunbalancednstructiondistribution,
only modest performancewill be obtained, becauseeach
clustercanexecuteonly a small numberof instructionsevery
cycle. To get good performancejnstructionsshould be dis-
tributedsomavhatevenly acrossall clusters A simple-minded
way to handlethe load balancingproblemis to have a round
robin distribution of instructions.Sucha schemewvasfoundto
be goodfor a 4-clusterprocessoif4].

A gooddistribution algorithmattemptso meetboth criteria
by placing data-independerihstructionsin differentclusters,
and data-dependenhstructionsin the samecluster

B. Hardware Factors Affecting PerformanceScaling

There are several hardware attributes that affect the per
formanceof a multi-clusterprocessarMany of thesefactors
areinter-dependentandthe relative importanceof a particular
attributeis someavhatrelatedto the speci ¢ valuesusedfor the
remainingfactors.

1) Numberof Clustes: Whena small numberof clusters
is used,load balancingis more important than inter-cluster
communication.This is becausethe worst-caseinter-cluster
communicationlateng is low, and the overall issue width
of the processolis small, which hasto be utilized properly
With an increasein the numberof clusters,the inter-cluster
communicatiorlateng increasesincreasingheimportanceof
inter-clustercommunicationHence,the algorithmthat works
very well for small numberof clustersmay not be the bestfor
large numberof clusters.

2) ClusterLayoutand Inter-ClusterInterconnect: A major
factor affecting inter-cluster communicationlateny is the
physicallayout of the clusters(becausewire delaysdominate
the communicationlateng) and the type of interconnect
usedto connectthe clusters.Clearly, the worst-caselatencg
increasesvith the numberof clusters becausef the increase
in the physicaldistancebetweenthe clusters.

There are various interconnectghat can be thoughtof in
the context of clusteredprocessorssuch as bus, crossbar
ring (uni-directional or bi-directional), tree, and grid. The
bus is a simple, fully connectednetwork that permits only



one data transferat ary time, and may be a poor choice
for carrying out non-trivial inter-cluster communication.A

crossbarinterconnectalso provides full connectvity from

every clusterto every othercluster Whenusinga crossbayrall

clustershecomdogically equidistanto eachother This makes
the instruction partitioning algorithmlesscomplex. However,

in a crossbarinterconnect,all inter-cluster communication
becomesglobal” in nature,and cross-chipwire delaysbegin

to dominateinter-clustercommunicationatengy.

With a ring interconnectthe clustersare connectedas a
circular loop, andthereis a notion of neighboringand distant
clusters.A ring is ideal if mostof the interclustercommu-
nication can be localizedto neighboringclusters.Hence,the
ring forcesdistribution algorithmsto expend more efforts in
localizinginter-clustercommunicatiorto neighboringclusters.

3) ProcessorFetch Size: In general performancencreases
monotonicallywith the processofetch sizebecaus®f the in-
creasen the effective window size.For a clusteredprocessar
increasingthe fetch size also reducesthe relative importance
of loadbalancing.Thisis becausewhenthefetchsizeis large,
more clustersare likely to be lled soonerwith instructions.
A largefetchsizeis thereforelik ely to favor thosedistribution
algorithms gearedto reducing inter-cluster communication.
However, with very large fetch widths, the performancecould
saturatebecauseof branchmispredictions.

4) ClusterIssueWdth: In general,performancencreases
monotonicallywith the clusterissuewidth althoughat some
point the performancewould saturate.As the cluster issue

width is increasedtheimportanceof loadbalancingdecreases.

This is because,in a particular cycle, even if a cluster
has several ready instructions,they are more likely to get
executedsoonerbecauseof the additional number of issue
slots available in eachcluster Thus, when the clusterissue
width is large, distribution algorithmsgearedto reduceinter-
clustercommunicatiorperform better

5) Cluster Window Size: If the cluster window size is
small, we get load balancingfor free, favoring distribution
algorithmsthatfocusonreducinginter-clustercommunication.
As theclusterwindow sizeis increasedtherelativeimportance
of load balancingincreases,and the distribution algorithm
hasto consciouslydo load balancing;otherwise,too mary
instructionsmay endup in the samecluster

C. Instruction StreamDistribution Algorithms

Perhapghe mostimportantissuein a clusteredprocessois
theinstructiondistribution algorithm.An improperdistribution
coulddistribute instructionsunevenly, or causeoo muchinter-
cluster communication,thereby degrading performance We
only give a brief descriptionof the several hardware-based
distribution algorithmsthat have beenproposedFor someof
thesealgorithms,the original versionswere describedin the
referenceonly for two clusters;our descriptionextrapolates
this to more clusters.Notice that the compiler can attempt
to schedulethe instructionsin sucha way as to maximize
the effectivenessof the distribution algorithm used[11]; the
investigationof suchcompilertechniquess beyondthe scope
of this paper

First-Fit: In this method [4], instructions are assignedto
the samecluster until the cluster lls up. Then, instructions
are assignedto the next cluster and so on. The attraction
of this schemeis its simplicity and reduced inter-cluster
communicationAs dependeninstructionsare typically close
to each other they end up either in the same cluster or
neighboringclusters.

: In this method[4], consecutie instructionsare
assignedio one cluster the next  instructionsare assigned
to the next cluster and so on. This schemeis suited to
situationswhere load balancingplays a major role such as
con gurations with smallerfetch sizes,smaller clusterissue
widths, and larger cluster window sizes. This algorithm is
likely to performpoorly whenthereis alot of datadependence
betweeninstructionscloseto eachother

Dependence-basedThis scheme[7] partitions the instruc-

tions basedon the stateof the instructions operandslf the

operandsre available, the instructionis assignedo the least
loaded cluster; if not, it is assignedto one of its operand-
producing clusters. However, the hardware does not know

if the resultsof independentnstructionssene as operands
for a subsequeninstruction. If that is the caseand these
instructionsare placedin distant clusters,then performance
will be affected. Furthermore,this kind of partitioning is

somevhat complex becausehe partitioning hardware hasto

considermwhich clustershave the latestvaluesfor eachregister
operand.

Dependence-basedith Load Balancing: In this method[7],
dependence-basegmartitioningis performedasin the previous
scheme But if a considerableamountof load imbalanceis
obsened amongthe various clusters,then load balancingis
given priority and the instructionsare assignedto the least
loadedcluster

Load-Store Slice (LdSt Slice): In this method all instructions
on which a load or a storeis dependenbon are sentto the

samecluster This schemealsogivessomeimportanceto load

balancingby assigningthe remaininginstructionsaccording
to the load situationof the clusters.However, in this scheme
a value producedby a load might be usedby an instruction
assignedo a far away cluster A static partitioning Idst slice

schemewas proposedin [20], and a dynamic version was
proposedn [6].

Strands: In this method [16], off-line hardware rst con-

structsdata-dependergtrandswithin a trace,and storesthis

information in a trace cache.When a trace is later fetched
from the trace cache,each pre-identi ed strand within the

traceis allocatedto a clusterbasedon the availability of the

operanddfeedingthe strand.This algorithm takes intra-trace
datadependencemto considerationandis likely to perform

betterwhen using larger traces.

I1l. EXPERIMENTAL ANALYSIS OF EXISTING
ALGORITHMS
A. ExperimentalMethodol@y and Setup

Our experimental setup consists of an execution-drven
simulatorbasedon the MIPS-II ISA. Thesimulatordoescycle-



by-cycle simulation, including execution along mispredicted
paths.Thedefaulthardwareparameteraregivenin Tablel. In
addition,an128KB, 8-way set-associate, 1 cycle accessime
tracecache[17] is usedto storerecentlyseentraces.Memory
disambiguations doneusinga centralizeddisambiguatarOur
pipelineconsistof thefollowing stagesfetch,decode/rename,
dispatch,issue,execute,memory writeback,and commit. In
all our experimentswe assumea broadcast-basedter-cluster
communicationwhereeachvalue goesto all the clusters.

The experimentsvary 6 parametersthe instructiondistribu-
tion algorithm,the numberof clustersthe clusterinterconnect,
the fetch size, the clusterissuewidth, andthe clusterwindow
size. While varying a parameterthe rest of the parameters
are kept at their default values.No attemptis madeto keep
the overall hardware resourcerequirementa constant, as
a goal of this paperis to investigatehow the behaior of
eachdistribution algorithm is dependenn eachparameter
For comparisonwe also simulatea hypotheticalsuperscalar
processarwith an overall schedulersize sameas that of the
overall schedulesizeof the clusteredprocessoit is compared
against.Thatis, the hypotheticalsuperscalaprocessousedto
compareagainst 4-clusterprocessofwith clusterissuewidth
2 andclusterwindow size 16) will havea4 16 = 64-entry
window andan issuewidth of 4 2 = 8 instructions/gcle.

For benchmarkswe use a collection of integer programs
from the SPEC2000suite compiled for a MIPS R3000-
Ultrix platform with a MIPS C (Version 3.0) compiler using
the optimization ags distributed in the SPEC benchmark
male les. The benchmarksare simulated for 500 million
instructionsafter skipping the rst 500 million instructions.
Our simulation experimentsmeasurethe execution time in
terms of the numberof cycles requiredto executethe x ed
numberof committedinstructions(excluding NOPs). While
reportingthe results,the executiontime is expressedn terms
of instructionsper cycle (IPC).

B. Resultswith Crossbar/Bi-diectional Ring Interconnects

Our rst setof experimentsarewith a crossbainterconnect,
keepingthe other parametergexceptthe numberof clusters)
at their default values.Figure 2 (consistingof 8 graphs,one
for eachbenchmark)plots the results of theseexperiments.
The formatis the samefor eachgraph:the X-axis denoteshe
numberof clustersandthe Y-axis denoteghe IPC; eachgraph
has7 lines,onefor the hypotheticakuperscalaprocessarand
theremainingonesfor the 6 distribution algorithms(thelegend
is in the graphfor gzip ). We shalldiscusgheseresultsalong
with the resultsfor the bi-directionalring interconnect.

The secondset of experimentsare with a bi-directional
interconnectfor the sameset of hardware parametersThese
resultsare presentedn Figure 3. The format of the graphs
is the sameasthat of Figure 2. The main obsenationsfrom
Figures2 and 3 are:

The relative performanceof the algorithms vary con-
siderably basedon the interconnectand the numberof
clusters.

lvaryingmultiple parameteratatime (to keepthe hardwarerequirementst

constantwill makeit very dif®cult to isolatethe contritution of theindividual
parameters.

Algorithms that performthe bestfor 4 or fewer clusters
are not necessarilythe best ones for larger numbers
of clusters.For example, for 4 clusters,the Idst slice

algorithmis amongthe toppersin performancejput for

12 clustersthe r st-t is the bestperformerfor 4 of the

benchmarksvhena ring interconnecis used.

For 4 clusters, the crossbarinterconnectis generally
betterthan a bi-directional ring, becauseof the 1-cycle

communicationateng for a crossbarBut asthe number
of clustersis increasedthe performancewith crossbar
dropsbelow thatwith the bi-directionalring interconnect.
This behaior is the same,irrespectve of the distribution

algorithmsused,and can be attributed to the increasing
lateng for all inter-clustercommunicationsvhenusinga

crossbarOn the otherhand,with a bi-directionalring, the

communicatiodatengy betweenthe neighboringclusters
is still 1 cycle, and the distribution algorithmscan use
this by assigningthe data-dependerinstructionsto the

neighboringclusters.

The performancef mostof thealgorithmsdoesnot scale
well (ascomparedo the hypotheticalsuperscalarjvhen
the numberof clustersis increasedWith 12 clustersthe

IPC obtainedwith the differentdistribution algorithmsis,

on the average,about40% lower than the hypothetical
superscalas IPC. To bridgethis gap,we needbetteral-

gorithmsand/orinterconnectssuchasthe onesproposed
in Section4.

C. Inter-Cluster Communicatiorand Load Imbalance

Figure4 presentstatisticson the averagenumberof instruc-
tionsstalledin a cycle dueto inter-clustercommunicatiorand
dueto load imbalancewhen usingthe crossbaiinterconnect.
An instructionis consideredo be stalleddueto inter-cluster
communicationf its operand(shave alreadybeenproduced,
but at leastone operandis in transitfrom anothercluster A
data-readyinstructionis consideredo be stalleddue to load
imbalanceif therewasno freeissueslotin its clusterin that
cycle, but therewasa free slot in a differentcluster

Figure5 presentssimilar statisticsfor the ring interconnect.
The X-axis depicts3 differentnumberof clusters—4,38, and
12. The Y-axis depictsthe average number of instructions
stalled per cycle. For each con guration and benchmark,
statisticsare presentedor 3 distribution algorithms— st- t,
Idst slice, and . We selected3 algorithmsfor clarity of
presentationthesethreearerepresentatie of the 6 algorithms
in their behaior.

The rst thing we wish to point out from Figure5 is that
r st-t almostalways hasthe fewest numberof instructions
stalleddueto inter-clustercommunicationput almostalways
has the largest number of instructions stalled due to load
imbalance.When the numberof clustersis increased, r st-
t's relative benet in reducedinter-cluster communication
increases,whereasits relative loss due to load imbalance
remainsthe same.This atteststo why r st-t's IPC continues
to improve (for abi-directionalring), asthe numberof clusters
is increased.

On the other hand, the behaior of is diametrically
oppositeto thatof r st-t. It almostalwayshasthe maximum
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Default Valuesfor ProcessorParameters

Default Valuesfor Cluster Parameters
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numberof instructionsstalled due to inter-cluster communi-
cation and minimum number of instructionsstalled due to

load imbalance.When the number of clustersis increased,
its instruction stall count due to inter-clustercommunication
increasest an alarmingrate, attestingto its poor IPC values.
The gains for due to load balancing are obscured,
becausethe numberof issue slots available over the entire
processoincreases.

The instruction stall values for Idst slice algorithm are
almostalwaysin betweerthatof r st-t and . Hence for
a bi-directionalring interconnectwith 4 clusters,where both
load balancingandinter-clustercommunicatiorareimportant,
Idst slice hasthe best performanceFor r st-t, whatever is
gainedby lesscommunicationwhich is not muchbecausef
the lower communicatiordelays)is morethanlost dueto load
imbalance.

For a crossbarinterconnect,on the other hand, Idst slice
performs better than rst-t and , becauseall com-
municationsincur the samedelays. Hence, as the number
of clustersis increased,|dst slice which assignsthe data-
dependeninstructionsto the samecluster performsthe best
amongthe three.Although r st- t takescareof theintra-trace

communication,it suffers from inter-trace communications.

The algorithm suffers from both inter-trace and intra-
tracecommunicationdelays.

D. Impactof ClusterIssueWdth

To analyzethe impact of clusterissuewidth on the dis-
tribution algorithms, experimentsare conductedby keeping

the numberof clusters x ed at 8, and the other parameters
at their default values. In the interestof space,we restrict
these experimentsto a bi-directional ring interconnect.We
use 3 different values of issue width—1, 4, and 8. For
thesesensitvity studieswe simulateonly the 3 representatie
algorithms— st-t, Idstslice and . Figure6 presentshe
resultsof theseexperimentsin this graph,the X-axis denotes
the clusterissuewidth, and the Y-axis denotesthe IPC. As
expectedjncreaseén clusterissuewidth producea monotonic
improvementin performancefor all 3 algorithms.However,
therelative effectson the 3 algorithmsaredifferent. Whenthe
issuewidth is 1, r st-t performstheworstfor all benchmarks
and performsbetterthan r st- t. This is becauseload
balancingplaysa major role whenissuewidth is small. When
the clusterissuewidth is increasedthe relative importanceof
load balancingdecreaseprogressiely, and the performance
of rst-t andldst slice improve considerablyrelative to that
of . First-t outperformsldst slice, becauset is more
capableof reducinginter-clustercommunication.

E. Impactof Cluster Wndow Size

The experimentsare again conductedfor 8 clusters,with
the other parametersx ed at their default values.We use 3
valuesof clusterwindow size—16,32, and64. Figure7 gives
the results,wherethe X-axis denoteshe clusterwindow size
andthe Y-axis denoteghe IPC.

From the graph, we can seethat increasesn the cluster
window size consistentlyimprove the relative performance
of , i.e., the performancegapsbetween and the
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other algorithmsnarronv considerablybecauseas the cluster
window size is increased)oad balancingbecomegelatively

more important. The effect of inter-cluster communication
still dominatesthe effect of load balancing,and so 's

performancas still below thatof the othertwo algorithms.The

performanceof r st-t andldst slice on the otherhand,gen-

erally decreasewith increasesn the window size,becausef

their weak ability to ensureload balancing.The performance
of Idst slice variesin a non-standardashionwhenthe cluster
window sizeis increasedlts performanceémprovesuniformly

for all benchmarksvhen the window size is increasedrom

16 to 32, but thereafterit falls. The increasein performance
while going from a window size of 16 to 32 is becausddst

slice attemptsto target both inter-clustercommunicationand

load balancing.

F. Impactof ProcessorFetch Size

All the parameter¢apartfrom the fetch size)areagainkept
atthe default for a 8 clusterprocessarThe fetch sizesstudied
are 8, 12 and 16. Figure 8 presentghe results,wherethe X-
axis denoteghe fetch sizeandthe Y-axis denoteghe IPC. As
discussedn Section2.2, asthe fetch sizeincreasesload bal-
ancingbecomegselatively lessof a concern,and performance
is mostly determinedby inter-clustercommunicationHence
the relative performanceof r st-t and Idst slice algorithms
(with respectto ) uniformly increaseswith increases
in the fetch size. Another effect that can be seenfrom the
histogramis the drop in the performanceof in some
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a
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Processor fetch sizes of 8, 12, and 16
Fig. 8. IPC for Varying Fetch Sizes Numberof clusters= 8, Clusterissue

width = 2, Clusterwindow size = 16, Interconnect= Bi-directional Ring

of the casesasthe fetch sizeis increasedThis effect canbe
attributedto the unpredictablenatureof the distribution done
by . Its performancas very sensitve to whereexactly the
fetchunit cutsthe tracesIf thefetch unit cutsthe traceat one
particularpoint, then may endup assigningseveraldata-
dependeninstructionsto the samecluster andwhenthe trace
is cut at someother point, then may end up assigning
thosepointsto differentclusters.

IV. HIERARCHICAL INTERCONNECTS AND DISTRIBUTION
ALGORITHMS

One of the major reasonsfor the lack of scalability ex-
hibited by most of the existing distribution algorithmsis the
increasein inter-clustercommunicationdelayswith increase
in the numberof clusters.Communicationdelayscannotbe
decreasearbitrarily. Crossbatinterconnect$iave a limitation
that as the number of clustersis increased,the hardware
involved malkes it very dif cult to reducethe inter-cluster
communicationdelaysbeyond a certainpoint. For ring inter-
connectsefforts can be madeto limit the communicationto
within neighboringclustersandincur lessoverall communica-
tion lateng. Neverthelessthe communicatiorateny between
distantclustersis still very high, hurtingthe scalabilityof ring
interconnectsTo take advantageof bothtypesof interconnects
(ring and crossbar) we investigatehierarchicalinterconnects
for on-chip clustering.

A. Hierarchical Interconnects

The basicidea behind hierarchicalinterconnectds that a
small numberof physically close clustersare interconnected
using a low-lateng crossbarandthe distantclustersare con-
nectedusing a ring. Hence,in hierarchicalinterconnections,
the clustersare divided into groups of clusters, internally
interconnectedby a crossbar Multiple cluster groups are
interconnectedy either a bi-directionalring or multiple bi-
directional rings. When using such an interconnectalong
with an appropriateinstruction distribution algorithm, most
of the inter-cluster communicationhappensonly within the
low-lateny crossbarsHigh communicationlatengy may be
incurred occasionallywhen communicatingbetweendistant
clusters.



1) Single Ring of Crossbas: Figure 9 shaws the layout
of a ring of crossbarsinterconnectfor 8 clustersand 12
clusters.In this layout, 4 clustersform a group. Each 4-
cluster group is internally connectedby a 1-cycle lateng
crossbarandthe groupsareconnectedy a bi-directionalring.
The communicationlateng for intergroup communication
is 2 cycles for neighboringgroups and an additional cycle
for eachhop. For example,in Figure 9, for 12 clusters,the
communicatiorof a valuefrom a clusterin group1 to another
clusterin group 1 requiresl cycle, but communicationfrom
a clusterin group 1 to a clusterin group 2 or 3 requires2
cycles.

Group 1
[ ] Cluster
%g%g ><< Crossba
Group1l Group 2 — Ring

Group 2 Group 3

Fig. 9. SingleRing of Crossbardnterconnecfor 8 and 12 Clusters

2) Multiple Ringsof Crossbas: To reducethe numberof
valuesthat have to go throughmultiple hopsbeforereaching
their consumerswe investigatemultiple rings of crossbars
interconnectalso (shovn in Figure 10). In this layout also,
each 4-cluster group is internally connectedby a 1-cycle
latengy crossbar but the groups are inter-connectedusing
multiple bi-directionalrings. Eachof the 4 clusterswithin the
4-clustergroupis connectedo a correspondinglusterin the
neighboringgroups.For example, the bottom left cluster of
group 2 is connectedo the bottom left clustersof groups1
and 3. In this interconnectthe communicationateng across
the4-clustergroupsdepend®n the clustergparticipatingin the
communicationlf the communicationis betweenthe clusters
connectedogetherby the ring interconnectthenthe lateng
is 1 cycle; otherwise,a cycle gets addedto lateng for an
additional hop acrossthe 4-clustergroup. For example, the
communicationbetweenthe bottom left cluster of groupsl1
and 2 requiresl cycle. But, the communicationbetweenthe
bottomleft clusterof group 1 andthe bottomright clusterof
group 2 requires2 cycles.

Group 1
[] Cluster
@ >©< Crossba
Group1 Group 2 — Rings
Group 2 Group 3

Fig. 10. Multiple Ringsof Crossbardnterconnecfor 8 and 12 Clusters

B. Instruction Distribution

This subsectiordiscussenstructiondistribution algorithms
for the hierarchicalinterconnects.

Single Ring of Crossbars:It was seenthat with 4 clusters,
the best performanceis generally obtained with the Idst

slice algorithm, with the crossbarinterconnectOn the other
hand, the performanceof the r st-t algorithm, with the

ring interconnectmonotonicallyincreasesas the number of

clustersis increasedUsing this information, we investigated
the following instructiondistribution approach.

While distributing the instructionsamongthe clusters,con-
sideronly a groupof the clustersat any time andoptimizethe
distribution within this group.Oncethe instructionwindow in
this clustergroup lls up, considerthe next group of clusters,
andso on. For instructiondistribution within a clustergroup,
we use the ldst slice algorithm. The top-level distribution
algorithm,i.e., the one usedto distribute tracesacrosscluster
groups, is rst-t. The 2-level distribution approachthus
attemptsto get the bene ts of two different algorithms,in
the situationwhere eachperformsthe best.

Rings of Crossbars:For the rings of crossbarsnterconnect,
we use the Idst slice algorithm. We also performedexperi-

mentsusingthe 2-level distribution algorithmdiscussedn the

previous paragraphalong with other distribution algorithms.
We found that the Idst slice algorithm performedthe best.
The reasonfor this is the presenceof the additional connec-
tivity, which restrictsmost of the communicationto 1 cycle

latengy. The 2-level algorithm divides the instruction stream
into chunksof instructionsandtries to avoid communication
within a chunk, while paying some communicationcosts
acrosghechunks.If thecommunicatiorwithin achunkcannot
be avoided, thenit incurs a communicationcost of 1 cycle.

Ldst slice on the other hand, tries to avoid ary form of

communicationlf it is not ableto achiese that, mostof the

times, it paysa communicationcostof 1 cycle (mostof the

communicationis restrictedto 1 cycle in this interconnect).
Hence, for this interconnect,dst slice performsbetter than
2-level

V. EXPERIMENTAL RESULTS FOR HIERARCHICAL
SCHEMES

A. PerformanceResults

Figure 11 shaws the resultsobtainedwith the hierarchical
con gurationspresentedn Section4. For a 4-clusterproces-
sor, the ldst slice algorithm performsthe best,hencethe base
caselPC is that obtainedwith a 4-cluster processorusing
the Idst slice algorithm on a crossbarinterconnectln Figure
11, we also comparethe results obtainedwith hierarchical
interconnectsagainstthe most scalableexisting con guration
— rst-t algorithm on a bi-directionalring. We also present
the performanceof a hypothetical clusteredprocessorwith
anideal 1-cycle crossbarThis hypotheticalprocessousesthe
Idst slice algorithmfor instructiondistribution, andis included
to model one of the bestpossiblescenarioswith a clustered
processarin Figure11, eachbenchmarkhas?2 setsof 4 bars.
Onesetis for a 8-clusteredorocessarwhereaghe otheris for
a 12-clusteredprocessarEachbarin the graphgivesthe IPC
improvementover that of the 4-clusteredcrossbarprocessor
usingthe Idst slice algorithm.
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From the results,we can seethat performancescalability
of the hierarchical approachis better than that of r st-t
on a bi-directional ring interconnect,which has the most
performancescalability of the existing algorithms,when the
number of clustersis increasedto 8 and 12. In fact, for
twolf , the performancewith a 8-cluster/12-clusteprocessor
usingthe r st-t algorithmon aring is worsethana 4-cluster
processotusing the ldst slice algorithm on a crossbarWhen
using the single ring of crossbarinterconnectusing the 2-
level instruction distribution algorithm, discussedn Section
4, for 8 clustersthereis about10%increasein IPC over that
with r st-t algorithm.For 12 clusters,the increasen IPC is
about15%. The correspondingaluesfor the multiple rings of
crossbarsnterconnectre 15% for 8 clustersand 18% for 12
clusterslt canalsobe seenthatthe multiple rings of crossbars
is betterthanthe single ring of crossbardy about4%. Note
that the experimentswere conductedwithout any bandwidth
limitations.Hence the performancencreaseseenin the gure
is from low latencyinter-clustercommunicatiorand not from
increasein bandwidthwhenincreasingthe connectivity

From the graphs,it canalso be seenthat the performance
of our hierarchicalapproacheds very close to that of the
hypotheticall-cycle crossbamprocessarFor a 12 clusterpro-
cessoy the hierarchicalapproacts performances only about
2% worsethanthat of the hypotheticall-cycle crossbarwith
a maximumperformancdifferenceof about5%. This shavs
that the hierarchicalapproachperformsvery closeto anideal
interconneciwith a 1-cycle communicationateny).

B. Inter-Cluster Communicatiorand Load ImbalanceAnaly-
sis

The analysis is done for the single ring of crossbars
con guration, a bi-directional ring using r st-t algorithm,
and the ideal hypothetical 1-cycle crossbarusing the ldst
slice algorithm. Figure 12 presentsstatisticson the average
numberof instructionsstalledin a cycle dueto inter-cluster
communication(left partof gure) anddueto loadimbalance
(right partof gure). The methodusedto determinethe values
in the gure is the sameasin Section3.3. The format of this
gure is asfollows. The measurementare donefor the 4, 8
and 12 clustersrespectiely for all the benchmarksFor each
benchmarkthereis a setof 3 bars,onefor eachcon guration
of the clusters.

The data presentedin Figure 12 further clarify the IPC
values presentedin Figure 11. First-t almost always has
slightly fewer number of instructions stalled due to inter-
clustercommunication put suffers from a lot of load imbal-
anceas comparedo the hierarchical appmach and Idst with
1-cycle crossbar and henceperformsthe worst amongthe
three.On the other hand,the averagenumberof instructions
stalled due inter-cluster communicationand load imbalance
are almostthe samefor the hierarchical approadc and Idst
with 1-cyclecrossbar with the hierarchical appmoacd having
slightly more stalled instructions. This leadsto the almost
similar performanceof the two approachess seenin Figure
11, with the hierarchical approac performingslightly worse
thanldst with 1-cyclecrossbar

C. Impactof InterconnectionLatency

In the experimentsperformedso far, we consideredthat
the communicationlateng betweenthe neighboringgroups
of clusters,in the hierarchicalinterconnectsjs 1 cycle. The
communicationatengy alsodependson the physicaldistance
betweenthe clusters, for which a detailed layout of the
clusteredprocessotis required.A layout of the processoris
out of the scopeof this paper However, in this section,we
studythe performancempactof increasinghe communication
lateng betweenthe neighboringcluster groupsto 2 and 3
cycles.Figure 13 presentghe resultsof this study The format
of Figure 13 is similar to that of Figure 11. The r st-t
con guration in Figure 13 is alsothe sameasthat in Figure
11.

Figure 13 shaws that the IPC of the hierarchicalintercon-
nectsreducesasthe communicatiorbetweertheclustergroups
is increasedHowever, evenwith anincreaseccommunication
lateng/, the hierarchical interconnectsare still performing
betterthanthe r st-t on a bi-directional ring con guration
(rst barin Figure13), becausenostof the communicatiorin
the hierarchicalinterconnecis still limited within the 1-cycle
crossbaiinterconnectAnotherimportantobsenation that can
be madefrom Figure 13 is thatthe multiple rings of crossbhas
con guration hasrelatively more performancempactthanthe
single ring of crossbas con guration, becausethe multiple
rings of crossbas con guration has more communication
betweenthe cluster groupsdue to the distribution algorithm
used.

VI. ADVANTAGES OF THE HIERARCHICAL APPROACH

In the previous sections,we sawv that the hierarchical
approachis much more scalablethan arny of the existing
approachesThe hierarchicalapproachalso has mary other
adwantageswhen consideringprocessordesignissues.This
sectiondiscussesomeof theseadwantages.

A. Resouce Distribution

Even thougha clusteredprocessohasa distributed sched-
uler, it still hasmary centralizedresourcesuchasthe branch
prediction tables, and data caches.As the number of on-
chip clustersincreasesthe lateng to accesshesecentralized
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resourcesmay also increase(primarily as a result of the
increaseddistancebetweenthe different resources)lIn this

section,we focus on distributing the datacachebetweenthe
different clusters.With an hierarchicalinterconnectclusters
are partitionedinto closely knit groups, each of which can
share a centralizedresourcewithin the group. For a non-
hierarchicabpproachpntheotherhand thereareno groupsof

clusters(eachclusteroperateseparately)andwhile distribut-

ing resourceseachclustermay get a separateesource This

can lead to overdistribution of resourcesjeadingto major
performanceeffects. For example, if a separatedata cache
is assignedo eachclusterfor a 12-clusterring interconnect,
then it takes 6 additional cycles for a clusterto accessthe

cachelocal to the farthestcluster Whereasfor a 12-cluster
hierarchicalinterconnectwith a separatecachefor each 4-

clustergroup,accesgo ary remotecacherequiresonly 1 extra

cycle. The distribution of the cachefor an 8-clusterhierarchi-
cal singlering of crossbarsnterconnects shavn in Figure14.

We measurgperformanceof a distributed datacacheagainsta

centralizedcachehaving higherlateng. Theseexperimentsare
only performedfor the single ring of crossbarson guration

using the 2-level algorithm for instruction distribution. The

resultsfor the multiple rings of crossbarsare very similar.

For acentralizeccachethe cacheaccessateng is increased
by 1 cycle whenincreasingthe numberof clustersfrom 4 to
8 andby 2 cycleswhengoing from 4 clustersto 12 clusters.
Each group of 4 clustershas a common centralizedcache,
which is called the local cache Accessto the local cache

Cache 1

St

Distributed Cache

Cache:

Cache

Centralized Cache

Fig. 14. CachePartitioning Among Cluster GroupsConnectedby Hierar
chical Interconnects

requiresthe sameaccesdateny asin the caseof a 4-cluster
crossbamprocessarThe accesseso the remotecache requires
an additionalcycle. This structureis somevhat similar to the
NUMA architecture.In our partitioned cachecon guration,
we assumesentralizedoad/stoe queuedor all the partitioned
cachesto effectively managedependenciebetweerthe loads
andthe storesNo changesveremadeto the 2-level instruction
distribution algorithm. We found that an alternatealgorithm,
thattakesinto consideratiorthe distributednatureof the cache,
and assignload instructionsto clusterslocal for the cache
cachingthe dataat the load addressscatteredhe dependent
instructions, leading to a somavhat worse performanceas
comparedo the original algorithm.

Figure 15 givesthe IPC improvementobtainedwhen using
a distributed cache,as comparedto a centralizedcachewith
increasedaccesslatengy. As can be seenin the gure, a
distributed cacheis performingon an average5% betterthan
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with increasedateny

a centralizedcachefor 8 clusters,and on an averagel2-13%
betterfor 12 clusters.The maximumimprovementis obtained
for bzip2 : 6% for 8 clustersand15.5%for 12 clusters.IPC
improvementsare obsened for a distributed cachebecause,
for a centralizedcache,all of the cacheaccessesncur the
increasedaccesdateng, whereador a distributedcacheonly
the accesseso the remotecacheincur the high lateng. All
the accessethat are satis ed by the local cachedo not incur
the increasedaccesdateng.

B. Easeof Instruction Distribution

Most of the proposed clustered processorarchitectures
employ a dispatch-timecluster assignment.except for [3].
Bhargava et. al. [3] proposea retire-time clusterassignment,
by performingdata-dependencanalysison tracesof instruc-
tions at commit-time, and storing these traces (along with
clusterassignmentjn a tracecache.In dispatch-timecluster
assignment,nstruction distribution is done using hardware
logic, which lies in the critical path of program execution.
As the numberof clustersincrease the logic for instruction
distribution may become very complex and require extra
cycles. This is becausethe logic needsto considerthe state
of all clusters.Retire-timeclusterassignmenf3] is bene cial
in this situationbecausét eliminatesthe critical dispatch-time
lateng of the clusterassignmentogic. However, retire-time
cluster assignmentsuffers from a lack of the most current
information regarding the availability of operands,and can
resultin sub-optimaldistribution, especiallyfor large number
of clusterslin hierarchicalinstructiondistribution, only asmall
numberof clustersare consideredduring distribution. It thus
avoidstheincreasdn dispatch-timeclusterassignmenlateny
(making the distribution faster),while utilizing the mostcur-
rentinstructionoperandsnformationfor clusterassignment.

We performedexperimentshy varyingthe numberof cycles
taken for decidinginstruction placement.The comparisonis
done betweenan hierarchicalinterconnectusing hierarchical
distribution algorithm (in Section 3) and the hypothetical
processousingthe ldst slice algorithmfor a 1-cycle crossbar
interconnect.The time taken for instruction distribution for
the hypotheticalprocessois increasedy 1 cycle whengoing
from 4 clustersto 8 clustersand by 2 cycles when going
from 4 clustersto 12 clusters.For the hierarchicaldistribution,

no changeis madeto the time taken for distribution, as the
numberof clustersinput to the algorithm doesnot change.
Fiaure 16 aivesthe resultsof the experiments.
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Fig. 16. IPC Improvementfor the hierarchicalapproachascomparedo the
1-gycle crossbamprocessomith increasednstructiondistribution latengy

In Figure 16, Y-axis shavs the percentageof the increase
in IPC for the hierarchicalapproachover the ideal processor
that requiresmore cyclesfor instructiondistribution. As seen
earlier in Figure 12, the hypothetical processorperformed
2-3% better for 8 and 12 clusters,than the single ring of
crossbarsnterconnectWhereasin Figure 16, it canseenthat
the hierarchicalapproachperformson an average7% better
for 8 clustersand 20% for 12 clustersover the hypothetical
processowith increasedime for distribution. The degradation
in IPC for the multi-cycle instructiondistribution is because
the dependeninstructionsare not ableto issuein consecutie
cycles. The degradation can be reducedwith a pipelined
distribution logic (studyof pipelineddistribution is beyondthe
scopeof this paper).Hence,if instructiondistribution lateng
increasesas the numberof clustersincreasesit is bestto go
for the hierarchicalapproach.

VII.

In clustered processingmodels, the common goal is to
decreasdardware compleity, increaseclock rate,and main-
tain high levels of parallelismby distributing the dynamic
instructionstreamamongseveralclusters Thesmallsizeof the
clusterwindows greatly reduceshe compleity of their issue
logic, allowing a higherclock rate, while the combinedissue
ratesof severalclustersstill allow largeamountsof parallelism
to be exploited. In the long run, asmore and moretransistors
are integratedinto a processorchip, the numberof clusters
will increasenecessitatinghe developmenif new instruction
distribution algorithmsand new inter-clusterinterconnects.

We rst presenteda detailed discussionof the effect of
various hardware parameterson the relative performanceof
existing distribution algorithms through the stereoscopeof
inter-cluster communicationand load balancing. We then
performed a detailed study of the scalability of clustered
processorsvith several of the existing distribution algorithms.
We found that among the existing algorithms, there is no
singlealgorithmthatworks consistentlybetterfor all hardware
con gurations.Hardwareparametersuchasfetchsize,cluster
issuewidth, clusterwindow size,andnumberof clustersplay

CONCLUSIONS



a majorrole in decidingthe relative performanceof different
algorithms.For a small numberof clusters,algorithmsthat
give importanceto both load balancingand communication
tend to perform better whereasfor larger numbersof clus-
ters algorithmsgearedto reduceinter-clustercommunication
tend to perform better The study shaved that the existing
algorithmsdo not scalewell, as comparedto a hypothetical
superscalawith a single large dynamicscheduler

To improve the scalability of clustered processors,we
proposedwo hierarchicalinterconnectandinvestigatedech-
niques of distributing the instruction streamto take adwan-
tage of thesenew interconnectsUsing this new distribution
approachwe achieve performancealmostequal (around2%
less) to that obtained with a hypothetical 1-cycle lateny
crossbar(for a large numberof clusters).Thesehierarchical
interconnectsachieve IPCs around 15-20% better than the
most scalableexisting con guration of clusteredprocessors.

We alsodiscussedew of the otheradvantage®f hierarchi-

cal interconnectén the designof on-chipclusteredorocessors.

In particulay we looked at its advantagesfor distributing
resourcesamongthe clusters,andfor achieving lesscomplec
and fastdistribution hardware.
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