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Abstract
To meet increasingperformancerequirementsof DSP

applications,application speci�c processordesigns,e.g.
functionunit (FU) duplicationandregister�le (RF) distri-
bution,arewidely usedin thedesignof DSPprocessors.In
this paper, anapplicationspeci�c approachis proposedfor
thedesignof interconnectionnetwork in suchDSPproces-
sors.By extractingtheschedulinginformationof DSPap-
plications,we decidetheminimal numberof requiredpar-
tially connectedbuses.Without impactingtheperformance
andincreasingthehardwarecost,it providesoptimizedfu-
turescheduling�e xibility . Our resultsshow thatreductions
of 40%in thenumberof requiredglobalbusesand60%in
wire segmentscanbeachieved.

Key words: Clusteredprocessors,Architecture,Inter-
connectionnetwork.

1 Intr oduction
Signal processing applications become increasingly

complicated.To meettheir tight performancerequirements,
high-endDSPprocessorsusefunctionunit (FU) duplication
to exploit themaximalinstructionlevel parallelismin these
programs,i.e. multiplecopiesof onetypeof FU exist in the
systemandthusmultiple instructionsof thesametypecan
beexecutedat thesametime. However, theseFUsmayac-
cessoperandsfrom theregister�le (RF)simultaneouslyand
incurgreatcontentionsfor theRF. To simplify thehardware
design,theseFUsaregroupedinto clustersandaccordingly
thesystemlevel RF is dividedinto severalsubbanks.While
eachclustercanread/writeits associatedRF subbankwith
low cost,aninter-clusteraccesspassesthroughanintercon-
nectionnetwork andthusis muchmoreexpensive.

Figure1 shows the block diagramof TI TMS320C62x
[5]. It containstwo datapaths(clusters)and the register
�le is divided into two subbanks.FUs on datapath(clus-
ter)A canaccessregister�le A directlywithin onecycle. If
theseFUs want to accessregister�le B, onepipelinestall
is insertedby thehardwareautomatically. Inter-clusterdata
transfersin TI TMS320C62xusetwobuses(1� ; 2� ). How-

ever, at any given time, only one dataitem can be trans-
ferredon eachbus,e.g. from register�le A to datapathB.
Thebusesin TI TMS320C62xconnect6 outof 8 functional
units.

Figure 1. TI TMS320C62x Bloc k Diagram.

The interconnectionnetwork betweenclusterscan be-
comea bottleneckand hurt the overall performance.As
we will seein this paper, unrolling thekernelloop canex-
ploit theparallelismin theprogram.However, inter-cluster
datatransfersincreasesigni�cantly andlimit thepeakper-
formancethat the processorcan achieve. While compi-
lation basedapproacheshave beenrecently proposedto
re-schedulethe programand reducethe inter-clusterdata
transfers[6, 7], we take a hardware approachin this pa-
per, that is, anapplicationspeci�c interconnectionnetwork
designis proposedto reducethehardwarecostwithoutper-
formancedegradation.As weknow, to reducetheoverhead
of schedulingon clusteredDSP processors,DSPapplica-
tionsareusuallystaticallycompiledwith explicit schedul-
ing informationembeddedin thecode.For example,using
VLIW code,eachinstructioncontains4, 8 or moreopera-
tionswhichexplicitly specifythefunctionunitsandassoci-



atedregisters.On theotherhand,many embeddedsystems
aredesignedto runa limited numberof applications,appli-
cationspeci�c processordesignscanthustakeadvantageof
theseapplicationsto reducethehardwarecost.

Theinterconnectionnetwork betweenfunctionunitsand
register�les in differentclusterscouldbecrossbarnetwork,
i.e., thereis a physicalconnectionbetweeneachfunction
unit andeachregister�le. While it providesthe maximal
transfer�e xibility , its highhardwarecostprohibitsits prac-
tical use.Ontheotherhand,a fully connectedbusthatcon-
nectseachdedicatedregister �le andall function units in
otherdatapaths,hasthe potentialto becomea bottleneck.
In addition,thebusspeedis limited by thenumberof func-
tion unitsthatareconnectedto it andthusthefully connec-
tion slowsdown theperformance.

Severalpreviousworkssolve theconnectionproblemon
datapathsin singleprocessorandthusarerelatedto our re-
search.[4] addressedtheinterconnectionsynthesisproblem
similar to ours. The performance-constraintedalgorithms
areproposedto minimizethenumberof buses.Integerlin-
earprogrammingmodelsarealsoproposedin thepaperto
solve the problemoptimally. However, sincewe are us-
ing different processormodels, the data transfer in their
modelis boundto aparticularcyclewhile it is �e xible in our
model. [2] exploredthe interconnectarchitecturebetween
theprocessorandthememory. [1] focusedonoperationas-
signmentonagivenVLIW processorandmadetheassump-
tion that the interconnectionnetwork is given. All of these
worksareat thesingleclusterlevel. Compilationbasedap-
proaches[6, 7] arerecentlyproposedto take existing inter-
connectionnetworkconstraintsandoptimizethescheduling
undertheseconstraints.Our approach,however, removes
the interconnectionconstraintsandincreasesthe �e xibility
in software scheduling. As shown in this paper, our ap-
proachis orthogonalto compilationoptimizationsandthus
canbeusedtogetherwith advancedschedulingtechniques.

Therestof thepaperis organizedasfollows. We model
DSPapplicationsaswell as target processorarchitectures
in section2. Theproposedapproachis motivedandbrie�y
discussedin section3 anddiscussedin greatmoredetailsin
section4. The experimentalresultsaregiven in section5.
Section6 concludesthepaper.

2 Fundamentals
2.1 Modeling DSPapplications

DSPapplicationsspendmostof their executiontime on
loops[6]. For simplicity, thispaperfocusesonbasicblocks
of kernelloops.Ourproposedapproachcanbeextendedto
kernelsby takingcontrol�o ws into consideration.

A basicblock in a DSPapplicationis modeledasa data
�ow graph (DFG) in this paper. It is a directedweighted
graphG = (V; E ; d; t) whereV is the setof computation
nodes(instructions);E is asetof edgesthatde�nesthedata

dependency relations,i.e. E = f : V ! V ; d(e)is a num-
berof delays(registers)for anedgee 2 V . Thesetof edges
without delaycomposesa DirectedAcyclic Graph,which
representsdatadependencieswithin thesameiteration.
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Figure 2. A Directed Acyclic Graph G
For illustrationpurpose,a simpleDAG is shown in Fig-

ure2 andwe useit throughoutthis paper. ThisDAG exam-
ple consistsof 9 operations.Eachoperationis represented
by anodelabeledasA, B, etc.All theseoperationsareaddi-
tionsin this examplealthoughthey canbeadditions,multi-
plicationsor otheroperationsin a realprogram.A directed
edgerepresentsa datadependency from theoperationthat
generatesadataitemto theoperationthatconsumesthedata
item. As it is shown in theFigure2, operationG depends
on the outputsof operationsB and C. Sincethereare no
control�o w edges,theDAG is thusacyclic.

2.2 Modeling Clustered DSPProcessors
Figure 3 illustrates the target processormodel which

containsasetof n DSPclusters.Eachclustercontainsmul-
tiple functionalunits andoneregister �le. The functional
unitsin oneclustercanaccessits register�le with low cost.
However, whena FU wantsto accessa remoteregister, the
contentis transferredfrom aninterconnectnetwork(CN). It
is moreexpensiveandslow.
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Figure 3. Target Architecture
In this paper, our goal is to optimize the interconnec-

tion network for givenpre-scheduledDSPapplications.In a
pre-scheduledDSPapplication,all operationsareexplicitly
assignedto FUsandthey areexecutedin their programor-
der. Multiple inter-clusterdatatransfersmight occurat the
sametimeandtheinterconnectionnetworkneedstobecare-
fully designedto eliminatethepossibledelays.For exam-
ple, while F U1 in cluster2 fetchesan operandfrom RF1,
F U3 maywantto fetchanoperandfromRF2. Two straight-
forwardconnectionschemesexist to satisfythetransferre-



quirement.The�rst oneis to connectRF1 to F U1 in clus-
ter2 andRF2 to F U3 in cluster2 respectively. Thegeneral
form of this approachis to connecteachRF andeachF U
usinga differentconnectionsegment,i.e. a crossbarnet-
work. Clearlytherewouldbetoomany connectionsandthe
highcostwould prohibit its practicaluse.

Theseconddesignis to usebuses.Sincewehavetwo si-
multaneoustransfers,two busesareneeded.Eachbuscon-
nectsall register �les andall functionalunits. In general,
thenumberof busesis themaximumnumberof inter-cluster
datatransfersthatcanoccurin ascheduledprogram.While
thisnumberis not verybig, therearetoomany connections
pointson eachbusandresultsin longerbusdelayandhigh
physicalareacost.

In this paper, we usean applicationspeci�c processor
design(ASIP) approachand proposea partial connected
busconnectionschemewhich(1) reducestherequiredbuses
for pre-scheduleapplications;(2) optimizestheconnection
points on eachbus without introducingany performance
degradation.

3 Algorithm Overview
In this section,we motivateandbrie�y discussour pro-

posedapproach.Thealgorithmdetailswill bediscussedin
thefollowing section.

For illustrationpurpose,we assumethatthegivenarchi-
tectureconsistsof two clustersand eachclustercontains
oneadder FU. Eachis associatedwith a RF asit is shown
in Figure3. Transferringdatafrom oneto anotherwould
requireapartiallybuswhichmaybesharedby multipleFUs
andRFs.At any giventime,only onedatatransferis possi-
bleoneachbus.

3.1 List Scheduling
The inputs are DSP applicationsscheduledby a tradi-

tional list schedulingalgorithm. The algorithm�rst num-
bersall functionalunitsandthenschedulesanoperationto
thenext availableFU of thesametypewith smallestindex.
It givesmorepriority to localFUsduringtheschedulingand
achievesfastschedulingby usingtheheuristicto schedule
eachoperationasearlyaspossible.

Thedetailedlist algorithmworksasfollows. An opera-
tion (instruction)is consideredasa readyoperationat con-
trol stepcs if it doesnot dependonany otheroperationsor
all of its dependableoperationshave generatedtheresults.
As wescantheprogram,readyinstructionsareinsertedinto
a l ist andorderedaccordingto thenumberof its dependent
operations,i.e. how many otheroperationsthatdependon
it. At any control stepcs, the readynodeof the highest
priority is selectedandremovedfrom the list. Therestare
scheduledin laterstep.

For example,supposenodeB andH in theFigure2 are
both readyfor scheduling.SincenodeG andI areall de-
pendingon theB's outputandthelongestlengthfrom B to

I is 3. The nodeH only hasonechild nodeof I and the
longestlengthfrom H to I is 1. ThusB will be scheduled
beforeH will.
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Figure 4. DAG G's Corresponding Scheduling
and Data Transf erring Diagram
By applyingthelist schedulingalgorithmon thesample

program,we gettheschedulingschemeasFigure4(a).Op-
erationnodeA, B, E,G andI areassignedto functionalunit
P1 while the operationnodesD, C, F andH areassigned
to P2. The lines with arrows indicatethat the datatrans-
fersarerequiredduring theoperations.For example,there
is anarrow pointingto A from C which representsthedata
transferfrom functionalunit P1to functionalunit P2during
�rst controlstepafternodeA hasgeneratedits outputdata.
NodeD alsoproducesinput datafor nodeE. Thusthereis
anotherline with arrow pointing to E from D which indi-
catesthata datatransferis requiredbeforenodeE startsits
computation.So thedatatransfercanhappeneitherin the
control step1 after nodeD generatedits output or in the
control step2 beforenodeE startsits computation.Please
notethatno datatransferringis requiredif two dependable
nodesarescheduledonthesamefunctionalunit. For exam-
ple,asit is shown in Figure2 thatthereis adatadependency
betweennodeA andB, no datatransferis necessarysince
thesetwo nodesarescheduledon thesamefunctionalunit.

3.2 Our Moti vation
In the above scheduling,we assumeunrestrictedinter-

connectionnetwork, or, thereis alwaysan free communi-
cationchannelwhena datatransfertakesplace. While it
is possibleto �x the interconnectionnetwork beforehand
andtake it into theschedulingdecision,it clearlylimits the
�e xibility andhurtsneverthelesstheperformance.Instead,
we take anotherapproachin this paper. Theschedulingal-
gorithm canstill schedulethe operationswithout network
constraints.We take the scheduledapplicationsas inputs
anddesigntheinterconnectionnetwork with minimalhard-
warecostto maintainthedesiredperformance.

Our key observation is that in the list schedulingalgo-
rithm, all dataitemsaretransferredimmediatelyafter they
aregenerated.However, that is not necessary. Actually, it
is possibleto transferthedataitemanytimeafterit is gener-
atedandbeforeit is used.Assumingthereis noregister�le
pressure,the dataitem is �rst written to a local temporary
registerandcouldbe transferredlater. In this way, we can



greatly reducethe burst bus requirementby balancingthe
transfersover thetime.

For thispurpose,adatatransferdiagramis built in which
cyclesareexplicitly shown ascontrolsteps(X-axis in Fig-
ure 4(b)). We also mark operationsand all control steps
thata datatransfercanpossibletake placeat thatstep.The
line segmentsundereachcontrolstepin Figure4(b) repre-
sentthepossibledatatransfers.Theleft operationis always
a senderanda right nodeis alway a receiver. For exam-
ple, X 11 representsthe datatransferfrom nodeA to node
C during the �rst control step. X 21 andX 22 representthe
possibledatatransferfrom nodeD to nodeE. Sincedata
transferringtakesonly onecontrol step,oneandonly one
of X 21 or X 22 canbe1. As we discussed,if at thecontrol
step2, the datatransfersfrom D to E andfrom C to G all
happen,a total of 2 busesis requiredto ful�ll thetransfer.

A carefully analysisshown that if we assignthe data
transfersfrom A to C and from D to E in control step1,
assignthedatatransfersfrom C to G in control step2 and
assignthe datatransferfrom E to H in control step3, we
needonly 2 buses.This is a simpleexamplewhich canbe
easilyanalyzed.For complicatedcases,we will developa
systematicapproachanddiscussit in detailsin section4.

3.3 Optimized List Scheduling
As wediscussed,schedulingoptimizationcangreatlyre-

ducethenumberof globalbusesin theinterconnectionnet-
work. However, our approachis orthogonalto scheduling
andcanbeusedin combinationonexistingschedulingtech-
niques.

In this section,we proposeanoptimizedlist scheduling
algorithmandit is usedin our experiments.An improve-
mentis madeduringthestepof assigningoperations.While
in thetraditionallist scheduling,anoperationis assignedto
theavailableFU in �x edorder, we insteadpick up theFU
whichhasthemajorityof its parentoperations.Thisheuris-
tic minimizestheinter-clusterdatatransfersandlowersthe
numberof requiredglobalbuses.For example,afterapply-
ing this optimization,theschedulingandits corresponding
datatransferdiagramareshown in Figure5 which reduces
the numberof requiredglobal busesfrom 2 to 1 ascom-
paredto Figure4.
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Figure 5. Optimiz ed Scheduling and its Cor­
responding Data Transf erring Diagram

4 Optimizing Inter connection Net-
works

We discussour approachto optimize the interconnec-
tion network in this section. The approachis divided into
two steps: we �rst model the schedulinginformation in
an integer linear programmingsolver. It is thensolved in
polynomialtimeanddecidetheminimumnumberof global
buseswithout performancedegradation. We then decide
the topology of the interconnectionnetwork basedon the
schedulemodelcreatedin the�rst step.

4.1 Determine the Data Transfer Scheme
Our algorithmis basedon theapplicationandarchitec-

turemodeldescribedin section2. We follow the two con-
straintsdiscussedin the previous section: (1) time con-
straint. That is, given a statically scheduleDSP applica-
tion, inter-clusterdatatransfersare �e xible as long as the
operandsaretransferredafterthey areproducedandbefore
they areconsumed.(2) busconstraint.Thatis, at any given
time, the numberof simultaneouslydatatransfercantake
up to thenumberof buses.

Algorithm 1 extractsthe time constraintfrom the pre-
scheduledDSPapplicationandcreatea datatransferdia-
gram. The input is a schedulingdiagramasshown in Fig-
ure 4. It generatesa list of transfervariablesnotedasx i;j

which indicatesthatthei � th dataitemtransfercouldhap-
penat j � th controlstep.If x i;j = 1, thedatatransferdoes
happenfor i � th datatransferatstepj . Otherwise,it is not.

Proc-ConstructDataTransferDiagram
1 edgeList all edgesonDAG G
2 transferList 0; i  0
3 for eachedgee in theedgeList
4 PE(N1)  ProcessorUnit onwhich

theproducingnodeN1 is scheduled
5 PE(N2)  ProcessorUnit onwhich

theconsumingnodeN2 is scheduled
6 if PE(N1) 6= PE(N2)
7 i increasesby 1;
8 cs start controlstepof N1 completes
9 cs complete controlstepof N2 starts
10 for eachj thatcs start� j < cs complete
11 transferList InsertList(x ij , transferList)
12 returntransferList

By applyingthis algorithm,we will createa list of X i;j

asshown in Figure4(b). For illustration purpose,we use
the traditionalschedulingasthe input in this section. Our
experimentstake the optimizedschedulinginformationas
theinput.

After creatingthelist of X i;j , we addbusconstraintand
formulateit asfollows. (1)-(5) indicateseachdatatransfer
takesonecycle. And (6)-(9) indicatesat mostb simultane-
oustransfersarepossible.



x11 = 1 (1)

x21 + x22 = 1 (2)

x32 + x33 = 1 (3)

x43 = 1 (4)

x54 = 1 (5)

aseverydatatransfertakesonly onecontrolstep.And

x11 + x21 � b (6)

x22 + x32 � b (7)

x33 + x43 � b (8)

x54 � b (9)

(1)-(9) canberewritten to asfollows.
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wheres1, s2, s3 ands3 arepositive integervalues.
Supposewe de�ne

Y T = (x11; x21; x22; x32; x33; x43; x54; s1; s2; s3; s4)

V T = (1; 1; 1; 1; 1; b;b;b;b)
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Thusequation(10)canbesimpli�ed asCY = V .
Solving equation (10), we obtain b = 2,

X T = (1; 1; 0; 1; 0; 1; 1) where X T =
(x11; x21; x22; x32; x33; x43; x54)

Thefollowing summarizethegeneralprocedureof solv-
ing the minimum numberof global busesand it' s related
CN topology.

� DeriveDataTransferDiagram(DTD)ongivenDAG

� De�ne vectorX T = (x11; :::; x ij ; :::; xmn ) wherem is
thenumberof transfersandn is thenumberof control
steps.1 � i � m and1 � j � n.

� De�ne vectorST = (s1; :::; sj ; :::; sn ) whereSj is non
negative integerand1 � j � n

� De�ne vectorY T = (X T ; ST )

� De�ne vectorV = (1; :::; 1; b;:::; b). Therearem 1's
andn b's in thevectorV.

� ConstructmatrixC basedonthepropertiesof theDTD

– ConstructmatrixB basedoneachdatatransferi,P
j x ij = 1

– Constructmatrix D basedon eachcontrolstepj,P
i x ij � b

– x ij 2 0; 1 for every i, j andb � 0

� C =
�

B O
D I 3

�

� SolvingCY = V for X – IntegerLinearProgramming
in polynomialtime

After modelingtheconstraintsin matrix format,clearly
it is an linear programmingproblem. Although a general
integer linear programmingproblemis NP-hard,we will
shown in the following that given the propertiesof matrix
C, CY = U is solvablein polynomialtime.

DEFINITION 4.1 A square, integer matrix B is called uni-

modular(UM) if its determinantdet(B ) =
+
-

1. An in-

teger matrix A is called totally unimodular(TUM) if every
square, nonsingularsubmatrixof A is UM.

THEOREM 4.1 An integer matrix A with aij = 0;
+
�

1 is

TUM if no more than two nonzero entriesappearin any
column,and if the rows of A can be partitioned into two
setsI 1 andI 2 such that:
1. if a columnhastwo entriesof thesamesign,their rows
are in differentsets;
2. if a columnhastwo entriesof differentsigns,their rows
are in thesameset.

The matrix C in equation10 hasexactly the properties
describedin theabovetheoremsince

j + lX

j = j

x i;j = 1; 1 � i � m (11)

mX

i =1

x i;j � b; 1 � j � n (12)



Equation(11) simply reiteratesthe fact that eachdata
transfertakesonecontrol step. Thus, for eachrow in the
matrixC, only onevariablewill be1 andtherestwill all be
0s. In equation(12),b is thenumberof sharedglobalbuses
in question.ThusmatrixC is total unimodular.

THEOREM 4.2 If A is TUM, thenall theverticesof R1(A)
are integer for anyinteger vectorb.

Thus a standardform Linear Programmingwith TUM
matrixwill alwaysleadto anintegeroptimumwhensolved
by thesimplex algorithm.

When an LP is formulatedwith inequality constraints,
suchasequation(12), thesameresultholds.

Let thecorrespondingpolytopebe

R2(A) = f x : Ax � b;x � 0g (13)

Thenwehave thenext theorem.

THEOREM 4.3 If A is TUM, thenall theverticesof R2(A)
are integer for anyinteger vectorb.

The proof of the above theoremscan be found in [3].
Basedon theabovetheorems,it' s not dif�cult to provethat
thematrix C is TUM asit satis�estheconditionsspeci�ed
in Theorem4.1. Thus,determiningthe minimum number
of globalbusesis notageneralNPcompleteproblemandit
takespolynomialtime to �nd theoptimalsolution.

4.2 Determining the ConnectionScheme
Besidesthe minimum numberof global buseswe cal-

culatedfrom the�rst step,anapplicationspeci�c intercon-
nectionnetwork designhasto determinehow theseFUsand
RFsareconnected.We will exploit thedatatransferinfor-
mationanddeterminethe topologyto reducethehardware
costwhile achievemaximalfuture�e xibility .

To determineif aconnectionfrom aFU or RFto abusis
necessaryin interconnectionnetwork,weusethedatatrans-
fer informationfrom the �rst step. An algorithmis devel-
opedandshown asfollows.

DETERMINECN TOPOLOGY(G, S,DTD, b)
1 cs 0
2 Bus[i]  0, i from 1 to b
3 N  totalnumberof datatransfers
4 repeat
5 for j = 1 to N
6 if xcs;j = 1
7 then FU1  processorof Producer(xcs;j )
8 FU2  processorof Consumer(xcs;j )
9 for i = 1, ..., b
10 if FU1or FU2 2 BUS[i]
11 Bus[i]  InsertList(xcs;j , Bus[i])
12 continue;
13 Bus[1]  InsertList(xcs;j , Bus[1])
14 cs cs+ 1
15 until cs > maximumcontrolstepof theschedulinglength
16 outputBus[i], i from 1 to b

It maintainsb busesand try to reducethe connection
pointsby reusingpreviousones. If a datatransferfrom A
to B happensat somestep,it checksif A or B hasbeento
connectedto a bus. If yesandthatbusis idle, we canreuse
it. If oneof themis in a bus,we canaddonemoreconnec-
tion point. If thereis nosuchbusor thebusis busy, thenwe
canconnectA andB to a freebus.

5 Experimental Results
We have implementedandevaluatedtheproposedalgo-

rithmsonasetof digital signalprocessingapplications.The
optimizedlist schedulingalgorithm(discussedin section3)
is implementedandusedto generatethe input scheduling
scheme.The processorarchitectureis basedon Figure3.
To exploit themaximalinstructionlevel parallelism,weun-
fold the loop several times(indicatedin the results)which
canuseup to 15 clusters.For the�rst 5 clusters,eachcon-
tainsanadderanda multiplier. For the rest,eachcontains
anadder.

The benchmarkswe usedare all digital �lters. 4-lat
refersto 4 lattice�lter while biquadrefersto thebiquadratic
digital �lter . A suf�x indicatesthenumberof timesthepro-
gramis unfolded,e.g. uf 2 meansthe loop is unfolded2
times.

Before After
Benchmarks Optimization Optimization

4-lat 11 3
4-lat-uf2 13 4
4-lat-uf3 10 5
biquad 2 2
biquad-uf2 4 4
biquad-uf3 6 4
er-lat-uf2 17 11
er-lat-uf3 13 10
elf-uf2 5 3
iir-uf2 5 4
iir-uf3 8 5
rls-lat-uf2 9 5
volt 5 1
volt-uf2 13 2
volt-uf3 11 3

Average 7.8 4.35

Figure 6. Number of Partiall y Connected
Buses.
Figure 6 comparesthe requiredglobal buseswith and

without proposedinterconnectionnetwork optimization.In
the �rst column, we list benchmarksin the experiments.
Column 2 reports the maximal numberof busesfor the
pre-scheduleddatatransferschemewithoutintroducingany
performancedegradation. Column 3 reportsthe reduced
numberof busesafter optimization. For example,4 lat-
tice �lter , 11 and3 busesarerequiredbeforeandafterop-
timizationrespectively. On average,thealgorithmreduces
themaximalnumberof busesby 44.2%.Thusweconclude
the proposedalgorithm is very effective in removing bus
contentions.

With the�x ednumberof globalbuses,we thencompare
thenumberof connectionsegmentsin thenetwork with dif-



Benchmark Fully Con-
nected
Buses

Connection
in Pairs

Partially
Connected
Buses

4-lat 39 11 11
4-lat-uf2 56 22 22
4-lat-uf3 70 25 25
biquad 6 2 2
biquad-uf2 28 4 4
biquad-uf3 36 6 6
er-lat-uf2 88 23 23
er-lat-uf3 88 23 23
elf-uf2 9 8 8
iir-uf2 32 6 6
iir-uf3 50 9 9
rls-lat-uf2 20 10 10
volt 10 10 10
volt-uf2 28 16 16
volt-uf3 42 21 21

Average 34 12 12

Figure 7. Segments in the Network.

ferentconnectiontopology(Figure7). Column1 lists the
benchmarks. Column 2 reportsthe numberof segments
whenusingfully connectedglobalbuses.Column3 reports
the resultswheneachconnectionis setupbetweena regis-
ter �le anda functionalunit, i.e. in pairs.Column4 reports
theresultswhenusingpartiallyconnectedglobalbuses.We
canseefrom the tablethatdifferenttopologiescangreatly
affect the numberof connectionsegmentsin the network.
Onaverageconnectionin pairsor usingpartiallyconnected
busescanreduce64.7%of connectionsegments.Sincethe
numberof segmentsaffectsthehardwarelayoutaswell as
thewire connection,it is bene�cial to have a smallnumber
of connectionsegments. Applying an applicationspeci�c
designapproachgreatlyreducesthis numberandthusopti-
mizesDSPprocessordesigns.

Benchmarks Partially
Connected
Buses(A)

Connection
in Pairs(C)

Ratio of C
over A

4-lat 480 11 0.023
4-lat-uf2 45360 22 0.00049
4-lat-uf3 209160 25 8.6e-5
biquad 2 2 1
biquad-uf2 4 4 1
biquad-uf3 65 6 0.09
er-lat-uf2 297 23 0.0774
er-lat-uf3 11292 35 0.0031
elf-uf2 27 8 0.296
iir-uf2 8 6 0.75
iir-uf3 33 9 0.27
rls-lat-uf2 147 10 0.068
volt 2e7 10 5e-7
volt-uf2 362880 16 4.41e-5
volt-uf3 2.4e8 21 7e-11

Figure 8. Network Connectivity .
From the previous experiment,we concludethe inter-

connectionnetwork shouldeither take partially connected
busesor have connectionin pairs. We thendo the experi-
mentto comparestheirconnection�e xibility . Figure8 com-
paresthepossibleconnectionchoiceat any given time. A
connectionchoiceis a datatransferfrom a register�le to a
functionalunit. With partially connectedbuses,any regis-

ter �les cansendto any functionalunits if bothpartiesare
connectedto the bus. With pair connection,thereis only
onechoicefor eachconnection.All connectionsegments
in pairconnectioncouldbeusedsimultaneouslywhile only
onetransfercantake placeon eachbus at any given time.
However, busconnectionsimplify the thehardwaredesign
andtheperformancebottleneckhasbeenremovedthrough
ILP solver.

6 Conclusion
In this paper, we proposean applicationspeci�c ap-

proachfor the designof interconnectionnetwork in clus-
teredDSPprocessors.Usingintegerlinearprogramming,it
determinesa minimal numberof partially connectedbuses
in polynomialtime. Theapproachfurtherdeterminesanop-
timizedconnectionschemewhich increasestheconnection
�e xibility without causingfurtherhardwarecost.
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