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Abstract

TheCompaancompilerframeworkautomatesthetransformationof DSPapplicationswritten in
Matlab into KahnProcessNetworks(KPNs). TheseKPNsexpressthesignalprocessingapplica-
tions in a parallel distributedwaymakingthemmore suitablefor mappingontoparallel architec-
tures.A simpleinstanceof a generatedKPNbyCompaanis a Producerprocessthatcommunicates
with a Consumerprocessvia a FIFO buffer, with theConsumerreadingdatafromtheFIFO using
a blocking read.Whenthesequenceof producingdatais different fromthesequenceof consuming
data,a simpleFIFO is notsufficientto implementthecommunication.For such case, extra storage
and control are neededat the consumerside. This paperpresentsa novel approach that deter-
minesat compiletimewhethera FIFO buffer is sufficient for everyProducer/Consumerpair of a
Compaan-generatedKPN. For thecasewhentheadditionalmemoryis required,we alsoprovide
anaddressgenerationmechanismat compiletime. Thepresentedapproach is basedontheEhrhart
theory.
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The Compaanframework [8] automaticallytransformsdigital signal processingapplications,

writtenin asubsetof Matlab,into KahnProcessNetworks.TheseKPNsexpressthesignalprocess-
ing applicationsin a paralleldistributedway makingthemmoresuitablefor mappingontoparallel
architectures.Thesenetworks canbe convertedto VHDL andquickly synthesizedto FPGAs[5]
or mappedonto someparallelsignalprocessingarchitectures[9] at a high level of abstractionto
obtainfirst-orderperformancenumbers.

Thesimplestinstanceof aKahnProcessNetwork is aProducerprocessthatcommunicateswith
a Consumerprocessover anunboundedFIFO channelin which theConsumerreadsdatafrom the
FIFO usinga blockingread.A problememergesif theorderdatais producedis differentfrom the
orderdatais consumed.Suchsituationleadsto functionalincorrectevaluationof thenetwork and
moreover it mayleadto dead-lock.To avoid suchsituation,it is necessaryto introduceareordering
mechanismthatallows theConsumerto consumethedatain thecorrectway. This paperpresents
a compiletime approachto determinefor a derivedprocessnetwork whetherFIFOsaresufficient
or additionalreorderingmechanismsareneeded.For the casewhen a reorderingmechanismis
required,we alsoprovide its model.

We assumethat theprocessnetworks arederived usingthe Compaantoolsetfrom nestedloop
programswritten in Matlab. Thetoolsetconsistsof threetools. Thefirst tool transformstheinitial
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Matlabcodeinto singleassignmentcode(SAC), which representsthedependencegraph (DG) of
the initial nestedloop program. The secondtool converts the SAC into a PolyhedralReduced
DependenceGraph(PRDG)datastructure,which is a compactmathematicalrepresentationof the
DG in termsof polyhedra.Thethird tool convertsthePRDGinto aprocessnetwork by associating
a processwith eachnodeof the PRDG.Theseparallel processescommunicatewith eachother
accordingto thedata-dependency givenin theDG.
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Figure 1. An example of a Polyhedral Reduced Dependence Graph.

An exampleof a PRDGgraphis given in Figure1. The nodesare � A, B, C, ..., E � andthe
edges� a, b, c, ..., l � betweenthesenodesrepresentthedependencies.For example,nodeE hasa
data-dependency with B,D andC.

� ����
�����������! "
���#���$%�&�'�)(*�+�
The communicationbetweentwo processes,for examplethe communicationbetweenprocess

A and B over the edgea, can be abstractedto an instanceof the Producer/Consumerpair [1]
shown at the top part of Figure2. In this figure, the two processescontainnested-loopprograms
that communicatewith eachotherusinga global two-dimensionalarrayA[i,j] . To obtaina Kahn
ProcessNetwork, we have to replacethis global arrayby a FIFO channelasshown in the lower
partof Figure2. This unbounded,one-dimensionalFIFO channelis beingaccessedby meansof
a non-blockingwrite (implementedby fifoPut function)anda blocking read(implementedby
fifoGet function).

[A(i,j)] = F (i,j);
for j = i:1:N,

for i = 1:1:N, for x = 1:1:N,
for y = x:1:N,

F ( A[x,y] );

end
end

end
end

for i = 1:1:N,

end
end

for j = i:1:N,
out = F (i,j);
fifoPut( out );

for y = x:1:N,

end
end

for x = 1:1:N,

fifoGet( in );
in = F (x,y);

P C

P C

Global 2−D Array
           A[i,j]

FIFO 

Linearization

Figure 2. The Linearization Step and Linearization Model.

In general,the conversionfrom a PRDG,asshown for instancein Figure1, to a processnet-
work entailsthat for eachedgein the PRDG,the high dimensionaldatastructure(e.g.,A[i,j]) is
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linearizedinto a singlestreamof data. We call this transformationLinearization. The model to
do the linearizationis given by the linearizationmodel. The lower partof Figure2 describesthis
model.

If we look at thenestedloop programsfor theProducerandConsumerin Figure2, we seethat
the for-statementsdescribeiterationspacesthathave triangularshape.Althoughthe for-next loops
areparameterizedin , , weshow theiterationspacesfor ,.-0/ . Theblackdotsinsidethetriangles
representiteration points. The triangularshapescan be describedas a polytopeand are called
domains. In general,any systemof for-statementscanbeexpressedin termsof polytopes[6].

5 6 7 8 5 6 7 8

for x = 2:1:N−1,for i = 1:1:N,
for j = i+2:1:N,

end end
end

for y = x:1:N−1,

end
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F (fifoGet());fifoPut( F (i,j));
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Mapping M(x,y)=(x−1,y+1)
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Figure 3. An Producer/Consumer pair .

Theintegerpointsinsideapolytopearein principlenotordered.Nevertheless,thefor-statements
do imposea particularorderasshown by thearrows in Figure2. Theorderthe for-statementsstep
throughtheiterationspacedeterminesaparticularschedule. Thereis anaffinefunctionbetweenthe
Producerandthe Consumerthat representsthe datadependency betweenthe Consumeriteration
pointsandtheProduceriterationpoints.Wecall thisamappingfunction. In Figure3, themapping
functionis 1%243�576�8*-9243�:<;=576�>?;@8 . At eachiterationpointof theProducerin Figure3, a functionACB

is evaluatedandthe result is sentover theFIFO to theConsumer. Similarly, at eachiteration
point of theConsumer, a valueis readfrom theFIFO. This valueis theargumentfor the functionA�D

, which is executedby theConsumer.

E FG�IHJ�&���&���LK��MN�&����O��&#
The datathat needsto be communicatedbetweenthe Producerandthe Consumerwill be sent

over a FIFO aspart of the Linearizationstep. Becausea FIFO is strictly ordered,the orderdata
arrivesattheConsumersidehasto bethesameorderasit wasproducedby theProducer. According
to thescheduleof theProducerandthescheduleof theConsumer, we distinguishtwo cases:
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In order: thesequenceof producingdatais thesameasthesequenceof consumingdata.

Out-of-order: thesequenceof producingdatais differentfrom thesequenceof consumingdata.

3.1 In-order case

According to the schedulesandmapping,the Producer/Consumerpair shown in Figure3 de-
scribesan in-ordercase.The databeingproducedat the Producersideis readin the sameorder
asgiven by the scheduleat the Consumerside(SeeFigure4). In sucha case,a FIFO buffer is
sufficient for thelinearizationof aProducer/Consumerpair.

      . . . .            . . . .           

(1,3) (1,4) (1,5) (1,6) (1,7) (1,8)    (2,4) (2,5) (2,6) (2,7) (2,8)   (3,4)  . . . .  (3,8)  . . . .   (5,7) (5,8)   (6,8)              

(2,2) (2,3) (2,4) (2,5) (2,6) (2,7)   (3,3) (3,4) (3,5) (3,6) (3,7)    (4,4)  . . . .  (4,8)   . . . .  (6,6) (6,7)   (7,7)

Figure 4. A sequence of producing and consuming data for the in-or der case

3.2 Out-of-order case

However, if we interchangetheindicesx andy of theloopsfrom theConsumer(seeFigure3) to
forceadifferentschedule,thenestedloop programinsidetheConsumerbecomesasfollows:

for y = 2 : 1 : N-1,
for x = 2 : 1 : y,

Fc(fifoGet());
end

end

Let’sstartto look at thefirst iterationfrom theProducer, which is(1,3) (SeeFigure5). At this
iteration,theProducerproducesa token that is sentto theFIFO. This token is taken out from the
FIFO at iteration(2,2) at theConsumerside. Accordingto themapping,thetokenproducedat
iteration(1,3) is consumedcorrectlyby iteration(2,2). Thesamesequenceof eventsapplies
for thenext iterationpoint from theProducer(1,4) andtheConsumer(2,3).

(2,2) (2,3) (3,3) (2,4) (3,4) (4,4) (2,5) (3,5) (4,5) (5,5) (2,6) (3,6) . . . .               

(1,3) (1,4) (1,5) (1,6) (1,7) (1,8)    (2,4) (2,5) (2,6) (2,7) (2,8)   (3,5) . . . . 

Figure 5. A sequence of producing and consuming data for the out-of-or der case

A problemoccurswhentheConsumerwantsto evaluateiterationpoint(3,3). Thetokenread
from theFIFO is the token producedby theProducerat iteration(1,5). However, accordingto
themappingfunction 1P2Q8 , the token producedat iteration(2,4) is required.Theevaluationof
thetokenrelatedto iteration(1,5) by theConsumerwould leadto anincorrectevaluationof the
describedprocessnetwork. Hence,in caseof an out-of-orderschedule,the Linearizationmodel
proposedin Figure 3, is no longervalid. When the reorderingproblemappears,the Consumer
shouldrestorethedesiredorderof thetokens.
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Although we forced a different scheduleto illustrate out-of-orderexecution,we remarkhere
that the out-of-orderproblemis a consequenceof the way the original Matlab is written. In the
Matlabcodethehigherdimensionalglobalarraywouldalsobeaccessedin anout-of-orderfashion.
BecauseMatlab is a sequentiallanguage,this reorderproblemis not an issue,but if you go to
processesrunningin parallel,this datareorderingbecomesvery mucha problem,asillustratedin
Figure5.

R KS
�O7�N����
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*UV��MW�X����
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In theconversionof a PRDGto a processnetwork, we first needto beableto detectwhetheror

not thelinearizationmodelis enoughto realizethelinearizationstepfor anedgein a PRDG.If the
regular linearizationmodelcannotbe used,i.e., a FIFO is not sufficient, asshown by the out-of-
order example,we needa specialreorderingmechanismto realizethecorrectcommunication.We
first discussa compiletime solutionto detectfor a given producer/consumerpair if we arein the
in-orderor theout-of-ordercase.Next, we discussanextensionof thelinearizationmodelfor the
out-of-ordercase.

4.1 Detection of out-of-order Producer/Consumer pairs

To detectif aFIFOis sufficient in thelinearizationstep,wehave to beableto comparetheorder
datais producedwith theorderit is consumed.This requiresthatwe establisha basisallowing us
to reasonabouttheorderof theiterationpointsof anestedloopprogram.As suchbasis,we would
like to find a functionthatassociatesto eachiterationpoint a numberthatexpressestheorderthis
point it is executedrelative to otheriterationpoints.Wecall this functiontherankfunction.

Supposeweareableto establishsucha rankfunctionfor aConsumerprocessandfor aProducer
process.TherelationshipbetweentheProducerdomainandtheConsumerdomainis givenby the
mappingfunction 1%2Q8 . If we composethe rank function of the Producerwith this mapping,we
establishafunctionthatfor eachConsumeriterationpointgivestheorderin whichtheneededtoken
arrivesthroughtheFIFO.Wecall this functionthereadfunction:`badc�e 243 D 8f- `gcihkjil 243 B 8nm A 243 D 8po

If therankfunctionis equalto thereadfunctionfor all theiterationpointsat theConsumerside,
theneachtwo correspondingpoints(onefrom the Producerprocess3 B andoneat the Consumer
process3 D ) have thesameorderin theexecutionof theirdomainloops:`badc�e 243 D 8&: `gc!hkjiq 243 D 8r-ts	u)vC3 D�w<xzy hk{d|C}~a�` o

Thus,if thesetwo functionsareequal,we concludethat a FIFO is enough;the Consumercan
readdirectly from aFIFO andnoadditionalreorderingmemoryis necessary.

4.2 Extended Linearization Model

If thelinearizationstepcannot beusedbecauseof theout-of-orderproblem,we have to extend
the communicationmechanismbetweena ProducerandConsumer. The extensionis to include
additionalmemoryat theConsumerto restorethedesiredorderof thetokens.This leadsto a new
linearizationmodel,which we call the ExtendedLinearizationModel. We cando this extension
without violating theprocessnetwork semantics,becausethis memorycanbeseenasthe internal
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stateof a Process[7]. Theorganizationof theExtendedLinearizationModel is shown in Figure6
andconsistsof threemodificationsto theConsumerprocess:

A ChangeafifoGetcall in anestedloop programinto a control.getFrom(i,j) call.

B Add somerandomaccessiblememory(RAM).

C Add acontrollerunit thattakescareof restoringtheorderof tokensby providing animplemen-
tationof the � a�� A ` y } 243 D 8 function.

C
P

Producer

A

C
B

Controller

Memory

Consumer

P C

unbounded FIFOfor i = 1:1:N,
for j = i:1:N,

end
end end

for y = x:1:N,
for x = 1:1:N,

end

F ( token );fifoPut( F (i,j));
token = Controller.getFrom(i,j);

Figure 6. Extended Linearization Model

� Ft���C���W�7�W[���MN����(*�W�T�]����������
��
To detectthe schedulebetweena ProducerandConsumer, we needto find the `gcihkj function.

In order to find this function, we use the Ehrhart theory that expressesthe numberof integral
pointsinsideof apolytopeasa polynomialexpression[4]. This theoryhasrecentlybeenextended
to work also for parameterizedpolytopes[2], in which casewe find pseudo-polynomials.Such
pseudo-polynomialshave non-constantcoefficients.

Wedefinedtherankof aniterationpoint 3 asthenumberof iterationpointsof thefor-statements
that wereexecutedbeforeiterationpoint 3 . The setof the points 3Z� that have this property, are
the pointsthat arelexicographicallysmallerthanpoint 3 (i.e., 3C�4�3 ). Let a domainbe a convex
polyhedron� of dimensione , thenusingthe lexicographicalorder, we candefinethenext setof
polytopes: �i� 243�8f-��d3C� w<�W�*� ���b3n�Y-L3C� �&��������� 3 ��� � -L3Z���� � � 3 �n� 3Z�� �bo
where �n-�; to e andtherankof x becomes:

`=c!hkj 243�8r- �� �¡  �
¢ �i� 243£8 ¢ >t;=o

This functionhasthenext properties:¤¥`gcihkj � � �N¦ ��§
is uniquelydeterminedby asubsetof � : � ��¨ � .¤¥`gcihkj �i� ¦ � §

is abijective functionwhichmapsthedomain P onto
� §

.

To calculatethenumberof integral pointsinside
¢ �i� 243�8 ¢ , we usetheextendedEhrharttheoryto

obtainthepseudo-polynomialexpression� � 243�8 . If wesumall pseudo-polynomialsfrom 1 to e , we
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obtaintherankfunctionas:`=c!hkj 243�8*-t�f�@243£8n>©�&ªb243�8n>Lo�o�o=>©� � 243�8po
Supposethat we have derived `gcihkj l and `gcihkj!q for a Producer/Consumerpair. Becausewe

have the mapping 1%2Q8 betweenthe Producerand Consumer, we can derive the `badc�e function.
Becausefor agivendomain� therankfunctionis uniquelydefinedby subset� � [4], it resultsthat
the only possibility suchthat `ba@c!e - `gcihkj q for all the Consumeriterationpoints, is that these
functionsshouldbeidentical: `badc�e 243�8*-z- `gcihkj!q 243£8po

As a consequence,to decideif the `gc!hkjiq andthe `badc�e functionsareequalfor all Consumer
iterationpoints,it is notnecessaryto computeandto comparetheirvaluesfor all theiterationpoints.
Instead,a compiletime comparisonof the coefficientsof the pseudo-polynomialsthat represents
thesefunctionsis sufficient.

5.1 Example of the Rank function

Let ushave a look at thefollowing codeasgivenbelow:

for i = 2 : 1 : N-1,
for j = i : 1 : N-1,

...
end

end

Thisnestedfor-loopprogramcanberepresentedasaparameterizedpolyhedron� with apartic-
ular schedule.Thepolyhedronis determinedby theboundariesof the loops. In this examplethe
polyhedron� is representedby asurfacein a two dimensionalspaceasshown in Figure7.

5 6 7 81 2 3 40
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4

6

7

8

3

5

1
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i

x(5,7)

j

J1(x)

J2(x)

x(2,5)

Figure 7. Ranking into a nested loop domain

The order of the iteration points is determinedby the iteratorsof the for-loops; the « axis is
the outer loop and the ¬ axis is the inner loop. Becausethe points from the polyhedron � are
the iterationpointsof the nestedloop program,we canfind the rank of 3&24«5®¬�8 asthe sumof the
numberof the integerpointswhich arein theparameterizedpolyhedra

� �¯243�8 and
� ªb243�8 . Because

thederivedpolyhedra
�i� 243£8 and

� ªb243£8 areconvex, we canuseEhrhart’s theoryto counthow many
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integralpointsarecontainedby thepolytopes.Therefore,therankfunctionis thesummationof �f�
and ��ª andis equalto

`gc!hkj 24«5®¬!8°-±24«�:?²b8&³Y, > 2+:z;@´=²�³*« ª :µ;@´=²�³*«�>µ²N>�¬!8po
This formulashows that theorderof iterationpoint 3&2·¶�5p¸g8 has `gcihkj 243_2·¶�5p¸g878N-¹;@¸ . This rank

numberhasbeenobtainedby addingthenumberof thepointsin polytope
¢ � ²�243�8 ¢ -º;d¶ with the

numberof pointsin polytope
¢ � ;b243�8 ¢ -0² . Hence,17iterationshavebeenexecutedbeforeiteration3&2·¶�5p¸g8 is executed.Therankof point 3_2·²�5»¶b8 is 4. Because¼ � ;@¸ , we concludethatpoint 3_2·²�5»¶b8

hasbeenexecutedbeforepoint 3&2·¶�5p¸g8 .
½ ¾?MW�9�'(*���]¿_�'��(f�ÀUÁ�]��������
���#©(_�µÂ?
����

Let’s apply theprocedurediscussedin Section5 on our Producer/Consumerpair shown in Fig-
ure3. First,we presentan in-order casefollowedby anout-ofordercase.

6.1 The in-order case:

For the in-order casewe obtaintherank in theProducerdomain:

`gc!hkj l 24«5®¬!8�-Ã24«�:';@8�³Y,Ä>02+:z;@´=²]³f« ª :?Åb´=²]³f«£>�¬!8po (1)

Similarly therankfunctionat theConsumersideis:

`gcihkj q 243k576�8f-Æ243Ç:È²b8�³Y,Ä>02+:z;@´=²�3 ª :µ;@´=²�³*3Æ>¥6�>µ²b8po
ThemappingbetweentheConsumerandtheProduceris givenby theaffine transformation:A 27243�576�878Y-9243V:';=576z>0;@8po (2)

To obtainthe `ga@c!e�q function,wecomposethe `gcihkj l from theProducerwith themappingbetween
theConsumerandProducer:É�ÊÌË=ÍWÎ"É�Ë�ÏZÐ@ÑfÒÔÓ+Õ4Ö=×�Ø&Ù�Ò�ÚCÕ®Ûb×Î"É�Ë�ÏZÐ@ÑfÒÔÚzÜ�Ý@Õ®ÛSÞ�ÝÁ×Î'Ò�ÚßÜáà¯×�â&ãäÞ"Ò®ÜSÝÁådà_â�Ú!æ*Ü<Ý�ådàrâkÚ�Þ)ÛSÞ<à@×ç

Wenow subtracttherankfunctionfrom thereadfunctionto seeif they areidentical:

`ga@c!e 243k576�8_: `gc!hkj q 243k576�8f-ts	o
Sincetheresultis zero,the `ba@c!e 243k576�8 functionandthe `gc!hkjiq 243k576�8 areidenticalfor all thepoints243k576�8 w<� ª . In conclusion,theorderbetweenProducerandConsumeris thesameandonly aFIFO
buffer betweenthetwo processesis neededin thelinearizationstepshown in Figure3.
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6.2 The out-of-order case:

Applying thesameprocedurefor theout-of-order case.Thecodeof theConsumeris thecode
givenin Section3.2.The `gc!hkjiq functionat theConsumersideis:

`gcihkj!q 243k576�8f-�;@´=²]³f6 ª :?Åb´=²�³Y6�>¥3�o
Becausewe have not changedthedomainof theProducer, it resultsthat `gcihkjil is thesameas

for the in-order case(seeEquation1). The mappingbetweenthe Consumerandthe Produceris
still givenby theaffine transformationasgiven in Equation2. Composingthefunctionrank from
theProducerwith themapping,thereadfunctionis:`badc�e 243�576�8*- `gcihkj l 24«5®¬�8�m A 243k576�8-�243V:?²b8&³*,¹>02+:ß;@´=²]³*3 ª :';@´=²]³f3Ã>©6�>è²b8po
If we subtracttherankfunctionfrom thereadfunction,we seethatthey arenot identical:`badc�e 243k576�8_: `gc!hkjiq 243k576�8f-243V:?²b8�³Y,Ä>02+:z;@´=²�³f3 ª :?Åb´=²�³Y3�8n>t2+:z;@´=²�³*6 ª >µ¶b´=²]³f6�8n>è²�o
Forexample,if welookatiterationpoint 2·Å�5»Åb8 attheConsumer, theget `ba@c!e 2·Å�5»Åb8�: `=c!hkjiq 2·Å�5»Åb8�-¼ . Sincethis result is not equal to zero, we concludethat a FIFO buffer is not enoughin the
linearizationstepandwe have to usetheextendedlinearizationmodel.

é ���k(*O7��êk�7�W[���MW�X�kë�	�&�������Àìí�7�W�k(f�Z��ê£(_����
��.$%
���&OÌî
If we want to usethe extendedlinearizationmodel, the problemis to determinethe behavior

of thecontrollerto restorethe orderof tokens. In orderto restorethe order, thecontrollerhasto
determineat eachconsumeriterationpoint from whereit hasto readdata:from theFIFO or from
thereorderingmemory. For thecasewhenit hasto readfrom theFIFO, theconsumerhasto know
how many tokenshasto loadfrom theFIFO into thereorderingmemorybeforetherequiredtoken
appearsat thebottomof theFIFOandcanbeaccessed.For thecasewhentheconsumerhasto read
from thememory, theconsumerhasto know theaddresswheretheneededdatais located.

Theconsumerdecideswhetherat iterationpoint 3 it hasto readfrom FIFOandif so,how many
tokensaccordingto thenext function:ï 243�8*- `badc�e 243�8r: })c 3_2 `badc�e 243Zð®878p573Cð_�µ3ko (3)

Dependingon the value of
ï 243£8 , the Controller actsas follow to obtain the neededtoken for

iteration 3 :

If 2 ïòñ ;@8 , thecontrollermoves
ï

tokensfrom theFIFO into thereorderingmemoryreturning
thelastoneto theconsumerprocess,which is theneededtoken.

If 2 ï -ß-X;@8 , theneededtokenis consumeddirectly from theFIFOandloadedinto thereordering
memory, becauseit maybeneededby futureiterationpoints.

If 2 ï � si8 , theneededtokenis consumeddirectly from thereorderingmemoryfrom theaddress
givenby read(x).
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3_24«5®¬!8 `badc�e 243�8 })c 3&2 `ba@c!e 8 ï 243�8
(2,2) 1 0 1
(2,3) 2 1 1
(3,3) 7 2 5
(2,4) 3 7 -4
(3,4) 8 7 1
(4,4) 12 8 4
(2,5) 4 12 -8
(3,5) 9 12 -3

Table 1. The table determines what the Contr oller unit should do at an given iteration
point x.

In Table1, we show the valuesof the `ga@c!e 243�8 , })c 3&2 `badc�e 243£878 , andtheir difference
ï 243£8 for

a numberof Consumeriterationpointsfrom theout-of-orderexamplegiven in Figure5. For the
iterations3&2·²�5»²b8 and 3&2·²�5»Åb8 , theconsumerreadsdirectly from theFIFO.For theiterations3_2·²�57¼!8
and 3_2·²�5»¶b8 , theconsumeraccessesdirectly thereorderingmemoryto get thedesiredtoken at the
addressgiven by the `ba@c!e function. For the iterations3_2·Å�5»Åb8 , 3&2·Å�57¼!8 , and 3&24¼�57¼!8 , theconsumer
hasto read5, 1, and4 tokensrespectively from theFIFO andstorethemin thelocal memoryuntil
thedesiredtokenarrives.

7.1 Controller Implementation

Themainpartof theControllerthatdeliversdatato theConsumeris implementedby theget-
From function. Thepseudo-coderepresentationof this function is given below. In this code,the
getFrom function consistsof two parts. The first part determinesthe uniqueaddressto access
thereorderingmemoryusingthefunctionread(x,y) asdefinedin Section4.1. Thesecondpart
checkswhetherthereorderlocationsalreadycontaintherequiredtoken, i.e., whethertherequired
token waspreviously readfrom theFIFO andstoredin the reorderingmemory. Function

ï
per-

formsthischeckandis givenby Equation3. For agiveniterationpoint 243k576�8 , it returnsthenumber
of tokensthathave to be readfrom theFIFO andwritten into the reordermemoryin consecutive
order(seealsoTable1).

Token token getFrom(x,y) {
address = read(x,y);
d = Delta(x,y);
if( d < 0 ){

// token was already loaded into the memory
return Mem.getAt(address);

} else if ( d >= 1 ) {
// return the d position from the FIFO
return loadFromFifoIntoMem(d);

}
}

Thefunction
ï

canbeeitherimplementedasa pseudo-polynomialexpressionthat is evaluated
for eachiterationor precomputedandrealizedasa simplelook-uptable. However, the lattercase
canonly beappliedif theoriginal applicationis no longerparameterized.
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In Compaan,we implementedthe procedurethat generatesthe rank and read function for ar-

bitrary domains. This implementationis basedon the enumerate procedurefrom the Polylib li-
brary [3]. Using this procedure,we found the polynomialexpressionsof readandrank usedin
this paper. For many cases,derived from real DSPapplications,we areable to find the proper
pseudo-polynomialexpressions.Nevertheless,theEhrhartfunctionimplementedin Polylib is still
underdevelopmentandusingtheCompaanframework, wehave foundcasesfor which theEhrhart
implementationcannotfind a solutionandfails with “DegeneratedDomain” errors.Wehave iden-
tified andisolatedanumberof issuesandprovidedfeedbackon theseissuesto thedesignersof the
Ehrhartfunctionin Polylib.

In practice,thepseudo-polynomialsobtainedfor thereadandrankfunctionscanbequitecom-
plex. To determinewhethertwo pseudo-polynomialsare identical is quite involved, but always
possible.

Theapproachto determinetherankandreadfunctionis availablewhenall thepointscontained
insideof the polyhedronP (seeSection5) are indeediterationpointsof a nestedloop program.
However, there are casesin which that doesnot occur. Thesesituationsoccur when the for-
statementsin a Matlab programusea stride bigger than one, or someaffine linear expressions
in theMatlabprogramcontainsnon-linearoperationslike mod, div, floor or ceil. Thesecanleadto
so-calledholes. In thatcase,therankfunctionevaluateswrongly theorderof the iterationpoints,
becauseit doesn’t handlecorrectlytheintegerpointsthatdo not belongto theoriginal nested-loop
program(holes),but thatarepartof thepolyhedron[10].

õ  "
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Within theCompaantoolset,an importantstepis the conversionof a PRDGto a KPN. In this

conversion,all nodesof the PRDGarereplacedby parallelrunningprocessesanda FIFO buffer
replacestheedgesbetweenthenodes.This is calledthe linearizationstep. We show that in gen-
eral, we canabstractthe communicationbetweentwo processesto a simpleProducer/Consumer
pair. Normally, a FIFO buffer is enoughto realizethe linearization.However, therearecasesthat
additionalmemoryis required,namelywhentheorderof producingdatais differentfrom theorder
of consumingdata. This leadsto an incorrectevaluationof theKPN andthenetwork might even
deadlock.

We presentedin this papera novel compile time techniquefor detectingwhethera FIFO or
additionalreorderingmechanismis requiredin the linearizationstep. Moreover, we provided an
implementationof the additionalreorderingmechanism,calledthe extendedlinearizationmodel.
Thestrengthof thepresentedapproachis that for this extendedlinearizationmodel,we canagain
derive animplementationatcompiletime.

Thenovelty in solvingthelinearizationproblemis theability to expressestheorderof iteration
pointsin termsof a polynomialexpression,which we call therankfunction. Sucha polynomialis
obtainedusingEhrharttheory. By comparingthecoefficientsof thederivedreadandrankfunctions,
wecandeterminewhetheradditionalmemoryis neededin aProducer/Consumerpairandthusthat
a FIFO satisfies.If, however, thesepolynomialsarenot identical,additionalreorderingmemoryis
requiredat theConsumerside.

Wehave implementedtherankfunctionin softwareandhave testedthepresentedapproachona
setof realdigital signalprocessingalgorithmsshowing thattheproposedapproachis feasible.
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