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ProgrammingXPP-III Processors

1 Intr oduction

This White Paperdescribesthe programmingmethodsandtools for XPP-III proces-
sors. First, the pro�ling andpartitioningof a given applicationis discussed.Next,
different methodsof programminga XPP-III core are presented,separatelyfor the
sequentialFunction-PAEs (FNC-PAEs) andthe XPP data�ow array(ALU-PAEs and
RAM-PAEs). Finally, PACT's PSDStools aredescribed.For basicinformationon
XPP-III processors,pleasereferto theWhite PaperXPP-III ProcessorOverview.

2 XPP-III SoftwareDevelopmentFlow

Figure1 givesan overview of theapplicationdevelopmentprocess:First, a standard
C/C++ implementationof an applicationis pro�led on a FNC-PAE. Next, the appli-
cationis partitionedinto multiple parallelthreadsin orderto exploit theXPP-III pro-
cessor's task-level parallelism(cf. section2.1). Thethreadsrun eitheron thedata�ow
arrayor on FNC-PAEs. Then,if required,thepro�ling andpartitioningprocessis re-
peateduntil theXPPresourcesareexploitedoptimally. Optionally, theapplicationcan
befurtheroptimizedby usingNML code(for programmingthedata�ow array, cf. sec-
tion 3.3) andFNC assemblercode(for theFNC-PAEs, cf. section4.3). All C, NML
andFNC assemblercodesareprocessedwith PACT'sPSDStools,cf. section5.
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Figure1: XPP-III SoftwareDevelopmentOverview
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2.1 Application Pro�ling and Partitioning

Any applicationcanbe directly compiledto a FNC-PAE andrun on it. However, in
orderto achievethefull XPP-III performance,partitioningof theapplicationcodeinto
multiple threadsrunningon severalFNC-PAEs andon thedata�ow array(ALU- and
RAM-PAEs) is required.

For agoodpartitioning,thesequentialcodeis �rst pro�led by theXPPPro�ler . Based
on the pro�ling results,the most time-consumingfunction calls and inner program
loopsareidenti�ed. Thesecodesectionsarelikely candidatesfor accelerationon the
XPP data�ow array, especiallyif they areregular, i. e. if the samecomputationsare
performedon many dataitems. They arecalleddata�ow sectionsin this White Paper
sincethecomputationscanbe performedby datastreamingthroughdata�ow graphs.
In theC/C++code,thesesectionsaretypically representedasloopswith high iteration
counts,but with few conditionalbranches,function calls or pointeraccesses.These
programpartsexhibit a high degreeof loop-level parallelism.However, notethat the
ALU- andRAM-PAEs arenot restrictedto processingpuredata�ow graphs.They can
handlenestedloopsandnestedconditionsaswell.

Thedata�ow sectionsareextractedinto own threadsmappedto theXPPdata�ow array.
Several threadscanbecombinedin onecon�guration,dependingon thearraysizeof
theXPP-III processor.

For the data�ow threads,several optionsfor generatingXPP data�ow con�gurations
exist (cf. section3): (a) theXPP-VCcompileris usedto directly convert theC codeto
a XPPdata�ow con�guration,(b) anoptimizedcon�guration is selectedfrom a Mod-
ule Library, or (c) an optimizedcon�guration is programmedin PACT's proprietary,
assembler-level NativeMappingLanguage(NML).

If time-consumingirregular codeexists in theapplication,a coarse-grainparalleliza-
tion into several FNC-PAE threadsis very useful. This allows to even run irregular,
control-dominatedcodein parallelonserveralFNC-PAEs.

Application Example: In an MPEG decoder, the following computationallyinten-
sive data�ow sectionscan be identi�ed for the data�ow array: inversequantization
andDCT, motioncompensationandpicturereconstruction,deblocking�lter andcolor
spaceconversion.Ontheotherhand,entropy decodingis anirregular, sequentialalgo-
rithm suitablefor FNC-PAEs.

Thethreads(whetherallocatedto thedata�ow arrayor to FNC-PAEs)all accessshared
systemmemory. They synchronizeandcommunicateviaXPPAPIcalls(XPPI/O func-
tions)whicharemappedto theXPPcommunicationnetwork. Thehardwareimplemen-
tationof a ready/acknowledgeprotocolin this network enablesvery fastandef�cient
threadcommunication.Nevertheless,unnecessarysynchronizationpointsshouldbe
avoidedto enableasmuchconcurrentprocessingaspossible. SpecialAPI calls are
usedfor con�guring, startingandclearingthe data�ow array. In order to minimize
the recon�gurationoverhead,the XPP data�ow array shouldbe recon�guredas in-
frequentlyaspossible. A suf�ciently large processingphasemust executebetween
recon�gurations.In somecasestheapplicationneedsto be optimizedto achieve this

2



ProgrammingXPP-III Processors

goal. For moredetailson recon�gurationtrade-offs, pleaserefer to the White Paper
Recon�gurationonXPP-III Processors.

Application Example: In anMPEGdecoder, theXPPdata�ow arraymustberecon-
�gured betweenseveral con�gurations,e. g. IQ/IDCT, motion compensation/picture
reconstruction,anddeblocking/colorconversion. In orderto reducethe recon�gura-
tion overhead,eachcon�guration shouldprocessmany macro-blocksbeforethenext
con�gurationis loaded.

3 XPP Data�o w Array Programming

Thissectiondescribestheoptionsfor generatingXPPdata�ow array(i. e.ALU-/RAM-
PAE) con�gurationsfor thedata�ow threads.

3.1 C Programming with XPP-VC

PACT's XPP VectorizingC Compiler(XPP-VC)providesthe fastestway to generate
XPPcon�gurations.It directly translatesstandardC functionsto XPPcon�gurations.
The original applicationcodecanbe reusedbut may requiresomeadaptationssince
XPP-VC cannothandleC++ constructs,pointers,and�oating-point operations.Fur-
thermore,speci�c XPPI/O functions(correspondingto theXPPAPI callsontheFNC-
PAEs) mustbeusedfor synchronizationandfor datatransfers.

TheXPP-VCcompilerusesvectorizationtechniquesto executesuitableprogramloops
in a pipelinedfashion,i. e. datastreamstaken from memoryor from I/O ports �o w
throughoperatornetworks. In thiswaymany ALUs arecontinuouslyandconcurrently
active, exploiting theXPP data�ow array's high performancepotential. Pro�ling the
generatedXPPcon�gurations(throughsimulationor executiononXPPhardware)de-
termineshow to reducebottleneckssuchasmemoryaccessesandhow to optimizethe
code.In somecases,theC codehasto besplit into two or morecon�gurationsif the
data�ow arraysizeof thegivenXPP-III processoris insuf�cient.

Application Example: In theMPEGdecoder, thepicturereconstuctionor colorspace
conversionareexamplesfor algorihmswell suitedfor processingwith XPP-VC.

Code Example: The C codein Figure2(a) is a small for loop with a conditional
assignmentandaXPPI/O functionfor aportoutput.TheXPPfunctionsarede�ned in
�le XPP.h whichmustthereforebeincluded.Figure2(b)showsthedata�ow graphfor
this programgeneratedby XPP-VC.While thecounterCOUNTcontrolstheloop exe-
cution,thecomparatorLT andthemultiplexerSWAPselecttheresultbeingforwarded
to theoutputportDOUT0. Thedottedarrow from LT to SWAPis anevent(i. e.one-bit
control)connection.All otherconnectionsaredataconnections.

3



ProgrammingXPP-III Processors

#include "XPP.h"

#define N 10

main() {
int i, res;

for (i = 0; i<N; i++) {
if (i < 5)

res = i;
else

res = 2 * i - 3;
XPP_putstream(1, 0, res);

}
}

(a)
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X
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MUL

X
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SWAP

X
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SUB

X

IN
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(b)

Figure2: XPP-VCLoopExample

3.2 NML Library Modules

For commonlyusedhigh performancefunction, optimizedimplementationsfrom a
NML ModuleLibrary (providedby PACT or third parties)canbeused.They areop-
timal in termsof performance,areaef�ciency andpower dissipation.Therearetwo
moduletypes: completecon�gurationswhich only needto be con�gured and con-
trolled by theFNC-PAE program,andmoduleswhich canbe includedin largercon-
�gurations. The latter canbe includedin a XPP-VC program. Henceit is possible
to mix optimizedNML modulesfor themostcritical applicationkernelsandC code.
XPP-VCwill createaNML con�gurationwhichcontainsoneor moreinstantiationsof
theoptimizedmodulesalongwith automaticallygeneratedNML code.

Application Example: In the MPEG decoder, an optimizedNML Library module
can be usedfor the computation-intensive inverseDCT. It can be combinedin one
con�gurationwith theC implementationof theinversequantizationalgorithm.

3.3 NML Programming

If ahighly optimizedimplementationfor adata�ow sectionis required,but nosuitable
NML Library moduleavailable,the codecanbe directly implementedin NML. The
effort is comparableto assemblerprogrammingbut much simpler than HDL (e. g.
Verilog or VHDL) design. In contrastto HDL design,only the functionality of the
data�ow sectionneedsto bedescribedin NML, but no timing issuesarise.
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In NML, arithmeticexpressionsare describedlike C expressionsand automatically
convertedto operatortrees. Counters,memories,data�ow operators(streammulti-
plexers,demultiplexers,mergers,etc.),accumulators,andeventoperators(for program
control)areexplicitly allocatedandconnectedto otheroperatorsor expressions.They
areusedto implementconditionalcomputations(branches)anditerativecomputations
(loops). Insteadof usingarithmeticexpressions,all operatorscanalsobe explicitly
allocated.Thisallows to placethemmanuallyon theXPPdata�ow array. Hierarchical
modulesallow componentreuse,especiallyfor repetitive layouts.

XPP(XPP-III, 10,8, 8,6;
DATA_BIT_WIDTH = 24 CONFIG_BIT_WIDTH = 24
FREG_DATA_PORTS= 4 BREG_DATA_PORTS= 4
FREG_EVENT_PORTS= 4 BREG_EVENT_PORTS= 4
IRAM_ADR_WIDTH= 9)

MODULEforexample {
OBJ ctr: COUNT{ // loop counter

A =! 1
B =! 9
STEP = 1

}
OBJ cond: LT { // loop condition

A = ctr.X
B =! 5

}
// arithmetic expression for else branch:
SIG DATA elsebranch // signal definition
elsebranch = EXPR(2 * ctr.X - 3)

OBJ mux: SWAP{ // result multiplexer
A = elsebranch
B = ctr.X
STEP = cond.U

}
OBJ outport: DOUT0 { // output port

IN = mux.X
}
// pipeline delay balancing command:
DELAY_BALANCE(ctr -> outport)

}

Figure3: NML LoopExample

Code Example: The NML codein Figure3 is a direct NML implementationof the
data�ow graphin Figure2(b). Here,the elsebranchof the conditionis describedas
an arithmeticexpression,and all other operatorsare explicitly allocated. Note that
the XPP statementat the top of the �le de�nes the XPP core parameters,and the
DELAYBALANCEcommandis usedfor pipelinebalancingto optimizethe through-
putof theloopbody.

As with XPP-VC,it is possibleto instantiateNML Library modulesin a manuallyde-
signedNML con�guration to achieve maximumperformancewith reducedprogram-
mingeffort.
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4 FNC-PAE Programming

Thissectiondescribestheoptionsfor programmingFNC-PAEs.

4.1 C Programming with FNC-CC

PACT's FNC-PAE C Compiler (FNC-CC)compilesANSI C programsto FNC-PAE
assembler. All C languagefeaturesaresupported,including �oating-point operations
whichareemulatedby theintegerALUs. XPPAPI functionsareusedto con�gure the
XPP data�ow array, to communicatewith thedata�ow array, or to communicateand
synchronizewith otherFNC-PAE threads.

FNC-CCis similar to a conventionalRISCcompiler, but usessomefeaturesof VLIW
compilers(e.g.mergingbasicblocksto superblocks)to takeadvantageof thecode'sin-
trinsicinstruction-levelparallelism.It mapsthegraphrepresentationof thesuperblocks
to theFNC-PAE's8-ALU matrix(viagraphmatching),therebyutilizing asmany ALUs
aspossibleperopcode.1

Pro�ling theFNC-PAE threadsdetermineshow to reducebottleneckssuchasmemory
accessesandhow to optimzethecode.

4.2 FNC Library Modules

If very high performancefor a speci�c FNC-PAE function is required,optimizedas-
semblerfunctionsfrom aFNCModuleLibrary (providedby PACT or third parties)can
beused.Theoptimizedassemblerfunctionsaresimplycalledby theC program.

Application Example: In theMPEGdecoder, anoptimizedFNCLibrary functionfor
thecomputation-intensiveentropy codecscanbeused.As anadditionaladvantage,the
assemblerfunctionbene�tsfrom specialI/O instructionsprovidedby theFNC-PAE.

4.3 FNC AssemblerProgramming

If a highly optimizedFNC-PAE implementationis required,but no suitableFNC Li-
brary moduleavailable, the codecanbe directly implementedin FNC assembler. It
supportsall FNC-PAE hardwarefeatures.

Theassemblerusesthree-addresscodefor mostinstructions,asin this example:
SUB target, source1, source2

Multiple ALU instructionsaremergedinto oneFNC opcodeasfollows: The instruc-
tionsfor theleft andright ALU columnsareseparatedby a horizontalbar(| ), andthe

1Advancedfeatureslike softwarepipelining andpredicatedinstructionexecutionwill be supportedin
futurereleases.
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ALU rows (at mostfour) arejust describedoneby one. A FNC opcodeis terminated
by thekeywordNEXT.

CodeExample: TheFNCassemblercodein Figure4 sequentiallymultipliestwo 8-bit
numbers(in registersr0 andr1 , with the16-bit resultin r2 . Notethat this example
wasonly chosenfor demonstrationpurposes.In a realapplication,thebuilt-in single-
cycleMUL instructionwouldbeusedinstead.The�rst opcodeinitializestheregisters,
including the loop counterr7 . The secondopcode(after the label loop ) contains
all loop computations,including counterdecrement,test and jump. The predicates
beforethe instructionshave the following meanings:CY indicatesthat ADDis only
executedif theshift SHRUaboveit hadacarry-outvalueone,andACTmeansthatSUB
is executed(activated)in any case.ZE NOP ! HPC loop instructsthe FNC-PAE
to perform a single-cycle jump to label loop (high-performancecontinue= HPC)
if the SUBinstructionabove it did not set the zero �ag (ZE). This meansthat every
loop iterationrequiresonly onecycle. If r7 is zero,i. e. theZE �ag set,theprogram
executioncontinuesaftertheloop.

; initialize parameters for test
MOVr0, #10 ; operand 0
MOVr1, #6 ; operand 1
MOVr2, #0 ; clear result register
MOVr7, #8 ; loop counter init
NEXT

loop:

SHRU r0, r0, #1 | SHL r1, r1, #1
CY ADD r2, r2, r1
ACT SUB r7, r7, #1
ZE NOP ! HPC loop

NEXT

...
Figure4: FNCAssemblerLoopExample

5 PACT SoftwareDesignSystem(PSDS)

This sectiondescribesthe design�o w andthe toolscontainedin thePACT Software
DesignSystem(PSDS).

5.1 DesignEntry

Figure5 shows thePSDSdesignentry tools. As explainedabove, XPP-VCcompiles
C to NML code,andFNC-CCcompilesC to FNC assembler. All NML �les (whether
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XMAP

NML code

FNC�CC
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Figure5: PSDSDesignEntryTools

generatedby XPP-VC,manuallydesigned,or from theNML ModuleLibrary) arepro-
cessedby theXPPmapperXMAP. It compilesNML source�les, automaticallyplaces
androutesthe con�gurations,andgeneratesXBIN binary �les. All FNC assembler
�les areprocessedby theFNC-PAE assemblerXFNCASM.

CodeExample: Figure6 shows theplacementandroutingof theNML codein Fig-
ure3, asdeterminedanddisplayedby XMAP.

Figure6: XMAP Screenshotfor LoopExample
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5.2 Execution/Simulationand Debugging on XPP-III Processors

XBIN binariesFNC binaries

Library
XPP API

XPP Debugger
XDBG

JTAG

XPP Linker

XPP application binary

Simulation XSIM
XPP�III SystemC

XPP�III Processor(a) (b)

Figure7: Execution/SimulationandDebuggingonXPP-III Processor

Figure7 showstheremainingpartof thePSDStool chain.TheFNCandXBIN binaries
andthe XPP API Library arelinked to an XPP applicationbinary. This binary is (a)
eitherloadedto theXPP-III processorandexecutedonit, or (b) simulatedontheXPP-
III simulatorXSIM, cf. Figure7. XSIM is implementedasa SystemClibrary which
canbeintegratedin any C/C++or SystemCsimulationenvironmentor usedin astand-
alonesimulator.

In bothcases,theapplicationcanbedebuggedby theXPPdebuggerXDBG. This tool
visualizesthe databeingprocessedon the XPP-III processorcycle by cycle. It also
ollectstheinput datafor theXPPPro�ler (notshown in the�gure).

6 Summary

This White Paper�rst discussedthestepsinvolvedin portinga C or C++ application
to a XPP-III processor:pro�ling, partitioninginto parallelthreadsandoptimization.

Next, thePACT SoftwareDesignSystemPSDSwaspresented.Thetool chaincovers
theentiredesign�o w: designentry (C, NML or FNC assembler),compilation,code
generationandlinking. Additionally, a completeSystemC-based,cycle-accuratepro-
cessorsimulatorandasophisticateddebuggerwith advancedvisualizationfeaturesare
provided.
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