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ProgrammingXPP-Ill Processors

1 Intr oduction

This White Paperdescribeshe programmingmethodsandtools for XPP-IIl proces-
sors. First, the pro ling and partitioning of a given applicationis discussed.Next,

differentmethodsof programminga XPP-III core are presentedseparatelyfor the
sequentiaFunction-RAEs (FNC-FAEs) andthe XPP data ow array (ALU-PAEs and
RAM-PAESs). Finally, PACT's PSDStools are described. For basicinformation on

XPP-Ill processorgpleaseeferto the White PaperXPP-IIl ProcessoiOvervien.

2 XPP-lll Software DevelopmentFlow

Figure 1l givesanoverview of the applicationdevelopmentprocess:First, a standard
C/C++ implementatiorof an applicationis pro led on a FNC-FAE. Next, the appli-
cationis partitionedinto multiple parallelthreadsin orderto exploit the XPP-III pro-
cessors task-level parallelism(cf. section2.1). Thethreadsun eitheron the data ow
arrayor on FNC-RAEs. Then,if required,the pro ling andpartitioningprocesss re-
peateduntil the XPPresourcesreexploited optimally. Optionally, theapplicationcan
befurtheroptimizedby usingNML code(for programminghedata ow array cf. sec-
tion 3.3) and FNC assemblecode(for the FNC-FAES, cf. section4.3). All C, NML
andFNC assemblecodesareprocesseavith PACT's PSDStools, cf. section5.
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Figurel: XPP-Ill SoftwareDevelopmentOvervien
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2.1 Application Pro ling and Partitioning

Any applicationcanbe directly compiledto a FNC-RAE andrun onit. However, in
orderto achieve thefull XPP-III performancepartitioningof the applicationcodeinto
multiple threadsrunningon several FNC-FAEs andon the data ow array (ALU- and
RAM-PAES)is required.

For agoodpartitioning,the sequentiatodeis rst pro led by theXPPPro ler . Based
on the pro ling results,the mosttime-consumingunction calls and inner program
loopsareidenti ed. Thesecodesectionsarelikely candidategor acceleratioron the
XPP data ow array especiallyif they areregular, i. e. if the samecomputationsare
performedon mary dataitems. They arecalleddata ow sectionsn this White Paper
sincethe computationsanbe performedby datastreaminghroughdata ow graphs.
In the C/C++code thesesectionsaretypically representedsloopswith highiteration
counts,but with few conditionalbranchesfunction calls or pointeraccessesThese
programpartsexhibit a high degreeof loop-level parallelism. However, notethatthe
ALU- andRAM-PAESs arenotrestrictecto processinguredata ow graphs.They can
handlenestedoopsandnestecconditionsaswell.

Thedata ow sectionsareextractednto ownthreadsmappedo the XPPdata ow array
Severalthreadscanbe combinedin onecon guration, dependingon the arraysize of
the XPP-IIl processar

For the data ow threads several optionsfor generatingXPP data ow con gurations
exist (cf. section3): (a) the XPP-VC compileris usedto directly corvertthe C codeto
a XPP data ow con guration, (b) anoptimizedcon gurationis selectedrom a Mod-
ule Library, or (c) an optimizedcon guration is programmedn PACT's proprietary
assembletevel NativeMappingLanguage (NML).

If time-consumingrregular codeexistsin the application,a coarse-grairparalleliza-
tion into several FNC-FAE threadsis very useful. This allows to evenrun irregular,
control-dominateaodein parallelon seneral FNC-FAEs.

Application Example: In an MPEG decoder the following computationallyinten-
sive data ow sectionscan be identi ed for the data ow array: inversequantization
andDCT, motioncompensatiomandpicturereconstructiongeblocking Iter andcolor
spacecornversion.Ontheotherhand,entropy decodings anirregular, sequentiahlgo-
rithm suitablefor FNC-FAEs. |

Thethreadgwhetherallocatedo thedata ow arrayor to FNC-FAESs) all accesshared
systemmemory They synchronizendcommunicateia XPPAPI calls(XPPI1/O func-
tions)whicharemappedo theXPPcommunicatiometwork. Thehardwareimplemen-
tation of a ready/acknwledgeprotocolin this network enablesvery fastandef cient
threadcommunication. Neverthelessunnecessargynchronizatiorpoints shouldbe
avoidedto enableas muchconcurrentprocessingas possible. SpecialAPI calls are
usedfor con guring, startingand clearingthe data ow array In orderto minimize
the recon guration overhead the XPP data ow array shouldbe recon guredasin-
frequentlyas possible. A sufciently large processingphasemust executebetween
recon gurations.In somecaseshe applicationneedsto be optimizedto achiese this
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goal. For moredetailson recon gurationtrade-ofs, pleaserefer to the White Paper
Recon gurationon XPP-11l Processos.

Application Example: In an MPEG decoderthe XPP data ow arraymustbe recon-
gured betweenseveral con gurations,e. g. IQ/IDCT, motion compensation/picture
reconstructionand deblocking/colorcorversion. In orderto reducethe recon gura-
tion overheadgachcon guration shouldprocessmary macro-blockseforethe next
con gurationis loaded. [ |

3 XPP Dataow Array Programming

Thissectiondescribesheoptionsfor generatingKPPdata ow array(i. e. ALU-/RAM-
PAE) con gurationsfor thedata ow threads.

3.1 C Programming with XPP-VC

PACT's XPP \ectorizingC Compiler (XPP-VC) providesthe fastestway to generate
XPP con gurations. It directly translatestandardC functionsto XPP con gurations.
The original applicationcodecan be reusedout may requiresomeadaptationsince
XPP-VC cannothandleC++ constructspointers,and oating-point operations.Fur-
thermorespeci ¢ XPP1/O functions(correspondingo the XPPAPI callsonthe FNC-
PAEs) mustbe usedfor synchronizatiorandfor datatransfers.

The XPP-VCcompilerusesvectorizatiortechniqueso executesuitableprogramloops
in a pipelinedfashion,i. e. datastreamsaken from memoryor from I/O ports o w

throughoperatometworks. In thisway mary ALUs arecontinuouslyandconcurrently
active, exploiting the XPP data ow array's high performancepotential. Pro ling the

generateKPP con gurations(throughsimulationor executionon XPP hardware)de-

termineshow to reducebottlenecksuchasmemoryaccesseandhow to optimizethe

code. In somecasesthe C codehasto be split into two or morecon gurationsif the

data ow arraysizeof the given XPP-Ill processois insufcient.

Application Example: In the MPEGdecoderthe picturereconstuctioror color space
conversionareexamplesfor algorihmswell suitedfor processingvith XPP-VC. H

Code Example: The C codein Figure 2(a) is a smallfor loop with a conditional
assignmenanda XPP1/O functionfor a portoutput. The XPPfunctionsarede nedin
le XPP.h whichmustthereforebeincluded.Figure2(b)shavsthedata ow graphfor
this programgeneratedy XPP-VC. While the counterCOUNTcontrolsthe loop exe-
cution,thecomparatoL. T andthe multiplexer SWARselecttheresultbeingforwarded
to theoutputport DOUTO Thedottedarron from LT to SWARs anevent(i. e.one-bit
control)connection All otherconnectiongredataconnections. |
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A=I1 [B=I9 [ STEP=1
COUNT
X
#include  "XPP.h" /
y.
#define N 10 Aiﬂ%JB
X
main() {
int i, res;
ATB=13 AB=15
SUB LT
for (i = 0; i<N; i++) { X U
if (i <05) \ ~
res =i y
else A|gv\|/AbPTEP
res =2 * i - 3 X
XPP_putstream(1, 0, res);
}
} IN
DOUTO
(a) (b)

Figure2: XPP-VCLoop Example

3.2 NML Library Modules

For commonlyusedhigh performancefunction, optimizedimplementationfrom a

NML Module Library (providedby PACT or third parties)canbe used. They areop-

timal in termsof performanceareaef ciency and power dissipation. Thereare two

moduletypes: completecon gurationswhich only needto be con gured and con-
trolled by the FNC-FAE program,and moduleswhich canbe includedin larger con-
gurations. The latter canbe includedin a XPP-VC program. Henceit is possible
to mix optimizedNML modulesfor the mostcritical applicationkernelsandC code.
XPP-VCwill createa NML con gurationwhich containsoneor moreinstantiation®of

the optimizedmodulesalongwith automaticallygeneratedNML code.

Application Example: In the MPEG decodey an optimizedNML Library module
can be usedfor the computation-intensie inverseDCT. It canbe combinedin one
con gurationwith the C implementatiorof theinversequantizatioralgorithm. |

3.3 NML Programming

If ahighly optimizedimplementatiorfor adata ow sectionis required but no suitable
NML Library moduleavailable,the codecanbe directly implementedn NML. The
effort is comparableto assembleprogrammingbut much simpler than HDL (e. g.
Verilog or VHDL) design. In contrastto HDL design,only the functionality of the
data ow sectionneedgo bedescribedn NML, but notiming issuesarise.
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In NML, arithmeticexpressionsare describedike C expressionsand automatically
corvertedto operatortrees. Counters,memories,data ow operators(streammulti-
plexers,demultiplexers,memgers,etc.),accumulatorsandeventoperatorgfor program
control)areexplicitly allocatedandconnectedo otheroperatorsor expressionsThey
areusedto implementconditionalcomputationgbranchesanditeratve computations
(loops). Insteadof using arithmeticexpressionsall operatorscanalsobe explicitly
allocated.This allows to placethemmanuallyon the XPP data ow array Hierarchical
modulesallow componenteuse gspeciallyfor repetitive layouts.

XPP(XPP-Il, 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{ /I loop counter
A=l 1
B=!9
STEP = 1
}
OBJ cond: LT { /I loop condition
A = ctrX
B=!5
}
/I arithmetic expression  for else branch:
SIG DATA elsebranch /I signal  definition
elsebranch = EXPR(2 * ctrX - 3)
OBJ mux: SWAP{ /I result  multiplexer
A = elsebranch
B = ctr.X

STEP = cond.U

}
OBJ outport: DOUTO{ // output port
IN = mux.X

/I pipeline delay balancing command:
DELAY_BALANCE(ctr -> outport)

Figure3: NML Loop Example

Code Example: The NML codein Figure 3 is a direct NML implementatiorof the
data ow graphin Figure2(b). Here,the elsebranchof the conditionis describedcas
an arithmeticexpression,and all other operatorsare explicitly allocated. Note that
the XPP statementat the top of the le de nes the XPP core parametersand the
DELAY.BALANCEcommands usedfor pipeline balancingto optimizethe through-
putof theloop body. [ ]

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

This sectiondescribeshe optionsfor programming=-NC-FAEs.

4.1 C Programming with FNC-CC

PACT's FNC-PAE C Compiler (FNC-CC) compilesANSI C programsto FNC-FAE

assemblerAll C languagdeaturesare supportedincluding oating-point operations
whichareemulatedy theintegerALUs. XPP API functionsareusedto con gure the

XPP data ow array to communicatewith the data ow array or to communicateand
synchronizewith otherFNC-FAE threads.

FNC-CCis similarto a corventionalRISC compiler, but usessomefeaturesof VLIW
compilers(e.g. memging basicblocksto superblocksjo take advantageof thecodesin-
trinsicinstruction-level parallelism.lt mapsthegraphrepresentationf thesuperblocks
totheFNC-FAE's8-ALU matrix (via graphmatching) therebwutilizing asmary ALUs
aspossibleperopcodet

Pro ling the FNC-FAE threadsleterminediow to reducebottlenecksuchasmemory
accesseandhow to optimzethecode.

4.2 FNC Library Modules

If very high performancdor a speci ¢ FNC-RAE functionis required,optimizedas-
semblerfunctionsfrom aFNC ModuleLibrary (providedby PACT or third parties)can
beused.Theoptimizedassemblefunctionsaresimply calledby the C program.

Application Example: In the MPEG decoderanoptimizedFNC Library functionfor
thecomputation-intensieentropy codecanbeused.As anadditionaladvantagethe
assemblefunctionbene tsfrom speciall/O instructiongprovidedby the FNC-FAE. B

4.3 FNC AssemblerProgramming

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

Theassembleusesthree-addressodefor mostinstructionsasin this example:
SUB target, sourcel, source2

Multiple ALU instructionsaremergedinto one FNC opcodeasfollows: Theinstruc-
tionsfor theleft andright ALU columnsareseparatethy a horizontalbar(| ), andthe

1Advancedfeatureslike software pipelining and predicatednstructionexecutionwill be supportedn
futurereleases.
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ALU rows (at mostfour) arejust describeconeby one. A FNC opcodeis terminated
by the keyword NEXT.

CodeExample: TheFNCassemblecodein Figure4 sequentiallymultipliestwo 8-bit
numberg(in registersrO andrl , with the 16-bitresultin r2 . Notethatthis example
wasonly choserfor demonstratiorpurposesin arealapplication the built-in single-
cycle MUL instructionwould beusedinstead.The rst opcodeinitializestheregisters,
including the loop counterr7 . The secondopcode(after the label loop ) contains
all loop computationsjncluding counterdecrementtestand jump. The predicates
beforethe instructionshave the following meanings:CY indicatesthat ADDis only
executedf theshift SHRUaboveit hada carry-outvalueone,andACTmeanghatSUB
is executed(activated)in any case.ZE NOP! HPC loop instructsthe FNC-FAE
to performa single-g/cle jump to label loop (high-performancecontinue= HPC)
if the SUBIinstructionabove it did not setthe zero ag (ZE). This meansthat every
loop iterationrequiresonly onecycle. If r7 is zero,i. e.theZE ag set,the program

executioncontinuesaftertheloop. [ |
initialize parameters  for test
MOVr0, #10 ; operand O
MOVrl, #6 ; operand 1
MOVr2, #0 ; clear result register
MOVTr7, #8 ; loop counter init
NEXT
loop:

SHRUrO, r0, #1 | SHLrl, rl, #1
CY ADDr2, r2, rl
ACT SUBr7, 17, #1
ZE NOP! HPC loop

NEXT

Figure4: FNC AssembleiLoop Example

5 PACT Software DesignSystem(PSDS)

This sectiondescribeghe design o w andthe tools containedn the PACT Software
DesignSystem(PSDS).

5.1 DesignEntry

Figure5 shawvs the PSDSdesignentrytools. As explainedabore, XPP-VC compiles
C to NML code,andFNC-CCcompilesC to FNC assemblerAll NML les (whether
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FNC assembler C code (FNC PAESs) C code (ALU /RAM PAESs) Optimized NML cod
functions and with optional assembler with optional NML module and NML Module

(C/IXPP) libraries and XPP API calls calls (dataflow dominated Library

FNC CC XPP VC
| FNC assembler NML code |
XFNCASM <—‘ \—> XMAP

XPP API calls
ENC Binaries )------oooeeiimii 3 XBIN binaries

Figure5: PSDSDesignEntry Tools

generatedhy XPP-VC,manuallydesignedpr from the NML ModuleLibrary) arepro-

cessedy the XPP mappeiXMAP. It compilesNML sourceles, automaticallyplaces
androutesthe con gurations,and generateXBIN binary les. All FNC assembler
les areprocessethy the FNC-FAE assembleKFNCASM

Code Example: Figure6 shows the placementandrouting of the NML codein Fig-
ure 3, asdeterminecanddisplayedoy XMAP. [ |

Figure6: XMAP Screenshadtor Loop Example
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5.2 Execution/Simulation and Debugging on XPP-1lIl Processors

(__FNC binaries ) XBIN binaries
> XPP Linker -
C XPP application binary)

XPP Il SystemC (b)
Simulation XSIM

(a) | XPP Il Processor

JTAG -

XPP Debugger
XDBG

Figure7: Execution/SimulatiorandDeluggingon XPP-I1l Processor

Figure7 shavstheremainingpartof thePSDStool chain. TheFNCandXBIN binaries
andthe XPP API Library arelinkedto an XPP applicationbinary. This binaryis (a)
eitherloadedto the XPP-IIl processoandexecutedonit, or (b) simulatedonthe XPP-
Il simulatorXSIM, cf. Figure7. XSIM is implementedasa SystemClibrary which
canbeintegratedn ary C/C++or SystemGsimulationervironmentor usedn astand-
alonesimulator

In bothcasesthe applicationcanbe deluggedby the XPP deluggerXDBG. Thistool
visualizesthe databeing processean the XPP-Ill processorcycle by cycle. It also
ollectstheinputdatafor the XPPPro ler (notshovnin the gure).

6 Summary

This White Paper rst discussedhe stepsinvolvedin portinga C or C++ application
to a XPP-IIl processorpro ling, partitioninginto parallelthreadsandoptimization.

Next, the PACT Software DesignSystemPSDSwaspresentedThetool chaincovers
the entiredesign o w: designentry (C, NML or FNC assembler)compilation,code
generatiorandlinking. Additionally, a completeSystemC-basedycle-accuratero-
cessosimulatoranda sophisticatedehuggerwith advancedvisualizationfeaturesare
provided.




