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ABSTRACT

This paperpresentsa novel instructionencodinggenerationtech-
niquefor usein architectureexplorationfor applicationspeci ¢ pro-
cessors.The underlyingexploration methodologyis basedon suc-
cessve processomodelre nementcombinedwith simulationand
pro ling. Previousapproachesequirethetediousmanualspeci ca-
tion of binary instructionopcodeseven at very early designstages
due to the needto generatepro ling tools. The proposedauto-
matictechniqueeliminatesthis bottleneckin ASIP design.It is well
adaptedo the hierarchicalprocessomodelingstyle of contempo-
rary architecturedescriptionanguagesExperimentakvaluationfor
severalreal-life processoarchitecturegon rms the practicalappli-
cability of the presente@ncodingtechniquesMoreover, theresults
indicatethatvery compactinstructionencodingschemesregener
atedthatcompetevery well with hand-optimize@ncodings.

1. INTRODUCTION

Most of today's SoCdesignsnvolve oneor moreembeddegbro-
cessocoreghatexecutethesoftwarecomponentsf asystem While
a large numberof mixed hardware/ software SoC designsare still
basedon standardff-the-shelfRISC or DSP cores,thereis a clear
trendtowardsspecializatiorof processorsowardsthe intendedap-
plications,so asto achieze an optimumbalancebetweencomputa-
tional ef ciency, reuseopportunitiescost,and e xibility [2]. Hence,
thedesignof application-speci cinstruction-seprocessaos (ASIPs)
hasrecevedhigh attentionin academiandindustry

The ASIP design o w differs signi cantly from that of general-
purposeprocessor®r standarccores. Driven by a setof targetap-
plications, frequently speci ed in C/C++, ASIP designgenerally
startswith aniterative architecture exploration procesghatinvolves
stepwisere nementof architectureandtiming abstractiorlevels as
well asextensie simulation/pro ling. Modeling abstractiorievels
rangefrom untimedhigh-level languagdSA modelsdown to cycle-
accurateRTL HDL synthesisnodels.

As opposedo a classicalpurely HDL baseddesign ow, such
a re nement and pro ling basedmethodologyis certainly favor-
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able,asit allows the designerto abstracfrom unnecessargetails
in early stagesandto concentrateon the mostrelevant designde-
cisionsinstead. This resultsin shorterdesigntimes. Consequently
the methodologyalreadyhasfound a high degreeof acceptanceA
popularexampleis Tensilicas customizableXtensaprocessoi4]
design o w. While the Xtensaapproactrelieson a partially prede-
ned RISCcore,in this paperwe focuson ASIP designswith much
largerdegreesof freedomin ISA andmicro-architecturelesign.

The underlyingprocessodesignframevork is basedon a hier-
archicalprocessomodellinglanguage.With this languagethe de-
signercan createa model of the target architectureon variousab-
stractionlevels. To evaluatethe performancendthefunctionality of
theprocessarthedesignecanautomaticallygenerate completeset
of softwaredevelopmentoolsandaninstruction-sesimulatoratary
timein thedesign o w. The provided hardwareandsoftwarepro |-
ing capabilitiesaremandatoryto tailor the architecturestep-by-step
to the applications needs Handwritingthesetools aftereacharchi-
tecturere nementwould not allow an iterative explorationprocess
sincethemanualcreationis alengtty anderrorproneprocess.

However, onestill openproblemwith the above re nementand
pro ling basedmethodologyis that the designeris still forcedto
provide somedetailedarchitecturenformationalreadyat the high-
estabstractiorlevel. In particular the tediousspeci cation of the
binary instructionencodingat early stagef architecturedesignis
only necessarpecauseéools requiredfor pro ling (e.g.assembler
andISA simulator)cannotbe built withoutit. However, thedetailed
instructionopcodesarelargely irrelevant beforethe RTL modeling
stagehasbeenreached.

In orderto overcomethis problem,the contritution of this paper
is a novel instruction encodingsynthesigecnique that automati-
cally generatedinary opcodesat early ASIP designstages. The
instructionencodinggeneratedhis way do not necessarilyneedto
accuratelyre ect the nal encoding. They mainly sere the pur
poseof enablingthe designerto quickly generatesoftware devel-
opmenttools for architectureaxplorationandpro ling in early de-
sign phases.Naturally, it hasto be ensuredhat the generatecden-
coding(in particularw.r.t. instruction-word length)doesnot deviate
muchfrom the nal optimizedcoding,sincethe designemight be
interestedn accuratecodesize estimationsalreadyduring architec-
ture exploration. The proposedechniquehasbeenintegratedinto
anindustrialembeddegbrocessodesignplatformto demonstratés
practicaluse. We provide experimentalevidencethat the proposed
techniquemeetsthe abose mentionedrequirementsThe remainder
of this paperis structuredasfollows. Section2 introducesprevious
work, focusingon ASIP designmethodologiesaindinstructionen-
codingtechniquesFundamentalsf instructionencodinganda ba-
sic opcodesynthesisalgorithmarepresentedh section3 and4. The



underlyingprocessomodelingtechniquefor automatednstruction
encodingis describedn 5. The principle andthe work ow of the

automatidnstruction-seencodingsynthesisrepresentedh section
6 and7. Section8 givesexperimentalresultsof encodingsynthesis
for a numberof real-life embeddedprocessors.Finally, section9

concludes.

2. RELATED WORK

In the EDA industryandacademidierarchicaprocessodescrip-
tionsarewidely usedfor the purposeof designautomation1] [15]
[8] [5] [16] [11] [6]. Sincemostof theseapproachesmphasiz¢he
generatiorof softwaretoolsor synthesizeableIDL code justfew of
themaddresshecompleteASIP design o w. As aconsegencejone
of themhave yet presentec techniguefor the automatiogeneration
of binaryinstructionencodings.

A techniquefor the automaticdesignof completeinstruction-sets
for ASIPs hasbeenpublishedin [3]. Unlike in our approachthe
instruction-setannotbe speci ed by the processodesignetbut is

automaticallygeneratedrom anprecedingpplicationanalysigphase.

There,an applicationis translatednto preliminary assemblycode.
Subsequentlgmultitudeof frequentinstructioncombinationgalled
comple instruction patternsare generated. An ILP basedand a
heuristicalgorithmselectthe bestsuitedsetof complec instructions
basedon ef ciency andcostparametersEf ciency increases de-
rivedfrom the numberof savedcycles,andthecostis de ned by the
requiredbit-width for thecomplex instructions.

The automaticsynthesisof VLIW processorsith focuson the
generatiorof non-trivial instructionformatsis presenteéh [10]. The
goalof the PICO projectis to fully automatehe designof a classof
VLIW ASIPs,startingfrom applicationlevel. Furthermorefunda-
mentalinformation of compactinstructionencodingthroughvari-
ablelengthopcodeis given. Additionally a compressioriechnique
basedon Huffman encodingto minimize the averageinstruction-
word lengthis investigated.

Work oninstructionencodingtechniquesvith specialregardto a
minimum instruction-word length using a look-up table basedim-
mediateencodingapproachs presentedh [12]. However, thistech-
niguerequiresacomple decodetogic andfurthermorerestrictsthe
maximumnumberof immediatevaluesthat are simultaneoushal-
lowedin anapplication.

A dictionarybasednstructionencodingcompressionechniques
presentedh [14]. Hereillegal op-codef the PaverPCarchitecture
aremappedo frequentlyusedinstructionsequencesHowever the
resultingdecodetogic is of signi cantly increaseccompleity and
consequentiallyhis approachis limited to processorsvith a strictly
limited memoryandrelaxed constrainton clock frequeng.

Power optimizedinstruction-set$or ASIPsthroughminimization
of bit-togglingin anapplicationusingstatisticalpro ling techniques
areinvestigatedin [13].

Summarizingherelatedwork, all existingapproachesomealong
with major dravbackslimiting their applicability by restrictingei-
therthearchitecturalesign resultingin enormousiecodecomple-
ity or even putting unacceptableequirement®n the software. The
techniquepresentedn this paperdoesnot restrictthe architecture
classesor the software. Moreover, it generatesnstruction-seen-
codingsof a quality whichis suitablefor a nal implementation.

3. VARIABLE LENGTH OPCODES

Any binaryinstructionformatconsistsof anopcode eld aswell
asopemrand elds. The latter are usedto storee.g.immediatecon-
stants,addressesand register indices. A simple way of instruc-
tion codingis to usea xed-lengthopcodeeld for all instructions,

while leaving the remainingbits for operandelds. An exampleis

the well-knowvn DLX architectureg[7], which showvs 6-bit opcodes.
Using x ed-lengthopcodesan optimal utilization of the available
instruction-vord lengthW is only possiblejf the numberof differ-

entopcodess equalto 2", for someinteger n, andthe sumof the
operandeld lengthsin eachinstructionconstantlyequalsw 2",

Otherwise a certainamountof available opcodesnight remainun-

used.

Instruction  opcode Operands Opcode Operands

NOP \ XXXXXXXXXXXX \ \ XXXXXXXXXXX \
ADD [ srcd [ src2 | dest | [ src1 | src2 | dest |
SUB [ srcl [ src2 | dest | [ srcl | src2 | dest |
LOD \ address | \ address \
sTO \ address \ \ address \
MoV [0107][ xxxx | src | dest |  [0001) xxx | src | dest |
OR [ xxxx [ src [ dest | [ xxx [ src | dest |
AND lo1a1][ xxxx | src | dest |  [1201][ xxx | src | dest |
LSH foxX[ src [xx|  shit | [1110][ src [x]  shit |
JMP fLaxx[xx] offset | [araa](x] offset \

Figure 1: Fixed and variable length opcodes

An exampleis givenin g. 1 (left). SincetherearelOinstructions,
we needdlog, 10e = 4 bits for uniqueencoding.Hence,someop-
codeswill notbeusedJeadingto don't care bitsin theopcodeeld.
Likewise, therewill be somedon't care bits in the operand elds
aswell, sincedifferentinstructionsgenerallyhave differentoperand
length requirements. For instance,a registerto-register MOV in-
structionwill have only two insteadof threeoperandsanda NOP
needso operandstall.

A more compactencodingis achieved by using variable-length
opcodesase.g.usedin contemporarngtandardrISCcores.Instruc-
tions with long operandelds areassignedshortopcodesandvice
versa.In theexamplein g. 1 (right), therearefour instructionswith
a 3-bit opcode while theremainingonesareencodedwith 4 bits as
before. In total, this reduceshe requiredword length by one bit.
Obviously, variable-lengttopcodeencodingshouldbe preferred.

Basedon this, we canstatethe basicinstructionencodingsynthe-

whee ead |; hasatotal operand eld lengthF;, assigna unique
opcodeO; toead |, sudithatmax; =1 :: n (jO; j+ jF; ) is minimal

An efcient algorithmfor solvingthis problemwill be described
in sectiord. However, themainfocusof this papelis instructioncod-
ing synthesidor ASIPsmodelledin someconciseprocessommod-
elling language. As will be discussedn section5, suchlanguages
tendto behierarchical, whichresultsn speci ¢ problemaotpresent
in traditionalresearcloninstructionencodinghatusuallyassumesa
"at” ISA model. Still, theabove basicinstructioncodingsynthesis
hasto beusedasa subroutine.

4. OPCODE SYNTHESIS

In this sectionwe presenta subroutinefor solving the basicin-
structioncodingproblemde ned in section3. The algorithmtakes
asinput a tablethat, for eachdistinct total operandeld lengthw
occurringin the instruction-setstoresthe numbern of instructions
having thesameparticularvalueof w. Thetablecolumnsareordered
in descendingrderof w. An exampleis givenbelow.

package i |[N=4 3 2 1
operandength | w | 13 12 11 7
#instructions | n 4 6 3 15

[#distinstr. [ p ] 4 2 1 1

o|| ~|O|O




Thetabledescribesaninstruction-setith atotal of n[0] = 4 in-
structionswithoutoperandsn[1] = 15instructionswith aw[1] = 7
bit operandn[2] = 3 instructionswith aw[2] = 11 bit operancetc.
We call an instructionsubsethaving the samew value a package.
AltogetherN = 4+ linstructionpackagesvith adifferentoperand
lengthexist in the example.Thegoal of thealgorithmis to placethe
opcodefor encodinginstructionpackage into the operandeld of
packagd + 1. Regardingthe examplethis meangthatthe opcode
of the rst packageshouldbe placedin the 7 bit operand region of
thesecondpackageasillustratedin gure 2. Consequentlyno addi-
tionalbitsarerequiredto encodeheinstructionsof the rst package.
Justp[1] = 1 further“distinction" opcodeis necessarin thesecond
packageo distinguishits instructionsfrom the rst package.As a
resultthesecondphackageconsistof p[2] + n[2] = 16 opcodesThe

package 1, n=15, w=7

1 [opcode #1" 7 bit operand

n,=15 :

15 |opcode #15" 7 bit operand
| [opcode #1 1

! |0pcode #4' 4

package 0, n=4, w=0

<=

p.=1 { 16 | opcode #16™
: n,=4

Iopcode #16"*

* distinction opcode
Figure 2: Variable length opcodesynthesis-pas®ne

algorithm for the variable length opcodesynthesiscomprisestwo

passesln the rst (right-to-left) passtheabove describedgrocedure
is appliedon thewholetable. Thusfor eachpackage , thenumber
of additionaldistinctionopcodesp[i] is calculatedto allow the ac-

commodatiorof the previousi 1 packagesn[i 1]+ p[i 1]

opcodesn theregion of theoperandeld. In casethatthe complete
opcodeof package 1 cannotbeplacedin thisregion,thenumber
of distinctionopcode]i] grows. Formally, the valueof p[i] canbe

determinedsia equationl for eachpackage in thetable.

nfi] + pli]

owli+1]  wli]

pli+1]=d e p[0]= 0 @
At theendof the rst passthetotal instruction-word lengthis x ed
by the numberof instructionsn[N ] in the packagecontainingthe
longestoperand\ , the numberof distinctioninstructionsp[N ] and
the operandengthw[N ] asshown in equation?.

W = dd(n[N]+ p[N]) + w[N]e @)

In the second(left-to-right) passof the algorithm, the nal op-
codedor theentireinstruction-seiregeneratedT hus,startingwith
groupN, n[N]+ p[N] opcodesaregeneratedput of which n[N]
areusedfor theencodingheinstructionswith operandengthw([N ]
themseles. The remainingp[N ] opcodesare passedo the right
neighborpackageN 1. Here,the cross-producof p[N ] distinc-
tion opcodesandthe w[N] Ww[N 1] operanddistancebits is
built to generateall opcodedor this package.The propagation of
p[i] opcodedo packagd 1 andthe following cross-productvith
w[i] w[i 1]is donefor the completetable. This procedurds
illustratedin gure 3 for our exampleinstructionsettablefrom the
beginningof thissection.Thepresentealgorithmguaranteeanide-
ally pacled instruction-sesincethe opcodesare perfectly adapted
to their operandlength. Eachpackagesuccessiely propagtesall
its not requiredopcodehits to be usedfor encodinginstructionsin
the next package.However redundang canbe unavoidableby an
ad\erseinstruction-setbut is notintroducedby this algorithm. E.g.
in the previous example4 instructionswithout an operandare en-

... <same procedure with rest of array>
12
g Permutation of the returned opcodes with the subvectors
ing at max the width difference to left neighbour
010

i
(Reresy3 - 12 = 1 bit)
100 1000 1001
»| 101 0 — [1010

110 ® 1100 | 1101 | |
011 111 1110 |11 J |
Resulting opcod'é set
000 | | 1000 1001
001 1010 1011

Inital set of 8
opcodes:

000 100
001 101
110
111

010 1100
011 1110

Figure 3: Variable length opcodesynthesis-pas$wo

codedin 2 of 7 availablebits. The remaining5 bits arenot usedas
illustratedin gure 2.

Thedescribedalgorithmwill beusedasa subroutineor the auto-
matic encodingof entireinstruction-setdasedon hierarchicalpro-
cessomodels. The characteristicef suchmodelsare presentedn
thefollowing section.

5. HIERARCHICAL PROCESSORMODELS

Marny modernprocessomodelling languagesmake use of the
factthatinstruction-setsnoreor lessclearly canbe partitionedinto
groups whosemembersshaw certainsimilaritiesin their binaryen-
coding, operandlists, assemblysyntax,or behaior. Suchgroups
may further be subdvided into subgroupscontainingmembersof
evenhighermutualsimilarity. This canbeexploitedby factoringout
commonelementf groupsandsubgroupssoasto achieve concise
hierarchical processomodels. The resultingprocessomaodelling
formalismsresembleontet-freegrammarsith terminalsandnon-
terminals.

Figure 4: Hierar chical processomodelling principle

Fig. 4 exempli es this concept.An instructionmay be composed
of addressingnode,condition,opcode andoperandelds. Theop-
codesmay be subdvidedinto control-relatedarithmetic,andmove
instructions wherearithmeticinstructionsare subdvided in turn at
thenext lower hierarcly level. A partialdescriptionof the presented
hierarcly, realizedin the processomodellinglanguage_ISA [9] is
presentedn gure 5.

Eachnodein the hierarchicalprocessomodel correspondgo a
socalledLISA operation.The GROURbataredeclaredn the pro-
logueof anoperatiorcorrespondo alist of alternative(OR)instruc-
tion parts,therebyintroducingnonterminalsThe CODINGectionof
an operationdescribeghe composition(AND) of instructionsfrom
terminal(i.e. partialbinaryopcodespandnonterminaklements.

A LISA processodescriptiortypically containsabout50-3000p-
erations,of coursethis is very much dependenbn the processor
compl«ity andthe abstractionlevel of the description. However,
it become<clearhowv comple the de nition of the instruction-set



OPERATIOMstr

DECLARE
GROUBpcode = {control || arithm || move};
GROUBpnds = {short I long }
GROURoONd={...}; GROURddr={...};
YF
CODING { addr cond opcode opnds}
}
OPERATIOIMrithm
DECLARE GROURype = {add || sub || mul || .. 3}

CODING{ 0bO1 type }

}
OPERATIORdd { CODING{ 0b101} }
OPERATIONuUb { CODING{ 0b100} } ...

Figure5: LISA Operation Example

encodingin a hierarchicaldescriptioncanbe. Besidekeepingthe
overview of theinstructionencoding the designethasto careabout
ambiguity and consisteng in the descriptionafter eachre nement
step.

6. LOCAL OPERATION ENCODING

The automaticgenerationof the CODINGectionsand thus the
generationof the completeprocessoiinstruction-setpasedon the
algorithmpresentedn 4 is focussedn this section.Consideringhe
LISA codeexample5 it is noticeablehatthe CODINGectionof op-
erationinstr containsno furtherinformationbesidethe spatialorder
ing of the groups. This is dueto the factthatall GROUHsve been
declaredn the prologue. The declarationis requiredfor the usage
in othersectionsthat containinformation aboutthe assemblysyn-
tax, hardwarebehaior andthetiming [9]. Unlike in thesesections
all GROUPRS8ustappearin the coding sectionsincethe alternatve
operationshave to be distinguishabley the processos instruction
decoder To distinguishbetweentheseoperationsnon-ambiguous
terminal encodinghasto be assigned. Thereforea GROUR con-
sideredasa micro-instruction-seandcanbe automaticallyencoded
usingthe algorithmpresentedn section4. The characteristiof the
subroutineto generatenostcompactencodingfor instructionswith
irregular operand eld lengthsexactly meetsthe requirementsor
encodingoperationsn a GROUP

Operationsvithin a GROU&ancontaindiffering operandengths
that resultfrom the architecturedesign(register le size,immedi-
ateoperandsetc.). Example6 shavs the de nition of anoperation
implementinga 16 bit operand. The assignmenbf 16 unde ned
bits "x" to a so calledLABELvariablevalue permitsreferencinghe
numericvaluein othersectionsthat contritute to the behaioral or
syntacticainstructiondescription.

OPERATIONperand_16bit

DECLARE LABELvalue }
CODING { value=0bx[16] }
}

Figure 6: LISA Immediate Operand Example

Example7 shavs thecombinationof operationsiopandjmp with
adifferentoperandengthin a single GROUIRstr.

Group Encoding Basedon the prede ned operandlength in-
formation, the encodingalgorithm can be appliedon all declared
GROURS anoperation. The completedescriptionis processede-
cursiely startingwith the GROUPsontainingterminal operations

OPERATIOMhstruction_set

DECLARE GROURstr
CODING{ instr }

={nop || jmp } 1}

}
OPERATIONNp

DECLARE GROUPperand = {operand_16bit}; }
CODING{ 0b1 operand}

}
OPERATIONop { CODING { 0bO 0000 0000 0000 0000} }

Figure7: LISA HeterogenousOperand Length Example

only. In the rst stepall GROURS the operationareencoded This
isillustratedin gure 8 wherethe rst consideredsROUgbmprises
threeterminal operationstwo of them containan operandwith 8
and16 bit length,respectiely. Theencodingof theseoperationge-
sultsin a 17 bit encodingof the GROUHM he resultingbit-width of
the GROUY®) andadditionaloperandelds arenowv accumulateénd
assignedo the operation.In the examplethe 17 bit GROU&ndan
additional4 bit operandresultin an21 bit encoding.In the next it-
erationthis bit-width is consideredo encodethe GROU# the next
higherlevel in thehierarcly. In theexample,oneadditionalbit is as-
signed.Thisprocedures repeatedintil therootof theinstruction-set
descriptionis reached.

Step 2 =22
0 1
Step1 17 4
operand
1 01 00 group
16 8 operation

Figure 8: Local Group Encoding

An importantfact that hasto be considereds that a LISA op-
erationneedsnot necessarilyto be assignedxclusively to a single
GROUIR thearchitecturenodel.Insteadjt maybeusedin multiple
GROUP# thiscasetheLISA architecturenodelresultsin agraph
topologyratherthana tree This caserequiresa specialhandling
to avoid ambiguousencodingof operations.A precedinganalysis
phaseof theseoperationgleterminesvhich operationcansharethe
sameencodingandwhich have to beencodedxclusively.

A limitation of encodingGROUP=sequentiallyandlocally is that
possibleoptimizationson a global level arenot taken into account.
This becomeglearwhenconsideringhe examplepresentedn g-
ure9. Thelocal encodingprinciplewould resultin anoverall width
of 4 bits for theinstruction-setHowever, the 6 terminaloperations
couldbeeasilyencodedn a 3 bit instruction-seasshavn in gure
10.

Figure 9: Suboptimal Local Group Encoding

The additionallyrequiredbit resultsfrom the redundang thatis



introducedby the local encodingof GROURsith a non2* aligned
numberof operations However the locally unusedits arenot con-
sideredwhenencodinggroupsof a "remote” operationasit would
be donein manualdesignwith a globalview. Eventhoughthere-

Figure 10: Optimal Global Group Encoding

sultspresentedh section8 indicatethattheoutcomeof thepresented
approachis extremely closeor sometimeseven equalto that of a
manuallyoptimiseddesign,a non-optimalsolutionwould hardly be
acceptedby adesignefor the nal versionof anarchitectureThere-
foreanenhance@ncodingechniques investigatedin thefollowing.

7. GLOBAL OPTIMIZA TION

The previouschaptetasexempli ed thatjointly encodingall ter-
minal operationscanachieve a more densecodingthanthatresult-
ing from thelocal encodingprinciple. However, whenapplyingthis
techniqueon real world processomodels,several problemsrang-
ing from exponentialalgorithmiccompleity up to handlingof spe-
cial caseshave to be solved. This sectionpresentsa heuristicso-
lution for applyingglobal encodingoptimizationseven on comple
instruction-setlescriptions.

The maintaskof the globalencodingalgorithmis to identify the
so called key-opeations in the LISA architecturedescriptionthat
unambiguouslyidentify a single processoinstruction. Thesekey-
operationsare then encodedwith an opcodethat is uniquein the
globalinstruction-set. Thereforea key operationmustbe terminal
and moreover accessibleria exactly one path, therebyunambigu-
ously identifying the non-terminaloperationghat belongto the in-
struction. For a simpleinstruction-setreeasshovn in gure 10all
terminaloperationdul Il the requiremenfor a key-operation. Af-
ter identifying all key-operationsn the whole architecturedescrip-
tion, the operandlengthshave to be determinedby accumulating
all operandengthsof the associateshon-terminaloperation®n the
pathto the key-operation. Subsequentlyhe setof key-operations
hasto beencoded.

However, the determinatiorof the key-operationds a very com-
plex taskin real-world processomodels.A processoinstructionis
usuallycomposedy multiple (non-terminal)GROURs.g. opcode,
condition,etc. (see gure 4) which have to betakeninto accountfor
theglobalencoding.Exactlyoneof theseGROUHRwasto be selected
for the global encoding. The remainingGROUPagain form a sub-
treeor graphof operationghathave to beencodedaswell, butin the
scopeof theembeddingnstruction. Thusthe schemehasto be con-
tinuedrecursvely until the completetree/graphhasbeenencoded.
The selectionof the bestGROUB of majorimportancebecausele-
pendingon which GROUR selectech differentoverall instruction
word length canresultasshavn in gure 11. In orderto nd the
optimalsolution,in theworstcaseall permutation®f suitablecom-
binationsof GROUHFsr the global key-operationgroup have to be
built, encodecandcompared Unfortunatelythis resultsin anexpo-
nentialcompleity. A secondmnajorissuefor the globalencodings
thefactthatoperationcanandvery oftendo occurmultiple timesin
thedescriptiomasalreadyexplainedin section6. This caseemepes
whenvariousprocessomstructionssharetheinformationcontained

2 bit instruction-set

3 bit instruction-set

Figure 11: Alter native key instruction groups

in a single operation. Figure 12 shows thatin this casea terminal
operatiordoesnotunambiguouslyle ne its associatedon-terminal
operationswhichis arequirementor akey-operation.Obviously; it

| - ! multi-instance -

_.-" operation

Figure 12: Global Group Encoding

requiresadditionalinformationto identify which operationselong
to a single processoinstruction. Thereforeall non-terminalopera-
tionsabove the sharedoperationhave to be encodedadditionallyto
clearlyidentify theinstruction.

Hybrid Encoding The major dravback of the approachpre-
sentedabove is the exponentialalgorithmic compleity thatresults
from therecursvely conductegermutation®f thegraph.Applying
this schemeto real-life processomodelslike ARM7100, MIPS32
4K etc. hasshown thatthe algorithmin factstill nishes within a
time that might be consideredacceptabléhours),but it canbeim-
provedsigni cantly by asimpleenhancemenfAs statedn section6
thelocal encodingalgorithmguaranteesptimal resultsfor GROUPs
that comprisea 2 alignednumberof operations. Furthermoreits
complity is only linearin the numberof GROUHR the processor
description.

Obviously apre-encodingf GROURgith thelocal encodingme-
thod cansigni cantly reducethe computationakffort for the global
encodingschemeln this"hybrid” approachhelocal encodings re-
cursiely appliedto the GROUHa= the processodescriptionjust as
describedn 6 until don't care bits would have to be generatedThe
respectie operationsn this GROUdrethencandidateor theglobal
key-operatiorgroupasshaovnin gure 13. Dueto thecharacteristics

Locally encoded

Figure 13: Hybrid Encoding



of real-world architectures hugepercentagef groupscanbe per

fectly pre-encodedn anarchitecturedescription.This resultsfrom

typicalarchitecturepropertiesvith a2* alignednumberof registers,
ags etc.

The presentedapproachis morewer suitedto integratepartially
manuallyprede nedor previously generatedgncodingsn the syn-
thesisprocessThis ensureghatfurtherversionsof a processowith
an extendedinstruction-setrestill binary compatiblewith preced-
ing versions.However, if the manuallyprede nedencodingis sub-
optimal, the generatomight not be ableto addfurtherinstructions
without increasingthe overall instructionword length. In this case
feedbackis returnedto the designerreportingthe suboptimalspots
in thedescription.

8. RESULTS

The applicability andthe ef ciency of the automaticinstruction
encodinghasbeenevaluatedbnthebasisof variousLISA modelsfor
real-world processorsFor this purposethe prede nedencodingin-
formationhasbeenremovedfrom theprocessomodels.Thesemod-
elswereprocessedby the LISA languagdrontend,andinstruction
encodingvassubsequentlgeneratedby theencodingbaclkend. The
investigatedarchitecturemodelscomprisethe entireinstruction-set
of therespectie processorandarewell veri ed againstthevendors'
modelsvia extensve simulation.Theinstruction-seencodingsvere
generatedn averagein lessthan one CPU secondon an 800Mhz
Athlon PC,RedHatLinux v7.2. Thetablebelav presentsheresult-
ing instructionwordlengthof veinvestigatedarchitecturesianging
from generaburposeo highly applicationspeci ¢ processors.

| LISA Model || Original || Local [| Hybrid |

ARM7100 32 33 32
ICore 20 19 19
PP32 32 32 30

MIPS32 32 32 31
PowverPC 32 33 32

Looking at the resultsfor the well knovn ARM7100 it canbe
seenthatthe local encodingalgorithm(seesection6) is not ableto
achievze the samecompactnesor the instruction-setasrealizedin
the original design.However, the globalencodingprinciple utilized
in the hybrid encoding(section7) is able to further optimize the
instruction-sebit-width to the original 32 bit. The structureof the
generateencodings very similar to the original design.Almosthe
sameappliesfor the ndings for the PowerPC model. The ICore
[18] is a typical representate of an highly specializedASIP ar
chitecture. It hasbeendesignedor acquisitionandtrackingtasks
within a DVB-T recever. The original instruction-setistinguishes
the 60 instructionswithin an 6 bit opcode eld. By the adaptionof
the opcode eld to the operand-lengthasdonein the local encod-
ing, onebit canbe saved. However thedistribution of opcodedength
is ratherfragmentedwhich may resultin a more complex decoder
implementation.The hybrid encodingyieldsthe samebit-width but
only consistingof two differentterminal opcodelength (5 bit and
7 bit) andconsequenthallows a simpleimplementation.A further
ASIP underinvestigation is the In neon ProtocolProcessoPP32
[17]. Using the hybrid encodingtechniquethe overall instruction
word lengthcanbereduceddy two bits. The hybrid encodingof the
MIPS32 4k resultsin a two stageopcodeof 4 and 10 bits length.
The overall bit-width for this architectureis 31 bit which is again
lessthanthe original 32 bit design.

9. CONCLUSIONS

This papethaspresente@techniguefor automatidnstructionen-
codingin hierarchicaprocessomodelswith applicationto ASIP ar-
chitectureaxploration.First,alocal encodingechniquenasbeenin-
troduced.Furthermoreaglobaloptimizationtechniquehasbeende-
velopedhatallowsfurtherimproving thecompactnessf theinstruct-
ion-setby a computation-intense pre-analysisof the instruction
hierarcly. In orderto minimize the computationakffort for com-
plex real-world architectures,nally a hybrid of both methodshas
beenpresented While notin ary way limiting the applicability of
thetechniqueto certainprocessoclasses it massiely reduceshe
problemsizeandhencethe computationakffort. The presentede-
sults clearly indicatethat the realizedhybrid encodingmechanism
is well suitedevenfor the nal implementatiorof the architecture.
However, themainbene t of thiswork is the increasedlesigneref-
ciency in processomrchitectureexploration: Integratedin a pro-
cessomdesignervironment,the technigueeliminatesthe bottleneck
of tediousmanualinstructionencodingspeci cation.Hence the de-
sighercanfocuson relevantdesigndecisionswithout having to deal
with architecturedetailsnot requiredin early explorationphases.
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