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ABSTRACT
This paperpresentsa novel instructionencodinggenerationtech-
niquefor usein architectureexplorationfor applicationspeci�c pro-
cessors.The underlyingexplorationmethodologyis basedon suc-
cessive processormodel re�nementcombinedwith simulationand
pro�ling. Previousapproachesrequirethetediousmanualspeci�ca-
tion of binary instructionopcodeseven at very early designstages
due to the needto generatepro�ling tools. The proposedauto-
matictechniqueeliminatesthisbottleneckin ASIPdesign.It is well
adaptedto the hierarchicalprocessormodelingstyle of contempo-
raryarchitecturedescriptionlanguages.Experimentalevaluationfor
severalreal-life processorarchitecturescon�rms thepracticalappli-
cability of thepresentedencodingtechniques.Moreover, theresults
indicatethatvery compactinstructionencodingschemesaregener-
atedthatcompeteverywell with hand-optimizedencodings.

1. INTRODUCTION
Most of today's SoCdesignsinvolve oneor moreembeddedpro-

cessorcoresthatexecutethesoftwarecomponentsof asystem.While
a large numberof mixed hardware/softwareSoCdesignsarestill
basedon standardoff-the-shelfRISCor DSPcores,thereis a clear
trendtowardsspecializationof processorstowardsthe intendedap-
plications,so asto achieve an optimumbalancebetweencomputa-
tionalef�ciency, reuseopportunities,cost,and�e xibility [2]. Hence,
thedesignof application-speci�cinstruction-setprocessors(ASIPs)
hasreceivedhighattentionin academiaandindustry.

The ASIP design�o w differs signi�cantly from that of general-
purposeprocessorsor standardcores.Driven by a setof target ap-
plications, frequently speci�ed in C/C++, ASIP designgenerally
startswith aniterativearchitectureexplorationprocessthatinvolves
stepwisere�nementof architectureandtiming abstractionlevelsas
well asextensive simulation/pro�ling. Modeling abstractionlevels
rangefrom untimedhigh-level languageISA modelsdown to cycle-
accurateRTL HDL synthesismodels.

As opposedto a classicalpurely HDL baseddesign�o w, such
a re�nement and pro�ling basedmethodologyis certainly favor-
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able,as it allows the designerto abstractfrom unnecessarydetails
in early stagesand to concentrateon the most relevant designde-
cisionsinstead.This resultsin shorterdesigntimes. Consequently,
themethodologyalreadyhasfounda high degreeof acceptance.A
popularexample is Tensilica's customizableXtensaprocessor[4]
design�o w. While theXtensaapproachrelieson a partially prede-
�ned RISCcore,in this paperwe focuson ASIP designswith much
largerdegreesof freedomin ISA andmicro-architecturedesign.

The underlyingprocessordesignframework is basedon a hier-
archicalprocessormodellinglanguage.With this languagethe de-
signercancreatea modelof the target architectureon variousab-
stractionlevels.To evaluatetheperformanceandthefunctionalityof
theprocessor, thedesignercanautomaticallygenerateacompleteset
of softwaredevelopmenttoolsandaninstruction-setsimulatoratany
time in thedesign�o w. Theprovidedhardwareandsoftwarepro�l-
ing capabilitiesaremandatoryto tailor thearchitecturestep-by-step
to theapplication's needs.Handwritingthesetoolsaftereacharchi-
tecturere�nementwould not allow an iterative explorationprocess
sincethemanualcreationis a lengthy anderror-proneprocess.

However, onestill openproblemwith the above re�nement and
pro�ling basedmethodologyis that the designeris still forced to
provide somedetailedarchitectureinformationalreadyat thehigh-
estabstractionlevel. In particular, the tediousspeci�cation of the
binary instructionencodingat earlystagesof architecturedesignis
only necessarybecausetools requiredfor pro�ling (e.g.assembler
andISA simulator)cannotbebuilt without it. However, thedetailed
instructionopcodesarelargely irrelevant beforethe RTL modeling
stagehasbeenreached.

In orderto overcomethis problem,thecontribution of this paper
is a novel instruction encodingsynthesistechniquethat automati-
cally generatesbinary opcodesat early ASIP designstages. The
instructionencodingsgeneratedthis way do not necessarilyneedto
accuratelyre�ect the �nal encoding. They mainly serve the pur-
poseof enablingthe designerto quickly generatesoftware devel-
opmenttools for architectureexplorationandpro�ling in early de-
sign phases.Naturally, it hasto be ensuredthat the generateden-
coding(in particularw.r.t. instruction-word length)doesnot deviate
muchfrom the �nal optimizedcoding,sincethe designermight be
interestedin accuratecodesizeestimationsalreadyduringarchitec-
ture exploration. The proposedtechniquehasbeenintegratedinto
anindustrialembeddedprocessordesignplatformto demonstrateits
practicaluse. We provide experimentalevidencethat the proposed
techniquemeetstheabove mentionedrequirements.Theremainder
of this paperis structuredasfollows. Section2 introducesprevious
work, focusingon ASIP designmethodologiesand instructionen-
codingtechniques.Fundamentalsof instructionencodinganda ba-
sicopcodesynthesisalgorithmarepresentedin section3 and4. The



underlyingprocessormodelingtechniquefor automatedinstruction
encodingis describedin 5. The principle andthe work�o w of the
automaticinstruction-setencodingsynthesisarepresentedin section
6 and7. Section8 givesexperimentalresultsof encodingsynthesis
for a numberof real-life embeddedprocessors.Finally, section9
concludes.

2. RELATED WORK
In theEDA industryandacademiahierarchicalprocessordescrip-

tionsarewidely usedfor thepurposeof designautomation[1] [15]
[8] [5] [16] [11] [6]. Sincemostof theseapproachesemphasizethe
generationof softwaretoolsor synthesizeableHDL code,just few of
themaddressthecompleteASIPdesign�o w. As aconseqence,none
of themhave yet presenteda techniquefor theautomaticgeneration
of binaryinstructionencodings.

A techniquefor theautomaticdesignof completeinstruction-sets
for ASIPs hasbeenpublishedin [3]. Unlike in our approachthe
instruction-setcannotbe speci�ed by the processordesignerbut is
automaticallygeneratedfromanprecedingapplicationanalysisphase.
There,an applicationis translatedinto preliminaryassemblycode.
Subsequentlyamultitudeof frequentinstructioncombinationscalled
complex instructionpatternsare generated. An ILP basedand a
heuristicalgorithmselectthebestsuitedsetof complex instructions
basedon ef�ciency andcostparameters.Ef�ciency increaseis de-
rivedfrom thenumberof savedcycles,andthecostis de�ned by the
requiredbit-width for thecomplex instructions.

The automaticsynthesisof VLIW processorswith focuson the
generationof non-trivial instructionformatsis presentedin [10]. The
goalof thePICOprojectis to fully automatethedesignof aclassof
VLIW ASIPs,startingfrom applicationlevel. Furthermore,funda-
mental information of compactinstructionencodingthroughvari-
ablelengthopcodeis given. Additionally a compressiontechnique
basedon Huffman encodingto minimize the averageinstruction-
word lengthis investigated.

Work on instructionencodingtechniqueswith specialregardto a
minimum instruction-word lengthusinga look-up tablebasedim-
mediateencodingapproachis presentedin [12]. However, this tech-
niquerequiresacomplex decoderlogic andfurthermorerestrictsthe
maximumnumberof immediatevaluesthat aresimultaneouslyal-
lowedin anapplication.

A dictionarybasedinstructionencodingcompressiontechniqueis
presentedin [14]. Hereillegal op-codesof thePowerPCarchitecture
aremappedto frequentlyusedinstructionsequences.However the
resultingdecoderlogic is of signi�cantly increasedcomplexity and
consequentiallythis approachis limited to processorswith a strictly
limited memoryandrelaxedconstraintsonclock frequency.

Poweroptimizedinstruction-setsfor ASIPsthroughminimization
of bit-togglingin anapplicationusingstatisticalpro�ling techniques
areinvestigatedin [13].

Summarizingtherelatedwork,all existingapproachescomealong
with major drawbackslimiting their applicability by restrictingei-
therthearchitecturedesign,resultingin enormousdecodercomplex-
ity or evenputtingunacceptablerequirementson thesoftware. The
techniquepresentedin this paperdoesnot restrict the architecture
classesnor the software. Moreover, it generatesinstruction-seten-
codingsof aqualitywhich is suitablefor a �nal implementation.

3. VARIABLE LENGTH OPCODES
Any binary instructionformatconsistsof anopcode�eld aswell

asoperand �elds. The latter areusedto storee.g. immediatecon-
stants,addresses,and register indices. A simple way of instruc-
tion codingis to usea �xed-lengthopcode�eld for all instructions,

while leaving the remainingbits for operand�elds. An exampleis
the well-known DLX architecture[7], which shows 6-bit opcodes.
Using �x ed-lengthopcodes,an optimal utilization of the available
instruction-word lengthW is only possible,if thenumberof differ-
ent opcodesis equalto 2n , for someinteger n, andthe sumof the
operand�eld lengthsin eachinstructionconstantlyequalsW � 2n .
Otherwise,a certainamountof availableopcodesmight remainun-
used.
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Figure1: Fixed and variable length opcodes

An exampleis givenin �g. 1 (left). Sincethereare10instructions,
we needdlog2 10e = 4 bits for uniqueencoding.Hence,someop-
codeswill notbeused,leadingto don't carebits in theopcode�eld.
Likewise, therewill be somedon't care bits in the operand�elds
aswell, sincedifferentinstructionsgenerallyhave differentoperand
length requirements.For instance,a register-to-register MOV in-
structionwill have only two insteadof threeoperands,anda NOP
needsnooperandsatall.

A morecompactencodingis achieved by usingvariable-length
opcodes, ase.g.usedin contemporarystandardRISCcores.Instruc-
tions with long operand�elds areassignedshortopcodesandvice
versa.In theexamplein �g. 1 (right), therearefour instructionswith
a 3-bit opcode,while theremainingonesareencodedwith 4 bits as
before. In total, this reducesthe requiredword lengthby onebit.
Obviously, variable-lengthopcodeencodingshouldbepreferred.

Basedon this,wecanstatethebasicinstructionencodingsynthe-
sisproblemasfollows: For agiveninstruction-setS = f I 1 ; : : : ; I n g,
where each I j hasa total operand �eld lengthF j , assigna unique
opcodeOj to each I j , such thatmaxj =1 ::: n (jOj j + jF j j) is minimal.

An ef�cient algorithmfor solving this problemwill bedescribed
in section4. However, themainfocusof thispaperis instructioncod-
ing synthesisfor ASIPsmodelledin someconciseprocessormod-
elling language. As will be discussedin section5, suchlanguages
tendtobehierarchical, whichresultsin speci�c problemsnotpresent
in traditionalresearchoninstructionencodingthatusuallyassumesa
”�at” ISA model.Still, theabove basicinstructioncodingsynthesis
hasto beusedasasubroutine.

4. OPCODE SYNTHESIS
In this sectionwe presenta subroutinefor solving the basicin-

structioncodingproblemde�ned in section3. Thealgorithmtakes
as input a table that, for eachdistinct total operand�eld lengthw
occurringin the instruction-set,storesthenumbern of instructions
having thesameparticularvalueof w. Thetablecolumnsareordered
in descendingorderof w. An exampleis givenbelow.

package i N=4 3 2 1 0
operandlength w 13 12 11 7 0
# instructions n 4 6 3 15 4
# dist. instr. p 4 2 1 1 0



Thetabledescribesaninstruction-setwith a total of n[0] = 4 in-
structionswithoutoperands,n[1] = 15 instructionswith aw[1] = 7
bit operand,n[2] = 3 instructionswith aw[2] = 11 bit operandetc.
We call an instructionsubsethaving the samew valuea package.
AltogetherN = 4+ 1 instructionpackageswith adifferentoperand
lengthexist in theexample.Thegoalof thealgorithmis to placethe
opcodefor encodinginstructionpackagei into theoperand�eld of
packagei + 1. Regardingtheexamplethis meansthat theopcode
of the�rst packageshouldbeplacedin the7 bit operand region of
thesecondpackageasillustratedin �gure 2. Consequently, noaddi-
tionalbitsarerequiredto encodetheinstructionsof the�rst package.
Justp[1] = 1 further“distinction“ opcodeis necessaryin thesecond
packageto distinguishits instructionsfrom the �rst package.As a
resultthesecondpackageconsistsof p[2]+ n[2] = 16opcodes.The
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Figure2: Variable length opcodesynthesis-passone

algorithm for the variable length opcodesynthesiscomprisestwo
passes.In the�rst (right-to-left) passtheabove describedprocedure
is appliedon thewholetable.Thusfor eachpackagei , thenumber
of additionaldistinctionopcodesp[i ] is calculatedto allow the ac-
commodationof the previous i � 1 package's n[i � 1] + p[i � 1]
opcodesin theregion of theoperand�eld. In casethatthecomplete
opcodeof packagei � 1 cannotbeplacedin this region,thenumber
of distinctionopcodesp[i ] grows. Formally, thevalueof p[i ] canbe
determinedvia equation1 for eachpackagei in thetable.

p[i + 1] = d
n[i ] + p[i ]

2w [i +1] � w [i ]
e; p[0] = 0 (1)

At theendof the �rst passthetotal instruction-word lengthis �x ed
by the numberof instructionsn[N ] in the packagecontainingthe
longestoperandN , thenumberof distinctioninstructionsp[N ] and
theoperandlengthw[N ] asshown in equation2.

W = dld(n[N ] + p[N ]) + w[N ]e (2)

In the second(left-to-right) passof the algorithm, the �nal op-
codesfor theentireinstruction-setaregenerated.Thus,startingwith
groupN , n[N ] + p[N ] opcodesaregenerated,out of which n[N ]
areusedfor theencodingtheinstructionswith operandlengthw[N ]
themselves. The remainingp[N ] opcodesare passedto the right
neighborpackageN � 1. Here,thecross-productof p[N ] distinc-
tion opcodesand the w[N ] � w[N � 1] operanddistancebits is
built to generateall opcodesfor this package.The propagation of
p[i ] opcodesto packagei � 1 andthefollowing cross-productwith
w[i ] � w[i � 1] is donefor the completetable. This procedureis
illustratedin �gure 3 for our exampleinstructionsettablefrom the
beginningof thissection.Thepresentedalgorithmguaranteesanide-
ally packed instruction-setsincethe opcodesareperfectlyadapted
to their operandlength. Eachpackagesuccessively propagatesall
its not requiredopcodebits to be usedfor encodinginstructionsin
the next package.However redundancy canbe unavoidableby an
adverseinstruction-set,but is not introducedby this algorithm.E.g.
in the previous example4 instructionswithout an operandareen-

Figure3: Variable length opcodesynthesis-passtwo

codedin 2 of 7 availablebits. Theremaining5 bits arenot usedas
illustratedin �gure 2.

Thedescribedalgorithmwill beusedasasubroutinefor theauto-
maticencodingof entireinstruction-setsbasedon hierarchicalpro-
cessormodels.Thecharacteristicsof suchmodelsarepresentedin
thefollowing section.

5. HIERARCHICAL PROCESSORMODELS
Many modernprocessormodelling languagesmake use of the

fact that instruction-setsmoreor lessclearlycanbepartitionedinto
groups, whosemembersshow certainsimilaritiesin their binaryen-
coding, operandlists, assemblysyntax,or behavior. Suchgroups
may further be subdivided into subgroupscontainingmembersof
evenhighermutualsimilarity. Thiscanbeexploitedby factoringout
commonelementsof groupsandsubgroups,soasto achieveconcise
hierarchical processormodels. The resultingprocessormodelling
formalismsresemblecontext-freegrammarswith terminalsandnon-
terminals.

addr cond opcode opnds

control arithm move short long

add sub mul and or

instr

AND AND AND

OR OR

OR OR OR OR

Figure4: Hierar chical processormodelling principle

Fig. 4 exempli�es this concept.An instructionmaybecomposed
of addressingmode,condition,opcode,andoperand�elds. Theop-
codesmaybesubdividedinto control-related,arithmetic,andmove
instructions,wherearithmeticinstructionsaresubdivided in turn at
thenext lowerhierarchy level. A partialdescriptionof thepresented
hierarchy, realizedin theprocessormodellinglanguageLISA [9] is
presentedin �gure 5.

Eachnodein the hierarchicalprocessormodelcorrespondsto a
socalledLISA operation.TheGROUPsthataredeclaredin thepro-
logueof anoperationcorrespondto alist of alternative(OR)instruc-
tion parts,therebyintroducingnonterminals.TheCODINGsectionof
anoperationdescribesthecomposition(AND) of instructionsfrom
terminal(i.e.partialbinaryopcodes)andnonterminalelements.

A LISA processordescriptiontypically containsabout50-300op-
erations,of coursethis is very much dependenton the processor
complexity and the abstractionlevel of the description. However,
it becomesclearhow complex the de�nition of the instruction-set



OPERATIONinstr
{

DECLARE{
GROUPopcode = {control || arithm || move };
GROUPopnds = {short || long };
GROUPcond={...}; GROUPaddr={...};

}F
CODING { addr cond opcode opnds}

}
OPERATIONarithm
{

DECLARE{ GROUPtype = {add || sub || mul || ... }};
CODING { 0b01 type }

}
OPERATIONadd { CODING { 0b101 } }
OPERATIONsub { CODING { 0b100 } } ...

Figure5: LISA Operation Example

encodingin a hierarchicaldescriptioncanbe. Besidekeepingthe
overview of theinstructionencoding,thedesignerhasto careabout
ambiguityandconsistency in the descriptionafter eachre�nement
step.

6. LOCAL OPERATION ENCODING
The automaticgenerationof the CODINGsectionsand thus the

generationof the completeprocessorinstruction-set,basedon the
algorithmpresentedin 4 is focussedin this section.Consideringthe
LISA codeexample5 it is noticeablethattheCODINGsectionof op-
erationinstr containsnofurtherinformationbesidethespatialorder-
ing of thegroups.This is dueto thefact thatall GROUPshave been
declaredin the prologue.The declarationis requiredfor the usage
in othersectionsthat containinformationaboutthe assemblysyn-
tax, hardwarebehavior andthe timing [9]. Unlike in thesesections
all GROUPSmustappearin the codingsectionsincethe alternative
operationshave to bedistinguishableby theprocessor's instruction
decoder. To distinguishbetweentheseoperations,non-ambiguous
terminal encodinghasto be assigned.Thereforea GROUPis con-
sideredasa micro-instruction-setandcanbeautomaticallyencoded
usingthealgorithmpresentedin section4. Thecharacteristicof the
subroutineto generatemostcompactencodingfor instructionswith
irregular operand�eld lengthsexactly meetsthe requirementsfor
encodingoperationsin aGROUP.

Operationswithin a GROUPcancontaindiffering operandlengths
that result from the architecturedesign(register-�le size, immedi-
ateoperands,etc.). Example6 shows thede�nition of anoperation
implementinga 16 bit operand. The assignmentof 16 unde�ned
bits ”x” to a socalledLABELvariablevaluepermitsreferencingthe
numericvaluein othersectionsthat contribute to the behavioral or
syntacticalinstructiondescription.

OPERATIONoperand_16bit
{

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

}

Figure6: LISA Immediate Operand Example

Example7 showsthecombinationof operationsnopandjmpwith
adifferentoperandlengthin asingleGROUPinstr.

Group Encoding. Basedon the prede�nedoperandlength in-
formation, the encodingalgorithm can be appliedon all declared
GROUPsof anoperation.Thecompletedescriptionis processedre-
cursively startingwith the GROUPscontainingterminal operations

OPERATIONinstruction_set
{

DECLARE{ GROUPinstr = {nop || jmp }; }
CODING { instr }

}
OPERATIONjmp
{

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

}
OPERATIONnop { CODING { 0b0 0000 0000 0000 0000} }

Figure7: LISA HeterogenousOperand Length Example

only. In the�rst stepall GROUPsof theoperationareencoded.This
is illustratedin �gure 8 wherethe�rst consideredGROUPcomprises
threeterminal operations,two of them containan operandwith 8
and16 bit length,respectively. Theencodingof theseoperationsre-
sults in a 17 bit encodingof the GROUP. The resultingbit-width of
theGROUP(s)andadditionaloperand�elds arenow accumulatedand
assignedto the operation.In the examplethe 17 bit GROUPandan
additional4 bit operandresultin an21 bit encoding.In thenext it-
erationthis bit-width is consideredto encodetheGROUPat thenext
higherlevel in thehierarchy. In theexample,oneadditionalbit is as-
signed.Thisprocedureis repeateduntil therootof theinstruction-set
descriptionis reached.

001 01

=17

=22

0 1

16 8

4Step 1

Step 2

width operand

code operation

width group

Figure8: Local Group Encoding

An importantfact that hasto be consideredis that a LISA op-
erationneedsnot necessarilyto be assignedexclusively to a single
GROUPin thearchitecturemodel.Instead,it maybeusedin multiple
GROUPs. In thiscase,theLISA architecturemodelresultsin agraph
topology ratherthan a tree. This caserequiresa specialhandling
to avoid ambiguousencodingof operations.A precedinganalysis
phaseof theseoperationsdetermineswhichoperationscansharethe
sameencodingandwhichhave to beencodedexclusively.

A limitation of encodingGROUPssequentiallyandlocally is that
possibleoptimizationson a global level arenot taken into account.
This becomesclearwhenconsideringtheexamplepresentedin �g-
ure9. Thelocal encodingprinciplewould resultin anoverall width
of 4 bits for the instruction-set.However, the6 terminaloperations
couldbeeasilyencodedin a 3 bit instruction-setasshown in �gure
10.

1x00 01

2

1x00 01

2

10

1

00 01 10x

4

Figure9: Suboptimal Local Group Encoding

The additionallyrequiredbit resultsfrom the redundancy that is



introducedby the local encodingof GROUPswith a non 2x aligned
numberof operations.However thelocally unusedbits arenot con-
sideredwhenencodinggroupsof a ”remote” operationasit would
be donein manualdesignwith a global view. Even thoughthe re-

010000 001

3

111110

3

- - -

3

101011 100

3

Figure10: Optimal Global Group Encoding

sultspresentedin section8 indicatethattheoutcomeof thepresented
approachis extremely closeor sometimeseven equalto that of a
manuallyoptimiseddesign,a non-optimalsolutionwould hardlybe
acceptedby adesignerfor the�nal versionof anarchitecture.There-
foreanenhancedencodingtechniqueis investigatedin thefollowing.

7. GLOBAL OPTIMIZA TION
Thepreviouschapterhasexempli�ed thatjointly encodingall ter-

minal operationscanachieve a moredensecodingthanthat result-
ing from thelocal encodingprinciple. However, whenapplyingthis
techniqueon real world processormodels,several problemsrang-
ing from exponentialalgorithmiccomplexity up to handlingof spe-
cial cases,have to be solved. This sectionpresentsa heuristicso-
lution for applyingglobalencodingoptimizationsevenon complex
instruction-setdescriptions.

Themain taskof theglobalencodingalgorithmis to identify the
so called key-operations in the LISA architecturedescriptionthat
unambiguouslyidentify a singleprocessorinstruction. Thesekey-
operationsare then encodedwith an opcodethat is uniquein the
global instruction-set.Thereforea key operationmustbe terminal
and moreover accessiblevia exactly one path, therebyunambigu-
ously identifying thenon-terminaloperationsthatbelongto the in-
struction.For a simpleinstruction-settreeasshown in �gure 10 all
terminaloperationsful�ll the requirementfor a key-operation.Af-
ter identifying all key-operationsin thewholearchitecturedescrip-
tion, the operandlengthshave to be determinedby accumulating
all operandlengthsof theassociatednon-terminaloperationson the
path to the key-operation. Subsequentlythe set of key-operations
hasto beencoded.

However, thedeterminationof thekey-operationsis a very com-
plex taskin real-world processormodels.A processorinstructionis
usuallycomposedby multiple (non-terminal)GROUPse.g. opcode,
condition,etc. (see�gure 4) whichhave to betakeninto accountfor
theglobalencoding.Exactlyoneof theseGROUPshasto beselected
for the global encoding.The remainingGROUPsagain form a sub-
treeor graphof operationsthathaveto beencodedaswell, but in the
scopeof theembeddinginstruction.Thustheschemehasto becon-
tinuedrecursively until the completetree/graphhasbeenencoded.
Theselectionof thebestGROUPis of major importancebecausede-
pendingon which GROUPis selecteda differentoverall instruction
word lengthcanresultasshown in �gure 11. In order to �nd the
optimalsolution,in theworstcaseall permutationsof suitablecom-
binationsof GROUPsfor the global key-operationgrouphave to be
built, encodedandcompared.Unfortunatelythis resultsin anexpo-
nentialcomplexity. A secondmajor issuefor theglobalencodingis
thefactthatoperationscanandveryoftendooccurmultiple timesin
thedescriptionasalreadyexplainedin section6. This caseemerges
whenvariousprocessorinstructionssharetheinformationcontained

Global
Group Global Group

3 bit instruction-set 2 bit instruction-set

Figure11: Alter nativekey instruction groups

in a singleoperation. Figure12 shows that in this casea terminal
operationdoesnotunambiguouslyde�ne its associatednon-terminal
operations,which is arequirementfor akey-operation.Obviously, it

010000 001

- -

101011 100 111110

-

0 1path ID

multi-instance
operation

Figure12: Global Group Encoding

requiresadditionalinformationto identify which operationsbelong
to a singleprocessorinstruction. Thereforeall non-terminalopera-
tionsabove thesharedoperationhave to beencodedadditionallyto
clearlyidentify theinstruction.

Hybrid Encoding. The major drawback of the approachpre-
sentedabove is the exponentialalgorithmiccomplexity that results
from therecursively conductedpermutationsof thegraph.Applying
this schemeto real-life processormodelslike ARM7100, MIPS32
4K etc. hasshown that the algorithmin fact still �nishes within a
time that might be consideredacceptable(hours),but it canbe im-
provedsigni�cantly by asimpleenhancement.As statedin section6
thelocal encodingalgorithmguaranteesoptimalresultsfor GROUPs
that comprisea 2x alignednumberof operations.Furthermoreits
complexity is only linear in thenumberof GROUPsin theprocessor
description.

Obviouslyapre-encodingof GROUPswith thelocalencodingme-
thodcansigni�cantly reducethecomputationaleffort for theglobal
encodingscheme.In this”hybrid” approachthelocalencodingis re-
cursively appliedto theGROUPsin theprocessordescriptionjust as
describedin 6 until don't care bits would have to begenerated.The
respectiveoperationsin thisGROUParethencandidatesfor theglobal
key-operationgroupasshown in �gure 13. Dueto thecharacteristics

1000 01 111

0 - -

3

110100 10110

Global
Group{

Locally encoded

Figure13: Hybrid Encoding



of real-world architecturesa hugepercentageof groupscanbeper-
fectly pre-encodedin anarchitecturedescription.This resultsfrom
typicalarchitecturepropertieswith a2x alignednumberof registers,
�ags etc.

The presentedapproachis moreover suitedto integratepartially
manuallyprede�nedor previously generatedencodingsin the syn-
thesisprocess.Thisensuresthatfurtherversionsof aprocessorwith
anextendedinstruction-setarestill binarycompatiblewith preced-
ing versions.However, if themanuallyprede�nedencodingis sub-
optimal, thegeneratormight not beableto addfurther instructions
without increasingthe overall instructionword length. In this case
feedbackis returnedto the designerreportingthe suboptimalspots
in thedescription.

8. RESULTS
The applicability and the ef�ciency of the automaticinstruction

encodinghasbeenevaluatedonthebasisof variousLISA modelsfor
real-world processors.For this purposetheprede�nedencodingin-
formationhasbeenremovedfrom theprocessormodels.Thesemod-
els wereprocessedby the LISA languagefrontend,andinstruction
encodingwassubsequentlygeneratedby theencodingbackend.The
investigatedarchitecturemodelscomprisethe entireinstruction-set
of therespectiveprocessorsandarewell veri�ed againstthevendors'
modelsvia extensivesimulation.Theinstruction-setencodingswere
generatedon averagein lessthanoneCPU secondon an 800Mhz
Athlon PC,RedHatLinux v7.2.Thetablebelow presentstheresult-
ing instructionwordlengthof � veinvestigatedarchitectures,ranging
from generalpurposeto highly applicationspeci�c processors.

LISA Model Original Local Hybrid
ARM7100 32 33 32

ICore 20 19 19
PP32 32 32 30

MIPS32 32 32 31
PowerPC 32 33 32

Looking at the resultsfor the well known ARM7100 it can be
seenthat the local encodingalgorithm(seesection6) is not ableto
achieve the samecompactnessfor the instruction-setasrealizedin
theoriginal design.However, theglobalencodingprincipleutilized
in the hybrid encoding(section7) is able to further optimize the
instruction-setbit-width to the original 32 bit. The structureof the
generatedencodingis very similar to theoriginal design.Almostthe
sameappliesfor the �ndings for the PowerPC model. The ICor e
[18] is a typical representative of an highly specializedASIP ar-
chitecture. It hasbeendesignedfor acquisitionandtrackingtasks
within a DVB-T receiver. Theoriginal instruction-setdistinguishes
the60 instructionswithin an6 bit opcode�eld. By theadaptionof
the opcode�eld to the operand-length,asdonein the local encod-
ing, onebit canbesaved.However thedistributionof opcodelength
is ratherfragmentedwhich may result in a morecomplex decoder
implementation.Thehybrid encodingyieldsthesamebit-width but
only consistingof two different terminalopcodelength (5 bit and
7 bit) andconsequentlyallows a simpleimplementation.A further
ASIP underinvestigation is the In�neon ProtocolProcessorPP32
[17]. Using the hybrid encodingtechniquethe overall instruction
word lengthcanbereducedby two bits. Thehybrid encodingof the
MIPS32 4k resultsin a two stageopcodeof 4 and10 bits length.
The overall bit-width for this architectureis 31 bit which is again
lessthantheoriginal32bit design.

9. CONCLUSIONS
Thispaperhaspresentedatechniquefor automaticinstructionen-

codingin hierarchicalprocessormodelswith applicationto ASIPar-
chitectureexploration.First,a localencodingtechniquehasbeenin-
troduced.Furthermore,aglobaloptimizationtechniquehasbeende-
velopedthatallowsfurtherimproving thecompactnessof theinstruct-
ion-set by a computation-intensive pre-analysisof the instruction
hierarchy. In order to minimize the computationaleffort for com-
plex real-world architectures,�nally a hybrid of both methodshas
beenpresented.While not in any way limiting the applicability of
the techniqueto certainprocessorclasses, it massively reducesthe
problemsizeandhencethecomputationaleffort. Thepresentedre-
sultsclearly indicatethat the realizedhybrid encodingmechanism
is well suitedeven for the �nal implementationof the architecture.
However, themainbene�t of this work is theincreaseddesigneref-
�ciency in processorarchitectureexploration: Integratedin a pro-
cessordesignenvironment,the techniqueeliminatesthe bottleneck
of tediousmanualinstructionencodingspeci�cation.Hence,thede-
signercanfocuson relevantdesigndecisionswithouthaving to deal
with architecturedetailsnot requiredin earlyexplorationphases.
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