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Abstract- Describedare new approachesfor evaluating
computerprogramrepresentationsfor usein automated
search methodologiessuch as the evolutionary design
of software. Previously, program representationshave
beeneither evaluateddir ectly on raw hardware,provid-
ing high speedbut little control and �exibility; or, pro-
gramswere interpretedby a software interpreter which
canincorporate much �exibility into a program'sevalu-
ation, but doessoat a largecostin time due to interpre-
tation overheads.

Here we bridge this gap by providing intermediate
compilation techniquesfor machine representationsthat
approachthespeedof running raw bits dir ectlyonhard-
ware,but that have all the �exibility and control of cus-
tom instruction sets.In particular , wedescribetwo com-
pilation techniques: the �rst usesjust-in-timecompila-
tion to convert a custominstruction sequenceto machine
code; the secondcompilesan instruction set speci�ca-
tion into a specializedinterpreterwhich incurs only small
overheadsfor instruction decoding. We show that both
techniquescan provide manyfold speedupsover dir ect
interpretation while retaining the expressivenessof cus-
tom representations.

1 Intr oduction

Theautomaticsearchfor interestingdevices—bethey phys-
ical, computational,or otherwise—requiresthe repeated
evaluationof candidateindividualsto ascertaintheir �tness.
Often this evaluationis performedby a computerprogram
simulatingthetargetdevice's environment.Computersim-
ulationof theenvironmentis, however, a tradeoff. It allows
modelingof environmentsexpensive to build or dif�cult to
control in real time, but typically incursvery large tempo-
ral simulationoverheads.Since�tness evaluationis central
to evolutionarysearchandothersearchmethodologies,it is
advantageousto removeasmuchof simulation'soverheads
aspossible,while preservingmostof its advantages.

Speci�cally, if computerprogramsare being evolved,
thena computermay be useddirectly for evaluatingsolu-
tions. Alternately, a computermay be usedindirectly to
simulateanothercomputer, perhapsthroughmultiple lev-
els of intermediateinterpretation.Whensearchis usedto
�nd computerprograms—asin the evolutionarycomputa-
tion areasof geneticprogrammingand machine-language
induction—bothendsof thissimulationspectrumhavebeen
usedby its practitioners[3, 4, 2, 11, 10, 6]. Theevaluation
directly of the bits specifyingthe programon a hardware

processoris on oneendof this spectrum[11, 10]. Its pri-
mary advantageis its extremelyfastexecutionspeed.On
the otherendof this spectrumis the pureinterpretationof
thebit stringasinstructionsby asoftwareinterpreter[6, 2].
Interpretationgivesgreat�e xibility to thedesignof a cus-
tominstructionsetarchitecture(ISA) andto thesubsequent
evaluationof programswritten in it. For example,restrict-
ingevaluationtoamaximum�x ednumberof instructions—
a central issuein the presenceof loops—iseasywith an
interpreterbut tricky when raw bits are run natively on a
generalpurposemachine.

Speed,�e xibility , and control are all desirablein the
evaluation of a program representationsince they con-
tributeto theoverall ef�cacy of theevolutionaryparadigm:
fastevolution of bits on a microprocessorhelps�nd solu-
tions quickly, customISA's allow targetingof a particular
region—andoftena smallerregion—of thesolutionspace,
andcustominstructionsetscanavoid �nding programsthat
might disrupt the searchenvironment,onesthat might re-
set the machinefor example. This papershows that the
middle part of the “raw to interpreted”spectrumcontains
thebestof bothworlds. CustomISA's—aspreviouslyused
for many programevolution projectsin many frameworks
(e.g., [3, 4, 2, 6])—canachieve speedsmuchcloserto raw
hardwareprocessingof the instructionbits thanpureinter-
pretationhasallowed,all thewhile completelyretainingthe
safety, controland�e xibility of custominstructions.

This papercontributestwo techniquesfor speedingthe
evaluationof custommachine-languageISA's: just-in-time
compilation(JIT or JITC)of freshlycreatedindividualsand
specializedinterpreter generation (SIG). We believe that
theseapproachesare also valuablein domainsother than
machine-languageinduction. For example,onecanenvis-
ageJITC or SIGbeingusedto speedevaluationof theLisp
expressionstypically usedin Koza-stylegeneticprogram-
ming[9] andbeingappliedto othertypesof programrepre-
sentationsaswell. Notehowever thatJITC in particularis
mostusefulfor evolvablerepresentationsthatcontainloop
constructssincesomeruntimecostis incurredwhennew in-
dividualsarecreatedandthiscostmustbeoffsetby frequent
useof thecompiledinstructions.

JITC doesan on-the-�y translationof a program's cus-
tom instructionsto the underlying hardware's machine-
language.JITC canbe fast; only a singletranslationpass
over theprogramis required.

�

Typically, a custominstruc-
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Forward branchesto points in the programnot yet scannedrequire
anadditionalsmallamountof work to rewrite theforwardaddressonceit



while (pc < prog_sz && n_steps--) {
int instr = prog[pc];
int op = GET_OPCODE(instr);
int arity = arity_map[op];
int kind = kind_map[op];
int reg_ops[MAX_ARITY];

pc++;
if (kind == BRANCH_KIND) {

int offset = GET_OFFSET_SZ(instr) *
(GET_OFFSET_DIR(instr) ? 1 : -1);

if (op != J_OPCODE) {
int reg = GET_ARG1(instr);
switch (op) {

case JZ_OPCODE:
offset = !regs[reg] ? offset : 0;
break;

/* other branch cases here */ } }
pc = BOUND_PC(pc+offset,local_prog_sz);

} else {
while (arity--)

reg_ops[arity] = GET_ARG_I(instr,arity);
switch (op) {

case ADD_OPCODE:
regs[reg_ops[1]] += regs[reg_ops[0]];
break;

/* other instruction cases here */

Figure1: Fragmentof a register-machineinterpreterwritten in C and
usedin programevolution experiments.Overheadsdueto instructionde-
codingandprogram-countermaintenanceandterminationdetectionareev-
ident.

tion will translateinto a small number(3-5) of machine
instructions,which is much lessthan the numberof ma-
chineinstructionsrequiredfor its interpretation.Bookkeep-
ing codefor terminatingexecutionin the presenceof long
or in�nite loops,for example,addssigni�cantly to thecom-
plexities of interpretation. JIT compilationproducesma-
chinecodeto performthesetasksquickly aswell.

To illustratethebene�tsof JITC andSIG,Figure1 con-
tainsa smallportionof an interpreterwritten in C usedfor
fully interpretedmachine-languageinduction experiments
[6]. Only the codefor a coupleof instructionsis shown:
a branch(JZ OPCODE) andaddition(ADDOPCODE). The
full interpreteris much larger—a few hundredlines of C.
(Theoperationalsemanticsof the full interpreteraregiven
laterin Figure2.) Thepointis thattherearesigni�cant over-
headsto interpretationdueto thetaskof instructiondecod-
ing. In theinterpretercodeonecanseethat theinstruction
kind must be determinedas well as the argumentsto the
instruction(reg ops ). Furthermore,theprogramcounter
(pc ) mustbemaintained.A goodC compilercaneliminate
blatantoverheadsin this code,but theessentialtaskof de-
codinga custominstructionremains,aswell asthecontrol
of theinterpretation.

Specializedinterpretergeneration(SIG) for a custom
ISA is this paper's secondtechniquefor speedingmachine
representations.It is well known in the programminglan-
guageandcompilercommunitiesthat for small instruction

becomesknown, asexplainedin Section4.

sets,say for instructionswhereopcodesandoperandsare
containedin 16 bits, onecantradespacefor time andgen-
eratea(potentiallylarge)custominterpreterthatessentially
makesevery possibleinstructionandoperandcombination
a specialcase. The SIG approachis simpler than a JIT
compilationsystemandis alsolargely machineandOSin-
dependent,but doesstill incur runtimeoverheaddueto its
instructiondispatchloop; whereasJITC createsa truepro-
gramthatdoesnot requireinterpretation.SIG canbesub-
stantiallyfasterthanpureinterpretationsinceall instruction
decodingoperationsare removed. As shown in Figure1,
SIG removes, for example, the testsfor determiningthe
kind of instructionbeingdecodedand for parsingits reg-
isteroperands.

This paper's work on fastevaluationof custominstruc-
tion setsis part of the & (AMP–automaticmachinepro-
gramming) project currently being designedand imple-
mentedto experimentwith modularevolutionof programs,
widely distributed parallel evolution, and fast evolution
techniques.

The papercontinueswith relatedwork in the next sec-
tion (

�

2). Section3 describesa simple,but complete,in-
terpreterthat hasbeenusedin evolving machine-language
programs,whichis usedin thesubsequentsectionsdescrib-
ing JITC andSIG. Section4 describesJIT compilationof
theinterpreterby giving afull translationof theinterpreter's
instructionsanda descriptionof theruntimedatastructures
requiredfor compilationand for implementingevolution-
ary operatorssuchascrossover. Anothertechniquefor im-
provinguponpureinterpretationis by specializingtheinter-
preterfor all possibleinstructions;SIG is describedin Sec-
tion 5. Wesummarizethiswork in Section6 with acompar-
isonof JITCandSIGto theknown methodsof runningraw
bits directlyon hardwareandof interpretinginstructionsin
astraightforwardmanner.

2 RelatedWork

The generalideasof just-in-time compilation and inter-
preterspecializationarefrom the programminglanguages
andcompilerliterature;[1] providesathoroughbackground
in themachinerynecessaryfor implementingsuchfeatures.
Theauthoris unawareof theuseof JITCor SIGin evolving
programrepresentations.Therefore,this papersuppliesthe
detailsof how suchtechniquescanfunctionin anevolution-
arysettingwith operatorslikecrossover, timeconstraintson
evaluations,etc., while providing large latitudein instruc-
tion setcustomization.

Nordinattemptedto evolveprogramsdirectly on micro-
processorinstructionsets[11]. The “brittleness”of such
representations—changingasinglebit cancreateaprogram
that crashesthe machine—ledKühling, Wolff andNordin
[10] to designmethodsfor containingtheevolution of ma-
chinecodeby essentiallyusingtheoperatingsystemto trap
exceptions(invalid memoryaddresses,for example). The
substantialOSsupporttheir schemerequirescurtailsporta-
bility acrosssystemsandOS's, makingits implementation
inaccessibleto mostpractitioners.We believe JITCandes-
peciallySIG to berelatively easyto implement.
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A critiqueof [11, 10] morerelevantto evolutionarycom-
putationconcernsis thatthesearchspaceof their represen-
tationis enormoussinceit encompassestheISA of theun-
derlyingnative machine—inthe CISC� processorsthe au-
thors work with, opcodesalonecan be 32 bits wide, not
includingoperands.Thismakessolutionsdif�cult and(and
perhapsvirtually impossible)to comeby sincethe search
spaceis “polluted” by instructionsthatcannotcontributeto
the soughtafter solution. Furthermore,many instruction
codingsmay now result in an operatingsystemtrap—this
canincreasethecostof executingsuchaninstructionenor-
mously. TheJITCandSIGproposalsof thispaperyield ex-
ecutionalmostasfastasthatof theirsystem,yetadmitsmall
ISA's while providing extreme�e xibility to theEC experi-
menter. Researchersusing raw bits on hardware [11, 10]
have not demonstratedevolved programsusing complex
control�o w (i.e., loopsor recursion)thatprovablycompute
their intendedfunctionsexactly;we surmisethateventheir
fastevaluationmethodonly in partcompensatesfor theex-
tremesizeof thesearchlandscapesimpliedby a CISCpro-
cessor's instructionsetsize.

Early experimentsby Friedberg et al. [3, 4] attempted
to evolve very simplemachine-languageprograms,includ-
ing branches,usingan interpretive approach.Their early
experimentswerenotsuccessfulwhencomparedto random
search,but they elucidatedtheMLI ideasbeingexploredto-
day. Cramer[2] describesanexperimentthat interpreteda
representationsimilar to a machinelanguage,but endowed
with high-level iterationoperators.Experimentsby us(see
[6] for referencechain)useinterpretedregistermachinesto
evolveexactsolutionsfor many functionsthatrequirecom-
plex control �o w. JITC andSIG are intendedto pushthe
capabilitiesof machine-languageinductionfarther.

TheJITC andSIG conceptsof this paperareapplicable
too to evolving other programrepresentationsof interest.
For example,theLisp-basedgeneticprogrammingwork of
Koza[9] andthe largebodyof work basedon it, standsto
bene�t throughrun-timecompilationof Lisp expressionsor
thecreationof custominterpretersfor thesame.

3 Virtual Register-Machine Interpreter

This sectionprovidesa samplecustomISA that hasbeen
used for evolving machine-languageprogramsrequiring
evolutionof loop structures(e.g., [6]); it is usedin thesub-
sequentsections.Thereadermaywishto skipaheadto sec-
tions4 and5 andrefer to this section's descriptiononly as
necessary. Theimportantthingto noteis thattheVRM con-
sistsof externalstatein theform of asetof virtual registers,
internalstatein theform of a programcounter, andinstruc-
tions.

Theoperationalsemanticsof theVRM aregivenin Fig-
ure 2. It includesinstructionssimilar to thoseof contem-
poraryprocessorsthat performarithmetic,move data,and
twiddle bits. Branchinstructionsallow synthesisof arbi-
trary control �o w. This unrestrictedcontrol �o w is impor-
tant becauseit enablessolutionof non-trivial problemsby
synthesizingcomplex control structuressuchasloopsand

�

Complex instructionsetcomputer.

recursion.

3.1 External State: Registers

We de�ne theregisterstateasa vector
�
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of � signedintegers.Theregisterstateconstitutesthema-
chine's mutablememory. Theprecisionof a registeris in-
heritedfrom the underlyingimplementation.� Many pro-
graminstructions(e.g., ADD) modify registersdirectly.

3.2 Inter nal State: PC

In additionto theexternalregisterstate,VRM maintainsa
pieceof internalstate:a programcounter(PC). ThePC is
an integer, ��� PC � � , that selectswhich instructionto
fetch andexecute. Branchinstructionsmodify the PC by
addingasignedoffsetto it; all otherinstructionsalwaysin-
crementthePCbyone.ThePCis initially zero.In Figure2,
thefunction!

�#"
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computesthenew PC.

3.3 Instruction Set

A programis a vectorof � instructions
�
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���

Theprogramcountercorrespondsto an index of
�

7

. A pro-
gramterminateswhenPC '=� , that is, whenevaluation
stepspasttheendof theprogram.Note thatan interpreter
mustexplicitly maintainthe PC. Oneadvantageof this is
that it is easyto limit the maximumnumberof instruction
evaluated;thedisadvantageis thatit mustexpendmany cy-
clesfor its maintenance.

The VRM's ISA consistsof a register move instruc-
tion MOV, anunconditionalbranchJ, branchesconditional
on a register's value relative to the zero value (JZ, JNZ,
JLZ, JGZ), instructionsthat initialize registers(SET and
CLR), instructionsto increment(INC) anddecrement(DEC)
a givenregister, anda nullary instructionNOPwhich does
nothing.Thearithmeticinstructions(ADD, SUB, MUL, DIV,
MOD) perform the respective two's complementoperation
on sourceand destination,leaving the result in the des-
tination register. The arithmeticNEGinstructionnegates
the value in its argumentregister. The arithmeticinstruc-
tionsmimic C's behavior and“wrap around”on theexcep-
tional conditionsof integerover�ow (or under�ow) instead
of trapping. Arithmetic operationsthat cangeneratetraps
in C areDIV andMODwhich aresusceptibleto divide-by-
zero.OurVRM evaluatorchecksfor zerodivisors,acondi-
tion whichwehave(arbitrarily)de�ned to placezeroin the
destinationregister. Note that we mustchoosehow JITC
andSIGwill handlesuchexceptions.

Branches(J, JZ, JNZ, JLZ, JGZ) arealwaysrelative
to the programcounter. Negative offsetsdescribea back-
ward branch. Note that the operationalsemanticsrewrites
a branchto anaddress��� asa branchto

7
�

(i.e. PC >?� )

@

A typical implementationinherits32-bit signedintegersvia C's int
typeona32-bitmachine.
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NOP A B PC C PC DFE

MOV(G dst, G src) A H

PC C PC DIE

G dst CJG src

SET( G a) A H

PC C PC DIE

G a CKE

CLR( G a) A H

PC C PC DIE

G a CML

INC( G a) A H

PC C PC DIE

G a CMG a DFE

DEC(G a) A H

PC C PC DIE

G a CMG a N

E

NEG(G a) A H

PC C PC DIE

G a CML

N

G a

ADD(G dst, G src) A H

PC C PC DIE

G dst CJG dst DOG src

SUB( G dst, G src) A H

PC C PC DIE

G dst CJG dst N

G src

J( off ) A B PC CMPRQTS(U off V PCVWQYX

JZ( G a, off ) A H PC C[Z

P\QTS]U off V PCVWQYX if G a ^

L

PC DIE otherwise

JLZ( G a, off ) A H PC C[Z

P\QTS]U off V PCVWQYX if G a _

L

PC DIE otherwise

MUL(G dst, G src) A H

PC C PC DIE

G dst CMG dst `

G src

DIV( G dst, G src) A H

PC C PC DIE

a

G dst CJG dst b

G src c

MOD(G dst, G src) A H

PC C PC DIE

a

G dst CJG dst d

G src c

AND(G dst, G src) A H

PC C PC DIE

G dst CMG dst e

G src

OR(G dst, G src) A H

PC C PC DIE

G dst CMG dst f

G src

XOR(G dst, G src) A H

PC C PC DIE

G dst CMG dst g

G src

NOT(G a) A H

PC C PC DIE

G a CihIG a

SHL( G dst, G src) A H

PC C PC DIE

a

G dst CJG dst _j_

G src c

SHR(G dst, G src) A H

PC C PC DIE

a

G dst CJG dst kjk

G src c

JNZ( G a, off ) A H PC C[Z

P\QTS(U off V PCVWQYX if G a l^

L

PC DIE otherwise

JGZ( G a, off ) A H PC C[Z

P\QTS(U off V PCVWQYX if G a
k

L

PC DIE otherwise

Figure2: Operationalsemanticsfor thevirtual registermachineVRM. An arithmeticor logical operatoron theright-handsidemostly inheritstheC
language's semanticsof thatoperator. Expressionsenclosedin m bracketsn yield zeroonexceptionalcases(e.g., divide-by-zero,invalid shift amounts).

anda branchpasttheendof theprogram( �porq ) astermi-
nation(i.e. PC >s� ). A jump instruction

7�t

cantherefore
branchto any one of �u6 q distinct addresses.The con-
ditional branchesare parameterizedby a register and the
jumpdisplacement.JZ branchesif theregisteris zero.JNZ
brancheson any valuebut zero. JLZ brancheson a nega-
tive,andJGZ ona positive,registervalue.

The six bit-wise logical instructionsfound in the right-
handcolumnof Figure2 performtheir namesake's opera-
tion andarede�ned in termsof the respective C operators
[8]. A departurefrom this semanticsis the interpretation
of theshift operatorsasNOPsif the shift amountis either
negativeor exceedsthenumberof bitscomprisinganimple-
mentationregister. SinceVRM registersaresigned,a right
shift (SHR) of anegativequantitywill effectively “reset”the
signbit.

4 Just-in-Time Compilation (JIT)

Thissectionshowshow a simple,but fairly completeVRM
canbetranslatedby JIT compilationto native machinein-
structions. Auxiliary machinerynecessaryto evaluatethe
resultingtranslatedprogramis thendescribed.Wealsogive
two extensionsto thetranslationfor customrepresentations
that:

1. requiremoreregistersthanavailableonthenativema-
chine(asmaywell bethecasefor Intel x86[7] archi-
tectures),and

2. memoryoperationswith load/storeinstructions

The translationassumeswithout lossof generalitythat
theunderlyingmachineis a reducedinstructionsetproces-
sor (RISC) andusesin particularthe MIPS instructionset
architecture[5] asthetargetnativemachine.Thischoiceof
MIPS asthe ISA is in somesensearbitrary; however, the
MIPS ISA is simple enoughthat, with the explanationin
this text, its semanticsshouldbe clearandsubstitutionof
othercommonISA's is straightforward.

4.1 Translation

Thetranslationof theVRM of Figure2 is givenin Figure3.
After describingthestrategy for maintaininginternalVRM
state,weproceedto describethetranslationitself for a rep-
resentativesampleof instructions.

The resultof JIT translationof a VRM programv is a
linearsequenceof nativemachineinstructionscomprisinga
nativemachineprogramvxw . Sincev/w is nolongergoverned
by an interpreterloop, it mustmanageits own state,both
internal(programcounter)andexternal(registers).This is
accomplishedby mappingthisstateto thehardware'sregis-
terset.

TheVRM's programcounter's functionis subsumedby
the PC of the native machine. However, we needto re-
tain the �e xibility of the interpretedVRM in that it should
be possibleto selectthe exact numberof translatedVRM
instructionsto be executed.This canbe accomplishedby
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NOP
�

termchk macro
�

H

addi r t , r t , -1
bltz r t , l term

MOV(
�

dst,
�

src)
�

H

termchk macro
add r dst , r 0, r src

SET(
�

a)
�

H

termchk macro
addi r a, r 0, 1

CLR(
�

a)
�

H

termchk macro
add r a, r 0, r 0

INC(
�

a)
�

H

termchk macro
addi r a, r a, 1

DEC(
�

a)
�

H

termchk macro
addi r a, r a, -1

NEG(
�

a)
�

H

termchk macro
sub r a, r 0, r a

ADD(
�

dst,
�

src)
�

H

termchk macro
add r dst , r dst , r src

SUB(
�

dst,
�

src)
�

H

termchk macro
sub r dst , r dst , r src

MUL(
�

dst,
�

src)
� yz

termchk macro
mult r dst , r src
mflo r dst

DIV(
�

dst,
�

src)
� yz

termchk macro
div r dst , r src
mflo r dst

MOD(
�

dst,
�

src)
� yz

termchk macro
div r dst , r src
mflo r dst

AND(
�

dst,
�

src)
�

H

termchk macro
and r dst , r dst , r src

OR(
�

dst,
�

src)
�

H

termchk macro
or r dst , r dst , r src

XOR(
�

dst,
�

src)
�

H

termchk macro
xor r dst , r dst , r src

NOT(
�

a)
� yz

termchk macro
addi r tmp , r 0, -1
xor r a, r tmp , r a

SHL(
�

dst,
�

src)
�

H

termchk macro
sllv r dst , r dst , src

SHR(
�

dst,
�

src)
�

H

termchk macro
slrv r dst , r dst , src

J( off )
�

H

termchk macro
beq r 0, r 0, fix offset(offset,this instr loc)

JZ(
�

a, off )
�

H

termchk macro
beq r 0, r a, fix offset(offset,this instr loc)

JNZ(
�

a, off )
�

H

termchk macro
bneq r 0, r a, fix offset(offset,this instr loc)

JLZ(
�

a, off )
�

H

termchk macro
bltz r a, fix offset(offset,this instr loc)

JGZ(
�

a, off )
�

H

termchk macro
bgtz r a, fix offset(offset,this instr loc)

Figure3: JIT equivalentsfor theVRM of Figure2 usingMIPSinstructionset.Thefunctionfix offset computestheabsoluteaddressof thebranch
target at compiletime. Note theuseof the terminationregisterto limit thenumberof instructionsexecutedandtheuseof a temporaryregisterto hold
intermediatevalues.Seetext for details.

5



dedicatinga machineregister, heredenotedr t , to holding
thenumberof VRM instructionsremainingto beevaluated.
To terminatetheprogramafter { VRM instructions,r t is
loadedwith { at thestartof executionof vxw . JITC inserts
beforethe translationof every VRM instructiona checkto
seeif r t hasreachedzeroand,if so, to terminatethepro-
gramby branchingto anabsolutelabel.This label,denoted
l term in the�gure, is wherecontrolshould�o w afterthe
programterminates.A logicalpoint is at theendof v8w since
“f alling off theend” of v/w signi�es terminationaswell. It
may however be placedanywhereconvenient; if it is not
placedat theendof v/w , anunconditionalbranchinstruction
to l term mustbeplacedafter the last translatedinstruc-
tion in v/w .

The two-instructionmacro,termchk macro , de�ned
and usedin Figure 3, performsthe task of decrementing
theterminationregisterandcheckingwhetherit hasreached
zero. Note that the VRM's NOPinstructiontranslatesinto
this macro.Also notethatall VRM instructiontranslations
begin with termchk macro .

TheVRM'sexternalstateof registersis mappedinto the
native hardware's generalpurposeregister (GPR)set. To
allow this, it is necessaryto save all GPR's to spill mem-
ory beforeexecuting vxw andto restoretheseregistersafter
l term is reached.Here we assumethat the numberof
VRM registersis lessthanthe numberof free GPR's; be-
low, wedescribehow additionalregistersmaybevirtualized
usingsomeadditionalmemory.

Note that in the MIPS architectureregister r 0 is tied
to zero. Therefore,the mappingof VRM registersto na-
tive GPR's startswith registerr 1. In additionto r t , an-
otherGPRheredenotedr tmp is reservedfor useastempo-
rary storage.Dependingon therepresentationbeingtrans-
lated,more(or perhapsfewer) dedicatedregistersmay be
required.

Theactualtranslationof VRM instructionsis straightfor-
ward. This is dueto theVRM beingvery closeto contem-
porarymachinelanguages.Note, however, that the MIPS
instructionset usesthe arithmeticinstructionfor addition
add for many purposes,includingregister-to-registertrans-
fer. The MOVinstruction,for example,becomesan addi-
tion of thesourceregisterto thezeroregisterwith theresult
placedin thedestinationregister. Otherinstructionssuchas
SET, CLR, INC, DEC, andof courseADD, canbede�ned in
termsof MIPS' add or addi instructions.TheMIPSsub
instructionis usedsimilarly for NEGandSUB.

Note the arithmeticfunctionsof multiplication anddi-
vision translateto multiple MIPS instructions(see[5] for
details). Also, MIPS doesnot de�ne an exceptioncondi-
tion for divisionby zeroor arithmeticover�ow. (In thecase
of divide-by-zerothe result is unde�ned[5].) If it is nec-
essaryfor theVRM to identify suchconditions,additional
instructionsmustbeinsertedby thetranslationto, for exam-
ple, checkif ther src registeris zero. If so,a conditional
branchinstructioncantransfercontrol to l term or else-
where.

The translationof VRM's branchinstructionsis also
quitedirect. Most instructionshave a directMIPS analog,

but specialtreatmentis requiredfor therelative branchoff-
set. Thecorrectoffset is computedby JITC asit processes
a branchinstructionby the fix offset function,which
takestheVRM offsetandtheinstructionnumberin thepro-
gram and computesthe target instructionin the resulting
translation.Suchtranslationis necessarysincein theVRM
it waspossibleto branchpastboth the startandbeginning
instructionof theVRM program.Also, sinceVRM instruc-
tionsnow translateinto multiplenative (MIPS) instructions
andthis numberis variablefrom instructionto instruction,
fix offset mustcomputetheappropriatenativerelative
offset.Becausetheaddressof forwardVRM branchinstruc-
tionsarenotknown duringthetranslationpass,thelocation
of theincompletenativebranchoffsetmustberetainedand
resolved onceall VRM instructionshave beenprocessed.
Auxiliary datastructuresarenecessaryfor theJIT compiler
to resolvesuchissues.

4.2 Auxiliary Data Structur es

Thefollowing datastructuressupportJIT translation.First,
a block of executablememory

!

largeenoughto hold the
translatedprogramvxw is needed.As we remarked earlier,
this block mayrequireprologuecodeto spill registersthat
arein useandepiloguecodeto restorethem.Prologuecode
canalsobeusedto initialize registersandepiloguecodecan
returntheprogram'soutputfrom registers.

Second,avector | of nativestartaddressesfor VRM in-
structionsis usedin resolvingbranches(both forwardand
backward). Shortlywe describehow | alsoaidsin imple-
mentingoperatorslike crossover. Note that one can dis-
pensewith maintaining| entirelyby makingall VRM in-
structionstranslateinto thesamenumberof native instruc-
tions; onecanpadtranslationsshorterthanthe longestin-
structionwith MIPS nop 's. If this is done,the instruction
numbersuf�ces to determinethe start of the instruction's
translationin

!

. Thissimpli�es JIT compilationandevolu-
tionaryoperatorimplementation,but signi�cantly slowsthe
evaluation.

Anotherdatastructureusefulfor implementingtheevo-
lutionaryoperatorsis a typevector } . This vectordenotes
whetheraninstructionis a branchor not,andif so,whatits
relative offset is in thecorrespondingVRM program.This
informationis necessaryto processbranchinstructionsaf-
ter relocationby anevolutionaryoperator(seebelow) since
thecompiledoffsetscomputedby fix offset mayneed
to berecomputedwhenanevolutionaryoperatormovesan
instruction,for example.

4.3 Evolutionary Operators

Whenappliedto aprogramrepresentation,evolutionaryop-
eratorssuchas crossover, point-wisemutation,or macro-
mutation,shuf�e programinstructionsor replaceexisting
instructionswith new ones.

To implementcrossover betweentwo parents~ and •

to produceoffspring € , for instance,thesystemallocatesa
new executablememoryblock

!‚•

andcopiesthe desired
translatedinstructionsfrom the parentblocks

!/ƒ

and
!5„

successively into
!‚•

. The instruction-addressvectors |

ƒ
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and |

„

de�ned above aid this copying. As de�ned in Fig-
ure3, all instructionsexceptfor thebranchinstructionsare
relocatable;that is, they may be moved to a new address
withoutchange.Branchinstructions,however, mayneedto
have their offsetsrecomputedby fix offset sincetheir
locationwithin theprogrammayhave changed.For exam-
ple,aninstruction… thatin theVRM programbranchedpast
theendof theprogrammaynolongerdosoafteracrossover
operationsince… mayhave beenmovedto thebeginningof
the resultingoffspring. The type vectors }

ƒ

and }

„

are
usedto �nd thebranchinstructionsin € inheritedfrom ~

and • andtheaddressvectors|

ƒ

and |

„

areusedin reap-
plying fix offset . Notethatnew addressandtypevec-
tors |

•

and }

•

areformedfor € duringthisprocess.
Mutationsandmacro-mutationsare implementedsimi-

larly throughcopying in general.SincedifferentVRM in-
structionscantranslateinto differing numbersof native in-
structions,full copying maybenecessary. However, it may
be possibleto performa mutationin placeif the number
of native instructionscomprisingthe VRM instructionbe-
ing mutatedis largerthanthenumberof native instructions
comprisingthemutation.Again, thevector | canbeused
to determinethis.

4.4 Translating Memory Operands

An importantclassof instructionsabsentfrom the sample
VRM (Figure2) is memoryload/storeinstructions.In the
VRM, all memoryis containedin the registerstate.How-
ever, experimentersmaywish to evolve programswith in-
structionsthathavememoryoperands.

A simpleway to translatememoryinstructionsis asfol-
lows. A runtimeblock of memory † is allocatedas“the
memory” and initialized by the prologuecode if neces-
sary. A VRM instructionthat thenindexesinto this mem-
ory, sayADD(r dst , M[r index ]) , wouldinsertnativein-
structionsto testif thevalueof r index is in range;thatis,
a boundscheck, �‡� r index �‰ˆ †Šˆ , would occurto re-
strict accessto memoryoutsideof the allocatedblock † .
Instructionswriting to memorywould similarly bebounds
checked.

4.5 Simulating Additional Registers

In the above it was assumedthat the numberof registers
speci�edby theVRM �ts into theregistersontheprocessor
of the target machine.For somecontemporaryprocessors
(e.g., Intel's x86 [7]) this maynot bethecase.Herewe de-
scribehow to translatea setof virtual registersthatcannot
bemappeddirectly into availablemachineregisters.Stan-
dardcompilertechniquesaccomplishthis (cf., [1]).

A bankof � registersis allocatedasa blockof � mem-
ory words(wherea word canhold a singleVRM register,
typically 32 or 64 bits). Denotethis block asvrb . Whena
VRM registeris referencedby aVRM instruction,thetrans-
lationusesnativetemporaryregistersto loadthevirtual reg-
ister from its location in vrb . The speci�ed operationis
performedon thetemporaryregistersandtheresultis writ-
tenbackto theappropriateplacesin thevrb asnecessary.

Considertranslationof ADD(r 9,r 15) asanexample:

st spill0, tmpreg0 #free tmp regs
st spill1, tmpreg1
ld tmpreg0, vrb[15] #get operands
ld tmpreg1, vrb[9]
add tmpreg0, tmpreg0, tmpreg1 #do add
st vrb[9], tmpreg0 #update result reg
ld tmpreg0, spill0 #restore tmp regs
ld tmpreg1, spill1

Here,r 9 andr 15 resideatoffsets9 and15of thevrb re-
spectively. If the temporarynative registersare in use(or
it is not known if they are), they mustbe saved in a spill
areaandrestoredfrom this areawhenthe additionopera-
tion completes.Also notethat theresultof theaddition(in
tmpreg0 ) is writtenbackto thevirtual destinationregister
atvrb[9] .

4.6 Optimization

Thetranslationdescribedin this sectioncanbefurther im-
proved by usingcompileroptimizationtechniquesas cat-
alogedin standardcompile text such as [1]. Additional
translationeffort canbeusedto do peepholeoptimization
(PHO)within a small window of generatednative instruc-
tions. PHO andothermorecostly optimizationscanhave
a dramaticeffect on theruntimeof the translatedprogram.
However, the costof the optimizationmustalsobe taken
into account—onemust be sureto recoupthe time spent
optimizingthroughtimesavedevaluatingtheresultingpro-
gram.

5 SpecializedInterpreter Generation(SIG)

Anothertechniqueto speedinterpreterevaluationis by spe-
cializing theinterpreterfor all possibleinstruction/operand
combinationsthatmayoccur. Thoughnotasspeedyaspro-
gramsproducedby JIT compilation,SIG can remove the
instructiondecodingoverheads—whicharenot minor and
cost many tens of machineinstructions—fromthe inter-
preter's loop. A primaryadvantageof SIG is that it is very
simpleto implementandthatit is portableacrosscompilers
andOS's.

A prerequisitefor usingSIG is that the total numberof
opcode/operandcombinationsbe manageable—bythis we
meanthat this numberbe small enoughthat a jump table
canbe constructedin memoryfor dispatchingevery such
combination.(For countingthe numberof suchcombina-
tionsin aVRM see,for example,[6].) Moreprecisely, for a
givenVRM, SIG will producea multi-way “switch” state-
mentwhereevery “case” (or “label”) is oneof the possi-
ble combinations.This tablemustbesmallenoughto �t in
memoryandit shouldfurthermorebe possibleto compile
the resultingswitch statementwith a C or Java compiler.
We have veri�ed thatopcodes/operandsencodedin 16 bits
and henceresultingin ‹

�•Œ

casesare readily compiledby
conventionalC compilers.In practice,20or 24bit opcodes
shouldbepossible,but many interestingVRM'scanalready
bede�ned with 16bits.

Figure4 givesasmallportionof aspecializedinterpreter
correspondingto theinterpreterfragmentof Figure1. Here
theVRM is againtheoneof Figure2 andit is instantiatedto
16registers.Theencodingis into14bitsasfollows.Forsin-

7



int r0=0, r1=0, ..., r15=0;
while (pc > 0 && pc < prog_sz && nsteps--) {

switch(prog[pc++]) {
case 0x0000: /* NOP */

break;
...
case 0x0100: /* MOV(r0,r0) */

r0 = r0; break;
case 0x0101: /* MOV(r0,r1) */

r0 = r1; break;
case 0x0102: /* MOV(r0,r2) */

r0 = r2; break;
...
case 0x015e: /* MOV(r5,r14) */

r5 = r14; break;
...
case 0x08f7: /* XOR(r15,r7) */

r15 ˆ= r7; break;
...
case 0x3a63: /* JLZ(r6,-3) */

if(r6<0)
pc += -3;

break;
...

Figure4: Fragmentfrom a specializedinterpreterfor theVRM of Fig-
ure2. Notehow everyopcode/operandcombinationmapsto acase label.
Also, registersarestoreddirectly asvariables.Seetext for theinstruction
encoding.

gle registeropcodes,thetop bits 8-13arezero,theopcode
is encodedin bits 4-7,andbits 0-3 containtheregister. For
branchinstructions,thetop bit (bit 13) is oneandbits 8-11
encodethebranchopcode;bits 4-7containtheregister(for
aconditionalbranch)andbits0-3containtheoffsetwith the
offset's signencodedin bit 12. Theremainingtwo register
operandinstructionsareencodedwith bits 12-13zero,the
opcodein bits8-11,andtheregisterpair in thelowerbyte.

It is importantto notethata goodcompilerwill produce
codefor thecasesverysimilar to thatof theJITCapproach
due to the fact that VRM registershave beenmappeddi-
rectlyto variablesandnotto arraysasin theslow interpreter
of Figure1. This removesmany memoryreferencessince
indirectionthroughanarrayaddressis no longernecessary
to fetch/storeVRM registers.

Sincethe encodingof the VRM canbe madeidentical
for standardinterpretation(Figure1) andfor SIG, branch
instructionsthatrequiredspecialtreatmentfor JITC canbe
processedas before. SIG retainsthe interpreterloop and
caneasilydetectprogramcountersthatfall outsidethepro-
gramproper. Relatedly, implementationof the evolution-
ary operatorsfor SIG is alsosimple—evolutionaryopera-
tors canshuf�e andmodify the programarray in an unre-
strictedmannersincethe interpreterloop againchecksfor
valid programcounterconditions.As with the raw execu-
tion of bitsonnativehardware[11, 10] andunlikeJIT com-
pilation, SIG canadmit crossover (andotherevolutionary
operators)atbit boundariesif all possibleopcodevaluesare
de�ned.

6 Summary

This paperextendsjust-in-time compilation and special-
izedinterpretergenerationtechniquesto programrepresen-
tationsfor usein evolutionarycomputationexperiments.In
particular, we show how customrepresentationsmay be
ef�ciently translatedso that their executionef�ciency ap-
proachesthatof nativemachinelanguages.In particularwe
�nd that for a typical virtual registermachine,JIT compi-
lation introducesanoverheadof 2-3 additionalinstructions
perVRM instruction—itthereforecanrunhalf to a third as
fastasnative code,but retainstheability to terminateeval-
uation after a �x ed numberof instructionexecutionsand
the�e xibility to customizefully the instructionset,among
otheradvantages.SIG,ontheotherhand,requires12-20in-
structionson averagefor thesameVRM, but this is still an
improvementover straightinterpretationwhich canspend
morethan100cycleson instructiondecodeandexecution.

Raw JITC SIG Int
speed veryhigh high moderate slow
portability very low moderate high veryhigh
programsize small moderate small small
extensible no yes yes yes
bit operators yes dif�cult yes possible
self-modify yes no yes possible

Table1: Comparisonof thetwo techniquesof thispaper, JITCandSIG,
to direct executionof bit stringson native hardware (Raw) and to fully
interpretedregistermachines(Int).

Theabove tablecomparesthe two new andthetwo ex-
istingschemesalongsix dimensions:speed,portabilitybe-
tweenOS's, size of the candidateprograms,extensibility
of theISA, availability of evolution operatorsat bit bound-
aries,andsupportfor selfmodifyingcode.

As can be seenfrom the table entriesfor just-in-time
compilationandspecializedinterpretergeneration,EC ex-
perimentersnow have at handtwo new meansfor evolving
complex softwaremachineswhile retaininghighdegreesof
expressivenessin theirchoiceof machinerepresentation.
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