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Abstract- Describedare new approachesfor evaluating
computer programrepresentationdor 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 inter pretedby a software interpreter which
canincorporate much exibility into a program'sevalu-
ation, but doessoat a largecostin time dueto interpre-
tation overheads.

Here we bridge this gap by providing intermediate
compilation techniquesfor madine representationghat
approachthe speedof running raw bits dir ectly on hard-
ware, but that have all the exibility and control of cus-
tom instruction sets.In particular, we describetwo com-
pilation techniques: the rst usesjust-in-timecompila-
tionto convert a custominstruction sequenceo machine
code; the secondcompilesan instruction set speci ca-
tion into a specializednterpreterwhich incurs only small
overheadsfor instruction decoding We shaw that both
techniquescan provide manyfold speedupsover direct
inter pretation while retaining the expressvenessof cus-
tom representations.

1 Intr oduction

Theautomaticsearctor interestingdevices—bethey phys-
ical, computational,or otherwise—requireshe repeated
evaluationof candidatendividualsto ascertairtheir tness.
Oftenthis evaluationis performedby a computerprogram
simulatingthe tamgetdevice's ernvironment. Computersim-
ulationof theervironmentis, however, atradeof. It allows
modelingof environmentsexpensve to build or dif cult to
controlin realtime, but typically incursvery large tempo-
ral simulationoverheadsSince tness evaluationis central
to evolutionarysearchandothersearcimethodologiest is
adwantageouto remove asmuchof simulations overheads
aspossiblewhile preservingmostof its advantages.

Speci cally, if computerprogramsare being evolved,
thena computermay be useddirectly for evaluatingsolu-
tions. Alternately a computermay be usedindirectly to
simulateanothercomputey perhapsthroughmultiple lev-
els of intermediatanterpretation. Whensearchis usedto

nd computerprograms—asn the evolutionary computa-

tion areasof geneticprogrammingand machine-language

induction—bothendsof thissimulationspectrumhave been
usedby its practitionerq3, 4, 2, 11, 10, 6]. Theevaluation
directly of the bits specifyingthe programon a hardware

processois on oneendof this spectrum[11, 10]. Its pri-
mary advantageis its extremelyfastexecutionspeed.On
the otherendof this spectrumis the pureinterpretationof
thebit stringasinstructiondy a softwareinterpretel6, 2].
Interpretationgivesgreat e xibility to the designof a cus-
tominstructionsetarchitecturgISA) andto thesubsequent
evaluationof programswrittenin it. For example,restrict-
ing evaluationto amaximum x ednumbetof instructions—
a centralissuein the presenceof loops—iseasywith an
interpreterbut tricky whenraw bits are run natively on a
generaburposemachine.

Speed, e xibility, and control are all desirablein the
evaluation of a program representatiorsince they con-
tributeto the overall ef cacy of the evolutionaryparadigm:
fastevolution of bits on a microprocessohelps nd solu-
tions quickly, customISA's allow targetingof a particular
region—andoftena smallerregion—of the solutionspace,
andcustominstructionsetscanavoid nding programghat
might disruptthe searchervironment,onesthat might re-
setthe machinefor example. This papershaws that the
middle part of the “raw to interpreted”spectrumcontains
thebestof bothworlds. CustomISA's—aspreviously used
for mary programevolution projectsin mary frameworks
(e0., [3, 4, 2, 6]))—canachiere speedsnuchcloserto raw
hardware processingf the instructionbits thanpureinter-
pretationhasallowed,all thewhile completelyretainingthe
safety controland e xibility of custominstructions.

This papercontributestwo techniquedor speedinghe
evaluationof custommachine-languagksA's: just-in-time
compilation(JIT or JITC) of freshlycreatedndividualsand
specializedinterpreter geneation (SIG). We believe that
theseapproachesire also valuablein domainsotherthan
machine-languagmduction. For example,onecanervis-
ageJITC or SIG beingusedto speedavaluationof the Lisp
expressiongypically usedin Koza-stylegeneticprogram-
ming [9] andbeingappliedto othertypesof programrepre-
sentationaswell. Note howeverthatJITC in particularis
mostusefulfor evolvablerepresentationthat containloop
constructsincesomeruntimecostis incurredwhennew in-
dividualsarecreatedandthis costmustbeoffsetby frequent
useof thecompiledinstructions.

JITC doesan on-the- y translationof a programs cus-
tom instructionsto the underlying hardware's machine-
language.JITC canbe fast; only a singletranslationpass
over the programis required. Typically, a custominstruc-

Forward brancheso pointsin the programnot yet scannedequire
anadditionalsmallamountof work to rewrite the forward addresonceit



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_ARGI(instr);
switch  (op) {
case JZ_OPCODE:
offset = lregs[reg] ? offset : O
break;
[* other branch cases here */ } }
pc = BOUND_PC(pc+offset,local_prog_sz);

} else {
while  (arity--)
reg_opslarity]

switch  (op) {

case ADD_OPCODE:

regs[reg_ops[1]]
break;
[* other

= GET_ARG_I(instr,arity);

+= regs(reg_opsO]];

instruction cases here */

Figure 1: Fragmenbf a registermachineinterpreterwritten in C and
usedin programevolution experiments.Overheadslueto instructionde-
codingandprogram-countemaintenancandterminationdetectiorareev-
ident.

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

To illustratethe bene tsof JITC andSIG, Figurel con-
tainsa small portion of aninterpretemrittenin C usedfor
fully interpretedmachine-languagiduction experiments
[6]. Only the codefor a coupleof instructionsis shavn:
abranch(JZ _OPCODEandaddition(ADDOPCODE The
full interpreteris muchlarger—a few hundredlines of C.
(The operationakemanticof the full interpreteraregiven
laterin Figure2.) Thepointis thattherearesigni cant over
headdo interpretatiordueto the taskof instructiondecod-
ing. In theinterpretercodeonecanseethatthe instruction
kind must be determinedas well asthe argumentsto the
instruction(reg _ops). Furthermorethe programcounter
(pc) mustbemaintained A goodC compilercaneliminate
blatantoverheadsn this code,but the essentiataskof de-
codinga custominstructionremainsaswell asthe control
of theinterpretation.

Specializedinterpretergeneration(SIG) for a custom
ISA is this papers secondechniquefor speedingnachine
representationsit is well known in the programmingan-
guageandcompilercommunitieghatfor smallinstruction

becomeknown, asexplainedin Sectiord.

sets,say for instructionswhereopcodesand operandsare
containedn 16 bits, onecantradespacefor time andgen-
eratea (potentiallylarge) custominterpretethatessentially
makesevery possibleinstructionand operandcombination
a specialcase. The SIG approachis simplerthana JIT

compilationsystemandis alsolargely machineandOSin-

dependentbut doesstill incur runtimeoverheaddueto its

instructiondispatchloop; whereas)ITC createsa true pro-

gramthat doesnot requireinterpretation.SIG canbe sub-
stantiallyfasterthanpureinterpretatiorsinceall instruction
decodingoperationsare removed. As shawvn in Figurel,

SIG removes, for example, the testsfor determiningthe

kind of instructionbeing decodedand for parsingits reg-

isteroperands.

This papers work on fastevaluationof custominstruc-
tion setsis part of the & (AMP-automaticmachinepro-
gramming) project currently being designedand imple-
mentedo experimentwith modularevolution of 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
programswhichis usedin thesubsequergectionslescrib-
ing JITC and SIG. Section4 describes)IT compilationof
theinterpreteiby giving afull translatiorof theinterpreters
instructionsanda descriptionof the runtimedatastructures
requiredfor compilationand for implementingevolution-
ary operatorsuchascrosseer. Anothertechniquefor im-
proving uponpureinterpretations by specializingheinter-
preterfor all possibleinstructions;SIG is describedn Sec-
tion 5. We summarizahiswork in Section6 with acompar
isonof JITC andSIGto theknown methodof runningraw
bits directly on hardwareandof interpretinginstructionsin
astraightforvardmanner

2 RelatedWork

The generalideasof just-in-time compilation and inter-
preterspecializatiorare from the programminganguages
andcompilerliterature;[1] providesathoroughbackground
in themachinerynecessarjor implementingsuchfeatures.
Theauthoris unavareof theuseof JITC or SIGin evolving
programrepresentationsl hereforethis papersupplieshe
detailsof how suchtechniqueganfunctionin anevolution-
ary settingwith operatordik e crosseer, time constraint®on
evaluations,etc, while providing large latitudein instruc-
tion setcustomization.

Nordin attemptedo evolve programgdirectly on micro-
processoinstructionsets[11]. The “brittleness” of such
representations—changiaginglebit cancreateaprogram
that crasheghe machine—ledK uihling, Wolff and Nordin
[10] to designmethodgfor containingthe evolution of ma-
chinecodeby essentiallyusingthe operatingsystemnto trap
exceptions(invalid memoryaddressedpr example). The
substantiaDS supporttheir schemeequirescurtailsporta-
bility acrosssystemsandOS's, makingits implementation
inaccessibléo mostpractitionersWe believe JITC andes-
peciallySIGto berelatively easyto implement.



A critiqueof [11, 10] morerelevantto evolutionarycom-
putationconcernss thatthe searchspaceof theirrepresen-
tationis enormoussinceit encompassese ISA of theun-
derlying natve machine—inthe CISC processorshe au-
thors work with, opcodesalone can be 32 bits wide, not
includingoperandsThis makessolutionsdif cult and(and
perhapsvirtually impossible)to comeby sincethe search
spaces “polluted” by instructionghatcannotcontrituteto
the soughtafter solution. Furthermoremary instruction
codingsmay now resultin an operatingsystemtrap—this
canincreasehe costof executingsuchaninstructionenor
mously TheJITC andSIG proposal®f this paperyield ex-
ecutionalmostasfastasthatof theirsystemyetadmitsmall
ISA's while providing extreme e xibility to the EC experi-
menter Researchergsingraw bits on hardware[11, 10|
have not demonstratedvolved programsusing comple
control o w (i.e., loopsor recursionthatprovably compute
theirintendedfunctionsexactly; we surmisethateventheir
fastevaluationmethodonly in partcompensatefor the ex-
tremesizeof the searcHandscapesnplied by a CISCpro-
cessoms instructionsetsize.

Early experimentsby Friedbeg et al. [3, 4] attempted
to evolve very simplemachine-languagerogramsjnclud-
ing branchespusing an interpretve approach. Their early
experimentsverenot successfulvhencomparedo random
searchbut they elucidatedheMLI ideasheingexploredto-
day Cramer[2] describesan experimentthatinterpreteda
representatiosimilar to a machinelanguagebut endaved
with high-level iterationoperators Experimentdy us (see
[6] for referencechain)useinterpretedegistermachinego
evolve exactsolutionsfor mary functionsthatrequirecom-
plex control ow. JITC and SIG areintendedto pushthe
capabilitiesof machine-languageductionfarther

The JITC andSIG conceptof this paperareapplicable
too to evolving other programrepresentationsf interest.
For example,the Lisp-basedyeneticprogrammingwork of
Koza[9] andthe large body of work basedon it, standsto
bene t throughrun-timecompilationof Lisp expression®r
thecreationof custominterpretergor thesame.

3 Virtual RegisterMachine Inter preter

This sectionprovidesa samplecustomISA that hasbeen
usedfor evolving machine-languag@rogramsrequiring
evolution of loop structurege.g., [6]); it is usedin thesub-
sequensectionsThereademaywishto skip aheado sec-
tions4 and5 andreferto this sections descriptiononly as
necessarylheimportantthingto noteis thatthe VRM con-
sistsof externalstatein theform of a setof virtual registers,
internalstatein the form of a programcounterandinstruc-
tions.

Theoperationabemanticef the VRM aregivenin Fig-
ure 2. It includesinstructionssimilar to thoseof contem-
poraryprocessorshat performarithmetic,move data,and
twiddle bits. Branchinstructionsallow synthesisof arbi-
trary control o w. This unrestricteccontrol o w is impor-
tantbecausét enablessolutionof non-trivial problemsby
synthesizingcomplex control structuressuchasloopsand

Comple instructionsetcomputer

recursion.

3.1 External State: Registers

We de ne theregisterstateasavector

of  signedintegers. Theregisterstateconstitutegshe ma-
chine's mutablememory The precisionof a registeris in-
heritedfrom the underlyingimplementation. Many pro-
graminstructionge.g., ADD modify registersdirectly.

3.2Inter nal State: PC

In additionto the externalregisterstate,VRM maintainsa
pieceof internalstate:a programcounter(PC). ThePCis
aninteger, PC , that selectswhich instructionto
fetch and execute. Branchinstructionsmodify the PC by
addingasignedoffsetto it; all otherinstructionsalwaysin-
crementhePCbyone.ThePCisinitially zero.In Figure2,
thefunction
off PC

computeghenew PC.

PC off

3.3Instruction Set

A programis avectorof instructions

The programcountercorresponds$o anindex of . A pro-

gramterminateswhen PC , thatis, when evaluation
stepspastthe end of the program. Note thataninterpreter
mustexplicitly maintainthe PC. Oneadwantageof this is

thatit is easyto limit the maximumnumberof instruction
evaluatedthe disadwantages thatit mustexpendmary cy-

clesfor its maintenance.

The VRM's ISA consistsof a register move instruc-
tion MOY an unconditionabranchJ, branchesonditional
on a registers value relative to the zerovalue (JZ, JNZ,
JLZ, JG2), instructionsthat initialize registers(SET and
CLR), instructiondo incremen{INC) anddecremen{DEQ
a givenregister anda nullary instructionNOPwhich does
nothing.ThearithmeticinstructiongADD SUB MUL, DIV,
MOD performthe respectie two's complementbperation
on sourceand destination,leaving the resultin the des-
tination register The arithmetic NEGinstruction negates
the valuein its argumentregister The arithmeticinstruc-
tionsmimic C's behaior and“wrap around”on the excep-
tional conditionsof integerover ow (or under ow) instead
of trapping. Arithmetic operationghat cangeneratdraps
in C areDIV andMODwhich aresusceptiblgo divide-by-
zero.Our VRM evaluatorchecksor zerodivisors,a condi-
tion whichwe have (arbitrarily) de ned to placezeroin the
destinationregister Note that we mustchoosehow JITC
andSIG will handlesuchexceptions.

BrancheqJ, JZ, JNZ, JLZ, JGZ) arealwaysrelative
to the programcounter Negative offsetsdescribea back-
ward branch. Note that the operationakemanticgewrites
abranchto anaddress  asabranchto (i.e. PC )

A typical implementatiorinherits 32-bit signedintegersvia C's int
typeona32-bitmachine.



NOP PC PC PC PC
MUL( gsp src)
PC PC dst dst  SfC
MOV( gst  src)
dst SIc DIV PC PC
( dst sr)
PC PC dst dst SrC
SET( a) a PC PC
PC PC MODCdst - src) dst dst SIc
CLR( a) a PC PC
AND( 4gp  src)
PC PC dst dst  SfC
INC( a) a a PC PC
PC  PC ORC dst src) dst  dst SfC
DEC( a) a a PC PC
PC PC XORC dst  sro) dst  dst SfC
NEG( a) a a PC PC
c c NOT( a) a a
PC P
ADD( gsp  SIC)
dst dst src SHL PC PC
( dst sr) src
PC PC dst dst
SUB( gst src)
dst dst SIc SHR PC PC
( dst src)
J( off) PC off PC dst dst src
Oﬁ PC |f a Off PC |f a
JZ(  a, off) PC PC otherwise INZ(a, off) PC PC otherwise
Oﬁ PC |f a Oﬁ: PC |f a
JLZ( a4, off) PC PC otherwise JGZ( a, off) PC PC otherwise

Figure2: Operationakemanticdor the virtual registermachineVRM. An arithmeticor logical operatoron the right-handsidemostly inheritsthe C
languages semantic®f thatoperatar Expressiongnclosedn braclets yield zeroon exceptionalcasege.g., divide-by-zerojnvalid shift amounts).

anda branchpastthe endof the program( ) astermi-

nation(i.e. PC ). A jumpinstruction cantherefore
branchto ary one of distinct addresses.The con-
ditional branchesare parameterizedby a registerand the
jumpdisplacement]Z branchesf theregisteris zero.JNZ

branchesn ary valuebut zero. JLZ branchen a nega-
tive,andJGZ ona positive, registervalue.

The six bit-wise logical instructionsfoundin the right-
handcolumnof Figure 2 performtheir namesa&'s opera-
tion andarede ned in termsof the respectie C operators
[8]. A departurefrom this semanticss the interpretation
of the shift operatorsasNOPsif the shift amountis either
negative or exceedghenumberof bitscomprisinganimple-
mentatiorregister SinceVRM registersaresigned,aright
shift (SHR of aneggative quantitywill effectively “reset’the
signbit.

4 Just-in-Time Compilation (JIT)

This sectionshavs how a simple,but fairly completeVRM
canbetranslatedoy JIT compilationto native machinein-
structions. Auxiliary machinerynecessaryo evaluatethe
resultingtranslategrogramis thendescribed\We alsogive

two extensiongo thetranslatiorfor customrepresentations

that:

1. requiremoreregisterghanavailableonthenative ma-
chine(asmaywell bethecaséor Intel x86[7] archi-
tectures)and

4

2. memoryoperationsith load/stordnstructions

The translationassumesvithout loss of generalitythat
theunderlyingmachineis a reducednstructionsetproces-
sor (RISC) andusesin particularthe MIPS instructionset
architecturd5] asthetargetnative machine.This choiceof
MIPS asthe ISA is in somesensearbitrary; however, the
MIPS ISA is simple enoughthat, with the explanationin
this text, its semanticshouldbe clearand substitutionof
othercommonlSA'sis straightforvard.

4.1 Translation

Thetranslatiorof theVRM of Figure2 is givenin Figure3.
After describingthe stratgy for maintaininginternalVRM
statewe proceedo describehetranslatioritself for arep-
resentatie sampleof instructions.

The resultof JIT translationof a VRM program is a
linearsequencef native machinenstructionscomprisinga
native machinegprogram . Since isnolongergoverned
by aninterpreterloop, it mustmanagets own state,both
internal (programcounter)andexternal (registers). This is
accomplishedby mappingthis stateto thehardware'sregis-
terset.

The VRM's programcounters functionis subsumedby
the PC of the native machine. However, we needto re-
tainthe e xibility of theinterpretedVRM in thatit should
be possibleto selectthe exact numberof translatedvRM
instructionsto be executed. This canbe accomplishedy



MOV( gsp src)

SET(
CLR(
INC(
DEC(
NEG(
ADD( 4et

src)

SUB( gsp src)

MUL( gsp  sre)

JzZ(

INZ(

JLZ(

JGZ(

J(

s

a

a

s

off)

off)

off)

off)

off)

NOP  termchk _macro g:jdl fto e, 1
tz ry, |_term
termchk _macro termchk _macro
add  rgst, o, Tsrc DIV( gst  sr) div. - rdst. Tsrc
mflo 1 gst
termchk _macro
addi rg4, rg, 1 termchk _macro
MOD( gst  src) div. rdst . Tsrc
termchk _macro mflo 1 gst
add rg, rg, ro
termchk _macro
termchk _macro AND( gst src) and g g ;
addi rg, rg, 1 st st Tsre
termchk _macro
termchk _macro OR( gst src) o r ] ;
addi rg, rg -1 dst » Tdst: 'src
termchk _macro XOR( gsp  10) termchk _macro
sub ray 1o, 'a xofr Fdst » Fdst s 'src
termchk _macro termchk _macro
add rgst. Tdst Tsrc NOT( a) addi rmp, ro, -1
termchk _macro
sub r , T , T termchk _macro
dst dst SIC SHL( 4sp src)
sliv. rgst, rdst  Src
termchk _macro
mult rqgst . Tsre termchk _macro
mflo  r gst SHR( gsp  src) slv rgst . Tdst SIC
termchk _macro
beq rq, ro, fix _offset(offset,this dnstr  _oc)
termchk _macro
beq rqg, rga, fix _offset(offset,this dnstr  _loc)
termchk _macro
bneq rqg, rg, fix _offset(offset,this dnstr  _loc)
termchk _macro
bltz rg, fix _offset(offset,this dnstr  _loc)
termchk _macro
bgtz r4, fix _offset(offset,this dnstr  _loc)

Figure3: JIT equivalentsfor theVRM of Figure2 usingMIPS instructionset. Thefunctionfix _offset
targetat compiletime. Notethe useof the terminationregisterto limit the numberof instructionsexecutedandthe useof a temporaryregisterto hold
intermediatesalues.Seetext for details.

computegheabsoluteaddres®f thebranch



dedicatinga machineregistet heredenoted ¢ , to holding
thenumberof VRM instructiongemainingto beevaluated.
To terminatethe programafter  VRM instructionsy { is

loadedwith  atthestartof executionof . JITCinserts
beforethe translationof every VRM instructiona checkto

seeif r ¢ hasreachedzeroand,if so,to terminatethe pro-

gramby branchingo anabsolutdabel. This label,denoted
| _term inthe gure, is wherecontrolshould o w afterthe
programterminatesA logicalpointis attheendof  since
“falling off theend” of  signi es terminationaswell. It

may however be placedanywherecorvenient;if it is not
placedattheendof , anunconditionabranchinstruction
to | _term mustbe placedafterthe lasttranslatednstruc-
tionin

The two-instructionmacro,termchk _macro, de ned
and usedin Figure 3, performsthe task of decrementing
theterminatiorregisterandcheckingwhetheiit hasreached
zero. Note thatthe VRM's NOPIinstructiontranslatesnto
this macro.Also notethatall VRM instructiontranslations
begin with termchk _macro .

TheVRM's externalstateof registerss mappednto the
native hardware's generalpurposeregister (GPR) set. To
allow this, it is necessaryo save all GPRS to spill mem-
ory beforeexecuting  andto restoretheseregistersafter
| _term is reached. Here we assumehat the numberof
VRM registersis lessthanthe numberof free GPRS; be-
low, wedescribenow additionalregistersmaybevirtualized
usingsomeadditionalmemory

Note that in the MIPS architectureregisterr ¢ is tied
to zero. Therefore,the mappingof VRM registersto na-
tive GPRS startswith registerr 1. In additiontor , an-
otherGPRheredenoted t, is reseredfor useastempo-
rary storage.Dependingon the representatiobeingtrans-
lated, more (or perhapsewer) dedicatedegistersmay be
required.

Theactualtranslatiorof VRM instructionds straightfor
ward. Thisis dueto the VRM beingvery closeto contem-
porary machinelanguages.Note, however, thatthe MIPS
instructionset usesthe arithmeticinstructionfor addition
add for mary purposesincludingregisterto-registertrans-
fer. The MOVinstruction,for example,becomesan addi-
tion of thesourceregisterto thezeroregisterwith theresult
placedin thedestinatiorregister Otherinstructionssuchas
SET, CLR INC, DEG andof courseADD canbede nedin
termsof MIPS' add or addi instructions.The MIPS sub
instructionis usedsimilarly for NEGandSUB

Note the arithmeticfunctionsof multiplication and di-
vision translateto multiple MIPS instructions(see[5] for
details). Also, MIPS doesnot de ne an exceptioncondi-
tion for division by zeroor arithmeticover ow. (In thecase
of divide-by-zerothe resultis unde ned[5].) If it is nec-
essaryfor the VRM to identify suchconditions,additional
instructionanustbeinsertedy thetranslatiorto, for exam-
ple, checkif ther g, registeris zero. If so,aconditional
branchinstructioncantransfercontrolto | _term or else-
where.

The translationof VRM's branchinstructionsis also
quite direct. Most instructionshave a direct MIPS analog,
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but specialtreatmenis requiredfor therelative branchoff-
set. The correctoffsetis computedoy JITC asit processes
a branchinstructionby the fix _offset  function, which
takesthe VRM offsetandtheinstructionnumberin the pro-
gram and computesthe target instructionin the resulting
translation.Suchtranslationis necessargincein the VRM
it waspossibleto branchpastboththe startandbeginning
instructionof the VRM program.Also, sinceVRM instruc-
tionsnow translatento multiple native (MIPS)instructions
andthis numberis variablefrom instructionto instruction,
fix _offset mustcomputetheappropriateative relative
offset. Because¢headdressf forwardVRM branchinstruc-
tionsarenotknown duringthetranslatiorpassthelocation
of theincompletenative branchoffsetmustberetainedand
resohed onceall VRM instructionshave beenprocessed.
Auxiliary datastructuresarenecessarjor the JIT compiler
to resole suchissues.

4.2 Auxiliary Data Structures

Thefollowing datastructuresupportJIT translation First,
a block of executablememory large enoughto hold the
translatedprogram  is needed.As we remarled earlieg
this block may requireprologuecodeto spill registersthat
arein useandepiloguecodeto restorethem. Prologuecode
canalsobeusedto initialize registersandepiloguecodecan
returnthe programs outputfrom registers.

Secondavector of native startaddressefor VRM in-
structionsis usedin resolvingbranchegboth forward and
backward). Shortlywe describehow  alsoaidsin imple-
mentingoperatordike cross@er. Note that one candis-
pensewith maintaining entirely by makingall VRM in-
structiongranslatanto the samenumberof native instruc-
tions; one canpadtranslationshorterthanthe longestin-
structionwith MIPS nop's. If thisis done,theinstruction
numbersufces to determinethe start of the instructions
translationin . Thissimpli es JIT compilationandevolu-
tionaryoperatoimplementationbut signi cantly slowsthe
evaluation.

Anotherdatastructureusefulfor implementingthe evo-
lutionary operatords a typevector . This vectordenotes
whetheraninstructionis a branchor not, andif so,whatits
relative offsetis in the corresponding/RM program. This
informationis necessaryo processranchinstructionsaf-
terrelocationby anevolutionaryoperator(seebelow) since
thecompiledoffsetscomputedby fix _offset mayneed
to berecomputedvhenan evolutionaryoperatormovesan
instruction for example.

4.3 Evolutionary Operators

Whenappliedto a progranrepresentatiorevolutionaryop-
eratorssuchas crosseer, point-wisemutation,or macro-
mutation,shufe programinstructionsor replaceexisting
instructionswith new ones.
To implementcrosseer betweentwo parents and

to produceoffspring , for instancethe systemallocatesa
new executablememoryblock and copiesthe desired
translatednstructionsfrom the parentblocks and
successiely into . Theinstruction-addresgectors



and de nedabove aid this copying. As de nedin Fig-
ure 3, all instructionsexceptfor the branchinstructionsare
relocatablethatis, they may be movedto a new address
without change Branchinstructionshowever, may needto
have their offsetsrecomputedy fix _offset  sincetheir
locationwithin the programmay have changed For exam-
ple,aninstruction thatin theVRM programbranchecast
theendof theprogranmaynolongerdosoafteracrossaer
operationsince mayhave beenmovedto the beginning of
the resultingoffspring. The type vectors and  are
usedto nd thebranchinstructionsin  inheritedfrom
and andtheaddreswectors and areusedin reap-
plying fix _offset . Notethatnew addressandtypevec-
tors and areformedfor duringthisprocess.

Mutationsand macro-mutationgire implementedsimi-
larly throughcopying in general.SincedifferentVRM in-
structionscantranslatento differing numbersof native in-
structionsfull copying may be necessaryHowever, it may
be possibleto performa mutationin placeif the number
of natie instructionscomprisingthe VRM instructionbe-
ing mutateds largerthanthe numberof native instructions
comprisingthe mutation. Again, thevector canbeused
to determinghis.

4.4 Translating Memory Operands

An importantclassof instructionsabsenfrom the sample
VRM (Figure2) is memoryload/storeinstructions. In the
VRM, all memoryis containedn the registerstate. How-
ever, experimentersnay wish to evolve programswith in-
structionghathave memoryoperands.

A simpleway to translatememoryinstructionss asfol-
lows. A runtimeblock of memory s allocatedas“the
memory” and initialized by the prologue code if neces-
sary A VRM instructionthatthenindexesinto this mem-
ory,sayADD(r gst » MIrjndex 1) » wouldinsertnativein-
structiondo testif thevalueof r jhgex isin range;thatis,
a boundsched, Iindex , would occurto re-
strict accesgo memoryoutsideof the allocatedblock
Instructionswriting to memorywould similarly be bounds
checled.

4.5 Simulating Additional Registers

In the above it was assumedhat the numberof registers
speci edbytheVRM ts into theregistersontheprocessor
of the tamget machine. For somecontemporaryprocessors
(e.g., Intel'sx86 [7]) this maynot bethe case.Herewe de-
scribehow to translatea setof virtual registersthat cannot
be mappeddirectly into available machineregisters. Stan-
dardcompilertechniquesccomplistthis (cf., [1]).

A bankof registersis allocatedasablockof mem-
ory words (wherea word canhold a singleVRM register
typically 32 or 64 bits). Denotethis block asvrb . Whena
VRM registeris referencedby aVRM instruction thetrans-
lation usesativetemporaryregistersto loadthevirtual reg-
ister from its locationin vrb . The speci ed operationis
performedon thetemporaryregistersandtheresultis writ-
tenbackto theappropriateplacesn thevrb asnecessary

Considettranslatiorof ADD(r g,r 15) asanexample:

7

st spillo, tmpreg0  #free tmp regs

st spill, tmpregl

Id tmpregO, vrb[15] #get operands

Id tmpregl, vrb[9]

add tmpreg0, tmpreg0, tmpregl #do add
st vrb[9], tmpreg0  #update result reg
Id  tmpregO, spill0 #restore  tmp regs
Id tmpregl, spilll

Here,r g andr 15 resideatoffsets9 and15 of thevrb re-
spectvely. If thetemporarynative registersarein use(or
it is not known if they are),they mustbe saredin a spill
areaandrestoredfrom this areawhenthe addition opera-
tion completes Also notethattheresultof the addition(in
tmpreg0 ) is written backto thevirtual destinatiorregister
atvrb[9]

4.6 Optimization

Thetranslationdescribedn this sectioncanbe furtherim-

proved by using compiler optimizationtechniquesas cat-
alogedin standardcompile text suchas[1]. Additional

translationeffort canbe usedto do peephole optimization
(PHO)within a smallwindow of generatedative instruc-
tions. PHO and other more costly optimizationscan have

a dramaticeffect on the runtimeof the translatecprogram.
However, the costof the optimizationmustalso be taken
into account—onanust be sureto recoupthe time spent
optimizingthroughtime saved evaluatingthe resultingpro-

gram.

5 Specializedinter preter Generation (SIG)

Anothertechniqueo speednterpreterevaluationis by spe-
cializing theinterpreterfor all possibleinstruction/operand
combinationghatmayoccut Thoughnotasspeedyaspro-
gramsproducedby JIT compilation, SIG canremove the
instructiondecodingoverheads—whiclare not minor and
cost mary tensof machineinstructions—fromthe inter-
pretersloop. A primaryadvantageof SIG is thatit is very
simpleto implementandthatit is portableacrosscompilers
andOS's.

A prerequisitefor usingSIG is thatthe total numberof
opcode/operandombinationsbe manageable—bthis we
meanthat this numberbe small enoughthat a jump table
canbe constructedn memoryfor dispatchingevery such
combination. (For countingthe numberof suchcombina-
tionsin aVRM see for example[6].) More preciselyfor a
givenVRM, SIG will producea multi-way “switch” state-
mentwhereevery “case” (or “label”) is one of the possi-
ble combinationsThis tablemustbe smallenoughto t in
memoryandit shouldfurthermorebe possibleto compile
the resultingswitch statemenivith a C or Java compiler
We have veri ed thatopcodes/operandscodedn 16 bits
and henceresultingin casesare readily compiled by
cornventionalC compilers.In practice,20 or 24 bit opcodes
shouldbepossibleput mary interestingRM' s canalready
bede nedwith 16 bits.

Figure4 givesasmallportionof aspecializednterpreter
correspondingo theinterpretefragmentof Figurel. Here
theVRM is againtheoneof Figure2 andit is instantiatedo
16registers.Theencodingsinto 14 bitsasfollows. For sin-



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(ro,rl) */
ro = rl; break;
case 0x0102: * MOV(ro,r2) */
r0 = r2; break;
case O0x015e: * MOV(r5,r14) */
r5 = rl4; break;
case 0x08f7: /¥ XOR(r15,r7)  */
rl5 "= r7; break;

case 0x3a63: [*
if(r6<0)
pc += -3;
break;

JLZ(r6,-3) ¥/

Figure4: Fragmenfrom a specializednterpreterfor the VRM of Fig-
ure2. Notehow every opcode/operancdombinatiomrmapsto acase label.
Also, registersarestoreddirectly asvariables.Seetext for theinstruction
encoding.

gle registeropcodesthetop bits 8-13 arezero, the opcode
is encodedn bits 4-7, andbits 0-3 containthe register For
branchinstructionsthetop bit (bit 13) is oneandbits 8-11
encodethe branchopcodebits 4-7 containthe register(for
aconditionalbranch)andbits 0-3 containthe offsetwith the
offset's signencodedn bit 12. The remainingtwo register
operandnstructionsare encodedwith bits 12-13zero,the
opcoden bits 8-11,andtheregisterpairin thelower byte.

It isimportantto notethata goodcompilerwill produce
codefor the casesvery similarto thatof the JITC approach
dueto the factthat VRM registershave beenmappeddi-
rectlyto variablesandnotto arraysasin theslow interpreter
of Figurel. This remos/esmary memoryreferencesince
indirectionthroughan arrayaddresss no longernecessary
to fetch/store/RM registers.

Sincethe encodingof the VRM canbe madeidentical
for standardnterpretation(Figure 1) andfor SIG, branch
instructionghatrequiredspecialtreatmenfor JITC canbe
processeas before. SIG retainsthe interpreterloop and
caneasilydetectprogramcounterghatfall outsidethe pro-
gramproper Relatedly implementatiorof the evolution-
ary operatordor SIG is also simple—eolutionaryopera-
tors canshufe and modify the programarrayin anunre-
strictedmannersincethe interpretedoop againchecksfor
valid programcounterconditions. As with the raw execu-
tion of bits on native hardware[11, 10] andunlike JIT com-
pilation, SIG canadmit crosseer (and other evolutionary
operatorsatbit boundariedf all possibleopcodevaluesare
de ned.

6 Summary

This paperextendsjust-in-time compilation and special-
izedinterpretemgeneratiortechniqueso programrepresen-
tationsfor usein evolutionarycomputatiorexperimentsin
particular we shav how customrepresentationsnay be
efciently translatedso that their executionef ciency ap-
proacheshatof native machindanguagesln particularwe
nd thatfor a typical virtual registermachine JIT compi-
lation introducesan overheadf 2-3 additionalinstructions
perVRM instruction—itthereforecanrun half to athird as
fastasnative code,but retainsthe ability to terminateeval-
uation aftera x ed numberof instructionexecutionsand
the e xibility to customizefully the instructionset,among
otheradvantagesSIG, ontheotherhand,requiresl2-20in-
structionson averagefor the sameVRM, but thisis still an
improvementover straightinterpretationwhich can spend
morethan100cyclesoninstructiondecodeandexecution.

Rawv JITC SIG Int
speed very high | high moderate| slow
portability verylow | moderate| high very high
programsize | small moderate| small small
extensible no yes yes yes
bit operators | yes dif cult yes possible
self-modify | yes no yes possible

Tablel: Comparisorof thetwo techniquef this papey JITC andSIG,
to direct executionof bit stringson natve hardware (Rav) andto fully
interpretedegistermachinegint).

The above tablecompareghe two new andthe two ex-
isting schemeslongsix dimensionsspeedportability be-
tweenOS's, size of the candidateprograms,extensibility
of theISA, availability of evolution operatorsat bit bound-
aries,andsupportfor self modifying code.

As can be seenfrom the table entriesfor just-in-time
compilationandspecializednterpretergeneration EC ex-
perimentersiow have at handtwo new meangor evolving
comple softnaremachinesvhile retaininghigh degreesof
expressienessn their choiceof machinerepresentation.
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