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•Acontinuation-basedmicro-Ccompilerfortheabstractmachine

•Optimizedcompilationofconstants

•Optimizedcompilationofconditionalandunconditionaljumps

•Deadcodeelimination

•Recognizingtailcalls

•Compilingtailcallstoexecuteinconstantspace

•Optimizedcompilationofcompositionlogicalexpressions
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Someshortcomingsoftheoldmicro-Ccompiler

•Clumsycodeisgenerated,especiallyforif-andwhile-conditions(fileimp/ex19.c):

voidmain(intx){
if(x==0)print33;elseprint44;

}

Thisproducesthefollowingcode:

GETBP,CSTI0,ADD,LDI,CSTI0,EQ,IFZEROL2,
CSTI33,PRINTI,INCSP˜1,GOTOL3,

L2:CSTI44,PRINTI,INCSP˜1,
L3:INCSP0,RET0

Weshallimprovethecompilertoproducethisinstead:

GETBP,LDI,IFNZROL2,
CSTI33,PRINTI,RET1,

L2:CSTI44,PRINTI,RET1

•Tail-callsarenotexecutedinconstantspace(exampleimp/ex12.c),andthereforerunoutofstackspace.

•Thecompileritselfinefficientlyuses@toappendlistsofgeneratedinstructions:

[GOTOlabtest,Labellabbegin]@cStmtbodyenv
@[Labellabtest]@cExpreenv@[IFNZROlabbegin]
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Abettermicro-Ccompiler

OnecouldwriteacodesimplifierthatwouldremoveCSTI0,ADDfromthegeneratedprogram,etc.

Thenwecouldrunthesimplifierinasecondpassafterthecompiler,butthisissomewhatinelegant.

Insteadweshallstudyaone-passcompiler:

•thatoptimizesthecompilationoflogicalconnectives(suchas!,&&and||)intoefficientcontrolflowcode;

•thatgeneratescodeforalogicalexpressione1&&e2thatisadaptedtoitscontextofuse:

–willitsvaluebeboundtoavariable,asinb=e1&&e2;

–orwillitsvaluebeusedintheconditioninanif-orwhile-statement,asinif(e1&&e2)...;

•thatavoidsgeneratingjumpstojumpsinmostcases;

•thateliminatesmostdeadcode,thatis,instructionsthatcannotbeexecuted;

•thatrecognizestailcallsandcompilesthemasjumps(instructionTCALL).
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Abackwards,orcontinuation-based,compiler

Thenewcompilergeneratescodebackwards,prependingnewinstructionstothecodealreadygenerated.

Theold(forwards,direct)micro-Ccompilerhadtype:

funcExpr(e:expr)(env:lenv)(fenv:fenv):instrlist=...

Thenew(backwards,continuation-based)compilertakesanextraargument,acodecontinuation:

funcExpr(e:expr)(env:lenv)(fenv:fenv)(C:instrlist)
:instrlist=...

TheargumentCcontainsthecode,alreadygenerated,thatfollowsthecodefore.

ThusCisacompile-timerepresentationoftherun-timecontinuationforexpressione.

Thisallowsthecompilertoperformoptimizations.

Example:IfeisCst(CstI1),thenweshouldgenerateCSTI1.

However,ifCstartswithNOT,thenwecaninsteadthrowawaytheNOTandgenerateCSTI0.

Theresultingcodewillbe[CSTI0]insteadof[CSTI1,NOT].
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Theoldexpressioncompilationfunction

funcExpr(e:expr)(env:lenv)(fenv:fenv):instrlist=
caseeof

...
|Cst(CstIi)=>[CSTIi]
|Prim1(ope,e1)=>

cExpre1envfenv
@(caseopeof

"!"=>[NOT]
|"printi"=>[PRINTI]
|"printc"=>[PRINTC]
|_=>raiseFail"unknownprimitive1")

|...

Towardsanewexpressioncompilationfunction:generatingthesamecodeinadifferentway

funcExpr(e:expr)(env:lenv)(fenv:fenv)(C:instrlist):instrlist=
caseeof

...
|Cst(CstIi)=>CSTIi::C
|Prim1(ope,e1)=>

cExpre1envfenv
(caseopeof

"!"=>NOT::C
|"printi"=>PRINTI::C
|"printc"=>PRINTC::C

|_=>raiseFail"unknownprimitive1")
|...
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Optimizingthecodewhilegeneratingit(imp/contcomp.sml)

DonotblindlygenerateCSTI,butintroduceafunctionaddCSTtoinspectthecontinuationcodeC:

funcExpr(e:expr)(env:lenv)(fenv:fenv)(C:instrlist):instrlist=
caseeof

...
|Cst(CstIi)=>addCSTiC
|...

TheaddCSTfunctiongeneratesbettercode,functionallyequivalentforthegivencodecontinuation:

funaddCSTiC=
case(i,C)of

(0,ADD::C1)=>C1
|(0,SUB::C1)=>C1
|(0,NOT::C1)=>addCST1C1
|(_,NOT::C1)=>addCST0C1
|(1,MUL::C1)=>C1
|(1,DIV::C1)=>C1
|(0,EQ::C1)=>addNOTC1
|(_,INCSPm::C1)=>ifm<0thenaddINCSP(m+1)C1

elseCSTIi::C
|(0,IFZEROlab::C1)=>addGOTOlabC1
|(_,IFZEROlab::C1)=>C1
|(0,IFNZROlab::C1)=>C1
|(_,IFNZROlab::C1)=>addGOTOlabC1
|_=>CSTIi::C
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Correctnessoftheoptimizations

Theoptimizationsreflectequivalencesbetweenmachinecodesequences:

0,ADDhasthesamemeaningas〈empty〉

0,SUBhasthesamemeaningas〈empty〉

0,NOThasthesamemeaningas1

n,NOThasthesamemeaningas0whenn6=0

1,MULhasthesamemeaningas〈empty〉

1,DIVhasthesamemeaningas〈empty〉

0,EQhasthesamemeaningasNOT

n,INCSPmhasthesamemeaningasINCSP(m−1)

0,IFZEROahasthesamemeaningasGOTOa

n,IFZEROahasthesamemeaningas〈empty〉whenn6=0

0,IFNZROahasthesamemeaningas〈empty〉

n,IFNZROahasthesamemeaningasGOTOawhenn6=0

Above,〈empty〉istheemptysequenceofinstructions.
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Optimizationofnegationsandjumps

Theseequivalencesholdforlogicalnegation(NOT):

NOT,NOThasthesamemeaningas〈empty〉ifappliedtobooleanvalues

NOT,IFZEROahasthesamemeaningasIFNZROa

NOT,IFNZROahasthesamemeaningasIFZEROa

Theyareexploitedinthiscodegenerationfunction:

funaddNOTC=
caseCof

NOT::C1=>C1
|IFZEROlab::C1=>IFNZROlab::C1
|IFNZROlab::C1=>IFZEROlab::C1
|_=>NOT::C
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Optimizationofstackpointerupdates

Theseequivalencesholdforstackpointermanipulations(INCSPm):

INCSP0hasthesamemeaningas〈empty〉

INCSPm1,INCSPm2hasthesamemeaningasINCSP(m1+m2)

INCSPm1,RETm2hasthesamemeaningasRET(m2−m1)

Theyareexploitedinthesecodegenerationfunctions:

funmakeINCSP0C=C
|makeINCSPnC=INCSPn::C

funaddINCSPm1C:instrlist=
caseCof

INCSPm2::C1=>makeINCSP(m1+m2)C1
|RETm2::C1=>RET(m2-m1)::C1
|Labellab::RETm2::_=>RET(m2-m1)::C
|_=>makeINCSPm1C
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Avoidgeneratingconditionaljumpstojumps

Whenwegenerateaconditionaljump(IFZEROorIFNZRO)tosomecodeC,wemustputalabelinfrontofC.

IfCalreadybeginswithalabellab,wecanjumptothatlabel.

IfCbeginswithGOTOlabwecanjumpstraighttothelab,avoidingajumptoajump.

Otherwise,wemustputanewlabelinfrontofC,andjumptothatlabel:

funaddLabelC:label*instrlist=
caseCof

Labellab::_=>(lab,C)
|GOTOlab::_=>(lab,C)
|_=>letvallab=newLabel()

in(lab,Labellab::C)end
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Avoidgeneratingunconditionaljumpstojumpsorreturns

WhenwegenerateanunconditionalGOTOtosomecodeC,thereareevenbetteroptimizationopportunities.

IfCbeginswithaRETinstruction,wecanreturnimmediatelyratherthanjumptotheRET.

IfCalreadybeginswithalabellab,wecanjumptolab.

IfCbeginswithaGOTOlabwecanjumptolab.

OtherwisewemustputanewlabelinfrontofCandgenerateajumptothatlabel:

funmakeJumpC:instr*instrlist=
caseCof

RETm::_=>(RETm,C)
|Labellab::RETm::_=>(RETm,C)
|Labellab::_=>(GOTOlab,C)
|GOTOlab::_=>(GOTOlab,C)
|_=>letvallab=newLabel()

in(GOTOlab,Labellab::C)end
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Thecompilationofstatements,part1:if-statements

Theoldcompilationscheme:

<ecode>
if(e)IFZEROL1;

stmt1<stmt1code>
elseGOTOL2;

stmt2L1:<stmt2code>
L2:

Thenewcompilationscheme:

funcStmtstmt(env:lenv)(fenv:fenv)(C:instrlist):instrlist=
casestmtof

If(e,stmt1,stmt2)=>
letval(jumpend,C1)=makeJumpC

val(labelse,C2)=addLabel(cStmtstmt2envfenvC1)
in

cExpreenvfenv(IFZEROlabelse
::cStmtstmt1envfenv(addJumpjumpendC2))

end
|...

UsingmakeJumppropagatesasubsequentjumporRETintothetrue-branch,asinimp/ex19.c.
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Thecompilationofstatements,part2:while-loops

Theoldcompilationscheme:

while(e)GOTOL2;
bodyL1:<bodycode>

L2:<ecode>
IFNZROL1;

Thenewcompilationscheme:

funcStmtstmt(env:lenv)(fenv:fenv)(C:instrlist):instrlist=
casestmtof

...
|While(e,body)=>

letvallabbegin=newLabel()
val(jumptest,C1)=

makeJump(cExpreenvfenv(IFNZROlabbegin::C))
in

addJumpjumptest(Labellabbegin::cStmtbodyenvfenvC1)
end

|...

UsingmakeJumpseemstomakeadifferenceonlyiftheconditioneisconstanttrue.

Inthatcasethewhilebodywillnotbeskipped,seefileimp/ex7.c.Notaveryimportantimprovement.
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Thecompilationofstatements,part3

TwopassesaremadeoveraBlock{...};aforwardspassandabackwardspass.

Theforwardspassisneededtodeterminethenumberofvariablesthattheblockallocatesonthestack.

Thesemustbepopped,usingINCSP,attheendoftheblock.

Thebackwardspasscompilestheblock’sstatements.

funcStmtstmt(env:lenv)(fenv:fenv)(C:instrlist):instrlist=
casestmtof

...
|Blockstmts=>

letfunpass1[](_,fdepth)=([],fdepth)
|pass1(s1::sr)env=

letvalres1as(_,env1)=bStmtordecs1env
val(resr,fdepthr)=pass1srenv1

in(res1::resr,fdepthr)end
val(stmtsback,fdepthend)=pass1stmtsenv
funpass2[]C=C
|pass2((BDeccode,env)::sr)C=code@pass2srC
|pass2((BStmtstmt,env)::sr)C=

cStmtstmtenvfenv(pass2srC)
inpass2stmtsback(addINCSP(#2env-fdepthend)C)end

|ReturnNONE=>
RET(#2env-1)::deadcodeC

|Return(SOMEe)=>
cExpreenvfenv(RET(#2env)::deadcodeC)
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Eliminatingdeadcode

Deadcodeiscodethatcannotbeexecuted,suchastheaddition:

GOTOL1,1,ADD,L1:...

CodethatfollowsanunconditionalGOTOorRETURNisdead,upuntilthenextlabel.

Deadcodetypicallyarisesbecauseofconstantconditionsiniforwhile;forexampleimp/ex7.c.

Deadcodetakesupspaceandcostsnothingatruntime;butremovingitcanenablefurtheroptimizations.

Thisfunctionremoveslocallydeadcode:

fundeadcodeC=
caseCof

[]=>[]
|Labellab::_=>C
|_::C1=>deadcodeC1

ItisusedwhengeneratingaGOTOorRET:

funaddJumpjumpC=(*jumpisGOTOorRET*)
letvalC1=deadcodeC
in

case(jump,C1)of
(GOTOlab1,Labellab2::_)=>iflab1=lab2thenC1

elseGOTOlab1::C1
|_=>jump::C1

end;
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Recognizingtailcalls

Functionmaininexampleimp/ex12.ccallsitselfbyatail-call:

intmain(intn){
if(n)

returnmain(n-1);
else

return17;
}

Thetailcallmain(n-1)isrecognizableasaCALLimmediatelyfollowedbyRETURN:

L0:GETBP,0,ADD,LDI,IFZEROL1,if(n)
GETBP,0,ADD,LDI,1,SUB,CALL(1,L0),RET1,GOTOL2,main(n-1)

L1:17,RET1,17
L2:INCSP0,RET0

TheCALLwillcreateanewstackframe,somainwillrunoutofstackspaceforlargen.
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Executingtailcallsinthestackmachine

Consideracallfromgtof:

fungx=...fe1e2...

CALL f

RET

RET

TCALL f

RET

ret
addr

old
etc

g’s varsret
addr

oldret
addr

old f’s vars
etc

f’s vars
etc

Tail call and one return Ordinary call and two returns

(from f)(from f)

(from g)

ret
addr

old
etc

g’s vars

ret
addr

old
etc

g’s vars

ret
addr

old
etc

g’s vars
bp1

bp1

bp1

bp2

bp1

bp1
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Compilingtailcalls

FunctionmakeCallgeneratesacalltoanm-argumentfunctionatlabellab.

IftheCALLisfollowedbyRET,orbyLabelandRET,thenitisturnedintoaTCALL:

funmakeCallmlabC:instrlist=
caseCof

RETn::C1=>TCALL(m,n,lab)::C1
|Label_::RETn::_=>TCALL(m,n,lab)::C
|_=>CALL(m,lab)::C

Thenewcompilerwillgeneratethiscodeforimp/ex12.c:

L1:GETBP,LDI,IFZEROL2,if(n)
GETBP,LDI,1,SUB,TCALL(1,1,L1),main(n-1)

L2:17,RET117

TheTCALLwillnotcreateanewstackframe,somaininimp/ex12.ccanbeexecutedforarbitrarilylargen.

Ingeneral,thetailcalloptimizationisunsoundinC;seeexampleimp/ex21.c.

Ifafunctionallocatesanarrayonstackandpassesittoafunctioncalledbyatailcall,thearraywillbeoverwritten!

InJava,arraysandobjectsareontheheapandthetailcalloptimizationissound(exceptforsecurity).
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Effectofcompileroptimizationsoncodesizeandruntime

Loopexecuting20milliontimes(fileimp/ex8.candimp/prog1):

CompilerCodesize(w)Runningtime(s)

Direct3218.4

Backwards2210.9

Hand-coded133.9

Then-queensproblem(fileimp/ex11.c)forn=11:

CompilerCodesize(w)Runningtime(s)

Direct6168.3

Backwards5497.2
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Compilinglogicalexpressionstocontrolflow

Thevalueofalogicalexpression(m==0&&n==0)maybeusedintwodifferentways:

•Itsvaluemaybeassignedtoavariable,orreturnedfromafunction:

b=(m==0&&n==0);

Here,0or1shouldbeassignedtob.

•Itsvaluemaybeusedinanif-orwhile-condition:

if(m==0&&n==0)...;

Herethereisnoneedtofirstgeneratea0or1andthentestitusingIFZEROorIFNZRO.

Theoldforwardscompilergeneratesthesamecodeforalogicalexpressionx==0regardlessofitsuse.

Thenewbackwardscompilercompilesitdifferentlydependingonthecontext;seeimp/ex20.c:

voidmain(intm,intn){
intb;
if(m==0&&n==0)

print1111;
else

print2222;
b=(m==0&&n==0);

}
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Compilationofcompositelogicalexpressions(somewhatcomplicated)

Thelogicalexpressione1&&e2iscompiledto<e1>,IFZEROLf,<e2>,GOTOLe,Lf:0,Le:

ButifthisisfollowedbyIFZEROlab,itcanbeoptimizedto<e1>,IFZEROlab,<e2>,IFZEROlab.

funcExpr(e:expr)(env:lenv)(fenv:fenv)(C:instrlist):instrlist=
caseeof

...
|Andalso(e1,e2)=>

(caseCof
IFZEROlab::_=>

cExpre1envfenv(IFZEROlab::cExpre2envfenvC)
|IFNZROlabthen::C1=>

letval(labelse,C2)=addLabelC1
in

cExpre1envfenv
(IFZEROlabelse
::cExpre2envfenv(IFNZROlabthen::C2))

end
|_=>

letval(jumpend,C1)=makeJumpC
val(labfalse,C2)=addLabel(addCST0C1)

in
cExpre1envfenv
(IFZEROlabfalse
::cExpre2envfenv(addJumpjumpendC2))

end)
|Orelse(e1,e2)=>...dualtoAndalso...
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Apotentiallysimplerideathatdoesn’tquitework

Thecompilationofe1&&e2ande1||e2israthercomplicated.

Couldn’tonejustimplemente1?e2:e3inthecompiler,andusetheseequivalences:

e1&&e2hasthesamemeaningase1?e2:false

e1||e2hasthesamemeaningase1?true:e2

Themicro-Cparsercouldbuildtherepresentatione1?e2:falsefore1&&e2,etc.

ThenwecoulddeleteAndalsoandOrelsefromtheabstractsyntax.

Butthisdoesnotworkwell,because

true?1111:2222

compilesto

CSTI1111,GOTOL1,
L2:CSTI2222
L1:

anditishardtorecognizeon-the-flythatthecodeatL2canneverbereached.
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