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Abstract

We describean experimental,low-level implementationof the Auv-calculus. The implementationis basedon a
Krivine-styleabstractmachinewhichis in turnsderived from a simpleCPSsemantics.

Parigot’s Au-calculuswasoriginally inventedasa proof-termcalculusfor classicalogic [2]. Onecanalsoregardit asa
prototypicalcall-by-nameprogrammindanguagewith controlprimitives.However, its operationakignificances not
very well understoodparticularlybecauseét doesnot have a very satishctoryrewrite semantics.The Auv-calculus
wasproposedby Pym and Ritter asan extensionof the Au-calculuswith disjunctiontypes[4], againmotivatedby
prooftheory

Here, we hopeto clarify the operationalmeaningof thesecalculi by giving a Krivine-style abstractmachine
semanticandanimplementationThe meaningof the controloperatorsandof the disjunctiontypescanbe explained
in themachinemodelin termsof certainoperationon stacks.Our abstracinachinesemanticss dervedfrom a CPS
semanticsn the style of HofmannandStreiche1]. In [6], we have shavn thatthis CPSsemanticss in turnsclosely
related via acompletenestheoremto the catgory-theoreticamodelsof the disjunctve Auv-calculus.

We alsodescribealow-level implementatiorof theabstractmachine It translates\uv-termsdirectlyinto asubset
of the C languageTheimplementationwhichis writtenin ML, is availablefrom [5].

1 Syntax

1.1 The syntaxof the Au-calculus

The Au-calculusis anextensionof the simply-typediambdacalculuswith certaincontroloperatorsin additionto the
usualconstructof the simply-typedlambdacalculus therearetwo new termconstructorstheterm ua. M statically
bindsthe currentcontinuationto the namea beforeevaluating. Theterm[a]M appliesthe continuationa to the
term M. Thus,asa first approximationonecanthink of ua.M ascallcc(Aa.M) in StandardML of New Jersg
or Schemeandof [a]M asthrow @ M. However, thereare somedifferences. First, the Au-calculusis call-by-
name whereasML andSchemarecall-by-value.The secondlifferenceiesin thetyping: the Au-calculusknows an
“emptytype” L, whichis thetypeof anexpressiorsuchas[a]M which neverreturns.In ML, suchanexpressiorhas
anarbitrarytype. Dually, in ua.. M, werequireM to beof type L. Thethird differenceas thatthe Au-calculushastwo
separatmmamespacesyvariablesz, y, . .. bind terms,whereasnames, 3, . .. bind continuations.This distinction,
while operationallyinsignificant,is sometimegechnicallycorvenient— for instance,t simplifiesthe statemenbf
dualityin [6]. By corvention,we saythatan A-acceptingcontinuationo hastype A, andnottype A cont asin ML.

Formally, the Ap-calculusis definedasfollows. Types,rangedover by A, B, ..., arebuilt from a setB of basic
typesby thegrammar:

Az=B|1|AAB|A-B| L

Let V and N betwo given,disjoint, infinite setsof variablesz, y, ... andnamesy, 3, ..., respectiely. Sometimes
the formerare calledobjectvariablesandthe latter control variables Let K be a setof typedconstants:4, d?, .. ..

*This researctwasdonewhile the authorwasvisiting BRICS, BasicResearclin ComputerScience Centreof the DanishNationalResearch
Foundation.



Tablel: Thetyping rulesfor the Au-calculus

(var) ToAFz: A]A ooy THMiAZBIA TEN:A|A
(cons) TFMN:B|A
THAAA (abg Ie:AFM:B | A
) TFXAM:A—- B A
% -
Fkx:1]A FFM:A| aA A
 TEM:A|A TEN:B|A (P2 TF[aM: L] aAA
(pair)
TF(M,N):AANB | A THM:L|aAA
) THFM:AAB | A ®) TFpa® M :A] A
1 TFmM:A|A wealey LFM:iA|A TCT'  Aca
(r2) THFM:AAB | A I'EM:A|A
F'kmaM:B | A

Thepair (B, K) is calledasignatue of the Au-calculus andsometimesienoteddy ¥. Raw termsM, N, ... aregiven
by thegrammar:

Mu=g|c |« | (M,N) | mM | maM | MN | \a*.M | [0]M | pa®.M

A termof theform pa”.M is calleda p-abstraction, anda term of the form [a] M is calleda passificationterm In
thetermsAz“.M andua® .M, thevariabler, respectiely the nameq, is bound.As usual,we identify raw termsup
to renamingof boundvariablesandnames.

Thetyping of the Au-calculusis definedasfollows. An objectcontext T’ = z1:By,x2:Bs, . .. , z,:B, is afinite,
possiblyemptysequencef pairsof anobjectvariableandatype,suchthatz; # «; for all i # j. Wewrite ' C T
if ' is containedn T asaset. A contol context A = a:41, as:4s, ... ,a,,: A, is definedanalogously A typing
judgments anexpressiorof theformI' - M : A | A. Thecontet I declareghetypesof the freevariablesand A
declareghetypesof thefreenamesf M. If therearen variablesn I' andm namesn A, thenonecanthink of M as
afunctionin n agumentsvhich hasm + 1 possibleresultchannelsValid typing judgmentsarederivedby therules
in Tablel.

Thereasorthatwe write the control context ontheright comesfrom logic: A sequent

z1:Bi, ...,z Bp E M A | atAy, .. amiAn
correspondso a proof of theformula

1.2 Adding classicaldisjunction: The Auv-calculus

PymandRitter [4] proposehefollowing straightforwardway of addinga disjunctiontypeto the Au-calculus:
A u= ...|AVB
M == ... |{a)M|vat M

with typingrules:

(ang) T'FM:AVB | a:A A ) 'FM:B| a:AA
TF ()M :B | a:4,A Y TrvaAM:AVB| A"

For technicalreasonsthesetyping rulesarethe mirror imagesof thoseof PymandRitter [4]. Like p-abstractiorand
passificationthesetwo additionalterm constructorsmanipulatecontinuations.One canthink of a term M of type



AV B asatermof type B which hasaccesso anunnamedontinuatiorof type A. Theterm|[a]M givesthisunnamed
continuationthe namea.. Dually, the term pa. M abstractsa continuationof namea in M. Oneway to usethese
constructss to circumventa problemthatcomesfrom staticscoping:a functioncannever catchatermthatoneof its
argumentghrows. Considerthe following termof the Au-calculus:

(A2 .M (2))(N ([o] P))

Here,the a of the agumentdoesnot lie within the scopeof ary p-abstractionshatappeaiin M. Thus, M cannot
“catch” (provide a continuationfor) the term P thatis thrown on «. For this reason the control operatorsof the
Au-calculuslike callcc, arenot suitableto modelexceptionhandling. On the otherhand,in the Apv-calculus,one
canabstracfrom « asfollows:

(Az2VB M ((a)z))(ve!* N (/] P))

Now it is possiblefor M to “catch”, onthenameq, theterm P thatis thrown by its agumentz onthenameq’. This
usageof the disjunctiontype A v B is reminiscenbf the way in which throws-clausegrovide type-safesxception
handlingin Java. The operationameaningof the disjunctiontypewill be statedmorepreciselyin the CPSsemantics
andtheabstracimachinesemanticbelow.

Pym andRitter remarkthatin the call-by-namecase the disjunctiontype A vV B is not the sameasthe disjoint
sumtype A + B whichis customarilydefinedvia in1/inr/case constructsTo distinguishthem,we sometimesefer
to A v B as"“classical”disjunction.

We closethe sectionon syntaxby remarkingthatthe alternatie, symmetricsyntaxfor disjunctionfrom [6] is in
factinterdefinablawith the syntaxgivenhere:

vat. M w(at, BB).[s|M and w(a?, BB).M va?.uBB .M
()M = pp®la, fIM [, B] M = [Ba)M.

2 The CPSinterpretation of the call-by-name Auv-calculus

We adoptthe CPSsemantic®f [6] to the Auv-calculus. Thetargetof the CPStranslationis alambdacalculus\ >+
with sum, products,and a distinguishedtype R of responses.In the target of the translation,function typesare
restrictedto thecaseA — R, andconsequentlyambdaabstractions\z.A/ occuronly whenM hastype R.

To keepthe notationbrief, we usevariousforms of syntacticsugarfor the sumsand productsof the target cal-
culus. We use patternedambdaabstraction\(z, y)4*B.M, which is customarilydefinedas an abbreviation for
AA%B Mmz/z,m2/y]. We also use the co-pairing notation [M, N] as a shorthandfor the expression
(/\kAJFB.casek ofinl ky: Mk, orinr ka: Nky). Notice that [M, N] is the term that correspondgo (M, N) under
the canonicalisomorphism(A + B —+ R) = (A — R) x (B — R). We alsouselambdaabstractiorpatternsfor
co-pairing;thus\[z, y] 4+ B=E_ M is ashorthandor AzAtB=E M[Aa” .z(inl a)/z, \bB .z(inr b) /y]. Theinitial type
0 comeswith atypecastoperator:If M hastype0, thenO 4 M hastype A.

Definition (Call-by-name CPStranslation). We assumehat the target calculushasa basictype A for eachbasic
type A € B of Au. For eachtype A of the Au-calculus,we definea pair of typesK 4 andC4 of thetargetcalculus,
called,respectrely, thetype of continuationsandof computation®f type A:

Ka = A, if Aisabasictype,
K1 = 0,

Kane = Ka+Ksp,

Kisyp = (CaxKp,

K| = 1,

Kavp = KaXKsp,

CA = Kjas— R.

For eachvariablexz andeachnamea of the Au-calculus,we assume distinctvariablez, respectiely &, of thetarget
calculus. The call-by-nameCPStranslationM of atypedterm M is givenin Table2. It respectghe typingin the
following sense:
z1:By, ..., xy:Bp b M A | atAy, .. amiAn
Z1:CByy--. ,20:CB, ,01: K4y, ... ,&m:Ka, FM:Cy ’

@)



Table2: The CPStranslationof the call-by-name\u-calculus

= kK4 ik wherez : A

X

* = MeK1.Ogk

(M,N) = XkEare M N]Jk whereM :A,N:B
M = MeEa M(inl k) whereM : AAB
oM = MeK® M(inrk)  whereM : ANB
MN = MeKe M(N,k) whereM :A— B,N:A
AAM = MN&,k)X4a-2 Mk whereM : B

[a] M = MK Ma wherelM : A
pat. M = NaFa.Msx whereM : L

(a)M = XkKB M(a,k) whereM : AV B
va®. M = Ma,k)Xave Mk whereM : B

This CPStranslationfor thefragmentwithout conjunctionanddisjunction,wasdiscoveredby HofmannandStreicher
[1]. It differsfrom Plotkin’s original call-by-nametranslation[3] by introducingonelessdoublenegationat function
types,thustakingadvantageof therichertargetlanguage For details,see[6].

3 From CPSto an abstract machine

In this section,we describehow to passfrom the CPSsemanticgo an abstractmachinesemantics Recallthateach
continuationtype comeswith a setof canonicakontinuationconstructorsshavn in the following table:

Type: Constructors:
K1 = 0 -
Kinp=Ka+ Kp inlk,inrk
Ka,p=CaxKp (M,k)

K =1 *
KA\/B=KA><KB <k',k‘>.

Here,k rangesver continuationsind M overterms.Moreover, we canhave basiccontinuationsat basictypes.Here,
we consideronly onesuchbasiccontinuationcalledstopof type K 4, where A is the type of the entireprogram.For
themachinesemanticsit is notnecessaryhat A is a basictype.

Next, we forgetthe typesand changethe notationfor continuations.We usethe infix notationz::k for pairing
(z, k). We alsowrite inl::k andinr::k for left andright injection. Moreover, we will write stopasnil andx asx::nil.
Thus,the syntacticclassof continuationsiow lookslik e this:

k=inl:k | inr::k | M::k | *::nil | Kk | nil.

As the notationsuggestsa continuationis really a stack,whoseelementsaretagsof the form inl, inr, andx, terms,
andcontinuations.

In orderto avoid substitutionsn our abstracimachine we introducetermclosues A termclosureis a pair M,
wherelM is atermando = (og, 01) is apair of mapssuchthato, assigngermclosureso the free variablesof M,
andsuchthate; assigngontinuationgo thefreenamesof M. ¢ is alsocalledanernvironmenbr anactivationrecord.

The statesof the abstractmachinearetriples { M, o, k} of aterm, an ervironment,anda stack. Informally, if
a closure M representshe term M’, thenthe state{M, o, k} representshe term M'k of type R of the target
languagef the CPStransform.Thetransitionrulesfor ourabstractmachinecanbereaddirectly off thecorresponding
transitionsof the CPS.Both areshavn in Table3. Theinitial statefor a closedprogram)M is { M, §, nil}.

Noticethatthereis no transitionfrom {x, o, k}. Thisis becausén a well-typed program,sucha statecannever
occurunlessk = nil, in which casethe machinestopswith resultx. More generally onecanshav thata well-typed
programdoesnot stopuntil it reaches statewith anemptystack.



Table3: Thetransitionsof theabstracmachine

CPS AbstractMachine

zk — ik {z,0,k} - {M,r,k}, whereoo(z)=M".
(M. N)(inlk) — Mk {{M,N),o,inl:k} — {M,o,k}

(M, N)(inrk) — Nk {{M,N),o,inr:k} — {N,o,k}

m Mk —  M(inl k) {mM,o,k} — {M,o,inl:k}

oMk — M(inrk) {maM,0,k} - {M,o,inr:k}

MNEk - M(N,k) {MN,o,k} - {M,o,N%:k}

A4 M(N,k)y — M[N/zk  {dx.M,0,N":k} — {M,o(z~ N7),k}

[a] M x - Ma {[a]M, o, *::nil} - {M,o0,k}, whereoi(a)=k.
po. Mk —  Ml[k/a]x {pa.M,o,k} = {M,o(a— k),*:nil}

(a)ME — M(a,k) {a)M,0,k} = {M,o0,k'"::k}, whereoi(a) =k
va. M(k' k) — Mk'/alk {va.M,o, k' ::k} - {M,o(a— k) k}

To sketcha proof of the correctnessf the machine we reintroduceypes. Typedterm closuresandtypedcontin-
uationsaredefinedby mutualrecursion.A typedtermclosureisapair{T'- M : A | A,o},wherel' - M : A | A
is a valid typing judgmentand o is an ervironmentthat mapsthe variablesand namesfrom T and A to closures,
respectiely stacksof theappropriatdypes.Stacksaretypedasfollows:

k:A k:B k:B
inlgp::k: ANB inrq,p:k: AANB {TFM:A| Ajo}:k:A—> B
KA k:B (A thetop-leveltype)
il : L k':k:AVB nil : A

It is now straightforvardto checkthefollowing:
1. Theinitial state{ M, @, nil} is typable,if M is awell-typedprogram.
2. Thetransitionsof theabstracmachinepresere types.
3. Everytypablestateof theabstracmachine for whichthe currentstackis not nil, hasa uniquesuccessostate.
4

. The transitionsof the abstractmachine,starting from state{M, §, k}, correspondpreciselyto the top-most
reductionsequencef theterm M k, whereoneneverreducesindera \.

4 Adding basictypesand constants

We now shov how to addsomemeaningfulbasictypesandconstantso thelanguageThis complicateghe semantics
someavhatandleadsaway from the“pure” call-by-namediscipline,becauséunctionsthatoperateon basictypesmust,
by necessityevaluatetheir argumentsbeforeoperatingon them. Neverthelessthereis a systematiovay of adding
basicconstantandfunctionsto the CPSsemanticsandto the abstracimachinein the framework of the previoustwo
sections.

4.1 CPSsemanticswith basicconstants

Basictypes,suchasintegersor booleansdiffer from othertypes,becausdé¢hey comewith a naturalnotion of value

In the semanticghatwe areaboutto give, we assumehatbasicfunctions,suchasadditionor logical “and”, evaluate
all their agumentsbeforethey operateon them. Thuswe do not accommodatélazy” basicfunctions,suchaslazy
multiplication,which doesnot evaluatethe secondargumentf thefirst algumentis zero.



We considetthe Apv-calculusover agivenalgebraicsignaturej.e., over asetof basictypesA, B, . . . andasetof
basicconstants : A andbasicfunctionsf : By — ... —» B,, — A. Forthe CPSsemanticsye considerthe same
target calculusasbefore. Moreover, we assumehateachbasictype A of the Auv-calculusis interpretedby a given
type V4 of thetamgyetcalculus togethemwith interpretations : V4, respectiely f : Vg, — ... — Vg, — Va, of the
basicconstantsandfunctions. Thetype V4 is calledthe type of valuesof type A. We refineour CPSsemanticdby
letting A = V4 — R. Continuatiorandcomputatiortypesaredefinedasbefore:

K4 = Va—R, if A isabasictype
K1 = O,

Kanp = Ka+Ks,

Kisyp = CaxKp,

K, - 1,

Kavp = KaXxKp,

CA = Kjyq— R.

NoticethatthevaluetypesV4 areonly definedat basictypes.To theinterpretatiorof termsfrom Table2, we addthe
following interpretatiorof basicconstants : A andbasicfunctionsf : By —» ... » B, — A:

¢ = Mk.ké, )
I Mz, ... 2, k)21 (Avy 22 (Avy. . . 2 (A0, k(for - .. 0R)))).

Herek : K4, z; : Cp,, andv; : Vp,. Notice thatthe interpretationof ¢ is actually a specialcaseof thatof f for
n = 0. Thereadercancorvince herselfthatthis CPSsemantichbehaesindeedasrequired: Theterm fN; ... N, is
evaluatedby first evaluatingall agumentsrom left to right, andthenapplying f to theresult.

Sofar, we have accountednly for “pure” basicfunctionsthatreturnbasicvalues.lt is alsopossibleto addbasic
functionsto the languagewvhoseresulttype is not a basictype. For instancejf B is the type of booleanswe may
considera family of basicfunctionsif4 : B - (A — A — A) which mapstrue to Azy.z andfalseto \zy.y.
Thus,if trueM N reducego M, andif falseM N reducego N. We regardif asa unarybasicfunctionwith returntype
A — A — A. Forthe CPSsemanticsye assumehatthetargetlanguagehasatype Vg of booleansandwe define
if : Vg = Cu_ a4 byiftrue = Azy.z andif false= Azy.y. Then

it = M\a,k).x(\b.if bk)

Anotherusefulexampleof a basicfunctionthatreturnsa termis the print function. In call-by-name pnecanmodel
sequentiacompositionNV; M by applicationN M, where N is a term that performssomeeffectsandthenreturns
Az.z. Now considera basicfunctionprinty 4 : N — (A4 — A). Theintendedmeaningis that (printn); M prints
theintegern andthenbehaeslike M. For the CPSsemanticsye needa functionpr : Vy — R — R of thetarget
languagdo modelthe sideeffect of printing. We thenhave

print = Xz, k).z(An.prn(Az.zk)).

4.2 Abstract machinesemanticswith basicconstants

We extendthe abstracimachinesemanticso accommodat®asictypes.In the CPSsemanticswe have introduceda
new kind of continuationghatarefunctions.We needto fit thesenew continuationsnto our “continuationsasstacks”
paradigm.Fortunately the CPSsemanticonly introducesvery specialkinds of continuationfunctions,namelyones
of theform

AV N1 (Avjgq- .- Np(Wwpk(fer ... cjo1vvjq1 - .vm))),

wherel < j < n. Thesecanberepresentedsa particularlysimplekind of closure whichwe call aframe we denote
theabove continuationby

[f Cl1-...Cj_1 @ Nj+1 .. Nn]k

Of coursewe will alsoreplacethetermsN;,1,... , N, by closures.



Recallthata state{ M, o, k} of our abstracimachinecorrespondso atermof theform Mk underCPS.Because
we have introducedvaluesto the CPSsemanticsyve now adda new kind of state{c, k}, calleda valuestate to the
abstracmachine.Sucha stateneedsno ervironment,andit correspond$o atermof theform k¢ underCPS.

The CPSsemantic®f the“pure” basicfunctionshasthefollowing transitions:

ck —  ké
f(Ny,... N, k) = N1(Av;.... Ny(Ao, k(for ... v)))
(M, Njp1( Mgy Np(Qu, k(fer .. cj_1v0541 - .vn))))~c
) = Njt1(Ajgq- ... Na(Qvy k(fer ... cj1cvjpr .. .vn))), wherej < n
(A, .k(fer...cn—1vp))e —  kd, whered = fey...c,_1c.

Thesetranslatedirectly to transitionsof the abstractmachine:

{c,0,k} - {c, k}

{f,0, Ny e N ik} = {Ni,01,[f e NJ*...NJ"]=k}

{C, [fcl---cj—l ON;-T_f__{l ...Ng"]::k‘} — {N]‘+1,Uj+1,[f01...Cj_lcON;_i__52...Ng"]::k}
{e,[fer...cno1 0]k} - {d,k},

whered = fe; ... cn_1candj < n. Therulesfor thenon-purebasicfunctionsif andprint are

{true, [if o]::k} = {dzAy.z,0,k}
{falsg [ifo]::k} —  {A\z.\y.y,0,k}
{c,[printe]:k} 25 (A\z.z,0,k}

5 Implementing the abstract machine

We give a low-level implementatiorof the abstractmachine.The targetlanguageof the implementatioris a certain
fragmentof the C language.This fragmentdoesnot useary of the built-in block structureof C, nor function calls
(exceptfor afew auxiliary functionswhich couldbeimplementedy macros) northe natve machinestack.Controlis
strictly via goto andif-then-else statementsThus,the outputof the compileris very closeto machinelanguage,
exceptthatwe ignoreissuesof registerallocationandspilling.

TermsM arerepresentethy programpoints. The compiledcodeusesa stackto representhe k-componenbf a
state{ M, o, k}, anda heapto hold term closuresandstackclosures.A termclosureM? is a heap-allocatedecord
of |o| + 1 words,thefirst of which holdsa pointerto M, andthe remainingoneshold pointersto thevaluesof o. A
stackclosureis a heap-allocatedlatastructurerepresentingan immutablesnapshobf a stack. A stackof sizen is
representeddy arecordof n + 1 words,thefirst of which holdsthe numberm, andtheremainingoneshold the actual
stackdata.

On the stack, the tokensx, inl, andinr are representedyy the numbers0, 1, and 2, respectiely. Term clo-
suresand stack closuresare representedy pointersto the heap. nil is, of course,the empty stack. A frame
[fer...ci1 oN]‘.’f{l ...NZ] is representedsa sequencef elementdagy,n, j, ¢1, ... ,Cj—1,Pj+1,- . . P ONthe
stack. Here,tag; is anintegertag representinghe function f, which could be a pointerto codein someimplemen-
tations. n is the arity of f, j is the positionof the e in theframe,c, ... ,c;—1 arerepresentationsf the respectie
valuesandp;y1, ... ,p, arepointersto theclosuresN]‘.’f{l, e, NG,

Within the compiler, termsarerepresentedly judgments - M | A. HereT andA arefunctionsthatassignan
[-valueto eachfreevariable respectiely name thatmayoccurin M. An l-valueis representedsanexpressionsuch
asclos[15] or regh, whichwill atruntimeyield a pointerto a heap-object.Thus,if z is a variablein the domain
of T, thenT'(z) pointsto the heap-objecthatcorrespondso x, andsimilarly for A(a). T andA areimplementedas
lists of key-valuepairs. If aclosurefor T' - M | A is build, thenthe orderof the variablesandnamesin I" and A
determineshe orderof thedatain theactvationrecord.

Thetranslationof ajudgment[I" - M | A], is apieceof C-codethatendswith agoto- or return-statementit
dependn anintegerv, which is the numberof the next unused'register”,i.e., globalvariable. The compilerkeeps
track globally of the largestindex vy, thatwasusedby ary subterm,andprovidesthe variablesregy, ... ,reg,,,.. -
Thus, we assumehat thereis a potentially infinite supply of registers;of course,in real machinelanguagethere
would be a limited numberof registers,andonewould have to usespilling to allocateadditionalvaluesin memory



Table4: Thecompilationof terms

[T+ | Al = return "()";
[Tz | Al = clos = I['(2);
goto jump;
[T+(M,N)| A], = if (stackempty()) return "pair";
if (popO)==1) {
[CF M | Al
[CFN [ AL
[TFmM | A = push(1l);
[C+FM | Al
[T FmM | Ay = push(2);
[CFM | Al
[TFMN | A], = /* build closuefor N */

tmp=alloc(n +m + 1) ;
tmp [0] = switdhy;
tmp[1] = T'(z1);

tupln] = T(zn);
tmp[n+1] = A(ay);

;:.m.p[n+m] = Alam);
push (tmp) ;
[C+FM | Al

labely :
[{z; — clos[i]}; F N | {a; — clos[n + j]};]o

(whereFV(N) = z1,... ,z, andFN(N) = a1, ... ,an)

[T+ Az M | A, = if (stackempty()) return "fn";

regy, = popQ);
[z:regy, ' F M | Ayt

[T+ [a]M | Al = if (stackempty()) return "pass";
loadstack(A(a));
[CFM | Al

[T+ pa.M | Al, = reg, = savestack();
push(0) ;
[T+ M| aregy, Alvt1

[T+ ()M | Aly = push(A(a));
[THM | A]

[T+va.M | A]l, = if (stackempty()) return "nu";

regy, = popQ;
[TF M| aregy, Alvt1



Table5: Thecompilationof basicconstantandfunctions

[TFe| Al = value = ¢;
goto intvalue;

[T +true | A], = value = 1;
goto boolvalue;

[T +false| A], = value = 0;
goto boolvalue;

[TFf]| Al = if (stackheight()<n) return "fn";
/* build framefor f */
clos = popQ);
push(1);
push(n) ;
push(tagy) ;
goto jump;

Thetranslationof termsis definedin Tables4 and5, andthe translationof a closedprogramis shovn in Table6. We
have slightly simplifiedthetranslatiorhereby omitting type castshetweerintegersandpointers aswell asthoseparts
of thecodethatareresponsibldor producingverboseoutput.

The globalvariableclos is usedto hold a pointerto the currentclosureduring a jump to a “regular” state(not
avalue-state) At the destinationof the jump, executionwill resumerelative to this closure.In this implementation,
jumpsproceedn two steps:all jumpsfirst go to a global“dispatch” section Jabeled” jump” in Table6, which reads
clos[0] andjumpsto the appropriatepieceof code. Thus,we distinguishbetweena switch, which is aninternal
representationf a programpoint, anda label, which is a pointerto the actualcode. This trick is necessarpecause
in C, labelsarenot first-classobjects.However, in anactualmachine-languagenplementationpne could represent
switcheddirectly aspointersto code.

Theimplementatiorknowstwo basictypes:integersandbooleansTherearetwo speciaprogrampointsboolvalue
andintvalue, alsoshown in Table 6, which correspondo value statesof the abstractmachine. At theseprogram
points,theglobalvariablevalue is assumedo holdthecurrentvalue. Thetranslatiorof constantss shavn in Table5,
wherec is anintegerconstantand f is ann-ary functionconstant.

In addition,eachbasicfunctionhasa handlerwhich popsthe appropriatevaluesfrom the stackandperformsthe
requiredcalculation. The handlersfor a genericunaryfunction f anda binary function g on integersare shovn in
Table 7, aswell asthe handlerdfor if andprint. Theimplementatioralsoprovidesa functionprintbool which
actslike print, exceptthatit printsaboolean.

5.1 Theruntime system

The compiledcoderelieson a smallruntimesystemwhich providessomeauxiliary functionsfor handlingthe stack
andthe heap,aswell ascodefor runtimeerrors,corversionsandreadingcommand-linearguments.In arealimple-
mentationthesefunctionswould be expandedo in-line code.

e void push(void *) andvoid *pop(void): push,respectrely pop,datato andfrom thestack.

e int stackempty(): testswhetherthe stackis empty

e int stackheight(): returnsthecurrentsizeof the stack.

e void *getstack(int n): getsthenth elementfrom the stack,wheren = 0 is thetopmostelement.

e void modifystack(int n,void *x): setsthenth elemenibf thestackto x.



Table6: Thecompilationof a closedprogram

[M] = #include "runtime.c"

char *compiled() {
void **clos, **tmp;
int value, arity, j, ftag;
void *regp;

void *Iegy,,..;
[@ FM | @ﬂo

jump: switch(clos[0]) {
case switdy,: goto labely,;

case Switdhy, : goto labely, ;
default: runtimeerr ("unknown label");

}

boolvalue:
if (stackempty()) return value 7 "true" : "false";
goto applyfunction;

intvalue:
if (stackempty()) return int2str(value);

applyfunction:
arity = getstack(1);
j = getstack(2);
if (j<arity) {
clos = getstack(2+]);
modifystack(2+j,value) ;
modifystack(2,j+1);

goto jump;
}
ftag = pop();
pop();
pop () ;

switch (ftag) {
/* handless for basicfunctions*/
default:
runtimeerr ("unknown function tag");

}
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Table7: Handlersfor somebasicfunctions

case tagy:
value = f(value);
goto intvalue;

case tag,:
rego = popQ);
value = g(regy,value);
goto intvalue;

case tagj:
if (value) {
[0F Xz y.z | 0]o

|[(?) FAz.\y.y | @]]0

case taQprint:
output (int2str(value));
[0F Xz.z | 0]o

e void *savestack(void): createsa new stackclosurefrom the currentstack,resetshe stack,andreturnsa
pointerto thenew closure.

e void loadstack(void *addr): restoreghestackirom thestackclosurefoundataddr.

e void *alloc(int n): allocates: consecuite wordsonthe heapandreturnsapointerto them.
e void runtimeerr(char *):issuesaruntimeerrorandabortsexecution.

e char *int2str(int n): corvertsanintegerto astring.

e void output(char *s): writesthestrings to standardutput.

e main(): readshecommand-linergumentsandcallsthe compiledfunction.

In addition,therearea few routinesthathandleverboseoutput.

5.2 Running the compiler

The compileris written in ML. It takes Auv-termsto C code. No parsingor type-checkingis performedin this
experimentaimplementationput the correctnessf theimplementatiordepend®n thetypability of the sourceterm.
Auv-termsarerepresentedselementsf theabstractatatypeterm:

type var = string;
type fnconst = string;
datatype term = Var of var | Unit | Pair of term*term | Projl of term
| Proj2 of term | App of term*term | Lam of varxterm
| Pass of varxterm | Mu of var*term | Ang of var*term
| Nu of var*term | Intconst of int | True | False
| Fnconst of fnconst;

Here,avariablex isrepresentedsvar "x". ApplicationM N is App (M,N),lambdaabstractiol\z.M isLam("x" ,M),
andsimilar for u- andv-abstraction.Passificationa] M is Pass("a",M), and(a)M is Ang("a",M). Integerand
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booleanconstantsare represente@s Intconst n, True, andFalse, andbasicfunctionsasFnconst "+". The
availablebasicfunctionsare

+, -, %, /, succ, 7, and, or, not, iszero, <, >, =, >= =<, if, print, printbool

Onecanaddadditionalbasicfunctionsby editingthe definitionof fnconstdef in theML code.
The compileris availablein threedialectsof ML: SML/NJ 0.93, Caml Light, and Objective Caml. The current
versioncanbefoundat[5]. To loadthe compiler, type

use "compiler.sml"; from SML,
include "compiler.ml";; from CamlLight,or
#use "compiler.oml";; from Objective Caml.

Thentype compile term "myfile.c";; to generatea C-programfrom aterm source. The outputis written to
thefile myfile.c. This canbe compiledwith ary C-compiler for instanceby typing gcc myfile.c -o myfile.
Make surethat the file runtime.c is in the samedirectory becauset is included. Finally, executethe codevia
myfile [-v].

The -v option causeghe programto write detailedinformationaboutthe evaluationto standardoutput. In this
mode,arepresentationf eachstateof the underlyingabstracimachines printed,aswell asinformationon eachnewn
termor stackclosurethatis created.
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