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Abstract

Stagedlanguagesthat allow “evaluationunderlambdas”areexcellentimplementa-
tion languagesfor programsthatmanipulate,specialize,andexecutecodeatruntime.
In statically typedstagedlanguages,the existenceof stagingprimitives demandsa
sounddistinctionbetweenopencode(thatmaybemanipulatedunderlambdas)and
closedcode(thatmaybeexecuted).Wepresentλ [ ], amonomorphictype-safestaged
languagefor manipulatingcodewith free identifiers. It differs from mostexisting
stagedlanguages(suchas,for example,derivatives of MetaML) in that its dynamic
fragmentis nothygienic;in otherwords,dynamicidentifiersarenot renamedduring
substitution.λ[ ] containsafirst-classrunoperation,supportsmutablecells(andother
computationaleffects),andhasdecidabletypeinference.As such,it is a promising
first steptowardsapracticalmulti-stageprogramminglanguage.

1 INTRODUCTION

Thefield of stagedprogramminggrew outof thestudiesof offline partialevaluation
conductedby Jones’s groupin thelate1980’s [3, 13, 16]. Offline partialevaluation
is a techniquefor specializingprogramsto partsof their inputs[6]. In offline par-
tial evaluation,a programsubjectto specializationis first binding-timeseparated
by differentiatingbetweenits staticprogramparts(thosethat canbe “specialized
away” whenthe static inputs is supplied)anddynamicprogramparts(thosethat
mustremainin the specializedprogram).The binding-timeseparatedprogramis
thenexecutedonits staticinputsby interpreting thedynamicprogrampartsascode
generatingprimitives.Theoutputof suchastagedprogramis (thetext of) thespe-
cializedprogram. Whenviewed operationallylike this, a binding-timeseparated
programis calledageneratingextension[12]. In offline partialevaluation,binding
timesarestaticallyverifiablepropertiesthatplaythesamerole astypesin statically
typedlanguages [21].

In the mid-1990’s, Davies [9] and Davies and Pfenning[11] establishedthe
logical connectionsbetweentypesandbindingtimes.They showedthat in thetwo
calculi λ© andλ�, imagesof, respectively, linear-time temporallogic andthe in-
tuitionistic modallogic S4undertheCurry-Howardisomorphism,typecorrectness
correspondsto binding-timecorrectness.Thesecalculi extendthe lambdacalcu-
lus with types©τ and �τ of dynamicprogrampartsof type τ. Operationally,
the primary differencebetweenthe two calculi is that λ© allows manipulationof
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opencodefragmentswhile λ� only allowsmanipulationof closedcodefragments.
On theotherhand,a first-classeval-like operationis definablein termsof existing
primitives in λ� while λ© becomesunsoundin thepresenceof suchanoperation.
Neitherof thesecalculi weredesignedto handleimperative features.

Sheard andTahaacceptedthechallengeof extendinga completeML-lik e lan-
guagewith a type of codefragmentsandprimitives for manipulatingthem[28].
Theresultinglanguage,MetaML, hasundergonemany revisionsandits typesys-
temhasbeenextendedin many directions[4, 20, 26, 27, 28, 29].

1.1 Hygienic languages

Most existing stagedlanguages,suchasthosementionedabove, arehygienic[18].
That is, dynamic(or future-stage)programpartsarelexically scoped.Hygieneis
requiredto guaranteeconfluencefor rewriting systemswherea termcarryingfree
variablesmaybesubstitutedundera binderfor oneof its freevariables.Examples
include rewriting systemsthat performs(full) β-normalization(asperformedby,
e.g,partial evaluation[16], type-directedpartial evaluation[7], Barendregt et al’s
innermostspinereduction[1], andmany otherprogramoptimizations),macrosys-
tems,stagedlanguages,andvariants ofSchemewhereglobally definedsymbols
arenot reduceduntil they areneeded(facilitating incrementallydefinedmutually
recursive procedures[17, Section5.2.1]).

In macrosystemsandin stagedlanguages,lexically scopeddynamicidentifiers
areoften implementedby consistentlyrenamingthemusing,e.g.,a gensym-like
operation [19]. However, in thepresenceof sideeffectsandof aneval-like opera-
tion it has turnedout to besomewhatchallengingto designlanguagesthataccount
for renamingof dynamicidentifiersin their typesystems.

1.2 Contrib utions

We proposeto take non-hygieneastheprimary principle for designingthe staged
languageλ[ ]. Sincevariablesare not renamed,the type systemmay explicitly
mentionfree variablesin the type of dynamic code.This enables,we believe, a
fairly straightforward treatmentof codeandstagesin thetypesystemasillustrated
below.

An immediateandintriguing consequenceof ourdesignis thatthetypesystem
enablesa uniform treatmentof openandclosedprogramfragmentsasfirst-class
data. Thetypesystemof λ[ ] extendsthesimply-typed lambdacalculuswith a type
[γ]τ of code.Intuitively, an expressionhastype[γ]τ if it evaluatesto acode fragment
which hastype τ in type environmentγ. The languagealso containstwo staging
primitives,↑ and↓, similar to thosefound in existing staged languages[9, 28] and
to quasiquoteandunquotein Lisp andScheme[2].

In λ[ ], sourceidentifiersoccur in type environmentsandhencealso in types.
As anextremeexample,theexpression↑x hastype [x: int]int; indeed↑x evaluates
to theprogramfragmentx whichcertainlyhastype int in a typeenvironmentx: int.
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The type [x : int]int is not the principaltype of ↑x. This expressionalsohastype,
say, [x :bool, y : β]bool andneitherof thesetypesappearto be moregeneralthan
the other. This is mirroredby the fact that neitherx : int � x : int nor x : bool, y :
β � x : bool are principal typings [15] of the expressionx. Principal typesthat
involve codetypesusetypeenvironmentvariablesγ in a way similar to the useof
traditionaltypevariables. For example,the principaltypeof ↑x is [x:α, γ]α; indeed
↑x evaluatesto theprogramfragmentx which hastypeα in any typeenvironment
of shapex:α, γ. We canreplaceγ andα by int and/0 (where /0 denotestheempty
type environment)or by y: β andbool to obtainthe typespresentedabove. Since
typeenvironmentsarepresentin thetypeof code,thetypeof closedcodeof typeτ
is easilyexpressibleas[/0]τ which we alsowrite as[ ]τ. Therefore,a first-classrun

operation hastype [ ]τ → τ.
Thetypesystemalleviatessomeof theweaknessesof non-hygiene.For exam-

ple, it is sometimespossibleto readfrom the typesreportedby the type system,
the variablesthat may be capturedduring evaluation. For example, the type of
λc.↑(letx=42in↓c),

[x: int, γ]τ → [γ]τ

shows that this expressiondenotesa function thatmapscodeinto code,andthat
any freex’s in theinput will becapturedin theoutput.

1.3 Outline

We presentthe terms,type system,andoperationalsemanticsof λ[ ] in Section2.
In section3 we presenta proof of type safety. In Section4 we demonstratethe
capabilitiesof theproposedlanguageusingexamples.We alsotake the liberty to
introducemutablecells in this section, althoughthey have not beendealtwith in
theproof of typesafety. In Section5 we outline relatedwork in theareaof staged
programmingandin Section6 weconclude.

2 OPEN AND CLOSED CODE FRAGMENTS

In thissectionweintroduce thesyntax,thetypesystem,andanoperationalseman-
ticsof themonomorphicstagedlanguageλ[ ]. Welet x,y,z rangeover an infinite set
V of identifiers. Furthermorewe let i rangeover the setZ of integersandn over
thesetN = {0,1, · · · } of naturalnumbers.

Thetermsof λ[ ] aredefinedby thefollowing grammar.

e,E ∈ EXPR ::= i | x | λx.e | e1 e2 | ↑e | ↓e | lifte | rune

Theoperations↑, ↓, andrun correspond,respectively, toquasiquote,unquote,
andeval in Lisp andScheme.The expressionlifte injects the value ofe into a
future stage.Thereis no generallifting operationin Lisp andScheme;however,
thevalue ofany “self-evaluating” constantexpressionis treated(by eval) as the
constantexpressionitself [17].
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2.1 Type system

Thetypesof the stagedlanguageconsistof basetypes(hererestrictedto onetype
int of integers),functiontypes,anda type [γ]τ for codefragmentsof typeτ in type
environmentγ.

τ ∈ TYPE ::= int | τ1 → τ2 | [γ]τ
γ ∈ ENV ::= /0 | x:τ, γ

Γ ::= γ1, · · · ,γn

In the type rulesandduring type checking,a stackΓ containstype environ-
mentsmappingfree identifiersto types. Freestatic identifiersareat the bottom
of the stack(to the left) while dynamicidentifiersarefurther towardsthe top (to
the right). In contrastto traditional typed lambdacalculi, type environmentsnot
only exists during type checkingbut may alsoappearin the final typesassigned
to terms. In the presentationof the type system,we representtype environments
uniformly aselementsof theinductively definedsetENV. In orderto achieve prin-
cipality [14], however, caremustbetaken to identify typeenvironmentsthatcon-
tain re-orderedbindingsratherthanonly syntacticallyidenticaltypeenvironments.
For example,theterm↑( f x) canbeassignedbothof thetypes[x:τ1, f :τ1 → τ2]τ2

and [ f : τ1 → τ2,x: τ1]τ2 both of which we treatasprincipal type of ↑( f x). Tech-
nically, we defineanequivalencerelationon typesandtypeenvironmentthat take
re-ordering ofbindingsinto accountand wework on the equivalenceclassesin-
ducedby this relationinsteadof directly on theinductively definedelements.

Definition 1. We obtain a finite mappingV → TYPE, here expressedas asubset
of V ×TYPE, from a typeenvironmentasfollows.

/0 = {}

x:τ, γ = {(x,τ)} ∪ {(y,τ′) ∈ γ |y 	= x}

This definitionguaranteesthatγ is a function,i.e.,a subsetof V×TYPE for which
(x,τ1) ∈ γ and(x,τ2) ∈ γ impliesτ1 = τ2. Notethatbindingsto theleft take prece-
denceover bindingsto theright.

We treat two type environmentsas equivalent if they denote thesamefinite
mapping.This notionof equivalenceis extendedto typesasfollow.

Definition 2 (Type equivalence).We definean equivalencerelation ≈ on types
andtypeenvironmentsasfollows.

dom(γ1) = dom(γ2)
For all x∈ dom(γ1), γ1(x) ≈ γ2(x)

γ1 ≈ γ2 int ≈ int

τ1 ≈ τ2 τ′1 ≈ τ′2
τ1 → τ′1 ≈ τ2 → τ′2

γ1 ≈ γ2 τ1 ≈ τ2

[γ1]τ1 ≈ [γ2]τ2
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Γ,γ � i : int
(T-INT)

Γ,γ � e : τ

Γ � ↑e : [γ]τ
(T-UP)

γ(x) ≈ τ

Γ,γ � x : τ
(T-VA R)

Γ � e : [γ]τ

Γ,γ � ↓e : τ
(T-DOWN)

Γ,γ′ � e : τ γ′ ≈ (x:τ′, γ)

Γ,γ � λx.e : τ′ → τ
(T-ABS)

Γ � e : τ

Γ � lifte : [γ]τ
(T-LIFT)

Γ,γ � e1 : τ2 → τ Γ,γ � e2 : τ2

Γ,γ � e1 e2 : τ
(T-APP)

Γ � e : [ ]τ

Γ � rune : τ
(T-RUN)

FIGURE 1. Typing rules of the monomorphic, stagedlanguageλ [ ].

Notethat≈ is indeedanequivalencerelation.We extendthisnotionof equivalence
to stacksof type environments:Two stacksof type environmentsareequivalent,
written Γ1 ≈ Γ2, if their elementsarepoint-wiseequivalent.

In the rest of this article, we make frequentuseof the constructionof finite
mappingsfrom typeenvironmentsandof the equality relation. For example,a γ
thatsatisfiestheequation

[x:τ1, γ]τ ≈ [y:τ2, γ]τ

for x 	= y, musthave {x,y} ⊆ dom(γ) andmustalreadyassignτ1 to x andτ2 to y.
In otherwords,γ ≈ [x:τ1,y:τ2,γ

′] for someγ′.
We use thefollowing notational conventions. We omit the empty type envi-

ronment /0 inside brackets andwrite, for example, [ ]τ and [x : τ]τ insteadof [/0]τ
and[x:τ, /0]τ. Thecode-typeconstructor[−]− has higherprecedencethanfunction
arrows, so, for example,the types [ ]τ → τ and ([ ]τ) → τ are identical and both
differentfrom [ ](τ → τ). Wewrite ε for theemptystackof typeenvironments.We
allow accessto elementsat both endof the stack;thusγ,Γ denotesa stackwith γ
at thebottomwhile Γ,γ denotesa stackwith γ at thetop. Theoperation|−| yields
theheightof a stackof typeenvironments,i.e., |γ1, · · · , γn| = n and|ε| = 0.

Thetypesystemfor themonomorphiclanguagesis given in Figure1. Modulo
type equivalence,the premiseof the rule T-ABS may be readsimply asthe more
traditionalΓ,(x : τ′, γ) � e : τ. The rule T-RUN statesthat runninga term of code
type [ ]τ yields a value oftype τ. It is intendedto guaranteethat only closedand
well-typedcodefragmentscanbeexecutedat runtime.Thesymbolrun maybeab-
stracted,asin λx.runx, but, like any otherfunction, the resultingfunction of type
[ ]τ → τ cannotbeusedpolymorphicallyin this monomorphiclanguage.Notethat
stagesparticipatein relating the definition andthe usesof a variablein the sense
thatidentifiersatdifferentstagesarealwaysdifferent.For example,theexpression
λx.↑x containstwo distinct identifiersof namex, therightmostunbound.This ex-
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pressionsis equivalentto λy.↑x. Similarly, λx.↓x containstwo distinctidentifiersof
namex. (Thisexpressionis notequivalentto λy.↓x, however). Therefore,(λx.↓x)E
doesnot reduceto ↓E.

To justify the definition of type equivalence,we show that if a term can be
given a type then itcanalsobegiven any equivalenttype.

Lemma 3. If Γ1 � e : τ1, Γ1 ≈ Γ2, andτ1 ≈ τ2 thenΓ2 � e : τ2.

Proof. By inductionon thederivationof Γ1 � e : τ1.

2.2 Operational semantics

We presenta left-to-right, call-by-value, small-stepoperationalsemanticsof λ[ ]

below. The key differencebetweenthis semanticsandthe semanticsof hygienic
multi-stagedlanguagesis thatsubstitutiondoesnot renamebounddynamicidenti-
fiers. (It doesrenameboundstaticidentifiers,however.)

We first needthefollowing auxiliary definition.

Definition 4 (Freevariables). FV(e)n denotesthe setof freestatic identifiers in
thestage-nterme.

FV(i)n = { }
FV(x)0 = {x} FV(x)n+1 = { }

FV(λx.e)0 = FV(e)0\{x} FV(λx.e)n+1 = FV(e)n+1

FV(e1 e2)n = FV(e1)n∪FV(e2)n

FV(↑e)n = FV(e)n+1 FV(↓e)n+1 = FV(e)n

FV(lifte)n = FV(e)n FV(rune)n = FV(e)n

In orderto treatthemanipulationof identifierscarefully, substitutionis defined
asa relation on raw termsratherthanas a function on α-equivalenceclassesas
follows. As in traditionalλ-calculi, freshstaticidentifiersareintroducedto avoid
capturingfreevariable.

Definition 5 (Substitution).

i{E/x}n = i
x{E/x}0 = E
y{E/x}0 = z, for x 	= y

(λx.e){E/x}0 = λx.e
(λz.e){E/x}n+1 = λz.e{E/x}n+1

(λz.e){E/x}0 = λy.e{y/z}0{E/x}0,
for z 	= x andy /∈ (FV(e)0{z})∪FV(E)0

(e1 e2){E/x}n = (e1{E/x}n)(e2{E/x}n)
(↑e){E/x}n = ↑e{E/x}n+1

(↓e){E/x}n+1 = ↓e{E/x}n

(lifte){E/x}n = lifte{E/x}n

(rune){E/x}n = rune{E/x}n
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V �n i
(V- INT)

V �n+1 e

V �n ↑e
(V-UP)

V �n+1 x
(V-VA R)

V �n+1 e

V �n+2 ↓e
(V-DOWN)

V �0 λx.e
(V-ABS-1)

V �n+1 e

V �n+1 lifte
(V-LIFT)

V �n+1 e
V �n+1 λx.e

(V-ABS-2)
V �n+1 e

V �n+1 rune
(V-RUN)

V �n+1 e1 V �n+1 e2

V �n+1 e1 e2
(V-APP)

FIGURE 2. Valuesof λ[ ].

Restrictedto operateon staticterms(e.g.,−{−/−}0), this notionof substitu-
tion coincideswith that traditionally definedfor the λ-calculus. For the dynamic
fragment,identifiersaredynamicallyboundin that they arenot renamedduring
substitution.For example,substituting↑y for thefreestaticidentifierx in ↑(λy.↓x)
doesnot renamethebounddynamicidentifiery: (↑(λy.↓x)){↑y/x}0 = ↑(λy.↓↑y).

Thefollowing two fundamentalpropertiesof thesimply-typedλ-calculusalso
hold for λ[ ].

Lemma 6 (Weakening). If γ,Γ � e : τ andx /∈ FV(e)|Γ| then(x:τ′, γ),Γ � e : τ.

Proof. By inductionon thederivationof γ,Γ � e : τ.

Lemma 7 (Substitution). If (x:τ′, γ),Γ � e : τ andγ,Γ � e′ : τ′ then

γ,Γ � e{e′/x}|Γ| : τ.

Proof. By inductiononthederivationof (x:τ′, γ),Γ � e1 : τ. Lemma6 (Weakening)
is usedin thecase(x:τ′, γ) � λz.e : τ′′ → τ for z 	= x.

Figure2 characterizesthevaluesthatcanresultfrom evaluatingastage-n term.
In the following sectionwe show thatonly thesevaluescanbe thefinal resultsof
evaluationwell-typedλ[ ]-terms. The left-to-right, call-by-value,small-stepoper-
ationalsemanticsis presentedin Figure3. The rule S-LAM representsevaluation
under(dynamic)lambdas.
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Contextual rules:

S�n+1 e−→ e′

S�n+1 λx.e−→ λx.e′
(S-LAM )

S�n+1 e−→ e′

S�n ↑e−→ ↑e′
(S-UP)

S�n e1 −→ e′1
S�n e1 e2 −→ e′1e2

(S-APP-1)
S�n e−→ e′

S�n+1 ↓e−→ ↓e′
(S-DOWN)

V �n e1 S�n e2 −→ e′2
S�n e1 e2 −→ e1e′2

(S-APP-2)
S�n e−→ e′

S�n lifte−→ lifte′
(S-LIFT)

S�n e−→ e′

S�n rune−→ rune′
(S-RUN)

Reduction rules:

V �0 e2 e1{e2/x}0 � e′1
S�0 (λx.e1)e2 −→ e′1

(S-LAM -R)
V �0 e

S�0 lifte−→ ↑e
(S-LIFT-R)

V �1 e
S�1 ↓(↑e) −→ e

(S-DOWN-R)
V �1 e

S�0 run(↑e) −→ e
(S-RUN-R)

FIGURE 3. Left-to-right, call-by-value,small-stepoperational semantics.

3 SYNTACTIC TYPE SOUNDNESS

Thefollowing auxiliary result statesthata well-typedvalueat stagen+1 is alsoa
well-typedexpressionat stagen. In that respect,it servesthesamepurposeasthe
demotionoperationdefinedfor MetaML [20, 27].

Lemma 8 (Demotion). If /0,Γ,γ � e : τ andV �|Γ|+1 e thenΓ,γ � e : τ.

Proof. By inductionon thederivationof /0,Γ,γ � e : τ.

We alsoneedthe following resultstatingthat a well-typedvalueat stage0 is
alsoa well-typedvalueat stage1.

Lemma 9 (Promotion at stage0). If /0 � e : τ andV �0 e then /0,γ � e : τ.

Proof. Sincee is a valueat stage0, e is closed. Hence,by repeatingLemma6
(Weakening), γ � e : τ. Thenwe also have (by straightforward separatelemma)
that /0,γ � e : τ asrequired.

Lemma 10 (Subjectreduction). If /0,Γ � e : τ andS�|Γ| e−→ e′ then /0,Γ � e′ : τ.
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Proof. By inductionon the derivation of S�|Γ| e−→ e′. Lemma7 (Substitution)
is usedin thecaseS�0 (λx.e1)e2 −→ e′1, Lemma8 (Demotion)is usedin thecase
S�0 run(↑e)−→ e, andLemma9 (Promotion)is usedin thecaseS�0 lifte−→↑e.

Lemma 11 (Well-typed terms are not stuck). If /0,Γ � e : τ theneither

1. V �|Γ| e,or

2. there existse′ such that S�|Γ| e−→ e′.

Proof. By inductiononthederivationof /0,Γ � e : τ. A simpletypeinversionresult
statingthatabstractionsaretheonly valuesof typeτ1 → τ2 andthatquotedterms
are the only valuesof type [γ]τ is usedin the threecasescorrespondingto the
reductionrulesS-LAM -R, S-DOWN-R, andS-RUN-R.

Definition 12 (Evaluation). We definean iterated reductionrelation inductively
asfollows.

Thereareno e′ suchthate−→ e′

e−→∗ e
e−→ e′′ e′′ −→∗ e′

e−→∗ e′

Wedefinea partial functionEXPR→ EXPR asfollows.

eval(e) =

{

e′, if e−→∗ e′ andV �0 e′

undefined, otherwise

The following main result statesthat a well-typed term either divergesor it
yieldsa value ofthesametype.

Theorem 13 (Strong type safety). If /0 � e : τ and eval(e) = e′ thenV �0 e′ and
/0 � e′ : τ.

4 EXAMPLES

Generatingextensionscan be implementedin λ[ ] using the stagingprimitives ↑
and↓. Thespecializedprogramsoutputby generatingextensionscanbeevaluated
usingrun to producefirst-classfunctions. As anexample,considerthe following
implementationof the linear integer exponentiationfunction.1 (The logarithmic
exponentiationfunction is subjectto thesameconsiderations[8] but is left out for
pedagogicalpurposes.)

fun exp(n,x) = if n = 0 then 1 elsex× (exp(n−1,x))

1In therestof this paper, we useanML-lik enotation.We alsoassumetheexistenceof
recursion,conditionals,monomorphiclet-expressions,tuples,etc.Theseextensionsare
straightforwardto addto λ [ ].
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A generatingextensionof this functionis aprogramthat,given an integern, yields
(the text of) a programthat computesxn. A standardbinding-timeanalysisof the
exponentiationfunctionwith respectto n beingstaticandx dynamicrevealsthatthe
integer constant1 andthe multiplication aredynamic. Therestof the programis
static.Theseannotationsgive riseto following the stagedexponentiationfunction.

fun expbta(n,x) = if n = 0 then ↑1 else↑(↓x×↓(expbta(n−1,x)))

This function has principaltype int× [γ]int → [γ]int. It is usedat type int× [z:
int]int → [z: int]int below. The generatingextensionis definedasthe following
two-level eta-expansionof the stagedexponentiationfunction.

fun expgen(n) = ↑(λz.↓(expbta(n,↑z)))

Thegeneratingextensionexpgen hastype int → [ ](int → int). This typeshows
that expgen producesclosedcode fragments. For example, expgen(3) has type
[ ](int → int) andevaluatesto a programfragmentλz.z×z×z×1. This codefrag-
ment can be executedusing the operatorrun. Hence,run(expgen(3)) has type
int → int and yieldsa first-classcubeoperation.

Theexampleabove is astandardapplicationof staged languagesbut it demon-
stratesanimportantpracticalpropertyof stagedprograms:By erasingthestaging
primitives oneobtainstheoriginal unstagedprogram.In orderto applythis princi-
ple to programsusingmutablecells,the stagedprogrammustbeableto storeopen
codefragmentsin mutablecells.Althoughwehave left out the treatmentof muta-
ble cells (andothercomputationaleffects)of this extendedabstract,let ussuppose
we addthefollowing (monomorphic)operations.

ref : α → α ref

:= : α ref ×α → unit

! : α ref → α

Wecanthenconsiderthefollowing imperative exponentiationfunctionof type
int× int → int.

fun impexp(n,x) =
let val m= ref n

val r = ref 1
in while !m> 0 do ( r := x× !r; m := !m−1);

!r
end

A stagedversionof this functionslooksasfollows.

fun impexpbta(n,x) =
let val m= ref n

val r = ref ↑1
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in while !m> 0 do ( r := ↑(↓x×↓!r); m := !m−1);
!r

end

This stagedfunction has principaltype int× [γ]int → [γ]int. It is, asin the func-
tional caseabove, usedat type int× [z: int]int → [z: int]int below. Thegenerating
extensionis definedasabove, usinga two-level eta-expansionof thebinding-time
annotatedfunction.

fun impexpgen(n) = ↑(λz.↓(impexpbta(n,↑z)))

In thefunctionimpexpbta, thevariabler hastype([z: int]int) ref. Duringspecializa-
tion, thiscell containsthesequence ofdynamicterms1,z×1,z×z×1,z×z×z×1,
etc.

The two examplesabove motivate the introductionof a generaltwo-level eta
expansion

fun eta( f ) = ↑(λz.↓( f ↑z))

of principal type([z:α, γ′]α → [z:β, γ]δ) → [γ](β → δ). Theexpression

eta(λx.expbta(3,x))

of type [ ](int → int) yields the (text of the) cubefunction. Note that etacanalso
beused“non-hygienically.” Given f = λc.↑(λz.↓c) of principal type [z:α, γ′]β →
[γ′](α → β), eta( f ) evaluatesto a representationof the code fragmentλz.λz.z in
which the inner lambda(suppliedby f ) shadows the outer lambda(suppliedby
eta). It is (correctly)assignedthe principaltype [γ′](α → β → β).

5 RELATED WORK

PfenningandElliott have usedhigher-orderabstractsyntaxasa representationof
programs(andotherentities)with boundvariables[23]. Higher-orderabstractsyn-
tax alsoenablesanembeddedlightweight typesystemfor programsthatgenerate
codefragments [24]. In thepresenceof mutablecells(or othersufficiently expres-
sive computationaleffects), however, higher-order abstractsyntax fails to obey
standardscopingrules.

Theobservation thata naive hygienicstagedprogramminglanguagebecomes
unsoundin thepresenceof a first-classeval operationis dueto Rowan Davies, in
thecontext of MetaML. Safetypesystemshave beendesignedthatcombinetypes
for opencodeandtypesfor closedcodeandthatcontainaneval-like operation[4,
20]. We have avoidedthecomplexities of theselanguagesby taking non-hygiene
asa primarydesignprincipleof λ[ ].

Chenand Xi take afirst-orderunstagedabstractsyntaxas the startingpoint
for defining the multi-stagedtype-safecalculusλ+

code [5]. Like λ[ ], λ+
code con-

tains a type of codeparameterizedby a type environment. λ+
code is definedby



217

a translationinto λcode, a namelessunstagedextensionof the second-orderpoly-
morphic λ-calculus. In contrast,λ[ ] is a direct extensionof the simply-typedλ-
calculus, it doesnot require polymorphism,and it doesnot assumede Bruijn-
indexed terms. More seriously, dynamicλ+

code-termsmustbe closed. For exam-
ple, the term letc=↑(x,y) in (λx.λy.↓c,λy.λx.↓c) is ill-typed in λ+

code (becausethe
dynamicsub-term↑(x,y) containsfreeidentifiers)but hastype

[γ](τ1 → τ2 → τ1× τ2)× [γ](τ2 → τ1 → τ1× τ2)

in λ[ ].
DynJava, an extensionof Java with dynamiccompilation,is anothertype-safe

stagedlanguagethat builds on the principlesof non-hygiene[22]. DynJava has
only two stagesandits codetypeeliminator(@, which correspondsto the↓ of λ[ ])
only appliesto variables.Furthermore,DynJava is anextensionof an imperative,
explicitly typedlanguagewhereasλ[ ] is anextensionof animplicitly typed,higher-
orderlanguage.

6 CONCLUSIONS

Well-designed languagesbalanceconcisespecificationsagainstexpressive features
and safeexecution. We have demonstratedthat by liberating a stagedlanguage
from thedemandof hygiene, it canbegiven a typesystemthatoffersa first-class
run operationwhile requiringonly a minimumof extra typeconstructorsandtype
rules. We alsoclaim, althoughwe have not proved it in this article, thatthe type
systemis decidableand that is safely handlesmutablecells (andother effects).
We have thus provided a first step towardsa practical higher-order multi-stage
programminglanguagewhosetype systemsupportsthe implementationof run-
time specializationandexecutionandotherpartialevaluationtechniques.
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