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Abstract

Stagedanguageshat allav “evaluationunderlambdas”are excellentimplementa-
tion language$or programghatmanipulatespecializeandexecutecodeat runtime.
In staticallytyped stagedanguagesthe existenceof stagingprimitives demandsa
sounddistinctionbetweenopencode(thatmay be manipulatedunderlambdas)nd
closedcode(thatmaybeexecuted) We present. [/, amonomorphidype-safestaged
languagefor manipulatingcodewith free identifiers. It differs from mostexisting
stagedanguagegsuchas,for example,derivatives of MetaML) in thatits dynamic
fragments nothygienic;in otherwords,dynamicidentifiersarenotrenamediuring
substitutionAll containsafirst-classunoperationsupportsnutablecells (andother
computationakffects),andhasdecidabletypeinference.As such,it is a promising
first steptowardsa practicalmulti-stageprogramminganguage.

1 INTRODUCTION

Thefield of stagedorogramminggrew out of thestudiesof offline partialevaluation
conductediy Joness groupin thelate 19805 [3, 13, 16]. Offline partialevaluation
is atechniquefor specializingprogramsto partsof their inputs[6]. In offline par
tial evaluation,a programsubjectto specializationis first binding-time separated
by differentiatingbetweenits static programparts(thosethat canbe “specialized
away” whenthe staticinputsis supplied)and dynamicprogramparts(thosethat
mustremainin the specializedprogram). The binding-time separategrogramis
thenexecutedonits staticinputsby interpreting thedynamicprogrampartsascode
generatingprimitives. The outputof sucha stagedprogramis (the text of) the spe-
cialized program. Whenviewed operationallylik e this, a binding-time separated
programis calleda generatingextension[12]. In offline partial evaluation,binding
timesarestaticallyverifiablepropertieghatplay the samerole astypesin statically
typedlanguages [2]L

In the mid-19905, Davies [9] and Daies and Pfenning[11] establishedhe
logical connectiondbetweertypesandbindingtimes. They shavedthatin thetwo
calculi A© andA”, imagesof, respectiely, lineartime temporallogic andtheiin-
tuitionistic modallogic S4underthe Curry-Howvardisomorphismtypecorrectness
corresponddo binding-time correctness.Thesecalculi extend the lambdacalcu-
lus with types (Ot and Ot of dynamicprogrampartsof type t. Operationally
the primary differencebetweenthe two calculi is that X° allows manipulationof
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opencodefragmentawvhile AH only allows manipulationof closedcodefragments.
Ontheotherhand,afirst-classeval-like operationis definablein termsof existing
primitives in AH while A© becomesinsoundn the presencef suchanoperation.
Neitherof thesecalculi weredesignedo handleimperatve features.

Sheard andahaacceptedhe challengeof extendinga completeML-lik e lan-
guagewith atype of codefragmentsand primitives for manipulatingthem [28].
TheresultinglanguageMetaML, hasundegonemary revisionsandits type sys-
temhasbeenextendedin mary directions[4, 20, 26, 27, 28, 29].

1.1 Hygienic languages

Most existing stagedanguagessuchasthosementionedabove, arehygienic[18].
Thatis, dynamic(or future-stageprogrampartsarelexically scoped.Hygieneis
requiredto guaranteeonfluenceor rewriting systemswvhereatermcarryingfree
variablesmay be substitutedundera binderfor oneof its free variables.Examples
include rewriting systemsthat performs(full) B-normalization(as performedby,
e.g, partial evaluation[16], type-directedpartial evaluation[7], Barendrgt etal’s
innermostspinereduction[1], andmary otherprogramoptimizations)macrosys-
tems, stagedianguagesandvariants ofSchemewhereglobally definedsymbols
are not reduceduntil they are neededfacilitating incrementallydefinedmutually
recursve procedure$l?, Section5.2.1]).

In macrosystemsandin stagedanguagesdlexically scopeddynamicidentifiers
are often implementedby consistentlyrenamingthemusing, e.g.,a gensym-lile
operation [19. However, in the presencef sideeffectsandof an eval-like opera-
tion it has turnedut to be someavhatchallengingto designlanguageshataccount
for renamingof dynamicidentifiersin their type systems.

1.2 Contributions

We proposeto take non-hygieneasthe primary principle for designingthe staged
language). Sincevariablesare not renamed the type systemmay explicitly
mentionfree variablesin the type of dynamic code.This enableswe believe, a
fairly straightforvard treatmenbf codeandstagesn the type systemasillustrated
below.

An immediateandintriguing consequencef our designis thatthetype system
enablesa uniform treatmentof openand closedprogramfragmentsasfirst-class
data Thetypesystemof All extendsthe simply-typed lambdaalculuswith atype
[Y]t of code.Intuitively, an expressiorhastype[y|t if it evaluatedo acode fragment
which hastype t in type ervironmenty. The languagealso containgwo staging
primitives,T and |, similar to thosefound in existing staged languagd8, 28] and
to quasiquoteandunquotein Lisp andSchemd?2].

In All, sourceidentifiersoccurin type ervironmentsand hencealsoin types.
As anextremeexample,the expression|x hastype [x: int]int; indeed(x evaluates
to the programfragmentx which certainlyhastypeint in atypeenvironmentx:int.
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Thetype [X:intlint is not the principaltype of Tx. This expressionalsohastype,
say [X:bool, y:B]bool andneitherof thesetypesappearto be moregeneralthan
the other This is mirrored by the factthat neitherx:int - x : int nor x: bool, y:
B F x: bool are principal typings[15] of the expressionx. Principal typesthat
involve codetypesusetypeervironmentvariablesy in away similar to the useof
traditionaltypevariables For example the principaltypeof Txis [x:a, y]o; indeed
1x evaluategto the programfragmentx which hastype o in anytype ervironment
of shapex: a, y. We canreplacey anda by int andd (where® denoteghe empty
type ervironment)or by y: B andbool to obtainthe typespresentedbove. Since
type ervironmentsarepresenin thetype of code thetype of closedcodeof typet
is easilyexpressibleas [0]t which we alsowrite as[|t. Thereforeafirst-classrun
operation hasype[]t — .

Thetype systemalleviatessomeof the weaknessesf non-hygiene For exam-
ple, it is sometimegossibleto readfrom the typesreportedby the type system,
the variablesthat may be capturedduring evaluation. For example,the type of
AC.T(letx=42in |C),

[X:int, y]T — [T

shaws that this expressiondenotesa function thatmapscodeinto code,andthat
ary freex's intheinputwill becapturedn the output.

1.3 Outline

We presentthe terms, type system,and operationalsemanticof A! in Section2.
In section3 we presenta proof of type safety In Section4 we demonstratehe
capabilitiesof the proposedanguageusing examples.We alsotake the liberty to
introducemutablecells in this section, althougkthey have not beendealtwith in
the proof of type safety In Section5 we outline relatedwork in the areaof staged
programmingandin Section6 we conclude.

2 OPENAND CLOSED CODE FRAGMENTS

In this sectionwe introduce thesyntax,thetype systemandanoperationakeman-
tics of themonomorphicstagedanguageél!. Welet x,y, zrangeover an infinite set
V of identifiers. Furthermorewe let i rangeover the setZ of integersandn over
thesetN = {0,1,--- } of naturalnumbers.

Thetermsof All aredefinedby thefollowing grammar

eE € EXPR = i|x|Axe|ee|Te]|]e|lifte|rune

Theoperations, |, andrun correspondrespectiely, to quasiquote,ungquote,
andeval in Lisp and Scheme.The expressionlifte injectsthe value ofe into a
future stage. Thereis no generallifting operationin Lisp and Schemehowever,
thevalue ofary “self-evaluating” constantexpressionis treated(by eval) as the
constaniexpressiontself [17].
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2.1 Typesystem

Thetypesof the stagedanguageconsistof basetypes(hererestrictedto onetype
int of integers),functiontypes,andatype [y]t for codefragmentsof typet in type
ervironmenty.

T € TYPE = int|T1— 12|yt
y € ENV = 0|xiT,y
r = Y1575

In the type rules and during type checking,a stackI" containstype erviron-
mentsmappingfree identifiersto types. Freestaticidentifiersare at the bottom
of the stack(to the left) while dynamicidentifiersare further towardsthe top (to
theright). In contrastto traditional typed lambdacalculi, type ervironmentsnot
only exists during type checkingbut may alsoappearin the final typesassigned
to terms. In the presentationf the type system,we representype ervironments
uniformly aselementf theinductively definedsetENv. In orderto achiese prin-
cipality [14], however, caremustbe takento identify type ervironmentsthat con-
tain re-orderedindingsratherthanonly syntacticallyidenticaltype ervironments.
For example,theterm 1( f x) canbeassignedothof thetypes[x: g, f: 11 — 12|12
and[f :13 — 12,X:11)12 both of which we treatasprincipal type of 1(f x). Tech-
nically, we definean equivalencerelationon typesandtype ervironmentthattake
re-ordering ofbindingsinto accountand wework on the equivalenceclassesn-
ducedby this relationinsteadof directly on theinductively definedelements.

Definition 1. We obtain a finite mappingV — TYPE, here epressedas asubset
of V x TYPE, from a typeervironmentasfollows.

0={}
XTY={(x1} U{7) eTly#x}

This definition guaranteeghaty is afunction,i.e.,asubsebf V x TyPE for which
(x,71) € yand(x,12) € yimpliest, = 12. Notethatbindingsto theleft take prece-
denceover bindingsto theright.

We treattwo type ervironmentsas equivalentif they denote thesamefinite
mapping.This notion of equivalenceis extendecdto typesasfollow.

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

dom(y1) = dom(yz)
For all x e dom(y1), Y1(X) ~ ¥2(X)
LAY int & int

~ !~ ! ~ ~
=T T1=T TI=Y2 T1=1T2
I~ / ~
u—oTRR—T  [(nur (e
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I'yFe:t
—_— T-INT —— X (T-upP
[,ykicint ( ) I'kTe: [yt ( )
YX)~1 I'-e:fy
_ T-VAR ——— (T-DOWN
IyEx:it ( ) yHle:t ( )
Ir,yte: ~(x:t I'e:
yher Y~y (T-ABS) _ €T (T-LIFT)
IyFAxe:v —1 I+ lifte: [yt
ykFe:t,—1 IykFe:t I'e:[t
T-APP ——— (T-RUN
IyFee:t ( ) I'trune:t ( )
FIGURE 1. Typing rules of the monomorphic, stagedlanguagehll.

Notethat~ is indeedanequivalencerelation. We extendthis notionof equivalence
to stacksof type ervironments: Two stacksof type ervironmentsare equivalent,
written 'y =~ I'y, if their elementsarepoint-wiseequivalent.

In the rest of this article, we make frequentuseof the constructionof finite
mappingsfrom type ervironmentsand of the equality relation. For example,ay
thatsatisfiegshe equation

[X:Tl7 Y]T ~ [y:T27 'Y]T

for x # y, musthave {x,y} C dom(y) andmustalreadyassignt to x andt, toy.
In otherwords,y = [x:11,Y:12,Y] for somey.

We use thefollowing notational comentions. We omit the empty type ervi-
ronment0 inside braclets and write, for example, [|t and [x: 1]t insteadof P|t
and[x:t, 0]t. Thecode-typeconstructo—]— has higheprecedencéhanfunction
arrowns, so, for example, the types[]t — 1 and ([]t) — t areidentical and both
differentfrom [](t — t). We write ¢ for the emptystackof type ervironments.We
allow accesgo elementsat both endof the stackthusy,I" denotesa stackwith y
atthebottomwhile I', y denotesa stackwith y at thetop. The operation|—| yields
the heightof a stackof type ervironments,.e., |y, - -+, Y| = nand|e| = 0.

Thetype systemfor the monomorphidanguagess given in Figurel. Modulo
type equvalence the premiseof therule T-ABS may be readsimply asthe more
traditional T", (x: 7, y) I e: 1. Therule T-RUN statesthatrunninga term of code
type []t yields a value oftypet. It isintendedto guaranteehat only closedand
well-typedcodefragmentanbeexecutedat runtime. Thesymbolrun maybeab-
stractedasin Ax.runx, but, like any otherfunction, the resultingfunction of type
[]T — 1 cannotbe usedpolymorphicallyin this monomorphidanguage Note that
stagegparticipatein relating the definition andthe usesof a variablein the sense
thatidentifiersat differentstagesarealwaysdifferent. For example theexpression
AX.Tx containstwo distinctidentifiersof namex, the rightmostunbound.This ex-
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pressionsgs equivalentto Ay.Tx. Similarly, Ax.|x containstwo distinctidentifiersof
namex. (Thisexpressioris notequivalentto Ay. | x, however). Therefore (Ax.|x) E
doesnotreduceto |E.

To justify the definition of type equvalence,we show thatif a term canbe
given atype then itcanalsobe given any equivalenttype.

Lemma3. If ' Fe: 11, 1 =Ty, andty = 12 thenlz - e: 1.

Proof. By inductiononthederivationof I'; - e: 13.

2.2 Operational semantics

We presenta left-to-right, call-by-value, small-stepoperationalsemanticsof Al
belowv. Thekey differencebetweenthis semanticsaandthe semanticof hygienic
multi-stagedanguagess thatsubstitutiondoesnot renamebounddynamicidenti-
fiers. (It doesrenameboundstaticidentifiers,however.)

We first needthe following auxiliary definition.

Definition 4 (Freevariables). FV(e), denoteshe setof free static identifiers in
the stage-nterme.

FV(i)n = {}

FV(X)o = {X} FV(X)ni1 = {}
FV(Axe)o = FV(e)o\{x} FV(AX)nsi1 = FV(€)ni1
FV(eie)n = FV(ex )UFV( )n

FV(te)n = FV(e)n: FV(l&)1 = FV(e)n
FV(lifte)y, = FV(e), FV(rune), = FV(e),

In orderto treatthe manipulationof identifierscarefully, substitutionis defined
asa relation on raw termsratherthanasa function on a-equialenceclassesas
follows. As in traditional A-calculi, freshstaticidentifiersareintroducedto avoid
capturingfreevariable.

Definition 5 (Substitution).

{E/x}n = i

X{E/x}o = E

Y{E/x}o = z forx#y
(Ax.e){E/x}o = Ax.e
(Aze){E/x}ns1 = Aze{E/X}ni1

(Aze){E/x}o = Ay.e{y/z}o{E/X}o,
for z# xandy ¢ (FV(e)o{z}) UFV(E)o
(ert&){E/x}n = (er{E/x}n)(2{E/x}n)
(Te){E/x}n Te{E/X}ni1
(le{E/X}n+1 Le{E/x}n
(lifte){E/x}n = lifte{E/x}n
(rune){E/x}n = rune{E/x}n
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Ve
Vi (V-INT) Vine (VUP
Ve
O A V-VAR —— (V-DOWN
V Fni1 X ( ) Vin2le ( )
Ve
~ V-ABS-1 ——— (V-LIFT
V ko Ax.e ( ) V Fpy lifte ( )
Vkpae Ve
V FniAxe (V-aBS-2) V Fppirune (V-RUN)
Vinae Vinae (V-APP)
Vkraee
FIGURE 2. Valuesof All.

Restrictedto operateon staticterms(e.g.,—{—/—Jo), this notion of substitu-
tion coincideswith thattraditionally definedfor the A-calculus. For the dynamic
fragment,identifiersare dynamicallyboundin that they are not renamedduring
substitution.For example,substitutingly for the free staticidentifierxin T(Ly.|x)
doesnotrenamethe bounddynamicidentifiery: (T(Ay.[x)){Ty/xJo = T(Ay.11y).

Thefollowing two fundamentapropertiesof the simply-typedA-calculusalso
hold for All,

Lemma6 (Weakening).If y,I'Fe: tandx ¢ FV(e)r then(x:t',y),T-e: 1.
Proof. By inductiononthederivationof y,T'Fe: 1.
Lemma 7 (Substitution). If (x:7,y),T’'Fe:tandy,I'+ € : 1 then

v.I - ef€/x}r T

Proof. By inductiononthederiationof (x:7,y),I' e, : 1. Lemma6 (Wealening)
is usedin thecase(x:7,y) - Aze: v’ — tfor z# x.

Figure2 characterizethevaluesthatcanresultfrom evaluatinga stagen term.
In the following sectionwe show that only thesevaluescanbe the final resultsof
evaluationwell-typed Al'-terms. The left-to-right, call-by-value, small-stepoper
ationalsemanticds presentedn Figure3. Therule S-LAM representgvaluation
under(dynamic)lambdas.
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Contextual rules:
S g S St e (W
SI—S;:Z; : Z’(iez (S-APP-1) Sl—sniz i:iel (S-DOWN)
. ;nkileleszhfeg % (Saee2) sﬂfi: ﬁffte’ (SFT)
S:EE: re:me’ (S-RUN)
Reductionrules:
Sl—l\ll(;l): . (S-DOWN-R) Sie r:/n l(_Tle()e—> . (S-RUN-R)
FIGURE 3. Left-to-right, call-by-value,small-stepoperational semantics.

3 SYNTACTIC TYPE SOUNDNESS

Thefollowing auxiliary result stateshata well-typedvalueat stagen+ 1 is alsoa
well-typedexpressionat stagen. In that respectit serveshe samepurposeasthe
demotionoperationdefinedfor MetaML [20, 27].

Lemma8 (Demotion).If 0,T',y-e:tandV k.1 ethenl,y-e: 1.
Proof By inductiononthederivationofd,T",yFe: 1.

We alsoneedthe following resultstatingthat a well-typedvalue at stageO is
alsoawell-typedvalueat stagel.

Lemma9 (Promotion at stage0).1f0+e: tandV qethend,y-e: .

Proof. Sincee is a value at stage0, e is closed. Hence,by repeatingLemma6
(Wealening), v+ e: 1. Thenwe also have (by straightforvard separatdemma)
that,y+ e: t asrequired.

Lemma 10 (Subjectreduction).If 0,T"-e:tandSke— € thend, '€ : 1.
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Proof. By inductionon the derivation of SHr e — €. Lemma7 (Substitution)
is usedin thecaseSt (Ax.e;) & — €|, Lemma8 (Demotion)is usedin the case
Skorun (7€) — e, andLemma9 (Promotion)is usedin thecaseSty lifte — Te.

Lemma 1l (Well-typed terms are not stuck). If 0,T" - e : 1 theneither
1.V |—m e,or
2. there eists€ sud that Sk e — ¢€.

Proof. By inductiononthederivationof®,I" - e: 1. A simpletypeinversionresult
statingthat abstractionsrethe only valuesof type 5 — 1, andthatquotedterms
are the only valuesof type [y]t is usedin the three casescorrespondingo the
reductionrulesS-LAM -R, S-DOWN-R, andS-RUN-R.

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

Thereareno € suchthate — € e—¢d & —*¢

e—*e e—*¢

We definea partial functionExXPR — EXPR asfollows.

evd(e) €, ife—*€e andV o €
| undefined otherwise

The following mainresult stateghat a well-typed term either divergesor it
yieldsavalue ofthe sametype.

Theorem 13 (Strong type safety).If 0+ e: Tt andevd(e) = € thenV € and
OF€ 1.

4 EXAMPLES

Generatingextensionscan be implementedin A using the stagingprimitives 1
and]. Thespecializedprogramsoutputby generatingextensionscanbe evaluated
usingrun to producefirst-classfunctions. As an example,considerthe following
implementationof the linear integer exponentiationfunctiont (The logarithmic
exponentiationfunctionis subjectto the sameconsideration$8] but is left out for
pedagogicapurposes.)

fun exp(n,x) =if n=0then 1elsexx (exp(n—1,X))

1In therestof this paperwe useanML-lik e notation.We alsoassumehe existenceof
recursiongconditionalsmonomorphidet-expressionstuples,etc. Theseextensionsare
straightforvardto addto All.
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A generatingextensionof this functionis a programthat, given an integern, yields
(the text of) a programthatcomputes{. A standarcbinding-timeanalysisof the
exponentiatiorfunctionwith respecto n beingstaticandx dynamicrevealsthatthe
integer constantl andthe multiplication aredynamic. The restof the programis
static. Theseannotationgive riseto following the stagedxponentiationfunction.

fun exp,(n,X) =if n=0then Tl elsel(|Xx |(eXpy(N—1,X)))

This function has principaltype int x [y]int — [y]int. It is usedat type int x [z:
int]int — [z:int]int belon. The generatingextensionis definedasthe following
two-level eta-expansionof the stagedxponentiationfunction.

fun expger(n) = 1(Az L (€0, 12)))

Thegeneratingextensionexp,e, hastypeint — [](int — int). Thistypeshovs
that expye, producesclosed code fragments. For example, exp,e(3) hastype
[](int — int) andevaluatesto a programfragmentiz.zx zx z x 1. This codefrag-
ment can be executedusing the operatorrun. Hence,run (€Xen(3)) hastype
int — int and yieldsafirst-classcubeoperation.

Theexampleabove is a standardapplicationof staged languagdst it demon-
stratesanimportantpracticalpropertyof stagedorograms:By erasingthe staging
primitives oneobtainsthe original unstagegrogram.In orderto apply this princi-
pleto programausingmutablecells, the stagegrogrammustbeableto storeopen
codefragmentsn mutablecells. Although we have left out the treatmenbf muta-
ble cells (andothercomputationakffects)of this extendedabstractet ussuppose
we addthefollowing (monomorphic)operations.

ref : o — oref
=  oref x o0 — unit

I oref — o

We canthenconsiderthe following imperative exponentiatiorfunction of type
int X int — int.

fun impexp(n,x) =
letval m=ref n
valr =refl
in while!'m>0do (r:=xx!r; m:=Im-1);
Ir
end

A stagedversionof this functionslooks asfollows.
fun impexpy(n,x) =

letval m=refn
var =ref 11
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in while 'm>0do (r:= 7(|xx [!r); m:=Im—-1);
Ir
end

This stagedfunction has principaltype int x [y]int — [y]int. It is, asin the func-
tional caseabove, usedattypeint x [z:int]int — [z:int]int belon. Thegenerating
extensionis definedasabove, usingatwo-level eta-expansionof the binding-time
annotatedunction.

fun impexged(n) = 1(Az| (impexpy(n, 12)))

In thefunctionimpexp,,, thevariabler hastype ([z:int]int) ref. During specializa-
tion, thiscell containghesequence aflynamictermsl,zx 1,zxzx 1,zxzxzx 1,
etc.

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

funetaf) = T(Az[(f 12)
of principaltype ([z: o, ¥]o. — [z:B, ¥]8) — [v](B — §). Theexpression

ta.x. €XPyia(3. X))

of type [](int — int) yields the (text of the) cubefunction. Note thatetacanalso
beused‘non-hygienically’ Given f =Ac.1(Az |c) of principaltype [z: o, Y] —

[Y](oo — B), eta f) evaluatesto a representatiorof the code fragmenizAzz in
which the inner lambda(suppliedby f) shadaevs the outerlambda(suppliedby
etg. It is (correctly)assignedhe principaltype [f](a. —  — B).

5 RELATED WORK

PfenningandElliott have usedhigherorderabstractsyntaxasa representatiorof
programgandotherentities)with boundvariableq23]. Higherorderabstracsyn-
tax alsoenablesan embeddedightweight type systemfor programsthatgenerate
codefragments [24 In the presencef mutablecells (or othersuficiently expres-
sive computationaleffects), however, higherorder abstractsyntaxfails to obey
standardscopingrules.

The obsenration thata naive hygienic stagedorogramminganguagebecomes
unsoundn the presencef afirst-classeval operationis dueto Rowan Davies, in
the context of MetaML. Safetype systemdhave beendesignedhatcombinetypes
for opencodeandtypesfor closedcodeandthatcontainaneval-like operation4,
20]. We have avoidedthe complities of theselanguagesy taking non-hygiene
asa primary designprinciple of A,

Chenand Xi take afirst-orderunstagedabstractsyntaxas the starting point
for defining the multi-stagedtype-safecalculus A4 [5]. Like All, A 4, con-

code

tains a type of code parameterizedy a type environment. A, is definedby
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a translationinto A.oqe @ Namelessinstagedextensionof the second-ordepoly-
morphic A-calculus. In contrast,\l! is a direct extensionof the simply-typed -
calculus, it doesnot require polymorphism,and it doesnot assumede Bruijn-
indexed terms. More seriously dynamic/,4stermsmustbe closed. For exam-
ple, thetermletc=T(x,y)in (Ax.Ay.] ¢, Ay.Ax. |c) is ill-typed in A/, 4 (becauseghe
dynamicsub-term((x,y) containsfreeidentifiers)but hastype

V(T2 — T2 — 11 xT2) X [Y](T2 — 71 — T1 X T2)

in Al

DynJara, an extensionof Java with dynamiccompilation,is anothertype-safe
stagedlanguagethat builds on the principlesof non-hygiene[22]. DynJava has
only two stagesandits codetype eliminator (@, which correspondso the | of Al)
only appliesto variables.Furthermore DynJava is an extensionof animperatve,
explicitly typedlanguagevhereas!! is anextensionof animplicitly typed,higher
orderlanguage.

6 CONCLUSIONS

Well-designed languagdmlanceconcisespecificationgagainsexpressve features
and safe execution. We have demonstratedhat by liberating a stagedlanguage
from the demandof hygiene it canbe given a type systemthat offers a first-class
run operatiorwhile requiringonly a minimum of extra type constructorandtype

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 towards a practical higherorder multi-stage
programminglanguagewhosetype systemsupportsthe implementationof run-

time specializatiorandexecutionandotherpartial evaluationtechniques.
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