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Abstract. A well-known problemin programgeneratioris scoping. Wheniden-

tifiers (i.e., symbolicnames)are usedto refer to variables,types,or functions,
programgeneratoramust ensurethat generateddentifiers are bound to their

intendeddeclarations. This is the standardscopingissuein programminglan-

guagesponly automaticallygeneratecprogramscan quickly becometoo com-

plex and maintaining bindings manually is hard. In this paperwe present
generation scoping: a languagemechanisnio facilitatethe handlingof scoping
concernsGeneratiorscopingoffers control over identifier scopingbeyond the

scopingmechanisnof the target programminglanguage(i.e., the languagein

which the generatoroutput is expressed) Generationscopingwas originally

implementedas an extensionof the codetemplateoperatorsn the Intentional
Programmingplatform, under developmentby Microsoft Research.Subse-
guently generatiorscopinghasalsobeenintegratedin the JTSlanguagesxten-
sibility tools. The capabilitiesof generationscopingwere invaluablein the
implementatiorof two actualsoftware generatorsDiSTIL (implementedusing
the Intentional Programming system), and P3 (implemented using JTS).

Keywords: software generators, program transformations, generation scoping,
hygienic macro gpansion

1 Introduction

Program generation is the procesof generatingodein a high-level programming
languageA well-known problemwith programgeneratiorhasto do with the resolu-
tion of namesusedto referto variousentities(e.g.,variables types,andfunctions)in
the generategprogram.This is the standardscopingissueof programminganguages
but scopingproblemsareexacerbatedvhenprogramsaregeneratedutomatically For
instance pftenthe samemacroor templateis usedto createmultiple codefragments,
whichall exist in thesamescopeof thegenerateghrogram.n thatcase careshouldbe
taken so that the generatedragmentsdo not containdeclarationghat conflict (e.g.,
variables with the same name in the samiedd scope).

Avoiding scopingproblemsn programgeneratiorcanbedonemanually:Lisp pro-
grammersare familiar with the gensym function for creatingnev symbols.Using
gensymto createuniquenamesfor generatedariabledeclarationss oneof the com-
monly recommendegbracticesfor Lisp programmersUnfortunately this practiceis
tedious;it complicatesprogramgenerationand makes the generatorcode harderto
readand maintain.Mechanismshave beeninventedto relieve the programmeirof the
obligation to keeptrack of declaredvariablesand generatenev symbolsfor their
namesThesemechanisméall underthe generaheadingof hygienic macro-expansion
(e.g.,[7], [8], [10]) andaddresghe scopingproblemfor macros:self-containedrans-



formationsthatareboth specifiedandappliedin the same program.A desirableprop-
erty in this setting is referential transparency: identifiers introduced by a
transformatiorrefer to declarationdexically visible at the site wherethe transforma-
tion is defined—notwhereit is applied.In this paperwe adaptthe ideasof hygienic
macro-&pansionto a more generalprogram generationsetting, where referential
transpareng is not meaningful.Our mechanisntanbe usedfor software generators,
which areessentiallystand-aloneompilers.The definition of transformationsn soft-
waregeneratordiasno lexical connectiorto the programgeneratedy thesetransfor-
mations(for instance the generatoprogramand the generatecprogrammay be in
different programminglanguages)Our mechanisnis called generation scoping and
givesthegeneratoprogrammeexplicit andcorvenientcontrolover the scopingof the
generateccode. (In fact, the generationscopingidea was inventedindependentlyof
hygienicmacro-epansiorntechniqueshut in the processve essentiallyre-inventedthe
principlesthatarecommonto bothgeneratiorscopingandhygienic macroexpansion.)

Generationscoping has beenimplementedon two languageextensibility plat-
forms: Microsoft Researcls Intentional Programmingsystem[13] and the Jakarta
Tool Suite (JTS)[1]. Two component-basesbftwaregeneratorsDiSTiL [14] andP3
[1], were built using generationscoping.In both cases,generationscopingproved
invaluable asit simplified the generatocodeandaccentuatethe distinctionbetween
executed and generated code.

2 Background: Scoping for Generated Programs

For a quick illustration of someof the scopingissuesin programgenerationwe

will usean (imaginar)}) extensionof the C languagewith code template operators.
We introducetwo suchoperatorsyguote (abbreviatedas‘ ) andunquote (abbreviated
as$). quote designateshe beginning of a codetemplateandunquote escape$rom

it to evaluatea codegeneratin@xpressiorﬁ Considemgeneratingodeto iterateover a
text file andperformsomeactionsonits data.A possibleémplementatiorin our exam-
ple language is shon belav, with the quoted code appearing in bold:

CODE CreateForAllinFile (CODE filename, CODE actions)
{ return* { FILE* fp;
if ((fp = fopen( $filename , “r")) == NULL)
FatalError(FILE_OPEN_ERROR);
while ( feof(fp) == FALSE) {
int byte =fgetc(fp);
$actions ;
}
}
} @

1 Actually, this extensionof C with meta-programmingonstructscorrespondloselyto the
stateof the IntentionalProgrammingsystemin 1995, whengeneratiorscopingwasimple-
mented.

2 Theseoperatorsare analogougo the LISP “backquote”and “comma” macro pair or the
Schemeyuasiquote  andunquote primitives [6].



Thefirst scopingissuein the above codehasto do with the scopeusedto bind the
referencesn the generatedtodefragment.Thatis, the generatedcodefragmentonly
has meaningin a lexical ervironmentwhereFI LE, Fat al Error, f open, etc., are
defined We will disregardthisissuefor now andconcentrat®nthe scopeof generated
declarations.

In the above example,two declarationsare generatedtheseare underlinedin the
code).The scopeof thesedeclarationshouldbe quite different. Thefirst is the decla-
rationof file pointerf p. This variableshouldbeinvisible to usercode—thecodefrag-
mentrepresentedby act i ons shouldnot be ableto referto f p. This is the rule of
hygienic programgeneratiorandit ensureshatno accidentataptureof referencegan
occur: the codefragmentrepresentedby act i ons may containa referenceto some
f p, but this will never be confusedwith the f p generatedy the codeabove. Obvi-
ously, this is a good propertyto guaranteeThef p variableis just animplementation
detailandits nameshouldbe protectedrom accidentaklasheswith othernameshat
may be in use.

The generatedieclarationof variablebyt e, on the otherhand,demonstrateshe
needfor breaking the hygiene. Variablebyt e representshe currentcharactembeing
readfrom the text file. The coderepresentedby act i ons shouldbe ableto access
byt e—in fact,byt e is theonly interfacefor exploiting the functionality of traversing
the tet file.

To illustratethe above points,consideran exampleuseof the Cr eat eFor Al | | n-
Fi | e function.A programcanhave afile pointer f p, thatpointsto atext file. We may
wantto generateeodethatdeterminesvhetherafile is a prefix of thefile pointedto by
f p:

Creat eFor Al I | nFi | e(‘(“prefix.txt”) ,
{if (byte != fgetc(fp)) return -1;} )

Thef p identifier above is not the sameasthe f p introducedaccidentallyby the
Cr eat eFor Al | I nFi | e functionin (1). Neverthelessa naive generatiorprocesswill
resultinto f p (above) accidentallyreferringto theinternalvariableof Cr eat eFor Al -

I I nFi | e. Thisis ascopingproblemthatwe wantto avoid, sothatthe client of Cr e-
at eFor Al | I nFi | e canbe oblivious to the choiceof nameusedfor the internalfile
pointervariable.On the otherhand,thereferenceo byt e should referto the variable
whosedeclarationis generatedn (1). Clearly; it is hardto satisfy both requirements
with codefragment(1), asthe two declarationsare never differentiated We now dis-
cusstwo existing approacheso scopingandwhy they are not suficient for our pur-
poses.

First Approach: Generating Unigue Symbols Manually. The simplestway to sat-
isfy this dualrequirements manually We cangenerate uniquesymbolfor all decla-
rationsthatshouldbe hiddenfrom othercode.Thisis, for instanceacommonpractice
for Lisp programmerswho can usethe gensym function to createunused,unique
namesn generated¢ode.With our examplelanguageandthe codefragmentin (1), we
get:



CODE CreateForAllinFile (CODE filename, CODE actions)
{ CODE mfp = gensym();
return © {
FILE* $mfp;
if (( $mfp =fopen( $filename , “r")) == NULL)
FatalError(FILE_OPEN_ERROR);
while ( feof( $mfp) == FALSE) {
int byte =fgetc( $mfp);
$actions
}
}
} 2)
For typical softwaregeneratorswheremary codefragmentsarecreatedandcom-
posedthis solutionis clearly unsatisctory The codebecomesmmediatelyharderto
readand maintain,with mary alternationsbetweengeneratedquoted)and evaluated
(unquotedkode.Theintentionthatthemfp (for meta-file-pointeryariableholdsasin-
gle variablename(andnot an entireexpression)s not enforcedat the languagdevel.
Furthermoreunderstandinghe codegeneratedy codefragment(2) requiresunder-
standing the control fle of (2) (e.g., to ensure that thalwe ofmfp never changes).
The mostimportantdisadwantageof the “manual” creationof uniqueidentifiers,
however, is that the generatorprogrammerhasto anticipate which identifiers may
causenameclashesandneedto be hidden.The mostlikely problemwith codefrag-
ment (2) is that the generateccodewill be usedin a lexical ervironmentwherean
identifier like FILE , FatalError , etc.,doesnot have the meaningintendedby the
authorof (2). The only way to avoid this problemis to useuniquesymbolnamesfor
all definitions.Thenthe new nameswill have to be passedaroundin the generator
codeso that only their legitimate clients have accesgo them. For instance,one can
imaginethattheactualnamefor procedureratalError ~ will needto beanew, unique
symbol(to avoid accidentaktapture)which is thenpassedsa parameteto Create-

ForAllinFile , resulting in a more complicated code fragment:
CODE CreateForAllinFile (CODE mFatalError, CODE filename, CODE
actions)
{ CODE mfp = gensym();
return  {
FILE* $mfp;

if ( $mfp =fopen( $filename , “r")) == NULL)
$mFatalError (FILE_OPEN_ERROR);
while ( feof( $mfp) == FALSE) {
int  byte =fgetc( $mfp);
$actions
}
}
} 3)
If we take this approach to an extreme (e.g., doing the same for
FILE_OPEN_ERRORFALSE, andall othergeneratedariables)the codewill become
completelyunreadablendthe programmemvill have anobligationto keepclosetrack
of all generated declarations as well as their clients.



Second Approach: Hygienic Macros. Another way to satisfy the scopingrequire-
mentsfor thetwo generatedariablesjs througha hygienic mechanismsuchasthose
proposedin the work on hygienic macro expansion(e.g.,[5], [7], [8], [10], [11]).
Hygienicmechanismsvork by makinggeneratedieclarationdy default invisible out-
sidethe patternor template(e.g.,macro)thatintroducedthem.In the exampleof (1),
this would meanthatboth the declarationof fp andthatof byte will beinvisible to
codein actions . Sincethisis not desirablein the caseof byte , the hygienemustbe
explicitly broken. In the hygienic macroswork, this caseis consideredo be a rare

exception‘.?’ Carl's hygienicmechanisnj5] evenattemptgo automaticallydetectcom-

mon patterns that require breaking the hygiene. Additionally, lexically-scoped
hygienicmacrog7][8] usethelexical environmentof the generatiorsite asthelexical

ervironment of the generated code (a property cabéslential transparency).

The problemwith usingthis approactin softwaregeneratorss thatit is not possi-
ble to reliably deducethe scopeof a variablefrom thelexical locationof the codethat
generatests declaration.In particularthere are two importantdifferencesbetween
macros and softare generators:

1. Macrosare(moreor less)self-containedinits. Thereis a cleardistinctionbetween
themacrocodeandthe codethatis passedsa parameteto themacro.Thisis notthe
casewith softwaregeneratorsThe codegeneratinga declarations not, in general,jn
close lical proximity of the code generating a reference to that declaration.

2. Thelexical environmentof a program-generatingodefragmentcannotbe identi-
fied with the lexical ervironmentof the generateccodein software generators(In
hygienicmacroterminology:referentialtransparengis not meaningful.)For instance,
we could even have the generatobe in a differentlanguagethanthe generateccode
(e.g.,unquotedcodecouldbein Java, quotedcodein C). In contrast)exically scoped
macrosusethelexical ervironmentof the macrodefinitionto determinehe binding of
all references generated by the macro.

Thefirst pointis aresultof obsenation. Thetransformationsn mostsoftwaregen-
eratorsinterleare generatingcodewith arbitrarycomputatiormoreoftenthanmacros.
In this way, it is hardto identify a self-containedorogramfragmentin the generator
that will be identified with a scope in the generated program.

To seethe secondpoint, consideragain codefragment(1), reproducedelow for
easy reference.

CODE CreateForAllinFile (CODE filename, CODE actions)
{ return* {
FILE* fp;
if ((fp = fopen( $filename , “r")) == NULL)
FatalError(FILE_OPEN_ERROR);
while ( feof(fp) == FALSE) {

3 For instance, we read in [7]: “8\here ignore the occasional need to escape fygiere!



int byte = fgetc(fp);
$acti ons;

}
}

Cr eat eFor Al | | nFi | e hasseveraldependencie® othergeneratedode(e.g.,the
FI LE typeidentifier, theFat al Err or function,the FALSE constantgtc.).In the case
of lexically-scopednacrossuchdependencieareresolhedatthesiteof themacrodef-
inition. This would be equivalentto trying to find bindingsfor FI LE, Fat al Err or,
etc.,in theprogramsitewhereCr eat eFor Al | | nFi | e is defined.Thisapproachs not
valid for software generatorsFor instance, the Fat al Error routine may not be
declared as a routine in the generator or a standard library, but instead exist only in
the generated program. Hence the declarationof Fat al Er r or mustbe non-hygienic
so that the code fragment generatedbbyat eFor Al | | nFi | e can access it.

3 Generation Scoping

3.1 Generation Environments

Becauseof the differencesbetweenmacrosand software generatorsyve cannot
hope to achieve the samedegree of automationfor software generatorsas with
hygienic lexically-scopedmacros.Neverthelessye canstill do betterthanmanually
generatinghen symbols,asin example(3) of Section2. Thisis the purposeof genera-
tion scoping.Generatiorscopingis a mechanisnthatrepresentsexical ervironments
in thegenerategbrogramasfirst-classentities.In this way, the generatohascontrol of
the scopingof the generategrogram,beyondthat offeredby the target programming
language.

To supportlexical ervironmentsas first-classentities,generationscopingaddsa
new keyword, envi r onment , to thelanguagen which the programgeneratois writ-
ten. Its syntax is:

envi ronment (<generation-environment>) <statenment>;

wherest at ement containsone or more quotedexpressionsThe gener at i on-
envi ronnent is anexpressionthatyields a value of type ENV. ENV is a type usedto
represenervironmentsandonly hasa constructorandequalityfunction defined(i.e.,
we canonly createnew valuesof type ENV andcomparehemwith existing ones).The
constructorfor ervironments,new_env, cantake an arbitrary numberof aguments
whosevaluesare otherernvironments.Theseervironmentsbecomethe parents of the
newly createdernvironment(the child). All variabledeclarationdn a parentbecome
visible to the child ervironment.Lik e traditional scopingmechanismsyariablebind-
ings of the child eclipse bindings with the same name in the parent.

An exampleuseof envi r onment in codeimplementingour exampletext file tra-
versal follavs belav:



CODE CreateForAllinFile (ENV p, CODE mtbyte, CODE filename,
CODE actions)

{
environment(new_env(p))
return®  {
FILE *fp;
if ((fp = fopen( $filename , “r")) == NULL)
FatalError(FILE_OPEN_ERROR);
while ( feof(fp) == FALSE) {
int  $mtbyte = fgetc(fp);
$actions  ;
}
}
} 4)

To generateodeusingthe quote  operatoran ervironmentneedgo be specified.
In this way, the coderepresentedby actions cannever accessariablefp (asfp is
generatedn a new ervironment—whichbecomesa child of an ervironmentpassed
into the function). At the sametime, if the variablerepresentedby mtbyte is gener-
atedin the sameervironmentasactions , they arevisible to eachother This is the
case with most straightfoard uses of this functionoFinstance:
environment(e)

result =

CreateForAllinFile(global_env, ‘byte , ‘(“file.txt”) ,
‘putchar(byte) ); (5)

Comparingcode fragments(4) and (3), we can seewhy using ervironmentsis
morecorvenientthanmanuallyhandlingvariablesby creatingnew symbols.In partic-
ular, there are seeral important adantages:

1. The generatomprogrammerdoesnot needto explicitly statewhich variablesget
“closed” in theright lexical ervironment.All declarationggeneratedinderan envi-
ronment sStatementwill be automaticallyaddedto the correspondingernvironment.
Additionally, thegeneratoprogrammedoesnot needto explicitly retrieve thebinding
for a certainidentifier All referenceqe.g.,to fp , but alsoto FILE , FatalError
fopen , etc.,above) areinterpretedrelative to thatervironment. This meansthat, if a
codefragmentis genertedin the intendedernvironment,it can later be usedwithout
problemsin a local context, evenif thelocal contet containsdifferentbindingsfor the
sameidentifiers. For example,in codefragment(5), above, if global_env  hasthe
intendeddeclarationfor, e.g.,FILE , it will not subsequentlynatterif the generated
codefragmentis outputin themiddle of afunctionwhereFILE meanssomethingdif-
ferent. Thereferencewill alwaysbeto theFILE typevariabledefinedin the erviron-
ment represented lyjobal_env

2. Thealternationbetweenrexecutedandgeneratedodeis avoided. Thereis no need
to unquote code just to supply a unique symbol name.

3. Declarationsaretreatedasa group,insteadof individually. In the abose example



thereis only onevariabledeclaredsothis is not really an advantageIn quotedcode
with several generateddeclarationshowever, handling ervironmentsis easierthan
handlingall nev symbolsindividually. Of course the samegroupingeffect could be
achieved by using a mappingdatastructurein the generatorcode. The advantageof
generationscopingis that the data structureis now integratedin the languageand
insertionsandlookupsareimplicit (i.e., the programmemnever hasto specifythem—
see the first point abe).

3.2 Implementation |ssues

It is perhapsworth stressingagain thatthe mainadwantageof generatiorscopingis
thatthe generatoiprogrammeitis relieved of the responsibilityof addingdeclarations
to ernvironmentsandlooking up identifier bindingsin thoseervironments Thatis, the
implementationof quot e will determinewhethera generateddentifier is actuallya
declaration(of avariable,function,type,etc.)or areferenceo anexisting entity. Each
ervironmenthasa symboltable and a collection of pointersto the parenterviron-
ments.In caseanidentifierrepresents declaredentity, it is addecto the currentervi-
ronments symboltabletogetherwith a correspondinggeneratediniquenamefor the
declaredentity. Whena generateddentifieris areferencejt will belooked up in the
appropriateervironments tableand,if it is notthere,in the parentervironmentsrecur-

sively.* Theresultof theidentifierlookupis the uniquegenerateshamefor the match-
ing declaration.In this way, no accidentalreferenceto the wrong variable, type,
function, etc., can occuas long as the gimonments are set up properly

As is well-documentedn the work on hygienic macros[7][10], determiningthe
syntacticrole of anidentifier (i.e., whetherit is a declarationor a reference)s hard
whenthe entire programhasnot yet beengeneratedFor instance considerthe pro-
gram-generating function:
CODE Creat eDcl Or Ref (CODE type) {

return { $typenewvar=10} ;

}

In mostprogrammingervironmentss it is impossibleto tell beforethe codeis gen-
eratedwhetherthe generated¢odedeclaresiewar or refersto anexisting variableof
the samename.If the parametetype holdsthe type specifierint , thennewar is
beingdeclaredlf, on the otherhand,it holdsthe operator* , it is not. This problem
has been studied extensiely in the hygienic macro community and the common
approachs to employ a “painting” algorithmthatmarkseachidentifierwith the envi-
ronmentwhereit wascreatedlt is easyto adaptthis approacho generatiorscoping:

4 In casea matchingdeclarationis found in multiple parentervironments the uniquename
returnedis determinedoy a depth-firstsearchof the parenttree,basedon the orderparents
werespecifiedn thenew_env constructorThisis, however, anarbitrarydefaultandnot fun-
damental to the systembperation.

5 This is not true for the Intentional Programmingsystemwherethe most matureversionof
generatiorscopingwasimplementedThe systemfundamentallydistinguishegat the editor
level, even) betweendeclarationsand referencesso that a single codefragmentcannotbe
used to create both.



After all the code has beengeneratedthe marked declarationscan be matchedto
marked referencegassuminghey camefrom the sameernvironment).Remainingref-
erencesanthenbejustunmarled,sothatthey becomedreereferencesindcanreferto
externally declaredsymbols.A morethoroughdiscussionon implementinga “paint-
ing” algorithm for program generation can be found in [11].

4 Generation Scopingin DiSTiL

Generatiorscopingwasimplementedaspartof IP (IntentionalProgramming]13],
ageneral-purpostansformatiorsystemunderdevelopmentoy Microsoft Researchit
was subsequentlyisedto build the DiSTIL softwaregeneratof14] asa domain-spe-
cific extensionto IP. DiSTIL is a generatothatfollows the Gen\bca[3] designpara-
digm. Gen\bca generatorsare a class of sophisticatedsoftware generatorsthat
synthesizénigh-performancesustomizegrogramsby composingore-writtencompo-
nentscalledlayers. Eachlayerencapsulatethe implementatiorof a primitive feature
in atargetdomain.The DISTIL generatoiis essentiallya compilerfor the domainof
containerdatastructuresComple containerdatastructuresare synthesizedy com-
posingprimitive layers,whereeachlayerimplementseithera primitive datastructure
(e.g.,orderedlinked lists, binary trees,etc.) or feature(sequentiabr randomstorage,
logical elemenideletion,elementencryption etc.). Codefor eachdatastructureopera-
tion is generatedby having eachlayer manufcturea codefragment(thatis specificto
theoperationwhosecodeis beinggeneratedandby assemblinghesefragmentdnto a
coherent algorithm.

Generatiorscopingwasindispensablén theimplementatiorof DiSTIL. Evenrela-
tively short DISTIL specificationgaround10-20 lines) could generate¢housandsf
lines of optimizedcode.Due to the compleity of the generatedcode,aswell asthe
flexibility of parameterizatiofa layercouldbecomposedvith awide variety of other
layers),maintainingcorrectscopingfor generatedodewould have beena nightmare
without generatiorscoping.In fact, initially we had attemptedo implementDiSTiL
with manualresolutionof generatedeferencegby generatinguniquesymbols,asin
codefragment(3)). The sheerdifficulty of this task was what motivatedgenesation
scoping in the fit place

Generatiorscopingis usedin DiSTiL not only to ensurethe correctnessf refer-
encego global declarationge.qg.,library functions)but alsoto overcomethe scoping
limitations of the tamget language(C). With generationscoping,DiSTiL effectively
manageslifferentnamespacefr every layerin a composition.n this way, thereare
no clashedetweendentically namedvariablesintroducedby differentlayers(or dif-
ferentinstance®f the samelayer). At the sametime, the codeis simplified by having
namespacesonnectedppropriatelysothatgenerate¢odecanaccessll therequired
declarations withoutslicit qualification.

DiSTiL datastructuresconsistof threedistinctentities:a containey elementsand
iterators(called cursors). Generatedsariablesare groupedtogetherinto a common
ernvironmentaccordingo theentity to whichthey arerelated.For instanceall declara-
tionsrelatedto the cursorpartof adoublylinkedlist will belongin asinglegeneration
ernvironment.Thesevariablesneednot belongto a singlelexical contet. For example,
variablesin an ervironmentmay be global, or local, or fields of a recordtype. Thus,



variablesof anervironmentcouldbelongto slicesof mary differentlexical contetsin
the generatedprogram.In this way, the ernvironmentacts as a generatoimanaged
namespace mechanism for theyardanguage.

Considerthe following organizationusedin DiSTiL (and,in fact,alsoin P3).In
generalthereis a mary-to-onerelationshipbetweercursorsandcontainergi.e., there
can be mary cursors—eaclwith a differentretrieval predicate—peicontainer).So
usinga single generatiorervironmentto encapsulatéoth cursorand containerdata
memberds not possible.Instead,separateervironmentsare definedfor every cursor
and container The Cont Gener i ¢ environmentencapsulateslementdatamembers
(becauseslementtypesare in one-to-onecorrespondencwith containertypes)and
genericcontainesrelatedvariables(including the cont ai ner identifier). The Cur s-
Gener i ¢ ervironment encapsulategeneric cursorrelated variables (including the
cur sor identifier). By making Cont Generi ¢ a parentof Cur sGeneri c, codefor
operationson containers(which do not need cursors)can be generatedusing the
Cont Gener i ¢ ervironment,while codefor operationson cursors(which alsorefer-
encecontainerfields) is generatedisingthe Cur sGeneri ¢ ervironment.Figure 1(a)
depicts this relationship.
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Figure 1: Hierarchical @anizations of Evironments in DiSTL

As mentionecearlier a hallmarkof Gen\bcalayersis thatthey encapsulateefine-
mentsof multiple classesEachDiSTiL layer refinescursor containey and element
typesby addinglayerspecificdatamembersThe datamembersaddedo thecontainer
andelementypesby layerL; areencapsulatetly ervironmentCont ; whichis a child
of Cont Generi c. Similarly, datamembersaddedby L; to thecursortypeareencapsu-
lated by ervironment Cur s; which is a child of both CursGeneric and Cont;
(becauseursorsof layerL; referencdayerspecificcontainerdatamembersaiswell as
layerspecificcursordatamembers) Figure 1(b) shaws this hierarchicalorganization
of ervironments.

To illustrate theseideas,consideran ordereddoubly-linked list layer. This layer
wouldrefineelementdy addingnext andpr ev fields,andwould refinecontainersdy
addingfirst andl ast fields. This refinementcanbe accomplishedy a Ref i ne-



Types() method:el em type, cont _type, andcurs_t ype arecodefragmentshat

respectiely definethe setof variables(datamembers)n elementcontainerandcur-

sorclassesWhenRef i neTypes() is calledwith thesecodefragmentsasparameters,
thenext, prev, first,andl ast fieldsareaddedo theelementandcontainertypes.

As thesdfieldsarealwaysusedtogetherthey aredeclaredwithin a singleervironment
Cont (which is equal to some&ont ; of Figure 1):

voi d RefineTypes( CODE *el em type, CODE *cont_type, ENV Cont) {
envi ronment (Cont) {
*elemtype = { $(*el em type);element*next, *prev; }
*cont _type = { $(*cont_type); element *first, *last; }
}
}

It is commonin acompositionof Gen\ocalayersthata singlelayerappearsnulti-
ple times.An examplein DiSTiL would belinking elementf a containeronto two
(or more)distinctorderedlists, whereeachlist hasa uniquesortkey. Every list layer
addsits own fields to the elementand containertypes. Maintaining the distinction
amongthesefields (so that the codefor the j-th list will only referencdts own fields
nextj, prevj, etc.)is simpleusinggeneratiorervironmentsasorganizedin Figure1.
Eachcopy of thelist layerwill have its own generatiorervironmentsCont j andCur s;,

and all code generated by that gemuld alvays use these emonment ariables.

For an example, considerthe Renove methodfor ordereddoubly-linked lists,
appearingoelow. Let Renove_Code bethe codethatis to be generatedor removing
anelementfrom acontainer The Renove methodfor ordereddoubly-linkedlists adds
its code(to unlink theelement)whenit is called(the codethatactuallydeleteshe ele-
mentis addedby anothellayer). Thus,givenRenove_Code andtheervironmentCur s
(equalto somecCurs; of Figure 1), Renove() addsthe unlinking code wherethe
next , pr ev, etc. identifiers are bound to their correatiable definitions.

voi d Renove( CODE *Renpve_Code, ENV Curs ) {
envi ronment (Curs) {

*Renove_Code =Y{Element* next_el = cursor->next;
Element* prev_el = cursor->prev;

$(*Renmove_Code) ;

if (next_el != null)
next_el->prev = prev_el;

if (prev_el != null)
prev_el->next = next_el;

if (container->first == cursor.obj)
container->first = next_el;

if (container->last == cursor.obj)
container->last = prev_el; }

Note that the bindingsof identifierscur sor, cont ai ner, andnext in this tem-
plate exist in three different generationervironments:cont ai ner is in Cont Gen-
eric,cursor in CursGeneri c, andnext in Cont ;. Neverthelessall of themcanbe



accessefrom ervironmentCur s (following its parentlinks), sothis is the only ervi-
ronmentthat needsto be specified Note alsothattherearetwo generatedemporary
declarationsn this codefragmentwhich arecompletelyprotectedrom accidentatef-
erence.

This exampleis corvenientfor demonstratinghe benefitsof generationscoping.
We attemptto shav thesebenefitsby speculatingpn thealternatves.Clearlytheabore
codefragmenthasmary externalgeneratedeferencessodefault hygieneis notreally
anoption. The generatomriter hasto explicitly createnew symbols(asin codefrag-
ment (3)) for the declarationsof cont ai ner, cur sor, etc. (not shavn). Insteadof
managingall the new symbolsindividually, the generatomriter could setup a data
structurein the generator (unquoted) code to maintainthe mappingsof identifiersto
variables.Thenthe writer could useexplicit unquotedo introducethe right bindings.
Given that declarationseedto be insertedin the datastructureexplicitly andrefer-
enceseedto belooked up explicitly, the codewould be muchmorecomplicatedOne
canaddsomesyntacticsugar to make the codemore appealing For instancewe can
use$$(ds, id) tomean‘unquoteandlookupidentifieri d in bindingsdatastructure
ds”. Similarly, we canuse$% ds, id) to mean“unquoteandadd variablei d in
bindings data structurs”. Even then, the codeould be practically unreadable:
voi d Renpve( CODE *Renpbve_Code, BindingDS ds ) {

*Renove_Code =
{ $$(ds, Elenment) * $%ds, next_el) =
$$(ds, cursor)->$$(ds, next);
$$(ds, Elenent) * $%ds, prev_el) =
$$(ds, cursor)->$$(ds, prev);
$(*Renmove_Code) ;
if ( $$(ds, next_el) !=null)
$$(ds, next_el)->$$(ds, prev) = $$(ds, prev_el);
if ( $$(ds, prev_el) I=null
$$(ds, prev_el)->$$(ds, next) = $$(ds, next_el);
if ( $$(ds, container)->%$$(ds, first) ==
$$(ds, cursor).$$(ds, obj))
$$(ds, container)->%$$(ds, first) = $$(ds, next_el);
if ( $$(ds, container)->$$(ds, last) ==
$$(ds, cursor).$$(ds, obj))
$$(ds, container)->$$(ds, last) = $$(ds, prev_el);} ;

As outlined earlier generationscopingimproves over this codein three ways:
First, no explicit datastructureinsertions/lookupseedto be performed(e.g.,thereare
no $$ and$%operators)Secondno explicit escapesareintroduced—therés no alter-
nation betweenquoted and unquoted code. Third, the grouping of variablesis
implicit—there is no need to repeatedly refer to a data structwradik

5 Related Work

Givenour prior discussiorof hygienicmacrosherewe will only touchupona few
other pieces of relatedonk.

Theenvironmentsusedin generatiorscopingaresimilar to syntacticervironments



in the syntactic closures work [4][9]. In syntacticclosuresgenvironmentsarefirst-class
entitiesandcodefragmentscanbeexplicitly “closed”in alexical erwvironment.Never-
theless thereare significantdifferencesbhetweenthe two approachesSyntacticclo-
sureservironmentscanonly capturethe setof variablesthat arelexically visible ata

specificpointin aprogramé.3 In contrastour ervironmentscanbearbitrarycollections
of bindings(i.e., smallersetsof lexically visible variables)and canbe organizedhier-
archically More importantly however, declarationsare addedto generationscoping
ervironmentsimplicitly by generating(quoting) code that declaresnew variables.
Thus, our approachis much more automatedhan syntacticclosuresand is ideally
suitedto softwaregeneratorgwherethe lexical ervironmentis beingbuilt while code
is generated)Also, generatiorscopingcan be usedto implementthe hygienic, lexi-

cally-scopedmacrosof [7], unlike syntacticclosureswhich cannotbe usedto imple-
ment tygienic macro gpansion, as»@lained in [7].

Generatiorscopingis concernednly with maintainingcorrectscopingfor gener-
atedcodefragments Otherpiecesof work dealwith variousothercorrectnesgroper-
ties of composed:odefragmentsSelectvely, we mentionsomework on the problem
of ensuringype correctnesor generateghrogramspothfor two-stagecode[12] (i.e.,
generatorand generateccode) and multi-stagecode[15] (i.e., codegeneratingcode
that generates other code, etc.).

6 Conclusions

Programgenerationis a valuabletechniquefor software developmentthat will
becomeprogressiely moreimportantin the future. In this paperwe have shavn how
to addresshe scopingissueghatarisein softwaregeneratorsWe have presentedjen-
eration scoping: a general-purposegomain-independentiechanismto addressall
scopingneed=f generateghrogramsGeneratiorscopingcanmake writing andmain-
taining software generatoreasier Its capabilitieswere proven in the implementation
of the DISTL [14] and P3 [1] generators.

The future of software engineeringlies in the automateddevelopmentof well-
understoodsoftware. Programgeneratorill play an increasinglyimportantrole in
future software development.We considergenerationscopingto be a valuablelan-
guagemechanisnfor generatomwriters andhopethatit will be adoptedn evenmore
extensible languages and transformation systems in the future.
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