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Abstract

Programsin embeddedlanguagescontaininvariantsthatarenotau-
tomaticallydetectedor enforcedby their hostlanguage.We show
how to usemacrosto easilyimplementpartialevaluationof embed-
dedinterpretersin orderto captureinvariantsencodedin embedded
programsandrenderthemexplicit in the termsof their host lan-
guage.We demonstratethe effectivenessof this techniquein im-
proving theresultsof a value�o w analysis.

Categoriesand SubjectDescriptors

D.2.5 [Software Engineering]: TestingandDebugging—debug-
ging aids; D.3.3 [Programming Languages]: LanguageCon-
structsandFeatures—macros; D.3.4[Programming Languages]:
Processors—codegeneration,debuggers, interpreters

GeneralTerms

Reliability, Languages

Keywords

Partial evaluation,macros,embeddedlanguages,value�o w analy-
sis

1 OneLanguage,Many Languages

Every practical programminglanguagecontainssmall program-
ming languages.For example,C's printf [18] supportsa string-
basedoutputformattinglanguage,andJava [3] supportsa declara-
tive sub-languagefor laying out GUI elementsin a window. PLT
Scheme[9] offersat least� ve suchlanguages:onefor formatting
consoleoutput;two for regularexpressionmatching;onefor send-
ing queriesto a SQLserver; andonefor layingoutHTML pages.
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In many cases,thoughnot always, programsin theseembedded
special-purposeprogramminglanguagesareencodedasstrings.Li-
braryfunctionsconsumethesestringsandinterpretthem.Oftenthe
interpretersconsumeadditionalarguments,which they useas in-
putsto thelittle programs.

Take a look at thisexpressionin PLT Scheme:

(regexp-match "http://([a-z.]*)/([a-z]*)/" line)

The function regexp-match is an interpreter for the regular ex-
pressionlanguage.It consumestwo arguments:astringin theregu-
lar expressionlanguage,whichweconsideraprogram,andanother
string,which is thatprogram's input. A typical uselooks like the
exampleabove. The�rst stringis actuallyspeci�edat thecall site,
while thesecondstringis oftengivenby avariableor anexpression
thatreadsfrom aninputport. Theinterpreterattemptsto matchthe
regularexpressionandthesecondstring.

In PLT Scheme,the regular expressionlanguageallows program-
mersto specifysubpatternsvia parentheses.Our runningexample
containstwo suchsubexpressions:([a-z.]*) and([a-z]*) . If
theregularexpressioninterpreterfails to matchtheregularexpres-
sionandthe string, it producesfalse(#f ); otherwiseit producesa
list with n+ 1 elements:the�rst onefor theoverallmatchplusone
persubexpression.Sayline standsfor

"http://aaa.bbb.edu/zzz/"

In this case, the regular expression matchesthe string, and
regexp-match producesthelist

(list "http://aaa.bbb.edu/zzz/"
"aaa.bbb.edu"
"zzz")

The restof the Schemeprogramextractsthe piecesfrom this list
andcomputeswith them.

The regexp-match expressionabove is a simpli�ed excerptfrom
thePLT WebServer [12]. Hereis a slightly largerfragment:

(let ([r (regexp-match
"http://([a-z.]*)/([a-z]*)/" line)])

(if r
(process-url (third r) (dispatch (second r)))
(log-error line)))

Noticehow thethen-clauseof theif -expressionextractsthesecond



andthird elementsfrom r withoutany checksto con�rm thelength
of the list. After all, the programmerknows that if r is not false,
thenit is a list of threeelements.Theembeddedprogramsaysso;
it is a regularexpressionandcontainstwo subexpressions.

Unfortunately, the static analysistools for PLT Schemecannot
reasonon both levels. MrFlow [20], a static debugger, uses
a constraint-basedanalysis [22], a version of set-basedanaly-
sis [2, 13, 10], to analyzethe programanddiscover potentialer-
rors. If it �nds oneit candraw a �o w graphfrom thesourceof the
badvalueto thefaulty primitive operation.For thelet -expression
above, MrFlow �nds that both (second r) and (third r) may
raiseruntimeerrorsbecauser maynot containenoughelements.

In this paper, we show how usingSchememacrosto partially eval-
uatecalls to embeddedinterpreterssuchasregexp-match greatly
increasestheprecisionof thestaticanalysis.Sincewe usemacros,
library designerscaneasilyimplementthepartialevaluation,rather
thanrelyingon thehostlanguageimplementorasthey mustfor ad-
hocsolutions.

In Section2 wegiveabrief overview of set-basedanalysisandMr-
Flow. In thenext sectionwe explain threeexamplesof embedded
languagesand the problemsthey causefor MrFlow's staticanal-
ysis. We thenpresentin Section4 our generalapproachto solv-
ing thoseproblems,basedon macros.An overview of the macro
systemwe useis givenin Section5. Section6 thenpresentsa gen-
eraltechniquefor translatingembeddedinterpretersinto macros.In
Section7, we explain the propertiesof the staticanalysisthat en-
ableit to �nd moreresultsin partially evaluatedcode. Finally, in
Section8, weshow how partiallyevaluatingSchemeprogramsthat
containembeddedprogramshelpsMrFlow in our threeexamples.
Section9 presentsrelatedwork andwe concludein Section10.

2 Set-BasedAnalysis

To explain how theresultsof a staticanalysiscanbe improvedby
using partial evaluationof embeddedlanguages,we �rst needto
describesuchananalysis.MrFlow, astaticanalyzerfor DrScheme,
usesa set-basedvalue�o w analysisto computeanapproximation
of thevaluesthateachsubexpressionof aprogrammightevaluateto
at runtime[22]. Theapproximationcomputedfor eachexpression
is a setof abstractvaluesthat canbe displayedon demand.The
debuggercanalsodraw arrows showing the�o w of valuesthrough
theprogram.

Figure 1 displays an example of analyzing a simple program.
In the box next to the term 3 is the abstractvalue for that term,
meaningthat at runtimethe term 3 might evaluateto the value3.
Thearrow startingfrom theterm3 shows thatat runtimethevalue
3 might �o w into theargumentx of the function f andfrom there
�o w into the referenceto the variablex in the body of f . There
is a secondreferenceto x in f —the correspondingarrow is not
shown in this example. In the box next to the call to the Scheme
primitive gcd is theabstractvaluefor theresultof thatcall. Since
theanalysisnever tries to evaluateexpressions,it usestheabstract
value integer to representthe result of the primitive call, if any,
which is a conservative approximationof theactualvaluethat that
call might computeat runtime.

The biggestbox displaysthe type of the adjacentif -expression,
whichis theunionof theintegerabstractvaluecomputedby thegcd
primitive andof thestring”hello” . Arrows show that theresultof
theif -expressioncancomefrom boththethen-andelse-branches:

theanalysisdoesnotattemptto applythenumber? predicateto the
variablex, so it conservatively assumesthat both branchesof the
if -expressionmaybeevaluatedat runtime.

3 Thr eeEmbeddedLanguages

We now turn to embeddedlanguages,which area usefultechnique
for establishingabstractionlayers for a particular designspace.
Functionallanguagesarewell-suitedto writing interpretersfor em-
beddedlanguages,in which thehigher-level embeddedlanguageis
implementedasa setof functionsin thegeneralpurposehostlan-
guageandhasaccessto all of its features[15, 16, 24]. But these
abstractionscomeatacostfor programanalysis.In particular, tools
built to examineprogramsof thehostlanguagecannotderive infor-
mationfor the programsin the embeddedlanguagesbecausethey
donotunderstandthesemanticsof thoselanguages.

In this sectionwe demonstratethreeexamplesof practicalembed-
dedlanguagesfor Schemeandshow their negative effectson static
analysis.In the�rst example,propertiesof theembeddedlanguage
createthepossibilityof errorsthatcango undetectedby theanaly-
sis. In thenext twoexamples,undetectedpropertiesleadto analyses
thataretoo conservative, resultingin many falsepositives;that is,
theanalysisreportserrorsthatcannever actuallyoccur.

3.1 Format Strings

ThePLT Schemelibrary providesa format function,similar to C's
sprintf , which generatesa string given a format speci�er anda
variablenumberof additionalarguments.The format speci�er is
a stringcontainingsomecombinationof literal text andformatting
tags.Thesetagsareinterpretedalongwith theremainingarguments
to constructa formattedstring. The format function is thus an
interpreterfor the format speci�er language.The format speci�er
is a programin this languageandthe additionalargumentsareits
inputs.

To constructits output, the format function requiresthe number
of extra argumentsto matchthe numberof format tags,andthese
argumentsmustbeof theappropriatetype. Considerthe example
of displayinganASCII characterandits encodingin hexadecimal:

(format "˜c = 0x˜x" c n)

In thisexample,theformatspeci�er, whichcontainstheformattags
"˜c" and"˜x" andsomeliteral text, expectsto consumeexactly
two arguments. Theseargumentsmustbe a characterandan in-
teger, respectively. An incorrectnumberof argumentsor a type
mismatchresultsin a runtimeerror.

Unfortunatelyanalysistools for SchemesuchasMrFlow have no
a priori knowledgeof thesemanticsof embeddedlanguages.The
analysiscannotinfer any informationaboutthe dependenciesbe-
tweenthecontentsof theformatstringandtherestof thearguments
without knowledgeof thesyntaxandsemanticsof theformat lan-
guage.As a resulttheanalysiscannotpredictcertaincategoriesof
runtimeerrors,asshown in Figure2. Theapplicationof format is
not underlinedasanerror, eventhoughits argumentsappearin the
wrongorderandtheanalysiscorrectlycomputesthe typesof both
c andn.



Figure 1. Analyzing a simpleprogram with MrFlo w.

3.2 Regular Expressions

Regularexpressionsareusedin all kindsof Schemeprograms.The
languageof regularexpressionpatternsis embeddedin Schemeas
strings. A library of functionsinterpretthesestringsasprograms
thatconsumeadditionalargumentsasinputstringsandreturneither
a list of matchedsubpatternsor #f to indicatefailure.

Consideragain the excerpt from the PLT Web Server from Sec-
tion 1. Programmersknow that if the matchsucceeds,then the
result list containsexactly threeelements:the resultof the entire
match,and the resultsof the two subpatternmatches.Again the
analysisis unableto discover this invarianton its own. Figure3
shows theresultsof analyzingthesamplecodewith MrFlow. The
list accessorssecond andthird areunderlinedin redbecausethe
analysiscannotprovethattheirargumentsaresuf�ciently longlists.

Programmersthenmusteithergo througheachof thesefalsepos-
itivesandprove for themselvesthat the errorscannever occur, or
elselearnto ignoresomeresultsof MrFlow. Neitheroption is de-
sirable. The formercreatesmore work for theprogrammer, rather
thanless;thelatteris unsafeandeasilyleadsto overlookederrors.

3.3 SchemeQL

SchemeQL[28] is an embeddedlanguagefor manipulatingrela-
tional databasesin Scheme.Unlike the string-basedformat lan-
guage,SchemeQLprogramsconsistof specialforms directly em-
beddedinsideScheme.The SchemeQLimplementationprovides
a setof macrosthat recognizetheseforms andexpandtheminto
Schemecode. A typical databasequeryin SchemeQLmight look
like this:

(direct-query (name age phone) directory)

correspondingto theSQLstatement

SELECT name, age, phone FROMdirectory

Theresultof executinga queryis a lazy streamrepresentinga cur-
sorover theresultsetfrom thedatabaseserver. Eachelementin the
streamis a list of valuesrepresentinga singlerow of theresultset.
Thecursorcomputestherows by needwhena programselectsthe
next sub-stream.

Programmersknow that the numberof elementsin eachrow of a
cursoris equalto the numberof columnsin the original request.
Ouranalysis,however, cannotdiscover this factautomatically. Fig-
ure4 shows theresultsof ananalysisof a SchemeQLqueryin the
context of atrivial Schemeprogram.Theexamplequeryconsistsof
exactly threecolumns,andthecodereferencesthethird elementof
the�rst row. Thisoperationcanneverfail, but theanalysisis unable
to prove this. Instead,it conservatively computesthat row is a list
of unknown length: rec-typedescribesa recursive abstractvalue,
which in thepresentcaseis theunionof null andapair consisting
of any value(top) andtheabstractvalueitself, creatingaloopin the
abstractvaluethatsimulatesall possiblelist lengths.MrFlow there-
foremistakenlyreportsanerrorby underliningtheprimitivethird
in red,since,accordingto theanalysis,row might have fewer than
threeelementsat runtime.

4 Macrosfor Partial Evaluation

All theembeddedlanguagespresentedin theprevioussectionhave
onething in common:they canencodeinvariantsthatarenot vis-
ible to any analysisof thegeneralpurposelanguagein which they
areembedded.Theseinvariantscanbeexposedto analysesin two
ways:

� by extendingtheanalysesin anad-hocmannerfor eachem-
beddedlanguagesothatthey understandits semantics,or

� by partially evaluatingtheembeddedinterpreterswith regard
to the embeddedprogramsto make the invariantsin the em-
beddedprogramsexplicit as invariantsin the host language,
wheneverpossible.

The�rst solutionrequiresmodifying eachanalysisto supporteach
embeddedlanguage. The secondsolution can simply be imple-
mentedfrom within thehostlanguagethroughtheold Lisp trick of
using“compiler macros”[25] asa light-weight partial evaluation
mechanism.In thepresentcase,insteadof usingpartialevaluation
to optimizeprogramsfor speed,we useit to increasetheprecision
of programanalyses.

While Lisp's compiler macros are different from regular Lisp
macros,Scheme'smacrosystemis powerful enoughthattheequiv-
alent of Lisp's compiler macroscan be implementedas regular
Schememacros. The partial evaluationof embeddedinterpreters
then simply involves replacingthe libraries of functions imple-



Figure 2. Impr eciseanalysisof the format primiti ve.

Figure 3. Impr eciseanalysisof regexp-match .

Figure 4. Impr eciseanalysisof a SchemeQLquery.



mentingthe interpreterswith libraries of semanticallyequivalent
macros1. This hastheadditionaladvantagethat it canbedoneby
theauthorof thelibrary of functions,asopposedto thecompiler's
or analyzer's implementorin thecaseof ad-hocextensions.

Of course,the partial evaluationof embeddedinterpretersis only
possiblewhentheir input programsareknown statically. For ex-
ample,it is not possibleto expanda call to format if the format-
ting stringgivenasits �rst argumentis computedat runtime. The
programmerthereforemakesa trade-off betweenthe precisionof
analysesandhow dynamicthe codecanbe. In practice,though,
theembeddedprogramsareoftenspeci�ed staticallyin usercode.
Combinedwith the simplicity of implementingpartial evaluation
with macros,this makesfor a useful techniquefor improving the
precisionof analysesata low cost.

In thenext two sections,wedescribesomeof theimportantfeatures
of theSchememacrosystemandthenexplainhow wemake useof
this systemto partially evaluatetheinterpretersof theseembedded
languagesto improve theresultsof staticanalysis.

5 Macrosin Scheme

Schemehasa powerful macrosystemfor extendingthe language
with derivedexpressionformsthatcanberewritten asexpressions
in thecorelanguage.Macrosserveasameansof syntacticabstrac-
tion. Programmerscangeneralizesyntacticpatternsin ways that
arenot possiblewith functionalabstraction.This technologyalso
providesa hook into thestandardcompilertool chainby allowing
programmersto implementadditionalprogramtransformationsbe-
fore compilation.In this sectionwe describethebasicsof standard
Schememacrosandintroduceidenti�er macros,ageneralizationof
thecontexts in whichmacroscanbematched.

5.1 Rule-BasedMacros

Thedefine-syntax specialform allowstheprogrammerto extend
Schemewith derivedexpressionforms.Beforecompilationor exe-
cutionof aSchemeprogram,all occurrencesof thesederivedforms
arereplacedwith their speci�edexpansions.

The syntax-rules form speci�es macro expansionsas rewrite
rules.Considerthefollowing simplemacro,which de�nesa short-
circuit logical or asa derivedform:

(define-syntax or
(syntax-rules ()

[(or e1 e2)
(let ([tmp e1])

(if tmp tmp e2))]))

Themacrode�nesa singlerewrite rule,consistingof a patternand
a template. Thepatternmatchesthe or keyword in operatorposi-
tion followed by two patternvariablese1 and e2, eachmatching
anarbitrarysubexpressionin argumentposition. The templatedi-
rectsthe macroexpansionto replaceoccurrencesof the matched
patternwith a let -expressionconstructedfrom thematchedsubex-
pressions.

1The transformationis not strictly speakingpartial evaluation:
thereductionsperformedby themacrosarenotexactlytheonesper-
formedby the embeddedinterpreters.However, the macrosshare
the techniquesandissuesof partial evaluationsincethey simulate
partsof the interpreters,andit is thereforeusefulto describethem
assuch.

Notice that this or form cannotbe de�ned as a regular function
in Scheme.The secondargumentis only evaluatedif the �rst ar-
gumentevaluatesto false. SinceSchemehasa strict evaluation
semantics,a functional or would necessarilyevaluateboth of its
argumentsbeforecomputinga result.Controllingtheevaluationof
expressionsis animportantuseof Schememacros.Macroscanalso
abstractoverothersyntacticformsin waysthatfunctionscannotby
expandinginto second-classlanguageconstructssuchasdefine .

5.2 Lexical Scope

Macroswritten with the standardSchemesyntax-rules mech-
anismare both hygienicand referentially transparent. Hygienic
macroexpansionguaranteesthat binding forms inside the de�ni-
tion of the macrotemplatedo not capturefree variablesin macro
arguments.Considerthefollowing useof our or macro:2

(or other tmp)
) (let ([tmp 1 other])

(if tmp1 tmp1 tmp))

Hygienic expansionautomaticallyrenamesthe variableboundin-
sidetheexpandedmacrotemplateto avoid capturingthefreevari-
ablein themacroargument.

Referentialtransparency complementshygiene by ensuringthat
freevariablesinsidethemacrotemplatecannotbecapturedby the
context of the macrocall site. For example,if thecontext that in-
vokesor rebindstheif name,theexpansionalgorithmrenamesthe
bindingin thecaller's context to avoid capturingthevariableused
in thetemplatebody:

(let ([if 3])
(or if #f))

) (let ([if 1 3])
(let ([tmp if 1])

(if tmp tmp #f)))

Thecombinationof hygieneandreferentialtransparency produces
macrosthatareconsistentwith Scheme's rulesof lexical scopeand
canbeinvokedanywherein aprogramwithout thedangerof unex-
pectedvariablecapture.3

5.3 Identi�er Macros

The syntax-rules form only matchesexpressionsin which the
macronameoccursin “applicationposition,” i.e.,astheoperatorin
anapplicationexpression.Referencesto asyntax-rules macroin
othercontexts resultin syntaxerrors:

(fold or #f ls)
) syntax error

PLT Scheme's syntax-id-rules form is similar to
syntax-rules but matches occurrencesof the macro key-
wordin arbitraryexpressioncontexts: in operatorposition,operand
position,or asthetargetof anassignment.

2Weusetheconventionof representingmacroexpansionwith a
double-arrow () ) andordinary(runtime)evaluationwith a single-
arrow (! ).

3Macroscanalsobe de�ned in andexportedfrom modulesin
PLT Scheme[11].



The following macro demonstratesa hypothetical use of
syntax-id-rules :

(define-syntax clock
(syntax-id-rules (set!)

[(set! clock e) (set-clock! e)]
[(clock e) (make-time-stamp (get-clock) e)]
[clock (get-clock)]))

The list of identi�ers following syntax-id-rules , which was
empty in our previous examples,now includesthe set! identi-
�er , indicatingthatset! is to betreatedasa keywordratherthana
patternvariable.The�rst rewrite rulematchesexpressionsin which
theclock nameoccursasthetargetof anassignment.Thesecond
rule is familiar, matchingthemacroin applicationposition.The�-
nal rulematchestheidenti�er clock in any context notmatchedby
theprevioustwo rules.In additionto theusualapplicationcontext,
we canusetheclock macroin anargumentposition:

(+ clock 10)
) (+ (get-clock) 10)

or asa set! target:

(set! clock 5)
) (set-clock! 5)

5.4 Programmatic Macros

The language of patterns and templates recognized by
syntax-rules and syntax-id-rules is actually a special
caseof Schememacros. In general,the define-syntax form
bindsa transformerprocedure

(define-syntax name
(lambda (stx)

etc:

Theargumentto thetransformerprocedureis asyntaxobject, which
is similar to an S-expressionrepresentingquotedcode,but which
alsoencapsulatesinformationaboutthelexical context of thecode,
suchas source�le location and variablebindings. This context
informationis essentialin allowing DrScheme's languagetools to
traceerrorsandbindingrelationshipsbackto theoriginalsourcelo-
cationin theuser'scodewhereamacrois invoked.Becausesyntax
objectsaresosimilar to quoteddata,thestandardlibrary includes
thesyntax-object->datum procedure,whichstripsthelexical in-
formationfromasyntaxobjectandreturnsits correspondingdatum.
For example,thedatumcorrespondingto asyntaxobjectrepresent-
ing a literal numberis its numericvalue,thedatumcorresponding
to an identi�er is a symbolrepresentingthe identi�er' s name,and
soon.

A syntax transformerprocedureacceptsas its argumenta syn-
tax object representingthe expressionthat invoked the macro,
and producesa new syntax object, which the macro expansion
algorithm usesto replacethe original expression. All Scheme
macrosaresyntaxtransformers;althoughthe syntax-rules and
syntax-id-rules formsdo not usethelambda notation,they are
themselves implementedas macrosthat expand to syntax trans-
formerprocedures.

The syntax-case facility allows the constructionof macroswith
patternmatching,aswith syntax-rules andsyntax-id-rules ,
but with arbitraryexpressionsin placeof templatesfor the result
expressions.For example,theaboveor macrowouldbede�nedas:

(define-syntax or
(lambda (stx)

(syntax-case stx ()
[(or e1 e2)

#'(let ([tmp e1])
(if tmp tmp e2))])))

The macrois almostthe sameasbefore,but for two re�nements.
First, the syntax-case form takes the argumentstx explicitly,
whereassyntax-rules implicitly de�nesa transformerprocedure
and operateson the procedureargument. Second,the result ex-
pressionis pre�xed by the syntax-quoting#' operator, which is
analogousto Scheme's quote operator' . Whereasan expression
pre�xedwith ' evaluatesto a quotedS-expression,a #' expression
becomesa quotedsyntaxobjectthatalsoincludeslexical informa-
tion. Similarly, thequasisyntaxoperator#` andunsyntaxoperator
#, behave for syntaxobjectslike thequasiquoteandunquoteoper-
atorsfor S-expressions,respectively.

The useof arbitrarycomputationsin the resultexpressionallows
macrosto expanddifferentlybasedon theresultsof actualcompu-
tations:

(define-syntax swap
(lambda (stx)

(syntax-case stx ()
[(swap a b)

(if (and (identifier? #'a)
(identifier? #'b))

#'(let ([tmp b])
(set! b a)
(set! a tmp))

(raise-syntax-error
'swap "expects identifiers"
stx))])))

In this example,if swap is not given identi�ers asarguments,the
raise-syntax-error functionusesthelexical informationin the
stx syntaxobjectto highlight the original swap expressionin the
user'scode.

Conditionalmatchingcanalsobe achieved usingpatternguards,
which caninspecta matchedexpressionanddeterminewhetherto
accepta match:

(define-syntax swap
(lambda (stx)

(syntax-case stx ()
[(swap a b)

(and (identifier? #'a)
(identifier? #'b))

#'(let ([tmp b])
(set! b a)
(set! a tmp))])))

Thepatternguardis anew expression,insertedbetweenthepattern
andthe resultexpressions.A guardedmatchonly succeedsif its
guarddoesnot evaluateto false; when a guardfails, the pattern
matcherfalls throughto attemptthenext patternin thelist.

6 Macrosfor Inter preters

In this section,we presenta generaltechniquefor specializingem-
beddedinterpreterswith macros,and explain how we apply this
techniqueto thethreeembeddedlanguagesdescribedin Section3.



Thetechniquecanbesummarizedin thefollowing steps:

1. Write the interpretercompositionallyasa moduleof library
functions.

2. Replacetheinterpreter'smainfunctionwith a macrothatun-
folds thecasedispatchon the input (theembeddedprogram)
whenit is known statically.

3. Default to theoriginal functionwhenthe input is not known
atcompiletime.

Writing theinterpreterscompositionallyservestwo purposes.First,
by delegatingtheinterpretationof theprogramconstructsthatmake
up an embeddedprogramto separatefunctions,it becomespossi-
ble to sharecodebetweenthe original interpreterand the macro
that replacesit. This effectively limits the macro's responsibility
to a simpledispatch.Second,compositionalitymakesit easierto
guaranteethatunfoldingterminates,sincetherecursivemacrocalls
alwaysoperateonsmallerterms.

6.1 Format Strings

Theimplementationof astringformatterinvolvesanumberof sim-
ple library functionsto convert eachpossibletype of argumentto
strings. Eachformatting tag correspondsto one of thesecombi-
nators. For example, the "˜c" tag correspondsto a combinator,
format/char , whichacceptsacharacterandconvertsit to astring,
the "˜x" tagcorrespondsto format/hex , which convertsintegers
to their hexadecimalrepresentation,andso forth. The string for-
matterthen simply dispatchesto thesecombinatorsbasedon the
contentof theformattingstring:

(define (format s . args)
(cond

[(string=? s "") ""]
[(string=? (substring s 0 2) "˜c")

(string-append (format/char (car args))
(apply format

(substring s 2)
(cdr args)))]

etc: ))

The interpreteracceptsthe formattingstring s and,basedon for-
matting tagslike "˜c" that it �nds, decomposesthe string into a
seriesof applicationsof thecorrespondingcombinatorsto succes-
sive argumentsof format (representedby args ). It reassembles
thetransformedpieceswith thestandardstring-append function.

In orderto specializethe format interpreter, we replaceit with a
macrothatre-usesits associatedcombinators:

(define (format/dynamic s . args)
as before )

(define-syntax format
(lambda (stx)

(syntax-case stx ()
[(format s-exp a1 a2 ...)

(string? (syntax-object->datum #'s-exp))
(let ([s (syntax-object->datum #'s-exp)])

(cond
[(string=? s "") #'""]
[(string=? (substring s 0 2) "˜c")

#`(string-append
(format/char a1)
(format #,(substring s 2) a2 ...))]

etc: ))]
[(format s-exp a1 a2 ...)

#'(format/dynamic s-exp a1 a2 ...)]
[format

(identifier? #'format)
#'format/dynamic])))

Thepartialevaluationworksby unfoldingtheinterpreter'stop-level
casedispatchon theprogramtext. Ratherthandelayingtheinspec-
tion of thestringto runtime,themacroprecomputestheresultof the
decompositionstaticallywhenever the string is given asa literal.
We canidentify literal stringsthroughthe useof a patternguard.
More precisely, the macrocan inspectthe syntaxobject s-exp ,
correspondingto format 's �rst argument,anddeterminewhether
it canbeconvertedto a stringvia syntax-object->datum . When
theconversionsucceeds,thepatternguardallows thematchto suc-
ceed,andpartialevaluationproceeds.

After the macroexpansion,the resultingprogramtext consistsof
theapplicationof string-append to thecalls to the library func-
tions,with no referencesto theinterpreter:

(format "˜c = 0x˜x" c n)
) (string-append (format/char c)

" = 0x"
(format/hex n))

In orderfor the replacementof theoriginal functionwith a macro
to be unobservable,the macromustbehave exactly like the origi-
nal functionin all contexts. Whenformat is appliedto a dynamic
formattingstring,themacrodefaultsto theoriginal functionalim-
plementation.Similarly, whenformat is passedasanargumentto
a higher-orderfunction,we usethe techniqueof identi�er macros
to referto theoriginal function.4

6.2 Regular Expressions

One of PLT Scheme's regular expressionenginesusesthe two-
continuationmodel of backtracking[1]. A regular expression
“matcher” is representedasa function that acceptsa successcon-
tinuationanda failure continuation.Whena matchersucceedsin
matchingits input,it appliesits successcontinuationto theaccepted
input,andwhenit fails to match,it invokesits failurecontinuation.
This allows the interpretationof thealternationoperator“ | ” to try
eachalternatepatternsequentially:an alternationmatchertries to
matchits �rst patternwith a failurecontinuationto try thesecond
pattern.Thusif the�rst patternfails,thematcherinvokesthefailure
continuation,which triesthesecondpattern.Otherwise,thefailure
continuationis disregardedandthematcherappliesits successcon-
tinuation,which skipsthe secondpatternandreturnsthe resultof
the�rst match.

Eachof theregularexpressionconstructionscorrespondsto a func-
tional combinatorthat producesa matcher. Thesecombinators
can expressthe standardoperatorsof regular expressions: suc-
cess,failure,alternation,concatenation,andrepetition(i.e.,Kleene
star). There is also a submatch combinatorfor the parenthe-
sizedsubpatternsin the original regular expression.A successful
regexp-match returnsa list with the entire matchedstring fol-
lowedby eachsubmatchcorrespondingto a parenthesizedsubpat-
tern.Any subpatternthatdoesnotmatchcorrespondsto anentryof
false(#f ) in the result list. For example,the following successful

4Thecaseof set! is notcritical since,in PLT Scheme,imported
modulereferencescannotbethetargetof anassignment.



matchcontainsa failedsubmatch:

(regexp-match "a((b)|(c))" "ac")
! (list "ac" "c" #f "c")

Regardlessof thecontentsof thesecondargument,thereis always
exactly oneelementin the result list for eachparenthesizedsub-
patternin the regular expression.The submatch operatoraccom-
plishesthis by wrappinga given matcherwith continuationsthat
addeither the resultof a successfulmatchor falseto a list of in-
dexedsubmatchesaccumulatedduringthematch.Theinitial (suc-
cess)continuationfor regexp-match sortstheaccumulatedlist of
indexed submatches,addingfalseentriesfor all submatchesthat
werenever reachedbecauseof backtracking.

Partial evaluationof the regular expressionlibrary works by un-
folding thede�nitions of thecombinatorsaswell asthecontentsof
the initial continuation.Eachapplicationof a combinatorgetsre-
placedby anapplicationof a copy of thebodyof thecombinator's
de�nition.5 Therecursive codethatconstructstheresultlist in the
successcontinuationgetsexpandedinto an explicit chainof cons
expressions:

(regexp-match "a((b)|(c))" input)
) ((build-matcher input)

(lambda (subs)
(cons (lookup subs 0)

(cons (lookup subs 1)
(cons (lookup subs 2)

(cons (lookup subs 3) null)))))
(lambda () #f))

Sincethe size of the result list is known, it is possibleto unfold
recursivede�nitions, suchastheinitial continuationthatconstructs
thematchresult,to make thestructureof theresultexplicit.

Finally, in thecaseswheretheembeddedprogramisnotknownstat-
ically, or whenregexp-match is usedin non-applicationcontexts,
themacroexpandsto theoriginal functionalde�nition.

6.3 SchemeQL

TheSchemeQLlanguagediffersfrom theotherexamplesin thatits
programsarenot embeddedasstringsbut ratherasspecialforms
recognizedby a library of macros. This meansthat for queries
that selectfrom a �x ed setof columns,the lengthof cursorrows
is always known statically; the column namesare speci�ed as a
sequenceof identi�ers in thesyntaxof thequeryform.

Just as the interpretersfor the string-basedembeddedprograms
perform a casedispatchon the contentsof programstrings, the
SchemeQLmacrosdispatchon theshapeof thequeryexpressions.
The caseswherepartial evaluationis possiblecanbe capturedby
insertingadditionalrulesinto theoriginal library'smacros.

Partialevaluationof SchemeQLqueriesusesthesametechniqueas
for the regularexpressionlibrary: the recursive function that con-
structsa cursorrow is unfoldedinto anexplicit chainof cons ex-
pressions.Sincewe know the lengthof the cursorrow statically,
theunfoldingis guaranteedto terminate.

5It is convenientto de�ne the Kleenestaroperatorrecursively
by p� = (pp� )je. However, this non-compositionalde�nition leads
to an in�nite macroexpansion,so the macromustcarefully avoid
unfoldingsucha de�nition.

SincetheSchemeQLlibrary is implementedasmacros,thereis no
needto capturethe caseswherethe queryforms areusedin non-
applicationcontexts. Adding specialcasesto the existing macro
doesnot affect its setof allowablecontexts. Similarly, the cases
wheretherow lengthis notknown staticallyarealreadyhandledby
theexistingSchemeQLmacros.

7 Static Analysis for Scheme

MrFlow's value �o w analysisis an extensionof an ordinaryset-
basedclosureanalysislikePalsberg's [22]. For everyexpressionin
a program,MrFlow staticallycomputesa conservative approxima-
tion of thesetof valuesto which the expressionmight evaluateat
runtime. Froma givenexpressionit createsa graphthatsimulates
the �o w of valuesinside the expression. The analysissimulates
evaluationby propagatingabstractvaluesin this graphuntil reach-
ing a �x edpoint. Fromthesetof abstractvaluesthatpropagateto
a givennode,theanalysisreconstructsa typethatis thendisplayed
to theuserthroughDrScheme's graphicalinterface.

Extensionsto the basicanalysisinclude,amongother things: an-
alyzing functionsthat cantake any numberof arguments,analyz-
ing assignmentsto variables(set! ), andanalyzinggenerative data
structurede�nitions. MrFlow alsosupportsall the primitivesde-
�ned in R5RS [17]. The vastmajority of theseprimitivesarede-
�ned usinga special,type-like languageembeddedinsidethe an-
alyzer. For a givenprimitive, the correspondingtype translatesto
a graphthat simulatesthe primitive's internal�o ws. The analysis
thenproceedsjust likefor any otherexpression.Thefew remaining
primitivesneedspecialhandlingbecauseof their imperative nature
(set-car! or vector-fill! ) andareanalyzedin anad-hocman-
ner.

By default, MrFlow analyzesthe format primitive basedon the
following pseudo-typedescription:

(string top *-> string)

The* in the*-> constructormeansthat theprimitive is a function
that can take any numberof argumentsas input beyond the ones
explicitly speci�ed. In the presentcase,the functionmustreceive
astringasits �rst argument,followedby any numberof arguments
of any type (representedby the pseudo-typetop ), and returnsa
string.Givensuchadescription,theonly errorsMrFlow detectsare
whenthe primitive is given somethingother thana string as �rst
argument,or if it is givennoargumentatall.

After partial evaluation,the applicationof format is replacedby
calls to its individual library functionssuchas format/char and
format/hex . Thesefunctionshave respectively thepseudo-types

(char -> string)

and

(integer -> string)

Usingthismorepreciseinformation,MrFlow candetectarguments
to theoriginal format call thathave thewrongtype.Checkingthat
the format primitive receives the right numberof argumentsfor
a given formattingstringhappensduringpartialevaluation,so the
analyzerneverseesarity errorsin theexpandedcode.

Since DrScheme's syntaxobject systemkeepstrack of program
termsthroughthe macroexpansions[11], MrFlow is thenableto
tracedetectederrorsbackto theoriginal guilty termsin theuser's



programand�ag themgraphically. Arrows representingthe �o w
of valuescanalsobedisplayedinteractively in termsof theoriginal
program,allowing the userto track in the programthe sourcesof
thevaluesthattriggeredtheerrors.In essence,theonly requirement
for MrFlow to analyzethepartially evaluatedcodeof format is to
specifythepseudo-typesfor thelibrary functionsintroducedby the
transformations,like format/char 6.

Similarly, it is enoughto de�ne pseudo-typesfor the functions
usedin thepartially evaluatedform of SchemeQL's query to have
MrFlow automaticallycomputepreciseresultswithout any further
modi�cations.

Thepartialevaluationfor regularexpressionsis morechallenging.
Considertheexamplefrom Section1:

(let ([r (regexp-match
"http://([a-z.]*)/([a-z]*)/" line)])

(if r
(process-url (third r) (dispatch (second r)))
(log-error)))

After thecall to regexp-match , thevariabler canbeeithera list
of threeelementsor false. Basedon its conservative pseudo-type
speci�cation for regexp-match , MrFlow computesthat r canbe
eithera list of unknown lengthor false. This in turn triggerstwo
errorsfor eachof thesecond andthird primitives: oneerrorbe-
causetheprimitivemightbeappliedto falsewhenit expectedalist,
andoneerrorbecauseit mightbeappliedto a list thatis tooshort.

Thesecondkind of falsepositivescanberemovedby partiallyeval-
uatingregexp-match to make thestructureof theresultmoreex-
plicit to MrFlow, as describedin Section6.2. The analysisthen
determinesthat theprimitive returnseithera list of threeelements
or falseandin turn checksthatsecond andthird areappliedto a
list with enoughelements.

Still, the possiblereturn valuesof regexp-match may contain
false.Indeed,falsewill bethevaluereturnedat runtimeif the line
givento regexp-match doesnot matchthepattern.Theprogram-
mer hasto test for sucha condition explicitly beforeprocessing
theresultany further. Theonly wayfor MrFlow not to show afalse
positivefor second andthird , becauseof thepresenceof thisfalse
value,is to make theanalysisawareof thedependency betweenthe
testof r andthe two branchesof the if -expression.This form of
�o w-sensitive analysisfor if -expressionsis dif�cult to implement
in generalsincethereis noboundto thecomplexity of thetestedex-
pression.In practice,however, anappreciableproportionof these
testsaresimpleenoughthatanad-hocsolutionis suf�cient.

In thecasewherethetestis simplyavariablereferenceit is enough
to createtwo correspondingghostvariables,one for eachbranch
of the if , establish�ltering �ows betweenthe variabler andthe
two ghostvariables,andmake sureeachghostvariablebindsthe
r variablereferencesin its respective branchof the if -expression.
The�ltering �o wspreventthefalseabstractvaluefrom �o wing into
thethenbranchof theif -expressionandpreventeverythingbut the
falsevaluefrom �o wing into theelsebranch.Only thecombination
of this�o w sensitivity for if -expressionswith thepartialevaluation
of regexp-match givesanalysisresultswith no falsepositives.

6Specifyingsuchpseudo-typeswill not evenbenecessaryonce
MrFlow knows how to analyzePLT Schemecontracts.This is the
subjectof a forthcomingpaper.

Once �o w-sensitive analysis of if -expressionsis added and
pseudo-typedescriptionsof the necessaryprimitivesareprovided
to the analysis,partial evaluationmakesall the falsepositivesde-
scribedin Section3 disappear, aswe illustratein thenext section.

8 Impr ovementof Static Analysis

Partially evaluating format eliminatesthe possibility of runtime
arity errors,sincethe macrotransformationscan statically check
suchinvariants. It also allows MrFlow to detecttype errorsthat
it couldnot detectbefore,sincethecorrespondinginvariantswere
describedonly in the embeddedformatting language. Thesein-
variantsare now explicit at the Schemelevel in the transformed
programthroughthe useof simplerprimitives like format/char
or format/integer . Figure5 shows thesameprogramasin Fig-
ure2, but afterapplyingpartial evaluation. The format primitive
is now blamedfor two typeerrorsthatbeforecouldbefoundonly
at runtime.Theerrormessagesshow that theusersimply gave the
argumentsn andc in thewrongorder.

Similarly, specializingthe regular expressionenginewith respect
to a patterneliminatesfalsepositives. The length of the list re-
turnedby regexp-match cannotbedirectlycomputedby theanal-
ysis sincethat informationis hiddeninsidethe regular expression
pattern.As a result,theapplicationsof second andthird in Fig-
ure3 are�agged aspotentialruntimeerrors(we have omittedthe
fairly large error messagesfrom the �gure). After specialization,
thestructureof thevaluereturnedby regexp-match is exposedto
theanalysisandMrFlow canthenprove that if regexp-match re-
turnsa list, it mustcontainthreeelements.The falsepositivesfor
second andthird disappearin Figure6.

Of course,regexp-match canalsoreturnfalseat runtime,andthe
analysiscorrectlypredictsthis regardlessof whetherpartial eval-
uation is usedor not. Adding �o w sensitivity for if -expressions
asdescribedin Section7 removestheselastspuriouserrorsin Fig-
ure6.

Partial evaluationnow allows the preciseanalysisof SchemeQL
queriesaswell. Figure7 shows the preciseanalysisof the same
programasin Figure4, this time afterpartial evaluation. As with
regexp-match , theanalysispreviouslycomputedthatcursor-car
could returna list of any length,andtherefore�agged the call to
third asapotentialruntimeerror. Thiscall is now freeof spurious
errorssincethe partial evaluationexposesenoughstructureof the
list returnedby cursor-car that MrFlow can computeits exact
lengthandverify thatthird cannotfail at runtime.

While the resultscomputedby the analysisbecomemoreprecise,
partially evaluatingthe interpretersfor any of the threeembedded
languagesweusein thispaperresultsin codethatis biggerthanthe
originalprogram.Biggercodein turnmeansthatanalyseswill take
moretimetocomplete.Thereis thereforeatrade-off betweenpreci-
sionandef�ciency of theanalyses.We intendto turn thattrade-off
into a useroption in MrFlow. The usermight also exercisefull
controloverwhichembeddedlanguagesarepartiallyevaluatedand
whereby usingeitherthe functionalor macroversionsof the em-
beddedlanguages'interpreters,switchingbetweenthetwo through
thejudicioususeof amodulesystem,for example[11].

Notethatpartialevaluationdoesnot alwaysbene�t all analyses.In
the regexp-match examplefrom Figure6, spuriouserrorsdisap-
pearbecauseMrFlow hasbeenable to prove that the list r is of
length threeandthereforethat applyingthe primitivessecond or



Figure 5. Preciseanalysisof the format primiti ve.

Figure 6. Preciseanalysisof regexp-match .

Figure 7. Preciseanalysisof a SchemeQLquery.



third to r cannotfail. If theanalysiswerea Hindley-Milner-like
type system,though,no differencewould be seenwhetherpartial
evaluationwereusedor not. Indeed,while suchatypesystemcould
staticallyprove that the argumentsgiven to second or third are
lists, is wouldnotattemptto provethatthey arelistsof therequired
lengthandaruntimetestwouldstill berequired.Usingpartialeval-
uationto exposesucha propertyto theanalysiswould thereforebe
useless.Simply put, makinginvariantsfrom embeddedprograms
explicit in the host languageonly mattersif the systemanalyzing
thehostlanguagecaresaboutthoseinvariants.

This doesnot meanpartialevaluationis alwaysuselesswhenused
in conjunctionwith a Hindley-Milner type system,though. Par-
tially evaluatingformat , for example,wouldallow thetypesystem
to verify that the formattingstringagreeswith the typesof the re-
mainingarguments.This is in contrastto thead-hocsolutionused
in OCaml [19] to type checkthe printf primitive, or the useof
dependenttypesin thecaseof Cayenne[4].

9 RelatedWork

Ourwork is analogousto designingtype-safeembeddedlanguages
suchas the one for printf [21, 4]. Both problemsinvolve de-
termining static information aboutprogramsbasedon the values
of embeddedprograms. In somecases,designersof typed lan-
guagessimply extendthehostlanguageto includespeci�c embed-
dedlanguages.TheOCamllanguage,for example,containsa spe-
cial library for printf [19] andusesof printf aretype-checked
in an ad-hocmanner. Similarly, the GCC compilerfor the C lan-
guageusesad-hoccheckingto �nd errorsin printf formatstrings.
Danvy [7] andHinze [14] suggestimplementationsof printf in
ML andHaskell, respectively, thatobviate theneedfor dependent
typesby recastingthe library in termsof individual combinators.
In our system,thoseindividual combinatorsareautomaticallyin-
troducedduringmacroexpansion.TheC++ language[26] likewise
avoids theproblemof checkinginvariantsfor printf by breaking
its functionality into smalleroperationsthatdo not requiretheuse
of anembeddedformattinglanguage.

A work morecloselyrelatedto oursis the Cayennelanguage[4].
Augustssonusesa form of partial evaluationto specializedepen-
denttypesinto regularHaskell-like typesthatcanthenbeusedby
the type systemto checkthe user's program. Our macrosystem
usesmacro-expansiontime computationto specializeexpressions
sothatthesubsequent�o w analysiscancomputeprecisevalue�o w
results.Augustsson'sdependenttypesystemusescomputationper-
formedat type-checkingtime to specializedependenttypessothat
therestof thetypecheckingcancomputeprecisetypeinformation.
The specializationis donein his systemthroughthe useof type-
computingfunctionsthatarespeci�edby theuserandevaluatedby
thetypesystem.

Themaindifferenceis thathis systemis usedto computespecial-
ized typesandverify that the programis safe. Oncethe original
programhasbeentypedit is just compiledas-iswith type check-
ing turnedoff. Thismeansthatin thecaseof format , for example,
theformattingstringis processedtwice: onceattypecheckingtime
to prove the safetyof the program,andonceagain at run time to
computetheactualresult. Our systemis usedto computespecial-
ized expressions.This meansthat the evaluationof the format 's
stringneedsto bedoneonly once.Oncespecialized,thesamepro-
gramcaneitherberunor analyzedto prove its safety. In bothcases
the formatstringwill not have to be reprocessedsinceit hasbeen
completelyreplacedby morespecializedcode.

Anotherdifferenceis thatin our system,non-specializedprograms
arestill valid programsthatcanbeanalyzed,provedsafe,andrun
(thoughthe result of the analysiswill probablybe more conser-
vative than when analyzingthe correspondingpartially evaluated
program,so proving safetymight be more dif�cult). This is not
possiblein Cayennesinceprogramswith dependenttypescannot
berunwithoutgoingthroughthepartialevaluationphase�rst.

Much work has gone into optimizationof embeddedlanguages.
Hudak[15], Elliott et al [8], Backhouse[5], Christensen[6], and
Veldhuizen[27] all discusstheuseof partialevaluationto improve
the ef�ciency of embeddedlanguages,althoughnonemakes the
connectionbetweenpartialevaluationandstaticanalysis.In Back-
house's thesishediscussestheneedto improve errorcheckingfor
embeddedlanguages,but heerroneouslyconcludesthat “syntactic
analysescannotbe useddue to the embeddednatureof domain-
speci�c embeddedlanguages.”

The Lisp programminglanguage([25], Section8.4) provides for
“compiler macros”that programmerscanuseto createoptimized
versionsof existing functions.Thecompileris not requiredto use
them, though. To our knowledge, thereis no literatureshowing
how to usethesecompilermacrosto improve the resultsof static
analyses.Lisp alsohassupportfor inlining functions,whichmight
helpmonovariantanalysesby duplicatingthecodeof a functionat
all its call sites,therebysimulatingpolyvariantanalyses.

Bigloo [23] is a Schemecompiler that routinely implementsem-
beddedlanguagesvia macrosandthusprobablyprovidessomeof
thebene�ts presentedin this paperto thecompiler's internalanal-
yses.Thecompilerhasa switchto “enableoptimizationby macro
expansion,” thoughtheredoesnotseemto beany documentationor
literaturedescribingtheexacteffect of usingthatswitch.

10 Conclusion

Programsin embeddedlanguagescontaininvariantsthatarenotau-
tomaticallyenforcedby their host language.We have shown that
using macrosto partially evaluateinterpretersof little languages
embeddedin Schemewith respectto their input programscanre-
capturetheseinvariantsandconvey themto a �o w analysis. Be-
causeit is basedon macros,this techniquedoesnot requireany
ad-hocmodi�cation of either interpretersor analysesand is thus
readily available to programmers.This makes it a sweetspot in
the programmingcomplexity versusprecisionlandscapeof pro-
gramanalysis. We intend to investigate the relationshipbetween
macrosandotherprogramanalysesin a similar manner.
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