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Abstract

Programsn embeddedanguagesontaininvariantsthatarenotau-
tomaticallydetectedr enforcedby their hostlanguage.We shav
how to usemacrodo easilyimplementpartialevaluationof embed-
dedinterpretersn orderto captureinvariantsencodedn embedded
programsand renderthem explicit in the termsof their hostlan-
guage. We demonstratehe effectivenessof this techniquein im-
proving theresultsof avalue o w analysis.
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1 Onelanguage,Many Languages

Every practical programminglanguagecontainssmall program-
ming languages For example,C's printf  [18] supportsa string-
basedbutputformattinglanguageandJava [3] supportsa declara-
tive sub-languagéor laying out GUI elementsn a window. PLT

Schemd9] offersatleast ve suchlanguagesonefor formatting
consoleoutput;two for regularexpressionmatching;onefor send-
ing queriesto a SQL sener; andonefor laying outHTML pages.
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In mary casesthoughnot always, programsin theseembedded
special-purposprogrammindanguagesireencodedisstrings.Li-
braryfunctionsconsumehesestringsandinterpretthem. Oftenthe
interpretersconsumeadditionalarguments,which they useasin-
putsto thelittle programs.

Take alook atthis expressiorin PLT Scheme:

(regexp-match  "http://([a-z.]*)/([a-z]*)/" line)
The function regexp-match  is an interpreter for the regular ex-
pressiorlanguagelt consumes$wo agumentsastringin theregu-
lar expressioanguagewhichwe considera programandanother
string, which is that programs input. A typical uselookslike the
exampleabove. The rst stringis actuallyspeci ed atthe call site,
while thesecondstringis oftengivenby avariableor anexpression
thatreadsfrom aninput port. Theinterpreterattemptgo matchthe
regularexpressiorandthe secondstring.

In PLT Schemethe regular expressionlanguageallows program-
mersto specifysubpatterngia parenthesesOur runningexample
containstwo suchsubepressions:([a-z.]*) and(fa-z]*) . If
theregularexpressioninterpreteifails to matchthe regularexpres-
sionandthe string, it producedalse(#f ); otherwiseit producesa
list with n+ 1 elementsthe rst onefor theoverallmatchplusone
persubepressionSayline standgfor

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

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

(list  "http://aaa.bbb.edu/zzz/"
"aaa.bbb.edu”
"727")

The restof the Schemeprogramextractsthe piecesfrom this list
andcomputeswith them.

Theregexp-match  expressionabove is a simpli ed excerptfrom
the PLT Web Sener[12]. Hereis aslightly largerfragment:

(let  ([r
(it r

(process-url (third 1)
(log-error line)))

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

(dispatch  (second 1))

Noticehow thethen-clausef theif -expressiorextractsthesecond



andthird elementfromr withoutany checkso con rm thelength
of thelist. After all, the programmeiknows thatif r is not false,
thenit is alist of threeelements.The embeddegrogramsaysso;
it is aregularexpressiorandcontaingwo subepressions.

Unfortunately the static analysistools for PLT Schemecannot
reasonon both levels. MrFlow [20], a static dehugger uses
a constraint-basednalysis[22], a version of set-basedanaly-
sis[2, 13, 10], to analyzethe programand discover potentialer
rors. If it nds oneit candrav a o w graphfrom the sourceof the
badvalueto thefaulty primitive operation.For thelet -expression
abore, MrFlow nds thatboth (second r) and(third 1) may
raiseruntimeerrorsbecause maynot containenoughelements.

In this paperwe shov how usingSchemeamacrosto partially eval-

uatecallsto embeddednterpretersuchasregexp-match  greatly
increaseshe precisionof the staticanalysis.Sincewe usemacros,
library designerganeasilyimplementhepartialevaluationrather
thanrelying onthe hostlanguageémplementorasthey mustfor ad-
hocsolutions.

In Section2 we give a brief overview of set-base@nalysisandMr-
Flow. In the next sectionwe explain threeexamplesof embedded
languagesand the problemsthey causefor MrFlow's static anal-
ysis. We then presentin Section4 our generalapproachto solv-
ing thoseproblems,basedon macros. An overview of the macro
systemwe useis givenin Section5. Section6 thenpresentsa gen-
eraltechniquéor translatingembeddedhterpretersnto macros.In
Section7, we explain the propertiesof the staticanalysisthat en-
ableit to nd moreresultsin partially evaluatedcode. Finally, in
Section8, we shawv how partially evaluatingSchemeprogramshat
containembeddegrogramshelpsMrFlow in our threeexamples.
Section9 presentselatedwork andwe concludein Section10.

2 Set-BasedAnalysis

To explain how theresultsof a staticanalysiscanbe improved by

using partial evaluation of embeddedanguagesye rst needto

describesuchananalysisMrFlow, a staticanalyzerfor DrScheme,
usesa set-basedialue o w analysisto computean approximation
of thevaluesthateachsubexpressiorof aprogrammightevaluateto

atruntime[22]. Theapproximationcomputedor eachexpression
is a setof abstractvaluesthat canbe displayedon demand. The

dehuggercanalsodraw arravs shaving the o w of valuesthrough

the program.

Figure 1 displays an example of analyzinga simple program.
In the box next to the term 3 is the abstractvalue for that term,
meaningthat at runtimethe term 3 might evaluateto the value 3.
Thearraw startingfrom theterm3 shows thatat runtimethe value
3 might ow into theamumentx of the functionf andfrom there
o w into the referenceto the variablex in the body of f. There
is a secondreferenceto x in f—the correspondingarrov is not
shawn in this example. In the box next to the call to the Scheme
primitive gcd is the abstractvaluefor theresultof thatcall. Since
the analysisnever triesto evaluateexpressionsit usesthe abstract
value integer to representhe result of the primitive call, if any,
which is a conserative approximatiorof the actualvaluethatthat
call might computeat runtime.

The biggestbox displaysthe type of the adjacentf -expression,
whichis theunionof theinteger abstractaluecomputedy thegcd
primitive andof the string"hello” . Arrows shav thatthe resultof

theif -expressiorcancomefrom boththethen-andelse-branches:

theanalysisdoesnot attemptto applythenumber? predicateo the
variablex, soit conseratively assumeshat both brancheof the
if -expressiormaybeevaluatedatruntime.

3 ThreeEmbeddedLanguages

We now turn to embeddedanguageswhich area usefultechnique
for establishingabstractionlayers for a particular designspace.
Functionallanguagesirewell-suitedto writing interpretergor em-

beddedanguagesin which the higherlevel embeddedanguages

implementedasa setof functionsin the generalpurposehostlan-

guageandhasaccesgo all of its featureq[15, 16, 24]. But these
abstractionsomeata costfor programanalysis.In particular tools

built to examineprogramf the hostlanguagecannotderive infor-

mationfor the programsin the embeddedanguagedecausehey

do notunderstandhe semanticof thoselanguages.

In this sectionwe demonstratehreeexamplesof practicalembed-
dedlanguagegor Schemendshaw their negative effectson static
analysis.In the rst example,propertiesof theembeddedanguage
createthe possibility of errorsthatcango undetectedby the analy-
sis.In thenext two examplesundetectegropertiedeadto analyses
thataretoo conserative, resultingin mary falsepositives;thatis,
theanalysisreportserrorsthatcannever actuallyoccur

3.1 Format Strings

ThePLT Schemdibrary providesaformat function,similarto C's

sprintf , which generates string given a format speci er anda

variablenumberof additionalaguments. The format speci er is

a string containingsomecombinationof literal text andformatting
tags.Theseagsareinterpretedalongwith 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 additionalagumentsareits

inputs.

To constructits output, the format  function requiresthe number
of extra amumentsto matchthe numberof formattags,andthese
amgumentsmustbe of the appropriatetype. Considerthe example
of displayingan ASCII characteandits encodingn hexadecimal:

(format c =0xXx" cn

In thisexample theformatspeci er, which containgheformattags
"c" and"x" andsomeliteral text, expectsto consumeexactly
two arguments. Theseargumentsmustbe a characterand an in-
teger, respectiely. An incorrectnumberof agumentsor a type
mismatchresultsin aruntimeerror.

Unfortunatelyanalysistools for Schemesuchas MrFlow have no

a priori knowledgeof the semanticof embeddedanguagesThe
analysiscannotinfer ary informationaboutthe dependenciebe-

tweenthecontentof theformatstringandtherestof thearguments
without knowledgeof the syntaxandsemanticof theformat lan-

guage.As aresultthe analysiscannotpredictcertaincateyoriesof

runtimeerrors,asshavn in Figure2. Theapplicationof format is

notunderlinedasan error, eventhoughits agumentsappeain the

wrong orderandthe analysiscorrectly computeshe typesof both

¢ andn.
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Figure 1. Analyzing a simple program with MrFlo w.

3.2 Regular Expressions

Regularexpressionsareusedin all kindsof SchemeprogramsThe
languageof regular expressiorpatternss embeddedn Schemeas
strings. A library of functionsinterpretthesestringsas programs
thatconsumedditionalagumentsasinputstringsandreturneither
alist of matchedsubpatternsr #f to indicatefailure.

Consideragain the excerptfrom the PLT Web Sener from Sec-
tion 1. Programmerknow thatif the matchsucceedsthenthe
resultlist containsexactly threeelements:the resultof the entire
match,andthe resultsof the two subpatterrmatches. Again the
analysisis unableto discover this invarianton its own. Figure3
shaws the resultsof analyzingthe samplecodewith MrFlow. The
list accessorsecond andthird areunderlinedn red becausehe
analysiscannotprovethattheiragumentsaresufciently longlists.

Programmershenmusteithergo througheachof thesefalsepos-
itivesandprove for themselesthatthe errorscannever occut or
elselearnto ignoresomeresultsof MrFlow. Neitheroptionis de-
sirable. The former createsmore work for the programmerrather
thanless;thelatteris unsafeandeasilyleadsto overlookederrors.

3.3 SchemeQL

SchemeQL[28] is an embeddedanguagefor manipulatingrela-
tional databases Scheme.Unlike the string-basedormat lan-
guage,SchemeQLprogramsconsistof specialforms directly em-
beddedinside Scheme.The SchemeQLimplementatiorprovides
a setof macrosthat recognizetheseforms and expandtheminto
Schemecode. A typical databasejueryin SchemeQLmight look
likethis:

(direct-query (name age phone) directory)

correspondingo the SQL statement
SELECT name, age, phone FROMdirectory

Theresultof executinga queryis alazy streamrepresentin@ cur
sorovertheresultsetfrom thedatabassener. Eachelemenin the
streamis alist of valuesrepresenting singlerow of theresultset.
The cursorcomputegherows by needwhena programselectshe
next sub-stream.

Programmer&now thatthe numberof elementdn eachrow of a

cursoris equalto the numberof columnsin the original request.
Ouranalysishowever, cannotdiscover this factautomatically Fig-

ure 4 shavs theresultsof ananalysisof a SchemeQLlqueryin the
contet of atrivial Schemeprogram.Theexamplequeryconsistof

exactly threecolumns,andthe codereferenceshethird elementof

the rst row. Thisoperatiorcanneverfail, buttheanalysids unable
to prove this. Instead,it conseratively computeshatrow is a list

of unknawvn length: rec-typedescribesa recursve abstractvalue,
whichin the presentases theunionof null anda pair consisting
of ary value(top) andtheabstracvalueitself, creatingaloopin the

abstractaluethatsimulatesall possibldist lengths.MrFlow there-
fore mistalenly reportsanerrorby underliningthe primitive third

in red, since,accordingto the analysisfow might have fewer than
threeelementsatruntime.

4 Macrosfor Partial Evaluation

All theembeddedanguagegresentedn the previoussectionhave
onething in common:they canencodeinvariantsthatarenot vis-
ible to ary analysisof the generalpurposdanguagen which they
areembeddedTheseinvariantscanbe exposedto analysesn two
ways:

by extendingthe analysesn anad-hocmannerfor eachem-
beddedanguagesothatthey understandts semanticsor

by partially evaluatingthe embeddednterpreterswith regard
to the embeddegrogramsto make the invariantsin the em-
beddedprogramsexplicit asinvariantsin the hostlanguage,
wheneer possible.

The rst solutionrequiresmodifying eachanalysisto supporteach
embeddedanguage. The secondsolution can simply be imple-
mentedfrom within the hostlanguagehroughthe old Lisp trick of
using “compiler macros”[25] asa light-weight partial evaluation
mechanismln the presentase jnsteadof usingpartial evaluation
to optimizeprogramdor speedwe useit to increasethe precision
of programanalyses.

While Lisp's compiler macros are different from regular Lisp
macros Schemes macrosystemis pawerful enoughthattheequiv-
alent of Lisp's compiler macroscan be implementedas regular
Schememacros. The partial evaluationof embeddednterpreters
then simply involves replacingthe libraries of functionsimple-



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
macros. This hasthe additionaladwantagethatit canbe doneby
the authorof thelibrary of functions,asopposedo the compiler's
or analyzersimplementorin the caseof ad-hocextensions.

Of course the partial evaluationof embeddednterpreterds only
possiblewhentheir input programsare known statically For ex-
ample,it is not possibleto expanda call to format  if the format-
ting string givenasits rst agumentis computedat runtime. The
programmetthereforemalkes a trade-of betweenthe precisionof
analysesand how dynamicthe codecanbe. In practice,though,
the embeddegrogramsare often speci ed staticallyin usercode.
Combinedwith the simplicity of implementingpartial evaluation
with macros,this makesfor a usefultechniquefor improving the
precisionof analysestalow cost.

In thenext two sectionswe describesomeof theimportantfeatures
of the Schemeamacrosystemandthenexplain hov we make useof
this systemto partially evaluatethe interpreterf theseembedded
languageso improve theresultsof staticanalysis.

5 Macrosin Scheme

Schemehasa powerful macrosystemfor extendingthe language
with derived expressiorformsthatcanbe rewritten asexpressions
in thecorelanguageMacrossene asa meanf syntacticabstrac-
tion. Programmersan generalizesyntacticpatternsin waysthat
arenot possiblewith functionalabstraction.This technologyalso
providesa hookinto the standarcdcompilertool chainby allowing
programmerso implementadditionalprogramtransformationde-
fore compilation.In this sectionwe describethe basicsof standard
Schememnacrosandintroduceidenti er macrosageneralizatiorof
the contextsin which macroscanbe matched.

5.1 Rule-BasedMacros

Thedefine-syntax ~ speciaform allowstheprogrammeto extend
Schemewith derived expressiorforms. Beforecompilationor exe-
cutionof aSchemeprogram all occurrencesf thesederivedforms
arereplacedwith their speci ed expansions.

The syntax-rules form speci es macro expansionsas rewrite
rules. Considerthefollowing simplemacro,which de nesashort-
circuit logical or asaderivedform:

(define-syntax or
(syntax-rules 0
[(or el e2)

(let  (tmp e1])
(if tmp tmp e2))])

Themacrode nesasinglerewrite rule, consistingof a patternand
atemplate The patternmatchegheor keyword in operatomposi-
tion followed by two patternvariablesel ande2, eachmatching
an arbitrary subexpressionin argumentposition. The templatedi-

rectsthe macroexpansionto replaceoccurrence®f the matched
patternwith alet -expressiorconstructedrom thematchedsubex-

pressions.

1The transformatioris not strictly speakingpartial evaluation:
thereductiongperformedy themacrosarenotexactlytheonesper
formedby the embeddednterpreters.However, the macrosshare
the techniguesandissuesof partial evaluationsincethey simulate
partsof theinterpretersandit 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. Since Schemehasa strict evaluation
semanticsa functionalor would necessarilyevaluateboth of its
amgumentseforecomputinga result. Controllingthe evaluationof
expressionss animportantuseof Schemenacros Macroscanalso
abstracbver othersyntacticformsin waysthatfunctionscannotby
expandinginto second-clasknguageconstructsuchasdefine .

5.2 Lexical Scope

Macroswritten with the standardSchemesyntax-rules mech-
anismare both hygienicand refeentially transpaent Hygienic
macroexpansionguaranteeshat binding forms inside the de ni-
tion of the macrotemplatedo not capturefree variablesin macro
amuments Considerthefollowing useof ouror macro?

(or other tmp)
) (et ({tmp 1 other])
(if  tmpy tmpq tmp))

Hygienic expansionautomaticallyrenamesghe variableboundin-
sidethe expandedmacrotemplateto avoid capturingthe free vari-
ablein themacroargument.

Referentialtransparenc complementshygiene by ensuringthat
free variablesinsidethe macrotemplatecannotbe capturecby the
context of the macrocall site. For example,if the contet thatin-
vokesor rebindstheif nametheexpansioralgorithmrenameshe
bindingin the caller's context to avoid capturingthe variableused
in thetemplatebody:

(let —(if 3]
(or if #f))
) (et ([if 1 3])
(let  (ftmp if 4])
(if  tmp tmp #f))

The combinationof hygieneandreferentialtranspareng produces
macrogthatareconsistentvith Schemes rulesof lexical scopeand
canbeinvokedarnywherein a programwithoutthe dangerof unex-
pectedvariablecapture3

5.3 Identier Macros

The syntax-rules form only matchesexpressionsn which the
macronameoccursin “applicationposition; i.e.,astheoperatoiin

anapplicationexpressionReferencefo asyntax-rules ~ macroin
othercontets resultin syntaxerrors:
(fold  or #f 1s)
)  syntaxerror
PLT Schemes syntax-id-rules form is similar to

syntax-rules but matches occurrencesof the macro key-
wordin arbitraryexpressiorcontets: in operatoiposition,operand
position,or asthetargetof anassignment.

2\We usethe corventionof representingnacroexpansiorwith a
double-arravy () ) andordinary(runtime)evaluationwith a single-
arrov (! ).

3Macroscanalsobe de ned in and exportedfrom modulesin
PLT Schemd11].



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

(define-syntax clock
(syntax-id-rules (set!)
[(set!  clock e) (set-clock! e)]
[(clock ) (make-time-stamp (get-clock) e)]
[clock  (get-clock)]))

The list of identi ers following syntax-id-rules , which was
emptyin our previous examples,now includesthe set!  identi-
er, indicatingthatset! is to betreatedasa keywordratherthana
patterrvariable.The rst rewrite rule matchesxpressionsn which
theclock nameoccursasthetargetof anassignmentThe second
rule is familiar, matchingthe macroin applicationposition.The -
nalrule matchegheidenti er clock in any context notmatchedoy
the previoustwo rules. In additionto the usualapplicationcontext,
we canusetheclock macroin anargumentposition:

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

orasaset! tamget:

(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
bindsatransformemprocedure

(define-syntax
(lambda  (stx)
etc

name

Theargumento thetransformeprocedureas asyntaxobject which
is similar to an S-expressionrepresentingjuotedcode, but which
alsoencapsulateimformationaboutthelexical contet of thecode,
suchas source le location and variable bindings. This context
informationis essentiain allowing DrSchemes languageoolsto
traceerrorsandbindingrelationshipsackto theoriginal sourcdo-
cationin theusers codewhereamacrois invoked. Becausesyntax
objectsareso similar to quoteddata,the standardibrary includes
thesyntax-object->datum procedurewhich stripsthelexical in-
formationfrom asyntaxobjectandreturnsts correspondinglatum.
For example thedatumcorrespondingo a syntaxobjectrepresent-
ing a literal numberis its numericvalue,the datumcorresponding
to anidenti er is a symbolrepresentinghe identi er's name,and
soon.

A syntax transformerprocedureacceptsas its argumenta syn-
tax object representingthe expressionthat invoked the macro,
and producesa nen syntax object, which the macro expansion
algorithm usesto replacethe original expression. All Scheme
macrosare syntaxtransformersalthoughthe syntax-rules and
syntax-id-rules formsdo notusethelambda notation,they are
themseles implementedas macrosthat expandto syntaxtrans-
formerprocedures.

The syntax-case  facility allows the constructionof macroswith
patternmatching,aswith syntax-rules and syntax-id-rules ,
but with arbitrary expressionsn placeof templatesfor the result
expressionsFor example theaboreor macrowouldbede nedas:

(define-syntax or
(lambda  (stx)
(syntax-case  stx ()
[(or el e2)
#(et  (tmp el
(it tmp tmp e2))]))

The macrois almostthe sameas before,but for two re nements.
First, the syntax-case ~ form takes the agumentstx explicitly,

whereasyntax-rules implicitly de nesatransformeiprocedure
and operateson the procedureargument. Second,the result ex-

pressionis pre xed by the syntax-quoting#' operator which is

analogougo Schemes quote operator . Whereasan expression
pre xedwith ' evaluatego a quotedS-expressiona# expression
becomes quotedsyntaxobjectthatalsoincludeslexical informa-

tion. Similarly, the quasisyntaoperator andunsyntaxoperator
#, behaefor syntaxobjectslik e the quasiquotendunquoteoper

atorsfor S-expressionstespectiely.

The useof arbitrary computationsn the resultexpressionallows
macrosto expanddifferently basedon the resultsof 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

st)))

In this example,if swap is not givenidenti ers asarguments the
raise-syntax-error functionusesthe lexical informationin the
stx syntaxobjectto highlight the original swap expressionin the
userscode.

identifiers"

Conditionalmatchingcan also be achiezed using pattern guards,
which caninspecta matchedexpressionanddeterminewhetherto
acceptamatch:

(define-syntax swap
(lambda  (stx)
(syntax-case  stx ()

[(swap a b)

(and (identifier? #a)
(identifier? #D))

#(et  (tmp b))
(set! b a)
(sett a tmp))))

Thepatternguardis a new expressionjnsertecbetweerthe pattern
andthe resultexpressions.A guardedmatchonly succeedsf its
guarddoesnot evaluateto false; when a guardfails, the pattern
matcheffalls throughto attemptthe next patternin thelist.

6 Macrosfor Inter preters
In this section,we presenta generakechniquefor specializingem-

beddedinterpreterswith macros,and explain hov we apply this
techniqueto thethreeembeddedanguagesiescribedn Section3.



Thetechniquecanbe summarizedn thefollowing steps:

1. Write the interpretercompositionallyas a moduleof library
functions.

2. Replacetheinterpreters mainfunctionwith a macrothatun-
folds the casedispatchon the input (the embeddegrogram)
whenit is known statically

3. Default to the original function whenthe input is not known
atcompiletime.

Writing theinterpretercompositionallysenestwo purposesFirst,

by delegatingtheinterpretatiorof theprogramconstructshatmake

up an embeddedrogramto separatdunctions,it becomegossi-
ble to sharecode betweenthe original interpreterand the macro
thatreplacest. This effectively limits the macros responsibility
to a simpledispatch. Second compositionalitymakesit easierto

guarante¢hatunfoldingterminatessincetherecursve macrocalls
alwaysoperateon smallerterms.

6.1 Format Strings

Theimplementatiorof a stringformatterinvolvesa numberof sim-
ple library functionsto corvert eachpossibletype of agumentto
strings. Eachformatting tag correspondgo one of thesecombi-
nators. For example,the "c" tag correspondso a combinator
format/char , whichaccepts characteandcorvertsit to astring,
the™x" tagcorrespondso formatthex , which corvertsintegers
to their hexadecimalrepresentationand so forth. The string for-
matterthen simply dispatchedo thesecombinatorshasedon the
contentof theformattingstring:

(define  (format s . args)
(cond
[(strlng:f) S llll) |ll|]
[(string=? (substring s 02 "c"
(string-append (format/char (car args))
(apply  format

(substring s 2)

(cdr args)))]
etc ))

The interpreteracceptghe formatting string s and, basedon for-
mattingtagslike "¢" thatit nds, decomposeghe stringinto a
seriesof applicationsof the correspondingombinatorgo succes-
sive argumentsof format  (representedby args ). It reassembles
thetransformedieceswith thestandardtring-append  function.

In orderto specializethe format  interpretey we replaceit with a
macrothatre-usests associatedombinators:

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

(define-syntax
(lambda  (stx)
(syntax-case  stx ()

format

[(format s-exp al a2 ..)
(string?  (syntax-object->datum #'s-exp))
(let  ([s (syntax-object->datum #s-exp)])
(cond
[(string=? s "™ #M
[(string="? (substring s 02 "¢
# (string-append
(format/char al)
(format  #,(substring s 2) a2 ..))]

etc ))]
[(format s-exp al a2 ..)
#'(format/dynamic sexp al a2 ..)]

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

Thepartialevaluationworksby unfoldingtheinterpreterstop-level

caseadispatchontheprogramtext. Ratherthandelayingtheinspec-
tion of thestringto runtime themacroprecomputetheresultof the
decompositiorstatically wheneer the string is given asa literal.

We canidentify literal stringsthroughthe useof a patternguard.
More precisely the macro can inspectthe syntaxobject s-exp ,

correspondingdo format 's rst agument,and determinewhether
it canbe corvertedto a string via syntax-object->datum . When
thecorversionsucceedghe patternguardallows the matchto suc-
ceed,andpartialevaluationproceeds.

After the macroexpansion,the resultingprogramtext consistsof
the applicationof string-append  to the callsto thelibrary func-
tions,with noreferenceso theinterpreter:

(format c =0xXx" ¢ n)
) (string-append (format/char C)
"= O
(format/hex n))

In orderfor the replacemenof the original function with a macro
to be unobserable,the macromustbehae exactly lik e the origi-

nal functionin all contexts. Whenformat is appliedto a dynamic
formattingstring, the macrodefaultsto the original functionalim-

plementationSimilarly, whenformat is passedisanargumentto

a higherorderfunction, we usethe techniqueof identi er macros
to referto theoriginal function?

6.2 Regular Expressions

One of PLT Schemes regular expressionenginesusesthe two-
continuationmodel of backtracking[1]. A regular expression
“matcher”is represente@sa function that acceptsa successon-
tinuationanda failure continuation. Whena matchersucceedsn
matchingtsinput, it appliedts successontinuatiorto theaccepted
input,andwhenit failsto match,it invokesits failure continuation.
This allows the interpretatiorof the alternationoperator| ” to try
eachalternatepatternsequentially:an alternationmatchertries to
matchits rst patternwith a failure continuationto try the second
pattern.Thusif the rst patternfails,thematcheinvokesthefailure
continuationwhich triesthe secondoattern.Otherwise thefailure
continuations disregardedandthe matchemppliesits successon-
tinuation,which skipsthe secondpatternandreturnsthe resultof
the rst match.

Eachof theregularexpressiorconstructiongorrespondso afunc-

tional combinatorthat producesa matcher Thesecombinators
can expressthe standardoperatorsof regular expressions: suc-
cessfailure,alternationconcatenatiorandrepetition(i.e., Kleene
star). Thereis also a submatch combinatorfor the parenthe-
sizedsubpatternsn the original regular expression. A successful
regexp-match  returnsa list with the entire matchedstring fol-

lowed by eachsubmatchcorrespondingo a parenthesizedubpat-
tern. Any subpatterrthatdoesnot matchcorrespondso anentryof

false(#f ) in theresultlist. For example,the following successful

4Thecaseof set! is notcritical since,in PLT Schemeimported
modulereferencegannotbethetargetof anassignment.



matchcontainsa failedsubmatch:

"a((b)I(c))* "ac”)
c" #f "c")

(regexp-match
I (list "ac" "

Regardlessof the contentsof the secondargument thereis always
exactly one elementin the resultlist for eachparenthesizegdub-
patternin the regular expression. The submatch operatoraccom-
plishesthis by wrappinga given matcherwith continuationghat
addeitherthe resultof a successfumatchor falseto a list of in-
dexed submatcheaccumulatediuringthe match. Theinitial (suc-
cess)continuationfor regexp-match  sortsthe accumulatedist of
indexed submatchesaddingfalse entriesfor all submatcheshat
werenever reachedecausef backtracking.

Partial evaluationof the regular expressionlibrary works by un-
folding thede nitions of the combinatorsaswell asthe contentof
theinitial continuation. Eachapplicationof a combinatorgetsre-
placedby an applicationof a copy of the body of the combinators
de nition.® Therecursie codethat constructghe resultlist in the
succesgontinuationgetsexpandednto 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
(lambda () #f)

subs 3) null)))))

Sincethe size of the resultlist is known, it is possibleto unfold
recursve de nitions, suchastheinitial continuatiorthatconstructs
thematchresult,to make the structureof theresultexplicit.

Finally, in thecasesvheretheembeddegrogramis notknown stat-
ically, or whenregexp-match  is usedin non-applicatiorcontexts,
themacroexpandsto theoriginal functionalde nition.

6.3 SchemeQL

The SchemeQUanguagaliffersfrom the otherexamplesn thatits

programsare not embeddeds stringsbut ratheras specialforms
recognizedby a library of macros. This meansthat for queries
that selectfrom a x ed setof columns,the length of cursorrows

is always known statically; the column namesare speci ed as a
sequencef identi ers in the syntaxof thequeryform.

Justas the interpretersfor the string-basedembeddedorograms
perform a casedispatchon the contentsof programstrings, the
SchemeQLmacrosdispatchon the shapeof the queryexpressions.
The caseswherepartial evaluationis possiblecanbe capturedoy
insertingadditionalrulesinto the originallibrary's macros.

Partial evaluationof SchemeQlgueriesuseshe sametechniqueas
for the regular expressionibrary: the recursve function thatcon-
structsa cursorrow is unfoldedinto an explicit chainof cons ex-
pressions.Sincewe know the length of the cursorrow statically
theunfoldingis guaranteetb terminate.

51t is corvenientto de ne the Kleenestaroperatorrecursiely
by p = (pp )je. However, this non-compositionatle nition leads
to anin nite macroexpansion,so the macromustcarefully avoid
unfoldingsuchade nition.

Sincethe SchemeQllibrary is implementecasmacrosthereis no

needto capturethe casesvherethe queryforms areusedin non-

applicationcontets. Adding specialcasesto the existing macro
doesnot affect its setof allowable contets. Similarly, the cases
wheretherow lengthis notknown staticallyarealreadyhandledby

theexisting SchemeQLmacros.

7 Static Analysisfor Scheme

MrFlow's value o w analysisis an extensionof an ordinary set-
basedclosureanalysidik e Palsbeg's[22]. For every expressiorin

aprogram,MrFlow staticallycomputesa conserative approxima-
tion of the setof valuesto which the expressiomrmight evaluateat

runtime. From a given expressionit createsa graphthatsimulates
the ow of valuesinside the expression. The analysissimulates
evaluationby propagtingabstractvaluesin this graphuntil reach-
ing a x edpoint. Fromthe setof abstractvaluesthatpropagteto

agivennode,theanalysisreconstructa typethatis thendisplayed
to theuserthroughDrSchemes graphicalinterface.

Extensiongo the basicanalysisinclude,amongotherthings: an-

alyzing functionsthat cantake any numberof agumentsanalyz-
ing assignmentso variables(set! ), andanalyzinggeneratie data
structurede nitions. MrFlow also supportsall the primitivesde-

ned in R°RS[17]. The vastmajority of theseprimitivesarede-

ned usinga special,type-like languageembeddednside the an-

alyzer For a given primitive, the correspondindype translateso

a graphthat simulatesthe primitive's internal o ws. The analysis
thenproceedsgustlik e for any otherexpressionThefew remaining
primitivesneedspecialhandlingbecaus®f theirimperatve nature
(set-car!  or vector-filll ) andareanalyzedn anad-hocman-
ner

By default, MrFlow analyzesthe format
following pseudo-typelescription:

primitive basedon the

(string  top *-> string)

The* in the*-> constructomeanghatthe primitive is a function
that cantake any numberof agumentsasinput beyond the ones
explicitly speci ed. In the presenttase the function mustreceve
astringasits rst agumentfollowedby any numberof aguments
of ary type (representedby the pseudo-typdop ), andreturnsa
string. Givensuchadescriptiontheonly errorsMrFlow detectsare
whenthe primitive is given somethingotherthana string as rst
amgumentor if it is givenno argumentat all.

After partial evaluation,the applicationof format is replacedby
callsto its individual library functionssuchasformat/char  and
format/hex . Thesefunctionshave respectrely the pseudo-types

(char -> string)
and

(integer  -> string)

Usingthis morepreciseinformation,MrFlow candetectarguments
totheoriginalformat call thathave thewrongtype. Checkingthat
the format  primitive receves the right numberof agumentsfor

a given formatting string happengluring partial evaluation,so the

analyzemever seesarity errorsin theexpandectode.

Since DrSchemes syntax object systemkeepstrack of program
termsthroughthe macroexpansionq11], MrFlow is thenableto
tracedetectederrorsbackto the original guilty termsin the users



programand ag themgraphically Arrows representinghe ow
of valuescanalsobedisplayednteractiely in termsof theoriginal
program,allowing the userto trackin the programthe sourcesof
thevaluegthattriggerectheerrors.ln essenceheonly requirement
for MrFlow to analyzethe partially evaluatedcodeof format is to
specifythe pseudo-typefor thelibrary functionsintroducedby the
transformationsljk e format/char

Similarly, it is enoughto de ne pseudo-typedor the functions
usedin the partially evaluatedform of SchemeQls query to have
MrFlow automaticallycomputepreciseresultswithout ary further
modi cations.

The partial evaluationfor regular expressionss morechallenging.
Considertheexamplefrom Sectionl:

(let ([
(f r

(process-url (third 1)
(log-error)))

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

(dispatch  (second 1))

After the call to regexp-match , thevariabler canbe eithera list
of threeelementsor false. Basedon its conserative pseudo-type
speci cation for regexp-match , MrFlow computeghatr canbe
eithera list of unknown lengthor false. This in turn triggerstwo
errorsfor eachof thesecond andthird primitives: oneerrorbe-
causdheprimitive mightbeappliedto falsewhenit expectedalist,
andoneerrorbecausét might beappliedto alist thatis too short.

Thesecondkind of falsepositivescanberemoredby partially eval-
uatingregexp-match  to make the structureof the resultmoreex-
plicit to MrFlow, asdescribedn Section6.2. The analysisthen
determineghatthe primitive 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 theline
givento regexp-match  doesnot matchthe pattern. The program-
mer hasto testfor sucha condition explicitly before processing
theresultary further Theonly wayfor MrFlow notto shav afalse
positivefor second andthird , becausef thepresencef thisfalse
value,is to make theanalysisawareof thedependengcbetweerthe
testof r andthe two branchef theif -expression.This form of
0 w-sensitve analysisfor if -expressionss dif cult to implement
in generakincethereis noboundto thecompleity of thetestedex-
pression.In practice,however, an appreciablgroportionof these
testsaresimpleenoughthatanad-hocsolutionis sufcient.

In thecasewherethetestis simply avariablereferencet is enough
to createtwo correspondingghostvariables,onefor eachbranch
of theif , establishltering ows betweenthe variabler andthe
two ghostvariables,and make sureeachghostvariablebindsthe
r variablereferencesn its respectie branchof theif -expression.
The ltering o wspreventthefalseabstractaluefrom o winginto
thethenbranchof theif -expressiorandpreventeverythingbutthe
falsevaluefrom o wing into theelsebranch.Only thecombination
of this o w sensitvity for if -expressionsvith thepartialevaluation
of regexp-match  givesanalysisresultswith no falsepositives.

6specifyingsuchpseudo-typesiill notevenbenecessarpnce
MrFlow knows how to analyzePLT Schemecontracts.This s the
subjectof aforthcomingpaper

Once ow-sensitve analysis of if -expressionsis added and
pseudo-typealescriptionsof the necessaryrimitivesare provided
to the analysis,partial evaluationmakesall the falsepositivesde-
scribedin Section3 disappearaswe illustratein the next section.

8 Improvementof Static Analysis

Partially evaluatingformat eliminatesthe possibility of runtime
arity errors, sincethe macrotransformationsan statically check
suchinvariants. It also allows MrFlow to detecttype errorsthat
it could not detectbefore,sincethe correspondingnvariantswere
describedonly in the embeddedormatting language. Thesein-
variantsare now explicit at the Schemelevel in the transformed
programthroughthe useof simplerprimitiveslik e format/char

or format/integer . Figure5 shavs the sameprogramasin Fig-
ure 2, but after applying partial evaluation. The format  primitive
is now blamedfor two type errorsthatbeforecould be found only
atruntime. The errormessageshav thatthe usersimply gave the
amguments andc in thewrongorder

Similarly, specializingthe regular expressionenginewith respect
to a patterneliminatesfalse positives. The length of the list re-

turnedby regexp-match ~ cannotbedirectly computedby theanal-
ysis sincethatinformationis hiddeninsidethe regular expression
pattern.As aresult,the applicationsof second andthird in Fig-

ure 3 are agged aspotentialruntime errors(we have omittedthe

fairly large error messagefrom the gure). After specialization,
the structureof thevaluereturnedby regexp-match  is exposedto

the analysisand MrFlow canthenprove thatif regexp-match  re-

turnsa list, it mustcontainthreeelements.The falsepositivesfor

second andthird disappeam Figure6.

Of courseregexp-match  canalsoreturnfalseat runtime,andthe
analysiscorrectly predictsthis regardlessof whetherpartial eval-
uationis usedor not. Adding o w sensitvity for if -expressions
asdescribedn Section7 removesthesdastspuriouserrorsin Fig-
ure®.

Partial evaluationnow allows the preciseanalysisof SchemeQL
queriesaswell. Figure7 shows the preciseanalysisof the same
programasin Figure4, this time after partial evaluation. As with
regexp-match , theanalysigpreviously computedhatcursor-car
couldreturna list of ary length,andtherefore agged the call to
third asapotentialruntimeerror. This call is now freeof spurious
errorssincethe partial evaluationexposesenoughstructureof the
list returnedby cursor-car  that MrFlow can computeits exact
lengthandverify thatthird cannoffail atruntime.

While the resultscomputedby the analysishecomemore precise,
partially evaluatingthe interpreterdor ary of the threeembedded
languagesve usein this papemesultsin codethatis biggerthanthe
original program.Biggercodein turnmeanghatanalysewill take
moretimeto complete Thereis thereforeatrade-of betweerpreci-
sionandef ciency of theanalysesWe intendto turn thattrade-of
into a useroptionin MrFlow. The usermight also exercisefull
controloverwhichembeddedanguagesrepartially evaluatedand
whereby usingeitherthe functionalor macroversionsof the em-
beddedanguagesinterpretersswitchingbetweerthetwo through
thejudicioususeof amodulesystemfor example[11].

Notethatpartial evaluationdoesnot alwaysbene t all analysesin
theregexp-match  examplefrom Figure 6, spuriouserrorsdisap-
pearbecauseMrFlow hasbeenableto prove thatthelist r is of
lengththreeand thereforethat applying the primitivessecond or



Figure5. Preciseanalysisof the format primiti ve.

Figure 6. Preciseanalysisof regexp-match

Figure7. Preciseanalysisof a SchemeQLquery.



third tor cannotfail. If the analysiswerea Hindley-Milner-like

type system,though,no differencewould be seenwhetherpartial

evaluationwereusedor not. Indeedwhile suchatypesystencould

statically prove that the amumentsgiven to second or third are
lists, is would not attemptto prove thatthey arelists of therequired
lengthandaruntimetestwould still berequired.Usingpartialeval-

uationto exposesucha propertyto the analysiswould thereforebe

useless.Simply put, making invariantsfrom embeddegrograms
explicit in the hostlanguageonly mattersif the systemanalyzing
thehostlanguagecaresaboutthoseinvariants.

This doesnot meanpartial evaluationis alwaysuselessvhenused
in conjunctionwith a Hindley-Milner type system,though. Par

tially evaluatingformat , for example,would allow thetype system
to verify thatthe formattingstring agreeswith the typesof the re-
mainingarguments.Thisis in contrastto the ad-hocsolutionused
in OCaml[19] to type checkthe printf  primitive, or the use of

dependentypesin the caseof Cayennd4].

9 RelatedWork

Ourwork is analogougo designingtype-safeembeddedanguages
suchasthe onefor printt  [21, 4]. Both problemsinvolve de-
termining static information aboutprogramsbasedon the values
of embeddedprograms. In somecases,designersof typed lan-
guagessimply extendthe hostlanguageo includespeci ¢ embed-
dedlanguagesThe OCamllanguagefor example,containsa spe-
cial library for printf  [19] andusesof printf  aretype-checkd
in anad-hocmanner Similarly, the GCC compilerfor the C lan-
guageusesad-hoccheckingto nd errorsin printf  formatstrings.
Darvy [7] andHinze [14] suggestimplementationf printf  in
ML andHaslell, respectrely, thatobviate the needfor dependent
typesby recastingthe library in termsof individual combinators.
In our system thoseindividual combinatorsare automaticallyin-
troducedduringmacroexpansion.The C++languagg26] likewise
avoidsthe problemof checkinginvariantsfor printf by breaking
its functionality into smalleroperationghatdo not requirethe use
of anembeddedormattinglanguage.

A work morecloselyrelatedto oursis the Cayenndanguagg4].
Augustssorusesa form of partial evaluationto specializedepen-
denttypesinto regular Haslell-lik e typesthat canthenbe usedby
the type systemto checkthe users program. Our macrosystem
usesmacro-g&pansiontime computationto specializeexpressions
sothatthesubsequenb w analysiscancomputeprecisevalue o w
results.Augustssors dependentype systemusescomputatiorper
formedat type-checkingime to specializedependentypessothat
therestof thetype checkingcancomputeprecisetypeinformation.
The specializationis donein his systemthroughthe useof type-
computingfunctionsthatarespeci ed by theuserandevaluatecby
thetypesystem.

The maindifferenceis thathis systemis usedto computespecial-
ized typesandverify that the programis safe. Oncethe original
programhasbeentypedit is just compiledas-iswith type check-
ing turnedoff. This meanghatin the caseof format , for example,
theformattingstringis processedtiwice: onceattypecheckingtime
to prove the safetyof the program,andonceagain at run time to
computethe actualresult. Our systemis usedto computespecial-
ized expressions.This meansthat the evaluationof the format 's
stringneedso be doneonly once.Oncespecializedthe samepro-
gramcaneitherberun or analyzedo proveits safety In bothcases
theformatstringwill not have to bereprocessedinceit hasbeen
completelyreplacedby morespecializecdtode.

Anotherdifferenceis thatin our systemnon-specializegirograms
arestill valid programshat canbe analyzed proved safe,andrun

(thoughthe result of the analysiswill probablybe more conser

vative than when analyzingthe correspondingpartially evaluated
program,so proving safety might be more dif cult). This is not

possiblein Cayennesince programswith dependentypescannot
berunwithoutgoingthroughthe partial evaluationphaserst.

Much work hasgoneinto optimization of embeddedanguages.
Hudak[15], Elliott et al [8], Backhousg5], Christenserj6], and
Veldhuizen27] all discusshe useof partialevaluationto improve
the efciency of embeddedanguagesalthoughnone males the
connectiorbetweerpartial evaluationandstaticanalysis.In Back-
houses thesishe discusseshe needto improve error checkingfor
embeddedanguageshut he erroneouslyconcludedhat* syntactic
analysescannotbe useddue to the embeddechatureof domain-
speci c embeddedanguages.

The Lisp programminglanguage([25], Section8.4) provides for
“compiler macros”that programmersanuseto createoptimized
versionsof existing functions. The compileris not requiredto use
them, though. To our knowledge, thereis no literature shaving
how to usethesecompiler macrosto improve the resultsof static
analysesLisp alsohassupportfor inlining functions,which might
help monovariantanalysedy duplicatingthe codeof a functionat
all its call sites therebysimulatingpolyvariantanalyses.

Bigloo [23] is a Schemecompilerthat routinely implementsem-
beddedanguagewia macrosandthus probablyprovides someof
the bene ts presentedn this paperto the compiler's internalanal-
yses.The compilerhasa switchto “enableoptimizationby macro
expansiori, thoughtheredoesnot seemto bearny documentatiomr
literaturedescribingthe exacteffect of usingthatswitch.

10 Conclusion

Programsn embeddedanguagesontaininvariantsthatarenotau-
tomatically enforcedby their hostlanguage.We have shavn that
using macrosto partially evaluateinterpretersof little languages
embeddedn Schemewith respecto their input programscanre-
capturetheseinvariantsand corvey themto a o w analysis. Be-
causeit is basedon macros,this techniquedoesnot requireary
ad-hocmodi cation of eitherinterpretersor analysesandis thus
readily availableto programmers.This makesit a sweetspotin
the programmingcompleity versusprecisionlandscapeof pro-
gramanalysis. We intend to investigate the relationshipbetween
macrosandotherprogramanalysesn a similar manner
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