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Abstract
This paperintroducesOMeta, a new object-orientedlan-
guagefor patternmatching.OMetais basedon a variantof
ParsingExpressionGrammars(PEGs)[5]Ña recognition-
basedfoundation for describingsyntaxÑwhich we have
extendedto handlearbitrary kinds of data.We show that
OMetaÕs general-purposepatternmatchingprovidesa nat-
ural and convenient way for programmersto implement
tokenizers,parsers,visitors, and tree transformers,all of
which can be extendedin interestingways using familiar
object-orientedmechanisms.ThismakesOMetaparticularly
well-suitedasamediumfor experimentingwith new designs
for programminglanguagesandextensionsto existing lan-
guages.

Categoriesand SubjectDescriptors D.1.5[Programming
Techniques]: Object-OrientedProgramming; D.3.3 [Pro-
grammingLanguages]: LanguageConstructsandFeatures

GeneralTerms Design,Languages

Keywords patternmatching,parsing,metacircularimple-
mentation

1. Intr oduction
Many problemsin computerscience,especiallyin program-
ming languageimplementation,involve someform of pat-
tern matching.Lexical analysis,for example,consistsof
Þndingpatternsin astreamof charactersto produceastream
of tokens.Similarly, a parsermatchesa streamof tokens
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againsta grammarÑwhich itself is a collectionof produc-
tions, or patternsÑto produceparsetrees. Several other
tasks,suchasconstantfolding and(na¬õve) codegeneration,
canbeimplementedby patternmatchingonparsetrees.

Despitethe fact that theseareall instancesof the same
problem,mostcompilerwritersusea differenttool or tech-
nique(e.g.,lex, yacc, andthe visitor designpattern[6]) to
implementeachcompilationphase.As a result,theskill of
programminglanguageimplementationhasa steeplearning
curve (becauseonemustlearnhow to usea numberof dif-
ferenttools)andis notwidely understood.

Several popular programminglanguagesÑML, for in-
stanceÑinclude support for pattern matching. Unfortu-
nately, while ML-style patternmatchingis a greattool for
processingstructureddata,it is notexpressiveenoughon its
own to supportmorecomplex patternmatchingtaskssuch
aslexical analysisandparsing.

Perhapsby providing programminglanguagesupportfor
a moregeneralform of patternmatching,many usefultech-
niquessuchas parsingÑa skill more or less exclusive to
ÒprogramminglanguagespeopleÓÑmightbecomepart of
the skill-set of a much wider audienceof programmers.
(Considerhow many Unix applicationscould be improved
if suddenlytheir implementorshad the ability to process
moreinterestingconÞgurationÞles!) This is not to saythat
general-purposepatternmatchingis likely to subsumespe-
cializedtoolssuchasparsergenerators;thatwould bedifÞ-
cult to do,especiallyin termsof performance.But aswewill
show with variousexamples,general-purposepatternmatch-
ing providesanaturalandconvenientway to implementtok-
enizers,parsers,visitors,andtreetransformers,whichmakes
it anunrivaledtool for rapidprototyping.

ThisworkbuildsonParsingExpressionGrammars(PEGs)
[5] (arecognition-basedfoundationfor describingsyntax)as
abasisfor general-purposepatternmatching,andmakesthe
following technicalcontributions:

1. a generalizationof PEGsthatcanhandlearbitrarykinds
of data(i.e.,not just streamsof characters)andsupports
parameterizedandhigher-orderproductions(Section2),



expression meaning
e1 e2 sequencing

e1 | e2 prioritizedchoice
e" zeroor morerepetitions
e+ oneor morerepetitions(notessential)
∼ e negation
< p> productionapplication
ÕxÕ matchesthecharacterx

Table 1. InductivedeÞnition of thelanguageof parsingex-
pressions(assumesthate, e1, ande2 areparsingexpressions,
andthatp is a non-terminal).

2. a simpleyet powerful extensibilitymechanismfor PEGs
(Section3),

3. thedesignandimplementationof OMeta, aprogramming
languagewith convenientBNF-likesyntaxthatembodies
(1) and(2), and

4. a seriesof examplesthat demonstratehow our general-
purposepatternmatchingfacilities may be usedin the
domainof programminglanguageimplementation.

Therestof thispaperexploresournotionof general-purpose
patternmatchingin thecontext of OMeta.

2. OMeta: an extendedPEG
An OMetaprogramis aParsingExpressionGrammar(PEG)
thatcanmakeuseof anumberof extensionsin orderto han-
dle arbitrarykinds of data(PEGsarelimited to processing
streamsof characters).This sectionbegins by introducing
thefeaturesthatOMetaandPEGshavein common,andthen
describessomeof OMetaÕsextensionsto PEGs.

2.1 PEGs,OMeta Style

ParsingExpressionGrammars(PEGs)[5] area recognition-
basedfoundationfor describingsyntax.A PEGis a collec-
tion of productionsof the form non-terminal→ parsing-
expression; the languageof parsingexpressionsis shown in
Table1.

To avoid ambiguitiesthat arise from using a non-de-
terministic choice operator(the kind of choice found in
CFGs), PEGs only support prioritized choice. In other
words,choicesare always evaluatedin order. As a result,
thereis no suchthing asan ambiguousPEG,andtheir be-
havior is easyto understand.1

Figure 1 shows a PEG, written in OMeta syntax, that
recognizessimple arithmeticexpressions(it doesnot cre-
ateparsetrees).In order to createparsetreenodesand/or
do anything elseuponsuccessfulmatches,theprogrammer
mustwrite semanticactions.

1 Although theuseof left-recursive productionsshouldresultin inÞnite re-
cursion(becauseof prioritizedchoice),somePEGimplementations,includ-
ing OMeta,provide specialsupportfor left recursionasa convenience.

met a E {
di g : : = Õ0Õ | . . . | Õ9Õ;
num : : = <di g>+;
f ac : : = <f ac> Õ* Õ <num>

| <f ac> Õ/ Õ <num>
| <num>;

exp : : = <exp> Õ+Õ <f ac>
| <exp> Õ- Õ <f ac>
| <f ac>;

}

Figure1. A PEG,written in OMeta,thatrecognizessimple
arithmeticexpressions.

SemanticactionsarespeciÞedusingthe=> operatorand
written in OMetaÕs host language, which is usually the
languagein which the OMeta implementationwas writ-
ten. We currently have two implementations:one written
in COLA [11], andanotherin SqueakSmalltalk2, both of
which can be downloadedfrom ht t p: / / www. cs. ucl a.
edu/ # awar t h/ omet a/ .

Important: All of theexamplesin this paperwerewrit-
ten for the COLA implementationof OMeta; if you are
not familiar with COLA, try to think of it asa crossbe-
tweenSchemeandSmalltalk.

Thesyntaxof thefunctionalpartsof thelanguageis very
similar to Scheme,e.g.,( + 1 2 ( f 5) ) .

COLA messagesendslook similar to SmalltalkÕs,but are
writtenin squarebrackets,e.g.,[ j i mmy eat : banana] .
Notethateach[ ] -expressionrepresentsasinglemessage
send; the COLA translationof the Smalltalk message
Ar r ay new: x si ze is [ Ar r ay new: [ x si ze] ] .

Refer to ht t p: / / pi umar t a. com/ pepsi / coke. ht ml
for a moredetaileddescriptionof COLA syntax.

Hereis oneway ourgrammarÕsexp productionmightbe
modiÞedin orderto createparsetrees(theotherproductions
in ourgrammarwouldhave to bemodiÞedaccordingly):

exp : : = <exp>: x Õ+Õ <f ac>: y => Ô( + , x , y)
| <exp>: x Õ- Õ <f ac>: y => Ô( - , x , y)
| <f ac>;

Notethattheresultsof <exp> and<f ac> areboundto iden-
tiÞers (with the : operator)and referencedby the seman-
tic actionsto createparsetreenodes.Notealsothat the last
choicein this production,<f ac>, doesnot specifya seman-
tic action.In theabsenceof a semanticaction,thevaluere-
turnedby a productionupona successfulmatchis theresult
of the last expressionevaluated(hence<f ac> is equivalent
to <f ac>: x => x).

2 TheSqueakport of OMetawas joint work with Yoshiki Ohshima.



OMetahasa singlebuilt-in productionfrom whichevery
otherproductionis derived.Thenameof thisproductionis
(underscore),andit consumesexactlyoneelementfrom the
input stream.Even the end production,which detectsthe
endof theinputstream,is implementedin termsof :

end : : = ~<_>;

In other words, we are at the end of the input streamif
it is not possibleto consumeanotherelementfrom it. As
notedin [5], the~ operatorÑused for negationÑcanalsobe
usedto provide unlimited look-aheadcapability. For exam-
ple, ~~<expr > ensuresthat an expr follows, but doesnot
consumeany input.

Like several other PEG implementations(e.g., Bryan
FordÕs Pappy [3]), OMeta also supportssemanticpredi-
cates [10]: host language(boolean)expressionsthat can
be evaluatedwhile patternmatching.In OMeta, semantic
predicatesarewrittenusingthe? operator. For example,the
following productionmatchesnumbersgreaterthan100:

l ar geNumber : : = <number >: n ?( > n 100) => n;

2.2 PEG Extensionsfor Generality

PEGsoperateon streamsof characters,and consequently,
they only supportonekind of primary parsingexpression:
characters.BecauseOMeta operateson arbitrary kinds of
data,it needstosupportsomeadditionalkindsof expression:

¥ strings(e.g.," hel l o" )

¥ numbers(e.g.,42)

¥ atoms(e.g.,answer )

¥ lists (e.g.,( " hel l o" 42 answer ( ) ) )

Note that the patternsÕxÕ ÕyÕ ÕzÕ and " xyz" are not
equivalent: the former matchesthree characterobjects,
whereasthe latter matchesa single string object. On the
other hand, the patterns( ÕxÕ ÕyÕ ÕzÕ) and " xyz" are
equivalent,becausea string canalwaysbe viewed asa list
of characters.For convenience,OMeta acceptsthe syntax
ÕxyzÕ(in singlequotes)asshorthandfor thesequenceÕxÕ
ÕyÕ ÕzÕ.

List patternsenableOMetagrammarstohandlearbitrarily-
structureddata.A list patternmaycontaina nestedpattern,
whichitself maybeany validparsingexpression(asequence
of patterns,anotherlist pattern,etc.).In orderfor a list pat-
ternp to matcha valuev, two conditionsmustbemet: (i) v
mustbe a list, or list-like entity (e.g.,a string),and(ii) pÕs
nestedpatternmustmatchthecontentsof v. Thelist pattern
( < >* ) , for example,matchesany list.

Figure2 shows a simple OMetagrammarthat useslist
patternsto ßattena list. Feedingthelist

( 1 ( 2 ( 3 4) ) ( ( ( 5) ) 6) )

to our grammarÕs f l at t en productionproducesthe ßat-
tenedlist ( 1 2 3 4 5 6) .

2.3 PEG Extensionsfor Expressiveness

OMetaÕs productions,unlike thosein PEGs,may take any
numberof arguments.This featurecan be usedto imple-
menta lot of functionality thatwould otherwisehave to be
built into the language.As an example,considerregular-
expression-stylecharacter classes, which traditional PEG
implementationssupport in order to spareprogrammers
from thetediousanderror-pronejob of writing productions
suchas

l et t er : : = ÕaÕ | ÕbÕ | ÕcÕ | . . . | ÕyÕ | ÕzÕ;

andinsteadallow themto write themoreconvenient

l et t er : : = [ a- z] ;

Usingparameterizedproductions(i.e., productionswith ar-
guments),OMetaprogrammerscanwrite

cRange x y : : = <char >: c ?( >= c x)
?( <= c y) => c;

which is just asconvenientto useascharacterclasses(e.g.,
<cRange ÕaÕ ÕzÕ>) , andmuchmoreßexible becauseit is
completelyprogrammer-accessible.

The combinationof parameterizedproductionsand se-
manticpredicatescanbeusedto supportahybridof (tra-
ditional) ÒscannerfulÓand scannerlessparsing [13], as
shown below:

eq : : = Õ=Õ => Õ( eq ni l ) ;
num : : = <di gi t >+: ds => Ô( num , ds) ;
i d : : = <l et t er >+: l s => Ô( i d , l s) ;

scanner : : = <space>* {<eq> | <num> | <i d>};
t ok t : : = <scanner >: x ?( == [ x f i r st ] t )

=> [ x second] ;

assi gn : : = <t ok Õi d> <t ok Õeq> <t ok Õnum>;

We have found this idiom to be less error-prone than
scannerlessparsing(the only kind supportedby PEGs),
and yet just as expressive since eachproductionmay
accessthecharacterstreamdirectly if desired.

OMeta also provides a mechanismfor implementing
higher-orderproductions,usingthe appl y production.For
example,theproduction

l i st Of p : : = <appl y p> { Õ, Õ <appl y p>} * ;

(where the {}s are usedfor aggregation) can be usedto
recognizeboth lists of expressions(<l i st Of Õexpr >) and
lists of names(<l i st Of Õname>).

Theseextensionsbring someof theexpressive power of
parsercombinatorlibraries[8, 9] to theworld of PEGs.



met a F {
f l at t en : : = ( <i nsi de>: xs) => xs;
i nsi de : : = ( <i nsi de>: xs) <i nsi de>: ys => ( append xs ys)

| <_>: x <i nsi de>: xs => ( cons x xs)
| <empt y> => ni l ;

}

Figure2. Flatteninglists.

2.4 A Noteon Memoization

Packratparsersareparsersfor PEGsthat areable to guar-
anteelinearparsetimeswhile supportingbacktrackingand
unlimitedlook-aheadÒbysaving all intermediateparsingre-
sultsasthey arecomputedandensuringthatnoresultis eval-
uatedmorethanonce.Ó[4] WhileOMetaisbasedonPEGs,it
doesnot necessarilyhave to beimplementedusingpackrat-
stylememoization.

Our COLA-basedimplementationdoesin factmemoize
the resultsof productionswithout arguments,but in order
to keepits memoryfootprint small,we chosenot to memo-
ize the resultsof productionswith arguments.Our Squeak-
basedimplementation,on theotherhand,doesnotmemoize
any results.

While the linear time guaranteethat comeswith memo-
ization is certainlydesirable,someof our experimentswith
PEGsindicatethat the overheadof memoizationmay out-
weighits beneÞts for thecommoncase,wherebacktracking
is limited. Thesetrade-offs areorthogonalto the ideasdis-
cussedin this paper.

3. O is for Object-Oriented
Programmingin OMetawouldbevery frustratingif all pro-
ductionswere deÞned in the samenamespace:two gram-
marsmight unknowingly usethe samenamefor two pro-
ductionsthathavedifferentpurposes,andoneof themwould
certainlystopworking! (Pictureonesword-wieldinggram-
mar decapitatinganother, Highlander-style: ÒTherecanbe
only one!Ó)

A classis a specialkind of namespacethat comeswith
a hugebonus:a familiar andwell-understoodextensibility
mechanism.By makingOMetaanobject-orientedlanguage
(i.e.,makinggrammarsanalogoustoclassesandproductions
analogousto methods),several interestingthings became
possible.

3.1 Quick and EasyLanguageExtensions

Programminglanguageresearchersoften implementexten-
sionsto existing languagesin orderto experimentwith new
ideasin a real-world setting.Considerthe taskof addinga
new kind of loop constructto Java, for example;Figure3
shows how this might bedonein OMetaby creatinga new
parserthat inherits from an existing Java parserandover-
ridestheproductionfor parsingstatements.Notethattheap-

plication<super st mt > behaves exactly like a super-send
in traditionalOO languages.

Note: The exampleabove is the only one in this paper
thatdoesnot actuallyrun in our implementation,thereason
beingthat we do not have a Java parserwritten in OMeta.
Whatwe do have is analmostcompleteimplementationof
Javascript,whichwe discussin Section5.

3.2 ExtensiblePattern Matching

The OMeta parser(the front-endof our implementation)
translatesthe codefor a production,which is a streamof
characters,into a parsetree.It representssequencesasAND
nodes,choicesas OR nodes,applicationsas APPLY nodes,
andso on. As an example,the parsetreegeneratedfor the
bodyof theproduction

f oo : : = <bar > <baz>;

is

( OR ( AND ( APPLY bar ) ( APPLY baz) ) )

which is later transformedby the OMetacompilerinto the
codethatimplementsthatproduction.

Our simple-mindedparseralwaysproducesan OR node
for the body of a production,even whenthereis only one
alternative (asin the exampleabove).This is wasteful,and
candegradetheperformanceof OMetaprograms.After all,
theORmacromuststorethecurrentpositionof theparserÕs
input streamso that when a choicefails, it can backtrack
beforetrying thenext choice.

Expressionslike

( OR ( OR ( APPLY x) ( APPLY y) ) ( APPLY z) )

arealsoneedlesslyinefÞcient.ORs areassociative, andthus
theexpressionabovecanbeßattenedto themoreefÞcient

( OR ( APPLY x) ( APPLY y) ( APPLY z) )

Our implementationperformsseveral suchtransforma-
tions in order to improve the performanceof OMeta pro-
grams.Eachof theseis implementedin OMeta itself, us-
ing an idiom similar to the visitor design pattern. Fig-
ure 4 shows (i) the Nul l Opt i mi zat i on grammar, which
visits eachnode in a productionÕs parsetree, and (ii) the
OROpt i mi zat i on grammar, which inherits the traversal
codefrom Nul l Opt i mi zat i on andoverridestheopt pro-
ductionin orderto implementthe two optimizationsfor OR
nodesdescribedin this section.



met a Java++ <: Java {
st mt : : = <space>* Õf or ever yot her Õ <space>* Õ( Õ <expr >: x <space>* Õ) Õ <st mt >: s => . . .

| <super st mt >;
}

Figure3. ExtendingJavawith f or ever yot her loops.

We have implementedseveralothertransformations,in-
cludinga jumptable-basedoptimizationthatallows choices
such as ( OR ( CHAR 97) ( CHAR 98) ( CHAR 99) ) to be
performedin constanttime,andleft factoring.3

3.3 Stateful Pattern Matching

OMetaÕs grammarsmay be declaredto have any number
of instancevariables.Thesevariablesareinitialized by the

i ni t production,whichis invokedautomaticallywhena
new instanceof thegrammaris created.4

Using an earlier versionof OMeta, we implementeda
parserfor a signiÞcant subsetof Python [12] that used
an instancevariableto hold a stackof indentationlevels.
This stackwas usedfor implementingPythonÕsoffsiderule,
whichenablesprogramsto useindentationinsteadof brack-
etsfor forminglexical scopes.

Anotherexampleof OMetaÕs statefulgrammarsis Cal c,
a deskcalculatorgrammar, shown in Figure5. This gram-
maris not just aparser;it is acompleteinterpreterfor arith-
meticexpressionswith variables(theinterpretingis donein
theproductionsÕsemanticactions).Cal cÕs instancevariable
var s holdsasymboltablethatmapsvariablenamesto their
currentvalues.Thefollowing transcriptshows ourdeskcal-
culatorin action:

> 3+4* 5
23
> x = y = 2
2
> x = x * 7
14
> y
2

NotethatOMetadoesnotattemptto undotheeffectsof a
productionÕssemanticactionswhile backtracking(for some
semanticactions,likeprintingcharactersto theconsole,this
would be impossible).Programmersimplementingstateful
patternmatchersmustthereforewrite their semanticactions
carefully.

3 Thesetransformationsarepartof our implementation,availableat ht t p:
/ / www. cs. ucl a. edu/ " awar t h/ omet a/ .
4 A grammarobject must be instantiatedbefore it can be usedto match
a value with a start symbol (production).This is done by sendingthe
grammarthemat ch: wi t h: message(e.g.,[ G mat ch: Õ( 1 2 3) wi t h:
ÕmyLi st ] ).

3.4 ForeignProduction Invocation

Considerthetaskof implementinga parserfor MetaCOLA,
a languagethatis theunionof COLA andOMeta.(Suppose
wealreadyhaveOMetaparsersfor theselanguages;they are
calledCOLAandOMet a, respectively.)

Using OMetaÕs singleinheritancemechanism,we could
either

1. make Met aCOLA inherit from COLA and duplicate(re-
implement)OMet aÕsproductions,or

2. makeMet aCOLAinheritfromOMet aandduplicateCOLAÕs
productions,

but neitherof thesechoicesis satisfactory, sinceit results
in codebloatandcreatesa versioningproblem(e.g.,subse-
quentchangesto theOMet a parserwill not carryover to the
theMet aCOLAparserresultingfrom (1)).MakingMet aCOLA
inherit from bothOMet a andCOLAwouldalsobeabadidea,
sincenameclasheswould mostlikely resultin incorrectbe-
havior.5

A muchbettersolutionto thisproblemis OMetaÕsforeign
productioninvocationmechanism,which allows a grammar
to ÒlendÓits input streamto anotherin order to make use
of a foreignproduction.This mechanismis accessedvia the
f or ei gn production,which takesasargumentsthe foreign
parserandproductionname,asshown below:

met a Met aCOLA {
mcol a : : = <f or ei gn OMet a Õomet a>

| <f or ei gn COLA Õcol a>;
}

Foreign productioninvocation makes it possiblefor pro-
grammersto composemultiplegrammarswithouthaving to
worry aboutnameclashes.

4. Mor e Examples
4.1 Lexically-ScopedSyntaxExtensions

A Domain-SpeciÞc Language(DSL) is a programminglan-
guagedesignedto doonekind of taskverywell. OMeta,for
instance,canbethoughtof asaDSL for patternmatching.

While DSLsareusedfor writing entireprograms,Mood-
SpeciÞc Languages(MSLs) are intendedfor writing just
a few lines of code in order to make part of a program
easierto write. Our COLA parser, which was written in
OMeta, supportsthis notion by allowing programmersto
createlexically-scopedsyntaxextensions.

5 OMetadoesnot supportmultiple inheritance.



met a Nul l Opt i mi zat i on {
opt : : = ( OR <opt >* : xs) => Ô( OR , @xs)

| ( NOT <opt >: x) => Ô( NOT , x)
| ( MANY <opt >: x) => Ô( MANY , x)
| ( MANY1 <opt >: x) => Ô( MANY1 , x)
| ( def i ne <_>: n <opt >: v) => Ô( def i ne , n , v)
| ( AND <opt >* : xs) => Ô( AND , @xs)
| ( FORM <opt >* : xs) => Ô( FORM , @xs)
| <_>;

}

met a OROpt i mi zat i on <: Nul l Opt i mi zat i on {
opt : : = ( OR <opt >: x) => x

| ( OR <i nsi de>: xs) => Ô( OR , @xs)
| <super opt >;

i nsi de : : = ( OR <i nsi de>: xs) <i nsi de>: ys => ( append xs ys)
| <super opt >: x <i nsi de>: xs => ( cons x xs)
| <empt y> => ni l ;

}

Figure4. Extensiblepatternmatchingin OMeta.

met a Cal c ( var s) {
__i ni t __ : : = <empt y> => [ sel f var s: [ I dent i t yDi ct i onar y new] ] ;
space : : = Õ Õ;
var : : = <l et t er >: x <space>* => x;
num : : = <num>: n <di gi t >: d => [ [ n * Õ10] + [ d - Õ$0] ]

| <di gi t >: d <space>* => [ d - Õ$0] ;
pr i Expr : : = <var >: x => [ [ sel f var s] at : x]

| <num>: n => n
| Õ( Õ <space>* <expr >: r Õ) Õ <space>* => r ;

mul Expr : : = <mul Expr >: x Õ* Õ <space>* <pr i Expr >: y => [ x * y]
| <mul Expr >: x Õ/ Õ <space>* <pr i Expr >: y => [ x / y]
| <pr i Expr >;

addExpr : : = <addExpr >: x Õ+Õ <space>* <mul Expr >: y => [ x + y]
| <addExpr >: x Õ- Õ <space>* <mul Expr >: y => [ x - y]
| <mul Expr >;

expr : : = <var >: x Õ=Õ <space>* <expr >: r => [ [ sel f var s] at : x put : r ]
| <addExpr >;

r ep : : = <space>* <expr >: r Õ\ nÕ => ( pr i nt l n r ) ;
}

Figure5. A deskcalculator.

Programmersmay createsyntax extensionsinside any
COLA s-expressionby writing oneor moreOMetaproduc-
tionsinside{}s.This createsanew parserobject(atparsing
time) that inherits from the currentparser, giving the pro-
grammera chanceto overridethe original parserÕs produc-
tions in order to extend the languageas desired.The lan-
guageextensionis in scopeuntil the endof the currents-
expression.

Figure 6 shows a COLA programthat implementsthe
put s function(which, like theC version,printsastringfol-
lowedby the newline characterto the console).In orderto

make arrayindexing operationsmoreconvenient,put s lo-
cally extendsCOLA with syntaxfor C-stylearrayindexing.
Thisenablestheprogrammerto write s[ i ] wherehewould
otherwisehave to write the less readable( char @s i ) .
Note that the expression( pr i nt f " %d\ n" " abcd" [ 0] ) ,
which appearsoutsidethe scopeof this syntaxextension,
resultsin aparseerror.

Extendingour COLA parserwith supportfor lexically-
scopedsyntaxextensionswas straightforward:



( def i ne put s
( l ambda ( s)

( l et ( ( i dx 0) )
{ col a : : = <col a>: a Õ[ Õ <col a>: i Õ] Õ => Ô( char @, a , i )

| <super col a>; }
( whi l e ( ! = s[ i dx] 0)

( put char s[ i dx] )
( set i dx ( + i dx 1) ) )

( put char 10) ) ) )

( put s " t hi s i s a t est " ) ; ; wor ks
( pr i nt f " %d\ n" " abcd" [ 0] ) ; ; par se er r or !

Figure6. A lexically-scopedsyntaxextensionfor C-stylearrayaccesses.

¥ theproductionsof thesyntaxextensionareparsedusing
foreign productioninvocation(this is possiblebecause
theOMetaparseritself was implementedin OMeta),and

¥ compilingandinstantiatinga new parserobjectat pars-
ing timewasan easytask,sinceOMetais adynamiclan-
guage.

Thisfeaturecanjustaseasilybeaddedto any otherlanguage
whoseparseris implementedin OMeta(the Javascriptim-
plementationdescribedin thenext section,for example).

4.2 Checkingpr i nt f Calls

In orderto give programmersaccessto operatingsystemli-
braries,COLA programsareabletocallC functionsdirectly.
Thisis of courseaverylow-level operation,andcanresultin
crashesandsecurityproblems.Thepr i nt f function,whose
expectednumberof argumentsdependson a formatstring,
is notoriousfor makingprogramsunsafe.6

ModernC compilersareawareof this problemandim-
plementstaticchecksin orderto make surethat pr i nt f is
given the correctnumberof arguments.The COLA com-
piler, on the otherhand,doesnot give pr i nt f any special
treatment.Consequently, calling pr i nt f from a C program
is somewhatsaferthancalling it from a COLA program.

Figure 7 shows an OMeta grammarthat processesan
entireCOLA program,replacingÒbadÓpr i nt f calls (those
whosenumberof argumentsis not in agreementwith the
format string) with the atomBAD PRI NTF. For example,it
transformstheCOLA program

( begi n
( pr i nt f " my name i s %s\ n" name)
( i f ( > ( pr i nt f " %s = ( %d, %d) %f " name x y)

5)
( f x) ) )

into

6 The sameis true for other functions in the pr i nt f family, such as
spr i nt f andf pr i nt f .

( begi n
( pr i nt f " my name i s %s\ n" name)
( i f ( > BAD_PRI NTF 5)

( f x) ) )

Here is a brief explanationof eachproductionin the
grammarshown in Figure7:

¥ r ep (repeat)is a higher-orderproductionthat takestwo
arguments,an integern anda productionp, andtries to
applyproductionp n times.

¥ f mt traversesa formatstring,andreturnsthenumberof
argumentsit expects.

¥ expr visits an entireCOLA program(an s-expression).
Whenit comesacrossa call to pr i nt f , it Þndsout how
many argumentsare requiredby the format string and
usesr ep to ensurethat the call is well-formed.Other-
wise,theÒbadÓcall is replacedby theatomBAD PRI NTF.
Notethattheformatstringis matchedagainstthepattern
( <f mt >: n) . Any string canbe treatedasa list; thepat-
ternabovemeansÒmatcha list-likevaluewhosecontents
aredescribedby <f mt >Ó.

This exampleshows thatOMetaÕs seeminglyorthogonal
parsingand traditionalpatternmatchingcapabilities(used
hereto processformatstringsandCOLA programs,respec-
tively) canbecombinedin usefulways.

5. CaseStudy: Javascript
We have usedOMetato implementa nearlycompletesub-
set of the Javascript[2] programminglanguage.7 Our im-
plementationconsistsof a parserwritten in OMeta,anda
codegenerationphaseimplementedusinga combinationof
OMetapatternmatchingandScheme-stylemacros.It is cur-
rentlybeingusedbyDanIngallsÕresearchgroupatSunLabs
to runmoderately-sidedprograms(∼2k linesof code).

7 Themissingfeaturesarewi t h andt r y/cat ch.



met a P {
r ep n p : : = ?[ n = Õ0]

| <appl y p> <r ep [ n - Õ1] p>;
f mt : : = Õ%Õ Õ%Õ <f mt >

| Õ%Õ <char > <f mt >: n => [ n + Õ1]
| <char > <f mt >
| <empt y> => Õ0;

expr : : = ( pr i nt f ( <f mt >: n) <r ep n Õ_>)
| ( pr i nt f <_>* ) => ÕBAD_PRI NTF
| ( <expr >* : xs) => Ô( , xs)
| <_>;

}

Figure7. Huntingfor badpr i nt f calls.

5.1 Parsing

Our Javascriptparseris implementedasa 177-lineOMeta
grammar. An interestingpartof this grammaris its mecha-
nismfor handlingJavascriptÕsautomaticsemicoloninsertion
rules[2]:

sc : : = { ~Õ\ nÕ <space>} * { Õ; Õ |
Õ\ nÕ |
~~Õ} Õ |
<end> } ;

({}sareusedfor aggregation.)Thesc productionconsumes
a (logical)semicolon,whichmaybeoneof thefollowing:

¥ a semicoloncharacter

¥ a newline character

¥ nothingat allÑb ut only if the next token is } (double
negationis usedfor look-ahead)

¥ theendof theinputstream

In orderto supportautomaticsemicoloninsertion,otherpro-
ductionsin our parseruse sc insteadof Õ; Õ directly, as
shown in st mt below:

st mt : : = Õcont i nueÕ <sc> => Õ( cont i nue)
| Õbr eakÕ <sc> => Õ( br eak)
| . . . ;

5.2 CodeGeneration

Our Javascript parserrepresentsparsetreesas COLA s-
expressions.Theseparsetreesareexpandedinto executable
COLA expressionsusingScheme-likemacros.

Before the macro expansionstep,parsetreesare pro-
cessedby an OMetagrammarthatdistinguisheslocal vari-
ablesfrom non-localvariablessothatthey canbecompiled
differently(thisisnecessaryto implementthecorrectseman-
tics).

6. RelatedWork
Our work on OMetabeganwhenwe implementedour own
versionof Val SchorreÕs META-II [14]: a simpleyet practi-

cal recognition-basedcompiler-writing languagethat could
beimplementedin itself in roughlyapageof code.META-II
was awonderfultool, but it hadsigniÞcantlimitations:

1. it did not supportbacktracking,which madeit necessary
for theprogrammerto doa largeamountof left-factoring
in productions,and

2. its analogof semanticactionswere PRI NT commands,
which meantthat compilershadto generatecodewhile
recognizingprograms.(The resulting programswere
usuallyinterpretedby a special-purposevirtual machine
which hadbeenimplementedspeciallyfor the language
beingcompiled.)

Oncewe addedbacktrackingand semanticactionsto our
language,it becameequivalent in power to Bryan FordÕs
ParsingExpressionGrammars(PEGs)[5]. This PEGfoun-
dationrelatesOMetato packratparsergenerators[4] (e.g.,
FordÕsown Pappy [3] andRobertGrimmÕsRats![7]). How-
ever, OMeta is not a parsergenerator;it is a programming
languagewhosecontrol structureis basedonPEGs.And un-
like previous PEG-basedsystemsÑwhichoperateonly on
streamsof charactersÑourextensionsto PEGs(seeSec-
tion 2) enableOMetato handlearbitrarykindsof data.Also,
packratparsersareso calledbecausethey memoizeall in-
termediateresults.AlthoughtheCOLA port of OMetadoes
memoizeintermediateresults,our Squeakport doesnot.
(Someof ourexperimentswith PEGsindicatethattheover-
headof memoizationmayoutweighits beneÞtsfor thecom-
moncase,wherebacktrackingis limited.)

OMetaÕs ability to patternmatchover arbitrarykinds of
data and the notion of productionswith argumentswere
inspiredby the LISP70 system[16]. LISP70 usedpattern
matchingfor generalprogrammingtasksaswell asextend-
ing its own syntax.Unlike OMeta,LISP70usedanexternal
lexical analyzer, andwas notobject-oriented.

OMetais alsorelatedto HaskellÕs parsercombinatorli-
braries[8, 9] in that it supportsparameterizedandhigher-
order productions.However, OMeta grammarsare more
readablethan those written using parser combinator li-



braries,andmoreextensibledueto theobject-orientedfea-
turesdiscussedin Section3.

7. Conclusionsand Futur e Work
We have shown that OMetaÕs patternmatchingis a great
tool for implementingvarioustasksin the domainof pro-
gramminglanguageimplementation(e.g.,lexical analyzers,
parsers,visitors,etc.).This makesOMetaparticularlywell-
suited as a medium for experimentingwith new designs
for programminglanguagesandextensionsto existing lan-
guages.

Althoughour initial implementationof OMetawas writ-
ten in COLA [11], OMeta can also be implementedus-
ing more conventionallanguages.With Yoshiki Ohshima,
for example,we implementeda port of OMeta in Squeak
Smalltalk (whereOMeta is beingusedto experimentwith
alternative syntaxesfor theSqueakEToys system).Portsto
other languageslike Scheme[1] and CommonLISP [15]
shouldberelatively straightforward.

While OMetaÕs parameterizedproductionsprovide great
expressive power, it is unfortunatethat our languagedoes
not allow a productionÕs argumentsto be pattern-matched
againstin the productionÕs body. For example,it would be
niceto beableto write

p : : = 0 . . .
| <_>: n . . . ;

insteadof

p n : : = ?( == n 0) . . .
| . . . ;

but the former is not possiblebecauseOMetaÕs produc-
tion argumentsarepassedon thestack,whereasall pattern
matchingis doneon the input stream.LISP70hada better
mechanismfor argumentpassingthatconsistedof inserting
the argumentsof a productionapplicationat the beginning
of theinputstream(thatthey couldbematchedagainst).We
planto adoptthis mechanismin OMeta.

We alsoplan to improve theperformanceof our OMeta
implementations;it shouldbepossiblefor themto perform
competitivelywith state-of-the-artpackratparserimplemen-
tationssuchasRobertGrimmÕsRats![7].
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