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Abstract

This paperintroducesOMeta, a new object-orientedan-

guagefor patternmatching.OMetais basedon a variantof

Parsing ExpressionGrammars(PEGs)[5]Na recognition-
basedfoundationfor describingsyntaxNwhich we have

extendedto handlearbitrary kinds of data.We shaw that
OMeta®general-purpospatternmatchingprovidesa nat-

ural and corvenientway for programmergo implement
tokenizers,parsers,visitors, and tree transformersall of

which can be extendedin interestingways using familiar

object-orientednechanismsThis makesOMetaparticularly
well-suitedasa mediumfor experimentingvith new designs
for programminganguagesand extensiongto existing lan-

guages.

Categoriesand SubjectDescriptors D.1.5[Programming
Technique$: Object-OrientedProgramming; D.3.3 [Pro-
grammingLanguayes]: LanguageConstructandFeatures

GeneralTerms Design,Languages

Keywords patternmatching,parsing,metacirculaimple-
mentation

1. Intr oduction

Marny problemsn computersciencegspeciallyin program-
ming languagemplementationjnvolve someform of pat-
tern matching.Lexical analysis,for example, consistsof
Pndingpatternsn astreanof characterso produceastream
of tokens. Similarly, a parsermatchesa streamof tokens
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againsta grammaRwhich itself is a collectionof produc-
tions, or patternsNto produceparsetrees. Several other
tasks,suchasconstanfolding and(nadve) codegeneration,
canbeimplementedy patternmatchingon parsetrees.

Despitethe fact that theseare all instancef the same
problem,mostcompilerwriters usea differenttool or tech-
nique(e.g.,lex, yacg andthe visitor designpattern[6]) to
implementeachcompilationphase As a result,the skill of
programmindanguagemplementatiorhasa steeplearning
cune (becausenemustlearnhow to usea numberof dif-
ferenttools)andis notwidely understood.

Several popular programminglanguagesNML, for in-
stanceNinclude support for pattern matching. Unfortu-
nately while ML-style patternmatchingis a greattool for
processingtructureddata,it is notexpressve enoughonits
own to supportmore complex patternmatchingtaskssuch
aslexical analysisandparsing.

Perhapdy providing programmindanguagesupportfor
amoregeneraform of patternmatchingmary usefultech-
niquessuch as parsingNa skill more or less exclusive to
OprogrammindanguagegpeopleONmightbecomepart of
the skill-set of a much wider audienceof programmers.
(Considerhow mary Unix applicationscould be improved
if suddenlytheir implementorshad the ability to process
moreinterestingconbPgurationbles!) This is not to saythat
general-purpospatternmatchingis likely to subsumespe-
cializedtools suchasparsemeneratorsthatwould be difb-
cultto do,especiallyin termsof performanceBut aswe will
show with variousexamplesgeneral-purposgatternmatch-
ing providesa naturalandcornvenientway to implementok-
enizersparsersyisitors,andtreetransformersywhichmakes
it anunrivaledtool for rapid prototyping.

Thiswork buildsonParsingexpressiorGrammargPEGS)
[5] (arecognition-basefbundatiorfor describingsyntax)as
abasisfor general-purpospatternmatchingandmakesthe
following technicalcontrikutions:

1. ageneralizatiorof PEGsthat canhandlearbitrarykinds
of data(i.e., notjust streamsf charactersandsupports
parameterizedndhigherorderproductiongSection2),



expression meaning
e e sequencing
el e prioritized choice
e zeroor morerepetitions
e oneor morerepetitiongnotessential)
~e negation
<p> productionapplication
&0 matcheghe charactex

Table 1. Inductive debnition of the languageof parsing ex-
pressiongassumethate, e;, ande, areparsingexpressions,
andthatp is anon-terminal).

2. asimpleyet powerful extensibility mechanisnfor PEGs
(Section3),

3. thedesigrandimplementatiorof OMetg aprogramming
languagevith convenientBNF-like syntaxthatembodies
(1) and(2),and

4. a seriesof examplesthat demonstratdow our general-
purposepatternmatchingfacilities may be usedin the
domainof programmindanguageémplementation.

Therestof this paperexploresour notionof general-purpose
patternmatchingin the context of OMeta.

2. OMeta: an extendedPEG

An OMetaprogramis aParsingexpressiorGrammarfPEG)

thatcanmake useof anumberof extensionsn orderto han-

dle arbitrarykinds of data(PEGsarelimited to processing
streamsof characters)This sectionbegins by introducing

thefeatureghatOMetaandPEGshavein commonandthen

describesomeof OMeta®extensiongo PEGs.

2.1 PEGs,OMeta Style

ParsingExpressiorGrammargPEGS)[5] arearecognition-
basedoundationfor describingsyntax.A PEGis a collec-
tion of productionsof the form non-terminal— parsing-
expression the languageof parsingexpressionss shavn in

Tablel.

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.

Figure 1 showvs a PEG, written in OMeta syntax, that
recanizessimple arithmetic expressiongit doesnot cre-
ate parsetrees).In orderto createparsetree nodesand/or
do arnything elseuponsuccessfumatchesthe programmer
mustwrite semantiactions

1 Although the useof left-recursie productionsshouldresultin inbnite re-
cursion(becaus®f prioritized choice),somePEGimplementationsinclud-
ing OMeta, provide specialsupportfor left recursionasa corvenience.

neta E {

dig::= @0 | | &4
num : : = <di g>+;
fac ::= <fac> &0 <nunw

<fac> @ O <nunp
<nunw;
<exp> OO <fac>
<exp> O O <fac>
<f ac>;

exp ::

}

Figurel. A PEG,writtenin OMeta,thatrecognizesimple
arithmeticexpressions.

Semanticactionsarespeched usingthe => operatorand
written in OMeta® host language, which is usually the
languagein which the OMeta implementationwas writ-
ten. We currently have two implementationsone written
in COLA [11], and anotherin SqueakSmalltalk?, both of
which can be downloadedfrom htt p://ww cs. ucl a.
edu/ # awar t h/ oret a/ .

Important: All of theexamplesin this paperwerewrit-
tenfor the COLA implementatiorof OMeta;if you are
not familiar with COLA, try to think of it asa crossbe-
tweenSchemendSmalltalk.

Thesyntaxof thefunctionalpartsof thelanguages very
similarto Schemee.g.,(+ 1 2 (f 5)).

COLA messagsenddook similarto Smalltalké) but are
writtenin squarebraclets,e.g.,[j i my eat: banana] .
Notethateach ] -expressiorrepresentasinglemessage
send;the COLA translationof the Smalltalk message
Array new x sizeis[Array new [Xx size]].

Refer to http://pi umarta. con pepsi / coke. ht n
for amoredetaileddescriptiorof COLA syntax.

Hereis oneway our grammar€exp productionmightbe
modibedin orderto createparsetrees(theotherproductions
in ourgrammamwould have to be modibedaccordingly):

exp ::= <exp>x OtO <fac>y = Q+ ,x ,Y)
| <exp>x OO <fac>y => Q- ,x,y)
| <fac>;

Notethattheresultsof <exp>and<f ac>areboundto iden-

tibers (with the : operator)and referenceddy the seman-
tic actionsto createparsetreenodes Note alsothatthe last

choicein this production<f ac>, doesnot specifya seman-
tic action.In theabsencef a semanticaction,thevaluere-

turnedby a productionupona successfuimatchis theresult
of the last expressionevaluated(hence<f ac> is equivalent
to<fac>: x => x).

2The Squeakport of OMetawas joint work with Yoshiki Ohshima.



OMetahasa singlebuilt-in productionfrom which every
otherproductionis derived. The nameof this productionis _
(underscore)andit consumegxactly oneelementrom the
input stream.Even the end production,which detectsthe
endof theinputstreamjs implementedn termsof _

end ::= ~< >

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

Like several other PEG implementations(e.g., Bryan
Ford® Pappy [3]), OMeta also supportssemanticpredi-
cates[10]: host language(boolean)expressionsthat can
be evaluatedwhile patternmatching.In OMeta, semantic
predicatesrewritten usingthe ? operatorFor example the
following productionmatchesiumbergreateithan100:

| argeNunber ::= <nunber>:n ?(> n 100) => n;

2.2 PEG Extensionsfor Generality

PEGsoperateon streamsof charactersand consequently
they only supportonekind of primary parsingexpression:
charactersBecauseOMeta operateson arbitrary kinds of

data,it needgo supporisomeadditionalkindsof expression:

¥ strings(e.g.," hel [ 0")

¥ numberge.g.,42)

¥ atoms(e.g.,answer)

¥ lists (e.g.,("hel I 0" 42 answer ()))

Note that the patternsOxO OO xO and "xyz" are not
equialent: the former matchesthree characterobjects,
whereasthe latter matchesa single string object. On the
other hand, the patterns(x0 &0 & and"xyz" are
equivalent,because string canalways be viewed asa list
of charactersFor corvenience OMeta acceptsthe syntax
OyzO(in singlequotes)asshorthandor the sequencéxO
G0 &b

List patternenableéOMetagrammarso handlearbitrarily-
structureddata.A list patternmay containa nestedpattern,
whichitself maybeary valid parsingexpression{asequence
of patternsanothellist pattern,etc.).In orderfor alist pat-
ternp to matcha valuev, two conditionsmustbe met: (i) v
mustbe a list, or list-like entity (e.g.,a string), and (i) p&
nestedpatternmustmatchthe contentsof v. Thelist pattern
(<>*), for example matchesary list.

Figure 2 shavs a simple OMetagrammarthat useslist
patterndo RBattenalist. Feedingthelist

(1 (2(34) (((9) 6))

to our grammar€f | at t en productionproducesthe Rat-
tenedlist(1 2 3 4 5 6).

2.3 PEG Extensionsfor Expressveness

OMeta®&productionsunlike 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
implementationssupportin order to spare programmers
from thetediousanderrorpronejob of writing productions
suchas

=@0| @O| &O| ... | §O| &g

andinsteadallow themto write the morecorvenient

letter ::

letter ::=[a-2z];

Using parameterizegroductions(i.e., productionswith ar
guments)OMetaprogrammersanwrite

cRange x y ::= <char>:.c ?(>= ¢ X)
A<=cy) =>¢

whichis just ascorvenientto useascharacteclassege.g.,
<cRange (a0 (xO>) , andmuchmorelexible becausé is
completelyprogrammeraccessible.

The combinationof parameterizegbroductionsand se-
manticpredicatesanbe usedto supporta hybrid of (tra-
ditional) Oscannerful@énd scannerlesparsing [13], as
shawvn below:

eq = &0 = Qeq nil);
num = <di gi t>+: ds = Q(num, ds);
id = <etter>+1ls = qid ,ls);
scanner ::= <space>* {<eg> | <numr | <id>};
tok t = <scanner>:.x ?(== [x first] t)
=> [x second];
assign ::= <tok Gd> <tok Geg> <tok Chun;

We have found this idiom to be less errorprone than
scannerlesparsing(the only kind supportedby PEGS),
and yet just as expressie since each productionmay
accesshe charactestreamdirectly if desired.

OMeta also provides a mechanismfor implementing
higherorderproductionsusingthe appl y production.For
example the production

listdF p::= <apply p>{Q O <apply p>}*;

(wherethe {}s are usedfor aggreation) can be usedto
recognizebothlists of expressiong<l i st & Gexpr>) and
lists of nameg<l i st Chane>).

Theseextensionsbring someof the expressve power of
parsercombinatotibraries[8, 9] to theworld of PEGs.



neta F {

flatten ::= (<inside>: xs) => XS;

inside ::= (<inside> xs) <inside>ys => (append xs ys)
| <>x <inside> xs => (cons X XS)
| <enpty> =nil;

Figure 2. Flatteninglists.

2.4 A Noteon Memoization

Packratparsersare parsersor PEGsthat are ableto guar

anteelinear parsetimeswhile supportingbacktrackingand
unlimitedlook-aheadbysaving all intermediateparsingre-
sultsasthey arecomputedandensuringhatnoresultis eval-

uatedmorethanonceJ4] While OMetais basecbn PEGs;jt

doesnot necessariljhave to beimplementedisingpackrat-
stylememoization.

Our COLA-basedmplementatiordoesin factmemoize
the resultsof productionswithout agumentsbut in order
to keepits memoryfootprint small, we chosenot to memo-
ize the resultsof productionswith agumentsOur Squeak-
basedmplementationpn the otherhand,doesnot memoize
ary results.

While the linear time guarante¢hat comeswith memo-
izationis certainlydesirable someof our experimentswith
PEGsindicatethat the overheadof memoizationmay out-
weighits benddts for thecommoncasewherebacktracking
is limited. Thesetrade-ofs are orthogonalto the ideasdis-
cussedn this paper

3. Oisfor Object-Oriented

Programmingn OMetawould bevery frustratingif all pro-
ductionswere debnedin the samenamespacetwo gram-
marsmight unknavingly usethe samenamefor two pro-
ductionghathave differentpurposesandoneof themwould
certainly stopworking! (Pictureone sword-wieldinggram-
mar decapitatinganothey Highlanderstyle: OTherecan be
only one!O)

A classis a specialkind of nhamespacéhat comeswith
a hugebonus:a familiar and well-understoodextensibility
mechanismBy makingOMetaan object-orientedanguage
(i.e.,makinggrammarsnalogouso classesindproductions
analogousto methods),several interestingthings became
possible.

3.1 Quick and EasyLanguageExtensions

Programmindanguageresearchersftenimplementexten-
sionsto existing languagen orderto experimentwith new
ideasin a real-world setting.Considerthe task of addinga
new kind of loop constructto Java, for example;Figure 3
shaws how this might be donein OMetaby creatinga new
parserthat inherits from an existing Java parserand over-
ridestheproductiorfor parsingstatementdNotethattheap-

plication<super st m > behaes exactly like a supersend
in traditionalOO languages.

Note: The exampleabove is the only onein this paper
thatdoesnot actuallyrunin ourimplementationthereason
beingthat we do not have a Java parsemwritten in OMeta.
Whatwe do have is an almostcompleteimplementatiorof
Javascript,whichwe discussn Section5.

3.2 ExtensiblePattern Matching

The OMeta parser(the front-end of our implementation)
translateshe codefor a production,which is a streamof

charactersinto a parsetree. It representsequenceas AND

nodes,choicesas CR nodes,applicationsas APPLY nodes,
andsoon. As an example,the parsetree generatedor the

bodyof the production

foo ::= <bar> <baz>;
is
(CR (AND (APPLY bar) (APPLY baz)))

which is later transformedoy the OMetacompilerinto the
codethatimplementghatproduction.

Our simple-mindedparseralways producesan CR node
for the body of a production,even whenthereis only one
alternatve (asin the exampleabove). This is wasteful,and
candegradethe performancef OMetaprogramsAfter all,
the CRmacromuststorethe currentpositionof the parser®
input streamso that when a choicefails, it can backtrack
beforetrying the next choice.

Expression$ike

(CR (CR (APPLY x) (APPLY y)) (APPLY 2))

arealsoneedlesslynefbcient. ORs areassociatie, andthus
theexpressiorabove canbe Battenedo the moreefbcient

(CR (APPLY x) (APPLY y) (APPLY z))

Our implementationperformsseveral suchtransforma-
tions in orderto improve the performanceof OMeta pro-
grams.Eachof theseis implementedn OMetaitself, us-
ing an idiom similar to the visitor design pattern. Fig-
ure 4 shows (i) the Nul | Qpt i mi zat i on grammay which
visits eachnodein a production®parsetree, and (i) the
CRMpt i m zati on grammay which inherits the traversal
codefrom Nul | Qpt i mi zat i on andoverridesthe opt pro-
ductionin orderto implementthe two optimizationsfor CR
nodesdescribedn this section.



meta Java++ < Java {

stm ::= <space>* Cforeveryot her O <space>* (O <expr>:x <space>* QO <stm>s => ...

| <super stm>;

Figure 3. ExtendingJavawith f or ever yot her loops.

We have implementedseveral othertransformationsin-
cluding a jumptablebasedptimizationthat allows choices
suchas (CR (CHAR 97) (CHAR 98) (CHAR 99)) to be
performedn constantime, andleft factoring?

3.3 Stateful Pattern Matching

OMeta® grammarsmay be declaredto have ary number
of instancevariables.Thesevariablesareinitialized by the
_i ni t __ productionwhichis invoked automaticallywhena
new instanceof thegrammaiis created*

Using an earlier versionof OMeta, we implementeda
parserfor a signibcant subsetof Python[12] that used
an instancevariableto hold a stack of indentationlevels.
This stackwas usedfor implementingPythonoffsiderule,
which enablegprogramgo useindentatiorninsteadof brack-
etsfor forminglexical scopes.

Anotherexampleof OMeta&statefulgrammarss Cal c,
a deskcalculatorgrammay shovn in Figure5. This gram-
maris notjusta parserit is acompletenterpreterfor arith-
metic expressionsvith variableg(theinterpretingis donein
theproductions€emantiactions).Cal c@instancevariable
var s holdsa symboltablethatmapsvariablenamedo their
currentvalues.Thefollowing transcriptshovs our deskcal-
culatorin action:

> 3+4*5
23

>Xx =y =2
2

>X =X*7
14

>y

2

NotethatOMetadoesnot attempto undothe effectsof a
production€semanticactionswhile backtrackingfor some
semanti@ctions ik e printing characterso theconsolethis
would be impossible).Programmersmplementingstateful
patternmatchergnustthereforewrite their semanticactions
carefully

3 Thesetransformationsarepart of ourimplementationavailableatht t p:
/' wan cs. ucl a. edu/ ™ awart h/ onet &/ .

4 A grammarobject must be instantiatedbefore it can be usedto match
a value with a start symbol (production). This is done by sendingthe
grammarthenat ch: wi t h: messagée.g.,[G natch: Q1 2 3) with:
Oyl st]).

3.4 ForeignProduction Invocation

Considetthetaskof implementinga parserfor MetaCOLA,
alanguagehatis theunionof COLA andOMeta.(Suppose
we alreadyhave OMetaparsergor thesdanguagesthey are
calledCO_AandQwet a, respectiely.)

Using OMeta®single inheritancemechanismyve could
either

1. make Met aCCLA inherit from OGCLA and duplicate (re-
implement)Ovet a@ productionspr

2. make Met aGQLAinheritfrom Qvet a andduplicateO0LAR
productions,

but neitherof thesechoicesis satishctory sinceit results
in codebloatandcreatesa versioningproblem(e.g.,subse-
guentchangeso the Qvet a parsemwill notcarryover to the
the Met aGCOLAparseresultingfrom (1)). Making Met aCCLA
inheritfrom bothAvet a andCO_Awould alsobeabadidea,
sincenameclashesvould mostlikely resultin incorrectbe-
havior.®

A muchbettersolutionto this problemis OMetaéXoreign
productioninvocationmechanismwhich allows a grammar
to Olend@@s input streamto anotherin orderto make use
of aforeignproduction.This mechanisms accessedia the
f or ei gn productionwhich takesasagumentghe foreign
parserandproductionname asshavn below:

nmeta Met aCCLA { N
ntol a ::= <foreign Qwta Qorret a>
| <foreign GOLA Crol a>;

}

Foreign productioninvocation malkes it possiblefor pro-
grammergo composemultiple grammarsvithout having to
worry aboutnameclashes.

4. MoreExamples
4.1 Lexically-ScopedSyntax Extensions

A Domain-Spedpc LanguaggDSL) is a programmindan-
guagedesignedo do onekind of taskverywell. OMeta,for
instancecanbethoughtof asa DSL for patternmatching.
While DSLsareusedfor writing entireprogramsMood-
Spechbc LanguagegMSLs) are intendedfor writing just
a few lines of codein orderto make part of a program
easierto write. Our COLA parsey which was written in
OMeta, supportsthis notion by allowing programmergo
creatdexically-scopedyntaxextensions

5 OMetadoesnot supportmultiple inheritance.



neta Nul | Qptim zation {

opt = (R <opt >*: xs) = QR , @s)
| (NOT  <opt>:X) = QqNOT X
| (MY <opt >: X) = QMY X)
| (MANYL <opt>: x) = QMWNY1 |, X)
| (define < >:n <opt>:v) => Q(define ,n ,v)
| (AND  <opt>*:xs) = QAD ,@s)
| (FORM  <opt >*: xs) = QFCRM , @s)
| <>
}
neta CRptimzation < Null Qptinmzation {
opt i = (OR <opt >: x) = X
| (CR <insi de>: xs) = QR , @s)
| <super opt>;
inside ::= (R <inside> xs) <inside>ys => (append xs ys)
| <super opt>:x <inside> xs => (cons X XS)
| <enpty> = nil;
}

Figure4. Extensiblepatternmatchingin OMeta.

neta Calc (vars) {

_init__ 1= <enpty> => [self vars: [ldentityD ctionary new];
space =04
var ii= <l etter>: x <space>* = X;
num 1= <nunein <digit>:d = [[n* Q0] +[d- GB0]]
| <digit>d <space>* = [d - 0];
pri Expr ::= <var>:x = [[self vars] at: X]
| <nun®:n =>n
| QO <space>* <expr>:r QO <space>* =>r;
mul Expr  ::= <mul Expr>: x OO <space>* <priExpr>y => [x * y]
| <mul Bxpr>:x @ O <space>* <priBxpr>y => [x / Y]
| <priExpr>;
addBExpr ::= <addExpr>: x OO <space>* <mul Expr>:y => [x + V]
| <addExpr>:x O O <space>* <mul Expr>y => [x - V]
| <mul Expr>;
expr D= <var>ix O=0 <space>* <expr>:r => [[self vars] at: x put: r]
| <addExpr>;
rep .= <space>* <expr>:r Qnd = (printlnr);

Figure5. A deskcalculator

Programmersnay createsyntax extensionsinside ary
COLA s-epressiorby writing oneor moreOMetaproduc-
tionsinside{}s. This createsa new parsermbject(at parsing
time) that inherits from the currentparser giving the pro-
grammera chanceto overridethe original parser€produc-
tionsin orderto extendthe languageas desired.The lan-
guageextensionis in scopeuntil the end of the currents-
expression.

Figure 6 shavs a COLA programthat implementsthe
put s function(which, like the C version printsastringfol-
lowed by the newline charactetto the console).In orderto

make arrayindexing operationsamore corvenient,put s lo-
cally extendsCOLA with syntaxfor C-stylearrayindexing.
This enableghe programmeto write s[ i ] wherehewould
otherwisehave to write the less readable(char @s i).
Note that the expression(printf "%\ n" "abcd"'[0]),
which appearsoutsidethe scopeof this syntaxextension,
resultsin aparseerror.

Extendingour COLA parserwith supportfor lexically-
scopedsyntaxextensionswas straightforvard:



(define puts
(lanbda (s)
(let ((idx 0))

{ cola::=<cola>a JO<cola>i QO=> Qchar@,a ,i)
| <super cola>; }

(while (!'=s[idx] 0)
(putchar s[idx])

(set idx (+idx 1)))

(putchar 10))))

(puts "thisis atest") ;;

wor ks

(printf "%\ n" "abcd"[0]) ;; parse error!

Figure6. A lexically-scopedsyntaxextensionfor C-stylearrayaccesses.

¥ the productionsof the syntaxextensionareparsedusing
foreign productioninvocation (this is possiblebecause
theOMetaparseitself wasimplementedn OMeta),and

¥ compiling andinstantiatinga new parserobjectat pars-
ing time was an easytask,sinceOMetais adynamiclan-
guage.

Thisfeaturecanjustaseasilybeaddedo any otherlanguage
whoseparseris implementedn OMeta (the Javascriptim-
plementatiordescribedn thenext section for example).

4.2 Checkingprintf Calls

In orderto give programmersiccesgo operatingsystemli-
brariesCOLA programsareableto call C functionsdirectly.
Thisis of courseaverylow-level operationandcanresultin
crashe@ndsecurityproblemsThepri nt f function,whose
expectednumberof agumentsdependsn a format string,
is notoriousfor makingprogramsunsafe®

ModernC compilersare aware of this problemandim-
plementstaticchecksin orderto make surethatprintf is
given the correctnumberof arguments.The COLA com-
piler, on the otherhand,doesnot give pri nt f ary special
treatmentConsequentlycalling pri nt f from a C program
is somavhatsaferthancalling it from a COLA program.

Figure 7 shavs an OMeta grammarthat processesn
entireCOLA programyeplacingObad@ri nt f calls (those
whosenumberof argumentsis not in agreementvith the
format string) with the atom BAD_PR NTF. For example, it
transformghe COLA program

(begin

(printf "ny name is 9%\n" name)
(if (> (printf "% = (%, %) %" nane x y)
5)
(f x)))

into

6The sameis true for other functionsin the printf family, such as
sprintf andfprintf.

(begin
(printf "ny name is 9\n" nane)
(if (> BAD PR NIF 5)
(f x)))

Here is a brief explanationof each productionin the
grammarshown in Figure7:

¥ r ep (repeat)is a higherorderproductionthat takes two
argumentsanintegern anda productionp, andtriesto
applyproductionp n times.

¥ f m traversesaformatstring, andreturnsthe numberof
argumentst expects.

¥ expr visits an entire COLA program(an s-expression).
Whenit comesacrossa call to pri ntf, it Pndsout how
mary argumentsare requiredby the format string and
usesr ep to ensurethat the call is well-formed. Other
wise,theObad@all is replacedy theatomBAD_PR NTF.
Notethattheformatstringis matchedagainsthe pattern
(<fm > n).Any string canbe treatedasa list; the pat-
ternabove meansOmatcha list-lik e valuewhosecontents
aredescribedy <f n >0.

This exampleshavs that OMeta®seeminglyorthogonal
parsingand traditional patternmatchingcapabilities(used
hereto procesgormatstringsand COLA programsrespec-
tively) canbecombinedn usefulways.

5. CaseStudy: Javascript

We have usedOMetato implementa nearlycompletesub-
setof the Javascript[2] programminglanguage’ Our im-
plementationconsistsof a parserwritten in OMeta, anda
codegeneratiorphasamplementedisinga combinationof
OMetapatternmatchingandScheme-stylenacroslt is cur-
rentlybeingusedby DanlIngalls@esearchyroupat SunLabs
to run moderately-sidegrogramg~2k lines of code).

7 Themissingfeaturesarewi t h andt r y/cat ch.



neta P {

repnp::=7?n=Qaj
| <apply p> <rep [n - Q] p>
fm =00 oD <m>
| OO  <char> <fm>n = [n + Q]
| <char> <fm>
| <enpty> =
expr o= (printf (<fmi>n) <rep n O >)
| (printf < >*) => (BAD PR NIF
| (<expr>*:xs) = , xs)
| <>
}

Figure7. Huntingfor badpri ntf calls.

5.1 Parsing

Our Javascriptparseris implementedasa 177-line OMeta
grammarAn interestingpart of this grammaiis its mecha-
nismfor handlinglavascript&automaticsemicolorinsertion
rules[2]:
sc ::={~QnO<space>}* {§O |

AGnd |

~QO|

<end> };
({}sareusedfor aggregyation.)Thesc productionconsumes
a (logical) semicolonwhich maybe oneof thefollowing:

¥ asemicoloncharacter
¥ anewline character

¥ nothingat allNb ut only if the next tokenis } (double
negationis usedfor look-ahead)

¥ theendof theinputstream

In orderto supportautomaticsemicoloninsertion,otherpro-
ductionsin our parseruse sc insteadof Q Odirectly, as
shavnin st m below:

stm :: onti nued <sc> => Q conti nue)

reakO  <sc> => ((break)

5.2 CodeGeneration

Our Javascript parserrepresentparsetreesas COLA s-
expressionsTheseparsetreesareexpandednto executable
COLA expressionsisingScheme-lilke macros.

Before the macro expansionstep, parsetreesare pro-
cessedy an OMetagrammarthat distinguishegocal vari-
ablesfrom non-localvariablessothatthey canbe compiled
differently(thisis necessario implementhecorrectseman-
tics).

6. RelatedWork

Ourwork on OMetabeganwhenwe implementecbur own
versionof Val Schorre€META-II [14]: asimpleyet practi-

cal recognition-basedompilerwriting languagethat could
beimplementedn itself in roughlyapageof code META-II
was awonderfultool, but it hadsignibcantlimitations:

1. it did not supportbacktrackingwhich madeit necessary
for the programmeto do a largeamountof left-factoring
in productionsand

2. its analogof semanticactionswere PR NT commands,
which meantthat compilershadto generatecodewhile
recognizing programs.(The resulting programswere
usuallyinterpretedby a special-purposgirtual machine
which hadbeenimplementedspeciallyfor the language
beingcompiled.)

Oncewe addedbacktrackingand semanticactionsto our

languagejt becameequialentin power to Bryan Ford®
ParsingExpressionGrammargPEGs)[5]. This PEGfoun-

dationrelatesOMetato packratparsergenerator¢4] (e.g.,
Ford®own Pappy [3] andRobertGrimm®Rats![7]). How-

ever, OMetais not a parsergeneratorit is a programming
languagevhosecontmol structueis basedbn PEGsAnd un-

like previous PEG-basedystemsNwhichoperateonly on

streamsof charactersNourextensionsto PEGs (see Sec-
tion 2) enableOMetato handlearbitrarykindsof data.Also,

packratparsersare so called becausghey memoizeall in-

termediateesults.Althoughthe COLA portof OMetadoes
memoizeintermediateresults,our Squeakport doesnot.

(Someof our experimentswith PEGsindicatethatthe over-

headof memoizatiormay outweighits benddts for thecom-
moncase wherebacktrackings limited.)

OMeta®ability to patternmatchover arbitrarykinds of
data and the notion of productionswith argumentswere
inspiredby the LISP70 system[16]. LISP70 usedpattern
matchingfor generalprogrammingasksaswell asextend-
ing its own syntax.Unlike OMeta,LISP70usedanexternal
lexical analyzerandwas not object-oriented.

OMetais alsorelatedto Haslell@ parsercombinatorii-
braries[8, 9] in thatit supportsparameterize@nd higher
order productions.However, OMeta grammarsare more
readablethan those written using parser combinator li-



braries,andmoreextensibledueto the object-orientedea-
turesdiscussedh Section3.

7. Conclusionsand Futur e Work

We have shavn that OMeta® patternmatchingis a great
tool for implementingvarioustasksin the domainof pro-
gramminglanguagemplementatior(e.g.,lexical analyzers,
parsersyisitors, etc.). This makesOMetaparticularlywell-
suited as a mediumfor experimentingwith new designs
for programminganguagesand extensiongo existing lan-
guages.

Althoughourinitial implementatiorof OMetawas writ-
tenin COLA [11], OMeta can also be implementedus-
ing more corventionallanguagesWith Yoshiki Ohshima,
for example,we implementeda port of OMetain Squeak
Smalltalk (whereOMetais beingusedto experimentwith
alternatve syntaesfor the SqueakEToys system).Portsto
otherlanguagedike Scheme[1] and CommonLISP [15]
shouldberelatively straightforvard.

While OMeta®parameterizegroductionsprovide great
expressve power, it is unfortunatethat our languagedoes
not allow a production®argumentsto be pattern-matched
againstin the production€body. For example,it would be
niceto beableto write

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

insteadof

pn::=?2(=no0 ...
[

but the former is not possible becauseOMeta® produc-
tion agumentsare passedn the stack,whereasall pattern
matchingis doneon the input stream.LISP70hada better
mechanisnior agumentpassinghat consistedf inserting
the agumentsof a productionapplicationat the beginning
of theinput stream(thatthey couldbe matchecagainst) We
planto adoptthis mechanisnin OMeta.

We alsoplanto improve the performanceof our OMeta
implementationsit shouldbe possiblefor themto perform
competitizely with state-of-the-anpackratparseimplemen-
tationssuchasRobertGrimm®Rats![7].
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