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1 Intr oduction

TheJava g2d packagewasdesignedandbuilt asa visualizationtool for formal rea-
soningsystemssuchasMaude[1], PVS[2], andSAL [3]. It is acorecomponentof the
IOP system[4], an infrastructurefor allowing formal reasoningtools to interoperate,
andto interactwith usersin a transparentandillucidatinggraphicalfashion.

Theg2d packageconsistsof two intertwinedcomponents:

1. An untypedScheme-likelexically scopedinterpretedlanguage,calledJLambda,
thatprovidesa runtimeinterfaceto theJava classlibrary, aswell assomespe-
ci�c classesthat make up the secondcomponent. The languagemakes very
heavy useof Java's built in re�ective capabilities.It is designedto beef�cient
andexpressiveenoughto enablefull andfaithful useof any built in Javaclasses.

2. A Java classhierarchy, called the Glyphish hierarchy[5], inspiredby Joel
Bartlett's now depricatedEzd package[6], andJava's 2D [7] implementation,
thatprovidesJLambda with suf�cient built in classesto effectively construct,
at runtime,any desiredinteractivegraphicalobject.

TheGlyphish hierarchyhasbeendesignedbothwith severalbenchmarkappli-
cationsin mind, andwith architecturalgenerality. Thehierarchymakesheavy useof
JLambda language.Closures,in particular, provide a rich languagein which to de-
scribecontrol�o w, eventlisteners,andevenbothstatic andnon-static methods
of dynamicallycreatedclasses.

This paperservesasa referenceguideto theJLambda language.In section2 we
provide a detailedoverview of theconstructsof theJLambda language.In section3
we brie�y describetheGlyphish hierarchythatmakesup thesecondof thetwo in-
tertwinedcomponentsof theg2d package.In section4 we provide commentaryon a
completeprototypicalJLambda program.In section5 we describethe implementa-
tion of the interpreter, andrelatedwork. Finally in section6 we describetheprocess
by which methodsandconstructorsareresolved. The languageitself, aswell asthe
Glyphish hierarchyarefreelyavailable[8].

2 The JLambda Language.

The Schemelike JLambda languageis a minimalistic, call-by-value, left to right
evaluationordering,lexically scopedlanguagewith closures.It hasexactly thesame
underlyingprimitive datatypesasJava, andaccessto all of Java's built in packages
andclasses,aswell asany otherJavaclassesfoundin theclasspath.

Thesyntaxof the languageis basedon theusualLisp notionof anS-expression.
An S-expressionis eithera stringof charactersor a List of S-expressions.A list is
eitherempty, or elsecontainsat leastoneelement.
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2.1 Variables

A stringof charactersis interpretedasavariable,andis evaluatedasfollows: First see
if it is a staticJava �eld e.g.

java.awt.Color. bl ac k,

or

java.awt.geom.G ener al Pat h. WIND_EVEN_ODD,

if it is, returnthecurrentvalueof that�eld. Next seeif it is boundin thecurrentlexical
environment,if it is return its currentvalue. Otherwiselook to seeif it is boundin
thecurrentglobalenvironment,if it is returnits currentvalue,elsethrow anunbound
variableexception.

2.2 De�nitions

Global de�nitions are madeusing the define form. We provide the usual two
Schemeversions. The moregeneralform simply binds the valueof <exp> to the
identi�er <name> (which is notevaluated):

(define <name> <exp>)

Themorespeci�c functionor closurede�nition versionis

(define <name> (<param_1> ... <param_N>) <form>)

with N� 0, whichbindsthename<name> to thecorrespondingclosure,in theglobal
environment.If two define expressionsassignto thesamevariable,the �rst is lost
or overwritten. Thusour define is similar to a set . Note that the latter is just an
abbreviation for avariantof theformerform. Namely

(define <name> (lambda (<param_1> ... <param_N>) <form>))

We will discussclosures,andlambdaexpressionsshortly, alongwith thelexical bind-
ing form let .

2.3 Primiti veData

Primitive data is representedliterally in JLambda by a primitive dataexpression,
which is a list of lengthtwo:

(<tag> <exp>)

Neitherthe <tag> positionnor the <exp> is evaluated.The <tag> shouldbe the
nameof oneof Java'sprimitivedatatypes:
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boolean byte double char float int long short

while <exp> shouldbe a Java literal, i.e. a sequenceof characters.It is parsedas
the appropriatedata, for example(int 10) will be parsedas the number10, a
Java int , while (char 'C') and(boolean false) will be parsedasJava's
characterC, andbooleanfalse , respectively.

If parsingassuchfails,thenit is theassignedthedefaultzerovalueof thatJavadata
type(false in thecaseof aboolean ), andawarningto standarderroris issued.

The usualJava literals can be usedwithin theseprimitive dataexpressions,see
section3.10,pages19–27,of [9]. A representativesampleis givenhere:

(char 88) ; evaluates to X
(char 'X') ; evaluates to X
(char '\130') ; evaluates to X
(char '\u0058') ; evaluates to X
(char '\n') ; evaluates to a new line
(byte 127) ; evaluates to 127
(byte 128) ; evaluates to 0 and an error is reported
(int 123456) ; evaluates to 123456
(int 123456.7) ; evaluates to 0 and an error is reported
(float 2.5e+7) ; evaluates to 25000000
(boolean true) ; evaluates to true
(boolean 0) ; evaluates to false

It shouldbe pointedout that unadornedstringsthat consistsolely of digits, for
example1234567890 , arebona�de variables,andcanbeboundboth lexically and
globally. To regardthemasnumbersthey needto bewrappedin a primitive dataex-
pression.For example,thereis nothingwrongwith initializing theglobalenvironment
via thefollowing sequenceof expressions.

(define 0 (int 0))
(define 1 (int 1))
...
(define 100 (int 100))

2.4 Numeric Operations

The usualarithmeticoperationsareprovided. Thesework on numbersandchar s,
not boolean s. Thesefollow the usualJava contortions,seesection5.6, pages74–
76 of [9]. The expressionsareevaluated,they areboth widenedto int s if they are
smaller. If one is bigger thanan int they areboth widenedto that type, then the
operationis performed.

(- <nexp>)
(- <nexp> <nexp>)
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(* <nexp> <nexp>)
(+ <nexp> <nexp>)
(/ <nexp> <nexp>)
(% <nexp> <nexp>)

To completethe arithmeticoperationswe provide a correspondingnarrowing opera-
tion:

(narrow <nexp> <exp>)

This performsoneof Java's 23 primitive narrowing conversions(Seesection5.1.3,
page55, of [9]). Theexpressionsareevaluatedin left to right order. Thesecondex-
pression<exp> shouldevaluateto oneof the strings: byte , short , char , int ,
long , double , or float . Indicatingthedesiredprimitive datatype. The �rst ex-
pression<nexp> shouldevaluateto a primitivenumerictype(includingchar ). The
usuallossof precisionoccurs.Attemptingto specifyaconversionthatis notanarrow-
ing, e.g.(narrow (int 0) "long") will resultin anexceptionbeingthrown.

2.5 BooleanRelations

Weprovide theusualbinaryrelationson numbers:

(< <nexp> <nexp>)
(> <nexp> <nexp>)
(<= <nexp> <nexp>)
(>= <nexp> <nexp>)

Nonnumericargumentswill causeanexceptionto bethrown.
Likemostversionsof Lisp or Scheme,therearetwo formsof equality. Both forms

of equalityaretotal booleanrelationsde�ned onall typesof data:

(= <exp> <exp>)
(== <exp> <exp>)

Theexpressionsareevaluatedin left to right order. The�rst form, =, is relatedto the
Schemeor Lisp equals predicate,while thesecond,==, is morelikeeq.

The = expressionthen returnstrue if either both valuesare null , or neither
arenull andboth arebooleansof the samevalue,or both numericvaluesandare
equal,or the secondobjectsatis�es the �rst object's equals method.For example
(= (int 0) (long 0)) is true . The== is similar but usespointerequalityin
thecasethatbothvaluesareobjects.

(== "foo" (object ("java.lang.St rin g" "foo"))) ; false
(= "foo" (object ("java.lang.Str ing " "foo"))) ; true
(= (char 'X') (int 88)) ; true
(= (char 'X') (boolean false)) ; false
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These�rst two examplesusetheJLambda notationfor callingJava'scontructors.
Thisnotationwill beexplainedshortly.

Thereis alsoaninequalityexpression:

(!= <exp> <exp>)

which is thesameas(not (= <exp> <exp>)) .

2.6 Arrays

Arraysmaybeconstructedandmanipulatedin adirectmanner.

2.6.1 Array Construction

Therearetwo forms of arrayconstruction,onecorrespondsto makingan emptyar-
ray of a particularsize, the othercorrespondsto makingan array, andassigningits
contents.A zeroedarrayof aparticularlengthis constructedvia:

(mkarray <type> <nexp>)

whereasanarrayis constructedandassignedvia:

(array <type> <exp_1> .... <exp_N>)

whereN � 0. In both cases<type> is eithera primitive datatag or elsethe full
nameof aJavaclass,<type> is notevaluated).In themkarray casetheexpression
<nexp> shouldevaluateto anintegerexpression(or somethingsmaller),andanarray
of that length is constructedandzeroed,accordingto the natureof <type> in the
usualJavaway. In thearray caseof anarrayof lengthNis constructed.Therecanbe
zeroor moreelements<exp_i> . Thecontentsof theconstructedarrayareinitialized
to be the valuesof the <exp_i> , evaluatedfrom left to right. Eachof the values
of theexpressionsshouldbeableto beconsideredasanelementof theclassor type
representedby the <tag> . null is allowablein the casethat the <tag> namesa
Java class. Widening is allowablein the caseof primitive data,as is upcastingto a
interfaceor a superclassin thecasethatthe<tag> namesa Java class.Otherwisean
exceptionwill bethrown.

In thefollowing examplesa0 will beanarrayof length88, thatcontainsthatmany
false s,a1 will nameanarrayof integersof length3, whereasa2 will nameanarray
of objectsof length1.

(define a0 (mkarray boolean (char 'X')))
(define a1 (array int (char 'X') (byte 3) (short 7)))
(define a2 (array java.lang.Obje ct java.lang.Syste m.er r))
(define a3 (array [I a1 a1)))
(define a4 (array [Ljava.lang.Ob jec t; a2 a2 a2))
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To make anarrayof arraysonemustuseJava's quaintarraytypenamingconven-
tions,seesection20.3.2,page466,of [9].1 In theseexamplesa3 is anarrayof integer
arrays,anda4 is anarrayof objectarrays.

2.6.2 Array Access

Theelementsof anarrayareaccessedvia:

(aget <array> <nexp>)

which returnsthe valueof <array>[<nexp>] , both <array> and<nexp> are
evaluated.For example,in the context of the previous arrayconstructionexamples,
bothof theseexpressions

(aget a1 (int 0))
(aget (aget a3 (int 1)) (int 0))

evaluateto 88. Whereas

(aget a2 (int 0))
(aget (aget a4 (int 1)) (int 0))

bothevaluateto thesameinstanceof thejava.io.PrintStream classassociated
with thestandarderrorstream.

2.6.3 Array Assignment

Similarly anarraymaybesetvia:

(aset <array> <nexp> <expV>)

whichsets<array>[<nexp>] to bethevalueof <expV> . It alsoreturnsthevalue
of <expV> . All threesubexpressionsareevaluatedfrom left to right. As in thecaseof
arrayconstructionthevalueof theexpression<expV> mustbeanallowableelement
of thearray.

So to continueour runningexamples,we couldmodify our integerarray, a1, by
evaluatingtheexpression

(aset a1 (int 0) (char 'Z'))

andaccessinga1 would re�ect this change

(aget a1 (int 0))

andevaluateto 90.
1Java's internalnamefor an arrayclassconsistsof the nameof theelementtype ( B for byte , C

for char , D for double , F for float , I for int , J for long , S for short , Z for boolean , and
Lclassname; for classesor interfaces) preceededby oneor more[ characters,dependingon thedepth
of arraynesting.Thus[[[[Z wouldbethenamefor anarrayof arraysof arraysof arraysof booleans.
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2.7 Strings

TheJLambda readerwill interpretany stringof charactersbeginningandendingwith
the character" asthe correspondingJava string (without the two occurrencesof the
character" ), actually"foo" is interpretedas(quote foo) , whichevaluatesto the
JavaStringfoo .

Stringconcatenationis providedby theconcatenationform:

(concat <exp> .... <exp>)

This form of String concatenation,evaluateseachexpressionand concatenatesthe
result(usingthetoString() methodof eachobjectreturned,andtheusualconver-
sionsin thecaseof primitivedata).Soasimpleexampleof this is that

(concat (char '\t') "A " "short " "sentence.")

evaluatesto astringthatprintsas

A short sentence.

2.8 Arbitrary Objects

2.8.1 Object Construction

Arbitrary Javaobjectsmaybeconstructedusingthefollowing form:

(object (<exp> <exp_1> ... <exp_N>))

whereN � 0. The argumentsare, as usual,evaluatedfrom left to right, the �rst
argument<exp> shouldevaluateto stringrepresentingthefull nameof a Java class.
If the so namedJava classis not public an exceptionis thrown. The interpreter
thenattemptsto �nd a constructorfor thatclasswith matchingarguments,andusing
that constructorand the remainingarguments,constructsthe appropriateobject. If
no matchingconstructoris foundanexceptionis thrown. We describethis resolution
processin moredetail in section6.

For examplewecanconstructa genericobjectby evaluating

(object ("java.lang.Obje ct ") )

andawrapperobjectof thecharacterX via

(object ("java.lang.Char ac te r" (char 'X')))

A slightly moreinterestingexampleis a frame

(define frame (object ("java.awt.Fram e" "A Frame")))

thatwewill futz with shortly.
Thenull objectreferenceis obtainedby thespecialform:

(object null)

whichevaluatesto null .
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2.8.2 Field Access

Staticandnon-static�elds of anobjectcanbeaccessedvia:

(lookup <target> <field>)

The<target> and<field> positionsareevaluatedfrom left to right. The inter-
preterthenlooksfor a �eld belongingto theobjectthat the<target> evaluatesto.
Thevalueof that �eld is returned.If no corresponding�eld is foundanexceptionis
thrown. If <target> doesnot evaluateto anobjectanexceptionis alsothrown.

For examplethefollowing expressionsbothevaluateto

(lookup a1 "length")
(lookup a4 "length")

to theinteger3.2

It is, of course,theruntimetypeof thevalueof <target> that is usedin deter-
mining theappropriate�eld, andits value.(Sincethis is aninterpretedlanguage,there
is no sensiblenotion of compiletime type.) Thusstatic �elds areprobablybest
lookedup via theclassratherthananinstanceif thereis thepossibilityof ambiguity.

Thevalueof astatic�eld mayalsobeaccessedfrom theclassvia theusualnotation

java.lang.Math. PI

2.8.3 Field Updating

In earlyversionsof JLambda wedid notprovideany supportfor thesettingof �elds,
eitherinstanceor static . This wasnot becauseit wasproblematic,but simply be-
causewe thoughtit would be unnecessary, well designedclassesenforceobjecten-
capsulationof state. If anobject's �elds aresupposedto beupdatable,theclasswill
providemethodsto doso.Unfortunately, thiswasoverly optimistic,somebuilt in Java
classesarenomoresophisticatedthanCstruct s,for examplejava.awt.GrdBagConstraints .
Consequently, wenow provide meansof settingthevaluesof �elds, eitherinstanceor
static .

Staticandnonstatic�elds of anobjectmaybeinvokedusingthefollowing form:

(update <target> <field> <exp>)

The argumentsareevaluatedfrom left to right, and then the interpreterattemptsto
updatethe�eld, whosenameis thevalueof <field> (whichshouldbea String ),
to thevalueof theexpression<exp> . Thereturnvalueof theentireexpressionis the
new valueof the�eld.

Thusfor examplewe couldcreatetwo identicalpointsasfollows:

2That theseevaluatecorrectly is due to an ad hoc clausein our interpreter, sincefrom the point
of view of Java's re¯ectionAPI, length is not a �eld of an array, contradictingthe Java language
speci�cation,seesection10.7,page197,of [9]
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(define p1 (object ("java.awt.Poin t (int 50) (int 50))))
(define p2 (object ("java.awt.Poin t) ))
(update p2 "x" (int 50))
(update p2 "y" (int 50))

Alternately, theselasttwo expressionscouldbeabbreviatedto:

(update p2 "y" (update p2 "x" (int 50)))

In the casewhereonewishesto updatea static �eld via the classratherthan
the object,for examplein the situationwherethereareno instancesof the class,we
includethefollowing form:

(supdate <target> <field> <exp>)

In this case<target> shouldevaluateto a string thatnamesthedesiredclass.The
evaluationthenproceedsin a similar fashionto the non staticcase.For example,to
enabledebuggingof theentrypoint to theGraphics2D actor, onecouldexecute:

(supdate "g2d.Main" "DEBUG" (boolean true))

2.8.4 Method Invocation

Staticandnonstaticmethodsof anobjectmaybeinvokedusingthefollowing form:

(invoke <target> <method> <exp_1> ... <exp_N>)

whereN� 0. Theargumentsareevaluatedfrom left to right, andthentheinterpreter
attemptsto �nd a method,whosenameis thevalueof <method> (which shouldbe
a String ), with the appropriatearguments.If no methodis found an exceptionis
thrown. This resolutionprocessis describedin moredetail in section6.

Thus for examplewe could con�gure anddisplayour frame via the following
sequenceof invocations

(invoke frame "setSize" (int 50) (int 50))
(invoke frame "setLocation" (int 10) (int 10))
(invoke frame "setVisible" (boolean true))

which would causetheframe to bea squareof �fty pixelspositionedin thetop left
handcornerof thescreen.

In thecasewhereonewishesto invokeastatic methodvia theclassratherthan
theobjectwe includethefollowing form:

(sinvoke <target> <method> <exp_1> ... <exp_N>)

whereN� 0. In thiscase<target> shouldevaluatetoastringthatnamesthedesired
class.Theevaluationthenproceedsin asimilar fashionto thenonstaticcase.

Sofor exampleif we wishedto con�gure andpositionour frame , sothat it was
half thesizeof our screen,andcenteredtherein,we coulddo thefollowing sequence
of instructions.

12



(define toolkit (sinvoke "java.awt.Tool ki t" "getDefaultTool ki t" ))
(define dim (invoke toolkit "getScreenSize" ))
(define h (lookup dim "height"))
(define w (lookup dim "width"))
(invoke frame "setSize" (/ w (int 2)) (/ h (int 2)))
(invoke frame "setLocation" (/ w (int 4)) (/ h (int 4)))
(invoke frame "setVisible" (boolean true))

To give anotherexample,the classobjectcorrespondingto java.lang.Math
canbeobtained,andnamed,via theexpression

(define math (sinvoke "java.lang.Clas s" "forName" "java.lang.Math "))

But it wouldbeamistaketo try andaccessstatic�elds of thejava.lang.Math
class,sayPI , by thendoing

(lookup math "PI")

becausethiswill actuallyenduplookingfor a�eld called"PI" in theclassthatmath
is aninstanceof, i.e. java.lang.Class . To accessstatic�elds via theclassuse:

java.lang.Math. PI

2.9 Control Forms

TheusualScheme/Lispformsareprovided.

2.9.1 Lexical Binding

Lexical bindingis availablevia:

(let (
(<var_1> <exp_1>)
(<var_2> <exp_2>)
...
(<var_N> <exp_N>)

)
<exp>
)

whereN� 1. Thisexpressionincrementallyaugmentsthecurrentlexicalenvironment.
I.e. thebindingof <var_1> to thevalueof <exp_1> is visible in theevaluationof
<exp_2> , andall subsequentexpressions.The valueof the entireexpressionis the
value of <exp> in the fully augmentedenvironment. So for exampleif one were
nostalgicfor the initial UNIX process�le descriptortable, one could constructthe
following array:
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(let ((0 java.lang.Syste m.in )
(1 java.lang.Syste m.out)
(2 java.lang.Syste m.er r) )

(array java.lang.Objec t 0 1 2))

2.9.2 Sequencing

Sequencingis availablevia theform:

(seq <exp_1> ... <exp_N>)

whereN � 0. Thevaluereturnedfrom a sequencingexpressionis thevaluereturned
by thelastexpressionin thesequence,or null in thecasethatN= 0.

Thusasimpleuseof theselasttwo formswouldbeto constructourcenteredframe,
without littering theglobalenvironmentwith debris.

(let ((frame (object ("java.awt.Frame " "A Frame")))
(toolkit (sinvoke "java.awt.Toolk it " "getDefaultToolk it ") )
(dim (invoke toolkit "getScreenSize ") )
(h (lookup dim "height"))
(w (lookup dim "width")))

(seq
(invoke frame "setSize" (/ w (int 2)) (/ h (int 2)))
(invoke frame "setLocation" (/ w (int 4)) (/ h (int 4)))
(invoke frame "setVisible" (boolean true))
frame)

)

2.9.3 Lambda Expressionsand Closures

Closuresareobtainedby evaluatingthecorrespondinglambdaform:

(lambda (<param_1> ... <param_N>) <exp>)

whereN � 0, The valueof suchan expressionis a closure,a pair consistingof the
lambdaexpression,andthelexical environmentat thetimeof evaluation.Thunks(the
casewhenNis zero)arepermissible.As anexampleof thiswecouldde�ne andname
acenteredframefactoryasfollows.

(define frameFactory
(lambda (FrameName)

(let ((frame (object ("java.awt.Fra me" FrameName)))
(toolkit (sinvoke "java.awt.Toolk it" "getDefaultToo lk it "))
(dim (invoke toolkit "getScreenSize" ))
(h (lookup dim "height"))
(w (lookup dim "width")))

(seq
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(invoke frame "setSize" (/ w (int 2)) (/ h (int 2)))
(invoke frame "setLocation" (/ w (int 4)) (/ h (int 4)))
(invoke frame "setVisible" (boolean true))
frame)

)
)

)

2.9.4 ClosureApplication

Applicationof aclosureto theappropriatenumberof argumentsis via theapplyform:

(apply <exp> <exp_1> ... <exp_N>)

whereN� 0. To litter ourscreenwith annnoying popupswecouldthendo

(apply frameFactory "Viagra popup")
(apply frameFactory "Nigerian bank scam")
(apply frameFactory "Lottery notification")
(apply frameFactory "Random porn site here!")

andsaveotherpeoplethetimeandeffort.

2.9.5 Iteration

An iterationform is includedbasedon theSchemedo form [10].

(do (
(<var_1> <init_1> <step_1>)
...
(<var_N> <init_N> <step_N>)

)
(<test> <exp> ...)
<command> ...)

whereN � 1, Evaluationof a do form proceedsin two steps,an initialization phase
followedby aniterationphase.In theinitializationphasethe<init_i> expressions
areevaluatedsequentiallyin theouterenvironment. Theirvaluesarethenboundto the
variables<init_i> to form thedo environment,andtheiterationphasecommences.
In eachiterationthe following takesplace. The <test> expressionis evaluated,if
it doesnot evaluateto a boolean an exceptionis thrown. If it evaluatesto true ,
thenthe <exp> ... areevaluatedin order, andthe valueof the last expressionis
thevalueof theentiredo form. Otherwiseeachof the<command> ... expressions
areevaluatedfor their effect, thenthe variablesin the do environmentareupdated,
sequentially, to be the valuesof the <step_i> forms, andthe next iterationcom-
mences.

Soa simpleexampleis
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(do (
(i (int 0) (+ i (int 1)))
(str " " (concat str " " i))

)
((= i (int 10)) str)
(invoke java.lang.Syst em.e rr "println" str)
)

)

printsouta triangleof numbers:

1
1 2
1 2 3
1 2 3 4
1 2 3 4 5
1 2 3 4 5 6
1 2 3 4 5 6 7
1 2 3 4 5 6 7 8
1 2 3 4 5 6 7 8 9

In Java 1.5a for-each constructwasintroduced,which enablestheprogrammerto
convenientlyiterateover a collectionor array. JLambda supportsthis constructvia
thefor form:

(for <var> <exp> <body>)

Here,<exp> shouldevaluatetoeitheranarrayobjectorajava.util.Collection
instance;otherwiseanexceptionis raised.<body> is evaluatedoncefor eachelement
of thearray/collection,in anenvironmentin which <var> is boundto thecurrentel-
ement.Thevalueof theentirefor form is thevaluereturnedby the�nal evaluation
of <body> .

In this simpleexample,

(for e
(array int (int 3) (int 5) (int 7))
(invoke java.lang.Syste m.er r "println" e))

printsthelist of numbers:

3
5
7
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2.9.6 Branching

Bothbinaryandternaryformsof thebranchingprimitiveareallowed:

(if <test> <then>)
(if <test> <then> <else>)

In both the binary and ternaryforms the <test> shouldreturn a boolean , The
binaryform returnsnull if <test> is false.

2.9.7 BooleanOperations

Therelatedpropositionalformsareasusual:

(and <exp> .... <exp>)
(or <exp> .... <exp>)
(not <exp>)

The expressionsare evaluatedfrom left to right, their valuesshouldbe boolean ,
otherwisean exceptionis thrown. In the caseof and , evaluationis terminatedon
the�rst false value,while in thecaseof or , evaluationis terminateduponthe�rst
true valueencountered.

2.9.8 Quoting

Finally evaluationcanbepreventedvia theusualquoteform:

(quote <exp>)

which returnstheunevaluated<exp> asdata,eitheraString or aList .

2.10 Subtyping

Thereis aversionof Java's instanceof operator. Theexpression:

(instanceof <exp> <exp>)

returnsJava's ideaof whetheror not the valueof the �rst <exp> is an instanceof
the classnamedby the (String ) value of the second<exp> . For example, the
expression

(instanceof "java.lang.Str in g" "java.lang.Stri ng")

will evaluateto true . Note that thereis a cleardistinctionmadebetweenprimitive
dataandtheassociatedwrappedform, anexpressionsuchas

(instanceof (int 7) "java.lang.Integ er ")

will evaluateto false .
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2.11 File loading and singleline comments

Theread-eval-print loop interfaceto theJLambda languageis rudimentary, reading
andevaluatinga singleline at a time. Consequently, loadinga �le containinga single
expressionusingtheloadexpressionis useful:

(load <exp>)

This loadsin thecontentsof the �le, parsedasa singleS-expression.Theexpression
<exp> shouldevaluateto astringnamingthe�le.

In the�le loadedcommentsmayappear. TheJLambda languageonly hassingle
line comments.Thecommentcharacteris thesemicolon; , with theproviso that it is
preceededby whitespace,or beginsanew line.

2.12 ClassNames

All of Java's classesmaybeaccessedby their full names.Thereis no import mecha-
nism,otherthanthatprovidedby thelexical anddynamicbindingprimitives:

(define Vector "java.util.Vect or ")

(let ((Line "java.awt.geom .L in e2D$Doubl e" )
(victor (object (Line (int 0) (int 0) length (int 0))))

(object (Vector victor)))

Note that, following Java's re�ection conventions,inner classesareaccessedvia
the$ ratherthanthe. .

2.13 Exceptions

Onecanthrow anexceptionusingthethrow form:

(throw <exp>)

Theexpression<exp> shouldevaluateto aninstanceof java.lang.Throwable ,
otherwiseasomewhatdifferentexceptionwill bethrown. Thereis alsoatry catch
form for handlingany exceptionsthatmaybegenerated.It is closelyrelatedto theJava
form, without theoptionof multiplecatches,or a finally clause.

(try <exp_0> (catch <var> <exp_1>))

Evaluationof thisform proceedsby �rst evaluating<exp_0> , if thissucceedswithout
generatingan exception,thenthe valueof theentireexpressionis thevaluereturned
by <exp_0> . However, if evaluationof <exp_0> generatesanexception,thenthis
exceptionis boundto the variable<var> , and<exp_1> is evaluatedin this larger
environment,and its value is the value of the entire try catch expression. For
example,
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(try (throw (object ("java.lang.Thr owable ") ))
(catch var (boolean true)))

(try (boolean false)
(catch var (boolean true)))

the �rst expressionevaluatesto thebooleantrue , while thesecondevaluatesto the
booleanfalse .

3 The Glyphish Hierar chy

A descriptionof the JLambda languagewould not be completewithout touching
on theGlyphish hierarchymentionedin section1, andin particularit' s useof the
JLambda language.Thisclasshierarchybelongsto theg2d.glyph package,whose
classstructureis shown below:

Identifiable

Attributable

Glyphish

Glyph GlyphList ClosureGlyph

Javadocdocumentationfor theseandotherclassescanbefoundat [11].

3.1 The Identifiable Class

Graphicalobjectsthataremanipulatedby otheractors(for exampleformal reasoning
tools suchasMaudeandPVS) may be assigneduniqueidenti�ers by them. Unique
identi�ers arestrings. To accessan objectby it' s uniqueidenti�er the fetch form is
used:

(fetch <exp>)

An object,belongingto aclassextendingIdentifiable , maybeassignedaunique
identi�er usingthesetUID method.It is anerror, i.e. anexceptionwill bethrown, to
assignthesameidenti�er to two objects,andit is alsoanerror to assignanidenti�er
to an object that hasalreadybeenassignedan identi�er. Similarly oneaccessesan
particularobjectsuniqueidenti�er by the getUID method. If the instanceof the
Identifiable classhasnotbeenassignedauniqueidenti�er thegetUID method
returnsnull .
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3.2 The Attributable Class

An objectbelongingto aclassextendingAttributable mayhavenew �elds added
dynamically, in the form of attributes. An attribute hasa nameand a value. For
ef�ciency attributesaremanipulatedvia thededicatedforms:

(setAttr <exp> <exp> <exp>)
(getAttr <exp> <exp> [<default>])

ratherthanby the correspondingmethodsof theobjectinvolved. The getAttr
form hasan optionaldefault argument.This is thevaluereturned,in thecasewhere
the objecthasno attribute by the speci�ed name. If no default is speci�ed, andno
attribute is found,thennull is returned.In bothformsthe�rst expressionevaluates
to thetarget instance,thesecondevaluatesto thenameof theattribute(which should
bea string),while in thesetAttr form thethird evaluatesto thenew desiredvalue,
while in thegetAttr form theoptionalthird expressionevaluatesto thedefaultvalue
to bereturned,in thecasewheretheobjecthasnoattributeby thatname.

Attributevaluesarearbitraryobjects,includingclosures.An attributewith a clo-
surevaluecorrespondsto a dynamicmethod. Two waysto make useof sucha dy-
namic methodis with an apply expression,or by invoking one of the Closure 's
many applyClosure conveniencemethodsdirectlyon theattribute.

(setAttr att "method" (lambda (x) ...))
...
(apply (getAttr att "method") (int 7))
...
(invoke (getAttr att "method") "applyClosure" (object null))

In section4 we presentin detail an examplethat, amongstotherthings,usesat-
tributesto implementmousedraggablegraphicalobjects.

3.3 Glyphs

In JoelBartlett's Ezd packagea Glyph wassomethingthatknew how to draw itself,
typically asasequenceof shapes,andwascapableof acceptingandrespondingto user
inputs. The Ezd packagewasdevelopedusingthe early Java 1.0 event model,and
reliedon thejava.awt packageasit wasthen,in Java1.0.

We adopta similar, thoughdistinct,conceptualapproach.Our approachhasbeen
strongly in�uenced by the newer Java event model, and the cleantwo dimensional
graphicssuppliedby theJava2DAPI. In particularwemakeheavy useof theAffineTransform
classof thegeom subpackageof java.awt , andthenewer 2D implementationsof
theShape interface,alsoof thejava.awt package.We have alsotakenadvantage
of theClosure classprovidedby theJLambda language.

In our approachthe root classof all things glyph-like is the abstract class
Glyphish . Therearethreerelatedbut distinctaspectsto theGlyphish class:
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1. How a Glyphish instancedepictsor portraysitself graphically, typically this
is doneat therequestof anencompassingComponent .

2. How aGlyphish instancehandlesinputeventsfrom thekeyboardandmouse,
againtypically delegatedby anencompassingComponent .

3. How aGlyphish instancepositionsor transformsitself within it' sencompass-
ing Component .

TheabstractGlyphish classhasthreemainimmediateconcretesubclasses:

� theGlyph class,

� theGlyphList class,and

� theClosureGlyph class.

The Glyph classis the simplestof the direct subclassesof Glyphish . A Glyph
instancehasasinglejava.awt.Shape , bordercolour, �ll colour, andstrokewidth.
A GlyphList is a composite,it consistsof anorderedlist of Glyphish things.A
ClosureGlyph is the mostdynamic,it requiresJLambda closuresto implement
all theabstract methodsrequiredby theGlyphish API. It provides,in essence,
a way of de�ning, at runtime, Glyphish instanceswhosemethodsare de�ned at
runtime,ratherthancompiletime.

3.3.1 Depiction

A concreteGlyphish instanceportraysitself by implementingtheabstractmethod

void paint(java.awt .G rap hi cs 2D g2d);

declaredin theGlyphish class.In thecaseof a Glyph instanceit will draw itself
accordingto its java.awt.Shape �eld, �ll colour, bordercolourandstroke. In the
caseof aGlyphList it merelydelegates,in order, to all of theGlyphish elements
in its list. TheClosureGlyph respondsby applyingit' sprivate

Closure paintClosure;

�eld to theappropriateGraphics2D objectof thejava.awt package.

3.3.2 Events

Glyphish instancesarecapableof handlingany input events,i.e. instancesof the
InputEvent classof the java.awt.event package. To determinewhethera
Glyphish instanceis thedesiredtargetof anInput eventtheabstractmethod

boolean inside(Point2D p);
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of theGlyphish classis used,heretheclassPoint2D belongsto thejava.awt.geom
package.TheGlyph classimplementsthis by usingit' s java.awt.Shape 's �eld
corresponding

boolean contains(Point2D p);

method. The GlyphList instanceimplementsthis by iteratingthroughit' s list of
Glyphish elementscalling eachelement's inside method,andreturnstrue if
onereturnstrue , elseit returnsfalse . TheClosureGlyph respondsby applying
it' sprivate

Closure insideClosure;

�eld to theappropriatePoint2D object.
The Glyphish classimplementseachof the Input event listenerinterfaces:

MouseListener , MouseMotionListener ,andKeyListener , all of thepack-
agejava.awt.event . They do so in a uniform way. For eachmethodin the lis-
tenerinterfacea Glyphish instancehasa Closure objectassociatedwith it. For
examplein thecaseof the

void mouseClicked(M ouseEve nt e);

methodof theMouseListener class,theGlyphish classhastheprivate�eld

Closure mouseClickedAct io n;

This closurewill havearity 2, andusesLucaCardelli's trick of having aself argu-
mentto implementJava's this pointer. Calling the

mouseClicked(Mo us eEve nt e)

methodwould resultin theclickedAction closurebeingapplied:

clickedAction.a pply Cl osu re (t hi s, e);

wherethethis pointeris of theGlyphish instancethatis respondingto theMouseEvent
instancee.

3.3.3 Transformation

Positioning,moving, andanimatingGlyphish instancesis doneby applyingaf�ne
transformations(e.g.translating,rotating,shearing,andscaling)to them.

A concreteinstanceof theGlyphish classtransformsitself by providing anim-
plementationto theabstractmethod

void transform(Affi neTra ns fo rm a);

of theGlyphish class.In thecaseof a Glyph instance,theAffineTransform
a is appliedto the instance's Shape. In the caseof the GlyphList instance,it is
appliedto eachGlyphish elementof its list. While the ClosureGlyph simply
appliesit' sprivate

Closure transformClosure ;

to theAffineTransform objecta.
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3.4 Closures

Anotheruseof theClosure classprovidedby theJLambda languageis in creating
eventhandlers.For eachJavalistenerclass,weprovideacorrespondingtemplateclass
thatimplementsthedesiredlistenerinterface,andextendstheAttributable class.
An instanceof thetemplateclasscanbespeci�edby providing Closure sfor eachof
therequiredmethods.As mentionedabove,wehaveadoptedtheconventionthatthese
closurestake two arguments,theselfparameter, followedby theeventparameter.

A simpleexampleof this, correspondingto Java's ActionListener interface
of thejava.awt.event package,is theClosureActionListener classof the
g2d.closure package.Theactionlistenerinterfacerequiresthesolitary

void actionPerforme d( Act io nEve nt e)

to beimplemented.ConsequentlytheClosureActionListener classhasa pri-
vate�eld

Closure actionPerformedC lo su re ;

asetterfor this �eld:

public void setActionClosu re (C lo sur e closure){
if(closure.getA ri ty( ) == 2) {

actionPerforme dClo su re = closure;
} else { // report an error }

}

TherequiredactionPerformed methodis thensimply implementedby:

public void actionPerforme d( Acti onEve nt e){
if(actionPerfo rmedClo su re != null) {

actionPerforme dClos ur e. appl yCl os ur e( th is, e);
}

}

4 A CompleteJLambda Program

In this sectionwe presentacompleteexampleof a JLambda program.Theprogram,
clicker , containsthe mostinterestingfeaturesof JLambda, namely, thecreation
andmanipulationof Javaobjects,andtheuseof closures[12] aseventhandlers.

The clicker program,a full listing of which canbe found at [13], constructs
graphicalobjectsusingthe g2d classhierarchy[11]. Whenthe clicker program
is run, it displaysa window containinga singlecircularnode. Clicking anywherein
the window createsa new nodeat that point. The following is a screenshotof the
clicker programwindow showing asinglenode.
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The usercanchangethe colour of an existing nodeby shift-clicking on it; a di-
aloguebox will appear, allowing the userto selecta new colour for the node. The
following is a screenshotof the clicker programwindow showing several nodes,
someof whichhavehadtheir colourchangedby theuser.

Finally, existingnodescanbedraggedusingthemouse.
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In Section4.1wepresentanoverview of thelexical structureof theclickerprogram
code,in an attemptto orient the subsequentdiscussion.Section4.2 containsdetails
eachsectionof theclicker programcode,alongwith anexplanationof itsoperation.

4.1 The clicker 'sLexical Structure

To aid navigationof theclicker sourcecode,we provide thefollowing representa-
tion of its lexical structure.

(let ((h ...)
(w ...)
(black ...)
(yellow ...)
(stroke ...)
(ellipse ...)
(view ...)
(frame ...)
(mkNode

(lambda (...)
(let ((node ...)

(pressed ...)
(released ...)
(dragged ...)
(clicked ...)
(trans ...))

(seq ... (invoke ...) ...))))
(clickedV ...))

(seq ...))

4.2 CodeListing for clicker

Theclicker programbeginsby creatingthemainwindow object;it de�nesbindings
for someJavaprimitive types,�elds, andobjects,which areusedto specifytheinitial
propertiesof thenodeobject,andtheg2d.swing.IOPFrame object,which is the
program'smainwindow.

(let ((h (int 50))
(w (int 70))
(black java.awt.Color. bl ac k)
(yellow java.awt.Color .y el low )
(stroke (object ("java.awt.Basi cStr ok e" (float 2.5))))
(ellipse (object ("java.awt.geo m.El li pse 2D$Doubl e"

(int 0) (int 0) w h)))
(view (object ("g2d.swing.IOP Vi ew"

(boolean true) (boolean true))))
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(frame (object ("g2d.swing.IOPF ra me" "Node Example" view)))

Notethattheuseof thesebindingsrelieson a particularsemanticsof JLambda's
let expression:thateachbindingincrementallyaugmentsthelexical environment.

The next codesectionde�nes a closurewhich, wheninvoked, constructsa node
object.

(mkNode
(lambda (xPos yPos)

(let ((node (let ((temp (object ("g2d.glyph.Gly ph"
ellipse black yellow))))

(seq (invoke temp "setStroke" stroke)
temp)))

In creatingthenode,theclosureusesseveralbindingsfrom theprevioussectionto
specifyinitial properties,suchascolour, of thenode.

The mkNode closurealso createsseveral closuresfor eachof the mouseclick
eventstowhichthenoderesponds,andbindsthemto thevariablespressed , released ,
dragged , andclicked . Later in theprogram,theseclosureswill beregisteredas
eventhandlersfor thenewly-creatednode.

Thenext sectionof theprogramcontainsthede�nition of eachof theseclosures:

(pressed (lambda (self event)
(seq

(setAttr self
"pointF"
(object ("java.awt.geo m.Poi nt 2D$Doub le "

(invoke event "getX")
(invoke event "getY"))))

(setAttr self "draggedF" (boolean true)))))

(released (lambda (self event)
(setAttr self "draggedF" (boolean false))))

(dragged
(lambda (self event)

(let ((dragon (getAttr self "draggedF")))
(if (and (!= dragon (object null)) dragon)

(let ((pnt (getAttr self "pointF"))
(eX (invoke event "getX"))
(eY (invoke event "getY"))
(a (let ((temp (object ("java.awt.geo m.Aff in eTra ns for m")) ))

(seq (invoke temp
"translate"
(- eX (invoke pnt "getX"))
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(- eY (invoke pnt "getY")))
temp))))

(seq (invoke self "transform" a)
(invoke pnt "setLocation" eX eY)
(invoke view "repaint"))))) ))

(clicked (lambda (self event)
(if (invoke event "isShiftDown")

(let ((chooser (object
("javax.swing.J Colo rC hoose r" )) )

(color (invoke chooser
"showDialog"
frame
"Color Chooser"
(invoke self "getFill"))))

(seq (if (!= color (object null))
(invoke self "setFill" color))

(invoke view "repaint"))))))

Whenan event handlerclosureis invoked it receives two arguments:the object
receiving theevent,andtheeventobjectitself. Theclosureusesinformationstoredin
theeventobjectto manipulatethereceiving object.

Eachof the above closuresmanipulatethe nodeobject in ways that correspond
to the type of event the nodeobject received. For example,the clicked closure
checkswhethertheshift key is depressed;if thekey is depressed,theclosuredisplays
adialoguebox,andchangesthecolourof thenodeto theselectedcolour.

Next, a java.awt.geom.AffineTransform object is de�ned, which will
later be usedto provide translationof the nodeobject in responseto a mousedrag
event.

(trans (let ((temp (object ("java.awt.geo m.Aff in eTra ns for m")) ))
(seq (invoke temp "translate" xPos yPos)

temp))))

The event handlingclosuresthat have beencreatedandboundto variablesmust
now beregisteredaseventhandlersfor thenodeobject.Thefollowing codesequence
invokes the setMouseAction methodof the nodeobject to register closuresfor
eachof thedifferenttypesof mouseeventto which thenoderesponds.

(seq
(invoke node

"setMouseAction "
java.awt.event. Mous eEve nt. MOUSE_PRESSED
pressed)

(invoke node
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"setMouseAction "
java.awt.event. Mous eEve nt. MOUSE_RELEASED
released)

(invoke node
"setMouseAction "
java.awt.event. Mous eEve nt. MOUSE_CLICKED
clicked)

(invoke node
"setMouseAction "
java.awt.event. Mous eEve nt. MOUSE_DRAGGED
dragged)

(invoke view "add" node trans)))))

The �nal invoke expressionin the precedingcodesequencesimply addsthe
translatednodeto theview object.

Theprogramnow de�nesaclosurethatcreatesanew nodein responseto amouse
click event.

(clickedV (lambda (self event)
(if (not (invoke event "isShiftDown"))

(seq
(apply mkNode

(- (invoke event "getX")
(/ w (int 2)))

(- (invoke event "getY")
(/ h (int 2))))

(invoke view "repaint"))))))

TheclickedV closurereceivesthewindow objectandeventobjectasarguments,
andusesthe eventobject to determinethe positionat which to createthe new node.
clickedV createsa new nodeobjectby calling themkNode closurede�ned previ-
ously.

Sincea mouseclick eventcreatesa new node,it mustbereceivedby thewindow
object, and not a nodeobject. Consequently, the closurethat handlesmouseclick
eventsis not createdwithin thebodyof mkNode, unlike thepreviously de�ned event
handlerclosures.

The remainingsectionof codesimply registersthe node-creationevent handler,
clickedV , with thewindow object,anddisplaysaninitial node.

(seq
(invoke view

"setMouseAction "
java.awt.event. Mous eEve nt. MOUSE_CLICKED
clickedV)

(apply mkNode (* w (int 3)) (* h (int 3)))
(invoke view "repaint")))
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After theprogramhasbeenevaluatedtheinterpreterexits, andJava'sAWT thread
continuesrunningto listen for window events.Closuresthatareinvokedin response
to eventsareinterpretedin this secondthread.

Thecodelisting for theclicker programdemonstratesthepowerandsimplicity
of the interfaceprovided the JLambda languageto Java's languagefacilities. Fea-
turessuchasclosuresandlexical scopingmakeconstructionof event-drivengraphical
programs,suchasclicker , particularlystraight-forward.

5 RelatedWork & RelatedIssues

In this sectionwe describebrie�y severalprojectsrelatedto JLambda. Additionally,
wepresentanoverview of theimplementationof theJLambda interpreter.

5.1 ProjectsRelatedto JLambda

Thereexist several Schemeinterpretersthat useJava as their implementationlan-
guage.Four well-known examplesareSISC[14], Kawa [15], andJScheme[16], and
Skij [17]. Althoughall of theseprojectsaim to producea Java-basedimplementation
of theSchemelanguage,they eachhaveuniquecharacteristics.Wepresenthereabrief
descriptionof eachprojectandits interfaceto the Java language.This is not an ex-
haustivelist by any means,therearecloseto two hundredlanguages(200)citedin [18]
thatuseJava or theJava Virtual Machineasa basis,roughly twenty(20) of theseare
classedasSchemeor Lisp like.

5.1.1 SISC

SISC is a Schemeinterpreterimplementedin Java whoseprimary goal is rapid ex-
ecutionof the completeRevised5 Reporton the Algorithmic LanguageScheme[10]
de�nition. In particular, SISCsupportspropertail recursionandunrestricted�rst-class
continuations.SISC's foremostconcernis performance,andit outperformsall existing
Java-basedSchemeinterpreters,oftenby morethananorderof magnitude.

Theinterfaceto theJava languageprovidedby SISCis theS2Jmodule.Importing
this moduleallows oneto instantiateJava classes,call methodson Java objects,and
access/modify�elds of Javaobjects.

Javaclassesaretypesin SISC's extensibletypesystem;theprocedure

(java-class symbol)

returnstheJavaclassof namesymbol . Java classescanbeinstantiatedwith a call to
thejava-new procedure:

(java-new class args ...)
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which selectsa constructorof class basedon thetypesof args andcallsit, return-
ing thenewly createdobject.

Java �elds aremadeaccessibleto Schemecodeasproceduresthatcanget/setany
�eld of a givennameon any Java object. StaticJava �elds canbeaccessed/modi�ed
by passinganinstanceof theappropriateclassasthe�rst argumentto theprocedures.
Theprocedures

(generic-java-f ie ld -a cce ss or symbol)
(generic-java-f ie ld -modi fi er symbol)

returnaprocedurethatwheninvokedwith aJavaobjectasthe�rst argument,retrieves
or setsthevalueof theJava �eld namedsymbol in theJavaobject.

Methodsaremadeaccessibleto Schemecodeasproceduresthat caninvoke any
methodof agivennameonany Javaobject.For example,theprocedure

(generic-java-m et hod symbol)

returnsaprocedurethatwheninvokedwith aJavaobjectasthe�rst argumentandJava
valuesastheremainingarguments,invokesthebestmatchingmethodnamedsymbol
on the Java object, and returnsthe result. Static Java methodscan be invoked by
passinganinstanceof theappropriateclassasthe�rst argumentto theprocedure.

5.1.2 Kawa

Thegoalof Kawais aSchemeenvironmentimplementedin JavathatcompilesScheme
codeinto thebyte-codeinstructionsof theJava Virtual Machine. All of the required
andoptionalfeaturesof theR5RSSchemestandardaresupported,with theexception
of propertail recursionandunrestrictedcontinuations.Kawa alsoprovidesmecha-
nismsfor thede�nition, creation,andaccessof Javaobjects.

In Kawa,objectsarecreatedwith theprocedure

(make type arg ...)

which constructsa new objectinstanceof thespeci�edtype , which shouldbeof the
form <java.lang.Class> .

For accessingthe�elds of Javaobjectsandstatic�elds, Kawaprovidestwo proce-
dures,field andstatic-field , whichreturnthevalueof the�eld. Notethatthe
�eld mustbedeclaredpublic.

(field object fieldname)
(static-field class fieldname)

Fieldsmay be setby usingthe field andstatic-field proceduresasthe �rst
operandto set! . Hereis anexample:
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(set! (field a 'car) (field b 'car))

Java instancemethodsandstaticmethodsmaybe invokedwith the invoke and
invoke-static procedures:

(invoke object name arg ...)
(invoke-static class name arg ...)

5.1.3 JScheme

TheJSchemeprojectis a dialectof Schemewhosechief featureis a simpleandcom-
prehensive interfaceto Java. JSchemesupportsall featuresof theR4RSstandardex-
ceptunrestricted�rst-classcontinuationsandmutablestrings.Theinterfaceto theJava
languageprovidedby JSchemeis calledtheJavadotnotation, whichenablesaccessby
nameto all methods,constructors,and�elds of any Javaclass.Table1 providessome
examplesof thisnotation.

Syntax Typeof Member Example
“.” atend constructor (Font. NAMESTYLE SIZE)
“.” atbeginning instancemethod (.setFont COMPFONT)
“.” atbeginning,$ atend instance�eld (.first$ '(1 2))
“.class”suf�x Javaclass Font.class
“.” only in themiddle staticmethod (Math.round 123.458)
“$” atend static�eld Font.BOLD$

Table1: Examplesof JScheme'sJavadotnotation

5.1.4 Skij

Skij, developedat IBM WatsonLabsby MichaelTravers,is a Schemeinterpreterim-
plementedin Java designedfor exploratory programmingin the Java environment.
Theprojecthasnow beenretiredby IBM, andconsequentlyis nolongeravailable.We
mentionit herebecauseits purposeis similar to thatof JLambda, andseveralof its
ideasarecloselyrelatedto ideaspresentin JLambda.

In Skij, Java objectsarecreatedandmanipulatedusingthe primitive procedures
new, invoke , peek , poke , invoke-static , peek-static , andpoke-static .
Classargumentsmustbe eitherthe fully quali�ed classnameasa string or symbol,
or a java.lang.Class object.Methodand�eld namesshouldbeeitherstringsor
symbols.

An objectis createdwith thenew procedure:

(new class args ...)
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Instance�elds andstatic�elds areaccessedwith the peek andpeek-static
procedures:

(peek object field-name)
(peek-static class field-name)

Instance�elds andstatic�elds aremodi�ed with the poke andpoke-static
procedures:

(poke object field-name new-value)
(poke-static class field-name new-value)

Instancemethodsandstaticmethodsmaybeinvokedwith theinvoke andinvoke-static
procedures:

(invoke object method-name args ...)
(invoke-static class method-name args ...)

5.2 Overview of the JLambda Inter preter

We provide herea brief overview of the the implementationof the JLambda inter-
preter;furtherdetailsof the interpreter's designandimplementationcanbe found in
David Porter's Honoursthesis[19].

Theinterpreterfor theJLambda languageis implementedin Java,andconsistsof
threecomponents:a parser, a syntaxanalysisphase,andanevaluationphase.Choos-
ing Java asthe interpreter's implementationlanguageleadsto certaincomplications
in the interpreter's design. In general,the simplestway to implementan interpreter
of a Scheme-like languageis by usinga simplerecursive evaluationmodelin which
an expressionis evaluatedby recursively evaluatingeachsubexpression.If suchan
interpreteris implementedin Java it will exhibit recursive executionbehaviour, since
it inherits the control structureof the underlyingJava system.However, the lack of
propertail recursionin Java meansthe interpreterover�ows theJVM stackwhenat-
temptingto evaluatearbitrarily long recursions,suchasthecomputationof long lists.

The goal thenwasto designthe JLambda interpreterso that it usesan iterative
executionprocess;this was achieved by implementingthe interpreteras a register-
machineinterpreter. In thisdesign,theprocedure-callingandargument-passingmech-
anismsusedin theevaluationprocessareimplementedin termsof operationson reg-
isters.We thusobtainedanexplicit-control interpreterthatexhibits iterativeexecution
behaviour.

Convertingtheinterpreterdesignfromasimplerecursiveevaluationmodeltoareg-
istermachineinterpreterinvolvedtwo steps.First,we ensuredall recursivecallswere
tail calls, by transformingthe interpreterinto continuationpassingstyle [20]. If the
interpreterimplementationlanguagewasproperly tail recursive, this transformation
wouldhavebeensuf�cient to achieveaninterpreterwith iterativeexecutionbehaviour,
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sinceproperlytail recursive languagesguaranteethattail recursionis equivalentto it-
eration.However, sincewe choseJavaastheimplementationlanguage—whichis not
properlytail recursive—afurtherstepwasrequired,in whichwemanuallytransformed
tail recursioninto iteration.

Thesecondstepconsistedof thetransformationof the interpreterfrom a continu-
ationpassingstyleinto a register-basedimperativestyle.This transformationis based
on the following observation: if a setof methodscall eachotheronly by tail calls,
we can�rst rewrite thecalls to usevariableassignmentinsteadof argument-passing,
andwe canthenreplacemethodcallswith jumps. The registermachinetransforma-
tion consistsof systematicallyperformingsuchrewrites. The result of performing
thecontinuationpassingtransformationandthe registermachinetransformationwas
an interpreterwith iterative executionbehaviour. This interpretercanthereforeprop-
erly evaluateany JLambda expression.Thetransformationfrom recursiveto iterative
interpreteris a standardtechniquein theprogramminglanguagecommunity. An ex-
ampleworkedout in detailcanbefoundin Felleisen's thesis[21].

Thesyntaxanalysisphaseservesto improve the interpreter's executionspeed.In
this phaseall lexical variablesin a JLambda programare replacedby their corre-
spondinglexical addressesin the programstructure.Sucha programrepresentation
enablestheevaluatorto retrieve variablevaluesdirectly from known addressesin the
run-timeenvironment.Implementingvariablelookupoperationsin this way is a con-
siderableimprovementover lookup operationsbasedon searchingthe environment.
Consequently, theadditionto theinterpreterof asyntaxanalysisphaseyieldsasignif-
icantincreasein its executionspeed.

6 Method and Constructor Resolution

TheJavaRe�ectionAPI is bothquirky, andlow level. It providesobjectsthatrepresent
meta-level conceptssuchasclasses,interfaces,�elds, methods,constructors,andclass
membermodi�ers. It alsoallows for: the ability to accessor updatethe valueof an
objects�eld; to invokeanobject'smethodon agivensetof values,or constructa new
objectvia calling a constructoron a givensetof values.What it doesnot provide is
any meansof resolvingwhat methodor constructoroneshoulduse,given a certain
sequenceof arguments.Consequently, it is left to theJLambda interpreterto decide
on how this shouldbe done. In Java, methodandconstructorresolutionusesboth
runtime,andstaticcompiletime information.Theruntimetypeof thetargetobjectis
used,togetherwith thecompiletimetypesof thearguments.In aninterpretedlanguage
wehavenostatictypeinformationto rely on,andconsequentlywemustattemptto do
thebestwe canwith thepossiblyincompleteinformation(dueto thepresenceof the
null objectreference,amongstotherthings)we have at hand.Namely, theruntime
typesof thearguments.

Comparedto other implementationsof interpretedlanguagesthat useJava's Re-
�ection API, seesection5, we have adopteda ratherconservative approach. This
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is becauseour aim is to provide a simple faithful and preciseinterface to Java as
is possiblein an untypedinterpretedlanguage.A ratherbolder schemeis outlined
by Michael Travers in [22, 23] andusedin his languageSkij [17], aswell asPeter
Norvig'sJScheme[16].

6.1 Constructor Resolution

Evaluationof aconstructorcall

(object (<exp> <exp_1> ... <exp_N>))

proceedsas follows. First the argumentsare evaluatedfrom left to right, the �rst
argument<exp> shouldevaluateto stringrepresentingthefull nameof a Java class.
If thesonamedJava classis not public anexceptionis thrown. It is, of course,the
runtimetypesof the valuesof the arguments<exp_1> ... <exp_N> that areused
to determinethe appropriateconstructor. If an argument's valueis null it' s type is
treatedlikeawild cardobjectreference.

N.B. Only constructorsthataredeclaredpublic qualify in this search.
The searchproceedsasfollows. First the interpreterlooks for a constructorthat

exactlymatchestheargumenttypes(usingthe

public Constructor getConstructor(C la ss [] parameterTypes)

methodof the java.lang.Class class).Otherwisewe look amongthepublic
constructorsfor thebestmatch,thecandidatesarechosenfrom thosereturnedby the

public Constructor[] getConstructors( )

methodof thejava.lang.Class class,not, for example,the

public Constructor[] getDeclaredConst ru ct or s()

methodof the java.lang.Class class).The notionof bestis taken to meanthe
leastwhentakingwidening,the interfacehierarchy, andtheclasshierarchyinto con-
sideration. Theremay be many suchchoices,andpresentlywe simply chooseone,
makingno effort to resolve ambiguities. If no constructoris found an exceptionis
thrown.

6.2 Method Resolution

Evaluationof astaticor nonstaticmethodcall following form:

(invoke <target> <method> <exp_1> ... <exp_N>)
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proceedsas follows. The argumentsare evaluatedfrom left to right, and then the
interpreterattemptsto �nd a method,whosenameis thevalueof <method> (which
shouldbeaString ), with theappropriatearguments.It is themethodof theclassthat
theruntimevalueof <target> belongsto, thatis subsequentlyfoundandinvoked.

If no matchingmethodis found an exception is thrown. The searchis almost
identical to the oneundertaken in the objectconstructioncase. It is, of course,the
runtimetypesof thevaluesof thearguments<exp_1> ... <exp_N> thatareusedto
determinetheappropriatemethod.As in theconstructorcase,if anargument's value
is null it' s typeis treatedlikeawild cardobjectreference.

N.B. Only methodsthataredeclaredpublic qualify in this search.
First the interpreterlooks for a methodthat exactly matchesthe argumenttypes

(usingthe

public Method getMethod(Stri ng name, Class[] parameterTypes )

methodof thejava.lang.Class class) . Otherwisewelookamongthepublic
methodsfor thebestmatch,thecandidatesarechosenfrom thosereturnedby the

public Method[] getMethods()

methodof thejava.lang.Class class,not, for example,the

public Method[] getDeclaredMet hods( )

methodof the java.lang.Class class).Thenotionof bestis elaboratedslightly
from theconstructorcaseto take into accountthedeclaredreturntypesof themethod.
This is only usedwhentheparametertypesmatchexactly, andin this casethemore
speci�c returntypeis preferred.(Seesections8.2and8.4of [9], andtheAPI for the

public Method getMethod(Stri ng name, Class[] parameterTypes )

methodof the java.lang.Class class). If no methodis found an exceptionis
thrown.

The readershouldbe warnedthat thereis a long standingunresolved bug in the
Java Re�ection API [24] that hasto do with accessrestrictionson inner classob-
jects. Somemethods,that should be accessible,are not. For example instances
of java.util.Iterator that are returnedby java.util.Collection in-
stancesare often unusable. We attemptto circumvent this problem by suppress-
ing the Java languageaccesschecking,using the setAccessible methodof the
java.lang.reflect.AccessibleO bject class,whensituationslikethisarise.

6.3 Variations on this Theme

Themaindifferencesbetweentheresolutionprocesswe have describedhere,andthe
onesuggestedby Travers,apartfrom memoisation,is thatwe attemptto obey Java's
accessrestrictions,and restrict our attentionto public methodsandconstructors.
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Traverson theotherhandconsidersall possiblemethods,andusestheJava1.2'sclass
java.lang.reflect.AccessibleO bject to suppressaccesschecking.We,
on the other hand,only resort to this to circumvent Java's Re�ection API idiosyn-
crasies.
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