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1 Intr oduction

The Java g2d packagenvasdesignedandbuilt asa visualizationtool for formal rea-
soningsystemsuchasMaude[1], PVS[2], andSAL [3]. It isacorecomponenbf the
IOP system[4], aninfrastructurefor allowing formal reasoningoolsto interoperate,
andto interactwith usersin atransparenandillucidating graphicalfashion.

Theg2d packageconsistof two intertwinedcomponents:

1. AnuntypedScheme-likelexically scopednterpretedanguagecalledJLambda,
that providesa runtimeinterfaceto the Java classlibrary, aswell assomespe-
ci ¢ classeghat make up the secondcomponent. The languagemales very
heary useof Java's built in re ective capabilities.It is designedo be ef cient
andexpressve enoughto enablefull andfaithful useof any built in Javaclasses.

2. A Java classhierarchy calledthe Glyphish hierarchy[5], inspiredby Joel
Bartlett's now depricatedezd packagg6], andJava's 2D [7] implementation,
thatprovidesJLambda with sufcient built in classego effectively construct,
atruntime,ary desirednteractve graphicalobject.

The Glyphish  hierarchyhasbeendesignedothwith severalbenchmarlappli-
cationsin mind, andwith architecturalgenerality The hierarchymakesheary useof
JLambda language.Closuresjn particular provide a rich languagen which to de-
scribecontrol o w, eventlistenersandevenbothstatic  andnonstatic  methods
of dynamicallycreatedclasses.

This papersenesasareferenceguideto the JLambda languageln section2 we
provide a detailedoverview of the constructof the JLambda languagen section3
we brie y describethe Glyphish  hierarchythatmakesup the secondof thetwo in-
tertwinedcomponent®f theg2d packageln section4 we provide commentaryon a
completeprototypicalJLambda program.In section5 we describethe implementa-
tion of theinterpretey andrelatedwork. Finally in section6é we describethe process
by which methodsand constructorareresolhed. The languagdtself, aswell asthe
Glyphish hierarchyarefreely available[8].

2 The JLambda Language.

The Schemelike JLambda languageis a minimalistic, call-by-value, left to right
evaluationordering,lexically scopedanguagewith closures.It hasexactly the same
underlyingprimitive datatypesas Java, andaccesgo all of Jasa's built in packages
andclassesaswell asary otherJava classegoundin the classpath.

The syntaxof the languagéas basedon the usualLisp notion of an S-expression.
An S-expressionis eithera string of character®r aList of S-expressionsaA list is
eitherempty or elsecontainsat leastoneelement.



2.1 Variables

A stringof characterss interpretedasavariable,andis evaluatedasfollows: First see
if it isastaticJava eld e.g.

java.awt.Color. bl ack,
or
java.awt.geom.G  ener al Pat h. WIND EVEN ODDQ

if it is, returnthecurrentvalueof that eld. Next seeif it is boundin thecurrentlexical
environment,if it is returnits currentvalue. Otherwiselook to seeif it is boundin
the currentglobalernvironment,if it is returnits currentvalue,elsethron anunbound
variableexception.

2.2 De nitions

Global de nitions are madeusing the define  form. We provide the usual two
Schemeversions. The more generalform simply bindsthe value of <exp> to the
identi er <name> (whichis notevaluated):

(define  <name> <exp>)
Themorespeci c functionor closurede nition versionis
(define  <name> (<param_1> ... <param_N>) <form>)

with N 0, which bindsthename<name> to thecorrespondinglosuren theglobal
ervironment. If two define expressionassignto the samevariable,the rst is lost
or overwritten. Thusour define is similarto aset . Notethatthelatteris justan
abbreviation for a variantof theformerform. Namely

(define  <name> (lambda (<param_1> ... <param_N>) <form>))
We will discusstlosuresandlambdaexpressionshortly, alongwith thelexical bind-

ingformlet .

2.3 Primiti ve Data

Primitive datais representediterally in JLambda by a primitive data expression,
whichis alist of lengthtwo:

(<tag>  <exp>)

Neitherthe <tag> positionnor the <exp> is evaluated.The <tag> shouldbethe
nameof oneof Java's primitive datatypes:



boolean byte  double char float int long  short

while <exp> shouldbe a Java literal, i.e. a sequencef characters.lt is parsedas
the appropriatedata, for example(int ~ 10) will be parsedasthe numberl0, a
Javaiint , while (char 'C') and(boolean false) will be parsedasJaa's
characteC, andboolearfalse , respectiely.

If parsingassuchfails,thenit is theassignedhedefaultzerovalueof thatJavadata
type(false inthecaseof aboolean ), andawarningto standarcerrorisissued.

The usualJava literals can be usedwithin theseprimitive dataexpressionssee
section3.10,pagesl9-27,0f [9]. A representatie samples 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 O 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,andcanbe boundboth lexically and
globally. To regardthemasnumbergshey needto be wrappedin a primitive dataex-
pressionFor example thereis nothingwrongwith initializing theglobalervironment
via thefollowing sequencef expressions.

(define 0 (int 0))
(define 1 (int 1))

(define 100 (int  100))

2.4 Numeric Operations

The usualarithmeticoperationsare provided. Thesework on numbersandchar s,
not boolean s. Thesefollow the usualJava contortions,seesection5.6, pages/4—
76 of [9]. The expressionsare evaluated,they arebothwidenedto int s if they are
smaller If oneis biggerthananint they areboth widenedto thattype, thenthe
operationis performed.

(- <nexp>)
(- <nexp> <nexp>)



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

To completethe arithmeticoperationsve provide a correspondingharroving opera-
tion:

(narrow  <nexp> <exp>)

This performsone of Java's 23 primitive narraving corversions(Seesection5.1.3,
pagebb, of [9]). The expressionsare evaluatedin left to right order The secondex-
pression<exp> shouldevaluateto one of the strings: byte , short , char , int
long , double , orfloat . Indicatingthe desiredprimitive datatype. The rst ex-
pressior<nexp> shouldevaluateto a primitive numerictype (includingchar ). The
usuallossof precisionoccurs.Attemptingto specifya corversionthatis notanarrov-
ing,e.g.(narrow (int  0) "long")  will resultin anexceptionbeingthrown.

2.5 BooleanRelations

We provide the usualbinaryrelationson numbers:

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

Non numericargumentswill causeanexceptionto bethrown.
Like mostversionsof Lisp or Schemetherearetwo formsof equality Bothforms
of equalityaretotal boolearrelationsde ned on all typesof data:

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

The expressionareevaluatedn left to right order The rst form, =, is relatedto the
Schemeor Lisp equals predicatewhile thesecondz==, is morelikeeq.

The = expressionthenreturnstrue if eitherboth valuesarenull , or neither
arenull andboth are booleansof the samevalue, or both numericvaluesandare
equal,or the secondobjectsatis esthe rst object's equals method. For example
(= (int 0) (long 0)) istrue . The==Iis similarbut usespointerequalityin
the casethatbothvaluesareobjects.

== "foo" (object ("java.lang.St rin g" "foo")) ; false
(= "foo" (object ("java.lang.Str ing " "foa"))) ; true
(= (char 'X) (int 88)) ; true
(= (char 'X) (boolean false)) ; false



Theserst two examplesusetheJLambda notationfor calling Java's contructors.
This notationwill beexplainedshortly.
Thereis alsoaninequalityexpression:

(I= <exp> <exp>)

whichisthesameas(not (= <exp> <exp>)) .

2.6 Arrays

Arraysmaybe constructecandmanipulatedn a directmanner

2.6.1 Array Construction

Therearetwo forms of array construction,one correspond$o makingan emptyar
ray of a particularsize,the othercorrespondso makingan array andassigningits
contents A zeoedarrayof a particularlengthis constructedia:

(mkarray <type>  <nexp>)
whereasanarrayis constructedndassignedsia:
(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 anintegerexpressiorn(or somethingsmaller),andanarray
of thatlengthis constructedand zeroed,accordingto the natureof <type> in the
usualdavaway. In thearray caseof anarrayof lengthNis constructedTherecanbe
zeroor moreelements<exp_i> . Thecontentof theconstructedrrayareinitialized
to be the valuesof the <exp_i> , evaluatedfrom left to right. Eachof the values
of the expressionshouldbe ableto be consideredcasan elementof the classor type
representedby the <tag> . null is allowablein the casethatthe <tag> namesa
Java class. Wideningis allowablein the caseof primitive data,asis upcastingto a
interfaceor a superclasin the casethatthe<tag> namesa Javaclass.Otherwisean
exceptionwill bethrown.

In thefollowing examplesaO will beanarrayof length88, thatcontainghatmary
false s,al will nameanarrayof integersof length3, whereas2 will nameanarray
of objectsof length.

(define a0 (mkarray boolean (char 'X9))

(define al (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 al al)))

(define a4 (array [Ljava.lang.Ob jec t; a2 a2 a2))



To make anarrayof arraysonemustuseJa/a’s quaintarraytype namingcorven-
tions,seesection20.3.2,page466,0f [9].1 In theseexamplesa3 is anarrayof integer
arrays,anda4 is anarrayof objectarrays.

2.6.2 Array Access
Theelementof anarrayareaccessedia:
(aget <array> <nexp>)

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

(aget al (int 0))
(aget (aget a3 (int 1)) (int 0))

evaluateto 88. Whereas

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

bothevaluateto the sameinstanceof thejava.io.PrintStream classassociated
with the standarcerror stream.

2.6.3 Array Assignment

Similarly anarraymaybesetvia:

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

which sets<array>[<nexp>] to bethevalueof <expV>. It alsoreturnsthevalue
of <expV>. All threesubepressionareevaluatedrom left to right. Asin thecaseof
arrayconstructiorthe valueof the expressiorkexpV> mustbe anallowableelement
of thearray

Soto continueour runningexamples,we could modify our integerarray al, by
evaluatingthe expression

(aset al (int 0) (char 'ZY)
andaccessin@l wouldre ect thischange
(aget al (int 0))

andevaluateto 90.

Lava's internalnamefor an array classconsistsof the nameof the elementtype ( B for byte , C
for char , Dfor double , F for float , 1 forint ,J forlong , S for short , Z for boolean , and
Lclassnamg for classe®r interfaces) preceededy oneor more[ charactersjependingnthedepth
of arraynesting.Thus[[[[Z  would bethe namefor anarrayof arraysof arraysof arraysof booleans.
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2.7 Strings

TheJLambda reademwiill interpretary stringof characterdeginningandendingwith
the characte asthe correspondinglava string (without the two occurrence®f the
charactet' ), actually"foo” isinterpretecas(quote foo) , whichevaluategothe
Java Stringfoo .

String concatenatiois providedby the concatenatiofiorm:

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

This form of String concatenationgvaluateseachexpressionand concatenatethe
result(usingthetoString() methodof eachobjectreturned andthe usualcorver
sionsin the caseof primitive data).Soa simpleexampleof thisis that

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

A short sentence.

2.8 Arbitrary Objects
2.8.1 Object Construction

Arbitrary Java objectsmay be constructedisingthefollowing form:
(object  (<exp> <exp_1> ... <exp_N>))

whereN 0. The amgumentsare, as usual, evaluatedfrom left to right, the rst
argument<exp> shouldevaluateto stringrepresentinghe full nameof a Java class.
If the so namedJava classis not public  an exceptionis thrown. The interpreter
thenattemptso nd aconstructorfor thatclasswith matchingagumentsandusing
that constructorand the remainingarguments,constructsthe appropriateobject. If
no matchingconstructotis found anexceptionis thrown. We describethis resolution
processn moredetailin section6.
For examplewe canconstructa genericobjectby evaluating

(object  (“java.lang.Obje ct™)

andawrapperobjectof thecharacteX via

(object  ("java.lang.Char acte r' (char 'X9))

A slightly moreinterestingexampleis aframe

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

thatwe will futz with shortly.
Thenull objectreferencas obtainedby the specialform:

(object  null)

which evaluatego null

10



2.8.2 Field Access

Staticandnon-staticelds of anobjectcanbeaccessedia:
(lookup  <target>  <field>)

The<target> and<field> positionsareevaluatedfrom left to right. Theinter
preterthenlooksfor a eld belongingto the objectthatthe <target> evaluatedo.
Thevalueof that eld is returned.If no correspondingeld is found an exceptionis
thrown. If <target> doesnotevaluateto anobjectanexceptionis alsothrown.

For examplethefollowing expressiondothevaluateto

(lookup al "length®)
(lookup a4 "length")

to theinteger3.2
It is, of coursetheruntimetype of thevalueof <target> thatis usedin deter
mining theappropriateeld, andits value.(Sincethisis aninterpretedanguagethere
is no sensiblenotion of compiletime type.) Thusstatic elds areprobablybest
lookedup via the classratherthananinstancef thereis the possibility of ambiguity
Thevalueof astatic eld mayalsobeaccessettom theclassvia theusualnotation

java.lang.Math. PI

2.8.3 Field Updating

In earlyversionsof JLambda we did not provide arny supportfor thesettingof elds,
eitherinstanceor static . Thiswasnot becauseét wasproblematic but simply be-
causewe thoughtit would be unnecessarywell designedclassesnforceobjecten-
capsulatiorof state. If anobjects elds aresupposedo be updatablethe classwill
provide methodgo do so. Unfortunatelythiswasoverly optimistic,somebuilt in Java
classesrenomoresophisticatethanCstruct  s,for examplejava.awt.GrdBagConstraints
Consequentlywe now provide meansof settingthe valuesof elds, eitherinstanceor
static

Staticandnonstatic elds of anobjectmaybeinvokedusingthefollowing form:

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

The agumentsare evaluatedfrom left to right, and then the interpreterattemptsto
updatethe eld, whosenameis thevalueof <field> (whichshouldbea String ),
to thevalueof the expressiorncexp> . Thereturnvalueof the entireexpressions the
new valueof the eld.

Thusfor examplewe couldcreatetwo identicalpointsasfollows:

2That theseevaluatecorrectlyis dueto an ad hoc clausein our interpretey sincefrom the point
of view of Java's re ectionAPI, length is nota eld of anarray contradictingthe Java language
speci cation,seesection10.7,pagel97,of [9]
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(define  pl1 (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 expressiongould be abbreviatedto:
(update p2 "y" (update p2 "x" (int 50)))

In the casewhereonewishesto updatea static eld via the classratherthan
the object,for examplein the situationwherethereare no instancesf the class,we
includethefollowing form:

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

In this case<target> shouldevaluateto a stringthatnameshe desiredclass. The
evaluationthenproceedsn a similar fashionto the non static case. For example,to
enabledeluggingof theentrypointto the Graphic2D actot onecould execute:

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

2.8.4 Method Invocation
Staticandnonstaticmethod=f anobjectmaybeinvokedusingthefollowing form:
(invoke  <target> <method> <exp 1> ... <exp_N>)

whereN 0. Theagumentsareevaluatedfrom left to right, andthentheinterpreter
attemptso nd a method,whosenameis the value of <method> (which shouldbe
a String ), with the appropriatearguments. If no methodis found an exceptionis
thrown. Thisresolutionprocesss describedn moredetailin section®6.

Thusfor examplewe could con gure anddisplay our frame via the following
sequencef invocations

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

which would causetheframe to beasquareof fty pixelspositionedin thetop left
handcornerof thescreen.

In thecasewhereonewishesto invokeastatic  methodvia theclassratherthan
the objectwe includethefollowing form:

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

whereN 0. Inthiscase<target> shouldevaluateto astringthatnamegshedesired
class.Theevaluationthenproceedsn a similar fashionto thenonstaticcase.

Sofor exampleif we wishedto con gure andpositionour frame , sothatit was
half the sizeof our screenandcenteredherein,we could do the following 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(nt 2) ( h (nt 2))

(invoke  frame "setLocation" (/ w((@nt 4) ( h (int 4))

(invoke  frame “setVisible" (boolean  true))

To give anotherexample,the classobjectcorrespondingo java.lang.Math
canbeobtainedandnamedyia the expression

(define

math (sinvoke “java.lang.Clas s" "forName" “java.lang.Math

But it would beamistaleto try andaccesstatic elds of thejava.lang.Math

classsayPl , by thendoing

(lookup  math "PI")

becausé¢hiswill actuallyenduplookingfor a eld called"PI" intheclassthatmath
is aninstanceof, i.e. java.lang.Class . To accesstatic elds viatheclassuse:

java.lang.Math. Pl

2.9 Control Forms

TheusualScheme/Lisgormsareprovided.

2.9.1 Lexical Binding

Lexical bindingis availablevia:

(let (
(<var_1> <exp_1>)
(<var_2> <exp_2>)

(<var_N> <exp_N>)

)

<exp>

)

whereN 1. Thisexpressiorincrementallyaugmentshecurrentiexical ervironment.
l.e. thebindingof <var_1> to thevalueof <exp_1> is visible in the evaluationof
<exp_2>, andall subsequengxpressions.The valueof the entireexpressionis the
value of <exp> in the fully augmentedervironment. So for exampleif onewere
nostalgicfor the initial UNIX processle descriptortable, one could constructthe

following array:

13
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(let ((0 java.lang.Syste m.in )
(1 java.lang.Syste m.out)

(2 java.lang.Syste m.err) )

(array  java.lang.Objec t 01 2)

2.9.2 Sequencing
Sequencings availablevia theform:
(seq <exp_ 1> .. <exp_N>)

whereN 0. Thevaluereturnedfrom a sequencingxpressions the valuereturned
by thelastexpressionn thesequencegr null  in thecasethatN= 0.

Thusasimpleuseof thesdasttwo formswould beto construcburcenteredrame,
without littering the global environmentwith 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((nt 2) (¢ h(nt 2))
(invoke  frame "setLocation" (/ w(@nt 4) ( h (nt 4)
(invoke  frame "setVisible" (boolean  true))

frame)

2.9.3 Lambda Expressionsand Closures
Closuresareobtainedby evaluatingthe correspondingambdaform:
(lambda (<param_1> ... <param_N>) <exp>)

whereN 0, The value of suchan expressionis a closure,a pair consistingof the
lambdaexpressionandthelexical ervironmentatthetime of evaluation. Thunks(the
casewhenNis zero)arepermissible As anexampleof thiswe couldde ne andname
acenteredramefactoryasfollows.

(define  frameFactory
(lambda (FrameName)

(let ((frame  (object ("java.awt.Fra me' FrameName)))
(toolkit (sinvoke  "java.awt.Toolk it"  "getDefaultToo kit "))
(dim (invoke  toolkit "getScreenSize" )

(h (lookup  dim "height"))
(w (lookup  dim "width")))
(seq

14



(invoke  frame "setSize" (/ w((@nt 2) ( h(nt 2)

(invoke  frame "setLocation" (/ w(nt 4) ( h (int 4))
(invoke  frame "setVisible" (boolean  true))
frame)

2.9.4 Closure Application

Applicationof a closureto theappropriatenumberof aggumentds via theapplyform:
(apply <exp> <exp_1> ... <exp_N>)

whereN 0. To litter our screerwith annnging popupswe couldthendo

(apply  frameFactory "Viagra  popup")

(apply frameFactory "Nigerian bank scam")
(apply  frameFactory "Lottery notification™)
(apply frameFactory "Random porn site herel!”)

andsave otherpeoplethetime andeffort.

2.9.5 lteration
An iterationform is includedbasedn the Schemedo form [10].

(do (
(<var_1> <init_1> <step_1>)

(<var_N> <init N>  <step N>)
)

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

whereN 1, Evaluationof ado form proceedsn two steps,aninitialization phase
followedby aniterationphase In theinitialization phasehe<init_i> expressions
areevaluatedsequentiallyin theouterernvironment Their valuesarethenboundto the
variables<init_i>  toformthedo ervironment,andtheiterationphasecommences.
In eachiterationthe following takesplace. The <test> expressionis evaluated,if
it doesnot evaluateto a boolean anexceptionis thrown. If it evaluatesto true
thenthe<exp> ... areevaluatedin order andthe value of the last expressionis
thevalueof theentiredo form. Otherwiseeachof the<command> ... expressions
are evaluatedfor their effect, thenthe variablesin the do ervironmentare updated,
sequentially to be the valuesof the <step_i> forms, andthe next iterationcom-
mences.
Soasimpleexampleis

15



(do (
( (nt 0 (+ i (nt 1))

(str " " (concat str " " i)

)
(= i (int 10)) stn)
(invoke java.lang.Syst eme rr "printin” str)

)

printsoutatriangleof numbers:

PRRPRRPRRRRLRRER
NN NNNNDN
WwWwwWwwwowow

B L L
gaaaa

oo oo

7
7 8

789

In Java 1.5afor-ead constructwasintroducedwhich enableghe programmeto

convenientlyiterateover a collectionor array JLambda supportsthis constructvia
thefor form:

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

Here,<exp> shouldevaluateto eitheranarrayobjector ajava.util.Collection
instanceptherwiseanexceptionis raised.<body> is evaluatedbncefor eachelement
of thearray/collectionjn anervironmentin which <var> is boundto the currentel-
ement. Thevalueof theentirefor form is the valuereturnedby the nal evaluation
of <body> .

In this simpleexample,

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

printsthelist of numbers:

(6]
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2.9.6 Branching
Both binaryandternaryformsof the branchingprimitive areallowed:

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

In both the binary and ternaryforms the <test> shouldreturna boolean , The
binaryform returnsnull if <test> isfalse.

2.9.7 BooleanOperations

Therelatedpropositionaformsareasusual:

(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 the caseof or , evaluationis terminateduponthe rst
true valueencountered.

2.9.8 Quoting

Finally evaluationcanbe preventedvia the usualquoteform:

(quote  <exp>)

whichreturnstheunevaluatedkexp> asdata,eitheraString oralList

2.10 Subtyping
Thereis aversionof Jasa'sinstanceof  operator The expression:
(instanceof <exp> <exp>)

returnsJava’'s idea of whetheror not the value of 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 . Notethatthereis a cleardistinction madebetweenprimitive
dataandtheassociateavrappedform, anexpressiorsuchas

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

will evaluateto false
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2.11 File loading and singleline comments

Theread-&al-print loop interfaceto the JLambda languagds rudimentaryreading
andevaluatinga singleline atatime. Consequentlyloadinga le containingasingle
expressiorusingtheloadexpressions useful:

(load <exp>)

This loadsin the contentsof the le, parsedasa single S-expression.The expression
<exp> shouldevaluateto a stringnamingthe le.

In the le loadedcommentsnay appear The JLambda languageonly hassingle
line comments.The commentcharacteis the semicolon; , with the proviso thatit is
preceedetby whitespacegr beginsanew line.

2.12 ClassNames

All of Java’s classesnay be accessetby their full names.Thereis no import mecha-
nism, otherthanthatprovidedby thelexical anddynamicbinding primitives:

(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 corventions,inner classesare accessedia
the$ ratherthanthe. .

2.13 Exceptions
Onecanthrow anexceptionusingthethrow form:
(throw  <exp>)

Theexpressiorcexp> shouldevaluateto aninstanceof java.lang. Throwable :
otherwiseasomeavhatdifferentexceptionwill bethrown. Thereisalsoatry catch
form for handlingary exceptionghatmaybegeneratedit is closelyrelatedio theJava
form, without the option of multiple catchespr afinally clause.

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

Evaluationof thisform proceeddy rst evaluating<exp 0> , if thissucceedsvithout
generatingan exception,thenthe value of the entire expressionis the valuereturned
by <exp_0> . However, if evaluationof <exp_0> generatesan exception,thenthis
exceptionis boundto the variable<var> , and<exp_1> is evaluatedin this larger
environment,and its valueis the value of the entiretry  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 expressionevaluateso the booleantrue , while the secondevaluatego the
boolearfalse

3 The Glyphish Hierarchy

A descriptionof the JLambda languagewould not be completewithout touching
on the Glyphish  hierarchymentionedn sectionl, andin particularit's useof the
JLambda languageThisclasshierarchybelonggsotheg2d.glyph  packagewhose
classstructurels shovn below:

Identifiable

Attributable

Glyphish

/

Glyph GlyphList ClosureGlyph

Javadocdocumentatiotior theseandotherclassesanbefoundat[11].

3.1 The ldentifiable Class

Graphicalobjectsthataremanipulatedy otheractors(for exampleformal reasoning
tools suchasMaudeand PVS) 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 a classextendingldentifiable , maybeassignedunique
identi er usingthesetUID method.It is anerror, i.e. anexceptionwill bethrown, to

assignthe sameidenti er to two objects,andit is alsoanerrorto assignanidenti er

to an objectthat hasalreadybeenassignedanidenti er. Similarly one accessean
particular objectsuniqueidenti er by the getUID method. If the instanceof the
Identifiable classhasnotbeenassigned uniqueidenti er thegetUID method
returnsnull
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3.2 The Attributable Class

An objectbelongingto a classextendingAttributable mayhavenew elds added
dynamically in the form of attributes. An attribute hasa nameand a value. For
ef ciency attributesaremanipulatedvia the dedicatedorms:

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

ratherthanby the correspondingnethodsof the objectinvolved. The getAttr
form hasan optionaldefault agument. This is the valuereturned,in the casewhere
the objecthasno attribute by the speci ed name. If no default is speci ed, andno
attributeis found,thennull is returned.In bothformsthe rst expressiorevaluates
to the targetinstancethe secondevaluateso the nameof the attribute (which should
beastring),while in thesetAttr  form thethird evaluatego the new desiredvalue,
while in thegetAttr  form theoptionalthird expressiorevaluatedo thedefault value
to bereturnedjn the casewherethe objecthasno attribute by thatname.

Attribute valuesarearbitraryobjects,including closures.An attribute with a clo-
surevalue corresponds$o a dynamicmethod. Two waysto make useof sucha dy-
namic methodis with an apply expression,or by invoking one of the Closure 's
mary applyClosure  conveniencemethoddlirectly on 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 wassomethinghatknew how to draw itself,
typically asa sequencef shapesandwascapableof acceptingandrespondindo user
inputs. The Ezd packagewasdevelopedusingthe early Java 1.0 event model, and
reliedonthejava.awt packagesit wasthen,in Jasa 1.0.

We adopta similar, thoughdistinct, conceptuabpproach.Our approacthasbeen
strongly in uenced by the newer Jara event model, and the cleantwo dimensional
graphicssuppliedoy theJara2D API. In particularwe make heavy useof the AffineTransform
classof the geom subpackagef java.awt , andthe newer 2D implementation®f
the Shape interface,alsoof thejava.awt package We have alsotakenadwantage
of theClosure classprovidedby the JLambda language.

In our approachthe root classof all things glyph-like is the abstract class
Glyphish . Therearethreerelatedbut distinctaspectdo the Glyphish class:
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1. How a Glyphish instancedepictsor portraysitself graphically typically this
is doneattherequesbf anencompassinGomponent .

2. How aGlyphish instancenandlesnput eventsfrom the keyboardandmouse,
againtypically delegatedby anencompassin@omponent .

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

TheabstracGlyphish classhasthreemainimmediateconcretesubclasses:
theGlyph class,

theGlyphList class,and

theClosureGlyph class.

The Glyph classis the simplestof the direct subclassesf Glyphish . A Glyph
instancehasasinglejava.awt.Shape , bordercolour, Il colour, andstroke width.
A GlyphList is acompositejt consistof anorderedist of Glyphish  things. A
ClosureGlyph is the mostdynamic,it requiresJLambda closuresto implement
all theabstract methodsequiredby the Glyphish  API. It provides,in essence,
a way of de ning, at runtime, Glyphish instancesvhosemethodsare de ned at
runtime,ratherthancompiletime.

3.3.1 Depiction
A concreteGlyphish  instanceportraysitself by implementingthe abstracmethod

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

declaredn the Glyphish class.In the caseof a Glyph instancet will draw itself
accordingo its java.awt.Shape eld, Il colour, bordercolourandstroke. In the
caseof aGlyphList it merelydelegatesjn order to all of the Glyphish  elements
in its list. TheClosureGlyph responddy applyingit's private

Closure paintClosure;

eld totheappropriateGraphics2D objectof thejava.awt  package.

3.3.2 Events

Glyphish instancesare capableof handlingary input events,i.e. instancesf the
InputEvent  classof the java.awt.event package. To determinewhethera
Glyphish instancds thedesiredtargetof anlnput eventtheabstracmethod

boolean inside(Point2D P);
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of theGlyphish classsusedheretheclassPoint2D belongdothejava.awt.geom
package.TheGlyph classimplementgshis by usingit'sjava.awt.Shape 's eld
corresponding

boolean contains(Point2D p);

method. The GlyphList instanceimplementsthis by iteratingthroughit's list of
Glyphish  elementscalling eachelements inside  method,andreturnstrue  if
onereturnstrue , elseit returnsfalse . TheClosureGlyph responddy applying
it' s private

Closure insideClosure;

eld totheappropriatéP?oint2D object.

The Glyphish  classimplementseachof the Input event listenerinterfaces:
MouselListener ,MouseMotionListener ,andKeyListener ,all of thepack-
agejava.awt.event . They do soin a uniformway. For eachmethodin the lis-
tenerinterfacea Glyphish instancehasa Closure objectassociateavith it. For
examplein the caseof the

void mouseClicked(M ouseEvent e);
methodof theMouseListener  classtheGlyphish classhastheprivate eld
Closure mouseClickedAct o n;

This closurewill have arity 2, anduses_ucaCardelli'strick of having a self argu-
mentto implementlara'sthis  pointer Callingthe

mouseClicked(Mo useEvent e)
methodwould resultin the clickedAction closurebeingapplied:
clickedAction.a pply Closure (t his, e);

wherethethis pointeris of theGlyphish instancehatis respondindo theMouseEvent
instancee.

3.3.3 Transformation

Positioning,moving, andanimatingGlyphish  instancess doneby applyingaf ne
transformationge.g.translating yotating,shearingandscaling)to them.

A concretenstanceof the Glyphish  classtransformstself by providing anim-
plementatiorto theabstracimethod

void transform(Affi neTra nsfo rm a);

of the Glyphish  class.In the caseof a Glyph instancethe AffineTransform

ais appliedto the instances Shape. In the caseof the GlyphList instanceijt is
appliedto eachGlyphish  elementof its list. While the ClosureGlyph  simply
appliesit' s private

Closure transformClosure

to the AffineTransform objecta.
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3.4 Closures

Anotheruseof the Closure classprovidedby theJLambda languages in creating
eventhandlersFor eachJavalistenerclasswe provide acorrespondingemplateclass
thatimplementghedesiredistenerinterface andextendsthe Attributable class.
An instanceof thetemplateclasscanbe speci edby providing Closure sfor eachof
therequiredmethods As mentionedabove, we have adoptedhe corventionthatthese
closuregake two argumentstheselfparameterfollowedby the eventparameter

A simpleexampleof this, correspondindo Java's ActionListener interface
of thejava.awt.event packageis theClosureActionListener classof the
g2d.closure  packageTheactionlistenerinterfacerequiresthe solitary

void actionPerforme  d( Actio nEvent e)

to beimplemented.Consequentlyhe ClosureActionListener classhasa pri-
vate eld

Closure actionPerformedC lo sure ;
asetterfor this eld:

public  void setActionClosu re (Clo sur e closure){
if(closure.getA rty( ) == 2) {
actionPerforme  dClo sure = closure;
} else { /I report an error }

}

TherequiredactionPerformed methodis thensimply implementedy:

public  void actionPerforme  d( Acti onEvent e){
if(actionPerfo rmedClo sure != null) {
actionPerforme  dClos ur e. appl yCl osur e(th is, e);

}

4 A CompleteJLambda Program

In this sectionwe presenta completeexampleof a JLambda program.The program,
clicker , containsthe mostinterestingfeaturesof JLambda, namely the creation
andmanipulationof Java objects,andtheuseof closured12] aseventhandlers.

Theclicker  program,afull listing of which canbe found at [13], constructs
graphicalobjectsusingthe g2d classhierarchy[11]. Whentheclicker = program
is run, it displaysa window containinga singlecircular node. Clicking anywherein
the window createsa nev nodeat that point. The following is a screenshoof the
clicker  programwindow showving asinglenode.
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The usercanchangethe colour of an existing nodeby shift-clicking on it; a di-
aloguebox will appeay allowing the userto selecta new colour for the node. The
following is a screenshotf the clicker  programwindow shawing several nodes,
someof which have hadtheir colourchangedy theuser

Finally, existing nodescanbe draggedusingthe mouse.
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In Sectiond.1we presentinoverview of thelexical structureof theclickerprogram
code,in an attemptto orientthe subsequentdliscussion.Section4.2 containsdetails
eachsectionof theclicker  programcode alongwith anexplanationof its operation.

4.1 Theclicker '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 r)
(seq ..)))

4.2 Codelisting for clicker

Theclicker  programbeginsby creatinghemainwindow object;it de nesbindings
for someJava primitive types, elds, andobjects which areusedto specifytheinitial

propertieof the nodeobject,andthe g2d.swing.IOPFrame  object,whichis the
programs mainwindow.

(et ((h (nt 50))

(w (int 70))

(black  java.awt.Color. bl ack)

(yellow  java.awt.Color .y el low)

(stroke  (object ("java.awt.Basi cStr oke" (float 2.5))

(ellipse (object  ("java.awt.geo m.El li pse 2D$Doubl e"
(int 0) (nt 0) w h))
(view (object  ("g2d.swing.lOP Vi ew'
(boolean true) (boolean true))))
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(frame (object ("g2d.swing.IOPF rame "Node Example"” view)))

Notethatthe useof thesebindingsrelieson a particularsemanticof JLambda's
let expressionthateachbindingincrementallyaugmentshelexical 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 creatingthe node the closureusesseveralbindingsfrom the previoussectionto
specifyinitial propertiessuchascolour, of the node.

The mkNode closurealso createsseveral closuresfor eachof the mouseclick
eventsto whichthenoderespondsandbindsthemto thevariablegpressed ,released
dragged , andclicked . Laterin the program,theseclosureswill beregisteredas
eventhandlerdor the newly-creatednode.

Thenext sectionof the programcontainghe de nition of eachof theseclosures:

(pressed (lambda (self event)
(seq
(setAttr self
"pointF"
(object  (“java.awt.geo m.Poi nt 2D$Double "
(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")))
(it (and (= dragon (object null)) dragon)
(let  ((pnt  (getAttr self  "pointF"))
(eX (invoke event "getX"))
(eY (invoke event "getY"))
(@ (let ((temp (object ("java.awt.geo m.Aff in eTra nsfor m")) ))
(seq (invoke temp
"translate"
(- eX (invoke pnt "getxX"))
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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 rChooser" )) )
(color  (invoke  chooser
"showDialog"
frame

"Color Chooser"
(invoke  self "getFill"))))
(seq (if (= color (object null))
(invoke  self “setFill" color))
(invoke view "repaint"))))))

When an event handlerclosureis invoked it recevestwo arguments:the object
receving the event,andthe eventobjectitself. The closureusesnformationstoredin
theeventobjectto manipulatehereceving object.

Eachof the above closuresmanipulatethe nodeobjectin ways that correspond
to the type of eventthe nodeobjectreceved. For example,the clicked closure
checkswhetherthe shift key is depressedf thekey is depressedhe closuredisplays
adialoguebox, andchangeshe colourof the nodeto the selectedtolour.

Next, a java.awt.geom.AffineTransform objectis de ned, which will
later be usedto provide translationof the nodeobjectin responsdéo a mousedrag
event.

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

temp))))

The event handlingclosuresthat have beencreatedand boundto variablesmust
now beregisteredaseventhandlerdor thenodeobject. The following codesequence
invokesthe setMouseAction  methodof the node objectto register closuresfor
eachof thedifferenttypesof mouseeventto which the noderesponds.

(seq
(invoke  node
"setMouseAction
java.awt.event. MauseEvent. MQUSE_PRESSED
pressed)

(invoke  node
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"setMouseAction "
java.awt.event. MauseEvent. MQUSE_RH EASED
released)

(invoke  node
"setMouseAction "
java.awt.event. MauseEvent. MQUSE_CLICKED
clicked)

(invoke  node
"setMouseAction "
java.awt.event. MauseEvent. MQUSE_DRAGE&D
dragged)

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

The nal invoke expressionin the precedingcode sequencesimply addsthe
translatedhodeto theview object.

Theprogramnow de nesaclosurethatcreates new nodein responsé¢o a mouse
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 closurerecevesthewindow objectandeventobjectasarguments,
andusesthe event objectto determinethe positionat which to createthe new node.
clickedV createsa new nodeobjectby calling the mkNode closurede ned previ-
ously.

Sincea mouseclick eventcreatesa nev node,it mustbereceved by the window
object, and not a node object. Consequentlythe closurethat handlesmouseclick
eventsis not createdwithin the body of mkNode, unlike the previously de ned event
handlerclosures.

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

(seq
(invoke  view
"setMouseAction "
java.awt.event. MauseEvent. MQUSE_CLICKED
clickedV)

(apply mkNode (* w (int 3)) (* h (int 3)))
(invoke  view "repaint")))
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After the programhasbeenevaluatedtheinterpreterexits, andJava's AWT thread
continuesrunningto listenfor window events. Closureghatareinvokedin response
to eventsareinterpretedn this secondhread.

Thecodelisting for theclicker ~ programdemonstratethe power andsimplicity
of the interfaceprovided the JLambda languageto Java's languagefacilities. Fea-
turessuchasclosuresandlexical scopingmake constructiorof event-drvengraphical
programssuchasclicker , particularlystraight-forward.

5 RelatedWork & RelatedlIssues

In this sectionwe describebrie y severalprojectsrelatedto JLambda. Additionally,
we presentanoverviewv of theimplementatiorof the JLambda interpreter

5.1 ProjectsRelatedto JLambda

There exist several Schemeinterpretersthat use Java as their implementationlan-
guage.Four well-known examplesare SISC[14], Kawa[15], andJSchemg16], and
Skij [17]. Althoughall of theseprojectsaim to producea Java-basedmplementation
of theSchemdanguagethey eachhave uniquecharacteristicsWe presenhereabrief
descriptionof eachprojectandits interfaceto the Java language.This is not an ex-
haustvelist by any meanstherearecloseto two hundredanguage$200)citedin [18]
thatuseJava or the Java Virtual Machineasa basis,roughly twenty (20) of theseare
classedasSchemeor Lisp like.

5.1.1 SISC

SISCis a Schementerpreterimplementedn Java whoseprimary goal is rapid ex-
ecutionof the completeRevised® Reporton the Algorithmic LanguageSchemg[10]
de nition. In particular SISCsupportgropertail recursiorandunrestrictedrst-class
continuationsSISC's foremostconcerns performanceandit outperformsall existing
Java-based®chemanterpreterspftenby morethananorderof magnitude.

Theinterfaceto the Javalanguagegrovidedby SISCis the S2Jmodule.Importing
this moduleallows oneto instantiateJava classescall methodson Java objects,and
access/modifyelds of Jara objects.

Javaclassesretypesin SISC's extensibletype systemitheprocedure

(java-class symbol)

returnsthe Java classof namesymbol . Java classesanbeinstantiatedvith a call to
thejava-new procedure:

(java-new class args ..)
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which selectsa constructoof class basednthetypesof args andcallsit, return-
ing thenewly createdbbject.

Java elds aremadeaccessibléo Schemecodeasprocedureshatcanget/setary
eld of agivennameon ary Java object. StaticJava elds canbe accessed/modi ed
by passinganinstanceof theappropriateclassasthe rst agumentto the procedures.
Theprocedures

(generic-java-f ie Id -a cce ssor symbol)
(generic-java-f ie Id -modi fi er symbol)

returna procedurghatwheninvokedwith a Java objectasthe rst agumentretrieves
or setsthevalueof theJava eld namedsymbol in theJavaobject.

Methodsare madeaccessibléo Schemecodeas procedureghat caninvoke ary
methodof a givennameon ary Java object. For examplethe procedure

(generic-java-m et hod symbol)

returnsa procedurghatwheninvokedwith a Javaobjectasthe rst agumentandJava
valuesastheremainingargumentsinvokesthe bestmatchingmethodnamedsymbol
on the Java object, and returnsthe result. Static Jara methodscan be invoked by
passinganinstanceof theappropriateclassasthe rst argumentto the procedure.

5.1.2 Kawa

Thegoalof Kawais aSchemenvironmentimplementedn JavathatcompilesScheme
codeinto the byte-codenstructionsof the Java Virtual Machine. All of the required
andoptionalfeaturesof the RSRSSchemestandardaresupportedyith the exception
of propertail recursionand unrestrictedcontinuations. Kawa also provides mecha-
nismsfor thede nition, creation,andacces®f Jasa objects.

In Kawa, objectsarecreatedwith the procedure

(make type arg ..)

which constructsa new objectinstanceof the speci edtype , which shouldbe of the
form <java.lang.Class>

For accessinghe elds of Javaobjectsandstatic elds, Kawa providestwo proce-
duresfield andstatic-field , whichreturnthevalueof the eld. Notethatthe
eld mustbedeclaredoublic.

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

Fieldsmay be setby usingthefield andstatic-field proceduressthe rst
operando set! . Hereis anexample:
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(set! (field a 'car) (field b ‘car))

Java instancemethodsand staticmethodsmay be invoked with theinvoke and
invoke-static procedures:

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

5.1.3 JScheme

The JSchemeprojectis a dialectof Schemevhosechieffeatureis a simpleandcom-
prehensie interfaceto Java. JSchemesupportsall featuresof the R4ARSstandardex-

ceptunrestrictedrst-classcontinuation@andmutablestrings. Theinterfaceto theJava
languageprovidedby JSchemeés calledthe Javadotnotation which enablesccesdy

nameto all methodsgconstructorsand elds of ary Javaclass.Tablel providessome
examplesof this notation.

Syntax Typeof Member| Example

“.” atend constructor (Font. NAMESTYLE SIZE)
“.” atbeginning instancemethod | (.setFont COMPFONT)
“.” atbeginning,$ atend | instanceeld (first$ ' 2)
“.class”sufx Javaclass Font.class

“.” only in themiddle staticmethod (Math.round 123.458)

“$” atend static eld Font.BOLD$

Tablel: Examplesof JSchemes Javadotnotation

5.1.4 Ski

Skij, developedat IBM WatsonLabsby Michael Travers,is a Schementerpreterim-
plementedin Java designedfor exploratory programmingin the Java ervironment.
Theprojecthasnow beenretiredby IBM, andconsequentlys nolongeravailable.We
mentionit herebecausets purposes similar to thatof JLambda, andseveral of its
ideasarecloselyrelatedto ideaspresenin JLambda.

In Skij, Java objectsare createdand manipulatedusing the primitive procedures
new, invoke ,peek, poke ,invoke-static , peek-static , andpoke-static
Classamgumentsmustbe eitherthe fully quali ed classnameasa string or symbol,
orajava.lang.Class object.Methodand eld namesshouldbeeitherstringsor
symbols.

An objectis createdwith the new procedure:

(new class args ...
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Instance elds andstatic elds areaccessedvith 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)

Instancemethodsandstaticmethodsnaybeinvokedwith 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 implementatiorof the JLambda inter-
preter;further detailsof the interpreters designandimplementatiorcanbe foundin
David Porters Honoursthesis[19].

Theinterpreterfor the JLambda languages implementedn Java, andconsistsof
threecomponentsa parseya syntaxanalysisphaseandanevaluationphase.Choos-
ing Java asthe interpreters implementationanguagdeadsto certaincomplications
in the interpreters design. In general,the simplestway to implementan interpreter
of a Scheme-lilke languages by usinga simplerecursve evaluationmodelin which
an expressionis evaluatedby recursvely evaluatingeachsubepression.If suchan
interpreters implementedn Javait will exhibit recursve executionbehaiour, since
it inheritsthe control structureof the underlyingJava system. However, the lack of
propertail recursionin Javza meanghe interpreterover ows the JVM stackwhenat-
temptingto evaluatearbitrarily long recursionssuchasthe computatiorof long lists.

The goalthenwasto designthe JLambda interpretersothatit usesan iterative
executionprocess;this was achiezed by implementingthe interpreteras a register
machinenterpreter In this design the procedure-callingndargument-passingiech-
anismsusedin the evaluationprocessareimplementedn termsof operationsn reg-
isters.We thusobtainedanexplicit-control interpreterthatexhibits iterative execution
behaiour.

Corvertingtheinterpretedesignfrom asimplerecursve evaluationmodelto areg-
istermachineinterpreterinvolvedtwo steps.First, we ensuredll recursve callswere
tail calls, by transformingthe interpreterinto continuationpassingstyle [20]. If the
interpreterimplementationanguagewas properly tail recursve, this transformation
would have beensufcient to achiare aninterpretemwith iterative executionbehaiour,
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sinceproperlytail recursve languageguaranteehattail recursionis equivalentto it-
eration.However, sincewe choseJava astheimplementatioianguage—whiclis not
properlytail recursve—afurtherstepwasrequiredjn whichwe manuallytransformed
tail recursioninto iteration.

The secondstepconsistedf the transformatiorof the interpreterfrom a continu-
ationpassingstyleinto aregisterbasedmperatie style. This transformations based
on the following obsenation: if a setof methodscall eachotheronly by tail calls,
we can rst rewrite the callsto usevariableassignmeninsteadof algument-passing,
andwe canthenreplacemethodcalls with jJumps. The registermachinetransforma-
tion consistsof systematicallyperformingsuchrewrites. The resultof performing
the continuationpassingtransformatiorandthe registermachinetransformatiorwas
aninterpretemwith iterative executionbehaiour. This interpretercanthereforeprop-
erly evaluatearny JLambda expression.Thetransformatiorfrom recursveto iterative
interpretens a standardechniquen the programminganguagecommunity An ex-
ampleworkedoutin detailcanbefoundin Felleisens thesig[21].

The syntaxanalysisphasesenesto improve the interpreters executionspeed.In
this phaseall lexical variablesin a JLambda programare replacedby their corre-
spondinglexical addresses the programstructure. Sucha programrepresentation
enableghe evaluatorto retrieve variablevaluesdirectly from known addresses the
run-timeervironment.Implementingvariablelookup operationsn this way is a con-
siderableimprovementover lookup operationsbasedon searchinghe ervironment.
Consequentlyjtheadditionto theinterpreterof asyntaxanalysigphaseyieldsasignif-
icantincreasen its executionspeed.

6 Method and Constructor Resolution

TheJaraRe ection APl is bothquirky, andlow level. It providesobjectsthatrepresent
meta-level conceptsuchasclassesinterfaces,elds, methodsconstructorsandclass
membemodi ers. It alsoallows for: the ability to accessr updatethe value of an
objects eld; to invoke anobject's methodon a givensetof values,or constructa nev
objectvia calling a constructoron a given setof values. Whatit doesnot provide is
arny meansof resolvingwhat methodor constructorone shoulduse,given a certain
sequenc®f aguments.Consequentlyit is left to the JLambda interpreterto decide
on how this shouldbe done. In Jara, methodand constructorresolutionusesboth
runtime,andstaticcompiletime information. The runtimetype of the targetobjectis
usedtogethemith thecompiletimetypesof theagumentsln aninterpretedanguage
we have no statictypeinformationto rely on,andconsequentlyve mustattemptto do
the bestwe canwith the possiblyincompletenformation (dueto the presencef the
null  objectreferenceamongsibtherthings)we have at hand. Namely the runtime
typesof theamguments.
Comparedo otherimplementation®f interpretedanguageshat useJava's Re-
ection API, seesection5, we have adopteda ratherconsenrative approach. This
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is becauseour aim is to provide a simplefaithful and preciseinterfaceto Java as
is possiblein an untypedinterpretedlanguage. A ratherbolder schemes outlined
by Michael Traversin [22, 23] andusedin his languageSkij [17], aswell asPeter
Norvig's JSchemé¢l6].

6.1 Constructor Resolution

Evaluationof a constructorcall
(object  (<exp> <exp_1> ... <exp_N>))

proceedsas follows. First the agumentsare evaluatedfrom left to right, the rst
argument<exp> shouldevaluateto stringrepresentinghe full nameof a Java class.
If thesonamedlava classis not public  anexceptionis thrown. It is, of course the
runtime typesof the valuesof the aguments<exp_1> ... <exp_N> thatareused
to determinethe appropriateconstructor If anamguments valueis null  it'stypeis
treatedike awild cardobjectreference.

N.B. Only constructorghataredeclarecpublic  qualify in this search.

The searchproceedsasfollows. First the interpreterlooks for a constructorthat
exactly matchesheargumenttypes(usingthe

public  Constructor getConstructor(C la ss[] parameterTypes)

methodof the java.lang.Class class). Otherwisewe look amongthe public
constructordor the bestmatch,the candidatesrechoserfrom thosereturnedoy 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 notion of bestis takento meanthe
leastwhentaking widening,the interfacehierarchy andthe classhierarchyinto con-
sideration. Theremay be mary suchchoices,and presentlywe simply chooseone,
making no effort to resolve ambiguities. If no constructoris found an exceptionis
thrown.

6.2 Method Resolution

Evaluationof a staticor nonstaticmethodcall following form:

(invoke  <target> <method> <exp 1> ... <exp_N>)
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proceedsas follows. The amgumentsare evaluatedfrom left to right, and thenthe
interpreterattemptg¢o nd a method,whosenameis the valueof <method> (which
shouldbeaString ), with theappropriatergumentslt is themethodof theclassthat
theruntimevalueof <target> belongso, thatis subsequentlyoundandinvoked.

If no matchingmethodis found an exceptionis thrown. The searchis almost
identicalto the one undertalenin the objectconstructioncase. It is, of course,the
runtimetypesof thevaluesof theamguments<exp_1> ... <exp_N> thatareusedto
determinethe appropriatenethod. As in the constructorcase jf anarguments value
isnull it'stypeis treatedike awild cardobjectreference.

N.B. Only methodghataredeclaredoublic  qualify in this search.

First the interpreterlooks for a methodthat exactly matcheshe agumenttypes
(usingthe

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

methodof thejava.lang.Class class) . Otherwisenvelookamonghepublic
methoddor the bestmatch,the candidatesrechoserfrom thosereturnedby the

public  Method[]] getMethods()
methodof thejava.lang.Class classnot, for example the
public  Method[]] getDeclaredMet hods()

methodof the java.lang.Class class). The notion of bestis elaboratedslightly
from the constructoicaseto take into accounthe declaredeturntypesof the method.
This is only usedwhenthe parametetypesmatchexactly, andin this casethe more
speci c returntypeis preferred.(Seesections8.2and8.4 of [9], andthe API 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 standingunresohed bug in the
Java Re ection API [24] that hasto do with accesgestrictionson inner classob-
jects. Somemethods,that should be accessibleare not. For example instances
of java.util.lterator 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 classwhensituationdik ethisarise.

6.3 Variations on this Theme

The maindifferencedetweerthe resolutionprocessawe have describedchere,andthe
onesuggestedby Travers,apartfrom memoisationjs thatwe attemptto obey Java's
accesgestrictions,andrestrictour attentionto public  methodsand constructors.
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Traversontheotherhandconsidersll possiblemethodsanduseshe Javal.2'sclass
java.lang.reflect.AccessibleO bject to suppressccesshecking. We,
on the other hand, only resortto this to circumwent Java's Re ection API idiosyn-
crasies.
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