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Abstract

Debugging is a laborious, manual activity that often
involves the repetition of commonoperations. Ideally,
users shouldbe able to describetheserepetitiousopera-
tions as little programs. Debuggers should therefore be
programmable, or scriptable. The operating environment
of thesescripts,however, imposesinterestingdesignchal-
lengeson theprogramminglanguagein which thesescripts
will bewritten.

Thispaperpresentsour designof a language for script-
ingdebuggers.Thelanguageofferspowerfulprimitivesthat
canpreciselyandconciselycapturemanyimportantdebug-
ging and comprehensionmetaphors. The paper also de-
scribesa debugger for the Java language built in accor-
dancewith theseprinciples. We haveimplementedthis de-
bugger to run alongsidetheJavaVirtual Machine. Thepa-
perincludesconcreteexamplesof applyingthisdebugger to
programs.

1. Intr oduction

Debugging is a laboriouspart of the softwaredevelop-
mentprocess. Its unpleasantnessis exacerbatedby many
contemporarydebuggers,which offer only primitive capa-
bilities. Indeed,evenwith thegrowing sophisticationof vi-
sualprogrammingenvironments,theunderlyingdebugging
toolsremainfairly primitive.

Debuggingis a complex activity becausethereis often
a gooddealof knowledgeabouta programthat is not ex-
plicitly representedin its execution. For instance,imagine
aprogrammertrying to debuga largedatastructurethatap-
pearsnot to satisfyaninvariant.He might seta breakpoint,
examinea value,compareit againstsomeothersand,not
�nding aproblem,resumeexecution,perhapsrepeatingthis
processdozensof times. This is both time-consumingand
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dull; furthermore,a momentarylapseof concentrationmay
causehim to missthebugentirely.

Theheartof automatedsoftwareengineeringliesin iden-
tifying suchrepetitivehumanactivitiesduringsoftwarecon-
structionandapplyingcomputationalpower to ameliorate
them.For debuggers,oneeffectiveway of eliminatingrep-
etition is to make them scriptable, so userscan capture
commonpatternsandreusethemin the future. The prob-
lem thenbecomesoneof designingeffective languagesfor
scriptingdebuggers.

Debuggingscriptsmusteasilycapturetheprogrammer's
intent andsimplify theburdensomeaspectsof theactivity.
To do this, they mustmeetseveralcriteria. First, they must
matchthe temporal,event-orientedview thatprogrammers
have of thedebuggingprocess.Second,they mustbepow-
erful enoughto interactwith andmonitor a program's ex-
ecution. Third, they shouldbe written in a languagethat
is suf�ciently expressive that the act of scriptingdoesnot
becomeonerous. Finally, the scripting languagemust be
practical: usersshould,for instance,be able to construct
program-speci�cmethodsof analyzingandcomprehending
data. This calls for a library of I/O and other primitives
morecommonlyfound in general-purposelanguagesthan
in typical domain-speci�clanguages.

In this paper, we presentthedesignandimplementation
of an interactive, scriptabledebuggerfor Java. Our debug-
gercommunicateswith aJavaVirtual Machineto pauseand
resumeexecution,query the valuesof variables,and dy-
namicallychangethe debuggingscripts. Thesescriptsare
writtenin ahighly expressivefunctionallanguagewith sup-
port for statefuloperations.The languagehasa data�ow
evaluationsemantics,which is a natural �t for receiving
eventsfrom externalentities,suchasprogramsrunningin
a debugger. In addition,the languagehasaccessto a large
collectionof practicallibraries,andevaluatesin aninterac-
tiveprogrammingenvironment,DrScheme.



cl ass D i j k st r aSo l v er f

pub l i c HashMap back t r ace = new HashMap ( ) ;
p r i v at e Pr i or i t y Queue q = new Pr i or i t y Queue ( ) ;

pub l i c D i j k st r aSol v er ( D i rectedGraph graph ,
Node source ) f

source . wei ght = 0 . 0 ;
q . addA l l ( graph . getNodes ( ) ) ;

wh i l e ( ! q . i sEmpty ( ) ) f
Node node = ( Node) q . ex t r act M i n ( ) ;
L i st successor s = graph . getSuccsOf ( node ) ;
f or ( I t er at o r succI t = successor s . i t er at o r ( ) ;

succ I t . hasNext ( ) ; )
r el ax ( node , ( Node) succI t . nex t ( ) ) ;

g
System . out . p r i n t l n ( ” Resul t back t r ace :n n” +

back t r ace . keySet ( ) ) ;
g

pub l i c voi d r el ax ( Node or i gi n , Node dest ) f
doubl e candi dateW ei ght =

or i g i n . wei ght + or i g i n . di st anceT o ( dest ) ;
i f ( candi dateW ei ght < dest . wei ght ) f

dest . wei ght = candi dateW ei ght ;
back t r ace . put ( dest , o r i g i n ) ;

g
g

g

Figure 1. Dijkstra' s Algorithm Implementation

2. A Moti vating Example

Figure1 shows a Java transcriptionof Dijkstra's algo-
rithm,aspresentedin Introductionto Algorithms[9]. Recall
thatDijkstra's algorithmcomputestheshortestpathfrom a
sourcenodeto all theothernodesin a graph. It is similar
to breadth-�rstsearch,exceptthatit enqueuesthenodesac-
cordingto thetotaldistancenecessaryto reachthem,rather
thanby thenumberof steps. Thelengthof theshortestpath
to a node(sofar) is storedin theweight�eld, which is ini-
tializedto the�oating point in�nity . Thealgorithmrelieson
thefactthattheshortest-pathestimatefor thenodewith the
smallestweight is provably optimal. Accordingly, the al-
gorithmremovesthatnodefrom thepool (via extractMin),
thenusesthis optimalpathto improve theshortestpathes-
timateof adjacentnodes(via relax). Thealgorithmmakes
useof a priority queue,whichwealsoimplemented.

Figure2 shows a concreteinput graph(whereS, at lo-
cationh100; 125i , denotesthesourcefrom which we want
to computedistances)andtheoutputthat resultsfrom exe-
cuting this algorithmon that graph. The output is a setof
nodesfor which thealgorithmwasableto computea short-
estpath.For eachnode,theoutputpresentsthenode'snum-
ber, its coordinates,andits distancefrom thesourcealong
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Result backtrace:
[[node 1 : x 150 y 100 weight 55],

[node 2 : x 150 y 150 weight 55],
[node 3 : x 200 y 100 weight 105]]

Figure 2. Sample Input and Output

theshortestpath.
As we cansee,this output is incorrect. The algorithm

fails to provideoutputsfor thenodesnumbered4, 5 and6,
even thoughthe graphis clearly connected,so thesearea
�nite distancefrom S.

Sincetheimplementationof Dijkstra'salgorithmis adi-
recttranscriptionfrom thetext (asavisualcomparisoncon-
�rms), but we implementedthe priority queue,we might
initially focus our attentionon the latter. Sincechecking
theoverallcorrectnessof thepriority queuemightbecostly
anddif�cult, we might �rst try to verify a partial correct-
nesscriterion. Speci�cally, if we call extractMin twice in
succession,with no insertionsin-between,the secondele-
mentshouldbeat leastaslargeasthe�rst.

Unfortunately, mostexisting debuggersmake it dif�cult
to automatethecheckingof suchproperties.For example,
in gdb [23], wecouldsetbreakpointson insertandextract-
Min andobserveasvaluesenterandleave thequeue.How-
ever, checkingthatsuccessivecallsyield valuesin theright
order would requirecareful coordinationbetweenbreak-
point handlers.Ideally, we insteadwant to createa redun-
dantmodelthatmirrors thequeue's intendedbehavior and
write predicatesthatchecktheprogramagainstthis model.
Upondiscoveringa discrepancy, we might want to interac-
tively explore thecauseof failure. Furthermore,we might
�nd it valuableto abstractoverthesemodelsandpredicates,
bothto debugsimilar errorslaterandto build moresophis-
ticatedmodelsandpredicatesastheprogramgrowsin com-
plexity.

In principle,this is whatscriptabledebuggingshouldac-
complishwell. Unfortunately, this appearsto be dif�cult
for existing scriptabledebuggers.For example,Coca[12]
offers a rich predicatelanguagefor identifying interesting
dataandpointsin theexecution,but it doesnotoffer afacil-
ity for relatingvaluesacrossdifferentpointsin time,sothe
programmerwouldstill needto monitorthiscriterionmanu-
ally. UFO [6] supportscomputationoverevent-streams,but
doesnot supportinteraction.Dalek [22] is interactive and
offers the ability to relateexecutionacrosstime, but pro-
videslimited abstractionscapabilities,sowe couldnot use



it to build thepredicatesdescribedin this paper. In general,
existing scriptabledebuggersappearto be insuf�cient for
ourneeds;wediscussthemin moredetail in section9.

In this paperwe presenta new languageandinfrastruc-
ture that addressthe weaknessesfound in existing debug-
gers. In section3, we describethe goalsandobservations
that have guidedour work, andin section4, we introduce
the data�ow languageFrTime, on top of which we have
built our debuggerscriptinglanguage.We returnto our ex-
amplein section5 anddescribetheuseof our languageto
isolatetheproblem.

3. Desiderata

We believe thatusersfundamentallyview debuggingas
a temporalactivity with the runningprogramgeneratinga
streamof events(enteringandexiting methods,settingval-
ues,andso on). They useconstructssuchasbreakpoints
to make theseeventsmanifestandto gain control of exe-
cution, at which point they can inspectandsetvaluesbe-
fore againrelinquishingcontrol to the target program. To
be maximally usefulandminimally intrusive, a scriptable
debuggershouldview the debuggingprocessjust asusers
do,but make it easyto automatetediousactivities.

Concretely, the scripting languagemust satisfy several
importantdesigngoals.

1. While debuggersoffer somesetof built-in commands,
usersoftenneedto de�neproblem-speci�ccommands.
In the precedingexample, we wanted to check the
order of elementsextractedfrom a queue;for other
programs,we can imaginecommandssuchas “ver-
ify that this treeis balanced”.While obviously a de-
buggershouldnotoffer commandscustomizedto spe-
ci�c programs,it shouldprovide a powerful enough
languagefor programmersto capturetheseoperations
easily. Doing sooftenrequiresa rich setof primitives
thatcanmodelsophisticateddata,for instanceto track
theinvariantsof aprogram'sdata.

2. Programsoften contain implicit invariants. Validat-
ing theseinvariantsrequiresmaintainingauxiliarydata
structuresstrictly for the purposeof monitoring and
debugging. In our example, althoughDijkstra's al-
gorithm dependson nodesbeing visited in order of
weight, thereis no datastructurein the programthat
completelycapturesthe orderedlist of nodes(a pri-
ority heapsatis�es only a weaker orderingrelation).
Lacking a gooddebuggingframework, the developer
who wants to monitor monotonicity thereforeneeds
to introduceexplicit datastructuresinto the source.
Thesedatastructuresmaychangethespace-andtime-
complexity of the program,so they mustbe disabled

during normalexecution. All thesedemandscompli-
catemaintenanceand programcomprehension.Ide-
ally, a debugger shouldsupportthe representationof
such invariantsoutsidethe program's source. (In re-
latedwork, we explain why approacheslike contracts
andaspects[5] areinsuf�cient.)

3. Debuggingis often a processof generatingandfalsi-
fying hypotheses.Programmersmustthereforehavea
convenientwayto generatenew hypotheseswhile run-
ning a program. A techniquethat involvesmodifying
theprogram'ssourceand/orrequiresstaticcompilation
is highly disruptive to this exploratoryprocess.In that
respectaspects,contractsandunit testingframeworks
arenotappropriatefor debuggingtasks.

4. Sincethetargetprogramis a sourceof eventsandde-
buggingis anevent-orientedactivity, thescriptinglan-
guagemustbedesignedto actasa recipientof events.
In contrast,traditionalprogramminglanguagesarede-
signedfor writing programsthatare“in control”—i.e.,
they determinethe primary �o w of execution. This
posesa challengefor programminglanguagedesign.

5. As a pragmaticmatter, debuggers shouldhavecon-
venientaccessto the rich I/O facilities provided by
modern consolesso they can, for instance,imple-
ment problem-speci�c interfaces. Domain-speci�c
languagesthatarebuilt in isolationinvariablyprovide
only limited supportfor suchactivities. In contrast,the
existenceof rich programminglibraries is important
for thewidespreadadoptionof adebugginglanguage.

To accomplishthesegoals,a debugginglanguagemust
addressa con�ict centralto all languagedesign:balancing
theprovisionof powerful abstractionswith restrictionsthat
enableef�cient processing.Mostof theprior work (seesec-
tion 9) hastendedtowardthelatter, while this paperbegins
with a general-purposelanguage,soasto explorethespace
of expressionmorethoroughly. This resultsin somelossof
machine-level ef�ciency, but maygreatlycompensatefor it
by saving users'time. Furthermore,thefunctionalstylewe
adoptcreatesopportunitiesfor many traditional compiler
optimizations.

4. The FrT ime Programming Language

Insteadof implementingour debugging languagefrom
scratch, we have built it atop the languageFrTime—a
data�ow language(with Lisp-inspiredsyntax)thatsupports
stateful operationsand provides a library of data struc-
turesandprimitivesfor mostcommonprogrammingactiv-
ities [8]. The languageis inspiredby work on Functional
Reactive Programming[13], whosemotivation is to allow
declarativeexpressionof reactivesystems.



Figure 3. Screenshots of FrTime in Action

Themotivationfor FrTime is easyto explainwith asim-
ple example. Most programminglanguageshave a library
primitive for accessingthe current time. A variable that
holdstheresponsefrom thisprimitiveis, however, assigned
only when the primitive returns; the value becomesout-
datedasexecutioncontinues,unlesstheprogramexplicitly
performsoperationsto keepthevaluecurrent. In contrast,
FrTime providesbuilt-in supportfor time-varyingvalues,
calledbehaviors, thatautomaticallyupdatewith thepassage
of time. For instance,the expressionsecondsis a built-in
behavior whosevalueupdateseverysecondin lockstepwith
thesystemclock.

Any expressionthatusesa time-varyingvalueitself be-
comestime-varying. For instance,the expression(even?
seconds) recomputesevery time the valueof secondsup-
dates(i.e., every second),alternatingbetweenthe values
true andfalse. Theimplementationof FrTime is responsi-
ble for automaticallytrackingdependenciesbetweenprim-
itivesignalsandexpressionsthatdependon them,ordering
thesedependencies,forcing freshcomputation,andpropa-
gatingvalueswheneversignalschange.Behaviors cantake
valueunde�ned, whichactsasabottom.Any operationap-
plied to unde�nedalsoreturnsunde�ned.

FrTime offers run-time supportthroughthe DrScheme
programmingenvironment[14]. Figure3 shows the same
DrSchemesession,displayingseveralFrTime expressions,

(de�ne c (start-vm" DijkstraTest" ))
(de�ne queue(jclassc PriorityQueue))

(de�ne inserts
(trace ((queue. jdot . add) . jloc . entry)

(bind (item) (item. jdot . weight))))
(de�ne removes

(trace ((queue. jdot . extractMin) . jloc . exit)
(bind (result) (result. jdot . weight))))

(de�ne violations
(not-in-order (merge-eremoves(inserts. -=> . 'reset))))

(de�ne latest-violation(hold false violations))
(de�ne (nv)

(set-running!(hold true (violations. -=> . false))))

Figure 4. Monitoring the Priority Queue

capturedtwenty-� vesecondsapart.TheDrSchemeprompt
recognizesbehaviorsandautomaticallyupdatesthedisplay
of their valuesas they changeover time. In addition, the
rich librariesof DrSchemeareavailablefor FrTime,andare
automaticallylifted to the time domain,so they recompute
whentheir argumentsupdate.

In addition to behaviors, FrTime also has events.
Whereasbehaviorshaveavalueatany point in time,events
are discrete: for instance,the event key-strokes is an in-
�nite streamthat yields a new value every time a key is
pressed. FrTime provides a set of functional combina-
tors thatprocessevent-streams;for instance,hold converts
event-streamsinto behaviorsby consuminganevent-stream
andreturningabehavior whosevalueis alwaysthemostre-
centvaluein thestream.Thus,(hold' none-yet key-strokes)
is a behavior whosevalueis initially thesymbol' none-yet
and,from the �rst keystroke onwards,thevalueof the last
key pressed.

Theinterestedreadercanlearnmoreaboutthelanguage
from a companionpaper[8] or by experimentingwith the
implementation[1].

5. Debugging the Moti vating Example

We are now readyto return to our examplefrom sec-
tion 2. As we explainedpreviously, our implementation
of Dijkstra's algorithmemploys a priority queuecodedby
us. In addition,we notedthatour implementationof Dijk-
straSolveris a directtranscriptionof thepseudocodein the
book. We hypothesizedthatthebug might bein theimple-
mentationof the priority queue,andthat we shouldthere-
foremonitorits behavior. Recallthatthepartialcorrectness
propertywe wantedto verify wasthatconsecutive pairsof



(de�ne (not-in-ordere)
(�lter -e
(match-lambda

[(' reset ) false]
[( ' reset) false]
[(previouscurrent) (> previouscurrent)])

(history-ee2)))

Figure 5. The Monitoring Primitive

elementsextractedfrom thequeuearein non-decreasingor-
der.

Figure4 presentsa debuggingscript that detectsviola-
tionsof this property. In thescript, thevariablec is bound
to a debuggingsessionfor DijkstraTest, a classthat exer-
cisestheimplementationof Dijkstra'salgorithm.Theinvo-
cationof start-vminitiatestheexecutionof theJava Virtual
Machine(JVM) on this class,andimmediatelysuspendsits
executionpendingfurtherinstruction.

Theexpression(jclasscPriorityQueue) createsaFrTime
proxy for the PriorityQueueclassin Java. SinceJava dy-
namically loadsclasseson demand,this proxy is a time
varying value: its value is unde�nedat �rst, andstaysso
until the classis loadedinto the JVM. The operatorjclass
treatsits secondargumentspecially:PriorityQueueis nota
variablereference,but simply thenameof the targetclass.
In Lisp terminology, jclass is a specialform. So are jdot
(whichreturnsthevalueof a �eld), jloc (whichselectsa lo-
cationwithin amethod)andjval (whichreturnsavariable's
valuein therunningprogram).

Next, we install tracing aroundthe methodsadd and
extractMin of the priority queue. A tracepoint is a Fr-
Timeevent-streamspeci�cally designedfor debugging:the
streamcontainsa new valueevery time theJava program's
executionreachesthe location marked by the tracepoint.
Concretely, theexpression

(de�ne inserts
(trace ((queue. jdot . add) . jloc . entry)

(bind (item) (item. jdot . weight))))

installs a tracepointat the entry of the add method of
queue.1 The tracepointbinds the FrTime identi�er item
to the variable of the samenamein that method.2 The
body of the tracepointextractsthe weight �eld from this
item. The identi�er insertsis thereforeboundto a FrTime
event-streamconsistingof theweightsof all nodesinserted
into the priority queue. The identi�er removes is corre-
spondinglyboundto the weightsof nodesremoved from

1Hereandin therestof this paper, we usethein�x notationsupported
by FrTime: (x . op . y) is thesameas(opx y) in traditionalLisp syntax.

2Becausetracepointsbind by name,ratherthanby argumentposition,
thecodeis morerobustto smallchangesin argumentorderandcount.

thequeueby extractMin.
We initially wantto performalightweightcheckthatde-

termineswhetherconsecutiveremoves (notseparatedby an
insert) arenon-decreasing.To do this, we merge the two
event-streams,insertsandremoves. Sincewe areonly in-
terestedin consecutive, uninterruptedremovals, the moni-
tor resetsuponeachinsertion.The following FrTime code
usesthe combinator-=> to map the valuesin the inserts
streamto theconstant' reset, which indicatesthatthemon-
itor shouldreset:

(merge-eremoves(inserts. -=> . 'reset))

Theresultof thisexpressionis a singleevent-streamwhose
eventsarein theorderthey areencounteredin theprogram.
The inserteventshave beenmappedto theconstant,while
theremoveeventsarerepresentedby theweightof thenode.

This streamis passedto the coremonitoringprimitive,
not-in-order, shown in �gure 5. This useshistory-eto ex-
tract the two most recentvaluesfrom the streamandpro-
cesseseachpair in turn. It �lters out thosepairsthatdonot
exhibit erroneousbehavior, namelywhenoneof theevents
is a' reset or whenbotheventsre�ect extractedweightsthat
are in the right order. The result is a streamconsistingof
pairsof weightswheretheweightiernodeis extracted�rst,
violating thedesiredorder. We call thisstreamviolations.

The FrTime identi�er latest-violationis boundto a be-
havior that capturesthe last violation (using the FrTime
combinatorhold). If the priority queueworks properly,
this behavior will retain its initial value, false. If it ever
changes,we wantto pausetheJVM sothatwe canexamine
thecontext of theviolation. To dothis,weusetheprimitive
set-running!, which consumesa booleanbehavior; theJVM

pauseswhenever this behavior's value is false, and runs
otherwise.Sincewe anticipatewantingto observe numer-
ousviolations,we de�ne the(conciselynamed)abstraction
nv, which tells the JVM to run until the next violation oc-
curs.

At theinteractiveprompt,we type(nv). Soonafterward,
theJVM stops,andwequerythevalueof latest-violation:

> (nv)

shortpause

> latest-violation
(+ inf.0 55.90169943749474)

This output indicates that the queuehas yielded nodes
whoseweightsareout of order. This con�rms our suspi-
cion thattheproblemsomehow involvesthepriority queue.

Continuing Exploration Interacti vely

To identify theproblemprecisely, we needto re�ne our
model of the priority queue. Speci�cally, we would like



(de�ne inserters
(inserts. ==> . insert-in-model))

(de�ne removers
(removes. ==> . remove-from-model))

(de�ne model
(accum-b(merge-einserters removers)

(convert-queue-to-list(here . jval . q))))

Figure 6. The Redundant Model

to monitorthequeue'scompleteblack-boxbehavior, which
mightprovide insightinto theactualerror.

With theJVM paused,weenterthecodein �gure 6 to the
runningFrTime session.This codeduplicatesthe priority
queue's implementationusingasortedlist. While slower, it
providesredundancy by implementingthesamedatastruc-
ture throughan entirely different technique,which should
helpidentify thetruecauseof theerror.3

The value inserters is boundto an event-streamof Fr-
Time proceduresthat insertthevaluesaddedto thepriority
queueinto theFrTime model(==> appliesa givenproce-
dureto eachvaluethatoccursin anevent-stream);similarly,
removers is boundto a streamof proceduresthat remove
valuesfrom thequeue.Thecode

(accum-b(merge-einserters removers)
(convert-queue-to-list(here . jval . q)))

mergesthe two streamsof proceduresusingmerge-e, and
usesaccum-bto applytheproceduresto theinitial valueof
themodel. accum-baccumulatesthe resultasit proceeds,
resultingin an updatedmodel that re�ects the application
of all the proceduresin order. accum-breturnsa behav-
ior that re�ects the model after eachtransformation. We
mustinitialize themodelto thecurrentcontentof thequeue.
Theprede�nedbehavior hereis boundto thetop-moststack
frameof themainthread,from which jval extractsthecur-
rentbindingof thevariableq. Theuser-de�ned procedure
convert-queue-to-list(elidedherefor brevity) convertsq's
internalrepresentationto a list.

Having installedthis codeandinitialized themodel,we
resumeexecutionwith nv. At thenext violation, we inter-
actively apply operationsto comparethe queue's content
againstits FrTimemodel(thelist). We �nd thatthequeue's
elementsarenot in sortedorderwhile thosein the model
are.Morerevealingly, thequeue'selementsarenotthesame
asthosein themodel. A little furtherstudyshows that the
bug is in our usageof the priority queue: we have failed
to accountfor the fact that the assignmentto dest.weight

3Since the propertywe are monitoring dependsonly on the nodes'
weights,not their identities,the modelavoidspotentialorderingdiscrep-
anciesbetweenequally-weightednodes.

in relax (�gure 1) updatestheweightsof nodesalreadyin
thequeue.Becausethe queueis not sensitive to theseup-
dates,what it returnsis no longer the smallestelementin
thequeue.

On further reading,we tracethe error to a subtledetail
in thedescriptionof Dijkstra'salgorithmin Cormen,etal.'s
book [9, page530]. The book permitstheuseof a binary
heap(which is how we implementedthepriority queue)for
sparsegraphs,but subsequentlyamendsthepseudocodeto
say that the assignmentto dest.weightmust explicitly in-
voke a key-decrementoperation.Our error, therefore,was
not in the implementationof the heap,but in using the
(faster)binary heapimplementationwithout satisfyingits
(stronger)contract.

6. Re�ections on the Example

While progressingthroughthe example,we encounter
severalpropertiesmentionedin thedesideratathatmakeFr-
Time a goodsubstratefor scripteddebugging. We review
themhere,pointby point.

1. The DrSchemeenvironmentallows the user to keep
andreuseabstractionsacrossinteractive sessions.For
instance,to monitorthepriority queue,we de�ne pro-
ceduressuch as not-in-order and convert-queue-to-
list. Suchabstractions,whichmanipulateprogramdata
structuresin acustomfashion,maybeusefulin �nding
and�xing similarbugsin thefuture.They canevenbe-
comepartof theprogram'sdistribution,assistingother
usersand developers. In general,debugging scripts
cancapturesomeof the ontology embedded(but not
alwaysexplicated)in theprogram.

2. We discover the bug by monitoring an invariant not
explicitly representedin theprogram.Speci�cally, we
keepa sortedlist that mirrors the priority queue,and
weobservethatits behavior doesnotmatchtheexpec-
tationsof Dijkstra's algorithm. However, the list uses
a lineartime insertionprocedure,whicheliminatesthe
performancebene�t of the (logarithmictime) priority
queue.Fortunately, by expressingthis instrumentation
asa debuggingscript,we cleanlyseparateit from the
program's own code,andhencewe incur the perfor-
mancepenaltyonly while debugging.

3. Theinteractiveconsoleof DrScheme,in whichFrTime
programsrun,enablesusersto combinescriptingwith
traditional interactive debugging. In the example,we
�rst probethe priority queueat a coarselevel, which
narrows the scopeof the bug. We then extend our
scriptto monitorthequeuein greaterdetail.Thisabil-
ity to exploreinteractively savestheprogrammerfrom



having to restarttheprogramandmanuallyrecreatethe
conditionsof theerror.

4. Thedata�ow semanticsof FrTimemakesit well suited
to actasa recipientof eventsandto keepmodelsin a
consistentstate,evenasthescript is growing. During
theexecutionof theDijkstra solver, FrTime automati-
cally propagatesinformationfrom thevariablesinserts
and removesto their dependents,the violations vari-
ableandtheset-running!directive. Also,whenweadd
thevariablemodel, FrTimekeepsit synchronizedwith
violationswithoutany changeto thepreviouscode.

5. The librariesof FrTime arerich enoughto communi-
catewith externalentities. The programmeralsohas
accessto the programmingconstructsof DrScheme
(higher-order functions, objects, modules, pattern-
matching,etc.),whichhaverigorouslyde�ned seman-
tics, in contrastto thead-hocconstructsthatpopulate
many scriptinglanguages.Further, sinceFrTime has
accessto all thelibrariesin DrScheme[14], it cangen-
eratevisualdisplaysandsoon, aswe will seein sec-
tion 8.

Finally, FrTime'ssupportfor bothstate(suchashashtables)
and time (suchas clocks) make it easyto ef�ciently and
conciselycapturevarious temporalmonitoring concepts.
For instance,by exploiting bothhash-tablesandtheclock,
wecanimplementastatisticalpro�ler in underadozenlines
of code.

7. Implementation

The Java standardprovidesa language-independentde-
bugging protocol called the Java Debug Wire Protocol
(JDWP), designedto enable the constructionof out-of-
processdebuggers. Typically, the out-of-processdebug-
gerconnectsto the JVM runningtheprogramvia a TCP/IP
stream.Weadapta JDWP client implementationin Ruby[2]
by compiling its machine-readabledescriptionof JDWP

packetsinto FrTimeencodersanddecoders.
Our debuggersupportsa subsetof the event language

de�ned by the JDWP. The main primitive we supportis
trace, which createsa FrTime event-streamwhoseoccur-
rencesrepresentpointsof executionthatreacha locationof
interest.Locationsareidenti�ed by amethodandaline off-
setfrom thestartof thatmethod,asspeci�edby theJDWP.

A trace expressioninstructsthe debugger to install a
breakpointat thegiven locationin the JVM. Whenexecu-
tion reachesthebreakpoint,thevirtualmachinesuspendsall
threadsandsendsamessageto thedebugger. Thedebugger
queriesthevaluesof all variableslisted in thebind clause
andevaluatestheexpressionin an environmentcontaining
thesebindings. The body of the bind can useadditional

primitivesfor inspectingthe stacksof threadsandfor ex-
tractingvaluesfrom their frames,suchasjval.

The value resulting from the evaluation of the bind
clauseappearson theFrTime event-stream.This valueau-
tomatically propagatesto all expressionsthat refer to the
trace statement,directly or indirectly, in accordancewith
FrTime'sdata�ow semantics.After all consumershave �n-
ishedprocessingtheevent,thedebuggercommandsthevir-
tual machineto resume.This providessynchronizationbe-
tweenthedebuggingscriptandthedebuggedprogram.

Performance

We analyzetheperformanceof theDijkstra's algorithm
monitorshown in �gures 4 and5. This examplehasa high
breakpointdensity(approximately500eventspermillisec-
ond), so the time spentmonitoring dominatesthe overall
computation.In general,theimpactof monitoringdepends
heavily on breakpointdensity, andon the amountof pro-
cessingperformedby eachbreakpoint.

We measurethe running time of the the Dijkstra's al-
gorithm monitor shown in �gures 4 and5. Excludingthe
JVM startuptime, it takes3 minutes42 secondsto moni-
tor onemillion heapoperations(eitheradd or extractMin),
whichrepresents2.217millisecondsperoperation.Wepar-
tition this time into four parts: First, the virtual machine
executesthe call to either add or extractMin (0.002 mil-
lisecondsper operation). Second,the JDWP transmitsthe
context informationandFrTimedecodesit (0.783millisec-
ondsperoperation).Third, FrTimeschedulestherecompu-
tationaccordingto data�ow dependenciesbetweenprogram
values(0.581millisecondsperoperation).Fourth,FrTime
evaluatesthe script which monitorsthe partial correctness
property, in �gure 4 (0.851millisecondsperoperation).

According to thesemeasurements,nearly one-thirdof
the debugging time is devoted to JDWP encodingand de-
codingand to the context-switch. This is consistentwith
thepenaltywemightexpectfor usinganout-of-processde-
bugger. The time spentin FrTime can,of course,be arbi-
trary, dependingon the complexity of the monitoringand
debuggingscript. Obviously, the debuggeris not yet ef�-
cientenoughfor intensivemonitoring;wediscussthis issue
brie�y in section10. A two millisecondresponsetime is,
however, negligible whenusingthedebuggerin aninterac-
tivemode.

All time measurementsare for a 1.8GHz AMD Athlon
XP processorrunningSun's JVM version1.4for Linux.

8. Example: Minimum SpanningTrees

Becauseour scriptabledebuggerhasthe full power of
FrTime, userscan take advantageof existing libraries to
help themunderstandprograms.For example,theFrTime



Figure 7. Spanning trees computed correctl y
(left), without detecting cycles (mid dle), and
without sor ting edges (right)

animationlibrary allows speci�cationof time-varying im-
ages(i.e., imagebehaviors) that respondto events. Since
our debuggergenerateseventsby tracing programexecu-
tion, userscanvisualizeprogrambehavior by appropriately
connectingtheseeventsto theanimationlibrary.

An intuitivevisualrepresentationcanbeaneffectiveway
of gaining insight into a program's (mis)behavior. More-
over, many programslend themselvesto naturalvisualiza-
tions. For example,we considerproblemof computingthe
Minimum SpanningTree(MST) for acollectionof pointsin
theplane.

A simplegreedyalgorithmfor the MST works by pro-
cessingtheedgesin orderof increasinglength,takingeach
edgeif andonly if it doesnot introduceacycle. Thoughthe
algorithmis straightforward,the programmermight forget
to do somethingimportant,suchascheckingfor cyclesor
�rst sortingtheedgesby length.

The programmercould write codeto isolatethe source
of sucherrors,but a simplevisualizationof the program's
outputis muchmoretelling. In Figure7,weshow visualiza-
tionsof threeversionsof an MST program.On the left, we
show thecorrectMST, in themiddle,anedgesetcomputed
without cycle detection,andon the right, what happensif
we forgetto sorttheedges.

In Figure8, we show the debuggingscript that imple-
mentsthisvisualization.Its salientelementsare:

tr ee-start-event occurseachtimetheprogrambeginscom-
putinganew MST, yieldinganemptyedgelist

tr ee-edge-event occurs each time the algorithm takes a
new edge,addingthenew edgeto thelist

tr ee buildsamodelof thetreebyaccumulatingtransforma-
tionsfrom theseevent-streams,startingwith anempty
tree

display-lines displaysthecurrenttree

Thoughwe have not shown the implementationof the
MST algorithm,oneimportantcharacteristicis that it does
not maintainthesetof edgesit hastaken: it only accumu-
latesthecostof theedgesandkeepstrackof whichvertices

(de�ne tree-start-event
(trace ((tsp. jdot . mst) . jloc . entry)

(bind () (lambda (prev) empty))))
(de�ne tree-edge-event

(trace ((tsp. jdot . mst) . jloc . 80)
(bind (e)

(lambda (prev)
(cons(make-edge(e . jdot . v1)

(e . jdot . v2))
prev)))))

(de�ne tree
(accum-b(merge-etree-start-event

tree-edge-event)
empty))

(display-linestree)

Figure 8. Recording MST Edges

arereachablefrom eachother. In building anexplicit model
of the tree,our script highlightsan importantcapabilityof
ourdebuggingsystem—itcancaptureinformationaboutthe
program'sstatethatis notavailablefrom theprogram'sown
datastructures.To implementthesamefunctionalitywith-
outascriptabledebugger, theuserwouldneedto amendthe
programto make it storethis extra information.

9. RelatedWork

Thereare two main branchesof researchthat relateto
our work andfrom which we have drawn inspiration. We
describethesein turn: �rst, programmabledebugging,and
second,programmonitoringandinstrumentation.

Dalek [22] is a scripteddebuggerbuilt atop gdb that
generateseventscorrespondingto points in the program's
execution. Eachevent is associatedwith a callbackproce-
durethatcan,in turn,generateotherevents,thussimulating
a data�ow styleof evaluation.Whenthepropagationstabi-
lizes,Dalekresumesprogramexecution.

Our debuggerhasseveral importantfeaturesnot present
in Dalek. A key differencethat a user would notice is
thatwerely onFrTimeto automaticallyconstructthegraph
of data�ow dependencies,whereasin Dalek, theprogram-
mer mustconstructthis manually. Dalek's eventsarenot
�rst-classvalues,soprogrammersmusthard-wireeventsto
scripts,andthereforecannoteasilycreatereusabledebug-
gingoperationssuchasnot-in-order.

In Dalek,eacheventhandlercansuspendor resumethe
executionof the target program,but thesecan contradict
eachother. Dalekappliesa �x edrule to arbitratethesecon-
�icts. In contrast,we let authorsuseset-running!to cre-
ate�e xible, application-speci�crules(for instance,by us-
ing and, or and richer connectives in the expressionthat



guardsexecution). Indeed,usinga behavior as the guard
expressionhighlightsthepowerof usingFrTimeasthebase
languagefor thedebugger, sincewe caneasilyreconstruct
Dalek's policy in our debugger. This designaddressesan
importantconcernraisedin ananalysisof Dalekby Craw-
ford, et al. [10].

TheAcid debugger[24] providestheability to respondto
breakpointcommandsandstepcommandswith small pro-
gramswritten in a debuggingscript languagevery closeto
C. Deet[16] providesa scriptinglanguagebasedonTcl/Tk
alongwith a varietyof thegraphicalfacilities. Dispel [18]
de�nes its own ad-hoclanguage.Generalizedpathexpres-
sions [7] specify break conditionsas regular repressions
appliedto event traces. The regular expressionsare aug-
mentedwith predicatethat can check for base-value re-
lations. In theseprojects,the programmermust respond
to events through callbacks,and there is no notion of a
data�ow evaluationmechanism.Eachretainstheinspection
andcontrolmechanismof command-promptdebuggers.

DUEL [15] extendsgdb with an interpreterfor a lan-
guageintendedto be a supersetof C. It provides several
constructs,suchaslist comprehensionsandgenerators,for
inspectinglargedatastructuresinteractively. They do not,
however, addresshow to control thetargetprogramor how
to respondto eventsgeneratedduringtheexecution.

TheCocadebuggerby Ducasśe [12] offersaconditional
breakpointlanguagebasedon Prolog. Cocausestheback-
trackingevaluationmechanismof Prologto identify poten-
tially problematiccontrolanddatacon�gurationsduringthe
execution,andbringstheseto theuser'sattention.As such,
Prologpredicatesserve asboth the conditionalbreakpoint
languageandthedata-matchinglanguage.However, since
eachpredicateapplicationhappensin isolation from the
other, thereis no way to accumulatea modelof theexecu-
tion asit happensthroughtime,suchasconstructingatrace
historyor building anexplicit representationof an MST (as
wehavedonein this paper).

Like Coca,on-the-�y query-baseddebugging [19, 20]
enablesusersto interactively selectheapobjects. The ob-
jectsarespeci�edusinga SQL-like languageevaluatedus-
ing anef�cient on-linealgorithm.It doesnotoffer asophis-
ticatedscriptingmechanism.LikeCoca,thisapproachdoes
notsupportrelatingdatabetweenpointsin time.

Parasight[4] allows usersto insertC codeat tracepoint
locations.TheC codeis compiledandinsertedinto therun-
ningtargetprogram'sprocessin awaythathasminimalper-
formanceimpact.Theinsertedcodemust,however, adopta
callback-styleto respondto events.While adaptingtherun-
ning programhasperformancebene�ts, it alsocomplicates
theprocessof usingmoreexpressive languagesto perform
monitoringanddebugging(andindeed,Parasightdoesnot
tacklethis issueatall, usingthesamelanguagefor boththe
targetprogramandthescripts).

Alamo [17], like Parasight,instrumentsbinary objects
with in-processC code. While the scripts do not take
the shapeof callbacks,they must manually implementa
programmingpatternthat simulatesa coroutine(which is
handledautomaticallyin FrTime by theevaluationmecha-
nism). The UFO debugger[6] extendsAlamo with a rich
pattern-matchingsyntaxovereventsin termof grammatical
elementsin the target language. While our debuggerof-
fersa rich, general-purposelanguagefor processingevent-
streams,they ef�ciently handlea specialcase,namelylist
comprehensionfollowedby folding.

Thereareseveral projectsfor monitoringprogramexe-
cution,asDiasandRichardson's taxonomydescribes[11].
Monitorsdiffer from debuggersby virtueof notbeinginter-
active,andmostdonotprovidescriptingfacilities. Instead,
many of thesesystemshave betterexploredthe trade-offs
betweenexpressiveness,concisenessandef�ciency in the
speci�cationof interestingevents.Ourdebuggersimply re-
lies on thepowerful abstractionsof FrTime to �lter events,
but at thecostof ef�ciency.

We have arguedthat thedebuggingcodeshouldremain
outsidethe program's sourcecode,to avoid complicating
maintenanceand introducingtime- and space-complexity
penalties. The debugging script is thus a classic “con-
cern” that warrantsseparationfrom thecoreprogram.We
could useaspect-like mechanisms[5] to expressthis sep-
aration. However, usingthemfor our purposeswould not
bestraightforward. Most implementationsof aspectmech-
anismsrely on staticcompilation,which makesit impossi-
ble to changethe setof debuggingtaskson-the-�y. More
importantly, they forcethedebuggingscriptandmainpro-
gramto be in thesamelanguage,makingit dif�cult to use
moreexpressivelanguagesfor scripting.We thereforeview
thesemechanismsasorthogonalto our work, andaspossi-
ble routesfor implementingour debugginglanguage.

Contracts[21] alsocaptureinvariants,but they too suf-
fer from the needfor staticcompilation. In addition,data
structuressometimesobey a strongercontractin a speci�c
context than they do normally. For instance,in our run-
ning example,priority heapspermitkeys to change,which
meansthereis no a priori orderon a key's values. As we
saw, however, Dijkstra'salgorithminitializeskeysto 1 and
decreasesthemmonotonically;importantly, failureto doso
resultsin an error. The topicality of the contractmeansit
shouldnotbeassociatedwith thepriority heapin general.

Finally, unit testing frameworks provide a mechanism
for checkingthat output from a function matchesthe ex-
pectedanswer. With respectto debugging,unit testingsuf-
fers from the samelimitations ascontracts.Namely, they
operatestaticallyandonly alonginterfacelines.



10. Conclusionand Future Work

We have presentedthe designandimplementationof a
scriptable,interactivedebuggerfor Java,andshown several
instancesof its application.Thescriptinglanguagehassuf-
�cient library supportto permit constructionof a wide va-
riety of applicationsincludingmonitorsandvisualizations,
andis powerful enoughto make theseconciseto express.
Along theway, wehavedemonstratedthatourdebuggercan
provideprogram-speci�cviews of rich data,andcaneasily
monitorimplicit invariants.

The most importantdirection for future work is to im-
prove thedebugger'sperformance.As we have seen,some
of this overheadis directly attributableto having anout-of-
coredebugger. We intendto incorporatesomeof theopti-
mizationsdiscussedin relatedwork to reducethisoverhead,
andwill alsoconsidercompilationstrategiesthat generate
Java codethat canbe inlined directly usingbinary adapta-
tion andotherinstrumentationmethods.

Our scriptinglanguageis differentenoughin semantics
from Javato engenderseveralimpedancemismatches,such
as differencein datatypesand invocationsemantics.The
Silk [3] projecthasinvestigatedtheseissuesin the interac-
tion betweenSchemeandJava. We intend to incorporate
someof their lessonsinto ourdebugger.

Finally, we will link the debuggingscript moreclosely
with thetargetprogram.Concretely, ausershouldbeableto
constructaFrTimebehavior thattrackschangesto a�eld in
the JVM. Also, usersshouldbeableto receive aneventfor
eachsingleexecutionstepwithin a givenscope.This will
makeFrTimeanevenmorenaturallanguagefor expressing
monitoringanddebuggingactivities.
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