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ABSTRACT

An abstract of the thesis of StephenLee Johnson for the Master of Sciencein

Computer Sciencepresenied July 2, 2004.

Title: TeaBag: A Debuggerfor Curry

This thesisdescritesTeaBag,which is a debuggerfor functional logic computa-
tions. TeaBagis an accessonpf a virtual madine currertly underdewelopmen. A
distinctiv e feature of this macdine is its operational completenes®f computations,
which placesnovel demandson a debugger. This thesis descritesthe features of
TeaBag,in particular the handling of non-determinism,the ability to cortrol non-
deterministic steps,to remove cortext information, to toggle eagerevaluation, and
to setbreakpoints on both functions andterms. This thesisalsodescritesTeaBag's
architecture and its interaction with the asseiated virtual madine. Finally, some
debuggingsessionof defective programsare presertied to demonstrate TeaBag's
ability to locate bugs.

A distinctiv e feature of TeaBagis how it presers non-deterministic trace steps
of an expressionewaluation trace to the user. In the past expressionewvaluation
traces were linearized via badtracking. Howewer, the presenceof badtracking
makes linear tracesdi cult to follow. TeaBagdoesnot presen badtracking to
the user. Rather TeaBagpresens the trace in two parts. One part is the searh
spacewhich has a tree structure and the other part is a linear sequenceof steps

for one path through the seart space.
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Chapter 1

In tro duction

Sincethe dawn of programming, programmershave strove to write bug free code.
Yet, despiteall their bestattempts at writing bug free code, bugscortinue to come
to life, evenin code thought to be perfect. Thesebugsarisein code, generallynot
becauseof programmerincompetenceor laziness but becauseof the complexity of
software. As software systemsget larger they get more and more complex. This
complexity makes writing bug free code di cult if not impossible. Thus, bugs
live in software. Exterminating these critters requiresthree steps. The rst one
is noticing that the bug exists. This involvestesting the program and seeingthe
e ect, e.g. the infamous\blue screenof death", the bug hason the software. The
secondstep is nding wherethis bug lives. Once, the home of the bug is located
the bug can be killed by \ xing" the code. This thesisdealswith nding where
bugslive for functional logic programs.

One approad usedto mitigate the \bug problem" in software dewelopmen is
usingfunctional languagessut as SML [42] and Haskell [55]. One of the adagesof
functional programmersis \w ell-typed programsdo not gowrong". Unfortunately,

in this statemert wrong doesnot meanbug free. Rather, not going wrong means
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that a program is newer in a state that is not well-de ned by the language. It
says nothing about whether or not the program doeswhat it was expectedto do.
Howe\er, this does not mean all is lost. If the \blue screenof death”, or more
realistically, dereferencinga null pointer, is not de ned by the language,then a
well-typed program will not do thosethings. This helpsto reducethe number of
bugsin a program. Unfortunately, it doesnot reducethe number to zero.

Another step towards mitigating the \bug problem" in software is providing
deweloperswith toolsthat helpthem nd, locate,and x bugs. The toolsthat help
programmerslocate bugsare calleddebuggers.Thesehave beendeemedsocritical,
that Wadler says [75],\T o be usable,a languagesystemmust be accompaniedoy a
debuggerand pro ler." Debuggershelp the programmerdeal with the complexity
of software by assistingthem in nding the location of bugs. This assistancemay
be algorithmic, where the debuggerhelps direct the programmerto the location
of the bug, or the debuggermay let the programmervisualize intermediate states
of their program.

This thesis is about TeaBag(The Errors And Bugs Are Gone!) which is a
debuggerfor a functional logic languagecalled Curry. TeaBag mixes runtime
debuggingand tracing to provide the user with powerful tools to examine how
their program executes. One of the key featuresof TeaBagis its presemation of
non-deterministic computations in the tracer. Previoustracers linearizedthe the
stepsvia badtracking. TeaBagpreserts the trace in two parts. One part is the
seard spacewhich hasa tree structure and the other part is a linear sequenceof
stepsfor one path through the sear® space.A brief description of TeaBagcan be

found in [15].
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Functional logic languagesaim at integrating featuresfrom functional and logic
languagestogether into one programming paradigm. From functional languages
they take featuressud as algebraicdata types, rst classfunctions, polymorphic
typing, monadicl/O, and lazy ewvaluation. From logic languageghey take features
sudh as non-determinism, seart, and logic variables. Like all other languages,
functional logic languagesalso needdebuggers.

The goalsof this thesisare three-fold. First and foremost,this thesisdescrikes
TeaBag. TeaBagis the implemenation that all of our researt in debuggingre-
volved around. This thesis descrites the features and architecture of TeaBag.
Second,this thesis discusseghe strategy we usedfor debuggingfunctional logic
programs. A debuggingstrategy is debuggingconceptsthat can be incorporated
into other debuggers.Relatedto the strategy, this thesiswill discusshow to trace
and presemn non-deterministic steps. Finally, this thesiswill descrike the interface
betweenTeaBagand the virtual madine that it interacts with. This interfacecan

be usedby another virtual madine to interact with TeaBag.

1.1 Contributions of the Thesis

This thesis provides the following cortributions.

A strategy suitable for tracing the narrowing stepsof functional logic pro-
gramsis described. Useful traces of functional logic programsmust preser
both the functional and logic aspects of the languageto the userin a mean-
ingful way. The strategy descrited in this thesis doespreciselythis for nar-

rowing step tracers. Speci cally, we break the trace presemation into two
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parts. One part shows the userthe seart space. Another part shaws the

userthe stepsalong one of the paths in the seart space.

This thesis also discusseghe advantagesof mixing runtime debuggingand
tracing for debuggingfunctional logic programs. Typically, debuggersfor
functional, logic, and functional logic programsare either runtime debuggers
or tracers. This thesis investigatesblurring the line between runtime de-
bugging and tracing. That is, TeaBaghasruntime debuggingfeaturesthat

interact with the tracer.

1.2 Overview of the Thesis

Chapter 2: Background The badground givesthe cortext our work occurred
in. This chapter starts out by giving an overview of functional logic languages.It
also discussesa particular functional logic languagevirtual madine called the
FLVM that TeaBagwas designedto work. Finally, this chapter provides an

overview of existing logic, lazy functional, and functional logic debuggers.

Chapter 3: Non-Deterministic  Tracing The main researt cortributions of
TeaBagare related to non-deterministic trace generationand presenation. This
chapter will start by de ning a trace and a trace view. Then it will review the
existing tracesand trace viewsfor functional logic languages.Finally, this chapter

will presen the trace and trace view usedin TeaBag.

Chapter 4: Features This chapter discusseshe featuresof TeaBag. There are

three main categoriesthe featuresfall into; runtime, tracing, and generalfeatures.

4
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The runtime featurescan be usedwhile the program is running to debugit. The
tracing featuresprovide a way to record and view the narrowing stepsinvolved in
the computation of a term. The generalfeatures, e.g. highlighting, are features

that apply to both the runtime debuggingand tracing.

Chapter 5: Arc hitecture  The architecture of TeaBagis describedin this chap-
ter. Speci cally, this chapter focuseson two aspectsof the architecture. Firstly, it
talks about the main subsystemsand padkagesof TeaBagand how they comnuni-
cate. Then it descrikesin detail the socket interfaceusedto communicate between

TeaBagand the virtual madine.

Chapter 6: Examples This chapter gives examplesof using TeaBagto de-
bug Curry programs. Examples, of a wrong answer, a missing answer, and a
non-terminating error are given. Also, this chapter provides an example of using
TeaBagwith a non-trivial Curry program. Finally, an example of using TeaBag

to debuga program with a non-trivial seard spaceis presered.

Chapter 7: Conclusion This chapterso ers someconcludingremarks. It also

discusseghe related and future work.



Chapter 2

Background

2.1 Functional Logic Languages

2.1.1 What are Functional Logic Languages

Functional logic languagesintegrate featuresfrom functional and logic languages
into one programming paradigm. From functional languagesthey take features
sud as algebraic data types, rst classfunctions, polymorphic typing, monadic
I/0, and lazy ewaluation. From logic languagesthey take featuressud as non-
determinism, seard), and logic variables.

Functional languagessud as Haslell [55] and SML [42], are made up of func-
tions. They focuson what a function computesand not how it computesit. This
freesthe programmerfrom conceitrating on the details of the computation.

Logic languagesike Prolog [53, 70|, determine the truth of a proposition. A
logic programis madeup of predicates. The userasksthe logic programif a certain
proposition is satis able givena particular setof predicates. The resultis either yes
or no. Logic languagedike Prolog allow the useof logic variables. Thesevariables

are free to be bound to a value. The runtime systemtries to nd a binding for



CHAPTER 2. BACKGROUND

the free variablesthat makesthe proposition true. Also, logic languagesntroduce
non-determinismin the sensehat a givenlogic variable may have se\eral bindings
that satisfy a proposition.

Functional logic languagessud as Curry [39] and Toy [4]], integrate the fea-
tures of functional and logic languagesinto one language. Thus, functional logic
languagesare madeup of functions. They allow the programmerto focuson what
a function computesand not how the function computesthe value. They alsoin-
troduce logic variablesand non-determinism. Combining thesetwo programming
paradigms together takes the good features of both languagesand brings them
into one programming paradigm. Logic languagesare nice to use when seard is
involved. Howewer, they are cumbersometo usefor de ning \normal” functions
sincea logic languageonly givesthe truth of a statemen. Combining functional
and logic languagestogether allows the programmerto de ne \normal" functions
and make use of the powerful sear®t medanismsfound in logic languages.Func-
tional logic languagedet the userhave the power of builtin seard with all of the
conveniert programming featuresof functional languages.

Functional logic languagesntro ducetwo featuresinto functional computations.

They introduce non-determinismand logic variables.

Non-Determinism Non-determinismallows a function to have multiple values
for a givensetof argumerts. This canoccur either from explicitly making multiple
de nitions for a function or becausethere are multiple possibleinstantiations for
a logic variable. In typical programming languageshis is not allowed. Typically,

functions arenot allowedto have multiple de nitions. At rst glancethis seenvery
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reasonable.Obviously onewould not want afunction calledsquare to bede ned as
either the squareor doubleof its argumert. When programming,onewould clearly
want square to always squareits argumert and not have the possibility of doing
somethingelse. Even morefundamerally, onemay think that it is easierto reason
about functions that return only one value for a given set of argumens. While it
is true that there are many exampleslike square where non-determinismis not
desiredthere are also many exampleswhere non-determinismis very corvenien.
For example,considerde ning a function calledchildOf that takesoneargumern,
a parert, and returns a child of that parert. Now say Jim is de ned to have two
children, Alice and Bob. When the function childOf Jim is called it may return
Alice or it may return Bob. There is no way to know which oneit will return.
Howe\er, if there is someconstraint about the kind of child that it canreturn then
it will return the right one. For example, the function maleChildOf will return
one of the male children of its argumert. Having non-determinismbuilt into the
languagein this way is corveniert for the programmer. Without non-determinism
the programmerwould write the sameprogram where they basically encale this
behavior into their program. Doing this requires more code. The programmer
must explicitly maintain setsof the possibleresultsfor ead function and explicitly
seart thosesets. It also makesthe code more di cult to read and reasonabout.
Also, adding or removing constrairts would be cumbersome. Appropriately using
the non-deterministic featuresof a functional-logic languagecan actually improve,

rather than degrade,the programmersability to reasonabout their program.
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Logic Variables Non-determinismis not only incorporated into functional logic
languagedy allowing multiple de nitions for the samefunction, it is alsoaddedin
via logic variables. Logic variablesgive the programmera way to let the runtime
systemseard for aninstantiation that will satisfy a setof constraints. For example,
the function nephewcould be de ned in Curry asfollows. (Seesection2.1.3for a

description of Curry).

=:= siblingOf p &
=:= maleChildOf s
where s,n free

=:= spouseOf p &
=:= siblingOf o &
=:= maleChildOf s &
where o,s,n free

nephewp |

S
n
n
nephewp | o
S
n
n

This de nition makes use of both kinds of non-determinism. The rst de nition

of nephewreturns one of the nephewsfrom the brothers and sistersof p and the
secondde nition of nephewreturns one of the nephewsfrom the brothers and
sistersof the spouseof p. When a programmercalls nephewJim it will return one
of the nephewsof Jim. This nephewcould be from either Jim or Jim's spouses
side of the family. Notice, that there are free variables. Speci cally, in the rst

de nition of nephewthe variabless and n are free. Thus, at runtime the system
will try to nd a binding for these variables that satis es the constrairts. For
example,say we have called nephewJim and Jim hasa brother namedJoe and a
sister namedJill. Also, lets says that Joe hasa daugher and that Jill hasboth a
sonand daughter. Since,Joe doesnot have a sonhe can not be the instantiation

of s sinces must have a male child. Thus, only Jill can be instantiated for s.

9
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Soewven though calling siblingOf  Jim could return either Joe or Jill it will only
return Jill whenit is calledin this cortext sincethat is the only instantiation that
will satisfy the constrairts. In this example,there was only one possibleanswer
for nephewJim. Now let's say that Joe hasa new baby boy. Sonow both Joe and
Jill are valid instantiations for s. Thus, nephewJim may return either the son of

Joe or the son of Jill.

2.1.2 Implemen tation of Functional Logic Languages

Typically functional logic programsare modeledby term rewriting systems(TRS)
which are evaluated using narrowing and residuation (see[34] for a surwey). It is
alsopossibleto usethe -calculusto model functional logic programs|[74]. Since
the -calculusapproad is relatively new and not in commonuse (at least at the

time of writing this thesis) we will focuson TRSs.

Term Rewriting Systems Term rewriting systemsare at the heart of most
computational modelsfor functional logic languages.Considerthe following set of
basicalgebrarules conbined with the standard multiplication and addition tables

for the integers0 through 10.

a(bo=(abc
a (b+c) = (a bh+(a ©
ab=ba
@ = a

10
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Now considerevaluating the expression(5+ 2) (1+ 4). It could be ewvaluated as

follows.

5+2) 1+4)! Y@ @+4)! 27 A+4)! 37 D+ (7T 4! 4
N+ @7 4! °7+ (7 4)! ©7+(28)! "7+ 28! 835

This computation is carried out by rst rewriting 5+ 2 to 7 by lookingup 5+ 2in
the addition table. Then (7) is rewritten to 7 using the (a) = a rule from above.
Next, 7 (1+ 4)isrewrittento (7 1)+ (7 4)usingthea (b+c)= (a b+ (a ¢
rule. The rest of this computation cortinuesin a similar manneruntil the result 35
is obtained. Sincethere is no rule that can rewrite 35 we say that 35is a normal
form. Notice herethat we typically think of eat equation as being equalto eath
other. Of coursethis is true sinceead equationin the computation evaluatesto
35. Howewer, we can alsothink of this computation asa sequencef rewrite steps.
That is, eat stepin the computation usesthe syrntax of the equationand a set of
rules to determine the next step in the computation. So the secondrewrite step
usesthe rule (a) ! ato rewrite (7) (1+ 4)to 7 (1+ 4). Herewe sa that (7)
is the redex. The redex, reducible expression,is the expressionor subexpression
that is rewritten by the rewrite rule. Also, notice that the computation is just a
sequencef pure symbolic manipulations. That is, we intuitiv ely have a notion of
addition and multiplication but that is not used. Rather rewrite stepsare usedfor
eat addition and multiplication. Thus, we easily could have de ned 5+ 2 = 1.
Then the normal form of (5+ 2) (1+ 4) would be 5. Intuitiv ely this doesnot seem
right. Operationally, this is correct sincea term rewriting systemjust manipulates

symbols. A TRS workswith a given setof rewrite rulesand hasno notion of builtin

11
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operationslike + or . Soif the addition table is only de ned for the integers0 to
10then 11+ 2 and 3:4+ 1 do not have any rulesthat canreducethem.

Formally, a term rewriting system consistsof two parts, a sighature and a
set of rules R. A signature is a set of symlwols where ead synmbol has an arity.
The synbols are the de ned operationsfor a given TRS. The arity of the symbol
is the number of argumerts that it can be appliedto. In the above example,+ is
a symbol with arity 2. Beforedescribingthe rules of a TRS the conceptof a term
must be understood. A term is madeup of symbols and variables. Terms are only
de ned in relation to a signature . Sothe set of terms, T, constructed from a

signature, , and an in nite setof variables, X, is de ned as

Ex X2 X
T = ftjt = 9

-Sf(tl::tn) f2a & arty (f)=n & t;2T = & t,2T

Soa term is either a variable or it is an operation of arity n applied to n terms.
Constarts are de ned asoperations of arity O.

A set of rewrite rulesR is a setof pairs| ! r wherel and r are terms, the
variablesappearingin r is a subsetof variablesin |, and | is not a variable. The
intuition behind a rewrite rule is that terms \matc hing" the left hand side, |, are
rewritten to the right hand side, r. To formalize this idea we need a few more
de nitions. Firstly, the occurrence or position of a term u in a term t de nes
where u is located in t. The occurrence is represeted as a sequenceof integers
hp,:::pci that de nesthe occurrenceof u in t by: if k = Othen u = t and otherwise

if t = f(ty:ity) then u is the occurrenceof hpy:ipci in t,,. For example, the

12
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occurrenceof the term +(1;2) in (+(5;2); +(+(1,2);3)) is i2;1i. The term at
occurrencep in term t is denotedas tj,. When terms are rewritten part of the
term is replacedwith a new term. We write t[u], for replacingtj, with u in t.

A substitution mapsvariablesto terms. A substitution is rst de ned on vari-
ables and then extendedto terms. A substitution, , applied to the term t is

de ned as

8
2 if t2X & (t7't)2

(t) = 5
TR (ty) (tp) if t=f(tnty)

Now we can formalize our informal notion of rewriting. If we have aterm t, a rule
' r, aposition p in t, and a substitution  sud that tj, = (l) thent canbe
rewritten to t[ (r)]lp. This is written ast! . . u. Soaterm t \matches"arule
I I r if there is somesubstitution for | that producest. For example,the rule
a b! b amatchesthe term (1+ 2) 3with the substitution [a 7! (1+ 2);b7! 3].
Now we can usethis substitution on the right hand side of the rule to obtain the
replacemen 3 (1+ 2).

Ead expressionin a term that can be reducedwith a rule is called a redex
(reducible expression). In the t ! ., ;. u relation the redexis tj,. When an
expressioncortains no redexesit is in normal form. It is possiblefor a term to
cortain multiple redexes.For example,3 (1 + 2) cortains the redex1+ 2 using
the addition table and the redex3 (1 + 2) usingthe distributiv e rule. A strategy
chooseswhich redexto reduce.

Most implemenations of functional logic languagesput a further restriction

on TRSs. They also require them to be left linear. A left linear TRS is one

13
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wherevariablesoccur no more than oncein the left hand side of the rewrite rules.
Also, most implemertations of functional logic languageswork with constructor
term rewriting systems.A constructor TRS breaksthe signature up into two sets.
Thereis oneset, C, of data constructorsand another set, D, of de ned operations.
The left hand sidel of arule, | ! r, must be aterm, f (t;:::it,) wheref 2 D and
ewvery symbol occurring in ty:::t, is either in the setof variables, X, orin C. A redex
pattern for areductiont ! . . uisthe setof constructorsin | not occurringin
Intuitiv ely, a constructor TRS hasthree kinds of synbols. It hasvariable symbols,
operations symbols, and constructor symbols. A constructor symbols de nes data
like alist or tree. Thus, there are no occurrencesof de ned operationsfor the data
itself. The operation symbols de ne the operationsto be performedon data.

A more detailed treatment of term rewriting systemscan be found in [18, 20].

Narro wing Narrowing [60, 34, 13]and residuation[3] arethe glue betweenfunc-
tional computationsand logic variables. When a computation of an expressiorcan-
not cortinue dueto the presenceof alogic variable, narrowing non-deterministically
instantiates that variable. Residuation delays the evaluation of that expression
and starts working on another part of the programin hopesthat the variable will
becomeinstantiated by someother expression.

A narrowing step consistsof two parts. First it instantiates logic variables
of a term and then applies a rewrite rule to one of the resulting subterms. The
instantiation of logic variables comesfrom a substitution which can be the iden-
tity. When the identity substitution is usedthe term does not change and the

narrowing step hasthe e ect of just performing the rewrite step. Thus, narrowing
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is a generalization of rewriting in that rewriting is narrowing with the identity
substitution.

Loosely speaking, a term t is narrowable if applying somesubstitution to it
makesit \match" the left hand side of a rewrite rule. More formally, a term t is
narrowableto aterm s if there existsa position p in t sud that tj, is not a variable,
avariant | ! r of arewrite rule in R wherethere are no commonvariablesin t and
' r,andaunier oftj,andl sudthat s= (t[r],). Wesgy that tj, is a narrex
(narrowable expression).A variant of a rewrite rule meansthat the namesof the
variablesin the rule canbe changed. That is, I°! r’isavariant of | ! r if there
existssubstitutions and °sudthatl! r= (I°t randl’! r’= °(! r).

The following examplewill help clarify the de nition of narrowable.

data Nat = Z | S Nat

add :: Nat -> Nat -> Nat
add Z n n
add (S m)n = S (add mn)

Now consider narrowing the term t wheret is add (add x (S Z)) (S Z) and
where x is a logic variable. If p is hli then tj, is add x (S Z). There are two
rules that can unify with tj,. The left hand side of the rule add Zn! nunies
with add x (S Z) with unier fx 7! Z,n7! SZg and the left hand side of the rule
add (Sm n! S(addmn) unies with add x (S Z) with unier fx 7! (Sx°);m7!

x';n 7! S Zg wherex’ is a new logic variable. Soif = fx 7! (Sx’);m7! x;n 7!
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SZgandl! risadd(Sm n! S(addmn) then
(t[r]p) = (add (S (add mn)) (S2) = add (S (add x (S2) (S2)

Thus, add (add x (S Z)) (S Z) is narrowable to add (S (add x° (S 2)) (S 2).
Also, add x (S Z) is a narrex. Notice that if wasfx7! Zn7! SZgandl! r
wasaddZn! nthenadd (add x (S Z)) (S Z)isnarrowableto add (S Z) (S 2).
It is the job of a strategy to pick a position p, aunier ,andarulel! r sud
that (tj,) = (I). In this example,a strategy would decidewhich uni cation and

rule to apply.

Residuation ~ When narrowing is usedwith an appropriate strategy [13 17] it
is complete. That is, the result of a computation will be computed if a result
exists. Howeer, the sear® spacefor narrowing can be large. Residuation [3] is
simpler than narrowing and canbe more e cien t, but residuationis not complete.
When a computation of an expressionre is unableto cortinue due to an uninstan-
tiated logic variable, v, residuation suspendsthe executionof that expressionand
starts working on another part of the program. If v becomesnstantiated then the
computation can cortinue to work on e. Obviously, v may newer be instantiated.
In this casethe computation cannot compute e. A simple example(in Curry) of

residuation follows. (Seesection2.1.3for a description of Curry.)

digit =0
digit =1
digit = 2
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digit =9
addMult | x*x == x+x & x == digit = x where x free
For the addMult rule to beableto re the condition x*x == x+x & x =:= digit

must be satis ed. This meansthat both sidesof the & must be satised. If a
particular implemertation started with the left hand sideit would not be able to
ewvaluate it due to the presenceof the logic variable x. Residuationwould halt the
ewvaluation of x*x =:= x+x and start evaluating the right hand side,x =:= digit .
This evaluation will instantiate x. When this happens the left hand side can

corninue.

2.1.3 Curry

There are many functional logic languages.For example,Curry [39], Esdter [40],
Le Fun [2], Life [1], Mercury [63], NUE-Prolog [43], Oz [61], and Toy [4]] are
just a few. While the virtual madine (x2.1.4) TeaBagwas designedto work with

supports many functional logic languages,currertly Curry is the only language
with a complier targeting this virtual madine. Thus, Curry is alsothe language
that TeaBagcurrently debugs. In this sectionwe will descrike Curry. Curry has

Haslell like syrntax [55]. The basicform of a function in Curry is

f ty ity j c= ewherevs free
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wheret; to t, are data terms. That is, t; to t, do not cortain any operation
(function) symbols. f is the name of the function. A term, t, rooted with f will
be rewritten to (e) if there existsa substitution sudithatt= (f t; :::t,) and
the condition c is satis ed. cis satis ed if it evaluatesto either true or success.
c is allowed to contain logic variablesdeclaredin vs that must be instantiated to
satisfy the condition. Variablesdeclaredin vs are treated aslogic variables. Also,
e and ¢ may refer to variablesin t; ::: t,.

Functions in Curry may have multiple values. Soit is legalin Curry to de ne
a function digit that returns 1 and returns 2 and returns 3, etc. In Haslkell
the rst matching rule is applied whereasin Curry all uni able rules are non-
deterministically applied. This meansthat if tj, is uni able with multiple left
hand sidesof a function in a Curry program then ead of the correspnding right
hand sidesare non-deterministically applied.

Similar to Haslell, Curry hasa where clausethat introducesnestedrules. The
right hand side of a nestedrule may refer to variablesin the left hand side of a
nesting rule. In the following examplethe function appd is nestedinside of the
function append This meansthat appd can refer to the variablesx and y which

appear in the left hand side of append

append x y = appd x
where appd [] y
appd (z:zs) = z:appd zs

Curry also cortains algebraicdata types. Algebraic data typesallow the user

to easily de ne data structures. An algebraicdata type is de ned asfollows.
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data D = Cj Tyg i Ty |
Co Tor i Too

Cm Tm1 i Trp

D is auserde ned namefor the data type. C;:::C,, are the constructor namesfor
eat of the possiblerepresemations of the data. Ty ::: Ty arethe typesasseiated
with the constructor C,. For example,the following algebraicdata type de nes a

binary tree of integers.

data Tree = Leaf |

Branch Int Tree Tree
In the above examplea Tree is either a Leaf with or it is a Branch with an integer
value and two subtrees. It is also possibleto parameterizethe data type with a

type variable Soa binary tree of type a can be de ned as

data Tree a = Leaf |
Branch a (Tree a) (Tree a)
Now a binary tree of integerscan be de ned with Tree Int .
Functions in Curry are higher order. This meansthat functions can be used
just like other piecesof data and functions canbe partially applied. Sothe function
mapcan be de ned to take a function and a list and apply that function to ead

elemen of that list to get a newlist. In Curry map could be de ned asfollows.
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map:: (a -> b) -> [a] -> [b]

map_ [ =]
mapf (x:xxs) = (f x):(map f xs)

The type of mapis (a -> b) -> [a] -> [b] . This type cortains two type
variables,a and b. This typeindicatesthat the rst parameterto mapis a function
that takesan a and returns a b. The secondargumert of mapis a list wherethe
elemetts are of type a. Then the result of mapis a list with elemets of type b.

Now considerthe list [1,2,3] . We could add one to eat elemen of this
list with map(+1) [1,2,3] . Notice herethat the function + normally takestwo
argumernts. In this corntext + is partially applied to the argument 1. Applying +
to the argumert 1 returns a function that takesanother integer and adds one to
it. Sonow this function is passedasan argumert to map

Curry hastwo operatorsthat test for equality. The rst operator is ==. The
== operator testsif the term on the left hand sideis the sameasthe term on the
right hand side. The secondoperator is =:=. This operator cheds if the term on
the left hand sideis the sameasthe term on the right hand for someinstantiation
of logic variablesin either the left or the right hand sidesof =:=.

Narrowing and higher order functions can be usedto compute the inverseof a

function in Curry. If f ' a -> b is a function then its inversecan be de ned
asfollows.

f o b->a

f x| fy==x=y wherey free

Curry supports both narrowing and residuation. When a computation cannot

ewvaluate an expressiondue to an uninstantiated logic variable the computation
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can either narrow or residuate. This choiceis determined by whether or not the
function is exible or rigid. Flexible functions narrow and rigid functions residuate.
By default /0O actions and arithmetic operation residuateand all other functions
are exible. The user can changethe default behavior for a function with the
eval keyword in Curry. They can de ne a function f to be rigid by indicating
f eval rigid in their sourcecode.

A completedescription of Curry can be found in [39].

214 FLVM

Most implemertations of functional logic languagedranslate a programto Prolog.
For example PAKCS [35], Toy [41], and UPV-Curry [9] all translate a functional
logic languageto Prolog. The implementation of Curry that TeaBagwasdesigned
to work with is di erent. This implemenation, known asFLVM [14] (and section
3 of [80]), is a virtual madine for functional logic languages. FLVM stands for
functional logic virtual macdine. As its name implies, it is a virtual madine
designedto work with many functional logic languages. Currently, Curry is the
only languageghat hasa compiler for this virtual macdine.

Programsthat can be expressedas an overlappinginductively sequential term
rewriting system [11] can be executedby the FLVM. Overlapping TRSs allow
multiple ruleswith uni able left hand sides. If there existsa term t, a position p, a
rule ! r, anda substitution sud that tj, = (l) then there may exist another
rule I° 1 r” and another substitution ° sud that tj, = °(I"). An inductively
sequetial term rewriting systemis one where eat function can be represeied

with a de nitional tree[10,11]. A de nitional tree is a hierarchical represetation
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of a function. De nitional treesare a standardway of implemerting computations
that narrow.

Sincethe FLVM workswith programsthat canberepreserted asan overlapping
inductively sequetial TRS it can work with all functional logic languageswhich
are de ned by constructor-basedTRSs. It is showvn in [12]that all functional logic
programsmodeledby a constructor-basedlRS canbe translated to an overlapping
inductively sequetial TRS. This includeslanguagesike Curry and TOY. Thus
the FLVM is a generalfunctional logic virtual madine sinceit is designedto work
with many functional logic languages.

The coredata structure in the FLVM is aterm. A term is a recursiwe structure.
Ead term has a root symbol and zero or more subterms. The subterms of a
term can be shared. Thus, this structure is a graph. Terms can be operations,
constructors, free variables, or primitiv es. Operations are functions that can be
applied to argumerts sud as++ A constructor is a named pieceof data sud as
cons or nil . Freevariablesare variablesthat canbe narrowed on. Primativesare
basicpiecesof data like 1, 2, or 'a’. The FLVM hasseparatesupport for primatives
for performancereasons. A term can be replaced(rewritten) with another term.
A term can also have a substitution applied to it.

Computations managereducing a term to normal form in the FLVM. Eadc
computation is responsiblefor reducinga singleterm. At non-deterministic points
in program executionnew computations are createdand the currert computation
is abandoned.Thus, ead computation reducesa term until either that term is in
normal form or until reducingthat term causesnon-determinism.

The computations are managedby the space. The spacecortains a pool of
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computations. It selectsa computation from this pool, lets the computation make
someprogress,and then selectsanother computation to perform somework. The
spaceensuresoperational completenessThat is, the spacedoesnot let onecompu-
tation \tak e over" and not allow any other computationshave a chanceat reducing
their terms.

Functional logic languagescan be compiled to a set of instructions that the
FLVM can interpret. Currently, theseinstructions have a textual represetation
that the FLVM works with. Once the instruction set has stabilized the FLVM
will interprete a byte-code represetation of this instruction set. The instructions
for the FLVM support the creation of terms, rewriting terms, sharing, pattern

matching, narrowing, choice, and residuation operations.

2.2 Existing Debuggers

Functional logic languagesborrow ideasfrom both functional and logic languages.
Functional logic languagedebuggersalso borrow ideasfrom functional and logic
languages.Thus, to understand existing functional logic languagedebuggersit is
helpful to understandlogic languagedebuggersand functional languagedebuggers.
We will start by preseting key logic languagedebuggerswith respect to functional
logic languagedebuggers. Then we will do the samefor functional languagede-
buggers. With this badkground, we will then talk about existing functional logic

languagedebuggers.
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2.2.1 Logic Language Debuggers

The three main kinds of logic languagedebuggersare tracing, box-oriented, and
algorithmic. The initial debuggerdor logic languageswvheretracers which shoved
the programmerthe stepstaken by the logic languageimplemertation to read an
answver. They shaved the programmerexactly what the logic languageimplemen-
tation was doing. Howewer, this was di cult to follow sincelogic languagesuse
badtracking to try other choicesfor predicatesand clauses. Byrd says, \back-
tracking is descriked as being the remaking of the decisionat the chronologically

most recer choice point." [23]. He alsosays [23],

In the rst place, novices nd it very dicult to understandwhat is
happening when a program of any sizestarts badtracking, Even after
considerableexperiencewith Prolog, studerts will claim to be ba ed

in certain cases.Secondly when practically debugginglarge programs
a suddenbadktrack to a choice point any distanceaway is highly con-
fusing ("whenceam | now?"). In neither casedoesthe knowledgethat
it is the most recen choicethat is being redone, provide us with any

solution to our di culties.

This dicult y in following a trace lead Byrd to dewelop the box-oriented debug-
ger [23 for the logic languageProlog [70, 53].

The box-oriented debuggingapproad lets the userseethe control o w of their
program without being ba ed by badtracking. Box-oriented debuggingputs all
of the clausedor a procedureinto a box. It then puts four ports onto the box; call,

exit, redo, and fail. Theseports arethe ertry and exits points for the box. Sonow
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a trace is observingthe movemen between ports on boxes. When badktracking
occursit will not be presened asonelarge step badk to somedistant point in the
past. Rather, it will be the small incremenal stepsusedto arrive at that point.
The following examplewill help explain box-oriented debugging. Performing box-
oriented debuggingon the Prolog programin gure 2.1 will producethe trace of
ports in gure 2.2. In gure 2.2 the numbers on the far left represen the box
number for the procedure. In this examplethe steps performedto arrive at

p - st

- T

N V) I V)]

Figure 2.1: Simple Prolog Program to Demonstrate Box-Oriented Debugging

(1) Call p
(2) Call : s forward
3) Call : g’
(3) Fail : ¢
(2) Redo : s
(4) Call r
(4) Exit r
(2) Exit : s
(5) Call : t
1 g
D’

backr acing

f orward

(5) Exit
(1) Exit

Figure 2.2: Box Oriented DebuggingExample

calling r from the badtracking are explicitly listed. Previously in tracers these
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stepswere omitted.

The next big developmen in debugginglogic programswasby Ehud Shapiro[59.
Shapirodeweloped the algorithmic program debuggingtechnique. Algorithmic de-
buggerswork by using the declarative sematics of the program. An oracle, typi-
cally the user,is asked questionsabout the intended meaningof their programin
an automatedway until the debuggercanpoint out wherethe bugis located. This
isavery di erent approad to debuggingfrom previousdebuggers.This debugging
technique doesnot shav the userthe details of how a result is obtained. Rather,
the useranswers questionsabout their program.

Naishet. al. [72]took algorithmic debuggingand combined it with box-oriented
debugging. They createda single debuggingervironmert that allowed the userto

useboth of thesedebuggingtoolsin combination.

2.2.2 Functional Language Debuggers

While there are di erent ways to categorizefunctional languagedebuggersijn the
corntext of functional logic languagesit is helpful to categorizethem basedon if
the languagethey debugis eageror lazy. Since, most functional logic languages
are lazy, the debuggersfor lazy functional languagesare more applicable. These
are the debuggersconsideredhere.

While Shapiro deweloped algorithmic debuggingfor Prolog, a logic language,
he descrikes the generalprinciples that a languagemust have for his debugging
method to work [59. Functional languagest into this category Much work
has beendone using algorithmic debuggersin functional languages. Nilsson and

Fritzson point out that there are three problemswith algorithmic debugging;the
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guestionsare big and complex, storing the trace is di cult unlessthe program is

small, and too many questionsare askedto the user[49. They addresstheseissues
in their declarative debugger,Freja [49]. They use Stricti cation, a technique that

replacesexpressionsvith valueswherepossible,to make the questionssmallerand

lesscomplex [49]. Nilsson extendedthis debuggerto make large traces practical

by performing piecemealtracing [47, 48. Piecemealtracing is on-demandpartial

tracing. Thusthey only trace part of the program. If the userneedsto seethe trace
from another part of the program, the programis rerun and that part of the trace
is generated.To dealwith the large number of questions,Nilssonincorporated the

idea of trusted functions into his declarative debugger[4§.

Sparud, with the help of Nilsson, took a di erent approad to reducing the
number of questionsthe user getsasked in algorithmic debugging[65, 64, 69, 66,
50]. He createdan evaluation dependencetree while the program is running. The
usercanthen browsethis tree and decidewhereto start the algorithmic debugging
at. As hepoints out, strictly speakingthis is not algorithmic debugging,rather it is
declarative debugging. Declarative debuggersusethe declarative semartics of the
program to debugit. The algorithmic debuggingtechnique preserned by Shapiro
is also declarative. Thus, declarative debuggingis a larger class of debuggers.
Howewer, most declarative debuggersare alsoalgorithmic. Browsingthe evaluation
dependencetree works well when the user has an idea of wherethe bug might be
located. They can navigate the evaluation dependencetree to nd the areawhere
they think the bug is located. Then they can then start algorithmic debuggingin
that area.

Naish, Barbour, and Pope [46, 57] also created a declarative debuggerfor
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Haslkell. Their debuggerwas written almost ertirely in Haslell itself. This makes
the debuggermore portable than whenit is written in another language.

The next major type of functional languagedebuggeris obsenational debug-
ging, which wasinitially dewelopedby Andy Gill [33]for Haskell [55. Obsenational
debuggingworks by letting the programmeradd calls to the observe function in
their code at placeswere they think it will give them insights to the causeof the
bug. This allows the programmerto seewhat the expressionewaluate to. While
the observe function super cially looks like trace , it doesnot behave like the
trace statemern. The trace statemert is an identity function that prints its ar-
gumert asa side e ect. observe is alsoan identity function. Howewer, observe
writes to a le and not to standard out. Also, if the expressionbeing obsened
is only partially evaluated then only the partial evaluation is written to the le.
Thus, adding observe to a program doesnot changeits evaluation. Expressions
that wereonly partially evaluated prior to observe beingaddedare still only par-
tially ewaluated. Gill createda viewer, called HOOD, to look at the corntents of
the le generatedby observe. This viewer groupsobsenations together basedon
a string identi er given to the call to observe. Thus, the obsenations are not
listed in the lazy evaluation order. The lazy ewaluation order of a program can
be confusing[52, 47]. Grouping the obsenations together basedon a tag frees
the programmerfrom nding the obsenationsin a list that is generatedfrom lazy
ewaluation.

Claus Reinke took Gill's obsenational debuggingidea and animated it [58].
HOOD allows the programmerto seewhat data is obsened and whete this data

is located. It doesnot let you seewhenit is obsened. Reinke deweloped GHOOD
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which allows the programmerto seewhenthe data is obsened.

The third type of functional debuggeris tracing. Tracing shows stepsof the
computation of an expressionto the user. The di erences betweentracers is in
the type of step displayed, the way the step is displayed, and how the stepsare
recorded. Watson givesan overview of tracersin his Ph.D. dissertation [77]. The
fundamenal type of tracer traces reduction steps. Reduction step tracers shav
eadh stepin reducing an expressionto another expression.Many of thesetracers
show the -reductions performedon an expression.Watson de nes a trace where
the reductions stepsare basedon a formal semaric model of lazy evaluation [77,
79]. He also createda browser for this trace that allowed the userto browsethe
trace and seehighlighted expressionsand sourcecode [77, 7§].

Penry createda trace called FIT similar to Watson's[54]. FIT addressegshe
problem of tracing a lazy languageby preseiing textual imagesof the return stadk
and heap.

Tolmad created a time traveling tracer [73] for SML [42]. He described how
to view previous stepsin a trace without storing all of the steps and without
re-executingthe ertire program upto that step.

Another type of trace is a redextrail, which is a trace from a value or failure to
the initial expression.Soit is in the reverseorder of reductions. Each expression
is linked with its immediate redex. Sparud and Runciman initially deweloped this
idea [68, 67]. They also deweloped an interactive trace browser for a redex tralil
trace. Sincethe trace may be large they let the user choosewhich parts of the
trace to look at rather than showing the ertire trace at once.

Chitil, Runciman, and Wallace noticed that Freja (declarative), Hat (redex
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trail), and Hood (obsenation) ead had their own weaknesseand strengths [27].
Thus the ability to useall of thesetools while debuggingis bene cial. The Hat
debuggerwas extendedto include obsenational and declarative debugging[22, 76,
28]. When a program is run it generatesa trace in a le. Hat then o ers marny
viewers for that trace. It allows the userto view the trace declaratively as Freja
would have shawvn the trace. Another viewer displays a redextrail for the trace.
There is also a view for obsenations. Here the obsenational debuggingis a little

di erent from HOOD. In HOOD the programmer must add statemerns to their
sourcecode to generateobsenations. In Hat this is automatically done for the
programmer. Hat also cortains a viewer that lets the user seea virtual stadk of
function calls of when a program fails or is abruptly terminated. This stad is not
the actual runtime stad, it is the stadk of function calls that would occur if eager

evaluation was used.

2.2.3 Functional Logic Language Debuggers

Functional logic languagedebuggersborrow ideasfrom both functional and logic
languagedebuggersand extend them to debugfunctional logic languages. For a
functional logic languagedebuggerto be usefulit must be able to deal with both
the deterministic and non-deterministic featuresfound in real programs|[24]. So
if a particular debuggerwas designedfor debuggingfunctional languagesthen it
needsto be extendedto handle the logic side of the languageand vice-\ersa.
Declarative debuggingis a debuggingtechnique that has beenshavn to work
in both functional and logic languages. Thus, it is only natural that declarative

debuggingwould work in functional logic languages. This does not mean that
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creating a declarative debuggerfor a functional logic languageis trivial. Most
of the work for debuggingfunctional logic languageshas beenfocusedon declar-
ative debuggers. The techniques for using a declarative debuggerin functional
and logic languagesmust be integrated together to deal with the demandingarea
of functional logic languages. For example, the debuggershould be able to deal
with encapsulatedseart [24]. Naish and Barbour createdthe rst functional logic
declarative debuggerfor the functional logic languageNUE-Prolog [45]. Declara-
tive debuggershave beencreatedfor Toy [25, 26] and Curry [24]. Alpuente et al.
have also createda declarative debugger,Buggy, which is a generalframework for
declarative debuggingof functional logic programs|[7, 6, 4, 5].

Hanus and Josephg36] and Arenas-&ndezand Gil-Luezas[16, 17]addednew
boxes and ports to Byrd's box oriented debuggerto debug functional logic pro-
grams. Byrd's model had to be extendedin the realm of functional logic languages
to handle the functional side of the language.

Hanus and Koj createdan integrated developmen ervironmen, called CIDER,
for Curry [37, 3§. CIDER cortains a program editor, tools for analyzing Curry
programs, a graphical debugger,and tools for drawing dependencygraphs. The
focusof CIDER is on program dewelopmert of which debuggingis just oneaspect.
The debuggelin CIDER tracesrewrite stepstakenby a Curry program. This tracer
is analogousto the a tracer of -reductionsin functional languages. They both
trace the reduction steps. To handle non-deterministic features CIDER displays
badtracking stepsasthe next stepin the trace (seesection3.2for a more detailed
discussion).

Recerly, Bra el, et al. extendedGill's ideaof obsenational debuggingto func-
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tional logic languagesby handling non-deterministic sear®, logical variables,con-
currency and constrairts [21]. Alternate non-deterministic choicesin COOSy are

showvn in a group and the bindings of logic variablesare displayed.

2.2.4 Summary

At rst glanceit may seemsurprising that almost all functional logic language
debuggersare algorithmic. Why haven't more debuggingideasfrom the functional
and logic comnunities be exploredin functional logic languages?We beliewe the
reasonfor this is that algorithmic debuggershave been proven to work in both
functional and logic languagessoit is only natural that they would alsowork in
functional logic languages. Most of the other debuggingsdemesfor functional
and logic languageshave only beenshavn to work in their respective family of
languages. Thus directly using one of those shemesfor debugging functional
logic languageswill only debug \half " of the language. For example, CIDER
[38] contains a tracer of narrowing steps for debugging. This tracer works ne
for tracing deterministic programs. Howe\er, it becomesdi cult to usein non-
deterministic programs. It shows the trace of non-determinismas a deterministic
badtracking stepwhich canbedi cult to follow [23]. The tracer in CIDER is not

ase ective on non-deterministic programsasit is on deterministic programs.
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Non-Deterministic  Tracing

The main researt cortributions of TeaBagare related to non-deterministic trace
generation and presemation. This chapter will start by de ning a trace and a
trace view. Then it will review the existing traces and trace views for functional
logic languages.Finally, this chapter will presen the trace and trace view usedin

TeaBag.

3.1 What Is a Trace

Most peoplehave an intuitiv e ideathat a trace is thought of asa sequencef steps
performedwhile executinga program. Howeer, this de nition doesnot adequately
descrike all traces. To be able to accuratelytalk about a trace a better de nition

is needed.We will start by giving someof the trace de nitions that we have come
across. By no meansis this an exhaustie list of tracing de nitions. Rather, this
is just the de nitions of a trace that we have found in the literature related to
tracing lazy functional programs, tracing logic programs, and tracing functional
logic programs. We will then point out whereead of thesede nitions comeshort

of adequatelydescribinga trace and what parts of the de nition aregood. Finally,
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we will give a de nition of a trace that adequatelydescrikes a trace by building
o of the good points from the existing de nitions and avoiding the pitfalls the
existing de nitions fell into.

Watson de nes a trace as[77]:

A trace of a computation is a representation of the history of the com-

putational stepswhich are carried out to completethe computation.

Here a number of the terms usedin the de nition needan explanation. Firstly,
what is a computation step? A computation stepis operationally linked to an eval-
uation model for a givenlanguage.An evaluation model can either be a physical or
arti cal ertity. That is, the evaluation model doesnot have to physically exist. For
examplethe ewvaluation model may be the actual reduction stepstaken by an inter-
preter of the language.On the other hand the evaluation model could be arti cial
in that it is the stepsof the operational sematics of the language.A computation
stepis the smallestsub-part of a computation for a given model of evaluation that
is recorded. Soif the evaluation model is the -reductions of a lambda calculus
interpreter then a computation step could be an individual -reduction.

The de nition of history is very generalso that the de nition of a trace can
apply to many types of tracers. As Watson sas [77], \The key concepthere is
that the history is a collection of fundamerial stepswhosestructure shows the
relationship between the steps.” Trace steps are segquential if the relationship
betweenstepscomesfrom the order of evaluation. Typically, sequetial stepshave
atemporal ordering. In the lambda calculusevaluation model example,the history

would be a sequencef -reduction steps. While we usually think of the history as
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a sequencef stepsit doesnot have to be. For example,a trace of the declarative
semaitics of a program doesnot necessarilyrely on the sequencef steps. Rather
it just shaws the relationshipsbetweensub-expression§77]. Thus, the history for
a declarative semairtics trace would not be sequetial.

Finally, the representationis how the trace s displayedto the user. It is possible
to have a history of computation stepsthat is viewed multiple ways. The debugger,
Hat [22 27,71, 7€), is a good exampleof this. Hat generatestraces for Haslell
programs. There are many Hat-viewersthat display to the userdi erent views of
the samehistory of computation steps Thus, even though ead Hat-viewer works
with the sametrace, they ead have their own de nition of a trace sincethey eadh
have di erent representations

While Watson'sde nition of a trace comescloseto adequatelyde ning a trace
it comesshort in three regards. Firstly, this de nition is not de ned for non-
terminating computations. That is, Watson's de nition says, \... which are car-
ried out to complete the computation.” Thus, this de nition only appliesif the
computation is able to complete. Obviously, this is not desirablesince one would
like to be able to usea trace to locate non-termination bugs. Many tracers deal
with non-termination by allowing the userto \kill' the computation via a med-
anism sud as cortrol-c. The tracer Hat is a good example of this. In this case
the computation completedwhen it was killed. Thus, Watson's de nition would
apply. Howeer, we do not want to limit the de nition of tracing to be ableto only
trace non-terminating programswhen there is a way to \kill* them. The tracer
in TeaBagis a good example of this. TeaBag gives the user two ways to look

at the trace of non-terminating programs. Firstly, the user can kill the program,
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much like they would with Hat, and then view the trace. Howewer, TeaBagalso
allows the userto set a breakpoint and look at the trace when the breakpoint is
hit at runtime. Thus the computation is not yet completedand it has not been
killed, but the useris examining the trace by \pausing" the trace in the middle
of generatingit. The usercan then chooseto resumetrace generationafter they
have looked at the partially generatedtrace.

The secondproblem with Watson's de nition is that the de nitions implicitly
implies that the trace cortains all of the stepsthat are \carried out to complete
the computation.” While most tracers do gather all of the steps performed to
complete the computation, sometracers do not. For example, HOOD [33 and
COOSy|[2]] are obsenational tracers. Both of them only recordtrace steps(a.k.a.
obsenations) for the data structures and functions that the user has instructed
them to obsene. Thus, they do not record all obsenations for a computation.
Another exampleis trusted functions. Many tracers do not record any stepsper-
formed while computing a trusted function. Thus, thesetracers do not record all
steps performed while executing a program. TeaBagalso does not record all of
the trace steps. TeaBagonly recordsnarrowing stepsperformedon a given sub-
term. Thus, TeaBagdoesnot record all of the narrowing steps performed while
computing the top level term.

The nal problem with Watson's de nition of a trace is that he mixes the
conceptof a trace with its presenation. At rst glancethis doesnot seemlike
a problem. It ewven seemlikesit is necessarysincewhat good is a trace if it is
not preserned to the user? To seewhy it is not a good idea to mix thesetwo

conceptsconsiderthe following examples.The tracer Hat recordsthe trace to the
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disk while the program runs. This processof generatingthe trace doesnot deal
with preseting the trace to the userin any way. It doesnot evenrequire that the
userlook at the trace. The usercould just generatethe trace and then newer look
at it. When this trace is generatedHat doesnot know how it will be presened to
the user. Oncethe trace has beengeneratedthe usercan view the trace with one
of Hat's many trace viewers. Each of thesetrace viewers givesthe usera di er ent
presemation for the sametrace. Thus, Hat has multiple represetations for one
collection of trace steps. Also, it is possiblefor a third-party to de ne a new
viewer for Hat that works with its existing trace. This viewer for the trace would
be de ned after the trace for Hat has beende ned. There is yet another, and
more important, reasonwhy it is not desirableto have the de nition of the trace
mixed with the trace presertation. While no sud tools that we are aware of exist
at this time, it is not unreasonableto image a tool that could analyzea trace to
automatically locate certain typesof bugsor give the usersometype of information
about the trace. For example,this tool could perform a termination analysison
the trace stepsto try and automatically locate the sourceof non-termination bugs.
In this situation a trace would be generatedand then the tool would analyzethe
trace. Howe\er, the trace is newver viewed. Yet the trace is still a very usefulertity.
Thus, the presemation of the trace needsto be separatedfrom the de nition of
the trace itself.

While Watson's trace does have someproblemsit also hassomegood points.
Firstly, his abstiact notion of a computation step is good. He doesnot limit the
stepsin the trace to merely be physical stepstaken by a languageimplemertation.

Thus, his notion of the computation stepsapply to redextrail tracesand declarative
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traces. Secondlyhe makesno requiremerts about the relationshipamongthe steps.
Speci cally, he doesnot limit them to sequetial steps.

Penneysays [54],

Traditionally, tracing the executionof a program meansdisplaying an
outline of the sequene of evaluation steps taking an initial program

state to the nal result.

Once again this de nition hasthe samepitfalls as Watson's de nition. First of
all, it requiresthat the program terminates to get a nal result. Secondly it
encompasseall ewvaluation stepstakento geta nal result. Thirdly, it mixesthe
conceptof the trace with the display of the trace. This de nition has one extra
problem that Watson's de nition doesnot have. It requiresthat the ewaluation
stepsbe sequetial. Thus, this de nition would not apply to declarative traces.
Penney even admits this is a problem with the de nition. Howewer, he did not
give any other de nition for a trace.

Ducasg alsogivesa traditional de nition for a trace [30]. Shesays,

\T raditional" tracers ... usually presemn histories of exeution events

whereeadt event represets a low-levelstep in the executionprocess.

This de nition alsosu ers from mixing the presenation with the trace de nition.

But this de nition doesnot require that the executionprocessterminates or that
all of the stepsbe in the history. Howewer, this de nition requiresthat the steps
be\low-lewvel". Not all tracers shov \low-level" stepslike -reductionsor rewrite
steps. Certainly declarative tracers would not be considered\o w-level".

Ducase alsode nes a trace as[31],
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Tracersprovide programmerswith detailed information about stepsof

program execution.

This de nition is the closestde nition to adequatelyde ning atrace that we were
ableto nd. It doesnot requirethat the programexecutionterminates. It alsosays
nothing about which stepsof the program execution must be included. Thus, it
doesnot requirethat all stepsbe provided to the programmer. Also, this de nition
doesnot includethe trace preseration. It only saysthat the information about the
stepsmust be provided. Sothe information can be provided in a le that is newer
viewed. Howewer, the one problem with this de nition is that a trace provides
detailed information about steps. We certainly do not want to limit tracers to
only providing detailed information. It is quite possibleto de ne a trace that gives
an overview. For example,a trace of a functional logic languagemay just trace an
overview of the seart space.Typically, onewould want detailed information since
a non-detailed view can be constructed from the detailed information. Howe\er,
we do not want to limit our de nition of tracers to only working with detailed
information.

Given thesepositivesand negativesof tracing de nitions we will now attempt

to de ne atrace in sud a way that adequatelydescritesall possibletraces.

A trace is a collection of someof the stepsperformedwhile evaluating
a programwherethe structure of the collectionrepresets the relation-

ships betweenthe steps.

Firstly, this de nition doesnot imposeany particular structure on the collection of

steps. All it says is that there must be somekind of structure. That is, the steps
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must be related in somefashion. If the stepsare not related in any way then they

do not make up a trace. Rather the stepswould be discrete piecesof information

about the evaluation that are not connectedin any way to the other discretepieces
of information. A basicrequiremer of a trace is that the stepsare connectedin

somefashion.

Secondly this de nition only requiresthat some of the stepsbe in the trace.
It doesnot require all of the stepsto be in the trace. Obviously, this alsoincludes
tracesthat happen to have all of the steps.

Also, this de nition doesnot require that the program terminates. All it re-
quiresis that the program was evaluated ewven if it was only partially evaluated.
Thus, this de nition works with tracersthat can be pausedin the middle of trace
generation.

The only requiremen on the stepsthat this de nition imposess that the steps
be performed while evaluating the program. It says nothing about what the steps
look like. Thus the stepscould be a physical ertity like a lambda expressionor
term. At the sametime the stepscould be abstract. However, this de nition does
not completely give freereign to the steps. It requiresthat the stepsbe something
that is performed while ewvaluating the program. That is, a trace of a program
cannot cortain stepsperformed while evaluating someother program or random
steps. While this almost seemstoo obvious to state, it is worth putting into the
de nition sothat a trace is more preciselyde ned.

Finally, this de nition says nothing about preseiing the trace to the user. As
already mertioned, it is bene cial to keepthe de nition of the trace distinct from

viewing the trace.
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This brings me to my next de nition. Just a trace by itself is not too useful.
Data needsto be extracted from the trace. Typically, this is done via a trace

viewer.
A trace view is a visual representation of a trace.

Thus, a trace view provides a way of presening the trace to the user. This may
be a textual represetation or it may alsobe a graphical represetation. It is also
possiblefor the trace view to only shov someof the stepsat onceand then let
the user navigate through those steps. Notice, that this de nition doesnot limit
the visual represetation to showing the individual stepsof the trace. Typically,
this is what one would expect. Though it is possibleto image a trace view that
shows an overview of the trace without showving any of the stepsof the trace. The
only requiremern is that the visual represetation be a represetation of the trace.
That is, there must be somelink betweenthe represetation and the trace. Thus,
the represemation cannot shav the stepsfor someother trace. Also, there can be
multiple trace viewsfor one trace. Thus, onetrace may have many ways of being

displayed to the user.

3.2 Existing Functional Logic Tracers

Tracersfor functional logic languagesdi er from tracers for functional languages
in that they must deal with non-determinism. Tracersfor functional logic lan-
guageddi er from tracersfor logic languagesn that they must dealwith function
computation. Sotracing functional logic languagesis not merely a matter of di-

rectly using a functional or logic tracer. Rather, the tracer must be extendedto
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encompasall aspects of the functional logic language. This sectionfocuson how
functional logic tracers deal with tracing the non-deterministic aspects of func-
tional logic programs. Three types of tracers have beendeweloped for functional
logic languagesgexpressionevaluation, box oriented and obsenational.

The rst type of functional logic tracer is an expressionevaluation tracer.
CIDER [38, 37] is an exampleof an expressionevaluation tracer. Expressioneval-
uation tracersshaw the trace of the computation asa linear sequencef narrowing
steps. Non-deterministic steps are shovn as badktracking steps. Badktracking
works by following one path at a non-deterministic step. If that path does not
lead to any solutionsthen the evaluation \backtracks" and tries another path. If
none of the paths led to a solution then the evaluation fails.

Howeer, as noted by Byrd, badtracking can be dicult to follow [23]. He

says,

In the rst place, novices nd it very dicult to understandwhat is
happening when a program of any sizestarts badtracking, Even after
considerableexperiencewith Prolog, studerts will claim to be ba ed

in certain cases.Secondly when practically debugginglarge programs
a suddenbadktrack to a choice point any distanceaway is highly con-
fusing (\whence am | now?"). In neither casedoesthe knowledgethat
it is the most recen choicethat is being redone, provide us with any

solution to our di culties.

The reasonbadktracking is di cult to follow is becausethe evaluation appears

to jump around. The next stepin the trace may actually be a badtracking step
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that is selectinganother path to try. Considerthe following example:

-- natural numbers defined by s-terms (Z=zero, S=successor):
data Nat = Z | S Nat

-- less-or-equal predicated on natural numbers:
leq :: Nat -> Nat -> Bool

leq Z _ = True

leq (S ) Z False

leq (Sx) (Sy) =leq xy

goal | leq x (S(S Z2)) =:= True = x where x free

The trace of narrowing stepsfor goal usingbadktracking is shavnin gure 3.1. In
this trace logic variablesare displayed as x;. Also, note that in this represetation
the conditional guard for goal hasbeenchangedto anif then else. This is one
possibleway that a compiler may compile conditional guards. If the guard is not
satis ed then the computation of goal fails. Thus, the elsebranch of this term is
Fail .

Steplin gure 3.1is arewrite stepthat rewritesgoal to if leq( x1,S(S(2)))
=:= True then x; else Fail . Step 2 instantiates x; to Z. Steps3 through 5 are
rewrite steps. Then step 6 instantiates x; from step1to (S x;). The rest of the
stepscortinue in a similar fashion.

Now lets say we wanted to nd out how the result S(S Z) is obtained from
this trace. This is dicult to do sincethere are two badtracking stepsinvolved
in reading this answer. Speci cally, steps6 and 12 are badtracking steps. These
stepsare di cult to follow sincethey really comefrom stepsfarther badk in the

trace. Step 6 is obtained by substituting (S x;) for x; in step 1. Step 12 is
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goal ! if leq x; (S(S 2) =:= True then x; else Fall (Step 1)
I if leq Z(S(S2) =:= True then Z else Fall (Step 2)
' if True=:= True then Z else Falil (Step 3)
I if True then Z else Falil (Step 4)
4 (Step 5)
Lif leq (Sx2) (S(S2) == True then (Sx,) else Fall (Step 6)
I if leq X, (S2) == True then (Sx;) else Falil (Step 7)
' if leq Z(S2) == True then (S2) else Fall (Step 8)
' if True=:= True then (S2) else Fall (Step 9)
I if True then (S2) else Falil (Step 10)
I SZ (Step 11)
' if leq (Sx3) (S§S2) == True then (§Sx3)) else Fail (Step12)
I if leq x3 Z=:= True then (§Sx3)) else Fail (Step 13)
' if leq ZZ=:= True then (§S2) else Fall (Step 14)
' if True == True then (§(S2) else Fall (Step 15)
I if True then (S(S2) else Fail (Step 16)
I §S2 (Step 17)
' if leq (Sx4) Z=:= True then (SSSx4))) else Fail (Step18)
I if False =:= True then (SS(Sx4))) else Fail (Step 19)
I if False then (S(S(Sx,))) else Fail (Step 20)
I Fall (Step 21)

Figure 3.1: Traceof goal with badktracking

obtained by substituting (S x3) for x, in step 7. Soto understand where the
badtracking stepscamefrom we must look badk in the trace. In generalthis can
be a unbounded number of stepsbad in the trace. Not only must onelook bad
in the traceto nd out wherethe badtracking step camefrom, but onemust also
keeptrack of what substitutions have beenapplied at that step. In this example
this is fairly easysincethere are only two possibilities for ead non-deterministic
step; Z and (S x;). This meansthat the secondchoiceis always the substitution

for the badtracking step. One can easily imagine a situation where there are
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multiple non-deterministic stepsead using a di erent substitution that must be
tracked by the user. Thus, using a trace with badktracking is di cult to do.

Viewing a trace as a linear sequencef narrowing stepsis di cult when bad-
tracking is involved. When there are no badtracking stepsin the trace then the
trace is much more intuitiv e and easierto follow. Evaluations that do not involve
badtracking stepsare oneswith no non-deterministic steps. Theseevaluations are
purely functional in the sensethat none of the logic featuresof a functional logic
languageare involved.

Byrd dewelopedbox oriented debuggingfor Prolog to make readinga trace with
badktracking easier.Box oriented debuggingshavsthe individual stepstakenwhile
badtracking. Thus, the trace doesnot shav badtracking stepsas big jumps to
somepreviouspoint in the traceto try anotheralternative. Rather, the trace shows
the individual stepstakento determine the next badcktracking step. So Byrd did
not remove badtracking from the trace. Rather, he made badtracking easierto
understand.

Box oriented debuggingwas extendedto functional logic languagesby adding
new boxesand ports [36, 16]. Fundamerally, the trace of hon-deterministic steps
in functional logic box oriented debuggersis no di erent from the trace of non-
deterministic stepsin the Prolog box oriented debugger. They both still trace
non-deterministic stepswith badktracking.

The nal type of tracer for functional logic languagess obsenational. Bra el
et. al. createdan obsenational debuggercalled COOSy[21]. COOSy lets the user
view the valuesof expressions.To handle the non-deterministic aspects of func-

tional logic programs COOSy extended Gill's obsenational debuggingidea [33]
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with non-deterministic seard, logical variables,concurrency and constrairts. Al-
ternate non-deterministic choicesin COOSyare shavn in a group and the bindings
of logic variablesare displayed. COOSy dealswith non-determinismby grouping
non-deterministic alternativestogether. Soif a useris observinga particular non-
deterministic function then eadt time that function is called all of the alternative
results for that function will be grouped together. Since COOSy does not trace

ewvaluation stepsit doesnot have to deal with badtracking.

3.3 Non-Deterministic  Tracing in TeaBag

We wanted to create an expressionevaluation tracer for TeaBag. Howewer, we
alsodid not wart the trace to su er from backtracking. One way to mitigate this
problemis to usebox oriented debugging. Howewer, we did not want the userto be
aware of bactracking at all. There weretwo reasondor this. The rst oneis that
any amourt of badtracking can be confusing. The secondone is becauseTeaBag
was designedto work with a virtual madine that does not have badtracking.
When looking a trace that involvesbadktracking we noticed that the trace is much
easierto understandif the stepsfor obtaining one of the results are extracted out
of the trace. For example, if we extract the stepsfrom the trace in gure 3.1
performedto get the result S(S Z) we get the trace in gure 3.2.

In gure 3.2it is much easierto seehow S(S Z) is obtained than in gure
3.1. Howewr, in gure 3.2thereisnoway to nd out how S Z or Z was obtained.
To deal with this we decidedto break up one big non-deterministic trace of a

computation into many smaller deterministic traces. We chooseto have onetrace
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goal ! if leq x; (S(S2) =:= True then x; else Falil (Step 1)
if leq (Sx2) (S(S2) =:= True then (Sx,;) else Fall (Step 6)
I if leq X, (S2) == True then (Sx;) else Falil (Step 7)
I if leq (Sx3) (S2) == True then (§(Sx3)) else Fail (Step12)
' if leq x3 Z=:= True then (§Sx3)) else Falil (Step 13)
' if leq ZZ=:= True then (§S2) else Fall (Step 14)
' if True == True then (§S2) else Fail (Step 15)
' if True then (S(S2) else Fail (Step 16)
I (S(S2) (Step 17)

Figure 3.2: Stepstakento get S(S Z) in trace of goal .

for eat path through the seard space. In this example, there are four paths in
the seart space.Thereis three paths for obtaining the resultsZ, S Z, and S(S Z).
There is alsoonepath for obtaining the nal Fail . Thus, TeaBagcortains a trace
for ead of these paths. Notice here, that the trace along eat of the paths is
completely deterministic. None of the tracescortain a badtracking step.

Ead trace of a path in the seart spacecortains a number of shared steps
with other paths. Two paths sharestepsup to the rst non-deterministic steps
wherethey di er. Thus, to make tracing more e cient we chooseto useonetree
structure to cortain all of the information for thesetraces. This allows the traces
to sharecommonsteps. Sonow a trace is obtained from all of the stepsalongone
path in this tree. The tree for this collection of tracesin TeaBaghasthe same
structure asthe seard space.That is, the tree fans out at the sameplaceswhere
the seart spacefansout.

Sotracing a computation in TeaBagreally generategnany traces. There is one

trace for ead path in the seart space. Thesetraces are e cien tly collected by
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using a tree structure which allows the tracesto sharecommonsteps.

3.4 Non-Deterministic  Trace View er in TeaBag

TeaBagnot only generatestraces, it alsodisplays the tracesto the user. We had
two options for the trace presenation in TeaBag. The rst option wasto display
the tree of the traces to the user. The secondoption was to break the trace
presetiation up into two parts wherethe rst part shavs the useran overview of
the seart spaceand the secondpart showvs the userthe trace for one of the paths
in the seart space.

One way the trace could have beenpresened was to display the tree usedto
collect the tracesas shovn in gure 3.3. In gure 3.3 determining how S(S Z) is
obtained is easierthan in gure 3.1 where badtracking is preseed. The steps
for obtaining this result are the onesin the tree that are on the path from goal to
S(S 2). In the trace in gure 3.3this path is in bold. Howewer, we chooseto not
usethis represetation. The primary reasonfor this is becausehis trace could get
big very fast. Trying to readall of the stepsdisplayed in the tree would be di cult
and overwhelming. Also, we felt that just presering the stepsalong one path in
the seart spaceis still a better way to read a trace. This allows the userto focus
on the stepstakento read on particular result.

Sowe decidedto split the information preserted in gure 3.3 into two parts.
The rst part cortains an overview of the seart space.The secondpart cortains
the stepsfor a given path in the seart space. The user can selectpaths in the

seard space. This lets them view the trace stepsalong that path. By selecting
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goal
if leq x1 (S(S 2) == T’rue then x; else Fall
. /Z/ \S X2
if leq Z (S(S 2)) == True A
then Z else Fall if leq (S x2) (S(S 2Z2)) == True
then (S xp) else Fall
if  True == True
then Z else Fall if leq xo (S Z2) == True
then (S x2) else Fall
if  True |
then Z else Fall S X3

z J
/ if leq (S x3) (S Z) == True
then (S(S x3)) else Fall
if leq Z (S 2) == True !
then (S Z) else Falil if leq x3 Z == True
then (S(S x3)) else Fall
if  True == True
then (S Z) else Falil

'

if  True
then (S Z) else Fall z S X4
if leq Z2Z == True if leq (S x4) Z == True
then (S(S Z)) else Falil then (S(S(S x4))) else Fall
if  True == True if False =:= True
then (S(S Z)) else Falil then (S(S(S x4))) else Fall
if True if False
then (S(S Z)) else Falil then (S(S(S xy4))) else Fall
S Z

Figure 3.3: Traceof goal usinga tree.
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di erent paths in the seart spacethe usercan seethe narrowing stepstaken to
obtain the nal expression.Examining the stepsof a trace rst involvespicking a
path in the tree to follow and then looking at the stepson this path.

We beliewe that having the represetation split into two parts is better than
showing it all together asonetree asin gure 3.3. There are two reasonsfor this.
The rst oneis becausehis limits the amourt of information the usermust absorb.
When the trace stepsare integrated in to the sear® spacethe user must be able
to determinewhat path in the sear® spacethey want to look at while looking at
the individual narrowing steps. By having the presemiation split into two views
the usercan concertrate on the information that is important for selectinga path
in the seart space.Then, oncethey have selectedthis path, they can concenrate
on the narrowing stepsalongthis path. Secondly separatingthe presemation into
two parts allows the trace viewer to give more details for eat of the narrowing
steps. Since,fewer stepsneedto be shovn at oncewhenthe preseration is broken
up into two parts the trace viewer can shav more detail for ead step.

We descrilked a new trace to adequatelyhandle tracing expressionevaluations
in functional logic languages.This trace is di erent from previousfunctional logic
tracers in that it generatesa separatetrace for eat path in the seart space.
TeaBag presetts this trace to the userin two parts. The rst part shovs an
overview of the seart space. The secondpart shaws the trace stepsalong one

path in the seard space.
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TeaBag Features

TeaBagis a debuggerfor Curry. Thus it includesmany debuggingfeaturesfound
in other debuggersfor functional, logic, and functional-logic languages. TeaBag
also has featuresnot found in other debuggers.The debuggingmodel of TeaBag
is a runtime debuggerwith optional tracing. To understand someof the features
of TeaBag, we recall the di erence between a tracer and a runtime debugger.
Theseterms are not formally de ned and our descriptionsare only a subjective
point of view to aid comprehension.A tracer executesa computation and when
the computation terminates it displays somerepreseration of the computation,
e.g., the computation steps. A runtime debuggerexecutesa computation and if
someeverts occur it displays information about theseevens. The everts generally
include the termination of the computation, runtime errors, and the invocation of
certain functions selectedby the user. TeaBagis di erent from most debuggersn
that includesboth a runtime debuggerand a tracer. The runtime debuggerand
tracer interact to provide a unique style of debugging.

For runtime debuggingTeaBagincludesbreakpoints, rewrite step viewing, step

cortrol, cortext hiding, and choice cortrol features. The tracer in TeaBagshows
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the computation structure and providesa trace browser. Both the runtime debug-

ging ervironmert and the tracer provide highlighting and eagerevaluation.

4.1 Runtime Features

4.1.1 Breakp oints

TeaBaghas the ability to set breakpoints. Breakpoints are a debuggingfeature
foundin mostdebuggerdor imperative languages.lt hasbeenobsenedthat break-
points and debuggingfeaturesfound in debuggersfor most imperative languages
do not work well in functional languageg52] thus they do not work well in func-
tional logic languages.When breakpoints are mertioned one may think of setting
a breakpoint on aline of code. Howeer, in general,breakpoints are not assaiated
with lines of code. Breakpoints are runtime ewvents that halt program execution
and allow a programmerto look at a \snapshot" of their program. Thus when
breakpoints are assaiated with lines of code the ewvent is the line of code being
executed. TeaBagsupports three di erent kinds of breakpoints. Eadh of them are
basedon di erent typesof runtime ewernts. They are functional breakpoints, term
breakpoints, and non-deterministic step breakpoints. Thesebreakpoints are better
suited to functional-logic programsthan breakpoints on speci ¢ lines of code.
Like CIDER [38] TeaBagsupports functional breakpoints. The programmer
can set a breakpoint on any function de ned in their code. The halting evert for
this breakpoint is rewriting a term rooted with the function that hasa breakpoint
seton it. During runtime when any term that is rooted with a function that has

a breakpoint is rewritten the virtual madine halts. When this happens TeaBag
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displays the rewrite step to the userin the runtime term viewer (x4.1.2).

Another kind of breakpoint that TeaBagsupports is term breakpoints. A term
breakpoint is a breakpoint that appliesonly to a singleterm. When that term is
rewritten the virtual macdine will halt and TeaBagwill display that rewrite step
to the user. This is di erent from function breakpoints. A function breakpoint on
a function f will causeTeaBagto display the rewrite stepsfor all terms rooted
with f that are rewritten. On the other hand a term breakpoint on term t will
only display the rewrite step whent is rewritten. Thus term breakpoints are
more speci ¢ in that they apply to only one particular term where as function
breakpoints canapply to many terms. Term breakpoints are basically the sameas
the sub-expressiorbreakpoints supported by FIT [54].

Term breakpoints give the usermore exibilit y in the kinds of breakpoints they
canset. For examplea usermay want to seehow a function, f , behasesin certain

situations. For example,say their code cortains the following function.
g X =let y = SomeComplexComputationlralvi ngX in f y

Now lets say that g is called infrequertly and f is called a lot. If we want to see
how f behareswhenit is passedy asan argumert we may have to step past a lot
of other callsto f that we do not careabout. Instead we can set a breakpoint on
g. Then when TeaBagdisplay the rewrite step for g we can set a breakpoint on
the term rooted with f. Then whenthat term is rewritten TeaBagwill display the
step.

Term breakpoints are alsousefulwhen\h unting” for the sourceof a bug. Typ-

ically, a userwill have an idea of whereto start seartiing for a bug, e.g. the last
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function they wrote. They can set a breakpoint on that function. Then when a
term rooted with that function is rewritten they will seethe rewrite step. When
they are looking at the rewrite step they can chooseto set breakpoints on terms
displayed in the rewrite step viewer. Many times they may decidethat they want
to investigate how certain terms are rewritten only oncehave they have seethem
in another term displayed in a rewrite step. They can cortinue to do this to hunt
down the bug.

Function and term breakpoints are typically usedtogether. Initially , a break-
point is seton a function. Then whenaterm rooted with that function is rewritten
the rewrite step is displayed to the user. The usercan then set term breakpoints
on speci ¢ subterms, typically parameters. When those subterms are rewritten
the rewrite stepis displayed to the user.

TeaBagalso supports non-deterministic step breakpoints. Non-deterministic
step breakpoints will halt the virtual madine on ead non-deterministic step and
display that step to the user. There are three kinds of non-deterministic steps
breakpoints. The rst oneis for when the non-determinismcomesfrom multiple
instantiations of alogic variablein a narrowing step. The secondoneis for whenthe
non-determinismcomesfrom multiple choicesfor a function. The nal kind of non-
deterministic step breakpoint is for both of the rst two kinds non-deterministic
step.

TeaBagallows the userto interact with the breakpoints through the GUI. To
seta function breakpoint the user\righ t-clicks" next to the function that they wish
to seta breakpoint on. For example, gure 4.1 shaws a user setting a breakpoint

on the function add. All functions that have breakpoints set on them have a red
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dot next to the function. Breakpoints on functions can be removed by \righ t-
clicking" next to the function and selectingto remove the breakpoint. Breakpoints
can be seton terms by \righ t-clicking” on them and selectingto add a breakpoint

asshown in gure 4.2.

:%'_S.uurce i * x|
X nats.curry |

| b

2 -- natural numbers defined bw s-terms (Z=zero, 5=

3 data Nat = £ | 5 Mat

4

5 —— addition on natural numbers:

b add i oMat -» hWat -> Nat

7 add £ h=n £

3 ) Add Function Breakpoint

10 —- subtraction defined by reversing the additiaon:

11 =sub x w | add w 2 =:= ¥ = Z where z free

12

13 -- less-or-equal predicated on natural numbers:

14 leqg ? o = True ]

15 leqg (5 3 2 = False

16 Teg (5 ¥ (5 %) = leqg ® v =]
q] I | 3

Figure 4.1: Setting a breakpoint on a function

To managethe breakpoints TeaBagprovidesa breakpoint managerpanel( gure
4.3). This panel shaws all function and term breakpoints. The user can selectto
remove individual breakpoints, all breakpoints, all term breakpoints, or all function

breakpoints.

4.1.2 Runtime Term View er

TeaBagdisplays runtime narrowing stepsin the runtime term viewer. Determin-

istic stepsare displayed in the runtime term viewer with the redex on the left
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Figure 4.2: Setting a breakpoint on a term

Figure 4.3: Breakpoint Manager
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and the replacemen on the right. For example, gure 4.4 shaws the runtime term

viewer for the rewrite stepadd (S (S 2Z)) Z! S (add (S 2) 2).

Figure 4.4: Deterministic step in the runtime term viewer

The runtime term viewer also displays non-deterministic steps. Theseare dis-
played with the narrex on the left. The right hand side has two parts to it. If
the non-determinismwas from multiple possibleinstantiations for a logic variable
then the top part displays those instantiations in a list. If the non-determinism
was from multiple choicesfor a function then the right hand from the sourcecode
for ead of the options is list in the list. When the user selectsalternativesfrom
this list the replacemen term for that option is displayed in the lower portion.
For example, gure 4.5 shavs a non-deterministic step for binding the variable
X|4 to either :(x|11,x|12) or[] . In this gure [] is selectedsothe term from

substituting [] for x|4 is displayed in the lower portion.
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Figure 4.5: Non-deterministic step in the runtime term viewer

41.3 Step Control

There are two ways the usercancortrol which rewrite stepthey seenext. The user
can chooseto run until the next breakpoint is encourtered or the they can seethe
next rewrite step performed by the virtual madine. Often the userwill want to
skip over \uninteresting" rewrite stepsand just seethe oneswith breakpoints set
on them. Selectingto run until the next breakpoint in encourtered will do this.
The usermay then want to seesomeof the rewrite stepsaround the onewith the
breakpoint. They cando this by singlestepping. This shavs the next rewrite that
the virtual madine takesto the user.

While single steppingcanbe a usefultool it canalsobe confusingon an archi-
tecture where non-deterministic choicesare executedfairly rather than via badck-

tracking. The reasonfor this is that the next step may be a hon-deterministic step
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that is unrelated to the current step. This makesit very dicult to determine
what exactly is goingon. When singlesteppingthe useris expecting that the next
stepis the next step of reducingthe result of the current rewrite step. For example

considerevaluating g 1 2 3 with the following program:

gxyz
gxyz

X+y+2z

X-Yy-2z

Now sa that the useris viewing the following rewrite step:

+
N +
|
1+'/\
PN 15
2 3

When they do a single step they expect that the next step they will seeis:

=+

S

15
Howewer, they may actually see:

N -

1 - ! P
P 1 -1
2 3

They could seethe above rewrite step if the two choicesfor g are executedfairly
by alternating rewrite stepsbetweenthe choices.Howeer, this is not the expected
behavior for single stepping. Not only is this an unexpectedbehavior but it is also

very confusing. It is dicult to determine which choice is being worked on and
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wherein the sequenceof rewrite stepsfor that term the displayed rewrite stepis.
This issuecan be addressedwith choice cortrol (x4.1.5). Using choice cortrol the
user can pauseall computations exceptthe one that just made the rewrite step.
Then they will only seerewrite stepson this term. This issueis also addressed
with tracing. In asituation wherethe userwants to singlestepthrough the rewrite
stepsforg 1 2 3they canperformatraceofg 1 2 3. Whenthey view this trace
they will be ableto singlestepthrough the trace and the trace doesnot su er from

this confusingissue.

414 Runtime Context Hiding

Lazy ewvaluation has a propensity for creating large terms during a computation.
Large terms are not displayed easily and they make it hard to nd subterms of
interest. Often, the programmeris interestedin examininga subterm nestedsome-
wherein alarge term.

Clearly, it is desirableto work with small terms. Since a debuggercannot
changethe terms during runtime it must be able to deal with large terms. One
way to deal with large terms is with context hiding. Context hiding only shavs
subtermsto the user. The problem is knowing which subtermsto display. TeaBag
has three options for cortext hiding of terms during runtime. The default option
is to display the subtermthat is the root of the redexof the rewrite step. Sincethe
redexis the term that is reducedby the rewrite stepit is most likely the term the
useris interestedin. By just displaying the redexthe portion of the term above
the redexis hidden. Also, TeaBagwill expandterms only as much asis neededto

display redex pattern, narrex pattern, and created positions, i.e. to eliminate the
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portion of the term below the parts of the term that changed. The user hasthe
option to further expandthe term to seemore.

The secondcortext hiding option TeaBaghasis the global cortext. This con-
text displays the root of the overall term. This doesnot hide any of the term above
the redex. TeaBagwill still only expandthe term asmuch asis neededto display
the redexpattern, narrex pattern, and createdpositions. This option lets the user
seethe ertire term if they want.

The third option TeaBagprovides for cortext hiding is a userde ned root of
the context. This lets the user pick a term that will be the root of the cortext.
Many times a userwill not want to seethe ertire term and just seeingthe redex
doesnot give enoughconext information to really understand what is going on.
In this situation the userde ned context canbe used. This cortext is helpful when
using the single step option. When single steppingthe useroften wants to be able
to seea commoncortext for ead of the rewrite steps.

For exampleConsiderevaluating change 50 [Quarter,Dime] with the follow-

ing program:

data Coin = Quarter | Dime| Nickel | Penny
type Bag = [Coin]

val :: Bag-> Int
val [] =0

val (Quarter:xs)
val (Dime:xs)
val (Nickel:xs)
val (Penny:xs)

25 + (val xs)
10 + (val xs)
5 + (val xs)
1 + (val xs)

genBag: Int -> Bag
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genBaga | a >= 25 = Quarter : genBag(a-25)
| a >=10 = Dime . genBag (a-10)
| a>=5 = Nickel : genBag/(a-5)
| a>=1 = Penny : genBag(a-1)
|

otherwise =[]

change :: Int -> Bag-> Bag
change price bag = genBag(price - (val bag))

To seehow val is evaluated the userwould set a breakpoint on val and then
single step. If all the useris interestedin is how val is ewaluated they do not
warnt to have to usethe global cortext. Howewer, usingjust the redexcortext does
not give enoughcorntext information. Sometimethe user will want this context
information and other times they will not needit. To illustrate thesedi erences
considerthe di erence betweenthe following three sequencesf rewrite steps. The
redex positions are displayed in bold and the created positions are displayed in
italics. The rst sequence®f rewrite stepsin gure 4.6is the rewrite stepsdisplayed
usingthe redexcortext. The rewrite stepsequencen gures 4.7 and 4.8illustrates
the rst two stepsusingthe global cortext. Finally, the sequencen gure 4.9uses

a userde ned cortext on the root of the subterm rooted with val .

Ead of the di erent typesof cortexts for the rewrite stepshave advantagesand
disadwantages. In gure 4.6the redexcortext is ableto shav the parts of the term
that changedautomatically. Comparedto seeingthe ertire term in 4.7 and 4.8this
is nice. Howe\er, there is no cortextual information for wherethis term is located.
Contextual information is most useful when single stepping through somerewrite

steps. Howewer, having too much cortextual information makesthe terms di cult
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val +
| /\
: val 25
/\ ! |
Quarter : /\
Dim] Dime []
val +
| N
: ! val 10
Dime [] []
val
| 0
[]
+
A~ 10
0 10
+
PN ! 35
10 25

Figure 4.6: Rewrite stepsusing the redex cortext.
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if_then_else

m

if then else
vaI

Quarter X

N
Dime []

if_then_else

T

if_then_else
o~ T

Figure 4.7: First Rewrite step using the global cortext.
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if_then_else

if_then_else

>= :
/\ P /'\
C 25 . . . . .
50 +

/\
val 25

|
/-\
Dime []

if_then_else

e

if_then_else

Figure 4.8: SecondRewrite step using the global cortext.
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val +
| /\
: val 25
/\ | |
Quarter : /\
Dir@[] Dime []
+ +
/\
val 25 + 25
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|
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+
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+ 25 P
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| 0 10
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+
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+ 25 ! s
P 10 25
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+
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Figure 4.9: Rewrite stepsusing the userde ned cornext.
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to read. This highlights the key di erence betweenthe terms displayed using the
redex cortext in gure 4.6 and the userde ned cortext in gure 4.9. Using the
userde ned context makesreading a sequene of stepseasierand using the redex
context makes reading a single step easier. So when the user is only interested
in viewing unrelated single stepsthe redex cortext is preferable. Howewer, when
they wish to view a sequenceof stepsthe userde ned cortext is preferable. This
leadsto the main disadwantage of the user de ned cortext, the user must select
the cortext. Sometimeshis may meanviewing the global cortext to nd the term
for the cortext. Sothe userde ned cortext is not automatic like the redex and
global conexts.

The goalof runtime cortext hiding in TeaBagis to provide a way for the userto
obtain information about terms without beingoverwhelmedby the sheeramourt of
information cortained within the terms. TeaBagprovided three di erent contexts
for addressingthis problem; the redex, global, and userde ned conexts. Eac of
these cortexts have advantagesand disadwantages. Being able to useall three of
thesecortexts in one debuggingsessiongivesthe usermany options for how they

wish to view the terms displayed to them.

415 Choice Control

TeaBagincludescomputation managemento cortrol subcomputationsoriginating
from non-deterministic stepsmade during runtime debugging. When a computa-
tion executesa non-deterministic step, the FLVM evaluates fairly and indepen-
dertly all the results of this step. This is essetial for ensuringthe operational

completenesof a computation. This view allows the userto kill, pause,and ac-
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tivate the subcomputation of any individual result. Often, the useris interested
only in a subsetof all the choicesof a non-deterministic step. Since there can
be an exponertial growth of non-deterministic steps, being able to pauseand Kill
subcomputations toward the beginning of a computation can greatly reducethe
total number of non-deterministic stepsmade. This makesit easierfor the userto
debugcomputations that would normally producetoo many stepsto examine.
Since many computations can be created by the FLVM TeaBag provides a
hierardhical view of the computations so that the user can seethe relationships
amongthe computations. TeaBagalso highlights the computations basedon their
state. If a stepis displayed in the runtime term viewer then the computation that
performedthat stepis highlighted in blue. All active computationsare highlighted
in green. The computationsthat no longerexist are grayed out. An exampleof the
computation managemenhwindow isin gure 4.10. This computation managemen
window is for the Dutch national ag problem examplepreseried in section 6.3.

Also, this gure shaws a userkilling a computation by \righ t-clicking" on it.

4.2 Tracing Features

Runtime debugginglimits which narrowing step the usercanlook at. That is, the
userhasno way to look at previousnarrowing stepsor look at narrowing stepsin
anothercomputation and then return badk to the narrowing stepthey werelooking
at. Tracingprovidesa solution to this. Tracing recordsthe narrowing stepswhile a
computation is running. When the computation has nished or whenthe userhas

terminated the computation the user can view the trace using the trace browser

68



CHAPTER 4. TEABA G FEATURES

Figure 4.10: Computation Managemeth Window
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and computation structure. When viewing the trace the user can chooseto look
at any stepin the trace. Thusthey canlook at the previousstep or at a step from

another computation and then return badk to the step they werelooking at.

4.2.1 Trace Generation

In TeaBagthe user must specify which term they want to trace the rewrite steps
of. Thus not ewery computation is traced. This is dierent from most tracers.
Most tracers record all of the steps made during runtime. In TeaBagthe user
speci es a subsetof all the stepsto trace. They do this by specifying a subterm
they want to trace the computation of. This has two advantages. Firstly, it
providestrace context hiding (x4.2.2). Secondly it lets TeaBagdebugmany large
programs. Currently, largetrace generationis an active areaof researb. The trace
generatorin TeaBagdoes not have any of the featuresnecessaryfor large trace
generation. Howewer, by only generatingtraces of subterms TeaBagcan debug
marny large programs. Generating traces of subtermsthat do not have too many
rewrite stepscan be handled by TeaBagewen if the computation for the overall
term hasthousandsor millions of rewrite steps.

The userinstructs TeaBagto generatea trace for a term by right clicking on a
term displayed during runtime debugging(x4.1) and selectingadd trace. This lets
the virtual machine know to generatea trace for the computation of that subterm.
During a typical debuggingsessiorthe userwould nd the subterm they want to
trace by setting breakpoints using the runtime debugger. Then they would add
a trace to that subterm. Next, they would let the virtual madine generatethe

trace by letting it run (x4.1.3). Finally, they would view the trace using the trace
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browser (x4.2.4).

4.2.2 Trace Context Hiding

The number of stepsin a trace can be very large. Many times they are thousands
or millions of stepslong. Clearly, it would bedi cult to look at ead of thesesteps
to nd a bug. Many times the user will only want to look a subsetof all these
steps,in particular, at all the stepsthat a ect a particular subterm of the term
being evaluated. For example,they may want to look at the stepsfor terms rooted
by a function thought to be defective. TeaBaglets the user choosewhich terms
to trace. The trace for that term will only have the narrowing steps performed
on that term or one of its subterms. This feature limits the number of narrowing
stepsthat the userneedsto look at. This makesit possiblefor the userto examine
tracesthat would normally be too long to look at.

Sincetracesare only generatedfor subtermsof a computation, the root of that
subtermis the root of the term for eat trace step. Sothis providesthe samekind
of cortext hiding on terms as doesthe user de ned cortext in runtime cortext
hiding.

Another way that the number of stepspresened in a trace is reducedis with
eagerevaluation (x4.3.2). If the programmereagerlyevaluatesa term and chooses
to replacethat term in the runtime debugger,and that term is part of a term
being traced, then the trace just showvs one step for the replacemen This is a
technique that the programmer can useto limit the number of stepsin a trace.
For example,an argumert to a function may take 100stepsto rewrite. Howeer, if

the useris only interestedin how the function beharesand not how the argumert

71



CHAPTER 4. TEABA G FEATURES

is evaluated, they can add a trace to a term rooted with that function. They can
then ewaluate the argumert to the function and chooseto replacethe ewaluated
term. This will make the 100rewrite stepsnecessaryfor the argumert be just one
rewrite stepin the trace.

The user can also use choice cortrol (x4.1.5) to reducethe number of steps
in the trace. The usercankill or pausecomputations that compute someof the
stepsfor the trace. When they do this the trace will not cortain thosesteps. This
alsomakesselectinga path through the computation structure (x4.2.5) easiersince
killing computation reducesthe size of the seart space.

One of the unique features of TeaBagis its interaction betweenthe runtime
debuggerand tracer. TeaBag allows the user to have some cortrol over trace
generationvia runtime debuggingfeatures. This can help to make traces smaller.
Also, this \blurring" of the line betweenruntime debuggingand tracing provides

the userwith more ways to usethe trace for debugging.

4.2.3 Trace Steps

In TeaBagthere are two di erent kinds of trace steps,onefor deterministic steps
and one for non-deterministic steps. Trace stepsfor deterministic stepshave two
terms. Oneterm is for the term beforebeing rewritten, the redex, and the other
one is the result of the rewrite step. Thus deterministic steps are preseited as
terms before and after rewriting. For example, in gure 4.11. The term on
the left, add (S Z) Z is the redexand it is rewritten to the term on the right,
S (add Z z).

The narrex of a non-deterministic step may rewrite to many terms. Non-
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Figure 4.11: Deterministic trace step

deterministic steps are presened as a narex term with many possibleterms it
could be rewritten to. For example,the term on the left in gure 4.12 hastwo
possiblereplacemets. The replacemets are shavn by selectinga binding for the
freevariable in the list locatedin the upper right corner of the trace browser. The
rst replacemenis shovn in gure 4.12andthe seconds showv in gure 4.13. Asa
sidenote, in TeaBaglogic variablesare displayed as name|numbemwherethe name
is the sourcecode name of the logic variable and the number is a unique number
assignedo ead instanceof a logic variable by the virtual madine. Displaying the
unique number for logic variables assiststhe userin distinguishing between two

logic variableswith the samenamethat are not the sameinstanceof the variable.

4.2.4 Trace Browser

TeaBaghasa trace browserthat lets the userview the stepsof the trace. During

runtime the trace is savedto atemporary le. To make viewing the trace cortained
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Figure 4.12: Non-deterministic trace step examplefor binding x|2 to Z
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Figure 4.13: Non-deterministic trace step examplefor binding x|2 to S(x|3)
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in this le easy TeaBagprovides a trace browser. The trace browser shows terms
in the trace, lets the user pick how to view the trace, and provides buttons to
navigate through the stepsof the trace.

The trace browser in TeaBag provides two di erent ways to view the trace.
The rst way is by displaying all of the terms in the trace at once. Eac of
the terms are displayed on a single line. This view of the trace showns eat of
the rewrite stepsalong the selectedpath in the computation structure (x4.2.5) at
once. This view is good for getting a \birds eye" view of the trace. The user
can usethis view to determine wherein the trace they want to start looking in
more detail. For example, gure 4.15shaows all of the rewrite stepsfor ewvaluating
add (S(S 2)) (S 2) usingthe programin gure 4.14.

-- natural numbers defined by s-terms (Z=zero, S=successor):
data Nat = Z | S Nat

-- addition on natural numbers:
add :: Nat -> Nat -> Nat

add Z n=n

add (S m) n = S(add mn)

Figure 4.14: Addition on Natural Numbers

The secondway to view the trace in TeaBagis one rewrite step at a time.
This view givesthe usermore information about ead rewrite step. The terms are
displayed astrees. This lets the usereasily choosewhich parts of the term to view.
Also, the redex pattern, created positions, and variable bindings are highlighted
(seesection 4.3.1 for more information on highlighting). Figures4.11,4.12, and

4.13 are examplesof the trace browser.
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Figure 4.15: Trace Table Example

The trace browser has v e cortrols for navigating the trace. It lets the user
move to the next or previoustrace step. Also, the trace browsergivesthe userthe
option to jump to the rst or last stepin the trace. Finally, the trace browserlets

the userjump to any step number in the trace.

4.2.5 Computation Structure

Computationsin deterministic languagesare a linear sequencesf steps. In a non-
deterministic languagea computation is a tree sometimescalled the narrowing
space.The narrowing strategy executedby the FLVM is essetially an implemen-
tation of the inductively sequential narrowing strategy [11] with someadjustmerts
to support residuation. In this framework, narrexesand possibly redexescan have
morethan onereplacemen When this happens,a trace forks into seeral paths|
one for eat replacemehn In other words, a computation has the structure of a
tree and a trace is a path in this tree.

TeaBagprovidesa view of the tree structure of a computation. This view does
not shaw all the rewriting and narrowing stepsof the computation. It just shows

a tree in which a branch represeis a non-deterministic step and a leaf represeis
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the endpoint of a trace, which can be a head-normalform, a failure, or a term
that needsfurther ewaluation. In this view, a sequenceof deterministic stepsis
showvn simply asan arc from a parert to a child in the tree. This view highlights
the current path through the tree that the useris looking at in the trace browser.
The trace browser, discussedn section4.2.4,shows all of the narrowing stepsof a
trace.

Having a computation structure is very important to understand how a result
is obtained. Without the computation structure it is dicult to know where a
narrowing step ts into the overall computation. The computation structure lets
the user know which non-deterministic stepswere madeto get to any narrowing
stepin a trace. In deterministic computations, where traces are linear, this con-
textual information can be obtained with just a courter, but this is impossible
in non-deterministic computations. Penry [54] mertions that having a sequence
number for linear functional tracing is important becauseit givesthe usera ref-
erenceto wherethe trace step occurs. The usercan usethis information to place
bounds on sectionsof the trace thought to cortain the bug. The user can use
the computation structure to place boundson wherethe trace might cortain the
bug by saying that the bug might be located betweentwo stepsalonga particular
branch of the computation structure.

The computation structure for evaluating goal from the examplepreseited in
section3.2is shovn in gure 4.16. The computation structure in gure 4.16shows
eadt of the results of evaluating goal. To get the result Z, the logic variable x|1
had to be boundto Z If howewer, x|1 wasboundto S(x|2) then the result, S(Z),

is obtained from binding x|2 to Z Sothis computation structure shows all of the
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non-deterministic stepsand their relationshipsfor evaluating goal .

Figure 4.16: Computation structure for trace of goal

4.2.6 Trace Browser and Computation Structure Interaction

The trace browser and computation structure interact in TeaBag. The trace
browser shaws the rewrite stepson the selectedpath through the computation
structure as a linear sequenceof rewrite steps. The usercan selectpaths through
the computation structure to view. This can be done either in the computation
structure itself or in the trace browser. In the computation structure the usercan
selectany node and instruct the trace browserto jump to the trace step for that
node. This will update the sequencef stepsin the trace browserto a path that in-
cludesthe selectednode. It will alsocausethe trace browserto jump to the stepfor
the selectednode. In the trace browserthe path through the computation struc-

ture can be chosenby choosingwhich branch to follow at ead non-deterministic
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step. The computation structure will highlight the path selected.

The two di erent approathesto selecta path through the computation struc-
ture are appropriate to di erent situations. Selectingnodesin the computation
structure lets the userjump to any non-deterministic stepin atrace. This method
of selectinga path in the computation structure is good when the user can de-
termine which choiceto make at non-deterministic stepswithout much contextual
information. Selectinga path to follow in the trace browser requiresthe userto
explicitly pick a branch to follow for every node. Selectinga path in this manneris
usefulwhenthe userneedscortextual information to know what branch to select.
In the trace browserthe usercanseewhat the previousstepto a non-deterministic
stepis. Also, they canseethe ertire term for the step. This contextual information
can assistin determining which branch to follow. The drawbad of this approat
is that the user must move more slowly through the trace. Howewer, thesetwo
methods of path selectioncan be usedtogether. Thus the usercould jump to a
point in the trace and then usethe trace browserto determine which branac to
follow for the next non-deterministic step. So using thesetwo ways of selectinga
path in the computation structure together provides the userwith many options

for selectingthe path they wish to look at.

4.3 General Features

Someof the features of TeaBagare not speci c to either runtime debuggingor
tracing. Thesefeaturesare highlighting, eagerevaluation, customizableGUI, and

virtual madine cortrol.
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4.3.1 Highligh ting

Like many modern debuggersTeaBag provides highlighting to quickly draw the
users attention to important information and to relate the source code to the
information presenied. TeaBaghighlights six piecesof information; redex pattern,
created positions, variable to be bound, variable binding, sourcecode for narrow

step, and selectedpath in computation structure.

Term Highligh ting

The rst four kinds of highlighting are for terms. Highlighting terms is meart to
help the user quickly understand the important parts of the term in the rewrite
step. This helpsthe userfocus on what changedduring a rewrite step. The rst

kind of term highlighting is redex pattern highlighting. A term is rewritten by
replacinga redex. A redexis iderti ed by aredexpattern. When rewrite stepsare
preserned in the debuggerthe redex pattern is highlighted by coloring the nodes
in the redex pattern green. For example,the redex pattern of add (S Z) Z as
de ned in gure 4.14is add (S ) _ where _ standsfor any term. Sothe nodes

for add and S are highlighted in greenas showvn in gure 4.17.

Figure 4.17: Redexpattern highlighting example
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When a term is rewritten, the redexis replacedby creating a new term. Only
some parts of this term are actually created. New occurrencesare created for
non-variable synmbols on the right hand side of the rewrite rule. Together, these
constructors make the created positions for one rewrite step. For example,when
add (S Z) Z)isrewrittento S add Z Zusingtheruleadd (S m) n = S (add mn)
the createdpositions are S and add sincethey are not variablesin the right hand
side of the rule. In TeaBagthe created positions of rewrite stepsare highlighted
by outlining the node in red. An example of created position highlighting is in

gure 4.18.

Figure 4.18: Created position highlighting example

Sometimesa rewrite step involvesbinding a logic variable to a term. When a
variable is bound the node for the variable is highlighted in orange. The binding
for the variable is outlined in orange. For example,in the gure 4.19the variable

z|12 in the term on the left is bound to blue:[] in the term on the right.
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Figure 4.19: Variable binding highlighting example
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Source Code Highligh ting

When sourcecode for a rewrite step is available TeaBagwill highlight the source

code. Sowhenadd (S Z) Zisrewritten to S (add S Z) the rule

add (S m)n = S (add mn)

will be highlighted in the sourcecode. Sourcecode highlights occursin both the
runtime debuggerand tracer. Having sourcecode highlighting is important sothat
the usercan relate the rewrite step bad to sourcecode. Ultimately a bug will be
xed by changing the sourcecode. Sorelating the information presened in the
debuggerbad to the sourcecode is important.

The sourcecode, if available, is also highlighted when the user is choosing
which brandc to follow for a non-deterministic choice step in the trace browser.
This helpsthe user relate their choiceto the sourcecode. For example,consider
the code preserted in gure 4.20. This code solvesthe Dutch National Flag prob-
lem in the spirit of [29], i.e., by swapping pebblesout of place. When the term
solve [white, red, blue, white] is rewritten there are four possibilitiesfor its re-
placemen. At this step in the trace browser the user will have to selectwhich
replacemen to follow. To assistthe userin this selectionthe sourcecode for eat
of the replacemets is highlighted when the user selectsdi erent replacemets.
Figure 4.21is an example of this. In this examplethe user has selectedthe re-
placemen correspnding the secondrule of solve . This rule is highlighted in the

sourcecode.
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data Color = red | white | blue

mono_ = ]
monoc = € : monoc

solve

solve

solve

solve

flag | flag =:= x ++ whitely ++ red:z
= solve (x ++ red:y ++ white:z)
where x,y,z free
flag | flag == x ++ blueryy ++ red:z
= solve (x ++ redy ++ blue:z)
where x,y,z free
flag | flag =:= x ++ bluery ++ white:z
= solve (x ++ whitery ++ blue:z)
where x,y,z free
flag | flag =:= monored ++ monowhite ++ monoblue
= flag

Figure 4.20: Dutch National Flag Problem

Figure 4.21: Choicesstep highlighting example
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Computation  Structure Highligh ting

To help the user relate the information in the trace browserto the computation
structure there are two kinds of highlighting in the computation structure. The
rst oneis the path of trace stepsbeingviewed in the trace browseris highlighted
in the computation structure. This shownsthe userwhat path of rewrite stepsthey
are looking at. Also, the location of the step being looked at in the trace browser
is highlighted in blue. Thus the usernot only knows the path in the computation
structure that they are looking at, but they also know where on that path they
are.

For example,in gure 4.16the selectedpath is for computing the result Z The
currernt stepis on the brandh betweenthe non-deterministic step for binding Z to
X|1 and computingthe result Z (In a bladk and white print out the blue highlighting

for the current stepis dicult to distinguish from the bladk highlighting).

4.3.2 Eager Evaluation

TeaBagincludestwo featuresfor eagerevaluation. It hason demandeagerealu-
ation and optional evaluation of if statemers. In TeaBageagerevaluation means
ewvaluating to headnormal form. On demandeagerealuation lets the programmer
choosewhento perform eagerevaluation. The programmercan chooseto evaluate
any term displayed in TeaBag. This givesthe programmerthe ability to choose
whento perform eagerevaluation. When a term is eagerlyevaluated the results of
the ewvaluation are displayed in a window. The term will be evaluated until head

normal form is reacded or until a non-deterministicstepis made. If the term being
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evaluated would causethe computation to split due to non-determinismthe eager
evaluation stopsand lets the userknow that the eagerevaluation halted early. It

displays the term that causedthe non-determinismto the user. Figure 4.22hasan
example of performing eagerevaluation on add (S Z) (S Z) using the program

presented in section3.2.

Figure 4.22: On demandeagerevaluation of add (S 2) (S 2)

When aterm is evaluatedit is not replaced. This lets the userseewhat the term
evaluatesto without changingthe lazy behavior of the program. If a userwishes
to seewhat an argumert to a function ewvaluatesto and they want to presene the
lazy evaluation of the program they can. There are alsotimes when the user may
warnt to replacethe ewaluated term. If the term was evaluated from the runtime
debuggerthen the user hasthe option to replacethe evaluated term. This gives
the programmer the option to replaceany of the terms in the runtime debugger
with their head normal form. The reasona usercan not replaceterms in a trace

is becausethe trace is viewed after the execution of the program. So the trace
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just shavs what happenedwhen the program ran where as the runtime debugger
showvs what is happening while the program is running.

One areawe thought that usersmay want to always useeagerevaluation was
in evaluation of conditions. Sinceconditions are compiledto if then else terms
we gave the userthe option to always eagerlyevaluate if then else terms. In
this casethe term is not ewaluated to head normal form. Rather, the if con-
dition is ewaluated to head normal form and then the single rewrite step for
if then else is performed. If the replacemen is another if then else term
then the processis repeated. Thus, the term is evaluated until it is no longer
rooted with an if then else term. This lets the user seewhich if branch in a
nestedif then else term is taken without executingthe code for that branch.
We felt that this was very helpful for conditions. Having this feature lets the user
seewhich condition in a function is taken. This also lets the debuggerhighlight
which condition in a function was usedfor the rewrite step. Without eagerlyeval-
uating the if then else term the debuggercan not know which condition will
ewvaluateto true whena breakpoint is hit sincethe evaluation hasnot occurredyet.
It is still possiblethat the user wants their program to be evaluated completely
lazily. Sowe madethis feature an option that the usercanturn onoro.

Our generalgoal with eagerewaluation wasto presene the lazy evaluation of
the program as much as possiblewhile still giving the userthe opportunity to see
the eagerewaluation of terms. Obviously these are two cortradicting goals. We
feelthat the on demand eagerewaluation featuresin TeaBagdoesa good job at
accomplishingthese goals. It lets the user seethe evaluation of a term without

actually changingthe lazy runtime behavior of the program. Howeer, the userstill
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has the option to changethe lazy runtime behavior of the program if they wish.
We feelthat this eagerevaluation schemelets the user have the eagerevaluation
information they may want while still having full lazy ewaluation of the original

term.

4.3.3 Customizable GUI

A commonfeaturefoundin many modern applicationswith a GUI (Graphical User
Interface) is the ability to customizethe interface. Di erent usershave di erent
ways they wart to look at data. One data presertation that suits oneuser'sneeds
may not suit another's. Thus, TeaBagprovides a customizableGUI. TeaBaghas
four featuresfor customizing the GUI: panel layout, perspectives tree view, and
tree zcom.

TeaBag'sGUI is made up of panels. Each panel cortains one particular type
of information. For example,there is a panel for sourcecode, trace browser, etc.
Ead of the panelsin TeaBagcan be docked or undocked. An undocked panel
is in its own window. This lets the user place the panel anywhere that the host
operating systemlets a window be placed. A docked panelis onethat is cortained
within the main TeaBagwindow. Being able to undock a panelis nice when that
panel cortains a lot of information since the undocked panel can Il the ertire
screen.Docking a panelis corveniert for seeingmultiple panelsat the sametime.

When a panelis docked the usercan decidewhereto placethe panelin TeaBag
by draggingthe panelto the desiredlocation. There are nine regionsin TeaBag
that the panelscan be located. The nine regionsare de ned by a three by three

grid. The sizeof eadt grid location is alsocustomizableby the user. Betweeneadt
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grid locationis adragablebar. The usercandragthe bar to make the regionbigger
or smaller. It is possiblefor morethan onepanelto occupy the samegrid location.
When this happensthere are two options for how the panelsare arranged. The
rst option is that both of the panelsoccupy the samespace.It this caseonly one
of the panelsis visible at a time. When multiple panelsoccupy the samespacea
tab for eat panelis placedbelow the panels. This lets the userchoosewhich panel
to view in that space. The secondoption for having multiple panelsin the same
grid location is that they are placed next to eat other. In this casethe panels
are arrangedvertically whenthey arein the far left and right columns. When the
panelsare in the certer column they are arranged horizortally. The user selects
which of theseoptions they want by wherethey drag the panel. If they drop the
panel over the title bar of another panelthen the two panelswill occupy the same
space. By dropping the panel to the side, top, or bottom of another panel then

TeaBagwill decideif the panel should be put into a new grid location or if it

should occupy the samegrid location as the other panel and be place next to it.

As the userdragsa panelaround, the cursor changesit icon to indicate wherethe

panel will be placed.

TeaBagalso has the notion of perspectives. A perspective is a collection of
panelswhereeadt panelhasalocation and size. The location of eat of the panels
can be either a location in the three by three grid in the main TeaBagwindow or
it canbe the location of the cortaining window for an undocked panel. The sizeof
eadt of the panelsis either the sizeof the grid it is in or the sizeof the containing
window for an undocked panel. Each perspective givesthe usera particular view of

the data. TeaBagcomeswith two default perspectives. They are debugand trace.
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The debugperspective hasall of the panelsusedfor runtime debuggingarranged
with the con guration the userhaschosen.Likewisethe trace perspective hasall of
the panelsusedfor tracing arrangedwith the con guration the userhaschosen. If
the userwants yet another view of the data they can createtheir own perspective.
For example, a user may want to have a view that shovs someof the runtime
debugginginformation and someof the tracing information at the sametime.
Much of the information in TeaBagis presetted astrees. TeaBaggivesthe user
three options for how to view ead tree. The user can chooseto view the trees
using the normal tree view which is a typical GUI widget tree as shovn in gure
4.23. The user can also chooseto view the tree using the natural tree which is a
top down tree as shovn in gure 4.24. Finally, the user can chooseto view the
tree using the horizortal tree as showvn in gure 4.25. Eac of the tree views can
be individually selectedfor ead tree. Having three di erent views for trees lets
the user pick the best view for a given situation. For example, the normal tree
view is a more compactview of the tree. Soit lets the user seemore of the tree
in a smaller space. This view is also good whenthere is a large branching factor
in the tree sincethis view will presen the data aslists. Howewer, with the normal
view is not aseasyto visually group piecesof information together. The top down
tree is good for this. The top down tree makesit easierto identify groupsof data
and their relationships. The horizontal tree works well for preseiiing sequetial
data. Thus, the usercan choosewhich tree view they want for ead of the trees.
By default TeaBagselectsthe view that is most appropriate most of the time.
Finally, TeaBaglets the userselecta zoom level for the top down and horizontal

trees. Sincethese tree represetations are not as compact as the normal tree,
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Figure 4.23: Normal tree represemation of add (S (S 2)) (S 2)

Figure 4.24: Top down tree represetation of add (S (S 2)) (S 2)
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Figure 4.25: Horizontal tree represetation of add (S (S 2)) (S 2)

TeaBaglets the userzoom out and seemore of the tree at once. Of coursethis is
at a cost of readability. The text in the tree may becomedi cult or impossible
to read asthe userzoomsout. Howe\er, this option lets the userget an overview
of the structure of the tree. Oncethe userunderstandsthe overall structure they

can zoom bad in and read the details.

4.3.4 Virtual Machine Control

The Curry virtual madine that TeaBaginteracts with is run in a separateprocess
from TeaBag(seechapter 5 for an architecture description). This allows TeaBagto
independertly start and stop the virtual madine. This feature is very corveniert
for the user. This providestwo debuggingbene ts. The rst oneis for tracing non-
terminating computations. If the userterminatesthe virtual macdine in the middle
of collecting a trace then all of the trace stepsup to the point of terminating the
virtual madine will be available in the trace browserand computation structure.

Also, to repeat a particular bug the userwill typically want to start a computation
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over. To make surethere is no lingering state information in the virtual machine,

the usercan easilyrestart it and run the computation again.
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Arc hitecture

lan Sommervillestates[62)]

Large systemsare always decompsedinto sub-systemsthat provide
somerelated set of services. The initial designprocessof identifying
thesesub-systemsand establishinga framework for sub-systemcortrol

and comrmunication is called architectural design...

This section descrikes the main sub-systemsand padkagesof TeaBag. It also
de nes the meansof comnunication amongthese systems. There are two main
sub-systemsn the TeaBagsystem. They are TeaBagitself and the FLVM. TeaBag
is further decommsedinto padages. The architecture of TeaBagalso includes
identifying thesepadkagesand specifying the padage comrmnunication framework.
Up to this point reference$o TeaBaghave includedthe ertire debuggingsystem
which includesTeaBagand the FLVM. Howe\er, in reality theseare two di erent
systems. TeaBagis just an application that interfacesto another application the
FLVM. Thus, from this point forward referenceso TeaBagreferto the application

TeaBagwhich doesnot include the FLVM.

95



CHAPTER 5. ARCHITECTURE

5.1 Sub-System Arc hitecture

While TeaBagis a debuggerfor Curry it was deweloped to work with a partic-
ular implemertation of Curry called FLVM [14]. Howewer, we did not want to
limit TeaBagto working with just FLVM. Thus one of the architecture goalswas
to decoupleFLVM from TeaBagin sud a way that another implemertation of
Curry could be used. To do this TeaBagand FLVM are run in separateprocesses
and comnunicate over sockets. This meansthat any Curry implemenration that
implemerts the sacket interface will work with TeaBag.

There arethree sackets usedto comnunicate betweenTeaBagand FLVM. The
rst socket is known asthe commandsaocket. Normal usercommandsare sert over
this saocket from TeaBagto FLVM and consoloutput is sert from FLVM to TeaBag
over this socket. This allows the virtual macdine to redirect the standard output
and input streamsto this socket and treat it like it would a consol. The second
socket is known asthe data sacket. FLVM evwerts are sert over this socket from
FLVM to TeaBag.Debuggingcommandsare sert from TeaBagto FLVM over this
socket. Someof the commandsthat TeaBagsendsto the virtual madine can be
sert in the middle of a computation. Thus the commandsacket can not be used
sincethe virtual madine treats it like consolinput. Thesecommandsare sern over
the data socket. Finally, the last socket is called the exceptionsocket. All error
messagef the virtual macdine are sernt over this sacket asplain text. Sincethere
is no special error messagdormat the virtual madine canredirect standard error
to this socket. Thus all error messagesert to standard error will now be sert

to TeaBagas error messagesAllowing the virtual macine to redirect standard
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input, output, and error streamsto sackets make the task of sendinginformation
bad and forth easier.

The processfor FLVM s started by TeaBag. When TeaBagstarts the process
for FLVM it passeghe port numbersfor ead of the three socketsto FLVM. FLVM
then opensa sacket connectionbadk to TeaBagon the speci ed ports. Just before
starting the processfor FLVM TeaBagstarts a thread that waits for ead of the
sockets to be connected. This thread times out if the socket connectionsare not
openedin the alloted time. TeaBagexpectsthat rst the command sacket will

connect,then the data sacket, and nally the exceptionsocket in that order.

5.1.1 Sub-System Comm unication

Most of the socket comnunication between TeaBagand FLVM is event driven
rather than sequencéased. This meansthat there is not a cornversation between
TeaBagand FLVM over the sacket. Rather self-cortiained events are sert badk and
forth betweenthe two systems.

In TeaBagthere are only two classeghat know about the existenceof a sacket,
PacketParser and Main. The rest of TeaBagviews the comnmunication with the
virtual madine as ewvernt based. The classstructure of the ewerts for virtual ma-
chine comnunication is in gure 5.1. (UML notation usedin this thesis follows
OMG Uni ed Modeling LanguageSpeci cation version 1.5 [51]). The communi-
cation over the socket follows the speci cation laid out in section5.4. Data is
sernt over the sacket in padets. There is a singleinstanceof the DataParser class
running in a thread in TeaBag. This thread runs in an in nite loop. The pseudo

code for this loop isin gure 5.2. The DataParser rst parsesa padket from the
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Thread

+ run() : void

DataPr arser

>

+ run() : void \
VMEV ent

PacketReader

+ readPacke(Packetp) : Object

VMEvV entP acketReader

+ readPadket(Padcket p) : VMEvert

PacketP arser

+ run() : void

- reader: Bu eredReader

+ nextPadket() : Padet

+ PadketParser(Bu eredReaderr)

2

ConcreteVMEV ent

+ run() : void

Figure 5.1: Classstructure of virtual macine ewerts

PacketParser parser
VMEventPacketReademreader

while (true) f

new PacketParser(dataSocket);
new VMEventPacketReader();

Packet p = parser.nextPacket();
VMEvente = reader.parsePacket(p);

dispatchEvent(e);

Figure 5.2: Pseudocode for DataParser thread.
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data socket via the a PacketParser object. If no data is available on the data
sacket then the PacketParser object will block. Getting a full padket from the
data sacket indicates that the virtual madine has red an evert. Once a padet
is obtained from the PacketParser it is passedo a VMEventPacketReadewhich
createsa concrete VMEventfor the evert speci ed in the padket. This ewert is
then dispatdched into the Swing evert loop by pushing the evert into the Swing
ewvert queue. Dispatching the VMEven to the Swing evert loop simpli es thread
syndironization betweenvirtual madine ewverts and GUI ewerts.

When the Swing ewert loop gets a concrete VMEventout of its event queueit
callsthe run method. This will run the code for the particular evert. There is one

concreteVMEventor ead type of virtual macine evert.

5.2 Package Arc hitecture

TeaBagcortains over 150classes.Theseclassesre groupedtogetherinto padkages.
Grouping classedogetherinto padkageshastwo bene ts. Firstly, it groupssimilar
classedogether. This makesit easierto nd classegelated to a particular topic.
For example, the breakpoint pad<age cortains all of the classesrelated to the
breakpoint data structures. The secondadvantage is that it promotesdecoupling.
While it is perfectly legal, and sometimesdesirable,to have classesin di erent
padagesreferto ead other, it is not desirable. Breaking classesup into padkages
helpsthe programmerrealize where the boundariesof concretereferencesshould
be. Soclassesthat refer to ead other acrosspadkagesshould use interfacesto

provide greater decoupling. In TeaBagmarny of the crosspadage referencesuse
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interfaces. This is not true in all casesn TeaBag. For example,many objectsin the
GUI padkagedirectly referenceobjects in the data structures padkages. However,
the objects in the data structure padkagesonly have referencedo objects in the

GUI padkagethrough interfaces.

5.2.1 Inter-P ackage Comm unication

Information in TeaBagneedsto be commnunicated amongobjects within one padk-
ageaswell asbetweenobjectsin di erent padkages.Within TeaBagthere are two
ways that information is comnunicated from object A to object B. The rst way
is by giving object A a referenceto object B and then having object A call some
method on object B to commnunicate the information. This is the simplest form
of communication. However, this imposeshigh coupling betweenobjects A and B.
This is especially not desirableif objects A and B are in di erent padkages. For
example,if object A is in the breakpoints padkage (x5.2.2) and object B is in the
GUI padkage(x5.2.2)it is not desirableto have breakpoints know anything about
a GUL. In fact a breakpoint is a conceptthat is completelyindependen of a GUI.
Yet the GUI needsto know about breakpoints sothat it can display them to the
user.

The secondway of commnunicating information from object A to object B in
TeaBag soles this problem. This commnunication is with ewens. TeaBag pri-
marily usesewerts for internal comnunication among top level pakages. The
classstructure for an event is shovn in gure 5.3. There are two classesand one
interface involved in an event. The Subjet classis the one that needsto com-

municate information to other objects. The objects receivingthe information are
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ConcreteListeners. The ConcreteListeners implemert the Listener interface. The
Subjet just needsto keepa list of Listeners. It doesnot needto know what the
concretetype of the Listener is. If an object wishesto be noti ed of everts from
the Subjet it canregisteritself usingthe addListener method. When the Subjest
needsto notify listenersof an evert it res the evert by calling the appropriate
method on ead of the Listeners. Sincethe Subjet only knows what the interface
for the Listener is, it doesnot needto know about the existenceof any other
padkages. Sonow if object A is in the breakpoint padage and object B is in the
GUI padkageobject A will not needto know about the existenceof a GUI padkage
to comnunicate information to object B. Rather object B will register itself with
object A via the addListener method. Object A will only know that object B
implemerts the Listener interface. It will not know the real type of object B.
When object A needsto comnunicate information to object B, object A will re
the appropriate evert. Of coursefor object B to registeritself with object A it will
needto know the real type of object A. This though is not a problem sinceobject
B needsto know this for someother purposesinceit is interestedin information
from object A already In this example,object B might needto display informa-
tion about breakpoints. For object B to do this it must know what a breakpoint
is. Soit must know about the existenceof an object A. Howeer, sincebreakpoints
are independen of a GUI object A should not have to know about an object B.
Using ewerts for internal commnunication hastwo bene ts. The rst, asshowvn
already, is that it decouplesobjects in di erent padkages. The secondbenet is
that it makesadding new behaviors into the systemeasier. If an object needsto

perform an action when a particular evert occursall it needsto do is implemen
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Listener
+ eventl(...) : void
+ event?...) : void
Subject |7

Usually a Manager %
- listeners: Vector(of Listener) Concretelistener
+ addListener(Listenerl) : void
+ removelistener(Listenerl) : void + ewventl(...) : void
- reEveny(...) : void + ewent2(...) : void

Figure 5.3: ClassStructure of Everts

the appropriate interface, registeritself with the subject, and respond to the event.
Without this kind of structure adding new behavior requires making changesto
the Subject and coupling it to the newobject. This is much more error pronethan

just registeringthe new object.

5.2.2 Packages Overview

The classedor TeaBagare broken up into many padkages.A number of the padck-
agesare for di erent kinds of data structures that map to data structures on the
virtual machine. The virtual madine has data structures for terms, computa-
tions, etc... TeaBagalso has data structures for these. Howewer, in TeaBagthe
data structurestend to be simpler than in the virtual madine. All TeaBagneeds
to do, is be ableto display the structures and comnunicate information about the
data structures to the virtual madine. The virtual madine performs real work

on its data structures and comnunicatesthis information to TeaBag. Thus, the
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purposeof thesedata structures in TeaBagis for visualization and in the virtual
madine it is for computing a result.

Many of the padckagesin TeaBaghave a managerclass. The managerclasses
are singletons[32] that allow other padkagesto get information from the padage.
Typically, the managerprovides events that other objects can register for. The
managerwill then notify the listenerswhenthe data structures have changed. For
example,the BreakpointManager will notify its listenerswhen ever a breakpoint

hasbeenaddedor removed.

Breakp oints

The breakpoint padkage cortains data structures for breakpoints. It cortains a
BreakpointManager singleton. Objects canregisterthemseheswith this manager

to be informed when a breakpoint hasbeenaddedor removed.

Computations

The computation padkagecortains a data structure that mapsto a speci ¢ compu-
tation in the virtual madine. Onceagainthis padkagehasa ComputationManager
singleton. Objects canregisterthemseheswith this managerto be informed when

computations have beencreated, destroyed, or changed.

Mo dules

The modules padkage cortains a data structure that mapsto a speci ¢ module in
the virtual madine. This padkagealsohasa manager,ModuleManager There are

no ewvens to registerfor with this manager.
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Perspectiv es

A perspective in TeaBagis a collection of panelsarrangedin a particular order
(x4.3.3). This padkage cortains data structures for perspectives. It also has a

managerthat cortrols when perspectivesare switched, loaded, and saved.

Settings

The settings padkagecortains the global settings object for TeaBag. This pakage
alsohasa managerthat cortrols accesgso the settingsobject. Objects canregister
themseheswith the managerto be noti ed when the settings are being restored,
saved, or changed. This makesit easyfor an object to save somesettings. It just

needsto registeritself with the manager.

Trace

The trace padagecortains data structuresfor a trace. The information for a trace
is written to a le during runtime. The trace browserreadsdata from that le to
display the stepsin the trace browser. Since,the usercan choosewhich terms to
trace, not all stepsof a computation are recordedto this le. Wheneer a term is
setto be traced, the FLVM createsa chain of responsibility structure [32] among
its sub-termsvia a listener. Then, when a sub-termis replaced,it propagatesthis
information up the chain of responsibility. Any term along this chain that hasa
trace setonit res atrace stepevert to the debugger.When the debuggergetsthe
trace step evert, it writes the ewvert to a le. In an attempt to make the changes

to the FLVM as simple as possiblethe debuggerhandlesthe les assaiated with
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tracing. Howewer, marshaling and un-marshaling the event is time consuming.
One optimization we foreseeis moving the le handling to the FLVM and having
it write the trace stepsdirectly rather than through the debugger.

To minimize le sizesonly the rst step of the le cortains the ertire term.
Subsequen steps cortain the di erence from the previousterm represeted as a
position and replacemen To get a step from the le the rst term is parsedout.
Then for ead step up to the desiredonethe given position in the term is replaced
with the replacemehn Sincethis canbetime consuming(it cantake aslong asthe
ertire computation) the les are broken up sothat they cortain at most 50 steps.

The execution of a non-deterministic step res a non-deterministic trace step
ewvert to the debugger. The debuggercreatesnew tracesfor eat of the possible

replacemets. A non-deterministic trace stepis just a collection of traces.

Commands

The commandpadkageprovides a facade[32]for debugcommands. This simpli es
the processof performing debugcommandslike adding a breakpoint. This padkage
will createthe necessarydata structures, register them appropriately, and inform

the virtual madine as necessary

Exception

The exceptionpadkage cortains two exceptionhandlers. The rst exceptionhan-
dler is usedto display exceptionin TeaBagto the user. The secondexception

handler is usedto display exceptionsin the virtual macine to the user.
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GUI

The GUI padage contains all objects for displaying the GUI. Sincethe GUI for
TeaBag has numerous classesthe GUI padkage is further divided up into sub-
padkages.

The rst of thesesub-pa&agesis for panels. Each debuggingelemen within
TeaBagis in its own panel. Thesepanelsderive from the DebugPanelclass. The
user can move the panelsaround on the screen. Each panel has atitle bar. The
titte bar hasthe name of the elemen, the elemeits icon, a dock/undo ck button,
and a closebutton. For example, gure 5.4 cortains the title bar for breakpoints.
The usercanmove the panelaroundon the screenby draggingits title bar. A panel
can be moved next to other panelsby draggingit to the edgeof another panel. A
panel can alsobe addedto the samespaceas another panel by dropping it on the
title bar for the other panel. When two or more panelsoccupy the samespacethe
user can selectwhich panelthey want to view with the tabs at the bottom of the
panels. The sizeof eat of the panelscan be adjusted by moving the slider bars
placed around the panels. The user can choseto not view the panel by clicking
on the closebutton in the panelstitle bar. The usercan alsoundock the panel by
clicking on the undock button in the title bar. Doing this causesthe panelto be
put in its own window. Panelscan also be shavn by selectingthem in the view
meru item. All panelsthat derive from DebugPanelinherit this panel behavior.

Thus adding a new panelto TeaBagis just a matter of deriving from DebugPanel

Figure 5.4: Title Bar Example
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There is alsoa sub-pa&agefor drag-and-dropsupport. All classedor support-
ing drag-and-dropare in this padkage.

The next sub-pakageis for pop-up windows. This padkagecortains all of the
windows that are displayed whenthe userright clicks on an object in TeaBag. All
of the pop-up windows derive from a commonbaseclassPopupBase Deriving all
of the pop-up windows from a commonbaseclassesallows TeaBagto treat them
all uniformly. This makesit much easierto display di erent pop-upsfor di erent
typesof tree nodes.

The fourth sub-padkage is stepview. This padage provides viewers for dis-
playing deterministic and non-deterministic steps. The viewers can be used as
decorators[32] with the runtime term viewer and the trace browser.

The fth sub-pakageis for table support. This padkage cortains classesused
for displaying information in tables.

The nal sub-pakageis for tree support. Most data in TeaBagis displayed
in Trees. All tree nodesare derived from TreeNodeBase There is a custom tree
renderer that works with tree nodesthat derive from TreeNodeBase This tree
rendereris able to add icons, borders, and badkgroundsto the tree nodes. These
tree nodes can be displayed using either a JTree, which is provided with Swing,
or with a NaturalTree . Both the JTree and NaturalTree can work with the
sametree node data structure and tree renderer. Thus the sametree nodescan be

displayed with either tree class.
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Packet

The padket padkagecorntains a data structure for a padket. A padket is just a setof
string elds separatedby the j' character. Thus the only kind of data that canbe
written to and readfrom a padet is a string. The Packet classprovidescorveniert
methods for reading and writing primitiv e typesto the padet. Howewer, not all
data is primitiv e types. Thus, this padkagealsoconains padet readersand padket
writers for reading and writing other data typesto the padket. For example,the

PacketWriter classhasa method for writing a term to the padet.

Term

The term padkagecortains a data structure for terms. Eadh term in TeaBagmaps
to a term in the virtual macine. It is possiblethat the term in TeaBaghas a
longer life than the term in the virtual macdine. Thus, it is not required that the
term exist in the virtual madine for it to existin TeaBag. The only requiremernt
is that the term existed at somepoint for somevirtual macine. In TeaBaga
term hasan identi cation, root symbol, argumeris which are terms, and a created
time. The identi cation for the term identi es a term in then virtual madine if

the createdtime for the term is after the last time the virtual madine was started.

5.3 Threads

TeaBaghas four threads running. It hasthe Swing ewert thread and one thread
for ead of the sackets usedto communicate with the virtual machine (x5.1). The

Swing ewert thread is usedto respond to GUI generatedewerts. This thread
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is created and managedby Swing classes.To respond to data coming acrossthe
socketsthereis onethread for ead socket. Each of thesethreadsperforma blocking
read on their sacket. This causegthe thread to sleepif there is no data available
on the socket. When data is available on the socket the thread wakes up and
handlesthe information from the sacket. One of the threads readsfrom the data
sacket. When this thread parsesan ertire evert from the socket it dispatchesit to
the GUI ewent thread for processing. TeaBagalso has a thread for reading from
the commandsocket. This thread just readscharactersfrom the commandsocket
and then appendsthose charactersto the end of the consolwindow. This way the
user seesthe output of the virtual macdine. The nal thread readsdata from the
exceptionsocket. Error messagesn the virtual madine are sert on this socket.
So when this thread is able to read data on this socket it invokes an exception

handler to display the error message.

5.4 Socket Interface Speci cation

The virtual macdine and TeaBagcomnunicate over sackets. This communication
follows the protocol de ned in this section. Thus any virtual madine that imple-
merts this sacket interface could be usedwith TeaBag. The data sert over the
sackets follow a speci ¢ format. There are three sockets usedfor comrmunication
(x5.1). The data format is speci c to eat sacket and to ead data o w direction

on that socket. Thus there are six di erent socket interfaces. They are
1. Command Sacket: From virtual madine to TeaBag

2. Command Socket: From TeaBagto virtual madine
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3. Data Socket: From virtual macdiine to TeaBag
4. Data Socket: From TeaBagto virtual madine
5. Exception Sacket: From virtual madine to TeaBag
6. Exception Sacket: Form TeaBagto virtual madine

Before discussingeadt of the above interfacessomecommon conceptsare speci-
ed. Many of theseinterfaceshave parts of their speci cation in common. These
conceptswill be dewloped before giving the speci cation for ead of the socket

interfaces.

5.4.1 Packet format

Many of the socket speci cations require that all or part of the data be sert in
padkets. A padket is just a record of elds. Eacd padet is a string of ASCII
characters. The start of a padet is denotedby a f' character. A padet is ended
by a ‘g’ character. Each padet cortains elds. Each eld is separatedby a '
character. Each eld in the padet can be either a string represeting a value
or another padket. Thus, a padet is de ned recursiwely. Also, eath padcket for a
particular type or evert doesnot have to be a xed length. Most padets have a
title in the rst eld that iderti es what type of padet it is.

Padket formats will be preserted with the following convertions:
Optional elds are displayed in italics

Text that must be typed in asshown is displayed in true type
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Text that must be replacedwith an appropriate value is surrounded by <

and >.
Multiple options for a eld are separatedby a /'

Fields that are padets are denotedby f name:Typeg wherenameis usedto
identify the eld and Type says which type of padket it is. If the type of the
padet is a list then the type is denotedas [Type]Padket. Thus [Int]Padket

meansa padket whereall of the elds are of type Int.

Ead eld is labeledwith its eld number in superscript at the start of the

eld.
For example,considerthe following padet.
fltext /bigText j2<textld > j3<text>j*<title> g

The above padket would be read as a padket that has either the string \text" or
\bigT ext" in the rst eld. The secondeld hasthe textld attribute eld in. The
third eld contains text attribute eld in. Finally, if thereis a fourth eld then it

hasthe title attribute.

5.4.2 Virtual Machine Identiers

Sincethe virtual machine and TeaBagcommunicate over sockets they needa way to
refer to speci ¢ data structures without using memory pointers or somelanguage
speci ¢ referencing. This is done with TeaBagidernti ers. Ead data structure

in the virtual madine that is commnunicated to TeaBagmust be given a unique
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iderti er if it is possiblethat TeaBagmay want to refer to it latter on. This
appliesto two di erent data structures in the virtual madine. The rst oneis
a term. Each term sert to TeaBagmust have a unique iderti er. This identi er
must be an integer. The seconddata structure that requiresa unique identi er
is computations. Eadh computation that is sert to TeaBagmust have a unique
identi er that is a string. Theseunique identi ers must be unique to one session
of the virtual madine. Sothe virtual madine may reuseiderti ers from whenit
previouslyran. In TeaBagall computationsare removed whenthe virtual madine
is shutdown. Thus it cannot referto a computation that was not created by the
currertly running virtual madine. When a new term is created in TeaBagthe
time of its creation is recorded. Each time the virtual madine is started the start
time is alsorecord. To determine if a term was created by the currert virtual
madine its creation time must comeafter the last time the virtual macine was

started.

5.4.3 Common Packet Formats

Sincepadkets can be nested,there is a commonpadket format for the data struc-
tures that areincludedin many of the data padets. The commondata structures

are modules, terms, computations, and non-deterministic information.

Packet Format for Mo dules

When a module is sent in a padet it usesthe following padet structure.

f IModulg?< moduleName> j3<isCompiled> j*< sourceFile> g
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1. title: The rst eld must cortain Moduleto identify this asa module padket
2. moduleName The name of the module like IntModule.
3. isCompiled true if the module hasbeencompiledand false otherwise.

4. sourceFile The nameof the source le for this module. If there is no source
le this eld is empty. If thereis no path giventhen the current directory is

used.

Packet Format for Terms

When a term is sent in a padet it usesthe following padet structure.

f 1Term emptyj?< termld> j3< watchld> j*< hasBreakmwint > j°< rootSymbol>
j%<represetation>j’f module:ModulePadetg

j8f argy:TermPacketyj...j®" "f arg,: TermPacketg

1. title: The rst eld must cortain either Termto identify this asaterm padet
or empty to identify that there is no term e.g. a null pointer. If this eld is

empty then all of the other elds areignored.
2. termld: The uniqueid of the term. This must be an integer.

3. watchld: The termld that is being watched. In the virtual macine terms
are rewritten with new terms. When this happensthe root of the resulting
term will have a di erent iderti er from the term it replaced. TeaBagmay
have requestedthat a watch (x5.4.7) be set on the term that was replaced.

This watch information needsto be passedon to the replacemen This is
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donewith a watchld. The watchld is the original identi er of the term that
a wadh was set on. The watchld and the termld will be the sameuntil the

term is rewritten.
4. hasBreakmint: true if this term hasa breakpoint and false otherwise.

5. rootSymbol: The root symbol of the term. For example,the root symbol of
f (g 1) 2isf.

6. represetation: An alternate represetation for displaying the term.

7. arg;-n: The argumernts of the term for this padket wheren is the arity of the

rootSymbol. If this term hasno argumerts then these elds are not included.

Packet Format for Computation

When a computation is sert in a padet it hasthe following structure.

f LComputationj?< compld> j3< compState> j*f term:TermPadketg

j°< creatorld>j%< clientld > g

1. title: The rst eld must cortain Computation to identify this asa compu-

tation padcet
2. compld: The unique iderti er of the computation. This can be any string.

3. compState The state of the computation. This must be an integer between

0 and 7 inclusive wherethe meaningsof the integersare as follows.

0: Active
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=

: Waiting

2: Abandoned
3: Success

4: Failed

5: Residuating
6: Flounder

7: Paused
4. term: The term this computation is working on

5. creatorld: The computation identi er of the computation responsible for

creating the computation with an identi er matching compld.

6. clientld : The computation identi er of the computation that is currertly the
\parent" of this computation. The parert computation is the one that is

logically this computation's parert in the seart space.

Non-Deterministic Information

Both the breakpoint and non-deterministictrace stepeverts (x5.4.5)have a number
of commonpiecesof information. This commondata is put into its own padet to

make marshalingand un-marshalingthe data easier.

f INDInfoj?< Ihs_var> j3< Ihsld> j*< f hsPos:[In]P acketg>

j°<f rhs_bindings:[TermPadket]Padketg> j®< f bindinglds:[Int]P adketg> j’ stepTypeg

title : The rst eld must be NDInfo.
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Ihs_var: The left hand side of the sourcecode for non-deterministic choice

stepsor the name of the variable being bound for narrowing steps.

IhsPos Sourcecode positionsfor non-deterministic choiceoptions. This eld
is a padket that hasintegersin ewery eld. The length of this padet must
be a multiple of two. It is OK if the padet is empty but it must be in this
eld sothat this eld cannot be empty. The (i 2)" ertry in this padket is
the character o set into the sourcecode for the start of the code for the it"
ertry in replacemets. The (i 2+ 1)" entry in this padet is the character
o set into the sourcecode for the end of the code for the i ertry in the

replacemets.

rhs_bindings: The right hand side of the sourcecode for non-deterministic
choicestepsand the bindings of the variable beingbound for narrowing steps.
This eld is a padet that cortains only strings. The i!" ertry in this padet
correspndsto the i" ertry in the replacemets eld. The text for the right
hand sidesand bindings are displayed to the userin the sameformat they

arereceived in.

bindinglds: The term identi ers of the bindings of variablesfor narrowing
steps. When the non-deterministic step is a non-deterministic choice step
then the padket for this eld is empty. The i'" ertry in this padet is the
term iderti er in the i ertry of the replacemets that is the root of the

binding for the variable being bound by the narrowing step.
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Packet Format for Redex Pattern

The redex pattern is the constructorsin a redexthat were usedto identify which

rewrite rule to apply.
fl<fpos:[IntjPadketg>j::jf "< f pos,:[Int]Padketg> g

1. pos..,: Eadh of the termsin the redexpattern is descriked with its occurrence
in the redex. This is the term's position in the redexand not in the top level
term. If the only term in redex pattern is the root of the redex then this
list is empty. Eadh occurrenceis a list of integers. The following algorithm

demonstrateshow the term, t, at occurrence,o, is obtained from the redex

redex

Termt

0; i < o.length; i++)

for (i

t = t.getArgument(o[i])

544 Command Socket Interface

The commandsacket is meart to replacethe standard in and out streamsin the
virtual madine. Thus, the commandsacket is designedto look like a consoleto

the virtual madine.

Command Socket: From Virtual Machine to TeaBag

The data on the command socket going from the virtual madine to TeaBagis
the output of the virtual machine. This is anything that is written to standard

out. Thus, there is no special format for this data. All characters, with a few
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exceptions,will be displayed in the consoleas virtual machine output in TeaBag.

Someunwanted commandprompt characters, >', are suppressedy TeaBag.

Command Socket: From TeaBag to Virtual Mac hine

The data on the command sacket going from TeaBagto the virtual madine is
input to the virtual madine. Thus, there are commandsthat a userwould type
into the virtual machine if the virtual madine wasrunning by itself. All commands
that the usertypesinto the consolein TeaBagare sert to the virtual madine over
this socket just asthe usertyped them in. Also, TeaBagusesthis sacket to send
somedebugcommandsto the virtual macdine. Sincethe debugcommandsfor the
virtual machine have the sameformat asthe normal user commandsthey can be
treated as userinput. Sothis sacket can be redirectedto the standard in stream
in the virtual madine.

Debug commandscan be either syndironous or asyndironous. Debug com-
mands that are syndironous are onesthat can only be sert when the command
prompt is available. That is, they can only be sert when the virtual madine is
expecting the userto type in a command. Asyndironous commandscan be sert
to the virtual madine at any time. Thusthey might be sert whenthe virtual ma-
chine is not expecting any input from the console.All of the commandssert over
the commandsaocket are syndhironouscommands. This allows the virtual macdine

to treat this socket asstandardin. The list of debugcommandsis in section5.4.7.
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5.4.5 Data Socket Interface
Data Socket: From Virtual Machine to TeaBag

The virtual madine sendsdebugeerts to TeaBagover this socket. Each evert is
encaled into a padket. The following ewerts are supported. The notation usedfor

describingthesepadkets is explainedin section5.4.1.

Breakp oint Event A breakpoint ewvert is sert from the virtual madine
wheneer the virtual madine halts for a breakpoint set on a function or term.
There are two kinds of breakpoint everts. The rst oneis when the breakpoint
occurson an ordinary rewrite step. The secondis whenthe when the breakpoint

occurson a non-deterministic step. This ewvert hasthe following format:

f 1Break/NDBreal’f redex:TermPadketgj*f replacemets:[TermPadket]Padketg
j*f context: T ermPadketgj°f redexPattern:RedexPatternPadetg

j%< sourceFile> j’f ndInfo:NDInfoPadketgj®< compld> g

title: This must be Break or NDBreak Break indicates a deterministic

rewrite step. NDBreakindicates a non-deterministic step.
redex The term replacedwith the rewrite step.

replacemets: The possiblereplacemen terms of the rewrite or narrowing
step. If the the title is Break then then only the rst replacemn is used. If

the title is NDBreakthen all replacemets are used.

cortext: The cortext is the global term the replacemen is a part of. The

cortext is only sert when the debugcommand:sendContext on hasbeen
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issued. If this commandhas not beensert to the virtual madine then this
eld is blank. Sinceit is possiblefor terms to get large sendingbig terms
could slov down the marshaling and unmarshaling of data between FLVM
and TeaBag. Thus, this option can be turned o if the useris not planning
onusingit. If there are multiple replacemets then this is the cortext of the

rst replacemen

redexPattern: This eld cortains the occurencesof the terms in the redex

that make up the redex pattern.

sourceFile If the operation for the narrowing step has an assaiated source
le then this eld cortains the path and le namefor the source,otherwise

this eld is blank.
ndinfo: The non-deterministic information data structure.

compld: The computation identi er of the computation that is computing

the redex.

Watch Event Tracesare implemerted in TeaBagby setting a watch on a
term. Whene\er that term or one of its subtermsis rewritten a watch ewert is
red to the debuggerletting it know which term was updated. TeaBagrecordsall
of the stepstaken on a watched term to create a trace. A watch ewert has the

following format:

f \Watch?< sourceFiles j3< startPos> j*< endPos> j°f watchTerm: TermPadketg

j%< fredexPattern:RedexPatternPadetg g
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title : This must be Watch

sourceFile If the rewrite step that causedthe watch ewvert to be red was
from an operation that hassourcecode available then this is the nameof the

sourcecode le, otherwisethis eld is blank.

startPos. The character o set in the source le for the start of the code that

performedthe rewrite step. If thereis no le position then this eld is O.

endPos The character o set in the source le for the end of the code that

performedthe rewrite step. If thereis no le position then this eld is O.

watchTerm: The term that the watch was seton. This needsto be the term
after the rewrite stephasoccurred. Also, the watchld eld of the term padet
for this term must be lled in even if the watchld is the sameas the term

identi cation.

redexPattern: The occurrencef the terms that make up the redexpattern.

Evaluation Event When TeaBagasksthe virtual macdine to eagerlyevalu-
ate a term it will wait for an ewvaluation evert. This ewvernt gives TeaBagthe result

of the eagerevaluation. The format of this ewert is asfollows:
f 1Evalj?< terminationCause> j3f result: TermPadketgg

title : This eld must be Eval.

terminationCause The causefor ring the ewaluation ewvert. The virtual
madine will only eagerlyevaluate terms up to non-deterministic steps. This

eld must be either 0, 1, or 2 wherethe integershave the following meaning.
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0: The term ewaluated to normal form
1: A non-deterministic narrow step was taken
2: A non-deterministic choice step was taken.
result: The result of the evaluation. The virtual madine must hold onto

this result until it getsthe next debugcommandsincethat debugcommand

may ask for the result to replacethe term that evaluated to the result.

Result Event To let the userbrowsethe result of a computation in a tree
structure it must be sert asan ewert rather than over standard out. This is one
areawherejust redirecting standard output to the commandsacket doesnot work.
When the virtual madine has a result to display it res this evert. The result

ewert hasthe following format:

f IResult j*f result: TermPadketgj®< ansver> g

title : This eld must be Result .
result: The term that is the result of the computation.

answver: The binding of termsto variablesthat wasusedto obtain this result.
This canbe any string. It will be displayed in whatewer format it is received

in.

Computation Register Event When a new computation is registered,a
computation registration evert is sert to TeaBagif the virtual madcine hasnot re-

ceived a sendComputationinfo off command. A computation is registeredwhen
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it is designatedto work on aterm. Sincenumerouscomputationscan be registered
and unregisteredthe usercanturn theseewert o to improve the performanceof
TeaBagif they do not careabout computation information. The padet structure

for a computation register evert is as follows.
f LCompRéggromp:ComputationPadketg
title : This eld must be CompReg
comp. The computation being registered.
Computation  Unregister Event When a computation is unregistereda
computation unregister evert is sent to TeaBagif TeaBaghas not sert the com-

mand sendComputationinfo off . A computation is unregisteredwhen it is de-

signedto not perform any more work. The format of this commandis as follows.

f LCompUnrgdcomp:ComputationPadketg
title : This eld must be CompUnreg

comp: The computation being unregistered.

Computation Change Event This ewert noti es TeaBagthat a computa-
tion has changed. Once again, this event is only sert if the virtual madine has
not received the commandsendComputationinfo off . There aretwo caseswvhere
this evert gets red. The rst oneis when the state of the computation changes.
The statesof a computation are listed in section5.4.3. The secondtime this evert

is sert is whenthe virtual madine receivesthe command:get computation. See
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section5.4.7 for a description of this command. The format of the padet for this

ewert is asfollows:
f 1CompChangid comp:ComputationPadcketgg

title : This eld must be CompChange

comp. The computation that changed.

Start Non-Deterministic  Step Event When the virtual madine makes
a non-deterministic step it needsto let TeaBagknow what computations where
createdfor that step. The virtual madine doesthis by sendingTeaBagan evert
saying that it is about to start a non-deterministic step. This evert must be sert
beforeany computationsare createdfor the step. Onceagain, this evert is only sert

if the virtual madine hasnot received the commandsendComputationinfo off .
f 1StartNDStepj?Narrow Choiceg

title : This eld must be StartNDStep.

type: The type of non-deterministic step.

End Non-Deterministic  Step Event When all of the computations for
a non-deterministic step evert have been created the virtual madine sendsan
end non-deterministic step evert. This lets TeaBagknow whento stop grouping
computation register everts together for one non-deterministic step. As in all
other events for computations this ewert is only sert if the virtual macine has
not received the command sendComputationinfo off . There are three padet

formats for this command. They are asfollows.
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f LEndNDStepgNarrow Choicej3f redex: TermPadketgg
f LEndNDStepgNarrowj*f redex:TermPadetgj*< variableName
j°f binding,: TermPadketgj:::j>* " f binding, : TermPadetgg
f LEndNDStejdChoicejf redex:TermPadketgj*< Ihs> j°<rhs;> j®:::j%* "< rhs,> g

title : This eld must be EndNDStep

type: The type of non-deterministic step. This must be either Narrow or

Choice.
redex The term replacedwith the rewrite step.
variableName The nameof the sourcecode variable that was instantiated.

binding;..,: The bindings for the variable. When a variable is instantiated
marny times there are multiple possiblesubstitutions for it. These elds are

all of those substitutions.
Ihs: The left hand sidein the sourcecode that matchesthe redex.

rhs;..,: The right hand sidesin the sourcecodethat arethe possiblereplace-

merts for the left hand side.

The orderof binding;..., andrhs;.., must bethe sameasthe orderthe corrisponding
computationsweresert to TeaBagvia the computation registerevent betweenthe

start non-determistic step evert and the end non-detereministicstep evert.
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Mo dule Loaded Event Whenewr the virtual madine loads a module a
module loaded event is sent to TeaBag. The padet format of this event is as

follows:

f ' modLoadeidf module:ModulePadketgg

title : This eld must be modLoaded

module: The module that was loaded.

Mo dule Unloaded Event Whene\er the virtual madine unloadsa module,
a module unloadedewert is sert to TeaBag. The padket format of this ewvert is as

follows:

f ' modUnloadefff module:ModulePadketgg

title : This eld must be modUnloaded

module: The module that was unloaded.

Non-Deterministic  Trace Step Event When a term, or one of its sub-
terms, that hasa watch seton it is rewritten from a non-deterministic step a trace
non-deterministic step evert is red. This ewert is also red when a variable is
bound. In this specialcasethe narrex hasjust onereplacemen The padet format

of this evert is asfollows:

f ltraceNDStepj?f narrex:TermPadketgj*f replacemets:[TermPadket]Padet g
j*<ndTermld> j°f ndinfo:NDInfoPadketgg
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title : The rst eld must be traceNDStep.

narrex: The term with a watch setonit that causeda non-deterministic step
to occur. Even if oneof the subtermsof the term with the watch causedthe
non-deterministic step to occur the term with the watch setoniit is still put

in this eld.

ndTermld: The term identi er of the term that causedthe non-deterministic

step. This term doesnot needto have a watch seton it.

ndinfo: The non-deterministic information data structure.

Data Socket: From TeaBag to Virtual Mac hine

The asyndironousdebugcommandsare sert over this socket. Seesection5.4.7 for
a description of the debugcommands. The debugcommandssert over this socket
can comeat any time. They do not have to only comewhen the virtual madine
is expecting input from the user. Sothe virtual madine needsto have a thread

dedicatedto listening for data on this socket.

5.4.6 Exception Socket Interface

Exception Socket: From Virtual Machine to TeaBag

All error messageshat the virtual madine wants displayed in TeaBagare sen
over this socket asplain text. TeaBagwill display this text to the userin a window.
All text received on this sacket from the end of the last error messagealisplayed

until the userclosesthe error window will be displaedin the error window. This
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allows the virtual madine to redirect standard error to this socket. Then all error
messagesvritten to standard error in the virtual macdine will be displayed as an
error messageo the userin TeaBag. Also, in Java calling printStackTrace() on
an exceptionprints the stad traceto standard error. This makesit easyto display
the stad trace in the error messagen TeaBag. It is possiblethat multiple virtual
madine errorswill be displayed togetherasoneerror in TeaBagsinceTeaBagjust

streamsthe data on this socket to a text box in the error window.

Exception Socket: From TeaBag to Virtual Mac hine

No data is sen over this part of the sacket.

5.4.7 Debug Commands
Commandsin Curry have the form:
:Nameargl ::: argN

All commandsstart with the *:' character followed by the name of the command.
The commandscan have argumerts separatedby spaces. The debug commands
follow the sameformat.

When describingthe debugcommandsthe following notation will be used:
Optional parts are displayed in italics
Text that must be typed in asshown is displayed in true type

Text that must be replacedwith an appropriate value is surroundedby <

and >.
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Multiple options for an argumern are separatedby a /'

Eadh commandwill be marked as[Syndironous]or [Asyndironous]. A com-
mand that is syndironousis onethat is sert over the commandsocket and
can be treated asa commandtyped in by the user. The asyndronouscom-

mandsare sert over the data socket.

:breakpoint function <functionName> [Asyndironous]

This commandtogglesthe breakpoint onthe operation that hasa name
matching functionName. If no operation with a name matching func-

tionName existsthen an error messages ser on the exceptionsocket.
‘breakpoint term <termld> [Asyndironous]

This commandstogglesthe breakpoint on the term with an iderti ca-
tion matching termld. If no sud term existsthen an error messageas

sert over the exceptionsocket. The termld must be an integer.
:step [Syndironous]

This commandcauseghe virtual madine to perform the next rewrite
stepand then halt. This commandcan only be issuedwhenthe virtual
madine has halted for a breakpoint. When the virtual madine halts
after performing one rewrite step it should re a breakpoint ewert to

the debugger(x5.4.5).

run  [Syndironous]
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This commandscausesthe virtual madine to run until a solution is
found or a breakpoint is encouniered. Once again this commandcan

only be issuedwhen the virtual madine has halted for a breakpoint.

:eval <term> [Syndironous]

The ewvaluate commandetells the virtual madine to evaluate the term
to headnormal form or until a non-deterministic stepis taken. Oncea
resultis obtainedthe virtual madine res an evaluation evert (x5.4.5).
Even if the ewvaluation stoped becauseof a non-deterministic step the
ewvaluation evert is still red with the term that causedthe non-deter-
ministic step. The only times that an evaluation ewert is not sert is if
there is an error during evalution or the :cancel commandis receiwed

by the virtual macine.

The term givento this commandto ewaluate is a padket. The identi er

of the term is not used so that the virtual madine does not have
to keepall terms sert to TeaBaglive in casethe virtual madine is
asked to evaluate a term. Also, not usingthe identi cation of the term
allows the userto perform a trace on a non-terminating computation,
kill the virtual madine, start a new virtual macine, and evaluate a
term in the trace. Sothe term being evaluated doesnot have to have
existed in the virtual madine that is being asked to ewaluate it. If
an error occuredduring ewaluation then the error messages sert over
the exceptionsacket. The padet for the term passedo this command

doesnot follow the term padket format presened in section5.4.3. The
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format for this modi ed term padket is as follows:

f 1< rootSymbol> j?f arg;:Modi edT ermPadketgj:::
j**"f arg,:Modi edT ermPadketgg

rootSymbol: The root symbol of this term

arg:;-n. The argumens of the term. Theseare in this modi ed

term padet format.

Sincethe :eval commandis syndironousthe virtual macdine will not be asked
to eagerlyewaluate a term whenit is in the middle of a computation.

:cancelEval [Asyndhronous]

This commandcancelghe eagerevaluation of aterm. Whenthe virtual
madine receivesthis commandit doesnot needto sendan evaluation

ewvent with the result of the eagerevaluation.
:get computation <compld> [Asyndhronous]

This causeghe virtual maciineto re acompuationchangedevert for

the computation with an identi er matching compld to TeaBag.
replace <redexld> <replacemetid> [Syndironous]

This replacesthe term with an identi cation matching redexId with
the term that hasreplacemetid for aniderti cation. The replacemenh

term is always the result of the :eval command.
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:removeWatch<termld> [Asyndironous]

This removesthe watch from the term with an iderti cation matching

termld.

:addWatch <termld> watchld [Asynchronous]

This adds a watch to the term with an iderti cation matching ter-
mlid. If watchld is not specied then termid is used for the initial
watch identi cation. Otherwise watchld is usedfor the initial watch

identi cation.

kil <compld> [Asynchronous]

This designategshe computation with an identi cation matching com-

pld to not perform any more work.

pauseComputation <compld> [Asyndironous]

This tells the virtual madine to not executeany narrowing stepsfor
the computation with an iderti cation matching compld. The compu-
tation may be activated again sothe virtual madcine cannot get rid of

it completelylike it canwith the :kill command.
-activateComputation <compld> [Asyndironous]

This tells the virtual madine to start executing narrowing steps for

the computation with an iderti er that matchescompld.
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eagerEvallf <on/ off > [Asyndironous]

This command turns the eagerevwaluation of ifs feature on and o .

When eagerevaluation of ifs is turned on rewriting an if term must
ewvaluate its condition to headnormal form and then replacethe if term
with either the then or elseclause. This processmust be repeateduntil

the term is not rootedwith anif then else term. This wholeprocess
should appear as a single step. Soif this a ects a trace then only one
watch event shouldbe red. Also, the virtual madine should not stop

for any breakpoints when evaluating the if conditions.

:showNDPolicy <0/ 1/ 2/ 3/ > [Asyndhronous]

This setsthe global non-deterministic breakpoint. When the virtual

madhine breaksfor a non-deterministicstepit doesnot sendany everts
to the debugger.Rather, oncethe non-deterministic step has occurred
it waits for TeaBagto give it a commandjust like it would after send-
ing a break evert. The parameter for this command is one of four

possibilities.

0: Newer break for non-determinisitic steps

1: Breakfor both non-deterministicchoiceand narrowing non-deterministic

steps.

2: Break for all non-deterministic narrowing stepsbut not for non-

deterministic choice steps.
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3: Breakfor all non-deterministicchoicestepsbut not for non-deterministic

narrowing steps.
:sendComputationinfo <on/ off > [Asyndironous]

This turns sendingcomputation information on or o. By default the
virtual madine should sendcomputation information. This command
can turn this behavior on and o. Sendingcomputation information
means ring computation registered,unregistered,and changedewerts

(x5.4.5).
:sendContext <or/ off > [Asyndironous]

This commandstells the virtual madine if it should sendcortext in-
formation in the term padkets. If this commandis invoked with the
parameter on then the virtual machine should include context infor-
mation in the term padkets. If the parameteris off then it should not

include the cortext in the term padkets.
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Examples

This section preseils someexamplesof how TeaBagcan be usedto debugCurry
programs. In functional logic languagesthere are three kinds of errors that can

occur.

1. Wrong Answer: A wrong answer is when a program returns an unexpected,

but legal, result.

2. Missing Answer: A missinganswer is when the program is unable to return

any result and it halts.

3. Non-Terminating Error: A non-terminating error is when the program does

not terminate.

The rst example, sorting (x6.1), will demonstrate how TeaBagcan be usedto
detect all three of thesekinds of errors with a small Curry program. The next
example,a simplelambda calculusinterpreter (x6.2), will demonstratehow TeaBag
can be usedon larger programs. Finally, the last example, Dutch national ag
problem (x6.3), will shov how TeaBagcan be usedin applications that have a

non-trivial seart space.
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6.1 Sorting Example

The following example,taken from the Hat Tutorial [71], demonstratesthree pos-
sible bugs. It demonstratesa program that terminates with a run-time error, a

programthat doesnot terminate, and a programthat terminateswith anincorrect

output.

sort :: [Int] -> [Int]

sort(x:xxs) = insert X (sort Xxs)

insert :: Int -> [Intf] -> [Int]

insert x [] = [X]

insert x (yxys) =if x <=y then xys

else y : insert x (y:ys)

When sort[4,3,2,1,6] is run the result is No more solutions . The result
should have beenthe sorted list, [1,2,3,4,6] . This is an example of a pro-

gramthat halts with arun-time error. To nd this bugwe traced the evaluation of
sort[4,3,2,1,6] . Figure 6.1 shows stepssix and sewen of the trace. From from
step six to step seven sort [] was rewritten to Fail . This indicatesthat there
wasno rule for sort [] . Sowe addedsort]] =[] to the program.

We then ran sort[4,3,2,1,6] again. This time the computation did not
terminate. Sowe killed and restarted the FLVM within the debuggerand set a
breakpoint on sort . Next, we ran sort[4,3,2,1,6 ] again. When the breakpoint
for sort washit we addedatrace to the term rooted with sort , removedthe break-
point on sort , and ran the FLVM. We then killed the FLVM from the debugger.
The trace for sort shaows all of the stepsup to the point where we killed the

FLVM for sort[4,3,2,1,6] . When stepping through this trace we noticed that

136



CHAPTER 6. EXAMPLES

Figure 6.1: sort [] rewritten to Fail
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it inserted2 twiceinto the list. The rst time waswhenit rewrote insert(2,[1])
to 1:insert(2,[1]):[] . It should have rewritten insert(2,[1]) to [1,2] . We
changedthe recursiwe call insert  x (y:ys) toinsert X ys.

Once again we ran sort[4,3,2,1,6] . This time the result was [1,2,3,4]
The program terminated but with the wrong result. It was missing 6 form the
list. Looking at the trace for sort[4,3,2,1,6] we saw that insert(1,[6]) was
rewritten in afewstepsto [1] . This promptedusto changeif x <=y then xiys
to if x <=y then xiy:ys . Then when we ran sort[4,3,2,1,6] and we got

[1,2,3,4,6]

6.2 Lambda Calculus Interpreter Example

The following Curry program corntains a larger examplethat demonstratescortext
hiding and eagerewaluation in TeaBag. It is a basiclambda calculus(chapter 5 of

[56]) interpreter.

{-
- Basic LambdaCalculus Interpreter
- Created by Dr. Andrew Tolmach
- Modified by Stephen Johnson
-}

import List

type Var = String

{-
- The lambda terms for this interpreter

- are abstractions (Abs), applications (App),
- and variables (Var).

-}
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data Exp = Abs Var Exp
| App Exp Exp
| Var Var

{- (fr e) returns the fr variables in e -}
fr ©» Exp-> [Var]

fr (Abs v e) = delete v (fr e)

fr (App el e2) = union (fr el) (fr e2)

fr (Var v) = |v]

maximunt: [[Char]] -> [Char] -> [Char]

maximuni] v =v

maximum(x:xs) Vv | length x > length v = maximunxs Xx
| otherwise = maximunxs v

{- (fresh vs) returns a Var guaranteed not to be in vs -}
fresh :: [Vvar] -> Var
fresh vs = (maximumvs ") ++ "X" -- one simple way!

{- (subst mx e) returns the capture-avoiding
substitution  [M/x] e -}
subst :: Exp-> Var -> Exp -> Exp
subst mx (Var y) | x ==y =m
| otherwise = Vary
subst mx (App a b) = App (subst mx a) (subst mx b)
subst mx (Abs y b) | x ==y = (Abs y b)
| notElem x (fr b) || notElemy (fr m) =
Abs y (subst mx b)
| otherwise =
let z = fresh(union (fr b) (fr m))
in Abs z (subst mx (subst (Var z) y b))

{- (reduce e) returns e with all outermost redexes reduced.
This mayof course create newredexes. -}

reduce :: Exp -> Exp

reduce (App (Abs v a) b) = subst a v a
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reduce (App (App a c) b) = App (reduce (App a c)) (reduce b)
reduce (App (Var v) b) = App (reduce (Var v)) (reduce b)
reduce (Abs v e) = Abs v (reduce e)

reduce (Var v) = Var v

containsAbs :: Exp -> Bool

containsAbs (App (Abs v a) b) = True

containsAbs (App (App a c) b) = (containsAbs (App a c)) ||
(containsAbs b)

containsAbs (App (Var v) b) = containsAbs b

containsAbs (Abs v e) = False

containsAbs (Var v) = False

leftinner 1 Exp -> MaybeEXxp
leftinner  (App (Abs v a) b)
| (containsAbs a) == False &&
(containsAbs b) == False = Just
(reduce (App (Abs v a) b))
| isNothing (leftinner a) &&
isNothing (leftinner  b)
| isJust (leftinner a)

Nothing
Just (App (Abs v
(fromJust (leftinner  a))) b)
| otherwise = Just (App (Abs v a)
(fromJust (leftinner  b)))

leftinner  (App (App a c) b)
| isNothing (leftinner  (App a c)) &&
isNothing (leftinner  b) Nothing
| isJust (leftinner  (App a c)) Just (App (fromJust
(leftinner  (App a c))) b)
| otherwise = Just (App (App a c) (fromJust
(leftinner  b)))

leftinner  (App (Var v) b)
| isNothing (leftinner (Var v)) &&
isNothing (leftinner  b) = Nothing
| isJust (leftinner (Var v)) = Just (App (fromJust
(leftinner  (Var v))) b)
| otherwise = Just (App (Var v) (fromJust
(leftinner  b)))
leftinner  (Abs v a)
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| isNothing (leftinner  a)
| otherwise

Nothing

Just (Abs v (fromJust
(leftinner  a)))

Nothing

leftinner  (Var v)

{- Call By Value: This is the sameas reducing the
leftmost inner redex each time -}
cbv 1 Exp -> Exp
cbv e | isNothing (leftinner e) =e
| otherwise = cbv (fromJust (leftinner €))
This interpreter encales x:it asAbs "X" t, tit, asAppt; t,, andvariablesas
Var "x" . Sincereadingthesedata structures can be cumbersomethe traditional

lambda calculusform will be usedwhereappropriate. Thus, instead of saying
ApdApAbs'x"( Abs'y"( ApgVar'x")( Var'y"))))( Var*a"))( Var'b")

we will say (( x:y :xy)a)h.
When the interpreter evaluates(( x: y :xy)a)bto headnormal form it returns
X(x(x(xy))). The evaluation of (( x:y :xy)a)bto headnormal form should be ah

The stepsthe lambda calculusinterpreter should take are shavn in (6.1).

(x:y :xy)a)b! (y:ay)b! ab (6.1)

We will shov how we used TeaBagto nd the causeof this bug. We started by
generatinga trace of all the rewrite steps. This trace turned out to be 267 steps
long. Sincethis is too many stepsto examinewe decidedto try and narrow in
on someportion of the code wherewe thought the bug was occurring. Doing this

would enableus to generatea shorter trace. The rst placewe looked at was the
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individual reduction stepsof the lambda calculusinterpreter. We can usethe fact
that the stepsshould follow the sequencean display 6.1to nd which stepin the
lambda calculus interpreter the bug is located. To do this we set a breakpoint
on cbv which is a recursiwe function that calls the function leftinner to perform
onelambda calculusreduction. By seeingwhat leftinner ewaluatesto we cansee
eadt of the reduction stepsthe lambda calculusinterpreter takesin reading head
normal form for (( x: y :xy)a)b. We usedon demandeagerevaluation to evaluate

leftinner  to headnormal form asillustrated in gures 6.2 and 6.3.

Figure 6.2: Selectingleftinner to ewaluate.

For the rst step of evaluating (( X: y :xy)a)b our lambda calculusinterpreter
reduced(( x:y :xy)a)bto (y :((y :xy)y))b. From display 6.1 you can seethat

this is not the correct secondstep. Part of this rewrite step is correct. The part
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Figure 6.3: Result of evaluating leftinner  (...)

matching (y :(:::))bis correct. Sincewe now know that the bug is manifestduring
the rst step of our lambda calculus interpreter we added a trace to the term
rooted with leftinner to trace the rst reduction step of our lambda calculus
interpreter. This trace endedup being 96 stepslong. While this is better than the
267 steptrace, it is still too many stepsto examinein detail to nd the bug.

To further cut down the size of this trace we decidedto perform on demand
eagerewaluation during runtime on the conditions of if then else terms and
replacethe conditions with True or False. The trace will only shawv the step for
the replacemen of the condition with True or False. It will not shav the rewrite
stepstaken to obtain True or False. We rst had to add a breakpoint on cbv.
We then reran (( x:y :xy)a)b. When the debuggerhalted for the breakpoint on

cbv we addeda breakpoint to the term rooted with leftinner . Now the debugger
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will halt whenthat term is rewritten.

Whenthe debuggerhalted for the breakpoint onthe term rooted with leftinner
we addeda trace to that term. This term is rewritten to anif then else term.
We eagerlyevaluated and replacedthe condition for this term asillustrated by the

sequenceof gures 6.4, gure 6.5,and gure 6.6. Sincethis condition ewvaluated

Figure 6.4: Selectingthe condition of the if then else term for eagerevaluation.

to False we knew that the third argumen of the if then else term would be
the replacemen This term is alsoanif then else term sowe eagerlyewvaluated
and replacedits condition. This condition evaluated to True. Sincethis condition
ewvaluated to True we knew that the if then else term would be replacedwith
its secondargumen. So we expandedthe secondargumen until we reated a
term rooted with a function that we de ned. This happenedto beleftinner . We
then set a breakpoint on this term. Next we ran the FLVM until this breakpoint

causedFLVM to halt. We cortinued to perform these eagerewaluations and re-
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Figure 6.5: Result of eagerlyevaluating the condition of the if then else term.

Figure 6.6: Replacingthe condition of the if then else term with False.
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placements on the conditions of if then else terms until there were no moreto
eagerlyewaluate. Each time FLVM halted we added a breakpoint to the highest
term that is rooted with a function we wrote. If there wasanif then else term
then we took the highestterm rooted with a function we wrote under the branch
that correspndsto how the condition evaluated and seta breakpoint onit. Doing
this only required setting seven breakpoints and performing six eagerevaluations
and replacemets of conditions.

By using on demand eagerevaluation the trace of the rst lambda calculus
reduction was only 23 steps. Sincethis is a manageablenumber of trace steps
to examine we started stepping through the trace looking for the bug. Look-
ing at step 20 (gure 6.7) we noticed that for this to be correct the highlighted

term needsto be Var "a". This term needsto be Var "a" so that the result
of this single step is (y :ay)b. Howe\er, this step shows that at the end of the
rst step of the lambda calculus interpreter we will end up with an expression
of the form (y :(y :xy)X )b where X stands for an unewaluated expression. We
then worked our way badkwards through the trace trying to seewhy we ended
up with Abs("y",App(Var "x", Var "y")) insteadofVar "a". When we looked
at steps10 and 11 (gure 6.8) we noticed that we wert from having one copy of
Abs("y",App(Var "x", Var "y")) in step 10 to having two copiesin step 11.
We also noticed that in step 10 there is a subterm for Var "a" and that this
subterm is not passedon to step 11. Var "a" is a term that should be in the
reduction of the rst step of the lambda calculus interpreter but is not. This

prompted us to look more closely at this step. From the code highlighting we

could seethat reduce (App (Abs v a) b) = subst a v a wasthe rewrite rule
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Figure 6.7: The highlighted term should be Var a.

Figure 6.8: One (y :xy) in step 10 was duplicated to two copiesin step 11.
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executedto go from step 10 to step 11. We noticed that the variable b on the
lefthand side of this rewrite rule did not appear on the righthand side and that
it corresppndedto the term Var "a" in the trace. This causedus to look at the
de nition of subst. subst mx e returns the capture-avoiding substitution [m/x]
e. [m/x] e should substitute m for all occurrencesof the variable x in e. At this
point we found the problem. From step 10to 11 in the trace, the substitution,
Var "a", was not being passedto subst. We changedthis rewrite rule to be
reduce (App (Abs v a) b) = subst b v a. With this x our lambda calculus

interpreter correctly reduced(( x:y :xy)a)bto ah

6.3 Dutc h National Flag Problem Example

The following exampledemonstratesthe computation structure of TeaBag. Con-
sider the Dutch National Flag programin gure 6.9.

When solve [white,red,blue,white] is run using the above program the
resultis afailure. To nd this bugwe rst generatedatrace of solve [white, red,
blue, white] . Part of the structure for this trace is showvn in gure 6.10. We
decidedto follow the path through the computation structure that we thought
should have led to a solution. Sincethe choicesalongthis path should have led to
a solution, examining the rewriting and narrowing stepson this path will tell us
wherethe bug is located. In this examplewe realizedthat to get a solution the rst
and third rules of solve would needto be executed. The rst rule should swap
red and white and the third rule should swap blue and white . Either order of

applying theserules shouldled to a solution. We arbitrarily decidedto look at the
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1 data Color =red | white | blue

2 mono_ =]

3 monoc = c : monoc

4 solve flag | flag =:= x ++ whitely ++ red:z
5 = solve (x ++ red:y ++ white:z)
6 where x,y,z free

7 solve flag | flag =:= x ++ bluely ++ red:z
8 = solve (x ++ redy ++ blue:z)

9 where x,y,z free

10 solve flag | flag =:= bluexy ++ white:z

11 = solve (whitety ++ blue:z)

12 where y,z free

13 solve flag | flag =:= monored ++ monowhite ++ monoblue
14 = flag

Figure 6.9: Buggy Dutch National Flag Program

path that is generatedfrom applying the rst rule andthen applying the third rule.
In order for the rst rule to swap red and white it must nd bindings for the free
variablesx, y, and z that satisfy flag =:= x ++ white:y ++ red:z . Sinceflag
is [white,red,blue,white] binding x to [] , y to [] , and z to [blue,white]
will work. We usedthis information to nd the path thought the computation
structure for applying the rst rule.

There were two ways we could have found this trace path in the computation
structure. We could have stepped through the trace in the trace browser one
step at the time. Then when a non-deterministic step was made we would have
beenprompted to pick a branch to follow. By selectingthe appropriate branches
we would have followed the trace correspnding to the path in the computation

structure that we wanted. Becausethere is more cortextual information, this
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Figure 6.10: Computation structure for buggy Dutch national ag program
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method works well when the correct choicesat ead non-deterministic step are
dicult to determine. The secondway to nd a trace path in the computation
structure is to follow branchesthrough the tree. Each node in the tree has one
branch for ead possiblereplacemen By knowing what the replacemets should
be, the correct branch at ead node can be selected. Thus, this method works
well whenthe correct choicesat ead non-deterministic step are known. We chose
the secondoption sincewe knew which choiceswe wanted to examine. The rst

brandh we followed was the one for swapping red and white . The next branch in
the computation structure wasfor binding the variable x. One of the brancheswas
for binding x to the empty list and the other brandc for the non-empty list. The
samewas true of y. Sowe chosethe empty list for both. We saw that there was
no choiceto be madefor z sinceour choicesfor x and y forcedz to be bound to
[blue,white] . The next choicewe had to make was for solve(:(...))

At this point we neededto seewhat the term for the trace looked like to seeif
red and white were actually swapped like we thought they should have been.
We were expecting that the term would be solve [red,white,blue,white]

To ched this, we right clicked on the node in the computation structure for
solve(:(...)) and selected\ Move trace to this step” This updated the trace
browserto shaw the trace alongthe path we have chosensofar and to display the
step for this choiceasthe current step. Figure 6.11 shaws the trace at this point.
The upper left corneris the trace step for picking a non-deterministic choice for
solve(:(...)) , the upper right corneris the sourcecode with the code for the
choicein the trace browser highlighted, and the lower panel shavs the computa-

tion structure with the current path through the trace highlighted. Sincewe were
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Figure 6.11: Trace of buggy Dutch national ag program

152



CHAPTER 6. EXAMPLES

interestedin whether or not red and white were actually swapped we moved the
trace badk one step. This step shoved that red and white had been swapped.
The term for this step was solve (red : [] ++[white,blue,white])

Now blue andwhite must be swappedto geta solution. Sowe cortinuedalong
the path we had followed so far choosing the path in the computation structure
for swapping blue and white . We noticed immediately that this path leadsto
a failure as can be seenin gure 6.11. This causedus to think that the bug for
this program was somewherebetween choosingto swap blue and white and the
failure. Sowe stepped through the trace one step at a time in the trace browser
starting with the step for choosingto swap blue and white . After looking at v e
trace stepswe noticed that for the condition to ewaluate to a success]red,...]
must be equalto [blue,...] . Obviously, this can newer happen sincered can
not be equalto blue. With this information we then wert badk in the trace to
seewhy blue must be equalto red. We wert bad to the previous choice step
to examine how the condition was created. Here we noticed that the condition
is[] ++(red : [] ++[white,blue,white]) =:= [blue,y,white,z] . At this point
we realizedthat there is no way for red to match anything on the right hand side
sincethere is no free variable for it. Sowe addeda free variable to this rule giving
usthe codein gure 6.12.

We could have also found this bug by looking at the path in the computation
structure that correspndsto applying the third rule of solve and then the rst
rule of solve . If we had chosenthis path then we would have found the bug much
faster sincethe path for applying the third rule of solve immediately leadsto a

failure as can be seenin gure 6.10.
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data Color = red | white | blue

mono_
monoc

solve flag

solve flag

solve flag

solve flag

I

Cc .

monoc

| flag =:=
= solve (x
where X,y,z
| flag =:=
= solve (x
where X,y,z
| flag =:=
= solve (x
where X,y,z
| flag =:=
= flag

X ++ whitety ++ red:z

++ red:y ++ white:z)

free

X ++ blueyy ++ red:z

++ red:y ++ blue:z)

free

X ++ blue:y ++ white:z

++ white:y ++ blue:z)

free

monored ++ monowhite ++ monoblue

Figure 6.12: Correct Dutch national ag program
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Conclusion

7.1 Future Work

While we have made much progresson creating a debuggerfor Curry, there is still
more that can be done. Firstly, we would like to get feedba& from usersabout
TeaBag. Our views and conceptsabout the usability of TeaBagfor debugging
cortain natural prejudicessincewe createdit. Thus, wewould like to gainfeedba&
from unbiasedindividuals on how well TeaBagwas able to help them nd bugsin
their programs. Also, we would like to nd out how well TeaBagperforms as a
debuggerin true software dewelopmen. Currently, there is no compliart compiler
for TeaBag. Thus, debugginga program involves compiling the program partially
by hand. Without a compliart compilerit is impossibleto judge how well TeaBag
performsduring software developmen sincehand compilation takestoo long and
is too error prone to be practical.

To be able to gain this feedba& about TeaBagand to make TeaBaga debug-
gerthat canbe usedin real software developmen, a compliart compileris needed.
TeaBagis designedo usethe FLVM for running Curry programs. The FLVM also

hasno compliart compiler. Thus this problem extendsbeyond TeaBag. However,
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TeaBagrequiresmore compiledinformation, e.g. le positionsand variable names,
than the FLVM does. Adding this information by hand to the textual represeta-
tion of the byte-code is tedious and time consuming. Thus, one of the rst things
that needsto be donefor TeaBagis a compliart compiler needsto be created.

Curry programsthat work with TeaBagare compiledto atextual represetation
of byte-code that is loadedby the FLVM. The instructions in this byte-code were
modi ed to allow for debugginginformation sud as le positionsfor highlighting.
Howewer, this couplesthe debugging code with the set of \normal" byte-code
instructions. We would like to decouplethis by creating newbyte-code instructions
that are debugspeci c. Theseinstructions could be injected into the byte-code
stream by a compiler. Thus information like le positions would be speci ed
in these debug instructions. This would help to keep a separation of debugging
information from normal information in the FLVM. We beliewe this will help with
the long term maintenance of the FLVM's compliancewith TeaBag'sinterface.
By decouplingthe \normal" instructions from the debuginstructions both setsof
instructions can be changedindependen of the other.

In TeaBagthe processf nding aparticular resultin the computation structure
can be tedious. This is especially true when the seart spaceis large. We would
liketo add a seart featureto the computation structure that would allow the user
to seart for particular termsin the seart space.This feature would be useful for
wrong answer bugs. It would help the userquickly identify the path in the seard
spacefor the wrong answer.

In an attempt to make the changesto the FLVM as simple as possiblethe de-

buggerhandlesthe les assaiated with tracing. Howewer, marshalingand unmar-
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shaling the watch ewerts sert by the FLVM is time consuming. One optimization
we foreseeis moving the le handling to the FLVM and having it write the trace
stepsdirectly rather than through the debugger.

Many times it would be nice to seesomeof the previous stepsduring runtime
debugging. We would like to make it possiblefor the userto view a userde ned
number of previousstepswhena breakpoint is encourtered during runtime debug-
ging. The usershould be able to de ne how many previous stepsthey wish to be
ableto see.The higher this number the more overheadthere will be and thus the
debuggemwill run slowver. Conversely having more stepsavailable to the usergives
them more information for debugging. To not incur the overhead of sendingall
stepsover the sacket to TeaBagthe virtual machine would track thesestepsin a

circular bu er and then sendthem to TeaBagwhen a breakpoint is encourered.

7.2 Related Work

Much e ect hasgoneinto declarative debuggingof functional logic languageg45,
19,44, 25,6, 7, 5, 8, 26, 24, 4] while not as much work hasbeenspen on tracing
them. Three averuesfor tracing functional logic languageshave beenresearbed.
The rst oneis related to using box oriented debugging[36, 17, 16]. Howe\er,
researt in box oriented debuggingof functional logic languageshasbeendormart
for nearly ten years. The next oneis expressionevaluation tracers. This hasbeen
researbed in the context of CIDER [37, 38]. Since CIDER is an IDE for Curry
it doesnot focuson debugging. Rather the debuggeris just one of the tools that

the IDE provides. The authors of CIDER point out that their debuggeris better
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suited asa teaching tool than for debugginglarge programs. This is understandable
sincethe authors of CIDER werefocusingon the plug-in static analysistools that

CIDER provides. Our researb hasfocusedon how to make the trace of narrowing

stepsfor a functional logic languageuseful for debugging. Thus, our researb falls

into this secondcategory of functional logic languagetracers. The third category
of tracers for functional logic languagesis obsenational [21]. The work on this

tracer was being done at the sametime asour researti. Obsenational debuggers
showv the user the valuesthat functions and data structures evaluate to during

runtime.

TeaBagis a debuggerfor Curry. There are three other debuggersfor Curry:
Meunster [24], COOSy [21], and CIDER [38, 37]. Each of thesedebuggerstake a
di erent approad to debugging. Munster is declarative, COOSy is obsenational,
and CIDER is an expressionevaluation tracer.

Menster is a compiler for Curry that cortains a declarative debuggerof wrong
ansvers. TeaBagand Meunster take di erent approades to debugging Curry.
Meunster usesthe declarative semattics of the program for debuggingit. TeaBag
usesthe narrowing steps. Munster systematically asksthe user questionsuntil it
can deducewhere the bug is located. TeaBag, on the other hand, lets the user
investigate how their program is being executedto nd the bug. Given thesedif-
ferencesMunster and TeaBag should be viewed as complemetary, rather than
competing, debuggers.

Like Munster, COOSy takesa di erent approad to debuggingfrom TeaBag.
COOSy is an obsenational debugger. Thus COOSy lets the user view the val-

ues of expressions. To handle the non-deterministic aspects of functional logic
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programsCOOSy extendedGill's obsenational debuggingidea[33]to handle non-
deterministic seard, logical variables,concurrency and constrairts. Like TeaBag,
COOSy extended a functional languagedebuggingidea to handle all aspects of
functional logic languages. Alternate non-deterministic choicesin COOSy are
shown in a group and the bindings of logic variablesare displayed.

TeaBagis much more like CIDER in that both of them use expressionevalu-
ation tracers for their debugger. CIDER is an IDE for Curry that cortains a de-
bugger. Howewer, CIDER doesnot provide cortext hiding, highlighting, or a trace
structure suitable for debuggingnon-deterministicprograms. Thus CIDER is more
dicult to usethan TeaBagfor debugginglarge programsand non-deterministic
programs. While the solefocus of TeaBagis debugging, CIDER focuseson pro-
gram dewelopmen of which debuggingis just one aspect. Thus CIDER includes
analysis, editing, and compilation tools which are not in TeaBag.

In both CIDER and TeaBagthe user can set breakpoints. The use of break-
points is di erent betweenthe two debuggers.In CIDER breakpoints can be set
in the trace browser. Clicking on the next button in the trace browserwill move
the trace to the next step where the redex is rooted with the function that the
breakpoint is set on. Howewer, | could not nd a way to remove the breakpoint
and then single step through the remaining rewrite steps. Being able to set break-
points in the trace browseris a good way to deal with the size of the trace. It
lets the userjump to placesin the trace wherea term rooted with a function they
are interestedin is being rewritten. Howewer, once a user has moved the trace
to a point they are interestedin, they will typically want to single step through

the trace. As best | could tell CIDER doesnot let the userdo this. | could not
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nd a way to remove the breakpoint without setting another breakpoint. Sothis
meansthat in CIDER oncea breakpoint is set the usercan only jump from one
breakpoint to the next. TeaBagdoesnot let the userset breakpoints in the trace
browser. Breakpoints are only usedin the runtime debugger. The user can set
a breakpoint on the function they are interestedin. Then when the runtime de-
buggerhalts for that breakpoint they can trace the evaluation of the term rooted
with the function with the breakpoint. So TeaBaglets users nd particular steps
in a trace by not starting the trace until the user nds a term they want to trace
in the runtime debugger.While this providesthe samefunctionality as CIDER it
is not as conveniert to usefor jumping to a particular stepin a trace. Howeer,
this method of setting breakpoints and adding tracesin TeaBagprovides cortext
hiding. It canmake the sizeof the tracessmallerin TeaBag. It canalsoreducethe
sizeof the terms that are displayedto the user. Thus, tracesare typically easierto
read in TeaBag. CIDER's idea of having breakpoints in the trace browserwould
be a nice feature to add to TeaBag.

The big di erence between CIDER and TeaBagis how non-determinism is
presered to the user. CIDER is a debuggerfor Curry programsrunning on the
PAK CS system [35]. PAKCS compiles Curry programs by translating them to
Prolog. Prolog usesbadtracking to implemert non-determinism. CIDER presen
the trace to the user as a linear sequenceof steps where someof the stepsare
badktracking steps. (Seesection 3.2 for a discussionon linear tracesin functional
logic languages.) TeaBag also preselts the trace as a linear sequenceof steps.
Howeer, there are no badktracking stepsin this trace. The trace is the sequence

of rewrite stepstakento rewrite a term to oneresult. The trace of a term consists
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of multiple traces. There is onetrace for eat path in the seart space.Thus the
the useris presettied with multiple traces. They canthen selectwhich trace they
want to look at by selectinga path in the seart space. This separationof trace
stepsfrom the seard spaceis very bene cial when preseting a trace to the user.
In CIDER the seart spaceis linearized via badtracking and presented to the
userasa linear sequencef steps. Thus the seart spaceand the rewrite stepsare
mixed together. In TeaBagthe sear® spaceis separatedfrom the rewrite steps.
The seart spaceis presened asa tree of non-deterministic stepsand the trace is

preserned as a linear sequencef rewrite steps.

7.3 Final Conclusion

This thesis has preserted TeaBagwhich is a debuggerfor functional logic com-
putations. TeaBaghas been dewloped as an accessoryof the FLVM, a virtual
madine intended for the execution of functional logic programs. A distinctive
characteristic of this madine is its operational completenessThis meansthat the
strategy for the execution of non-deterministic stepsis concurrency rather than
badktracking. This strategy posesnovel demandson a debugger.

Our debuggerasboth typical featuresof functional and logic debuggersspecif-
ically featuresfound in tracers and/or runtime debuggers,and novel featuresfor
displaying and managingnon-determinism. In addition to standard featuressud
as cortext elimination, highlighting and breakpoints on functions and terms, the

usercanview the non-deterministic stepsof a computation and display only traces
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that make certain user-selectedteps. To our knowledge,this is the rst debugger

with this capability.
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