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Abstract

Di®erert tracing systemsfor Haskell give di®erert views of a program at work. In
practice, seweral views are complemertary and can productively be usedtogether.
Until now ead systemhasgeneratedits own trace, containing only the information
neededfor its particular view. Here we presen the designof a trace that can sene
seweral views. The trace is generatedand written to le asthe computation pro-
ceeds.We have implemented both the generation of the trace and seweral di®eren
viewers.

1 Intro duction

Usually, a computation is treated as a black box that performs input and
output actions, but whoseinternal workings are invisible. As programmers,
however, we may want to look into the black box to understand how the
di®eren parts of the program causethe computation to perform the obsened
actions. Often the computation doesnot perform the intendedactionsand we
have to determinewhich parts of the program causethe erroneousbehaviour.
Evenif a programis correct, we may desireto understandits parts better by
seeing\how it works"; especially whenwe have to modify a program that we
did not write ourseles. Also for teaching it is sometimesuseful to \see" a
computation.

In [2] we comparedthe Haslell tracing systemsFreja® [5,6] and HOOD 2
[3] with our Haskell tracer Hat 3 [9,10,11]. The main conclusionof our com-
parisonwasthat ead systemgivesa unique view of a computation and these
views are usefully complemenary. In experimerts, we discovered that after
using onesystemto help track a bugto a certain point, usersoften wanted to
changeto anothersystemto cortinuethe seart, or to con rm their suspicions.

1 http://www.ida.liu.se/~henni
2 http://www.haskell.org/hood
3 http://Iwww.cs.york.ac.uk/fp/hat
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All three tracing systemstake a two-phaseapproad to tracing: during
the computation information describingthe computation is collectedin a data
structure, the trace. After termination of the computation the trace is viewed.
An advantage of a trace as a concretedata structure is that it liberatesthe
viewer from the time arrow of the computation. Howeer, ead systemcreates
its own trace, cortaining only the information requiredfor its particular view.
We noted in [2] that Hat's trace, called a Redex Trail, contains nearly all
the information contained in Freja's trace. Hencewe decidedto extend the
RedexTrail structure to the Augmerted RedexTrail structure (ART). With
separatetools we can view an ART trace in at least three di®erent ways: p
la Freja, p la Hat and p la HOOD. WhereasFreja, HOOD and the old Hat
systemgeneratedtheir tracesin main memory, the new Hat writes the ART
traceto le ascomputation proceeds.Hat's newarchitecture hasthe following
advantages:

2 As a stand-alonedescription of a computation, the ART trace serwesasin-
terfacebetweentrace generationand trace viewing. The two phasesbecome
completely separate.

2 A trace in e supports sequetial accessand forms of indexed seart that
were not feasiblefor heap-basedraces.

2 The ART trace clari es the relationships betweenthe di®eren views of a
computation. It suggestsways for integrating di®erern views and creating
new views.

2 The size of the trace is no longer bound by the size of the main memory
but only by the far larger sizeof the Te store.

2 The trace is no longertransient but can be archived for later viewing.

2 Trace systemdewelopers only needto implemert trace generationoncefor
se\eral views.

2 The useronly pays the cost of generatinga trace oncefor seweral views.

In Section2 we reviewthe RedexTrail of the old Hat system,while Section
3 brie®y illustrates somealternative tracing views. In Section4 we dewelop
in seweral stepsthe new Augmerted Redex Trail structure. In Section5 we
descrike how se\eral tools for di®eren views obtain their information from
the ART trace. In Section6 we outline the generationof the ART trace. In
Section7 we discussideasfor future work. Section8 concludes.

We have modi ed Hat to producethe ART trace and have implemerted
new tools for viewing the trace in the style of Freja and HOOD. The system
has beenpublicly releasedas Hat 1.04.

2 The Redex Trail Mo del

Let us view a computation abstractly as a seriesof rewrite steps. Starting
from a single expression(main), at eat step a reducible expression(redex)
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is replaced by another expression(its reduct), by instantiating the Ihs of
an equation, and replacing it with the correspnding instance of the rhs.
Eventually, only irreducible expressiongvalues)remain.

The original Redex Trail structure is a directed graph, recording copies
of all valuesand redexes,with a badkward link from ead reduct (and eat
proper subexpressioncortained within it) to the parent redexthat createdit.

2.1 Example
oneTrue .. [Bool] !' Bool
oneTrue [] = False

oneTrue (X : Xs) = xor X (oneTrue Xs)

xor > Bool ! Bool ! Bool

xor X True = not X

xor _ False = True

main = print (oneTrue [False not True])

Fig. 1. Example program

The small example program shovn in Figure 1 producesthe Redex Trail
illustrated in Figure 2. A subexpressionwith a di®eren parert is represemted
as a box within a box. A solid arrow denotesthe parert relationship. Of
course,the useris not expectedto seeand understand a complete graph of
this nature. A tool called the Redex Trail viewer permits the whole graph
to be explored interactively one expressionat a time, as illustrated in this
shapshot:

2 True

not False

xor False True

2 xor (not True) False
5 oneTrue []
oneTrue (not True : [])

oneTrue (False : not True : [])

1 main

Ead redexis shovn on a separateline. The parert of an expressionis
shown below it. (Becauseparerts areshavn below their children in the viewer,
we have drawn the full graph in Figure 2 similarly.) The parert of a whole
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True

not

xor |False | |True]

xor |(not True)

l
oneTrue III

oneTrue [[not True]

o
not True]

Fig. 2. An example of a Redex Trail

oneTrue [False,

main

redexstarts in the samecolumn, whereasthe parernt of a proper subexpression
is further indented. Underlining, and colouring if available, is usedto shaw to
which subexpressiona parert belongs.

2.2 Structure

Figure 3 formalisesthe Redex Trail structure as a set of concrete Haslell
types. An App noderepreseis a redexin the obviousway, with atrace for the
function and separatetraces for ead argumen. It also cortains the parent
trace describing the redex that createdit. Ead function and argumert is
likewiseof Trace type andthereforehasits own, possiblydi®erern, parert. The
SrcPostype recordsthe location in the sourcecode of the relevant application
site on the rhs of a de nition.

A Const noderepresems anirreducible value (an Atom), sud asaninteger,
character, or a constructor or namedfunction from the program, represeied
simply as a string identi er. (In the latter case,a SrcPos is assaiated with
the identi er to record its static de nition site.) A Const node also has a
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data Trace = App f fun :: Trace; args:: [Trace]
; parent :: Trace; src :: SrcPosg
j Const f value :: Atom

; parent :: Trace; src :: SrcPosg

j Root
data SrcPos= SrcPos f e :: FilePath
; line :: Int ; column :: Int g
j NoPos

data Atom = Id String SrcPosj IntVal Int j CharVal Char j :::

Fig. 3. The original Redex Trail structure.

parent redex and a SrcPos to indicate its dynamic origin. For instance, two
usesof the function f in a computation may have di®eren positions in the
sourcecode, becausethey are introducedto the trace by rewriting di®erer
redexes.

Finally, it is possiblefor a redexto have no paren, represeted simply as
Root. This clearly occursat the very start of the computation, namelyfor the
main function. It alsoappliesin the caseof other top-level pattern-bindings
(caf s).

3 Alternativ e Views

Wewould liketo adapt the original RedexTrail structure to support additional
styles of viewing, such as Algorithmic Debuggingand Obsenations. Sowhat
do these views look like? And what information do they require from the
trace?

3.1 Algorithmic Debugging

Algorithmic Debuggingis a well-known techniquein declarative languaged8],
implemerted for a subsetof Haslell by the Freja system[5]. The algorithm
locates an error in a program, given a user who can provide answers to a
sequenceof questions. Eadh question concernsa reduction of a redexto a
result, presened as an equation. The user should answer yes if the equation
is correctwith respectto his intentions, and no otherwise. After somenumber
of questions,the systemidenti es an incorrect function de nition.

Hereis sud a sessionfor the example program of Figure 1. The symbol
_' represetts an expressionthat has newer been evaluated and whosevalue
hencecannot have in°uenced the computation.

1> oneTrue (False:_:[]) = True (Y/?IN): n
2> oneTrue (_:[]) = True (Y/?/N): n

3> oneTrue [] = False (Y/?IN): vy

4> xor _ False = True (Y/?/N): n

155



Walla ce, Chitl, Brehm and Runciman

Error located!
Bug found in: xor _ False = True

Freja createsan Evaluation DependencyTree(EDT) asits trace structure.
Figure 4 shavsthe EDT for this example. Eadch node of the tree is a reduction.
The treeis basicallythe derivation/pro of tree for a call-by-valuereduction with
miraculousstopswhereexpressionsre not neededfor the result. The call-by-
value structure ensuresthat the tree structure re°ects the program structure
and that argumeris are maximally evaluated.

main ) True

oneTrue [False, ] ) True

— —

oneTrue [] ) True xor False True ) True

AN

oneTrue [] ) True| |xor _ False ) True| |not False ) True

Fig. 4. An Evaluation DependencyTree

The viewer dialogue walks the tree, presening eat node as a question{
someanswers permit somebranchesof the tree to be ignored.

To allow algorithmic debuggingstarting from a Redex Trail rather than
an EDT, we needto add the ability to extract redexesfrom deepwithin the
Trail { for instance, the very rst questionis about the reduction of main,
which lies at the farthest tip of the RedexTrail graph. Furthermore, we need
to record dependencyinformation in the opposite direction { the reduction of
an expressiondependedon what sub-reductions?

3.2 Observations

HOOD [3] allows obsenation of individual valueswithin computations. The
programmerannotatesthe expression(spf interestin the program sourcewith
the combinator observe. For ead annotation, HOOD recordsthe value in
all of its intermediate stagesof ewvaluation, so that after termination of the
computation the obsened expressioncan be shovn to exactly the degreeto
which it was demanded.

By a few clewer tricks, HOOD can record not only data values, but also
functional values,againonly to the degreethey are really usedin the compu-
tation. Thusa functional valueis recordedasa bag of actual argumeri/result
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data StoredEvent

Value f value :: String
; inside :: Ref ; position :: Int g
j Constr f name :: String; arity  :: Int
; inside :: Ref ; position :: Int g
typ e Observation Ref ! StoredEvent
data ObserveValue = Value f value:: String g
j Constr f name ;2 String
; arguments:: [ObserveValue] g

Fig. 5. The two HOOD obsenation structures. StoredEvents are recorded as a
simple sequenceduring the computation, but the viewer must later traversethe
StoredEverts to construct an ObservedValue that can be displayed.

mappings[4].

Here we illustrate the output when observingthe functions oneTrue and
xor in our exampleprogram. The symbol "' againrepresems an unewaluated
expression.

oneTrue (False:_:[]) = True
oneTrue (_:[]) = True
oneTrue [] = False

xor False True = True
xor _ False = True

The HOOD trace structure (sketchedin Figure 5) is a sequencef individ-
ual ‘ewvents'. Every evert represets the creation of a data value or constructor
(in whnf ) during the computation. It hasa badkwardslink to identify the en-
closingdata structure of which it is a componert, and the particular argumert
position it occupies. Ead constructor alsohasa note of how many argumert
“holes'it canaccept. A functional valueis treated like a data constructor with
two componerts, an argumert and a result.

At viewing time, the HOOD viewer transformsthe stored structure inter-
nally by constructing forward links from ead constructor to the nal value of
ead of its componerts. This can be expensiwe for a large structure.

The most notable di®erenceébetweenthesestructures and the RedexTrail
is that HOOD storesonly irreducible values, not reducible expressions.An-
other major di®erences that HOOD recordsonly individual annotatedvalues,
not a full trace of the whole computation.

In another paper at this workshop Reinke describesa graphical viewer for
HOOD obsenations [7].
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4 The Augmen ted Redex Trail Structure

The EDT structure usedin Freja's algorithmic debuggingis very similar to
a substructure of the Redex Trail, but with pointers reversed. Most of the
information in HOOD's Obsenations can be derived from either an EDT or
a Redex Trail by searting through those structures for named values and
sourcepositions. The RedexTrail lacks somesmall piecesof information that
would permit the reconstruction of an EDT by the reversal of pointers. This
samelack alsopreverts the reconstruction of Obsenations.

In this sectionwe extend the original structure in stagesto becomethe
Augmerted RedexTrail, or ART structure. 4

4.1 Linearisation and Explicit Sharing

The original RedexTrail is an ephemeralheap-basedstructure, but we want
to storethe tracein a le soit is persistert, doesnot depend on connectinga
viewer to a live program, and can be accessednany times by di®eren tools.

The original Redex Trail type Trace (in Figure 3) is self-recursie, so to
placeit in Te requiresthe structure to be linearised. Linearisation givestwo
bene ts: we can write the trace into the Te onenode at a time; and we can
access part of the trace piecemealwithout necessarilyfollowing all possible
paths. In both cases,etciency is important. when generating, sequemial
writing is best; when viewing, the viewer tool should needto read only a
small fragmert of the whole structure.

Another bene t of linearising the structure is that it makes sharing of
nodes explicit. In the original graph model, sharing and cyclesare implicit
via the self-recursie type, but in the new model this information is revealed
directly to the viewing tool. There is a great deal of sharingin a trace of a
typical program.

data Expr = App ffun :: Ref; args:: [Ref]
; parent :: Ref; src :: SrcPosg
j Const f value :: Atom
; parent :: Ref ; src:: SrcPosg
j Root
typeTrace = Ref | Expr
data Ref = NoRef jRef FilePosderiving Eq

Fig. 6. The linearised Redex Trail structure.

Figure 6 shows how the trace structure changesto accommalate lineari-
sation. We renamethe original Trace datatype to Expr, and all self-recursie

4 The concrete types preserted in this section are a slightly abstracted view of the real
trace structures in our current implementation.
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usesof the type becomeexplicit pointers Ref. The new Traee type de nesa
unique mapping from Refsto Exprs. The Root constructor is replacedby the
null referenceNoRef. Every Expr node of the graph can be written to or read
from a Te individually. A Ref canalsobe updated in-place (seeSection4.2).

The trace structure asa wholeis a sequenceof Expr nodes,and the eval-
uation order of the program is apparert from the implicit ordering of Expr
nodesin the Te.

4.2 Redexeswith Results

The original Redex Trail structure recordsall of the intermediate stepsin a
reduction sequencebut the links are madeonly in onedirection { badkwards{
allowing exploration only from "e®ectsto "causesin a viewer. Howeer, both
Algorithmic Debuggingand Obsenations presern equationsin their viewers,
and hencerequire a ‘forward' link from every redex(lhs ) to its reduct (rhs).

In Figure 7 we onceagain modify the concrete Haslell represemation of
the trace structure, this time to incorporate the “forward' or result links.

data Expr = App ffun :: Ref; args : [Ref]
; parent :: Ref ; src . SrcPos
; status :: Eval; result:: Ref g
] Const f value :: Atom
; parent :: Ref ; src . SrcPos
; status :: Eval ; result Ref g
Applledj Blackholel | Completei j Value

data Eval
Fig. 7. The core of the Augmented Redex Trail structure.

Although it may appear that the parent and result pointers simply repre-
sert the samerelation with directions reversed,this is not so. A redexhasat
most one outgoing result arc { to the singleexpressiont is rewritten to { but
it can have many incoming parert arcs,becauseit is the creator of all subex-
pressionswithin the reduct. Hence,a result arc represefs equality whereasa
parert arc represems only inclusion.

A Const represeting a basic value (e.g. integer/character) has a parent
but no result; a Const which is an identi er (e.g.a top-level pattern-binding)
could have a result, but no parent; often a Const identi er (e.g.local pattern-
bindings) hasboth a parent and a result.

4.3 Unevaluatel Expressions

Together with the result pointer we introduced a status:: Eval eld. Even
though an Expr is created,the expressiorit represeis may never be evaluated.
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This has consequencefor how a viewer shouldinterpret the result pointer. °

Every Expr can potentially go through three possiblestates. Initially , it
Is created by rewriting another expressionaccordingto someequation (its
status is Applied and its result pointer is unde ned). At somelater point in
the computation, the value of the expressionmay be demanded,or "ertered'
(status now becomedBlackholal). At that point the result pointer is setto the
newly written Expr that represets the reduct. Later again, the expression
may becomeevaluated to a result expression(although this of course may
still cortain unewaluated subexpressions).At this point, the lazy ewvaluation
medanismdoesan "update’, overwriting the original expressiorwith its result.
In the trace, howewer, we do not overwrite the Expr, but update only the
status to Completel (seex6.2). The nal possibleEval status of Value is for
irreducible expressions:an Atom, or an App with a data constructor in the
function position. The result pointer for a Value is unde ned.

4.4 Example

The augmerted version of the Redex Trail graph from Figure 2 is shown in
Figure 8. The subexpressiorrelationshipis now shavn asa pointer (solid line).
Parerts are shovn as dotted lines, and results as dashedlines. Expressions
are annotated with their status.

4.5 Entry Points to the Trace

Every ART viewingtool needsan entry point at which to beginits presertation
to the user. Theseertry points can be di®eren for di®eren tools.

The ertry point for algorithmic debuggingis the “beginning' of the com-
putation, the evaluation of the main function. In every ART trace, the Expr
for main is the rst Expr in the generatedsequence.

The ertry point for someother viewersis at the “end' of computation, for
instance when reconstructing a virtual stad-trace from an error messagepr
when exploring a RedexTrail badkwards from the program output. This sug-
geststhat both the program output and any error messagesust be recorded
in the trace, sincethey arethe “end-points’ of the program. Output and errors
are easily addedto the ART structure as strings with parernt pointers. The
output neednot be monolithic; it canbe spreadacrossmany strings; howewver
we do not discussherethe various possibleways to split the output, nor how
to storeit in the Te in a mannerthat permits quick access.

Other viewersmay have variable entry points. For instance,a HOOD-style
obsenation may needa named function or sourceposition, and retrieve the
relevant information by linear seart through the trace.

5 The original Redex Trail structure had a kind of node (Sat) which incorporated aspects
of both the result pointer and the status marker, but these nodeswere transient, removed
from the graph oncean expressionwas evaluated. The Sat node did not permanertly record
the full information required to forward-link every redexto its reduct.
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Fig. 8. A Trace

4.6 Other Re nements{ Lamkda, Do, Case,|f, Guard

Not all expressionsn Haskell are either a simple value, an application of a
constructorto argumerts, or an application of a namedfunction to argumerts.
We also have anorymous functions (lambda expressions),monadic bindings
(do statemerts), and various forms of conditional operations (ifs, cases,and
guards). For conditionals, it is important to recordin the trace not merelythe
“nal result, but how the decisionwasreahedto take a particular branch. We
follow much the sametreatment for theseextra constructsasin the original
Redex Trail structure. For lambda expressionswe introduce a new kind of
Atom to represem any function without a name, and the various kinds of
conditional are handled by introducing new kinds of Exprs, ead of which
di®ersonly slightly from the standard App kind.

4.7 Projections

There are situations that areslightly tricky to record, dueto interesting conse-
guencesf the lazy evaluation model. One sud is projections. In a de nition
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likeid x = X, the questionis, who is the parent of x? In onesenseijt isid,
yet in another sense,id is merely passingon the value without touching it,
sox's parert is really whatever expressioncreatedit, not id. Onceagain, we
follow the original Redex Trail structure by introducing another special kind
of Expr, the Proj node, which can be thought of as attaching an additional
projective parernt to the referencedredex.

4.8 Trusting

Finally, it is sometimesdesirable not to record all reductions in the trace
structure { we trust somefunction de nitions, suc asthosein the Standard
Prelude [10]. There are two main reasonsfor trusting. The rst reasonis to
improve performance.Trace les are very large and quite slow to write. If we
know that certain parts of the trace are not of interest, it makessenseto omit
them. The secondreasonis to reducethe amourt of information preserted to
the user of a trace-viewingtool.® Tracescortain a huge amourt of data, so
a trace that appearstoo complexcan actually hide the information the user
wants. We do not elaborate the details of the trusting medanism here.

5 Multiple Views from a Single Trace

Having outlined a unifying trace structure, we must now demonstratethat it
can satisfy the needsof the Redex Trail, EDT, and Obsenation views. We
have built three separateviewerswhich mimic the userinterface behaviour of
the three previous systems(Freja, HOOD, and the old Hat). In this section,
we descrile how the required information is reconstructedfrom the new ART
trace.

5.1 A RedexTrail View: hat-trail

The original RedexTrail structure canberecoveredby following mainly parert
pointers. The result pointer chain is usedto showv a subexpressionn its most
evaluated form. The original Hat browser has beenadaptedto usethe new
ART trace, and is now called hat-trail . The viewer starts with program
output or an error messageand enablesthe user to interactively explore a
computation backwards from e®ectto causeby revealing the parert (origin)
of any selectedsubexpression.

5.2 A Static Call Stack: hat-stack

One special-caseuseof the parert pointers is to show a static call-stadk badk-
trace from any error messageThis doesnot represem the real lazy evaluation
stak | often sadly incomprehensible.Instead the badctrace givesthe virtual

6 It would of coursebe possibleto implemert a trusting medanism in the viewing tool
itself, rather than omitting the data from the trace altogether.
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stack showving how an eagerevaluation model would have arrived at the same
result. In our system,this tool is hat-stack .

5.3 Algorithmic Debugging:hat-detect

The tool hat-detect providesAlgorithmic Debugging,by extracting a virtual
EDT by need'from the ART trace structure.’ It can be seenfrom Figure 4
that we needthree kinds of information from the trace: rst, the EDT's root
node; second,an EDT node's label, where a label is an equation cortaining
an application and its result; and third, the children of an EDT node.

The root node of the EDT is always the main caf , found at the beginning
of the trace Te.

Each EDT labelis an equation: the Ihs is an application or caf itself, and
the rhs is its result in its most fully evaluated form. When an App or Const
has a status of Completel, we can follow the result pointer to determine the
evertual value. The immediately referencedhode might in turn be Completeal,
so the result chain must be followed iteratively untii we nd a node with
an Applied, Blackholel or Value status. An Applied node was unewaluated,
thereforeit cannot have in°uenced the execution. It is presertied to the user
asa _' symbol. A status of Blackholel is similarly displayed as?. Only a
Value status represeis a geruine result, either a simple value or a complex
structure, and can be printed asa normal expression.

To determinethe children of an EDT node,we must nd all fully-evaluated
applications on which the evaluation of the current node depended. The rst
child of a EDT node p, may be found by following p's ART result pointer, but
the referencednode q is a child only if its statusis Completal or Blackholel.
(Only with one of these status annotations doesthe node descrike an appli-
cation or caf whoseresult was actually demanded.) Further children can be
found if q is Completel, Blackholel or a Value. In thesecasesthe argumert
pointers of g are considered.If an argumert's ART parert is alsop, provided
the argumert itself is Completal or Blackhola, it is alsoa child of p. More
children can be found recursiwely by the samemethod.

In this way, all the information necessaryto de ne a computation's EDT
can be retrieved from an ART trace Ie.

Only applications of top-level identi ers are consideredby hat-detect . A
locally de ned function may dependon the valuesof freevariablesboundin an
enclosingscope. To decidewhether an application appearsto be correct, the
programmerneedsto know the valuesof the freevariables,yet the ART trace
doesnot record any direct link to thesevariables. Program errors found by
our tool therefore always refer to the top-level function; computation within
local de nitions is attributed upwards to its enclosingtop-level de nition.

7 Although we describe the reconstruction of an EDT as if performed in one pass, the
implementation neednever build the whole structure - it can be constructed and traversed
piecemeal.
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The dialogue presened by hat-detect is straightforward to arrange, fol-
lowing the standard debuggingalgorithm. It starts at the root of the EDT,
the main caf . If the programmeranswersthat a nodelabel is erroneousheis
asked about the correctnesof its children, but children of nodesiderti ed as
correctneednot be considered.An erroneousnode with only correct children,
or no children at all, is the location of the bug.

5.4 Observationof Functions: hat-observe

Our tool hat-observe displays all function applications of a given identi er
within a computation. Unlike HOOD, no annotations are neededin the pro-
gram's sourcecode. As the obsened identi er is chosenindependerly of the
program run, it is easyto make a number of successig obsenations without
modifying or rerunning the computation.

The tool obsenesa function by seartiing sequetially through the trace
‘le. First, the iderti er itself is found asa Const node cortaining an Id atom
with the name. (Seestructures in Figures 7 and 3). Then ewery application
node is chedked for a referenceto the given Const in the function position.

To deal with partial applications we must seart the ART trace not only
for referencego the original Const node, but for referencegso any application
which in turn referencesthe Const, and so on recursiwely. If the function
involved in an application is a reducible expression(with a function asresult)
we must follow this expression'sforward result link, to seewhether it is the
desiredfunction, or a partial application of it. The costof suc searding from
application nodesto determine the assaiated function turns out to be low,
asthe relevant expressionsare usually found closeto the original application
node. In particular, an additional Te accesss very rarely needed,as these
expressiongare usually within the Te's bu®er. Linearisation ensuresthat the
function referencein an application node can only refer to an earlier node in
the trace®, soa singlelinear scanthrough the trace is su+cient to collect all
applications of a speci ed function.

Not all applications or caf s have results { they may be unewaluated, or
an application may be partial { but wherea result is available, the rhs of the
equation can be determined as descrited in Section5.3. All applications or
caf swith results are displayed asa list of equations.

To avoid redundart output, equivalert or lessgeneralapplications of the
identi er can be omitted in the display. One application of an identi er is
consideredmore generalthan anotherif all its argumerts arelessde ned (due
to lazy ewvaluation). To avoid problems with local functions capturing free
variables, as descriked in Section 5.3, we again only permit obsenations of
top-level functions.

Our tool shaws all applications of the function throughout the program,
whereasHOOD obsenes a speci ¢ function application at one point in the

8 All Refsin the ART structure, apart from the result, refer to earlier nodes.
164



Walla ce, Chitl, Brehm and Runciman

sourcecode. Howewer, becausethe sourcecode position is recordedin the
ART trace, an equivalernt feature could be achieved by a di®eren interface,
perhapsa sourcecode browser allowing the userto selectexpressiongo be
obsened.

6 Trace Generation

The dewelopers of Freja, Hat and HOOD made di®ereni choicesabout the
architectural level at which they implemerted the creation of the trace. For
instance, in HOOD the trace is created by the conbinator observede ned
in a high-level Haslell library, which usesside-e®ectingl/O to record the
information. In Freja the trace is createdin the heapby low-level variants of
the graph reduction madine instructions [5].

To generatethe new ART trace [11] we took the old Redex Trail ap-
proac, but adapted to write tracesto e instead of constructing them in
heap memory First, the original program is transformed into a new pro-
gram that computesits trace in addition to its normal result. Second,the
transformed program is compiled. Third, the compiled programis run. The
computation writes atrace to Ie in addition to any normal I/O of the original
program. Fourth, the trace is viewed.

Currently the program transformation is performedby an early phaseof
the Haslell compiler nhc98. Howewer, we intend to separatethe transforma-
tion from the compiler, sothat the transformedprogram canbe compiledwith
all Haslell compilers. The Augmened Redex Trail approad is then poten-
tially as portable as the HOOD implemertation, in cortrast to Freja. The
principle of using an automatic source-to-sourceéransformation, coupledwith
a library of combinators written in standard Haskell, permits the possibility
of using any Haskell compiler systemto generatean ART trace.

6.1 The Program Transformation

The transformation wraps every expressionof the original program into the
R data type, which is de ned asfollows:

data R® = R ®Ref

The Ref is a referenceto an Expr node of the trace in Te. The pairing
assuresthat an expressionand its description \tra vel together” throughout
the computation, sothat when expressionsare plumbed together by applica-
tion, the correspnding descriptionsin the trace can be plumbed together by
creating an App node at the sametime. Trace nodes are written to le by
side-e®ectsvhich are triggered when certain expressionsare evaluated. All
the plumbing and writing of trace nodesis performedby conmbinators which
arede ned in alibrary.
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The program transformation introduces numerous calls of the conbina-
tors into the program. For example, hereis the original oneTrue de nition,
together with its transformed version.

oneTrue .. [Bool] ! Bool
oneTrue [] False
oneTrue (X : xs) = xor x (oneTrue Xs)

oneTrue :: SrcPos! Ref ! R (Ref ! (R[Bool]) ! R Bool)
oneTrue sr p = funl(mkAtomld \oneTrue" 7) oneTrueW sr p
where
oneTrueW :: Ref ! R[Bool] ! R Bool
oneTrueW p°(R[].) =
con0 (mkSicPos 2) p®False (mkAtomlid \ False' 6)
oneTrueW p°(R (x : xs) ) =
rap2 (mkSicPos 3) p°(xor (mkSicPos3) p9 x
(apl (mkSicPos4) p®(oneTrue (MkSicPos4) pd xs)

In this examplethe combinators funl, conO, apl, rap2, mkAtomld, and
mkSrcPos are used. The combinator funl wraps the function oneTrueW,
which doesthe actual work, with R constructors. The combinator con0O wraps
the constructor False The combinators apl and rap2 assurethe correct
plumbing of applications. The combinators mkAtomld and mkSicPos build
referencedo detailed information about the identi er oneTrue, the construc-
tor False and various sourcereferences. Numeric argumerts are indexesto
tablesthat cortain the detailed information.

Very similar combinators were usedin the old Hat system. The most
important di®erenceis that the new Hat combinators now record the trace
nodesdirectly to Te.

6.2 Writing with Updating

The main technical obstacleis that the trace is a (usually cyclic) graph which
is cortinuouslymodi ed during generation. Thesemodi cations wereno prob-
lem in main memory but for excient writing to Te updateshave to be min-
imised.

We assumethat writing nodesto e hasmuch better performanceif it can
be achieved sequetially. Howewer, even a cursory examination of the ART
structure tells us that after writing an Expr node to Te, it is highly likely
that we will needto return to it to update the result pointer. Although some
expressiongemain completely unewvaluated throughout the computation, the
vast majority of intermediate expressionsre indeedenered and evaluated to
their reduct.

166



Walla ce, Chitl, Brehm and Runciman

What is more, in our schemethere are two possibleupdatesfor ead Expr,
one on enering the expression(Applied ! Blackholal), and another on its
completion (Blackholel ! Completeal).

Howewer, we obsene that a Blackholel expressionis almost always tran-
siert. The only situation in which suc an annotation canremainin the nal
trace is when the program's overall result is unde ned, suc as an error or
interruption. We also obsene that the order in which trace expressionsare
ertered and then completed follows a strict stadk discipline, mirroring the
ewvaluation stac of the underlying abstract macine. Hence,we do not up-
date Applied to Blackhol& on entry, but only write the remaining stadk of
“bladkholes' at the end of the computation should it fail.

We alsotry to avoid interspersingthe nal update of ead Expr with the
sequetial generationof nodes. This is easilyadchieved by storing alarge queue
of updatesthat are performedall at once.

7 Future Work

The practical questionsthat interest most peopleare about time and space.
How largeis the trace? And how long doesit take to produce,relative to the
original computation?

An ART trace is undoubtedly big, to be measuredn megalytes for a com-
putation of any signi cant size. We estimate about 40{50 bytes are required
per reduction. The largesttrace we have yet generatedis 240Mb in size,for a
computation of around 6 million reductions(a chessend-gamesolver). Traced
computations alsotake about 50 times longer than normal computations.

If Hat is to be usedfor substartial computations, we have to reducethe
slow-down factor for traced computations. The fact that only 10% of traced
computation time is spert on actually writing to le demonstratesthat the
implemertation of trace generationcan be improved. Sincethe computation
of a transformed program spendsmost of its time evaluating the conbinators,
excient de nitions of the combinators are vital. We will also separatethe
program transformation from nhc98, so that a transformed program can be
compiled by an optimising Haskell compiler such asghc. Not only would this
improve absolute runtimes, but aggressie optimisation may also reducethe
relative slov-down. Furthermore, the computation of trusted function de ni-
tions is not yet much faster than that of untrusted de nitions. We intend to
investigate how transformed modules can be conmbined with trusted untrans-
formed modules. Sud a scheme,not requiring accesdo the sourcesof trusted
modules, would also aid portabilit y.

Other issueswe want to addressinclude:

2 Currently 1/0O actions are traced in a rather ad hoc way that works well
only with someviews for simple I/O only. We aim to dewlop a general
method for tracing 1/0 actions.
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2 We warnt to solve the problem that none of the views copeswell with pro-
gramsthat make substartial use of higher-orderconbinators, for example
in monadic or cortinuation-passingstyle.

2 We plan to extend hat-observe to obsene valuesat any program point.
We could also add information about free variablesto expressionsin the
trace, sothat hat-detect and hat-observe canshow a fuller trace of local
computation. It may ewven be desirableto switch levels of detail within a
view.

2 There is scope for new viewing tools. For instance,the evaluation order of
the computation is stored implicitly in the sequencen which Expr nodes
arewritten to le. Hence,the computation, or selectedparts of it, could be
shavn as an \animation", perhapsin the style of GHood ®. We could also
o®era \stories" view in the style outlined in [1]. A more specialisedtool
could isolate the circular self-deendencythat ewokesa \blackhole" error.

2 We have begun to integrate hat-detect and hat-observe into a single
tool. Evertually we hope for a full integration allowing the programmerto
switch betweenviewsat any point during the exploration of a computation.

2 How can we evaluate the useability of Hat in practice and gain information
to improve it?

More generally we intend to study the properties of the ART trace fur-
ther. Is the trace completewith respect to information, sud asrecordedre-
ductions, intermediate unewaluated expressionsand values,and with respect
to distinctions and relationships, sud as sharing and evaluation order? How
corveniertly and e+ciently canoneaccesdhe trace to obtain a speci ¢ snip-
pet of information? Can we claim somesort of \univ ersality" for the trace
structure, in terms of the range of queriesit can support? How are all these
propertiesa®ectedoy trusting? Doesthe exclusionof trusted redexedrom the
trace compromisethe readability of individual trace nodesfrom designated
ertry points?

There should be a closerelationship betweentracing and operational se-
maurtics, both of which aim to describethe relationship betweena programand
the obsened actionsof a computation of the program. We have begunwork to
de ne the ART trace and speci ¢ viewsthrough consenative extensionsof an
operational semarics of a program. Di®eren kinds of formal semartics may
suggestmew viewsfor tracing. For instance,the evaluation dependencytree of
algorithmic debuggingis closelyrelated to a big-step structured operational
semattics; the Redex Trail view was inspired by graph-rewriting madines;
the obsenation of valuesrecallsdenotational sematrtics, esgecially the view of
functional valuesas ( nite) mappings(‘minimal function graphs' [4]).

In principle, a semairtics de nes all the answers a tracer could give for
the computation of a particular program with particular input. A tracer

9 http://www.cs.ukc.ac.uk/people/staff/cr3/toolbox/haskell/GHood/
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makesthis information available. A tracer avoids providing its own semanics
but hooks on to a compilerinstead. A program transformation provides this
\ho ok" in a portable way. Even more important than the information in a
trace is its accessibiliy.

8 Conclusions

We have presened the new modular architecture of our Haslkell tracer Hat.
At its heart lies the new Augmented RedexTrail trace structure, designedon
the one hand to be written to Te while performing the traced computation,
and on the other hand to provide data suzcient for multiple views.

As an immediate result, we have widenedthe applicability of the new Hat
considerably Initial experiencescon rm the usefulnessof generatinga trace
only onceand viewing it in seweral di®eren ways.

The new modularity improves the understanding of the tracing process.
The newarchitecture hasalsoprompted usto asksomemoregeneralquestions,
sud asthosein the Future Work section.

9 Acknowledgemen ts

Many thanksto Amanda Clare, Henrik Nilsson,John O'Donnell, ClausReinke,
and Jan Sparud who eadt took time to travel to York and play with various
di®eren tracing systems.The feedba& from theseexperimerts wasextremely
valuable.

We alsothank the refereedor their constructive commerts.

The work reported in this paper was supported by the UK's Engineering
and Physical ScienceResearb Council under grant number GR/M81953.

References

[1] Simon P Booth and Simon B Jones. Walk backwards to happiness| debugging
by time travel. Tednical Report CSM-143, University of Stirling, 1997.

[2] Olaf Chitil, Colin Runciman, and Malcolm Wallace. Freja, Hat and Hood
| A comparative evaluation of three systems for tracing and debugging
lazy functional programs. In Markus Mohnen and Pieter Koopman, editors,
Implementation of Functional Languages,12th International Workshop, IFL
2000 LNCS 2011, pages176{193. Springer, 2001.

[3]Andy Gill. Debugging Haskell by observing intermediate data structures. In
2000 ACM SIGPLAN Haskel Workshop, 2000. Tednical Report NOTTCS-
TR-00-1, University of Nottingham.

[4]N. D. Jonesand A. Mycroft. Data Flow Analysis of Applicativ e Programs using
Minimal Function Graphs. In Proc. 13th Annual Symposium on the Principles of
Programming LanguagegPOPL'86), pages296{306, ACM Press,January 1986.

169



Walla ce, Chitl, Brehm and Runciman

[5] Henrik Nilsson. Declarative Debuggingfor Lazy Functional Languages PhD
thesis, LinkAping, Sweden, May 1998.

[6] Henrik Nilsson and Jan Sparud. The evaluation dependencetree as a basis for
lazy functional debugging. Automated Software Engineering: An International
Journal, 4(2):121{150, April 1997.

[7] Claus Reinke. GHood | Graphical visualisation and animation of Haskell object
obsenations. Proceedings of ACM Sigplan Haskel Workshop 2001, Septenber
2001.

[8] E. Y. Shapiro. Algorithmic Program Debugging MIT Press,1983.

[9] Jan Sparud. Tracing and DebugginglLazy Functional Computations. PhD thesis,
Chalmers University of Tednology, Géteborg, Sweden, 1999.

[10]Jan Sparud and Colin Runciman. Complete and partial redex trails of
functional computations. In C. Clack, K. Hammond, and T. Davie, editors,
Seleted papers from 9th Intl. Workshop on the Implementation of Functional
LanguageqIFL'97) , pages160{177.Springer LNCS Vol. 1467, Septenber 1997.

[11] Jan Sparud and Colin Runciman. Tracing lazy functional computations using
redex trails. In H. Glaser, P. Hartel, and H. Kuchen, editors, Proc. 9th Intl.
Symposium on Programming Languages,mplementations, Logics and Programs
(PLILP'97) , pages291{308. Springer LNCS Vol. 1292, Septenber 1997.

170



