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Abstract

Di®erent tracing systemsfor Haskell give di®erent views of a program at work. In
practice, several views are complementary and can productively be used together.
Until now each systemhasgeneratedits own trace, containing only the information
neededfor its particular view. Here we present the designof a trace that can serve
several views. The trace is generatedand written to ¯le as the computation pro-
ceeds.We have implemented both the generation of the trace and several di®erent
viewers.

1 In tro 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®erent parts of the program causethe computation to perform the observed
actions. Often the computation doesnot perform the intendedactionsand we
have to determinewhich parts of the program causethe erroneousbehaviour.
Even if a program is correct, we may desireto understandits parts better by
seeing\how it works"; especially when we have to modify a program that we
did not write ourselves. Also for teaching it is sometimesuseful to \see" a
computation.

In [2] we comparedthe Haskell tracing systemsFreja 1 [5,6] and HOOD 2

[3] with our Haskell tracer Hat 3 [9,10,11]. The main conclusionof our com-
parisonwas that each systemgivesa unique view of a computation and these
views are usefully complementary. In experiments, we discovered that after
using onesystemto help track a bug to a certain point, usersoften wanted to
changeto anothersystemto continuethe search, or to con¯rm their suspicions.

1 http://www.ida.liu.se/~henni
2 http://www.haskell.org/hood
3 http://www.cs.york.ac.uk/fp/hat
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All three tracing systemstake a two-phaseapproach 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. However, each systemcreates
its own trace, containing only the information required for 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 Augmented RedexTrail structure (ART). With
separatetools we can view an ART trace in at least three di®erent ways: µa
la Freja, µa la Hat and µa la HOOD. WhereasFreja, HOOD and the old Hat
systemgeneratedtheir traces in main memory, the new Hat writes the ART
trace to ¯le ascomputation proceeds.Hat's newarchitecture hasthe following
advantages:

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

² A trace in ¯le supports sequential accessand forms of indexedsearch that
werenot feasiblefor heap-basedtraces.

² The ART trace clari¯es the relationships between the di®erent views of a
computation. It suggestsways for integrating di®erent 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 ¯le store.

² The trace is no longer transient but can be archived for later viewing.
² Trace systemdevelopers only needto implement trace generationoncefor

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

In Section2 wereviewthe RedexTrail of the old Hat system,while Section
3 brie°y illustrates somealternative tracing views. In Section 4 we develop
in several steps the new Augmented Redex Trail structure. In Section 5 we
describe how several tools for di®erent 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 produce the ART trace and have implemented
new tools for viewing the trace in the style of Freja and HOOD. The system
hasbeenpublicly 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 each step a reducible expression(redex)
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is replaced by another expression(its reduct), by instantiating the lhs of
an equation, and replacing it with the corresponding instance of the rhs .
Eventually, only irreducible expressions(values)remain.

The original Redex Trail structure is a directed graph, recording copies
of all valuesand redexes,with a backward link from each reduct (and each
proper subexpressioncontained 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 exampleprogram shown in Figure 1 producesthe RedexTrail
illustrated in Figure 2. A subexpressionwith a di®erent parent is represented
as a box within a box. A solid arrow denotesthe parent relationship. Of
course,the user is not expected to seeand understand a completegraph 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
snapshot:

² True

not False

xor False True

² xor (not True) False

5 oneTrue []

5 oneTrue (not True : [])

oneTrue (False : not True : [])

main

Each redex is shown on a separateline. The parent of an expressionis
shown below it. (Becauseparents areshown below their children in the viewer,
we have drawn the full graph in Figure 2 similarly.) The parent of a whole
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main

oneTrue [False, not True]

oneTrue [not True]

oneTrue []

xor (not True) False

xor False True

not False

True

Fig. 2. An exampleof a Redex Trail

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

2.2 Structure

Figure 3 formalises the Redex Trail structure as a set of concrete Haskell
types. An App noderepresents a redexin the obviousway, with a trace for the
function and separatetraces for each argument. It also contains the parent
trace describing the redex that created it. Each function and argument is
likewiseof Trace typeand thereforehasits own, possiblydi®erent, parent. The
SrcPos type recordsthe location in the sourcecode of the relevant application
site on the rhs of a de¯nition.

A Const noderepresents an irreduciblevalue(an Atom), such asan integer,
character, or a constructor or namedfunction from the program, represented
simply as a string identi¯er. (In the latter case,a SrcPos is associated 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 ¯le :: 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®erent positions in the
sourcecode, becausethey are introduced to the trace by rewriting di®erent
redexes.

Finally, it is possiblefor a redex to have no parent, represented simply as
Root. This clearly occursat the very start of the computation, namely for the
main function. It also applies in 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 Observations. So what
do these views look like? And what information do they require from the
trace?

3.1 Algorithmic Debugging

Algorithmic Debuggingis a well-known technique in declarative languages[8],
implemented for a subsetof Haskell by the Freja system[5]. The algorithm
locates an error in a program, given a user who can provide answers to a
sequenceof questions. Each question concernsa reduction of a redex to a
result, presented as an equation. The user should answer yes if the equation
is correct with respect to his intentions, and no otherwise. After somenumber
of questions,the systemidenti¯es an incorrect function de¯nition.

Here is such a sessionfor the exampleprogram of Figure 1. The symbol
` ' represents an expressionthat has never been evaluated and whosevalue
hencecannot have in°uenced the computation.

1> oneTrue (False:_:[]) = True (Y/?/N): n
2> oneTrue (_:[]) = True (Y/?/N): n
3> oneTrue [] = False (Y/?/N): y
4> xor _ False = True (Y/?/N): n
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Error located!
Bug found in: xor _ False = True

Freja createsan Evaluation DependencyTree(EDT) asits trace structure.
Figure 4 showsthe EDT for this example.Each nodeof the tree is a reduction.
The tree is basicallythe derivation/pro of tree for a call-by-valuereductionwith
miraculousstopswhereexpressionsarenot neededfor the result. The call-by-
value structure ensuresthat the tree structure re°ects the program structure
and that arguments are maximally evaluated.

main ) True

oneTrue [False, ] ) True

oneTrue [ ] ) True xor False True ) True

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

Fig. 4. An Evaluation DependencyTree

The viewer dialoguewalks the tree, presenting each node as a question {
someanswerspermit somebranchesof the tree to be ignored.

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

3.2 Observations

HOOD [3] allows observation of individual valueswithin computations. The
programmerannotatesthe expression(s)of interest in the programsourcewith
the combinator observe. For each annotation, HOOD records the value in
all of its intermediate stagesof evaluation, so that after termination of the
computation the observed expressioncan be shown to exactly the degreeto
which it was demanded.

By a few clever tricks, HOOD can record not only data values,but also
functional values,again only to the degreethey are really usedin the compu-
tation. Thus a functional value is recordedasa bagof actual argument/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 ObservedValue = Value f value :: String g

j Constr f name :: String
; arguments:: [ObservedValue] g

Fig. 5. The two HOOD observation structures. StoredEvents are recorded as a
simple sequenceduring the computation, but the viewer must later traverse the
StoredEvents 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 ` ' again represents an unevaluated
expression.

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

xor False True = True
xor _ False = True

The HOOD trace structure (sketched in Figure 5) is a sequenceof individ-
ual `events'. Every event represents the creationof a data valueor constructor
(in whnf ) during the computation. It hasa backwards link to identify the en-
closingdata structure of which it is a component, and the particular argument
position it occupies.Each constructor alsohasa note of how many argument
`holes'it canaccept. A functional value is treated like a data constructor with
two components, an argument and a result.

At viewing time, the HOOD viewer transforms the stored structure inter-
nally by constructing forward links from each constructor to the ¯nal value of
each of its components. This can be expensive for a large structure.

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

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

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

In this section we extend the original structure in stagesto becomethe
Augmented RedexTrail, or ART structure. 4

4.1 Linearisation and Explicit Sharing

The original RedexTrail is an ephemeralheap-basedstructure, but we want
to store the trace in a ¯le so it is persistent, doesnot depend on connectinga
viewer to a live program, and can be accessedmany times by di®erent tools.

The original Redex Trail type Trace (in Figure 3) is self-recursive, so to
place it in ¯le requiresthe structure to be linearised. Linearisation givestwo
bene¯ts: we can write the trace into the ¯le one node at a time; and we can
accessa part of the trace piecemealwithout necessarilyfollowing all possible
paths. In both cases,e±ciency is important: when generating, sequential
writing is best; when viewing, the viewer tool should need to read only a
small fragment 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-recursive type, but in the new model this information is revealed
directly to the viewing tool. There is a great deal of sharing in a trace of a
typical program.

data Expr = App f fun :: Ref ; args :: [Ref ]
; parent :: Ref ; src :: SrcPosg

j Const f value :: Atom
; parent :: Ref ; src :: SrcPosg

j Root
t yp e Trace = Ref ! Expr
data Ref = NoRef j Ref FilePos deriving Eq

Fig. 6. The linearised Redex Trail structure.

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

4 The concrete types presented in this section are a slightly abstracted view of the real
trace structures in our current implementation.

158



Walla ce, Chitil, Brehm and Runciman

usesof the type becomeexplicit pointers Ref . The new Trace type de¯nes a
unique mapping from Refs to Exprs. The Root constructor is replacedby the
null referenceNoRef . Every Expr node of the graph canbe written to or read
from a ¯le individually. A Ref can alsobe updated in-place(seeSection4.2).

The trace structure as a whole is a sequenceof Expr nodes,and the eval-
uation order of the program is apparent from the implicit ordering of Expr
nodesin the ¯le.

4.2 Redexeswith Results

The original RedexTrail structure recordsall of the intermediate steps in a
reduction sequence,but the links aremadeonly in onedirection { backwards{
allowing exploration only from `e®ects'to `causes'in a viewer. However, both
Algorithmic Debuggingand Observations present equationsin their viewers,
and hencerequire a `forward' link from every redex(lhs ) to its reduct (rhs ).

In Figure 7 we onceagain modify the concreteHaskell representation of
the trace structure, this time to incorporate the `forward' or result links.

data Expr = App f fun :: Ref ; args :: [Ref ]
; parent :: Ref ; src :: SrcPos
; status :: Eval; result :: Ref g

j Const f value :: Atom
; parent :: Ref ; src :: SrcPos
; status :: Eval ; result :: Ref g

data Eval = Applied j Blackholed j Completed j Value

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

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

A Const representing 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 Unevaluated Expressions

Together with the result pointer we introduced a status :: Eval ¯eld. Even
though an Expr is created,the expressionit represents may never beevaluated.
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This hasconsequencesfor how a viewer should interpret the result pointer. 5

Every Expr can potentially go through three possiblestates. Initially , it
is created by rewriting another expressionaccording to 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 `entered'
(status now becomesBlackholed). At that point the result pointer is set to the
newly written Expr that represents the reduct. Later again, the expression
may becomeevaluated to a result expression(although this of coursemay
still contain unevaluated subexpressions).At this point, the lazy evaluation
mechanismdoesan `update', overwriting the original expressionwith its result.
In the trace, however, we do not overwrite the Expr, but update only the
status to Completed (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 augmented version of the Redex Trail graph from Figure 2 is shown in
Figure 8. The subexpressionrelationship is now shown asa pointer (solid line).
Parents are shown as dotted lines, and results as dashedlines. Expressions
are annotated with their status.

4.5 Entry Points to the Trace

Every ART viewing tool needsan entry point at which to beginits presentation
to the user. Theseentry points can be di®erent for di®erent tools.

The entry 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 entry point for someother viewers is at the `end' of computation, for
instancewhen reconstructing a virtual stack-trace from an error message,or
when exploring a RedexTrail backwards from the program output. This sug-
geststhat both the program output and any error messagesmust be recorded
in the trace, sincethey are the `end-points' of the program. Output and errors
are easily added to the ART structure as strings with parent pointers. The
output neednot be monolithic; it can be spreadacrossmany strings; however
we do not discusshere the various possibleways to split the output, nor how
to store it in the ¯le in a manner that permits quick access.

Other viewersmay havevariableentry points. For instance,a HOOD-style
observation may needa named function or sourceposition, and retrieve the
relevant information by linear search through the trace.

5 The original RedexTrail structure had a kind of node (Sat) which incorporated aspects
of both the result pointer and the status marker, but thesenodeswere transient, removed
from the graph oncean expressionwasevaluated. The Sat node did not permanently record
the full information required to forward-link every redex to its reduct.
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True V

not ² A

False V

[] V

² : ² V

² : ² V

False VoneTrue ² C

True Vxor ² ² ConeTrue ² C

True Vnot ² Cxor ² ² ConeTrue ² Cmain C

Fig. 8. A Trace

4.6 Other Re¯nements { Lambda, Do, Case,If, Guard

Not all expressionsin Haskell are either a simple value, an application of a
constructor to arguments, or an application of a namedfunction to arguments.
We also have anonymous functions (lambda expressions),monadic bindings
(do statements), and various forms of conditional operations (ifs, cases,and
guards). For conditionals, it is important to recordin the trace not merely the
¯nal result, but how the decisionwasreached to take a particular branch. We
follow much the sametreatment for theseextra constructs as in the original
Redex Trail structure. For lambda expressions,we introduce a new kind of
Atom to represent any function without a name, and the various kinds of
conditional are handled by introducing new kinds of Exprs, each of which
di®ersonly slightly from the standard App kind.

4.7 Projections

There aresituations that areslightly tricky to record,dueto interestingconse-
quencesof the lazy evaluation model. One such is projections. In a de¯nition
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like id x = x, the question is, who is the parent of x? In one sense,it is id ,
yet in another sense,id is merely passingon the value without touching it,
so x's parent is really whatever expressioncreatedit, not id . Onceagain, we
follow the original RedexTrail structure by introducing another special kind
of Expr, the Proj node, which can be thought of as attaching an additional
projective parent to the referencedredex.

4.8 Trusting

Finally, it is sometimesdesirable not to record all reductions in the trace
structure { we trust somefunction de¯nitions, such as those in 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 amount of information presented to
the user of a trace-viewing tool. 6 Tracescontain a huge amount of data, so
a trace that appearstoo complex can actually hide the information the user
wants. We do not elaborate the details of the trusting mechanism 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 Observation views. We
have built three separateviewerswhich mimic the user interfacebehaviour of
the three previoussystems(Freja, HOOD, and the old Hat). In this section,
we describe how the required information is reconstructedfrom the new ART
trace.

5.1 A RedexTrail View: hat-trail

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

5.2 A Static Call Stack: hat-stack

One special-caseuseof the parent pointers is to show a static call-stack back-
trace from any error message.This doesnot represent the real lazy evaluation
stack | often sadly incomprehensible.Instead the backtrace givesthe virtual

6 It would of course be possible to implement a trusting mechanism in the viewing tool
itself, rather than omitting the data from the trace altogether.
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stack showing 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. 7 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 containing
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 ¯le.

Each EDT label is an equation: the lhs 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 Completed, we can follow the result pointer to determine the
eventual value. The immediately referencednodemight in turn beCompleted,
so the result chain must be followed iterativ ely until we ¯nd a node with
an Applied, Blackholed or Value status. An Applied node was unevaluated,
therefore it cannot have in°uenced the execution. It is presented to the user
as a ` ' symbol. A status of Blackholed is similarly displayed as ? . Only a
Value status represents a genuine result, either a simple value or a complex
structure, and can be printed as a normal expression.

To determinethe children of an EDT node,wemust ¯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 status is Completed or Blackholed.
(Only with one of thesestatus annotations does the node describe an appli-
cation or caf whoseresult was actually demanded.)Further children can be
found if q is Completed, Blackholed or a Value. In thesecasesthe argument
pointers of q are considered.If an argument's ART parent is alsop, provided
the argument itself is Completed or Blackholed, it is also a child of p. More
children can be found recursively by the samemethod.

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

Only applicationsof top-level identi¯ers are consideredby hat-detect . A
locally de¯ned function may dependon the valuesof freevariablesbound in an
enclosingscope. To decidewhether an application appearsto be correct, the
programmerneedsto know the valuesof the freevariables,yet the ART trace
does not record any direct link to thesevariables. Program errors found by
our tool thereforealways 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 dialoguepresented 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 node label is erroneous,he is
asked about the correctnessof its children, but children of nodesidenti¯ed as
correct neednot 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 observed identi¯er is chosenindependently of the
program run, it is easyto make a number of successive observations without
modifying or rerunning the computation.

The tool observes a function by searching sequentially through the trace
¯le. First, the identi¯er itself is found asa Const node containing an Id atom
with the name. (Seestructures in Figures 7 and 3). Then every application
node is checked for a referenceto the given Const in the function position.

To deal with partial applications we must search the ART trace not only
for referencesto the original Const node, but for referencesto any application
which in turn referencesthe Const, and so on recursively. If the function
involved in an application is a reducibleexpression(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 such searching from
application nodes to determine the associated function turns out to be low,
as the relevant expressionsare usually found closeto the original application
node. In particular, an additional ¯le accessis very rarely needed,as these
expressionsare usually within the ¯le's bu®er. Linearisation ensuresthat the
function referencein an application node can only refer to an earlier node in
the trace8 , so a single linear 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 unevaluated, or
an application may be partial { but wherea result is available, the rhs of the
equation can be determined as described in Section 5.3. All applications or
caf s with results are displayed as a list of equations.

To avoid redundant output, equivalent or lessgeneralapplications of the
identi¯er can be omitted in the display. One application of an identi¯er is
consideredmoregeneralthan another if all its arguments are lessde¯ned (due
to lazy evaluation). To avoid problems with local functions capturing free
variables, as described in Section 5.3, we again only permit observations of
top-level functions.

Our tool shows all applications of the function throughout the program,
whereasHOOD observes a speci¯c function application at one point in the

8 All Ref s in the ART structure, apart from the result, refer to earlier nodes.
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sourcecode. However, becausethe sourcecode position is recorded in the
ART trace, an equivalent feature could be achieved by a di®erent interface,
perhapsa sourcecode browser allowing the user to selectexpressionsto be
observed.

6 Trace Generation

The developers of Freja, Hat and HOOD made di®erent choicesabout the
architectural level at which they implemented the creation of the trace. For
instance, in HOOD the trace is created by the combinator observede¯ned
in a high-level Haskell library, which usesside-e®ectingI/O to record the
information. In Freja the trace is createdin the heapby low-level variants of
the graph reduction machine instructions [5].

To generate the new ART trace [11] we took the old Redex Trail ap-
proach, but adapted to write traces to ¯le instead of constructing them in
heap memory. First, the original program is transformed into a new pro-
gram that computes its trace in addition to its normal result. Second,the
transformed program is compiled. Third, the compiled program is run. The
computation writes a trace to ¯le in addition to any normal I/O of the original
program. Fourth, the trace is viewed.

Currently the program transformation is performed by an early phaseof
the Haskell compiler nhc98. However, we intend to separatethe transforma-
tion from the compiler, sothat the transformedprogramcanbecompiledwith
all Haskell compilers. The Augmented Redex Trail approach is then poten-
tially as portable as the HOOD implementation, in contrast to Freja. The
principle of usingan automatic source-to-sourcetransformation, 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 as follows:

data R ® = R ®Ref

The Ref is a referenceto an Expr node of the trace in ¯le. The pairing
assuresthat an expressionand its description \tra vel together" throughout
the computation, so that when expressionsare plumbed together by applica-
tion, the corresponding descriptionsin the trace can be plumbed together by
creating an App node at the sametime. Trace nodes are written to ¯le by
side-e®ectswhich are triggered when certain expressionsare evaluated. All
the plumbing and writing of trace nodes is performedby combinators which
are de¯ned in a library.
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The program transformation introducesnumerous calls of the combina-
tors into the program. For example,here is the original oneTrue de¯nition,
together with its transformedversion.

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

oneTrue :: SrcPos ! Ref ! R (Ref ! (R [Bool]) ! R Bool)
oneTrue sr p = fun1 (mkAtomId \ oneTrue" 7) oneTrueW sr p

where
oneTrueW :: Ref ! R [Bool] ! R Bool
oneTrueW p0(R [] ) =

con0 (mkSrcPos2) p0False(mkAtomId \ False" 6)
oneTrueW p0(R (x : xs) ) =

rap2 (mkSrcPos3) p0(xor (mkSrcPos3) p0) x
(ap1 (mkSrcPos4) p0(oneTrue (mkSrcPos4) p0) xs)

In this example the combinators fun1, con0, ap1, rap2, mkAtomId, and
mkSrcPos are used. The combinator fun1 wraps the function oneTrueW ,
which doesthe actual work, with R constructors. The combinator con0 wraps
the constructor False. The combinators ap1 and rap2 assure the correct
plumbing of applications. The combinators mkAtomId and mkSrcPos build
referencesto detailed information about the identi¯er oneTrue, the construc-
tor False and various sourcereferences.Numeric arguments are indexesto
tables that contain the detailed information.

Very similar combinators were used in the old Hat system. The most
important di®erenceis that the new Hat combinators now record the trace
nodesdirectly to ¯le.

6.2 Writing with Updating

The main technical obstacleis that the trace is a (usually cyclic) graph which
is continuouslymodi¯ed during generation.Thesemodi¯cations wereno prob-
lem in main memory but for e±cient writing to ¯le updateshave to be min-
imised.

We assumethat writing nodesto ¯le hasmuch better performanceif it can
be achieved sequentially . However, even a cursory examination of the ART
structure tells us that after writing an Expr node to ¯le, it is highly likely
that we will needto return to it to update the result pointer. Although some
expressionsremain completely unevaluated throughout the computation, the
vast majorit y of intermediateexpressionsare indeedentered and evaluated to
their reduct.
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What is more, in our schemethere are two possibleupdatesfor each Expr,
one on entering the expression(Applied ! Blackholed), and another on its
completion (Blackholed ! Completed).

However, we observe that a Blackholed expressionis almost always tran-
sient. The only situation in which such an annotation can remain in the ¯nal
trace is when the program's overall result is unde¯ned, such as an error or
interruption. We also observe that the order in which trace expressionsare
entered and then completed follows a strict stack discipline, mirroring the
evaluation stack of the underlying abstract machine. Hence,we do not up-
date Applied to Blackholed on entry, but only write the remaining stack of
`blackholes' at the end of the computation should it fail.

We also try to avoid interspersing the ¯nal update of each Expr with the
sequential generationof nodes. This is easilyachievedby storing a largequeue
of updatesthat are performedall at once.

7 Future Work

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

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

If Hat is to be usedfor substantial computations, we have to reducethe
slow-down factor for traced computations. The fact that only 10% of traced
computation time is spent on actually writing to ¯le demonstratesthat the
implementation of trace generationcan be improved. Sincethe computation
of a transformedprogram spendsmost of its time evaluating the combinators,
e±cient de¯nitions of the combinators are vital. We will also separatethe
program transformation from nhc98, so that a transformed program can be
compiledby an optimising Haskell compiler such asghc. Not only would this
improve absolute runtimes, but aggressive optimisation may also reducethe
relative slow-down. Furthermore, the computation of trusted function de¯ni-
tions is not yet much faster than that of untrusted de¯nitions. We intend to
investigatehow transformed modulescan be combined with trusted untrans-
formed modules. Such a scheme,not requiring accessto the sourcesof trusted
modules,would alsoaid portabilit y.

Other issueswe want to addressinclude:

² Currently I/O actions are traced in a rather ad hoc way that works well
only with someviews for simple I/O only. We aim to develop a general
method for tracing I/O actions.
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² We want to solve the problem that noneof the views copeswell with pro-
grams that make substantial useof higher-ordercombinators, for example
in monadicor continuation-passingstyle.

² We plan to extend hat-observe to observe valuesat any program point.
We could also add information about free variables to expressionsin the
trace, sothat hat-detect and hat-observe can show a fuller trace of local
computation. It may even 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 sequencein which Expr nodes
are written to ¯le. Hence,the computation, or selectedparts of it, could be
shown as an \animation", perhapsin the style of GHood 9 . We could also
o®era \stories" view in the style outlined in [1]. A more specialisedtool
could isolate the circular self-dependencythat evokesa \blackhole" error.

² We have begun to integrate hat-detect and hat-observe into a single
tool. Eventually 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, such as recordedre-
ductions, intermediate unevaluated expressionsand values,and with respect
to distinctions and relationships,such as sharing and evaluation order? How
conveniently and e±ciently can oneaccessthe trace to obtain a speci¯c snip-
pet of information? Can we claim somesort of \univ ersality" for the trace
structure, in terms of the rangeof queriesit can support? How are all these
propertiesa®ectedby trusting? Doesthe exclusionof trusted redexesfrom the
trace compromisethe reachabilit y of individual trace nodes from designated
entry points?

There should be a closerelationship betweentracing and operational se-
mantics, both of which aim to describethe relationshipbetweena programand
the observedactionsof a computation of the program. Wehavebegunwork to
de¯ne the ART trace and speci¯c viewsthrough conservative extensionsof an
operational semantics of a program. Di®erent kinds of formal semantics may
suggestnewviewsfor tracing. For instance,the evaluation dependencytree of
algorithmic debuggingis closely related to a big-step structured operational
semantics; the Redex Trail view was inspired by graph-rewriting machines;
the observation of valuesrecallsdenotational semantics, especially the view of
functional valuesas (¯nite) mappings(`minimal function graphs' [4]).

In principle, a semantics 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 semantics
but hooks on to a compiler instead. A program transformation provides this
\ho ok" in a portable way. Even more important than the information in a
trace is its accessibility.

8 Conclusions

We have presented the new modular architecture of our Haskell tracer Hat.
At its heart lies the new Augmented RedexTrail trace structure, designedon
the one hand to be written to ¯le while performing the traced computation,
and on the other hand to provide data su±cient 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 several di®erent ways.

The new modularit y improves the understanding of the tracing process.
The newarchitecture hasalsopromptedusto asksomemoregeneralquestions,
such as those in the Future Work section.
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