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Abstract

The design of theorem provers, especially in the LCF-prover family, has strongly prof-
ited from functional programming. This paper attempts to develop a metaphor suited
to visualize the LCF-style prover design, and a methodology for the implementation of
graphical user interfaces for these provers and encapsulations of formal methods. In this
problem domain, particular attention has to be paid to the needto construct a variety
of objects, keeptrack of their interdependenciesand provide support for their reconstruc-
tion as a consequenceof changes. We presert a prototypical implementation of a generic
and open interface system architecture, and shov how it can be instantiated to an inter-
face for Isabelle, called IsaWin, aswell asto a tailored tool for transformational program
developmert, called TAS

1 Intro duction

The story of graphical user interfaces (GUI's) for theorem provers and formal
method tools as a whole is not exactly a successstory so far. There is widespread
scepticism (Merriam & Harrison, 1997) that GUI's adopting techniques from the
eld of human computer interaction (HCI) canincreaseproductivit y to a similar ex-
tent asthey did, say, in the areaof o ce applications. GUI's for widely usedtools
like PVS, FDR or Isabelle are still dominated by text-based subwindows barely
hiding the roots of the underlying tool. We believe this has predominantly historic
reasons.

The history of functional languages,in particular ML, has been deeply inter-
twined with the genesisof the LCF theorem prover family, for which it was origi-
nally developed as a meta language.The essetial ideain LCF-style provers (lik e
HOL (Gordon & Melham, 1993) or Isabelle (Paulson, 1994)) is to encapsulatethe
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logical enginein an abstract datatype, the objects of which can only be constructed
by operations implementing the rules of the underlying logic. This yields the basis
for an open systemdesignallowing user-programmedextensionsin a logically sound
way. The exibilit y, generality and expressienessof LCF-style provers makesthem
symbolic programming ervironments, into which other languagescan be logically
embedded, e.g. Haskell (Regensburger,1994), Java (Nipk ow & von Oheimb, 1998),
Z (Bowen & Gordon, 1994; Kolyang, Sarten & Wol, 1996b)or CSP (Tej & Wol,

1997). Together with appropriate, customised proof support and a graphical user
interface which hidesthe details of the embedding, this leadsto an implementation
technology for formal method tools which we call enapsulation.

Thus, while the LCF-design has its undoubted advantages, these systemshave
inherited a very restricted model of user interaction based on a command line
interface, and not proted as much as possible from recent advancesin interface
design (Shneiderman, 1998; Thim bleby, 1990; Dix et al., 1998). As Bornat and
Sufrin (1998) put it, this problem cannot be overcomeby \b olting a bit of Tcl/Tk
onto a text-command-driven theorem prover in an afternoon's work".

Our contributions towards lling the gap between classicalcommand-line inter-
action and more modern conceptsof graphical user interaction are the following.
First, we dewelop a new metaphor for the visualization of LCF-style provers. The
metaphor senesasa vehicleto make the data structure of the prover accessibleo
pervasivedirect manipulation. Second,the metaphor dewvelopsan abstract notion of
userinteraction, and is compatible with the needfor their systematicreplay. Replay-
ing proofsis a certral issuein theoremproving. Third, the metaphor is implemented
in a generic systemarchitecture, basedon the structuring mecanismsof Standard
ML, using a functional encapsulationof Tcl/Tk and the theorem prover Isabelle.
Besidesa graphical userinterface for a theorem prover, this givesan encapsulation
technique for formal methods.

This paper is organized as follows: we will rst discussissuesrelating to the
conceptual design and the metaphor. We will then turn to the architecture of the
system, introducing a data model and a processmodel. This will be followed by a
sectionexpanding on someaspects of the implementation, and a sectionintroducing
a di erent instantiation of the generic system. We closewith an evaluation of the
proposedwork, and a comparisonto related work.

2 Conceptual Design Issues

Direct manipulation, a term attributed to Shneiderman(1982), is a widely known
technique in HCI and graphical user interface design (Shneiderman, 1998; Thim-
bleby, 1990; Dix et al., 1998), characterized by continuous representation of the
objects and actions of interest with a meaningful visual metaphor and incremental,
reversible,syntax-free operations with rapid feedback on all actions. In this section,
we will introduce the notepad metaphor, serving as a vehicleto make the internal
objects of a theorem prover accessiblefor direct manipulation.
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2.1 The Notep ad Metaphor

As a motivating example, consider the way we do everyday mathematics and cal-
culations: one typically usesa piece of paper or a blackboard to write down inter-
mediate results, calculations or lemmas,but overall in an unstructured way, adding
a column of numbers in one part of the pad, while doing a multiplication in the
lower corner and a di cult diagram-chasein the middle.

A simple instance of this is a small notepad on which we can write down num-
bers and arbitrary text. The operations would either be arithmetic (e.g. add two
numbers), or textual (write somenewtext). Tednically, the notepad could be visu-
alized as a window in which the user can manipulate objects, represeited asicons,
by drag&drop. The world of objects on our notepad is structured by an inherent
notion of typing (here, numbers and texts). This typing is crucial when considering
the operations, becausean operation taking numbersasargumerts is di erent from
an operation taking texts asargumernts. The operations are applied by drag&drop,
soif we drop a number onto a number, we may want to add them up, whereasif we
drop atext onto atext, we may want to concatenatethem. Figure 1 illustrates our
example: On the left, we can seeobjects represeting numbers2, 4 and 5, and two
piecesof text. If we move the number 2 on the number 4 (secondfrom the left),
they are addedup, and we obtain a new object: the number 6 appears (third from
the left).
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Text Text Textl
Text2 Text2 B Text2

Fig. 1. Introducing the notepad metaphor and manipulation by drag&drop.

This showsthe rst main principle of a functional GUI: objects represen values,
and hencethe interaction of objects producesnew objects, rather than changing
existing ones.Dropping an object onto another correspndsto function application.
Thesefunctions are called binary operations; passingse\eral objects to a binary op-
eration is possibleby grouping objects via multiple selections.Additionally , unary
operations may be de ned for ead object type, which take exactly one argument,
and are invoked via a pop-meru (seeFig. 1 on the right, wherethe standard oper-
ations Show Renameand Delete can be seen.)

In practice, the simple typing discipline hasproveninsucien t | e.g.instead of
adding two numbers, we might as well want to subtract, multiply or divide them.
To this end, we introduce the concept of a mode that an object may have. In our
example, eah object of type natural number has four modes: plus, minus, times
and divide. The function applied by drag&drop is determined by the mode of the
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object being dropped onto: dropping a number onto another number in times mode
multiplies the two numbers.

At rst sight the modes seemto cortradict our principle of a functional GUI,
since they allow a form of state. Howewer, the modesonly sene to disambiguate
or simplify userinteraction. This context information may help the systemto pro-
vide additional parameters that had to be provided explicitly otherwise; we do
not allow side e ects when applying operations. As a generalrule of interface de-
sign(Thimbleby, 1990), modes should not be hidden, so the icon of an object is
determined by both the mode and the type of the object. This way, the action
which will take placeis always transparent to the user.In Fig. 1, the modesof the
numbers are shavn by an additional sign on the upper right corner of the symbol.
The user can changethe mode of an object by a pop-up mernu (Fig. 1 on the right).

2.2 Undo, Persistenc e and Replay

According to the main principle of a functional GUI, function application can not
changethe argumernts of the function. This allowsan easyimplementation of undo:
we just deletethe object created by applying the function. Moreover, the functional
approac makesit easyto reconstruct an object value. By recording the operations
which have beenapplied to construct an object, we can reconstruct the object value
later by replaying the operations. This is neededto implement a persistert state,
and to deal with external objects.

By persistent state, we mean that we want to be able to save the current state
at a given momen, exit the system, and later restart the systemin the samestate
where we left it. Under the assumption that only operations, but not objects, can
be saved externally, persistenceis achieved by recording for every object how it
was constructed, and reconstructing the object by replaying the operations upon
restart.

As an example of external objects, suppose that the texts on our notepad are
givenaspost-it notesstuck to the pad. Their valueis the text written onthem. We
can concatenatetwo texts, but if we then write something di erent on one of the
notes, the value of the concatenation should change accordingly. In our example,
supposethe text objects (like Textl and Text2 in Fig. 1) are read from external
les. By dragging Textl on Text2, we create a new object, say Text3. If now Textl
is relocaded, the value of the object may change,and consequetly the value of Text3
should change as well. We say Text3 is outdated, which is indicated by shading
the icon of Text3. An outdated object is updated again by replaying its history.
Updating can be invoked manually via the pop-up menu (as in Fig. 1), or auto-
matically. In many applications, however, automatic replay is inconveniert sinceit
may take a long time, and sinceit may fail, leading to errors which the user has
to correct interactively. This may distract the userfrom his current task, sowe let
him postponethe updating until it is conveniert.

Replay is very important in the theorem proving context, becausemost theorem
provers read declarations and de nitions from external les, which are frequertly
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modi ed by the user, and have to be reloaded. Yet, systematic replay is to our
knowledgenever supported on the level of the GUI.

2.3 Construction Objects

For certain objects, manipulation without regard to their internal structure, and
hencetheir history, is insu cien t. For instance, we want to admit editing of text ob-
jectsin our simple example.The history of such editing operations will then consist
of a protocol of operations like delete "javelin® at position 3.12 or insert
"spear" at position 3.12. Navigating forward and badward in this history cor-
responds to undoing and replay.

Theseobjects will be called construction objects. They can be openedby double-
clicking, which leadsto the creation of two new windows, namely the construction
area and the history navigation window (seeFig.2). Both windows have a focus i.e.
a mark on someposition in the text, and someposition in the history, respectively.
The history focus cortrols the cortent of the construction area.

Fig. 2. Construction area and history navigation window.

When closing a construction object, the current value of the construction object
is bound to the object that was opened(i.e. to the icon that was double-clicked).
The reasonfor this behaviour is that the notepad would hopelesslyclutter up if a
new object was createdfor ead step in the history. Objects depending on a closed
construction object are marked as outdated.

Note that the replay of the history may fail. For example, the semariics of the
delete "javelin" operation may be unde ned if no "javelin" occursin the text
as a consequencef an external changeand a reload of the object.

There are more forms of interaction betweenthe notepad window and the con-
struction area or the history window. Objects on the notepad may be draggedon
the focussetin the object value eld, e.g.replacing the text selectedin the focus.
Vice versa, the selectedtext of the focus may be extracted and form an object on
the notepad.

2.4 lsaWin | A Functional Graphic al User Interfac e for Isabelle

We will now explain how theorem proving ts into the conceptsdescribed in the
previous sections by describing our GUI IsaWin for the theorem prover Isabelle
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(Paulson, 1994). Isabelle is just the example at hand; we expect no principal dif-
culties in dewveloping analogousinterfaces for other LCF-style prover based on
SML.

2.4.1 Accommadating Basic Theorem Proving into the Notepad

The object types of IsaWin are a subset of those provided by Isabelle, as shovn
on the left of Fig. 3: in the rst row two theorems and a theory, in the second
row, two di erent typesof rule sets, called simpli er setsand classicalrule setsin
Isabelle parlance, and an ongoing proof, or more precisely the proof script which
we will identify with a proof throughout this paper. Theorems have four modes:
they can be introduction rules (as in Fig. 3), elimination rules, destruction rules
and equations (which are not shawn).

Fig. 3. The Objects of IsaWin: to the left, basic objects; to the right, tactical objects

The binary operations in this instance include the forward resolution of two
theorems: unifying the conclusion of one theorem with the hypothesis of another
one. This correspnds to dropping a theorem object onto another theorem. Note
that this may not succeed| the operation is partial. E.g. if the theorem add_O:
0+ c= cisdroppedonto the theoremsym:s=1t) t= s, anewtheoremt = 0+t
is produced by forward resolution; but vice versathe operation fails. Simpli er sets
are setsof rewriting rules. If atheoremis droppedonasimpli er set,a newsimpli er
set is produced with the theorem included. Classical logics support another type
of rule sets. These classicalrule sets comein two modes, safe and unsafe, since
theoremscan be added to a classicalrule setin two ways (this distinction makesa
di erence for a decisionprocedureof Isabelle, the so-calledclassicalreasoner).If a
theorem is dropped on a classicalrule set, depending on the mode of the rule set,
it is either added as a saferule or as an unsaferule.

Reloading an external theory le results in outdating all dependen objects, like
included theories or theorems depending on them.

2.4.2 Accommadating Tactical Programming into the Notepad

Contrary to a common prejudice against GUI's for theorem provers, it is quite
straightforward to embedbasictactic script construction into the notepad metaphor.
First, we provide object typescorrespnding to certain Isabelle types, tac_op (for
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tactical operations), tactics and tacticals. Second,we provide objects of type tac_op
correspnding to badkward resolution or simpli cation, basic tactics like proof by
assumption as objects of type tactic, and the usual connectives REPEAT, THEN
and ORELSE on tactics as objects of type tactical. Third, we set up the binary
operations by embedding Isabelle's tactical algebrainto our world of object types,
objects and binary operations. We are now able to construct, for example, an ob-
ject correspnding to the Isabelle tactic REPEAD ((rtac exl) ORELSE'(rtac
alll))  which by repeated backward resolution with the quanti er introduction
theoremsex!| and alll will eliminate an arbitrary sequenceof outermost quanti ers
on a subgoal. Fig. 3 shows the constructed tactic in the lower left corner, together
with tacticals ORELSE and REPEAT, the tactical operation RTAC and the tactic
Rtac exl.

2.4.3 Accommadating Backward Proof into Construction Objects.

In LCF-style provers, the main proof method is by backward proof: if we want to
prove a goal in this style, a proof state is initialized with the formula )
With atheoremA) B ) , the proof state canberened to A) B) by
forward resolution. The premisesleft from the rightmost implication, here A and
B, are called sulgaals. If, asa consequencef further proof steps, no subgoalsare
left, the proof state can be cornverted into the theorem

Fig. 4. IsaWin's construction area

It is conveniert to declarebadkward proofs as construction objects and the proof
steps performed by tactical operations as their history. When dragging objects
from the notepad window to the construction area, the GUI will perform tactical
operations, depending on the mode of the draggedobiject, the settings of the buttons
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and the focus set by the user. If a theorem lemmalhasthe mode intr oduction rule,
and the focusis setto the secondsubgoal,the drag&drop gesturewill trigger the
Isabelle operations by(rtac lemmal?2). Further, dragging a simplier set down
into the construction area will cause Isabelle's rewriting machine to execute the
rewrites in it. If there are no subgoalsleft to be proven, the construction area can
be closedto yield a theorem object on the notepad. Figure 4 shaws the construction
areaof the IsaWin interface. The most prominent part is the display of the subgoals,
and the main goalto be proven.

3 System Design Issues

As mertioned in the introduction, we want to provide a family of user interfaces
for dierent applications, let it be for di erent theorem provers or dierent tools
built on them. Hence,our system architecture hasto be generic. It dependson an
abstract characterisation of the application; this parameteris discussedn Sect. 3.1
and leadsto the data model described in Sect.3.2. This view is complemeried by the
processmodel in Sect. 3.3, where the communication of the di erent componerts
is preserted.

3.1 An Abstract View of Functional User Interfac es

At an abstract level, we considerthe theorem prover, or the encaled formal method,
to be an application which is a structure with the following characteristics:

It hasobjects, ead of which hastype. The type determinesthe possiblemodes
and both determine which operations are applicable to this object, and both
were indicated by the object's icon.

There are partial operations which can be applied to objects, namely unary
operations which take exactly oneargumen, and binary operations which take
two argumerts. Unary operations are selectedfrom the pop-up menu bound
to ead object, whereasbinary operations are triggered by drag&drop.

Thus, an application has a set S of types, a set  of operations which have
certain arity (i.e. an operation! 2  takesexactly oneor two argumerts of speci c
types), a set Ag of the possible values of objects of type s, and a way to apply
operations! from to elemers of As. In other words, an application is given by
asignature = (S;), andapartial -algebra A. This separation of the syntax of
the application (given by a signature) from its semarics (given by an algebra) is
essetial in being able to handle replay, aswe will seebelow.

The modes| and similarly, the settings in the construction area| only sene
to disambiguate which operation ! is goingto be applied. Once the operation has
been selected, its evaluation is independert of modes, settings or any other user
input.

Tednically, we can denotethis characterisation by an SML signature APPL_SIG
making the generic interface an SML functor which when instantiated with an
application yields a graphical user interface for that application; we will elaborate
on this in Sect. 4.2 below.
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3.2 The Data Mo del

The metaphor deweloped in the previous section was basedon the represemation
of values by icons on a notepad, and application of operations on these objects.
Represemation on the notepad correspnds to naming an object| the object can
be referred to, and operations can be applied to it.

As an application is givenby a signature and a partial -algebra A, the history
of an object is given by composition of operations, or in other words by a term t
from the term algebraT (X), built over a set X of variables (where the role of the
variablesis takenby the external identi ers). Then, givena mapping of the variables
to valuesin Ag (i.e. a way to evaluate external objects), every term evaluates to
an elemen of Ag (MacLane & Birkho, 1967).Soin order to be able to replay the
construction of an object, every object is represened internally asa pair (a;t) with
a2 As;t2T (X)s, whereais the current optional value of the object (if it exists),
and t is the history.

Sinceobjects can bereferredto, a single object can be usedmore then once.The
data model has to take into accourt that kind of sharing, since otherwise replay
would become unnecessarilyexpensive. In proof scripts, this sharing is achieved
by binding the theorem to an identi er. In our data model, it is implemented by
represeming all terms represeting the history of the objects in a directed acyclic
term graph, represeiing the global data state of the system.

The vertices of the term graph correspnd to the pairs (a;t); every vertex may
be assaiated to an icon on the notepad. The edgescorrespnd to operations. If
the value a doesnot exist, the object is called outdated. Recall that outdating can
occur in two ways: an external object is changed (i.e. re-ewaluated; for example, a
le is being reread into the system), or an operation is applied to a construction
object.

The notion of history used here is linear, like Archer, Conway and Scneider's
script model (Archer et al., 1984). When we go bad in the history, there is a
sequenceof operations which can be applied by going forward again (the pending
operations). If, after going badk, we apply a dierent operation, these pending
operations are lost and cannot be referred to anymore. This is a design decision
to make navigating the history easy With the data model, it would be easyto
implement a history which is not a linear script, but a graph (lik e Vitter's US&R
model (1984)), where applying new operations is possiblewhile still pending ones
are kept in another branch of the history.

3.3 The Process Mo del

The componerts of the architecture comprisethe notepad and the construction area
which have already beenintroduced above. Additionally , the application may pro-
vide communicating componerts suc asa le selector,or a theorem chooser;these
typically sene to import external objects into the system. Construction area and
notepad are closely coupled, becausethey exchange values of objects under con-
struction. The notepad and all other componerts communicate with ead other via
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Fig. 5. The ProcessView of the Architecture Scheme.

aclipboard, and with an external ervironment, exchanging external represerations
of the history of objects.

are the application-speci ¢ modal and non-modal componerts. Whenewer a modal
componert is activated, communication with all other componerts is refused,while
non-modal components allow interleaved communication. Hence, activation of a
modal componert transfers the control o w of the interface to this componert, as
indicated by the dotted arrows. Except for the ervironment and the clipboard, every
componert is assaiated to a widget or a window visualizing its processstate in the
GUI (construction areaand history navigation have one ead for corvenience).The
componerts may optionally communicate with the ernvironment (hencethe dashed
arrows).

Our designgoal of pervasive direct manipulation is re ected by the communica-
tion verticesthat connectall componerts with the clipboard. The arrow pointing
into the clipboard represen drag-ewerts (parameterized with the object), while the
arrow pointing from the clipboard represem drop-everts.

Our designgoal of persistenceis re ected by the arrows connecting the notepad
to the environment. Both of thesecomponerts have an internal state which we have
to be able to saveinto the environment, and read back from there. The application-
speci ¢ selector componerts may have an internal state, and thus may need to
communicate with the ervironment as well.

In Fig. 5, more than one instantiation of the interface can be connected, by
sharing the same environment, and by connecting the clipboards. This requires
corversion functions betweenthe objects of the di erent instantiations. This gives
us a way to build Formal Software Developmert Environments as a consequencef
the genericity of our architecture. A prototypical implementation of this scheme,
certred around tools for the speci cation languageZ, is discussedin (Luth et al.,
1998).
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4 Implemen tation

In this section, we will give an overview of the implementation, briey touching on
all componerts of the system (Fig. 6) in turn. The systemis implemented ertirely
in Standard ML. The instancesdiscussedthroughout the paper are basedon the
theorem prover Isabelle. Sincelsabelle essetially consistsof a collection of ML types
for objects such astheorems, proofs and rule sets,and ML functions to manipulate
these objects, organisedinto a collection of ML structures and functors, one can
consenativ ely extend Isabelle by writing ML functions, using the abstract datatypes
provided by Isabelle, without corrupting the logical core of Isabelle.

GenGUI

. Isabelle/HOL
4_ sml_tk

Standard ML

Fig. 6. Module Architecture

To implemernt the graphical userinterface, we have developed a functional encap-
sulation of the interface description and command language Tcl/Tk (Ousterhout,
1994) into Standard ML, called smitk (Luth et al., 1996). This padkage provides
abstract ML datatypesfor the Tcl/Tk objects, thus allowing the programmerto use
the interface-building library Tk without having to program the cortrol structures
of the application in the untyped, interpretativ e languageTcl. Further, the sml_tk
toolkit library o ers a collection of often-used, customisablestandard componerts,
such astext-input windows or le choosers.

4.1 Dir ect Manipulation of Formulas and Annotation Issues

The problem of represeting terms and formulas is ubiquitous in a GUI for a the-
orem prover. With few exceptionsbasedon a dag-like represemation (Kahl, 1998),
terms are represemed essetially text-based, enriched by mathematical or some
graphical notation like square roots or sum signs. In a GUI, there is a potential
for novel user interaction such as query-by-minting (clicking on a subterm in or-
der to get information like types) or prove-by-minting (clicking on a subterm to
apply a tactic or rewrite) (Bertot & Thery, 1998). Finally, direct manipulation is
a straightforward idea enabling the user to drag&drop a subterm within a sum,
e ecting appropriate applications of assaiativit y and commutativit y laws (going
bad to the systemTheorist ; seealso (Bertot, 1997a))which are, at leastin Isabelle,
extremely tedious to communicate in command-line style.

In a generic,languageindependert ervironment such as Isabelle, a prerequisite
of thesesinteractions is the generation of term annotations that allow the userto
set a focusin the senseof Sect. 2.3, or to point in the senseabove. In this section,
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we describe the necessaryconceptsand their implementation within the Isabelle
syntax engine.

First, a mecdanism to attach and manageone or more alternativ e external rep-
resertations of a syntax to a theory is needed. These paraphrasings allow one to
produce graphical output like 8x:P instead of the convertional text output !x.P .
(This medanism also allows the generation of other documertation formats like
IATEX).

Second,for a smooth transition from Isabelle's text-based output to graphical
output, we implemented a markup-interpreter asa genericcomponert of smi_tk. It
providesa genericparserfor an SGML-style notation <tag> ... </tag> that binds
attributes or ML functions to the subtext marked by the tags; e.g. the graphical
output above is obtained from the code <FONTSYMBOL>\"</FONX> P.

Third, the concept of annotations has to be added. Annotations are constart
symbolswith an external represeiation that is invisible on the screenand wheneer
possibletransparert to the Isabelle printing macrosand printing translations. They
are usedto generatebindings to speci ¢ subtexts. For example,the focusmedanism
described above is implemented by surrounding every subterm t with an annotation
<SEL p>t</SEL> where p is a represemation of the path to the subterm t. The
tag SELis bound to a function which, given p, extracts the subterm t from the
proofstate. This annotation hasto be transparernt to the pretty-printing macros;
otherwisee.g.the rewriting from the internal represemation x::y::[] to the external
represemation [x,y] will fail. Basedon these paths, it is a standard exercisein
tactical programming to provide the necessaryoperations for query-by-pointing
and prove-hy-pointing.

Tagsand annotations can be nested.For example,in (8x: P(x)) ) P(t), the text
x will be annotated asa part of the subtermsx, P (x) and 8x: P(x). In such a case,
the most speci ¢ annotation is selected rst, with subsequen clicks cycling through
the lessspeci c ones, so above, the rst click on x will selectthe subterm x, the
secondthe subterm P (x), and the third the subterm 8x: P (x).

In summary, a few technical extensionsto Isabelle's pretty-printing and parsing
machinery are su cien t to make Isabelle support graphical mathematical notation
and direct manipulation on terms. These extensionsare fully compatible with Is-
abelle's logical genericity, and fully badwards-compatible with existing syntactic
notations.

4.2 The Generic Graphic al User Interfac e GenGUI

The module GenGUI usesthe interface description facilities provided by sml_tk to
provide a generic graphical user interface. It is independent of Isabelle, and given
as a functor

functor GenGUI(structure appl: APPL_SIG): GEN_GU* ...

which returns a graphical user interface for the application appl. The abstract
characterisation of an application has already beenintroducedin Sect. 3.1 above;
we will now give a sketch of the ML signature APPL_SIGlescribingthem. The real
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signature of courseis far more elaborate, cortaining in particular details about the
visual appearance(such as the size of the window, or the particulars of the icons
depicting the objects and their locations).

The ML signature can roughly be divided into four parts: typing of the objects,
operations and applying them, the construction areaand external objects.

For the rst part, every object has a type given by obj_type ; its mode can be
changedwithin the modesof the object's type, as given by modes Objects of type
construction_obj  are construction objects, which can be openedand manipulated
in the construction area:

signature APPL_SIG=

sig
type object (* The type of all objects *)
eqtype objtype (* The type of object types *)
eqtype mode (* The type of modes?)
val obj type . object -> objtype
val modes . objtype-> modelist
val mode_name : mode-> string
val initial_mode . object-> mode
val construction_obj : objtype

For the secondpart, there is a type modelling the operations, and an operation
with which to apply it. Application is partial, and sothe result of an application is
either a new object (variant OHK, or failure (variant Error , the string argumernt is
an error messageo be displayed):

datatype object result = OKof object | Error of string
type opn
val apply : opn* object list-> object_result

val mon_ops: objtype-> ((object* (opn->unit)->  unit)* string) list
val bin_ops : (objtype* mode)* (objtype* mode)-> opn option

For every object type mon_opsgives the unary operations as a list of pairs of
functions and strings. The string is the name under which the operation will appear
in the pop-up menu; the function implements the operation. It getspassedhe actual
object asits rst argumert, and a cortinuation which is usedto apply operations.
The reasonfor passinga cortin uation is that a unary operation may require further
userinteraction (e.g. when starting a proof in a theory, we rst haveto enter some
goal to be proven).

The binary operations are given by bin_ops and comeinto e ect by drag&drop.
For every type and mode of a target object (the one being dropped onto) and type
and mode of objects being dropped, this function givesan option of an operation;
if this option is empty then no operation is available for this drag&drop situation.

The construction area shows the delicate interplay betweenthe application and
GenGUI. Becausethe genericuserinterface implements the history and commands
such asundo, the application cannot provide these.But sincethe layout of the con-
struction areais given by the application, there needsto be a way to call functions
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which navigate the history, in order to bind them to graphical cortrol elemerts. So
we model the construction area by a functor, which takesthe history navigation
functions given by the signature HISTORY_SI@Gmitted here), and implements the
following export signature:

functor ConArea (structure H: HISTORY_SIG):
sig val open_area : object*H.history ->TkTypes.Widget list
val drop_ops : objtype*rmode->ob ject list->(opn->unit)-> unit
end

The construction areaprovidesthe functions open_area which takesan object, and
its history, and returns alist of widgets making up the construction area. For every
type and mode of an object being dropped from the notepad into the construction
area, drop_obs givesthe operation to be applied. Like mon_opsits argumerts are
the objects and a cortinuation to allow further userinteraction.

The last part of the application dealswith external objects. They are referred to
by an identi er of type external_id . Given suc such a reference,we may obtain
an object from that by get external_obj .The prime examplehereare le names;
get_external_obj loadsthe contents of the given le. The application may specify
dependenciesbetween external objects (seebelow).

eqtype external_id
val ext_obj_depends_on : external_id* external_id-> bool
val get_external_obj . external_id->  object_result

end

The export interface shows a represemation of the data model introduced in
Sect. 3.2. The type obj _label represets vertices of the term graph. objects is
a represemation of the term graph as a list of pairs (I;€), wherel is a label and
e an expression,consisting of applied operations, external objects or referencesto
previous labels.

signature GEN_GUIssig

type obj_label

datatype obj_hist = External of external_id
| AppliedOp of opn* obj hist list
| Result of obj_label

type objects = (obj_label* obj hist) list

type notepad = (obj_label* TkTypes.Coord) list

type gui_state = objects* notepad

val change_external_ob j : external_id-> unit

end

The notepad contains represemations of vertices in the term graph on the screen,
givenaspairs of obj_label and Coord; we only needthe coordinates, sincethe rest
of the visual represemation will be computed from other information (the type of
the object etc.). Then the state of the whole systemis given by the term graph and
the notepad, and represeted by an ML value of type gui_state . Hencewe can
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usethe ML parserto restart the interface in a given state, by generating a string
which when parsed and evaluated is a value of type gui_state correspnding to
the current state of the interface. Further, we do not use the whole of ML but
only a small subset describing variable declarations val x= e and expressionse
built by function application; a parser for this subset (or another language with
similar expressieness)would not be hard to implement, allowing to parse and
evaluate expressiondik e above under the cortrol of the interface. This can be used
to exchange single objects (e.g. proofs) between sessionsand to integrate a text-
basedinterface into the graphical interface.

Incidentally, the state is represemed as a global reference;in Haskell it would be
implemented more elegarilly as a monad. We do not shav the functions used to
cortrol the start and restart of the GenGUI, but importantly there is a function
change_external_ id by which an external application can signal that the value
of an external object has changed. GenGUI then reewluates the corresponding
external object, and all those external objects which depend on it (as speci ed by
ext_obj_depends_ on), and moreover outdates all objects constructed from these
external objects.

Note how the functional nature of the interfaceis re ected in the typing: all op-
erations, given by mon_opsbin_ops and drop_ops, can only produce new objects.
The application cannot delete objects.

As a nal detail, the clipboard is implemented by sharing a common struc-
ture CLIPBOARDwhich exports two functions, get: unit-> obj_hist and put:
obj_hist-> unit ; if (and only if) put is called with the history of an object, the
next call to get will return this history.

5 A Dieren t Instan tiation of the Generic Arc hitecture

In this section we will demonstrate how instantiations of our generic architecture
can be usedto build a special purposetool by encapsulatinga formal method into
Isabelle. The tool will be the transformation systemTAS similar in spirit to window
inferencing (Grundy, 1991) as realized, for example, in the system TkWinHOL
(Langbada et al., 1995), and related to systemssuc as Prospectra (Ho mann &
Krieg-Bruckner, 1993).

5.1 Concepts of TAS

In this section, we will briey sketch the basic principles of modelling transforma-
tional program developmerts in an LCF-style prover, following the lines of Koly ang,
Sarten and Wol (1996a). A transformational dewvelopmen can be described as a
sequenceof correctness-preerving re nement steps

SP, o SPy
One can abstractly view the SP; as arbitrary formulae and as a transitiv e,

re exiv eand monotonere nement relation; this canbe,for example,the implication
from right to left in the caseof re nements basedon standard model inclusion, or
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processre nement asin CSP. Every dewvelopmert step SP; SP;., is given by
applying transformation rules, ranging from simple logical rules to complex ones
that convert a certain design pattern into an algorithmic scheme, such as Glohal
Search or Divide & Conquer (Smith & Lowry, 1990).

The basic idea of the Transformation Application System TASis to separatethe
logical core of a transformation from the pragmatics of its application, its tactical
sugar, driving the concrete application in a dewvelopmert context. A logical core
theorem has the following generalform

the input pattern and O the output pattern. By proving the logical core theorem, a
transformation is provencorrect. When applying a transformation, the applicabilit y
conditions result in proof obligationswhich are proven externally, by other interfaces
to Isabelle (lik e Isawin) or by decisionproceduresor (e.g. model-cheders).

The Transformation Application Systemis designedto hide this implementation
in the prover from the user. Sincethe proof obligations can be deferredto a later
stage, the user of a transformation system can concerrate on the main design
decisionsof transformational program developmert: which transformation to apply,
and how to instantiate its parameters.

5.2 TASas an Instantiation of the Generic GUI

Wewill showv how to setup TASasan application in the senseof Sect. 3.1 above. We
haveto de ne construction objects, object types,and operations. The construction
objects of TASwill be transformational program developmens, correspnding to
Isabelle's proof state, with a history of the transformation rules which have been
applied. The object types are transformational program dewvelopmerts, transfor-
mation rules with none, someor all of their parameters instantiated, parameter
instantiations, texts, and theories. Sincein realistic transformation rules (such as
Global Seart) parameter instantiations are lengthy, instantiations merit an addi-
tional dedicated object type to avoid retyping, and to allow copying them.

Fig. 7 shows a screenshot of TASwith some objects on the notepad, and a
transformational developmert currently open in the construction area. The oper-
ations include instantiating a transformation rule by dropping an instantiation on
a transformation rule, and applying a transformation rule by dragging it into the
construction area. Further, two transformation rules can be composed (using the
transitivit y of ) by dropping a transformation rule onto another one;if prese,
the application conditions of both transformations were conjoined and the param-
eters universally quanti ed again.
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Fig. 7. The Graphical User Interface of TAS

6 Evaluation, Related Work and Conclusions

In this nal section, we will discussa metric evaluation of IsaWin, briey review
related work and closewith a summary of our results and an outlook on future
work.

6.1 Evaluation of IsaWin

Card, Moran, and Newell (1983) proposedthe gaals, operators, methads and se-
lection rules (GOMS) model and related it to the keystroke-levelmodel (KLM).
They postulate that the usersformulate goals(e.g. prove lemma) and subgoals(e.g.
push operator outermost) which they achieve by using methods (press key, move
mouse,recall theorem name, etc.). The selectionrules are the cortrol structures for
choosing among seeral methods available for accomplishinga goal | statistical
assumptionsabout the deviation of these choicesform the basisfor a translation
into the keystroke-level model. KLM attempts to predict performance times for
error-free expert performance of tasks by summing up the time for key-stroking,
pointing, drawing, thinking, and waiting for the system.Kieras and Polson (1985),
and Elkerton and Palmiter (1991) re ned the approach.

The original model, but to a lesserextent alsoits successors\concentrate on ex-
pert usersand error-free performance,and placelessemphasison learning, problem
solving, error handling, subjective satisfaction and retention" (Shneiderman,1998).
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Giventhesefundamertal resenations, it is not clear that the GOMS model and its
variants apply to theorem proving. Of course,we can do a rough comparison on
the KLM-lev el of IsaWin and Isabelle'scommand-lineinterface| for example,the
proof script in Fig. 4 is generatedby 47 elemenary user interactions lik e set focus
or drag object, substartially lessthan the interaction necessaryto produce a proof
script of 233 characters| but onemight arguethat the fewer interactions required
by a GUI cortrast to a larger number of more usual interactions (keystrokes) in
the command-line interface. And even if most Isabelle experts agreethat the proof
script shawvn in Fig. 4 is typical, the question will remain how costly are untypical
situations, where the expert user can use the full exibilit y of ML. Hence, these
metric data ignore factors lik e subjective satisfaction and usability.

However, we canidentify two areaswhich IsaWin handlesbetter than acommand-
line interface: Firstly , proof-by-pointing and query-by-pointing, allowing by a single
mouse-clik what in the command-lineinterface requiresthe tedious and extremely
error-prone construction of substitutions, and secondly IsaWin's replay, allowing a
much ner analysis of which proofs are a ected by a changethan the cornvertional
rerunning of scripts which fails at the rst problem.

In summary, at presen claims like \GUI's improve productivit y over command-
line interfacesin some formal method" can not be founded on taxonomic data,
although some rst studies (Jackson, 1997) suggestthis, at least for a particular
prover and GUI. It may actually bethe casethat a GUI preciselybecauset is easier
to usedoesnot encouragepurposeful planning to the extent which is necessaryfor
the successfuluse of a theorem prover (Merriam & Harrison, 1997). Then again, it
may bethat a GUI makesthe alternativ esthe userfacesclearerand easierto invoke
(Bornat & Sufrin, 1998). The question remains open until more systematic studies
have beenconducted;for IsaWin, the prototypical status of the implementation has
until now precluded sud studies.

6.2 Related Work
6.2.1 Generic Architecturesand Abstract GUI Descriptions

Design patterns have recerily received a lot of attention in the eld of object-
oriented programming (Gamma et al., 1990; Cooper, 1998). Also motivated by
reusability, sometechniques (e.g. templates roughly correspnding to functors) are
similar to our genericsystemarchitecture. However, important aspects of thesepat-
terns are described completely informally, resulting in a sometimesintransparent
mixture of meta-language,C++code and pragmatics. In cortrast, work on \arc hi-
tecture styles" (Abowd et al., 1993; Allen & Garlan, 1994) aims at a fully formal
description of genericarchitectures. Howewer, for the momert, the emphasisof this
researt lays on foundation, description and analysis and lesson implementation.
Hence,we considerthis work as complemerary.

In the HCI literature, there is a large body of work applying formal methods,
for the modelling of GUI's, basedon temporal logic, Z or processalgebras; see
(Dix et al., 1998) for a survey. Interface componerts can be described as processes
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exchanging evens in a processalgebralike CSP (Dix et al., 1998,pp 320). A similar
modelling in CSP could be donefor our genericsystem architecture; then even the
dialogue behaviour of the application can be described and speci ed formally.

6.2.2 GUI's for Theorem Provers

GUI's for computer algebra systemssudc as Maple, Mathematica or MuPad all
o er mathematical editing facilities and someof them even direct manipulation of
formulae (e.g. rewrite by drag&drop). Typically, this kind of direct manipulation is
only available without genericity. These systemsare built for a xed syntax (with
emphasison arithmetics or di erential equations),a xed logic and on the basis of
a non-genericsystemarchitecture. This also holds for the special purposetheorem
prover CADIZ (Toyn, 1996).

In cortrast, mostrecernt theorem proving environments are generic,and somealso
o er proof support for direct manipulation. Jape (Bornat & Sufrin, 1996)is generic
in the logic and o ers an interface with di erent styles of proof layout, graphical
pretty-printing, and supports proof by direct manipulation, so-called\gestures".
It is a lightweight prover, which has not been used yet to encapsulatea formal
method. Jape's gesturesare similar to CtCoq (Bertot & Bertot, 1996), wherethey
are called proof-by-pointing, but the basicidearemainsthe same.CtCoq is basedon
a powerful prover, Coq, which unlik e Isabelle is not generic,and moreover supports
graphical output which can be con gured by the user at runtime, script-based
replay, and further direct manipulation like rewriting by drag&drop.

CtCoq is actually part of a larger initiativ e, in spirit similar to ours, to provide
genericinterfacesfor a family of provers (Bertot & Thery, 1998). The genericin-
terface is implemented using the Centaur system (Borras et al., 1988). In cortrast
to our architecture, the systemis distributed (prover and interface can run on dif-
ferert machines) and heterogeneougprover and interface neednot be implemented
in the samelanguage). This work has beentaken up by the Proof General project
at the University of Edinburgh (Bertot et al., 1997), in which a family of interfaces
for the three provers Coq, Lego and Isabelle has beenimplemented inside XEmacs.
In our view, despite practical advantages, this does not lead to a better system
architecture; and the closeinteraction between interface and prover possible be-
causeboth are implemented in the samelanguageleadsto better support of direct
manipulation and, in particular, replay.

6.3 Results

In this paper, we have demonstrated how ideas of functional programming ap-
plied to userinterface designgivesrise to a new functional visualization metaphor,
the notepad. The metaphor senes as vehicle to make the data structures of these
provers accessibleto pervasive direct manipulation.

The notepad allows for abstract manipulation of objects (consisting of construc-
tion history and an optional value) represemed by icons. The functional paradigm
is a precondition for systematic replay, basedon the recorded construction history
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Module Code size (lines of SML)

sml_tk 9900
GenGUI 2600
IsaWin 4800
TAS? 4500

& TAS and IsaWin share about 1400 lines of code.

Table 1. Size of Code

of every object. Objects comein two a vours: while standard objects only admit
coarse-graineduser interaction via drag&drop on the notepad, construction objects
allow ne-grained userinteraction in the construction area.

All theseconceptsare implemented in a generic systemarchitecture, basedon the
powerful modularization conceptsof the typed functional language Standard ML.
We have presenied two instantiations of this architecture, the interface Isawin for
the theorem prover Isabelle, and the transformation system TAS As a consequence,
we expect that our interface componerts can be reusedfor a certain range of similar
applications. In particular, this givesa blueprint for the construction of tools with
a graphical user interface for formal methods encaded into a theorem prover. We
have in turn instantiated TASwith CSP and Z, two prominent formal methods for
which encalings into Isabelle have beendeveloped.

A fundamertal designdecisionin the implementation wasto usethe Tk toolkit,
encapsulatedinto Standard ML by sml_tk. The encapsulation sml_tk helped us
to survive the ewlution of Tk in the recent years while taking advantage of its
portabilit y. As Table 1 shaws, sml_tk is the largest chunk of code. Building on that,
TAS and IsaWin can be kept fairly compact. To put these statistics into corntext,
pure Isabelle has about 17500lines of ML code.

Despite the relatively low bandwidth betweenthe SML processand the wish,
responsetimes have proved satisfactory. The problems arising are minor technical-
ities: for example, sml_tk builds widgets on the screenby generating and sending
Tcl code oneline at a time. This results in the interface being incremertally built
on the screen,which looks unpleasan, in particular on slower machines. First ex-
periments with generating and sendingthe Tcl code in toto suggestthis behaviour
can be remedied.

We also have not seenany evidenceof Tcl/Tk performanceproblems, which may
bedueto the fact that the Tcl code generatedby sml_tk is very schematic, with little
data handling and corntrol o w. The memory requiremerts of the interfaceitself are
fairly modest (about 10 MB with the Standard ML of New Jersey compiler, on a
Sun UltraSPARC running Solaris 2.6), comparedto Isabelle (at least 24 MB, rising
to e.g. 33 MB for the CSP encdaling). The wish is even more modest, with around
800 KB processsize.

In a restricted area of interaction with Isabelle, our instantiations seemto sub-
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stantially facilitate user interaction. This holds in particular for point-and-query,
point-and-prove interactions and for global replay activities.

6.4 Futur e Work

TASand IsaWin are prototypical userinterfacesthat still needwork in details. We
would like to allow cut-copy-paste manipulation of the history; in particular the
conversion of selectedparts of the history to tactic objects would pave the way
for powerful techniques of interactive reuse. Further, goalsand substitutions are
presenly read as standard text and parsed via Isabelle's parsing machinery. This
should be extended by a suitable mixture with structure-oriented editing facilities
asin CtCoq, or mouse-supprted input asin Jape.

As text-based interfaces have their advantages as well, a signi cant potential
for increasein productivit y is the integration of a command-line interface into our
GUI. Conceptually, the commands and operations which are ewoked by the GUI
can be expressedn a simple functional language,e.g.a subsetof ML (seeSect.4.2).
Hence,a command-lineinterface o ers just a di erent view of the sameunderlying
behaviour; we merely needto be able to parseand print commandsin this language.
This can be fully integrated with the rest of the interface; e.g. one could edit and
reevaluate commandsfrom the history, or one could provide a function's argumerts
by dragging their icons down from the notepad.

A far moreinvolvedsubject is to scaleup the systematicreplaytowards automatic
reuseof former proof attempts. The most ewlved replay and reusetechniques we
are aware of are realized in the KIV-system (Reif et al., 1997). KIV also provides
direct manipulation on the history and moreover automatic support of reuse by
detecting una ected subparts of the proof which canstill be usedafter failed replay.
The authors claim that the productivity of this system is essetially due to its
reusetechniques (Reif & Stenzel, 1992). However, this feature is basedon a very
specialized logic. Extending it for a generictheorem prover on the one hand and
embeddingit into our genericnotion of history will represen a substartial challenge,
but we believe that the deepincorporation of history both on the systemlevel and
on the genericinterface level provides a good starting point.
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