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Abstract

This paper describes the design and tmplementation of
an interactive, incremental-attribution-based program
transformation system, CACHET, that derives incre-
mental programs from non-incremental programs writ-
ten in a functional language. CACHET 1s designed as
a programming environment and implemented using a
language-based editor generator, the Synthesizer Gen-
erator, with extensions that support complex trans-
formations. Transformations directly manipulate the
program tree and take into consideration information
obtained from program analyses. Program analyses
are performed via attribute evaluation, which s done
incrementally as transformations change the program
tree. The overall approach also explores a general
framework for describing dynamic program semantics
using annotations, which allows interleaving transfor-
mations with external input, such as user input. De-
signing CACHET as a programmaing environment also
facilitates the integration of program derivation and
validation with interactive editing, compiling, debug-
ging, and exrecution.

1 Introduction

Program transformation systems are important tools
that implement various program manipulations that
preserve program semantics and improve program per-

formance [3, 11, 12, 15, 24, 26, 28, 31].

Interactive program transformation. Pro-
gram transformation systems are often required to
be interactive, for at least the following two reasons.
First, the goal of the system is often so ambitious that
no fully automatic transformation can succeed; inter-
action allows convenient semi-automatic transforma-
tion. Second, the study of transformation itself often
consists of trying different transformations; interactive
invocation of these transformations provides control
during experimentation.

The usability of an interactive program transforma-
tion system depends greatly on its interface. However,
designing and implementing such an interface, espe-
cially with various program manipulation functlons
is a heavy task.
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Incremental program analysis. For any non-
trivial program transformation, substantial program
analysis i1s needed. The analysis results, such as de-
pendencies, types, and unique identifiers, are used to
decide what transformations to apply and where and
how to apply them. After each transformation step,
the transformed program needs to be analyzed again.
Such interleaving of analyses and transformations con-
tinues until certain criteria for stopping are satisfied.

Each transformation step typically changes only a
small portion of the program; thus one should be able
to update the analysis results to reflect the change.
This is the problem of incremental program analysis
under program transformation. Solving this problem
is indispensable for speeding up the program analyses
and thus the overall program transformations.

However, until now, all program transformation
systems we are aware of use some ad hoc inference en-
gine to do analysis, store the analysis results in some
database, and use some rewrite engine to do trans-
formation. The simple storage of the analysis results
makes it hard to incrementalize the analyses under
the transformations. This creates a performance bot-
tleneck that is more severe for more automated sys-
tems [24].

Using an attribute-grammar-based pro-
gramming environment. Interactive program
transformation and incremental program analysis nat-
urally lead one to consider an attribute-grammar-
based programming environment. The Synthesizer
Generator is a commercially available system that gen-
erates such environments [30].

With such a tool, the syntax of programs can be de-
scribed using a context-free grammar, and properties
of programs can be described using attribute equa-
tions. In such a declarative framework, program analy-
sis 1s performed by program tree attribution, program
transformation directly mutates the program tree, and
incremental analysis is conducted by incremental at-
tribute evaluation after each transformation step.

CACHET. CACHET is an interactive,
incremental-attribution-based program transforma-
tion system for programs written in a first-order func-
tional language. It is implemented using the Synthe-
sizer Generator, with extensions to support complex
tree transformations. Incremental program analysis is
performed by incremental attribute evaluation, pro-
vided automatically by the Synthesizer Generator.
Attribute grammars and incremental attribute



evaluation methods have been well addressed in the
literature [6] for describing static program semantics.
They are not the subject of this paper. Instead, this
paper describes how to adopt a traditional program-
ming environment and make it suitable for perform-
ing complex tree transformations, interleaving trans-
formations with external inputs, such as user inputs,
and making more use of attribution mechanisms.

Deriving Incremental Programs. CACHET
has special functionality for deriving incremental pro-
grams [19]. Given a program f and an input change @,
a program f’ that computes the result of f(z @ y) effi-
ciently by making use of the value of f(z) is called an
incremental version of f under @. Incremental com-
putation has wide applications through computer soft-
ware, e.g., optimizing compilers [1, 5, 23], transforma-
tional program development [3, 24, 31], and interactive
systems [2, 22, 30].

Liu and Teitelbaum [19] give a systematic trans-
formational approach for deriving an incremental pro-
gram f’ from a given program f and an input change
@. The basic 1dea is to identify in the computation
of f(z @ y) those subcomputations that are also per-
formed in the computation of f(z) and whose values
can be retrieved from the cached result r of f(z). The
computation of f(z®y) is transformed symbolically to
avoid re-performing these subcomputations by replac-
ing them with corresponding retrievals. This efficient
way of computing f(z@y) is captured in the definition
of f'(z,y,r).

The transformational approach can be made auto-
matic or semi-automatic depending on the required
incrementalization power. CACHET performs func-
tion introduction with generalization [19] to introduce
incremental versions with cached results of the previ-
ous computation as parameters, and it uses auziliary
specialization [19] to find subcomputations whose val-
ues can be retrieved from the cached results of the
previous computation.

CACHET has been used to derive numerous incre-
mental programs, including most of the examples in
[19, 20, 21]. Tt has also been of great help in studying
transformations for caching intermediate results [20]
and discovering auxiliary information [21].

The rest of the paper is organized as follows. Section 2
gives an overview of the desired features, the problems
to be solved, and the suggested solutions. Section 3
describes the implementation techniques used for CA-
CHET. Section 4 contains a sample derivation of an
incremental program using CACHET. Section 5 dis-
cusses related work. Section 6 discusses future work.

2 System design

This section discusses desired features, problems to be
solved, and suggested solutions for adopting a tradi-
tional programming environment for program trans-
formations.

2.1 Complex tree transformation

To enable program transformations, the major power
that needs to be added to a traditional attribute-

grammar-based framework is a metalanguage for com-
plex tree transformations.

The mechanisms needed for tree transformations
are mainly pattern matching and pattern instantia-
tion. Languages designed specifically for specifying
complex tree transformations [14], which may include
sophisticated pattern matching languages with, for ex-
ample, second-order patterns [15], can greatly facili-
tate programming various transformations.

Transformations should be able to access attributes
associated with the tree, since they are often condi-
tioned on the results of program analyses, which are
performed by tree attribution. Providing direct access
to tree nodes and associated attributes at non-local
places can save programming effort as well as run-time
space, since otherwise extra attributes are needed to
propagate information along the tree.

With pattern matching and instantiation, and with
access to attributes, we can program various transfor-
mations, such as fold-unfold, simplification, specializa-
tion, and transformations enabled by equality analy-
sis. Some transformations require more complicated
treatment; in particular, function introduction with
generahzatlon [19] involves suspending transformation
on the current tree and preparing a new subtree for
recursive transformations.

Finally, a metalanguage for complex tree transfor-
mations should include a rewrite engine that can ap-
ply a set of transformations repeatedly to a subtree
in a certain traversal order. Higher-order term rewrit-
ing [27] offers a framework for defining such rewrites.
What needs to be provided is the ability to automat-
ically interleave such repeated rewriting with incre-
mental attribute evaluation.

2.2 External input as annotation

Program transformations are often semi-automatic
and involve interaction with users or other external
facilities, such as theorem provers. Input from such ex-
ternal sources is called external input. External input
provides transformations with information that does
not depend solely on the program tree or is too incon-
venient or too expensive to compute completely from
the program tree.

As program transformation generalizes symbolic,
and thus normal, executions of programs, external
input includes dynamic information that can be set
during program executions, e.g., the breakpoints in a
debugger or the instruction pointer in an interpreter.
Such dynamic semantics [17] is needed for run-time
support, symbolic debuggers, interpreters, as well as
interactive program transformation systems.

External input scattered in the middle of program
execution or transformation is a new concept lack-
ing in traditional declarative attribute-grammar-based
environments. We describe a corresponding new no-
tion called annotation that fits well into the attribute-
grammar-based transformation framework, preserving
the declarative nature.

Annotations. Annotations should not be part of
the program tree, since they do not represent terms
of the subject language; nor should they be conven-



tional attributes, since they are not determined solely
by the program tree, as conventional attributes are.
However, annotations should be associated with a par-
ticular position in the tree. Moreover, they should be
accessible for defining attributes, since external input
provides information to the analyses that guide the
transformations, and the analyses are done by attri-
bution.

To implement annotations, we can put them di-
rectly in the tree, and thus attributes can be defined
solely on the tree, as before. However, some distinc-
tion between annotations and subject language terms
is needed to facilitate tree pattern matching on the
subject language.

An annotation may be more conveniently imple-
mented as a special kind of attribute whose existence
and, perhaps, value are determined by external input,
as opposed to completely determined by the term tree
or the attribution of the term tree. Of course, a user
can define the value of an annotation using anything,
including attributes.

The term annotation is used by Reiss in his FIELD
environment [29] as the primary mechanism for in-
teracting with the source file in an editor; for exam-
ple, a breakpoint in the debugger is associated with
an annotation in the editor. In the current system
CACHET, annotations are used to store expensive at-
tributes whose values are computed only upon user
request.

2.3 Tree attribution mechanism

In addition to incremental attribute evaluation, as in-
troduced in Section 1, a number of other tree attri-
bution capabilities are desired to facilitate program
transformations.

Circular attribute evaluation. Some program
analyses are based on fixed point iteration. If such
analyses are done by attribute evaluation, then cir-
cular attribute evaluation methods are needed. Al-
though solutions to this problem have been proposed
[9, 16], they are rarely implemented due to complica-
tions and inefficiency. Here, we briefly describe how
circular attribute evaluation can be simulated using
tree transformations and annotations.

Basically, one defines a circular attribute as a func-
tion of the program tree and an annotation, where the
annotation stores the value of the circular attribute
from the previous iteration, starting from bottom. A
user can compare the value of the attribute and the
annotation and, if they are not the same, set the an-
notation to be the value of the attribute, which then
triggers the incremental attribution. This can be re-
peated until the value of the circular attribute and the
annotation are equal. This iteration can be automated
with rewriting.

Modular attribute evaluation. Heavy pro-
gram transformations are usually composed of sepa-
rate phases, where each phase conducts smaller pro-
gram analyses and performs lighter transformations.
Several approaches have been proposed for modular
attribute specification [4, 7, 8, 10, 13] and modular

attribute evaluation [10, 13].

Modular specification improves the readability of
attribute grammars and allows more convenient mod-
ular evaluation. Modular evaluation provides the flex-
ibility of turning on and off attribution modules as
necessary, which results in evaluators that are speedier
and more storage-efficient [10]. They are particularly
useful for phase-based transformations. In particular,
for phases not involving circular attributes, efficient
evaluators for non-circular attribute grammars can be
generated.

2.4 Replay

A minimal approach to replaying transformations is
to record the history or script of external input [28§].
Powerful metalanguages can help reduce the record-
ing work [11]; for example, with a metalanguage that
allows rewrite, we can record one rewrite in place of
a sequence of transformations involved in the rewrite.
Replay is important not only for helping to understand
the whole transformation, but also for incremental
transformation under changes to the input program.
Whether it is feasible to achieve such incrementality
in practice still needs to studied. An alternative to the
direct tree manipulation framework for the purpose of
replay is discussed in Section 6.

3 Implementation

A prototype system, CACHET, based on the design
principles in the previous section, has been imple-
mented. It uses the Synthesizer Generator [30], a sys-
tem for generating language-based editors, and con-
sists of about 18,000 lines of code written in SSL, the
Synthesizer Generator language for specifying editors.
CACHET is interactive: its flexible editor interface is
generated automatically by the Synthesizer Genera-
tor.

3.1 Building in transformation

Source-to-source transformations are operations built
in to CACHET. Synthesizer Generator provides the
functionality of defining transforms with first-order
pattern matching, tree mutation, and access to at-
tributes. It has been easily used to implement all
but one of the basic program transformations in CA-
CHET, including fold-unfold, simplification, lifting a
subexpression, and transformations that may be en-
abled by equality analyses. Some complex combina-
tions of basic transformations, such as extensive sim-
plification and specialization, have also been coded di-
rectly as transforms.

The one basic transformation not so easily imple-
mented is function introduction with generalization,
where, in the middle of transforming a subtree, we
need to establish a new tree, switch over to transform
the new tree recursively, and switch back to the orig-
inal subtree when the recursion returns. A new input
facility has been added to the Synthesizer Generator to
recursively invoke new program transformation buffers
for this purpose.

Currently, derivations are semi-automatic, since



they are composed mostly of basic transformations
that are invoked manually. Manual invocation is used
mainly for two reasons. First, the Synthesizer Genera-
tor allows only subtree replacement and does not cur-
rently have a rewrite engine for a fully-automatic ex-
haustive application of basic transformations, in par-
ticular, for applicative-order reduction, as specified by
the incrementalization approach [19]. Second, we want
an interactive environment to study various transfor-
mations; thus, manual invocation is suitable most of
the time.

Mechanisms for defining combinations of transfor-
mations, especially rewrite mechanisms, are being
added to the Synthesizer Generator to further auto-
mate derivations. We also plan to enrich the transfor-
mation language with second-order pattern matching
and easy non-local access.

3.2 Simulating annotation

Annotations are currently implemented as special
parts in the program tree that are, by default, not
displayed together with terms in the subject language;
they can be displayed upon request by the user.

One major issue that needs to be addressed is the
validity of annotations under program tree transfor-
mations and other editing operations like cut and
paste. The current implementation provides special
transforms to manipulate annotations: annotations
whose validities are not limited to the context in the
program tree can be elevated to the root of the tree;
annotations that are valid only within their contexts
can simply be eliminated at the user’s request.

We chose this current implementation strategy be-
cause it does not require new features in the Synthe-
sizer Generator. But we plan to extend the Synthe-
sizer Generator to implement annotations as special
attributes, provide mechanisms to specify the validity
conditions of annotations, and automate the elimina-
tion, elevation, or possibly other treatments of anno-
tations. This would make the Synthesizer Generator
a more suitable tool for describing dynamic semantics
with user interaction and other external input.

3.3 Using attribution

Currently, attributes in CACHET are used mainly
for propagating global information, collecting context
information, analyzing dependencies, and reasoning
about equalities. The values of these attributes can
be displayed any time, as facilitated by the Synthe-
sizer Generator [30], to help the user understand the
derivation. Of course, these attributes are evaluated
incrementally after each transformation step.

Methods for circular attribute evaluation still need
to be implemented, either by extending the Synthe-
sizer Generator or using the simulation proposed in
the previous section. So far, the need for modular at-
tribute specification and implementation is not strong,
but we expect that it would be very helpful when we
implement the derivation approaches for exploiting in-
termediate results [20] and auxiliary information [21],
since they are strongly phase-oriented.

We believe these implementation issues form a very

promising area. Program tree attribution provides a
declarative framework for program analyses, which are
needed to guide powerful program transformations.
Techniques for managing the interactions among tree
transformation, external input, and incremental attri-
bution can be used to generate powerful and incre-
mental transformation systems.

4 Example derivation

CACHET is designed specifically for deriving incre-
mental programs. It has been used for most of the
examples in [19, 20, 21].

The programs transformed by CACHET are writ-
ten in a first-order functional language, where expres-
sions in function definitions are composed of vari-
ables, data constructions, primitive function appli-
cations, user-defined recursive function applications,
conditional expressions, and binding expressions. An
example is given in the back window of Figure 1. It de-
fines a function sort, which does selection sort, and
two auxiliary functions least and rest. The input
change operation is adding a new element i to an old
input x to form a new input cons(i,x). We will derive
an incremental program sort’ that sorts cons(i,x)
by inserting i into the sorted list sort(x).

The basic idea for incrementalization is to trans-
form sort(cons(i,x)) and replace subcomputations
whose values are retrievable from the value of sort (x)
with corresponding retrievals. The derivation intro-
duces incremental functions to compute function ap-
plications, puts them in a definition set, and uses them
to replace the original applications. To obtain the
definition of such an introduced function, the deriva-
tion unfolds the corresponding function application,
collects context information, and simplifies subexpres-
sions. It also finds subcomputations, in their respec-
tive contexts, whose values are retrievable from the
cached result of the previous computation, puts them
in the corresponding cache sets, and replaces occur-
rences of such subcomputations with corresponding
retrievals.

Given a set of FUNCTION DEFINITIONS, the
FUNCTION TO BE EVALUATED, the OLD INPUT TO THE
FUNCTION, and the NEW INPUT TO THE FUNCTION, the
EXPRESSION TO BE TRANSFORMED is initialized by a

transform‘ init-tran-exp| We select the expression

to be transformed, shown by the underlined expression
in the back window of Figure 1. Relevant transforms
for the current selection are displayed in buttons at
the bottom of the window.

Transforms. A transform ending with * is a ba-
sic transformation that preserves correctness. In par-
ticular, a transform ending with $* uses the cached
result of the previous computation. A transform end-
ing with ! is a combination of correctness-preserving
basic transformations, and one ending with ? is a ba-
sic transformation that may not preserve correctness
(enabled for experimentation).

Transforms starting with . deal with annotations.

In particular, transform ‘ .f_e(fun-intr-repl)*|in-




[®] inc_synisort-cons.st (read-only?

File Edit VYiew Tools

Options

Structure Text Help

FUNCTION DEFINITIONS:
sorkt(x) =
if nwll(x) then
nil
else
let k = least{x)
in
cons(k, sortirestix, ki)}
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]
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Figure 1: Derivation of the example

troduces a new function to compute the current func-
tion application or replaces the current function ap-
plication with a previously introduced function; any
change to the definition set leaves the new set as
an annotation at the current selection. Transform
.AUX-specialize$| uses an auxiliary specializer to

extend, at the current selection, the set of subcompu-
tations whose results are retrievable from the cached
result of the previous computation; the resulting cache
set is left as an annotation at the current selection.
Other transforms starting with . but with no special
ending symbols manipulate annotations by elevation
or elimination.

Names of transforms attempt to be illustrative.
Names starting with ¢, p, and £ are for applica-
tions of constructors, primitive functions, and user-
defined functions, respectively. Names starting with
if and let are for conditional and binding expres-
sions, respectively. Subscript _e denotes a transfor-
mation like simplification, and _r denotes a replace-
ment with a cached result. The strings in parenthe-
ses are for further illustration, e.g., (de-con) denotes
destructing a construction, (unfold-funEnv) denotes

unfolding a function in the given set of functions, and
(fold-defEnv) denotes folding into an introduced
function in the definition set. Subscript n refers to
the nth subexpression; —if and -let lift the condition
and the binding, respectively, of the nth subexpression
out of the enclosing expression; omitting a subscript n
implies lifting all conditions or bindings.

Function introduction. At the underlined selection
in the back window of Figure 1, clicking on transform

.f_e(fun-intr-repl)*| suspends transformation in

the current window, pops up a new window, the mid-
dle window of Figure 1, and switches over for recursive
transformations that will yield a function sort1 to re-
place the application sort(cons(i,x)). Note that a
fresh identifier r 1s used as parameter for the cached
result of sort(x).

Unfolding and simplification. To obtain a defini-

tion of sort1, in the middle window, we unfold the ap-
plication sort(cons(i,x)) and apply simplifications

‘p_e(null—cons)*‘ (transforming null(cons(i,x))

to false) and ‘ if e(cond-false)* ‘ (transforming if




false then el else e2 to e2). We obtain what is
shown in the middle window. Then, recursively, we in-
troduce a function least2, in the front window of Fig-
ure 1, to compute least (cons(i,x)). After unfolding

and applying simplification|p_e(de-con) ! | (perform-

ing all destructions of constructions), we obtain the
upper part of the front window.

Auziliary specialization.  The lower part of the
front window shows an annotation, namely, the cache
set at the branch where null(x) is false. It is
the result of applying auxiliary specialization to
sort(x) with null(x) being false at that branch,

and 1s obtained by clicking ‘.AUX—specialize$‘

at the bottom of the window and specializing
sort(x) in another window (killed upon return-
ing the displayed cache set). The cache set indi-
cates that the value of sort(x) is r, the value of
cons(least(x),sort(rest(x,least(x)))) (special-
ized sort(x) when null(x) is false, by definition of
sort) is r, the value of least(x) is car(r), etc.
Replacement. With the displayed cache set, when
we select the underlined and highlighted expression
least(x) in the front window, we find that rule

applies. Clicking on it replaces least (x) with

car(r). Similarly, the boolean expression null(x)
can be replaced with null(r), essentially because
null(x) is true if and only if null(sort(x)) is true.

Function replacement. The above replacements
yield the definition of function least2(i,x,r) shown
on the left of Figure 2. Then, we return to resume the
transformation for sorti, and we replace the applica-
tion least(cons(i,x)) with least2(i,x,r).

if null(r) then
i
else
let s = car(r) if s == i then
in X
if i < s then else
i cons(i, rest(x, s))
else
s
end

Figure 2: Intermediate function definitions

Application least2(i,x,r) is unfolded in place,
since least2 is not recursively defined. We then
lift the conditionals and binding in the definition of
least2 out of the enclosing expression, simplify the
resulting binding expressions, and obtain the result
shown in Figure 3(a).

Then, similarly, we introduce a function to com-
pute rest(cons(i,x)) in the first branch, replace it,
and unfold to obtain just x. With this, the enclos-
ing expression becomes sort(x) and can be replaced
with r. The next occurrence of rest(cons(i,x)) can
use the function just introduced and obtain x directly.
Again, the enclosing sort(x) is replaced with r. For

rest(cons(i,x),s) in the last branch, introducing
a function, replacing, and unfolding, we obtain the
result shown on the right of Figure 2. Lifting the con-
dition out of the enclosing applications of sort and
cons, we obtain the result shown in Figure 3(b).

Next, sort(x) is replaced with r, and the two
branches with conditions i<s and s==i are merged,
yielding if i<=s then comns(i,r). For the last
branch, sort(cons(i,rest(x,s))) is replaced by re-
cursive call sort1(i,rest(x,s),sort(rest(x,s))).
With the knowledge of context information s =
car(r) = least(x), and using the cache set dis-
played in the front window in Figure 1, we see
that sort(rest(x,s)) = sort(rest(x,least(x)))
= cdr(r). Thus, we obtain the result shown in Fig-
ure 3(c).

Dead code elimination. To complete the example,
we need to eliminate dead code in the above defini-
tion. In particular, the second parameter of sorti
is dead and should be eliminated. This is not imple-
mented yet. It can be done using traditional compiler
technologies, after which we would obtain the result
shown in Figure 3(d), which is exactly an insertion.
Finally, the original application sort(cons(i,x)) can
be replaced with sort’(i,r), where r = sort(x).

The derivation above is performed by manually se-
lecting the subexpression and clicking on one of the
enabled transforms. After we implement the rewrite
engine, we will be able to automate the derivation
using an applicative-order rewrite [19]. However, to
see all the interesting intermediate results during the
derivation, manual invocation is appropriate.

5 Related work

Program transformation systems and the approaches
and techniques used therein are described in a num-
ber of surveys, e.g., [12, 26]. Eminent systems among
them and recent systems include APTS [24], KIDS
[31], CIP [3], Focus [28], and ZAP [11].

Compared to these systems, the most important
and unique characteristic of CACHET is its use of
attribute grammars. This has at least two advan-
tages. First, a program transformation system based
on program analysis is a complex constraint system;
the attribute grammar paradigm provides a declara-
tive framework where constraints can be specified and
consistency can be maintained in a clean way. Second,
incremental program analysis is important for speed-
ing up the overall program transformation process; us-
ing attribute evaluation for program analysis allows us
to advantage of known techniques for incremental at-
tribute evaluation. To our knowledge, none of these
other systems use incremental attribute evaluation, al-
though incremental semantic analysis is desirable in all
of them, especially for the more automatic approaches
in APTS [24].

Also, since CACHET is implemented using a
language-based editor generator, it has a flexible in-
teractive user interface, as is provided by the exist-
ing technologies of program environments. Among
the systems above, KIDS [31] seems to be the only
one with such a flexible user interface. Of course, im-



sort1(i, x, r) =
if null(r) then
cons(i, sort(rest(cons(i, x), i)))
else
let s = car(r)
in
if i < s then
cons(i, sort(rest(cons(i, x), i)))
else
cons(s, sort(rest(cons(i, x), s)))
end;

sort1(i, x, r) =
if null(r) then
cons(i, r)
else
let s = car(r)
in
if i < s then
cons(i, r)

else
if s == i then
cons(s, sort(x))
else

cons(s, sort(cons(i, rest(x, s))))
end;

sort1(i, x, r) =
if null(r) then
cons(i, r)
else
let s = car(r)
(c) in
if i <= s then
cons(i, r)
else
cons(s, sortl(i, rest(x, s), cdr(r)))
end;

sort’(i, r) =
if null(r) then
cons(i, r)
else
let s = car(r)
in (d)
if i <= s then
cons(i, r)
else
cons(s, sort’(i, cdr(r)))
end;

Figure 3: Derivation of the example (continued)

plementing CACHET as a programming environment
also allows it to be easily integrated with other facili-
ties in programming environments, such as compilers,
debuggers, and interpreters.

CACHET can benefit from a stronger metalan-
guage, such as that pioneered by ZAP [11], and cer-
tain replay functionality, such as that in Focus [28].
As discussed in Sections 2 and 3, a metalanguage for
powerful tree transformation has been designed and is
being implemented for CACHET. How to integrate re-
play and incremental replay in an attribute grammar
framework with annotation is a problem to be studied.

How does CACHET compare to traditional pro-
gramming environments that do dataflow analysis and
code generation? First, if such an environment is
viewed as a program transformation system based
on program analysis, then CACHET is more gen-
eral in that i1t allows interleaving program transfor-
mations with annotations of external inputs. Tech-
niques that address such dynamic program semantics
have been lacking in traditional attribute-grammar-
based programming environments [17]. For example,
OPTRAN [18] is an attribute-grammar-based system
extended with rewrite mechanisms. However, it is still
a batch-oriented system mainly for compiler applica-
tions rather than general program transformations.

Another difference is that traditional attribute-
grammar-based programming environments perform
code generation by attribution [4, 13, 30], while CA-
CHET transforms programs by direct manipulation.
How to do program transformation by attribution in
the presence of annotation is related to incremental

replay, as discussed in Section 6.

Finally, all of the above systems are for transfor-
mations from specifications to programs, or from pro-
grams to more efficient programs, whereas CACHET
has the special functionality of deriving incremental
programs. This functionality provides a general so-
lution to the finite differencing problem, which must
be addressed in program derivation from specification
and program improvement in general [3, 24, 25, 31]

6 Future work

A number of problems need to be further studied. We
discuss major ones here.

Annotation. Annotation provides a declarative
framework for describing dynamic program semantics.
However, formal description of annotation in the con-
text of attribute-grammars is needed. An example of
a question to be answered is: while attributes are as-
sociated with non-terminals and attribute equations
with productions, should annotations be associated
with productions and/or non-terminals?

Regarding the validity of annotations under tree
transformation or other editing operations, we antici-
pate a number of issues. Should annotations be asso-
ciated with tree nodes or locations in the tree? When
two valid annotations are present at one place as a
result of tree rewrite, should one overwrite the other
or should they be merged; if the former, which over-
writes which; if the latter, how? Should invalid anno-
tation be tagged as invalid or simply removed? One



way to answer these questions is to treat annotations
like attributes, and thus treat the validity as attribute
reevaluation but perhaps simpler.

Finally, we need to study incremental algorithms
that combine annotation validation with attribute
evaluation. For example, if we treat validity as
attribute reevaluation, we need to first check well-
definedness of the attribute grammar when repeated
tree rewrite 1s allowed.

Incremental replay. A potential alternative for
accommodating replay is to change our basic frame-
work and conduct transformation by attribution in-
stead of direct tree manipulation. Thus, tree attribu-
tion is used not only for semantics analysis, but also
for recording transformed versions of the program.

Attribution has been traditionally used in program-
ming environments for code generation [30]; it has also
been proposed for general program transformation, in-
cluding phase-based transformation. Approaches in-
clude attribute coupled grammars [13], higher-order
attribute grammars [32], composable attribute gram-
mars [10], and simple tree attributions [4]. Incremen-
tal attribute evaluation algorithms for these frame-
works could be used for incremental code generation.
However, these frameworks do not address external
input. We need to extend them and study how anno-
tations should be incorporated with incremental at-
tribute evaluation for incremental program transfor-
mation.
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