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Abstract. The objectives of this research are to improve software productivity,
reliability, and performance of complex systems. The approach combines program
transformations, sometimes in reflective ways, to turn very high level perspicuous
specifications into efficient implementations. These transformations will be imple-
mented in a meta-transformational system, which itself will be transformed from an
executable specification into efficient code. Experiments will be conducted to assess
the research objectives in scaled up applications targetted to systems that perform
complex program analysis and translation.

The transformations to be used include dominated convergence (for implement-
ing fixed points efficiently), finite differencing (for replacing costly repeated calcu-
lations by less expensive incremental counterparts), data structure selection (for
simulating associative access on a RAM in real time), and partial evaluation (for
eliminating interpretive overhead and simplification). Correctness of these trans-
formations, of user-defined transformations, and of the transformational system
itself will be addressed in part. Both the partial evaluator and components of the
transformational system that perform inference and conditional rewriting will be
derived by transformation from high level specifications. Other transformations will
be specified in terms of Datalog-like inference and conditional rewriting rules that
should be amenable to various forms of rule induction.

Previously, [Cai and Paige 93] used an ideal model of productivity free from all
human factors in order to demonstrate experimentally how a transformation from
a low level specification language into C could be used to obtain a five-fold increase
in the productivity of efficient algorithm implementation in C in comparison to
hand-coded C. However, only small-scale examples were considered. The proposed
research includes a plan to expand this model of productivity to involve other spec-
ification languages (and their transformation to C), and to conduct experiments
to demonstrate how to obtain a similar five-fold improvement in productivity for
large-scale examples of C programs that might exceed 100,000 lines.

The proposal lays out extensive evidence to support the approach, which will
be evaluated together with its theoretical underpinnings through substantial ex-
periments. If successful, the results are expected to have important scientific and
economic impact. They are also expected to make interesting, new pedagogical
connections between the areas of programming languages, software engineering,
databases, artificial intelligence, and algorithms.

1. Introduction

Program Transformations is about semantics-based analysis and ma-
nipulation of programs. Over the past twenty years we have made
contributions to the area by developing two distinct tracks: (1) general-
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purpose problem specification and its transformation to efficient pro-
grams, and (2) special-purpose specification of systems that implement
the program analysis and transformations used in Track (1). The long
term goal is to combine both tracks.

Previously, using the approach of Track (1) we were able to demon-
strate effective translations of high level specifications of algorithms into
high performance codes limited to small-scale examples. In [12] Cai and
Paige developed an ideal model of productivity free from human factors.
Within this model they gave experimental evidence that their transfor-
mational approach to program development leads to at least a five-fold
improvement in productivity of efficient algorithm implementation in
C as compared to hand-coded C. However, those experiments only
considered small-scale examples of procedureless programs no more
than ten pages long. In the proposed grant period, we plan to extend
our specification languages and the transformations that implement
them in order to specify and develop efficient large-scale systems with
a similar improvement in productivity.

Previously, using the approach of Track (2) we were able to demon-
strate effective development of large-scale systems limited to inefficient
prototypes. The complex translation of a statically typed variant of
SETL into C used in the productivity experiments mentioned above was
specified in RSL (Rule Specification Language), a high level language
implemented by the APTS program transformation system [37]. The
translation suffered from two major sources of inefficiency. First, APTS
is implemented in SETL2 [50], which runs 30 times slower than C at
best. Second, APTS only provides an interpretive implementation for
RSL. Hence, the translation of SETL to C was bogged down to 24
lines per minute on a SPARC 2. In the proposed grant period we plan
experiments to test the feasibility of a radical new transformational
methodology that combines reflective forms of partial evaluation (to
eliminate interpretive overhead) and data structure selection (to replace
the naive SETL2 runtime) used in Track (1) in order to gain a 300-fold
speedup in RSL execution.

By combining improvements to both tracks, we plan to demon-
strate a five- to ten-fold improvement in productivity for implementing
large-scale systems with more than 100,000 lines of C. Our automated
program development methodology is most effective in development
of systems with high algorithmic content, which are among the most
difficult to construct and maintain by hand. Included in this class of
systems are those that implement complex program analysis and trans-
formation, which is the application domain for the research proposed
here. An example is the SETL-to-C translator, an RSL specification
which our methods are expected to speedup by a factor of 300.
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Section 2 of this proposal describes a cohesive research project that
should take three to five years to complete for three Ph.D. students and
the PI. Section 3 details a number of experiments, including a novel, re-
flective combination of partial evaluation and data structure selection,
that are expected to be completed within the three year funding period.
Although this proposal only seeks funding for one Ph.D. student, two
other student participants will be funded by other sources – one by
NYU fellowship and another by an ONR grant that partly overlaps
with this proposal.

2. Background and Objectives

2.1. Track (1) Background

2.1.1. Specification Languages and Transformations

Within Track (1) we consider an implementation language (e.g., C)
that serves as a conventional RAM model of computation. We also
consider three successively more abstract specification languages, each
implemented in terms of the next successively lower level language
by a distinct transformation. By associating syntactic constructs with
asymptotic complexity, we are able to predict precisely how each trans-
formation can improve program running time and space. Consequently,
the selection of transformations can be guided by complexity consider-
ations, and the three specification languages are made computationally
transparent (i.e., amenable to formal algorithmic analysis).

Low SETL, our lowest level specification language, is a statically
typed, executable variant of SETL2 [50], a pointerless, block struc-
tured, imperative language augmented with a repertoire of primitive set
operations such as membership testing, element addition and deletion,
arbitrary choice, for-loops through a set, map application, indexed map
assignment, and so forth. Its perspicuousness rests on copy/value se-
mantics, and its ability to navigate through data directly rather than by
indirect location formulas using pointers or cursors. Associative access
and nondeterministic selection and search contribute to its readability
and succinctness. The data structure selection transformation [38, 36, 7]
is based on a low level theory of data structures in which set and map
operations (such as associative access) are simulated on a RAM in real
time; i.e., a conventional physical structure written in C is selected for
implementing each primitive set operation (for search arguments and
type-compatible set or map domain elements of any data type) in unit
WORST-case time.

An important aspect of this work is that the type system (frag-
ments of which are found in [7, 28, 24, 40]) is a strongly typed variant
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of the Curry/Hindley type discipline for the λ-calculus [17, 26]. It is
parametric since it contains type variables, but currently is not poly-
morphic. The type system together with the data structure selection
transformations make it possible to analyze Low SETL programs for
their worst-case time and space complexity. This allows programmers
to be guided by complexity considerations, which is essential to the
production of high performance systems. Using Low SETL as a solid
foundation, the other two specification languages obtain computational
transparency by the way they are mapped into Low SETL.

High SETL is a statically typed, imperative, executable superset of
Low SETL augmented with such abstract operations as set compre-
hension, quantification, and a variety of operations on binary relations.
Computational transparency is obtained by implementing High SETL
expressions in Low SETL in two ways. Firstly, the cost of fresh eval-
uations of high level expressions can be determined by implementing
them directly into Low SETL. More interestingly, we can use our finite
differencing transformation [31, 35] to evaluate repeated costly High
SETL expressions by more inexpensive incremental counterparts in
Low SETL. We determine the cost of these differential calculations
by associating precise amortized complexities with an eager strategy
for maintaining equality invariants E = f(x1, ..., xk) within worst-
case sequences of modifications to variables x1, ..., xk; i.e., each time
a modification to x1, ..., xk occurs, variable E is updated to reestablish
the invariant. High SETL allows us to avoid having to write error-prone
bookkeeping operations that maintain invariants differentially. By as-
sociating amortized complexity with maintenance of basic invariants,
and by closure rules that allow us to determine the cost of maintaining
collections of interdependent invariants, we can generate languages of
High SETL invariants that can be maintained differentially with precise
complexities [8].

The highest level specification language is SQ2+ [9], a nonexecutable,
statically typed, functional subset of High SETL augmented with least
and greatest fixed points. These fixed point expressions abstract error-
prone, iterative looping constructs. Computational transparency is ob-
tained for SQ2+ by associating fixed point operations with precise
implementations in High SETL using our dominated convergence trans-
formation [9]. Dominated convergence computes fixed points in terms of
High SETL loops generating ‘chaotic’, finitely converging sequences [16]
that are less expensive than Tarski sequences [51]. Both fresh and dif-
ferential calculations of fixed point expressions have been considered.
We also developed specification languages that are subsets of SQ2+
with guaranteed worst-case execution complexities in time and space
for each polynomial degree [8, 10].
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Over the years we have uncovered extensive evidence that our method-
ology will scale up and be capable of improving the productivity of
large-scale system implementation. Three kinds of evidence have been
considered. The specification languages and the transformations that
implement them have been shown to be effective in terms of (1) ex-
plaining complex algorithms, (2) discovering new algorithms, and, most
importantly, (3) improving the productivity of efficient implementa-
tions of algorithms. In order to enhance the credibility of this proposal,
we will present some of this evidence in the following two subsections.

2.1.2. Algorithm Explanation and Discovery

Most mainstream research in Program Transformations emphasizes
principles for constructing derivations with illustrations drawn from
known algorithms. The purpose has been to uncover common patterns
of abstraction in specification and transformation that could form the
basis of a useful methodology for making algorithm design and program
development easier. Short, elegant transformational proofs (of correct-
ness integrated with analysis) document implementations of complex
algorithms, lend greater confidence in the correctness of complex codes,
and provide greater assurance in the reliable modification of such codes.

Perhaps the first examples of nontrivial algorithms being derived
by finite differencing were presented in [34, 31]. Included among these
examples is a SETL specification of Dijkstra’s naive Bankers Algorithm
and its transformation into Habermann’s efficient solution. This deriva-
tion was done without knowledge of Habermann’s solution, and there
were no dead ends. Finite differencing homed right in on a solution
matching Habermann’s time/space bounds.

It is well known that the construction of optimizing compilers is a
costly labor intensive task. Can this labor be reduced by our methods?
To answer this question in part, we showed how easy it was to specify
dozens of programming language and compiler analysis problems in
SQ2+, to simplify these specifications, and to transform them by dom-
inated convergence into High SETL prototypes [9]. In [8] we showed
how the constant propagation algorithm of Reif and Lewis [42] could
be expressed as set-theoretic equations in a subset of SQ2+ that could
be mapped into RAM code guaranteed to run in linear time in the size
of the program dataflow relation.

The use of notation has been regarded as a burden to algorithm
designers ever since Knuth came out with Mix [30]. But can notation
also help satisfy the needs of the algorithm community – precise al-
gorithmic analysis and succinct exposition? An SQ2+ specification of
the Single Function Coarsest Partition Problem and its transformation
by dominated convergence, finite differencing, and real-time simulation
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was used to derive a new linear time solution [39]. That algorithm paper
was selected for publication in a special issue of TCS as a best paper
from ICALP. In [40] a much improved explanation of the algorithmic
tool called Multiset Discrimination in [11] was obtained by specifying
the algorithm in Low SETL and using its type system to formally ex-
plain and analyze the low level implementation that would be obtained
by real-time simulation. The earlier presentation of this algorithmic
device involved so much indirection from pointer-based primitives, that
most readers were confused. Some of these earlier readers agreed that
the Low SETL presentation clarified their understanding.

The viability of a transformational methodology can be demon-
strated by using it to ‘explain’ or ‘prove’ well known algorithms. How-
ever, if in the course of such formal explication no new deep structure
is uncovered that leads to improved solutions, then its impact on al-
gorithmics and programming productivity is likely to be limited. More
powerful evidence favoring a transformational methodology is provided
if it can be demonstrated to help facilitate the discovery of new algo-
rithms. Our success with algorithm discovery may be attributed to our
reliance on complexity in both specification and transformation.

Our first instance of algorithm discovery by transformation was
reported in [38], where we used all three transformations to turn an
SQ2+ specification of Horn Clause Propositional Satisfiability into a
new linear time pointer machine algorithm. Previously, Dowling and
Gallier found a linear time algorithm [19] that relied heavily on array
access. In [4] we used dominated convergence and finite differencing to
derive a Low SETL executable prototype from an SQ2+ specification
of ready simulation. We then showed informally how the Low SETL
prototype could be turned into an algorithm that runs 5 orders of
magnitude faster than the previous solution in [3]. All three transfor-
mations, but especially real-time simulation (where types were shown
to be useful in modeling complex data structures), were involved in
the discovery of a new improved solution to the classical problem of
DFA minimization [28]. Finite differencing was used extensively in [15]
to derive a new improved solution to the classical problem of turning
regular expressions into DFA’s. Perhaps our most convincing paper-
and-pencil result was in [24], where Goyal and Paige used Low SETL
specifications and real-time simulation to improve Willard’s time bound
for query processing from linear expected to linear worst-case time
without degrading space. Willard’s original algorithm was extremely
difficult, and involved over 80 pages of proofs. Our transformational ap-
proach yielded much shorter but also more precise constructive proofs
that led to an implementation design. Here is a first successful example
of scaling up.
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Two summers ago, Ph.D. student Deepak Goyal designed and im-
plemented ‘practical’ algorithms in Java at Microsoft. He believes that
his use of Low SETL and the data structure selection transformation
as part of a programming methodology increased his productivity and
improved the quality of the code that was produced.

2.1.3. Experimental Foundations For Productivity Improvement

Perhaps the most compelling evidence that our transformational method-
ology will scale up and provide a dramatic improvement in the produc-
tivity of large high performance complex systems may be found in the
experiments by Cai and Paige [12]. In that paper we developed a simple
but conservative model of productivity. Within that model we demon-
strated a five-fold improvement in productivity of high performance
algorithm implementation in C in comparison to hand-coded C.

Those experiments tested an approach to producing C programs by
writing programs in a simple variant of Low SETL, and compiling them
into high performance C. The high performance of the C code produced
by the SETL-to-C translator is based on the translator’s ability to
simulate associative access (e.g. finite set membership or finite map
application) on a RAM in real time.

Measuring productivity improvement depended on two assumptions.
The first is that one line of Low SETL takes no more time to compose
than one line of C. This assumption is not controversial. Our experience
is that one line of Low SETL can be produced faster than a line of C.
The generally lower level of discourse in C creates an intellectual gap
between the program and the mathematical function it computes. For
example, in order to implement SETL’s element deletion operation (s
less:= x) efficiently in C would require at least 10 carefully chosen C
operations. The need to access data through pointers and cursors in C
creates a greater level of indirection (which complicates understanding)
than in SETL, where data is accessed directly through values.

The second assumption is that the C code generated automatically
from Low SETL has roughly the same number of lines as equivalent
hand-coded C. We found that the generated C was between 10% and
30% larger than hand-coded C, and concluded that the errors in the
two assumptions would cancel each other out.

Suppose we measure programming productivity in a given program-
ming language as the number of pretty-printed source lines produced
per unit time. Suppose also that productivity decreases as the con-
ceptual difficulty in understanding a program grows. Then in our in-
vestigation, which is restricted to highly algorithmic programming (as
is found in complex language systems and environments), conceptual
difficulty is roughly reflected in the size of the dataflow relation, which
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can be expected to grow nonlinearly with the number of source lines.
Thus, programming productivity P (L), as a function of the number of
program source lines L, increases as L decreases.

Let L2 be the size of a C Program C2 compiled from a Low SETL
specification S1 of size L1, and let C3 be a hand-crafted C program
equivalent to C2. By assumption one, we can use the same productivity
function P (L) for programs written in both Low SETL and C. By
assumption two, we know that the size of C3 is roughly the same as
the size L2 of C2. Then the improvement in productivity by using
our automated program development methodology versus hand-crafted
programming is given by the time L2/P (L2) to manually produce C2

divided by the time L1/P (L1) to manually produce S1, which is

(L2/L1)(P (L1)/P (L2)) > L2/L1

since P (L1)/P (L2) > 1 whenever L1 < L2.
It should be emphasized that our experiments did not measure

productivity directly, which would have required difficult and costly
analysis of human factors such as programming expertise and intelli-
gence. Instead we measured productivity improvement by exploiting
the two assumptions mentioned above to obtain an objective, inexpen-
sive, and credible framework for conducting comparative productivity
experiments that could avoid all human factors. The ratio of lines of C
code generated automatically from Low SETL divided by the number of
lines of Low SETL being compiled gives a lower bound on productivity
improvement. Every algorithm that we tested in [12] yielded ratios that
exceeded 5, and that grew as the input size grew.

Although we found that the C code generated automatically from
Low SETL had runtime performance comparable to good hand code
(whose running time, excluding I/O, was at least 30 times faster than
SETL2 running time executed by the standard SETL2 interpreter),
only small-scale examples were used. The largest C program was about
10 pages. Low SETL lacked procedures, and the type system was highly
restricted. The SETL-to-C production rate was too slow – about 24
lines of C per minute on a SPARC 2. Finally, high level SETL input
had to be translated into low level C input at compilation time.

The hypothesis that productivity improvement will scale up by our
methods is based on the methodology and the application domain.
Real-time simulation is applied uniformly to each instruction of a pro-
gram regardless of program size. Program analysis and transformation
algorithms have a complex combinatorial nature, which fits our model
of productivity.
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2.2. Track (1) Scaleup Objectives

In order for Track (1) to be useful in developing systems, the three
specification languages need to be reconstructed. The foundation for
this reconstruction is a full-scale design of Low SETL. To this end
we plan to enrich the functionality of Low SETL and extend its type
system. Formal semantics for Low SETL need to be worked out along
with the type system as it was in the earlier typed SETL variant found
in [7]. And in order to support computational transparency, we need
to incorporate complexity assertions within a formal rule system along
the lines of Goyal and Paige [24].

In [40] tagged alternation, user defined types, and recursive subtypes
were proposed for Low SETL. Polymorphism and higher order functions
are also needed. Thus far, we have successfully modelled list-like data
structures in the type system. The next step is to show how the type
system can be used to model more realistic hybrid data structures built
up from arrays and lists. We believe that our solutions might benefit
the implementation of vectors in Java.

We also need to develop a type inference model that augments the
model found in [7] and the inference algorithm found in the SETL-
to-C translator [12] to handle the new type system. The powerful
batch read feature found in [40] allows external input in string form
to be validated and converted to complex data structures in linear
time in the length of the string for any list of variables with any
signature in the type system. This needs to be augmented with inter-
active input/output. Modules, procedures, and type conversions across
procedure and module boundaries need to be added too.

Perhaps the main unresolved problem in implementing Low SETL
has to do with its copy/value semantics. This is a hard problem that
has been the major source of inefficiency in two generations of SETL
compilers. The strategy of SETL1 [48] and SETL2 is to implement lazy
copies. That is, assignment of large objects (e.g. sets and tuples with ar-
bitrary depth of nesting) or incorporation of a large object into another
large object is implemented by only copying pointers. Since a large
object may be shared under this strategy, it is first copied whenever it
is updated in order to avoid any side effect. With this approach hidden
copies can potentially degrade program performance from O(f(n)) ex-
pected time to O(f(n)2) actual time. In [12] we observed 30,000-fold
slowdowns in SETL2 performance due to unnecessary hidden copies.

Schwartz [45, 47] developed an interesting but complicated value
flow analysis for SETL1 [48] in order to detect when hidden copies
could be avoided, and update operations could be performed in place.
The difficulty of the analysis seems to stem, in large part, from the fact
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that SETL1 did not implement reference counts, so that the analysis
had to prove that an r-value was unshared. It was never implemented,
and a completely different naive approach that was eventually used
proved to be unsatisfactory.

In SETL2 dynamic reference counts of all references (these are used
for default boxed implementations, and are not part of the SETL2
language) to each tuple or set value are maintained. Highly restricted
circularity of references ensures that when a value has a reference count
greater than 1, then that value is shared, and cannot be updated unless
it is first copied. In order to perform element addition S with:= a
(which adds element a to set S) in place, the location that stores S must
have a reference count of 1 and be different from the location that stores
a. Otherwise, a hidden copy of S is made, and the update is performed
on the copy. Unfortunately, the backend of Snyder’s SETL2 compiler in-
troduces so many compiler-generated temporary variables (which don’t
get garbage collected until the end of scope) that practically all data
is shared at runtime.

In [36, 12], we solved this problem by assuming that all updates were
performed on unshared values, and so, could be updated in place. Any
program that violated this assumption was considered ‘erroneous’ (in
the sense of Ada). This approach obtained some credibility in [12, 24],
where SQ2+ and High SETL specifications were transformed into Low
SETL programs guaranteed not be erroneous a priori. However, this
approach may not be satisfactory for manual programming directly in
Low SETL in scaled up applications. Recently, Goyal and Paige solved
this problem using dynamic reference counts, dead code analysis, and
analysis of when large data MUST share the same location [25]. A
very local implementation of this approach for SETL2 was shown to
speedup APTS runtime by a factor of 10. However, dynamic reference
counts do incur a constant factor overhead in running time, so it would
be interesting to see if more powerful and complicated analysis of when
data MAY share the same location could be used in order to detect a
wide range of contexts where dynamic reference counts can be avoided.

Development of a robust Low SETL specification language would
serve as the foundation for the other two higher level specification lan-
guages. In [7] variants of High SETL and SQ2+ were formulated within
a simple type system, which was only crudely associated with com-
plexity in an ad hoc way. We propose to reconstruct both specification
languages with an enriched type system based on Low SETL.

Scaled up applications planned during the grant period include a
reimplementation of APTS modules for pattern matching and inference
in High SETL to be compiled into C. The batch read algorithm will
be written in High SETL, translated into C, and benchmarked relative
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to the hash-based SETL2 read method. Finally, we plan to implement
Willard’s RCS queries in High SETL to be compiled into C.

Developing better scientific means of measuring productivity and
productivity improvement are important but extremely difficult. The
model of productivity improvement developed in [12] was necessarily
ideal, and only used for the Low SETL specification language. We would
like to explore how to extend this model in order to test productivity
improvement in C for High SETL and other specification languages.

2.3. Track (2) Background

2.3.1. Specification Language and Implementation

Track (2) has to do with the methodology needed to implement Track
(1). RSL (Rule Specification Language) is a high level language for
specifying language translators, analyzers, and program transforma-
tions used in Track (1). RSL specifications are compiled and executed
using the APTS meta-transformational system, which was built by Cai
and Paige to implement this methodology [37]. Appendix A explains
the methodologies of Tracks (1) and (2) by illustrating an actual APTS
transcript of automatic program development using the SETL-to-C
translator.

APTS was designed to implement complex program transformations
and program analysis for ANY deterministic context free language.
It is a collection of modules, each performing an independent task
implemented by an interpreter for a different language paradigm, in-
cluding logic-based inference, conditional rewriting, finite differencing,
commands, and syntax. RSL is a single integrated transformational
language with programming-in-the-large features such as an Ada-like
library, separate compilation, and fine-grained incremental compilation.
APTS is entirely written in only 15,000 lines of SETL2 source code
(including comments), and it contains no foreign tools. It can be ex-
tended by call-in and call-out capabilities relative to compatible SETL2
modules.

Compilers written in RSL make use of the following APTS compo-
nents. The Rule Database (RDB) contains inference rules that define
relations storing program properties, e.g. type or dataflow. These rela-
tions may be defined over a variety of domains including conventional
domains (booleans, integers, strings), the domain of abstract program
points (i.e., simple contexts), program terms (the syntactic values that
occur at program points), and Lisp-like S-expressions (a general do-
main used to embed arbitrarily deeply nested types amenable to first
order unification). Inference rules are specified in a language similar to
Datalog [52] augmented with function symbols and primitive pattern
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matching predicates. The APTS inference engine analyzes the program
(being compiled) for properties specified in the RDB, and it outputs
the Program Database (PDB) of finite relations (sets of tuples that
represent ground terms) storing the program’s properties.

The Transformation Database (TDB) contains conditional meaning-
preserving program transformations of two kinds – rewriting or finite
differencing. The transformation engine selects a transformation T by
matching T with a portion of the program, and by ensuring that the
applicability condition for T, when instantiated with the current PDB,
is satisfied. It then applies transformation T to the program to obtain
a new transformed program. Consequently, the PDB must be updated
to be consistent with the new program and the RDB.

The inference and transformation engines make use of the efficient
bottom-up pattern matching algorithm of Cai, Paige, and Tarjan [13].
The inference engine used to calculate RDB relations [6] combines this
bottom-up pattern matcher with RETE style pattern matching [22]
and seminaive evaluation of Datalog [2, 1, 52]. Part of the signature
of a relation allows seminaive evaluation to calculate relations as in a
simple addition system or with built-in unification.

The use of APTS as a crucial vehicle in the proposed research may be
justified simply by convenience – we have access to its source code, and
the source language is SETL2, which is not hard to rewrite into Low
SETL. However, its functionality also compares favorably with other
systems. The APTS logic-based inference method for program analy-
sis implementation was influenced by the earlier Mentor and Centaur
systems [18, 5], which were among the first systems to break away
from attribute grammars and use a more general logic-based approach
to program analysis. Reliance on foreign tools such as Lex, YACC,
and Prolog makes Centaur powerful but inefficient. Unlike Centaur’s
reliance on Prolog’s general-purpose inference engine, our implemen-
tation has been designed specifically for high performance program
analysis.

The goal of using incremental computation as part of a transfor-
mational environment for APTS was influenced by the Synthesizer
Generator [43]. It uses a first-order functional language called SSL to
specify syntax, attribute equations, as well as program transformations.
In the SG, program analysis is performed by attribute evaluation and
incremental attribute evaluation relative to program editing modifica-
tions [44]. Although efficient attribute re-evaluation is an important
benefit of attribute grammars, this approach limits navigation to the
syntax tree, which makes global analysis inefficient. Thus, it is often the
case that an escape from the attribute grammar formalism is warranted,
and C procedures are introduced.
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Although RSL includes a command language, which, like SSL, can
operate directly on syntax trees, the RSL subcomponents for logical
inference, conditional rewriting, and built-in finite differencing are more
abstract and declarative. The RSL style discourages direct reference to
the syntax tree or its structure, and encourages reference to the tree
indirectly by pattern matching. The algorithms that implement those
subcomponents are highly sophisticated; e.g., the on-line preprocessing
algorithm for multi-pattern tree matching [13].

Refine [41] is a robust, commercially available transformational sys-
tem, that offers a language like SSL for manipulating syntax trees.
KIDS [49] (which is built on top of Refine) implements rewriting and in-
ference on top of Refine, and is highly regarded as a well-engineered sys-
tem in the transformational community. The directed inference mech-
anism used by KIDS uses the full power of first order theorem proving,
which is needed for program synthesis tasks. However, this approach
trades efficiency and automation for generality, and is probably not well
suited to scaled up applications, where automatic program analysis is
essential.

2.4. Track (2) Scaleup Objectives

The most pressing and perhaps most difficult open problem in APTS
system research is in devising an automatic scheme to maintain the
consistency of PDB relations incrementally after a program is changed
by transformation. The idea is to automatically generate an INCRE-
MENTAL RULE DATABASE (IRDB) from the BATCH RDB and
a program transformation. This would allow the inference engine to
recalculate the PDB efficiently by executing the IRDB each time a
program transformation is applied. Some combination of differential
techniques and partial evaluation is needed to solve this crucial but
difficult research problem.

The current version of APTS handles this problem automatically for
extensional relations such as monotone and type (which are invariant
with respect to equivalence-preserving expression replacement). How-
ever for intensional relations such as free and bound variables, control

flow, and most subtype relations, APTS requires the user to annotate
each conditional rewriting rule R with instructions on how to update
the PDB each time R is applied.

Solving this problem fully automatically would eliminate one of the
most difficult and error-prone aspects of RSL programming. Of course,
a good algorithmic solution must depend on a clean formal semantics,
leading to the practical integration of analysis and transformation.
More generally, it would also enhance a top-down stepwise refinement

paige.tex; 12/01/2005; 23:43; p.13



14 Robert Paige

framework in which global analysis is reserved for the highest level,
perspicuous specifications, and local analysis is sufficient to select and
justify transformations whose application propagates semantic facts to
lower level implementations.

The only related work we are aware of is that of Emma van der
Meulen [53], who gave initial solutions to incremental conditional rewrit-
ing for the ASF+SDF system [29], a descendant of Centaur. Her meth-
ods were based on reducing primitive recursive schemes to strongly
noncircular attribute grammars, and either applying the Reps, Teitel-
baum, Demers algorithm [44], or using a batch-oriented approach with
lazy incremental updates. We would be seeking a sharper, more prac-
tical solution within our RETE-based inference strategy that exploits
the fact that a transformation preserves semantics.

Another major problem has to do with ensuring reliability of the pro-
gram development process. Currently, all transformations used within
APTS preserve program semantics, but this is only proved on paper
outside the system. Since APTS is capable of unbridled production of
dangerously large quantities of code without any human intervention or
oversight, the absence in APTS of machine-assisted meta-level support
to prove transformations correct is a major deficiency that needs to
be overcome. We expect that unfunded participants in the area of
computational logic from the U. of Catania and the U. of L’aquila
will investigate how to verify our transformations by mechanical proof
checking and theorem proving. Recently, formal verification of our im-
plementation design of Willard’s query processor [24] has been achieved
with paper and pencil in Cantali’s Thesis [14] at the U. of Catania.
Cantali’s immediate future plans are to pass his proofs through the
ETNA set theoretic mechanical proof checker.

Within the proposed research we plan to consider two other aspects
of formal correctness. First, we will derive APTS system components
that implement pattern matching and inference. Second, we plan to
investigate various forms of rule induction to prove properties of RSL
inference and conditional rewriting rules that implement particular
kinds of program analysis and transformation.

The main objective of Track (2) research is to improve the speed of
RSL execution in scaled up applications. Unless otherwise stated, our
analysis will not include running time for input and output methods.
Slow speed results from levels of interpretive overhead, the fact that
RSL is fully specified in its own formalism, interfacing between mod-
ules, and the fact that APTS is implemented in SETL2. Slow speed of
SETL2 results from dynamic memory allocation, dynamic typing, the
high cost of redundant expressions, a model of computation based on
associative access, hidden copies, etc.
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In order to speedup RSL execution, we will reconstruct the existing
SETL-to-C translator (written in RSL) into a robust compiler, called
the Low SETL-to-C Accelerator, for the full Low SETL language. Next,
we will rewrite APTS in Low SETL, and compile it into C using the
SETL Accelerator. Based on previous experiments [12], this should
speedup APTS by a factor of 30.

We will also build a self-applicable partial evaluator for Low SETL,
written in Low SETL itself. RSL will be used to generate the Low SETL
abstract syntax tree for the partial evaluator. This would allow us to
partially evaluate the Low SETL version of APTS together with any
RSL specification to produce a seamless Low SETL program equivalent
to the original RSL specification, but running about 10 times faster.
We could then compile this Low SETL specification into C using the
Low SETL Accelerator to gain another factor of 30 in speed. In this
way we could speedup the RSL specification of the SETL Accelerator
by a factor of 300.

Since RSL syntax is fully specified in the RSL syntax formalism,
the power of RSL can sometimes be used to analyze and implement
itself more succinctly than in SETL. In this regard, we plan to replace
the current APTS SETL modules for finite differencing and for RSL
compilation by more perspicuous RSL modules. We also plan to make
RSL statically typed, and to equip the RSL compiler with an RSL
specification for type analysis. Partial evaluation would then be used
to undo the extra level of interpretive overhead that would otherwise
make this kind of bootstrapping unreasonably inefficient.

Partial evaluation [27] may be the most widely applicable and poten-
tially practical transformation around. It is based on a general software
engineering principle in which highly parameterized programs are con-
cretized by simplification when a subset of the parameters is fixed.
It offers an attractive generic implementation strategy that traces a
portion of the computation for which expressions can be evaluated (for
any datatype and operation in the language). Consequently, partial
evaluation must be implemented in full accordance with language se-
mantics. A partial evaluator can turn an interpreter with fixed program
input into a compiled program, or it can turn a partial evaluator with
fixed interpreter input into a compiler. Amazingly, it can turn a partial
evaluator with fixed partial evaluator input into a compiler genera-
tor. Partial evaluation has been worked out for various programming
languages within the major language paradigms.

An off-line partial evaluator for a low level subset of dynamically
typed SETL2 has been built with a finite, uniform, congruent division
and polyvariant specialization based on the method for flowchart lan-
guages found in [27]. It includes interprocedural analysis for control
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flow, dataflow, and live variables, which is used for various optimiza-
tions including procedure unfolding during specialization. So far the
partial evaluator has been used successfully to implement the First
Futamura Projection on several interesting examples, including an in-
terpreter for a simple imperative language. Minor modification is un-
derway to implement the Second Futamura Projection, which is critical
for automatic transformation of the APTS interpreter into a compiler.

However, the partial evaluator has been implemented using a mix-
ture of SML and SETL2 programs. We need to rewrite it more perspic-
uously as a mixture of RSL and Low SETL specifications. The partial
evaluator needs to be extended to handle modules (including module
variables of static extent). It also needs to be rewritten to partially
evaluate Low SETL. Finally, it should be said that designing a good
self-applicating partial evaluator for Low SETL may be extremely dif-
ficult, and alternative approaches known to work and achieve the same
ends will be taken if need be.

One possible alternative to get a good generating extension is to di-
rectly implement a compiler generator (cogen, also known as generating
extension generator) [32], whose functionality is the same as the result
of double self-application of a partial evaluator as formulated by the
Third Futamura Projection. This new approach avoids several technical
problems of self-applicating approach, which arise in statically typed
languages such as Low SETL. The relationship of a compiler generator
and a partial evaluator is like that of a compiler and an interpreter, so
it is not too difficult to write a compiler generator by hand.

In addition, it is also difficult to design a good binding-time analysis,
especially for separately compiled modules (which is an open problem
in itself). For the specific application here, however, manually annotat-
ing and refining the binding-time of variables and operators would be
a practical alternative, giving the developers a finer control over the
generated code.

3. Research Plan for Automated Software Manufacturing

Within the grant period we intend to turn the rudimentary ideas found
in [12] and outlined above into a practical technology offering a 5- to
10-fold improvement in productivity for large-scale examples of over
100,000 lines of C. In order to accomplish the preceding goals, we
will combine data structure selection by real time simulation of a set
machine on a RAM [36, 7] and partial evaluation [27]. We plan to use
the software components described in the preceding section to automat-
ically build other components that would be the essential tools for a
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new practical program development technology. These new components
are described below.

Let PL be a program P implemented in language L. Let R denote
RSL, and let S stand for Low SETL implemented in the standard
runtime environment of dynamically typed SETL2. Using the transfor-
mational products in the project, including the SETL Accelerator writ-
ten in RSL (denoted by AR), the APTS system written in Low SETL
(denoted by APTSS) and the partial evaluator for Low SETL written in
Low SETL (denoted by PES), we propose a series of transformational
experiments that, in scaled up applications, test the feasibility of com-
bining partial evaluation with our own transformations (sometimes in
complex reflective ways), test speedups predicted for transformed code,
and test productivity improvement for C implementations.

From experience we have found that the runtime performance of any
program PR is roughly 10 times slower than the runtime performance
of an equivalent S program PS . We would like to test whether partial
evaluation of RSL yields similar speedups. Based on the experiments
reported in [12] and unpublished independent experiments by Snyder
(the designer and implementer of SETL2), SETL2 programs PS should
run 30 times slower than equivalent C programs PC . (We assume here,
that PS would have no hidden copies, or else it might run many more
times slower.) Our experiments [12] showed that the SETL-to-C trans-
lator produced C codes that matched the 30-fold speedup observed in
hand-coded C. Since partial evaluation and data structure selection
are completely independent, we plan to test the hypothesis that PC

will run 300 times faster than PR regardless of whether PC is produced
mechanically or by hand.

We will first apply AR to PES to give us a partial evaluator of
Low SETL in C, i.e. PEC = AR(PES), which should be 30 times
faster than PES . Next, we will apply PEC to APTS and specialize
it w.r.t. AR to give us a Low SETL Accelerator in Low SETL, i.e.

AS = PEC(APTSS , AR), which should be 10 times faster than AR.
Self-application of AS produces an equivalent translator AC = AS(AS)
from S to C that is written in C and should run 300 times faster than
AR.

The next set of experiments relate to generating a fast generic C
read method. First, we apply AC to the read method written in Low
SETL, denoted by readS , to give us a generic C read method, i.e.

readC = AC(readS). To get a specialized version of the read method
for a fixed type signature sig (which includes a type assignment for the
input variables and subtype constraints), we first apply PEC to readS

and sig to obtain a Low SETL version of the specialized read routine
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for signature sig, i.e. readsig
S = PEC(readS , sig). We further apply AC

to readsig
S to get its C version equivalent, i.e. readsig

C = AC(readsig
S ).

In a similar way, we can improve the speed for APTS. Applying AC

to APTSS will yield a C version of APTS, i.e. APTSC = AC(APTSS).
We get a compiler version of APTS by specializing PES w.r.t. APTSS

using PEC , i.e. CAPTSS = PEC(PES , APTSS). This can further
be converted to C, i.e. CAPTSC = AC(CAPTSS). Now, our trans-
formations can be done quickly using CAPTSC and AC , i.e. PS =
CAPTSC(PR), PC = AC(PS) for any program PR.

Among the tools generated for free from the three implemented tools
PES, AR, and APTSS, we believe that APTSC , CAPTSC , and even
AC are likely to exceed 100,000 lines of C. Furthermore, programs
PC that result from compiling substantial RSL programs PR into Low
SETL programs PS by CAPTSC , which are further translated into C
by AC , can easily form codes of 100,000 lines or more.

A successful production of APTSC would, for the first time, yield C
modules implementing efficient forms of extremely difficult algorithms
and subsystems that would be useful to the programming language
community. These include, (1) the fastest known preprocessing algo-
rithm for bottom-up multi-pattern tree matching [13], (2) an inference
engine combining our fast pattern matching algorithm with RETE-syle
forward chaining [22] to implement logic-based program analysis and
computation, and (3) a bottom-up conditional rewriting engine that
makes use of our fast pattern matching algorithm to implement source
program transformation.

As a final application Willard’s Predicate Retrieval theory [54, 55,
56] deals with a large database query optimization, and serves as an at-
tractive scaled up application for implementing and verifying a difficult
query compiler. Conceptually and technically difficult, an RCS query
compiler has resisted all previous attempts at an implementation. Nev-
ertheless, we believe that our implementation plans will succeed. RCS
queries expressed in High SETL will be transformed into semantically
equivalent programs in Low SETL using an RSL specification WR. We
expect the speed for this transformer to be considerably improved by
the transformation WC = AC(CAPTSC(WR)). The Accelerator AC

will turn Low SETL versions of these queries into C for execution.

4. Results From Prior NSF Support

The present grant proposal stems from an ongoing feasibility study
sponsored by the National Science Foundation under the SGER pro-
gram within the Software Engineering and Languages area of CISE/CCR.
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The ongoing NSF grant has award number CCR-9616993, funding
amount $100,000., and support period Sep. 1, 1996 to Aug. 31, 1999.
The title is “Improving Productivity of Algorithm and System Imple-
mentation in Scaled Up Applications”.

Results from the currently funded grant have been reported earlier in
this proposal. They include considerable progress in the design of Low
SETL, in the implementation of a SETL partial evaluator, and in the
investigation of the hidden copy problem. Publications include a POPL
97 paper [40] on the formal semantics and algorithmic development of
a batch reading method for Low SETL. This paper was coauthered by
the Principal Investigator and Ph.D. student Zhe Yang, and presented
at POPL by Yang. As a result of this work Yang won a prestigious
BRICS fellowship to study last year with Olivier Danvy at the U. of
Aarhus in Denmark. This year he has returned to NYU to work on his
Thesis.

While at BRICS, Yang worked on the type encoding problem in
languages with Hindley-Milner type system. This work is partly moti-
vated by the effort to type the generic read routine for Low SETL [40].
This routine has its input arguments dependently typed; i.e., one of
the arguments provides the type signature for the remaining inputs.
Results of this work were reported in an ICFP 98 paper [57] that
was presented by Yang. The ICFP 98 paper formulated this kind of
problem in terms of type-indexed values, and developed several general
approaches to program with them within a Hindley-Milner type system,
the basis for many popular functional languages such as ML. These
approaches are based on encoding types as higher-order polymorphic
functions, whose types reflect the encoded types themselves. For the
general functional programming community, this paper provides pro-
gramming techniques for writing dependently-typed programs using
commonly available languages. We are also further convinced that a
Hindley-Milner type system with some variations can provide the type
basis for Low SETL.

As an application of the above type encoding paper, we solved
the problem of implementing type-directed partial evaluation natively

in ML [58]. Although native implementations of type-directed par-
tial evaluators have been reported to be several magnitudes faster
than meta-language implementations, previously, they were only im-
plemented using untyped languages such as Scheme, which cannot
guarantee run-time type safety.

Another publication [24], coauthored with Ph.D. student Deepak
Goyal, demonstrated how the Low SETL type system could actually
be used to improve the runtime complexity of Willard’s database query
processing method. This work is unusual in the sense that a difficult
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algorithmic improvement was not obtained by the usual combinato-
rial arguments but by algebraic and logical reasoning using theoretical
programming language concepts. Goyal has given invited talks on this
work at SUNY Albany, the U. of Copenhagen, and the U. of Aarhus.
As noted earlier, these also inspired a Bachelor’s Thesis in the area
of Mechanical Verification at the U. of Catania in Italy. This year
Goyal and I coauthored another paper [25] on how to avoid hidden
copy operations in an imperative language with large datatypes and
copy/value semantics with a lazy copy strategy, such as Low SETL.
Goyal presented the work at SAS 98 (which took place in Pisa, Italy),
and gave invited talks at several universities in Italy.

Goyal is the unique holder of the prestigious Dean’s Dissertation
Fellowship in the Computer Science Department at NYU, so he will not
need academic support for next year. Zhe will be funded by an ONR
grant that partly overlaps with the current proposal. This proposal
seeks funding for one Ph.D. student in addition to Goyal and Yang for
a total of three students working full-time on the project. The principal
investigator will also be on sabbatical next year, and will remain at
NYU in order to make good progress with the ambitious work proposed
here.

5. Conclusion

There is compelling experimental evidence that SETL Accelerator AC

will compile programs PS into C codes PC whose performance is com-
parable to hand-coded C for small examples. We also believe that the
performance of C codes PC produced by our methods will actually grow
in competitiveness with hand-coded C as the number of source C lines
grow. If this is confirmed, then our automated software manufacturing
technology may not only work for scaled up applications, but may allow
us to build high performance systems that cannot even be built under
current technology.

An important feature of this technology is the natural way in which
it can evolve as each of its separate basic components (PES , AR, or
APTSS) is improved. Improvements are of two kinds, both of which
lead to a merger of Tracks (1) and (2) as part of a bootstrapping
process. One kind of improvement has to do with progressive elevation
of the partial evaluation language, the Accelerator source language,
and the implementation languages of PES and APTSS from Low
SETL to High SETL to either SQ2+ or RSL. Another kind has to do
with combining the logic-based relational style of RSL with the func-
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tional set-based style of SQ2+ into a single very high level specification
language.

Appendix

A. Transcript of an APTS Derivation

This section illustrates our specification languages and transforma-
tional methodology by tracing through an actual transcript of me-
chanical program development in APTS. The transcript demonstrates
how a formal specification of live code analysis (for an imperative well
structured programming language), written in only a few lines of SQ2+,
can be turned automatically into a C program of several hundred lines
with worst-case running time and space linear in the input space. We
also show how live code analysis can be specified in RSL, and used as
part of the SQ2+-to-C compiler.

The SQ2+ specification of live code analysis appears pretty-printed
by APTS just below:

program useless ;

1 assume oneone ( instof ) ;

2 assume onemany ( iuses ) ;

3 assume manyone ( compound ) ;

4 assume disjoint ( range instof , range compound ) ;

5 read ( instof , usetodef , iuses , compound , crit ) ;

6 print ( clfp ( crit ,

live +

instof [ usetodef [ iuses [ live ] ] ] +

compound [ live ] , live ) ) ;

end ;

where crit is a set of initial live statements (read and print), iuses is
a one-to-many map from statements to uses of variables, usetodef is a
many-to-many map from uses to definitions (left-hand-side occurrences
of variables) of variables that can reach these uses along definition-
clear program paths, instof is a one-to-one map from definitions to
their enclosing statements, and compound is a many to one map from
statements to immediately enclosing compound statements (i.e., if-
statements and while-loops). Assumptions are given to improve the
quality of the compiled code. Image set expression f[s] yields the image
of set s under binary relation f; i.e., {y: ∃ y ∈ s | [x,y] ∈ f }. The
conditional least fixed point expression clfp... computes the smallest set
live (with respect to set containment) that includes set crit and satisfies
equation live = live ∪ instof [usetodef [iuses[live]]] ∪ compound[live].
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For example, in the following program,

program test;

read(b);

if c2 then c := y;

elseif c3 then a := y;

end if;

print (a);

end program;

let statements print(a) and read(b) belong to set crit. Then all but
assignment c := y would be live.

Based on the SQ2+ type inference system described in [7], the APTS
inference engine computes types for each program expression. It also
computes other program properties, such as monotone expressions, and
bound and free variables of expressions. These properties are all stored
as relations in the the APTS PDB (Program Database).

The binary ‘type’ relation is defined over the domain of program
terms (the first component) and s-expressions representing types (the
second component). The binary relation ‘mono’ is defined over program
terms. RSL code for two of the inference rules used to compute types
are shown below,

match(%expr, .x%) | null(z, type(%expr, .x%, z)) ->

bind(.t, newatom(t)) and type(%expr, .x%, .t);

match(%expr, .x + .y%) | type(%expr, .x%, .t) ->

type(%expr, .x + .y%, .t) and type(%expr, .y%, .t);

The first rule states that for every program point p in the SQ2+ spec-
ification with syntactic category ‘expr’ (i.e., for every occurrence of an
expression) such that ‘type’ is not defined for the term r stored at p,
create a new type variable t, and make t the type for r (i.e., store pair
[r,t] in the ‘type’ relation). The second rule is more complicated. It
states that for every program context p1 + p2, where p1 and p2 are
program points containing terms t1 and t2 respectively, if the ‘type’
relation contains pair [t1,t], then perform the following actions. Obtain
a most general unifier t’ of t and the types of t2 and t1+t2 if these
types already exist, and let t’ = t otherwise. Then store pairs [t1,t’],
[t2,t’], and [t1+t2,t’] in relation ‘type’ after deleting each of the types
for t1, t2, and t1+t2 that may exist.

Inference rules in APTS may be performed in any order. There is
a notion of ‘safe’ rules (under a closed world assumption) to allow
for limited forms of negation and built-in predicates, and a semantics
similar to the logic databases found in [52]. More details about the
inference rules and how they are implemented in APTS can be found
in [6].
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The conditional rewriting transformation ‘nminfp’ can turn the func-
tional live code analysis specification above into a simple imperative
program that computes the conditional least fixed point by dominated
convergence. The transformation is displayed in APTS using the ‘help’
feature.

>:help nminfp;

lhs code to be matched

print ( clfp ( .w , .s + .k , .s ) ) ;

rhs replacement code

.x := .w ;

while exists .z in ( .k - .x ) loop

.x with := .z ;

end loop ;

print ( .x ) ;

pattern expansion code is

readvar ( .x ) and

genvar ( .z ) and

subst ( .k , .s , .x )

database action code is

type(.x ,[set, .t ]) and

type(.z, .t) and

type(%expr,.k-.x%, [set, .t])

enabling predicate

mono ( % expr , .s + .k %, .s ) and

type ( .s , [ set , .t ] )

This rule applies to any program point that is matched by the left-hand-
side pattern and that satisfies the enabling predicate. Nonlinear pattern
matching is carried out between the left-hand-side pattern (essentially
a sentential form in the SQ2+ grammar) and the program. Variables
preceded by a period are pattern variables that match program points.
For matching to succeed, all occurrences of the same pattern variable
in a pattern must match the same terms.

An environment env that maps pattern variables to program points
is created as a side effect of matching. Matching the left-hand-side of
‘nminfp’ with the SQ2+ specification results in the following environ-
ment:

env(.w) = crit
env(.s) = live
env(.k) = instof[usetodef[iuses[live]]] + compound[live]

Next, the enabling predicate pattern is instantiated relative to en-
vironment env. Predicate mono(live+instof[ usetodef[ iuses[ live ]]] +
compound[ live ], live) and type(live, [ set, .t]) which results from sub-
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stitution, must then be matched against the mono and type relations
stored in the PDB. That is, the pair [live + instof[usetodef[iuses[live]]] +
compound[live], live] must be stored in relation mono, and relation type
must store pair [live, [set, τ ]] for some s-expression τ that represents a
type. Both conditions are satisfied. Since variable live has type [ set t5
], the environment is extended so that env(.t) = t5.

At this point the environment is extended further by executing the
pattern expansion commands. Command readvar ( .x ) requires the
user to supply an identifier from the terminal. In response we will
supply the string livest, after which env(.x) = livest. Command genvar
( .z ) creates a new identifier automatically. In this case the system
supplies x1, after which env(.z) = x1. Command subst ( .k , .s , .x
) is a general substitution mechanism that replaces all occurrences of
env(.s) in env(.k) by env(.x). In this case, substitution will result in
env(.k) = instof[usetodef[iuses[livest]]] + compound[livest].

The right-hand-side replacement code in the ‘nminfp’ transforma-
tion can now be instantiated relative to environment env, and used to
replace the SQ2+ subtree matched by the left-hand-side. Finally, the
database action code indicates how to update the type relation in the
PDB for the new terms that are introduced by tree replacement. The
High SETL program just below results from dominated convergence,

program useless ; --Assumptions elided

5 read ( instof , usetodef , iuses , compound , crit ) ;

6 livest := crit ;

7 while exists x1

in instof [ usetodef [ iuses [ livest ] ] ] +

compound [ livest ] - livest loop

8 livest with := x1 ;

end loop ;

9 print ( livest ) ;

end ;

The SQ2+-to-C translator proceeds to the next phase of compila-
tion, which applies finite differencing (see [20, 21, 49, 33] for related
work). In order to expose opportunities for finite differencing and also
to regularize the program into a simplified form for which a limited
number of finite differencing rules can have wide utility, the translator
turns the program into a normal form. This is done by applying a
group of conditional rewriting rules exhaustively bottom-up until there
is no further change. Consequently, line 7 is replaced by the following
equivalent code:

7 while exists x1

in { x2 in instof [ usetodef [ iuses [ livest ] ] ]

+ compound [ livest ] | x2 notin livest } loop
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The algorithm used to implement group transformations is based
on the incremental linear pattern matching preprocessor found in [13].
Regardless of the number of rewriting transformations belonging to a
group, matching can proceed bottom-up so that the exact subset of
individual rules whose left-hand-sides match a given program subtree
can be computed in unit time, and presented in linear time in the subset
size. Efficient incremental preprocessing of groups with respect to rule
addition and deletion is also supported.

Next, the finite differencing transformation automatically detects
invariants of the form x = e (where e is a program expression and x is
a new variable uniquely associated with e) that should be maintained
and exploited in order to avoid the costly repeated calculation of the
truth set at the top of the while-loop at line 7. The following invari-
ants are detected automatically by bottom-up analysis of the truth set
expression; their left-hand-side variables are all supplied by the user:

uses = iuses [ livest ]

defs = usetodef [ uses ]

livedf = instof [ defs ]

livecf = compound [ livest ]

liveall = livedf + livecf

work = { x in liveall | x notin livest }

After the six invariants are detected, a stream processing transfor-
mation based on Goldberg and Paige [23] inserts code that aims to
establish the invariants on entry to the while loop using a minimal
number of loops. In this case stream processing generates the code ap-
pearing on lines 7 through just before line 29 below. A chain rule is used
to perform the necessary bookkeeping operations needed to reestablish
these invariants just before they are falsified by the modification to
livest at line 45. Consequently, the costly truth set expression at the top
of the while loop is made redundant, and is replaced by variable work.
The Low SETL program that results from finite differencing appears
just below.

program useless ; --Assumptions elided

5 read ( instof , usetodef , iuses , compound , crit ) ;

6 livest := crit ;

7 livecf := { } ;

8 livedf := { } ;

9 defs := { } ;

10 uses := { } ;

11 for x3 in livest loop

12 if compound ( x3 ) notin livecf then

13 livecf with := compound ( x3 ) ;

end if ;
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14 for x5 in iuses { x3 } loop

15 for x9 in usetodef { x5 } | x9 notin defs loop

16 livedf with := instof ( x9 ) ;

17 defs with := x9 ;

end loop ;

18 uses with := x5 ;

end loop ;

end loop ;

19 work := { } ;

20 liveall := { } ;

21 for x11 in livedf loop

22 if x11 notin livest then

23 work with := x11 ;

end if ;

24 liveall with := x11 ;

end loop ;

25 for x12 in livecf loop

26 if x12 notin livest then

27 work with := x12 ;

end if ;

28 liveall with := x12 ;

end loop ;

29 while exists x1 in work loop

30 if compound ( x1 ) notin livecf then

31 if compound ( x1 ) notin livest then

32 work with := compound ( x1 ) ;

end if ;

33 liveall with := compound ( x1 ) ;

34 livecf with := compound ( x1 ) ;

end if ;

35 for x6 in iuses { x1 } loop

36 for x9 in usetodef { x6 } | x9 notin defs loop

37 if instof ( x9 ) notin livest then

38 work with := instof ( x9 ) ;

end if ;

39 liveall with := instof ( x9 ) ;

40 livedf with := instof ( x9 ) ;

41 defs with := x9 ;

end loop ;

42 uses with := x6 ;

end loop ;

43 if x1 in liveall then

44 work less := x1 ;

paige.tex; 12/01/2005; 23:43; p.26



An NSF Proposal 27

end if ;

45 livest with := x1 ;

end loop ;

46 print ( livest ) ;

end ;

Finite differencing often causes intermediate invariants and code in
the untransformed program to become useless. The next step of the
SQ2+-to-C translator performs a dead code analysis and elimination
transformation. First inference rules are used to compute control flow,
data flow, types, and an abstraction of the program that allows live
code to be calculated. These consist of around 3 pages of RSL specifi-
cations, including the following two axioms to determine the initial live
statements:

match(%statement, print(.x);%)

-> live(%statement, print(.x);%);

match(%statement, read(.x);%)

-> live(%statement, read(.x);%);

Next, the following two inference rules

--a use of variable z is live if it occurs free

--in expression y that is reached from a definition of z

--along a path clear of other definitions to z

reach(.z, .y) and freevar(.y, .z) -> live(.z);

--a program component that encloses a live subcomponent

--is also live

live(.x) and neq(pred(.x), nil) -> live(pred(.x));

are used to determine those program statements that contribute either
directly or indirectly (via dataflow and control flow) to the print state-
ment at line 46. This step is carried out in logic programming fashion by
calculations involving only relations in the PDB and without reference
to the program syntax tree. Analysis determines that statements at
lines 10, 19, 42, and 44 are dead. These statements are removed from
the program, and control structures are subsequently simplified using
RSL conditional rewriting rules.

The final transformation, which makes use of concepts found in [46],
but relies mainly on the type/subtype inference mechanism of [7], im-
plements all set and map datatypes using array and list data structures.
This transformation rests on the discovery of finite universal sets, called
bases, to be used for data sharing and for creating aggregate data struc-
tures that serve to simulate associative access (e.g. x in s) in real-time;
i.e., each such access is implemented by a unit time array or pointer
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access. The final C code with 342 labeled statements runs in time linear
in the size of the usetodef relation. Similar to the benchmarks reported
in [12], it runs 30 times faster than the SETL2 program running under
Snyder’s ‘stlx’ interpreter, which indicates performance comparable to
good hand-coded C.
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