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Abstract. In spite of decades of work, the practical impact of programming lan-
guage semantics (denotational semantics) has been limited. Our thesis is that a
major contributing factor to this lack of practical impact is the declarative notation
used for expressing the semantics, namely, the A-calculus. We propose to use Horn
Logic (and eventually Constraint Logic) instead of the A-calculus to express deno-
tational semantics. This simple change leads to many practical applications, most
notably to automatic program verification and automatic generation of compilers
from semantic specifications. These Horn Logic denotations and their applications
are discussed at length in this paper.

1 Introduction

There has been decades of work in programming language semantics, how-
ever, the practical impact of this area has been limited [40]. The reason is
the different types of semantics that have been advocated—operational se-
mantics, denotational semantics, and axiomatic semantics—that use different
notations and that are designed for different types of users (language design-
ers, implementors, programmers, etc.). Also, these different semantics are
specified in a non-executable or only partially executable notation. Often, as
Schmidt notes [40], formal semantics (especially denotational semantics) is
mired in complex mathematics: “domain theory, intuitionistic type theory,
category theory, linear logic, process algebra, continuation-passing style, or
whatever” [40]. To quote him further: “formal semantics has fed upon in-
creasing complexity of concepts and notation at the expense of calculational
clarity.” “General users desire semantics definitions with strong calculational
flavor.” We believe that this lack of “calculational flavor” has severely hin-
dered the practical applications of programming language semantics. Schmidt
offers the following challenge for researchers working in semantics:
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“A challenge for semantics writers is the following: design a calcu-
lational semantics for a significant subset of, say, Java, that can
be learned and applied by first-year university students to debug
their programs. Perhaps such a semantics will use graphical state
and small-step transitions upon the state for its calculations, but
calculation upon program properties—that is, a variation on pred-
icate transformer semantics—is also a possibility. In any case, it is
crucial that the formulation be “mathematical” in the sense that de-
notational semantics was first termed mathematical: there must be
an underlying consistent proof theory. And of course, the semantics
should be some form of extension of BNF.”

In this paper we present a simple solution to providing this “calculational

clarity” to formal semantics. Our solution has all the characteristics that
Schmidt requires a “popular” semantics to possess. Qur simple solution [14]
is to change the notation used for expressing denotational semantics: instead
of the traditional A-calculus, we propose to use Horn Logic (and eventually
constraint logic [21]) as the language for specifying semantics. Horn logic is
the basis of logic programming and the Prolog language [42]. By using Horn
logic as the language for writing semantics, all three semantics—operational,
denotational, and axiomatic—can be expressed in the same notation that is
also executable, leading to myriad applications:

Given that the syntax of a language, £, can be expressed as a Defi-
nite Clause Grammar [42], the syntax of £ can also be specified as a
Horn Logic Program. Because the syntax and semantics of £ are both
expressed in Horn Logic, both are executable—the syntax specification
yields a parser for £, the semantics specification yields the back-end of
an interpreter for L.

Given this executable syntax and semantic specification, various opera-
tional semantics for £ can be obtained by choosing an appropriate Horn
Logic selection function. Choosing an operational semantics yields an in-
terpreter for £ (according to that operational semantics).

Partial evaluation of the interpreter (using a partial evaluator, such as
Mixtus [36]) w.r.t. to a given program, P (written in £), yields “com-
piled code” for P. Provably correct compiled code is thus automatically
obtained from the semantic specification.

By using a bottom-up evaluation strategy (or a tabling-based evaluation
strategy [6,37]), the fixpoint of the denotation of a program written in £
can be computed and used for verification purposes.

The postconditions and preconditions can be inserted in the program’s
Horn logical denotation and evaluated; by choosing a precondition care-
fully, and turning it into a generator, certain properties of interest of the
program can be verified.

By using evaluation engines other than Prolog, such as those that are
tabling-based [6,37], and by choosing abstract semantics, abstract inter-



preters [10] for a language £ can be automatically obtained from the
abstract semantic specification of L.

e By choosing a suitable semantic algebra, and using partial evaluation,
abstract machines can be derived and studied for the language in ques-
tion.

o A formal theory of semantic porting is also obtained. If a program written
in a language £, is to be ported to language L2, then the denotational
semantics of £; can be given in terms of £5. The interpreter obtained by
using Horn logic for specifying the syntax (as a DCG) and semantics, is
effectively a (formal, provably correct) language translation system.

e QOur approach can be used for building executable software specifications.
A software system can be thought of as an evaluator of its input language.
The denotational semantic specification of this input language is a spec-
ification of the software system, and if this specification is executable (as
is the case if Horn Logic is used), then a (rapid) prototype implementa-
tion of the software is obtained. The executable specification can be used
for obtaining efficient implementation as well as for verification.

e Semantics of parallel languages is easily given, as logic programs naturally
encapsulate parallelism. Additionally, parallelizing compilers can also be
derived from parallel semantics of the language.

e By generalizing Horn Logic to Constraint Logic, more complex software
systems, e.g., real-time systems, can be elegantly modeled and verified.

The two principal advantages of switching to Horn Logic are: (i) both
the syntax and semantic specification are executable, yielding an interpreter;
and, (ii) The logical denotation of a program can also be used for verification.
Most of the applications listed above follow from one of the two cases.

2 Logical Denotations

Denotational semantics [38,39,18] of a language has three components:

e syntax: specified as a context free grammar;

e semantic algebra: these are the basic domains along with associated oper-
ations; meaning of a program is expressed in terms of these basic domains.

o valuation function: these are mappings from patterns of parse trees and
semantic algebras to values in the basic domains in the semantic algebra.

Traditional denotational definitions express syntax in the BNF format,
and the semantic algebras and valuation function in the A-calculus. However,
a disadvantage of this approach is that while the semantic algebra and the
valuation functions could be easily made executable, syntax checking and
generation of parse trees cannot. A parser has to be written (or generated)
to do syntax checking and generate parse trees. These parse trees will then be
processed by the valuation functions to produce the program’s denotation.
These two phases constitute an interpreter for the language being defined.



An interpreter for a language can be thought of as a specification of its oper-
ational semantics, however, using traditional notation (BNF and A-calculus)
it has to be obtained in a complex way.

The reason A-calculus has been traditionally used for specifying the se-
mantic algebras and valuation functions component of denotational seman-
tics is because when it was first proposed by Scott, functional programming
(with its formal basis in A-calculus) was the only declarative formalism that
was available. A declarative computational formalism is needed since the se-
mantics is supposed to be mathematical (declarative), i.e., it should have a
“consistent proof theory” [40]. However, today there is another declarative
formalism that is available, namely, logic programming (with its formal basis
in Horn logic, a subset of predicate logic). The additional advantage that
logic programming possesses, among others, is that even syntax can be ex-
pressed in it at a very high level, and a parser for the language is immediately
obtained from the syntax specification. Moreover, generation of parse trees re-
quires a trivial extension to the syntax specification. (The parsing and parse
tree generation facility of logic programming is described in almost every
logic programming textbook, under the heading Definite Clause Grammars).
The semantic algebras and valuation functions are also expressed in Horn
logic programming quite easily, as relations (or predicates) subsume func-
tions. The semantic algebra and valuation functions are executable, and can
be used to obtain executable program denotation. A significant consequence
of this is that the fixpoint of a program’s denotation can be executed bottom-
up (assuming that it is finite), which can then be used for verification. Thus,
verification can also be done in the framework of Horn Logic.

Thus, given a language, both its syntax and semantics can be directly
specified in logic programming. This specification is executable using any
standard logic programming system. What is noteworthy is that different
operational models will be obtained both for syntax checking and semantic
evaluation by employing different execution strategies during logic program
execution. For example, in the syntax phase, if left-to-right, Prolog style,
execution rule is used, then recursive descent parsing is obtained. On the
contrary, if a tabling-based [6] execution strategy is used then chart parsing
is obtained, etc. Likewise, by using different evaluation rules for evaluating
the semantic functions, strict evaluation, non-strict evaluation, etc. can be
obtained. By using bottom-up or tabled evaluation, the fixpoint of a pro-
gram’s denotation can be computed, which can be used for verification and
structured debugging of the program.

2.1 Discussion

Denotational semantics expressed in a Horn Logic notation is executable.
So is denotational semantics expressed in the A-calculus notation. However,
Horn-logic expressed semantics allows for fixed points of programs to be com-
puted much more intuitively, simply, and efficiently than, we believe, in the



case of the A-calculus. There is a whole body of literature and implemented
systems (e.g., tabling based systems such as XSB [6]) for computing fixpoints
of logic programs because of their applicability to deductive databases [37,25].
Due to this reason, semantics based verification (and program debugging) can
be much more easily performed in the Horn Logic denotational framework
than using the A-calculus based denotational framework, as is shown later.
This becomes much more prominent when we generalize Horn Logic to Con-
straint Logic. This generalization makes specification and verification of very
complex systems, e.g., real-time systems considerably easier [12] (it should
be noted that the denotational specification and verification of real-time sys-
tems using the traditional A-calculus approach will be quite cumbersome and
complex).

One could argue that the denotation or mathematical meaning of a pro-
gram (which denotational semantics attempts to captures) exists indepen-
dently of the notation used for expressing it, just as integers exist independent
of their representation (base 2, base 10, or whatever). Indeed denotations ex-
ist independent of the notation used, however, if we wish to use the denotation
(meaning) of a program for some practical purpose, such as automatic deriva-
tion of efficient compiled code, verification of program properties, etc., then
it has to be expressed symbolically in some form or the other for processing.
The symbolic notation in which the denotation is expressed will determine
how easy or difficult this processing is going to be. To complete the analogy
with integers, the binary representation of integers is the most efficient form
for realization on computers. Another analogy can be given from the field
of Algorithms. In theory, an algorithm exists independently of the notation
used to express it. However, in practice, an algorithm expressed in a high-
level language is a lot easier to code, understand, and modify compared to
one expressed in, say, an assembly language. Our thesis thus is that the no-
tation used for expressing denotation has a tremendous impact on how many
further (practical) uses it can be put to, and the ease with which it can be
put to these uses.

Denotational semantics expressed as Horn Logic satisfies all the crite-
ria laid out by Schmidt. Horn Logic has a consistent proof theory, and hence
various automatic systems can be built for further processing Horn Logic De-
notations, e.g., automatic generators of compiled code (including automatic
generators of parallel compiled code), automatic program property verifiers,
etc. The BNF spirit of denotational semantics is maintained since the mean-
ing is still expressed as maps between parse tree patterns (abstract syntax)
and “meaning spaces” (semantic algebras). A strong calculational flavor is
present, as Horn Logic is executable, which permits both execution and ver-
ification.

Thus, given the Horn Logic Denotational Semantic of a language £, the
Horn Logic Denotation of a program written in £ can be computed. This



denotation is executable and can be put to many uses which include imple-
mentation (obtaining interpreters and compilers) and verification.

2.2 An Example of Logical Denotational Semantics

Consider a very simple subset of a Pascal like language that contains
assignment statement, if-then-else, and while-do statement. To keep mat-
ters simple, assume that the only possible variable names allowed in the

Program ::=
C ::=C1;C2
loop
if B
I :=
E::=N| I
E1l -
N::=01]1
Identifier

C.

[
while B C endloop while |
then C1 else C2 endif |
E
dentifier | E1 + E2 |
E2 | E1 * E2 | (E)

| 2 | | 9
s w |l x|yl z

Fig.1: BNF grammar

program are w, x, y and z,
and that the only data-type
allowed is integers. Assume,
again for simplicity, that con-
stants appearing in the pro-
gram are only 1 digit long.
The context free grammar of
this language is given in Fig-
ure 1. This BNF is easily
transformed into a definite
clause grammar (DCG) by a

simple change in syntax [42] (plus removal of left-recursion, if a Prolog system

is going to be

used for its execution).

comm

SYNTAX:

program(p(X)) --> comm(X), [.].

(X) --> commi(X).

comm(comb(X,Y)) -—> comml1(X),[;],comm(Y).
comml (assign(I,E)) --> id(I),[:=],expn(E).

comml (ce(X,Y,Z)) --> [if],expn(X),[then], comm(Y),
[else], comm(Z), [endif].

comml (while(B,C)) --> [loop, while], bool(B),
comm(C) , [endloop, while].

expn1(id(X)) --> id(X).

expnl (num(X)) --> n(X).

expni(e(X)) --> [’ (°],expn(X),[’)’].

expn(X) --> expni(X).

expn(add(X,Y)) --> expnl(X), [+],expn(Y).

expn(sub(X,Y)) --> expn1(X),[-],expn(Y).

expn (multi(X,Y)) --> expni(X), [*],expn(Y).

bool(equal(X,Y)) --> expn(X),[=],expn(Y).

bool (greater(X,Y)) --> expn(X),[>],expn(Y).

bool(less(X,Y)) --> expn(X),[<],expn(Y).

id(x) --> [w]. id(x) --> [x].

id(y) --> [y]. id(z) --> [z].

n(0) --> [0]. n(9) --> [9].

Fig.2: DCG for the BNF above




An extra argument has been added in which the parse-tree is synthesized.
The DCG is a logic program, and when executed, a parser is automatically
obtained. This parser parses a program in this simple language and produces
a parse tree for it. This DCG is shown in Figure 2. Thus, the query to parse
the program for computing the value of y* and placing it in variable z:
?- program(P, [z,=,1,;, w,=,x,;,
loop, while,w,>,0,
Z,=,Z,%,Y,;, W,=,w,-,1,

endloop, whilel, []1).
will parse that program as syntactically correct, and produce the parse tree
shown below:

P = p(comb(assign(z,num(1)),

comb(assign(w,id(x)) ,while(
greater (id (w) ,num(0)),
comb (assign(z,multi(id(z),id(y))),
assign(w,sub(id (w) ,num(1))))))))

The denotational semantics can be defined next, by expressing the seman-
tic algebra and the valuation functions as logic programs. In the semantic
definition, we assume that the input is initially found in variables x and y.
The answer is computed and put in variable z. The semantic algebra consists
simply of the store domain, realized as an association list of the form [(Id,
Value) ...] with operations for creating, accessing, and updating the store,
and is given below as a logic program:

SEMANTIC ALGEBRA 1:

initialize_store([]).

access(Id,[],0). %return O if uninitialized
access(Id,[(Id,Val)l_ ],Val).

access(Id,[_|IR],Val) :- access(Id,R,Val).

update (Id,NewV, [], [(Id,NewV)]).

update (Id,NewV, [(Id,.) IR], [(Id,NewV) [R]).
update(Id,NewV, [P|R],[PIR1]) :- update(Id,NewV,R,R1).

Next, the valuation functions, that impart meaning to the language are spec-
ified, again as logic programs. These valuation functions, or valuation pred-
icates, relate the current store, a parse tree pattern whose meaning is to be
specified, and the new store that results on executing the program fragment
specified by the parse tree pattern. These valuation predicates are shown in
Figure 3; the very first valuation predicate takes the two input values, that
are placed in the store locations corresponding to x and y. Once the syntax,
semantic algebras, and valuation functions are defined as a logic program, an
interpreter is immediately obtained. Now for both parsing and interpreting
the program, define the logic program in Figure 4. The predicate main in
Figure 4 is the denotation of the exponentiation program.

If the above syntax and semantics rules are loaded in a logic programming
system and the query ?- main(5,2,A) for computing the value of 2° posed,
then the value of A will be computed as 32. Notice that switching to logic



programming for specifying denotational semantics results in a complete in-
terpreter. Additionally, the fixpoint of this denotation can be computed and

used, for example, for verification and debugging purposes (see later).

prog-eval (p(Comm), Val_x, Val_y, Output) :- initialize_store(Store),
update(x, Val x, Store, Mst), update(y, Val.y, Mst, Nst),
comm(Comm, Nst, Pst), access(z, Pst, Output).
comm(comb(C1, C2), Store, Outstore) :- comm(Cl, Store, Nstore),
comm(C2, Nstore, Outstore).
comm(while(B, C), Store, Outstore) :-
(bool (B, Store) -> comm(C, Store, Nstore),
comm(while(B, C), Nstore, Outstore); Outstore=Store).
comm(ce(B, C1, C2), Store, Outstore) :- (bool(B, Store) ->
comm(C1, Store, Outstore); comm(C2, Store, Outstore)).
comm(assign(I, E), Store, Outstore) :-
expr(E, Store, Val), update(I, Val, Store, Outstore).
expr(add(E1, E2), Store, Result) :- expr(El, Store, ValEl),
expr (E2, Store, Val E2), Result is Val E1+Val E2.
expr(sub(El, E2), Store, Result) :- expr(El, Store, ValEl),
expr (E2, Store, Val_E2), Result is Val E1-Val E2.
expr (multi(E1, E2), Store, Result) :- expr(El, Store, Val El),
expr (E2, Store, Val_E2), Result is Val E1#Val_ E2.
expr(id(X), Store, Result) :- access(X, Store, Result).
expr (num(X), _, X).
bool(greater(El, E2), Store) :- expr(El, Store, Evall),
expr(E2, Store, Eval2), Evall > Eval2.
bool(less(E1, E2), Store) :- expr(El, Store, Evall),
expr(E2, Store, Eval2), Evall < Eval2.
bool(equal(El, E2), Store) :- expr(El, Store, Eval),
expr(E2, Store, Eval).

Fig. 3: Valuation Predicates (with Semantic Algebra 1)

In the semantics above, we assumed that the store is maintained as an associa-
tion list (SEMANTIC ALGEBRA 1), which is passed around as an argument.
This does not exactly model imperative languages in which the memory store

main(ValX, ValY, A) :-
program(P, [z,=,1,;, w,=,x,;,
loop, while,w,>,0,
Z,=,2Z, ¥, T, 3,
w,=,w,—,1,
endloop,whilel, [1),
prog_eval(P,ValX,ValY,A).

Fig. 4: Program Denotation

is treated as a global entity.
Given that logic programs can
support global data structures
through their database facil-
ity (the assert and retract
built-ins [42]), it is better to
model the store as a collection
of dynamic facts manipulated
using assert and retract. If

we decide to adopt this point of view, the only change that will take place
will be in the store algebra, which transforms to:



SEMANTIC ALGEBRA 2 (globalized):

access(Var,Val) :- (store(Var,Val) -> true; Val = 0).

update(Var,Val) :- retractall(store(Var,_)),

assert(store(Var,Val)).

Now, both the input and the output store arguments can be eliminated in
the semantic valuation predicates. While we do use impure features of logic
programming in this globalized semantic algebra, it should be noted that
these features are restricted to the semantic algebra only. The advantage,
however, is that the store argument that threads through the definition of
valuation predicates is eliminated.

2.3 Discussion

Note that in the denotational specification, the meaning of the while program
was given recursively, rather than using the traditional fixpoint approach
[38,39]. This recursive meaning of the while loop preserves the “calculational
aspect” of our logical denotational semantics. If one is interested in computing
the fix points, then one can compute the fixpoint for the whole program’s
denotation (rather than compute it for pieces of the program and mix it
with the denotation as is done in traditional A-calculus based approach). In
fact, we’d argue that one feature that hinders the “calculational clarity” of
traditional A-calculus based denotational semantics is the mixing of fixpoints
and regular functions. As a consequence, the resulting denotation is quite
complex, and difficult to reason with and process automatically. Specifying
the semantics of the while loop recursively will have advantages in automatic
compilation, as we will see shortly.

Note also that our semantic definition on two occasions uses impure Pro-
log: (i) the if-then-else (p->q;r) of Prolog has a hidden cut; and the arith-
metic built-in is. Regarding (i), in most languages (especially in languages
we are most interested in, namely, imperative languages and domain specific
languages) the condition p is deterministic (and, hence, the hidden cut is
inconsequential). In such a case, a (bottom-up) declarative semantics can be
given to (p->q;r). Thus, for all practical purposes, the if-then-else is declar-
ative, so that the mathematical nature of the logical denotational semantic
is not lost. Regarding (ii), the is/2 arithmetic operator is not declarative,
however, if we switch to arithmetic constraints [21] (and constraint logical
denotations) to express arithmetic, then this declarativeness is restored.

A concern that one might have is that traditional denotational defini-
tions make extensive use of higher order functions, which do not fit logically
in the framework of logic programming. However, it should be noted that
higher order functions are not indispensable for expressing denotations (a
language without higher order functions can express all computable func-
tions). The use of higher-order functions just makes the denotations more
compact. In fact, this compactness and terseness introduced due to higher-
order functions sometimes leads to difficult-to-understand semantic specifica-
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tion. Also, the presence of higher-order functions makes automatic processing
of denotations (for verification, or compiler generation) extremely difficult.
Thus, even though logic programming does not support higher order func-
tions/predicates logically, it is adequate for specifying denotational semantics
[48], including continuation semantics. The effect of continuation semantics is
easily achieved, for example, by keeping list of commands still to be executed
as an argument of the valuation predicates [38,14].

The main advantage of denotational semantics is that there exist power-
ful proof rules for reasoning about program equality and program properties:
the principal of extensionality and fixed-point induction [38]. It would ap-
pear that these would have to be abandoned on switching to Horn Clause
Denotations. However, this is not true. The principle of extensionality and
fixed point induction are independent of the notation used for coding the
denotation. Two predicates are the same if their fixpoints are identical (if the
fixpoints are identical then essentially, for every possible input combination
both predicates evaluate to true, which is essentially the principal of exten-
sionality). Likewise, fixpoint induction applies equally well to Horn Logic
Denotations. The fixpoint semantics of Horn logic programs is expressed us-
ing the T}, operator [25] (which is essentially the same as the functionals used
in defining fixpoints of functions). To prove a property P for a predicate p
one will have to show that P holds for 7}, 1 0 (which is essentially equivalent
to the base case of fixpoint induction where one has to show that the prop-
erty holds for An.L), and then show that if P holds for T, T n then it also
holds for T}, 1T (n + 1) (which essentially carries out the induction step of the
fixpoint induction). The fixpoint theory of logic programs is an extensively
researched subject in the deductive database and logic programming com-
munity [45,3,37,6]. Efficient fixpoint computation engines such as XSB exist
[6], and have been used for verification and model checking [33].

It is possible that one could dismiss Horn Logic Denotations as “Prolog
coded interpreters,” however, the uses to which these “Prolog coded inter-
preters” can be put to are many. If nothing else, our work demonstrates
how such a “Prolog coded interpreter” can be systematically derived using
a denotational approach and easily used for facilitating the task of verifica-
tion/debugging, automatically obtaining efficient implementation, compila-
tion, abstract interpretation, interoperation, etc. In fact, use of denotational
definitions for the purpose of proving properties of programs is virtually non-
existent, though this is one area where denotational semantics should be
extensively used. The use of semantics for automatically proving properties
of programs is one major research direction our research hopes to highlight
[12,15,33].

One could argue that Horn Logic Denotations really represents opera-
tional semantics and not (declarative) denotational semantics. Two points
could be made regarding this argument: (i) implementational denotational
semantics have been proposed in the past as a means of incorporating op-
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erational concepts into denotational semantics [32]. One could argue that
implementational denotational semantics are best represented in Horn Logic.
(if) A Horn Logic specification is declarative, in that any selection function
[25] can be chosen to evaluate a Horn logic program. As we will see, for some
applications (e.g., compilation) SLD resolution is better suited, while for cer-
tain others (e.g., verification) bottom-up evaluation is more appropriate.

3 Provably Correct Compilation

We next show the first application of a program’s logical denotation: auto-
matic generation of compiled code using simple techniques such as partial
evaluation. Producing a true compiler generator has been a long quest for
researchers in compiler theory and programming language semantics. While
research in parser generators is very mature, research in back-end generators
is not. It is well known in partial evaluation [20] that compiled code for a
program P written in language £ can be obtained by partially evaluating
P w.r.t. the interpreter for £. We have al-

mam(s;i;ﬁﬁiiz e_store(B) , ready obtained an interpreter for the lan-
update(a,5,B,C), guage from its denotational specification.
update (b,2,C,D), Removal of the semantic algebra for the
update(z,1,D,E), store from our definition, followed by par-
access(x,E,F), tial evaluation of the interpreter w.r.t. the
update (w,F,E,G), program for computing y*, results in “com-
commandwhile (G,H), piled” code. Our goal is to treat the seman-
access(z,H,14). tic algebra operations as primitives, and

commandwhile(A,B) :-

hide their implementation from the partial
evaluator. Using the Mixtus partial evalu-
ation system from SICS [36], the program
that results after partially evaluating the

(access(w,A,C),
0<C -> access(z,A,D),
access(y,A,E),

F is Dx*E,

update(z,F,A,G), query 7- main(5,2,A) from the previous

access (w,G,H), section (using SEMANTIC ALGEBRA 1)

I is H-1, is shown in Figure 5.

update(w,I,G,J), The resulting program is very similar to

commandwhile(J,B) compiled code. Essentially, a series of mem-
; B=A ). ory access, memory update, arithmetic

and comparison operations are left, that
correspond to load, store, arithmetic, and
comparison operations of a machine language. The while-loop, whose mean-
ing was expressed using recursion, will (always) partially evaluate to a tail-
recursive program. These tail-recursive calls are easily converted to iterative
structures using jumps. Note that the update and access operations are also
parameterized on the store name (in contrast, load and store operations of
any machine architecture do not take the whole store as an argument). This
parameter can easily be eliminated through globalization [38] (in fact, if we

Fig. 5: Compiled code
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rewrote our valuation predicates using the globalized SEMANTIC ALGE-
BRA 2, given earlier, and then partially evaluated the interpreter, the store
arguments will disappear; Thus, one could use ALGEBRA 2 for compilation,
and ALGEBRA 1 for other applications where declarative purity is impor-
tant). Thus, compiled machine code is just a few simple transformation steps
away, and provably correct compiled code is obtained simply and automati-
cally. Note that we can be confident that compiled code is correct only if we
can prove that the partial evaluator is correct; the correctness of the partial
evaluator needs to be proven only once.

Logic programming languages have been widely regarded as highly suitable
for building compilers. In [49] Warren shows how the various phases of a
compiler writing can be implemented as logic programs. The discussion here
goes one step further than Warren’s ideas, and shows how a compiler can be
obtained from a language specification with little effort. Automatic compila-
tion via partial evaluation is perhaps most useful for obtaining compilers and
experimenting with implementations of domain specific languages [9,31] (see
later).

Partial evaluation can also be used to obtain parallel code from the parallel
semantics of an imperative language (e.g., Fortran). For obtaining parallel
code, Horn logic has to be generalized to Constraint Logic. The idea is that
if a parallel semantic specification is given for the language, then parallel
compiled code can be obtained from this semantic specification via partial
evaluation. Parallelism in imperative languages (e.g., Fortran) arises when
independent iterations of a DO-loop are executed in parallel. Checking for
independence of iterations requires solving linear Diophantine equations [50].
Linear Diophantine equations are nothing but linear arithmetic constraints,
and hence independence conditions are easily and straightforwardly expressed
in the constraint logical denotational framework. Partial evaluation of this
parallel semantics (e.g., using Mixtus [36]) yields parallel code. Note that the
parallel code obtained is provably correct. Details can be found in [13].

program
integer length, width, area, i
integer dimension (100) arr

length = 12
width = 3
doi=1,8

arr[2*i] =length+1
length = arr[i+1]
enddo

end program

Fig. 6: A Fortran Program

For illustration purposes, we partially evaluate (using Mixtus) the parallel
semantics of a simple Fortran like language (that includes variable declara-
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tions, DO loops, and single dimensional arrays) with respect to the program
above (Figure 6). The parallel compiled code obtained is shown below:

COMPILED CODE output by MIXTUS:
gol :- create_store,
update(length, 0),
update (width, 0),
update (area, 0),
update(i, 0),
update (length, 12),
update (width, 3),
execute_body1(1).
execute_body1l(A) :-
(A>8 -> true ;
par_begin(taskl, task2),
start_task(taskl),

( A=7 >
wait(4) ;
true ),

( A=5 —>
wait(3) ;
true ),

( A=3 >
wait(2);
true ),

access(length, B),

C is B+1,

D is 2%A,

E is D,

update_arr(arr, E, C),

F is A,

G is F+1,

access_arr(arr, G, H),

update(length, H),

( A=4 —>
signal(7) ;
true ),

( A=3 >
signal(5) ;
true ),

( A=2 >
signal(3) ;
true ),

end_task(taskl),
start_task(task2),
I is A+1,
execute_body1(I),
end_task(task2),
par_end) .
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Due to lack of space, we only show the final generated code and not the
actual parallel semantics. Observe how array dependences are captured as de-
pendencies between loop iterations that synchronize using wait and signal.
Note that par_begin, par_end, signal, wait, end _task, start_task are con-
structs introduced in the semantic algebra of the parallel semantics (not
shown here). Note that execute bodyl1 is a tail-recursive (parallel) function,
and hence can be converted to an iterative loop. Note also that the code is
obtained from a globalized parallel semantics (i.e., the parallel semantics uses
SEMANTIC ALGEBRA 2); it does not have a memory argument threading
through.

4 Program Denotation & Verification

Axiomatic semantics is perhaps the most well-researched technique for ver-
ifying properties of programs. Axiomatic semantics which is traditionally
expressed in first order logic, can also be expressed in Horn logic (or at least
quite a large subset of axiomatic semantics can be expressed), as Horn logic
is a subset of first order logic. In Axiomatic Semantics [19] preconditions and
postconditions are specified to express conditions under which a program
is correct. The notation (P)C(Q) states that if the predicate P is correct
before execution of command C, then () must be correct afterwards. The
pre-conditions and post-conditions can be expressed in Horn logic. The post-
conditions of a program are theorems with respect to the denotation of that
program and the program’s pre-conditions [38,39]. Given that the denotation
is expressed in Horn logic, the pre-conditions can be incorporated into this
denotation, and then the post-conditions can be executed as queries w.r.t this
extended program denotation, effectively checking if these post-conditions are
satisfied or not. In effect, model checkers [8] can be specified and generated
automatically. By generalizing Horn logic to constraint logic, real-time sys-
tems can also be specified and implemented [12] and parallelizing compilers
obtained [13].

One way to prove correctness is to show that given the set of all pos-
sible state-configurations, S, that can exist at the beginning of the com-
mand C, if P holds for a state-configuration s € S, then @ holds for the
state-configuration that results after executing the command C in s. If the
denotation is a logic program, then it is possible to generate all possible
state-configurations. However, the number of such state-configurations may
be infinite. In such a case, the precondition P can be specified in such a way
that it acts as a finite generator of all possible state-configurations. A model
checker is thus obtained from this specification. This model checker can be
thought of as a debugging aid, since a user can obtain a program’s denota-
tion, add preconditions to it and then pose queries to verify the properties
that (s)he things should hold.

We next give an example. Consider the program for computing y*, whose
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logical denotation was given earlier. If we were to add the preconditions
and the postconditions to the programs, we will obtain the annotated pro-
gram in Figure 7. In Figure 7, I(x) means x is an integer. We assume that
a variable appearing in the precondition is an input variable, and cannot
be modified in the program. If the preconditions I(x) and I(y) could be
turned into generators for integer values of x and y, then we can verify
the correctness of the postcondition for all possible <x,y> pairs. Theoret-
ically, I(x) and I(y) will produce infinite number of values, making the
number of <x,y> pairs that can serve as input to this program infinite. How-

(Ix) £ 1G) &y >=0) | ven if the preconditions were such that the
zi=1; W := x; state-configuration satisfying them are fi-
while w > 0O do nite in number (i.e., preconditions act as
z =z xy; finite generators), then this verification can
woi=w - 1; be automatically done by encoding the pre-
od conditions and the postconditions in Horn
(z = y**x) logic.

Suppose we modified our precondition to
state that x and y are numbers between 0
and 10, then the postcondition z = y**x can be immediately verified. The
verification is done, by encoding the preconditions as between(0,10,ValX),
between(0,10,ValY) that acts as a generator for ValX and ValY, which are
the values with which the program is interpreted. The program is further
augmented with the negation of the post-condition as shown (negation en-
sures that the entire search space is explored, a substitute for computing the
fixpoint of the program):

Fig.7: Annotated Program

?7- between(0,10,VarX), between(0,10,VaryY), %precondition
main(VarX,VarY,Out), %interpret the program
Z is VarY*xVarX, Out \== Z. %negated postcondition

where between is defined as:

between(I, J, I) :- I =< J.

between(I, J, K) :- I < J, I1 is I+1, between(Il, J, K).
The above query will fail, proving that if 0 < X,Y, < 10, then indeed this
program works correctly. Essentially, the logical denotation together with
the precondition as (finite) generators provides an easy way of generating
all possible program state-space sequences. The post-condition is verified for
each such sequence. For large programs, the search space may be enormous.
However, a little better efficiency can be achieved by partially evaluating the
above query and then running the resulting program (essentially, checking
for the post-condition on the compiled program).

The set of all possible state-space sequences for model-checking can also
be generated by using a logic programming system based on bottom-up eval-
uation or on tabling. In this sense, our ideas provide a formal framework
for deductive model-checking as espoused in [33]. Essentially, by using logi-
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cal denotations, deductive model-checkers can be automatically specified and
implemented.

Our approach also produces the insight, namely, that model checking is essen-
tially constraint solving. Let’s use the CLP(FD) [44] notation for the previous
query?:

?- VarX :: [1..10], VaryY :: [1..10], Y%preconditions.

main(5,2,4), %call to the program
Z = VarYx*VarX, A =\= Z %negated postcondition
indomain(VarX), indomain(VarY). %generators

This will lead to a considerably more efficiency of verification, since finite-
domain constraint solving can explore the search space more efficiently [44].

While the example given may sound simple, the fact that we can verify
certain properties (even though with certain restriction) is of considerable
importance. It shows that a logical denotational semantics can be used for
verifying and debugging program. Essentially, the Horn Logical denotation
axiomatizes a program w.r.t. the semantics of the language the program is
written in. This axiomatized program can then be used for verification. In-
deed this is an answer to Schmidt’s challenge that we “design a calculational
semantics for a significant subset of, say, Java, that can be learned and applied
by first-year university students to debug their programs.”

When we generalize Horn Logic to Constraint Logic more interesting ap-
plications become possible. For example, real-time systems can be modeled
and verified/debugged using our approach. A real-time system is essentially
a recognizer of a sequence of timed-event. A sequence of timed-event is cor-
rect if the individual events occur in a certain order (syntactic correctness)
and the time at which these events occur satisfy the time-constraints laid out
by the real-time system specification (semantic correctness). The syntax and
semantics of a real-time system can be specified using constraint logic deno-
tations [12] (the key insight is that the specification of a real-time system is a
semantic specification of its corresponding timed-language [12]). Essentially,
the time constraints are modeled as constraints over real numbers [21]. The
semantic algebra models the state, which consists of the global time (wall-
clock time), the valuation predicates are maps from sequence of events to the
global time. This constraint logical denotational specification is executable
and can be used for verifying interesting properties of real-time systems, e.g.,
safety (for instance, if we design a real-time system for a railroad gate con-
troller, we want to make sure that at the time a train is at the gate, the
gate can never be open). In the real-time system modeled, we don’t exactly
know when an event is actually going to occur, all we know is the relationship
between the time at which different events took place. Thus, the exact time

2 The notation X::[1..10] specifies the finite domain of variable X to be the set
{1..10} [44].
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at which each event took place cannot be computed from the constraint log-
ical denotation. However, the constraints laid out in the denotation together
with constraints that the safety property enforces can be solved to check for
their consistency (essentially, the constraints laid out by the real-time system
should entail the constraints laid out by the properties to be verified, if the
property indeed holds). More details of how the denotational approach has
been applied to modeling, verification and debugging of real-time systems,
can be found elsewhere [12]. We include a short example below.

Let us consider the following problem. An automatic controller is designed
to handle a gate at a railroad crossing. The system is composed of three en-
tities, a gate-controller, the gate itself, and the train (the example is adapted
from [1]). The train is modeled by the timed-automata [1] shown in figure
8(i). It recognizes four different events: (i) approach denoting approach of
the train to the gate; (ii) in denoting that the train is at the gate; (iii) out
denoting that the train has just left the gate; and, (iv) exit denoting that the
train has left the gate area. The controller is modeled by the timed-automata
in figure 8(ii); it recognizes the approach and exit events described above,
together with the two events: (i) lower denoting starting of the lowering of
the gate; and, (ii) raise denoting starting of the raising of the gate.

Fig. 8. Train, Controller, and Gate automata

Finally, the gate is modeled by the timed-automata in figure 8(iii). Time
constraints force the train to employ at most 5 units of time to cross the
gate area, with a speed which should allow 2 units of time to the gate to
lower before the arrival of the train. The controller should be able to react in
less than one unit of time to the approach of the train, and the gate should
employ no more than a unit of time to completely lower or raise the gate.

This real-time system can be specified using the denotational approach. Es-
sentially, the correct sequence of events is captured by a context free gram-
mar, while the timing constraints are captured as part of the semantics using
constraints over reals. The complete denotational specification of the sys-
tem in the figure is given below. Note that because we are dealing with an
automata, the syntax recognition is done by a transition table, and the tim-
ing constraints are attached to the transitions; Also, the semantic algebra
we need is for modeling the global clocks and is also fused with the single
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specification; thus, the syntax and semantics phase are modeled in one single
specification. However, if we were dealing with timed push down automata
than we will have to have separate syntax and semantic phase [12].

train(s0,approach,s1,T1,T2,T3) :- T3 = T1.
train(sl,in,s2,T1,T2,T2) :- T1 - T2 > 2.
train(s2,out,s3,T1,T2,T2).
train(s3,exit,s0,T1,T2,T2) :- T1 - T2 < 5.
train(X,lower,X,T1,T2,T2).
train(X,down,X,T1,T2,T2).
train(X,raise,X,T1,T2,T2).
train(X,up,X,T1,T2,T2).

gate(s0,lower,s1,T1,T2,T1). cntl(s0,approach,s1,T1,T2,T1).
gate(s0,lower,s1,T1,T2,T1). cntl(sl,lower,s2,T1,T2,T2)
gate(s1,down,s2,T1,T2,T2) :-T1 - T2 = 1.

- T1 -T2 < 1. cntl(s2,exit,s3,T1,T2,T1).
gate(s2,raise,s3,T1,T2,T1). cntl(s3,raise,s0,T1,T2,T2)
gate(s3,up,s0,T1,T2,T2) - T1-T2 < 1.

:- T1-T2 > 1, T1-T2 < 2. cntl(X,in,X,T1,T2,T2).
gate (X,approach,X,T1,T2,T2). cntl(X,out,X,T1,T2,T2).
gate(X,in,X,T1,T2,T2). cntl(X,up,X,T1,T2,T2).
gate(X,out,X,T1,T2,T2). cntl(X,down,X,T1,T2,T2).

gate(X,exit,X,T1,T2,T2).

Once these executable specifications of the train, controller, and the gate is
obtained, we need to compose them together, and give the semantics of the
complete system. The semantics of the complete system is given as a list of
{(e,7) pair, where € is an event and 7 the time that event took place. This
composition of the three systems is done in the specification below:

driver([1,S80,81,82,T,T0,T1,T2,[1).
driver([X]S],80,51,82,T,T0,T1,T2, [(X,T)IR]):-
train(S0O, X, S00, T, TO, TOO),
gate(S1, X, S10, T, Ti, T10) ,
cntl1(S2, X, S20, T, T2, T20) , TA > T,
driver(S,S00,510,520,TA,T00,T10,T20,R) .

Once the composed system has been specified, we have an executable
specification of the composite real-time system. Note that an implementation
of the composite system can also be automatically derived through suitable
transformations. Note that if the event stream is non-terminating, then the
driver will execute forever. The driver terminates when the event stream
terminates.

The composite specification can be used for verifying various global prop-
erties. For example, we may want to verify the safety property that when the
train is at the gate, the gate is always closed. These properties are specified
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by the designer, and ensure correctness of the real-time system specification.

We use the axiomatic semantics based framework discussed earlier to perform

this verification. We use pre-conditions to put restrictions on the event list

to ensure finiteness, and then the properties of interest (post-conditions) can

be verified. The net effect obtained is that of (deductive) model-checking.
Thus, our queries to the program will be of the form:

pre_condition(X),
driver(X, ...),
not post_condition(X)

where post_condition is the verification condition, while pre_condition is
the condition imposed on the input to ensure finiteness. This query should
fail, if the post_condition holds true. The pre_condition should be such
that it generates all sentences that satisfy it. For example, if we want to check
that the event in (train is in) never occurs before event down (gate is down),
then the pre-condition is that the in or the down events must occur between
two approach events. This pre-condition can be expressed so that it can act
as a generator of all possible strings that start with an approach and end in
approach. Integrating this pre-condition in the driver we get:

driver(_,[1,_,_,_,_,_,_,_,[1) :-
driver (N, [X|S],S0,51,82,T,T0,T1,T2,[(X,T) |R]) :-
train(S0,X,S00,T,T0,TO0),
gate(S1,X,510,T,T1,T10) ,
contr(S2,X,520,T,T2,T20) ,
TA > T, (X = approach ->
(N=0->M=1; Rest = [1);
M=N,
driver (M,S,500,510,520,TA,T00,T10,T20,R).

The driver thus acts as a generator, generating all possible strings that be-
gin with approach and end in approach and that will be accepted by the
automata. Now a property can be verified by calling the driver with unin-
stantiated input, and checking that the negated property does not hold for
every possible meaning of the automata. Suppose, we want to verify that
when the train is at the crossing, the gate must be down. This boils down to
the following fact: in every possible meaning of a single run of the real-time
system, the event down must occur before the event in. The negated property
will be that the event in occurs before down. Thus, the query:

?- driver(0,X,s0,s0,s0,0,0,0,0,R), append(A, [(down,_)I|_]1, R),
append(_, [(in,_)|_.1, A).

will fail when run on a constraint logic programming system (we used the
CLP(R) [21] system). The append program is the standard logic program for
appending two lists.
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Likewise, if we want to verify that the gate will be down at least 4 units
of time. That is, an up cannot follow down within 4 time units, then we pose
the following query:

?- driver(0,s0,s0,s0,0,0,0,0,X,R), append(A, [f(up,T2) [_]1, R),
append(_, [f(down,T1)|_], A), T2 - T1 < 4.

The above query will fail. Using our system one can also find out the
minimum and the maximum amount of time the gate will be closed by posing
the following query:

?- driver(0,s0,s0,s0,0,0,0,0,X,R), append(A, [£f(up,T2) |_], R),
append(_, [f(down,T1)|_], A), N< T2 -T1 <M, M>O0, N >O.

We obtain the answer M < 7, N > 1. This tells us that the minimum time
the gate will be down is 1 units, and the maximum time it will be down
is 7 units. Other properties of the real-time system can similarly be tested.
The ability to compute values of unknowns is a distinct advantage of a logic
programming based approach and is absent from most other approaches used
for verifying real-time systems.

A major weakness of our approach is that we have to make sure that
the denotation of a program is finite. If it is not, then we have to impose
pre-conditions that ensure this. A popular approach to verifying an infinite
state system is to abstract it (so that it becomes finite) while making sure
that enough information remains in the abstraction so that the property of
interest can be verified. The technique of abstraction can be easily adapted
in our logical denotational approach: (i) one can give an abstract (logical
denotational) semantics for the language, and then run tests on the resulting
abstract denotation obtained, using the approach described above. (ii) we
can use abstract interpretation tools built for logic programming to abstract
the concrete denotation and use that for verifying the properties; in fact,
work is in progress in our group to use non-failure analysis of constraint logic
programs [4] to verify properties of real-time systems (see also Section 7.2).

5 Specification, Implementation and Verification of
DSL Programs

In this section we discuss how our logical, denotational approach can be ap-
plied to specification, implementation, and verification of software systems,
especially to programs written in Domain Specific Languages. The intuition
for using logical denotational semantics is the following: a software system
that interacts with its outside world can be thought of as a system that pro-
cesses programs written in its input language. An executable denotational
specification of this input language is essentially an executable specification
of the software system. Thus, if we use logical denotational semantics for
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writing the semantics of the input language of a software system, then in-
deed we obtain an executable specification of the software system. Many large
software systems define some kind of input language that has to be used to
interact with them and to use them. Such languages are called domain spe-
cific languages [31,9], and have been the focus of much attention recently.
Using our approach, giving the semantics of a DSL, essentially, gives an ex-
ecutable specification of the software system implementing the DSL. What
is more, efficient implementations can be derived for this DSL, by choos-
ing the right abstraction for the semantic algebra, and partially evaluating
a DSL program to operations in the semantic algebra. Finally, properties of
the software system can be automatically verified, by adding preconditions
and postconditions to the denotation of a DSL program and executing them,
in the way described in the previous section. We illustrate this application
of our logical denotational semantics through an example: we consider the
input language (a DSL) of a file-editor, and show how giving the logical de-
notational semantics of this DSL yields an executable specification of the
file editor, and how we can verify certain properties that a file-editor should
satisfy (e.g., modifying one file doesn’t change other files).

program(session(I,S)) --> [edit], id(I),
[cr], sequence(S).

sequence (seq(quit)) --> [quit].

sequence (seq(C,8)) -—>
command (C) , [cr], sequence(S).

command (command (newfile)) --> [newfile].
command (command (forward)) --> [moveforward].
command (command (backward)) --> [moveback].
command (command (insert (R))) -->

[insert] ,record(R) .
command (command (delete)) --> [delete].
id(identifier(a)) --> [a].
id(identifier(b)) --> [b].
id(identifier(c)) —-> [c].
record(rec(0)) —-> [0].

record(rec(9)) —-> [9].

Fig.9: DCG for the Command Language

Consider a simple file editor which supports commands for opening a file,
inserting and deleting records, moving forward and backward in the file, and
closing the file. A specification for this editor can be given by giving a deno-
tational semantics of its input command language. The editor supports the
following commands: edit I (open the file whose name is in identifier I), newfile
(create an empty file), forward (move file pointer to next record), backward
(move file pointer to previous record), insert(R) (insert record whose value
is in identifier R), delete (delete the current record), and quit (quit the ed-
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itor, saving the file in the file system). The syntax of the editor language is
given as a DCG in Figure 9. Our example is adapted from [38]. The DCG is
slightly extended, so that it produces a parse tree during the parsing process.
For simplicity we assume that there are only three possible file names a, b,
and c, and that the records inserted consist of single digit numbers. Note
that cr stands for a carriage return, inserted between each editor command.
The above DCG specification when loaded in a Prolog system, automatically
produces a parser.

We next give the semantic algebras (Figure 10) for each of the domains
involved: the file store (represented as an association list of file names and
their contents) and an open file (represented as a pair of lists; the file pointer
is assumed to be currently at the first record of the second list). The semantic
algebra essentially defines the basic operations used by the semantic valuation
functions for giving meanings of programs.

%#Define Access and Update Operations
access(Id, [(I,File)|_],File).
access(Id,[(I,File) |IRest] ,Filel) :-
(I = Id -> Filel = File;
access(Id,Rest,Filel)).
update (Id,File, [1, [(Id,File)]).
update (Id,File, [(Id,.) IT], [(Id,File) IT]).
update (Id,File, [(I1,F1) |T], [(I1,F2) INT]) :-
(Id=I1 --> F2 = File, NT = T;

F2 = F1, update(Id,File,T,NT).
40perations on Open File representation
newfile(([1,[1)).
copyin(File, ([],File)).
copyout ((First,Second) ,File):-

reverse (First,RevFirst),

append (RevFirst,Second,File).
forwards ((First, [X|Scnd]), ([X|First],Scnd)).
forwards ((First, [1), (First,[]1)).
backwards ( ([X|First],Scnd) , (First, [X|Scnd])).
backwards (([],Scnd), ([1,Scnd)).
insert (A, (First,[1), (First,[A])).
insert (A, (First, [X1Y]), ([X|First], [AIY])).
delete((First, [_1Y]), (First,Y)).
delete((First, [1), (First,[])).
at_first_record(([1,.)).
at_last_record((_,[]1)).

isempty (([1,[1)).

Fig.10: Semantic Algebra for the File System

The semantic valuation predicates that give the meaning of each construct
in the language are given next (Figure 11). These semantic functions are map-
pings from parse-tree patterns and a global state (the file system) to domains
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(file system, open files) that are used to describe meanings of programs. The
above specification gives both the declarative and operational semantics of
the editor, and as discussed earlier, can serve both as an implementation as
well as be used for verification.

prog-val (session(identifier(I),S),FSIn,FSOut) :-
access(I,FSIn,File), copyin(File,OpenFile),
seq_val(S,0OpenFile,NewOpenFile),
copyout (NewOpenFile,OutFile),
update (I,0utFile,FSIn,FSOut).
seq.-val(seq(quit) ,InFile,InFile).
seq-val(seq(C,S) ,InFile,OutFile) :-
comm_val(C,InFile,NewFile),
seq-val (S,NewFile,OutFile) .
comm_val (command (newfile) ,_,0OutFile) :-
newfile(OutFile).
comm_val (command (moveforward) ,InFile,QutFile) :-
(isempty(InFile) -> OutFile = InFile;
(at_last_record(InFile) -> OutFile=InFile;
forwards (InFile,OutFile))).
comm_val (command (moveback) ,InFile,OutFile) :-—
(isempty(InFile) -> InFile = OutFile;
(at_first_record(InFile) ->
InFile = QutFile; backwards(InFile,OutFile))).
comm_val (command (insert(R)) ,InFile,OutFile) :-
record_val (R,RV), insert(RV,InFile,OutFile).
comm_val (command (delete) ,InFile,OutFile) :-
(isempty(InFile) ->
InFile = QutFile; delete(InFile,QutFile)).
record_val(R,R).

Fig.11: Valuation Predicates

Using a logic programming system, the above specification can serve as an
interpreter for the command language of the editor, and hence serves as an
implementation of the editor. Thus, the above semantic definition is an exe-
cutable specification of an editor. Although editors are interactive programs,
for simplicity, we assume that the commands are given in batches (interactive
programs can also be handled by modeling rest of the unknown commands
through Prolog’s unbound variables: we omit the discussion to keep the pre-
sentation simple). Thus, if the editor is invoked and a sequence of commands
issued, then assuming that we start with an unspecified file system (modeled
as the unbound variable, Fin), the resulting file system after executing all
the editor commands can be obtained by posing the query:

?- Comms = [edit,a,cr,newfile,cr,insert,1l,cr,insert,2,cr,delete,
cr,moveback,cr,insert,4,cr,insert,5,cr,delete,cr,quit]),
program(Tree,Comms, [1), %produce parse tree
prog_val(Tree,Fin,Fout). Jexecute commands

The final resulting file-system will be:
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Fout = [(a,[rec(1),rec(4)])| B 1.

The output shows that the final file systems contains the file a that con-
tains 2 records, and the previously unknown input file system (represented
by Prolog’s anonymous variable B, aliased to Fin). The key thing to note
is that in our logical denotational framework, a specification is very easy to
write as well as easy to modify. This is because of the declarative nature of
the logic programming formalism used and its basis in denotational seman-
tics. It is also easy to verify the specification, thanks to use of Horn Logic.
Given the executable implementation of the file-editor, and a program in its
command language (a DSL), we can partially evaluate it to obtain a more
efficient implementation of the program. The result of partially evaluating
the file-editor specification, w.r.t. previous
command-language program, is shown in

access(a, Fin, C),
copyin(C, ),

newfile(D),

insert(rec(1), D, E),

insert(rec(2), E, F),

( isempty(F) -> G=F

; delete(F, @),

( isempty(G) -> H=G

; at_first_record(G) ->
H=G

; backwards(G, H)),

insert(rec(4), H, I),

insert(rec(5), I, J),

( isempty(J) -> K=J

; delete(J, K)),

copyout (K, L),

update(a,L,Fin,Fout).

Fig. 12: Compiled code

Figure 12. Partial evaluation translates the
editor command language program to a se-
ries of instructions that call operations de-
fined in the semantic algebra. This series of
instructions look a lot like “compiled” code.
More efficient implementations of the edi-
tor can be obtained by implementing these
semantic algebra operations in an efficient
way, e.g., using a more efficient language,
e.g., C, C++, or Java, instead of using logic
programming.

Given that our specification is executable,
we can run it to check its soundness and
to test that it meets our expectations. Con-
sider the specification of the file editor. Un-
der the assumption that the file system is

finite and that the pool of possible records is also finite, we can verify, for
instance, that every editing session consisting of an insertion followed by a
deletion leaves the original file unchanged, by posing the following query:
7- true, %Null pre-condition

program(A, [edit,X,cr,insert,Y,cr,delete,cr,quit], 1),

prog-val(A,F,G),

F # G. %negated post-condition
The above query states that for all possible files X and for all possible records
Y that can be inserted, the resulting file-system is different from the original
file system, and this query should fail, if indeed the result of one insertion and
one deletion leaves the file system unchanged. The backtracking mechanism
of logic programming goes through all possible values for variables X and Y
(finiteness is hence important and was coded in the specification by limiting
the range of file names and record values; alternatively, this finiteness could
be enforced in the precondition) and finds that in every case F = G holds,
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and thus finally the whole query fails because the final call asserts that F
# G. More complex inferences are possible on this semantic definition. For
example, we can verify that if an editing session is open for a certain file,
then this editing session will affect no other file [15].

6 Semantic Porting

Logical denotations also provide a formal theory of porting or language fil-
tering. Porting can involve migrating a software from one machine/operating
system to another (e.g. moving an application from a Sun Sparc running So-
laris to a PC running Linux), or migrating a system written in one notation to
another on the same machine (e.g. porting a database written in Oracle SQL
to IBM DB2). It is the latter type of porting, that we are interested in. Es-
sentially, this type of porting involves development of a semantic translation
system to translate programs written in a language L to another language
L (such a system is called a filter). Specification of a filter can be seen as an
exercise in semantics. Essentially, the meaning or semantics of the language
L can be given in terms of the constructs of the language £;. This mean-
ing consists of both syntax and semantic specifications. If these syntax and
semantic specifications are executable, then the specification itself acts as a
translation system, providing a provably correct filter. The task of specifying
the filter from L, to £; consists of specifying the DCG grammar for £, and
the appropriate valuation predicates which are essentially maps from parse
tree patterns of £, to parse tree patterns of L;.

Consider the translation of Braille Nemeth Math [28], a Braille-based lan-
guage notation for the blind, to W¥TEX. To obtain such a translator one
can specify the semantics of the Braille Nemeth Math notation (a formal
language) in terms of IWTEX. (such a translator can help the sighted instruc-
tors in grading the assignment/papers of blind students since these students
write answers to their homework in Nemeth Braille which the instructors
can’t read). We next give the specification of a filter for translating Braille
Nemeth Math code used for expressing polynomials with polynomial powers
to BTEX. Polynomial powers means that each variable can be raised to an-
other polynomial: for example, 2=+ 45 (note that in Nemeth Braille this
will be coded as x~x~ =2~ +1"+5; the number of ~ indicates the exponent
level and " the base line expression, hence the Nemeth Braille expression
language is not context free). Assume, for simplicity, that the only variable
names allowed are x, y, and z. Consider the grammar for such polynomials
that also produces parse trees. We first give the syntax of Nemeth Braille for
polynomials with polynomial powers as a DCG, then we give the semantics
of the parse trees produced in terms of IATEX. The resulting specification is
executable and provides the filter.



26

SYNTAX:

exp(e(X)) --> term(X).

exp(e(T,0,E)) --> term(T), opl1(0), exp(E).

term(t (X)) --> digit(X).

term(t (X)) --> vari(X).

term(t(V,H,T)) -—> vari(V), hats(H), term(T).
opl(op(H,+)) --> hats(H), [+].

0p1(0p(””,+)) ——> [;n;]’ [+:|

opl(op(+)) -=> [+].

hats(["]) --> [].

hats(["IL]) --> [7], hats(L).

vari(x) --> [x]. vari(y) --> [y]. vari(z) --> [z].
digit(0) --> [0]. digit(1) --> [1]. digit(2) --> [2].
digit(3) --> [3]. digit(4) --> [4]. digit(5) --> [5].
digit(6) --> [6]. digit(7) --> [7]. digit(8) --> [8].
digit(9) --> [9].

SEMANTICS:
sexp(e(X),INL,L) :- sterm(X,INL,ONL,L1),
getlist(ONL, Bl), append(L1,B1,L).

sexp(e(T,0,E),NL,L) :- sterm(T,NL,OL, L1),
sop(0,0L,NL1), Close_Braces is OL - NL1,
getlist(Close_Braces, Bl), sexp(E,NL1,L2),
append(L1,B1,Lp), append(Lp, [+|L2],L).

sop(op(H,+),_,Ct) :- shats(H,Ct).

sop(op(’"?,+),_,0).

sop(op(+),CL,CL).

shats(["],1).

shats([~|L],Ct) :- shats(L,Ctl), Ct is Cti+1.

sterm(t (X),0L,0L, [X]).

sterm(t(V,H,T),Ct, OL, [V,”,’{’|R]) :- Ctl is Ct+1,
shats(H,Ct1), sterm(T,Ct1,0L,R).

getlist(0,[1).

getlist(N,[’}’|L]) :- N > O, N1 is N-1, getlist(N1,L).

The grammar for Braille Nemeth code is given as a DCG. Expressing it as a
DCQG results in a parser immediately. The parser also produces the parse trees
for the Braille Nemeth code. The denotations (meaning) of Braille Nemeth
code parse tree patterns are expressed as logic programs which are maps
from Nemeth math parse trees and the global state (the exponent level) to
BTEX math (the BWTEX expression is assembled as a list of symbols; it will
perhaps be better to produce a term representing the IWTEX expression).
The resulting program acts as an automatic translation system from Braille

Nemeth code to BTEX.
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Thus, if we load this program on a logic programming system and pose
the query for translating x~ x~ = 2~ +5"+6 Braille Nemeth code to BTEX, the
answer obtained is shown below:

| ?- exp(T,[x,",x,”,7,2,7,+,5,>" +,6],[]1),sexp(T,0,L).

L = [X’h”{,’x,h’,{’,2,,},’+’5,,}’,+,6]’
T=e(t&,["],t(x,[7,71,8(2))),0p(["],4),
e(t(5),0p(’"’,+),e(t(6)))) ?

The answer in L corresponds to the WTEX expression x~ {x~ {2}+5}+6} (i.e.,
=15 1 6).

Note that semantic filtering gives us another way of building provably
correct compilers: a compiler is a semantic filter from a source language to a
target machine language [35]. Another application of the logical denotational
semantics based semantic porting is in interoperability of databases: both
the query programs and data defined under one type of database can be
translated to programs and data of another different database.

7 Other Applications

7.1 Derivation of Abstract Machines

Our approach can also be used to derive and experiment with different ab-
stract machines for a given language. This is based on the observation that
compilation using partial evaluation can be done to whatever degree we wish.
We could first define our semantics at a very high level by defining the se-
mantic algebras at a very high level. Partial evaluation can then be used to
compile programs to this abstract machine. This semantics could be further
refined, by giving a finer level semantics for this high level semantic algebra.
The program compiled to this higher level algebra, can be partially evaluated
further with respect to the interpreter obtained for this lower level semantics,
to obtain an even lower level compiled code. This can be repeated further
(i.e., still finer semantics can be defined). For example, consider the definition
of the Prolog language itself: the semantics of the language can be defined
in such a way, that on partial evaluation WAM [47] like compiled code is
obtained. However, we could further refine this semantics, so that, instead,
on partial evaluation native code is obtained. This is indeed under investiga-
tion, and our approach is being applied to Prolog to automatically generate
compilers that compile to both WAM as well as native code [16].

7.2 Specification of Abstract Interpreters

So far we have been specifying concrete semantics in our logical denotation.
The semantics specified can also be abstract. The resulting logic program
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acts as an abstract interpreter. Program properties can be then be verified
using the pre-condition/post-condition approach described earlier. To obtain
abstract semantics one has to only specify abstractions for semantic alge-
bras. Recall that a semantic algebra consists of a set along with operations
that apply to the elements of this set. An abstract semantic algebra can be
obtained by abstracting this set as well as the concrete operations on this
set. The abstraction function should be properly chosen in accordance to the
criterion laid out in [10]. Once the semantic algebra has been abstracted,
the valuation function should be appropriately modified as well, essentially
replacing the calls to concrete semantic algebra functions by abstract ones.
If the abstracted semantic algebras are finite then one can guarantee that
the abstract semantics of the language in question is also finite. This follows
from the fact that valuation functions are maps from parse trees and seman-
tic algebras to semantic algebras. If the semantic algebras are finite, then the
co-domains of the valuation functions are also finite. From this it follows that
given a program P written in the language being studied, the fixpoint of P’s
abstract denotation will be finite. The abstract denotation can be used to
verify properties of programs. We omit details due to lack of space [17].

This denotational semantics based approach to abstract interpretation
gives a computational interpretation to observations such as those made by
Schmidt, namely, that data-flow analysis is model-checking of the abstract
interpreter [41]. The preceding ideas are related to automatic generation of
abstract interpreters for Prolog [30] (though our approach can be applied to
any arbitrary language).

Furthermore, given a program to be analyzed and the denotational ab-
stract semantics of the language the program is written in, then the abstract
interpreter can be partially evaluated w.r.t. program. The checking of pro-
gram properties can be done on this abstract compiled code. This approach
provides a formal frameworks for efforts such as those where abstract com-
pilers were developed to make the process of abstract interpretation based
analysis faster [43]. It also automates the process of deriving abstract com-
piled code from the language specification.

We hope that our work on generating abstract interpreters from abstract
semantics will spur research in use of abstract interpretation for program
verification (most use so far has been for static analysis in order to obtain
faster compiled code).

7.3 Using Existing Logic Programming Technology

Once the denotation of a program is obtained as a logic program, all the
analysis tools that have been developed for logic programming can be applied
to analyze the properties of the logical denotation. For example, abstract
interpretation based analyzers can be applied to the compiled program to
check if two operations are independent [2]. Program termination analyzers
[24] can be applied to check if the program will terminate. Non-failure analysis
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[4] can be applied to check for non-failure of the logical denotation, etc.
At present, analysis tools developed for constraint logic programming [2]
are being applied to analyze the denotations of Fortran programs to detect
parallelism (as an alternative to work presented in [13]), while non-failure
analysis is being used to aid in verification of real-time systems.

8 Related Work

Work on programming language semantics has been ongoing for decades.
However, use of programming language semantics for practical applications
has been very limited, as Schmidt notes [40]. Most work in practical use of
semantics has been in automatic derivation of sequential compilers. Many
systems have been developed for automatically generating interpreters and
compilers from semantic specification [27,46,11,29,22,5]. However, because
the syntax is specified as a (non-executable) BNF and semantics is speci-
fied in the A-calculus, this automatic generation process is very cumbersome.
The lack of “calculational clarity” in the traditional denotational semantics
notation is the main reason why application of semantics based approaches
to practical problems has been hindered. In contrast, our logical denotation
approach imparts the much needed “calculational view.” In fact, this simple
change of approach, we believe, can have considerable impact on applica-
tions and use of programming language semantics. Most of the applications
of denotational semantics outlined in this paper (automatic generation of
model checkers, language filters, sequential compilers, parallelizing compil-
ers, abstract interpreters, etc.) are possible in the existing frameworks found
in the literature, however, they are too cumbersome to realize and hence not
explored.

Using Horn logic for expressing denotational semantics has been consid-
ered by Stepney [35], however, she does not realize the immense potential
that this simple switch of notations brings about. Stepney is solely inter-
ested in obtaining provably correct compilers. However, this provably correct
compiler is specified by the user in her approach and not automatically gen-
erated as in our framework. In Stepney’s approach, the compiler is specified
by giving the meanings of program constructs in terms of machine instruc-
tions (i.e., the valuation functions map parse trees to machine instructions).
Consel has independently applied denotational semantics and partial evalu-
ation to the specification and implementation of domain specific languages
[9]. He does consider verification in the same work, but this verification has
to be done manually via user supplied proofs. In contrast, in our framework,
verification can be done automatically. Also, Fritzson has considered deriv-
ing data-parallel code from denotational specification of a language, but once
again the procedures involved are quite complex and cumbersome [34]. Miller
has proposed using operational semantics to derive efficient implementations
[26], while we are interested in deriving abstract machines from denotational
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specifications. Satluri and Fleck [7] have considered using logic programs for
specifying the semantic actions associated with production rules of an at-
tribute grammar. They are mainly concerned with providing a Horn-logic
based operational semantics, and do not consider declarative denotational
semantics at all.

9 Conclusions

In this paper we presented a Horn logic and constraint based framework for
denotational semantics. The switch to logic programming provides a “calcula-
tional flavor” to formal semantics, and leads to many interesting applications.
The most interesting aspect of this framework is that denotational specifica-
tion once written can be quickly debugged and verified as well as compiled
code automatically obtained. Thus, denotational semantics becomes an ex-
perimental tool, that can be used by software writers and language design-
ers to experiment with software design and language design respectively. At
present, several practical applications of the ideas presented in the paper are
being pursued [12,13,15,17,16,23] by the author’s research group.
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