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Abstract

We present a Horn logic denotational semantics framework for specification, efficient implementation,
and automatic verification of domain specific languages (DSLs). Our framework is based on using Horn
logic (or pure Prolog), and eventually constraints, to specify denotational semantics of domain specific
languages. Both the syntax as well as the semantic specification of the DSL in question are directly
executable in our framework: the specification itself serves as an interpreter for the DSL. More efficient
implementations of this DSL—a compiler—can be automatically derived via partial evaluation. Addi-
tionally, the executable specification can be used for automatic or semi-automatic verification of programs
written in the DSL. The ability to verify DSL programs is a distinct advantage of our approach. In this
paper we give a general outline of our approach, and illustrate it with practical examples.

1 Introduction

Domain specific languages are languages that are defined for handling problems that arise in a specific
domain. Any software system that interacts with the outside world defines a domain specific language.
This is because the input language that the users use to interact with this software can be thought of
as a domain specific language. For instance, if we consider a file editor, then the command language
of the file editor constitutes a domain specific language. Indeed this language-centric view can be quite
advantageous to support the software development process. This is because the semantic specification of the
input language of a software system is also a specification of that software systern—we assume the semantic
specification also includes the syntax specification of the input language. If the semantic specification of
the input language is executable, then we obtain an executable specification of the software system. In this
paper we use the preceding observations to design a language semantics based framework for specifying,
(efficiently) implementing, and verifying (rather model checking) DSLs.

An obvious candidate framework for specifying the semantics of a domain specific language is denotational
semantics [30]. Denotational semantics has three components: (i) syntax, which is typically specified using
a BNF, (ii) semantic algebras, or value spaces, in terms of which the meaning is given, and, (iii) valuation
functions, which map abstract syntax to semantic algebras. In traditional denotational definitions, syntax is
specified using BNF, and the semantic algebra and valuation functions using A-calculus. There are various
problems with this traditional approach: (i) the syntax is not directly executable, i.e., it does not immediately
yield a parser, (ii) the semantic specification cannot be easily used for automatic verification or model
checking. Additionally, the use of separate notations for the different components of the semantics implies
the need of adopting different tools, further complicating the process of converting the specification into
an executable tool. Verification should be a major use of any semantics, however, this has not happened
for denotational semantics; its use is mostly limited to studying language features, and (manually) proving
properties of language constructs (e.g., by use of fizpoint induction). In [32] Schmidt makes a similar
observation, and laments the lack of practical impact of denotational semantics, particularly in automatic
verification and debugging of programs. Elsewhere we have argued that a major reason for this lack of use
of denotational semantics is the very rich notation—the A-calculus—that is traditionally used for specifying
denotational semantics.! In this paper, we show how the switch to Horn logic for expressing denotational

LContrary to intuition, notation has a great impact in ease of use. Two very significant examples are the use of high-level
language vs assembly language in programming, and the use of the decimal arithmetic notation vs the Roman numerals.



semantics facilitates the specification, implementation, and automatic verification of DSLs.

Traditionally, operational semantics is supposed to be meant for implementors, denotational semantics
for language designers, and axiomatic semantics for programmers. Thus, each major type of semantics not
only has a different target audience, they all use different types of notation as well. One major reason
that has impeded practical uses of semantics, in our opinion, is this use of different semantics and different
notations for different uses. The switch to Horn logic (and eventually constraints) for expressing denotational
semantics creates a uniform description framework and brings flavors of both operational semantics as well
as axiomatic semantics in the denotational semantic definition. In switching the notation, we may sacrifice
some of the declarative purity of the traditional denotational definition, but the number of applications that
become possible are well-worth this change [11]. As a matter of fact, one can argue that not a whole lot of
declarative purity is lost, and analogs of techniques such as fixpoint induction can still be used.

A Horn logic denotational specification for a language yields a parser and an interpreter automatically.
Partial evaluation of the interpreter w.r.t. a program yields compiled code. The interpreter can be used in
conjunction with preconditions and postconditions to verify /model-check DSL programs. Thus, the opera-
tional semantics flavor allows efficient implementation to be derived, while the axiomatic semantics flavor
permits automatic verification.

We illustrate the Horn Logic denotational framework through two example DSLs: the command language
of a file-editor and a language for specifying real-time systems called UPPAAL [21, 2]. The rest of the paper
is organized as follows: Section 2 introduces the concept of Horn Logic Denotations; Section 3 presents a
software engineering perspective of DSL and Horn Logic Denotations. Section 4 presents the derivation of
a DSL for file editing. Section 5 discusses the issues of verification of properties of DSL and presents the
derivation of the UPPAAL language for describing real-time systems using Horn Logic Denotations. Section
6 presents the conclusions of this work. The main contribution of our work is to present a framework in
which software development is seen as the activity of defining a DSL, and in which this DSL can be easily
specified and implemented and, most significantly, verified as well.

2 Horn Logic Denotations

Denotational semantics [30, 31, 16] of a language has three components:

e syntax: specified as a context free grammar

e semantic algebras: these are the basic domains along with associated operations; the meaning of a
program is expressed in terms of these basic domains

e valuation functions: these are mappings from patterns of parse trees to values in the domains in the
semantic algebra

Traditional denotational definitions express syntax in the BNF format, and the semantic algebras and
valuation functions in 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 explicitly written or generated using a parser-generator. The parse
trees generated by the parser will then be processed by the valuation functions to produce the program’s
denotation in terms of the semantic algebras. These parser and valuation functions constitute an interpreter
for the language being defined. An interpreter for a language can be thought of as a specification of its
operational semantics, however, using traditional notation (BNF and A-calculus) it has to be obtained in a
complex way.

In contrast, if we use logic programming—with its formal basis in Horn logic, a subset of first-order
logic—an interpreter will be straightforwardly obtained from the denotational specification. The additional
advantage that logic programming possesses, among others, is that even syntax can be expressed in it at a
very high level—and uniformly in the same language used for the rest of the specification—and a parser for
the language is immediately obtained from the syntaz specification. Moreover, the generation of parse trees
requires 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 (DCGs). The semantic algebras and valuation functions are also expressed in Horn logic quite
easily, since Horn logic allows to define relations, which in turn subsume functions. The semantic algebra
and valuation functions are executable, and can be used to obtain executable program denotations. A very



significant consequence of this is that the fixpoint of a program’s denotation can be computed bottom-up
(assuming that it is finite or finitely expressible), and such fixpoint can then be used for automatic verification
(or model-checking). This implies that verification can also be conveniently done in the framework of Horn
Logic.

Thus, given a language, both its syntax and semantics can be directly and uniformly 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 [3] 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
program’s denotation can be computed, which can be used for verification and structured debugging of the
program. Compiled code for a DSL program can also be obtained via partial evaluation.

This approach of using Horn logic for specifying syntax and semantics of a language and then using the
specification for obtaining efficient implementation and verification can be applied to any language; however,
we feel that it is impractical for general purpose langauges that are fairly large be impractical for in using it
for the study of domain specific languages, and its use in software specification.

3 Software Engineering and Domain Specific Languages

We take a language-centric view of the software development process. A language-centric view allows one
to apply language-semantics based techniques for specification, implementation and verification of software
system. In particular, we can use the Horn logic denotational approach for specification, efficient implemen-
tation, and verification of the software system.

Any software system can be understood in terms of how it interacts with the outside world. Thus, to
understand a software system, one has to understand its input language. The input language is of course
nothing but a domain specific language. If we have a denotational specification of this DSL, and if this
specification (both the syntax and semantics) happens to be executable, then this denotational specification
is also an executable specification of the software system. In other words, an interpreter for the DSL of the
software system is an implementation of the software system. If this executable denotational specification is
written in the proper notation, then it can also be used for proving properties of the DSL (i.e., the software
system) as well as the programs written in the DSL.

The Horn logic denotational semantics indeed makes all of the above possible. The syntax specification
immediately yields a parser, with the help of the Definite Clause Grammar facility of logic programming
systems. The semantic specification yields a back-end of the interpreter. Together with the syntax speci-
fication, the semantic specification yields a complete interpreter. Given a program, its denotation can be
obtained with respect to the interpreter. This denotation can be run to execute the program. Additionally,
appropriate structured queries can be posed to the program’s denotation and used for checking properties
of the DSL as well as the programs. Essentially, the bottom-up execution [23] of the denotation yields the
fixpoint of the program. The fixpoint of the program can be used for model checking.

Denotational semantics expressed in a Horn Logic notation is executable, but so is denotational semantics
expressed in the A-calculus notation. However, semantics expressed via Horn Logic allow for fixpoints of
programs to be computed 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 [3]) for computing fixpoints of logic programs, because of their applicability to deductive databases
[28, 7, 23]. Due to this reason, semantic-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 even more prominent when we generalize Horn Logic to Constraint Logic
Programming—i.e., by adding additional domains (e.g., Real numbers, Sets) and predefined predicates over
such domains. This generalization makes specification and verification of very complex systems, e.g., domain
specific languages for real-time systems, considerably easier [13].



4 A Domain Specific Language for File-Editor Commands

Consider the input language (a DSL) of a file-editor. We show how the logical denotational semantics of this
DSL yields an executable specification of the file editor. We also show how DSL programs can be compiled
for efficiency. Later, we show how we can verify certain properties that a file-editor should satisfy (e.g.,
modifying one file doesn’t change other files).

Consider a simple file editor which 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 editor, saving the file in the file system). Let us provide the logic denotational
semantics for this language. The syntax of the input command language is shown in the BNF below:

Program ::= edit Id cr Statements
Statement ::= Command cr Statements | quit
Command = newfile | moveforward | movebackward | insert Record | delete

Note that cr stands for a carriage return, inserted between each editor command. To keep the example sim-
ple we assume that the records consists of simply integers. | program(session(I,s)) --> [edit], id(I),
This BNF can be straightforwardly expressed as a DCG in [cr], sequence(S).

Figure 1. There is a one-to-one correspondence between the | sequence(seq(quit)) --> [quit].

rules of the BNF and rules in the DCG. An extra argument | sequence(seq(C,S8)) -->

has been added to the DCG in which the parse tree is re- command(C), [cr], sequence(S).
cursively synthesized. The DCG specification, when loaded | command(command (newfile)) --> [newfile].
in a Prolog system, automatically produces a parser. We command (command (forward)) -->

next give the semantic algebras (Figure 2) for each of the [m°vefsiward] 4 (backward)) —->
domains involved: the file store (represented as an associa- conmandicommanaibaciuar

ion list of fil d thei d file | [movebackl.

tion list o e names and their contents) and an open file | o006 (command (insert (R))) -->

(represented as a pair of lists; the file pointer is assumed to [insert],record(R).

be currently on the first record of the second list). The se- | command (command (delete)) --> [delete].
mantic algebra essentially defines the basic operations used | id(identifier(X)) --> atom(X)

by the semantic valuation functions for giving meanings of | record(rec(N)) --> integer(N)
programs.

The semantic valuation predicates that give the meaning
of each construct in the language are given next (Figure 3). These semantic functions are mappings from
parse-tree patterns and a global state (the file system) to domains (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.

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, this is an ezecutable
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 the “unknown”
commands through Prolog’s unbound variables: we omit the discussion to keep the presentation simple).
Thus, if the editor is invoked and a sequence of commands issued, starting with an unspecified file system
(modeled as the unbound variable Fin), then the resulting file system (Fout) after executing all the editor
commands will be given by the result of the query:

Figure 1: DCG for File Editor Language

?- Comms = [edit,a,cr,newfile,cr,insert,l,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). Yexecute commands

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



%Define Access and Update Operations 40perations on Open File representation

access(Id, [(I,File)|_],File). newfile (([1,[1)).
access(Id, [(I,File) |IRest] ,Filel) :- copyin(File, ([],File)).

(I = Id -> Filel = File; copyout ( (First,Second) ,File) :-

access(Id,Rest,Filel)). reverse (First,RevFirst),

update(Id,File, [],[(Id,File)]). append (RevFirst,Second,File).
update(Id,File, [(Id,_) |T], [(Id,File) |T]). forwards ((First, [X|Scnd]), ([X|First],Scnd)).
update(Id,File, [(I1,F1)IT], [(I1,F2)INT]) :- forwards ((First, [1), (First,[1)).

(Id=I1 --> F2 = File, NT = T; backwards (([X|First],Scnd), (First, [X|Scnd])).

F2 = F1, update(Id,File,T,NT)). backwards (([1,Scnd), ([1,Scnd)) .

insert(A, (First,[1), (First,[A])).

insert (4, (First, [X1Y]), ([XIFirst]l, [AIY])).
delete((First,[_1Y]), (First,Y)).
delete((First,[]), (First,[])).
at_first_record(([1,.)).
at_last_record((_,[]1)).

isempty(([1,[1)).

Figure 2: Semantic Algebras for File Editor

modify. This is because of the declarative nature of the logic programming formalism used and its basis in
denotational semantics.

Given the executable implementation of the file-editor, and a program in its command language, 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. the previous command-language program is shown in Figure
4. Partial evaluation translates the editor command language program to a sequence of instructions that
call operations defined in the semantic algebra. This sequence of instructions looks a lot like “compiled”
code. More efficient implementations of the editor can be obtained by implementing these semantic algebra
operations in an efficient way, e.g., using a more efficient language like C or C++, instead of using logic
programming. Compilation may not make much sense in case of a file-editor command language, however,
there are domain specific languages that have been designed for processing special types of file. For example,
the DSL MidiTrans [17] has been designed to manipulate digital music files expressed in the MIDI format.
The MidiTrans language can be thought of as an editor-command language, and MidiTrans programs are
sequences of commands applied on a MIDI file. In this case compilation (via partial evaluation) is impor-
tant, in order to achieve efficient execution of MidiTrans programs. Derivation of MidiTrans using Horn
denotational descriptions is currently in progress [24].

5 Program Denotation and Verification

Axiomatic semantics is perhaps the most well-researched technique for verifying properties of programs. In
Axiomatic Semantics [18] 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. P and () are typically expressed in a well-defined form
of logic. In this context we will explore the use of Horn logic for this purpose. The post-conditions of a
program are theorems with respect to the denotation of that program and the program’s pre-conditions
[30, 31]. Given that the program’s denotation is expressed in Horn logic, the pre-conditions can be uniformly
incorporated into this denotation. The post-conditions can then be executed as queries w.r.t this extended
program denotation, effectively checking if they are satisfied or not. In effect, symbolic model checkers [4]
can be specified and generated automatically. By generalizing Horn logic to constraint logic programming,
real-time systems can also be specified and implemented [13] and parallelizing compilers obtained [14].

One way to prove correctness is to show that given the set of all possible state-configurations, S, that
can exist at the beginning of the command 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



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). access(a, Fin, C),
seq_val(seq(quit) ,InFile,InFile). copyin(C, _),
seq_val(seq(C,S) ,InFile,QutFile) :- newfile(D),
comm_val(C,InFile,NewFile), insert(rec(1), D, E),

seq_val(S,NewFile,QutFile). insert(rec(2), E, F),

(  isempty(F) -> G=F

comm_val (command (newfile),_,0utFile) :- ; delete(F, G)),
newfile (OutFile) . ( isempty(G) -> H=G
comm_val (command (moveforward) ,InFile,OutFile) :- ; at_first_record(G) ->
(isempty(InFile) -> QutFile = InFile; H=C
(at_last_record(InFile) -> QutFile=InFile; ; backwards (G, H)),
forwards(InFile,OutFile))). insert(rec(4), H, I),
comm_val (command (moveback) ,InFile,QutFile) :- insert(rec(5), I, J),
(isempty(InFile) -> InFile = QutFile; ( isempty(J) -> K=J
(at_first_record(InFile) -> : delete(J, X)),
InFile = QutFile; backwards(InFile,OutFile))).

copyout (K, L),
comm_val (command (insert(R)) ,InFile,OutFile) :- update(a,L,Fin,Fout) .

record_val(R,RV), insert(RV,InFile,OutFile).
comm_val (command (delete) ,InFile,OutFile) :-—
(isempty(InFile) -> Figure 4: Compiled code
InFile = QutFile; delete(InFile,QutFile)).
record_val(R,R).

Figure 3: Valuation Predicates

that it acts as a finite generator of all relevant state-configurations. A model checker is thus obtained from
this specification. This model checker can be seen as a debugging aid, since a user can obtain a program’s
denotation, add preconditions to it and then pose queries to verify the properties that she thinks should
hold.

Consider the specification of the file editor. Under 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. Since the name space of file-names
and record-names is infinite, we will use a precondition to restrict their size. The query for verifying this
property, along with the appropriate pre-condition to assure finiteness is shown below. The precondition
essentially restricts file names to either a, b or ¢, and the record names to 1, 2 or 3 (we will show below how
to make this query more general). The member predicate is the standard predicate for checking membership;
when its first argument is unbound and the second argument is bound to a list, it acts as a generator of
values.

?- member (X, [a,b,c]), member(Y, [1,2,3]) %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 corresponds to verifying whether there exist values for X (file name) and Y (record value)
such that inserting and deleting Y in X leads to a resulting file system different from the one we started from.
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 finds that in every case F = G holds, and thus the whole query fails
because the final call asserts that F # G. In most practical cases, the restriction of having a finite generator
can be readily dismissed as long as the fixpoint of the considered computation can be analyzed in a finite
amount of time. The above example could be encoded more simply as:

7- program(A, [edit,X,cr,insert,Y,cr,delete,cr,quit],[]),
prog-val(A,F,G), F # G.



If executed on a logic programming system which uses a fair search strategy (e.g., we tested it on the XSB
system [28], which uses tabling), the query will produce a failed answer, thus verifying the desired property.
More complex properties can be semi-automatically verified using this semantic definition. Let us study the
following property: if an editing session is open for a certain file (let us say file a), then no other file is affected.
Proving this property is not straightforward—as it requires being able to infer independence of arguments.
This property can be easily tested using a combination of transformation and analysis techniques. We start
by partially evaluating the editor specification with respect to the query:

?- program(X, [edit,a,cr|Rest],[1),
prog_val(X, [(a,AIn), (b,BIn),(c,CIn)], [(a,AOut), (b,BOut), (c,COut)]).

(we are assuming that the file system contains only 3 files; this can be easily generalized). The entry point
of the partially evaluated program is the following:

entry([edit,a,cr|A], [(a,B),(b,C),(c,D)], [(a,E),(b,F),(c,®)]) :-
’entry.edit1’(A, B, C, D, E, F, G).

’entry.edit1’(A, B, C, D, E, F, G) :-
sequencel(A, H),
seq_vall(H, B, I),

I=(J,K),

reversel(J, L),

C=F, Wbl **
D=G, Wbl **

append3(L, K, E).

We have annotated the two unifications (with "**’) to show how the partially evaluated program shows that
the output files for b and c are indeed identical to the input ones—i.e., those two files are not affected by the
editing session. Using a constraint-based execution, which allows to solve equality and inequality constraints,
a query like
7- (C#F; D#®,
entry([edit,a,cr|Rest],[(a,B), (b,C),(c,D)],[(a,E),(b,F),(c,®)]).

terminates with a failure. Thus, there is no computation which edits file a and modifies also file b or c.
This property could be also determined without executing the last query but by simply performing static
analysis—for Independence detection—on it [9].

5.1 DSLs: Verification with Constraints

When we generalize Horn Logic to Constraint Logic Programming [22] more interesting applications be-
come possible. For example, domain specific languages for realizing real-time systems can be modeled and
verified/model-checked using our approach. We illustrate this through an example. Consider the domain
specific language UPPAAL [21, 2], designed by researchers at Uppsala University and Aalborg University,
for specifying real-time systems. We specify the syntax and semantics of this DSL using our Horn logic
denotational approach, and show how program denotations can be used for automatic verification.

UPPAAL is a domain specific language designed for specifying and verifying concurrent real-time systems.
The concurrent real-time system is modeled as a collection of timed automata [1]. A timed automata is a
finite state automata augmented with timers. These timers may be reset to zero on state transitions, and
additionally, state transitions may also be conditioned on a given timer satisfying certain properties (e.g., the
transition can be made only if a certain amount of time has elapsed on a particular timer). The UPPAAL
language provides constructs for defining these automata, along with timing constraints that the timed
automata imposes.

A real-time system is essentially a recognizer of a sequence of timed-event. A sequence of timed-event is
correct 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 denotations [13]—the



key insight is that the specification of a real-time system is a semantic specification of its corresponding
timed-language [13]. Time constraints can be modeled as constraints over real numbers [22]. The semantic
algebra models the state, which consists of the global time (wall-clock time), and the valuation predicates
are maps from sequences of events to the global time. This constraint logic 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 controller, we want to make sure that at the time a train
is at the gate, the gate can never be open), and bounded liveness (for instance, the railroad gate is not closed
forever). In the real-time systems modeled, we do not 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 at which each event took place cannot be computed from the constraint logic 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.

Figure 5: Train, Controller, and Gate automata

The real-time system that we wish to verify can be specified in the UPPAAL domain specific language.
A real-time system that is to be modeled as a timed automata is expressed as an UPPAAL program. If we
give the semantics of the UPPAAL language using constraint denotations, then an executable specification
of a timed-automata system is easily obtained. This executable specification can be run on a constraint
logic programming systems, such as CLP(R) [22], and used for verifying properties of the real-time system.
The BNF of the UPPAAL language can be found in [21, 2]. The DCG of the UPPAAL language is given in
Appendix A. The Horn logic semantics of UPPAAL program is given as predicates that map the components
of the abstract syntax of the program to a list of tuples of the form (a, 7, States), where « is a particular
automata transition, 7 is the time at which that transition took place, and States is the description of the
states (of the different timed automata) from which the transition took place. The postconditions are queries
that check for appropriate patterns in this semantics. The semantics is shown in Appendix B. Note that for
reasons of practicality our semantic definition uses assert, a non-logical feature of Prolog. It is possible to
give a completely declarative logical semantics, but this is avoided here for the sake of readability.

The UPPAAL language specifies a real-time system in terms of a collection of timed automata. Each au-
tomata is specified using the process construct. The process construct identifies the name of the automata,
its states, the initial state (using the init statement), and the transitions (using the trans construct). The
actions associated with each transition—i.e., testing a conditions on clocks, resetting clocks, communicating
with other processes—are specified with each transition.

We next specify a real-time system for controlling a gate at a railroad crossing using the UPPAAL Domain
Specific Language. The system is composed of three processes, a gate-controller, the gate itself, and the train.
The train is modeled by the timed automata shown in figure 5(i). It has four different transitions that are
labeled approach in, out, exit: (i) The approach edge corresponds to the train approaching the gate; (ii)
the edge labeled in denotes that the train is at the gate; (iii) the edge out denotes that the train has just
left the gate; and, (iv) and exit denotes that the train has left the gate area. The controller is modeled by
the timed-automata in figure 5(ii); it synchronizes with the train process on the approach and exit edges



described above. The controller has two other edges labeled: (i) lower denoting starting of the lowering of
the gate; and, (ii) raise denoting starting of the raising of the gate. Finally, the gate is modeled by the
timed-automata in figure 5(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 one unit of time to completely lower or raise the gate. The UPPAAL

program describing this system is presented in Figure 6.

// Global Declarations process gate {

clock c,e,d; state sO, sl1, s2, s3, s4;
chan approach,exit, init s0;

lower,raise; process cntl { trans sO -> s1 {
state s0, sl1, s2, s3;
sync lower?;

init s0;

assign d := 0;
;; Processes Section trans s0 -> s1 { I, £
// sync approach?; s1 -> 52 {
assign e := 0; guard d < 1;
process train { sl}:> 62 { },
state s0, sl1, s2, s3; s2 -> s3 {
init s0; guard e == 1; sync raise?;
trans sé ->s1 { sync lower!; assign d := 0;
}, T
sync approach!; z 1,
assign c := 0; s2 -> s3 {, s3 => s4 {
3 sync exit?; guard d > 1;
1 _; 62 { assign e := 0; } ’
} B
H ’ 4 ->
iuard c > 2; 3 o> 50 { s guaig j <o
-l guard e < 1; _ ’
s2 -> 83, sync raise!; ¥
s3 => s0 { }: }
guard ¢ < 5; } !
sync exit!; // System Description
1
} system train,cntl,gate;

Figure 6: UPPAAL Program

This program can be fed to the executable syntax/semantics specification shown in Appendices A and B.
Partial evaluation of this program (massaged for readability) yields the following program:

train(s0,approach,s1,T1,T2,T3) :- T3 = T1.
train(sl,epsilon,s2,T1,T2,T2) :- T1 - T2 > 2.
train(s2,epsilon,s3,T1,T2,T2).
train(s3,exit,s0,T1,T2,T2) :- T1 - T2 < 5.

train(X,lower,X,T1,T2,T2).
train(X,raise,X,T1,T2,T2).

gate(s0,lower,s1,T1,T2,T1).
gate(sl,epsilon,s2,T1,T2,T2)
= T1 -T2 < 1.
gate(s2,raise,s3,T1,T2,T1).
gate(s3,epsilon,s4,T1,T2,T2)
= T1-T2 > 1, T1-T2 < 2.
gate(s4,epsilon,s0,T1,T2,T2)
= T1-T2 < 2.
gate (X,approach,X,T1,T2,T2).
gate(X,exit,X,T1,T2,T2).

cntl(s0,approach,s1,T1,T2,T1).
cntl(sl,lower,s2,T1,T2,T2)

= T1 -T2 = 1.
cntl(s2,exit,s3,T1,T2,T1).
cntl(s3,raise,s0,T1,T2,T2)

- T1-T2 < 1.
cntl(X,epsilon,X,T1,T2,T2).

driver([1,s0,81,52,T,T0,T1,T2,[1).
driver([X18]1,80,81,82,T,T0,T1,T2, [(X,T,[S0,S1,S2]1) IR]) :-
train(S0, X, S00, T, TO, TO0O),
gate(S1, X, S10, T, T1, T10) ,
cntl(S2, X, $20, T, T2, T20) , TA > T,



driver(S,500,510,520,TA,T00,T10,T20,R) .

The above constraint denotation of the railroad crossing controller is an executable specification of the
composite real-time system. The composite specification can be used for verifying various global properties.
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 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 events list to ensure finiteness of the computation, 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—e.g., characterization of the input states of interest and conditions to ensure finiteness. This query
should fail, if the post_condition holds true. The pre_condition should be such that it generates all
sentences satisfying it. For example, if we want to check that the event “the train is in the gate area” (state
s2 of the train process) never occurs before the event “the gate is down” (state s2 of process gate), then
a possible pre-condition is that the transitions to state s2 for the train or to s2 for the gate 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 (i.e., thus focusing only on one train at
the time). Integrating this pre-condition in the semantics and partially evaluating it again, we get a modified
driver as follows:

driver(_,[J,_,_s_s_s_»s_s_>[1) :-
driver(N, [X]S],s0,81,82,T,T0,T1,T2, [(X,T,[S0,51,52]1) IR]) :-
train(S0,X,500,T,T0,T00),
gate(Sl,X,SlO,T,Tl,TiO) R
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 begin 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 uninstantiated 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 run of the real-time system, the transition of the
train to s2 must occur after the transition of the gate to state s2. The negated property will be that the
train gets to s2 before the gate gets to s2. Thus, for example the query

?- driver(0,X,s0,s0,s0,0,0,0,0,R),
append(_, [(_,_,[s2,s1,_1)I_1,R).

will fail when run on a constraint logic programming system (we used the CLP(R) [22] system). The append
program is the standard logic program for appending two lists.

Likewise, if we want to verify that the gate will be down at least 4 units of time—i.e., the time between
the gate transition to s1 and the transition to s0 is at least 4 time units—then we will pose the following

query:

?- driver(0,s0,s0,s0,0,0,0,0,X,R),
append(A, [(_,T2,[_,s4,_.1D,(_,_,[_,s0,_.1) |_]1, R
append(_, [(_,_,[_,s0,.1), (_,T1,[_,s1,_.1DI_]1, A
T2 - T1 < 4.

% Trans. to sO
% Trans. to sl

),
)’
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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, [(_,T2,[_,s4,_.1) , (_,_,[_,s0,_1) |_1, R),
append(_, [(_,_,[_,s0,_.1), (_,T1,[_,s1,_.1DI_1, A),
N<T2-Ti1 <M, M>0, N >O0.

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 easily compute values of unknowns is a distinct advantage of a logic programming
based approach, and considerable effort is required in other approaches used for verifying real-time systems
to achieve similar behavior.

5.2 Discussion

A major weakness of our approach is that we have to make sure that the verification of properties leads to
finite computations. The use of constraint handling and the use of tabling in the underlying execution model
often guarantee such property (as seen in the examples in Section 5). 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 to use non-failure analysis of constraint
logic programs [8, 10] to verify properties of real-time systems. A third approach that can be used to remove
the finiteness restriction is to use first-order theorem proving. The logical denotation of a program provides
an axiomatization w.r.t. the language’s semantics. These axioms can then be fed to a theorem prover,
along with the preconditions and postconditions, and other additional axioms that may be needed in the
postcondition, to perform verification [12].

However, we feel that our approach based on preconditions and postconditions is a pretty good compro-
mise. While we do not verify the system completely, we do verify the program subject to the preconditions,
and thus gain more confidence regarding software correctness.

Note that verification can be done more efficiently by inserting preconditions and postconditions in the
program’s denotation, and then partially evaluating the interpreter obtained for the language with respect to
this annotated program denotation. We essentially obtain a compiled version of the program annotated with
preconditions and postconditions. We have adopted this technique in both the domain specific languages
considered in our examples. It is a lot more efficient to execute this annotated partially evaluated program
rather than the original annotated denotation.

Note also that while the examples that we have included in this paper use only direct semantics, contin-
uation semantics can also be easily modeled using Horn logic and constraints [11].

6 Related Work and Conclusions

In this paper we presented a Horn logic and constraint based framework for using denotational semantics
for specifying, efficiently implementing, and verifying Domain Specific Language programs. The two distinct
advantage that our Horn logic approach offers are: (i) the syntax specification is conveniently expressed
using the Definite Clause Grammar facility of Logic Programming to obtain a parser for the language
with minimal effort; (ii) a uniform framework is created for the specification of all components of the
denotational description; (iii) verification of programs written in the DSL. In this regard, our framework is
more advantageous than the frameworks for DSLs developed using the A-calculus, e.g., in [5].

Our work shares some similarities with Consel’s framework [5] for specification of DSLs. Consel’s frame-
work relies on the traditional A-calculus approach. Thus, the parser has to be supplied separately, and
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verification cannot be done automatically. In contrast, in our approach not only the semantic specification
can be used for deriving efficient implementations, it can also be used for verification.

Our framework can also be used for software development, by taking a language-centric view of the software
development process. In the language-centric view of software development, we think of the software system
as a processor of programs written in the software system’s input language (a domain specific language). An
executable semantic specification of this input language is also an executable specification of the software
system. This executable specification can be made more efficient by using partial evaluation. The executable
specification can also be used for verification and model checking purposes.

In this paper, we illustrated our framework by considering two domain specific languages: a file editor
command language and a language for specifying real-time systems.

Our framework provides a rapid way of obtaining an executable specification of a domain specific language
or a software system. For example, it took us only 2-3 hours to produce the syntax and semantic specification
of the UPPAAL language shown in appendix A and B, which we could then use to verify properties on dif-
ferent examples. Work is in progress to use our framework for specification, implementation, and verification
of other DSLs.
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Appendix A: Definite Clause Grammar for UPPAAL

ita(ita(V,P,G)) --> varlist(V), proclist(P), globals(G).
varlist([]) -=> { true }.

varlist([X|Y]) =--> channel(X), varlist(Y).
varlist([X|Y]) --> wvariable(X), varlist(Y).

proclist([P]) --> proc(P).
proclist([P|Q]) --> proc(P), proclist(Q).

globals(system(List)) --> [’system’], idlist(List), [’;°’].
channel(chan(L)) =--> [chan], idlist(L), [’;’].
variable(var(clock,L)) --> [clock], idlist(L), [’;’].
proc(proc(Id,States,Trans)) --> [process], id(Id),
[’{’],statedecls(States), transdecls(Trans) , [’}’].
idlist([I]) --> id(I).
idlist([I|L]) =--> id(I), [’,’], idlist(L).

statedecls(state(Initial,States)) -->
[state], idlist(States), [’;’], [init], id(Initial), [’;’].

transdecls(trans(L)) --> [trans], tramnslist(L) , [’;’].
translist([A]) --> trans(A).
translist([A|B]) --> trans(A), [’,’],translist(B).
trans(t(I1,I2,G,S,A)) -->

id(11), [’->’1, id(12), [’{’]1, opg(G), ops(S), opa(A), [’}’].

opg(noguard) --> {true}.
opg(guard(L)) --> [guard], guardlist(L), [’;’].

ops(nosync) --> {true}.

ops(sync(send,I)) --> [syncl, id(I), [’!’1,[’;’].
ops(sync(receive,I)) --> [syncl, id(I), [’7’1, [’;°’].
opa(noassign) --> {true}.

opa(assign(L)) --> [assign], assignlist(L),[’;’].
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guardlist([L]) --> guard(L).

guardlist([LIR]) --> guard(L), [’,’], guardlist(R).
assignlist([A]) --> assign(4).

assignlist([A[B]) --> assign(A), [’,’], assignlist(B).
assign(A) --> clockassign(4).

guard(compare(I,N,Op)) --> id(I), relop(Op), nat(N).
guard(ccompare(I1,I2,N,0p1,0p2)) -->
id(I1), relop(Op1l), id(I2), oper(0p2), nat(N).

clockassign(assign(I,N)) --> id(I) , [’:=’], nat(N).

relop(’<’) --> [’<’].
relop(’<=’) --> [’<="].
relop(’>’) --> [’>].
relop(’>=’) --> [’>="].
relop(’=’) --> [’=="].
oper(plus) --> [’+°].
oper(minus) --> [’-’].
nat(X) --> [X], {integer(X)}.
id(X) =--> [X1, {atom(X)}.

Appendix B: Logical Denotation of UPPAAL

semita( ita([var(clock,Vars),chan(Chan)] , Procs , System) ) :-
semprocs (Procs,Vars,Chan,Initials), semglobals(System,Initials,Vars,Chan).

semglobals(system(List),_,Vars,_) :-
length(List,N), length(States,N), length(Vars,M), length(Clocks,M),
append(States, [C|Clocks],Argsl), append(Argsi, [[(X,C)|Remainder]], Args),
Head =.. [driver, [X|Y]|Args],
generate_body(States,List,Clocks,C,X,Body,NewStates,NewClocks),
append(NewStates, [T1|NewClocks] ,NewArgsl), append(NewArgsi,[Remainder],NewArgs),
RecCall =.. [driver,Y|NewArgs],
assert((Head :- Body, (T1>C) , RecCall)).

generate_body([State], [Name],Clocks,GClock,Symbol,C, [NState],Clocksl):-
gen_new_clocks(Clocks,Clocksl,ClocksCode),
C =.. [Name,State,Symbol, NState,GClock|ClocksCode].

generate_body([State|OtherStates], [Name|OtherNames], Clocks, GClock,

Symbol, (Call,OtherCalls), [NState|NewStates], NewClocks) :-

gen_new_clocks(Clocks,Clocks1,ClocksCode),
Call =.. [Name,State,Symbol,NState,GClock|ClocksCode],
generate_body(OtherStates,OtherNames,Clocks1l,GClock,Symbol,0therCalls,NewStates,NewClocks).

gen_new_clocks([1,[1,[1).
gen_new_clocks([X|Y], [ZIW], [X,Z|Rest]) :-  gen_new_clocks(Y,W,Rest).

semprocs([],_,_,[1).
semprocs ( [proc(Name,States,Trans) |Rest] ,Vars,Chan, [In1|In2]) :-
semprocedure(Name,States, Trans,Vars,Chan,Inl), semprocs(Rest,Vars,Chan,In2).

semprocedure(Name,state (Init,_),trans(List),Vars,Chan,Init) :-
semtransitions(List,Name,Vars,Chan).

semtransitions([J],_,_,_).
semtransitions([t(From,To,Guard,Sync,Assign) |Rest],Name,Vars,Chan) :-
(Sync = sync(_,C) -> generate_fact(Name,From,To,C,GClock,Vars,Fact) ;
generate_fact(Name,From,To,epsilon,GClock,Vars,Fact) ),
semguardassign(Fact,Guard,Vars,Assign,GClock),
semtransitions(Rest,Name,Vars,Chan).

semguardassign(Head,noguard,_,noassign,_) :-
generate_equalities(Head,Eqs), assert((Head :- Egs)).

semguardassign(Head,noguard,Vars,assign(AList),GClock) :-
semopa(AList,Vars,Head,Equalities,GClock,Used),
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difflist(Vars,Used,Remaining), additional_equalities(Remaining,Vars,Head,Others),
assert((Head :- Equalities,Others)).
semguardassign(Head,guard(List),Vars, noassign,GClock) :-
semopg(List,Vars,Head,Constraints,GClock),
generate_equalities(Head,Equalities),
assert((Head :- Constraints,Equalities)).
semguardassign(Head,guard(List),Vars,assign(AList),GClock) :-
semopg(List,Vars,Head,Constraints,GClock), semopa(AList,Vars,Head,Equalities,GClock,Used),
difflist(Vars,Used,Remaining), additional_equalities(Remaining,Vars,Head,Others),
assert((Head :- Constraints,Equalities,Others)).

semopg([],_,_,true,_ ).

semopg( [compare(Clock,Nat,0p) |Rest],Vars,Head, (C1,C2) ,GClock) :-
semguard(0Op,Clock,Nat,Vars,Head,C1,GClock),
semopg(Rest,Vars,Head,C2,GClock) .

semopa([],_,_,true,_,[]).

semopa( [assign(Var,Nat) |Rest],Vars,Head, (C1,C2),GClock, [Var|Used]) :-
semassign(Var,Nat,Vars,Head,C1,GClock),
semopa(Rest,Vars,Head,C2,GClock,Used).

semassign(Var,Nat,Vars,Head,C1,GClock) :-
extract_variablel(Var,Vars,Head,V),
C1 = ((GClock - Nat) = V).

semguard(0p,Clock,Nat,Vars,Head,C1,GClock) :-
extract_variable(Clock,Vars,Head,V),
C1 =.. [Op,(GClock-V),Nat].

hhhhhhhhkh Auxiliary predicates

difflist([],_,[]).
difflist([X|Y],Used,Z) :- member(X,Used), !, difflist(Y,Used,Z).
difflist([X|Y],Used, [X|Z]) :- difflist(Y,Used,Z).

additional_equalities([],_,_,true).

additional_equalities([X|Y],Vars,Head, ((V1=V2),Rest)) :-
extract_variable(X,Vars,Head,V1),
extract_variablel(X,Vars,Head,V2),
additional_equalities(Y,Vars,Head,Rest).

generate_equalities(Head,Eqs) :- Head =..[_,_,_,_,_|List],
get_equalities(List,Eqgs).

get_equalities([],true).
get_equalities([X1,X2|Rest], ((X1=X2),C)) :- get_equalities(Rest,C).

extract_variable(Clock,Vars,Head,V) :- Head =.. [_,_,_,_,_IClocks],
search_variable(Vars,Clock,Clocks,V).

search_variable([X|_],X,[YI_],Y).
search_variable([X|Y],Z,[_,_|Rest],V) :- X \==12Z,
search_variable(Y,Z,Rest,V).

extract_variablel(Clock,Vars,Head,V) :- Head =.. [_,_,_,_,_|Clocks],
search_variablel(Vars,Clock,Clocks,V).

search_variablel ([X|_],X,[_,YI_],Y).
search_variablel([X|Y],Z,[_,_|Rest],V) :- X \== Z,
search_variablel(Y,Z,Rest,V).

generate_fact(Name,StartState,EndState,Symbol,GlobClock,Clocks,FACT) :-
generate_rest(Clocks,Rest),

FACT =.. [Name,StartState,Symbol,EndState,GlobClock|Rest].

generate_rest([],[]).
generate_rest([_IY],[_,_I|Rest]) :- generate_rest(Y,Rest).
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