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The quality of software depends on the effectiveness of the software development
process. Existing software development processes are still not flexible or practical
enough for developing a system that requires a mix of existing processes to be used in
the production of that system. In this paper, a formal specification language, called TUG
(Tree with Unified Grammar), is presented to support a software development process
that accommodates conventional software development, operational specification, rapid
prototyping via software transformations, software reuse, software testing, and program
proofs of correctness. The development process with TUG can not only allow for a mix
of existing development processes applied to a given system but also can be adapted to
one of existing development processes. The combination of existing development proc-
esses takes advantage of the strengths of each process in the system. The software de-
velopment process with the aid of the TUG specification language can aid the production
of reliable and reusable programs.
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1. INTRODUCTION

The conventional software development process has been criticized as not appropri-
ate for developing evolutionary software. Errors are frequently not detected until the test
phase. Alternative software development processes, such as rapid prototyping, opera-
tional specification, incremental development, and software reuse, respond to the needs
of the conventional software development process. However, these existing software
development processes are not flexible or practical enough for developing a system that
requires a mix of existing development processes to be used in the production of that
system. For example, a system that has a poorly understood user interface and poor deci-
sion support functions may require a process that combines rapid prototyping and incre-
mental development. However, if the system has fully understood user decision support
functions, the poorly understood user interface may cause the process to be the equiva-
lent to a rapid prototyping process. A flexible and practical software development proc-
ess should not only allow for a mix of existing development processes for developing a
given system but should also be adaptable to one of the existing processes [1]. A combi-
nation of existing software development processes takes advantage of the strengths of
each development process in a system. In this paper, we present a formal specification
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language, called TUG, to support a software system to be developed through the integra-
tion of existing software development processes, such as operational specification, rapid
prototyping via software transformations, software reuse, and static and dynamic analysis
of software.

The TUG specification language is a formal specification language based on DCGs
(Definite Clause Grammars). The formality of the language allows for the direct execu-
tion of a TUG specification through an interpreter, which supports the operational speci-
fication process. Operational specification provides another means of improving the
quality of the specifications and software system. But whereas the formality of the lan-
guage improves the quality of the descriptions of user requirements, rapid prototyping
via operational specification improves the understandability of the user requirements.
Although the TUG specification language supports the operational specification process,
the language still lacks notations for specifying the non-functional properties of software
systems, such as the user interface and performance. To alleviate this problem, the TUG
method allows a prototype to be automatically built. Then codes for the non-functional
properties of the system can be added manually to the prototype for rapid prototyping
purposes. The TUG method supports the construction of a prototype via software trans-
formations. The underlying mathematical principles of DCGs provide a vehicle for de-
veloping a set of transformation rules used to generate a prototype in Prolog from a TUG
specification. The resulting prototype can be executed for user feedback under the Prolog
environment.

Reuse is believed to be one key to improving software development productivity
and quality [2]. The reuse of software allows developers to spend less time creating new
software. To facilitate software reuse, the TUG specification language allows a developer
to write strongly typed and weakly typed specifications. In a strongly-typed specification,
each terminal node is declared to be at most one type. In contrast to a strongly typed
specification, a weakly typed specification allows for a terminal node belonging to more
than one type. The application of weak typing, such as overloading, provides a way of
constructing reusable specifications in the language. In addition, there often is a specifi-
cation for reuse that is not in exactly the right form. The TUG method allows for some
modification of the specifications. TUG achieves these goals by providing a renaming
operator used to replace an old name with a new name. The language also provides an
extending operator, used to expand some portions of the base specifications.

A specification in this language can be analyzed for detecting errors due to the for-
mality of the language. Errors such as type inconsistency, redundancy, and conflict can
be detected by analyzing the specification via inspection or review. In addition, the TUG
specification language provides a way of proving the correctness of a specification
against corresponding user claims by first translating the specification into a set of Horn
clauses. The set of Horn clauses with a user claim are then proved for correctness via
theorem proving. Proofs on a TUG specification demonstrate the consistency of the
specification and also show that the specification satisfies the user claims. To support
software testing, a set of test cases can be generated from a specification in the language.

The remainder of this paper is organized as follows. Section 2 reviews related works.
Section 3 introduces the TUG specification language. An overview of the syntax and
semantics of the language is presented. The language is illustrated through examples.
The operational specification process that uses TUG is presented in section 4. Section 5
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describes how a TUG specification can be transformed into a prototype in Prolog via a
set of transformation rules. Section 6 describes how the language can be used to con-
struct reusable specifications. The use of the language to support reuse is illustrated
through examples. Section 7 shows how a TUG specification corresponding to the bub-
ble sort problem can be constructed incrementally and addresses the proofs of TUG
specifications against user claims by means of theorem proving. In section 8, we present
how a TUG specification can be systematically mapped into a structured design and,
subsequently, into a structured program. Finally, a summary is provided and future works
discussed in section 9.

2. RELATED WORK

To facilitate a discussion of formal specification languages, existing formal specifi-
cation languages may be divided into three categories: algebraic specification languages,
model-based specification languages, and logic-based specification languages. Model-
based specification languages specify system behavior in terms of tuples, relations, func-
tions, sets, and sequences. Therefore, a model-based specification has two components: a
set of states and the operations over the states. One popular model-based specification is
the Z specification language, which is a formal specification language based on set the-
ory and first-order logic [3, 4]. A specification in Z is presented as a collection of
schemes which can be combined and used in other schemes. The schema is a diagram-
matic notation for displaying the predicates that are used in defining operations and in-
variants. The top line of the schema introduces the schema name. The section above the
middle line is called the signature (declaration) part of the schema. The purpose of the
signature is to set out the names and types of variables which represent the states intro-
duced in the schema. The section below the middle line is known as the predicate part of
the schema. The predicate part of a schema is optional. The predicate sets out the opera-
tions over the states in the signature part. Z has been used as a specification language to
formally describe and analyze the requirements and the design architectures of a variety
of hardware and software systems [5]. However, Z has mainly been successfully used for
the specification of sequential systems rather than concurrent systems because it lacks
notation and timing to model concurrency. A number of researchers have attempted to
overcome these difficulties, usually by combining Z with some other formalism, such as
Petri Nets [6-8], temporal logic [9], or TLA [10] to specify dynamic properties. Exam-
ples of model-based specification languages include PAISLey [11, 12] and VDM
[13-16].

Algebraic specification languages specify system behavior in terms of axioms and
algebras. An abstract data type is specified by axioms relating the operations on that ab-
stract data type. An algebraic specification has two parts: the abstract data type name
with the names of associated operations on that abstract data type; and the axioms which
relate the operations. One of the algebraic specification languages is OBJ [17, 18]. The
OBJ specification can be executed by interpreting the equations of the OBJ specification
as a left-to-right term rewriting system. Examples of algebraic specification languages
include ASF [19], and Larch [20, 21]. The use of algebraic specification languages in
software engineering is discussed in [22].
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Logic-based specification languages specify system behavior using first-order
predicate logic, Horn clauses, or higher order logic. A logic-based specification basically
consists of two parts: the names of abstract data types, variables, functions, and predi-
cates; and the predicates or Horn clauses which associate the relations on that abstract
data type. Applications of logic-based specification languages include temporal logic [23]
and interval temporal logic [24]. In [25], a first order interval logic based specification
language, called TILCO, was proposed to specify, validate, and verify real-time systems.
The operational validation of TILCO specifications is supported by the TILCO executor.
The TUG specification language presented in this paper can also be regarded as a
logic-based specification language that is based on definite clause grammars. A definite
clause grammar expresses context-free rules as logic statements that allow for the use of
arguments with non-terminals. A prototype derived from specifications in the language
consists of definite clause grammar rules and normal Prolog goals that can be executed
by a Prolog interpreter.

3. DESCRIPTION OF TUG

The TUG specification language consists of three parts: a name part, in which the
title with input/output parameters are given; an analysis part, in which the input data is
defined; and an anatomy part, in which the output data is generated.

The name part contains a module or scheme title with input/output parameters. The
input/output parameters are enclosed in parentheses. The analysis part contains the rules
for analyzing the input data. To analyze the input data, definite clause grammars (DCGs)
[26] are used to represent the rules so that syntax analysis can be performed. Each rule of
a DCG expresses a possible form of a non-terminal, as a sequence of terminals with op-
tional constraints on the terminals and non-terminals. Non-terminal nodes in uppercase
characters indicate constituents. A terminal node in lowercase characters indicates a to-
ken that must occur in the input data. A terminal node can be a literal, which is any string
enclosed in a pair of quotes. A constraint wrapped in braces places conditions, such as
type checking, on a terminal node. Table 1 shows all the operators used in the conditions.
An input is parsed into a tree representation that takes the form of a Prolog list with a
node name acting as the relationship symbol of the input data. This tree representation
will then be the input to the anatomy analysis part of the TUG specification.

The anatomy part describes the output to be generated. The tree is fed into the
anatomy part, and pattern matching is performed. The root node of the matched tree then
becomes a name for the entire tree. Each non-terminal node becomes the name for that
part of the entire tree. The non-terminal node names that part of the input data. The out-
put data can then be synthesized or the new input data can be generated and sent back to
the analysis part for further analysis; otherwise, execution terminates. Table 2 shows all
the numeric and list operators used in the statements of the anatomy part to perform
arithmetic and list operations.

A specification in TUG is structured with regular expression notations (union,
Kleene closure, positive closure, and concatenation). Each non-terminal node structures
its tree according to one of the regular expression notations. Adding tree structures to a
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Table 1. Operators used in the conditions.

Operators Description
any(t) t belongs to any type
bool(t) t is a Boolean
character(t) t is a character
digit(t) tis a digit
equal_to(t, t) t; is equal to t,
float(t) t is a float

follow(ty, t,)

t; follows t,

greater_than(ty, t,)

t; is greater than t,

integer(t)

t is an integer

length(t)

length of a string t

less_than(ty, t,)

t; is less than t,

lowercase_character(t)

t is a lowercase character

member(t;, t;)

t; is a member of t,

not(t)

negation of t

precede(ty, t;)

t; precedes t,

remainder(t;, t)

remainder for integer division t;//t,

string(t)

tis a string

text(t)

tis a text

uppercase_character(t)

t is an uppercase character

word(t)

tis a word

Table 2. Operators used in the statements.

Operators Description
+ addition
= assignment
- subtraction
&& logical and
* multiplication
I logical or
/ division
: append
// integer division
<> list concatenation
% remainder
~ string concatenation
# length
call function invocation
input accept data from the keyboard
output output data to the screen
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specification allows a software developer to construct the specification in a structured
way to deal with complexity. The union notation is indicated by a vertical bar sign (|)
suffixed to the node name; thus,

FLAG |

on
‘off’

indicates that FLAG is one of the alternatives, ‘on’ and ‘off’. The concatenation notation
is indicated by an ampersand sign (&) suffixed to the node name; thus,

NAME&
last_name
{string(last_name)}
first_name
{string(first_name)}

indicates that NAME is a concatenation of last_name and first_name. The last_name and
first_name must be of string type. The Kleene closure notation (*) indicates that there is
zero or more elements over the node. Thus,

E_MAIL_BOX*
e_mail
{text(e_mail)}

indicates that E_MAIL_BOX contains zero or more e-mail messages, each of which is a
text. The positive closure notation (+) indicates that there is one or more elements over
the node; thus,

E_MAIL+
MESSAGE*
letters
{letter(letters) }

indicates that E_MAIL contains at least one MESSAGE which may contain zero or more
letters. If a MESSAGE contains no letters, then the E_MAIL is an empty e-mail.

4. OPERATIONAL SPECIFICATION

The operational specification process for software development is illustrated in Fig.
1. From the user requirements, however incomplete or inexact, developers construct a
TUG specification, which is a formal, executable specification. This specification is ex-
ercised to demonstrate system behavior. The developers and users can then validate
whether the user requirements are met. When the validation and revision loop indicates a
satisfactory specification, the developers can begin to consider design and implementa-
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Fig. 1. The operational specification.

tion issues. To realize the language, an interpreter has been written in C. A specification
in the language can be executed through the interpreter, which runs under the UNIX en-
vironment. Besides the interpreter, a scanner has been developed to detect any illegal
tokens in the specification. A parser has been developed to detect any illegal statements
that do not satisfy the syntax of the language. A syntax-based editor has been developed
to help developers construct a TUG specification with guidance.

A TUG specification for a bubble sort program which sorts a sequence of integers in
ascending order is presented as follows. In bubble sort, each pass bubbles the smallest
element to its appropriate position. The specification of the bubble sort problem reads in
a sequence of integers, sorts them, and prints them out in ascending order. The input is
analyzed through case analysis on a sorted input and an unsorted input. With a test, the
input is checked for the order of a pair of integers, x and y. If the integers, x and y, being
compared are out of order, they are interchanged. The interchange operation is accom-
plished by splitting an unsorted input into five parts: listl, x, list2, y, and
rest_of _elements. The two integers, x and y, are not in ascending order and need to be
switched. The sublist list/ contains the integers before x. The sublist /ist2 contains the
integers between x and y. The sublist rest_of_elements contains the rest of the integers in
the input list. The sublists can be empty in the following cases:

1. If x is the first item in the unsorted input, list/ is an empty list.
2. If x and y are adjacent, list2 is an empty list.
3. If y is the last item in the unsorted input, rest_of _elements is an empty list.
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Once x and y are located, they are swapped. The process is repeated, so that the next
smallest integer is placed in the correct position until the input is sorted. As soon as the
input is sorted, each item is printed out.

To construct a TUG specification module for the bubble sort problem, a module
name bubbles_sort is entitled with an input parameter, SEQUENCE. In a TUG specifica-
tion module, a module name must be in lowercase characters, and the arguments must be
in uppercase characters. The input data sequence, SEQUENCE, is analyzed in the analy-
sis part that begins with a keyword, ‘ANALYSIS’. The input data sequence can be either
unsorted or sorted. Thus, SEQUENCE node has two children: UNSORTED and SORTED.
The SEQUNCE, UNSORTED, and SORTED are all non-terminals indicating constituents.
To define an unsorted sequence, the terminals, list], x, list2, y, and rest_of_elements, are
defined as children of the UNSORTED node. In addition, an unsorted sequence of inte-
gers must contain a pair of integers, x and y, where y is greater than x. These constraints
associated with x and y are given in a pair of curly braces, respectively. In TUG, all the
terminals defined in the analysis part must be in lowercase characters in order to distin-
guish them from non-terminals. A sorted sequence, SORTED, contains one child, namely,
ASCENDING_SEQUENCE, indicating that the sequence is already sorted in ascending
order. Since the sequence is defined as having one or more elements in the input se-
quence, a positive closure notation (+) is suffixed to the non-terminal node, ASCEND-
ING_SEQUENCE.

The anatomy part of the specification begins with a keyword, ‘ANATOMY’. In the
anatomy part, all the nodes become terminals. Only temporary variables are in uppercase
characters. An unsorted sequence, unsorted, will be rearranged by swapping x and y in
order to make the sequence a sorted sequence. To swap x and y, y is appended (::) to the
head of list2 to make a new temporary variable, 7_LI. Following that, x is appended to
the head of rest_of_elements to make another new temporary list, 7_L2. Finally, string
concatenations (<>) are performed on list/, T_LI, and T_L2 to make another new list,
T L. InT_L, x and y are already swapped. In TUG, temporary variables in the anatomy
part are all in uppercase characters. The swapping process is repeated until the sequence
is sorted. Once a sequence is sorted, the sorted sequence, sorted, is sent to the display.

MODULE bubble_sort(in: SEQUENCE)
ANALYSIS
SEQUENCE |
UNSORTED&
listl
X
{integer(x)}
list2
y
{integer(y),
greater_than(x, y)}
rest_of _elements
SORTED&
ASCENDING_SEQUENCE+
element
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{integer(element)}
END OF ANALYSIS;
ANATOMY
Sequence |
unsorted&
T_L1=y:list2

T L2 =x :: rest_of_elements
T L=listl<>T L1 <>T_L2
call bubble_sort(T_L)
sorted&
ascending_sequence+
output element
output
END OF ANATOMY;
END OF MODULE bubble_sort.

Suppose there are seven integers to be sorted. The input data are 10, 4, 18, 23, 34, 4,
and 56. At the end of the first pass through the list, the smallest element 4 is sorted into
the correct position. The process is repeated, the next smallest element 4 is sorted into the
correct position, and so on until the list is sorted in ascending order. The results for each
pass are shown below:

bubble_sort > [10, 4, 18, 23, 34, 4, 56]
= [4, 10, 18, 23, 34, 4, 56]
= [4,4, 18, 23, 34, 10, 56]
- [4, 4, 10, 23, 34, 18, 56]
- [4,4, 10, 18, 34, 23, 56]
= [4,4, 10, 18, 23, 34, 56]

In the first pass, a pair of integers 10 in x and 4 in y is found to be out of order. List/ and
list2 contain no integers. The rest_of_elements sublist contains the integers 18, 23, 34, 4,
and 56. The values of x and y are switched, so that the integer 4 is stored in the first posi-
tion. In the second pass, the integers 10 in x and 4 in y are found to be out of order and
are switched. In the third pass, the integers 18 in x and 10 in y are found to be out of or-
der and are switched. In the fourth pass, the integers 23 in x and 18 in y are found to be
out of order and are switched. In the fifth pass, the integers 34 in x and 23 in y are found
to be out of order and are switched. Finally, the entire input list is sorted in ascending
order, which is 4, 4, 10, 18, 23, 34, and 56.

5. RAPID PROTOTYPING VIA SOFTWARE TRANSFORMATIONS

A prototype can be used to explore evolutionary user requirements that should be
built cheaply and quickly. A rapid prototyping approach via software transformations is
used to achieve this goal. The idea of prototyping via software transformations is not new
[27]. In our work, a specification is transformed into an executable program in Prolog by
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applying a set of transformation rules. The program is then considered as a prototype to
be exercised by the developer and the user. This approach allows developers to ignore
low level details during implementation and optimization, such as the selection of data
structures and algorithms due to the features of the Prolog programming language. A
long waiting time for regenerating a new prototype is avoided following a user request to
exercise the prototype after a specification is updated. To avoid complete retransforma-
tion, a Change Request Script (CRS) is written and used to update the prototype only in
response to the revised specification. A CRS provides a replace ... with ... facility to
replace a node description with another one in a TUG specification. A CRS is only used
when a minor revision needs to be made to the nodes in a specification. Finally, proto-
type construction and specification acquisition are combined to handle changes in the
user requirements. Whenever there is a specification change, the prototype is updated to
respond to the change. The TUG specification language may not provide abstractions for
prototyping some features of systems, such as the user interface, timing, parallelism,
concurrency, and performance. Therefore, our approach is designed to allow the gener-
ated prototype to be manually extended or modified in a modular manner. The specifica-
tion in the language is written in modules in terms of the language patterns that support
module independence. The prototype is then derived in a modular way, which supports
easy modification of the prototype.

- — user
write an initial

e requirements
specification in =~ [————

TUG

a TUG specification

Y

- syntax check E—

arevised
specification

\
construct a
prototype via
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transformations
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Fig. 2. Rapid prototyping cycle via software transformations.
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The procedure for realizing a prototype is shown in Fig. 2. User requirements are
first written into a specification in TUG. The specification need not necessarily be com-
plete, precise, and correct, based on the user requirements after the first attempt. How-
ever, the specification should confirm the syntax of the language in order to be further
processed. Next, a prototype is derived from the specification via correctness preserving
software transformations. The prototype is exercised by the developer and the user.
Feedback is obtained to decide whether the change is minor or major. If the modifica-
tions require that the nodes be modified, extended, relaxed, or refined, a minor change is
suggested. A CRS specifying the change is then used to update the specification and the
prototype. If a major change is needed, the developer may rewrite the specification and
rederive a new prototype. A major change may involve the structure of the specification
to be modified. This prototyping process continues until the requirements have been
thoroughly exercised and the user is satisfied with the demonstrated behavior of the pro-
totype. The result of prototype evolution is a set of modular TUG specifications for the
proposed system. In addition, a set of CRSs record the design decisions made during the
transformations.

The following section discusses how a prototype in Prolog can be generated via
software transformations in the rapid prototyping process as depicted in Fig. 2. Through-
out this paper, we will use the bubble_sort specification specified in section 4 to illustrate
how TUG supports the automated construction of a prototype in Prolog and the proofs of
specifications in the language. In the first phase of the transformation, the input specifi-
cation is transformed into an intermediate form using DCGs. In the second phase of the
transformation, a prototype in Prolog is derived from the intermediate representation
using DCGs via a set of transformation rules and library functions. The prototype is then
exercised to demonstrate the system behavior in the Prolog environment. A driver that
reads in the input data and then calls the main program with parameters needs to be con-
structed manually. The set of transformation rules is given below. The conventions are as
follows:

e C is a finite set of condition tests and has the form {cy, c,, ..., c,} with n > 1, where ¢; is
a TUG condition test;

e Y is a finite set of dummy non-terminal or terminal nodes and has the form {yi, y,, ...,
ya} With n 2 1, where y; is a dummy non-terminal or terminal node;

e names of predicates in Prolog are in all in lower case letters;

e names of variables in Prolog are in all in upper case letters;

e Q is a finite set of Prolog procedure calls and has the form {qi, qp, ..., ¢} Withn > 1,
where q; is a Prolog predicate for which a Prolog definition has been given; and

e <> encloses optional syntactic items.

The following four rules translate the analysis part of the specification into DCGs.
Each non-terminal node in the analysis tree structures its subtrees according to one of the
structuring notations. Each structuring operation can be transformed into a DCG form by
applying the following four rules in a straightforward manner. A DCG usually has the
following form:

o — P {constraints},
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where o and 3 are constant strings, terminals, and non-terminals. A constant string indi-
cates a constant value in the input sequence. A terminal indicates a value in the input se-
quence. A constraint rule associated with a terminal requires that the value satisfy the
constraint. Constraints are optional. Non-terminals indicate constituents.

Rule 1
o

By where o is a non-terminal node
<{D;}> [; is a non-terminal or terminal node with condition tests

B, ®,cC
<{D,}>

Ba
<{D,}>

o — P <{P}>
o — By <{Py}>

o= B, <{®,}>
In Rule 1, a union non-terminal node o in the analysis tree indicates that o is one of the

alternatives, PBi, B2, ..., Po. If B;is a constant string enclosed in a pair of single quotes,
then there is no ®; associated with [3;. Each translated DCG represents an alternative.

Rule 2
o&

By where o is a non-terminal node
<{D;}> B; is a non-terminal or terminal node with condition tests

B> ®;cC
< { q)z } >

Bn
<{®,}>

o= PBr <{Py}> P <{D2}> ... B <{Du}>

In Rule 2, a concatenation non-terminal node o in the analysis tree indicates that o is a
concatenation of By, By, ..., Py If Biis a constant string enclosed in a pair of single quotes,
then there is no ®;associated with ;. Each translated DCG represents a concatenation
form.
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Rule 3
a*
By where ¢ is a non-terminal node
<{D;}> [; is a non-terminal or terminal node with condition tests
B2 d,cC
<{®D,}>
Bn
<{®,}>
a—1[]

o= B <{@i}> Bo <{D2}> ... By <{Pp}>

In Rule 3, a Kleene closure non-terminal node o in the analysis tree indicates that o is a
sequence of zero or more occurrences of By, B, ..., By. If Biis a constant string enclosed
in a pair of single quotes, then there is no ®; associated with ;. Two translated DCGs
represent a Kleene closure form.

Rule 4
o+

By where o is a non-terminal node
<{D;}> B; is a non-terminal or terminal node with condition tests

B, o, cC
<{D,}>

Bn
<{D,}>

o= PBr <{P1}> P <{D2}> ... Bu <{Dy}>
o= PBi <{P1}> o <{D2}> ... B <{Du}>

In Rule 4, a positive closure non-terminal node o in the analysis tree indicates that o is a
sequence of one or more occurrences of By, B, ..., Bn. If ;s a constant string enclosed in
a pair of single quotes, then there is no ®;associated with ;. Two translated DCGs rep-
resent a positive closure form.

To demonstrate the use of transformation rules presented in this section, the bub-
ble_sort specification presented in section 4 is used as an example. The same specifica-
tion will also be used as an illustration in sections 6 and 7. The application of Rules 1-4
to the analysis tree of the bubble_sort specification produces the following results.

(1) SEQUENCE — UNSORTED
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(2) SEQUENCE — SORTED
(3) UNSORTED — listl

x {integer(x)}

list2

y {integer(y),

greater_than(x, y)}

rest_of_elements
(4) SORTED — ASCENDING_SEQUENCE
(5) ASCENDING_SEQUENCE — element {integer(element)}
(6) ASCENDING_SEQUENCE — element {integer(element)}

ASCENDING_SEQUENCE

The following four rules translate the anatomy tree of the specification into DCGs.
The rules are similar to the rules for translating the analysis tree. The difference is that

6, e

we use the “:-“ symbol instead of the “—”” symbol. The “—” symbol denotes a derivation
of a tree in Prolog and the “:-* symbol indicates a pattern match operation. Another dif-
ference is that dummy nodes appear in the rules. The reason for having dummy nodes is
that, often, only the parts of a tree are referenced in the anatomy tree of the specification.
The remaining unreferenced parts of the tree still need to be unified in the course of pat-
tern matching. Dummy nodes are obtained by referring back to the analysis tree of the

specification.

Rule 5
o
By where o is a non-terminal node
[ (; is a non-terminal node
Bn
€:-Y where € is a non-terminal symbol, where € = uppercase(o)
€:- V2 ¥ is a non-terminal symbol, where y; = uppercase([3;)
€ - Ya

In Rule 5, a union non-terminal node o in the anatomy tree indicates that o is one of the
alternatives, B, By, ..., Bn. Each translated DCG represents an alternative. € and y; in up-
percase characters are non-terminal symbols.

Rule 6

ok
B where o is a non-terminal node
B> B; is a non-terminal node, terminal node, or statement
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B,

€=y <{wi}>v2 <{ua}> ... va <{yn}>
where y; C Y
€ is a non-terminal symbol, where € = uppercase(Q.)
y; is a non-terminal symbol, where y; = uppercase([3;)
if 3; is a non-terminal node;
otherwise ¥; is a terminal symbol, where v; - 5;

In Rule 6, a concatenation non-terminal node o in the anatomy tree indicates that o is a

concatenation of B, B,, ..., B, The translated DCG represents a concatenation form.
Rule 7
a*
By where o is a non-terminal node
[ (; is a non-terminal node, terminal node, or statement
Bn

e:-[]
e <{ui><{ul> . <{un}>¢
where y; C Y
€ is a non-terminal symbol, where € = uppercase(ct)
¥ is a non-terminal symbol, where y; = uppercase(3;)
if B; is a non-terminal node;
otherwise, y; is a terminal symbol, where ;= f3;

In Rule 7, a Kleene closure non-terminal node o in the anatomy tree indicates that o is a
sequence of zero or more occurrences of By, By, ..., Bn. Two translated DCGs represent a
Kleene closure form.

Rule 8
o+
B where a is a non-terminal node
[ [; is a non-terminal node, terminal node, or statement
Bn

ey <{u > v <{wl> .o m<{un >
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e-vi<{uil> v <{ue}> ..o va<{wal>e
where y; C Y
€ is a non-terminal symbol, where € = uppercase(a.)
¥; is a non-terminal symbol, where y; = uppercase([3;)
if 3; is a non-terminal node;
otherwise, y; is a terminal symbol, where ;= f3;

In Rule 8, a positive closure non-terminal node o in the anatomy tree indicates that o is a
sequence of one or more occurrences of B, B, ..., B,. Two translated DCGs represent a
positive closure form.

The application of Rules 5-8 to the anatomy tree of the bubble_sort specification
produces the results shown below.

(7) SEQUENCE :- UNSORTED
(8) SEQUENCE :- SORTED
(9) UNSORTED :- T_L1 =y :: list2
T L2 =x:: rest_of _elements
T L=1listl<>T L1<>T L2
call bubble_sort(T_L)
(10) SORTED :- ASCENDING_SEQUENCE
(11) ASCENDING_SEQUENCE :- output element
output © ¢
(12) ASCENDING_SEQUENCE :- output element
output © ¢
ASCENDING_SEQUENCE

The following six rules generate DCG rules in Prolog from the DCGs produced
through analysis. DCG rules in Prolog can be directly executed in a Prolog environment.
Each non-terminal node of the DCG is transformed into a form of the following kind:

predicate-name(argument-list).

For each DCG rule in Prolog, the left-hand side becomes the predicate-name, and the
right-hand side becomes the arguments. The condition tests are transformed into proce-
dure calls in Prolog through a set of transformation rules. The transformation rules for
the condition tests are encoded as a collection of built-in functions stored in a library.
Whenever a condition test is encountered, it is replaced by an appropriate function in the
library. A predicate name in a DCG rule in Prolog must be in lowercase characters. The
arguments in the argument list are either constants, variables, or trees in functional nota-
tions. A constant with a pair of single quotes, such as a string, is enclosed in square
brackets to distinguish it from a variable. Variables are used to represent trees or subtrees
whose values are not known until unification is performed. Unification is a process of
finding values in the input sequence for the variables. It is also possible that several rules
may apply at the same time. There is no preference as to which rule should be chosen;
thus, the same results will be obtained no matter which rule is applied first.
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Rule 9
o—...0B... where ¢ is a non-terminal node
Bi is a string enclosed in a pair of single quote
p(p(.... Bi, ..)) =

where p is a predicate name, where p = lowercase(ct)

[Bil,

In Rule 9, if B; is a constant string enclosed in a pair of quotes in the analysis tree, then [5;
is enclosed in brackets in a DCG rule in Prolog. A string node is different from a termi-
nal node. A string can be considered as a terminal node with a constant value associated
with it. However, a terminal node can take any value as long as the value satisfies the
node constraints. A string node in the anatomy part of the specification indicates that
there is a constant value in the input sequence.

Rule 10

o= ... BiBint {DPia} ...
where o is a non-terminal node
{; is a terminal node
®;,, cC
Bi.1 is a terminal node with a condition test

PO Yis Yiets --)) =
where p is a predicate name, where p = lowercase(o)
skip1(Y;, Yir1)s y; is a variable, where y; = uppercase([3;)

[Yis1] Yiv1 is a variable, where ¥;,, = uppercase(Bi,1)

{E}, {€ = translate(®;,) } € Q

In Rule 10, f; is a terminal node and is one type of list in the analysis tree. v; is used to
match a list of tokens in the input data until ;,; matches a satisfied token. Variables ¥;
and y;,; are used to obtain the values from the input sequence during unification. Vari-
ables in a DCG rule in Prolog are in uppercase characters to distinguish them from con-
stants.

Rule 11
a— ... B where o is a non-terminal node
(i is a terminal node
p(p(.... V) —

where p is a predicate name, where p = lowercase(ct)
rest_of_set(Yy;) v; is a variable, where y; = uppercase(f3;)
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In Rule 11, if B; is the last terminal node in the analysis tree, then the y; variable in Prolog
is used to match the rest of the tokens in the input data. y;is used to unify the rest of the
data in the input sequence.

Rule 12
o— ... B{®d;} ... where o is a non-terminal node
q)i c C
B; is a terminal node
pEC.., Y ..)) =
where p is a predicate name, where p = lowercase(ct)
[vil, y; is a variable, where ;= uppercase(f3;)

{€}, {€ = translate(®))} € Q

In Rule 12, if B; is a terminal node in the analysis tree, then f; is enclosed in brackets in a
DCG rule in Prolog. The condition test ®; associated with this terminal node f3; is trans-
lated into a set of Prolog procedure calls, &.

Rule 13
a— ... Bi... where ol is a non-terminal node
(i is a non-terminal node
p(p(.... B, ...) =

where p is a predicate name, where p = lowercase(ct)
ni(By), [; is a variable
7; is a predicate name, where

1; = lowercase([3;)

In Rule 13, if B; is a non-terminal node in the analysis tree, then f3; is translated into a
predicate, M;i(B;). ni(By) is a predicate, where m;is a predicate name that must be in lower-
case characters, and 3;is an argument of the predicate for the purpose of data unification.

Rule 14
oa—[] where o is a non-terminal node
pedMH—-11 where p is a predicate name, where p = lowercase(ct)

In Rule 14, [ ] represents an empty list in Prolog. The Prolog predicate is used to
form an empty list.
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The application of Rules 9-14 to the DCGs of the analysis tree of the bubble_sort
specification produces the results shown below, which can be directly executed in a
Prolog environment.

(1) sequence(sequence(UNSORTED)) —
unsorted(UNSORTED).
(2°) sequence(sequence(SORTED)) —
sorted(SORTED).
(3’) unsorted(unsorted(LIST1, X, LIST2, Y, REST_OF_ELEMENTS)) —
skip1(LIST1, X),
X1,
{integer(X)},
skipl(LIST2, YY),
[Y],
{integer(Y),
X>Y},
rest_of set(REST_OF_ELEMENTYS).
(4°) sorted(sorted(ASCENDING_SEQUENCE)) —
ascending_sequence(ASCENDING_SEQUENCE).
(5’) ascending_sequence(ascending_sequence(ELEMENT)) —
[ELEMENT],
{integer(ELEMENT)}.
(6’) ascending_sequence(ascending_sequence(ELEMENT,
ASCENDING_SEQUENCE)) —
[ELEMENT],
{integer(ELEMENT)},
ascending_sequence(ASCENDING_SEQUENCE).

The following eight rules derive a Prolog program from the DCGs of anatomy. We
use the “:-* symbol to indicate a pattern match operation. Note that dummy non-terminal
or terminal nodes appear in the axioms. The reason for having dummy nodes is that, of-
ten, only the parts of a tree are referenced in the anatomy tree of the specification. The
remaining unreferenced parts of the tree still need to be unified in the course of pattern
matching. Dummy nodes are obtained by referring back to the analysis tree of the speci-

fication. A translated Prolog statement has the following predicate header form:
p(p(argument-list)) :-,

where p is a predicate name that is always in lowercase and p(argument-list) is a tree in
functional notation. Arguments in the argument-list can be either constants, variables, or
trees. Constants indicates that a constant value must appear in the input sequence for data
match. Variables won’t obtain values until data unification is performed. A tree may, in
turn, contain constants, variables and subtrees.
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Rule 15
o B where o is a non-terminal node
(i is a terminal node
BieY
pEC... By ..) -

where p is a predicate name, where p = lowercase(ct)

In Rule 15, the dummy node y; € Y is used to unify the unreferenced parts of a tree.

Rule 16
... Bi... where o is a non-terminal node
Biis a string enclosed in a pair of single quotes
p(..., Bi ...)) -

where p is a predicate name, where p = lowercase(ct)

In Rule 16, f; is a constant string indicating that a constant string must appear in the in-
put sequence to be unified with ;.

Rule 17
o B where o is a non-terminal node
Biis a terminal node
pEC..., Y -.)) -

where p is a predicate name where p = lowercase(a)
v; is a variable where y; = uppercase(f3;)

In Rule 17, B; is a terminal node in a DCG. v; is used to obtain a sublist of tokens in a list
with unification.

Rule 18
o:- ... Bi where o is a non-terminal node
(iis a terminal node

p(p(..., ) -
where p is a predicate name, where p = lowercase(ct)
Y is a variable, where vy; = uppercase(f;)

In Rule 18, B; is a terminal node in a DCG. ¥; is used to obtain the rest of tokens in a list
through unification.
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Rule 19
... Bi... where o is a non-terminal node
B; € {statements}

pp(...)) -
.. where p is a predicate name, where p = lowercase(c)

€ ‘ {& = translate(B;)} € Q

In Rule 19, a statement B; in a DCG is translated into a set of Prolog statements.

Rule 20
o B where o is a non-terminal node
(;is a non-terminal node
p(p(.... B, ...)) =

where p is a predicate name, where p = lowercase(ct)
ni(By), [3; is a variable
1; is a predicate name, where

1; = lowercase(f3;)

In Rule 20, B; is a non-terminal node, which represents a Prolog list with a node m;. The
Prolog predicate n;(;) is used to perform pattern matching.

Rule 21
o ... Bi# ... where o is a non-terminal node
[iis a terminal node
pC.., Y --)) =

where p is a predicate name, where p = lowercase(ct)
g {€ = translate(Bi#)} € Q

v; is a variable, where y; = uppercase(f3;)

In Rule 21, the symbol # is used to indicate the number of occurrences of f3;. If the parent
of B; is a non-terminal node followed by a Kleene closure notation or a positive closure
notation, then B# computes the occurrences of ;. Note that the # symbol defined in Ta-
ble 2 is an operator used in the statements in the anatomy part of a TUG specification.
The # symbol is not a regular expression notation; thus, it is not defined in Rules 5 to 8.

Rule 22

o-[] where o is a non-terminal node

pe D). where p is a predicate name, where p = lowercase(c)
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An empty list is discarded and ignored in the Prolog program.
The application of Rules 15-22 to the DCGs of the anatomy tree of the bubble_sort
specification produces the results shown below.

(7) sequence(sequence(UNSORTED)) :-
unsorted(UNSORTED).
(8) sequence(sequence(SORTED)) :-
sorted(SORTED).
(9’) unsorted(unsorted(LIST1, X, LIST2, Y, REST_OF_ELEMENTY)) :-
T_L1=[Y|LIST2],
T_L2 = [X | REST_OF_ELEMENTS],
concatenate(LIST1, T_L1, TT),
concatenate(TT, T_L2, T_L),
bubble_sort(T_L).
(10”) sorted(sorted(ASCENDING_SEQUENCE)) :-
ascending_sequence(ASCENDING_SEQUENCE).
(11) ascending_sequence(ascending_sequence(ELEMENT)) :-
write(ELEMENT),
write(‘ ).
(12’) ascending_sequence(ascending_sequence(ELEMENT, ASCENDING_SEQUENCE)) :-
write(ELEMENT),
write(“ ),
ascending_sequence(ASCENDING_SEQUENCE).

A prototype derived from a specification via the above set of transformation rules is
then exercised under the Prolog environment to demonstrate the system behavior. Feed-
back is obtained to guide the reformulation of the specification in cases where the speci-
fication misrepresents the user requirements. How the approach supports the evolution-
ary user requirements is illustrated with an example in section 7.

6. SOFTWARE REUSE

Reuse is believed to be one key to improving software development productivity
and quality [2]. TUG provides an overloading facility to achieve a compromise between
strong and weak typing. The language allows for specifying a value of a terminal node
limited to only one type, and also lets the type of the value of a terminal node vary in a
disciplined manner. For example, it should be reasonable to write a specification to sort a
sequence of elements of any type as long as that type has an ordering < on it. TUG sup-
ports not only overloading on terminal nodes but also overloading on operators. A poly-
morphic operator is provided to denote an operation whose meaning is determined by the
corresponding operand types. In addition to the built-in primitive operators, such as
greater_than and equal_to, the features of overloading are also applied to user-defined
operators. Overloading in a function causes a developer to abstract away from the par-
ticular type of argument to the function. The developer does not have to specify the
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specifications more than necessary. Without overloading, the developer must give one
specification for each different type. Overloading is a purely syntactic way of using the
same operator for different semantic operands. Overloading relieves a developer of hav-
ing to invent various names for different operations. Instead, this burden is placed on the
language processor.

TUG permits the creation of a template to represent similar modules. For example,
different sorting modules are required to sort a sequence of integers, a sequence of char-
acters, or a sequence of floating point numbers. The specification used for sorting could
be the same for each module; the only differences would be in the types of values in-
volved. Rather than requiring the specifications of virtually identical modules, TUG per-
mits the creation of a template such that only the essential properties are captured. The
template leaves some parts, such as the types of values, unspecified. Since choices of
types or other properties are defined, a template called a scheme in the language can be
reused in those applications that call for the same modules, but with different types of
values. To use a scheme, a process called instantiation must be applied by giving actual
parameters corresponding to scheme formal parameters. A scheme maximizes specifica-
tion reuse by storing specifications in as general a form as possible.

In some cases, such as when a sequence of values of any type is reversed, instantia-
tion is cumbersome and inflexible for writing a specification. The any root type, which is
a supertype of all types, makes it possible to write a generic module taking a variety of
data types as arguments, rather than instantiating a module with different types of values.
A developer does not need to construct a group of similar specifications that only differ
in terms of types.

Often there is a specification for reuse that is not in exactly the right form. In this
case, a promising approach is to apply some modifications. TUG does so by modifying
schemes before instantiation or extending modules before they are used, so that they can
fit a wider range of applications. The language provides a renaming operator to replace
an old name with a new name. In TUG, extensions to a module are used to expand the
non-terminal nodes. The capability of extending non-terminal nodes makes it easier to
write a specification for some applications, such as natural language processing, because
of the recursive definitions of non-terminal nodes.

As an example demonstrating overloading on operators, let us consider the
greater_than operator. The integer greater_than, float greater_than, and character
greater_than are defined below:

greater_than: Character X Character — Boolean
greater_than: Float x Float — Boolean
greater_than: Integer X Integer — Boolean.

The above greater_than operator is polymorphic and is viewed as a single function with
different types of values. The function in TUG is specified as follows:

MODULE greater_than(in: INPUT_DATA) return bool
ANALYSIS
INPUT_DATA |
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CHARACTER_TYPE&
element1
{character(elementl)}
element2
{character(element?2),
follow(element1, element2)}
FLOAT_TYPE&
element1
{float(element])}
element2
{float(element?2),
less_than(elementl, element2)}
INTEGER_TYPE&
element1
{integer(element1)}
element2
{integer(element2),
less_than(elementl, element2)}
ERROR_TYPE&
error
END OF ANALYSIS;
ANATOMY
input_data |
character_type&
return true
float_type&
return true
integer_type&
return true
error_type&
return false
END OF ANATOMY;
END OF MODULE greater_than.

The greater_than function overloads the built-in greater_than operator. The func-
tion takes three different types of values and returns a Boolean value. The operator
less_than is a built-in operator for ordering. The polymorphic operator greater_than is
resolvable since the operator takes only an integer type, or a character type, or a float

type without any ambiguity.

With the polymorphic operator greater_than, the following example illustrates
overloading on terminals. Note that the type of a terminal in TUG can vary only if it is
used in disciplined manner. A disciplined manner means that a polymorphic terminal
node should be properly used with its polymorphic operators. With the greater_than op-
erator defined correctly, for instance, a bubble sort can be easily specified with poly-

morphic terminal nodes.
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The specification of bubble sort in TUG given below shows the use of the poly-
morphic operator greater_than. The terminal nodes x and y are polymorphic since they
can take any type of value only if that type of value can be accepted by the polymorphic
operator greater_than. Since the polymorphic operator greater_than accepts only inte-
gers, characters, and floats, this bubble sort, of course, only takes the same types of val-
ues that the operator greater_than does:

MODULE bubble_sort(in: SEQUENCE)

ANALYSIS
SEQUENCE |
UNSORTED&
listl
X
list2
y
{greater_than(x, y)}
rest_of_elements
SORTED&
ASCENDING_SEQUENCE+
element
END OF ANALYSIS;
ANATOMY
sequence |
unsorted&
T_L1=y:list2

T L2 =x:: rest_of_elements
T L=listl<>T L1 <>T_L2
call bubble_sort(T_L)
sorted&
ascending_sequence+
output element
output
END OF ANATOMY;
END OF MODULE bubble_sort.

The specification of bubble sort in TUG can also be specified in a scheme. By de-
ferring choices of types, the scheme for bubble sort can be instantiated with the types
integer, float, and character to produce a concrete specification for sorting a sequence of
integers, characters, or floats. A scheme for bubble sort is defined as follows:

SCHEME bubble_sort_s(TYPE)
ANALYSIS
SEQUENCE |
UNSORTED&
listl
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X

{TYPE(x)}
list2
y

{TYPE(y),

greater_than(x, y)}
rest_of_elements
SORTED&
ASCENDING_SEQUENCE+
element
{TYPE(element)}
END OF ANALYSIS;
ANATOMY
sequence |
unsorted&
T_L1=y::list2
T L2 =x:: rest_of_elements
T L=listl<>T_L1<>T L2
call bubble_sort_s(T_L)
sorted&
ascending_sequence+
output element
output
END OF ANATOMY;
END OF SCHEME bubble_sort_s.

With the scheme for bubble sort, we can sort a sequence of integers, a sequence of
floats, or a sequence of characters by instantiating the specification template. The fol-
lowing specification illustrates how the scheme bubble_sort is instantiated to sort a se-
quence of integers:

MODULE bubble_sort(in: SEQUENCE)
INSTANTIATION
Instantiate bubble_sort with bubble_sort_s(integer)
END OF INSTANTIATION;
END OF MODULE bubble_sort.

The application of TUG to specify reusable systems can be found in [28, 29].

7. ANALYSIS OF TUG SPECIFICATIONS

Errors introduced early in the software development process and discovered later
are difficult and expensive to correct. Errors occurring in the requirements definition and
specifications phase and found in the completed system may require extensive reworking
of the entire system. Any software development process that relies on specifications must
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provide a means for detecting and correcting errors in specifications. In addition, writing
and analyzing a complete specification at the first attempt is often impossible. The TUG
specification language supports the development and analysis of specifications in an in-
cremental manner. The language allows developers to write a specification bit by bit and
to test/analyze the specification bit by bit until the entire specification meets the user’s
requirements. This section explains how user requirements and specifications in TUG
can be elicitated and formalized incrementally in a top-down manner. We will use the
same bubble sort problem, followed by analysis of the specification corresponding to the
problem.

The same bubble sort problem is used here to demonstrate how a specification cor-
responding to the problem can be written incrementally using CRS. The first attempt
tries to capture the sequence of integers and display the sequence to the screen. A
non-terminal SEQUENCE node contains a sequence of integers. A first attempt at writing
the specification is as follows:

MODULE bubble_sort(in: SEQUENCE)
ANALYSIS
SEQUENCE+
element
{integer(element)}
END OF ANALYSIS;
ANATOMY
sequence+
output element
output ¢ ¢
END OF ANATOMY;
END OF MODULE bubble_sort.

The following refinement in CRS involves the SEQUENCE node. The input se-
quence is refined into an unsorted sequence, UNSORTED, and a sorted sequence,
SORTED. The input sequence is checked with regard to the order of a pair of integers, x
and y. If the integers, x and y, being compared are out of order, the sequence is unsorted:

replace SEQUENCE+ with
SEQUENCE |
UNSORTED&
listl
X
{integer(x)}
list2
y
{integer(y),
greater_than(x, y)}
rest_of_elements
SORTED&
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ASCENDING_SEQUENCE+
element
{integer(element)}

The following refinement involves the sequence node in the anatomy part of the
specification. An unsorted sequence, unsorted, is rearranged by swapping x and y in or-
der to make the sequence a sorted sequence. To swap x and y, y is appended (::) to the
head of list2 to make a new temporary variable, 7_LI. Following that, x is appended to
the head of rest_of_elements to make another new temporary list, 7_L2. Finally, string
concatenations (<>) are performed on list/, T_LI, and T_L2 to make another new list,
T_L.In T_L, x and y have already been swapped. If the sequence has already been sorted,
individual element followed by a blank is displayed to the screen:

replace sequence+ with
sequence |
unsorted&
T L1 =y::list2
T L2 =x::rest_of elements
T L=listl<>T L1<>T L2
call bubble_sort(T_L)
sorted&
ascending_sequence+
output element
output © ¢

After successive refinements to the specification in the first attempt, the final specifica-
tion is completed, which is exactly same as the specification shown in section 4. Since
the TUG specification language is executable, a developer can test or analyze a TUG
specification at any moment during the refinement. Therefore, a TUG specification can
be written bit by bit and tested/analyzed bit by bit until the specification is complete. In
the following section, we will demonstrate the proofs using the same bubble sort specifi-
cation.

The TUG specification language facilitates analysis of a specification to detect er-
rors. Static analysis allows a TUG specification to be analyzed to uncover inconsistencies,
redundancies, and ambiguities without executing the specification due to the formality of
the language. Dynamic analysis allows a specification to be analyzed by executing the
specification. The method with TUG provides two ways of executing a specification to
detect errors: the operational-specification approach and the rapid-prototyping-via-
software-transformations approach. However, the execution of a specification can only
reveal the existence of errors, not show the absence of errors [30]. Due to the limitations
of dynamic analysis, we provide a way of analyzing a TUG specification against the user
requirements through theorem proving. Failure to prove a specification that satisfies the
user requirements can indicate errors in the specification. In this section, we focus on
checking a specification against the user requirements.

A proof technique is presented here to analyze a TUG specification against the user
claims. A user claim shows a user’s concern about the specification. Therefore, there is
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no formality in a user claim. Specifiers must turn a user claim into a Horn clause before
resolution refutation can proceed. When the resolution process ends up with an empty
clause, the proof succeeds. The steps in proving a TUG specification against the user
claims are as follows:

e Prove the analysis tree

— Transform the analysis tree into DCGs. The rules for transforming an analysis tree of
a specification into DCGs have already been given in section 5.

— Transform DCGs into Prolog-like forms. The rules for transforming a DCG into a
Prolog-like form can be found in [26].

— Transform Prolog-like forms into Horn clauses. Each Prolog form can be interpreted
as a Horn clause. A Horn clause is a clause with at most one positive literal. A
clause is a set of literals representing their disjunctions. A literal is an atomic sen-
tence or the negation of an atomic sentence. An extension of the procedure for
translating axioms into clause form is explained below [31].

o Eliminate all occurrences of the <—, —, and <> operators by substituting equiva-
lent sentences involving only the —, A, and v operators:
= ¢ — v is replaced by =0 v y.
= ¢ <y is replaced by ¢ v —y.
= O &> yisreplaced by (—¢ v W) A (¢ v —y).

o Distribute negations over other logical operators until each such operator applies
to a single atomic sentence. The following replacement rules do the job:
= ——¢ is replaced by ¢.
= —(d A ) is replaced by —¢ v —y.
= (¢ v y) is replaced by = A .
= —Vy0 is replaced by Fy—d.
= —Iy¢ is replaced by Vy—d.

o Eliminate existential quantifiers. If an existential quantifier does not occur within
the scope of a universal quantifier, we simply drop the quantifier and replace all
occurrences of the quantified variable with a new constant, i.e., one that does not
occur anywhere else in our database. If an existential quantifier is within the
scope of any universal quantifier, we drop the existential quantifier and replace
the associated variable with a term formed from a new function symbol applied to
the variables associated with the enclosing universal quantifiers. Any function
defined in this way is called a Skolem function.

o Eliminate universal quantifiers.

0 Move the disjunctions down to the literals. This task can be accomplished through
repeated use of the following rule:
=0 v (¥ Ay isreplaced by (0 v W) A (O Vv ).

o Eliminate the conjunctions.

0 Rename all the variables, when necessary, so that no two variables are the same.
This process is called standardizing the variables.

The following example transforms the Prolog-like forms of bubble_sort presented
in section 5 (1°-6’) into a set of Horn clauses using the above rules:
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(a) sequence(sequence(UNSORTED), _1, _2) v
—unsorted(UNSORTED, _1, _2)
(b) sequence(sequence(SORTED), _3, _4) v
—sorted(SORTED, _3, _4)
(¢) unsorted(unsorted(LIST1, X, LIST2, Y, REST_OF_ELEMENTS), _5, _6)
{skipl(LIST1, X, _5, _7),
c(_7,X,_8),
integer(X),
skipl(LIST2, Y, _8,_9),
c((9,Y,_10),
integer(Y),
X>Y,
rest_of_set(REST_OF_ELEMENTS, _10, _6)}
(d) sorted(sorted(ASCENDING_SEQUENCE), _11, _12) v
—ascending_sequence(ASCENDING_SEQUENCE, _11, _12)
(e) ascending_sequence(ascending_sequence(ELEMENT), _13, _14)
{c(_13, ELEMENT, _14),
integer(ELEMENT) }
(f) ascending_sequence(ascending_sequence(ELEMENT,
ASCENDING_SEQUENCE), _15, _16)
{c(_15, ELEMENT, _17),
integer(ELEMENT)} v
—ascending_sequence(ASCENDING_SEQUENCE, _17, _16)

— Prove that a valid statement is a logical consequence of Horn clauses by means of
resolution refutation proofs (e.g., an empty clause is generated).
— An empty clause is generated.

Suppose a user claims that there are seven integers to be sorted. The input data is 1,
2,3,5,6, 60, and 45. The following shows the user claim is a logical consequence of
the Horn clauses generated in the previous proof step:

(g’) —sequence(TREE, [1, 2, 3, 5, 6, 60, 45], []) (user claim)
(a) sequence(sequence(UNSORTED), _1, _2) v
—unsorted(UNSORTED, _1, _2)
= —unsorted(UNSORTED, [1, 2, 3, 5, 6, 60, 451, [1)
{_1/1]1,2,3,5,6, 60, 45],
2/1,
TREE / (sequence(UNSORTED)) )
(h*) —unsorted(UNSORTED, [1, 2, 3, 5, 6, 60, 451, [1)
(¢) unsorted(unsorted(LIST1, X, LIST2, Y, REST_OF_ELEMENTS), _5, _6)
{skipl(LIST1, X, _5, _7),
c(_7,X,_8),
integer(X),
skipl(LIST2,Y, _8, _9),
c((9,Y,_10),
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integer(Y),

X>Y,

rest_of_set(REST_OF_ELEMENTS, _10, _6)}

=

{_5/11,2,3,5,6, 60, 45],

_6/1],

_71/1[60, 45],

_8/1[45],

_9/1[45],

_10/11,

UNSORTED / unsorted(LIST1, X, LIST2, Y, REST_OF_ELEMENTYS),
LIST1/[1,2,3,5, 6],

X /60,

LIST2 /],

Y /45,

REST_OF_ELEMENTS /[]}

[The input data are not yet sorted; therefore, the input data must go through another
pass to be transformed into the form shown below.]

= —sequence(sequence(sorted(ascending_sequence(l,
ascending_sequence(2, (ascending_sequence(3,
ascending_sequence(5, (ascending_sequence(0,
ascending_sequence(45, (ascending_sequence(60))))))))))))) (m’)

e Prove the anatomy tree
— Transform the anatomy tree into DCGs. The rules for transforming an anatomy tree
of a specification into DCGs have been given in section 5.
— Transform DCGs into Prolog-like forms. The rules for transforming a DCG into a
Prolog-like form can be found in [26].
— Transform Prolog-like forms into Horn clauses.

The following example transforms the Prolog-like forms of bubble_sort presented in
section 5 (7’-12’) into a set of Horn clauses using the above rules:

(g) sequence(sequence(UNSORTED)) v
—unsorted(UNSORTED)
(h) sequence(sequence(SORTED)) v
—sorted(SORTED)
(1) unsorted(unsorted(LIST1, X, LIST2, Y, REST_OF_ELEMENTS))
{T_L1=[Y|LIST2],
T_L2 = [X | REST_OF_ELEMENTS],
concatenate(LIST1, T_L1, TT),
concatenate(TT, T_L2, T_L),
integer_bubble_sort(T_L)}
(j) sorted(sorted(ASCENDING_SEQUENCE)) v
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—ascending_sequence(ASCENDING_SEQUENCE)
(k) ascending_sequence(ascending_sequence(ELEMENT))
{write(ELEMENT),
write(‘ )}
(1) ascending_sequence(ascending_sequence(ELEMENT,
ASCENDING_SEQUENCE))
{write(ELEMENT),
write(‘ )} v
—ascending_sequence(ASCENDING_SEQUENCE)

Prove that the output is a logical consequence of the Horn clauses by means of reso-
lution refutation proofs (e.g., an empty clause is generated).

An extension of resolution refutation proofs [31] is used to prove the analysis tree
and the anatomy tree through the following steps:

e Transform the specification in clause form into a set of clauses.
e Assume that the negation of the user claim is true.
e Add the negation of the user claim, in clause form, to the set of clauses.
e Repeat
— Resolve two resolvable clauses together, producing the resolvent that logically
follows from them.

— If the resolvent is the empty clause, then a contradiction has been found with the
negated user claim.

— If the resolvent is not empty, add it to the set of clauses available to the proce-
dure until either a contradiction is found or no progress van be made.

e Conclude that the assumed negation of the user claim cannot be true if the proce-
dure leads to a contradiction. Otherwise, conclude that the assumed negation of the
user claim cannot be false if no progress can be made.

e Conclude that the user claim must be true if the assumed negation of the user claim
cannot be true. Otherwise, conclude that the user claim must be false if the as-
sumed negation of the user claim cannot be false.

The following shows that the specification satisfies the user claim:

(m’) —sequence(sequence(sorted
(ascending_sequence(1, ascending_sequence(2,
(ascending_sequence(3, ascending_sequence(5,
(ascending_sequence(6, ascending_sequence(45,
(ascending_sequence(60))))))))))))) v

(h) sequence(sequence(SORTED)) v

—sorted(SORTED)

= —sorted(sorted
(ascending_sequence(1, ascending_sequence(2,
(ascending_sequence(3, ascending_sequence(5,
(ascending_sequence(6, ascending_sequence(45,
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(ascending_sequence(60))))))))))) (n’)
{SORTED / sorted(ascending_sequence(1,

ascending_sequence(2, (ascending_sequence(3,

ascending_sequence(5, (ascending_sequence(0,

ascending_sequence(45, (ascending_sequence(60)))))))))))}

(n”) —sorted(sorted
(ascending_sequence(1, ascending_sequence(2,
(ascending_sequence(3, ascending_sequence(5,
(ascending_sequence(6, ascending_sequence(45,
(ascending_sequence(60)))))))))))) v

(j) sorted(sorted(ASCENDING_SEQUENCE)) v

—ascending_sequence(ASCENDING_SEQUENCE)
= —ascending_sequence
(ascending_sequence(1, ascending_sequence(2,
(ascending_sequence(3, ascending_sequence(5,
(ascending_sequence(6, ascending_sequence(45,
(ascending_sequence(60))))))))))) (0)
{ ASCENDING_SEQUENCE / ascending_sequence(1,
ascending_sequence(2, (ascending_sequence(3,
ascending_sequence(5, (ascending_sequence(0,
ascending_sequence(45, (ascending_sequence(60)))))))))) }

(0’) —ascending_sequence(ascending_sequence(l, ascending_sequence(2,
(ascending_sequence(3, ascending_sequence(5,
(ascending_sequence(6, ascending_sequence(45,
(ascending_sequence(60))))))))))) v

(1) ascending_sequence(ascending_sequence(ELEMENT,

ASCENDING_SEQUENCE))

{write(ELEMENT),

write(‘ ‘) }v
—ascending_sequence(ASCENDING_SEQUENCE)

=1
—ascending_sequence(ascending_sequence(2,
(ascending_sequence(3, ascending_sequence(5,
(ascending_sequence(6, ascending_sequence(45,
(ascending_sequence(60)))))))))) )
{ELEMENT/ 1,

ASCENDING_SEQUENCE / ascending_sequence(2,
(ascending_sequence(3, ascending_sequence(S,
(ascending_sequence(6, ascending_sequence(45,
(asceg_sequence(60))))))))}

(u”) —ascending_sequence(ascending_sequence(60)) v
ascending_sequence(ascending_sequence(ELEMENT))
{write(ELEMENT),

write(‘ ©)}
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= 60
{ELEMENT / 60}

8. STRUCTURED DESIGN AND PROGRAMMING

The early works of Mills and others [33, 34] showed that any program could be
formulated using three programming language constructs: sequence, selection, and itera-
tion. Structured design methods using these constructs are sufficient to formulate appli-
cation designs of any level of complexity. In Fig. 3, a set of design blocks corresponding
to these three language constructs is presented to help designers build a structure diagram.
Three notations are used to denote the sequence, selection, and iteration constructs. A
box with an ampersand symbol (&) in the upper right corner denotes a sequence. A box
with a vertical bar (]) in the upper right corner denotes a selection made from options. A
box with a pound sign (#) in the upper right corner denotes an iteration.

[ Sequence ] [ If ] [ If...Else ]
& | |
S S S
C C
y A y y y
S1 Sn T Si Se
If...Elself | [ While |
| #
S S
C1 Cn C
A 4 A Y
St Sn T

Fig. 3. Basic design blocks.

A TUG specification can be mapped into a set of structure diagrams in a straight-
forward manner. The mapping process operates in two phases, each of which transforms
the input of one representation into another. First, the TUG specification is mapped into a
structured design, in which each structure diagram corresponds to a specification module.
Second, the structured design is then mapped into a set of structured programs, in which
each program module corresponds to a structured diagram. The mapping is performed
from a specification, design to coding, according to the structuring notation in the TUG
specification.
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A structure diagram or structured program is composed of a set of blocks. A block
may denote a structuring notation, a single statement, a set of statements, or a complete
program. The following mapping guidelines are organized according to the regular nota-
tions that guide developers in developing structure diagrams and programs.

Guideline 1: A sequence pattern in which a node is concatenated with a set of terminals
and non-terminals without comparison operators in the conditional test is
mapped to a Sequence design block. The Sequence design block is then
mapped to a sequence of language statements.

Guideline 2: A sequence pattern in which a node is concatenated with a set of terminals
and non-terminals with comparison operators in the conditional test is
mapped to an If design block. The If design block is then mapped to an If
language statement.

Guideline 3: A sequence pattern contains a node concatenated with a set of terminals
and non-terminals with comparison operators in the conditional test. In ad-
dition, recursion is involved in the operations on the node. The pattern may
be mapped to a While design block. The While design block is then
mapped to a While language statement.

Guideline 4: A union pattern in which a node that has only one alternative is mapped to
an If design block. The If design block is then mapped to an If language
Statement.

Guideline 5: A union pattern in which a node that has two alternatives is mapped to an
If ... Else or If ... Elself design block. This design block is then mapped to
an If ... Else language statement.

Guideline 6: A union pattern in which a node that has more than two alternatives is
mapped to an If ... Elself design block and then mapped to an If ... Elself
language statement.

Guideline 7: A Kleene closure pattern in which a node that has zero or more occurrences
of terminals or terminals with conditional tests is mapped to a While design
block and then a While language statement.

Guideline 8: A positive closure pattern in which a node that has one or more occurrences
of terminals or terminals with conditional tests is mapped to a Sequence
design block followed by a While design block. The Sequence design block
is mapped to a set of language statements followed by a While language
statement.

A structure diagram and a structure program according to the bubble sort specifica-
tion presented in section 4 are constructed according to the above guidelines.

The program was implemented in Visual C++ 6.0 under Windows 2000. Guideline 5
is applied to the SEQUENCE union pattern. The pattern having two alternatives is
mapped to the If ... Else block. Guideline 2 suggests that UNSORTED and SORTED are
mapped to an [f block. However, Guideline 2 is subsumed by the properties of arrays and
loops in the Visual C++ language constructs; thus, the sequence pattern is mapped to the
while block.
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SEQUENCE | |

a a
UNSORTED SORTED

A A

T L=y list2 |i ASCENDING- |i

T_L2=x::rest_of_ SEQUENCE

elements

T_L =1listl <>T_LI v

<>T_L2

call bubble_sort(T_L) output element Ii
output ' '

Fig. 4. The bubble sort structure diagram.

#include <iostream>
using namespace std;

void bubble_sort(int size, int sequencel[]);

void bubble_sort(int size, int sequence[]) {
bool sorted = true;
int index;
for (index = 0; index < size-1; index++) {
if (sequence[index] > sequence[index + 1]) {
sorted = false; break;
}s 1A
}; /lfor

if (!sorted) {
int temp = sequence[index];
sequence[index] = sequence[index+1];
sequence[index + 1] = temp;
bubble_sort(size, sequence);
} else {
for (inti = 0;i < size; i++)
cout << sequence[i] << “ ¢
}; /Af ... else

}

int main() {
const int arraySize = 7;
int seq[arraySize] = {10, 4, 18, 23, 34, 4, 56};
bubble_sort(arraySize, seq);
return O;

Fig. 5. A structure program for the bubble sort problem.
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9. SUMMARY, CONTRIBUTIONS, APPLICABILITY,
AND FUTURE RESEARCH

The development of a flexible software development process with a formal specifi-
cation language, called TUG, has been described in this paper. The formal method sup-
ports a mix of software development activities, such as conventional software develop-
ment, operational specification, rapid prototyping via software transformations, software
reuse, and analysis of specifications, such as testing and proofs. The TUG specification
language serves as a common media for communications in this process.

The TUG specification language is a formal specification language based on the
underlying theory of definite clause grammar. A specification expressed in the language
allows it to be exercised to generate the functional behavior of the system. The executa-
ble specification can be considered as a prototype for exploring user requirements. The
operational specification process via direct execution of a specification iterates until the
specification meets the user requirements. Also, developing an executable specification
has benefits regarding personnel. Developers generally prefer to work on implementation
rather than specification since an implementation can be executed immediately. This
language gives them an opportunity to execute a specification, with which developers
can detect specification errors using test data.

Rapid prototyping via software transformations helps developers build prototypes
automatically. A prototype is automatically derived from specifications. The formal
method with TUG supports the rapid prototyping via software transformations process in
which a prototype is built quickly and cheaply. Automation of the application of software
transformations reduces the amount of labor involved in developing prototypes manually.
Rapid prototyping via software transformations also provides support for program modi-
fications. The process bypasses the difficulty of having to modify code that has been
poorly structured since changes are made to the specifications. The TUG specification
supports prototype evolution by avoiding complete retransformation of the prototype
whenever a change is made in the specification. To avoid complete retransformation, a
CRS is written and used to update the prototype only in response to minor changes to the
specification involving nodes to be modified, extended, relaxed or refined. If a major
change is needed, the specification may need to be rewritten and a new prototype may be
derived from the beginning. A major change may require the structure of the specifica-
tion to be modified.

Developers are encouraged to locate and specify potential modules or systems for
reuse using TUG in the front-end of the software development process. Sharing reduces
the number of errors that occur when one specification is copied to other contexts. Since
the language is executable, specifications can be written, tested, and stored specifically
for the purpose of reuse. In addition, the specifications in the language are formal, auto-
mated tools that can be used for selection, modification, and integration of reusable
specifications.

Our approach with TUG supports the detection of errors either by directly executing
a specification in the language with test data or by proving a specification against user
claims. Executing a specification with test data produces results only for a given test of
input data satisfying the specification’s input. However, proofs are of little help in some
areas, such as user interface suitability [35, 36]. The formal method with TUG empha-
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sizes testing and proofs. A combination of testing and proofs enhances software quality
and increases software reliability.

The formal method with TUG does not work with object-oriented design very well.
It was mainly designed to help its users develop systems using structured design [37]. A
formal specification in TUG is written and systematically mapped into a structured de-
sign and then into a structured program. The mapping process is performed based on the
patterns of union, concatenation, Kleene closure, and positive closure notations in the
specification using a set of mapping rules. The structuring notations build a linkage be-
tween the specification, design, code, and proofs. Whenever there is a change of user
requirements, the impact and changes are located and traced in the specification, design
and code through structuring notations. The method for structured programming not only
provides a means of detecting errors, but also provides guidance in constructing and
proving programs based on the specification’s structuring notation. Developers should
feel more comfortable developing design and software if they are provided with guidance.
In the design and coding phases, the design and software may be proved to be correct by
applying a set of proof rules. The structuring notation also guides the application of these
rules. Providing guidance for the developer in constructing software makes this method
with TUG singularly different from existing formal methods.

The TUG specification has weaknesses. The language based on DCGs provides a
logic-based approach to formally specifying and verifying the behavior of sequential
software systems. Unlike other existing logic-based approaches, such as those in [23-25],
TUG has no notations for concurrency, distribution, parallelism, timing, or performance.
This domain-specific approach sacrifices suitability to general purposes by focusing on
data processing. In addition, Prolog has efficiency limitations, mainly due to backtrack-
ing. Thus, prototypes in Prolog are unsuitable for some specific domains. For instance,
TUG should not be used for rapid prototyping in Prolog when system performance is a
concern.

DCGs have been used in many applications, such as natural language processing
[38], language analysis & compilers [39, 40]. We developed the TUG specification lan-
guage based on the theory of DCGs. However, a specification in DCGs seems difficult to
read and understand. Since the main purpose of a specification is to aid the understanding
of user requirements, it is better if a specification can be read and understood easily.
Therefore, another form of the representation must be acquired. We adopted regular ex-
pression notations to syntactically structure TUG specifications in order to improve
readability. The theory of the specification language is also hidden from users to improve
understandability. We applied the TUG approach to an industrial reverse engineering
project at Viasoft in Phoenix. The project aimed to provide reverse engineering tools for
analyzing legacy systems in Assembly, PL/1, and COBOL. Program analysis plays a key
role in reverse engineering. Since DCGs are more expressive than context-free grammars
for describing languages, we used TUG to prototype a subset of the grammars of CO-
BOL to build tree structures in a form of array representations. The purpose of this rapid
prototyping was to help us understand and create common data structures needed for
analyzing COBOL, Assembly, and PL/1 legacy programs.

Automated tools need to be developed to aid the development of software using
TUG. The language also needs to be improved to support the development of real-time
systems. In addition, a simple user claim which is not so different from a user input re-
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veals little meaning with respect to quality assurance. How to conduct theorem proving
with a complex user claim in an efficient manner needs be researched as well. Currently,
the language only supports the development of sequential systems. Visualization is an-
other area of future research. With the availability of powerful workstations, visual soft-
ware development represents a revolutionary departure from the traditional software de-
velopment process.
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