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ABSTRACT

We present three strategies which can be used to en-
force, in a flexible but controlled manner, the consis-
tency of software artifacts in software development
environments. Examples of applying these strate-
gies are given. A prototype experiment implement-
ing these strategies is briefly described.

INTRODUCTION

Software development environments (SDEs) are
software systems that assist the user (i.e., the soft-
ware engineer) with software development activities.
One of their functionalities is to ensure the consis-
tency of the software artifacts developed with their
assistance. A dominant approach adopted by the
current CASE tools and prototype SDEs to enforce
software consistency is to preserve, in one way or
another, the consistency of software artifacts at all
time. Experience has shown that such an approach
is too restrictive and the user may become frustrated
in many situations. In general, allowing temporary
inconsistency is necessary to achieve flexible manip-
ulation of software artifacts. But occurrences of in-
consistency must be controllable and detectable so
that they can be finally rectified. For example, the
software engineer may wish to reuse a program seg-
ment by modifying it in its new context with envi-
ronment assistance regarding consistency.

Based on a systematic analysis, in this paper we
present three general strategies aimed at environ-
ment support for software consistency. First, we
introduce the notions of software objects and ob-
ject consistency. Then, we discuss the three con-
sistency strategies and their implementation issues,
and present examples of consistency problems and
the enforcement of their consistency strategies. Fi-
nally, we briefly describe a prototype experiment

implementing these strategies.
SOFTWARE OBJECTS

Systematic software development requires that the
software engineer follow well-established methodolo-
gies. A software development methodology concerns
software products and the software processes that
produce these products. To provide SDEs for such
methodologies, we must identify in detail the sup-
port requirements of the software products and pro-
cesses pertaining to them. In doing so, we adopt
an object-oriented approach to methodology mod-
elling: the software process or sequence of develop-
ment operations, that a given methodology permits
on a software product, is inherent in the product
itself. We call such a software product a software
object. An SDE assists the manipulation of all soft-
ware objects allowed by the supported methodology.

A software object is defined by a structure and a
number of applicable operations. The structure re-
flects its development process by recording the ini-
tial assumptions, the intermediate and final results,
and the development relations among these assump-
tions and results. The operations are used to con-
struct and modify the object (structure), and can be
classified into construction, editing and query oper-
ations. Construction operations introduce new fea-
tures into the object by creating them. Editing op-
erations make changes to the object based on exist-
ing features of itself and other objects. Query oper-
ations access existing features of the object, but do
not change them.

OBJECT CONSISTENCY

Developing a software object usually involves many
steps, i.e., applications of operations. At certain
stages, the object may be invalid with respect to its



may occur in terms of the various features of the
object. Both construction and editing operations
may introduce inconsistency into the object.

In a software development methodology which re-
quires that a code segment must be related to a
specification segment, for example, introducing a
code segment without relating to a specification seg-
ment results in inconsistency in the software objects
involved, and so does deleting a specification seg-
ment which has a related code segment.

CONSISTENCY STRATEGIES

As indicated above, allowing temporary inconsis-
tency in software objects is desirable for certain con-
sistency problems. For other consistency problems,
however, preserving object consistency at all time
is still necessary. For example, a methodology may
insist on that no design steps be attempted for an in-
consistent system specification. Therefore, an SDFE
should support a variety of consistency strategies.
Whether a particular kind of inconsistency should
be allowed and how it is treated if allowed are a
matter of choosing a consistency strategy according
to the nature of the consistency problem. In this
section, we present three general strategies which
can be used to deal with consistency problems of
software objects.

1. Consistency Preserving

Under the consistency preserving strategy, any op-
eration which raises the concerned inconsistency is
precluded, rejected, or has additional effects to en-
force consistency. As far as this consistency problem
is concerned, the software objects are guaranteed to
be consistent at all time.

Construction operations are very often subject to
this consistency strategy to ensure that the newly
introduced features of software objects do not con-
tain inconsistency of any kind. In many CASE tools,
for instance, only those operations that are applica-
ble to the currently highlighted document segments
are offered to the user for selection. This precludes
the cases where improper operations are applied. In
some language-based editors, input of an expression
in the place of a statement will be immediately re-
jected. This is to avoid syntactic inconsistency in
the program under development.

Editing operations may also be under the control of
the consistency preserving strategy. For example,
the use occurrences of a procedure name may be

The consistency preserving strategy can be re-
alised by suppressing operations, by adding “failing-
conditions” to operations, or by enforcing additional
operation effects. The operations being suppressed
are those that are likely to introduce the concerned
inconsistency. The “failing-conditions” work in such
a way that if they are satisfied, the operations will
fail and no changes are made to software objects.
The additional operation effects are to preserve con-
sistency by making further changes to software ob-
jects.

2. Automatic Consistency Checking

Under the automatic consistency checking strategy,
the concerned inconsistency is allowed, and checked
by the system for every relevant operation. If incon-
sistency occurs, it is brought to the user’s attention
immediately. Therefore, the concerned software ob-
jects may be inconsistent at certain stages but the
user is always aware of the inconsistency instances.

In an example given above, deletion of a specifi-
cation segment may also result in the related code
segment being identified as “un-specified”. Certain
Construction operations may also adopt the auto-
matic consistency checking strategy. For example,
an isolated code segment may be introduced, but
identified as “un-specified”.

The automatic consistency checking strategy can be
realised by associating additional consistency check-
ing functionalities with the relevant operations, to
bring the raised inconsistency to the user’s atten-
tion.

3. When-Required Consistency Checking

Under the when-required consistency checking strat-
egy, the concerned inconsistency is allowed, but is
not checked until the system is required to do so.
The requirement comes from the user directly or in-
directly. In the latter case, the requirement is due
to a different task required by the user. If inconsis-
tency is identified by a required check, it is brought
to the user’s attention. Thus, the concerned soft-
ware objects may be inconsistent at certain stages
and the user might not be aware of all the inconsis-
tency instances at all time.

In a language-based editor, for example, the static
semantics of a program is usually checked only upon
the user’s request. If any inconsistency occurs, such
as an un-declared variable, it is brought to the user’s



The when-required consistency checking strategy
can be realised by new operations for consistency
checking or by associating additional consistency
checking functionalities with existing operations, to
bring the identified inconsistency to the user’s at-
tention.

In general, software development involves many
kinds of software objects. They demand flexible ap-
plication of consistency strategies: different software
development methodologies require different consis-
tency strategies for their objects; even in a same
methodology, different consistency problems require
different consistency strategies. Selection of consis-
tency strategies for individual consistency problems
is methodology-dependent.

EXAMPLES

The examples given above all come from tradi-
tional software development. In recent years, soft-
ware development by formal methods has increas-
ingly gained popularity in developing reliable soft-
ware systems. It uses mathematically based tech-
niques to ensure that the implementation of a soft-
ware system meets the requirements for the system.
Because of the requirement for high reliability, the
support for software consistency in SDEs for formal
methods plays a more significant role than in those
for traditional software development methods. In
this regard, we have systematically analysed formal
methods’ requirements for environment support, in
particular for consistency support!.

Software development by formal methods involves
two major sub-tasks: program refinement and theo-
rem proving. In this section we demonstrate, via an
example proof, the effects of applying consistency
strategies in software development by formal meth-

ods.

Fig. 1 shows a proof of the and-associative-left
rule

{(ex Nea) NestEer A(ea A es)

constructed with the Mural proof assistant®. First,
hypothesis h; and conclusion main are introduced.
Then, conclusion main is decomposed into asser-
tions 2 and 5 by applying the and-introduction
rule in a backward style. Similarly, assertion 5 is
decomposed into assertions 3 and 4. By apply-
ing the and-elimination-right rule to hypothe-
sis k1 in a forward style, we obtain and prove as-
sertion 1. Assertion 4 is proved using hypothe-

1 el Nez by and-E-right on (/]
2 el by and-E-right on [1]
3 €2 by and-E-left on [1]

4 e3 by and-E-left on [hq]
5 €2 N e3 by and-I on [3,4]

main el A (e2 A e3) by and-I on [2,5]

Fig. 1 A Mural proof.

sis h; under the and-elimination-left rule. Fi-
nally, assertions 2 and 3 are proved using as-
sertion 1 under the and-elimination-right and
and-elimination-left rules respectively.

Fig. 2 shows the dependence relations among the
assertions involved in the above Mural proof. An
important property of a proof is that an assertion
should not depend on itself directly or indirectly.
In other words, the dependence relation graph of a
proof should be acyclic.

The above acyclicness property can be enforced in
a variety of ways as the user desires.

A. When-required consistency checking. Suppose
that after decomposing assertion 5 into assertions 3
and 4, we prove assertion 4 based on assertion 5 un-
der the and-elimination-left rule. Then we have
a dependence relation circle: < 5,4,5 >, and the
proof’s acyclicness property is violated. Under the
when-required consistency, this proof step is carried
out as usual and the violation is not reported until
the user explicitly requires an acyclicness check.

B. Automatic consistency checking. Under this
strategy, the step in which assertion 4 is proved us-
ing assertion 5 is carried out but the violation of the
acyclicness property is reported immediately.

Fig. 2 Dependence relations in a Mural proof.
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Fig. 3 Circular dependence relations in a Mural proof.

C. Consistency preserving by rejecting operations.
Under this strategy, the attempt to prove assertion
4 using assertion 5 will be rejected immediately and
the proof is not affected.

D. Consistency preserving by precluding operations.
Under this strategy, the only existing assertions
which are available for use in proving assertion 4
are assertions 2, 3 and hy because using any of the
assertions main, 4 and 5 would result in a depen-
dence circle.

In the proof construction process, the user may
delete an existing assertion from a proof. A rele-
vant issue is how to deal with the proof steps in
which the assertion is involved. We may choose the
consistency preserving strategy by enforcing addi-
tional effects, i.e., also deleting the directly related
proof steps. In the dependence relation graph, this
means that removing a node also removes the edges
connected to the node.

EXPERIMENT

The consistency strategies introduced in this paper
have been prototyped in an experiment for provid-
ing environment support for formal methods!, using
the language-based editor UQ1? and the graphical
visualisation system UQ-Snake?. Fig. 3 shows the
on-screen effect of simulating the automatic consis-
tency checking strategy in relation to the acyclic-
ness property discussed above. (The node shapes
and edge labels are for capturing the construction
process, and are explained elsewhere'.)

CONCLUSIONS

It has been recognised that different consistency

problems in software development require different
consistency strategies. In this paper, we have intro-
duced three general strategies aimed at environment
support for software consistency. The effects of ap-
plying these strategies have been demonstrated via a
proof example. The implementation issues of these
strategies have been discussed and prototyped in an
experiment. Based on our experience, we are now
incorporating the support for the proposed consis-
tency strategies in a generic software development
environment.
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