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Abstract

Reuse of products, processes and other knowledge will be the key to enable the software industry
to achieve the dramatic improvement in productivity and quality required to satisfy the anticipated
growing demands. Although experience shows that certain kinds of reuse can be successful, gen-
eral success has been elusive. A software life-cycle technology which allows comprehensive reuse
of all kinds of software-related experience could provide the means to achieving the desired order-
of-magnitude improvements. In this paper, we introduce a comprehensive framework of models,
model-based characterization schemes, and support mechanisms for better understanding, evaluat-
ing, planning,and supporting all aspects of reuse.

°A revised version of this TR will be published in the SOFTWARE ENGINEERING JOURNAL, British Computer
Society, July 1991.
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1. INTRODUCTION

The existing gap between demand and our ability to produce high qua.lilty software cost—
effectively calls for an improved software develépment technology. A reuse oriented devélopment
technology can significantly contribute to higher quality and productivity. Quality should
improve by reusing all forms of proven experience including products, processes as well as quality
and productivity models. Productivity should increase by using existing experience rather than

creating everything from scratch.

Reusing existing experience is a key ingredient to progress in any discipline. Without
Teuse everything must be re-learned and re—created; progress in an et;onomical fashion is
unlikely. Reuse is less institutionalized in software engineering than in any other engineering dis-
cipline. Nevertheless, there exist successful cases of reuse, i.e. product reuse. The potential
payoff from reuse can be quite high in software engineering since it is iﬁexpensive to store and

reproduce software engineering experience compared to other disciplines.

The goal of research in the area of reuse is to develop and sﬁpport systematic approaches
for effectively reusing existing experience to maximize quality and productivity. A number of dif-
ferent reuse approaches have appeared in the literature (e.g., [10, 12, 14, 17, 18, 19, 20, 26, 27,

29)).

This paper presents a comprehensive framework for reuse consisting of a reuse model, char-
acterization schemes based upon this model, the improvement oriented TAME environment model
describing the igtegration of reuse into the enabling software development processes, mechanisms
needed to support comprehensive reuse in the context of the TAME environment model, and (par-
tial) prototype implementations of the TAME environment model. From a number of important
#ssumptions regarding the nature of software development and reuse we derive four essential
requirements for any useful reuse model and related characterization scheme (Section 2). We illus-
trate that existing models and characterization schemes only partially satisfy these essential

requirements (Section 3). We introduce a new reuse model which is comprehensive in the sense
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that it satisfies all four reuse requirements, and use it to derive a reuse characterization scheme
(Section 4). Finally, we point out the mechanisms needed to support effective reise according to
this model (Section 5). Throughout the paper we use examples of reusing generic Ada packages,

design inspections, and cost models to illustrate our approach.

2. SCOPE OF COMPREHENSIVE REUSE

The reuse framework presented in this paper is based on a number of assumptions regarding
software development in general and reuse in particular. These assumptions are based on more
than fifteen years of analyzing software processes and products [2, 5, 7, 8, 9, 23]. From these
assumptions we derive four essential requirements for any useful reuse model and related charac-

terization scheme.

2.1. Software Development Assumptions

According to a common software development project model deéicted in Figure 1, the goal
of software development is to produce project deliverables (i.e., project output) that satisfy pro-
ject needs (i.e., project input) [30]. This goal is achieved according to some development process
model which coordinates the interaction between available personnel, practices, methods and

tools.
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Figure 1: Software Development Project Model

With regard to software development we make the following assumptions:

¢ Software development needs to be viewed as an ’ex?erimental’ discipline: An evolu-
tionary model is needed which enables organizations to learn from each development and incre-
mentally improve their ability to engineer quality software products. Such a model requires the
ability to define project goals; select and tailor the appropriate process models, practices,
methods and techniques; and capture the experiences gained from each project in reusable form.
Measurement is essential. |
* A single software development approach cannot be assumed for all software
development projects: Different project needs and other project characteristics may suggest
and justify different approaches. The potential differencw may range from different develop-
ment process models themselves to different practices, methods and tools supporting these
~ development process models to different personnel.
o Existing software development approaches need to be tailorable to project needs
| and characteristics: In order to reuse existing development process models, practices,

methods and tools across projects with different needs and characteristics, they need to be



tailorable.

2.2. Software Reuse Assumptions

Reuse oriented software development assumes that, given the project—specific needs ¥’ for
an object ’x’, we consider reusing some already existing object ’xk’ instead of creating 'x’ from
scratch. Reuse involves identifying a set of reﬁse candidates x,’, ..., ’xn’ from an experience base,
evaluating their potential fpr satisfying 'X’, selecting the best-suited candidate ’xk’, and - if
required ~ modifying the selected candidate ’xk’ into 'x’. Similar issues have been discussed in
[16]. In the case of reuse oriented development, X’ is not only the specification for the needed

object ’x’, but also the specification for all the mentioned reuse activities.

As we learn from each project which kinds of experience are reusable and wh}, we can
establish better criteria for what should and what shouldn’t be made available in the experience
base. The term experience base suggests that anticipate storage of all kinds of software related
experience, not just products. The experience base can be improved from inside as well as out-
side. From inside, we can record experience from ongoing projects which satisfies current reuse
criteria for future reuse, and we can re-package existing experience through various mechanisms
in order to better satisfy our current reuse criteria. From outside, we can infuse experience which
exists out-side the organization into the experience base. It is important to note that the
remainder of this paper deals only with the reuse of experience available in an experience base

and the improvement of such an experience base from inside (shaded portion of Figure 2).
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Figure 2: Reuse Oriented Software Development Model

With regard to software reuse we make the following assumptions:

o All experience can be reused: Traditionally, the emphasis has been on reusing concrete
objects of type. ’source code’. This limitation reflects the traditional view that software equals
code. It ignores the importance of reusing all kinds of software-related experience including
products, processes, and other knowledge. The term ’product’ refers to either a concrete docu-
ment or artifact created during a software project, or a product model describing a class of
concrete documents or artifacts with common characteristics. The term 'process’ refers to

either to a concrete activity or action ~ performed by a human being or a machine - aimed at



creating some software product, or a process model describing a class of activities or actions
with common charaéteristics. The phrase ’other knowledge’ refers to anything useful for
software development, including quality and productivity models or models of the application

being implemented.

The reuse of ‘generic Ada packages’ represents an ezample of product reuse. Generic Ada pack-
ages represent templates for instantiating specific package objects according to a parameter
mechanisms. The reuse of 'design inspections’ represents an ezample of process reuse. Design
inspections are off-line fault detection and isolation methods applied during the module design
phase. They can be based on different technigues for reading (e.g., ad hoc, sequential, control
flow oriented, stepwise abstraction oriented). The reuse of 'cost models’ represents an ezample
of knowledge reuse. Cost models are used in the estimation, cvaluation and control of project
cost. They predict cost [e.g., in the form of staff-months) based on @ number of characteristic

project parameters (c.g., estimated product size in KLoC, product complezity, methodology
level). : '

Reuse typically requires some modification of the object being reused: Under the
assumption that software developments may be different in some way, modification of experi-
ence from prior projects must be anticipated. The degree of modification depends on how
many, and to what degree, existing object characteristics differ from the needed ones. The time
of modification depends on when the reuse needs for a project or class of pi'oject.s are known.
Modification can take place as part of actual reuse (i.e., the 'modify’ within the reuse process
model of Figure 2) and/or prior to actual reuse (i.e., as part of the re-packaging activity in

Figure 2).

To reusec an Ada package 'list of integers’ to organize a ‘list of reals’ we need to modify it. We
can either modify the ezisting package by hand, or we can use a generic package ‘list’ which can
be instantiated via a parameter mechanism Jor any base type.

"To reuse a design snspection method across projects characterized by significantly different fault
profiles, the underlying reading technique may need to be tailored to the respective fault profiles.
If 'interface faults’ replace ’control flow faults’ as the most common fault type, we can esther
select a different reading technique all together (e.g., step-wise abstraction instead of control-
flow oriented) or we can establish specific guidelines for identifying interface faults,

To reuse a cost model across projects characterized by different application domains, we may
have to change the number and type of characteristic project parameters used Jor estimating
cost as well as thesr impact on cost. If 'commereial software’ is developed instead of 'real-time
software’, we may have to consider re-defining ‘estimated product size’ to be measured in terms
of function points’ instead of 'lines of code’ or re~-computing the tmpact of the ezisting parame-
ters on cost. Using a cost model effectively implics a constant updating of our understanding of
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the relationship between project parameters and cost.

Analysis is necessary to determine when and if reuse is appropriate: The decision to
Teuse existing experience as well as how and when to reuse it needs to be based on an analysis
of the payoff. Reuse payoff is not always easy to evaluate (1]. We need to understand (i) the
reuse needs, (ii) how well the available reuse candidates are qualified to meet these needs, and

(iii) the mechanisms available to perform the necessary modification.

Assume the existence of a set of Ada generics which represent application-specific components
of a satellite control system. The objective may be to reuse such components to build a new
satellite control system of a similar type, but with higher precision. Whether the ezisting gener-
ics are sustable depends on a variety of characteristica: Their correctness and reliabslity, their
performance in prior instances of reuse, their case of integration into a new system, the poten-
tial for achieving the higher degree of precision through instantiation, the degree of change
needed, and the ezistence of reuse mechanisms that support this change process. Candidate
Ada generics may theoretically be well susted for reuse; however, without knowing the answers
to these questions, they may not be reused due to lack of confidence that reuse will pay off.

Assume the ezistence of a design inspection method based on ad-hoc reading which has been
used successfully on past satellite control software developments within a standard waterfall
model. The objective may be to reuse the method in the contezt of the Cleanroom development
method [22, 25]. In this case, the method needs to be applicd in the contezt of a different life~

cycle model, different design approach, and different design representations. Whether and how
~ the ezisting method can be reused depends on our ability to taslor the reading technique to the
stepwise refinement oriented design technigue used in Cleanroom, and the required tntensity of
reading due to the omission of developer testing. This results tn the definstion of the stepwise
abstraction oriented reading technique [11).

Assume the ezistence of a cost model that has been validated for the development of satellite
control software based on a waterfall life-cycle model, functional decomposition oriented design
technigues, and functional and structural testing. The objective may be to reuse the model in
the contezt of Cleanroom development. Whether the cost model can be reused at all, how it
needs to be calibrated, or whether a completely different model may be more appropriate
depends on whether the model contains the appropriste variables needed for the prediction of
cost change or whether they simply need to be re-calibrated. This question can only be answered
through thorough analysis of & number of Cleanroom projects.

Reuse must be integrated into the specific software development: Reuse is intended to
make software development more effective. In order to achieve this objective we need to tailor

reuse practices, methods and tools towards the respective development process.

We have to decide when and how to identify, modify and tntegrate existing Ada packages. If we
sssume identification of Ada gencrics by name, and modification by the generic parameter
mechanism, we require a repository consisting of Ada generics together with a description of the
instantiation parameters. If we assume identification by specification, and modification of the



generic's code by hand, we require a suitable specification of cach gemeric, a definition of
semantic closeness of specifications so we can find suitable reuse candidates, and the appropri-
ale source code documentation to allow for case of modification. In the case of identification
by specification we may consider identifying reuse candidates at high-level design (i.c., when the
component specifications for the new product ezist) or cven when defining the requirements.

We have to decide on how often, when, and how design inspections should be sntegrated into the
development process. If we assume a waterfall-based development life-cycle, we need to deter-

mine how many design inspections need to be performed and when (e.g., once for all modules at
the end of module design, once for all modules of a subsystem, or once for ecach module). We

need to state which documents are required as input to the design inspection, what results are
to be produced, what actions are to be taken, and when, in case the results are tnsufficient, and
who is supposed to participate.

We have to decide when to snitially estimate cost and when to update the initial estimate. If we
assume o walerfall-based development life-cycle, we may estimate cost ¢nitially based on
estimated product and process parameters (e.g., estimated product size). After each milestone,

the estimated cost can be compared with the actual cost. Possible deviations are used to correct
the cstimate for the remainder of the project.

$

2.3. Software Reuse Model Requirements

The above software reuse assumptions suggest that 'reuse’ is a complex concept. We need to
build models and characterization schemes that allow us to define and understand, compare and
evaluate, and plan the reuse needs, the reuse candidates, the reuse process itself, and the potential
for effective reuse. Based upon the above assumptions, such models and characterization schemes

need to satisfy the following four requirements:

¢ Applicable to all types of reuse objects: We wa.ﬁt to be able to include products, processes
and all other kinds of knowledge such as quality and productivity models.

e Capable of modeling reuse candidates and reuse needs: We want to be able to capture
the reuse candidates as well as the reuse needs in the current project. This will enable us to (i)
judge the suitability of a given reuse candidate based on the distance between the characteris-
tics of the reuse needs and the reuse candidate, and (ii) establish criteria for useful reuse candi-
dates based on anticipated reuse needs.

 Capable of modeling the reuse process itself: We want to be able to (i) judge the ease of

* Definitions of semantic closeness can be derived from existing work [24].



bridging the gap between different characteristics of reuse candidates and reuse needs, and (ii)
derive additional criteria for useful reuse candidates based on characteristics of the reuse pro-
cess itself.

® Defined and rationalized so they can be easily tailored to specific project needs and
characteristics: We want to be able to adjust a given reuse model and characterization
scheme to changing project needs and characteristics in a systematic'way. This requires not
only the ability to change the scheme, but also some kind of rationale that ties the given reuse
characterization scheme back to its underlying model and 'assumptions. Such a rationale
enables us to identify the impact of different environments and modify the scheme in a sys-

tematic way.

3. EXISTING REUSE MODELS

A number of research groups have developed (implicit) models and characterization schemes
for reuse (e.g., [12, 14, 17, 26, 27]). The schemes can be distinguished as spectal purpose schemes

and meta schemes.

The large majority of published characterization schemes have been deveioped for a special
purpose. They consist of a fixed number of characterization di;ﬁensions. There intention is to
characterize software products as they exist. Typical dimensions for characterizing source code
objects in a repository are ’functiqn’, ’size’, or 'type of proBIem’. Example schemes include the
~ schemes published in [14, 17}, the ACM Computing Reviews Scheme, AF IPS’s Taxonomy of Com-
puter Science and Engineering, schemes for functional collections (e.g., GAMS, SHARE, SSP,
SPSS, IMSL) and schemes for commercial software catalogs (e.g., ICP, IDS, IBM Software Cata-
log, Apple Book). It is obvious that special purpose schemes are not designed to satisfy the reuse

modeling requirements of section 2.3.
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A few characterization schemes can be instantiated for different purposes. They explicitly
acknowledge the need for different schemes (or the expansion of existing ones) due to different or
changing needs of an organization. They, therefore, allow the instantiation of any imaginable
scheme. " An excellent example is Ruben Prieto-Diaz’s facet-based meta—-characterization scheme
[18, 21]. Theoretically, meta schemes are flexible enough to allow the capturing of any reuse
aspect. However, based on known examples of actual uses of meta schémes, such broadness has
not been utilized. Instead, most examples focﬁs on product reuse, are lixﬁited to the reuse candi-
dates, and ignore the reuse proéess entirely. Meta schemes were not designed to satisfy the reuse

modeling requirements of section 2.3.

To illustrate the capabilities of existing schemes, we give the following instance of an exam-

*
ple meta scheme :

o name: What is the product’s name? (e.g., buffer.ada, queue.ada, list.pascal)

e function: What is the functional specification or purpose of the product? (e.g., integer_queue,
<element>>_buffer, sensor control system)

o type: What type of product is it? (e.g., requirements document, design document, code docu-
ment) :

e granularity: What is the product’s scope? (e.g., system level, subsystem level, component
level, module ~ package, procedure, function — level)

e representation: How is the product represented? (eg., informal set of guidelines, schematized
templates, languages such as Ada) .

o input/output: What are the external input/output dependencies of the product needed to
completely define/extract it as a self-contained entity? (e.g., global data referenced by a code
unit, formal and actual input/output parameters of a procedure, instantiation parameters of a
generic Ada package) ’

¢ application domain: What application classes was the product developed for? (e.g. ground
support software for satellites, business software for banking, payroll software)

e The scheme is applicable to all reuse product candidates. For example, a generic Ada package
'buffer.ada’ may be characterized as having identifier ’'buffer.ada’, offering the function
’<element>_buffer’, being usable as a ’product’ of type ’code document’ at the 'package

module level’, and being represented in ’Ada’. The self-contained definition of the package

requires knowledge regarding the instantiation parameters as well as its visibility of externally

* Characterization dimensions are marked with ’e ’; example categories for each dimension are listed in parentheses,
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defined objects (e.g., explicit access through WITH clauses, implicit access accofding to nesting
structure). In addition, effective use of the ébject.’ may require some basit; knowledge of the
language Ada and assume thorough documentatioxi of the object itself. It may have been
developed within the application domain ’ground support..soft.ware’, according to a 'waterfall
life-cycle’ and ’functional decomposition désign’, and exhibiting high quality in terms of relia-
bility’. In order to characterize reuﬁe candidates of type process or knowledge, new categories

need to be generated.

Such a scheme has typically been used to characterize reuse candidates only. However, in order
to evaluate the reuse potential of a reuse candidate in a given reuse scenario, one needs to
understand the distance between its characteristics and the stated or anticipated reuse needs.
In the case of the Ada package example, the required function may be different, the quality
requirements with respect to reliability may be higher, or the design method used in the current
project may be different from the one according to which the package has been created origi-
nally. Without understanding the distance to be bridged between reuse requirements and reuse
candidates it is hard to (a) predict the ‘cost involved in reusing a particular object, and (b)

establish criteria for populating a reuse repository that supports cost-effective reuse.

The scheme provides no information for characterizing the reuse process. To really predict the
cost of reuse we do not only have to understand the distance to be bridged between reuse candi-
dates and reuse needs, but also the intended process to bridge it (i-e., the reuse process). For
example, it can be expected that it is easier to bridge the distancek with respect to function by
using a parameterized instantiation mechanism rather than modifying the existing package by

hand.

There is no explicit rationale for the eight dimensions of the example scheme. That makes it
hard to reason about its appropriateness as well as modify it in any systematic way. There is
no guidance in tailoring the example scheme to new needs with respect to what is to changed

{e.g., only some categories, dimensions, or the entire implicitly underlying model) or how it is
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