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Abstract

Softwale engneess today are often asked to do badhid production and careful emgetng a
the same time. Oneay to help esole the tension between these often conflicting goals is to
dewelop families of softare and to imest in facilities for apidly producing &mily members. Suc-
cess in such an endexa requires that the softare engneers be ale to identify the desirecammily
membes. Few systematic techniques for doing soremtly exist. Commonality analysis is one
approab to defining admily by identifying commonalities, i.eassumptions that are true for all
family membes, variabilities, i.e., assumptions aboutha can \ary among &mily membes, and
common teminology for the family. A commonality analysisofms the basis for designingus-
ale assets that can be used to prodapedly family members. Commonality analysis is being
tried in LucenfTechnologes as part of a process for amgping domains that is known gamily-
oriented_&straction, pecification, andranslation (FAST).

Keywords:

softwae engneering,domain analsis, domain enmeering,families, software processgpplica-
tion-oriented languages

1. Introduction

Softwae engneers today are often asked to do baghid production and careful eimgenng &
the same timelhey are pessued to deelop a system or product so that it can bekeiad bedre
their compag’'s competition does so, but also so that it is gtk to their customer As the
market for consumer softare increasesthe pessue for rapid production inceasesAs the mar
kets for safety critical softare,secure softare,and user fendly software increasethe pessure
for careful enmeeiing increasesAlthough softvare engneers may feel urdirly burdened
sudh pressuresengneess in other fields are responding to the sanesgues as well. In fields
sudh as aerospace engering,automotve engneering,and computer emgeering, methods of
rapidly producing caefully engneered products ha long been xplored.Although softvare is
deweloped quite dferently than aiplanes,automobiles, or computgersoftware engneers can
beneft from gplying some of the same productionastges. The purpose of this paper is to
show, by principle and xsample,from expelience and measeiment,how to gply one such sét-
egy to software production.

1.1 Basic Assumptions

Three assumptions underlie the strategy suggested here. Phrased as hypotheses, they are
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» The Redeelopment Hypothesis: Most software development is mostly redevelopment. In par-
ticular, most software development consists of creating variations of existing software systems.
Usually, each variation has more in common with other variations than it has differences from
them. For example, the different versions of a telephone switching system that accommodate
different customers’ requirements in areas such as billing, devices to be connected to the
switch, and specialized features for processing calls, have a considerable amount of require-
ments, design, and code in common, not only in the modules of the system that have little or
nothing to do with differing customer requirements but also in those modules that accommo-
date the variations.

* The Ormde Hypothesis: It is possible to predict the types ludinges that are ligly to be
needed to a systenver its lifetime In paticular, the types of &riations of a system that will
be needed are predictable.

» The Oganizdional Hypothesis: It is possible togamiz both softvare and the @anization
tha develops and maintains it in such ayas to take agntag of predicted lsanges. In par
ticular, the softvare and its deelopes may be agganizd so that almng of any predicted type
can be made ingendenty of changs of other types and so that making sucthange
requires trangng at most adw modules in the systenihe task of producing a nevemgion of
the softvare then consists of makinglatively independentttanges in diferent modules of the
software.

These hypotheses qagt a softwre production sateg in which one plans for a system trigt

in a number of ariations,attempts to predict thosawations,identifies vha they hae incom-
mon,and reuses the common aspects in producinggti@ions. Such a set ofwviaions on a sys-

tem may be considered to beaanily, a relatively old idea in softwre engneering,suggested

Dijkstra and others in the sofare engneeliing literature as edy as 19747]. Pamas and other
descibed gproates for building softare families in the mid-19704.3], [14], [15], [16]. This

work emphasized the design andielepment of ppgram families, but said little about how to
decide vha the members of amily should be. Moreacently,an area of study known as domain
engineeing has deeloped whose intent is to define families and assemble the assets needed to
produce family members rapidly [4], [12].

The success ofamily-oniented softvare derelopment processes depends on how well solw
enginees can predict theamnily members that will be needéebhis pioblem is hard because the
idea of a &mily is not well brmalized there are no rules that dab@ engneess to identify imilies
easily, prediction of expectedaviaions is dificult, and there is usually no time allocated in the
dewelopment process for conducting an analysis of dneily. Nonetheless, the paff for con-
ducting such an analysis can be quite high; it potentially reduesticill the time and ébrt
needed for design and for production afmily members. (A later section of this paper quaetifi
the expected improvements in time and effort.)

This paper describes an analytical technique, known as commonality analysis, for deciding what
the members of a family should be. This technique is in use at Lucent Technologies as part of a
domain engineering process knownfamnily-orientedabstraction specification, andranslation
(FAST). The goal of the FAST process is to develop facilities for rapidly generating members of a
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family; it is a variation on the Synthesis process describgd]in Performing a commonality
analysis is an early step in the FAST process.

1.2 Developing Families

“... program structure should be such as to anticipate its adaptations and modifications.
Our program should not only reflect (by structure) our understanding of it, but it should
also be clear from its structure what sort of adaptations can be catered for smoothly.
Thank goodness the two requirements go hand in hand.”

Edsger W. Dijkstra
On Program Families

Tedhniques for building families center on constructing a design foratméyf that consists of a
set of inbrmaion hiding modules, each indendenty adagtalde to indgpendenty occuring
changesas gemplified in[2], [15], [14], and[16]. A chang may be made to one module without
needing to know howhangs are made to other modules. Each module is said/¢oshseacst,

i.e., a decision that is hidden within the modwdach as how a set of data isustured,how an
algoithm is implementedor how to comrnicae with a deice. If the secrets of the modulesar
the same as thénanges predicted to occuwer the lifetime of the system, then the design should
facilitate rapid production of diierent family members. Herafter,such a design will be called a
family design

Using tetinology such as Metadol™, a descendant of the tool describefbilh GenVocd1], A*
[9], or YACC[11], it may be possible toemerde automécally different \ersions of the modules
compising a aimily design, and thefore rapidly generae different family members. Put another
way, expetience with &mily design techniques sgest that the ganizdional hypothesis isalid
for many systemsWhere the oade hypothesis is alsaalid, family design techniques aneénmger-
ational tetinology may be applied to producepidly family members thatdilow the omacle’s
predictions.

Producing a &mily design equites considatde careful engeering,and the imestment in adm-
ily-based pproad may delay the time to production of thestfifamily member. The FAST po-

cess seeks to reduce the delay by introducing systematic methods for defiaimgyafor
creding a way to describe dmily membes, and for gneraing family members from their
desciptions. Once the initial Wwestment is madehe time to produceamily members may be
quite short. In addition to introducing systematic methods to reduce the initial productipn time
one may also choose tosgst less in the initial emgeeting of the &imily, amortizing the time and

cost over a number ofdmily membes, possilby at the risk of increasing the production costs of
later family members. Some of theroades described if13] and[14] sugyest ways to do sule
amortization.

Regadless of how the irestment in enigeeing the aimily is amotized, one must still hae con-
fidence that there is arhily worth huilding. Performing a commonality analysis is a systéima
way of gaining such confidence and of decidingginthe scope of theamily is, i.e, wha are the
potential &mily members.The analysis is intended to identify and documemitus common to
all family members and hovaimily members mayary. It reduces the risk of building systems
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tha are ingpropridge for the maket and povides guidance to designers of the systems. In the
FAST process it is the first step in automating the production of family members.

Sections2. and3. describe the &fact produced by a commonality analysis and the process used
to produce it. Sectiod. discusses the uses for the results of the analysis and presents some con-
clusions.

1.3 An Example: The Host At Sea Buoy Family

To illustrate the ideas presented bghis paper uses as an example the Host At Sea (HAS) Buo
family. The HAS Buoy example wasviented to typify the mblems encountered by designers of
real-time systems anddt gopeaed in[18]. Briefly, HAS Buoys fba at sea and collect dathaut
their ervironment.They are equipped with sensors to monitovieonmental arialdes such as air
temperaturewater tempeature,and wind speed. Eacludy has an onboard computer that main-
tains a dtabase of veaher data. Ategular interals the oy transmits the cuent weaher condi-
tions and its location. Passing ships may requesby to transmit all of the wether data it has
collected oer a specified inteal, such as the prious 24 hours. Eachuby keeps tadk of its
locaion and can accept positional updates from passing ships. Buoys may alsweithedpwvith
emergeng equipment for use during sea rescue apens,including a flashing red light, and a
switch tha, when flpped,causes theuwy to transmit an SOS signal instead of @gular weather
reports.

The HAS luoys form a family, since they may be cogfired with diferent sensors in dérent

numbers,with different radio and nagational gear, with different emegeny equipment, and
with different computer systems of fdifent cgabilities. Nonetheless, as indicated in theqad-

ing, all buoys have certain requirements in common.

The Appendix contains a more detailed description of HAS buoys.

2. Defining Families

The work cited peviousy on design of families sggsts that thedy issues in design are identify-
ing and making useful thebstractions that are common to adirily membes, and stucturing

the design to accommodatbanges. Input to the designer should then consist of either the
abstactions themselves or the amiaion needed to identify them, and also thepexted
changes. The commonality analysis is based on the idea that there are itwanpsources of
abstractions:

» the terminology used to describe the family, and
* assumptions that are true for all family members.

To identify the scope of thaiily the analysis must also include predictions of hamily mem-

bers will vary. Every commonality analysis used in the FAST process contains these three ele-
ments:terminology, commonalities, andariabilities. (Section3.1 includes a discussion of some
additional elements that make the analysis more useful).

2.1 Terminology
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Most software development methodofpes now sugest that deelopes equip themselves with a
dictionay of standard term& hese terms see to make comomicaions among deelopes eas-
ier and more mcise Since the terms are standathey epresent ideas that are common to the
dewelopment and are thefiore a fruitful source oflastractions. For just these reasons a dictignar
of terms is a part of a commonality analysis document.g@ftar,for corveniencecommonality
analsis will refer both to the aifact produced by the analysis and the process obparfg the
analysis.)

2.2 Commonalities

“We consider a set of programs to constitute a family whenever it is worthwhile to study
programs from the set by first studying the common properties of the set and then deter-
mining the special properties of the individual family members.”

David L. Parnas

Identifying common aspects of thanfily is a cental, and the ponymous part of the angkis.
Accordingly, a commonality analysis contains a list of assumptions that are true famaly f
membes. Such assumptions are called commonalities. Commonalitieeqrements tha
hold for all family members and are another fruitful sourcelzfteactions. As anxample,a fam-
ily of buoys that fba at sea and monitoregther conditions is ligly to hase as a commonality the
assumption that all members of tlariily must monitor air tempature,wind speegdand pecip-
itation.

2.3 Variabilities
“The art of pogress is to grsene order amid lsangeand to pesene change amid oder.”
Alfred North Whitehead

Wheras commonalities definehat's alvays true of &mily membes, variabilities define ha
family members mayary. Variabilities define the scope of thanhily by predicting vaa deci-
sions aboutdmily members are liédy to change over the lifetime of thedmily. A commonality
analsis contains a list ofariabilities and theange of values for eachaviability. These anges of
values act as parameterizations of the variabilities, and are known as parameters of variation.

Fixing a value for a parameter o&neion specifies a subset of thenily. As an @ample,vari-
abilities for the weaher huoy family may include theequired precisions of measurement of the
monitored enironmental conditionsThe paametes of \ariaion coresponding to thesexiabil-
ities specify theanges of values for the precision. For soramily members it may only be nec-
essay to measure tempature to within 10 dgrees; others mighequire .1 dgree The mange for

the parameter ofariaion for precision of tempeature measurement would then be .1 to 10
degees. Fixing a value for this @aneter,such as 1 dgee,then specifies a sudohily all of
whose members require that precision.

In addition to specifying theange of values for eachaviability, the analysis also specifies the
time at which the value is ked, i.e., the binding time for the decisiorpresented by theaviabil-
ity. Some typical binding times are run tingystem(family member)build time, and system
(family member)specificéion time. For the waher huoys,the binding time for the dgee-of-
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precision decision may be specdion time i.e., prior to building the system. Fixing this deci-
sion ealy may allow for savings in the number and type of sensors used bydheaid mg
reduce the complexity, size, and required processor utilization of the software.

2.4 Uses For The Analysis

The commonality analysis definesquirements for theamily and may be used in anety of
ways, as follows.

* Input to the languge designer. For somarhilies,it is worth designing a specifion lan-
guag from which family members may beegerated The commonality analysis idengf
wha must be epressed in such a langgeaso thatdmily members may be distinguishedrir
each other economically and precisely.

* Input to the softwre achitect. The commonality analysis identifies for thechdtect what
aspects of theammily will remain fixed over time and \wat will change,allowing the software
to be designed for maintainability and reuse.

» Training for softvare developes. The commonality analysis documents just the kind afrinf
mation that a new project member initially needs to understand the family.

* Marketing reference Marketess may learn from the commonality analysisanvfamily mem-
bers can be quidy and easily produced andhigh family members will be difcult and &pen-
sive to poduce (A good commonality analysis will be produced with input from and in
cooperdion with maketers,who can help predict tharhily members most Iy to be vanted
by customers in the future.)

 Historical reference During the process of producing a commonality ysisla recod of key
issues that arise during the process is made part of the docuhimehtecod allows softvare
architects developers,maketers,and others wolved in maintaining andvelving the fimily
to understand why the family is structured and implemented the way it is.

3. FAST Commonality Analysis: An Example

“Everything should be as simple as possible, but no simpler.”
A. Einstein

The eperience with commonality analysespoted here is based iprarily on its use in the
FAST processThefacilitiesdewloped by using FASTypically consist of a langug for specify-

ing family membes, a transldor for generding a member of aaimily from a specitiaion in the
languageand tools for analyzing such a spexiion. Figure 1. is a hiardhical view of the acti-

ities involved in gplying FAST. Each parent activity is accomplished by perfing its dildren,
e.g.,engneeing a family consists of analyzing tharhily and implementing theamily. Family
membes are known aspplicaions. The activity that produces a commonality analysis is indi-
caed asAnalyze Commonalityand is part of the Bnd of the treeshavn in boldface in the dia-
gram.The speciftaion languge, its translatorsand its analysis tools aregther known as an
application engineering environment, and are produced as part of the Engineer Family activity.
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The FAST commonality analysis proces®iented tavards deweloping gplicaion engneering
environmentsHowever,FAST placesdw restictions on the methods for designing the speaifi
tion languge and implementing @nslatos and tools for itAccordingly, the commonalitypro-
cess described here should fit well into manfed#ht goproates to designing and implementing
families.

Qualify Family
Define Decision Model
égrar#g Analvze Establish Standard Terminology
Eng|r|1eer Com¥nonah E%gﬁgimigomain Commonality
ami
Y arameterize Variabilities

Design
Fami y

Design Application Modeling Language

reate a Standard Application Engineering Proces
eS|gn Application Engineering Environment

Im Iement mplement
FAST, Faﬁmly ppllcatlon
Engineering
Environment
Manage Project Roclumem
ngineer ication
pg Iation Model Application Eﬁplneenn

ProduceApphcatlon EnV|ronment
Delivery and operation support

Figure 1. FAST Activities Tree

3.1 Contents of a FAST Commonality Analysis

A FAST commonality analysis consists of sections thatester identify the purpose and scope of

the anaysis, the teminology for the domain, the commonalitiegnabilities,and paametes of
varidion that daracterie the domain, issues that arise during theyaisgland appendices of
information useful to the users of the analyJiabe 1. shows its iIanizdion. In adlition, a list

of tasks left to do to complete the analysis is often maintained as part of the document while the
document is being created.
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1.

Section

Introduction

Overview
Dictionary of Terms
Commonalities

Variabilities

Purpose

Describes the purpose of performing the analysis and the
expected use. Typically, the purpose is to analyze or define the
requirements for a particulaamily and to povide the basis for
capabilities such as

» away of specifying family members

* away of generaing some or all of the code and documenta-
tion for family members

* an ewironment for composingamily members from a set of
components that are designed for use in manyilf mem-
bers

Briefly describes the domain and its relationship(s) to other
domains.

Provides a standard set of key technical terms used in discus-
sions about and descriptions of the domain.

Provides a structured list of assumptions that are true for all
members of the domain.

Provides a structured list of assumptions about how family
members may vary.

Parameters of Variation Quantifies the variabilities, specifying the range of values and

Issues

Appendices

the decision time for each.

Provides a record of the alternatives considered for key issues
that arose in analyzing the family.

Includes various information useful to reviewers, designers,
language designers, tool builders for the family, and other
potential users of the analysis.

Table 1. Organization of a FAST Commonality Analysis Document

To aid in the analysis of tharhily and to impove the eadaility of the document, commonalities
(and \ariabilities) are oganizd into sublists that deal with s@rde concerns. Forxample,a
commonality analysis for the agher huoys might hae a section of commonalities that deals
with the sensors that are part of the another section that deals with tlepots produced ¥
the huoy, and others that deal with other concemdsvant to the &mily. The same sticture would

be used to ganiz the \ariabilities and paametes of \ariaion. Note that this sticture is specifs

to the family.
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During the course of any analysis technique used in systerabbgeent issues arise that are dif-
ficult to resole and that hae a strong déct on the result. Commonality analyses arexuee-

tion. Such issues, along with the atigtives considered for theiesolution,are included in a
separége section of the documenithis practice helpsdep the analysts from going in cles,and
provides insight for later users into the reasons for the decisions made by the analysts. Suc
insight is paticularly useful for eviewes of the anafsis, for developes of a languge used to
specify family membes, for creatos of the design for theamily, and for enfmeess new to the
domain.

As an eample,an issue for ooy analysts might be whether or natdgs could be equipped with
active sensa, such as sonathat might be used for purposes other thaamer reporting Such a
featue might widen the méet for kuoys, but might impose design and og#snal constaints
tha would make it unrealistic to include suchdgs in the sameainily as fbaing weaher sta-
tions.

Commonality analyses focus oequirements for theamily, but often unceer useful design and
implementéion informaion during the analysis. Such arfnéion is often documented in one or
more appendices so that it need not éaiscoveredFor example,the luoy analysts might note
tha receives and tansmittes could be puwhased in thedrm of transceives at a laver cost than
individually. However,the loss of a aimsceier would mean the loss of botheceiwer and tans-
mitter, thereby decreasingeliability somevha over individual eceives and tansmittes. The
choice should gbabl be left to the customer as to thefarred option for any particularuoy.
The form and stacture of these appendices dependrsily on the domain and on theigmities
and purposes of the analystéile commonality analysis process does nesgibe their stucture
or contents.

3.2 The FAST Commonality Analysis Process

FAST commonality analyses are parhed in a series of meetings of domaxperts,facilitated

by a modeator. Meetings are usually held agular intewals, but their duation and fequency
may vary widely. Some goups choose to meet all dayeey day for a period of seral weeks.
Othess may meet for agfv hours once a week fors®al monthsThe analysis team produces the
document during the meetings asraup, by consensus, guided by the mader One goup
member,the ecorder,has the responsibility teecod the goup’s decisions in the commonality
anal/sis document during the meetings, using the standarctsi of a commonality analysis as
shown in Table 1.

Typically, each paicipant, except the modeator, is expert in one or more aspects of the domain.
Expets about veaher uoys might be familiar with areas such as the type aeqguing of col-
lection of data needed to produceater reports,about the uses tohich the data are putbaut
the devices used to collect thaal@about smoothing atgithms used to filter the ¢tk and \arious
other aspects of the behar, computational equirements,and hadware requiements or
weather stations.

The modeator is pett in the FAST pocesscan ecogniz well-formed,clear,and precise defi
nitions,commonalities, ariabilities,paametes of \ariation,and useful issues, and knows how to
guide the discussion to produce thehime modeator is also fequenty the recorder As the
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recoder edits the document it is contousy displayed for all participants during each meeting
Ead participant eceives a copy of it, either elecmically or in hard cop, at the end of each ses-
sion.

3.3 Stages of the Analysis
The commonality analysis process is organized into several stages, as follows.
» Prepare: The moderator ensures that all resources needed for the initial sessions are in place.

* Plan:The modestor and domainxpeits meet to gree on the purpose and scope of theyanal
sis and to eview briefly the expected activities and results of the commonality analysis pr
cess.

* Analyze: The modeator and domain xpeits meet to angke the amily and daracterie its
membes up to the point of producing [@emetes of \ariation,i.e., they produce all sections of
the document except section 6.

* Quantify: The modestor and domain@erts meet to define the @anetes of \ariaion for the
family, section 6. of the document, and prepare the document for review.

* Review:Reviewers extemal to the team that produced the analysis conduct are aewien of
it [17].

Figure 2. shows the ggas of the angkis, the activities that proceed in eachgetzand the ader-
ing among the stges,indicating concueng/ and iteation both among activities within in a g&
of the analysis and betweengea. For gample,defining tems, identifying commonalities, and
identifying variabilities may proceed conaantly; they are all iteative with identifying and
resolving issues.

3.4 Prepare

In preparation for the analysis, the moderator prepares a skeleton version of the commonality
analysis document. The skeleton contains a proposed introduction and overview, and one or two
ead of definitions of tans,commonalities, andariabilities. The intent of the skeleton is to help
focus the initial discussion on the boundaries of the family, and to provide experts who may be
unfamiliar or unused to performing commonality analyses with examples that they may use as
models to guide their thoughts.

The modeator must also ensure that a meeting facilityvailabe to the team that permits them

all to view the document as it is beingeated,and that povides an acqaale ervironment or

the discussion. Note that it is not necessary that all members of the team be at the seme loca
during the analysis meetings, but that it is important that albleeta view the document as it is
being created and to participate in the associated discussion.
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Prepare

1

Plan
Train ) Define
team purpose & scope
of analysis
» Process initiated
A
Analyze
Define ldentify Identify
terms commonalities variabilities
Identify &
resolve issueps
v Family characterized
Characterizatioanuamlfy Define
ana/or scope. parameters qf
needs changing variation

Changes required

¢ Family quantified

External

Review

* Review completed

Figure 2. Commonality Analysis Process
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35 Plan

During the Plan stage of the analysis the moderator starts with a brief review of the commonality
analysis process. The team then reviews the skeleton commonality analysis and revises the intro-
duction and thewerview The result is sharedyeeement on the purpose of the analysis and on the
boundates of the domain. During later g&s of the analysis these sections are usualigited,
particularly the overview, as the definition of the family and its interface to other domains
becomeslearer When the team haslaeved a common view of the domain boundsyit moves

on to the primary focus of the analysis, accomplished during the Analyze stage. Until the Plan
stage is complete, which may take several sessions, each team member’'s homework is to review
the results of the previous session in preparation for the next session. The Plan session(s) are usu-
ally completed within one day’s time.

3.6 Analyze

During theAnalyze sta@e the team gnerdes technical terms and their defions, commonalities,
variabilities, and issuesTeams seem to opae more smoothly when they start with the iefi
tions proposed by the moaeor in the skeleton analysis and then glyanove to commonalities,
again first working on those proposed by the moderator in the skeleton analysis.

3.6.1 Finding Terms and Commonalities

Tedhnical terms and commonalities tend to gegj each otheand there is usually considdle
iteration between the two. As an example, a commonality for the weather buoys might be

The luoy is equipped with a set sénsors that monitoenvironmental conditions.

The value of a particular emonmental condition at aivgen time is a function of
the readings of sensors that can meadiirectly or indirectly, the condition. (A
typical function used is thevarage) The number and types of sensors onboard a
particular buoy is fixed once the buoy begins operation.

Italics are used to indicate terms defined in the dictioiNwote that one might not decide to defi
the termsensor until after the commonality has beentsth Corversely,a discussion of ho
wedher huoys are equipped might lead onesfito define the terrsensor and then to state the
commonality In either caseone expects tight interaction between defining terms andveisog
commonalities.

Identifying terms and diseering commonalities are helped by having standarcth$ for eab.
One standard for definitions is the “is @hh. For kample,“a sensor is a device that can deter
mine the value of an gmonmental arialde such as ater tempeature,air tempeature,or wind
speed."This form is similar to set definitions used in tnamatics,where one g/es a rule dr
deciding whether or not an element is a member of the set.

A corresponding standard form for commonalities is the “has attributes” form. For example,

Everysensor has the following attributes:
1. Precision.
2. Range.
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3. Accuracy.

Consideing a definition in the standardrfn often leads to a statement of a commonality in the
standard form.

The standarddrms are determined @gmatically:when a érm occurs fequently,it is dedared to
be a standat The current set of standaraifms are suitdle for mary, but not all definitions and
commonalities. The following buoy commonality is an example.

The huoy receives equestsyia radio, to transmit more detaile@poits on emiron-
mental conditions and to transmitegher history information, including both
wedher data and the location and time dick the weaher conditions occued.
The buoy has a way to respond to such requests.

The frst part of the commonality does not fit any of the existing standamtsfThe last sentence
is an example of a standarh that identifies mechanisms for accomplishing activities. In this
case the mechanism is a way to respond to requests.

3.6.2 Finding Variabilities

The standarddrms for commonalities also Yathe aslantag that their use often leads to digco
ery of variabilities. In many cases, all members of a domairelaset of commorttabutes,and
some members have special or optional attributes. This leads to variabilities such as

Some sensors have the following attributes:
1. Response: Maximum rate of change of sensor readings.
2. Filtering: The type of filtering algorithm that the sensor applies to the data it collects.

Similarly, where a commonality may state the existence of ahasgism,a coresponding ari-
ability may identify the diferent mechanisms that may be used. As with commonalitieg, imén
not all, variabilities may be stated using standard forms.

Variabilities are fequenty discovered by considering proposed commonalities that turn out not to
be true for all members of tharhily. A frequent occuence is one domaexpet suggesting tha
evely family member has someability, only to be contradicted by anothepet who supplies
counterexamples. The counterexamples form the basis for a variability.

For the oy family, one can imgine consideside discussion concerning thetage of the eni-
ronmental conditions to be monitored and how such monitoring is done. Sqas enight
argue that boys are equipped only with pagsisensa, i.e., those that mety obseve signals
and @ents in the erironment.The softvare for such sensors islatively simple and the softave
developes understand them well. Rbhermore,they are elatively inexpensive and ugged,and
each buoy can be equipped with enough of them so that a few failures make little difference.

On the other handome &pelts might argue that pviding the option of equippingumys with

active sensa, such as sonabroadens the potential set of customers tayb. They might note

tha the data from such sensors can baracteried using similar @ributes to passe sensc,

e.g., precision,accuncy, range of detectble values,response time tohangng conditions, and

type of fitering algorithm to be used. Although there might be added complication and cost in the
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software,such complication and cost would be recouped by the addition&ktpkce gined.
Furthermorethe softvare could be designed so that customers who did not wané ashss
and the attendant software would not have to have it.

A decision not to include agg sensors would permit a commonality specifying theyb ae
equipped with pasat sensors oyl The revese decision would modify such a commonality to
s&y that erery buoy is equipped with pass sensa, and would add aariability that some boys
are equipped with aate sensors. Of cose, the analysis would la to define the distinction
between the two and specify better what sensor types are permitted within the family.

Note that resolving the issue ohet the gopropride types of sensors for thady family are mg
involve some economic analysis to support the argument that thetplace would be bad-
ened by the addition of aeéi sensors. It mighteguire some prototyping and desigomk to shav
tha active sensors are didiently reliade and ugged One would also want to show that thenf
ily could be designed so that members of #mailfy that are not equipped with actisensors ar
also not equipped with more complicated sait®yendling them to use smalleless &pensive
computers.

Once analysts are accustomed to thinking in terms of commonalitiesadabilities, they will
sugeest \ariabilities as a result of considering thefdiences in gagbilities among existingaim-
ily members and between existing and planaedly members. &t of the modeator’s job is to
stimulae such thought p@ms by contimially asking vha changs in sugested cpabilities are
likely in the futue. A specialization of this type of question is to aslawedinologcal changes
are likely to occur. Changes in tegology spur dianges in customereguirements and methods
for satisfying thoseequirements. Good ténologcal predictions mayltang the discoursebmut
variabilities from focusing on Wwa customers may need to focusing omazcustomers can ke,
allowing the domain analysts to identify anfily that leads the mhket instead of just syang
abreast of it.

Another way of stimulating thoughts about futurehanges is to ask wet kinds of tdlanges hae
occured in the past and look for fp@ms in such lsanges.This may equire homevork to anayze
existing data about past changes.

When the team beles that the set of commonalities is completeiabilities may be gnerated
systematicall by examining each commonality for cesponding ariabilities. The standat
forms provide a basis for such an examination.

3.6.3 What's A Good Commonality/Variability/Definition?

Once a team of domaixgeits understands the purpose of a commonalityyarsthey usualf
find it easy to propose commonalitieayigbilities,and definitions. More dikcult is identifying
those that are meaningful andrh retaining,and ecoding them so that they are useful and
understanddb to the users of the analysithere are no methods that will guarantee succass, b
there are some heuristics that help with the process.

Commonalities andariabilities are decisions, and as with aiym of decision makinghere ae
seveal tests that one mayply for meaningfulness. One such test is‘thibat’s ruled out” test.
This test assumes that each decision rules out some possibilities. ldentihaty mled out
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gives one some confidence that a decision has been madeafgledeciding that boys will
monitor weaher conditions rules out the possibility that they will monitor the number of ships
passing i, the number of fish near thedy, the ocean deh, or any of a number of noneather-
related phenomena.

A simpler form of “what’s ruled out” is thénegation”test. If the ngation of a decision is mean-
ingful then the decision is ldty to be meaningful as well. Foxample,the statement thabuoys

will exchang data with each otheéwhen ngaed is a meaningful decision. A statement such as
“the software must beeliable”, when ngated,yields a decision that no one would rea@Vho
would claim that the software he/she is developing need not be reliable?)

Commonalities and ariabilities embody customerequirements and should trefore desabe
required externally-visible behavior. Behavior may often be described in the following terms:

* outputs to be produced (Thady transmits mesggs containing waher informaion pefodi-
cally),

» extemnal interfaces (Theuwy can accept location data fromtemal souces,such as passing
ships, via radio messages), and

» devices that must be monitored and cofiad, (The huoy is equipped with a set of sensorsttha
monitor environmental conditions).

Note that timing and accaicy are part of behaor, eg., the period with ich buoy weather
repoits are produced and the acagyrof the data in thespoits must be accounted for in thedy
commonality analysis. In ddion, there may be opational requirementssuch as eliability
requirementsthat dictate equirements for the ptéorm(s) that must be used (Thedy must
operate on a platform that has a mean time to failure of 10,000 hours).

Commonalities must specifyvariances across tharhily, i.e., they must be true fovery family
member This includes dmily members that satisfy fifrences in existing customer needs, and
differences in customgrneeds wer time both for a single customer and between custoriays.
ure 3. shows an example of this stiaa, which shows diferent family members eéquired with
increasing time. Sesral different customers may start with the samify member (Customers 2
and 3 in the fjure),and later equire different \ariations on it, wiereas others may ka their avn
subfamiy from the bginning (customer 1 in thedure). The family should take into account the
maintenanceaquirements for systems that either exist or are tow, land the arety of sys-
tems that are going to be built. One may think of @il members as being didiuted in
space, i.e., across different customers, and in time.

Variabilities describe expectedhanges in the cpabilities of the &mily, and are quantified by the
parametes of \ariaion. They are predictions aboutivet customers may need in the figuvari-
abilities that ange smoothly ger a set of alues,eq., that hae piecewise continuousalue
spacesmake gnerdion of family members easier than those that must be described as a set of
special cases.

1. J. Coplien denotes the former as contributing to positive variability and the latter as negative variability.
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Commonalities andariabilities generally do not describe design or implementation. Internt da
structues and algrithms that embody design decisions are left to the sodtdesigners who use
the commonality analysis as input. One setxfgtions to this rule are implementations ig-le
acgy code that are toapensie to thange In cases Were a commonality analysis is penfned as
part of reengineing an existing system, it may not beasille to dhvange design decisions tha
have long existed, and that must therefore be noted as requirements.

Definitions,commonalities, andariabilities should tgether define and use a set bbtactions

tha are useful and commonly used by domaipetts. An dstraction here efers to a map-to-

one m@ping,i.e., there should be aavety of realizdions of each lastraction. For boys,sensos
represent anlastractionsince there are avety of devices that may be used as ses)sod thee

are a \ariety of ways in which the softvare that controls and monitors sensors may be designed
and implemented.

In summay, the Pllowing contibute to well-formed, meaningful, and useful daftions, com-
monalities, and variabilities.

1. Make clear statements that each represent a choice among alternatives.

2. Formulate in terms of customer requirements, and try to avoid statements that describe
designs and implementations. State in terms of behavior, i.e., required outputs, external inter-
faces, devices; and required reliability, timing, and accuracy.

3. Seek to cpture as wariabilities expected tdmology changes and the accompanying nevpaa
bilities made possible by those changes.

4. Use definitions, commonalities and variabilities to create a set of abstractions common and
useful to the family, i.e., useful to those who will specify family members, those who must
design and implement the family, and those who are responsible for evolving the family.

3.6.4 Tension Between What Is And What Should Be

In cases were a commonality analysis is used éengneer an existing domain there iswitably
tension between the gent state of the domain and its future state as the dox@@rtseconcere

it. Indeed if there were no cause for such tension the analysis wouwtadsly not be perdrmed.
Characteistic of this tension is discourse aboutavaspects of the domain can bdeangd and

what cannot. It may simply be toxjgensie to diang some design or implementation decisions,
particularl if other parts of the softare depend on them. In such cases, these decisions can be
regarded as requirements on the domain and expressed as commonalities.

During the analysis thexpelts are fequenty reminded that they are trying to describe the ®itur
stae of the domain. &ts of the document that they produce will not aately describe the
domain until its eengineang has been completed. One result of this is a document that contains
cavedas about the diérences between the cant and future stateShese often appear in discus-
sions of issues and in appendices. A second result is that the document may appghatsome
strang to etemal reviewes and othergaderswho must be xplicitly instructed about its pur
pose.
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Figure 3. Family Members By Customer
3.6.5 Issues

Commonality aalysis teams ingtably have difficulty in resolving some issues. Often there is a
term for which it is difficult to agree on a defiition, or a proposed commonality whose truth is in
doubt. In cases ere there is instiftient information to come to agsolution,or where the team
seems to be deadked or epeding the same arguments endlgsshe issue isacoded in the
Issues section of the document, the proposednalige resolutions are notednd the issue is
assigned to one of the team members vestigde futher The team member’s honverk is to
explore possible alteratives more thayughly, document them, and present them to the team f
resolution. Fequentlythis pocedue takes seeral days to accomplish and the resolution is gasil
achiewed in the light of more imirmaion or a better atered pesentdion of the issue and the
alternatives. Sometimes resolving an isseguires constructing a prototype or parhing con-
sideralbe amounts of data aryals, either of vhich may take days or weeks. Medrilg, the team
proceeds with the analysi/hen the team &ieves esolutionthe resolution isecoded with the
issue.

Issues are stated as questions. For example, an issue for the buoy analysis might be the following.
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Issue What attributes do all sensors have in common?

Alternaive 1 None.Ther is too widespread asiaion in ervironmental ariades to be
monitored for the sensors to have any common attributes.

Alternaive 2 At least pecision,accuacy,and ange Without these three there is n@ayv
to assess the acauay of the epots received and to decide on the moppeopride sensa
for different ewironments. More sophisticated sensors may alge fates of dlange and
filtering algorithms associated with them.

Alternative 3 Only precision,accuacy,and enge By standardizing on these three we can
standardize on the software needed to format the weather reports and to read the sensors.

ResolutionAlternative 2.Alternative 1 doesn’t hold for our purposes since we asgrict-
ing our attention to standdized weaher repots and epots of sea conditionglternative
3 is too estrictive As sensor tdmology improves we want to bebke to take adantag of
it to issue better reports from the buoys. See commonality 2 and variability 5.

The resolution of the issuefers to the commonalities ananabilities that arose from its consid-
eration, providing traceability for the effects of difficult decisions.

3.6.6 Injecting Structure

Organizing commonalities andaxiabilities into goups that deal with particular aspects of the
domain helps the domain analysts and latades of the analysis to understand the domain bet-
ter. It also helps the analysts to decide whely’teedone with the analysis. A goodganizing
structue is lmarely obvious at the lggnning of the analysis process. It elges as the analysisgr
ceeds andike most other facets of the apsils, evolves as the analysts gain better ustierding

of the domain and the analysis process.@vigional oganizdion is to goup commonalities (and
variabilities) into sections concerned with outputs to bedpced,devices and ptéorms, and
extenal interbiced. Sometimes there will be commonalities (aratiabilities) that seem to
involve all of these conces,and sometimes they will seem to fit none.ekgal or shared da-
gory may be used for these cases.

The povisional oganizdion becomes specialized to the domain as the analynieqmi% When
the analysts hee ayreed on a specialized stture it becomes useful as a guide in deciding
whether or not there are more commonalities toolb@d The analysts can think about theegpo-
ries indgendently,generding new assumptions within eachtegor until no one can sygst
more.

3.6.7 Homework

Homework assignments consist of the following:

1. Note that this is similar to the top level organization for modular design suggested in [16]

2. In most commonality analyses performed so far, the suggested provisional organization is only used by
the moderator as a guide in eliciting commonalities and variabilities. The first structure the experts may see
is one specialized to the domain proposed by the moderator.
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» a standing assignment for all team memberswer the document from one session to the
next,

* investigating issues and presenting alternative resolutions to the team,
» analyzing the history of changes made to existing family members,
 finding new terms, commonalities, and variabilities.

Analyze sessions équenty start with a eviev of homavork assignments and agsentfion of

the status of each assignmeémhen there is no pgress on ivwestigding issues and nchange

history to discuss, a session starts with the results of the standing assignment. Each team member
gives his/her comments on each section of the docufieistusually povokes a continuing dis-
cussion.

The standing honweork is initially effective in diving the analysis. As more deifions, com-
monalities and ariabilities gopear,and as strcture emeges,the standing assignment may be
modified to focus better on a@nt concernslo do so, the modator asks the analysts to aver
sets of questions that deal with theremt concerns as homerk assignments. Forxample, if
recent discussions Y been concerned withwdees,the questions may takeris such asWhat
types of devices va been added to tharhily recently?”,and“What kind of tedinology is likely

to be incorporated into devices in the near future? The far future?”

3.6.8 When Is The End In Sight?

The Analyze stage piogresses at ate that is determined by the attitude of the team, the skill of
the modeator, the complexity of the domain, and the amount of time afatehat the team
dewotes to the process. A typical team analyzing a typical domain using the techniques @nd heur
tics described in the preceding sections can completartalyze stag in about three weeks if
they devote full time to it. There are several indicators that the Analyze stage is complete.

1. No terms have been added to the dictionary for several sessions and existing definitions are
undergoing at most minor wording changes.

2. No new commonalities or variabilities are being proposed.
3. All outstanding issues have been resolved.

4. No changes to the introduction or overview of the document have been proposed for several
sessions.

5. The organization of the commonalities and variabilities has not changed in several sessions.

At such a point, the modator may guide the teamv@rds the Quantifistage by systematican-
erdion of undisceered \ariabilities. He/she does so by leading the team to examine each com-
monality in turn to try to find ceesponding ariabilities, using techniques such as those
descibed in sectior8.6.2FindingVariabilities. Geneating variabilities from commonalities ma

take seeral sessions and may result not only in the disgoof new \ariabilities, but also in
changng or adding definitions and existing commonalities, in modifying thegamzation,and

in identifying and resolving new issué&hen the dust from this phase has setttbd team is
ready to begin the Quantify stage.
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3.7 Quantify

The Quantifystage consists of gnerding paametes of \ariaion and editing the document to
make it more eadable For each ariability the analysts label the parameter afiation, briefly
stae the decision itapresentsguantify the ange of values for the decision, specify the binding
time for the decision, and @ride a default alue, if any, for the decisionThis information is
recorded in a table organized in the same way as the commonalities and variabilities.

Generdéing paametes of \aridions takes about one session. It may be done asug,gvith all

membes of the team pécipating at the same timer it may be done as homerk, with eat

team member handling aayp of \ariabilities. In the latter case¢he entire team needs teview
all of the paametes. Geneally, the analysts syugst £w other tvanges to the doament at this
point.

Following the generaion of paametes of \ariation,the modestor and one or two analysts will
review the document for editoriahanges to pepae it for extemal review Such tangs corect
spelling and gpammidical erors, and impove the ppeaance and style of the document without
changing its substance.

3.8 External Review

The temal review is intended pmarily to uncwer incorect assumptions, omitted assumptions
and tems, and inconsistencies in a commonality analysis. bhteah, it reveals whether or not
domain experts not involved in the analysis and intended users of the analysis can understand it.

Although there are seral different techniques one might use &view commonality angises,
mary such eviews at Lucent use the aati reviews procesg17]. The questions for thesview
hawe been standdized for commonality angses,and a standard process for theievs has been
devised, as described in [19].

3.9 Flexibility In The Process

The preceding sectionsgscibe a particular process for conducting commonality analyses. Some
might view this process as unnecesgaigid and confiing. In practice,Lucent teams he tiied

a number of &ridions on this ppcess,and modeators are encowaged to remain #xible aout

how it is conductedThe irvanant in all of the analyses has been tbenf of the commonality
analysis document, in particular the organization shown in Table 1.

Most of the variability in the process can be expressed in the following factors.

1. Frequency and duration of the meetings. Some groups elect to meet all day every day, others
half a day every day, others on different schedules.

2. Geographic distribution. Most groups can meet together face-to-face. Some are geographi-
cally distributed and have only limited time face-to-face.

3. Number of participants. Commonality analyses seenotli vest when pedrmed by a goup
of 5-10 analysts and a modera’t@.ccasionally, an analysis is performed as a solo task by a
single domainertrather than as a teanfeit. In such cases, the sobgpert consults others

1. In the author’s experience, six analysts and one moderator seems to be the optimal group.
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as the need arises.

Order of events. All teams start describing the boundaries of the domain before starting to
generate terms, commonalities, and variabilities. The order in which definitions, commonali-
ties, and variabilities are addressed varies. Parameters of variation are always left to last.
Guided by the experience of their moderators, more recent teams have tended to focus more
on definitions and commonalities before focusing on variabifties.

The &pelience at Lucent sggsts that the dkibility in the process seems tof@ft the time and
effort needed to complete the ayss, but not the quality. In p#cular, teams that meebf
shotter sessions,.@., sessions lasting less than half §,d@®em to spend more time and mor
effort to complete the analysiShere are no convincing data axpeiments that support this con-
clusion, but experienced moderators agree on this point.

3.10 The Moderator

A modesgtor is a ley part of the commonality analysisqmess,especially for goups that a
unfamiliar with the proces3.he modeator needs to guide theaup by asking ppropride ques-
tions at @propride times and needs teaod the results of thergup’s discussions in the com-
monality analysis documef# good moderator has the following attributes.

1.

Willingness to ask naive and “dumb” questions. Such questions frequently elicit implicit
assumptions and contradictory assumptions unknowingly held by different domain experts.

A passion for precisiohis quality dives the team to state assumptions and definitioes car
fully and meaningfully.

Experience with a wide variety of applications and domains. The moderator can sometimes
suggest assumptions that can be generalized from one domain to another.

Ability to summarize quickly. Frequent summarization of relevant points of the discussion
helps the team, since a summary of the alternatives for the issue under discussion aids
progress.

Even-handednes¥he commonality analysis is a social process and the participants must feel
that their opinions are evenly recognized.

Clear understanding of the objetjbut willingness to bedkible in gplying the process. As
previously discussed, different teams apply the process differently, each attempting to opti-
mize for its particular situation.

Adept with language. The moderator needs to be able to shape and record the thoughts of the
analsts so that the entire teatearly understands them. He/she must do so withioaihgng

the substance of the thoughts, and do it rapidly enough that the team’s attention remains
focused on the issue under discussion.

1. | believe this is patty a result of the delopment of standarafms for expressing defiitions,commonal-

ities, and variabilities, and the advent of standard homeworks.

2. The job of recording is sometimes handled by a separate person to free the moderator to concentrate on
focusing the discussion properly. Combining the moderator and recorder tasks into one person seems to
work better, however.
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8. Good editorial skills. A document whose form and style improve continually during the pro-
cess contributes to maintaining high morale among the analysis team. The moderator contrib-
utes to this by constantly editing the document, as time allows during a session and as
homework between sessions.

9. Possesor of a sense of humor. (No explanations needed.)
3.11 Measuring Progress and Results

Because commonality analysis is a new process there are as yet only crude measogesssf pr
devised for it and no good objeeti measures of quality. (Because the process attemptsdiatpr
changes and because it is eogp pocessguality measures mayvedys be subjectie. Measues
may be deived by attempting to an®er questions such dslow accuete is each ariability?”
How precise is each deftion?” | believe the anwers to these will alays be subjecte, although
the standarddrms for expressing defiitions, commonalities, andarigbilities help in ®aluating
commonality analysis documents.) On the other hemdimum citeria for completeness of an
analysis may be defined. These include ensuring that the following are true:

» The objectives of the analysis are stated in the introduction.

» The overview identifies the domain boundaries.

» Every term that appears in the dictionary is defined.

» Every issue is resolved.

» Every parameter of variation is cross-referenced to a variability.

In addition, the eviewers’comments and the issues identified as part ofeiew are an indica-
tion of the quality of the result. (Subjectivity in analyzimyiew results is also ingtable The
anal/st must decide whethea issues raised byeviewes indicates a thoughtful, complete anal-
ysis with which the eviewer agrees,or an incompehensiltle analysis thataviewes could not
undestand well enough teview Similaly, many issues may indicate apocative analysis tha
stimulaes the eviewes to think deply about the domain, or a shallow analysis abokickv
reviewers have many doubts.)

Measures of progress of the process include the following.
* Number of terms defined.

* Number of commonalities produced.

* Number of variabilities produced.

* Number of issues opened.

* Number of issues closed.

* Number of parameters of variation defined.

Figure 4. is a gaph of these measures for one commonality analybis.odinae shows the time
(not the efiort) expended as a percent of the total time to do the analysis. As in other promesses f
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producing analses,there are sudden sharp increases in the numbetifeicés of diferent types
produced as the group shifts its attention among different concerns [5].

90 —

Definitions

—/DF—— Commonalities

. Variabilities

Number

——<— Open Issues

—+— Resolved Issues

—2A— Page Count

Figure 4. Progress Of A Commonality Analysis

3.12 Resources Needed

Expetience in analyzing existing domains shows that theraredyrone person who undgands
all aspects of a domain. Usually there are two to thxperes whose combined kmdedge covers
the domain.To ensure a wideange of viewpoints and adequate interaction during tloegss,
five or six @peits seem to be sutient. Such amup, if dedicated full time to the commonality
analysis,can usually complete it in @rim suficient for extemal review in four weeks. A ll-
focused set of reviewers will complete their assignments in two weeks.

Many projects are unwilling to dete their domain xpetts to a single task for four eeks:
Although the dugtion for completing a commonality analysianes depending on the mode in
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which the goup works, the total €iort is goproximatey the samei.e., about 24 staff week3he
result of this effort is usually a document of 25-50 pages, excluding appendices.

In addition to the peopleesourcesthe analysis processquires equipment that can be used to
crede and edit the document during meetings so that all participants may view it at all times.
Groups at Lucent often use a WYSIWY@®nat processor combined with adarscreen dispiet

As with other types of analytical meetingshiteboardsflip chaits and other means of shay

ideas aid the discussion.

4, Results

The author iswaare of 17 diferent domains at Lucenthere a commonality analysis has been
tried, and one domain outside Lucent [4].

Of the 17, 10 hae been completedbne was neer finished,and six are in mgress.Although

some goups consider the analysis to be just atyestep in their pplicaion of the FAST pocess,
nearl all hasze come to view it as aarthwhile endewgor in itself. Their analyses k& been and
are being used for the following purposes.

» Continuation of the FAST process, i.e., to design an application modeling language for the
domain and then to develop tools to generate the code and documentation for family members
from specifications in the langua§jén these cases, the teams usually estimate during the pro-
cess the mductvity gains they expect to get from using thigpeoad. Most estimate that they
will get an improvement between 2:1 and 3:1. As yet, there is insufficient data from develop-
ment use to validate these estimates.

» Basis for a design common to all domain members. Samgpg ceae an object oented
design for their domainVariabilities, for example,are viaved as decisions to be epsalated
within classes or information hiding modules [16].

» As reference documentatiohe analysis is viged as aepositoy of critical information
about the domain that has hithertovee been documentednd that many project member
have never previously known or understood.

» Basis for eengineang a domain. Some projects use the analysis ay #osstart eorganizing
and redesigning an existing set of code into a unified domain.

* As a training aidThe commonality analysis is used to introduce new project members to the
domain.

1. Groups that have not previously tried doing a commonality analysis are generally reluctant to commit
their expetts full time to the process. Many starmking in a reduced modge.g., one day a wek,until they

are convinced that the process is yielding (or will yield)atihwhile result.They then shift into a more con-
centrated work mode.

1. There has been sufficient demand for conducting commonality analyses at Lucent that a room has been
designed and built for the purpose.

2. Some domain engineering methods use terms such as domain oriented language, domain specific lan-
guage, and application oriented language instead of application modeling language.
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* As a plan for golution of the domainThe commonality analysis is used as a description of the
products (and/or services) that are expected to be offered to customers in the future.

It is difficult to ofer quantitéive evidence that pemfming a commonality analysis alone leads
directly to improvements in understanding a domain, in design and code for a domain, and in
other aspects of softame derelopment for a domain. lafmal suweys of derelopes who hae
performed such analyses indicate that they belhey hae gotten value from the analysishis

effect may just be a result ofving them time during their delopment interal to think dout
issues they do not dinarily have time to consideiThe commonality analysis processustures

this time and the &fact that results from it in aay that dearly focuses the delopes on issues

of changeability. Other techniques may work equally well.

The commonality analysis process has been designed anddhaedeto suit situations kere
programmes are used to conmumicaing with each other atly and are used tocehangng infor-
mation in meetings. (The sicture of a commonality analysis documentwawer,is indgpendent
of the gproad used to produce it.) Delopes who are used to such arnviennment feel com-
fortabe with the process and adapt easily to it. It doesewptire tha theyleam new tools or lan-
guagesbut frequenty changs the vay they think about their domain in pigular, and d@out
software development in general. Most often, they like the process.

4.1 Conclusions

FAST in general, and the commonality analysis process in particular, works well when the rede-
velopmentpracle,and oganizdional hypotheses aretgsdied This is typically the situation when
there needs to be different versions of a system, (different family members) all of which share
common requirements, design, or code. Some examples of such situations are:

1. Systems that have the same requirements but must execute on different platforms, e.g., data-
base management systems or compilers for the same language.

2. Systems that store and use the same data, but perform different variations of processing the
data, e.g., systems that provide different types of reports based on the same data.

3. Systems that control and monitor the sameads,but hare somevha different behsior, e.g.,
telecommunications systems with different features or different billing algorithms.

4. Systems that provide the same interface to the user, but implement their behavior differently,
e.g., different word processors with the same or nearly the same features.

In all of these situations FAST isoth gpplying when the cost of iesting in domain engeeling

is less than the payback from generating the different family members using the application engi-
neeing ervironment. So-called ¢mg/ systems often meet thisquirment.They are usually suc-
cessful systems that have been in use for a long period of time, have undergone many changes,
and continue to be needed.

FAST and the commonality analysis processendesigned to try to help softve engneers solve
probdems that are common to many sadtesdevelopment evironments toda Whetre it succeeds,
the success of commonality analysis can also be attributed to the following factors.
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* The stucture of the document guides the thinking of thetipgrants,causing them to focus on
factors key to analyzing a domain.

» The use of English pvides fexibility, but permits ambiguity hiere necessagr As the analsis
proceeds, more formality, in the form of parameters of variation, is introduced.

» The stucture of the process edes pogressaided by the modator who can concerdre on
the concerns of clear, precise, thinking and group interactions.

* The participants arebke to complete the pcessending with a tangle result that has aan-
ety of uses for them and software developers who work with them.

* The participants (often) seem to enjoy thegass,as it gves them an opportunity to think
about and discuss issues that are important yet oftenedrtorthink about their pblem with-
out having to be concerned with the details of writing cade to interact with other sofare
developers in a different way than usual.

* The process and its product are of immediate use to the participants and their colleagues. It
gives them a standard teinology to usereveals to many of them kadedge that they did not
previously have, and helps them to build a team.

The description of the commonality processeg here is déred from a érmal model of the m-

cess using the process and artifact state transition abstraction (PASTA) approach, as suggested in
[8] and defined in [10]. The model defines the artifacts used in the process, the states through
which the artifacts transition during the process, the states of the process (defined as functions of
the states of the artifacts), the operations that may be performed on the artifacts, and the roles of
the people who may perform those operations. Table 1. and Figure 2. are both based on the
PASTA model of the commonality analysis process.

The commonality analysis process (and FAST) started agpmireental process at Lucent in
1992 and is still wlving. Some projects lva gained stifcient confidence in it that they are star

ing to make it a standard part of their saftevproduction process. In most cases, projects decide
to try the process because they need to fiagswo satisfy the demands of eging set of aried
customes at laver cost with shorter delopment intevals, i.e., they are seeking a competéi
advantage.
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Appendix: The Host At Sea Buoy Example
Material in this appendix is excerpted from [18].

Introduction

The Navy intends to deploy HAS buoys to provide navigation and weather data to air and ship
traffic at seaThe uoys will collect wind tempeature,and location da, and will broadcast sum-
maies peiodically. Passing vessels will bela to request more detailed anmaion. In adlition,

HAS buoys will be deployed in the event of accidents at sea to aid sea search operations.

Rapid deployment and the use of disposable equipment are novel features of HAS. HAS buoys
will be relatively inexpensive, lightweight systems that may be deployed by being dropped from
low-flying aircraft. It is expected that many of the HAS buoys will disappear because of equip-
ment deterioration, bad weather conditions, accidents, or hostile action. The ability to redeploy
rather than to attempt to @vent such loss is thesk to success in the HASqmram. In this sense

HAS buoys will be disposable equipment. To keep costs down, government surplus components
will be used as much as possible.

Hardware

Ead HAS huoy will contain a small computea set of wind and tempegure sensors and a radio
receiver and transmitter. Eventually, a variety of special purpose HAS buoys may be configured
with different types of sensors, such as wave spectra sensors. Although these will not be covered
by the initial procurement, provision for future expansion is required.

The HAS-BEEN computer has been chosen for the HA® program.There are more than 3000

of these available as government surplus equipment. They were originally developed as the stan-
dard computer for a balloon force (High Altitude Surveying, or HAS), which is now defunct.
Known as the Balloon Internal Navigator, these were originally called HAS-BIN computers; the
spelling was corrected in 1976 as part of a presidential program to remove “redneckisms™ from
government documents.

The HAS-BEEN computer has been found dlédor the new HAS prgram by virtue of its low
weight, low cost, low power consumption, and nomenclature. A preliminary study shows that the
capacity of a single BEEN computer will be insufficient for some HAS configurations, but it has
been decided to use two or more BEEN computers in these cases. Therefore, provision for multi-
processing is required in the software.

The HAS-BEEN computer has a typical complement of full-word integer instructions. Input is
performed by a SNS (SENSE) instruction that selects a device and stores the contents of its con-
trol register at a designated core location. Up to 256 different sensors may be connected, and the
first 256 core locations argailade for depositing the resultShe device and coesponding core
location are addressed by an 8-bit field in the SNS instruction.

The temperature sensors take air and water temperature (Centigrade). On some HAS buoys, an
array of sensors on a cable will be used to take water temperature at various depths.
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Because the surplus temptrne sensors selected for HAS are not designed for sea-surface condi-
tions the error range on individual readings may be large. Preliminary experiments indicate that
the temperature can be measured within an acceptable tolerance by averaging several readings
from the same devices. To improve the accuracy further and to guard against sensor failure, most
HAS buoys will have multiple temperature sensors.

Each buoy will have one or more wind sensors to observe wind magnitude in knots and wind
direction. Surplus mpellortype sensors wva been selected because they meeepeestrictions.

Buoy geographic position is determined by use of a radioaiwer link with the Omga navigation
system.

Some HAS hoys are also equipped with a red light and an gemay switch. The red light may

be made to flash by a request radioed from a vessel during a seraegestion. If the sailors are
able to reach the buoy, they may flip the emergency switch to initiate SOS broadcasts from the
buoy.

Software Functions

The software for the HAS buoy must carry out the following functions:

1. Maintain current wind and temperature information by monitoring sensors regularly and aver-
aging readings.

2. Calculate location via the Omega navigation system.

3. Broadcast wind and temperature information every 60 seconds.

4. Broadcast more detailed reports in response to requests from passing vessels. The information
broadcast and the datate will depend on the type of vessel making the request (ship or airplane).
All requests and reports will be transmitted in the RAINFORM format.

5. Broadcast weather history information in response to requests from ships or satellites. The his-
tory report consists of the periodic 60-second reports from the last 43 hours.

6. Broadcast an SOS signal in place of the ordinary 60-second message after a sailor flips the
emergency switch. This should continue until a vessel sends a reset signal.

7. Accept external update data. Although HAS buoys calculate their own position, they must also
accept correction information from passing vessels. The software must use the information to
updae its internal deabaseMajor discepancies must cause it tovoke eldorae self diagnostics

to attempt to eliminate the errors in future calculations.

8. Perform periodic built-in test (BIT) checks. The software should be able to detect and compen-
sate for memory or computer function failures. Also, the many sensors of a HAS host are rela-
tively easily damged and may be pvriding eroneous datal here should be sfitient sensors to
provide reasonableness checks and to allow compensation for those found to be inconsistent or
biased. Those found to be nonfunctioning can be ignored in future calculations.

Specifically, the following BIT checks are deemed necessary:
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(a) Basic computer function test.

This test is designed to check the most frequently used functions of the computer. It checks arith-
metic and control operations and all fast registers. It should be repeated every 350 ms.

(b) Extended computer function test.

This program makes more extensive tests on the basic computer, plus checking less central func-
tions such as I/0 and shifts. It should be completed at least once every 5000 ms.

(c) Computer memory function test.

Ead word in the memory must bdecled by storing and reading aéo,all one and altenaing
zero-one bit patterns. A complete check of a 10000 word memory should be completed every 15
minutes.

(d) Sensor consistency tests.

Although each of the sensorspides data indeendentlythere are known constraints on tea+
sonable relationships that they can have to each other. For example, the many temperature read-
ings can be expected to remain withirea tiegrees of each other and not ttaoge by more than

20 degrees in 30 minutes. Other sensors such as wind sensors, can contain provision for calibra-
tion readings. Checks of all wind sensors should be made every 10 minutes. Consistency checks
of temperature sensors should be completed every 5 minutes.

Response To Detected Failures

The softvare is expected to function without notibeadegraddion with damae to up to 20% of
the sensors. If more than 20% of the sensors arepepy functioning both periodic and request
repotts should be méed“suspect.’In the eent that the data are consideredsatte (eg., more
than 50% of the sensors found malfunctioningilefective” repot should be sent in place of the
suspect data.

In the event that BIT detects malfunctioning of a few specific commands, their simulation by
means of sequences of other commands (e.g., simulation of subtraction using addition and nega-
tion) should be attempted.

Where areas of memory are found defective, functioning with reduced memory should be
attemptedIf no more than 10% of memory is defive,relocaion without loss of function can be
attemptedIf more memory is defctive,deletion of air tempetture calculations should be thesti
step. Relocation should then allow the performance of the remaining functions.

Software Timing Requirements

In order to maintain accate information,readings must be taken from the sensing devices at the
following fixed intervals:

temperature sensors: every 10 seconds
wind sensors: every 30 seconds
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Omega signals: every 10 seconds.
Since the buoy can only transmit one report at a time, conflicts will arise.

If the transmitter is free and more than one report is ready, the next report will be chosen accord-
ing to the following priority ranking:

SOS 1 highest
Airplane Request

Ship/Satellite Request 3

Periodic

History 5 lowest

Program Generation

HAS host programs will be generated at the HAS Program Generation Center (NAVHASPGC-
PAC) located at Chepaale Beabt, Maryland A NAVHASPGCPAC is also planned forventual
location in Monterey, California. Since different HAS buoys may carry different sets of sensors,
HAS-BEEN programs may be different. The software to be procured must include a system gen-
erator. To generate a specific program, a configuration (number of sensors of each type) will be
described and generation of the program should then be automatic.

Page 32 of 32



