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Amajor issue for each software project is its choice ofsoftware building and
test processes and the models, methodologies, and tools used to implement
them. The project needsefficient and effective procedures to manage
change, control versions, andintegrate the software to ensurecost-efficient,
on-time deployment ofa software system. Within AT&T's software­
development community, increasing attention is being focused on quicker
delivery ofhigher quality software. As a result, pastandcurrentpractices
are beingevaluated and upgraded. This paper outlines some processes,
tools, and techniques that offer a potential set ofsolutions for a variety of
software-development platforms. We focus on the SIMP process, which
extends some existing tools to provide a software-development process and
technology for building, integrating, and testing software systems inAT&T.
Webelieve that SIMP (which standsfor software integration, management,
and production) offers a generic solution in a set oftools configured to meet
the needs ofmany software-development environments.

Introduction
One key to a software project'ssuc­

cess is the process used to build (i.e., compile
and link), integrate,and managesoftware.
Establishedprocedures and careful manage­
ment can minimize the problemsthat often
occur when the workofseveraldevelopers is
integrated into a product.

Also, software systems rarelyexist in
a singleversionthroughout their lifetimes. A
system's software does change frequently
during development. But evenafter a system
has been delivered to its initial customer, the
system will continueto evolve. Several ver­
sions of the system oftenmust exist simulta­
neouslyto accommodate enhancements
(which some customers mayelect not to pur­
chase) and to provide different feature sets
for different customers.

Withoutefficient and effective proce­
dures in place to managechange,controlver­
sions, and integrate the software, integration
problemscan and will increase costs and
delaydeployment ofa software system.

Within AT&T's software-development
community, increasingattention is being
focused on quicker delivery ofhigher quality

software. Becauseofthis added concern, past
and current software-development practices
are being evaluated and upgraded. Clearly,
manypracticesmayneed to evolve and use
some newor revisedprocesses and tech­
niques to buildsoftware, test the software,
and provide support tools.

This paper discusses one such pro­
cess and technique-a software-development
process and technology for building, integrat­
ing,and testing software systems inAT&T.
The process includesversionand feature
management, viewpathing, building, mainte­
nance,and test management ofthe different
components ofa software system. All play
important roles in managing the configuration
ofa software system.

Version andfeature management pro­
videsorder and controlofversionsand fea­
tures. It allows software developers and pro­
ject managers to track when and whatfea­
tures are added to the software and what
changes are needed or havebeen made. In
AT&T, modification requests (MRS) are used
to identify, document, and track changes to a
system's software. Each source-eode change
must be associated withan MR. (Panell
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Panel1. Abbreviations, Acronyms, and Tenns

3DFS - three-dimensional file system; enables a user to
produce a virtual view ofseveral physically different
directory structures, as if theywerethe union of
onedirectory structureat the file-system level

core- the codeusedby allpartsofthe software sys­
tem,such as a database manager, error handler, or
transaction processor

coshell- a coprocessing shell; a processthat distri­
butes actions to shellson lightly loaded host com­
puters in the local network

evolutionary prototype model- a software model
wherethe productis designed, coded, anddelivered
overseveral phases. The project evolves throughits
different deliverables.

ksh - the Komshell
make - a toolthat software developers use to compile

and linkcode. It uses explicit Makefiles and the
timestampsofsourceand object codeto determine
whatcodeto compile and link.

Makefile - a file that describes whatis to be compiled
andlinked. It identifies the source-code files andthe
executable files to be createdbya software build.
Software developers use this medium (and
makerules) to tellnmake whatto compile andlink.

makerules - a project-specific file that tellshow to
apply the instructions listedin the Makefiles. It also
allows a project to tailor the look ofnmake to the
project's needs.

MR - modification request; the mechanism used in
AT&T to identify, document, andtrackchangesto a
system's software. An MR is associated with each
source-code changeand may representthe correc­
tionfora problem, an enhancement, or a feature to
be addedor removed.

nmake - newmake; allows a project to customize its
compile-and-link environment and save bothstate­
tableandtime-stamp information aboutwhatis
beingbuilt

PQRS - Power Quality Resource System

defines acronyms andterms used in this paper.)
Because mostsoftware systems today consist of

the core (i.e., software that is common to allor mostparts
ofthe product) andapplication-specific software, the
sourcecodefora given product residesin many files. A

sh - the standard UNIX systemshell
SHes - sourceandbinary control system
sees - source-code control system
SIMP - software integration, management, andproduc­

tion; a processthat offers a set oftools configured
to meet the needsofmany software-development
environments

spiral model- a software model where the product is
defined, developed, anddelivered incrementally
until the finished product is done

throwaway prototype model- a software model where
many prototype versions ofthe codeare created,
tested,anddiscarded before the final version ofthe
codeis built

timestamp - the dateandtimethata file wascreated
or changed

TMAS - TransportMaintenance andAdministration
System

TOPAS - Trunk Operations Provisioning Administra­
tionSystem

1WB - a software-testing systembasedon nmake that
implements test casesas Makefiles

viewpath - a listofphysically separate UNIX system
directories that are viewed as oneUNIX system
directory. It allows many developers to share the
sourcecodeandobject code, yetgives each
developer the sense that he or she has a private
copy.

viewpathing - a technique that enables developers to
accessthe files that canbe integrated to produce a
particular version ofthe sourcecode

waterfall model- a software model wherethe phases
ofthe project are divided into individual teams, each
totally responsible forits piece ofthe project. The
work passesfrom oneteamto another, as in an
assembly line.

xksh - the KomshellforanXWindow System"
environment. (X Window System is a trademark of
Massachusetts Institute ofTechnology.)

viewpath tellswhereto find the files for the system's
sourcecode, andthe viewpathing technique enables
developers to accessthe files that representa particular
version ofthe sourcecode. Building refersto the process
ofaccessing these files andcompiling andlinking them
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to producea version ofthe objectcode.
Maintenance is the act ofcorrectingerrors in

code,or updatingcode to meet changing needs. It does
not refer to adding newfunctionality or features.

Test management refers to the methodologies
and mechanisms that control the development and exe­
cution ofthe tests that exercise the associated software
objectsthat represent the product.

In this paper,we describe several UNIX® system
tools that, when used together, can provide an efficient
means to buildand test software (UNIX is a registered
trademark of UNIX SystemLaboratories, Inc.):
- nmake - controls the software-build process, so only

those files that need to change or be created are
built. 1 Byusing a set ofdependenciesthat are defined
by the software developer or programmer, nmake
decideswhatcode should be compiled and linkedand
then instructs the computer to compile and linkonly
that code.

- 3DFS- supports a three-dimensional file system
structure.! Withthis tool, a user can produce a virtual
view ofseveralphysically different directorystruc­
tures, as ifthey were the unionofone directory struc­
ture at the file-system level. This is analogous to sym­
bolic linksoffiles. In 3DFS, entire directorystructures
maybe linked, and each user can definehis or her
ownsets oflinks. When projectsuse an incremental
building process that distributes the productoversev­
eral directorystructures, 3DFS permits these directo­
ries to be merged into a singlevirtual directorystruc­
ture. Thus, the productappears to be in one directory
structure.This is particularly usefulwhen the tools
and procedures the projectuses expect the product to
be in a singledirectorystructure and not distributed
overseveraldirectorystructures.

- coshell- coprocessingshell, a user interface for
the software-build process.The term shell refers to a
user interface to a command-driven computer. A shell
consists of the set ofcommandsthat a user mayspec­
ify as written, typed, or spoken instructions, or may
choose on a menu or fromiconsor graphicaldisplays.

These tools-e-nmake, 3DFS, and coshell-are embod­
ied in the SIMP process, a proprietary tool that is used to
integrateand controlsoftware builds. SIMP is part of the
software-development-environment platform of the Pro­
ject MOSAIC describedby Stacey Gelman, Fred Lax, and
Joe Maranzano elsewhere in this issue."
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Software Development Models
Developing software products is a complex task.

Modelshave been developed and studied to try to under­
stand the tasks involved. The quantitative information in
the modelis also used to givebetter predictions ofthe
time and moneyneeded to producethe product.

Several typesofmodelshavebeen and are being
used in the industry:
- The water/all model separates the software process

into different phases;e.g., requirements, design,
development, test, and delivery.' The projectis com­
pleted in each phase and undergoes somedegree of
final inspection beforeit can be passed to the next
phase.Therefore, problemscan cause the projectto
be rejected and returned to the submitting phase.
First used in 1970, this modelwasa good start and
parts of it are stillused. On large,complex projects,
the delivery date can sliprepeatedly. Also, the model
does not adaptwell to newrequests fromthe cus­
tomer, and time is compressedfor the people in the
phases at the end ofthe "waterfall."

- The spiral model separates the work intosets of
sequentialphases-requirements, design, develop­
ment, and test-that repeat untilthe projectis com­
pleted." The productis developed a pieceat a time,
until the entire product is ready to be shipped. This
givea projecta better chance ofmeetingthe custo­
mer's time requirements, but schedulescan alsoslip
with this model.

- The evolutionary prototype model is similar to the spiral
modelin concept; but after each major set ofphases,
the productmaybe delivered to the customer in evolv­
ingversions."

- The throwaway prototype model can be used withthe
other models. Prototypes ofthe productare produced
at the requirements, design, and, possibly, develop­
ment phases.7 These prototypes are used to validate
the phase and showthe functionality and feasibility of
the product. Usually, the prototypes are replaced by
the final versions.

The waterfall modelis almostan industrystandard,
althoughthe spiralmodel is closebehind.Manyprojects
probably use different features fromdifferent models.

Becausethe older models (e.g., the waterfall
model) no longer fit the current environment or pro­
cesses, recent research in software development is mov­
ing away fromthem and toward the newermodels (i.e.,



Version Features Requirements Design Code Test

1 A, B.1 1/1 2/1 3/1 4/1

2 B.2.C 2/1 3/1 4/1 5/1

3 D, E.1 3/1 4/1 5/1 6/1

4 E.2. F.G 4/1 5/1 6/1 7/1
,.

A R D C T
Version

1 B.1 R D C T
----------- ---

B.2 R D C T
Version

2 C R D C T-------------
Version

D R D C T

3
E.1 R D C T------------- ---
E.2 R D C T

Version
F R 0 C T4

G R D C T

Product Fellture

R =requirements
D=design
C = code
T = test

123 456 7

123 4 5 6 7
Timeline(month)

(a)

(b)

Figure 1. In the over­
lapping waterfall
model, the project Is
divided Into many
features and sub­
features. Here, four
versions of the soft­
ware product are to
be built over a seven­
month period, and
features Band E
have been split Into
two deliverable sub­
features. Each
feature and su~

feature has a
schedule for require­
ments, design, code,
manufacturing, and
test. (a) The overlap­
ping Is Immediately
visible In the time-line
schedule. (b) The
table schedule
assigns completion
dates for each
development phase.

the spiral, evolutionary prototype, and throwaway proto­
typemodels). The research effort is directedat finding a
better model to reduce the time and cost ofthe product
and improve the product'squality.

Although they looked promising in theory, these
newermodels provide onlya high-level overview ofa
project's schedules. This means that the modelsgivelit­
tle or no detail about the configuration ofthe software
system, information that is critical for managing a soft­
wareproject. Therefore, implementationof these models
can be challenging and requires a detailed understanding

ofconfiguration management for software.
Many current configuration-management tech­

niquesare based on the waterfall model. Therefore,
manyofthem mayneed to be abandoned, and a newset
oftechniquesintroduced to take their place.

The newtechniquesshouldbe based on new
proceduresand not necessarily on existing or newtools.
Twosoftware-building toolscommonly used inAT&T
todayare the AT&T Sablime" software productadminis­
trationsystem (formerly known as Sable) and nmake. 1

The Sablime systemkeeps track ofallchangesto a
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software systemand allows multiple versionsof the soft­
wareto exist simultaneously, including versions for dif­
ferentapplications. With the Sablime system'sviewpath
facility, software developers can easily builda sourcefile
foran application. They can reconstruct the source code
for anyversion; track precisely whathas changedfrom
one version ofthe code to the next; and, ifneeded,
restore a particular version of the source file.

These tools, alongwith3DFS2 and coshell,
can supportmanysoftware-development models. The
proceduresthat use these toolsdetermineto which
model the project is more closely aligned. The AT&T
toolscited here generally do not depend on the process
or the model. Instead, the use and configuration ofthe
tools-by themselves or when used withother tools­
determinethe modelthat is beingfollowed.

Several AT&T software-development projects­
including TOPAS (TrunkOperations Provisioning Admin­
istration System), PQRS (Power Quality Resource Sys­
tem), and the adjunct software architecture (ASA)
project-are usinga hybridmodel that contains ele­
ments of the waterfall, spiral, evolutionary, and prototype
models. We refer to this hybrid model as the overlapping
waterfall model.

Overlapping Waterfall. Aprojectconsistsofa set
offeatures. In the spiralmodel, the featuresare bundled
intosets and completed a set at a time. In the hybrid
model, the projectis split intomanyfeatures, each with
its own waterfall schedule (see Figure 1).Workon the
next features starts when the current featuresmove to
the next phase.Thus, workon different features pro­
ceeds in parallel. The model alsofollows a pipeline
approach; i.e., several sets offeatures are in different
phases ofdevelopment at the same time. Features and
schedulesthat overlap can be staggered so the overall
schedulefunctions the same as in the spiralmodel.

Sometimes, a singlefeature maybe too large to
fit intoone phased delivery. Ifso, the feature maybe split
further intosubfeatures, each assignedto a different
development phase. (Thesephases mayor maynot over­
lap.) Thus, in the hybridmodel, each subfeaturehas its
own waterfall schedule.These subfeatureschedulescan
be used to function the same as in the evolutionary and
prototype models. Because the feature as a whole is
beingdeveloped and, possibly, delivered as different sub­
features, the hybridmodel follows the evolutionary
model's concept.
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Figure 1presents a simplified example ofthe
overlapping waterfall. It showsschedulesfor sevenfea­
tures (i.e., Athrough G) to be delivered in fourversions
of the productovera seven-month period. In this exam­
ple,features B and E havebeen splitintotwo deliverable
subfeatures each.

Unfortunately, real projects are muchmore com­
plexthan this example. Features mayslipintolater ver­
sions,and schedulesmaychange.Revisions will be
needed as features are reworked to correct errors or fea­
tures are added.The scheduleddates will changeas the
project's people gain a better understanding ofhowmany
featurescan be developed in a certainperiod. Often, the
features that a versionofthe software systemis to pro­
videmust be adjusted to meet the dynamic needs ofthe
project. The set offeaturesthat a customerwantsinitially
is rarelythe same as the set offeature that the customer
wantswhenthe productis delivered. Amodel needs to
accommodate these changesas much as possible, and
the hybridmodel appears to handlesuch changesbetter
than the other models.

The following summarizes the main concepts
ofthe overlapping waterfall model:
- The project is divided intomanyfeatures and sub­

features.
- Eachfeature (or subfeature) has a schedulefor

requirements, design, code,manufacturing, and test.
- The core and the critical features are scheduled before

the less critical features.
- The feature schedulesoverlap in real time. Therefore,

at anygiven moment, one mayfind someofthe fea­
tures in each ofthe stages ofproduction.

- Eachversion ofthe productis the collection ofthose
feature sets that share the same delivery schedule.

- Testers receive simplified versions ofthe product
earlyin the life cycle and morecomplete versions
later. (Life cycle refers to the life ofa productor ser­
vice. It starts withthe initial conceptfor the productor
service, and ends with extension or replacement bya
newerproductor service.)

- An individual featuremaygo through several subfea­
ture schedules. Eachsubfeature scheduleadds more
functionality and complexity to the feature as a whole.

Becauserequirements, design, coding, manufac­
turing,and testing schedulesare overlapped amongthe
feature set, the parallel nature ofthis model permits
quickerdelivery ofthe productto the customer. The



features, requirements, and, to some degree, schedules
are flexible fromthe beginning withthis model. This
givesa projectroomto maneuverand schedulearound
newfeatures and unexpected problems.

Need for a Cohesive Process
Besidesthe Sablime system and nmake, the

UNIX systemtoolscommonly used in AT&T to imple­
ment software modelsinclude:
- CMTS (configuration-management test system),a

configuration-management toolthat is similar to the
Sablime system.

- CMS (configuration-management system),another
configuration-management toolthat is similar to the
Sablime system.

- sccs (source-code controlsystem), the basis for
nearly allsource-eode controlsystems inAT&T.
Unlike the other tools, it does not use the MR concept.

- make, a toolused to compile and linkcode. It uses
explicit Makefiles and the time stampsofsource and
objectcode to determinewhatcode to compile and
link. (A Makefile identifies the source-code files and
the executable files to be created by a software build.
A time stamp is the date and time that the codefile
wascreated or changed.)

- build, a software construction toolthat extends the
make command by allowing severalprogrammersto
share the same copyofthe complete software, while
permitting individual changes and testing for each pro­
grammer. It uses a viewpath (or an ordered list of
nodes that have identical directory structures) to
resolve all relative file referenceswhencompiling a
software object.

Eachtool (butparticularly the Sablime systemand
nmake) handles onlyone part of the software model,
eventhough each fills its own niche well. However, the
Sablime systemand nmake are stilltwo tools that do not
givetheir user a unified view or process,which is what
he or she needs to implement anysoftware model well.

Many AT&T organizations have integrated these
toolsintosoftware-development environments. SIMP, a
productofAT&TsSoftware Technology Center, is such
an environment. It consistsofa smallset ofcommands
and a set ofproduct-building processes. It integrates
nmake and the Sablime system intoa toolthat simplifies
the tasks needed to builda system's software.

The authors' areas ofexpertiseare the SIMP

process, nmake, and the Sablime system. Therefore, the
rest of this paperwill focus on these three software
development and management tools.

The SIMP Process
The need to integrateexisting toolsand pro­

cesses intoa cohesive processfor software development
wasclear.Therefore, the SIMP processwasdeveloped
using original conceptsin addition to proven concepts
that were already in use by other software projects. We
took advantage ofthe Sablime systemand nmake by
usingtheir configuration-management features in a func­
tional way rather than by reimplementing them. Byreus­
ing existing toolsand processes in combination with new
concepts, wewere able to provide a cohesive environ­
ment for developing and building software systems.

The SIMP processdependson the Sablime sys­
tem to manage MRs and control the sourcecode,and on
nmake to managesoftware builds. However, 75percent
ofSIMP is process,recommendations, and advice, while
25percent of it is tools to implement the process.

The SIMP processfocuses on howto set up a
development environment properly and then build and
maintain software withminimal effort. This includes:
- Advice on howto set up node structures.The node is

the place in a file systemwhere source code resides
and codefilesare compiled and linked to produce the
objectcode.

- Advice on settingup Makefiles and makerules for
nmake. AMakefile is the medium a software devel­
oper uses to tell nmake whathe or she wantsto com­
pileand link. The makerules, a project-specific file, tell
nmake howto apply the instructions that are listed in
the Makefiles. In addition, makerules allow a project
to givenmake a tailored look, as though it werecus­
tomized for that project.

- Help for settingup development schedules, such as
the one in Figure 1.

- Advice on howto set upviewpaths for software builds
and run-time environments. Software build refers to
the act ofaccessinga version of the source codefrom
the source-code control systemand, then. compiling
and linking the code. However, this version maybe
onlya subset of the entire product. Viewpathing will
pickup the remaining piecesofthe product. Run-time
environment refers to the newversion ofthe product
that is constructedby the viewpath. Wewantto be
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able to test this newversion. The viewpath used to
construct the newversioncan alsobe used to define
and declarea run-time or testing environment for it.

- Tools to help developers and project buildersautomat­
ically extract the source code usingthe Sablime sys­
tem and build the code using nrnake. The Sablime
systemkeeps track ofall MRs and the different ver­
sionsofcode associated witheach one.Thus, a user
can constructa version of the files that a given set of
MRs affected. The Sablime systempasses these new
"version" files to nrnake, whichchecks their time
stampsand other dependencies. Fromthis, nrnake
decideswhat files shouldbe compiled and linked,
how, and in whatorder.

Although the SIMP process was designedwiththe over­
lapping waterfall model in mind, the processcan be
adapted to other software models.

One philosophical goal ofSIMP is to ensure that
software projects initially definea flexible development
environment that meets their current needs yet allows
futuregrowth. To avoid environment redesign, the devel­
opmentenvironment shouldfocus on preventing prob­
lems, rather than on reactingto them.

Obstacles and Solutions
Amajorobstacle for software manufacturing has

been that a projectmust try repeatedly to buildthe soft­
warebeforeit successfully creates a version ofits prod­
uct. Multiple attemptsare necessarywhena software
build fails because ofcompilation errors such as:
- Syntax error in source code
- Failure to find the header files
- Failure to find the library files
- Failure to find definitions forvariables, functions, and

symbolic constants.
Rarely is onlyone compilation error encountered. Often,
manyretries are needed to find and correct all the
errors. This makes it difficult to implement anysoftware
development model, especially the overlapping waterfall
model with its asynchronous schedules.

Dissimilar Environments. Whydo so manycompila­
tion errors occur during integration builds? Through the
experience wegainedfrom developing the SIMP product,
we wereable to find the majorcause of the problem: A
developer's local environment often contains customized
libraries and header files that are not in the integration
environment. Asa result, software that compiles without
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error in the developer's local environment mayproduce
compilation errors in the integration environment.

Each developer whosubmitscodeto a software
buildcompounds the problem. Thus, if a project has sev­
eral developers, the probability increasesthat anyinte­
grationbuild contains errors and delivery ofthe inte­
grated software to testingwill be delayed.

Clean nodes for builds. Oneway to remove this type
ofproblemis for developers to use a newnode-not
their local, customized workspace-to build their code.
Then, becausea developer's buildsoccurin a standard­
izedenvironment insteadofa local workspace, most
compilation errors will be found beforethe software is
submitted to an integration build.

Although the Sablime systemand nrnake allow
a software developer to use a cleannodefor each build,
the proceduresare complicated and timeconsuming.
Therefore,few developers take the timeand effort to use
cleannodes.With the SIMP process,building a clean
node is much easier becausea SIMP command automates
the Sablime and nrnake procedures.

More-frequent integration builds. Another way to
reduce the number ofbuild attemptsneededto create a
singleversion of the productis to schedulemore
project-integration builds. Although this mayseem con­
tradictory, the increased frequency ofthe project­
integration buildshelps to reduce deadline anxiety. The
developers are more likely to deliver better quality code
for a given build, so fewer and smallerchangesare
needed for subsequentbuilds. Whyshould this be true?

When a developer workson a project that has
infrequent integration builds, he or she feelspressured
to meet the current build'sdeadline even if the code is
not ready. Because ofdeadline pressure, developers (and
their managers) assume incorrectly that it is better to
supply code ofpoor quality to meet a deadline than to
waituntil the next buildto provide good-quality code. If
integration buildsare done morefrequently, a developer
does not feel the same deadline pressure and will wait to
submitcode ofgood quality.

In addition, more-frequent integration builds
decrease the amountofcode that changes in each build.
Fewerchanges reduce the risk ofa compilation error.
Also, whenan error does occur,the area potentially
affected tends to be smaller.

This scheduling technique has been used suc­
cessfully on severalprojects including TOPAS andTMAS



(Transport Maintenance and Administration System).
other Obstacles. The following obstaclescan also

contribute to problems withthe software-development
environment:
- Software projects do not use the viewpath concept. If

so, the projectmust makeconcessions in order to
develop the code. For example, on small projects,
each developer might havea complete copyofthe pro­
ject in his or her file system. The copieswill use up
large amountsofstorage, and individual versions will
becomeout ofdate compared to the official version.
Largerprojectsmighthave one communal node struc­
ture, where each developer placesthe latest version of
his or her software to compile. However, developers
run the risk ofoverwriting the code and maynot keep
their source-code controlsystem up to date.

- Developers have an explicitly coded VP ATH entry in
their UNIX system. profile, and do not use a
project-controlled table-lookup function. The VP ATH
variable specifies the viewpath and shouldbe accessed
through a look-up table that the projectimplements
and controls. (A . profile is a script,oftenuser
designed, that is executedautomatically duringthe
login process to establishthe user's local environment
for that session.)

- Developers are responsible for settingup their own
environment variables for software compilation and
run-time testing. If so, they maybe using oldor differ­
ent support software. Also, it would be more difficult
to distributeupdatedsupport software (e.g., a new
compiler) to each developer or to add a newdeveloper
to the project. Instead, the developers shoulduse a
project-eontrolled environment-declaration program,
so that they alluse the same support software and the
same unit-test environment.

- Some developers havedefined a local environment
that is inconsistent withthe environment used by the
other developers and the projectas a whole. A devel­
oper whodoes this mayuse oldor improper versions
ofthe support software, such as compilers, inter­
preters, and databasemanagers. Asa result, the code
mightworkfine in the developer's unit-test environ­
ment but exhibitstrange behaviorin the integrated
system-test environment. All developers shouldbe
usingthe project-eontrolled environment.

- The project has onlyone installation and test area on
the system, whichmeans onlyone versionofthe

productcan be tested (usually the integration-test ver­
sion). Instead, the project shouldhavemany installa­
tion and test areas, one for each "testable" version of
the product. The multiple areas allow each developer
whohas testablesource code to haveaccess to all
important versions ofthe product, particularly if a
customer'sproblem needs to be examined.

- Different environment structures are used for develop­
ment and for installation and production. This means
the software must be shifted to another environment
structure, which adds an extra step and provides
another opportunity for error. Also, developers do not
havean environment that allows them to develop soft­
wareas it will appearto customers. To avoid these
problems, the development environment shouldlook
as much likethe final product'sinstallation environ­
ment as possible.

- MRs forproject buildsare gathered manually, e.g., as
savedelectronic-mail messages, as telephone mes­
sages, or on slipsofpaper. Messagesmightbe lostor
forgotten. Also, when people finally typethe MR forms,
the typing maybe inaccurate, i.e., the typistmay
include incorrectMRs or lose important ones. Oneper­
son could hold up the software build by askingforjust
"five more minutes." Instead, MRs shouldbe gathered
in a controlled way, preferably electronically, as partof
the buildprocess.

- Previous modifications to the productare lost when
newversionsofthe productare shipped. Whenthis
happens, it is not easyto find or fix problems in the
olderversion ofthe code. The project should imple­
ment a source-code control systemand use it properly.

- The versions ofthe productshipped to customersare
not the version that is stored in the source-code con­
trol system. (Thedanger ofthis problem is the reality
ofthe next one.) The project shouldensure that its
source-eode controlsystemis used properly.

- Versions ofthe productthat are shipped cannotbe
reproduced in the laboratory. This problem happens
wheneither or both ofthe previous problems exist. As
stated previously, the project shouldimplement a
source-code control systemand ensure that it is used.

- The development-node structure is too large or com­
plexto manage and to growintothe newgenerics.
New generics usually meannewfeatures, so the code
that implements these features must reside some­
where in the node structure.The project's node
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structure shouldallow newdirectories and source files
to be added easily. That is, it should not require that
the entire node structure, makerules, Makefiles, and
existing source code be reengineered.

- Development environments change from generic to
generic,causingconfusion amongdevelopers and
incompatibilities betweengenerics.Radical change
tends to cause chaos and errors for a while. Because
change is necessary, the development environment's
designshouldbe leftopenforgrowthand change, to
minimize chaos and errors.

One Solution. The SIMPprocess and toolsmen­
tioned above help to overcome these problems and
obstacles. When a projectuses the SIMP process and
these tools, developers have the means to check the
compilation quality oftheir code; and the projectcan
scheduleits integration buildsas frequently as needed.
SIMP alsoprovides recommendations and supportto
help resolve all the obstaclesmentioned in this section.

Project·Management Planning
Overa product's lifetime, manyversions ofthe

software will be builtand newdeliverable versionswill be
produced frequently. The projectmanagersare responsi­
ble for scheduling delivery ofeach version and mapping
its functionality, as illustrated in Figure 1. However, both
the scheduleand the functionality are subjectto change
as the productadvances in its life cycle.

Besidedefining the schedules, project managers
must alsomonitor progress and take action when
needed. The processesand modelsdo not run or man­
age themselves. If leftunattended, they will atrophy as all
natural systemsdo. Projectmanagementis responsible
for defining the processes to be used and, then, monitors
the processesand adjuststhem as needed. In addition, it
ensures that the day-to-day workcontinues.

The SIMP process provides recommendations to
project management on:
- How to organize schedules.
- How to divide the workintofeaturesand delivery loads.
- How to define node structures.
- How to schedulesoftware builds.
- How to organize project-management meetingsand

managethe dynamics ofthe meeting.
- What reports to generate.
- What to monitor.

Clearly, a project incurscosts whenit uses the
overlapping waterfall model and the SIMP process. If
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integration buildsoccurmorefrequently, then more time
is needed for additional compilations for each build. Also,
more memory spacewill be needed to store the addi­
tional versions ofthe product. In addition, these multiple
versions put greater strainon the test team, because
moreversionsare beingbuiltand delivered to testing.
The sectionsthat follow discuss processesand toolsthat
reduce the time, space,and testingresources needed.

Test·Environment Challenges
Today'ssoftware-testing practices are labor

intensive and require that test organizations expend
manyhumanhours to develop, execute, evaluate, and
manage tests and test results.This levies a heavy
expenseon the test organizations.

Awide array ofmethodologies and concentra­
tions existfor software verification, e.g.,unit, integration,
system,regression, load, and stress testing. Throughout
AT&T, the test organizations use a wide variety oftools
and methodologies that each havestrengths and short­
comings. The consistentweaknesses in the current test
processes are:
- Independentand uniquetest systemshavesteep

learningcurves. Thus, each requires a substantial
investment in start-up time.

- The test system does not offer version control for test
cases.Atest case is a project-defined granularity, and
consistsofthe particular suite oftests associated with
a version of the software productto be tested. Without
versioncontrol, the test systemmightuse an inappro­
priatetest case to test a particular version ofthe soft­
ware product.

- Testing mustbe integratedmanually with other pro­
cesses in the productlife cycle, including:
- Systems engineering, the stage in which the

requirementis defined and the architecture and
functionality are specified

- Projectmanagement
- Development
- Manufacturing.

- Test development and test execution are time
consuming.

- Anexperienced administrator is usually needed for
the test system.

The general strengths ofsome existing systemsare:
- The test formats and the definitions ofimportant data

fields are standard.
- The test-organization strategiesare well structured
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Figure 2. A unified system allows the same
management tools to be used for product
development and test. (a) In this integrated
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ware development and Tester's Workbench
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with coprocesslng shells, including ksh and
xksh. Also, 3DFS "links" flies In several physi­
cally different directory structures, so a user
sees a single virtual directory structure at the
file-system level. (b) Overlapping waterfall with
SIMPand TWB. Each source-code change Is
identified In a modification request (MR). SIMP
depends on the Sablime system to manage MRs
and control the source code, and on nmake to
manage software builds. An MR'Sstate can be
altered manually or based on the pass/fall cri­
teria encoded in the test-case Makeflles.

Test suite
selected 1.0

@
------~

3DFS

Product built
2.0

Product built
1.0

MR submitted
1.0

'( MR S~~;ltted )

-----.....

~ Directory structure

~ Environmental variable

c:::J User interface

Product changed
2.0

Product changed
1.0

Test suite
executed 1.0

Test suite
selected 2.0

Test-suite results
analyzed 1.0

(b)

Software
delivered 2.0

Software
delivered 1.0

J,,_----.....

MR approved
1.0

( MR a~:c;oved )

------

Test-suite results
analyzed 2.0

Test suite
executed 2.0

c=:> Process

anduse relational selection and extraction mecha­
nisms for test cases.

Commonality in Process. The technology that
already supports development platforms can also be used
in the testingprocess. Atest that exercises a software

object generally consists ofthe samebasic components
as the target product undertest. Software development
ina UNIX system environment meansthe software must
be organized intoan arbitrary numberoffiles anddirec­
tories; really fourfile types:
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- Regularfile - any UNIX systemfile that contains data,
text, or programinstructions (including objectcode).A
file subsystemcontrolsaccess to these files and main­
tains status and controlinformation abouteach file.

- Pipe file - a file that containsunformatted information
stored in data blocksfor access and formatting by a
user program. Apipefile is used to pass data between
two processes;hence, the file's contentsare destroyed
once the file is read.

- Directory file - a group offiles (usually relatedby
topic or function) and "placed" in a directory bygiving
the directory a name. (In reality, the directory file lists
the files that reside in that directory.)

- Special file - any file that has special meaning to UNIX
system, e.g., device drivers such as / dev/ qtapel. Aspe­
cialfile serves as the interface betweena particular
device and the software that managesthe device.

The software productsdeveloped in this environment are
builtwith these data structures and are maintained with
manyproven and reliable UNIX systemtools-i.e., the
SIMP process,the Sablime system,nmake, and sees.

Atypical suite of tests can be separated into the
same basicelements. The C-language source and object
code, UNIX systemshell scripts,and other specialized
test software can be reduced to the least-common­
denominator UNIX systemfilesand directories. This
allows us to take advantage of the management toolsthat
are beingused in AT&T in software development and
manufacturing.

In a unified system, the management toolsthat
are used for tracking, building, and organizing the prod­
uct can alsobe used to manage, develop, and execute
test suites. (SeeFigure2a.) Common interfaces and data
structures,alongwithmapping betweendevelopment
and test processes,would allow automatic invocation and
state transitions oftests and MRs. That is, when the state
ofthe MRs changes to a particular state, a test suite
would be invoked automatically; similarly, test-ease
resultscouldcause MR states to be updated.

A Te.t Solution and System Overview. The
Advanced Computing Environment group in the
Advanced Software Engineering and ExpertSystems
Department ofAT&T Bell Laboratories has developed a
testing systemthat is based on nmake. This proprietary
system, the Tester's Workbench or 1WB, implements test
cases as Makefiles. Because base rules and global
Makefile definitions are used to update the system's
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databasesand provide file control, users do not have
to deal directly withthe organization and bookkeeping
mechanisms that manage the tests and the test results.
Withthis simple association (i.e., tests become Make­
files), the following benefitscan be realized:
- The systemprovides version control oftest cases in

3DFSfile structures, which allows multiple versions of
the test cases for multiple versions ofthe product.

- Viewpaths are used to exercisemultiple versions of
the product. Byusingviewpaths through test-ease
releases,the user can eliminate redundanttest cases.

- Systems engineers, projectmanagers, developers, and
testers have access to project software becauseofthe
consistentand common interface and data structure.

- Modification-request state transitions and test invoca-
tionsare automatic becauseofthe mapping provided
betweensource code, modification requests, and tests.

- Test cases can be madeto dependon test objects
(e.g., source code,executable code, MRS).

- Cashell distributesthe processing loadamongsev­
eral host computerson the local network, so software
buildstake less total timethan witha singlehost.

- The ability to customize project-specific rule defini­
tions in global Makefiles provides flexibility.

- The system is compatible withother UNIX system
toolsand can be integratedeasily with such tools
(Figure 2a).These toolsinclude the SIMP process,
Sablime system, 3DFS, cashell, xksh, and sacs,

The designofthe 1WB architecture wasa synthe­
sis ofnewdependency and mapping functions withexist­
ing tools. Specifically, we used the data structures and
test-organization conceptsfrom a subset ofthe Buster
test system"and implemented them with nmake and
other UNIX systemtools. (Buster, a testingtooldevel­
opedby AT&T Bell Laboratories, aids in the develop­
ment and execution of tests.)This integration ofsoftware
toolsprovides an extensible andgeneric programming
environment. Global Makefiles hide the details ofdata­
base updatesand file control, yet give users complete
flexibility forconstructing test rules.

A Makefile template for the test is automatically
generated withdefault assertions. The user has the
option to programthe targets, prerequisites, and associ­
ated actions. Suitesoftests are selectedrelationally and
run on the software-product targets.Test extraction may
be explicit (e.g., the suites are specified) or implicit (e.g.,
certainsource-file changesand MR state changescause



the corresponding test-case suites to be invoked auto­
matically) .

Similarly, the state ofa modification request
canbe altered manually or based on the pass/fail
criteria encoded in the test-ease Makefiles. (See Fig­
ure 2b.) Test status is stored in makestate files that
are distributed throughoutthe samefile systemas the
physical tests. (Themakestate files supply timing for­
mation to nmake.) The test status stored in the make­
state files and ina centralized test database is syn­
chronized by the global makerules.

Because 1WB automates the test process, a
project can allow greater overlap in the schedulesfor
development and testing. Thus, a shorter test cycle
may be neededwithin the contextofthe overlapping
waterfall model for the product'sentire life cycle, as
outlined previously.

Tools and Technology
Sofar, this paperhas focused on the importance

ofsoftware models and processes. However, no model or
process canbe implemented without the propertools.
This section discussestoolsthat permitconcise andeffi­
cientimplementation ofsoftware building and testing
models, processes, and techniques.

Aprocessis only as goodas the people and tools
that implement it.The team mustbelieve andfollow the
process guidelines. Whendeadlines approach, team
members must avoid the temptation to use quickfixes
and shortcuts.

The SIMP processand1WB are basedon a few
tools that provide a concise, efficient, and unified abstrac­
tion ofthe processcomponents:
- nmake controls allbuilding.
- 3DFS provides a consistent view ofproject file hierar-

chies.
- cashell distributes build actions to host computers

on the local network.
These tools are integral to processintegrity. (A process
prescribes a set ofactions to be undertaken and specifies
the state ofthe processaftereach action. Process integrity
meansthat, at anypoint, the predicted state in the pro­
cess model matchesthe real state ofthe process.)

Other models delay software builds because of
computation costs,but the SIMP processencourages fre­
quentbuilds. It is ableto do this becausenmake and
cashell diminish the costs ofthe software builds by

distributing the builds. However, the SIMP and1WB mod­
els requiremorestoragespaceandmorecomputing
power from the computing environment than the tradi­
tional software building andtestingapproaches. In partic­
ular, the flexibility that developers enjoy with SIMP and
1WB is realized only with adequate file-system space and
computing cycles.

The project areas that alldevelopers share are
updated frequently to maximize sharingofthe generated
files. Also, before a developer submits changesintothe
project areas for integration, he or she mustdo a com­
pletebuild ina clean, standardized environment. This
minimizes integration errors that mightbe causedbythe
peculiarities ofhis or her private environment.

AsFigure 3 illustrates, 3DFS provides a unified
view forallproject files. It joinsthe concepts offile shar­
ingandfile partitioning, making it a natural formanaging
software releases. While developers may share a single
copy ofthe processfiles, 3DFS also efficiently supports an
individual's codechangesthat do notaffect the rest of
the team'scode. Also, because allSIMP and1WB tools
havethe sameview ofthe shared files, a separate copy
ofthe project sourcefiles is not neededforeachclean
software build. Although source-file sharingeliminates
duplicate source-file copies, eachdeveloper build could
generatecopies ofallthe project target files. Therefore,
enoughtemporary file space is still neededto accommo­
date private software builds.

In the model that SIMP produces, software builds
caneasily become the bottleneck. Insufficient computing
cycles canbringallproject work to a standstill. Tradition­
ally, projects haveattacked the problem bymigrating to
mainframe computers forproject software builds. Build
frequency usually slows as the mainframe computers
bog down, andallthe negative effects ofinfrequent
builds (which SIMP addresses) take control. Some pro­
jectsgo to the extremeofsubmitting software builds as
batchprocessesfor low-priority execution. Asa result, a
developer maynot see the resultsofa one-line code
changeuntilthe nextday.

The recent trend has been away from a few
monolithic mainframe computers that alldevelopers
share, and toward networked desktop microcomputers
or workstations, oneforeach developer. The networked
machines provide a solution to the compute-cycle crunch.
Even in the busiestorganizations, the local network usu­
ally has a few idleworkstations. These idle cycles
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I I File

Figure 3. When files are distributed over several directory
structures, 3DFS allows them to be merged Into a single vir­
tual directory structure. This Is analogous to symbolic links
of files. This three-dImensional view of a typical file system
allows a user to trace (or construct) the path to any direc­
tory, subdirectory, or file.

canbe used to reducebuild-eycle timesdramatically.
To distribute builds on the local network, the

build tool mustfirstbe ableto execute actions in parallel.
Thiscapability is provided as a fundamental partof
nmake'sbuild model. No Makefile changesare required
forparallel execution. To achieve parallel execution,
nmake sends actions overa pipe to a shellcoprocess and
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simply encapsulates eachaction-i.e., as {action} &­
forconcurrentexecution. Action status is returnedto
nmake on anotherpipe from the shell.

To implement network execution, wereplaced
the shellcoprocess with coshell, a process that dis­
tributesactions to shellson lightly loaded host comput­
ers in the local network. All network specifics are con­
centrated in coshell.

Aswith parallel execution, no Makefile changes
are requiredto enable network execution. The network­
specific partitioning is so complete that,when the proto­
type coshell wasfirst tested, nmakewasableto pro­
vide network execution without changing its implementa­
tion (i.e., the nmake executable didnotchange). Local
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Figure 4. Software
builds can be distrI­
buted when coshell
Is used with nmake,
The "frames"
represent host com­
puters on a local net­
work. The user Is on
the local host, where
he or she runs nmake,
which sends actions
to coshell.
Coshell sends
actions to shells (l.e.,
ksh) that are running
on remote hosts (or
possibly on the local
host). "Job" refers to
the child processes
(I.e., actions

requested) of the
parent k sh, There
may be many

children.

versus remoteexecution is controlled bya single envi­
ronmentvariable COSHELL=path that contains the path­
nameofthe shellcoprocess. This variable maybe set to
the path to the Korn shell, ksh (the default coprocess);
to the standard UNIX systemshell, sb; or to coshell.

Coshell runs as a background processforeach
user acrosslogin sessions. Because it uses the standard
rsh or remsh to connect with ksh on remotesystems,
no special privileges are neededto install, run, or admin­
ister coshell. ("Standard" means rsh is UNIX Sys­
tem V, while remsh is asc--Le.. the version ofUNIX
systemfrom the University ofCalifornia at Berkeley.
Bothremoteshellsprovide the samefunctionality.)

The only administrative requirement is that all
hosts on the local network must share the samefilename
space. (The collection ofallfile pathnames forms the
filename space.) This is not restrictive, becausemost

local networks are already configured thisway foradmin­
istrative sanity.

The maximum numberofconcurrent actions is
controlled either by the nmake option, - j nproc, or by
the environment variable, NPRoc=nproc, where nproc is
the numberofprocesses. Whatultimately limits the
speedup that coshell canprovide oversequential exe­
cution is the network file-transfer bandwidth. Build
speedups offourto sixtimeshavebeen common across
a variety ofsoftware-manufacturing environments. Thus,
with sixidlehosts available and NPROC=6, onecould
expecta build to be completed fourto sixtimesfaster.
To compile and linknmake on a Spare" 1workstation
requires6 minutes on a local host andonly 1minute with
coshell. This workstation is ratedat about10MIPS
(million instructions per second), and nmake consists of
about15,000 linesofsourcecode. (Spare is a registered
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trademark ofSPARC International. "On a local host"
means the software buildoccurs on onlyone host.As
Figure 4 shows, coshell mayalso use remote hosts.)

In practice, the speedups scalenicely. For exam­
ple,a projectthat has 1million lines of source code
recentlyconvertedfromold make to nmake with
coshell. The build times for this projectwent from
10hours before the conversion to 2 hours after it.

Speedupsare not limited to traditional compile­
and-link builds. (Traditionally, make and Makefiles
describe howto compile software fromsource code to
executables, althoughmake and nmake are not limited
to this. lWB is one example ofusing nmake in an untradi­
tional way.) If nmake Makefiles are used to describe
tests, then lWB can also use coshell to distribute tests
on the local network.

Also, nmake, coshell, and 3DFS are usefulin
their own right, not just in the SIMP-lWB environment.
They are a fundamental part of the migration path to
the software systems of the future. Projectsfacemany
difficulties: multiple target-hardware platforms, changing
development platforms, newcompilers, and the migra­
tionfromclassicC languageto ANSI Cand C++. (Classic
C language and its objected-oriented descendant,C++,
were developed at AT&T BellLaboratories. ANSI is the
American National StandardsInstitute.) With3DFS, each
step in the change can be overlapped independently on a
working system.Andwith coshell, nmake can run on
a tested development platform, whilecoshell executes
target-dependent actions (e.g., compilers) on a different
target platform.

Akey to the success of these three tools is
that they function well together andeach functions
effectively witheither of the others. If 3DFS is not avail­
ablefor a particulardevelopment environment, then
nmake provides an equivalent, although not transpar­
ent, fallback mechanism. Also, coshell is a compati­
ble add-on for networked environments. In short, a
correct nmake description (i.e., it does not use special
3DFS or coshell constructs) will workwithanycom­
bination of3DFS and coshell.

Conclusion
Everysoftware projectmust address the issues

ofhowto improve its software building and test pro­
cesses and what models, methodologies, and toolsto use
to implement those processes.This paper has outlined
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processes, tools,and techniques that offera potential set
of solutions for a widevariety ofsoftware-development
platforms.

The SIMP process and lWB (togetherwith3DFS
and coshell) forma methodology that givesa software
projectgreater and more efficient controlofthe product­
development life cycle. Yet, this methodology alsooffers
a generic solution in a set of toolswhoseconfigurations
allow them to meet the needs ofmany, heterogeneous
development environments. The savings achieved with
these tools in terms ofless chaos and less reworkmore
than compensatefor the added expenses for memory
spaceand computing time.
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