
Research in Software

David G. Belanger Computer-aided software engineering (CASE) tools are providing new and
Eric E. Sumner, Jr. more effective resources for product development ina rapidly changing

Peter J. Weinberger software industry. They area critical partofan increasingly competitive
environment inwhich software has become a significant partofall telecom­
munications products, and inwhich complex problems require solutions
that, paradoxically, reflect complexity ofstructure while making iteasier to
find quick and effective solutions to design problems. Thispaper examines
trends insoftware research in the 1990s in terms ofproblems and the tech­
nologies tohelp solve them.
Introduction: The Problem of Change

Research is aboutchangeandfinding
opportunities, within the change, to do things
better. In the pastdecade, several fundamen­
tal technical andnon-technical changeshave
occurred in software production technology
and in research to improve it.The specific
requirements ofproduct development­
which include non-technical changesand the
structureofresearch's relationship to the
developer-are driving the following trends:
- Concentration on elapsed time, as well as

on the traditional factors ofcost, quality,
andcustomervalue.2

- Masscustomization, i.e., the ability to
deliver products tailored for individual cus­
tomerswithout losing economies ofscale.

These and other trends havehad a significant
effect on the technologies investigated by
research. Indeed, the environment for soft­
ware production research itself has changed,
perhapsmostdramatically in the emergence
ofa dynamic industry to provide toolsfor soft­
ware production. Known as computer-aided
software engineering (CASE), this industry
supplies tools for the software life cycle, many
ofwhich would oncehavebeencreated inter­
nally by researchorganizations.

The ways software production
research interacts with its customers, product
developers, andavailable set ofproblems also
is changing. The currentdirection is toward
forming small teamsfor directinteractions
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between an organization's development and
researchareas.These trends are changing
both the crucial technologies that research
investigates, and the modeofthat investigation.

Unfortunately, sometrends in soft­
wareproduction are notchanging. Among
them are:
- The requirements for software within prod­

ucts continues to requiredeveloping more
complex software. Solutions to yesterday's
problems are insufficient.

- Notelecommunications company can
afford to see a competitor gainsignificant,
lasting advantage in software production.
Whathas changed is that the term "last­
ing" refers to a muchshorter interval than
in the past.

- Breakthrough ideasare rare,valuable, and
stilltake a longtimeto mature.

Thoughit is true wecanbuild some
typesofsoftware far moreefficiently than a
few yearsago, andthat systems thatwould
haveseemedhopelessly complex a decade
agoare now farmoremanageable, neverthe­
less the demands on software to provide prod­
uctdifferentiation continue to drive toward
higher performance, functionality, andcom­
plexity. This paperdescribes someapproaches
to software researchin the 1990s in terms of
the problems beingaddressed, someofthe
technologies currently under investigation,
and the methods ofaddressing those prob­
lemsandtechnologies.



Given the diversity ofproblems in software
development, and the natureofthe research, weattempt
in this paperto sketch somepromising currentareas.
Furthermore, we provide someinsightintowhatis
changing in software research. Wehope, and even
expect, that pleasant surpriseswill occurfrom directions
wehave not included here, and evenfrom unanticipated
directions. This paper, then, shouldbe read as a view of
someapproaches that may be used incoming years to
changethe way software development is done.

The Problems and The Technology
Asnotedabove, at least two trends are rapidly

changing the notion ofwhatissues are critical in system
development: productdevelopment time, and masscus­
tomization. In this section, weexamine someofthe impli­
cations ofthese changesin software technology and
someapproaches currently beinginvestigated inAT&T
Bell Laboratories to address them.

Time. To understand wheretimeis consumed in
building a largesoftware system, it is useful to think in
terms ofan activity model. Figure 1 is a simple model
that allows us to understand the activities taking place.
Mostcommon software lifecycle models are madeupof
the cycles described below, executed with different pack­
aging and ordering. Forexample, the classic waterfall
lifecycle model consists ofonly one "Requirements"
cycle, containing a single "Design" cycle. Onthe other
hand, the spiral-consistofseveral, muchshorter,
"Requirements" cycles, eachcontaining their associated
"Design" and "Implementation" cycles.

System development activities are classified into
three cycles or "loops" that are nested, one inside the
other. During software systemdevelopment, each loop is
executed repeatedly, and the inner loops are executed
morethan the outer.To a first approximation, wecan
look at the technology's time-saving ability to reducethe
requirediterations ofthe loops, and to reducethe length
ofeach loop. Many successesin this effort lie in the con­
ceptofkeeping individual feedback loops short. For
example, inspections and reviews provide earlierfeed­
backthan waiting untilthe end ofa loop. Note that this
model does not explicitly address the use ofconcurrency
to reducetime. Some ofthose issues will tum up inour
discussion ofcustomization.

The loops described in Figure 1 are:

- Unit loop. This is the innermost loop, the mostfre­
quently executed in mostprojects. Simply stated, it
involves creating, changing, or inspecting andtesting
a module. The module could be a document instead of
code. This loop involves the leastamount ofcommuni­
cation between andamong implementors, especially if
the systembeingbuilthas few design "sideeffects."

- Design loop. The entryto this loop is systemdesign;
the exit is a successful systemintegration test. Unlike
the unitloop, the design loop nearly always involves
extensive communication among implementors.
Because it includes many iterations throughthe unit
loop, the designloop tends to be longandsensitive to
the architecture ofthe systembeingbuilt.

- Requirements loop. This loop spansactivities from sys­
tem definition in terms ofexpected behavior through
testingto ensure that it behaves as specified. Hypo­
thetically, this loop only needs to be executed once.
However, requirements are likely to changeand
errors found duringa development project. Communi­
cation within this loop includes a significant amount
outside the development organization (e.g., cus­
tomers, communicating systems).

Performance ineach loop depends to a great
extenton the loop immediately outside it.Apoorly
designed systemwill be difficult to codequickly andwell,
anda poorly specified system will be hard to design. This
problem is magnified as software gets older. Poor
definitions or designs almost neverimprove merely by
adding features to the system.

Unit loop. Within the unitloop, time reduction
often is closely related to the speedandfunctionality ofa
few tools in the environment, and to the computer lan­
guageused.The reduction is evenmoreclosely tied to
the ability ofthe personexecuting the loop. Traditionally,
research intoreducing time spentin this cycle has
involved creating tools to analyze codeeitherstatically
(e.g., browsers) or dynamically (e.g., debuggers and
interpreters). Fastercomputers generally have had a dra­
matic effect on this loop simply by reducing the timeit
takes to do compiling and otherbasicfunctions.

Muchofthe current researchrelated to this area
is in languages, software reuse,and language environ­
ments.Some ofthese are general-purpose languages,
such as C++16 andML. 13 Othersare special-purpose,
such as Cymbal fordatabase manipulation, and PRL
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Figure 1. A represen­
tation of the software
development cycle,
showing the require­
ments, design, and

coding cycles and the
specific activities
that take place within
them.
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(switching database integrity) .15 Their unified purpose is
to reducethe linesofcodethat must be written to imple­
menta function, and to reducethe defects in that code.
This is often done, as with ML,by increasing the services
the language automatically provides (e.g., garbagecollec­
tion andconcurrency), and by increasing the language's
formality. With special-purpose languages, the increase
inservices usually includes services directly related to
specific applications, e.g., data manipulation with Cym­
bal. This allows the language to lookmorelikea natural
specification ofthe problem than likea traditional pro­
gramming language, therebyreducing errors in transla­
tionto implementation.

Atmost, reuse dramatically reducesthe number
ofiterations throughthis loop by providing prepackaged,
pretested"units." The present reuse levels are inade­
quate, andcurrent research is paying seriousattention to
technology to increase them.

Design Loop. In mostsystemsprojects, especially
wherethe waterfall model is practiced, the design
throughintegration phasesare viewed as a sequence
instead ofa loop. This is almost always a fiction, some­
timesperpetuated by making alliterations but the first
informal and invisible. The effect ofthis is reflected in a
common observation: "the only accurate documentation
is the code." That is, the systemwasredesigned many
times, but the only visible artifact is the codeitself.
Although CASE tools are an approach to this problem, the
morefundamental approach is to makevisible the rela­
tionships among all the artifacts: design, code, and

documentation, followed bycareful tracking ofprogram
changes. Asan example, Figure 2contains a visible rep­
resentation ofthe inheritance relationships between
objects in a small subset ofa c++ program. There are
other representations that are also useful, including con­
cise representations ofactual code, and representations
ofreplicated elements ofa system.

The SeeSoft software visualization system7

(Figure 3) allows analysis ofup to 50,000 linesofcode
simultaneously by mapping eachlineofcodeintoa thin
row. The colorofeach row, shown here ingray, indi­
catesa statistic ofinterest, i.e., the age ofthe changes.
SeeSoft shows dataderived from a variety ofsources,
such as version control systems, static analyses, and
dynamic analyses. Using directmanipulation andhigh
interaction graphics, the user can manipulate this
reducedrepresentation ofthe codein order to find inter­
estingpatterns. Further insight is obtained by using
additional windows to display the actual code. Potential
applications forSeeSoft include discovery, project man­
agement, codetuning, and analysis ofdevelopment
methodologies. This approach has the added advantage,
where inspections and reviews are used,ofconveying
moreinformation, morecompactly, to reviewers.

Decreasing the design loop interval andnumber
ofloops involves reducing the amount ofcommunication
neededto build a system. This reduction makes the com­
munication that remains moreeffective, and reducesthe
designdecisions. Oneproblem with both the design and
requirements loops is that the feedback cycle is long.
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Several techniqueshavebeen used to solve that prob­
lem,particularly reviews and inspections. Increased
prototyping, simulation, and analysis ofboth formal
designsand requirementsare alsobeing investigated as
approaches to this problem. Anumber ofspecific investi­
gationsare listed at the end ofthis section. They include
the graphicvisualization of software systems; software
information systems': design level languages; and reus­
abledesigntechniques.

Requirements Loop. The requirementsloop is the
longestofthe three feedback loops. Anerror found near
the end ofthis loop will cost orders ofmagnitude more to
fix than an error found near the beginning. This loop also
contains the information most subjectto ambiguity and
the user's taste.The trend toward "ease-of-use" is partic­
ularly important in this realm. Aswiththe design loop,
creatingshort internalfeedback loopsis a primary way
to reduce the loop'siterations. Moreover, because the
testing effort for telecommunications productsis a large
proportion ofdevelopment time and cost (30 to 50per­
cent), technology to reduce that effort is crucial.

In common withother loops, requirementsloop
specifications need inspections and reviews to reduce
feedback intervals. In some areas, modelsofpart ofthe
software system (e.g., finite state machines) are well
enough understoodso specifications can be written in a

Figure 2. This drawing shows relationships among objects in

a small piece of a c++ program. The relationships are of

object inheritance. In an environment where inspections and

reviews are used, this approach conveys more information,
more compactly, to reviewers.

formal language and analyzed forconsistency. This
approach has been particularly effective in protocol soft­
ware, and several research projects address different
aspectsofthe problem. 10

Analytical techniquesare especially appealing
because oftheir guarantees ofconsistency, and their
potential to significantly reduce testingefforts. We are
not yet at the point, evenin research labs, wherewecan
develop a significant productusingonlya specification
language. Evenwere that possible, the requirements ofa
systemare often ambiguous enough so wemustfirst
learn what they shouldbe.

Prototyping 'isan effective process to learnwhat
a systemshouldlooklike, assuming there are toolspow­
erfulenough to make prototype creation feasible. User
interfaces traditionally havebeen a fertile areaforproto­
typing tools, and research continues on graphical user
interface creation, now largely based on the XWindow
System.®ll ex Window System is a registeredtrademark
ofthe Massachusetts InstituteofTechnology.)
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Figure 3. A SeeSoft display of a directory with 20 files and
about 28,000 lines of code. Each file is represented as a
column and each line of code as a colored row (shown here
in gray). The color of each row is determined by the age of
the Modification Request (MR) that created the line.

Interfaces forforeign language charactersets,
becauseofAT&T's globalization, is an area ofincreasing
interest. Butsystemsrequire more than interfaces, and
there has been muchactivity usinghigh-level languages
in areas such as database management (including object
oriented and deductive databases), datacommunications,
and artificial intelligence. (Figure 4 shows an example of

a sample ofhigh level language statements.) Happily,
many ofthese languages are supported bysystems with
performance adequate enoughfor the product. This per­
formance strength allows developers to avoid largeparts
ofthe development cycle's innerloops.

The above techniques aimto reduce iterations of
the requirements loop, and mayhelpto reducetestingby
increasing confidence in the coding process. Theydo not
eliminate testing, nor do theypromise to displace testing
in the foreseeable futureas the mostdifficult part ofdevel­
opment. Researchers are looking at other approaches to
testing, both "white" and "black" box. Weexpect these
approaches to address two issues: minimal test and
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local: DATE .date cutoff = ~1-1-84~

set [ .date_cutoff ] = read( from cmd line );
with_no_heading
with c format "\n%s -> %1.8g avg units\n"

do Display
each_tuple_of
$[ select SUPPLIERS. Self • avg( ORDERS.Quantity

from ORDERS. SUPPLIERS
where ORDERS.Supp_Nbr = SUPPLIERS.Number

and ORDERS.Date Placed> .date cutoff- -
group by ORDERS.Supp_Nbr. SUPPLIERS.Self
order by SUPPLIERS. Self

] $

Figure 4. An example of a sample of high level
language statements, specifically a Cymbal
statement with embedded SQL. The statement
Is equivalent to a 300o-llne program written in C

language.

retest, and efficient exit criteria. (Black box meanswith­
out access to the code, white box meanswithaccess to
the internalsof the system.)

Minimal test and retest aimsto reduce the testing
needed for full confidence in a systemto that required by
the specific changes. Becausechanges to a large system
usually affect onlya smallfraction ofthe system,this can
result in significant time savings, and mayinclude tech­
niquesfor effective coverage withreduced inputsets.
Anotherapproach uses information fromcode changes to
determinethe minimal set ofnecessary regressiontests.

Exitcriteriafor testing focus on determining
whenenough testing has been done. The software relia­
bility engineeringfield is receiving widespread investiga­
tion insideand outsideAT&T. 14

AT&T research toward interval reduction by
reducingthe number or length ofthe cycles described
above include the following areas:
- General purposelanguagesand environments,

e.g.,ML, c++
- Special purpose languages for database

management and artificial intelligence
- Software visualization and software information

systems
- Design annotation
- Software reuse structure, objects, and tools
- Graphical user interface toolsfor prototyping and

production
- Test minimization
- Specification languages
- Specification and designprocess measurement

and improvement.

Mass Customization: Configuration and Reuse. The
biggestproblem in customizing software is changing a
few features without majoreffort. This problem is the
result of the necessity to combine piecesofsoftware in
different ways while assuringthat no unwanted effects
occurfromnewcombinations. Effective customization
thus allows one productto be delivered to several cus­
tomers meetingtheir exactneeds.Asimple example
would be to changefrom an OpenLook"graphical user
interface to a Motif" graphical user interface. (Open
Look is a registered trademarkofUNIX Systems labora­
tories; Motif is a trademarkofthe OpenSoftware Foun­
dation.) Anotheris to package features in different com­
binations, much as one purchasesfeatures packaged on
an automobile.

Oneway to view this problem is from the stand­
pointofseekinghigh levels ofreuse-Le., morethan
90percent-based on a large existing product base.
Anotherway to view it is in terms ofthe software asset
base for a systembeing designed and controlled so sev­
eral systemscan be builtfrom it.That is, the software
assets are configured forquickand accurate manufactur­
ing,testing,packaging, and shipping.

Software systemsare amalgams ofa "parts
inventory" that must be controlled and manufactured
according to precise rules.While a computer may have
50thousandparts" that mustbe manufactured with strict
quality control, it mayhave 10million linesofsystem
software, and many tens ofmillions oflinesofapplication
software whoseconnections to each other are evenmore
elaborate than the physical connections. It will also prob­
ablyhaveseveralmillion linesofdocumentation
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presented as text and pictures. These linesofcodeare
typically packaged as modules with contentsunder
changecontrol. Alarge systemmayhavethousands of
modules, eachwith many versions. Thus, manufacturing
amounts to choosing the right modules and assembling
them intoa product. Wemustbe ableto recreateoldver­
sionsofthe system, and must protectagainst arbitrary
(buteasily made) changesto the system.

Configuration Management. Figure 5showsa collec­
tionofsoftware assets (e.g., code,documentation, test
scripts), and someofthe multiple dimensions that affect
howtheyare partitioned. The dimensions include:
- Location ofthe assets (including wide-area, global, dis­

tribution)
- Multiple versions ofeach module
- Multiple developers working in parallel (i.e., view-

pathing)
- Reuse ofthe assets within the system, and inother

systems
- Change control (tracking requests formodification

andtheir resolution)
- Targetmachines, or portability.
(Note: viewpathing is a technique ofusingfile path­
namesto provide users with specific logical views of
their file systems.)

The configuration management function is the
ability to quickly selectappropriate modules from a large
set, andforward them to automated systemsfor manu­
facture, testing, packaging, shipping to customersites,
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and on-site installation. For example, wemay wish to
reconstruct a systemthat is scheduled forshipment late
this year,and currently is in systemtest.This implies
that wewantthe latest"official" (i.e., completely tested
and released) version ofthe code (version management),
as well as the modules that are newor changed, replac­
ingcorresponding "official" modules (i.e., viewpathing).

In a common but somewhat simplified scenario,
someofthe "official" or changedcodemay havebeen
written by programmers at anotherlocation, so arrange­
mentsto find it mustbe made. In particular, this could be
a set ofobjects beingreused.Assuming this systemmust
run on several versions ofthe UNIX® operating system
wewill haveto selecta form ofthe systemappropriate to
the target machine. (UNIX is a registered trademark of
UNIX System Laboratories, Inc.)

Configuration management allows a developer to
view and manufacture a single system. This is preferable
to askingdevelopers to reconstruct the system theyneed
manually from a combinatorial explosion ofpossible sys­
tems. Forexample, in a simple systemmadeupoffour
libraries updated quarterly, three tools updated semian­
nually, andwherethe systemitself is shipped bimonthly,
the explosion could amount of12,288 possible combina­
tionsin anyyear (256 x 8 x 6 = 12,288). While many of
the combinations are not feasible, this suggeststhe ease
with which complexity ofa largesystemcan increase.

Classical version management techniques, e.g.
the Source Code Control System," are designed to view



Figure 6. A diagram of
a process, In this
case the process of
updating a software

system, that has
been automated
through a language
for specifying the pro­
cess' behavior.
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versions offiles (small pieces ofsystems) andchangesin
those files, rather thanan instantiation ofthe system itself.

Akeyresearchgoalin this area is to reduce-even
eliminate-the complexity caused bythe explosion ofpos­
sible systems, from the developer's view ofthe system.
The developer will view a single system, chosenfrom the
variety that are actual possible. Some ofthe issuesare:

- Naming (aS andfile system)
- Consistency (database)
- Compaction
- Notification (process, communication).

The current researchaddressesthese issues
from different directions, allaimed at reducing the feed­
backloop from design throughcode, build, test,and
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backto design. The research includes workon a new
operating system1 with global naming structures that
should be useful forconfiguration in software develop­
mentenvironments. It alsoincludes workon UNIX sys­
tem file systemextensions 12 that embedinformation on
software asset partitions within the file system, where it
is available automatically and easily to alltools.

Consistency is a problem whenever modules are
copied, particularly overwide geographical distances.
Compaction is necessaryto reduce storage spaceand
traffic between systems, especially large systems. The
experiments on "naming" (i.e., giving something a
unique nameso that it can be referredto on a computer)
include newtechniques to address the problems ofcon­
sistency and compaction.

There are manyresearch projects currentlyin
progress to understandand reduce the complexity of
software development. These include workon:
- Distributing operating systems
- Filesystemsforconfiguration management, e.g.,

3DFS
- Event notification and processspecification systems
- Processcaptureexperiments
- Wide area configuration systems
- Configuration and build systems.

Process. Finally, the previously described tech­
nologies and loops are embedded in development pro­
cesses that accurately describe the development activi­
ties. Like a computer progam, a development project has
both control flows and dataflows. Increased amountsof
research are nowaimed at specification, instrumentation,
analysis, execution, and improvement ofsoftware devel­
opment processes. Some ofit is directedtoward automat­
ingpartsofa processthrough specification, some at
analysis techniques for understanding and improving
existing processes, and someat proposals for newcon­
troland information flows.

Asan example, Figure6 shows a diagram ofa
process that, as an experiment, has been automated
through a language forspecifying the process'behavior.

Research and Development Collaboration
Two ofthe mostimportant contributions of

AT&T Bell Laboratories to software production method­
ology, the c programming language and the UNIX oper­
atingsystem, werecreatedby researchers for research­
ers, andweregradually adopted by the development
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community. However, researchers can no longeruse
themselves as developer surrogates, andgradualadoption
is too slow in a world oftime-based competition. There­
fore, this traditional model ofsoftware production
research is giving way to collections ofsmall teamsof
developers and researchers working on particular con­
junctions ofproblems with specialized technical expertise.

These collaborative teamstypically evolve outof
many conversations inwhich researchers try to under­
stand critical development problems andwhattechnology
mightbe createdto help solve them.Whenthe collabora­
tionssucceed, developers find timely solutions, while
researchers gain understanding and a fresh set ofareas
for investigation. Two examples ofthis approach follow.

Nmake6 has evolved since 1986 through a series
ofcollaborations between researchand multiple business
units. Itbeganas an enhancedsoftware construction tool,
and is nowa centralelementin configuration management
ofmanylarge,distributed development systems. This evo­
lution has included the development, by researchersand
developers, ofseveral relatedtechnologies (e.g., the
Sablime" computer program"), and finally, the develop­
mentofdefined, repeatable processesforefficiently using
an integrated collection ofrelatedtechnologies (e.g.,
SIMp7). (Sablime is a trademarkofAT&T.)

PRL5 is an enhancedversion ofthe PRL4 lan­
guagefor specifying database integrity constraints. It is
supported by toolsthat automatically generate c code
that checks the constraints. In the lastyear a teamof
eight researchers and developers has defined PRL5,
implemented several processors for it, and developed
documentation and training. This collaboration maysave
the AT&T 5ESS® switch organization tens ofmillions of
dollars. The benefits for the research organization may
be correspondingly large,andwould include:
- Newprogramsfordeveloping tools, such as Astar, a

generalization of awk that operateson program parse
trees.

- Newinsightsintothe design and implementation of
specification languages

- New algorithms forderiving constraints on database
updates

- Aformal calculus fordatabases
- Asystemfor reverseengineering oftransaction-based

c programs.
Researchers working in collaborative teams maybe frus­
trated by the many project-specific issues that mustbe



solved. Developers maybe waryofthe additional risk.
However, it is through such teams that they mayachieve
what is perhaps the greatest advantage they havein
working at AT&T: access to each other.
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