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We describe a collection ofresearch efforts aimed at
increasing software productivity and quality. Some
projects seek to understand and improve the process of
efficiently creating, controlling, and assembling the
products ofsoftware development (i.e., software and
documentation). In these areas, the problems relate to
the complexity ofmanaging communications among a
software product's elements (including people) and of
managing many versions of the product, each ata dif­
ferent stage ofits life cycle. To address these goals,
several research projects provide more supportive lan­
guages and programming environments for building
pieces ofa product, or make available more powerful
software development environments for integrating
these units into a system or product. Other
approaches, aimed at tools and concepts that change
prevailing software life cycles, include automating the
creation ofsoftware. Results ofresearch in this direc­
tion suggest potential for dramatic improvements in
productivity and quality.

Introduction
Software-all the associated documents and code--often absorbs more
than 80percent ofthe development time and costofmajor computer­
based systems. Therefore, basic improvements insoftware technology
can dramatically affect the software development process.

This paper provides a guided tourthrough some ofthe research
at AT&T Bell Laboratories thataddresses opportunities for improving
large-scale software development. (Panell defines acronyms, and Panel
2 identifies software tools and languages.) The goal of this research is to
build the technology base for a large increase insoftware productivity
and quality. This tour does notexhaust the wide range ofthose research
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efforts. Instead, it stops at a few points ofparticular inter­
est, providing a glimpse ofsome technologies thatmay
help revolutionize the way software is developed. In gen­
eral, theseexperiments are among those thatare mature
enough to have taken onsome form and may become tools
for software development within five years.

Levels of SoftwareDevelopment Activities. Numerous
problems are encountered when a software project "scales
up" to a system that requires many developers and has a
life cycle ofmany releases. When we view the technology
required to develop large-scale software products, it is
convenient to consider activities at three levels ofcomplex­
ity-product, system, and unit-each with a software
development environment to support it.

Theproduct level's primary concern is to support
the development and maintenance oflarge, multirelease
software products over a complete life cycle (seePanel 3).
Amultirelease product owes much ofits complexity to par­
a�lel entities ofmany types thathave tangled relationships.
For example, programmers may be working inparallel on
various parts ofthe system, and different releases ofthe
system may exist inthe field at the same time. Also, there
are likely to be several versions ofeach module in the sys-
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tern and a variety oftargetenvironments onwhich the
system must run. One goal ofresearch at the product level
is to reduce this complexity to nearly thatofa single pro­
grammer updating a system with only one version.

The system level is concerned with creating a sin­
gle release ofa working system, completely testedand
with associated documentation. Adriving force is toward
software generation ofsystem partsand integration
(reuse) ofexisting software into complete systems. Con­
siderable research concentrates onthe front end ofthe
system life cycle, topics such as specification and design



technologies. Various studies have indicated that 50 to 70
percentof the errors discovered during system testing
resultfrom problems with the interface that integrates the
unitsintoa completed system. So, a primary concern at
the systemlevel is to eliminate these errors.

The task ofcreating the individual modules ofa
system-often called "programming in the small"-resides
at the unit level. Here, much of the research thrust is on
more powerful, integrated support forcreating, testing,
anddebugging units, as well as onautomating the genera­
tionprocess. Besides software modules, the units include
components of the requirements, documentation, andtest
scripts, andnearly all parts of the system life cycle.

As Figure 1 illustrates, many tools are available
to create software units efficiently. Historically, there has
been much active research in this area. Although fewer
tools are available to aid the system and product activi­
ties, there is growing awareness that they are essential
to further productivity gains. As a rule of thumb,' to
advance one level in Figure l-e.g., produce a system
from a collection of units-requires three times the
effort of the previous level. Thus, a multirelease product
costs about nine times as much to develop as the associ­
ated units.

Research intotools that will support the product,
system, andunitactivities inapplication-software develop­
mentprojects typically involves building prototype software
"tools" that embody the concepts ofthe experiment. This
prototype software is often complex, but typically does not
involve large teamsofprogrammers working inparallel.
Given these characteristics, we commonly use the ele­
ments ofthe unitdevelopment environment to build
research software, just as weuse themto develop applica­
tions. However, the needsofapplication development are
much more pronounced in the system andproduct
activities.

In the rest of this paper, weintroduce a few
research projects that could advance the software develop­
ment process. Forsimplicity, the sections relate to
activities in Figure 1 andthe likely application ofthe
research. Butmany research efforts support more than one
level, andsomeare attempts to createintegrated environ­
ments to manage all levels.

Product Development Environment
Here, weexamine some research into problems of

developing andmaintaining large, multirelease software
products overa complete life cycle. This requires control
and evolution ofall parts of the product, as well as automa­
tion ofthe process. Figure 2 illustrates part ofthat process
fora single releaseofa software system.

At this level, onemustcoordinate control ofparal­
leI lines ofdevelopment withcommunication about the
software product. At any given time, programmers will be
working ondifferent modules, while maintainers, testers,
documenters, andotherswill be working ontheir respec­
tive parts of the system. Many versions ofthe system­
usually fordifferent machines-willalso existand be in
use concurrently, versions subject to maintenance
changes, future versions, andonandon. The problem is
similar to trying to assemble several copies ofa puzzle
while various contributors remove pieces at will from any
copy, change their color andshape, and thenreplace them.

Even the smallest change to a major, multirelease
system is a complex undertaking. Forexample, to find and
fix a bug, onemustat least:
- Determine what versions ofeachsoftware module were

used to create that release.
- Tryto recreate the release exactly as it existed previ­

ously.
- Isolate andrepair the faulty code.
- Determine ifother programmers are changing parts of

the samerelease.
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- Rebuild and test the fixed release.
- Log changes and reasons for them.
- Perhaps fix laterversions ofthe system likely to be

affected by the changes.
Therest of this section discusses research ona

prototype operating system and a software database that
addresses some problems and needs for multirelease prod­
ucts. The research entails collecting, retaining, and
manipulating:
- Information about the objects (e.g., programs or docu­

ments) associated with the product
- Relationships among theseobjects
- Rules that govern the use and generation ofthe objects

(e. g., for generating the executable form ofthe
product).

Conceptually, this forms a software information system
that will support decisions and automate the process of
putting together software products. These efforts, like
much ofthe otherresearch at thislevel, are oriented
toward managing and reducing complexity.

We thendiscuss new visualization aids thatare
appropriate for the product, system, and unit levels.

AnAdvanced SoftwareDevelopment Environment. Cur­
rently, researchers are experimenting with a prototype
enhancement- ofthe UNIX® operating system thatpro­
vides enriched file (object) typing and object relationship
mechanisms. Their goal is to provide a perspective that
lets a programmer view and operate onthe software sys­
temas his or her own. In this environment, the standard
view is that ofone programmer working ona large, one­
version system.

The concept ofversions ofanobject is embedded in
the file system as a data type thatsupports all current
types offiles and directories. In addition, the concept ofa
continuation directory is provided as a relationship among
objects (e.g., files, directories, versions). Acontinuation
directory generalizes the concept ofa viewpath3 for objects
thatanindividual controls, butwith a "view" to the
remainder ofthe system. Aviewpath is a model thatover­
lays different versions ofobjects insuch a way that the
user sees only the "top" ofa stack ofobjects thathave the
same name. This approach extends the original model by
providing transparency across all tools, file systems, and
nodes onnetworked computers.
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Figure 1. Support toolsavailable andeffort required as soft­
ware projects scale up. Units, systems, andproducts referto
software's levels of complexity.

In Figure 3, two programmers-Dick and Mary­
are modifying a system that includes objects (e.g., soft­
ware, documents), such as A, B, and C. Each object has
several versions. Here, red represents the latest "official"
release ofthe software product. Asystem tester, Tom,
views the current (green) version ofthe upcoming release
that includes a new object, D. Because module B is
unchanged, Tom also sees the official (red) version ofB.
Dick, who is fixing module Ainthe previous release, hasa
copy ofthe module (blue) inhis private workspace.But
Mary is modifying her own private version ofthe new
release object D (yellow).

In thisenvironment, which is a variation ofview­
pathing with the transparent addition ofversioned objects,
Tom views the system as the test version (green) followed
bythe official version (red). [That is, the system he will
test consists ofall test (green) objects plus those official
(red) objects thatdonothave a test (green) copy.] But
Dick views the system as his private workspace (blue) fol­
lowed bythe official (red) version, and Mary views it as
her private workspace (yellow) followed by system test
(green) and official (red) versions.



Figure 2. Control and
evolution process for
a single release of a
system.
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Theprototype makes all thisfunctionality trans­

parent to developers (unless they need to see it; for
example, to compare successive versions ofanobject). It
manages all types ofobjects (not merely ASCII text files)
and, perhaps most important, simplifies adding new tools.
Some tools currently provide part ofthis functionality for
the build process (principally nmake combined with
SABL£4), butnotfor othersoftware processes.

Because these relationships are embedded inthis
operating system, software developers use theirfavorite
tools without modification. Standard UNIX system tools,
such as vi or grep, and newer software, such as tools
for static analysis (e.g., cia, the Cinformation abstrac­
tor;" or sam ue 1, a C-code browser and editor), areused
as ifthiswere a single system with one version.

This prototype now provides a basic environment
for experimenting with a variety oftools. Some are user­
level tools for convenient access to the system's functional­
ity-for example, a version control system to:
- Control adding and deleting versions ofanobject.
- Log the information onreasons for changes.
- Manage otherrequired data onobject versions.

Others are current research prototype or standard devel­
opment tools that, when they use this prototype operating
system, have access to many more views ofa system.

The capability that this prototype operating sys­
temprovides has already significantly increased thepower
to understand the structure and internal relationships inan
evolving system. For example, we can use cia, described
next, to map the differences ina system's call graph that
are caused bythe introduction ofa new release. (A call
graph shows what functions call each function inthe sys­
tern.) With viewpathing, we can show this difference
dynamically as the new release is being built.

Further research will investigate the useofa vari­
ety ofprograms thatautomatically execute, based on
activity inthe underlying system. These programs are
likely to take onmuch more intelligence and provide auto­
mation. For example, when a new version ofanobject is
created, they may warn otherusers ofrelated objects or
update relationships. We can easily imagine programs that
initiate tasks, such as partial system build or selective
regression test, when appropriately stimulated. They
might even try to remerge automatically separate branches
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Figure 3. Viewpaths andversions. Mary and Dickare pro­
grammers working ondifferentversions of system modules;
Tom is testingthe "n'ext" releaseof the system. A, B, C, and
D represent objects (software, documentation).

ofanobject's version tree, addressing the common prob­
lem ofmanaging reused objects thathave been modified in
many ways.

A SoftwareDatabase. Another experiment investi­
gates ways for a software system to derive structural
information so it can analyze and restructure itself. The
initial prototype, anenhanced version ofcia, 5 collects
information aboJtthe static structure ofsoftware systems
written inC language and stores the data ina relational
database. One aim is to automate system actions based on
analysis ofthe database.
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The current database contains information on
global variables, functions, macros, data types, and files,
along with theirrelationships. The database is structured
for fast, incremental updating-a requirement for use on
large systems. We can derive all thatdata by analyzing the
syntax and static semantics (e.g., type definitions) ofthe
source code. For a small program or system, that informa­
tion would be stored inprogrammers' minds or easily
displayed ona sheetofpaper. But inlarge systems, a pro­
grammer deals with only a fraction ofthe system, and the
total display can runto tens or hundreds ofpages.

Some ofthe useful information thatcan be derived
from this environment is well understood-for example, a
system's call graph. Which functions depend onglobal vari­
ables or are reused is also easy to derive. Thesystem's
dependency ontransitive closure with a given object can
be calculated and usedto understand the effect ofchanging
or eliminating thatobject and its closure. For example,
suppose we need to change the type ofa parameter thatis
passed to a function during system maintenance. We can
use the dependency calculation to determine where to
change the code.

Currently, the research addresses four issues:
- Scaling upto verylarge systems. This includes issues

such as incremental build ofthe database and manage­
ment ofparallelism. As nmake evolves, it will become
a critical tool inthisprocess.

- Deriving software metrics based onthe database to
support decisions such as system restructuring. Clearly,
this requires robust metrics to serve as objective func­
tions for defining improvements or optimizations.

- Extending thisdatabase to objects outside the source
code. Examples might be test scripts, design informa­
tion, semantic information about some ofthe objects, or
dynamic information based onsoftware execution.

- Extending these techniques to otherlanguages, particu­
larly object-oriented languages such as C++,6 and
languages that support parallel programming such as
concurrent C++. 7 This will introduce new problems in
describing the network ofsoftware objects because the
system will have to understand the object hierarchy (in
the language sense).

Through analysis ofthe data gathered and visual pattern



recognition, avenues will be opened for comprehending
and improving the structure oflarge systems.

Aids forVisualization. We are onthe verge ofmajor
advances inunderstanding large systems through visualiza­
tion ofpatterns. In the past, oursoftware developers
rarely used color or graphics because software projects
were naturally intractable and multidimensional. But some
new work suggests that visualization can be a powerful ally
to understanding anevolving system's structure and opera­
tion and identifying opportunities for improvements.
Another component ofthisdeveloping technology is the
ability to interact with graphic displays.

To understand a large system's static and dynamic
aspects, we are using new interactive techniques to display
directed graphs. For example, da 9 (draw a graph)" uses a
variety ofoptimizations and heuristics to convert a listofa
directed graph's node adjacencies into a display ofthe
graph. (Node adjacency can identify the functions that call
a particular function and any functions thatit, in turn,
calls.) To generate displays, dag usessome newly devel­
oped algorithms, based on the network simplex algorithm,
that are optimal inlength ofedges and have good heuristics
for minimizing edge crossings. As a result, it automatically
draws displays ofdirected graphs thatvisually convey as
much information as possible about the underlying struc­
ture ofthe graph.

Da9 provides theability toinvestigate-inreason­
able time, even for large systems-the many properties that
adirected graph can represent. An example isexhibiting
structural properties ofcall graphs ordependency graphs. In
lessthan anhour, da9 hasbuilt graphs for asystem thathas
more than 2500 functions and 8000 connections. Typical
graphs aredone inlessthan asecond.

Figure 4 is anexample ofa call graph for a small
system ofabout 4000 lines ofCcode. Notice that this sys­
temhasa function, xyz, that is notcalled within the
system. By viewing the graph, we can see that xyz and
part ofthe subtree it calls can be removed. On the other
hand, some functions thatare part ofthe subtree must not
be removed because they support functions otherthan
xyz. Finally, we see some functions (e.g., xmalloc)
thatare called bymany different functions and are strong
candidates for reuse inothersystems.

Much ofthe current experiment is aimed at:
- Understanding what should be presented (i.e., what

information has maximum value inpattern recognition)
- How it should be presented
- What new algorithms will be needed to support it.
We are also experimenting with the use ofcolor-for
example, ingraphs ofstatic relationships-to show special
relationships, reuse opportunities, or excessive dependen­
cies. Also being examined is the use ofthis capability for
dynamic system aspects and for visualizing data structures
as partofa debug or trace mechanism.

Athird component ofthis approach is the ability
to comprehend and interact directly with the display ofa
graph or network. This capability allows users to manipu­
late, filter, and view entities represented by nodes inthe
graph. Aprototype system, called bonsai, thathas this
capability hasbeen built. Bonsai's input is typically the
output from a layout program (such as daq), so it com­
pletes a loop ofextracting, displaying, and manipulating
objects described by that information.

System Development Environment
Here, we look at a few research projects that

address the system level's core problem: creating a single
version ofa working, tested, and documented software
product. Thesystem level includes a single pass through all
phases ofthe traditional software life cycle-fromrequire­
ments, to design, to release.

Improvements intechnology for building large
systems start with tools that simplify prototyping and for­
mal specification.v TheInterpretive Frame System (IFS)lO
is one ofthe earlier successes. IFS supports incremental
prototyping ofhighly interactive systems thatcan be mod­
eled as a network oftasks (frames). Another example is
PAISLey,l1 the executable specification language oriented
toward distributed, real-time systems. It can be used to
describe implementation-independent models or proto­
types ofsoftware systems. These models can beexecuted
to simulate the proposed system's behavior and perform­
ance. PAISLey can also be usedto model the proposed
system's environment, thus providing early documentation
and, eventually, a testbed for the developing system.

Of course, one ofthe most powerful prototyping
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Figure 4. Call graph for a small system. Because nothing
calls xyz and some of its sUbfunctions, xyz and those
subfunctions can be eliminated. A function that many func­
tions call, e.g., xmalloc, is a candidate for reuse.

toolkits is the UNIX system itself. We can use the shell as
a programming language and paste together members of
the rich collection ofsmall tools.

However, individual specification and prototyping
languages typically address only partofthe problem for
large systems. These languages must allow for easy, seam­
less integration with the products ofotherapplication
generators and with handwritten code. This leads to other
research to make the interconnections between separately
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built "units" more error free.
Atthe system level, perhaps the most important

concern is theplatform, or set oftools, onwhich the exe­
cuting system will run. This typically includes the
operating system, a database management system, and a
collection ofapplications-oriented software such as form
and menu managers or reportgenerators. Thehigher the
level ofthe platform, the less the work required to develop
the running system and the more likely that techniques
such as prototyping can be used effectively to shorten the
system life cycle's front end.

We will give examples ofthreegeneral-research
directions for better ways to build large systems.
1. Seamless integration ofseparately built units. This



direction seeks to improve the quality ofthe original
requirements and reduce the large amount ofsystem
work thatgoes into integration. For example,
Lnscape" provides a way to specify and check inter­
faces between a system's functions as the system is
being designed, thereby capturing more errorsbefore
integration.

2. Higher level platforms for key tasks. This direction
hinges onfinding a model ofcomputer processing thatis
general enough to include many applications, and find­
ing anappropriate language inwhich developers can
express theirapplications. Research projects described
here relate to two such models:
- Event-driven systems, such asPegasus/PML. 13

Transaction processing and network operations are
examples.

- New models ofapplication development and user
interfaces-such as Counterpoint, 14 a reasoning­
based graphics toolkit.

3. Higher level interfaces for automatic generation of
application programs. This direction is closely related
to the second one in that it also requires a broad model
ofcomputer processing and anappropriate application
development language. Automatic programming is illus­
tratedbythe wa t son and rip prototypes. 15.16

Seamless Integration of Software Systems. Software
systems are prone to specification and implementation
errors. Specification errors tendto be the most expensive
to correct because the feedback cycle is so long. Thatis,
a specification error thatexisted onday 1 can persist
through the design and implementation phases, only to be
caught near the endwhen the system first cycles. Imple­
mentation errors occur largely because ofpoor
communications between specifiers and developers, or
poorly documented and communicated expectations.

For a smoother passage along this error-prone
journey, two things seemed clear:
• We had to exercise and debug the specifications earlyin

the cycle. This ledus to consider instituting more for­
mal procedures for capturing, specifying, and
prototyping system requirements.

• We had to capture and monitor the expectations of
everyone involved. This ledus to createa development

environment that polices the formal requirements
throughout the process.

Formal interface specifications. Inscape, anexperi­
mental software development environment for system
construction and evolution, consists ofanintegrated set of
tools centered around the constructive use offormal inter­
face specifications. It implements two independent
concepts:
• Formal interface specifications and anunderlying

semantic interconnection model. (This concept is dis­
cussed below)

• Thepolicies, structures, and mechanisms for handling
"crowd control" problems. (Crowd control involves
tracking and communicating changes when many pro­
grammers work inparallel ona large, multirelease
system.)

Theheartof inscape is Instress, its interface
specification language thatenforces consistent use ofinter­
faces as new components are being implemented.
Empirical studies have shown" thatnearly 68 percent of
the errorsthatappear at system integration and test time
are program-module-interface errors. Through formal
specification ofmodule interfaces, inscape seeksto
eliminate 75percent ofthese interface errors (orabout 50
percent ofthe total system-integration and test errors).
These specifications include details about data initialization
and constraints, operation preconditions and results, and
exceptions and theirimplications.

Instress usesHoare's input/outjJutpredicate
approach to enable module-interface designers to describe
semantic intent for objects in the interface. Input predi­
cates (assertions) describe the assumptions (preconditions)
to be satisfied for anoperation to execute properly; output
predicates describe the results (postcondition) when opera­
tion is properly executed.

Hoare's approach is extended inseveral ways, so
it applies to module interfaces used in large software sys­
tems. First, some results ofanoperation-such as
requirements to clean updata structures or to deallocate
buffers-are better described as obligations than postcondi­
tions. (Obligations are predicates thatmust eventually
become true at some point afteran operation's execution.)
Second, operations often have multiple results (mostly
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Figure 5. Schematic
representation of the
Counterpoint proto­
type, a forms
package. "Widgets" is
the XWindows system
term for icons, clocks,
and menus.
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exceptions), particularly where robust, fault-tolerant soft­
ware is required. Third, predicates are used to describe
the properties and meaning ofdata types, variables, and
constants.

The importance ofmodule interface specifications
in inscape lies intheirpractical utility, nottheiruse for
program verification. Inscape provides a shallow form
ofsemantic-consistency checking thatemphasizes pattern
matching and simple deduction, notdeep inferencing. In
this way, inscape can make practical use ofpredicates
asthe basis for the underlying semantic interconnection
model and constructive use ofthesespecifications.

Higher Level Platforms. As the practice ofgenerating
code with software tools becomes more common, even for
performance-constrained systems, the targetlanguages
and run-time systems can become barriers to higher level
generation. Anexample is the need for dynamic memory
management, important when programming by hand or
generating anentiresystem, butmuch more so when gen­
erating pieces ofa system thatmust latercooperate with
each other. Also, demand is increasing for systems that
appear integrated to users, i.e., provide anextensible vari­
ety offunctions without losing performance. Finally,
platforms should provide fast context switching; thatwill
require efficient, flexible interprocess communication
(IPC).

Environment generation. What motivates Pegasus
research," anexperiment inhigher level platforms, is a
desire to support the generation ofboth programming and
application environments, especially applications driven by
real-time events. Two major features being explored are
lightweight processes and automatic "garbage" collection
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(release allocated memory when it nolonger is needed).
Lightweight processes require few system

resources, are inexpensive to createand destroy, and put
little burden oncontext switches. When implemented ina
shared memory model, as is typical, they can provide very
fastinterprocess communication. With appropriate lan­
guage support, the IPC bandwidth can be further enhanced
to permit passing high-level data objects between proc­
esses. When the objects are read-only, the communication
becomes nothing more than passing a pointer from one
process to the other.

Themechanism for providing Pegasus features in
a safe and coordinated way is PML, its system language.
Pegasus is the run-time environment for PML that, in
tum, provides the semantic model for Pegasus. PML was
designed to be a good target language for program genera­
tion, and flexible enough for writing the "system" code and
semantic actions thatmust be supplied byhand.

PML hasstrong support for data abstraction,
which is further enhanced byPML's event mechanism.
Commonly, a process may need to wait for events gener­
ated by multiple objects, modules, or processes. If the
language includes event values, we can provide this wait
interval byreferring to the way the event is generated,
such as a channel or process event, or as a timeout.

Extensible interactive environments. Asecond
approach to building systems based onhigher level plat­
forms looks at applications thatare highly interactive and,
as above, are built as a collection ofprocesses with shared
data. 18 This work, a prototype graphics toolkit called
Counterpoint.> extends the philosophy ofsmall reusable
modules to the interactive bitmap graphics world. The



modules can be designed to allow application developers to
customize interfaces simply, while ensuring that their
applications have consistent and friendly interfaces for less
experienced users.

We are using Counterpoint (Figure 5) to experi­
mentwith high-quality, extensible programming and
application development environments. Eventually, it will
let application developers describe-with one set ofcon­
structs-the construction ofgraphics objects such as
icons, clocks, and menus (called widgets inthe XWin­
dows ™ system); interactive screenlayouts; and the
sequence ofinteractions with the application's user. (X
Windows is a trademark ofthe Massachusetts Institute of
Technology.) The constructs are based onnotions from
truthmaintenance systems (TMSs)19 and constraint propa­
gation. From anapplication development viewpoint, the
TMS permits the use oflogic to determine the flow ofcon­
trol between objects. To insulate the traditional hostside
ofanapplication from the interactive part, communications
are funneled through the TMS, which actsas the system's
database. The TMS, in turn, controls and communicates
with the objects.

The use of constraint networks makes it possi­
ble to run computations forward and backward, solving
for unknown quantities. In such a system, a small per­
turbation in a node may activate the rest of the network.
This model is effective for many, common layout prob­
lems found in interactive computer graphics. It will be
useful for other applications, such as visual shells (e.g.,
the Macintosh™ computer's user interface), spreadsheets
and analytic tools, form and file management, and net­
work applications. (Macintosh is a trademark of Apple
Computer.)

Automatic Programming. Both wat sou" and r Lp"
automatically generate code based ona specification, an
approach that raises the level at which applications are
built. These prototypes address threeneeds inbuilding
large systems:
- Prototyping to determine requirements
- Consistency and completeness checks ofthe require-

ments as theyare developed
- Eventual generation ofexecutable code thatmatches the

specification.
Watson. The wats 0 n prototype computes formal

behavior specifications for process-control software-spe­
cifically telephone call control software-frominformal
"scenarios" thatrepresent traces oftypical system opera­
tion. As Figure 6 shows, watson generalizes scenarios
into stimulus-response rules, usesthe rules to build and
refine a partial finite-state-machine model, and then audits
and augments the rules to repair inconsistency and incom­
pleteness. Finally, it produces a formal specification for the
class ofcomputations that produce the scenario, and
proves compatibility with a set ofdomain axioms.

Aparticular automaton from the computations
class is constructed as an executable prototype for the
specification using weak temporal logic. To generate the
final code, watson does a series oftransformations on
the resulting finite state model (FSM) and its state transi­
tion rules. To validate the resulting program, we can test it
against the user's original scenarios.

Thedomain axioms codify common-sense hard­
ware constraints (e.g., aphone can't ring if it isoff-hook),
rules oftelephone etiquette (e.g., yourphone shouldn't ring
ifyou're not being called), and logic (e.g., for something to
begin to be true, it can't already be true). These axioms tend
to remain fairly stable for a large class offeatures within a
given problem domain.

Rip. The rip prototype gives improved fault­
tolerant behavior to program modules inlarge software
systems. Its contributions, as compared to earlier auto­
matic programming approaches, include a rich diversity of
programming knowledge inits knowledge base and support
for modular system designs through formal interface
definitions.

As Figure 7 shows, rip's output is a robust pro­
gram module thatexhibits run-time error detection and
damage confinement. Rip derives this output from a naive
program module (i.e., one with no error legs), a specifica­
tion of"interesting" failure modes, and formal module­
interface specifications similar to those that inscape
could provide.

Rip lets a programmer specify and fine-tune an
error-handling strategy for a particular application, and
thenapply this strategy mechanically to every module in
the application. During a project's early phases, developers
can specify maximum error checking to simplify integra­
tion testing. Later, they can gradually relax the error-
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Figure 6. A system's
scenarios as pro­
duced bythe watson
prototype, an auto­
maticprogramming
tool.

checking constraints to achieve real-time performance
goals. Ideally, one could adjust a system's error-handling
strategy while it operates, but rip does not yet support
this. Currently, we must freeze anerror strategy into code
at compile-time.

Ineffect, rip provides analternate way tospecify
errorstrategies. Because thestrategies can come from a
library ofknown, trustedtechniques and aremachine inde­
pendent, thisapproach aids thecause ofprogram reuse.

UnitDevelopment Environment
The development ofunits ofsoftware, documen­

tation, and tests is the "atomic" taskinbuilding a large
software system. Typically, a large system will be decom­
posed through several layers, the lastbeing the individual
(atomic) units thatmust be coded. Ideally, and occasionally
inpractice, the basic unit is available inanexisting library
or can be created by program generators." This should be
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true for documents as well as software, especially at the
generation level.

Activities at the unit level are more diverse than at
the system and product levels. Traditionally, the unit level
has beenthe source ofthe most progress insoftware
development research. Today, there is a remarkable collec­
tion oftools to create, debug, and improve individual
programs inenvironments such as the UNIX system. The
projects we describe are among those thatprovide­
without losing the powerful array oftools currently avail­
able-more integrated support for unit development and,
often, partsofthe larger system. The aim ofthis research

. is to create environments that combine the highly suppor­
tive characteristics ofinterpretive systems with those
needed for a multiperson project that uses compiled lan­
guages such as C and C++.

AnIntegrated Environment forC Programming. One
direction ofresearch at thislevel is directed toward a fast,



Figure 7. A viewof r 1p, an automatic codegenerator.

interactive environment forcreating, editing, browsing,
executing, debugging, testing, andmaintaining C-Ianguage
programs. In currentenvironments (e.g., UNIX systems),
individual tools serve many ofthese functions. The aim of
thiswork, called Cens (for C environment system), is to
create software with more functionality that:
- Works togetherina flexible andintegrated way
- Preservesthe ability to use individual tools as needed.

At the heart of Cens is a C source-code inter­
preter, cin, supported byan incremental loader that links
object files andlibraries to interpreted routines. It is in
cin that the C functions are created andinitially tested.
Ci n hasan incremental parser that accepts andchecks full
C syntax, while providing complete breakpoint andtrace
facilities. These facilities let a programmer create code,
test it immediately, andrun indebugging mode. Perhaps
moreimportant for large systems, a programmer canuse
cin during maintenance to learnhow existing modules
operate byrunning themin interpreted mode, while the
rest of the system runs in compiled code. Finally, cin
supports software reusebecause new routines canbe indi­
vidually created, tested, andefficiently integrated withthe
rest ofa working system.

When scaling upto work on large systems, per­
formance is a critical issue. An incremental loader is used
withcin to minimize run timebylimiting the interpreted

portion to routines underdevelopment, while executing
the bulk ofthe program as compiled code. For cin, cur­
rent benchmarks indicate interpreted code is 35 times
slower than compiled code. Because a programmer can use
any combination ofsource andobject code, execution time
andmemory requirements are sharply decreased. If, for
example, 5 percentof the code being worked onwere
interpreted and95percentcompiled, thenthe overall pro­
gram would run about twice as slow. Thus, onepays only a
small price for the productivity benefits of thismore inter­
active andresponsive system.

Cin executes from flow sets, which are combina­
tions ofbasic blocks with transfer-of-control instructions.
The symbol table for the loader andpreprocessor, along
with the C-Ianguage identifiers, is kept inmemory to allow
expressions to be enteredandinterpreted in the appropri­
ate context.

A source code browser. The C interpreterhelps pro­
grammers understand a module's operation during
development or maintenance. An interactive source-code
browser, samuel, extends that ability, allowing them to
investigate intermodule andintramodule relationships. In
this environment, programmers cancreatea window for
viewing information about the network offunctions that
call or are called bya current function. Or, theycan call up
a window withthe definition usedin the currentmodule
butnot defined in the module. Sam ue 1 combines the
capabilities of the sam editor with C-language browsing
capability, as found in cacope," and includes otheron­
line support facilities.

As the Masterscope browser (for the Interlisp"
language) andthe Smalltalk" language browser have done
for their environments, samuel helps the developer
unravel the complex networks ofsubroutine linkages that
are typical oflarge software efforts. (Smalltalk and Inter­
lisp are trademarks ofXerox Corporation.) Samuel, like
escape, provides suchinformation as where variables
are used, where functions are defined, andwhat functions
call and are called bya given procedure. In addition,
samuel lets developers view multiple code segments
simultaneously, tag important information, and easily
access results ofprevious searches through menu items.
Therefore, it is easyto trace a variable's effect on the pro-
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gram through several levels ofprocedure calls.
Samue 1 is especially useful for maintaining and

debugging massive programs. It is also useful for walking
through on-line code, traversing complicated file organiza­
tions, integrating voluminous code, coordinating work of
programming teams, and training. Although a preliminary
version hasbeenwritten inc++ language, work will be
done to handle the richer functionality ofthe language.

Research extensions. These are some ofthe current
extensions and new directions:
- Investigate capabilities to support debugging and pro­

gram visualization.
- Closely integrate the interpreter, browser, incremental

debugging, and visualization facilities.
- Integrate "hypertext" relationships with the existing

browser functionality ina distributed environment.
(Hypertext refers to nonlinear documentation systems.)

An Environment for Text Creation. Inmost large sys­
tems, at leastas much effort is expended ondocuments
(requirements, design, documentation, etc.) as oncode.
Thus, advances intext processing lead to productivity
gains for the overall software development process. Two
critical issues for large software development projects are:
how to generate the pieces ofdocuments efficiently, and
how to relate them to eachotherand to the software.
Notice that theserequirements directly parallel those for
code. An additional need is for developers to relate code to
relevant documentation, which will help keep requirements
and design documents upto date with code changes.

Document preparation. An ongoing program of
research is aimed at simplifying document creation, auto­
mating layout, and discovering the proper integration of
interactive and batch publishing systems. An earlier fruit
ofthis work is a database-driven document formatter,
called monk."

Aprototype program> hasbeenbuilt for con­
structing tables interactively by direct visual means, not
verbal specifications. Because this WYSIWYG (what you
see is what you get) table editor also reads and writes
tbl, it integrates with existing UNIX system software. A
writer can readinor type new data into anexisting tem­
plate, or createthe table from scratch. As characters are
entered, the table expands butretains the desired align­
ment. Aswith tbl, text can span multiple columns or
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rows. Using a mouse and menus, the writer can add or
delete rows and columns or cut, paste, and copy entire
subtables. The surrounding context adjusts "intelligently"
to include the new information.

Other work addresses the need to isolate and
implement "galleying" primitives to produce high-quality
documents. These primitives permit the writeror docu­
ment designer to place pictures, tables, bitmaps,
equations, and secondary textautomatically; flow text into
shapes or around oddly shaped artwork; and adjust vertical
spacing to avoid problem pages in documents. C-Ianguage
code can be mixed with macros, making complicated text
processing algorithms easier to express and faster to run.
(Macros are codes that tell UNIX system formatters how
to process the document's material.) Also, the C-language
routines can be modified at runtime using the incremental
loader in Cens.

Text and code relationships. Theproblem ofmaintain­
ing the relationships ofdocuments from various phases of
the software life cycle is fundamental to managing develop­
mentinlarge systems. As Figure 8 suggests, text creation
dominates the early stages ofa software system's life
cycle, and code-related activities dominate laterstages.
Typically, the documents runto thousands ofpages and
often contain more lines than the source code. But ifwe
use current methods, there is nofeedback across the
dashed line inFigure 8. Thus, if the documentation is not
repaired, it starts to become obsolete when coding begins.

We can consider the set ofunits ofdocumentation
and code as a set ofnodes thatare connected by links and
can be shared among documents. Each document is a col­
lection ofthesenodes and links, organized nonlinearly ina
computer, rather than linearly as ona printed page.
Changes to any piece ofthis document and code network
should propagate through the network so that the entire
entity reflects a consistent state.

Current work is focused onthe design and imple­
mentation ofa demonstration hypertext shell thatcan be
used to write a range ofapplications. Questions thatare
being studied inthe context ofthese applications include:
- How can naturally related materials be linked automati-

cally?
- How can thismedium impose consistency when partsof

a system are changed?



Figure 8. Text and
code In the software
life cycle. Feedback
on changes currently
doesnotcross the
dashed line.

- What browsing aids are needed to navigate through such
a complex network?

The long-term goal ofourresearch onhypertext
systems is to give developers anintegrated view ofall doc­
uments, notes, comments, and source code. This should
improve understanding and encourage continued use ofthe
documents throughout the software development cycle.

Summary
We have described a collection ofresearch efforts

aimed at improving the technology for large-scale software
development. They include experiments with tools that
support creation ofa software system's individual units,
automatically generate systems' platforms onwhich to
build applications, and provide environments thatmanage a
system's pieceparts as it evolves. These efforts represent
a variety ofapproaches for overcoming obstacles to devel­
oping high-quality software more productively. They also
illustrate some ofthe problems thatmust be addressed
when building a large software system.

We divided this paper into unit, system, and product
environments toreinforce theunderstanding thatimprove­
ments mustcome from several directions. Because these
tools will address problems caused by software's size and
complexity, they arequalitatively different from those an
individual programmer uses. Thatis, thetools themselves
will bedifferent from standard programming tools.

Ata more abstract level, one can detect several
common threads in the work we described:
- Hidden comPlexity-Several oftheseprojects try to

manage automatically some ofthe complexity oflarge
system development, so the project team's members
need notbe aware ofit. Examples are work onthe
Advanced Software Development Environment and
inscape.

- Increased context-Any change to a large software prod­
uctis likely to affect otherpartsofthe product. Tools

such as Cens, cia, and, a little further out, the hyper­
text work will give software developers immediate
information about the way theirwork relates to therest
ofthe system.

- Generation-The generation oferror code with rip
and requirements with wa ts 0 n simplifies or eliminates
parts ofthe development cycle, condensing its length.

- Higher level plaiforms-Platforms provide specialized
services to software systems inaneasy to use, highly
tuned way. Theplatform for anapplication can control
the productivity and quality ofthe resulting product. We
described two platforms, Pegasus and Counterpoint.

- Anarysis-To evolve into an engineering discipline,
software development must analyze its products quan­
titatively and structurally. It must also provide a
feedback loop so that these analyses affect ongoing
design and development. The work in cia and
inscape on analyzing software structure, as well
as the work on visualization, leads in that direction.
Often, the ability to analyze implies additional struc­
ture or formalism in the languages or processes used
to develop applications.

Thework we described builds ona long list of
systems thatoriginated as research prototypes and sub­
stantially affected the way software is developed at AT&T
and elsewhere. Several ofthesesystems aredescribed in
this issue. Some research efforts we described will also
yield tools thatwill become standard elements ofAT&T's
development environment. In each case, thenew proto­
types will be subjected to a rigorous process oftechnology
transfer. 24 .
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