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Asoftware information system collects information about
large software systems inknowledge and data bases. It
includes applications built on thesebasesto provide easy
access to software information or to automate elements
ofthe software development process. Work inthisarea
isproceeding atAT&T Bell Laboratories inthree related
directions. The C Information Abstraction system
automatically extracts information from Clanguage pro­
grams and storesit ina relational database. It includes a
growing collection ofapplications ofthis information.
The MView system provides graphical views ofinterre­
lated software andlets a user quickly browse software
systems. The laSSIEsystem represents large amounts
ofsoftware information in a formal language and pro­
vides intelligent assistance in retrieving software com­
ponents. Progress inthese three directions is reviewed
inthispaper.

Introduction
The growth in the sizeand complexity oftelecommunication

software is fastoutpacing the ability ofanyindividual or groupofindivi­
duals to understandlarge systems. Many systemscontain more than a
halfmillion linesofcodeand range up to large switching systems of3
to 5 million linesofcode each. Asthe software portion ofour products
increases, the competitiveness ofAT&T productsis increasingly deter­
mined by the software that runs them. For example, the 5ESS® elec­
tronicswitching system, AT&T's largest switch (itcan serveover
100,000 customerlines), is controlled by complex software responsible
for providing plain oldtelephone service (POTS), a variety ofadditional
features, such as callforwarding and data transmission forbusinesses,
IntegratedServices Digital Network (ISDN), and internal functions
such as collecting and collating billing information anddetermining
that the switch is functioning correctly.'



There are manyproblems that arise in the devel­
opment ofverylarge scale software systems. They share
somecommon traits withlarge projects in other discip­
lines (e.g., verylarge construction projects). Among these
are the needs for schedulingofpeople and materials, sur­
mounting unpredictable hurdles,and assuringquality.

Another classofproblems is unique to software­
those involving extensive andfrequentmodification.?
Because the functionality oflarge software systems is
continually evolving, modification activities include the
addition ofcomplex newfeaturesas well as fixing bugs.
The compound annual growthrate ofsome systemsis as
highas 40percent overa life cycle longer than 10years.
Adding newfeatures is especially important in competi­
tive telecommunications software, and the interaction of
features greatlycomplicates maintenance. Other rea­
sonsfor the difficulty ofmaintaining software include:
1. Software systemsare so large that no one person

understandsmore than a fraction ofthem.
2. Knowledge about the systemis distributed over

several sources: documents (which are often out-of­
date),human experts, and the code itself.

3. Software evolves overa longperiodof time, during
which the structure that maybe initially present may
degrade.

4. Structureand conventions are extremely difficult to
preserve, because the structure is invisible. The
invisibility problem waswell describedby Brooks,"
whopointed out that, unlike buildings, software has no
inherent structure that can be easily represented in
blueprints or other documents.

Software Information Systems. Asawareness ofthese
problems has grownduring recent years, a variety of
tools and systemshavebeen builtto address them. A
software information system (SIS) is a computersystem
that represents information abouta large collection of
software and provides access to that information in a use­
ful way. The designand appearance ofa SIS depends
heavily on its applications. For example, one can ima­
ginea software oracle, representingvast amountsof

information and capable ofanswering verycomplicated
queries aboutsoftware. This can be contrasted with a
sophisticated software browserwhere the emphasis is
on fast, supportive humaninteraction. In the latter
case,a user maybe happyto do the cognitive work,
probably involving examination ofthe code itself, but the
SIS provides rapid access to the sourcefiles and makes
evident relationships between codeentitiesthat are not
obvious, likefunction callrelationships and data struc­
ture dependencies.

Regardless oftheir designor targeteduses,
software information systemshavefourkey aspects:
- Acquisition. The information represented in a SIS

mustbe acquired, and shouldbe acquired in as auto­
mateda fashion as possible. Acquisition toolsare crit­
icalifthe information is to be reliably up-to-date, and
the information that can be acquired will, inherently,
define the potential usefulness ofthe system.

- Representation. The information has to be
represented,and the expressibility ofthe representa­
tionscheme will affect the powerofthe SIS.

- Accessibility. The information has to be accessed in as
useful a way as possible. This does not imply accessi­
bility by a humanonly; often, a SIS will serveas a back
end to other tools.

- Applications. ASIS will havea collection ofapplica­
tions, some ofwhich maybe straightforward, such as
supportfor browsing code,and some ofwhich maybe
quitecomplex, for example automatic extraction of
reusablesubsets ofa software system.

These issues ofacquisition, representation, access, and
application are interdependent and determine the utility
ofa SIS.

SIS at AT&T Bell Laboratories. This article describes
three related research efforts within AT&T Bell labora­
tories to develop software information systems. First,
the C Information Abstraction System (CIA) forautomat­
ically extracting information from C code is presented,
with a set of sample applications that use the datathat
CIA produces. This set oftoolshas already proven to be
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Figure 1. Software
information system
directions. A program
database is the foun­
dation of research
efforts. Two
directions-LaSSIE
and MView- are
aimed at improving
the process of
"discovery" for
software maint~

nance and reuse. A
third dlrection·­
CIA-is aimed at
understanding, evolv­
ing, and improving
software designs.
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a powerful aid in the analysis ofexistingC programs. (A
version of this capability for C++ has recentlybeen com­
pleted.') Next, the laSSIE system is discussed. Basedon
formal knowledge representation and inference technol­
ogyand encodingseveral"views" ofsoftware for the
Definity" 75/85 telecommunication systems, laSSIE
allows a user to formulate and answercomplex queries
about the software. Then we discuss the MView system
for providing graphical access. This system features
high-bandwidth graphical views of interrelatedsoftware
objects, and combinesfastgraphical browsing with
display ofdifferent levels of related information abouta
singlesystem. We conclude witha briefdiscussion of
future work in software information systems.

Figure 1 indicates the directions each ofthe
above projects is takingand the primarymotivations for
those directions. All the projectsare driven, at the ele­
mentary level, from information about the source code of
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a software system, i.e., a program database. The formats
of the programdatabasesvaryby project, as described in
later sections.

Twoofthe directions taken are aimed at improv­
ing the process of "discovery" for software maintenance
and reuse. (Discovery is the ubiquitous process offind­
ing out enough about a software systemthat one can
proceedwithconfidence to change it.) laSSIE is con­
cerned withaddingconceptsand domain (e.g., PBX)
knowledge to the process so that users can interactwith
the system in a languagerelated to their application. It
accomplishes this by the use offormal knowledge repre­
sentationand inference technology. MView, on the
other hand, seeks to broaden the scopeofobjects that
can be investigated (e.g., including file directories) and
to integrate this information by means ofa fast, expres­
sive, user interface. Finally, CIA applications are
oriented to understanding, evolving, and improving
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Figure 2. The C Infor­
mation Abstraction
System. The C
abstractor converts
textual representa­
tion of C programs
Into a relational data­
base. Developers use
the Information viewer
to query the database.
The software Investi·
gator Is a collection of
tools that presents
graphical views and
high-level Information
about program struc­
tures.

software designs. Some applications automate previ­
ously manual tasks, while others provide supportfor the
software designer. Integration in CIA is done by broad­
eningthe information in the programdatabase (e.g., by
annotation), by integration withrelated software data­
bases,and by the individual CIA application programs.

Automatic Acquisition
Ideally, a software information systemshould

have its information collected through an automatic pro­
cess. Because programtext is usually the onlyreliable
information source that can be processedautomatically,
extracting programinformation fromtext is a sine qua
non of software information systems. This section
describes the C Information Abstraction System.v" a col­
lection of toolsthat extractand process relational infor­
mation from C programsand makethe information avail­
able to applications.

The Database Approach. The CIA systemcontains
three major components: the C abstractor, the informa­
tion viewer (InfoView), and the software investigator, as
shown in Figure2. The C abstractor is an acquisition

tool. It convertsthe text ofa set ofC sourcefiles
(modules) intoa set ofentitiesand relationships accord­
ing to a simple model ofthe key relationships in code. A
relational description ofeach sourcefile is recorded in its
own incremental database. The incremental databases
are then linked together to constructthe complete pro­
gram database. Make7 checks the timestamps ofeach
file and invokes the C abstractoron a file onlyif that file
has been modified sincethe creation ofthe lastprogram
database.

Wechose a relational database representation for
the programinformation so that it can be accessed bya
variety ofdatabasemanagement systemsand tools,
including Awk," INGRES,9 and our InfoView system. A
collection oftoolshas been builtto processthe relational
views to provide graphical views and somehigh-level
information aboutprogramstructures. These toolsare
collectively called the software investigator andare con­
sidered the primitive application toolsthat canbe used to
constructother applications.

This databaseapproach has several advantages:
- The partition between information abstraction and
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Panel 1. A Textual View of Trans
<trans.c>
1 'include "coor.h"
2 'define FNUM 2
3 'define DELTA(x) (x + l/x)
4
5 extern COOR *rotate();
6 extern COOR *shift();
7 typedef COOR *(*PFPC) ();
8
9 static PFPC ftable[FNUM] - {rotate. shift}
10 int tsize = sizeof(ftable) / sizeof(PFPC);
11
12 trans (angle)
13 int angle;
14 {
15 £table [0] (angle) ;
16 shift (DELTA(angle» ;
17 return(tsize * sizeof(COOR»;
18 }

<op.c> <coor.h>

26

1
2
3
4
5
6
7
8
9

//include "coor. h "

COOR *rotate(degree)
int degree;
{ /* ... */ }

COOR *shift(distance)
int distance;
{ /* ... */ }

1
2
3
4
5
6

//define DIM 2
typedef struct coor COOR;
struct coor {
int point [DIM] ;
COOR *next;
} ;

presentation allows applications to skipthe time­
consuming parsingprocessand concentrate on analyz­
ing and presentingthe information in various forms.

- Aprogramdatabasecan be processedeasily by stan­
dard query languages such as SQL on most relational
databasesystems.

- Linking a programdatabasewiththe databasesfor
other languages or software documents is a natural
extension.

We are currentlyin the processofbuilding information
abstractorsfor C++, Makefiles, and Korn Shell scripts'?
usingthe same approach.

CIA's Model of Code. The mostcritical design deci­
sionto be madeabout the programdatabaseis its ontol­
ogy, or schema,which defines the software entities, attri-
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butes, and relationships to be stored in the database. It
servesas a specification for the C abstractor, and deter­
minesthe knowledge that allCIA-related toolscan provide
to users. Acarefully designedschemawill reducethe
storage requirementwhile satisfying the needs ofmost
applications.

The C abstractorrecords information aboutfive
kinds ofglobal entitiesin C programs: files, macros, vari­
ables, types, and functions. Anentityis global if its iden­
tifiercan be referenced acrossboundaries ofentitydefi­
nitions in C programs. We refer to these five typesof
entitiesas CIA entities. Local entitiesare ignored because
they tend to increasethe sizeofa databasesubstantially
and they affect onlya small context. Moreover, their infor­
mation can easily be generated on the fly if necessary.



Panel 2. A Relational View of Trans
Entities Attributes of ft a b 1 e

file:
macro:
type:
variable:
function:

trans.c. coor.h. op.c
DIM. FNUM, DELTA
struct coor. COOR, PFPC
ftable. tsize
rotate, shift. trans

Relationships

file:
data type:
name:
storage class:
beginning line:
ending line:

trans.c
PFPC
ftable
static
9
9

entity 1 relationship entity 2 comment

trans.c includes coor.h file to file
PFPC refers to COOR type to type
ftable refers to PFPC gbvar to type
ftable refers to FNUM gbvar to macro
ftable refers to rotate gbvar to function
ftable refers to shift gbvar to function
tsize refers to ftable gbvar to gbvar
tsize refers to PFPC gbvar to type
trans refers to ftable function to gbvar
trans refers to shift function to function
trans refers to DELTA function to macro
trans refers to COOR function to type
trans refers to tsize function to gbvar
COOR refers to struct coor type to type
struct coor refers to COOR type to type
struct coor refers to DIM type to macro
op.c includes coor.h file to file
rotate refers to COOR function to type
shift refers to COOR function to type
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To illustrate howthe C abstractorconvertsthe
textual representation ofC programsinto a relational
database, Panel 1 showsthe text ofa simple C program
t ran s. After the analysis, the C abstractordiscovers 14
CIA entitiesas shownin the first part ofPanel2. The
attributes ofthese entitiesand the relationships among
them are stored in the programdatabase. For example,
the declaration ofthe global variable ftable shownin
Panel 1 resides in trans. c, has the data type PFPC,
starts at line9, and ends at line9. Therefore, the C
abstractorcreates the attributelist of ftable shown in
the secondpart ofPanel2. Each ofthe 14entitieshas a
similar attributelist. Reference relationships extracted
between these entitiesare shownin the third part of
Panel 2,under "Relationships."

The C programdatabasecan be processedby

anyrelational databasesystem. We alsoprovide a sim­
ple information retrieval systemcalled InfoView that
allows users to perform simple querieson the database.
The main InfoView commands are
- def: display the attributesofentitydefinitions or

declarations
- viewdef: display the text ofentitydefinitions or

declarations
- ref: display the relationships between entities
- viewref: display the text ofentityreferences

These commands are based on the concepts of
entities, attributes, and relationships describedabove.
Auser needs to understand only this simple model to
use the InfoView commands. Aknowledge ofthe
underlying relational database schemaor a complex
querylanguage is not required.
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example.main

Figure 3. A function call graph. The C Information Abstrac­
tion System automatically generates this picture of the
function layers and fan-Ins and fan-outs of a small program.
No human intervention Is needed.

Applications of CIA Program Databases. The mainrea­
son to buildprogramdatabases is to supportapplications
that need to access programstructure information. This
section demonstratesthe powerand extensibility ofa
programdatabaseby showing howit can been used to
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drawgraphical views ofprogramstructures, extractself­
contained subsystems, eliminate unusedprogramenti­
ties (deadcode), restructure software, and compare pro­
gram structures. These tasks used to be considered dif­
ficult and time-consuming, but they are nowbeingcarried
out easilythrough automatic toolsthat take advantage of
the programdatabaseinformation that CIA provides.

Graphical views. Information stored in the program
databaseis oftenused to generate picturesthat show
interestingaspects ofthe internalprogramstructure.



struct relation H _
struct hposition

struct hscope

struct header

struct hinfo

struct htable

struct hbucket
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Tools havebeen developed to convertrelationships in
the C programdatabaseto graph descriptions that can
be laid out automatically by dag, a toolfor drawing
directed graphs."

We illustrate two typesofautomatically gen­
eratedpictures. Figure3 showsthe function callgraph
ofa small program. The relational information was
retrieved from the database, and the picturelayout was
done automatically by dag without anyhuman interven­
tion. It showsclearly the function layering structure and
thefan-ins and fan-outs ofeach function.

Figure4 showsa set ofdata structures and their
relationships in a library. Cycles in the pictureusually
representrecursive referencesoccurring in data types
suchas linkedlists.

For large programs, the directedgraphs gen­
erated by dag do not fiton a singlesheet ofpaper. For­
tunately, dag provides a pagination featureforpartition­
ing the directedgraphs. Graphfilters that hide unneces-

Figure 4. A data structure map. This is another type of pic­
ture that the C Information Abstraction System generates
automatically. It shows data structures and their relation­
ships in a library. CIA handles larger pictures by partitioning
systems into pages.

sary details in various ways havealso been used. The
next section showshowto retrieve a logical subset ofa
software systemfor display.

Subsystem extraction. Often it is useful to extract
and reuse one or more self-contained subsystems from an
existing system. Asubsystemcan be analyzed and reused
in a contextindependent ofother components in the origi­
nal software system. For example, supposethe staticvari­
abledeclaration ftable in Panell is to be extracted and
reused in a newsystem. Notethat the variable declaration
alonewill not compile in the newsystembecausethere
are missing references. To solve the problem, allentities
referred to directly or indirectly by ftable need to be
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extracted and copied to the newsystem.
Subsys is a toolthat computes the reachable set

(subsystem) ofanyentityby tracingits relationships
with other entitiesalong allthe reference paths. For
example, the reachable set of ftable consists of
three macros (FNUM, PFPC, DIM), two data-type
definitions (COOR, struct coor), and two function
definitions (shift. rotate). They must be brought
overto the newsystemfor the declaration of ftable
to compile. Without a programdatabase, it would be a
time-consuming and error-prone processofmanual
inspection to identify these entities.

Besides applications in software reuse and
reconfiguration, subsystem extraction is alsoa useful
mechanism forlogically partitioning dag pictures
derived from large programdatabases.

Dead code elimination. Normally, if a global entity
(except the programstartingpoint) is not referredto
by anyother entities, then it is a goodcandidate for
deletion. For example, the function
fill spec table shown in Figure3 has a fan-in of
zeroand shouldprobably be deleted. (To be precise,
allkindsofreference relationships defined in the CIA
conceptual model shouldbe considered in computing
the deletesets.)

Before deleting anyentity, we need to deter­
mineits delete set, which specifies allthe deadcode
associated with it. The deleteset ofan entitya, Da,
consists ofallthe entities in its reachable set, Ra, that
do not belongto the reachable set ofanyentityoutside
Ra. This ensures that allunusedentities are deleted in
a singleprocessand that the programbehavior is not
affected afterdeadcodeelimination. For example,
There are sixfunctions in the reachable set of
fill spec table, but fourofthem (open source,
check fop~n, fop en, and get fields) are in the
reachable sets ofother functions and thereforecannot
be deleted.

Besidesdeadcodeelimination, the program
database has alsobeen used to detect unnecessary
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header files. These applications are used heavily bypro­
jectswith memory and performance constraints.

Software restructuring. Software maintenance activi­
ties usually cause program structuresto deteriorate over
time. Whena programbecomes unmaintainable because
ofevolving complexity, it may be desirable to restructure
it to save future maintenance cost.

For example, suppose it is desirable to move the
static variable ftable shown in Figure2 from the file
trans. c to the file op. c because ftable is found to
be moreclosely coupled with functions in op. c. Sucha
seemingly simple task mayrequirea verydetailed exami­
nation ofthe entities and relationships involved. For
instance, somedeclarations that are used bythe variable
haveto be moved for it to compile successfully in the
newfile. The scopeofthe variable has to be changedso
that the function trans in trans. c canstillrefer to it.
Because bothfiles haveto refer to the datatype PFPC, it
is better to move that typeto the header file coor. h,
which is shared by the two sourcefiles.

Atoolcan use the program database to do this
checkingand then take properactions automatically or
provide suggestions to programmers. For a humanpro­
grammerto do allthis checking in a largeprogramming
project is almostinconceivable. For this reason, most
project managers havenot liked the ideaofrestructuring
dormantcodeeven if the codecontains obvious design
deficiencies. Onetoolto do part ofthis now existsin
prototype form. Considerable workstill remains to be
doneon robustmetrics-guided restructuring.

Metrics. Oneofthe uses ofa program database is
to supportthe analysis ofsoftware systems. Thiscan
take the form ofstructural analysis, as above, or of
metrics to describe properties ofthe system. Besides
obvious statistical metrics, wedescribe a few interesting
metricshere to showthe potential ofthe database:
- Weight: This metric refers to the numberofentities

that an entitydependson, i.e., members ofits subsys­
tem as defined in "Applications ofCIA Program Data­
bases." The weight ofan entityusually indicates the



amountofeffort required to manipulate it. For exam­
ple, to completely understand a heavy entity, it is
necessaryto understand a large number ofentities. To
reuse it in a different systemmayinvolve copying
manyrelatedentities. Weightcan alsobe used to par­
tition a large dag graph in such a way that the
weights ofthe partitions are balanced.

- Cross Coupling: This metric refers to the number of
cross referencesbetweenentitiesin two modules
(files in C). Asystemwith low coupling numbers
confines the ripple effects ofmost changes.

- Binding Strength: This metric refers to the number of
same entityreferencesshared by two entities. Two
entitieswitha large bindingstrength shouldbe
grouped in the same module because they manipulate
similar objects. In C++, memberfunctions ofthe same
class usually refer to the same set ofmembervari­
ables. We are investigating the possibility ofhelping
C programmers whowantto converttheir programs
to C++ by analyzing the shared referencesbetween
pairsofC functions.

Muchofthe workhere is aimedat understand­
ingthe value ofindividual metricsand the information
theyconvey. The above metricshave the potential of
beingused in analyzing the evolution ofthe designofa
software system.

The LaSSIE System
Aswe haveseen, the CIA systemconstructsa

program databasethat reflects the syntaxofthe code ofa
largesoftware system. Thus information that has a syn­
tactic manifestation in the source code,such as what
functions a givenfunction calls, can be acquiredautomat­
ically. This code level knowledge plays a vital role during
the discovery process. (With large software systemsof
the sort weare discussing, discovery-finding out
enough abouta system- can take more than 50percent
ofthe average developer's time.) Aswehavementioned,
discovery is one of the key tasks to be supported by
software information systems.

Duringthe processofdiscovery, the program­
mer attempts to develop an in-depth understanding of
the piece of the systemforwhich he or she is responsi­
ble. This processcan be thought ofas askingand
answering a series ofquestions relevant to the current
task. To gain some insightintothis process, weasked
programmers in the Definity 75/85 systemproject to
keep track ofthe questions they askedand answered
duringthe discovery phase oftheir work. Byanalyzing
these questions, welearnedthat, in addition to the syn­
tactic code level view, there are other pointsofview
taken by developers; these maybe characterized as con­
ceptual or semantic. Sofar, wehaveidentified fourviews
in all that play an important role in the processof
discovery:
1. The architectural view, which describesthe general

process/message-passing designofthe systemand
howeach component ofthe systemfits in the overall
framework.

2. Thefeature (or customer) view, which describeshow
the systemlooksto its user and whatcustomerfeature
each component supportsand how it supportsit.

3. The code view, which characterizes the structuresof
directories, files, functions, data,etc., in the system.

4. The domain model view, which capturesthe basickey
operations ofthe domain (e.g., switching), such as
allocating a trunk or terminating a call, and howthese
operations are implemented in the system.

In a typical discovery scenario, questions will be asked
that combine more than one ofthese views, as forexam­
ple, ''Whatmessagesare sent by a processin the net­
worklayerwhenan attendantpushes a buttonto activate
the 'hold'feature?" and ''WhatCfunctions causean inter­
national tolltrunk to be allocated?"

It is our long-term research goal to capturethese
different views, integratethem,and makethem available
to programmers for general-purpose question answering.
The laSSIE (large software systeminformation environ­
ment) systemis our first attemptto do this.12 In laSSIE,
we use a formal knowledge representation (KR) lan-
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guage to describe potentially reusable parts ofa large
software system, and we answerqueriesfrom program­
mers usinga formal inference algorithm that runs over
these KR structures. Aprogrammer describesan opera­
tionthat he or she is interestedin reusingor just learn­
ingmore about, and the inference algorithm compares
the queryand the stored descriptions in a generalway,
ultimately retrieving those operations that matchthe
query. The user can makethe request in several dif­
ferentways, and can iteratively refine the queryon the
basisofthe results ofprevious retrievals.

While code-level knowledge canbe conveniently
stored in traditional database formats, knowledge about
the purpose ofthe code,and aboutthe structure ofthe
domain itself, does not fitwell in standard datamodels.
laSSIE uses a sophisticated representation language
based on a conceptofstructuredobject-oriented descrip­
tionscalled "frames" (seeAppendix A) to captureits
knowledge ofsoftware systems. The formal natureof
this typeoflanguage allows us to define a complete and
correct inference procedure called "classification," by
which laSSIE can matchlargeclassesofdescriptions
without needingto compare each individual in the class
with a query. The frame language alsolets us represent
the sameobjects from multiple points ofview and
integratethese views in both the knowledge base and in
queries. The user queries the laSSIE knowledge base
usinga powerful user interface, which incorporates a
graphical browserand a natural language interface
(TELl) .13 (This interface is currentlynot relatedto
MView, but we expectthat in the futurewewill incor­
porateinsights from that system'sability to provide mul­
tiple integrated graphical views.) To elucidate further
howlaSSIE works, we take a brieflookat its knowledge
engineering approach and then illustrate howthe system
is used with an example.

The LaSSIE KnOWledge Base. The laSSIE prototype
has an extensive representation of the callprocessing
subsystem ofthe Definity 75/85 system, a medium-sized
PBX. The laSSIE knowledge base describesthe actions
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and objects in the switching domain and howthe actions
are implemented in the Definity 75/85systemarchitec­
ture. Eachaction class (e.g., CALL - CONTROL­
ACTION) and each object class (e.g., CALL- STATE) is
described by a frame.

Atypical laSSIE frame description mightlook
likethis:

1 (define concept USER- CONNECT-ACTION
2 defined
3 NETWORK-ACTION CALL-CONTROL-ACTION
4 ~l~ has-actor Bus-Controller-Process)
5 ~lls has-layer Call-Operation-Layer)
6 (exists has - operand USER)
7 (~~~ has-environment CALL-STATE)
8 ~l~ has-result Talking-State))

In this description, words in italics representreserved
words in the formal representation language. These per­
form logical functions likestating that a certainindividual
plays a certainrolewith respectto a generalclassof
items [e.g., (fills has-actor Bus-Controller­
Proc e s s ) saysthat the bus controller processis the
actorfor every USER - CONNECT - ACTION]. Among the
other items,those in allcapitals are frames, which
representgeneralconcepts ofthings likeusers and call
states. Itemswith initial capitals are individuals, which
standdirectly for individual objects in the domain, like
the bus controller process. Itemsin alllowercase are
roles, which represent relationships between individuals.
Thus, the interpretation ofthis frame is as follows:
USER - CONNECT - ACTION [line 1] is by definition [2] a
network action [3] and a call control action [3], which is
doneby the bus controller process [4] in the call opera­
tionlayerofthe architecture [5], on a user [6], which
takes the user from somecall state [7] to the talking
state [8].

It should be notedthat in this language there is
an alternative to defined. Framesspecified as defined are
given complete necessary andsufficient conditions.



Thus, in this case, ifsomething is found to be a USER­
CONNECT - ACTI ONthen it is assumedto be a
NETWORK - ACTION, its has - actor role is assumedto
be filled by the Bus - Controller - Proces s, etc.
Additionally, if something is known to be a NETWORK­
ACTI ONwith allthe other properties specified above,
then it is provably a USER - CONNECT- ACTION. The
alternative, primitive frames, haveonly necessary but not
sufficient conditions.

In all, laSSIE's knowledge base contains 102
action conceptdescriptions ofthis type, which are
classified intoa hierarchy. The hierarchyranges from
very generalaction concepts, like CONNECT- ACTION,
down to veryspecific ones corresponding to particular
functions or messages. Anexample ofthe latter is the
individual, Attendant - Add - User - Action:

1 (define individual Attendant - Add - User - Action
2 ACTION
3 (has-actor Bus-Controller-Process)
4 (exists has-operand USER)
5 (exists has - recipient CALL)
6 (exis~ has-environment CALL-STATE)
7 (has-result Talking-State)
8 (has-cause Attendant-Add-Button-Push)
9 (implemented-by /Usr/Pgs/Gp/Tgpall/Profum.C)
10 (calls-function Signal-Add-Error)
11 (accesses-variable *Call-Record*»

Thisstructuremeans the following: Attendant - Add­
User -Action [line 1] is an action [2] that is performed
bythe bus controller process [3], which adds a user [4]
to a call [5]; it takes its operand (the user) from some
call state [6] to the talking state [7]; it is causedby an
attendant pushingan "add"button [8]; it is implemented
bythe source file IUsr IPgs I Gp/Tgpall IProfum. c
[9],callsthefunction Signal-Add-Error [lO],and
uses the global variable *Call-Record* [11]. By
using the classification procedureone can determine,
purely from their descriptions, that Attendant -Add-

User - Action is an instance of USER - CONNECT­
ACTION.

Using laSSIE. To use laSSIE, a user describes an
operation ofinterest in a formal query structureresem­
blinga frame. Onthe basisofthe meaning ofthat
description and that ofthe stored frames, the
classification processfinds allobjects that match the
querydescription. In addition, if there are too many
matching objects (or there aren't any), the laSSIE inter­
face lets the user modify the query, inwhole or part.
The user can"cut and paste"piecesofdescriptions of
retrieved individuals to modify the query. The user can
alsoexplore the knowledge base usinga graphical
browserto selectconcepts to modify the query.

Letus illustrate with a briefexample howlaSSIE
helps the user formulate and reformulate queries, to nar­
rowin on the answers he or she desires. Suppose that a
developer wantsto find an operation performed by the
console controller process, wherea telephone user is
connected to a call whena console user flashes the hook.
This querycan simply be typed in English, and theTELl
interface would translate it to appearas below. The
developer would confirm this translation by requesting a
retrieval:

CONNECT-ACTION
has-actor Console-Controller
has-operand USER
has-cause FLASH-HOOK-ACTION

has-actor CONSOLE-USER

The developer's request represents the query"What are
the connectactions performed by the console controller
processthat connecta user whena console user flashes
a hook?" The linesabove illustrate howthat querywould
be displayed on the laSSIE screen. If there are no
matching actions, the laSSIE user cangeneralize this
query invarious ways. Oneway to do it mightbe to click
on CONSOLE - USER andbrowse the knowledge base,
graphically, in the vicinity ofthat concept. The user
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mightfind that USER is a moregeneralconcept, and try
that. In the sameway, FLASH - HOOK - ACTION could be
replaced bythe concept STIMULUS, which is moregen­
eral. To makethe queryevenless restrictive, the user
mightremovethe has-actor Console­
Controller restriction. Now the querywould be,
informally, ''Whatis an action that connects a user
becauseofa stimulus given bya user." In this case,
there mighttoomany matching individuals retrieved;
however, the developer mightfind, among the retrieved
individuals, one that is causedby an action byan atten­
dant; the developer mightuse this description to modify
the queryand retry the retrieval. Atthis point,
Attendant -Add - User -Action (seeabove) would be
one ofa smaller set ofmatches.

This example illustrates, firstofall, howretrieval
is based on the meanings ofthe descriptions, rather than
the exactsyntax ofthe queryor the contentsofthe
knowledge base;thus, a function that corresponds to an
action that adds a user to a call because ofa button push by
anattendant is retrieved fora querythat asks, ''What is
an action that connects a user becauseofa stimulus from
a user?" This ability to retrieve on the basisofmeanings
ofstructured descriptions is veryimportant, given the
predilection ofprogrammers in largesoftware systems to
use different terms to meanthe samething. (Forexam­
ple, a file that allocates a trunk may be called
trunk seize. c; one that allocates a touch-tone recog­
nizermightbe called ttr grab. c.) It also illustrates
howthe laSSIE interface assists the user in reformulat­
ingthe query, both by usingpartsofretrieved individu­
als, and by exploring the knowledge base. It should be
notedthat the retrieved descriptions shown above com­
binethe domain perspective (what operations are per­
formed on whatobjects, to whateffect), the architectural
perspective (what processes, layers, etc. are involved),
and the codelevel (what variables are referredto,what
other functions are called, etc.). Byinspecting the
description, and the codefor the function itself, the
developer can either reuse the codedirectly, or at least
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gaininformation relevant to the taskat hand. And
besideshelping inqueryprocessing, classification can
also assist in organizing largenumbers ofdescriptions.

In the initial laSSIE prototype, wehave explored
howformal knowledge representation and reasoning
techniques canbe used to addresssomeproblems in
software information systems; the work is continuing.
Weare currently exploring basic researchissuesin
knowledge representation that have been raised bythis
work, and are working with potential customers in
developing whatwehave learned byevolving the
researchprototype into a production version oflaSSIE.

The MView System
Clearly, a software information system mustpro­

vide accessto the information it represents. The kindof
accesswill depend on the purpose ofthe SIS, as dis­
cussedin the introduction to this paper. This section
describes a system, MView, that provides graphical
accessin an integrated way to several kindsofsoftware
information.

Overview. Several kindsofsoftware information
are naturally graphlike, including information about
code, likea graphoffunction call relationships, module­
to-module communication pathsina multiple-process
system, andthe organization ofmultiple derived versions
ofa software system. In addition, a structured
knowledge base likethe oneused in laSSIEcanbe
represented and accessed as a graph. The MView sys­
tem concentrates on displaying code-level information as
separate graphstructures, and allows the user to browse
these structuresfor discovery purposes. These different
views are integrated so that changing the display ofone
view can changethat ofanotherview, inorder to
highlight relationships between the views. The current
MView prototype supports fourviews: a directory view, a
function call view, a process andmessage view, anda
function view.

MVlew's Model of the Code. MView's model ofthe
codeis reflected in eachofthe views it presents. Firstof



Figure 5. The MVlew
screen. Four views
appear: file/directory
(top left),
message/process
(top right), function
(bottom right), and
call graph (bottom
left). MVlew reveals
Important structures
In a large software
system. Developers
use It to explore call
graphs and examine
source flies.
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all, the model assumes a well-organized directorystruc­
turewhere related source files are grouped together in
subdirectories; the directoryview takes advantage ofthis
organization. Second, MView assumes that function­
calling relationships are the dominant reflection ofcon­
trol flow in the program; the function callview allows
these relationships to be browsed. Third, functions must
bedefined in source files, and those files contain a struc­
tured commentthat can be identified by a prefixkey­
word and extracted syntactically. The function callview
and the function view take advantage ofthese

assumptions. Fourth, the process and messageview
assumes that the systemunder investigation is builtfrom
separate UNIX processes that communicate by small,
typedmessages, and that a transcriptofmessagetraffic
is available. Finally, MView assumes that the source
code is available on-line and that beingable to examine
this code is critical to the discovery process.

Figure5 showsthe MView screen runningon
the callprocessingportion ofthe Definity 75/85 system
software base. The upper left-hand comer is the
file/directory view, showing the directory structure ofthe
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callprocess, one ofthe processes at the heart of the
Definity 75/85 system. To the right of that is the
message/process view. In the lowerleft is the call graph
view, showing the set ofcallgraphs of the functions that
make up the callprocess. To the right of that is the func­
tion view.

MView provides a graphical view ofthe directory
structure. This view shows the directorytree as a graph­
icalobjectthat is easily perceived and manipulated. The
user can browseup and down the tree, examine the
source files, and filter the tree for specific files or classes
of files. The user can enter annotations that are attached
to specific nodes and appear in the display when
revisited. For example, in Figure 5 the annotation indi­
cates that the current tree is for the callprocess.

The callgraph view displays a callgraph where
each node (represented by a box) is a function and arcs
represent static calling relationships. The graph is
sorted so that called functions are always lowerthan cal­
lingfunctions (unlessa cycleexists),but the display is
not further optimized. This allows the graph to be
displayed and browsed quickly. The set offunctions
available consistsof those functions in the directory
structure currentlybeing displayed in the directory view.
The callgraph view can be filtered and browsedin vari­
ous ways, but mostly in conjunction withthe next view,
the function view. In particular, by selectingthe buttons
on the bottompart of the view, the frontierof the call
graph can be expanded. Thus, one can start witha sin­
gle function, selectedvia the function view, and then
explore the functions that are called, and so on. This
provides a controlled process ofexploration that can be
extremelyuseful.

Atanyone time, there is a "current" function
that is displayed textually in the function view. The user
can change the current function by pointing to a node in
the callgraph. This view displays everything that is
known about the function, including the complete path
name, lineofstructured commentif available, and the
functions that callit and that it calls. The labeledparts of
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the function view in Figure5 illustrate this for the func­
tion dialtone. Although the display is textual, the "panes"
ofthis view are mouse-sensitive. The user can do the fol­
lowing:
- Searchfor a function by name
- Restrict the callgraph view to that function only, and

then use the browsing ability in the callgraph view to
"push out" the frontierofthe callgraph in a controlled
manner

- Restrict the callgraph to onlythose functions defined
insidea particular file or a particular directory

- Searchfor functions whosestructured commentscon­
tain a keyword (e.g., trunk, dialtone, and the like) and
restrict the callgraph to those functions; these can
then be individually examined

- Opena textualeditorwindow to examine and change
the source file itself.

The Process and Message View. The process and
messageview is a relatively independent view within
MView. It is an incarnation ofthe Animator system,
whichcan run as a stand-alone program. This view
displays a diagram representingthe process structure of
a multiple process systemand messagepaths between
the processes, similar to the Software Development
Assistant." The user can read in a scriptor trace of mes­
sage traffic, which is then displayed as a scroll barform.
The user can step through the script and the sending
process, receiving process,and message typewill be
highlighted. The user can alsofilterthe display to res­
trict it to messages sent by a given process,received by a
givenprocess,and ofa givenmessagetype.

Using MVlew. MView has been used to explore
the callprocessingsoftware ofSystem 75 (now the
Definity 75/85 system). It has proven veryuseful for a
novice tryingto discover important structures in a large
software system. Its primary benefitis that it lets user
explore the callgraph interactively and examine source
files in a controlled fashion. The ability to locate files on
the basis ofname patterns and documentation keywords
is alsoveryuseful (forDefinity systemsoftware, a line



Figure 6. The MVlew
screen after
discovery. Here, the
message/process
view (top right)
shows only those
messages sent by the
call process. The
user has Interactively
filtered the call graph
view (bottom left) by
examining source
code and calling rela­
tionships so that It
shows how the mes­
sages were sent.
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beginning with ''WHAT'' indicatesa description ofthe
function defined in that file).

We have used MView in the following informal
experiment. Given a message trace,where each process
isa blackbox that sends and receives messages, could
theother views ofMView allow someoneto determine
the sequence offunctions responsible forgenerating a
set ofmessages? This experimentwas, at least partially,
a success. Figure 6 shows the MView screen after deter­
mination ofthe functions in the callprocess responsible
for the initial set ofmessages fromthat process (the

messages CM ORIG, GM ORIG, GM COLL, and
CM TN CONNy":" In Figure-6, the messageview has been
filtered-to showonlythose messages sent by the callpro­
cess. The callgraph has been interactively filtered by
examining the source code and the calling relationships
to determinehowthese four messageswere sent. The
flow ofcontrolis as follows. The function mainlp is a
busy loopthat receives messages and passes them to
cpdist, whichthen distributesthem to different "super­
visors" dependingon the state ofthe call, which is ini­
tially in the idle state. Thus, the first message is sent
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to the idle supervisor, idle sup. Then, orig is
calledbecause a call is being originated,and orig calls
cm orig and gm orig, which sent messages to the
connectionmanager and the group manager respec­
tively. Afterthat, collect is calledto initiatethe collec­
tion of digits (collect is shown in the function view).
Collect then calls gm c o LL dg to tell the group
manager to begin collecting digits. Then, collect
calls dialtone. Dialtone calls cmtnconn, which
sends the fourth message; this message tells the connec­
tion manager to actually connect a dialtoneto the call.

Conclusion
Software information systems are computer­

based tools that represent information about large
software systems in waysthat allow it to be used to aid
software development and maintenance. This technol­
ogy has already had substantial impacton software pro­
jects at AT&T. CIA, alongwith its application systems,
has been used in over 200projects ranging in size from
smallprojectsof a fewthousand lines ofcode to giant
projects of over a million lines of code. It is not uncom­
mon to see system graphs, as in Figures 3 and 4, on
developers'walls. In addition, users are buildingtheir
ownapplications.l" laSSIE has addressed a large PBX
System and is being ported to new platforms. MView,
the newest of the three, is just starting experimentaluse.

There are a number of directions that this work
will take. We need to find techniques to increase the
powerof the systems in specific applications and the
breadth of the systems to address a larger varietyof
applications. We need also to pursue better understand­
ing of the impact of this technologyon the software
development process.

Afirst step is to investigate integrationof the
systems that are nowavailable. As we have seen, the
individual systems stress differentcapabilities and have
differentstrengths in terms of information acquisition,
representation, access, and application. There is a clear
opportunity for laSSIE and MView to use the database
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created by CIA. In addition, the MView system,withits
emphasis on different code views, and laSSIE, whichis
concerned withhigher-level concepts,can be integrated.

Beyondthis, there are a number of opportuni­
ties, and difficult tasks, whichcan increase the impactof
this technologyon our software development process.
One is to increase the abstractioncapability of the infor­
mationsystem. For example, users have added concepts
such as "process" to CIA databases. There are also
several levelsabovethe objectand actionlevel
represented in laSSIE. Specifically, there are whatwe
might call the feature leveland the plan level. The
feature levelis oriented towardspecific features, like call
forwarding or conferencing. At an evenhigher level, one
can view software at a levelof functionality that couldbe
calledthe plan level. For example, "establish a connec­
tion" is a goal that much callprocessingsoftware is try­
ing to achieve, independentof the nature ofthe calling
parties or the callingfeatures invoked.

Another opportunity is to increase the breadth of
coverageof the SIS. Avarietyofdata can be obtained
about software as it executes, in additionto what has
been discussed. Integration is also achievable between
software knowledge and databases associatedwithother
phases of the software lifecycle. In particular,
computer-aided software engineering (CASE) systems
and systems for test and documentation managementare
good candidatesfor integration. This will increase the
scope ofusefulness of the information system.

The concept of a software information system as
described here is not yet completed, but is alreadygen­
erating productivity and qualitygains for software
developerswithinAT&T. The next few years should see
excitingnew capabilities emerging.
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Appendix A. "Frame" Description Languages
Frame-based description languages are oneofa

numberofclassesoflanguages used in artificial intelli­
gencesystems to representthe computer's knowledge of
its domain. Akey aspectofsuch "knowledge representa­
tionlanguages" is that theyallow the machine to draw
deductive conclusions automatically from formally con­
structedknowledge bases,

Framesencourage the representation of
knowledge in an object-oriented fashion, clustering all
facts known aboutan object inone structure (this con­
trasts with predicate logic representations, forexample,
which encourage the representation ofsentences rather
than objects).

In a frame system, general categories ofobjects
are represented byframes, which are usually arranged in
a taxonomic hierarchy, with each specialized frame
pointing to the moregeneral onesthat it implies. For
example, the frame ATTENDANT-CONNECT-ACTION
(one inwhich the attendant is connected to something)
could specialize the moregeneralframe CONNECT­
ACTION (inwhich anyobject is connected to another),
which in tum would specialize ACTION. This is illus­
trated bythe simple taxonomy in the boxon page40.

Eachframe is a formal description that,when
appropriate, canbe applied to someindividual objects (or
just individuals). Forexample, in laSSIE,Definity 75/85
systemfunctions are represented by individuals. Those
functions that connect the attendant to someresource
(e.g., a trunk) would point, eitherdirectly or indirectly, to
ATTENDANT - CONNECT - ACTION. Thisconnection
signifies that the individual is appropriately described by
the frame, and is the principal way to assert a proposition
ina frame system. The individual will then "inherit" all
properties the members ofthe classgenerally have.

Eachframe is itself composed ofa number of
parts, reflecting an intuitive breakdown ofdescriptions of
domain objects. Besides specifying moregeneral
categories implied, a frame description will specify the
parts that the typeofobject has, as well as its properties
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a TRUNK:
a HARDWARE-OBJECT
a COMMUNICATIONS-DEVICE

interface: an INTERFACE-BOARD
DSUjCSU-equipmt: a DSU/CSU-COMPLEX
facility: a FACILITY

bandwidth: a DATA-RATE
type: one of Fiber, Microwave, Cable
destination: [~ 1) Local, Domestic,

Overseas

billing-rate: [~ 1) a DOLLAR-RATE
maintained-by: an OFFICE
owned-by: an ENTITY (CORPORATION,

GOVERNMENT)

type determines bandwidth, facility
bandwidth and destination determine

billing rate

} More general categories

} Parts

j'o"",,,,,,,,,,,,,,

j"'",," attributes

} Interconnections between roles

ATIENDANT-CONNECT-ACTION

Figure A-1. Frame defining the concept of a trunk. Parts
of a figure correspond to the parts of a normal dictionary
definition.
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(bothinternal, likethe contentsofa file, and external,
likethe authorofa file). In frame languages likethe one
underlying laSSIE, the parts and attributes are repre­
sented bystructurescalled roles (e.g., bandwidth,
billing - rate, in FigureA-I). The final partofthe
formal description is a set ofconstraints on the roles:
howmanyfillers eachhas (e.g., howmany callers canbe
connected to a call at one time?), whattypeoffiller each
requires (e.g., someactions operate only on resources),
relationships among different roles, and so forth.

Because frames are formal objects, certainrela­
tionships between them canbe deduced on the basisof
their structure. Akey deductive operation, from which
laSSIE gets muchofits power, is one in which a new
frame is placed in the taxonomy below every frame that
representsa moregeneraldescription, and above every
frame that is more specific. The sameoperation, called
classification, is used to determine whenan individual
satisfies a description. Notonly doesclassification allow
us to determine every individual that is described by a



user'squery, it is alsohelpful in keeping the knowledge
baseproperlyorganized. The classifier can detect incon­
sistencies and can showthe user when a newdescription
inadvertently falls belowa more general framethat
perhaps was not intended. The logical propertiesof the
language means that the classification ofa frame is
always correct, and thus can pointout subtle errors
made by the user.

The Artificial Intelligence Principles Research
Department at AT&TBellLaboratories has developed a
new frame-based description system,calledCLASSIC,15
which will be used in the next generation of the LaSSIE
system.
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