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2ND ANNUAL RADC
KNOWLEDGE-BASED SOFTWARE ASSISTANT

CONFERENCE

18-20 August 1987
Utica, NY

* MONDAY, 17 August 1987

5:00 PM to 9-.00 PM Early Registration & Reception,
, Sheraton Inn Ballroom Foyer

TUESDAY, 18 August 1987

8:00 AM to 9:00 AM Registration. Sheraton Inn Ballroom Foyer

9:00 AM to 9.05 AM Welcome
Lt. Kevin M. Benner, Rome Air Development Center

9:05 AM to 9.15 AM Welcome Address
* Col. Richard J. Stachurski, Rome Air Development Center

9-15 AM to 9:45 AM KBSA Overview
Lt Kevin M. Benner, Rome Air Development Center

9-45 AM to 10.15 AM A Common Framework for Knowledge-Based Programming
Mr. Steven D. Huseth, Honeywell Systems and Research Center

10-15 AM to 10-45 AM Morning Break

10-.45 AM to 11:15 AM An Overview of the Knowledge-Based Requirements
.'. AssistantMr David R. Harris, Sanders Associates, Inc.

11:15 AM to 11:45 AM Overview of the Knowledge-Based Specification Assistant
Dr W. Lewis Johnson, USC-Information Sciences Institute

A.

11:45 AM to 12:15 PM Performance Estimation for a Knowledge-Based Software
.: , Assistant

Mr. Allen Goldberg, Kestrel Institute

* 12:15 PM to 1:00 PM Open Discussion

1-00 PM to 230 PM Lunch

-'-' 2:30 PM to 4:00 PM KBSA: Has the Perspective Changed Since the
Original Report in 1983?

Dr Robert M. Balzer, USC-Information Sciences Institute
0. Dr. Barry W. Boehm, TRW

Dr. Thomas E. Cheatham, Software Options, Inc.
Dr. Cordell C. Green, Kestrel Institute
Dr. Charles Rich, Massachusetts Institute of Technology

Data & Analysis Center for Software
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WEDNESDAY, 19 August 1987

9 00 AM to 9-05 AM KBSA Technology Transfer, Introduction of Panel
Mr. Samuel A. DiNitto, Jr., Rome Air Development Center
Dr. Robert J. Glushko, Software Engineering Institute
Mr. Robert W. Lawler, Boeing Computer Services
Mr. Kenneth E. Nidiffer, Software Productivity Consortium
Dr. William L. Scherlis, Defense Advanced Research Projects

Agency

":05 AM to 9:50 AM KBSA Technology Transfer, Panel Members' Statements

9:50 AM to 10-10 AM KBSA Technology Transfer, Panel Discussion

" 10-10 AM to 10225 AM Open Discussion

%:10:25 AM to 10255 AM Morning Break

10:55 AM to 11:35 AM KBSA Common Framework Implementation
Mr. Aaron R. Larson, Honeywell Systems and Research Center

11:35 Am to 12:15 PM Where's the Intelligence in the Intelligent Assistant for
Requirements Analysis?

Mr. Andrew J. Czuchry, Jr., Sanders Associates, Inc.

12:15 PM to 1:45 PM Lunch

1:45 p.M to 2:25 Pm Turning Ideas into Specifications
Dr. W. Lewis Johnson, USC-Information Sciences Institute

2:25 PM to 3:05 P-M Dr. William L. Scherlis, Defense Advanced Research Projects
Agency

4:00 PM to 5:30 PM KBSA Demonstrations at Rome Air Development Center

Requirements Assistant
Sanders Associates, Inc.

- 'Framework
Honeywell Systems and Research Center

Project Management Assistant
Kestrel Institute

7:00 PM Dinner, The Metro

.

~Data & Analysis Center for Software
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THURSDAY, 20 August 1987

9.00 AM to 9.4 AM Plans and Meta-Plans in GRAPPLE: An Intelligent
Assistant for the Process of Programming

Ms. Karen E. Huff, University of Massachusetts

9-40 AM to 10.20 Am Technical Issues for Performance Estimation
Mr. Allen Goldberg, Kestrel Institute

*10-20 Am to 10.50 AM Morning Break

10-50 Am to 11:30 AM Designing an Effective User Interface for a Knowledge-Based
Development Environment

Mr. Timothy G. King, Honeywell Systems and Research Center

11:30 AM to 12.10 PM Knowledge-Based Tools for Knowledge-Based Systems
Dr. Lance A. Miller, IBM Federal Systems Division

12:10 PM to 1:20 Pm Lunch

1:20 PM to 2:00 pm Project Management Assistant-~ What Have We Learned?
Mr. Louis J. Hoebel, Rome Air Development Center

2.00 PM to 2:40 P.M The Knowledge Integration Tool: Knowledge Interface (A
Knowledge-Based System Development Environment)

Mr, Philip H. Newcomb, Boeing Advanced Technology Center
for Computer Sciences

2:40 PM to 3:05 PM ASDL. An Intelligent Acquisition Support Tool
* Dr Richard M. Adler, The MITRE Corporation

4:00 PM to 5:30 pm KBSA Demonstrations at Rome Air Development Center

Performance Assistant

Kestrel Institute

GRAPPLE
University of Massachusetts

Specification Assistant
USC-Information Sciences Institute

Data & Analysis Center for Software
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The MITRE Corporation U.S. Air Force Systems Command
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(C) (617) 271-3569 (C) (315) 330-3564 (A) 587-3564

(D) BennereRADC-Multlcs
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Inference Corporation The MITRE Corporation
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V. THE KNOWLEDGE-BASED SOFTWARE ASSISTANT
OVeli \'eW

Lt Kevin M. Benner, USAF and Douglas A. White
Command and Control Technology Division

Rome Air Development Center
Grifflss AFB, NY 13441-5700

In 1983 Rome Air Deve opment Center (RADC) published
"Report on a Knowledge-FBaic~- Software Assistant" [3].
This document brought together key ideas on how
artificial intellaqerce (A-) could be used in the
software development process. Since then RADC has
embarked on the first of ::ree contract iterations to
develop both a Knowledge-Based Software Assistant (KBSA)
and the enabling supporting technologies. This paper
will describe! 1) History leading up to KBSA, 2) What
is KBSA, 3) Development strategy and current status of
KBSA, and 4) Concluding remarks.

HISTORY

The KBSA research program is a natural progression of
research and development undertaken by RADC in its
continuing pursuit of a solution to the well known
"software life cycle problem". This application of Al
technology to the problem of software development was a
predictable outgrowth of RADC's longstanding commitment

- to research and development directed at enhancing
productivity. From the early 1970's when PLADC was
championing the cause of "modern" high level languages
and "structured" implementation methodologies, a less
publicized but important track of research was being

-.addressed on a smaller scale for the development of
greater formalism and abstraction for the objects and
activities belonging to the technology of software
development. The publicity given to the AI community in

* the late 1970's and early 1980's due to successes in
building workable expert systems and the announcement of
the Fifth Generation Computer Program of Japan, resulted
in the emphasis of Al technology within RADC's research

- program. This in turn led to the examination of the
possibility of applying the technology that worked so

* well in areas such as geological analysis and locomotive
maintenance to the problems of software development and
maintenance. This atmosphere, when coupled with the
growing compilation of results from earlier research,

* .[encouraged the selection of software development as an
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application to drive and demons':ra+e A! "e,:hrnlogy
research developments. The particular oa:ad:1:r,, :elected
and eventually identified as the FE:;K was ,e r,.:t cf
careful consideration of the state of technology: as
demonstrated by prior work, and the gloals and o-act::7ui
requirements of a system tco support sfa~ c
development.

Throughout the 197's, concurrent wlth the .,ijM RADC
projects in language/compiler svt~mn : u.'- ,ramming
methodolocies, efforts were undertaker. w!hh explcred
formalisms with which to better dscribe t uh o;iects and
algorithms comprising software. li: was r.gn that
there were many flaws with the existing man-r r in which
programs were created and the languages in which they
were expressed. A few of the ,itstzndin; ;rob ems that
were addressed dur -ng this time includc,: programs
could be syntactically correct withoat providing the
desired solution or being logically cor:ect; and, even
with "better" high level languagec, pL ogr-nMs were
incomprehensible, even' to the author with tl' .assirg of
time. Each of these problems and thE r-seerch efforts
addressing them had a part in expcsing the members of
the Command and Control Software Technolco,:, Division to
the work being performed in the world of .i. a:,d while
simultaneously poviding necessary suppor,: for some of
the important A! research ideas c,' the ci me.

The problem of logical correctness of progiams was
attacked in many ways. However, the k-Wo that are
important to the KBSA (even L not receiving
widespread adoption in the worla ot software
engineering are formal proofs of croct:-ess and formal
specification languages. In 'Late 1974 ar initial effort
was undertaken to explore the 'z-L i,.-a0J ity o4 formal
verification methods to exisc>n,- y.-ogranimnnj languages.
,This process of "verifyin" c -:: :mr Is cor;rectness
consists of establishing by -afnaz-ca1 proof that
whenever a program is executed w:,, ec,.i,.3 1-h data
and execution environment th- exec:uticn Nill. terminate
and upon termination the values of. program variables
will meet output specificatic;is. The foundations of
formal prccr.am -erification are identical with those of
a significant body of the work :_- automatic programming.
As might be expected, many of the same individuals are
involved in both areas of resea.1ch. The need for formal
specification languages was emphasized by the difficulty
of verification of programs in existing computer
languages. in 1976, research was initiated to develop a
"language" that could be used to provide formal
descriptions of programs. The specification languages
resulting from this research were found to be unwieldy
for extensive use by humans and as is the case with
formd. i'rogram verification technology are not known to
have achieved widespread use. Powever, formal
specifications are particularly important to the KBSA
because they provide the formalism needed to enable



reasoning about programs. Ad cJt lonally, these
particular research elfor-:s c-used RADC to become
involved in a progression cf effoLts addressing
automatic programming which -o.:tinue today.

The need for a more natuoLl and -ibstract method of
expressing a prcblem soiution to a computer led to the
exploration of the conccpt of a Very High Level Language
(VHLL). The qoal of tr.Is Leseare:: was to provide a

K language system combining tne capabilities of
conventional languages with those of logic programming
systems enabling the urer to program not only

computational processes .-ne conventional sense, but
also "reasoning" e ... From this research at
Syracuse has emergel an ievclving family of languages
which exhibit man, of the characteristics that will be
needed in the Wid2 Spectrum Language (WSL) of the KBSA.
This research was facilitated by the early theoretical
work of Robinson [14] which has provided much of the
foundation fo!- logic p-oaramming. Through this work at
Syracuse University, wnich negan in the mid 1970's, RADC
has been ocgniz;rLt of the potential for a software
development paradigm unlike that existing for

conventional programming languages.

The arrial of practical diagnostic sysztems based on AI
technology in the late 1910,s led to a project to
investigate the possibility of creating a
knowledge-based system that would diagnose software
systems and assist in their maintenance. The conclusion
of this investigation was that this type of diagnostic
expert system would be impossible for software because
of the inadequacy of the knowledge about software in

' general and any software system in particular. This
initial negative result, along with the dim prospect for
immediate relief from aitomatic programming caused a
serious consideration o the ilternatives. The
alternative perceived to have the greatest promise was
that of a krowiedge-based system that did not provide
total automation of the software synthesis process, but
did maintain a total record of all decisions and

- activities which occurred "r tie creation of a software
system. This system would possess the expertise to
automatically perform many of the tedious tasks of
program development, but would be cuided in the
application of transformations by the human user.
Communications &mong members of a development
organization would also be enhanced by the monitoring
and reporting capabilities provided by the
knowledge-based system. These ire the concepts that

0 were further developed and described in the 1983 report
considered to be the "defining document" of the KBSA.
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WHAT IS KBSA?

The KBSA approach is a departure fror the existinq
software engineering paradigm in that it attempts to
formalize all activities as well as products o' the
software life cycle. It is a for alized
computer-assisted paradigm for the development,
evolution, and long-term maintenance )f computer
software. KBSA captures the history of &system
evolution. It provides a corporate memory cf: how
parts interact, what assumptions were made and why, the
rationale behind choices, how requirements are
satisfied, and explanation of the development -'-ocess.
KBSA accomplishes this through a collec-ion of
integrated dedicated facets and an underlying common
framework.

KBSA has four main distinguishing features. First, the
specification is incremental, executable, and formal.
Incremental means that the specifier may grauaill:, add
more detail to the specification and is not t:rced to

* initially describe the system in complete detail.
Executable means that the specification is "runnable"
like a prototype. This allows the specifier to validate
the specification against user intent b actually
showing him/her the "running" specification. Finally,
formal means that the specification is expressed in a
language with precise semantics, avoiding the ambiguity
of natural language.

Second, the implementation is formal, that is, all
decisions made during the implementation are captured
and justified. Typically, implementation wilt be done
via correctness preserving transformations, thus
guaranteeing by default a verified implementation.

Third, project management policies will be formally
stated and enforced by KBSA. That is, project policy
will define the relationship between various software

*development objects (eg. requirements, specifications,
code, test cases, bug reports, etc.) and then be
enforced by KBSA throughout the software development
process.

Fourth, and finally, maintenance will be done at the
requirements and specification level, rather than via
patches to the code. That is, since maintenance
activities are normally a result of new or better
defined user requirements, it makes sense to reflect
this in the requirement/specification.

-" In order to build a KBSA, the authors of the initial
t report point to the need for specific supporting

technologies. These supporting technologies fall into

%-a



four main categories, a wide spectruic, language, general
inferential systems, domain specific inferential
systems, and system integratic. .

A wide spectrum language (WSL) is a single language
which provides the user with the ability to capture the
formal semantics of the system under development
regardless of the Level of detail -"or the step in the
development cyclc- . A wide spectrum language is both a
language and 3n environment. It must provide uniform
expressibility, regardless of what is being described
(ie. requirements, specif.,atons, code, test cases,
project management po2:cy, e: . Not only must a WSL be
able to express th.ce objects, it must do so in a way
which is consisterm at all levels, both syntactically
and semantically.

A general infeLenti,:t T-%stem is a system which supports
reasoning. in partic;ulaz, we are concerned with the
overall efficiency of this reasoning, how to capture
such things as Ingic in inference rules and data
structures, the cuality of explanation generated by the
syster, an( t.ie ability tc apply this inferencing power
to specific domains.

0 Domain specific inferential systems extend general
inferential systems to include aspects unique to
software development. This topic focuses on the
knowledge representation of software development objects
and inference rules and, in particular, how they can be
formally represented and used for further reasoning.

System integration deals with the inherent competition
between facets and how a technology base can be put
together such that all phases in the software
development process are supported sufficiently.

DEVELOPMENT STRATEGY AND CURRENT STATUS OF KBSA
., ..<

When the KBSA report first came out, it was clear that
the supporting technologies were not adequately
developed. To address this shortfall a KBSA was to be

- deve'oped in three iterations. The first iteration was
aimed at designing the ind'vidual facets and seeing

JP where the supporting technologies could be pulled along.
Additionally, there was a desire for an advancement of
the understanding of the software development process,

0. particularly wit h-i: this new KBSA development paradigm.
In line with this conm;ept, worK began on a Framework
(FW) and five (5) facets:

A%"
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Project Management Assistant (PMA) , Requirements
Assistant (RA) , Specification Assistant (SA),
Performance Assistant (PA), and Development Assistant
(DA) [DA will not begin until FY 881. Though boundaries
between facets may appear in the first iteration, they
will blur in the second iteration and disappear
completely in the third iteration.

First Iteration

The results of this have been twofold. First. each
facet has pulled at the supporting technologies such
that they have advanced the state of these technologies.
Universal solutions were not sought, rather solutions
unique for each facet have been found. Second]y, each
facet developer has made progress in formalizing their
particular life cycle phase. This formalization has
focused both on the products of individual phases (eq.
requirements, specification, and code), but more
importantly on the process of how these products came
about. In this section the basic approach and
milestones of each contractor will be descr .bed.

* Included in this description will be the formalization
of the particular life cycle phase and the impact on
supporting technologies.

Work on the definition of a PMA formalism and
- construction of a prototype began in 1984 [9]. Kestrel

Institute was the developer. The life cycle goals of
PMA were to provide knowledge-based help to users and
managers in project communication, coordination, and
task management.
The capabilities of PMA fall into three categories:

project definition, project monitoring, and user
* interface. Project definition consists of structuring

the project into individual tasks and then scheduling
and assigning these tasks. Once the project has been
decomposed into manageable tasks, it must be monitored.
This monitoring is in the form of cost and schedule
constraints. Also included in monitoring is the
enforcement of specific management policies
(eg.DoD-Std-2167, rapid prototyping, KBSA, etc.). In
addition, PMA provides a good user interface for project
monitoring and project definition. This interaction is
in the form of direct queries/updates, Pert Charts, and
Gantt Charts.

The above capabilities were important, but would be
expected of any project management tool. What sets PMA
apart from its predecessors is the expressibility and
flexibility of the PMA architecture. Not only does PMA
handle user defined tasks, but it also understands their
products and the implicit relationships between them
(eg. components, tasks, requirements, specification,

I %! C . . -
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source code, test cae., -ts, and milestones).
Also present in "n e bects unique to

programming-inr.he- ,e.sionsf, configurations,
derivations, rele.ase.:

From a technic-" -er :_ c- -.dvances made in PMA
include: tre form . i e .c :ftw re development
objects enmerat. or a powerful
time calculus for :-:i. M " . emporal. relationships
between softwarE o - bjects [10], and a
m e c h a n i sm fo r eireict v and enforcing project
policies.

The work on the: Rcj.. :-:-stant [2, 15] began in
1985 by Sanders - ain task of RA was to
deal with the .-.-r :e of the requirements
process. Sander .' inte. t--:- to allow the user to
enter requiremenL-. - - order or desired level
of detail. I wou', 7 .. nsibility of RA to: 1)
do the necessa:y v ,- r o allow'user manipulation
of requ ir emev- :t ntain consistency among
requirem , z. . .-

RA capabiliti es in :upport for multiple
viewpoints 'eg. ':a. control flow, state

* transition, and f, Lcw 4iagrams), management
and smart edi.tinu n .zi ::Nnize the requirements,
and the abilit- to .-.. : ee form annotations to
requirements. in atid , o tl.is, RA's underlying
knowledge re e.2 Striuctuzed Object and
Constraint Lanauace Env: , . SOCLE) , enables RA to
identify contradit] on.L -:. >neate explanations.

The main techni7al e , as been on now to handle
informalityv wher tr v.: build an underlying
representation of .e Lxf-i: nts. This is done by
supporting incomplete gr-. cescriptions at the user
interface level, but rta'.qng a consistent, though
not necessarily :ompl.fe, ernal repr6sentation. This
is done via SOCLE .. provid2es a truth maintenance

". system wh2.n supp_) t '..t r ?asoning, dependency
tracing, and local nr r.ction of constraints. RA
provides applicdrion sope -ic automatic classification
which is used to den: missing requirements by
comparing the cu:rert q!'" I-erements against "typical
requirements" cf a cgneii: system (already represented
within RA's know.ledac ba7)a', This comparison is then
used to generate questicn., of the specifier to either be
sure somethitrg ,,..tai hs not .)een left out or to gather
a justification f '" 1:e -ff, .

The main goal of the 47p/r-.cation Assistant [1, 8] is
to develop a formal spec : r"tcn o. the system under
development and then 1co valihate it against user intent.
The development of the forinal specification must be
supported in an inc-emE:.tai .'fshion, modeling the way
developers typicall, -. 'nt,:, specifications. The

'-



validation must be done by exposing the specificatf on to
the user at the earliest opportunity an- conctinued
throughout the construction process. The efforLt to
develop a KBSA Specification Azsistant begqrn in 185.
This work is being done at the University cf S. -thern
California- Information Sciences institute (ISIj.

SA capabilities include: an incremental spe,-if±( tion
language which is executable and a natural lz' uage
paraphraser which will translate a given specification
into English. These capabilities have been builr on top
of ISI's Wide Spectrum Language AP5, and the development
environment CLF. SA can currently handle specifications
of a couple pages.

. The main technical issues ccncern: 1) identificarion of
specification statements as requirements or goals and

, the transformation of these from a higii level
specification into a low level specification znd 2)
extracting and assembling system views (ie. reusing
specifications and parts of specifications).

The distinction that ISI makes between requi1aionts and
goals is that requirements are inviolable constraints,

*! while goals describe general behavior which may have
*O exceptional cases not currently covered by the goal.

With this distinction in mind SA provides high level
* editing commands to further transform the specification

into a low level specification. Requirements are
transformed in a correctness preserving manner to
maintain satisfaction of the requirements. Goals, on
the other hand, may be "compromised" in order to handle
exceptional cases. That is, after i transformation, the
meaning of a goal specification may change.

Extracting and assembling system views deals with
building up a specification from smo'ller specifications
(ie. reuse of other previously d-erined specifications)
as opposed to the top down refinament presented io the
previous paragraph. SA can combine eisjoint
specifications, but tools are needed to aid in combining
specifications which share common terms.

* The Performance Assistant [4, 5, 61 work began at
Kestrel Institute in 1985 and is expected to run until
1990. Long term goals for a performance facet are to
guide software performance decisions at many levels in

4 the software development cycle, from requirements
specifications in very high level programs to low level
code. The approach is to combine heuristic, symbolic,
and statistical approaches which will provide
capabilities for: symbolic evaluation, data structure
analysis and advice, and algorithm design analysis and
advice. This effort is focusing on data structure
selection, performance annotations of a specification,
analysis and propagation of performance information, and
control structure performance analysis.

P..
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Technical issues ,.,-:,-ecsed thus far are
data structurp so symbolic and
heuristic tec 1c''e. oriZ cf PERFORMO, a
functional spec:. °".. set theoretic
data tves. >.'O ' .  VA% [12] , developed
at MIT, and SI1 Lrence Livermore
Laboratory. P ' ..... i primariiy for DSS
work, but is j .e to be a good
initial Fpeif.> ci:r ..c L t., e next two research
issues: subrouti.. - and control flow
optimization.

The basic str a, DSS is to supply
refinement dec i e needed by the
implement-ation n f, would be the DA).
When a ref iriemf,":: :J, PA determines the
relevant p r - essary to make a
satisfactory sele' , properties would
vary on wheze -.. n The generator is.
Properties ref'r . _ ariable will be used
and some c- . . . ... e properties could
inclu.e. _. is random access,
ordered, enumer_:ec , .:.- - 3nd/o: possibly empty.
Bajed on these- pf 71,- .r 1k, implementation
decisions can be

Development as - e ost recent facet
undertaken, az .,.. :., , .. S not yet begun.
RADC will a a .: ._in early FY 88. The
basic thrust of t' .. be to derive an
implementation p.: . specification,
automating (vla . . .ion) where possible
and captu::ing , gn decisions when
needed.
The Framework .. o be necessary to

bring a global - -. i:.LA Initial work on the
FW began at Foney.' ., .. Research Center in
early 1986. The coa a -ork is twofold: 1)

- to develop an lnter-, t rtation and 2) to
propose the sp kf A f-amework through
which all facets -a' communicate. The
purpose of the forn- c v' a concept definition
that would be in ii '... the most casual
observer. The ?u,: . . is to facilitate a
tightly coupie3 ' i, o. e b2 en facets. The
framework wiJ.l prov f - ; c ce for each facet
developer a :inq t " i n o f information.
Interacting wiLt . .. '..1 te a requirement for

6 all second iterat ,., The result in the
4 future will be a mo-,t: . a ted KBSA.

The main techn. , define minimum
functionality wh_;i- r. " i1!, ovide to all
facets, 2) defir, e ,'-ce -o the framework,
3) extend thr f::--.i< -t d enivironment, 4)

, wS2.
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support programming-in-the-large concepts Ij.e
configuration control, and 5) prcvil5e a consittnt uspr
interface.

The overall results of the first iteration w1l1  be a
KBSA concept demonstration consisting of mostly Ly
coupled facets with the exception of PMA and the
framework which will be tightly couple.- ,zch facet
will exist on separate machines and communiLat'e '7a the
framework. The framework will be responsible for
maintaining traceability between software development
objects and keeping facets updated. Es:ablsr..rc n the
initial traceability (eg. the relationsnip between
requirements objects and specificatio objects is the
responsibility of the involved facets.

In the past, each facet developer has had their own
problem domain in which to work. In generol these
domains have been small or toy-Like. For the KB3A
demonstration the problem domain will be the air traffic
control problem (ATC). This domair has the advantage of
being a substantial problem with a variety ot real world
issues (ie. real time requirements, data base
management, user interaction, interaction with the

* outside world, and changing or not well a-fined
requirements). The intention of the demonstration is
not to solve the ATC problem, but tat'her tc have the ATC
requirements be a driver for KBSA. The demonstration
will most likely focus on some portion of the overall
ATC problem.

Second And Third Iterations

The second iteration of F.3SA i. begin at the
completion of the framework effort. Al. fpets in the
second iteration will interact witn the framework and
thus each other. This will be cone by either building
individual facets in Boneyweli's .:rameworKP or more
likely, individual facet developprz wil extend their
own frameworks (eg. REFINE, AP5, SOCLE, etc) to adhere
to the framework specification. Both are acceptable
from a RADC perspective. Prospective developers must
convince an RADC that either 1) they will use the
Honeywell framework or 2) that their framework does or
will soon adhere to the standard. There will be a
mechanism to allow for some deviations from the
framework specification. This is important since at the
beginning of the second iteration the framework
described in the specification may not be sufficiently
powerful to implement all facets or some specific
feature of the framework may preclude functionality
necessary for a particular facet. For the thirditeration there will be no exceptions.

0



'9 During the second iteration, work will continue on
individual life cycle phases, while also focusing on the
interaction between facets and the framework.

For the framework contract, work will address raising
the functional level of the framework. The goal is for
individual facets to be concerned only with activities
unique to their respective facets, while the framework

*-will be responsible for all generic tasks (eg.
knowledge representation, knowledge base maintenance,
communication between facets, policy enforcement, and
general inferencing capabilities).

Pd.-'.CONCLUSION

In conclusion, there has been progress over the last
four years. The question now is, how close are we to a
workable KBSA? The answer is greatly dependent upon the
framework specification which will come out of this
first iteration. If it is sufficiently powerful, we
could have a workable KBSA at the end of the second

2 iteration. On the other hand, if most second iteration
* contractors have to make generic extensions to the

framework, we can not expect a workable KBSA until the
third iteration.
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A Common Framework for Knowiedge-Based Programming

Steve Huseth and Tim King
Honeyvell Systems and Research Certer

3660 Technology Drive
Minneapolis, Minnesota 55418

Abstract

The advent of personal engineering workstati, r has brought substantivl information pro-
cessing power to the individual programmer. Advanced tools and environment capabilities
supporting the software lifecycle are just bgnning to become generally available However.
man of these tools are addressing on! part of the software development problem by focusing
on rapid construction of self-contained programs by a small group of talented engineers Addi-
tional capabilities are required to support the development of large programming systems where
a high degree of coordination and coirmunication is required among la-ge numbers of software
engineers, hardware engineers, and managers. A major player in realizing these capabilities is
the framework supporting the software development environment. In this paper we discuss our
research toward a Knowledge-Based Software Assistant (KBSA) framework. We propose the

developmzt: of a i advanced framework containing a distributed knowledge base that can sup-
port tf:e dat r-presentation needs of tools, provide environmental support for the formalization

and c,,r) of the software development process, and offer a highly interactive and consistent
0 user interface

1 Introduction

The problem however has several positive characteristics. Since the early 1960s, the hazards and pitfalls
of large software development efforts have been we) documented ;Brooks72'. The use of modular designs,
information hiding, ana chief programmer teams have sought to address this issue and make the problem
more tractable. TighthN coupled toolsets, high-level programming languages, and advanced workstations have
sought to improve programmer productivity. Yet even with the wide-spread availability of these technologies.
the ability to deliver large software systems that are maintainable, extendable, and delivered on time and
within budget continues to be an elusive goal

- 'Brooks72 describes these problems as the 'software tar pit" and cites four kinds of scftware development
categories programs, programming products, programming systems, and programming systems products
A prograrm is software code that is complete in itself, ready to be run by the author on the systt 'n on which
it was developed It is the stuff commonly produced in backyard garages by highly talented in('viduals and
is often the object of envy by many software managers when measuring programmer producti.ity.

The progranmittig product has all the characteristics of a program, but it can be run, LesLed, repaired, and
extended by anybody For a program to become a programming product, it must be written in a gener".lized
fashion, and thoroughly tested and documented so that anyone may use it, fix it, and extend it

Similarly, a prt.qrammtng sptem is derived from the simple program by integrating severai programs into
a collection of interacting components that have been coordinated in their common function and created

*. using a disciplined format. Often programming systems must be construtted to be used in an envjronmtnt
other than the o.e with which they where developed--embedded systems for instance This requires greater
interaction and coordination with other software and hardware components where the target environment

% .has stringent limitations on memory, performance, and basic support services.

This research was supported by RADC contract number F30602-86-C-0074
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of the organizat, rn ard buokkeept:;g tasks on t, . niachine rather than :he programmer To solvc ,r-nt

softyi are de~e opnir a., mamnaernn.ce problern., e new Lfec>' paradiirn for the dr,,elo: ment. . .i on
and maintenance oF lar sor.A are przijectz ic necessar> !o produce a fundemental caaage in the wa. software
is constructed Maintitance a,-', ev,'quticn shoi td occur b\ modifying the specifications ard then rederiving
the implementatior., rather .hin attempting to directly modif) :he optnnized implmrntaton Since the
impiementaticr%ill be rederived for ear change -s pr,)cess must be automated to increas, reliabihty and
reduce cost. lti.g he new paradig-, on tC;e forma&,ation and machine capture of a! software decisions
allows d~anced reasoning rnechanIsPIs tc assst With these decisions !Green83s.

The automated rederivation of th- impiementai:,; sv 9- ,U-sses only the rapid construction (f programs anc
prograrriming products however tVe urrn F , i -. '. and reasoning mechanisms usefui for &%elcping

:- '. spec'hcations car. also be used to a. dress tn, cr.ordic.aion and communication of programming systems
Such knoltedge-btsed techriques .rvidc high degree of tool integration and support for !a-ge projects
Tht specification of methodt. .-roredurrs, a,'d , omunications by large programming tear; thaL occurs
dir~r~g t-.. softs v% re developrneriz process result in zt se- of pi-ogrammable behaviors ctlltd a nt-Jc es pogromn
Osterw.eiWT7 The process program enso-res tbi roordination between developers, the use .f s anda ds. and

t'ie integration of cost, schedule, aLi'] :etict! I..-ormation during the development o; the sf'a, s.stn
Op~ratioiis on soft~ are object5 and riccegsa-1 cornrrv'ications between developers can be U(T'aj

initiated rather t %r. re .ring '.e user to -xpiicity1 remember to make the necessar requts's This ' -r
an the loop' . t m.cnne to encourage ard enforce the policies currently bu, o1ri, 1'TIr.;..i

" " ~adhere,!" ,,I'' : r

0

3 Motivations for the K4jSA Framework

Software engineering frameworks for the next generation of programming environinen.5 %4i) C.sit Of a
. endge las- for containing project data inferemice mechanisms that operate on the knc'.,lnde ba.-. arid a

u er interf-.ce lo assist t h( user ir. nterctrg with :-.e en'ironment To supply these capab~ihties. f-,ur design
o1je.tive' motivated tre develcpment of th: KBSA framework 1) support for the data representa-.;, .'(d5
of 1ifhcycle 10, 2i suppori .'r the coordination of activities that occurs during the sofv art, d.-eloi ren:
process. 3) ,.";po-. rr multiple levels of integraticn of .ools, and 4) a highly interactive and cullslsleet user
interfea-e

3.1 Representation of Programming Knowledge

urrent operating &ystems defire c set of prescuibed file attributes used by the appl1caioxiJ d--, "
file acres$ data, last written date. file owner, etc. Only the file contents and the file name ma> oe t ,ieraii
,chnged br an application programmer. Access to the file object is limited to references tc e st .,j( fined

aLtributts aiually with a cost of addito, nal system ove rhead or the use ofsome unenforced file-; iaui sche:n
.o categorize cata. The framework should permit applications to include any number of at:ributes to t.e
data object and a'liov the detta object to be accessed assuciatively by any one or more of the ;.ttribut.t
assigned without excessive system overhead

- The a~aiiability of such a database also. provides an efficient mechanism for intortool comrr.uni--i in and
control Balzer86. Characteristic -If certain current programming environmento is the Ebilm' t- JCor to-

gerher two tot Is such that as inlormati,,n , 'rod.e-d by one tool, it is imm-diately passed to he ver,
This capabilit>. referred to as 'piping', pcrrnit rapid construction of new tools out A ex.s-"g toc. par,s
- ernighan81

Al-iougl high!v successful, such emirorrr.,n.q stuffer from significant performance "lmeoi;, do,- to t%.c
!naj,,r structure, -. the passing of character strings through pipes is inefficient and uc uu c( datafLvA

J.
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and for characterzzi g software products. s-hedules, and use-s, and clausal logic for describing assertions and
for reasoning about the objects.

The concept of programming is being applied to itself Osterweil87, As a prograrr is a description at.
intended behavior tha i% to be executed b) a computer, so should a process program describe the software
development process that is to be executed by a software development organization The assumption is being
made that if the prrocess can be forma,)) described then it can be automated and cons stentlN adhered to
B) formalizing the methods that are currently being used to develop software, we will be abie t correct
deficiencies, and incrementalis enhance the wa) software is constructed

3.3 Integration Strategies

" The development of software engineering environments that make use of current tools and re extensible to
' , new tools will depend heavily on the integration strategy used by the environment Integration refers to

the ability of the framework to control and coordinate the operations performed b. the tools and to ensure
consistency of the data that they manipulate Many relationships can be defined among tools that have
not been designed to share data Relationships exist among cost data managed by a cost tool, scheduling
information managed by a scheduling tool, and the activities of design, code, and test being performe on
the softw are products b' the software tools.

N%% Characteri'-i. ,r most knowledge-based tools that will be integrated into our framework is the tendencN
to be emrbe , Jd ,r, their own local frameworks. The local frameworks support individual forms of data

i representatien ard inference mechanisms thus satisfying the specific needs of the tool. As a resu!t. our
framework is constructed as a "framework for frameworks" providing programming system support to local
tool frameworks

The four KBSA facet efforts that have been completed or are in progress are supported by three different
l:>al frameworks Socle lHarris8 , which supports the Requirements Assistant, is a frames-based system
that has been extended with mathematical constraints The mathematical constraints provid- a "triggering'
capability to continual) reestablish consistency of the knowledge base, giving an e;ectronic spreadshee, effect
When-ver one of the inputs is changed, the computation is reevaluated so that the effects of the change are

* '. fafu!!. propagated

"4- The Specification Assistant is based on the Common Lisp Framework (CLF) ICLF85>. CLF provides pro-
gramming enironment primitives (modules and workspaces) used to represent prograimng koJedge
The system is based on the very high level language APS, an extension of Lisp, that provides a relational
representation of the knowledge that can be accessed and described using first-order logic forrula,

Finali. Refine ' 'RefineW6 is used to support both the Project Management Assistant and the Performiance
Asi, tant. Refine is the most advanced framework from a production quality perspective and is an anter~t:d
laniuage-programming system along the lines of Smalltalk and CommonLisp. The environment is designed

- tu rc a manipuiator of the language in which it is constructed. The language merges a functional language
containing Lisp-like characteristics, an object-oriented capability, and a first-order logic capabiilit Tht
system as focuse-d on rapid construction of Refine programs by the single user.
From this lis of frameworks, we believe several common characteristics can be identified Each system

supports an object-oriented or frames-based view of programming knowledge that has been augmented w th
inference mechanisms for making logical assertions about the knowledge. By removing overlapping an6

- conEacting capabilities, a set of "common denominator' capabilities that will be initially supported b) a
common framework can be defined. This list will provide similar capabilities to what each facet expects
from its own framework. As new tools and capabilities are defined, the our framework mvst be atle to be
modified and extended to meet these new requirements.
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The kno-A~ledge base will contain project management inform-aticri 511rf as sA

'Kresource alicca103o Cost Ing data, project structure, and policy It Wil, CO-:Ld'n teconr,.-i
requiremen~s specifications. code, test data, and tert results. Users wil! includ,: .. .s-z i., th~ll
naive rnaragerren: and everyone in between. A useful software d,!velo' men: enviry'rn -,'cc o-~

mans% ktnd' c.f .ser re,4uests for a varietv of different kinds c f inforrraticri &1id a.ssist C.

%%e have ii nifiod se~erai concepts that are fundamental -,o user inittrfaces. Fjirst, tite o: 'r i rr ir

* ~b rnus: z-; DCcn err, ThF sarne mechanism should be used to perform the satie cr.Vr,.. -. !; *' '';"

context Fcor e~amnple. it iF undesireable for a requirements editor to be inivAk! Nia e cc-, -i. r
whiie tnhi ilcari:fticr editor is invoked via mouse selection.

Bell: and~qP' facilities that provide accurate up-to-date information mrust be accessi,-ole ns . cis, i
interface A he.j facdic should be available to the user at any time anid %4,ti~r a.-,Y cortt'i %i "I CijmflC(f
mechanismi for requesting help Exit from the help processor shiould return!i ;rv cc the origi. ii.

- ~ Second the interface should be friendly IMeads85i. That is, it should pro', id- Atc'~' es to it
system which puts the user at ease. A friendly interface is: cooperutive, forgiving, -and conr~uci-.e A coor-
erative interface active)) assists tLsers by keeping them aware or basic capabiios, enr -,orraging '_-xploration
of additional cmpabikties and kerping the user informed on what the rssem : draii t- .Itat progrese
is being made A coperatlve interface will allo%% the user to Eusrnend a teik anc i. >tur tc I!. t.t

C....' some !at-- ,i- without loosing context or information. A forgiving~ initflec' vi 3es Iv-( r'p~ mitakeE

b\ a utornav.i *y co . i ting simple errors and allowing the user to eas"y rec ).-t f-(- .r, 'c Fina;l
congIu h - jn~f7 .C is -eiiable. predictable, and encourages In- user to txpio.' litie witz'owti.f
of d-sircir r.d'.a information.

Third. the ini -fa-e h, uld provide access to intelligent tuto-ring !uidC quen r clies, doarS
*ies ha, e sho %' that su-h or-line assistance can subsltait,] aFiec. i system's efcct:-:enpss. t-,A . aii3

- lean, a K ers reqaire Pas% access to infor'natior. hat di:scribe fcatures and Ofc~::ai~ of-J -_5
*a, t( data ir t e knou ledge !Lase su'-h as available rescurces. schedulS. an d task ass.~nrints

*.Firallk qn-'- ,sers A~l iiave :!verse backgrounds and var) ing degrpees of ttch'-.ral knc~ ledro th, rnfc(
sh oul'd h~a.p m r nec:,snmsrnifo user modeling 'Nahlster86 This iniiud-. ditte-nining Lnd re(-s: chf

goa 1 . plaits. aid kniowledge characteristics of the uses .n ac; attemp' (o tailor t'ne s~ sterr*Fir 311
dn ng so. the SkrSlem Can more appropriately determin~e ws kir;,is of i vc,-ration to sup)TIN. no VAIVeIN

as, i the user in achieving goals

Manx sp: roa hps car. Le taken trt satisfy these reqL-riemz-:t. lo, a oJ iser irnerftc'
so,'n fa-, .,rs ti: -ccsid'er ir deierinning hou to pr( ' ;c e rr';-iLrod '

1 C c,,'o th, irterface rDifferertA k~nds of interface- (-neo t c -)rr- %ncd-l-, 'gr. po
e-;r- uire differing amounts of effort in inpletrrrta wno aic: rr.!,Pcn52

Laim -ed igainsr tre i -quired functionality

2 Fas' olearning Sortie interfaces (menu, riatural ilngoaLge) are easier to * Tr'
* x rra crrtle~r'.must bc geared toward -,hi- cs-er cuinrrunhit

- Z C. ncr.erress horn- interfaces are more concis: ard !cqutre less interactioin to
Thre i-n1Seness verbositv of the tnterface must c-orrelate with the tatssr t..

-r_ 4 N-Pd for precision Some interfaces are less precise (natural language) their

the i,rract must match the precision required by the task
* . Nopr! f,- pl-tr:-es In aomre cases, pictures commnunicate informatii n uco,

interfare siho'iI be capaHie of displaying pictures Whenever Lppr.priate

f Sei,'r t,- "cnrplexity 'rho required complexity of thp intetrface is-
:xcfte * ask bolng performed The interface must baJance its ou r
ki 'wil; i.e. use'A in
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7. Promising more than can be delivered. In most cases, if a system has a complex interfacc, users
will expect complex behavior from the underlying system. The interface must not mislead users by
shrouding a simple system in a complex interface.

4 Architecture Overview

"" Figure 2 describes the overall architecture of our framework. Each tool and its knowledge base are used by
the programmer on separate Common Lisp platforms called "Lisp worlds." A Lisp world is a Lisp virtual
address space where Common Lisp applications may execute but may not directly interact with other Lisp
worlds. The KBSA framework is responsible for all communication between the Lisp worlds.

When a tool is invoked, it is loaded into a Lisp world and run. Tools having their own framework will be
loaded with an initial context prior to execution. Conversely, when the operation has finished, the local Lisp
context is restored to the KBSA knowledge base to enable sharing the information. The tool will optionally
remain loaded in the Lisp world to facilitate subsequent executions. j

These capabilities are supported by two KBSA framework components: knowledge base and client handler.

-: Each of these components axe described further below.

4.1 Knowledge Base I
The knowledge base manages the "corporate memory" for the programming environment including tools,

* project data. and project policy. It is constructed on a single Lisp world. All objects managed by the

." knowledge base are defined and manipulated using four types of constructs: object schema, methods, rules,
and demons. Object instances defined by the schema may be distributed across multiple workstations, be

" associatively accessed using any combination of their attributes, conform to an access control policy, and
contain a derivation history of all changes made to the object. The knowledge base will enforce project policies
and data integrir. relationship on all object instances using the rules and object constraints described to it

The four construct types provide the characteristics of object-oriented programming together with a logic
system for declaratively describing relationships between objects and inferring results. Each of the constructs

' are defined further.

Object Schema and Methods Objects and methods in the knowledge base support abstractions
characteristic of object-oriented programming environments IGoldberg84' that have become popular. This
concept has been extended by adding additional characteristic or logical assertions.

Each slot in an object schema can be annotated with logical predicates, called slot assertions which formally
describe either the contents of the slot, or a function for computing its value. These predicates and functions

are used to establish policies about object classes and ensure integrity of the data.

Object schema define an object class containing a name, optional supertypes, and a list of slots Methods

define the messages accepted by the object class and the operations that manipulate its instances.

Demons A demon associates an object method with a predicate condition. The method is invoked

wheiiever the predicate is satisfied. The bound variables to the logic query are used as parameters to the

method.

When a demon is triggered, the method is executed in the Lisp world whose operation on the knowledge base
resulted in the demon predicate being satisfied. Demons are a primary mechanism used describe program

management policy

,,"-'-
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Rules Rules describe logical predicates used to infer relaJonships in the knowledge base. They will he

• used in both slot assertons and demons.,a

* 4.2 Client Handler

The Client handler manages the context of a single user Lisp world. It receives messages sent from the
knowledge base to load data objects into the Lisp world and to execute object methods. It is also responsible
for providing a transparent interface between tools and the central knowledge base. The client handler is
the network manager for a single node and ensures hat the data on the local node and the knowledge base
remain consistent.

4.3 Implementation Details

A prototype with some of the characteristics of the system described has been constructed to provide a
testbed for experimenting with framework concepts. It is hosted on a network of Symbolics workstations
and makes use of the Symbolics networking protocols. The following section presents the details of the
implementation.

Communication andFramework Interface

SCommon LogLisp
Loops

Common Lisp

Figure 3: Framework Internal Organization B7CRv108

* The objcc-ori,:r ted and predicate 11,gic capability is provided by unifying the LogLisp ICarciofini86 language
with CommonLoops BobrowS5, as shown in figure 3 CommonLoops is a set of object-oriented extensions
to Common Lisp. LogLisp is a language which introduces a Horn clause theorem prover into Lisp As object
classes and instances are created predicates axe asserted into LogLisp to map the unification semantics onto
the object slots and values.

• Both slot assertions and demon objects specify LogLisp queries used to determine slot values and invoke
methods respectively. Each modification or creation of an object results in the list of predicates being
evaluated The associated method is invoked or slot value asigned for those predicates returning values
Index tables are constructed to assist the knowledge base minimizing the number of predicates evaluated for
each knowledge base operation.

- LogLisp also pr.)vides a powerful associative access mechanism to any object in the knowledge base by simply

S. . . ,. . . .- . - . . .... . . .. . . .. .
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formulating a query containing the attributes of the desired object. This en I.-
constructing complex access structures to the objects of interest and instead ,a? n '.

,.e. their attributes.

5 Conclusion

We have described the requirements and motivations of a common KBSA frt. '
services not available in the tool frameworks. An initial architecture for such as sy.': .. "
well as its imp!ementation. The construction of advanced software engineerinw !rk ;, -fr " , .

% ilfrom man other developing technologies of large databases, distributed corr,.i>. . .
-. " ~languages. and natural language understanding. In our investigation of f:.arn.ow ,,,, . ,,, .

examine a broad spectrum of relevant topics without falling into any of the ; .

Thus. several issues remain to be adequately examined. Many of these Eue F,- j,%_
and include locking and serializing knowledge base transactions, improving syste.;.
our integration approaches with actual knowledge-based tools. We ascribe
deveiop solutions to these issues and therefore will continue to expand the .

The real succes, of the approach however, will be determined by the abi "..
minimal set of software development tools into the framework and begir. r
itself To achieve this goal, we have begun to integrate an internally availabie'. te n l F, "n e I c n .c

* Lisp based tools into the framework. This has been particularily useful in :ort .r. -. ii 0 b- .n
to realit) where performance and manipulation of large amounts of informp& :oi. -.
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AN OVERVIEW OF THE
KNOWLEDGE-BASED

REQUIREMENTS ASSISTANT

David R. Harris

Sanders Associates
a Lockheed Corporation

95 Canal Street
Nashua, New Hampshire 03061

%I
The Knowledge-Based Requirements Assistant (KBRA), is an intelligent

assistant computer program designed to actively assist engineers m the
requirements acquisitionland analysis for complex software system. As a
component of the the Knowledge-Based Software Assistant (KBSA) effort,
KBRA addresses the KBSA requirements facet goals as outlined in "Report
on a Knowledge-based Software Assistant" [Green, Luckham, Balzer,
Cheatham, and Rich]. These goals include forran1zation, knowledge-based
editing and management of requirements, requirpments review, and
requirements testing.

We have found it useful to liken our KBRA to a junior assistant charged
with the management of a requirements engineer's no~ebook. This
management entails carefully recording information along with the

• dependency relationships among requirements statements, generating
requirements statements from alternative points of view, critiquing
requirements statements, and noting incorsistencies. Creating this behavior
in an assistant program has required careful attention to the division of labor
between the assistant and the requirements -ngineer. The assistant knows
the vocabulary of requirements work and wili, at appropriate times, take the
initiative to check for consistency and propagaLe information. The engineer is
always in charge and uses the assistant's input to help make the key
decisions.

- This paper indicates the KBRA problem definition, describes the KBRA
system, very briefly summarizes the knowledge representation approach, and
finally points out the relationship of KBRA to related research.

.4 'Acquisition of requirements, as used here, means the declaration of ideas and their
placement within some model or models of the system to be built.

This work has been funded by the Rome Air Development Center at Griffisa Air Force
Base in New York under Contract No. F30602-8S-C-0267.
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DECISIONS FOR KBRA PROBLEM DEFINITION

KBRA is a first step on the road toward machine-mediatior of requirements
work. There have been many importart problems to investigate and we have
had to decide how to best allocate reir es in addressing these problems.
Three major decisions stand out as influential on the character of KBRA.
These are the us of realistic DJ) examples, the choice of an integrated

'" facilities approach, and the development of a workstation approach to
acquisition of requirements.

Realistic Examples

A requirements facet must address prog r:mc g-iri-the-large. DoD projects
are often large and overwhel. a.'ni',' complex. It ,,, crucial that engineers can
"get a handle on the problem'. In ordcr , ensure that we addressed the
really significant problems associated mt' complexity (and that our results
can hence be rapidly assimilated into tMe DoD community), we have made a
strong commitment to usiY.-g realistic DoD examples. We began the project by
developing a protocol, in the form of a working notebook of requirements
work on an Air T:,ff Control System. This protocol includes requirements
for itEt-: such a- zystem administrative functions, tracking capabilities and
flight L- r.. :tenance. If anything, the study reinforced our concern that

* effects to g,,?t a handle on requirements problems are exploratory in nature
with system description evolving through incremental changes over many
iterations. The Air Traffic Control domain was chosen as representative of
the complex but conventional ,oftware systems which are targeted for
development using KBRA.

We have used this protocol extensively in directing our own work. In
addition, it has *-en adopted by the Knowledge-Based Software Assistant
Community as its common example problem.

Integrated Facilities

We selected an integrated facilities approach over a prescriptive approach.
The facilities that have been developed include 11 capture of informal
requirements through an intelligent notepad, 2) capture of dependency
relationships using familiar calculator and spreadsheet formats tailored to the
relationships between requirements, 3) management of complexity through
presentation of familiar system description concepts (data-flow, functional

'. decomposition, state transition), spread shets, and explanations of
requirements ennnes, 4) knowledge-based editing of these presentations, 5)
critiquing of requirements work, and 6) completion of partial descriptions.
Examples of some of these will be presented in the descriptions and figures
below.

k.-"A These facilities are integrated through KBRA mediation of the requirements
. specification process and through integrated reasoning processes. Throughout

this proci' s, K1iRA checks for consistency, maintains dependency links, and
propagates decisions by u3irg an integrated collection of inference processes
KBRA does not enforce a particular methodology In fact, KBRA does not
contain a process model for r"euirements. We felt thiat an investigation of a
requirements process model was not appropriate at this stage due to the
present lack of formalization at tbr- requirements evel.

Workstalic Acquisi.*:i, Medium

0
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KBRA provides P. "wor statiort" knoxi-xiie acquisition mnem BA lw
an engineer to enter uiforrmatior w a 'natui-a!" (i.e close to the applization)
engineering language of graphics and informial flC'.e:. The workstation is
intended to be used from the first day of a pro,,ect wb'er engineers are
merely sketching cut solutions informally rxd relat~ng associated thoughts.

The acquisition medium approach reflects our recognition that requirements
work. muc,,h more io than other software enginceeing practice, is about
acquisition The es7;ence cf what roquiremnents cngminers d( is acquire and
apply kno wledge about spec'.fic domains. By providing it workstation medium,

we have been able to build KBRA so that 1) it is acc-isable by end-users, 2)

the results of machirn-mediation are mrmediately e-vident to these end-users,I

a-rd 3) feedback from ercJ-users is incorporated to improve the system.

Ss anilsraIon--sM w of l he medum, the im "is eampe f

"Inteliget Not-ad"acm iil n oemce. The "aaw teo " -Wn Are eterd
user whoomithod dot c'sc:;' f, n-?w gencretiof' a r t F-r otro arstem

P.nforniation takin adanag Scf temi rda rt., %II uVw reotiea capbiliist

rees anilrtio of~ c t medom a he igre itn ehihampes in somhwa
oIntelgn aeqreNlo*i:'ad acuisitns velce th "notid include ntee ay fucto
uswh prided it t- en, n~d;g xt nerins91 taf contr ord orem

6~he find ing n a lmmt ta2 pvlfa aricr roe %an evolvingssem te

Thies tocu e:.A' aP'Jiitvi acc te sso ncationormaity ofpirequiemes yI.specificatvzr. arc areas in wrluch IFBRA is significanitly different from more
conventicna] RPP'-Or'fhPF to FUTpporting requirements work.

THE KBRA S'ISThM

The ab-,c" dnviic's r.rd the Knowledge-Based Software Assistant metaphor
have together ginni& cuir work on KBRA. in this seoction, we will briefly point

Pitt out the main features of the current KBRA prototype.

SO
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Incremental Formalization

KBRA supports incremental formalization of requirements. In other words,
information that is informal (eg. keywords, unparsed text stnngs) is stored
along with formal requirements statements (decomposition, data flow, event
definition, and performance characterization). Thus, KBRA never degrades to
a text editor, but rather provides for the editing of all text at the logical level
within the context of the evolving system description. This notion has been
referred to in {Sterpel as "structured text".

As work proceeds, KBRA analysis capabilities maintain dependency links,
propagate information, and check for consistency as informal is replaced with
formal. We will briefly describe each of these analysis capabilities. Dependency

links are realized as a form of truth maintenance system. For example, an
engineer may state a specific processing time requirement on a system
subcomponent in order to cover a near-real-time requirement for the entire
system. If KBRA is made aware of this relationship, it will remind an
engineer of the connection when a review of the processing time requirement
is requested. In addition, KBRA will know that in the event an engineer
removes the near real time requirement, the engineer must reconsider the
processing time requirement since its support is no longer present.

KBRA propagates information by running rules or procedural attachments
when the state of the evolving system description changes. For example,

* when an external agent, such as a radar system interacting with an air
traffic control system, is declared, KBRA automatically adds any known
output (such as radar messages) of the agent to the input list for the system
being described.

Checks for consistency include looking for data flow anomolies, invoking
user-defined constraints on potentially competing requirements, and looking
for violation of physical laws. Items which must be specified are often
interrelated. When this occurs, KBRA established constraint networks which
track dependencies and maintain logical consistency (unit propositional

. resolution) among the items.

li MO-- %lTSl
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One example of such consistency checking is illustrated in the figure. What
is shown is a partial decomposition of an air traffic control system. The sweep
rate of the radar, the initiation time of the tracker, and the need to begin
tracking airplanes before they enter a controlled area are connected with a
simple "distance is rate times time" formula. If KBRA knows of this
connection, it will enforce it when an engineer makes exploratiory attempts
to specify requirements. In the event that the engineer over-specuies the

. requirements participating in the formula, KBRA will detect inconsistent
'" requirements and if possible automatically resolve the contradiction.

In addition to assistant behavior, and when appropriate, KBRA takes the
initiative and plays a more active role in requirements generation based on its
expectations about the system being described. KBRA completes partial

a descriptions (e.g. completes data-flow), critiques decisions made (e.g. the work
is not complete, values chosen are not reasonable in this context, values are
inconsistent with other requirements, requirements contain redundancies),
incorporates default values and default data flow properties, and automatically
classifies objects based on interrelated required properties.

-. ~ Knowledge-Based Editing of Multiple Viewpoints

Multiple viewpoints are important, certainly for engineers' stylistic choices,
-.. but more significantly because software description cannot be completely

Svisualized from any one coherent projection. We have investigated and
*incorporated standard system description concepts (e.g., data flow, state

transition). The development of these concepts has been important knowledge
engineering work within the requirements domain. While the methodologies
associated with these concepts are frequently inadequate for complete
requirements work, the notations used are a particularly useful means of
communication between engineers and for helping people to get a handle on
problem complexity. A part of our work has been to formalize these concepts
in an integrated machine-useable manner. For example, each of the KBRA
screen images below displays different information about the operational mode
of an air traffic control system. Each in their own wey provides a user with a
giobal perspective on the wor'. he or she has done.
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Hence, multiple viewpoint,; are a form of paraphrasing which can help a
user manage the complexity. We refer to the viewpoints which can be edited
as "presentations". This editing is knowledge-based. In other words, inference
based on knowledge about the presentation type and about requirements
relationships is us.-d in order to set KBRA expectations, provide feedback, and
maintain cons.:zenry durnng the editing process.

Cor: " ." Krowledge

* KBRA embohies and interacts with Cormunity knowledge. Community
knowledge is domain-specific knowledge atout solutions to particular
requirements level problems. It can include solutions ranging from
decomposition strategies, to typiJal data, to relationships between performance
characteristics. In general it is this knowledge which sets expectations for
requirements work and allows KBRA to critique the work that an engineer
performs. Except in rare cases, requirements engineers take advantage of the
knowledge and experience they have in specifying similar systems. Our
perception is that this will continue to be the case in the forseeable future as
most new system development will continue to use large segments of
conventional components. This suggests that there is a tremendous potential
for the reuse of stereotypical solutions. This knowledge can be accessed by
engineers and reused to s.olve new probiems. In addition, it allows KBRA to
perform analysis on the requirements that an engineer enters.

KNOWLEDGE REPRESENTATION

The highes, level view into KBRA reveals two major architectural disciplines
and an implementation of those disciplines with a hybrid knowledge
representation system. The first architectural discipline is the separation of
empty machine from knowledge-base This is the discipline fundamental to

0 expert system work. Within KRA it has meant the explicit codification of
requirements formalisms such as d3ta, activities, events, states, performance
character'.,,tics, other non-functional requirements and the codification of an
evolving system description within hierarchies of such objects.

The second architectural disciphne is that of a presentation-based interface.
That is to say we have taken a systems approach to building an interface
which importantly provides multiple viewpoints, associative retrieval, and
knowledgE-based editng of the evolving system description. This systems
approach separates presentation of reqlorements knowledge (e.g., data flow

....
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diagram, state transition diagram) from representation of requirements

knowledge (e.g. a tracker is a kind of air traffic control function which
maintains track block records for all aircraft within the airspace). As we
mentioned earlier, presentation knowledge is itself an important component of
knowledge about requirements. Among other things, KBRA has codified this
knowledge, identified commonalities among presentations, and established the
connections between presentation and requirements representation. Readers
interested in more information about presentation-based interfaces are
referred to [Ciccarellil.

Socle (a homonym derived from Structured Object and Constraint Language
Environment) (Harris) is the knowledge representational tool which is used
for implementing the architectural disciplines. Socle is a hybrid system (with
FRL [Roberts and Goldstein] and Constraint-based Languages [Steelel as
ancestors). It supports both object-oriented and constraint-based programming

-styles. The Air Traffic Control diagram illustrated in the earlier figure is an
abstraction showing a mix between description through object specification
and constraint specification. Within KBRA this information is collected from
an engineer through his/her editing of presentations of high level system
description (e. g. decomposition, spread sheet relationship) and is propagated
to internal representations of the diagram abstraction. Once this information
is entered, it is represented as Socle objects. All subsequent inference based
on these objects is mediated by Socle.

RELATED EFFORTS

There are several research efforts that are related to IBRA.

The work most closely related to our own is that of the Programmer's
Apprentice (PA) IRich, Schrobel at MIT. Specifically, a new Requirements
Apprentice (RA) [Rich,Waters] beachhead has very recently been started. The
RA is like the KBRA in that it attempts to exploit expectations about

-. " -requirements statements in order to actively assist a requirements analyst.
KBRA and RA have different focus however. The KBRA concern for
informality and requirements acquisition will probably not be seen in the RA.
In addition, the two systems differ in their posture toward machine
understanding of requirements. KBRA takes a modest step forward in
formalizing this understanding, the RA, as a next generation automatic
programming component, will aim at a deeper formalization. Throughout our

," effort we have worked with members of the PA staff to the mutual benefit
* of both efforts.

Another related effort is ISI's SAFE [Balzer, Goldman, Wile). This effort
made the significant contribution of identifying problems of informality in
requirements specification and of beginning the process of attacking these
problems. The SAFE approach is very different from KBRA's approach.

0 Specifically, SAFE emphasizes natural language and total automation of the
informal to formal transformation. On the other hand, KBRA emphasizes
requirements acquisition through graphical and text modes and the
semi-automatic transformation of informal to formal description.

RML [Greenspan] is a language for requirements modeling. In part its
inspiration is the SADT model. SADT is a software design methodology that
emphasizes dual decomposition of systems from activity and data perspectives.
RML supplies the semantics behind an SADT diagram. Its formalization of
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requirements constructs (through ilnk- t, fu'st order logic) is an important
contribution to n.i:hjne understan, Z (- rouiremrents analysis.

PAISLey iZave] is an example of a formal requrements language for a
narrow application area, specilizay rea -tne distributed systems. As a narrow
domain apphcation generator it is nct specifically addressing the goals of
KBSA. However, in the long term, we anticipate the inclusion of several such
application generator capabilities within a requirments facet.

Within the KBSA itself, KBkA i- reL:ted to both the specification facet and
the performance facet. The output of KBRA is a set of formal requirements
which have been checked for consisteni to some level of completeness. These
requirements are then handed ofl to the sp,-ci'cation assistant where
additional manual and automati manmpulation take place as a formal
specification is produced. To a firsf 1py:-cximation, KBRA is more about
acquisition of requirements and tiie movem-nt from informal to formal
spec'fihat'.n The COC-ril-: o" r' soeci! .ron assiztant are more with
venfication.

The role of the KBSA perfc)rmancc assivtant is to select appropriate
tran-fcrmat:Cnq baF . '- c' ko." .e of performance ,haracteristics associated
wi.th .hoce -. c .i prc-ode officient solutions at the requirements
leve! E .: thr.j> ir.mentatir le, el (where the performance facet prunes
th2 tr, -,e unplementatiom az derived from formal specificationS. For

Se~xa~ .-,et-reliabity trade-off's afei-t the choice of a tracker algorthm for
7 an air [!affc contro, yvstem It is -npmrlant that these trade-offs be

'orsdz,, t h eh& re,,i irenents Y-w' : ec ,,'P that solutions are feasible.
K1BRA C;'2f5 su-., perf,rjrn, .-r> v,,i capabiities at the requirements
)eve, r.. arc- aulnrr"aic spe,it"on of algorithms in order to satisfy
c'11e-'-,,i, of rrquircmin:s, and c-s.sev:v checks between potentially
ccrn tirqg r re'.:ior.. r~r tr.uz,. jcura~y, or cost

CON( CLU SION

-t - , i3 >:esst tL mnachi-n~ia:',r.nt )f requirements activities. This is
" acc0 ,~ byv rr, %-,dng analvsiE c" er-eentation gupport to the process of

increrten-,a de ;el:,prig a formal s, c' req1.lrements for a complex system.
CWe bhiV we have taken the ne-_e -, fir-t step toward supporting the

.a-qus,',- rOf requ.r rre:t an. thus ire providing KBSA with an ability to
ha:.div -crpiex prugiamming-in-the ,arge systems that are envisioned for the
forst,:,-,. future

Future d:.-ectns, beyond the work we envisior for this first prototype,could
.-include 1, dvemnt of a requiremnts orocess model, 2) building a

multi-ur cwnironnment which addre'ses !ssues such as configuration
manag-mnent partitioning of requirements ta,ks, and the role of an

0 Lnte',ig-nt assstant as an active :( rt working with several human agents,
and , 1,he addition of requirements ivel validation tools such as general
purpnse and special purpose rapid prc:t -typing capabilities In our own efforts,
we have conducted a prehminar .,nve;gation into using Socle as an
execiti:b!e requirement,_ language for rnapid prototyping Results of this
umvestngau.cn have been very '.ourag-,ng

Thr, c-urrent KBRA prototype i s a drmonstraton of many of the essential
featur f tuo r.. ,' KIIS.4 r. , .e'jt assist,:t. It is designed to

0 '%



support the requirements engineer beginning at the initial phase of
requirements work and continuing through to document preparation. In
using KBRA, an engineer makes the commitment to working on-line not
on-paper. The reward for this commitment is that the decisions made and
their associated justifications are not lost, but rather become part of the
KBSA environment to be available and used throughout the entire software
life cycle.
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Overview of the Knowledge-Based
Specification Assistant

W. Lewis Johnson
USC/Information Sciences Institute

4676 Admiralty Way, Marina del Rey, CA 90292

Abstract

In order for specifications to be used effectively in software development, we need tools
to do the following things: a) assist in developing the specification; b) analyze and

* evaluate the specification; and c) explain the specification. The Knowledge-Based
Specification Assistant (KBSA) is designed to provide assistance along these three
dimensions. This system aids people in specifying programs, by allowing them to record
their initial views of system requirements and to gradually transform them into
complete specifications. Symbolic evaluation and simulation tools are provided so that
the specifier can run the specification as a prototype, and so that unexpected
implications of statements in the specification can be detected. Explanation facilities do
retrievals from the specification database in response to user queries, and generate
natural-language answers and summaries in response to the queries. An overview of
each of these facilities will be presented in this paper.
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1. Introduction

S o f tw dV a l~ r,~uip e-n are comple.tiecosmig and error-prone

proc:esses. '_)uf!-twiI\e >n: 1:dc ide what an appiica*tion is supposed to do,

implement the :t p1 iat iou a-,- then- st-omehow determine whether or not the

imuemk-Up~emreill '. I ) ' iit Ma nene. aintainers m~ust trv to understand

what the apolctut c what it is upo to dio, and then, decide how- to change

0ne or the 07'ero both. At eabs varr an iudrstandings may arise as the

appiication is; revisedl alld maoI., ei th( potential for errors aria misunderstandings

11onc.7 tbz m tc ~r eor

.1~,U Ii a' a ii;' " ~ rnmin 8.15)and transforniatiomi-based imnplementatlon

h ~ ~ ti w.. -jr8 ompllexity of) the softw are process, by bridging

- * tn spcifcatonand i.ujplemnentation. Softw are is developed riot by

* ~ ~ ~ ~ i r0 1,.vrim crna peclrications. These specification aeatmaticallv

I. i' i~jialvtrauiisfou med ifln( executable co-.de. As a result, people can be

,nor(* c 'aifiet that the cod,- re- ik implemients the speciication. Maintenance can be

- - ornochL: rlian-ln'_ the' -Lc:ea i s needed, irid deriving niew imnpltenientation

* Ihe l~iow1Fdge-Based Software Astistant effort 113) has embraced the notion of

specification-based software dex'elopniont. At the same time, though, it L recognized

*that ai. oi-natic programn: inTg and transformationT-based implementation leave major

I citors ur:iswered. irst,, how , is the specification developed in the irst place"

Specificrs do not just sit loxwn and wite a specification; it takes time to work out all of

detl (,f % la!n ap'ctoi h,_ do. Seod o do weensure that people

re a!l ill 11ersit an i what l pcfcto says? It is difficult to wade through the

-- cornpx\it. 'f a tpc pcfca~: and recognize where assumpinrnddsg

* eiv:- r'n.<.Te lr.e-:f- ei~sdscfcto Assi9stant project attempts to

njddr( s U ;6 -u e ypoii8 l n developing, evaluating, and understanding

N

he-6 (" (i' -t I- i!': 1~ :_If, Ctei .' he re cogn11ition C f two key asp)ects to
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specification development:

e specification development is a kind of design process:

* specification development is an evolutionary process.

When specifiers write specifications, they have a set of goals in ri..xd for the specified

system to achieve. They attempt to design a specification wriich determines prtcisely

what the application should do to try to meet those goals. Complexity arises az; the

specifier identifies exceptions to goals, resolves conflicts between goals, or reformulaue.

goals into new ones that .are easier to implement. At the same time, the specifier's

conceptual model of the domain and the application constantly evolves; the specifier

may discover new go-IJs - be addressed, or change his or her mind about previously

stated goals.

The Specification Assistant aids specification development by allowing people to

record their initial views of system requirements and helping them to transform this

initial descriptions into complete specifications. It also provides specifiers with tools for

revising the specification in meaningful ways; the specifier can describe what is wrong

with the specification, and the Specification Assistant can then change the specification

to correct the flaw. A record is kept of how the specification was constructed and

modified: this aids subsequent understanding and maintenance of the specification.

In order to develop a specification properly, a specifier must constantly analyze and

evaluate the specification. The specifier must make sure that the specification says

what is supposed to say; the specifier must also check if the specification is incomplete

or unimplementable, and refine the it as necessary. To assist this process, ,BSA

provides tcols for analyzing and evaluating specifications. The system can symbolically

evaluate the specification, or run simulations on test data. It can analyze the

specilcation for various kinds of inconsistency or incompleteness.

IBSA also has facilities for explaining specifications. When fully implemented, these

failit ies will include showing the specification from different viewpoints and alongI different dimensions, and paraphrasing the formal specification notation into English.

......... . . *.. .
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specification development is required. They also provide the means for executing the

specification and observing its behavior. The analysis tools can be invoked directly by

the user; they are also automatically invoked by other components of KBSA, such as

the specification editor, in order to retrieve information about the specification. The

analysis tools add information to the specification database, where it is available for

inspection by other components of !,:BSA.

Finally, the Specification Assistant contains a Specification Explainer module. The

Specification Explainer's current function is to paraphrase the specification in English,

making it easier to understand. However, when users request paraphrases of parts of

specifications, they usually have a particular question in mind about the specification.

- We plan to significantly extend the power of the Specification Explainer so that it can

answer general user queries about the specification.

3. Speciflication Development

We will now look at how specifications are built up incrementally in KBSA. We will

examine the following issues:

high-level editing commands, their purpose and function,

. reusing specifications using specification views, and

- how KBSA can guide the user in selection of editing commands.

At this stage in the implementation of KBSA our repertoire of high-level editing

commands are fairly well developed. The view mechanisms and user guidance

techniques are at fairly early stages at this point.

-W We are current working on two applications as test cases for KBSA: a patient-

monitoring system and an air-traffic control system. The examples in this paper will

focus on the patient-monitoring system. A number of researchers have used this

appliction as an example specification problem. A short description of it, taken from

[9 , follows.

A patient-monitoring system is required for a hospital. Each patient is
monitored by an analog device which measures factors such as pulse,

0.: temperature, blood pressure, and skin resistance. The program reads these

e,,"I
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factors on a periodic basis (specified for each patient) and storEs tLe:-c factors
in a data base. For each patient, safe ranges for each facto, are specified
(e.g., patient X's safe temperature range is 98 to 99.5 degrees Fahr, n!ei ". If

._. a factor falls outside of a patient's safe range, or if an analog dv~ce faIls, tht,

nurse's station is notified.

3.1. High-Level Editing Commands

To illustrate incremental specification development and high-level e•iring conim-inds.

we will start out with a high-level specification of the patient-monitoring system. arid

show how this specific.tion is progressively elaborated. This example will go into some

detail, so that the reader can see exactly how the process is carried out.

Figure 3-1 shows the high-level Gist specification for the patient-monitoring system.

We will not go into the details of Gist syntax here; the reader may refer to Appendix I

for a description of Gist. However, to make the specification easier to understand, we

* include in Figure 3-2 the English paraphrase of this specification generated by KBSA's

English Paraphraser, a part of the explanation component of ICBSA.

An important point to observe about this specification is that it describes the patient

monitor's behavior in a highly idealized, non-operational manner. For example, the

notify-nurse demon of the monitor notifies the nurse simply by asserting the

knows-unsafe relation between the nurse and the patient. It performs this action

whenever the safe-signs relation is false for a patient. Some of the behavior of the

application and the environment is underspecified. The relation safe-signs currently

described as changing in a random or unspecified way.2 In the complete specification

safe-signs will not be random at all, but wili be computed from the patient's vital

[ •signs. A motivation and analysis of these different kinds of specification idealizations

' . appears in [14]. The specification developer must transform this initial specification

into a concrete, operational specification.

The specifier might start out by filling in some of the definitions of the terms in the

-This information is captured in the definition of the relation as implicit, which means that the
rolation randomly becomes true and false over time, as a consequence of some process that the

A-. specification does not describe.

%.. . . . .
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{type vital-sign = {'blood-pressure, 'temperature,
type pvalue = real,
type day-time,
type patient with {
relation reading( vital-sign, pvalue)},

static singleton type nurse,
relation medical-entry(monitor, patient, vital-sign, pvalue,

*day-time),

relation knows-unsafe (nurse, patient),

implicit relation safe-signs(patient),
Implicit relation time-to-record-signs(patient)
implicit singleton relation current-time(day-time)

static singleton type monitor with {
demon notIfy-nurse[ patient]

when -saf,-.;:gns(patient)
do 1nert knows-unsafe(nurse, patient),

demon :--;cord-signs[ patient]

0 when time-to-record-signs(patient)
do parallel loop on{v I vital-sign} do

insert medical-entry(monitor, patient, v,
reading(patientv,?), current-time(?))}

}

Figure 3-1: A high-level specification of the Patient-Monitoring System

specification. such as safe-signs. safe-signs is true of a patient if and only if all

of the patient's vital signs are within some safe range. The specifier must therefore

refine the definition of safe-signs, and define any new terms that are introduced in

the process. The resulting definitions might look like the following:

implicit relation safe-signs(patient) Iff
for all v I vital-sign II safe-vital-sign(patient, v);

Simplici t relation safe-vital-sign(patient, vlvltal-sign) iff

inside-range(reading(patient, v, ?), safe-range(patient, v, ?));
implicit relation safe-range(patient, vital-sign, range-of-pvalue);

implicit relation inside-range (pvalue, range-of-pvalue);
type range-of-pvalue instances are sequences of pvalue

'IBSA pro, ,>,h(s development assistance at this stage of the process primarily by

providing structur.-editing commands that the user can employ to fill oul these

definioris. i or example, the Add Random Relation command inserts an implicit-

0'

- ............. ....



" The items in this specification are vital-signs, pvalues, day-timer, patients, a nurse and

* a monitor.

There is only one monitor. The identity of the monitor never change:,. Notifv-urse

and record-signs are demonic actions of a monitor. The RECORD-SIGNS demc,n

.. executes a parallel loop when time-to-record-signs is true of a patient. The demon Io op

over each vital-sign V and inserts a medical-entry consisting of a monitor, a patient. a

vital-sign, a pvalue (which is related to the v and a patient by the reading relation) and

* a day-time (which is the current-time). The NOTIFY-NURSE demon asserts a knows-

unsafe relation when safe-signs isn't true of a patient.

* There is only one nurse. The identify of the nurse never changes.

There are patients. Reading is an owned relation of the patient. Readings are

* rola'-i ns that involve a patient, a vital-sign and pvalue.

- There are dav-times.

AN pvalues are (real) numbers.

There are vital-signs. The only vital-signs are blood-pressure and temperature.

There is only one current-time. The current-time is a predicate over day-times which
.4. .

'iianges n a random or unspecified way.

.4.w

Safe-signs is a predicate over patients which changes in a random or unspecified way.

Medical-entries are relations that involve a monitor, a patient, a vital-sign, a pvalue

and a day-time.

TNnows-unsafes are relations that involve a nurse and a patient.

Figure 3-2: An English paraphrase of the specification in Figure 3-1

SM
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relation template into the specification, which the user can then fill out. The Add

Definition to Rela! io cotnm and c -ce kS to makte surt- that : relaton is jc.ard ii:1plicit.

'-i anLnd then inserts a user-supplied predicalc into the iff frli of th,. the ,efiiii)io. Th(-

user must do the bulk of the work of defining the terms at this point; NB1IA does ,ot

attempt to guess the definitions of terms.

Now that the terms in the specification are more fully defined, some initial steps

toward operationality can be made. For example, the user may attempt to clarify what

data the monitor is allowed to access. The definition of the monitor currently makes

use of the reading relation, a property of patients; it relates patients, types of vital-

signs, and values of vital-signs. The specifier must decide whether the monitor should

actually be capable of observing the patients' vital sign readings, and if not how the

vital sign reLings are to be determined or computed. Also, it is not clear from the

* specificatin whether or not the monitor is responsible for determining whether or not

- .-. safe-signs is true. The specification simply states that safe-signs is true when

the patients' vital signs are within a given range.

We have extended the semantics of Gist to indicate data boundaries. Each type

...,nition implicitly defines a data boundary: any definition inside of the with clause of

a t'pe ; regarded as internal, and everything else is considered external. The user

might start by reorganizing the specification to take data boundaries into account.

Currentlv the only definitions internal to the monitor are the demons notify-nurse

--.,:l record-signs, describing what the monitor does. We can also move data

'- finitions inside of the monitor definition if we wish. High-level editing commands can

S', usecn ti. perform this task. One command, Make Owned Copy, makes a copy of a

I.finition local to a type, and modifies all references to the definition within the type to

refer to the copied definition. We can use this to define a new relation within the

monitor. computed-safe-signs. The same technique can be employed to other

terms that th- monitor definition refers to.

The next step is to determine how the monitor is to observe the reading relation.

This is achieved by introducing a new type called device. Devices will have a new

;V:::
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relation, called device-reading, whose values correspond to the natitnts readings.

Every reference that the monitor makes to reading should be redirected to refer t,.I

device-reading. These changes are performed by the high-level editing coirimnd

Splice, described in 110]. Splice performs the changes listed above- it also define- a

mapping between patients and devices, so that the monitor knows v, hich device to read.

The resulting definitions of monitor and device are as follows.

type device with {
singleton relation assoc-patient(patient);

, implicit relation device-reading(vital-sign, pvalue) Iff
reading(assoc-patient(self, ?), vital-sign, pvalue)

invariant for all device 11
count(any patient 1 1 assoc-patient(device, patient)) = 1;

static singleton type monitor with {

implicit relation computed-safe-signs(patient) Iff
for all v I vital-sign II computed-safe-vital-sign(patient, v);

implicit relation computed-safe-vital-sign (patient, vi vital-sign)

iff inside-range (device-reading(assoc-patient(?,patient),v,?),
safe-range(patient. v, ?));

demon notify-nurse (patient]
when -computed-safe-signs(patient)
do insert knows-unsafe(nurse, patient);

demon record-signs [patient)
when time-to-record-signs (patient)

do parallel loop on {v I vital-sign}
do insert medical-entry(monitor, patient, v,

device-reading((assoc-patient(?, patient), v, ?),
current-time (?))

['.- .. ; we see in this example, high-level editing commands allow specifiers to describe

.chaj,,s to specifications at a more conceptual level. The specifier reasons about wha is,
wrong with a given version of a specification, e.g., a type observes data that should not -:

be observable. He or she then selects a high-level editing commands which implements P
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• . ,.," :.(' tKI;. "I'!;- spe 'irer <i. : : I; ,- I , '2 . ,,. w ith fi;', \ a ~ tiv I
• :; crform d -. I rther1, .',: .'ical err ,, : :: :1 resulti g in a

,, :;..r' at, e : nty ov r t we~qty-fi',, !;~ -e e jr~'.tl j- i nmands irni veniu d in.

I\ ,-:: thlese in turn ir,-tke us~i ('f a Iil'iri We W\ P-V : il s. 'e ar>. b illning

.: : i the 1.iit " here one ca,. p<, : , . ,tendid s' - ' > e l n s i

*K l>Aig tBSA. However, we -xpect that the editing-comn,; :i oataiog will continue to
, .., ,.'.: <t :'.,ia v as t>t' d'",ecprrnh '2, I'JBhA coxrxn~ues.

°. 3.2. Views

t1 ru-t~t of ourfor spe,'.ication development is in the

ar :t :- .. -ditig commands, we are also doing work in a number of other areas.

S. Un,. -;'fa 2' res arch is directed toward breaking awn', from the linear model of

-- ificati~n development described above. Rather than start with an empty

spt i~c.tn and ,VuilIng it up one'e step at a time, we wish to be able to build a

Se,1'-'1itticn bv extracti, pecificaiont components Poin a common library, and

elaborating then-i in parallel. The following discusses some of the efforts currently

und,-rwav ii this regard.

The, l'C3SA paradigm for specification development involves using a model of the

target domain as the starting point for building the specification. One describes the

entti' in the domain. such as pathlhis and nurses, what their properties are. and vhat

Lhoir ,.hvi r is. Thids domain n:,del is used as a basis for describini- what the

at plical iln. :s4il-t do. For example, once we have described what it means for a

,tat icnt's condition to be regarded a. safe, we can use this to define how the patient

m.:,nitor rc:'ts to ;nsafe Tatient conditions. However, there is little that IVBSA can do1 ,
* 'i,.ore thef doniaii model is defnied. In the above scenario, the user had to supply

definitions f,- relations like safe-signs; KBSA's editing commands provide some help

in; enterii i the dfinitions into the specification, but cannot provide any suggesticns as

, what the' defnitions should be.
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The eff-rrt of developing a domain model can be lessened by reusing i

Our experience so far has shown that some components of doma.in ,

rusable. For example, we find that basic terms such as physical ofjPc>.

po i i , etc., are used over and over again. We have built, a library o' s-u.-

ani have prwided mechanisms for including these into a spv.ificatim.

Un fortunately, simply building a library of components is not tne an:v.,

-. . given .:main model, each object will be associated with a number

relationships, constraints, and behaviors. The specifier rwds control cv .

these relationships and behaviors are included in the specification. Oti., 1.,

complexity of the model will be too great, and the specifier Nkill hay.i:Y":V,

understanding the specification and making sure that it is correct. \Whbat s i . in

'ther words, is a way of constructing a view of an existing "ornaiii no.del fo-r ,,l,>,

.io a new specification.

* . Th , patient-monitoring application illustrates with the probl!ms associate, ,it,,

*.a"kirig use of an existing domain model unaltered. Suppose that we startd iltl a

standard model of a hospital. Such a model would include information about when

-7  patients are admitted and discharged, how monitoring devices in cardiac wards differ

from those in orthopedic wards, etc. Such a model would introduce a number of

exceptions and special cases into the specification right at the beginning. If a specifier

-.,.. attempts to address all of these aspects of the domain model at once, mistakes are likely

to arise. It is crucially important that the domain model be idealized in the initial

stages of specification development, so that the initial specification of requirements can

* •also be kept simple and easy to validate. The details of the domain model should then

be introduced in a gradual manner, and their implications propagated through the

specification.

At the present time KBSA supports a simplified mechanism for incorporating views of

-:hr specifications, and of domain models in particular, into a specification. The user

.an indicate which terms are to be included in a specification. The definitions of those

trms are then imported into the specification.

:, ,%' -,
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.- -: . f h . . .. ..... ,: s e,-' :,:-t .s is n eneral cuite hat

V .rt. z-.. *. ' i ,- ' -, -.' : ,,arc- ,a -kling the problem . \\> ha;t

,, .:. . ,:a p c , for inclusion of views into ( a

-.. > ,,-<.: lc *",.s. A e f . : e\is:ig sti fcaton, select definitions from
.. :i : . : ,. , r- 7.. h....,:' , a d inC!',W de them in thtf specificati )it that

,.rk4 ,n. Kn; th- fe:tu e. h'ace started buiding a library of reusable Gist

I -_ :, ckaai te hr cu' v ::s ae i' ., views nxe disjoint sets of definitions; the
'=.. . ,acosze .rc o0 02e: wneii 'i.e views each define the same terms. The most

.I U' . Iua~ I whr- I ar:_-es is where behavior is described as being random or

-. ., t -._ ii . .... .11i deterministic in an cther view. Such is the case wh-,et, a

.view d" " . :. prJperties of one agent, but only minimally describes the properties

extctux-, a,ents. A view describing what the radar system does might describe
.: rcrat a bein in random po2ions. In this view, the radar system informs the air-

.rff wntrcl system of the aircraft positions regardless of where the aircraft are. Since

', a:rcra:t positions are unconstrained in the radar view, the view can readily be

combined with a view In which the aircraft positions are constrained to follow some

flight pazh. We are currently developing analysis tools in KBSA for detecting when

unconstrained descriptions and deterministic descriptions can safely be merged.

The next step in this work is to provide better control over how a view is constructed.

One typically wants to add or remove constraints from a model, and there are choicesbe be ade rrmvd oeie

to be made as to which constraints should be added or removed. Sometimes

* c,)nstraiI,,d b.!havior is changed to random behavior. In the patient-monitoring

example, device readings are a function of patient vital signs. If we were to remove

i:i: patient vital signs from the model, then the device readings would appear to change

randomly. On the other hand, sometimes new constraints must be added Ahen

.abstract ing a ,iew. The general hospital model might describe how patients are

admitted and discharged; however, when constructing an ideal view it may be useful at

--.frt to ignort. admission and discharging and assume that the set of patients is fixed.

.T h-lev& editing commands will be useful for performing the abstraction steps.

% .



3.3. Providing More Intelligent Assistance

11M-zh-level editing commands and view extraction are usc:ul technique.- for

specification development. However, decisions still have to be :nade, :is c wI

corn.::and is the right one to apply. it has become clear that KiSA can perform ai ni.r

active role in deciding which commands are appropriate. tvBSA co'id assist the li-er i,

a deci~ding which commands should be applied to fix a particular flaw n ,he speciflca'i,:.

In aiidltion. it could track the development process, to makp sure that the u:Qr'

intended requirements are properly met in the final specification. Each of these issues

are discussed 'in [141.

\V presume that the specifier frequently refines the specificatiori by looking at it.

identifying things that are incorrect or missing, decides how they ought Lo be changed.

and then effects the change. We call aspects of the specification that are incorrect or

rnssing issues, and intended changes development goals. By providing knowledge into

I',A c)f what kinds of issues to look for, and how issues, goals, and editing coinmands -

relate to each other, KBSA can provide guidance as to how the specification can be

' )'ied. and perhaps make the changes itself, with user approval.

In the larger scale, KBSA will have the capability of recording and tracking the

overall specification development. This involves recording ,"hat high-level editing

-",rrands were applied, and what goals they were intended to achieve, if known by

CB'Sk. Aks the process proceeds, KBSA can monitor the development process and check

:l, Lih-level requirements are not unintentionally violated as the development

ir ... s. -

I-
4. Evaluation Tools

*IKBV contains a number of different kinds of evaluation tools, inilidjin the

.l a Fvmtllolic evaluator,

. ,,r( te simulator,

A 1 u11her of static analysis tools, including type analysis and re irce

"- '.r



4.1. The Symbolic E1aluator

LCBSA's symbolic evaluator is an extension of 1W0OKO, the symbolic evaluator

dveioped earlier at IS] [1, 5, 61. (01.0 was converted from INTERLISP with AP3 -112

to Common LISP with FSD,/AP5 [2, 7. It was adapted to handle 1'BSA's new internal

representation of Gist, reflectiiki some new constructs that have been added, and

changes to the semantics. It was also modified to allow the user to switch easily

-bc.ween different specifications that are being developed simultaneously.

\Ve inerd to make several nontrivial extensions to KOKO in order to cover more of

-. .' Gist. Fo: exa-ple, temporal reference and parallel execution are not currently handled.

P,rae c:..u ion in particular will involve a significant amount of effort. For one

hng. 1(OI0 currentdv has no way of representing nondeterministic interleaving of

-V ' n .I L ,'annot represent, for example, that three events (patient becomes unsafe,

._ient Lecomes safe, and nurse is notified) occur in a specified order but with arbitrary

behavior intereaved. \Ve hope that this can be effectively accomplished by allowing

-,ncrete sequences of states to be followed or preceded (and thus connected) by

ndeinit, behaviors. which are described by sets of temporal axioms (similar to the

axioms in U '-nite states except that time is an explicit parameter).

.. , j r W application of the symbolic evaluator that we envision is in the

., : ceja-rio-. That is, the user may present a prototypical sequence of

'I'll! k.se the symblolic evaluator to determine whether or not the scenario is a

.. (),r, I undier what conditions it will be executed. Since people often

-t <-.ii~c.t:,ns ly working through prototypical scenarios, such a feature would

w ant ai for cit- ,'king specifications.

F.'.
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4.2. The Concrete Simulator

To complement the capabilities of the symbolic evaluato- %e li,,-

concrete simulator for Gist. The simulator takes concrete exa,,_,, .:

t.em through the specification. Since it cannot be used to ex?.-2,t.-'n. C

impossible to prove general statements about a specification's beavio'

concrete simulator. On the other hand, the simulator can trac, ',,.., , :

executions than the symbolic evaluator can. It can execute al: of or-siriiru ,

including a number of constructs that the symbolic evaluator can:iot handi,_ !,ai,

execute a number of processes in parallel; the symbolic tva,,t r, in :cntr't (,:v

follows a single line of control at a time.

4.3. Static Analysis Tools

A number of tools have been implemented. or are being de-eloped, which perfor-

staic analyses of specifications. One set of tools, the typ- checking tools. ernplo-

0 -. andard techniques for checking the declared types of objects, types of parameters, etc.

This form of static analysis is a prerequisite for a number of the tools in iI"S.

icluding both the symbolic evaluator and the concrete simulator.

%-: Further analysis tools will provide feedback on how the specification is constructed,

andi whether or not it appears complete. One tool under devl<pment examines data

a'ccsses in the specification, and in particular which accesses cross over data boundaries.

'If the specifier describes what kind of data accesses are cxpeeo,,d. the system will be able

.-. iindicate whether or not the specification meets expectations.

V- . 5. Explanation

Another major aid to specification understanding is be the KBSA explanation facility

This facility helps users better understand their specifications by producing natural

a'ziage (English) paraphrases of the specifications, explanations of the behaviors they

dPnot,, descriptions of how the specifications were developed, and the ratioAle behind

",t,, dv(,lrnpment. It extends the capabilities of the Gist Paraphraser Is which was,

4dv,.i ;,'d under a previous contract 11]. In the remainder of this se'tii, we first

* discuiss the, re-implementation of the Gist Paraphraser and then discuss our plans for

W4
,.
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L,;ture elIllan'nea s to t' exPlinat'0i: capabii ties of the system.

5.1. The Gist Paraphraser: Current Status

The,(Yst Parapiras -r produces natural language paraphrases of Gist specificationb.

\\ origi:allh; ,evoi oped this tool to make Gist more accessable to people who 'er- not
familiar with Gist. While the Paraphraser was useful in this capacity, were

surprised to discover that it served another (and perhaps more important) role as a
debugging aid. \\ e found that a natural language paraphrase of a specification often

nmade bugs in the specification very apparent that were hidden in the formalS:specificaion. Partially. this was due to the fact that natural language is inherently

more understandable, but it is also due to the fact that the paraphrase provided the

use:" with another view of his specification that• stressed certain aspects of the

specifica .- la- w .;e not emphasized in the formal notation.

W "e li:ve re-implemented the old Paraphraser in the new KBSA environment. As with

tvrn smboiic evaluator, this involved converting it from Interlisp with AP3 to Common

Lisp with FSD/AP5 and dealing with the new Gist syntax. There have been several

taag.s to the paraphraser itself. The major change has been to move from a case

..:an~mar l d cgenerator to a functional (or unification) grammar based generator.

- " Tue: m ,ior awvantage of this approach is that it will make the generator much more

fexible. which will help us in developing the more sophisticated explanation capabilities

we aescrl ;e below .

To '-0: rect v ;araphrase a specification, the new Paraphraser (like the old oue needs a

V,-"' !,v. a:. n to au'rilent the specification that tell in how certain kinds of construct

'- <i...- invocations) should be translated. In the old paraphraser. this

--nlorfl:t<)u had t(c be hand-coded. One of the enhancements of the new paraphraser is

-':r iit'erae:lily acquire the annotations from the user. \Vhenever the user has

o 'ched a pint ii 1he development where paraphrasing could be useful, the necessary

"A typica! prcbiern with unification generators has been their efficiency. By carefully optm:zing the
ode we originally obtained from Columbia University, we have been able to speed the generator up

approxtmately two orders of magnitude so that efficiency is not a problem.

? _.. .5--:.....................................-.--..



annotations can be added at that point. It can also function wthoit t 1 :1irzotati is.

at the cost of a somewhat less natural-sounding paraphrase.

5.2. Current Work

We are currently developing a generalized framework for explanation . i-ic

framework, called the Specification Explainer, will be used both th 1-. BSA pro j'ir

and by the Explainable Expert Systems project [161. The sha:'ed franicw)r :

apprcpriate because KBSA and EES are both used to develop software systms in an

explainable fashion. EES focuses on the development of expert systems, whereas IKBSA

is applicable to general software. Nevertheless, many of the same issues apply. suc" ,:

explaining how a particular term is used in the system, or describing how a gien

rec-uirement is achieved in the implemented system.

The Specification Explainer will have the ability to plan explanations. The

, ~ ' :1:i: :ation planner will employ a set of explanation strategies in constructing is

e:qpianations. Based on what the user needs to know (as indicated, for example. y tile

queries he poses) the system will plan an explanation to convey the needed information

ro him. The planner will take into account the user's expertise and prior knowledge to

se,*lct appropriate ways of conveying information to the user.

".'-The Specification Explainer will allow the user to ask follow-ci questions iF he doesn't

understand the explanations it offers. To produce ht 'cliow-on explanations, the

.Sstr.m will examine the plan used to produce the exp!anat.ion that was not understood,

*:.:-: :ix 3 "debug" it by selecting an alternate strategy for conveying the informatin that

wa.s not understood in the original explanation.

'Tie Specification Explainer will also benefit substantially from being able to employ
L.t epaatos relc

h'-h, incremental development history to offer explanations that reflect the system at

'arious stages of development and levels of abstraction. The Explainer will also be able

.,;xphin the rationale behind changes made to the specification and specification

-. .- - . : ,. th t are introduced because the incremental deve.lopment hisl, ry will rf.,',,rt

information.

41
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6. Current Status and Prospectus

In recapitulation, the following is a summary of the steps that have been taken so far

in constructing KBSA:

* the basic editing environment for KBSA has been built;

* a library of high-level editing commands have been constructed;

* prototype view construction facilities have been developed;

* mechanisms for describing data boundaries within specifications have been
developed;

* the Gist Symbolic Evaluator has been included into KBSA;

e a concrete simulator has been developed;

:-.':* static tWpe and resource analyzers have been constructed;

* the Gist Paraphraser has been rewritten and extended.

The following are key issues which we must address in the future in our

implementation.

*'KBSA should provide more assistance in selecting high-leveI editing
commands. This requires representing more knowledge about what
development goals high-level editing commands can achieve, as well as more
of the user's expectations about the specification.

* The explanation component of KBSA has not been implementable up to
now, because we did not have examples of specification developments to use
for explanation. Now that we have those examples, we can start work in
earnest of explanation in KBSA.

\When these steps are accomplished, and as the existing KBSA components are extended,

we expect to see IKBSA make significant progress toward being a helpful, cooperative,

and intelligent aid to specification development.

0%
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. ; I. A Brief Description of Gist Syntax

"his > a bripf overvie, of Gist 1087, the latest versiun of the. Gist s;,-cifl''ati',A

la g uagt-. It describe.- th, grammar and semantics of the language, focusing on th,.

diferenctes between this tramrnmar and the one described in the 1980 Gist Nlanual !,11i

-"oIc details of Gist have been skipped here; readers seeking more information -hould

consult the Gist Manual.

The grammatical notation used in this text is an extended version of BNF.

N Ke, words in the Gist language are in typewriter font. Non-termiinal
names and BNF nozation are in italics. All non-terminal names are

bracketed by <...>.

* Optional ,nstituents are enclosed in braces: {...}.

* Alternativf, constituents are separated by the symbol I.

A- e Constituents may be grouped together using parentheses to indicate the
scope of the symbol I:

. The symbol * following a constituent indicates that zero or more instances of
.-- that constituent may occur. The symbol + indicates that one or more

instances may occur.

Gist specifications consist of a set of declarations. The following kinds of things are

declared within Gist specifications:

types,

, rfl1tions,

q.'.',* d,.ilOls,

'--".7"* ftincti* ;ns,

" invariants, and

0- * p r )ce(1iircs.

The relationship between declarations in Gist 1987 and declarations in previous

"-vrson of (;ist are as follows. Types subsume both types and agents in the older



. versions of Gist. Relations and demons are just as before. Procedures are what used to

be called "actions"; invariants are what used to be called "constraints". !I !.mtions. '5

- new kind of declaration, provide a way of defining applicative exprvs -icns ,Ohirh ai,

repeatedly referred to in a specification.

'" 1.1. Changes to Expressions and Predicates

We will not go into the details of the various Gist statements, expressions, and

predicates here. The meaning of most of them are the same as what was available in

earlier versions of Gist. The reader should be aware of the following changes in the

syntax of expressions and predicates, however.

* A relation with a question mark (?) in it is used to refer to an object Lhat
satisfies the relation. Thus, for example,

assigned-ward(nursel, ?)

refers to the object x such that the assigned-ward relation holds between
0 nursel and x.

-A double bar (I I) in a quantified predicate is used to separate the list of
quantified variables from the predicate that is quantified. For example, "all

-: men are mortal" would be rendered in Gist as

* * for all man II mortal(man)

9. * The attribute notation of Gist, of the form <object>: <attribute>, has
been generalized. The constituent following the : can now be a a predicate,
function call, or procedure invocation. When this is done, the first
parameter to the relation, function, or procedure is elided, as is the case
when declarations are embedded (see Section 1.2.1) below. Fo, example, the

.-. fo~win three expressions are the same:

nursel :assigned-ward
assigned-ward(nursel, ?)
nursel :assigned-ward (?)

. The syntax of temporal expressions has changed. Temporal predicates and
expressions have the following form:

('<predicate> I <expression>) as of <time-expression>.

.hert- <time-expression> can be one of the following:

when <predicate>

..

*,2"

4.
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(first last I any I all) (prior subsequent) time
{ II <predicate> }

1.2. Type Declarations

Type declarations take the form

<qualifier>* type <name> <type-relators>
{ with { <declarations>+ } }

The meanings of these fields will be described with reference to the following example

t pe definition:

static type nurse
subtype of person with {
relation assigned-ward (ward)

The qu:!Iifiers are shorthand for various common invariants that apply to types, and

* • demons that create and destroy types. They can include arv 3f the following:

* dynamic (default) or static,

e singleton, non-empty, singleton or empty, or non-empty or
empty (default),

" explicit (default) or implicit

dynamic indicates that instances of the type may be created and destroyed during the

i- .:-.course of a behavior, static indicates that creation and destruction are disallowed;

the same set of instances of the type must exist throughout all behaviors, nurse in the

--hOVe example is an instance of a static type; the specification presumes that the

* Lumnber uf nurses is fixed.

r- If a type is marked singleton, only one instance of the type may exist at any one

time. non-empty types must have at least one instance at any given time. Note that

t there is no guarantee that the same instance or instances exist at all times: such a

-u:trantec obtains only with static types.

Instances of explicit types must be explicitly created and destroyed via create

0'1
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statements and destroy statements. implicit types, on the other hand, are ncvor

explicitiy created or destroyed. Instead, declaring a type implict is equivalent

semantically to defining a demon that nondeterministically creates and dz.stroys, obje'ts

of the type, and that is the sole demon capable of creating and destroying thesp objects.

implicit types are typically used to define derived types, i.e.. wher, membership (f

* the type is implied by some predicate. For example, the following def'inition defines the

type patient as a derived type: a person is a patient if and only if the person has been

admitted to a hospital.
-implicit type patient with {

invarlant (self isa patient) <=>
((self isa person) and (admitted(self)))

}

The type relators indicate how the type relates to other types in the type hierarchy.

A type can be declared a subtype of another type, a supertype of another type, or can

be declared equivalent to another type. Gist now allows sets and sequences of objects to

be treated as types; type relators are used to indicate what type the members of the set-

or sequences should belong to.

1.2.1. Embedded declarations

Declarations can be embedded within a type declaration. This embedding is a

notational convenience; it does not affect the semantics of the definition. When a

&claration is embedded within a type it can make use of the symbol self to refer to

an instance of the type, as in the definition of patient shown above. If a relation,

procedure, or demon is declared within a type, self serves implicitly as the first

. parameter to the embedded declaration.

Thp definitions of nurse and patient shown above are shown in Figure 1-1. follwed

by equivalent definitions without embedding. These examples should make clear how

-rnbfedded and non-embedded declarations relate to each other.

aj-..
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Embedded forms:
static type nurse
subtype of person with {

' relation assigned-ward(ward)
ill }

implicit type patient with {
invariant (self isa patient) <=>

((self isa person) and (admitted(self)))

iUnembedded forms:

static type nurse

subtype of person;

relation assigned-ward(nurse, ward);

- lmplicit type patient;

invariant for all plentity II

(p isa patient) <=> ((p isa person) and (admitted(p)))

Figure I-1: Comparison of Embedded .nd Unembedded Declarations

1.3. Relation Declarations

Relation declarations have the form

<qualifier>* relation <name> ( { <parameters> } )

f ( 1ff I requires ) <predicate> }

The following is an example of a relation declaration: it states that the relation

unsafe-signs is true of a patient if and only if safe-signs is not true of the
tj" 1 

•  n.

ii implicit relation unsafe-slgns(plpatient) iff

-- safe-signs(p)

Qualifiers here have similar meanings to those in type definitions. The implicit

qualifier in the case of relations is shorthand for a demon that nondeterministicalh'

P-, inserts and removes tuples of that relation. Parameters, if present, are in one of the

following forms:

0%
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* <type-name>

17, ether case. the parameter is constrained to b(e of type ty;;e-ntume.

If1 the iff or requires field is defined, it defines constraits on when th(- F-lat'-,

may holA. If f signifies the relation holds if and only if the predicate tha: ,v

true: -requires signifies that the relation may' hold only if the m-redicate is: trlio, 1*

*does no.t necessarily hold. The predicate may refer to parameters as bound vara1h1's;

- he parameter pis referred to in this manner in the definition of unsafe-in shNk

1.4. Demon Declarations

A'~inis an activity which is initiated when some pre!dic ate be'-omes trut .-

* .:'.::sperformed in parallel with other activities in the systeil, a~ P se> arat> I:?

-1. Demon declarations have the following form:

- - ~ ser" al parallel }demon <namze> {<pararnetcr.s>}]
* et <bindings> In}

'4hen <predicate> do <,statement>

* .-\n exam ple of a demon is the following:

temon notify-nurse [patient]
-whlen - saf e-signs (patient)

to Insert knows-unsafe(nurse, patient)

TI:.- ;arameter list is used to control how many instantiationis of the demnon mayi he

* . ox a any one time. Without parameters, the demon is activated exactly 011CCwe :VT

-- I i-'atp& becomes true. With para-meters, the demon is activated for ev'ery dl'tlrict

nagOf the parameters that make thle demon become true. As an example. coris*d, r

t; rnotify-nurse demon shown above, patient is a parameter to the denion: that

r" I F that a separate demon instantiation arises for each patient such that

saf e-signs (patient)

:1.. .. ... If two patients become unsafe at the same time, there wl b e w.d,-m, i



Demons may take time to execute. What happens if the triggering predicate of the

demon becomes true while the demon is still active? The answer depends upon whether

or not the qualifiers serial or parallel are included. If parallel, a new demon

instantiation is created, which executes in parallel with the previous one. If serial,

the demon cannot be re-invoked on the same parameters until the previous instantiation

of the demon is terminated (invocations on different parameters are allowed, however).

If neither serial nor parallel is indicated, parallel is assumed.

1.5. Function Declarations

Function declarations are a convenient way of defining expressions which are used

repeatedly *in a specification. Functions take the form

function <7ume> < { parameters> } )
{ returns <type> }
def'IntIon <expression>

The expression in the body of the function is assumed to be applicative. Functions are

always evaluated instantaneously; there can be no state transition within a function

execution.

Note that functions bear a similarity to implicit relations. For example, the following

function definition and relation definition both define factorials.

function factorlal (n I natural-number)
definition

if n = 0
then 1
else n * (factorial(n - 1))

* ImplciClt relatlon factorlal(nl natural-number, n21natural-number)
lff ((nl = 0) and (n2 = 1))

or (factorlal(nl, n * (factorial(n - ))))..}

1.6. Invariants

.nvarints ek the following form:

e lnvarlant <predcatre>

- . predicat, in an in variant must be true in every state of every behavior.

0'.
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The inepeainof an invariant depends upon whether the typs 'ii .KtWj.

the predicate are dynamic or static, and whether they are inicit or xu:. i;'

,he types and relations are dynamic and explicit, then the specifV:.tio-! 1 it

activities that make the predicate true; otherwise the behqavior is al.e.I

the types and relations are static or implicit, then stating tlih nvr is sh

Zuarante - that the invariant holds, assuming that it is not iicnss:t,

th&, >: eclication. No additional behav'ior definition is required.

An example will make the distinction ciear. Suppose tflat v have th - fL .>u

invariant appears in a specification:

invariant for all ninurse 11
exists wiward 11I assigned-to(n, w)

This inaiant states that for every nurse there exists a war-1 that that nusei

0 assb 2 .Suppose that nurse, ward, and assigneai-zo arF. ,]I Jvnitnn,

"I K. This means that nurse and ward objects exist in a behiavior oii! I.'51

St v:vcreates them: assigned-to is true only if explicit~v asserted' .Any hehavi 'rs inl

riirses are created but no corresponding assigned-to assertion tsar

(:P1as arnmalous;, they are excluded from the set of viid behaviors. Now suppisP

1,mt the- nurse. ward, and assigned-to are all static. Th-in no behavior can -re ite

:,n., ty;.es., or assert the relation. Instead, a different initial bhvsrstate is pr(-Unieci

c'x st f-or each configuration of nurses, wards, and w?rd ?_-signn~ents that sif the

6 ~~if iv.aneand static relations are mixed in an invariant, theinaat ivr

r.*cat callv gilaranteeable: it depend, upon the invariant. i r~ir

* .n : :'* a ionclear, we try to avoid mixing dynamic and staticrlainin:v: . -

* 1.7. Procedures

Pr r~ are what used to be called "actions" in earlier %vcrsiwris f 11ds: V

I. f in form:

:>4cere <nqvru'> [{<T)(iriJe'r., > I
r etu rn s <tyipes>}



def inition <statement>

Procedures are used to define activities and events. They are executed only when

explicitly invoked. Procedure definitions consists of primitive database operations that

create or destroy objects, or which delete, insert, or update relations. These contrast

with functions, which cannot modify relations or objects. Procedures can optionally

Wreturn one or more values.

°

0'- 
.

°S. '

I A,

- 0 ,• . .• .. •o - " .• - o.o - . % . - . - . ° - % I i - = % - °. % , ' € . % ' % % . , % *



References

B.Falzer. R.. D. Cohen, W. Swartout. Tools for Specifica~ion V:,i
L nderstanding. Tech. Rept. RADC-TR-292, Rome Air Develc pnne, '.

* 2. Balzer, R. M. Li%-ing in the Next generation OperatIng Vyt~~ ~.dns
* ~10th WVorld Computer Congress '86, IFIP, Dublin, Ireland6. pt 'er1~S.Aeic

for publication).

3. Barstow. D.. Kniowledge-Based Pr-ogram Constructzion. North Hiland, 197D.

4. Cheatham, T."Reusability through program transform atilon".IE Trn.o
Software Engineeri'ng SE-1, 5 (1984), 589-595.

* ~ 5. Cohen, D. Symbolic execution of the Gist specification language. ?-roceedings of
the E;igh1th International Joint Conference on Artificial Intelligence. lOI. tS3. pp
17-20.

6. Cohien. D. A Forward Inference Engine to Aid in Understanding Speciflications.
Proceedin-s of the National Conference on Artificial Intelligence. AAA1, August, 198 4.
pp. -50-60. Also available as USC-ISI/RS-84-135.

7. C-)hen, D. AP5 Manual. USC-Information Sciences Institute, I1QS5. Draft.

-. -,S. Darlington, J. "An experimental program transformation anld synithesis systemr".
A. .4 1a Intelligence 16 (1981), 1-46.

93. D,>Aiarco, T.. Structured Analysi's and Systcm Specificatior. Yourdon Press. 1978.

10. Feather, M.S. Constructing Specifications by Combining Parallel Elaborations.
To appear in IEEE TSE.

11. Goldmfan, N. and D. Wile. Gist Language Description. Draft.

12. Goldman, N. APS Reference Manual. USC Information Scienres Institute, 1983.

13. Green. C., D. Luckham, R. Balzer, T. Cheatham, C. Rich. Report Dn a
I io%% d-te-Based Softwar nld e Assistant. Tech. Rept. RADC-TR-83-195, Rome Air

* De%-eopment Center, August, 1983.

* . 14. Johnson, W.L. Turning ideas into specifications. Proceedings of the Second
- . Knowledge-Based Software Assistant Conference, Rome Air Development Center, 19S7.

* 15. %Ianina. Z., and Waldinger, R. "Synthesis: Dreams => Programs". IEEE Trans.
ro "oftirwire Engineering SE-5, 4 (July 1979).

16. NPchfps, R., WA. Swartout, J. Moore. "Enhanced Maintenance arid Explanation of
r..%, Sytemns through Explicit Models of Their Development.". Transacti'ons On

/?'Fmqnee~nq10 (November 1985). Revised version of article in 1Proeecdliiig nE
-IKWrshop oni Principles of Knowledge-Based Systems, Decembe)r, 1 14.



NI
17. Sanders Associates. Knowledge-Based Requirements Assistant - Interim Technical
Report. Software Systems Engineering Directorate, March, 1986.

18. Swartout, W. GIST English Generator. Proceedings of the National Conference
m Artificial Intelligence , AAAI, 1982.

19. NVile, D. Program Developments: Formal Explanations of Implementations.
* Communications of the ACM, 1983, pp. 902-911. (Also published USC/Information

Sciences Institute RR-82-99, 1982).

II

0

-w 0

"2-

4~. 79



Performance Estimation for a
Knowledge-Based Software Assistant*

Allen Goldberg Douglas R. Smith
Kestrel Institute Kestrel Institutet

June 23, 1987
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* 1 Goals of a Performance Estimator Assistant

As defined in [2], the long-term goa, of a Performance Estimator Assistant (PEA) is to aid
in the creation and maintenance of programs that meet their performance requirements or,
if specific performance requirements have not been stated, are generally efficient in their use
of computational resources. The principal function of the Performance Estimation Assistant
is to guide implementation decisions that will affect the ultimate performance of the system,
by generating and reasoning about performance estimates for expressions ranging from very-
high-level specifications to low-level code. For example, efficiency estimates can be used to
choose between alternative low-level implementations of high-level, set-theoretic data struc-
tures [4]. Efficiency estimates aiso provide the basis for choosing among alternative control
structures, optimization transforms, library routines, and so on. Performance estimation
over a rich space of alternative implementations is the feature that differentiates a practical
program synthesizer from an executable specification language good only for prototyping.

The short-term goals for PEA capabilities called out in [2] are:

* symbolic evaluation [3] [1],

O o data structure analysis and advice [4], and

e subro'utine and module decomposition advice.

*This research was supported by the Rome Air Development Center (RADC) under contract F30602-
86-C-0026 The views and conclusions contained in this paper are those of the authors and should not be
interpreted as representing the official policies, either expressed or implied of RADC or the U S. Government

11801 Page Mill Road, Palo Alto, CA 94304.
,A,.-I.



informal spec

formal
spec

analyze verify

performance - a ly code 1-correctness proof

-. characterization

m.1
Figure 1: Current Paradigm

Mid-term goals are:

- domain models for analysis,

. algorithm design analysis and advice, and

9 real-time performance advice.

2 Performance Analysis and Paradigms for Software

Engineering

In the conventional paradigm of software engineering, depicted in Figure 1, code is developed
" .- in an intuitive and largely informal manner from requirements and specifications. The result-

ing code is typically incorrect and has unknown performance characteristics. To ascertain

[ the correctness of the code we test it with examples or verify it against a formal specificat ion.
The latter has the advantage of mathematical rigor and greater certainty in the correctness
of the code, although all that we have done is show consistency between the specification

-. (which may be incorrect) and the resulting code, but it is prohibitively expensive to do this
in most cases. Likewise if we are interested in the performance of the code then we usually

.- simply test it and measure its performance. Sometimes we perform analysis of its properties
and/or properties to get an assessment of resource utilization. Again it is expensive to do
this in many cases.

The transformational paradigm (see Figure 2) finesses these issues by developing code and
. properties incrementally from specifications by a sequence of correctness-preserving and

analysis-updating transformations. The resulting code and analysis is guaranteed to be
correct modulo the initial specification (and modulo the correctness of the transformations



formal spec

transform K correctness
proof

code & properties

Figure 2: Transformational Paradigmv

used). From the point of view of performance analysis. anolher advanitge to the trans-
formational approach is that. performance informat ion is available to help determine ':hjc}

transforniatiotis to apllv (and thus i rovide scald uice

3 Role of the Performance Estimation Assistant in
the KBSA

The economics of computing forces performance to play a central role in the software life-
cycle. We believe that the PEA will provide valuable assistance to most, if not all, facets
of a KBSA. For example, the PEA can be used by the Requirements Assistant to help as-
sess the feasibility of the desired behavior with respect to the available computational and
organizational resources. Performance can be used by the Specification Assistant to help

, assess alternative modularizations of the target system. Performance can be used by a Test-
*l and-Integrate Assistant to help validate timing goals and constraints between modules and

overall system performance.

The most immediate and essential use of the PEA will be by the Development Assistant.
While there are many activities that one would eventually want supported by a PEA, the

!1 one we are focussing most of our attention on is search guidance during development. The
developrtent of code from specifications can be simply modelled by a tree structure where

. nodes represent, partially implemented specifications and arcs represent transformations (See

Figure 3). Paths through the tree represent derivations where the final nodes represent ex- I
ecutable target-language programs. Generally there are alternative transformations (arcs)
that are applicable to any given specification (node) each potentially leading to different
mations, there will typically be many transformations involved in a derivation so the tree of

H.%



original .%peci fication

partial implementafion' o~tsi na~le

by app) ying as31ngle re'i nement rule

partiai implementation3 obtainet't

* from those immediately above by

appl yi ng a second refi.ne me rt rult

rapid prototijped implementation efcetipeetto

~ all concrete programs that implement the original specification

r Figure 3: Development Tree
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alternatives derivations can grow quite large, too largc in a E c i o P, 3 i% P

A crucial role of the PEA is help guide the search t hrouI thi tr'- . L
that can be derived are distinguished mainly on the the basi.. ot their :, . -. ,
they all implement the same functionality (since transformarir:- ae -.," ill

* c'. Thus a PEA serves to help decide which transformations .m, r, , .. '
-" to an acceptably efficient program.

--: 4 Requirements for a Performaic Es'._ ..,ior: Ass-
.- ~ tant

A system whose use costs more than the benefit that it produces i , ' ,, ,
enterprise. Concern for the resource consumption of a software stelr, ,.<. .. ..
rubric - performance estimation and analysis." The PEA cain b :cv ..- '-t)rI l:
tools that help to produce systems that efficiemly use a'.'a:ale .:

* Uses of a PEA include:

* 1. Choosing between alternatives during development. This was discuss,.a a ,,-'

2. Identifying bottlenecks. The development facet needs *o i', portions oi a spec-
i)Fcation that concentrate resource utilization (i.e. bottlejecks). since they are oi'-cnl
a profitable target of optimization transformations. By he' p:nr -o identify stich bot-
tlenecks, the PEA helps with the efficient scheduling and all:cation of resources at
development time.

3. Characterizing the resource utilization of a system. We ;%( ,- explici: charac'r
ization of the resource utilization of a given specification. for , itation purpc:.. ,

performance prediction, explanation, etc.

4. Determining if a system meets performance constraints. Part of the i ,iial sp('Ci I .I o

,*.:. may be constraints on the resource utilization of the target code 'Ihe PEA st,-rd
understand these constraints and be able to reason about them aid propaga o tei" -]
consequences to various parts of the system. The PEA should help to ensure ta: s,,ch
constraints are met.

5. Analyzing a system for various properties and relationships. Underlying the aliliK to
measure resource utilization and to guide decision-making during development, is the
ability to detect and infer properties of the system and relationships between ;ts parts.

6. Tracking and controlling the resource consumption of the development procesS. The
development process itself consumes resources and there is a need to monitor these -
resources, and, as part of decision-making, help determine an effective allocation of
resources among various development tasks and to help schedule them. There is a
tradeoff between the resources consumed during design and the resource consumpt ion.•

W
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of the target systeni. Generally it takes longer to find and develop a murr-
program.

5 Approaches to Performance Analysis

We can distinguish four approaches of performance analysis; namely, qualitative (heuristic.
quantitative (statistical), simuiation. and symbolic. We discuss the various characteristics
of these approaches below and how tivy might be implemented.

. There are several performance-related dimensions that we can use to help characterize ,-
approaches.

I-

• What resources are of interest? Often we want to minimize consumption of time. pe,-,.
size of particular data structures, processors, communication, or some combinato:

" these.

" How is Lhe initial environment characterized? That is, if we are interested in the ':nf,
complexity of a program, then we need to measure time as a func, ion of sc:,ie a-:,ec:
of the initial environment, particularly the input; e.g. number of bits to eDcode, t .f,
input, set size, probability measure, characteristics of a typical input.

- What statistic is of interest? Are we interested in best case, worst case, average case.
typical case analysis, amortized worst-case, or some other?

.- How precise should the analysis be? It may be that a coarse feature space is sufficien
for decision-making purposes. In other cases we may need asymptotic, or even more
precise, microanalysis of the target code.

e How accurate should the analysis be? It may be that an estimate is sufficien:, for
decision-making purposes. In other cases we may need exact characterizations of :-
source utilization.

- How general should the analysis be? Some kinds of analysis only characterize the
resour,- utilization of a restricted subset of the problem domain, while others vieidL more general results.

e How expensive is the performance analysis task? There is a tradeoff between the time
it takes to assess performance and the precision, accuracy, and generality of the results.
If we need to develop a program quickly, then a fast but imprecise approach ma. be
best.

. What program properties does performance depend on? Analysis of program proper-
ties seems to be a crucial capability underlying all of the approaches to performance
analysis/estimation and decision-making during development.

."% 4 . .'-*- • .. % %



type of generality are c
an aly s Is

q, -u a, iN

qualitative general i m )rec ....
-, (heuristic)

statistical
,.e (quantitative) seca .c. Tne'cij:

;. simulation special pz: T-

raPc ;t

symbolic general p-,-s Y Cig S1

Table 1: Approaches to V',:5: . ' ',-

What kinds of information are needed to sup,,r7 .,, cii , -,,f perfor;inC
estimation'? There are at least two kinds. One is robb m-i:.cP'p.diit kro dge, e.
the performance of various "primitive" operators in it, !-,,:cification language. Thlw other
is problem-specific and must be supplied in the rejii-,ements and specification. Prolom-
specific information includes any constraints oij the dfe-,ired performance of the targe .e'n
and any assumptions that can be made about the environment. Environmental assni; ptfo:is
could include a probabilistic measure of the input domain or the size of a typical 111 1 ,U OF
the relative frequency with which various operations are expected to be performed.

We now describe four general approaches in terms of the above dimensions. TlI,' I sum.-
marizes this discussion.

e Qualitative or heurzstic performance analysis is based on qiualities of zsptecifica!,1"
rather than quantities. For example, data structure implementation decisions depend
on the 'mix' of operations applied to the data structure. This is a qualital2ir., ...
quantitative property of the program. It may be unnecessary to dhtermine thie (,\,,t

I..-.
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"";

size of the data structure, so simple heuristic reasoning would often suffice to, cuide
decision-making. Qualitative reasonirig is particularly appropriate, when good perfor-
mance decisions can be made on the basis of relativel," coarse anaiysis of the program.
for example, when the presence or absence of certain feature-; provies the informatioi
needed to choose generally efficient implementations. The cost of qualitative analvsis
tends to be low since it does not rely on general-purpose inference or deep analysis. By
its nature the results of qualitative analysis are imprecise and Often inaccurate--but
in certain domains that is enough to lead quickly to good implementations most of the
time.

* Quantitative or statistical performance analysis is based on statistical properties of the
environment, the primitive oper.;cr5, estimates of such quantities as data structure
sizes and selectivity of predicates. Quantitative analysis often involves typical case
analysis which has limited generality, but may be indicative of general performance.

Th, precision and accuracy of its results vary depend;ng on the precision and accu-
racy of th' '_ r ,ing statistics and methods for inferring the statistics of aggregaze
str,i:- T-'picaijy. quantitaive analysis runs in time linear in program size, so it is
rc!,< , in,.xpensive to Derform"

e Simu!at on-based performance analysis is based on statistical properties gathered by
actually running the specification on test data. Since we only get information about
the specifications behavior on a few inputs, this kind of analysis has low generality,
but very precise and accurate measurements are possible. The cost of simulating can
be relatively high, depending on how long it takes to instrument and prototype the -'

specification, and to actually run it.

. .S ynbolc performance analysis is potentially the most powerful approach. It is based on
deep analysis of program properties and results in general symbolic characterizations
of resource utilization. Varying degrees of precision are possible, but at a cost. The
draN: sack to symbolic analysis is that in general it is unsolvable, and for many restricted
domains it is computationally intractable.

6 Tov.ard Realizing a PEA

We analyze the general capabilities required of a PEA. These capabilities include a knowledge-
base representation of performance-related information, demand and data-driven analysis
modes, and the ability to instrument a specification for metering. As described earlier, spec-

i: ifications will need to include performance constraints (or goals) and any assumptions that

,... can be made about the run-time environment of the target system. The knowledge-base

serves to represent the functional constraints (which define the desired functionality of the
target system) along with annotations that describe the performimnce constronts and en-

,. vironmental assumptions. These annotations may be automatically propagated down into
the abstract syntax of the functional constraints by constratnt-prmpagation de-nons. Onlysimple, relatvely cheap, but generally useful inferences would be made via this datc-drztn

Sm,,de. Other kinds of analysis are more expensive to make and/or more rarely useful and so

....-................ :..:..-.......-.....-...... ............
t ,: >_:K...-'.*c,..*.-'- , ::: , ,.+ ..-.. -..... .,..-...--.........2



hpir must be sonie explicit .)utside siirru~l is perf!cr:2 .

irorr. h, initial speciticat ion, from the !],t7 Ox iml:.:
icar) he F e n,- !dea ;s : hit vario'"! I-

!;ernf The Kriowled LT bIase allow y 'u0Mi inUS r<

interested facet regaadiiic ptriormaI':et Ln".A 'gf

When, a specicatlo, : traiisfkrrned tue rt a i
Perfo-rman-e analysis :,cal>: nef-i, t, - -e

t ion invariants. Th- re T) Te 1tt I Or, I r I

annctat InS Up to d ie-w SUpt}OT1 fl t'- (it C- 'I

able to respond to th- apl ilatli ()I a n Ei1ro rmr.
annotation inivarianil, have been cor,, enti I iz

In summrary, we believe that L general' PEA wd'spo: t

the knowledge-l tase ivanager

e demons which autoiiaticalliv propag,(. crcf3Z ". - ),

e demand-driven a-aivsis and p r, ±:Iti

. *Mantenance and quer% ing o f p erf f-D i

.6. e~~ autom~atic ill,, 711mcIt.tion of a spfc !fica! Itr 11'1

K 7 Example: Perforinanvu-. i m!'Ig Aigolrithm,
Design

hV iave explored a design ru.les for :a'f '--' n-c
mithms 7 conditilonal picgi an s zi m '-c

Gur approach to perf,)inianre ( stimrat ion, a d -ti "ONI) an- c - First
&:;cribc a design r!ule f,) divide-and- coloer i. - , ci show. how car, be r K.cr w h performance !tmtof! Jssap0i';-.

* es irntio / a alvs cpoh . - nlk I descri b, h dci-x at
merge-sort algoritha.

.A design ride for d.,vide-anid -onquer algorthms l((iTves an 1xnstauce of tie iollo"ix,c p-,- T
functional scheme:

DC(.r) :=if Prirnix'e(x)
then Dzrrctl,- Solvc(x)

else Composc o [G x F] n D c om p osex~

''Iv



*where G miay be i -i 'x j.~o.- -er Jili i~ unction 1c, o, F

f 0 g, called the con o"41)C 0! o f ard ;.t" P7~>~ 1701 n-~)1  r fo applying f to
thle result of appiviT~ r t; it-,k~c :~ d Icrcd~ of f and g. is d&fined b%

- )=< fht >. eor ~ ~ as t> 'bcorn,-os;*,ion operator, G Is
referred to as; thb auv''ir', yva( c'rt :d & Stz composition Operator, and
Direcctl Soli'c isrefer-d to asc tv c7I 1~~_ order to construct an ilStaTIce o)f
this scheme: First choose a sinpie de-omiro,.- i-atcr. tn d choose an aaxiuarv ot~erator,
then use constraint,; to derive I II)U t ;1. 71l do the co sition operator.

The performance of a d'1,id-Lard- icn can m~s ecie yreais of a

- scheme. Let SF(n) den,.toe Ci V!xinu sC ~ Uput -)f program F asq a fu-)ction
* of Inputs of Size ni., Sm1a1Y1 ot2. i t-:anuri; arrount, of time required by

program F to compute an ot to r t-i jq:u f~ 0,Ze ti. The worst-case output size and
tim copleityof Qi~dCC~i~-';'.u~raigr~~tnart desrribed by the schematic recurrence

relationS:

* *K'o pus-[SC ~ " oJ n if -- Pr.'rqzive

DC I o. 70 ; x TFc} , .
7CjrT1)1D~f-if - .rtni~'

These schem re se in two ways. Fir'4ie fre u, e i sispurpe *itEr a divide-anid-conquer
fio~tn as be constructed, the schiemes Lie itaiit ated :Ld the rec'irrences so ved

'o give aii exact Olltt:'ut-Sizc ar,1 !time ana slis.-.ud for e tmation purposes: if we
* Laxe a performan-oce bound to -'e met aric:! i slimple Cionostr perator has beeL chtosen

according to the dpsign rule) then the reu rc~ t e u-e,]t de:termine performance
bounds on, !hb sperification for the compos.tc J19e:c

* ~.V( w ni pply tlw 1his r'articular -,obl! I .c ~'sart Wi01 the following
sfpecification 1( r the J)! DleTr' Of SOrting a -q'r:.snuoc:

S011 I(x~ such that Pe r1..~ )AOrie~

Suppose furthermore th~it we -,,ant to dlivu a sc.-. a~vorithm ' oeworst-ca-e asymiptotic
time bh1ivio., is optili. )Ijpposf- furthermore that a G~)sort ,.lgorihm has been derived
elsewhere in the search tree. Now, foliowiig thc design rile we begin to design a ivide and-
conquer sort algorithim by choosing a simple decompiosition operator on se-quences. Suppose

~ that the decomposition operators FirsLRest and LlstSpiit are known to the systeni and have
thefolowng perforrmance Information a-sovialed with :,hem:

th (1.io 1 1 ;T,.r~gn

(7
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SL,.p(f' %~ ~2) TL.a

Suppo-r.a- we choose FirstRest. Thl, choice leaK t:c h- i'*

aI l' : ' lIC design rule per-formis sonic fu.:mal mnm.t ."i
specifica'i - r the composition operator Iwtucn inserts a fl''2, .:

In para' -1."t extended rule would derive a bound or: tile per. -

*as folio,, - antiating the time analysis scheme we obtai:;

w herc the timne complexity of thec mmrpositi\c : ow rat,,-.I'
TS OR7 :: ter O(n 2 ) we plug&. o S:- W

Tor

>2t'1 Profmuce a sort algorithm bet ter than 0i a n 1s~>
0) n i> i,. ' svthesized. A short way Into thef oer'.CatI 10 of I:~ ia

* 7o, ple algorithmns for Insert Lt kef 1t,~s 0' T, t~me) .f . O(e\ el

c dI. anid at tention focused e'~cf

Supmc', ,ro ve backup to the design r:Iie anrv choose Lis,'plit asc<r-
The ai ;' performance calculati!on for t i!(' , orrposil'or, Opera. NOI 7

rminodrto obtain a sort aorlihn, farrvtr tian ""Ihis h d~

achip'-iM1 in fact a O(n) Merge aiglr can K (e h: sam , 4, ii:-

* ~ (qe t~ ~nrule 71.
*!r jpy*Ir,'H A

.\B ex for the completedA rmierc:-,. d~g'rrj.)er r , foilo
o:Merge we get

S.kt 9 (ii, mn) 71 4- M rr =

ii,-and other vakues into the aii; schc'mes tr divide-aind . f

S~l,, 9 V ~ ' kf ~r]f/2, 72/2)

- Sf,,(gnn/2

.7 whiri: h- s')lut ion S'w,,,.( n) =n.

,,(n T111,spi 3 (n) + Plus o 1TAf sort X TMIortI C v!vhf73

T~re0 1-SMaort X S~mordt 0 SLit~Iht(r2
I + 2TM.,t7 (fl/2) 4- TmE.?Q(f/2,7't/2)

= + 2TM. 0,,,t(n/2) + n

whiK K~ n~rtio ' 5 ,~(r~ =O(rn Ig n). In summary, this examplc show

0'%



1. hO'A tr r: in ;,,, c;% (-,ap a :1. I a t ~ :a i I

2 how these estiriiae chi, iw f-' 1'i a nd p. In --. spate

3. hov. to or exact TC.ror, u~ n tvvc :r:

8 Fture Xork

Clearly there is muchi woxk tha,,t rennaiis to be donbefore a genjera) robust PEA emerzes
fromn the laboratorv. At tlhe eiic t1he ciirro!nt project w"<& x the fcllowing resuilts.

1. De-norstratioi, of the fe'iiivof the qualitative. fta'-Is7 cal, and syimb Ac approache'
to pjonncCOrcu,

2. Demno atli I,! E Ie asi'Diity of fully automatlc >2for performance estimaucn

* 3. Deh! ;C-raL e nrototypes for giin the deeir 'of )w-evel optirr~izations, data
strUCturje seeto and control structure optim f on:
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KBSA Perspective Panel
Introduction

I. How has KBSA Vision Changed?
A. Vision 5 years old
B. Vision as stated in KBSA report:

1. New Paradigm
a. Informal person-based => formalized

computer-assisted
b. "Machine-in-the-loop"
c. Build "Corporate Memory" of decisions rationale

Use for development maintenance
d. Requires knowledge-based assistant

2. New Software Life Cycle
a. Formal SpecificationExecutable as prototype

Validated via usage
b. Implementation

Derived from formal spec via transformations
Testing disappears

c. Maintenance
Modify formal spec rederive implementation

3. Major Effects
a. Systems will be larger, more integrated,

longer lived arise from many small
evolution steps

b. Software will finally remain "soft"
c. Evolution will become central software activity
d. Evolution will also become basis for

initial development
C. Vision today

1. Remarkably intact (i.e. unchanged)
For saw emergence of formal process model

2. Some Laboratory Experience with parts of vision
a. Executable Specifications

Refine: Kestrel
Setl: NYU

AP5: ISI
ELI: Harvard

b. Corporate Memory
FSD/CLF: ISI (maintenance context)
EES: ISI (explanation)

c. Evolved Specification (Prototype) Delivered
Refine: Kestrel
Ada Compiler: NYU
FSD/CLF: ISI

d. Knowledge-Based Development
Programer's Apprentice: MIT

3. No experience with vision as a whole

2~k~A
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* 4. New Insights
a. Acquiring decisions rationale Is hard

Both representation elicitation
b. Mo~difying Specifications is hard

Lack of optimization only
helps localize information

Specs have structure
c. Compiler Advice (annotations) is an alternative

to transformational derivation

II. How is KBSA. Program Progressing?
A. Program 3 years old
B. Program generally following plan

1. Several independent efforts
Each focused on a facet
Each embodying a framework

2. 4 of 7 identified facets funded
Plus one about to be
most short term (3-5 year) milestones met

Exception: subroutine module
decomposition advice within
Performance Facet

3. Framework definition concept demonstration effort started
4. Supporting technologies not explicitly funded
5. Bilateral facet communication (batch) just being initiated

V 6. Comrmon problem domain selected (Air Traffic Control)
C. Prognosis

a. On track
b. "Phase Coupled" integration feasible
c. overlapping development provides basis

for comparisoni understanding
2. Pessimistic (Hard issues yet to come)

a. Integration
Standards

Framework: no closer to consensus
than before

Commuon User Interface: not separated
* from facet

Mechanism not yet identified
interleaved operation
Ability to process partial descriptions

b. Engineering
Distributed Framework
Scaling

4%I



KBSA TRANSITION

Samuel A. DiNitto, Jr.

Historically, tae transition of software engineering technology has
lagged not only hardware engineering techncogy, but has even lagged
advancements in software applications. We have examples of software
engineering tools and techniques tha- demonstrated their worth in the
early 1970's and are still noz widely used, if at all. We have
programming languages that began to be heavily used only about the time
they became politically, ii not tecnnologically obsolete. We also find
that, as new "software engineer.'" .r scftware engineering components of
established industries crpC LIp, they make the same mistakes and often
limit themselves to the same technologies used in the early 1960's,
namely, a compiler (ma,be) and a linking-loader (usually).

A cursory analyc.3- z tne reasons for this lack of techoloTy transition
leads to at least tre following, overlapping reasons:

1. Unwareness of the technology.

, 2. "Culture shock." (That's not the way we did things in the past.)

3. Initial cost of toc- training, etc.

4. Lack of "support" for the zecnnology kmaintenance, training, etc.)

5. Lack of nard data or. Cost vs. productiv.ty improvement.

6. No push from the competition.

7. No "serious" demand from the customer for hign quality or high
produc tiv it y.

8. Incompatibility with the development hardware.

All of these reasons, and more, will be used against the KBSA technology.
*% ..

Unless there is a very uz___ drastiC change (for the better) in ters
of a willingness to spend huge sum-ns of money on large, "real" systems to
try out, and prove, new technology, the transition of tne technology
will depend very heavily on the ability to make the KBSA paradigm widely
available, at low cost. By "low cost" is meant the cost of the
necessary hardware, sottware licenses, training, support, and what might
be perceived as "additional" manpower needed to support the paradigm.

* Thus, this factor, which is a ro.~inaticn cf 3, 4, and 8 above and which
* will oe labeled "cost of use," is the key to transition or nontransition

of this technology. With a low cost of use, all the ether deterrents to
% software engineering technology transition can be overcome with
'.. %additional effort: without it, the odds of successfil transition are

.l small.

If we look at the past, at simple tool like tne misnamed "path-tester"
• that provided a measure : hv , wel1 the software was teste., the above

%1,



point is brought home. Discussions with software cevoopez6 revealei
that, even though the cost of a license (usually arou 5 4:W wa sow,
there was reluctance to spend the money. Even ator he )'rV wa
spent, the tool was often not used because additional man-owr A/oud c:c.spent in using it, and, after all, the customer d -' e /r- ° _4rt

demonstration that each piece of code was tested.

Software quality metrics technology, which attempt -C, t&',.e quanita v-
measures of those quality attributes held so sear, (reliabilit.v,
maintainability, efficiency, portability, etc.), provides anot,,er recent
example. When told that, for a cost equal to about fv per cent of the
software development expenditures, a system program mnna.qer could nave a

.capability to specify, predict along the way, and assess the final
software quality before acceptance, two kinds of r-sponses were given.
From those who saw the problems of many military software acqk.sit Kns,
came responses like "cheap at four times tne price. F.-om those tied up
in their own single system development came comn;ents like "too
expensive" or "outrageous"!

Finally (although not all that comes to mind), there is still toda.
being fought the battle over the use of a high order language veras
assembly language in certain military applications. The same argame:.ts
that have existed for over 20 years are made again:

1. The cost of the compiler (development, retarac,*ting, 1en,<

2. The cost of training and/or getting experiened people.

3. The cost of additional hardware to take care of the additional
memory that will be needed.

--- Of course there are other reasons given, as well.

1. immaturity" of the language/compiler.

2. Lack of personal experience (confidence) w'th the compiler.'
language.

3. The people to be used have already delivered a similar system
.sing assembly language or a different language.

Hiowever, without "breaking the ice" with tnat first use, which always
equates to overcoming actual or perceived costs, one can never attack A
tnie latter set of obviously overlapping and related reasons.

" The position taken is thus very simple. Without keeping the "cost of
* use" down to a reasonable level, the chance may never come to actually

demonstrate the benefits of the KBSA technology. Or in other words, the
chances for a successful technology transfer are inversely proportional
to the perceived cost of use.
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PROBLEMS AND PROSPECTS FOiA ?FChk)LOGY TRANSFER IN EXPERT SYSTEMS

.4 ROBERil j. GLUSIKC

SOFTWARE. ENGINEERING INSTITUTE

Technology can be detinEd as tl a!: 2ication of knowledge to solve a
practical problem. Thus, the development and deployment of
knowledge-based or expert systermZ 1s a pure form of technology
transfer in which the kr.owled-,Lir- " ransferred is made explicit.

Technology transfer is usual3 , i-,.e ditfi.J,1t and often takes longer
than either the developers ot the 'echnology or its recipients want to
believe. Unfortunately, the challenges or technology transfer are
even greater for expert sysemr-, wnic. face barriers above and beyond
those that impede the successful development and deployment of
conventional software systems. In this paper i discuss some of these
special problems for technology transfer in expert systems, noting
where possible t:-. prospects for overcoming them.

The successful transfer of technolcgy as knowledge embedded in an
operational software system is the culmination of a long series of

* activities. Primarily, theE'e include defiring the "rignt" system
requirements in responsp to the user's needs, developing the system
that meets those requirements, deploying the system in the user's work

". environment, and then using and maintaininc the system during its
' deployed lifetime. Each of these activities is more complex for

expert systems than for conventional software systems.

Getting the requirements right is difficult for expert systems because
both developers and users typically have unrealistic expectations
about how much knowledge can be embodied and transferred. Many people
have noted the "overselling of AI," but unfortunately some overselling
was and is still inevitable, both for companies in the Al business
trying to sell systems and for penple within potential customer firms
trying to generate management support for Al efforts.

Expert systems are new technologies, and part of the maturation of any
technology is learning how and why it works along with its
limitations. Overselling by expert. system enthusiasts and

0 entrepreneurs helped to establish the ':oundaries for suitable
problems. Choosing the right problem for an expert system is
essential, but the level ot awarenes6 and experience in most potential
customer firms is low. Expert .ystem vendors ofte need to

cultivate" custonets to make them able tc assess what they might be
buying. Raising management awareness is an essential activity for
vendors as a form of rirk managrrert, cc that customers won't expecti; more than can be delivered. -t iZ e:-.,ecialjy important to targetupper management for "AI awaren-Fs," because these are the people who

.- must provide support and sponsorship to make an expert system effort
- successful, and they are extremely unli~e2y, to hate any knowledge or

experience about the potential and limits of AI. Strona management
support will be critical durirn the knowleage engincering phase,
because domain experts are always valuable and expensive employees of
the customer cro nization, and the pressure is always there to return
them to their "real" ]obs where their expert.se is needed now.
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Once the customer achieves sufficient awareness tc, *..

-' -requirements definition for an expert system, two dcdit,
arise. It is hard to know how much knowledgie engiree.:,-,',
because sometimes there just aren't good rules fcr so P t 2
or because the experts don't agree on trie rules. 1, -1 tior.._.:i
are no qood ways to measure how much expertis- cuotl to .,- ca tu,
without techniques to decide how much mo.e an : rt sul '
worth, bow can a customer decide how much to in-,"'s, I.I call u!
expertise? How much knowledge engineering is co-t -,
for determining return on investment in expert syste-. - roblc. r
are nonexistent.

Assuming that the customer and vendor car, come up .ith a pre aia. '
set of requirements, still other barriers to successful tecrnoof
transfer emerge. Foremost is the "culture z1ash" between
developers of the expert systems and the domair experts. T'hp
stereotype of the AI hacker is receding, but many a pc'-ential sal-.
been lost because software developers were hastiy,. 3-1nt . h.
customer site to give demos or talk to userc. F,:p;Dr .;ysters ,
only recently begun to penetrate the commercial] datd p,-r:casinz ;
even though many activities in typical compute: crters are js ,
expert applications, such as capacity planning, p2orccmance tn,7c.

* and schpduiing. The culture clash between the and D? -',a
remains the major impediment.

Another harrier to successful technology transfer for expert sy.-c-cm&

is the reliance on hardware and software that is out of the mainstream
of computing. LISP machines and special expert system developotent
environments are essential to support the rapid prototypina that
characterizes expert systems, but represent huge barriers to
successful deployment. Some AI companies have already failed because
they were wedded too tightly to Froprietary larw3ware or software.
Those who survive the shakeout will no doubt follow the developing
trend to convert expert systems to run on zonventtorzi 32-bit machines
ard to replace LISP with C.

T T!e problems with novel hardware and software ar- compounded after the
- svstemr is deployed. Few customeL organizations hiae pre-exkisting

N, expertise to support LISP machines or expert sySLem envizonments.
, .Mor=e fundamental a barrier to technology transfer is the fact that
S"r-aintenance" problems in deployed expert systems are far more likely

to te problems of knowledge engineering than problems of software
engineering. That is, user problems are usually "buggy rules" rather
than "buggy code." This situation requires that the system vendor
train the users to be knowledge engineers so they can maintain their
own systems. Al companies are making concerted efforts to develop

• .user-friendly" expert system shells with templates for rules so that
"knowledqe management" can be as commonplace as database management
for the customer organization.

I ope that my litany of the problems that challenge the successful
transfer of technology in expert systems is not discouraging. I noted
Shat some of these problems are being overcome, or are beinq
transformed into opportunities by innovative vendors and developers.A inallv, le-'s hope that we all learn from each other at this -

.'2 / 9n f er >rce. .
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Technology Transfer and the Knowledge Based Software Assistant
(KBSA)

.

Background

In 1983, Boeing established an Artificial Intelligence Center to
take a leadership role in bringing AI technology to The Boeing
Company. The center was to develop advanced technology and
accelerate the infusion of that technology into the Boeing
Operating Companies.

Boeing is a decentralized company with a small corporate
headquarters and six operating companies. Boeing Commercial
Airplane Company (BCAC), Boeing Aerospace Company (BAC), Boeing
Vertol Company (BVC), Boeing Military Airplane Company (BMAC),
Boeing Electronics Company (BECo), and Boeing Computer Services

V, Company (BCS). The AI center was placed in the BCS Advanced
Technology Center for Computing Sciences (ATC). In 1984, a
company study group was formed to determine how the Boeing
operating companies could make best use of AI technology. This
study produced two major results: an identification of six
initiatives that would exert a major pull on AI technology and a
concept for technology transfer management.

One of these initiatives was the Knowledge-Based Software
Engineering Initiative which is similar to the RADC KBSA. This
initiative produced the "Crystal" technology which was
demonstrated at the KBSA conference in 1986.

Figure 1 illustrates the model for management of technology
transfer. Figure 2 represents an instance of this model in

"4 action for application of AI to maintenance and diagnosis. Note
* that in less than one year the technology was transferred to all

operating companies; that technology was being shared between
operating companies; and, feedback occurred that influenced the
ATC designed based diagnostics R&D project. This bottom up rapid
deployment of technology occurred because the theory and tools
were sufficiencly mature for this application area, and there
were no barriers to the use of the technology. The KBSA does not

enjoy a similar environment. Development and transfer of this
technology will require a more managed approach.
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KBSA Technolocv Transfer Issues

The following issues will be discussed in the panel presen> -

issue 1 - Technoloqy PackaginQ

b The concept for technology packaging affects the
rapidity of transfer. Figure 3 illustrates this. The
extremes are transfer to other R&D labs of research
results and transfer of technology packaged in systems
for building applications. Which parts of KBSA should
be packaged at what level?

issue 2 -Incremental vs Revolutionary Improvement in

Software Productivity

KBSA technology has the potential to improve software
development productivity significantly by radically
changing the way we develop and maintain software. It
can also be fielded as incremental improvements in
current software development automation tool sets. A
radical change will require major revisions to
procurement regulations and standards. Will a radical
change be more beneficial than incremental improvement2-

issue 3 - Commercial vs Military Applications of KBSA

Military procurements of new weapon systems require
diverse leading edge technologies that impact one
another. This impact is "discovered" dutizg the
procurement process and requires formulation of
innovative concepts for applying technology to provide
new functionality and performance. Is KBSA technology
better proved in this high risk environment or in a
commercial environment that requires few interacting
technological innovations? -

issue 4 - Model for Transfer of KBSA Technoloqy-

The ATC model has been quite successful as a "managed"
approach to technology transfer. What are some of the
alternative ways this model could be modified to apply
to transfer of DOD sponsored technology to industry
and/or sharing of industrial development of the
technology?

L.7.

'.7

.7



W V:~ -7- W F Wr . W W . M

0 0

00 r
0 CL 0- w

&- % r0 E LA ErE o
0 o oE R3 OC~ 0j =

12. a. 0i (OC W) LA-'0

0 0 0 0 100 0

00 z

0 4-o4

;AEE

0. -ozLW A
> 04-0 CL>u

-. L'., 0g

- <00
100

0 Li

I+.

.0 a-

a.)0 -1 0

IAI

0- 0 I
a.0 0E

0-

0LL.

005

% .a00
57,0;



SELECTION OF INVESTMENT STRATEGIES WHICH ARE OPTIMAL FOP, T.-iE

IMPLEMENTATION OF SOFTWARE SUPPORT ENViRONWENTS

ABSTRACT

Kenneth E. Nidirfer

Software Productivity Consortium

The objective of the research was to further the depth of understanding of the

variables that impact the problem-solving process leading to the investment strategy

decision. An investment strategy decision is made for almost every defense systemn

acquired by the Department of Defense (DoD) with respect to the identification of what

software support environment will be used in development and in support of the mission

* code associated with the defense system and what level of standardization will be

employed by DoD with respect to the selected software suppcrt environment.

Numerous kinds of software support environments have emerged in recent years to

help solve problems being experienced by developers and supporters of

C' software-intensive defense systems. Although modern software support environments

increase productivity, they are expensive to build, deploy, and support and are often

*unique to the specific defense system under developm ent. The investment strategy

decision process is concerned with achieving the optimal balance between productivity

* and life-cycle costs. The government defense system program manager is required to

form a working group to support the investment strategy decision process: however,

this process in supported by many ill-structured activities that inhibit effective decision

making. A need existed to perform research directed at answering two questions: (1)

*what is the proper investment strategy decision process and (2) what is the proper

investment strategy decision?. This research addressed these questions by (1)

I%'%
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developing an econometric model based on insights gained about the variables that

impact the investment strategy decision process and (2) designing, building, verifying.

* evaluating and validating a program manager's decision support system. The decision

* support system, which is named the " DoD Software Investment Decision (DSID).'

model incorporates the econometric model and operates on a set of independent data

files that can be updated as new information becomes available. The DSID model

* supports the program manager by providing a frame of reference to construct the

problem and a method to perform "what if" exercises. There was no attempt to change

the process only to provide the program manager with a decision aid that encompasses

more formalism by which unstructured and/or semi-structured problem-solving activities

are provided with structure. It is too early to judge whether the OSID model will prove a

successful support system; however, considering the favorable results obtained from

typical users and from evaluation of investment strategy decisions made on several

* defense programs. it is argued that the DSID model has significant potential with

respect to improving the investment decision process. The DSID model's point of view

is decidedly that of the government program manager and his superiors, but analysts

* and industry program managers who wish to understand some of the pressures that

effect standardization, productivity, and life-cycle costs in the DoD community may also
find this research of interest.



KBSA Common Framework ImplementationA

Aaron Larson and Ste'e Husetl,

.lone% well Sy stems and Research Ceit(r

3660 Technology Driv(.

Minneapolis, Minnesota 5541S

Abstract

This paper describes the implementation details of the KBSA Common Framework The
system form, a distributed knowledge base for knowledge-base programming tools and execute:

aon multiple Symbolic- workstations Within the system. we have attempted to merge together
an object-oriented programming environment supporting the representation of project data, with
a logic programming environment to support daLa consistency and control of the programming
process. We describe the internal organization of the system and some of the implementation
decisions we have made. We conclude with future capabiiities we plan tc introduce

1 System Overview

The KBSA Common Framework is written in Common Lisp, and currtntl) runs on Symbolics workstations
* The prototype is still in its early stages of development and therefore lea,,es many issues unaddressed In

%%ri ing this paper, we describe the strategies we have used to obtain a distributed framework and some of
T r the design decisions we have made A more complete discussion of the underlying motivations can be found

in Huseth87,.

The prototype combines several programming paradigms into a single system by combining object-oriented
programming via CommonLoops 'Bobrow85'. logic programming via LogLisp !Carciofini8fi6', and imperative
programming using Common Lisp SteeleR4 Each of these components have been combined in a dynamic
distributed system The framework supports object instance distribution, and a minimal capability to
dynamically distribute object schema. Objects created 6n one workstation can be accessed and modified on
anN workstation in the network. All the other systems will automatically r~ceive the updates The collection

V of objects making up the system is referred to as the object base Loglisp provides the ability to enforce
logical relationships between objects, trigger demons satisfying logical predicates, and query for objects using
the ob..cct attributes

2 Object Distribution

* Distribution of objects in the framework is done at the object level User defined objects, called network
b objects may be distributed and all of their slot values uniformly maintained across the network A network

object slot may contain value types of integers, strings, symbols, Lisp cons cells, or other network objects

For simplicity. the object base is maintained on a central knowledge base called a server The workstations
.'. that make use of the central server are called clients To obtain efficient access to object instances, local
O copies max be requested by the client. When a client first references an object, the object with all its

.slo vaiues are transferred from the server to the workstation. When a slot value within the object contains
another network object. only a skeleton of the referenced network object is created in the client The skeleton
-bject 's identified as being incomplete and must be retrieved from the central server before an' of its slots

cat, b- acccssed This prevents the whole object base from being sent when a highly connected object Is
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requested Once an object has been referenced for the first time. subsequent accesses are made to the local
cop. of the object

Modifying existing objects initiates actions which are required to mantain consistency beteen the locsl
copies of the object instances When an existing local object is modified the change is made 1,( all and a
message is sent to the server to modify the central cop. The server then broadcasts a message to all the
other workstations to invalidate their local copies of the object The next time the invalidated object is
referenced by anN of the other clients, the new copy will be retrieved from the central object base

Since network objects in a Lisp world may be manipulated like any other Lisp object (i e placed in lists,
arrays. etc.) we must take care to ensure that the uniqueness properties of objects is maintained Since we
control the distribution and manipulation of network objects, we use a network object handle to unique
identify an object. Primitive objecLs such as integer string, symbols, and Lisp cons cells that are directly
manipulated by Lisp cannot be guaranteed the same rigorous level of network transparency For example.
we do not maintain symbol values, properties. or function definitions across the network. Symbols stored in
a network object slot must therefore only' be used for their identity (i.e. EQness). Similarly we only maintain

for integers. STRING-EQUAL for strings, and EQUAL for conses. Any side effecting operations on strings or
Lisp conses that are used as slot values will not necessarily be retained by the object base and as such are
not legal ways to rn-dify an object.

3 Integrating Objects and Logic

The programming environment supports the use of objects, methods and instances as well as the description
of the objects using logical assertions. Each of these capabilities are discussed further.

In an object-oriented system, there are three basic entities: classes, methods, and instances Each of these
entities are supported by a the full object-oriented programming style provided by CommonLoops on a single.
workstation. Distribution of these components among multiple workstations is more restrictive When an
object instance is created. it is entered into the central knowledge-base making it available to all the other
clients. We have not yet adequately addressed distribution of object schema or methods. We have several
approaches but none have proven satisfactory for performance reasons.

The logic programming facilities of the framework are provided by LogLisp LogLisp is a logic programming
language built in, and integrated with Common Lisp Logic is used in the framework for specifying user
queries to the object base, for triggering demons, and for describing constraints on slot values. Each of these

,.-~. capabilities are obtained by describing a list of predicate clauses. The predicates may contain universally
quantified variables.

A logic program is a collection of facts or declarations. The object base is the principle source of these
facts. Ike are then able to write predicates or rules about how the facts are viewed. For example. suppose
the knowledge base contains an instance of a project object The project is named "Widget' and it ha s a
manager "Simth." The object representation will be:

Object Class " Project
Object name "Widgeto
Object manager : *Smith"

The prediate logic representation of these facts are as follows The "#?" symbol is a handle to the network
- data structure containing the instance

(project *9 name "vidget")
(project 8'7 manager "Smith")

.%'*.%



Q ueries can easilN be constructed to request all projects % hose manager Is -Struth ni p roject riarire

C(Oroject 'x manager "Smithb") (project 7x name "widget"))

Integrating objects and logic is a key aspect of our logic engine IP order Lo -'rfrm these logic queries o01
the object base it is necessary to define an equivalence bets~een the logic worid Pird thle object w~orld Nkf
currentl\N do this lb asserting a collection of rules describing tile structure of all ob'ject Its slul alO it!

* super classes For example, given the following object definitions

(defobject A
SI
S2)

Cdefobject (B (.include A)
S3)

Fromn the object definitions, the following logic assertions are made by tile framework

(A 'instance Si 'value)

* If CA-Instance 7x)
And(== ?value 'CA-Si 'instance))

CA 7instance S2 'value) -

If (A-Instance ?x)
4And(== 'value !(A-S2 7instance))

(B 'instance S3 'value)
If (B-Instance ?x)
And(== "value !(B-S3 ?instanc*))

CA-Instance %ristaflce)

If CE-Instance ?instance)

*NoteP t hat is the general Loglisp equality predicate, and signifies that the following expression should be
ev-aulated b Lisp rather than logic. The A-SI. A-S2, and B-S3 symbols name Lisp slot accessor functions.
In addition. an A-instance and B-Instance fact would be asserted for each instance of object class A and B 0
rvespec:ve!N that are created.

Th~e ability to use the Lisp accessor functions with the logical predicates enables us to avoid complete
dU 1,car on of tho knowledge base in both the logic system and the object system- Although this permits us
t, use the LogLisp system without change, it does require a large number of mapping predicates.

a The ability to use logical queries enables us to retrieve objects using any combination of their attributes.
:U a capabilit ' minimizes the need to retain complex accessing relationships to objects of interest T1 e
I is~predicates are also used to create demons and object slot assertions.

AA demnon associates a logical predicate with the execution of a method. Whenever the predicate is satisfied,
the method is invoked The bound variables to the logic query may be used as parameters to the method
An examrple of a demon is when a code object is marked as "code complete', then it should be compled. A
ctrnipile demon is constructed as follows:

*~~~~% %* % .-. 'p* *.* *~*



((code-object status code-ccmplete)) => (compile Ix)

The compile method is Ppplied using the free variable "x" to all object. atjsf' ing the predicaic The
assumption is that thai compile method. whether it is successful or not will side-efferi the stale of the code
object to sontie state sitier thall code-conipiet - This %ill inhibit curiLinuai reCCfi lilation of tie object

Slot assertions sirnilarily make use of the query mechanism to ensure satisfaction of at, vent I( nlike demons
assertions are intended to describe logical relationships between objects Tne% describe a set of values that.
a slot is to contain Whenever an object is modified which may change one of the constraints the associated
predicate is evaluated to determine if a change should be made to the slot value A principle use of slot
assertions are to establish inverse rclationships between objects To do tnis we ha%e introduced the '
construct which denotes an instance rf th- object class being defined For exampit a project object must
maintain a list of all the programmers assigned LO the projec- The object schemna fur a project will be
defined as:

(defobject project

(programmers ('x)
asser: ((programmer Ix current-project ")))

The third use of Loglisp is to construct rules about the object base These are predicates that use the facts
- already asserted. For example, we are able to define a rule stating that if an empioyee is not assigned to a
.9 project and is not a manager, then the employee is unassigned

(defrule unassigned
((unassigned 9x)

((employee ?x manager false) (employee 7x current-project nil))))

Demons, queries, and assertions can now be constructed to manipulate unassigned employees

Our initial approach to performing logic queries was to have them all evaluated on the central server machine
This permitted us to get a functional workstation query capability without having to distribute the LogLisp
knowledge base across the network A new approach has been developed to get Loglisp to directly access
the distributed object base. We plan to do this by making an object schema for a LogLisp predicate object
LogLisp internally represents predicates as a Common Lisp defstruct By modifing LogLisp to use the
predicate obje:t rather than the defstruct. we expect to be able to allow predicates to be distributed

LogLisp clauses are represented as lists where the functor position is a symbol that names a predicate I,

LogLisp. the predicate structure is placed on the symbol's propert. list Since the onls attribute of symbols
that we distribute across the network is the symbol name we will implement a LogLisp symbol table object
containing a distributed lookup table. The lookup table relates symbols with predicate objects In essence,
we will merged the LogLisp database into the object base

r 3.1 The Framework Interface

,0, The framework interface for creating object schema. methods rules and demons is defined below Brackets.
braces. stars, plus signs and vertical bars are metasyntactic marks Brackets and indicate that what
they enclose is optional (may appear zero times or one time in that place; the square brackets should not
be written in code Braces. J and }. simply group what they enclose and ma. be followed by a star ()
indicating that what the braces enclose may appear zero or more times Within braces or brackets, a vertical
bar, I separates mutually exclusive choices

. .
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dclfolject I object-rianie ( :nclude { super-c lass)*):)
Jasio:.rartri italue . eialue)1)

type objert-narne
:assert ((clause)*l))f

fit fIejion rulfe-riarrue (rue thod) ( clause)*)

tlefrieth me thud. name ((argument object-niame)*I arourmenr') form",

'lefrtile ie-name- clause)* 1'

*4 The Inspector

~~l~objects in the knowledge base and viea the actions being rertr,rmed, we have ccnsi:uo:,Pt1

6711 Ms npector The inlspector contains four windows as shown in figurt i Thes, winnd Aacv,

- .t.indu w tc describe the object hierarch, in the knowledge-base a wirw. - r, a iin trip J, - .

riiuup a task window for describing the demons and const.-atrit being app'if- tt;- Kinckvedge- ',w

t, .< n L:5;~ Listener window The user interacts with the graph window r.nid tb- cle~ripuo: inci -W

-\>ijore the Contents of the knowledge-base As c-peratiors are peiformed on te krnowiedge-1Lase. evreits

* rigered and displayed in the task window. The task window i- 'D erpl', p)urpcses only 'o !how i th

n11."s that are occuring The Lisp Listener window is used to run metho.Cd. t;.14 M~odify the k no-% ledgr base

-ilit enal capabilities are planned which include a niultiprocess in~pectw P.J rat jra! lartgus'e qpr%

i i \k it hin hnN single user workstation the lprogrammer performs 7'ian- futctions, uftrii -- ie

> rTI- of these functicre compete for interaction with the programmer T~Ie multiprocess ifispe-t or %Ill

1, Irp ufe, interface techniques to effectively manage the screen Pitrticularly, with & framework that

niairi rules about the ordering of operations and when operations shouid be performed. niany operations

r5 ,P~ bnit;ated b% the framework instead of being explii- started b% the pr,,grammer The u'ser interface

,rnould notif% the programmer of the pending activities and allow him to easOk prioritize and select which task
se,-%ice next %\ e plan to implement this through Lhe use o-' multipk, pop-up windows As a new activit\

is tarted a -windou will be assigned to it. When the windcw exposes itself to request user interaction, the

* Frogrammer may choose to service the request. ignore it, or canc--] the activity-'

T he natural language quer\ facility will explore the construction of i-n inteliige nt help facility. Several simple

r at ural language parsers are available to translate a natulral language request in-.o a logical query. WVe intend

t c inteprat f su-h a system into the framework and enable users to explorc the i *-et database and to obtain

rii on t he use of the System

5 Future Topics

'I h prnit:'TP' we have constructed is still in its early development stages Many topics remain to be

in~estiv'atod Va e have already discussed some of the deficiencies in the system and our plan- for resolving

:'-m In addition we are interested in addressing several additional topics

5 -.I Trinsaction Processing anxd Object Locking

.r hr. 1muik iple user database. the ability to lock objects and encapsulate transaction, is nrcessar for data

r. psefc\ Due to the centralized implementation of the data-base. it is difficult to introduce concepts%
f rraions This i, particularily necessary due to the constraint checking performed bN the lata base

....... . . .N %
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W'~hen a series of operaitions are applied to the data base inrlC0T!5ent stl1tcO: rY A% : I U 'M I n
* us' e cenilpleted The, dat a base niutUS not attempt to correct this irlcorsisi:" " if I t: t. I I

cor pi T e t

,inre mull i1 l User, ar" acce'sing the data. it is noi reasiin. tnke .a ia ,ill j'I

andt demons A single transaction ma\ run for a significant lei4'ih of Lit'.' ),l . :,d appr *: 1,

pro biem is to us e obtiec t loc king. Locked objec ts w ill not i n, oxt h(c. a:;., L K~ "Iolg n- SB i

J- v. a~~ transactiorn The locked objects %will not be available J, all. ottle- UseVrs ' tl . C

', hen tin- otiL'cts are unlocked

5.2 Access Control

A- Awith an% mult iple user programming environment a wide variet\ of Aijerct' !.nd realliionshi7- xisith1

beteenusrs nd arfuerscntoanheabiityofuses t camtcontrol, thenwlrgeiabmuilbiprtetedaganssacidetatormaiciusmseTheknokidgebue mst e blet, !nic s s

Securc information processing technologies, particula-11 in di'tribut:. 'te-r a.-e ",'- well un'i~rst,-

Tehniques remain to be developed to enable reasonable le\ve,- of data se, urit, to be mainta,,n'c '.,ti out 1
excessive costs both in deve-lopment of the secure system, antd -.s rcsultir.g, pprl lr rrce, We do - ,-nrdd
t< address these issues other than to examine minimal le, eis of aF'ociazii.n r.: %e~n tsers an,~ t .i objects

4 'rev are res -ponsible for and the ability to grant and dcn) a,-cest cr. t os, ~

5'C u- -,rrent apprroah is to contro! arc-.ss to an object L31n7 a primituve frarne~scrt, object c!Lass -Cie- r

* ~tyir' A role ont ains three ilots of objects, methods, and isers ePLth w it. a logical assert on 'zl -rihing
rip se: of instan~es that fill the slots When a method is applied to n object rstance, the syst-ii. wAill be

* searched for a rol" object that contains slot values of the object inistatice. th e method being applied. and
:ne user rinking th- request The principle limniting factor of an\ access Lootrol systemn will be :is-r f,"ran
Tr e a; proach des-ribed provides; a high degree of flexibilt and grantoc,.rlA Should performanci bercie a

m;,t~ng factor. %e plan io scale back some of this functionalitv in fau- .-f ;easonable executior speed

5.3 Configuration Management

%\-iiany soft % are development environment, the l stor-) of prey ot. cperai cns and ins t anc- of Objects
mrus: be maintained In order to retain such a con,;Piee histor- f',r b%( k-r-ackirr to a- previous decision or

r -F-a% infc the softisare dev eiopment aCtivits% , each moififatriQ, tr, an c i- , r be niainitainH

T, manage the se: )f changes to a baseline object. obircts are chained together .. ordered lists R!."g specill
aitoihp These relationships aro hiistory-of al'ternative-of. part-of arid version-of IT t- hiistory-

4 of -eiati-,nshiL, links all object instances that have beer. modified from a baselinp object Whs en aui instance
Is Mi difid. instead cf changing slot values a neA ins: arce will be created and linked to th' ba,,11me object

I ti-~ alternative-of relatitonshipi distinct from the h~ist ory-of relationsh if in tthat it ident ite at unordered

ist r b~ects This permits the different alternative objects to be manipulated bs multipie de, i-1per atidI
Pr-1 :s ,iethistories to fork itoi different paths

4 )r a- aggregated using the part-of relationship W~hen a ne-A alternative of Srt. c crea:(id
(14' of hin the rtiodfird otbect is a part must also be changed This Aill rau,4c A 'as' aiini of n'a.

*rt mit is r. b- created bN f,lloAinR the in% erser part-of relationship

ver.iii-of relat ion'hij, is lik' all r'rnative-of how ever it is used to mark a hi-torN itent (J hi, 17'

- a~~-m er ip;leiel or read) to0rerass \ ersion' will form altordered list Milid t hemefo"i s iy'kist hr ,I hr. 'ii

4I
%
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amnong the multiple developers As with th., alternative-of relationship a new version results in propagating
%ersions up the hierarc ii

Compler ftemtiveof 0 Comile

part-o

Hertoon-of istory-of

version-of Hitryovrso-fCitr-of6Figre : 
onfgu 

An 
M 

ngmn'eainhp

tenatvefrlatonsiguPrael de:lopmeurtin aneenoint Rogesionsdegeetos frbt h

And thme BC machin ese Finalte is rslewn onfighe Y aetnd aBCpoti compilers reutpnthotject
hois tr et eipaed in the ersac in ist uesigngd ants v meein-o teationshipt. Astecd foth

comprswriten m.odiions are mademoos Mtergling ionne oisp and teobjectOined Phrogrm-e

Ir~ hitrClmnsbigarcein the vsobrn lis Lusinth, vegsion-o PrograminSstesesGpd".Hn

Well Systems and Resrarch Center, July 31, 1986.
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VVIere's the Intelihgence in the liitelligent
Assistitnt for Requirerrents Ank~alysis?

Inference Processes in the KBRA

Andre,.%, J. Czlivhry, Jr.
Sanders. A Lockheed Company

95 Canal Street

Nashua, NH 03061

Abstract

Thero art- --1 iiI-'rence processes which are supported within Sanders' prototype of ani
initefligen: assistant for requirements acquisition Iand analysis, the Knowledge-Based Re-

0 quiremnents Assistant (K BRA) These processes are unified in SOCLE ', the underlying
* . knowledge representation language in KBRA. The inference processes are the ioliewing:
* .inheritan-e. automatic classification, dependency tracing, lora1 propagation, truth mainte-

n. nrfe. certradiction detection. default reasoning, reasonable value checks, and associatiVe
retiieval. These infere!nc- processes. combined with application knowledge. are wrha' pro-

- duce the "intelligent" behavior of this assistant. More specifically. they provide e-fiVe

*support for the incremental forr-.ah;zationI of requirements. Additionaliy. they ~por h
following activities representative of the processes associated with incremental fornializa-

~K. lion: reiuse of conimunitN knowledge, multiple viewpoints, critiquing, analysis, validation.
and explanation.

Thfe intent of thi- report is to explain how a variety of artificial intelligence (AM) inference
rochnigiies have' been used in the context of the KBRA and the resulting "intelligerit"
behavior of thue KBR A system. In so doing, it will indicate the inference processes we have
luced anid how they support requirement characterization. (By requirements characteriza-

0 lion1 I mean. thie acquisition and analysis of requirements; the declaration of ideas and the
analysis and engineering of the interaction of these ideas as they are fit into a evolving
model of a syvstemr to be built.) Additionally, particularly interesting examples, of the inan-
ner in which iniferences, qupport the various characteristics of requiremelitc charact'-rizat 14':!
will bfe presented.

kcqimis t mo -)f reqlirit-'nents, as u~ed li-re. meiPiF -le declaratiLon of idea- anid ( heui pla-l~
~ .(1111P 1 1odel or utodels r,( the svrt ew to Le buit

' This work lit i~pi h inuded h - the Rome Air DeVel',j1Mfe!r (Cent er 7:( f~Aii F-, f a in %,, -

~ii'ei olira~N. F3O'3O2-8.("-O2G7
'SOi)L E, a hoonvi derived f rom Struc t uied Objec t a nd ( ontraint 1 iir, -aage E n Orrc Iin,..L Pu ii -

a h% brid FV?remj with FIR L 'Ro)bert!; and Coldstein and Constraint.ba~ed T ugua.Cj -IQ~ a

It slupporr'- both bi ert-oriented and couustrair-based programming style -

% 4
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1. Introduction

The current KBRA prototype is a demonstration of rrany of the esse: e ;;t ~~'n IC: 0 1e u 1
tmtKn leg-Based Software Assistant (KBSA) iGreen, LucO:hair, Mz!ei ha i.

Rich' requirements assistant. It is designed to support the requiremrit! engieler b-ginning
at the initial phase of requirements work and continu Ing through to docur 'ent preparat~i~i
In usiaig K BRA, an engineer makes the commitment to working ov-linc not on paper. T,
reward for this commitment is that the decisions made and the;- as~iated just'Ificat VfllS

are not lost, but rather become part of the KBSA4 environrne-. I., 1b available tind used
throughout the entire software life cycle.

In order to achieve the goal of helping automate and mediate requireme-_nf': char ,cterization ,
several inference processes have been incorporated into 1 BRA. The infererc , -oc,,Ses arc
listed in figure Ia. These inference processes. combined whappilcat>:,-. ki~o.-.'ledge. a:i-
wchat produce the "intelligent" behavior of this assistant, Nfre spcciflwa~l-, they provielo

acti%-e support for requirements characterization (see figure VIb). Although this ist isnot exhaustive, it does cover the representative qualities of req'iireniert_; characterizat101.
The following matrix (figure Ic) highlights the inference processes Kii BRA apd T hc
requirements characterization qualities which they support.

inheritance
automatic classification

dependency tracing
local propagation
truth maintenance

contradiction detection
default reasoning

reasonable va3lue checks
associative retrieval

Figure Ia: The Inference Processes

incremental formalization
reuse of community knowledge

multiple viewpointsI

analysis, validation

explanation

'I Figure 11) A Partial List of Requirements Characterization Qualities ii

/ .. ~*J.**. J



vInter,..* \HtoqUli;.n..n,, An.l. sin I,.n,.~mnt. i F.up ,. o.nlrupl Im~

P io c e r . . . r iEelL n in g ( i a ,. c t t t c F -t, n , , I , z a t , g t . I . , ~ . l e l .. . . o , I C t , , ,;_ __ _ _ _ _ _ _

Auiomatic (|lt.si 6 on I

_ ___. . T.., __ .... I _¢
Loal Propagaton "

!'. ~~~Truth t .. t e, .nc"e " " /

T-t M. tr
ont ,dltCo ---------l I ", I',

; 1Hessoa hi.\s~C (heck.

Figure 1c: Inference Processes and the Requirements Acquisition and Analysis
Characteristics they Support

The intent of this matrix is to serve as a summary of the relationships between the processes
and the characteristics. It is not necessarily a reference for the following report sections.

This report will initially define incremental formalization and the representatives of its
associated requirements characterization qualities used in this matrix. Subsequently, it
will justify the / s in the matrix, each of which indicates that the respective inference pro-
cess is used to support the indicated characteristic. Additionally, particularly interesting
examples (indicated by boxes with *s in them) of the manner in which inferences support

.WAN. the various characteristics of requirements acquisition and analysis will be presented. As
you will note, although these inference processes are called out separately, they actually

N are used in conjunction with each other. This intertwinement approach is no accident.
The processes act as cooperating agents and produce synergistic results. The results can
be seen in the "intelligent" behavior within KBRA.

W.. 2. Incremental Formalization and Requirements Characterization

Requirements characterization is the declaration of ideas and the analysis and engineering

of the interaction of these ideas as they are fit into ar, evolving model of a vstr, to

built. The following sections will define the qualities of requirements characterization a -

listed in figure lb. The goal of this report is no t to justify the inclusion of these particular
processes. This information is listed and defined here to demonstrate the usage of the

VIV
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inference processes in KBRA. Supporting arguments for the belief in th, -: -m, iar., e !

these qualities of requirements characterizations are presented elsewhre P Bar ( ;oldrta:1

Wile, Czuchry, Harris}, D'Addamioj.

2.1. Incremental Formalization

Incremental formalization refers to the ability to capture information which is initially
specified informally and to subsequently evolve that information step-by-step into a more
formal specification. An example is the formalization which begins with an initial use of
cryptic notes and abbreviations for a description. In an effort to extcnd general compre-
hensibility, an engineer may extend, augment, or clarify the information contained in an
initial outline. In order to do this, a formal investigation of the inforrration contained in
the outline (e.g., functional flow analysis) may be initiated. As a result, of iorrna! aiialys's.

the initially informal information becomes more formalized T1is fo,-mP-.'?.tiOD mayp" pro-
J ceed automaticall" in some cases but most often will be accomplished a E:BRA supports

the engine('r in performing formal analyses.

" 2.2. Reuse of Community Knowledge

Reusability, as used in this report, is the reuse of previously defined sstems and thc.r
.-' generalizations. It is not limited to the specification of reusable systems. This extension

is important because we want to be able to modify, or at least refer to, systems which are
not spcifically designed to be reusable. It is supported in KBRA because engineers do

this naturally when characterizing requirements.

-2.3. Multiple Viewpoints

There are many ways to look at complex situations when trying to get a handle on a prob- %
lem. The provision of multiple viewpoints within a system are more than a mere interface
issue. It goes beyond the manifestation of views on the screen to actually addressing the
needs and the processes of problem conceptualization, definition, and analysis. The types
of perspectives one understands (e.g., data flow, SADT, R-Nets), when perspectives are
appropriately taken (e.g., establish data and functions before the actual data flow), the
types of information processed (e.g., states, data, software, hardware), and the breadth
of the characteristics of information (e.g., concurrency, states only, "black box") are all
factors in determining how one looks at a problem. Since different viewpoints of the same
information are appropriate at different times and for different people, multiple viewpoinll-
provided essential problem-solving elements.

2.4. Critiquing

('ril ipiinr, is the process of making indications and contraindicatioj|s. The goal i , '

mak' an analyst aware of the interrelationship of requirement,, within the (urvii s nm.
comparisons with other similar systems (if they exist), the "laws" of nature, and possible

contradictions with known technology limits.

'S

:.r .,,. . -... ... . . ,. . • . , . ., . , . - . . . . -. ... . ............. ..... ...... . ,.. . .. ,, . . - . -



2J
F.'-

2.5. Analysis/Validation I
Analysis "Validation includes ensuring that the requirements which have been specified are
actually those intended (e.g., the data flow meets the processing needs) as well as revolving
the requirement parameters bounding the problem (e.g., the optimum size of memory given I

, cost, physical size, response time, and progra, fiHe requirements).

2.6. Explanation

Explanations answer the question "Why?". They are used to help in requirement validation
by indicating requirements traceability: 1. how requirements are related, and 2. how I
requirements are derived.

JJ

3. Inference Processes within KBRA

In order to achieve the goal of helping automate and mediate requirements characterization.
several inference processes have been incorporated into KBRA (see figure la). These
inference processes will be described in the following sections. In so doing, particularl..
interesting examples of the manner in which inferences support the various characteristics
of requirements acquisition and analysis, cited in the preceding section, will be presented. .. ,
Although these inference processes are called out separately, they actually are used in
conjunction with each other. Thi- intertwinement approach is no accident. The processes
act as cooperating agents and produce synergistic results. The results can be seen in the
"intelligent" behavior within KBRA.

3.1. Inheritance

Incremental formalization takes advantage of inheritance. As requirements become more
formalized, (e.g., an uninterpreted requirement jin KBRA the most informal type of a
requirementl becomes an activity; data becomes geometric data) information in addition
to that which is explicitly specified is inferred. An example of such additional information il5
an expectation about data within an activity, whereas no such expectation could be created

for an uninterpreted requirement since the uninterpreted requirement may itself turn out to
refer to data flow rather than an activity. Inheritance is used to retrieve expe(tationr a.d
properties of objects as the. become more formalized. Figure 2 indicates the exp~ctaiO;-
associated with activities and the lace of expectations for -ninterprpted rto-qiremeni-. A.
comnponent of formalization thus beonis the deeri-nation of t'ie taxonomic rew' ,
(class relations) of requirements within the generi hierarchy o! reqirements kno oledge.

: -. A L 0i Ik J
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* Figure 2: Inheritance and Expectations within Requirements Knowledge
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Figure 3: Class Frames for a Tracker used in an Air Traffic Control System.

Inheritance can also be exploited in addressing reusability. Class frames' ('generic frame5')
can be used to represent the generalizations of concepts. These 'generic frames'. and thv-
generalizations for solutions to requirements problems, are available in a library created I-

knowledge engineers. - An example is presented in figure 3. Reusability becomes a rnattev

,Class frames may be thought of as active templates of distinguishing features and propertie5 of the cla.i
its members, and its subclasses.

'Inheritance facilitates knowledge engineering because it allows concentration o,, the details of what niake.
Leach class different since only that distinguishing information needs to be explicitl) recorded. The rest of

tile characteristics can be inferred (inherited) from superclasses.

: .2-. :
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relationships, and i srriure. rqt;11 It: -l i~i cv p (setfi 31
which fOrM5 The foundation for reuse

Inher itance is used withirn the prfsentation-; MltP, T' Viewpoints. The infor-

mnat ion that is presented in a. Review presr!. ta :o" varl-d , 7 Io~nt upon the classification
of a requirements enity. For exarnk riv], cll 1- u., ,P ners of data items are

presented while the sjbfunctions, data.,, ano air.' Dr r~o ic wjctivities.

('7itiquing taker ~'a g of ;n'iancI', lR O nvvv-j(,i It use-, inheritance

to compar" tne reqmreTTnentq as t-iffled i"', -'~~r': - v,.'-ctizations for known

cormpownfl s and t "In'1 51 nred x It h I Ti, 7 lo" i e base (application

%4knowledge inoduie. ) . *Ihrou-gh tl,, act of ,jw :rI "C" z- 1)r -, dfird4 as an Air TrafficI
( on N roNsen[A>.~ aoons suich . th,, dC-f ribe6' below) are made between
the gener!, frilT11e f,)r AT'(" arml' it5 cirnpooont,- :tn~l the system wich the engineer is

defining4. Tln4 v-, iispe to sugge.;: possihle i 1'ic s or incompleteness.

For examnplfe, a g-irric fracker !- depicted in figure 4a. Sin e this tracker appears in I
the conmniitv kno-wledgE of t h, ATC applic ation knowledge mioduie. ;t can he lised b '1

aorrpariror t o anN tiackcr s ;er~fied by an engineer ef.g. iue1.KRA( IIer{i i

tacker requircrmenl: a;i.d !4'.e the engineer tho followving feedhack: -\1oI trackers liraxei

Terni iiiate-Tracrk req u i envn t. but t ou seemn ti he in iss I g ow lPil cr t iqui, i, thev re~tiu[ of a coniparison b''wv''n t he expected rulbfun t ion TNJP p On 11f lo ;1, hf11r4, irol the 1"~p.,

or the actlial ~ri: i ti on.- for the neN% tracker
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* Figure 4b: A Tracker being specified while establishing the requirements for an ATC
.%p.

3.2. Automatic Classification

Automatic classification is the process by which objects are automatically placed in the
most specialized class, within the requirements knowledge hierarchy, consistent with what
is known about an object. This is important because specialized classes contain more
detail and expectations than their superclasses. As a result, additional information can-
be deduced (through inheritance as mentioned earlier) when classification takes place.
Although KBRA does not have a general purpose classifier, application specific automatic
classification is supported. The classification proceeds using special purpose classification
decision trees which exist in KBRA application knowledge modules.

Automatic classification takes place throughout the incremental formalization process. For

example, when a source or sink requirement entity is added to a datum, that requirement
entity (which may have been uninterpreted up to this point) is automatically classified asa an activity.

Automatic classifications also play a role when components are reused. The fol1lo\',g i-
0. an example. Upon indication of a tracker as a component of an Air Traffic ConTc,! -' ,;S ew

(ATC), KBRA will classify the tracker to the best of its ability using the decl-ioi, tree-
cached on the generic tracker frame. It currentlv knows about several different t\ p,,s r
trackers (e.g., kalman filter. alpha-beta, alpha-beta-gamma, multiple hvpothesisl each ot
which have different distinguishing characteristics. If there is a need for a high degree ot
accuracy and reliability and not a stringent requirement on processing tirn, the system
will classify the tracker as a kalman filter. Since related requirements imply certain other

OW,



requirements (in the situation indicated above, a kalmran filter a ~ :

otht-i requirements), it is important to have the system a'" ~
imphications and take them into account when requirerrwn', hre V-1 . i

to recognizing implied requirements by successful autorrna.i'- ( W:' 'c u"h

of related requirements are checked. In cases where chasificatirin ui t ;:,o-s hYe f(.

accuracy, high reliability, fast processing time). requiremnrv'ts inc ,is v' ith -;tcivl

technology are recognized.

3.3. Dependency Tracing

Dependency tracing is fundamental to the KBRA. It forms the foundation for severai lnitr-
ence processes: local propagation, truth maintenance, and coritradic ,-n detecti'on Earl:
of th-ese processes trace dependencies in order to perform their infre: rC-.;. AdrlitonaK;N

depend, ncy tracing supports requirements characterization inaieperidcfly~ otn.-ese odia'
inference processes.

It plays a role in helping support the formalization of requirements. presf nt Ing re-juirPernentS

* horn inany viewpoints, critiquing choices, analyzing and val.1aig St,ecificat'oiis, an-i
ex planiations. Of all of these, it is especially importai,-, !or eh~ n.The "wr of

p requirements are associated with dependencv links v hich must be traiversed. The goe' cf
this raversa! is to ascertain the premises from which the requirement 'has been derived and

thle relations between those premises and the requirement in question. The search space of
equirements entities is managed by searching among only those e;itities with dependerncy

relations. This addresses the needs which occur during requ,,remeiit trateability.

Ar. example of dependency tracing is the ab~ity to tracc "berausc' relations. A rertain

V.requirement for processing time may be set "becaus-" there ;-- a .oer~,uv:Pment for near-real-
tie performance. As long as the requirement for near-real-triie -terFrmance Is valid, the

-. processing time will persist. If the requirement for near-real-tinie ;>rformance is retracted,
however, there may no longer be any support for th-e processing tin'c. If this is tlhe care.

the processing time will be retracted. (A default pioessing tine w be reasseri 4. If
p)ossible. through default reasoning.)

0- 3.4. Local Propagation

Th-ere are two classes of local propagation: 1. dmmons or procedural attachri' - 1), '2

constraint propagation.

0* An ex'arrnnle of local propagation using procedural attachment- is the CcOnMT)f tit);

dp-rript ions (an automated part of incremental formalization).- When tcqu irt ~'. .1

art~vities are stated, default data may exist (see default reasonin. so( milb

rma,-: be some wav to "wire-up" this dangling data (e.g.. existing solel.% as !np~;! 'l-
activity) to other data which is already present in the system (eg., the ontlpiil n iu I

actvit I.The use of the X and Y values from a stereographic projection of a i~aa return

P %
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Figure 5a. Propagation of VXt.!es withwr. th~e Structure',j-Obiect Decirmposition for the

AIR TRFI'(O ROL_ _.YfTF 1 Ccn~

This figure snows a partial dt-coiipositinr of the AIR TRAFFIC CONTROL SYSTEMI us-
ing "input-fromn" -"tracker" .ojcstae a-d ' ,eograph ic -coverage" slots. The slot
fillers for each of these parts are LONG-RANGL-RADAR. ALPH.A-BETA-TRACKER.
CONMMERCIAL-A IRCRFT, and CP'IT [CA L.ARFA ~setv~ a.~tee~

4.structured object wh Ih (as not ''In the section on iiiherlict~n e) inhepit - alues. r'Pfau itr-.
and procedural attachmfntF freii. generalized concrept>-

L ~In such a de, anposit io!1, slois whvilch are ielated th!7:,g forniuias Tia'. be fii nct ionallN fery
patFor examp '. thle distanco t an aircrafti: a!lyer beforv a track i5 estah!ished

L
IS rePlated to tile speed of1 te 4 ftswteep iate )1 iie rad>,: ano :'># nitiolr o' hi!--
required for the tra( her to ertai1h a ,-a'rak- t r

R the sweep rate of the 't-

N number of radair returnFs re'1u*t -. to i2:

T initiation tir, for estalishn!'7i tra

S speed of a corn,-rcial. airre &t

D distance 'overedl by the, airci-ift .Yr a ~ .
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%%e can quickly establish the formulas:

R'N- T
T' D.

The ,z formilaq are illustrated on the diagram az wiring networTkF. \YWh.n vaiue, are eI
for "-.%\pep-rate'. "number-of-radar-returns-required", and "spced" as Fhow1, i 2 P.'

*" fYli, k'ors respectively), then values of 1 minute (60 sec , and 10 natvi ca; rmilc ar., aut,
"ia'i"all\ propagated to the "initiation-time" and "distance" varl6i,:, and ne,'i , ,,
fflrered as independent requirements.

T ,- equations propagate values in a bi-directional manner. F'igw,' - ds;pict' the "re-
.7ci' propagation Values are set for the sweep-rate", "speed". , d>,, :.,- 1 sino

. ( K,!inots, and 10 nautical miles respectively). The calruiatfd vi.oc- $ and I minut 6
appear for the "number-of-radar-returns" and "initiation-time" . ,-vectivelv.

-77

Fgr5b"Reverse- Constraint Pro~ag~atioT "

•r 3.,5.Truth Maintenance -.

ii I ~~ ~" llllanrp Ilpports changing your inind (h n ig\ r .l,,, ii ,,,-' , ..

r, ,,' cr~ 'ntalformalization, reuse, or analysis validation. Trut h mainIt~ml~ , I NIMt \
kll , rVaI17,d through ronstraint maintenance and constraint propagation. '
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3.6. Contradiction Dt-tc-rfij

inconsistenicies coud :j i thf it, !,; in W 0-':1 01,c ) g. s here

-. 'X implies not Y. X 1% troe. "i'S lp'i'l _, ,>:vun ~ iai o ulu*r

in the form of type erro:- c U. sIc TI t- t KY n t Vit

-. lokDAT can be anp. 1-tl alv- ir f Arcm. ce

They arise as inforrn-atiwn Ps Nf2(u.~\en t his hp 1''A. fe d ac 't F_".1 inSO

that comnpat ible requiren iiU :,'. e, "'l-, h< c ' tA~f

.4nal'vsis 'Validlation is partialx an cittIerit 1-T o t
CI'fr .rlOl ;p

expectation contradictions. 7rIce use of ((intradictio'. ':"'or; ie ym:of cr'mrnmin itv

knowledge and inrit K-uo% ih', discussed i-' grea-,-: 'icnall

Contradict ~oi Je t: '::siportant for reusable corny *-'-CntS ci traps coni tov

when a houl' tt np:d NOT be reused Exampl's Cf 511,_h ;og2 C 1s~rP Wa fc)Io'AS' 1,

*magnitude discr-pancies fp' g, response time of 6 s -c 1i Y:;'''u' '~ t tail czpav
but a response timie of (I., sec i I reurd in -,,its w; 'Y :' iprria

response time shouiri be ~ls i' , 2. tvp ncnsstn p g c 1uu 1-11 dxet

location as polar coordinate:, fo " nubt h it. -riae.I

case, a different compofleri -h( aii be used: one VY xe ~~ rbiwe

It is especially critical in cr!*iqIng. If po~sildv. K R A wl' ato-nat rcaly r-solve the

inconsistency based onp thc level of support indicatie tor I i- 'i'~A 2i 13 O-Vi ile
declaration of a level of sipport is available to ttrw user. Included ( eautuse only when
nothing else is av'ailabie), supincsition Itr lit Fa psibl- valuoe " ,Ieji value is very
probable). and constanit (rese :rvedl :or definite const anlts e.g. - ( mos TtcM)-ertati,( lev el
of support among thle inconsis;tent values is. autcmla*icah1 ietracti more 'tnan one value

has the same level of supporv. the user Is prompted to nil ke a 3eloc W',, A, an exam Wei, !et

us return to the- AJ( TIRFVI C CONTRO L S' STPM I~ cI' ui e' d n fgure 7a
aire all coiisist-rnt. liow.ever. c -there is a requ reneni. t-hat ! 'r, i,, l a-,, h~e 10 U ta u~i (:

* tmiles, -,:"t acn dI: "Ill arise -ee iigu-c 71 Ct, 01- ' 1e1U' rf'n'nelt ; lhet has

hen explici,!; ,e "s~vft.f,-rate* . "riln)her-of-rarLi- 1-n 1 i> 7 'P it an i us'

be retracted.

If hee weie ()nlV'LP( 't ' i a thie Il,%i-* ''''

returns" wirv a unst iceth)e others wf'r"T ,' 1 t'K' h r ae ~
in tht! exam ijlc depart d -ii thf-ri' j~ . lh - ' ,rt( -r'a-' -

'"distanc&" have r'e-n entcric! ,s 111fs~ -'us 6001'1ltI .''o U r' .

beCli e f. S in ce I t Ii ~ot ptit In auto' Itn : ' a; thIrt it'

premises at the v,'il~hest 1:pntlvl.~eusr' t - k

KBRA will help fcorn' attenklon Onl the app: -1r 1e 1' . ':s -

wIthI th1 e l o we St leve o sI )o it . Ii t h I X arI'-I th I 11 ) )'' Z! I'-l, :r'n vn
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A
radar-returns", and "distance". Note that the belief "speed" is not presentei tor relraction.

If the user chooses to retract the "number-of-radar-returns", or if it wrv aitAomaticallh'

retracted because it was the only premise at the weakest s,Jpport level, then a value

consistent with all the other premises will be propagated to it value 5 in figure 7c).

#SN4 - _ GOancA"

-% aitcTn W,
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Figure 7: Consraitnt Premises ,.
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3.7. D-ful R -L mtvsofresoingi

reasqsert themselves when the overiding values art f ~act( ; ThIstpofranigs
used in all aspects of the KBIRA. Whmnoth,;ig ri-e i known.i: this reasuoning ;, ulspd to

dow ernmie a lausi ble re-porise, characte! ist it. or ah.

An exatniple of this occurs in ieusabl F tp nt ~or :niost t t I'T e 15 an expet -

0tat ion of di fo.1ID the STnec'I-nc chkM a) ti-at er. aI loctiUon ianput is expec teri. Locat ior
ths ppar a adeault in~pu for a tta her. 15v iincor poil T, g the acker :rtc a systenm

which processes radar ret,:rms toco i la rT tc 7g 1'( :1 tIc ..~ ~rovthr prc-

jection). tit: actual 'inputso htukewol t i-Na
2  \/lerai unm

= ~~"location'. The location) in pn -wonu tdh~lov i : : ~u i
and Y valuetz, iV the COOTrdliatf col;- "SI'ii fl. :-'r 1 u..u '

* ~~point in the future, the, defauit expectatluin of a odt.'su nr

Would be reasserted. Tlicinternal i rsut~O 6) -1 .. it . ~ e
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Figure 8a: A Function with Default Tracker Input of Location
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Figure 8b: A Function with Default Input Overridden
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Figure 8: .\ Function with 'he Detaul Input Reassertec,

3.8. Reasonable Value Checks

- Most object-oriented systems contain a provision for reasonable value checks. It is. there-
fore, not revolutionary that we take advant.age of this in KBRA. However, it is important to
indicate the wide range of reasonable valies that can be specified in this .ystem. Predicates
can be attached to slots of frames. When values are entered, the associated reasonabl-

-: value predicates are evaluated to determine if the value is reasonable. I ince such predicates
can be any Lisp form, a wide spectrum of reasonability testing is supported.

We take particular adv'antage of reasonable value kiiecks in incremental formalization.
critiquing, and analysis 'validation. They are used in incremental formalization to indicate
reasonable manners in which requirements may be formalized (e.g.. reasonable perforrancr
characteristics). It plav, a role in critiquing because the system can ackno\ ledge nagn. nii.-
errors (e.g., a screen line width of 3 inches instead of 0.03 inches as wefl! ,, tochdnoogva,

O limits (e.g.. 15 MIPS for a certaii, machine hv the Year l988).

Reasonable values also plaN a role in analysis and validation for catching crror ilie1

by computed values or by verifying that values fall within accet::ah limits Tr -xa,-
pie, while analyzing the response time. processing time per un'. and throughpuw ir

3 ., tracker, a value of 10 pico seconds is calculated fcr the unit processing :ni (figure 9;
This could have been calculated from 'he response time (10 nano seconds) divided by the

.-

, .] ,- . , , . .. . ,' . .,, ' ....... . ,' . . o.' , _.•,".] . . ., .. °. . .. . . . , * .- ..%



throughput (1.000). The value of 10 pico seconds for the unit processiag tirnme is c!early,

not within the current technology (nano seconds are about the current minirm.,m) so this
'unreasonableness" will be critiqued by KBRA (see critiquing, section 2.).

"'" IbProcess ts 'im

value

0 

I

Figure 9: Reasonable Value Checks on Calculated Values

3.9. Associative Retrieval

The main importance of associative retrieval is the provision of indexing so that information
is retrieved by relations rather than by searchirg the entire space of requirements entities.

.. Managing the "search space" is a problem for both expert systems and intelligent assistants.
Associative retrieval helps manage the "search problem" by searching only through related
requirements entities (KBRA's search space), rather than all the requirements entities that

* may exist in the entire system. Requirements may be "related" in a variety of ways (e.g.,
subfunction, superfunction; data and its accessors; a name and things with that name).
Further search control is provided by limiting the search to only one specific "relation"
(e.g., callers of a function- consumers of a datum).

Aqsociative Retrieval provides indexing throughout KBRA. It aids reusability by providing
controlled access into a library of system components. This helps overcome one proble ,
with reiusable components: knowing the components which are available. Associati',
retrieval supports the engineer in incremental formalization when s, he is "getting a handI.-
on the formalization process. KBRA determines the answer and responds to inquirie-

* into whert- a certain datum is used, who is its producer, who consumes it, what text
qtringq mention the datum's name, what other things have the same name, what names

* ,' I ' I ,

* a
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are synonyms, etc Crittqlming can expl associative rot.eva t, asceratan the respective
roles of requirement entities A ,zociatixe rtirieval is used in Ex:)iari ation bY asrcer aining

the role something is playing in the svs em and its relaioonsh;ps to ot hc" requiremerits ]
Assocativ retrieval is a i,-ars for de! ermn'in. iot oni , that things are related but
also how they are related. This is because Iii, iMdices provide a path of concept-role
(frame-slot) relationships In fact. ass'-c'atr,.' :ieval is lundamenta! !o all the inference
processes in KBRA It is irnpossi,- to infer s ,, ehing if there is no relation estabhished.
The other KBRA inference pr.: esse - (iigune l a) tike advantage of the associat ions provided
by general indexing and assoc-iatix'e retrv,4. I

4. Limitations and Possible Extensions to Cuirent Capabilities

This section t, ehic((.i. :'olir possible extensions to the limitations in the current KBR A
- inference p'roce ses. Theiy have been chosen because 1 have some particularly interesting

ideas on tiitse -'xtensions. They have been motivated by our observations of requirements-
* level work.

Our current work on N BRA in support has focussed oP two extremes of the initiation
of requirements charact,,rization: 1. specifying a counp!etel-, new system which has never
been done before (e.g.. SD or 2. specifying the "next geneiation" of a system (e.g.. the
"next generation" ATC' sstems). We have not focuss"d or, incorporating an old system

~ .- of one type le.g.. oatiet monitoring) as an examp0le of the characteristics for a different
type of svstem (e g.. aircraft monitoring, ATC) Johnson. The possibie KBRA extensions
in sectionz 4.1 and .4.2 address this issue. T"i-se extensions are admittedly hard problems.
but their investigation max yield fruitfui! results.

4.1 Automatic Generalization

Currently, all generalization frames must be explicitly (r eated. In the fut-'re, generalization
framnes could be created bv the sytem itself in the form of abstraction transfoirmations

(ex trac i ng conmomi fea' ures between various frames throughout the system to make a new
superclass . l his ivuld part icularlv aid reusabilitv as newx reusable components could be
inferred and then instantiated.1' 4.2. Reasoning by Analogv

Therp is current)y n, reasoni-nt alamo ;, in 1KBRA. P would, or '. o provide a izefu!

extension. Associative retrievF- could ,, pushed to reasoning by analogx . cca' to-

could be inferred hx abstraction transformations. Abstraction transformations couid if -
duce commonalitics btween entities and thu . create a descrilin, a a higher- " I!

,.-... abstraction. This re de.scription would cornct in'!; iplc (,nt iti* . h \ % ,uid ,r V no ,sIN

. have been unlinked. The new description; could be incorporatd into the omrnmunitx
knowledg, and co'iud plav a role in reusability.

,2%

.......
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"* 4.3. Judgments

There is currently no provision for making judgments based on the rolcr, re! ited objects
play on their respective entities. Associative retrieval could be used as the foandat-on for
such judgments. In Critiquing, the following may occur: an t::Aty pla.,' a certain rolto

and is associated to other entities which play various respective roes in Lit" system. A,

"judgment" could then be made on these relationships. An examnple it A.at a Kairiai,
Filter should not be used as the tracker filter when military aircraft a:, used as objects to
be tracked. This is because the use of military aircraft as the objects tracked preclu!,s the

- use of a Kalman Filter as the track filter since a Kalman Filter is base] on the assumption.
that the objects being tracked are not maneuvering.

4.4. General Purpose Automatic Classification

Since there currently is not a general purpose classifier as in N1KL ixacz'iiarek. Bate5.
Robins or KL-ONE :Schmulze & Lipkis], the addition of such a classifier would extend
the current classification processes.

5. Conclusion

,.4.

There are many inference processes within KBRA: inheritance, automatic classification.
dependency tracing. local propagation, truth maintenance, contradiction detection, default
reasoning. reasonable value checks, and associative retrieval. These inference processes are
combined to actively support the acquisition and analysis of requirements; they support
I ie incremental formalization of requirements by providing desirable "intelligent behavior"
within the KBRA system. Thus. the inference processes, :n conjunction with application
knoNledge. are where the intelligence of the intelligent assistant for requirements is found
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Turning Ideas into Speciflcatiofs

WV. Lewis Johnson
USC/Information Sciences Institute

4676 Admiralty Way, Marina del Rey, CA 0*020J2

Abstract

'Speciflication-based software development makes software eito validah' a:ni
maintain. Yet specifications of large systems are the-nsriv-es large, i1n

*understanding and validation difficult. The specifier usu:AI!V-' must mneet a nuni',cr of
goals and requirements at once in a specification. Each goal 01' requirement n. o\ t-A

straightforward in isolation, but the underlying simplicity gets lost as inter.~ tis
between requirements are discovered and tradeoffs are made, in the 1Know led,- -,Lsed
'S pecifi cation Assistant project, we focus on the steps that specifiers o Lhiou-1 ,
developing detailed specifications from initial ideas of what the sncfaviis supposed
to do. The Specification Assistant aids in developing, ev-aluat.ing, and explaining
specifications. This paper will discuss the development aids i. the Sp~cifle~t'iu!
AsslsLant, and show how they help in the transformation ofrquirenirits info

I ~ yecifeaOltns



1. Introduction
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L:asvs-eni must meet. If the requirements o thte si tiL i iring the

% ~Mla :,tenance phase. it becomes to difficult to decide liox, -ec, i-.JI J.f,%

v~ernet~zinto the the existing specification.

_V

I n .1er ii) make specifi cat ions really' useful and easy to urick io tind \ahidatc', %N,

rkvc_),nize that s-peciFication development is a problemnsln process,. W\e ( all

le:.-Vo build automated tools that assist in that pro.-,-ess. F-: xmlw a

~co Fae peciFiers to enter into the system .heir initia: ideas, ,oout what a sy~stem

sho,_A do. The systemn can then help the specifiers to refine and integrate those

rpoYrnerits, and compromise them where necessary. It can keep A record of the

ref-inw-nint -Teps. so that they resulting specificativon can be . ':odin terms of high-

leve, .>,qu!-,enents. The result will be a specification that is n-ore ea.7ilx %-alidated, more

eu7-K.drijertandab~e and explainable, and henc- more maintai~:able. That is what we]

.. 'vlopogin the ILnowledge-Based Specification Akssistart p9ct.

2. Development Assistance in KBSA

1". 1~ w iedge- 1ased Specification Assistant project is pa-n of -.1 larger effort, the

1w.'. :g~8aedSoftiware Assistant ProiecI 1 A Nj overv'>*w of the Knowledge-Based

~&- .~caon Assistanit Project can he found In two othe-n dociurnents, both published in

' hi vrolUfle. "Ov erview of the I1 no;)- iedge-Based SioeC.,"nation Assistant", and

'Fw,onstration of the Knowledge-Based Specificatior. s, tyt" We will focus here

rrn *hndology of specification devclopTnerit t,1,,t IK1BS-A porsansmefth.-

.. ..-:.:ariced techniques that IK.BSA will u-e to si.pport iih6 nethoi._Iogy.

I: i:itial stages, the specifier enters ai set, of requirements. using the KNiow ledge-

iRequirements Assistant [17[. The IKnow ledge- Based Requirements Assistant, or

IEA.is, a sytmbeing developed by Sanders Associates. These requirements can

SJ4.'~ n 21 rVssistant translates the Requirements Assistant's domain niodel into ISFS

~p'c2catonlanguage, Gist [13, 14[. The system requirements are not automatically I
* tr~oY:edInto Gist, because such a translation is likely to reveal amibiguities in the

0a,',7
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m~ust browvse thrcuii 'I r-e i Fji r e~o ~ - 21. 'I n .I i 1 7 .1 ... r i

process;. two L '3 i.
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i in 1ee n tC t: d t er'n to o.'.:v.* f* . ' r I:, i I I
pragratr T- Tic-,9)n a- ic ~p - i. a, in' U11 ?e,~ e~r. ''h

urpose 1 V'js'CI'tu 'to 2 ~az't r'lrtri'1 n

s:' h§: r'. s~ ,So h oat t I'-:\ ean ry as 1 'as Is bfo r t r

i: I! -I''t Ion " 'il, .. 4

dt.4
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high-level editing command to apply at each stage. f,4&cr~ntv -- essing the

* *2Ut~t ~Of how to automatically provide assistanc- to thne i-s-n . lct i which

MI.ar~ to apply.

* 3. An Example

* Our (31*--@u~sion of IKISA's development assistanc- wI!, foci~s on a particular

spe~fi~atoriproblem. an air- traffic control systemi.1'The air-trafflc control systerr is

~Wioe'ito assist controllers in tracking, anid controlllig aircra:t throughout an air I

* ~ -. Each aircraft is presumed to have filed a flighit plan. Ji~ob of the controllers

To enu;ure that the aircraft adhere to the flight plans-. During ai. aircraft's flight it

-7tel through multiple air spaces, each controlled by a iifferenlt air trafilc control

:iI A~s the aircraft move from air space to air sp -cootr cf tiie aircraft must

Lipd off from one facility to the next. %\Vihin :; iven facility individual

* ~ .r~maY also hard control off to each other.

-. A :~.-1vel (escilption of a problem, such a~s the one in the ;)rcvious paragraph, can

e'Kvget buried in a detailed specification of a systemn. This i-z true for a number of

9 H_-level goals of the system are achi--.--d indirect'Jv by multiple low-level
<ystemy functions. For example, inI the air-traffic control systemn
r'mqlilrements document that we studied, tlhe systemn vL, i equired to blink
-,h display of flight plans that have not b(en Lxplicitly controlled b)y a

-~controller. This indirectly ensures that aircraft sta': onI the ir flight path,
;Ino', assigning a controller to the flight is a prerequisite for #nsurinlg that it

*stays on course.

* * Hiid-lex'el go~als may needi to be cornipromised in order to comply with
p~roperties of the environment. For exan.1de. aircraft positions are mnitored

* .by radar. There is a margin or error inherent in these positrion
mieasurements. As a result, radar tracks can get lost, and mismatches

btenaircraft and radar tracks can occur.

* )ff~~ntsysto mn requirements can interact with each other. For instance, a

P, r thlvni is one of several that we have studied ini the context of the project Our principal focus

1"~ eOi 0n two proif r is however. the air-traff c control problem and a hospital information svstems
[rO H',rn

S14
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function fo'r caggfihtI SI.dtK cuel hav trjdt-': control

a fl*ighlt T;Iar nhanges Itma avn *, be h11and ni ff to : ieetCa olr

4. Going fromn Hih-Levi l to Lo-w-Level Specifications

in what follows. Wen -ailoki il. ' cii )rne of thle properties oflih-el

specif-ications. and dilscuss how as :!C MoX a r crAnormed into low-level spec iications.

Thiswil ilustrt how% the cc::., iixiv ,xo' insare avoided Ini KB1SA.

4.1. Requiremnents vs. A-pplication Goals

Suehighl-ievel sae'nsstclibe atfedto the letter in the Iilleniented

systenm. For ea' n-o tr :ftsht:,')1 i co-ntrolled by more than o-ne controller at

once. *-7-. :::r juilremnet to refer specifically to these inviolable constraints

On zr.e' S .1. Ut nc,- :tars mcv not 'DE s-atis fied exclor exceptional cases M2n1v

- ar-se wa,,- aeitnOtC alCl; \VC canl tl~s i:.0'ap rtte c&S n sich

*p ii ii- a 1i is to tas.ot "3 "cvecit fo l:-w tei fig ht pl i. It rnr-. not alw ays be

-~t f w-i-) vr V I'( 'i'-I -t-' fL~s a zT2 fa IJA\ tne Ir 11Lt jila,., v r ~s

s t t ing, th li, .-i I; I : l I ts PUVI 05F, of' the, actl zon tt nat the ATE'

sy'stemi aotul i rl 1 r

%Vc rna-t- a n ~.z here be-t \ em nio c mio goat.t-, w hich ace goals which the,

ar~~rr,< nir.~am-- a Is Jti . 'it q,,aI. wvhich desoribe -,ctions that the specifier

I ~ ~ t oi ri- Pteic a ti in App[lcat~con "oat1 s srib cVsre

c;ve I': itVI L-zkl describe :inlvidual tasKs, thtlt,c

r.ov i -r- !it11s the- n- -c miv We!tnt ify an application co-ai that he ii rc-1,!t

ri a -. r

iv'-c~m it gal 2reh±vt-x -! v ga' the air ra!Lc *'iltro %kII st

lv: a at fra a>aIrcraft

L d



aircraft-pcsition(ac, expected-pos'Ltcn(ac'"))

TisI Says 'hat every aircraft's expected posit'ion is the samne AS 11:1l position.

exrecte-sition would in turn be derived fr.-n. ti, -~n 'n

iz.-!>vel editiing cuommands can be employed to transformi tiile invariant into an

executab>, forrrn. One editing command alon- this oqu is thle ck-m"mand Maintain-

Inva7'ar.:--Reactively. which constructs a demon to reassevt the lnvx- 'Iant should if ever

CaY z h I It gene,,rates the following:

de.orn correct-position Eac I aircraft]
whier -aircraft-position(ac, expected-position(ac ?)
to update? alrcraft-position(ac, ?) to eypecte d-position(ac. ?)

This demnon states that whenever the aircraft's p~osition is no, a- samew as the expected

a osition, update it to be the same as the expectedi pos.dio n. Pelforming such a

* t :,so=,ation on an aTplication. goal is calledl rorn pro-'niszr,.7 the ga.because it moves

F~ complete satisfaction of the goai Substitutting this !e ior for the invariant

corn-promnise because no,,% the aircraft can~ go off course; there may be a time

xv -rwen when the aircraft goes off course and w hen the demon corrects it.

Xot onv ,Io,-g IKBSA provide the necessary edl itngcomad, ;t. also provides a check
-( ensure that application goals are kept cistinct fmreueets Bydalany

*.~v~aan :5 COnIsidered a goal, and can be H nis1 -%)we-ver. the user ayv mark

e. Txpresc; ron as a requirement, in which cas-e nij aning-chc.iinjng high-level editing

rannot be applied to -he exlpressioin

* 4.2. Perfect Knowledge

I Vve specifications, we specify systems without regard for what data is

a '-n'r.to which agents in the system. All agents are presumed to have perfect

ainurt the actions and properties of all other agents. Goals and requirements
......... 1,1 rlOFIned~ iii the most concise manner possible. As high-level specifications

';i' -nra th .;yrbol I means "is of type", I I means *such that". The symbol ? always
* 1sorne r(Im jonal exprpssion; it refers to some object for which the relation holds. Thus

'~, Atotlo~',)is equivalent to the position 1!expected-position~ac,
S 10: 14 I~sriptin of Gist sNrit ax.
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are refined into 1"" .- '1nc"cti.is, lIt-a'c'css_ ;cl-a!, lin are introduced; the

spec ific-aTio oi0 P~ OfC :1 1, j.1, 7' orin 1:7'( s' I pat 1,bA.-iv )r is described only% in terms :
of th l iiforrn atki o I:

F-or exaple WLL l aou :rin '1- Ut .. :. 1 an ilrli ~to aiiy the

controjir w2 ho is s i i psd to sa c: i jI te ar cr a ft s i c lu I tiiie'1 ld. .
lowe-~r.K ai- rzfficcoi~r< .zter. '' iirrvc oV's 'Ir~''Craft ~::i:it cani

* on!. rv o;Lrer~ : ?: " i Sidti iv e errors , and Iutemr It ~n .si

deenia drctyw r arra 0rs0~o to wli~l radar trac't,. Tc (,rcepnec

can -n, !_j& inlfcrrz, 1)". a un he flgtplalns for a' rcraft that are n'etj 9 to

An exo ~ ~ teditIig commnand which ass',Sts in the trnfraiaof

0 th*s gouil is The commiandl S'kirc.w cli is de cribedl in somef deal csewh-re '14. ill

This- con: maarupl a rtfererices: to a relatlins That should not be obsur)vaI-le.eg.

alrcraft -Posltlon. w'ith a ne-w relation track-pos ition, which is com-lputed by

.i: rii . S-plict alo i 0 clIu i-an 7tetacks positioni anld thi

* aiul lt os~ion ta sao. s Tlii~ iu~ara~i i5wcalm,(-d. th", sp-<ficwmioi

b~i. ni.ert a ( 0ian' ClMore conipl ex).

In order to Inlot ivate i. nur use of Sl ,one moust make clear what, data is accessitle to
wihCit. \1\ e T rvidie the speclier lwith an annotation language fordsrbn

'A l'r n 'nts' a esWhl~ data, e.

al 1-n alrcraft-posltlon- inaccessible-by atc-syst.em

X: Wlt( specifie:lt :n ouigpefect kniowiedge, and then add
I I'i ai um peIr

It(1 1 . r~ inc (jat aa esih i An alysis of how dat ais ~di a sp eci flication

~:i t i.'Ii fv ltitsA h~h cce.~data which should bp inac-essible to themn; the

AA*J m.A



4.3. Unlimited Capabilities

Just -- it is convenient to describe agents : if thcy : A c. I .1,-' <U g, . it is

conve:l nt to describe describe them as if they lad ui-linit , ,a'- ., .. That is.

age,nts ,:n a:fect the environment directly, wi*thout ,in; t,:ou:, sim intermecate

agent. .\ good example here is keeping the aircraft or course. In "ae uemon shown in

Seticn -. 1. the aircraft's position is being dIir~ di upated. in the low-level

*Sper 'ITnti o l so(I procedure will have to c ie'n( ,. wil. have the effect of

ca's,,. the aircraft's position to chaiige ( send a . rr-ction request t( the

pilot of the errant aircraft).

The notion of the air-traffic control system "updating" ttt Lirra7''s position may
seem strange. In order for it to make sense, ti-1nk of upda: ;.t as modifying some

a !p" a database, but as causing some fact to be trt.e in ihe ",dd. By ignoring at the

* h';-:h '.',,, what capabilities agents have, one can des.'r" .,n ha ecats agents cause to

-, without describing how they causE thnm to hapea. Ths ability to describe

-tead of "how" is what distinguishes speciflications from implementations. In

h wa low-level specifications can be regarded ns i'aplementatiorns of high-level

,r to, distinguish "updating" from "c:,.slo, ,o ha per". 'ond in order to guide

* *'i1P ""In ,, the high-level specification, th- -p,,ci,,r j , f m , indicate which data is

1',C ;f which agents. This is dose ,isi,,; ani otatiori.-, ".s was the case in

-,:, ... siilitv of information.

S,.:,':iin -ffects regardless of whether or not an agent is capable of

*."''-K <<., t ,rd the issi, f modifiability of data. It is sometimes

I'll effect even if no agent in the system has a method for

S. " ',>- tl, specifier may use the achieve operator, a high-

";;l, to Gist definitions. This achieve operator is similar

a e " )rshowitz ]. For example, we could use the achieve

z -:osltion demon as foilows:
W o n La rcrI. = _ ': - :-", .... ' Ionac i aircraft]

%-
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wrien l-arrf-o1i~ ac, exp ectedp ion,:ac, )
do achieve[,' postc:nditl!,Dn

aircraftpoition(ac, expect ed-Tc. ~n(: )

The prese nce of _An ach.ieve OT)era.:' r Ilia-,s htilt hespecil Catioll iz eatoia

nconipliete; so-met acti on utbeadod( V.hchaustes the stated post c)riditic~n to be
true.Pure(lis is iar fude pec onK .r iiantics; if a prediicatte is to be true ini

twlavior. theni tl_ p1ei "t~.:v u rocedure or Jeiirrn whi,_, is, capable cf

rna~r~ le re'ct"Ure. Tli achleve operato~r vin~ates this condi~tion. Tnt ei:,ach

achieve orar tmalvec> a develuiopeiiu goal being, ,osledl to Supply an

implementation fur tlo- ach.ieve optrator.

achie e ra tr( some,, n-~ ;i t roduced 'Pv higITh-level editing coinmaid.s to:

Id _c:O '.: & dtails nvsl be fille-d In. The ( ominaad \Maintiain-Ir,v,aria:-Reacive!-:.

0 11tie §;~'~is It icS uli aI,le to determli, -ie vo~ rite a demon to caus e an

invr~aatto 1he saii w Ili( h pei-mittLeu capab ,'itles, it will inse-rt an achi eve

.pe rater1 ill the- Lcun in >ea:Weeamnple. T,'it specifier can then rill in the

le ilstat t V 'irixi' i not liWV ow to fill in.

5. Guiiding the Refinemnent. Steps
Mustof ur evel 1. arteffort so far has been directed toward construction of high-

!evel ed iting ccrnirnands t-, su!pport our speciication refinemnent methodology. Howvever,

hig-leele(!ttiiIg ConrlriIc1q are! only part of what onp would need for hjghly automated

o'C'Velopmient %\s.taie e -would ulmately Ilike IKBSA to take a miore active role In

i! fc t nt r s We cain see hat role high-ievel edilting commands play Lv

readng1, c::at~ dev lopi-lt a s triaversing a problem spa ce. Each sLate 'm th ms

S p:I,-. palrt ot:% ipe specifica tion. Thie specifier is attempting to reach some

goal t t) i 11 I e a spt c! cetion w lich adequatelx me~ets thc specif ier's requirements

I~i I:e u- hfnst cu l-dii ugh-leve! editiq igCote i anld, are! the op~erators that move f rom

one~ state to the nextl IH-A's rsos i currently s to execute the operatOrS that

move thK s; +ir t"101fro probltii state to- prolemste. heurms dcd

* . ethe or no( t a tr. - *(ate lias e arid If not ha rper-atr to) apply.

7 - reched *~- -, - ht o



W\e see the process of deciding whthg-ee dtn c~Man"'. t' 1"I i.~s

0 "'The uiser starts with some expectations of wlhat , he g'Oa! St ' c ..

illk. That is, he is able to analyze or validate a %pecf>'tQo : -.-V~rirne
Pithror not it is complete. These expect ation:-- ' 'onr!: wet i-

fcr.F dness conditions that any completed specifi ) .oo i, y problem
s -: :.i:eet. For example. in a comped speif:ii .i .shul

n 7 -, Te set of input and output da a pah - '" e hre
iay he problem-speclific expectations: the speecf ha s ace!. aim kind of

Iin, mind, and will be satisfiled whlat thle spi at ches his
1ions.

Thi ex p e ct+a t ins are used to identifies an 'sste I., ,he specification thatI
' oto be resolved. That is, the specifier dccidcs that orne particular

'ect of the specification needs refinement. For examle, 'he facIt iha' the

fiiinof monitor referred to) readings %v.4 a-n -silo tiat r)Ato be

I),"~ of an issue results in a development goal ! ed; in other
'A the specif ier has the goal of resolvin-7 the issuc. ',chve issue of
-oritor referring to readings ireszults in t go'o elim inating

r, rmcs to readings within monito-r.

* Flna.iN, an editing command is selected to achieve the development goal,
basc--ed upon knowledge of what kinds of goals each editing command is
rapahle of achieving.

X- air- currently undergoing efforts to alloy. KBSA 1r) crutri bute to the decision

~at each stage. First, we are dove-Iping c~si'rtosfor the type of

: in, :m-i nt goals tnat high-level editing commands ac'hieve. Tihese goals fit into

(:lcr. iases. sucaI as "move towards implemen'tatilon '. as well a., specific. such as
iat po W. I te uerstate hi rier goal, the systemn can suggest

tinc PIniands.

epca tions and identifying issues is both promising and problematic.
f : expect ations5 are easy to test, given th- representation of specifications

b;, eer evIpi For exam ple, a co)mplete speciFication should n.ot contain

:L;. c" -eve ±+Pr;lo~rs; #och achieve is a 1I(itiiti~tl issue to he re-sllveol. We are

__, fo2. r ch, rking, (it her kinds of exp~ectations, some of which are

ii 4. Pr, 1-rn-specific expectations.5 however. r(-quire I'BS.A to have more



knowledge about the speciflication. This ki-owlvecig, must, ultimately come from the

-user. We theref.o ' tirc faced w i a _-,-icioff sit uatvon . Nvl:, f will a user Fin d it

advantageous to ]desrribe his exp ectat'wns to this system., and when wvill he prefer to do,

the analvysis hIinseit- N\'e ar in the p):-oee(s,- of einpiJricalty evalating. this ques*io)n. III

the mnean time. w(- artn~ ci u represent.aiioris ir 1KI3SA for a wiler range of

s peciricatioi. kuowe i~sch a-s what A: ' ihservable by a~hor:.id whet her or not

hi li-leel eqireiets an i~o~sd. We then, blod11 h!ih--ice1 editiing

coml-mands that woul Lt selec. ted on tiie 1,asis of this knowledge, and determine

empirically which is he lnost Sall mIactory way of controlling the sp-ecification

deve lopm en t.

6. Relatio n to Othier Tiechniquies

The i>tmoi constructing1 high-level spiecifications and refiingi them into. low%-level

*speciflecations bears somne resemblance to informal methods of requirem-e-'us elicl~at~on

(e. g.. , 12"). As in these other methods, the specilier attempts, to describe some a-spect

of a system asdirectly as possiblAe. while ignloring othier az-pects of the system. Where

we differ fromoternevwle is inl thle order in w.hlch wve specify things. Ili IDelarcee 5'

*techinique, for (2x:in pie. one spec-Ifies- data flow firs~t, and does not start specifying the

*functionalitx of the systemn until after the data fiow is mapped out. One never specifies

th rqurements of the sxstern as a whole; instead, one specifies the requiremnents on

each nodc in the data-floxk graph. Ini our approach, one starts by describing the

requliment>- and goals for the system as a whnole, and theni starts- to define the data-

flow otaiatin

" 7.- 'The advanitce that we- see in the IKJ3SA approach is that thc specification is

Oprat; -i! even ;if t ho hul level. That is. it is possible to symnbolically execu e high-

leve seiictos T!he :.a-ne i niot true for (lata-flow. diagrams. Psychological studie.;

*solft VPaP l'sg 1I lit tL I 10' III! porO'Cc of "iental simulation" az a tcol fur

oiali~u pat L deign. Lir~ IKSA.a specifier does not hiaveasuua

spercificationi in his: or her heoad: !-BSA r: ene;n.a-;on aitinlatcalv.

%~gi-'e sped rC~ T,)t' iir 7trfI C r2rlv %Important inT Ii' (in 1 -I r)\ to "ritr -7'1(e

%%



*comiputing s:ystems into an organization. Using Delaivco's d-ata-:l w -i M-iclI. for

exaniple, requirements analysis first 'involves sketching the iota o- N 'n i e -\lstlng

-.,i ogaticri. Then when the time comes to describe Kcx\ th, !new iti:ng F t erm

Wili ret toe orz-an~zatlon, it is necessary to identify_ L1: Oft theW df.O" nodes that

mighlt ~eAffecte . draw a circle around these nodes. erase --vcry-h in- inside the circle.

and red1,esign the contents of the circle from scratch. Thus tlhee 's !io assurance, that

the z.vsstemn organization meets the same requirernfnts t ,a ',t old, 01organiza.tionT

do-s. U~sing our approach, the high-level requirements arid apimongoals carry over

into the new system organization, simplifying th- red-.7sign task.

A esn me time. we recognize that data-flow diazrainr- are :a usfmuil technique for

i-:-equirements analysis. Tile ReuirementsL t es support for data-

flow-) diacrams, and righitly so. In the ideal case, prpstentatic, techniques such as data-

* :JWrha~ riad goal refinement capabilities would 1-e Inte:-rate, inwo a single System.

! t at, polint, the distinction between reqiremnerts anallvsiS anid specification

Pome(n" woul1d boreak down. Both would b- aspects of the samie process, one of

i lit, formal specifications from ill-defined rej,iremrie-ts.

- 7. Conclusions and Future Research

'CBS .s approach to specification developmnenL slio %-_ -Amse's a way of allowing

-?nirs to state their goals for a system aS .apuiianbuil hmit

b '-ir ,'' specification. Already we ind that the High-levcl eiting commands that we

* ~ . 'ue\%~;i ogare- used over anid over again 'M a xvariety of cont e2..ts. W nedt

:1 -: 0 T (levelop this library.

iV \t mnajor test for this approach isto uise it as a basis for explanation. We

r- el>v that specifications that have been developed from high-level specifications are

* - 't. un:derstanid. In fact, it should be possible for KBSA to qenerate expla nations
0

1caticn.5 aiitomatically. The record of speciication development will thus

:n e ir'o!e than a corporate memory, It will be come a corporate consultant, able to[ .. , :1>,sc~tw are systems to people who were not involved in developing the

~.:'nins.If we ar( successful in this regard, then the refinte men t- based approach

I,-
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will shown to be than much more powerful.
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Technology Focus

(1) Crcation of a new paradigm for software systems design
and life cycle management.

Transition to a view of software design information (in
the form of specification and design components) as an
asset that accumulates and that can be applied to many
problems.

(2) Embodiment of research results in the form of
environments for design and maintenance of systems.

Explicit transition approach involving the Ada, Lisp,
and scientific communities.
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PROGRAM GOALS

Sofnarc---__---- 

/' Sofwarc /

Design

_ - Research

MIPROVE PRODUCTIVITY

4 * Increase reliabilty and performance

* Minimize cost and duration of process

ACHIEVE NEW CAPABILITY
* Rapid adaptability
* Trust

* Real-time systems

TECHNICAL FOCAL POINTS
• Design retention and management
• Reuse and capitalization

• Exploitation of parallelism

I July 1987
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* DESIGN: RETENTION AND MANAGEMENT

ObJective: Retain and apply design information
gained during software development.

Rationale: Programs describe machine behaviors,
but do not contain enough design information to
describe the intent of the behaviors.

Programmers, maintainers, and verifiers require
this design knowledge and must now recover it at
great expense. -o

Impact." Direct use of design information will
enable use of a new paradigm based on
accumulation and application of design assets.

A
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* DESIGN: ADAPTATION AND REUSE

Objectix'e. Build tools to support the creation of
systems whose design components are reusable,

* Rationale: The abstract nature of software
creates a reCat potential for adaptability.

Current methodologies and languagres nonetheless

Z.- z r

yield systems that are overcommitted and brittle.

'o.

Impact: Software tools will enable acquisition
and use of design information to rapidly adapt
already deployed systems.
Tools will assist in sustaining trust.

. J"uk1.
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PARA-LLELISM ".

Objective: Create software technology to enable
full exploitation of the potential powvver of the

parallel computing architectures....-

Rationale." Current langruages, algorithms and.:,.
tools are oriented toward sequentiality.

Software technology progress is required for ;-:
systems scalability, reliability, and full exploitation

,...'<of parallel performance potential. -.

:::.:Impacr." Languages, algorithms, and tool..,"'
%-' support will provide open access to scalable x

~architectures,

I- ..19
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External Transfer
Agents Software Productivity Consortium -77,

wDoD Software Engineering Institute 4

t ,l"Transition Prototypes Arcadia Transition

[Common Lisp Framework

New Generition I (monolithic) New Gen 2 (components) New Gen 3 (design based

H Hybrid Scientific Computing

* Experimental Arcadia I Arcadia 2

Systems Formal Inference Systems I Formal Inference 2

DesignLibrary

Exploratory Parallel Systems Development and Analysis

Research
I Process Management ' Requirements Engineering z

LSynthesis Techniques Design Notions and Conventions Ra
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SOFTWARE SYSTEMS DESIG N

Management and Transition Strategy

(1) Quality. Use of the best research groups and best
resources. Creation of new organizational structure in

... the community to facilitate creation, sharing, and
transition for a new culture.

(2) Scarcity of high quality groups requires explicit
management and transition to new approaches.

. (3) Explicit attention to engineering in support of the
, research activity and in support of transfer.

Top-dow-n vision, bottom-up realization.
No monoliths.

(4) Development and sharing of component technologies,
including subsystems, languages, and conventions for
abstract interfaces.
Transition of current prototypes into enabling
technologies for next generation.

Subsystems: Mach, X, [Syntax], [OOdb],

Languages: Ada, Lisp, WSLs, SpecLgs, ScientificLgs,

Conventions: OOdb access. Unix files, ...

(5) Confluence of three major participating communities.

(6) Transfer plan with Ada community, SEI, Lisp.

(7) Explicit attention to foundational work in support of
programmatic goals.
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Plans and Meta-plans

nan

Intelligent Assistant

for the Process of Programming

Karen E Huff

Victor R. Lesser

Computer and Infornation Science Departrnent

University of Massachusetts
0 Amherst, MA. 01003

- May, 1987

Abstract: We describe an architecture for providing intelligent assistance to the programmer

carrying out the process of programming. This architecture, based on an AI planning

paradigm, can provide both passive and active assistance. Passive assistance,

accomplished by plan recognition, is used to detect and avert process errors. Active

assistance, accomplished by planning, is used to automate the programming process. A

key issue in achieving appropriate levels of assistance is the ability to capture complex

domain knowledge in a planning formalism. We illustrate several problems in traditional

hierarchical formalisms, and propose a solution based on the use of mecta-plans that

O, dynamically transform plans.
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1.0Intmduction

Development environments of today provide little assistance to -M~e prograxnmei with the
process of programming. The tasks of mapping programrmig goals int, sequences of tool
invocations, revising plans when results are not as expected, and performning the required

-but mundane - housekeeping chores such as file management a~r LLr'T;ed out with only
rudimentary support. As new techniques are develop:d to autcrmate some part of the%
process, a new tool is created (or an existing tool expanded) This leads to a situation

Swwhere, by definition, the process of programming comprise all the activities that cannot be
fully automated.

This inability to provide full automation does not, however. --ciude otaicr forms of
assistance. Two possibilities, based upon reasoning about th;! prc-gTamrmirig process,
appear promising. In or case, the programmer retains the in]"k--ie for performing the

*process, issuing commands exactly as at present. A passive: intc"Tgc:t assistant monitors
these actions, measuring them against its (extensive but stll in. -rnplee knowledge of the -

process. In this mode, many types Of process errors could be detected and averted. Such
an assistant would be an automated version of a colleague watching over the shoulder of a
programmer at work. 1n the second case, the programmer relinquishes control to the

* inteligent assistant, specifying only goals to be achieved rather than the detailed commands
by which they are to be achieved. Here, an active ineli-enz assistant plans a sequence of
commands using Its knowledge of process actions, since its knowledge is incomplete, the

* programmer must supply certain decisions which a ie b ngond the scope of the assistant. In
this mode, a cooperative automation of the process is achieveci.

1.1 Architecture for intelligent Asusstance

". We are developing an architecture (diagrammed in Figure 1) trat provides both of these
formns of assistance in order to offer the programmer a very powerful and flexible support
environment. Our approach is based on the use of Al planning techniques, which offer a
well-developed framework for reasoning about actions. Planning technology represents

eone possible route towards process programming" [14], a concept that is the subject of
current debate [10]. e plan-based architecture, named GRAPPLE ,that we are currently
developing [2] builds upon earlier work in intelligent assistant architectures [1,3,5,6].
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Plan

Under a planning paradigm, knowledge of the process is expressed as operators defining
the legal actions of programming, together with a state schema defining the predicates that
describe the state of the programming world. A plan is a partial order of operators (with all
variables bound) that achieves a goal given an initial state of the world. The algorithms for
monitoring programmer actions are the algorithms of plan recognition, where a plan to
achieve some goal is identified incrementally from sequences of actions performed by the
programmer. The algorithms for carrying out a programmer goal are the algorithms of
planning, where a partial order of operators is generated to achieve the stated goal.

A major benefit of this approach is that the intelligent assistant is domain-independent.
* Merely by changing the library of operators and associated state schema, alternative

programming processes or different toolsets may be accommodated; tailoring the assistant

to project-specific policies is similarly accomplished. Enlarging the library of operators
allows coverage of additional life-cycle phases (and the all-important feedback loops among
phases). The intelligent assistant can act at the operating system command level and/or
within a complex tool (by considering the functions provided by the tool to be tools

themselves.)
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Figure 2: uc av, d' Riua
APartial Library ofUr euf6gtyho B

Simplified Software !~ ~itSt9u A£.I

Development Operators

1.2 Processes as Plans

As a test domain for this intelligent assistant, we are exploring tlhe ?rogarnming process as
it Is carried out for a traditional programmiung langu';Ic such e.s C at the command level in
an existing operating system, UNIXThI, assumiung a st)le that fuillows accepted engineering
practice. A partial library of operators for tNs domain is sket-her- 'n Figure 2; these
operators have been greatly simplified for purposes of this e ai-nple, but shudserve to
indicate the general natuare of the approach.

The operator definitions follow standard state-based, hierarchi'cal planning approaches
[15,17,191. In a state-based approach, each operator has a precondition defining the state
that must hold in order for the action to be legal, and a set of effects that defines the state

changes that result from performing the action. These core clauses art augmented by a goal
clause that defines the principal effects of an action (thus distinguishing them from "side-
effects' of the action), and a constraints clause that defines restrictions on parameter values.

0 A hierarchical approach supports multiple levels of abstraction in operators by allowing the
definition of complex operators having subgoals that decompose the operator into simpler

UNIX is a registered trademark of AT&T Bell Laboratories.
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suplmPintiv qperators, which do not have subgoal1s, con espond to the atomic
actions in the 4 omairi.

The basil. data s-ucture of a pl.-rn r or plan 7eCO znizer is a hicrarchilcdl plan rnework as
firt eveopxiin [151. An example of such a network (usingsm f h praoso

Figure 2) is give- in Figure 3. There, , vertical slice through a network covering three
hierarchical levels is sho,-., -1ih the highest level at the top of the figure. Downward

arrows between levels conoe,,ct desfft!c1  ,tzes wlrtl operators- instantiated to achieve them
Such insta-wated operators cnr of ~Aiinlstates des-ribing the internals of the
operator: preconditions, subgoals, and effects Arrows within levels Show how the
achievement of certain states is paiiiafly ) ordertd with re~pect to time. Some orderings are

A dictated by t,,- oper-ator dfrihwpre._zondiuion stztr. mut -alv.a) s precede Surgoals, for
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example. Other orderings are imposed to resolve inracions b ctx. c~ i'.,) rnould

destroy, the plan. Orderings are propagated from le%-el to level, t-cit ";ave b-C:I rLtd to,

simplify the figure.

*Both planning and plan recognition involve building a complcre 1.121; ric1  .,.uhs is done
by actions such as choosing operators to achieve states, instantitirg thes.- operators, and
resolving conflicts between newly revealed states anJi tkistin~. ,tati-s. 71-, Ntrength of a
planning approach lies is this ability to handle conflicts that woule. o:wn 's destroy a
plan. For exainple. consider a situation where an oper -tor liaz a w c, part precondition,
requiring that both A and B be true, and the only opcraor availbK !c .,.chieving B also

2acielves NOT A. Any plan that allowed the operator for achieving S3 *o f-,l ow the operator
for achieving A would fail, due to this interaction, of the operacor-s A ' leplan must

* req>:re that the operator to achieve B precede the or to aC*-:. ' re.-cudening
operators solves a commuron type of interaction, other --r:> on; .I' rcs<L', ti(:. have also
been developed [15.1 7,191.

P:an-Kn tchrvjue-s are needed when the chosen no~c reprcsen'Latio tSrue ha r

not decomposable (13], i.e.. when solutions to p~aIel s'bprcblems c. rf',t be tackled
'independentl\ and trivially recombined. Certan types Of VTrojuczic:i rules (and expert
svstms based on them) assume decomposability. While s-ch rile c',stems have been used
to handle some t,,pes of process automation for p-g im h-aprochisno

* readily extensible, for example, the precond-'Iion Ive; on d ",bmd above cannot be
handled Add~tional interactions are certai to 2r: A'4 n -nu 'ans art- simultaneously
in progress, as is often the case with proj m.im'-i, wr For example, when a

a-graner is both fixmng bug Ir an old version n' s ot.m. -id au,4nf new functionality

in the i' e7eSIOTI different directories mus* N- u-Id to 'epa rtehcvo sets of source
and chilect nodules.

-, 1.3 Assisqance fronm a Planning Perspective

Together. planning and plan recognition make it possible to deliver a broad range ofL cr'., ices Io the programmer. The planning perspective suggests ways that the specific
ser'.-ices c:ar be aczomplhshed:-

I. 'i ' L , ' ' ' . , .' . - , . , ; 2 Z t. i" 2 - . . ." , i . . . " - _ ;~ . . .. . . , . ,~ . r , - + 1I..
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Agendas and Summariies:
An agenda is the set of goals yet to be ,atisfied in a plan, and a summary is
the set o ,oals that have been satisfied. Either can be described at various
levels of abstracuon, given the hierarchical naure of the plans. Both are
"intelligent" in' that the system has the know ledge to interpret what they
mean: for example, a plan for carrying out an agenda item can be
constructed.

Eror Detection:
Three different classes of errors :an be handled Logistical errors representftyeediffrntgassestf
faulty planning by the programmer. Examples are executing an action
before its precciidition is met, or undoing a previously satisfied
precondition before the relevant acuon has started. Housekeeping errors
represent errors of omission, Examples are keeping files in the "right"
directories, checking soarces back into a source code control system,
deleting extraneouls fiie, and perhaps adhering to certain project-specific
policies. Th-. final class of errors are substantive software process errors:
for cxa-.pl,, , siolating constraints in operators such as making the wrong
ch-*,,; of a baseline from which to develop a new system.

- * Error Cbrredion:
.- The error correction facilities amount to an "intelligent" do-what-l-mean.

. Types of corrections (related to the types of errors described above) include
re-ordering actions, identifying missing activities, supplying a plan to
satisfy a required state and substituting bindings that satisfy required
constraints.

Query Support:
Queries as to either the state of the world or the state of the actions can be
handled, since both states are maintained to support planning functions.
Each state represents a -database" of information about current status and

.." - past history.

.. "-"Cooperative Automration:
• The autnmation i+.self is achie, vd by planning. Cooperation is accomplished

bN requestin- frogrammer decisions on such issues as what parameter
bindin'cs to use in operators, when io terminate iterated activities, or how to
select am,ng aternative operators.

%'
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1.4 Achieving Intelligent Asistance

The architecture we have described is an ambitious U:0e. Whj ., n , : be the
right framework for reasoning about a process. ,h:, 'W:,.' r.- I l-Z: L ,: all the
relevant process knowledge in the operator definitions. f oo hi, k:. 'e&:e is captured,
the intelligent assistant wil be rigid, and ultimatel,: mcrTv c,,nstLct:ve thian •.rrortive. The
challenge arises because the programming process, is ai Ic. st asp ex a any domain
previoulsy tackled for a planning application. Ai-L, cei-tain aspects. ,-ct v_. the inherent
"trial and error" nature of programming and the fct that th irlgn, assistant is not

intended to be fully autonomous, are novel.

As a result of designing an operator definition langu,3ge e,:ginee-, t, cld', real-world
domains [7] and writing software process operato- , . s . .. !j, we have
encountered limits to the representational atcquac.a fonrasms.
There are problems in capturing such relevan. dom, in knowlead-c t. to recover when
an operator fails or when to us. special case :r.ors. T,. . provide this

S- k),,wicdoc in a wav that is tractable both to thf r;'a.u, E,: amA i f writer of the
domain operators.

In the remainder of this paper, we illustrate the prob-cr J ,r.:ntati adequacy with
examples of software processes. We intrcdace a sol.iion ,. , :pon dynamically
L -ansforming plans, as opposed to df~ning 1i -. ta' o;'.-':or definitions. We
discuss how the transformations are forrnal7 .. ,. -- c s r . :vel operators; both
'ne state description and required operator c; -,Lt. , arc ,r,'i rinafly, we present
status and conclusions.

2.0 Reoresentationai Po.'

Hearchical plan systems, based on NOAH [!5, and NONLIN [17], have strengths both
in their planning algorithms and in the nature of their operator definitions. When
describing a complex domain, the hierarchical approach is appealing because activities can
be defined at different levels of abstraction, with more or less detail as appropriate.
Anot 'er str ngth lies in the modularity of operator libraries: operators can be written
-,t,-u! knowledge of the other operators in the library, and operators are potentially
" p aWi : at,.n context where their goals match the preconditions or subgoals of other

.. , ,;;','-:,,:,, l-: cv lex domains, cases arise where appropriate expressive power is lacing

e .. . A" -!



in the opervor .:+ ma*i. '.i-;,-r[s te -d--, riloe cer.r, operat:, ziccuratrl- .-ar. jcopardize
the library in.-)du' ail i.. C wnsider t,,e r,3o, c"ig '- obcrris.

2.1 U~riTts cW~ri sc~o~I!uc

r Adding special c y oer:- tor. v: ',lcrai- rrZ %,-ire that! pre-conditio's or subgoala of
existing operator, be rwt. *.. .,,terang a systemrP that .s intended to fix

* ~certain bugs, the r - ~ ru -vui !t- ~ eL~ associat:d -,ith those bugs,
* in addition to thos'7 tfe tzasc , ':.ut -~oId c>.iebe eece.Onle solution is to %kite a

separate- operato- c i t'ng.ec A ->r, 'Dugs ur-, beir, fix-d~ iu precondition
restricts its appiica -t' s N s s i nte ra-A to fx 'C gs ,% thecre are two operators for
testing that are iniz.m!. :: ~ h ecX2uSi,. e hr ice hi normal operator for

*testing must ,ecif 7,-, -:'ct'on t;3 at i n-, app',cable to cases where bugs are
being fi xe-d'

In oC.Icr s:tu;o-ons, !Xi J 1(4 e ;twsn must be re-wnttwir in zir~i~iWiV osde etn
a sste th: i akut ( e -e~r -ct c ustomer. such tesnrif should include runing h

testcases in the rig,,ress: 'n test su,.c (ac-ain, i1 addiLlonal to normally seleced testcases).

The precoriditior for ti-as specji operatr conCern !he existence of a goal to release the
-. ~system~ L tle Fg).i! r:X;S xesle using JcnI2v' piedicates, the fact that a goal

with this formula i s mstx-R . taitd is not expressible in domain terms. The on1N
- ~ rtcourse is to wLnl-te epiatz -,,Xrator'. wit]h arutficia111 cl:fferert goals. Then, operators (like

buUJi) that have testirip, vb kai wi be affected. Txthe designer of the operatcrs must

* Produce not onr. F>r.;.ct jx~rator anC L4 ret-jor-re!easec ,perator, hut also a normal
buida upera,. _r arnd a ti;dK-r'u..ceeo,) o nsure that ti~e right type of testing is
perform d :iail c,i;

F xpc~~~'~~ .. .:~ ii'otrcc a~p-od,.h, alread attenvie, At

di~.v> hrT i- -1 --' 1,~ f'm: I ~~a] J SC S af ec t a s '.rig 1e o Perat.
the cc, r1b1-: i i~~~~ it.. desigr_- s pcr(,,!ci'. Spe.-ial cdses are not

One coui ire:e~ S~o~ o 'e c rr~ i) the MC)St specific
* r0oiiu-c'~ t . 4 .~0:: re. ~iue-it would

rrevfnt a FLbuvcr trm xiacz. , :~; CO' -.:- raise funds because
tjkrng out, ar .,'an is the inost iijpo .W\ AbX

In '-:vrce!"Pr-eeriii ;. regress~con t&!.uspr.r u::-,ure 'nt hbuoz h2,. not
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composed from meza-ievei opeiato.. These opeatcrs have the same form as domain

operators ,wid precondtions, ,ubgo:,!s, ctc.), but they use predicates describing plan

networks, as wel' as domain predicates.

The prim, r advaaitate u: this method is expressivc completeness. Any aspect of an

operator defiiton (such a-, preconditions, sutngoals, constraints, or effects), as well as any
aspect of an operator instance (such as bindings of variables or ancestor operator instances)

can be accessed or modified. The ta-,isforrnational approach also addresses the problem of

providing a complete library of :.perators. Because kcowledge of exceptions is partitioned

from knowledge of normal Cases. the two issu.es can be tackled separately. The process of

writing operators is fu -ther improved because multiple transformations can apply to a single

operator, thereby prn,,enting combinatorial explosion in numbers of operators.

3. Trasfornafions on Plans

. Both planning and pl±dn recog.ition invoive building a complete plan network. Normally

each action applied to a network can be thought of as taking the network one step closer to

completeness. In contrast, a transformation will reformulate the current state of the

network, vith the effect of changing the solution set that will be pursued to complete the

network. Such a reformulation is necessary either because the existing state of the network
does not accurately reflect special circumstances or because other actions have reached a

dead end (for example, an operator in the plan has failed.) Reformulating the network

represents a permanently- instantiated objective of the planner/recognizer. Thus, the

execution of (top-level) transform-alons will be data-dri.cn: they will be applied whenever

the current state of the netwcrk indicates an opportunity to do so.

3.1 Example: A Spedal Case I
Software devcloprment is an example of a domain where a large part of the knowledge

about how acticns are carried out is concerned with special cases. Consider a I
transformation that implemrnents the requirement to do regression testing before a release.

When expre-sced precisely, the transformation affects an instance of test occurring as part of
the expansicr. of release. To be entirely safe, one additional restriction should be given: that

the system being tested is the same as the systen, being released. This will allow other

testing insta.,es to occur in the same expansion (such as running a testcase to help decide

,4ha: t,,ng changes are neede.d), while ensuring that regression testing is required on the

0
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right one. Expressing this condition requires access to .he- . N. r.cn viC

betw\xecn the variable names used in the two orperato,-, Bh~~EI-l 12- A
shows one situation in which this tr-ansformnation is aj4cb

* Assumig the test operator of Figure 2, the effect of Lh., tiar u.- 'c dd art
additional subgoal to run the regrrssion test cases. 71e _xr~ .i i v . s ubgoK!

is surppiled explicitly ir. the transformation -- it nee-C ;io, i-lav i- ~.pvious'o ;nl the
plan ne-twork. Only the one operator instance is mcklife:, d; #,ii 'C- I o cefina ion for
teest s unchange'. LIThe results of applying this masorn .S th c AFTE-R

*case in Figure 4.

P?3IJRE 4: ImplementIng Roev&!w)n Tv,- ;tr~ 4a

I _ sfcm.- -* 
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4T 3-2 Example: Failure Recovery

Software development is a -domain v here thoc are many causes of failure, including

system problems, tool problems and programmer error. In particular, given that much

work is carried out on a mal-andI-error basis, falures due to programmer error are to be

- expected frequently. Consider the case of ,he link operator failing to produce a load
module because errors made by the progranet were detected. In fact, decisions about
recovery from this failure are not mvae at the loc.al level of the link operator, a link operator
failure implies that the parent cpe:;.: I~ as failed, and the appropriate recovery strategy is
dictated by what that parent operator is.

The parent operator will usually be the build operator. If the build operator has failed and

the system that was bi.ilt is fal,.t .y, one recovery scenario is to go through the whole build

process aga.:- but. i.-.td of starting from the same baseline used in the original build

instanct, th'i ;,tw build instance will start with the faulty :.ystem as the baseline. That is,

the new build instantiation vl' use as the binding of its baseline variable the binding of the
system variable from tbhe failed build instantiation.

These strategies can be expressed in two separate transformations. The first transformation

applies to instances of li. that have failed; its effect is simply to mark the parent operator

instance as failed. Th- second tr'nsformation applies to instances of build that have failed,
its effect is to create a new instantiation of the build operator, and to fix the binding of the
baseline variable in that instantiation to be equal to the binding of the system variable from

the "superseded" instantiation of build. This is shown in Figure 5.

S3.3 Other Examples

The software domain is particularly nich in opportunities for expressing domain knowledge
* in transfonrations. Some additional exampies are:

In a multi-user system, when the number of users logged-in is below a
certain threshold, then commands will be submitted for foreground
execution rather than to a background queue. One transformation, applying

r- to all operators utilizing the background queue, can be written in lieu of an
,. additional version of each such operator.

..". a
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~~~~~Recovering from failed operators inc';,,,. h :; t,. -:-.g extrane.ous.'

,,, iies. One transformaton con'f! iYp :;-c: ;:,,.. . . operators in "'
di""b e exp l-Ision of a failed o p:e at-x a-r l, t: i-.?,, , :n " 'hem . This .

':::-'. n~~ ~~- r-r ation applies onec -ng (: a t.. ,.. ..,--_ -,v 'abe-

--h conr vative editing stN,e , .f e file
*"ber, edited alsoinvolvs e vera ' e1 _ '. ,. . :- ,exrapsous

Tle too is a complex t ans form L-V.; . ; , ... d ts cannot be

% ," sp~~~~~~ecified untlJ after the dent-,,I of tie satis '. tv v td ni lo ,n ,

i: - g - m m r g n -l y f l o v ,a s t o ,,, ,.s abo ut ho w fi les are all c ated to. ,
directones. However in the hut of activity, a file may be created in the

wTong directo . A transformaon could trigger on this and instantiate a

goal to move the file to the proper directory. Such transformationsree.ctablish desirable domain states, in the manner of McDermott's primitive

ii! pol ici [12). -"

T! o rervatv copying one file to another is ue' expes ': for the p firpose
irevtring conflicts between two subsequent actions, one of which will

rW i d a d a s

VP. -".o"
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modify the file and the other of which will use the original form of the file.
Copy can be written as a normal domain operator, Ya as in the case of
operator failure, some connection still remains to be made between the goal
of copy and a situation when it is appropriate to instantiate that goal. A
transformation can be written to do this; the precondition for the
transformation is that an adverse interaction between two planned actions
has been detected. Here a transformation is used to augment the domain-
independent forms of untangling operator interactions by defining a domain-"-" specific strategy.

A well-established strateg: for dealing with the compiler having blown up
when directed to compile at its highust optimization level is to try again with
optimizatior, turned off. If this results in a successful compilation, the
programmer will settle for a load module which is only partially optimized,
even if performance testing was planned. This transformation should both
rephrase the goal to lower the optimization required and instantiate a goal to
repeat the performance testing when a fully optimized load module can be
produced. This is an instance of McDermott's notion of rephrasing a goal
whe-, no plan can be constructed to achieve it.

,-If editing a source module consists of cosmetic changes only, then an
alternative to recompilation is simply to acquire (and place in the appropriate
directory) the object module of the previous version (assuming no include
modules were also changed). However, it is bad practice to do this on a
final release to a customer. On!y by expressing this in a transformation can
we ensure that good practice is. followed. In this case the goal is rephrased

- . to take advantage of special circumstances.

4.) Formalizing' the Transformations

It should be clear from the foregoing examples that the transformations are operators on the
state of planning; these meta-level operators are combined to form meta-plans.

* Procedurally-implemented meta-plans were introduced by Stefik [16] to pursue control
issues in planning. Declarative meta-plans were defined by Wilensky[ 18] in order to share
knowledge between a planner and a plan recognizer. Neither of these meta-plan systems
was used to modify operator instances by adding new subgoals, changing constraints and
so forth. Meta-pians that could modify steps or change parameter bindings were defined
for a natural language dialog understanding system[l ]]. In these meta-plans, the
modifications were meta-plan parameters which were bound from information in the

utterances.

I "-e j, ' ,. k:,- %:ZJ*
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4.1 The Meta-level State Schema

The meta-level state schema covers most of the internal daa c ,inning.

The entit-relationship (ER) model of data [4] provides a ,sf! WZ. lo visuaIii-z such a

complex state schema. In the ER model, there are enit,:es wich fa.-i.-rtibutes and

participate i relationships with other entities. There is a ri :. 'rvard translation

between the ER model and predicate calculus, whereby r:1t,nsi,, and attributes
correspond to predicates. Semantic constraints can be ..... s... . a. xzos in predicate

calculus. Other axioms can be used to define additional predicate and ,o efine appropriate

functions.

The ER diagram of the meta-level state schema is given in - :.. L objects and

relationships shown are representative, not exhaustive. I ie s,:he ., dc.cnbe. -operators as

they are defined in the GRAPPLE formalism, and addresses the reo, 're-nrnts ef plan
recognition (the context in which we are currently implementinrg .-ha-pns).

-

The state schema for the meta-plans contains objects and predicates organized into three

subspaces: operator library, plan network, and the domain state The operator library

subspace describes all components (preconditions, effects, etr.) of 1-21 -perators, and their

formulas and (static) variable names. The plan network subspav- describes the hierarchy

of operator instances: their dynamic status (started, complet- -iiled...), their internal

states and status (pending, achieved, protected .. ). Also associateo." X th operator instances
are the dynamic name scopes and variable bincang irfomna'on re.: ' . evaluate operator

formulas. The domain state represents the truth value of ali dcr.jin .-cjqcates Additional

predicates cross subspace boundaries, relating operator Jisnces :. - t" their definitions,

and operator instances to the domain predicates 'hey affece i

The state schema is designed so that it represents a single choice from among the competing

* interpretations of a series of actions. Thus, if an operator can achieve the subgoals of two

other operators, this will be represented using two states, each in a separate context.

During recognition, there will usually be multiple contexts that are active; an important

component of the recognizer comprises strategies for focusing among these alternatives, as
well as for selecting the operations applied to an alternative. Thus we make the same

0- distinction as in [16] between operations in planning space and the control strategies by
which those operations are selected. The transformational meta-operators add to the'2 nurriber of operators subject to control decisions.

t~N
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-4.2 Meta-operator C.xLstds

IBecause the transfomation- are compiex, expressing them as operators requres alanguage

}',e'..engineered for ' real-world" use For example , effects of operators must be able to create*new objfts (for example, a new subgoal instance). Some transformations (such as the ont

X+. .- to delete exzra, ous files) requut a fac,1.!-v -o. iterating subgoals: that is, for repeatedly
'-v:.-achieving a sub-oa! formula uver a set of'bindinigs. Conveniently, all the needed facilities
,o.-.-.were already a ,ai able in th- formalismn we designed to handle the complex domains
'-.;t'-anticipated for GRAPPLE[7]. No new facilitits "except a keyworc to distinguish between

.2operators and met-operatos) were needed.

Beras oreinfor regre o e texeing th-,,er as operators es aaungag

',i(expressed in GRAPPLE noton) in Figure 7. epis a" keworo to itinguis ewe

%.1 .



FRgure 7:

(METAOPERATOR rag rsslon-fors-r @A8

(GOAL ippId-trmss.ib~forS- ,&ix.e.7i*- )

(PRECOND (STATIC Istan of(?cst-o ,t'r) ...
uncstor(?text-op,?.e! p' AND
I anceof(?rl -opr e 4, ,rqt
mm~dynnm lonan* sy-s.o.n Ii. k.

systsrn,?ts*t-op)) AND
NOT appled-to(regressi,- nx-i,:;;,,es,

€. " tet-op)))

-, (EFFECTS (NEW tate-nsnce ?rwj-essfons)
(NEW subgoa-etry eragr-sulgjoiWr
(NEW Iteratlon-soec ?1torvt.-lrdz)
(ADD part-of(?regressfi--i, ?t-at-u l
(ADD Instanc -C? ogasi , , "'. cr s.boa.
(ADD fterstor?regr-s.bgo2l,
(ADD sourc(?regra:s 1ni;, ,
(ADD role(?regressicns, P' ))

* (ADD satisfaction(?regress bns, unkr"i ) 1)

(ADD formula(?r.qr -sibgA . :
test G-onf(?s yst. r.7iur-casw')

(ADD formula(?amte. lnto.
inegression-su.(7?,gr-c.e) ))

(ADD applled-to(rsgress ns-before-res.,a,
?test-op)))

that its goal does not match the precondition r " hgaI of other mmta- ,?erators; therefore,

,,-- i: will be executed when its precondition becorrxt .-c vi happen when there is an

rinstance of test whose ancestor is an instance of veiec-se AND ,,h,'n the system variables of

both operators correspond (e.g., are mapped to th e saxmc drnaniz nx.ne). The precondition

carries the keyword STATIC, meaning that no explici: .t::mpt Sic.uld be made to render it'-

tru e.

Performing the transformation is simply a maer of realizing the effects of the meta- "-

operator in this case, because there are no subgoals to be achieved. These effects are all

directed at creating a new state instance as part of the test operator instance. The new state

instance has a supporting subgoal entry that defines the state formula and, since it is an

iterated subgoal, the iteration formula. Note that the meta-operator contains these formulas

" explicitly; they consist of domain predicates and variable names in the static name scope of

the rest operator definition. After the transformation has been executed, the precondition

-"*. '," . * *""; *

4, %.
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Figure El:

(METAOPERATOR propagate-UnK-fa Ilure

GOAL Aa .Lak{?.lnk-opta lure-procesd))

(PRECOND (STATIC status ?link-op, failed) AND
.nstan0c6-otli.1k-op,ltnk) AND
query(?HIns-op, fauy?rtem) ) ))

'CONSTRAtNTS parer -- op,?parent-op))

(EFFECTS (DELETE status(?parent-op,ln-progrss))
(DELET- status (?llnK-op,failed )
.DE) status ?parent-op,taled))

S (ADD status(?link-op,fa lure-processed))))

will no long: -, for this instance of test; thus, this transformation is not meant to be
applied rore t~wn once to the same situation.

The transformation exporting the failure of the link operator to its parent operator is shown
in Figure 8, to show how a goal for failure recovery is expressed.

5.0 Status anid Concituion

A plan-based approach to intelligent assistance for the programming process appears to be
an appropriate match between problem and solution paradigm. However, it is dependent

S".. ~ on capturing complex domain knowledge in operator definitions. Transformational meta-

plans provide a means of overcoming the representational limits of existing plan
formalisms. Defining domain knowledge about special cases and failure recovery via meta-

, 0 operators provides an expressively complete approach. which obviates the need for special-
.- purpose language extensions. This approach also expands the role that meta-planning

-- ':-' plays in a planning arcHitecture. The resulting transformations represent a special class of

operations on plan networks: operations that reformulate a network rather than solve it. As
an additional benefit, this approach eases the writer's task of providing thorough coverage

* S.of domain actions.

[J,
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We are currently implementing the transformation& a.; pat ;-, GR,,' ' plan

recognizer. This implementation uses Knowledge Craft"m an n :pa'zc; or. i:s '-' "e

for context management, object schema, and integrated Prolog tature 9: -: :errtnuing. ~ ~to explore tl-.e role of deeper domain knowledge in plarini 2 ;,'te . , :- ,icular

emphasis on a deep model of programming process kno .: : 0 ,d i, potential
contributions in an intelligent assistant.
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Technical Issues for Perform-nance Estimation*

Alle, CUld")

e "I I I itel.

J u i 9. 1987

I Objecti;Aves of the Performance Estimation Assistant

0 1lhs paper wili rep~or: ri i he pVlin anid prres oward the construction of prototype Perforniaflw
F~tiiaton ssis an PL I h ohcctve~of the PEA is clearly stated in the KS eot'

The long-term gco-al )f the perfc ,,manict facet is to help to create and maintain efficienlt
Programs that mneet their ierforrnrc requiremneits. Theperformance facet will guide
performance de( isio003 at man% lvsfrmeqirements specifiain ovr-hg

level programs to l1ow-level1 code. Performance assistance capabilities are critical for
making practical tooL; of ver -high- level. execlitable specification languages. Because
the key disadvantage of such speci~ficatis is their lack of efficiency when executed
straightfor wardly, the important i tactor in thcir utility is being able to find efficient imr-
plementation,. During development. efficienicv estimation will be used to predict and

compare tloe costs, of proposed alternat ivef dat a structure choices. 'With this capabilitY.I
either a pro',,rainiiaer or an auto~matedl progrjam synthesizer can select a data struct orc.
IKBSA %vil! also givel performanice advice ,boiit what control structures t~o use, \vwurat
optimizingf translornia' Ions Wo apply. anld what -i algorithmns to use. Thus, program anal-

vs hinld(s n- vdaafo and control flow analysis, but also hig ier-level analysis.
Such as algorithm aalyis to dletermine the time and space efficiency of programs, to

*cation domiain miodels to Include some coA, information. At th-e requirements level.

difernt proposed features.

'Th0; esarc was uportd y the om A r eveoo w-itCcn~r(RA DC) under contract F30602-66-C-0026
The iew an cocluion cotalwd i ths pperarf oftheauthors and should not, be Interpreted &
ropesntig he ffci~l oliie, ethr eprsse o Imlid o RAF1' )rthe U.S. Gove~rnmnent

t 18 1 Pa, ill oad Pal Alt, C .9404
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Wc ,an see from tHis description that the primary function of a PE.A. is to select arnoi, lternativt

:::e eenl'ations of a specinication. Thus it must be closely coumed wi:.h "he de','it:.:ient facet.

w~ict generates ,iese alternative implementations. Although one can ira~ino Buling a PEA
which Is in some sense generic, in that it does not depend at all on the Leit:;ator, i.e a specific

* language and associated transformations, this will not be the arracn we take. Our work has

- nc.catee4: that a useful PEA must embody knowledge of the space 3eing searched, as do heuristic
"unctions whic control the search in classicl Al problems. Thus the prototype PEA is specialized

to a Darticular development task, data structure selection. Th s consistent wxith the shor--te":m
a.,:escr:ie 1 in the report. Two of three short-term goals are (aga,: euoting from 2]):

Symbolic Evaluation Symbolicevaluationis a basic analvsis techzque that :s useful
in many of the KBSA facets described. However, it is crucial for the performance
facet. The performance facet needs to be able to propagate and integrateefficiency
estimations and to perform symbolic analysis on partial specifications.

Data Structure Analysis and Advice A short-term target icr the performance
facet will be a set of estimators for data structure selection that are reasonably

.. roust when handling conventional data structures (probably excluding external
memory devices). These estimations could be used for automatic data structure
selection or for advice to manual impiementors. Efficiency estimation activities
will be limited to those necessary for data structure selection, including the use
of both rules of thurob and heuristic algorithm analysis. As an initial target, ef-
ficiencv estimation will provide approximate, average-case performance analysis.
The agents will compute and transform annotations about efficiency characteris-
tics as programs are transformed, and will record cost analysis decisions for the
benefit of future users. Some bottleneck finding also should be feasible in the
short term; it is valuable for both automated and manual systems, and is a fairly
straightforward extension of the basic performance analysis capability. By limit-
ing the performance facet initially to data structure selection advice, we take a
conservative position and increase the likelihood of success. It may be necessary.

""- if certain applications are undertaken, to include other optimization decisions.

11':,f ,s: of these items is a method of analysis, the second specific functionality. We are using
a s'.m::ic evaluation capability to assist data structure selection, and designing the symbolic

evaluation package in a reusable way. Thus when more sophisticated PEA's are constructed, this
package will not have to be rewritten.

Snecificalv. data structure selection is the selection of of efficient ADA-level represen"
theoretic data types. Finding efficient representations for set-theoretic data ' -:
perormance estimation problem because:

Therp is high likelvhood of integration of this system with tlr I-

* It. :.s intr:nsicahv important prouem to-,i'
aTo, prF cra ,ing. For ex,-impie. UI\v,', ,

*.,,art , : r& um,.I , i or' , vtrlemTlr '', rrn'!i:tl

So
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e A generator for the space of data structure implementations exists. This is one of the few
problems for which a good generator of alternative implementations exist.

As part of the project an initial prototype data structure selector has been constructed. It has
provided evidence that good results will emerge from this project.

*1*l

2 Approaches to Performance Estimation

The development of code from specifications can be simply modeled by a tree structure where nodes
represent partially implemented specifications and arcs represent transformations. Paths through
the tree represent derivations where the final nodes represent executable target-language programs. I
A crucial role of the PEA is help guide the search through this tree. The alternative programs
that can be derived are dist inguished mainly on the the basis of their resource consumption-they
all implement the same ,imctlonality (since transformations are correctness-preserving).

The PEA must perform analysis of the program to guide the search. This analysis, in its details I
O depend on the specific form of specifications and programs as well as the specific generator for the

space. For example, because functional programming languages have clean, theoretical properties.
such as referential transparency, and no notion of control flow, performance analysis is simplified
in this context. In the next section we will provide specific details of the generator and the specific

*. analysis requirements. Generally, we are able to classify approaches to this analysis that is not
specific to the generator employed. Briefly they are: the qualitative approach, symbolic approach.
simulation-based approach and the statistical approach. The reader is referred to the accompanying
paper in this volume for more detail. The PEA we are building will utilize the qualitative and
symbolic approaches.

3 The Generator

In this section we first describe the generator that the PEA will use by describing the specification
* and programming language and the transformation rules which generate the space of alternative

implementatios for the language The goal c" this work is to produce a PEA, but as explained
above, the tight interaction between development and performance requires that a specific gen-
erator be used. Our approach is to incorporate an existing generator into the delivered system.
Thus we will minimize effort not directed specifically at performance estimation.

The specification language, which is called PERFORMO, is a functional language with high-levci
set-theoretic data types. Our intention is not to produce a polished, practical language; that is
a distraction from the goals of our work. Rather the language provides a minimal framework
on which to construct a data structure selector. The transformation rules apply to the data
structures of the program only, and will be directed by the PEA to select efficient, ADA-level
data type implementations. The object program will remain at the functional level. That is, we
are not concerned with control structure optimizations, such as recursion-to-iteration constructs.
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The advantage treating the data structure selection problem in a functional co,'e" t is that the
analysis on which data structure choices are made is greatly facilitated ecuse .ot the referential
transparency of declarative-level forms. Generally assertions about progiam ronerties that are
true universally, rather than true at certain program points can be inferre,, wt hout the need for
elaborate control flow analysis. The analysis techniques developed ,:uoid be extended to work on
imperative programs if desired. The data structure selection is based on it, ziarnIsis local to each
function definition. This restriction can be removed in a larger-scale prototype.

3.1 PERFORMO

PERFORMO is a single-assignmerd functional language Other language- of this variety are VALj

[3], developed at MIT, and SISAL [4], developed at Lawrence-Livermore Lab. In such a language
each "variable" is defined by an equation which is computed only onc-- (IVncce be notion of single
assignment). These language preserve the referential transparency that enhan,-es ihe analyzability
of functional languages, while providing a convenient syntax.
Unlike other functional languages which primarily rely on lists as the findamental data type,

* PERFORMO provides very-high-level, set-theoretic Data types an. iower-level data types which

the set-theoretic types are refined into. Another notable feature of PERP'ORMO is its flexible
*" iteration constructs, which are useful for refining many of the operations defined on set-theoretic

objects. Many operations which are implemented by explicit recursive cails in functional languages
without this construct can be more simply implemented by the iteration construct.

3.1.1 The Data types

PERFORMO is strongly-typed and provides set-theoretic type constructois. As part of a declara-
tion the user may specify assertions about the defined data obiects. These assertions can be used
to define sub-types, provide information as to the maximum size of the .1ata objects, and other
properties. These assertions provide information that is used by the PEA to select implementa- 2
tions. At the same time these assertions provide a natural, high-level specification capability to
the user. For example, the type map integer to integer may be restricted to map S to integer where
S is a subset of the integers defined assertionally in the program. As we shall see, this assertion is
supplying containment information which is basic analysis data for data structure selection.

The Base Types The base data types of the language are integer, real, Boolean, char, and
atom. The usual operations are defined on these types. In particular, an if-then-else construct is
defined.

The Composite Types The composite types are sets, maps, sequences, products, and rela.
tions. Thus the types provided are similar to those in REFINE, SETL [61 and AP5[I]. An
important difference however, is that the notion of a normal form is introduced. Programs may
be written using a large collection of useful operations on these types, but the programs will be
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mechanically transformed into programs using just a few operations. Such programs are said to be

in normal form. Our analysis capabilities are based on programs in this restricted form, providing
an important simplification.

We briefly review the operations in the normal form language. The operations found in the above
mentioned languages can be easily expressed in terms of these primitives. Many of the powerful
operations on composite objects, such as reduction operations, quantification, and set-formers
require iteration over a composite structure to implcment. The language contains one general
form of iteration called a genermtor expression. lh. the normal form all these familiar operations
are reduced to generators. The syntax of generators will not be given here, but reserved for the
complete language description.

Sets Sets are unordered collections of non-repeating elements. The operations on sets are: ex-
plicit set former (create a set with the specified elements), less (create a set from a given set with
one element removed), with (create a set from a given set with an additional element inserted).
arb (choose an .lement r?.:,domly from a set), E (a predicate which tests set membership), and
union (form tlie unio'.r of two sets).

Maps Maps associate with elements in a domain set, elements from a range set. The operations
on sets are: lambda definition (define a map with a lambda definition), domain (return the set
composed of the domain of the map), range (return the set composed of the range of the map).
and application (compute the range element corresponding to a given domain element). . .

Sequences Sequences are ordered collections of elements. The operations are: explicit sequence
former (which creates a sequence out of the given elements), E (a predicate which tests membership
in a sequence), indexed retrieval (returns the element at a specified position in a sequence), and __

insertion.

Products Prodcts are like Pascal records. The operations are product formation and compo-
nent selction.

Relations Relations are sirnply sets of products. Thus all the set operations may be applied to
relations as well as projection along any component.

3.1.2 Function Definitions

A functional program in a single-assignment language consists of function definitions composed
of a header which defines the input parameters and the output value of the function and a body
consisting of declarations, assertions and defining equations for each variable in the function. We

call these equations defiT, ttIon..
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3.2 Refinement Rules

The generator of the space of data structure implementations are caile.l rtfir'ment rules. A
refinement is a collection of rules that refine the variable declarXtion of in object along with all

operations performed on the object. Refinements are designed so that, the) may be composed

together in order to create the implementation of the variable. This al'ows a atepwise refinement

approach to data structure selection.

Here, briefly is a description of some of the refinements used in the PEA.

* set-to-sequence A set of objects is represented as a sequence of those otjects. Each object ap-
pears in the sequence once and the order is arbitrary. Implementations based on maintaining

the sequence in sorted order are not considered.

set-to-characteristic-function A set is represented by a total map fr-oyn soame superset of its
domain to Boolean. The superset must be specified in th, rue rlication and must be a
variable that appears in the program or an integer (or character) subrange.

map-to-array A map from an integer or character subrange is re, resent-d as an array.

map-to-field-of-product Applies only to an non-parameterized object, that is, one for which
there is only one instance of the map. An example of a parameterized object is the type of

elements of the range of a map. There is one such element for each domain element of the
map. Furthermore the product must represent a set which is a superset of the domain.

map-to-relation A map is represented by its graph.

seq-to-list A sequence is represented as a list.

seq-to-map A sequence is represented as a map fronr aii integer subrange to the element type of
the sequence.

relation-to-map A relation is represented as a map from one of its tields to a set of tuples of
A_ the remaining fields.

relation-to-set-of-product The relation is stored as a set of products.

object-to-accessor An object here is a variable of any type, including integers, reals, Booleans.
We require a base set S such that the object is an element of the base. Furthermore S must

be represented so that a pointer or array reference accesses its elements.

accessor-to-pointer Access is via a pointer.

accessor-to-integer-subrange Access is via an array index.

WV il'ustrate how these refinement rules can be composed together to implement a set-theoretic
data type at tho ADA level. Suppose that a variable of type map appears in a program. Using

the refinement map-to-relation the variable may be refined into a relation. Using relation-to-
s(t-(.f-prod,1,, the relation may be represented as a set of products. The set may may then be
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represented as a list using the refinement set-to-list. Note each time a refinement is used operations
are refined as well. For example, if the operation 'domain', was applied to the original variable
then this operation will be refined into code which enumerates the list, extracts the first element
of each product and collects them into a set.

Notice that other refinement paths are possible, leading to a tree-shaped space of possible imple-
mentations. The PEA must select the refinement path that leads to an efficient representation.

4 The Performance Estimator

The PEA can be broken into two parts. The first part is called the analyzer, the second the
selector. The analyzer is responsible for collecting information which will provide the basis for
the decision making by the selector. The source of this data is the program, and annotations
(assertions) in the program written by the user.

One advantage of working in the domain of data structure selection is the existence of criteria
for determining when an efficient representation has been achieved. Namely, we strive for simple
representations in which every data structure operation is implemented by its theoretic lower-
bound. For example we insist that map application be performed in constant time and that
enumerations of a set take time proportional to its size. Since our generator can only generate
relatively simple structures, the constant factors associated with these operations will be low.
For example hash table representations are not included because hashing while constant time (oin
average) is too complex to be efficient. If all operations are implemented within its theoretic lower
bound then the data structure selector has succeeded in finding the best possible implementation.
Furthermore, the system can report that the best implementation has been found. Often this is
possible.

4.1 Analysis

The data collected by the analyzer is both of a qualitative and quantitative nature, used for qual- -4"
'N' tative performance estimation and symbolic performance estimation, respectively. The qualitative

analysis will be sophisticated, similar to the analysis that an optimizing compiler performs.

The analysis data is derived by inspection (of the program and user-supplied assertions), symbolic
evaluation, and inference. As an example of the use of inference suppose the size of a a set S is
known to be n, f to be a one-one function and T is defined by the equation T = { f (s) : s E S}, then
the size of T can be inferred to be n. Inference of this variety is easily expressed as transformation
rules in REFINE, the system used to construct the PEA. The inference needs of the system are
being restricted so that a forward inference strategy will be efficient. -"

,' Below we summarize the kinds of analysis that will be performed, and indicate the technique used
- for the analysis.

p.-.. .
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4.1.1 Type Analysis

The language is strongly typed. A Milner-style type checker/ analyzei a-- ut;) ,. _- 1P ML, REFINE
and other languages will be employed. The construction of such a checke.-i well understood. This

is done by inspection and inference (if the system infers types from coviext).

4.1.2 Containment Analysis

This refers to deducing subset and membership relations among the data objects of the program.
We will also determine whether sets are disjoint as part of this analysis This is done by symbolic I

I' evaluation.

4.1.3 Operation Analysis

% Examine each use of a variable and determine what operations arc perforrmed on the variable. .Data structures are selected to support efficient implementation of those opera tions which actually
appear in the program. This is done by inspection.

4.1.4 One-one Analysis

One-one analysis seeks to determine if elements of sequences are unique and whether functions and
relations are one-one. A fundamental issue in data structure selection is to support constant-time
access to an element of a composite data structure. This is often difficult, and so a strategy of
optimizing away the need for such access is important. For example when a value is inserted into
a set a check whether the value is already in the set is required If this check can be proven to be
unnecessary more efficient can can be generated. One application of one-one analysis is to remove
such checks and hence ease the task of the data structure selector. This is done by inspection and
i nference.

Related, but not nearly as useful is few-to one analysis. A map is few-to-one if only a constant
S number of domain elements map to the same range element. This information is useful for symbolic

analysis of variable sizes.d%

4.1.5 Symbolic Analysis

In this analysis we first develop symbolic expressions that estimate the size of composite-valued 'I5.
variables. This information is then used to compute operator frequencies and ultimately complex-
itv estimates on the time and space requirements of an implementation.

* The analysis starts by assigning a symbolic variable to represent the size of each composite input
value Integer-valued program variables may also appear in these symbolic expressions. The user
has the option of specifying a maximum bound on the size of an input variable, and then this
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constant will be used instead. Then using the definitions of non-input variables given by the
program this size informnatio~n is propagated. The above described qualitative analysis aids this
process, especially one-onie and containment analysis. There are difficult technical issues that mustI
be faced in deriving these estimates, which were considered in [5]

Given variable sizes we can estimate operation frequencies. Then if it is impossible to find a data
structure representation that efficiently implements two operations both being performed on the

same variable, these frequencies can be used to decide which operation should get the efficientI

4.2 Selection

The fundamental difficulty of choosing data structures is to insure that element tests for sets and
application for maps is performed in constant time. This is not achieved if a set is represented as a

* list. To test if an element is in a list the whole list must be searched, which takes time proportional N
to the size of the list. Similarly if a map is represented as a list of domain-range pairs, a similar

search must ') Performed when applying a map to an domain element. However, suppose a set
is known to be a subset of an integer subrange, for example A C {1, 2,..., 100). The A may be

that the ith element of the array is true if and only if i E A. This will provide constant time
element tests for A. but is restricted to subsets of integer subranges. This idea can be extended..
Suppose our analysis reports that A C B and that -T E B. We need to test if X E A. Then we may
represent A as an additional Boolean-valued field in a product representing elements of B with the

* property that the Boolean is true if the element happens to be in A as well. x is represented as a
pointer to elements of B. To test if X E B just follow the pointer x to the product representing the
element and check the bit indicating whether the element is in A. This can be done in constant
time. This is the basis of the data structure representations in the SETL compiler. Some of the
analysis done by the PEA is to detect subset and element information (containment analysis) that
is needed for selecting these implementations. This illustrates just one of the complexities of data

structure selection. Others are dealt with by the PEA, for example minimizing the need to convert

data representations in different portions of the program.]

5 Implementation StatusU

The implementation of thle PEA isprogressing using version 2.0 of the REFINE system. Currently.

* the designs of most. components arc complete. The language can be parsed and its abstract syntax
is defined. Analysis techniques have been design and are currentiy being implemented. Data
structure refinement rules have been written. Remaining is the design and implementation of the
selector itself, which will generalize the data structure selector used in our first prototype.j
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6 Future Work

In the present PEA a functional program written using high-level data types is traasformed into
a functional program operating on the low-level data type implement tions. In our future work
we will transform the control structures as well into low-level procedural code. The framework
we have described will accommodate this extension. The enhanced prototype would incorporate I
efficiency knowledge in the following areas:

Finite Differencing Finite differencing is an important optimization diat can lead to asymptotic
improvements in program efficiency.

Proceduralization This is the application of subroutine and module decomposition device.

Algorithm Design Advice In particular the capability for constructing symbolic efficiency esti-
mates of recursive programs will be established. This will require construction of a recurrence
relation solver.

Reformulation Efficiency estimates can be used to guide transforms that redefine object def-
0 initions into an equivalent, but perhaps more efficient form. An important class of these

reformulations implement store-vs-compute decisions.

Loop Fusion Operations over set-theoretic, composite objects are implemented with extensive
use of iteration. These loops can often be combined to yield a more efficient program. We
have extensively studied this optimization. The use of PERFORMO's iteration construct
support the expression of loop combining transformations.
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Designing an Effective User Interface for a
Knowledge-Based Development

Environment
Tim King

Honeywell Systems and Research Center

3660 Technology Drive

Minneapolis, MN 5541

Abstract

One of the chief factors in the success of transferring Knowledge-Based Software
Assistant (KBSA) technology to industry will be the ability of users to interact

efficiently and effectively with the KBSA system. As a r-sult, KBSA's User in-
terface must be carefully designed to provide a wide variety of users with easyI
access to a wide variety of information. This paper descl-ibes design issues of an
effective interface, its required functionality, and possible approaches to providing

that functionality.

1 Introduction

An effective User Interface (U 'I) plays a crucial role in any system. This
is especially true of the Knowledge-Based Software Assistant (KBSA). Be-
cause of the wide range and amount of available information and the varying
degrees of user sophistication, a powerful and flexible U /I will be critical
in the acceptance and success the KBSA. The KBSA knowledge base will
contain project management information such as schedules. available re-
sources. resource allocation, costing data, project structure, and policy.
It will contain technical information such as requirements, specifications,
code. test data, and test results, as well as information about the KBSA

,- itself. KBSA users will span the spectrum from the technically expert to
technically naive. The KBSA must accomodate each kind of user's request
for whatever type of assistance, access, or information they require. There
appear to be at least five areas in which the U/I will play a role:

1, Runtime support,

2. PMA,

3. Help/Tutor,

4. Query,

5. Inspection.
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First. we will consider the design guidelines for constructing an effective
U 1. Then, we will consider possible approaches for providing the function-
ality of the above five U," areas with respect to tile attributes of an effective
IT 'I.

2 Designing an Effective User Interface

An effective U 'I like any well designed system. should be based on sound

principles or standards. Following such standards provide at least three

benefits:

1. Better interface designs.

2. Increased consistency across various systems,

3. Reduced cost in system implementation.

Although much progress has been made towards defining these stan-

* dards 9 , a definitive set of U'I standards is still a long way off 18 . How-

ever. even though we currently lack standards, many attributes have been

% identified that are fundamental to an effective interface :11,1 7 ,19 '.

2.1 Desirable User Interface Attributes

First, the interface should provide consistent and intuitive access to the

system. As users interact with the KBSA, they will do so primarily by

applying methods to objects. They will edit objects, compile objeLts. se-

lect, tasks. etc. A consistent interface will enforce certain restrictions. If a

method is applicable to various objects, then the manner in which it is ap-
plied will be the same for all objects in all situations. For example. suppose

users can edit both requirements and specification objects. It is inconsis-

- - tent for the requirements editor to be invoked via a command line interface
X' while the specification editor is invoked via mouse selection. Further. in-

teraction with the editor should be consistent in both cases. Deleting a

line or moving text should appear the same whether editing requirements

or specifications. Help and query facilities providing accurate, up-to-date

information should also be consistently available. For example. a help fa-

O cility could he availabie to users at any time by pressing a "HELP" key.
After requesting help, users can ask assistance on any topic(s), then return

to whatever task they were performing prior to requesting help. Such con- t

sistency will play a big role in the interface's intuitiveness. An intuitive

U "I a~lows users to accomplish tasks in "natural" ways, by asking them-

selves "how would I like to tell the computer what I want?". Given an

intuitive U I users usually would be able to correctly guess the thing to do.
% -. i Vz
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For example. it is more intuitive to say "EDIT fitename" thar. INV'.)E

SYS.EDITOR filename".
Second, the interface should be friendly '1] ' .'1t is. :t sl,ould pro-

vide unobtrusive access to the system which puts users at etse. Such an

interface must be cooperative. preventive, and condtci-e. A cooperative

interface actively assists users by keeping them aware of Lasic capabilities,
allowing them to explore additional capabilities ea.sily. and keeping them
informed on what the system is doing on their behal: and what progress
is being made. A cooperative interface will also allow users to suspend
tasks and quickly return to them at some later time. A preventive interface

must be designed to expect mistakes, make allowances, for mistakes, and
allow users to easily recover from mistakes. Finally a conducive interface
should be reliable, predictable, and it should en:ourage -11;.rs to explore
new capabilities without fear of irretrievably destroying ai .nformation.

Third., the interface should provide access to :nte~ligeit help and query
facilities 17 . Studies have shown that such on-line 3istince can substan-
tially affect a system's effectiveness, usability, and Jc:" bit . Users re-

quire easy access to help information describing feature. and functionality
of KBSA components such as the Requirement Assistant, the Specifica-
tion Assistant. editors, and compilers. Users also require easy access to
data in the knowledge base such as available resources, schedules, and task
assignments. K

Finally. since users have diverse backgrounds and varying degrees of

technical knowledge. the interface sholild have some mechanism for user
modeling '19. This includes deicrmining and -c-orir.g a user's beliefs,
goals. plans. and knowledge in an attempt to tailor the s stem's interaction
with the user. In doing so, the system can merre appropriately determineI- rwhat kinds of information to sup,)Jv thc user. it can more actively assist
the user in achieving their goals, arid it can detecL inappropriate plans for
achieving those goals.

2.2 User Interface Design Principles

Many approaches can be taken to satisfy these requirements for an effective

user interface. In determining which approach is appropriate in each situa-
tion one should attempt to follow design principles such as those described
in 4,15. In 4. Gould and Lewis suggest four guidelines:

1. Focus on users early to determine their needs and capabilitites.

2. Use an interactive design process in which potential users are part of
the design team.

3. Attempt to empirically measure the usability and learnability of the

interface.

I SIHl sq.%
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4. Use an iterative design process in which suggested changes or en-
hancements are incorporated in the next design.

In 15. Rich suggests seven factors to consider in determining how to
provide required functionality:

"4

1. Cost of the interface. Different kinds of interfaces (menu, command-
, line. graphical, natural language. etc.) require differing amounts of

effort in implementation and maintainence. The cost must be bal-
anced against t', required functionality.

2. Ease of learning. Some interfaces (menu. natural language) are easier
to learn than others. The interface complexity must be geared toward
the user community.

3. Conciseness. Some interfaces (menu, keyword) are more concise and
require less interaction to communicate something. The concise-

ness /verbosity of the interface must correlate with the tasks to be
performed.

4. Need for precision. Some interfaces (natural language) are less precise
' than others. The precision of the interface must match the precision

required by the task.

5. Need for pictures. In many cases, pictures communicate information
much better than text. The interface should be capable of displaying
pictures whenever appropriate.

6. Semantic complexity. The required complexity of the interface is
directly proportional to the complexity of the task being performed.

The interface must balance its own complexity against that of the
tasks it will be used to perform.

7. Promising more than can be delivered. In most cases, if a system has

a complex interface, users will expect complex behaviour from the
underlying system. The interface must not mislead users by shrouding
a simple system in a complex interface. Interface designers must be

careful to balance the interface's complexity against the complexity

By following these guidelines and keeping in mind the desirable U/I at-

tributes, an effective, helpful, and easy to use U/I can be constructed for the

diverse KBSA user community which meets all of the above requirements

and provides the appropriate mix of functionality and complexity,

Ot
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3 User Interface Architecture

This section describes the U 'I functional requir-mc:nts of tlt F.BSA sys-

tern and discusses possible approaches in each area Curre:-'v we have

identified five areas in which U/I plays a role. Thesea a-,as are: a runtime

support environment, a PMA interface, a Help 'Tu~or facet. a Query facet.

and an Inspector facet. Each of these areas is considcred i;i turn, along

with possible approaches to providing the capabilities described.

3.1 Runtime Support Environment

The runtime support environment provides a set of routines available for
use in constructing user interfaces for the various facets. it should in-

clude routines for window management, icon definition, user input, menu

definition, mouse sensitivity, program output, etc. Input rou:ines should

support both command-line (textual) and mouse-driven input. Output

routines should support both textual and graphical disr,lay of information.
* Since standards are beginning to emerge in -his area, one o' the proposed

window management standards, such as T, would he adequate to support

these capabilities.
The runtime support environment should also specify a set of candidate

interface standards, conventions which facets should follow in their interac-
tions with users. As mentioned earlier, no such standards exist. However,

the KBSA should specify some conventions for user to facet interaction

based on the desirable U/I attributes described earlier. This will provide

for increased consistency across facet boundaries, and will not force users

to learn different interface conventions for diflerenm facets. Of course, these

standards should evolve as more is understood about UI in general and

KBSA U I in particular.

3.2 PMA Interface

The PMA Interface provides the link between users and the PMA. This in-

teraction will occur primarily whenever project policy cannot autonomously

determine which action to perform next. For example, suppose a developer
finishes the first of three assigned tasks. Further, at that point, policy
dictates that theN" begin working on any remaining tasks they are respon-

sible for.' However, since two tasks remain, the system cannot determine

which task the developer should begin next. The developer must decide

and inform the system which task to select. As another example, suppose
a developer successfully finishes testing a specification. At that point, pol- %

icy allows the developer to go back and modify the requirements associated

with the specification, or to submit the specification and the test results

% lip "I'l -%
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for review. Again, the system C,,I..J0 i IIIIIew V% 1 tdke rC-X!

based on this po'!cy. The 6eveiopr s.
In suc .r situations, the systern %ouia iMvmit- t;,-PA :trfcc frt

this interface woul~d prioritize t iena:. aecu PMA i~

formation such asQ s,-hedulilir. ^eSC)"1c1 ' e11hcu'i:v, c~o: ro~is
Then. it would present -,he user xith 'A- ,.-oritize,; r -~ rInatvs 7o pro -
vide thi-: nctioiaiitY, a simnpi- ini '11.ou be adqLiate. Higne ric--onit)
options couid appear at 1.1,x rn enu vwhil,- lovur Priority optOIns

would appear at the 1bottom ,- ca . t arnativt co'21, k eXP!1CP lv rIor-

itized.

Trhis will P.-o-ide the basic urc'~aixrenui red~ ofe PMA 'nterface.

* ~However, in the long rur, somne sc.-t of explaiic -,oii roh:.mWI!1 probablyI
be required. Users wilwamn to know why the PMA recom-meinds that they
proceedI with somne task hile postponinlg others: or, the-v mn->x want to
validate its re&E.oning in weighting their tesks if thosi2 tasks are critical
to -, project. Several such systems exist JE2.' It ;s ancertain whether
:, s fun.tionality should reside in the PMA or *n +he PMA intf-rface, but

* in either case. tc appropriate subsystem could incorporatc an expa-iaton
mechanism based on some form of simrple corintk language l- sort lis,
of mouse selectable conirnmnds) for requesting var ous zyNpeF of explanation

(e~g. EXPLAIN, VERIFY, etc.). Responses could be based on simple.
built-i answers to this limited set of questions. liowevor. this formn of
interaction wo-ald probably prove too restrictivc-. T, order to proviik a
truly effective, broad-range of interaction. a rnor? ei', and power-ful form

V. ~of communication would be necessary. Thufs. the explana2tion mechanism

could be based on 'Natural Language' (.XL). In slich a systeai, users co~uld
request explanations and verifications of the PMIA' rewzoning in NL and
they would receive responses in NL generated for the spcc ,fc situation.

3.3 Help/Tutor Facet
The Help 'Tutor fac'et pro ides a.. intelign hel f;_clt~ A h uer o f

* KBSA. It will provide, explanations of how to use individu?! facet,, and the
KBSA as a whole. To provide this functionality, as new tacets or tO0ls ar(

integrated into the KBSA, kno)wledge about their features ar.1 us,- also must
be integrated. The Help 'Tutor facet will use this iulfornat r, io .-ifscribe
components to the ur.For. exF-mple. suppo! e k d,tveiopfr !s "Orhing

on a KDSA system on which a new editor has been '-asaied alo', il
knowledge of its features a.-d functionality. Now, if the ideveloper wishs to
learn how to use the new editor, they merely invoke the Ji:p''trfe
and request an expianation of the editor. At thrat point, they may ascfor

information such as how to save a file. how. '.o delete ai lne. o-, how o -Dx
a block of text.

"V1
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U r !t"VN,

There are at least four options for providirg t s fi~c-,: r
word. menui-driven, document browser, and NL...'
approach. users enter a special command, Fuct d- -T-*- l
l eywo.-is. such as a command name. cptsolIS, 'r p~:i .The
main adlvantage of this approach is its simplicvtN...... -or~. Tile
main disadivantages are that it can be too rct~~~.~users to
knoxv which terms are allowed in constructing a -_q a,-' 11ay c3lies
arc- typically, cryptic and uninformative. A similar. th,,ugi-. ks-s restri~i"Ive
technique 's described in i16,. whicl uses ni' ELIZA-bafu parser t5exoo

tract keywords from NL inputs. These y evNords ac- t used tc, match
substitution patterns from which an NL response i-, inzu_1cteq.

Second. in a menu-driven approach, t'Ae system oti.. enus offer-
ing additional information [3'.. As with tht- key-wo-3 a-.pr .~the miain
advantage of this approach is its simplicity- or im!r~e . main
disadvantages are that it is even more nrestict,'vc ~ r~:i than the

key-word approach, and again, many replles L1( tyvprc--;' :r . ic and urn- i
T h rd. In. a document browser approach, user-, Cir. bov througr' on-

liJne documents by referring to chapters. sections, sus~ C-i.c paragraphs
13. Again, the main advantage of thic approac!m is ' ts sunp'icity of im-

plenientation. The main disadvantages are that the -eplies are only as
good as the underlying documentation, and again, suft,, :' documentation
is notorious fo-, being cryptic and uninformati-P Fuither. depending on
the underlying structure of the document, the rm'; of time required to
find the desired information may he, large. However, 4f .Ie documentation
is hrclken up into many small pieces and stored :-s a a~ghly intert~lated
network 12,. users can quickly cross-reference inforr. -,i6,n, the system can

did duplication overheads. and reated inforn-6- ., en be inferred from
well-defined network relationships.

Finally, in a NL approach, users car request and receive help in NL
20 . The main advantages of this approach are 'l.at users need not learn

4 a~ command laniguage. NL is very flexible and powerful, responses can be
tai'ore6 to individual users, and the imnplementors have greater leeway in
providing additional features to help users clarify confusing responses. The
main disadvantages are that effective NL interfaces are ger.erally more ex-
pensive and much more complex than other interfaces, and NL queries tend
tr) be rm-ore verbose than other types of queries.

3.4 Query Facet%
The Query facet provides users with a facility for accessing the 'knowledge
base. It will allow them to formulate queries (requests for information),
trar-islwa thiese queries into a query format recognizable to the underlying

'2 C)
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to other objectz (essentially a special kind of s:, --i vao -i

4 inforrrator., they then can traverse the rela-1-ors~op-, e!.,-'

obhjects. thereby walking through the kromleag j,-s,- .: ad

will be able to modify a displayed objeri:* s-aie. 7e

n-et rodls which allo\m them to assign vpiutF to c hi. -,c -- l

also have access to the methods which arcd 9 '.e c"'," .. t .C

-~e part of the objecz's class definition). T', 1.isect-: ;t, l urov, !e

a valuable debugging tool for both KP~z..k r aTid K- UiA Zr..ti.-zn

* 4 Sumnmary, and Conclusions
Given the above five areas of U */I support, XbS A ~ 'have an 4

fective interfact to the KDSA. They will h~i-access tc -M. si. tion

and on-line Help fitcilities, and they %&Il have a k cct6 J-oi q-lerw ca-

pability. K BS-A system developers r-Ji bene-t from rur.iro -0Support

en-irolnmernt and the In-pectcr facet -11 T111tihe SUIp;o:) f.n'Virolimeia

wxill provide a common pool of screen. winoo,, r.ngcrr--v. ,uines, and

the accompanlying Standards /conventioi.s which wiU: prov)K. fairly; stable

basis for interface development.

However, even with this kind of siipport. users may stil; reject KBSA.

U I designers must be careful to co:cerntrate onL providing an interface

which possesses the desirable attributet; of cc nSstEF-c-y, 1Ltuitiveness, friend-

1 ~ness. helpfulness, and user modeling. They muwst asuj 6e careful to follow

01006 design principles, such as tho. describ,!d rarhier. F ~nally, U,'I design-
-~ er! must remain open to new, id.mTs) SO tlkai. as reSeard provides further

!n4;1ght into Awhat constitutes a good U 't L y& be wilirng to try those
Ideas and incorporate the best of thcm

-4.
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OVERVIEW

The focus of the Knowledge-Based Software A:,sistant r.-.,,3rences
is on advanced automated software development :ou , and this
year' s theme is Technology Transfer. VThile adhei-ug zc ,hese con-
cerns, this presentation departs from the moye -tool aF-
sumptions in that it is concerned wit!! t, a development of
knowledge-based tools and procedures primarily fcr ,rowledga-based
software systems.

Our concern for such tools derives from tha emergence of a new
business area in which customers' significantly large problems
appear not to be satisfiable by traditional software and prac-
tices. These problems, while involving trad.- ,nal system inte-
gration and communication issues, have at :iercore a large
expert-system component requiring AI methodology and technology,
at least for the development -- if not the dela.very -- system. A
critical requirement common to most of these przAL1ems is that the
expert-system piece can seldom stand alone as a kind of consultant
environment outside of and in remote communica-ion with the
customer's system. Rather, the A! software must be e-mbedded within
the total software environment, to be comp.lled, called, used, and
banished just like any other specialized software package or
utility. This requirement is not onl; a techniical one -- how to
implement an embedable expert-system -- but it is also an admin-
istrative one in that the AI component must be manageable like
other software susbsystems with reviews, tests, configuration

%Jmanagement, etc.; and for government customers this means putting
the AI piece under the aegis of formal -- and formidable -- mili-

tary standards (e.g., MILSTDs 490, 483, and 2167). Reasonable as
this may be, the major difficulty of complying is that there is
so little experience with Al systems, particularly large ones,
that there is barely the notion of a s-ystem life-cycle much less

* a consensus; without a well-specified life-cycle there is little
basis for scheduling reviews, for costing), for documentation, or
generally for any of the typical managemenc aztivities which in-
sure the successful completion of large software projects.

This presentation overviews three aspects of our approach to
9.-'. remedying this situation: (a) a proposed life-cycle for

.nowledge-Based Systems (KBSs); (b) techniques for knowledge-base
vet-rfication, and (c) representation and traceability of Require-
ments.

A PPOPOSED KBS LIFE-CYCLE

V, If one wanted to emphasize the differences between KBS and tradi-
tional systems, one might choose to represent their respective

. .1 lfe-cycles as shown in Figure 1. Not only are the stages dis-

sim.1:ar but so also are the operations that are performed to move
from stage to another. Without discussing this contrast fully we
:Dte that each life-cycle does a different thing best: for the

I"P. 'A'

- - .' : j :.- . -.... v -.-- '--



I r , 1r4 .- 0-- - - - - -- -M * low 1 0 V- vow- .61i]

traditional waterfall method it is the trd aeabity of requirements,
*but for the KBS method it is ,he vinab7.lity of the Operational Concept

that is most striking.

We believe that Figure 1 ,s a usefvi and defensible view of the
contrasts among many present-day KBS and tra.diticnal life-cycles,
especially during development. H ow ever, '- r the longer view,
which takes in transitioning fron developmnent, syszem to delivery
system, through :ntegration, out into the far reaches of mainte-

. nance, we propose a different ",aJr c t life cycles, as shown in
Figure 2. These emphasize the -.3sential similarities in the
building, fielding, and mainta n'n - of al large complex systems
-- whether they are KBS in an Al language or traditional systems
with procedural code. > i-e te sc-essive stages are the same in
both cases; it is pre urm.ea that the requirements are not perfectly
understood for both, hence the need for a development system to
support prototyping prior to a probably-<ewritten delivery system.
Test and antegrataon is placed- after the delivery system phase to
emphasize that the system being developed by these life-cycles is
part of some larger complex system. The key distinction is that
for KBSs, the Know.edge Acquisition phase -- comparable in some
respectZ to 7raditional's Requirement Specification phase -- is
replicated -o a limited extent for all phases of the KBS cycle,
as shown by the vertical column connecting to each.

We call this view the Elevator Model to emphasize the top-level im-
portance of Knowledge Acquisition for KBS products whereby diffi-
culties in all succeeding phases can oe addressed by initially
spending considerable time in knowledge acquisition anticipating
problems in subsequent phases and then responding to the remaining
inevitable problems in successive phases by essentially bringing
them up to the Knowledge Acquisition phase and reworking the
knowledge. This view was developed prarmari~y in the interests of
assuring the verifiability of knowledge-bases, and maximizing
their validity, particularly for systems not easily accessible
after deployment, and it was presented at length in a recent NASA
conference (Miller, 19B7).

The means by which the Elevator Model achieves its goals is to
elaborate the initial acquisition phase into three pairs of
knowledge-development activitaes, as shown in Figurc 3; each first
element of the pair is tightly coupled to an intensive testing

* partner, and the three pairs are somewhat more loosely coupled t.-
each other. The first of these stages is Knowledge Acquisition,.
per se, and we are exploring a variety of techniques to facilitate
and even automate thi.s process. The second stage is to amass,
coordinate, and transform relatively "raw" acquired knowledge into
a common formal representation sytteT suitable for verification

* testing; details of this stage il• be coveied in the next two
sections of this present overview. Thi third staae is to map the
formal knowledge into whatever rule syntax is used by the
expert-system shell for prototypi.ng; in the case of IBM'E* ESE
(Expert System Environment) product, this means convert:na the
declarative knowledge base into ESE Parameters,. E.3 Rules, and
execution-controlling structures called Focus Control Biocks (IBM
FSD's internal HiPER system -- for High zerfo-mance Embedded

r* .- .1
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Reasoning -- is our current approach to an infe'. e e,0gine for
embedded KBS and would involve the genei-ation of scr,--Irat differ-
ent rule syntax; cf. Arbabi & Highland, 1986, pp. 2.-.

While the few discussions of KBS life-cvcle. ' ti.at are published I
certainly do open up a host of new opporti-.i Z for "smart"
tools, this present life-cycle offers ever me:<.. .... with its
elaboration of the initial acquisition p-i^c il.tc :ne 3 paired
cycles, prior to any prototype development.

KNOWLEDGE BASE VERIFICATION P
I%

The second phase of the expanded Knowledge Acquisition. stage,
shown in Figure 3, involves the semantic interpretation and coding
of obtained knowledge into a formal system which :s governed by a
new evolving approach we call KNOWLEDGE REPRESENTAY-I'9N IEORY (KRT).
Not only does KRT provide opportunities for f rerl 1 erification,
as summarized here, but also it appears more aid .iore likely that
it can guide the development of structured interviewing techniques
and the automation of subsequent knowledge transformation into KRT
formalisms.

The basic KRT strategy is fourfold: (1) to develop a system of
knowledge-elements which is rich and comprehensive enough to cap-
ture the complexities of modern-day systems and their development;
(2) to develop a syntax and set of formalisms for expressing all
of the semantics of a concept in an explicit, declarative manner,
without recourse to deus-ex-machina tricks such as DEMONS or
arbitrarily-inserted LISP (or other) code; (3) to generate a base
of several hundred concepts for serving as a "core" for new
customer-system knowledge (and for developing editing and other
aids to facilitate elaboration of conc:eptst; an, (4) to perfect a
set of procedures for automating formal vec-ifcation of each new
element of the knowledge-base.

Figure 4 illustrates a simplified view of KR."s basic knowledge
elements: frames containing three types of slots ("c " slots -- Ii
required header information; definitional slots, with no prefix;
and "typ" slots -- slots indicating t ,pical, but not necessary,

* information; only the first two are shown). One of the key ar-
chitectural decisions of KRT was to require every slot and every
slot-value to have its own separate definition frame. This pro-
vides the basis for a SEMANTIC-NETWORK-like richness of association "
among concepts in addition to the usual hierarchical inheritance
and coupling structure provided by the generalization ("genzn")

* and specialization ("speczn") slots: one frame is linked to oth-
ers not only by its "ISA" links (to use common, but objectionable,
terminology), but also by every definitional or typical slot that "I
occurs on it, and further by every value and every operator ac-
companying these slots (as shown by the arrows from the central
"ADULT" frame to the other frames in Figure 4).

S" .4
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The very same architectural reqguirement which supports such asso-
ciative richness also provides t")e basis for automated verifica-

. tion, in that a large number of syntax e.u rements have to be
• - observed before al. the elements cn a sf.r:e fame -- a single

"knowledge element" -- can be said to be correct. Some of these
*requirements are listed in Figure 5, which also makes the point

that, when all requirements are met for a single frame, then that
frame can be termed a WELL-FORMED KNOWLEDGE ELEMEN7, or WFKEL --
harking back to the concept of Iel-Formed (logic) Formulas --
WFFs -- some decades aao.

Re-examination of Figure 4 in iia ,es at least two problems for the L
ADULT concept-frame according to these well-formedness criteria:
neither the operator ,3*" nor the entity legaladult have a separate
defining frame. Were these two rrames defined, and were the other
syntax to be correct, then it wculd be the case that the ADULT
frame would be a WFKEL, a verified trusted item of knowledge which

will retain its lofty status no matter how used, as long as it and
the frames on which it depends are not changed.

Verifiability, then, can be achieved by automated syntax-checking
means given KR-- and the frame formalisms (our specifications stay
within the orn-clause subset of first-order predicate calculus,

0- and we do, in fact but not of necessity, use PROLOG to accomplish
* syntax-checking). While verifiability guarantees only syntactic

correctness and overall reliability, still it greatly promotes
validity and completeness, since the simple requirement of defining
everything will force the elicitation of more and more information
from the knowledge suppliers and will provide the best possible
environment for them to discover for themselves that they forgot
or mis-stated something.

REQUIREMENTS TRACEABILITY

This issue, in the large, deals with whether what you finally got
is what you said you wanted in the first place; in the smail it
deals with seeing that this phase of development preserves the
same system goals achieved in the previous phase. The proces.s -
begins with the customer's expression of an "Operational Need",

* translated into a set of Prequirements" which lead to an
agreed-upon set of "specifications", often called the "A-Spec".
This process may not be as much a traceability problem as it is a
knowledge problem: often, particularly for problems involving the
computerization of what people used to do, 2 ou don't really kno'w
exactly what it is you think you need.

It is the articulation of the A-Spec into a set of B-Spec design ,
components, often called CPCIs (Computer Prcgram Config-uration
Item) which is the biggest traceability difficulty. The CPCIs,
the so-called B5s, are the result of taking -the requircments as
expressed in the A-Spec and -- via a series of complex architec-

' tural activ ties, trade-off studies, system engineering parti-
tioning of hardware and software, and ".nnurnerable design

%.--
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considerations -- producing a set of proc.a' - tions for
accomplishing the previously declarative goals. h.,al steps
are those of detailing each B5 into a much mere explicit CS design
and then into its C5 implementation.

While the development of B5s from the A-Spec s sur".v the mcst
challenging traceability problem, all steps a--: -nieneatic be-
cause new information is introduced in e.cri, pr-mari:y due to the
increase in specificity (of candidate concepts), ,. _nteractilvity
of components, in quantification, and in the !e-!.-a :f resource
consideration. Despite many years and many p.umi.in approaches,
there is still no technique or product which can cffectively as-
sure that requirements from one stage zo another not only can be
traced but can be assessed as having been met.

While it is much too early to claim success for our KRT approach,
we do believe it shows great pronrize fo, meeting these
traceability goals. Whereas a major difficulty with traditional
life-cycle traceability has been the fact that t is terribly
difficult to compare the results of onc stage with n-ther -- they
are so very different in structure and n nrtent -- the great
strength of our technique is that the cesults c: each stage will
look extraordinarily similar. This is bezause cven Knowledge
Representation Theory, they all are repres,.!-ted by the same frame
formalisms and have considerable overlap in sio ypes and easily
traceable elaboration of slct valves.

Consider, for example, the invention of the wooden erase perncil
in the early 20th centruy, say by the Acme Company. The initial
Operational Need might have been simply to develop a cheap,
easy-to-use, writing instrument whose markc were not to be perma-
nent but somehow reversible. This situation is represented in the
top panel of figure 6. Only a few of the needed slots are shown,
but the key one is charvalues. standirg for '"characteristic val-
ues", one of several means for formally iepresenting ill-defined _

general performance criteria 'the co:. s_inten. normally has the
value "real", indicating that the concept describes real in-
stances; c link associates this ad hoc operational need for a pen- .'-J.

cil to the general well-developed base-concept of
"operational need"; c next implies a frame sequence and specifies
the next one in succession).

In the middle panel of Figure 6 the initial vague performance ob-
jectives have been sharpened up: the marks should not be perma-
nent, the instrument should cost less than 10 cents, and
"easy-to-use" now means "easy-to-hold" ans well as
"easy-to-operate." In the bottom panel there is, for the first
time, an expression of how the inst rument is to be constructed

in the design frame -- in which the concept of "operation" is
designed at this high level to be two modes, one for writing and
one for erasing, with the "ease" criterion being asserted for the
letter. The next frames might be detailed designs or the first
implementations, in which case the name slot would not be c name
b,4t i name, which stands for "instance-name

7,77.7. -



We believe that the two key processes of (1) tracing requirements
and (2) assuring that they are met in each next phase is an
automatable process if the specification procedures outlined in
Figure 6 are followed and if each specification frame is assured
to be a WFKEL, just like the basic concepts. This procedure can
be used even if the implementation of a design was not formally
generated from C5 descriptions, but rather from iterative rapid
prototying, for example. All this is required is that the imple-

_,.. mentation be documented according to the KRT formalisms to produce
frames, and these can then be compared to the Requirements and
Design specifications.

SUMMARY

What has been presented here is admittedly an early program of
research on KBS tools for working to retain all which is good about
managing traditional software. The key thrust of the proposed
techniques is to move as much as possible of the development of a
KBS system to the initial life-cycle stage of Knowledge
Acquistion, and then to accomplish very extensive verification by
formal automated means. What is tantalizing about this kind of

* ,KBS emphasis is the possibility that some of those lofty ideals
of traditional software development -- such as making changes in
an operational system by changing the design and propagating that
forward -- may actually have a greater chance of being satisfied
for the new AI/KBS systems than for the traditional programming
language ones.
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Knowledge Well-Formedness (WF) Crjteria

0 Does each Concept Element (Intention or Extension) have a
Definition Frame?

0 If an extension,. Is correct extensional syntax observed?

a Are Obligatory Slots present with correct syntax and values?

o Is there at least one definitional - slot?

o Does each slot have Its own definition frame?

0 Are the conventions of slot-value expression observed?

0 Are the conventions of $VARIABLE usage observed?

0 Does every value, operator, and argument have It own
definitional frame?

THEN YOU HAVE A

J.

(Well-Formea Knowledge ELement)

-Fig- gure 5
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(A) OPERATIONAL NEED

- c-name($O, writer.oper need)
c intent($0, goal(ACME))
c link ($0, operational_need)
c-next($O, writer.reqs)

primary use($O, to_write(nil))
.4 char-values($O, cheap, notypermanent, easy-to_use)

- (B) REQUIREMENTS

c name(SO, writer.reqs)
c_prev($0, writer.oper need)
c next($O, writer.design)

* primary use($0, to_write((SA1 role(actor, person)),
role(instrument, $INSTR), role(mediun, paper),
consequences(SP = on(marks, paper))))

permanence(SP, not(permanent))
upper bound(retail cost(SINSTR, $VAL, cents), LT($VAL, 10), cents))
difficulty(to_hold($A1, ($A2 = role(object, $INSTR)), low)
difficulty(to_operate($A1, $a2), low)

(C) DESIGN
c nane ($0, writer.design)
cyprev($O, writer.reqs)

4b, c-next($0, writer.instance)

* operations modes(SO, to-write, to erase)

.4. difficulty(toerase($A1,$A2), low)

Figure 6
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The Knowledge Integration Tool:

Knowledge Interface

ABSTRACT

The Knowledge Integration Tool (KIT) is a Knowledge Based
Environment for developing and using Knowledge Based Symms.

Tis paper contains excerpts from a thesis which studies doeproperties of
- both thes systm "ape and attempts ther syntheis in the KIT. an advanced

7 prototype of a Knowledge Based System Development Environment
(KBSDE).

" The KIT facilitates rapid cosruto of' pogramming enviomet and
end-usr aplcto software. Usig the KIT. cocpta models an be
avtdcomposed of concepual primitives for agets, activities, cauaiy,

~go"s methodologies. objects, resources, staes and time. A Knowledge
Based Environment and the Knowledge Baned Sysams from which it is

composed employ the conceptual model to enq in utonom ous imaigmt
action to assist the user in his activities. he KIT employ user prles to
consuuct highly specialized envinmemts ailed to focus die usas amm-
tion upon just the knowledge and opatMiM petinen his acivitie.

The KIT possesses the rudiments of an archizectual infrastucture which sup-
ports development and utilization of Knowledge Base Systems and
Knowledge Based Environments within the Knowledge Based Corpwdion.

Key Words- Ardficial Intelligence, Distributed Knowledge Bas,
Knowledge Based Corporation, Knowledge Based Design. Knowledge Based
Environment, Knowledge Based Interface, Knowledge Based Piject
Management, Knowledge Based Pogmmming. Knowledge Based Sotwm
Engineering. Knowledge Based System Development Envirome
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1. Introduction

T'he advent of high-end LISP maschines an die availability of oopcct anred projiammingI

languages have made possible the clas of knowledge based integrated uiol t'vuonments. Such

environments are characterized by the ease with which objects, the relationsh4-s betwee them. and

higher level concepts composed of such objects and relationships can be rtpresented graphically. Some I
such systems provide multiple views of knowledge presented based upon a model of the user and his

applicaton. Depending upon the sophistication of the user interface, the user may be able to control or

change the way the system provides views of the knowledge base. Such systems umally provide

automatic graphical draw facilities with capablites usually dependent upon the complexity of the graphs

and the capabilities of the 'layout engine'. The user interface generally providts Lon stsific pop-up

menus, interactive viewports, multiple display ports, and interaction wii the ust- by means of high-

resolution bit uqed displays, pointing devices, and key board inputs. 2

This paper provides an overview of the properties of the Knowledge Integration Tool, a

'Knowledge Based Systems Development Environment' which serves as a development platform and

delivery vehicle for Knowledge Based Sysems and Knowledge Based Environments (i.e. computerized

environments constructed to manipulate knowledge bases with knowledge based systems). The func-

tional and suucural feaftres of the Knowledge Interface, a fast ond flexibic interface for accessing

knowledge and capabilities in the KIT, zs described in some detail.

While the KIT may be used for program development and program cortstuction, it can be

effectively employed to gain access to. to reuse, to understand, and to modify already existing

knowledge bases and knowledge based systems. The KIT inherits from its knowledge based foundation

the ability to be rapidly extended to new problem domains in hours and days rather than in the months,

or even years, customarily anticipated for conventional systems.

2 Smith, R.G, Dinitz, R., Barth, P., "Impulse86: A Substrate for Object- Oriented Interface
Design.* ACM. 1986. p. 167-175.

3 Tichy and Ward, 'A Knowledge-Based Graphical Editor,' submitted to ACM TrarLnct.on
on Graphics, special issue on user interfaces, Canegie Group. Inc., July. 1986. -'
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Properties of Knowledge Based Systems Development Environments

To help provide a focus for the discussions of the Knowledge Interface which follow, the capabil-

ities of a Knowledge Based System Development Envirnmea (KBSDE) will be listed below. A

KBSDE should support many of the following features:

1. Incremental knowledge based construcL ., knowledge-of-the-small.

2. Knowlege based project management: knowledge-of-the-many.

3. Knowlege based management and control: knowledge-of-the-large.

4. A Knowledge Based approach: knowledge of the goals, task and domain of the pro-
cess to which it is applied. This knowledge may range from highly specific models of
the problem domain to which it is applied to more general knowledge about how to
generate a user interface based upon a user or activity model.

5. A model cf one or more (software engineering) methodologies. This knowledge
may be integrated as domain knowledge into the knowledge base to be used within a
model of user interaction.

.. 6. An integrated rather than an incremental approach.

7. A sophisticated user interface with icon specific commands, pop-up menus, interac-
tive viewports, multiple display ports. and interaction with the user by means of high-
resolution bit mapped displays and automatically drawn displays.

8. Multiple views of underlying knowledge based upon a model of the user composed
of, but not limited to, objects, relationships, and higher level concepts. The knowledge
base may also possess knowledge of behavior components including rules, functions,
demons, methods, productions, etc.... Such entities can be presented in tables, graphs,
and textually, and the user should be able to conuol or change the way the system
provides views of the knowledge base.

9. Facilities for rapid constuuction of extensions of the KBSDE to other problem
domains.

The problem encompassed by these requirements is so very broad in scope that even if a single

system can satisfy them there is a risk that it would be perceived as large, unwieldy, and difficult to use

*_._7 and understand. Therefore, substantial effort has been placed into developing an architectural struc.re

* for the KIT which will deliver the Krr's capabilities without overwhelming its users.

* KIT Components Overview

The KIT's major components are described below-

[ '. o The Knowledge Interface is the KIT's top level knowledge interface and command
shelL It is much like an encyclopedia of knowledge which provides access to all
accessible knowledge bases and knowledge based systems.

. . . .. . . ., . . . . . . .
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o Knowledge-Of-The-Small is concerned with helping an indovidua) programmer or
designer develop a single program in relative isolation from other programm.-'s

o Knowledge-Of-The-Many is concerned with helping groups of manager. deftigners,
programmers and users manage, develop and use software resoirees in c'o-rdation
with each other.

o Knowledge-Of-The-Large is concerned with controlhr-g ti'e evc;.u,,on of the
knowledge base and keeping it in a well defined state.

o Knowledge-Of-The-Moment is concerned with focusing attention upo-' lowledge
and capabilities which are pertinent to the user's choice of activities, roles and goals.

Knowledge-Of-Itself provides the user with a cor.,,'ol panel ,vhizh peimits the user to
instantly reconfigure the knowledge based environment based upcr, Ls profile and his
needs.

The KIT's major subcomponents attempt to satisfy the foUowing requirements of a KBSDE:

1. The Knowledge Interface (human and knowledge interf-ce) sui.rzts 4, 5, 6, 7, S.

2. Knowledge-Of-The-Small (knowledge based system design and construction) sup-
ports requirements 1, 6, 7, 8, 9.

* 3. Knowledge-Of-The-Many (project management and krowleJge based environment
construction) supports requirements 2, 4, 6, 7, 8, 9.

4. Knowledge -Of-The-Large (distributed knowledge base management and
-- configuration control) supports requirements 3. 6, 7.

At this writing, the KIT is matuing as a delivery vehicle for knowledge based technology and is

already a dynamically redefineable environment which can alter itself tD the needs of its users. As a

member of the class of knowledge based integrat:-d tool environments, the KIT Knowledge Interface

acts as a flexible, general purpose interface for a wide cla.;s of vs~rs to trany kinds of applications and

knowledge. The KIT's generality comes from its ability to use a profile of a user and knowledge con-

text and command context specific constraints to provide access to just the tools and knowledge which

a user needs to do his job. The KIT's flexibility comes from the ease with which the KIT can be

extended to incorporate new appliation environments as they are developed, even if they were not ori-

ginally developed with or as part of the KIT.

t A subset of this capability: Knowledge-of-its-History appears in implementations of KIT as
of June 1986.
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2. Capabilities

-., The Knowledge Interface serves the Knowledge Integraion Tool as a variable width communica-

tion channel with the Knowledge Based Environment (KIFE) and acts as an open ended framework for

architectural extension. The rest of this paper reviews the way the Knowledge Interface can be used to

partition the knowledge and command structures of the knowledge based environment.

2.1. Large Grain Knowledge Partitions

Knowledge based sysicas of any sophistication tend to become large and complex. A knowledge

based environment may be composed of dozens of different kinds of knowledge based systems. The

KIT Knowledge Interface has been constructed to reduce the environment's complexity while at the

same time enhancing the user's ability to fully understand and use it. A prominent, immediately notice-

*._Q able featur=e of the KIT is a command window across the top of the screen where there are icon corn-

mands for switching between knowledge partitions. Selection of a knowledge partition determines the

kind of knowledge with which the user interacts. A user can change knowledge partitions instantly by

simply selectng one of the labeled partions. Research at Carnegie Mellon University on the Gandalf
r.,

-t project identified three kinds of knowledge which should be supported by any software development

environment programming in the many, the large and the small. 4 The KIT emphasis is placed upon

knowledge based environments rather than software development environments (SDE). Many of the

- -'".same kinds of issues are present in a KBE as in a SDE but the domains are quite different. While a

SDE is concerned with managing resources relative to programming projects, a KBE is concerned with

_l • managing all knowledge based resources which includes all knowledge based applications and their

knowledge bases as well as programming projects. The KIT Knowledge Interface has three top buttons

labeled Knowledge-Of-The-Small, Knowledge-Of-The-Large, and Knowledge-Of-The-Many shown in

S-Figure 1. Choice of any one of these buttons results in display on the screen of an icon command win-

dow which provides a detailed partitioning of knowledge within each of the top level partitions -- to be

4 I-aberman, A. N., Notkin, D.S., The Gandalf Software Development Environment," Car-
negie Mellon University, Pittsburg. PA, January, 1982, p. 1.
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which lFigure 1: The KiT Knowledge interface

Sdiscussed in a moment. In addition to these three broad knowledge partitions, two additional selections

N

,,,.are provided: Knowledge-Of-The-Moment and .Cowlcdge-Of-ltself. Knowledge-Of-The-Moment, a

term caned by the author, provides a dynamicaily cstruct kanowlepdgc based environment which
e. varies with a user's choice of activities, role or goals. Knowledge-Of-Itself p-ovides a control panel

,-N .: which lets the user instantly re configur the knowledge based environment or change his profile.02.2. Small Grain Knowledge Partitions

:. Selection of any one of Knowledge-Of-The-Small, Knowledge-Of.The-Large, and Knowledge-

. Of-The-Many knowledge partitions results in display of command windows on the screen with icon

O.V

,- commands for selecting even ier subdomains of knowledge. Selection of one of the labeled icon
-. commands on the command window results in display upon a pop-up menu of entities within the asso-•

*' ciated subdomain. Tis Enuity Display will vary depending upon the current environmental control
i, I
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settings. The user can either browse deep within a knowledge taxonomy or select forom a Command

Display commands to perform operation upon one or more entities chosen from the Entity Display.

The process of browsing is initiaLed from one of the top level entities of a Small Grain Knowledge Par-

tition. The user can browse through knowledge by choosing ore or more entities from the Entity

Display and then selecting the 'DESCEND' ment choice. This choice results in presentation upon

another Entity Display menu of a set of entities related to the previous entities to a specified depth and

width. The browsing process can continue as long as the user wishes. When the user finds upon an
4-%

Entity Display one or more endties he is interested in, he can select the entities, and select the 'DONE

SELECTING' menu choice. A selection of entities from an Entity Display determines a ' Knowledge

Context. Once a Knowledge Context is chosen, the Command Display will appear. Commands shown

at ary time upon a Command Display are usually specific to the type of entity selected and the context

* of its use. After selecting one or more commands from the Command Display the commmands are per-

formed in the sequence chosen upon the selected entities. Often the command action results in invoca-

tion of a subenvironment of the knowledge based environment.

2.3. Entity Displays

The 'Entity Display' shown in Figure 2 is a dynamically generated pop-up menu which displays

one or more types of entities. An Entity Display is much like a carefully organized index or the table

of contents of an encyclopedia which provides structured access to knowledge. A semantically sound

knowledge base is usually organized within taxonomic hierarchies. The Entity Display employs the

relations used by epistemological structuring mechanisms of the knowledge base for browsing through

knowledge. Knowledge is organized into networks connected by special epistemological level structur-

L. ing relations, such as: instance, is-a, has-comporent, has-part, subset, member-of, etc.... The labelled

entities at the level of Small Grain Knowledge Partidons are generally root entities of very wide and

deep entity classes. Membership in an entity class i.; defined through a re.atively small set of epistemo-

logical level relations which connect all accessible schemata in an arbitrarily large and deep network.

I4-
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- Figure 2: A Sample Entity Display

2.Every entity created in the KrT is a schemna and is integrated into sorne existing network, which means

it is - or should be - introduced as an individuation, intace or manifestation of some other entity.,'

2.4. Command Displays

'-". TMe 'Command Display' shown in Figure 3 is a dynamically generated pop-up menu which

0 displays one or more types of commands. A Command Display is much like a sophisticated command.

' ~and control center which provides dynamically structured access to the capabilities of a complicated

i"machine. Many software systems -notably most operating systems -provide little help to the opera-

"''"

. tors who have to make choices about how to use the software system's resources. An operator is

. r required to make dozens of decisions about how to use a system's resources. Decision making within a
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"'".. -,"Figure 3: A Sample Command Display
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9.. It is possible to create commands and command selections which are useful and specific toa particular

context. In fact, most commands are meaningless out of context, and most commands only exist and

make sense within a specific context. The context of a decision within the KIT is determined by a

profile of the user's role, the user's selection of environmental control settings, and the Knowledge Con-

text. These factors makeup a set of constraints. The Command Display menu is a dynamically gen-

crate set of commands which satisfies the set of constraints. The user's selection of ona or more com-

mands from a Command Display defines a CommaAd Coraw. Taken together large and small pain

knowledge partitionings and the fine grain discrimintation provided by of Knowledge Contexts and

Command Contexts reduce the complexities of the environment sufficiently for a user to perform corn-
""S.

I"., - plex problem solving tasks intelligently with relatively little or no training.
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2.5. Command & Entity queues

Any number of entities and commands can be queue, f,- s- i.uz C,) command

expect to be passed an entity as an argument (actually funct~iors q%,,*.urA c :nmmand are

-. passed the selected entity). If desired, all entities or all corr.i.ds cax 'c d -nce by choosing

the 'SELECT ALL' menu selection. The ability to queue .tctiorc .n Lhis %vi ""tw- %es the utilization

of the user's time and helps him to focus his &tmention clmsey upon !,-is i na~j The Knowledge

Interface attempts to minimize keyboard inputs whznever piiL.b: :,a~~-:igmouse selectable

choices. It is rarely necessary for the user to type in the name of an -n'ix z*.,cept for when he first

wishes to create it.
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face can efficiently perform much more simple tasks, 'uhas deleting displaying or individuating whole

sets of selected entities.

2.6. A Knowledge Based Integrated Tool Environment

Ss The KIT Knowledge Interface acts as a fexble, general purpose interface for a wide class of

users to many kinds applications and knowledge. The user interacts with dhe KIT th ,-ugh high-

resolution bit mapped displays uSing a mouse pointing device for command or object selection, and a

keyboard for input of text and control seaences. The KIT employs icon commands upon icon com-

mand windows for many of its command selections. Several forms of pop-up windows and pop-up

menus are used for displaying schemata and command selection. The knowledge base can be viewed

and manipulated in a variety of graphical and textual ways provided by command environments. The

user is abie to freely move from one command environment to another by mouse movements and input

sequences. The KIT user interface is written in CRL Command and Window System functions. The

KIT's network graphics are generated by the Knowledge Craft O(M) Palm Network Editor, the Crystal

Knowledge Based Graphical Editor or the Module Development Editor.

Palm Network Editor

The Palm Network Editor is suitable for displaying automatically drawn 'trees' of schemata and

relations.

The Knowledge Based Graphical Editor

The KBCE can display heuristically drawn 'networks' of schemata and reations.

- Module Development Edior

The MDE can display heuristically drawn networks of functions, schema, relations, and slots.

The MDE uses the KBGE for its command structure and as a graphical layout engine, but it uses a

powerful set of heuristics to selcct the choice of entities and propezties it displays. It might be con-

sidered a '2nd Generation' KGBE.V-. ;.
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The Knowledge Craft Coconut Schema Editor an the ?am Sk.'r, L..or : ,r most

manipulations of schemaa.

The Coconut Editor

The Coconut Editor provides control over prompts on icts an p p ,',, .m s ;chema. It can

control the sequence in which schema slots are filled and the choice cf leoni be d:'payed or eLted

The Palm Schema Editor

The Palm Schema Editor permits nearly any update or edit - c,,- ;f rne:a informaion - to be

made directly to a schema within a Zmacs like editing environrmen i, dnes t, . wevttr, peimit the

sare kind of value formaing and verification control as is pri -ly by C -x _r

Any number of interfaces are supported by tht K. Interac ri, ,.a .. 'ws are provided

for long dialogues with the user. Interactive pop-up input windnws ar, pr-, • oi t',t user to respond

to input requests for one or more lines of text, tiad message dispilys are proicc to display one or

more lines of text to the user. The CRL-OPS (TM) and CRL-Pro!cg (T) r"i t benches are also acces- "

sible as tasks callable from within the KIT.

3. Knowledge-Or-Itself Interface

3.1. Environmental Controls

Selecting the Knowledge-Of-Itself subenviror mnt resuhs in dis.%Py icupon a icon command win-

dow of a set of icons for controlling the way know-ledge is p"esented to the user. Using these controls

the user can adjust the 'depth', 'width' 'granularity', 'cotutex.' and 'semantic level' of knowledge and

commands. These environmental parameters can be used to alter the user's interface with the KIT -..

environment by increasing or decreasing the complexity and size of the KIT's command and entity

displays. Figure 5 contair, a sample view of panels which provide global control over the Knowledge

Integration Tool's behavior.
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Figu-e 5: Knowledge-Of-Itself Interface

U.1

KIT knowledge bases are structur-d witnin a formally define epislemological st',cre. "'he KIT

reflects this epistemological structring of knowledge by permitting the user t- choose the 'semantic

level' at which he wishes to do his work. The semantic level is one lactor in the dceci.icn the KIT

makes about the kind of mechanisms provided to the usca for manipulating &e knowledge base Entity

..- and command displays will vary in content depending upon how the sernamIc level is .ei The imple-

* mentation. logical, epistemological concepwal, and domain sernantiz !eveL amt currently p;pr-ed &

"-' the KIT. Ad L:onal levels may ne.d i- be creamed to add even finer levels of know!dgc, ii&,ina-

tion.

* Semantic Depth

The taxonomic structure of a knowlesge is d.:J, :? b". a Scri:muc ne~vrs, "h e denti is

expressed as an integer nurmiber which dcscnbe , the number of Lnes a Ltxonem:ic relaQ x s,--pe.-

,. - R



across in traversal of the newoLk. The user can control the nurx c, k,. .. rtwork

from which entities are taken for Entity Displays by setrg the scmaniu "ep"

Semantic Width

The Semantic Width controls the manner of displaN, whether dis-lay - .:s de str-ctarLg of

knowledge or collapses all knowledge into a single display. T. d aA Teai j -!,- entities at once

the Semantic Width can be set to wide. To display enrities such tlhaL !.: iaxo'-,;c structure between

them is preserved the Semantic Width should be set to narrow.

:-.' Semantic Granularity

Semantic Granularity controls whether semanuc le,-e! ,zs-rers a-, cset - ie display of

knowledge. When the Semantic Granularity is set *o 'C-nti nuns' :c,,tY. r.v.iS. ,. , prmvided across

semantic levels, and the user is able to view k.ow iezl! it -4'zr sern:m., i .:ls simultaneously.

* When set to Discrete only knowledge of a particular level , ' p!ication user, who

usually functions at the domain level or higher, has no need to cross epistemological barriers.

-Knowledge Based Systerm Designers, on the other had, nesd. know ed .! of the more intricate semantic

structurings of the knowledge base and require a means to foi'-,srnxo: tansibions over semans"c level

barriers.

Command Granularity

Command Granularity controls whether semra.ic !,UYel barrier- - cr",ed in the command

displays. Continuous or Discrete settings are pr, viied. W P.,; C m C.mand Grantlarity is set to 'Con-

.- tinuous' a smooth transition is provided across corrnmanis f several semantic levels. When set to

Discrete only commands of a particular semantic level ai, displayed.

._ 3.2. Environmental Status i
* ' The Knowledge-Of-Itself command environment provides a display of the settings of environmen-

" tal controls, the user's profile, and knowledge about the knowledge based environment's configuration

,. upon the Environmental Status Display. This display shows the current state of the Knowledge Based
.0,
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4.2. Selection of Programming Commands

Onea [rog,-amming entity has beer, selecLP ' . ,. .... e -. i' ... :ripJL :iongI t~he erni1 is pro-

vided whiich, is appropriate for the chosen entity. qii.,:,,' , shows saminri command selections available

5. Knowled~e-Or-The-Many Interface

" .5.1. Browsing through Activity Models

Ii-. is inta,nrt for a knowledge based environment to ser'.r many ki,-ds Of Users and for users to '
'" 'C": :":"--. ,., . .'""" :.be ablc to use solz ar" resourres in coordination with each other The Knowiedge lntcrfacc provides i-:i".COPY

0,.

IELXCT AL
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Figure 8: Knowledge-Ol-The-Smnall Command Display

users With eats' acccess to highl, speciah:-td application envtronments thro-ig:i the' --owle ge par,,ion

for Knowledge-Of-Thne-Many. This partition possessts a representaton for p:o*ec a .uvities Dcpeiid-

ing upon th, semantic level of intenxction which a user chooses, he may e;,:1er desirn an druvit%

J..A
representation by zreatng a mcx!:ei fo: it at the conceptual level, or he may dcvelop a dnrleve.1

application w)L.hin cconstraints cre3ted by a conctpwual model. tUiring the con ,tcu.on --f a c-i~a

model, a modiel de-elopci- ma- frequendy switch from one sev~ntic level tc Iiother ;.n order tw ilter

* ~vanicu-, chitracteristics of the environment bcing degc.The Smnall Grajoi-ia P.iTayio% c! ihi

intefac hods nowledge of Activitie', Agents Ohjec~s, Resources. States wi,(4o!sF~ya sho,

-: ~a view of sorie of the zcp le'.el chocs of endte- accessible f~or. widhiri'

* Many's Smiall Grain Knowledge- P;-t.%on
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- - . Figure 9: Knowledge-Of--The-Many Entity Display"

Once the choice of an entity has been riaae a selection of commands for manipulating the entity

should be provided which is appropriate to the kind of enti:v chosen, and the current environmental

control settings. A manager, for instance, is likely le ie onczrned with checkLg on the progress of an

activity or specifying the order of activiites, so commands are provided which permit managers to

review the PF.RT chart of an activity .'etwork or to modify a network which shows a sequence of

aztivities. An activity designer is more like to be concerned with specifying relationships between pro-

totypical acUvities and resources used in creating or zransforming objects, so commands exist to provide

him with specialized environments for designing various kinds of activity networks.

Figure 10 shows the command selections available through the Knowledge-Of-The-Many Command

Display
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Figure 10- Knowledge-Of-The-Many Command Display

6. Knowledge-Of-The-Large Interface

6.1. Browsing through Configurations

It should be possible for an authorized user to obtain access to corporate information resources

regardless of how the knowledge is distributed. The Knowledge Integration Tool provides access to a

library of information resources through the Knowledge-Of-The-Large interface. The Small Grain

Knowledge Partition of this interface holds a library of Sites, Projects, System, and Components from

which the user's software configuration can be constructed. Figure 11 The diagram below shows a

. view of some of the top level choices of configuration components accessible from within the

Knowledge-Of-The-Large's Small Grain Knowledge Partition.

62. Selection of Configuration Commands

Once a choice of configuration components has been determined commands for cataloguing.

.4'
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DONE SELECTING 14
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ABORT?

Figure 11: Knowledge-Of-Th -Large Entiry Display

locating, checking-in and checking-out, creating baselines, and so on, is provided. Figure 12 shows the

command selections available through the Knowledge -Of-The-Large Commnand Display.

7. Knowledge-Or-The-Moment Interface

- . 7.1. Browsing through Entities of the Moment

A final degree of environment specialization is provided which directs the attention of the user to

* network of closely related entities. Whil~e the Knowledge-Of-The-Many interface provides users with

* - access to a wide selection of specialized application environments, the Knowledge-Of-The-Moment

* ... interface permits the scope of knowledge to be narrowed. For instance. it is able to identify just the

* ~ r~ oces and objects. etc... which are related to a single activity. The knowledge partition defined by

the Knowledge-Of-The-Moment interface defines a cross section of semnantical nerltdahmt

and the commands suitable for their manipulation. This partition may be defined at any semantic level.
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Figure 12: Knowledge-Of-The-Large Command Display

"Tbedimension of the partition is determined by natural boundaries within the modeled knowledge, by

definitions attached as meta-knowledge to certain objects, or by chronicling of information about the

history of user knowledge and command context choices (i.e. recent Entity Displays and Command

.. Displays).

0..14
- .>e. The Knowledge Interface provides powerful mechanisms for effectively utilizing resources in the

0-. knowledge based environment. Motivation for the construction of this interface was prompted in part by

analysis of the Carnegie Group's Knowledge Craft Interfaces by students in the Advanced Technology

Center/Knowledge Craft cotrse. It is the author's hope that this interface vill help Knowledge Craft

, .users to utilize Knowlege Craft more effectively. Screen samples of a prototypical knowledge based

application for automation planning, which was rapidly created with the Knowledge Integration Tool.

are included in Appendix A.
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Appendix A: Organization Modelling

This appendix contains porions of a prototypical knowledge based applicaton for automation

planning which was crnated with the KnowledIge Integration Tool.

-'.41

4.-.

4.2.

S..

.'4,



If

50 C E U 0 0 c C C C C C.WWDWWW
L 

K 
ai. 

C 
C 

S

MA II- 
I [T

01O

1A 1

vk6I



- -rr gr,,r F r'r% r a rr-. - .

S.->

'S'

= J.5$., ii il
oF]'

[0 , - ]

" , t" .. ".". / "-.' ."."' ,". , .. .".."... ," '. '.'-."," '. . ." , ,'' '"",.'-:". ,.I



S IN

c
- . v

II-..'

* 4'

.1%



re- C4C D Dcc

~~~.c~~ 1C cc-bc c c C C I c

C~ .E

Pii



I -
' 2

*1~

.. jii I ~
i N

* 1 A..

I Ii~A I! *1~*

-~

El.

.~I.
Ut
S

I.. 1~j. U
-,

II
I.-, V (*,I

~.4 0
01 I

*-I, H
- . awe U

___________________ U
I

t

:47

*1



0

--

- %,,

SI

L , G. It.

S a 
a. 1,,.6

cc cc " F C

I : .'? ... ...: ... , .,. ... ,: .. ,. .-'. ... , .'... ..... ---- --.-'-.-....... -.. .. -.. -.. -..-.--.."...... -....-...-.....- ...-.- .-.....-. -...-...- ..-..-..',,- .-..-



r~ 1 ir w r rr r wrnr w -v

c CL r-

wi 71o
c
* - 4

V "aN I

J Li



."
r4

°~

- .. ,: ..-i
F:'. *. ... ... .. . . . ...... C- .- - -.- ..- ." . - 0. -.--. . - . . ..-.-. -' ..- '-' " '-'''-'-'-'-'-'""'

_ -; -- .'-.--;'.'. .- .- ; .-.-..- --. :.. . . . 2 . . : : . : :

p ". , ¢ r . " K , . - ^ : i . '' ? '" . ..; , , ' : : , ' ' , e " " : ' : . ' , . % ,i I . L I 
'

, ' . ' . . ,r . -. , . . , . ,



'p2

liila
j..I J.



C" m"~~ CL~

CC

V:1  -OL

NE Lm Zhr

^- - .- .C .~1~ . ....

-- *1LI-

#~aatA WO'

m ,0 a, w L Lg 0 LI

V- r al C



o O'-C OIC C C m c c

14, C Z C__ Li iJ
-~~~3. 0 UIb~ L.

Ci n

Lio~ 0:00
a . a .

I r, c

i.-c C, U$ wn w

cc r wt.oao wi oow-

IrI C,

LI.C I, MC

C 'CFC rrCrrrrrrrA
01s, j _ _ _ _ _ _ _ _ _ _ _ _ _ _

CC~~' 
C30 

V 0 0A



I- 7-7 'C' C. C C

27

Bibliograph..

Boeh-n. B. W., P enedo. M.H., Stuckle, E D.. Pvster, A. 3. ASoft~are Environme-u fo mrvng
Iroducuviu'.," IEE , 1984.

Bon cla, A., Mvolopoulos, j. and Waong, H., aGnriao p~?Lhm~ s a Basis for Software
- Scfcmn,'in Oilnr Vxptal Modelling , Nev. YaAk:3prin;c': \':Lg, 1994.

Bracrim ,n R. J "O the Epistemological Status of Sem.untc ewrsi 4 R.Jm i nkg
* . -TteniojQ , ed. Brachman R.H and Ltvecque H.).. Morgan Kaufman Publishers, Los Altos,

Ca.,1

Bra.Than R. Y.Fikes R. E., Levesque H. J., "Kr~pton i~lhunlAproachtKoweg

* Representation", in leadings n Knowld a ~ i f (ed. Braii.rnan R.H and Levesque
AJ.Mnran KAufman Put~ishers, Los Altos. Ca., !995.

Df-.s- Ssemrr ftwikg L "A~enl tadr , dociument DOD-STD-2167, and Data Item Descrip-
,ion,-, doxurnent. DID.

Fox N". "0rvganizaior Su-ro tur-mg: Designing 1..argP C=rPle ot(a2. Carnegie Mellon Univerity,
TIMLIF, I'A D-c 1L7)

0 . r..:ainStnjcz!n, 2. Ule&is'rng Lar,-c, Corn. 'u' Software.' Carnegie Mellon University.
Prnshurg.PA Dc. 1979.

..- C:truntDit'ce2Search: A Case Study ot Jc*-.'-Sho-, Schedulirt;," (PhD Thesis), Technical
...Rpori Cki'-Ri-TRZ-S3 22, Robotics Institute. (3mnccicr-c-Mel!on Uni-,ersity. Pittsburgh, PA. 1983.

1.Te Inteihweqt N1..agnacent Syt iCvcicwjr in ces n ___ l Tgr DciinSu

7 HOG Sol (Fd.), North-Holland, Pub. C... 198.

:D x. VSSathi Ar-vind, Greenburg, M., ;'su' in 1 4d c prereraion for Project Manage-
men<, in Procxeding of IIEEE Conference -n K.'olieTzsdSystems, Sheraton Denver Tex,
ii '_nver, Colorado, December, 1984.

Glinert, F. l", Taruiimoto S L., "Pict: Ail Inteira *ve GCia'.,cal Progrming Environment," JE
\.rvernbcr, 19&..

0 "reen, C., c.a]. 'Report on a Knowlcdge-Based Sotww- Assistant," RADC-TR-83-195, Rome Air
wee ,rm Ccnrer. Griffiss TE. Y, ALI,-USI 19S3.

Haiherrnaui, V N ., , .S,"nThe Gandaif Software Development Environment," Carnegie Mellon
Lrsity, fPittshug. PA. January, 1982.

>liarandi, Me Ihdi T., "A Knowledge -Based Programming Support Tool," JFJ Trnaci Sept, 1983.

Nncscu.Fredeick. "Knowledge Based Expert Systems," T ransactio Oct., 1984.



-- .r. ~ , , , , , , , , -7 q '-'- TW W-..rwr

*Swift A Requirements Specification System For Software," Proceedings of IBM Tools Sympo-
sium, San Jose, CA, November, 1982.

Kedzierski, "Knowledge-Based Project Management and Communication Support in a System Develop-
ment Environment," Proceedig of the 4th Jerusalem Conference n Information Technology,
May, 1984.

King, Tim, KBSA Framework," Honeywell Systems and Research Center, in K Technical
Exchnge-Meeting P , Rome Air Development Center. Grifiss AFB, NY, Sept. 1986.

Knowledge Cft , Carnegie Group Inc.. Version 3.1, Vol. 1-3, August, 1986.

Matheson, James. E., "Overview of R&D Decision Analysis," in The Principles and Applicaions of
cision Analysis ed. Howard, R. A, and Matheson, 1. E., Strategic Decisions Group., Vol I.,

1983.

Minsky, Marvin, "A 1.=nework for Representing Knowledge", appeared in &Qdjng i.n_
Re7,,c.t=.tcn ed'tors B.achman, RJ., and Levesque, Hi., Morgan Kaufmarm Publishers, Inc,
Los Altcs, CA., 985.

NewzH1. A., Simon, -L, "Computer Science as Empirical Inquiry. Symbols and Search", Communica-
--ns Qf the AfY,Vol. 19, Number 3, March, 1976.

Parnas, David L., "Designing Software for Ease of Extension and Contraction," LEE Transactions on
Software Engineering , WE-5(23), March 1979.

'---., On crueria to be used in Decomposing Systems into Modules.," QACM, 15(2), Dec. 1972.

Partsch, H. and Steinbruggen, "Program Transformation Systems," Computing Sre , Vol. 15, No 3,
September 1983.

"Project Sampler", Intelligent Systems Laboratory, The Robotics Institute, Carnegie Mellon University,
Pittsburg, PA, 1984.

Quillian, !. L., "Semantic Memory", PhD Th., Carnegie Mellon University, Pittsburg, PA, 1966.

""-I Ramamoorthy, C. V., Prakash, A., Tsai, W., Usuda, Y., "Software Engineering: Problems and Perspec-
0 ,>,, ,..ives," U Ton f Engi g. October, 1984.

Sathi, A, Fox, M., Greenburg, K., Morton, T.,"Callisto An Intelligent Project Management System",
Carnegie Mellon University, Pittsburg, PA, 1984.

* Sathi, A. Fox, M.S. and M. Greenbug, "Representation of Activity Knowledge in Project Management",
STranscons o Sept, 1985.

Schank, R. C., Rieger. C. J., "Inference and the Computer Understanding of Natural Language',
Artificial telligence 5(4), 1974.

a",E d -.. "'-

%.e % %



29

Smith, R.G, Dinitz, R.. Barth, P., "Impulse-86: A Substrat for Obiect-Oientcd Intcrfacte Design," ACM
.1986.

Stucki, L. G., Walker, H.D., "Concepts and Prototypes of ARGUS," pErkdin= Pf gh Swpium gn
Sftware Engineering Environments , Lahnstein, Gannany, June, 1980, in: E. tw= Eniing
Environments , edited by Horst Huenke, North-Halland Publishing Compam, Arnsttrdam - New
York -Oxford, 1981.

Tichy and Ward, "A Knowledge-Based Graphical Editor," submitted to ACN. 1ransaction n Graphic
special issue on user interfaces, Carnegie Group, Inc., July, 1986.

Tichv, Walter F., "Software Development Control Based or, System State De.ciptions," Ph.D., disserta-
- tion, Carnegie-Mellon University, Computer Science DepartmcnL, January, 1980.

Waters, R. C., "The Programmer's Apprentice: A Session with KBEmacs," N Transactions Qn
,oftware Engineering , Vol. SE-11, No. 11, November 1985.

Wir , N., "Program Development by Stepwise Refinement" CACM Vol. 14, No. 4.

Woods, W. A., "What's in a link? Foundations for semantic networks", in Repmesir aion and Under-

s.tnding , D.G. Bobrow and A.M. Collins (eds.), Academic Press: New York,, 1984. t

V" I
• .. .

- , ,.- .. . . . . . . . . . .



PROJECT MANAGEMENT ASSISTANT: WHAT HAVE WE LEARNED?

Lt Kevin M. Benner, USAF and Louis J. Hoebel
Command and Control Software Technology Division

Rome Air Development Center
Griffiss AFB, NY 13441-5700

INTRODUCTION

In 1983 Rome Air Development Center (RADC) published a report on a
Knowledge-Based Software Assistant (KBSA) [2]. This document brought"

together key ideas on how artificial intelligence (AI) could be used in

the software development process. Since then RADC has embarked on the
first of three contract iterations to develop both a Knowledge-Based

Software As3istant and the enabling supporting technologies. This paper
focuses on -. 7 facet of the KBSA, the Project Management Assistant

* (PMA). The goals of the PMA are to provide knowledge-based help to the
development team in project communication, coordination, and task

- management. The purpose of this paper is to describe what we have
. learned from PMA, which concluded in December 1986. Before describing

:. what has been learned from the PMA effort a foundation must first be
laid. This foundation consists of a description of PMA and the

supporting technologies. Following this will be an analysis of what we
have gained from the PMA effort both in terms of life cycle activities
and supporting technologies.

SUPPORTING TECHNOLOGIES

The supporting technologies fall into four main categories: a wide
spectrum language, general inferential systems, domain specific
inferential systems, and system integration.

A wide soectrum language (WSL) is a single language which provides the
user with the ability to capture the formal semantics of the system
under development regardless of the level of detail (or the step in the
development cycle). A wide spectrum language is both a language and an
environment. It must provide uniform expressibility, regardless of what
is being described (ie. requirements, specifications, code, test cases,

project management policy, etc). Not only must a WSL be able to express
[* these objects, it must do so in a way which is consistent at all levels,

both syntactically and semantically.

A general inferential system is a system which supports reasoning. In
particular, we are concerned with the overall efficiency of this
reasonin], how to capture such things as logic in inference rules and

*' data structures, the quality of explanation generated by the system, and
the ability to apply this inferencing power to specific domains.

.- ".*
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Domain specific inferential systems extend n; ner&l -nferenI-A. vstems
to incl-de aspects unique to software devlcp, --:r. Thi1 _ focuses

on the knowledge representation of software develop'.ent :het.-.z and
inference rules and, in particular, how r.ee ooject. ad ;:'; can be
formally repre3ented and used for fur:ther reasoning. c e ef ificaly,
this categc:ry can be broken down furthe' i.-.t3 -',ee ;.;tcategories:

- formal semanti: model of the software developmenz inv.:on,:ent, knowledge
representation and management of softwar devel prren: objects, and

-. specialized inferential systems which incorporate rules that have been
• <- tuned to a specific problem or task.

System intecration leals with the inherIn. c',mpetitio: between facets
and how a te-hnology base can be put together such 11 phases in

..-. the soft -w-e development process are suppcrted ff :iently.

PMA 0 .T ... P '- '

Work on tne ?4A formalism definition n constroctiun or a prototype
began in 1985 [3, 4, 51. Kestrel Institut:e was t-. The life
cycle coals of PMA were to provide knowled-e-bascd help to users and
Smanagers n project communication, coordinatmo, a ~d tak management.

The caD:arl';rs of PMA fall into three cazeorieo: pr,;Ject definition,
project io;::itoring, and user interface. Pro-c 2ct defiu-Ilon consists of
structirin7 the project into individual tasks and then scheduling and
assignin c tese tasks. Once the projecti has been decomposed into
manageabie tasks, it must be monitored. Thi3 monitorinq is in the form
of cost and schedule constraints. Also included in monitoring is the
enforcement of specific management polici. s (eg. DoD-Std-2167, rapid
prototyplng, XBSA, etc.). In addition. PMA u:ovides a good user
-nterfae for project monitoring an proje-t definition. This
.. nter-ac:on is in the form of direct ;. riesiupdats, Pert charts, and

T-e _io.t! capabilities were import3nt, but w'.Ald be 2xpected of any
project management tool. What sets P;i% ,pa: from it predecessors is r

-. te expressiility and flexibility of ta 2MA architectuce. Not only
dces ?MA handle user defined tasks, bir. it also understands their
pr. djcts and The implicit relationships oetweea them (eg. components,
tasK3, requirements, specification, source code, test cases, test

r* ze~ult, and milestones). Also present tn PMA are objects unique to
prorm. ming-ln-the-large (ie. version,, configurations, derivations,
releases, and people).

From a technical perspective, the advances made in PMA include: the
fo-malization of the software development objects enumerated above, the

.Q. development of a powerful time calculus for representing temporal
relationohip: Cetween software development objects [61, and a mechanism
for direc- y .xpressing and enforcing project policy.

.  A ,\7. I'!PPQ:T.G TECHNOLOGIES: WHAT HAVE WE LEARNED?

The t: n the PMA effort have been twofold. First, PMA has pulled
*r' at te 2upr ing technologies such that they have advanced the state of

. nc:; 3Cnr:o qi=. Secondly, PMA has made progress in formalizing how

S. .... ............ . . .....- ........ "........ ......... ........... . .



project nana enntr c_~

W thj respc.-c oa.;,-~ v t.mcIif. '~oet ~:ic"nt ~c~~:

PMA has f u ije rer~u.so sof'tware de'leicpment (ea. tasks,
components, :Tlie:tones, specif.ic. z test caseS etc.
fr1om a pr oject aniac emei Ze: ec: 1,:-, r pn cr ,vide d a lanaluage to
describe the prD2 --c P', wnr: ho9poi aMe 10ooat. in te "ur rent

sotware ciern. xtrar th-s descr ioe-d as ~proces s
prganin u nce- 1:,a ce en a par, of PMA s ,nct: its

inception, t ho u g 7ot Yee*?I- 1-1V 3npecif ic -iame. ? MA nas
demonstrated Th! at a rc cre r:Ect bn be described f o rmall1y and
reasoned about.

The followinq s ec. ton wj r re t ne a.,-:anc es i n tne s;O
* tchn~oo~ zat MA ~aa.

A W-3e Spectrco.n;:: Th7,%~s~ for the PM.,. prctotype i-S RFF~INE.
REF :NE Is Les t pe r po jr acr i nq langiage tha: or~ovides

conrrrt .o sec na varutty ot stvles keg . nct~n~
'0;ica 1, roccoir a L K ect or '_entei, . Th ese conistructs include:
user defined ot-ec-: i Set-thoretic data types, constructs from
f st or:I -2' od QS J efr, e d by assertions, transforms, a

-:- patt:ern v e --. iI ~'Ie .al1 p r o qramm ng c on str.-uct [8]

As w e 1 as pro; Iding tne accve co)nst -,icts, REFINE gi ves tne d evelope r
the atnilirv zo 4E ine n ew r cos r_-:t s These new constructs are typps of
as s e ,t,3n s usci 7 ain ta:a ~n edge base integrity. One example is

CHECK>, 7hn ic sa rice to onorf particular
condit~on(.s-1 and t,,en t La~s The system when chey arise. COMPLAINING,

S of ten u s ed n -_: i, w t , CHECKING, interacts with the project
manac er t,,- e:,:la in what hias cone w- tong. RAINTAINING is another type of
assertion whic~n ao;-omatica'_y insur-es a given condition remnains :r ue .

B c a'1s e f t-e exprssiziIi ty and the extensibi lity of PMA's .WSL,
REF'__-, PMA na3 _oo:.±p hat a WSL, can handle in a 'inifornm manner
botn sDoftware: ProraLmmlnri~~tr t arc, process progra.-iminc cojnstr'ucts
within a sin> ar.;aqe.

Doma~n Specif~o.u- eeni Sv:tcr's: P~ simpact on doma inr si.ecit~c
:r re~ rvte te- a' its charactrzro rf stware
-eve.Doment oDu- cts .n the Mk4A kn-owledge base. This Consis-s 'r o W t o

2 r, re' nt L e r mn~z speciflioat,6n, rode, J ev e 1o p iie r: nstr y
p rco c t pol: o 1c. s h mna t they may De reasoned about ronr a

1rs-:t man'L r.1 ;.,It =e rcec t .,e This reasoning consis n of errci n-
icy r n ': e -I &' r:r a2 n ac .itie crdnation role, t prre c

srruca- Kn: s -n :ac' seIlinq, s ched ule mn 1r;:og tzc
monitoring, anu T oi Or n, j

e, ~ eer a n - - -m~ s A ~ .~ :~ f Q..zl~itc
sys~o s, ~c ~ - ~'n ocw ~t.<P~of KB,-A an:d PMA too .: t

of that '4or . e~ :1 3t nas S~' re rcn 'MA te edrc C!- ftc

time repues'entoa'c in' mn:W r.

T a ac L 11, '1 s i en 'I- 2
a. i~c e e A .n' ro1 a _' na gel', -I -- A

tnf er ore f ir.:e s~ 71 :: expressiv:e pri-er, t c ,n
re;, _!si ntat ion, 7t. c -3 'A_ ii eve I oped Lv Po t ad m
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from its infinite algebra (6]. The temporjl loiz pr.mi1 ,.res are
implementeA directly in REFINE.

Some of tne aTvantages cited by Peter Ladkin of the Kestrel a include
the zapturin- of the metaphysics of time and presenting a :r l way
for represerring time. Also, the representation allows fo t_ joining
of seconds i-to minutes and days into weeks Jr months s-ich that. there is
a linear nie. Irchy of standard units.

System Inremination: Finally, within the area of system integration,
PMA, being the first facet on contract and withOut the ad antage of a
common framework, relies on a tightly coupled relationship between
facets. Kn-e edge base objects, which would have come from other
facets, are assumed to be present and up to dat in tne PMA knowledge

:-" base.

SUMMARY

Although tne PMA is a prototype intended as a tec ,nology demonstration,
it will :e ise3 at both RADC and at the Software . roductivity Consortium
for experimental purposes. The next developmental phase will be to
buil'd a finctional implementation of the current research and to
integrate -- into a conventional software environment. The purpose of
this is two fold: 1) to demonstrate transfer of KBSA technology into
the operational world as that technology comes to maturation and 2) to
continue worK in AI and project management in real world applications.
This work will begin in late 1987.

This initial prototype concentrated on providing a knowledge-based
fra7ewor<. it did not concentrate on interaction with the underlying
KBSA :-jpport system such as policy enforcem.ent for version and access
cont:s of objects developed by other facets. Nor was emphasis placed
on a om1c7n user interface or PMA integration into standard work
env :n-':t. These latter two issues are important for user acceptance
an . e :ner issues are related to the overall KBSA development, cost
anc - -r-nance. These are some of the issues which qill be explored
an. anuw.:red in the next PMA development and its incegration into a

. .naI oftware development environment.

m . % .. '
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Simplifying the Construction of
Domnain- Specific Automatic Programming Systems:

The NASA Automated Software Development
Workstation Project*

Bradley P. Allen

N. Peter L. Holtzman

Inference Corporattion
53D0 W\. Century Blvd.
Los Angeles. CA 00045

Abstract

i * an nverview of the Automated Soft-ware Developmin WVorkstation Project,

aii wI, explore knowledge-based approaches: to 1ncrPatsir-,- sufmware productivity.
Tlo, focuses on applying the concept of domnain-specific automatic programming

-11s ' n ) :1APS) to application domnains at NAS)A'!5 Johinsoni Space Center. We
()f a D-SXPS developed in Phase I of the project for the domain of

w 11 moment iim management, and discuss '.,),A problems e!ncountered during
*li !-;iwntation have led us to concentrate our efforts on simplifying the process of

iolihi,_:iidextendhng such systems. We propose to do this by attacking three observed
l~tleieksin the D-SAPS development process through the increased automation of

,wqu('ntionl of programming knowledge and the use of an object-oriented
Ve1%*Iineii,,t methodology at all stages of program design. We discuss how these ideas

:tre np ipemented in the Bauhaus, a j rototype CASE workstation for D-SAPS

L. Increasing software productivity through domain- specific

* automatic programming
VA.

rcdevelopment is an increasingly serious bottleneck in the construction of

11ornated systems. Increasing the reuse of software designs and components

1--I W% d -s an important way to address this problem, possibly increasing

,1- 1 tv k ani order of magnitude or more [9). A promising approach to achieving

~A: 1, tiii h roliir doniain-specfi aut omatic programm. rn g.

)d, 1),~r aper to appear in the Proceedings of till Spaice Operations Autonmat ion
1-t on TV' Auigust, 1987 Thiis work t!s suipportred bN NASA lA'nldonl

v r W'* till I; ( otitract NAS 9-17766



- l)1ttii CAjT It i:dtL c~iI W'! I ;,i(' iori __eleratolrs Of t 1 : 2

1- 1"ovt 'F-r~tM I 4 :iA, T' )l -11) aic exainples ofD-.>iI

tel ~eu ~ i-. r~npet -liut itlc and imiplemnented t'.iIi

(~d~j~cX lOlU~IL ~.1if I a user is ailo\ed to interart wit]. t ;i .

refne not po''-~. I' ~ V t Y .1w 1 (lg'-based systems that ! u p1 ( rl c 11) i t I'

aiiI wji.cSor pr'' ica application domiains have been SUCCessfully de\elol,

0 Dram :IlpN~; i IKBnacs [25J.

2. The Automated Software Development Workstation Project

Since the fall o)f I it.inerence Corporation has been invokxed in an effort. oi-

by NASAs Lyndo-n B. Johnson Space Center, to explore the applicability otf doniiainl-

*.specifle automnatic pi-ogramniming to NASA software development efforts . P!!a. ,f I (f h te

project foculsed c;:. lie developmnent of a D-S.APS for the donirtin )I jc ~ o

- m~~nomentiiurn rnaina r-nirrnt F9 . During Piase 1, A proto)type D-SAPS W>"ito :

corn prised of:

* a o~niflhe~iv C' il~ o F'OTI{\N uitie used In the, (OIl'., I'l Ct (1,

9 1 p ~1e:Yu ro raiis imipl-niented using( the system:;

* .-raotl 11'ipi;hi deigii syster using a dataflow speciFiration Icc

* '(1~ ~iil~t',r I~ )n~. ieli I! ra'-, murerical sijilrtutliwI' , 1;:1Mi

0



)" I C f Icat lU 1:

wi " i~~ ~'[l,c l 'Oi iSteiic i eS at! I an hua l v-.[)eciIIe;I(., ii )o1p 1t,.: 1 1 ! . lC C ,: a il

1 1, h i 1 nco si-tiScles (e.g.
'-' c<,, in,,te sy-t.,n e<) ver ,,n redeiniles). '

"h -,, V:< imlplenented y lhmd, to .,rv( ., a model fcr the implementation of

'riA.:- I)-.-PS for other NA.%S.A domaiis. The riiictionalitv :ind p,?rformance of the

-yi" , ,, a>, 0 :i: l :iequate to dIemonstrate the a ppl icabiliytv of the D-)-SAPS approach to

ie"-Il i 11.elit at NASA JSC. However, our experience in building this svstem

Si - a ree with other I)-SAPS developers in noting that:

.- " ;iin analysis and design is very i hard" [161, and

"domain-speciFic systems can be quite uieful within their range of
, :i cat'ii. but the range is often quite narro ,"

W- ',1 t.i at th,.se two. issus must be addrez;sed if D-SAPS are to play a significant role

in fut re, software development environments. Therefore, in Phase II of the project, we

%L'. are attempting to address the bottlenecks in the D-S.APS development process that lead

t thf°se (bservations.

3. Addressing the bottlenecks in D-SAPS development

W- iiave fciued on three bottlenecks in the D-SAPS development process that were

.'..,,re during the development of the Phase I system:

' dveopling a domain language;

* ...--- I .n: design refinements arid constraints: and

" . 0 ,i-rihin,(. the generation of target language code from a sufficiently detailed

;,r .. .. ,escri ption.

S" . ' .t r eff',rt spent on each of these tasks by:

--. . .. t, ,rg rilining k<now 'ledge acq i'ition process; and

, l- !i, ntd +.leVeI'THIC 'it et I I et lol<o v at all st: es tf tie
l .,i "' 1, 1 !: pr (€''s ",.

%
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-3.1. .Xutomiitirii (ft, programing knob L-d- acquisition process

11L

~' *eat~-for iwri -:ninl Ih tas ieprcItc Lv thi

- s~a~w, I. 1 >il I:-, -I Irui,411. spacIe is a~ssor'iati N6t1 heach poli e(rpi

* wih ~~s vi .~. a. s FIaw1~a&- ase.The takrep- itoe! Ltv the r 1,i sa

',-. I.%11 11. ;'mgl' i luntul ;it cole a~ I,' A

U' :itrt' i 11asla Itl .Ii n Ith laTr V, languaige. Tht 'isiu t 'ep&

I. Select the initial design problemn: the user copies5 anJl (..its at, iitli'
- . ;~ amdes.eri, pt on from the set of program dpscriptioro' in the knx

D :0 - iis11 i~ '4tri ''In re e.ditor . iinli it the rzrrpwl . Tn'? n i. a,

F i in spac'i n[T~O!a with refining this lef's7ri PtiOn.

2Propose operators the Bauhaus deterrninc, what arrar r

Ch (loose an operator: -1.! ENal-s h e'a opeI*3t, . ~ t

0. iupr~ittrias ART I[rodui on rules. I *Ser Ilitervict'nai

rf'rill~t 1" h' vst$en, r(-Itfhes, Ian I npn.se: wlwhe no r(trito apphIs
A :1, !1(.! sv-c- I< to :Iah evrive a reeltc for a erF'o -t';*

Wi:. j svstea,~~~~;Q ill' hat' are ~itis'i 1.Ei r-aKi



i, ii- i - t I liirrent prograin (IlescriIp tion, in x lii ca3.R re! (ti I'll

1. 1pl fie -chosen operator: the KBa u applies the (clroseti operritor to

*111i *'; 1011 p I' ll(- o er to Inallac . \

* lie s o thje problemi space is comnplet. or

l: lie taLsk cinnot he successful completed.

Thr . v~e terminates when the top-level task of refining the initial programn

:~ <wesftilvcomp~leted. This occurs when the dlescription is detailed

fili~l~. ll)Nv 1he g-iiernt ion of target language code to occur. Given this problem-

V:te lie we now1 discuss the knowledge acquisition mechanisms used to

tl-lle,-nrptions. operators, operator preferences and constraints used in the

3.1.1. Acquiring descriptions

Our ir we~ntationi of domain objects and operations uses a description language,

ilInpi-nlientec"I in A-RT schemata, that is similar to KRYPTON 1711. New descriptions of

d*!ai C J olerts and operations are created from existing descriptions using the copy-

atid- ;l tec!Iicj1ue espoused by Lenat in the CYC system, [13] and are placed in theI
a rla it lor-ition in a sulhsumption hierarchy by an automatic classifier [8]. This use

'' i ',COPY-and-edit together with automatic classification reduces the effort

I ., iendi the domain language used to describe systems, by fostering reuse of

': ia: lkingiiages in the creation of new domain languages. Using a

',iirtih . of descriptions as the organizing framework for the

C ~ id operations -supports, user acces.s for copy-and-edit actions

-1 tnu:~tonbrowser sim~ilar in (lesigii to \(o
iwi ii'l %%'!! 1-rinit i nivei, user of the B:ouhaws to Find :1 dfescri-JptioIll

i c: t e in rl ' eaIilv than using a tradition (pier\F iielihainiI

%I
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41. Svstem status and limitations

% U:' 1:ii-fi~i spovided hyit'1 ~v' \

>~.~i' . 11 tli I KKf Iiig~~ reusahice coinp)i-,niitc 111:it;v lia 7; ihecl select ed.I

Tio- ct e'>i.e isclir'eli Icl!- constructi(hu. and' tli lmin nK i for Ilit'

"I'- R:1111,l l " I l e cclistriqC11oli of a . .- A I.) 't)j**ui l I the fi rst

::,'r::t~~it, *f tie i1 aiiiauls thn L l tc~ nilurro J re('aflt to D- AP<

o Lifecvcle issues: thc B3auh~aus is only useful %,; a prugrainmi ng-in-t he-sniall
ntillent ald gcj -es vog rainnA i g-in-i ne-large issu es (e.g. version
r l'- wvuld ha"ve to I), addressed In i. prod ucrtn-qualitv system.

*Persistent object bases: the Ilauhau>, ha, T), Pr, k-,c for saving session
r: 1FIiT' Sopisicated nianner : 'tan !tvicchanges out to a

f I" XVarelooingi to oet-oriented (Ia:abase ni-iggcmerit systems, to
F, are lookhere 'II.

Atutornated algorithm synthesis: thie Bauihaus will always reach anI

if It<-ammJIing tasl: requirecs algorithmi design. However, the
C ~ ' Ire oli~l ]w (xterisild- t,- erli,ipass this kind of probloni solving

tiv' work hy Steler on the Cypress-Soar and Designfr-Soar

5. Concluision

V :.* :0I :n:it-T'''tutoinattic prcdgriarniniu - 1 virildc apprtiieli

- ~ ~ ~ ~ ~ ~ ( nl/kf U'J li'ii\.'U i:i ipiroi:i :i practical oto'. the task ofI
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ASDL - AN INTELLIGENT ACQUISITION SUPPORT TOOL,

Richard Adler and Terry Gleason
The MITRE Corporation, Bedford, RA 01730

ABSTRACT

This paper describes ASDL, an experimental prototype for an
Al-based acquisition support environment. Acquisition analysts and
system engineers will employ ASDL to represent and maintain
functional requirements and other aspects of system spe'.ifications
in the form of symbolic models. These symbolic system descriptions
are constructed by copying and adapting (historical) models of
previous systems or elements from a library of generic function,
compoaent, and system templates. Analysis capabilities are under

development to assist users in evaluating the economic and tecinnical
feasibility of system models. Specifically, facilic.ies are heing
implemented to represent and dynamically simulate behavioral aspects
of systems and to compute system sizing estimates.

INTRODUCTION

Covernment acquisition programs follow a standardized
development cycle, from concept exploration and formal system
requirements definition through design, implementation and field
operation. As systems become larger and more complex. maintenance
and analysis of the information needed to characterize systems
through the acquisition cycle becomes increasingly difficult and
costly.

A variety of computerized automation tools already exist to
support system development activities. Unfortunately, these tools

are not easily integrated because they opecate on different kinds of
models. Documentation tools manipulate simple text and graphics.
Simulators and design tools model system strictures and relations
(e.g., connectivity, data and control flow). Costing and sizing
tools manipulate algebraic attributes for system components. These
models are often implicit (i.e., neither visible nor explicitly

manipulable), and are rarely extensible to represent information

that lies outside of a given tool's immediate scope.

MITRE's Automated System Development Library is a prototype for
an Al-based tool designed to assist Government personnel in early
phases of acquisitions (i.e., through preliminary design). The
objective of ASDL is to assist acquisition analysts and system
engineers to represent, maintain, and analyze symbolic models of
system specifications. ASDL models depict system architecture,
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functionality and behaviors within a single, explicit represen-
tational framework. Extensions to encompass system design factors
(e.g., estimated size and complexity, performance needs and
projections, maintainability, reliability, and similar engineering
constraints), are also being developed.

The ASDL prototype's maintenance capabilities include creation,
modification, browsing, and storage of system description models.
The analysis utilities under investigation will help acquisition

analysts to assess the technical and economic feasibility of systems
as depicted in these models.

This paper provides an overview of ASDL. First, the tool's

library-based apprcach to system model construction and current
representational capabilities are described. Behavioral modeling

* and the archirezture of the simulator shell are discussed next.
ASDL's current analysis capabilities and user interface are then
reviewc~d, followed by a sketch of planned enhancements.

BACKGROUND

This section reviews the kinds of information called for by
DoD-STD-2167 for specification products in early phases of system
acquisitions. The objective of ASDL is to capture these aspects of
system descriptions in explicit structures in symbolic models.

The System/Segment Specifications (A-Specs/SSS), produced by
Government customers (and/or agents such as MITRE), defines a
system's mission, operational modes and functional requirements.
Requirements for interfacing to existing systems, quantitative
performance needs, and other design constraints are also delineated.
Design constraints include quality factors such as reliability and
maintainability, security, logistics, and operating environment(s).

N. In source selection, the Government evaluates proposals

*• submitted in response to the functional requirements specification.
Proposals outline technical approach, size and cost estimates,
engineering and management methodologies.

Winning contractors submit a sequence of specifications and
design descriptions for Government approval before implementing a

* system. Software Requirements Specifications (B-Specs/SRS) allocate
functions among particular hardware and software subsystems in a
high-level system architecture and specify data flow relations among
those subsystems. The Software Top Level Desi'gn Document (STLDD)
presents Preliminary Design interfaces and protocols between
software and hardware subsystems. Software Detailed Design
Documents (SDDD) specify data structures and data and control flows
within subsystems.

4% . %
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' LBRARY-BASED SYSTEMS MODELING

e.New systems are seldom totally unique' vpicall. .' hcar-
*] porate existing capabilities, whole systems and syst," frag1en ',

enhancing or adapting borrowed items as necessar'. iSDl. rctleczs
this fact by incorporating two libraries containinw reu-iole models
and model elements to facilitate the generation ot r. system
descriptions.

The first library is being filled with histor .-a sster
descriptions - ASDL models for previous acquision p:og a-s and for
completed (early) phases of ongoing system developent efforts.
Current contents include model fragments for sysLem specifications
created or reviewed by MITRE.

The second library is being populated wi~h g:e:: Jr

prototypical system functions and compon, rts. ASDLs;c,_rrent
library focuses on Communications, Command; Crntrsl, 1

Intelligence (C3 1) systems, modeling: stancard C I functicns
* (e.g., data base services, signal and messai~e prozessing); system

components (e.g., sensors, communications. inte7-tac.s, computers);
systems (e.g., communications networks); data -:bjects (e.g.,
messages, signal pulses, computet system accou-, profiles); and
systems personnel (e.g., operators, maintenance staft, iusers).
Alternative generic libraries can be inserted -o supporc
template-based modeling of different system engineering domains.

Figure I displays a portion 3f the ASflL generic library,
organized as a frame hierarchy. Each 'ree node designates an
individual frame template. The lines connecting nodes in thc figure
represent class-subclass relations betvaer !i'Lar) frames.

A ASDL models are expressed in a frames language (KEE). Frames

represent systems, components, functicnr . and tre relations that
hold between them. Frame slots depict attribui s descriptive of

object classes, such as component size and complexity factors and
physical or performance characteristics. Figure 2 displays a

* generic library template for radar systems.

Slot facets describe attribute value cardinality, units and
legal values restrictions. The legal values descriptor for the

4' Baud.Rate attribute of the Communications.Device component class,
4 for example, is (ONE.OF 300 1200 2400 ... ). ONE.OF is a term in

KEE's Boolean "ValueClass" language interpreted as "at least one
of." The value of the units facet for Baud.Rate is "bits per

second." Additional ASDL facets hold text strings for supplemental
explnations of attriwotes or attribute values and for references to
relevant Government standards documents. Explicit representation of

such info-mation in a standardized format facilitates the*.4 development of automated analysis capabilities.
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Developmental system models, or knowledge bases, are generated
through a simple copy-and-edit strategy. Users select appropriate
frames from ASDL's libraries and copy Lhem into the new model

workspace. Copied templates and system fragments are then
customized to reflect the exact content of the system description
under development. Customization proceeds by supplying valies to
existing slot attributes or by oefinng new attributes and then

specifying values.

Figure 3 displays a frame for ar. SSS for a radar system

customized from the generic template shown in Figure 1. Note that

the line identifying the slot name (e.g., "Member Slot: BANDS from

RADAR-XYZ"), i:,dicates the source object (viz., RADAR-XYZ), for the
slot value. Sometimes values are inherited from library templates

* (e.g., RADAR-SYSTE11h). Note also the unfilled slots - many
" attributes do , receive values until well into the sequence of

contrac-c -necltications (e.g., descriptions of network protocol

suitesi

* After library frames have been customized, relational

connections between function and component frames are specified.
ASDL's predefined relations include: data and control flow;
hardware and software interfaces (internal and external); structural

and functional decompositions; allocation of functions to
components; and mappings of functions across system models. Figures
4b and 5h show instances of functional and structural decompositions

of functional areas and subsystems depicted in figures 4a and 5a,
respectively. Users can define additional relations by specializing

(i.e., creating subclasses of), existing relation templates in the
", generic modeling library.

System architecture is represented via structural connectivity

relations. Specifically, interface relation instances connect
instances of customized system components (or systems). Component

instances are linked rather than classes because acquisitions
typically require multiple copies of system components (e.g.,

workstations), and of whole systems (e.g., at multiple sites).
Figures 4a and 5a display the radar system's functional and

structural interfaces. The darkened boxes indicate components
external to the subsystem being defined.

Many relational connections between system elements are too
complex tc be represented by simple "pointer" relations. Consider,
for example, the requirement that system component security levels
(and functionality) have to match the security classifications of
data objects that the system handles. Another example ;s the
relational requirement that system processor speeds match bandwidths
of their asseciated data buses.
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Alternatively, detailed behaviors can be prescribed in the context
of specific system architectures. ASDL test simulations nae been

written for portions of military communications and radar systemb.

As the acquisition cycle progresses into design phase-. svbtes

architectures and behaviors of subsystems and their components are

defined in increasing detail. Function-oriented simulation becomes
cumbersome and unintuitive. Accordingly, ASDL will either
incorporate or interface with an object-oriented simulator too.

extend its applicability to later stages of acquisition.

ANALYSIS CAPABILITIES

ASDL's library elements include sizing and complexity !acrorb
that enter into early acquisition studies of economic feasibility
(Figure 6). Users can construct system models, assign values to
components attributes (e.g., sizing descriptors), and compute system
sizing profiles that can be used as drivers to (external) costing
tools such as COCOMO. ASDL's initial profiling utility totals
estimated source lines and reusable lines of code from all software
component instances in a system model. More sophisticated methods
are being explored.

ASDL performs simple (i.e., syntactic), kinds of completeness
testing. It can verify that functions are exhaustively allocated
among system components (B-Spec/SRS) and that functional
requirements (SSS) are accounted for (i.e., traced), in subsequent
acquisition models (Source Selection, SRS, STLDD). Additional

completeness checkers (e.g., for connectivity and decomposition

relations), are being investigated.

ASDL utilities support users in specifying and simulating
function flows and behaviors. Users can manually analyze the
resulting flow structures, behaviors, and simulation traces to
uncover omissions, ambiguities, and inconsistencies in behavioral

* aspects of system descriptions, (SSS Source Selection, SRS).

The simulator shell can be used to gather quantitative
performance data as well as to study qualitative system behaviors.
Each function behavior can be associated with either a numerical
time interval or a user-specified functional expression which is

- evaluated in the simulation environment when a function behavior is
-. actually executed. User "time expended" functions can reflect

performance impacts due to system loads, server speeds, data object
, size, or other model system variables.
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USER INTERFACE

ASDL' s intended user community is comprised of acquisition
analysts and systems engineers. This audience is assumed to be
familiar with systems and the acquisition process, but not with AI
concepts or programming skills. Interface design is obviously
critical to the tool's success: information and capabilities must
be easily and intuitively specified and accessed, with a minimum of
training.

Accordingly, the user interface depends heavily on graphics.
Navigation through models and libraries is facilitated by tree-based
representations (cf Figure 1). Menus guide users through activity
selection, information specification and editing. Figure 6 displays
the ASDL multiple-choice menu interface for information entry.

* (Figures 2 and 3 us,! KEE's frame editor to show all of the
inform~tion actually contained in ASDL data structure at once.)

* Menu-driven graphics editors are employed to specify relations:
users are assisted in selecting and positioning of (labelled box)
icons depicting model function and component classes, opening
decomposition windows, and drawing and labeling (line) icons

representing connectivity and function flow relations.

Items that cannot be specified graphically (e.g., constraints,
branching and looping conditions in functional flows, and functional
behaviors), are described declaratively. Users describe such data
via intelligent menu-drivers coupled to dedicated languages.

Language interpreters perform appropriate parsing, generation and
installation of symbolic expressions or code (e.g., procedural
attachments), and other bookkeeping measures.

%1 The constraint language menu-drivers, display ingredients which
users select to formulate antecedent and consequent clauses for
conditional rules. Rule clauses describe predicate expressions
involving model object classes or instances, their attributes and

S values, or simple (mathematical) functions of such values. Clauses
can be combined using the standard logical connectives, as in the
costing constraint example presented earlier. The interpreter5! parses the result, creates a constraint relation instance, installs
the clauses on appropriate slots, and sets up demons that
automatically check for constraint violations.

Similarly, menus based on ASDL's behavioral language enable
users to specify data object creation and destruction and changes in
component or data object attribute values. Menu selections forHsimple control structures (e.g., conditionals, loops, sorts), areP
also available to describe more complex function behaviors.

,A* Language enhanc:ements will be based on user feedback and current
experiments.

te,
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The scenario generator portion of the simulator interface Ls

also a menu-driven editor. Scenario events are basically instances
of class data objects or actions already defined in the model system
description. Once the user identifies these classes, the generator
presents multiple-choice menus (based on legal values facets) that
guide users in specifying event attribute values. The generator
also prompts the user for event injection time and functional flow
entry point and adds bookkeeping slots that are user-transparent.

The primary simulator control loop includes an interrupt
monitor that allows users to suspend simulations at any clock pulse
and to access ASDL's model browsing utilities to investigate the
current state of the system model and active data objects. The
simulator shell also automatically maintains a graphic execution
trace and logs of scenario runs to facilitate behavioral analysis.

FUTURE WORK

The utility of library-based modeling tools depends directly on
the richness of their libraries: little, if any, gain in
productivity is achieved if users must continually create new
templates as they construct system descriptions. Accordingly, ASDL
will be exercised using various acquisition programs in srder to
seed the generic library with a reasonable spectrum of C I function
and component templates. As ASDL is useo in specification
development, the historical library will grow as well.

%W. Currently, the generic modeling library depicts functions and
components used in military communications :,-tems, security
requirements (from the DoD Trusted Computer System Evaluation
Criteria, CSC-STD-003-85), an Air Defense Command and Control
display system, and several radar systeis.

The existing scenario editor only supports the creation of
individual test events. It is clearly desirable, and relatively
easy, to incorporate a batch event generator similar to standard
discrete event simulators. Users will be able to create scenarios
simply by specifying event types, population sizes, and
distributions over attribute values (e.g., injection intervals,
message field values).

0." ASDL's current analysis capabilities are admittedly somewhat
limited, particularly with respect to automated analysis of

simulations. The reason for this is that initial project efforts
% have focused on defining a basic representational framework and

maintenance utilities. We are planning to investigate automated
behavioral analysis capabilities and model post-processors in the
near future.
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Consider, for example, the problem of comparing simulation runs

produced by behavioral models of a system across acquisition stages,
driven by the same test scenario(s). One such comparison amounts to
verifying that contractor specifications (e.g., SRS), satisfy
behavioral aspects of customer requirements (e.g., SSS). Another
verifies that a contractor specification (e.g., STLDD), refines
rather than alters the behavioral aspects of preceding contractor
products (e.g., SRS).

Intuitively, models from later phases of the development cycle
are behaviorally complete and consistent just in case they produce
the same kinds of events in the same sequences that were generated
by simulations of earlier system models. Devising an algorithm to
automate such a mapping across simulation event logs is a difficult

4' problem.

First, earlier models (e.g., SSS), have a coarser event

granularity than subsequent models (e.g. SRS): the former model
O0 describes function behaviors at a system level; the latter depicts

behavior with respect to a particular system architecture, function
allocation, and specification of data depicts and commands. Second,

*" the combinatorics of event mappings are severe for detailed
behavioral simulations (e.g., hundreds of events).

The functional approach to simulation taken by ASDL mitigates
this problem somewhat since, by construction, the execution of a
function on particular data objects is modeled in terms of a fixed,
preprogrammed collection of events. Unfortunately, the remaining
mapping, between functions in system models for different
acquisition stages, can be a many-to-many relationship. ASDL
currently lacks a semantics of functionality sufficiently robust to
trace behaviors for such complex cases.

Future work will address this problem. It should also be noted
that automated behavioral analyses such as the capability described
here are simply not feasible without an environment like ASDL - most
tools do not support simulation of system behavioral descriptions
across a suitable range of acquisition phases.

The most challenging assignment is to make ASDL more

intelligent. Currently, ASDL operates largely as a passive support
tool: users perform all significant decisions, selecting
appropriate templates, editing and connecting them, and describing
behaviors. ASDL's current limitations stem from the fact that it
only stores "whats" information - knowledge pertaining to systems
and system ingredients, per se.

More active assistance capabilities require additional
knowledge, the "hows" and "whys" of system engineering and of
acquisition cycles: why components can or cannot be connected
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together; how components implement functions; why some
specifications are superior or inferior to others; and how one or
more requirements entail additional "derived" requirements.

Our initial approach for resolving this problem will be to
enhance the generic modeling library by establishing relational
links between frame templates depicting generic functional areas,
functions, and components. For example, the functional area Sensor
Functions can be associated with specific missions, such as target
detection, tracking, and classification. The functions resulting
from a decomposition of this functional area (e.g., signal
generation, transmission, reception, processing), can in turn be
linked with behaviors or processes involving types of components
(e.g., antennae, processors, displays). Individual functions
(e.g., beam sweep), can be linked to specific classes of system
components (e.g., scanners such as rotodomes, phased array
antennae), and with sharply-defined design purposes (e.g., to obtain
angular scan coverage).

In addition, an analogical reasoning capability needs to be
developed. Enhanced in this way, ASDL should be able to extract and
combine library elements to suggest partial functional
decompositions to users based on high-level descriptions of
requirements (e.g., fault-tolerant message processing)e We expect
the addition of "how" and "whys" system engineering expertise to
ASDL knowledge bases will also facilitate the solution of the
behavioral analysis problem described above.

NJ Another important avenue of inquiry is the integration of tools
like ASDL into the existing DoD process. In particular, it is
desirable to develop a post-processor capable of translation ASDL
system models into rough drafts of DoD (2167) standard documentation
products. However, given current natural technology limitations and
the fact that DoD specifications are legally binding documents,
additional manual processing will clearly be necessary.

The second important integration problem to be addressed is to
* interface ASDL, which is essentially an acquisition process

front-end tool to back-end tools (i.e., for detailed design and
software implementation.) Example back-end tools include
(intelligent) programming environments (e.g., dedicated to Ada and
Ada PDL code generation and listing), and automated programming
systems. This work is an important prerequisite to developing a
fully integrated intelligent environment to support users through
the complete acquisition process.

4"
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I
SUMMARY

ASDL is a prototype AI-based tool for acquisition support. The
objective of ASDL is to assist analysts and system engineers in

p'. generating and analyzing symbolic models of functional requirements
and contractor system development products through high level
design. "Knowledge" is distributed across a variety of structures
in ASDL: the knowledge representation substructure (frames, and
procedural attachments); C I expertise encoded in modeling library
templates; specification and design information in system model
knowledge bases; the simulator shell; and user interface and
analysis utilities.
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Plan Recognition
~in GRAPPLE:

An Intelligent Assistant

for the Process of Programming

Karm E. Huff
Victor R. Lesser

Conjurer and Infomadon Sdenceewin

University of Massachusetts
, Amherst, MA. 01003

Abstract: We are prototyping a system called GRAPPLE that provides intelligent assistance

to the programmer carrying out the process of programming. The architecture, based on an
Al planning paradigm, can provide both passive and active assistance. Passive assistance,

accomplished by plan recognitionis used to detect and avert process errors. Active

assistance, accomplished by planning, is-used to automate the programming process. We

will be demonstrating the plan recognition facilities, and the programmer assistance based
upon plan recognition, in our current prototype running on a Texas Instruments Explorer.

*In GRAPPLE, software processes are defined in a hierarchical, state-based plan formalism

that has been engineered to meet the demands of complex domains. The plan recognizer

has the ability to recognize partial plans in this formalism, focusing on a best interpretation
when there is not yet enough information to disambiguate competing interpretations. It can

also handle interleaved actions from multiple, top-level plans. The types of errors that can

be detected include attempts to perform an action whose precondition is not met, or one that
has no interpretation, or one that would disrupt a previously satisfied precondition for

another expected action. We will show the recognition of some simple software process
plans, with emphasis on the algorithms and data structures internal to the plan recognizer.
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Demonstration of the Knowledge-Based
Specification Assistant,

W. Lewis Johnson
USC/Information Sciences Institute

4676 Admiralty Way, Marina del Rey, CA 90292

Abstract

,This demonstration will provide an overview of the Knowledge.Based Specification
Assistant system, one of the Knowledge-Based Software Assistant projects being funded
by RADC. This system assists specifiers in developing specifications, evaluates
specifications, and explains the contents and development of specifications. Aspects of
each of these three kinds of capabilities will be shown.
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N that they control. The specification also contains a some invariants, i.e., facts which

must hold true of the specified system at all times. In the menu area we see the

structure-editing commands of the POPART language manipulation system 12].

POPART is one of the general-purpose tools built at 1SI that have been used in

constructing the Specification Assistant. The structure-editing commands include

commands such as "Inward" and "Next expression" which move the editor focus to

different parts of the expression, and commands like "Insert after" and "Replace"

which change modify the specification at the current point of focus.

2. Specification Assistance Facilities

The Knowledge-Based Specification Assistant assists the software process in three

ways:

* it lelps thc specifier construct the specification;

* e it evaluates the specification, showing what behavior it describes;

. it explains the specification and its development, so that specifiers and non-
specifiers alike can understand what the specification says.

Each of these facilities will be shown in the demonstration.

The Specification Assistant provides semantics-oriented specification transformations,

which we call high-level editing commands, for refining and elaborating specifications.

A history of the specification development is kept, so that a user can compare earlier,

abstract versions of the specification with later, detailed versions. High-level editing

commands allow specifiers to first state what system functionality would ideally be

desirable, and then refine that into something that is actually achievable. For example,

one of the ideal desirables stated in the specification in Figure 1-1 is

INVARIANT FOR ALL clcontroller, aclalrcraft II
'4 (should-control(c, ac)) => (controls(c. ac)),

S0.meaning that every aircraft that a controller should control is in fact controlled. In

Figure 2-1, we see the specification after a refinement has taken place. The editing
command that was applied was "Maintain Invariant Reactively". The invariant is now

- gone; instead, there is a demon which reacts to the presence of uncontrolled flights and

" " "-.
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attempts to make then controlled. Although the invariant is gone, ;t i., still present in

the history. As a consequence, a specifier can always look back to fhnd out. v'ha2t high-

level goals some complex specification is attempting to maintain.

KBSA provides two evaluation tools: a symbolic evaluator, ard a simulator. The

symbolic evaluator is designed to allow the user to execute the specification on abstract

symbolic data. It attempts to prove general theorems about how the specification

operates on arbitrary data. For example, the user can tell the symbolic evaluator to

assume that there is some arbitrary number of aircraft and controllers in the system,

and have it try to prove that all aircraft in the air space are controlled. If the symbolic

evaluator cannot prove it, there may be an error in the specification.

The simulator allows the user to run concrete cases through the :pecification, and

observ- the result. It can handle more complex test cases than the symbolic evaluator

* can, but it cannot prove anything about how thc speciication wiil behave in general.

One important feature is its ability to simulate the behavior of a number of processes

executing simultaneously.

Our basic means for explaining a specification is to generate an English paraphrase for

different parts of the specification. We are row building a general-purpose explanation

shell which can field user queries and plan explanations either in English or in some

other presentation medium. The English paraphraser will be placed under control of

this explanation engine. As a result, the paraphrases will be responsive to the user's

interests: formerly the paraphraser would paraphrase the entire specification. We

ultimately envision extending the explanation facility so that maintainers and clients

can ask questions about the system and its development, and so that specifiers can even

ask questions about how to use the Specification Assistant's facilities.
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