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SECTION 1
INTRODUCTION

STUDY OBJECTIVE

Artificial Intelligence (AI) has been around 30 years. Sysgem use is
increasing at a annual rate of 3008 and 1500 systems have been dsveloped and
implemented to date. Al system applications include manufacturing, busi-
ness, professional, and DoD. The computer industry is on the brink of a
revolution becsuse Al is transforming coamputers into intelligent assistants
that can perform computational tasks, emulate human thought, recognize
patterns, reason solutions to problems, and even explain their conclusions.
An integral part of this technology is a nevw class of computer prograams that
can incorporate human expertise. These nev programs tell the computer vhat
it needs to know and not just what it needs to do.

In the proliferation of Al market studies and claims of technical capa-
bilities, all sorts of messages are being conveyed to the enginscring
comnunities. Some claims insist systems are an invaluasble technological
advance that can replace human beings. Others claim systems solve probleas
using scientific approaches that are not unique to Al. Uncertainty abounds,
yet Business Communications, Stanford, Conn., in its report “Artificial
Intelligence: Current and Future Commercialization,® maintains Al has a $10
billion potential in the next 10 years. HMost of the Al activity has been
from Department of Defense Strategic Computing Program, R&D from Fortune 500
Companies, foreign information science projects, Japan’'s fifth generation
computer systems, the European Economic Community ESPRIT Project, Britain's
Alvey Directorate, and the Soviet Union’s CEMA project. As of now, there
are no cost estimating techniques for Al projects.

This Artificial Intelligence/Expert System (AI/ES) Cost Research Road-
map will define the "what, why, when, and the priority and cost of the
specific tasks to be undertaken® that will enable quality cost estimates for
Al/ES projects in the future. The purpose of this study {s to identify Al
cost estimating problems and needs, "formulate research tasks to meet ESD
estimating needs (and) structure the tasks into a coherent roadmap..." These
tasks are candidate for Electronic Systems Division funding as future re-
search topics.

» ///‘
STUDY APPROACH e e e e

Tecolote Research, Inc. ,vas tasked to obtain an overall understanding
of Artificial Intelligence/Expert Systems and formulate research projects
for developing AI/ES cost models. The five-steps involved are the
following: - - ( J

[4
1. Identify and understand Al/ES technical requirements. Tecolote will
compile a list of Al vendors included as Appendix C and coapile a list of
experts from government and industrial organizations included as Appendix
B. An Al/ES data search will require literature and text books to be re-
vieved and compiled as a Bibliography included as Appendix A.
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2. Interviev experts. As many as possible of the experts listed in Appendix
B will be interviewed. These managers and engineers will include mili-
tary and non-military personnel. Each was selected to be interviewed
based on their extent and variety of background and diversity of Al
knowledge and interest. This interview sample approach produced a one of
a kind, ground up source of information not available by any other means.
Topics discussed included Al state of the art (SOA), previous projects
the intervievee developed, 1lessons learned from those projects, current
Al strengths and weakness, technology breakthroughs and research studies
required to advance SOA. Each interview and telephone conversation is
reported and included as Appendix D.

3. ldentify Technology Areas. Items identified during the interview or data
search process will be organized into technology areas. These areas will
include technical impact on system performance and cost impact on system
efficiency if fully implemented.

4. ldentify Research Areas. Since AI/ES is an emerging technology, contin-
uing and on-going research will be needed to identify and develop quality
cost estimating tools. These research areas will identify vhen the
research data may be available and the significance and impact that that
data will have on understanding Al system development cost.

5. Provide Specific Recommendations. Organize these technology and research

areas into a prioritized list of study area candidates as future ESD
tasks including an estimated cost to achieve each.

STUDY CONDUCT

After reading much of the available literature, it became evident that
the definition of Artificial Intelligence is as diverse as the methods to
develop "it" or the techniques to manage "it.” The Al cost estimating
problem seemed to pale in the face of how to develop and manage the Al
effort. Many of the first interviews concluded with "Good luck, you can’t
cost estimate AI projects anyway. If you learn anything about how to
develop an Al system using an engineering problem solving approach, let us
know. Al is so different that previous cost models don‘t apply and conven-
tional software development techniques don’t work."

What also did become evident is the importance to develop a cost re-
search roadmap that does not preclude previous work performed that estimates
conventional (non-Al) software projects. Some conventional cost estimating
models do not apply to Al projects but most models do apply if modified. As
a result, research and technology areas were identified that would provide
data and cost parameters to conventional models that would then be able to
estimate Al projects. The rule of thumb was not to re-create the vwheel but
rather modify it as needed.

Subsequent interviews and reading focused on the approach to wmodify
existing software cost models to estimate AI projects. Nine Technology
areas that will impact Al systes performance, efficiency, and cost wvere
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areas that will impact Al system performance, efficiency, and cost were
listed. Also listed were sixtesn research areas that when performed and
data analyzed, will provide an understanding of Al cost and schedule
estimating. These ideas are dis-ussed in Sections 4 and 5 and each area
includes the following:

Definition - a short, precise definition of the area.

Significance - a qualitative statement about the significance of the re-
search area.

Discussion - a free flowing discussion of the area.

Related Areas - ldentification of how this area relates to other areas
listed in this report.

Doability - an assessment of the difficulty to achieve success in the re-
search effort.

Priority - a rating of the importance that the cost estimator understand the
impact of this area and is graded as extreme, high, medium, or low.

Recommendation - a recommendation as to whether or when the research topic
should be pursued, based on priority.

Research Steps - an outline of steps for future research r - ‘ects.

REPORT ORGANIZATION

The remainder of this report contains six sections. Section 2 contains
Al definitions, the state of the art techniques, and current applications.
Section 3 contains a list of future Al capabilities. Secrion 4 contains Al
technology areas that, if and when implemented, will impact AI cost estimat-
ing. Section 5 contains study areas to identify and gather data needed to
develop Al cost estimating tools. Section 6 contains final recommendations
concerning future tasks.

Section 4 describes Al technology methods and techniques that current
cost estimating tools do not evaluate or utilize. The cost analyst has to
make sure estimating tools will exist that can evaluate system performance,
efficiency, and cost as these technologies become understood or available.
The nine technology areas discussed in Section 4 are as follows:

Tl. VHSIC. This section identifies the cost impact that rhis technology
program will (1) solve Al processing speed and throu, :.ut requirements
and (2) solve the ainiaturization :ecquirement for ~mplex hardware
architectures.

T2. Problem Solving Techniques. Different Al problems require different

wethods to access data and process programming statements. This
section identifies the cost trade-off of these various methods.
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T3.

T4,

TS.

T6.

T7.

T8.

T9.
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Knowledge Representation. Al .yvstems utilize knowledge data systems
that must be organized to best accommodate the processing technique
used for each problem. This section described the cost impacts of
different methods to represent data.

Al Languages. There are new high order languages (HOL) that, if de-
veloped, will enhance the efficiency of developing AI products and
therefore impact the resulting development cost.

Commercial Tools. The availability of commercial tools impacts the
ease to develop and maintain Al systems. System cost 1is directly
affected by the use of these tools.

System Specifications. Al development techniques preclude the use of
formal specification for describing system requirements. Without these
specifications, cost estimating and systems verification are meaning-
less.

Development Methodology. Al program development methodology requires a
new phase definition in order to perform cost accounting. Quality cost
estimating requires this cost data.

Schedule/Cost Estimating. This section describes various Al develop-
ment cost drivers that must be analyzed for software CERs.

Technology Roadmap. This section describes new AI technologies that
the cost estimator must research to prepare for estimating the cost
impact.

Section 5 identifies and examines parameters that are Al development

cost drivers that need to be used as inputs to cost models when estimating
Al projects. This section recommends sixteen research projects to gather
and analyze data and develop CERs. These research projects are as follows:

R1.

R2.

R3.

R4,

R5.

Expanding Present Cost Models. This section identifies factors con-
sidered as parameters to present cost models that need to be adjusted
and extrapolated when estimating Al projects.

Al Cost Data Base. This section defines data sets required by the cost
estimator to model Al project costs.

Schedule Estimating. This section identifies data required by the cost
estimator to predict the time that will be required to develop Al
projects.

Quslicy Estimacing. This section describes the need for QA methods
that apply to Al projects to ensure goals are achieved, on schedule, in
cost.

Integraction Cost. This section recommends study sreas needed to deter-
mine the cost to integrate Al software.
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R6. Maintenance Cost. This section recommends research needed to predict
the cost to maintain Al software as a relationship to the total life
cycle cost of Al software.

R7. Security Cost. This is an SDI related subject vhere research is needed
to predict the cost impact of security on Al software projects.

R8. Computer Trade-off. This research area identifies the need to analyze
computer costs and processing capabilities necessary for large, complex
Al requirements.

R9. Level of Effort Cost. Al development methods use phase distribution of
labor that is not understood and therefore is not yet predictable by
the cost estimator.

R10. Knowledge Capture Cost. This section describes the research necessary
to predict the cost to acquire, understand, and format the knowledge
base that will be processed during Al system execution.

Rll. Memory Management Cost. This section describes study areas to antici-
pate Al system overhead cost that support dynamic memory architectures
necessary during Al system processing.

R12. Interface Cost. This section describes data required to predict the
cost of the expert system interfaces depeanding on number of interfaces,
its complexity, function, and capability.

R13. AI Language Proficiencies. This section identifies research necessary
to predict which Al language to use to most efficiently solve any class
of Al application.

R1l4. Tools. This section recommends research that will determine which tool
to use as a development aid when producing Al products.

R15. Personnel Considerations. Al programmers are a new and rare breed of
computer scientist. The cost estimator will need to predict the
additional costs to attract, train and retain these individuals.

R16. Program Management. This section identifies study areas that when
understood will help Al managers perform make/buy decisions, estimate
development schedules and costs, and be able to measure system prog-
ress.

SUMMARY OF RECOMMENDATIONS

Each Technology Area in Section 4 and Research Area in Section 5 was
evaluated for its priority and doability as shown in Table 1.1. Priority is
the rating of the importance that the cost estimator understand this cost
impact and is graded as extreme, high, medium, or low. Doability is the
assessment to achieve success in understanding each research effort.
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Table 1.1

DISCUSSION
AREA

Tl  VHSIC
T2 Problem Solving Techniques

T3 Knowledge Representation
T4 Al Languages

TS Commercial Tools
T6 System Specifications

T7 Development Methodology
T8 Schedule/Cost Estimating

T9 Technology Roadmap
Rl Expanding Present Cost Models

R2 Al Cost Data Base
R3  Schedule Estimating

R4 Quality Estimating
RS Integration Cost

R6 Maintenance Cost
R7 Security Cost

R8 Computer Trade-off
R9 Level of Effort Cost

R10 Knowledge Capture Cost
Rl1l Memory Management Cost

R12 Interface Cost
R13 Al Language Proficiencies

R14 Tools
R15 Personnel Considerations
R16 Program Management

SUMMARY OF PRIORITY/DOABILITY

High
Extreme

Extreme
Low

Extrenme
Extreme

Extreme

High

Extreme
Extreme

Extreme
High

High
Low

Low
Medium

Low
High

High
Low

Mediun
High

High
Mediun
High

.............................................................................

Possible
Very Achievable

Very Achievable
Possible

Very Achievable
Possible

Very Achievable
Achievable

Very Achievable
Achievable

Achievable
Possible

Low
Achievable

Achievable
Possible

Very Achievable
Achievable

Achievable
Low

Possible
Very Achievable

Very Achievable
Achievable
Possible
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Section 6 describes in detail the various factors considered in deter-
mining when to initiate each study and how many man-months are estimated to
adequately perform the research. Table 1.2 summarizes, by year the
recomnended effort that a Sr. Cost Analyst would require to study each area
and develop Al software CERs.
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Table 1.2
RESEARCH/STUDY LOE ESTIMATES

B )

(Man months of Senior Cost Research Labor)

DISCUSSION '
AREA 1987 1988 1989 1990 1991 . &
T1  VHSIC 3 3 1 1 ‘.
T2 Problem Solving Techniques 3 6 k) 1 1 -
T3  Knowledge Representation 3 6 6 3 3 ¢
T4 Al Languages 3 2
]
TS Commercial Tools 6 3 3 2 2 .
T6 System Specifications 6 6 3 3 3 !
T7 Development Methodology 6 6 3 3 3 ]
T8  Schedule/Cost Estimating 3 3 3 3 ¢
T9 Technology Roadmap 3 3 3 2 1 \
Rl Expanding Present Cost Models 6 12 6 6 6 :
R2  AI Cost Data Base 2 2% 12 12 12 :
R3  Schedule Estimating 3 "3 2 2
i
R4 Quality Estimating 3 6 3 3 )
RS Integration Cost 3 2 Y
R6 Maintenance Cost 3 2 1 :
R7  Securicy Cost 3 N
R8 Computer Trade-off k ;
R9 Level of Effort Cost 3 2 '
R10 Knowledge Capture Cost 6 3
Rll Memory Management Cost 1 y
R12 Interface Cost 2 :
R13 AI Language Proficiencies 3 3 -
| R14 Tools 3 2 1 1
R15 Personnel Considerations 2 y
Rl16 Program Management 3 2 X

|
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SECTION 2
OVERVIEW OF ARTIFICIAL INTELLIGENCE

The purpose of this Al Cost Research Roadmap i{s to define the what,
why, when, and the priority and cost of the specific tasks to be undertaken

that will enable quality cost estimates for Al projects in the future. The
purpose of Section 2 is to explain why knowing about AI is important, to
outline the field, and to give some examples of progress made to date. In

order, this section includes the following: the evolution of AI, Al systems
implemented by 1986, Al terminology and definitions, how to develop Al
programs, and current Al problem areas. This section will provide an under-
standing of the Al state of the art (SOA).

EVOLUTION OF Al

As World War II ended, the British and American scientists were devel-
oping what we now call a computer that would be an electronic machine guided
by a stored program of directions that would perform complex arithmetic
computations. As shown in Figure 1, psychologists were simultaneously think-
ing that computers could be developed that would mimic human behavior by
manipulating non-numerical symbols.

By 1960, certain successes were achieved. A program for solving
geometric analogy probleas like those on intelligence tests was developed.
Another program that did symbolic integration was the forerunner to today's
MACSYMA and other mathematics manipulation systea. These two examples,
integration and analogy introduced the ideas that have become expert
systems.

During 1965 to 1970, AI development was slowed because the tremendous
enthusiasm of earlier was dampened as expected results had not been
produced. This was a time when people searched for general problem solvers,
that is, a mechanism that when placed in a computer would process data and
ippear intelligent.

During 1970 to 1975, successful projects were achieved. LISP, a
programming language designed for Al applications and still very popular

today, was implemented. Robotics concepts were demonstrated and MYCIN, a
program to aid physicians diagnose patients and prescribe medicines, was
developed.

During 1975 and 1980, knowledge based system technology was understood
and Al was acknowledged as a specialized subset of computer sciences.
Systems such as HEARSAY II, MACSYMA, EMYCIN, DENDRAL were developed and a
second Al language named PROLOG was implemented. Al was recognized as the
generic methodology composed of five probleam solving application areas:
expert systems, vision processing, robotics, natural language processing,
and automatic programming.

From 1980 to the present, commercial Al companies appeared and
flourished and many Al applications have been developed. Examples will be

':J.‘\.‘LL\ L\L .ﬁ'\}.ﬁ\u{smm‘h.}\ . :L\"h .‘\_\"_‘.Q.\_i




coU] CSUOE 9 AN IM UYop CRUTY PIARG PUE uowae o Ag SEISAS 1eaday tavanng

NOILLNTOAd IV dHL

1 390914
0661 56! 0961 561 061 0¥l
i SHILNANOD . . ) " ININJOTAAC
+~— NOILLVH3NAD HL SOINOHIOATAONIIN 43LAdM0D
SIIEAH ONINAVYD08d
390Vl SMALSAS DILVROLOV
AMEA~QIHEAH ¥ TEVALIOS
FOUVIN ¥ILNIR0
ST00L, | AOVNONVITVERIWN [ " DNINNILNOD
< v
SRALSAS 4 30UVie—  SMILSAS Lyadx3
L Iy
DNISSEO0Ud NOISIA fe-
¥
SOLLOA0Y fe

ADOTOHIASd
AALLINDOD

10

- -
A - P n

il o A 2 p
RN ™ " A W R RS Bl - -




P Ay

-

- - -

o

e®sT e a"n " a

e e G

iy

-

2 & e

) i\ L .
DI MY o .A"..n"f"\?\"'s"'.o' X kl?\

discussed in the next paragraph as Al systems implemented by 1986. Figure 1
projects Al technology advances beyond the present. Section 3 will discuss
anticipated Al applications and technology breakthroughs.

Al SYSTEMS IMPLEMENTED BY 1986

Artificial Intelligence is the part of computer sciences concerned with
designing computer systems that exhibit the characteristics we associate
with intelligent human behavior. Al, at present contains five applications
areas: expert systems (vhere almost all of the Al effort is focused), vision
processing, robotics, natural language processing, and automatic
programming. Each area and examples of programs implemented are discussed
in the following paragraphs.

1. EXPERT SYSTEMS (ES) is the branch of Al that performs tasks normally
performed by human experts. Human experts and expert systems specialize
in narrow problem solving tasks. Both can solve problems relatively
easily, explain what they do, know when they are stumped, communicate
with other experts, learn from experience, change their points of view,
transfer knowledge, reason using tools, rules of thumb called heuris-
tics, and math models. Successful examples are:

o MYCIN was developed by Edward Shortliffe at Stanford in the nmid
1970s. It provides consulting advice about infections to provide
physicians advice comparable to what they would receive from a
physician specializing in bacteria and meningitis. This system {s
one of the best known and most widely used expert systeas.

o XCON was developed by Carnegie Mellon Universfty for Digital
Equipment Corporation in 1978. It has been enhanced continually to
now be able to validate any hardware configuration for any DEC
computer. This system has been widely studied as s case history of
ES development, test, and maintenance techniques.

o MACSYMA was developed by Joel Moses at MIT. This ES was the first
attempt to integrate math manipulations and symbolic processing by
helping students perform complicated math applications.

o DENDRAL was developed at Stanford in the early 1970s to determine
organic structures using data from mass spectrometers and nuclear
magnetic resonance machines.

o EMYCIN was developed at Stanford as the f{rst attempt to make an
existing ES (MYCIN) a general purpose ES. EMYCIN is the non-specific
part of MYCIN consisting of what is left when the rules are removed.
EMYCIN becomes a newv ES by adding rules for a different problem
domain.

o Many applications have been developed for business/financial/legal
systems that provide investment risk assessment, portfolio
management, tax and financial planning, office management, and data
center management.
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o MATCALS developed by Marine Corps can automatically control and land
an F-18.

VISION PROCESSING 1is the branch of Al that can perceive the location,
form, size, shape, and color of objects. They can process and interpret
images from remotes sensors or perform as the eyes for robots. Very
little effort is currently being spent to advance vision processing SOA.
Successful examples are:

o INDUCE developed by Ryszard S. Michalski can distinguish between
different types of railroad cars.

o PROSPECTOR can draw contour geological survey maps from aerial
images.

o Some applications have been developed to coordinate robot hand and
eye movement, can see faulty products manufactured on an assembly
line, can spot and remove diseased soy beans as they pass on a
conveyer belt.

ROBOTICS is the branch of AI that enables computers to see using vision
processing and then manipulate objects. Robotics can use heuristics
(logic rules of thumb) and function in a highly flexible manner while
interacting with a constantly changing environment. Successful examples
are:

© An autonomous land vehicle built by Martin Marietta for Defense
Advanced Research Projects Agency can navigate a road and avoid
obstacle at 10 a.p.h.

o Robots can fight dangerous fire such as at Three Mile Island.
o Robots can perform dirty, dangerous, and boring manufacturing tasks.

o Robots developed by Rodney A. Brooks perform spatial reasoning by
moving objects among and through a cluttered environment.

NATURAL LANGUAGE PROCESSING is the branch of AI that can process and
interpret natural 1languages such as English, Spanish, or French and
input or output in both text and sound. Successful examples are:

o INTELLECT developed by Larry R. Harris can understand questions
expressed in English like "How did forecast sales compare to actuals
last month?" and then print a report.

o HEARSAY II developed in the early 1970s can analyze verbal questions
and commands, determine what was said, and update the appropriate
fields in a data base or management information system.

o LIFER developed by Gary G. Henrix is capable of answering questions
about ships like "What is the length of the CVA-677"

12
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o Systems can read documents and either store them as internal files or
translate thea to another natural language.

o Systems developed by Kurtzweil can read and then speak documents to
blind people eliminating braille writing.

S. AUTOMATIC PROGRAMMING is the branch of AI that can automatically
generate computer software. Successful examples are:

. o USE.IT developed by High Order Software, Inc. can help the user
develop a logically sound flowchart of a system and then create the
correct FORTRAN and Pascal programs.

o Application programs can automatically detect syntax errors as lines
of code are input by the programmer.

Al DEFINITIONS

Al is a new and evolving field within computer sciences and it utilizes
a vocabulary that i{s also new and evolving. Many terms in AI have a variety
of diverse definitions where each definition has a 1loyal and typically
emotional following of backers. The definition used below is not the only
one available but will be the definition used for the purpose of this
report.

Artificial Intelligence. The part of computer sciences conceined with
designing computer systems that exhibit the characteristics we associate
with intelligent human behavior. AI at present contains five application
areas: expert systems (vhere almost all of the Al effort is focused), vision

processing, robotics, natural language processing, and automatic program-
ning.

Automatic Programming. The branch of AI that can automatically generate
computer software.

Backward Chaining. That problem-solving technique characterized by working
backward from hypothesized conclusions toward known facts.

Blackboard Agenda. An ES design in which several independent knowledge
bases can each exanine a common working memory called a blackboard.

Breadth-first Search. In a hierarchy of rules or objects, breadth-first
search refers to a strategy in vwhich all of the rules or objects on the same
level of the hierarchy are examined before any of the rules or objects on
the next lower level are checked.

C. Popular programming language, especially for systems programming.

Common LISP. A dialect of LISP that {s intended to serve as a standard
version of LISP that will run on a number of different machines.

13
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Context-Parameter-Value Triplets. (Object-Attribute-Value Triplets.) One
method of representing factual knowledge; it is the method used in EMYCIN.
A context is an actual or conceptual entity in the domain of the consultant
(e.g., a patient, an aircraft, or an oil well). Parameters are properties
associated with each context (e.g., age and sex of a patient or location and
depth of an oil well.) Each parameter (or attribute) can take on values:
the parameter, age, could take the value "13 years."

Control (of a knowledge system). The method used by the inference engine to
regulate the order in which reasoning occurs. Backward chaining, forward
chaining, and blackboard agendas are all examples of control methods.

Depth-first Search. In a hierarchy of rules or objects, depth-first search
refers to a strategy in which one rule or object on the highest level |is
examined and then the rules or objects immediately below that one are
examined. Proceeding in this manner, the system will search down a single
branch of the hierarchy tree until f{t ends. This contrasts with breadth-
first search.

Domain. A topical area or region of knowledge. Medicine, engineering, and
management science are very broad domains. Existing knowledge systems only
provide competent advice within very narrowly defined domains.

Expert Systems. The branch of Al that performs tasks normally performed by
human experts. Human experts and expert systems specialize in narrow
problem solving tasks. Both can solve problems relatively easily, explain
what they do, know when they are stumped, communicate with other experts,
learn from experience, change their points of view, transfer knowledge,
reason using tools, rules of thumb called heuristics, and math models.

Explanation. Broadly, this refers to information that is presented to
justify a particular course of reasoning or action. In knowledge systems
this typically refers to a number of techniques that help a user understand
wvhat a system is doing.

Fifth-Generation Computers. The next generation of computing machines. It
is assumed that they will be larger and faster and will incorporate
fundamentally new designs. Parallel processing, the ability of a computer
to process several different programs simultaneously, 1is expected to result
in a massive increment in computationsl power.

Forward Chaining. Problem-solving technique characterized by working
forwvard from known facts toward conclusions.

Frame. (Object or Unit.) A knowledge representation scheme that associates
an object with a collection of features (e.g., facts, rules, defaults, and
active values). Each feature is stored in a slot. A frame is similar to a
property list, schema, or record, as these terms are used on conventional
programming.

Heuristic. A rule-of-thumb or other device or simplification that reduces
or limits search {n large problem spaces. Unlike algorithas, heuristics do
not guarantee correct solutions.




Heuristic Rules. Rules written to capture the heuristics an expert uses to
solve & problem. The expert’'s original heuristics may not have taken the
form of if-then rules, and one of the problems involved in building a
knowledge system is converting an expert’'s heuristic knowledge into rules.
The power of a knowledge system reflects the heuristic rules in the
knowledge base.

f Inference. The process by which new facts are derived from known facts. A
: rule (e.g., If the sky is black, then the time is night), combined with a
: rule of inference (e.g., modus ponens) and a known fact (e.g., The sky is

black) results in a new fact (e.g., The time is night).

Inference Engine. That portion of a knowledge system that contains the
inference and control strategies. More broadly, the inference engine also
includes various knowledge acquisition, explanation, and user {nterface
subsystenms. Inference engines are characterized by the inference and
control strategies they use.

Interface. The link between a computer program and the outside world. A
single program may have several interfaces. Knowledge systems typically
have 1interfaces for development (the knowledge acquisition interface) and
for users ( the user interface). In addition, some systeams have interfaces
that pass information to and from other programs, data bases, display
devices, or sensors.

Knowledge Acquisicion. The process of locating, collecting, and refining
knowledge. This may require interviews with experts, research in a library,
or introspection. The person undertaking the knowledge acquisition must
convert the acquired knowledge into a form that can be used by a computer
program.

Knowledge Base. The portion of a knowledge system that consists of the
facts and heuristics about a domain.

Knowledge Engineer. (Knowledge Engineering.) An individual whose specialty
is assessing problems, acquiring knowledge, and building knowledge systems.
Ordinarily this implies training in cognitive science, computer science, and
artificial intelligence. It also suggests experience in the actual
development of one or more expert systems.

Knowledge Representation. The method used to encode and store facts and
relationships in a knowledge base. Semantic networks, object-attribute-
value triplets, production rules, frames, and logical expressions are all
ways to represent knowledge.

Knowledge System. A computer program that uses knowledge and inference

procedures to solve difficult problems. The knowledge necessary to perform
! at such a level, plus the inference procedures used, can be thought of as a
{ model of the expertise of skilled practitioners. In contrast to expert

systems, knowledge systems are often designed to solve small, difficult
problems rather than large problems requiring true human expertise.

LISP. A popular language for programming Al.
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Natural Language Processing. The branch of Al that can process and
interpret natural languages such as English, Spanish, or French and input or
output in both text and sound.

Operating System. The computer software system that does the "housekeeping”
and communication chores for the more specialized systems.

Parallel Processing. A proposed architecture for computer machinery that
would allow a computer to run several programs simultaneously. It would
mean that a computer would have several central processors simultaneously
processing information.

PROLOG. A symbolic AI programming language.

Prototype. In expert systems development, a prototype is an initial version
of an expert system. It is usually a system with from 25 to 200 rules that
is developed to test effectiveness of the overall knowledge representation
and inference strategies being employed to solve a particular problem.

Pruning. In expert systems, this refers to the process whereby one or more
branches of a decision tree are "cut off” or ignored. 1In effect, when an
expert system consultation is underway, heuristic rules reduce the search
space by determining that certain branches (or subsets of rules) can be
ignored.

Robotics. The branch of Al that enables computers to see using vision
processing and then manipulate objects. Robotics can use heuristics (logic
rules of thumb) and function in a highly flexible manner while interacting
with a constantly changing environment.

Rule. A conditional statement of two parts. The first part, comprised of
one or more if clauses, establishes conditions that must apply if a second
part, comprised of one or more then clauses, 1is to be acted upon.

Rule-based Progranm. A computer program that represents knowledge by means
of rules.
Symbol. An arbitrary sign used to represent objects, concepts, operations,

relationships, or qualities.

Symbolic versus Numeric Programming. A contrast between the two primary
uses of computers. Data reduction, data-base management, and work
processing are examples of conventional or numerical programming. Knowledge
systems depend on symbolic programming to manipulate strings of symbols with
logical rather than numerical operators.

Vision Processing. The branch of Al that can perceive the location, form,

size, shape, and color of objects. They can process and interpret images
from remotes sensors or perform as the eyes for robots.
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CONVENTIONAL PROGRAMMING VS. EXPERT SYSTEM PROGRAMMING

, The skeptics feel that expert systems use sound scientific principles
and approaches to solve their problems but they are not so magic that
conventional programs could not also provide the same solution. This {s
true with qualifications. A conventional program can produce the same
results ctoday that an expert system can but expert systems have a
theoretical scope of problems that can be solved that is much larger and
more complex than that of any conventional system. Not all the ES
technology and methodology is yet understood or perfected, but if and when
that does occur, solutions will be available to problems that experts cannot
even imagine. High order languages replaced assembly languages and allowed
computers to solve more complex problems. These new systems were not only
"3 more poverful and proficient but were cheaper to build, faster to implement,
easier to test, and more simple to enhance. Now, AI 1is replacing
conventional programs with systems that can solve even more complex problems
and do {t wusing tools that allow more efficient programming techniques,
faster program development and test turnaround, and all for less money. 1In
practice therefore, a conventional program can probably solve any problem an
expert system can but not as efficiently. In theory, the scope of problenm
solved by an expert system is immense and the effort to achieve that success
" is minimal. For that reason, expert system research will continue. Because
, of the successes already demonstrated, expert system feasibility can be
! proven.
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Conventional Programming (also called Third Generation Programming or
Traditional Programming) consists of interconnected procedures and
sequential processing of computer statements. Systems are developed using a
waterfall methodology consisting of a sequential series of development
A phases as shown in Figure 2. Each phase has subgoals and 1is considered
complete by a verification and validation activity. Each phase then is the
input for a successive phase.

e"ate L

a
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Conventional programming techniques have been used to create the large
data processing systems we associate with computers. These systems collect
large volumes of data stored in a data base and process this data using
numerical computations and arithmetic algorithms. These algorithms are a
\ step-by-step procedure that guarantee the right conclusion will be reached
when processing the correct data. For example, each evening all of the data
regarding all of the changes in every account at your local bank are fed
into a computer. Then a very complex algorithm works through the data,
making additions and subtractions, calculating the proper fee, and finally
arriving at the bank’s overall balance for the day. The numbers differ each
day, but they are always processed in the same way, and they always result
in a predetermined conclusion - the bank’s overall balance.
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Expert systems are programmed by knowledge engineers using very
different techniques. The goal of the ES is to mimic human experts as
opposed to processing predetermined, sequential program operations that
produce predictable results. The knowledge engineer interacts with the
human expert to help describe the knowledge as data and then programs
inference rules that process the data. The knowledge engineer combines

P PRI ALY
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cognitive psychology with symbolic programming techniques to develop the
expert systen.

Knowledge engineers (KE) use a interactive technique to develop the ES
by wmeeting often with the expert. During the first meeting, they seek a
first cut at the problem by implementing a prototype system with only a few
rules and a few facts. This system is tested and the expert is asked more
questions. The second system version is implemented using more rules and
more facts. This system {s tested and the expert is again asked more
questions. This process continues as a series of approximations where each
is more complex and refined than the previous until the system produces the
desired results. Conventional programs approach their tasks in ways that
contrast to expert systems. These contrasts are as follows:

A
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CONVENTIONAL PROGRAMS

1. Data schemes are flat and
do not enable a hierarchy
of concepts based on
different abstraction
levels.

2. Programs define what is
to be accomplished and a
step-by-step procedure to
achieve the result.

3. Programs cannot improve
themselves.

4. Not very interactive. 1f a
non-programmer stopped the
run and examined the code, he
could not understand very much.

5. Processing by predetermined
algorithms.

6. Data in data base is read-
able only by programmers.

7. Most of the programmer’s time
is spent developing the pro-
cedural structure of the system
so the program can deal with
the right problems and issues
at the right time.

8. Systems are designed from pre-
defined specifications.

9. Systems are designed to imple-
ment operational requirements
through formal feedback.

10. System maintenance is difficult. 10.

20
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EXPERT SYSTEMS

. Frames contain data descriptions

and instances that represent
concepts and relationships between
abstraction levels. Both objects
and complex entities can be de-
scribed that describe processes to
be performed or plans that must be
followed.

. ES defines the goal to be achieved

and the program explores logic al-
ternatives to figure out how to
achieve {t.

. ES can solve more diverse problems

each time it executes by remember-
ing rules and logic relationships
from previous problems solved.

The user can
halt the system and ask questions
that can provide recommended con-
clusions to be attempted next.

. Processing with heuristics that

modify the approach and reduce the
limit search depending on the con-
clusion of previous rules.

. Data {3 easy to read and easy to

modify.

. Most of the programmer’'s time is

spent developing the facts, con-
cepts, and rules to be used rather
then organizing and proceduraliz-
ing it.

. Systems can be developed whose

specifications can not be fully
determined.

. System requirements are dynamic and

can be based on incoming data or
commands.

Systems based on thousands of al-
ternatives that are easy to main-
tain.
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{-‘ PROGRAMMING EXPERT SYSTEMS
J"
& Expert systems are rule-based programs that consist of a large number
! of IF-THEN rules where each is an independent piece of code. The IF part
. tests the rules for a condition, and if the condition {s met, cthe THEN
N actions are activated. Unlike statements in traditional programs, a rule's
* actions don't necessarily invoke another rule but may instead modify the
j symbolic data base which contains all the application’s current statements.
- An expert system contains five parts as shown in Figure 3: input,
output, inference engine, parser, and knowledge base and they are defined as
ﬁ follows:
B
" 1. Input is from the user, knowledge engineer, device or another system.
S The user can provide commands, ask questions about what data was used or
o which rules were used to arrive at a particular conclusion, or answer
» questions the ES wmay ask during an interactive program run. The
'} knowledge engineer can provide data, format the structure of the data,
e program rules and define the sequence that rules can be considered.
N 2. Output 1is to the user, knowledge engineer, device or another system.
> The wuser can receive problem solution or recommendations, program
., explanations, or interactive responses. The knowledge engineer may
v query the system during test runs.
i 3. Inference engine contains the inference (rules) and control (order that
N reasoning occurs) strategies so facts are processed and results
o produced.
‘ﬁ 4. Knowledge Base is developed by the KE using the experts' knowledge and
] it contains rules and facts that solve problems.
o
b
o 5. Parser converts rules to commands that are understandable by the infer-
e ence engine (this is the analogy to a compiler).
k)
a8 The ES players are:
: 1. Human expert.
o 2. Knowledge Engineer who is a computer scientist that uses the infor-
' mation of the expert to write the rules and facts in the knowledge
0 base.
& 3. The user who has the problem to be solved.
A
ﬁ: Expert Systems are developed by interviewing the expert and the know-
L ledge engineer writing the rules and the facts. Experts solve problems by
- capturing a large number of cases and applying them to data. Rules are an
7 effective way to encode this expertise and rules can be rapidly constructed
5 and rapidly tested via direct user feedback. This freedom from procedural
o design produces rapid logic construction through user feedback and is de-
fined as rapid prototyping.
t
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Rapid prototyping allows "build a little, test a little" development
through constant feedback. Changes are easily implemented, complete new
sets of rules are added so that as the system is developed the evolving
applicacion is always operational. Changes are sasy to make because program
control is based on rules and not strict, third generation procedural organ-
ization. Changing the specifications, adding or modify capabilities, or
improving process effectiveness by the developer’'s enhanced understanding of
the problem is possible by rapid prototyping. Acquiring a complete set of
rules to emulate the problem solving of a human expert is impossible but
rapid prototyping ensures that the developed application has the maximum
user effectiveness.

CURRENT EXPERT SYSTEM PROBLEMS

The following problem areas were identified by interviewing developers and
managers who have practical experience with expert systems:

1. The need for an ES validation tool. There is no way to absolutely
confirm or predict results from an expert system.

2. The need for development standards or programming conventions for Al
systems. If DoD decides to utilize ES techniques, they will need a
corollary to MIL-STD-2167.

3. The need for a knowledge base maintenance tool that performs rapid
updates during prototyping. g

4. The need for a debug tool that supplies appropriate why and how
explanation of ES behavior and conclusions.

5. The need to reconcile conflicting conclusions during subsequent execu-
tion runs.

6. The need for a method of representing time dependent or time backward
data.

7. The need to qualify data with a plausibility and possibility factor.

8. The need for a commercial tool that assists in knowledge acquisition and
provides tight verification and validation of the reasoning process.

9. The need for coding and planning conventions to reduce the number of
development iterations. This can eliminate the "develop five, throw away
four system" prototyping approach.

10. The need for cost data and cost estimating models for software projects
larger then 900K SLOC.

11. The need for more ES programmers and more experts available to them.

12. The need to adequately test ES realtime systems under realistic, actual
use conditions.

23
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13.
14.
15.
16.
17.

18.

19.

20.

The need
The need
The need
The need
The need

The need
systems.

The need
and read

The need

for a tool that develops and maintains a knowledge base.

to formally specify Al requirements.

for ES interactive debug aids.

for special purpose, parallel, and analog computers.

to determine software quality of ES systems.

for a tool to estimate the phase distribution of labor for ES -
to represent knowledge in a natural way in order to maintain it

it by the user, knowledge engineer, and expert.

to scope ES development and implementation schedules and cost.
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SECTION 3
FUTURE ARTIFICIAL INTELLIGENCE APPLICATIONS

Section 2 presented the evolution of Al to the year 1986 and explained
why knowing about Al is important, outlined the field, gave examples of
successful systems implemented, and identified current problem areas that
need to be solved to push technology. This section will present the
anticipated Al applications shown in Figure 1. These applications should
evolve by 1995. By knowing where Al will go, the reader will gain a
pragmatic understanding and appreciation of the Technology and Research
areas described in the following sections. This section will provide an
insight to the future of Al by listing what products will probably be
available within the next ten to fifteen years.

Figure 1 shows that the major research efforts and resulting advances
in capabilicies will occur in the expert system part of Al. Work in other
parts of AI will continue but significant advance in their state of the art
are not expected. Natural Language Processing capabilities will be stopped
by the technical barrier to understand those expressions we humans take for
granted such as humor, cynicism, worldly knowledge, and intuitive associa-
tion of subject matter (relating to previous discussions and conversation).
Automatic Programming capabilities will not advance much further then what
is presently available.

Robots will see utilizing telerobotics where they are manipulated by a
remote operator that sees using television cameras for eyes. Vision
processing will not progress much until the new fifth generation coamputers
are available that can process the incredible volume of data necessary to
distinguish holes, edges, and shadows in realtime.

Fifth generation machines are expected during 1990 that will be larger,
faster, and incorporate fundamentally new design. These computers will
advance the AI SOA because they will be able to perform parallel processing
(the ability to process many different programs simultaneously) which |is
expected to result in a massive increase in computational speed and power.
Since expert systems will tend to be very large and involve large amounts of
processing, it is assumed they will not reach maturity until these computers
become available.

Expert systems beyond 1990, are expected to deliver computer solved
answers to problems that most experts cannot now imagine. Truly intelligent
systems will become available and manage command and control functions
necessary to coordinate the battlefield. Expert systems that can teach
students directly or assist trainers i{s an application expected to deliver a
high payoff because students will learn more and faster and it will free

teachers to work one-on-one with individual students. The following lists
six Al areas that will develop capabilities over the next 10-15 years to
include:
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NATURAL LANGUAGE PROCESSING

1.

Systems will make progress in the area of text interpretation, speech
understanding, and language translation. The major barrier to under-
standing natural language is that large amounts of common sense, intui-
tion, and worldly knowledge are required. Highly structured and sctylized
languages such as those used by air traffic control will be the first to
be implemented.

. Systems will be able to automatically record verbal communications and

automatically supply supplementary data as needed for clarification and
understanding. This Al systeam will need to modify the level of explan-
ation it supplies. As human beings, we know about things at different
levels of details. Depending on how much the other person knows, our ex-
planations are modified.

. Systems will be able to solve problems by analogy from rules created by

previous tasks. The problem of inferencing (what was meant or implied by
what was said) will be a barrier. The initial probleams will need to be
straight forward and highly structured in presentation.

. Voice printing and voice recognition will provide better security.

ROBOTICS

1.

Systems will support space missions as unmanned, autonomous vehicles.
They could be given a list of missions and be allowed to choose between
them depending on the situation.

. Systems will be surveillance sensors that can distinguish objects of

interest in a cluttered background in all weather. Sensors will not be
limited to line of sight.

. Robots will perform battlefield ammunition supply and other dangerous,

"smart” tasks like removing mines or bombs.

. Sophisticated vision systems will substitute the human brain, hand, eye

and arm in the assembly plant. These systems will inspect, clean,
assemble, and provide process control for productions tasks such as
welding, foundry, bolting, painting, and controlling parts.

. Robots will monitor electronic operations including data bases and alert-

ing users to changes. It will archive data and retrieve it upon request,
supply it as a "consultant®, or combine and filter it.

EXPERT SYSTEMS

1.

"Corporate memory” will be increased by replicating human reasoning and
expanding the size and complexity of the knowledge base.
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. ES will be used as decision maker for C3 battlefield applications. High

volumes of data will require coamputers that offer higher processing
rates. A system could evaluate a battlefield for traces of radiation and
then perform a second task depending on the results of the first task and
so on. These systems will need parallel processors to simultaneously
cross-check results.

. Systems will understand rules, data, and consider preferences in making

decisions. These systems will be an electronic assistant or colleague
problem solver.

. Pilot aid systems will perform flight management, situation assessment,

mission management, and hands-off flight. Some in-flight emergency sys-
tens are already being developed by Texas Instruments for the Fl4 air-
crafe.

. Satellite stationkeeping tasks and on-board engineer maintenance func-

tions will be performed automatically to ensure extended system life and
enhanced mission capabilities.

. Professional workstations will support tasks in the following areas:

master schedule, public relations, leadership, liaison, negotiating,
information processing, information dissemination, planning, controlling,
resource allocation, marketing, selling, office automation and office
operations.

IMAGE PROCESSING

1.

Image wunderstanding systems will develop graphics from photographs or
relational data bases and determine targets of interest.

. Satellite and aerial interpretation will identify objects in complicated

patterns and backgrounds, convert data to grid coordinates and pass
information to the battlefield commander.

. Robotics will "see™ 3-D in real-time. Large computer systems with

parallel processing are needed to resolve the "waiting" issue.

. Ground travel —robots will have terrain vision and pathfinding

capabilities that can see holes, trenches and other obstacles to
determine the best path to travel.

FIFTH GENERATION MACHINES

1.

General purpose machines will execute parallel software algorithms to
provide flexible architecture for accessing information.

. Very powerful work stations will allow a human in the loop for solving

complex engineering situations and producing innovative programs.

. General purpose machines will reduce software development time and in-
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crease the range of applications. These machines will be small, fast,
and very versatile for solving Al problems.

X 4. Powerful machines will process continuous speech understanding and pro-

vide continuocus information retrieval. These highly parallel machines
) will support real-time applications in avionics, robotics, weapons, and
Y other C3 areas.

s S. Very Large Scale Integrated Circuits will allow high parallel processing

o on small chips that are very hard electronically and require little
power. When placed in series, powerful computing processors will be

; available that can operate in any hostile environment including space or

i underwvater.

!

N TRAINING

q 1. Workstations will be available that will teach skills that are difficult

& to learn. Concepts underlying how people think and learn will be under-

Y stood to improve learning curves.

;. 2. Systems will transfer large amounts of data from an instructor and train
managers, sales people, operators, lawvyers, doctors, and almost anyone

v else. These will be known as trainee’s assistant.

A

. 3. Systems will teach military personnel all aspects of equipment mainten-

b ance and basic skills including fire-arms training. These will be known

' as trainer’s assistant.

£

/

-
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SECTION &
TECHNOLOGY AREAS

Much of the interview process was devoted to the question of new Al
technology and what new cost methods will be required to estimate those
technologies.

When making a cost estimate of a proposed system, the cost analyst has
to make sure that the cost estimating tools have been developed for the
estimating problenm. These estimating problems will differ with the degree
of technology advance required in the system as a whole or {in specific
subsystems.

Technology advance can be classified into three different levels.
State-of-the-art (SOA) requirements apply to subsystems which have been
built or are so close to subsystems which have been previcusly built that no
advance in technology is required. Here, our traditional cost estimating
tools are extremely good even for Al applications. Analogies will usually
exist and CERs built for interpolation are already available.

The second technology level, called evolution, refers to extensions of
existing technology which will normally happen given enough time. They do
not depend on any great technical breakthrough. What i{s needed for cost
estimating here, are techniques already developed that can be extrapolated
in the required direction of technology growth. Some existing estimating
techniques (CERs) will hold up well when tested for extrapolation, others
will not.

The third level of technology growth is one that requires a technical
breakthrough. What 1is desperately needed is an acceptable technique for
examining the system physical/performance characteristics to quickly
identify a breakthrough and its cost impact. This section will focus on Al
technology areas that the cost estimstor must anticipate and then prepare
new tools or modify existing tools to predict system performance and cost.
The technology areas discussed are:

Tl. VHSIC

T2. Problem Solving Techniques
T3. Knowledge Representation
T4. Al Languages

T5. Commercial Tools

T6. System Specifications

T7. Development Methodology
T8. Schedule/Cost Estimating
T9. Technology Roadmap

Also mentioned 1in interviews was the Ada computer language. There
could be an Al technology impact from Ada, but within the Al community,
there is no wide interest in the subject. Also, the development and use of
roadmaps for technology and system requirements has broad interest and is
therefore included as a technology area.

DRI T P A T T T T
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Y TECHNOLOGY AREA T1
! VERY RIGH-SPEED INTEGRATED CIRCUITS (VHSIC)

e DESCRIPTION: Estimate the VHSIC cost impact when integrated into Al sys-

): . tems.

R

:s SIGNIFICANCE: The VHSIC program has provided great impetus to the research,

e X design, and production of devices that will be the eyes and ears of surveil-
lance and C31 expert systems. Significant manufacturing changes are re-

A quired to produce devices that can solve hardness problems, and meet the

Y tremendous speed and throughput requirements of DoD systems.

DISCUSSION: Individual processing capacities of hundreds of LIPS (Logical

K Inferences Per Secend) are foreseen as Al requirements that are achievable
only through VHSIC technology. Inference Corporation has estimated that

Y hardware architecture requirements way in excess of this will be needed to

: process hundreds of parallel paths at the same time.

)

:; Estinates on Al costing need to be made. Will cost reductions due to

2 ¥ miniaturization continue? Will the VHSIC technology enable the development

of the tremendous processing power required for Al systems?

0y

?' VHSIC offers speed, miniaturization, size, and density advantages by an

$ order of magnitude vhich are all important to large Al applications. VHSIC

N production {s yielding higher production rates needed for expert systems

X that process radar signals, commaunication, electronic counter measures, and
missile control.

W
k: RELATED AREAS: Gallium Arsenide technology may some day replace VHSIC. '
v Other new technologies on the horizon are Microwave/millimeter wave
» Monolithic Integrated Circuits (MIMIC) analog circuitry. VHSIC technology
! impacts cost models (R1), cost data base (R2) and interface costs (R12).
4 DOABILITY: The ability to build an Al system in silicon will be possible
\ that will move us from the present 1 LIPS to an operations rate of thousands
b of LIPS. A basic ground rule is if a function can be built on a single
board today, it can be fabricated on a single chip in a decade. If that
) function can be built in a one cubic foot box today, it can be fabricated on

a chip in 20 years.
y PRIORITY: High

% RECOMMENDATION: VHSIC technology must be studied to anticipate cost impact
I on systen efficiency and application performance.

I RESEARCH STEPS:

' 1. Conduct a research study to expand COCOMO (R1l). When VHSIC production

<y begins in 1987-1988, this availability of processing power will in-

# crease program sizes beyond the current cost model capabilities. A micro-
electronics roadmap should be sponsored.
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. Conduct a research study to develop a cost data base (R2) as VHSIC
processing production will decrease the hardware cost of computer systems.
. Conduct a research study of interface costs (R12) where VHSIC capabili-

ties will increase the number of subsystem applications that can be
packed in each assembly. Each circuit will be capable of processing
additional software or hardware interfaces.

. Obtain results from ESD VHSIC Technology Transition Plan concerning

capabilities, cost, and availability of VHSIC Phase I chips.

. Perform studies that evaluate cost/performance benefits associated with

VHSIC chips.

. Conduct VHSIC Technology Roadmap to evaluate cost/schedule impacts of

applying new VHSIC capabilities.

. Track development costs of on-going projects when VHSIC capabilities are

inserted.
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TECHNOLOGY AREA T2
PROBLEM SOLVING TECHNIQUES

DESCRIPTION: Estimate the cost impacts associated with various methods of

- Al problem solving techniques. Al is s field concerned vith problea solving
in general and is specifically focused on duplicating the behavior of the
expert solving the probleam.

SIGNIFICANCE: Alternate problem solving techniques and possibilities
greatly affect the cost and capability of an Al system. The AI knowledge
engineer needs to know vhat information to process, how to encode it, and
which technique is best to process that information.

DISCUSSION: There are two parts of an expert system namely the knowledge
L base and the inference engine. This section discusses the inference engine
and how it can control, guide, and use the rules and data stored in the
knowledge base to solve problems. Technology Area T3 discusses how those
rules and data may be stored. Inferencing addresses the problem how to use
the rules or how new facts are derived from known facts. It is accomplished
three ways:

1. Modus ponens is the inferencing technique which states if a rule is true
we may believe the conclusion. An example is that A is true and the rule
is "1f A then B", we can believe B.

2. Reasoning about uncertainty is the inferencing technique that attempts to
consult or advise with information missing. Just because not all the
information is available, it may still be necessary to make decisions.

3. Resolution is the inferencing technique to discover if & new fact is
valid given the current knowledge base or present set of logical
statements. This is the best technique for performing C3 applications
when counter-intelligence data or counter measure activity are
encountered because each piece of data is given a "sanity check."”

Control methodology addresses the problem of where to start processing
the knowledge base and how to resolve conflicts when alternate logic paths
occur. It is accomplished by:

1. Backward and forward chaining. Backward chaining is goal-directed that
reduces current application goals into easier, simpler to achieve sub-
goals. Forward chaining is data-directed for responding to unanticipated
situations and for solving problems where the form of the solution is not
well understood.

2. Depth-First versus Breadth-First Search. Depth-First searches for detail
first much like a specialist that would focus on a particular aspect of
- the problem. It probes all the rules and data digging deeper and deeper
into detail. Breadth-First search sweeps across all premises, and in-
quires in a general way about the problem aspects before digging
deeper.
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3. Monotonic vs. Nonmonotonic Reasoning. Monotonic reasoning states that
all values and facts that become true remain true so that the volume of
system information grows. Nonmonotonic reasoning states that facts
that are true may be retracted so that as new information is
gathered, all data is re-evaluated.

Each inference and control technique has trade-offs that are not
entirely wunderstood technically and certainly the cost impacts of these

trade-offs is less understood. Each has a loyal following that is willing
to battle holy wars and always for a good explanation. A solid understand-
ing of when to use which technique for a particular solution should be
studied. A system development cost can be greatly affected using an
inappropriate, inefficient, inaccurate or invalid problem solving
methodology.

RELATED AREAS: The data base structure drives the control and inference
technique used. Technology area T3 will address this. Cost research dri-

vers impacted would include cost to integrate (R5), cost to maintain (R6),
and produc