
RADC-TR-88-324, Vol 1I (of nine), Part A
interim Report
Ma ,rch .0

iO3TH EAST ARTIFICIAL
INTELLIGENCE CONSORTIUM ANNUAL
REPORT 1987 The Versatile
Maintenance Expert System (VMES)
Research Project

DTIC
Syracuse University ELECTE

SJUN 0 11989

S.C. Shapiro and S.N. Srihari

APPROVED FOR PUBLIC RELEAISE; 0-4SRIBUTION UNLIMITED

ROME AIR DEVELOPMENT CENTER
Air Force Systems Command

Griffiss Air Force Base, NY 13441-5700

8 9 5 30 174



This report has been reviewed by the RADC Public Affairs Division (PA)
a d is releasable to the National Technical Information Service (NTIS). At
';T:S it will be releasable to the general public, including foreign nations.

RADC-TR-88-324, Vol II (of nine), Part A has been reviewed and is
approved for publication.

DALE W. RI ClHARDS
Project Engineer

APPROVED: Q ~

.OHN J. BART
Technical Director
Directorate of Reliability & Compatibility

FOR THE COMANDER:

JOHN A. RITZ
Directorate of Plans & Programs

If your address has changed or if you wish. to be removed from the RADC
mailing list, or if the addressee is no longer employed by your organization,
please notify RADC (RBES ) Griffiss AFB NY 13441-5700. This will assist us
in maintaining a current mailing list.

Do not return copies of this report unless contractual obligations or notices
on a specific doucment require that it be returned.



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

Form Approved

REPORT DOCUMENTATION PAGE oM No 070-o01

la REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS
UNCLASSIFIED N/A

2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
N/A Approved for public release;

2b. DECLASSIFICATION/DOWNGRADING SCHEDULE distribution unlimited.
N/A

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
N/A RADC-TR-88-324,Vol II (of nine), Part A

6a. NAME OF PERFORMING ORGANIZATION 16b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGAN
t!ATION

Northeast Artificial (If applicable) Rome Air Development Center (RBES)
Intelligence Consortium (NAIC)

6% ADDRESS (City, State, and ZIP Cod) 7b. ADDRESS (City, State, and ZIP Code)
09 Link Hall Griffiss AB NY 13441-5700

Syracuse University
Syracuse NY 13244-1240

Ba. NAME OF FUNDING/SPONSORING Bb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Rome 'Lr Development Center COES F30602-85-C-0008

& ADDRESS (City, State, and ZP Code) 10. SOURCE OF FUNDING NUMBERS
Griffiss APE NY 13441-5700 PROGRAM PROJECT TASK WORK UNIT

ELEMENT NO. NO. NO CCESSION NO.
62702F 5581 27 13

11. TITLE (Include Securfty Clasuification)
NORTHEAST ARTIFICIAL INTELLIGENCE CONSORTIUM ANNUAL REPORT 1987 The Versatile
Maintenance Expert System (VMES) Research Project

12. PRSONAL AUTHOR(S)
S. C. Shapiro, S. N. Srihari

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) 1S. PAGE COUNT
Interim FROM Dec 86 TO Dec 87 March 1989 92

16. SUPPLEMENTARY NOTATION
This effort was pcrformed as a subcontract by the State University of New York - Buffalo
to Syracuse University, Office of Sponsored Programs.

17. COSATI CODES 18. SUBJECT TERMS (Continue on revere If necesary and identffy by bkDx number)
FIELD GROUP SUB-GROUP Artificial Intelligence, Expert Systems, Fault Deter" on,

12 05 Graphical Knowledge, User Interfaces, Reasoning, Sem .,tic
12 07 Networks

19. ABSTRACT (Continue on reverse if necessary and identify by block number)
---- The Northeast Artificial Intelligence Consortium (NAIC) is sponsored by the Air Force

Systems command, Rome Air Development Center, and the Office of Scientific Research. Its
purpose is to conduct pertinent research in artificial intelligence and to perform activities
ancillary to this research. This report describes progress that has been made in the third
year of the Consortium on the Versatile Maintenance Expert System research task. TecL .ical

areas addressed include device representation, modelling of connections, and interactions
between logical and physical models. Investigation of analog components and differing
levels of diagnosis was also initiated.

20 DISTRIBUTION IAVAII ABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
MUNCLASSIFIEDJNLIMITED 0 SAME AS RPT. E DTIC USERS UNCLASSIIED

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL
DALE W. RICHARDS (315) 330-3476 RADC/RBES
DO Form 1473, JUN 86 Pmevious edidlonsare obsolete. SECURITY CLASSIFICATION OF THIS PAGE

UNCLASSIFIED



2A THE VERSATILE MAINTENANCE EXPERT SYSTEM (VMES) RESEARCH PROJECT

Report submitted by:

Dr. Stuart C. Shapiro, Principal Investigator
Dr. Sargur N. Srihari, Co-Principal Investigator
Dr. Mingruey R. Taie, Graduate Research Assistant
David B. Satnik, Graduate Research Assistant
Jiah-shing Chen, Graduate Research Assistant
Richard W. Wyatt, Graduate Research Assistant
James Geller, Graduate Research Assistant
Scott S. Campbell, Computer Programmer/Analyst

Department of Computer Science
SUNY at Buffalo
226 Bell Hall
Buffalo, NY 14260

Table of Contents

2A.1 TECHNICAL OVERVIEW 2A-5
2A.1.1 Summary of 1987 2A-5

2A.2 PHASE 1: DEVICE REPRESENTATION AND FAULT DIAGNOSIS 2A-7
2A.2.1 Suspect Ordering 2A-7
2A.2.2 Modeling Connections ................ 2A-7
2A.2.3 Dual Device Models 2A-8

2A.3 PHASE 2: A NEW DIAGNOSTIC ARCHITECTURE 2A-1 1
2A.3.1 Modularity of the Implementation 2A-12
2A.3.2 Types of Circuits --- 2A-12
2A.3.3 Suspect Handling 2A-13
2A.3A New Test Device 2A-14

2AA4 DEVELOPMENT OF SNePS-2 2A-17
2A.4.1 Motivation 2A-17
2A.4.2 Tie Translation 2A-17
2A.4.3 Enhancements 2A-18
2A.4.4 Future Direction 2A-" R

2A-3



2A.5 GRAPHICAL DEEP KNOWLEDGE:
COGNITIVE BACKGROUND AND PROGRESS ................. 2A-21

2A.5.1 Recent Progress in Graphical Deep Knowledge Research ... 2A-21
2A.5.2 A Reminder: The Representational Format ......................... 2A-21
2A.5.3 Position Representations ........................................................... 2A-22
2A .5.4 Part Representations ................................................................... 2A -23
2A.5.5 Reference Frame Representation ............................................. 2A-24
2A.5.6 A Look at Cognitive Science Contributions to GDK ............ 2A-25
2A.6.7 Yes, Philosophy can be Useful ................................................... 2A-25
2A.6.8 A Short Look at Linguistics and Psychology .......................... 2A-26
2A .6.9 C onclusions ................................................................................... 2A -26

2A .7 List of V M ES Publications ....................................................................... 2A -27

APPENDICES
Appendix Al: Knowledge Based Modeling of Circuit Boards ............ 2A-29
Appendix A2: Modeling Connections for Circuit Diagnosis ............... 2A-36
Appendix A3: Applications of Expert Systems in Engineering .......... 2A-43
Appendix A4: Device Representation and Graphics Interfaces of

V M E S .................................................................................. 2 A -49
Appendix A5: Graphical Deep Knowledge for Intelligent Machine

D raftin g .............................................................................. 2A -64
Appendix A6: Artificial Intelligence and Automated Design ............. 2A-72

Additional RADC and Department Information ......................................... 2B-35

2A-4



2A THE VERSATILE MAINTENANCE EXPERT SYSTEM (VMES)
RESEARCH PROJECT

2A.1 TEHMCAL OVERVIEW

2A.1.1 Summary of 1987

Research on the Versatile Maintenance Expert System (VMES) project is concerned with
issues in the development of a system that could diagnose faults in an electronic circuit and
interact with a maintenance technician. During 1987 our research on this project had two dis-
tinct but overlapping phases: consolidation of work done during the previous two years and
developing new directions of research. 1<. . - 7 ' ,-

In the first phase we emphasized several aspects of versatility. The/aspects of "versatil- jX
ity" originally defined by the VMES project included: ability to diagnose a device tLht has beeC,7
designed so recently that there has not been time to train technicians in its diagnosis; ability to .V -

diagnose a device that is so experimental that it has not been cost effective to design extensive
automatic testing systems; ability to diagnose a wide range of devices from a similar family of F
devices; ability to serve at various maintenance levels (field, depot, etc.); ability to interact flexi-
bly and in a "user-friendly" fashion. Significant achievements of the first phase of the VMES
project, all of which were consolidated in the first half of 1987, were in the area of device
representation and fault diagnosis. These were: development of an improved diagnostic strategy
that uses suspect ordering criteria, introduction of a new model of connections that enables
VMES to diagnose connection problems such as interrupted wires and bad contact points, and
incorporation of both logical and physical device models to ease user interaction and speed up
diagnosis.

In the second phase of our work we began to design an improved system which
emphasizes the interactions between the logical and physical models. This was made possible
by our acquisition of an actual working physical device. We also began to explore how to
accommodate analog components, in addition to the digital components previously handled. A
more complex control structure to handle diagnosis at different levels of knowledge began to
take shape.
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2A.2 PHASE 1: DEVICE REPRESENTATION AND FAULT DIAGNOSIS 1

The major achievements of the VMES project in the first phase are in the areas of device
representation and fault diagnosis. These were: the diagnostic strategy was improved by using
more effective suspect ordering criteria, a new model of connections was introduced to enable
VMES to diagnose connection problems such as interrupted wires and bad contact points, and
both logical and physical device models were incorporated to ease user interaction and to speed
up diagnosis. The remainderof this section expands upon these three topics.

2A.2.1 Suspect Ordering

Suspects are first sorted into sublists by global criteria called fault possibilities. Fault pos-
sibility is determined by evaluating the suspects against the overall current situation, which
consists of the current test results. For the current implementation, there is only one global cri-
terion: a suspect has higher fault possibility if it contributes to more vio-expct output ports.
Suspects within each sublist are then sorted by some local criteria called fault potentialities.
Fault potentiality is a measure of the rate a particular type of component may fail. It is
independent of the environment, depending only on the component type. (It may also depend
on the lot number of the component, but so far we do not treat such details.) The ideal fault
potentiality data for our domain is the thermal analysis data of the components. Due to the
unavailability of the thermal analysis data, it is now implemented as an index ranging from 1
to 3. Component types with no stored fault potentiality data default to 2.

VMES does not make the single fault assumption. The system incorporates the user's
judgement by offering him an opportunity to terminate the diagnosis session whenever a faulty
part is located. The user can choose to continue the investigation of the remaining suspects if
he feels that more faults are possible or if he would merely like to make sure other suspects
have no problems. The user may have another opportunity to terminate the diagnosis when
VMES notices a diagnostic short-cut from the dual device model is present; this will be dis-
cussed in the section of "Dual Device Model".

2A.2.2 Modeling Connections

Model-based circuit diagnosis isolates the faulty components of a malfunctioning elec-
tronic device by reasoning on the basis of structural and functional description of the device.
In this part of our work, we argue that explicit representation of wires and points of contact
(POCONs) is necessary for diagnosing faults of circuit connections. The traditional model of a
wire as a uni-directional module is inappropriate because it ignores the bi-directional nature of
a wire and does not include POCONs. A new model of wires and POCONs and the correspond-
ing semantic network representation are devised and implemented. A wire is modeled as a bi-
directional module to preserve its physical property, and its uni-directional design intention is
retained by the connection mechanism. A deliberate component connection mechanism - either
by forming a POCON from two different ports or superimposing two same ports together - is
also devised and implemented. In this new connection mechanism, components at different
hierarchical levels are linked together by port superimposition, and components at the same
hierarchical level are linked by POCON formation. The new wire model and connection
mechanism are effective in circuit simulation and fault diagnosis. The resultant VMES has
been successful in locating interrupted wires and bad contact points, and as has been discussed,

'This section is a summary of the following paperm Taie, M. R. GeUer, J. Snhan, S. N. Shapiro. S. C. 'Knowledge
Based Modeling of Circuit Beards-, in Proc. of R"S-87, Jan. 1987; Taie, M. R. and Srihari, S. N. -Modeling Connections
for Cicuit Diagnosis", in Proc. of the 3rd IEEE CAIA. Feb. 1987; and Geller. J. Tale, M. R., Shapiro. S. C_ Srihari, S. N.
'Device representation and Oraphica Interfaces of VMESV, in Proc. of the 2nd International Conf. on Appfcadow of
Al ia Enginewing, Aug. 1987. 2A- 7



the new connection model makes it is possible to handle bridge problems to a limited extent.

2A.23 Dual Device Models

Human diagnosticians of electronic devices seem to simultaneously maintain models of the
logical and physical structures of the target device. They carry out most of the diagnostic rea-
soning over the logical structure of the device due to its functional association. While carrying
out the reasoning, the logical structure is apparently mapped to the physical structure from
time to time. Tests and measurements are first initialized using the logical structure, and are
then realized and executed on the physical structure. Repair, which is usually done by replac-
ing a physical unit or by fixing a physical connection, is planned and done on the physical
structure. In other words, maintenance technicians use a model of physical structure of the tar-
get device, which is a hierarchically arranged set of replaceable physical components at various
maintenance levels such as field-level and depot-level. By mapping the logical structure of the
device to its physical equivalent, maintenance technicians are able to terminate the diagnostic
process at the right moment and to form an adequate repair plan.

Given that the mapping between the logical structure of the device and its physical
equivalent happens throughout the diagnostic process at all hierarchical levels, the speed in car-
rying out the mapping is critical to the time needed to locate faults. This implies that objects
on both the logical structure and the physical structure of the device should be closely linked
to each other so that the mapping is done efficiently. Even experienced technicians may have
difficulty in locating a point on a schematic diagram of the real device, where the schematic
diagram represents the logical structure of the device, and the form of the real device is the
physical structure. This difficulty is attributable to the large difference between the logical and
the physical structures and a lack of cross-links at all hierarchical levels of the device in
human memory. On the other hand, when modeling and representing a device in an automatic
fault diagnosis system, the cross-links between its logical structure and physical structure can
be modeled and represented to an appropriate level of detail. This is indeed possible to do in a
computer with reasonably sized memory.

In VMES, the physical structure of a device is represented distinctly from but in a similar
way as its logical structure. In a structural template for a logical component type, every sub-
part of the component type is specified with a subpart "id" and a subpart "type", which are
used to instantiate the subpart if it is found to be a suspect and further investigation of it is
necessary. In addition to the subpart "id" and "type", an "mntn-lv" indicator is also associated
with every subpart of a physical component type. The "mntn-lv" indicator shows the intended
maintenance level of the subpart, Le, the maintenance level where the subpart, if found faulty,
is replaced without further diagnosis. The "mntn-lv" indicator is associated with the physical
structure rather than the logical structure of a device to reflect the fact that human experts
form and carry out a repair plan based on a physical model rather than a logical model of the
device.

In order to abstract a device into a model, which can be efficiently represented and inter-
preted, some abstraction restrictions have to be made. First, the hierarchical trees abstracted
from the two perspectives should have the same number of hierarchical level. Second, the
cross-links can only be made at the same hierarchical leveL Third, several logical objects on the
logical structure can correspond to the same physical object on the physical tree, but a logical
object cannot spread over several physical objects. This restriction seems unreasonable at first,
but a closer investigation of the electronic domain shows the contrary - physical objects in the
domain usually have larger grain size than logical objects. This is especially true with modern
technology as more and more logical functioning units are being packed into a physical unit,
e.g, a simple Hexlnverter chip (a physical object) contains six independent inverters (logical
objects). 2A- 8



The two representations of the logical and the physical structures of a device are cross-
linked at every hierarchical levels. There are two kinds of cross-links between the logical
structure and the physical structure of a device. The first kind are cross-links for components.
The second kind are cross-links for ports. While the cross-links of components helps in deter-mining if the diagnostic process should go on or terminate, and in forming a repair plan, the
cross-links of ports makes user interaction much easier - when ordering a test or a measure-
ment, it can be used to clearly direct the user to the right location on the real device. The
advantage of a logical abstraction of the device is that it provides a high level view of the dev-
ice which facilitates the diagnostic reasoning. For instance, a n-bit wire is abstracted as a single
logical wire, thus freeing the technician (or a fault diagnosis system) from thinking about bit
slices. However, when a measurement is required, it is necessary to locate all the bit-ports on
the real device, and this is often a difficult task for human diagnosticians since these bit-ports
may spread out randomly.

In the rest of this section, we describe how VMNES uses this device representation to facili-
tate fault diagnosis and user interaction. When bad outputs are found in the suspect currently
being investigated, the system has to determine if the diagnosis should terminate or not. Most
fault diagnosis systems use the simple idea of SRU (smallest replaceable unit) which says that
the diagnostic process stops when the current suspect is a SRU, i.e, a terminal node (a leaf) of
the structural hierarchical tree of the device VMES takes a more flexible approach by incor-
porating the idea of "intended maintenance level" into the system. A system parameter,
VMESIML, is set to the "intended maintenance level" the system is working on. If a part
shows some bad outputs and it is at the intended maintenance level, it is declared faulty and
the diagnosis on it is terminated. For example, a board is replaced at field and then sent back to
a depot where the fault is further isolated to a chip. The checking for the maintenance level
of a part is done on the corresponding physical object of the part (a logical object), and a repair
plan is formed based on the component type of the physical object. VMES also provides an
opportunity for the user to short-cut the diagnosis by noticing that all remaining (logical)
suspects are in a single replaceable physical unit at VMFSIML Since the same physical object
gets replaced no matter which logical suspect is faulty, further discrimination among the
suspects is unnecessary, provided that connections are assumed to be intact.

The major interaction between VMES and the user is the input of port values. Since diag-
nostic reasoning is carried out on the logical model of the device, VMES always wants the
values of the logical ports. Through the crow-links between logical and the physical structures,
VMES is able to inform the user which "physical port" should be measured to obtain the value
for a given logical port. For representation and display efficiencies, wires are excluded from the
physical representation of a device; this does not hurt the user interaction._ since the wire-end of
a wire can always be identified as the wire-end connected to a port of a common component in
the physical representation.

The third use of the physical representation of a device is in repair suggestions. When a
faulty object is found or the end of the diagnosis session is reached, VMES suggests a repair
plan to the user according to the type of the faulty object. If the faulty object is a common
component, VMES just suggests that the user replace its corresponding physical part. If it is a
wire, the corresponding physical wires are identified for repair. Note that a logical wire may
correspond to several physical wires, for example, a 4-bit logical wire may be realized by four
wires on a printed circuit board. Only the physical wires which are responsible for the fault
are identified for repair. This is done by decomposing the port value of a logical wire into bit
slices to determine which bit(s) are giving incorrect values. Finally, if the faulty object is a
POCON, that is, it is a bad contact point, the user is directed to the location of the contact point.
The physical representation is not only used to form the repair plan, it also helps direct the
user to the object or location on the real device where the repair is actually performed. In
other words, it provides for better user interaction in both test and repair.

2A-9



2A-10



2A.3 PHASE 2: A NEW DIAGNOSTIC ARCHITECTURE

This section explores the new areas and directions of the VMES project, and, by contrast-
ing them witn those of the existing system, exhibits the reasons for pursuing those areas and
directions. The following details the progress of the current research assistants on the VMES
project since August.

The first mcnth (August) was devoted almost entirely to learning. A number of back-
ground papers on fault diagnosis were read and Mingruey Taie's recent dissertation was studied
in depth. From these readings much was learnt about fault diagnosis in general and the exist-
ing implementation in particular. A working knowledge of SNePS, which is used extensively
in the implementation, and of the updated version SNePS H, which is to be used in the future
implementation, was also acquired.

As soon as there was sufficient familiarity with the existing implementation, a new dev-
ice from the AOTS system was selected for implementation. A device was wanted which was
sufficiently similar to the already implemented PCM6 board so as to be able to be implemented
without modifying the existing system, but which would still afford an adequate a test of the
system robustness. The valuable experience of implementing a new device was also a major
consideration. The PCM4 board was selected. This board had three new types of digital and
two new types of analogue component and thus would test the ability of the system to handle
new components. The decision was partly influenced by the fact that there was a picture of
the physical PCM4 board. Access of some kind to the nature of the physical device was impor-
tant since there had already arisen the intention to make greater use of the distinction between
the logical and the physical representations of a device employed by the existing system.

As preparation to implementing the PCM4 board, it was decided to implement a very
small device. A balf adder was chosen and was implemented quite quickly. The implementa-
tion of the PCM4 board itself has just recently been completed. These implementations pro-
vided much information about what the system could, and could not, do. From the knowledge
acquired from the readings and the experience of the implementation, an overall plan for modi-
fying, upgrading and extending the system evolved.

The new system to be built will begin with the knowledge representation used by
Mingruey Taie and the control structure developed by Zhigang Xiang. It was deemed impor-
tant to have continual access to an actual physical device while developing the new system so
that greater account can be made of the physical representation. A physical device - a Heath-
kit Printer Buffer, Model SK-203 - was therefore purchased and assembled. Three general
areas on which detailed work needs to be done have emerged:

(1) The refinement and adaptation of Xiang's general diagnostic architecture to the particu-
lar domain of circuit diagnosis. A control structure needs to be developed which will
allow a more modular approach to the different kinds of circuit that are to be handled.
If the more complex system to be built is to handle a greater variety of fault efficiently,
a significantly more complex control structure is required. Such a structure must have
the capacity to respond dynamically to the diagnostic process. Integrated into this struc-
ture will be a sub-structure controlling the repair strategy.

(2) The adaptation of the current means of knowledge representation developed by Tale to
the new system. That representation is to be extended significantly so as to accommo-
date analogue components in general, and sequential rather than just combinational cir-
cuits.

(3) The improvement of the means of reasoning about the knowledge representation system
in general, and especially about the means of generating, ordering and eliminating the
fault suspects. It is hoped that use can be made, via the knowledge representations, of
the natures of individual components, rather than of just the interconnections between
them. Other methods of improvement must be explored also.

2A- 11



2A.3.1 Modularity of the Implementation

One of the important characteristics for the new implementation of VMES is modularity.
We envision a system with several different types of reasoning techniques. For example, there
may be specialized techniques for eliminating suspects in analog circuits that are not appropri-
ate for combinational digital circuits. It would be desirable to be able to just use the portions of
the system that are needed to diagnose the given device, rather than having the entire system in
memory and only using a small portion. This is attractive because it is space efficient.

The existence of reasoning modules that can be requested by the user either when a diag-
nosis is started or even in the midst of a session is attractive from the experimental stand point
as well. If specialized modules are designed, they can be tested with a "minimal" system
configuration that will prevent other modules from interfering with the new module. If
conflicts do arise between modules, the problems can be located by removing possible "suspect"
modules until the problems are resolved and then focusing on the set of suspect modules that
give rise to the observed problems.

The idea of a minimal system is that there are some set of modules that are necessary for
the system to do any work. The modules in a minimal system would include input and output
routines, routines to build the required device representations, the basic diagnostic reasoning
modules, and a simple routine to guide the system toward a completed diagnosis.

Another key feature that modularity adds is expandability. Because a protocol must be
established between the modules in the system, a clear and concise method of adding new
modules should develop. When this occurs, you not only have an environment suitable to test
new modules, but also an environment suited to developing new modules.

2A.3.2 Types of Circuits

Roughly, there are three types of electronic circuits - analog, combinational and sequen-
tial circuits. Each type has its own characteristics; for example, combinational circuits have
simple logical signals (0 & 1), analog circuits must consider current in addition to voltage, and
sequential circuits have an extra time aspect. Hence, different types of knowledge and methods
of diagnostic reasoning are needed for different types of circuits. The knowledge representation
primitives and diagnostic rules the current system provides are good for combinational circuits
but it is not clear how to use the current system for general circuits of the other two types.
Since analog and sequential circuits exist in most electronic devices, it is desirable to extend the
current system to handle them.

Analog circuits

In addition to voltage, current plays an important role in analog circuits. Their behavior
is described by Ohm's law and Kirchhoff's current and voltage laws. In order to diagnose an
analog circuit, all the above knowledge must be represented in such a way that the system can
use it to analyze the circuit and derive helpful information.

The major difficulty in knowledge representation for analog circuits is representing sig-
nals. Unlike the digital domain, the analog domain has a richer set of signals and most of them
are continuous. For example, we have to represent input and output waveforms and the sys-
tem must be able to compare and manipulate them. All these are currently under investiga-
tion.

Sequential circuits

A sequential circuit is specified by a time sequence of external inputs, external outputs
and internal states. The external outputs are functions of both the external inputs and the
present state of the circuit. The next state of the circuit is also a function of its present state
and external inputs. Current functional representation does not include the time dimension and

2A-12



thus needs to be extended.

We are considering a hierarchic representation for time so that functions can be
represented at different levels of time hierarchy. In other words, the behavior of a sequential
circuit is described using different granularities of time. As a result, sequential circuits can be
diagnosed at various levels of time hierarchy in a way similar to the use of structural hierar-
chy is used in combinational circuits currently.

2A.3.3 Suspect Handling

One of the key components of the VMES system is the way the fault suspects are han-
dled. From the measured values of the various ports and the functions representing the com-
ponents in question, those output ports which are vio-expects are found; ie., those whose value
violates what would be expected on the strength of the measured values and the component
functions. Given the vio-expect output ports, there are are three main tasks to be accomplished;
namely,

(a) The initial generation of the fault suspects, of the list of all those component parts that
would, if they were faulty, account for the observed fault or faults,

(b) The ordering of those suspects according to the likelihood of their being responsible for
the observed fault(s).

(c) The subsequent elimination of those suspects that in fact are not faulty, by the testing of
the components in question.

The Current System

These three tasks are handled by the current VMES system in the following way:

(a) The suspects are generated by locating all those components which have an output (or bi-
directional) port leading to a vio-expect output port. For example, if I1 and 12 are the sole
input ports of the eventual output port 0, if C1 - Cn are the components lying bL -ween
either I1 and 0 or 12 and 0, and if, given the values of 11 and 12 and the fuLctions
representing C1 - Cn, 0 is a vio-expect, then every component Cl - Cn becomes a susj tct.

(b) The order of the suspects is determined by the global criterion that the more vio-expe "s a
suspect contributes to, the more likely it is that it is faulty. (A local criterion ", at
applies to suspects having the same global likelihood of being faulty has been propa td
but has not been implemented.)

(c) Suspects are tested in the order of their likelihood of being faulty. The tests employ the
existing values of the suspect's ports, and if these values are consistent with the suspect's
function, it ceases to be a suspect.

The New System

Considerable improvements are envisaged for each of the three main tasks. Overall, more
reasoning about the nature of the device, its components, and the connections between its com-
ponents is desired.

One important kind of reasoning being explored is a qualitative reasoning that exploits a
deep knowledge of the device. Knowledge of this general kind is already represented by the
system. A human technician will ask himself whether the kind of fault he is observing is
likely to be caused by a component of a given type, whether a failure of that component is
likely to produce the observed fault. Here, he will make considerable use of his knowledge of
how the device components function, and of the inter-connections between them. But he will
not in general perform detailed or quantitative calculations about the various components at
this stage of the diagnosis. Rather, he rely on comparisons and considerations of a more qualita-
tive kind. (He may, of course, resort to detailed quantitative calculations at a later stage of the
diagnosis.) It is in this sense that the reasoning is said to be qualitative.
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The primary motivations for developing a reasoning system of the qualitative kind are
these. First, since human technicians proceed in more or less this way, there is every reason to
believe that the methods will yield quite a powerful diagnostic system. And second, the com-
putational overhead of such a system is considerably less than that of a comparable system that
relies on purely quantitative reasoning.

The new diagnostic system is dealing with the three main tasks as follows:

(a) Two methods of suspect generation are being examined. The first uses the kind of qualita-
tive reasoning about the nature of the devices outlined above. In the second, the diagnos-
tic system will request the user to measure the values at certain ports. Just which ports
are measured is determined by the system. The measured ports are those that are logically
intermediate between the input and output ports of which the values are already known
by the system. In this way the system will home in on the trouble area more efficiently;
large segments of the device can, at least initially, be excluded.

(b) The ordering of the suspects is particularly well suited to the qualitative reasoning
approach. Other considerations will, of course, also be used. For example, the current
method of ordering (mentioned earlier) will be retained, though it will now just be one of
the factors that affects the suspect order. There is an interesting problem of how different
ordering criteria are to be compared to yield the final suspect list.

(c) The kinds and numbers of tests to which a suspect is to be subjected is to be improved.
The current system employs a single test whereas, in general, a number of tests is needed
to eliminate a suspect. These tests should be sufficiently diverse to make it extremely
likely that if the component passes, it is not faulty.

2A.3.4 New Teut Device

Although this project is intended to develop a system that is adaptable to a wide range of
devices in the domain of digital circuits without, at times, focusing on a specific device, this
seems a hopeless task. By studying the problem of diagnosing faults in several specific devices
and keeping the goal of versatility in mind, we should discover the constraints and methods
needed to attack this problem more readily than if we were to study just one or two devices.
Several devices have been modeled by the current implementation of VMES.

A new device was needed to help spur new ideas, extensions and refinements to the
current theory. A primary concern was that the researchers' actually have a small piece of
hardware to motivate the theory, rather than just schematics and pictures. After pursuing the
posibility of using a piece of RADC equipment, it was suggested that we select an appropriate
test device and purchase it.

The following criteria were used to select the device:

* reasonably priced (< $500.00)
* contains combinational circuitry
* contains sequential circuitry
" contains analog circuitry
* contains a variety of component types
* contains many logical components (>50)
* can be subdivided into several subdevices

The new test device that was selected was a Heathkit Printer Buffer Kit (model SK-203).
In addition to satisfying the previously mentioned criteria, the device came with the circuit
schematics, circuit board x-ray views that physically locate the components, an operation guide,
the device specifications, some basic troubleshooting information, and block diagrams that are
helpful in understanding the circuitry and components.

There is one other advantage worth mentioning about this device. Since we built the
printer buffer from a kit we know more about its physical construction than we have about
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any of the other test devices. Because of this and the fact that we actually have the physical
device, we can cause faults in the device by removing or "damaging" components in a number
of ways. Then we can use our implementation of VMES to diagnose the fault. Previously,
testing an implementation of a device meant "damaging" a logical component in the representa-
tion and using VMES to locate that logical device. There was no physical device to check the
diagnosis on. Now, we perform a more realistic test of our implementation by "damaging" a
physical component (or more than one) and giving VMES the symptoms of the device. This
gives us a much richer test device.

Physical Description

Model SK-203 printer buffer is enclosed in a sheet metal housing with the front and rear
panels exposing the controls and fixtures. The enclosure itself is 9.25 inches wide, 1-5 inches
high and 8 inches deep. It weighs approximately 1-5 pounds. On the front panel, as depicted in
Figure 1, are 11 pushbutton switches (including for both input ports [1] a clear key, [21 a copy
key, [3] a priority print key, [4] a restart key, and (5] an offline key, plus [6] a single swap key),
three 7-segment LED displays and an LED above the "Swap" pushbutton. The arrangement of
these parts are shown in Figure 1. FRONT-AND-REAR.
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Also, there is an external transformer that plugs into a 120 VAC wall receptacle and outputs 8
VAC, 1 amphere to a plug that mates with the power jack on the rear panel.

Within the enclosure are two circuit boards connected by two 20-pin right angle plugs.
The smaller circuit board mounts all of the components that are visible in the front panel of
the enclosure. The main circuit board mounts the rest of the components of the printer buffer.
This includes a 64180 CMOS microprocessor, eight 64K x 1 bit dynamic RAMs, an 8K ROM,
and many logic and decoder IC's. In addition to these digital components there are various resis-
tors, capacitors, diodes, and inductors that give us the analog components of the circuit.

Operational Description

The model SK-203 printer buffer will accept files from one or two computers and print
them to one or two printers. By using a combination of the Swap key (pushbutton switch) and
the Offline keys all the reasonable configurations can be achieved.

Some of the other features of the SK-203 printer buffer are:

* expandable memory up to 512 Kbytes
* ability to print up to 99 copies of a file
* allows the user to stop a current job to print another job and then resume the stopped print

job
" the user can restart the printing of a file in case of printer failure
• both the parallel and merial ports are configurable by DIP switch settings

A complete description of the operation of the SK-203 printer buffer is available in the
'Heathkit Manual for the PRINTER BUFFER Model SK-203", part number 595-3727-01.
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2AA DEVELOPMENT OF SNePS-2

Most of this year has been spent on the development/upgrade of the Semantic Network
Processing System (SNePS) for use with Texas Instruments Explorers and Symbolics Lisp
Machines. The current complete version of SNePS, commonly referred to as SNePS79, is imple-
mented in Franz Lisp, Opus 38.92 and currently running on Digital Equipment's VAX
750/780/785 family of computers. The new version of SNePS currently under development,
commonly referred to as SNePS-2, has been chosen as the vehicle upon which the Versatile
Maintenance Expert System (VMES) is to be implemented.

The development of SNePS-2 has been essentially broken down into two steps. The first
step has been translating the SNePS code from Franz Lisp into Common Lisp - the language
used on lisp machines. The second step is then the debugging of the new system in the com-
pletely new environment of the lisp machine.

2A.4.1 Motivation

In the summer of 1986, Ernesto Morgado2 and the SNePS Research Group completed the
core of a new version of SNePS, also implemented in Franz Lisp, Opus 38.92, which uses
Morgado's theory of Semantic Networks as Abstract Data Types [Morgado86 When the
VMES project was put together, this new version of SNePS, referred to as SNePS-84, was
selected as the base system.

When the Northeast Artificial Intelligence Consortium (NAIC) decided to purchase Texas
Instruments Explorers for research and development, it was clear that this would be the target
machine for our VMES project One of the main problems with this was that the dialect of
lisp used on these new machines was Common Lisp and not Franz Lisp as we have been using
here at SUNY at Buffalo. Hence, the implementation of SNePS79 and SNePS-84, both written in
Franz Lisp, Opus 38.92, would not run directly on these Explorers and some conversion of code
would have to take place in order to use SNePS on this project.

Therefore, the project of converting the SNePS-84 system over to Common Lisp and the
lisp machine environment was started. However, the new system created would not be just a
direct translation of SNePS-84, it would be an enhanced version as well including a
parser/generator for natural language and a graphical interface to the network.

2A.4.2 The Translation

During the past year, we have translated all of the code for SNePS-84 into the Common
Lisp syntax. There are several differences between Franz Lisp and Common Lisp that make
this a substantial task.

The easiest part of the translation is identifying functions which have different names in
Common Lisp, and Franz Lisp. Occasionally, a function's arguments may need to be altered by
the addition, deletion or re-arrangement of its parameters. This is usually due to additional
flexibility exhibited by some Common Lisp functions to allow a user to specify how to mani-
pulate the data. For example, the Common Lisp function sort allows the user to specify a
predicate which will determine the ordering of the elements.

Another problem during translation is when functions available in one language are not
available in the other. When functions avalable in Common Lisp were not available in Franz
Lisp, the new must be written to take advantage of the efficiency of the new functions now
available. In the worst case, it is clear that new code must be written.

2 Morgado. E. J. M. "Semantic Network as Abstract Data Types," Ph.D. Dimertation, Department of Computer Sci-

ence, SUNY at Buffalo, September 1986.
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Foremost in the problem of translation, is the rule of scope between the two languages.
In Franz Lisp scoping occurs dynamically. This means that as a series of function calls are per-
formed, calling environments, and related symbol bindings, surround subsequent function calls.
Therefore, if a symbol does not have a value in the immediate environment, then the surround-
ing or calling environments are searched for the symbol. Lexical scoping used in Common Lisp,
however, bases its search for symbol bindings based on the location in the code where that sym-
bol is given a value.

2A.43 Enhancements

Since the project began, we have attempted to get SNePS-2 working on both TI Explorers
and the Symbolics Lisp Machines in order to develop a system that was easily portable to either
machine. Based on this desire, the availability of personnel, and their experience, some enhance-
ments to SNePS have been implemented on one brand of lisp machine before the other.

The first enhancement is a graphical interface to the semantic network called Ginseng.
This project was developed on the TI Explorer due to the availability of many primitive graph-
ical functions found in the TI Graphics Toolkit - now included in version 3 of the Explorer's
operating system. Such functions perform the actual task, for example, of drawing a line, cir-
cle or rectangle on the screen. Without these functions, it would have been necessary to write
these functions ourselves to calculate the the shape of the desired iLems and draw them at the
appropriate screen locations.

At this point in time, Ginseng is capable of displaying any SNePS node defined in a given
network using the two functions gi-desc and gi-dump. Gi-desc is essentially a graphical ver-
sion of the SNePSUL function describe which displays a tree consisting of the current node to
be described and all nodes pointed to by descending relations from the current node. Gi-dump,
which parallels the SNePSUL function dump, displays the current node and all nodes related
by either an ascending or descending relation. These graphs, once displayed on the screen may
then be printed by performing a screen dump to the department's QMS laser printer.

The second enhancement is the Natural Language INTerface (NLINT) which consists of a
parser/generator based on in augmented transition network (ATN) grammar. The purpose of
this is to read in sentences, based on a subset of English, and create the appropriate network to
represent the inputted phrase. With the surface, and using the same grammar, one may ask
for what a particular SNePS node represents in english and it will be displayed on the screen.

The NLINT system was initially translated from SNePS79, and hence Franz Lisp, onto the
TI Explorers. At the time of the conversion, no particular test vehicle (ie., grammar) was
available to get all of the kinks out of the system. Subsequently, this feature was desired on
the Symbolics machine and a great deal of time was taken to debug this system on that particu-
lar machine. As of yet NLINT has not been brought back to the Explorer, but I believe that
this transition will be relatively effortless as the Explorers appear to be more relaxed in their
Common Lisp syntax than is Symbolics.

2A.4A Future Direction

As stated, quite a bit of SNePS-2 is already converted to Common Lisp and operational. In
fact, some additional packages to those previously mentioned, such as Multi (Multi-processing
simulator) and Match (Network pattern matcher), are also working. The task that lies before
us now is to integrate this into one large system, on each machine, and debug the SNePS Infer-
ence Package (SNIP). This is probably the most involved part of the conversion due to the fact
that SNIP uses all of the other packages mentioned earlier.

Along with the debugging of SNIP is the introduction of the SNePS Belief Revisor
(SNeBR) into the SNePS-2 system. Due to its integral part in how inference will be conducted,
it is not clear as to whether the implementation of belief revision will occur concurrently with
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or after the completion of SNIP. Perhaps we will defer work on SNeBR until after the comple-
tion of SNIP, while keeping in mind the kind of things that will be necessary when we do
implement SNeBR.
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2A.5 GRAPHICAL DEEP KNOWLEDGE: COGNITIVE BACKGROUND AND PROGRESS

Recent progress in the representation of spatial concepts like positions, whole-part rela-
tions, and reference frames is presented. The relations of graphical deep knowledge to cognitive
science are shortly discussed.

.The concept and importance of Graphical Deep Knowledge have been discussed in previ-
ous publications related to this project, e.g., Geller, J., Shapiro, S. C., Graphical Deep Knowledge
for Intelligent Machine Drafting, Tenth International Joint Conference on Artificial Intelli-
gence Morgan Kaufmann Publishers Inc., Los Altos, CA, August 1987. In this paper we will
review recent progress on the subject, as well as deepen the cognitive background of graphical
deep knowledge research. Much of this material is derived from Geller, J., A Knowledge
Representation Theory for Natural Language Graphics Dept. of Computer Science, State Univer-
sity of New York at Buffalo, (dissertation) 1987 (forthcoming)

2A.5.1 Recent Progress in Graphical Deep Knowledge Research

in seller, J., Shapiro, S. C., Graphical Deep Knowledge for Intelligent Machine Drafting,
Tenth International Joint Conference on Artificial Intelligence Morgan Kaufmann Publishers
Inc., Los Altos, CA, August 1987, pp. 545-551, a number of different structures for position
representation have been introduced. We have recently found that all the presented structures,
and in fact a few more, can be summarized with one complex case-frame. This result does not
make the individual structures unnecessary, because access to small simple structures is more
practical from a pragmatic point of view. Nevertheless the summary representation by a single
case-frame deepens our understanding of the concept of position. A similar overarching struc-
ture will also be shown for the three different types of part-hierarchies that have been intro-
duced in Geller, J, Shapiro, S. C., Graphical Deep Knowledge op. cit. Finally a case-frame for
representing simple assumptions about the currently valid reference frame has been found
necessary and will be presented. We will start this section with a short reminder of the
representational formalism used to explain case-frames.

2A-5.2 A Reminder: The Representational Format

According to the theory that is explained in Geller, J., A Knowledge Representation
Theory for Natural Language Graphics op. cit., we view the goal of our brand of Al research as
achieving asymptotic domain coverage for knowledge in a specific topic area. There is a
number of ways to specify such domain knowledge but in order to do concrete work one has to
make a commitment as to which notational format to use, and as to what semantic theory to
subscribe to. Our representational format is based on proposition nodes that dominate sets of
arcs. While the proposition node is necessary to refer to a specific proposition, the information
of the generic structure is completely contained in the combination of arcs. One can view this
combination of arcs as a case-frame, and this is exactly what we will do. All structures shown
are given as case-frames, while concrete examples are given in the linearized version of SNePS
networks that was for the first time introduced in Geller, J., Shapiro, S. C, Graphical Deep
Knowledge op. cit.

Concerning a semantic theory we will assume that the semantics of every case-frame is
dependent solely on the combination of arcs, and will be specified by a descriptive semantics
and a procedural semantics based on an interpreter for the structures. The semantics for one
fram n cannot be derived by combination of semantic primitives that are exemplified by arcs in
the 4emantic network, but has to be specified individually. Globally speaking, the semantics of
a whole network with many knowledge structures can be composed from the semantics of the
single case-frames.
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2A..3 Position Representations

Positions are the most complex phenomenon in graphical deep knowledge. Nevertheless it
turns out that one can get by with a single structure to represent every possible case. A
number of special cases can be derived from this structure that make practical applications
easier to deal with. While the special cases have been discussed in previous reports, we will
now present the syntax of the general purpose position case-frame.

Syntax:

object <object>
relpos x <distance>

y <distance-2 >
z <distance-3>

rel-to <reference-object>
unittype <unit-specifier>
space <space-specifier>

All the terms written in angular brackets denote semantic network nodes, all other terms
are semantic network arcs of the SNePS system. From a case-frame point of view, "object"
represents a slot, while "<object>" stands for a slot-filler. The "relpos" slot contains a sub-
frame which in turn has three slots x, y, and z.

Procedural Semantics:

In order to draw an object <object>, derive a displacement of <object> from the object
<reference-object> by using <distance>, <distance-2>, and <distance-3> interpreted as meas-
ured in units of the unit-type according to <unit-specifier>, and create a pictorial projection
according to the <view> expressed in an appropriate reference-frame assertion. If a coordinate
transformation is necessary to fit the display on the screen, and if <space-specifier> is "world",
perform the transformation. If the specifier is "screen", do not perform any transformation
even if that results in failure of the display request.

Naturally, this procedural semantics is somewhat "hanging in the air", because no draw-
ing will be possible unless a form for <object> is specified in the network. Objects might also
have attributes, parts, etc. which will influence the final picture. All these representational
constructs have been sufficiently covered in prior reports. The reference-frame assertion men-
tioned above is one of the newer results of this research and will be shown in a following sec-
tion. Finally, the position of <reference-object> must be available in the network to correctly
anchor the relative position expressions in the given case-frame. We will now give an example
instantiation of this case-frame as a semantic network in a linear network description format.

Descriptive Semantics:

The descriptive semantics for the position case-frame will be given, based on the example
shown before. This is done simply because it is easier to refer to a concrete structure than to an
abstract case-frame. The semantic network node m9 represents the proposition that pcm-chipl
is 40 pixels to the right and 20 pixels below the position of trafol in the world. "World"
hereby has to be understood as opposed to "screen", iLe, the example deals with world coordi-
nates that can be transformed to screen coordinates if necessitated by the given viewport on the
screen and the actual values of x, y, and z.

The backslashes in front of the numbers transform the numbers into literal LISP atoms.
This is necessary, because the numbers are treated as SNePS concept nodes, which requires the
existence of a property list for them. Numerical atoms, however, do not bave property lists.
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Example:
m9( object pcm-chipl

relpos m8( x /40
y /-20
z /0

rel-to trafol
unittype pixel
space world)

The sub-case-frame describing the actual coordinates is dominated by a molecular node (m8).
While the node m9 has to be read as a proposition, m8 is read as a structured SNePS individual.
m8 and all the structure below it represent an individual corresponding to a point in 3-
dimensional space.

The above case-frame permits a number of variations that are not obvious from the given
example, and that are part of the descriptive semantics. We will discuss them arc by arc.

(1) The x, y, z slots can contain fuzzy descriptors like "near" instead of numbers. In most
practical cases the 2-d assumption is made, and the z slot is completely omitted. Under
the standard reference frame, x and y are then equated with screen coordinate axes.
The displacement expressed by x and y can also be inherited, in which case the relpos
arc might be omitted.

(2) It is necessary to anchor position descriptions somehow, otherwise one gets an infinite
regress of spatial references. For that purpose the rel-to arc may point to the special
concept "world-center". Also the rel-to slot may be completely omitted if the reference
object can be derived from the part hierarchy. This is the case if the given object is part
of another object.

(3) The most common unit-type of measurement is "pixel"; however, the unit arc may also
point either to the reference object at the end of the rel-to arc, or to the object itself,
expressing so called body coordinates or reference object body coordinates which have
been discussed in Geller, J., Shapiro, S. C., Graphical Deep Knowledge, op. cit.

(4) The space that a relative position specification refers to may be either "world" or
"screen". If the space is "world", a display request will possibly result in a different
screen position than world position. If the space is "screen", coordinates refer strictly to
the screen and may not be transformed.

2A.5.4 Part Representations

A.- done with positions before, one can create an overarching structure to represent parts,
such that all the part representations used in previous publications will be superseded by it.
Nevertheless, to maintain a reasonable efficiency (in the Al sense of the word), the previously
introduced special cases will not be discarded.

Procedural Semantics:

If the slot of <real-assem-clu> is taken by the concept "real-part", treat this case-frame as
a real-part assertion. If <real-aseem-clu> is "sub-assembly", treat it as an assembly assertion.
If <real-ass-clu > is "sub-cluster" treat it as a sub-cluster proposition.

In previous publications the differences between these three types of part assertions have
been explained. Real-parts are parts of an object that has its own drawable form such that it
would be permissible to draw the super-part by itself, without its parts. Sub-assemblies are
parts of an object that has its own drawable form, but drawing it without its parts is not per-
missible. Finally, clusters are abstract objects that have parts but no forms of their own. If
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Syntax:

object <object >
modality <modality>
part-relation <real-assem-clu >
sub-object <object-2>

necessary, they may be represented by an empty box, for example.

In order to draw an object <object> it is necessary to retrieve form, position and possible
attributes ef the object as well as of its desired parts. The part hierarchy, in conjunction with
user requests for simplified displays, will decide which parts actually to display. If a user
wants to see a complete representation, all parts will be shown. If he wants a simplified
representation, parts will not be shown, but sub-assemblies will be shown. If a complete
display of a cluster is required, all the parts will be shown. If a simplified diplay of a cluster
is required, the bymb lic representation of the cluster as a box will be drawn, and all the sub-
clusters will be omitted.

Descriptive Semantics:

Above structure asserts that <object-2> stands in the part-relation to <object> which is
specified by <real-asuem-clu>. For pragmatic reasons the three case frames presented in previ-
ous publications will be maintained.

2A.5.5 Reference Frame Representation

In the section on position representations a case-frame concerning the current reference
frame was mentioned. This case-frame will be represented now. For NLG the problem of
reference frame identification represents itself in the following manner. The screen that a per-
son looks at naturally induces a coordinate system with axes parallel to the screen edges. There
are a few reasonable choices for the center position, and we will assume the convention of hav-
ing a horizontal x axes intersecting a vertical upward pointing y axes in the lower left corner
of the screen. A person may then use screen coordinates to describe the location of an object.
Unfortunately screen coordinates alone are an insufficient device for NLG.

A normal graphics device has a certain addressing range. Typically one has pixels from 0
to 1024 in the horizontal direction, and from 0 to 800 in the vertical direction. If a person
refers to a position which is beyond this range, for instance by using negative coordinates, she
makes it clear that she is not interested in screen coordinates, but in world coordinates. So refer-
ence frame identification means to determine the relation between the world coordinate system
and the screen coordinate system.

It has been stressed before that this work deals only with 2-dimensional graphics.
Nevertheless it turns out that people often look at a 2-dimensional diagram with a preconcep-
tion that this is really a projection of a 3-dimensional world. Imagine a screen with nothing
but a vertical arrangement of two circles on it. If one assumes that this scene represents a
side-view, then one circle is clearly above the other circle. But if a person has just looked at a
map, she might be biased to conceive of the diagram as a top-view. In this case the second circle
is behind the first circle. In the side-view an object that is behind the first circle would be
partly or totally occluded by it! So a natural language utterance can only be interpreted if one
starts with the idea of a 3-dimensional world coordinate system. Luckily, people don't seem to
assume arbitrary angles between world coordinates and screen coordinates, so it will be
sufficient to deal with a few special cases.

2A-2aL



What should be represented in the knowledge base of the system is the decison whether,
if 3-d interpretation is necessary, diagrams should be considered side views or top views. Also
the terms "left" and "right" are hopelessly ambiguous as used by people. We consider it impor-
tant that the system should know explicitly and declaratively whether it is using these terms
based on the user's view or its own view. This leads to the following knowledge structure.

Syntax:

view <top-or-side >
leftness <user-or-system >

Procedural Semantics:

If required to display an object A "behind" an object B, and the assumed view is "top"
then A will be displayed vertically above B. If the view specified is "side" then A will be
displayed at the same location as B, such that B is drawn later and overdraws A. "In-front",
"above" and "below" are interpreted analogously. If required to display an object "at the left",
and leftness is asserted as "user" ("system"), then the object will be displayed in the left
("right") area of the screen.

Example:

ml( view side
leftness user)

Descriptive Semantics:

The case-frame dominated by ml asserts that any picture that needs to be interpreted as a
projection of a 3-dimensional scene is assumed to be a projection orthogonal to the surface
defined by the screen, assuming the screen is in its usual upright position. In addition it asserts
that any reference to a lateral direction is assumed to be in the coordinate system defined by the
body of the user. Without such an assertion the following questions would be meaningless to
the system: "Do you mean left for me, or left for you?" and: "Is this a top view or a side
view? . No other possible reference frames than "top" or "side" and "user" or "system" are per-
mitted.

2A-5.6 A Look at Cognitive Science Contributions to GDK

We have recently extended our view of graphical deep knowledge, because it now is an
integral part of Natural Language Graphics (NLG). It turns out that this permits us to investi-
gate a number of interesting relations between GDK/NLG and cognitive science. Interactions
with the three major fields of cognitive science, namely linguistics, cognitive psychology, and
philosophy will be discussed. To our own surprise we have found that philosophy has contri-
buted interesting ideas to our work, not only from the theoretical standpoint, but also from the
practical view of user-interface design. The influence of linguistics and cognitive psychology
goes more into the opposite direction. Interesting questions and hypotheses have been raised, to
be answered by these two disciplines. Some pilot experiments have been performed to get
psychological results.

2A.5.7 Yes, Philosophy can be Useful

The philosopher Paul Grice (Grice, H. P, Logic and Conversation, Syntax and Semantics:
Speech Acts, 3, P. Cole and J. L Morgan (eds.), Academic Press, New York, 1975, pp 41-591 has
introduced the so called maxims of cooperative communication. These are pragmatic rules
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about how to use natural language in communicating with other people. They are divided into
maxim of quantity, maxims of quality, one maxim of relation, and maxims of manner. It
turns out that these maxims can be applied to graphical communication with a GDK based NLG
system. We will shortly point out some maxims which can be guiding for user interface
design. (1) Make your contribution as informative as required. We have been able to develop
this maxim into two sub-maxims that apply to NLG: (a) show all possible views of the same
phenomenon, and (b) show a complete view of one phenomenon. (2) Do not make your contri-
bution more informative than is required. One can interpret the use of part hierarchies for
selecting objects in simplified displays as a conclusion of this maxim. (3) Do not say that for
which you lack adequate evidence. This maxim can be used in displays that are combined with
reasoning systems that are able to generate hypothesis. A graphical display of a hypothesis has
to look different from a display of an established fact.

(4) Avoid obscurity of expression. This maxim can be interpreted as a requirement to use
standard terminology whenever available. (5) Avoid ambiguity. In order to avoid ambiguity
one has to avoid doubtful accidental features in graphical displays, like meaningless intersec-
tions. Also the number of icons used must be sufficient to cover all the phenomena of the given
display domain. (6) Be orderly. This is of major importance. The order of drawing different
parts in a graphics system is generally considered unimportant. Al that counts is the final
result. We disagree with this notion. A good NLG system should present the major features
that a user is most interested in at the beginning of a new screen creation. In a maintenance
system like VMES, it is important to first display faulty components, and then the rest of a
device. This will permit a maintenance technician to react faster to machine output. For a
deeper treatment of the subject, as well as for a long discussion of the maxim of relevance the
user is again referred to Geller, J, A Knowledge Representation Theory, op. cit.

2A.5.8 A Short Look at Linguistics and Psychology

Practical work with the VMES user interface and its natural language component has led
to questions that we have raised to linguists and psychologists. Among these questions were
the following. What is the linguistic knowledge about the semantics of fuzzy spatial terms
like "left" and "right"? Is there any experimental work that would help us determine what
people think these terms mean? Are there cross linguistic studies on this subject? Most of our
literature studies have resulted in negative answers. We have therefore conducted pilot experi-
ments concerning the meaning of the spatial terms left, right, top, bottom, center, and the four
corners. We have also constructed two hypotheses that limit the semantics of spatial terms,
and that are open either to cross lingusitic examination or experimental work. Details of this
work can be found in Geller, J., A Knowledge Representation Theory, op. cit.

2A.5.9 Conclusions

Three new case-frames have been presented that conceptually summarize a number of
knowledge structures of graphical deep knowledge that have been published in previous
reports. These are a general-purpose position case-frame, a new part case-frame, and a new
case-frame for reference frame representation. It also has been pointed out that GDK has to be
seen in the larger context of Natural Language Graphics, and that it derives interesting ideas
from pragmatic rules of communication and raises interesting questions for natural language
semanticists and experimental psychologists.
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right, or freest. to bottom. hainldentally. thia information in also show me all faulty adders
neeary foe diagmosis. and therefore doe a create any addi- plai display DI
tional requirements. sod many others, where D1 ts thte smei of a device. and OIMl the

- Feem loose their aboet meaning. Objects like wires anid boards name Of its ILM multiplier.
especially don't maed to be specified by graphics code. In fae the
form of aUl wirm will be the result or a rotang algorithms. It In Diaemagtlc ReasoW
a well known discriminating factor between daclarative nd pm- Tm dingetaxic reasoning of VMES follows a simuple control struc-
ceduaral reproetaions that the latter do me ~permait incomplete came It starts from the top level of the structural hierarchy of the dev-
speciflcatiom while the formef onea do. But this Is exactly what Sos and triesa fnd output ports that violate an expectation. 'Viclatd
am woul like to have. AUl wires consist of vetical and basise.- eapectaiom is defined as a mismatch betwn the expected (calculated)
sal Hines bus mothin aboat the apa'11 form of a wits is known value and the obrved (measured) value at somr outpouL Though the
before the positions of & impinging amonene have bees W&ed tWre domai of VIMB is digital circuit bards. we observed that In

real lie mnof the electronic boards cioetain maw aimple sealog oom-
We aimo have found that, in general for either type of repeesenIa- pene - ch a resistors sd trardormems Therefore, for practicalon

tion: iderati ma om mponents ate allowed to have a olerance whent their
- the classical part hicralchies aretnamsulficlen't 'even for mom prim- autpe are being checked Iroe violated expecrations. The tolersnce

itive applications. We have so far discriminated between real inform~ation is assocated with the instaniation rus- as depicted before.
parts and sab-amemblims and one non type or whole-pert hierar- After violated expectations are detected. the system uses the %stuc-
chy for clusters might become neiumnry. Sub-asemblies are tural template to find a subrct of components at the next lov-e-
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blenehim kvd Which migt be m~mmoo fee th batpam.u Than (w
hia mitim mks a - ,elvu " m to .~ ktho w .s ean Wd the Cu ~S vm SOr
mosect ane aee by am *mai f(W furter blosicatim Sompece aS(bidttS au 'e- lnae ie

eaaIn wtill Is dimn himr. MWe dioguonlec p Is then (buld por V vle~ Ni motoc ad)) Os

autmmed 00 IMe 1000buim sqiim por. A Iat is daclanad (auihy cil (build

iitdwes %tu i"U Ok P*UI d t in Gopr port and it isg abit inm min-M O I1 mc I

is at She Wasu level ef the syem i haiesuiiy, aid in fustWi. diag. a bul aso HY4AC p v p )

god is p Niba Ir (bipm ete toept

A mail secof Se15 mks is aciva at every MVp of the digg- r(bidpsOptaev ucl

aegis foe namOPle. thre Mue are actvSAd wh e asning about a
pbev1W auatdepeesatln. of a sueepope of a device. One re is to In Earask
deduce tOw ud ValueW if the por A mssued pat value can
ether be deucned frmm wise enmectiar Or "Reuem fo tIe maser. A te altdadmaue au fpspaekons
snakie r ul is mted for the calculated value. ad the Us rule a ftecluae n maae auso otpa nw

-M~~~~~~~~~~~~ ~ ~ ~ ~ ~ 11 -P- t- Ovle eiei hf iltdepc-V a.a and only one of the following imaemenes is truc
tme. TU lopsth twok valuie i dFigue f isth is ciolate d inct () ye ad vat agye;
Eanl. Th(2)l s hw nFgue nbthSeS ~ i port p displays a violated expectation.

Suspects ate Seat seemed ioa m ablis by global criteria called
fault poMdlihid Fault ponibility, is determined by evaluating the Figure & A depeostl niale,
-*-ca agaimis the whalixtic crmat intuations. which is the current

IeM rMMLu For the aloest iompleeaeaacom theme a only Oeglobal Utams malfactimusng of the two chamoeala it affecs. in the early image
entr..: a inspect lams higher fault posbility if it contributes to sma Of diagnmi Though VMS lass no capabiliy so conclude, that it is the
vvetpet Output ports. SspIt w"thi1 each tbilo ame then seted by only foult an the board, the suspect oatering criteria help thet system to

Soed esiansl enijed fad&t poatmnlatkee fault potentiality isa deide which Iac is mm be chocked Agm The emit showa thait the
areOf the ante a Particular type Of component my fail. it is ftpeenation schema.6 along with am expadable component library

isudeposidet of the emvleomen. only depending an the eomponent lade mm invaul important advantagesc aompact repermestatioa and vy.-
type. (It my aloo deeI on the lee mazabet of Uhe eamen. but. teo eWienIS isI both systems development aid operating Phane.
far we do M matet such desala. The ideal fault puesltality data for Welwcamttaclr iatometenhewoarcin
our domma is the theral anailyi data of the ampomna Due to the Wee A can eti dot abclear dihecptis etn the mmo symem em
unaevallability of the thermal analysi data. is in now implemented AS leve of an udp s thire. The separtin leves ato md t dffcerent
sn i"9e3 ranging teM I mm I. Componet t~pis with no ated fault Ar h noldea th mv* nforation leel m an forede atctngviolate
potentiality data default to 2. stagteodigoi.eoIifraonisu oretcngvltd

ezpectins. and level-2 haformatin is used for suaspect generation. To
V4Sdoe we make the single fault inmploa. The system amix ea two levs together Will mum repo nsati overhead and

incorporatsA we s judgemrst by offering him an opportuity to ter- hamper syste peformanm
ainoat the diageons maim whenever a faulty pen is located. The The aft of t passve Statuum tmopilte. which are never exc-
user can chw mm conatinue the invimdgation of the res"asn sipet cuted. to repreet the substructuire of objects of a component: type has
if he feels tam mare faults an, pidll or if he would merely like to advantage ove a proeodurial. repewenatiom whch son a pr-o-,dure or
make sure other smspee have no pcoblems. an isttatimsnt for It IDviUMg6aShapirokal Whenevr it is

*.Z L~nzmsemamay mm mm abolat the sulinucitare of an objemt it is carried out

As metioad ins a sailer acio. there is a paen of the VNIES on the umakes etawamal teimplate for the component type of the object
system that permits the user mm graphically trci the whl maonn Only the emblamt that require further examination will he insaa-
poes. Thus is dane by a function called dis~ey. thatr slll tatedl (by the paupe heanlamtslon ruls for them).l Vnlike the static-
Lnowledge about how objects look and how they are located fromn th turnSl template epemeautlon. a procedural nrepmenatian is aid mm

netork an empue ad cene agrahicl epmaenatan rom this insatae Wl oubparts of an object. and then the reasoning is carried
kntoldg. Thnd cmeshad is agraphicmm theprgenation ifntrlout over the resting substructures. This leads mm serious systemnl~r~wkd& TU metod i smlogos s &hegen. ofnatral ineffciescy due mm sepemensasion explosion and remuree wene caused
language from a kmowledge bar, a widely accepted Al technique. by unneessay object instansiation.

The scnning pact calls display with the name of the object that Tems motn etr fV MI t estlt.V E a
should he displayed. possibly with one or more if a number of optiomns. etuei VE s e ertlty ~IE a
We will 've a quick review of the pomblet options; nm details ca be easily be adapted to new devices by merely adding the sructural and

found sasair functional informastio f the 'new" eupneut types to the Component
library. A new component type is drfined aa component type which

It is piasibie to select how may levels in the part hierarchy has amt previously been described to the component library. The aem
sheould be displaysd& Obects can be shown blinking, and they can be device itself is a new componenat type by our definition. Thke effort
blown up or shrunk mm All the cren or a predelimed window reuired mm adapt the eynig mm new devices should be iminitnal since
optimally. It is ponsable to create two pkmtres. a detailed picture of an digital circuit dias have a lot if commonm componenta. and the sruc-
object and a picture of the evironment' of that object The user has tural sod functional dew. pelon are readily available at the time a drv-
only to specify the object itself,. the en'. ronment is retrieved from the ice is designed.
part hierarchy by seatching upwards. We have found at presentations that the graphics interface consid-

A nab-option of the environment option permits she user 90 limit erably improves the understandability of the reasoning pross of the
how may levels up in the pact hierarchy is searched. The selection of systems. The use of a knowledge based graphics system promises to siam-
what to show can be limited am only by the number of levels. but also plify the creation of graphics for new devites, in this way aiding the
by the number of parts or according to an approximate cognitive coin- versility of the symtan. The commone represcntatlin for diagnosis.
plezity which we are simulating by counting the number of graphics graphics and a number of natural language tools has aided us in adding
primitives visible on the screen. a natural language component to the system,. and in this way

strengthened out belief in the useftulae of a knowledge based graphics
Con~luinnssystem as a natural interface for a user friendly maintenance expert

The representato scheme described in this paper has been used to system.
reprewne several devices, including severat soultipliev'addr boards an As a spin off. we have found limitations in the. clasical part
a six-channel PCM (Pulse Code Mlodulation) board for telephone cown- hierarchy and inheritance mechanisrns, and we have started to work on
munication. V%113 has been succesful in isolating the faults on these a module for IneMiget Mach'iie DraftinS assa part of our system.
boards. A typical example is that V'MES identifies ana inverter on a

"C\6 Wa~rd at a fault'. part. Ahich actually accounts for the simul-
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ABSTL4CT
because it makes the systems incapable of Adjusting thestse ves;

Model-based circuit diagnosis isolates the faulty corn- to different diagnostic situ thorns [11 Second. treating wires as
ponents of a malfunctioing electro-ic device by .0-- uni-directional modules makes it impossible to diagno some
sonmig on the basis of structural and functional descip wife-related faulMs as shown in the following example.
tion of the device. In this pawer we argue gat explicit
repreentatiOn of Wire and points of Cotc (OWON) A ware which emerges rom point A for some length and
is necessary fo diagnsn faults of circuit connaections. then forks to points B and C which is shown in Figure 1. is
The traditional mnodel of a wire as a anl-dlrectional rpeetda
module is inioppropriate. because it ignore its 1* (run-wire (A) (3W (rn-Wir. (A) (C)) in (21
directna nabware d sWIt does not Include FPt0Yk. A where nm-win: is a function that is used to r, se
new model of wires and P000HB and te corresponing a wire from its first argument to the second; or
semantic network representation we presented A vWre (ON A ((COW (A (C3) in [41
is a 'gash as a N*ifctionl mlodule to preserv its wherre COHN fis a tworrgunent predmete in sme
physical property, and Its urkdrectionai design intention kin of loi prgamn itpge m sarts
is retained by the Connection medmirmii A dleliberate thats then is a connection from its first argument
cornponerit conniection medwaldem by eithe forming a to th000 or
POCON from two different ports or superimposing two
same ports togete is devised and iniplemented. Exam- (buil from A to (3 (d) in [101
pleg W using this mdel for circuA diagnosis are shown, where build is a command which builds a node
an its limitations. am discussed with a 'from* am~ pointing to A and two toW arm

pointing to 8 and C respectively, which node
asset= that A is connected to 3 and C

1. DMTODUCTON Here A. 3 and C represent this three wire ends (wire ports) of
A design-model-bused fault diagnosis system maoms on the wim the actual repesentation of a wire end in men £373

the bas of structuMi and functioni descriptions of a device. tems may be more compliated than what we sbow heme AUl
The performance of such a system. in -erm of effective diag- these represantations treat a aingle piece qf wire as two
nods and sysm generality, is dependent larly on the device wfante Wm.e and show no direct connection between, point 3
model. The struicture of a device is usalaly modeledl hievirclhi- andl point C Thus a shuot (bridge) to ground at point Cannot
ally, and components are modeled as me with VOpot be noticed at point 3. which is guranteed to have a value sup-
(2z4.g~o ILi 10 t.llows the system to focus an relevant Pu p1We at point A in ths modets, This may mislead a (suit
of the device. Wires and wire connections, Which. according to r~ii~ods systm to conclude that the component wench is cow
domin experts, are amng the major cea=s of device malfunc- nected to the wire at point 3 is faulty, since it shows sme bad
thorn, have not received the deerved attention in previous output and ina input (at point B) Is assumed to be intact
work. Another problem concerning wife onnections, which has

A wire is often miodele as a cmmon module with 1/0 also been long ignoted by researchers in fault diagnosis Is the
Wts just Wlie other comoponents (2,101 By doing this, a p~roblem asociated with the contact points in an electronic dev-
wire is implicitly asm to be uni-direti--aj done VOpot ice According to experts in the circuit domain. a 'bad contact".
are uni-directional by convention. This redess the design
intention of the wire in the device, but condicts with the phy-
shod reality of a wire - although both are Important in fault
diagni Though this kin of MOdM is in genrl good for
com11ponents sack as invermes and IC chips. its usa for mdeling CkB
wiresV prset two problem. rm the implicitnem" of the
"NmPtion Iftsl is dangerous for fault diagnomss systems.A

7%0hisorWass !A=din part byhe Air FroeE :
'3e02igenc Coortu i~ot the Northems Arfifical In- Eloure 1I A three-end wvire.
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u, a problems in win monausviey. is a wasm" fault of elec- in connections. Pit=s note that 1V0 ports arm imaginary objectstromic devices. A bad contact in connectin is *may sasper- which conveniently reprsent the 'places" whene data (signals)
ceived es a bad win at a bad chip in fault diagnosis xystema Row into at out of a cocaponent. and PO(X14s reptumet the
A lme pa and socket asan imluepe omncton between ^ladve physical tehation* betee two other objects. TIU
a pm n Is otsce. u o a bad chip, which the pektbeog ,a kind of object is termed 'pariiic object' Am it in nam a real

belogs o. o a ad in, hic th inces e~m to.In his objecs and Ics exitence always depends on the obpecas it is
Paper we arVi that 0point Of COM" (P00*4Y' which as aoited -with. Figure 3 shows the semantic network
musin In the emting VA l~e atuecould be maddeid and expli- representation for taem two kinds of objects a well n the
cty represented (or efacv and4 complet fault diagnosi hirrcia representation a( a device. Wires, component con-

'a the followang atm, We LuTI review the comn nections. and POCX)Ns ame dimene In following Sectios and
model Of components 25 a module with lit0 POet andl then we thus an not included in Figure I.
introduce a new model for wire a&d PO00ft along with
some implementation details. Examples of usung this new
mnodel for circuit diagnosis are shown, and its limitations are
discussed.

81.IX3 Ws a stand-alone oblect
which Is represented asa base

2- X MODEL IFOR 00MMOm OMpONDiTS object ty" Of With) ft SlAws. Tauom i
In general. comaponents in a device can be categorized as eL., Xrdnols UteM o deB-1X

ywije and non-wires. We refer to n-wires I~, the comn- d t.%5J S OW thep X O W 614)C3wr
poneuts; other than wfres, as botmm apaen. and treat (a) XOM(~gw~1
wizee aspecial Compnns.(a

Hiemarchical models of devce an usd to abecrac devics..mitoata od 2gad
at differnt levels Of detail. A comumn component at any Th stkupiiprft eU d
abstract level is in turn abstracted at two levels. At the lo. "110 A oet kq a prako c
level-i abstraction. a comamon component in repuonted as a ob,.t 81)(. A p oet Is 1 pa as
module (a black box) with 1/0 Pamrso assrciated functions. ob3 'a objec Ii rrs~ad s,
At the level-2 abstraction. subparts and wire Connctions of andh Stencere depnd oneS
tration of the model for common components. 6d Inpos-ot Its og objec 810 The

In our system, intead of explicity reptesentang every r~ii nIti bj na 00a POrt.
Part Of a device at all hieaechicPl levels we use an expandable ft' d*0 ()I aPOT

component library to maintain descrption of component(b
'typeC. and parts ane instntiated dynagnically a eeed. The
Signilcant Part Of this mode is the clear distinction between An ezaspIns 011a hierarca
level-I andl level-2 abstractimn which ane repgoented in or Ino* m of devcea: B14-0 Ita
system Implemented in .lePS, the Semantic Network Prom- oSpet I ! &6 MO 81 (by node rn!5),
in System (71. as an ntatisou rule aic a wumrual tm. subpas ~ OWa B1 in amn is a sob-paft of

Plt E~vl-Ti oe logwt h xadbecn k ft SYS79A (by rade m4).
ponent library has advantages for syu efchncy and verse-tility. Mort details can be found in (103.

We investigte device modeling froms a knowledge
represenation view and conclde that themn an two kinds Of C)
object in device representation by its nature The firm kind is
the object that con be isolated from its environent when it is Fkure 3Olcsand -1u~hin nvxe of devices- fal stanil-
being investigated, examples ane '1' in 'Ihe PCM6 board, Dl. afle obLeC-t 12 orasMi gWW- 1C) hramnhical davice model
is suspicious,. "B! -ar3 in "the tmaeoemer. Bi-=(3is faulty-.
and "51-W12" in 'the wire Dl-W12, is Internapted". we call
this kind of object a -stancidoo object" which includes both
commion and special components. The secnd kind of objects
arm those which are always amaciated with some other 3. A MODEL FOR WIRES
obje.aIct(s). Examples are I/O ports of coponent an OC~ In most Previous work. a wire is modeled in a manner

simila to Other COM001n CoMpofenta as Inodules winth 110
Pots (21 or not explicitly modeled at all (4,.103. We have

inlC shown in the introduction that this is inadequate, and here a
Trl-dde new model for Wires is presented.k Wires are special com-

in2 n-Adde <=ponents in several aspe1Cu 8 Wire is merely a piece of Metal in
in3 4-2soe form:c twisted copper threads wrapped by plastics or

(-- ! 7 strip@ Olt a Printed circuit board; the sole function of wires is
Function: out-in1+in2.in3 to t1~flnmit signa(ltg andI/or current) from one point to

(a) (b) another~ and it is maintained at all maintenance levels - in

as an PxAmn l oc m (a)e len4- Ati- d ersu replaced ony in the field, and a chip is replaced at a sh~dasa xmpe(llee- htrto hIe l-astain (depot).
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In the work presented heSM a wire as still modeled As a 4. CONNEM~ON AND FOCON
module. but the Utraditoa uMnidirectiOna iO pot an di-Teepii e aino onsO otc pcts
carded. Instead, the Wire endS are represented as bi-ports. a has no beenuored ini the lierawtr. For instanee, Davis 12)
Dew um that stands for bA'diretin a m t.which allow sig deals with connections by superimposing the ports of two con-

nasto low 1n eCthe direction. The semantic network nected components. say, a wire and a chip. In this came there is
jtprcmettion of the Wife MOdW is shown in Figure 4 With no way to find a faulty POCON. because theme is no POa)N at
the tree-end wire in Figure 1 as an example, The example alL In order to catch this kind of problem. POCDNs should be
wire is explicitly represented as a whole piece - a module modeled and explicitly repieseted.
with three bi-porta Now the behavior of a wise can easily be
represented by a rule assrting that aUl bi-sTe of a wire have Unlike components such as chips and wires, POCONs are
the same value (with ground dominant). The rule concerning the 'rclative physical ftlatio' between two poorts of two comn-
the behavior and diagnosis of wires will be show. later. This ponents. which are 'absolute physical entities". and thus
sample model of a wire reflects its physical properties and POO~ cannot be modele as physical components. Neverthe-
enabica Correct Sinulation and fault diagnosis of electronic cir- less. since the function of a POCON is to transmit signal

cuitLbetween its two sides. it is reasonable to model a POCON as a
logical component, and then we can assrt properties such as
'intact-. suspiciouf. and 'faulty' Of it.Like a port, a POC)N
is a parasitic obet. A POOONt is something that can not exist
by itself, and is always referrd to by the two ports with
which it is assciated& The semantic network represntation of

FCRT a POC)N is shown in Figure I

type objectA

mnl

niietoaljesig intentio ofgr wiC Logca dmigram of
and~M Md a ia boNard

bidieoa prodmer .w i ia osing sume worr~iire prLTend
u s pecats ---- *112 a nidback M~ f O the two dtfee wo port

=r~~~~~~~~~eM~~~h th he ieed Jdf~~ lo epdareat o t two m
b 3d omtpuas m7It ssetm g m2a mu w moide!Sa@ f o f sre p.g poves an I s ft ambet
phyicl rsitbtgoenh dsg nnio fawre h 'a kco. patj oboerd

of wire 81Woc wer

pos ufies. Th is odlhsthe bi-detonal pscroelty a(T~
bi-dr-linal ro~eY isusefl isdiapsintsomewimetwoCe r post

te use s afn-drs I l a the uni-drco d sp tisod pfor fy. type asse d hia chm asts
grthog nof pectsy rrine ban the moepan~f ncia them =aotko t, noeuh reaon po orn
bednoutpuos with o Pth t mone wnt-a hios eonneear to anPot an i~ not anojet
Phtsioal sreay ant lnoe d aeig i-petio ofse a n in- 71kei is~ a Oki

port ~~~ ~ ~ ~ ~ ~ ~" A((; sevs sa otprLTi Iesoasrnefd yb
dsgv tning the h tobepresentinoetted n om walty. A pr osetnge ,- , ~ffrn
inth a'itionvaldsig thtion win the wir modue ith i-f.tr .. n.Ti

Prosafies 7ismoelha th b-dretina poprt va-39mka4pssbel



Thaw an actually two diffemeat connectin needed in S. FAULT DIAGNOSIS
modeling electmunin devices in a himerchical way. One is to inti setio we fis show bo a vau and/or a sta

lin tw pstswhih n tally thsm part abstracted at is asoiae wiha - in Fiur 6. Then the methUodoftwo different hiearchical, levels. An example bi that theP poroIcating a faulty wire and a bad POCXOt are denribed Thn
at" is a post of the tri-Adder In Figur X(a) and it in also a deal* of the diagnosis by our experimental system VMES

port of the short wire in the left upper corer of Figure Xhb) (Versatile Maintenance Expert System) are disusd in (31 and
Nowe that the tri-Mdder and the wins are at different hierarhi- (101 and thus eonly the diagnosis concerning wires and P000th
cal jewels but they sharm the samne polL Thun post n is Prosnted hemrersnedstwo mnuties: am asoiae 'wih th tn-Adae h am dnton-teritm vl

theOthr wth ewire. This prvie the connectonos acros l hshv hesm ucin-trnmtigvle
hleriwbcallevin.and husmaks te tandte. f dagnsis (sigal as voltage) from one pint to another. Though wirehiradeicl sanlandtu f m ke s eve t ansinohe iagnosi may have different numbers of wire ends. they all show theordvc- iulto-rma lee to ad poible Sinc sunbehvio - the values at all ends of an intact wire aremted by Pr an actually s me net s linkae~ ich ie eu It is usually noweary to simulate the behavior of ahas the byn aeo 'da-u mperipne'two conf(r and whish common component by calculating it. outputs from its inputs

Is the eonly right place for saperlmpoutien.) l th uer cousec- using its functimnal description (3.4. & 101 Unlike for commas,
tie. is to link cemponents at the same hierarchical level mompOnents, there isn o need to simu1late the behavior of a
together. Inutead of aaperimpoiuug two ports. we use a 'dual- wire A ipk rule which states that a wire is faulty if it
iontact, semantic network ometframe to link the two ports by has differest values at its ends suffices 'The rule we use to
forming the representation of a POCX)N The ueof PCO diagnose wire in shown in Figure 70t
perves bath the logical'sen of connection and the physical A POOOH has similar function to a wire - it trasits a
sene of contact. Figure 5 illustrates these two kind of connec- opgal fum emt side to the other. Remember that our model
tion mechemi= for POO in a logica object which is represented asa stitc-

tuend node with two Imtac arca pointing to two ports of

in SDmPS.L (S6PS User Language).

CM ~ ob .so attravb IlpI $p2 Sw Svi I v2)
&mt ((build object Opl bi-port-of Ow)

(buil object Op2 bi-port-of Ow)
Onuild object Ow type A

ati-s atrb (build Object sp1

(#J ~ ~ ~ Om ItdObject Op2
(a) ah (build alrbcn value tb g)

&Wh (build ab-s stte atrb faulty

Q7 Ing glh I(6t kIM by fine Iranslation)

type ct Oiect ttr F p1 and p2 are clfferent, bi-ports of wire w, and
vi I md v2 are the values of p1I and p2. and

m4m6 vi I knot equal tov2
7HBd the mvk w is faulty

biport-ol id alrb-cls Stib

(E 9 ~(I G ) J Fkwes 7. &dae for dagnoan wirett

(b)

Eau 6- Semantic ntwork renresonair for tai antaqiG ft Une the UVBR (Unique Variable [Binding Rule) of
X,. associated With an ohiect- and hib vabse associated With SNePS 191 different variables can not bind to a same vaue.

This has the advantage of better reasoning efficiency by nmuu
somne antecedents of a rule. and by eliminating redundant van-
able bindings. In the rule we show here. there is no need to ex-
plicitly spcfthat p1 and p2 ame two differet ports as an
antsocoeL Noethat the requirement ofpt and p2 being
differet port. in shown in the English trnltion of the rule.

t The 'dual-eluiv semantic network casfrm is use in Moreover, there is no antecedent for checking if vi and v2 are
Propoitional semantic networks to link two inrensionally dis- eLal Or not, because. under LJVOR, the last two antecedents of
tinct but extensionally equivalent objects together. See [II for therule can be simultaneously satisfied only if vi and v2 have
more detail, different values.
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two compo~m Thcrsfore. a bad FOODN can be defined as a the system lads another port which forms a P00014 with the
p(0J14 of which the two aaocaatiag ports have digrerent lirst port. and if the aecond port has a value which..i differeat
values. Moes also that a P00014 a only a conceptual ob)ct from the value of the first, port, then the system oneludes that
which repesents a physical relationship between two ports of the POCON is bed. 71i s somewhat simiiar to the way a
C. components. It has no por of its own. and whenever the human expert diagnoses electronic camustg in that he measue
value of a port of a POODN is requested. thet port is identilied game port values to check a comsponent. but the result of the
a a port asociated with its best component rather than th mesrement stimulates him to conclude that the fault is a
paWON. In VUM we currently treat the locating of a bad neaft POD rather than on the component he wnteds to
pOCWN as a by-produce of checking components. This is done check [61
by the following method: whenever a port value is acquired. By using the model of wires and POCWNs and the diag-

nostic rusle and method described here VMES has succsfully
located a broken (interrupted) wire and a bad contact point on
a malfunctioning six channel pulse coded moduLatio board for

(diagnose BI PCM6) telephone communication. Part of the scren output for a diag-
nodis session is shown in Figure L

OOiM diagnosis 8 1: searching vioiexpct..
G> Test Configuration for PCMS Board

0> 1. comwect pcm-out to pcin for every channiel.
*~2. synchonlze T-STROUEISHIFT and R-STROBEISHIFT '(diagnose Ell PCMB)
* vio-outps found: (m38 m;34) 44Or diagnose 8 1: searching vio-expct - -

(m36 ld (sigotl I(I tport-f (81I)
(Mi34 (Id (sigout3 (Outpost-Of 49 1 ) ...)

Suspect cratd 000M vio-outpe found: (m36 m34)
tIMi-OTWO BFWO4TGtO 81-WRI B1-WRt2 BI-WF1S (rnM3 ld (slgout3)) (Outpost-Of (BI1)
B1-WTI BI-WT2 81-WTS 81-PCI BI-PC3 Bi-IXI m o gu3 (upr-f N
010X3 81-OXI B1-0X3 81-WI 1 81-W12 81-W13 sus Apect asatdd
BI-W1A 81-W31 B1-W32 B1-W33 81-W34) (81-NOT~rO B14OTGtO 81-WRI B1-WR2 B1-WRS
@60diagnose 81-NOTGr,0 searching .i-x.. ....

whf " au of par 00016 dagnoe B1-1dOTGrO: searching vio-exct -

(m731 Gid (out)) (outport-of (BI10TG*O) ....
0 [vaueAll? 1 "WO6 diagnose wire: B1-WRI
whats the value of port what's the vakku Of port
Oy"89 Gd "(in Iport-of (B 1 -NT~rO))) Wm61 Gd (23) (bport-of (81-WR 11)

Ivaluehil? 0 0 (vlenl 0
@00BI4JOTGi0 shwsa no problem what the value of port

....... (m748 (1d (IN1))biort-of (81-WR1N)

0000- diagnofe wire BI-WRI 6Ivale~l 0

what*s the value of port whats toe value of port
00761 (Id (2)) 4blpot-of (BI-WRfl)) (m732 Gd (3) (biportof 081-WRI))
* (value~nll? 0 0 valueftd 0

what's the value of port *@Of The pocon m733 between the port
1m732 (id (3) (bprtof (Bi-WRI))) (m732 Gd (ON (bport-of (81-WRI))
0 valuenI? 1 (m731 Gd (out)) (outport-of (81-4OT'GrOD)
----- wire BI-WRI in faulty ismfatete ignss

by showing different values at wvire endsnat th digoss

Terminate the diagnosis? VWIE manually termiated

VME analy terinte I GOT lIM FAULTY PARTS AS.
VWESmanully ermiated(m733

8806 1 GOT THE FAULTY PARTS A&. (contact (m731 Gdl (out)) (outport-of (a I-wmoTnr))
RepaWI) Wre.fnB-R tptlE)~~732 Gd M3D fbiport-of (a I-wR IN))

Repa Orer.fac 1-Wl (ype:NEMP~pk Orer-focthe contact point
doe AMo-a

Elour 9(a) Lombtnoa ad wvire an a PCM5 board Figure 9BA Locatng a bad P000W o a pB oar
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Though the rule shown in Figure 7 is goo for locting Referene
interrupted winos it cannot handle the bidg. (shot cicut 1. L DvsELShrObOe, W. Hamncher. IL. Wiecbert. A. Sit
problem of wis When a wire is kidged in ground or kly. and S. polit. -Diagnosi Banrd on Descuiptiou of Stnac-
other -pmea. ani wire ends still have tho same value (with tueMWn c tion.7 pp 137-142 in Proc. of AAAI42.
ground daminatn) This maken %be bldg. problem diffcult Moga Kaufmmen. Los Altos CA (August 1982).
to diagnose Neverthelme, this problem is Mt unsolvable. A 2 ai n .Srb_ Rpeetn tutr nbridged wirn can be identied by observing a dilferenCe 2 BehaDvir and H.gitlubardware l Stdrucur M and8
between the mesind value at wire ends and th-uple BeavO r ofDg199adwr3Cmpt.pp 5
value of the wire. The supplied value of the wire is the value or.13)
which the wire i intnde to unmit. The supplied value 3. RL Dv.. Diagnostic Reasoning Based on Structure and
ould he the calculated value of an Output Part Of a componenit Behavior.- ArtiiJd a lUeLgence 24 pp. 347-410 (19641
which in connected to the wire% or it coud he from a requested 4. IL L. Ckesn. -nac Use Of Design DOMiPtions In
test in which a value is actually sipphd to am wie n Automated Dsagnom7. ArdideIxJtslfgeaca 24 pp,
froan outakde the board. Sium wires are eapitly moide ndi 411-436 (1934)
reprennted in our system. the ncray Procedures and Ul ." ~S ~Sa.n nedoa ocpsi
interctions for carrying out the test can easily he imple- AS.Miand.CSaim Itesol *q n
mented. and a bridged wire can he located A harder problem is Pooional semantic: NM Wa Coguulti Scien
bow to decide if the bridge is on the wire or OR .Ome COM- 6(4) pp.291-33 0 (1982)1
poseur which is connected to the wire One way is to discon- 6. j. Rauen and A. lensen. 'Mental procedures in Real-
nect the wire and the component for sepaate MLn Though Life, T A Cas Study Of Electronic Trouble Sooing
this enoures that a -bridge can he correctly located, this opera- Ertamuuics 11 pp. 293-3W7(1974).
rion may he too cosly and impractical. A maereasonable 7. S. C ShapiMro M 94CPSk Semantic Ntwork Procesing
treatment is to as& the ume to check it. Since human beings SyStem:1 pp. 179-203 in Auodotiv Nworks: Time
have Umc Wete visual capabilitie than computems they can RAprewP~otims mad Use of Xnow.dedge by Coxnmsa. ed.
detect mast bridge faults by inspection if they are directe to Nicholas V. FiWdleAcademniC PriN6 New York (1979).
the right arma. &. SCShapue& . S r?~ Ihri.IL LTale.and LGeler.

-VM~ A Network-Based Versatile MaIntenance Expert
6. a~siowsSystem., pp. 925-936 in Pro&. of it Intawaonaml
6. O MUSONSCmjsrwwsc an Applcotions of Ar to Engineering Prob-

Explicit neprrentation of wires and POCONs is necessary lens, SpringerVerlag. New York (April 1986).
for diagnosing faults regarding connections. Our system. uesig 9. &aSpio ymercRltnsItninl uid-
a new model of wires aNd pOC0Ne a well asa deliberate 9 .Saio nefcRltos netoa niiU
component connection mechansm of either forming a POCON al14 and Variable Binding, Proccedl-Cs of IEEE.
from two different ports or supermPC~og two same ports (October. 1986).
together is effective in circuit smulation and fault diagnosis. 10. IL Tait. S. NI. Srihari. J. Geller. and S. C Shapira, -Dev-
our system has been, sucssul in hi t interrupted warn ica Repesentation Using Ins2tantiation Rules and Struc-
and bad contact points, and it has been sbown that it could tuna! Templats, pp. 124-129 in Proc. of Canadiant A[
handle bridge problems of wires to same extent. Confirence - 86. P.en de rflivemolt do Qudbec

Montdal Canada (May 1986).
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Applications of Expert Systems
in Engin4eerig

Early successe oe.jprt system were with primitive om~pensate and arranging
in daringm within the fields of medicine or rearranging them to satidfy re-
(MYCIN diagnoses bacterial infectious quirements. Examples of problem ciyn-
diseases) and the sciences (DENDRAL thesis are configuring a computer,
identifies chemical structures More designing a building, designing a
recently mavy applications have been mechanical or electrical component. etc.
band in traditional engineering domains.
This is only natural in that engineering L.2 Role of Knowledge

llsed broadly is the uae of specialized Expert problem solving sean to involve
knowledge to solve real world problem search through a judgemental knowledge
Examples of applications of expert base speciied to the domain. Thea
system in engineering ame configuring knowledge can be either public (publish-
order for computers XON configures ed definitions, fact, theories) or private
VAX computer system at Digital Equip. (not in books). Private knowledge isSargur N. Sdharnj Iih.I ment. similarly BEACON is used at Bur, typically in the form of rules of thumb.

Depatment of Computer Science roughe, CONAD at NCR, and DRAG~ON called hearistc% that am lerned and
State University of New, York at ICU) trouble shooting problems (with refined over yams of problem solving ex-
at Buffalo disel leomoetive%, telephone switching perience in that domin. In faoct, the ceo-

equIpment, industrial fan problem, cen- tral task ofbuilding epert system..i that
trifugal pumps, disk drives, utility of elidating and reproducing private

Abstract tr4AAWoMSMX) prcs control (chemical knowledg. Knowledge eaginswing is the
Knwldg~aedeqw smemsamcob plant control optimization), etc. task of extracting human expert

puter programs foar acquiring an The o~ctive othispae is to outline knowledge ad organizing an a~lctive
manmltig nolege orsoin a th mehoolgyoffistand future rrentio.The organized knowldge,

rangeofpoleti s knowaegu br ovin generation eIer IIISystem in the context including heuristics, general models and
rEnginern o s p ohes am af ofndoa their apcabiity to engineering and causal models odhehavior is a knowledge
knowleden s theo re worl sprobales to e scrie the ongoing research base.
Thus tere is solve real bos he bl on expert system methodology at the

Thu thre . ados marh stwmState ~ Unierit of New York at Bufalo. L. Using Production Rules- ofengieerng ad te csabiatas Tu method of knowledge representa-
ofcav 1A Vem kchisoDog0 ThisPqila LI Problem Cbrce tion should have the following

anoveie of the -msethodology of The characteristics that distinguish an cheactaimi capture generalization be
know &sfe pe tse4 their u15 exPet system from other om~fputer Pie- understood by people providing it. be eawn
jokenation. and their potntal p gross We that they' perm ' ' itlst'y ly modiflable and be usciul In a peat

don in eninerig Mehods of knowledge demanding ake at expest level perfor- many situations. Knowledge is
iqxwdiV5 nwi in Ara generation apsiS mancs, that they emphlsmm domain represented in first generagion expert
systems and in ftu~re generatio Vpet specific methods of problem solving am system in the form ofsa set of production
satems am looked at. Some angown geera algorithm of computer scec, rlsTebsc omi rdcinrl

resam ch on expert sysem methodology at and that thsy provide exlntons for
the State Uniwraiy4o New York at Buj conclusions reached or actions taken.
Nho are described The kinds of problem that expert Rule R.7

This work was saupportgd byv the Air system solve may be divided into thosf ai, ft a
Force Systems Command, Rome Air of analysi and those ci synhesis Analysis Thien bi. ... ,

Dewlopment Cents, Griffin Air Force problem involve starting with large where a, are predictates (statements that
Bass, New York 13441-5 7000, and the Air amounts of data and arriving at conclu- can have true or false values) that are
Force Office GfSckie~lc Reerh Bolling sions in sumnmary form. Examples of referred to as antecedents (also premises,
AFBA DC 20332 under Conbuct Na p analysis problem are interpretation anid patterns, conditions) and bi are referre
30602-85-00008. This ooirac rt diagnosis Interpretation involves claws- to as wonsequentL The consquents can
the Northeast Artfqlcial Intelligence Con- 6Win or describing dats; thus a pattern either be deductions or actions, A deduc-
MortiwlL recognition teak such as determining crop tion is inferred from facts about a given

categories in a satellite photograph is an situation. An example cia deduction rule
L Introduction expert interpretation problem Diagnosis is (If (LIGHT ON) Then (CAN SEE)

A human expert powwowse knowledge is the problem of determining from a sat Deductions are most common in
about a domain, has an understanding of of obervables (smptoms, physical fin- diagnostic reasoning. An action rule
domin problemis and has som slln at dings results of tests) the causes for the changes one situation to another, ag& (If
solving problems. An expet system for a unusual manifestations. Diagnos in the (PUMP PRESSURE) > 300 Then (SHUT
given domin is a computer program that engineering domain is most often a pro. DOWN PUMP)). Action rules describe ex-
is capable of solving problem at a perfor- blem of localization of faults using atruc- pert behavior in term of available
IMNce level comparable to that of most tural and functional models cithe system. operations.
human experts in that domain. Synthesis problem involve beginning A rule can be viewed as a conditional
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ino tantecedns f ah rmthe e
set of bypothem The procedure is corn-
tinued until smem hypothesis is false or all
hypothee are true based an the data.

EMMSYSTMForward and backward chaining
analysis lsIm a1-xe analogous to bottoma,
up and top-din control in general corn-

"MCM pute- alwdithm ea. compilers Dottom,
UP analysis systems progrsiel reaus

UM the det to draw oclugcns, Ulb-own
USR__ew anlyis sYstem begin with an sepecta.

tic. at what the data could defns and e
X if the data fits the expectation.

212 Certainty ComputDAion
It is ohm uaaldi or necessary to

associate lovels of Confidence With rules
as well as with antecedents and oe

Knowledge qut Thus the inference mechani..
A g01e needs a method for, say, computing the

vistipconfidence of the onequent given the
go gAsIbdNIdb confidence values of its antecedents and

%IKnede las the confides oitbe rule One approach,
based an poobabiliteq is as followe

Duui The certainty of& ruWs overall input
Espstis the p a duemt1,f the certainties asociated

with the n"~ antecedenfts
rom L Fipu= SysiaeCcanponcet 9 The etainly of a roues output is

give. by a single valued function having
input certainty an oe ais and cutput
certainty ananother

ste nd he nvoation dule as limiam cie.e The certainly of a fact supported by
statmen. ad te ivoctio drlesas lmitng traegis ae mm otm sk. several rules is adeernmed by tranoform-& sequence of actions chained by modus countered than cthers. ing certainties into related

pone"a According to modus peu ifA The different components of a produc- - i-n--= called uncertainty relies,
implies B is true and A is tmus, then B Is tic. rule based epert System awe shWn than trshrming the certainty ratios
true. For xmple, given the rule "If xis in Figure 1. The knowledge ban amuletds bak no a cartainty.
human then x Is mortal" and the Mact of the set ci production rules% cns is a
"Socrates is human," by Instantdating x workspace hor the problem coubed by 2.2 Produedeno Dale maguages
to Socrates and applying modus penesio an inference mechanism from the data In principls, an expert system can be
we have Socrates is miortal. Mor gemeral- provided by the ows and the knowledge programmed in any programming
ly, ifA implies B and D implies (4 them bass, and the iqavmm erime utdiflhs the language such as FOKIRAN. C, or LISP
A implies C - which is adsmd to so context. Apart fivom the main modules an Bowsm as with any complex system, the
uYUOgimn expert system should also be provided choIce V the tool can influence the

When all of the ea. me bvus rule R. is with a graceful user intafam an agiane. feasibility of constructing andfor modify-
said to be triggered. A rule Is selected don a ciligjg and a knowledge acquisition ing it. Production rule systems can he of.
from the set of triggered rule%, or conflict model. ficlently implemented using many
set, using a conflict reaolutio. stategy. different commercilly available tools.
When tlwee ,que n' afthe selected rule 2.I Forward and Backward Chaining Prominent among these are: EAdYCI.
are performed, the role is said to be fired In the cas of synthesis systems the KAS% ROSE, OPS5 and PROLOG, among
There are several stretegs for selecting antecedents of the rules are conditions other Eachi of these lagugesbst
the rule for firing fl-cm the conflict set. and the consequents are actiona I'The in- provide a built-in inference mechanism.
Some of these am. terprotation or control mnechanism used by EMYCEN, a system derived from

1) Specificity ordering - arrange rules synthesis systems is as follows: MYCIN, is particularly suited to
whose conditions sar a super-set of 1) Collect rules whoe if parts ame trig, diagnosis. problems provides backward
another rule gered and select a rule using a conflict chaining and allows certainties between

2) Rule ordering - arrange rules in resolution strateg. J'I and + I to be associated with data and
priority list; rule appearing earliest has 2) Do what the rules' then part says conclusions. KAS has derived hum PRO-
highest priority. (fire). SPECTOR, an expert system for

3) Data ordering - arrange data in In the case of analysis system the geological exploration. It uses likelihood
priority list; rule having highest priority antecedents of rules are either observed -ratios for rule strengths and control can
data (condition) has highest priority. or derived facts and the consequents are he both forward and backward. OPSS of-

4) Size ordering - rule having longest new facts that are derived. This faem generality in that it is easy to tailor
list oiconstruining coaditicuas has highest mechanism is said to forward diai, the the system to the domain but uanlik
priority rules. The control mechanism used by EMYCIN and KAS it don not offer

5) Context limiting - activate (or deac- analysis systems can be either forward or sophisticated huent end. 0PS5 uses for-
tivate) groups of rules at any time; thus backward chaining In backward chaining ward chaining exclusively. ROSIE use
there is less likelihood of conflict. a particular hypothesis is selected using English-like syntax but has no

The choice of conflict resolution Wratagr some discipline The rules are examined sophisticated data base structure, PRO-
is ad-hoc. Specificity ordering and context to see Vf the hypothesis is a consequent. L0G is a logic programming language
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typleaW basnowa forms including Jecd, act, or events Wm Pigur 3)t Con-
descriptive defnitioes of domain epsfc structa are available in a fram lanuage

tore~e., owe pl," pum* fow~ for organizing frames that rereeI
preiar~) dem~puna f Idiv do 4- classes into hierarchical taxoomimes. In

main oset and their reslcatinhps to addition, speal purpose deduction
each other (e44, 'ft It a pm whose algorithms exploit the structural
pressure t220 psi"), and ateria ir mak. characteristicsofframes to prom anst
ing0ds;(46*ftefedwsterpump of inferences that extende the esplicitly
Prese smods 400 AsI then does the held set of beliefs to a large virtual sat
pum&a input ValO). of be~lif
3.1 Sesmamis Netweth 2.3 Integrated Ravirenmeaf&t~

A semanti neewom is a method d Examples df systems that combine the
knowledg e smbuatln (sae Figure 2V. advantages of both frame uuetim

Coneps m apeumid a jicW"ca~e and production rule languages are network. SNoPS is particularly ap-
in th eWo and relations are LOOPS and MUtnowledge Engineer. propriate when natural language inter-
reeste an d Ire c s (labele ar- ing Envi ouet). In these systes faces are important.

rows). A neo-and-link. net is not frames Provide a rich stucturl laguage Future generation expert systems will
nomemrfta smantlo nas, bow Tobe for describing the ciects 1abme jo inthe rely on a problem solving architecture
a semantic network them must be a w rules. Frame tazonome can. also be uws- uch as the blokboor4 which is a
of ssociating meaning with h network. ed to pertitlon astcl p iaon rulsa, framework that allows several knowledge
one wor of doing thit alled. pocedal SNaPS is a emantic network Inoss eoWroeI (Or expert system) to interact in

sem~~~us~~io~ itemdt a oae ing system that allows relational the solution of a problem AAnenvironment
that operate on descriptions in the knowledge as well as production rules to for such an approach is GBB (Generic
representation, be represented in the form of a semantic Blackboard Development system).
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Device Representation and Graphics Interfaces of VMES
J. Geller, M.R. Taic, S.C. Shapiro, S.N. Srihari
Department of Computer Science, State University of New York at Buffalo,
Buffalo, NY 14260, U.S.A.

ABSTRACT

The VMFrS project aims to create a device-model-based versatile maintenance
expert system which assists the user in isolating specific fau!ty components or
connections in a malfunctioning digital circuit. We describe a device representa-
tion formalism that supports the diagnostic reasoning of VMlB and eases its
adaptation to new devices. The salient feature of this scheme is the inclusion of
both logical and physical structural descriptions of the target device. The two
representations enable VMES to make efficient diagnostic judgements and to
interact effectively with the user in performing repair and test. The user inter-
face of VMIES is treated as a separate area of scientific investigation. We describe
the design and implementation of three interfaces, viz, a graphics display inter-
face, a graphics input interface, and a natural language input interface. The use
of knowledge based interface technology has proven a rewarding area of research

from the theoretical as well as the applied perspective.

INTRODUCTION

VMES is a device-model-based versatile maintenance expert system for the
domain of digital circuits [7]. The objective of VMrS is to interact with a
maintenance technician (the user) to identify the specific faulty component or
connection of a malfunctioning circuit. The versatility of VMES is nultifold:
across a wide range of devices, covering most possible faults, suitable foi different
maintenance levels, and providing an intelligent user interface. VMES uses a
device-model-based approach since it is more general than the traditional
empirical-rule-based approach (1,2,7].

VMES consists of five modules: the knowledge-base; the inference engine;
the active database; the end-user interface; and the intermediate-user interface
(Fig. 1). The knowledge-base is implemented as an expandable component library
which contains component descriptions. The inference engine has the generic
diagnosis knowledge of the domain, and uses the SNIP semantic network infer-
ence package of SNePS, the semantic network processing system, as its basis [5,3].
An active database is created and updated throughout each diagnostic session to
keep the instantiated objects and their associated diagnostic states and values.
The end-user interface interfaces the maintenance technicians when carrying out
a diagnostic session. The intermediate-user interface interfaces the engineers or
senior technicians to update the knowledge-base for new devices. All these five
modules are implemented on top of SNePS.

As knowledge engineering is to empirical-rule-based systems, device
modeling/representation is the key to the sutoess of a device-model-based fault
diagnosis system, since knowledge about the structure and function of a device is
the major knowledge source of reamning in such a system. Consequently, our
efforts are focused on the development of a device representation forrralism for
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verstile maintenance. All knowledge. whether of structural, functional. orgraphical. is in a unified knowledge base (Fig. 2), which is easily expandable andis referred as a "component library.

BuIlder I I-LUr nterace

Grphc -Gapi

Typel hwqsnNanet onag

Figur 1Mrcieuo M

Kagftbjec objct t objniec ACe Qtbs(4)~lm 6(rw)6 6NPwt Isat
Figure bArctbectsu w obec typeES

MID-I L 5 1

4" Object obj act a

(a) The (ae ) newr rersetngk 1sa

s1p"t 01 (b) sbaddnrapianweg
wihu chnin th oigia- ersntto n()

-------- - - - -- - -- - -



User interaction is an important issue of the VMES project in two aspects:
VMES has to communicate with the maintenance technician for test and repair.
and it has to provide an engineer or a senior technician facilities for adapting it
to other devices by adding their descriptions to the component library. In the
next section, the VMES device representation scheme is described with the
emphasis on device representation which facilitates a better user interaction. Sec-
tion 3 discusses the knowledge-based graphics package of VMES. which main-
tains and reasons on "graphical deep knowledge" when interacting with the user.
Section 4 is the conclusion.

DEVICE REPRESENTATION

In VMES, a device is modeled as hierarchically arranged modules. While this is
hardly a new idea, the innovative part of our work includes: the use of an
expandable component library; a clear distinction between two levels of abstrac-
tion of an object; representing a component Otype" as an instantiation rule and a
structural template, an explicit representation of wires and points of contact
(PO(XNs) and the incorporation of logical and physical structure of devices for
both diagnostic reasoning and user interaction.

General Ripresentation Scheme
Devices in the digital circuit domain share many common component types
Representing every detail of a device causes much representation overhead, which
in turn leads to system inefficiency. Instead of coding each device, we only
describe the component types used by the device to the component library. Parts
of a device are instantiated as needed. Adapting VMES to a new device is an
easy task - just adding to the component library those component types used by
the new device and not already in the component library. Since the representa-
tion scheme is still being experimented with, we currently have only about
twenty different component types in the component library.

A component type is abstracted at two levels. At level-I, it is a module
(black box) with 1/0 ports and a functional description. At level-2, its subparts
and connections are desribed. In a previous iniplementation, these two levels
were represented as two instantiation rules [71 Since, usually, only a few sub-
parts of an object are relevant to further diagnostic investigation, instantiating
all 'subparts is inefficient. As an improvement, the two levels are now
represented as an instantiation rule and a structural template [101 An instantia-
tion rule instantiates an object with its ports and functional associations. A
structural template is a piece of passive knowledge, which allows VMES to
search the suspicious subparts of an object. Unlike other procedural representa-
tions of the level-2 abstraction (1,7], the structural template itself is never fired
or copied. Since the investigation of a suspect is often terminated without check-
ing its subparts, the clear distinction of the two levels of abstraction along with
their separate representation has advantages on diagnosis and representation
efficiencies.

Explicit representation of wires and POCONs is necessary for diagnosing
faults of circuit connections (111 The traditional model of a wire as a uni-
directional module is inappropriate, because it ignores its bi-directional nature,
and it does not include POCONs. In VMES, a wire is modeled as a bi-directional
module to preserve its physical property, and its uni-directional design intention
is retained by the connection mechanism. Components are connected either by
forming a POCON from two different ports or by superimposing two ports,
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which are a same port abstracted at two different hierarchical levels, together.
With this new model, VMES is able to locate interrupted wires and bad contact
points.

Addig Physiglamo tation
Human diagnosticians of electronic devices seem to simultaneously maintain
models of the logical and physical structures of the target device. They carry out
most of the diagnostic reasoning over the logical structure of the device due to its
functional association. While carrying out the reasoning, the logical structure is
apparently mapped to the physical structure from time to time. Tests and meas-
uremen.s are first initialized using the logical structure, and then are realized and
executed on the physical structure. Repair, which is usually done by replacing a
physical unit or b y fixing a physical connection, is planned and done on the phy-
sical structure. In other words, maintenance technicians use a model of physical
structure of the target device, which is a hierarchically arranged set of replace-
able physical components at various maintenance levels such as field-level and
depot-level. By mapping the logical structure of the device to its physical
equivalent, maintenance technicians are able to terminate the diagnostic process
at the right moment and to form an adequate repair plan.

Given that the mapping between the logical structure of the device and its
physical equivalent happens throughout the diagnostic process at all hierarchical
levels, the speed in carrying out the mapping is critical to the time needed to
locate faults. This implies that objects on both the. logical structure and the phy-
sical structure of the device should be closely linked to each other so that the
mapping is done efficiently. Even experienced technicians may have difficulty in
locating a point of a schematic diagram on the real device, where the schematic
diagram represents the logical structure of the device, and the form of the real
device is the physical structure; which is attributable to the large difference
between the logical and the physical structures and a lack of cross-links at all
hierarchical levels of the device in human memory. On the other hand, when
modeling anl "representing a device in an automatic fault diagnosis system, the
cross-links between its logical structure and physical structure can be modeled
and represented to an appropriate level of detail. This is indeed possible to do in
a computer with reasonably sized memory.

In VMES, the physical structure of a device is represented distinctly from
but in a similar way as its logical structure. In a structural template for a logi-
cal component type, every subpart.of the component type is specified with a sub-
part "id" and a subpart -type", which are used to instantiate the subpart if it is
found to be a suspect and further investigation of it is necessary. In addition to
the subpart "id" and "type", an "mntn-lv" indicator is also associated .with every
subpart of a physical component type. The "mntn-lv" indicator shows the
intended maintenance level of the subpart, ie, the maintenance level where the
subpart, if found faulty, is replaced without further diagnosis. " he "mntn-lv"
indicator is associated with the physical structure rather than the logical struc-
ture of a device to reflect the fact that human experts form and carry out a
repair plan based on a physical model rather than a logical model of* the device.

In order to abstract a device into a model, which can be efficiently
represented and interpreted, some abstraction restrictions have to be made. First,
the hierarchical trees abstracted from the two perspectives should have the same
number of hierarchical levels. Second, the cross-linkscan only be made at the
same hierarchical level. Third, several logical objects on the logical structure can
correspond to the same physical object on the physical tree, but a logical object
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can not spread over several physical objects. This restriction seems unreasonable
at first, but a closer investigation of the electronic domain shows the contrary -
physical objects in the domain usually have larger grain size than logical objects.
This is especially true with modern technology as more and more logical func-
tioning units are being packed into a physical unit., e.g. a simple lHexinverter chip
(a physical object) contains six independent inverters (logical objects).

Cross-links between Representations
The two representations of the logical and the physical structures of a device are
cross-linked at every hierarchical levels. There are two kinds of cros-links
between the logical structure and the physical structure or a device. lle first
kind are cross-links for components. The second kind are cross-links for ports.
Cross-links for components are implemented by the "object <ogicalobj>/
inside<physicaLobj>" semantic network case-frame (Fig. 3(a)). NO distinction is
necessary as to whether the physical object contains a single logical object or
several logical objects. This is because we just care about whether the
corresponding physical object of a faulty logical object is at the intended mainte-
nance level and should be replaced, or it is not and the diagnostic process should
continue. this is independent of whether the physical objects contains anything
ele. (Actually, a physical object in the electronic domain is often replaced with
most of it. parts being intact.)

imodatt"p ojec \oble ct "10mdality

object'

bi lobit
~.ugndId port-o

01- 6M" tp Id port-of bit

type bit-width

Wld port-o

Figure 3 Representation of cross-links between the logical
and the physical structures of a device.
(a) Component cross-links. (b) Port cross-links.

While the cro-links of components helps in determining if the diagnostic
process should go on or terminate, and in forming a repair plan, the crow-links of
ports makes user interaction much easier - when ordering a test or a measure-
ment, it can be used to clearly direct the user to the right location on the real
device. It is implemented by the "object<logical.port>lequiv<physicaLporit>"

2A-54



semantic network case-frame (Fig. 3(b)). The advantage of a logical abstraction
of the device is that it provides a high level view of the device which facilitates
the diagnostic reasoning. For instance, a n-bit wire is abstracted as a single logi-.
cal wire, thus freeing the technician (or a fault diagnosis system) from thinking
about bit slices. However, when a measurement is required. it is necessary to
locate all the bit-ports on the real device, and this is often a difficult task since
these bit-ports may spread out randomly. In our representation (Fig. 3(b)). these
bit-ports (physical ports) are linked together, from high-order bit to Jow-order
bit, by the recurrent case-frame of -bit <a.physlcaLport >/
lo.bit <the remainigJmaer~bs>".

Physical Reoresertation at Work
In the rest of this section. we describe how VMES uses this device representation
to facilitate fault diagnosis and user interaction. When bad outputs are found in
the suspect currently being investigated, the system has to determine if the diag-
nosis should terminate or not. Most fault diagnosis systems use the simple idea
of SRU (smallest replaceable unit) which says that the diagnostic process stops
when the current suspect is a SRU, i.e., a terminal node (a leaf) of the structural
hierarchical tree of the device [1,21 VMES takes a more flexible approach by
incorpordting the idea of "intended maintenance level" into the system. A sys-
tem parameter. VMESJML, is set to the "intended maintenance level" the system
is working on. If a part shows some bad outputs and it is at the intended mainte-
nance level, it is declared faulty and the diagnosis on it is terminated. For exam-
ple, a board is replaced at -fsdd and then sent back to a depot where the fault is
further isolated to a chip. The checking for the maintenance level of a part is
done on the corresponding physical object of the part (a logical object), and a
repair plan is formed based on the component type of the physical object. VMMS
also provides an opportunity fir the user to short-cut the diagnosis by noticing
that all remaining (logical)*suspects are in a single replaceable physical unit at
VMIS.IMIL Since the same physical object gets replaced no matter which logical
suspect is fdulty, further discrimination among the suspects are unnecessary pro-
vided that connections are assumed to be intact.

The major interaction between V*1IL% and the user is the input of port
values. Since diagnostic reasoning is carried out on the logical model of the dev-
ice. VMI'S always wants the value ol a logical port. Through the cross-links
between logical and the physical structures, VMI-S is able to inform the user
which "physical ports" should be measured for a logical port. Note that in digital
circuits, a logical port may corresponding to several randomly spread-out physi-
cal ports (or pins of chips). Two examples of how. the physical representation of
a device helps the user in executing a port value measurement are shown in Fig.
4. The port to he measured in Fig. 4(a) is a port of a common component (non-
wire comlpnent) and the one in Fig. 4(h) is a hi-directional port (a wire-end) of
a wire. For representation and display efficiencies, wire% are excluded from the
physical representation of a device; this does not hurt the user interaction since
the wire-end of" a wire can always be identified as the wire-end connected to a
port o" a common component in the physical representation as shown in Fig. 4(b).
Note that two kinds of values a user can type in: decimal and binary, where the
binary numbers are prefixed by the letters "I" or "b". illie user interaction
shown in Fig. 4 is through pure text in SNePSUL (SNePS User Language) format.
it can be improved by implementing it in natural language and graphics (81

2A-55



whats the value of port
(m316 (signal (m152 (bit-width (4)) (type (D))))

(id (inp2)) (port-of (D1 -A2)) (type (I-PORT))
Equivalent Physical Port from H-bt to Lo-bit:

(m398 (Id (2)) (type (P-PORT)) (port-of (Dl -U2)))
(m399 (id (4) (typ (P-PORT)) (port-of (Dl 4J2)))
(m40: (id (6) (tp P-PORT)) (port-of (D 1-1,2)))
0m401 (0d (8)) (type (P-PORT)) (port-of (Dl -U2)))

-(valueyniI? 801 10
(a)

whars the value of port
(rn291 (gnal (m35 (bit-wIdth (2)) (type ()

(ad (1) (port-of (D1 -W2)) (type (8-POT)
Equivaln Physical Port from Hri-bit to L-bit:
The WIRE-63J0s connected bi
i m427 (id (6)) (type (P-PORT)) (port-of (Dl)))
m428 (id (7)) (te (P-PORT)) (port-of (Dl)))

(value~fnil? 2
(0)

Figure 4 Asking a port value measurement.()
On a common component (b) On a wire.

I GOT1-E FAU-1Y PARTS AS >>
$RearOrder. replace Dl 4M (typeMO)

(a)
>>>>> I GOrN- FAVLY PARTS AS >>
(Di-Wi)
$$ Repair Ore:fix the wire connecting
(m4A20 (Id (4)) (typ (P-PR) (pr-f (Dl))
(m389 PId (8) P-PORQ) (prPC)t-o0f (132-3)))
V429(id (4)) (type (P-PORT)) (port-of (DI _1.3)))

an also the wire connecting
m419 (id (3))( (tp (P-PORT))(port-of rDim)
(m88 (l l) (type (P-PORT)) (port-of (DI-1.1)))

(m428 (id (2)) (type (P-PORT)) (port of (D1 -U3)))

>>>>> I GOT1-E FAL1Y PARTS AS >>>
(m;324 (contact (m322 (signal (m35 (bIt-width (2)) (type (D))))

(id (3)) (port-of (D1 -Wi)) (type (B-PORT)))
(m323 (signal (m35 (bit-width (2)) (type (0))))

(id (Inpi)) (port-of (D1 -M2)) (type (I-PORT)))))
$$ Repair Order: fix the contact point at
(m388 (id (10)) (tye (P-PORT)) (prt-of (01 -1.1)))

d(c)

Figure 5 Repair suggestion made by VMES. (a) On a com-
mon component (b) On a wre. (c) On a POCON.
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The third use of the physical representation of a device is in repair sugges-
tions. When a faulty object is found or at the end of the diagnosis session, VMES
suggests a repair plan to the user according to the type of the faulty object (Fig.
5) If the faulty object is a common component, VMES just suggests that the user
replace its corresponding physical part. If it is a wire, the corresponding physical
wires are identified for repair. Note that a logical wire may correspond to several
physical wires, for example, a 4-bit logical wire is realized by four wires on a
printed circuit board; only the physical wires which are responsible for the fault
are identified for repair. This is done by decomposing the port value of a logical
wire into bit slices to determine which bit(s) are giving incorrect values.
Finally. if the faulty object is a POCON (point of contact [ID, that is, it is a bad
contact point, the user is directed to the location of the contact point. The physi-
cal representation is not only used to form the repair plan, it also helps direct the
user to the object or the location on the real device where the repair is actually
performed. In other words, it provides for better user interaction in both test and
repair.

THE IN7ELJGENT USER INTERFACE

As described in [7 VMES contains a knowledge based graphics package .which is
used as part of the VMF.S user interface. The purpose of this part of the VMFS
project is to investigate new designs for user interfaces, and to investigate what
we have called "Graphical Deep Knowledge". We consider a knowledge represen-
tation system to be dealing with Graphical Deep Knowledge (as opposed to graph-
ical knowledge), if the knowledge is organized in a way that makes it accessible
not only to display routines, but also supports some form of graphical reasoning
with this knowledge.

Naturally, a procedural knowledge paradigm is not acceptable for Graphical
Deep Knowledge. While many graphic; systens eliminate all information not
essential to the purpose of display, our system contains prima-facde "redundant"
information that is not immediately necessary for display purposes. However,
we have found good reason to maintain this additional knowledge and have at
least four reasons. mwhy additionI knowledge adds to the power of a representa-
tional system.

(1) It is helpful for a system to know what is currently visible on the
screen. A graphical representation looses much of its power if the user
cannot refer to the ohjects shown by that representation. One can con-
vince oneself easily of the importance of this notion by looking at virtu-
ally any system of graphical representation (including the diagrams in
this paper). "lie given figures are always referred to by some text and
derive their explanatory power from this interaction with the text.
Ilowever, this requires that the system think in the same relations as tile
user and maintain the same conceptual units as he does.

(2) l)eclarative representations are required for any logic based reasning.
This factor has been the prime motivation for the representational tools
developed here. An example of a simple reasoning operation would be a
situation where the position of one object 01 is known, and it is also
known that this object has an indeterminate spatial relation to another
object 02. like e. g. leftness. Any person could immediately derive from
these facts that the object 02 must therefore be somewhere to the right of
01. and any system that could not follow this step of reasoning would be
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considered by a user as not intelligent. Reasoning in the domain of
graphics is especially interesting, because not only traditional forms of
logic based reasoning have to be investigated. but also analog reasoning is
of interest.

(3) Modern software engineering has made the concept of modularization
mandatory, and very often production programmers divide a program
into modules, such that the user interface is one module, and the host
program that performs the services the user is really interested in is
another module. lhis leads to the existence of an interface between host
program and user interface which, according to methods of good program
design. has to be kept well defined and small. The result of this modular-
iatiOn is that the important concepts of the host program are not avail-
able to the user interface, and vice versa. Therefore a user can only refer
to units the system designer decided explicitly to export from the host
program. Knowledge based programming permits the sharing of informa-
tion between different modules without creating a bottle-neck between
them, and without having dangerous global information available to
several modules. "Te reason why a knowledge ban is not anywhere
near as dangerous as the sharing of global variables is that knowledge
bases are dealing with facts that are considered generally true, and if a
fact is true there is no reason to keep it private to a single module, and
little danger of conflicting definition or acces. This last statement is espe-
cially true for rule-based systems. A rule expressing that A is left of 11 if
and only if B is right of A is a universal truth that can be. made avail-
able to any module in any system.

(4) If a knowledge based system supplies tools for natural language interac-
tion a knowledge base containing Graphical Deep Knowledge becomes in
an interesting sense an interlingua. namely an interlingua between the
visual and the linguistic faculties of the system. Given that most
knowledge based systems have been created with some consideration of
natural language processing this observation should be of general interest
to KR research. Specifically the SNePS system has a number of tools for
natural language processing which permit the implied interactions.

Some other comments on the use of knowledge based methodologies in user
interface design can be found in (41 and (91

The TINA Graohics Interface to VMES
Three user interfaces have been developed for the VMES system which are in
different states of completion and integration with the maintenance reasoning
program. The first interface is the "TINA" program for knowledge based image
generation. This program maps a declarative knowledge structure into a
diagrammatic representation on a visual display device. This module exists in
two versions with different focus, one of which has been used in the past by the
maintenance reasoner to inform the user about the current sate of the diagnosis
process. Details of this representation have been reported else-where (7] but it
should be pointed out that symbol colors are an important aspect of this represen-
tational facility.

It is relevant to the discussion of TINA that an important mode of display
for which the theoretical ground work has been layed in this project, called the
Intelligent Machine Drafting mode, has been developed. Traditional CAD sys-
tems for circuit boards are usually concerned with the maintenance of graphical
representations of wire plans that show a physical picture of the device. In
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contrast, technicians usually look (also) at logical wire plans. Logical wire plans
are interestingly different from physical aes in that no absolute positions for
components need to be maintained, only certain connectivity relations.

Nevertheless it is possible to draw the same wire plan in two different
ways such that one of them brings acros the idea of the representation, and the
other one doesn't. It is the goal of TINA in IMD mode to create a logical diagram
that is "easy to read", by laying it out and routing it not according to principles
of CAD like minimization of energy consumption, but according to principles of
minimal cognitive complexity. The most important such principle that has been
used is the equal dLuributivt of structure in the given space.

It goes without saying that a knowledge base for use with IMD mode does
not contain any knowledge of coordinates, and that the major effort in the pro-
cess of display is the reconstruction of this knowledge from hierarchy and 6on-
nectivity information. The abilities of the lID module in use are limited tp a
small device class that we refer to as A*M* and which has been modeled around
the "Adder-Multiplier" (Fig. 6), a device famous in the maintenance literature.
A*M* permits small variatiosof the Adder-Multiplier. for instance variations in
the number of ports per components. in the number of components per row. in
the number of processing rows, and in the number of connections per port. A
formal description of the device class has to be omitted due to limitations of
space.

w27

Figure 6 A 3-multiplier/2-adder board.

The Readform Interface for Obiect Creation
The second interface is the "Readform" program which is used for the creation of

visual icons in a format that is accessible, to the knowledge representation system.
li7his avoids the necessity of hand generation of graphics code. The compilation of

a larger pictorial unit is done by asserting information about objects in the net-

work, such that in the prnx:e*- of drawing access is made to the icons created by

Readform. A knowledge bated version of Readform has been in the process of
development for some time, however as of this writing only the theory of this

system will be claimed.

Bly observing users in the process of object creation (with Vanilla flavored
Readform) it has become obvious that the internal conceptual structures of the
person can to a certain degree be derived from the order of his actions as well as

by asking a few questions at strategic points. Readform supplies the user with a

scratch buffer which is separate from the object created at the current moment.
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Users have been observed to create objects by drawing a simple unit in the
scratch buffer and then repeatedly yanking the buffer content into the picture.

From this chain of actions one can derive that all the yanked objects are
presumably members of a certain class, and the system can verify this by asking
the user whether there is in fact such a class, and if so, how to name it. This
information can be used to create exactly the Graphical lDeep Knowledge Struc-
tures that have been mentioned before as being used for picture generation.

The other thing that can be derived from the above chain of user interac-
tions is that all the yanked icons are presumably parts of a larger object which
consists of all the iconic primitives (lines, arcs, etc.) which were not created by
using the scratch buffer. This permits a system to ask the user whether he
wishes to name this larger object separately, and if he desires so, a part relation
between the yanked parts and the main structure can be formulated and stored
in the knowledge base as a proposition. This proposition becomes part of the part
hierarchy in the knowledge base. Part hierarchies are a backbone of many
representational systems and are used in the pro s of maintenance reasoning as
well as having major importance in the derivation of pictures from Graphical
Deep Knowledge and in controling complexity of displayable pictures.

The third user interface that we will treat in this paper is the natural
language interface.

The Natural LanguMae Interface
A versatile maintenance system is in need of a user interface in two different
situations. In the first situation a maintenance technician uses the system to get
help in troubleshooting a currently faulty device. The second situation is as
important, namely the initial creatkm of the device representation. In order to
deserve the title "versatile" it must he ptssible to create device representations
with ease and flexibility. 'he natural language interface that will be described
here belongs to the second class of interfaces. It is the goal of this interface to
create an internal device representation to the point where it is possible to
display the whole device. However, as much of this creation as possible should
be done with natural language.

As* has been pointed out in the section on Intelligent Machine Drafting,
there -is no necessity to actually enter coordinate information, so the natural
language descriptions become quite natural. Natural language processing is done
by way of an ATN interpreter/compiler that is part of the SNePS environment
[61 The class of objects that can be built by natural language is limited, even in
comparison to the already limited class AM* of displayable devices. The major
additional limitation that is imposed by the language interface is the branching
factor of electrical connections. It is possible to create wires impinging on at
most three port.

IBelow, the original set of sentences that is understood by the NI. interface
and that describes the: Adder-Multiplier will be presented. Running this set of
sentences through the ATN interpreter will create all the structures necessary to
describe the Adder-Multiplier comp/etely for display purposes.

(n)
D1 is a board
DIMI is a multiplier

DIM2 is a multiplier
DIM3 is a multiplier
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DIAl is an adder
DIA2 is an adder
DI has 3 inports
DI has 2 outporu
DIMI has 2 inports
DIMI has I outport
DIM2 has 2 inport
DIM2 has I outport
DIM3 has 2 inports
DIM3 has I outport
D1IAI has 2 inports
DIAl has I outport
D! A2 has 2 inports
DIA2 has I outport
connect input I of DI with input I of DIMI and input I of DIM2
connect input 2 of DI with input 2 of DIMI and input I of DIM3
connect input 3 of DI with input 2 of DIM2 and input 2 of DIM3
connect output I of DIMI with input I of DIAl
connect output I of DIM2 with input 2 of DIIAI and input I of D1A2
conncet output I of DIM3 with input 2 of DIA2
connect output I of DIAl with output I of Dl
connect output I of DIA2 with output 2 of DI
DIMI. DIM2, DIM3. DIAl, and DIA2 are parts of DI
wires are parts of DI
the form of a board is xboard2
the form of.a multiplier is xmult2
the form of an adder is xadd2
the form of a PORT is xport
end

T1he first (ni) above calls.the natural language processor from the SNePS environ-
ment. while the -end at the end returns to the SNePS environment. Although
the vocabulary of this interface. is quite limited there are variations of the sen-
tences shown above ptable.

Of special interest are the final sentences that start with "the form" because
these sentences call, if necessary. the before mentioned Readform interface from
inside the ATN interpreter and not only assert the relations between object class
and form, but also create any unknown form-icons by having the user draw this
icon. If the form is already known to the system, then only the assertional com-
ponent of this operation will be executed.

Figure 7 A low-end member of M*A*.
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"This last operation involves the call of Readform from the ATN interpreter
which itself runs embedded in SNePS which itself runs on top of Franz LISP.
While display operations are extremely slow (hours on a VAX 11/750 for non-
trivial layout tasks), the natural language interface works reasonably fast
(response times under a minute) considering especially the multiple layering of
the used systems.

A device consisting of a single multiplier with two inputs and one output
and the three wires needed to connect the multiplier to the three device ports,
plus the six biports of the wires themselves are laid out in about 20 minutes (Fig.
7). 'ihis device has also been created completely by natural language interactions
and it represents a low end member of the A*M* class.

CONCLUSION

In diagnostic problem solving, human experts seem to use both the logical struc-
ture and the physical structure of the target device throughout the diagnostic
process at every hierarchical level. Knowledge of the logical structure of the tar-
get device together with the asociating functional knowledge is used for diag-
nostic reasoning, and knowledge of its physical structure is used to carry out a
test, to determine when the diagnostic process be terminated, and to form a repair
plan. It is important to incorporate the physical representation and the logical
representation of a device in maintenance. We find that a physical representation
of the target device, together with the representation of the cros-links between
the logical and the physical structures of the device, contributes to fault diag-
nosis in several aspects - such a system does not merely mimic the behavior of
human experts, it may outperform human experts in certain situations. It helps
determine when a diagnostic proces should be terminated, thus it provides versa-
tility across maintenance levels. It.can provide a short-cut to diagnosis by notic-
ing that all logical suspects are in a physical object at the intended maintenance
level. It helps to form a repair plan based on the physical nature of the target
device. Finally, (probably the most important point,) physical representation
eases user interaction: it helps direct the user to the exact location in the real dev-
ice for test and repair.

It has been argued in this paper that knowledge based methodologies are of
increasing importance for intelligent systems. They permit intelligent behavior
of the interface and help to offset problems in information privacy that are
enforced by modem software engineering technology. A powerful set of user
interfaces is also a precondition for a versatile system, because most expert sys-
tems have to talk with people of different requirements during their life cycle.
Specifically three user interfaces have been introduced in this paper. The first one
caters to the end user, which for VMRS is the maintenance technician. It creates
graphical representations of circuit boards. The specific research contribution of
this part of VMFS is the creation of logical wire plans without any prior
knowledge about coordinate values of the system icons. The other two interfaces
are mainly of use for the device designer who wants to enter information about
a newly created device into the maintenance system, without having to learn
some obscure graphics or KR language. The first of these two interfaces permits
the creation of graphical icons of new components. This interface is called from
inside the natural language interface, if a user attempts to use a primitive form
which was not previously declared. The natural language interface is based on
the SNePS ATN interpreter, and the complete necessary natural language input
for the creation of an artificial device called the Adder-Multiplier has been
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presented.
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Pig.I Am me ls oa ~lml ~mPSatwet h gammmd a leia Cmepi hal) saow that cmm

own o I gad -- aimae (or the nr not fanW With
aium Th%,, and insu. of MM habe ba Afully

dveinds WR4S Is aloma WW KIR. Maim tat hemepma.
full hAt Odo 9odn cokskm. -we wn on Pig l-ft kwDul
doce the -.wu qama that will he heo th is gp'.D

IbeAWd "l SIX a~ml KIRS .pma geepouts. m2DI
eapsums doe Smi tha the eOat DIAl Is of tyM ddM. AN

lqd domt ha Or pba almop imonw pw (or 0.
we!Nd he the fallesheg am

_M DI
- --IA" iAadmms1&mmtDAO) ligate 2

typm~m5PhP-d&o~aJ~~) ao~SD
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hIDam meo m me be w immb pmbim (Imama amy ontom go grow OW desi@U&of tbdm
&me"im Pd at Vhw. k Need to bt do w4Nlag mai adm. )o man that - sm w4 a sld be 4mwwe a

91 ,emb (nd IN ama mo is a dodp snowee anl of gmmten Kndyns beeeal a aomble sno
nod a hamd @kOsb ft a imif VAs VMWii* do w a lu ju4 impiesm am imoummm 6iue for a puiniomal
aMindy bid OKvaries i. Ie job of doe &f In Usual Wed of (crow Nmely that. it mebe mata sp aft
OWAid A d iDWAN& prkIM. uqelehegt Oft a Mhur. aco OtIwes. We wsm f all dU cminse p'.jskn ai.
level of Msicalal edumiamn flowevs eb disv ew iligeme prob- 9ugw.7*
k~oda d im un many haed- A le beamM it ASK be A system dtha t I pairamonlig boan em bam or

mmlase smily hem a symbolkerpmmdm Somag lDA) poiam of objf Will be midt A m*v dedaudw gVipV
pueia lip bant uulams q mds on of na) she pronial my- ot iefuscy. MW typ of ,I Cba pemiteted Is either amealg-
uam. Nd pumdily at she imagury system bosh damalam which cal or propudolu In order to avoid any possible sermlsological

howmee ams yet Wooatd well an she dumala of problems aimfuaham we will shea the team 'spd kmowladge 'Momal
solving. kinowledge ad eves lgwapbkca kuowleige' and an the term

gwarhl1cal deep knwledge.
A. IRL~mLs~ua
we have ined a verny Mulled dimw of objecs called AMW Def: Grapial Deep Kwledge

whic Is a impl gemadmlbeou or the. Mder44hiudier of fig. A knowledge barn he mid to cotain graphical deep
2. aNd we have Implemete a fully m as c hoymat and Sl- knowledge If at how par( of Its knowledge exhibits deduc-
ed noinag program (or dds dim. A (email demxlpdas of ChM dve guaphia adequacy. Nd part of ikm wledge exhibits
dim AOW ham hrnt feawnlasmi Howem we will limit car- pROuimlVe adequacy.
Aiv e In his pp e aMIO cm eull! slmatlem Th term 'Idw W end in amalwg with deep mtune I&
- 'A deviae f aim A-W a adm t NN maleobjuc tiaaLu.

wh0 IN arnmid Is be a IMFp ban gapbheally eumlaliag Oat sm, pal of ow resuc IN mest a but of guaph-
all eb*mm amored an 19 yam. IN do amoit of this -- '-, cal de knowdtht In adequat for diepaylng ad mowing
ebjiat the ipmma Is smoodndo male ojma abu baI gma and AbM she demala, of .dnukj butdae to

- sga low he as mbjw of the dim AM an well an he INs pgandkl Owr cowt amsyab ot guaphital deep knowledge Is
Pam le mawy faina kda to fkkht wih "e faftish at nay gl~em, h thae followineg matem

- Thb Odpa len=h (onskwa ammhr of etanpsmm a L KEZ*id
dsina ba t past I elb (m 3 1yn hepUM Is mAtM GOt- Otajie my have Individual fam or Inhetd form&,
pod) ad the ilpna tels (Mmawa OAbe of =w- ml( objie dl form zand moodallty functios) W1

powsm tstM -as10ispanalL mnng cUOMt delay
for ewnemyouans) Oft eman q-go that br lai
ar compnns o be somotrucaml d t wil ft lno th mX ob~pct d2 typ adaVt =dlhy (unictIon) (2)

obelw e~ &dMMUSSI qw frwi- mXsbdnadgwdntoonaaaiyfunction) (3)

- Tae main 0*)at U Wall a la Itst ave POMs bed (1) demcalbae asnobjetc (Individual) Adw ht has a form iad. The
th a her No mooed lewd or the Pan hinwehy. The lat biasy peod6ma'odalk he med to discrminate betweten
pat O t adn ebJow an ihow - ae Bak boxes In diffemat diqin madem. asmlt boards punki display of their
ligl2) win pean (legl or functional sepramudam) and of their phy-
Tb emenut wmplaemma maka a few additinaa dadnutue innmn.beom wed tar thome tw dimpiays an o-

ownal whic ane mat pro Ow he A-U delldue, which ally dierwat. terefo e h (m.pmpds Ma mosbe quallled by
bowever do n im mm him of gmemaly wad will be the dlqiay modality for whc thin hem of kmowledge Is valid.
elininated he d the wase Amsg &hm assmtos a dwm A ro,. like xm is at the sme dwm a node he the
aincy of the pot doa for Nalmpenmr Nd the mmpdum of um.e Net, and a LISP funamlum that. V eamated. woul draw a
=&ai vada of dammn smymnAr. Poaw amp of Va.c formItia Te fmthe an paramneterized by thet startdg

aimneedu bmamne yet bea haplen=@D. padi Taurfore am to.. function can display the sae
For c~emcy soms thm IN no boutrakhegl pukrim obt sdlfrat primeK bet mo other mudiieaiom is pamible.

Into the SONUr shefm oa duln yadiogkpIy uniuly- (2) mdgae d2 thw iam of sad-gato which are by (3)
able cmathe do sdly. whIch 4m ant awmdy. emneer. ww raqaimi am a mobv-e of the dim or boolean emmposets
$IVOR m ha tmoe papm noting pmlme ham M yet whtich by (4) an all aigmed im Nme form, sandey xhulam.
bme salved eithe M7 Week tm. SW am well as si the implay of We have Never fwatd. kt ammy 1w toherit a ram singan
physica boand INagai wemum a knewledgehinme hail tovau litermedise w.~
our weeka gahimal dmp knowledg (whih Will be idead In

M DE il2h&0.1iR LED A lage amber of -pemm awoa for palloms is ptoible.
obct odea refer to the posidis of an obws fixed refer-

A. alJ&M.Dobb L~N2&ldacaeP
A large membe of adansiet leld makte mulnal to exten- L. Cimmes =Aa Via" Aeelut peddamm

sive umem aIu th aupinmdu of knoewledge dealing
with form and =ILum Spain lmft w to mndli thww mainmojtdlaes ifz1020)m aiyfuto)()
ara. natual knmoag gap, l fill knowleir bind gpaphictn mmd bmadx10y 0)mdlt ucin S

(IZ 131, and the lamagmy deaebetwe-nimagia (14.151 and (S) descrbe an abmuue pmkimo of d1. The position is gives by
prptlesallms [16.171. Mw ezimenner of. -i propositional the sustructuee in6 which contains actual coondinate values:

repMetatians I@ ow widely aetdIN all camp. However.
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The pseudo predicate mE. hat to be road as a structured indiv,-
duaL. act as a pOOpu1ift (61 The implicit assumption of this Pamit
repsesetatium is thatcordisaaa ane gienm in pilsof a graphic 0enJ
display device and an 'relative se the ece. and therefore
called absolute

Whem peop& gife a descuiptiom of a picture, they typically DM
do not us inordinate valves bet rather talk abot objects in the

ceat, at theIO tor at the left of the mm According to the
linearity principle It Is therdam usesay to Se ,Puamat those

absoute position.Fi%3

m7( obpct d2 (abpos cener modality function) (6) A Mudiper w~th 3 PoitU
in 2 sizes, I both sizes

Currently the exact meaning of the fuzzy'usame is still order poM one botli1engdh "w k-o R
ineSkCt2tCga s We have dome a psychologiCal P"lo Study With 20
sbyjwm to fid out what people think 'leftamar means, which (9) describes the relative position of port.3 as being 24 to the right
has nag yet beam totally evaluated. Fuzz absolute positions 4sd of DIMi1. and 4 above it. Distafict iefet to the reference point IL
in this experiment ane tOW bottom. left, right. cester, upper left If the relative position of a pant of an object Is given in pexcl
owner. upper right conser. Iower left owner. and lower right coordinates tl" a problem wish scaling remis nam only objects
COr"er. The term I'uzzf Is am related to ZW&eh fuzzy logic have to be soiled,' but also relative podd=Lo TIs In unsatifying

[ilbemause it -does am express the fundamental invarance of the
positionmor the asbgez to its super-part Feert usely it ispod -

2. Relative Positions bit to reprsent the relation betwen an object and its ub-parts

IProoitions about relative positions ca be divided into preserving the conceptual positional Invariance by using 'bodj
different gmopi. acording to a number of criteria. T. Amt dis- am ord*e. These inorinates repreent a relative position u
tined=o is betwee numeric positions (whet we r"for to as lboo- ulsP or the abn of the relevant object.
crete positions) and fuzz potion. Fur nmeIc poitions there 3oje pr0)
are at lea three dilfeea ways tintepse eoordinise values. Ioc mpor 3 by 3)
Values cm be given In pizeks or they m be multples of th relto. DIMhI 3by1
sizes of either the object or the reerence objec Involved. modity funion

Thn __tere o mngtb ie expflctly or Impicitly. mdlt ucin
Inteseoda thm must be a "sprpr orte km (10) shows the sme relative psitiom as (OX however assming

which will be uand an the efe vace obJect Finally it might be that objec port3 has a length a( pixels and a width of 4 picL
he ease that a relative position hr~ inherited from a class or 7b relative position '3. Is a multiple of the si" of poft3. The

objects. Many of the given repsentisml Possibilities can be length and width of an object ame the length and width of the
cobndwihec oter smallest surousnding ofanl atIt wheh ha lines parallel to

the coortlinatea.(9ne.
a. Fuzzxy Relative Postions-As for fuzzy absolute

poasionsathe analysis of the seantics of fuzzy relative potitions Intuitively, the rapreneadon exp.se the tact that a big
is still under way and bmas experimental data. man has hisan= far away from his nec, and a small child -has

its arm neaer to the nelt. but the raeio of the distance and tht
mK$ object d3 frelpon left eel-to dA modality function) (7) size of the aso u mld be appromately a cosat.

Usually there will buna nmber of objects given with eela
(7) dribes-the prpido thee 0l Is lot bf slyiv positions to the -am refer-m-- object This makes it desir

Unfortunately there are a nmmbt't £f q relative ps- able to specify relative , I jt9 is body coosdinats of the refer
tion descriptions Which do not rely em binary relations A ac bjmt sliertly aed reference object oaedinates (denoted by
represta for aawe.wihh eertsme object is the eam brx and ber).
shown in (5). Morm difficult ar n e-e 'together. and m betpr3(i

"roemng-ekese. repos =15( bra I bry 0.33)

119( o4ect 4" (8)ft1 DIM:
frelpos between modality functioin)
el-st d95
rele-p, (II0) Can be intrprete In the nowe way as (10). except that this
moldalft function) time the fatr (atr "bra". "by") apply to the size of the refer-

ence object which is assumed to be 24 pixels long and 12 pizels
L. Comute Relative Poido-We will begin this high.

section with an exmple for a relative potion measured in puxel
cowiaa.Fig. 3 chew. as example a multiplier h litl C. 2xlcit verno Implicit Referensce 'Objects- In

black boses In the pieture an posts (ad4 of the multiplier and all casm so far the refesore object of a relative position state-
have theirmw fom meat wa give with a rel-to or-. In the circuit board mainte

nanc domain a lAm part hierrey Is used. There is onemao
W1( object poses objewt the beard, which has many different parts which should

relos ml1( z24 y 4) reasonably be placed relative to this main object. it would be
reltoDIMI reundant to Pe the reference obec for all the perts. and
modalit function) therefore a default asnapelois practical.
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ms~an0*mwi1a Usy- (22)(M1 tawevd-sur -1mmd ora danpl part*gn
inmiiy f~a~s)As O~tima OMf Onmm be" 110 Owar pan *TMe biqedum

=3= 'Wi. 46 ineftds modalit Ehanlu) (IQ) midalley attain. a speal hIpI for pat IMwclm.r-
mnin lik AND gose& OM gaoo tw- aft dieplayed se dge abjin.

(U3) thwm a put imnd@&. a d II l that Will be in a logical disgium. Is red auiwa. ibm e ft wnf ht
uvkewa himr. Becme of (1 d) @ 6 mw pqis m lm binary AND gain Is a dogle dlpL Thus fewt gpame& le e

by (12) wl be insmpeumm so ben alive zo d&Pam of difernt logical maim. lweer in a phy" imn-
(Immbhluids of th e upom owmaum hooiuce tation ali four of them mant be parts of the amet inemd

anm is gemal pamPAL. ftr han An ld ag objcec COW
-7 be OWd w0th all "ym of udaid mwilnaiu locludift Aabli
fuzzy *am (14. M .3).bc

nil(objct fipowlef madle, (mmous)Work onth am e mamc part uthe V&M pmraj as mled
mUIC'Wad? umls kt mdalty ame..)(14) is the iwmkd tattain ebjmu iami never be displayed

AWl 'Wan 6 omba 47 dl amlity funin) (is) wIbmt thei Pam ts FmInsam a Pat is a part at a muitpier.

4. awrmedadmw rdkis nt ad" w hobt a smmltpllu thmid newer he dlsplayei withut he pus.
4. bm~md alilv FedmmV m eierhicIs .Su4sm=%m ans *udm Oectthatbm a, nl pnwhe

Lam put atell a body hoig&b (mm he anmpodm hu ibs ldIms to a myedli oect and ,wbic an .jpond to he
will pnummby MUl -um for all the addi h I, d aow. and dipae whoever the object they are pan of is diapimyad.
-w wouli an woo t iso din ow an d met spin. A maim- Th - P ~ n .Cd ofmk - e;Is ei=Uw to pamt
ii. ft iis pmbli Is to mak tht weliw poddmIseluf iherit- whole relatisa. except thot t&M sicI ubu ise umeihid
Oale This epis Is enaMWlh by the faflwing at or looped- of-&"f
dons The dld w paidm Is gienm Is Vfore *%bjan eui-
sawten kml * isihdwhmoi a hImmermobt s W-efdW.* m2~KbjeatdIG umatm d9mmodality famton) (22)

=21(okahimut 0tp half-addar usemiry function) (06) 2.Cutr
in2 ebjma dlb mopmu d0 midlry tuneodo) (17) ~pmao ba
=23(eedahmmi dmder umiAoty tunedw ) IS)d d bad oeimsdwgopso bet
ml4(otim 00 foggs a moddlity fodm (i,)y th ae~ d in a logical umltlm to omc& other. cmparabl In a
max don amdi salpi =2( he 2 buy pow (20 pa wo nkmidn Neveethelus they an neithe mubp Pa o

mo1d a moey m&MObmibL. Sobarte amd mbinmbilu have a mok objuct
thA is Itself displayale. *& thot bw a (aem oHowev a pump

(16). ~ ~ ~ ~ ~ ~ ~ ~ ~~ i ofI) anc2)opmy h.mmlepoom , ~poams might consist ofeebjmcts of thme mm " and
(IO OI an (2 spft IM-beie p~om of49 InapaUt ne of whMA dAm d the stausof madm object.

whi" Is lmh~uem firms ibm dam %Mu-n (17) inpedam the =for. pa& 4 se a voitWg di'vider and a T 51cmr wich am typical
isa bomn410by fer d. ipaput P mhlhlp . ( ) exmdso N this.
imsmmary ispaumit e dlvadus i e UrddlO whc In hc isol aa airiamI li
awn Is nammmy for Orhe amad n fs arbject mod- A gisplnga exssol@Kn btaimIsclda

asuL dthor. If ama combine the concpt o cler, with thea onet
maca.~o do a dilmm meg. Either the abstrct, object Is let out

3. Lftiom Raomfmng with Fm Plddams of doe blesehy (whi" s.medumbk hIm anythig that
The lolelswg stomm is a DSePS rue thot ape. thet no~d is a pawn thoUd be diretly reprmenteie he, te

fact *ha O am Oject is lato ahw ebw 030. he IPW or the aim object is pat Is the ierach and
object woo to aigh of the Am 4bje a vlom VO -t a theob do com d r an made ise puts. bet -w the Not of
delled epainm or do struma of DsIM aimeaui:ti ead dmpl'ei display. by imitMn the number of lerda

displyed do. not woeh my mon. b the abstrut obJect Is
m27(aeb 61i V2 0i) (21) an displayale is thwm am asre bjects am w moover If

dm Ione Is willig to give an ealmc object a symbolic fam thon
se (MM obk vi va-f v2 AM t3v r eW bot the ml Ic" foms wwle dan aumA~d he

erg m29 bjec m'2.1-i "~ ,3 . ~dispayd V one wamtat isa anl thme levels of the paut hiaruthy.
This would complse the display sammry.

Vf the knwledge ban cmam the abmim po- s of 3 ad the. Owtanoer siis ptebi i rease anditioslerar-
fuzzy pa*,h OLD Smwis %A bet me pmddml. isfemmwa thyv" sthi ds smiomewbere Is betwee a piat erarchy and ma
about A Itself ibis Als ImM poddo. tin he 4dei with role ahiuuedom hiermedy. If A is an object (without orm) which
(21) or a variation of It. bas subchaee. IL C. and D) theA will he dialae omly by

displaying D. C and D. lhewever If a Partial display is entoad
D, UUCMSLANAMMIMIn a way that woul enclude the level of 11, Q and D from
0. hm~l~.am..6m.~m thwing. A Will he displayed symbolkmlly by a bom akin to the

Pan hlbiebles anr a commonly. ud onstmuct he Al [24 display formast he Mlock dlagem..lig. 5 thaws the new display
Our research bn Iniated that a pan hissaiday atone is n forwat for fig. 4: The metwoek reprmenatdum or& mubdanuer in
=ddut for gmphim deep knwledge aspuaismtisne. We bmw chow. by (23).

added two othe typom b part-lke himmchim. called mmoldln
and cluses. Wml( .tbct d10 subcuse d9 modality function) (23)

The display of a complimcad obimct withvmral law& of
pawm might he Impodei on a limted 1im-om display devim E. £ZUhUMManAttriute MaIga
A natural way is ~ Ild h complexity of mib a display ft* is One Importat factor in designing a system bond as graphi-
to limit the ammhe of levels of the hieruay dthe an actually al deep knowledge is a duwst pantion hetweus komoad the
displyed. This is a very- elegant miutlm hem.. It dam mct objeem that an reprmented by themt Scm so adra that
requiem the introdution of any mew reprsetatoal contrct ham been made by others alim 1211 Wei separaton fea one to

2A-69



ollm Sm aMet famk by "ed .5er "md )
e souuiw by bUe ashy

M"w ui -0 " mp,.mmlmdnwk (lit polmd"l h
(2v)the awplee - mamy for (Ila S gwm

.2 i§4- - (27b)

T - ~modaily fuacdmc

AVOW A -r4NiIt blo ad e eAuiftueem -ww u fe * -noW"o -=.

mamp et qpiy = ad picmi i, Mmur em ew
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~~ he* p nmm. bietwe d a ukas sk fa mpkv S m

MulI doaude. £olv ofin MIUdSu ke m I bjwmah Is Smir
toslm Ibl con hesd Iskas an 4f tv~ 06 do adust,

er~~~o dm mdmbmmLwk fmmaa dw is s ~ eWU*a mb fm w ftmiinlt
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ARA imen I bw w mome f an M mods qdmga mr gglymd Is.1 s ad meddI 0~id ft0 3 adbmddm fwW anbo amh meMu farwb em.4e momotId-lo
pindwo a anim mew to fM L - -b An b~u fi o ow wak em wsdm *w Is

adIf fttw obwsomiit o aol- sad) .k-I d a- - fts hewam If5 eas *-ar fIn w

ak~~ meimb Ga& Smob am am~ Imuft Ia faa R m

d&e earn.. dams mu4 ap(2y topl all a-i @Mpa usma-~~d U (S).huste~m hoLIf m forlig knothu dem asd-
ek-. m ~ai s frqmmuhit dm obo will Itpl us m parudt do Simma p atr Mi.

ovu a mu.* anr IN Pam Sm" t
Wefr aa ta Givesdmig ?m *mS ame co quiseh =PR to Me 0~ f lapumis

&W 37C sub cris om a iuk~~uru k-m i mpl I&q att wink wm iml

I mis sa saleadm (3 -0a 166efta ae u a appombadmm areimfmgut
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ARTIFICIAL INTELLIGENCE
AND AUTOMATED DESIGN
Stuart C. Shapiro
James Geller

Department of Comrputer Science
State University of New York at Buffalo
Buffalo. New York

Artificial Intelligence (Al) offers to the design task -the use of powerful sys-
tems that can be knowledgeable assistants to the human designer. -Knowl-
edge Representation techniques can be used to specify the ontology and
epistemology of the particular design task so an Intelligent Interface, in
general, and an Intefllgent Draftlng assistant, in particular, can discuss the
task with the designer using the same concepts that he uses. Investigating
Knowledge Representation formalisms for such aids in the context of devel-
oping a Versatile Maintenance Expert System (VMES) has uncovered a
number of interesting concepts that seem useful for a wider class of design
domains. These concepts are presented after a general discussion of the
role of Al in design, and an introduction to a particular Al Knowledge
Representation system. The role of design aids and Intelligent Interfaces in
VMES is presented as an example of the use of such systems.*

*This work was supported in part by the Air Force Systems Command, Rome Air Develop-
ment Center, Griffiss Air Force Base, New York 1344t-5700, and the -Air Force Office of
Scientific Research. Boiling AFB DC 20332 under Contract No. F30602-85-C-0008. which sup-
ports the Northeast Artificial Intelligence Consortium (NAIC).
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o ARTIFICIAL INTELUGENCE AND DESIGN

The task-ot design presents intelligent humans with a large number of com-
plicated problems. Artificial intelligence (AI) is the research area which
attempts to discover how to program computers to solve the sort of prob-

-lems intelligent humans tackle. One use of Al in design might be to have
an Al system that would do the design itself, perhaps viewing design as a
search'through a design-problem space. In this paper, however, we will dis-
cuss two aspects of the application of Al as design aids for human design-
ers - the pplication of Knowledge Representation to drafting systems, and
the use of Intelligent Interfaces. After some introductory remarks, we will
give a brief introduction to the AI system we are using, present some results
of Our investiations into the applications of Al to design, and, finally,
show how this fits into a Maintenance Expert System we are developing.

The Role of Knowledge Representation
Modern computerized drafting systems supply their users with a wealth

of powwful modeling tools.. A typical drafting system deals with objects,
their iisual and non-v*alW attributes, and their mappings into graphical
representations. However, such a system is only a powerful set of pens. it
is not an assistant that "knows" what the designer is talking about. To be
intelligent. an assistant must be knowledgeable. Knowledgeable computer
systems are known as "Knowledge-Based Systems" (KBSs), and are a very
active area of Al research and development.

We can identify three roles that people play in the design and use of
KBSs. First, there -are people who design and implement KBSs without
regard to any particular application domain. We can refer to such people
as the IBS Designers, and to the results of their efforts, using terminology
from the field of Expert Systems (ESs), as "KBS shells." Second, there are
those who particularize KBS shells to given application domains. They are
called "Knowledge Engineers" (Es) in the ES world, and we can refer to
the results of their efforts as KBSs simpliciter. Finally, there are the "end-
users" who use KESs as tools to get particular jobs done.

7Uejob of a KE is usually perceived to be interviewing a person already
knowedgeable (at an expert level) in the application domain, and recording
that person's knowledge in a form that the KBS shell can use. However, if
the IES shell is flexible enough, there is an additional task for the KE: to
design the. "form" in which the knowledge is to be recorded. This task is
the .Knowledge l.epresentation (KR) task, and we will refer to the KE per-
forming this task as the "Knowledge Representation Engineer" (KRE).
(The KRE's task has jecularly been called "notational engineering.") The
KRB's first task is an analysis of the knowledge primitives in the domain.
He must define the domain's ontology (the kinds of objects and attributes
contained in the domain), and its epistemology (the sorts of things one may
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know about the domain, and the ways of'knowing them). A flexible KBS
shell will permit the KUR to do this declaratively, L& without re-
proan g the sh.

The KRU can supply a vocabulary of conceptual objects, relations, and
attributes without a limit on the level of object abstraction. For example,
one can take the system's representation of an object, and its representation
of the depiction of the object on the screen, and create an explicit non-
procedural mapping between them. This mapping itself can be reified,
which makes it in turn amenable to serving as an object in a propositional
context. This example only involves two levels of abstraction and is fre-
quently useful. For instance, it may be used to assert the validity of a map-
ping that might be limited to particular cimstances.

The declarative representation of these objects has the additional benefit
of placing them in the domain of possible end-user .queries. Whatever is. a
coacept for both system and user can be discussed by them. Te user can
tell the'system about them, and can ask the syst.q what It currently knows
about them. The system can have rules that specify how to reason about
them, how to derive new attributes from old ones, and even under what cir-
cuimtances to infer the existence of objects it" hasn't been explicitly
infdrmed about.

A Knowledge-Based drafting system can be an intelligent assistant to a
designr, rather than just a powerful drawing tool.-

IntellIgent Interfaces

Recently, there has been increased interest in the contributions Al can
make to the design of interfaces. There was both a workshop and a panel
on Intelligent Interfaces at the 1986 AAAI sponsored National Conference
on Artfical Intelligence, and DARPA has recently funded a program on
Multi-media Interfaces.

Our own view, [Shapiro 1986a] is that an intelligent interface needs the
following capabilities: it should know about the topic under discussion, not
merely be an isolated, modular, general purpose interface; it should know
about communication issues, including what is on the screen, and the rela-
tionship between what is being communicated and .the way it is being com-
municated; it should have a user model, so it has an idea of what the user
knows, doesn't know, and what the user. is trying -to -accomplish. The
KBS-based drafter we are developing can be seen as an appropriate intelli-
gent interface to a more extensive design system.

General Introduction to SNePS

The SNePS Semantic Network Processing System [Shapiro 1979; Shapiro
1986b] is the KBS shell we use, and we will use the SNePS formalism in the
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remainder of this paper. For the reader not familiar with SNePS, we will
first give a short introduction to the basic properties that distinguish it from
other semat network systems.

SNePS, unlike semantic network systems of the KL-ONE, KRYPTON
family, [Brachaian 1985; Brachman 1983] but like Anderson and Bower's
HAM, [Anderson 1973) is a propositional semantic network system. i.e.,
the main ingredient of SNePS networks are assertions, constructed from
case grammar-like frames [Filmore 1968). This does not imply that SNePS
cannot support KL-ONE type class hierarchies and inheritance [Tranchel
1982), but that this feature is less prominent in SNePS. SNePS is a fully
intensional knowledge representation system [Shapiro 1986b) - it can rep-
resent imaginary, non-existing, and even impossible objects, as well as
abstract objects, and muliple guises of a single object as if they were sepa-.
rate objects.

I DS handls full predicate logic with universal, existential, and
numeric quantification. A number of non-standard connectives that
Inprove expressibility are available, Including both a default operator and a
true negidoh. SNePS supports forward, backward, and bidirectional Infer-
ence, in contrast to many other systems which permit reasoning in only one
direction. For instance, the OPSS expert system shell doc: only forward
inference. whereas PROLOO does only backward inference. In SNePS, the
same'rule syntax can be used for either type of reasoning; there are no
specific forward or backward rules. SNePS permits the use of recursive
rules, either. ditectly recursive or Indirectly recursive (McKay 19811. A rele-
vance logic based [Anderson 1975; Shapiro 19761 extension to SNePS per-
mits its us as a truth maintenance system [Martins 1983].

Another advantage of SNAPS is the total order independence of rules and

clau in the rules. In effect eliminating the painful mixed procedural-
declarative semantics of PROLOG. This higher degree of flexibility permits
very natural representations, especially for natural language rule expres-
sions. However, the required computation times are usually longer than for
PROLDO programs.

Although the major purpose of SNePS is not to be a functional model of
the brandk opposed to, for instance, Anderson's ACT system (Anderson
1983), SNAPS has been designed with a high degree of cognitive validity in
mind. This is expressed by a differentiation between conceptual and non-
conceptual relations, by the impossibility of PROLOGish retract-like forced
forgetting (except for debugging purposes), and by the accessibility of all
information about a eoncept from the concept itself.
. A number of different SNePS interfaces have been designed, containing

several natural language parser/generators for subsets of English, a frame-
like editor, a logic programming language, and several graphics interfaces.
In out description of k'owledge structures we will liberally use the
"Lispisb" notation of the SNePS User Language (SNePSUL), or our stand-
ard graphical representation of SNePS networks.
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Knowledge Representation In SNePS

In this section, we will discuss an eample SNePS network to introduce
the syntax and semantics of some of the representational structures we use
in our work on VMES, the Versatile Maintenance Expert System [Shapiro
1986c]. Figure 9.1 shows an Adder-Mutiplier, a simple experimental device
that has been used in the field of hardware maintenance research by a num-
ber of people. This object consists of three multipliers and two adders.
Figure 9.2 shows part of the semantic network that describes this device.
Rectangles in Figure 9.2 represent concepts of real or imaginary objects.
Circles represent propositions about these objects. The network can be
read as follows: DI is an object of type M3A2; DIAl is of type Adder and
is a part of DI; DIMI is of type Multiplier and is a part of DI; DIAlFI is
a Full Adder and is part of DIAl; etc.

The SNePSUL commands that create the network of Figure 9.2 are:

(define part-of object type)

(build object DIA1
type Adder
part-of 01)

(build object 011
part-of D1
type Mutiplier)

(build object 01
type MA2)
part-of DIAl
type Full Adder)

(build object I1AlF1
part-of DAl
type Full Adder)

(build object D1AIF2
part-of DIAI
type Full Adder)

The first defi n command defines the arcs to be used in the system. Arcs
can be followed, for retrieval purposes, in either the forward or backwari
direction, guaranteeing the universal accessibility of every node from every
other node that is related to it.

The set of buil d commands creates the actual network. Note that every
build command will result in the creation of one "a..." node. These
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Figure 9.1. The Adder Multiplier and one of its parts.

nodes, as described earier, correspond to propositions in the system and
cannot be created dire y by the user. In other words, it is not possible for
the use to create an arc connecting two nodes named by him, guarding
users against creating non-conceptual propositions, objects the SNePS
theory of mind does not permit.

type object type object

part-of paPSn-of

object r~ typeac

Figure 9.2. A piece of semantic net.
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o AN ANALYSIS OF IMPORTANT ELEMENTS OF DESIGN
KNOWLEDGE

Having introduced the SNePS XBS shell, we will now discuss the ontology
and representational constructs that we, in our role as ICREs, have found to
be necessary for creating descriptions of graphical depictions of simple cir-
cuit boards.

Objects and Forms

The first fundamental unit we need to deal with is the displayable object.
In order to create a picture of an object it is necessary to specify a form for
it. Every form has a dual role. On the one hand, it can be used to create a
picture of that form. On the other hand, it is a conceptual unit in the
knowledge representation system and can be manipulated as such. Picture
creation is done by a Lisp graphics function whose name .is identical to the
form concept in the network, and whose arguments are the coordinate posi-
tions of the place the form is to be drawn. So, if the form of a particular
gate is specified by the function gate-fom, the gate would be drawn at posi-
tion (100, 300) by evaluating the Lisp form:

(gate-form 100 300)

The degree of specificity of a form varies. While the form of an inte-
grated circuit or a transistor is totally fixed, the form of a wire is dependent
on the position of the ports it connects. If a user wishes to display an
abstract object then he has to supply a symbolic form for it.

Positions

The next essential ingredient for a drafting system is the concept of posi-
tions. There are several possible ways of specifying positions. In a tradi-
tional CAD system, positions are only expressed in an absolute or relative
manner based on coordinate values. This is an ability that a KBS should
also have. However, knowledge-based design systems should also be able
to deal with relational specifications, such as the specification that a certain
element should be near or to the left of another element. This, of course,
introduces a certain fuzzyness in the representation. However, in many
cases this is exactly what a designer would like. It permits him to think in
concepts that are natural to him, and it avoids unnecessary specificity. In
other words, a knowledge-based drafting system permits one to specify spa-
tial relations with a reasonable degree of imprecision.

The following SNePSUL commands show first our representation- for rei
ative coordinate positions, and then for fuzzy positions:
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(build object gate-1
relpos (buiLd x 100 y 200)
ret-to gate-5
modatity function)

(buittdobject , gate-2
retpos Left .
ret-to gate-1
modaLity function)

The first SNePSUL command will create a piece of SNePS network rep-
resenting the proposition that gate-I is 100 units to the right and 200 units
above gate-S. The second one asserts that gate-I is to the left of gate-2.
The modaLity slot Is used to differentiate between different arrangements of
an object in a functional representation (wire plan) and a physical represen-
tation (picture of theboard).

Atfributes
Attributes can either be of objects or of pictures of objects. An example

of. an atribute of a picture is blvnS. A blinking picture can help a user
focus his attention on a currently interesting object, without expressing any-
thing about the object itielf.

An example object attribute we have been using is the faultiness of a
gate. The proposition that gate-I is faulty would be represented by the net-
work built by the command:

(buiLd object gate-I
attr (buiLd atrb-cLs state

atrb fautty
modatity function))

In order that the system know how to display a faulty gate, we tell it that
the state attribute maps to the state-to-cotor function:

(build attr state
mod-func state-to-coLor)

Each attribute function, such as state-to-coLor, is actually a functional
that-takes a form function and an attribute value as arguments, and returns
a modified form function. So, again, if gate-I had the form represented by
the finction gate-form, and given that gate-I is in the state of being faulty,
and that the attribute function for state is state-to-color, gate-I would be

2A480



displayed a faulty at coordinate position (100. 300) by evaluating the Lisp
form:

(f wal (state-to-coLor #ge-foem 'fautty)

1W0 300)

Notice that representing different attribute dimensions (state, color, size,
etc.) by different attribute functionals explicates the way 1hat different
attribute dimensions are, in fact, different.

In this technique, the information of how to display a faulty gate is pro-
cedurally encoded in the state-to-color functional. An alternative is to
store the information declaratively in the network, such as 'by a proposition
built by the command:

(but d attr state
atrb fautty
mod-vot red)

This proposition says that the attribute of being in a faulty state is to'bc
shown by making the display red. The fact that red is a value of the color
attribute is stored by a separate proposition.

Class Hierarchy

An important feature of most knowledge. 1repreentation systems is their
ability to handle d of objects (and also hierarchies with many leves of
classes). This permits a user to associate an attribute with an entire class
instead of a single object. For example, one could express the fact that all
Iged circuits expect ground pontial on ther pin 0 byassociating this
fact with the class of all integrated circuits.

Claes have two important features that are valuable for design systems
(and KR systems in general). The first is that by asserting that an object
belongs to a certain class, a lot of new knowledge is immediately available
about it. This is called inheritance along a class hierarchy. The other valu-
able feature is that this type of representation seems to correspond to the
way people organize their knowledge. Thereore the naturalness of the use
of classes also improves the general communication between user and sys-
tem.

Part Hierarchy

Another feature that is common in AI systems is. tbLe use of part hierar-
chies. Much of the knowledge about physical objects can be organized. as.
facts that express a part-whole relation between different objects. This
applies also and especially to design systems.
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Out own resca-.h has shown that the concept of inheritability which was
meatioued for class hietarchies is also applicable to part hierarchies, but
with a 4ifference that we have not seen discussed in the previous literature.
For instance, the attribute of a special transistor of being "twice as large as
an average transistor" is inheritable by its parts. On the other hand, if a
circuit board is known to be faulty, nobody would want this attribute to be
inherited by all its parts. That would defeat the very purpose of a diagnosis
system.

In class hierarchies, the only attributes that are not inheritable, are those
that apply only to classes. For example, the cardinality of a class is not
applicable to, let alone inherited by, its individual members. In the part
hierarchy, however, there are non-inheritable attributes, such as faultiness,
that are applicable to sub-parts, just not to be inherited by all of them.

The representation that we are using for inheritable attributes is the same
as the representation for non-inheritable attributes, and is, in fact, identical
to the 'example of faultiness given in an earlier section. However it is
possible to assert In -the network about a certain attribute that it is inherita-
ble, simply by pointing to it with an inheritabLe arc. For example:

(buitd inheritabLe size)

The display program which interprets the network automatically queries
for inheritability 'f it has to expand an object with attributes into parts.
The results'of this query determine whether or not the parts of the object
are disWayed a having the attribute.

Inhatabft, as an attribute of other attributes, is a meta-attribute. The
fact that we 4e representing it explicitly and declaratively gives the user the
power to experiment with different attributes, and to postpone the decision
about which of them is inheritable.

Our findings about inheritance can be extended to other hierarchies,
which we refer to as relevance hierarchies. Relevance hierarchies are an
abstraction Q.f a. number of different hierarchies used in the literature,
including topic hierarchies [Haan 1986] and hierarchies of spaual universes
(containment hierarchies) [Fahlmann 1979].

OTHE VMES SYSTEM

The research described in this paper is a part of the VMES (Versatile Main-
tenance Expert System) project, which deals with hardware maintenance for
mixed analog and digital circuit boards. By using the features of a knowl-
edge based architecture, a high degree of versatility has been achieved
[Shapiro 1986c].

The specific significance of our work is that frequently electronic devices
have fairly short life cycles. A new board is designed and quickly comes
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Figure 9.3. An Invalid connection.

into use in the field. There is little time to design elaborate test procedures
or equipment, or to educate a large number of technickuns and users. Usu-
ally, the only real expert on the device is its designer, and he is already
involved with another project when the first problems in the field come up.
Our research is directed toward the design of a KBS-bsd drafter that .the
designer will use to help design a new device. This design stage will be the
"Knowledge Acquisition" stage of the VMES, which will then 'be able to
advise maintenance technicians on the maintenance and repair of the device
that it helped design.

The maintenance system can also be used as a part of the design system,
since it can be used to detect impossible designs which do not conform to
certain integrity constraints. An example of such an Impossible design in
the circuit board domain would be if a new device.that. I described to the
system has two chips with their input ports connected to each other, but
neither connected to an outport of. any other ehip (Figure 9.3). Another
example would be if two points are electrically connected to each other by
two separate wires (Figure 9.4).

VMES implements a large number of the concepts which have been
described in the previous sections, i.e. part and class hierarchies, inherit-
ance, attributes, etc. It expects to talk to two diflerent types of end-users.
On the one hand are maintenance technicians with a limited amount of edu-
cation and training. On the other hand are the designers that enter a
description of a new device into the system. These two types of end-users

redundmt coneioa

Figure 94. A redundont conneclon.
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have different user interfaces, but both interfaces are required to be natural
and user-friendly.

The need to create descriptions of circuit boards quickly and without
'programming" requires a system that has fairly general knowledge about

circuit boards, and that can be adapted to a new device in a short time and
with a natural dialogue. To achieve this the system has to understand much
about the objects of the domain, like wires, inverters or integrated circuits.
-The use of a Knowledge Representation language is a precondition for
achieving such understanding. Use of a component library also permits a
rapid change from one device to another. If a new device does not contain
any uewcomponents, then it is only necessary to describe the new wiring.OtW iipproach to the design of Intelligent Interfaces may be explained by
a description of three interfaces that are part of VMES. The main user
interfae is a Knowledge-Based graphics component. This program, named
display, takes a piece of semantic network as argument and uses it to gen-
erte a pictorial representzion of the stored knowledge. display works as a
dederator," quite comparable with a natural language generator. Only
redundant permanent audliary storage is used by display. In other words,
the semantic network plus the Lisp functions describing primitive forms are
the only knowledge sources for the computation and creation of device
depictions.

We,. are .working, on- displaying devices under the assumption that no
coordinate Oodtions are given. We refer to this activity as intelligent
machne draftin. (IMD). We are attempting to provide a procedural model
of some of the knowledge that a draftsman has about space and arrange-
meit.of electronic components. dl splay tries to arrange components of the
system in what It "thinks" is a graphically appealing way, using several var-
iations of an equal-spacing algorithm. Unlike VLSI routing or layout pro-
grams, which usually try to find some space-optimal solution, display
assuzmes'th there is amply sipae to solve the placing problem.

The second interface is a natural language understander (NLU), imple-
mented by using an augmented transition network (ATN) [Woods 1970;
Shapiro 19821 semantic grammar. A user can create cias,.-s of objects,
assign (predefined) forms to them, name members of these classes, assign
them attributes, and then display them, all with commands from a (fairly
limited) subset of natural language. The NLU uses the same KR constructs
as are used by display. This enables it to demonstrate its understanding
of declarative sentences by drawing the object(s) mentioned using appropri-
ate graphic indicators of the asserted attributes.

The third interface is the ruadforu facility, which allows a user to create
Lisp form functions simply by drawing objects. readfor permits a user to
create pictures of objects from simple primitives like lines, circles, boxes
etc. He can also design a form off to the side, on a kind of icratch pad,
and then add this form repeatedly to the object being designed. readfor.
will assume that the form created on the side is the form of a class of
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objects, and that the repeatedly added instances are members of that class.
These members will also be assumed to be parts of a main object, consist-
ing of the primitives placed before and after using the scratch pad.
readorm verifies some of its assuiptions by querying the user, e.g. asking
for a name of the susoected class. If the user supplies the requested names
then rwdforu will create a network structure that asserts the class and part
relations and will even store the positions of the parts rel.tive to their super
object.

O CONCLUSIONS

Al offers to the design task the use of powerful Knowledge-Based System
shells. Knowledge Representation Engineers particularize these KBS shells
to the particular design domain by specifying the ontology and epistemol-
ogy of the domain. This permits the end-users to discuss the design task
with the KBS as if it were a knowledgeable assistant.

We discussed two aspects of KBSs useful for design. Intelligent Inter-
faces know the task being performed, kIuw about the objects, relations,
and attributes being discussed, and know how to express these concepts to
the user. Intelligent Machine Drafters (IMDs) are knowledgeable assistants
to the designer, besides being powerful drafting tools.

We have been developing a Versatile Maintenance Expert System
(VMES) that would be able to help a maintenance technician repair a device
that had been designed so recently that there would not have been time to
give the technician training on how to repair it. The VMES would acquire
its own knowledge of the device by serving as an IMD to the original
designer.

In our roles as KREs for VMES, we have identified the following con-
cepts as useful for an IMD and for an Intelligent Interface to a design sys-
tem: objects; forms of objects; absolute, relative and "fuzzy" positions;
attributes of objects and of pictures of objects; attribute functionals; object
attribute to picture attribute mappings; class, part, and relevance hierar-
chies; and mets-attributes, such as inheritability.
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2

MISSION

Of
Rome Air Development Center

RADC plans and executes research, development, test and selected
5 acquisition programns in support of Command, Control, Comimunications

and [ntelligence (C3) activities. Technical and engineering support within

areas of competence is provided to E SD Program Off ices (PO.Y) and other

ESD elements to perform effective acquisition of C'I systems. 77e areas

of technical competence include communications, command and control,

, battle raanagement, information processing, surveillance sensors,

Sintelligence data collection and handling, solid state sciences,

elect romagnetics, and propagation, and electronic, maintainability, and

Scornpatibility. S


