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The NASA STI Program ... in Profile

Since its founding, NASA has been dedicated to ensuring U.S. leadership in aeronautics
and space science. The NASA Scientific and Technical Information (STI) Program plays
an important part in helping NASA maintain its leadership role.

The NASA STI Program provides access to the NASA STI Database, the largest collection
of aeronautical and space science STI in the world. The Program is also NASA’s institutional
mechanism for disseminating the results of its research and development activities.

A number of specialized services help round out the Program’s diverse offerings, including
creating custom thesauri, translating material to or from 34 foreign languages, building
customized databases, organizing and publishing research results.

For more inf‘brmatioh ‘about the NASA STI Program, you can:

e Phone the NASA Access Help Desk at (301) 621-0390

'

o Fé)—(‘-y'oi;r question to NASA Access Help Desk at (301) 621-0134
® Send us ybur question via the Internet to help@sti.nasa.gov

® Write to:

NASA Access Help Desk

NASA Center for AeroSpace Information
800 Elkridge Landing Road

Linthicum Heights, MD 21090-2934
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INTRODUCTION v LTI

 The Workshop on Fuuy Control Systems and Space Station Applwanons was hcld on'- -

November 14 and 15, 1990 in room 209A of the McDomnell Douglas Space Systems '~ - :
Company (MDSSC) Space Station Building 17 in Huntington Beach, California. The:
workshop was co-sponsored by MDSSC-SSD and NASA Ames Research Center. The
participants included mpmmtanvw from academia, industry and govcmmcnt. '

These proceedmgs present the material discussed in an order which closely appmxxmam
the actual sequence of the workshop. In addition, these proceedings contain papers by Dr.
Bart Kosko on Fuzzy Logic and concluding remarks from Mark Gcrsh Bob Brown,
Dennis Lawler, Bob Lea and Hamid Berenji.

This document is organized in the following order:
1. Biographies of the fuzzy logic control panel;
2. Opening remarks from Dave Wensley;
3. Presentations by Mark Gersh, Masaki Togai, Michio Sugeno, Jack Aldridge, Hamid
Berenji and Xiwen Ma;
4. Papers on Fuzzy Logic theory by Bart Kosko;
5. All MDSSC-SSD presentations mcludmg question and answer s&csmns, and
6. Concluding remarks. :
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Workshop on Fuzzy Control

stems

and Space Station Applications
Blographical Information

Hamid R. Berenji, Ph.D., received
his B.S. degree from the University
of Science and Technology, Iran and
M.S. and Ph.D. degrees from the
University of Southern California in
1980 and 1986 in Systems
Engineering. From 1984 to 1986, he
was an instructor at University of
Southern California, Los Angeles.
Since 1986, he has worked in the
Artificial Intelligence Research
Branch of NASA Ames Research
Center in Moffett Field, California.
He is currently a senior research
scientist with Sterling Federal
Systems and a principal investigator
of the research project on intelligent
control. He is a member of the
Operation Research Society of
America (ORSA), Operation
Research Honor Society (Omega
Rho), -American Association for
Artificial Intelligence (AAAIl), and
Institute of Electrical and Electronic
Engineers (IEEE). He is a program
committee member of several
conferences such as the 1991 IEEE
International Symposium on
Intelligent Control and is the
chairman and the organizer of the
intelligent control session at the 1990
Control and Decision Conference in
Hawaii. His current research is
focused on intelligent contro! as it
relates to neural networks,
approximate reasoning and fuzzy
control, and uncertainty management
in Al :

Bart Kosko, Ph.D., is an Assistant
Professor, of Electrical Engineering
at the University of Southern
California. He is best known for his

Workshop on Fuzy Contrel Systems

fundamental contributions to the field
of Fuzzy Estimation Theory. He is
Managing Editor of the Springer-
Verlag monograph series, Lecture
Notes in Neural Computing, and is
Associate Editor of Neural Networks,
IEEE Transactions on Neural
Networks, Journal of Mathematical
Biology, and Lecture Notes in
Biomathematics.

A much sought after lecturer, Dr.
Kosko is an elected governor of the
International Neural Network Society
and a USC Shell Oil Faculty Fellow.
He was program co-chairman of the
Summer 1990 International Joint
Contference on Neural Networks and
Program Chairman of the 1990
International Fuzzy Logic and Neural
Networks Conference in lizuka,
Japan. He was Program Chairman
of the 1988 IEEE International
Conference on Neural Networks
(ICNN-88) and Program and
Organizing Chairman of the first
IEEE ICNN-87.

Dr. Kosko received his master's
degree in applied mathematics from
the University of California, San
Diego and his Ph.D. from the
University of Califomia, Irvine.

Dennis Lawler received his B.S.
degree in Mathematical Physics from
State University of New York in
1980, B.S. degree in Computer
Science at the University of Houston
and is presently pursuing an
advanced degree in Mathematics.
Mr. Lawler's work experience in the
area of Advanced Automation began

November 14-15, 1980
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at McDonnell Douglas Corporation
where he was a major contributor to
the Space Statinn Freedom
advanced automatici: concepts. His
speciality is model based reasoning
and as Functional Area Manager for
Advanced Automation he has been
instrumental in the development of
key advanced automation
applications including the Thermal
Advanced Automation Project,
Failure Environment Analysis Tool,
Automated Network Monitoring, Fault
Analysis Propuision System and the
development of Advanced
Automation Methodology for the
Space Station.

Robert Lea, Ph.D. received his B.S.
and M.S. degrees in Mathematics
from Louisiana State University in
1960 and 1962 respectively, and his
Ph.D. from the University of Houston
in 1972. He joined NASA/JSC in
1962 and has contributed to all of the
major space programs. His
association with fuzzy logic began in
1985. During this time he has
authored and co-authored over 30
papers in this field. He was
instrumental in organizing the first

and second International Workshops

on Neural Networks, and Fuzzy
Logic held at the JSC in 1988 and
1990 and the joint video
demonstration sessions between
Kyushu Institute and JSC, as part oi
the IFSA Workshop on Fuzzy Logic
and Neural Nc*works held in 1990.
He frequently participates in
technical conferences and
symposiums as an invited speaker or
organizer of cpecial sessions. Dr.
Lea's specific interests have recently
been in the development and
application of new technology such
as fuzzy logic, neural networks, and
Dempster Shafer theory.

Workshop on Fuzy Control Systems
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‘Michio Sugeno, Ph.D. is a professor

in the Department of Systems
Sciences at the Tokyo Institute of
Technology. He has authored more
than 50 papers and several books.
His award winning book on Fuzzy
Control was a best seller in Japan.
He is an advisor to the Laboratory for
International Fuzzy Engineering
Research. He is an advisor to the
Science and Technology Agency
under the Office of the Prime
Minister. His current work includes
the development of the fuzzy control
systems for an unmanned helicopter.

Masaki Togal, Ph.D. received his
M.S. and Ph.D. degrees in electrical
engineering in 1977 and 1982,
respectively, from Duke University.
He is president and chief executive
officer of Togai InfralLogic, Inc. Dr.
Togai has spent the last 10 years
leading fuzzy logic development
groups at Duke University, AT&T Bell
Laboratories, and Rockwell
International. He is best known in
the industry for developing the
world's first fuzzy microchip for real-
time approximate reasoning. Heis a
member of the board of directors of
the North American Fuzzy
Information Processing Society
(NAFIPS), a member of the
American Association of Artificial
Intelligence, IEEE, International
Fuzzy Systems Association (IFSA),
and Sigma Xi. In addition, Dr. Togai
is the editor-in-chief of the Japan
Attificial Intelligence Newsletter; and
is an associate editor for the
Information Sciences, and the
Journal of Approximate Reasoning.
He is an author of two books:
“Intelligent Robotic Systems”, and
"Approximate Reasoning in Expert
Systems”. He has authored and
coauthored more that 30 papers.

November 14-15, 1960

o



L. A. Zadeh, Ph.D., received his
B.S.E.E. from the University of
Teheran, Iran, in 1942; M.S.E.E.
from the Massachusetts Institute of
Technology (MIT), Cambridge,
Massachusetts, in 1946; and Ph.D.
from Columbia University, New York,
New York, in 1949, He has been a
professor of electrical engineering
and computer sciences at the
University of California, Berkeley,
California, since 1959. Dr. Zadeh
was an instructor in electrical
engineering at Columbia University
from 1946 to 1950, assistant
professor from 1950 to 1953,
associate professor from 1953 to
1957, and professor from 1957 to
1959. He has been a member of the
Institute for Advanced Study,
Princeton, New Jersey, since 1956;
was a visiting professor of electrical
engineering at MIT in 1962 and
1968, was a visiting scientist at the
IBM Research Laboratory in San
Jose, California, in 1968, 1973, and
1977, and was a visiting scholar at
the Artificial Intelligence Center, SRI
International, in Menlo Park,
California, in 1981.

Wel Xu, received his B.S. in
Management Sciences in 1983 and
his M.S. in Statistics in 1985, from
Beijing University. From 1987 to
1988 he was involved in research
and development work on Fuzzy
theory and applications. in 1988 Mr.
Xu formed APT Instruments in
Japan, where the first programmable
fuzzy controller was developed. APT
moved its operations to the United
States in 1989 and went on to
develop the first multi-tasking fuzzy
programmable controller. Mr. Xuis a
reviewer of "Fuzzy Sets and
Systems".

Workshop on Fuzy Control Systems

S T o TR X A U PA et e 4t e e o a rae

November 14-15, 1990



OPENING REMARKS - Dave Wensley

Davc chsley. Vice President - Dcputy General Manager Strategic Dcvelopman for McDonncll .

Douglas Space Systems Company-Spacc Station Division (MDSSC-SSD) welcomed thc -

participants of the Workshop on Fuzzy Control Systems and Space Station Applications ‘with
introductory remarks expressing hopes for a successful workshop. Mr Wensley emphasized that ’

McDonnell Douglas is eornmmed o the utilization of advanced wchnology on the Spacc Stanon .

'Freedom ngram (SSFP)

Mr. Wensley first discussed the background of the SSFP's status and development environment,
including the current budget climate and the technical development . He expessed high
expectations for the workshop since it provided an excellent forum for the technical interchange of
ideas between the experts in the Fuzzy Logic field and engineers faced with the tasks of producing
viable solutions for varied control applications operating within hostile environments.









PUZZY CONTROL/SPACE STATION
AUTOMATION

by

Mark Gersh
NASA Headquarters

14 November 1990
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OFFICE OF SPACE FLIGHT £,=
SPACE STATION FREEDOM 5\_;"-'

DIRECTOR
M-8

A 2

POLICY . CHIEF ADMINISTRATIVE | SRM
& { | scienmst | SUPPORT | & MIECOURCES

PLANS (M-8) : : QA

1 _ |

DIRECTOR §§ DEPUTY DIRECTOR

SS OPERATIONS DIRECTOR [ SS
AND 8 | PROGRAM AND [ ENGINEERING |
UTiLIZATION OPERATIONS ;
MU MS , MT ;

Reston

1 1 | § ———
OPERATIONS OPERATIONS SYSTEM SYSTEMS ADVANCED
INTEGRATION SUPPORT UTILIZATION ENGINEERING DEVELOPMENT PROGRAMS

&ANALYSIS
MUO MUS MUy MTA MTD MTE

Last Modilied 10/10/90 1-110-2
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FREEDOM

4

Code MT Organization and Responsibilities

Space Station Engineering Organization

Space Station
Engineering

Space Station Freedom § Contiguration
Office Management Office
(laRC) g ———=- - (MT-1)

o Advenced Systems Studiss « Level | Configuration Management
Support

- * Lovel | System Engineering and Analysis
° Support : « MIC/Vits Support -
| ~ : , ]
System Engineering B Systems : Advanced
and Analysis Development Programs
(MTA) (MTD) n (MTE)
» Systems Roquirements Analysis and * Roquiroments Implementation » Advanced Planning
Definkion Oversight » Advanced Systems Studies
+ System Engineoring Studies » Budget, Scheduls, and Content + Technology Requiraments Definition
+ Technical Assessment of Changs + Oversight and Assessment and Assessment
Requests » Dovelopmant Status Reporting o Advanced Development
+ Independent Assessments of Flight + Development Assessmont + Commercial
and Ground 8ystems Parformance * Level | TMIS Suppont + International Evolution
Last Modllled 10/1/90 1-110-3
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Code MT Staffing

Space Station
Engineering
Code MT f

* Director: E. Huckins

* Deputy Direclor: Vacant
* Administrative Asst.:
Program Integration Analyst: Vacant
* Secretary: K. Truman

Vacant

Management Office

Configuration

MT-1

« Manager: R. Bobek

b

System Enginesring

Chiet: Vacam (SES)

and Analysis

Secretary: Vacant

LaRC Lialson (Detallea)

Systems Eng Mgr: A. Edwards (acting)

- Sys. Eng.: Vacant

- Sys. Eng.: Vacant

Systems Analysis Mgr: P. Neumann (actlng)
- Sys. Anal.: Vacant

- Sys. Anal.: Vacant

Last Modilied 10/1/90

Systems
Davelopment

Chisf: Vacant (SES)

Doputy Chief: G. Swietek (acting)
Secretary: Vacant

TMIS/DMS Mor: et

Systems Integration Mgr: Vacant
Mechanical Systems Eng: Vacant
Avionics Systems Eng: Vacant

Life Support Systems Eng: Vacant .
WP-1 Liaison: R. Marshall (Delailee-MSFC)
WP-2 Liaison: Vacant (Detallee-JSC)

WP-3 Lialson: M. Sedlazek (Detallee-GSFC)
WP-4 Lialson: Kelly McLakin (Detailes-LeRC)»

" International Lialson: Vacant

1-120-1 !

Advanced
Programs
MTE

Chief: Vacant (SES)
Secretary: B. Seilernt (acting)
Advanced Planning Mgr:: S. Cook (acting)
Extemnal Programs Mgr: K. Barquinero
(acting)
- Poficy Analyst: Vacant
- Policy Analyst: Vacant (PM!)
Adv. Studies Mgr: P. Ahlf
SEl Accommodations Mgr: Vacant -
- Power/Propulsion Mgr: Vacant (CADP)
- Advanced Life Support Mgr: Vacant (CADP)
Adv. Development Mgr:
A. Fernquist (Detailee-Ames)
- Autonomous Systems Eng: M. Gersh
- Robotics Eng: M. Drews (Detaillee-JPL)

e s i e o e
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SPACE STATION FREEDOM

Objectives

Provide a bermanently manned presence in space

Enhance capabilities for space science and applications .

Stimulate advanced technologies

Promote internationa| COoperation

Encourage private Sector participation and utilization

Provide options for future endeavors in space
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SPACE STATION FREEDOM

Evolution

» Freedom is a permanent facility:

- Upgrades and configuration changes will take place
on-orbit

€l

* During the operational life of the Space Station:

- National priorities will change

- User needs and mission requirements will change

- Technology will evolve and components will become
obsolete
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SPACE STATION FREEDOM FREEDOM
~ Factors Pointing to £,=

* Space Station has a 30 year operational life
- Operations costs, reliability are important concerns

- Incorporation of new technology essential

« Crew is most scarce resource
- Productivity is crucial in meeting assembly, user, and servicing
requirements
« Evolution mission scenarios are crew-intensive

- Science missions will grow and increase demand for crew time

- On-orbit assembly, checkout, launch of Lunar/Mars vehicles
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SPACE STATION FREEDOM o
| £, =
The A&R Promise X'=F

. Increased Mission Safety, Reliability
- Manage system complexity

- Trend analysis, fault detection, isolation,

and reconfiguration
- Reduce EVA required

* Increased Mission Productivity, Services
- Reduce "housekeeping"” overhead
- Reduce experiment overhead

9l

* Increased Probability of Mission Success

Re-planning for contingencies, reactive science

* Reduced Operations Costs

- Training, software maintenance, Sustaining engineering

o e v e e 3 e e
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SPACE STATION FREEDOM

Astronaut Office Inputs

* Regarding Advanced Automation

« Automate tedious and repetitive tasks, time dependent tasks,

Simple, standardized human interface (idiot proof)

| Provide flexible operations capability

User (vérsus technology developer) oriented
Develop and implement easier applications first
Help the user do the job easier (don’t make it harder)
Include "What if?" Capability (In-line simulation)
Backup mode of operation

System must be able to explain conclusions and actions

calibration and alignment tasks, robotic set-up for EVA

e e i A £ N S
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SPACE STATION FREEDOM rreoou
Astronaut Office Inputs __._-;{;__-.:,-

 Applications supported by crew for improving productivity:

- Automated record keeping and documentation (100%)

- Automated inventory management (96%)

- Automated FDIR (93%)

- Improved human-computer interfaces (92%)

- Robotic construction (92%)

- Exception reporting and alarm filtering (88%)

- External camera and lighit pointing (87%)

- Robotic external repairs (85%)

- Automated trend analysis (incipiunt failure detection) (85%)
- Checklist automation (85%)

e

e e it 0 . i————
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SPACE STATION FREEDOM P
Astronaut Office Inputs Ep s

Applications supported by crew for improving productivity:

- Systems Monitoring and Control (82%)

- EVA retriever robotics (81%)

- Payload-specific automation (79%)

- On-board training systems (72%)

- Internal camera and lighting pointing (58%)

- Speech Recognition (56%)

- Speech Synthesis (54%)

- On-board scheduling/re-scheduling capability (52%)
- IVA rack robot (50%)

- IVA housekeeping robot (46%)

e e ————— e st e s e




SPACE STATION FREEDOM

Advanced Development Program

Objectives

Enhanced baseline Space Station Freedom capabilities
- Improve productivity and reliability
-~ Reduce operations costs

- Prevent technological obsolescence
Enable Space Station Freedom evolution

Products

- "Engineering" fidelity demonstrations,

evaluations
Detailed requirements, performance specifications

Mature technology, tools, applications

N ce e e
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SPACE STATION FREEDOM FREEDOM
Flight System Automation £, =

_and Ground Operations Applications '\/

Focused on Automated Status Monitoring, Fault Detection,
Isolation, and Recovery (FDIR) using Knowledge-Based System
(KBS) techniques

Understand design accommodations ("hooks and scars”)
- Instrumentation, control redundancy, interfaces
Identify KBS implementation issues
- Integration with conventional techniques
- Processing, data storage, communication requirements
- Scftware development, testing, maintenance

- Boundaries of KBS technology (performance, scale,
brittleness)

Applications under development for Thermal, Power, Life Support,
Data Management, Mission Control




SPACE STATION FREEDOM FREEDOM
Transition Definition Program _.-_:.é;é-'

_Advanced Development - FY 1990 N\~

 Flight Systems and Ground Operations Automation Tasks

- Focused on automated status monitoring, fault detection, isolation,

and recovery (FDIR) using Knowledge-Based System (KBS)
techniques '

- FDIR KBS applications under development for the Thermal Control
System, Power Management and Distribution/Control Systems,
Environmental Control and Life Support System, Data Management
System, Operations Management System, Mission Control Center

- (MCC), and the Space Station Control Center (SSCC)

- MCC applications were jointly developed with OAST and OSF and
have supported STS-26, STS-29, STS-30, STS-28, STS-34 and
STS-32; all will be transitioned to SSCC




| | @ ®
as T -

SPACE STATION FREEDOM FREEDOM
Advanced Automation __-_,,-[_;\_&-.-
Software Tools =

 Focused on providing programming tools to enable
development of integrated KBS epplications within the Software
Support Environment (SSE)

- KBS programming tools which produce Ada code are under
development and evaluation

* Develop and demonstrate advanced programming tools which
reduce the cost of software development and maintenance for
flight and ground systems

"Programmers Assistant" that uses KBS techniques to aid
programmers in Ada software re-use under evaluation

- Programming environment for Intelligent Computer-Aided
Training (ICAT) applications under development
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SPACE STATION FREEDOM FREEDOM
Some General Thoughts on _.;'.-4-;_..-:.‘2-'

* In an ideal world, technology transition happens when...

The user is interested and involved in application development

The application and technology are consistent with operations
concepts, procedures, and doctrine

Implementation is compatible with existing hardware and
software and isolated ("firewalled") during initial evaluation
period

"Success" metrics are defined early and guaranteed at some
minimal level

"Bottoms up"” and "top down" pressure is simultaneous and
consistent

y Transition "\~

Post deployment “care and feeding"” issues are addressed early |



SPACE STATION FREEDOM [megou
Some General Thoughts on =>4
__Technology Transition ______~\

+ It's not an ideal world...

- Organizational structure creates, encourages insular and myopic
view of technology insertion opportunities and operational realities -

- Ego and fear of the unknown tends to reinforce stafus quo
- Personnel and financial resources are limiting factors

- Risk and schedule pressure are harsh realities

T et e St et e, o s et - 8 . o0 s e e e on
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- « Automation is a key element in meeting Space Station Freedom
baseline and evolution requirements

 Automation technology is suﬂlclently mature to warrant early use .
within the Program o

« Scope and pace of automation applications will be determined ‘by:
- Success of early testbed prototypes

| \ - Support and acceptance of managers and users

- Consistent impiementation methodology and tools | |

| X . "Technology transfer is a body contact sport.” - John Muratore, JSC

- People are a key factor in affecting or preventing technology
transfer and utilization :







CORMERCIAL APPLICATIONS

by

Masaki Togali
Togal InfraLogic, Inc

Fuzzy Logic Workshop
14 November 1990
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Togai InfraLogic, Inc.
ARTIFICIAL INTELLIGENCE ON A CHIP

Fuzzy ngic
Is Well Suited For Handling

Non-Linear, Time-Varying, and/or lll-Defined Problems



Togai InfraLogic, Inc.
ARTIFICIAL INTELLIGENCE ON A CHIP

Japanese Companies Employing Fuzzy

Mitsubishl Heavy

s v e b mm e mem =

Canon SLR camera focusing P Alr-condttioning systems
Stepper control P Matsushiia (Panasonic)  Temperature ~ontrollers
Caslo Clean roomtemp & Nissan Motor Company  Automatic transmission
humidity control P : ABS braking system
Daldan Gas cooling plant P Nuclesr Power Corp Nuci=ar power plant control
Fujil Electric Chemmical mixer P omron Factory controliers
Waste burning plant P Robolic controliers
Hitachl Sendal Subway control P Camera stabllizers
Elevator control P Ricoh Camera focusing
fdoc lzuml GaAs crystal growth D Voice Recognition
ishida tnstruments Automatic measuring P Sanyo Camera tris control
Leon Auto Machinery Food processing P Selko Design oxpert system
Nippon Steel {rot miil control P Subary Automatic transmission
Maruman Golf club selection P Toshiba Elavator control
Mycom Robotlic controllers 1] Product design expeit system
Meiden-sha Dredging control P Yamalchl Securities Stock trading
Machine control P Yokogawa Electric Digital measurement systems
Minoita Camera focusing D
Mitsubishl Chemical Cement kiln control P
MHsublishl Electric Elevator control p
Plasma Etching P

P - Production
D - Development

viewQ?
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( SUITABLE PROBLEMS )
Time-varying
iortaee” Problem | Snamicainon-tinear | Clese Hloetion
problem
Problems of | «Difficult to express | -Plant dynamics sAction to be taken
-conventional control objecitives varys in time is not clear
approach numerlally +Plant Is non-linear| :Cannot describe
‘Evaluate the ocontrol ¥ all solutlons for
result by human overshoot possible patterns
feeling oscillatios '
speed/hardware
limitations
. - ’ N\
Applications | Sendal subway Temperture control | Auto-iris/auto-focus
of A/C, plant, etc.
! Suspension control ' Hand-written
Position control of | character recognition
Crane control a hard-disk head
Automatic
Automatic Auto-cruise transmission
transmission
\. y,

TOGAI INFRALOGIC, INC.



CHARACTERISTICS OF FUZ2ZY CONTROL

TOP VIEW ) \

VARIABLES
oBy 1
oBJ 2
.
OBJ N

PARALLEL/DTSTRIBUTED
CONTROL

TOGAI INFRALOGIC,

INC.

KYOTO-1




CHARACTERISTICS OF FUZZY CONTROL
I

PARALLEL/DISTRIBUTED CONTROL

PRODUCTION RULES (IF-THEN)

- SIMPLE KNOWLEDGE REPRESENTATION
- MIXED PREMISE EVALUATION
-~ EXCEPTION HANDLING

QUALITATIVE EXPRESSIONS

cemeee» IMPROVEMENT N QUALITY & ROBUSTNESS

TOGAI INFRALOGIC, INC.
KYOTO-1




FUZZY CLOSED-LOOP

CONTROLLER

CONTROLLER

MV

PV

TOGAI INFRALOGIC,

INC. °
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Togai InfraLogic, Inc.
| ARTIFICIAL INTELLIGENCE ON A CHIP

Mitsubishi Heavy Air Conditioner

April 1988 First Design
Simulation by Summer

Production October 1989
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Mitsubishi Heavy Air Conditioner

Room Heating and Cooling Times Reduced by 5X
Temperature Stability Increased by 2X
Overall Power Savings of 24%

Reduced the Required Number of Senscrs
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Togai InfraLogic, Inc.

ARTIFICIAL INTELLIGENCE ON A CHIP

FUZZY INVERTER

AIR CONDITIONER SYSTEM

TEMP. ) ; TEMP. ERROR
SENSOR TEMP. CHANGE

/

‘s 50 RULES (HEATING&A/C)
«'MAX-PRODUCT INFERENCING

» DEFUZZIFICATION:
CENTROID METHOD

!' Fuzzy INVERTER
| INFERENCE FREQ. j
f COMP. j
VALVE
FUZZY RULES
MEMBISRSHIP FAN spgga

FUNCTIONS

TOGAI INFRALOGIC, INC.

aAc/1

o~ .
.
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Mitsubishi Air Conditioner
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| RAILWAY SYSTEMS

ATP/ATO Equipment

1 od ’- N e.fo. u;:-.z. -\::,r'
"~ > e o~ s :-r;’_ﬂ S ,ﬂ‘,'r .."q
QY STEM zasel QO

v ’

Introduc on - \
Regulsr research of the sutomation of train opers*i.n
begarrin around 1960 in Japan, and various tests with
real cars wers  anducted for confirming function. of basic
tlemen suct 3 constant speed automatic cperition
cer , trasi. automatic stop control at prede‘ermined
location, and train interval control.
In the last half of the 19607s, ATO devi. 3 wers spplied
to the test cars for the St 'nkansen bulle train and the
monogail vehicles for the 1970 World v , sition held
in Osaks, Japan.

* Sisrting from 1968, ATO devices fbbr remote contrcl were

-’

o ?

P, ) W,

N
5
-
R
-r"
e
('
S

‘e

-

adopted in diesel hydraulic locomotives operated in_ stes!
_wotks.wuvimbborwuwﬁmufnymm&ud.

In the 19707, the ATO devices were used in meny sub-
way cars and vchicles of sut mated guidewsy transports
tion systems, rd many improv mert were made.

Recen.:* resssrch on spplication of fuzzy .ol toe
sutomatic opera i 1 cubway-Csrs was star..l. _\enue
service of th  * vay line of Sendai Mnicip | Transporta- -
tion Burstu was startd in July, 1987, snd sméoth and
sccurate sutomatic operstion has been realized by employ-
ing ATO devices bassd on fuzzy control

‘5 .



PREDICTIVE FUZZY CONTROL

FUZ2Y CONTROL
CONTROL RULES
PURPOSE
OBJECTIVE l CONTROL ACTUAL
DIFFERENCES COMMAND STATE
., o FUZZY ~»PROCESS
STATE & INFERENCE
OBJECTIVES
PREDICTION
‘..
= .
|4

SENDAI SUBWAY CONTROLLER

TOGATI INFRALOGIC, INC.

KYOoTO-3

b B i s P
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The Sendai Subway System

t
Xd Safety
N(t) = Comfort 3 CSC Npc: CSC control comma
—§l Control to be selected
X(t) Energy'. —f
> Saving > Choice of the p>»PN
Total Contro)
. > Notch > BN
vt 2| Traceability
v(t) =8 Running Time | TASC ___ Npr: TASC control comma
-1 Control . to be selected
Xt Stop Gap

—. b s i e A et At w8 8 7




Togai InfraLogic, Inc.
ARTIFICIAL INTELLIGENCE ON A CHIP

The Sendai Subway System

First Proposed to the Government 1978
Granted Permission io Operate After:
3,000 Empty Subway Runs
300,000 Simulations
Began Operation in 1986

Hitachi Granted Contracts for Tokyo Subway 1991

A A b - 8 @ 7 =



Togai InfraLogic, Inc.
ARTIFICIAL INTELLIGENCE ON A CHIP

The Sendai Subway System

Performance Improvements
Improvement in Stop Gap by 3X
Reduction in Power Settings by 2X

Overall Reduction in Power by 10%




Togai InfraLogic, Inc.
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The Sendai Subway System

(:::::::) : Performance index

Limited Speed

Target Speed

(Running

Timé)

(ﬁnergy Consumption)

1
!
|
|
| I

(Traceability )

Speed

Automatic Train
' Control Equipment

Target
Position

Stop Gap

Station

A

PS1.
CSC Position
Marker

A

PS2

Station

TASC Pos
Marker

ition

Distance

~-Outline of automatic train operation

viow02



Togai InfraLogic, Inc.
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The Sendai Subway System

)

ATC Wayside System ATS System
(Automatic (Automatic
Train Control) Train Supervision)
Train detection ' Supervisory
and Signaling é——l———917 Command
@ ATO Onboard Traction
System Controller
Cab Signal .
ATC Onboard | " Brake
. System Controller
L~ pistance Pulse ML ]
- —< an Tacho
- :EE“,:E: Generator
N\ Track circuit

Position Marker

Typical configuration of ATO
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The Sendai Subway System

Table 1 Symbols

t . : time (sec)

x(t) : location of train (m)

v(t) : velocity of train (km/h)

N(t) : control command notch

X(t) : target position of next station (m)

V¢ : target speed (km/h)

Tt : predicted running time (sec)

forward location where the maximum speed limit is lower (m)
ts : time to reach X4 point (sec)

Xk  : ending location of coasting (m) '
Xz(v) : beginning point of TASC zone (m)

tz = (Xz(v)-x(t))/v(t) : time to TASC zone (sec)

tc : elapsed time from last notch change (sec)

Ne¢ : degree of last changed notch

Np contro] command notch to be selected

Vp(Np) : predicted speed when Np notch is selected (km/h)

Ve velocity allowance range (km/h)
Xp(Np) : predicted stop position if Np notch is selected (m)

Xe allowance of stop gap (m)
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The Sendai Subway System

" . “o~9=~ Computer controlled
Subway c : lergtlon e Human controlled I |

: \
The Reglster
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Fig. 1 Outline of automatic train operation by PID control

Fig. 2 Qutline of sutomatic train operstion by fuzzy control

Theory of Fuzz'ness & Fuzzy Cont ol

The theory of fuzziness was first proposed in 1985 by
professor LA. Zadeh of the University of California at
Berkeley.

The theory of fi zziness Jesls with 3 setwith  smbiguous
boundary instead of $1 orcinary sat. In the conventiona!
Boolean set comurising “0’° and “1.” tL.e b.undary of
an individual set can be cliarly ‘is inguished, but the
fuzzy set is characterized by the "1 t that the boundary
between the inside and outside of th. set is not obvious.
The fuzzy control is based on the fuzzy set t' eory which
was developed for cetermining the quentity of subjective

" fuzziness of human being and for me'.ng ob. “tive evalus-

tion of the °iz.iness possible, and thereby &"n inating
fuzzy portions as m chas poss:ble. :

In the conventiois! sutomstic ° operdtion sys'en,
train operation is performed ‘y s concurol based or 41D
Contro! (Proportional Integra. d «nd Differential Contro’)
$0 that target speed pattern .4 termined for each operat-
ing section can be follow . |1 this conventionsl su*o-
matic train operation, accur ¢ operation ean be achieved
in a manner of following the predetermined speed pattern.
However, in actusl practice, there sre many kinds of
changes of running condi ions such ss gradient etc. of

track and the braking force of rolling stock. Thersfors,
to follow the target speed, it is necsstary to send  ntrl
commands frequently for accelerstion and brake applice-
tion. As a result, smooth operation is apt to become dif-
ficult, and riding comfort is likely 10 be degraded. More-
over, an accuracy of train stopping at predetermined loca-
tions of stations cannot be determined through the logic
of the control system. Accordingly dispersion should be
checked by computer simulstion or tests using real cars.
This kind of problem occurs becauss “he train o eration
characteristics as a controlls § system ere not well adapted
to its control system. The charscteristics of running train
vary complicstedly and non-linesrty in response to changes
in the external situstion. In the conventions! control
method, complicated controlled systems, were deslit with
approximsting then to simgle linesr models, and only
the follow-up to predete mined sseed pattarn was taken
into account in the evalustior related to control. That is,
the conventional control was unable to properly respond
t2 changes in the situation, .
=+ thy other hend, in the fuzzy control, the results of
wertain runnin_ sperations being considered sre predicted
iy advance a3 the same 23 actual decisions made by s

1

oL
]

[@al'

Fig. 3 Comparison of the m;alu between fuzzy control and P1D eontrol
{stop accuracy and number *f 1imes control command changes)

1 » 54
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The Sendai Subway System
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ocon—in the next yesr or
50~ Nissan wil start sell-

ing cars programmed

with 8 new, extra smart trams-

.:LIOI:I.OI coluuom

mum:mm

as well B;‘ngine mnlr&. with ts
Please, see Furzy Logic, p. 12

_Honee Commlttee OKs
TAONY, TYHIQ Fund?no '

SEPTEMBER, 1990

SELECTSY-WIAL SLECTROMICALLY CONTROLLED ANTOMATIC TRANISINOION
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Nissan Close To Introducmg Fuzzy Loglc
Transmission Controller [ . &
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Togai InfraLogic, Inc.

ARTIFICIAL INTELLIGENCE ON A CHI?

Automatic Transmission

Obiectivés:
Smoother Ride

Increased Fuel Savings

Less Wear

e e et aaaan
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Automatic Transmission
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Automatic Transmission
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Nissan Patents

By ANGELA G. KING

ROY, Mich. — Nissan Motor Co.

Ltd. has received U.S. patents

on an anti-lock brake system

and a transmission that incorporate
“fuzzy logic'' compuler programming.
Designed to aulomate human rea:
soning, fuzzy logic programming offers
various possible solutions, using grad-
ed or qualified statements, to a prob-
icm rather than the precise yes-or-no
solution of strict logic widely used in
the electronics industry, according to
Lofti A. Zadeh, who first developed the
tl:gg&ept of furzy reasoning in the mid-

Mr. Zadeh is currently a Professor
of Computer Science in the Electrical
Engineering and Computer Science de-
partment at the University of Califor-
nia at Berkeley.

A Nissan spokesmah said engineers
are still developing the brake and
transmissions systems, and po intro-
guctign Snsd ha\;e beeln set. Nissan

as developed a fuzzy Jogic program
and is now looking to see if il can be
applied to its patented transmission
a?wake sy?tegu designs, he ex-
plained. Fuzzy logic p:ogrammmg,‘ ac-
cording to the company, would en-
hance brake and transmissicn system
performance with improved control
flexibility.

Nissan is developing an automatic
transmission in which fuzzy logic com-
puter programmirng is used to electron-
icaliy shift gears in a manner similar
to a driver who weighs different fac-
tors to manually shift gears.

WITH A CONVENTIONAL automatic
transmissior, elecironic sensors detect
vehicle speed and throttle opening, and
gears are shifted based on the prede-
termined valve of these factors. Ac-
cording to Nissan, this type of system
is incapable of always providing satis-
{actory control performance o a3 driv-
er because it provides at mest only
about three different shift patterns.
But the Nissan fuzzy control trans-
mission, (patent number 4,841,815), is
more flexible and provides a driver
wilh more control performance be-
cause it is operated by sensors that
assipa values to numerous variables,
including vehicle speed, throtue
ing, acceleration and the rate of
ckange of the throttle opening. Each
value is given a weight, and the
weights are calculated to make the de-

‘Fuzzy Logic’ ABS, Gearbox

casm e = mpe cmmem - o aee

FUZZY LOGIC CONTROLLED ABS

SPEED
SENSCR| ,

—

REAR WHEEL FozZY
co'e;:"(r'gm WTERFERENCE
[ * ¥

Sovres: Nizzm

ANTHROPOMORPHIC: Nissan’s fuzzy logic program is designed to app!
human reasoning characteristics to the co .trol module of its paented AB

design.

cision on whether to shift gears.
Where conventional ABS

sensors that detect vehicle and wheel
speed, the Nissan system’s (patent
number 4,842,342) control unil mea-
sures these variables in addition to de-
rivatives of whee] speed with respect
to time and derivatives of wehicle
with respect to time. As in the
transmission, certain signals in the
br?ke suy‘:te;: are assigned wei
values that determine the frequency of
ABli v acu&?‘én. Cempat
a paper en “Maki .
ers Think Like People.% -
plained that fuzzy logic allows eomput.
ers to handle such imprecise
concepts as “small,’ “big,"” *
and “old™ by describing them in rang.
es of numbers instead of exact

il

i

DEVELOPMENT OF FUZZY logic
the early 19:0s by Ebrahim
a control ineer at Queen Mary Col-
lege in anc Seto Assilian, Mr.
Mamdani's student at that time,
led to growing interest in the use
this theory in such applications as in-
dustrial process control and automeo-

81

bile engine contral, s2id Mr. Zadeh.
Japan in icular has shown
ﬁ‘ deal of interest ia furzy logic
earch is being e rducted in Japz
in the application of this system. :
such areas as whi>e control at th
Tokyo Institute of Technalogy's Suger
Laboratory, and robot comtrol at Hosc
University's Hirota Laboratory.
In March,Japan's Mindstry of Inte:
national Trade and Industry esta:

Muw oo (I.ﬁgg:
s, o cotn ol o
apanese firms,

A fuzzy system developed by Hiu
chi, also 8 member of the new LIF:
;:g:ninﬁon,is used to conssc

y trains in i. Ja

pan.
Fuji Heavy Industries Ltd., the ma}
er of Scharu cars, is developing
advanced form of electronic contin:
.ously variable transmission, called i~
ECVT-I1, that also uses fuzzy contoi:
The ECVT-1I is not in production nc
and is not to appear in =
automobile before model year 1991. 5
cording to a spokesman at Subar: ¢
America, Cherry Hill, NJ.O



FUZZY LOGIC-BASED COMMAND

FUZZY
LOGIC
BASED
COi ¥AND
MODULE

SYSTEM FOR ABS

SUPPLEMENTARY COMMAND
HYDRAULIC PRESSURE

(PEBD-FORHABD)’

COMMAND " WHEEL

FBREL VELOCITY - v:noc;@r

———>»REGULATOR HYDRAULIC : ‘
+ |[SERVO .

L

[

HYDRAULIC PRESSURE

(UNKNOWN)

VEHICLE
. VELOCITY

>

TOGAI INFRALOGIC, INC.

KYOTO-6




FUZZY FEED-FORWARD CONTROLLER
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CURRENT PROJECTS IN FUZZY CONTROL
by

Michio Sugeno
Tokyo Institute of Technology

i Fuzzy Logic Workshop
o 14 November 1990
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Projects of Helicopter Flight Controf

o Radio Control by Orall Instructions
(1989 — 1993)
Tokyo Institute of Technology
supported by Science oend
Technology A?ency

oAutomatic Autorotation Entry
i Engine Failure
(1989 —1993)
Kawasaki Hevy Industry [ TIT

supported by STA

o Unmenned Helicopter for Sea Rescue
(190 — 1491 ) '
TOKIMEC / TIT B
supported by Ministry of -
Transportation



Motion of Helicopter

measured variables : x, 9; Z

¢, b, ¢



Control of Movements

Move Control

up/ down &— List of main rotor
(collective pitch fevel,
ltelun

foruard/ backuerd — o, votor revolutio
( fongrtudinad stick)

e
Rest / right r(t-—-a""mo.ia rotor revollution
- sursace

~ (lotevad stick)
| .. yeuing

nose direction €— Qist of tale vetor
(Reft /vight) (directionod pedafl)



- —— ——————an

Remote Control of Helicopter
by Orall Instructions

o

Turn Lest




Automatic Autorotation Entry ¢

Engine Failure
P S

“

Autorotation Entry

Londing



Unmanned Hericopter for Sea Rescue

@ Sateldite

position infomation

Mothership

g control instruction
~ video information

Firing Ship
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Linguistic Rules for Hovering

1) 15 the body rolls, then control
the Rateral in reverse

2) I the body pitches, then control
the fongi. in reverse

3) 1§ the nose turms, then control
the pedal in reverse

§ Is the body moves sideways, then
controf the fateral in veverse

5) Is the body moves back and Sorthk,
ther control the fomgi. in
reverse

¢) 1§ the body woves up and down,
ther control the coflective
iR reverse



Fuzzy Control Rules for Hoverix
 (Rongs. stick controf)

1) pitch is PO —> long.. 1s NE
2) » NE = » PO
3) & pitchis PO —» fongi. is NE
4 » N —> -+ PO

5) x is PO —> fongi. is NE
) » N —> » PO

7) 42 is PO —> fongi. is NE
8 -+ NE —9" » PO

3
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Hovering with Fuzzy Control
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Autorotation Entry by Fuzzy Control
(keep rotation speed of main rotor)

Eng,'me Fauilure
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TERMINOLOGY AND CONCEPTS
OF CONTROL AND FUZZY LOGIC

Presented at
A Workshop on Fuzzy Control
Huntington Beach, CA
14 November 1990

Dr. Jack Aldridge, MDSSC- SSD (Houston)
: Dr. Robert Lea NASA/JSC
Dr. Yashvant Janl Lincom Corp.
Dr. Jonathan Welss MDSSC-SSD (Houston)
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erzezzwyel MCDONNELL DOUGLAS

« Briefly review control history - how do ideas "fit together"

. Establish terminology of control theory and fuzzy logic to

promote useful discussions »

w9

. Establish basic concepts Ain both areas for the same purpose
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. A means by which a variable quantity or a set of variable
quantities is made to conform to a prescribed norm or to vary in a

prescribed way

May be operated by electrical means, mechanical means,
hydraulic means, pneumatic means, or a combination

KRB

» Open Loop Control
Input Physical System,
—{Controlled Process
or Plant

bR A0 RO BRSOk 0 G S5 o S SR SRS Mw&f' -

R A TN R RS N B RTINS

4FEEDFORWARD CONTRO

BB N $0 Fot

Output

Control
Input

. Closed L00p Control

e Servomechanism
Input Output
Physical System,
Compensator Controlled Process
or Plant
Error -
Feedback
Processor




ezl MCDONNELL DOUGLAS

Classical

e vy

Frequency Domain Mcthods from (i
: Develo mcnts -

SRF xact ula Of Control SMultiple Application Technlques -
a Case-by-Case Basis - Theo of Control ;

Dynamical
Systems

earISunle NonlmearS stcms _,
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ISSUES IN THE DESIGN OF A CONTROL SYSTEM |

memrwerma MCDONNELL DOUGLAS  E=eamyes

Stability and Transient Response

Response Time or Bandwidth

Observability
Controliability

8 Continuous or Sampled Data
Single or Multiple Control Loops

Optimizing or "Near-Optimal” Control

Fixed, Adaptive, or Learning Control




EXAMPLES: INVERTED PENDULUM
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Control Problem:
Determine a control
force, f, applied to the Q
cart (pivot point) to keep
pendulum at fixed angle
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Equations of Motion State "zT
(M+m) z + mlcos® 6- m 26 %in®=f ‘é
mfcos®z + mﬂzé -mgfsin0=0 W
& State Space Description of Dynamical System
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DYNAMICAL SYSTEM MODEL FOR
INVERTED PENDULUM ON A CART
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PROPORTIONAL-INTEGRAL-DERIVATIVE (PID)
CONTROLLER
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u(t)

] e(t) - K, Je(t) dt

— Kqde/dt

Proportional component reduces error
Integral component reduces steady state offset
Derivative component anticipates and reduces overshoots
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-+ Technology is well estabiished

« Many control problems are well approximated by linear plants
or can be handled with adaptive systems that perturb controller
parameters

- Technology is mathematically based allowing general properties
of controllers to be explored by a theoretical approach

Advartages 53
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PROBLENMS WITH STATE SPACE CONTROL?

. Model building stage is elaborate, iterative, error-prone, and
time consuming

« A performance Index that can be used for optimization must
be formulated

. Actuatois may be nonlinear
- Complex equipment may be voorly described by systems of

differential equations but may be best described from
experimental data or heuristics (rules of thumb or experience).

« Heurlistics may be part of the operating procedure and may
be based on mental models other than the physical models

Sate Space Prodlems
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FUZZY CONTROLLER OVERVIEW

Fuzzy
Set

Membership
Functions IF.. THEN... Rules

Fuzzy Cortroler

DESIGNER-SUPPLIED
INFORMATION IS UNDERLINED

Defuzzifier
Techniques

'_ MAX
*1 IF x1is ZO Centroid
| THEN u1 is NS
X, :ﬁ@ IF x1 is NS > L
THEN ut is PB n
/
Xa IF x2 is Small /
AND x4 is Large \ )
— THEN u2 is NS
=
Sensor
Rule Processing Defuzzifier

Inputs  Fuzzifier

Control
Outputs



PNS/\ mission supPORT DIRECTORATE JSC

APPROACH (CONT.)

4 FUZZY PROCESSING |
MIN | MAX”
NB NM NS 20 PS PM P8
INPUT |
PHI = 4.5
-180
INPUT
PHI_DOT = 0.1
-180 5 -4 -3 -2 -1 0 1 2 3 4 5 180

RULE: IF(PHI EQ PB AND PHI DOT EQ Z0) THEN ACCELERATION IS NS
MIN (1. n2) IS APPLIED TO NS FUNCTION IN ACCELERATION

- MIN MAX
NM: NS 20 PS PM
OUTPUT [————\________. P
ACCEL
. -5 4 -3 -2 -1 0 1 2 3 4 5
SPACECRAFT SOFTWARE DIVISION .

v 180G



PB

PS

Angle Rate

Ns 20

Example Rule: IF Angle is PS AND Angle Rate is NS THEN Force is ZO



& APPROACH (CONT))
FUZZY PROCESSING

~ \
\ \
v \ .

NNSA missioN suPPORT DIRECTORATE JSC

MIN MAX '
NB NM NS 20 PS PM PB
INPUT
PHI
-180
INPUT
PHI__DOT
-180 .s .4 -3 -2 -1 0 1 2 3 4 5 180
TWO RULES FIRE: 1. IFPHIIS PB AND PHI_DOT IS PS THEN ACCEL IS NS
2. IFPHIIS PB AND PHI__DOT IS PM THEN ACCEL IS NM
MIN MAX
NM NS Z0 PS PM
ACCEL IS OUTPUT ‘
VIA CENTROID | N
METHOD |
k -5 -4 -3 -2 -1 0 1 2 3 4 5
SPACECRAFT SOFTWARE DIVISION

v WREF



IF ..
IF..
IF ...
IF ...

USE MINIMUM FOR LOGICAL AND
Rule: IF x1 is NS AND x2 is 20

P

THENuis NS 3
THENuis 20 .8
THENuis PS .1
THENuis PB .3

THEN u is PS

Facts:
x1is NS 0.2

x2is ZO 0.8 =>ulisPS 0.2

Other options exist for

combining logical
connectives but these
preserve all results

from normal set theory

except exclusion law:
A ANDNOTA=90

Fuxzy Rle Procesirg
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DEFUZZIFICATION
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MAX Procedure

Indexed MAX or Centroid Procedure

Same as above except use only points > threshold value
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FUZZY GONTROLLER ADVANTAGES
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- Can exploit heuristic knowledge of operation of'controlled'
systems. This includes physical intuition.

- Can accomodate small changes in system or controller
parameters. This are the aging effect and nonlinear effects such

as flexibility of beams

« Experience has been that these techniques seem to handle |
nonlinearity well :

- Tools have been developed to assist in studying and building | |
fuzzy controllers in short times '

- The development of fuzzy chips has provided computationally | i
capable platforms on which to build the controller, independent of |
general purpose computers used for spacecraft controi

FC Advardnges
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REMAINING ISSUES FOR FUZZY CONTROL
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- Issues such as stability, observability, and controllablllty
raised in servomechanism and state space control are not yet in
comparable state of developmerit. This may limit initial
applicability to noncritical applications

« Definition of membership functlons is arbitrary and controller
designer dependent.

- Procedures for selecting membership functions and defuzzifier
options are not firmly established in the control community

- There are limited sources for fuzzy control chips

FFC Disadvarsages
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NASA/ARC Proposed Training
In
intelligent Control

PrvTg

Hamid R. Bereniji
Sterling Federal Systems
Artificial Intelligence Research Branch
NASA Ames Research Center
Moffett Field, CA

RN
Workshop on Fuzzy Control Systems ‘\$

and Space Station Applications, Nov. 14-15, 1990
Huntington Beach, CA '

40952/
C9-fo



00}

Outline

1- General courses:
- Intelligent Control:
- Fuzzy Logic in Control
- Neural Networks in Control
- Artificial Intelligence in control
- Hybrid Approaches
- Uncertainty Management in Artificial Intelligence
2- Hands on Experience
- Experiments with robot arm (simulated and real hardware)
- Cart-pole Balancing
3- Ames Associate Programs
- Spending time at Ames
4- Collabo