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ABSTRACT 

This  document i s  t he  second issue o f  t he  Research and Development Plan f o r  
t h e  Center f o r  Engineer ing Systems Advanced Research (CESAR) a t  t h e  Oak 
Ridge Nat ional  Laboratory.  The document i s  in tended t o  p r o v i d e  a general 
framework f o r  more d e t a i l e d  p lann ing  on an annual basis,  both f o r  DOE and 
f o r  o t h e r  sponsor ing o rgan iza t i ons .  The c h a r t e r  f o r  t h e  o v e r a l l  i n t e l l i -  
gent machine research e f f o r t  i s  presented a long wi th  programmatic and 
t e c h n o l o g i c a l  goals. A research implementat ion p l a n  i s  p rov ided through 
t h e  FY 1989 hor izon .  
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RESEARCH AND DEVELOPMENT PROGRAM PLAN FOR THE 
CENTER FOR ENGINEERING SYSTEMS ADVANCED RESEARCH (CESAR) 

I .  INTRODUCTION AND BACKGROUND 

For  a few years p r i o r  t o  1984, t h e r e  had been a growing awareness and 
b e l i e f  t h a t  automation r e l a t e d  techno log ies  and i n t e l l i g e n t  machines 
should p l a y  an i n c r e a s i n g  r o l e  i n  Department o f  Energy programs. Th is  
t r e n d  was s t i m u l a t e d  by a number o f  t e c h n i c a l  s t u d i e s  and conferences 
which concluded t h a t  automation technology can, t o  a l a r g e  degree, 
i ncrease t h e  p r o d u c t i v i t y  and s a f e t y  i n  t h e  devel opment and o p e r a t i o n  o f  
DOE sponsored systems. Therefore,  DOE management decided i n  FYI84 t o  
i n i t i a t e  a research program t o  extend t h e  body o f  knowledge u n d e r l y i n g  
c u r r e n t  eng ineer ing  p r a c t i c e  and s a t i s f y  perce ived f u t u r e  requirements i n  
t h e  area o f  i n t e l l i g e n t  machine research. I n  support  o f  these DOE objec-  
t i v e s  and o f  requirements by o t h e r  sponsor ing organ iza t ions ,  t h e  Oak 
Ridge Nat iona l  Laboratory  es tab l  i shed t h e  Center f o r  Engineer ing Systems 
Advanced Research (CESAR) f o r  t h e  purpose o f  address ing fundamental 
problems o f  i n t e l l  i g e n t  machine technologies.  

A. Purpose and Ob jec t ives  

The purpose o f  t h i s  document i s  t o  p r o v i d e  a framework and g u i d e l i n e s  f o r  
research and development w i t h i n  ORNL's CESAR program i n  areas p e r t a i n i n g  
t o  i n t e l l i g e n t  machines. The s p e c i f i c  o b j e c t i v e  i s  t o  present  a CESAR 
Research and Development Plan f o r  such work w i t h  a p lann ing  hor izon  o f  
f i v e  t o  t e n  years,  i.e., FY 1986 t o  FY 1990 and beyond. As much as 
p o s s i b l e ,  t h e  p l a n  i s  based on a n t i c i p a t e d  DOE needs i n  t h e  area o f  pro-  
d u c t i v i t y  inc rease and s a f e t y  t o  t h e  end o f  t h i s  century.  

B. C h a r a c t e r i s t i c s  o f  I n t e l l i g e n t  Machines 

I n t e l l i g e n t  machines, as env is ioned i n  t h i s  plan, are a r t i f i c i a l l y  c rea ted  
o p e r a t i o n a l  systems which have capabi 1 i t i e s  of autonomous d e c i s i o n  making 
and ac t ion .  These c a p a b i l i t i e s  are d e r i v e d  from t h e i r  a b i l i t y  t o  reason 
based on acqui red i n f o r m a t i o n  and t o  l e a r n  from experience. I n t e l 1  i g e n t  
machines are ab le  t o  govern themselves i n  accompl ish ing g iven o b j e c t i v e s ,  
as they manage t h e i r  own resources and m a i n t a i n  t h e i r  i n t e g r i t y .  A t  t h e  
h i g h e s t  l e v e l  o f  a b s t r a c t i o n  an o p e r a t i n g  i n t e l l i g e n t  machine c o n s i s t s  o f  
t h r e e  elements. 

1. Sensory System - The sensory system acqu i res  da ta  and i n f o r m a t i o n  
about t h e  i n t e r n a l  s t a t e  of t h e  i n t e l l i g e n t  machine, about i t s  
env i  ronment, and about i t s  r e l a t i o n s h i p  t o  i t s  environment. 

2. Contro l  Computer System - Based on newly acqui red data through 
sensory i n p u t  and/or a database (knowledge base) search, t h e  
c o n t r o l  computer system assesses t h e  c u r r e n t  s t a t e  o f  t h e  i n t e l -  
l i g e n t  machine system w i t h  respect  t o  t h e  d e s i r e d  goal s ta te ,  
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con t inuous ly  updates t h e  database and e x i s t i n g  p lans,  and performs 
a p lann ing  process which r e s u l t s  i n  a se t  o f  dec is ions  f o r  imme- 
d i a t e  and/or f u t u r e  ac t ions ,  f o r  c o n t r o l  and f o r  recovery from 
e r r o r s  and f a u l t s .  

3. Ac tua tor  System - The implementat ion o f  t h e  dec is ions  prepared by 
t h e  c o n t r o l  computer system i s  c a r r i e d  ou t  by t h e  a c t u a t o r  system, 
r e s u l t i n g  i n  sens ib le  and measurable e f f e c t s  w i t h i n  p resc r ibed  and 
c o n t r o l l e d  opera t i ona l  l i m i t s .  

The u l t i m a t e  s e t t i n g  o f  goals f o r ,  and superv i s ion  o f ,  i n t e l l i g e n t  machines 
i s  done by humans. For s imple systems t h i s  may be done d i r e c t l y  by s e t t i n g  
a sw i t ch  o r  t h e  l i k e .  For complex systems, such as an autonomous robot  
veh ic le ,  t h e  goal s e t t i n g  and superv i s ion  may be done by a team o f  opera- 
t o r s  w i t h  t h e  h e l p  o f  an o f f - l i n e  o r  i n t e g r a t e d  computer system. The human 
o p e r a t o r ( s )  t oge the r  w i t h  the  suppor t i ng  computer system and o t h e r  per iph-  
e r a l  equipment are c o l  1 e c t  i v e l y  r e f e r r e d  t o  as t h e  "superv isory  system." 
I n  general,  one i s  dea l i ng  w i t h  a h ie ra rchy  of i n t e l l i g e n t  machines, where 
t h e  h ighe r  l e v e l  (echelon)  elements a re  t h e  superv isors  o f  c o l l e c t i o n s  o f  
elements a t  t h e  next lower  l e v e l .  By extens ion,  a t  t h e  h ighes t  l e v e l  i n  
t h e  h ie ra rchy  i s  (a re )  t h e  human opera to r (s ) .  

11. SCOPE OF THIS  PLAN 

The long-range research and development program o f  CESAK i s  shaped and 
d i  rec ted  p r i m a r i  l y  by p r i o r i  t i zed research and avai 1 ab1 e resources. The 
t e c h n i c a l  scope o f  t h i s  p lan  comprises no t  on ly  t h e  i n t e l l i g e n t  machine 
systems w i t h  var ious  h i e r a r c h i c a l  l e v e l s ,  bu t  a l s o  t h e  automation o f  t he  
correspondi  ng superv isory  systems, i n c l u d i n g  t h e  behavior  o f  humans w i t h i n  
man-machi ne systems. It a1 so inc ludes  those aspects o f  r e l a t e d  systems 
engi  nee r i  ng, systems design and p l a n t  management t h a t  can be automated. 
"Pe r iphe ra l  technologies,"  such as data process ing,  power, p ropu ls ion ,  
m a t e r i a l s ,  s t ruc tu res ,  etc., are of concern here on ly  t o  t h e  ex ten t  t o  
which they i n f l u e n c e  t h e  opera t i on  o f  automated and i n t e l l i g e n t  machines. 

The technology areas se lec ted  f o r  research are o r i e n t e d  a long l i n e s  o f  
pe rce i  ved requ i  rements f o r  two opera t i ona l  focuses o f  roughly  equal p r i o r -  
i t y ,  and which p rov ide  t e c h n i c a l  con tex t  re levan t  t o  t h e  energy i ndus t r y .  
The f i r s t  focus f o r  t h e  development o f  i n t e l l i g e n t  machines i s  " r o b o t i c  
systems f o r  i d e n t i f i c a t i o n ,  n a v i g a t i o n  and man ipu la t i on  i n  uns t ruc tu red  
environments." The concept " r o b o t i c  system" i s  i n t e r p r e t e d  as a system 
c o n s i s t i n g  o f  a remote p a r t  and a prox imal  p a r t ,  t h e  l a t t e r  serves as t h e  
superv i so ry  system and inc ludes  t h e  human opera to r (s ) .  A p p l i c a t i o n s  i n -  
c lude  work i n  t o x i c ,  r a d i o a c t i v e  o r  p h y s i c a l l y  uncomfor tab le s i t u a t i o n s  
such as those f o r  nuc lear  p l  an t  emergencies , o f  f -shore  o i  1 e x p l o r a t i o n ,  
gas exp lo ra t i on ,  e tc .  These s i t u a t i o n s  are  p a r t i c u l a r l y  unique and 
c e n t r a l  t o  t h e  miss ion  o f  DOE. To min imize r i s k  t o  humans and t o  assure 
r e l i a b l e  performance i n  remote environments, t h e r e  i s  a c l e a r  need f o r  
t h e  expansion o f  t he  sciences and technology which would pe rm i t  t h e  
e x p l o i t a t i o n  o f  t he  c a p a b i l i t i e s  o f  i n t e l l i g e n t  machines. The second 
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focus f o r  t h e  development o f  i n t e l l i g e n t  machines i s  "mul t i -purpose p l a n t  
management and mai ntenance," where p l a n t  means an energy produci  ng f a c i  - 
l i t y .  The i n t e l l i g e n t  aspects i n c l u d e  s imu la t ion ,  c o n t r o l ,  design, 
t r a i n i n g ,  d iagnos is ,  p lanning,  r e p a i r  and replacement. Th is  system would 
have a design support  subsystem a l l o w i n g  people t o  design p l a n t s ,  augment 
t h e i r  models w i t h  feedback, perform s i m u l a t i o n s  t o  eva lua te  a l t e r n a t i v e  
p l a n t  designs, diagnose problems t h a t  a r i s e  i n  opera t ion ,  and s e t  up 
t r a i n i n g  f o r  people who are  supposed t o  run t h e  p l a n t .  The c o n t r o l  por-  
t i o n  of t h i s  system would u t i l i z e  r e s u l t s  o f  f a s t e r - t h a n - r e a l - t i m e  simu-: 
l a t i o n s  t o  guide an ac tua l  runn ing  system which has t a  deal w i t h  r e a l  
t i m e  operat ions.  There would be automat ic m o n i t o r i n g  o f  i n s t r u m e n t a t i o n  
so t h a t  t h e  system checks i t s  behavior  aga ins t  expec ta t ions  and a u d i t  
t r a i l s  o f  a l l  c o n t r o l  a c t i v i t i e s  taken by t h e  personnel. F a u l t s  o c c u r r i n g  
i n  t h e  system would be analyzed and diagnosed. 
s t r a t e g i e s  and p lans would be prepared f o r  c o r r e c t i v e  a c t i o n  and would be 
implemented a u t o m a t i c a l l y  o r  w i t h  t h e  h e l p  of human superv is ion .  

Based on such diagnoses, 

111. THE CESAR PERSPECTIVE AND ROLE 

A. The DOE/ORNL Context 

ORNL i s  a mu l t ipurpose l a b o r a t o r y  p r i m a r i l y  work ing on energy problems 
under t h e  auspices of t h e  U.S. Department o f  Energy. ORNL i s  operated 
by M a r t i n  M a r i e t t a  Energy Systems; t h e  t e c h n i c a l  program i s  determined 
by agreements e s t a b l i s h e d  between ORNL and DOE w i t h  concurrence o f  t h e  
Oak Ridge Operat ions O f f i c e  and M a r t i n  M a r i e t t a  Energy Systems. 

ORNL i s  a wor ld  leader  i n  t h e  development and use of remote opera t ions  
and hand l ing  techniques i n  h o s t i l e  environments; t h e  Laboratory  has many 
years  o f  exper ience i n  t h i s  area. B u i l d i n g  on t h i s  know-how and s t r o n g  
a n a l y t i c a l  c a p a b i l i t y ,  ORNL developed a research proposal  t o  DOE i n  t h e  
area o f  " i n t e l l i g e n t  c o n t r o l  systems," which has emerged as p a r t  o f  t h e  
Engineer ing Research Program o f  t h e  Engi n e e r i  ng and Geosciences D i  v i  s i o n  
o f  t h e  O f f i c e  o f  Basic  Energy Sciences. 
formed, and a s t e e r i n g  committee (subsequent ly t ransformed i n t o  a per -  
manent adv isory  committee) was appointed. I n  a d d i t i o n ,  a DOE/ORNL 
Workshop on Research Goals and P r i o r i t i e s  i n  I n t e l l i g e n t  Machines was 
h e l d  on November 2-4, 1983, (Ref. 1). The outcome o f  these a c t i v i t i e s  
has been t h e  format i o n  o f  t h e  Center f o r  Engineer ing Systems Advanced 
Research (CESAR). I n  a d d i t i o n  t o  t h e  CESAR Advisory Committee meetings, 
p e r i o d i c  reviews are h e l d  f o r  t h e  DOE Counci l  on Energy Engineer ing 
Research. 

A peer rev iew committee was 

B. The CESAR Char ter  

The Center f o r  Engineer ing Systems Advanced Research (CESAR) i s  e s t a b l  i shed 
a t  t h e  Oak Ridge Nat iona l  Laboratory  (ORNL) t o  address long-range energy- 
r e l a t e d  research i n  i n t e l l i g e n t  c o n t r o l  systems. These systems are  in tend-  
ed t o  p l a n  and per form a v a r i e t y  o f  tasks i n  u n s t r u c t u r e d  environments, 
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g i ven  on ly  q u a l i t a t i v e l y  s p e c i f i e d  goals. 
exper ience i n  remote opera t ions  and human engineer ing,  t he  Center p rov ides  
a framework f o r  merging concepts from t h e  f i e l d s  o f  a r t i f i c i a l  and machine 
i n t e l l i g e n c e  w i t h  advanced c o n t r o l  theory.  Emphasis i s  on i n t e r d i s c i p l i n -  
a r y  research f o r  l a rge -sca le  d i s t r i b u t e d  processes a p p l i c a b l e  t o  many 
energy- re la ted  technologies.  Research o b j e c t i v e s  s t r e s s  t h e  o p t i m i z a t i o n  
o f  energy e f f i c i e n c y  and t h e  m in im iza t i on  o f  assoc ia ted  r i s k s  i n  i t s  pro-  
d u c t i o n  and u t i l i z a t i o n .  P o t e n t i a l  a p p l i c a t i o n s  i n c l u d e  emergency s i t u -  
a t i ons ,  remote opera t ions ,  resource e x p l o r a t i o n ,  t r a n s p o r t a t i o n  systems, 
and la rge -sca l  e power genera t i  on systems. 

B u i l d i n g  upon ex tens i ve  

CESAR i s  in tended t o  be a n a t i o n a l  resource, and a major o b j e c t i v e  i s  t o  
d isseminate i t s  accomplishments f r e e l y  and cotnprehensively. Accord ing ly ,  
r e s u l t s  and technology are d i s t r i b u t e d  through re fe reed j o u r n a l  pub1 i c a -  
t i o n s ,  through the  o rgan iza t i on  o f  s p e c i a l i s t s '  workshops, and through t h e  
development o f  products  which demonstrate concepts. CESAR cooperates w i t h  
u n i v e r s i t i e s ,  l a b o r a t o r i e s ,  and i n d u s t r y ,  se rv ing  as a user  f a c i l i t y  t o  
p r o v i d e  guests w i t h  access t o  modern computers, unique equipment, and a 
s t i m u l a t i n g  s c i e n t i f i c  env i  ronment . 

C. Technica l  D i s c i p l i n e  Areas o f  CESAR RAD 

W i t h i n  t h e  scope o f  t he  CESAR Charter, var ious  research elements a re  
aggregated a long d i s c i p l i n a r y  l i n e s  f o r  program planning.  The se lec ted  
d i s c i p l i n e s  are those i d e n t i f i e d  i n  t h e  DOE/ORNL "F ina l  Report on Research 
Goals and P r i o r i t i e s  i n  I n t e l l i g e n t  Machines," by t h e  CESAR S tee r ing  Com- 
m i t t e e  (Ref. 2). For  each d i s c i p l i n e  i t s  d e f i n i t i o n ,  evo lu t i on ,  importance 
t o  i n t e l l i g e n t  machines, and d i v i s i o n  i n t o  s u b - d i s c i p l i n e s  are described. 
I n  a d d i t i o n ,  t h e  na ture  and importance o f  research are  d iscussed i n  r e l a -  
t i o n  t o  t h e  energy i n d u s t r y  and assoc ia ted  subareas. 

The d i s c i p l i n e  areas f o r  CESAR's i n t e l l i g e n t  machines research are: 

1. Machine I n t e l l i g e n c e  

2 I Mechani sins , Dynami cs and Contro l  

3. Sensors and V i s i o n  

4. Human-Machine I n t e r f a c e  

5. Cross-Disc i  p l  i nary Research 

The f i r s t  f o u r  areas are rep resen ta t i ve  o f  t he  major subsystems o f  
i n t e l l i g e n t  machines and, i n  p a r t i c u l a r ,  r o b o t i c  systems. The l a s t  area 
addresses fundamental quest ions o f  system mode l l i ng  and i n t e g r a t i o n .  While 
t h e  work o f  t h i s  research and development program i s  p r i m a r i l y  mot iva ted  by 
fundamental s c i e n t i f i c  quest ions,  i t  a l s o  aims t o  s a t i s f y  bas ic  development 
needs o f  r e a l  ope ra t i ng  systems o f  t he  energy i ndus t r y .  
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I V .  TECHNOLOGY RESEARCH AND DEVELOPMENT PLAN 

It i s  expected t h a t  i n t e l l i g e n t  machines w i l l  p l a y  an impor tan t  r o l e  i n  
t h e  development o f  f u t u r e  energy systems. 
i t s  e f f o r t s  toward assu r ing  t h a t  f u t u r e  complex energy r e l a t e d  p r o j e c t s  
a r e  a f f o r d a b l e  and cos t  e f f e c t i v e ,  c r e a t i n g  and m a i n t a i n i n g  a competent 
and v i  gorous R&0 capabi 1 i t y  i n  re1 a t e d  t e c h n i c a l  d i  s c i  p l  i nes a t  ORNL, 
and assur ing  t h e  t r a n s f e r  of technology t o  t h e  a p p l i c a t i o n s  sector .  

The CESAR program thus  d i r e c t s  

A. Programmatic Goals and Ob jec t i ves  

To assure t h a t  t h e  s t a t e d  general d i r e c t i o n s  can be accomplished, t h e  
CESAR research and devel opment a c t i  v i  t i es encompass t h e  f o l  1 owi ng 
programmatic o b j e c t i v e s .  

1. Fundamental research e f f o r t s  w i l l  be sus ta ined a t  t h e  
a p p r o p r i a t e  l e v e l  t o  s a t i s f y  f u t u r e  demands and needs i n  
machine i n t e l l i g e n c e ;  mchanisms, dynamics and c o n t r o l  ; 
sensors and v i s i o n ;  human-machine i n t e r f a c e ;  and cross d i s -  
c i p l  inary research f o r  i n t e l l i g e n t  machines. 

2. C o l l a b o r a t i v e  e f f o r t s  i n  t h e  above areas w i l l  be e s t a b l i s h e d  
w i t h  academic, i n d u s t r i a l  and government i n s t i t u t i o n s  t o  
f o s t e r  a f r e e  in te rchange of ideas, t a l e n t s  and c a p a b i l i t i e s .  

3. E f f o r t s  w i l l  be sus ta ined t o  understand c o n t i n u i n g  
programmatic and t e c h n i c a l  needs i n  i n t e l l i g e n t  machine 
systems and technol  og ies  i n  t h e  energy produci  ng i n d u s t r y  
and t o  develop new approaches t o  meet these needs. 

r e l a t e d  a p p l i c a t i o n s  o f  i n t e l l i g e n t  machines t o  p rov ide  con 
t e x t  and e f f e c t i v e  u t i l i z a t i o n  for  methods development a t  
t h e  component, subsystem, and system l e v e l .  

4.  I n i t i a t i v e s  w i l l  be undertaken t o  i d e n t i f y  unique energy 

5. Programmatic i n i t i a t i v e s  w i l l  be undertaken t o  e s t a b l i s h  an 
i n t e l l  i g e n t  machi ne technol  ogy base t h a t  w i  11 be made avai  1 - 
a b l e  t o  support t h e  development of new and more cos t  e f f e c -  
t i v e  r e l i a b l e  and sa fe  systems. 

B. Techno1 o g i c a l  Goal s 

I n  e s t a b l i s h i n g  t h e  t e c h n o l o g i c a l  goals of t h i s  plan, t h e  DOE/ORNL F i n a l  
Report on Research Goals and P r i o r i t i e s  i n  I n t e l l i g e n t  Machines by t h e  
CESAR S tee r ing  Committee has been reviewed and used as a p o i n t  o f  depar- 
t u r e .  Other cons ide ra t i ons  are p r o j e c t e d  a v a i l a b i l i t y  o f  research per-  
sonnel, l a b o r a t o r y  space, equipment, funding, e tc .  Hence, t o  s t a r t  w i th ,  
t h e  t e c h n i c a l  goals concent ra te  main ly  on areas o r i e n t e d  towards r o b o t i c  
systems f o r  i d e n t i f i c a t i o n ,  n a v i g a t i o n  and m a n i p u l a t i o n  i n  uns t ruc tu red  
environments, t h e  f i r s t  focus i d e n t i f i e d  i n  Sec t ion  11. Work on t h e  
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non-over lapping areas of t h e  second focus, mu l t ipurpose p l a n t  management 
and maintenance systems, w i l l  be phased i n t o  t h e  CESAR program as resources 
become ava i l ab le .  

The broad, long- term t e c h n i c a l  goals  o f  t h i s  p lan  are  t o  develop, w i t h i n  
t h e  next  decade, t h e  requ i red  sc ience and technology f o r  i n t e l l i g e n t  
machines w i t h  c a p a b i l i t i e s  t o  v a l i d a t e  i n s t r u c t i o n s  from t h e  s u p e r v i s o r ( s )  
and r e j e c t  those t h a t  would endanger t h e  system's performance. Such 
machines would per fo rm task  p lann ing  t o  s e l e c t  s a t i s f a c t o r y  o r  op t ima l  
d e t a i l e d  p lans  f o r  ach iev ing  h igh  l e v e l  goa lsg  p a r t i c u l a r l y  i n  t h e  pre-  
sence o f  l a r g e  environmental o r  system v a r i a t i o n s .  The s p e c i f i c  d i s c i -  
p l i n a r y  goals  a re  t o  develop t h e  requ i red  techno log ies  which w i l l  enable 
r o b o t i c  veh ic les  w i t h  man ipu la to rs  t o  operate e f f e c t i v e l y  i n  uns t ruc tu red  
environments r e p r e s e n t a t i v e  o f  i n d u s t r i a l  f a c i l i t i e s .  Such technology 
i n v o l v e s  

1. 

2. 

3 .  

4. 

t h e  des ign and implementat ion o f :  

Machine I n t e l l i g e n c e  Systems w i t h  reasoning c a p a b i l i t i e s  t o  
do autonomous p lann ing  o f  robot  opera t ions  w i t h i n  a domain o f  
i n t e r e s t ,  and t o  so l ve  problems which r e q u i r e  a course o f  
unforeseen ac t i ons  as a r e s u l t  of ope ra t i ona l  requirements 
and/or se l f -d iagnos is .  

Mechani sms , Dynamics and Cont ro l  Systems, which a1 1 ow r o b o t i c  
v e h i c l e s  t o  n e g o t i a t e  obs tac les  such as s t a i r s ,  doorways and t h e  
l i k e ,  t o  move obstac les out  o f  t h e  way as requ i red ,  t o  per fo rm 
p r e c i s e l y  c o n t r o l l e d  man ipu la t ion  o f  ob jec ts ,  and t o  do manipu- 
l a t i o n  tasks  w i t h  h igh  d e x t e r i t y .  

Sensors and V i s i o n  Systems, which can o b t a i n  t h e  necessary da ta  
i n  a s u i t a b l e  fash ion  t o  i d e n t i f y  and p l a n  a sa fe  path f o r  t r a v e l  
and p o s i t i o n i n g ,  t o  s e l e c t  t a r g e t  o b j e c t s  of i n t e r e s t ,  t o  i d e n t i f y  
and grasp o b j e c t s  sa fe l y ,  and t o  per form sel f -d iagnoses.  

Human-Machine I n t e r f a c e  Systems, which make i t  p o s s i b l e  f o r  human 
opera tors  t o  assume i n t i m a t e  c o n t r o l  o f  the remote r o b o t i c  system 
th rough r e a l i s t i c  sensory feedback d i sp lays ,  prox imal  computer 
s imu la t i ons ,  and e f f e c t i v e  c o n t r o l  o v e r r i d e  c a p a b i l i t i e s .  

I n  a d d i t i o n ,  i t  i s  a goal o f  t h i s  program t o  develop c r o s s - d i s c i p l i n a r y  
techniques as requ i red  i n  support of t he  major, l ong  range goals  i n  
se lec ted  areas such as i d e n t i f i c a t i o n  and es t ima t ion ,  s e n s i t i v i t y  and 
u n c e r t a i n t y  analyses, s p e c i a l i z e d  computer a r c h i t e c t u r e s ,  and t h e o r e t i c a l  
found a t  i on s f o r  system i n t e y r a  t i on. 

C. Implementat ion Plan 

1. Ob jec t i ves  and Task D e s c r i p t i o n  

The o b j e c t i v e s  and tasks  have been updated i n  r e c o g n i t i o n  o f  a number of 
c o n s t r a i n t s ,  such as a v a i l a b l e  funding,  t a l e n t s  and l a b o r a t o r y  f a c i l i t i e s .  
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A major c o n s i d e r a t i o n  d u r i n g  t h e  f i r s t  two years has been t h e  development 
o f  a l a b o r a t o r y  c a p a b i l i t y  i n  a d d i t i o n  t o  t h e o r e t i c a l  i n v e s t i g a t i o n s .  
Some aspects o f  t h e  t h e o r e t i c a l  research have been t e s t e d  exper imen ta l l y  
i n  our deve lop ing  l a b o r a t o r y .  The s p e c i f i c  o b j e c t i v e s  and tasks  which 
f o l l o w  are subd iv ided i n  agreement w i t h  t h e  d i s c i p l i n a r y  areas i d e n t i f i e d  
i n  Sec t ion  II1.B. 

( a )  Machi ne I n t e l  1 i gence 

(1) Design, cons t ruc t ,  and m a i n t a i n  t h e  HERMIES Robot s e r i e s  
as exper imental  devices t o  t e s t  concepts o f  machine 
i n t e l l i g e n c e .  This  i nc ludes  the  mob i le  p la t fo rm,  manipu- 
l a t o r s ,  computing a r c h i t e c t u r e ,  sensor a r ray ,  c o n t r o l s ,  
communications, and man-machine i n t e r f a c e .  

(2 )  Study and develop automated p lann ing  techniques f o r  r o b o t i c  
systems w i t h  r e a l  t ime c o n s t r a i n t s ;  develop a HERMIES p lan -  
n e r  which cons iders  sensor feedback, geometric reasoning, 
and c a p a b i l i t i e s  f o r  automated l e a r n i n g  from experience. 

o p e r a t i n g  system us ing  s p e c i a l i z e d  computer a r c h i t e c t u r e s  
(hypercube ensemble machine). Th is  incl l  udes development o f  
concur ren t  computation a lgo r i t hms  (e.g. f o r  t ime dependent 
p l a n n i n g  and robo t  dynamics). 

( 3 )  Develop and make opera t i ona l  an i n t e l l i g e n t  machine 

( b )  Mechani sms, Dynami cs and Contro l  

(1) Develop and t e s t  r e a l - t i m e  dynamic models f o r  machines and 
man ipu la to r  systems us ing  computer a s s i s t e d  techniques. 
These developments i n c l u d e  r i g i d  and f l e x i b l e  arms and 
s i n g l e  and m u l t i p l e  a rm l inkages .  

( 2 )  Develop and t e s t  advanced c o n t r o l  concepts f o r  i n t e l l i g e n t  
machines i n c l u d i n g  compl iant  man ipu la to rs ,  and coopera t i ve  
systems. 

( c )  Sensors and V is ion  

(1) Study and develop computer so f tware  a r c h i t e c t u r e s  f o r  t h e  
i n t e g r a t i o n  o f  i n f o r m a t i o n  from m u l t i p l e  sensors i n c l u d i n g  
c o n s i d e r a t i o n  o f  knowledge bases, a s s o c i a t i v e  memories, 
p a r a l l e l  p a t t e r n  processing, s h e l l  a r c h i t e c t u r e ,  and m u l t i -  
l e v e l  data flow. 

( 2 )  Study t h e o r e t i c a l  problems and techniques r e l a t e d  t o  the  
i n t e r p r e t a t i o n  o f  i n fo rma t ion  from m u l t i p l e  sensors consid- 
e r i n g  contex ts  i n  dynamic environments, isomorphic matching 
o f  rep resen ta t i ons ,  merging of d i f f e r e n t  rep resen ta t i ons ,  
and automat ic genera t ion  of h ighe r  l e v e l  rep resen ta t i ons .  
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( 3 )  Develop and t e s t  new t ransducers  f o r  s i n g l e  and m u l t i p l e  
sensors us ing  s i n g l e  and mul t imodal  systems w i t h  s p e c i a l -  
i zed computers. 

( d )  Human-Machine I n t e r f a c e  

( 1) Develop techniques of p l  anni  ng f o r  s k i  11 re1 a t e d  opera t ions  
a f o r  opt imal  cons ide r ing  human analogs; determine c r i t e r  

human-machine task a l l o c a t i o n .  

( 2 )  Design an exper imenta l  work s t a t i o n  ( c o n t r o  

Cross-Di s c i  p l  i nary Research 

remote c o n t r o l  o f  r o b o t i c  dev i  ces. 

( e )  

s t a t i o n )  f o r  

(1) Develop and v a l i d a t e  a methodology fo r  t h e  automated 
genera t ion  of s e n s i t i v i t y  c o e f f i c i e n t s  t o  enable sys temat ic  
model simp1 if i c a t i o n  and parameter i d e n t i  f i ca t ion .  

( 2 )  Develop theo ry  f o r  p lann ing  under u n c e r t a i n t y  i n c o r p o r a t i n g  
t h e  advantages o f  t h e  Dempster-Shafer methods, Fuzzy Sets, 
and Bayesian techn i  ques 

( 3 )  Conduct system i n t e g r a t i o n  s tud ies  and develop a t e s t  bed 
f o r  robot  techno1 ogy demonstrat ions , human-machi ne p e r f o r -  
mance research, and fundamental c o n t r i b u t i o n s  t o  system 
design methodology and implementation. 

2. Research Context 

As framework f o r  gaugi ng t h e  appropr ia teness o f  t h e  v a r i  ous CESAR 
research and development p r o j e c t s  , a re fe rence problem has been se lected.  
The re fe rence problem invo lves  t h e  opera t ion ,  d iagnos is  and r e p a i r  o f  f l u i d  
c o n t r o l  valves i n  var ious  environmental s e t t i n g s .  The opera t i ona l  requ i re -  
ments f o r  t h i s  paradigm problem are  deemed t o  be r i c h  and comprehensive 
enough t o  cover  most impor tan t  aspects of autonomous r o b o t i c  systems. A 
sequence o f  t h ree  phases o f  i n c r e a s i n g l y  more complex va l ve - re la ted  system 
opera t i on  tasks  has been developed, and corresponding subsystem charac te r -  
i s t i c s  have been de r i ved  as summarized i n  Fig. I .  



Phase 1 Phase 2 Phase 3 

. 
Operate Manual Val  ve .Remove/ I n s t a l  1 F1 anged . Locate, Diagnose, and 

.Valve . Operate Valve 
1988 1990 1992 

System 
Demonstrat ions 

. 
Cogni t i on 

and 
P1 anni ng 

b 

Loca l ized  Nav iga t ion  .Local ized (Nav iga t ion  . General World . i n  Unst ruc tured  . Radio L ink,  On-Board 
b Envi ronment ) . Power 

Sensory 
Percept ion 

Mani p u l  a t  i on 

Mobi 7 i ty  

. L 

Fig.  I. Phased Reference Problem i n  Terms of System Operat ions 
and t h e  Related Subsystem C h a r a c t e r i s t i c s *  

Each successi  ve phase assumes capabi 1 i ty  o f  prev ious phases. * 
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The o v e r a l l  problem (1 ong-term) can be c h a r a c t e r i  zed w i t h  t h e  fo l  1 owing 
assumpt i ons : 

A. The abso lu te  coord ina tes  and o r i e n t a t i o n  o f  t h e  va lve  are  u n c e r t a i n  
( a s - b u i l t  drawings unava i l ab le  o r  obso le te ) .  

B. The o p t i c a l  p r o p e r t i e s  o f  t h e  va lve  s i t e  a re  unknown a p r i o r i  
( v a l v e  may be c lean o r  greasy, emergency l i g h t i n g  on ly ) .  

C. The va lve  i s  one o f  m u l t i p l e  va lves o f  t h i s  t ype  l oca ted  i n  t h i s  
v i c i n i t y .  

0. The c u r r e n t  o p e r a b i l i t y  o f  t h e  va lve i s  unknown (may be corroded, 
s l i p p e r y ,  e tc . ) .  

E .  The r o b o t ' s  mob i le  p l a t f o r m  i s  a t  a known i n i t i a l  c o n d i t i o n  and can 
move as requ i red .  A t  t h e  va lve  s i t e ,  t h e  p l a t f o r m  can e l e v a t e  t h e  
man ipu la to r  sphere o f  i n f l u e n c e  t o  encompass t h e  valve. 

F. The va lve  access may be p a r t i a l l y  obs t ruc ted  (e.g., a p i p e  may c u t  
across t h e  v iewing angle) .  
f rom any angle, bu t  t h e  degrees o f  freedom o f  t h e  man ipu la to r  a re  
s u f f i c i e n t  t o  a l l o w  opera t i on  o f  t h e  va lve  w i t h  t h e  mob i le  p l a t f o r m  
p o s i t i o n e d  c o r r e c t l y  i n  t h r e e  dimensions. 

Only p a r t  o f  t h e  va lve  can be viewed 

G. There are  severa l  paths which t h e  mob i le  p l a t f o r m  may f o l l o w  
( th rough rooms, a i s l e s ,  etc.),  some o f  which may be obs t ruc ted  by 
u n a n t i c i p a t e d  ob jec ts .  

H. Time i s  impor tan t  f o r  successful task  complet ion bu t  m o b i l i t y  and 
v i s i o n  i s  no t  hampered by t h e  emergency (no f i r e ,  smoke, e tc . ) .  

I .  The t o t a l  power a v a i l a b l e  t o  t h e  robot  i s  l i m i t e d ,  bu t  may be 
rep len i shed  by r e t u r n i n g  t o  t h e  s t a r t i n g  p o i n t .  

J .  Communication w i t h  the  robot  can be e f f e c t i v e l y  ma in ta ined 
th roughout  t h e  p l a n t  by e x i s t i n g  l o c a t i o n  o f  repeaters .  

K. A wor ld  model e x i s t s  i n c l u d i n g  

- a complete d e s c r i p t i o n  o f  t h e  va lve  t y p e  ( s u f f i c i e n t  i n f o r m a t i o n  
t o  generate a view o f  t h e  va lve  from any angle) ,  and 

- p i p i n g  and o the r  app rop r ia te  c o n s t r u c t i o n  drawing i n f o r m a t i o n  
b u t  no t  "as b u i l t "  drawings, t o  e s t a b l i s h  the  approximate l oca -  
t i o n  o f  t h e  va lve ( i n c l u d i n g  i d e n t i f i c a t i o n  o f  end p o i n t s  o f  t h e  
l i n e  which it i s  loca ted ,  such as vessels) ,  and p o s s i b l e  paths. 
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The g loba l  ( long- term) paradigm problem i s  then t o :  

0 Locate and approach t h e  va lve  c o n s i d e r i n g  p o s s i b l e  paths, obstac les,  
t ime, power requirements and mon i to r ing ,  etc.  

F ind  t h e  o r i e n t a t i o n  of t h e  va lve  and t h e  handle p o s i t i o n  w i t h  
respec t  t o  t h e  robot  p la t fo rm.  

0 Evaluate t h e  o p e r a b i l i t y  of t h e  va lve by inspec t ion .  

a Develop a s t r a t e g y  for a c t u a t i o n ,  replacement, r e p a i r ,  e tc .  

3 .  Schedule and Resources 

The research schedule g iven i n  Fig. I1 ha5 been developed based on t h e  
Ob jec t ives  and Task D e s c r i p t i o n s  of Sect ion 1, w h i l e  c o n s i d e r i n g  t h e  
Research Context of Sect ion 2. 

The schedule covers a f i v e  y e a r  p lann ing  hor izon  from FY 1986 through FY 
1990. It inc ludes  work sponsored by DOE and r e l e v a n t  work sponsored by 
o t h e r  o rgan iza t ions .  The mi les tones  f o r  each subtask i n d i c a t e  d e l i v e r a b l e  
i tems which are c a l l e d  ou t  a t  t h e  end o f  t h i s  paragraph. They i n c l u d e  
c a p a b i l i t y  demonstrat ions,  p ieces of hardware, or p u b l i c a t i o n s .  The s t a t e  
o f  accomplishments as o f  February 1986 i s  presented i n  Ref. 3. C u r r e n t l y ,  
t h e  resources, bo th  man years and funding, can reasonably w e l l  be est imated 
th rough FY 1987. The resources fo r  FY 1988 through FY 1990 a r e  approximate 
p r o j e c t i o n s .  Budgets and completed mi les tones  corresponding t o  research 
i n  e a r l i e r  f i s c a l  years (e.g., FY 1985) are presented i n  Appendix A. 



12 

M i  1 estones : 

Capabi 1 i ty  t o  do rud imentary machi ne learn ing .  
Scheduling o f  r o b o t i c  tasks  under ha rd - rea l - t ime  c o n s t r a i n t s .  
Simulated annea l ing  a p p l i c a t i o n  t o  r e l a t i o n a l  matching and 
sensor fus ion .  
Theory o f  s t a t i c  l oad  ba lanc ing  o f  hypercube mu1 t i  processors 
u s i n g  s imu la ted  annealing. 
V i r t u a l  t i m e  d i s t r i b u t e d  opera t i ng  system w i t h  a p p l i c a t i o n  t o  
r o b o t i c s .  
Theory o f  dynamic l oad  bal  anc i  ng us ing  general i zed s imu la ted  
anneal i ng. 
Model and i d e n t i f y  parameters o f  CESAR research manipulator .  
New c o n t r o l  a1 g o r i  thm f o r  compl i ant  man ipu la to r  v e r i  f i e d  by 
performance t e s t i n g .  
Cont ro l  o f  one man ipu la to r  and inobi le p la t fo rm.  
Theory o f  human r e t i n a l  models. 
A1 g o r i  thms f o r  v i  s i  on guided mani pu l  a t  i on. 
Human analog v i s i o n  r e c o g n i t i o n  us ing  concurrent  computing. 
I n t e g r a t i o n  o f  l a s e r  range f i n d e r  and v i s ion .  
Concepts f o r  optimum task  a l l o c a t i o n .  
Representat i o n  o f  tasks  i n v o l  v i  ng s k i  11. 
Advanced te leopera ted  dexterous manipulat ion.  
Optimized work s t a t i o n  design. 
S e n s i t i v i t y  ana lys i s  so f tware  v a l i d a t i o n .  
Simp1 i f i e d  robot  dynamics a p p l i c a t i o n  us ing  s e n s i t i v i t y  ana lys is .  
Hardware v a l i d a t i o n  o f  s e n s i t i v i t y  t o o l .  
Uncer ta in t y  theory  es tab l i shed.  
I nco rpo ra t i on  i n  exper t  system o f  unce r ta i  n t y  ana lys is .  
I n c o r p o r a t i o n  i n  p lanner  o f  unce r ta i  n t y  ana lys i s .  
Complete f a b r i c a t i o n  and assembly o f  CESAR research manipulator .  
Completion o f  tes tbed system. 
Upgraded tes tbed  system. 
Algor i thms f o r  machine l e a r n i n g  based on neura l  networks. 
CAD based knowl edge base. 
Theory o f  c e l l u l a r  automata and neura l  networks f o r  machine 
i n t e l 1  igence. 
Sensor d r i  ven dynamic knowl edge base. 
Cont ro l  o f  dual man ipu la to rs  and a mob i le  p la t fo rm.  
HERMIES demonstrat ion i n c l u d i n g  task  p lanning,  mon i to r ing ,  
rep lann ing ,  o b j e c t  recogn i t i on ,  and manipulat ion.  
Machi ne v i  s i o n  system p ro to type  based on p r i  n c i  p l  es a t  human 
v i s i o n .  
Dynamic task  a l l o c a t i o n  w i t h  h i e r a r c h i c a l  communication and 
c o n t r o l  . 
Hybr id  s t a t i s t i c a l  /determi  n i s t i c  u n c e r t a i n t y  ana lys i s  capabi 1 i ty. 
Para1 l e 1  process ing vers ion  o f  r e a l - t i m e  exper t  system 
o p e r a t i n g  on t h e  hypercube. 
Ana lys is  o f  veh ic le -man ipu la to r  dynamic i n t e r a c t i o n  s tud ies  o f  
MIT and technology t r a n s f e r  as appropr ia te .  
I n t e g r a t e d  m u l t i - f i n g e r e d  end e f f e c t o r  f o r  CESARM. 
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@ 
a. Machi ne I n t e l  1 i gence 

(A) P lanning and Learn ing 
( B )  Advanced Computer Sys. 

b.  Mechan. Dyn. and Contr. 
(A)  Dynamic model ing 
(B) Contro l  s t r u c t u r e s  

e. C ross -D isc ip l i na ry  kes. 
(A) S e n s i t i v i t y  ana lys i s  
( B )  Uncer ta i  n t y  ana lys i s  
(C) Systems i n t e g r a t i o n  * 063 

Fig.  11. Schedule and Resources: C i r c l e d  Numbers Correspond t o  Mi lestones 
L i s t e d  on t h e  Prev ious Pages 
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4. F a c i l i t i e s  Plan 

The research f a c i l i t i e s  f o r  CESAR are undergoing a pe r iod  o f  change. 
Reference 3 g ives an overview of cu r ren t  f a c i  1 i t y  and equipment develop- 
ments. The major e x i s t i n g  and planned f a c i l i t i e s  w i t h  accessories inc lude:  

(1) Two LISP Machines w i t h  LISP Upgrade (FY'85) 

General Access t o  ORNL Common Faci 1 i t  i es (FY '85) 

Hypercube P a r a l l e l  Processor w i t h  64 nodes (FY'85) 

H E R M I E S - I  Robot (FY'85) 

CESAR Research Manipulator (CESARM-I)  (FY'85,'86) 

HERMIES- I I Robot Upgrade (FY '86) 

e Vis ion  System 
0 Servo Sensory P la t fo rm 
o M u l t i p l e  Sensory Array 
o Hypercube I n t e r f a c e  

NCUBE graphics f a c i l i t y  (FY'86) 

C e l l u l a r  Automata 256x256 L a t t i c e  Computer (FY'86) 

Second Hypercube C o n t r o l l e r  Board f o r  Mu l t i use r  Access (FY'86) 

Upgraded I R I / N C U B E  data l i n k  (FY'86,'87) 

Upgraded bMI/HEKMIES communications board p lus  8 megabytes 
memory (FY '86, '87) 

H E R M I E S - I 1  NCUBE nodes on-board (FY'86, '87) 

Laser Range Scanner (FY'87) 

HERMIES-I I I Robot (FY '87, '88) 

@ High Speed Communication System 
o Mobi le P la t fo rm w i t h  Manipulator Torso 
9 Sensor P la t fo rm 

- Phased ar ray  sonar 

CESARM- I I (FY ' 88) 

Utah/MIT M u l t i f i n g e r e d  Hand (FY'88) 

I n teg ra ted  Man-Machine Control S t a t i o n  (FY'88) 



ORNL has designated 
which i nc ludes  f a c i  
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a space o f  4 2 0 0  sa. ft. t o  house t h e  CESAR Labora tory  
i t i e s  and equipment f o r  robo t  nav iga t  on experiments, 

man ipu la to r  development, advanced computing, sensor and s i g n a l  t ransmiss ion  
equipment, maintenance shops, etc.  The space con ta ins  s tandard  fea tu res  
i n c l u d i n g  e l e c t r i c  power and a i r  c o n d i t i o n i n g ,  and was cons t ruc ted  as a 
second f l o o r  a d d i t i o n  t o  B u i l d i n g  6010 a t  ORNL. A rough l a y o u t  o f  t h e  
Labora tory  i s  g iven  i n  t h e  f o l l o w i n g  page, Fig. I V .  The i n s t a l l a t i o n  o f  
t h i s  Labora tory  i s  expected t o  be completed i n  J u l y  1988. F i n a l l y ,  a l a r g e  
mob i l e  man ipu la to r  r o b o t i c s  tes tbed  i s  be ing  assembled i n  b e h a l f  o f  t h e  
Human Engi n e e r i  ng Labora tory  o f  t he  U.S. Army. 

5. Management S t r u c t u r e  

The CESAR o r g a n i z a t i o n  i s  g e n e r a l l y  s t r u c t u r e d  a long d i s c i p l i n a r y  l i n e s  
as shown i n  Fig.  V. Senior s t a f f  members and t h e i r  assoc ia ted  t e c h n i c a l  
i n t e r e s t s  a re  l i s t e d  i n  Fig.  V I .  The c r o s s - d i s c i p l i n a r y  a c t i v i t i e s  are 
embedded w i t h i n  t h e  t h e  group a c t i v i t i e s .  The permanent adv isory  com- 
m i t t e e  prov ides  p e r i o d i c  i n p u t s  t o  the  annual p lann ing  and e v a l u a t i o n  
process o f  CESAR. 

6. Repor t i ng  S t r u c t u r e  

The opera t i on  o f  CESAR c o n s i s t s  o f  a formal and an i n f o r m a l  r e p o r t i n g  
process. The formal process r e q u i r e s  annual submissions o f  DOE Form 
5120.2, " F i e l d  Task Praposal/Agreement" i n c l u d i n g  task d e s c r i p t i o n s ,  
s t a f f i n g ,  requested fund i  rig, m i l es tone  schedules, f a c i  1 i ty  requirements, 
p r i o r  year  p u b l i c a t i o n s  and o t h e r  d e t a i l e d  p lann ing  i n f o r m a t i o n  necessary 
t o  a l l o c a t e  fund ing  f o r  t h e  p a r t i c u l a r  f i s c a l  year. For o t h e r  sponsor ing 
organi  za t i ons ,  formal proposal  s are prepared based on t h e  p a r t  i c u l  a r  re -  
quirements o f  t h e  proposed work. Beginning i n  FY '86, annual r e p o r t s  are 
prepared a b s t r a c t i n g  t h e  CESAR a c t i v i t i e s  and accomplishments d u r i n g  t h e  
p rev ious  year. 

The in fo rma l  r e p o r t i n g  c o n s i s t s  p r i m a r i l y  of p u b l i c a t i o n s  i n  t h e  open 
l i t e r a t u r e  i n c l u d i n g  books, refereed j o u r n a l s ,  conference proceedings and 
l e c t u r e s ,  as w e l l  as a peer review process performed by t h e  CESAR Advisory 
Committee and t h e  Counci 1 on Energy Engineer ing Research. 



CESAR LABORATORY 
indicales 
ra ised lloor - indicates 
g lass  wa l l  

ind ice ter 
8 I t  p a r t i t i o n  

- - -  Fig. I V .  CESAR Machine In t e l l i gence  Laboratory - - -  
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ADV I SOR Y 
COMMITTEE 

CESAR DIRECTOR 4 
P R I N C I P A L  INVESTIGATORS 

I f L t 
MACH I NE MECHANISMS 

INTELLIGENCE DYNAMICS 
CONTROL 

t f T 

t 

C r I L 

SENSORS MAN-MACHINE 
AND SYSTEMS 

VISION 
r I. f 

I I 

Fig .  V. Organiza t ian  Chart 
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C. R. Weisbin, D i r e c t o r  

STAFF MEMBERS TECHNICAL INTERESTS 

S .  M. Babcock Dynamic Systems Ana lys is  and Cont ro l  

J .  Barhen, Concurrent Systems and Algor i thms,  C e l l u l a r  
P r i n c i p a l  I n v e s t i g a t o r  Automata, and Neural Networks 

M. Reckerman S e n s i t i v i t y  and Uncer ta in t y  Ana lys is  i n  
Dec is ion  Making 

B. Burks Mob i le  Robot A r c h i t e c t u r e  and Operat ion 

G. de Saussure S t ra tegy  P1 anni  ng and Machi ne I n t e l  1 i gence 

J .  R. E i n s t e i n  

C. Glover 

Concurrent Computation and Real-Time Operat ing 
Systems 

Concurrent Computation and Mul t i -Sensor  
I n t e g r a t i o n  

M. Go lds te in  World Mode l l i ng  and Path Planning 

W .  R. Hamel s Dynamic Systems Ana lys is  and Cant r o l  s , Mani pu- 

Systems Ana lys is  
P r i  n c i  pa l  I n v e s t i g a t o r  l a t o r  Design, and Mechanical Nonl inear  

J. P. Jones Concurrent Computation and Machine V i s i o n  

C, C. Jorgensen Machine Learn ing and Neural Network S imu la t i on  

R. C. Mann 

E. M. Oblow 

Concurrent Computation, Machine V is ion ,  
P a t t e r n  Recogni t ion,  Mul t i -Sensor  I n t e g r a t i o n ,  
and Systems Theory 

S e n s i t i v i t y  and Uncer ta in t y  Ana lys is  i n  
Deci s i  on-Maki ng 

L. Parker Man-Machine Cooperat ive Problem So lv ing  

F. G. P i n  Man-Machi ne Cooperat ive Problem Sol v i  ng, 
World Modeling, and Machine Learn ing  

F i  g. V I .  Seni o r  S t a f f  Members and Thei r Associated Technica l  I n t e r e s t s  
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TOTAL FUNDING ($000) 
RESOURCE 
PLAN WORKYEARS 

Appendix A. Budgets and Mi lestones from E a r l i e r  F i s c a l  Years 
(CESAR m i  1 estones are c i  r c l  ed) 

1300 

7.5 
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Appendix B. Completed Mi lestones 

1. Capabi 1 i ty  t o  nav igate i n  uns t ruc tu red  envi  ronment 

C. C. Jorgensen, W. R. Hamel and C. R. Weisbin, "Explor ing Autonomous , 
Robot Navigation," publ ished i n  BYTE, January 1986, pp. 223-235. 

I__ 

CESAR-86/04. 

C. R. Weisbin, G. de Saussure and D. W. Kammer, "A Real-Time 
Expert  System f o r  Contro l  of an Autonomous Mobi le Robot I n c l u d i n g  
Diagnosis o f  Unexpected Occurrences," To be pub1 ished i n  Computers 
i n  Mechanical Engineering, (October 1986). CESAR-86/25. 

2. Capabi 1 i ty  t o  do rudimentary machi ne l e a r n i n g  

S .  S .  Iyengar, C. C. Jorgensen, S. V. N. Rao and C. R. Weisbin, 
"Robot Navigat ion Algor i thms Using Learned S p a t i a l  Graphs," Pub1 ished 
i n  ROBOTICA, Vol. 4, pp. 93-100 (1986). 

S .  V. N. Rao, S .  S. Iyengar, C. C. Jorgensen and C. R. Weisbin, 
"Robot Navigat ion i n  an Unexplored Terrain," To be publ ished i n  
Journal o f  Robotic Systems (December 1986). - CESAR-86/28. 

J. Barhen, "Concurrent Algor i thms fo r  Asymetric Neural Networks," t o  
be submitted t o  Hypercube Mult iprocessors,  '87. CESAR-86/32. 

C. C. Jorgensen, "Neural Network Recogni t ion of Robot Sensor 
Graphs Using Hypercube Computers,u t o  be submitted t o  Hypercube 
__ Mult_ipr_ocessors, '87. CESAR-86/33. 

-- 

5. Hypercube w i t h  64 nodes operat ional  

J. Barhen and J. F. Palmer, "The Hypercube i n  Robotics and Machine 
In te l l i gence , "  publ ished i n  Computers i n  Mechanical Engineering, 
V. 4, No. 5, pp. 30-38 ( M a r c m 6 7  _I____- CESAR-86/03. 

__I 

J. Barhen, "Hypercube Ensembles : An A r c h i t e c t u r e  f o r  I n t e l  1 i gent 
Robots," book chapter, 3. Graham, Ed i to r ,  Special  Computer Arch i -  
t e c t u r e s  f o r  Robotics and Automation, accepted f o r  p u b l i c a t i o n ,  
7 i n  press) ,  Gordon and Breach, New York. (Summer 1986). 

J. Barhen and E. C. Halber t ,  "ROSES: An E f f i c i e n t  Scheduler f o r  
Precedence - Constrained Tasks on Concurrent Mult iprocessors,"  book 
chapter,  M. T. Heath ed., Hypercube Mult iprocessors,  '86, S I A M  
Publ ishers,  Phi ladelph ia,  PA, accepted f o r  p u b l i c a t i o n ,  ( i n  press) ,  
(Summer 1986). CESAR-86/21. 

I 

CESAR-86/11. 

-___- 

-_-- 
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6. Theory o f  s t a t i c  load balanc ing o f  hypercube mul t iprocessors us ing  
s imulated anneal i n g  

J. Barhen, "Combinatorial Opt im iza t ion  o f  t h e  Computational 
Load-Balance f o r  a Hypercube Supercomputer,' Proceedings, 
Four th Symposium on Energy - Engineering Science, pp. 71-80, 
DOE/CONF/8605122, Argonne Nat ional  Lab (May 1986). 

9. Model f o r  r i g i d  manipulator w i t h  compl iant  j o i n t s  

M. G. Forest-Bar lach and S .  M. Babcock, " Inverse Dynamics P o s i t i o n  
Contro l  o f  a Compliant Manipulator," accepted f o r  pub l i ca t i on ,  IEEE 
Journal o f  Robotics and Automation (January 1987). 

13. Theory o f  human r e t i n a l  inodels 

C. C. Jorgensen, R. Gawronski and F. Hol ly ,  "Model l ing Ear l y  Stages o f  
Human Vision," ORNL/TM-10031, CESAR-86/05. 

21. S e n s i t i v i t y  ana lys is  sof tware V a l  i d a t i o n  

E .  M. Oblow, F. G. P in  and R. Q. Wright, " S e n s i t i v i t y  Analys is  Using 
Computer Calculus:  
i n  Nuclear Science and Engineering, -- Vol. 94-1, pp. 46-65 (September 

A Nuclear Waste I s o l a t i o n  Appl icat ion,"  pub1 ished 

1986). CESAR-86/19. 

24. Uncer ta in ty  theory es tab l i shed 

E. M. Oblow, "O-Theory: A Hybrid Uncer ta in ty  Theory," Accepted 
f o r  p u b l i c a t i o n  t o  t h e  I n t e r n a t i o n a l  __ Journal ---I o f  General Systems. 
ORNL/TM-9759. CESAR-86/02. 

E. M. Oblow, "Foundations o f  O-Theory: The I n t e r s e c t i o n  Rule,'I 
Submitted fo r  p u b l i c a t i o n  t o  the  ___- I n t e r n a t i o n a l  Journal  o f  General 
Svstems. CESAR-86/10. 

27. Complete f a b r i c a t i o n  and assembly o f  CESAR research a rm 

W. R. Hamel, "Manipulator Technology: The C r i t i c a l  Element o f  
Useful  Autonomous 'Working ' Machines, I' I n t e l  1 i gent Autonomous 
Systems, An I n t e r n a t i o n a l  Conference, Amsterdam, The Netherlands 
(December 8-11, 1986). CESAR-86/43. 
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Appendix C. CENTER FOR ENGINEERING SYSTEMS ADVANCED RESEARCH 
PUBLICATIONS LIST 

I. BOOKS AND REFEREED JOURNALS 

1.1. S .  S.  Iyengar, C.  C. Jorgensen, S. V. N. Rao and C. R. Weisbin, 
"Robot Navigat ion Algor i thms Using Learned S p a t i a l  Graphs ,I' 
Publ ished i n  ROBOTICA, Vol . 4, pp. 93-100 (1986) e 

1.2. E. M. Oblow, "0-Theory: A Hybr id  Uncer ta in t y  
Accepted f o r  p u b l i c a t i o n  t o  t h e  I n t e r n a t i o n a l  Journai o f  
General Systems. ORNL/TM-9759, CESAR-86/02. 

1.3. J. Barhen and J. F. Palmer, "The Hypercube i n  Robotics and 
Machine In te l l i gence , "  publ ished i n  Corn u t e r s  i n  Mechanical 
Engineering, V. 4, No. 5, pp. 30-38 rp.---- March 1986). 
CESAR-86/03. 

1.4. C. C. Jorgensen, W. R. Hamel and C. R. Weisbin, "Explor ing 
Autonomous Robot Navigation," publ ished i n  BYTE, January 1986, 
pp. 223-235. CESAR-86/04. 

1.5. E. M. Oblow, "Foundations o f  0-Theory: The I n t e r s e c t i o n  
Rule," Submitted f o r  p u b l i c a t i o n  t o  t h e  14-1_ I n t e r n a t i o n a l  Journal 
o f  General Systems. CESAR-86/10. 

1.6. J. Barhen, "Hypercube Ensembles: An A r c h i t e c t u r e  f o r  
I n t e l l i g e n t  Robots," book chapter #8 i n  Special Computer 
A rch i tec tu res  f o r  Robotics and Automation, el. Graham, Ed i to r ,  
Gordon and Breach, New York, [January 1987). CESAR-86/11. 

1.7. E. M. Oblow, F. G .  Pin and R. Q. Wright, " S e n s i t i v i t y  Analys is  
Using Computer Calculus:  
Appl icat ion,"  publ ished i n  Nuclear Science and Engineering, 
September 1986, Vol.  94-1, pp. 46-65. CESAR-86/19. 

A Nuclear Waste I s o l a t i o n  

1.8. J. Barhen and E. C. Halbert ,  "ROSES: An E f f i c i e n t  Scheduler 
f o r  Precedence - Constrained Tasks on Concurrent M u l t i -  
processorszn book chapter, M. T. Heath ed. ,  Hypercube 
Mul t iprocessors,  '86, pp. 123-148, S I A M  Publ ishers,  
Phi 1 adel p h i  a, PA, (1986). CESAR-86/21. -- 

1.9. C. R. Weisbin, G. de Sausure and D. W. Kammer, " S e l f  
Con t ro l l ed :  
Mobi le Robot," Computers i n  Mechanical Engineering, Vol. 5, 
#2, pp. 12-19 (September 1986). CESAR-86/25. 

A Real-Time Expert  System f o r  an Autonomous 

1.10. S. V. N. Rao, S. S.  Iyengar, C. C. Jorgensen and C. R. 
Weisbin, "Robot Navigat ion i n  an Unexplored Terrain,"  
Publ ished i n  Journal - o f  Robotic Systems, December 1986, Vol. 

_l____ll 

3, NO. 4, pp. 389-408. CESAR-86/28. 

December 1986 
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I. BOOKS AND REFEREED JOURNALS ( c o n t ' d )  -- 
________I 

1.11. J. Barhen, T o n c u r r e n t  Algor i thms f o r  Asymetric Neural Networks," 
t o  be submitted t o  Hypercube Mu1 t i  processors, '87. CESAR-86/32. 

1.12. C. C. Jorgensen, "Neural Network Recogni t ion of Robot Sensor 
Graphs Using Hypercube Computers ,I' t o  be submitted t o  Hypercube 
Mul t iprocessors,  '87. -- CESAR-86/33. - 

Functions f o r  Robotics App l i ca t i ons  on a Hypercube," t o  be sub- 
m i t t e d  t o  Hypercube Mult iprocessors,  '87. - CESAR-86/34. 

I. 14. Reinhold C. Mann, "Analysis o f  Two-Dimensional P r o t e i n  Pat terns 
Using t h e  NCUBE Hypercube," t o  be submitted t o  Hypercube M u l t i -  
processors,  - '87. CESAR-86/35. 

cessor t o  Image Processing and A r t i f i c i a l  Vision," t o  be submitted 
t o  Hypercube Mult iprocessors,  '87. CESAR-86/36. 

Hypercube Supercomputer," t o  be submitted t o  Hypercube M u l t i -  
processors,  '87. CESAR-86/37. 

P o s i t i o n  Contro l  o f  a Comp? i a n t  Manipulator," accepted f o r  
pub1 i ca t ion ,  I E E E  Journal o f  Robot i cs and Automation (January 
1987). 

1.13. J. R. E i n s t e i n  and J. Barhen, "V i r tua l -T ime Operating-System 

1.15. J. P. Jones, "App l i ca t i on  of t h e  NUCBE Hypercube Concurrent Pro- 

1.16. J. Barhen and J. R. E inste in ,  "Load Balance Algor i thms f o r  a 

1.17. M. G. Forest-Bar lach and S. M. Babcock, " Inverse Dynamics 

1.18. J. Barhen, "On t h e  S t a b i l i t y ,  Capaci ty Storage, and Design of 
Nonl i near Continuous Network ,I' submitted t o  I E E E  Trans. on 
Systems Man & Cybernetics (1986). CESAR-86/49. .- 

December 1986 
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11. PROCEEDINGS OF CONFERENCES - FULL PAPER REVIEWED 

11.1. J. Barhen, S. M. Babcock, W. K. Hamel, E. M .  Oblow, G. N. 
Sa r id i s ,  G. desaussure, A. D. Solomon, and C, R. Weisbin, 
"Basic Research on I n t e l l i g e n t  Robot ic Systems Operat ing i n  
H o s t i l e  Environments: New Developments a t  ORNL," Proceedings < -  

o f  t h e  1984 Nat ional  Topical  Meeting on Robotics and Remote 
Handl ing i n  H o s t i l e  Environments, pp. 105-116 ( A p r i l  1984). 

Robot ics Contro l  o f  Teleoperators," Robots 8 Conference, 
D e t r o i t ,  MI, pp. 1972-1987 (June 4-7, 1984). 

White, "Minimal Cut-Set Methodology for A r t i f i c i a l  I n t e l l i g e n c e  
Appl icat ions,"  The F i r s t  Conference on A r t i f i c i a l  Appl icat ions,  
Sponsored by the  IEEE Computer Society i n  Cooperation w i t h  
American Associ a t  i on f o r  A r t  i f i c i  a1 I n t e l  1 i gence, pp. 465-469 
(December 5-7, 1984). 

Jorgensen and E. M. Oblow, "HERMEES-I: A Mobi le Robot f o r  Navi- 
g a t i o n  and Manipulat ion Experiments," Proceedings o f  t he  Robots 
9 Conference, D e t r o i t ,  MI, Vol . 1, pp. 1-41 (June 3-6, 198'5). 

11.5. M. G. For res t  and S. M. Babcock, "Control  o f  a S ing le  L ink,  
Two-Degree-of Freedom Manipulator  w i t h  J o i n t  Compliance and 
Actuator  Dynamics," Proceedings of t he  1985 I n t e r n a t i o n a l  
Computers i n  Engineering Conference, Boston, MA, pp. 189-197 

11.2. S.  M. Babcock and J. Barhen, "Real-Time Algor i thms f o r  

11.3. C. R. Weisbin, G. desaussure, J. Barhen, E. M. Oblow and J. C. 

11.4. C. R. Weisbin, J .  Barhen, T. E. S w i f t ,  G. desaussure, C. C, 

(August 4-8, 1985). 

11.6. J. Barhen, "Robot Inverse Dynamics on a Concurrent Computation 
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