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1374 PROPOSAL TO ARPA 

SUMMARY 

The r e s u l t s  o f  a decade o f  uork on A r t i f i c  
u s  t o  the threshold o f  a neu phase of knou 
which we can design computer aystems that 

(1) reac t  reasonably t o  s ign i f i can t  

(2) perhaps more important for  the 

i a l  In te l l igence have brought 
ledge-based programming -- in 

l y  complicated s i t u a t i o n s  and 

future -- in te rac t  
i n t e l l i g e n t l y  u i t h  the i r  operators uhen they encounter 
l im i ta t i ons ,  bugs, or insu f f i c ien t  information. 

T h i s  proposal lays out programmes for  br inging several such sgstems near 
t o  the  p o i n t  o f  useful  application. These include: 

A physical  "micro-automation" system for  maintenance and r e p a i r  
o f  e lec t ron i c  c i r cu i t s .  

A r e l a t e d  "expert" problem-solving program for  diagnosis and 
mod i f i ca t ion  o f  e lect ronic  c i rcu i ts .  

A set  o f  advanced "Automatic Programming" techniques and systems 
f o r  a i d  i n  developing and debugging large computer programs. 

Some Advanced Natural Language appl icat ion methods and systems 
f o r  use u i t h  these and other in teract ive projects. 

A ser ies  o f  spec i f i c  "expert" problem solvers, inc lud ing Chess 
analysis. . 

Steps toward a new generation of more i n t e l l i g e n t  In fo rmat ion  
Re t r i eva l  and Management Assistance systems. 

The a p p l i c a t i o n  areas are chosen to  advance our general competence, 
c l a r i f y  dark areas, and provide working prototypes that  should be 
e s p e c i a l l y  he lp fu l  i n  br ing ing other areas t o  the same p r a c t i c a l  stages. 
The proposal d e t a i l s  plans for  tuo years research uork, beginning 
January 1974, and we fur ther  d ra f t  uhat ue bel ieve must be done t o  b r i n g  
each area t o  the po in t  o f  major pract ica l  appl icat ions i n  the order o f  
f i v e  years. 
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OVERVIEW OF THIS DOCUMENT 

T h i s  proposal  fo l l ows  more than usual ly  qu ick ly  cur previoue proposal  o f  
b a r e l y  s i x  months ago. Thus, much o f  t h i s  proposal i e  f o r  c o n t i n u a t i o n  
o f  work a l ready under way. However, we can now spec i f y  more p r e c i s e l y  
t h e  problems and milestones we expect t o  encounter and achieve, and more 
p r e c i s e  assignments o f  people and resources i n  the laboratory  t o  
s p e c i f i c  subtasks. This i e  i n  response t o  the considerable increaee i n  
s i z e  and complex i ty  o f  the projects,  as compared t o  those o f  the pas t  
which were u s u a l l y  at tacked by ind iv idua ls  ra ther  than by groupe. 

SECTION 1 presents our work-plan f o r  the next two years (p lus ) ,  
c l  ass i  f y i n g  the tasks i n t o  seven areas o f  concentrat ion. Each area i s 
f u r t h e r  broken down i n t o  one or two primary top ic  and a number o f  
secondary top ics .  Each primary topice has c lear-cut  mi lestone goale  f o r  
t h e  two year period. Those goals mentioned i n  Sect ion 1 are se lec ted  t o  
i l  l u s t r a t e  the nature o f  the problem area: they are r e a l  goa ls  b u t  n o t  
n e c e s s a r i l y  the most important or most d i f f i c u l t .  

These areas have d i sc re te  milestones and i d e n t i f i a b l e  personnel w i t h  
r e s p o n s i b i l i t y  t o  those goals. However, t o  some extent  these 
assignments a re  nominal, i n  that  there i s  a  great deal o f  i n t e r a c t i o n  
and sha r i ng  o f  exper t i se  w i t h i n  the laboratory. I n  other uords, S e c t i o n  
1 p resen ts  a  " l i n e a r "  model o f  the laboratory: l i s t i n g  seven "terme" a8 
though independent and ignor ing the important in te rac t ions .  

PROJECTS 1 through 7 are the body o f  the proposal. Each s t a t e s  the  
g o a l s  o f  one o f  our app l i ca t i on  areas, i t s  probleme, proposed methods, 
resources  needed, expected "milestones", and the people who u i l l  be 
reepons i b l e. 

PROJECT 1 descr ibes i n  d e t a i l  the proposed Visual E l e c t r o n l c  Repairman 
P r o j e c t ,  which includes the goals o f  our previous work on f l i c ro -  
Automat ion and Machine Vision. 

PROJECT 2 descr ibes the "Knouledge-Based E lec t ron i c  Repairman" 
p r o j e c t .  

PROJECT 3 descr ibes our Automatic Programming, Debugging and S e l f -  
Documentation research programme. 

PROJECT 4 descr ibes our work toward Natural Language i n t e r a c t i v e  
semant i c  systems. 

PROJECT 5 descr ibes a  number o f  theoret ica l  p ro j ec t s  concerning 
r e p r e s e n t a t i o n  o f  knowledge, learning, logic, etc. 
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PROJECT 6 describes the Chess pro ject  and several other small "expert  
problem solv ing"  projects.  

PROJECT 7 proposes two etudg pro jects  concerned w i th  improving the s t a t e  
o f  t he  a r t  i n  Information Retrieval and i n  l'lanagement Assistance. 

SECTION 3 discusses the s ta te  o f  A.I., i n  terms o f  methods, outs tanding 
problems, and probable time-scales. I t  also explains the cohesiveness 
o f  the  e n t i r e  area o f  study. 

SECTION 5 i s  the A.I. labor at or^ Bibliography. 



INTRODUCTION 

SECTION 1 
SCHEMATIC OUTLINES OF THE PROJECTS 

1. T o p i c s  w i t h  emphasis on VISION AN0 MANIPULATION 

PRIMARY TOPIC: C i r c u i t b o a r d  Repair Robot 

SECONDARY TOPICS: Manipu la t ing  l i q u i d s  
Seeing i r r e g u l a r l y  shaped forms 
Hand-eye coord ina t ion  
Micro-Automation development 
Inexpensive equipment f o r  research 

2. T o p i c s  w i t h  emphasis on DEBUGGING ELECTRONIC CIRCUITS 

PRIMARY TOPIC: E l e c t r o n i c  Trouble Shooting 

SECONDARY TOPICS: Syntax and Semantice f o r  c i r c u i t s  
Diagnosis o f  f a u l t s  
P lann ing o f  s igna l  t r a c i n g  
P lann ing o f  r e p a i r  

3. T o p i c s  w i t h  emphasis on AUTOMATIC PROGRAMMING AND DEBUGGING 

PRIMARY TOPICS: Debugging E l e c t r o n i c s  and Graphics Programs 
Implementat ion o f  ACTOR formal ism 

SECONDARY TOPICS: C l a s s i f i c a t i o n  o f  common program bugs 
In tent ion-Or ien ted Automatic Programming 
Automatic Annotat ion and Self-Documentat ion 

4. T o p i c s  w i t h  an emphasis on NATURAL LANGUAGE 

PRIMARYTOPICS: S e m a n t i c t h e o r i e s o f S y n t a x  ( w i t h W .  M a r t i n )  
V. P r a t t ' s  syntax language development . 

I I 

PACE 4 

SECONDARY TOPICS: Representat ion o f  extended events and scenar ios  
I n t e r f a c e s  f o r  other  p r o j e c t s  
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,OaQ 5. T o p i c s  w i t h  a general THEORETICAL EMPHASIS 

PRIMARY TOPICS: Representat ion o f  knowledge: Frames, A c t o r s  
C l a s s i f i c a t i o n  o f  Common-Sense Knouledge 

SECONDARY TOPICSr I n d u c t i v e  In ference (Solomonoff) 
Mathematical Complexity 
Modal Log ics  (Geiser) 
Phys io log i ca l  Theories ( f lar r )  

6. T o p i c s  u i t h  an emphasie on EXPERT PROBLEM SOLVING 

PRIMARY TOPICS; Chess and Surp r i se  Ana lys is  (Greenb la t t )  
Geometry (Brown) 

SECONDARY TOPICS: Theorem-Proving (Nevins) 
Q u a l i t a t i v e  Physics 
Dec is ion  under uncer ta in ty  
Advanced Learning machines 

7. T o p i c s  concerned w i t h  IOENTIFYING AREAS OF APPLICATION 

SUB-TOP I CS: Advanced Automation; Micro-Automation 
Advanced In format ion  Systems 
H e u r i s t i c  I n fo rmat ion  R e t r i e v a l  
Personal Management Ass is tan ts  
Undersea and Space 
Overv ieu and Assessment o f  Problems in A1 
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SECTION 2 
THE PROJECTS 

T h i s  s e c t i o n  i s  the body of  the technical proposal. I t  i s  subdiv ided 
i n t o  seven PROJECTS. Each eubsection begins w i t h  a compact overview 
w i t h ,  more o r  less, the fo l low ing  format: 

DEFINITION: A b r i e f  explanat ion o f  what the p ro j ec t  i s  about. 

MILESTONES: We d i v i d e  each p ro j ec t  i n t o  phases as appropr iate.  
M i l es tones  a re  g iven f o r  each phase. We g ive p ro j ec t i ons  beyond t he  
two-year proposal pe r iod  t o  show how we env is ion these p r o j e c t s  coming 
t o  f r u i t i o n  over the subsequent few years. 

I t  i s  understood tha t  t h i s  i s  a very d i f f i c u l t  f i e l d ,  our goa ls  a r e  
ambi t ious,  and our standards are extremely high. We have t r i e d  t o  be  
r e a l i s t i c  about these estimates but  some may take longer. The o v e r a l l  
hope i s  t o  ge t  each o f  these areas onto s o l i d  foundations -- in the  
resea rch  and p ro to type  sense -- w i t h i n  three years, so t ha t  
d i ssem ina t i on  o f  techniques and equipment can put  them we l l  on the  r o a d  
t o  p r a c t i c a l  e x p l o i t a t i o n  w i t h i n  f i v e  years. 

APPLICATIONS: Each subsection summarizes b r i e f l y  some a p p l i c a t i o n s  o f  
the p ro j ec t  t o  important problems, 

PROBLEMS: We mention the outstanding d i f f i c u l t i e s  and bo t t l enecks  t h a t  
appear t o  be the most serious. 

COSTS: The espec ia l l y  expensive aspects o f  each p ro jec t .  Only a f e u  
r e q u i r e  "spec ia l "  equipment, but  a l l  except the most 
t h e o r e t i c a l  areas requ i re  unusually heavy computational 
se rv ices  under large-memory, time-shared operat ing systems. 

PERSONNEL: The p r i n c i p a l  innovators and people respons ib le  f o r  r e s u l t s ,  
and t h e i r  associates as known a t  t h i s  time. 

Acknowledgement: Much o f  the t ex t  o f  the fo l low ing  sec t ions  i s  adapted 
f rom d r a f t s  by P. Winston and B,K.P.Horn Pro jec t  I; G.J.Sussman, P r o j e c t  
2; I. Goldste in ,  P ro jec t  3.1; C. Hewitt, P ro jec t  3.2; V. P r a t t ,  P r o j e c t  
4; R. Greenbla t t ,  P ro j ec t  6. 
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PROJECT 1 
VISION, MANIPULATION, MICRO-AUTOMATION 

The Physical E lec t ron ic  Repairman 

DEFINITION: We uant t o  b r i n g  machine v i s i o n  t o  the p o i n t  where one 
c o u l d  f e e l  comfortable about saying tha t  the computer "can see". As 
emphasized i n  our e a r l i e r  work, t h i s  i s  not  a ue l l -def ined,  i s o l a t e d  
task,  because percept ion i n  general, and v i s i o n  i n  p a r t i c u l a r ,  cannot be  
c u t  away from general knouledge and in te l l igence.  But within t he  
m i c r o u o r l d  o f  the E lec t ron i c  Repairman, ue can de f ine  what i t  means t o  
see, and many use fu l  app l i ca t ions  are u i t h i n  reach. 

We a l r eady  can ge t  the computer t o  scan and "understand" w e l l - c o n t r o l l e d  
scenes i n v o l v i n g  ob jec ts  u l t h  neat geometric shapes, some aspects o f  
s tandard  p r i n t e d  c i r c u i t s ,  and some moderately complicated ehadou 
e i  t ua t i ons .  

S p e c i f i c a l l y ,  t h i s  p r o j e c t  w i l l  be concerned w i t h  r e a  
a n a l y s i s  o f  the k i nds  o f  scenes found ins ide e l ec t ron  

NILESTONES: 

JULY 1974 

DEC. 1974 
Ha-. 

DEC. 1975 

DEC. 1977 

l a t t e r  
l abora t  

The 
c o  l 

Visua l  ana lys is  o f  p r i n ted  c i r c u i t  layouts. 
Recogni t ion o f  e lec t ron ic  components 

I -wor ld  v i s u a  
i c  assemblies 

Mechanical inspect ion o f  solder jo in ts .  
Use o f  t e s t  probes a t  c i r c u i t  po in t s  
Use o f  M in ia tu re  Hand-Eye system 
Pour ing l i q u i d s  u i t h  v isua l  cont ro l  

V isua l  inspect ion o f  solder jo in ts .  
I d e n t i f i c a t i o n  or  v e r i f i c a t i o n  o f  phys i ca l l y  broken p a r t  
Diagnosis o f  simple malfunction 
Phys ica l  replacement o f  defect ive  components. 
Connection t o  e lec t ron ics  debugging programs [P ro jec t  21 

Connection u i t h  NATURAL LANGUAGE ASSISTANT. 
Connection u i t h  Automatic Programming Ass is tant  
C o r r e l a t i o n  o f  physical  component w i t h  verbal  desc r i p t i on .  
Assembly o f  a whole k i t .  

i s  a l s o  an ambit ion o f  the Stanford Pro jec t ,  and c l o s e  
i o n  should be poss ib le  by tha t  time. 
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APPLICATIONS: Assemb 
computers and other  e 

General i z a t i o n  

S e r v i c i n g  o f  e 
systems o f  eng 
Maintenance o f  

Computer v i s i o 
systems. For  

t o  sim 

ly, inspection, maintenance, and r e p a i r  o f  
l ec t ron i c  equipment. 

i l a r  functions o f  small mechanical assemblies. 

l e c t r o n i c  assemblies o f  larger systems, e.g., e l e c t r i c a l  
ines, antennae, undersea and space devices. (Eventua l lg)  
sub-miniature systems. 

n has extensive appl icat ions t o  supplementing o ther  
example, such a system could maintain su rve i l l ance  over 

t h e  area around a dangerous machine, a secure i n s t a l l a t i o n ,  an 
in tens ive-care  pa t ien t ,  an object-in-road-ahead uarning. 

ENGINEERING PROBLEMS: 

Curved ob jec ts  Representation o f  components. 
Shading and Texture. D i rec t  range-finding, 
A r m  and hand design. A r m  dynamics. 
Force- f eedback sensa t i on. Notion tracking. 
Mot ion para l lax .  

Q u a l i t a t i v e  physics o f  components, wires, etc. 
Understanding shading and texture 
Developing descr ip t i ve  languages fo r  represent ing components. 
Developing a language fo r  convenience t o  human operators. 
He te ra rch ica l  programming fo r  real- t ime i n t e r r u p t  environment. 

COSTS: Use o f  very  large programming systems and memory 
Diagnost ic  d isp lay 
Completion o f  Micro-Automation Laboratory, 

PERSONNEL: Prof .  Winston (v is ion  system development and sof tware) 
Prof .  Horn (harduare and sof tuare development) 
Research S ta f f ,  Consultants, Students (see belou) 
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TECHNICAL ASPECTS OF PROJECT 1 
RESEARCH I N  MACHINE VISION 

T. Fin in J. Lerman R. Woodham R. Boberg 
J. Hol lerbach M. Ounlavey S. Fahlman fl. Lav in  
A. Waters M. B i  l lmers G. Oresher W. Ko rn fe ld  
E. Freuder S, Slesinger M. Adler 0. Marr 
T. Lozano-Perez V. Scheinman C. F lateau R. Nof teker  

INTRODUCTION 

Work on machine v i s i o n  has progressed rap id l y  i n  the l a s t  three years. 
Many bas i c  issues are now more sharply defined, pe rm i t t i ng  us  t o  focus 
o u t s i d e  the  r e s t r i c t e d  u o r l d  o f  ca re fu l l y  prepared simple polyhedra. 

A t  the  "performance" level, ue can take a c o l l e c t i o n  o f  f l a t - s i d e d  
o b j e c t s  o f  assorted shapes, p i l e  them i n  a d i so rde r l y  heap, and ask 
t he  program t o  analyse, disassemble, and rearrange the o b j e c t s  i n t o  
another, o rde r l y  structure.  The l a t t e r  can be s p e c i f i e d  by a 
symbol ic desc r i p t i on  o r  by presenting a physical  example t o  be 
analysed by the system. Many nlow-level" v i s i o n  problems had t o  be 
so lved  t o  reach t h i s  level  o f  performance. Many o f  them a r e  
summarized in  our January, 1972 Progress Report, and much more 
d e t a i l  i s  ava i l ab le  i n  technical notes and reports.  

I t  i s  important t o  note that  ue have made no compromises i n  our  
o r i g i n a l  long-term goal t o  set a f i rm  foundation f o r  Monocular 
machine v i s i o n !  This v i s i o n  system works as u e l l  on P i c t u r e s  o f  a 
scene as i t  does on the physcial scene i t s e l f .  I t  i s  no t  based 
e s s e n t i a l l y  on the use o f  physical range-f inding methods, t a c t i l e -  
probe exp lorat ion,  o r  other "act ive" sensors. 

T h i s  i s  n o t  t o  say tha t  ac t i ve  sensors are no t  valuable!  We p l a n  
many uses o f  them i n  our project .  We simply want t o  unde r l i ne  t h e  
s c i e n t i f i c  importance o f  the systematic uork on what one might c a l l  
p i c tu re -v i s i on ,  because casual onlookers might be unduly impressed 
w i t h  how e a s i l y  one can get s u p e r f i c i a l l y  s im i l a r  p r a c t i c a l  
a p p l i c a t i o n s  by more app l i ca t ion- ta i lo red  methods. But t he  
understanding tha t  has come from the study o f  the pure, monocular 
v i s i o n  problem i s  a more s o l i d  and permanent add i t i on  t o  our 
"genera l "  capab i l i t i es ,  both p rac t i ca l  and s c i e n t i f i c .  Th i s  
knowledge u i l l  aluays be ava i lab le  uhen ac t i ve  systems r u n  i n t o  
d i f f i c u l t y  because o f  ( f o r  example) large distances, power 
l i m i t a t i o n s ,  moni tor ing through TV type sensors. need f o r  n o t  
d i s t u r b i n g  the scene, etc. And perhaps most important, t h i s  uo rk  
has a l ready made outstanding cont r ibut ions t o  modern c o g n i t i v e  
psychology in  in understanding human vis ion.  See, f o r  example, t h e  
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wide l y  used in t roductory  psychology textbook o f  Donald Norman, or  
the  assessment o f  Sutherland in  the B r i t i s h  SRC r e p o r t  on 
A r t i f i c i a l  I n t e l l i g e n c e  research (see Sect ion 3 ) .  

Problems remain, t o  be sure, but  now that  the cons t ruc t ion  o f  a m u l t i -  
purpose B I~cks -Wor l d  hand-eye system i s  behind us, i t  i s  t ime t o  
r e o r i e n t  our e f f o r t s  towards r i c h e r  domains. 

F i r s t ,  we need t o  expand our basic features t o  inc lude tex ture ,  
c o l o r ,  shading, sharpness o f  focus, h igh l igh ts ,  shadows, and 
motion. 

Second, we want t o  study v isua l  s i t ua t i ons  i n  which perce ived  
con tex t  can have a substantive r o l e  i n  analysis. 

Th i rd ,  we p l a n  t o  
areas around the 
n a t u r a l  language, 
advanced programm 

extend the i n te rac t i on  w i t h  o ther  concen t ra t i on  
laboratory so as t o  p r o f i t  from advances i n  
representat ion o f  knouledge, problem so lv ing ,  

ing  developments. 

8. PROGRESS TO DATE 

Be fo re  o u t l i n i n g  our p o s i t i o n  w i t h  respect t o  f u r t he r  uork, we wish t o  
d e s c r i b e  a few r e c e n t l y  completed p ro jec ts  tha t  seem l i k e l y  t o  suppor t  
new s tud ies.  

1. David Waltz has worked out a semantic theory o f  po lyhedra l  l i n e  
drawings t ha t  i s  a major breakthrough i n  several respects. The 
theory  g ives  deep ins igh ts  i n t o  the success o f  e a r l i e r  uork  and 
p rov ides  a pouer fu l  ana lys is  capab i l i t y  f o r  separat ing reg ions  i n t o  
bodies: i n  i d e n t i f y i n g  edges as convex, concave, obscuring, shadow 
o r  crack: i n  us ing  shadows t o  determine contact: and i n  reason ing  
o u t  the  o r i e n t a t i o n  o f  object  faces. That more in fo rmat ion  shou ld  
s i m p l i f y  problem so lv ing  i s  obvious; Waltz has gone f a r  beyond t h e  
t r u i sm  and shown how the idea can be worked out  us ing  a formal ism 
and represen ta t ion  s t ruc tu re  that  should con t r i bu te  t o  uork  in  
advanced systems for  both v isua l  and l i n g u i s t i c  uork. I n  a l l  e a r l y  
v i s i o n  p ro jec ts ,  shadow boundaries caused malfunct ions because t hey  
uere  o f t e n  in te rp re ted  as physical boundaries: in  Waltz' system 
they a r e  exp lo i t ed  i n  several uays t o  co r rec t  other k i nds  o f  e r r o r s  
and ambigui t ies,  even t o  asser t ing that  a missing l i n e  must e x i s t  
and should be looked f o r  more care fu l l y .  

2. Prev ious v i s i o n  systems suf fered from an a r t i f i c i a l  d i v i s i o n  
i n t o  line-finder/scene-analysis partnerships, communicating o n l y  b y  
uay o f  a handed-over l i n e  drawing. The new systems o f  J e r r y  Lerman 
and Yoshiaki S h i r a i  show how the b a r r i e r  can be e l im ina ted  and how 
h i g h  l eve l  knouledge o f  physical cons t ra in ts  and p a r t i a l  a n a l y s i s  
can gu ide the f i l t e r s  and t rackers tha t  most i n t i m a t e l y  deal  w i t h  
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low- level  i n t e n s i t y  information. The systems are thus pr ime 
examples o f  the heterarch ica l  programming concept discussed 
e lseuhere in  t h i s  proposal. 

B r i e f l y ,  the problem i s  th is.  I n  o lder systems (as we l l  as  in  
o l d e r  psychological  theor ies o f  v i s ion )  the process was d i v i d e d  
i n t o  steps, f o r  example: 

1. F i n d  d i s t i n c t i v e  v isua l  feature points,  e.g., 
g rad ien ts .  

2. Aggregate them i n t o  higher- level elements, e.g 
3. Aggregate those into,  say, regions. 
4. Aggregate these into,  say, "objects". 
5. I d e n t i f y  o r  "recognize" the objects. 
6. Aggregate the ob jects  i n t o  f am i l i a r  s t ruc tu res  

arge 

, l ines. 

Such systems worked, i f  a t  a l l ,  only on c a r e f u l l y  prepared scenes 
and " t oy "  problem demonstrations. The t roub le  i s  t ha t  t he re  a r e  so  
many p laces  f o r  errors,  and these propagated so merc i less ly ,  t h a t  
the  chance o f  the whole chain working was too small t o  be use fu l .  
I n  the  new systems we have found Hays t o  use knowledge a t  a h i g h  
l e v e l  -- say, about what k inds o f  edges occur i n  shadowed, concave 
reg ions,  t o  con t i nua l l y  monitor the performance o f  the low l e v e l  
w l i n e - f i n d e r s "  operat ing a t  the p r i m i t i v e  "scanning" leve l .  

3. T i m  F i n i n  has given the evolv ing v i s i o n  system cons iderab le  
deduc t i ve  depth through several goal-oriented programs. One o f  
these spec ia l i zes  i n  using a theory o f  "perceived groups". Often,  
some o f  an ob jec t ' s  ind iv idua l  dimensions, pos i t i on ,  o r  o r i e n t a t i o n  
parameters a re  indeterminate because o f  an obs t ruc t ion  i n  t he  l i n e  
o f  s i gh t .  I n  these s i t ua t i ons  the v i s i o n  system hypothesizes t h e  
m iss i ng  informat ion,  using other objects considered s i m i l a r  by  
v i r t u e  o f  alignment i n  a stack, a common purpose, o r  s imple 
p rox im i t y .  Th is  i s  one ent ry  i n t o  the area o f  context  d r i v e n  
ana lys is .  

4. F i n i n ,  Lerman, and Slesinger have completed a v i sua l  feedback 
module t ha t  checks the p o s i t i o n  o f  a b lock a f t e r  p o s i t i o n i n g  bg  t h e  
hand. Then i t  j i g g l e s  i t  i n t o  place i f  i t s  p o s i t i o n a l  e r r o r  
exceeds a small threshold. This feedback l i n k  makes p o s s i b l e  
e x p l o i t i n g  the random-access capab i l i t y  o f  a programmable image 
a c q u i s i t i o n  system by looking only a t  po in t s  l y i n g  on a small  
c i r c l e  around expected vertex locations. F i n i n  and Lerman have 
a l s o  completed a touch feedback module f o r  use i n  c e r t a i n  cases 
when a monocular image i s  inherent ly  ambiguous. 

5. Bob Woodham has done i n i t i a l  complementar~ work on v i s u a l  
mot ion t rack ing.  As the f i r s t  step i n  a cof fee-pour ing 
demonstrat ion, he has worked out and compared several mechanisms 
f o r  mon i to r ing  the r i s i n g  level  o f  cof fee i n  a s t y l i z e d  cup. 
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Although t h i s  i s  s t i l l  in a demonstration phase and no t  i n t e g r a t e d  
i n t o  the system, we be l ieve  the mechanism w i l l  extend smoothly t o  
such s k i l l s  as shadow-aided placement o f  d e l i c a t e  objects.  

6. S c o t t  Fahlman has devised a const ruct ion p lann ing system which 
so lves  problems i n  two d i s t i n c t  d i rec t ions.  F i r s t ,  th ree  
dimensional model l ing s k i l l  has been developed i n  the form o f  
soph i s t i ca ted  touch and s t a b i l i t y  tests. Second, i n  coopera t ion  
w i t h  the s p e c i a l i s t s  i n  CONNIVER language, he has demonstrated t he  
need f o r  and use o f  advanced cont ro l  and data base mechanisms. The 
system can p l a n  f a i r l y  complicated const ruct ions r e q u i r i n g  
temporary sca f f o l d i ng  supports. 

7. R i c h  Boberg has explored the problem o f  revers ing  the a n a l y s i s  
process, t ha t  is ,  reconst ruct ing a scene from an abs t rac t  
desc r i p t i on .  We be l ieve  t h i s  i s  the f i r s t  step toward an 
automat ic  design system where the machine contains and uses 
cons iderab le  common sense knowledge about the cons t ra i n t s  i nhe ren t  
in  a phys ica l  world. I n  the next sect ion we w i l l  d iscuss hou 
Dunlavey's work pushes s t i l l  f u r the r  i n  t h i s  d i r ec t i on .  

8. John Hol lerbach probed the problem o f  descr ib ing complex shapes 
through work on complicatd, higher order polyhedra. H i s  h e u r i s t i c  
theory  o f  p r o j e c t i o n  shows how many ob jects  can be sens ib ly  
decomposed i n t o  basic shapes, modif ied by p ro t rus ions  and 
inden ta t  ions. 

9. I n  another domain, Mark Adler has shown how t o  make progress 
toward so l v i ng  the problem o f  l i n e  drawings w i t h  curves. I n  a 
s t y l e  remin iscent  o f  i n i t i a l  work on polyhedra, he has o u t l i n e d  an 
approach t o  the ana lys is  o f  some h igh l y  constrained k i nds  o f  
drawings. Th is  should cont r ibute  conceptual ly t o  work on more 
general  r e a l  v is ion,  t o  diagram reading and manipulat ing serv ices,  
and even tua l l y  t o  personal ass is tant  systems in which sketches must 
supplement na tu ra l  language commands that  are  more c l e a r l y  
exp la ined  g raph ica l l y .  

C. PROPOSED RESEARCH I N  MACHINE VISION 

The t r a d i t i o n a l  approach t o  " low-level" v i s i o n  has been t o  b r i n g  i n  
f a m i l i a r  mathematics from l inear  systems theory and elsewhere, and use 
i t  i n  genera l i zed  form. Cer ta in ly  tex ture  has been a pr imary source o f  
problems f o r  people in te res ted  i n  Four ier  transforms and s t a t i s t i c s ,  and 
i n  our  own laboratory  Prof. Horn has appl ied the mathematics o f  p a r t i a l  
d i f f e r e n t i a l  equations t o  the problem o f  deducing three-dimensional 
shape from two-dimensional shading information. But wh i le  
mathemat ica l l y  der ived computations on p i c t u r e  data a re  important  t o  
understand, the research does not  always couple wel l  w i t h  what one hopes 
t o  g e t  ou t  o f  an i n t e l l i g e n t  machine. Transformations o f  t ex tu red  
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p i c t u r e s  do no t  seem t o  he lp  much i n  i den t i f y i ng  a s o l i d  as wood, 
p l a s t e r ,  o r  carpet. Horn's methods, u h i l e  accurate i n  producing space 
curves  on un i f o rm ly  pa in ted surfaces, s t i l l  do not  go f a r  toward t he  
h i e r a r c h i c a l  data s t ruc tu re  which on the highest level  says t h a t  a 
s u r f a c e  appears t o  be p a r t  o f  a sphere, cone, or  cy l inder .  

What we a re  a f t e r  are common sense q u a l i t a t i v e  theor ies  o f  low l eve l  
v i s i o n  processing, t ha t  can exp lo i t  const ra in ts  e a s i l y  expressed o n l y  a t  
h i g h e r  l e v e l s  o f  descr ipt ion.  

S h i r a i ' s  paper, "A Heterarchical  Program fo r  F ind ing Objects," i s  
p r o t o t y p i c a l  o f  what we would l i k e  t o  have come out o f  our new stud ies.  
I n  t h a t  paper he describes a program we be l ieve t o  be the best  a v a i l a b l e  
t r a n s l a t o r  o f  p i c t u r e  arrays i n t o  l i n e  drawings. I t  i s  i n s t r u c t i v e  t o  
see why i t i s  so good. 

The program cons is ts  o f  a feature po in t  detector, a l i n e  t racker ,  and a 
l i n e  proposer. S h i r a i ' s  feature po in t  detector employs on l y  a s imple 
d i f f e r e n c i n g  operat ion used widely before, But Sh i ra i  couples t h a t  
d i f f e r e n c i n g  operat ion with a h e u r i s t i c  f i l t e r i n g  program uh i ch  checks 
t h e  shape o f  the cont rast  curve against a four-point q u a l i t y  check l i s t .  
A l though simple, these t es t s  are not the so r t  o f  th ings one b u i l d s  i n t o  
a un i form,  p o s i t i o n  independent, l inear  f i l t e r .  

The p o i n t  i s  f u r t h e r  i l l u s t r a t e d  i n  Sh i ra i ' s  e x p l o i t a t i o n  o f  t r a c k i n g  
and propos ing programs about which c lass ica l  knowledge-free mathematical 

,"- methods have noth ing a t  a l l  t o  say. Again we f i n d  l i s t s  o f  common sense 
f a c t s  about the demonstration universe which t rans la te  i n t o  goal- 
o r i e n t e d  programs tha t  get the job done. 

I t  i s  t h i s  q u a l i t a t i v e ,  common sense s p i r i t  that  we want t o  extend t o  
l a r g e r  systems. 

I n  t h i s  d i r e c t i o n ,  Horn, Lavin, and Marr have undertaken a neu s tudy o f  
c o l o r ,  ask ing  how a machine might exh ib i t  the same i n s e n s i t i v i t y  t h a t  
man has when naming co lo r s  under varying i l l um ina t i on  spect ra  and 
i n c i d e n t  l i g h t  d i s t r i b u t i o n .  The " re t inex"  theory o f  Land i s  regarded 
as a s t rong  f i r s t  step. I n  essence, that  theory argues f o r  c o l o r  naming 
on  t he  b a s i s  o f  three independently derived l ightness order ings,  one 
each i n  the red, green, and blue. The l ightness order ings i n  turn a r e  
determined a t  reg ion  boundaries w i th  no pa r t  played by slow d r i f t  in 
abso lu te  i n tens i t y .  Land argues that  the independence o f  the l i g h t n e s s  
de te rmina t ions  prevents s h i f t  i n  i l l umina t ion  from d i s t o r t i n g  perce ived  
c o l o r  and f u r t h e r  tha t  the discounting of  slow d r i f t  across faces 
p reven ts  ob l ique  l i g h t i n g  from d is tu rb ing  the r e l a t i v e  l i gh tness  
measures. 

B u t  a t  a d e t a i l e d  leve l  we be l ieve more work i s  t o  be done. Land's 
l i g h t n e s s  measurement algor i thm involves an unsa t i s fac to ry  random walk 
procedure t h a t  wanders about the scene seemingly in search o f  the  
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b r i g h t e s t  r e g i o n  against  which t o  normalize other regions. 

We hape t o  s u b s t i t u t e  a more reasonable algor i thm tha t  r e f l e c t s  the  t u o  
dimensional  na tu re  o f  the problem. Horn i s  working on the d e t a i l s  o f  a 
t heo ry  t h a t  invo lves a successive d i f fe renc ing  and thresholding,  and a 
c a l c u l a t i o n  resembling simple so lu t i on  o f  r e s i s t i v e  networks. The 
method may lend i t s e l f  t o  implementation i n  simple p a r a l l e l  hardware. 

We b e l i e v e  t h i s  work w i l l  be important t o  robots, espec ia l l y  where c o l o r  
i s  o f t e n  o f  f i r s t  importance i n  i d e n t i f i c a t i o n  and where i d e n t i f i c a t i o n  
must be accurate  under a l l  so r ts  o f  var ied natura l  and a r t i f i c i a l  
i l luminat ion.  

Con t i nu ing  t h i s  de l i be ra te  program o f  formulat ing i n  machine-usable form 
common-sense observat ions about v is ion,  Winston i s  t r y i n g  t o  develop a 
q u a l i t a t i v e  theory o f  how one can determine s o l i d  shapes from shading 
and h i g h l i g h t  information. I n  e a r l i e r  work, Horn has shown how sur face  
l i n e  equat ions can be a r r i v e d  a t  a n a l y t i c a l l y  under assumptions o f  
u n i f o r m  re f lec tance .  What Winston i s  a f t e r  i s  a q u a l i t a t i v e  theory  o f  
shading f a c t s  t ha t  a l lows d i r e c t  hypothesis about the approximate shape 
suggested by a surface wi thout  recourse t o  tha t  surface's b o r d e r l i n e  
shape. And eventua l ly ,  one would want t o  be able t o  e l i m i n a t e  Ho rn *s  
u n i f o r m  sur face assumption i n  favor o f  using add i t i ona l  knowledge o f  
p l a u s i b l e  i n t r i n s i c  co lo ra t ions  o f  surfaces. 

The theory,  l i k e  S h i r a i ' s  heterarchical  l i n e  f inder,  i s  expected t o  t a k e  
t h e  form o f  a c o l l e c t i o n  o f  procedural ly  embedded f a c t s  r e l a t i n g  t he  
r e l a t i v e  l o c a t i o n  o f  h igh l igh ts ,  shading gradients, and l i g h t  sources t o  
t h e  conc lus ions about the three-dimensional nature o f  the sample. 
I n f o r m a l l y ,  such ideas are wel l  known; the work o f  J. Gibson in  
p a r t i c u l a r  i s  w ide ly  acclaimed as important i n  exp la in ing  human 
p e r c e p t i o n  o f  three dimensional conf igurat ions outs ide (and of ten,  even, 
i n s i d e )  o f  the range o f  focus or  stereoscopic determination. Bu t  
a l t hough  the ing red ien ts  o f  such theories have been ava i l ab le  f o r  a very 
long  time, t h i s  w i l l  be the f i r s t  attempt, we bel ieve,  t o  u e l d  them 
toge ther  i n t o  a coherent (and usefu l )  system. 

John Ho l le rbach  i s  working on the complementary problem o f  d e v i s i n g  a 
d e s c r i p t i o n  system r i c h  enough t o  represent r ea l  curved sur face ob jec ts .  
He expects  t o  b u i l d  on h i s  success u i t h  polyhedra i n  which d e s c r i p t i o n  
segments d i v i d e  complex ob jects  n i ce l y  i n t o  protrusions,  indentat ions,  
and b a s i c  p r o j e c t i o n s  o f  simple plane f igures. He i s  nea r l y  f i n i s h e d  
u i th  the  f i r s t  genera l iza t ion,  that  o f  descr ib ing the myriad jugs, 
bou ls ,  crocks, and amphorae tha t  make up the world o f  a rcheo log ica l  
p o t t e r y .  When f in ished,  h i s  system w i l l  describe these ob jec t s  in  
terms l i k e  "h i gh  shoulders, " f l a r e d  base," and "narrow neck," j u s t  as  
does a human s p e c i a l i s t  i n  the f i e l d .  

We have two problems i n  learning how t o  introduce tex tured o b j e c t s  t o  
t h e  machine. The f i r s t  i s  t o  separate tex ture  boundaries from o b j e c t  
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* 
boundar ies betueen ob jects  with the same texture. The second problem i s  
hou t o  use t ex tu re  t o  determine the o r i en ta t i on  o f  a surface. T h i s  i e  
an o l d  idea, as seen in  many papers by J. Gibson, but  e a r l i e r  uork has 
n o t  inc luded  d e t a i l e d  theor ies demonstrated by or p o t e n t i a l l y  
demonstrable by a machine. Once again, ue expect the description 
problem t o  be a key focus i n  our approach. Without tak ing  image space 
i n t o  F o u r i e r  space we w i l l  want t o  study several p o t e n t i a l  processes f o r  
1) determin ing tex tu re  granule boundaries, 2) c a l c u l a t i n g  t e x t u r e  
g ranu le  fea tu res  such as area, shape, and boundary cha rac te r i s t i c s ,  and 
3) n o t i n g  d i f f e rences  betueen two textures as a prelude t o  r e l a t i v e  
o r i e n t a t i o n  conclusions. This works w i th  a p ro jec t  i n  uh ich  Eugene 
Freuder  wants t o  b r i n g  the most sophist icated knowledge t o  bear on 
i d e n t i f y i n g  r e a l  objects. H is  focus i s  on the in te r face  between image 
i n f o r m a t i o n  and wor ld knowledge. He c i t e s  as i nsp i ra t i ona l  the uork  o f  
H e u i t t  on PLANNER, Sussman and McDermott on CONNIVER, Winograd on t he  
semantic in te r face ,  and Waltz on const ra in t  exp lo i ta t ion .  We b e l i e v e  
t h i s  work w i l l  uncover general ideas about problem so l v i ng  i n  a 
h e t e r a r c h i c a l  system and force a step forward i n  r e a l  wor ld v i s i o n  
c a p a b i l i t i e s .  Michael Dunlavey has the equal ly d i f f i c u l t  job o f  
unders tanding uhat he c a l l s  " in te r face  knouledge": tha t  knowledge uhich 
i s  r e q u i r e d  t o  understand how general concepts i n te rac t  by d e l v i n g  i n t o  
t h e  d e t a i l s  o f  t h e i r  descr ip t ions u n t i l  the level  i s  reached uhere 
i n t e r a c t i o n  takes place. Spec i f ica l ly ,  Ounlavey has chosen the 
demonst ra t ion wor ld  o f  construct ion u i t h  toy br icks.  The general 
concepts a re  no t ions  l i ke "wal I, " "door, " "chimney, " and " roof .  " The 
i n t e r f a c e  knowledge concerns the descr ip t ion o f  each o f  these in  terms o 

a- t h e i r  cons t i t uen t  repeated b r i c k  patterns. General izat ion t o  deal  w i t h  
an impor tant  p a r t  o f  the design o f  r ea l  houses, bu i ld ings,  ships, and 
o t h e r  constructions seems amooth and c_ontinuous. 

0. VISION MILESTONES 

The c h a r t  be lou  summarizes our major v i s i o n  a c t i v i t i e s .  

Co r rec t l y  name the co lo rs  o f  randomly 
arrayed colored papers under a v a r i e t y  
o f  i l l umi nants. (We l l under way) 

Use co lo r  i n  conjunction u i t h  
estab l ished image-processing 
techniques t o  i d e n t i f y  boundaries. ( l a t e  1374) 

t e x t u r e  , Separate andnamewood, metal, c lo th ,  
paper, p laster ,  and a feu other surfaces. (19751 

, Use tex tu re  as an a i d  in determining 
approx i mate surface or i en t a t  i on. (1974) 
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shad i ng  Devise a q u a l i t a t i v e  shading and 
h i g h l i g h t  theory s u f f i c i e n t  t o  
c o r r e c t l y  suggest f l a t ,  c y l i n d r i c a l ,  
spher ical ,  and conical sections u i t h -  
out  recourse t o  d i r e c t l y  measured 
depth informat ion or the numerical 
i n tegra t ion method. (1975) 

d e s c r i p t i o n  Complete f i r s t  order theory o f  t ie red;  
h i e ra r ch i ca l  descr ipt ions and accom- 
panying program fo r  planning toy houses 
from br icks .  (Ph.0. thesis i n  progress) 

Complete a theory o f  curved ob ject  des- 
c r i p t i o n  and accompanying program capable 
o f  descr ib ing vases i n  humanly 
acceptable form. (Thesis i n  progress) 

Extend work i n  curved object  desc r i p t i on  
t o  deal u i t h  objects commonly found i n  a 
k i t chen  o r  other complex room. (1974-75) 

Marry descr ip t ion  and analysis t oo l s  
i n t o  a system able t o  describe the 
k i t chen  or  other c lass o f  objects from 
camera input  (1975, but some r e s u l t s  a l ready) 

H e t e r a r c h i c a l  Search f o r  and i d e n t i f y  a spec i f i ed  ob- 
systems and j e c t  in a c l u t t e r  o f  too ls  notwithstand- 
c o n t e x t  d r i v e n  i ng  d i r t ,  reasonable obstruct ion, and 
a n a l y s i s  considerable shape abberation. 

(Long-range goa I )  

Hand-eye Cause two ob jects  t o  touch gent ly  us ing 
c o o r d i  n a t  i on shadow i nformat ion. (1974) 

Devise monitor capable o f  e f f i c i e n t l y  
moni tor ing a large area fo r  motion. 

E. THE MODULAR VISION AND MANIPULATION LABORATORY 

I n t e r n a t i o n a l  economic problems, environmental questions, worker 
s a t i s f a c t i o n  and a host  o f  other issues argue s t rong ly  f o r  the  
development o f  an advanced p roduc t i v i t y  technology. O u r  modular " m i n i -  
r o b o t "  l abora to ry  e f f o r t  responds t o  t h i s  need through i t s  two p r ima ry  
goa l s: 
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1) To develop a modular set o f  v i s i o n  and manipu la t ion t o o l s  
s u i t a b l e  f o r  substantive research that  costs  less than 
$75,000, We be l ieve that  such a laboratory k i t  w i l l  w i de l y  
s t imu la te  research on advanced p roduc t i v i t y .  We measure our 
success here i n  propor t ion t o  the degree o f  acceptance o f  our  
laboratory  k i t  as adopted by other research groups. 

2)  To r e o r i e n t  a substant ia l  po r t i on  o f  our own !abo ra to ry *s  
e f f o r t s  toward appl ied uork. We be l ieve  our oun t h e o r e t i c a l  
work in  v i s i o n  places us i n  a strong p o s i t i o n  f o r  speeding 
toward e a r l y  app l i ca t ion  achievements. Progress here can be 
equated w i t h  the use of  machines i n  industry whose ex is tence  
can be c red i ted  t o  our work. 

Our p l a n  t o  achieve these goals has three major parts:  1 )  assemblg o f  
t h e  hardware by purchase o r  construction, 21 programming o f  b a s i c  
so f twa re  support programs, and 3) successful demonstration o f  t he  
equipment on a s p e c i f i c  app l i ca t ion  task. 

Harduare f o r  the V is ion and Manipulat ion System 

Hardware development and se lect ion has been a major focus d u r i n g  the 
f i r s t  years. We now have selected and acquired a computer 
c o n f i g u r a t i o n ,  a v i d i con  system, and a d i g i t a l l y  d r i ven  x-y table.  A 
neu arm designed f o r  us i s  under construct ion f o r  December 1973 
d e l i v e r y .  A 512 l i nea r  array and mir ror  d r i ve rs  are here and t he  
des ign  o f  a new camera us ing them l e  being completed. 

Image Input 

B o t h  the  image d issector  and the v id icon image sensors s u f f e r  from about 
a dozen major defects  each. I t  i s  reasonable t o  b u i l d  a simple and 
inexpensive image input device using a now-available low-noise, high- 
s e n s i t i v i t y  P.I.N. photo-diode, an F,E.T. op-amp and a f a s t  m i r r o r  
d e f l e c t i o n  system. I n te r f ac ing  requi res only two D/A's and one A/D. 
I t s  speed should be comparable t o  that  o f  the image d issec to rs  o f  o l d e r  
v i n t a g e  runn ing  a t  a comparable signal/noise r a t i o .  The device u o u l d  
have lower geometric d i s to r t i on ,  scatter, and be t t e r  u n i f o r m i t y  o f  
response. (The use o f  the same sensing device f o r  each p o i n t  i s  an 
impor tant  feature.) 

I n  a r e l a t e d  e f f o r t ,  we w i l l  evaluate a system which e l im ina tes  one 
dimension o f  m i r ro r  scanning by using a Reticon l i near  a r ray  and a 
s i n g l e  scanning mir ror .  (These devices are normally used f o r  b i n a r g  
i n p u t s  only.  We must check out t he i r  un i formi ty ,  bloom, noise, range, 
and meaningful i n t e n s i t y  resolut ion.)  
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Should  n e i t h e r  o f  these "random access" schemes work out, our backup 
p l a n  i s  t o  uork  u i t h  an e x i s t i n g  image dissector  camera head. Our p l a n  
i s  t o  use a mini-computer ra ther  than a special design such as t he  v i d e o  
processor  i n  recogn i t i on  o f  the low p r i ces  now associated w i t h  m i n i -  
computer processors. 

A t  t he  o the r  end o f  the speed spectrum, v id i con  r a t e s  a re  too h i g h  f o r  
any r e a l  t ime mini-computer processing. One way o f  lower ing the  da ta  
r a t e  and reduc ing the expense o f  d i g i t i z e r s  and memory space i s  t o  r e a d  
o n l y  one p o i n t  per r a s t e r  l i n e  - a whole image now takes about 10 t o  15 
seconds, which i s  compatible u i t h  the time i t  takes t o  process the  
image. Such a system i s  expected t o  be a primary image source d u r i n g  
t h e  nex t  year. 

Image Output 

We do n o t  a t  the moment have a sa t i s fac to ry  output device f o r  p r e s e n t i n g  
i n t e n s i t y  modulated images o f  acceptable reso lu t ion.  Such p r e s e n t a t i o n  
i s  impor tant  bo th  f o r  moni tor ing hou the image input  devices per form and 
f o r  p r e s e n t i i n g  the r e s u l t s  o f  processing on the image. The usual  
d i s p l a y  devices s u f f e r  from a lack o f  dynamic range, i n s u f f i c i e n t  
q u a n t i z a t i o n  o f  i n tens i t y ,  and i n  some cases from i n e u f f i c i e n t  
r e s o l u t i o n  and f l i c k e r .  For hard copy, we can use convent ional  dev ices  
w i t h  m u l t i p l e  exposure. 

Range F i nd i ng 

No e n t i r e l y  s a t i s f a c t o r y  range-f inding method has been developed ye t .  
The s l i t  type range-f inder using a laser source i s  adequate f o r  many 
purposes. T ime-of - f l igh t  techniques are under study a t  the Draper 
Labora to ry ,  and we fee l  i nc l i ned  not t o  explore t h i s  technique ou rse l ves  
a l t hough  ue cont inue t o  fo l low the Draper Laboratory 's progress. 

We p l a n  t o  use random access l i near  image sensor coupled u i th  a spot  
l i gh t -source ,  reduc ing by a large fac tor  the power required. S u i t a b l e  
t r a c k i n g  a lgor i thms should not  be hard t o  develop. Techniques f o r  use 
o f  v i s u a l  range in format ion have been explored already by the  v i s i o n  
group a t  S tan fo rd  and a t  SRI, by our associates i n  Japan, and a t  General 
Motors, and there  i s  q u i t e  a l o t  o f  experience t o  draw on. 

Manipulat ion 

More v e r s a t i l e  f i nge r  conf igurat ions have t o  be worked out. G r i p p i n g  
o b j e c t s  uh i ch  do no t  have p a r a l l e l  sides requ i res  more compl icated 
f i nge rs ,  poss ib l y  p l i a n t  and u i t h  more degrees o f  freedom. We a r e  
i n v e s t i g a t i n g  a mu l t i - f i nger  arrangement which a l l ~ u s  the f o r ce  a p p l i e d  
t o  be reso l ved  by strain-gauges b u i l t  i n t o  each f inger.  
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We con t i nue  our i n t e r e s t  in  t r u l y  small manipulators. Car l  F la teau,  a 
consu l t an t ,  i s  examining sca l ing  laus i n  connection w i t h  a new hand he 
i s  des ign ing  f o r  us. Another consultant, Russel l  Sei tz,  has adv ised u s  
about  s c a l i n g  problems u i t h  physical mater ia ls  and about f u r t h e r  s t udy  
o f  b i o l o g i c a l  systems on t h i s  scale. 

To complement the hand, wr i s t ,  and arm uork we p lan  t o  develop s u i t a b l e  
t o o l s  and the means t o  t rans fe r  power t o  them. Programming must 
cons ide r  the t o o l s  t o  be extensions o f  the hand u i t h  respect  t o  dynamice 
and f o r c e  sensing. Tools are needed for :  voltage-probing, c u t t i n g  
wi res ,  so lder ing ,  desoldering, cleaning, ho ld ing i n  f i x e d  o r i e n t a t i o n ,  
bend i ng. 

The Scheinman arm, which i s  2/3 human scale, i s  near ing complet ion. I t  
was designed f o r  us u h i l e  he was i n  residence dur ing 1972. We may 
c o n t r a c t  f o r  cons t ruc t ion  o f  Flateau's 1/4 scale arm. These arms u i l l  
f a c i l i t a t e  assessment o f  the usefulness o f  tachometer feedback, d i r e c t  
computer servoing, advantage o f  counterbalancing and the l i ke .  More 
a t t e n t i o n  can nou be turned t o  w r i s t  and hand considerat ions.  Small 
semi-conductor strain-guage u r i s t s ,  pre ferab ly  o f  one-piece 
cons t ruc t i on ,  w i l l  be needed. We need e lec t ron ics  t o  make i t  sens i t i ve ,  
accu ra te  and d r i f t  free. Some uork w i l l  have t o  be done on c o r r e c t l y  
r e s o l v i n g  the three forces and three moments from the measurements. 
Touch sensors f o r  the f i nge rs  u i l l  be developed w i t h  more s p a t i a l  
r e s o l u t i o n .  Two devices u i l l  be p a r t i c u l a r l y  invest igated.  One, seen 
in  Japan, i s  an a r ray  o f  me ta l l i c  buttons bur ied i n  some e l a s t i c  
m a t e r i a l .  The other  involves the use o f  f i be r -op t i c  devices. L i g h t  
t r a v e l i n g  down a l i g h t  p i pe  i s  r e f l ec ted  i n  p ropor t ion  t o  the 
compression o f  e l a s t i c  transparent mater ia l  a t  i t s  end. Th i s  promises 
t o  a l l o w  a c e r t a i n  amount o f  force reso lu t i on  u h i l e  be ing very  smal l  a t  
t h e  sens ing end. Bradford Houland, o f  L inco ln  Lab., i s  working on  such 
dev i ces. 

Sof tuare 

Our o v e r a l l  approach involves s p l i t t i n g  the computation requirements 
between the min i - robot 's  processor and a larger remote machine w i t h  t h e  
ARPA network se rv ing  as the communication medium. The h igh- leve l  
knowledge-r ich  po r t i ons  o f  a robot  experiment can thus be developed In 
t h e  f r i e n d l y  environment o f  the large machine u i t h  i t s  g rea te r  f i l e  
system and more powerful languages. Meanuhile the loca l  processor 
hand les  s t r a i gh t f o rwa rd  programs uhich are too data-time and I / O -  
dependent t o  uork wel l  over the ARPA net. 

T h i s  g i v e s  h i g h  p r i o r i t y  t o  the c rea t ion  o f  a command i n t e r p r e t e r  
capable  o f  i n t e r f a c i n g  commands from and informat ion toward the  l a r g e r  
machine. Meyer B i l l m e r s  i s  i n  charge o f  developing the language. I t  
i s  t o  accept commands in  the form o f  character s t r i n g s  c o n s i s t i n g  o f  a 
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f u n c t i o n  name fo l lowed by a sequence o f  numerical o r  symbolic arguments. 
T h i s  syntax i s  smoothly compatible u i t h  LISP and s i m p l i f i e s  i n t e r f a c e  
programming a t  bo th  ends. 

An a d d i t i o n a l  cons iderat ion i s  compat ib i l i t y  w i t h  respect  t o  the 
p o s s i b l e  development o f  a powerful PDP/11 stand-alone LISP system. I f  
such a system were developed, the mini-robot i t s e l f  cou ld  support  a l l  o f  
t h e  s o f t u a r e  development and execution, thereby moving network 
i n t e r f a c i n g  t o  the r o l e  o f  program and p i c t u re  data exchange. 

I n  many app l i ca t ions ,  knowledge-based programs determine access p o i n t s  
in  a smal l  area. Subsequent accesses are l i k e l y  t o  be nearby i n  the  
p i c t u r e  and there fo re  i n  core on the same page. A paging arrangement i s  
debigned t o  recognize t h i s  k i nd  o f  use and make r e l a t i v e l y  feu accesses 
t o  t he  d isk .  

We t h e r e f o r e  p l a n  a sof tuare p i c t u re  dumping system. The system u i l l  
t r a n s f e r  da ta  from v id icon  and s o l i d  s ta te  arrays i n t o  p i c t u r e  f i l e s  on 
t h e  l o c a l  d isk.  Fur ther  i n t e r f ac i ng  w i l l  a l low t rans fe r  o f  f i l e s  t o  
b u l k  s to rage  on the parent machine and t o  the ARPA network community a t  
large.  Th i s  w i l l  a l low low budget groups t o  work w i t h  expens ive ly  
p rocured  images wi thout  having the physical image device in  house. 

We p l a n  t o  p a t t e r n  the mini-robot p i c t u re  f a c i l i t y  a f t e r  t h a t  a l r eady  
e x i s t i n g  on our PDP/l€3 system. P i c tu re  arrays w i l l  be s to red  as 
co t  l e c t i o n s  o f  subarrays which i n  tu rn  can be paged i n  and ou t  o f  c o r e  
memory. 

Exper ience shows conc lus ive ly  that  d isk  stored p i c t u r e  f i l e s  a r e  
e s s e n t i a l  f o r  s c i e n t i f i c  v i s i o n  research. Without such f i l e s  l a rge  
complex programs become impossible t o  debug and two programs can never 
be  compared w i t h  any sa t i s fac t ion .  

We have s i n g l e d  out  dynamic arm cont ro l  as a p a r t i c u l a r l y  s e n s i t i v e  a rea  
i n  u h i c h  t o  beg in  development o f  basic user p r i m i t i v e s  because 
cons ide rab le  t heo re t i ca l  work must be done before s a t i s f a c t o r y  c o n t r o l  
programs can be wr i t ten .  

Some s t u d i e s  have been made i n  our group and elsewhere ( r e f :  Gresser, 
Whitney, Stanford)  but  problems remain i n  tha t  the s t r a i gh t f o rwa rd  
man ipu la t i on  o f  the arm dynamics equations r e s u l t  in  s o l u t i o n  formulas 
u i th  f a r  too much computation f o r  r ea l  time use. We expect e v e n t u a l l y  
t o  f i n d  e f f i c i e n t  symbolic and in te rpo la t ion / tab le  look-up s o l u t i o n s  t o  
such p rob  l ems. 

R i cha rd  Waters i s  making good progress toward a set o f  arm c o n t r o l  
programs and bas ic  commands. He hopes t o  continue dur ing  the nex t  year  
t o  approach the computational problem w i t h  a combination o f  h e u r i s t i c  
and mathematical ideas tha t  already has made considerable progress 
t a u a r d  reduc ing  the r e a l  time load from impossible t o  manageable. 
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Demonstration Problem 

We b e l i e v e  t h a t  a successful piece of  hard-core appl ied research w i l l  be  
necessary i n  order t o  s e l l  the spec i f i c  idea o f  the mini-  r obo t  
l a b o r a t o r y  and the general idea o f  advanced p r o d u c t i v i t y  technology. We 
consequent ly have embarked on the development necessary t o  enact t he  
f o l l o w i n g  scenario: 

A technic ian spec i f ies  an in te res t  i n  the 
waveform a t  a pa r t i cu la r  p i n  on a given component, 
perhaps a DIP  integrated c i r c u i t .  

The robo t  locates the pa r t  v i sua l l y ,  

The robo t  r ea l i zes  that  the spec i f ied  p i n  l i e s  in  an 
awkward place. Wires on the f o i l  s ide are t raced 
t o  a more accessible place. The arm c l i p s  on a t e s t  probe. 

The technic ian decides the component i s  bad. 

The robo t  would then c l i p  o f f  the component's 
connecting lead, 

Desolder the c l ipped f ree leads from the board us ing  a 
fo rce  sens i t i ve  tug t o  p u l l  them out. 

I t  would v i s u a l l y  inspect the holes t o  be sure they a r e  
f r e e  o f  solder. 

Next, i t  uould inser t  the new par t ,  gu id ing i t  t o  the  
co r rec t  p o s i t i o n  u i t h  a combination o f  v i sua l  and 
t a c t i l e  feedback, then 

Solder i n  the new par t ,  and f i n a l l y  

18) Inspect  the newly soldered j o i n t s  and reso lder  i f  necessary. 

We should  be ab le  t o  do t h i s  around the end o f  1975, probably sooner. 
I t  should  be understood that  t h i s  demonstration w i l l  no t  be v e r s a t i l e  
enbugh, however, t o  be considered a prototype f o r  a r e a l  production 
r e p a i r  f a c i l i t y .  The mechanical a c t i v i t i e s  should proceed a t  
approx imate ly  human speed, l im i t ed  p r ima r i l y  by the mechanical hardware 
r a t h e r  than the computer processing. A t  that  time, we cou ld  dec ide 
whether a determined e f f o r t  should be made t o  make faster,  smai ler  
equ i pmen t . 
A t  t h a t  p o i n t  or, perhaps someuhat ea r l i e r ,  we should assemble a 
conference o f  people concerned u i t h  de l i ca te  assemblies t o  decide on 
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p r i o r i t i e s  f o r  development o f  more capable micro-automation equipment. 
We w i l l  a t tempt t o  main ta in  l iason w i t h  agencies invo lved i n  such 
concerns. 

Work Underway 

Timothy F i n i n  and Thomas Lozano have already begun a study o f  c i r c u i t  
board  images. Since a skeleton system i s  jus t  now together, we have 
begun p r e l i m i n a r y  studies. Our image dissector  i s  no t  e n t i r e l y  
s a t i s f a c t o r y  here because i t  i s  both insens i t i ve  i n  general and 
s u s c e p t i b l e  t o  damage from the h i gh l i gh t s  tha t  are common w i t h  c i r c u i t  
boards. Progress, never the l ess, has been made: 

1) We now have one good p r i n ted  c i r c u i t  w i re  t racker  t h a t  
c rea tes  drawings o f  c i r c u i t  boards from images. Three a l t e r n a t e  
a lgor i thms have been blocked out and are being programmed so as  
t o  compare t h e i r  perfomance against the f i r s t .  Thus some 
progress has been made i n  scenario problem 3. 

2) We have a program that  searches f o r  r es i s t o r s .  The program 
has a model f o r  r e s i s t o r  r e f l e c t i o n  c h a r a c t e r i s t i c s  and i s  n o t  
foo led by o ther  components o f  the same s i ze  and shape. We u i l l  
couple t h i s  program together w i t h  those der ived from our genera l  
c o l o r  s tud ies  i n  order t o  read co lor  codes. Th is  w i l l  a l l o w  a 
user t o  e a s i l y  d i r e c t  the machine's a t t e n t i o n  t o  a p a r t i c u l a r  
r e s i s t o r .  Since our p r i n ted  c i r c u i t  w i re  t racker  i s  running, 
we can couple i n  a f a c i l i t y  that  w i l l  i d e n t i f y  companenta 
connected t o  prev ious ly  located res is to rs .  Th is  addresses 
scenar io  problem 2. 

3) Using a prototype force sens i t i ve  arm-gripper combination, 
Dav id  S i l v e r  demonstrated a force-sensing, non-visual program 
t h a t  tu rns  a crank and spins nuts onto bo l t s .  We u i l l  
genera l i ze  t h i s  t o  the problem o f  i nse r t i ng  component u i r e s  i n t o  
ho les  and the problem o f  p u l l i n g  bad pa r t s  loose in deso lder ing.  
Th i s  has p re l im inary  impact on scenario problems 6 and 8. 

The arm c o n t r o l  language o f  Richard Waters w i l l  a l so  c o n t r i b u t e  t o  a l l  
a c t i v i t i e s  r e q u i r i n g  arm motion. The concentrated work on the elements 
o f  t he  scenar io  u i l l  f o l l ow the completion o f  the ske le ta l  system 
assembly w i t h  the minimal eye, arm, and software. The e n t i r e  s k e l e t o n  
system should be in  usefu l  operation ea r l y  i n  1974. 
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PROJECT 2 
THE ELECTRONIC CIRCUIT  DEBUGGER 

DEFINITION: The goal i s  t o  develop programs tha t  understand the  
p r i n c i p l e s  o f  o rd inary  e l ec t ron i c  c i r c u i t s  u e l l  enough t o  be a b l e  t o  
ana lyse  mal funct ions i n  ord inary  equipment. Operated i n  con junc t i on  
w i t h  t he  PHYSICAL ELECTRONIC ASSISTANT, such systems cou ld  per form 
r o u t i n e  maintenance, diagnosis, and repairs.  They cou ld  be e q u a l l g  
v a l u a b l e  in  checking out  manufactured products o r  se rv i c i ng  i n  the  
f i e l d .  

When combined u i th  the physical  system o f  Pro jec t  1, ue b e l i e v e  t h a t  
t h i s  p r o j e c t  w i l l  lead t o  a useable maintenance and r e p a i r  c a p a b i l i t g  
t h a t ,  s t a r t i n g  in  about four years, uould demonstrate how t o  make 
systems t h a t  can r e p a i r  e l ec t ron i c  boards, automotive e l e c t r i c a l  
systems, and other  c i r c u i t s  o f  simi l a r  complexity. 

MILESTONES: 

J u l y  

Dec. 

Dec. 

Dec. 

1974: Develop representat ions f o r  a sample c o l l e c t i o n  o f  
wel l-understood c i r c u i t  "blocks" -- ampl i f i e rs ,  detectors,  etc., 
annotated u i th  comments concerning e l e c t r i c a l  func t ions  and 
f unc t i ona l  ro les .  

Const ruct  informal  trouble-shooting scenarios, f o r  (say) 
s imple  t ransmi t te r  and receiver. 

1974: B u i l d  formal grammars f o r  the s t ruc tu res  i n  phase 1. 
"Parse" i n t o  understandable par ts  a simple d i g i t a l  l o g i c  c i r c u i t .  
"Parse" complex schematic diagram o f  a t ransmi t te r  i n t o  blocks.  
Diagnose and exp la in  why simple f a u l t s  cause f a i l u res .  
Understand design u e l l  enough t o  p lan s igna l - t rac ing  
f o r  p a r t i c u l a r  c i r c u i t s .  
Se lec t  good sequence o f  test-probe po in t s  and 
P r e d i c t  some proper ty  o f  uave-forms a t  those po in ts .  

1975: Extend analyser ("parsern) semantics t o  deal u i th  d e t a i l e d  
f unc t i ona l  ana lys is  o f  symbolic c i r c u i t  diagram. 
Understand design p r i n c i p l e s  u e l l  enough t o  use debugging t heo rg  
t o  propose repa i r .  
Perform phys ica l  sequence o f  s igna l - t rac ing test-probe ope ra t i ons  
Connect t o  E lec t ron i c  Repairman (Project  1)  in  demonstrat ion t o  
l oca te  ( v i s u a l l y )  broken pa r t  and replace. 

1977: Co r re l a te  visually-scanned c i r c u i t  diagram w i t h  phys i ca l  
c i r c u i t  board, t o  locate components i n  symbolic diagram. 
Connect t o  Natural  Language system 
Connect t o  Automatic Programming Assistant  
Repair  r e a l  c i r c u i t  w i t h  genuine ( f i e l d )  malfunction. 
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APPLICATIONS: The choice o f  o p s c i f i c a l l y  e lec t ron ics -o r ien ted  
i n t e l  l i g e n t  problem-solving i s  motivated by our a u x i l i a r y  concern u i th  
MICRO-AUTOMATION. I n  the e lec t ron ics  f i e l d ,  the a l t e r n a t i v e  o f  u s i n g  
human s k i l l  t o  make r e p a i r s  and modi f icat ions w i l l  g radua l l y  become 
u n a v a i l a b l e  as assemblies become smaller and more complex.. 

Most work on " robo t i cs "  has been focused on i n i  t i a l  assembly o f  devices. 
T h i s  i s  ve ry .na tu ra l ,  because there are fewer compl icat ions i n  u o r k i n g  
u i t h  p e r f e c t ,  new components. However, we fee l  tha t  the most va luab le  
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  automata w i l l  be i n  the areas o f  maintenance 
and r e p a i r ,  and t h i s  area i s  untouched so far. The v i sua l  and l o g i c a l  
problems a r e  harder, bu t  we should begin t o  work on them nou so t h a t  
t h e r e  u i l l  no t  be a very long time lag when the hand-eye hardware 
becomes adequate f o r  these appl icat ions.  

PROBLEMS: Understanding complex c i r c u i t s  i s  not  a well-developed formal  
area. .  We emphasize t h i s  because many readers w i l l  recognize t h a t  
" c i r c u i t  theory" has been thoroughly formalized! But c i r c u i t  theory  does 
n o t  mean c i rcui t -understanding.  We w i l l  f i r s t  have t o  develop some 
"scenar ios "  descr ib ing  what happens i n  some simple analog and d i g i t a l  
c i r c u i t s .  Th is  e n t a i l s  representat ions o f  c i r c u i t  causal f unc t i ons  and 
c i r c u i t  rep resen ta t ions  w i t h  semantic meaning. To descr ibe the f u n c t i o n  
o f  a component, we w i l l  probably have t o  t a l k  about "Di f ference"  
r ep resen ta t i ons  f o r  exp la in ing c i r c u i t  changes. And on top o f  these 
h i gh - l eve l  func t iona l  semantics we u i l l  need a p a r a l l e l  system o f  
" phys i ca l  semantics" f o r  r e l a t i n g  the component descr ip t ions  t o  t e s t  
"uaveforms". 

I n  deve lop ing such a system, i n  which one has t o  work w i t h  t h ree  o r  more 
d i f f e r e n t  k i nds  o f  representat ions, important technical  problems a r e  
shared w i t h  those o f  P ro jec t  3 ( the Programming Ass is tant )  and p o i n t  n o t  
o n l y  t o  the E l e c t r o n i c  Repairman app l i ca t ion  but  a lso  t o  t o o l s  f o r  
p e r f e c t i n g  a l l  s o r t s  o f  large systems. There i s  no sharp l i n e  betueen 
r e p a i r  and design. Even i n  simple d i g i t a l  c i r c u i t s ,  debugging problems 
range  from simple broken and shorted connections t o  sub t l e  symptoms of 
marg ina l  des ign breakdown -- excessive fan-in and fan-out, imper fec t  
synchron iz ing  prov is ions,  etc. 

Many problems in  t h i s  area are new. Of course, previous "computer 
prob lem so l v i ng "  programs had t o  be debugged, but  t h i s  was never t r e a t e d  
s y s t e m a t i c a l l y  as a technical  problem in  i t s e l f ,  C i r c u i t s  have complex, 
non-ser ia l  c a u s a l i t i e s  and depend on i n t r i c a t e  "s ide -e f fec ts "  o u t s i d e  
t h e  main "s igna l  path". Fortunately, the k i n d  o f  t h l n k i n g  needed t o  
hand le  such i n te rac t i ons  seem general ly  s im i l a r  t o  the k i n d  needed t o  
unders tand o rd inary  programs. 

Convent ional  c i r c u i t  theory u i l l  not occupy center stage. E l e c t r o n i c  
t e c h n i c i a n s  and servicemen do not  analyse whole systems as e l e c t r i c  
networks (nor would t h i s  be feas ib le  even i f  they knew the app rop r i a te  
theory ) .  The r e a l  problem i s  t o  understand the local  s i t u a t i o n  u e l l  
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enough t o  represent i t  by a e imp l i f i ed  c i r c u i t ,  and analyse that. 

COSTS: The p r o j e c t  uses the equipment o f  Pro ject  1 f o r  phys ica l  
hardware, and we are already funded fo r  that. However the pro ject  
has major computational costs as well. 

PERSONNEL: G. Sussman, I. Goldstein, Scott Fahlman. 
With fl. flinsky, S. Papert, P. Winston, 
C. Reeve, T. Knight, J. Hol loway. 



I 
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TECHNICAL ASPECTS OF PROJECT 2 
THE ELECTRONIC CIRCUIT DEBUGGER 

A. I NTRODUCT I ON 

DEFINITION: The goal i s  t o  develop a system tha t  understands the 
p r i n c i p l e s  o f  o rd inary  e lec t ron ic  c i r c u i t s  wel l  enough t o  be a b l e  t o  
ana lyze  mal funct ions i n  ord inary  equipment. We want i t  t o  be a p p l i c a b l e  
t o  a wide v a r i e t y  o f  devices. Also, one would l i k e  t o  be ab le  t o  ex tend  
i t  t o  new c lasses o f  problems, without too much e f f o r t .  Therefore t h e  
system must be based on good p r i nc i p l es  o f  causal and t e l e o l o g i c a l  
reasoning.  A l l  specia l  knowledge o f  devices and components should be 
modular and extensible.  

I t  i s  n o t  necessary t o  make the " learning" as easy as i t  i s  f o r  a human 
t e c h n i c i a n  -- t o  make the system have p rac t i ca l  value. A n  advantage o f  

I a computer-based system i s  tha t  once the sk i1  
t r a n s f e r r e d  su i  f t l y  t o  other machines. 

i s  learned i t  can be 

Or so i t  would seem! What computer s c i e n t i s t s  
t h a t  one can r a r e  l y "add" two sk i  l l s together 
program! One might even say tha t  a basic prob 

have learned, however, i s 
t o  make one larger ,  b e t t e r  
em in  A. I .  i s  t o  f i n d  I 

r ep resen ta t i ons  f o r  s k i l l s  i n  which the in te rac t ions  due t o  such merging 
can  be  e a s i l y  i s o l a t e d  and made compatible. 

I n  o rder  t o  avo id  escape i n t o  toy problems, we intend t o  develop t h i s  
system i n  several p a r a l l e l  domains o f  r ea l  devices. Even tua l l y  these 
w i l  l i nc l ude  analog devices ranging from consumer rad io ,  T.V., and hi-  
f i  through soph is t i ca ted  communications equipment and d i g i t a l  dev ices  
r a n g i n g  from the pocket ca lcu la to r  through the mini-computer. The 
u n d e r l y i n g  reasoning processes should eventual ly  be knowledgeable enough 
t o  cover t h i s  range and be qu ick ly  adaptable t o  new k inds  o f  components 
(p rov ided  the bas ic  c i r c u i t  concepts are not  changed much). 

We expect  t h i s  k i n d  o f  system t o  be useful  in  augmenting the 
i n t e l l e c t u a l  powers o f  (human) maintenance technicians. When combined 
w i t h  t he  Phys ica l  E lec t ron ics  Repairman (Project  1) i t  cou ld  per form 
r o u t i n e  maintainance, diagnosis, and repa i rs  by i t s e l f .  A t  what l e v e l  
o f  s k i l l ?  I t  i s  hard t o  say a t  t h i s  time. Clear ly,  i t  u i l l  be ve ry  hard 
t o  approach the general common sense o f  a s k i l l e d  technician. O n  t he  
o t h e r  s ide,  the machine should be able t o  e x p l o i t  special  k i n d s  o f  
e x p e r t i s e  in  us ing  conventional c i r c u i t  theory, c o r r e l a t i o n  o f  
s imul taneous measurements, etc. Of course, we expect a l l  t h i s  r esea rch  
t o  work d i r e c t l y  toward improving our p o s i t i o n  v is-a-v is general 
knowledge, so perhaps t h i s  i s  too conservative a pos i t i on .  
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8. GOALS 

PROBLEM: Suppose that  we are given an inoperative e lec t ron ic  device o f  
known co r rec t  design. Deduce, from i t s  symptoms and from a feu we l l  
chosen experiments, the cause of d i f f i c u l t y .  (You have t o  choose the  
experiments, f i r s t ,  by understanding the symptoms!) Determine the a c t i o n  
t o  be taken (e. g., the components t o  be replaced) t o  res to re  the device 
t o  working order. 

Why i s  t h i s  a good problem? 

SCIENTIFIC VALUE: I t  i s  pa r t i cu la r l y  important t o  study q u a l i t a t i v e  
causal and te leo log ica l  reasoning. This i s  one of the weakest areas o f  
A I .  Th is  task requi res sensible and purposeful experimental and 
exp lo ra to ry  behavior. I t  attacks head-on the problem o f  deal ing u i th 
the  unexpected i n  rea l  world situations. 

ECONOMIC VALUE: There i s  a lack of  h igh ly  t rained technicians t o  
main ta in  modern complex e lect ronic  harduare. I f  coupled w i t h  a robo t  in 
the  f u t u r e  i t  could be valuable for  repai rs  i n  h o s t i l e  environments 
(space, undersea etc.). With quickly evolving equipment, as i n  modern 
e lec t ron i cs ,  the problems are unusually severe. 

The problem also engages another important modern focus in our work. 
The r e p a i r  problem contrasts u i t h  the harder kinds o f  design and puzz le  
problems because 

> I n  repa i r ,  one i s  usual ly given a descr ipt ion o f  how th ings  a r e  
supposed t o  be; how the device should work. One doesn't have t o  
f i g u r e  tha t  out. Nonetheless, one has t o  understand the explanat ion! 
So the problem meets the condit ion that before one can create a 
"designer" or  program-writer, one should know how t o  b u i l d  a 
repairman, i.e., an understander - annotator - debugger. 

> The program needs less knowledge, i n  the sense that  one can 
understand how a device works u i thout  knowing a l l  the design 
considerat ions o f  how t o  invent i t . 

> The apparent so lu t ion  t o  the problem seems t o  f i t  in wel l  w i t h  our  
cu r ren t  concept o f  the 'frame" or "scenarioM-type recogn i t ion  and 
explanat ion theory. 

Thus, we need only  determinehy the device presented does no t  operate 
accord ing t o  an understood model of  i t s  operation. 
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C. A MODEL-DRIVEN TROUBLE-SHOOTING SCENARIO 

Imagine an AM superheterodyne rad io  rece iver  -- say one o f  the s tandard  
5- tube AC-OC c i r c u i t s  tha t  uae once the most common s f  a i l  e l e c t r o n i c  
dev i ces  -- u i th  the symptom tha t  loud s igna ls  are  d i s t o r t ed .  Suppose 
f u r t h e r  t h a t  the problem i s  i n  f ac t  caused by a shorted AVC f i l t e r  
capac i t o r .  How does our repairman determine the cause o f  f a i l u r e ?  

When the  problem i s  posed, our repairman p u l l s  out a f a i r l y  a b s t r a c t  
model o f  a superheterodyne rad io  receiver (See F igure 1. How our 
r e p a  i rman ass i m i l a t  ed the mode l i s d i scussed e l seuhere) . Th i s ''genera I "  
model a c t u a l l y  covers a large c lass o f  r ad io  receivers,  i n c l u d i n g  most 
t r a n s i s t o r  por tab les  as wel l  as the "all-American 5". ( I t  does not ,  
however, cover b a s i c a l l y  d i f f e r e n t  designs, e,g., the s impler Tuned - 
Rad io  - Frequency receiver. )  Of course, t h i s  i s  no t  the o n l y  p o s s i b l e  
model f o r  a superhet; one might conceivably f i n d  a q u i t e  d i f f e r e n t  way 
t o  ana lyse i t  i n t o  modules. I n  any case, t h i s  model does d i s t i n g u i s h  
submodules, each o f  which can be fu r ther  spec i f i ed  as a module u i th  
s p e c i f i c  p o r t s  and some in te rna l  st ructure.  We see t ha t  the model a l s o  
d i s t i n g u i s h e s  the bas ic  s ignal  path from cont ro l  s igna l  paths and power 
paths.  Each submodule i s  l ikewise speci f ied.  We show two p o s s i b l e  
conve r te r  modules in  Figures 2 and 3.. The f i r s t  one i s  app rop r i a te  t o  
most broadcast  receivers,  but  the second might be found i n  f anc ie r  
communications equipment, 

There a r e  analogies both  w i t h  physical scene-analysis and w i t h  a 
" gene ra t i ve  grammar" o f  e lec t ron ic  equipment. The top leve l  o f  grammar 
-- l i k e  the 'kernel sentences" -- are the devices tha t  people use. The 
lowest  l eve l  -- the "words' or "terminal symbols' -- are the atomic 
components: r e s i s t o r ,  capacitor, inductor, t rans is to r ,  etc. T h i s  
grammar i s  matched against  the schematic diagram o f  the equipment t o  be  
debugged, t o  e s t a b l i s h  the correspondence o f  pa r t s  o f  the model t o  p a r t s  
i n  t h e  diagram. The r e s u l t  o f  t h i s  "parse" i s  a h i e r a r c h i c a l l y  
annotated diagram, w i t h  the module boundaries l a i d  out  and each module 
(down t o  the atomic components, i f  necessary) annotated u i th  I t s  
purpose. 

I t  w i l l  be i n t e r e s t i n g  t o  see whether we can u s e f u l l y  model such 
analyses w i t h i n  the proposed ACTOR system [see Pro jec t  31 and o b t a i n  an 
analogy t o  conventional signal-space "simulat ion". I n  the Actor  
a p p l i c a t i o n ,  the c i r c u i t  b locks might converse by means o f  messages 
descr  i b i ng the "wave-f orms" ! In  convent i ona 1 s i mu I a t  i on, no one has 
gone o u t s i d e  the bas ic  time-signal space. Each component module ( a t  a l  l 
l e ve l s :  a m p l i f i e r  t o  r e s i s t o r )  can be described e x t r i n s i c a l l y  and 
i n t r i n s i c a l l y .  I n t r i n s i c  descr ip t ions -- tha t  i ~ ,  look ing doun t he  t r e e  -- desc r i be  what the module is; examples are: 

8.1 ufd. capaci tor  
2 MegOhm r e s i s t o r  
455 KHz tuned c i r c u i t  
Fixed-tuned radio-frequency ampl i f ie r .  
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A n  e x t r i n s i c  desc r i p t i on  explains the use o r  purpose o f  t h a t  module in  
t h e  o v e r a l l  c i r c u i t  -- in terms o f  higher-level nodes o f  the tree. . 
Corresponding e x t r i n s i c  descr ipt ions o f  the same ob jec ts  are: 

cathode bypass capacitor 
g r id - leak  r e s i s t o r  
I F  amp l i f i e r  input tank 
I F  amp1 i f i e r .  

Usua l l y ,  there i s  on ly  one i n t r i n s i c  descr ip t ion o f  a p a r t i c u l a r  p i l e  o f  
p a r t s  b u t  the e x t r i n s i c  descr ip t ions depend upon context  -- t h e i r  
r e l a t i o n  t o  each other. 

A dev i ce  i s  broken i f  the behavior o f  that  device i s  not  as adve r t i sed  
in  i t s  i n t r i n s i c  descr ipt ion.  Since the devices we w i l l  deal w i t h  a r e  
c o r r e c t l y  designed t h i s  mean8 that  some subcomponents do no t  l i v e  up t o  
t h e i r  i n t r i n s i c  descr ipt ions.  The problem i s  then t o  determine which 
atomic  components are a t  f a u l t  (without t es t i ng  them a l l  i n d i v i d u a l l y ) .  

L e t  ue r e t u r n  t o  the given problem and consider the reasoning o f  our 
repairman. The percept ion of  d i s to r t ed  sound on loud s i gna l s  means that 
some module in the bas ic  s ignal  path i s  not l i near  u i t h  respect  t o  t he  
aud io  component o f  the s ignal .  Where i s  the d i s t o r t i o n  introduced? The 
repai rman program i n s t r u c t s  us t o  set up the rad io  on the workbench 
under opera t ing  condi t ions.  The rad io  i s  tuned t o  the output o f  an 
amplitude-modulated s ignal  generator which i s  adjusted t o  produce a 
s i g n a l  s t r ong  enough t o  cause the problem. The program now t races  back 
t h e  s i gna l  pa th  looking f o r  the place where the d i s t o r t i o n  occurs. I t  
asks u s  t o  "scope" the audio output and determine i f  the d i s t o r t i o n  i s  
there.  We answer yes. I t  then asks about the output o f  the detector .  
The answer i s  s t i l l  yes. I n  fact, we f i n d  that  the d i s t o r t i o n  
o r i g i n a t e s  in  the I F  amp l i f i e r  because i t s  output i s  d i s t o r t e d  b u t  i t s  
i n p u t  i s  not .  I s  the problem i n  the I F  ampl i f i e r?  Le t ' s  look a t  the 
o t h e r  i npu ts  (prerequis i tes)  t o  the I F  t o  check i f  they a re  reasonable. 
The power suppl ied i s  OK but we f i n d  that  the AVC l i n e  i s  a t  0 V o l t s  and 
t h a t  i t  i s  independent o f  the RF input (from the s ignal  generator) .  
Something i s  wrong, then, u i t h  the AVC bus. By consider ing the 
consequences o f  the AVC being he ld  a t  0 Vol ts  we can see t h a t  t h i s  c o u l d  
cause the  problem. The AVC cont ro ls  the gain o f  the converter  and t he  
I F  amp. A t  8 V o l t s  everything i s  a t  maximum gain. A s t rong s i gna l  
would then be amp l i f i ed  enough t o  d r i ve  the I F  amp l i f i e r  i n t o  non- l ihear  
opera t ion ,  hence the d i s to r t i on .  

Now, what i s  the problem w i t h  the AVC bus? I s  the problem t h a t  the  AVC 
v o l t a g e  i s  no t  being generated a t  the detector, o r  i s  i t  be ing bypassed 
t o  ground in  the converter or  I F  amp l i f i e r?  The way t o  determine t h i s  
i s  t o  disconnect the AVC l i n e  from the converter and I F  amp and then 
measure i t s  vo l tage when isolated. S t i l l  zero! Thus the vo l t age  i s  not 
b e i n g  generated. Le t ' s  look a t  the detector in more d e t a i l  (F igure 4. 
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i F i g u r e  4 matches F igure  5 i n  the actual c i r c u i t ) .  S 
s i g n a l  ou t  o f  the audio f i l t e r  (w i th  a OC com~onent) 

nce we ge t  an aud io  
the Droblem must be 

i n - t h e  DC f i l t e r .  But tha t  leaves only two components t o v t e s t :  t he  3.3 
Megohm r e s i s t o r  and the . l u f d  capacitor. We f i n d  tha t  the capac i t o r  i s  
shorted,  hence the problem i s  solved! 

I n  the preceding scenario o f  the operat ion o f  a competent repa i rman 
u e " g e t  a gl impse o f  the general approach. The device i s  broken i f  i t  
does n o t  behave as adver t ised by i t s  i n t r i n s i c  descr ip t ion.  I t  may n o t  
p r o v i d e  the expected output f o r  a spec i f i c  input. The quest ion i s ,  "Hou 
shou ld  the c o r r e c t  output be generated?" We then look a t  the s t r u c t u r e  
o f  t h e  device, as described by the parse t ree  t o  determine what 
submodules a r e  d i r e c t l y  responsible f o r  generating the output. I n  an AM 
r a d i o  t h i s  i s  the audio ampl i f ie r .  (Recursing down, i f  the dev ice i s  an  
aud io  a m p l i f i e r ,  i t s  main step i s  the output stage. I f  the ou tpu t  s tage  
i s  push-pu l l  then there are mu l t i p l e  main steps -- components which 
c o n t r i b u t e  d i r e c t l y  t o  the generation o f  output o f  the next  h igher  l e v e l  
module.) I f  the device i s  co r rec t l y  designed (as we are assuming) e i t h e r  
one o f  these main steps i s  incor rec t l y  operat ing or  i t  i s  g e t t i n g  bad 
inpu ts .  We use t h i s  idea t o  t race back along the main s igna l  p a t h  f o r  
t h e  f i r s t  p lace  where the s ignal  appears good. The problem i s  then 
e i t h e r  i n  t h i s  stage, the a u x i l i a r y  inputs t o  t h i s  stage, o r  the 
i n t e r f a c e  t o  the next  stage ( the output o f  the cu r ren t  stage may be 
over loaded).  We check each o f  the p o s s i b i l i t i e s  and then, when ue  have 
found an inopera t i ve  submodule, we recurs ive ly  apply t h i s  a n a l y s i s  un t i l  
t h e  bad atomic components are isolated. 

T h i s  i s  o f  course a sketchy idea and i t  must be re f ined.  How does i t  
r e l a t e  t o  o ther  k inds  o f  troubleshooting, l i k e  the debugging o f  computer 
programs? Can these ideas be extended t o  debugging o f  design e r r o r s  a s  
u e l l  as  component f a i l u res?  The answers t o  these quest ions a r e  b a s i c  
r esea rch  goal s. 

0 .  MILESTONES 

I n  a t t a c k i n g  a problem such as th is ,  i t  i s  important t o  thoroughly 
unders tand a v a r i e t y  o f  instances before designing a "general"  method. 
Thus an important  f i r s t  step i s  t o  work out de ta i l ed  scenar ios ( f a r  more 
d e t a i l e d  than the one shown here) f o r  a number o f  e l e c t r o n i c  
t r oub leshoo t i ng  tasks i n  devices ranging from t r a n s i s t o r  p o r t a b l e  r a d i o s  
t o  t e s t  equipment. Much can be learned by discussion w i t h  competent 
t echn i c i ans  as they perform maintenance i n  the A 1  lab. As t h i s  evolves, 
ue  have t o  formulate representat ions o f  ways t o  "exp la in"  how the  
c i r c u i t s  work -- as seen by repa i r  technicians. Th is  i s  very  d i f f e r e n t  
f rom the  e l e c t r i c  network theor ies learned i n  academic e l e c t r i c a l  
eng inee r i ng  courses; i t  i s  q u a l i t a t i v e  common sense. 
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A f t e r  comp i l i ng  some set  o f  scenarios, the next step i s  t o  gene ra l i ze  
t h e  r e s u l t s .  A t  t h i s  po in t ,  i t  sould begin t o  be c l ea r  j u s t  uhat  a r e  
t h e  general  techniques o f  e lec t ron ic  troubleshooting. We now beg in  t o  
des ign  a program which can parse a schematic diagram u i t h  respect  t o  an 
e l e c t r o n i c s  grammar assigning t o  each pa r t  i n  the device i t e  purpose In  
t h e  c i r c u i t .  

By t he  end o f  the f i r s t  year we should have a comprehensive grammar 
c o v e r i n g  some small c lass  o f  e lec t ron ic  devices such as commonly 
a v a i l a b l e  consumer r a d i o  receivers. This would include, o f  course, many 
o f  the  b u i l d i n g  b locks  o f  more complex equipment; we uould  have q u i t e  a 
zoo o f  o s c i l l a t o r s ,  ampl i f ie rs ,  etc., which are a lso  found in  t e l e v i s i o n  
se ts ,  radars,  and communications equipment. 

S h o r t l y  a f t e r  the f i r s t  year we should a lso have a program capable o f  
p a r s i n g  a schematic diagram u i t h  respect t o  t h i s  grammar and answer ing 
questons about the r e s u l t ,  such as: 

1. What k i n d  o f  loca l  o s c i l l a t o r  i s  used i n  the converter  o f  t h i s  
device? Answer: A Har t ley  Osc i l l a to r .  

2. What i s  the purpose o f  C10 i n  t h i s  device? 
Answer: I t  i s  an emi t ter  bypass capacitor. 

By t he  end o f  the second year, we should ac tua l l y  have a program r u n n i n g  
which can use the in format ion provided by the program w r i t t e n  in  the  
f i r s t  year t o  perform simple troubleshooting tasks s i m i l a r  t o  the  ones 
c o l l e c t e d  i n  the scenarios. We expect that  by t h i s  t ime many scenar ios  
u i l l  have been developed. During t h i s  second year, we expect t o  
inc rease  the s i z e  o f  our grammar t o  cover many neu device type3 such as  
t r a n s m i t t e r s .  

We w ish  we cou ld  s t a t e  a t  t h i s  time how hard i t  u i l l  be t o  add knowledge 
about new c i r c u i t s  t o  the system. But t h i s  i s  a new k i n d  o f  problem, 
and no one has had any experience w i t h  the pseudo- l ingu is t ic  problem o f  
meaningful  c i r c u i t  grammars. With in a well-defined category such as 
communication rece i ve rs  and t ransmit ters,  we would not  expect much 
d i f f i c u l t y  i n  passing from one model t o  another -- except t h a t  each 
" s e t "  i s  l i k e l y  t o  conta in  some designer's f a v o r i t e  idiosyncracy, 
r e q u i r i n g  spec ia l  a t ten t ion .  Designers are prone t o  ob ta i n i ng  a b i a s  
v o l t a g e  from some unusual ly  s tab le  s ide-ef fect .  They u i l l  i n s i s t  on 
u s i n g  some device's in te rna l  resistance as a feedback common element. 
These c o n f l i c t  w i t h  genera l ly  fol lowed design h e u r i s t i c s  and can cause 
t r o u b l e  i n  diagnosis. I n  any case, by the end o f  the f i r s t  year ue 
shou ld  be ab le  t o  assess the po ten t ia l  d i f f i c u l t i e s .  
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PROJECT 3 
AUTOMATIC PROGRAMMING, DEBUGGING, and DOCUMENTATION 

DEFINITION: We u i l l  attempt t o  make systems t o  f a c i l i t a t e  development 
o f  complex computer programs, The goals involve automatic analys is ,  
au tomat ic  documentation and debugging schemes. Because the performance 
w i l  l be de f ined  by e x t e r i o r  goals, these systems w i l l  have t o  i nc l ude  
advanced learn ing  a b i l i t i e s ,  

There a r e  r e a l l y  two p ro jec t s  
u i th  rep resen t i ng  commonsense 
theses o f  Sussman and Goldste 
w i t h  deve lop ing a programming 
o f  H e w i t t  and h i s  aseociates, 
i n t e r a c t i o n s  a re  (we hope) un 
3.2. 

MILESTONES: 

J u l y  

Dec. 
1- 

here u i t h  two approaches; one i s  concerned 
reasoning knowledge, as exempl i f i ed  by  t h e  

in, Pro ject  3.1; the other i s  concerned 
formal i am and techno l ogy, the ACTOR sys  tern 
in which i m p l i c i t  and undesirable 

l i k e l y  t o  a r i se  acc iden ta l l y  -- P r o j e c t  

1974: Formulat ion o f  in ten t ion  formalisms i n  several microuor ldsr  
Blocks wor ld debugging: extensions o f  Sussman's Thesis 
Semantics o f  graphics: extensions o f  Goldstein 's Thesis 
Semantics o f  e l e c t r i c  c i r c u i t  s imulat ion programs 

1974: Pre l im inary  ACTOR formalism r e a l i z a t i o n  
F i r s t  attempts t o  apply automatic debugging methods t o  
e l e c t r o n i c  c i r c u i t  problems, 

1975: F i r s t  Appl icat ions t o  E lect ron ics  Diagnosis and 
Repair programs (Note -- programs, not  problems!) 
F i r s t  Natural  Language In ter faces 
Programming Assistant  f o r  the Personal Management Ass is tan t ,  
i f  t h a t  develops i n t o  an A1 Lab project .  

APPLICATIONS: Work on A r t i f i c i a l  In te l l igence,  over the past  f e u  gears, 
has c rea ted  an environment i n  which we can ask much more from computer 
programs than was prev ious ly  reasonable. A t  least, t h i s  i s  so " i n  
theory".  Bu t  the much more complex programs requi red f o r  t h i s  a r e  
harder  t o  understand, modify, and debug. Thus, t h i s  progress u i l l  n o t  
pay o f f  as we l l  as i t  should u n t i l  there are corresponding improvements 
in: 

R e s p o n s i b i l i t y  -- A b i l i t y  o f  the programs themselves t o  j u s t i f y  t h e i r  
r e s u l t s ;  t o  exp la in  what was done t o  get the resu l t .  

A c c o u n t a b i l i t y  -- A b i l i t y  t o  exp la in  the assumptions the r e s u l t s  a r e  
based on. 
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Debuggab i l i t y  -- Programs can provide much be t t e r  in fo rmat ion  t o  make i t  
eas ie r  t o  de tec t  Programming mistakes. 

E x t e n d a b i l i t y  -- Programs should have enough modular i ty  and 
" t ransparency" t o  d e t a i l s  t o  make extensions poss ib le  w i t hou t  
r e q u i r i n g  the programmer t o  understand a l l  the f i n e  d e t a i l s .  

We b e l i e v e  t h a t  i t  i s  poss ib le  t o  make major advances in  these areas 
now, because o f  r ecen t l y  developing c a p a b i l i t i e s  t o  incorporate  i n t o  
programs a new k i n d  o f  knowledge. To be spec i f i c ,  we mean the KNOWLEDGE 
ABOUT HOW THE PROGRAM WORKS -- in add i t i on  t o  what programs 
t r a d i t i o n a l l y  contain: procedures designed s p e c i f i c a l l y  t o  so l ve  t h e  
t a r g e t  problems. 

PROBLEMS: I n  our approach, the main d i r ec t i ons  are al ready o u t l i n e d  in  
the  proto types presented i n  the recent theses o f  Sussman, 
Goldste in ,  and i n  the Actor - In tent ion paper o f  H e u i t t  e t  a l .  These 
a l l  appear t o  g i ve  ra ther  d e f i n i t e  and ra ther  promising o u t l i n e s  o f  
what must be done. As the d i f f e r e n t  k inds o f  p r i n c i p l e s  in each o f  
these a re  c l a r i f i e d  and appl ied t o  d i f f e r e n t  microworlds, we can 
expect  many d i f f i c u l t i e s ,  interact ions,  and c o n f l i c t i n g  
p r i o r i t i e s .  I t  i s  too ea r l y  t o  guess which problems w i l l  be most 
se r  i ous. 

PERSONNEL: Th i s  area i s  o f  concern t o  two d i s t i n c t  groups. 
I. Go lds te i n  C. Hewi t t  
G. Sussman P. Bishop 

e t  a l .  e t  a l .  

The r e s u l t s  so f a r  have captured the imagination o f  many students,  
and we expect tha t  q u i t e  a few more people w i l l  become i nvo l ved  in  
t h i s  p ro j ec t .  

COSTS: Th i s  "p ro j ec t "  requ i res  large computational support. I t  also 
i n vo l ves  resources o f  the so r t  found i n  general  compute^ language 
development, systems programmers and maintenance people, 
documentation, etc. 

The systems u i l l  use features re l a ted  t o  LISP, MICRO-PLANNER, 
PLANNER, CONNIVER, LLOGO, and the new ACTOR system. 
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PROJECT 3.1 
PRINCIPLES OF REPAIR AND BEBUGGING 

A. INTRODUCTION 

What makes an i nd i v i dua l  a competent repairman? I s  there a set  o f  
s k i l l s  which a re  common t o  the expert t e l ev i s i on  repairman, computer 
programmer o r  d i g i t a l  l og ic  troubleshooter? We assert  t ha t  there  i s  
indeed an important core o f  knouledge common t o  these a c t i v i t i e s .  I t  
c o n s i s t s  o f  exper t i se  in debugging, planning, s k i l l  a c q u i s i t i o n  and 
modular knowledge representation. We propose t o  develop t h i s  area by  
b u i l d i n g  "repairmen" f o r  the above domains. We hope t o  do t h i s  in wags 
t h a t  b o t h  produce "expert"  programs fo r  each area as wel l  as revea l  
sound p r i n c i p l e s  appl icab le  t o  other domains. 

The Conceptual Framework 

To des ign  a programming ass is tant  or  a c i r c u i t  repairman i s  use fu l  in  
i t s  own r i g h t .  The p ro jec t  takes on fur ther  i n te res t  i f  one b e l i e v e s  
t h a t  there  a re  important s k i l l s  and knowledge that  are "genera l l y "  
u s e f u l  i n  r e p a i r i n g  things. For, i f  such knowledge could  be accumulated 
in  a h e u r i s t i c  program, the design or adaptation o f  repair-programs f o r  
d i f f e r e n t  domains would become progressively easier. 

#a".\ Readers who f o  
b u t  n o t  i n  the 
l i k e  the  e a r l y  

l lowed c l ose l y  the development o f  A1 in i t s  e a r l y  years  -- 
l a s t  3 or  4 -- might be inc l ined  t o  say: "That sounds 
schemes o f  separating knouledge about problem-solving in  

genera l  from knowledge about pa r t i cu la r  areas o f  expert ize. D idn ' t  i t  
turn o u t  t h a t  t h i s  l i n e  led t o  mediocre resu l t s?  And doesn't i t  turn 
away from the  p r i n c i p l e s  o f  Heterarchy that  you have been advocating, In 
which d i f f e r e n t  k inds  o f  knouledge have to  work together?" 

F o r  t he  l a s t  question, the rep l y  i e  simply that  the k inds  o f  knouledge 
do indeed have t o  work c lose ly  together. But we c la im tha t  i n  the  
e a r l i e r  "general"  problem solvers inadequate a t t e n t i o n  was g iven  t o  
ques t i ons  o f  r e p a i r  and debugging -- and that  i s  r e a l l y  why they t u rned  
o u t  t o  be r e l a t i v e l y  weak! 

T h i s  debugging knowledge i s  prec ise ly  what i s  needed t o  c lose  the  gap 
between p lann ing  and execution. Some o f  the ea r l y  programs d i d  indeed 
have some "generalii knowledge about how t o  solve hard problems by 
b r e a k i n g  them down i n t o  simpler sub-problems. But then they f a l t e red .  
F o r  i t  i s  i n  the nature o f  a "general" p lan that  i t  does n o t  take 
d e t a i l s  i n t o  account. Most plans f a l l  down, in  fact ,  when i t  comes t o  
d e t a i l s .  The on ly  hope i s  t o  REPAIR the most p l aus ib l e  plan. And t h i s  
i s what we propose t o  study systematical l y. 
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8. THEORY OF DEBUGGING 

Debugging i s  an essent ia l  component o f  reasoning. Plans r a r e l y  uork  t h e  
f i r s t  time; and even when they do, the world may change. Furthermore, 
debugging i s  an essent ia l  component o f  self-improvement. We o f t e n  l e a r n  
by  debugging our own knowledge. One can regard Winston's lea rn ing  
program (A1 TR-76) as an error-diagnosis er ror -cor rect ion debugging 
system. 

One might a t  f i r s t  be l ieve that  the study of  p lanning and debugging i s  
by  i t s  na tu re  informal -- mere common sense. I n  our recent  work, 
however, t h i s  area has made progress towards becoming a systemat ic 
t h e o r e t i c a l  subject. Perhaps the best developed i l l u s t r a t i o n  o f  what 
has happened i s  exh ib i ted  in  the recent thes is  o f  Sussman (soon 
pub l i shed  as A1 TR-292). i n  which we see the s t a r t  o f  an e f f e c t i v e  
c l a s s i f i c a t i o n  o f  types o f  bugs, how to  detect them, and how t o  make 
p l a n s  t o  r e p a i r  them. The interested reader should consul t  the  thes is ,  
u h i c h  should be ava i l ab le  by the time t h i s  proposal i s  in  c i r c u l a t i o n .  

The f o l l o w i n g  discussion h igh l i gh t s  important concepts o f  t h i s  embryonic 
debugging theory. To i l l u s t r a t e  the ideas, we use an example drawn from 
t h e  t h e s i s  o f  Goldste in  (soon published as A1 TR-294) uh ich  i s  n e a r l y  
completed; i t  i s  from the uo r l d  o f  " t u r t l e "  programs. 

A " t u r t l e "  program i s  a sequence of  commands, t o  a mobile robot,  t h a t  
cause i t  t o  draw a graphic f i gu re  on the f loo r .  A l t e rna t i ve l y ,  t he  
commands can r e f e r  t o  a d isp lay s imulat ion wherein the t u r t l e  behaves 
l i k e  a pen. I n  the graphics programming language, one can t e l l  t he  
" tu r t  l e "  t o  go forward o r  back ("FORWARD 60" or ""BACK 100"l o r  t o  turn 
about i t s  center  through some angle ("RIGHT 90" or "LEFT 359"). The 
t u r t l e  p r i m i t i v e s  are embedded i n  a h igh level symbolic language capable  
o f  i n t e r p r e t i v e  evaluation, recursion and i t e ra t i on .  For the  purposes 
o f  t h i s  d iscussion,  the programs are given i n  LOGO syntax. Th is  i s  f o r  
c l a r i t y :  the programs could equal ly well be expressed i n  LISP. 

T h i s  u o r l d  o f  t u r t l e  graphics provides a p a r t i c u l a r l y  c l ea r  d i s t i n c t i o n  
between imperat ive method ( loca l  movements o f  the t u r t l e )  and 
d e c l a r a t i v e  i n t e n t  ( s t a t i c  descr ip t ion o f  the f i n a l  p i c tu re ) .  Houever, 
examples o f  powerful p lanning and debugging could j us t  as e a s i l y  have 
been drawn from the robot 's  block uorld. 

Go lds te in ' s  t hes i s  i s  concerned u i t h  repa i r i ng  t u r t l e  programs u h i c h  
f a i l  t o  draw an extended picture.  An example o f  a t yp i ca l  problem i s  
shown i n  the f o l l ow ing  way: 
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Figure 6. DEBUGGING FACERAN 

To gain insight into the process by which the system debugs programs, we 
sha l l  drau on the following simpler procedure for a st ick figurer 

TO STICKRAN 
ie  VEE 
28 FORWARD 188 
30 VEE 
48 FORWARD 108 
58 RIGHT 98 
68 CIRCLE 
END 

TO VEE 
10 RIGHT 45 
2 0  BACK 108 
3 0  FORWARD 100 
48 LEFT 90 
50 BACK 100 
68 FORWARD 100 
END 

T h i s  program was intended to drau the f l louing picture. A 

Figure 7. THE INTENDED PICTURE 

But the program has a bug. I t  actually draws: 
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s t a r t i n g  heading - ruest - 278 degrees 

Figure 8. THE BUGGED PICTURE 

Debugging requires descr ipt ions o f  In ten t ions  

To r e p a i r  the program, a debugging system must i n i t i a l l y  be prov ided 
u i t h  a model o f  the program's intent, Such a model i s  necessary i f  t he  
system i s  even t o  recognize that  the program was unsuccessful. 

Fo r  our s t i c k  f igure,  i t  w i l l  be s u f f i c i e n t  fo r  the "modeln t o  be a s e t  
o f  geometr ic predicates describing the desired p ic ture.  

MODEL ST I CKMAN 
M 1  PARTS HEAD BODY ARMS LEGS 
fl2 CIRCLE HEAD 
f13 LINE BODY 
M4 VEE ARMS 
M5 VEE LEGS 

fl6 CONNECTED HEAD BODY, CONNECTED BODY ARMS, CONNECTED BODY LEGS 

f17 BELOW LEGS ARMS 
ma BELOW ARMS HEAD 

END 

T h i s  model i s  underspecified. But i t  t e l l s  enough o f  the s t o r g  t o  
recogn ize  tha t  the program f a i l 8  t o  accomplish i t s  task. Nou the  reader  
i s  t o  imagine a program, ca l l ed  INTERPRET, that  compares the progrhm 
w i t h  the model: 

( I NTERPRET ST I CKflAN) 
;The system i s  asked t o  in te rp re t  the p i c t u r e  
;drawn by the program i n  terms of  the model. 
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(*VIOLATIONS ;the p i c tu re  f a i l s  t o  sa t i s f y  the model because: 
(fl5 (NOT (LINE BODY) 1 1 ;The body i s  not a l ine. 
(fl7 (NOT (BELOW LEGS ARMS) 1 )  ;The legs are not belou the arms. 
(M8 (NOT (BELOW ARMS HEAD))))) $The arms are not belou the head. 

D i f f e r e n t  domains u i l l  requi re d i f f e ren t  model languages. But i t  w i  l I 
always be necessary t o  specify the purposes of major pa r t s  and the 
r e l a t i o n s h i p s  between these parts. 

Descr ipt ions of Programs' Intentions: Annotations 

Annotat ion i s  the process o f  bu i ld ing  a deta i led descr ip t ion o f  
i n t e n t i o n  and e f fec t .  The ' intentions" describe the "uhy" or  reasons 
f o r  the  ob jec t ' s  structure; the "ef fects" describe a causal chain 
documenting i t s  performance. Part of  the explanation i s  s p e c i f i c  t o  the  
p a r t i c u l a r  domain. But important constituents are universal. Th is  
would inc lude s t ruc tu r i ng  i n to  main steps and state interfaces, 
ass ign ing  r e s p o n s i b i l i t y  fo r  par ts  of  the task to  pa r t s  o f  the mechanism 
and documenting in teract ions accidental to  the main purpose. 

The "Plan" --- the top level of  Annotation 

Der i v ing  the plan supplies the "uhy" of  the system, uhether 
program o r  c i r c u i t .  The plan describes how the goals o f  the model a r e  
t o  be accomplished. I t  i s  an assignment of  local r e s p o n s i b i l i t y  between 
statements i n  the model and modules or interfaces i n  the code. Deducing 
the  p l a n  i s  based on general knouledge that processes consis t  o f  main 
s teps  in ter leaved u i t h  setups, interfaces, and cleanups. 

The Idea of "state" 

O f  course, ANNOTATION requires understanding domain-dependent, non- 
un i ve rsa l  knowledge also. For turtle-program graphics, cognizance o f  
the  STATE - p o s i t i o n  and heading - i s  important. For c i r c u i t s ,  the 
s t a t e  u i l l  be i n  terms of e lec t r i ca l  p r im i t i ves  -- i t  might be an 
instantaneous l i s t  o f  a l l  currents and voltages. But i n  bo th  cases, 
a n a l y s i s  proceeds i n  determining the purpose and success o f  each stage 
in ' t e rms  o f  i t s  e f f e c t  on the state. 

O u r  p o i n t  i s  the modest one; that there may also be "general" p r i n c i p l e s  
about how t o  handle pa r t i cu la r  problems. The idea o f  de f i n ing  a " s ta te "  
might be c r i t i c a l  f o r  success i n  many areas, even though each r e q u i r e s  
d i f f e r e n t  k inds  o f  states, u i t h  d i f f e ren t  kinds o f  t ransformation 
proper t i es. 
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Rat iona l  Design and First-Order Theories 

very general piece o f  knowledge (or "advice") .  F i n d i n g  
i f i e d  by assuming that  the system under study was 
ing  t o  the fo l lowing " ra t iona l  design" p r i n c i p l e .  

The modules i n te rac t  only over e x p l i c i t  in ter faces.  There a r e  
no acc identa l  s ide e f fec ts .  This i s  the "First-Order"  theory; 
i t  i s  su re l y  f a l se  in some Hay, but  i t  can guide the i n i t i a l  
at tempt a t  understanding. 

L a t e r ,  as d i f f i c u l t i e s  are  isolated, the bug may indeed be d iscovered a s  
due t o  a v i o l a t i o n  o f  " f i r s t - o rde r "  p r i nc i p l es  such as an unexpected 
i n t e r a c t i o n  betueen supposedly independent sub-systems. 

We cannot g i v e  d e t a i l s  here, bu t  a pattern-matching procedure based on  
t h i s  p r i n c i p l e  y i e l d s  the fo l lowing p lan f o r  the STICKMAN program: 

TO STICKMAN 
10 VEE (ACCOMPLISH LEGS) 
20 FORWARD 188 (ACCOMPLI SH (PART1 BODY 1 1 
30 VEE (INSERT ARMS BODY) 
48 FORWARD 100 (ACCOMPLISH (PART2 BODY 1 ) 
58 RIGHT 90 (SETUP (STATE HEADING) (FOR HEAD) 1 
68 CIRCLE ( ACCOMPL I SH HEAD) 
END 

NOTE: Th is  p l an  i s  the RESULT o f  the running o f  a phase o f  
Goldste in 's  program. Thus, i t  might be considered t o  be an  
Automatic Program Annotator. I n  the programs o f  Sussman, 
"comments" are  provided ab i n i t i o  t o  the programs t o  be 
debugged: i n  the course o f  operat ion more comments a r e  
generated. I n  Hewi t t *  s proposal (Project  3.2) the ac to r  
implementation i s  envisioned t o  detect  incompleteness o f  t h e  
i n t e n t i o n  structures,  and in ter rogate the programmer, Thus, 
these a re  a l l  d i f f e r e n t  threads o f  the same weave -- a l l  
t r y i n g  t o  formal ize the r e l a t i o n s  between i n t e n t i o n s  and t h e  
programs w r i t t e n  t o  achieve them. 

More on Plans 

The p l a n  f o r  STICKMAN i s  almost l inear.  The legs, body and head 
a r e  accomplished one a f t e r  the next i n  a natura l  sequence app rop r i a te  t o  
t h e i r  r e l a t i v e  pos i t i on .  However, note tha t  the purpose comment f o r  t h e  
arms dec la res  an " inser t ion" .  This i s  a common and use fu l  type o f  
a b s t r a c t  p lann ing  s t r uc tu re  t o  which the system i s  sens i t ive ,  
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While accomplishing one par t  of a model, the program may be in  
the  appropr ia te en t ry  s tate for  another part. I n  t h i s  case, i t  i s  
n a t u r a l  t o  "accomplish" the arms i n  the midst of  drauing the body. I f  
the program f o r  the inserted par t  i s  state transparent, then the system 
can expect t ha t  the in t rus ion  u i l l  cause no harm. Of course, the 
i n s e r t e d  procedure may in teract  i n  unexpected uays w i th  the main program 
o r  s imply not  be s ta te  transparent. However, by being sens i t i ve  t o  t h i s  
a b s t r a c t  p lan  format, the system i s  i n  a pos i t ion  t o  recognize such bugs 
and f i x  them accordingly. 

C. DEBUGGING 

I s o l a t i n g  a bug i s  accomplished by f ind ing  inconsistencies 
between i n t e n t i o n  and ef fect .  Debugging i s  accomplished by desc r ib ing  
t h e  type o f  discrepancy and making the appropriate patch. 

Commom Underlying Causes 

The underly ing cause of the disaster can o f ten  be described u i th  
s u f f i c i e n t  abstractness t o  apply t o  many domains. For example, such 
causes as CONFLICTING-BROTHER-GOALS, UNEXPECTED-SIDE-EFFECT, MODULE- 
FAILURE and IRPROPER-INTERFACE are universal causes o f  f a i l u re .  (NOTES 
these terms mean p r e t t y  much uhat they seem to  mean. For de ta i l s ,  they 
a r e  de f ined prec ise ly  i n  the Goldstein and Sussman theses.) - 

Common Methods of Repair 

S i m i l a r l y ,  there are important common elements i n  s t rategies f o r  
r e p a i r i n g  bugs. CONFLICTING-BROTHER-GOALS can sometimes be f i x e d  s implg 
by  reorder ing. In te r face  problems are s imp l i f ied  by maximizing s t a t e  
transparency. MODULE-FAILURE, whether of  a sub-procedure, tube o r  chip,  
suggests the obvious correct ion o f  recursing the system and r e p a i r i n g  
(o r  rep lac ing)  the module. 

Ordering the Attack 

M u l t i p l e  bugs can be d i f f i c u l t  to  correct. Hence, gu ide l ines  
a r e  necessary i n  the order of  debugging. A heu r i s t i c  o f  u ide 
a p p l i c a b i l i t y  i s  t o  debug the par ts  before attempting t o  cor rec t  t he  
r e l a t i o n s  between them. For the STICKMAN, t h i s  would mean debugging t h e  
body before uor ry ing  about the "above" relat ions. The basis  of t h i s  
o r d e r i n g  i s  the standard s c i e n t i f i c  not ion of beginning w i t h  a f i r e t -  
o rder  l i n e a r  theory o f  a problem before attempting a second-order 
exp lanat ion  uhich handles interactions. 
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The p l a n  i nd i ca tes  which steps are responsible f o r  the body. Domain 
dependent knowledge def ines a l i n e  as composed o f  co l inear  vectors,  
uhere  FORWARD'S a re  understood t o  produce vectors. "Col inear"  i s  a 
c o n s t r a i n t  on the d i r e c t i o n  o f  vectors. Now, domain independent 
knowledge i s  appl ied.  An abstract  pattern-match o f  the process i s  made 
t o  d iscover  the s ta te- in ter faces between the main steps respons ib le  f o r  
the body. I n  t h i s  case, the in te r face  i s  l i n e  30 wherein the arms a r e  
drawn. The bug i s  c l a s s i f i e d  as an UNEXPECTED-SIDE-EFFECT of  VEE. The 
f i x  i s  t o  i n s e r t  a patch re tu rn i ng  the t u r t l e  t o  the c o r r e c t  heading: 

INSERT LINE 35 "RIGHT 45" 

Aesthetic I n te r rup t  

A n  a e s t h e t i c  i n t e r r u p t  occurs when the c r i t e r i a  o f  good design a r e  
v i o l a t e d .  These c r i t e r i a  are based on considerat ions of e f f i c i e n c y ,  
c l a r i t y  and res is tance  t o  fu tu re  bugs. 

I n  t h i s  example, the sub-procedure VEE already 
r e t u r n s  the t u r t l e  t o  i t s  en t ry  pos i t ion.  I n s e r t i n g  
the i n t e r f a c e  in l i n e  35 o f  STICKMAN requ i res  t ha t  
*headingn a l so  be restored. The r e s u l t  i s  an 
abs t rac t  p a t t e r n  match on procedures i n  which 
"state-transparency" i s  required. The r e s u l t  o f  
t h i s  match i s  t o  remove the "RIGHT 45" from STICKMAN 
and, instead, i nse r t  i t  as the f i n a l  l i n e  o f  VEE. 
Th i s  r es to res  the o r i g i na l  heading and VEE becomes 
f u l l y  t ransparent  w i t h  respect t o  both p o s i t i o n  and 
d i r e c t  ion. 

INSERT LINE 65 OF VEE "RIGHT 45" 

Sta te- t ransparency i s  an important cha rac te r i s t i c  f o r  ach iev ing  
modu la r i t y .  Thus, t h i s  e d i t  serves t o  make the VEE sub-procedure 
s imp le r  t o  use in f u tu re  appl icat ions.  

Recurs i on 

Hav ing  f i x e d  the "body", the system now recurses and debugs the 
rema in ing  d i f f i c u l t i e s .  With VEE edited, the STICKMAN now has the  
appearance: 
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The f a i l u r e  o f  the above re la t ions  can be c lass i f i ed  as having one o f  
two poss ib le  underly ing causes. The f i r s t  i s  that the in te r faces  
between the p a r t s  are i n  error. The second i s  that  the global s t a t e  
upon e n t r y  i s  not  as expected. Under the former assumption, each 
i n t e r f a c e  must be debugged. Under the la t te r ,  only one change need be 
made. 

Minimal Change 

A repairman should make minimal changes t o  the system. I t s  goal i s  t o  
f i x  t he  system, not  redesign it. More important, i t  does no t  fu l ly  know 
t h e  designer 's in tent .  Hence, i t  should be hesi tant t o  make major 
r e v i s i o n s  i n  h i s  plan. Thus, a single e d i t  t o  the en t ry  i n te r face  i e  
c l e a r l y  p re ferab le  t o  many ed i t s  to  internal  interfaces. 

d e a n ,  

The r e s u l t i n g  change t o  STICKMAN is: 

INSERT LINE 5 OF ST1 CKHAN "LEFT 90" 
EXPECTATION (ENTRY STICKMAN) (HEADING - 270) 

Expectations 

A n  important s ide e f f e c t  o f  t h i 8  e d i t  i s  the inser t ion  o f  an 
expectat ion. The expectation checks the entry s ta te  t o  STICKMAN. I n  
the  event tha t  i t  i s  not 98 degrees, the system i s  immediately cognizant 
o f  an anomaly. I t  i s  not necessary for  i t  to  repeat again the e n t i r e  
ana l y s  i s i t f i r s  t per formed. I t learns from exper i ence by adding 
commentary t o  the user's code. 

D. KNOWLEDGE -- SPECIAL AND GENERAL 

Spec ia l i zed  knowledge structures for electronic c i r c u i t r y ,  programming, 
and d i g i t a l  l og i c  w i l l  be required to  in teract  u i t h  the basic repairman 
module. This  w i l l  force the system to  deal u i t h  basic issues in  the  
management and use o f  large co l lect ions of knowledge. Several recent  
ideas in A r t i f i c i a l  In te l l igence make t h i s  d i f f i c u l t  task seem 
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manageable. 

Demons 

The f i r s t  i s  the use o f  demons. Old-fashioned programs requ i red  an 
e x p l i c i t  con t ro l  s t ructure,  dispatching i n  sequence t o  a prepared l i s t  
o f  sub-procedures. This becomes inadequate when the number o f  
s i t u a t i o n s  t ha t  the system may encounter grows large. Demons a r e  
programs t h a t  a re  automat ical ly  act ivated when a datum o r  request 
match i ng the i r pa t  t e rn  becomes current. 

Procedural Knowledge 

A second t o o l  i s  the representat ion o f  knowledge as procedures. Repai r  
know-how i s  no t  a c o l l e c t i o n  o f  fac ts  but a set o f  d i rec t ions .  A 
u n i f o r m  reasoning program i e  too i ne f f i c i en t .  I t  does no t  e x h i b i t  s k i l l  
o r  exper t i se .  Demons can be procedures o f  a r b i t r a r y  complexity. 

V i r t ua l  Databases 

Some knowledge i s  most c l e a r l y  
s t a t e  o f  a c i r c u i t  o r  computer 
burdensome in terms o f  space. 
d a t a  base. Most o f  the s ta te  
o r d i n a r i l y  computed. The repa 
reques t  , i nv i s i b l e demons comp 

thought o f  as facts; f o r  example, t he  
process. This may, however, be too  
The so lu t ion  i s  the use o f  a * v i r t u a l H  

i s  not o f  in te res t  and is,  hence, n o t  
irman, however, never knows th i s .  Upon 
u te  and assert the needed data. Hence, 

space i s  used on ly  when needed but redundant computation i s  avoided. 
T h i s  management system provides important conceptual c l a r i t y .  

F o r  t u r t l e  programs, t h i s  s t ructure i s  used f o r  asking geometric 
ques t i ons  of  the p ic tu re .  The asker expects t o  f i n d  the answer in  the  
d a t a  base. I t  may wel l  be there e x p l i c i t l y  as a r e s u l t  o f  ana lyz ing  the 
performance o f  the program i n  careful  mode. This would inc lude 
statements o f  connec t i v i t y  between sequent ia l ly  drawn vectors. However, 
t h e  answer may no t  be present. A "g lobal"  connection due t o  the t u r t l e  
c r o s s i n g  a p rev ious ly  drawn vector i s  not easy t o  no t i ce  wh i l e  running 
t h e  program. Upon asking f o r  such information, however, demons a r e  
a c t i v a t e d  which compute the answer and place i t  i n  the data base. 

The same s t r u c t u r e  i s  found in  BLOCKS-WORLD programs (see Fahlman's 
thes is ,  A1 TR-283) where i t  i s  even more time consuming t o  recompute 
three-dimensional geometric predicates. 
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Hierarchy 

Represent ing CONFLICTING-BROTHER-GOALS and i t s  associated patches 
a b s t r a c t  l y a l l ous the same know 1 edge t o  be app l i ed t o  many domains. 
Programs o r  c i r c u i t s  i n  c o n f l i c t  fo r  the same resources can be handled 
b y  s i m i l a r  plans. Hence, an important epistemological goal o f  t h i s  
r esea rch  i s  t o  represent knouledge h ie ra rch i ca l l y  i n  increas ing l e v e l s  
o f  a b s t r a c t  i on. 

NOTE: Th i s  does no t  c o n f l i c t  w i th  the no t ion  o f  a he te ra rch ica l  
ana lys is .  Knouledge a t  d i f f e r e n t  leve ls  must communicate f l e x i b l y .  A 
l i n e a r  f l o u  o f  con t ro l  i s  not  adequate. 

The b e l i e f  t h a t  bas ic  debugging, planning and learning s k i l l s  can be 
a b s t r a c t e d  t o  a general but  pouerful form i s  encouraged by the  success 
u i th  u h i c h  the LOGO p ro jec t  has taught such general s k i l l s  t o  ch i l d ren .  

E. LEARNING 

The des ign o f  a repairman would not be sa t i s fac to ry  wi thout  a non- 
t r i v i a l  l ea rn ing  component. This i s  required not on ly  by the d e s i r e  t o  
see t he  system genera l ly  appl icable t o  new domains but  a l so  t o  
f a c i l i t a t e  i t s  development even fo r  the spec i f i c  mini-worlds chosen. 

+- La rge  systems tha t  e x h i b i t  no learning are extremely burdensome t o  
program. I t  i s  d i f f i c u l t  t o  p red ic t  uhich l i nes  o f  research u i l l  
c o n t r i b u t e  most t o  t h i s  goal. However, here are several promis ing ideas 
under deve l opmen t . 

Dec la ra t i ve  Programming -- "Bui ld ing Programs From Advice" 

D e c l a r a t i v e  programming i s  an important type of  learn ing uh i ch  no 
systems c u r r e n t l y  exh ib i t .  This i s  the spec i f i ca t i on  o f  the task o r  
e d i t  v i a  s imple dec la ra t i ve  advice. The system i s  respons ib le  f o r  
making the appropr ia te  compi lat ion or modi f icat ion o f  i t s  oun code. 

T h i s  s t y l e  o f  programming i s  important f o r  several reasons. For one, i t  
a l l o u s  the  system t o  exercise (and the creators t o  judge) i t s  p l ann ing  
and debugging s k i l l s .  For another, i t  i s  easier f o r  the system t o  debug 
i t s e l f ,  s ince  in  expanding declarat ives i n t o  code, the system can f u l l y  
comment the intended purposes. But the most essent ia l  reason i s  t h a t  
u i t h o u t  such capab i l i t y ,  on ly  a person f am i l i a r  u i t h  the e n t i r e  system 
c o u l d  p o s s i b l y  make any improvements. 

A n  e s s e n t i a l  ingred ient  t o  support such c a p a b i l i t y  i e  debugging s k i l l ,  
The f i r s t  expansion o f  declarat ive8 i n t o  code may wel l  have bugs. A1 l 
o f  t he  cont ingenc ies may not have been considered. Pec la ra t i ves  do n o t  
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s p e c i f y  in te rac t ions .  But i f  the system i s  capable o f  debugging, then 
unforeseen d i f f i c u l t i e s  can be f i xed  when encountered, 

I n  the  above STICKNAN example, dec larat ive programming i s  i l l u s t r a t e d  by 
t h e  fash ion  in which the system f i l l s  in  the de ta i l s ,  in  the form o f  a 
''p 1 an", t o  shpp l ement the program-i ndependen t spec i f i c a t  i on o f  the  
model. Indeed, i t  i s  c lear  that  such a system, w i t h  minor extensions, 
i s  capable o f  u r i t i n g  t u r t l e  programs given only an i n i t i a l  model o f  
i n t e n t .  

Advice Taking 

Even i f  the  system i s  unable t o  debug i t s e l f ,  i t  understands a language, 
i.e. a se t  o f  concepts, i n  which i t  can be given advice about i t s  oun 
processes. Th is  set  o f  concepts i s  simply the ideas about con t ro l ,  
p lann ing,  types of  bugs, and methods of  so lu t ion  tha t  i t  must know 
anyway t o  debug programs. Thus, i f  the t u r t l e  monitor i s  unable t o  
d i scove r  the p l a n  from the model and program, i t  can ask the user f o r  
statements o f  purpose. The concept o f  "purpose" i s  p a r t  o f  i t s  
understanding. 

S k i l l  Acqu is i t i on  -- Improving from Example 

Improv ing from examples i s  a second important charac te r i s t i c .  Such 
improvement can be categorized as debugging oneself in  the l i g h t  o f  new 
knowledge. Again, t h i e  capab i l i t y  i s  important i f  the repairman i s  t o  
be  r e a d i l y  extendable t o  new domains, 

Dead-End Ana l ys i s 

A common element t o  recent work in A r t i f i c i a l  I n t e l l i g e n c e  i s  the  
a b i l i t y  o f  a system t o  learn from errors. The metaphor o f  a search f o r  
t h e  r i g h t  pa th  i s  replaced by an exploration, which i s  s e n s i t i v e  t o  
l e a r n i n g  from errors .  Debugging systems have t h i s  c h a r a c t e r i s t i c  s i n c e  
t h e i r  very  purpose i s  t o  cor rect  an unsuccessful system. But  Fahlman's 
"BUILD" program" a l so  shares t h i s  character is t ic .  A p l an  t o  b u i l d  a 
tower should no t  be discarded i f  the tower f a l l s .  Rather the bes t  
o p t i o n  may be t o  f i x  i t  by using scaf fo lds or counter-weights. 

Sussman's program i s  s u f f i c i e n t l y  sens i t ive  to  dead-ends t h a t  i t  
compi les  c r i t i q u e s  t o  prevent r e p e t i t i o n  o f  u n f r u i t f u l  l i n e s  o f  
deve l opmen t . 
I n i t i a l l y ,  Sussman's HACKER knows about planning and debugging b u t  n o t  
about "g rav i t y " .  I t  does not knou that  towers must be b u i l t  from t h e  
bot tom up. However, HACKER, i n  examining bugs due t o  touers f a l l i n g ,  
l ea rns  t h a t  b u i l d i n g  upwards i s  essential.  I n te res t i ng l y ,  wh i l e  t he  
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program learns t h i s  i n i t i a l l y  for  towers o f  two blocks, i t  immediately 
gene ra l i zes  t o  towers o f  ang size. I t  i s  comfortable w i t h  the concepts 
o f  " i n p u t "  and "recursion". 

Exp lo ra t i on ,  experimentation and improvement from mistakes u i l l  be the  
g u i d e l i n e s  f o r  a repairman rather  than simple h e u r i s t i c  search. 

I 
, F. PLANNING 

Planning, whether t o  b u i l d  a t o  er or t o  f i x  a program, o f t e n  procedes 
i n  a top-down fashion. 'The gen ! r a l  c l a s s i f i c a t i o n  o f  the problem i s  
made. The top leve l  set  o f  goals t o  solve the problem are generated. 
Then the  system examines each goal and decides how t o  s a t i s f y  i t  in  
turn. D i f f i c u l t i e s  occur when a sub-goal proves r e c a l c i t r a n t .  The plan 
must be debugged. A sys tem that has expert i se i n  repa i r i s i n a 
p o s i t i o n  t o  perform such a recursion, applying i t s  s k i l l  t o  i t s  own 
plan. Thus, the repairman i s  ehpected to  exh ib i t  powerful p lann ing  
c a p a b i l i t e s ,  which simpler non-se l f -cr i t ica l  programs i n t r i n s i c a l l y  
lack. 

Fahlman has designed an expert BUILDER for  the BLOCKS-WORLD. Th i s  
program i s  ab le  t o  employ 9caffdlds and counterweights t o  a i d  in i t s  
c o n s t r u c t i o n  o f  touers, arches and other structures. The important 
c h a r a c t e r i s t i c  i s  tha t  i t  i s  capable of f i r s t  de r i v i ng  a simple p l a n  and 
l a t e r ,  when faced w i t h  "bugs", improving and augmenting i t .  The program 

i . ~ a  i s  l ess  an expert  on programs and more a spec ia l i s t  in  the phys ics o f  
c o n s t r u c t i o n  than Sussman's HACKER program. However, both p r o j e c t s  
r e v e a l  how exper t i se  in  planning and debugging g rea t l y  increases the  
power o f  a problem-solver. 

G. BOOTSTRAPPING 

The spec ia l ized expert, though the possessor o f  d e t a i l e d  and 
d i f f i c u l t  knowledge, i s  o f t en  incapable of  changing domains. He lacks  
b a s i c  problem so l v i ng  expert ise i n  planning and debugging, expe r t i se  
t h a t  has been s t ruc tu red  abs t rac t l y  so as t o  be general ly appl icab le.  
The p o s s i b i l i t y  tha t  by abstract ing the s k i l l s  o f  debugging, 
boo ts t rapp ing  u i l l  be possible in the design o f  a general repairman i s  
fasc ina t i ng .  
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PROJECT 3.2 
AN AUTOMATIC PROGRAMMING APPRENTICE 

For Software Production and Va l ida t ion  

Car l  Heu i t t ,  Peter Bishop, I rene Gre i f ,  
B r i a n  Smith, Todd flatson, Richard Ste iger  

A. INTRODUCTION 

T h i s  proposal discusses the development o f  a programming system which 
understands what i t  i s  doing. We mean t h i s  i n  a s u r p r i s i n g l y  l i t e r a l  

. sense: we propose t o  develop a system that  understands no t  o n l y  t he  
s teps  o f  a program but  what they are supposed t o  do and why. Such a 
system w i l  I he lp  i n  const ruct ion o f  more i n t e l l i g e n t  and powerful  
programs, w i l l  a l so  serve i n  fur ther  understanding o f  reasoning, 
knowledge embedding, and in te l l i gence  i n  programming. Although a h i g h l y  
i n t e l l i g e n t  system cannot be b u i l t  today, i t  i s  a p l aus ib l e  long-term 
goa l  because we can begin now w i th  present ly understood concepts. 

Recent research on A r t i f i c i a l  In te l l i gence  has given us the t o o l s  and 
concepts  f o r  t h i s ,  including: 

Goal Or iented Formalisms 
Natu ra l  Language Semantics 
Source Language In te rac t i ve  Debugging Systems 
A b i l i t y  t o  conf i rm that  a program s a t i s f i e s  i t s  intentions 
A b i l i t y  t o  make simple patches t o  procedures tha t  f a l l  t o  s a t i s f y  

t h e i r  i n ten t ions  

These ideas need synthesiz ing i n t o  an integrated system. A t  our 
Labora to ry  the PLANNER pro jec t  [PLANNER Technical Report 3% "A U n l v s r s a l  
Modular ACTOR Formalism fo r  A r t i f i c i a l  In te l l i gence" ]  has r e c e n t l g  
developed a coherent semantics which integrates many o f  these ab i  l i t l 'ee.  

The appren t i ce  we propose i s  conceived as an i n i t i a l l y  " d i l i g e n t  b u t  
moderately s tup id "  apprentice t o  he lp  in w r i t i n g  large programs. I t  
w i l l  take the form o f  an integrated editor-interpeter-debugger-problem 
so lver .  E x i s t i n g  i n te rac t i ve  debugger3 (wi th  the except ion o f  
Te i te lman's  PILOT system, developed i n  our Laboratory) can o n l y  deal  
w i t h  s y n t a c t i c  aspects o f  brograms. They can catch misspel led words, 
c o r r e c t  the format o f  funct ional  arguments, keep t rack  o f  the  use o f  
funct ions,  balance parentheses, etc. but  can do l i t t l e  with semantic 
content .  O u r  i n i t i a l  goal i s  t o  be able t o  i n t e r a c t i v e l y  answer such 
quest  i ons as "Who ca l led t h  i s funct ion w i t h  a negat ive number?" o r  "Who 
can come here with a l i s t ? " .  A subsequent stage u i l l  inc lude a semantic 
model o f  the programming domain as well. 
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B. AN INITIAL APPLICATION DOMAIN 

We a r e  developing a language-system based on the idea o f  "ACTORS". 
ACTORS a r e  un iversa l  modular computing u n i t s  that  have a number o f  
impor tan t  advantages over conventional ways o f  organiz ing programs and ' 

data.  They communicate only through sending messages in  s p e c i f i c  ways. 
T h i s  i s  a sharp r e s t r i c t i o n  -- compared t o  the f ree- fo r -a l l  o f  
i n t e r a c t i o n s  permi t ted  i n  ordinary programming systems. Our t h e s i s  i s  
t h a t  we g a i n  much and lose l i t t l e  by using them. The implementation o f  
a c t o r s  on a conventional computer i s  a good i n i t i a l  domain in which t o  
t r y  o u t  our ideas about automatic programming. Such a system w i l l  have 
t o  do t he  f o l l ou ing r  

Trace imp l i ca t ions  o f  proposed changes i n  a con f i gu ra t i on  o f  
ac to rs .  

Determine the behavioral proper t ies  o f  other ac to rs  t h a t  a 
c o n f i g u r a t i o n  o f  ac tors  r e l i e s  on. 

Trace the  dependencies o f  some aspect o f  the behavior o f  a 
c o n f i g u r a t i o n  o f  actors. 

O u r  appren t i ce  must understand both programming and the domain dependent 
knowledge f o r  which the program i s  being u r i t t en .  F i r s t  we must teach 
our  appren t i ce  about progrgmming i n  the area o f  ACTOR implementation. 

ridicdic 

(The implementation o f  ac tors  on a conventional computer i s  a l a rge  
problem, no t  a toy  one.) We have a number o f  experts on t h i s  domain uho 
a r e  ve ry  i n te res ted  in  formal iz ing and extending t h e i r  knowledge. These 
e x p e r t s  a re  good programmers and have the time, motivation, and a b i l i t y  
t o  embed t h e i r  knowledge and in tent ions in the formalism. Once the  
e x p e r t s  pu t  in  some o f  t h e i r  intentions, they f i n d  t ha t  they have t o  put 
i n  a g rea t  deal more knowledge t o  convince the audi tor  o f  the  
cons is tency  o f  t h e i r  in tent ions and procedures. I n  t h i s  way we hope t o  
make exp l i c i t all the behadoral assumptions that  our i mp l emen t a  t i on i s 
r e l y i n g  upon. 

' T h i s  w i l l  r e q u i r e  new representations fo r  descr ip t ion  o f  the system. 
Foe tuna te ly ,  t h i s  domain i s  nclosedl' i n  the sense tha t  the quest ions 
t h a t  can reasonably be asked do not lead t o  a vast body o f  o ther  
knowledge uh i ch  uould  have t o  be formalized as u e l l .  I t  i s  p o s s i b l e  t o  
s t a r t  w i t h  a small supe r f i c i a l  model o f  actors and b u i l d  up 
inc rementa l l y .  The task i s  s imp l i f i ed  by excluding such compl icated 
so f tware  engineer ing p rac t i ces  as the use o f  "go-tos", i n te r rup t s ,  o r  
semaphores. 
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C. KNOWLEDGE BASED PROGRAMMING 

"Knowledge based programming" i s  w r i t i n g  programs tha t  have d i r e c t  
access t o  a  subs tan t ia l  knowledge base i n  the app l i ca t i on  area f o r  which 
t h e  programs a re  intended. The actor  formalism w i l l  a i d  knowledge- 
based programming i n  the fo l lowing ways: 

PROCEDURAL EMBEDDING o f  KNOWLEDGE has ga i ned new i mpe t u s  i n r e c e n t  
years  from the development o f  PLANNER-like problem s o l v i n g  systems. 
Procedural  knowledge enables us t o  put knowledge i n t o  a  computer in  
a form such t ha t  i t  can be e f f e c t i v e l y  used as intended. 

T R A C I N G  BEHAVIORAL DEPENDENCIES can be done by ana lyz ing  t he  
i n t e n t i o n s  o f  programs and keeping t rack o f  each i n t e n t i o n  t h a t  i s  
r e l i e d  on i n  another procedure. 

SUBSTANTIATING tha t  ACTORS SATISFY t h e i r  INTENTIONS can be done b y  
b i n d i n g  procedures t o  t h e i r  in tent ions and meta-evaluating the  
programs. Neta-evaluation i s  the process o f  read ing the program 
a b s t r a c t l y  t o  make sure that  a l l  o f  the in ten t ions  o f  the a c t o r s  
t h a t  i t  c a l l s  a re  sa t i s f ied .  

"Tes t i ng  examples shows the presence, not  the absence, o f  bugs." 

I n  p a r t i c u l a r ,  our apprentice must be able t o  understand the fo l low ing :  

The i n t e n t i o n s  tha t  we express f o r  our programs. 

The j u s t i f i c a t i o n  we g ive f o r  be l iev ing  tha t  these i n t e n t i o n s  a r e  
s a t i s f i e d  by the programs. 

The behavior  t ha t  our programs w i l l  e x h i b i t  i f  executed. 

O u r  appren t i ce  d iges ts  t h i s  information as i t  i s  incrementa l ly  
presented.  I t  sometimes asks questions when i t  doesn9t understand. 
When we b e l i e v e  t ha t  we have f in ished w r i t i n g  the code and i n t e n t i o n s  
f o r  a  c o n f i g u r a t i o n  o f  ac tors  we can ask our apprentice t o  execute i t  
" a b s t r a c t l y "  t o  see i f  i t  has a chance t o  work i n  general. Where i t  
c a n ' t  understand the code i t  w i l l  t r y  t o  g ive us h i gh  leve l  feedback 
p o i n t i n g  t o  a  p lace  i n  the code and descr ib ing the nature o f  i t s  
d i f f i c u l t y .  

As a  t h e o r e t i c a l  basis, we p lan t o  t r y  t o  use Sco t t ' s  l a t t i c e  theory  
approach t o  recursion.  I n  t h i s  theory, the meaning o f  a  program can be 
unders tood t o  be the least  f i xed  po in t  o f  a  funct iona l  on a  l a t t i c e  o f  
func t ions .  Due t o  s p e c i f i c  proper t ies  o f  these funct iona ls ,  t h i s  f i x e d  
p o i n t  can be constructed i n  a  p a r t i c u l a r l y  n ice  manner. I n d u c t i o n  over  
t h e  stages i n  t h i s  const ruct ion i s  then the natura l  means o f  c o n f i r m i n g  
f a c t s  about the f i x e d  po in t  and, thus, about the behavior o f  the 
program. 
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I r e n e  Gre i f  i s  invest igat ing how t h i s  in terpretat ion o f  recurs ive  
programs can be extended t o  "actor programs" or systems o f  actors. 
There i s  a natura l  minimal behavioral f ixed point  t o  any actor  
d e f i n i t i o n ,  but  i t  i s  only understood informally. An extension of  S c o t t  
l o g i c  t o  a theory o f  actors would not only formalize these concepts f o r  
a c t o r s  bu t  would show, ue hope, the value of taking a Scot t  l o g i c  
v iewpoint  f o r  more general systems. Actors can be used t o  de f ine  
indeterminate systems as well as determinate ones and a t  present i t  i s  
n o t  known whether these systems can be studied product ively within the  
l a t  t i ce theory framework, 

One problem i s  t o  i d e n t i f y  the l a t t i c e  over which we w i l l  be d e f i n i n g  
actors.  Since behavior may be time-dependent, i t  may be necessarg t o  
t r y  t o  account not only for  input-output pa i rs  but a lso fo r  some 
r e l a t i o n  over time. This w i l l  be a departure from the systems 
p r e v i o u s l y  handled i n  t h i s  logic. 

T h i s  extehsibn w i l l  a lso y i e l d  ru les  of  deduction fo r  the new log ic .  
The r u l e s  o f  deduction t o  establ ish that actors s a t i s f y  t h e i r  i n t e n t i o n e  
e s s e n t i a l  l y  take the form o f  a  high level interpreter f o r  a b s t r a c t l y  
eva lua t i ng  the program i n  the context of  i t s  intentions. This process 
[ c a l l e d  UETA-EVALUATION1 can be j u s t i f i e d  by a form o f  induction. To 
subs tan t i a te  a property o f  the behavior o f  an actor system, some form o f  
i nduc t i on  w i l l  be needed. A t  present, actor induction fo r  an ac tor  
c o n f i g u r a t i o n  w i th  audience E can be tentat ive ly  described i n  the 

8 ~ 9 -  f o l l o u i n g  manner: 

If the actors i n  the audience E sa t i s f y  the in tent ions o f  the 
ac tors  t o  which they send messages, 

And, i f  when any actor 's intent ions are sat is f ied,  so are those o f  
a l l  actors sent messages by i t ,  

Then the in tent ions o f  a l l  actions caused by E are s a t i s f i e d  (i.0. 
the system behaves correct ly) .  

G r e l f  i s  inves t iga t ing  t o  see i f  t h i s  induction r u l e  i s  r e l a t e d  t o  the  
minimal behavioral f i xed  point  i n  a natural way, 

Th i s  work should help us formulate precisely what a program does as 
opposed t o  hou i t  does it. I t  gives us a natural, i n t u i t i v e  uay t o  
e s t a b l i s h  tha t  a  program does what i s  intended. And i t  provides a more 
s o l i d  foundation on which t o  b u i l d  an apprentice system. 

imple Example 

Cons i der the problem o f  u r  i t ing 
w i t h  a manual transmission. We 

a program t o  s h i f t  the gears o f  a t r u c k  
apologize for  the necessitg f o r  
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i n t r o d u c i n g  new syntax but  the fo l lowing concepts are  c r u c i a l  t o  t he  
d i s c u s s i o n  uh i ch  fo l lows! 

i s  ac to r  syntax which a t  a rough i n t u i t i v e  leve l  means: d e f i n e  
an ac to r  x which, when i t  i s  ca l l ed  w i t h  an argument ( t o  u h i c h  y 
i s  bound) executes body. 

( r u  l es x (=> y l  body11 (=> y2 body2). . . I  
roughly  means: take s, and i f  i t  matches yl, execute bodyl; 
otherwise i f  i t  matches y2, execute body2, etc.. . 

I x  <= ( i n tent  i on [nl il definition i2) I 
i s  an e laborat ion o f  1, meaning t ha t  when x i s  c a l l e d  
w i t h  n, then il i s  the i n ten t i on  o f  the incoming c a l l  
and i2 i s  the i n ten t i on  when x c a l l s  out  again. 

Our f i r s t  t r y  a t  a s h i f t  

P r i m i t i v e - s h i f t - t o :  when 
i s  1, 2; 3, o r  4 and ca l  
( e f t ,  upper- r ight ,  o r  l o  

C ~ r i m i t i v e - s h i f t - t o  <= 

procedure might be: 

c a l l e d  w i t h  a target  
I s  the appropriate se 
uer - r ight  respective1 

gear checks t o  see i f  i t  
lect :  upper- le f t ,  lower- 
Y * 

" (=> target-gear ( ru les  target-gear 
(=> 1 (se lec t -upper - le f t ) )  (=> 2(seIect - lower- le f t ) )  
(=> 3(seIect -upper- r ight ) )  (=> 4(se lect - lower- r ight ) ) ) ) ]  

Now ue consider the var ious select  rout ines and t h e i r  i n ten t ions .  Each 
o f  t he  s e l e c t  funct ions has an incoming i n ten t i on  tha t  the c l u t c h  be 
disengaged. Furthermore each o f  them has code (de l im i ted  by *) t o  do 
t h e  se lec t i ng .  When a se lec tor  c a l l s  out, we f u l l y  in tend f o r  t he  t r u c k  
t o  be in  the gear appropr iate t o  that  select ion. 

[ se lec t -upper - le f t  <= [se l ec t -upper-r i gh t <= 
( i n t e n t i o n  [I ( i n t en t i on  [I 
( c l u t c h  disengaged) (c lu tch  disengaged) 
rvcode-for-se l ec t-upper- l e f  ttt atcode-for-select-upper-right* 
( in-gear 1))l ( i n-gear 3) 1 I 

[se lec t - l owe r - l e f t  <= [select- lower-r ight  <= 
( i n t e n t i o n  [I ( in ten t i on  [I 
( c l u t c h  disengaged) (c lu tch  disengaged) 
r'rcode-for-select-upper-right* $code-for-select- lower-r ight* 
( i n-gear 2 )  1 I ( i n-gear 4) I 1 
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O u r  apprent ice not ices that  f o r  each one there i s  a physical  c o n s t r a i n t  
t h a t  the c l u t c h  must be disengaged before sh i f t ing .  He queries us about 
t h i s  and so ue decide t o  modify the function PRIMITIVE-SHIFT-TO t o  f i r e t  
disengage the clutch. 

[p r im i  t i v e - s h i f t - t o  <= 
(-> C targe t-gear1 

(disengage c lutch)  
( ru les  target-gear 

(-> 1 (select-upper- lef t ))  (-2 2 (select- louer-lef t l )  
(=> 3 (select-upper-right)) (=> 4 (select- lower-r ight)))  
(engage c l utch) 1 I 

Now the code f o r  p r im i t i ve-sh i f t - to  i s  t o  f i r s t  disengage the c lu tch,  
then do the se lec t ing  as before, and f i n a l l y  engage the clutch. 

We a l s o  u r i t e  funct ions t o  disengage and engage the clutch. 

[ d i  sengage <= [engage <= 
( i n t e n t i o n  [clutch1 ( in ten t ion  l c l u t ch l  

( c lu t ch  engaged) (c l u tch d i sengagedl 
frcode-f or-d i sengage* *code-for-engageft 
( c l u t c h  disengaged))] (c lu tch engaged))] 

Nou our apprent ice i s  mol l i f ied.  However, the englneera dealing ui th 
the  transmission come t o  ue u i t h  some addit ional constraints.  For 
example t o  se lec t  t h i r d  gear the constraints are now that  the c l u t c h  - must be d'i sengaged and the truck must be i n  e i ther  seconb o r  f o u r t h  
gear. The other constra ints  are similar. 

hielect-upper-r ight <= ( in tent ion 
(and (c  l u t ch  d i sengaged) (or ( i n-gear 21 ( i n-gear 4) 1 1 
a%code-f or-se l ec t-upper-r i ghtft ( i n-gear 31 11 

[se lect -upper- le f t  <- ( in ten t ion  
(and ( c l u t c h  d i  sengaged) (stopped) l 
%ode-for-select-upper-left* (in-gear 1 ) ) l  

[select- lower-r  i gh t  <= ( in ten t ion  
(and (c  l u t ch  d i sengaged) ( i n-gear 3) ) 
frcode-for-select-lower-right* fin-gear 4111 

[se lec t - lower - le f t  <= ( in ten t ion  
(and (c l u t ch  d i sengagedl (or ( i n-gear 1) ( I n-gear 3) l 1 
%ode-f or-se l ec t-upper-r i ghtfr ( in-gear 2) 11 

The new requirements say that (temporarily a t  least) the t r u c k  has t 0 be 
stopped t o  s h i f t  i n t o  gear 1 and no gears can be skipped i n  s h i f t i n g  
w h i l e  running. (Note: you can s h i f t  d i r e c t l y  from any gear t o  f i r s t  i f  
the  t ruck  i s  stopped.) So ue have t o  wr i te  some new procedures t o  meet 
these new intent ions. 
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SHIFT-to: when ca l l ed  w i th  a target gear considers, i n  order, the 
f o l  lowing r u l e s  for the target gear: 

I f  i t  i s  f i r s t  gear, then do a p r im i t i ve -sh i f t - t o  f i r s t  
gear. 

I f  i t  i s  e i ther  one greater than the current gear o r  one 
less than the current gear then do a p r i m i t i v e - s h i f t - t o  the  
target  gear. 

I f  i t  i s  greater than the current gear then s h i f t - t o  one 
less than the target gear and then p r im i t i ve -sh i f t - t o  the  
target  gear. 

I f  i t  i s  less than the current gear then s h i f t - t o  one 
greater than the target gear and then p r i m i t i v e - s h i f t - t o  t h e  
target  gear. 

[ s h i f t - t o  <= (=> target-gear (rules target-gear 
(=> 1 (pr imi t ive-shi f t - to  1)) 
(=> (e i ther  (current-gear + 1) (current-gear - 1)) 

(pr im i t i ve-sh i f t - to  target-gear)) 
(=> (greater (current-gear)) ( sh i f t - t o  (target-gear - 1)) 

(pr imi t ive-shi f t - to  target-gear)) 
(=> ( less (current-gear)) ( sh i f t - t o  (target-gear + 1)) 

(p r im i t i ve-sh i f t - to  target-gear1))l 

We ask our apprentice t o  meta-evaluate our program. I t  th inks  fo r  a 
w h i l e  and sees two problems: 

I t  can only s h i f t  t o  gear 1 i f  the truck i s  stopped. 

I t  should not be asked t o  s h i f t  t o  the gear tha t  i t  a l ready 
i s  in. [The procedure sh i f t - t o  does not work i f  i t  i s  asked 
t o  s h i f t  t o  the current gear.] 

We decide t o  g ive  the fol lowing in tent ion to  SHIFT-TO: I f  the targe't- 
gear i s  f i r s t  gear then the truck must be stopped; otherwise the ta rge t -  
gear must be 2, 3, or 4 and not be the current gear. 

[ s h i f t - t o  <= ( i n ten t i on  target-gear ( ru les target-gear 
(=> 1 (stopped)) 
(=> (or 2 3 4) (target-gear /= current-gear)) 
(e lse (not-appl icable)))  

atcode-for-repeatedly-shift-to* 
(in-gear target-gear113 

To summarize we have used intent ions i n  the fol lowing somewhat d i s t i n c t  
ways: 
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To speci fy m h t  the actor i s  supposed t o  do as opposed t o  
how t o  do it. 

As a contruct that the actor has u i t h  i t s  external  
environment. How i t  car r ies  the contract i s  i t s  own 
bus i ness. 

As a formal statement of  the conditions under uhi  ch the 
actor  w i  l l f u l  I f  i l l I te  contract. 

The above example does not deal u i t h  a l l  o f  the computational issues 
t h a t  our apprent ice w i l l  be faced with. For example i t  does not  have 
soph is t i ca ted  data structures and has no concurrency or  para l le l i sm.  
Consider an on- l ine data base for  an a i r  t r a f f i c  cont ro l le r .  We s h a l l  
suppose tha t  the data-base contains the pos i t ion  and amount o f  f u e l  l e f t  
f o r  each plane that  i s  current ly  airborn. Various processes u i l l  want 
t o  read from and w r i t e  i n to  t h i s  data base. I t  i s  important t h a t  a 
process no t  get inconsistent information uhen i t  reads out the p o s i t i o n  
and f u e l  o f  a plane. This might happen i f  another process i s  
concur ren t ly  updating the pos i t ion  and fuel o f  a plane. Incons is ten t  
in fo rmat ion  might r e s u l t  i n  a plane crash because the c o n t r o l l e r  makes 
i t s  dec is ions on the basis o f  the information i t  reads i n  the data base. 
So ue need t o  put  a scheduler in f ron t  of the data base t o  a l l o u  o n l g  
one process t o  w r i t e  i n  i t  a t  once. The actor formalism enables us  to  

*Cu. 

deal  w i t h  problems l i k e  t h i s  i n  a straightforuard way. 

Peter  Bishop i s  invest igat ing the f e a s i b i l i t y  of  an actor machine. 
There are  a number o f  unsolved problems both a t  the level  o f  
a r c h i t e c t u r a l  design and eff ic iency. 

For  example, protection i s an important issue that must be faced by nex t  
generat ion systems. Actors provide a degree o f  i n t r i n s i c  p ro tec t ion .  
There i s  no way t o  coerce an actor i n to  doing anything that  i t  doesn't 
want t o  do. Thus, a t  a cer ta in  level actors can be passed around q u i t e  
f r e e l y  s ince they w i l l  only work for  authorized users. Futhermore an 
a c t o r  on l y  knows about the actors that i t  has been sent as messages. By 
these means i t  appears that actors can implement a l l  o f  the proposals 
f o r  p r o t e c t i o n  mechanisms that have thus far been published. More uork 
i s  necessary before we u i l l  know hou i n t r i n s i c  p ro tec t ion  i s  best 
u t i l i z e d .  There remain some important problems i n  p ro tec t i on  i n v o l v i n g  
i n t e n t  and t rus t .  We are current ly  considering uays i n  uhich harduare 
can be fu r the r  developed to  address the problems. Another important 
i ssue i s retention o f  storage. Current garbage co l l ec t ion techn i ques 
a r e  no t  very e f f i c i e n t  i f  the amount of storage reta ined i s  very much 
la rge r  tha t  the amount o f  fast  random access memory on the machine. 
Knowledge based systems u i l l  require a vast amount o f  on- l ine storage. 
We w i l l  be inves t iga t ing  techniques for  making garbage co l l ec ton  
f e a s i b l e  o r  unnecessary under such circumstances. 
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0. PLANNER PROGRESS 

Th is  sec t ion  gives a few more d e t a i l s  about features o f  t he  
proposed new ACTOR-based PLANNER system. 

The PLANNER p r o j e c t  i s  cont inuing research i n  natura l  and e f f e c t i v e  
means f o r  embedding knowledge i n  procedures. I n  the course o f  t h i s  work 
we have succeeded i n  u n i f y i n g  the formalism around one fundamental 
concept: the ACTOR, I n t u i t i v e l y ,  an ACTOR i s  an a c t i v e  agent which 
p l a y s  a r o l e  on cue according t o  a scr ip t .  Data structures,  funct ions,  
semaphores, monitors, ports, descript ions, Q u i l l i a n  nets, l o g i c a l  
formulae, numbers, i d e n t i f i e r s ,  demons, processes, contexts, and data- 
bases can a l l be shown t o  be special cases o f  actors. Our formal i sm 
shows how a l l  o f  these modes o f  behavior can be def ined i n  terms o f  one 
k i n d  o f  behav i or: rending meaaeger to actors. An actor i a a l ways r 
invoked un i f o rm ly  in  exac t l y  the same way regardless o f  uhether i t  
behaves as a recurs ive  function, data structure,  o r  process. 

The u n i f i c a t i o n  and s i m p l i f i c a t i o n  of the formalisms f o r  the procedura l  
embedding o f  knowledge has many benefi ts: 

INTENTIONS: The conf i rmat ion o f  proper t ies  o f  procedures i s  made e a s i e r  
and more uniform. Every actor has an INTENTION which checks t h a t  t he  
p r e r e q u i s i t e s  and the context o f  the actor being sent the message a r e  
s a t i s f i e d .  By aSZMPLEBUCwemeananac to r  which d o e s n o t  s a t i s f y  i t s  
i n t e n t i o n .  We would l i k e  t o  eliminate simple debugging o f  ac to rs  by t h e  
flETA-EVALUATION o f  actors  t o  show that  they s a t i s f y  t h e i r  i n ten t ions .  
To do t h i s  we have a proof-method ca l l ed  ACTOR-INDUCTION. Computational 
i n d u c t i o n  tNannal, s t r uc tu ra l  induction tBu rs ta l l l ,  and Peano i n d u c t i o n  
a r e  a l l  spec ia l  cases o f  ACTOR induction. Actor based i n t e n t i o n s  have 
t h e  f o l l o u l n g  advantageer 

The i n t e n t i o n  i s  decoupled from the actors i t  describes. 

I n t e n t i o n s  o f  concurrent actione are more eas i l y  disentangled. 

We can more e legan t l y  w r i t e  in tent ions f o r  dialogues between actors .  

The i n t e n t i o n s  are w r i t t e n  i n  the same formalism as the procedures 
they describe. Thus f o r  example in tent ions can have in ten t ions .  

Because p ro tec t i on  i s an intrinric property o f  actors, we hope t o  be 
a b l e  t o  deal w i t h  p ro tec t ion  issues in the same e t r a i g h t f o r u a r d  
manner as more conventional intentions. 

I n t e n t i o n s  o f  data s t ructures are handled by the same machinery as 
f o r  a l l  o ther  actors. 



AUTOMATIC PROGRAMMING, DEBUGGING, AND WCUMENTATION PAGE 59 

COMPARATIVE SCHEMATOLUCYt The theory of comparat i ve power o f  c o n t r o  l 
s t r u c t u r e s  i s  extended and unif ied. The fol lowing hierarchy o f  c o n t r o l  
s t r u c t u r e s  can be expl icated by incrementally increasing the power o f  
t he  ac to r  message eending pr imi t iver  

EDUCATION: The model i s  s u f f i c i e n t l y  natural and simple tha t  i t  can be  
made the conceptual basis o f  the model of  computation fo r  students. I n  
p a r t i c u l a r  i t  can be used as the conceptual model fo r  a genera l i za t ion  
o f  Seymour Paper t *  s " l i t t l e man" model of  LOGO. The model becomes a 
cooperat ing soc iety  o f  " l i t t l e  men" each o f  whom can address o thers  u i th  
uhom i t  i s  acquainted and p o l i t e l y  request that some task be performed. 

EXTENDABILITY:  The mode l prov i des for  on l y one ex tens i on mechan i smt 
c r e a t i n g  new actors. However t h i s  mechanism i e  s u f f i c i e n t  t o  o b t a i n  anU 
semantic extension that  mlght be desired. 

PRIVACY AND PROTECTION: Actors enable us to  def ine e f f e c t i v e  and 
e f f i c i e n t  p ro tec t i on  schemes. Ordinary protect ion f a l l s  out as an 
e f f i c i e n t  i n t r i n s i c  propertg of  the model. The pro tec t ion  i s  based on 
the  concept o f  "use". Actors can be f ree ly  passed out since they w i l l  
work on l y  f o r  actors which have the author i ty  to  uee them. Mutua l ly  

-. suspic ious "memorylese" subsystems are easi ly  and e f f i c i e n t l y  
implemented. ACTORS are a t  least ae powerful a p ro tec t ion  mechanism as  
domains [Schroeder, Needham, etc.1, access control  l i s t s  [NULTICSI , 
o b j e c t s  CWulf 19721 and capab i l i t ies  [Dennis, Plummer, Lampson]. 
Because ac tors  are l oca l l y  computationally universal and cannot be 
coerced, there i s reason t o  be1 ieve that they are a uniuerurl protection 
mechanism i n  the sense that  a l l  other protect ion mechanisms can be 
e f f i c i e n t l y  def ined using actors. The most important issues in  p r i v a c y  
and p r o t e c t i o n  tha t  remain unsolved are those involv ing i n ten t  and 
t r u s t .  We are cur ren t ly  considering ways i n  which our model can be 
f u t h e r  developed t o  address these problems. 

SYNCHRONIZATION: I t provides a t  least as pouerfu l a synchroni z a t  i on 
mechanism as the mu l t i p le  semaphore P operation u i t h  no busy u a i t i n g  and 
guaranteed f i r s t  i n  f i r s t  out d isc ip l ine  on each resource. A 
synchronizat ion actor i s  easier to  use and substantiate than a m u l t i p l e  
semaphor [O i j ks t ra  19711 since they are d i r e c t l y  t i e d  t o  the con t ro l -  
da ta  f IOU. 

SIMULTANEOUS COALS: The synchron i za t i on prob I em i 8 ac tua I l y a spec i a I 
case o f  the simultaneous goal problem. Each resource which i s  seized i s  
t he  achievement and maintenance of one o f  a number o f  simultaneous 
goals. Recently Susaman has extended the previous theory o f  goal 
p r o t e c t i o n  by making the protect ion guardians i n to  a l i s t  o f  p red ica tes  
which must be evaluated every time anything changes. We have 
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gene ra l i zed  p r o t e c t i o n  in our model by endowing each actor  w i t h  a 
scheduler  and an- in tent ion.  We thus r e t a i n  the advantages o f  l oca l  
i n t e n t i o n a l  semantics. A scheduler actor  a l  lows us t o  program EXWSES 
f o r  v i o l a t  i o n  i n case o f  need and t o  a l low NECOTIATION and r e -  
n e g o t i a t i o n  between the actor  which seeks t o  seize another and i t s  
scheduler .  Richard Waldinger has pointed out  tha t  the task o f  s o r t i n g  
t h r e e  numbers i s  a very elegant simple example i l l u s t r a t i n g  the u t i l i t y  
o f  i nco rpo ra t i ng  these k inds o f  excuses f o r  v i o l a t i n g  p ro tec t ion .  

RESOURCE ALLOCATION: Each actor  has a banker who can keep t r a c k  o f  t h e  
resources  used by the actors  tha t  are financed by the banker. 

STRUCTURING: The actor  po in t  o f  view r a  i ses some i n t e r e s t  i ng quest  i ons 
concern ing  the s t r uc tu re  o f  programming. 

STRUCTURED PROGRAMS: We ma i n t a  i n that  ac tor  commun i c a t  i on i s we l l- 
, s t ruc tu red .  Hav ingno  "go-to," in ter rupt ,  semaphore, o r  o the r  

cons t ruc ts ,  they do not  v i o l a t e  " the l e t t e r  o f  the law". Some 
readers  w i l l  probably fee l  that  some actors  e x h i b i t  " und i sc i p l i ned "  
c o n t r o l  f low. These d i s t i n c t i o n s  can be formal ized through t he  
mathematical d i s c i p l i n e  o f  comparative echematology Waterson and 
Hewi t t l .  

STRUCTURED PROGRAMMING: Some authors have advocated top doun 
programming. We f i n d  tha t  our own programming s t y l e  can be more 
accu ra te l y  described as "middle out". We t yp i ca l  l y  s t a r t  w i t h  
s p e c i f i c a t i o n s  f o r  a large task uhich we would l i k e  t o  program. We 
r e f i n e  these spec i f ica t ions,  attempting t o  create  a program as  
r a p i d l y  as possible. This i n i t i a l  attempt t o  meet the 
s p e c i f i c a t i o n s  has the e f f e c t  o f  causing us t o  change the 
s p e c i f i c a t o n s  i n  two ways: 

1: More spec i f i ca t i ons  [features which we o r i g i n a l l y  d i d  n o t  
r e a l i z e  were important] are added t o  the d e f i n i t i o n  o f  the  task. 

2: The spec i f i ca t i ons  are general ized and combined t o  produce a 
task t ha t  i s  easier  t o  implement and more su i t ed  t o  our r e a l  
needs. 

IMPLEMENTATION: Actors provide a very f l e x i b l e  implementation language. 
I n  f a c t  we a re  ca r r y i ng  out the implementation entirely i n  the formal i em 
i t s e l f .  By so doing we ob ta in  an implementation t ha t  i s  e f f i c i e n t  and 
has an e f f e c t i v e  model o f  i t s e l f .  The e f f i c i e n c y  i s  gained by  n o t  
h a v i n g  t o  incur  the i n te rp re t i ve  overhead o f  embedding the 
implementat ion i n  some other formalism. The model enables the  formal ism 
t o  answer quest ions about i t s e l f  and t o  draw conclusions as t o  the  
impact o f  proposed changes in  the implementation. 

ARCHITECTURE: Actors can be made the basis o f  the a r c h i t e c t u r e  o f  a 
computer which means tha t  a l l  the bene f i t s  l i s t e d  above can be en fo rced  
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,- and made e f f i c i e n t .  Programs u r i t t e n  f o r  the machine a re  guaranteed t o  
be s y n t a c t i c a l l y  p roper ly  nested. The basic u n i t  o f  execut ion on an 
a c t o r  machine i s  sending a message much i n  the same uay t h a t  the  b a s i c  
unit o f  execut ion on present day machines i s  an ins t ruc t ion .  On a 
c u r r e n t  generat ion machine, in order t o  do an addi t ion,  an "add" 
i n s t r u c t i o n  must be executed; so on an actor machine a harduare a c t o r  
must be sent the  operands t o  be added. There are no goto, semaphore, 
i n t e r r u p t ,  etc.  i ns t ruc t i ons  on an ACTOR machine. An ACTOR machine can 
be  b u i l t  us ing  the current  harduare technology tha t  i s  compet i t i ve  with 
c u r r e n t  generat ion machines. 

Hierarchies 

The model prov ides f o r  the f o l l ou ing  orthogonal h ierarchies:  

SCHEDULING: Every actor has a scheduler uhich determines uhen t h e  
a c t o r  a c t u a l l y  ac ts  a f t e r  i t  i s  sent a message. The scheduler 
handles problems o f  synchronization. Another job o f  the scheduler 
IRul i fson l  i s t o  t r y  t o  cause actors t o  ac t  i n  an order such t h a t  
t h e i r  i n ten t i ons  w i l l  be eat is f ied,  

INTENTIONS: Every actor has an in ten t ion  uh ich makes c e r t a i n  t h a t  
t he  p re requ i s i t es  and context o f  the actor being sent the message 
a r e  s a t i s f i e d .  In ten t ions  provide a c e r t a i n  amount o f  redundancy 
i n  the  s p e c i f i c a t i o n  o f  what i s  supposed t o  happen. 

MONITORING: Every .actor can have monitors which look over each 
message sent t o  t h e  actor. 

BINDING: Every actor can have a procedure f o r  look ing up 
va lues o f  names tha t  occur u i t h i n  it. 

RESOURCE MANAGEMENT: Every actor can have a banker uh 
t h e  use o f  space and time. 

t he  

i c h  m o n i t o r s  

Each o f  the  a c t i v i t i e s  i s  locally defined and executed a t  the p o i n t  o f  
invoca t ion .  Th is  al lows the maximum possible degree o f  para l le l i sm.  
Our model con t ras t s  s t rongly  w i t h  e x t r i n s i c  quan t i f i ca t i ona l  c a l c u l u s  
models which a re  forced i n t o  global noneffect ive statements in order  t o  
c h a r a c t e r i z e  the semantics. 
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PROJECT 4 
NATURAL LANGUAGE SYSTEMS 

DEFINITION: Our goal in  t h i s  area i s  t o  learn how t o  make systems t h a t  
unders tand language i n  deeper and more e f f e c t i v e  ways. 

I 

More s p e c i f i c a l l y ,  ue p lan  t o  develop i n te rac t i ve  na tu ra l  language 
systems f o r  use u i  th the systems described e l  seuhere in  t h i s  
proposal .  An i n t e r n a t i o n a l l y  knoun program developed in  t h i s  l abo ra to ry  
by  T. Winograd represented a d i r e c t  and intense e f f o r t  t o  combine b o t h  
new and o l d  theor ies  i n t o  a s ing le  performance system. A next  s tep  i s  
t o  "push ahead" t o  make t h i s  system more powerful, and several workers 
a r e  do ing  j u s t  that. 

However, many very serious problems remain. Winograd and o the rs  u o r k l n g  
i n  t h i s  area solved some o f  the most pers is tent  problems o f  
computat ional  l i n g u i s t i c s  by using "procedural methods", i n  which one 
can  w r i t e  spec ia l  computer programs t o  handle a l l  so r t s  o f  
cont ingenc ies.  But t h i s  leads t o  a dilemma. Although i t  seems eas ie r  
t o  handle any p a r t i c u l a r  d i f f i c u l t y ,  the whole system grows hard t o  
unders tand because o f  new and d i f f i cu l t - to -descr ibe  k inds  o f  
i n t e r a c t i o n s ,  Furthermore, pa r t s  o f  the system become inaccess ib le  t o  
"se l f -consc ious"  operat ion -- they are hidden i n  the system code, away 
from the  deduct ive mechanisms. The system becomes unable t o  e x p l a i n  i t s  
ac t i ons ,  e i t h e r  i n  d i r e c t  ansuer t o  questions or -- worse -- even in  
response t o  debugging probes by systems programmers. 

F o r  t h i s  reason, we cannot depend e n t i r e l y  on the " h o l i s t i c "  approach -- 
t h a t  i s ,  o f  making one s ing le  complete demonstration and experimental 
system -- we must a l so  consolidate un i fo rmi t ies  i n  representat ions.  The 
t r a d i t i o n a l  approach o f  grammarians, t o  put th ings i n t o  uniform, 
d e c l a r a t i v e  s t ructures,  makes neater those concepts tha t  can be so 
sxprsssed, bu t  t h e i r  i n f l e x i b i l i t y  has always led t o  inadeqate power. 
We p l a n  t o  push in a va r i e tg  o f  d i rec t ions  t o  get b e t t e r  c o n t r o l  o f  a 
g r e a t  many ideas about procedures, and semantics, annotat ion and 
cempl l a t i o n ,  and several epec i f i c  questions about the r e l a t i o n s  o f  
l i n g u i s t i c  s t r uc tu res  t o  heuristic models o f  the world. 

MILESTONES: 

T h i s  i s  a complex, r a p i d l y  developing f i e l d .  There i s  c lose  i n t e r a c t i o n  
between many d i f f e r e n t  laboratories, and systems are being shared over 
t h e  ARPANET. I 

We expect t o  see some o f  the e f f ec t s  o f  t h i s  research on the Natu ra l  
Language mi lestones mentioned in  Pro jects  1, 2, and 3 above, within 
t h r e e  years. There are d i f f e r e n t  syntact ic  requirements and semantic 
r ep resen ta t i ona l  and reasoning problems in each system, I t  i s  
a p p r o p r i a t e  f o r  na tu ra l  language research t o  a l t e rna te  betueen theory  
and experiment. This i s  the way we have proceeded in the past, in  t h e  

I 
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"a(ipa, 

Oorks o f  Bobrow, Raphael, and Winograd, and we expect t ha t  s t y l e  t o  
con t i nue  t o  be productive. Here are some o f  the steps we expect t o  see 
j n  t he  nex t  three years. We cannot be more prec ise about dates, b u t  
most o f  these are involved u i t h  Ph. 0. theses already i n  progress, and 
t h r e e  years has been our mean time from s t a r t  t o  f i n i s h  o f  such 
p r o j e c t s .  

W. M a r t i n  -- Natural  language system based on neu ideas about case- 
frames. Th is  i s  a major enterpr ise i n  Pro jec t  MAC. A number o f  
workers i n  our laboratory are working c lose ly  w i t h  f l a r t i n  and h i s  
group i n  t h i s  pro ject .  

V. P r a t t  -- a metalanguage fo r  descr ib ing c lass ica l  parsers. With 
f a c i l i t i e s  f o r  incremental changes, and use o f  loca l  v a r i a b l e s  in  
the  parser. The prototype eystem u i l l  describe r u l e s  of  
con junc t i on  and e l i s ion .  

H. Marcus -- Concept o f  "wait-and-see" parser. Some p a r t s  o f  language 
a r e  more r i g i d  than others. The order o f  th ings w i t h i n  E n g l i s h  
Noun Groups are r e l a t i v e l y  i n f l ex i b l e ,  as compared u i t h  the 

. o r d e r i n g  o f  cons t i tuen ts  w i t h i n  a clause. The wait-and-see pa rse r  
should  be ab le  t o  e x p l o i t  these inhomogeneities t o  get  more 
e f f i c i e n t ,  ye t  s t i l l  brder ly,  parsing programs. 

0. McDermott -- attempt o uniformize knowledge about "doubt ing" and 
p l a u s i b i l i t y .  Attemp 1: t o  uniformize "expert" knowledge f o r  
cornp i la t ibn i n t o  procedures, u i t h  dec larat ive represen ta t ion  
a v a i l a b l e  f o r  deduction. 

1 

A. Rubin -- Relat ionlbetbsen conventions o f  time and tense in E n g l i s h  
t o  assumptions about q u a l i f i e r s  and quant i f i e rs .  Use o f  "usual ly" ,  
"probably". The sentence "I teach on Wednesday" i s  r e a l l y  a fu tu re ,  
" I  teach on Wednesdays" i s  a (chronic) future" even though on t h e  
sur face these use'pregent tense. The l a t t e r  means "I u s u a l l y  --- 
I1 

ff. f loore -- I n  a someuhat s im i la r  vein, R. floore i s  studying, from a 
procedural  p o i n t  o f  view, questions about r e f e r e n t i a l i t y  and 
"knowledge about knowledgeH. Some of  these problems have been long- 
term bugaboos in c lass ica l  dec larat ive logic, and have never been 
c a r e f u l l y  t rea ted  in  connection w i th  computational l i n g u i s t i c s .  

I 

0.  McDonald -- An "advice-takern system fo r  i n te rac t i on  i n  E n g l i s h  
between a chess program and a chess expert. 

Hou t o  b u i l d  a metalanguage fo r  descr ib ing modern "grammarsH. 
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The new h e t e r a r c h i c a l  l i n g u i s t i c  models do n o t  submit t o  p r e s t r u c t u r e d  
" s y n t a x - d i r e c t e d "  methods. 

What shou ld  be the  s t r a t e g y  w i t h  respect  t o  a m b i g u i t i e s  i n  p a r s i n g  nou  
t h a t  semant ic  methods a re  beginning t o  e x i s t .  

Can ue  f i n d  reasonably r e g u l a r  ways t o  descr ibe  the  new h e u r i s t i c  
p a r s i n g  schemes t h a t  use la rger  s t ruc tu res :  scenar ios,  frames, 
e  tc .  ? 

Most  i m p o r t a n t  t o  us  a r e  quest ions r e l a t e d  t o  the issue o f  " u n i f o r m i t y " .  
There  i s  a cons tan t  s t rugg le ,  i n  bo th  l i n g u i s t i c  and deduc t i ve  r e s e a r c h ,  
be tween schemes t h a t  appear t o  n e a t l y  fo rmal ize  an area o f  knowledge i n  
a  s e t  o f  r e l a t i v e l y  o r d e r l y  p r i n c i p l e s  and r u l e s  -- vs. " e x c e p t i o n s "  
t h a t  become c r i t i c a l l y  important  i n  r e a l  a p p l i c a t i o n s  and c l a s h  w i t h  t h e  
b r o a d  u n i f o r m i t i e s .  Can we make a  system tha t  can e x p l o i t  t he  
advantages o f  t he  r e g u l a r  systems (easy t o  debug, easy t o  augment b y  
o t h e r  l o o s e l y  assoc ia ted  workers, etc . )  w i t h i n  a  framework t h a t  c a n  
h a n d l e  e x c e p t i o n s  a l s o  i n  an "o rde r l y " ,  h igher  l eve l  way? 

PERSONNEL: V. P r a t t ,  R. Moore, A. Rubin, 0. McDonald, 1. Marcus; 
o t h e r s  who u i l l  become invo lved ( t h i s  i s  a  popular  and growing a r e a ) ,  
and c o l  l a b o r a t i o n  w i t h  W. M a r t i n ' s  group i n  P r o j e c t  MAC. 

COSTS: Ma jo r  Computat ional Resources Required. Systems use languages 
LINGOL, MICRO-PLANNER, PROGRAMMAR, LISP, CONNIVER, PLANNER, MIOAS and 
p o s s i b l y  o the rs .  Na tu ra l  language programs s a t u r a t e  our  c u r r e n t  
computer  system when running,  and growth o f  t h i s  area u i l l  r e q u i r e  
e x p a n s i o n  o f  p r i m a r y  computer memory. 
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PROJECT 4 
NATURAL LANGUAGE RESEARCH 

A.  INTRODUCTION 

L e t  u s  p r e t e n d  t h a t  i t i s  poss i b  l e  t o  decompose Eng l i sh conversa t i on 
i n t o  processes o f  L i s t e n i n g ,  Think ing and Speaking. I n  l a r g e  measure, 
i t  was t h e  e rasu re  o f  such d i s t i n c t i o n s  t h a t  was r e s p o n s i b l e  f o r  t h e  
g r e a t  p r o g r e s s  o f  t he  past  few years. But t r a d i t i o n a l  frameworks a r e  
s t i l  l u s e f u l  i n  p r e s e n t i n g  an o v e r a l l  view o f  what i s  happening. 

Bobrow's  program, STUDENT, was an e a r l y  product o f  t h i s  l a b o r a t o r y  t h a t  
e x h i b i t e d  a l l  o f  these components cooperat ing on h i g h  school a l g e b r a  
p r o b  l ems. W i nograd' s  BLOCKS program, SHRDLU, i s a  cons i derab l y  more 
s o p h i s t i c a t e d  approach t o  the same issues, w i t h  a  much deeper c o n n e c t i o n  
between d e t a i l s  o f  the  s t r u c t u r e  o f  na tu ra l  E n g l i s h  and the  meanings o f  
words, c lauses,  and whole discourses. Our experience u i t h  SHRDLU has  
h a d  two i mpor t a n  t consequences: 

I t  has shown us  t h a t  q u i t e  n o n - t r i v i a l  n a t u r a l  language programs 
c a n  be  w r i t t e n  with today's hardware and software. T h i s  
demons t ra t i on  has encouraged a f r esh  b u r s t  o f  n a t u r a l  language 
research,  p a r t i c u l a r l y  i n  t h i s  laboratory,  

I t  has p i n - p o i n t e d  the problems we must deal with i n  p r o d u c i n g  a  
successor t o  SHRDLU. 

I t  i s  a p p r o p r i a t e  f o r  n a t u r a l  language research t o  a l t e r n a t e  between 
t h e o r y  and experiment.  SHRDLU represented a  d i r e c t  and in tense  e f f o r t  
t o  combine t h e  accumulated theory i n t o  an experimental program. We 
i n t e n d  now t o  focus on the  t h e o r e t i c a l  i m p l i c a t i o n s  o f  SHRDLU's good and 
b a d  f e a t u r e s ,  w i t h  t he  hope t h a t  what we learn  w i l l  be a p p l i c a b l e  i n  t h e  
n e a r  f u t u r e  t o  another l a rge  program t h a t  w i l l  cope u i t h  many i s s u e s  n o t  
addressed by  SHRDLU. 

We propose t o  d i v i d e  our a t t e n t i o n  between l i s t e n i n g ,  t h i n k i n g  and 
speak ing,  d e f e r r i n g  f o r  the  t ime being the issue o f  g e t t i n g  t h e  r e s u l t s  
o f  o u r  e f f o r t s  t o  i n t e r a c t  g r a c e f u l l y .  The reason f o r  t h i s  temporary 
de-emphasis o f  t he  " h o l i s t i c i 1  approach t o  n a t u r a l  language i s  t h e  need 
f o r  c o n s i d e r a b l e  a t t e n t i o n  t o  t h e o r e t i c a l  d e t a i l  be fo re  we w i l l  b e  r e a d y  
f o r  t h e  n e x t  SHRDLU. 

0. LISTENING 

Under t h e  r u b r i c  o f  " l i s t e n i n g "  ue inc lude eve ry th ing  necessary t o  
c o n v e r t  typed i n p u t  i n t o  a  rep resen ta t i on  convenient f o r  t h e  " t h i n k i n g "  
e x p e r t s  t o  work w i th .  The immediate d i f f i c u l t y  here  i s  t h a t  i t  i s  
unc  l e a r  what t h a t  represen t a  t i on ought t o  be. 
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Vaughan P r a t t  and M i t c h e l l  Marcus are s tudy ing some aspects o f  p a r s i n g .  
P r a t t  i s  concerned with the rep resen ta t i on  o f  grammatical knowledge - 
what i s  an a p p r o p r i a t e  language f o r  desc r ib ing  E n g l i s h  t o  peop le  and/or  
p a r s i n g  programs? Marcus i s  designing a parser  whose o v e r a l l  s t r a t e g y  
t a k e s  advantage o f  c e r t a i n  p r o p e r t i e s  o f  Engl ish.  

Represen ta t i on  o f  Grammatical Knowledge - Vaughan P r a t t  

A programmer i s  f r e e  t o  impose as much or  as l i t t l e  s t r u c t u r e  on h i s  
programs as  he pleases. The advantage o f  having l i t t l e  s t r u c t u r e  i s  
t h a t  he  can a t t e n d  t o  the  problem o f  encoding h i s  a l g o r i t h m  w i t h  a 
minimum o f  c o n s t r a i n t s  on hou he may express h imse l f .  U n f o r t u n a t e l y  
t h i s  s t y l e  o f  programming f requen t l y  leads t o  obscure programs, u i t h  
some u n d e s i r a b l e  consequences: 

The program i s  hard  t o  debug. 

I t  i s  h a r d  t o  t e l l  what in format ion  has been represented i n  t h e  
program. 

The f i r s t  consequence may be the programmer's own p r i v a t e  problem. When 
t h e  program proves successfu l ,  however, as SHRDLU d id ,  computa t iona l  
l i n g u i s t s ,  i n  o rde r  t o  t o  b u i l d  on the o r i g i n a l  program, may have t o  
s t a r t  f rom scra tch .  Th is  i s  a major d i f f i c u l t y  w i t h  SHRDLU a t  p resen t .  
The second consequence i s  a problem t h a t  a r i s e s  when the  programmer 
wants  t o  c l a i m  t h a t  h i s  program i n  some sense descr ibes  the  p r o p e r t i e s  
o f  i t s  problem domain. To date t h i s  has not  been a s e r i o u s  prob lem f o r  
n a t u r a l  language programmers because no program ye t  e x i s t s  t h a t  c o n t a i n s  
enough i n f o r m a t i o n  t o  c o n s t i t u t e  a b e t t e r  manual o f  E n g l i s h  than  those  
t h a t  a l r e a d y  e x i s t  on bookshelves. Th is  s i t u a t i o n  may change u i t h  t h e  
descendants o f  SHRDLU, and so i s  worth a n t i c i p a t i n g .  

H i s t o r i c a l l y ,  t h e  f i r s t  parsers  were r e l a t i v e l y  uns t ruc tured.  L a t e r ,  
c o n t e x t - f r e e  grammars became popular,  and imposed t h e i r  own p e c u l i a r  
b r a n d  o f  s t r u c t u r e  on parsers. Kuno's P r e d i c t i v e  Analyzer r e p r e s e n t s  
t h e  z e n i t h  o f  t h a t  era. I n  1967, Thorne experimented w i t h  a more 
p r o c e d u r a l  approach t o  represent ing  grammatical knowledge, and was 
q u i c k l y  f o l l o w e d  by Bobrow and Frazer, Woods, and Winograd. I n  t h e  
p rocess ,  t h e  f l e x i b i l i t y  confer red by the procedural approach a l l o w e d  
programmers t o  w r i t e  code f o r  each problem as i t  arose, t o  t h e  d e t r i m e n t  
o f  any s t r u c t u r e  they o r  t h e i r  programming language in tended t o  impose. 
We seem t o  have witnessed the r i s e  and f a l l  o f  s t r u c t u r e d  programming i n  
p a r s e r s .  

P r a t t  i s  e x p l o r i n g  one approach t o  t h i s  apparent mala ise which may 
combine t h e  advantages o f  s t r u c t u r e d  and uns t ruc tu red  approaches t o  
p a r s e r  w r i t i n g .  One wants t o  r e t a i n  the advantage o f  be ing  a b l e  t o  
s o l v e  any problem j u s t  by generat ing the approp r ia te  code, w i t h o u t  
l o s i n g  t h e  c l a r i t y  con fe r red  by a more s t r u c t u r e d  s t y l e .  The approach 
suggested i s  t o  s t a r t  ou t  w i t h  a metalanguage f o r  d e s c r i b i n g  p a r s e r s  
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which i s  designed t o  deal e l e g a n t l y  u i t h  the known issues i n  p a r s i n g  
n a t u r a l  language, and then no t  freeze the design o f  t h i s  metalanguage 
but r a t h e r  l e t  i t grou i n  response t o  unan t i c ipa ted  needs. Fo r  thi s  t o  
b e  success fu l ,  g r o u t h  w i l l  have t o  be slow; i f  i t  t u r n s  o u t  t h a t  t h e  
p r o c e s s  o f  add ing d e s c r i p t i v e  mechanisms t o  the metalanguage does n o t  
converge  r a p i d l y ,  then ue a r e  no b e t t e r  o f f  than u i t h  a  comp le te l y  
u n s t r u c t u r e d  approach. 

There  a r e  a t  l e a s t  f o u r  poss ib le  pay-of fs  from such an approach: 

I t  w i l l  be e a s i e r  t o  w r i t e  parsers from scratch,  and t o  unders tand  
and extend o the r  peoples' parsers, 

I t  u i l  I  be c l e a r e r  what our parsers have t o  say about E n g l i s h ;  t h a t  
i s ,  t h e  pa rse r  i t s e l f  may c o n s t i t u t e  a  v i a b l e  grammar o f  
Eng l i sh. 

The metalanguage t h a t  evolves may t u r n  out  t o  be a v a l u a b l e  
d e s c r i p t i v e  t o o l  f o r  l i n g u i s t s  independently o f  i t s  
a p p l i c a t i o n  t o  computers, 

The s t r u c t u r e  o f  t he  evolved metalanguage u i l  I i n  i t s e l f  p r o v i d e  
i n s i g h t s  i n t o  the nature  o f  Engl ish,  i n  t h a t  i t  w i l  l be  a  
source o f  g e n e r a l i t i e s  about d i f f e r e n t  k i n d s  o f  l i n g u i s t i c  
phenomena. 

One f a u l t  with p rev ious  at tempts t o  prov ide  a  complete d e s c r i p t i v e  
language, such as Chomsky's t ransformat ional  grammar, i s  t h a t  t hey  d i d  
n o t  e x p l i c i t l y  p r o v i d e  f o r  grouth, and so stagnated. The s i t u a t i o n  i s  a  
l i t t l e  l i k e  t h a t  o f  a carpenter  who i n i t i a l l y  sees a  need f o r  a hammer, 
saw and s c r e u d r i v e r ,  and from then on t r i e s  t o  do e v e r y t h i n g  u s i n g  o n l y  
t h o s e  t o o l s .  By a l l o w i n g  room f o r  grouth, we may avo id  the  s i t u a t i o n  i n  
l i n g u i s t i c s  wherg one school o f  thought c o r r e c t s  f o r  inadequacies in  
a n o t h e r ' s  metalanguage by abandoning i t  complete ly  and r e p l a c i n g  i t  w i t h  
a  r a d i c a l l y  d i f f e r e n t  one, which makes i t  d i f f i c u l t  f o r  t h e  d i f f e r i n g  
s c h o o l s  t o  b u i  I d  on each o t h e r ' s  uork. 

A s i m i l a r  s i t u a t i o n  i s  obta ined i n  programming language des ign  
p h i l o s o p h y ,  One school o f  thought o f f e r s  PL/I as a complete panacea, 
w h i l e  ano the r  p r e f e r s  the  n o t i o n  o f  an ex tens ib le  language on t h e  
grounds t h a t  ue a r e  u n l i k e l y  t o  a n t i c i p a t e  every programming need. I t  
i s  p o s s i b l e  t h a t  some o f  the ideas t h a t  have a r i s e n  i n  the  develonment 
o f  e x t e n s i b l e  languages may be t rans fe rab le  t o  the problem i n  h. 

A s e r i o u s  d i f f i c u l t y  with "growing" a  metalanguage i s  t h a t  n o t h i n g  at  
a1 I i s  known about hou t o  do t h i s  g race fu l l y .  P r a t t  has been u s i n g  ' 
LINGOL, a  programming language designed f o r  l i n g u i s t s ,  as a  medium i n  
w h i c h  t o  c a r r y  o u t  some experiments u i t h  t h i s  approach. The r e s u l t s  so 
f a r  have i n d i c a t e d  t h a t  smooth growth can be achieved o n l y  by p l a y i n g  i t  -- b y  ear .  A t  p resen t  the  process seems t o  cons is t  o f  d i s c o v e r i n g  
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i n d u c t i v e l y  t he  most general form o f  what one wants t o  say, and t h e n  
d e s i g n i n g  t h e  a p p r o p r i a t e  metalanguage feature.  An example o f  such a 
f e a t u r e  i s  t h e  use o f  the  n o t i o n  o f  loca l  v a r i a b l e  i n  t he  s u r f a c e  
s t r u c t u r e  o f  E n g l i s h  sentences. Th is  f ea tu re  was r e a d i l y  implemented by 
d r a w i n g  on  t h e  corresponding fea tu re  i n  LISP. I t  seems t o  be a 
g e n e r a l l y  u s e f u l  idea, be ing  app l i cab le  t o  a l a rge  v a r i e t y  o f  p rob lems 
i n  n e g a t i o n ,  as  w e l l  as t o  d i f f i c u l t i e s  i n  sub jec t -verb  and a d j e c t i v e -  
noun agreement when t r a n s l a t i n g  i n t c ,  say, French o r  German. 

A p r o j e c t  t h a t  may t e s t  whether t h i s  idea o f  growth can be c a r r i e d  
f u r t h e r  i s  t h a t  o f  f i n d i n g  an appropr ia te  way t o  desc r ibe  the  r u l e s  o f  
c o n j u n c t i o n  and e l i s i o n ,  as i n  "The Chinese have s h o r t  names and t h e  
Japanese long".  F u r t h e r  experience w i t h  such problems hope fu l  l y  w i l l  
l e a d  t o  a b e t t e r  understanding o f  the value o f  t h i s  approach, and may 
l e a d  t o  more sys temat ic  methods o f  growing metalanguages. 

Wait-and-See Pars ing  - M i t c h e l l  Marcus 

When a p a r s e r  i s  faced with a choice o f  p o s s i b i l i t i e s ,  i t  may choose 
one, proceed, and i f  d i f f i c u l t i e s  a re  l a t e r  encountered, back up t o  t h e  
p o i n t  where t h e  d e c i s i o n  was made and choose another p o s s i b i l i t y .  
A l t e r n a t i v e l y ,  i t  may choose a l l  p o s s i b i l i t i e s  s imu l taneous ly ,  and c a r r y  
a l o n g  a l l  o f  t h e i r  consequences in  p a r a l l e l ,  hoping t h a t  sooner o r  l a t e r  
most o f  t h e  p o s s i b i l i t i e s  w i l l  f a l l  by the wayside. I n  t he  e a r l y  days  
o f  p a r s i n g ,  on1 y t h e  f i r s t  opt  i o n  occurred t o  programmers. Then Cocke 
sugges ted  an a l g o r i t h m  which was adopted by Kay, u h i c h  implemented t h e  
second o p t i o n .  A t  t he  t ime i t  was f e l t  t ha t  the p a r a l l e l  method was 
l e s s  e f f i c i e n t  than the  back-up method, which Kuno proceeded t o  use i n  
t h e  H a r v a r d  P r e d i c t i v e  Analyzer. I n  1967 Younger and E a r l e y  
i n d e p e n d e n t l y  p o i n t e d  ou t  t h a t  i n  p r i n c i p l e  the p a r a l l e l  approach was 
r e a l  l y  c o n s i d e r a b l y  more e f f i c i e n t  than " d e s t r u c t i v e "  backup, i n  w h i c h  
t h e  r e s u l t  o f  p a r s i n g  a s u b s t r i n g  i s  abandoned when back ing  up ove r  t h a t  
s u b s t r i n g .  Kuno changed h i s  parser  t o  i nco rpo ra te  n o n - d e s t r u c t i v e  
backup and r e p o r t e d  order-of-magnitude improvements. Thorne's (1967) 
p r o c e d u r a l  l y  o r i e n t e d  parser  used the p a r a l l e l - p a r s e  approach a l s o ,  b u t  
f rom then  on Thorne's  successors reve r ted  t o  the  backup method i n  t h e  
hope t h a t  b y  guessing c l e v e r l y ,  backup cou ld  be h e l d  t o  a m i n i m u m .  So 
f a r  no  one has c la imed t h a t  h i s  parser guesses r i g h t  most o f  t h e  t ime.  

Marcus  proposes t o  combine the general idea o f  p a r a l l e l  p a r s i n g  w i t h  
t e c h n i q u e s  t h a t  take advantage o f  c e r t a i n  fea tu res  o f  E n g l i s h .  I t  
appears  t o  be the  case t h a t  some r u l e s  o f  grammar a r e  more r o b u s t  t h a n  
o t h e r s .  I n  p a r t i c u l a r ,  the r u l e s  tha t  d i c t a t e  word o rde r  w i th in  Noun 
Groups a r e  q u i t e  i n f l e x i b l e ,  For example, one may say "my f i v e  handsome 
hunt i n g  dogs" , b u t  n o t  "my handsome hunt i ng f i ve dogs" o r  "my f i ve 
h u n t i n g  handsome dogs". Moreover, i t  i s  no t  even a q u e s t i o n  o f  s t y l e :  
t h e  meaning o f  t he  phrase can be d i s t o r t e d  o r  l o s t  by such a 
p e r m u t a t i o n .  The s i t u a t i o n  w i t h  Verb Groups such as " shou ld  have been 
seen" i s  even more r i g i d  w i t h  respect  t o  word order ,  a l t h o u g h  adverbs  
a r e  p e r m i t t e d  t o  appear w i t h i n  the group, p r e f e r a b l y  a f t e r  t h e  f i r s t  
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I t l  c o n t r a s t ,  t h e  order  o f  c lause cons t i t uen ts  (Noun Groups, Adverbs, 
Verbs)  i s  r e l a t i v e l y  unimportant.  Adverbs may appear anywhere, a l t h o u g h  
t h e y  may n o t  break up a l ready formed Noun Groups. Sub jec t  and O b j e c t  
t e n d  t o  go b e f o r e  and a f t e r  the verb respec t i ve l y ,  b u t  t h i s  r u l e  i s  
f r e q u e n t l y  broken, e.g. "Some f l a v o r s  almost everybody l i k e s " ,  and 
p o e t i c  l i c e n s e  r e a d i l y  a l l ows  "Heard I the l a r k  a t  even t ide "  w h i l e  
t e n d i n g  t o  f rown on i n t e r f e r e n c e  with Noun Group rearrangement, o t h e r  
t h a n  t o  a l l o w  a d j e c t i v e s  t o  f o l l o w  nouns (a v a r i a n t  a l s o  p e r m i t t e d  
o c c a s i o n a l l y  i n  prose) ,  

These o b s e r v a t i o n s  suggest t h a t  a  f a i r l y  convent ional  syntax-based 
approach may be adopted f o r  pars ing  Noun Groups, and t h a t  a  more 
s e m a n t i c a l l y  o r i e n t e d  technique i s  appropr ia te  f o r  e l u c i d a t i n g  t h e  
r e l a t i o n s  h o l d i n g  between the c lause const i tuents .  

T h i s  m o t i v a t e s  t h e  n o t i o n  o f  the  Wait-and-See parser. When a  Noun Group 
i s  b e i n g  scanned, the  parser  commits i t s e l f  immediately t o  t h e  i n t e r n a l  
s t r u c t u r e  o f  t h i s  Noun Group, and a l so  attempts t o  determine i t s  
seman t i c  r e f e r e n t  i n  order  t o  f a c i l i t a t e  assembling c lause c o n s t i t u e n t s .  
A m b i g u i t i e s  w i t h i n  a  Noun Group are recorded as p a r t  o f  t h e  s t r u c t u r a l  
i n f o r m a t i o n  about the  Noun Group and are  thus an i n t e r n a l  problem and 

< "R- o n l y  m a r g i n a l l y  r e l e v a n t  t o  the c lause c o n s t i t u e n t  assembler. 
A m b i g u i t i e s  about where the Noun Group begins and ends a r e  reco rded  a s  
s e p a r a t e  Noun Groups, t o  be sor ted  out  by the c lause c o n s t i t u e n t  
assembler .  Verb Groups a re  handled s i m i l a r l y ;  ambigu i ty  tends t o  be  
l e s s  o f  a problem with Verb Groups than Noun Groups, and so t h e  
s i t u a t i o n  i s  even s impler .  Other types o f  c lause c o n s t i t u e n t s  a r e  f o r  
the most p a r t  r e l a t i v e l y  simple and r e q u i r e  o n l y  cu rso ry  i n s p e c t i o n  i n  
o r d e r  t o  i d e n t i f y  them as c lause const i tuents .  

The p a r t  o f  t h e  parser  descr ibed so f a r  may be c h a r a c t e r i z e d  as a 
"middle-down" parser ,  as d i s t i n c t  from the usual top-down and bot tom-up 
p a r s e r s .  I t  i s  middle-down because i n i t i a l l y  i t  i s  on the  look-out  f o r  
c l a u s e  c o n s t i t u e n t s ,  and can genera l ly  manage t o  p r e d i c t  t he  t y p e  o f  
c o n s t i t u e n t  from look ing  a t  i t s  f i r s t  word. The commonest e x c e p t i o n  t o  
t h i s  i s  i n  t h e  case o f  Noun Groups t h a t  don' t  beg in  w i t h  a  de te rm ine r  
and f o l l o w  another  Noun Group, as i n  "The c i t y  people l i k e  i s  Boston".  
I n  t h i s  and s i m i l a r  cases, the parser preserves i t s  middle-doun f l a v o r  
by guess ing  a l l  p o s s i b i l i t i e s  as e a r l y  as possib le.  

As c l a u s e  c o n s t i t u e n t s  a r e  discovered by the f i r s t  component o f  t h e  
p a r s e r ,  a  second component, the one t h a t  i s  going t o  draw on semant ic  
i n f o r m a t i o n ,  a t tempts  t o  f i t  these cons t i t uen ts  together  t o  form 
c lauses .  I n  t h e  absence o f  r i g i d  s y n t a c t i c  r u l e s  a t  t h i s  l e v e l ,  t h i s  
component u i l l  f r e q u e n t l y  have t o  a l low several c o n s t i t u e n t s  t o  
accumula te  w h i l e  i t  w a i t s  t o  see (hence the term Wait-and-See p a r s e r )  
what i s  t h e  most p l a u s i b l e  way o f  p u t t i n g  the c o n s t i t u e n t s  toge the r .  I t  

c"" i s  a t  t h i s  l e v e l  t h a t  considerable emphasis w i l l  be p laced  on c l e v e r  
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methods t o  use a l l  a v a i l a b l e  syn tac t i c ,  semantic and con tex tua l  
i n f o r m a t i o n  t o  complete the pars ing  o f  the sentence, Many problems 
r e l a t e d  t o  c o n j u n c t i o n  and e l i s i o n  w i l l  a l so  be handled a t  t h i s  l e v e l ,  
and Marcus hopes t h a t  h i s  approach w i l l  considerably s i m p l i f y  these 
p r o b  l ems. 

The wait-and-see approach can be seen t o  d i f f e r  i n  impor tant  r e s p e c t s  
f rom b o t h  backup-or iented and p a r a l l e l  parsing. C e r t a i n l y  no backup i s  
i n v o l v e d .  On the  o the r  hand, leaving clause c o n s t i t u e n t s  l y i n g  a round  
u n a t t a c h e d  u n t i l  t h e i r  r o l e  can be determined d i f f e r s  from t h e  p a r a l l e l  
approach i n  t h a t  t h e  l a t t e r  attempts t o  commit c o n s t i t u e n t s  t o  a l l  o f  
t h e i r  ( p o s s i b l y  m u l t i p l e )  r o l e s  a t  the same time. The wait-and-see 
approach commits nobody u n t i l  a  d e f i n i t e  r o l e  emerges. 

Marcus proposes t o  implement a parser based on these ideas s t a r t i n g  a t  
t h e  end o f  t h e  c u r r e n t  summer. 

C. THINKING 

" T h i n k i n g "  embraces a wide range o f  a c t i v i t i e s  and problems. A l i e t e n e r  
may t r y  t o  f i g u r e  ou t  what the speaker r e a l l y  meant by h i s  u t t e r a n c e ;  h e  
may search  f o r  i ncons is tenc ies  i n  i t :  he may deduce i t s  consequences: 
he may a t tempt  t o  r e p l y  t o  i t ;  he may take phys ica l  a c t i o n  based o n  i t ;  
h e  may draw conc lus ions  about the speaker; o r  he may s imply  choose n o t  
t o  b e l i e v e  a word the  speaker i s  saying. Obviously t h i s  i s  n o t  i n t e n d e d  
t o  be  an exhaus t i ve  l i s t  - i t  j u s t  i l l u s t r a t e s  the comp lex i t y  o f  t h e  
" t h i n k i n g *  problem domain. 

C o n s i s t e n t  w i t h  t h i s  complexity,  we have most o f  our people work ing  on 
p rob lems  i n  t h i s  area. Drew McDermott i s  f o l l o w i n g  up t h e  ideas 
deve loped  i n  h i s  Master 's  thes is ,  and i s  concerned with t h e  problems o f  
r e p r e s e n t i n g  and upda t ing  knowledge; the degree t o  which one can 
s u c c e s s f u l l y  c a r r y  ou t  the  l a t t e r  depends h e a v i l y  on the  n a t u r e  o f  t h e  
fo rmer ,  and so work i s  needed on s u i t a b l e  representa t ions .  Andee R u b i n  
i s  a d d r e s s i n g  the  i n t e r p l a y  between time and tense; n o m i n a l l y  E n g l i s h  
h a s  p r o v i s i o n  f o r  d e a l i n g  w i t h  past,  present and f u t u r e  events, b u t  i n  
p r a c t i c e  r e l y i n g  on tense alone may g i ve  q u i t e  erroneous i n f o r m a t i o n  
abou t  t ime. Robert  Moore i s  developing a language s u i t a b l e  f o r  
r e p r e s e n t  i ng  a number o f  concepts tha t  a re  dea l t w i th poor l y o r  n o t  a t  
a l l  b y  o t h e r  formal isms such as the p red ica te  ca lcu lus .  

Represent ing  and updat ing knowledge - Drew McDermott 

The n o t i o n  o f  procedural  embedding o f  knowledge has been popu la r  f o r  
some t i m e  i n  t h i s  Laboratory.  Drew McDermott has j u s t  completed a 
M a s t e r ' s  t h e s i s  i n  which he explored t h i s  concept i n  cons ide rab le  depth,  
b y  r e p r e s e n t i n g  as procedures a l l  the knowledge in  TOPLE ( f o r  TOPLEvel), 
a  n a t u r a l  language understanding system, McDermott i s  d i s s a t i s f i e d  w i t h  
some aspec ts  o f  procedural  embedding. 
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One problem t h a t  arose i n  TOPLE was tha t  d i f f e r e n t  types o f  knowledge 
v a r i e d  in t h e i r  a c c e s s i b i l i t y  by TOPLE. Some knowledge uas s t o r e d  as 
CONNIVER items. These are pattern-accessible pieces o f  knowledge, 
Th ings  l i k e  (SLIGHTLY-BIGGER BOX1 BOX21 were s tored t h i s  way. However, 
knpwledge t r a d i t i o n a l l y  r e q u i r i n g  quan t i f i e rs ,  l i k e ,  " i f  x i s  s l i g h t l y  
b i g g e r  than y, and y  i s  s l i g h t l y  bigger than z ,  then x  i s  b igger  than  
2 , "  were hidden away i n  procedures and ad hoc data tables. Such 
a s s e r t i o n s  were no t  i n  the same format as the items, and cou ld  n o t  be 
med i t a ted  upon a t  a l l  by TOPLE. S t i l l  other forms o f  knowledge, such 
as, " i f  s  i s  a  s tep i n  the proof o f  p, and you want t o  doubt p, t r y  
d o u b t i n g  s,' were even more remote, being d i s t r i b u t e d  throughout the  
system. 

If we assume t h a t  a  program tha t  "knows i t s e l f "  i s  going t o  be a b l e  t o  
make more e f f e c t i v e  use o f  what i t  knows, i t  would seem reasonable t o  
e l e v a t e  a l l  knowledge t o  the same level .  This seems t o  lead back t o  t h e  
i d e a  t h a t  knowledge should perhaps a f t e r  a l l  be represented as 
d e c l a r a t i v e s .  Unfor tunate ly ,  one aluays needs some procedure l u r k i n g  
somewhere i n  order t o  make th ings work, and so we appear t o  be i n  a b i t  
o f  a dilemma. flcoermott p lans t o  so r t  out  these issues i n  the n o t  t o o  
d i s t a n t  fu tu re .  

*- F o r  t h e  present,  HcDermott i s  considering a l t e r n a t i v e  rep resen ta t i ons  
f o r  b e l i e f  systems s i m i l a r  t o  TOPLE. The types o f  knowledge t h a t  need 
t o  be represented include: 

Knowledge about p a r t i c u l a r  domains. This i s  the knowledge about space, 
what monkeys can do, etc. I n  TOPLE, i t  i s  scat tered about v a r i o u s  
CONNIVER methods. 

How t o  use such informat ion.  For example, the d i f f e r e n t  p a r t i a l  
o rde r i ngs  (such as s i ze  l a t t i c e s  fo r  physical  objects,  space 
r e l a t i o n s h i p s )  are  searched by expert rou t ines  r a t h e r  than by a  
general  deduct ive system, A d i f f e r e n t  example i s  the monkey 
s imu la to r  by which TOPLE understands the monkey i n  i t s  world. The 
knowledge about what a monkey can do i s  scat tered about and 
i n t e r l e a v e d  w i t h  knowledge about what he i s  l i k e l y  t o  do. 

How t o  doubt th ings.  Each rou t i ne  that  adds a  p iece o f  knowledge t o  t h e  
w o r l d  model i s  responsible f o r  saving w i t h  i t  the i n fo rma t i on  
needed t o  remove i t  l a t e r  should i t  c o n f l i c t .  There i s  no reason 
why t h i s  in fo rmat ion  shouldn't be expressible. 

What changes a re  b e t t e r  than others. This i s  done w i t h  e n t i r e l y  ad hoc 
numbers and wh is t les  i n  the cur rent  version, and should d e f i n i t e l y  
be systematized. 

How t o  debug statements w i t h  quant i f ie rs .  I n  the cu r ren t  TOPLE, a l l  --- such statements a re  bur ied  i n  rou t ines  which the system i s  n o t  
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smart  enough t o  examine. There i s no reasod why a formal l anguage 
cannot  be  d iscovered uh ich  can express how tb debug s ta tements  in  
t h e  language, i 

The more knou l  edge i s encoded i n  decl a r a t  i ves, th= more the  be l i e f  
system w i l l  have t o  be read ing i n s t r u c t i o n s  and f o l l o w i n g  them o r  
f i g u r i n g  them out ,  r a t h e r  than j u s t  doing them, and the  s lower t h i n g s  
w i l l  go. T h i s  i s  e s p e c i a l l y  t r u e  i f ,  say, knowledge about how t o  go 
abou t  deduc ing i s  s t a t e d  i n  a deduct ive formalism. A most p r o m i s i n g  
approach seems t o  be t o  express every th ing  i n  d e c l a r a t i v e s  and c o m p i l e  
t h e  w o r l d  model p e r i o d i c a l l y  us ing  the methods s t u d i e d  by Sussman h e r e  
a t  N.I.T. He has a BLOCKS-WORLD system w i t h  knowledge about 
programming, debugging, and physics, which compiles statements about  
b l o c k s  and a c t i o n s  i n t o  programs t o  c a r r y  them out.  McDermott i n t e n d s  
t o  s t u d y  h i s  work ve ry  c a r e f u l l y  t o  see how i t  might be conver ted  t o  
t h i n k i n g  about  doubt ing  b e l i e f s  instead o f  moving b locks,  and t o  see t o  
what degree t h e  k i n d s  o f  knowledge h i s  program has can be expressed i n  a 
unlform language, Then perhaps h i s  program can be used t o  comp i le  
g e n e r a l  d e c l a r a t i v e 8  i n t o  expert  procedures. 

I Time and Tense - Andee Rubin 
I 

T h i s  yea r  Rub in  proposes t o  cont inue her i n v e s t i g a t i o n  o f  na tu r *a l  
language, c o n c e n t r a t i n g  on the  $@mantics o f  t ime expreseions. A 
p r e l i m i n a r ~  goal  u i l l  be t o  understand the syntax o f  the  E n g l i s h  tense  
system: t h i s  s t r u c t u r e  has a l ready been invest iga ted,  as ev idenced b y  
t h e  work o f  H a l l i d a y  and Bruce. However, knowing the  tense o f  a c l a u s e  
i s  o f t e n  n o t  enough; i n  many cases i t  i s  complete ly  mis leading.  Even 
t h e  s i m p l e s t  o f  tenses, present  tense, has a myriad o f  uses, spann ing 
p a s t ,  p r e s e n t  and fu ture .  Consider these examples: 

Cars  use gas.1 (un iversa l  
Alphonse loves h i s  doctor.  (present) 
A I  phonse sees hi s doctor  Wednesday. ( f u t u r e )  
Alphonse sees h i s  doctor  Wednesdays. ( f u t u r e )  
I f  he goes, 1.11 go. ( f u t u r e  c o n d i t i o n a l )  

Even sentences which appear a t  f i r s t  glance t o  c o n t a i n  p resen t  tense  
b o t h  s y n t a c t i c a l  l y  and semant ical ly ,  may have t h i s  meaning changed b y  
c o n t e x t .  A s e c r e t a r y  e n t e r i n g  an o f f i c e  w i t h  o f f i c i a l  n o t i c e s  uho a s k s  
"Hou many peop le  a r e  i n  t h i s  o f f i c e ? "  doesn't expect a r e p l y  u h i c h  
s i m p l y  r e q u i r e s  l ook ing  around and counting. Her ques t ion  might  be  
r e p h r a s e d  a s  "How many people are  usual l y in  t h  i s o f f  i ce?" T i  me 
cons  i d e r a  t i ons a r e  n o t  immune from the who l e "usua l l yl' p rob  l em: hou t o  
do l o g i c  w i t h  q u a l i f i e r s  such as usua l ly ,  probably and t y p i c a l l y .  

On t h e  r e p r e s e n t a t  i ona l side, t i  me w i  l l n o t  be organi  zed as a uni form 
s e t  o f  p o i n t s  l i n e a r l y  ordered by the r e l a t i o n  "before." Rather, t i m e  
u i l l  be  i n  chunks, such as YESTERDAY, THIS-YEAR, THIS-MORNING etc.,  
w h i c h  w i l l  be i n  general h i e r a r c h i c a l l y  organized. Events u i l l  b e  
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p a r t i a l  l y  o rde red  w i t h i n  contexts,  bu t  c e r t a i n l y  no t o t a l  o r d e r i n g  can  
b e  expected.  I n  a d d i t i o n ,  c e r t a i n  subcontexts may have a p rede te rm ined  
i n t e r n a l  s t r u c t u r e :  we tend t o  organize workdays i n t o  MORNING, LUNCH, 
AFTERNOON, DINNER and EVENING and the t ime o f  events i s  thus o f t e n  
s p e c i f i e d  as  " a f t e r  d inne r "  o r  "before lunch." 

T h i s  r e s e a r c h  w i l l  be c a r r i e d  out  i n  the mini -wor ld o f  everyday 
a c t i v i t i e s ,  such as go ing t o  school, shopping, going t o  work, t r a v e l i n g  
e t c .  The program u i l l  be a v i r t u a l  roonimate which accepts i n f o r m a t i o n  
a b o u t  t h e  pas t ,  p resent  and f u t u r e  a c t i v i t i e s  o f  i t s  roommates and 
answers q u e s t i o n s  about t h e i r  whereabouts, p lans  and schedules. I t  i s  
hoped t h a t  t h i s  con tex t  u i l l  p rov ide  p l e n t y  o f  o p p o r t u n i t i e s  f o r  u s i n g  
and d e c i p h e r i n g  more complex t ime and tense references.  

A Computat ional Theory o f  Desc r ip t i ons  - Robert f loore 

Methods advocated f o r  rep resen t ing  knowledge i n  A t i f i c i a l  I n t e l l i g e n c e  
programs have inc luded  l o g i c a l  statements (f lccarthy, Sandewal l ) ,  
seman t i c  ne tworks  (Qui l l ian, Schank), and procedures (Heui t t, Sussman 
and McOermott). A l l  these approaches share one fundamental concept ,  t h e  
n o t i o n  o f  p r e d i c a t i o n .  That i s ,  the bas ic  data s t r u c t u r e  i n  each system 
i s  some r e p r e s e n t a t i o n  o f  a p red ica te  app l i ed  t o  ob jec ts .  I n  t h i s  

..*- r e s p e c t ,  t h e  v a r i o u s  systems a re  more o r  less equ iva len t .  B u t  t h i s  
b a s i c  i d e a  must be extended t o  handle problems o f  q u a n t i f i c a t i o n  and 
knou ledge  about  knowledge. Here the systems do d i f f e r  a l t hough  these  
d i f f e r e n c e s  r e s u l t  from the d e s c r i p t i v e  apparatus used i n  t h e  p a r t i c u l a r  
systems b e i n g  compared, r a t h e r  than from an inherent  advantage o f ,  say, 
p r o c e d u r e s  over  dec l a r a  t i ves or  v i ce versa, 

Advocates  o f  PLANNER (e.g. Winograd, p. 215) have argued t h a t  t h e  
p r e d i c a t e  c a l c u l u s  cannot represent  how a p iece  o f  knowledge s h o u l d  b e  
used. B u t  t h i s  i s  t r u e  o n l y  o f  the f i r s t - o r d e r  p r e d i c a t e  c a l c u l u s .  I n  
a h i g h e r - o r d e r  o r  non-ordered d e c l a r a t i v e  language, s tatements c o u l d  b e  
made wh ich  would t e l l  a theorem prover how o ther  statements a r e  t o  be  
used. PLANNER, on the  o ther  hand, has no way o f  d i r e c t l y  s t a t i n g  an 
e x i s t e n t i a l  q u a n t i f i c a t i o n ,  bu t  t h i s  does not  mean t h a t  p rocedura l  
languages a r e  n e c e s s a r i l y  incapable o f  hand l ing  t h a t  problem. Moore h a s  
worked o u t  t h e  p r e l i m i n a r y  d e t a i l s  o f  a language 0-SCRIPT w i t h  p o w e r f u l  
f o r m a l i s m s  f o r  d e s c r i p t i o n s ,  which enables i t  Yo rep resen t  s ta temen ts  
t h a t  a r e  p r o b l e m a t i c a l  i n  o ther  systems, Since i t  i s  in tended t o  answer 
q u e s t i o n s  by  making deduct ions from a data base, i t  can be thought  o f  a s  
a theorem prover .  Since i t  operates by comparing express ions  l i k e  t h e  
data-base languages o f  PLANNER and CONNIVER, i t  can be thought  o f  a s  a 
p a t t e r n - m a t c h i n g  language. And s ince i t  inc ludes the  lambda c a l c u l u s ,  
i t  c a n  be  thought  o f  as a programming language. 

The f o l l o w i n g  example suggests the s o r t s  o f  problems addressed b y  D- 
SCRIPT. A c l a s s i c  problem i s  t h a t  o f  represent ing  opaque con tex ts .  An 

Ass- 
opaque c o n t e x t  i s  one which does not  a l l ow  s u b s t i t u t i o n  o f  r e f e r e n t i a l l y  
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e q u i v a l e n t  expressions or  does not a l low e x i s t e n t i a l  q u a n t i f i c a t i o n .  
F o r  example the verb "want" creates an opaque context: 

(1.1) John wan'ts t o  marry the p r e t t i e s t  g i r l .  

T h i s  sentence i s  ambiguous. I t  can mean e i the r r  

(1.2) John wants t o  marry a  spec i f i c  g i r l  who a l so  happens t o  be 
the p r e t t i e s t .  

o r :  

(1.3) John wants t o  marry whoever i s  the p r e t t i e s t  g i r l ,  a l though  
he may no t  know who that  is. 

Under the  f i r s t  i n t e r p r e t a t i o n  we can subs t i tu te  any phrase which r e f e r s  
t o  t he  same person f o r  " the  p r e t t i e s t  g i r l " .  That i s ,  i f  the p r e t t i e s t  
g i r l  i s  named " S a l l y  Sunshine", from (1.2) we can i n fe r :  

(1.4) John wants t o  marry a  spec i f i c  g i r l  who a l so  happens t o  be 
named S a l l y  Sunshine, 

We cannot make the cot-responding inference from (1.3). I t  w i l l  n o t  be 
t r u e  t ha t :  

(1.5) John wants t o  marry whoever i s  named S a l l y  Sunshine, a l t hough  
he may no t  know who that  i s ,  

Because o f  t h i s  property,  (1.2) i s  ca l l ed  the transparent read ing  o f  
(1.1) and (1.3) i s  c a l l e d  the opaque reading. I t  i s  almost always t he  
case t h a t  sentences having an opaque reading are ambiguous w i t h  the  
o t h e r  r ead ing  being transparent. 

Other  problems deal w i t h  time reference (compare "The Pres ident  has been 
m a r r i e d  s ince  1945" w i t h  "The President has l i v e d  i n  the White House 
s i n c e  1800"); and represent ing knowledge about knowledge (e,g., i f  John 
knows t h a t  B i l l ' s  phone number i s  987-6543, may we represent the  E n g l i s h  
sentence "John knows B i  l 1's phone number" as ' (KNOWS JOHN (PHONE-NUMBER 
B ILL  987-6543))?); one r e a l l y  wants i n  one's formalism t o  be a b l e  t o  
name a p iece  o f  knowledge without having t o  say what i t  is .  

F o r  a l l  these types o f  sentences, 0-SCRIPT provides represen ta t ions  
which a l l o w  the co r rec t  deductions t o  be made. Further,  i t  p rov ides  
separa te  represen ta t ions  f o r  each meaning o f  the ambiguous sentences, 
and these represen ta t ions  are re l a ted  i n  a  way tha t  exp la ins  the 
amb i gu i ty .  

A d e t a i l e d  account o f  D-SCRIPT may be found i n  [Moore 19731. 
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D. SPEAKING 

The q u e s t i o n  o f  "how do we speak?" has f o r  the most p a r t  been i g n o r e d  b y  
n a t u r a l  language researchers  i n  favor o f  ask ing  "how do we unders tand?" .  

B u t  t h e r e  a r e  impor tant  quest ions here about how we o rgan ize  our  
though t .  Understanding how people decide what i s  a p p r o p r i a t e  t o  say -- 
a p p l y i n g  l i n g u i s t i c  knowledge -- and knowledge about the  s t a t e  o f  
u n d e r s t a n d i n g  o f  the  r e c i p i e n t  -- i s  an i n t e l l e c t u a l  task o f  no smal l 
o r d e r .  

Work done t o  d a t e  on such systems as LUNAR, SHRDLU, o r  o t h e r  q u e s t i o n -  
a n s w e r i n g  systems i n v o l v e  r a t h e r  weak generat ion schemes o r  speak ing 
components, r e l y i n g  t o  a la rge ex tent  on i n f l e x i b l e  combinat ions  o f  
canned o r  f i l l - i n - t h e - b l a n k  responses. Computer programs have n o t  been 
c o n s c i o u s  enough o f  what they said, making i t  impossib le t o  c a r r y  on a 
p r o p e r  conversa t ion .  I n  the  fu ture ,  programs i n  more complex domains, 
such a s  medical  d iagnosis,  w i l l  be requ i red  t o  f l u e n t l y  e x p l a i n  t h e i r  
r e a s o n i n g  and t o  be aware o f  the  knowledge o f  t h e i r  audience so as  t o  
speak a t  an  a p p r o p r i a t e  leve l ,  

I f  we want t o  expose our conversat ion machine t o  Tu r ing ' s  t e s t ;  t h a t  i s ,  
t o  have a l i f e l i k e  q u a l i t y ,  the  system needs a coherent r e p r e s e n t a t i o n  

eh o f  t h e  s c e n a r i o  i n  which i t  i s  involved. The d iscourse system must b e  
d e s i g n e d  t o  e x p l o i t  t h i s  s t ruc tu re .  Thus the speaking component o f  a 
c o n v e r s a t i o n  machine, u h i l e  no t  c r i t i c a l  i n  some a p p l i c a t i o n s ,  p r o v i d e s  
t h e  glamour t h a t  makes conversat ions seem purposefu l ,  f l u e n t  and 
n a t u r a l .  T h i s  assumes, o f  course, the ex is tence o f  h i g h  q u a l i t y  
l i s t e n i n g  and t h i n k i n g  components. 

A T a l k a t i v e  Chess Program -- David McDonald 

D a v i d  McDonald i s  p lann ing  t o  develop a p ro to type  program cabab le  o f  
d i s c u s s i n g  i t s  own reasoning processes i n  n a t u r a l  language. I t  s h o u l d  
b e  a b l e  t o  change i t s  ideas as a r e s u l t  o f  the  conversat ion .  

Chess has  been chosen t o  be the  domain because o f  t he  complex b u t  
s t r a i g h t f o r w a r d  n a t u r e  o f  the  reasoning invo lved and because, s i n c e  i t  
i s  so we1 I conta ined,  the re  would be no problems w i t h  ambiguous 
vocabu la ry .  McDonald i s  i n t e r e s t e d  both  i n  l i n g u i s t i c  a n a l y s i s  o f  what 
k i n d  o f  language knowledge i s  involved in  speaking and with t h e  q u e s t i o n  
o f  how t h a t  knowledge i s  s t r u c t u r e d  i n  a computat ional envi ronment and 
o f  what t h e  p o i n t s  o f  connect ion at,% w i t h  the o ther  p a r t s  o f  t h e  
program'  s cogn i t i ve s t ruc tu re .  

Once we have an adequate semantic domain, ue can cons ider  f o r  t h e  f i r s t  
t i m e  ( a t  l e a s t  i n  a computat ional contex t )  what a r e  the  d i f f e r e n c e s  
between t h e  cho ices  every language speaker makes cont inuous ly .  Cons ide r  
t h e s e  sentences, w i t h  the  same simple p r o p o s i t i o n a l  content :  
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John 's  b i t c h i n g  i n  the  o f f i c e  i nd i ca tes  unhappiness w i t h  h i s  job. 

John's b i t c h i n g  i n  the o f f i c e  i nd i ca tes  t h a t  he i s  unhappy w i t h  
h i s  job. 

John b i t c h e s  i n  the  o f f i c e  which i nd i ca tes  t h a t  he i s  unhappy u i t h  
h i s  job. 

John b i t c h e s  i n  the o f f i c e  i n d i c a t i n g  t h a t  he i s  unhappy w i t h  h i s  
job, 

What a r e  t h e  d i f f e r e n c e s  between these sentences t h a t  m o t i v a t e  u s  t o  
p i c k  one over  the  o thers? Can we p i n  down and work with t h e  n o t i o n s  o f  
o v e r t o n e  o r  v i e u p o i n t  t h a t  a re  involved here? 
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PROJECT 5 
IMPORTANT THEORETICAL TOPICS 

DEFINITION: This "project" brings together a variety of vital questions 
that underlie the problems faced by all the other tasks. 

Inference from Incomplete Data 
Modal Logic and Formalization of Common Sense 
Qualitative Physics 
Scenar i os, Frames, and Reasoning by Anal ogy 
Memory Structures and Difference Netuorks 
Theories of Semantic Information Retrieval 

MILESTONES: Time scales for recognizable achievements in these 
theoretical areas are hard to set, but in most cases we expect 
significant results within the two years, because of the involvement of 
Ph.0. students. 

Learning Machines: As always, the limitations on learning are set by 
what we know about representing the kinds of things to be learned. 
We expect substantial extensions of Sussman's debugging-learning 
system to appear within two years. 

Struc tura I Descr i p t i on: N. Dun l avey' s Ph.0. topic concerns extending 
Winston's "grouping" descriptions so as to deal with interactions, 
e.g.,  to understand the structures at the corners of periodic 
brick-like structures -- give;? descriptions of the non-singular 
parts and general knowledge about three-dimensional objects. 

Qualitative Physics: Several members of the Laboratory -- Papert, 
Abelson, Rinsky, Goldstein, DiSessa, and others -- are working on 
attempts to formulate commonsense knowledge about static and 
dynamic mechanics. These will result in several publications 
within the next year or so, Many problems arise in experiments on 
machine intelligence because things obvious to any person are not 
represented in any programs. One can pull with a string, but one 
cannot push with one. One cannot push with a thin wire, either. A 
taut, inextensible cord will break under a very small lateral 
force. Pushing something affects first its speed; only indirectly 
its position! Simple facts like these caused serious problems when 
Charniak attempted to extend Bobrow's "Student" program to more 
realistic applications, and they have not been faced up to until 
now. 

Inductive Inference: R. J. Solomonof f wi l l be a member of the laboratory 
in 1974. We hope to see this result in some applications of his 
we1 I-known general theory of induction, I t  is not known whether 
this kind of theory can in fact be applied usefully, even though 
many mathematicians and phi losophers are impressed with its clarity 
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: a s  compared t o  p rev ious  formulat ions.  

Modal L o g i c :  J.R. Ge iser  w i l l  cont inue t o  exp lo re  r e l a t i o n s  between t h e  
A 1  f o r m u l a t i o n s  and those o f  modern work i n  modal l o g i c .  

Frame Theory and Scenarios: f l insky and several  s tudents  a r e  w o r k i n g  o n  
a new s t r a t e g y  f o r  rep resen ta t i on  o f  common sense knowledge. An 
e x t e n s i v e  p u b l i c a t i o n  should appear w i t h i n  a year. 

COSTS: C h i e f l y  i n  personnel,  w i t h  console and computat ional  c o s t s  f o r  
h e u r i s t i c  programs i n  the  f i r s t  th ree  and l a s t  areas mentioned above. 
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PROJECT 6 
EXPERT PROBLEM-SOLVING PROGRAMS 

DEFINITION: I n  t h i s  area we p lace p r o j e c t s  i n  which ideas have reached  
the p o i n t  o f  concreteness a t  uh i ch  enough t h e o r e t i c a l  problems a r e  
u n d e r s t o o d  t o  j u s t i f y  an experimental h e u r i s t i c  program. The most 
advanced o f  these i s  Chess: R. Greenblat t  expects t o  make i m p o r t a n t  
advances i n  i n c o r p o r a t i n g  surpr ise-ana lys is  and some o t h e r  t a c t i c a l  and 
s t r e t e g i c  e lements i n t o  h i s  chess program. See the  d e t a i l e d  d i s c u s s i o n  
in  Chess Subpro jec t  Sect ion,  below. 

A l s o  i n  p r o g r e s s  a r e  

Geometry: A. Brown i s  working on a Ph.0. t h e s i s  i n  t h i s  area. H i s  
program w i l l  advance our understanding o f  how t o  use l o g i c a l  
methods under the  c o n t r o l  o f  knowledge-based methods f o r  
r e p r e s e n t i n g  p r o o f  and a p p l i c a t i o n  s t ra teg ies .  The s c i e n t i f i c  
d i r e c t o r s  o f  t he  A 1  Laboratory have taken a s t rong  p o s i t i o n  a g a i n s t  
t h e  wor ld-wide general optimism about the p o t e n t i a l  i n  "mechanical  
theorem p r o v i n g "  w i t h i n  t r a d i t i o n a l  formal systems o f  l o g i c  o r  
modest v a r i a n t s  o f  these. To pu t  i t  i n  an almost q u i x o t i c  form, w e  
c o n s i d e r  L o g i c  t o  be l i t t l e  more than a l a s t - r e s o r t  h e u r i s t i c  t o  b e  
t r i e d  when common sense has f a i l e d .  Nevertheless, ue need t o  f ind 
forms o f  l o g i c  t h a t  can be used by i n t e l l i g e n t  systems w i t h o u t  t h e  
r e s t r i c t i o n s  t h a t  l o g i c i a n s  have t r a d i t i o n a l l y  assumed necessary  
and va l uab l e. 

S e r i e s  A c c e l e r a t i o n :  R.W. Gosper has d iscovered a v a r i e t y  o f  methods 
f o r  decomposing and reassembling convergent mathematical s e r i e s  so  
as  t o  g r e a t l y  acce le ra te  the r a t e s  o f  convergence over c e r t a i n  
domains o f  range and des i red  prec is ion .  He i s  t r y i n g  t o  
sys temat i ze  these r e s u l t s .  I t  i s  hoped, a lso,  t h a t  t h e  t h e o r y  o f  
t hese  methods may i l l u m i n a t e  long-standing quest ions  about t h e  
r e l a t i v e  c o m p u t a b i l i t y  o f  c l a s s i c a l  transcendental numbers. 

Semant ic  I n f o r m a t i o n  Systems: J. Heldman i s  beg inn ing a d o c t o r a l  t h e s i s  
i n  t h e  area o f  f i n d i n g  legal  case c i t a t i o n s ;  i.e., t o  p r e s e n t  a 
case and have the  system f i n d  one i n  the l i t e r a t u r e  t h a t  agrees i n  
enough l e g a l l y  important  features. 

Theorem-proving: A. Nevins i s  extending h i s  l o g i c a l  deduc t ion  p l u s  
h e u r i s t i c  case-analys is  system. 

MILESTONES: P r o j e c t s  such as these u s u a l l y  make s i g n i f i c a n t  s t e p s  in  
two g e a r s  o r  so, as they a re  on the scale o f  i n d i v i d u a l  l a r g e  h e u r i s t i c  
programming p r o j e c t s .  We expect a d e f i n i t i v e  p u b l i c a t i o n  i n  each o f  t h e  
above i n  2 years  o r  less. 
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APPLICATIONS: We do n o t  t h i n k  o f  these as a p p l i c a t i o n s  systems so much 
as "checkout "  and f i e l d - t e s t i n g  o f  ideas i n  "tough" environments. 
G e n e r a l l y ,  a l l  o f  t he  c e n t r a l  ideas i n  these experiments a r e  concerned 
w i t h  how t o  deal  w i t h :  

D e c i s i o n s  under u n c e r t a i n t y  
D e c i s i o n s  under l i m i t e d  resource c o n s t r a i n t s  
D e c i s i o n s  under i m p e r f e c t l y  s p e c i f i e d  goal c o n d i t i o n s  

o r  where one cannot a c t u a l l y  check out  a l l  p o s s i b i l i t i e s  b u t  has t o  
choose some a c t i o n  t o  perform. 

COSTS: Personnel ,  console, and processor costs, None o f  these r e q u i r e  
s p e c i a l  hardware. In some cases, the p r i n c i p a l  reselai-cher w i l l  r e q u i r e  
systems programmer ass is tance i n  exped i t ing  i n te rac t j i ve  se rv i ces ,  
s p e c i a l  d i s p l a y s ,  o r  extensions o f  the h igh- leve l  languages. 
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PROJECT 6.1 
A COMPUTER CHESS "SUBPROJECT" 

A.  INTRODUCTION 

A l t h o u g h  chess research has proceeded a t  the MIT-A1 laL  and i t s  
p redecessors  f o r  almost 15 years, i t  has no t  p r e v i o u s l y  been made a  p a r t  
o f  p r o j e c t  p roposa ls  o r  rece ived e x p l i c i t  funding support.  The 
f o l l o w i n g  b r i e f  h i s t o r y  i s  o f f e r e d  t o  e x p l a i n  the c u r r e n t  s t a t e  o f  t h e  
s u b j e c t .  

How a chess program works 

B o t h  chess programs and humans p l a y i n g  chess (from a l l  ev idence) r e l y  
h e a v i l y  on  t h e  method o f  h e u r i s t i c a l l y  l i m i t e d  search, T h i s  s i m p l y  
means t h a t  g i v e n  a  p o s i t i o n ,  one proceeds t o  look a t  t he  p o s s i b i l i t i e s  
f o r  one s ide ,  t h e  r e p l i e s  f o r  the other, e tc .  Rapid ly ,  however, one 
r u n s  i n t o  t h e  g x ~ o n e n t  i a l growth of $& tree phenomena and i t i s  
necessary  t o  s t o p  the  a n a l y s i s  wel l  shor t  o f  f i n a l  s o l u t i o n  (checkmate) 
and fo rm a judgment as t o  the mer i t s  o f  the p o s i t i o n .  The most common 
way t o  c o n c e p t u a l i z e  the  s t r u c t u r e  formed i n  t h i s  way i s  c a l l e d  t h e  pame 

,-- tree. The g i v e n  p o s i t i o n  i s  v i s u a l i z e d  as the top node i n  t h e  t r e e ,  

w i t h  a l t e r n a t i v e s  f o r  the  s ide  uh ich  i s  t o  move forming the  l e v e l  1 
branches.  The l e v e l  2 branches are poss ib le  r e p l i e s  f o r  t h e  o t h e r  s ide ,  
and so  f o r t h .  Fo r  computers, the module tha t  forms t h i s  judgement a t  
t h e  t e r m i n a l  nodes i s  c a l l e d  the s t a t i c  p o s i t i o n  eva luator .  The 
" r a t i o n a l "  behav ior  o f  the  p laye rs  can then be modeled by a  method 
c a l l e d  mini-max. T h i s  method simply r e f l e c t s  the  f a c t  t h a t  g i v e n  a  
number o f  choices,  a  p laye r  w i l l  choose the most favo rab le  t o  h i m s e l f ,  
and t h a t  what i s  good f o r  the wh i te  p layer  i s  n e c e s s a r i l y  bad f o r  t h e  
b l a c k  p l a y e r .  Us ing the  mini-max method, the values assigned by  t h e  
s t a t i c  p o s i t i o n  eva lua to r  a re  successively propogated back t o  t h e  n-1 
l e v e l  nodes, n-2 l e v e l  nodes, etc.,  u n t i l  a  va lue  i s  assigned t o  t h e  
topmost  node. Then the  move which led  t o  the the top node g e t t i n g  i t s  
v a l u e  i s  p l a y e d  and the  procedure i s  completed. 

A Few Bas ic  Improvemen,ts 

The 3 l ~ h a - b e t a  a l g o r i t h m  i s  a  method whereby the t r e e  search ing 
p r o c e d u r e  desc r ibed  above can be made more e f f i c i e n t .  I t s  b a s i s  i s  t h a t  
once a  move has been proved bad (worse than some o the r  move) i t  i s  n o t  
necessary  t o  con t inue  look ing  t o  see e x a c t l y  how bad i t  i s .  A p l a u s i b l e  
move a e n e r a t o r  may be incorpora ted f o r  the purpose (among o t h e r s )  o f  
d i  s c a r d i  n g  w o r t h l e s s  moves more e f  f  i cen t  ly. A l a rge  c l a s s  o f  methods 
may b e  used t o  a t tempt  t o  insure  tha t  the p o s i t i o n s  rep resen ted  b y  t h e  
t e r m i n a l  nodes a r e  s tab le ,  t h a t  is ,  n e i t h e r  s ide  can g r e a t l y  improve h i s  

p ~ ~ n  p o s i t i o n  i n  a  few moves. Houever, t h i s  remains a ve ry  d i f f i c u l t  p rob lem 



PROJECT 6 EXPERT PROBLEM-SOLVING PROGRAMS PAGE 82 

( e q u i v a l e n t  i n  the  l i m i t  t o  s o l v i n g  chess), 

B. "LEVELS" OF CHESS PROGRAMS 

The chess programs developed i n  the l a s t  15 years can be r o u g h l y  
c l a s s  

Newel 
1961. 

f i e d  as fo l l ows :  

Level -1 

I ,  Simon, and Shaw program and the Kotok e t  a l  program, b o t h  c i r c a  
These e a r l y  programs were extremely weak, p l a y i n g  a t  t h e  l e v e l  o f  

a  n o v i c e  who has p layed about ten games i n  h i s  l i f e .  One reason f o r  
t h i s  weakness was t h a t  the programs were o v e r l y  concerned about " h i g h  
l e v e l "  h e u r i s t i c s  a t  the expense o f  the bas ic  maxim o f  chess t o  " t a k e  
t h e  o t h e r  guy 's  p ieces" .  They f a i l e d  t o  p l a y  out  exchanges, r e s u l t i n g  i n  
g r o s s  b lunders .  The search parameters were f a r  too narrow f o r  t h e  
s o p h i s t i c a t i o n  o f  the  program. For example the Kotok program 
i n v e s t i g a t e d  4  p l i e s  deep w i t h  widths o f  4, 3, 2, and 1 (meaning i t  
looked  a t  t h e  "bes tn  4  moves i n  the o r i g i o n a l  p o s i t i o n ,  t h e  " b e s t "  3 
r e p l i e s  t o  each o f  them and so on). The program would have no doubt  
p l a y e d  b e t t e r  i f  i t  had been set  t o  look on ly  two p l i e s  deep, l o o k i n g  a t  
8 t o p  moves a t  each p l y .  Another major f a c t o r  was extreme lack  o f  
debugg ing and i u n i n q  s ince each program played o n l y  a  few games i n  i t s  
e n t i r e  e x i  stence. 

Level 0 

The Russ ian  program o f  1961, the Greenblat t  program o f  1966, and t h e  
Carneg i  e  program o f  1972 search p l  ausi b l  Q m ~ t u r e  chains whi c h  a r e  
i n d e f i n i t e l y  deep, thus avo id ing  gross b lunders t h a t  leave p i e c e s  
t o t a l l y  Joose. They a re  a l s o  charac ter ized by much wider searches t h a n  
t h e  l e v e l - 1  programs, i n v e s t i g a t i n g  from 15 t o  a l l  the  l ega l  moves a t  
t h e  t o p  two l e v e l s  a t  tournament speed s e t t i n g s  (2.4 minutes p e r  move). 

There  i s  l i t t l e  o r  no at tempt a t  soph is t i ca ted  chess knowledge, 
c o n c e n t r a t i n g  i ns tead  on b r u t e  fo rce  searching. The programs a r e  
r e l a t i v e l y  s imp le  and e a s i l y  debugged. The e a r l y  Greenb la t t  program 
a c h i e v e d  a  u, tournament r a t i n g  o f  1450, and a  Carnegie r a t i n g  o f  
1280. T h i s  means t h a t  they cou ld  beat most amateur chess p l a y e r s ,  b u t  
u e r e  i n  t h e  lowest c l a s s  o f  tournament p layers.  

Level 1 

The G r e e n b l a t t  program o f  1968 incorporated va r ious  improvements. A 
" s i m p l e "  (by l a t e r  standards anyway1 p l a u s i b l e  move aenera tor  was used. 
I t  has some idea o f  g o s i t i o n a l i t y ,  mechanisms f o r  c r e d i t i n g  a t t a c k i n g  
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and d e f e n d i n g  moves, and cons idera t ion  o f  ~ i s c o v e r i e s  and b lockaaes,  
among o t h e r  th ings .  The s t a t i c  p o s i t i o n  eva luator  i nc luded  pawn 
s t r u c t u r e  as w e l l  as ma te r ia l .  Th is  program achieved a  r a t i n g  o f  1720 
i n  one tournament and once drew an 1880 p layer .  These a r e  t h e  b e s t  
ach ievements  o f  any chess program t o  date. An 1880 p l a y e r  i s  r i g h t  a t  
t h e  median o f  tournament p layers,  and s ince 280 p o i n t s  cor responds 
a p p r o x i m a t e l y  t o  one standard d e v i a t i o n  i n  the d i s t r i b u t i o n ,  1720 i s  
s l i g h t l y  l e s s  than one standard d e v i a t i o n  below median. The program 
c o u l d  b e a t  a lmost  a l l  amateur (non-tournament) p l a y e r s  i t  p layed.  

Level 2 

The G r e e n b l a t t  program o f  1971 had concep tua l i za t i on  o f  t h e  i dea  o f  
t h r e a t ,  gnswer inq  th reat ,  and other  "medium l e v e l "  concepts. 
F o r w a r d  c u t o f f  i s  h e a v i l y  r e l i e d  on t o  avoid unnecessary searching.  
A s s e r t i o n  l i s t s  c a l l e d  move d e s c r i ~ t i o n  tab les  were formed and 
processed,  l ead ing  t o  r e a l i z a t i o n  o f  how the va r ious  components o f  t h e  
move a f f e c t  each o ther .  For  example, i f  p iece X i s  a t t a c k e d  and p i e c e  X 
i s  a l s o  p inned,  then the  a t t a c k  assumes spec ia l  s i g n i f i c a n c e .  

I n  one tournament, t he  program drew 2 games i n  6 s t a r t s ,  a l l  a g a i n s t  
s t r o n g  p l a y e r s  r a t e d  1680 o r  higher. Although t h i s  r e s u l t e d  i n  a  

a- per formance r a t i n g  lower than t h a t  o f  the leve l  1 program, when 
a l l o w a n c e  i s  made f o r  the  f a c t  the opponents were u n i f o r m l y  s t r o n g e r ,  
t h e  o v e r a  l l p e r  formace was on l y  s  l i ght l y  weaker ( I n  ach i ev i ng  t h e  1720 
pe r fo rmance  r a t i n g ,  t he  l eve l  1 program had the o p p o r t u n i t y  t o  b e a t  two 
1400 p l a y e r s ) .  Program complexi ty  i s  an order  o f  magnitude g r e a t e r  t h a n  
t h e  l e v e l  one program, and there  was a high inc idence o f  bugs. 

Level 2.5 

The c u r r e n t  G r e e n b l a t t  program has f u r t h e r  improvements and b e t t e r  
debugg ing f a c i l i t i e s  added t o  the features o f  the l eve l  2 program. I t  
a l s o  i n c o r p o r a t e s  i n t o  the  s t a t i c  ~ o s i t i o n  g a l u a t o r  new g i e c g  m o b i l i t y  
and b o a r d  c o n t r o l  components. I t  has not  been t r i e d  i n  tournament 
c o m p e t i t i o n .  I n  cons ide r ing  leve l  2 and h igher  programs, one must keep  
i n  mind t h e  tremendous accuracy demanded o f  the p l a u s i b l e  move 
a e n e r a t o r .  These programs b a s i c a l l y  don t look a t  moves u n l e s s  t h e y  
c a n  see they  a r e  good. There are  many, many reasons a  move m igh t  be  
good, and i t  o n l y  takes one omission t o  lose the  game. The p l a u s i b l e  
move g e n e r a t o r  i s  faced w i t h  the task o f  examining hundreds o f  moves, 
each o f  wh ich  might  be good f o r  between one and tuo hundred d i f f e r e n t  
reasons.  The a c t u a l  game t r e e  i s  v a s t l y  smal l e r  than t h e  l eve1 8 and 1 
programs, w i t h  a  tournament move based on making perhaps 250 o r  l e s s  
moves. The programming e f f o r t  invo lved has g r e a t l y  exceeded o r i g i o n a l  
e s t i m a t e s ,  b u t  i t  appears the job i s  very n e a r l y  done a t  t h e  p r e s e n t  
t ime.  



PROJECT 6 EXPERT PROBLEM-SOLVING PROGRAMS PAGE 84 

Level 3 

The n e x t  s t e p  i s  the  passing o f  symbolic i n fo rma t ion  between l e v e l s  o f  
t h e  search. Thus i f  c e r t a i n  moves are  found t o  be good a t  t h e  lower 
l e v e l s ,  i n f o r m a t i o n  i s  passed back desc r ib ing  them so t h a t  t h e  h i g h e r  
l e v e l  can t r y  t o  s top  them ( s u r ~ r i s e  anatus is ) .  A f e a t u r e  c a l l e d  
" t h r e a t  Dass down" propagates in format ion  from the h igher  l e v e l s  doun. 
B a s i c a l l y ,  i f  a  move i s  p layed w i t h  a  known th rea t ,  i t  assures t h a t  
a n a l y s i s  i s  n o t  stopped before  tha t  t h rea t  i s  disposed o f .  These and 
o t h e r  r e l a t e d  f e a t u r e s  should be implemented i n  the near f u t u r e ,  b u t  
t h e n  a long  process o f  t u n i n q  and development w i l l  p robab ly  occur. What 
r a t i n g  a  l e v e l  3 program can achieve i s  an i n t e r e s t i n g  quest ion .  1 
b e l i e v e  an 1800 r a t i n g  i s  no t  unreasonable, bu t  upward p rog ress  may soon 
b e  made imposs ib le  w i thou t  improvements t o  the a m. I n  any event ,  
t h i s  q u e s t i o n  should be resolved. 

DISCUSSION: A t  l e v e l  3, a t  l as t ,  we would be developing r e a l i s t i c  
p r o b l e m - s o l v i n g  s k i l l s  i n  a  s i t u a t i o n  where a  h o s t i l e  opponent i s  t r y i n g  
t o  f i n d  and e x p l o i t  our weaknesses. I t  remains t o  be seen j u s t  how t h i s  
d i f f e r s  f rom t h e  "games aga ins t  nature"  t h a t  A 1  programs o r d i n a r i l y  
c o n s i d e r .  To be sure, many h e u r i s t i c  programs have been w r i t t e n  t o  p l a y  
games. B u t  we fee l  t h a t  i n  most cases the approach c o u l d  be 
c h a r a c t e r i z e d  as depending most ly  on " t ree-prun ing"  concepts, and do ( o r  
d i d )  n o t  ana lyse the  spec ia l  features o f  the compet i t ion.  (The a n a l y s e s  
o f  N e u e l l ,  Shau, and Simon a re  not  subject  t o  t h i s  c r i t i c i s m ,  we f e e l . )  

C. CHESS AS A MICROWORLO FOR A1 

Chess has  been o f  i n t e r e s t  i n  the past  mainly because o f  i t s  c l a s s i c a l  
n a t u r e  and c e r t a i n  we l l -pub l i c i zed  bets, p r e d i c t i o n s  and i n t e r n a t i o n a l  
matches. Recent ly ,  however, i t  i s  beginning t o  appear t h a t  chess may 
w e l l  turn o u t  t o  be an important  micro-world f o r  A 1  i n  i t s  oun r igh t .  
Comparing Chess t o  o the r  micro-worlds (such as the  BLOCKS WORLD), we 
n o t e  t h e  f o l l o w i n g  po in ts :  
1) Chess i s  a  " r e a l "  problem i n  the sense t h a t  i s  n o t  d e f i n e d  by  t h e  A1 

researcher ,  b u t  by the  ou ts ide  world. P a r t s  o f  t he  problem can  n o t  
b e  d e f i n e d  away w i thou t  paying a h i g h  p r i ce .  

2 )  Chess i s  a  "wor ld "  as d i s t i ngu ished  from a "micro-world" i n  t h a t  we 
a r e  competing w i t h  ser ious  a d u l t  persons r a t h e r  than t r y i n g  t o  do 
what eve ry  s i x  year o l d  can, as i n  na tu ra l  language. 

3)  Chess o f f e r s  unique advantages f o r  learn ing  programs. Note t h a t  b y  
l e a r n i n g  here  I dont mean adjustment o f  p r e - e x i s t i n g  po lynomia l  
c o e f f i c e n t s  o r  spot a s s i m i l a t i o n  o f  some f a c t  l i k e  an a s s e r t i o n .  1 
r e f e r  t o  an extended ana lys i s  o f  a hard problem n o t  s p e c i f i c a l l y  
f o reseeab le  b y  the  programmer and concep tua l i za t i on  and 
i n c o r p o r a t i o n  o f  the r e s u l t s .  A t  a  l a t e r  stage, chess may p r o v e  
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i n t e r e s t i n g  because o f  the oppor tun i t y  i t  may o f f e r  t o  s t u d y  "meta- 
c o m p i l i n g "  processes. I n  other  uords, once the  da ta  t o  be l e a r n e d  
i s  ob ta ined,  i t  must be processed t o  more f u l l y  i n c o r p o r a t e  i t  u i t h  
t h e  e x i s t i n g  s t r u c t u r e  and t o  increase e f f i c i e n c y .  Compare t h e  
f i r s t  t ime  you r i d e  a b i c y c l e  u i t h  subsequent attempts. 

4) Chess i s  a l r e a d y  one o f  t he  most deeply s tud ied  areas o f  human 
prob lem s o l v i n g ,  i n  v i e u  o f  the uork o f  DeGroot, Newel l and Simon, 
and some o thers .  

D. PHASES OF THE GAME 

I t  has  been recogn ized by human w r i t e r s  f o r  many years t h a t  chess can  
p r o f  i tab1 y be cons idered t o  conei s t  o f  three subheadings, the  o ~ e n i  nq, 
t h e  m i d d l e  aame and the  mdaarn?. I t  i s  found t h a t  l e v e l  8 and above 
programs p l a y  reasonably we l l  i n  the opening us ing  the  m idd le  game 
methods, a l t h o u g h  i t  i s  a simple matter t o  incorpora te  an epen inq  b o o k  
o f  p re-determined responses. The main e f f o r t  o f  computer chess 
programmers has been on the  middle game, which i s  d e a l t  u i t h  above. No 
s e r i o u s  e f f o r t  has been made t o  date t o  deal u i t h  n o n - t r i v a l  endgames, 
a l t h o u g h  i t  i s  f r e q u e n t l y  s a i d  t h a t  the  d i f f e r e n c e  between a master and 

.#_a a e x p e r t  i s  endgame p lay .  I f  the  program has won m a t e r i a l  i n  t h e  m i d d l e  
game, i t  can u s u a l l y  arrange t o  win by queening passed pawns. 
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PROJECT 7 
IDENTIFYING AREAS OF APPLICATION 

A, I NTRODUCT I ON 

Over the past decade, there has been (in our firm opinion) great 
progress in the field of Artificial Intelligence. A large portion of 
the important work in this area was supported by ARPA's IPT sponsorship. 
The results are not widely understood, partly because this is a 
genuinely technical domain and partly because both the press and the 
scientific public have strong, non-technical, prejudices about uhat is 
possible and what is not. Thus, in order that the investment be 
effectively exploited, it is important both to produce better 
expositions and documentation of technical progress and to produce 
informed technical evaluations of the practicality of near-term 
application projects. 

We are not quite ready to make a commitment to do this. We do not think 
there would be any value in commissioning such a study without pre- 
empting the services of one of the very few men who we feel have 
comprehensive overviews. What we do propose is to uork over the next 
year to produce a general exposition, based on expanding the plan of our 
1972 Progress Report, which has been demonstrably successful in 
explaining much of the subject to other audiences. 

In particular, we are proposing tuo small-scale study projects, outlined 
below. The first uill be to assess the implications of A1 research on 
the general Information Retrieval problem; we feel that progress in 
semantic representations may have brought this area close to a major 
breakthrough point. The second project will be to develop a work-plan 
for a large-scale assessment of A1 potentials; some preliminary sketches 
are presented below. 

8. STUDY PROJECT FOR A PERSONAL ASSISTANT SYSTEM 

DEFINITION: Study project for a major application: the "manager's 
assistant". We feel that the field of Semantic Information retrieval 
ie ready for major advances. There already exist a wide variety o f  
speci lized Management Information Systems. They illustrate very uell a 
fami liar sort of "A1 Paradox": 

It is easier to make a program behave as a highly specialized 
expert than to make one behave in a ~trai~ghtforward, common 
sense way. 

This applies to Information Management just as i t  does to many other 
fields. Thus, over the years we have seen special systems developed 
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f o r  

I n v e n t o r y  c o n t r o l  
Classroom schedul ing 
Assembly- l ine and job-shop a l l o c a t i o n  
Investment  t r u s t  r e p o r t s  
L i b r a r y  r e t r i e v a l  
Account ing  data  

and so f o r t h .  One uses such systems ( i f  one uses them a t  a1 1) on 
c o n s t r a i n e d  occasions, f o r  constra ined purposes. There a r e  no systems, 
however, t h a t  one can use f o r  "o rd ina ry "  purposes, t o  do s imp le  jobs. 

What l i m i t s  t h e  amount a  person can do? A b i l i t y ,  o p p o r t u n i t y ,  
i n f o r m a t i o n ,  t ime. Every person i s  a  manager, d e c i d i n g  what t o  do 
h i m s e l f ,  uha t  he can ge t  o the rs  t o  do, what i n fo rma t ion  he needs. 

We would  l i k e  t o  cons ider  the p o s s i b i l i t y  t h a t  the  t ime i s  r i p e  f o r  
d e v e l o p i n g  a "general-purpose" computer based A s s i s t a n t  system. Its 
purpose  u o u l d  be t o  save one's time, he lp  get  and keep i n f o r m a t i o n ,  and 
p e r f o r m  chores  t h a t  e i t h e r  one has t o  do o r  one does n o t  do because o f  
a1 I those  l i m i t a t i o n s .  To present  the image, here i s  a  s c e n a r i o  
i n v o l v i n g  a Pro fesso r  and a  Personal Ass is tan t  program. 

.em.& 

T h i s  example i s  chosen o n l y  because we know t h i s  s i t u a t i o n  best .  Any 
r e a d e r  more f a m i l i a r  w i t h  such func t i ons  as Admin is t ra t i on ,  management, 
E n g i n e e r i n g  Design, M i l i t a r y  Command, etc,, can e a s i l y  c o n s t r u c t  a  
s i m i  l a r  s c e n a r i o  f o r  t h a t  k i n d  o f  funct ion.  

A p r o f e s s o r  happens t o  read a  paper on plasma s t a b i l i t y  by a 
c e r t a i n  author .  He does not  consider the  main r e s u l t  v e r y  
o r i g i n a l  o r  important,  bu t  a  c e r t a i n  example i n  t h e  paper m i g h t  
be  r e l e v a n t  t o  one o f  h i s  students'  work. 

He t e l  I s  the  Ass is tan t  Program the c i t a t i o n  o f  t h e  paper, and 
e n t e r s  h i  s remarks. I n  1975, he would have t o  type i t in; i n  
1980 t h e r e  i s  a  good chance he cou ld  speak d i r e c t l y  t o  t h e  
mach i ne. 

The Semantic Analyser sends a  note  t o  the  s tudent  ( o r  t o  t h e  
s t u d e n t ' s  A s s i s t a n t  Program). I t  makes a  no te  about t h e  
c i t a t i o n  and the  Pro fessor 's  remarks i n  a  data  bank f o r  
i n f o r m a t i o n  r e t r i e v a l  about Plasma theory and r e l a t e d  s u b j e c t s ;  
i t  ass igns  a  d e s c r i p t i o n  t h a t  w i l l  no t  a t t r a c t  a t t e n t i o n  u n l e s s  
t h e r e  i s  some reason t o  suppose t h a t  the  s i t u a t i o n  might  have 
changed r e g a r d i n g  the paper's o r i g i n a l i t y .  

Some months l a t e r ,  the  Professor needs the  example! He cannot  
remember t h e  c i t a t i o n  o r  the author 's  name. He does n o t  even 

.parr, 
remember t h a t  t he  paper was about plasmas -- the  example 
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concerned c l a s s i c a l  Hami l tonian machanics. F o r t u n a t e l y ,  he  does 
remember t h a t  he had thought the student  might  be i n t e r e s t e d ,  
and t h a t  t he  i n c i d e n t  occured l a s t  Winter.  He t e l l s  t h e  
A s s i s t a n t  Program t h i s ,  and i t  i n s t a n t l y  produces the  c i t a t i o n ,  
and d i s p l a y s  the  r e l e v a n t  p a r t  o f  the t e x t  on the  d i s p l a y .  

I n  t h e  meantime, i t  so happens t h a t  the  au thor  i s  announced t o  
p r e s e n t  a Phys ics  Col loquium a t  Harvard. The A s s i s t a n t  Program, 
wh ich  reads the  d a i l y  news le t te rs  every morning, n o t i c e s  t h e  
name and leaves a "NAIL" s igna l  f o r  the s tudent  who, i t  t h i n k s ,  
m igh t  p o s s i b l y  be i n t e r e s t e d  i n  meeting the v i s i t o r .  

The message can j u s t  as e a s i l y  be sent, over a computer ne twork ,  
t o  any known i n d i v i d u a l  who might want such n o t i f i c a t i o n  and h a s  
agreed t o  r e c e i v e  such services, 

I n  o u r  s t u d y  so fa r ,  we have come t o  the conc lus ion  t h a t  such a system 
c o u l d  b e  b rough t  t o  a p r a c t i c a l  leve l  -- f o r  use by  a c o m p u t a t i o n a l l y  
s o p h i s t i c a t e d  person -- i n  two years. I t  would take longer, perhaps 
a n o t h e r  two years, t o  extend i t s  c a p a b i l i t i e s  and smooth o u t  t h e  human 
e n g i n e e r i n g  t o  make i t  e q u a l l y  use fu l  t o  non -spec ia l i s t s ,  There a r e  a l l  
s o r t s  o f  h a r d  problems t h a t  make p rec i se  t ime es t ima tes  d i f f i c u l t ,  s i n c e  
so  much w i l l  depend on concurrent  progress i n  the computer m a n i p u l a t i o n  
o f  common-sense ideas and meanings. I n  any case, we b e l i e v e  t h a t  t h e  
p o s s i b l e  p a y o f f  o f  such systems cou ld  be enormous, and have a l l  k i n d s  o f  
a p p l  i c a t i o n s .  

flILESTONE: We a r e  NOT proposing t o  embark immediately on such a 
p r o j e c t .  I n s t e a d  we a r e  p lann ing  a ser ious  f e a s i b i l i t y  and e x p l o r a t o r y  
s t u d y  d u r i n g  t h e  coming year. The r e s u l t  should be a r e p o r t  s u r v e y i n g  
t h e  s t a t e  o f  knowledge, comparing s t r a t e g i e s  o f  a t t a c k ,  d e t e r m i n i n g  
w h i c h  a p p l i c a t i o n s  (Admin i s t ra t i on?  Management? Personnel S u p e r v i s i o n ? )  
u o u l d  b e  b e s t  f o r  the  f i r s t  at tempt a t  b u i l d i n g  a work ing system. 

PERSONNEL: We do n o t  f e e l  t h a t  our present  s t a f f  has a l l  t he  e x p e r t i s e  
n e c e s s a r y  t o  make such a study, and we propose t o  use a panel  o f  
c o n s u l t a n t s ,  i n v o l v i n g  such people as Enge lbar t  and Tei te lman,  who have 
made s t u d i e s  i n t o  d i f f e r e n t  aspects o f  t h i s  area. 

C. STUDY PROJECT FOR ASSESSING A1  APPLICATIONS I N  GENERAL 

DEFINITION: A thorough, subs tan t i a l  assessment o f  the c u r r e n t  s t a t e  o f  
knou ledge  about  machine i n t e l l i g e n c e ;  the important  so l ved  and u n s o l v e d  
prob lems,  and assessment o f  those areas i n  which a p p l i c a t i o n s  seem most 
l i k e l y  t o  pay o f f  i n  the  near and middle fu tu re ,  

MILESTONE: A book- length d iscuss ion  o f  the issues, o f  c l a r i t y  and 
c o m p o s i t i o n  s u i t a b l e  f o r  non-spec ia l ia ts ,  t o  be completed b y  t h e  end o f  
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PERSONNEL: Marv in  f l ipsky,  Seymour Papert, p o s s i b l y  o thers .  

Some genera l  remarks on the s t a t e  o f  A1 w i l l  be found i n  S e c t i o n  3 o f  
t h i s  p roposa l .  Immediately belou are  some areas we f e e l  competent t o  
o r g a n i z e  more d e t a i l e d  assessments for .  

D. HAND-EYE MANIPULATORS 

I t  i s  h a r d  t o  t h i n k  o f  any f i e l d  t h a t  cou ld  not  be t ransformed by  t h e  
a v a i l i b i l i t y  o f  machines t h a t  perform phys ica l  a c t i o n s  q u i c k l y  and 
c a r e f u l l y  under v i s u a l  and t a c t i l e  feedback c o n t r o l .  The p r o j e c t s  
proposed h e r e  a r e  e s p e c i a l l y  re levan t  t o  MAINTENANCE, INSPECTION and 
REPAIR o f  complex systems, by a s s i s t i n g  r e l a t i v e l y  u n s k i l  l e d  personne l .  

I n  p a r t i c u l a r ,  t h e  a t t e n t i o n  o f  t h i s  Laboratory w i l l  be concen t ra ted ,  
whenever t h e  e x t r a  comp l i ca t i on  i s  no t  excessive, on the  development o f  
methods and systems t o  deal w i t h  l l f l icro-Automation" -- t h a t  i s ,  p h y s i c a l  
m a n i p u l a t i o n  o f  ve ry  small  components such as w i l l  be found i n  advanced 
e l e c t r o n i c  systems. Th is  i s  an area i n  which there  has been 
p a r t i c u l a r l y  l i t t l e  advanced development, l i m i t i n g  the  p r a c t i c a l  

A- a p p l  i c a t i o n s .  

T h i s  a r e a  i s  o f  p a r t i c u l a r  i n t e r e s t  because human workers do n o t  compete 
i n  i t  v e r y  we1 I .  A1 techniques i n  t h i s  area w i  l l a l s o  be u s e f u l  on t h e  
Macro-Scale, e.g., i n  CONSTRUCTION s i t u a t i o n s  where the re  a r e  prob lems 
a b o u t  human s k i l l ,  manpower, safety,  o r  speed. 

E v e n t u a l l y  we expect t o  see these devices employed i n  areas o f  c r i t i c a l  
c i v i l i a n  concern, e.g, MINING, UNDERSEA DEVELOPMENT, and SPACE. 

F o r  example, u n l e s s  f u s i o n  power becomes a v a i l a b l e  soon, we w i l l  need 
more MINING and/or SOLAR POWER. Advanced Automation w i l l  be r e q u i r e d  f o r  
low-grade s h a l e  min ing  o r  f o r  the cons t ruc t i on  and (espec ia l  l y )  
main tenance o f  enormous a r rays  o f  so la r  c e l l s  on e a r t h  o r  i n  space. I n  
m in ing ,  A1 techn iques might he lp  solve problems o f  moving and r e s t o r i n g .  

F i n a l l y ,  we expect  t o  see major a p p l i c a t i o n s  i n  A g r i c u l t u r e ,  perhaps i n  
two decades. 

Some o f  these a r e  d iscussed f u r t h e r  i n  our MICRO-AUTOMATION p roposa l ,  
M I  T-A I memo 251. 

NOTE: I n  e a r l i e r  p roposa ls  and p u b l i c a t i o n s  we observed t h a t  U.S. 
"knowhow" i n  advanced automation has been pe rm i t ted  t o  coas t  a long.  We 
b e l i e v e  t h a t  t h e  s k i l l s  invo lved i n  what we c a l l  "advanced au tomat ion "  
w i  l I become v i t a l  t o  many o f  the  other  n e a r - c r i s i s  problems o f  t h e  near  

A- f u t u r e ,  as  n o t e d  i n  o the r  items below. We recognize t h a t  ARPA i s  n o t  
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t h e  agency t o  c a r r y  the  research load f o r  t h i s  area, b u t  we uan t  t o  p u t  
o n  r e c o r d  t h a t  we expect the work descr ibed i n  t h i s  proposal  t o  have 
v e r y  s u b s t a n t i a l  c o n t r i b u t i o n s  t o  those areas. 

The p rob lem o f  low U.S. p r o d u c t i v i t y  i s  now recognized, b o t h  w i t h  
r e s p e c t  t o  f o r e i g n  compe t i t i on  and i n  abso lu te  i n t e r n a l  ma t te rs ,  
C e r t a i n  k i n d s  o f  advanced automation can f o r e s t a l l  o r  a t  l e a s t  space o u t  
t h e  ad jus tmen ts  t h a t  might otherwise a r r i v e  i n  d e s t r u c t i v e  uaves. We 
c a n n o t  t a k e  up he re  the  quest ion  o f  s o c i a l  consequences o f  advanced 
au tomat ion ,  b u t  w i l l  s t a t e  our p o s i t i o n  b r i e f l y .  C e r t a i n l y ,  i f  advanced 
a u t o m a t i o n  were though t less l y  app l i ed  t o  e x i s t i n g  i n d u s t r i e s  w i t h o u t  
compensatory p lann ing ,  ser ious  d i s l o c a t i o n s  cou ld  ensue; t h i  s  
r e s p o n s i b i l i t y  o f  economic p lanners must be recognized. On t h e  o t h e r  
hand, o r d i n a r y  marketp lace adjustments do no t  seem a b l e  t o  hand le  r a p i d  
l a r g e - s c a l e  changes i n  such areas as a g r i c u l t u r e ,  energy, housing,  
t r a n s p o r t a t i o n ,  educat ion  and h e a l t h  serv ices.  Only advanced a u t o m a t i o n  
c a n  make p o s s i b l e  la rge-sca le  phys i ca l  adjustments w i t h o u t  s i m i l a r l y  
l a r g e - s c a l e  s o c i a l  t r ans ien ts .  

E. ADVANCED INFORMATION SYSTEMS 

We b e l i e v e  t h a t  A1 research  can shou the way t o  computer-based 
i n f o r m a t i o n  systems f a r  more capable than have ever been a v a i l a b l e .  We 
p l a n  t o  a t t a c k  the  area o f  I n fo rma t ion  R e t r i e v a l ,  b o t h  f o r  t r a d i t i o n a l  
da ta-base and l i b r a r y  problems and f o r  more personal MANAGEMENT 
INFORMATION SYSTEMS problems. 

The new I n f o r m a t i o n  Systems should h e l p  t o  increase the  e f f e c t i v e n e s s  o f  
i n d i v i d u a l s  who a r e  respons ib le  f o r  compl icated a d m i n i s t r a t i v e  
s t r u c t u r e s ,  as we1 1 as f o r  complex i n fo rma t ion  problems o f  t e c h n i c a l  
k i n d s .  I n  p a r t i c u l a r ,  the  se rv i ces  w i l l  be a v a i l a b l e  and des igned t o  b e  
u s e a b l e  ove r  t h e  ARPANET, and w i l l  be designed t o  i n t e r a c t  wi th t h e  
p e r s o n a l  systems o f  o the r  i n d i v i d u a l s  t o  recognize c o n f l i c t s ,  and 
a r r a n g e  communicat ion about common concerns. 

F. AUTOMATIC PROGRAMMING, AUTOMATIC DEBUGGING 

I n  a l l  t h e  areas  no ted  above, and a l ready i n  many conven t i ona l  areas,  
computer-programming p l a y s  a  large, expensive and f r u s t r a t i n g  r o l e .  N o t  
o n l y  expense, b u t  de lay  and u n r e l i a b i l i t y  o f  programs t h r e a t e n  t o  grow 
r a p i d l y  i n  t h e  fu tu re .  By pushing ahead on the r e l a t e d  f r o n t s  o f  
A u t o m a t i c  Programming, Automatic Debugging, and "SELF-DOCUMENTING" 
programs we b e l i e v e  t h a t  t h i s  t rend can be h e l d  i n  c o n t r o l .  

G. MEDICINE 



PROJECT 7 IDENTIFYING AREAS OF APPLICATION PAGE 91 

There  i s  now more r e a l  phys io log i ca l ,  pa tho log ica l ,  and t h e r a p e u t i c  
knou ledge  than any small  group o f  phys ic ians  can encompass. B u t  t h e r e  
a r e  n o t  enough " s p e c i a l i s t s "  t o  serve as consu l tan ts  and t h i s  prob lem 
w i l l  become s t e a d i l y  worse, t o  the p o i n t  t h a t  present  inadequacies and 
i n e q u i t i e s  w i l l  become dangerous, I n  another p r o j e c t ,  we p l a n  t o  a p p l y  
o u r  knowledge-based programming technology t o  the c o n s t r u c t i o n  o f  a 
"computer  c o n s u l t a n t "  -- a la rge h e u r i s t i c  program t h a t  w i l l  be a b l e  t o  
p r o v i d e  t o  general  medic ine the equ iva lent  o f  a h i g h l y  s k i l l e d  
c o n s u l t a n t - s p e c i a l i s t  -- w i t h  a leve l  o f  competence u e l l  above t h a t  
a v a i l a b l e  i n  t h e  average non-research h o s p i t a l  se rv i ce  area. (The f i r s t  
such  system w i l l ,  probabiy,  be concerned w i t h  rena l  and c a r d i a c  
problems.  1 

The r e s u l t i n g  s e r v i c e s  w i l l  be a v a i l a b l e  t o  unspec ia l i zed  personne l  i n  
r u r a l  o r  o t h e r w i s e  remote and inaccess ib le  areas, over computer n e t w o r k  
connec t  i ons. 

We a r e  a s k i n g  f o r  NIH support f o r  j o i n t  work between A1 workers and an 
o u t s t a n d i n g  teach ing  h o s p i t a l  i n  t h i s  area, 

S i m i l a r  h e a l t h  i n f o r m a t i o n  serv ices  w i l l  have t o  be developed f o r  o t h e r  
m e d i c a l  areas, and f o r  diagnosis, treatment p lanning,  s p e c i a l  t h e r a p i e s ,  
and h e a l t h  s e r v i c e s  admin i s t ra t i on .  

C W b  

There  a r e  d i r e c t  a p p l i c a t i o n s  of A 1  r e s u l t s ,  bo th  from t h e  r o b o t i c s  a r e a  
and f rom t h e  general  i n fo rma t ion  managing areas, f o r  dev ices  f o r  
PROSTHETICS f o r  the  handicapped. General ly,  a l l  such work has equal  
v a l u e  as  p o t e n t i a l  "augmentation" o f  normal persons. 

H. EDUCATION 

There  a r e  a l r e a d y  s i g n i f i c a n t  a p p l i c a t i o n s  o f  A 1  ideas t o  t r a i n i n g  and 
e d u c a t i o n ,  f a r  beyond the " f i r s t - o r d e r "  serv ices  p rov ided  ( f o r  b e t t e r  o r  
f o r  worse) by  t h e  e a r l  i es t  "computer-ai ded i n s t r u c t  ion"  systems. The 
v a l u e  o f  t h e  ideas i n  our (NSF-supported) LOGO p r o j e c t  a r e  w i d e l y  
r e c o g n i z e d  by  educators. I n  a t tempt ing  t o  understand how i n t e l l i g e n c e  
deve lops ,  i t  i s  o f  course e s p e c i a l l y  f r u i t f u l  t o  concen t ra te  r e s e a r c h  o n  
younger c h i l d r e n  f o r  s c i e n t i f i c  reasons. (Th is  work i s  suppor ted b y  t h e  
NSF. 1 

Houever, we have evidence t h a t  the methods developed i n  our  e d u c a t i o n a l  
r e s e a r c h  a r e  e q u a l l y  e f f e c t i v e  f o r  use w i t h  adu l ts ,  and we expect  t h e y  
w i l l  h e l p  s o l v e  problems o f  equipping people w i t h  s k i l l s  adequate f o r  
u s e f u l  occupa t ions  even i f  they are  from backgrounds cons idered 
h a n d i c a p s  today. 

I n  any case, t h e r e  i s  a c lose  r e l a t i o n  between the development o f  A 1  
t h e o r i e s  and t h e  work on human development i n  our group. 
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I. OTHER AREAS OF APPLICATION 

LANGUAGE and SPEECH research will make the new systems available to non- 
specialists, as well as to people with busy hands! 

LARGE SYMBOLIC COMPUTATIONS such as are done with MATHLAB, will make 
practical new areas of physics and engineering. 

PICTURE PROCESSING, PATTERN RECOGNITION are of continuous concern in AI, 
and should continue to be productive areas. 

Several of these were further explained in our Micro-Automation 
proposa I. 
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SECTION 3 
RESEARCH ON ARTIFICIAL INTELLIGENCE 

T h i s  s e c t i o n  d iscusses some aspects o f  the s t a t e  o f  t h e  a r t  i n  
AI ,  t h a t  r e l a t e  t o  the p r o j e c t s  o f  t h i s  proposal .  I t  i s  n o t  a 
genera l  d iscuss ion .  I n  f ac t ,  as noted i n  l2.71, we a r e  
p r o p o s i n g  t o  c r e a t e  j u s t  such a general survey and assessment: 
t h e r e  i s  n o t h i n g  i n  the l i t e r a t u r e  today adequate t o  g i v e  a non- 
s p e c i a l i s t  a  competent overview o f  what has happened i n  t h e  p a s t  
f i v e  years, 

B. TIRE-SCALE OF APPLICATIONS 
TO CRITICAL AREAS OF NATIONAL CONCERN 

I n  each o f  a number o f  important  f i e l d s ,  some o f  which a r e  d i s c u s s e d  i n  
P r o j e c t  7, conven t i ona l  technology i s  today pushing a g a i n s t  one o r  
a n o t h e r  b o t t l e n e c k  i n v o l v i n g  e f f e c t i v e  use o f  i n fo rma t ion ,  knowledge, o r  
r e a l - w o r l d  i n t e r a c t i v e  c a p a b i l i t y .  We b e l i e v e  t h a t  the  work proposed 
h e r e i n  w i l l  p l a y  a v i t a l  r o l e  i n  each o f  these areas. 

P"1 

Our pos  i t i o n  i s t h a t  A1 can h e l p  w i  t h  many k i n d s  o f  comp I ex programs -- 
because o f  i t s  new ways t o  manage -- o r  a t  leas t ,  desc r ibe  t e c h n i c a l l y  
and f o r m a l l y  -- k i n d s  o f  i n t e r a c t i o n s  tha t  i n  the pas t  c o u l d  be t r e a t e d  
o n l y  e m p i r i c a l l y  and i n f o r m a l l y .  

We b e l i e v e  t h a t  many o f  these areas can be open t o  our techn iques u i t h in  
f i v e  y e a r s  -- some sooner and some l a t e r .  I n  some cases i t  i s  c l e a r  
what must be done and how I  ong i t should take. I n  o t h e r s  we have t o  
s p e c u l a t e ,  where the  problems a re  no t  e n t i r e l y  understood i n  case t h e r e  
may b e  s e r i o u s  unforeseen d i f f i c u l t i e s ,  A l o t  depends on how u r g e n t  
t h e s e  a r e a s  a r e  seen as by the re levan t  agencies. And a l o t  depends on  
t h e  a v a i l a b i l i t y  o f  t a l e n t e d  young workers i n  t h i s  f i e l d .  

I n  any case, i f  we s t a r t  on the important  problems now, 
imp lementa t ion  o f  important,  large-scale a p p l i c a t i o n s  c o u l d  
b e g i n  i n  l e s s  than f i v e  years, g i ven  a p p r o p r i a t e  p r i o r i t i e s .  I n  
s e c t i o n  2 we proposed "mi lestones"  t h a t  suggest how c e r t a i n  o f  
these areas  can be developed. 

IMPORTANT! We a r e  n o t  saying tha t  the large-scale a p l i c a t i o n s  w i l l  b e  
i n  o p e r a t i o n  f i v e  years  from now! We mean t h a t  by t h a t  t ime  i t  w i l l  
become a m a t t e r  o f  investment and p r  i o r  i t i es, R i  gh t  now, t h e r e  s imp I y 
wou ld  be  no way t o  make 500 people work on implementat ion o f  an 
i n t e l l g e n t  managenlent system; t h e  semantic s t r u c t u r e  has t o  be  d r a f t e d  
f i r s t .  There i s  no way t o  get  a l o t  o f  people t o  work on an A u t o m a t i c  

C s^n Programming and Debugging system; the r e p r e s e n t a t i o n  o f  program 
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i n t e n t i o n s  and schema has t o  be designed f i r s t .  There i s  no way t o  g e t  
a  l o t  o f  peop le  t o  work on a  b i g  na tu ra l  language system; we f i r s t  have 
t o  s p e c i f y  r e p r e s e n t a t i o n  o f  scenarios, t ime and tense, etc. ,  e tc . ,  e t c .  
(We c o u l d  r i g h t  now, ask 580 people t o  he lp  design the  mechanical s i d e  
o f  i n d u s t r i a l  r o b o t  systems, because we have a  decade o f  c o m p l a i n t s  
abou t  inadequate mechanical devices, w i thout  good f o r c e  o r  touch 
sensors,  and marginal  v i s u a l  hardware.) 

I n  f i v e  years, we would expect tha t  enough t e s t i n g  o f  d i f f e r e n t  
r e p r e s e n t a t i o n a l  schemes w i l l  have been accumulated t o  make such 
d e c i s i o n s  comfor tab le ,  

Why do we say " f i v e  years"? The development o f  u s e f u l  MACHINE VISION, 
a l o n g  t h e  l i n e s  we proposed around 1965, i s  j u s t  maturing; i t s  f i r s t  
u s e f u l  a p p l i c a t i o n s  i n  assembly o f  unposi t ioned components a r e  j u s t  now 
in  p r o g r e s s  i n  severa l  labora tor ies .  The MATHLAB p r o j e c t ,  a l s o  d a t i n g  
f rom t h a t  p e r i o d  i n  our Lboratory,  i s  j u s t  now se rv ing  i t s  f i r s t  o u t s i d e  
users .  The c u r r e n t  a p p l i c a t i o n s  o f  NATURAL LANGUAGE processors  t h a t  a r e  
j u s t  i n  t h e  p a s t  year beginning t o  use semantic s t r u c t u r e s  a r e  i n  a 
l a r g e  degree r e s u l t s  o f  work o f  ours and o the rs  t h a t  f i r s t  took form, 
aga in ,  i n  t h e  midd le  '60s. I t  might be noted t h a t  t he  whole a rea  c a l l e d  
A r t i f i c i a l  I n t e l l i g e n c e  o r ig ina ted ,  roughly,  around 1955, i n  t h e  sense 
t h a t  i t  c o u l d  be d i s t i n g u i s h e d  from "cybernet ics"  and " c o n t r o l  t h e o r y "  
and " o p e r a t i o n s  research" by i t s  emphasis on symbol ic d e s c r i p t i o n  and 
r e l a t e d  processes. I f  the past  i s  any guide, we see t h a t  t he  f i r s t  o f  
two decades exp lo red  many t h e o r e t i c a l  avenues. The second decade 
deve loped  some o f  t he  b e t t e r  ideas t o  the p o i n t  where a p p l i c a t i o n s  c o u l d  
b e  cons idered.  There a re  s t i l l  many major d i f f i c u l t i e s  i n  a l l  areas;  
b e s i d e s  t h e o r e t i c a l  problems, i t  i s  s t i l l  very hard  t o  w r i t e  and debug 
t h e  l a r g e  systems involved,  and they r u n  s lowly  and expens ive l y  on  
p r e s e n t  hardware i n  the  cu r ren t  implementations o f  t h e  languages. 

I n  t h i s  pe rspec t i ve ,  18 years might seem more p l a u s i b l e  f o r  development 
o f  l a r g e - s c a l e  p r a c t i c a l  app l ica t ions .  But the  members o f  t h i s  p r o j e c t ,  
w h i c h  has made r a p i d  advances recen t l y ,  expect the  f i e l d  t o  move even 
f a s t e r  than  i n  1963-73. Th is  i s  p a r t l y  because o f  recen t  t h e o r e t i c a l  
p rog ress ,  b u t  a  l so because: 

I n  1963 t h e r e  were o n l y  perhaps 20 f u l l  t ime workers i n  A1 -- t h a t  
i s ,  h e u r i s t i c  programming and symbolic rep resen ta t i on .  There  
a r e  now a t  l eas t  280. Most major u n i v e r s i t i e s  have A1 c o u r s e s  
now; i n  1963 there  were on ly  4 or  5. 

The problems seem much more urgent  i n  t h i s  decade, a l t h o u g h  t h e  
re levance  o f  A 1  i s  no t  ye t  widely recognized. See t h e  
s p e c i f i c  i tems below in  t h i s  sect ion.  

The needed large-memory, i n t e r a c t i v e ,  computat ional f a c i  l i  t i e s  a r e  
now g e n e r a l l y  obtainable. I n  the coming decade t h e  r e d u c t i o n s  
i n  c o s t  and the a v a i l a b i l i t y  o f  Network Serv i ces  w i l l  make 
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them uidely available. 

Technical tools are improving fast enough to have an effect soon. 
Automatic Programming aids of the sort being developed (see 
12,311 could help in other A 1  projects in three or four years. 

C. IMPORTANT PROBLEMS IN A1 

- Artificial Intelligence, as a new technology, is in an intermediate 
stage of development. In the first stages of a new field, things have 
to be simplified so that one can isolate and study the elementary 
phenomena. In most successful applications, we use a strategy we call 
"working within a Micro-World". 

In the rest of this Section, we discuss a variety of problems that arise 
when one develops a microworld to prove out some idea and then wishes to 
expand the system toward real-life applications. 

Micro-Worlds 

Over a long period, we have learned how ideas about intelligence could 
-, be tested and developed, and a style of research strategy has emerged. 

The selection of test environments is, we think, very critical, and many 
blind ends and traps have swallowed up workers who had not given the 
question sufficient thought. For example, the use of two-dimensional 
patterns for "vision research1' led many groups away from discovering 
important principles about scene-analysis -- because the basically 
reversible transformations of a two-dimensional visual world do not 
require one to use symbolic descriptions. Unfortunately, this leads one 
-- several steps later -- away from adequate theories for learning! 
A good example of a suitably designed Micro-world is shown in the well- 
known project of Winograd, which made many practical and theoretical 
contributions to Understanding Natural Language. Much of that system's 
power comes from the way in which the semantic system is able 
represent things that nappen in the so-called Blocks World. T 
environment contained just the right order of complexity for t 
of semantic competence that seemed achievable at the time. W i  
Micro-World contained essential l y  only: 

---a few kinds of (physical) OBJECTS. Each object had 
---only a few PROPERTIES (color, size, location). Also 

were 
---only a few ACTIONS (grasp, lift, move) available. 

to 
hat test 
he level 
nograd* s 

there 

The interactions between these were relatively manageable -- the 
"problem-solver" contained in the system was "state-of-the-art" -- s o 

,rii)ih* that things seemed more or less within the comprehension of the 
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e x p e r i m e n t a l  language-semantic system. 

Problems i n  Expanding a Mic rowor ld  

S i n c e  t h e  Winograd demonstrat ion and thes is ,  several  workers have been 
a d d i n g  new elements, r e l a t i o n s ,  and fea tures  t o  t h a t  system, That work 
h a s  n o t  gone v e r y  f a r ,  however, because the d e t a i l s  o f  imp lemen ta t i on  o f  
t h e  o r i g i n a l  system were q u i t e  complex and, accord ing ly ,  i t  took  q u i t e  a 
l o n g  t i m e  f o r  subsequent workers t o  analyse, document, and s y s t e m a t i z e  
t h e  system f o r  use by others.  ( I t  i s  on l y  now t a k i n g  accep tab le  form.) 
The work o f  Woods ( a t  BBN) i s  c u r r e n t l y  i n  b e t t e r  form f o r  o t h e r  
a p p l i c a t i o n s ;  t h i s  i s  p a r t l y  because i t s  s t r u c t u r e  was from t h e  s t a r t  
more u n i f o r m  and systemat ic ,  demonstrat ing (we t h i n k )  j u s t  t h e  k i n d s  o f  
t r a d e - o f f s  b e i n g  discussed. I n  the work o f  Winston's group on t h e  
" v i s u a l "  B l o c k s  World ( t h e  ex tens ion  o f  the o r i g i n a l  MicroWorld, wh ich  
was t h e  " P o l y b r i c k "  system o f  Guzman's thes i s )  p rogress  toward i n c l u d i n g  
more and more has been steady. 

The Need f o r  a Knowledge-Structure Theory 

O b v i o u s l y  i n t e l l i g e n c e  i s  n o t  merely having knowledge. One needs good 
ways t o  d e c i d e  what i s  r e l e v a n t  t o  a s i t u a t i o n  -- I n t e l l i g e n t  
I n f o r m a t i o n  R e t r i e v a l .  W i t h i n  the Microwor lds t h a t  have been s t u d i e d  i n  
A1 resea rch ,  many problems and proposals have been examined, and t h e s e  
have  i e d  t o  some power fu l  techniques, A t  f i r s t ,  many workers hoped i t  
wou ld  be  p o s s i b l e  t o  separate the problems o f  reason ing  and d e d u c t i o n  
i n t o :  

A b a s i s  o f  f a c t u a l  knowledge 
A ( p o s s i b l y  compl icated)  procedure f o r  us ing  the knowledge 

B u t  t h e  s e p a r a t i o n  leads t o  ser ious  problems, Too much o f  one's  
knowledge i s  concerned p r e c i s e l y  w i t h  which (o the r )  knowledge s h o u l d  b e  
a p p l i e d  t o  v a r i o u s  k i n d s  o f  s i t u a t i o n s .  Un fo r tuna te l y ,  t h i s  t u r n e d  o u t  
t o  b e  h a r d e r  t o  " rep resen t "  than d i d  "o rd ina ryn  f a c t u a l  knowledge. 

We n o t e  t h a t  a t  the  M I T  A1 laboratory,  t h i s  problem i s  taken much more 
s e r i o u s l y  t han  a t  most o ther  research centers; t h i s  i s  why we do 
r e l a t i v e l y  more work on des ign ing  advanced knowledge-based systems and 
l e s s  work on t r y i n g  t o  extend the " l o g i c a l  theorem-proving programsi'. 
Whi l e  we agree i t  i s  o f  some importance t o  f i n d  ou t  how f a r  such systems 
can b e  made t o  go, we don ' t  t h i n k  they w i l l  ever go f a r  enough t o  s o l v e  
most i m p o r t a n t  p r a c t  i ca l problems. 

I n  p a r t i c u l a r ,  we t h i n k  t h a t  some extremely important  k i n d s  o f  knowledge 
( v i t a l  t o  s o l v i n g  any d i f f i c u l t  problem) were over looked a lmost  
e n t i r e l y ,  i n  the  e a r l y  days, These are  the " f a c t s  o f  l i f e "  about  
i n t e r a c t i o n s ,  bugs, bo t t lenecks ,  etc., which every c h i  l d comes t o  know. 
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We be1 i e v e  t h a t  now t h a t  the area i s  recognized as a  manageable 
t e c h n i c a l  s u b j e c t  (see 15.31) there  w i l l  be a  l a rge  change i n  t h e  
capab i l  i t y  t o  a p p l y  l a r g e r  bases o f  in format  i o n  t o  ha rd  problems. Most  
i m p o r t a n t ,  we t h i n k ,  i n  the  nex t  year o r  two i s  t o  ge t  more work done o n  
u n d e r s t a n d  i ng " types o f  bugs" -- as i t i s  ca l l ed  i n  Sussman' s  t h e s  i s  -- 
and a p p l y  these ideas t o  automat ic  programming and debugging 
a p p l  i c a t i o n s .  

Representat ions 

I t  i s  g e n e r a l l y  agreed, a lso ,  t h a t  success i n  problem s o l v i n g  depends o n  
f i n d i n g  a  good way t o  represent  one's knowledge so t h a t  i t  can be made 
t o  f i t  t h e  problems one i s  t r y i n g  t o  solve, That t h i s  i s  t r u e  i s  shown 
r a t h e r  c l e a r l y  i n  the  h i s t o r y  o f  mathematics, i n  which "mere n o t a t i o n a l "  
i s s u e s  made v e r y  l a r g e  d i f f e r e n c e s  i n  p r a c t i c a l  e f f e c t s ,  v i z . ,  t h e  power 
o f  t h e  d i f f e r e n t i a l  c a l c u l u s  no ta t i ons ,  o r  the  modern v e c t o r  
r e p r e s e n t a t  ions. 

N e v e r t h e l e s s ,  a l t hough  the importance o f  adequate r e p r e s e n t a t i o n s  i s  now 
g e n e r a l l y  recogn ized  as c e n t r a l  t o  A I ,  we t h i n k  i t  i s  impor tan t  t o  
remember t h a t  t he  c l a s s i f i c a t i o n  and i s o l a t i o n  o f  knowledge i s  n o t  y e t  

MYI 
adequate.  The recogn i  t i on t h a t  there a re  many " types o f  bugs" -- t h a t  
i s ,  t h a t  t h e r e  a r e  d i f f e r e n t  k i n d s  o f  bad i n t e r a c t i o n s  between s i m p l e  
p r o c e s s e s  -- which r e q u i r e  d i f f e r e n t  k inds  o f  i n t e r v e n t i o n s ,  was n o t  so 
much a  m a t t e r  o f  r e p r e s e n t a t i o n  as o f  r e c o g n i t i o n  o f  t he  problem. 

Combining MicroWorids 

P e o p l e  ask: now t h a t  you have programs t h a t  do " t h i s " ,  and ones t h a t  do 
" t h a t "  -- why d o n ' t  you combine them a l l  t o  ge t  one program t h a t  i s  much 
more i n t e l l i g e n t ?  

We canno t  u s u a l l y  do t h i s .  Sometimes the d i f f i c u l t y  i s  s imp ly  t h a t  t h e  
programs use d i  f  f e r e n t  rep resen ta t  i ons -- they can' t communi ca  t e  i n any 
one language. The cu re  f o r  t h i s  i s  u s u a l l y  t o  t r y  t o  r e w r i t e  bo th .  
Ano the r  approach, i n  p r i n c i p l e ,  i s  "modu la r i t y " !  Rake a l l  your  p rograms 
o u t  o f  c o m p a t i b l e  modules. I n  e lec t ron i cs ,  t h i s  i s  p r e t t y  easy; make 
s u r e  a l l  i n p u t s  and ou tpu ts  a re  "TTL-level compatible: make a l l  pouer  
s u p p l i e s  r u n  a t  5 o r  15 v o l t s .  

The t r o u b l e  i s  t h a t  t he  idea o f  modu lar i ty ,  i t s e l f ,  i s  n o t  v e r y  
a p p r o p r i a t e  t o  i n t e l  l  i gen t  systems, i n  which the problems o f  i n t e r a c t i o n  
a r e  t h e  i mpor t a n  t and d  i f  f  i cu I  t ones. When two "know I  edge-modu I  es "  a r e  
connected,  one has t o  p u t  -- somewhere -- a  key t o  the  most l i k e l y  
i n t e r a c t  i ve types  o f  bugs t h a t  can be expected to, emerge. 

I t  rema ins  t o  be seen whether such un i fo rm approaches as H e w i t t ' s  ACTOR 
/-, module (see 15.311 u i  l l y i e l d  subs tan t i a l  ga ins  here, o r  t h e  P r e d i c a t e  
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C a l c u l u s  
c o n f  i den 
f r o m  t h e  
o v e r  t h e  
t e r m  app 

f o r m u l a t i o n s  o f  McCarthy e t  a l .  a t  Stanford.  We a r e  q u i t e  
t t h a t  t h e r e  a r e  important  immediate advances t o  be o b t a i n e d  

s e l f - a n n o t a t i n g  self-debugging approaches proposed i n  L5.31, 
n e x t  few years, and t h a t  these have immediate as  w e l l  a s  long-  

l  i c a t i o n s .  

The B l o c k s  World -- Success i n  Combining Two Micro-wor lds  

By someth ing  o f  a  co inc idence -- c e r t a i n l y  f o r  q u i t e  d i f f e r e n t  reasons  - - o u r  r e s e a r c h  on V i s i o n  over the past  few years had a l s o  converged on  a 
M i c r o - u o r  I d  o f  the  very  same s o r t s  o f  s imple phys i ca l  geomet r i ca l  
o b j e c t s  and a c t i o n s ,  and we use the same "Blocks Wor I d "  c a p t i o n  f o r  t h e  
e x p e r i m e n t a l  v i s i o n  environment t h a t  was used f o r  t h a t  work. We n o t e  i n  
p a s s i n g  t h a t  many v i s i t o r s  and readers missed the p o i n t  r a t h e r  b a d l y ,  
and were s k e p t i c a l  t h a t  any th ing  very r e a l i s t i c  cou ld  be l ea rned  b y  
w o r k i n g  w i t h  p e r f e c t  s imple shapes, no tex tures ,  no no ise ,  no complex 
c u r v e s  o r  " s o f t "  sur faces.  But we c l a i m  t h a t  through t h i s  c a r e f u l ,  
eometimes t e d i o u s  a n a l y s i s  we l a i d  the foundat ion  f o r  t he  main l i n e s  o f  
t h e  s u c c e s s f u l  systems now be ing  developed and demonstrated: c e r t a i n l y  
a t  t h e  h i g h e r  l e v e l s  o f  scene-analysis (where a l l  contemporary groups 
a r e  now f o  l l ou i  ng  our general out  l  i ne) and (though t o  a  l esse r  e x t e n t )  
even on  systems t h a t  deal w i t h  poor, noisy,  t e x t u r e d  s i t u a t i o n s .  
B a s i c a l l y ,  we took the  p o s i t i o n  tha t  

"One shou ld  n o t  d i r e c t l y  a t tack  the problem o f  r e c o g n i z i n g  a  
p a t t e r n  immersed i n  noise, u n t i l  one i s  a b l e  e f f e c t i v e l y  t o  
r e c o g n i z e  i t  i n  the  c l e a r " .  

T h i s  may seem t o  be common sense bu t  experience shows t h a t  most 
b e g i n n e r s  f e e l  i t  too  simpleminded t o  take se r ious l y .  

We n o t e  i n  pass ing  t h a t  our own recognized progress i n  n o n - t r i v i a l  
mach ine - lea rn ing  i s  i n  l a rge  p a r t  due t o  a  r e l a t e d  p r i n c i p l e :  a s  
McCar t h y  has p u t  i t, 

... one shou ld  n o t  attempt t o  make a  machine l e a r n  something 
u n l e s s  one i s  sure there  i s  some uay t o  t e l l  i t  t h a t  t h i n g  ... 

i.e., t h a t  t h e  machine has access t o  an i n t e r n a l  r e p r e s e n t a t i o n  t h a t  c a n  
i n some na t u r a  l way encode the des i red  in format ion.  W i t h o u t  adequate 
r e p r e s e n t a t i o n  one can do l i t t l e ,  w i t h  i t ,  o ther  d i f f i c u l t  p rob lems 
o f t e n  m e l t  away. Thus, i n  Winston's thes is ,  once we had an adequate 
r e p r e s e n t a t i o n  f o r  DIFFERENCES between o ther  d e s c r i p t i o n s ,  seve ra l  
i n t e r e s t i n g  k i n d s  o f  l ea rn ing  became eas ier  t o  program, and some 
reason ing-by-ana logy  uas easy t o  incorporate. 

On t h e  o t h e r  s ide,  the  same p r i n c  
v e r y  p o p u l a r  approach t o  b u i l d i n g  
d e f e c t i v e .  The c o r e  o f  our resu  

i p l e  has been used t o  show t h a t  one 
l ea rn ing  machines was i n h e r e n t l y  

I t s  i n  the Theory o f  Pe rcep t rons  was 
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based on separating the questions about learning from those about the 
machines' representational capabilities; then, when the latter were 
shown to be inadequate, we were able to prove (PERCEPTRONS, MIT Press, 
1'969) that no series of "training sessions", however prolonged, could 
make the poor machine learn its lessons. And, as a by-product of that 
analysis, we did discover a number of limited, but interesting and 
useful tasks that perceptron machines could in fact be made to do. 

Uncertainty 

There are a number of areas in which present foundations are not quite 
strong enough to support the proposed applied projects. These must be 
studied further, in smaller micro-worlds.We have to get better control 
of the areas briefly discussed belou in order to bring the applications 
from the "controlled-environment demonstration" phase to the real 
application requirements. 

Types of Uncertainty 

As A1 programs get more ambitious in the size and scope of their 
knowledge bases, we will encounter more and more situations in which 

r;CF conclusions are unsure. This is not a neu problem; uncertainty is 
familiar even in the most highly defined situations with no chance 
element. For example, in Chess, one must "take chances". 

Taking chances does not, however, mean using probabilities! The best 
game-playing programs have not used probability models in their 
performance. (Whether they use such theories in their conception and 
construct ion is another matter entirely, and one that is hard to settle 
or evaluate. Thus, in Samuel's Checkers programs, one can argue both 
sides of whether probability is involved. Certainly, a close relative 
of mathematical correlation is used.) In any case, the new areas will be 
necessarily engaged in more "plausible inference" and evidence-gathering 
act i v i t i es. In the course of that research, we can expect to face and 
develop ideas about decision under uncertainty; we predict that the 
results uill be quite different from classical decision theory and 
classical utility theories. On the other hand the results must also be 
practically effective. I t  uill be interesting and, we hope, valuable, 
to see how these theories uill relate to the traditional decision- 
theory , game- t heor y , and econom i c- t heory mode I s. 

Similar problems appear in more imr~iediately important areas. In 
Automatic Debugging, one has to face the problem of plausible inference 
of intentions and plans in a program -- see [Appendix 5.3.1 -- unless 
the programmer has already spelled this all out. 

In any case, there are other areas of uncertainty, The quality of 
,- evidence depends on its source, One needs policies and methods of 
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a c c o u n t i n g  f o r  a u t h o r i t y ,  r e l i a b i l i t y ,  and s t r e n g t h  o f  c o n v i c t i o n ,  

I n  Chess, one u n c e r t a i n t y  comes no t  so much from lack  o f  i n f o r m a t i o n  b u t  
f r o m  t o o  much; t he  impossib ly  la rge  f u l l  search t r e e  i s  t oo  l a r g e  t o  
examine and one must adopt some s t ra tegy  tha t  uses l ess  i n f o r m a t i o n .  
N o t e  t h a t  t h e  u n c e r t a i n t y ,  i n  Chess, i s  i n  p a r t  t h a t  one does n o t  know 
t h e  opponent 's  s t ra tegy .  To cope w i t h  t h a t  k i n d  o f  s i t u a t i o n  one does 
b e s t  t o  b u i l d  some s o r t  o f  MODEL o f  the opponent (or ,  more g e n e r a l l y ,  o f  
t h e  env i ronment  one i s  i n ) .  But d i f f e r e n t  problems, i n  such a  f i x ,  
depend on d i f f e r e n t  ways i n  which one se t  up t h a t  model, and one s h o u l d  
make p r o v i s i o n s  f o r  n o t i c i n g  a t  leas t  some such dependencies. We 
b e l i e v e  t h a t  t h e  new program-accessible comment schemes l i k e  those  i n  
Sussman and G o l d s t e i n ' s  theses, w i l l  show ways t o  do such t h i n g s ,  

Qua l i t a t i ve -quan ta t i ve  issues 

I n  c o n t r o l l e d  demonstrat ions we have found t h a t  we can u s u a l l y  s i d e s t e p  
p rob lems  o f  e s t i m a t i o n  and u n c e r t a i n t g  by a  v a r i e t y  o f  h e u r i s t i c  
dev i ces .  There i s  some reason t o  b e l i e v e  t h a t  t h i s  can be done q u i t e  
g e n e r a l l y  and, f r a n k l y ,  most o f  the p r o j e c t  s c i e n t i s t s  do n o t  b e l i e v e  
tha t  humans o r d i n a r i l y  use ( i n  t h e i r  heads) the  k i n d s  o f  p r o b a b i l i s t i c  
d e c i s i o n  and u t i l i t y  models tha t  have occupied the p r imary  a t t e n t i o n  o f  
most  " q u a n t i t a t i v e  s o c i a l  s c i e n t i s t s " .  C e r t a i n l y ,  we s t i l l  f e e l  t h i s  
way abou t  t h e  use o f  "analog" models f o r  v i s u a l  imagery -- ano the r  a r e a  
i n  w h i c h  t h e  m a j o r i t y  o f  psycho log i s t s  t h i n k  " q u a n t i t a t i v e "  mach inery  
must b e  r e q u i r e d .  We b e l i e v e  t h i s  i s  a  mistake based on u n f a m i l i a r i t y  
w i t h  t h e  power o f  "symbol ic -descr ip t i ve"  mechanisms t h a t  have e v o l v e d  i n  
work on  AI.  The same may be t r u e  i n  dec i s ion  theory, and t h e  p rob lem i s  
b e g i n n i n g  t o  face  u s  as we beg in  t o  deal w i t h  much l a r g e r  v a r i e t i e s  o f  
k i n d s  o f  i n f o r m a t i o n  w i t h i n  the same system. We expect, f o r  example, 
t h a t  t h e  work on Chess, which fea tures  the program's necessary i g n o r a n c e  
o f  t h e  opponent 's  p lan ,  w i l l  c l a r i f y  t h i s  issue, and our  p lanned work o n  
t h e  Management A s s i s t a n t  p r o j e c t ,  which a l s o  w i l l  range over  a  h i g h l y  
inhomogeneous da ta  base, w i l l  a l so  have t o  face such issues. 

The re  a r e  many o t h e r  ways i n  which q u a l i t a t i v e  issues e n t e r  common sense 
s  i t u a t  i ons. Everyone knows ways t o  use qua l i t a t  i ve quant i t i es; i f A i s 
v e r y  nea r  B and B  i s  ve ry  near C then A i s  ( a t  l e a s t )  near C. B u t  one 
c a n  a l s o  say t h a t  A i s  very  near C under usual cond i t i ons .  O b v i o u s l y  
one cannot  i t e r a t e  t h i  s  very  many times. 

Such i s s u e s  a r e  i m p l i c i t  i n  many o f  the c u r r e n t  p r o j e c t s .  They a r e  a l s o  
i m p o r t a n t  i n  t he  Medical Ass i s tan t  p r o j e c t  area (which we expect  N I H  t o  
s u p p o r t )  t h a t  a l s o  concern some o f  the same Labora tory  s t a f f  members. 
We e x p e c t  a  s u b s t a n t i a l  interchange o f  e f f o r t s  i n  t h i s  q u a l i t a t i v e -  
q u a n t i t a t i v e  r e p r e s e n t a t i o n  area between the workers o f  t h i s  p r o p o s a l  
and  w i t h  o u r  c o l  leagues W. Mar t in ,  A. Gorry, W. Schwartz, and o t h e r s  i n  
t h e  proposed N I H  p r o j e c t .  
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Extended Events, Frames, Scenarios 

We b e l i e v e  t h a t  the  problem o f  represent ing  r e a l  wor ld  knowledge w i l l  
have t o  be faced by  d e a l i n g  w i t h  much la rger  chunks than our c o l l e a g u e s  
have  b e l i e v e d  necessary. We fee l  t ha t  the problems t h a t  beset  t h e  

theorem-prov i ng" p r o j e c t s  and, general l y, a  l l  those u s i n g  methods 
r e l a t e d  t o  t h e  formal isms o f  t r a d i t i o n a l  "Mathematical L o g i c "  come f rom 
t h e  l i m i t e d  resources  such systems have f o r  rep resen t ing  the  
i n t e r a c t i o n s  w i t h i n  h i g h l y  s t r u c t u r e d  r e a l  systems. Our knowledge abou t  
t h e  r e a l  wor ld ,  o r  about those sub jec ts  i n  which we a r e  p a r t i c u l a r l y  
competent ,  i s  n o t  a  bland, un i fo rm s t r u c t u r e  o f  s imp ly - i n te rconnec ted  
" f a c t s "  . We env i s  i on i t as more l i ke rea I  geography: houses a r e  n o t  
e q u a l l y  near one another, bu t  a re  arranged -- f o r  good b u t  i n t r i c a t e  
r e a s o n s  -- i n  towns, c i t i e s ,  met ropo l i t  these have cen te rs  and c a p i t o l s  
o f  many d i f f e r e n t  so r t s .  The road system r e f l e c t s  t h i s  s t r u c t u r e  more 
o r  l e s s  p e r f e c t l y .  S i m i l a r l y  (though the s i m i l e  soon becomes f a t u o u s )  
o u r  know l edge i s made up no t  o f  s i o i  l a r  knowledge about many d i  f  f  e r e n  t 
t h i n g s ,  b u t  o f  e l a b o r a t e  cons t ruc t i ons  about a few th ings ,  P l u s  -- and 
t h i s  i s  v i t a l  -- h igher  l eve l  data about how o ther  l ess  i n t i m a t e l y  
f a m i l i a r  systems a r e  s i m i l a r  and how they are  d i f f e r e n t .  Thus, t h e  ma in  
t o o l  o f  reason ing  -- i n  the op in ion  o f  the p r i n c i p a l s  o f  our  p r o j e c t  -- 
i s  n o t  r e g u l a r  deduct ive  l o g i c  but ,  ra the r ,  procedures f o r  d raw ing  

p"9* a n a l o g i e s  and f o r  making p lans  t o  c a r r y  out  t h e i r  suggest ions. 

The e lements  o f  t h i s  k i n d  o f  knowledge might then resemble s t o r i e s  
r a t h e r  than axioms; scenar ios r a t h e r  than snapshots, typ ica l -examples-  
p l u s - a d v i c e  about a p p l i c a t i o n s  r a t h e r  than "general p r i n c i p l e s " .  Our 
f i r s t  a t t e m p t s  t o  use these ideas w i l l  be i n  the areas o f  N a t u r a l  
Language and Scene Analys is ,  bu t  the general idea i s  a l ready  i n f l u e n c i n g  
p l a n s  f o r  t h e  o t h e r  a p p l i c a t i o n s  p ro jec ts .  

Heterarch ica l  Programming 

Programming and debugging are  g e t t i n g  too hard. Th is  i s  because t h e  
systems a r e  g e t t i n g  l a rge r  and more complex. They use, i n  a  s i n g l e  
system, many d i f f e r e n t  k i n d s  o f  in format ion,  and the i n t e r f a c e s  wh ich  
t r a n s l a t e  between one rep resen ta t i on  and another add t o  t h e  c o m p l e x i t y  
o f  t h e  system. F o r t u n a t e l y  (1) b e t t e r  understanding o f  h e t e r a r c h i c a l  
systems i s  r a p i d l y  growing. (2) We f r a n k l y  expect t h a t  our r e c e n t  
p r o g r e s s  on Automat ic  Debugging w i l l  he lp  -- perhaps n o t  d i r e c t l y  on  t h e  
programs themselves -- bu t  c e r t a i n l y  on the new s t y l e  o f  i n t e r n a l  
documenta t ion  suggested by the phrase "program-accessible r e p r e s e n t a t i o n  
o f  programs' INTENTIONS". 

Goal:  Programs with "common sense". One should be a b l e  t o  ask a  
program why i t  d i d  s o ~ e t h i n g ,  how i t  works, uhy i t  s a i d  something. 
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To answer such quest ions,  the program has t o  c o n t a i n  a  r e p r e s e n t a t i o n  o f  
i t s  own a c t i v i t y  -- i n  terms o f  ' i n t e n t i o n s '  o r  h i g h e r - l e v e l  g o a l -  
o r i e n t e d  comments, r a t h e r  than o r  i n  a d d i t i o n  t o  the  usual  " d e c l a r a t i v e "  
o r  " p r o c e d u r a l "  program-language d e s c r i p t i o n  o f  the process t o  be  
c a r r i e d  ou t .  . 
Indeed,  we b e l i e v e  t h a t  such an "exp lanat ion" ,  o r  "excuse" language i s  
n e c e s s a r y  n o t  o n l y  f o r  making sense o f  a  program's a c t i v i t y  and 
o p e r a t i o n  --- f o r  i n t e l  1 i gen t  app l i ca t i on ,  debugging, and e x t e n s i o n  -- 
b u t  a l s o  f o r  deve lop ing  any la rge  program i n  the  f i r s t  p lace .  B u t  
u s u a l  l y ,  a t  l e a s t  today, the goal o r i e n t e d  d e s c r i p t i o n  e x i s t s  o n l y  
i n f o r m a l  l y  i n  the  programmer's mind. 

I n  Sussman's t h e s i s  we see some steps toward t h i s .  When a t e s t  p rogram 
shows a  "bug", a h i g h e r  l eve l  program t r i e s  t o  e x p l a i n  i t ,  perhaps i n  
te rms  o f  s i d e - e f f e c t s  o f  c o n f l i c t i n g  ac t ions ,  o r  s i d e  e f f e c t s  o f  
compe t ing  goals.  I f ,  f o r  example, the requi rements f o r  c o n c u r r e n t  g o a l s  
i n t e r a c t ,  so t h a t  f u l f i l l i n g  the cond i t i ons  f o r  acheving Goal A make i t  
i m p o s s i b l e  t o  ach ieve Goal 0,  i t  may s u f f i c e  s imply t o  ach ieve goa l  8 
f i r s t .  B u t  t h e  program w i l l  on ly  t h i n k  o f  do ing  t h i s  i f  i t  can e x p l a i n  
t h e  f a i l u r e  i n  terms t h a t  suggest t h a t  those goa ls  a r e  i n  f a c t  c l o s e l y  
a s s o c i a t e d  and t h e r e f o r e  candidates f o r  swapping. 
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SECT1 ON 4 
THE ARTIFICIAL INTELLIGENCE LABORATORY 

A. INTRODUCTION 

The H I T  A 1  Labora to ry  has evolved from a  small group o f  s tuden ts  w o r k i n g  
u i th John McCarthy and f la rv i  n  M i  nsky i n  1958. I t was o r  i g  i na l l y  p a r t  o f  
H I T ' S  Research Labora to ry  o f  E l e c t r o n i c s  and the HIT Computat ion Center .  
I t  j o i n e d  i n  t h e  c r e a t i o n  o f  P r o j e c t  MAC as the  A r t i f i c i a l  I n t e l l i g e n c e  
Group, and became a  separate M I T  Laboratory some years l a t e r .  D u r i n g  
t h e  p e r i o d  o f  ARPA support,  i t  has been co-d i rec ted by Marv in  Minsky  and 
Seymour Paper t. 

I n  t h i s  s e c t i o n  we desc r ibe  some o f  i t s  a c t i v i t i e s  accomplishments and 
problems.  

8. SYMBOLIC APPLIED MATHEMATICS 

The f i r s t  s e r i o u s  p r o j e c t  on g e t t i n g  a  computer t o  work w i  th l i t e r a l  
f o r m u l a e  and r e a l  mathematical p r i n c i p l e s  r a t h e r  than numer ical  
c a l c u l a t i o n s  was done here  by Slagle,  whose 1961 Ph.0. Thes is  showed h o u  - a  h e u r i s t i c  program cou ld  compare favorably i n  performance wi th a 
be t te r - than -ave rage  HIT f i r s t - y e a r  student on symbol ic I n t e g r a t i o n .  The 
program c o u l d  n o t  deal a t  a l l  u i t h  the contex t  o f  such problems, so t h a t  
i t uas  u s e f u l  on1 y once the  problem had been pu t  i n t o  the  r i g h t  form. 

T h i s  demonstrated t h a t  h e u r i s t i c  techniques cou ld  deal w i t h  symbo l i c  
mathemat ics  i n  a  r a t h e r  n a t u r a l ,  l i f e l i k e  manner. The behav ior  o f  
S l a g l e ' s  program resembles r a t h e r  c l o s e l y  t h a t  o f  mathematics s t u d e n t s  
who a r e  v e r y  i n t e l l i g e n t  b u t  no t  p a r t i c u l a r l y  exper t  in  t h a t  area. 

Some y e a r s  l a t e r  the  same problem -- symbolic i n d e f i n i t e  i n t e g r a t i o n  -- 
uas  a t t a c k e d  by Joe l  Roses. H i s  thes i s  e x h i b i t s  h i g h l y  e x p e r t  
pe r fo rmance  over a  much wider range than d i d  S lag le 's .  Moses' program 
demonst ra ted p u b l i c l y  t h a t  we were a t  the stage where A 1  methods c o u l d  
p roduce  a  mathematical " a s s i s t a n t "  t h a t  cou ld  r e a l l y  extend t h e  
c a p a b i l i t y  o f  a  se r ious  user. 

A t  t h e  same t ime, W. M a r t i n  addressed h imse l f  t o  o the r  problems i n  t h e  
a r e a  o f  symbol ic  a p p l i e d  mathematics: t o  making t h e o r i e s  o f  
r e p r e s e n t a t i o n ,  i n t e r a c t i o n ,  s i m p l i f i c a t i o n ,  and so f o r t h .  The success 
o f  t h e  two theses o f  M a r t i n  and Moses suggested j o i n i n g  forces,  wh ich  
l e d  t o  t h e  MACSYMA system -- or  the M I T  MATHLAB p r o j e c t  -- t h a t  i s  now 
an independent p a r t  o f  P r o j e c t  MAC. 

S i n c e  then, many o the r  centers  have at tacked p a r t s  o f  t he  problem, and 
t h i s  f i e l d  i s  j u s t  now becoming a  s i g n i f i c a n t  a d d i t i o n  t o  t h e  t o o l s  o f  

,-. t h e  s c i e n t i f i c  w o r l d  i n  a t t a c k i n g  large, semi -quan t i t a t i ve  problems i n  
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a p p l i e d  mathematics, engineering, and physice, 

Ano the r ,  p a r a l l e l  development i n  t h i s  p e r i o d  has been the  work o f  Bobrou 
and Charniak.  Bobrow developed a h e u r i s t i c  program, STUDENT, t h a t  
worked on l e s s  symbol ic,  more r e a l i s t i c  "word problems" a t  t h e  h i g h -  
schoo l  a l g e b r a  l e v e l .  I n  t h i s  work, the emphasis was n o t  so much on 
f o r m a l  mathematics as on semantics and na tu ra l  language. Bobrow showed 
t h a t  by  u s i n g  a semantic model o f  what sentences (probably)  mean, one 
c a n  s i d e s t e p  issues i n  l i n g u i s t i c  theor ies  t h a t  seemed ve ry  s e r i o u s  i f  
a t t a c k e d  w i t h o u t  re fe rence  t o  meanings. The success o f  t h i s  p r o t o t y p e  
had  a n o t i c e a b l e  e f f e c t  over the next  few years i n  r e d i r e c t i n g  t h e  
a t t e n t i o n  o f  computat ional  l i n g u i s t i c s  t o  the p r a c t i c a b i l i t y  (and, we 

i n d i s p e n s i b i l i t y )  o f  i n v o l v i n g  meaning with s y n t a c t i c  t h i n k ,  t h e  
a n a l y s i s .  

Years  l a t e r  
p rob lems  in  
i t  became c 
i s s u e s  as  t 

E. Charniak produced a Raster 's  Thes 
Ca lcu lus  cou ld  be handled. Th is  thes 
ear  t h a t  as Charniak attempted t o  i nc  
me-analysis, simple mechanical s t a t i s  

i s  i n  which some word 
i s r a  i sed new i ssues: 
lude i n  h i s  scope such 
t i c s  and dynamics, and 

p r o p e r t i e s  o f  common m a t e r i a l s  (you can p u l l  w i t h  a rope, b u t  n o t  
push! ) ,  t h e  e a r l i e r  Micro-wor ld o f  simultaneous l i n e a r  equa t ions  and 
phenomena t h a t  had s u f f i c e d  f o r  Bobrow's problems was n o t  adequate. 
Indeed,  t h e  ex tens ion  o f  symbolic app l ied  mathematics t o  non-symbol ic  
r e a l - w o r l d  problems s t i l l  awa i ts  ref inement o f  common sense knowledge- 
s t r u c t u r e s .  We hope t o  f i l l  t h i s  gap as a r e s u l t  o f  work on 
" q u a l i t a t i v e  phys i cs "  [see 5.63. 

C. V IS ION 

There  i s  t o o  l i t t l e  space here f o r  an adequate summary o f  t h e  A 1  
L a b o r a t o r y ' s  work on rea l -wor ld  v i s ion ,  There w i l l  appear a survey  i n  P 
U i n s t o n ' s  paper i n  the  August 1973 Proceedings o f  the  I n t e r n a t i o n a l  
Conference on A I ,  Stanford,  1973. 

B r i e f l y ,  we c l a i m  t h a t  i t  was p r i m a r i l y  our l i n e  o f  emphasis t h a t  has  
c r e a t e d  t h e  contemporary atmosphere o f  optimism and accomplishment i n  
Machine V i s i o n .  The main p o i n t s  were: 

Emphasis on Symbol ic d e s c r i p t i o n  r a t h e r  than P i c t u r e - T r a n s f o r m a t i o n  
Emphasis on He te ra rch ica l  use o f  rea l -wor ld  knowledge 
Emphasis on problems o f  3-D occ lus ion  and f igure-ground s e p a r a t i o n  

T h i s  work r e s u l t e d  i n  several i n t e r n a t i o n a l l y  known papers, n o t a b l y  t h e  
Ph.D theses o f  A. Guzman, P. Winston, and 0. Wal tz.  

The " l o w - l e v e l "  problem o f  f i n d i n g  r e a l  phys ica l  f ea tu res  i n  p i c t u r e  
scenes has been a very  d i f f i c u l t  one; important c o n t r i b u t i o n s  were made 
in  work by J. Hol  loway, R. Greenblat t ,  A. G r i  f f i  th, T. B i n f o r d ,  B. Horn, 
and A. H e r s k o v i t s  i n  our Laboratory. Three Ph.D theses on o t h e r  V i s i o n  
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t o p  i c s  were w r  i t t e n  by A.  G r  i f f  i th, 5. Horn and L. Krakauer, exp 1 o r  i n g  
d i f f e r e n t  mathematical and s t r u c t u r a l  models o f  such t o p i c s  as shading,  
c o n t r a s t ,  i l l u m i n a t i o n  grad ients ,  h i g h l i g h t s ,  focus maps, e tc .  

The outcome o f  a l l  t h i s  was the modern approach t o  v i s i o n  general  l y  
c a l l e d  "Scene-Analysis" -- a term t h a t  serves main ly  t o  d i s t i n g u i s h  t h e  
approach 
r e c o g n  i t 

I n  o u r  L 

from i t s  predecessor, usua l  l y ca I  I  ed "v  i sua l p a t  t e r n -  
on1'. 

D. NATURAL LANGUAGE 

b o r a t o r y ,  t he  work on Natura l  Language developed i n  t h e  c o n t e x t  
o f  u n d e r s t a n d i n g  common sense semantics r a t h e r  than from the  m i l i e u  o f  
c I  a s s i  ca  I  I  i ngu i  s t  i cs. The work o f  Bobrow, noted above, and t h e  work o f  
B. Raphael on a quest ion-answering program t h a t  used con tex tua l  c l u e s  t o  
s o l v e  problems o f  semantic ambiguity were the f i r s t  a t tempts  t o  t a k e  
t h i s  approach. The work o f  Charniak, as noted above, was a n e x t  s tep ,  
b u t  showed t h e  need f o r  a more c a r e f u l l y  developed Micro-wor ld  o f  
c o n t e x t .  I n  W i nograd's t h e s i s  we saw these and many o the r  ideas f rom 
l i n g u i s t i c  theo ry  brought  together  and app l i ed  t o  a more adequate 
s y m b o l i c  B l o c k s  World t h a t  resembles ( s u p e r f i c i a l l y )  the  one used i n  

u* 
o u r  e a r l y  v i s i o n  research. Most important, perhaps, were Winograd's 
i n n o v a t i o n s  i n  making the  syntact ic-semantic i n t e r a c t i o n s  a c t u a l l y  work 
i n  a h e t e r a r c h i c a l  programming system: a dream t h a t  had never been 
r e a l i z e d  e f f e c t i v e l y  because o f  inadequate techn ica l  unders tand ing  (and 
courage) .  

Semant ic  I n f o r m a t i o n  Processing i s  now one o f  the  most a c t i v e  f i e l d s  o f  
A I ,  and promises t o  y i e l d  systems usefu l  i n  many p r a c t i c a l  areas. 

E. ROBOTICS 

I n  t h e  h i s t o r y  o f  e f f o r t s  t o  understand how t o  make autonomous p h y s i c a l  
a s s i s t a n t s ,  t h e  A 1  Labora tory  c la ims a very spec ia l  r o l e .  The f i r s t  
such system, so f a r  as we know, was the tac t i l e -sense  h e u r i s t i c  program 
o f  H. E r n s t  which, i n  1961 was ab le  t o  search f o r  d i f f e r e n t  o b j e c t s  on a 
t a b l e  and assemble them i n t o  a tower or  pu t  them i n t o  a box. Some y e a r s  
e lapsed,  i n  which we made p lans  t o  move i n  the d i r e c t i o n  o f  v i s u a l l y -  
c o n t r o l  l e d  manipu la tors ,  and f i n a l  l y ,  i n  the mid-60's R. Gosper, u s i n g  
programs based on e a r l i e r  work by J. Hol louay, R. G reenb la t t  and S. 
Ne l  lson,  was a b l e  t o  demonstrate the f i r s t  complete ly  autonomous hand- 
eye  system t h a t  c o u l d  analyze a scene we l l  enough t o  l o c a t e  non- 
o v e r l a p p i n g  b l o c k s  and assemble them i n t o  a simple tower. I n  1970 P. 
W i  n s t o n ,  B. Horn and E. Freuder demonstrated t h e i r  "copy" system, w h  i c h  
l o o k s  a t  one scene o f  b locks  and then assembles a copy o f  i t  f rom s p a r e  
p a r t s  i n  another  p a r t  o f  the table.  
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Nex t ,  t h e r e  was a  p e r i o d  o f  a c t i v i t y ,  du r ing  which we were p u b l i c l y  
r a t h e r  q u i e t ,  t o  r e b u i l d  the system. Our f i r s t  system (and those o f  o u r  
c o l l e a g u e s  a t  o t h e r  cen te rs )  on ly  "appeared" t o  see w e l l ;  i n  f a c t  t h e y  
were i m p o s s i b l y  s e n s i t i v e  t o  mistakes because o f  o c c l u s i o n  o f  p a r t  o f  
one o b j e c t  by  another .  Also, they were h o r r i b l y  s e n s i t i v e  t o  p i c t u r e -  
p r o c e s s i n g  e r r o r s  due t o  not-qui  te -per fec t  i I  luminat  i on, o r  f  l aus on t h e  
s u r f a c e s  o f  t h e  ob jec ts ,  I t  was on l y  i n  the pas t  year o r  so, w i t h  t h e  
c o m p l e t i o n  o f  Winston 's  he te ra rch i ca l  V i s i o n  System, and u s i n g  
i n g r e d i e n t s  l i k e  the  Guzman-Winston-Waltz o b j e c t - f i n d i n g  t h e o r i e s  and 
t h e  S h i r a i  h e t e r a r c h i c a l  edge-analyser, t h a t  we cou ld  ge t  per fo rmance 
good enough t o  suggest nroving on ou ts ide  the c l o s e l y  c o n t r o l l e d  B l o c k s  
W o r l d  v i s u a l  environment. The cu r ren t  system can cope w i t h  v e r y  
c o m p l i c a t e d  o c c l u s i o n s  o f  o b j e c t s  i n  three dimensions, u s i n g  a  s i n g l e  
(non-s tereoscop ic1  v iewpoint .  As noted i n  E1.11, we p l a n  t o  use range-  
f i n d i n g  and o t h e r  more powerfu l  " v i s i o n "  methods i n  the  more conipl i c a t e d  
r e a l - w o r l d  appl  i c a t i o n s .  

F. LEARNING 

In t h e  e a r l y  years  o f  our uork, we tended t o  avo id  a t t e m p t i n g  t o  make 
machines t h a t  were supposed t o  " l e a r n  t o  become smarter" ,  f o l l o w i n g  t h i s  
p r i n c i p l e :  d o n ' t  t r y  t o  make a  machine l ea rn  a  c l a s s  o f  b e h a v i o r s  u n t i l  
y o u  a r e  s u r e  t h a t  the  machine o r  procedural s t r u c t u r e s  a v a i l a b l e  a r e  
c a p a b l e  o f  s u p p o r t i n g  t h a t  behavior.  Th is  turned ou t  t o  be a  good idea,  
s i n c e  l i t t l e  p rog ress  was seen, i n  the f i r s t  decade, by those a t t e m p t i n g  
t o  g e t  s i g n i f i c a n t  learned behavior by us ing  Neural Network, Pe rcep t ron ,  
E v o l u t i o n a r y ,  Adaptive-Adjustment, o r  I nduc t i ve - In fe rence  t h e o r i e s .  

I n  f a c t ,  one o f  our  most subs tan t i a l  t h e o r e t i c a l  accomplishments was t o  
d e v e l o p  t h e  d e f i n i t i v e  theory presented i n  the book, PERCEPTRONS, 
show i n g  why c e r t a i n  l ow- 1 eve1 I  i near 
c a n n o t  l e a r n  t o  account f o r  i n t e r a c t i  
o r  con  t e x  t-dependenc i es, 

By  1970 ou r  genera l  understanding o f  
p r o g r e s s e d  t o  the  p o i n t  o f  Winston's 
r e l a t i v e l y  h i g h - l e v e l  form o f  l e a r n i n  
o n  compar i ng  descr  i p  t i ons o f  cu r ren t  
what has  come be fo re .  Th i s  work has 

o p t i m i z a t i o n  machine s t r u c t u r e s  
ons o f  f i r s t  l e v e l  cues, f e a t u r e s ,  

s t r u c t u r a l  r e p r e s e n t a t i o n s  had 
thes is ,  i n  which we see a  
g, i n  which what i s  l ea rned  depend s  
events w i t h  summary d e s c r i p t i o n s  o f  
evoked widespread i n t e r e s t ,  and w e  

see many p r o j e c t s ,  here  and around the world, moving i n  t h a t  d i r e c t i o n .  

Many i m p o r t a n t  t h i n g s  we lea rn  are  no t  mere fac ts ,  b u t  knowledge- 
h a n d l i n g  c a p a b i l i t i e s ,  i n  p a r t i c u l a r ,  procedures t h a t  make f o r  b e t t e r  
l e a r n i n g  s t r a t e g i e s .  The recent  uork o f  Go lds te in  and Sussman, wh ich  
m i g h t  appear t o  be concerned c h i e f l y  u i t h  Automatic Programming, i s  
r e a l l y  concerned u i t h  mod i fy ing  procedural rep resen ta t i ons  o f  knowledge 
i n  a c c o r d  u i t h  t he  e x t e n t  t o  which the procedures i n  f a c t  behave a s  t h e y  
a r e  "supposed" to.  We rega rd  t h i s ,  then, as the most p r o m i s i n g  p a t h  
p r e s e n t l y  a v a i l a b l e  toward r e a l l y  "adapt ive"  machines. 
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G, COMPUTER LANGUAGES 

The A1 L a b o r a t o r y  has p layed an important r o l e  i n  the e v o l u t i o n  o f  t h e  
programming languages and computer systems t h a t  a r e  used today b y  most 
s u c c e s s f u l  workers i n  t he  A1 f i e l d .  The LISP system, o r i g i n a l l y  
deve loped  by  J. f lccarthy, has become, i n  e f f e c t ,  the  " s tandard "  
i n t e r n a t i o n a l  language o f  A I .  The A 1  Lab's LISP 1.6 system i s  p r o b a b l y  
t h e  most power fu l  v e r s i o n  o f  LISP, and i s  c e r t a i n l y  i n  more e x t e n s i v e  
w o r l d w i d e  use than o the r  va r i an ts .  I n  i t s  c u r r e n t  form, one does n o t  
have  t o  pay t h e  " t r a d i t i o n a l "  overhead o f  i n t e r p r e t a t i v e  o p e r a t i o n  f o i  
p r o c e d u r e s  t h a t  do n o t  r e q u i r e  i t ;  i t  i s  be l i eved  t h a t  i t s  numer i ca l  
e f f i c i e n c y  i s  comparable t o  t h a t  o f  most known FORTRAN o r  PL-1 
c o m p i l e r s !  T h i s L I S P  1 . 6 h a s a p o w e r f u l  conipi ler,  and an e x t r e m e l y  
v e r s a t i l e  READ ( i npu t -ou tpu t )  system, bo th  due l a r g e l y  t o  Jon Whi te,  
e x t e n s i v e  i n t e r r u p t  system, and many o ther  features.  I t  meets p r a c t i c a l  
c o m p a t i b i l i t y  requi rements.  The present  ve rs ion  can r u n  on any DEC 
18/58 moni t o r .  Less  sophi s t  i cated vers ions  r u n  on IBM systems. 

I t  was d iscovered,  however, t h a t  the da ta -s t ruc tu res  o r i g i n a l l y  p r o v i d e d  
i n  L ISP were n o t  r e a l l y  adequate f o r  some o f  the " r e p r e s e n t a t i o n s  o f  

-7- 

knowledge" t h a t  A 1  was beg inn ing  t o  need. For  eKample, Bobrow needed a 
fo rm o f  "pa t te rn-match ing"  f o r  h i s  l i n g u i s t i c  system, and i n v e n t e d  t h e  
language METEOR, embedded i n  LISP, so t h a t  he cou ld  have t h e  f e a t u r e s  
deve loped  e a r l i e r  by Yngve i n  h i s  se l f - s tand ing  language, CORIT.  A t  
a b o u t  t h e  same t ime A. Guzman, working w i t h  H. McIntosh developed a 
language CONVERT, a l s o  embedded i n  LISP, i n i t i a l l y  f o r  work i n  s y m b o l i c  
a p p l i e d  mathematics, a f i e l d  t h a t  McIntosh had conceived about  t h e  same 
t i m e  we d i d .  Independent ly ,  the Newell-Simon group a t  Carneg ie  a l s o  
come t o  t h e  c o n c l u s i o n  t h a t  pa t te rn -d i rec ted  program c o n t r o l  m i g h t  make 
i m p o r t a n t  advances i n  behav iora l  theor ies.  

None o f  those languages seemed t o  " s t i c k " .  Perhaps they were 
i n a d e q u a t e l y  engineered, perhaps they were be fo re  t h e i r  t ime, c e r t a i n l y  
none o f  them had c l e a r l y  formulated t h e o r e t i c a l  f .oundations o f  t h e  
q u a l i t y  t h a t  t h e  o r i g i n a l  L ISP o f  McCarthy had. But  r e c e n t l y ,  t h e  
PLANNER p roposa l  o f  Hew i t t ,  as implemented i n  t h e  MICRO-PLANNER language 
used  b y  W i nog rad  (and many others,  now) seems t o  have met t h e  r e a  I -uo r  I d  
c o n d i t i o n s  f o r  acceptance. I t s  descendant, CONNIVER, has r e c e n t l y  had 
t h e  most f a v o r a b l e  acceptance i n  t h i s  fami ly ,  b u t  o n l y  t he  n e x t  f e u  
y e a r s  w i  l l t e l l  what i s  go ing  t o  serve best.  

I n  o t h e r  cen te rs ,  new languages l i k e  QA-5, STRIPS, and SAIL a r e  a l s o  
mov ing  i n  t h i s  d i r e c t i o n  -- t o  make a v a i l a b l e  p a t t e r n - d i r e c t e d  c o n t r o l  
and  t o  a l l o w  r e f e r e n c e  t o  m u l t i p l e  processes, m u l t i p l e  (bound) 
env i ronments ,  "IF-NEEDED" and "Antecedent-Theorem" demon-l ike p rocesses  
and t h e  l i k e .  These a r e  a l l ,  we be l ieve ,  reponses t o  the  need f o r  
h e t e r a r c h i c a l  c o n t r o l  o f  knowledge-based problem-solv ing systems. 

.m,*ri 
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H. TIME-SHARED COMPUTER SYSTEM 

The N I T  A 1  Labora to ry  developed the f i r s t  t ime-shar ing system f o r  t h e  
POP-10 ( t h e n  PDP-6) system. Th i s  system, c a l l e d  ITS, was e s s e n t i a l l y  
comp le ted  about  f o u r  years ago. I t  has r e c e n t l y  become ove r loaded  b y  
t h e  i n c r e a s i n g  comp lex i t y  o f  the jobs i t  has t o  do. 

Many p e o p l e  agree t h a t  f o r  A 1  purposes the I T S  system i s  p r o b a b l y  t h e  
most e f f e c t i v e  t ime-shar ing  system ava i l ab le ,  However, because we do 
n o t  want t o  be i n  the  s e r v i c e  business, we a re  i n t e r e s t e d  i n  a c c e p t i n g  a 
l a r g e r  system, even i f  n o t  q u i t e  so e f f e c t i v e ,  i f  the maintenance can  be 
p r o v i d e d  elsewhere. However, t h i s  i s  no t  q u i t e  p o s s i b l e  a t  p resen t ,  a s  
w i l l  be n o t e d  in  the  s e c t i o n  below about our computat ion requ i rements .  

I. CONTRIBUTIONS TO FUNDAMENTAL THEORIES 

The p r o j e c t  has made many fundamental c o n t r i b u t i o n s  b o t h  t o  A r t i f i c i a l  
I n t e l l i g e n c e  and t o  modern computer science i n  general.  We w i l l  n o t  
r e v i e w  these  i n  d e t a i l ,  b u t  j u s t  l i s t  t h e i r  names. 

Ma themat i ca l  Theory o f  Computation: J. McCarthy, e t  a l .  
T h e o r i e s  o f  Schemata and Program Contro l :  H e u i t t ,  Paterson,  e t  a l .  
A b s t r a c t  Complex i ty  theory: Blum 
P e r c e p t r o n  Theory 
C o n c r e t e  Complex i ty  Theories: Minsky, Papert 
C o n t r i b u t i o n s  t o  theory  o f  p a r a l l e l  computers. 
Computa t iona l  Geometry 
C o n t r i b u t i o n s  t o  theory  o f  Product ions, etc .  

J. COGNITIVE PSYCHOLOGY 

I n  t h e  v e r y  l a s t  few years, i t has become recognized t h a t  A1 r e s e a r c h  i s 
much c l o s e r  t o  psycho log i ca l  research than was a t  f i r s t  be l i eved .  The 
t h e o r i e s  i n  t h e  V i s i o n  System are  w ide ly  considered as  cand ida tes  f o r  
t h e o r i e s  o f  human v i s i o n .  (See Suther land's  essay i n  t h e  B r i t i s h  SRC 
volume. 1 

The more genera l  v ieu ,  t h a t  what i s  learned i s  i n  l a r g e  p a r t  de te rm ined  
by knowledge-based processes (as i n  Winston's t h e s i s )  seems r e l a t i v e l y  
new i n  psycho logy  -- a l though there  i s  r a r e l y  any th ing  r e a l l y  new i n  t h e  
sense t h a t  one can f i n d  such proposals i n  e a r l i e r  l i t e r a t u r e  -- and i s  
a t t r a c t i n g  a g r e a t  deal o f  cu r ren t  a t t e n t i o n .  

The AI-based t h e o r i e s  o f  education, as demonstrated i n  our  LOGO p r o j e c t ,  
have  had a b i g  impact, r e c e n t l y ,  on the community o f  educa t i ona l  
t h e o r  i s t s .  
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K. AUTOMATIC PROGRAMMING 

T h i s  a r e a  i s  h i s t o r i c a l l y  very  c lose  t o  A I .  Indeed, t he  f i r s t  r e a l l y  
t h o u g h t f u l l y  human-engineered debugging systems ( l i k e  DOT) a rose  in  t h e  
community l o o s e l y  assoc ia ted  w i t h  A 1  work. J.C.R. L i c k l i d e r  was an  
e a r l y  p romotor  o f  such ideas. We b e l i e v e  tha t  our r e c e n t  work -- 
n o t a b l y  o f  Sussman and h i s  co l leagues -- has been the  p r i m a r y  c a t a l y s t  
i n  t h e  new wave o f  i n t e r e s t  and optimism (e.g., as shown by  t h e  B a l s e r  
r e p o r t )  . 

L. SPEECH RECOGN I T I  ON 

The r e v i v a l  o f  i n t e r e s t  i n  t h i s  area f o r  probably f e a s i b l e  a p p l i c a t i o n s  
stems perhaps as  much from the advances i n  AI- types o f  h e t e r a r c h i c a l  
(and semant ic )  programming as from any major advance i n  speech-sc ience 
p r o p e r .  

H. OTHER SUBJECTS 

The comp le te  summary o f  so la rge  a Laboratory over so many y e a r s  wou ld  
t a k e  t o o  much space here. We mention a few o the r  t o p i c s  o f  impor tance  

, r- i n  t h e i r  own r i g h t :  

Work by  D a n i e l  Edwards on Cryp tana lys is  
Work by  Bledsoe, Abrahanis, Levin,  S i l v e r ,  Minsky, Norton,  S l a g l e  

on t h e o r i e s  o f  Mathenlatical Theorem-Proving 
Work b y  Paper t  on t h e o r i e s  o f  development o f  I n t e l l i g e n c e  
Work by  A. L. Samuel o f  the well-known Checkers Program 
Work by  J. RcCarthy on Chess 
Work i n  many areas o f  a p p l i e d  mathematics and numer ica l  

a n a l y s i s  by  R. Gosper, R. Schroeppel 

N, HARDWARE: OUR MEMORY EMERGENCY 

The L a b o r a t o r y  needs an increase i n  computat ional power. Because o f  t h e  
knouledge-based cha rac te r  o f  the new genera t ion  o f  programs, t h e i r  s i z e  
i s  l a r g e  compared t o  programs o f  f i v e  years ago. 

T h i s  i s  n o t  a t r a n s i e n t .  A l l  reasonably i n t e l l i g e n t  programs u i l l  b e  
p r e t t y  l a r g e  from now on. The p r a c t i c a l  cos t  o f  t h i s  largeness i s  n o t  
s e r i o u s ,  except  f o r  the very  immediate fu tu re ,  because a l l  i n d u s t r y  
p r e d i c t i o n s  agree t h a t  the cos t  o f ,  say, a 500,000 word p r i m a r y  s t o r a g e  
u i l l  approach a f e u  thousand d o l l a r s  i n  the nex t  decade. B u t  r i g h t  now 
we a r e  i n  a c r u s h i n g  b ind ,  because our t ime-shar ing system can s u p p o r t  
o n l y  one such program a t  a time. 
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H i s t o r y :  We c o n t r a c t e d  and supervised c o n s t r u c t i o n  o f  t he  f i r s t  f a s t  
mass c o r e - s t o r e  -- through a  development c o n t r a c t  w i t h  F a b r i - t e k .  
A l t h o u g h  i t  was a t  f i r s t  a  powerful  research t o o l ,  we have s u f f e r e d  
s i n c e ,  b y  b e i n g  "s tuck "  w i t h  i t  -- the reward o f  p ioneer ing .  ARPA has 
p u t  a s i d e  our  reques t  f o r  modernizat ion from year t o  year. I t  has  
become a  c r i t i c a l  b o t t l e n e c k  i n  ach iev ing  our goals. 

The re  a r e  seve ra l  problems u i  t h  i t. 

(1) I t  i s  dangerously marginal.  I f  there  i s  a  major  f a i l u r e ,  
no one w i l l  be ab le  t o  f i x  i t ;  i t  has been o u t  o f  p r o d u c t i o n  
f o r  a  long t ime and we have mainta ined i t  ourselves.  

( 2 )  I t i s  3 low. Modern POP-10's have 1 microsecond memor i es. 
The Fabr i - tek  memory i s  2.9 microseconds. 

(3) I t i s  too sma l 1 .  Large programs s a t u r a t e  i t and cause 
t h e  system t o  go i n t o  " th rash ing"  mode o f  pag ing  o n t o  d i s c .  
MATHLAB, an o f f s h o o t  o f  our Laboratory,  has a l r e a d y  found i t  
necessary t o  add another 250K o f  memory, T h i s  has made i t  
p o s s i b l e  f o r  them t o  r u n  several knowledge-based programs a t  a 
t ime. Our system i s  swamped by one program o f  t h e  s i z e  o f  
Winograd's Na tu ra l  Language Program. We w i l  l  f i n d  i t  v e r y  
d i f f i c u l t  t o  debug the a p p l i c a t i o n  programs u n l e s s  t h e  memory 
i s  expanded. 

A  l l o f  t h e  system development has a l ready been done, s i n c e  t h e  A 1  and 
MATHLAB machines use i d e n t i c a l  systems. The a d d i t i o n a l  memory w i l l  a l s o  
a l l o w  Network use rs  t o  t r y  out  our a p p l i c a t i o n  programs. A t  p r e s e n t ,  
th  i s cannot  be  done. 

The system i s  ex t remely  slow when any CONNIVER o r  s i m i l a r  program o f  t h e  
o r d e r  o f  100K i s  run.  We use shared pure procedures as much as  
p o s s i b l e ,  and common compiled code, bu t  the CONNIVER c o n t r o l  s t a c k  must 
be r e p r e s e n t e d  as  l i s t - s t r u c t u r e ,  

SHRDLU, NcDermott 's  reasoning program, L a v i n ' s  V i s i o n  program, and 
s e v e r a l  o t h e r  impor tan t  research programs a re  too  l a r g e  t o  r u n  on o u r  
c u r r e n t  hardware when o ther  users a re  competing f o r  t ime. To make 
r e a s o n a b l e  progress,  we would expect each o f  the p r o j e c t  a reas  t o  have 1 
o r  2 programs r u n n i n g  a t  a l l  t imes! 



THE ARTIFICIAL INTELLIGENCE LABORATORY PAGE 111 

D o c t o r a l  S tuden ts  from the  A.I. L a b o r a t o r y  

The L a b o r a t o r y  has an i n t e r e s t i n g  academic reco rd ,  as  e v i d e n c e d  
b y  t h i s  l i s t i n g  o f  a l l  o f  i t s  d o c t o r a l  degree r e c i p i e n t s .  

S  l ag  l e  
Jones  
Nor  t o n  
Hodes 
0 l um 
Raphae I 
Bobrow 
Te i t I  eman 
Abrahams 
Wins ton  
W i nog rad  
Hewi t t  
H o r n  
K rakaue r  
G r i f f i  th 
Evans 
Guzman 
Wal t z  
Charn  i ak 

Moses 
M a r t i n  
Luckham 
Smo l i a r  
Sussman 
G o l d s t e i n  
Abe l son 
P e r k  i n s  
Henneman 
Beyer  
F e l  I 

NIH. Head, A . I .  Research g roup  
NIH, 
NIH. 
NIH. 
P r o f ,  Berke l ey 
Head, r o b o t i c s  research,  S.R.I. 
Head, A . I .  and language, Xerox ( f o r r n e r l g  BEN) 
Xerox 
P r o f ,  N.Y.U. 
P r o f ,  MIT, Head o f  R o b o t i c s  
P r o f ,  NIT (1973, S t a n f o r d )  
P r o f ,  MIT 
P r o f ,  MIT (1973) 
I n d u s t r y  
I n d u s t r y  ( I n f o r m a t i o n  I n t e r n a t i o n a l )  
I n d u s t r y  ( p r i v a t e  s o f t w a r e  company) 
P r o f ,  Po ly techn ico ,  Mexico 
P r o f ,  Un i v  o f  I l l i n o i s  (1973) 
S t a f f ,  I s t i t u t o  Per G l i  S t u i  Seman t i c i  E 

C o g n i t i v i ,  S w i t z e r l a n d  
P r o f ,  MIT Head o f  VATHLAB, MAC 
P r o f ,  M I T  Head o f  Au tomat ic  Programming, MAC 
P r o f ,  S t a n f o r d  
P r o f ,  Technion ( I s r a e l ) ,  Un iv .  o f  Penn (1973)  
P r o f ,  M I T  (1973) 
P r o f ,  HIT (1973) 
P r o f ,  NIT (1973) 
L i n c o l n  Lab. 
P r o f ,  B.U. (Former ly ,Univ  o f  Texas) 
P r o f ,  Un iv  o f  Oregon 
P r o f .  No r theas te rn  Univ .  

O the r  Ph,D. s tuden ts  who d i d  t h e i r  uo rk  a t  A1 Lab. 
Bay l o r  ( f rom Carneg i e l  
B e l l e r  ( f r o m  Brande is )  
R o b e r t s  ( f r om Carnegi e l  

C l o s e l y  assoc ia ted  Ph.0. Theses: 
E r n s  t ( I  BM) ; Rober ts  (ARPA) ; Suther  l and (Utah) ; F i scher  

(Water l oo )  ; Knou l t o n  (BTL) 
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Nev i ns  ( c u r r e n t  1 
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1 

Our Labora to ry  has very  c lose  t i e s  t o  the  A I  groups a t  
B o l t ,  Beranek and Newman 
S t a n f o r d  
Carnegie- f le l lon 
S t a n f o r d  Research I n e t i t u t e  
E d i  nburgh 
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Work on machine v i s i o n  has progressed r a p i d l y  i n  t h e  l a s t  f e u  
years. Many bas ic  issues are  now more sha rp l y  de f ined,  
p e r m i t t i n g  us  t o  focus ou ts ide  the r e s t r i c t e d  w o r l d  o f  c a r e f u l  l y  
p repared  s imple  polyhedra. 

We h e r e  summarize some o f  the progress w i t h  emphasis o f  t h e  l a s t  
year .  A t  t he  "performancen leve l ,  we can take a c o l l e c t i o n  o f  
f l a t - s i d e d  o b j e c t s  o f  assor ted shapes, p i l e  them up, and ask t h e  
program t o  analyse, disassemble, and rear range the  o b j e c t s  i n t o  
another  s t r u c t u r e .  The l a t t e r  can be s p e c i f i e d  by a symbo l i c  
d e s c r i p t i o n  o r  by present ing  a phys ica l  example t o  be a n a l y s e d  
by  t h e  system. Many " low- leve l "  v i s i o n  problems had t o  be  
s o l v e d  t o  reach t h i s  leve l  o f  performance. Many o f  them a r e  
summarized i n  our January, 1372 Progress Report, and much more 
d e t a i l  i s  a v a i l a b l e  i n  techn ica l  notes and r e p o r t s .  We have 
made no compromises i n  our o r i g i n a l  long-term goal  t o  s e t  a f i r m  
f o u n d a t i o n  f o r  Monocular machine v i s i o n !  T h i s  v i s i o n  system 
works as w e l l  on p i c t u r e s  o f  a scene as i t  does on t h e  p h y s i c a l  
scene i t s e l f .  I t  i s  no t  based on the use o f  p h y s i c a l  range-  
f i n d i n g  methods, tac t i l e -p robe  exp lo ra t i on ,  o r  o t h e r  " a c t i v e *  
sensors. 

The f o l  lowing p a r t i c u l a r l y  noteworthy r e s u l t s  have appeared i n  
t h e  l a s t  year. 

1. D a v i d  Wal tz  has worked out  a semantic theory  o f  p o l y h e d r a l  l i n e  
d raw ings  t h a t  i s  a major breakthrough in  several  respects .  The 
t h e o r y  g i v e s  deep i n s i g h t s  i n t o  the success o f  e a r l i e r  work and 
p r o v i d e s  a power fu l  ana lys i s  c a p a b i l i t y  f o r  separa t i ng  r e g i o n s  i n t o  
bod ies ;  i n  i d e n t i f y i n g  edges as convex, concave, obscur ing ,  shadow 
o r  c rack ;  i n  u s i n g  shadows t o  determine contact :  and i n  r e a s o n i n g  
o u t  t h e  o r i e n t a t i o n  o f  ob jec t  faces. 

2. P r e v i o u s  v i s i o n  systems su f fe red  from an a r t i f i c i a l  d i v i s i o n  
i n t o  line-finder/scene-analysis par tnersh ips ,  communicating o n l y  by 
way o f  a handed-over l i n e  drawing. The new systems o f  J e r r y  Lerman 
and Yosh iak i  S h i r a i  show how the b a r r i e r  can be e l i m i n a t e d  and how 
h i g h  l e v e l  knowledge o f  phys ica l  c o n s t r a i n t s  and p a r t i a l  a n a l y s i s  
can  g u i d e  t h e  f i l t e r s  and t racke rs  t h a t  most i n t i m a t e l y  dea l  w i t h  
l ow- leve l  i n t e n s i t y  in format ion.  
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3. Tim F i n i n  has g i ven  the evo lv ing  v i s i o n  system c o n s i d e r a b l e  
d e d u c t i v e  depth  through several goa l -or ien ted programs. One o f  
t hese  s p e c i a l i z e s  i n  us ing  a  theory o f  "perce ived groups". O f ten ,  
some o f  an o b j e c t ' s  i n d i v i d u a l  dimensions, p o s i t i o n ,  o r  o r i e n t a t i o n  
parameters  a r e  indeterminate because o f  an o b s t r u c t i o n  in  t h e  l i n e  
o f  s i g h t .  I n  these s i t u a t i o n s  the v i s i o n  system hypo thes izes  t h e  
m i s s i n g  in format ion ,  us ing  other  ob jec ts  considered s i m i l a r  b y  
v i r t u e  o f  a l ignment i n  a  stack, a  common purpose, o r  s imp le  
p r o x i  m i  t y .  

4. F i n i n ,  Lerman, and S les inger  have completed a  v i s u a l  feedback 
module t h a t  checks the p o s i t i o n  o f  a  b lock  a f t e r  p o s i t i o n i n g  b y  t h e  
hand. Then i t  j i g g l e s  i t  i n t o  p lace i f  i t s  p o s i t i o n a l  e r r o r  
exceeds a  small  threshold,  Th is  feedback l i n k  e x p l o i t s  t h e  random- 
access c a p a b i l i t y  o f  a  programmable image a c q u i s i t i o n  system b y  
l o o k i n g  o n l y  a t  p o i n t s  l y i n g  on a  small c i r c l e  around expected 
v e r t e x  l oca t ions .  

5. Bob Uoodham has done i n i t i a l  work on v i s u a l  mot ion  t r a c k i n g .  
As a  f i r s t  s t e p  i n  e f f e c t i n g  a  cof fee-pour ing demonstrat ion,  he  h a s  
uo rked  o u t  and compared severs1 mechanisms f o r  m o n i t o r i n g  t h e  
r i s i n g  l e v e l  o f  c o f f e e  i n  a  s t y l i z e d  cup. 

6 .  S c o t t  Fahlman has devised a  c o n s t r u c t i o n  p l a n n i n g  system w h i c h  
s o l v e s  problems i n  two d i s t i n c t  d i rec t i ons .  F i r s t ,  t h r e e  
d imens iona l  mode l l i ng  s k i l l  has been developed i n  t h e  form o f  
s o p h i s t i c a t e d  touch and s t a b i l i t y  tes ts .  Second, i n  c o o p e r a t i o n  
w i t h  t h e  s p e c i a l i s t s  i n  CONNIVER language, he has demonstrated t h e  
need f o r  and use o f  advanced c o n t r o l  and data  base mechanisms. The 
system can p l a n  f a i r l y  complicated cons t ruc t i ons  r e q u i r i n g  
temporary s c a f f o l d i n g  supports or  counterweights. 

7 .  R i c h  Boberg has explored the problem o f  r e v e r s i n g  t h e  a n a l y s i s  
process,  t h a t  i s ,  r e c o n s t r u c t i n g  a  scene from an a b s t r a c t  
d e s c r i p t i o n .  We b e l i e v e  t h i s  i s  the f i r s t  s tep  toward an a u t o m a t i c  
d e s i g n  system where the  machine conta ins  and uses c o n s i d e r a b l e  
common sense knouledge about the c o n s t r a i n t s  i nhe ren t  i n  a p h y s i c a l  
u o r  l d. 

8 .  John Ho l le rbach  has probed the problem o f  d e s c r i b i n g  complex 
shapes through work on complicated, h igher  order  polyhedra.  H i s  
h e u r i s t i c  theory  o f  p r o j e c t i o n  shows how many o b j e c t s  can be 
s e n s i b l y  decomposed i n t o  bas ic  shapes, mod i f i ed  by p r o t r u s i o n s  and 
i nden t a  t i ons. 
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9. In another domain, Mark Adler has shown how to make progress 
toward solving the problem of line drawings with curves, In a 
style reminiscent of initial work on polyhedra, he has outlined an 
approach to the analysis of some highly constrained kinds of 
drawings. This should contribute conceptually to work on more 
general real vision, to diagram reading and manipulating services, 
and eventually to personal assistant systems in which sketches must 
supplement commands in natural language that do not lend themselves 
to verbal explanations. 

PROGRESS IN MACHINE LEARNING 

The long sought goal of machine learning has seen a major conceptual 
breakthrough, The concept is simple: we say that someone has learned 
something i f  he is able to perform appropriate processes. One rarely 
bu i l ds a neu process from nothing; presumably one extends and adapts 
processes developed for other goals. Thus, learning is like debugging a 
computer program, and a smart person is one who knows good ways to 
characterize defects and requirements, and has good methods for making 
the appropriate procedure changes. This idea, in different uays, has 
led to the following large steps. 

.Y" -̂ 

1. G. Sussman has completed a computer program that contains some 
sophisticated knowledge about diagnosis and repair of computer 
programs. Given a sequence of block-building tasks, similar to 
those performed by Winograd's natural language program, Sussman's 
program performs a sequence of modifications on an initially 
trivial building program. Eventually, the "learnedM procedure is 
able to perform all the operations that uere initially built-into 
Winograd's system. Sussman's methods have attracted wide 
attention, even before publication of his thesis, and are the basis 
of a number of other automatic programming proposals. 

2. I. Goldstein has developed a theory of automatic analysis and 
systematization of programs which propose to achieve certain kinds 
of goals but do not actually work. By setting up an "annotation" 
structure based on matching parts of the defective procedure to 
parts of the goal description, Goldstein's procedure can propose 
and make corrections, using methods similar to those of Sussman. 
Again, part of the "secret" of learning lies in having the 
knowledge and ability to focus clearly on what parts of procedures 
are not working properly, and Goldstein's thesis is, we believe, a 
major move in this direction. 

3. M. Minsky has formulated a new theory, called Frame-Systems, 
uhich, it is hopcd, will show quickly how to do complicated common- 
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sense reason ing  I n  systems t h a t  a re  no t  confused by c o n t a i n i n g  
l a r g e  amounts o f  non-relevant in format ion.  Th is  theo ry  a l s o  
suggests  a  number o f  ways in  which new knowledge can be added i n  a n  
o r d e r l y  way, aga in  w i thout  leading t o  i n fo rma t ion  over loads.  I t  i s  
hoped t h a t  t h i s  theory  w i l l  combine w i t h  l J ins tonVs  e a r l i e r  l e a r n i n g  
program ideas t o  a l l o w  opera t i on  over a  u i d e r  range o f  tasks.  

MICRO-AUTOMATION 

We have now s e l e c t e d  and acquired a  computer c o n f i g u r a t i o n ,  a  v i d i c o n  
system, and a d i g i t a l l y  d r i v e n  x-y table.  A neu arm designed f o r  u s  i s  
under  c o n s t r u c t i o n  f o r  November 1973. A new computer eye des ign  i s  
b e i n g  completed. I t  i s  expected t o  have much b e t t e r  o p t i c a l  p r o p e r t i e s  
t h a n  p r e v i o u s  computer eyes. 

AUTOMATIC PROGRAMMING 

We ment ioned above the  p r o j e c t s  o f  Go lds te in  and Sussman: Program 
A n a l y s i s ,  and Automatic Debugging, Another p r o j e c t  which i s  w e l l  under  
way, concerned w i t h  developing a  programming formal ism and techno logy,  
i s  t h e  ACTOR system o f  H e u i t t  and h i s  associates, i n  which i m p l i c i t  and 
u n d e s i r a b l e  i n t e r a c t i o n s  a re  u n l i k e l y  t o  a r i s e  a c c i d e n t a l l y .  

NATURAL LANGUAGE RESEARCH 

Winograd 's  BLOCKS program demonstrated new dimensions t o  t h e  c o n n e c t i o n s  
between d e t a i l s  o f  t he  s t r u c t u r e  o f  na tu ra l  E n g l i s h  and the  meanings o f  
uo rds ,  c lauses,  and whole discourses. Our experience u i t h  SHRDLU has  
h a d  two impor tan t  consequences: i t  has shown us t h a t  q u i t e  n o n - t r i v i a l  
n a t u r a l  language programs can be w r i t t e n  u i t h  today 's  hardware and 
s o f t w a r e ,  and t h i s  i n  t u r n  has encouraged a  f resh  b u r s t  o f  n a t u r a l  
language research,  n o t  o n l y  here bu t  i n  other  l abo ra to r ies .  

The c u r r e n t  proposal  summarizes recent  work on c o n s o l i d a t i n g  what was 
l e a r n e d  from t h i s  uork, and what has been done w i t h  i t  r e c e n t l y .  The 
system has been r e v i s e d  and documented so t h a t  i t  can be used by o t h e r s  
who want t o  go f u r t h e r  i n  t h i s  area. 


