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The Declarative Representation and Procedural Simulation of Causality in

Physical Mechanisms

/ Chuck Rieger and Hil t Gr inherg

Comp uter Sc ience Depar tmen t
Un ivers ity of Mary land

College Park , Mary land 20742

Abs trac t~ A theory of cause—effect representation is used to describe man—made
mechanisms and natural laws. The representation , consisting of 10 link types
that interconnect events into large declarative patterns, is Illustra ted on a
relatively sophistica ted device , the home gas forced air furnace. Nex t, a
procedure and framework for translating the declarative description of a
mechanism Into a population of associatively triggerable computation units is
described . The associat-~ve , or proced ural , form can then be used to per form a
discrete cause—effec t sImulatioL~ of the device. The delcarative to procedural
translation , Incl uding a simula tion trace , is shown for the furnace. Topics
f mechanism absttacti2n and mechanism invention are discussed and the entire
Mechanisms Laboratoryr is placed In the larger perspective o~~, o~it f’researchInto human problem solving. .~~~~~ - .. .

Keywords: cause—effect representation , declarative—procedural corr ~i~i5i~~
’nce ,

simulation of physical systeirs, spon taneous c omputation , mechan isms inven tion

1. Introduction

Man—made physical mechanisms provide an Interesting domain in which to

study human problem solving and cause—effec t knowledge representation . In

this paper, we describe and illustrate a representation framework which

permits us to express and simulate the connnonsense internal cause—effect

structure of a variety of man—made mechanisms (both mechanical and

e lec t ronic) ,  as wel l  as a var ie ty  of natural  mechanisms (laws of phys i c s ,

physiological mechanisms , e tc) .

Since our s t ra tegy has been to use the mechanisms domain as a medium f o r

investiga ting human problem solving and cause—effec t knowledge representation ,

we have developed our “Mechanisms Lab” wi thin the existing framework of our

Commo,-isense Algorithm (CSA) Project, a broader investigation of cognitive

mechanisms. Following this strategy has lead us to a mechanisms theory in

wh ich the “ground” representation of a mechanism is a declarative ,

cause—effect graph , but in which simulation is accomplished by t rans form ing

such a representation into procedural form, then executing it. Thus, in

addit4 on to the theory of representation and simulation, we feel the techni , ic

provides an interesting case study in declarative—procedural correspondeFC~’.
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The d iscussion of our Mechan isms Labora tory is divided in to f ive ma in
parts~ (1)  back ground and theore tical framew ork of the mechan isms research ,

(.i) cause—effect representation , (3 )  back gro und and stra tegy for the

simulation aspects of the project , (4) a simulation examp le , and ( 5 )

ph i l osoph y of the approach.

2. Motivation

Our motive In this mechanisms research is to understand better huma n

problem solving and cause—effec t knowledge representation. Han—made

mechanisms provide an excellent medium for carrying out such research because

me chan isms are in a sense f inal snapsho ts of the human pr oblem solv ing
process. By 4eveloping representations for the cause—effec t notions inherent

to all  mechanisms as humans perce ive them, we stand a good chance of also

gaining insight into how humans encode the various princ 1r~’’~c and physical

laws tha t are evoked dur ing the mechanism’s invention or design.

Besides this theoretical relevance of studying mechanisms, there are some

Interesting 1~rac tical app lications of a cognitive theory of mechanisms

representation and simulation. For example, a mechanisms theory can provide

the basis of a potentially powerful CAt facility in which a mechanisms—naive

user could interactively explore the des ign pr inc ip les and behav ior of a

device. Provided the system is conversant in the same terms as the user (i.e.

higher—leve l , symbolic terms , ra the r  than lower—level  numerical or pa rame t r i c

ter ms) ,  such interaction can communicate concepts rather than details.

Many other specific applications exist. In one , the theory could provide

the basis for medical app lica tions , through the model ing of , e.g., human

ph ysiological mechanisms. In a second , the theory could be appl ied to prov ide
a self— model in systems with a self—maintenance capabilities (martian rovers,

2001 vacuum cleaners?). In a third , the theory could prov ide the bas is of
interactive design systems in which engineers specify h igh level goals to the

system, wh ich then does the design. Comp le tel y automatic “mechanisms

invention ” is within the realm of possibil it y and , we feel , would closelq

resemble the behavior of current—day problem solving and program synthesis

theories. Finally, a f ut ure app lication migh t be to use the representation as

a sort of Dewey Decimal System of cause—effect pattern classification.
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3. Background and Re la ted  Work

There are many ways to approach the  descr i p t i o n  of a m e c h a n i s m .  Most in

the past (e.g. [ J W I ] ,  [ L B R L ] ,  E R J S 1] ,  [ S L I ] ,  and [ W I I L I ] )  have t ended  to ht

more analytical in their approach. In analytical simulations , the mechan ism

is t y p i c a l l y descr ibed  by p a r am e t e r i z i n g  i t  in a f o r m  s u i t a b l e  f o r  a n u m e r i c a l

simulator. The problem with this approach is that the representation of ;i

mechanism is v e r y  d i f f e r e n t  f r o m  the  huma n cause and e f f e c t  k n o w l e d g e  of t h e

mechanism.

We are by no means the only ones addressing the issues of symbolic

modeling or simulation of physical systems. Two other notable examp les are

the MYCIN project and an MIT electronic circuit analysis program (EL). The

MYCIN medical diagnosis project at Stanford [Dl] has been constructing models

of the techniques clinical pathologists presumably app ly when attempting to

make sense out of the raw data which describes some possible pathology or ~u t

of pathologies. In this sense they too are symbolically modeling cause—effec t

mechanisms. EL, Sussman’s and Stailman ’s electronic circuit ana lysis progrnn

([SSI] and [SS2I), is both an app lication program and a theory nf circuit

design. The main concerns of the project are : how are laws of electronics

expressed in a way tha t is of use both to the ana lysis of a given circuit;

e.g. the user specifies the starting states of all “active ” components suc h

as transistors , then asks the program to analyze the circui t ’s behavior , or

the user requests the system i t s e l f  to der ive  the v a r i o u s  modes of o p e r a t i o n

of the active devices in the circuit and to the design of a circuit f r om

descriptions of what it shoul d accomp lish .

4. Theoret ical  Framework

We have approached the r e p r e s e n t a t i o n  and s i m u l a t i o n  of m e c h a n i s m s  from

within the framework of our larger Commonsense Algorithms (CSA) Project. Sinc c

one main purpose of the project has been to understand more about how h u m a n s

might represent and use all sorts of causal knowledge, we hav e exp l icitl y

chosen to develop the mechanisms theory in the context of the larger GSA

theory, d rawing upon existing CSA mechanisms which themselves seem to b~’

broadly app licable in all aspects of cognitive modeling. Specificall y , this

3



i o~ resulted in (I) adopting as the mechanisms representation the sane

representation that is used in the othe r two phases of the project , name l y,

the p Lni synthesizer [Ri] and the language comprehender [ R i ]  and [R2) ,  and (2)

• p p l y i n g  our notions of “spontaneous computation ” (R31 to simulation. A l t h o u g h

th e running LISP Mechanisms Laboratory which has resulted is not

e f i i c i e n c y- wi s e  c o m p e t i t i v e  w i t h  app l i ca t i ons  s i m u l a t o r s , t h i s  is of l i t t l e

concern , since efficiency considerations are not relevant to our current

go~i I s .

in summary ,  then , we want to be able to express and simulate mechanisms

( and  hence , also the phys ical princi ples upon which they are founded ) in ways

that might approximate how humans do these tasks. To accomp lish this , we have

chosen to embed the s imu la to r  in the same framew ork as the plan synthesis and

l anguage  comprehension components  of our p r o j e c t .

4 . 1 .  CSA C a u s e — E f f e c t  Re~ resen ta tj on

The declarative representation of a mechanism is a cause—effect graph

whose nodes are events and whose links are drawn from a set of the t en

t l i e o r e t  Ica l .  fo rms  of i n t e r—even t  causal i n t e r a c t i o n .  Each event  f a l l s  i n t o

u. - C t  f o u r  categor ies : act ion , tendency, state or statechange. W i t h the

C t ion of “tendency ”, these terms are intended to reflect their standard

L~ ,1!1otat ions. We use the term “tendency ” to describe action—like events in

w h i c h  there is an absence of i n t e n t i o n .  G r a v i t y,  f o r  exa mp le, is a tendency,

since it is a force generator , bu t has no cho ice about , or reasons for,

i. - t  ing .

The l inks of our theory  are i n t e n d e d  to r e f l ec t what  we bel ieve to be

necessary (and close to suf f icient ) underlying human concepts relating to

causality in physical mechanisms. (These same links are also the basis of the

plan synthesizer ’s representation.) We arrived at several of the ten by

obvious intuitive reasoning, and a t  the remain ing  ones by c o n s i d e r i n g  many

mechanisms and a t t e m p t i n g  to cap tu re  the recur r ing  ideas . None of the l inks  b y

Itself is particularl y novel to us, or individually provocative; yet , taken as

a set , we believe these links are bo th theore t ically significant , and
C 

hab itable in practice.
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4.2.  Representa t ion  Example: Home Gas Forced—Air  Furnace

We introduce the CSA mechanisms representation first via an example that

illustrates both the individual links and the general size and complexity of

mechanisms we are curren tly representing and simulating. The examp le is the

Home Gas Forced—Air Furnace , and reflects our understanding of this relatively

sophisticated device.

For the purpose of convenient presentation , we have segmented the

description into three boxes: (1) thermostatic control , (2) heat generation ,

and (3) heat delivery. Interconnections A through G between boxes are

indicated in circles. We have provided an event-wise cross—indexed English
description of Box 1 to accompany its schematic representation , but have

omitted the English descriptions of Boxes 2 and 3 for space reasons (see [RGI]

fo r  more de ta i l s ) .

BOX 1 (Control Subsystem)

We assume that  the system heats a single room , and tha t th i s  room

contains a mercury—filled , glass—envelope style thermostat. A temperature

change of the thermostat (1) is equivalent to a state of temperature

f l u c t u a t i o n  ( 2 )  (upper l e f t  hand corner). Such fluctuation continuously

enables the tendency THERMAL EXPANSION (3)  to produce a continuous change in

the length of the (coiled ) thermostat  s t r ip  ( 4) .  Provided the g lass envelope

is attached to this coil (5), this length change is equivalent to a change in

the ang le (p hi)  of the glass envelope (6). The angle of the glass envelope can

also be inf luenced by an external  ad ju s t i ng  action (7 , 8) .  At any moment , the

net change (9)  of this angle is governed by these two causal sources.

As phi changes , there are two points of interest: one when phi is below

zero (10), i.e. the envelope begins tilting to the left (11), and one when it

is above at zero (16), i.e. begins tilting to the right (17). When the

envelope is tilting left (11), and the left edge of the mercury is not already

at the extreme l e f t  end of the envelope ( 1 2 ) ,  the mercury is in a condition of

being unsupported to the l e f t  (13).  This  a l lows the tendency GRAVITY (14)  to

mani fes t  i t se l f  and to begin cont inuously changing the mercury ’s loca t i on

toward the left (15). Returning to the othe r threshold po int for phi (when ph

is above zero), a symmetric system of unsupportedness pert ain~-
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(16 ,17,18,19,14,21) ,  influencing the mercury to move toward the right. At any

moment , the net change in the mercury ’s location (22) is governed by these two

systems.

There are five points of interest (23,24 ,28,29 ,32) along the mercury ’s

path of travel (lower part of Box 1). When the left edge of the mercury

reaches point A (less than or equal to —2) (23), the mercury will cease being

.nsupported , and GRAVITY ’s influence will be severed (i.e. the mercury will

stop moving left). While the mercury is between points B and C (i.e. be tween

—3 and 1) (24) there will be physical contact of the me rcury and the

elec trical contac t pins P1 and P2 (25). This amounts to the thermostat ilaving

closed the furnace ’s control circuit (33). This condition feeds into Box 2

via tie point A , serving as one preco uditioii 1 r  the main supp ly gas valve

opening. Conversel y, contact between the mercury and P1 and P2 ceases at

poin ts less than —3 or greater than 1.

The Control Subsystem participates in a large feedback ioop via tie point

F from Box 3.

The descriptions of Boxes 2 and 3 are similar , and Box 1 introduces all

the link concepts in the representation. 

- -- —- -~~-- -~~~~~—-~~~~~~~~~ - - - -. -- - _ ----- _‘



- 
-

~ U ~±: ~,J. ~~L. ~~~
j r~ ~:

~:-)

(Th~~A C-f~ 1 ~~ -~1 U~C lol -‘ I  l a C i  ,~ ~~
f- iiCCI~~a I  ~~~~~~~~~ I cii Ic~ -~ ii-C C- — a - _C i_C C- — ._. 

11 L.i _ C 
~~~~~ ‘C~ ~~~~~ ( 

- 
C

;i! J~E~~ 

C

-

C-, r~~~g

s;! > 

_ _



~‘~ T ~

I. (
~ I~~~I~ a-~~ ~ ~I \ I ~~~I i~~~~ 1 —i ” -’ I Ici I b- a-I I A 1i~~mi Lici I~~ 

OC I_ ,,,~~ ~~i ._~~~~ I— MI I~~~0i I ~
f~~~I ~~~~~~~~~~~~~~~~~~~ ~~~~ (

~J __ I / / ç~

~~~~~~ l~ I I~ 1 / ‘\ “-‘ / ,‘J~:1t~~~I ‘. —
~~I E= I (a- iàà J J~ / / ~~~~\~J ~~~~ C I ‘... ~~~~~ / / 1 ~ ~ L I

C % ,.. J  / A ~ ~ I ~1( C,~ ~~~I/  -~
‘-

~~~~
--:-

‘ / i n~~~~~ / ~~~ic, c~~IIL\ I_~~I ~ li ~/ I c~’~~~ J~~~ VIC~ I I > 1  r-J a ,— i l  I 
~~~~ I2~~ I’ F

~cr aJ 
~I~~ I °‘~~~V I I~~ I I~~~ I /  r~_i Là X — ._. — i_C i_C Li a tJ C a I  Ia 1.—fl— ~ c~I ~i ~~~~~~ I—Cl

~I;: t I I~~i~I fl ~~ciI fi~~~~~~~ ~~ .-
~ 

a a ~ ~J —4
~ (~~~~I I’~~~I _ Bl fr~~~~ l~~~~aL 1C,Li r~~.— i i ~~~~~~~~~

~~~~

‘

_ 
_ ~~ I(~) ~~~~~~~~~~~~ I~~J I~~J I~~~I 2I~~L—__-J ~.—TII

I~~I ~:i~~~ i I ~C_CL i a, ~ ~a— ~ ~< I I z c .., I I~~c,I I I I= a 
~~~~~~~~~ 

C Li> Ia c, n e—
—

Li

a ~~~~~~~~~~~ cr 

~~~~~~ Li

:11 ~~~~~— a-L i  a- Li CS — a
CD C C-C  -_ 

~ 0 a
—

~~~ 

C

-

- g~ :
I 

~~~~ 
B

~~~~ 
~~~~

9 

~~~~~~~~~ - -~~~~~~~~~~~~~~~ - —-~~~~~~~~~~ - - - - - - _‘-‘-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



‘I cC -haul s -Cs c u - 4 , - — - I - r , - i  Links

~ i t h  t h i s  - x l t n p l e  i n  m i n d , we  now giv e a v e r y  b r i e f  d e s c r i p t i o n  of

0 1  1111k s. Se€ Rn I ]  aiicl  ( K  ] f C )  r no re d e t a i l e d  d i s c u s s i o n s .

i ) f l t  m U CU S  and n~~— ,h ot t a i i S 1  I

A~~t C O f l  A or  tC ICI C II C V T c a u se s  s t a te  S or st a t e c l i an g t
A , T SC t o  e x i s t , p r o v i d i n g  g a t i n g  c o n d i t i o n s  Si , ... , Sn ire _____

i n  ~- f  : o t t .  For the continuous f o r m ,  the act i o n s

coot  i n u o d  presence is r e q u i r e d  to  sus t a i n  t h e  s ta t e  or

sta1eci ,an~~- ( i .e .  t h e r e  is  some o t h e r u n s p e c i f i e d

S SC • o r c e  w h i c h  w o u l d  a n n i h i l a t e  S or SC i f  A or T w e r e  S , S

r o -~- - ’- C - C l ) .  For  t o e  o n e - - sho t  f o r m , A o r  T is requi red on i v m o n e n t i r i  l v .  T h e

C~~1L e S ~~ v e r i t  the tC t  t e ct s  t h e  ~l (- t i o n  or t e n d e n c y  w i l l  have  on i t s  , -n v i  r o i l m C - n t

i n  t h a t  t h e i r  c o n t i n u e d  and s i m u l t a n eo u s  p r e s e n ce  d u r i n g  t h e  a c t i o n  is

r e q t i i  red l e t  t h e  m d  i c a te d  C - i n s )  I i  t v  “to i i  ow ’ f r o m  t h e  ac t i o n  or t e n d e nc  v to

I he s t  at - ~ r S t  it  cc h n - . T1 ( -SC-  0 t es  a re  d i  St i nc  t f r o m  A or l ’s en ab  I one n t s

e n a b l em en t s  gove rn  t h e  e x e c u t i o n  of t h e  a c t  ion i t s e l f , n d ep e n d en t  l v  I r i m  Ut.

Of I e t s  i t  may p r o d u c t - .

Co n t i n u o u s  a n d  One—sh ot En ab  1 emen t

S t.~~ e S e n a b le s  act ion A or  t en d e n c y  T. For  t h e
S - S

con t i O I I C O C S  f o r m , S ’s co n t i n u e d  presence is r eq u i  red in

o r d e r  t o  b e g i n  and slIsta in A or  T. For  the o n e — s h o t

f o r m , S’s p r e s e n c e  is r e q u i r e d  only  m o m e n t a r i l y  t o

a l l o w  the a c t i o n  to  b e g i n .  ( S e m a n t i c a l ly , one— s h o t  
1

enable rnetit 0, - c u r s  when  t i r e  p e r f o r m an c e  of A or T

modl  f i e s  i t s  env i r o n m e n t  in a w a y  w h i c h  l i b e r a t e s  the  a c t i o n  f r o m  t O

i n f l u e n c e  C i t  t he  or igin al enabling condition.)

C o n t i n u o u s  ai -id O n e — S h o t  S I C C L & ’ C o u p l i n g

. S t a t e  Si or  s t i t , - ch a n c e  sci i n d i r e c t ly  p r o d u c e s  S.C or

SC2. R ’ r  t h e  c o n t i n uo u s  f o r m , S.C’s or 5C2 ’ s c o n t i n u e d  
S i .  SC 1

• 
~~ 

e x i s t e n c e i s  coup led to  S i ’ s or S CI ’ u c o n t i n ue d  _I_
existence. For t h e  one—shot form , S.C or SC .C is

~~~~ ~~~~~~~~~~ i n d e p en d e nt  of SI  &t r SC1 after t h e  i n i t i a l  coup l log .  
~~~~

These l i n k s  p r ov i d e  a means of e x p r e s s i n g  imp l i c i t

L 
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i n t e r v e n i n g  causal relations which are eithe r unknown or irrelevant to some

description (i.e. states do not directl y cause states). They accept gating

s t a t e s  in the same manner as the causal l inks .

State Equivalence

State Si or statechange Sd is an eqvivalent 
_______

formulation of state S2 or statechange SC2, providing c~I~T~I~ G
gating conditions SGI ,.. ., SGn are p resen t .  “Eq u i v a l e n t

• formula tion ” means that the two states are

p a r a p h r a s e s — s y n t a c t i c a l l y  d i f f e r e n t  express ions  of the

same underlying event. Equ ivalence s, we feel , w ill 
~~~~ SC2

always be presen t in any representation, and hence
ough t to be dealt with exp licitly. Most frequently, an equivalence plays the

role of buffering two different points of view of the same event (e.g., the

output of one mechanism is “photons exist ”, the input to another mechanism is

“ li gh t  p resen t ” , and say , du r ing  mechanisms i nven t ion , we wish to jo in  the two

mechanisms). The existence or non—existence of either equivalenced event

implies the existence or non—existence of the other.

State Antagonism 
______

State SI or statechange SC1 is antagonistic to state 1 SC

S2 or s t a t echange  SC2 ( i . e .  the two events  are 
I)

mutually exclusive), providing gating conditions

SG1,.. .,SGn are in effect. This link is the companion 
G

of the state equivalence link.

Rate Confluence

Statechanges SC1 ,...,SCn represent the culminations of 
~~~~

multip le causal sources for a net statechange of some

ent ity with respect to some feature. The net

statechange , SC , specifies the composite rate as a

symbol ic expr ession wh ich can be dyn amical ly evaluated

during a simulation. Syntactically, all contributory
statechanges , and the net statechange must reference the same entity, and the

same va rying f e a t u r e  of t h a t  e n t i t y  (e.g.  change in t empera tu re  of the he at

exchanger).

11
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1 h reahold

Net statechange , SC , reaches a threshold , S, of sc
i O e i . - s t  to the description of the mechanism. S is an

I I O t O l l t I n e ) t l S  l e s cr ip t io n  of an e n t i ty  w i t h  r e s p e c t  to

the f e a t u r e  w h i c h  Is varying in the statechange , e.g.

t h e  te li h t - r a t  ore C C L  the hea t  exchanger  is 400 degrees. s
We d i s t i n g u i s h  p o s i t i v e  and n e g a t i v e  t h r e s h o l d s

c r a p h i c a l ly  and i n  t h e  i n t e r n a l  r ep r e s e n t a t i o n  and s i m u l a t i o n  so as to  p r o v id e

b r  hysteresis.

Th u i s  concludes the discussion of the CSA cause—effec t links relating to

- . ie. ’ t) a [ l t s m s  descri ption . For interested readers, there  are severa l o t h e r  l i n k s

relating to motivation and i n t e n t i o n a l i t y  of huma n actors. These other links

permi t us to explore the areas of plan synthesis and language comprehension in

the social as well as physical doma in within the same representational

f r a m e w o r k .

We have represented a number of othe r physical , electr ical and electronic

mechanisms in these same terms, including (1) a computer flip—flop , (2) t he

“drinking duck” novelty toy, (3) an incandescent light bulb , (4) a -
~

reverse—trap flush toilet , (5) a mechanical oscillator , and (6) descriptions

of composite events involving physical laws such as the Bernoul I i  e l f  er! ,

g r a v i t y  and rnoui ei - i t u m .  A d d i t i o n a l l y , we have used the representation to 
C

describe a computer algorithm for comput ing  the average of a table of

in t e g e r s , and t e e - i t h a t  the CSA l inks  will provide a good language for

programming concepts as well as physical laws. These and other examp les appear

in ERG1] , [RI] and [R41

5. Simulat ion Strategy

As we po in t ed  out e a r l i e r , our purpose has not  been me re l y t o b u i h l  a

mechanisms  d e s c r i p t i o n  and s i m u l a t i o n  l a b o r a t o r y ,  bu t  to b u i l d  one upon

c o n c e p t s  w h i c h  are  g e n e r a l l y  app l icable  to a wide  spec t rum of o the r  1 v t ’ s ot

cognitive modeling as w e l l .  We feel  that  we have succeeded in th e  d e s c r i p t i o n

aspect by embedding the mechanisms description language in the same f ra m e wo i  ~

as our problem solv i ng and Language comprehens ion languages , namely thes - ~- - \

12 
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links just covered.

For the simulation strategy , we have draw n upon anothe r aspect of the  GSA

sys tem tha t  we call  the “spontaneous c o m p u t a t i o n ” compo n en t .  T h i s  is a

genera l ized  imp lemen ta t ion  of p a t t e r n — d i r e c t e d  i n f e r e n c e , w he r ei n c o m pu t a t i o n s

occur spont anecus ly ,  r a t h e r  than on der n ~’nd fr o m  a n o t h e r  c o m p u t a t i o n .

The s imula t ion  s t r a t egy  ( see f l e w  diagram h~~iow ) is t h i c :  c orwert  t I -

dec la ra t ive  (CSA) c a u s e — e f f e c t  r e p r e s e n t a t i o n  of the mechanism t:o a p cp u l a t~~on

of autonomous computa t ion un i t s , each of which  models one event  in the

dec la ra t ive  represer.tat ion.  If each uni t  in this  popu la t ion  of s pon t a n e o u s

computat ioas  (SC ’s) contains a model of a l l  ot h e r  event  schemata  t h a t  can

i n f l u e n c e  it , (both within , and external to, the particular mechanism In which

the event  p a r t i c i p a t e s )  then the modeling SC can he caused to run wh en a l l

influences are just right by including all those influen~ ts in ~ts

(potentially complex) invocation pattern. Thus, our strategy is to model each

declarative event by an SC whose trigger pattern is sensitive to othe r

prerequisite events in the mechanism.

USER DEFINES MECHANISM
(EXTERNAL DECLARATIVE .4—

REPRESENTATION)

$MECHAN ISM CREATES
THE INTERNAL DECLARATIVE ‘C

REPRESENTATION

:i:::::::::I i:::~:::::: i
_ _

$ SIMULATE— M ECH CRE ATES SC ’S
(INTERNAL PROCEDURAL -C
REPRESENTATION ) 

S IMULATE _____________

MECHANISM

-::::i:::::-
REQUEST ADDIT IONAL
S IMULATIONS OR CHANGE
STARTING CONDITIONS

(CONTEXT ) 

I ~~ -
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A s i m u l a t i o n  w i l l  . m n r o l i r r t  t o  embedding t he  reactive SC p op u l  i t  I l l  w i t  I

models the even ts  i n  t ir e m e c h a n i s m  in  an env i  r on m e n t  in  wh c i i  1 i i

c on d i t i  ons ar e  appi C l i  i , t e  for tri ggering the m e c h a n i s m .  rho envi  r u n - - i t  • ‘ 5  - 

-

well as all h a I t i  I C e C U I C .  n t a t , - s  d u r i np  t i n - tiri t i l 1 I n n , - i re  i O C i e i t C I  is  u

collect ion of  d o t  O 1 C I S e  • O C C c r L  i o n s .  T r i g g e r i n g  of t h e  m e c h a n i s m  w i i  1 1 c’ad t o  -

c o n c e p t u a l l y  par s  I h - I  • i v o  I r H . - o t  a c t i v i ty  w h e r e  In t h e  r u n n i n g  of r o t -  or  nor

SC units can fu ~~ r t  t i , -  r u n n i n g  o f  one or in ure  o t h e r  tin i t s , rind so a ,  l i n e

slm~’1ation becomes q u i e s c e n t  w h e n  no r e m a i n i n g  SC ’s perceive themselves to be

relevant. • 1

Th ere are  son,e i m p o r t a n t  i s sues  r e l a t i n g  to  ~~~~~~~ we have chosen this

s t r a t e g y  f o r  s I m n i n l i C u  rallier than a mo re “straightforward” strategy t h a t
C 

manipulates the dec lar ative representation directl y. We will return to t i - U

p h i l o so p h y b e h i n d  t hiI ~ approach to simulation later. We now describe the PSA

sys tem ’s spon taneous  c o m p u t a t i o n  component  w h i c h  provides  the s u b s t ra t e  i C r

the simulator.

5.1. Spontaneous Computation

Our imp lementation of spontaneous computation is a generalization of t h e

p a t t e r n — d i r e c t e d  i n v o t -ot ion notions embodied in PLANNER [SWCI] and ~~I VI R

EMSI] . By “genera lizit i O ’ , we mean specificall y that we have provided for tire

specification 1i,id C L C I n i z a t i o n  of more complex invocation patterns , and 1 o r

more comp lex h i e r C u r H i  i l  or 1~C l n I z a t i o n s  of SC populations.

The invocati on (tri gger) pattern of an SC in the GSA system is

constructed t r our n es te d  n — t u p les c omposed in v i r t u a l l y  a n y  de~~re-e of

c o m p l e x i t y  u s i n g  t I . -  1 Cig  i enl re-i ations ANI), OR and ANY. Each c o m p o nen t  o f  t h e

t r i g g e r  can be nine of the following types: (1) a s s o c i a tI v e , ( . C )

non—associative , or (3) computable. Associative trigger component s c ome I C  be

C organ ized  i n t o  a r e a c t  ly e  da ta  s t r u c t u r e  we c a l l  a “t r igge r t r ee ” ; these  ar ,

the componen t s  w h i c h  can reset to  passing stimul i (to be defined ) and close

the entire pattern t o  be test ed (polled). Non—associative trigger c C r m 1 C C n l t ~n t C ~

represent aspects ,h t i r e  t r ig ge r ’s e n v i r o n m e n t  t ha t  must  be- t r u e  n w l n t - c

e x p l i c i t l y p o l l e d  I i n  o r d e r  f o r  t h e  SC to fire fully, but which themselves .tt. ’

i n c a p a b l e  of lii it i at i i ng t i re  f i r i n g .  C o mp u t a bl e s  a re  a n y  EVA I. ah le- i i  SI ’  t C - a-

14

_ _ _  —-



--  — _v — —- --- r—m~-~_~ 
.. -

~
-_ - -.. — --_ --.-—- -— - 

~~~~~~~~ ~~~~~~

other  than ( 1)  or ( 2 ) ,  and must evaluate non—NIL for full triggering of tine

pattern L u  occur.

To illustrate , suppose we wish to create an SC which will fire (I.e.

s p o n t a n e o u s l y  execu te ) wheneve r “ the t e m p e r a t u r e  of the hea t e x c h a n g e r  is

greater than 400 degrees in coinc idence with either valve A or valve B being

open ”. We would express this condition by “planting ” the following pattern in

a reactive trigger tree:

($PLAN T ‘ (AN D (+ I (TEMP XCHGR —X))
(GREATERP —X 400)
(OR (— 1 (OPEN VALVE—A))

(— 1 (O PEN V A L V E — B ) ) ) )
<some bod y>
<some tree>)

The ~~~ form denotes an associative component , the “— “ f o r m  denotes  a

non—associative component , and the GR EATERP is a computable denoting itself.

The in t ege r  l ’ s i nd i ca t e  how much e f f o r t  ( i n  t e rms  of d a t a b a s e  f e t c h e s  by

the deduc t ive  component)  can be expended in the process of d e t e r m i n i n g  t h e

presence or absence of a l l  r ema in ing  par t s  of the pattern whenever the pattern

is t r i g g e r e d  via an associa t ive  component .  Var iab les  are  prefixed by hyp hen

si gns and are global to the ent i re  t r i gge r  p a t t e r n , in tha t  v a r i a b l e s  w i t h  t h e

same name must be consistently bound across the entire pattern.

An SC body is an arbitrary EVALabIe LISP expression. Each SC is context

sensitive , in that it can be masked and unmasked independently within its

trigger tree. (The simulator relies on this feature to prevent loop ing in

certain representation pa t terns.) Entire trigger trees are ai-so context

sensitive , as will be described .

The population of SC ’s represented by some trigger tree Is cruised t o

react to some stimulus (a fully—constant nested n—tup le) in either of the

follow ing ways:

($ACTIVATE <trigger tree> <stimulus))
or

( < t r i gger t r ee>  < s ti m u l u s) )

where , In  the l a t t e r  fo rm , the tree is used s e m a n t i c a l ly as a f u n c t i o n .

App l ica t ion  of a t r i gge r  t ree  to a s t imulus  yields a queue of SC ’s w h i c h  a re

determ ined to have been fully triggered , i.e., initially triggered through one

15
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L ou rp onen t , then proven fully app licable by calls on database/deductive system

f o r  rema ining components.

~i .2. Channels

Beyond this organiz ation ot complex trigger patterns Into tri gger t r ees ,

t h e  CSA SC component p rov ides  f o r  the  h i g h e r — l e v e l  h i e r a r c h i c a l  o r g i u i  Z i t i o r n

of trigger trees around c o n s t r u c t ions called “channels ” . An SC channel is

Intended to be the ana l og of a ha rdware  channel , an d a gene ral i -z r t i o n of the-

P L A N N E R / C O N N I V E R p a t t e r n — d i r e c t e d  invoca t ion  scheme .

A t y p ical  channe l i s  dep i c t e d  be low , accompanied by t ire c a l l s  ou  t i n e

channe l—cons t ruc t i ng  f u n c t i o n , $CONNECT , which would  set it up.  A channe l  h i s s

C one—dimensional e x t e n t ;  s ignals  can be in j ec t ed  at a r b i t r a r y  p o i n t s , L CC

propagate  in a spec i f i ed  d i r e c t i o n , and these signals c o n s t i t u t e  the s t i m u l i

to which trigger trees can react.

J~
SIGNAL 

~~~~
, 

C

/t\ I I I F I  

~~~~CHANN EL

1) 
F3 

~ 
SERVER / “\

TRIGGER / \ /13 \TREE SERVER / 12 \ TRIGGER
— TRIGGER TREE

TREE

Two types of entitles can he attached to the channel at “tap points ”, of w h i c h

there may be v i rtually any number. Attached entitles are either trigg er t r e e s

(“watchers ”) or arbitrar y 1.1Sf’ functions (“servers”).

The channel const rine t itself amounts to a fracturing of w h a t  WOU 1 CI

otherwise be a private Inter—funct io n calling sequence. If , wherever t r i o L i on

FL would ordinar ily call function F2, we now arrange to have Fl l n ~~ - - i

request to F2 over a channe l (I.e. p lace the calling arguments as a sig~~ l on

16
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the channel) other entities will then have a chance t o  i n sp e c t  t i i~ s i g n a l  - n -

it passes, and (1) simply react benIgnl y , (2) alter the si gna l as it passes ,

or ( 3 )  block the signa l altogether. in t h i s  way, all function call s ca n  he

“ f i s h bo w le d ” by othe r  se rvers  and trees of s p o n t a n e o u s  c o m p u t a t i o n s .

There may be any number of channels , and any g iven serve r or t r i g g e r t r e e

can be a t t ached  to  numerous  -h a n n e l s , or  to the  same chant ~e1 at  nume rous t a p

p o i n t s .  The SC ’s In on e t r ig ger t r ee a t t a c h e d  to  one n - i n a n n e l  m a y ,  w h e n  t h e y

run , inject signals on othe r channels , and so forth , providing for cr ”-’l e x

hie rarchical organizations of spontaneous computations into con~~ - t u a l

popula tions. The connection of an entity to a channel is context sensitive .

and e n t i t i e s  are d i sconnec ted  v ia  the  f u n c t i o n

( $DI SC ONN E C T < e n t i t y >  <channel’) .

Signals are injected onto a channel via the function:

($INJECT <signal> <to—server> <on—channel)
<in—relation) <to—tap—point> <moving—in—direction >)

i .e . ,  i n j e c t  a s ignal  to some serve r on some channel at the injection point

indicated by <in—relation> and <to—tap—point> , propagating in some direction.

Th us, wherever Fl used to cal l F2 directl y ,  when partici pating in the channel

facility, it will now inject signals to F2 on some channel on which F2 exists

as a server , e.g.:

( $ INJECT ‘(TEMP XCHGR 400) ‘$STORE ‘CHAN N EL l
‘AT ‘LEFTEND ‘R I GHT)

That is, store a fact by injecting it to $STORE of CH ANNEL I , starting at the

LEFTEND , pr opagating RIGHT. As the signal moves past watchers , or as tire

response signal back from $STORE moves past response—watchers , nume rous S( ‘s

• may be triggered and run .

The SC’s that the mechanisms simulator creates as the proc edur il

representation of a mechanism all exist in two trees attached to two channels.

The passing signals on these channels will be the symbolic descriptions of

chang ing events in the simulation , entering and exiting the database via these

channels. When It runs , a fully—triggered SC will p lace a new event

descri ption on one of these channels , and possibly mask or unmask i tselt

17
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and/or othe r SC ’s in the population (to be described).

We f~ el the trigger t r e e / c h a n n e l  p a r a d i g m  is a pow e r f u l  one .  ( o r  r - u i  t l y ,

the  m e c h a n i s m s  Sil i l l O t  - r  emp loys  onl y these two r e l a t i v e l y a i m p ? r- n hu ~ in uu&- l s ia

p e r f o r m i ng it s  tasks , ( a n a l og o u s  to the  s t o r e  and erase channels i f  i ’LAN~~L l ~

and CONN IVER) b u t  we expect it to utilize the full potentials of t h i s  system

In future phases of t h e  p r o l e e t , especially when we address the top ic C i t

mechanisms invention.

This concludes C ur brief sketch of the CSA SC componen t i n s o f a r  — is  i t

relates to our purposes here. For a more comple te  d i s c u s s i o n, i n c l u d i n g

several other theoretical app lications of the SC system in the areas of

inference , problem solving and language comprehension , see [R31.

6. The Hechanisms Simulator

The simulation subsystem is a collection of LISP functions t h d t  take the

internal declarative representation of a mechanism , convert it to a populati i ur

of spontaneous c omputa t ions , then awaken a subset of the p o p u l a t i o n  v i a  a

triggering assertion. A subset of the awakened SC ’s will request that t h e i r

bodies be run. The evaluation of the bodies will cause other S(’s t o

awakened. This will constitute an execution of the mechanism. In tine

execution , events w i l l  be a u t o m a t i c a l l y asser ted and deasse r ted  i n  t i ~~-

database and states which are changing with time will be updated. The status

of an event Is established in accordanc e with its causal relationshi ps to

other events os they become asserted and deasserted.

The initiation of tire simulator is caused by the assertion of some event:

semantically, eit h e r  an action performe d by an externa l actor , a tendenc y

relating to a natural force , or a state , as derived , e.g., as an outpuL from

the simulation o h  snottie r meciranism. Th is latter initiating event w i l l

provide for me chanism s I n t e r a C t i o n  where several mechanisms have a cC )nul- C u o

event and the assertion of tha t event in one mechanism wi l l  Initiat e (or

contribute t C C  t he  h n n i t i i t  i o n  of) execution of the other mechanisr~.

Each link in t h e -  internal declarative representation of a mechairlsr. is a

se t of SC’s automatically created for it according to a set of rules t sr earl

18
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theoretical link type. An SC Is activated when its preconditions have been

s a t i s f i e d .  The running of an SC w i l l  genera l ly  cause a database  m o d i f i c a t i o n

or a masking or unmasking of another SC.

t. 1. DeclaratIve to Procedural Conversion

We now briefly give two examples to illustrate the process of

declarative—procedural conversion. The SC’s ar e d ip layed with the following

conventions. Each SC representing some potential event is i magined to be

“eyeballing” a path to the database (channel). The path type (STORE or ERASE)

is located between the double bars on the left side of the disp lay. The

logical connectives in the created SC’s trigger pattenn are to the right of —

the tri ggering events and the arrows out of the triggering events flow into

these connectors. On the far ri ght side of the figure is the bod y of the SC.

These are the activities which will be performed when the SC is run. A

reference name for the SC is located on the arrow into the body of the SC.

UNSUPPORTED
ERC U RY RIG

s ~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

T H >——— (UNSUPPORTED MERCUR Y RIGHT ) Gl33 HIDE Gl33
0 A ‘——— (TENDENCY GRAVITY MERCURY) n ——— -—g STORE ‘(CHAI~GE LOC
R N d MERCURY A D G7 )
E -— 

E C  -— -

R H >———(UNSUPPORTED MERCUR Y RIGHT ) G134 jUNHIDE G133
A A >——-- (TENDENCY GRAVITY MERCURY) r ——— —~ 4ERAS E ‘(CHANGE LOC
S N  I M E R C U R Y A D G 7 )
E -

• To illustrate , in the examp le of the SC ’s created for the c o n t inu o u s

causal (C—C AUSE) link governing the movement of the me rcury In the furnace ’s

thermostat , when the tendency GRAVITY or the state “merc ury unsupported on the

r ight” is asserted and the other event is currently in the database (i.e.,

also presen t), then the state—change of the location of the mercury is stored

19
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(i .e. asserted) In the database . if eithe r the tendency CRAV i il or -~a- r ury

unsupported on the righ t” is deasserted (i.e erased ) f r om t i ne dat~ib - i- -e , t h e n

J ie  s t n t C — C h a i i ~~ - C C  I t L e  I C  - l l t o n n  ( C f  t i n e -  me r c u r y  i s  e r a se d  t r o n  t ift- d nn t ib ase.

~~~~~~~~~F~~~ UR~~~ 

* ~~~~~NTA ;T ME~~~~R~

S C -

T H > —  (l.OC ‘IF LI RY —X —Y a C 105 I I I  OF C l  05
0 A GE --X — f l  — —  n STOR 1- ‘ f t o N i A C I
R N ~LT —X F l  ) — d M i - R C l ~R Y  h i  }~~)

T H - -- - (lo) - MFi< Ck? -X -Y) G106 UNHIDE GIOS 
-

O ~ ((T — ‘~ — 1 )  o n ~ ERASE - (CONTACT
R N (CF -x + 1 )  r d MERCURY P1 P2)

The second .-~ -u . 1 C 1  e- i s the SC ’s c r e a t e d  f o r  t i n - c o n t i n u o u s  c o u p l i n g

I C —i . n ) U P L E ) link w h i c n i  w a t c h e s  t s r  thìe mercury to e n t e r  t i r e  r e g i o n  b e t w e e n  P1

and P2 .  When t h e  location of the me rcury is between — I and 1 t h e r e  is contact

between the mercur y, P1 , and P2 (i.e the contac t  event  i s  i s s , - r t e d  i n  t i n e

database). When ti ne location of the mercury moves shove or below tire g iven

LsLl ~4e , t h e  n o n t a c t  e v e -u t  i s  e r a s e d  f r o m  thc d a t a ba s e .  -

To 1 -~ 11 lnn ~.r r a t  a t he  C n n \ e r s t o n  p r o c e s s  on two of t h . ’ s i m p l e r  l i n k  t v p - -i.

~l r ,-  comp i c X  p r o C  t s ~, i ng i s  r e q u ir e d  f o r  o t h e r l i n k s .  F n  r examp le , the r a t e

11 uence (R Cn n NFn ) I ink n. eqnn i ic . - s y m b o l i c  r a t e  c o m p n i t  a t  i C IIS he p e r f o r m e d  •

D e t a i l s  of the ; - - i . - n s I o n ~ p r o c e s s  a p p e a r  in  ( R G 1 ] .

6. 2 . Si m u l a t I o n  E x a m p l e

We have s , i c c e ss f ul  l y s i m u l a t e d  t h e  e n t i  r &- f o r m I C - C - , 111~~- - t  .t ( ‘Cl  e ar  1 i i - 1  In

I ts dec i ar a t i v i ’  f o r m , ,n I t h o u g h t I n c  si  m n i l a t  l i i i  m i s t  he don-e h r  t h r  C - C  o l e

the whole s i m i i i  i t  I on ‘- 11 I n i t  C i  t~~t t n t  o our  limited m e m o r y ) . l i i  e m ’  n ; n c  e- ii ~- -

Indeed cut  on , he at  t h e  room u i ,  t h e n  c u t  o f f , p r o v i d i n g  a t i l e  it - i l l  e \ C e I l t S

i n  the sequ enc e~ To C C C n ~~ev i p i c t u re  of t i r e  s i m u l a t o r ’s ((-C ration , ~‘t ~ i n n -  I l i l i C

an excerp ted  and C i n n i C t a t e d  sequence showing the  s i m u l a t i o n  of the  t h e n  ‘ s t a t i c

control port I cii of t h e  furnace.
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I nput Syntax for Boxi

The Nechanisms Lab requires that each mechanism’s CSA description he

coded into a machine readable form. This form is the external declar ative CSA

r e p r e s e n t a t i o n  n n d  is used as inpu t  to a mechanisms defining function called

$ME CHAN I SM .  This function generates the internal declarative representation

of the mechanism from the external declarative representation. The call on

$tIECHANIStI with the appropriate external declarative form for the thermostatic

control section of the furnace is shown below .
-- ~<— -

- — ~ 
- 

-

L .
L~~ ~~~~~~ ,! - ~~~~

‘

(SMECIIANISM ( - -

( N A ME N O X I )  ( L I N K S(EV ENTS ( S—EQ tJ IV (1 2 ) )( I  sc ( C H A N C E  TEMP R OO M— THER NO STAT P 1 P2 R A T E !) )  ( C — E N A B L E  (2  9)( 2 S ( V A R t A T I O N  TEMP R00 M—T II E RM O S TAT))  ( C — C A U S E  ( 3  4)( 3  T (TENDENCY THERMAL— EXPANSIO N R — T — C O t L ) )  ( S — E Q U I V  (4 61( 4 Sc (CHANCE l EN G TH—MM R — T — C O I L  P3 P4 R A T E 2 ) )  (C—C AUSE (7 8~(s S (ATTAC III - :L) M E R C t J R Y — E N V E L O P E  R — T — C n ) I L ) )  
~RATF CONFL ( ( 6  8) 9) )(6 SC (C HAN CI ( A N G L E — P H I  HER cI J R Y — E N V E L O P E  P5 Pb R A T E 3 ) )  ( THR E SH (9 (10  16 1) )( 7 A (ADJUST i~E V E R ) )  (C—COUPLE (1 0  1 1 ) S(8 SC (CHANC E AN GI E — P H I  MERCURY—ENV E LOPE P7 P8 RATC 4) )  ( S — E Q U I V  ( 1 2  13) ( i i ) )(9 SC (CH ANCE ANGLE—Pi l l  M E R C ( J R Y — E N V ELOPE P9 P l O RATES ) )  (c—CAUSE ( 14 15) ( 1 3 ) )( 10  S (ANGLE—PH I M E R C U R Y — E N V E L O P E  (#— 1 0 0  #0) A N Y ) )  (ANTAG ( 1 2  2 6 ) )( 1 1  S ( S 1 o P t N n ;  MERC U RY—ENV E LOPE. L E F T ) )  (C —COUPLE (23  2 6 ) )( 12  5 (N U T  IA ) CA M E R C U R Y  A ) )  (C —C OU Pt , E (32 2 7 ) )( 13 S ( n l N s U p p o I + T E n I  ME R CURY LEFT) ) (RATE—CONFL ( ( 1 5  2 1)  2 2 ) )( 14  T ( T E N D E N C Y  G R A V I T Y  M E R C U R Y ) )  ( T H R E S H  ( 2 2  ( 23  24 32 28 2 9 ) ) )( 15 SC ( C H A N G E  LOG M E R C U R Y  0 A RATE6 ) 1 ( C — C O U P L E  (28 1 2 ) )( 16 S ( ANGLE—PH I M E R C n I R Y — E N V E ! , O P E  ( # O á l  #100) A N Y ) )  ( C — C O U P L E  (29 18 ) )( 17 S ?si.op IN C M E R C i J R Y — E N V E LO P~ R I C I I T ) )  ( C—COUPLE (24  2 S) )( i s  S (NO T 1,(ICA MER CURY 0))  ( S — E Q U I V  ( 2 5  3 3 ) )( 19 S ( U N S n J P P O R T E D  M E R C U R Y  R I G H T ) )  (ANTAC ( 2 7  18 ) )( 2 1  SC (CHANGE i n C  M E R C U R Y  A I) R A T E 7 ) )  (C—CAUSE ( 1 4  2 1 )  ( 1 9 ) )(22 SC (CHAN (; E LOC MERCI IK Y P 1 1  P 1 2  R A T E 8 ) )  ( C—COUPLE (16  17 ) )(23 S (LOG MERCURY (#—100 #—2) ANY)) (S—EQUIV (18 19) (17))(24 s (InC MEUCIIRY (#—3 *1) ANY)) (THRESH (4 (1004)))(25 S (CONtACT M E R C U R Y  P1 P2)) (THRESH (1 (1001)))(26 S (LOCA MERCURY A)) (INITIAL—W ORLD 14 5 200 201 202 203)(27 S (COCA MERCURY o))

(28 S (LO G M ERCURY (#— 1 #100) ANY)) ~T R I G C E R  I )
(2 9  S (LOC MERCURY (#—I00 #2) ANY)) (RATEI RATES9)(32 S (LOC MERC U RY (#2 #100 ) A N Y ) )  ( RAT E 2 ( # Q I J O T I E N T  RATE! #2#O))(33 S (CLOSED K (X )M— THE RI-I O S TAT ) ) ( RAT E 3 RA ’tE2)(200 S (LOC MERUURY #2 ANY)) (RATE4 I / I )(201 S (ANGLE—Pil l MERCURY—ENVELOPE #—2 NEC)) (RATES ( #PL US RATE3 RATE4 ))(202 S (TEMP ROO M—T h ERMOSTAT #70 ANY)) (RATE6 #—4 )(203 S (LENGTH—MM R—T—COIL #100 A N Y ) 4  

ANY)) (RATE7 #4)(1004 S (LENGTH—MM R—T—COIL (#—!000 (RATE8 (#PLUS RATE7 RATEb))(too l s (TEM P ROo M—T h ERMOSTAT (#60 #100 ) ANY)) ) (R A T E 5 9  # 1)
) )

Simulation Trace

The f o l low ing illustrates the output of the simulator. There are 72 SC ’s

created for this section of the furnace. For space reasons , only  a sma l l

portion of the trace has been left intact to convey the flavor of the

simulation. For clarity, the edited trace has all database activities removed

except those which affect the location of the mercury and those events

directly linked to them. The left—hand side of the trace is an Ing l is li

description of the simulation.

21

_ _ _ _  



iSSIHU LAT Y — MEC H N C , n )
NAY T IC-K COuN T C T  — INP IN I TY )  7

~~ i i i n I n + ~. w, CRL . D C C C  Cr11

i T E m C E N . . i 4 *AVI CY N E R C I l i l S I  M T O C 1 I ~ 14) NY CRAVITY •n1..~~, in eff ect.
i AnA cHto MFRCER n—ENvEi. CCPF f l—T--1 I 1 L I (  STORED Ci44 BY Ia •noelop . ac-f - - C I  a u t a r h ~ d .
( i - s  ,C F R C L I K Y  91 M f l I  S~ C M I I  - I 4 -  Di  4 1.1,1.1 I a, Ion I f  • e C C  t t r y  1. 2.

A N I  I’ -FI C L .IF(C I ’ NC — E f f~ U ICEI’ 9 — 2  N h .C  ST I C R + D  (1146 NY 19 i nn  nan .ng I. I. —2 .
1011 K I n I M -  T,1N~ - c 7 A r  17 11 ANY I .4 1 C 1 0 K m  . 1  • 7 BY IA m i l a n  t C5f I~~I~~I C C t C  10 10.
L ER C ITCI — NM B — I — C O I L .  9 ) 1 4  MI l l  51C C , ( ( C S BY I A  I niti al iefl~~CI1 c n n  in ISO ~~n.

!~ !~‘.LL~’-
(S1OPINY; DIR ‘Bn--E ~~FnoPr LFPrI STORED 6149 BY Gi l l  ~ I o p l n B  left s i nce  an gle C.  — 2 .
INOT noc, MERC URY A )  STOKED 0150 BY 6103 S C C C  C C r V  not at A Sinc e at  2.

••~~ u n e d i t ed trace begin . •~•~
nus su p po fTEn  M ER CURY FF1 STORE IC G i S t  BY C i i i  serru ry ons ti ppor ie d ai 1.1, a i nce .t 2 .

6135 HIDD E N BY OHS ~—~ao,ai sc hidden.
( CHA N CE IMC MEKC IJKI I’ A ( f )  STONE D 015 2 BY 613 5 o e r r C C r y  SOCIOg (0  A .inse left .lop ing and un .opp .
(CHA) ICP LOll MERCU RY E L I  02 66) STORED c u r  BY 675 ne t •tata—c h an ge to me rc ir y.

698 KIDDER BY 695
C99 HIDDEN BY 699

(COCA MERCURY (C) S TIllED Gi ,4 BY (199 i.racfon of ..rc.ry is S ainc. at 2.
694 HIDDEN BY 69i

(O(14J~~E T~fl~ g.~ Fl P2 Ci) STONED 6155 81 INI1XER i~~~p chins, to Ih.r .ostst I. trtgg.r for •.ch.nl.. .

~ U~&
Gl29 HIDDEN BY 6129
6110 HIDDEN BY C . l 2 9

(VAR IATION TEMP BSOM-THEKIIO SYAT ) STOR E D 6156 BY 6129 t .p  oar ta tlon cau..d b y tri gge r .
CI4I HIDDEN KY 0141

(TENDENCY THERNAi—KXPAN SION K-I—COiL) STORED CISI  BY 6 1 4 1  enab led by EN_p ,.rlati n,
C139 HIDDEN BY 6139

(CHANG E LENGTH—NH B— I—COIL P3 P4 Ci) STORE D GISH BY 6139 chan gIng roil leng th ca us ed b y t her al—eo p.

~~~ •nd of une d it ed trace. •* aa

LOC MERCURY 9—2 N h;) CHANGED C l A Y  BY 687 serc on ! sone. to —2.
CONTACT ME RCURY Fl El ) STC )RFII ( i A n  35 GILl ? co.ta c ) bet ~~~en ser co ry—P i—P i .i,cp location is — 2 .

~~~~~~~ CLOSED BSOP4—T)4ERIKOYTATI STORECC 6142 BY G i l )  therm. , clo sed becau se of conta c t of me r cu ry—Fl—Fl .
NOT COCA M E RCURY A) ERASED 015C C BY 0104 serc~Cry no,. at A so must erase 0.1. ev ent.
UNSUPPORTED MER Cn IRY LEFT) ERA SED OntO BY Cli) m erc o ry no’. support ed on left.
CHANGE LOG MERCURY If A 661 ERASED 6152 30 CI)) ,  b r  of me r cury no longer chang ing dun to l e f t  slop e .
CHANCF CISC MERC U RY P 11  P 12 CIA) EBA.SFD (.151 BY 6 71, net change to location of •ercory no long er noco r ln R .

( l A 4  M E RCURY A) S ICK En 0153 BY CMI, sercor , no,. at A ,
(N C CT COCA RIR C IIR Y DC SIC IRFO 0 1 5 2  BY S i O I  me rc u ry not at F .
(COCA MERCURY Iii ERA SE S 0154 RE 69)

I .~ E i NEAL TIME 15951,

(CHANCE LOG H E R L . C - R ’ C — , ~ 08) II L CSO FK CHA NGIN G me rcury no longer moving.

T iC  C 5 REd TINE 5051$

(UNSUPPORTED ICERI UR Y Kl(.HT) STOKE D LISA BY G i l l  e rr u ry b et-.me, un ,uppu.r ted on right.
(CHANGE lOt HPR CUB Y A 0 Cl) STORED G I St BY Cl)) merc u ry start moving Eo , rd D .
(CHANGE 1MG M ER C u RY P 1 1  P12 CR ) SlICKE D (1150 BY CI?) net loca tion of merc u ry no. rhan R inA .

TI CK  b BEAn lIMP- SSNnl
(IN HI NC . ) ’ A C  91 C C C  I,49 .ID GICS P CR7 ne, m e r ror y po sition 1. 2 .

(I I~’ C A C I M ER CY, ) Fl P21 F R I - f  11 . 1 ’O  NY 1 ION mer~- ory no ion Cr in Contact c i f  P I— F? 5 m i .  u ( 2.
~~~~~~ ( I C  M I I I  BCO C I4- T HRRIIC CS IAI  ) I R M( I l  I )  2 BY O i l Y  the rm o stat no onger clos ed.

( I IC( 0 Mi ROCKY A )  PN A SEY ( M C  PG 1~ ICC. mercu ry not at A I ince its at 0.
( M T  C - A  ‘O CC I CI 9 ~T- C I I  . C  S C  R( (1911
( C T  I C ~ 0 9 ( R C  ‘IC C I I  100 l I )  m y  NY (.1(2 m e r d , C r y  a t  0.
( C ~~~ I ’ CHC - M I S C  INC R I C  10 IfS - I S (;l 4 BY 1 0 1 9  m. r c ,Cry •~ p p o r t e d  on ri 8ht n In ~~n at  S.
( I’  n ( I C  I n C D C  STCIRFI I 1 ( 5 4  f C C  .94

I 151 0101 1 I N C  911101 III. CII

F”C A 1 ~~fMI 1
I I Mt tfl -lflC . I f’L~I L i  I ’ M  PC - I ci,! rent loom t e m per . t  Ure In 79.
( A S - - I f - I l  . f C C  - ( ‘Cs f -C-f I I -  PuS) ( C C !  rent ungli is
C C I I ,C — M M  I’ I C C C  i i  S(1o1 2 - I cu rrent c o i l  leng th  In 54 ma .

C l v  M I R C  0 I I  coi’rrent ..r r,Cry  l oca t ion  in  S.
i.C~~T C I A  •f  IC! C C f  A - n0 V no t at -
( 1 ( 9  n IB I  C R Y  I; P C ’ S ,  m. ’ r r urn I n c a t e l  at  2 .
(SI 0 I’ MI (I i f ,  .i\ C l  CrP NIC IRT I COOC I ope n lop ing r I R h t
t r i Cn C u 19 .1 1 - Pil l MINI Ill - E N S I I C C Y F  pq p ( ( I  C S I enceiop. an N ie ch enR 10,.
(C1’y,C .P A MI :C p - 191  PIEN)iIRS — PIIVP1AIPB PS Pb C I I
I ,,00I: r I I NC . Y H  - MM K - I—i  C C C I .  F)  P4 ( . 2 )  co i l  i e n K t h  changln ~~.
( T I 1 I C F t I C  V TACK ’’ ) C T A ’ I - , I C C N  A - T - C C I I I )  the r ma l ,n pu nsi f l n n u l l  I nrc, , !  jn

~~.
- C o n m A l  ( C I I  11 ,IC S - I C ! -  T C C I IW C -:T nr I ree ls !  Inn In t e a p e n a t u r e  of t ICetsOst a t -
( IHK.I C ;F T E M P A , L n C I C C I  R M C I S T A I  Fl  P1 ( I i  te m p of ther *On ta t .tl(l ch.n~~ C n K .
( A l t o l I D  M C A C C  C y _ F 9 S  C C l I f f  R 1 _ C I C ( I  C env e lop e s t i l l  a t t a c h e d  i n CC C I.
Il l  nilIlt - Y - I CVI (I M i M I  C 1  C I Bra n i t y  s t i l l  a f f e c t i n g  the mccc ,,,,.

R n  I V I e t i A J t CC
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1, t r i l l  l It i  o t i  l’h ii  osop hy

I~hv do ‘;i m u l i t  ICilY t h i s  w . i v ?  ~ a me l v , w h y  do it symbol ic. il lv , an d  w h y  c. ’
t l m r L f n l c l l  (Ill’ C h i t  I r t  1 C S I Y S  Ct - on v e r t  ing tii&’ de r l ;nr ; it i  y e  I .~~r t o  sp Cfllt Ifl I’OllS

C C0( j ff lt it i oIl CIII i t S . ’ 0 ii’.) ri V , U WOLl id he possi hi t’ t o si  I f ) l l 1 . i t C LI I1l ’Ch On i Sm

app l vi ug re l;i t Vt ’ lv simp l E ’ grap h ;il gori thms di rec t lv to t i e  dee I ;i rot i

repr c’sen t - i t  j )IY .

113 unde r i-i t a ml w i ly  we have adop t e d  t hi s SC St  rate gv , r & - f l  cc t On the not t~r . -

- i  in v p h vo 1.1 1 S V s  t en — a rnei ’ in an  i sri in p articular • A vie c -han  i sin i S h u i  It t r u n

p hivs j C (31 pr  1 nc i p lY ’S imi components t h a t  ic t a u t o n o m o u s l y ,  i n  t i n e  SCfl SC that

t o-v ~i r.- gL~V c ’ ru ed by pliys ic al law s t h a t “run  in parallel ”. The mechani Sn j I st

h . ip p e n s  t o  W o  r~ in des i r ed  ways beca u s e  the inventor has  managed  t o  i d e n t  i f  v ,

ilIr )iess 
* 

and coord i n a t e  .i p o p u l a t i o n  of a u t o n o m o u s a g e n t s .  I n  t h i s  set  t i ng,

very iti nor or v e ry  1 oc;s I a l  t er a  t ions  to one component or its env f ronment (‘2311

prC )n .l- ~~nt i ’ t o  2 311 p a r t s  of t he  m e c h a n i s m  in ;I f a l  l i n g — d o m i n o e s  f a s i l i l sn .  i n

p s  r t I m u  or , e m b e d d i n g  t h e  n i e c ha ni  sri in a l i e n  or n o v e l  env i  r on m e u i t  s c m

i c a n t l v  . u l t e r  t h e  m i c r o  and m a c r o  b e h a v i o r  of the mechanism in ways t h a t

w i l l  n iwo y~ ru l a t e  to  t ile nd iv id ua 1 c o m p o n e n t  of  t h e  m e c h a n i s m , v i  ewed is

Sl it 0 liOflY Tn i  i-i ; Igen i s , h u t  n e v e r  t o  the  m e c h a n  sin as .n whole. ( e  r t  ,i i n  I y , t he nt ’ I

t ’ f f c’C t of embed din e the mechan i sri in an e n v i r o n m e n t  w i 1 1 be C i  ch a n g e  t lie —

( ‘ 1 1 0 1 1 1 - nt  I ye , o V e r t  b e h a v i o r  of t h e  m e c h a n i s m ;  h u t  t he  o v e r t  b e h a v io r  ch a n g e s

c~ ii 1 he I 3 Y ) t h l  i ng  (l iTre  t h ~i t  t he  sum of m a n y  s m a l le r , p o s s i b l y  u n r e  I ; I t C ’ I I

i n t l u e n c e s .

I~v convert ing tile nie chan  ism ’ s d e c l a r a t i v e  f o r m  i n t o  S( f o r m , we

t ’ f f e c t i v e l v  c r a c k  t i l e  d e scr i p t i o n  open , exposing all the  i n d i v i d u a l

c a I l S e — e  f feet r e l a  t I oIlShi p S d i re c t  l v  t o  t h e  e n v i r o n m e n t .  I a c h  is f re e  to

b e h a ve  35 i t s  t r i g g e r  p a t t e r n  d i c t a t e s a  Thu s , w h e n  we embed t h e  ev i  s i - e r .n t  C d

CT rn in a new cIW i r o n men t , e ac h  c a u s e— c f  f e c  t r e l a t i o n s h i p must fend nod

prod  u l e t ’  r e s t i l t s  on i t s  own.

In part lcnil ar , t h i s  makes  p o s s i b l e  the more deta I led -i t  uds’ or deht ugp,i no,

f t the mechan ion when  p l a c e d  i n  an c nV i  r o n m en t  w h e r e  there Yrt ’ ft h er

m echanisms , as occurs , S;1 V , w h e n  a new m e c h a n i s m  is  i n v e n t e d  ou t  of ex i  ‘~t i n i ’.

rle(’ilLln i suits and physic al laws. For examp l e , suppose til.it two n e l l i e  I

desi gned separat clv , are thrust it nt  0 t h e  same e n vi  r on m ent  and made t o  c ’ex I ‘~t

as h a p p e n s  when  t h e  two become p a r t  of  a larger mechanism. W i t h o u t  c r i ~-~ i n - ~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



( - 1 : 1 1  decsri pt t C li C j ll n r t i - t i c ,nst ing t h e  r e s u l t i n g  sp o n t a n l - n i l s  mi  is into

- I c , , - ) cup l l l i t  t oo i a  C,- 1 11c!  t h e  IW Y C (h h,- in i s m  s b o u n d a r ie s  Lire l i s t , i t  W i l l 1 !

UI l ie  .il .~ laru’ I t f i - w t i c  w -  m i g h t  i n t e r i  t. B u t  w i t h  h u l l -h  a St r;iteg~’,

.“- -iC t ~~~ 1 se Cr0551 - ilk is rIo t C -  r e a d i l y d i s c o v e r e d .  ** A case in point was tile

l n c R . , i p u b l i c i z e d  g l i t c I l  i n  l’o l i r o i d s new i-hX—7 0 camera , w h e r e ti -nsi t i v f-

e1~~c t rc C n i c s  were I ’ ll c i t  cred  wi  t O t  by noise s p i k es  p r o d u c ed  by t i c-  c o n c n l r r i - i i  t

I i i  ~i t 1 u i I i  ( ( I  t i n -  O C t 0 1  I- e ) c - s t i n g  m o t o r .  The i n t e r a c t i o n  111 5 ii  s i u n p i f - , b u t

ob s c u r e  one , and was  solved by clever timing of even ts to remove the

conc u r r e n c y .

** Forcing two Independent mechanisms to coexist in one envir o n - i t  is
t h e  ana logy  of I o r  ing b r o t h e r s u bgo a l s  t o  c o e x i s t  i n  one cn v i  r i ’ i i r : t - n t  h i ~ p 1 3( 1
synthesis; in both domains , there is the possibil ity of u i u i i n t  Ic i p i t u - d
interactions. See [RI.l~~.

7 . 1.  A R e l a t e d  l s~~i ie :  M e c h a n i s m s  A b s t r a c t i o n

‘1 i E r e  Is q u i t  C C u f t , .’n -s need t o  s u p p r e s s  m u c h  of  t i c -  r ep r e s e nt  o t i o n  ITr

o I C I I  at . jofl d e t a i l 1l 1 u i-Ct ’ I i t  in the s y s t e m ’s f u l  1 m o d e l  ot i g i v e n  m e ch a n i I i i .

f e e  wou  CI be a I l l - e d  I ( C r  i-ilu pp resss ion of d e t a i l  , f o r  e x a n j ’ I e 
* 

w h e n  WI w 1 sh & - d

to  p r o - .- l I l t -  a v e r y  h i g h — l e v e l  o v e r v i e w  ( 1 a m e c h a n i s m  t IT  s i -r v, - , say , s s a  h l a ( ’I-

box in a l a r ger  I n v e n t i o n  e f f o r t , or a- i an i n t r o d u c t ion 1u f the m e c h a n i s m  t o  a

r C l t o l l y  na ive  ~ A 1 Ii- ,er .  S i n i t ’ t i le s u p p r e s s i o n  of mechanism detail is

an a l o g o u s  T I  t i l l ’ s t u p p r C - o s i o n  o f  d e t a i l  i n  t e x t , we USC tile t e r m  ‘‘ ah - , t r i c t i o l Y ’ .

Un e C i t  our c ( l r rc ’ I l t  areas of inte ri-st is in automati ng t i l l - p r o I c s - ~ u t

m e c h a n i s m s  a b s t r a C t i o n .  N o t e  t h a t  we already have provisions in  H

r e p r u - s s - n i a t i o n  lii n e x p r C ’ s s l l l g  ab s t  r . n c t e d  f o r m s :  the s t a t e  c o u p l i ng  link. Thu s

link il low s Ill , t h e  t r , ’ed ium of d i r e c t s t a t e — s t a t e  c a n u s a  ii t’i. The oh s t  r oe  t I C I l

t e c h n i que  can t b l c r ( ’ t l I r e  be one of s y n tac  t i c a l l y  r ep l a c i n g  c e r t a i n  p a t  t e r ~e~ i n

the C i c t , i l l e d  r e p r e s t ’ I l t a t i o r l  w i t h  s t a t e  coup l i n g  links .

It appears tha t there will be onl y a small number of svn tii I I I

rep lacement rules. Two ot tile most obvious abstracting rules ar u -

b elow. Such m u  -s , app lied t ransit i vel  y , coul d perform h C t t h  mi  no r  and -- i i  O F

ab s t r a c t i o n s .  A m a j o r  ahs t  I - l e t  I o n  w o u l d  a m o u n t  to ~i s i m p le  C C I I I I ) l  l i i i ’. it
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t h e  i n p u t  and output sta it ’s of a mechan isin , e. g. “A f a l l i n g  t e m per a t  u n -  i ’ a i l s i ’t ,

t Cc ’ t h e  mmos t a t  to  c lose .’’

Such  a b s t r a c t in g  w o u l d  be app l ied to the  d e c l a r a t i v e  r e p r e s e n t l l t i o l l

b e f o r e  s i m u l a t i o n , so t h a t  the c o n v e r t e d  c o m p u t a t i o n  u n i t s  w o u l d  d i r e c t l y

reflec t the abstraction. Abstraction could be app l ied u n i f o r m l y  o v e r  an en t i r e

mechanism , or locally to excise parts which are not of immediate interest.

No n— nm i form abstrac ting, in which all uninteresting sec t ions il,’Iv(’ been

defocussed , would deliver practical advantages by allowing the  s i m u la t o r  tI)

devote more time to the relevant aspects of the simulation. This could he

i r i ~) o r t a n t  if , for examp le , we suspect the audio stages of a radio are it

l 1 i S u l ~~, b u t  know the power supp ly is functional. Before simulation , the radio ’s

power  sup p ly d e s c r i p t i o n  c o u l d  be d e f o c u s s e d  b e f o r e  c 5 1 -m v e r s i o n  to s i m u l a t i o n

representation (i.e. population of SC ’s).

Se 
________

c~j~ _  
_

sc ~~~~~~, SC

Two Defocuss ing  R u l e s

In addition to simp le syntactic defocussing , we w i l l  a l s o  he exp l o r i n g

more s e man t i c  f o r m s .  S e m a n t i c  m e c h a n i s m s  a b s t r a c t i o n  w o u l d  be u s e f u l  i f , for

examp le , we wished to know about the gas furnace with respect particular

aspec t  of  i t s  o p e r a t i o n , such as “hea t p r o d u c t i o n ” . We m i g h t  scan t h r o u g h  t i n e

d e s c r i p t i o n , a s se s s ing  each even t  a c c o r d i n g  to i t s  s e m a n t i c  re l evanc e t o  t h ~-

c o n c e p t  of  hea t  production. Then , using t h e  h i g hl y ranked  ev e n t s  as m i l e s t o ne

e v e n t s , t h e  s y n t a c t i c  abstraction procedure could be applied to yield an

abstraction with respect to the desired point of view , I.e. one which retained

only the milestone states.

~~~• Conclusions

We have presento.i a theory of mechanism description and simu l it i o n  w it h i - i n
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is based on -i t e n e t s  and processes we hypothesize to be app 1 i u - ih  I i ’  I C )  C l ?  I i -  r

,10 1’t ’ct s  ITt  h um a n  cogniti on. We feel the theory of cause—effec t repr i ’se nti t I C I I C

i s  ) I 1 C 111 an d  i- � {1n ~~~ I ~~ I or a w i d e  variety of mecinanisms , and t isa t it h u t  r - -

si~~i nit I C - I C I C u - - C c  I t h l e l l r y  o h  h e u m i n  u o u s e — e l  fee t knowledge repres ent iitiuun.

0o r l l t t X t  sh l e  if i C :  goals ,nr i- thr eefold: (1) td) make the acquisition of  new

m e c h a n i s m  p i t  t o r n -n o  j il t e r i t  iv c- , h a v i n g  t h e  mode l  p r o m p t  t h e  u s e r , and  v u ’ r i  1 - -

C 
tha t the u ser s use C I  tilt ’ represent .it ion  co inc  ides  w i t h  the  model ’s n o t  i o n s

of 5t’liLSIi t L u ’ w ’i 1 !  0 1  l u l - d l l & - S S  , ( 2 )  t u study tile processes of med ian ions

abStraC t ion , m d  ( 3 )  t o  a p p l y  the  e x i s t i n g  CSA p l a n  sy n t h e s i  zer  to  t h e  t~ u s~

m e c h a n i s m s  i n v e n t i o n, i n v o l v i n g  the  s i m ul a t o r  in a d e b u g g i n g  loop.
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