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Abstracy:

A theory ot cause-effect representation {s used to  de-
scribe  map-pade nechanisms and nalural laws. The repre-
sentation, vonsisting of 10 link types Lhat inbterconmeL
vvints inko large declarative patterns, is lllustrated
ot 4 relatively sophirticated dovice, the home gas
ivroed glr tursace, Next, a procvedure and framework  for
translating  the declarative desceription ot o mechanlsn
into o pepulation of associatively triggerable computa-
tion unltes is described. The assovelative, or procedural,
torm i then be uwsed to pertorm a discrete cause=effect
silmulativn ol the device, The delearative to procodoaral
trauslation, iocludliog o simulation trave, s shown for
the turpece. Topivs of pnechanism abstraction and mecha-
nise invenfion are discussed, and tne cotire "Hechanlsus
Laburdatory is placed in the larger perspective of our
rescarch dote lwman problen solving.

heyuords:

declarat ive=procedural  correspendence,  simulatioon ol
physival  systems, spandanecus compatation, caanse—effect
represeibation, mechanisms fnveot Lon

Lo letroduc tiog

e physicol  aechanisns provide an inlerekting
in i whilch e study human problem solviog and
camse=etfeet knowledge representation.  In this  paper,
we deseribe amd Lllustrate o represeatation framework
which permits ud bty eapress and simolate the conmonscase
internal rause-etfert Structure uf a varicty of mao-made
wecinisns (Both mechanleal and clectronled, as well  as
i varwely of oarural mechanlsms {laws ol physics, physi-
cloploal meshanisms, cied.

Sy oUr slrdtegy has Leen to use the mechanlsns doaain
as i omeddum for dpvestlgatlog buman problem sulviog  awd
coutc=cl feot o ]ed u representdt ion, we have developed
oar eonanisms  Lab”  wlehin the uxislinu tramework of
our Lommensense Alpor)chm (ChA) Project, a  breader  ju-
vestigatdan vt cogndrive oechanisme. Followin this
sErategy Mas lead us to a mechanlsms theory .o which the
base reruﬁunLut!nn af u mechanism 1is o declarative,
canse=el fvet graph, but  in which simpulacton 1s accon-
plished by transforming such a representation inte  pro-
redoral ¥nrm, then  executing ite Tuus, i sddicion Lo
the theary ot representation and simulat[un, we feel the
techolgue  provides an Lnterestlog CREe atudy in
declarativesprocedural corrcspondence.

The Jiscus=iou of ver Hechaslsms Laboratory is  divided
inta  flwe main parts: (1) background and theoretical
framework vt the mechanisms research, (2)  causie-effecy
tepresentdation  and example, (3) background and strategy
fur the simclation gapecks of the ruéect. (2} a simulas=
thon example, and {(3) philosophy u? the appreach,

2o HMotivation

vur metbive In Lids mechanisms research ls e underscand
human  problem solviag and causce-effect knowledpe repre-
sentation.  Man-made mechanisms provide an excellent
med tum for careying out such research because mechanisms
are Iln a senwe filnal sgnapshots of the human problem
golving process. By developing representaclons  for  the
cause—ellect notlouws Inherent te all fechantams as ho-
mans perceive them, we stand 4 good chance of alse galn-
log insigh! into how humians enpcode the various princi-
ples und physlical laws that are cvoked during the mecha-
nism’s Invention or design.

Busldes this theoretlcal relevance of sludying mecho=
nisms, there are some Intercsating practical appticatlnns
of & copnitive theory of mechanlsms representation and
simulation. For exawplz, a mechanisms theary can pruvide
the basis of 8 potentially powerful CAl faclllty in
which & wmechanisms-naive wuser cauld interactively ex-
Blnre the dealgn princlples and behavier of a device,
rovided the system is conversant ln the same terms as
the uset {(i.e. higher-level, symbolic terms, rather than
lower-level numerlcal or parametric cermss. such in=
teraction ¢an comuwnlcate ¢oncepts rather than detalls.

Many other specific apglicatinus exist. In one, the the-
ory could provide the basla for medical applications,
through tihe nodeling of, e.g., human physiolo%ical mech-
anlema. [n a wecond, the theory could be applied to pro=-
vide s self-model Lo systems u{th 4 pelf-malntenance ca-
pabilirles {martian rovers, 200l vacuum cleaners?). In a

third, the theory could provide the basis of interactive

design systems " in which engineers specify high leve
goals to fhe system, which then does the design. = Com-
pletely automatic "mechanisms invention" is within the

realm ‘of possibility and, we feel, would closely resem-
ble the behavior of current-day problem solving and pro-
gram synthesis theories. Finally, a future application
might be to use the representation as a sort of Dewey
Decimal System of cause-effect pattern classification.

J.  Background and Related Work

There are many ways to approach the description of a
mechanism. Most in the. past (e.dg. [Jwl], [LBIU], [RJS1],
[SL1J, and BL1J) have tended to be ‘more analytical in
their approach. In analytical simulations, the’ mecha-
nism is typically described by parameterizing it in a
form suitable for a numerical simulator. The problem
with this approach is that, the representation of a mech-
anism is very different from the human cause and effect
knowledge of the mechanism.

We are by oo omeans the only ooes addressing  the  issues
of symbuliv madeling or simulatlon of thsicnl Systims.
Two other netable examples are the HYCLN Ernject and an
HIT clectronic elrcult analysis propram (EL).  The MYULH
medical dioguosis project at Stantord [D1] has been con-
sitructlng models U% the technlques elinleal pathologists
prusumnh?y apnly  when  attempiing to make sense out of
the raw data which describes some possible pathulog ur
set of pathologles. 1o phis scense they too are symboli-
cally modeling  cause—eflect mechanlsms.  EL, Sussman’ s
and “Stallman”s  electronke  circult  analwsis programn
{1551)  and [552}}, is both an application program amd a
theory of pircuil design, The main concerns of the pro—
Ject arei how are laws olb electronics exkpressed in o way
that Is ot use both to the analysis ol a given cireult

cag.  the user spoecifles the starcing  states ol all
"avrive"  components  such as granslstars, then asks the
program to analyze the clreult’™ s hehavior, or  the user
requests  the  system ltself to derdve the various modes
af operation of the active devices {n the clreult and te
the design of 4 circult from descriptions of what Lt
should accopl [sh.

4. Theoretlcal Framework

We have approached the representacion and sirulation  of
nechanlsms from within  the [ramework ot our larper
tommansense Algorlthms Project. Since one  wain rurpusu
of the project has been to understand more about how huo-
mans  might represent and use all sorts of rausal kpowl-
cdge, we have ciplicitly chosen to develop the mecha-
nisms  theery in the context of the larger CsA theory,
drawing upon exlating G54 wmechanlsme  which themseclves
seem to be broadly applicable in all aspects of copni-
tive modeling. Specitically, this has  resulted in (1)
adoptineg ae the mechanisms representatiop the same rep-
resentatlon thet 48 used lan the other two phases of  the
pruject, namely, the plan syntheslzer [le and the lan-
puage comnprehender [Kl? and |R{], and (&} applving our
rotlong of "spontancous computation”™ [B3] to simulatton.
Although  the  ruaning  LLISP ‘lechanismns Laboratnry which
has resulted {s aot p?iiciency-uine tompet itive w{th ap-
plications siaulaturs, this ls ef liLile cenuern, since
vtilclency conslderations arce net relevant to pur cur—
rent poals.

Tn summary, then, we want to be able to express and wi-
milate nechanisms (and bence, also the physical princi-
ples vpon which they are tounded) {0 ways that might ap-
proklmiste how humans Jdo  these  tashks. To  acenmplish
Lhis, we have chosen to embnd the simulator la the same
framewutk us the Flan syoLlweslis and language comprehen=
sion compopents of our profect.

4.1, CSA Cause~Effect Representation

The declarative representation of 3 mechanism is a
cauve—effert graph whosce nodes are  ovents and whose
Tinks are Jdrawn from a sct of the ten thenretlcal forms
of inter=event causal Interaction. Each event falls into
one of tour categories: action, tendency,  state or
statechanpe., With the uxception ot "tendency", thesc
terms are Intended to reflect their standard comnota-
tions. We use the terwm "Lendency” to descrihe action=
1ike events in which there bs an absence of intention.
Gravity, for cxample, is a tendency, since (b L5 a force
geacrator, but has no  choice about, ot reasens for,
acting.

The links of our theory are intended to reflect what we
believe to be necessary (and close to sufficient) under-
lying human concepts relating to causality in physica
mechanisms. (These same links are also the basis of the
plan synthesizer s representation.) We arrived at sever-
al of the ten by obvious intuitive reasoning, and at the
remaining ones by considering many mechanisms and at-
tempting to capture the recurring concepts. None of the
links by itself is particularly novel to us, or individ-
ually provocative; yet, taken as a set, we believe these
links are both theoretically significant, and convenient
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to use
4.2.

We introduce the CSA mechanisms representation first via
an example that illustrates both the individua links
and the general size and complexne/ of mechanisms we arc-
currently representing and simuflating. The example is
the Home Gas Forced-Air Furnace, and reflects our un-
derstanding of this relatively sophisticated device.

in practice.

Representation Example: Forced-Ai r Furnace

For convenience in the presentation, we have segmented
the example into three boxes: (1) thermostatie control,
(2) heat generation, and (3) heat delivery. Interconnec-
tions A through G between boxes are indicated in cir-
cles. We have provided an event-wise cross-indexed Eng-
lish description ot ~to accompany its schematic re-
presentation, but have omitted the English
of BOXes 2 and 3 (see [RGI] for more i

BOX 1_ (Control Subsystem)

We assume that the system heats a
single room, and that this room
contains a mercury-filled, glass
envelope style thermostat. A tem-
perature chan?e o( the thermostat
(1) is equivalent to a state ot
temperature fluctuation (2). Such
fluc tuation continuously enables ;
the tendency THERMAL ANS | 1)i4 THI GRRIAT LON
Ci) to produce a continuous XM TvipwsiA;

descriptions
etails).

Oll HiM Eun 13
|

TEW bk
EHE RMEH, AT
b 1Ly RAY

TiepirMAL v oAb [N
Nt Poe M L T

Continpuous and Une=Shot Causal

Action A or LcndenCﬂ T caures
ange

state § or statec sC to m
exiul, Eroviding gating cundi- y o
tiong  Sh,ees,5n are in effect. —
For the continnous Torm, the ac-

tion"s continued prescnce is re- | I

quitred to sustain the utate or
statechange {i.e. there is sone
uther  unspecitled Force whilch
amnibilate 4% or 5C if A or 1 were removed}. For
mene ntar il ¥ 1

would ]
the ane-shot lorm, A or T ik Tequited only
The pates povern Lhe effects the action ar tendency wi

have on its cavironoent, in Lhat their continued and si-
multaneous  preseoace  duping  thy actlon iy reguired for
Lhe fndicated causality “to [low” from tle actien  or
the state or statechanpge. These pales are
cnalrlements  povern
Fudependent 1y froa

tendency  tu
distinct from A or T s cnablowents;
the wexccution of the action itsell,
any ctlects it may produce.

AR | L AMASTAT SURSTSIl N

[ JNIYTAL WORID

i M
LHANG] MHGLL

change in the length of the ther- 1
mostat strip (4). Provided the
lass enveloge is attached to
hus is coil (0), tliis length change
Is ef)uivaleat to a change in the
angle (phi) oi the glass envelope
(6) angle of the glass enve-
lope can also be Influenced by an
external adjusting action ( ,83.
At any moment, the net change (9)
of this angle is governed by
these two c¢ aUSal sources.

ACTEL

L1 MaTli R
THE HMOLTAT LOEL Tk

AR

AS  p.L changes tv
points ot inteest .en ?hi
is below zero ((PID?,, i he
envelope begins tiilltiing to the
left (11), and one when it s
ab ov e zero (lb), i.e. b eghi n s
tilting to the right (17).

the envelope Is tilting, left
(11), and the left edge “of the
mercury is not already at the ex-
treme "~ left end of the envelope
(12), the mercury is in a condi-
tion of being unsupported to the
letI. (13&/;\ This allows the teu-
denc?/ CRAVITY (14) to maniiest
itself and to begin continuously
changing the mercury's location
toward the left (Ib).” Returning
to the other threshold point for
phi (when phi is above zero), a
symmetric ~system of unsupported-
ness pertains (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 (222 is gov-
erned by these two systems.

There are five points of interest
the mercury's path of travel
the left edge of the mercury
or equal to -2) &/23).

(2 4 24,2H, 29, 32) along
(lower part of BOX 1). When
reaches point A (less than
the’ mercury will cease being un-
supported, and GRAVITY s influence will be severed (i.e.
the mercury will stog moviné; left). While the mercur
is between points and (i.e. between -3 and 1) (24
there will be physical contact at the mercury an the
electrical contact pins Pl and P2 (2S). This amounts to
the thermostat having closed the furnace's control cir-
cuit (33). This condition feeds into BOX 2 via tie
point A, serving as one precondition for the main supply
gas valve ogemng. Conversely, contact between the mer-
cury and i and P2 ceases at points less than -3 or
greater than 1

The Control Subsystem r_partici ates in _a large feedback
loo via tie point from BOX 3. The descriptions of
liOXes 2 and 3 are similar (see [RCI]). BOX Introduces
all the link concepts in the representation.

4. 3. Mechanisms Cause-Effect Links

With this example in mind, we now give a very brief de-
scription of the ten links. See [RG1] and [R2] for more
detailed discussions.

Knowledge
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Continuous and One-shot Enablement

State 8 coables action A or ten-
deacy T, For the continmeus
form, 578 contlnucd prescnce Is
required in order te  begin  and
sustain A or T. For the one-
shot Eorm, 578 preseace (& re=

P7 1000 ANY
quired oniy moanentAarlly Lo oallow
@ the actlen te begin,  (Semanci-

I
cally, vac=shot enablement oc-

curs when the periormance of A or T modifiles jts en-
vironment Io a way vhilch liberates the action from the
influence of the original enabling conditien.)

Lontinuous and Une—Shot State Loupling

Stdate §1 or statechange 5C1  Ln-
m directly produces 82 or 3G2. For
the continueous f(urm, 5273 or oD

SL’Z's contlnued existence is

e rxr coupled to 51°s or S5C1°s cantin- -
(Ui ued exisrence. For the one-shot (S0
torm, 52 or 5¢2 1s independent
m of 81 or sCI affer the lnttial{3HZ, sud

coupling. Theae links provide a

expressing  impliett intervening causal rela-
tions which are wither unknown or 1rrelevant tuw some de-
scription {l.e. states do oot directly cause states).
They accept pating states In  the safme manner as the

means of
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caupdl links.

Statv Equivalence

State Sl or statechange 5C1 is en cquivalent e
fornul ation ot state 52 or statechange 5CZ, Bly 3L

providing gating conditions 3G1,...,50u are

prescot. "Equiva?ent formulation™ means that A Gl
the two states are paraphrases = sSyoncacti- —— L]
cally ditferent expressions of the same und= (50)
erlying

evenat. Equlvalences. we feel, will
always be present in an{ representation, and @2, So
hence ought to be dealr with explicitly.

licet frequently, an equivalence plays the tole of
buffurinﬁ twe different polnts of view of the samc evept
{eifsy the output of one mechanism ig "Ehutuua Eﬁlst"
the Input te another wechaonlsm Is “light present”, and
41y, during mechanisus lovention, we wish to Joln the
two  mechanisms). The exlsteuce or pon-existence of
vither cquivalenced eveat lunplies the existence or  non-
vejstence ot the other,

late Antagonlsn

Gtate St oor statechauge 5U1 Is antapgonistic
tu state 52 or statechanpe 02 (ice. the two
evints  are mubuoall exclusive), providing
§ul.l.u cendlLions 5L, .., 500 are in eftece,
his Tink 18 i 1_-.:unp.mlnn ol the  state
vijuivalenee 1ink,

Late Conllucnco

statvchanges SC1, .00 500 represent tlus cul-
Minat Lo ol wultiple causal sources lor o
net stateirhange of gone entity with  respect
Lo sune tealure.  The net statechange, Sl
specitics the canposite rate as o symbuolic
vkpredsion whichh can he dynumicnll{ vvalu=
abted durloy o stanlation. Syovactically, all
cantributery statechanges,  and e net
stalvchange wust reference bhe same entily,
and the sdme v.aryinf; teature of that entity (cop. chanpe
in temperalure ot che heat exchanper).

Threshuld

et statechange, 50, reaches a threshold, &,
wl Interest to the ausr_rlpliuu ol tne necha=
. duscriptlom of

nism. 4 15 an instantaneous
an ottty with respect tu the feature which

is varying In the stateehange, e.g. bhe ten-
perature  wl Loe heat  exchanger s 404
deprocs, e distinguish pnsitf\fu and nega=

tive thresholds wraphically and in the - €D
ternal  cepresentabion  and staelation se as

Lu provide Tor hysteresls.

This coneludes the discusstion ol the  USA caunse=pffect
Huks relating tu meebandsws description. There are sey=
vral other links relating to motilvation and {nctentlongl-
Lty uf B acturs.  These other links peral)l ous o ox-
plore  the  arcas of plan synthesis and Lanpuage coppre—
hension {a the social as well as physlcal domain  withln
thy sane vepresentatiounal framework,

Woe have represcented 4 number wf other physical, electrl-
cal amd rlectronic mechanisms ju these sape  Leras,  in-
cluding {1} a computer Llip-flop, (2) 4 "drisking duck"
noveley Loy, (3) an incandescuent iight bulb, {4} a me-
chanical oscillator, (%) a4 Teverse-trap flush tollet,
inud (bt deseriptions of composite ovents  jovolving  the
Buernoulli eftect, gravily and mementue. Addit10n31Qy. Wi
have used the represcatation to describe o compnter al-
gerltlua tor conput tng the average of a table ol inte-
€rs, and feb& that the G54 Iinks will provide a ?cud
anguage for prugrammiog concepls as  well as h¥5 el
E??T- hese and other vxaoples appear in [RGL], 1k1] and
Wi [ w

3. Slmulation btrategy

As We polnted put earlier, our purpose has  not been
uerely to build a mechanisms descriptlon and simulation
laburatory, but te bulld ane upon concepls which are
penerally” applicable to a wide spectrum of other types
af cognitive modellng as wull., Me feel that we have
succeeded in  the escription aspect by embedding the
mechanismy desctiption Language in the same framework as
our  preblem  solving  and language  comprehenaion
languages, namely these CS5A links just covered.

For the slmulation Rtrategy, we have drawn upon anather
adpect of che (%4 system that we ¢all the "spontanecus
computation” component. This i{s a generslized implemen-
tatlon of pattern-directed inference, wherein computa-
tiens  ocecur spontanecusly, rather than on demand Erom
another computation,

The slmulaticon stramg{ (sec flow diagtam below) (s
this: convert the declacative (CS5A4Y cause=-effect repre-
sentation of the mechanisn to a population of autonomous

Knowledge Repr.-4:
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computation unlts, each of which models one event in the
decgarntlvc represcatation. If each unit in this popula-
tion of spontanecus computatione (5C"8) containe a model
of all other event schemata that can Lnfluence 1t, (both
within, and externalt tu, the particular mechanisam in

wiiich the eovent Fartl.cipatﬂﬁ} then the modelin& S5C can
be caused to run when all influences are just %hl‘. by
includlng  all those influences in its (pocentially cow-

plex} invocation pattern. Thua, our strategy 1s to model
each declaratlve event by an st whose trigger pattern 1s
senaltlve te other prerequlsite events Ln the mechanism.

A simulation will amount to embeddding the reactive 5SC
population madelinﬁ Lhe  events In the mechaniam in an
envitronment In which statlc conditions are appropriate
for triggering  the mechanlsm. The environment, as well
as all fnpstantancous states durlng the aimulnt{on. are
modeled 35 1 collection of datngase assertions. Trig~
pering of the mechanism will lead to a conceptually par-
alle]l avalanche of accivity whereln bhe rumnlng o ane
ot moere  S5C units can prompt the runninyg of one or more
ather units, and so on. The simulation becomes quiescent
wien ne  remainlap 5C"s  percelve themsolves to he

relovant.
USER DEFIWHES HEGHANLSH ‘

(EXILRHAL DECLARATLIVE
REPRESENTAT o)

SHEGHAJLSH CREATES [l
THT LRHAL DLULARATIVE SLIULATE |
REPRESENTAT Lo THCHARISLL

¥ / 4

S DMULATE=HECH URBATES ‘ REYUEST ADBITIOHAL |

.t/

THE TWTERNAL PRUCEDURAL S IMULATION OR CHALGE
REPRESENTATION (50750 START LUG CONDITIUNS

T

There are some Important issues relating to why we have
chosen this strategy for simulation rather than a more
straightforward strategy that manipulates the declara-
tive representation directly. We will discuss the phi-
losophy behind this approach to simulation later. We now
describe the CSA system's spontaneous computation compo-
nent which provides the substrate tor the simulator.

.1, Spontaneous Computatfon and Channels

Ourlmpiementationotspontaneouscomputatonisa
generalization of the pattern-directed invocation no-
tions embodied in MICRO-PLANNER [SWCI] and CONNIVER
[MSI], By "generalization", we mean specifically that we
have provided for the specification and organization of
more complex invocation patterns, and for more complex
hierarchical organizations of SC populations.

The invocation (trigger) pattern of an SC in the CSA
system is constructed from nested n-tuples composed in
virtually any degree of complexity using the logical re-
lations AND,” OR "and AnY. Each component of the trigger
can be one of the following types: (1) associative, (2)
non-associative, or (J) compufable. Associative _trlgdger
components come to be organized into a reactive data
structure we call a "trigger tree"; these are the compo-
nents which can react to Passm? stimuli (to be defined)
and cause the entire pattern fo be tested (polled).
Non-associative trigger components represent aspects of
the trigger's environment that must be true when  ex-
plicitly  polled) in order for the SC to fire fully. but
which themselves are incapable of initiating the firing.
Coinputables are any EVALable LISP forms other than |)
or (2), and must evaluate non-NIL for full triggering o
the pattern to occur.

An SC body is an arbitrary EVALable LISP expression.
Each SC " is context sensitive, in that it can be masked
and unmasked |nde.pendentl?/]. within its trigger tree.
(The simulator relies on this feature to prevent loopin
in certain cases..% Entire trigger trees are al9o contex
sensitive, as will be described.

Beyond this organization of complex trigger patterns
info trigger ‘trees, the CSA SC component provides for
the higher-level hierarchical organization of trigger
trees —around constructions called channels". An SC
channel (see [R3]) is intended to be the analog of a
hardware channel, and a generalization of the
PLANNER/CONNIVER pattern-directed invocation scheme.

The SC's that the mechanisms simulator creates as the
rocedural representation of a mechanism all exist in
wo trees attached to two channels. The passing signals
on these channels will be the symbolic descripfions of
changing events in the simulation, entering and exiting

Rleger



the database via these channels. When it runs, a fully-
triggered SC will place a new event descrlptlon on one
of ~“these channels, and possibly mask or unmask itself
gnd/orb other SC's in the population, as we will
escribe.

We feel the trigger tree/channel paradli; is a powerful
one. Currentl¥ the ~mechanisms simulator employs only
these two rela |ve|y simple channels in performing Its

tasks, (analo to he store and erase channels of
PLANNER and C NN1VER) but we expect it to utilize the
full potentials of ‘this system in future phases of the
project, especially when we” address the topic of mecha-
nisms invention.

This concludes our brief sketch of the CSA SC _component

insofar as it relates to our purposes here. For a more
complete- discussion, including several other theoretical
applications of the 'SC system in the areas of inference,
problem solving and language comprehension, see [R3],

b. The Mechanisms Simulator

The simulation subsystem Is a collection of LISP func-
tions that take the internal declarative representation
of a mechanism, convert it to a population of spon-
taneous computatlons then awaken a subset of the popu-
lation_via a trlggerlng assertion. A subsat of the awak-
ened SC's will request that their bodies be run. The
evaluation of the bodies will cause other SC's to awak-
ened. This will constitute an execution of the mecha-
nism. In the execution, events will be automatically as-
serted and duasserted in the database and states which
are changing with time will be updated. The status of
an even is determined by Its causal relatlonshcf)s to
other events as they become, "asserted and deasserte

The initiation of the simulator is caused by the asser-
tion of some event: semantically, eittier an action per-
formed by an external actor, a tendency relating to a

natural “force, or a state, as derived, ., .as an out-
ut from the simulation ot another mec anism. This
atter initiating event wi1 L provide tor mechanisms in-

teraction where several mechanisms have a common event
and ttie assertion oi that event in one mechanism will
initiate (or contribute to the initiation of) execution
of the other mechanism.

Each link in the

internal declarative representation of
a mechanism has a set of SC'

s automatically created for

it according to a set of rules for each theoretical Link
type. An SC is activated when its precondijtions have
been satisfied The running of an SC will generally

cause a database modification or a masking or unmasking

of another SC.

b. 1. Declarative to Procedural Conversion

We now give two examples to illustrate the process of
declLarative-procedural conversion. The SC's are display-
ed with the following conventions. Lach SC representin ﬁ
some potential event is Imagined to be watelling a pat
to the database (channel). he path type (STORE

ERASE) is located between the double bars on the Ielt
side of the display. The logical connectives in the
created  SC's 'trigger pattern are to the ri%ht ot the
triggering events and the arrows out of _the r|gger|n
events ow into these connectors. On the far ri

side of the figure is the body of the SC. These are he
activities which will be oerformed when the SC is run.
A reference name_ for the SC is located on the arrow into

the body of the
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To illustrate, in the example of the S

the continuous causal (CCAUSE? link govérning the move-
ment of the mercury in the urnace ‘s thermostat, when
the tendency GRAVITY or the state "mercury unsupported
on the right is asserted and the other event is cur-

rently in the database (i.e., also resent then the
state-change of the location of the mercur is stored
(i.e. asserted) in the database. If either the tenden-

cy GRAVITY or

mercury
deasserted (i.e.

unsuPported on the
erased rom

ri is
the database, ?hen the
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state-change of the location of the mercury is erased
from the database.

B e

(=1 1) ANY LF

stcC e ——
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U A (GE TURE ° (CONTACT
k& LT -K -H) 1'.FRCUR\' Pl LS|
E ———————

UNHIDE. Liud
ERASE
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T d»==={LIN MERCURY =X =Y} Glup

U oA {LT -1 -Ji ittt " (CUNTALT
‘n' 1I| Lk =K+l d MLRCURY Y1 P2}
L e i

The second example is the SC's created tor the con-
tinuous coupling (C-COUPLE) link which watches for the
mercury to enter the region between Pl and P2. When the
location of the mercury is between -3 and 1 there s
contact between the mercury, Pl, and P2 (i.e the contact
event is asserted in the database) When the location
of the mercury moves above or below the given range, the
contact event  is erased from the database.

This illustrates the conversion process on two of the
simpler link types. More complex processing may be re-
uired for other links. For example, the rate confluence
R-CONFL) link requires symbolic rate computations to be

q%rformed. Details of the” conversion process appear in
°+2. Simulat.ion Kxample

We have successfully simulated the entire furnace, il-
lustrated earlier in its declarative form, although the
simulation must be done in three pieces (because of mem-
ory limitations). The furnace cuts on, heats the room

providing a trace of all events in
picture of the simulator's

excerpted and annotated se-
thermostatic con-

up, then cuts oft,
the sequence. To convey a
operation, we includé an
quence showmg the simulation of the
trol portion of the furnace.

Input Syntax for BOX J_

The Mechanisms Lab requires that each mechanism's _CSA
descrlptlon be coded into a machine readable form. This
form is the external declarative CSA representation and
is used as input _fo a mechanisms deflnln% function call-
ed SMLCUAN1SM This function generates the internal de-
clarative representation of the medianism from  the ex-
ternal declarative representation. Below is the call on
SMLCHANSM in the ‘external declarative form for the
thermostatic control section of the furnace.

SULCHALSH “(
HAIE BUKL}
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5 ARIATION TEMP ROOM=THERMUSTAT)
T (TENVEMCY THLRMAL-ERPANSIUN A~T~LOIL))
S{ (CHANGE LEWGTH=tL R-T=COLL P3 Pi IUTEH)
S (ATTACHED HERCURY-ENVELUME A-T-C l;
S (LHANGE ANGLE=FHl HERCURY-: f.N\l'I'.I..UPF. 5 P& RATE3))
A {ADJUST LEVER))
¢ (UWANGE ANGLE=PHI MEACURY-ENVELOPE P7 P8 RATEA4))
50 [CHANGE ANGLE=PH1 MERCURY-LNVELUPE P9 PID lk‘J.'E!J!
ANGLE-PHI MEACURAY-ERVELUPE (#-iDD #U] ANY})
SLOPING MERCUHY-ENVELDPE LEFT})
HoT LUCA MLRCURY A)Y

EUNsuswnuu HERCURY LEFT
TENDENCY LRAVITY HERCURY
[CHAN: L. MERCUHY D A u
MGLE-PH} HLR&.IJHY-EN\':LOPT 1] I FI00] ANY)Y
gSI.OPIHG HERCURY-LHVELOPE RLGHT))

AR AR —

o

NOT LOCA MEKCURY D33
UHSUI‘N&TLD H.EI.CIJII I.I.GIITJ!
(C B RATE?))

C .ulGE ].lJC icg 'P 1 PI.Z RATEG) }
Luc HERCY 0 ! Y1)

LoG IIE-KCUII.Y

UHTACT MERCURY

¥p
Loc NEI{CURY - Y13
LOC HERCURY (#-100 K1} ANY))
iLuC HI‘.K(.LIH.\" !2 FLOD) ARY})
CLUSED Wl
LuC

RRRA iy £ v o s gwmm LA LA CILA BN LAt

rhe et B3 ot B [t Bl P e e e s s o e

et el e Y £ R YR . ey

ﬂv\g bt B

AHGLE=PH]1 HLRCURY=ENVLLOPE !-J NEGY)
TEHP ROOI-THERIUSTAT #70 ANY
LENGTH=tLL K=T=COTL KLU0 ANY}
3 }LE‘NGTH—I!H A-T-Cill (w=100¢ 10001 ARTY]
TEMP WUOM-THERHMUSTAT (#bl #1003 ANY)) ¥

SRERSG
it e

LI

1
2 lilTY
R

;I‘“ﬂﬂﬂ’-ﬂu‘ [x]

Rleger


http://cau.se

P
F1
(23 13
i i
E {14 (9
L (le 17))
¥ (LB 193 {1in
[ El )

THUESH (1 (10U 3’
(LHLTIAL=-WulLD 14 3 101 102 201)
(TRILGER 1}

(RATES

RATEl RATES®)

RATE S ll%uurlaur HATEL Wl#UN)

RATLY RA

?KATL& 3

HATES (i LUH KATE] RATES))

lATL? :s;

HATEN (PPLUS RATES WATES))

WATESY #13 )

Siwulation Trace

the simulator.

The [ulluwing illugtrates the output of
Z SC aection of the

There 4arc 5 created for this
furnace. For space tessuns, only a small portion of the
trace s been left inract to convey the flaver of rthe
dimulatien. For clarlty, the cdited trace has all data-
base activitlies removed except those which affect the
lucation of the mercury and Ehose events directly linked
to theti.  The rlﬁht =lland side of the trace 8 an English
descriptlon of the sinmulation.

(SUITMULATEILUE “BOX1 ]
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7. Simularion Philosophy

do mimulation thie U.{?gu‘m.l { de it aymboli-
o

cn{l and why go through the contortionm of converting
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the declarative form to spontaneous computation unlts?

Clearly, it would be possible to simulate a mechanism by

plying reletively simple graph algorithms directly to
ﬂe declarative representation.

To underatand why we have adopted this S5C strategy, re=
flect on the nature of any physical system - a mechaniam
In partlcular, A mechanism 1s built ¥from physical prin-
ciples and components that act autonomousl{ in the
senfae that they are governed by phguicai laws that "run
in parallel", The mechanism just happens to work in de-
sired ways hecausc the laoventor has managed tv identify,
harnesa,” 4 conrdinate a population of autoncmous
agents. In this sctting, very minoar or very local alter-
ations toc one component or 1t environment can propagate
te all artﬁ ? the mechanism in & falling-~domincea
tashion. Yartlcular, embeddin% the mechaniem in allen
or novel environments can significantly alter the micro
apd macro  behavior of the mechanism in ways that will
always relate to the individual components of the mecha-
nism, viewed aa autonomous agents, but seeldom tuo  the
meéchanlism as o whole. Certainly, the net effect of em-
bedding the mechanism Ln an  environment will be te
change the cumulative, overt behavior of the mechanism;

but %he overt behavior chanpes will be nothinp more that
the sum of many smaller, possibly unrelated {nfluences.

Ry conVertin% the mechanism’s declarative form lnte SO
taem, we effectively crdack the deseription apen, expos-

GRAVITY  always loo elipeels
cnvelape and coll accached,
indtial location ot mercory is ds
inittal anple lu =1,

Lult lal rooon teoperatute 10
init 1l lenpch o F u-].l in ImJ -m
wloplng lelt sloce Jdagle e -4,

merenry nal aft A since at 2.

WTCUIY UNbuppebled st Letd wlnee at o,
¢-caubal 5C hidden.
merruby mevling to A kidee lefo aloplng awml unkupp.

ol Btatu=changs D weroury.

Iocathon o mercory s I sloew ak 7.

cimp FHAREE [0 Thermoskal s IPLERCT for wmchanlsw.

Eemp variat lon caased by (rigaer.
wnabled by tewy Yurialbun.

changing co1l lewgtl caused by thwermal-exp.

M rCUry Ecvid tio -2

contart bebween m.-n_ury-l'l-l'l winre Inratinn ik -d.
thermn cloged becauyme of contact of mercury=Tl=ri,
meEcury nuw supprited on left.

Toc ol mercury no Lunger changlng doe to left slope.
ol chuoge to location of mervury o Lumger oorurbag.
M EUuTy Aow At Al

mtrcury not oat Do

mercury no longer swvinog.

mercdry becomes wunsupperted on right.
e FCWEY MEACE woviag toward B,
net location of mercury now changloy.

néw marcury position is £ p
mercury na longer in contact with PlePl wlce ut 2.
Lheracatat no longer closued.

DUEEUry supported on right since ar i,

Current roow I.qnn:uu in 79,
currant angle 2,
curreat coll lnng b 14 104 mm,
CUTCCENE Marcury Locatlen I O,
ewrcury locatad me 3,
wvylope swloping righr.
I.hnrn? anslan still accuring.

tn tamperatura of chermowtac.
camp of thoriawstat weill chunping.
aavaliops arill accached Lo coll,
gravity mcill affacting Lha moetury.

ing all the invididual cauwe-affect ralaticaships
directly to the environment. Each im free o behave a»
itn trtggor attarn dictates. Thus, whén we embed the
aviscerated form in a nev cnvironment. edch cause-effact

relaticnahlip must fend and produce rasults on its own.
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In particular, this makes possible the more detailed
study or debugging of the mechanism when placed in an
environment where there are other mechanisms, as occurs,
say. when a new mechanism is invented out of existing
mechanisms and physical laws. For example, suppose that
two mechanisms, designed separately, are thrust into the
same environment and made to coexist, as happens when
the two become part of a larger mechanism. Without
cracking each decsription apart and ~casting the re-
sulting spontaneous units into a large population in
which the two mechanism's boundaries are lost, it would
not be apparent how the two might interact. But using

such a strategy, event-wise crosstalk is more readily
discovered.** A case in point was the much publicized
glitch in Polaroid's new SX-70 camera, where the sensi-
tive electronics were interfered with by noise spikes
produced by the concurrent operation of the picture
ejecting motor. The interaction was a simple, but ob-

scure one, and was solved by clever timing of events to
remove the concurrency.

** Forcing two independent mechanisms to coexist in one
environment is the analogy of forcing brother subgoals
to coexist in one environment in plan synthesis; in both

domains, there is the possibility of unanticipated
interactions. See [RLIJ.
7.1. _A Related Issue: Mechanisms Abstraction

There is quite often a need to suppress much of the rep-
resentation or simulation detail present in the system s
full model of a given mechanism. There would be a need
for suppresssion of detail, for example, if we. wished to
provide a very high-level overview of a mechanism to
serve, say, as a black box in a larger invention effort,
or as an introduction of the mechanism to a totally
naive CAl user. Since the suppression of mechanism de-
tail is analogous to the supﬁ)ression of detail in text,
we use the term "abstraction .

One of our current areas of interest is in automating
the process of mechanisms abstraction. Note that we
already have provisions in the representation tor ex-
pressing abstracted forms: the state coupling link. This
link allows us the freedom of direct state-state
causality. The abstraction technique can therefore be
one of syntactically replacing certain patterns in the
detailed representation with state coupling links.

It appears that there will be only a small number  of
syntactic abstraction rules. Two of the most obvious ab-
stracting rules are depicted below. Such rules, applied
transitively, could perform both minor and major ab-
stractions. A major abstraction would amount to a simple
coupling between the input and output states of a mecha-
nism, e.g. "A falling temperature causes the thermostat
to close."

Such abstracting would be applied to the declarative
representation before simulation, so that the converted
computation units would directly reflect the abstrac-
tion. Abstraction could be applied uniformly over an en-
tire mechanism, or locally to excise parts which are not
of immediate interest. Non-uniform abstracting, in which
all uninteresting sections have been defocussed, would
deliver practical advantages by allowing the simulator
to devote more time to the relevant aspects of the simu-
lation. This could be important if, for example, we sus-
pect the audio stages of a radio are at fault, but know
the power supply is functional. Before simulation, the
radio's power supply description could be defocussed be-
fore conversion to simulation representation (i.e popu-
lation of SC's).

GD
o =
-m-
G, su) 2l

TWO OLFOCUSSING RULES

In addition to simple syntactic
also be exploring more semantic forms. Semantic mecha-
nisms abstraction would be useful if, for example, we
wished to know about the gas furnace with respect to a
particular aspect of its operation, such as "heat
production’. We might scan through the description, as-
sessing each event according to its semantic relevance
to the concept of heat production. Then, using the
Highly ranked events as milestone events, the syntactic
abstraction procedure could be applied to yield an ab-

defocussing, we will
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straction with respect to the desired point of view,

i.e. one which retained only the milestone states.
8. Conclusions

We have presented a theory of mechanism description and
simulation which is based on tenets and processes we hy-
pothesize to be applicable to other aspects of human
cognition. We feel the theory of cause-effect represen-
tation is sound and expressive for a wide variety of
mechanisms, and that it bears significance as a theory
of human cause-effect knowledge representation.

Our next specific goals are threefold: (1) to make the
acquisition of new mechanism patterns interactive, hav-
ing the model prompt the user, and verify that the us-
er s use of the representation coincidés with the mod-
el's notions of semantic well-formedness, (2) to study
the processes of mechanisms abstraction, and (32 to ap-
ply the existing CSA plan synthesizer to the fask of
mechanisms invention, involving the simulator in a de-
bugging loop.
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