
An i nvent or who i s ski l l ed at const r uct i ng i nnovat i ve
desi gns i s di st i ngui shed, not j ust by t he f i r st pr i nci pl es
he knows, but by t he way he uses t hese pr i nci pl es and
how he f ocusses t he sear ch f or novel devi ces among an
over whel mi ng space of possi bi l i t i es . We pr opose t hat an
appr opr i at e f ocus f or desi gn i s t he net wor k of qual i t at i ve
i nt er act i ons bet ween quant i t i es, ( cal l ed an i nt er act i on
t opol ogy) , used by a devi ce t o achi eve i t s desi r ed behav-
i or . We pr esent an appr oach, cal l ed i nt er act i on- based
i nvent i on, whi ch vi ews desi gn as a pr ocess of bui l d-
i ng i nt er act i on t opol ogi es - i n t hi s paper di r ect l y f r om
f i r st pr i nci pl es . The pr ogr am I bi s, whi ch embodi es t hi s
appr oach, desi gns si mpl e hydr o- mechani cal r egul at or s,
anal ogous t o devi ces t hat wer e f undament al t o t he de-
vel opment of f eedback cont r ol t heor y .

1 I nt r oduct i on

I nt er act i on- based I nvent i on :
Desi gni ng Novel Devi ces f r om Fi r st Pr i nci pl es

Abst r act

I n hi ghl y compet i t i ve mar ket s wi t h r api d t echnol ogy
shi f t s a desi gner must cont i nual l y expl oi t new t echnol o-
gi es and exi st i ng t echnol ogi es i n nonobvi ous ways . Cur -
r ent AI desi gn r esear ch f ocuses on hei r ar chi cal r ef i ne-

ment usi ng l i br ar i es of desi gn f r agment s [ McDer mot t

1977 ; Royl ance 1980 ; Mi t chel l et al . 1983 ; Ressl er 1984 ;
Mi t chel l et al . 1985 ; Mi t t al et al . 1986) . Whi l e l i br ar y-
based t echni ques l i ke conf i gur at i on [ McDer mot t 1982]
have been hi ghl y successf ul f or some " r out i ne t asks, "
t hey i gnor e t hese i nnovat i ve aspect s of t he desi gn pr o-
cess .

To achi eve t he gener al i t y necessar y t o mai nt ai n a com-
pet i t i ve edge, t he desi gner mi ght have t o consi der , not
j ust what i s i n t he r out i ne l i br ar y, but any possi bl e de-
vi ce st r uct ur e . Eval uat i ng t he behavi or of any st r uct ur e
r equi r es r easoni ng f r om f i r st pr i nci pl es . The gener al i t y
af f or ded by t hese pr i nci pl es pr esent s t he desi gner wi t h
an over whel mi ng space of possi bi l i t i es . To avoi d bei ng
l ost t he i nvent or must use ever y means at hi s di sposal t o
f ocus t he sear ch . Thi s i s t he abi l i t y t o i nnovat e . Thus
a r obust t heor y must capt ur e, not onl y t echni ques f or
r out i ne desi gn, but t he pr ocess of i nnovat i on f r om f i r st

pr i nci pl es . We r ef er t o t hi s as i nvent i on .

' Di scussi ons wi t h my advi sor Randy Davi s and commi t t ee
Pat r i ck Wi nst on and Tomes Lozano- Per ez had a t r emendous
i mpact on t hi s r esear ch . Johan de Kl eer , Br i an Fal kenhai ner ,
Leo Joskowi cz and Mar k Shi r l ey pr ovi ded val uabl e comment s
on ear l i er dr af t s . Thi s r esear ch was per f or med bot h at t he
MI T AI Lab and Xer ox PARC. MI T suppor t was pr ovi ded
by an Anal og Devi ces Fel l owshi p, DEC, Wang, and DARPA
under Of f i ce of Naval Resear ch cont r act N00014- 85- K- 0124 .
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I nnovat i on i s a mul t i - f acet ed pr ocess t hat r esear cher s

ar e onl y begi nni ng t o expl or e [ Mur t hy & Addanki 1987 ;

Ul r i ch 1988 ; Joskowi cz & Addanki 1989] . Thi s paper ex-

pl or es one such f acet - t he pr ocess of i nnovat i on when

r easoni ng f r om f i r st pr i nci pl es al one . Speci f i cal l y we

pr esent a t heor y t hat capt ur es key aspect s of a pr ocess

t hat can be used t o const r uct novel devi ces l i ke t he one

shown t o t he l ef t i n f i gur e 1 ( f r om Mayr [ 1970] ) . Thi s

devi ce ( devel oped by Her on of Al exandr i a i n t he f i r st

cent ur y AD) aut omat i cal l y f i l l s a cup k wi t h f l ui d f r om

vase v, and mai nt ai ns t he f l ui d at a speci f i ed l evel :a

I f t he f l ui d l evel i n t he cup i s t oo l ow, t hen t he vol ume
of f l ui d i s t oo smal l , t he cup wi l l be t oo l i ght , and t he
wei ght at t he end of t he bal ance wi l l move downwar d .
Thr ough a set of l i nkages t he di sk l i f t s of f of t he end of
t he pi pe . When t he gap appear s, f l ui d f l ows out of t he
vase, t hr ough t he pi pe, and i nt o t he cup . As a r esul t
t he cup' s f l ui d hei ght and wei ght i ncr eases . Event ual l y
t he f l ui d r eaches t he desi r ed hei ght , at whi ch t i me t he
bal ance t i ps, cl osi ng t he gap .

Thi s devi ce was i nnovat i ve i n i t s t i me f or t he use of

a bal ance t o sense f l ui d hei ght vi a wei ght and f or i t s

expl i ci t use of f eedback cont r ol .

Mor e gener al l y, we expl or e t he desi gn of l umped-

par amet er devi ces ( i . e . , net wor ks of component s and

connect i ons) whose desi r ed behavi or i s descr i bed by

t r ansi t i ons i n a qual i t at i ve st at e di agr am, and whose

behavi or i s gover ned by t he l aws of physi cal syst em dy-

nami cs [ Shear er et al . 1971] or ci r cui t t heor y [ Bose 1965] .

Our wor k begi ns wi t h t he i nt ui t i on t hat t hi s and si m-

i l ar devi ces can be const r uct ed by f ocussi ng on qual i -

t at i ve di f f er ences bet ween how al t er nat i ve devi ces wor k .

The f i r st par t of t hi s paper t eases apar t t hi s i nt ui t i on

t hr ough a ser i es of quest i ons . Thi s r esul t s i n t hr ee con-

cept s t hat we bel i eve ar e cent r al t o f ocussi ng t he desi gn

pr ocess : t he i nt er act i on t opol ogy, i nt er act i on- based i n-

vent i on, and t he t opol ogy of pot ent i al i nt er act i ons . We

t hen use a si mpl e f l ui d r egul at i on exampl e t o demon-

st r at e how t hese concept s ar e embodi ed i n a pr ogr am

cal l ed I bi s .
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Desi gn as Focussi ng on I nt er act i ons

How do devi ces wor k?

Our r esear ch t akes t he per spect i ve t hat a devi ce

	

or ks"

by est abl i shi ng a net wor k of i nt er act i ons bet ween quant i -

t i es and or chest r at i ng t hese i nt er act i ons over t i me . We

cal l t hi s net wor k an i nt er act i on t opol ogy . A si mpl i f i ed



Fi gur e 1 : Her on' s wei ght r egul at or ( l ef t ) and i nt er act i on-
based i nvent i on ( r i ght ) . The gr aph at t he upper r i ght i s
an i nt er act i on t opol ogy, const r uct ed t o r el at e dHf l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� i d/ dt

t o Hf l ui d and Hdesi r ed . The t opol ogy i s bui l t f r omi nt er -

act i ons, each pr oduci bl e by a si ngl e component or con-
nect i on ( downwar d ar r ows) . H, M, Q and V denot e f l ui d

hei g ht , mass, f l ow and vol ume .

exampl e f or Her on' s r egul at or l i s depi ct ed i n f i gur e 1
( t op r i ght ) . The expl anat i on i n t he i nt r oduct i on t r aced

a pat h t hr ough t hi s t opol ogy . I n addi t i on t o connect i v-

i t y, t he t opol ogy must capt ur e exact l y t hose f eat ur es of

i nt er act i ons t hat di r ect l y cont r i but e t o a devi ce achi ev-
i ng i t s behavi or al speci f i cat i on . I ni t i al l y a desi gner i g-
nor es many det ai l s of t he speci f i cat i on l i ke del ay and
power di ssi pat i on, i nst ead f ocussi ng on t he basi c shape
of a devi ce' s behavi or . I n our case t hi s i s t he r i se and
f al l of f l ui d l evel s or , mor e gener al l y, st at e t r ansi t i ons i n
a qual i t at i ve st at e di agr am [ Bobr ow 1984] . The sal i ent

f eat ur es of i nt er act i ons ar e exact l y t hose necessar y t o
achi eve each t r ansi t i on . I n [ Wi l l i ams 1988, 1989] we ar -
gue t hat t hi s i s capt ur ed by a combi nat i on of qual i t at i ve

and quant i t at i ve f eat ur es, expr essi bl e by equat i ons i n Q1
- a hybr i d al gebr a on si gns and r eal s . z
How do t hese obser vat i ons i mpact i nvent i on?
We cl ai m t hat , because t he i nt er act i on t opol ogy cap-

t ur es qual i t at i ve f eat ur es of how devi ces wor k, i t i s an

appr opr i at e cent r al f ocus of i nvent i on . Speci f i cal l y :

I nvent i on i nvol ves const r uct i ng a t opol ogy of i nt er -
act i ons t hat bot h pr oduces t he desi r ed behavi or and
makes evi dent a t opol ogy of physi cal devi ces t hat i m-
pl ement s t hose i nt er act i ons ( f i gur e 1, r i ght ) .

Thi s appr oach, cal l ed I nt er act i on- based I nvent i on, has
t hr ee maj or component s : bui l di ng t he i nt er act i on t opol -

ogy, bui l di ng t he cor r espondi ng physi cal st r uct ur e, and
ver i f yi ng t hat t he desi r ed i nt er act i ons ar e pr oduced . To
ensur e t hat t he t opol ogy " makes evi dent " t he physi cal

st r uct ur e, t he t opol ogy i s bui l t f r omi nt er act i ons t hat ar e
pr oduci bl e by a si ngl e component or physi cal connect i on .

The pr oduci bl e i nt er act i ons ar e i dent i f i ed usi ng t he f i r st

pr i nci pl es of t he cur r ent domai n and t echnol ogy, and i n-

t er act i ons ar e i nt er connect ed t hr ough shar ed var i abl es .

1 A mor e r epr esent at i ve exampl e of an i nt er act i on t opol -
ogy i s shown i n f i gur e 5 .

' For mor e compl ex t opol ogi es, i n [ Wi l l i ams 1989] we ar gue
f or t he i mpor t ance of capt ur i ng an i nt er act i on' s causal and
t empor al f eat ur es at a l evel of abst r act i on expr essi bl e i n t he
r epr esent at i ons of [ Wi l l i ams 1984, 1986] .

The t opol ogy i s ver i f i ed by al gebr ai cal l y " composi ng"

i nt er act i ons and compar i ng t he r esul t wi t h t he desi r ed

i nt er act i on .

A st r at egy f or pr oposi ng t he i nt er connect i on of i nt er -

act i ons i s f aced wi t h an enor mous space of possi bi l i t i es .

To cope, Thi s gener at es candi dat e sol ut i ons by f ocussi ng

f i r st on t he most const r ai ni ng f eat ur es of i nt er act i ons . . .

What qual i t at i ve f eat ur es ar e most i mpor t ant ?

Rar el y do pr i mi t i ves di r ect l y r el at e t he t ypes of var i abl es

wer e i nt er est ed i n . For exampl e, t he pur pose of Her on' s

r egul at or i s t o r el at e hei ght change t o hei ght di f f er ence,

but t her e i s no way t o achi eve t hi s di r ect l y . I nst ead t he

devi ce uses a l engt hy chai n of i nt er act i ons t hat succes-

si vel y t r ansf or m a si gnal f r om one var i abl e t ype t o an-

ot her . Thi s di f f i cul t y i s hi ghl i ght ed by t he connect i vi t y

of i nt er act i ons, conveyed i n f i gur e 1 ( t op r i ght ) , i nde-

pendent of t he behavi or each i nt er act i on pr oduces . The

i mpor t ance of connect i vi t y i s f ur t her suppor t ed by a de-

t ai l ed hi st or i cal anal ysi s [ Mayr 1970] whi ch uses si mi l ar

di agr ams t o hi ghl i ght t he i nnovat i ve aspect s of f eedback

cont r ol devi ces devel oped over a per i od of 1800 year s .

For exampl e, Her on' s i nnovat i on i s a pat h of i nt er act i ons

t hat uses f or ce t o sense hei ght . The end of t hi s paper

shows sever al ot her i nnovat i ons t hat expl oi t al t er nat i ve

pat hs . To summar i ze, qual i t at i ve f eat ur es t hat ar e par -

t i cul ar l y i mpor t ant ar e t he connect i vi t y of i nt er act i ons

and t he t ypes of var i abl es i nvol ved .

How ar e devi ces composed f r om f i r st pr i nci pl es?

We conj ect ur e t hat , f or si mpl e devi ces, new i nnovat i ons

ar e const r uct ed i n a manner si mi l ar t o how exi st i ng i n-

vent i ons ar e under st ood . To under st and how a devi ce

wor ks, we f i r st i magi ne al l t he i nt er act i ons pr oduced by

ever y component and ever y connect i on i n t he devi ce,

and t hen t r ace out a pat h t hat i dent i f i es i nt er act i ons

cont r i but i ng t o t he behavi or of i nt er est . Anal ogousl y, t o

i nvent a devi ce, we use our f i r st pr i nci pl es t o i magi ne al l

possi bl e i nt er act i ons pr oduci bl e by ever y t ype of compo-

nent and ever y t ype of connect i on avai l abl e i n t he cur -

r ent t echnol ogy, and al l ways t hat t hese i nt er act i ons can

be connect ed . The r esul t i ng st r uct ur e we cal l a t opol ogy

of pot ent i al i nt er act i ons . A devi ce i s pr oposed by t r aci ng

a pat h t hr ough t he pot ent i al i nt er act i on t opol ogy con-

nect i ng var i abl es i n t he desi r ed i nt er act i on . The devi ce' s

i nt er act i on t opol ogy ar e t hose var i abl es and i nt er act i ons

t hat l i e al ong t he pat h . We cal l t hi s pr ocess i magi n-

i ng pot ent i al i nt er act i ons . I nt er est i ng al t er nat i ves cor -

r espond t o di st i nct pat hs t hr ough t hi s t opol ogy . Of

cour se i t woul d be unr easonabl e t o expl i ci t l y r epr esent

al l pr oduci bl e i nt er act i ons and i nt er connect i ons, si nce

t he space woul d be i nf i ni t e . I nst ead t he t opol ogy of po-

t ent i al i nt er act i ons i s bui l t f r omt he t ypes of i nt er act i ons

pr oduci bl e, connect ed wher ever i t i s consi st ent f or t hem

t o shar e a var i abl e . These i nt er act i on t ypes ar e t hose

pr oduced by each t ype of component and physi cal con-

nect i on .

To maxi mi ze f unct i on shar i ng - t he use of a si ngl e

component f or sever al f unct i ons - i t i s i mpor t ant wher -

ever possi bl e t o expl oi t i nt er act i ons pr oduced by exi st -

i ng st r uct ur e ( st r uct ur e al r eady i nt r oduced i n t he de-



si gn) . Thi s hel ps t o r educe desi gn cost s and par asi t i c
ef f ect s . I n some cases var i abl es i n a desi r ed i nt er act i on
ar e onl y accessi bl e t hr ough exi st i ng i nt er act i ons - f unc-
t i on shar i ng i s t hen an absol ut e necessi t y . To t hi s end
we augment our space wi t h a t opol ogy of exi st i ng i nt er -
act i ons, r epr esent i ng a desi gn' s par t i al l y const r uct ed i n-
t er act i on t opol ogy cor r espondi ng t o t he al r eady exi st i ng
st r uct ur e . Thi s i s i nt er connect ed wi t h t he t opol ogy of
pot ent i al i nt er act i ons wher ever i t i s consi st ent t o shar e

var i abl es . A candi dat e sol ut i on i s pr oposed by t r aci ng a

pat h t hr ough t he combi ned t opol ogy, f or exampl e, mi n-

i mi zi ng t he number of pot ent i al i nt er act i ons t r aver sed

( f i gur e 2, t op of upper hal f ) .

Thi s combi ned t opol ogy i s t he key t o our appr oach .

I t i s an i nt er act i on t opol ogy and t hus f ocuses t he sear ch

wi t hi n t he r eal m of how devi ces wor k . I t makes physi -

cal st r uct ur e evi dent - each i nt er act i on i s pr oduced by
a t ype of component or connect i on . I t can be sear ched
qui ckl y - pat h t r aci ng i n a smal l gr aph i s f ast . I t cap-
t ur es t he f i r st pr i nci pl es - t hat ' s what t he t opol ogy
i s bui l t f r om. And i t hi ghl i ght s connect i vi t y bet ween
var i abl e t ypes - one of t he most const r ai ni ng, and po-
t ent i al l y i nnovat i ve aspect s of al t er nat i ve sol ut i ons . To-
get her t hese f eat ur es al l ow us t o make good on t he cl ai m

t hat we ar e abl e t o const r uct i nnovat i ve devi ces f r om
f i r st pr i nci pl es .
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I bi s : I nt er act i on- based I nvent i on

Syst em

For si mpl i ci t y of pr esent at i on, we use t he f ol l owi ng
punch bowl exampl e ( f r om [ Wi l l i ams 1988] ) t o demon-

st r at e our appr oach :

Suppose you ar e t hr owi ng a l ar ge par t y t hat i ncl udes
bever ages . Havi ng wai t er s manual l y r ef i l l t he punch
bowl f r om a l ar ge vat woul d i nt r ude on t he ambi ance
of t he event ; t hus, you deci de t o use I bi s t o const r uct a
devi ce t hat r est or es t he punch bowl aut omat i cal l y . At
I bi s' di sposal i s an ar r ay of pi pes, cont ai ner s and l i ds .
The vat , v, and bowl , b, ar e si t t i ng on a t abl e, bot h
open t o t he ai r . For aest het i cs t he vat i s hi dden, and
connect i ons ar e onl y al l owed t o t he bot t om of t he vat
and bowl . For si mpl i ci t y you deci de t he l evel of punch
i n t he bowl shoul d be t he same as t hat i n t he vat .

The desi r ed behavi or i s speci f i ed by a qual i t at i ve st at e

di agr am. Usi ng a pr ocess r oughl y anal ogous t o f i ni t e

st at e machi ne desi gn [ Hi l l & Pet er son 1974] , Thi s maps

t he di agr am i nt o i nt er act i ons . As di scussed i n [ Wi l l i ams

1989] , i n our exampl e Thi s i nf er s t hat t he desi r ed i nt er ac-

t i on i s t o change t he bowl ' s f l ui d hei ght i n t he di r ect i on

of t he vat / bowl hei ght di f f er ence ( [ ] denot es an expr es-
si on' s si gn { +, 0, - } ) :

[ H( v) - H( b) ] - [ dH( b) / dt ]

Our f ocus her e i s on how Thi s maps a si ngl e desi r ed i n-

t er act i on i nt o an i nt er act i on t opol ogy. I bi s' basi c st eps

ar e number ed on t he t op hal f of f i gur e 2 . Fi r st , I bi s

bui l ds t he space of al l i nt er act i ons : t he t opol ogy of po-

t ent i al i nt er act i ons f or t he domai n and t echnol ogy, and

t he t opol ogy of exi st i ng i nt er act i ons f or t he i ni t i al st r uc-

t ur e and i nt er act i ons . Second, Thi s pr oposes a candi dat e

BI TI LD:
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Fi gur e 2 : Maj or st eps I bi s per f or ms t o bui l d ( upper ) and

r ef i ne ( l ower ) an i nt er act i on t opol ogy .

by i dent i f yi ng a pat h t hr ough t he t wo t opol ogi es, con-

nect i ng t he var i abl es i n t he desi r ed i nt er act i on . Thi r d,

Thi s augment s t he devi ce st r uct ur e i n or der t o i nst ant i at e

t he pot ent i al i nt er act i ons al ong t he pat h ( and l i nks con-

nect i ng t hese i nt er act i ons) . Fi nal l y, Thi s ver i f i es t hat t he

pat h pr oduces t he behavi or of t he desi r ed i nt er act i on .

Thi s may f ai l on t wo account s : ei t her because t he

st r uct ur e i nt r oduced i n t he t hi r d st ep i s i nconsi st ent ,

or because t he behavi or ver i f i ed i n t he f our t h st ep i s i n-

cor r ect . I n ei t her case Thi s has t he choi ce of expl or i ng a

t opol ogy cor r espondi ng t o an al t er nat i ve pat h, or r ef i n-

i ng t he cur r ent candi dat e ( bot t om hal f , f i gur e 2) . I n t he

l at t er case Thi s A) i dent i f i es one or mor e l i nks causi ng

i nconsi st enci es, ( B) br eaks t hese l i nks t o r emove al l i n-

consi st enci es, ( pr eser vi ng t he consi st ent l i nks and i nt er -

act i ons) , and C) t r i es t o cl ose t he gaps wher e t hese l i nks

have been br oken, by t r aci ng addi t i onal pat hs t hr ough

t he t opol ogy of pot ent i al i nt er act i ons . Fi nal l y, t he above

pr ocess of i nt r oduci ng st r uct ur e and ver i f yi ng behavi or

i s r epeat ed .

To suppor t t hi s pr ocess, I bi s expl oi t s t wo r easoni ng

component s descr i bed el sewher e : t he symbol i c al gebr a

syst emcal l ed Mi ni ma, f or t he hybr i d qual i t at i ve quant i -

t at i ve al gebr a Q1 [ Wi l l i ams 1988] , and t he hybr i d t er mi -

nol ogi cal r easoni ng and congr uence cl osur e syst em cal l ed

I ot a [ Wi l l i ams 1989] . The r emai ni ng sect i ons descr i be

I bi s' i nput s and demonst r at e t he f i r st f our st eps of t he

bui l di ng pr ocess on our exampl e . Ref i nement i s demon-

st r at ed i n [ Wi l l i ams 1989] .
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I bi s' I nput s and Out put s

I bi s t akes as i nput t he desi r ed i nt er act i on, i ni t i al con-
st r ai nt s on t he physi cal st r uct ur e and i nt er act i ons, and
t er mi nol ogi cal def i ni t i ons and physi cal pr i nci pl es char -
act er i zi ng t he domai n and t echnol ogy. I t pr oduces f r om
t hese a consi st ent physi cal st r uct ur e whose i nt er act i on
t opol ogy pr oduces t he desi r ed i nt er act i on . Fi r st con-

si der i nput s i nvol vi ng st r uct ur e . The t er mi nol ogi cal def -

i ni t i ons descr i be t he cl asses of val i d physi cal st r uct ur es

( e . g . , pi pes, cont ai ner s) , quant i t i es ( e . g . , H, P) and t hei r

i nt er r el at i onshi ps f or a gi ven domai n and t echnol ogy .

The i ni t i al and f i nal st r uct ur es descr i be par t i cul ar i n-

st ances of t hese cl asses ( cal l ed i ndi vi dual s) and t hei r i n-
t er r el at i onshi p . Each i s descr i bed i n a t er mi nol ogi cal

l anguage, cal l ed I ot a, r oughl y si mi l ar i n st yl e t o l an-
guages l i ke Kl one [ Br achman & Schmol ze 1985] , Ni KL
[ Vi l ai n 1985] and Kandor [ Pat el - Schnei der 1984] . I ot a' s
synt ax and semant i cs i s pr esent ed i n [ Wi l l i ams 1989] .
Our exampl e uses a devi ce- cent er ed model . That i s,
each component communi cat es ext er nal l y t hr ough a set

of t er mi nal s, and a physi cal st r uct ur e i s a net wor k of

component s whose t er mi nal s ar e connect ed t o common
poi nt s cal l ed nodes. Two exampl e def i ni t i ons ar e shown
bel ow, t he l ef t i s f or nodes and t he r i ght i s f or pi pes :

node ar e- uni que const i t uent ;
t l - of ( node) ar e t er mi nal ;
t 2- of ( node) ar e t er mi nal ;
P( node) ar e pr essur e ;
1- 1- f unct i on( t l - of ) ;
1- 1- f unct i on( t 2- of ) ;
1- 1- f unct i on( P) ;
t l - of ( node) di sj oi nt t 2of ( node) ;
f or al l ( n) node( n) i mpl i es nt l - of ( n) = n ;
f or al l ( n) node( n) i mpl i es nt 2- of ( n) _- n ;

pi pe ar e- uni que devi ce ;
t l ( pi pe) ar e- uni que t er mi nal ;
t 2( pi pe) ar e- uni que t er mi nal ;
R( pi pe) ar e f l ui d- r esi st ance ;
1- 1- f unct i on( t l ) ;
1- 1- f unct i on( t 2) ;
1- 1- f unct i on( R) ;

The l ef t says r oughl y t hat a node i s a uni que t ype of

physi cal const i t uent , and each node has a uni que P, t l - of

and t 2- of , wher e P i s a pr essur e, and t l - of and t 2- of ar e

di st i nct t er mi nal s . Al so, a t er mi nal whi ch i s t he t 1- of or
t 2- of some node, has t hat node associ at ed wi t h i t . 3 The

r i ght def i ni t i on says r oughl y t hat a pi pe i s a uni que t ype

of devi ce, and has a uni que R, t l and t 2, wher e R i s a

f l ui d r esi st ance, and t l , t 2 ar e di st i nct t er mi nal s . See

[ Wi l l i ams 1989] f or t he compl et e set of def i ni t i ons and

t hei r semant i cs .

A st r uct ur al descr i pt i on speci f i es t he i ndi vi dual s t hat

a devi ce i s composed of , t hei r t ypes, and t hei r i nt er r e-

l at i onshi p t hr ough equi val ences ( =- ) and i nequi val ences

( $) . For exampl e, t he f ol l owi ng descr i bes a sol ut i on t o

t he punch bowl pr obl em t hat connect s a pi pe bet ween

t he vat and bowl . The cor r espondi ng schemat i c uses

open ci r cl es t o denot e t er mi nal s, and cl osed ci r cl es de-

not e nodes :

vat ( v) ;
bowl ( b) ;
pi pe( P1) ;
node( N 1) ;
node( N2) ;

b( v) = t l _of ( N1) ;
t 2- of ( N1) = t l ( P1) ;
t 2( P1) = t 2- of ( N2) ;
t i - of ( N2) = b( b) ;

3 nT i s an abbr evi at i on f or node- of ( T) , wher e T i s a t er -
mi nal . Lat er we abbr evi at e bot t om wi t h b or hot , and t op
wi t h t .
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The descr i pt i on i nt r oduces a di st i nct vat v, bowl b, pi pe

P1, and t wo nodes N1 and N2 . A component i s con-

nect ed t o a node by shar i ng a t er mi nal . For exampl e,

" b( v) = t l - of ( Nl ) " says t hat t he t er mi nal at t he bot t om

of v i s one of Nl ' s t er mi nal s . The above descr i pt i on says

t hat t he bot t om of v i s connect ed t o t he t 1 end of P1

t hr ough node N1, and t he t 2 end of P1 i s connect ed

t o t he bot t om of b t hr ough node N2 . The decl ar at i ons

" vat ( v) " and " bowl ( b) " speci f y t he i ni t i al st r uct ur e f or

our exampl e .

Next consi der t he i nput s t hat ar e speci f i ed as i nt er ac-

t i ons : t he i ni t i al and desi r ed i nt er act i ons, and physi cal

pr i nci pl es . An i nt er act i on i s a qual i t at i ve r el at i onshi p

bet ween var i abl es . I n t hi s paper i t i s an equat i on i n t he

Q1 al gebr a [ Wi l l i ams 1988] . I ni t i al i nt er act i ons spec-

i f y i nt er act i ons enf or ced by t he pr obl em st at ement . I n

our exampl e, no f l ui d can f l ow i nt o t he t op of t he bowl ;

t hat i s, Q( t op( b) ) = 0 . Desi r ed i nt er act i ons ar e i nt er -

act i ons t hat t he desi gn must sat i sf y - i n our exampl e

[ H( v) - H( b) ] = [ dH( b) / dt ] . The physi cal pr i nci pl es

descr i be t he t ypes of i nt er act i ons ( cal l ed pot ent i al i nt er -

act i ons) pr oduci bl e by cl asses of physi cal const i t uent s .

I n a devi ce- cent er ed appr oach t hese ar e i nt er act i ons pr o-

duced by cl asses of component s ( t he devi ce model s) and

connect i ons ( t he connect i on l aws) . A pot ent i al i nt er -

act i on i s an i nt er act i on over cl asses of var i abl es ( cal l ed

var i abl e t ypes) . I t i s expr essed as a uni ver sal l y quant i -

f i ed hor n cl ause . The ant ecedent s r est r i ct each quant i f i er

t o r ange over def i ned cl asses . The consequent i s an i n-

t er act i on ( her e a Q1 equat i on) on var i abl es and var i abl e

t ypes ( t er ms cont ai ni ng quant i f i er s) . For exampl e, t he

pi pe model consi st s of t hr ee pot ent i al i nt er act i ons :

f or al l ( pi ) pi pe( pi ) i mpl i es Q( t l ( pi ) ) + Q( t l ( pi ) ) = 0 ;
f or al l ( pi ) pi pe( pi ) i mpl i es Pd( nt 1( pi ) , nt 2( pi ) ) = R( pi ) x Q( t l ( pi ) ) ;
f or al l ( pi ) pi pe( pi ) i mpl i es R( pi ) = [ +]

The f i r st says t hat what f l ows i nt o one end of t he pi pe

f l ows out t he ot her end . The second r el at es a pi pe' s

pr essur e di f f er ence ( Pd) t o i t s f l ui d r esi st ance ( R) and

f l ow ( Q) . The t hi r d says t hat R i s al ways posi t i ve .
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Bui l di ng t he Space of I nt er act i ons

Recal l t hat t he t opol ogy of pot ent i al i nt er act i ons r ep-

r esent s al l pr oduci bl e i nt er act i ons and al l ways t hey i n-

t er connect . The t opol ogy of exi st i ng i nt er act i ons r ep-

r esent s i nt er act i ons pr oduced by t he cur r ent st r uct ur e

and i s updat ed as t he st r uct ur e i s modi f i ed . To bui l d

t he f i r st t opol ogy, Thi s cr eat es an undi r ect ed hyper - edge

f or each pot ent i al i nt er act i on t hat connect s t he i nt er ac-

t i on' s var i abl es . For exampl e, consi der t wo i nt er act i ons

- t he f i r st i s f r om t he pi pe model , and t he second i s

t he cont i nui t y l aw f or nodes ( Pd i s pr essur e di f f er ence,

Q f l ow and R r esi st ance) :

f or al l ( pi ) pi pe( pi ) i mpl i es Pd( nt l ( pi ) , nt 2( pi ) ) = Q( t l ( pi ) ) x R( pi ) ;
f or al l ( n) node( n) i mpl i es Q( t 1Af ( n) ) = - Q( t 2_of ( n) )
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Hyper - edges r epr esent i ng t hese t wo i nt er act i ons ar e
shown bel ow by t hi ck l i nes t o t he f ar l ef t and r i ght :

Pd( nt l ( pi ) , nt 2( pi ) )

H( pi ) I Q( t l ( pi ) )

	

Q( t l yi ' ( e) )

	

G( t w( n) )

Each edge t el l s us whi ch quant i t i es i nt er act di r ect l y,
whi l e suppr essi ng t he al gebr ai c pr oper t i es of t he i nt er -
act i on . The compl et e set of hyper - edges f or t he exampl e
ar e shown as t hi ck l i nes i n f i gur e 3, l ef t hal f .

Next t he hyper - edges ar e combi ned i nt o a gr aph . I n-
t er act i ons communi cat e t hr ough shar ed var i abl es . Pos-
si bl e shar i ngs ar e r epr esent ed by t hi n l i nes, cal l ed l i nks,
bet ween pai r s of uni f i abl e var i abl es ( i . e . , var i abl e t ypes
t hat ar en' t necessar i l y di sj oi nt and t hus can shar e an
i ndi vi dual ) . Uni f i cat i on i s semant i c r at her t han synt ac-
t i c, and i s det er mi ned by I ot a f r om t he t er mi nol ogi cal
def i ni t i ons . The pi pe and cont i nui t y i nt er act i ons shown
ear l i er ar e connect ed by t wo l i nks . For exampl e, var i abl e
t ypes Q( t l ( pi ) ) and Q( t l _of ( n) ) ar e l i nked - by def i ni -
t i on Q i s a 1- 1 f unct i on ; t hus, f or an i ndi vi dual Q( i ) t o be
an i nst ance of bot h var i abl e t ypes, i must be an i nst ance
of bot h t 1( pi ) and t l - of ( n) . Thi s i s consi st ent wi t h t he
def i ni t i ons f or pi pe and node gi ven ear l i er . I n cont r ast
Q( t l _of ( n) ) and Q( t 2_of ( n) ) ar e not l i nked, si nce f r om
t he def i ni t i on of node t l _of ( n) and t 2- of ( n) ar e di sj oi nt .
The compl et e set of l i nks ar e shown i n f i gur e 3, l ef t hal f . "

Next t he t opol ogy of exi st i ng i nt er act i ons i s con-
st r uct ed, cor r espondi ng t o t he i ni t i al st r uct ur e . Thi s
i nvol ves i nst ant i at i ng t he appl i cabl e pot ent i al i nt er ac-
t i ons and combi ni ng t hem wi t h t he i ni t i al i nt er act i ons .

' Thi s t opol ogy i s over l y si mpl e f or pr esent at i on pur poses .
A mor e r epr esent at i ve t opol ogy, f or exampl e, combi ni ng
hydr aul i c and mechani cal pr oper t i es mi ght cont ai n sever al
t ypes of connect i ons and a f ew dozen devi ce t ypes .
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Fi gur e 3 : The t opol ogy of pot ent i al ( l ef t ) and exi st i ng ( r i ght ) i nt er act i ons f or t he punch bowl pr obl em. Thi ck l i nes
denot e i nt er act i ons and t hi n l i nes denot e l i nks . Dashed l i nes show a pat h t hr ough t he t wo t opol ogi es bet ween desi r ed
var i abl es : H( v) , H( b) and dH( b) / dt . Boxed var i abl es i ndi cat e wher e br ances of t he pat h j ump bet ween t opol ogi es .

Common ver t i ces denot e shar ed var i abl es, wher e shar -
i ng i s det er mi ned by I ot a t hr ough congr uence cl osur e .
Li nks ar e added t o t hi s t opol ogy bet ween var i abl es t hat
ar e uni f i abl e ( and not al r eady equi val ent ) . The com-
pl et e t opol ogy of exi st i ng i nt er act i ons f or t he punch bowl
pr obl em i s shown on t he r i ght si de of f i gur e 3 . The vat ' s
i nt er act i ons ar e t o t he l ef t and t he bowl ' s ar e t o t he
r i ght .

Once t he t opol ogy of pot ent i al and exi st i ng i nt er ac-
t i ons ar e cr eat ed, t hey ar e i nt er connect ed by l i nki ng each
var i abl e and var i abl e t ype t hat ar e uni f i abl e . Var i abl es
of i nt er est t hat l i nk t he t wo t opol ogi es ar e hi ghl i ght ed
i n f i gur e 3 by boxes .

6

	

Pr oposi ng a Candi dat e Topol ogy

Next , I bi s uses t hese t opol ogi es t o i dent i f y a candi dat e
sol ut i on - an i nt er act i on t opol ogy t hat has a si mpl e
mappi ng t o physi cal st r uct ur e and whi ch may combi ne
t o pr oduce a desi r ed i nt er act i on ( st ep t wo of f i gur e 2) .
A candi dat e sol ut i on i s a mi ni mal set of i nt er act i ons and
l i nks t hat r el at es t hose- and onl y t hose var i abl es i n t he de-

si r ed i nt er act i on ( cal l ed desi r ed var i abl es) . I n our exam-
pl e t hese var i abl es ar e H( v) , H( b) and dH( b) / dt . A can-
di dat e C i s i dent i f i ed by t r aci ng a ( mul t i ) pat h bet ween
t he desi r ed var i abl e t hr ough bot h i nt er act i on t opol ogi es .
C consi st s of ever y i nt er act i on and l i nk t ouched by t he
mul t i pat h . To r el at e t he desi r ed var i abl es, C shoul d
cont ai n a pat h P goi ng bet ween t he var i abl es t hat has
no i nt er veni ng const ant s . To r el at e onl y t he desi r ed var i -

abl es, ever y br anch of f of P shoul d t er mi nat e on a con-
st ant , unl ess i t l eads t o a desi r ed var i abl e . I nt ui t i vel y,
a br anch t er mi nat i ng on anot her var i abl e r epr esent s an

undesi r ed i nf l uence ( see [ Wi l l i ams 1989] f or det ai l s) .



STRUCTURE

P( NI )_r p( N3)
Q( t l ef ( 1W) )

0( t 2d( N2) )

A pat h cor r espondi ng t o a candi dat e f or t he punch
bowl pr obl em ar e shown as dashed l i nes i n f i gur e 3 . I t

begi ns as t hr ee separ at e pat hs st ar t i ng at t he desi r ed
var i abl es, H( v) , H( b) and dH( b) / dt , and t r aci ng out
t hr ough t he t opol ogy of exi st i ng i nt er act i ons ( r i ght hal f ,
f i gur e 3) . One br anch of each pat h r eaches P( nb( v) ) ,
P( nb( b) ) and Q( b( b) ) , r espect i vel y, whi ch ar e l i nked t o
t he pot ent i al i nt er act i on t opol ogy . The ot her br anches
t er mi nat e on const ant s ( denot ed by pat hs endi ng wi t h
bl ack dot s) . Af t er cr ossi ng l i nks at P( nb( v) ) , P( nb( b) )

and Q( b( b) ) , t he pat hs t r acq, t hr ough t he pot ent i al i n-

t er act i on t opol ogy, wher e t hey come t oget her as a si ngl e

pat h ( l ef t hal f , f i gur e 3) . I n so doi ng t he pat h t r aver ses
f i ve l i nks and f i ve pot ent i al i nt er act i ons : t he t hr ee i nt er -

act i ons of t he pi pe model , and one each f or t he cont i -
nui t y and compat i bi l i t y l aws ( gover ni ng t he behavi or of
connect i ons at nodes) . '
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Addi ng I nt er act i ons and St r uct ur e

Next I bi s augment s t he t opol ogy of exi st i ng i nt er act i ons

wi t h t he pot ent i al i nt er act i ons and l i nks i n t he candi -

dat e ( st ep t hr ee of f i gur e 2) . Pot ent i al i nt er act i ons and

l i nks ar e i nt r oduced t hr ough anal ogous oper at i ons on
physi cal st r uct ur e . I nt er act i ons ar e i nst ant i at ed by i n-

t r oduci ng physi cal par t s ( e . g . , pi pes, nodes, t er mi nal s)

- t he par t s speci f i ed i n t he f i r st pr i nci pl es cor r espond-

' Not e t hat a si ngl e pat h i nt r oduces a component of each
t ype at most once . Sever al i nst ances of t he same t ype ar e i n-
t r oduced ei t her dur i ng t he r ef i nement pr ocess ( f i gur e 2, bot -
t om) , or when mul t i pl e desi r ed i nt er act i ons ar e speci f i ed .
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Q( u( Pl )) - 4( t 2( Pl ) )

Fi gur e 4 : I nst ant i at i ng t he candi dat e pot ent i al i nt er act i ons ( l ef t ) and l i nks ( r i ght ) . On t he l ef t , a downwar d ar r ow
poi nt s t o t he st r uct ur e and exi st i ng i nt er act i on cor r espondi ng t o a pot ent i al i nt er act i on . On t he r i ght t hey poi nt t o

t he uni f i cat i ons of st r uct ur e and var i abl es r esul t i ng f r om each i nst ant l at i on .

i ng t o each pot ent i al i nt er act i on . Li nks ar e i nst ant i at ed

by uni f yi ng physi cal par t s . Thi s i n t ur n uni f i es exi st i ng

var i abl es, t her eby connect i ng t he i nt er act i ons t oget her .

The t op l ef t of f i gur e 4 shows t he candi dat e pot ent i al

i nt er act i ons and l i nks f or our exampl e . Next t o each

i nt er act i on i s t he name of t he cor r espondi ng model or

l aw. The vat v and bowl b i n t he mi ddl e l ef t of t he f i gur e

ar e par t of t he i ni t i al st r uct ur e . P( nb( v) ) , P( nb( b) ) and

Q( b( b) ) at t he bot t om l ef t ar e var i abl es of t he exi st i ng

i nt er act i ons t hat t he augment at i ons connect t o .

Thi s i nst ant i at es f i ve pot ent i al i nt er act i ons : t he i n-

t er act i on f r om t he compat i bi l i t y l aw, t hr ee i nt er act i ons

f r om t he pi pe model , and t he i nt er act i on f r om t he con-

t i nui t y l aw . Fi r st , t he compat i bi l i t y l aw:

f or al l ( nl , n2) node( nl ) and node( n2) i mpl i es

Pd( nl , n2) c P( nl ) - P( n2)

appl i es t o any pai r of nodes ; t hus, Thi s i nst ant i at es t he

l aw by i nt r oduci ng t wo nodes wi t h uni que names - cal l

t hemN1 and N2 . Si mi l ar l y, i nt r oduci ng N1 and N2 r e-

sul t s i n a si ngl e i nt er act i on bei ng added t o t he t opol ogy

of exi st i ng i nt er act i ons, as i s shown by t he downwar d

ar r ow at t he f ar l ef t of f i gur e 4 . The r emai ni ng f our

i nt er act i ons ar e i nt r oduced i n a si mi l ar manner , as de-

pi ct ed i n t he f i gur e : a pi pe P1 f or t he t hr ee i nt er act i ons

of t he pi pe model , and a node N3 f or t he cont i nui t y l aw .

Next , t o compl et e t he i nt er act i on t opol ogy I bi s

" gl ues" t he i nt er act i ons t oget her by i nst ant i at i ng t he

candi dat e l i nks . Thi s i nvol ves uni f yi ng t he var i abl es

of i nt er act i ons and i s accompl i shed by uni f yi ng pi eces

of devi ce st r uct ur e . For exampl e, consi der t he l i nk be-

t ween Q( t l _of ( n) ) and Q( b( b) ) , shown i n t he upper r i ght
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Fi gur e 5 : The augment ed t opol ogy of i nt er act i ons .

Number s i ndi cat e t he sequence i n whi ch i nt er act i ons ar e

combi ned dur i ng_ ver i f i cat i on .

cor ner of f i gur e 4 . To i nst ant i at e t hi s l i nk we want t o

equat e Q( t l - of ( N3) ) and Q( b( b) ) . To enf or ce t hi s equi v-

al ence t he bot t om of bowl b must be connect ed t o N3 .

That i s, t l - of ( N3) and b( b) must r ef er t o t he same t er -

mi nal , and N3 and nb( b) must r ef er t o t he same node .

Thi s i s i nf er r ed by I ot a t hr ough congr uence cl osur e f r om

t he def i ni t i ons and st r uct ur al descr i pt i on . The r emai n-

i ng f our l i nks ar e i nst ant i at ed i n a si mi l ar manner . The

r esul t i ng uni f i cat i ons of st r uct ur e and var i abl es ar e de-

pi ct ed by downwar d ar r ows i n t he r i ght hal f of f i gur e 4 .

The net ef f ect of t he i nst ant i at i ons i s t o connect t he pi pe

bet ween t he vat and bowl . The augment ed i nt er act i on

t opol ogy i s shown i n f i gur e 5 .

Al t hough t he above st r uct ur e i s consi st ent wi t h t he

def i ni t i ons, t hi s i s not al ways t he case . The r eason i s t hat

t he t opol ogy of pot ent i al i nt er act i ons ensur es onl y t hat

t he l i nks ar e pai r wi se consi st ent - t he i nst ances of sev-

er al l i nks may be gl obal l y i nconsi st ent . When t hi s hap-

pens t he i nconsi st ent l i nks ar e br oken, and t he sol ut i on

i s r ef i ned as sket ched ear l i er ( [ Wi l l i ams 1989] pr ovi des

det ai l ed exampl es) . Sever al r ef i nement s ar e nor mal l y

r equi r ed f or compl ex st r uct ur es, l i ke t he f l ui d r egul at or s

at t he end of t hi s paper .

8

	

Ver i f yi ng t he Desi r ed I nt er act i on

The r emai ni ng st ep i s t o det er mi ne whet her or not t he

combi ned behavi or s of t he i nt er act i ons i n t he candi -

dat e pr oduce t he desi r ed i nt er act i on [ H( v) - H( b) ] -

[ dH( b) / df . The composi t i on pr ocess i nvol ves qual i t a-

t i ve symbol i c al gebr a on Ql equat i ons, and i s per f or med
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by Mi ni ma [ Wi l l i ams 1988] . To compose i nt er act i ons,

Thi s st ar t s wi t h t he expr essi on i nvol vi ng t he var i abl e

bei ng cont r ol l ed, i n our exampl e [ dH( b) / dt ] . I t wal ks

back al ong t he pat h t r aced when const r uct i ng a can-

di dat e, accumul at i ng a symbol i c expr essi on . I bi s t hen

t est s whet her t he accumul at ed expr essi on mat ches t he

ot her expr essi on i n t he desi r ed behavi or , [ H( v) - H( b) ] .

The sequence of i nt er act i ons wal ked t hr ough dur i ng t he

accumul at i on ar e number ed i n f i gur e 5, wi t h t he cor -

r espondi ng expr essi ons at each st ep shown bel ow . The

i ni t i al and f i nal expr essi ons ( l i nes 0, 17) mat ch t he de-

si r ed i nt er act i on ; t hus, connect i ng t he pi pe sol ves t he

punch bowl pr obl em.

0) [ dH( b) / dt ]
1)

	

[ dV( b) / dt ] ® [ A( b) ]
2) [ dV( b) / dt ]
3)

	

[ Q( b( b) ) + Q( t op( b) ) ]
4) [ Q( b( b) ) ]

5) e[ Q( t 2_of ( N3) ) ]
6) [ Q( t l ( PI M
7) [ Pd( nt 1( Pl ) , nt 2( Pl ) ) ] ®[ R( P1) ]
8) ( Pd( nt l ( P1) , nt 2( P1) ) ]
9)

	

[ P( N1) - P( N2) ]
10) [ ( Pd( nt ( v) , nb( v) ) - P( nt ( v) ) ) - P( N2) ]
11) [ Pd( nt ( v) , nb( v) ) +P( nt ( b) ) - P( nt ( v) ) - Pd( nt ( b) , nb( b) ) ]
12)

	

[ Pd( nt ( v) , nb( v) ) +P( nt ( b) ) - PzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� � , - Pd( nt ( b) , nb( b) ) ]

13) [ Pd( nt ( v) , nb( v) ) - Pd( nt ( b) , nb( b) ) ]
14)

	

[ H( v) / ( d x g) - Pd( nt ( b) , nb( b) ) ]
15)

	

[ H( v) - H( b) ] ® ( d] ® [ g]
16)

	

[ H( v) - H( b) ] ( 9 ( d]
17)

	

[ H( v) - H( b) ]

Not e t hat t he r esul t i ng desi gn i s qui t e compact i n par t

because t he devi ce expl oi t s a subst ant i al set of i nt er ac-

t i ons pr oduced by t he i ni t i al st r uct ur e . The compl et e

set of i nt er act i ons di r ect l y cont r i but i ng t o t he desi r ed

behavi or i s ext ensi ve - al l t hose shown i n f i gur e 5 . I bi s'

use of t he t opol ogy of exi st i ng i nt er act i ons when pr opos-

i ng candi dat es i s cent r al t o how i t achi eves t hi s t ype of

f unct i on shar i ng . 6

9 Di scussi on

Consi der br i ef l y t he compl exi t y and compl et eness of

our appr oach . A si mpl e mappi ng exi st s bet ween pr opo-

si t i onal f or mul as and Q1 equat i ons ; t hus, ver i f yi ng an

i nt er act i on t opol ogy i s at l east as di f f i cul t as 3- Sat , and

i s i n f act NP- har d . Desi gn i nt r oduces bounded quan-

t i f i cat i on i nt o t he equat i ons ( t he pot ent i al i nt er act i ons) ,

r ai si ng t he pr obl em t o f i r st or der sat i sf i abi l i t y . I t i s at

best semi - deci dabl e . Our aspi r at i on t hen has been t o

make t he i ndi vi dual st eps of i nt er act i on- based i nvent i on

ef f i ci ent and t o devel op a mor e sophi st i cat ed coor di na-

t i on of t hese st eps t hr ough f ut ur e r esear ch . Bui l di ng t he

space of i nt er act i ons, i dent i f yi ng a candi dat e pat h, el ab-

or at i ng st r uct ur e, and t est i ng consi st ency ar e at wor st

quadr at i c i n t he number of i ndi vi dual s and cl asses i n-

t r oduced . We ar e wor ki ng on pr ovi ng whet her Thi s gen-

er at es al l candi dat es ; t he ot her st eps ar e compl et e . As

' I n [ Ul r i ch 1988] a devi ce i s i ni t i al l y desi gned wi t hout

f unct i on shar i ng, and t hen f unct i ons ar e l at er col l apsed . I n

cont r ast , f or pr obl ems l i ke our exampl e, some f unct i on shar -

i ng must be consi der ed i mmedi at el y, si nce a sol ut i on can

onl y cont r ol t he desi r ed var i abl es t hr ough exi st i ng i nt er ac-

t i ons ( e . g . , H t hr ough P) .
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di scussed above, t he ver i f i cat i on st ep i s NP- har d . The

set of composi t i ons i s l i near i n t he number of i nt er ac-

t i ons, but t he cost i s i n canoni cal i zat i on and f act or i ng .

As ar gued i n [ Wi l l i ams 1988] Q1 has a number of uni que

pr oper t i es t hat t end t o make t hese oper at i ons ef f i ci ent

i n pr act i ce . Ver i f i cat i on i s sound but i ncompl et e . I bi s

has been demonst r at ed on sever al si mpl e devi ces . Al so,

i t has been wal ked t hr ough t he desi gn and ver i f i cat i on of

t he devi ces i n f i gur e 6, whi ch ar e anal ogous t o r egul at or s

t hat wer e f undament al t o t he devel opment of f eedback

cont r ol t heor y [ Mayr 1970] .

I bi s' i ni t i al f ocus on t he connect i vi t y of i nt er act i ons

bar es a l oose si mi l ar i t y t o Ul r i ch' s [ 1988] use of bond

gr aphs ( i . e . , gr aphi c depi ct i ons of n por t s) . However

Ul r i ch' s appr oach i s ver y di f f er ent . Bond gr aphs ar e i ni -

t i al l y pr oposed by ar bi t r ar i l y composi ng bonds, devi ce

behavi or , except i ng connect i vi t y, i s never consi der ed,

and t her e ar e no anal ogues I bi s' t opol ogi es of exi st i ng

and pot ent i al i nt er act i ons, Q1, I ot a or Mi ni ma .

The appr oach of i magi ni ng pot ent i al i nt er act i ons i s

one pi ece of a l ar ger pr oj ect on i nt er act i on- based de-

si gn ( see [ Wi l l i ams 1990] ) . We ar e cur r ent l y expl or i ng

a mor e r obust causal - t empor al r epr esent at i on of i nt er -

act i ons and ar e embeddi ng our appr oach wi t hi n evol u-

t i onar y and l i br ar y- based desi gn . I n addi t i on [ Joskowi cz

& Addanki 1989] i s suggest i ve of a pr omi si ng avenue f or

combi ni ng i nt er act i on- based and geomet r i c desi gn .

Thi s wor k i s best summar i zed by t he i ni t i al i nt ui t i on

and ser i es of quest i ons r ai sed i n t he i nt r oduct i on - i n-

novat i ve devi ces can be const r uct ed by f ocussi ng on qual -

i t at i ve di f f er ences bet ween how al t er nat i ve devi ces wor k :

How do devi ces wor k? By const r uct i ng an i nt er -

act i on t opol ogy and or chest r at i ng i t over t i me .

How does t hi s i mpact i nvent i on? I nvent i on i n-

vol ves const r uct i ng a t opol ogy of i nt er act i ons t hat bot h

pr oduces t he desi r ed behavi or and makes evi dent a phys-

i cal st r uct ur e t hat i mpl ement s t hose i nt er act i ons .

What qual i t at i ve f eat ur es ar e most i mpor t ant ?

The connect i vi t y of i nt er act i ons and t hei r var i abl e t ypes .

How ar e si mpl e devi ces composed out of f i r st

pr i nci pl es? By t r aci ng pat hs t hr ough a t opol ogy of

pot ent i al i nt er act i ons .
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