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T h e H U M E M o d e l - D r i v e n Discover y S y s t e m 

Adria n Gordon ' 
Laboratoir e d e Recherch e e n Informatiqu e 

Universit e d e Paris-Su d 
Orsa y 
Franc e 

S M T P % " a d r i a n . g o r d o n O u n n . a c . u k " 

Abstract 

Structural models provide an important source of 
hypothetica l  knowledg e i n scientifi c  discovery .  Informa l 
Qualitativ e Model s (IQMs )  ar e structura l  model s whic h ca n 
be applie d t o wea k theor y scientifi c  domains .  Exampl e 
model s ar e presente d fo r  th e domai n o f  solutio n chemistry . 
Thes e model s ca n b e systematicall y generated ,  but ,  du e t o 
th e wea k theor y natur e o f  th e domain s t o whic h the y ar e 
applied ,  the y canno t  b e verifie d directly .  Instead ,  th e 
applicatio n o f  IQM s t o a  proble m ca n b e use d t o driv e othe r 
scientifi c  discover y processes ;  i n particular ,  th e discover y o f 
numeri c laws .  Th e H U ME syste m i s a  discover y syste m 
base d aroun d th e applicatio n o f  IQMs .  HUME' s discover y 
goal  i s  t o construc t  explanation s fo r  phenomena ,  suc h a s th e 
depressio n o f  th e freezin g poin t  o f  sal t  solutions ,  usin g a 
variet y o f  reasonin g strategies .  H U ME first  attempt s t o 
explai n suc h phenomen a usin g a  pre-existin g theory .  I f  thi s 
theor y i s no t  abl e t o provid e a n explanation ,  th e syste m use s 
a combinatio n o f  theor y constructio n an d numeri c la w 
discovery .  Th e applicatio n o f  IQM s provide s hypothese s fo r 
use b y th e othe r  tw o processes .  Use d i n thi s way ,  IQ M 
applicatio n ca n b e see n t o provid e a  degre e o f  explanator y 
suppor t  fo r  numeri c law s whic h woul d otherwis e b e simpl y 
descriptiv e generalisation s o f  data .  A n exampl e o f  th e 
applicatio n o f  H U ME t o a  proble m i n solutio n chemistr y i s 
presented . 

Informal Qualitative Models in Scientific 
Discover y 

Structura l  model s ca n provid e a n importan t  sourc e o f 

hypothetica l  knowledg e fo r  us e i n scientifi c  discovery . 

Informa l  Qualitativ e Model s (IQMs )  ar e on e sor t  o f 

structura l  model s tha t  ar e use d b y scientists .  I Q M s ar e 

abstrac t  structura l  description s o f  physica l  systems ,  eithe r 

actua l  o r  hypothetical .  The y wer e firs t  introduce d i n 

Sleema n e t  al .  (1989),  an d furthe r  elaborate d i n Gordo n 

(1992 ,  1993 )  an d Gordo n ̂ f  a/ .  (1994 ,  1995) . 

Figur e 1  give s a n exampl e o f  tw o model s whic h ca n b e 

use d i n th e domai n o f  solutio n chemistry .  Mode l  A  show s 

th e cas e wher e molecule s o f  solven t  an d solut e ar e 

uniforml y physicall y distribute d throughou t  a  solution , 

wit h neithe r  set s o f  molecule s bein g chemicall y change d i n 

any way .  Thi s i s  th e Physica l  Mixin g model .  Mode l  B 

shows th e Associatio n model ,  i n whic h molecule s o f  solut e 

for m a n associatio n wit h molecule s o f  solvent .  Th e 

association s thu s forme d ar e dissolve d i n th e remainde r  o f 

th e solvent .  A n exampl e migh t  b e a  sal t  whic h existe d i n a 

hydrate d for m i n solution . 

• O 
> 

Curren t  Address :  Departmen t  o f  Computing ,  Universit y o f 
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Figur e 1 .  Th e (A )  Physica l  Mixin g an d (B )  Associatio n 
IQMs 

A historica l  stud y o f  eighteent h an d nineteent h centur y 
solutio n chemistr y ha s lea d t o th e elaboratio n o f  a  se t  o f 
increasingl y comple x IQMs .  A s w e sho w i n (Gordo n e t  al . 
1994 )  eac h o f  thes e model s ca n b e generate d for m th e 
simples t  mode l  i n th e domain ,  th e Physica l  Mixin g model , 
by th e applicatio n o f  a  se t  o f  mode l  generatio n operators . 
The repeate d applicatio n o f  thes e operator s result s i n th e 
synthesi s o f  a  searc h spac e o f  IQMs . 

Clearly ,  thi s formulatio n o f  a  searc h spac e o f  structura l 
model s i s  closel y relate d t o previou s wor k i n 
computationa l  discovery .  System s suc h a s 
S T A H L / D A L T ON (Langle y e t  al .  1987) ,  R E V O L V ER 
(Ros e an d Langley ,  1986 )  an d B R 3 (Kocabas ,  1991 )  al l 
formulat e discover y a s a  heuristi c searc h throug h a  spac e 
of  models . 

However ,  previou s approache s hav e use d stron g 
heuristic s t o constrai n th e generatio n o f  models ,  an d t o 
confir m thei r  validity .  B R 3 ,  fo r  example ,  use s a  se t  o f 
quantu m conservatio n law s t o constrai n th e generatio n o f 
quar k model s i n particl e physics .  Man y previou s system s 
ar e als o abl e t o confir m th e observationa l  consequence s o f 
generate d models .  Thi s i s  frequentl y don e b y lookin g fo r 
observe d reaction s (suc h a s particl e deca y reaction s o r 
chemica l  reactions )  whic h confir m th e generate d models . 
I n wea k theor y domains ,  thes e constraint s d o no t  operate . 
None o f  th e model s use d historicall y i n solutio n chemistr y 
had directl y observabl e consequences ,  fo r  example .  I n 
earl y solutio n chemistr y history ,  IQM s wer e confirme d b y 
lookin g fo r  numeri c laws .  I f  a  "good "  numeri c la w coul d 
be foun d base d o n th e applie d model ,  the n thi s wa s 
accepte d a s evidenc e fo r  th e validit y o f  th e model . 

The HUME Discovery System 

H U ME i s a  discover y syste m whic h i s base d aroun d th e 

applicatio n o f  IQMs .  Th e vie w o f  scientifi c  understandin g 
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Figur e 2 .  Genera l  Architectur e o f  H U M E 

tha t  i s  adopte d b y H U M E i s  tha t  i t  depend s o n th e 

constructio n o f  deductiv e nomologica l  explanation s 

(Hempel  an d Oppenheim ,  1948) .  H U ME attempt s t o 

understan d a  phenomeno n b y explainin g i t  i n term s o f  a n 

existin g domai n theory .  However ,  sinc e H U ME wil l  b e i n 

most  case s dealin g wit h incomplet e domai n theories ,  a 

significan t  sub-tas k fo r  th e syste m i s th e constructio n o r 

extensio n o f  domai n theories . 
Figur e 2  illustrate s th e genera l  architectur e o f  H U M E. 

The syste m i s base d aroun d a  deductiv e theore m prover . 
Thi s theore m prove r  take s a n observatio n a s input ,  an d 
produce s a n explanatio n fo r  thi s observatio n o n successfu l 
exit .  Th e explanatio n i s base d o n th e applicatio n o f  a 
domai n theory ,  an d backgroun d domai n knowledge . 
However ,  i f  thi s domai n theor y canno t  initiall y  provid e a n 
explanation ,  th e othe r  module s o f  H U ME ar e calle d t o 
exten d tha t  domai n theory .  Thes e module s ar e a n IQ M 
applicatio n module ,  whic h i s employ s basicall y abductiv e 
reasonin g techniques ;  a  theor y constructio n module ,  base d 
aroun d tha t  o f  th e DISCIPL E syste m (Tecuc i  an d 
Kodratoff ,  1990) ;  an d a  numeri c la w discover y module , 
whic h i s a t  presen t  provide d b y th e A R C syste m (Moulet , 
1991) .  Th e discover y elemen t  o f  th e syste m lie s no t  merel y 
i n th e constructio n o f  explanations ,  bu t  i n th e confirmatio n 
of  existin g IQMs ,  th e constructio n o f  ne w domai n theories , 
and th e discover y o f  ne w laws . 

Tabl e 1 .  Freezin g poin t  data .  Asterisk s indicat e anomalou s datapoint s 
(Se e late r  explanation) . 

Substanc e 

Bariu m Chlorat e 
Bariu m Nitrat e 
Strontiu m Nitrat e 
Copper  Nitrat e 
Copper  Acetate * 
Lead Acetate * 
Bariu m Chlorid e 
Mercuri c 
Chloride * 

Formul a 

Ba(CIO,) , 

Ba(NO,) , 
Sr(NO,) , 
Cu(NO,) , 
Cu(C,H,0,) , 
Pb(C,H,0,) , 
BaCl , 
HgCK 

Molecul a 
r  Mas s 
(M) 
304 
261 
211 
187. 2 
181 
325 
208 
271 

Freezin g 
poin t  ° c 
(Fp ) 
-0.14 5 
-0.15 5 
-0.19 5 
-0.24 4 
-0.17 1 
-0.06 8 
-0.23 3 
-0.07 6 

M X  F p 

-44. 1 
-40. 5 
-41. 2 
-45. 7 
-31. 1 
-22. 2 
-48. 6 
-20. 5 

'AR C i s a n extensio n o f  th e ABACUS syste m 

HUME'S input s ar e a  se t  o f  experimenta l  observations ,  a 
set  o f  theorem s whic h constitute s a  backgroun d domai n 
theory ,  an d a  librar y o f  IQMs .  Al l  o f  thi s knowledg e i s 
represente d i n Hor n claus e form .  A  discover y proble m 
must  the n b e specifie d t o th e system .  Thi s discover y 
proble m take s th e for m o f  a  particula r  experimenta l 
problem ,  an d th e resul t  o f  tha t  experimenta l  problem . 
Typically ,  thi s wil l  b e on e o f  th e experimenta l  observation s 
tha t  th e syste m ha s alread y seen . 

The direc t  outpu t  fro m H U ME o n th e successfu l 
completio n o f  a  discover y tas k i s a n explanatio n fo r  a 
specifie d discover y problem ,  i n th e for m o f  a  proo f  tree . 
However ,  thoug h a  proo f  tre e i s th e direc t  resul t  o f 
successfu l  discovery ,  ther e ma y b e man y indirec t  results . 
Some o f  th e theorem s use d i n th e proo f  tre e migh t 
themselve s hav e bee n constructe d b y H U M E,  an d som e o f 
th e "facts "  use d i n th e proo f  tre e migh t  b e hypothese s 
introduce d b y th e system . 

An Example: HUME and Solution Chemistry 

Thi s sectio n wil l  describ e ho w H U ME ca n b e use d t o 
undertak e a  discover y tas k i n th e domai n o f  solutio n 
chemistry .  Th e dat a use d i n thi s exampl e discover y sessio n 
ar e take n fro m (Raoult ,  1885 ,  pp .  407-408) .  Thi s dat a deal s 
wit h th e freezin g point s o f  a  se t  o f  thirt y aqueou s solution s 
of  th e salt s o f  variou s bivalen t  metals .  Tabl e 1  show s som e 
of  thi s data .  Tabl e 1  show s th e n a m e an d empirica l  formul a 
fo r  som e o f  th e salt s use d b y Raoult ,  togethe r  wit h thei r 
molecula r  masse s ( M )  an d th e observe d freezin g poin t  (Fp ) 
fo r  a  solutio n o f  eac h salt .  I n eac h cas e th e solutio n 
involve s I g o f  solut e dissolve d i n lOO g o f  solvent .  T h e 
calculate d ter m M x  F p i s  als o shown .  H U M E ' s initia l 
discover y goa l  i s  t o explai n th e observe d freezin g poin t  o f 
th e firs t  exampl e fro m Tabl e 1 ,  a  solutio n o f  Bariu m 
Chlorate ,  wit h a  freezin g poin t  o f  -0.14 5 ""c . 

Initially ,  H U M E i s  provide d wit h knowledg e abou t  th e 
solvent s an d solute s use d i n eac h exampl e fro m Tabl e 1 , 
suc h a s thei r  composition ,  mass ,  an d th e molecula r  mas s o f 
th e substance s involved .  However ,  th e onl y knowledg e 
provide d fo r  eac h resultin g solutio n i s it s observe d freezin g 
point .  H U M E ' S initia l  domai n theor y i s  therefor e 
incomplete ,  an d th e syste m i s initiall y  unabl e t o explai n th e 

observe d freezin g poin t  o f  th e selecte d 
example .  T h e system' s discover y module s 
ar e calle d t o exten d th e initia l  theory .  T h e 
syste m first  attempt s t o us e it s  theor y 
constructio n strategy ,  adapte d fro m tha t  o f 
th e D I S C I P L E system .  T h e basi s o f  thi s 
strateg y i s a  searc h fo r  possibl e causa l 
relationship s amongs t  th e object s implicate d 
i n a  problem .  Thi s proces s i s  describe d i n 
detai l  i n (Tecuc i  an d Kodratoff ,  1990 )  an d 
(Gordon ,  i n preparation) .  However ,  sinc e th e 
syste m initiall y ha s knowledg e onl y abou t 
th e compositio n o f  th e solven t  an d solut e 
use d i n th e first  example ,  an d no t  th e 
resultin g solution ,  i t  i s  unabl e t o discove r 

(Falkenhaine r  an d Michalski ,  1987) . 

581 



any possibl e causa l  relationships .  A t  thi s stage ,  th e syste m 
ca n procee d n o furthe r  withou t  makin g som e hypothese s 
abou t  th e structur e o f  th e solution .  Thi s i s don e b y applyin g 
an I Q M . 

Eac h I Q M i n H U M E i s represente d i n th e for m o f  a  Hor n 
claus e theorem .  Theore m 1  represent s th e Physica l  Mixin g 
I Q M,  fo r  example . 

Theore m 1 : 
(< — (mode l  physical-mixin g ?eg ) 

(and(make-solutio n ?e g ?solven t  ?solut e ?solution ) 
(composed-o f  ?solven t  [?substancel] ) 
(composed-o f  ?solut e [?substance2] ) 
(composed-o f  ?solutio n [?c l  ?c2] ) 
(composed-o f  ?c l  [?substancel] ) 
(composed-o f  ?c 2 [?substance2])) ) 

where the symbol "^" represents logical implication, 
squar e bracket s represen t  list s (Prolo g syntax )  an d "? " 
precedin g a  symbo l  represent s a  variable .  Thi s theore m 
state s tha t  th e Physica l  Mixin g I Q M applie s t o a n exampl e 
of  th e creatio n o f  a  solutio n ("make-solution") ,  wher e th e 
solven t  i s compose d o f  som e substance ,  ?substancel ,  th e 
solut e i s compose d o f  som e substance ,  ?substance2 ,  an d th e 
resultin g solutio n i s compose d o f  tw o su b component s (?c l 
and ?c2 )  whic h ar e themselve s compose d o f  ?substance l 
and ?substance 2 respectively .  I n orde r  t o appl y thi s I Q M t o 
a solution ,  th e theore m i s first  matche d agains t  H U M E ' s 
knowledg e base .  Typically ,  thi s wil l  resul t  i n a  partia l 
match ,  wher e som e o f  th e assertion s require d t o full y 
instantiat e th e antecedent s o f  th e theore m ar e missin g fro m 
H U M E 's knowledg e base .  H U M E ' s abductiv e reasonin g 
strateg y i n thes e circumstance s simpl y assert s an y missin g 
antecedent s directl y int o th e knowledg e bas e a s 
hypotheses .  I n th e curren t  case ,  sinc e n o knowledg e i s 
initiall y  availabl e concernin g th e component s o f  th e 
resultin g Bariu m Chlorat e solution ,  th e final  thre e 
antecedent s o f  th e theore m wil l  fai l  t o matc h assertion s i n 
H U M E 's knowledg e base .  Thes e thre e antecedent s wil l 
the n b e directl y asserte d int o H U M E ' s knowledg e base , 
wit h syste m generate d symbol s t o replac e an y stil l 
uninstantiate d variables .  Thi s ammount s t o hypothesisin g 
th e unknow n component s o f  th e solution . 

Once an IQM has been applied in this way, HUME's 
theor y constructio n strateg y ca n b e applie d again .  Thi s 
time ,  however ,  th e syste m ca n mak e us e o f  th e 
hypothetica l  knowledg e abou t  th e solutio n tha t  ha s bee n 
introduce d b y th e applicatio n o f  th e Physica l  Mixin g I Q M . 
Theore m 2  results : 

Theore m 2 : 
(<—(  freezing-poin t  ?solutio n ? x ) 

(an d 
(composed-o f  ?solutio n [?c l  ?c2] ) 
(composed-o f  ?c l  [?sl] ) 
(composed-o f  ?solven t  [?sl] ) 
(composed-o f  ?c 2 [?s2] ) 

(composed-o f  ?solut e [?s2] ) 
(make-solutio n ?g l  ?solven t  ?solut e ?solution)) ) 

This theorem has been constructed based on the 
relationship s whic h no w exis t  betwee n th e solvent ,  th e 
solute ,  an d th e hypothesise d component s o f  th e resultin g 
solution .  Tha t  is ,  i t  i s  base d o n th e fac t  tha t  th e solven t  an d 
solut e ar e compose d o f  th e sam e substance s a s ar e th e 
hypothesise d component s o f  th e solution .  However ,  thi s 
theore m i s no t  complete .  Th e valu e o f  th e freezin g poin t 
property ,  ?x ,  i s  nowher e instantiate d i n th e antecedent s o f 
th e theorem .  I n circumstance s suc h a s this ,  i n orde r  t o 
instantiat e th e missin g property ,  H U M E applie s it s thir d 
discover y strategy :  th e searc h fo r  numeri c laws . 

I n orde r  t o searc h fo r  numeri c laws ,  H U M E use s partia l 

theorem s suc h a s Theore m 2  a s context s fo r  numeri c la w 

discovery .  Al l  o f  th e numeri c propertie s o f  object s whic h 

ar e implicate d i n th e partia l  theore m ar e gathere d togethe r 

and passe d t o H U M E ' s la w discover y module .  However , 

thi s i s no t  don e onl y fo r  th e exampl e currentl y unde r 

investigation ,  bu t  fo r  al l  example s know n t o th e system . 

Al l  o f  th e example s fro m Tabl e 1  woul d b e use d i n thi s 

case ,  fo r  example .  Usin g thi s data ,  H U M E ' s numeri c la w 

^2.98 6 
discover y modul e discover s th e la w F p =  wher e 

M 
F p i s th e freezin g poin t  o f  th e solution ,  an d M i s th e 

molecula r  mas s o f  th e solut e .  Figur e 3  show s th e grap h o f 

freezin g poin t  agains t  molecula r  mas s fo r  Raoult' s  data . 

Figur e 3  als o show s th e newl y discovere d la w 

superimpose d ove r  thi s data .  Onc e discovered ,  thi s la w i s 

the n incorporate d int o th e previousl y see n partia l  theorem , 

t o produc e Theore m 3 : 
Theore m 3 
(<- (  freezing-poin t  ?solutio n ( /  -42.98 6 ? m ) 

(an d 
antecedent s a s i n Theore m 2 

(molecular-mass ?sl ?m))) 

Once this theorem is constructed, HUME is able to 
construc t  a n explanatio n fo r  th e observe d freezin g poin t  o f 
th e first  solutio n fro m Tabl e 1 .  Th e resultin g proo f  tre e i s 
show n i n Figur e 4 .  Th e basi s o f  thi s proo f  tre e lie s i n th e 
applicatio n o f  Theore m 3 ,  bu t  som e o f  th e grounde d 
assertion s i n thi s proo f  tre e ar e onl y availabl e becaus e o f 
th e abductiv e applicatio n o f  th e Physica l  Mixin g IQM . 
Thes e ar e th e assertion s show n underline d i n Figur e 4 . 
Thes e assertion s concer n th e hypothetica l  compositio n o f 
th e solutio n (name d solution i  i n thi s case) . 

Conclusions 

Th e previou s sectio n showe d h o w H U M E wa s abl e t o 
undertak e a  discover y tas k i n th e domai n o f  Solutio n 
Chemistry .  Th e syste m wa s abl e t o explai n th e observe d 

Thi s la w ca n als o b e expresse d a s F p x  M =  -42.986 .  Value s 
fo r  F p X  M ar e show n i n Tabl e 3 . 
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FP =  -42.98 6 /  M 

Figur e 3 .  G r a p h o f  Freezin g poin t  agains t  molecula r  m a s s 
fo r  Raoult' s  data . 

freezin g poin t  o f  a  particula r  e x a m p l e solution .  H o w e v e r , 
th e theore m tha t  th e syste m constructed ,  an d th e numer i c 
la w e m b o d i e d i n tha t  theorem ,  ar e als o abl e t o explai n th e 
observe d freezin g point s o f  a  significan t  n u m b e r  o f  othe r 
solution s f ro m Tab l e 1 .  T h u s ,  b y startin g f r o m th e carefu l 
analysi s o f  a  singl e e x a m p l e th e syste m i s abl e t o construc t 
a generall y usefu l  d o m a i n theor y fo r  a  particula r  aspec t  o f 
solutio n chemistry . 

A l thoug h th e syste m use s a  n u m b e r  o f  differen t  m o d e s o f 

reasoning ,  th e genera l  discover y strateg y i s  guide d b y th e 

applicatio n o f  I Q M s .  I Q M applicatio n provide s hypothese s 

fo r  us e i n theor y construction ,  a n d frequentl y al low s th e 

derivatio n o f  numer i c dat a fo r  us e i n la w discover y 

(Gordon ,  1992 ,  1993) .  Furthermore ,  I Q M s als o len d a 

degre e o f  explanator y suppor t  fo r  discovere d numeri c laws . 

I n th e cas e o f  T h e o r e m 3  above ,  th e tw o part s o f  th e 

theore m ar e mutuall y supporting .  T h e explanator y 

componen t  represente d b y th e antecedent s o f  th e theore m 

(whic h hav e bee n constructe d afte r  I Q M application ) 

support s th e discovere d numeri c law .  Similarly ,  th e 

> 

• V 
o 

(freezing-poin t  solutio n 1  -0.145 ) 

(freezing-poin t  ?solutio n ( /  -4 2 98 6 ?M) ) 

_co(?solutio n [?c 1 ?c2 ]  |—(c o ?solut e [?s2] ) 

II 
co(solution 1 [c 1 c2] l 

— (CO''solvent [?s1]) 

I I 
(CO solvent i  H20] ) 

(co?c1 [?s1]) 

11 (m m '5 2 ''m ) 
(CO solute l  [BaCI03-2] )  1 1 

(CO ?c2 [?s2]) (mm BaCICX3-2 304) 

fcoc2[BaCI03-21 ) 

I—(make-solutio n ?G 1 ?solven t 
?solut e ?solutlon ) 

C0(C1 [H201 ) (make-solutio n ex i  solvent i  solute l  solutioni ) 

Figur e 5 .  T h e Solut e D imer is m I Q M 

Figur e 4 .  Proo f  tre e fo r  "(freezing-poin t  solution i 

0.145)" .  m m =  "molecula r  mass" ,  c o =  " c o m p o s e d - o f , 

B a C I 0 3 - 2 =  Bar iu m Chlorate ,  H 2 0 =  water . 

discovered numeric law also serves to confirm the validity 

of  th e applie d I Q M . 

I Q M s ca n als o explai n a w a y anomalie s i n a  d o m a i n 

theory .  A s Figur e 3  shows ,  ther e ar e thre e example s i n th e 

dat a o f  Tabl e 1  whic h appea r  t o b e anomalou s wit h regar d 

t o th e numeri c la w discovere d b y H U M E .  Tha t  is ,  th e 

observe d valu e o f  th e freezin g poin t  o f  eac h o f  thes e 

example s differ s significantl y f ro m tha t  predicte d b y th e 

la w (thes e example s ar e labelle d wit h asterisk s i n Tabl e 1) . 

A s ca n b e see n i n Tabl e 1  th e thre e anomalou s example s 

hav e a  valu e fo r  th e ter m F p x  M whic h i s  roughl y hal f  o f 

tha t  observe d fo r  th e othe r  examples .  H o w e v e r ,  i f  w e 

assum e tha t  th e molecule s o f  eac h o f  th e substance s i n th e 

anomalou s case s exis t  i n solutio n associate d t w o b y two , 

the n th e valu e o f  thei r  molecula r  masses ,  M ,  wou l d b e 

double d i n eac h case ,  an d th e substance s wou l d the n fi t  th e 

genera l  la w fairl y closely .  Hypothesisin g tha t  thes e salt s 

associat e tw o b y tw o i n solutio n i n fac t  correspond s exactl y 

t o th e applicatio n o f  a  n e w I Q M t o eac h o f  thes e examples . 

Thi s i s  th e Solut e D imer i s m mode l  s h o w n i n Figur e 5 . 

Raoul t  himsel f  explaine d a w a y thes e apparen t  anomalie s i n 

precisel y thi s way .  A  carefu l  stud y o f  th e histor y o f 

solutio n chemistr y offer s numerou s othe r  example s i n 

whic h n e w I Q M s ,  o r  variation s o n existin g I Q M s wer e 

use d t o deriv e an d justif y numeri c laws ,  an d explai n a w a y 

seemingl y anomalou s observation s (Gordon ,  i n 

preparation) . 
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