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A Mode l  o f  Earl y C h e m i c a l  Reason ing ^ 

Jan Zytkow 

Pat  Langle y 

Herber t  A .  Simo n 

Carnegie-Mello n Universit y 

Pittsburgh ,  Pennsylvani a 1521 3 US A 

1.  Introductio n 

Durin g th e 18t h Century ,  on e o f  th e primar y goal s o f  chemistr y wa s t o determin e th e component s o f 

substances .  Thi s wa s a  lon g an d painstakin g process ,  durin g whic h man y differen t  model s wer e propose d an d 

rejected .  'ITiroughou t  mos t  o f  th e 18t h centur y combustio n wa s believe d t o involv e th e decompositio n o f  th e 

combustibl e body ,  an d thi s wa s on e o f  th e centra l  tenet s o f  th e dieor y o f  phlogiston .  Onl y i n th e las t  tw o 

decade s o f  th e 18t h centur y wa s th e phlogisto n theor y challenge d an d eventuall y replace d b y th e oxyge n 

theory .  I n thi s pape r  w e describ e S'l'AHL ,  a  cognitiv e simulatio n tlia t  model s th e inference s m a d e b y eari y 

chemists .  Th e syste m i s  name d afte r  G .  E .  Stah l  (166 0 1734) ,  on e o f  th e principa l  formulator s o f  th e 

phlogisto n tlieory .  i n th e followin g page s w e describ e S T A H L i n term s o f  it s  componen t  heuristics ,  an d U-ac e 

it s reasonin g o n a  numbe r  o f  episode s fro m di e histor y o f  th e phlogisto n theory . 

2. An Overview of STAHL 

STAHL' s inpu t  consist s o f  a  se t  o f  reactions ,  eac h represente d b y a  simpl e schema .  Fo r  instance ,  th e 

reactio n o f  sulphu r  an d iro n t o for m sulphuretted-iro n woul d b e represente d a s (reac t  (inpu t  sulphu r  iron ) 

(outpu t  sulphuretted-iron)) .  STAHL' s goa l  i s  t o determin e \h c component s o f  al l  non-elementa l  substance s 

involve d i n th e give n lis t  o f  reactions .  I n di e tabl e belo w w e presen t  si x heuristic s use d b y S T A H L i n inferrin g 

di e componentia l  model s o f  substances . 

STAHL' s heuristic s fo r  inferrin g th e component s o f  substances . 

INFER-COMPOSIT ION 

I f  A  an d B  reac t  t o for m C , 

or  i f  C  decompose s int o A  an d B , 

the n infe r  tha t  C  i s compose d o f  A  an d B . 

REDUCE 
I f  A  occur s o n bot h side s o f  a  reaction , 

the n remov e A  fro m th e reaction . 

SUBSTITUTE 
I f  A  occur s i n a  reaction , 

and A  i s compose d o f  B  an d C , 

the n replac e A  wit h B  an d C . 

EQUATE-DECOMPOSITIONS 
I f  A  i s compose d o f  B  an d C , 

and A  i s compose d o f  D  an d E , 
the n infe r  tha t  B  an d C  reac t  t o for m D  an d E . 

IDENTIFY-COMPONENTS 
I f  A  i s compose d o f  B  an d C , 

and A  i s compose d o f  B  an d D , 
the n identif y C  wit h D . 

IDENTIFY-COMPOUND 
I f  A  i s compose d o f  C  an d D , 

and B  i s compose d o f  C  an d D , 
the n identif y A  wit h B . 

Th e mos t  basi c o f  di e rules ,  I N F E R - C O M P O S I T I O N ,  deal s wit h simpl e synthesi s an d decompositio n 

reactions ,  an d let s th e syste m unambiguousl y infe r  di e component s o f  a  compound .  Fo r  example ,  give n di e 

sulphuretted-iro n formatio n reaction ,  thi s rul e woul d infe r  tlia t  sulphuretted-iro n consist s o f  sulphu r  an d iron . 

Of  course ,  di e I N F E R - C O M P O S I T I O N rul e ca n als o dea l  wit h case s i n whic h dirc c o r  mor e substance s unit e 

t o for m a  simpl e compound ,  an d wit h simila r  decompositions . 

Thi s researc h wa s supporte d b y ConU-ac t  N00014-84-C-5076 7 fro m th e Offic e o f  Nava l  Researc h J ,  Zylko w i s a  member  o f  th e 
Institut e o f  Philosoph y a t  th e Universit y o f  Warsa w an d o f  th e C M U Psycholog y Department ,  H .  A .  Simo n i s a  member  o f  th e C M U 
Psycholog y Department ,  whil e P.  Ungle y i s associate d wit h th e C M U Robotic s Institute . 
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For  mor e comple x reactions ,  S T A H L employ s othe r  rule s t o transfor m thes e reaction s int o simple r 

forms ,  s o tlic y ca n eventuall y b e matche d b y I N F H R - C O M P O S I T I O N .  Thus ,  di e R E D U CE heuristi c i s 

responsibl e fo r  "cancellin g out "  substiince s occurrin g o n bot h side s o f  a  reaction ,  leadin g t o a  simplifie d 

version .  Fo r  instance ,  give n di e inpu t  (reac t  (inpu t  calx-of-iro n vitriolic-aci d water )  (outpu t  vitriol-of-iro n 

water))^ .  th e R E D U CE rul e woul d produc e di e simplifie d descriptio n (reac t  (inpu t  calx-of-iro n vitriolic-acid ) 

(outpu t  vitriol-of-iron)) .  I n tur n di e I N F E R - C O M P O S I T I O N rul e woul d conclud e dia t  vitriol-of-iro n 

consist s o f  calx-of-iro n an d vitriolic-acid . 

Th e diir d heuristi c ( S U B S T I T U T E )  inidall y lead s t o mor e comple x statement s o f  reactions ,  bu t  m a y 

enabl e di e R E D U CE rul e t o apply .  Phi s rul e draw s o n informatio n abou t  di e component s o f  a  substanc e dia t 

hav e bee n inferre d earlier .  Eg ,  suppos e diat ,  i n addido n t o di e las t  example ,  S T A K E know s dia t  (reac t  (inpu t 

iro n vitriolic-aci d water )  (outpu t  vitriol-of-iro n inflammable-ai r  water)) .  N o w ,  b y R E D U CE (applie d t o 

water )  an d die n b y S U B S T I T U T E (applie d t o vitriol-of-iron )  di e syste m infer s dia t  iro n consist s o f  calx-of -

iro n an d inflammable-air .  Thi s i s i n fac t  th e conclusio n draw n originall y b y Cavendis h [1766] ,  afte r  h e 

discovere d hydroge n whil e dissolvin g metal s i n acids . 

Let  u s now ,  base d o n di e dire e rule s describe d above ,  conside r  di e origin s o f  th e dieor y o f  phlogisto n 

earl y i n di e 18t h century .  G .  E .  Stah l  adopte d di e ancien t  vie w dia t  fire  i s a  manifestatio n o f  a  c o m m o n 

principl e whic h leave s a  bod y durin g combusUon .  Therefore ,  an y reactio n involvin g combusuo n wa s viewe d 

as a  decomposition ;  fo r  instance ,  burnin g charcoa l  wa s interprete d a s decomposin g i t  int o phlogisto n (anothe r 

ter m fo r  di e matte r  o f  fire)  an d som e residua l  ash .  G .  E .  Stah l  succeede d i n provin g th e usefulnes s o f  th e 

notio n o f  phlogisto n i n explainin g man y reaction s dia t  wer e b y n o mean s reacdon s o f  combusuon ,  an d i n 

jusdfyin g di e presenc e o f  phlogisto n i n substance s dia t  wer e no t  combustibles . 

Let  u s examin e di e pad i  take n b y S T A H L i n arivin g a t  di e inida l  conclusion s o f  di e h u m a n Stahl' s 

theor y o f  phlogiston .  W e presen t  th e syste m wit h tw o facts :  (reac t  (inpu t  charcoa l  air )  (outpu t  phlogisto n as h 

air) )  an d (reac t  (inpu t  calx-of-iro n charcoa l  air )  (outpu t  iro n as h air)) ^  Give n bod i  reactions ,  S T A H L 

immediatel y applie s it s R E D U CE heuristi c t o di e first  fact ,  givin g di e revise d reactio n (react s (inpu t  charcoal ) 

(output s phlogisto n ash)) .  Th e syste m die n applie s di e sam e rul e t o di e secon d fact ,  givin g di e reduce d 

reactio n (react s (inpu t  calx-of-iro n charcoal )  (outpu t  iro n ash)) .  Afte r  diis ,  di e first  o f  dies e revisions , 

combine d wit h th e I N F E R - C O M P O S I T I O N rule ,  lead s t o di e inferenc e dia t  charcoa l  i s  compose d o f 

phlogisto n an d ash .  whic h wa s on e tene t  o f  th e earl y phlogisto n dieory .  Havin g arrive d a t  thi s conclusion , 

S T A HL applie s S U B S T I T U T E ,  generatin g di e expande d relatio n (react s (inpu t  calx-of-iro n as h phlogiston ) 

(outpu t  iro n ash)) .  A t  dii s  point ,  R E D U CE i s use d t o remov e as h fro m bot h side s o f  di e equation ,  givin g 

(react s (inpu t  calx-of-iro n phlogiston )  (outpu t  iron)) .  Finally ,  I N F E R - C O M P O S I T I O N lead s S T A H L t o infe r 

tha t  iro n i s a  compoun d compose d o f  calx-of-iro n an d phlogiston .  If ,  a t  dii s  point ,  S T A H L i s give n th e 

reactio n (reac t  (inpu t  calx-of-mercur y iron )  (outpu t  mercur y calx-of-iron)) ,  i n whic h neidie r  phlogisto n no r 

charcoa l  i s explicid y present ,  di e syste m infer s dia t  mercur y consist s  o f  calx-of-mercur y an d phlogiston . 

N o w w e ar e abl e t o reproduc e a  historicall y vali d applicatio n o f  E Q U A T E - D E C O M P O S I T I O N S. 

Sulphur ,  a s a  combusuble ,  wa s believe d t o contai n phlogiston .  T o demonstrat e dia t  it s  remainin g componen t 

i s vitriolic-acid ,  G .  E .  Stah l  refer s t o di e followin g reaction s [ParUngton ,  1961 ,  p .  671] : 

(reac t  (inpu t  vitriolic-aci d potash )  (outpu t  vitriolated-tartar)) , 

(reac t  (inpu t  sulphu r  potash )  (outpu t  liver-of-sulphur)) , 

(reac t  (inpu t  vitriolated-tarta r  charcoal )  (outpu t  liver-of-sulphur)) . 

'HTi e followin g "dictionary "  ma > b e iielpfli l  i n understandin g ou r  histori c examples :  metalli c  calxe s ar e 18t h centur y term s fo r  metalli c 

oxides ,  inflammabl e ai r  i s  hydrogen ,  dcphlogisticaic d ai r  i s  oxygen ,  vitrio l  o f  iro n i s iro n sulphate ,  vitriolate d tarta r  i s  potassiu m sulphate , 
an d live r  o f  sulphu r  i s a  mixtur e o f  potassiu m polysulfidc s wit h potassiu m thiosulfale . 

Chemists of the early 18th century acknov^'ledged the necessity of air in combustion as the acceptor of phlogiston and believed that 
combustio n i n a  dose d vesse l  stop s a t  som e poin t  w h e n ai r  get s saturate d wit h phlogisto n an d canno t  accep t  mor e o f  thi s principle . 
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All three reactions match the INFER-COMPOSITION rule, and as tlic result, STAHL produces two different 

decomposition s o f  livcr-of-sulphur .  Ilii s  activate s tli c  H Q U A T K - D K C O M P O S I T I O NS ail e an d no w S T A H L 

consider s th e additiona l  reaction :  (reac t  (inpu t  sulphu r  potash )  (outpu t  vitriolated-tarta r  charcoal)) .  I n thi s 

reaction ,  SUBSTITUTIO N applie s t o bot h vitriolated-tarta r  an d charcoal ,  creatin g (reac t  (inpu t  sulphu r 

potash )  (outpu t  vitriolic-aci d potas h as h phlogiston)) .  Reductio n o f  potas h o n bot h side s enable s INFER -

C O M P O S I T I ON t o apply ,  an d t o conclud e tha t  sulphu r  consist s o f  vitriolic-acid ,  an d phlogisto n (an d ash , 

unles s w e ignor e residua l  substance s o r  us e soo t  instea d o f  charcoal ,  a s th e (almost )  pur e sourc e o f  phlogiston . 

S T A HL i n it s presen t  for m canno t  dea l  effectivel y wit h residua l  substance s o r  impurities) . 

ITi c final  tw o heuristic s ar e responsibl e fo r  postulatin g tha t  tw o substance s tha t  wer e originall y though t 

t o b e differen t  ar e i n fac t  identical .  Fo r  instance ,  th e I D E N T I F Y - C O M P O N E N TS rul e matche s whe n 

S T A HL learn s tha t  a  compoun d ca n b e decompose d i n tw o differen t  ways ,  wher e thes e decomposition s diffe r 

by a  onl y singl e substance .  Ou r  example s enabl e i t  t o appl y thi s rul e t o iron ,  fo r  whic h S T A H L ha s alread y 

inferre d tw o differen t  compositions :  int o calx-of-iro n plu s inflammable-ai r  an d int o calx-of-iro n plu s 

phlogiston .  Identificatio n o f  inflammable-ai r  wit h phlogiston ,  mad e a t  thi s poin t  b y STAHL ,  wa s indee d a 

histori c fact ,  an d wa s claime d fro m 176 6 unti l  tli e final  rejectio n o f  th e phlogisto n theor y i n th e 1790's . 

Give n a  se t  o f  reaction s a s input ,  S T A H L applie s it s heuristic s t o thes e reaction s unti l  i t  ha s mad e a s 

many inference s a s possible .  The n th e syste m halts ,  bu t  i t  ca n accep t  addiuona l  inpu t  reaction s an d ca n mak e 

additiona l  inferences .  A t  an y give n poin t  durin g th e computation ,  th e system' s knowledg e consist s o f  som e 

mixtur e o f  observe d reactions ,  transforme d reactions ,  an d componentia l  models .  On e o f  tli e system' s 

interestin g feature s i s th e manne r  i n whic h it s heuristic s interact .  Not e tha t  th e SUBSTITUTIO N rul e (an d 

some othe r  rules ,  too )  require s knowledg e o f  a  substance' s composition ,  s o tha t  som e inference s abou t 

compositio n mus t  b e mad e befor e i t  ca n b e used .  W e hav e als o see n tha t  comple x reaction s mus t  b e rewritte n 

by th e R E D U C T I ON an d SUBSTITUTIO N rule s befor e som e compositio n inference s ca n b e made .  Thi s 

interdependenc e lead s t o a  "bootstrapping "  effect ,  i n whic h inference s mad e b y on e o f  th e rule s enabl e 

furthe r  inference s t o b e made ,  thes e allo w additiona l  inferences ,  an d s o fortii .  Thi s proces s begin s wit h on e o r 

more simpl e reactions ,  bu t  afte r  thi s th e particula r  pat h take n depend s o n th e dat a availabl e t o th e system . 

3 .  A u t o m a t e d Se l f -Cor rec t io n 

Althoug h STAHL' s heuristic s provid e usefij i  directio n throug h th e spac e o f  possibl e chemica l  models , 

the y ar e no t  guarantee d t o produc e correc t  inferences .  Fo r  instance ,  th e syste m ma y appl y th e R E D U CE rul e 

when differen t  quantitie s o f  a  substanc e occu r  o n bot h side s o f  a  reaction ,  leadin g t o errorfu l  conclusions . 

However ,  simila r  confusion s als o occurre d i n th e histor y o f  chemistry .  A s lat e a s 1810 ,  Gay-Lussa c an d 

Thenar d [1810 ]  argue d tha t  potassiu m wa s a  compoun d o f  potas h an d hydrogen ,  contrar y t o Davy' s clai m tha t 

potas h wa s a  compoun d o f  potassiu m an d oxygen .  The y base d thei r  argumen t  o n th e followin g reactions : 

(reac t  (inpu t  potassiu m water )  (outpu t  caustic-potas h hydroge n water)) , 

(reac t  (inpu t  caustic-potas h water )  (outpu t  potassiu m oxygen)) , 

(reac t  (inpu t  potassiu m ammonia )  (outpu t  hydroge n green-solid)) , 

(reac t  (inpu t  green-soli d water )  (outpu t  caustic-potas h ammoni a water)) . 

Onl y th e secon d reactio n i s no t  acceptabl e fro m today' s poin t  o f  view .  Th e motivatio n fo r  thi s descriptio n wa s 

Gay-Lussac' s an d Thenard' s disbelie f  tha t  potash ,  know n t o hav e a n extremel y stron g affinit y t o water ,  ca n b e 

totall y destitut e o f  water .  Give n tlies e fou r  reactions ,  S T A H L i s capabl e o f  inferrin g thei r  conclusio n abou t 

th e compositio n o f  potassiu m i n thre e independen t  ways :  fro m th e first  reactio n alone ,  fro m th e secon d 

reactio n (i f  i t  i s  know n i n advanc e dia t  wate r  consist s o f  hydroge n an d oxygen) ,  an d fro m th e las t  pai r  o f 

reactions . 

Of  course ,  chemist s eventuall y realiz e thei r  error s an d recove r  fro m them ,  an d S T A H L incorporate s 

strategie s t o d o th e same .  If ,  durin g th e computation ,  a  reactio n i s transforme d t o th e for m o f  empt y input : 

(reac t  (input )  (outpu t  A)) ,  S T A H L enter s it s error-recover y procedure .  Ther e ar e severa l  othe r  state s o f  th e 

system' s knowledg e tha t  activat e th e sam e procedure :  obviousl y (reac t  (inpu t  A )  (output)) ,  bu t  also ,  fo r 
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