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We have been analyzing subjects' responses to eight difficult questions about 
evaporatio n processe s i n orde r  t o formaliz e th e differen t  kind s o f  menta l  model s 
peopl e us e i n reasonin g abou t  comple x systems .  I n thi s analysi s w e hav e identifie d 
thre e differen t  level s o f  menta l  model s tha t  subject s us e t o reaso n abou t 
evaporation :  macroscopi c functiona l  models ,  microscopi c aggregat e models ,  an d 
microscopi c molecula r  models .  Model s a t  thes e thre e level s ar e closel y 
interlinked :  Eac h dependenc y i n a  functiona l  mode l  i s supporte d b y on e o r  mor e 
aggregat e models ,  an d eac h aggregat e mode l  b y on e o r  mor e molecula r  models . 

We have represented the models at the macroscopic and aggregate levels in terms 
of  Forbus' s (1982 )  Qualitativ e Proces s Theor y a s a  serie s o f  qualitativ e 
proportionalities .  Th e proportionalitie s for m a  causa l  chai n linkin g on e variabl e t o 
another .  I n th e macroscopi c model s th e linke d variable s ar e summar y variable s (e.g. , 
temperature ,  density )  tha t  characteriz e masse s o f  element s a s a  whole .  Th e aggregat e 
model s lin k th e summar y variable s o f  th e macroscopi c model s t o aggregate s ove r  spac e 
or  tim e o f  individua l  particles .  Th e molecula r  model s describ e th e interaction s o f 
th e individua l  particles .  The y ar e represente d i n term s o f  th e incrementa l 
qualitativ e analysi s o f  deKlee r  (1977 )  an d Forbu s (1981) . 

Analysis of Subjects' Protocols 

We will illustrate our analysis by comparing two subjects' responses to one of 
th e question s abou t  evaporatio n togethe r  wit h th e correc t  answe r  t o th e question .  We 
wil l  presen t  eac h subject' s protocol ,  togethe r  wit h a  brie f  descriptio n o f  th e 
subject' s reasoning .  The n w e wil l  giv e ou r  representatio n o f  model s a t  th e differen t 
levels .  Th e questio n wa s "Wh y d o yo u se e you r  breat h o n a  col d day? "  Th e firs t 
subject' s respons e was : 

RS: I think again this is function of the water content of your breath that you are 
breathin g out .  On a  colde r  da y i t  make s wha t  woul d normall y b e a n invisibl e 
gaseou s expansio n o f  you r  breat h (whatever) ,  i t  make s i t  mor e dense .  Th e col d 
temperatur e cause s th e wate r  molecule s t o b e mor e dens e an d tha t  i n tur n make s i t 
visibl e relativ e t o th e surroundin g gase s o r  relativ e t o wha t  you r  breat h woul d b e 
on a  warme r  day ,  whe n yo u don' t  ge t  tha t  col d effec t  causin g th e wate r  conten t  t o 
be mor e dense .  . . .  S o I  gues s I  wil l  stic k wit h tha t  origina l  thinkin g proces s 
tha t  i t  i s  th e surroundin g col d ai r  -  tha t  th e col d ai r  surroundin g you r  expire d 
breat h cause s th e breat h itsel f  (whic h ha s a  hig h wate r  conten t  an d wel l  I  gues s 
carbo n dioxid e an d whateve r  els e a  huma n bein g expel s whe n yo u breath e out) , 
cause s th e entir e gaseou s matte r  t o becom e mor e dens e an d a s a  consequenc e becom e 
visibl e relativ e t o th e surroundin g air . 

At the macroscopic, functional level RS's argument is that cold air cools the 
breath ,  whic h cause s i t  t o b e mor e dense ,  whic h i n tur n cause s i t  t o b e mor e visible . 
Microscopicall y h e suggest s n o mechanis m fo r  th e coolin g process ,  bu t  i n thi s an d 
othe r  answer s h e appear s t o believ e a  "movin g crowd "  mode l  o f  increase d densit y (tha t 
averag e distanc e betwee n molecule s depend s o n thei r  speed )  whic h i n tur n reflect s a 
"billiar d ball "  mode l  a t  th e molecula r  level .  H e als o implie s tha t  visibilit y  a t  th e 
aggregat e leve l  i s  a  rati o o f  visibl e particle s t o volum e o f  space ,  bu t  doe s no t 
indicat e an y molecula r  mode l  o f  particl e visibility . 

The second subject's response to this same question was: 



PC:  Th e reaso n i s becaus e th e ai r  tha t  yo u breath e o r  rathe r  th e ai r  tha t  yo u shoul d 
breath e out ,  come s fro m you r  bod y an d i s ho t  air .  Th e ai r  whic h surround s you r 
body ,  becaus e i t  i s  a  col d day ,  wil l  b e col d air .  When th e ho t  ai r  tha t  yo u 
breath e meet s wit h th e col d ai r  o f  th e atmosphere ,  i t  wil l  ten d t o vaporiz e almos t 
lik e stea m fro m a  kettle ,  whic h o f  course ,  ca n b e seen .  Thu s unlik e o n a  ho t  day , 
when ther e i s ho t  ai r  aroun d yo u an d th e ho t  ai r  tha t  yo u breath e ar e th e sam e 
temperature ,  roughly ,  yo u canno t  se e you r  breat h becaus e th e stea m wil l  no t  b e 
formed ,  bu t  o n a  col d da y becaus e o f  th e variatio n i n th e temperature s an d th e 
vaporizatio n o f  you r  breath ,  yo u ca n se e whe n yo u ar e breathing .  Thi s phenomeno n 
woul d no t  occu r  o n a  ho t  da y becaus e o f  th e similarit y i n temperature . 

At the macroscopic level PC's argument is that the vaporization rate of water in 
you r  breat h depend s o n th e temperatur e differenc e betwee n th e breat h an d th e air .  I n 
tur n th e amoun t  o f  stea m forme d depend s o n th e vaporizatio n rat e an d th e visibilit y  o f 
th e breat h depend s o n th e amoun t  o f  stea m formed .  P C her e an d elsewher e equate s stea m 
wit h wate r  vapor .  N o aggregat e o r  molecula r  model s ar e explici t  i n PC' s answer , 
thoug h h e implicitl y  believe s tha t  vapo r  hold s togethe r  i n spac e an d tha t  visibilit y 
depend s o n th e rati o o f  visibl e t o invisibl e particles . 

The actual process that leads to seeing your breath on a cold day goes as 
follows :  Th e col d ai r  cool s th e wate r  vapo r  i n th e breath ,  whic h lead s t o a  hig h 
condensatio n rat e o f  th e wate r  vapor ,  whic h lead s i n tur n t o a  larg e amoun t  o f 
condense d water .  I t  i s  thi s liqui d wate r  tha t  i s  visible .  A t  th e aggregat e leve l  th e 
coolin g o f  th e wate r  vapo r  i s a  heat-exchang e process ,  base d o n "billiar d ball " 
collision s a t  th e molecula r  level .  Condensatio n i s a n aggregatio n o f  wate r  molecule s 
aroun d a  nucleu s a t  th e aggregat e level ,  base d o n dipol e electrica l  attractio n a t  th e 
molecula r  level .  Th e amoun t  o f  wate r  i n th e breat h depend s o n condensatio n an d 
dispersio n a t  th e aggregat e level ,  whic h depend s o n th e billiar d bal l  mode l  o f 
molecula r  interaction .  Finally ,  th e visibilit y  o f  th e condense d wate r  depend s o n th e 
rati o o f  visibl e particle s t o volum e o f  spac e a t  th e aggregat e level ,  whic h depend s o n 
th e absorptio n an d re-emissio n o f  photon s a t  th e molecula r  level . 

Table 1 

Multipl e Model s o f  Why Yo u Se e You r  Breat h o n a  Col d Day 

Macroscopi c Model Aggregat e Model Molecula r  Model 

RS 

Temp(B)OgTemptA ) 

Density(B)aQ-Temp(B) 

Visibility(B)agDensity(B) 

Movin g Crow d Model 

Visibility Model? 

Billiar d Bal l  Model 

Reflectance Model? 

PC 

Vaporization-rate(B)O q 
Temp(B)-Temp(A ) 

Amount-of (S)o.Vaporization-
rate(B )  " 

Containe r  Model ? 

Visibility(B)aQAinount-o f  (S )  Visibilit y  Model ? 

Billiar d Bal l  Model ? 

Reflectance Model? 

CA 

Temp(V)aQTemp(A) 

Condensation-rate(VJQq 
Tenip(V ) 

Amount-of (W)aQCondensation-
rate(V ) 

Heat  Exchang e Model 

Aggregation-on-nucleii 
Model 

Container Model 

Billiar d Bal l  Model 

Dipole Attraction 

Billiard Ball Model 

Visibility(B)aQAmount-o f  (W)  Visibilit y  Model Absorptio n & 
Re-emissio n 

A=air ,  B=breath ,  S=steam ,  V=wate r  vapor ,  W=wate r 



Tabl e 1  summarize s th e thre e answers :  tha t  o f  subject s R S an d P C a s wel l  a s th e 

correc t  answe r  (CA) .  Th e macroscopi c vie w i n th e firs t  colum n specifie s th e 
qualitativ e proportionalitie s (Q-props )  tha t  for m th e functiona l  model s fo r  th e thre e 
answers .  Thes e Q-prop s ar e th e relation s use d t o describ e a  proces s histor y i n 
Forbus' s (1982 )  theory .  The y summariz e th e dependencie s referre d t o i n th e thre e 
paragraph s abov e a s th e macroscopi c model s o f  th e process .  Th e individual s referre d 
t o i n th e Q-prop s ar e specifie d a t  th e botto m o f  th e table .  Wher e a  das h appear s i n 
th e Aggregat e Mode l  o r  Molecula r  Mode l  columns ,  i t  i s  becaus e i t  i s  impossibl e t o 
surmis e wha t  mode l  th e subjec t  wa s using .  A  questio n mar k indicate s uncertaint y 
whethe r  th e subject' s answe r  wa s base d o n a  particula r  model . 

Aggregate Models 

Table 2 shows two of the aggregate models referred to in Table 1. Each attempts 
t o defin e th e constraint s operatin g o n th e aggregation s o f  particle s interactin g ove r 
tim e and/o r  spac e t o produc e th e correspondin g Q-pro p a t  th e macroscopi c level . 

Tabl e 2 

Aggregat e Model s o f  Evaporatio n Processe s 

Movin g Crow d Model  o f  Gase s Visibilit y  Model  o f  Suspension s 
II n " 
Density(M) a -  ! :  i :  Distanc e (m .  m. )  Visibilit y  (M )  a  I  Volum e (Vĵ )/Volum e (S ) 

^  i= l  1= 1 ^  3  ^  i= l 
n Distancej.(m^m.)a Q Spee d Am. )  +ilpee d (m. )  I  Volum e (v̂ )  a ^  Amount-of{V ) 

wher e m.  an d m.  collide d a t  t- x  wher e M =suspensio n o f  particle s 
i  1  v.=visibl e particl e i n M 

Speed (m ;  )  .< ^  Temperatur e (t1 )  S  =spac e occupie d b y M 
^  V  =  visibl e matte r  i n M 

wher e M^unbounde d mas s o f  a  <  : . 
m=molecul u o f  ̂ a s M 

nc. ^  clearl y believe s tha t  densit y o f  molecule s i n a  gaseou s stat e depend s o n th e 
temperatur e o f  th e gas ,  th e secon d Q-pro p fo r  U S i n Tabl e T .  Fro m thi s an d othe r 
answer s thi s appear s t o b e supporte d b y a  movin g crow d mode l  o f  gasses :  Th e faste r 
any particl e i s movin g i n a n unbounde d gas ,  th e mor e distanc e i t  put s betwee n itsel f 
and othe r  particles .  We hav e represente d thi s mode l  a s a  se t  o f  Q-prop s relatin g 
entitie s a t  th e macroscopi c leve l  t o aggregation s o f  particle s a t  th e aggregat e level . 
The firs t  Q-pro p state s tha t  th e densit y o f  a  ga s (a t  th e macroscopi c level )  i s 
negativel y proportiona l  t o th e distanc e betwee n eac h pai r  o f  molecules .  Th e secon d Q-
pro p state s tha t  th e distanc e betwee n an y pai r  o f  molecule s tha t  collid e a t  som e tim e 
i s proportiona l  t o thei r  spee d afte r  the y collide .  Th e thir d Q-pro p state s tha t  th e 
spee d o f  an y molecul e i s proportiona l  t o th e temperatur e o f  th e gas .  Thu s th e Movin g 
Crowd Mode l  relate s th e densit y o f  a  ga s t o it s temperatur e i n term s o f  th e stead y 
stat e behavio r  o f  aggregate s o f  molecules . 

The second model shown represents the visibility of a mass of particles. The 
firs t  Q-pro p i n th e mode l  state s tha t  th e visibilit y  o f  th e particle s i s proportiona l 
t o th e rati o betwee n th e volum e o f  th e visibl e particle s aggregate d togethe r  an d th e 
volum e o f  th e spac e i n whic h th e mas s i s suspended .  Th e secon d Q-pro p state s tha t  th e 
volum e o f  th e individua l  particle s i s proportiona l  t o th e amoun t  o f  th e visibl e stuf f 
i n th e mas s (i.e. ,  th e numbe r  o f  th e visibl e particles) .  Th e visibilit y  mode l  the n 
relate s th e visibilit y  o f  a  mas s o f  particle s t o th e amoun t  o f  visibl e materia l  i n th e 
mass. 

These models exemplify how we have tried to capture understanding at the 
aggregat e level .  Eac h mode l  relie s o n mapping s betwee n functiona l  quantitie s a t  th e 
macroscopi c leve l  (e.g. ,  temperatur e o f  a  gas )  an d aggregat e quantitie s a t  th e 
microscopi c leve l  (e.g. ,  averag e spee d o f  th e particle s i n th e gas) .  B y mappin g dow n 
t o th e aggregat e leve l  peopl e ca n "understand "  a  macroscopi c dependenc y i n term s o f  a 
set  o f  dependencie s a t  th e aggregat e level . 



A Molecula r  Mode l 

We ca n i l lustrat e a  molecula r  mode l  b y a n exper t  "billiar d bal l "  mode l  o f 

molecula r  interaction .  Ou r  analysis ,  show n i n Tabl e 3 f  i s  a n extensio n t o coll idin g 

bal l s o f  th e incrementa l  quali tat iv e analysi s o f  deKlee r  (1977 )  fo r  roll in g ball s an d 

Forbu s (1980 )  fo r  bouncin g bal ls .  Al l  possibl e collision s o f  tw o ball s o f  equa l  mas s 

ar e summarize d b y th e fou r  case s show n an d thei r  combinations . 

Table 3 

Billiard Ball Model of Molecular Interaction 

case 3 

© r 
^ Entr y 

Exi t 

Impac t 
angl e 

o' 
.•:«b= a 
"  b= 0 

90' 

•" 1 
X 
-a 

b 
0 
-•l a 
-a 

y 
0 

0 
a 
•. a 
0 

•»2 
X 
b 

-a 
0 
->i a 
b 

y 
0 

0 
-a 

0 

^ < ) - ^ Entr y 

Exi t 

Impac t 
angl e 

o" 
45"&: 8 

90« 

•" 1 
X 
-a 

0 

^a 
-a 

y 
0 

0 
a 
Sa b 

m 
X 
0 

-a 

--? a 

0 

y 
b 

b 

°-Ha 
0 

Case 2 

-^-^ 
Entr y 

Impac t 
angl e 

o' 
.b= a 

' ^  b= 0 
90° 

•" 1 
X 
-a 

-b 
- a 
-Ha 
-a 

y 
0 

0 
0 

0 

•" 2 
X 
-b 

-a 
- a 
-S a 
-b 

y 
0 

0 
0 
-Ha 
0 

Case 4 

s Entr y 

Exi t 

Impac t 
1 angl e 

0° 

"  b= 0 

90" 

"l 
X y 
- a 0 

0 0 
-Ha ^ f 
-Ha Ha 
- a 0 

"2 
X y 

0 - b 

- a - b 

-Ha -H a 

0 - b 

When tw o ball s collide ,  th e bal l  movin g faste r  initiall y  i s  define d t o b e m^ . 
The orientatio n o f  th e X  axi s i s define d b y th e directio n o f  m̂ ^  (negativ e i n th e X 
direction) .  Th e resul t  o f  th e impac t  i s define d fo r  fou r  critica l  direction s m 2 ma y 
be movin g wit h respec t  t o th e X  axis :  left ,  right ,  up ,  down .  Othe r  possibl e 
trajectorie s o f  m 2 ar e additiv e combination s o f  tw o o f  thes e cases :  e.g. ,  u p an d 
left ,  u p an d right ,  etc . 

The point of impact on m2 is defined by an impact angle, measured from the center 
of  m 2 a s th e origin ,  on e sid e paralle l  t o th e X  aoci s an d th e othe r  sid e define d b y th e 
contac t  point .  We hav e define d th e resul t  o f  impac t  fo r  eac h o f  thre e critica l 
angles :  0  degree s wher e fo r  Cas e 1  th e tw o ball s mee t  hea d on ,  4 5 degree s wher e th e 
lin e fro m th e cente r  o f  m 2 t o m̂ ^  ha s a  slop e o f  4 5 degrees ,  an d 9 0 degree s wher e th e 
tw o ball s jus t  barel y touc h eac h other .  Othe r  possibl e impac t  angle s hav e value s 
intermediat e betwee n thes e thre e angles :  Thes e ar e th e critica l  angle s fo r  inferrin g 
what  wil l  happe n whe n tw o ball s collide . 

Let us explain the table in terms of what happens in Case 1. The two balls come 

towar d eac h othe r  eac h wit h a  componen t  o f  velocit y i n th e x  direction ,  bu t  non e i n 
th e y  direction .  Therefore ,  th e entr y velocit y fo r  m̂ ^  ha s - a fo r  it s  x-componen t 
(minu s becaus e i t  i s  heade d i n a  negativ e direction )  an d 0  fo r  it s y-component . 
Similarly ,  th e entr y velocit y o f  m2 ha s b  fo r  it s  x-componen t  an d 0  fo r  it s y -
component .  I f  th e tw o particle s mee t  hea d o n (i.e. ,  thei r  impac t  angle= 0 degrees) , 
the y exchang e momentum .  Thus ,  m̂ ^  goe s of f  t o th e righ t  wit h velocit y b  an d m 2 goe s 
of f  t o th e lef t  wit h velocit y -a . 

If the two particles meet at a 45 degree angle, then there is a range of possible 
outcomes .  Th e tw o boundar y condition s (!b|=|a |  an d b=0 )  fo r  tha t  rang e o f  outcome s 
ar e shown :  b  canno t  b e greate r  tha n a  becaus e m̂ ^  i s arbitraril y  define d a s th e faste r 
movin g ball .  When b=a ,  afte r  th e ball s collid e m̂ ^  goe s straigh t  u p wit h a  velocit y o f 
a an d m 2 goe s straigh t  dow n wit h a  velocit y o f  a .  When b= 0 (i.e. ,  m 2 i s stationary) , 
m̂  goe s of f  a t  a  I3 5 degre e angl e wit h it s x  an d y-component s o f  velocit y eac h 1/ 2 a 
and m2 goe s of f  a t  22 5 degree s wit h th e sam e component s o f  velocity .  A s b  increase s 
fro m 0  t o a ,  th e angl e a t  whic h m- ^  goe s of f  move s fro m 13 5 degree s t o 9 0 degrees ,  it s 



x-componen t  o f  velocit y i n absolut e term s decrease s fro m 1/ 2 a  t o 0 ,  an d it s y -

componen t  o f  velocit y increase s fro m 1/ 2 a  t o a .  Similarly ,  fo r  m 2 th e exi t  angl e 
change s fro m 27 0 degree s t o 22 5 degree s a s b  increases ,  th e x-componen t  o f  velocit y 
decrease s fro m 1/ 2 a  t o 0  an d th e y-componen t  o f  velocit y increase s fro m 1/ 2 a  t o a . 

Naive models of billiard ball interaction are not this sophisticated, but they 
can b e represente d i n simila r  terms .  Fo r  example ,  a  naiv e mode l  migh t  no t  assum e 
momentum transfe r  i n a  head-o n collision .  A  naiv e perso n migh t  assum e rathe r  tha t  th e 
inpu t  spee d fo r  eac h particl e i s th e sam e a s it s outpu t  spee d i n suc h a  collision . 
Furthermore ,  naiv e peopl e may no t  kno w wha t  happen s i n som e o f  th e cases ,  o r  hav e onl y 
approximat e bound s o n wha t  wil l  happen .  A  mor e qualitativ e representatio n relate d t o 
thi s on e woul d giv e th e outpu t  angle s an d whethe r  th e velocit y i s zer o o r  not .  Thi s 
may com e close r  t o th e wa y peopl e intui t  particl e interaction .  Bu t  w e thin k th e 
parsin g int o cases ,  th e combinin g o f  cases ,  an d interpolatin g value s correspond s t o 
th e wa y peopl e thin k abou t  particl e interactio n a t  a  molecula r  level . 

Conclusion 

When we looked in detail at people's reasoning about evaporation, we found that 
the y reaso n a t  thre e distinc t  levels :  (a )  i n term s o f  macroscopi c variable s lik e 
temperature ,  density ,  o r  volume ,  (b )  i n term s o f  aggregate s o f  particle s tha t  behav e 
i n a  simila r  way ,  an d (c )  i n term s o f  individua l  particle s an d thei r  interactions .  We 
hav e trie d t o sho w ho w people' s model s a t  thes e differen t  level s ca n b e represente d i n 
term s o f  th e Qualitativ e Proces s Theor y o f  Forbu s (1982 )  an d th e Incrementa l 
Qualitativ e Analysi s o f  deKlee r  (deKleer ,  1977) .  I n particula r  w e woul d argu e tha t  i n 
principl e eac h ste p i n a  macroscopi c functiona l  mode l  i s supporte d b y on e o r  mor e 
aggregat e models ,  an d i n tur n eac h aggregat e mode l  i s supporte d b y on e o r  mor e 
molecula r  models . 

Our study perhaps raises more questions than it answers. One important question 
i s ho w man y differen t  kind s o f  model s peopl e hav e a t  eac h leve l  o f  analysis .  Ou r 
gues s i s tha t  ther e ar e man y suc h models ,  sinc e the y reflec t  knowledg e tha t  subject s 
lear n throughou t  thei r  lifetimes .  Th e commonalit y betwee n subject s wil l  b e i n th e 
level s a t  whic h suc h model s ar e constructe d an d th e interna l  languag e i n whic h the y 
ar e constructed . 
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