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Abstrac t 

This paper proposes that a novel form of cognitive analysis 
fo r  diagrammati c representation s i s i n term s o f  th e functiona l 
role s tha t  the y ca n pla y i n proble m solving .  Functiona l  role s 
ar e capacitie s o r  feature s tha t  a  diagra m ma y possess ,  whic h 
can suppor t  particula r  form s o f  reasonin g o r  specifi c  proble m 
solvin g tasks .  A  perso n ma y exploi t  severa l  functiona l  role s 
of  a  singl e diagra m i n on e problem .  A  doze n functiona l  role s 
hav e bee n identified ,  whic h ca n b e considere d a s a  framewor k 
t o bridg e th e gul f  betwee n (i )  studie s o f  th e propertie s o f 
diagram s i n themselve s an d (ii )  investigation s o f  huma n 
reasonin g an d proble m solvin g wit h diagrammati c representa -
tions .  Th e utilit y  o f  th e framewor k i s demonstrate d b y 
examinin g ho w th e functiona l  role s ca n explai n wh y certai n 
diagram s facilitat e proble m solvin g i n thermodynamics .  Th e 
thermodynamic s diagram s ar e interesting ,  i n themselves ,  a s 
example s o f  comple x cognitiv e artefact s tha t  suppor t  a  variet y 
of  sophisticate d form s o f  reasoning . 

Introduction 

Work on the nature and use of diagrammatic representations 
i n cognitiv e scienc e an d relate d field s ca n b e roughl y 
divide d int o tw o quit e genera l  approaches .  First ,  ther e i s 
empirica l  an d computationa l  modellin g wor k tha t  examine s 
cognitiv e processe s involve d i n reasonin g wit h diagrams . 
For  instance ,  Larki n &  Simo n (1987 )  demonstrate d tha t 
diagram s ca n (sometimes )  b e mor e effectiv e tha n informa -
tionall y equivalen t  sententia l  representation s fo r  proble m 
solving .  Koedinge r  an d Anderso n (1990 )  hav e show n tha t 
exper t  knowledg e i n s o m e domain s m a y us e diagram s 
encode d i n perceptua l  chunks ,  o r  diagrammati c configura -
tio n schema .  Chen g (Chen g &  Simon ,  1995 ;  Cheng ,  i n 
press )  ha s suggeste d tha t  diagram s m a y hav e ha d a 
significan t  rol e i n s o m e importan t  historica l  episode s o f 
scientifi c  discoveries .  (Se e Kulpa ,  1994 ,  fo r  furthe r 
examples. )  Th e secon d approac h involve s th e theoretica l 
and empirica l  stud y o f  th e propertie s o f  diagram s i n 
themselves ,  withou t  specia l  regar d t o th e proble m solvin g 
context s i n whic h the y m a y b e found .  Fo r  instance ,  Berti n 
(1981 )  provide s a  taxonom y o f  graphica l  object s an d thei r 
relations .  B y askin g subject s t o ran k diagram s o n a  numbe r 
of  dimensions ,  Lohs e e t  al .  (1994 )  hav e obtaine d a 
taxonom y o f  visua l  representations .  (Se e Wickens ,  1992 , 

fo r  furthe r  examples. ) 
However ,  ther e i s a  nee d fo r  wor k i n th e middl e groun d 

betwee n th e tw o approaches ,  whic h attempt s t o giv e s o m e 
understandin g o f  h o w propertie s o f  diagram s ar e relate d t o 
th e cognitiv e processe s embedde d i n differen t  diagrammati c 
representations .  Diagram s ar e no t  a  homogenou s clas s o f 
representations ,  bu t  hav e divers e format s an d uses .  M a n y 
studie s o f  diagram s fro m a  cognitiv e perspectiv e hav e 
tende d t o focu s o n a  particula r  typ e o f  diagra m fo r  on e kin d 
of  problem ,  a s i n som e o f  example s mentione d above .  A s 
yet ,  ther e i s n o systemati c wa y t o judg e whethe r  particula r 
findings  fo r  on e typ e o f  diagra m ar e applicabl e t o othe r 
diagrammati c formats ,  withou t  merel y repeatin g th e studie s 
wit h thos e formats . 

For  example ,  Larki n an d Simon' s (1987 )  semina l  wor k 
analyse d th e computationa l  benefi t  o f  diagrammati c versu s 
sententia l  representations ,  comparin g representation s tha t 
ar e informationall y equivalent ;  informatio n i n on e represen -
tatio n ca n b e directl y translate d o r  mappe d int o th e other . 
However ,  i n rea l  proble m domain s th e availabl e alternativ e 
representation s ar e rarel y equivalen t  i n thi s sense .  So ,  a n 
alternativ e wa y t o analys e aspect s o f  differen t  representa -
tion s m a y b e useful ,  servin g a s a  basi s fo r  comparison s an d 
t o explai n difference s betwee n diagrams .  Give n a  particula r 
domai n an d som e characterizatio n o f  diagrams ,  h o w ca n w e 
determin e wha t  wil l  b e usefu l  an d effectiv e diagram s fo r 
particula r  problems ? T h e desig n o f  diagrammati c 
representation s i s a n issu e i n cognitiv e scienc e an d relate d 
fields,  suc h a s learnin g an d instruction ,  progra m visual -
ization ,  an d huma n compute r  interaction . 

Ther e ar e m a n y way s i n whic h comple x phenomen a o r 
artefact s ca n b e decomposed ,  wit h differen t  unit s o f  analysi s 
givin g insight s o n differen t  levels .  Previou s studie s o f  th e 
propertie s o f  diagram s hav e tende d t o focu s o n eithe r  (i ) 
whol e diagram s (e.g. ,  Lohs e e t  a l ,  1994 )  o r  (ii )  o n dia -
grammati c element s (lines ,  angles ;  e.g. ,  Bertin ,  1981) . 
Here ,  th e propertie s o f  diagram s wil l  b e considere d a t  a n 
intermediat e leve l  tha t  i s  m o r e directl y suite d t o 
consideration s o f  th e form s o f  informatio n processin g tha t 
m ay b e don e wit h them . 

Functiona l  role s o f  diagram s wil l  b e th e unit s o f  analysis . 
The y ar e capacitie s o r  feature s tha t  diagram s m a y have , 
whic h suppor t  particula r  form s o f  reasonin g o r  specifi c 
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proble m solvin g tasks ,  b y makin g relevan t  informatio n 
availabl e t o reasoner s wit h littl e symboli c computatio n an d 
onl y mino r  addition s o r  change s (i f  any )  t o th e diagram s 
themselves .  Differen t  functiona l  role s mak e differen t  kind s 
of  informatio n readil y accessible . 

A perso n m a y exploi t  severa l  functiona l  role s o f  a  singl e 
diagra m i n on e problem ,  o r  m a y us e alternat e one s i n 
differen t  problems .  Th e role s ar e distinc t  bu t  ar e naturall y 
dependen t  o n eac h other .  The y shoul d hav e a  familia r  feel , 
eve n thoug h the y m a y no t  hav e bee n explicitl y  recognise d 
before .  A  doze n functiona l  role s hav e bee n identifie d an d 
constitut e a  framewor k linkin g propertie s o f  diagram s t o 
cognitiv e processes ,  whic h begin s t o addres s th e proble m o f 
h o w t o desig n effectiv e diagram s fo r  particula r  proble m 
domains . 

Th e paf)e r  ha s thre e mai n sections .  I n th e firs t  sectio n a 
doze n role s o f  diagram s ar e described .  I n th e followin g 
sectio n th e framewor k i s use d t o explai n th e occurrenc e o f 
particula r  diagram s i n thermodynamic s t o illustrat e th e 
functiona l  role s an d t o begi n t o demonstrat e th e utilit y  o f  th e 
framework .  Th e fina l  discussio n sectio n consider s som e 
implication s o f  th e framework . 

Functional Roles of Diagrams 

The following list of functional roles was compiled by 
examinin g m a n y diagram s fro m a  variet y o f  domain s 
(engineering ,  physica l  science ,  socia l  science ,  an d 
medicine) .  Source s included :  collection s o f  diagrams ,  tex t 
books ,  instructio n manuals ,  publishe d papers ,  desig n plans , 
and laborator y not e books .  S o m e diagram s hav e multipl e 
functiona l  roles .  Th e type s o f  informatio n processin g asso -
ciate d wit h eac h diagra m wa s studied ,  an d 1 2 functiona l 
role s wer e identifie d (althoug h n o clai m i s mad e abou t  th e 
completenes s o f  thi s  list) . 

Fl Showing spatial structure and organization. A func-
tiona l  rol e o f  som e diagram s i s t o depic t  th e spatia l  feature s 
of  object s an d th e arrangemen t  o f  thei r  components ,  wit h 
some fidelity .  Suc h diagram s hav e clos e spatia l  mapping s 
fro m th e shap e an d locatio n o f  targe t  object s t o th e shap e 
and positio n o f  symbol s representin g them .  Capturin g spa -
tia l  structur e i s a n importan t  functio n o f  engineerin g an d 
architectura l  drawing s o r  "blu e prints" .  Suc h drawing s sho w 
loca l  an d globa l  structur e o f  object s symbolically ,  rathe r 
tha n pictorially .  Detail s hidde n b y intervenin g materia l  ma y 
be show n b y cut-awa y section s an d symboli c convention s 
use d t o hid e unnecessar y detai l  o r  provid e extr a informatio n 
(e.g. ,  centr e lines) . 

F2 Capturing physical relations. Diagrams can be used 
t o highligh t  selecte d physica l  relation s tha t  ar e o f  impor -
tanc e i n a  targe t  domain ,  withou t  showin g th e spatia l 
structur e o f  object s an d th e spatia l  relation s amon g thei r 

Figur e 1 :  Towe r  o f  Hanoi . 

components .  I n schemati c diagram s o f  electrica l  circuits , 
fo r  instance ,  th e inter-connectivit y an d sequenc e o f  th e 
component s i s shown ,  bu t  th e locatio n o f  symbol s i n th e 
diagra m ma y bea r  littl e relatio n t o th e physica l  locatio n o f 
th e component s o n th e circui t  board . 

F3 Showing physical assembly. A functional role of some 
diagram s i s t o sho w h o w a n objec t  i s  physicall y assemble d 
fro m components ;  wha t  part s ther e ar e an d ho w the y g o 
together .  Thi s ma y b e achieve d b y explicitl y  showin g a 
serie s o f  subassemblie s o r  depictin g th e objec t  a s i f  i t  ha d 
bee n systematicall y dismantled .  Showin g subassemblie s i s 
c o m m on i n engineerin g "blu e prints "  an d ofte n use d i n 
instructio n manual s fo r  constructio n toy s (e.g. .  Lego , 
Mechano) .  Wher e suc h diagram s provid e informatio n abou t 
th e orde r  o f  assembl y the y ar e als o depictin g a  proces s (se e 
F8) . 

F4 Defining and distinguishing variables, terms and 
components .  S o m e diagram s ar e use d t o defin e o r  identif y 
components ,  variable s an d feature s pertainin g t o a  targe t 
domain .  Writte n label s m a y b e use d t o nam e o r  specif y 
particula r  component s o r  features .  Diagrammati c element s 
m ay themselve s b e specia l  symbols ,  whic h hav e conven-
tiona l  meaning s i n particula r  domains ,  suc h a s th e 
componen t  symbol s i n electrica l  circui t  diagrams . 

F5 Displaying values. A function of some diagrams is to 
depic t  value s o f  variable s i n a  manne r  tha t  facilitie s qualita -
tiv e an d quantitativ e reasonin g abou t  them ,  usuall y i n th e 
for m o f  comparisons .  Ofte n standar d format s o r  referenc e 
system s wil l  b e used ,  suc h a s Cartesia n graphs ,  histogram s 
and pi e charts .  Proble m solver s us e thei r  knowledg e o f  th e 
convention s governin g th e format s whe n reasoning . 

F6 Depicting states. Some diagrams depict the state a 
system ,  withou t  specia l  referenc e t o transition s fro m on e 
stat e t o another .  Fo r  example ,  som e operatin g manual s fo r 
electroni c equipmen t  includ e schemati c diagram s o f  factor y 
set  position s o f  interna l  (DIP )  switches .  B y comparin g th e 
diagra m t o th e actua l  switches ,  w e ca n se e whethe r  th e 
equipmen t  i s i n it s defaul t  state .  Weathe r  chart s hav e th e 
depictio n o f  state s a s on e o f  thei r  mai n functions .  Figur e 1 
shows a  familia r  diagram ,  a  singl e stat e o f  th e Towe r  o f 
Hanoi  problem . 
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F7 Depictin g stat e spaces .  A  functiona l  rol e o f  som e dia -
grams ,  whic h logicall y follow s th e previou s one ,  i s th e 
depictio n o f  stat e space s (bu t  no t  necessaril y  proble m 
spaces) .  Thes e diagram s hav e severa l  component s depictin g 
tw o o r  mor e states ,  wit h adjacen t  component s normall y 
representin g closel y relate d states .  Th e Periodi c tabl e o f 
chemica l  element s i s a n example .  Eac h elemen t  ma y b e 
considere d a s a n individua l  state ,  wit h it s horizonta l  an d 
vertica l  positio n bein g meaningfu l  i n chemica l  terms .  Th e 
transitio n stat e spac e fo r  th e 3-dis c Towe r  o f  Hano i  proble m 
i s show n i n Figur e 2 .  Eac h nod e represent s on e state ;  a t  th e 
corner s al l  th e disc s ar e o n on e o f  th e pegs .  Th e line s 
represen t  lega l  tfansitions  betwee n states ;  on e dis c move d 
betwee n pegs . 

F8 Encoding temporal sequences and processes. 
Diagram s m a y illustrat e th e tempora l  orde r  o r  flo w o f  a 
process ,  b y depictin g state s an d th e change s t o thos e states . 
Some o f  th e way s thi s i s  don e are :  (i )  placin g diagrammati c 
element s i n an  ordere d sequence ;  (ii )  usin g arrow s t o sho w 
progres s o r  movement ;  and ,  (iii )  havin g contour s labelle d 
wit h tim e increments . 

One purpos e o f  thi s functiona l  rol e i s t o provid e som e 
kinestheti c sens e o f  th e processe s bein g depicted ,  perhap s a s 
an ai d t o generatin g a  menta l  model .  Th e pat h o f  a  particu -
la r  proble m solve r  throug h th e proble m spac e o f  th e Towe r 
of  Hano i  ca n b e show n b y addin g arrow s o r  numberin g th e 
link s i n Figur e 2 . 

F9 Abstracting process flow and control. A functional 
rol e o f  som e diagram s i s t o abstractl y represen t  th e flo w o f 
comple x non-linea r  processes .  Suc h processe s m a y includ e 
cycles ,  iterativ e loops ,  contingen t  branchin g an d paralle l 
tasks .  Thes e diagram s us e conventiona l  symbol s (icons )  t o 
represen t  proces s stage s withou t  depictin g th e state s them -
selves . 

Traditiona l  compute r  progra m dat a flo w diagram s hav e 
thi s a s on e o f  thei r  mai n functions .  Differen t  processe s ar e 
named an d thos e o f  simila r  typ e shar e th e sam e symbo l 
shape ;  fo r  example ,  diamond s t o depic t  decisions .  Th e flo w 
of  informatio n i s shown ,  bu t  th e stat e o f  th e informatio n i s 
not  usuall y depicted .  Gant t  chart s perfor m a  simila r  func -
tio n b y namin g stage s an d showin g th e orde r  an d depen -
denc y o f  processes . 

Figur e 2  A  stat e space . 

FI O Capturin g laws .  A  functiona l  rol e o f  som e diagram s 
i s t o captur e a  la w b y th e mean s o f  it s  interna l  structure , 
suc h tha t  th e diagra m doe s no t  merel y displa y value s o f 
variables ,  bu t  embodie s th e law .  Fo r  example ,  i n physics , 
th e resultan t  o f  tw o force s actin g a t  a  poin t  m a y b e foun d b y 
constructin g a  parallelogra m (tw o adjacen t  side s represen t 
th e give n forces ,  an d th e lin e fro m th e give n poin t  t o th e 
opposit e come r  provide s th e resultan t  force) .  Suc h diagram s 
capture ,  an d happe n t o operationalize ,  vecto r  addition . 

Capturin g law s i s on e o f  th e distinguishin g characteristic s 
of  L a w Encodin g Diagrams ,  L E D s ,  (Cheng .  1994 ,  1995) . 
L E Ds hav e geometric ,  spatia l  o r  topologica l  constraint s tha t 
gover n thei r  structure ,  suc h tha t  th e for m o f  th e diagra m i s 
alway s consisten t  wit h th e targe t  law s o f  a  domain . 

Fll Doing computations. Computations can to be done di-
rectl y usin g th e structur e o f  som e diagrams .  Th e prim e 
exampl e fo r  numerica l  calculation s ar e nomograms ,  whic h 
ar e closel y relate d t o slide-rules .  L a w Encodin g Diagram s 
als o allo w computation s t o b e mad e usin g thei r  structure . 

F12 Computation sequencing. Diagrams can help organ-
ise ,  pla n an d trac k comple x sequence s o f  computations.  Fo r 
example ,  whe n doin g numerica l  integration ,  sa y b y th e 
Simpson' s method ,  a  diagra m ca n b e use d t o explai n w h y 
th e calculatio n take s th e for m tha t  i s  does .  Tabachneck , 
Leonard o an d Simo n (1994 )  describ e h o w an  exper t  i n eco -
nomic s use d a  grap h a s a  plac e holde r  durin g reasonin g an d 
as a  summary . 

The twelv e functiona l  role s hav e bee n describe d an d brie f 
example s given .  Th e nex t  sectio n provide s a  singl e inte -
grate d exampl e coverin g mos t  o f  th e functiona l  roles . 

Diagrams in Thermodynamics 

To demonstrate the use of the proposed framework and to 
furthe r  clarif y som e o f  th e functiona l  roles ,  thi s sectio n 
consider s diagram s foun d i n thermodynamics .  Th e domai n 
was chose n becaus e i t  ha s comple x diagram s tha t  ar e o f 
interes t  i n thei r  o w n right ,  whic h proble m solver s us e i n 
sophisticate d ways .  Th e diagram s m a y b e considere d a s 
cognitiv e artefacts ,  whic h hav e evolve d ove r  th e histor y o f 
th e field  a s effectiv e cognitiv e tool s fo r  proble m solving . 

Diagram s i n thermodynamic s text s ar e mainl y o f  tw o 
kinds :  (i )  componen t  diagrams ,  whic h sho w th e structur e o f 
particula r  piece s o f  equipmen t  o r  th e part s o f  a  plant ;  and , 
(ii )  propert y diagrams ,  whic h ar e graph s showin g th e 
thermodynami c propertie s o f  th e flui d i n th e plant .  Figure s 
3a an d 3 b ar e typica l  examples .  A n interestin g observatio n 
regardin g thes e diagram s i s thei r  occurrenc e i n complemen -
tar y pair s whe n comple x hea t  engin e cycle s o r  refrigeratio n 
cycle s ar e bein g considered .  I n othe r  circumstance s the y 
ten d t o b e foun d alone .  Figure s 3 a an d 3 b ar e suc h a  pai r  fo r 
a particula r  stea m powe r  cycle .  Th e diagram s ar e use d t o 
explai n th e operatio n o f  th e cycl e an d t o solv e problems , 
suc h a s determinin g th e powe r  outpu t  an d efficienc y o f  a 
stea m plant ,  give n a  fe w fixed  values . 

Roger s an d M a y h e w (1980 )  i s a  popula r  standar d 
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Figure 3a: Steam Plant Component Diagram. Figur e 3b :  Stea m Cycl e Propert y Diagram . 

undergraduat e tex t  i n thermodynamic s ( a fourt h editio n wa s 
publishe d i n 1992) .  I t  ha s thre e chapter s o n comple x powe r 
an d refrigeratio n cycles ,  i n whic h 2 3 o f  th e 5 6 (41% ) 
diagram s ar e complementar y pair s o f  componen t  an d 
propert y diagrams .  T h e res t  o f  th e boo k (2 4 chapters ) 
contain s nearl y 20 0 diagrams ,  bu t  fewe r  tha n 1 0 ( < 5 % )  ar e 
complementar y pairs .  Further ,  observation s o f  experience d 
instructors ,  exper t  i n thermodynamic s proble m solving , 
showe d tha t  the y usuall y dra w complementar y pair s o f 
diagram s a s th e first  ste p w h e n solvin g problem s o f  thi s 
kind .  Clearly ,  som e benefi t  i s  gaine d b y usin g th e comple -
mentar y pai r  o f  diagram s i n proble m solvin g o n comple x 
thermodynami c cycles . 

Explanation s o f  th e benefit s tha t  proble m solver s gai n b y 
usin g thes e diagram s ca n b e give n i n term s o f  existin g 
theorie s o r  hypotheses .  Fo r  example ,  Larki n an d Simo n 
(1987 )  hav e show n h o w diagram s simila r  t o th e componen t 
diagra m ca n hel p i n th e processe s o f  searc h an d recognitio n 
durin g proble m solving .  Similarly ,  i t  i s  conceivabl e tha t 
expert s m a y hav e perceptua l  schema s fo r  differen t  part s o f 
propert y diagrams ,  i n th e for m o f  diagrammati c configura -
tio n schema s (Koedinge r  an d Anderson ,  1990) .  However , 
thes e theorie s ar e no t  wel l  suited ,  no r  intended ,  t o explai n 
phenomen a lik e th e complementar y diagra m pair s i n ther -
modynamics . 

T h e functiona l  role s framewor k provide s a n analysi s o f  a 
differen t  kind ,  whic h i s m o r e suite d t o explainin g th e 
diagra m pair s phenomen a — th e tw o diagram s hav e differ -
ent  bu t  complementar y set s o f  functiona l  roles .  F ro m in -
forma l  observation s o f  exper t  proble m solver s i n thermo -
dynamic s workin g o n a  rang e o f  differen t  problems ,  an d 
fro m th e stud y o f  worke d example s fro m thermodynamic s 
texts ,  th e functiona l  role s possesse d b y th e tw o kind s o f 
diagram s wer e identified .  Bot h th e componen t  diagra m an d 
th e propert y diagram ,  Figur e 3 ,  identif y an d defin e thing s 
tha t  ar e importan t  fo r  proble m solvin g (functio n F4) .  Th e 
plan t  diagra m use s label s an d conventiona l  symbol s t o 
indicat e wha t  item s ar e par t  o f  th e plant ;  e.g. ,  th e p u m p i s a 
circl e wit h line s representin g it s inle t  an d outlet .  Location s 

of  propertie s o f  interes t  ar e indicate d b y th e diagram ;  fo r 
instanc e W 2 3 i s th e powe r  outpu t  o f  th e turbin e an d Q5 2 i s 
th e hea t  neede d t o chang e th e wate r  t o stea m i n th e boiler . 

Th e propert y diagra m i s a  Cartesia n graph ,  wit h tem -
peratur e (T )  an d entrop y (s )  o n th e ordinat e an d abscissa , 
respectively .  Th e "bell "  curv e show s th e boundar y betwee n 
differen t  phase s o f  wate r  an d i s k n o w n a s th e saturatio n 
curve .  T o it s lef t  th e wate r  i s liquid .  T o it s righ t  th e wate r 
i s  a  vapour .  Unde r  th e curv e th e wate r  i s  a  mixtur e o f  liqui d 
an d vapour .  Thi s i s basi c backgroun d knowledg e fo r 
proble m solver s i n thi s domain .  Th e number s i n th e 
diagra m indicat e point s i n th e cycl e correspondin g t o th e 
numbere d location s i n th e componen t  diagram ,  whic h i s th e 
onl y direc t  mean s tha t  proble m solver s hav e o f  interrelatin g 
th e tw o diagrams .  Ther e i s n o '1 '  i n th e componen t 
diagram ,  becaus e ther e i s n o uniqu e locatio n i n th e boile r 
tha t  ha s propertie s correspondin g t o tha t  poin t  i n th e 
propert y diagram .  Th e line s betwee n numbere d point s i n 
th e propert y diagram s ar e change s tha t  occu r  withi n th e 
component s o f  th e plant . 

Th e componen t  diagra m show s h o w th e part s o f  th e stea m 
plan t  ar e physicall y connecte d (F2 )  (bu t  doe s no t  sho w no t 
tru e spatia l  locations ,  F l ) .  A n importan t  functio n o f  th e 
propert y diagra m i s t o sho w th e value s o f  th e temperatur e 
and entrop y aroun d th e cycl e (F5) .  Thi s define s th e thermo -
dynami c characte r  o f  cycl e an d allow s comparison s t o b e 
made;  fo r  exampl e T j  = T 2 an d S2=S3 .  Th e propert y diagra m 
m ay als o b e considere d a s a  depictin g on e o f  man y possibl e 
State s (F6) ,  othe r  state s bein g alternativ e cycle s tha t  hav e 
differen t  shape s i n th e T- s space .  Th e componen t  diagra m 
aid s visualizatio n o f  th e proces s (F8) ,  showin g th e directio n 
of  flow  o f  th e fluid  aroun d th e circui t  an d th e exchange s o f 
hea t  an d wor k t o an d fro m th e system .  Th e propert y 
diagra m als o support s visualization ,  bu t  i n term s o f  th e 
thermodynami c propertie s o f  th e syste m an d wit h regar d t o 
th e physica l  state s o f  th e fluid  i n th e cycl e (usin g th e 
saturatio n curve) . 

Th e developmen t  o f  temperatur e an d entrop y graph s i n 
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thermodynamic s i s significant ,  becaus e the y capture s som e 
usefu l  law s i n diagrammati c for m (FIO) .  (Pressure-volum e 
graph s ar e mor e easil y conceptualize d bu t  the y ar e les s 
usefu l  i n proble m solving. )  I n T- s graphs ,  th e are a directl y 
unde r  an y curv e (t o th e s  axis )  represent s a  quantit y o f  heat ; 
fo r  example ,  th e are a unde r  line3 4 i s th e hea t  los t  i n th e 
condenser ;  tha t  i s  Q 3 4 i n th e componen t  diagram .  Similarly , 
th e siz e o f  th e are a enclose d b y a  loo p o r  cycle ,  suc h a s 
loo p 1234 5 i n Figur e 3b ,  indicate s th e ne t  amoun t  o f  hea t 
receive d b y th e system ,  an d henc e fro m th e first  la w o f 
thermodynamics ,  th e are a represent s th e ne t  amoun t  o f 
mechanica l  energ y produce d b y th e system .  Th e directio n 
of  cycl e i s significant ;  clockwis e mean s th e syste m produce s 
usefu l  power ,  an d anti-clockwis e mean s tha t  i t  consume s 
energ y (refrigerators) .  Becaus e th e propert y grap h capture s 
thes e importan t  relation s i n a  simpl e diagrammati c fashion , 
th e grap h i s a  usefu l  mode l  fo r  proble m solving .  Fo r  exam -
ple ,  a  proble m solve r  ca n visualiz e h o w t o increas e th e 
power  outpu t  o f  th e cycl e b y increasin g th e enclose d area , 
withou t  changin g it s  shape .  Thi s ma y b e don e b y increasin g 
bot h T ]  an d T 2 o r  reducin g bot h T 3 an d T4 ,  bu t  no t  b y 
independentl y increasin g S 3 (a s i t  woul d n o longe r  equa l  S2) . 

Further ,  i t  i s  possibl e t o d o calculation s wit h th e propert y 
grap h (F l  1) .  W h e n calculatin g th e outpu t  condition s o f  th e 
turbine ,  poin t  3 ,  i t  i s  necessar y t o kno w h o w muc h o f  th e 
flui d i s vapou r  an d ho w muc h i s liquid ,  th e drynes s fraction . 
Thi s ca n b e foun d fro m th e length s o f  line4 3 an d line4g . 
The rati o o f  thei r  respectiv e length s equal s th e drynes s 
fractio n (becaus e o f  it s  definitio n wit h respec t  t o change s i n 
entropy) .  A t  poin t  4  th e fractio n i s zer o (al l  liquid )  an d a t  3 
th e fractio n i s approximatel y 0. 8 (largel y vapour) .  Th e 
propert y diagra m allow s perceptua l  inference s t o b e mad e 
abou t  th e equalit y o f  m a n y o f  th e variables ,  becaus e th e 
cycl e i s represente d b y severa l  vertica l  an d horizonta l  lines . 
For  example ,  give n T 2 th e valu e o f  S 2 ca n b e foun d fro m 
standar d stea m tables ,  becaus e poin t  2  i s o n th e saturatio n 
line .  The n b y inspectio n w e se e tha t  S 3 equal s S2 .  Knowin g 
th e drynes s fraction ,  th e temperatur e T 4 ca n b e foun d b y 
calculatio n an d henc e T 3 i s known .  Thi s sequenc e o f  infer -
ence s als o illustrate s h o w th e propert y diagra m ca n b e use d 
t o hel p pla n an d execut e a  serie s o f  computation s (F12) . 

I n thi s example ,  th e componen t  diagra m an d propert y 
diagra m share d fe w functiona l  roles ,  an d whe n the y di d the y 
involve d differen t  set s o f  information .  Thus ,  a  possibl e 
explanatio n o f  w h y bot h diagram s ar e neede d fo r  effectiv e 
proble m solving ,  o n comple x thermodynami c cycles ,  i s  tha t 
betwee n the m the y suppor t  a  broa d rang e o f  th e kind s o f 
problem s solvin g task s tha t  ar e required . 

Discussion 

The concept of functional roles and the identifying of actual 
function s show s tha t  ther e ma y b e a  usefu l  leve l  o f  analysi s 
of  th e propertie s o f  diagram s tha t  fall s  betwee n genera l 
characterisation s o f  whol e diagram s an d analyse s o f  th e 
propertie s o f  elementar y diagrammati c components . 
Differen t  combination s o f  functiona l  role s wil l  determin e 

th e overal l  characte r  o f  a  diagram ,  b y makin g differen t  kind s 
of  informatio n mor e readil y accessible ;  a s see n i n th e tw o 
thermodynami c diagrams .  Thi s final  sectio n o f  th e pape r 
consider s issue s raise d b y th e functiona l  role s framework , 
beginnin g wit h th e mor e specifi c  questions . 

The nex t  stag e i n thi s researc h wil l  b e t o appl y th e frame -
wor k t o a n interestin g clas s o f  diagrams .  L a w Encodin g 
Diagrams ,  whic h appea r  t o b e effectiv e representation s fo r 
some form s o f  proble m solvin g an d fo r  learnin g (Cheng , 
1994 ,  1995 ,  1996 ,  i n press) .  A  possibl e explanatio n o f  thei r 
advantag e i s tha t  the y manag e t o combin e m a n y functiona l 
role s i n a  singl e diagram . 

I t  wil l  b e interestin g t o stud y whethe r  expert s exploi t 
mor e o f  th e availabl e functiona l  role s o f  diagram s tha n 
novices .  Larki n an d Simo n (1987 )  conside r  a  pulle y syste m 
problem ,  i n whic h th e diagra m o f  th e physica l  arrangemen t 
of  th e syste m provide s usefu l  locationa l  informatio n fo r 
proble m solving .  Thi s i s appear s t o b e a  facto r  tha t  under -
pin s bot h th e functiona l  role s o f  depictin g physica l  relations , 
F2 ,  an d sequencin g computations ,  F12 .  Althoug h Larki n 
and Simon' s computatio n model s d o no t  dea l  wit h learning , 
i t  i s  th e cas e tha t  a s proble m solver s becom e mor e experi -
ence d o n pulle y problems ,  the y ca n solv e the m b y inspect -
in g th e diagra m withou t  recours e t o writte n calculations . 
Thi s migh t  b e explaine d b y hypothesizin g tha t  the y hav e 
learne d tha t  diagram s o f  pulle y sub-assemblie s captur e a 
specifi c  versio n o f  th e leve r  law ,  perhap s i n th e for m o f  a 
diagrammati c configuratio n schem a (Koedinge r  & 
Anderson ,  1990) .  Thi s mor e expert-lik e us e o f  th e diagra m 
coul d b e see n i n terms  o f  exploitin g th e functiona l  rol e o f 
capturin g law s b y mean s o f  th e structur e o f  th e diagram , 
FIO .  Detaile d stud y o f  exper t  versu s novic e proble m solv -
in g i n thermodynamic s woul d b e a  suitabl e plac e t o begi n 
th e examinatio n o f  thi s issue . 

Wicken s (1992 )  effectivel y demonstrate s th e nee d fo r 
compatibilit y  betwee n visua l  display s o f  informatio n wit h 
proble m solvers '  menta l  models ;  a n importan t  issu e fo r 
human compute r  interaction .  Th e framewor k o f  functiona l 
role s ma y b e considere d a s providin g a  furthe r  compatibilit y 
dimensio n fo r  th e desig n o f  suc h displays .  A  diagra m o r 
displa y ha s greate r  compatibility ,  i n terms  o f  th e framework , 
when mor e o f  th e proble m solvin g task s ar e directl y 
supporte d b y functiona l  role s o f  th e diagram(s )  bein g used . 
I n th e thermodynamic s example ,  i f  eithe r  diagra m wer e 
absent ,  i t  i s  likel y tha t  th e solution s t o problem s woul d b e 
harder ,  becaus e ther e i s les s informatio n availabl e t o con -
strai n proble m solver s menta l  model s o f  processe s tha t  ar e 
happenin g i n th e plant . 

The effectivenes s o f  a  diagra m fo r  a  particula r  functiona l 
rol e will ,  i n part ,  depen d o n th e wa y informatio n i s 
embodie d b y particula r  form s an d combination s o f  elemen -
tar y diagrammati c components .  Clevelan d an d McGil l 
(1985 )  hav e studie d th e perceptua l  processe s involve d i n 
qualitativ e an d quantitativ e judgement s usin g traditiona l 
graphica l  representations .  Thi s m a y b e considere d a s a n 
analysi s o f  th e cognitiv e processe s neede d t o exploi t  th e 
displayin g value s functiona l  role ,  F5 .  Simila r  studie s coul d 
be conducte d fo r  th e othe r  fiinctiona l  roles ;  fo r  example , 
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what  cognitiv e processe s tha t  ar e implicate d i n th e us e o f  a 
diagra m tha t  capture s a  la w i n it s interna l  structure ,  (FIO) ? 

The emphasi s o f  th e functiona l  role s framewor k i s o n th e 
kind s o f  informatio n ar e availabl e fo r  reasonin g an d 
proble m solvin g tasks ,  rathe r  tha n th e wa y i n whic h 
informatio n i s structure d an d processed .  Th e kind s o f  ques -
tion s tha t  thi s approac h aim s t o addres s concer n th e type s o f 
problem s t o whic h particula r  diagram s ar e wel l  suited .  Thi s 
i s different ,  bu t  complementary ,  t o th e previou s work , 
describe d i n th e introduction ,  tha t  consider s th e cognitiv e 
processe s foun d i n reasonin g wit h diagrams ,  withou t  specia l 
attentio n t o th e semanti c conten t  o f  th e informatio n bein g 
processed .  Th e motivation ,  i n part ,  fo r  th e presen t  approac h 
i s t o provid e a  principle d metho d fo r  th e selectio n an d 
desig n o f  effectiv e diagram s fo r  particula r  problems .  B y 
focusin g o n th e functiona l  role s o f  diagrams ,  whic h directl y 
relat e t o th e kind s o f  informatio n tha t  ar e easil y accessibl e i n 
diagrams ,  th e framewor k ma y provid e a  lin k betwee n th e 
tas k requirement s o f  problem s an d th e type s o f  activit y 
supporte d b y differen t  diagrams .  Wor k i s progressin g o n 
th e specificatio n o f  a  methodolog y fo r  th e selectio n an d 
desig n o f  diagram s usin g th e framework . 

Investigatio n o f  th e framewor k i n relatio n t o representa -
tion s i n genera l  i s  als o currentl y bein g pursued .  Th e 
concep t  o f  functiona l  role s i s applicabl e t o othe r  graphica l 
representations ,  suc h a s tables ,  a s wel l  a s t o characte r  strin g 
notations ,  suc h a s algebr a an d writte n English .  Th e centra l 
issu e i n thi s regar d i s t o devis e principle d way s t o identif y 
and differentiat e differen t  th e kind s o f  informatio n tha t  ma y 
be availabl e i n a  representation .  Th e wor k i s concentratin g 
on forma l  approache s t o th e classificatio n o f  type s o f  in -
formation ,  wit h th e examinatio n o f  ontologie s o f  proble m 
solvin g task s an d methods . 
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