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Studyin g th e Proble m Solvin g Behavio r  o f  Expert s an d Novice s 
i n Physic s Vi a Computer-Base d Problem-Analysi s Environment s * 

Jos e Mestr e an d Willia m Gerac e 
Cognitiv e Processe s Researc h Grou p 
Departmen t  o f  Physic s an d Astronom y 

Universit y o f  Massachusett s 
Amherst ,  MA 0100 3 

ABSTRACT 

The design and architecture of two user-controlled, computer-based problem 
analysi s environment s i n classica l  mechanic s ar e discussed .  I n th e 
expert-lik e environment ,  th e use r  analyze s problem s accordin g t o a 
hierarchica l  concep t  schem a consisten t  wit h ho w expert s analyz e nove l  problem s 
i n physics .  I n th e secon d environment ,  th e use r  searche s a  larg e equatio n 
data-bas e utilizin g novice-like ,  surfac e featur e keyword s i n orde r  t o locat e 
th e appropriat e equation(s )  t o us e i n solvin g a  problem .  Cognitiv e an d 
pedagogica l  implication s o f  th e researc h ar e discussed . 

Novice s an d expert s stor e an d us e domain-specifi c  knowledg e i n distinctl y 
differen t  manners .  Recal l  experiment s revea l  tha t  expert s "chunk "  informatio n 
int o relate d cluster s thereb y facilitatin g recall ,  wherea s novice s displa y n o 
evidenc e o f  chunkin g (Chas e &  Simon ,  1973 ;  Ega n &  Schwartz ,  1979 ;  Ehrlic h & 
Soloway ,  1982 ;  Larkin ,  1979) .  I n contras t  t o novices ,  exper t  physicist s us e 
forwar d strategies ,  fewe r  equations ,  an d shorte r  procedure s t o solv e problem s 
(Simo n &  Simon ,  1978) .  Novic e physic s student s als o fin d i t  difficul t  t o sepa -
rat e a n abstrac t  pla n fo r  solvin g a  proble m fro m th e actua l  solutio n process , 
statin g Instea d th e equation s tha t  the y woul d use ,  wherea s expert s outlin e a n 
approac h base d o n fundamenta l  physic s principle s (Chi ,  Feltovlc h &  Glase r  1981) . 

We are currently investigating the consequences of imposing two types of 
constraint s o n expert s an d novice s engage d i n solvin g problem s i n a  branc h o f 
physic s calle d classica l  mechanics .  B y "constraints "  w e mea n tha t  novice s an d 
expert s wil l  b e aske d t o us e on e o f  tw o differen t  computer-based ,  menu-drive n 
environment s t o analyz e problem s befor e solvin g them .  Wit h th e firs t 
analyzer ,  th e use r  i s aske d t o categoriz e th e proble m unde r  consideratio n 
accordin g t o a  hierarchica l  concep t  schem a consisten t  wit h tha t  use d b y 
expert s t o analyz e problems .  Wit h th e secon d analyzer ,  th e use r  i s aske d t o 
categoriz e th e proble m accordin g t o surfac e feature s consisten t  wit h thos e 
use d b y novice s t o solv e problems . 

*  Wor k supporte d b y Nationa l  Scienc e Foundatio n gran t  BNS-8511069 .  Th e content s 
herei n d o no t  necessaril y  reflec t  th e position ,  polic y o r  endorsemen t  o f  NSF . 
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DESCRIPTION OF COMPUTER-BASED ANALYSIS ENVIRONMENTS 

Hierarchical Analyzer 

The Hierarchical Analyzer was designed to be consistent with research 
observation s o n exper t  physic s proble m solvin g behavior .  When face d wit h a 
nove l  proble m i n whic h ther e i s n o obviou s cours e o f  action ,  exper t  physicist s 
firs t  conside r  whic h basi c principle s apply ,  an d the n pla n a  solutio n strateg y 
base d o n thes e principles .  Consisten t  wit h thi s observation ,  Chi ,  Feltovic h 
and Glase r  (1981 )  foun d that ,  whe n aske d t o classif y problem s accordin g t o 
similarit y o f  solution ,  novice s us e th e problems *  surfac e feature s wherea s 
expert s us e th e physica l  principl e o r  la w underlyin g th e proble m a s th e clas -
sificatio n criterion .  Thes e finding s sugges t  tha t  a n expert' s  knowledge-stor e 
ca n b e describe d a s a  dens e networ k containin g cluster s o f  relate d informatio n 
wit h a  hierarchica l  structur e i n whic h fundamenta l  concept s occup y th e to p 
level s o f  th e hierarchy ,  ancillar y concept s occup y th e middl e portions ,  an d 
domain-relate d fact s an d equation s occup y th e botto m level s o f  th e hierarchy . 

Two additional studies influenced the design of the Hierarchical Analyzer. 
Helle r  an d Rei f  (1984 )  traine d physic s novice s t o generat e a  proble m analysi s 
calle d a  "theoretica l  proble m description. "  Forc e problem s i n classica l 
mechanic s wer e describe d i n term s o f  concepts ,  principle s an d heuristics .  When 
novice s wer e induce d t o follo w suc h descriptions ,  the y improve d substantiall y 
i n thei r  abilit y  t o construc t  proble m solutions .  Contro l  novices ,  wh o receive d 
goo d grade s i n a  classica l  mechanic s course ,  wer e no t  abl e t o generat e 
appropriat e description s o f  fairl y  routin e problems .  I n a  simila r  vein ,  Eylo n 
and Rei f  (1984 )  investigate d th e effectivenes s o f  imposin g a  hierarchica l 
organizatio n o n th e performanc e o f  differen t  task s i n th e domai n o f  physics . 
They foun d tha t  subject s wh o ha d receive d a  particula r  physic s argumen t  organ -
ize d i n hierarchica l  for m performe d variou s recal l  an d proble m solvin g task s 
bette r  tha n subject s wh o ha d receive d th e sam e argumen t  non-hierarchically . 

The Hierarchical Analyzer was designed to guide the user through a 
hierarchica l  analysi s o f  a  proble m i n term s o f  bot h concept s an d heuristics . 
The use r  categorize s problem s i n term s o f  thos e principle s an d heuristic s tha t 
ca n b e use d t o construc t  a  solutio n t o th e problem .  Thi s categorizatio n i s 
carrie d ou t  b y makin g selection s fro m a  numbe r  o f  menus .  O n an y give n nienu , 
th e selectio n mad e lead s t o anothe r  men u whic h i s mor e specifi c  tha n th e 
previou s menu ,  an d whic h contain s furthe r  men u selection s consisten t  wit h th e 
selectio n mad e o n th e previou s menu . 

The structure of the Hierarchical Analyzer resembles a flat-top pyramid. 
At  th e to p o f  th e pyrami d ar e th e fou r  mos t  fundamenta l  concept s int o whic h w e 
hav e chose n t o partitio n elementar y classica l  mechanics .  Thes e ar e (1 ) 
Newton' s Secon d La w o r  Kinematics ,  (2 )  Angula r  Momentum ,  (3 )  Linea r  Momentum , 
and (4 )  Wor k an d Energy .  Afte r  th e initia l  classification ,  th e use r  proceed s 
t o menu s containin g ancillar y concept s an d usefu l  heuristics ,  whic h occup y th e 
middl e level s o f  th e pyramid .  Th e menu s occupyin g th e botto m level s o f  th e 
pyrami d becom e increasingl y detaile d unti l  reachin g th e en d resul t  o f  th e 
analysi s — a n equation(s )  tha t  ha s bee n dynamicall y constructe d i n accordanc e 
wit h th e classificatio n schem e selected . 

To understand the structure and functioning of the Hierarchical Analyzer, 
i t  i s  perhap s bes t  t o giv e a n example .  Conside r  th e followin g problem : 

742 



Jos e Mestr e &  Willia m Gerac e 

A small block of mass M slides along a track 
havin g bot h curve d an d horizonta l  section s a s 
shown .  Th e trac k I s frlctlonless .  I f  th e 
particl e I s release d fro m res t  a t  heigh t  h , 
what  I s It s spee d whe n I t  I s o n th e horizonta l 
sectio n o f  th e track ? 

Figur e 1  contain s th e serie s o f  menu s an d men u selection s whic h 
appropriatel y analyz e th e proble m (w e hav e place d a n asteris k nex t  t o th e 
appropriat e choic e t o facilitat e discussions) .  Severa l  feature s o f  Figur e 1 
shoul d b e noted .  Thi s proble m ca n mos t  easil y b e solve d usin g wor k an d energ y 
principles ,  an d thu s men u ite m # 4 i s th e appropriat e selection .  Th e secon d 
menu leve l  i s  mor e specifi c  an d ask s th e use r  t o describ e th e mechanica l 
energ y o f  th e system .  Selectio n #1 ,  "Conservativ e syste m (Conservatio n o f 
energy), "  i s  th e appropriat e choice .  Not e th e hint s enclose d i n parenthese s 
t o hel p th e use r  decid e whic h selectio n shoul d b e made .  Thes e hint s guid e th e 
selectio n o f  choic e (1 )  I f  conservativ e force s ar e presen t  i n th e problem ,  o r 
choic e (2 )  i f  ther e ar e non-conservativ e force s present .  A t  th e thir d men u 
level ,  heuristic s ente r  th e hierarch y wit h th e reques t  t o classif y th e change s 
i n mechanica l  energ y b y considerin g on e bod y a t  a  tim e a t  som e initia l  an d 
fina l  state .  Fo r  th e proble m a t  hand ,  th e bloc k start s ou t  wit h potentia l 
energ y an d end s u p wit h onl y kineti c energy ,  s o Selectio n # 3 i s th e correc t 
one .  Th e fourt h men u leve l  ask s th e use r  fo r  furthe r  classificatio n o f  th e 
change s i n kineti c energy ;  i n thi s cas e ther e i s onl y a  chang e i n 
translationa l  kineti c energy .  A t  th e fift h men u level ,  th e use r  i s aske d t o 
specif y th e boundar y condition s (o r  condition s a t  th e beginnin g an d en d 
points) .  Men u level s si x an d seve n paralle l  o f  level s fou r  an d fiv e fo r 
potentia l  energy .  A t  men u leve l  numbe r  eight ,  th e use r  i s aske d t o specif y 
whethe r  ther e i s mor e tha n on e bod y i n th e system ;  i n thi s case ,  th e answe r  i s 
"No. "  A t  men u leve l  nine ,  th e use r  i s presente d wit h a  statemen t  describin g 
th e principl e s/h e selecte d a t  th e firs t  men u level ,  an d a  statemen t  abou t  ho w 
thi s basi c principl e applie s t o th e particula r  cas e a t  han d b y elaboratin g o n 
th e restriction s Impose d b y th e user' s specifi c  selections . 

Note that the Analyzer does not provide the answer to a problem; it is a 
too l  t o ai d th e use r  i n analyzin g th e problem .  Th e use r  stil l  mus t  generat e th e 
equatio n tha t  i s th e answer .  Fo r  Proble m #1 ,  th e use r  woul d hav e t o perfor m 
some algebrai c manipulation s t o obtai n th e correc t  answer ,  namely ,  v^/2gh .  I f 
th e use r  ha s mad e a n inappropriat e selectio n a t  an y men u leve l  durin g th e analy -
sis ,  th e en d resul t  woul d b e a n equation(s )  tha t  i s  consisten t  wit h th e classifi -
catio n schem e selected ,  bu t  inappropriat e fo r  us e i n solvin g th e problem . 

Three other features of the Analyzer should be noted. The "prompt line" 
at  th e botto m o f  men u level s 1- 8 allo w th e use r  t o choos e option s suc h a s 
backin g u p t o th e previou s men u i n orde r  t o chang e a  selection ,  enterin g a 
glossar y t o loo k u p th e definitio n o f  a  term ,  o r  listin g th e men u selection s 
made thu s far .  Second ,  i f  a  proble m lend s itsel f  t o tw o differen t  correc t 
analyses ,  th e Analyze r  wil l  allo w fo r  thes e tw o correc t  path s throug h th e men u 
network .  Finally ,  th e use r  i s give n thre e choice s a t  th e fina l  menu :  1 )  th e 
proble m i s solve d i f  th e equation(s )  give n a t  th e penultimat e men u leve l  ar e 
appropriate ,  2 )  th e use r  ma y revie w th e equatlon(s )  give n I n th e penultimat e 
menu level ,  o r  3 )  i f  th e proble m bein g analyze d require s tha t  tw o (o r  more ) 
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FIGURE 1 

Hierarchica l  Analyze r  Menu s ft  Choice s 

Whic h principl e applie s t o thl e par t  o f  th e proble a eolutloQ ^ 

1. NevtOD'a Second Law or Uneaatlca 
2.  Angula r  Moaentu x 
3.  Linea r  Moaentu a 

•• .  Wor k an d Energ y 

Fleaa a ente r  you r  selection : 

(B)ackup (H}aln aenu (C)lo(sary (Q)ult (L)lst aelectlona 

Oeacrlb e th e ayate a I n tera a o f  It a aechanlca l  energ y 

*1. Conaervatlvc ayatea (conaervatlon of energy) 
2.  Non-conaervatlv e ayate a (work-enarg y eichange ) 

Pleaa c eate r  you r  aalectlon :  ̂__ _ 

(B)ackup (H)aln aenu (G)loaaary (Q}ult (L)lat aelectlona 

Describ e th e change a l a aechanlca l  energy .  Conside r  oal y 
th e energ y o f  on e bod y a t  soae  Initia l  an d fina l  stat e 
1. Change la kinetic energy 

2.  Chang e I n potentia l  energ y 
'3 .  Chang e I n potentia l  an d kineti c energie s 

Pleas e ente r  you r  selection : 

(B)ackup (H)aln menu (C)loaaary (Q)ult (L)lat aelectlona 

Deacrlb e th e change s I n kineti c energ y 
•1. Change In translstlooal kinetic energy 

2.  Chang e I n rotationa l  kineti c energ y 
3.  Chang e i n tranalatlona l  an d rotationa l  kineti c energle a 

Pleaa e ente r  you r  aelectloo : 

(B)ackup (M)aln aenu (C)loaaary {Q)ult (L)lat aelectlona 

Deacrlb e th e boundar y condlclon a 

•1. Mo initial tranalatlonal kinetic energy 
2.  N o fina l  tranalatlona l  kineti c energ y 
3.  Initia l  an d fina l  tranalatlona l  kineti c energle a 

Pleaa e ente r  you r  selection : 

(B)ackup (M)aln aenu (C)loaaary (Q)ult (L)lat selections 

10 

Deacrlb e th e change s i n potantis l  energ y 

•1. Chsnges in grsvitsclonal potential energy 
2.  Change s I n sprin g potentls l  energ y 
3.  Chsnge s I n grsvltstlons l  sn d sprin g potentls l  energie s 

Pless e ente r  you r  selection ; 

(B)sckup (M)sln aenu (C)losssry (q)uit (L)ist selections 

Describ e th e boundar y condition a 

1. No initial gravitational potential energy 
*2 .  N o fina l  gravitationa l  potentia l  energ y 
3.  Initia l  an d fina l  gravitationa l  potentia l  energ y 

Pleaa e ente r  you r  selection : 

(B)sckup (H)aln aenu (C)loasary (Q)ult (L)lat aelectlona 

l a ther e anothe r  bod y i n th e ayate a whic h ha a no t  bee n examined ? 

1. Yea 
•2 .  N o 

Pleaa e ente r  you r  selection : 

(B)ackup {M)aln aenu (G)loaaary (Q)uit (L)lst aelectlona 

The Work-Energ y Theore a state s tha t  th e wor k don e o n th e syste a 
by al l  non-conservstlv e force s I s equs l  t o th e chang e i n th e 
aechanlca l  energ y o f  th e ayatea : 
Wnc - Ef - El 
According to your aelectlona, 

W„c * 0 (Conaervatlve ayatea: aechanlcal energy eonaerved) 

t{ • (1/2 Mv2)if 

El - (Mgy)ii 

Pleaae press any key to continue 

•• •  Wor k an d Energ y •• • 

1. Problea solved 
2,  Retur n t o Mai n Men u t o continu e solutio n 
3.  Revie w prevlou a aolutlo n acreen a 

Pleaa e ente r  you r  aelectlon : 
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different principles be applied In the analysis, the user may return to the 
mai n men u an d continue .  Thi s thir d choic e woul d b e necessar y If ,  fo r  example , 
th e bloc k o f  th e proble m abov e suffere d a  totall y Inelasti c collisio n wit h a 
second ,  stationar y bloc k o n th e leve l  par t  o f  th e track ;  I n thi s case ,  th e 
use r  woul d nee d t o mak e a  secon d pat h throug h th e Analyze r  choosin g Linea r 
Momentum a t  th e firs t  men u fo r  th e collisio n portio n o f  th e solution . 

Formula-Centered Analyzer 

The Formula-Centered Analyzer Is Intended to emulate the problem solving 
processe s o f  novic e physic s students .  I t  I s  flexibl e I n tha t  I t  coul d b e use d 
I n a  numbe r  o f  differen t  way s b y a  numbe r  o f  differen t  novices .  Novice s 
solvin g problem s I n physic s ten d t o focu s o n findin g th e appropriat e equatio n 
whic h ca n b e manipulate d t o yiel d a n answer .  Th e mos t  amusin g evidenc e o f 
thi s behavio r  i s a  typica l  "formul a sheet "  tha t  student s ar e allowe d t o tak e 
t o physic s exam s — I t  consist s o f  a  soli d mosai c o f  equations .  Further , 
novice s appea r  t o cu e o n a  problem' s surfac e feature s i n decidin g wha t 
equatio n t o use .  Surfac e featur e cue s tak e on e o f  thre e possibl e forms :  1 ) 
proble m types ,  suc h a s "incline d plane "  an d "fallin g bodies, "  2 )  variabl e 
names,  suc h a s "mass "  an d "velocity, "  an d 3 )  physic s terms ,  suc h a s "potentia l 
energy "  an d "momentum. " 

The Formula-Centered Analyzer is a computer-based, sortable data-base made 
up o f  th e equation s i n th e firs t  fourtee n chapter s o f  th e commonl y use d 
classica l  mechanic s text .  Fundamental s o f  Physic s b y Hallida y an d Resnic k 
(1974) .  Thi s equatio n data-bas e contain s ove r  15 0 equations ,  whic h th e use r 
can reduc e b y performin g sequentia l  sort s accordin g t o an y on e o f  thre e 
criteria :  Variabl e Name,  Proble m Typ e o r  Physic s Term .  Fo r  example ,  fo r  th e 
proble m above ,  th e use r  may firs t  choos e t o perfor m a  sor t  accordin g t o th e 
Variabl e Name "height, "  producin g a  lis t  o f  thos e equation s containin g th e 
variabl e "h. "  Th e use r  ca n the n brows e throug h th e reduce d equatio n list ,  o r 
perfor m anothe r  sort .  I f  th e use r  choose s t o perfor m anothe r  sort ,  fo r 
exampl e usin g th e Proble m Typ e "slidin g bodies, "  th e data-bas e woul d b e 
furthe r  reduced .  Afte r  a  fe w sorts ,  th e numbe r  o f  equation s woul d b e reduce d 
t o a  small ,  manageabl e numbe r  wit h specifi c  properties ,  fro m whic h th e use r 
can selec t  th e on e o r  tw o neede d t o solv e th e problem . 

COGNITIVE AND PEDAGOGICAL RAMIFICATIONS 

The two Analyzers described above are currently being used to study the 
proble m solvin g behavio r  o f  bot h novice s an d experts .  I n particular ,  w e ar e 
intereste d i n whethe r  o r  no t  novice s exhibi t  distinctl y differen t  pattern s o f 
proble m categorizatio n an d proble m solvin g proficienc y afte r  prolonge d us e o f 
one o f  th e tw o Analyzers .  Wit h experts ,  w e ar e intereste d i n observin g ho w 
the y us e bot h Analyzers ;  fo r  example ,  d o the y us e th e Formula-Centere d 
Analyze r  a s a  hierarchica l  structur e b y onl y sortin g accordin g t o Physic s 
Term,  o r  d o the y judiciousl y pic k jus t  th e righ t  combinatio n o f  sort s t o mak e 
thei r  pat h t o th e desire d equatio n a s efficien t  a s possible ? 

Although much is known about how experts and novices store domain-specific 
knowledge ,  an d abou t  ho w the y solv e problems ,  relativel y littl e i s know n abou t 
th e proces s o f  makin g th e transitio n fro m novic e t o expert .  We kno w tha t  i t 

745 



Jos e Mestr e &  Willia m Gerac e 

takes considerable time to become an expert, and that solving large numbers of 
problem s i s a  necessary ,  bu t  no t  sufficien t  conditio n fo r  expertise .  Th e wor k 
discusse d I n thi s pape r  i s intende d t o addres s issue s concernin g th e proces s 
of  becomin g a n expert . 

From a cognitive perspective, it is important to begin to understand how the 
transitio n fro m novic e t o exper t  occurs ,  an d ho w i t  ca n b e facilitated . 

Observin g novices '  an d experts '  proble m solvin g behavio r  i n th e problem-analysi s 
environment s describe d abov e ma y she d som e ligh t  o n suc h question s as :  1 )  wher e 
alon g th e expert-novic e continuu m a  particula r  individua l  lies ,  an d 2 )  th e 
abilit y  t o ascertai n a  novice' s "exper t  potential, "  o r  potentia l  fo r  becomin g a n 
exper t  i n th e domai n i n question .  Fo r  example ,  th e typ e o f  sor t  tha t  a n 
individua l  choose s t o mak e whe n usin g th e Formula-Centere d Analyze r  (tha t  is , 
whethe r  t o sor t  onl y b y variabl e name ,  o r  b y physic s term )  ma y provid e a  goo d 
measur e o f  a n individual' s positio n alon g th e expert-novic e continuum .  Mor e 
quantitativ e measure s ma y b e foun d i n th e lengt h o f  tim e i t  take s a  novic e t o 
adap t  t o th e Hierarchica l  Analyzer ,  th e numbe r  o f  speciou s analyse s mad e an d th e 
abilit y  t o recogniz e a  speciou s analysis . 

From a pedagogical standpoint, the Hierarchical Analyzer could also provide 
th e novic e wit h th e opportunit y t o activel y participat e i n proble m solvin g 
activities ,  whil e a t  th e sam e tim e assimilatin g expert-lik e heuristic s an d 
method s fo r  analyzin g problems .  I n today' s educationa l  scenario ,  novice s d o no t 
hav e a n opportunit y t o observ e expert s engage d i n proble m solvin g activitie s fo r 
any prolonge d perio d o f  time .  When a n exper t  physicis t  solve s a  proble m fo r  a 
novice ,  th e solutio n i s chose n fo r  it s clarit y o r  eleganc e an d ofte n bear s 
littl e resemblanc e t o th e proces s tha t  th e physicis t  use d t o solv e th e problem . 
The Hierarchica l  Analyze r  coul d b e a  cost-effectiv e too l  fo r  providin g novice s 
wit h rea l  expert-lik e proble m solvin g experiences . 
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