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T h e R o l e o f  In te rna l  R e p r e s e n t a t i o n s i n th e A c q u i s i t i o n o f  M o t o r 

Skills 
Al f  C .  Zimme r 
Departmen t  o f  Psycholog y 
Westfalisch e Wilhelms-Universita t 
Fed.  Rep .  German y 

The typical situation in the learning of complex motor skills can be described 
as follows :  A n observe r  transform s perceive d o r  describe d roto r  action s int o 
hi s o r  he r  innervatio n pattern s whic h initiat e an d contrc _ a  moto r  behavio r 
simila r  t o o r  identica l  wit h th e observe d o r  describe d moto r  action .  Th e in -
terna l  o r  externa l  evaluatio n o f  thi s similarit y the n serve s a s feedbac k fo r 
th e learnin g process . 

In the tradition of psychology a couple of different approaches to the analy-
si s o f  thi s situatio n ca n b e ditinguished : 
(i )  th e behavioristi c  approac h (Greenwal d &  Albert .  1968 ;  an d especiall y 

Skinner ,  1968 .  wher e th e learnin g o f  "hig h jump '  i s analyzed )  whic h concen -
trate s o n th e situationa l  variable s an d th e relate d reactions . 

(ii )  th e system s approac h (Bernstein ,  1967 ;  Adams ,  1971 )  i n whic h th e regula -
tor y proces s o f  moto r  activit y i s central ,  tha t  is ,  th e nodificatio n o f  ac -
tion s dependin g o n th e compariso n o f  observe d result s wit h interna l  o r  ex -
terna l  criteria , 

(iii )  th e internal-representation s approac h (Bartlett ,  1932 ;  Schmidt ,  1975) , 
th e centra l  assumptio n i n thi s approac h i s tha t  perceptua l  a s wel l  a s regula -
tor y processe s ar e governe d b y interna l  model s (e.g .  schemata) . 

An evaluation of these approaches can be oriented at Stelrach & Diggles" (1982) 
suggestio n tha t  theorie s o f  moto r  behavio r  shoul d b e abl e r o explai n th e fol -
lowin g phenomena : 
(i )  moto r  equivalence , 
(ii )  th e variabilit y  o f  moto r  behavior ,  an d a t  las t 
(iii )  th e complexit y o f  th e moto r  system . 

The behavioristi c approac h fail s fo r  an y o f  thes e criteria .  Therefore ,  it s 
seemingl y elegan t  solutio n o f  th e representatio n problem ,  namel y b y simpl y 
skippin g it ,  doe s no t  work .  Bernstein' s (1967 )  origina l  approac h an d Schmidt' s 
approac h (1975 )  succee d onl y partially .  Bernstein' s syster3-theoreti c approac h 
fail s becaus e th e assumptio n o f  a  rigi d moto r  progra m i s r.o t  sufficien t  eve n 
fo r  ver y simpl e positionin g tasks .  Schmid t  (1975 )  wh o overcome s thes e diffi -
cultie s b y introducin g seperat e recal l  an d recognitio n schemat a fail s fo r  th e 
criterio n o f  complexti y o f  th e moto r  syste m becaus e h e doe s no t  tak e int o ac -
coun t  tha t  th e ver y characteristic s o f  a  movemen t  chang e i f  thi s movemen t  i s 
integrate d int o a  movemen t  o f  highe r  complexity . 

The schema-theoretic approach as suggested by Cassirer (1544) can be used to 
integrat e th e system s approac h an d th e interna l  represent^-io n approach . 

The concep t  o f  th e schem a i s define d accordin g t o Cassire r  (1944 )  a s con -
sistin g of : 
(i )  a  se t  o f  primitive s whic h ar e no t  furthe r  analyzabl e m th e give n context , 
(ii )  a  se t  o f  organizationa l  rule s whic h ca n b e parallele d t o Helmholtz '  logi c 

of  unconsciou s inferences , 
(iii )  a  se t  o f  admissibl e transformations ,  tha t  is ,  transformation s whic h de -

fin e th e clas s o f  invariant s o f  th e object s (here :  motc r  patterns )  i n ques -
tion . 
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One important consequence of this definition is that the schema of a cer-
tali i  moto r  skil l  canno t  b e reduce d t o it s primitiv e component s an d thei r 
relations ,  tha t  is ,  (i )  an d (i i) ,  bu t  tha t  th e se t  o f  admissibl e transfor -
mation s o f  thi s skil l  ha s b e take n int o accoun t  too .  Thi s i s i n lin e wit h 
th e behaviora l  effect s o f  th e ablatio n o f  th e moto r  corte x (Pribram ,  1971) , 
tha t  is ,  a  break-dow n o f  comple x moto r  skill s  withou t  a n impairmen t  o f  par -
ticula r  muscl e functions .  Pribra m (1971 ,  p.14 )  concludes :  ".. .  behaviora l 
acts ,  no t  muscle s o r  movements ,  wer e encode d i n th e moto r  cortex. " 
I n a n experimen t  ho w t o lear n cuttin g th e spi n i n tabl e terini s I  hav e in -
vestigate d th e influenc e o f  differen t  instructiona l  method s o n th e interna l 
representation s o f  a  biomechanicall y identica l  moto r  pattern .  Th e tw o in -
structiona l  method s wer e (grou p I )  'learnin g th e underlyin g physica l  prin -
ciple '  an d it s consequence s fo r  th e trajectorie s o f  a  spinnin g ball ,  an d 
(grou p II )  'learnin g b y observin g th e correc t  moto r  pattern' . 

In a first analysis it could be shown that group I changed from the state 
of  ncn-ccmpetenc e t o th e stat e o f  ccmpetenc e withou t  goin g throug h interme -
diat e states .  I n contras t  t o this ,  subject s i n grou p I I  exhibite d th e per -
vasiv e tendenc y t o repea t  rigidl y th e las t  reinforce d moveTien t  patter n 
withou t  takin g int o accoun t  th e change d situationa l  variable s (e.g .  spee d 
of  th e bal l  e t c . ) .  However ,  i n th e en d bot h group s learne d th e topspin , 
tha t  is ,  the y arrive d a t  th e sam e correc t  moto r  pattern .  Th e state-transi -
tio n diagram s i n Figur e 1  describ e th e difference s i n complexit y o f  th e 
learnin g proces s i n th e tw o experimenta l  groups . 

Inser t  Figur e 1  abou t  her e 

I n th e secon d par t  o f  th e experimen t  th e subject s ha d t o lear n th e undercut . 
Thi s tas k wa s chose n becaus e fro n th e poin t  o f  vie w o f  mechanic s th e under -
lyin g invarian t  (th e tangentia l  i/npuls e o n th e ball )  remain s th e sam e fo r 
top-spi n an d fo r  undercut .  However ,  th e require d moto r  activitie s ar e com -
pletel y different .  Therefor e i t  wa s expecte d tha t  th e interna l  representa -
tio n o f  th e tas k b y mean s o f  a  physica l  mode l  woul d facilitat e transfer .  I n 
contras t  t o thi s a  purel y moto r  o r  visukinestheti c schem a (a s i t  ca n b e as -
sumed fo r  grou p II )  shoul d no t  b e conduciv e t o a n immediat e masterin g o f 
th e ne w task . 
I n grou p I  6  ou t  o f  1 0 subject s wer e immediatel y abl e t o perfor m th e under -
cu t  (i.e .  th e transfe r  task )  wherea s onl y 1  subjec t  ou t  o f  1 0 i n grou p I I 
was abl e t o d o it . 
Thi s resul t  ca n b e interprete d i n th e followin g way :  Th e 'successful '  sub -
ject s i n groi p I  ha d learne d th e schem a 'spin '  whic h i s characterize d b y 
al l  transformation s o n action s whic h caus e a  rotatio n o f  th e bal l  an d there -
by influenc e it s trajectory .  Th e subject s i n grou p I I  ha d onl y acquire d th e 
schema 'top-spin '  an d ha d t o lear n th e 'undercut '  a s a  nê. -  schema .  However , 
th e time s necessar y fo r  th e acquisitio n o f  th e ne w schem a revea l  tha t  thes e 
subject s ar e abl e t o utiliz e th e precedin g practic e partially :  thei r  learn -
in g time s ar e significantl y shorte r  tha n th e learnin g time s fo r  thos e sub -
ject s i n grou p I  wh o faile d t o identif y th e ne w tas k a s a  transformatio n o f 
th e schem a 'spin' .  Thi s resul t  indicate s tha t  ther e i s on e importan t  nega -
tiv e consequenc e o f  th e reductio n o f  complexit y b y integratin g moto r  schema -
t a int o a n interdependen t  hierarchy ,  namely ,  tha t  thi s integrate d structvir e 
doe s no t  allo w fo r  a n utilizatio n o f  partia l  knowledge .  A n exampl e fo r  suc h 
an interdependen t  hierarch y i s show n i n Figur e 2 . 

Inser t  Figur e 2  abou t  her e 
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In this graph schemata are integrated upwards into a sche-a hierarchy which 

lead s t o a  reductio a c f  th e ccmplexit y o f  th e system .  Hcr^ever ,  paralle l  t o 
thi s kin d o f  upwar d integratio n th e higher-orde r  schemat a impos e constraint s 
upo n th e lower-orde r  schemata .  Suc h a  hierarch y wit h upwar d integratio n an d 
downwar d constraint s a s no t  decomposabl e i n th e sens e o f  Simc n (1955) . 
The consequence s o f  deccmposabl e vs .  ncn-decanposabl c representation s o f 
moto r  skill s  hav e bee n investigate d b y Korndl e (1983 )  an d b y mysel f  (i n 
press) .  Th e underlyin g hypothesi s o f  ou r  experimen t  i s tha t  th e describe d 
model  o f  schem a integratio n underlie s th e acquisitio n o f  skil ls .  Th e prac -
tica l  consequenc e o f  thi s mode l  i s tha t  ccmplet e transfe r  frc m on e tas k t o 
anothe r  i s onl y possibl e i f  bot h task s ar e admissibl e trar^sformation s o f 
th e sam e schema .  Partia l  transfe r  (i.e .  som e bu t  no t  al l  sub-skill s  neces -
sar y fo r  on e tas k ar e necessar y fo r  th e other )  i s  onl y possibl e a s lon g a s 
th e sub-skill s  ar e no t  integrate d int o th e superordinat e schema . 

Thi s impute d mechanis m ha s bee n investigate d i n a n experr-en t  wher e childre n 
wer e taugh t  t o rid e a  Pedal o -  a n instrumen t  resemblin g partiall y  a  bicycl e 
whic h i s use d t o trai n th e sens e o f  equilibriv m i n children .  Th e performanc e 
of  th e subject s ha s bee n measure d b y ccmputin g th e differenc e betwee n th e 
velocit y a s prescribe d b y a  metronom e an d th e actua l  (observed )  velocity -
I n Figur e 3  thi s differenc e i s give n b y th e dotte d are a betwee n th e curv e 
indicatin g th e prescribe d spee d an d th e actua l  velocit y C2f  th e Pedal o a s 
produce d b y a  subject . 

Inser t  Figur e 3  abou t  her e 

A mor e detaile d analysi s o f  th e moto r  actio n underlyin g thi s performanc e i s 
possibl e b y measurin g th e vertica l  force s (pressure) ,  th e horizonta l  force s 
(thrust )  an d th e resultin g forces .  Typica l  example s fo r  thes e dat a ar e show n 
i n Figur e 4  fo r  a  lo w degre e o f  performance ,  a  medium ,  an d a  hig h degree . 

Inser t  Figur e 4  abou t  her e 

The compariso n o f  th e effectiv e force s indicate s tha t  th e acquisitio n o f 
th e skille d actio n i s accompanie d b y a n increasingl y s m o c ^  flou '  o f  effec -
tiv e forces .  Thi s i s achieve d b y integratiri g th e action s controllin g thrus t 
and pressur e int o on e actio n o f  highe r  order .  I n a  transfe r  tas k (ridin g 
th e Pedal o backwards )  i t  wa s studie d hcv%'  th e differen t  level s o f  performanc e 
i n th e initia l  tas k influenc e th e acquisitio n o f  th e ne w skill .  A s predicte d 
fro m th e describe d mechanis m o f  schem a integratio n th e transfe r  wa s bes t  fo r 
subject s o n a n intermediat e performanc e level .  Th e reaso n fo r  thi s ca n b e 
see n i n Figur e 4  b ) :  Subject s o n a n intermediat e performa.-c e leve l  ar e abl e 
t o contro l  thrus t  an d pressur e separatel y bu t  no t  i n th e iierfec t  coordina -
tio n necessar y fo r  a  smoot h forwar d movemen t  o f  th e Pedalc .  Sinc e th e coor -
dinatio n o f  thrus t  an d pressur e i s differen t  fo r  th e backwar d movement ,  th e 
mediun-leve l  subjetc s ar e abl e t o utiliz e 'pressure '  an d 'thrust '  a s sub -
skill s  (i.e .  lower-leve l  schemata )  i n buildin g u p th e ne w patter n o f  coor -
dination ,  wherea s th e high-performanc e subject s hav e t o s-ar t  th e learnin g 
proces s anew . 
The subject' s verba l  report s o n thei r  copin g wit h th e tas- :  o f  ridir g th e 
Pedal o ar e i n lin e wit h th e interpretatio n o f  th e perforrranc e data .  I t 
turne d ou t  tha t  o n th e intermediat e stag e th e report s wer e highl y detaile d 
and consisten t  fo r  th e greate r  par t  o f  description s o f  perceptua l  an d spe -
cifi c  moto r  actions ,  wherea s o n th e fina l  stag e subject s reporte d onl y ver y 
globa l  strategie s (e.g .  " I  tr y t o thrust") . 
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The result indicates the optimal timing for transfer is before the final 
Stag e o f  competenc e ha s bee n reache d becaus e e n highe r  level s o f  canp)etenc e 
th e downwar d constraint s imped e th e utilizatio n o f  th e sub-skill s  whic h ar e 
t o b e transferre d fro n th e initia l  tas k t o th e ne w task . 

In conclusion, the results of the reported experiments support the suggested 
model  fo r  th e interna l  representatio n o f  moto r  skill s  accordin g t o whic h th e 
acquisitio n proces s i s characterize d b /  th e progressiv e integratic n o f  lo -
wer-leve l  schemat a int o schem a hierarchies .  Th e differen t  level s o f  perfor -
mance correspon d t o level s o f  integraticn :  startin g frc m a  mer e collectio n 
of  lower-leve l  schemat a (sub-skills) ,  a  firs t  leve l  o f  integratio n i s ap -
proache d whe n independen t  sub-skill s  ar e roughl y coordinated .  O n thi s stag e 
th e sub-skill s  ar e stil l  availabl e a s buildin g block s (Rumelhart ,  1980 )  fo r 
alternativ e form s o f  coordination .  However ,  i f  o n th e fina l  leve l  o f  inte -
gratio n downwar d constraint s restric t  th e admissibl e transformation s o f 
lower-leve l  schemata ,  th e schem a hierarch y i s n o longe r  decomposabl e an d 
therefor e it s constituent s canno t  easil y b e utilize d fo r  alternativ e Skills . 
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Figure Captions 

Figur e 1 :  State-transitio n diagram s fo r  (a )  grou p I  an d (b )  grou p II . 
N indicate s th e initia l  state ,  K  th e fina l  stat e an d Z  th e 
representationa l  state . 
c,h.(1-c).l.{1-h),(1-c)h ,  an d (l-c)(1-h )  ar e th e transitio n 
probabilities . 

Figure 2: The model of schema integration ( ^ ) and dw-.Tiward con-
straint s ('-"-y )  . 

Figure 3: The measurement of performance in riding the Pedalo. The 
differenc e betwee n th e prescribe d velocit y (  )  an d th e 
observe d velocit y (  )  i s  dotted .  Th e dotte d are a i s th e 

performanc e measure . 

Figure 4: (a) vertical, horizontal, and resulting forces in riding the 
Pedal o o n a  lo w performanc e level ,  fo r  tw o ful l  turn s o f  th e 
wheel s 
(b )  th e sam e fo r  a n intermediat e performanc e level , 
(c )  th e sam e fo r  a  hig h performanc e level .  Th e lengt h o f  th e 
arrow s inidicate s th e amoun t  o f  force ,  th e angula r  orienta -
tio n give s th e direction . 
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