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A b s t r a c t 

Speech and gesture provide two 
differen t  acces s route s t o a  learner' s 
menta l  representatio n o f  a  problem . 
We examine d th e gesture s an d speec h 
produce d b y childre n learnin g th e 
concep t  o f  mathematica l  equivalence , 
and foun d tha t  childre n o n th e verg e 
of  acquirin g th e concep t  tende d t o 
expres s informatio n i n gestur e whic h 
the y di d no t  expres s i n speech .  W e 
explore d wha t  th e productio n o f  suc h 
gesture-speec h mismatche s implie s fo r 
model s o f  concep t  learning .  T w o 
models  o f  a  mechanis m tha t  produce s 
gesture-speec h mismatche s wer e teste d 
agains t  dat a fro m childre n learnin g 
th e concep t  o f  mathematica l 
equivalence .  Th e mode l  whic h bes t  fi t 
th e dat a suggest s tha t  gestur e an d 
speec h dra w upo n a  singl e se t  o f 
representations ,  som e o f  whic h ar e 
accessibl e t o bot h gestur e an d speech , 
and som e o f  whic h ar e accessibl e t o 
gestur e bu t  no t  speech .  Thus ,  gestur e 
and speec h for m a n integrate d syste m 
i n th e sens e tha t  the y d o no t  dra w upo n 

tw o distinc t  set s o f  representations . 
The mode l  implie s tha t  whe n ne w 
representation s ar e acquired ,  the y ar e 
first  accessibl e onl y t o gesture .  Ove r 
time ,  the y ar e the n recode d int o 
speech . 

I n t r o d u c t i o n 

Learning, in both adults and 
children ,  involve s movin g fro m a  les s 

adequat e t o a  mor e adequat e 
understandin g o f  a  concept . 
Characterizin g th e proces s tha t  bridge s 
thes e state s i s crucia l  t o understandin g 
learning .  Unfortunately ,  i n man y 
studie s o f  learnin g i n bot h adult s an d 
children ,  performance ,  procedures , 
and menta l  representation s ar e 
describe d befor e an d afte r  learning , 
whil e littl e attentio n i s pai d t o th e 
transitio n betwee n state s (se e Glase r  & 
Bassok ,  1989 ,  fo r  discussion) . 

Thi s absenc e o f  focu s o n transitio n 
may b e du e t o th e difficult y inheren t 
i n studyin g th e short-live d transitiona l 
state .  Wha t  i s neede d i s a  techniqu e fo r 
identifyin g whe n learner s ar e o n th e 
verg e o f  change .  I n previou s work ,  w e 
hav e suggeste d tha t  th e mismatc h 
betwee n th e thought s a  learne r 
expresse s i n speec h an d i n gestur e 
serve s a s a  signa l  tha t  th e learne r  i s i n 
a stat e of  transition .  Further ,  w e hav e 
shown tha t  childre n wh o produc e 
gesture-speec h mismatche s o n a  tas k 
ar e particularl y read y t o benefi t  fro m 
instructio n i n tha t  tas k (Churc h an d 
Goldin-Meadow ,  1986 ;  Perry ,  Churc h 
and Goldin-Meadow ,  1988 ;  Goldin -
Meadow,  Alibal i  &  Church ,  1993) .  Fo r 
example ,  a  chil d wh o said ,  "th e glas s i s 
tall" ,  whil e producin g a  gestur e 
indicatin g th e widt h o f  a  glas s o n a 

conservatio n task ,  wa s mor e likel y t o 
benefi t  fro m instructio n i n tha t  tas k 
tha n a  chil d wh o said ,  "th e glas s i s tall" , 
whil e producin g a  gestur e indicatin g 
th e heigh t  o f  th e glass .  Gesture-speec h 
mismatc h thu s appear s t o b e a  marke r 
whic h ca n b e use d t o distinguis h thos e 
who ar e o n th e threshol d o f  learnin g 
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fro m thos e wh o ar e not .  Moreover ,  an d 
mor e importantly ,  thi s marke r 
provide s substantiv e informatio n abou t 
th e cognitiv e processe s tha t 
characteriz e transition s i n learning . 
(Fo r  furthe r  discussio n o f  th e rol e o f 
gesture-speec h mismatc h i n transition , 
see Alibal i  an d Goldin-Meadow ,  1993 , 
and Goldin-Meadow ,  Nusbaum ,  Garbe r 
and Church ,  1993. ) 

I n man y studie s of  learning ,  a 
subjec t  i s  aske d t o solv e a  proble m an d 
t o explai n ho w h e o r  sh e reache d th e 
solution .  Th e subjec t  describe s a 
procedur e fo r  arrivin g a t  th e solution , 
and fro m thi s procedure ,  inference s 
abou t  tha t  subject' s representatio n o f 
th e proble m ca n b e made .  B y 
observin g bot h gestur e an d speech , 
ther e ar e tw o differen t  acces s route s t o 
th e subject' s representation ,  on e 
throug h th e procedur e articulate d i n 
speec h an d a  secon d throug h th e 
procedur e describe d i n gesture .  W h e n 
gestur e an d speec h match ,  th e tw o 
acces s route s provid e evidenc e fo r  th e 
same representation .  However ,  whe n 
gestur e an d speec h fai l  t o match ,  tha t 
is ,  whe n the y mismatch ,  th e tw o route s 
provid e evidenc e fo r  tw o differen t 
representations ,  on e accesse d b y 
gestur e an d a  secon d accesse d b y 
speech .  Thus ,  learner s whos e gestur e 
and speec h mismatc h appea r  t o hav e 
tw o differen t  representation s of  th e 
same problem . 

R e p r e s e n t a t i o n s accessibl e t o 

gestur e a n d t o s p e e c h 

The existence of such gesture-
speec h mismatche s i n learners ' 
proble m explanation s ha s le d u s t o 
questio n whethe r  al l  of  a  learner' s 

representation s o f  a  proble m mus t  b e 
accessibl e t o bot h gestur e an d speech , 
or  whethe r  som e representation s ma y 
be accessibl e t o onl y on e modality .  Th e 
definitio n o f  mismatc h doe s no t  entai l 

tha t  representation s ca n b e accesse d 
by on e modalit y an d no t  th e other ,  bu t 
onl y tha t  differen t  representation s ar e 

activate d i n gestur e an d speec h durin g 

a singl e explanation .  T o establis h 

whethe r  learner s ca n hav e 
representation s whic h ar e accessibl e 
t o on e modalit y only ,  on e mus t  examin e 
a subject' s entir e se t  of  explanation s t o 
determin e tha t  subject' s repertoir e o f 
procedures ,  an d investigat e whethe r 
procedure s appea r  i n on e o r  bot h 
modalitie s acros s tha t  repertoire . 

We examine d th e repertoire s of 
procedure s tha t  childre n produce d 
befor e the y learne d th e concep t  o f 
mathematica l  equivalenc e (th e ide a 
tha t  th e tw o side s o f  a n equatio n 
represen t  th e sam e quantity) .  W e 
foun d tha t  man y childre n di d indee d 
hav e procedure s tha t  the y produce d i n 
one modalit y an d no t  th e othe r  (Goldin -
Meadow,  e t  al. ,  1993) .  Furthermore ,  th e 
mean numbe r  o f  procedure s foun d i n 
gestur e bu t  no t  speec h wa s large r  tha n 
th e mea n numbe r  foun d i n speec h bu t 
not  gesture .  Thus ,  childre n ha d a 
relativel y larg e numbe r  of  procedure s 
whic h the y expresse d i n onl y on e 
modality ,  primaril y onl y i n gesture . 

Test s o f  t w o m o d e l s o f  th e 

genera t io n o f  m i s m a t c h e s 

A model that assumes that 

gestur e an d speec h ar e 

independen t  system s 

If a representation is accessible to 
onl y on e modality ,  wheneve r  a  learne r 
attempt s t o articulat e a  procedur e base d 
on tha t  representation ,  tha t  learne r 
wil l  no t  b e abl e t o produc e th e sam e 

procedur e i n bot h gestur e an d i n 
speech .  Wha t  migh t  thi s impl y abou t 
th e mechanis m b y whic h gesture -
speec h mismatche s ar e generated ? On e 
possibl e mechanis m rest s o n th e 
assumptio n tha t  eac h learne r  ha s tw o 
distinc t  set s of  representations ,  on e se t 
accessibl e t o gestur e an d a  secon d se t 
accessibl e t o speech .  Whe n face d wit h 
a problem ,  th e learne r  sample s tw o 
representation s o f  th e problem :  on e 

204 



verba l  an d on e ges.ural .  O n th e basi s 
of  th e verba l  representation ,  th e 
learne r  expresse s a  procedur e fo r 
solutio n i n speech ,  an d o n th e basi s o f 
th e gestura l  representation ,  th e 
learne r  expresse s a  procedur e fo r 
solutio n i n gesture .  W e migh t 
hypothesiz e furthe r  tha t  th e tw o 
representation s ar e sample d 
independently .  Tha t  is ,  whe n aske d t o 
explai n a  problem ,  a  learne r  sample s a 
representatio n accessibl e t o gestur e 
and independentl y sample s a 

representatio n accessibl e t o speech . 
Accordin g t o thi s model ,  a  learne r 

wil l  produc e a  gesture-speec h matc h 
by samplin g a  representatio n fro m th e 
set  o f  representation s accessibl e t o 
gestur e and ,  b y chance ,  independentl y 
samplin g tha t  sam e representatio n 

fro m th e se t  accessibl e t o speech .  A 
learne r  wil l  produc e a  gesture-speec h 
mismatc h b y samplin g a 
representatio n fro m th e se t  o f 
representation s accessibl e t o gesture , 
and independentl y samplin g a 
differen t  representatio n fro m th e se t 

accessibl e t o speech . 
I f  thi s Independen t  Mode l  i s 

correct ,  th e probabilit y  o f  producin g a 
gesture-speec h matc h i n an y give n 
proble m explanatio n shoul d b e equa l  t o 
th e probabilit y  o f  samplin g a 
particula r  representatio n fro m th e se t 
of  representation s accessibl e t o speech , 
time s th e probabilit y  o f  samplin g tha t 
same representatio n fro m th e se t 

accessibl e t o gesture .  W e evaluate d thi s 
model  wit h respec t  t o ou r  dat a o n 
childre n acquirin g th e concep t  o f 
mathematica l  equivalence .  A t  eac h o f 
thre e assessmen t  points ,  childre n 
solve d an d explaine d si x equivalenc e 
problems .  Eac h explanatio n wa s code d 
as a  gesture-speec h matc h o r 
mismatch .  Childre n varie d fro m 0  t o 6 
i n th e numbe r  o f  gesture-speec h 
matche s the y produce d a t  eac h o f  thre e 
assessmen t  points .  W e classifie d 
childre n a s Mismatcher s i f  the y 
produce d thre e o r  fewe r  matche s ,  an d 
as Matcher s i f  the y produce d fou r  o r 
more matche s (ou t  o f  six) .  W e the n 

calculate d th e numbe r  o f  gesture -
speec h matche s eac h chil d woul d b e 
expecte d t o produc e a t  eac h assessmen t 
point ,  assumin g tha t  th e chil d sample s 
representation s accessibl e t o gestur e 
independentl y o f  samplin g 
representation s accessibl e t o speech . 
We classifie d childre n a s Matcher s o r 
Mismatcher s base d o n th e prediction s 
of  th e model ,  an d compare d th e 
predicte d distributio n o f  Matcher s an d 
Mismatcher s t o th e observe d 
distribution . 

Thi s mode l  fi t  th e dat a quit e poorly . 
As see n i n Figur e 1 ,  th e mode l  di d no t 
make simila r  prediction s fo r  al l  thre e 
assessmen t  points .  I n fact ,  comparin g 
th e distribution s predicte d b y th e 
Independen t  Mode l  t o th e observe d 
distributions ,  w e foun d tha t  th e mode l 
predicte d a  distributio n of  Matcher s 
and Mismatcher s whic h differe d 
significantl y fro m tha t  actuall y 
observe d a t  tw o of  th e thre e assessmen t 

point s (fo r  Assessmen t  I ,  x2(l)=8.74 , 

p<0.005 ;  fo r  Assessmen t  II ,  x2(l)=29.53 , 
p<0.001 ;  an d fo r  Assessmen t  III , 

jc2(l)=0.12 ,  p>0.50) . 
Furthermore ,  th e Independen t 

Model  di d no t  accuratel y mode l  th e 
distributio n o f  th e precis e number s of 
matche s th e childre n produced .  W e 
compare d th e distributio n of  th e 
number  of  matche s predicte d b y th e 
Independen t  Mode l  t o th e distributio n 
of  th e numbe r  o f  matche s tha t 
childre n actuall y produced .  Th e 
Independen t  Mode l  predicte d a 
distributio n whic h differe d 
significantl y fro m th e observe d 
distributio n a t  tw o of  th e thre e 
assessmen t  point s (fo r  Assessmen t  I , 
D=0.237 ,  p<0.05 ;  fo r  Assessmen t  II , 
D=0.357 ,  p<0.01 ;  an d fo r  Assessmen t  III , 
D=0.139 ,  p>0.20 ;  Kolmogorov-Smimo v 
One-Sampl e Test ,  Siegel ,  1956) .  Thus ,  a t 
leas t  on e of  th e tw o assumption s upo n 
whic h thi s mode l  i s based ,  namely ,  tha t 
a learne r  sample s tw o representations , 
and tha t  th e learne r  sample s the m 
independently ,  i s  no t  tenable . 
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A mode l  tha t  assume s tha t 

gestur e an d speec h for m a n 

integrate d syste m 

As an alternative, we suggest that 
gestur e an d speec h dra w upo n a  singl e 

set  of  representations ,  som e o f  whic h 
ar e accessibl e t o bot h gestur e an d 
speech ,  an d som e o f  whic h ar e 
accessibl e t o gestur e bu t  no t  speech . 
W h en face d wit h a  problem ,  a  learne r 
sample s a  singl e representatio n o f  th e 
proble m and ,  o n th e basi s of  tha t 
representation ,  describe s a  procedur e 
fo r  solvin g th e problem .  I f  th e learne r 
sample s a  representatio n whic h i s 
accessibl e t o bot h gestur e an d speech , 
th e learne r  wil l  expres s th e sam e 
procedur e i n bot h modalities ,  thu s 
producin g a  gesture-speec h match . 

If ,  however ,  th e learne r  sample s a 
representatio n whic h i s accessibl e t o 
gestur e bu t  no t  t o speech ,  h e o r  sh e 

wil l  b e abl e t o describ e th e procedur e 
i n gestur e bu t  wil l  b e unabl e t o expres s 
th e sam e procedur e i n speech .  I n thi s 
case ,  th e learne r  ha s tw o options .  A s 
th e firs t  option ,  th e learne r  ma y selec t 
anothe r  representatio n o f  th e proble m 
t o articulat e i n speech .  I n thi s case , 
th e learne r  wil l  produc e a  gesture -
speec h mismatch .  A s a  secon d option , 
th e learne r  ma y attemp t  t o recod e o r 
redescrib e tha t  representatio n int o 
speech .  I f  th e learne r  succeeds ,  th e 
procedur e base d o n tha t  representatio n 
wil l  the n b e accessibl e t o bot h gestur e 
and speech ,  an d th e learne r  wil l 
produc e a  gesture-speec h match .  I f 
th e learne r  doe s no t  succeed ,  h e o r  sh e 
i s likel y t o produc e speec h whic h i s 
ambiguou s o r  uninterpretabl e (se e als o 
Graha m an d Perry ,  i n press ,  an d 
Siegle r  an d Jenkins ,  1989 ,  fo r 
argument s tha t  learner s o n th e brin k 
of  chang e ofte n produc e vagu e o r 
inexplici t  spoke n explanations) .  Suc h 
ambiguou s o r  uninterpretabl e speech , 
accompanie d b y a  gestur e whic h 
convey s a  clea r  proble m solvin g 
procedure ,  als o constitute s a  gesture -
speec h mismatch . 

Thus ,  accordin g t o thi s model ,  i f  a 
representatio n whic h i s accessibl e 
onl y t o gestur e i s th e firs t 
representatio n sampled ,  th e learne r 
wil l  produc e a  gesture-speec h matc h 
onl y i f  h e o r  sh e ca n successfull y 
recod e tha t  representatio n int o speech . 
Otherwise ,  th e learne r  wil l  produc e a 
gesture-speec h mismatch .  I f  a 
representatio n whic h i s accessibl e t o 
bot h gestur e an d speec h i s th e firs t 
representatio n sampled ,  th e learne r 
wil l  produc e a  gesture-speec h match . 

I f  th e Integrate d Mode l  i s correct , 
th e probabilit y  of  producin g a  gesture -
speec h matc h o n an y give n proble m 
shoul d b e equa l  t o th e probabilit y  tha t 
a representatio n whic h i s accessibl e t o 
bot h gestur e an d speec h wil l  b e 
sample d (eithe r  on e tha t  wa s 
previousl y par t  o f  th e learner' s 
repertoire ,  o r  on e tha t  wa s 
spontaneousl y recode d an d i s no w 
accessibl e t o bot h modalities) .  T o 
evaluat e thi s mode l  wit h respec t  t o ou r 
dat a o n childre n learnin g 
mathematica l  equivalence ,  w e 
recalculate d th e numbe r  o f  gesture -
speec h matche s eac h chil d woul d b e 
expecte d t o produc e a t  eac h assessmen t 
poin t  assumin g tha t  gestur e an d 
speec h for m a n integrate d system .  W e 
the n classifie d childre n a s Matcher s o r 
Mismatcher s base d o n th e prediction s 
of  th e model ,  an d compare d th e 
predicte d distribution s o f  Matcher s an d 
Mismatcher s t o th e observe d 
distributions . 

As see n i n Figur e I ,  th e Integrate d 
Model  mad e simila r  prediction s fo r  al l 
of  th e thre e assessmen t  points . 
Comparin g th e distribution s predicte d 
by th e Integrate d Mode l  t o th e 
observe d distributions ,  w e foun d tha t 
th e mode l  predicte d a  distributio n o f 
Matcher s an d Mismatcher s whic h di d 
not  diffe r  significantl y fro m tha t 
actuall y observe d a t  eac h o f  th e thre e 
assessmen t  point s (fo r  Assessmen t  I , 

x2(I)=0.44 ,  p>0.50 ;  fo r  Assessmen t  II , 

a:2(1)=1.78 ,  p>0.I5 ;  an d fo r  Assessmen t 

III ,  x2(l)=0 ,  p=1.0) .  Thus ,  th e 
Integrate d Mode l  provide d a  bette r  fit 

206 



t o th e dat a tha n di d th e Independen t 
Model . 

Furthermore ,  th e Integrate d Mode l 
als o accuratel y modelle d th e 
distributio n o f  th e precis e number s o f 
matche s th e childre n produced .  A t 
eac h o f  th e thre e assessmen t  points , 
th e Integrate d Mode l  predicte d a 
distributio n o f  matche s whic h di d no t 
diffe r  significantl y fro m th e observe d 
distributio n (fo r  Assessmen t  I ,  D=0.105 , 
p>0.20 ;  fo r  Assessmen t  II ,  D=0.143 , 
p>0.20 ;  fo r  Assessmen t  III ,  D=0.167 , 
p>0.20 ;  Kolmogorov-Smirno v One -
Sampl e Test ,  Siegel ,  1956) . 

Thus ,  th e mode l  tha t  bes t  fi t  th e dat a 
assumes tha t  th e chil d sample s 
representation s whic h ar e the n 
encode d int o gestur e and/o r  speech . 
Accordin g t o th e model ,  a  chil d ha s a 
singl e se t  o f  representations ,  som e o f 
whic h ar e accessibl e t o bot h gestur e 
and speech ,  an d som e of  whic h ar e 
accessibl e onl y t o gesture .  Further ,  th e 
model  assume s tha t  whe n a 
representatio n whic h i s accessibl e t o 
bot h gestur e an d speec h i s th e firs t 
representatio n sampled ,  bot h gestur e 
and speec h wil l  b e activated .  I n thi s 
sense ,  thi s mode l  i s consisten t  wit h 
McNeill' s  (1992 )  descriptio n o f  gestur e 
and speec h a s a n integrate d system . 

Discuss io n 

Based on these findings, we propose 
th e followin g descriptio n o f  th e step s a 
learne r  take s i n acquirin g th e concep t 
of  mathematica l  equivalence .  Th e 
learne r  begin s th e acquisitio n proces s 
wit h incorrec t  representation s o f  th e 
concept ,  mos t  o f  whic h ar e accessibl e 
t o bot h gestur e an d speech .  Th e 
learne r  the n acquire s correc t 
representation s tha t  ar e accessibl e 
onl y t o gestur e an d no t  t o speech .  A t 
thi s point ,  th e learne r  i s unabl e t o 
verball y expres s thos e representation s 
whic h ar e accessibl e onl y t o gesture , 
and therefore ,  h e o r  sh e i s likel y t o 
produc e gesture-speec h mismatches . 
At  thi s moment ,  th e learne r  i s i n a 

Matche r 

Mismatche r 

Predicte d Distnbution :  Independen t  Mode l 

(N=38 ) II  (N=42 ) II I  (N=36 ) 

Observe d Distnbutio n 

I  (N=38 ) II  (N=42 )  II I  {N=36 ) 

c4 0 
e 
2 3 0 

•  Predicte d Distribution :  Integrate d Model 

I  {N=38 )  I I  (N=42 )  II I  (N=36 ) 
Assessmen t  Poin t 

Figure I. Distributions of Matchers and 
Mismatcher s (1 )  predicte d b y th e 
Independen t  Model ,  (2 )  observed ,  an d 
(3 )  predicte d b y th e Integrate d Model . 
At  eac h assessmen t  point ,  childre n wh o 
di d no t  produc e an y procedure s i n 
gestur e wer e exclude d fro m th e 
analyses . 

transitiona l  stat e wit h respec t  t o thi s 
concep t  an d i s mos t  ope n t o instructio n 
(cf .  Churc h an d Goldin-Meadow ,  1986 , 
Perr y e t  al. ,  1988) .  Finally ,  th e learne r 
develop s a  verba l  cod e fo r  th e correc t 
representation s tha t  wer e onc e 
accessibl e onl y t o gesture ,  returnin g 
onc e agai n t o a  stat e i n whic h mos t  o f 
hi s o r  he r  representation s ar e 
accessibl e t o bot h gestur e an d speech . 
Thi s time ,  however ,  th e 
representation s ar e correct . 
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W hy migh t  a  representatio n b e 
accessibl e t o gestur e bu t  no t  t o speech ? 
McNeil l  (1992 )  ha s argue d tha t  gestur e 
and speec h ar e tw o aspect s o f  a  singl e 
process .  Th e tw o modalitie s ar e 
correlate d i n meanin g bu t  d o no t 
alway s revea l  th e sam e meaning . 
Accordin g t o McNeill ,  gestur e reflect s a 
global ,  syntheti c imag e whic h i s 
idiosyncrati c an d constructe d a t  th e 
moment  of  speaking .  I n contrast , 
speec h reflect s a  linear-segmented , 
hierarchica l  linguisti c structure , 
whic h draw s o n a  conventional , 
socially-constitute d gramma r  an d 
lexicon . 

Followin g McNeill ,  w e sugges t  tha t 
gestur e i s a  vehicl e fo r  conveyin g 
idea s whic h ar e base d o n images . 
Gestur e offer s learner s a  vehicl e tha t 
i s  distinctl y differen t  fro m speec h fo r 
expressin g thei r  understandin g of  a 
problem .  Ou r  dat a sugges t  that ,  fo r 
certai n problem s an d a t  certai n time s 
i n th e learnin g process ,  gestur e ma y 
be bette r  suite d t o capturin g a 
learner' s understandin g o f  a  proble m 
tha n i s speech . 
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