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Traditionally, transitions in children's thinking have been characterized 
i n elegantl y simpl e ways .  Fo r  example ,  5-year-old s hav e bee n sai d t o 
understan d conservatio n i n term s o f  a  singl e dimension ,  th e heigh t  o f  th e 
liqui d column s i n th e tw o glasses ,  wherea s 7-year-old s hav e bee n sai d t o 
understan d i t  i n term s o f  transformations .  Similarly ,  firs t  an d secon d grader s 
hav e bee n sai d t o ad d smal l  number s b y countin g u p fro m th e large r  addend , 
wherea s thos e beyon d thir d grad e hav e bee n sai d t o solv e suc h problem s b y 
retrievin g answer s fro m memor y (e .  g. ,  Groe n &  Parkman ,  1972) . 

These models of transitions are clean and appealing, but they also are 
to o simpl e t o captur e man y o f  th e mos t  interestin g change s i n children' s 
thinking .  O n a  variet y o f  problems ,  individua l  childre n kno w an d us e multipl e 
strategies ,  no t  jus t  one .  The y choos e amon g thes e strategie s i n way s tha t 
produc e adaptiv e combination s o f  strateg y us e a t  an y on e tim e an d tha t  produc e 
adaptiv e change s i n strateg y us e ove r  time .  The y als o construc t  ne w 
strategies ,  whic h gai n a  nich e amon g th e existin g ones ,  an d chang e th e 
situation s i n whic h differen t  strategie s ar e used .  Concurren t  wit h al l  o f 
thes e change s i n strateg y use ,  childre n becom e faste r  an d mor e accurat e i n 
executin g eac h strateg y an d i n solvin g al l  problems . 

This article is organized into four sections. The first describes some of 
th e evidenc e tha t  childre n actuall y us e multipl e strategie s i n situation s 
wher e the y previousl y hav e bee n presume d t o jus t  us e one .  Th e secon d describe s 
a mode l  o f  ho w childre n choos e strategie s a t  an y particula r  poin t  i n 
development .  Th e thir d describe s th e par t  o f  th e mode l  tha t  deal s wit h ho w 
childre n chang e strategie s ove r  time .  Th e fourt h describe s ho w childre n 
construc t  ne w strategies . 

Evidence that Children Use Diverse Strategies 

Here and in most of the sections that follow, I describe research on 4-
t o 10-year-olds '  strateg y choice s i n arithmetic .  My colleague s an d I  hav e 
obtaine d simila r  finding s i n a  numbe r  o f  othe r  areas :  wor d identification , 
time-telling ,  spelling ,  an d seria l  recal l  (Siegler ,  1986 ;  i n press-a) .  I  focu s 
on th e arithmeti c researc h her e becaus e th e finding s ar e representativ e o f 
thos e w e hav e obtaine d i n othe r  domains ,  an d becaus e th e model s o f  transitio n 
processe s hav e progresse d th e furthest . 

For the past 15 years, the min model has been widely accepted as 
accuratel y describin g th e wa y tha t  firs t  an d secon d grader s solv e additio n 
problems .  I n thi s model ,  childre n consistentl y solv e additio n problem s b y 
countin g u p fro m th e large r  adden d th e numbe r  o f  time s indicate d b y th e 
smalle r  addend .  Fo r  example ,  o n 3+6 ,  trhe y woul d thin k "6 ,  7 ,  8 ,  9" .  Th e mi n 
model  predict s tha t  solutio n time s o n eac h proble m wil l  b e a  linea r  functio n 
of  th e smalle r  addend ,  becaus e th e smalle r  adden d indicate s th e amoun t  o f 
counting-o n fro m th e large r  numbe r  tha t  need s t o b e don e t o solv e th e problem . 
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This prediction has proved accurate for both groups of children and 
individuals ,  i n bot h Europ e an d Nort h America ,  an d i n bot h standar d an d 
specia l  educatio n settings . 

Despite all this support, the min model is wrong. Siegler (1987) examined 
youn g children' s simpl e addition ,  usin g bot h th e usua l  solution-tim e measure s 
and children' s verba l  reports .  Th e result s wer e striking .  When dat a wer e 
average d ove r  al l  trial s (an d ove r  al l  strategies) ,  a s i n earlie r  studies ,  th e 
result s replicate d th e previou s findin g tha t  solutio n time s wer e a  linea r 
functio n o f  th e smalle r  addend .  I f  thes e analyse s ha d bee n th e onl y one s 
conducted ,  th e usua l  conclusio n woul d hav e bee n reached ,  namel y tha t  firs t  an d 
secon d grader s consistentl y us e th e mi n strateg y t o add . 

However, the children's verbal reports suggested a quite different 
picture .  Th e mi n strateg y wa s bu t  on e o f  fiv e approache s tha t  the y reporte d 
using .  Thi s reportin g o f  divers e strategie s characterize d individua l  a s wel l 
as grou p performance ;  mos t  childre n reporte d usin g a t  leas t  thre e approaches . 
Childre n reporte d usin g th e mi n strateg y o n onl y 36 % o f  trials . 

Dividing the solution time data according to what strategy children said 
the y ha d use d o n tha t  tria l  len t  considerabl e credenc e t o th e children' s 
verba l  reports .  O n trial s wher e the y reporte d usin g th e mi n strategy ,  th e mi n 
model  wa s a n eve n bette r  predicto r  o f  solutio n time s tha n i n pas t  studie s o r 
i n th e Siegle r  (1987 )  dat a se t  a s a  whole ;  i t  accounte d fo r  86 % o f  th e 
varianc e i n solutio n times .  I n contrast ,  o n trial s wher e the y reporte d usin g 
one o f  th e othe r  strategies ,  th e mi n mode l  wa s neve r  a  goo d predicto r  o f 
performance ,  eithe r  i n absolut e term s o r  relativ e t o othe r  predictors .  I t 
neve r  accounte d fo r  a s muc h a s 40 % o f  th e variance .  A  variet y o f  measure s 
converge d o n th e conclusio n tha t  childre n use d th e fiv e strategie s tha t  the y 
reporte d using ,  an d tha t  the y employe d the m o n thos e trial s wher e the y sai d 
the y had . 

Models of transitions can be no better than the characterizations of 
earl y an d late r  knowledg e state s tha t  the y ar e attemptin g t o connect .  I n 
arithmeti c an d man y othe r  domains ,  adequatel y characterizin g thes e knowledg e 
state s demand s recognitio n o f  children' s us e o f  divers e strategie s ove r 
extende d period s o f  development . 

A Model of How Children Choose Which Strategy to Use 

Once we recognize that children use diverse strategies to solve many 
problems ,  i t  become s essentia l  t o identif y ho w the y choos e amon g them .  Fo r 
th e pas t  fe w years ,  my colleague s an d I  hav e bee n developin g a  mode l  o f  ho w 
childre n choos e amon g thei r  divers e strategies .  Th e mode l  ha s bee n 
implemente d i n detai l  (a s a  runnin g compute r  simulation )  fo r  addition , 
subtraction ,  an d multiplication .  I n al l  o f  thes e areas ,  th e simulation s 
produc e strateg y choice s a t  an y give n time ,  change s i n strateg y us e ove r  time , 
and improvement s i n accurac y an d spee d muc h lik e thos e o f  th e childre n w e hav e 
observed . 

The current version of the simulation, which I will describe here, is a 
more genera l  versio n o f  th e additio n simulatio n describe d b y Siegle r  an d 
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Shrage r  (198A) .  Lik e th e previou s version ,  i t  include s a  representatio n o f 
knowledg e an d a  proces s tha t  operate s o n tha t  representatio n t o produc e 
performanc e an d learning . 

First consider the representation. Children are hypothesized to have 
knowledg e o f  problems ,  o f  strategies ,  an d o f  th e interactio n betwee n problem s 
and strategies .  Thei r  knowledg e o f  problem s involve s association s betwee n 
eac h proble m an d possibl e answer s t o tha t  problem ,  bot h correc t  an d incorrect . 
For  example ,  5+ 3 woul d b e associate d no t  onl y wit h 8  bu t  als o wit h 6 ,  7 ,  an d 
9.  Thes e representation s o f  knowledg e o f  eac h proble m ca n b e classifie d alon g 
a dimensio n o f  th e peakednes s o f  thei r  distributio n o f  associations .  I n a 
peake d distribution ,  mos t  associativ e strengt h i s concentrate d i n th e correc t 
answer .  A t  th e othe r  extreme ,  i n a  fla t  distribution ,  associativ e strengt h i s 
disperse d amon g severa l  answers ,  wit h non e o f  the m formin g a  stron g peak .  Fo r 
example ,  i n Figur e 1 ,  th e associativ e strength s fo r  answer s t o 2+ 1 for m a 
peake d distributio n (wit h th e associativ e strengt h fo r  3  a t  th e peak )  an d 
thos e fo r  3+ 5 for m a  fla t  distribution . 

The representation also includes knowledge about strategies. Each time a 
strateg y i s used ,  th e simulatio n gain s informatio n abou t  it s spee d an d 
accuracy .  Thi s informatio n generate s a  strengt h fo r  eac h strategy ,  bot h i n 
genera l  an d o n particula r  problems .  Th e strategie s modele d i n th e curren t 
versio n o f  th e additio n simulatio n ar e th e thre e mos t  common approache s tha t 
youn g childre n use :  countin g fro m one ,  th e mi n strategy ,  an d retrieval . 
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given strategy being chosen is proportional to its strength relative to the 
strengt h o f  al l  strategies .  Strengt h o f  a  strateg y o n a  proble m i s a  join t 
functio n o f  th e loca l  valu e o f  th e strateg y (ho w wel l  i t  ha s don e o n tha t 
proble m i n th e past )  an d o f  it s  globa l  valu e (ho w wel l  i t  ha s don e acros s al l 
problems) .  O n problem s neve r  previousl y encountered ,  th e globa l  valu e o f  th e 
strateg y i s th e sol e determinan t  o f  it s  strength .  Thus ,  th e stronge r  a 
strateg y i n genera l  an d o n th e particula r  proble m tha t  i s posed ,  th e mor e 
likel y tha t  i t  wil l  b e chose n fo r  us e o n tha t  problem . 

If a strategy other than retrieval is chosen, that strategy is executed. 
I f  retrieva l  i s  chosen ,  th e simulatio n retrieve s a  specifi c  answe r  (e .  g. .  A ) 
fro m th e problem' s distributio n o f  association s (Figur e 1 ) .  Th e probabilit y 
of  an y give n answe r  bein g retrieve d i s proportiona l  t o tha t  answer' s 
associativ e strengt h relativ e t o th e strengt h o f  al l  answer s t o th e problem . 
Thus ,  i n Figur e 1 ,  th e connectio n betwee n "2+1 "  an d "3 "  ha s a  strengt h o f  .80 , 
th e strengt h o f  connection s betwee n "2+1 "  an d al l  answer s i s 1.00 ,  s o th e 
probabilit y  o f  retrievin g "3 "  i s 80X .  I f  th e associativ e strengt h o f 
whicheve r  answe r  i s chose n exceed s th e confidenc e criterio n ( a threshol d fo r 
statin g a  retrieve d answer) ,  th e simulatio n state s tha t  answer .  Otherwise ,  th e 
simulatio n agai n choose s a  strateg y wit h probabilit y  proportiona l  t o th e 
strengt h o f  tha t  strateg y relativ e t o thos e o f  al l  strategies .  Th e proces s 
continue s unti l  a  strateg y i s chose n an d a n answe r  stated . 

The simulation generates patterns of accuracy, solution times, and 
strateg y us e muc h lik e thos e o f  children .  Fo r  example ,  i t  use s th e mi n 
strateg y mos t  ofte n o n problem s wher e th e smalle r  o f  th e tw o addend s i s ver y 
smal l  an d wher e th e differenc e betwee n th e tw o addend s i s quit e large . 
Siegle r  (1987 )  foun d th e sam e patter n i n kindergarteners' ,  firs t  graders' ,  an d 
secon d graders '  performance .  Als o a s wit h children ,  th e simulatio n use s 
retrieva l  mos t  ofte n o n problem s wher e bot h addend s ar e smal l  an d use s 
counting-from-on e primaril y o n problem s wher e bot h addend s ar e large . 
Relativ e proble m difficult y an d particula r  error s tha t  th e simulatio n make s 
als o paralle l  thos e o f  children .  Th e reaso n lie s i n th e simulation' s learnin g 
mechanism ,  whic h i s describe d i n th e nex t  section . 

Transitions in Strategy Use Over Time 

The simulation learns a great deal through its experience with strategies 
and problems .  A s i t  gain s experience ,  i t  produce s faste r  an d mor e accurat e 
performance ,  mor e frequen t  us e o f  retrieval ,  les s frequen t  us e o f  countin g 
fro m one ,  an d close r  fittin g o f  whe n strategie s ar e use d t o thei r  advantage s 
and disadvantage s o n eac h problem .  Suc h learnin g i s no t  produce d b y an y 
explicit ,  metacognitiv e governmenta l  process ,  bu t  rathe r  throug h th e operatio n 
of  th e above-describe d progra m togethe r  wit h a  simpl e learnin g mechanism : 
childre n associat e answer s tha t  the y stat e wit h th e proble m o n whic h the y 
stat e them ,  an d associat e eac h strateg y wit h th e spee d an d accurac y tha t  th e 
strateg y ha s produce d o n eac h proble m an d ove r  al l  problems . 

The way that this learning mechanism operates can be illustrated in the 
contex t  o f  wh y som e strategie s ar e assigne d t o som e problem s mor e tha n others . 
Conside r  tw o problems ,  9+ 1 an d 5+5 .  Kindergartener s an d firs t  grader s us e th e 
mi n strateg y considerabl y mor e ofte n o n 9+1 ,  ye t  us e counting-from-on e mor e 
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often on 5+5. The simulation generates similar behavior, and illustrates how 
suc h a  patter n migh t  emerge .  On 9+1 ,  th e mi n strateg y ha s a  ver y larg e 
advantag e i n bot h spee d an d accurac y ove r  th e count-al l  strategy .  I t  require s 
onl y 1/1 0 a s man y counts .  I n contrast ,  th e number s o f  count s require d t o 
execut e th e tw o strategie s ar e mor e comparabl e o n 5+5 ,  wher e th e mi n strateg y 
require s 1/ 2 a s man y counts .  I f  th e numbe r  o f  count s wer e th e onl y 
consideration ,  childre n migh t  b e expecte d t o consistentl y us e th e mi n strateg y 
on bot h problem s (an d o n al l  problems )  fro m th e tim e the y learne d it .  However , 
fo r  an y give n numbe r  o f  counts ,  counting-o n fro m a n arbitrar y numbe r  i s 
considerabl y mor e difficul t  fo r  youn g childre n (i n term s o f  tim e an d error s 
per  count )  tha n countin g fro m on e Fuso n an d Richards ,  1982) .  Th e simulation' s 
probabilit y  o f  errin g o n eac h count ,  an d it s tim e pe r  count ,  reflec t  thi s 
greate r  difficult y o f  counting-o n fro m a  numbe r  large r  tha n one .  Thus ,  th e 
simulatio n learn s tha t  althoug h th e mi n strateg y i s generall y mor e effective , 
ther e ar e som e problems ,  suc h a s 5+5 ,  wher e counting-from-on e work s better . 
Thi s lead s t o counting-from-on e bein g th e mos t  frequen t  strateg y o n suc h 
problem s fo r  awhile .  I t  eventuall y i s overtake n b y retrieval ,  however ,  a s th e 
associativ e strengt h o f  th e correc t  answe r  become s sufficientl y grea t  tha t  i t 
i s  likel y t o b e retrieve d an d stated . 

The influence of performance on learning also is reflected in relative 
proble m difficult y an d i n th e particula r  error s tha t  childre n make .  Earl y i n 
learning ,  childre n mos t  ofte n us e backu p strategie s (suc h a s counting-from-on e 
and th e mi n strategy) .  Earl y pattern s o f  difficult y i n executin g suc h backu p 
strategie s see m t o influenc e late r  pattern s o f  retrieva l  difficult y an d 
particula r  error s tha t  ar e made .  Fo r  example ,  i n multiplication ,  th e mos t 
common backu p strateg y i s repeate d addition .  Repeate d additio n generate s tw o 
mai n type s o f  errors :  answer s i n whic h on e multiplican d i s adde d to o man y o r 
to o fe w time s (e .  g. ,  o n 8X4 ,  addin g 7  o r  9  A's ,  an d gettin g 2 8 o r  36 )  an d 
smal l  additio n error s (e .  g. ,  addin g 8  A' s an d gettin g 33) .  Thes e ar e th e 
same type s o f  error s tha t  childre n mak e mos t  ofte n whe n retrievin g answer s an d 
tha t  adult s mak e unde r  tim e pressure .  Similarly ,  thir d an d fourt h graders ' 
probabilit y  o f  correctl y executin g repeate d additio n o n simpl e multiplicatio n 
problem s i s highl y correlate d wit h thei r  probabilit y  o f  retrievin g correctl y 
(Siegler ,  i n press-a) .  Th e sam e relatio n betwee n difficult y o f  solvin g 
problem s vi a backu p strategie s an d vi a retrieva l  ha s bee n foun d i n additio n 
and subtractio n (Siegler ,  1986) . 

The simulation's learning mechanism also produces parallels between 
backu p strateg y an d retrieva l  performance .  Problem s tha t  ar e mor e difficul t  t o 
solv e earl y i n learnin g vi a backu p strategie s becom e mor e difficul t  t o solv e 
late r  vi a retrieval .  When th e simulatio n err s i n usin g backu p strategies ,  th e 
resul t  i s  les s opportunit y t o associat e th e proble m wit h th e correc t  answe r 
and mor e opportunit y t o associat e incorrec t  answer s wit h it . 

Backup strategies also influence their own future use, in a somewhat 
ironi c way .  Th e mor e accuratel y tha t  the y ar e execute d withi n th e simulation , 
th e soone r  the y sto p bein g used .  Th e reaso n i s tha t  accurat e executio n o f 
backu p strategie s lead s t o peake d distribution s o f  association s betwee n 
answer s an d eac h problem ,  whic h i n tur n lead s t o retrieval ,  inherentl y th e 
fastes t  strategy ,  als o generatin g accurat e performanc e an d therefor e bein g 
use d increasingl y often .  Thus ,  backu p strategie s contribut e t o th e transitio n 
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process in ways that lead to their own demise. Consistent with this view, the 
accurac y wit h whic h childre n execut e backu p strategie s i s quit e strongl y 
correlate d wit h ho w ofte n the y ar e abl e t o correctl y retriev e answer s i n 
addition ,  subtraction ,  an d wor d identificatio n (Siegler ,  i n press-b) . 

Acquisition of New Strategies 

The computer simulations generate a fair range of transitions in 
children' s arithmetic ,  bu t  b y n o mean s al l  o f  them .  Perhap s th e mos t 
conspicuou s ga p i s i n th e accoun t  o f  ho w ne w strategie s ar e acquired .  T o 
lear n mor e abou t  thi s issue ,  Eri c Jenkins ,  a  graduat e studen t  a t  CMU,  an d I 
ar e currentl y conductin g a  longitudina l  stud y o f  acquisitio n o f  th e mi n 
strategy .  Pas t  studie s indicat e tha t  childre n ordinaril y  acquir e thi s strateg y 
at  ag e 5  o r  6 ,  an d tha t  4-year-old s ca n lear n i t  i f  give n extensiv e additio n 
experience . 

To study the acquisition process, Jenkins and I pretested a group of 4-
and 5-year-old s t o identif y childre n wh o gav e n o evidenc e o f  prio r  knowledg e 
of  th e mi n strategy .  Onc e th e childre n wer e identified ,  w e presente d the m 7 
problem s dail y fo r  abou t  3 0 sessions .  Afte r  eac h problem ,  w e aske d th e chil d 
how h e o r  sh e ha d solve d th e problem .  Th e verba l  statement ,  togethe r  wit h th e 
videocassett e o f  th e child' s over t  behavio r  whil e solvin g th e problem ,  becam e 
our  guid e fo r  identifyin g th e child' s strateg y o n eac h trial .  Thi s gav e u s a 
way o f  identifyin g th e exac t  tria l  o n whic h th e chil d discovere d th e mi n 
strategy ,  an d thu s t o analyz e wha t  le d u p t o th e discover y an d ho w th e 
strategy ,  onc e discovered ,  wa s extende d t o ne w problems . 

The min strategy was discovered by 7 of the 9 children in the experiment. 
Some childre n constructe d th e strateg y withi n th e firs t  5  sessions ;  other s di d 
so betwee n th e 25t h an d 30t h sessions .  Fo r  som e children ,  inventio n o f  th e ne w 
strateg y wa s accompanie d b y consciou s appreciatio n tha t  the y wer e doin g 
somethin g ne w an d tha t  th e ne w wa y o f  addin g wa s mor e efficient .  Othe r 
childre n wer e unawar e tha t  the y wer e doin g anythin g different ,  eve n sayin g 
tha t  the y ha d counte d fro m on e whe n the y ha d audibl y bega n countin g a t  th e 
large r  addend . 

The most striking finding of the study involved a condition that seemed 
t o strongl y promot e bot h discover y o f  th e mi n strateg y amon g childre n wh o ha d 
not  alread y discovere d i t  an d increase d us e o f  th e strateg y amon g thos e wh o 
had .  Thi s conditio n involve d presentatio n o f  problem s tha t  woul d b e ver y 
difficul t  t o solv e b y mean s o f  th e prio r  counting-from-on e strategy ,  bu t  tha t 
woul d b e quit e eas y t o solv e vi a th e mi n strategy .  Thes e problem s involve d 
addin g ver y larg e an d ver y smal l  numbers ,  scu h a s 24+ 3 an d 2+23 .  Withi n tw o 
session s o f  th e introductio n o f  thes e problems ,  us e o f  th e mi n strateg y 
increase d fro m 15 % t o 65 % o f  trial s o n whic h an y typ e o f  countin g wa s used . 
The progres s wa s maintaine d afte r  th e demandin g problem s wer e n o longe r  give n 
and mor e standar d problem s (e .  g. ,  7+4 )  wer e substituted .  Thus ,  childre n met 
th e challeng e o f  th e difficul t  problem s b y constructin g a  ne w strategy ,  an d 
the n continue d t o us e th e ne w strateg y o n othe r  problems . 

Looking at the present research as a whole, perhaps the most striking 
characteristi c o f  cognitive-developmenta l  transition s i s thei r  self-regulatin g 
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quality. The transitions are self-regulating in at least three senses. 
First ,  children' s choice s o f  strategie s adap t  t o changin g circumstances .  A s 
the y gai n experienc e wit h a  strategy ,  the y us e i t  increasingl y ofte n o n thos e 
problem s wher e it s advantage s relativ e t o othe r  strategie s ar e greatest . 
Second ,  children' s strateg y choice s hav e buil t  int o the m a  kin d o f 
self-rightin g capability ,  a n abilit y  t o recove r  fro m error s an d initia l 
unfavorabl e experiences .  Th e heav y us e o f  backu p strategie s earl y i n learnin g 
confer s thi s typ e o f  stability .  Illustratively ,  th e simulatio n o f 
multiplicatio n reporte d i n Siegle r  (i n press-a )  erre d o n it s firs t  h  answer s 
on 8X 9 an d o n 8  o f  it s  firs t  10 .  Ye t  b y th e en d o f  th e learnin g phase ,  th e 
simulatio n wa s advancin g th e correc t  answe r  o n 99 X o f  trials .  Th e reaso n wa s 
tha t  ove r  trials ,  th e backu p strategie s produce d 7 2 mor e ofte n tha n an y othe r 
answer ,  whic h le d t o it s associativ e strengt h increasin g an d therefor e t o it s 
bein g retrieve d an d state d increasingl y often . 

Third, when existing procedures prove inadequate, children are especially 
likel y t o creat e ne w strategie s tha t  ca n overcom e th e difficulties .  Th e 
presen t  model s produc e th e firs t  tw o type s o f  self-regulation ;  I  hop e soo n t o 
incorporat e mechanism s int o th e models ,  perhap s aki n t o thos e i n Newell' s  Soa r 
or  VanLehn' s Sierr a models ,  tha t  produc e th e thir d typ e o f  self-regulatio n a s 
well . 
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