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Abstrac t 

This paper examines performance on an intelligent 
tutorin g syste m designe d t o teac h student s i n a  first-yea r 
algebr a clas s t o solv e simpl e linea r  equations .  W e 
emphasiz e th e effect s o f  requirin g student s t o complet e 
low-leve l  arithmeti c operation s o n higher-leve l  strategi c 
decisions .  O n a X +  b  =  c  problems ,  student s wh o wer e 
require d t o perfor m arithmeti c becam e les s likel y t o solv e 
suc h problem s b y firs t  dividin g b y a  tha n student s wh o 
wer e no t  require d t o perfor m th e arithmeti c require d t o carr y 
out  th e ojjeration .  Th e shif t  awa y fro m thi s strateg y i s i n 
keepin g wit h th e prediction s o f  ACT-R .  W e discus s thes e 
result s i n term s o f  th e educationa l  implication s o f 
providin g computationa l  tool s t o student s learnin g basi c 
mathematics . 

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

The availabilit y  o f  low-cos t  calculator s ha s change d th e wa y 
mathematic s i s taught .  Wher e arithmeti c skill s  suc h a s lon g 
divisio n wer e onc e give n stron g emphasi s i n th e earl y 
grades ,  the y ar e n o w see n a s les s important ,  o n th e 
assumptio n tha t  student s i n higher-leve l  mathematic s 
course s wil l  hav e acces s t o calculators .  A  simila r 
transformatio n ca n b e expecte d i n hig h schoo l  algebr a 
classe s a s low-cos t  calculator s capabl e o f  comple x symbo l 
manipulatio n becom e availabl e (Fey ,  1989) .  Th e reactio n t o 
thes e change s ha s bee n mixed .  O n th e on e hand ,  man y 
educator s welcom e th e availabilit y  o f  suc h tools ,  believin g 
tha t  the y wil l  allo w student s t o concentrat e o n mor e 
suategi c problem-solvin g skill s  an d th e conceptua l  structur e 
of  th e domai n rathe r  tha n bein g hel d bac k b y th e requiremen t 
tha t  the y maste r  th e rathe r  low-leve l  skill s no w bein g 
performe d b y calculators .  O n th e othe r  hand ,  man y educator s 
worr y tha t  student s canno t  reall y understan d mathematica l 
problem-solvin g skill s  withou t  a  fir m groundin g i n th e 
basi c skill s  o f  arithmeti c an d symbo l  manipulation .  Withou t 
knowledg e o f  th e basi c skills ,  th e argumen t  goes ,  students ' 
proble m solvin g become s a n exercis e i n applyin g a 
meaningles s (t o th e student )  algorithm . 

Our  focu s her e i s o n a  mor e subtl e effec t  o f  th e los s o f  th e 
use o f  low-leve l  skill s o n higher-leve l  tasks .  W e loo k a t 
ho w th e requiremen t  tha t  student s perfor m arithmeti c 
computation s affect s thei r  strategi c plannin g whe n the y 

solv e equations .  Ou r  dat a show s tha t  student s w h o wer e 
release d fro m th e requiremen t  t o perfor m arithmeti c 
computation s whe n the y solv e problem s o f  th e for m 
a X + b = c wer e mor e likel y t o divid e b y th e coefficien t  a  a s a 
firs t  ste p t o solvin g th e problem .  Furthermore ,  w e sho w 
tha t  student s w h o wer e s o biase d wer e a t  a  disadvantag e 
when aske d t o solv e suc h problem s i n a  contex t  wher e the y 
wer e require d t o perfor m th e arithmeti c calculations .  Th e 
disadvantag e result s no t  fro m a n inabilit y t o complet e th e 
arithmeti c bu t  fro m a  learne d bia s t o us e a  strateg y tha t  i s 
les s effectiv e i n th e ne w context . 

Our  dat a i s  take n fro m performanc e o n a n intelligen t 
tutorin g syste m designe d t o teac h student s i n a  first-year 
algebr a clas s t o solv e simpl e linea r  equations .  Th e tuto r 
provide s assistanc e intermediat e betwee n unassiste d equatio n 
solvin g wit h penci l  an d pape r  an d a  mor e powerfu l  syste m 
i n whic h student s ca n solv e equation s simpl y b y pushin g a 
"solve "  key .  I n som e conditions ,  student s ar e require d t o 
complet e th e arithmeti c operation s require d t o solv e 
problems .  I n othe r  conditions ,  th e computer-calculate s thes e 
operation s fo r  th e students . 

Overview of the Tutor 

The Equatio n Solvin g Tuto r  (EST )  i s on e o f  a  clas s o f 
ACT-base d model-u-acin g tutor s develope d usin g th e Tuto r 
Developmen t  Ki t  (Anderso n an d Pelletier ,  1991) .  Suc h 
tutor s contai n an  exper t  syste m capabl e o f  solvin g problem s 
i n th e domain .  W h e n student s perfor m a n action ,  th e tuto r 
check s t o se e i f  th e actio n i s on e tha t  th e exper t  syste m 
woul d tak e i n thi s situation .  I f  so ,  th e studen t  proceed s 
uninterrupted .  I f  not ,  th e tuto r  signal s a n error .  Error s ca n b e 
signale d i n on e o f  tw o ways .  I n "immediat e feedback "  mode , 
th e tuto r  beep s whe n i t  detect s a n error ,  an d i t  remove s th e 
offendin g action .  I n "fla g feedback "  mode ,  th e tuto r  beep s 
but  th e erroneou s actio n remains .  Th e actio n i s printe d i n a 
differen t  styl e tha n correc t  actions ,  s o tha t  student s ca n 
immediatel y identif y thei r  error .  N o n e o f  th e analyse s 
presente d her e wer e affecte d b y feedbac k mode ,  s o w e 
combin e dat a fro m th e tw o modes . 

At  an y time ,  th e studen t  ca n as k fo r  help ,  whic h th e tuto r 
give s b y examinin g th e actio n th e exper t  syste m woul d tak e 
i n th e student' s situation .  S o m e additiona l  rules ,  calle d 
"bugg y rules, "  ar e use d t o identif y an d giv e immediat e 
remediatio n fo r  c o m m o n studen t  errors .  Th e tuto r  track s th e 
student s competenc e o n a  numbe r  o f  underlyin g skill s 
(correspondin g t o rule s i n th e exper t  system) ,  s o tha t  i t  ca n 
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presen t  problem s tailore d t o addres s weaknesse s i n th e 
student' s understandin g (Corbet t  an d Anderson ,  1992 ; 
Anderso n an d Corbett ,  1993) . 

The tuto r  present s student s wit h a  linea r  equatio n whic h 
the y ar e t o solv e (se e Figur e 1) .  A  men u offer s the m fou r 
choice s fo r  transformin g th e equation :  "Ad d t o bot h sides, " 
"Subtrac t  fro m bot h sides, "  "Divid e bot h sides "  an d 
"Multipl y bot h sides. "  Afte r  pickin g an y o f  thes e options , 
th e studen t  i s prompte d fo r  a  valu e t o add ,  subtract ,  multipl y 
or  divide .  Thre e additiona l  option s ar e availabl e fo r 
simplifyin g a n equation :  "Combin e lik e terms, "  "Reduc e 
fractions, "  an d "Multipl y through. "  Student s nee d t o qualif y 
thes e action s b y indicatin g whethe r  th e simplificatio n shoul d 
be performe d o n th e lef t  side ,  righ t  sid e o r  bot h side s o f  th e 
equation .  I n additio n t o thes e items ,  ther e ar e men u option s 
whic h ca n b e use d t o distribute ,  conver t  fraction s t o 
decimals ,  indicat e completio n o f  th e problem ,  und o th e las t 
ste p o r  as k fo r  help . 

S t u d e n t s 

Student s takin g Algebr a I  i n thre e o f  th e Pittsburg h 
Publi c School s use d th e tutor .  14 6 student s a t  Langle y Hig h 
Schoo l  use d th e tuto r  fo r  fou r  consecutiv e clas s period s i n 
December  o f  1993 .  20 4 student s a t  Brashea r  an d Carric k 
Hig h School s use d th e tuto r  fo r  fou r  clas s period s i n Marc h 
and Apri l  o f  1994 .  Sinc e th e Langle y student s use d th e tuto r 
earlie r  i n th e schoo l  year ,  an d sinc e ther e wer e som e 
modification s t o th e tuto r  befor e i t  wa s use d a t  Brashea r  an d 
Carric k (note d below) ,  w e repor t  result s fro m Langle y 
separatel y fro m thos e fro m th e othe r  schools .  A t  al l  schools . 

th e classe s emphasize d algebrai c proble m solvin g rathe r  tha n 
th e kin d o f  symbo l  manipulatio n bein g taugh t  b y th e EST , 
so th e majorit y o f  students '  clas s instructio n i n equatio n 
solvin g wa s wit h EST . 

Calculation Conditions 

Th e requiremen t  tha t  student s perfor m arithmeti c 
calculation s i n th e contex t  o f  solvin g problem s varie d 
betwee n classes .  Th e tw o mai n calculatio n condition s wil l 
be referre d t o a s "computer-calculates "  an d "student -
calculates. "  I n th e computer-calculate s condition ,  student s 
neede d t o specif y th e strategi c action s require d t o solv e th e 
equation ,  bu t  the y di d no t  hav e t o comput e th e result s o f 
thi s action .  Fo r  example ,  i f  th e equatio n wa s X=10/3-2/3 , 
th e studen t  coul d pic k "Combin e lik e term s [righ t  side] "  an d 
th e compute r  woul d respon d wit h X=8I3 .  I n contrast ,  i n th e 
student-calculate s condition ,  afte r  specifyin g "Combin e lik e 
term s [righ t  side]" ,  th e studen t  woul d b e prompte d wit h 
X = R I G H T.  Th e studen t  the n neede d t o clic k o n th e wor d 
"R IGHT "  an d typ e th e resultin g righ t  side . 

At  Brashea r  an d Carric k Hig h Schools ,  ther e wer e tw o 
computer-calculate s conditions .  I n th e "studen t  simplifies " 
variant ,  th e compute r  carrie d ou t  calculation s withou t 
simplifyin g th e equation .  Fo r  example ,  i f  a  studen t  indicate d 
tha t  th e tuto r  shoul d "Subtrac t  3  fro m bot h sides "  o f  th e 
equatio n X + 3 = 1 0 ,  th e tuto r  woul d respon d wit h X+3-3=10 -
3.  Th e studen t  the n neede d t o pic k "Combin e lik e term s 
[bot h sides] "  t o se e th e final  equation ,  X  =  7 .  I n th e "tuto r 
simplifies "  variant ,  th e compute r  responde d t o th e "Subtrac t 
3 fro m bot h sides "  c o m m a n d wit h th e fina l  equation .  A t 
Langle y Hig h School ,  onl y th e "studen t  simplifies "  varian t 

Solve r Student s 

Rdd t o bot h sides.. . 

Subtrac t  fro m bot h sides.. . 

Multipl y bot h sides.. . 

Diuid e bot h sides.. . 

Combin e Lik e Terms.. . 

Multipl y Through.. . 

Reduc e Fractions.. . 

Distribut e 

Conuer t  fractio n t o decima l 

Done 

Undo las t  ste p 

HELP 

El 

21+ 3 =  1 1 

Subtrac t  3 

2X = 11-3 

= R I G H T 

Figur e 1 :  Th e men u an d mai n windo w o f  E S T i n calculate ,  flag-feedback  mode .  Th e highlighte d action s 
hav e bee n identifie d a s error s b y th e tuto r 
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of  th e computer-calculate s conditio n wa s used .  Sinc e ou r 
interes t  her e i s i n th e differenc e betwee n th e sludcni -
calculate s an d computer-calculate s conditions ,  i n mos t  cases , 
our  dat a combine s th e "tuto r  simplifies "  an d "siudci u 
simplifies "  variants . 

I n th e student-calculate s condition ,  student s coul d (bu t  di d 
not  hav e to )  ente r  a  simplifie d versio n o f  th e equation .  Fo r 
example ,  a  studen t  i n th e student-calculate s condition ,  afte r 
subtractin g 4  fro m bot h side s o f  X + 4 = 1 0 woul d b e prompte d 
wit h L E F T = R I G H T .  Th e studen t  coul d the n clic k o n th e 
wor d L E F T an d ente r  X  an d clic k o n th e wor d R I G H T an d 
ente r  6 .  I n practice ,  th e vas t  majorit y o f  student s chos e t o 
ente r  th e simplifie d versio n o f  th e equation .  Choosin g t o 
subtrac t  4  fro m bot h side s wil l  b e referre d t o a s a  strategi c 
action .  Enterin g th e result s "X "  an d "6 "  wil l  b e referre d t o a s 
calculations . 

Student s i n th e student-calculate s conditio n wer e abl e t o 
use a  standar d (non-symbolic )  calculato r  i f  the y wished . 
Thus ,  th e differenc e betwee n th e calculatio n condition s wa s 
not  s o muc h tha t  student s i n th e student-calculate s conditio n 
neede d t o rel y o n thei r  arithmeti c skill s  bu t  tha t  the y neede d 
t o understan d no t  onl y whic h strategi c action s wer e 
appropriat e bu t  ho w t o carr y ou t  thes e actions .  Fo r  example , 
a studen t  i n th e student-calculate s conditio n migh t  kno w tha t 
subtractin g 4  i s th e appropriat e actio n i n X + 4 = 1 0 bu t  ma y 
not  understan d th e wa y tha t  subtractin g 4  transform s th e 
equation .  I n th e computer-calculate s condition ,  th e studen t 
can giv e th e "subtrac t  4 "  instructio n an d le t  th e compute r 
sho w th e result .  I n th e student-calculate s condition ,  th e 
studen t  need s t o understan d th e effec t  o f  tha t  action . 

Procedure 

Student s wer e administere d a  paper-base d pretes t  b y thei r 
teacher s th e da y befor e startin g th e tulor̂ .  I n thei r  first  da y 
usin g th e tutor ,  th e teache r  guide d student s throug h th e first 
tw o o r  thre e problems .  Afte r  that ,  the y wer e fre e t o wor k a t 
thei r  ow n pace .  Althoug h student s wer e encourage d t o as k 
th e tuto r  fo r  hel p whe n the y ha d problems ,  th e teache r  wa s 
availabl e t o hel p student s individually .  Followin g th e fou r 
clas s day s o n th e tutor ,  a  paper-base d posttes t  identica l  i n 
forma t  t o th e pretes t  wa s given .  Student s wer e allowe d t o 
use non-symboli c calculator s o n th e pre -  an d posttests . 

Curriculum 

Student s progresse d fro m easie r  t o mor e difficul t 
problems .  I n eac h section ,  student s ha d t o complet e a  smal l 
number  o f  require d problems .  I f  a  studen t  di d no t 
demonstrat e master y o f  th e skill s  bein g u-ace d i n th e sectio n 
(a s determine d b y th e knowledg e tracin g algorith m describe d 
i n Corbet t  an d Anderson ,  1992) ,  additiona l  problem s targete d 
at  th e deficien t  skil l  wer e give n unti l  master y wa s 
demonstrated . 

^Due t o schedulin g problems ,  thre e o f  th e classe s a t  Langle y 
Hig h Schoo l  di d no t  tak e pre -  o r  posttests .  Takin g absenteeis m 
i n othe r  classe s int o account ,  dat a fro m th e pre -  an d posttest s i s 
base d o n 7 0 student s a t  Langle y an d 12 7 student s a t  Brashea r 
and Carrick . 

Sinc e th e amoun t  o f  tim e student s spen t  o n th e tuto r  wa s 
limited ,  student s progresse d t o differen t  level s o f 
achievement .  Th e curriculu m use d a t  Brashea r  an d Carric k 
Hig h schoo l  differe d fro m tha t  use d a t  Langley ,  primaril y i n 
tha t  problem s presente d i n th e first  sectio n a t  Langle y wer e 
spli t  int o thre e section s a t  Brashea r  an d Carrick .  Th e 
curriculu m i s summarize d i n Tabl e 1 . 

Predictions 

The contras t  betwee n th e calculatio n condition s provide s 
us wit h a  chanc e t o se e whethe r  th e requiremen t  tha t  studen t 
perfor m arithmeti c calculation s affect s decision s a t  th e 
strategi c level .  Conside r  th e equatio n 3 X + 4 = 1 0 .  I n orde r  t o 
solv e fo r  X ,  w e nee d t o isolat e th e X  ter m (b y subtractin g 4 
or  addin g -4 )  an d remov e th e coefficien t  o f  X  (b y dividin g b y 
3 o r  multiplyin g b y 1/3) .  Typically ,  student s isolat e th e X 
ter m first ,  perhap s becaus e doin g s o avoid s creatin g th e 
intermediat e fraction s 4/ 3 an d 10/3 .  Thi s ca n b e a n 
importan t  consideratio n fo r  student s w h o hav e difficult y 
manipulatin g fractions .  I n th e computer-calculate s condition , 
however ,  ther e i s littl e incentiv e t o isolat e th e X  ter m first , 
sinc e th e compute r  wil l  tak e car e o f  combinin g th e fractions . 

Accordin g t o th e A C T - R theor y (Anderson ,  1990) , 
production s ar e selecte d base d o n thei r  expecte d utility .  Thi s 
utility ,  i n turn ,  depend s o n a n estimat e o f  th e probabilit y 
tha t  th e productio n wil l  succee d an d a n estimat e o f  th e 
probabilit y  tha t  th e goa l  wil l  b e reached ,  give n tha t  th e 
productio n succeeds .  Thus ,  th e theor y predict s tha t  student s 
choosin g betwee n th e "subtrac t  first"  an d th e "divid e first" 
strateg y wil l  conside r  bot h th e probabilit y  tha t  the y wil l  b e 
abl e t o specif y th e first  operatio n an d th e probabilit y  that ,  i f 
the y specif y tha t  operatio n correctly ,  the y wil l  stil l  b e abl e 
t o correctl y solv e th e problem . 

Thi s lead s t o fou r  predictions : 

1. Although students may be initially biased to use the 
subtract-firs t  strategy ,  thi s bia s shoul d b e n o 
stronge r  i n th e student-calculate s conditio n tha n i n 
th e computer-calculate s condition . 

2. Since the "divide-first" strategy creates fractions (with 
whic h student s typicall y hav e trouble) ,  student s i n 
th e student-calculate s conditio n wil l  hav e difficult y 
completin g problem s whic h the y hav e starte d wit h 
tha t  strategy .  I n th e computer-calculate s condition , 
i n contrast ,  th e presenc e o f  fraction s cause s n o 
specia l  difficulties .  Thus ,  student s i n thi s conditio n 
wil l  likel y succee d wit h th e divide-firs t  suategy . 

3. Students in the student-calculates condition will be 
unlikel y t o retur n t o th e divide-firs t  strateg y o n 
subsequen t  problems ,  sinc e the y hav e experience d 
failur e wit h th e strategy .  Student s i n th e computer -
calculate s conditio n wil l  retur n t o th e divide-firs t 
strategy ,  sinc e the y ar e successfu l  wit h it . 

4. Students in the computer-calculates condition who 
ar e successfu l  usin g th e divide-firs t  strateg y wil l  b e 
les s successfu l  o n th e paper-base d posttest ,  wher e th e 
strateg y i s les s effective . 
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R e s u l t s 

Tabl e 2 :  Percentag e o f  studen t  usin g divide-firs t  strateg y 
on a t  leas t  on e proble m 

Initia l  Bia s 

I n prio r  instructio n o n equatio n solving ,  student s hav e 
likel y bee n tol d t o us e th e subtract-firs t  strategy .  Thus ,  w e 
shoul d expec t  t o se e m a n y student s us e tha t  strateg y 
exclusively .  I f  student s understan d th e w a y tha t  th e 
effectivenes s o f  th e divide-firs t  strateg y varie s wit h 
calculatio n condition ,  w e migh t  expec t  student s i n th e 
computer-calculate s conditio n t o tr y th e strateg y mor e ofte n 
tha n thos e i n th e student-calculate s condition . 

I n orde r  t o asses s th e relativ e bia s agains t  th e divide-firs t 
strateg y i n th e tw o conditions ,  w e measure d th e percentag e 
of  student s usin g th e divide-firs t  strateg y o n a t  leas t  on e 
problem .  A s show n i n Tabl e 2 ,  ther e wa s n o initia l  bia s a t 
Langle y ( X (1)<1) .  bu t  a t  Brashea r  an d Carrick ,  student s i n 
th e computer-calculate s conditio n wer e mor e likel y t o tr y th e 
divide-firs t  strategy ,  X  (1)=20.0 ,  p<.01 .  Sinc e Brashea r  an d 
Carric k student s wer e teste d late r  i n th e year ,  i t  m a y b e th e 
cas e tha t  the y alread y ha d enoug h experienc e wit h thes e 
type s o f  problem s t o understan d th e implication s o f  th e 
divide-firs t  strategy .  However ,  overall ,  a s predicted ,  subject s 
showe d a  bia s agains t  th e divide-firs t  strategy ,  an d thi s bia s 
was stronge r  i n th e calculat e condition . 

S c h o o l 

Langle y 
Brashear/Carric k 

Student -
calculate s 
24 
19 

C o m p u t e r 
calculate s 
29 
49 

Effectivenes s o f  divide-firs t  strateg y 

We conside r  a  stfateg y t o b e effectiv e i f  a  studen t  i s  abl e 
t o completel y solv e a  proble m followin g tha t  strategy .  A 
failur e o f  th e suateg y i s recorde d if ,  fo r  example ,  a  studen t 
startin g b y dividin g b y th e coefficien t  o f  X  an d the n selecte d 
"und o las t  step "  an d continue d b y subtractin g th e constan t 
and late r  dividin g b y th e coefficien t  o f  X .  A s expected , 
student s i n th e "no-calculate "  conditio n wer e muc h mor e 
successfu l  i n th e divide-firs t  strateg y tha n student s i n th e 
"calculate "  conditio n (a t  Langley ,  X  (1)=55.5 ;  a t  Brashea r 
and Carrick ,  ;t^(l)<56.7 ,  bot h p<.01) . 

Table 3: Percentage of problems started with divide-first 
strateg y tha t  wer e complete d wit h tha t  strateg y 

S c h o o l 

Langle y 
Brashear/Carric k 

Student -
calculate s 
32 
50 

C o m p u t e r 
calculate s 
84 
97 

Tabl e 1 :  Curriculu m use d wit h th e E S T 

Sect io n 

1.  Additio n an d subtraction ,  integer s 

2.  Multiplicatio n an d division ,  integer s dividin g evenl y 
(include d i n sectio n 1  a t  Langley ) 

3.  Multiplicatio n an d division ,  integer s no t  dividin g evenl y 
(include d i n sectio n 1  a t  Langley ) 

4.  Single-transformation ,  decimal s 

5.  T w o transformations ,  integer s 

6.  T w o transformations ,  decimal s 

7.  Variable s o n bot h sides ,  integer s an d decimal s (a t 
Langley ,  fraction s problem s wer e included ) 

8.  Single-transformation ,  fraction s (no t  use d a t  Langley ) 

9.  T w o transformations ,  fraction s (a t  Langley ,  thi s sectio n 
came befor e th e "variable s o n bot h sides "  section ) 

10.  Distribution ,  decimals ,  fraction s an d integer s 

11.  Variabl e i n th e denominato r  o f  a  fraction ,  integers , 
fraction s an d decimal s 

E x a m p l e p rob lem s 

13 =  -lI-t- X 
Y + 4 = 2 0 

-Y=2 0 
25=5 X 
-6Y=3 6 

4 Y = 2 7 
3X=2 0 

Y-2.5 = 11.1 3 
-3. 9 =  8.43 X 

-6Y-1 1 =  -1 0 
- 8 =  -92-(- Y 

-3.08+83.09 Y =  8.2 8 
36.6 5 =  -49.53-0.59 Y 

-4-ll Y =  -7-22 Y 
-9.47-(-7.88 Y =  88.49-3. 1 l Y 

4Y/ 3 =  2 0 
Y-i-l/2=3 0 

-1/ 3 =  -4Y/7-(-7/1 2 
- 3 =  ll-i-8Y/ 5 

8.6 1 =  -12.36(-1.69X-43.33 ) 
7 =  63(-7+71X ) 

15.85/(92.85Y )  =  55.9 4 
-8/(llY )  =  -6/ 5 
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Subsequen t  us e o f  divide-firs t  strateg y 

The A C T - R theor y predict s tha t  student s w h o hav e faile d 
t o solv e a  proble m wit h th e divide-firs t  strateg y wil l  b e 
unlikel y t o retur n t o thi s strategy .  A s Tabl e 4  shows ,  thi s 
predictio n i s confirmed .  Not e tha t  followin g th e divide-lirs t 
strateg y i n th e calculat e conditio n require s (a t  least )  tw o 
separat e productions :  on e t o selec t  th e actio n t o perfor m 
("divid e b y th e coefficient" )  an d anothe r  t o perfor m th e 
divisio n (e.g .  divid e 3 X b y 3  t o ge t  X ) .  Students '  chang e o f 
strateg y i s no t  base d thei r  failur e t o correctl y selec t  th e 
action ;  i n fact ,  i t  i s  b y th e correc t  specificatio n o f  thi s actio n 
tha t  w e classif y student s a s havin g starte d t o solv e wit h th e 
divide-firs t  strategy .  Rather ,  th e students '  failur e i s i n th e 
late r  calculatio n production .  Nevertheless ,  th e nex t  tim e 
student s ar e i n thi s situation ,  the y ar e les s likel y t o us e th e 
divide-by-coefficien t  selectio n production .  I n ACT-R' s 
terms ,  th e estimat e o f  th e selectio n production' s succes s 
increase s (sinc e i t  wa s successfull y  executed) ,  bu t  th e 
estimat e o f  th e probabilit y  o f  reachin g th e goal ,  give n th e 
production' s success ,  decrease s becaus e o f  late r  difficultie s i n 
performin g th e division . 

Table 4: Number of times students return to divide-first 
strateg y afte r  usin g i t  onc e 

Schoo l 

Langle y 
Brashear/Carric k 

Student -
calculate s 
0.3 6 
0.8 6 

C o m p u t e r 
calculate s 
2.0 6 
4.8 9 

Per formanc e o n th e posttes t 

Finally ,  w e predic t  tha t  student s i n th e no-calculat e 
conditio n w h o trie d th e divide-firs t  strateg y o n th e tuto r  wil l 
perfor m wors e o n th e posttes t  tha n student s i n th e calculat e 
conditio n w h o trie d th e divide-firs t  strategy .  Thi s i s becaus e 
student s i n th e no-calculat e conditio n wil l  b e encourage d t o 
use th e strateg y o n th e posttes t  whil e subject s i n th e 
calculat e conditio n wil l  b e discourage d fro m usin g th e 
strategy .  W e als o assum e tha t  th e strateg y wil l  b e relativel y 
ineffectiv e o n th e paper-base d posttes t  (a s i t  wa s i n th e 
"calculate "  conditio n o n th e tutor) .  Th e posttes t  dat a fo r 
student s w h o attempte d th e divide-firs t  strateg y ar e presente d 
i n Tabl e 5 .  A n analysi s o f  varianc e show s n o effec t  i n th e 
Langle y data ,  F(1,32)<1 .  Th e Brashea r  an d Carric k dat a 
sho w a  significan t  effect ,  F(l,52)=5.31 ,  p<.05 .  A t  Brashea r 
and Carrick ,  student s i n th e calculat e conditio n w h o trie d th e 
divide-firs t  strateg y (an d likel y faile d a i  th e strategy ) 
benefite d mor e fro m th e tuto r  tha n student s w h o neve r  uic d 
i t  a t  al l  ( 3 4 % vs .  1 7 % ) .  A t  Langley ,  student s w h o neve r 
û ie d th e divide-firs t  strateg y benefite d mor e fro m th e tuto r  ( a 
3 8 % improvement )  tha n student s w h o trie d i t  i n eithe r 
condition . 

Tabl e 5 :  Percen t  improvemen t  fro m pre -  t o posttes t  fo r 
student s w h o trie d th e divide-firs t  stfateg y 

School Student- Computer-
calculate s calculate s 

Langle y 9  1 2 
Brashear/Carric k 3 4 1 3 

D i s c u s s i o n 

Thi s stud y use d dat a fro m a  computer-base d tutorin g 
syste m t o explor e ho w th e requiremen t  tha t  student s perfor m 
arithmeti c calculation s whil e solvin g equation s affect s th e 
high-leve l  strategie s the y follow .  Ou r  result s sho w a  shif t  i n 
strateg y tha t  i s  consisten t  wit h th e prediction s o f  th e A C T - R 
theory .  Th e shif t  i s  somewha t  unusua l  i n tha t  i t  dejjend s o n 
a decreas e i n th e probabilit y  o f  reachin g th e goa l  followin g 
th e successfu l  applicatio n o f  a  production ,  rathe r  tha n a  shif t 
away fro m usin g th e productio n followin g a  failur e o f  th e 
productio n itself . 

Whil e ou r  dat a show s tha t  student s w h o wer e biase d 
toward s th e divide-firs t  strateg y wer e a t  a  disadvantag e o n a 
paper-base d posttest ,  w e mus t  b e cautiou s abou t  makin g an y 
conclusion s base d o n thes e dat a abou t  th e prope r  us e o f 
technolog y i n th e mathematic s classroom .  Overall ,  w e foun d 
no significan t  difference s du e t o calculatio n conditio n i n 
posttes t  score s (F s a t  bot h Langle y an d Brashea r  an d Carric k 
wer e les s tha n 1.0) .  Freein g student s fro m havin g t o perfor m 
arithmeti c calculation s ha s som e benefits ,  a s well .  Student s 
i n th e computer-calculate s conditio n advance d furthe r  i n th e 
curriculu m i n thei r  fou r  day s o n th e tuto r  (significantl y a t 
Brashea r  an d Carrick :  F(l,147 )  =  44.3 ,  p<.01 ;  non -
significantl y a t  Langley) .  W e m a y als o questio n whethe r 
performanc e o n a  paper-base d tes t  constitute s a  reasonabl e 
measur e o f  performanc e i n a  worl d wher e powerfu l 
calculator s ar e becomin g mor e an d mor e available .  Finally , 
whil e w e hav e demonstrate d tha t  th e computer-calculate s 
conditio n biase d som e student s t o us e a  less-effectiv e 
strateg y o n paper ,  w e hav e no t  show n tha t  the y suffe r  i n 
thei r  understanding .  Th e fac t  tha t  student s a t  Brashea r  an d 
Carric k w h o use d th e divide-firs t  strateg y an d faile d tende d t o 
perfor m bette r  o n th e posttes t  tha n thos e w h o neve r  trie d i t 
provide s a n intriguin g hint ,  however .  I t  i s  possibl e that , 
throug h thei r  failure ,  the y gaine d a  bette r  understandin g o f 
h o w th e differen t  strategie s work .  W e ar e currentl y 
conductin g researc h t o explor e thi s possibility . 
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