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Abst rac t ^ 

This paper investigates working memory failure in 
menu drive n Phone-Base d Interactio n (PBT) .  W e hav e 
use d a  computationa l  mode l  o f  Phone-Base d Interactio n 
(PB I  U S E R)  t o generat e prediction s abou t  th e impac t  o f 
thre e factor s o n W M failure :  PB I  feature s (i.e. ,  men u 
structure) ,  individua l  difference s (i.e. ,  W M capacity )  an d 
tas k characteristic s (i.e. ,  tas k forma t  an d numbe r  o f 
tasks) .  Ou r  computationa l  mode l  i s base d o n th e theor y 
of  W M propose d b y Jus t  an d Carpente r  (1992) .  Thi s 
theor y stipulate s tha t  th e storag e an d th e processin g o f 
informatio n generat e demand s fo r  W M resources .  Ou r 
empirica l  result s provid e stron g evidenc e fo r  th e 
importanc e o f  storag e demands ,  an d moderat e evidenc e 
fo r  th e importanc e o f  processin g demand s a s predictor s 
of  W M failur e i n PBI .  I n addition ,  ou r  result s provid e 
evidenc e fo r  th e importanc e o f  individua l  difference s i n 
W M capacit y a s a  predicto r  o f  W M failur e i n PBI . 
Finally ,  ou r  result s indicat e that ,  contrar y t o genera l 
guideline s fo r  th e desig n o f  PBI ,  dee p men u hierarchie s 
(n o mor e tha n thre e option s pe r  menu )  d o no t  reduc e 
W M erro r  rates  i n PBI . 

Introduct io n 

This paper investigates working memory (WM) failure 
i n Phone-Base d Interactio n (PBI) .  Phone-base d 
interface s allo w interactio n betwee n a  huma n an d a 
compute r  b y mean s o f  a  touch-ton e telephone .  I n thes e 
interface s user s mus t  compar e thei r  curren t  goa l  agains t 
th e men u option s presente d b y th e interface .  Th e 
interactio n wit h men u drive n phone-base d interface s 
place s hig h demand s o n W M becaus e th e comparison s 
of  goal s an d men u option s ar e performe d i n W M. 

We hav e use d a  computationa l  mode l  o f  Phone-Base d 
Interactio n (PB I  U S E R )  t o generat e prediction s abou t 
th e impac t  o f  thre e factor s o n W M failure :  PB I  feature s 
(i.e. ,  men u structure) ,  individua l  difference s (i.e. ,  W M 
edacity )  an d tas k characteristic s (i.e. .  tas k forma t  an d 
number  o f  tasks) .  Ou r  computationa l  mode l  i s  base d o n 
th e theor y o f  W M propose d b y Jus t  an d Carpente r 
(1992) .  Thi s theor y stipulate s tha t  th e storag e an d th e 

^ This work was supported in part by grants from 

BeUcor e #1-4111 7 an d #1-41239 . 

processin g o f  informatio n generat e demand s fo r  W M 
resources .  Ou r  empirica l  results  provid e stron g evidenc e 
fo r  th e importanc e o f  storag e demands ,  an d moderat e 
evidenc e fo r  th e importanc e o f  processin g demand s a s 
predictor s o f  W M failur e i n PBI .  I n addition ,  ou r 
result s provid e evidenc e fo r  th e importanc e o f  individua l 
difference s i n W M capacit y a s a  predicto r  o f  W M failur e 
i n PBI . 

Jus t  an d Carpente r  (1992 )  hav e propose d a  theor y o f 
W M i n whic h bot h storag e an d processin g demand s 
determin e W M loa d an d th e probabilit y  o f  W M failure . 
Jus t  an d Carpente r  (1992 )  describ e thei r  theor y a s ".. .  a 
computationa l  theor y i n whic h bot h storag e an d 
processin g ar e fuele d b y th e sam e commodity ,  namel y 
activation .  I n thi s framework ,  capacit y ca n b e expresse d 
as th e m a x i m u m amoun t  o f  activatio n availabl e i n 
workin g m e m o r y t o suppor t  eithe r  o f  th e tw o 
functions" .  PB I  U S E R i s  buil t  o n to p o f  th e 
instantiatio n o f  thi s theor y (CAPS) .  PB I  U S E R keep s 
trac k o f  al l  th e informatio n encoded ,  maintaine d an d 
processe d i n W M durin g Phone-Base d Interaction .  I n 
thi s pape r  w e onl y presen t  th e hypothese s generate d b y 
PBI  U S E R an d omi t  mos t  o f  it s architecuu^ l  details . 

As previousl y mentioned ,  activatio n i s th e genera l 
W M resourc e consume d b y th e processin g an d th e 
storag e o f  informatio n i n W M.  Activatio n i s  use d i n 
C A P S:  1 )  fo r  maintainin g W M element s s o the y ar e 
not  forgotten ,  an d 2 )  fo r  processin g W M elements .  A 
ke y feauir e o f  th e architectur e i s tha t  th e tota l  amoun t  o f 
activatio n availabl e ca n b e constraine d t o a  prese t 
amount .  Give n thi s constraint ,  i f  th e tota l  processin g 

and storag e demand s fo r  activatio n excee d th e tota l 

amount  o f  activatio n available ,  the n al l  activatio n i s 

scale d bac k s o tha t  th e activatio n constrain t  i s  no t 

exceeded .  Thi s "scalin g back "  ha s th e effec t  o f  slowin g 

down processin g (sinc e les s activatio n i s  sprea d pe r 

cycle ,  mor e cycle s wil l  n o w b e require d t o complet e th e 

processing) ,  an d th e effec t  o f  causin g a  for m o f 

forgettin g throug h displacemen t  (sinc e les s activatio n i s 

n o w availabl e fo r  storage ,  som e W M element s m a y los e 

so muc h activatio n tha t  the y ar e effectivel y forgotten) . 

I t  i s importan t  t o not e tha t  i t  i s th e combine d deman d o f 

storag e an d processin g fo r  a  give n tas k tha t  determine s 

whethe r  o r  no t  th e activatio n constrain t  wil l  b e 

exceeded .  Therefor e thi s combine d deman d determine s 

th e probabilit y  o f  W M failure . 
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P h o n e - B a s e d Interactio n 

Phone-Based Interaction (PBI) has considerable 
advantage s a s a  tas k domai n fo r  buildin g detaile d 
cognitiv e model s o f  W M failur e an d fo r  empiricall y 
investigatin g erro r  behavio r  du e t o W M limitations . 
First ,  PB I  i s conceptuall y simpl e s o knowledg e o f  th e 
tas k i s eas y t o acquir e fo r  th e subject s an d simpl e t o 
represen t  i n th e cognitiv e model .  Thi s allow s u s t o 
concentrat e ou r  effor t  o n h o w informatio n i s encoded , 
maintained ,  an d processe d b y th e user .  Second ,  PB I 
allow s direc t  experimenta l  manipulatio n o f  W M load . 
For  example ,  PB I  user s ca n b e give n task s wit h o r 
withou t  numeri c modifier s (e.g. ,  i n a  studen t 
registratio n system :  ad d clas s 12 3 vs .  retriev e schedule ) 
or  user s ca n b e asked  t o retai n informatio n abou t  tw o 
task s an d t o perfor m the m consecutively .  Third ,  PB I 
allow s onl y tw o type s o f  executio n errors :  a ) 
informatio n los s errors ,  tha t  is ,  user s forge t 
informatio n abou t  th e tas k (e.g. ,  th e cod e o f  th e clas s t o 
be added ,  th e nam e o f  th e objec t  fo r  whic h informatio n 
i s t o b e retrieved) ,  an d b )  choic e errors ,  tha t  is ,  user s 
selec t  th e wron g alternativ e whe n presente d wit h a  se t  o f 
choic e options . 

I n term s o f  th e C A P S architectur e th e first  typ e o f 
PBI  executio n error ,  informatio n loss ,  involve s th e 
storag e o f  informatio n i n W M an d i s directl y cause d b y 
W M capacit y bein g insufficien t  t o satisf y th e activatio n 
requirement s o f  th e task .  W h e n storag e an d processin g 
requirement s o f  th e tas k excee d th e availabl e W M 
capacity ,  C A P S wil l  "scal e back "  th e amoun t  o f 
activatio n use d fo r  al l  storag e an d processing ,  resultin g 
i n a n increase d probabilit y o f  informatio n bein g los t 
fro m W M du e t o a n insufficien t  amoun t  o f  storag e 
activation .  TTi e secon d typ e o f  executio n error ,  choic e 
error ,  involve s th e processin g require d t o selec t  a n 
alternativ e fro m a  se t  o f  choices .  A  choic e erro r  ca n b e 
cause d by :  1 )  W M capacit y bein g insufficien t  t o satisf y 
th e activatio n requirement s o f  th e tas k (agai n resultin g 
i n a  "scalin g back "  o f  al l  activation ,  leadin g t o a n 
increase d probabilit y o f  choic e erro r  du e t o a n 
insufficien t  amoun t  o f  processin g activation) ,  and/o r  2 ) 
lac k o f  knowledg e abou t  h o w th e goa l  (th e tas k t o b e 
accomplished )  relate s t o th e curren t  se t  o f  choic e 
alternatives . 

Computational Model 

We have developed a computational model (PBI USER) 
base d o n th e C A P S architectur e tha t  simulate s th e 
storag e an d processin g o f  informatio n i n W M i n Phone -
Based Interaction .  PB I  U S E R ha s tw o mai n 
components :  th e Devic e Mode l  an d th e Use r  Model .  Th e 
Devic e Model ,  writte n i n Lisp ,  simulate s th e behavio r 
of  a  specifi c  telephon e interface .  Th e Use r  Mode l  i s a 
productio n syste m writte n i n CAPS.  Onc e th e Use r 
Model  ha s encode d an d store d (i n W M)  a  goa l  tas k t o b e 
achieve d (e.g. ,  "ad d clas s 123") ,  th e Devic e Mode l 
present s t o th e Use r  Mode l  th e men u option s o f  th e 

simulate d interface .  A s th e option s ar e presented ,  th e 
User  Mode l  encode s an d store s th e optio n information , 
processe s th e availabl e informatio n t o determin e whic h 
(i f  any )  o f  th e option s ar e appropriat e fo r  achievin g th e 
desire d goal ,  an d the n choose s on e option .  Afte r  th e 
User  Mode l  make s a  men u optio n choice ,  th e Devic e 
Model  present s th e ne w men u options ,  an d th e proces s 
continue s unti l  th e goa l  i s  achieved ,  o r  a n informatio n 
los s o r  choic e erro r  occurs . 

We hav e use d PB I  U S E R t o generat e a  se t  o f 
hypothese s abou t  th e impac t  o f  thre e factor s o n W M 
failure :  m e n u structure ,  W M capacit y an d tas k 
characteristics .  M e n u structur e refer s t o th e topolog y o f 
th e men u hierarchy .  W e hav e teste d PB I  U S E R wit h 
tw o men u structure s (PBI-DEE P an d P B I - B R O A D )  tha i 
ar e identica l  i n functionalit y bu t  diffe r  i n topology . 
PBI -DEE P ha s a  3x3x3x 3 structure ,  whil e P B I - B R O A D 
has a  9x 9 structure .  Th e us e o f  men u structur e allow s 
us t o manipulat e th e processin g requirement s o f  th e 
PBI  task ,  sinc e th e thre e option s a t  th e to p leve l  o f 
PBI -DEE P woul d b e expecte d t o b e mor e ambiguou s 
and requir e mor e processin g tha n th e nin e option s a t  th e 
to p leve l  o f  P B I - B R O A D . 

W M capacit y refer s t o th e tota l  activatio n availabl e 
fo r  storag e an d processing .  Throug h th e activatio n 
capacit y constrain t  o f  th e C A P S architecture ,  w e ca n 
directl y mode l  th e impac t  o f  individua l  difference s i n 
W M capacit y o n W M failure .  W e hav e als o 
investigate d tw o tas k characteristics :  tas k forma t  an d 
number  o f  tasks .  Thes e tw o characteristic s addres s th e 
amount  o f  informatio n tha t  mus t  b e store d durin g th e 
performanc e o f  a  task .  Al l  task s performe d b y PB I 
U S ER wer e give n i n a n action/object/modifie r  format ; 
fo r  th e tas k "ad d clas s 123" ,  th e actio n i s  "add" ,  th e 
objec t  i s  "class" ,  an d th e modifie r  i s  "123" .  W e 
manipulate d tas k forma l  b y changin g th e typ e o f 
modifie r  found  i n th e task .  W e hav e investigate d thre e 
type s o f  modifiers :  1 )  absen t  (e.g. ,  "retriev e transcript") , 
2)  natura l  languag e (e.g. ,  "retriev e event s community -
service") ,  an d 3 )  numeri c (e.g. ,  "ad d clas s 123") . 
Number  o f  task s wa s manipulate d b y havin g PB I  U S E R 
perfor m eithe r  on e singl e tas k o r  a  pai r  o f  tasks . 
Throug h thes e tw o tas k characteristics ,  w e ar e abl e t o 
manipulat e th e storag e requirement s o f  PB I  tasks . 

Hypotheses 

Information Loss Errors 

The PBI USER architecture suggests that it is not the 
number  o f  option s pe r  m e n u tha t  determine s th e 
magnitud e o f  W M load ,  bu t  rathe r  th e amoun t  o f 
processin g an d storag e require d t o evaluat e th e 
"goodness "  o f  eac h individua l  option .  Thu s W M loa d 
shoul d rise ,  peak ,  an d fal l  durin g eac h optio n 
evaluation ,  an d i t  i s  th e heigh t  o f  eac h pea k relativ e t o 
tota l  W M capacit y tha t  determine s th e probabilit y o f 
informatio n loss .  W e bega n wit h th e conservativ e 

assumptio n tha t  th e processin g an d storag e requirement s 
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fo r  eac h specifi c  optio n evaluatio n wer e th e sam e fo r 
PB I -DEE P an d P B I - B R O A D .  Thus ,  H I :  W e 
expecte d m e n u structur e woul d no t  hav e a n 
impac t  o n informatio n los s erro r  rates . 

Even i f  w e mak e th e furthe r  restrictio n tha i  th e 
option s i n PBI-DEE P woul d requir e mor e processin g 
tha n thos e o f  P B I - B R O A D (du e t o th e increase d 
ambiguit y o f  th e option s fro m th e 3x3x3x 3 structure) , 
HI  woul d stil l  hold ,  sinc e w e expecte d W M capacit y t o 
be allocate d first  t o storag e requirement s (sinc e th e use r 
knows exactl y wha t  tas k informatio n -  primaril y th e 
tas k descriptio n -  mus t  b e remembered) ,  an d th e 
remainde r  allocate d t o processin g requirement s (whic h 
ar e no t  know n ahea d o f  time) .  Not e tha t  H I  i s  i n 
conflic t  wit h th e widesprea d guidelin e tha t  phone-base d 
interface s shoul d limi t  th e max imu m numbe r  o f  option s 
per  men u t o thre e (Goul d &  Boies ,  1984) . 

Our  mode l  o f  phone-base d interactio n predict s W M 
error s whe n th e demand s fo r  activatio n (du e t o 
processin g an d storage )  excee d th e activatio n constraint . 
Sinc e w e kno w human s hav e differen t  W M capacitie s 
(Daneman &  Carpenter ,  1980) ,  w e shoul d expec t  tha t 
user s wit h lowe r  W M capacit y shoul d hav e a  greate r 
probabilit y o f  havin g thei r  capacit y exceede d b y th e 
activatio n demand s o f  phone-base d interaction ,  therefore , 
H 2:  W e expecte d subject s wit h highe r  W M 
capacit y woul d hav e lowe r  informatio n los s 
erro r  rate s tha n subject s wit h lowe r  W M 
capacity . 

I n term s o f  W M storag e requirement s fo r  th e thre e 
level s o f  tas k format ,  w e expecte d th e absenc e o f  a 
modifie r  t o creat e th e leas t  deman d fo r  storage ,  followe d 
by natura l  languag e an d numeric .  W e expecte d numeri c 
modifier s t o requir e mor e storag e capacit y tha n natura l 
languag e modifier s becaus e multipl e symbol s woul d b e 
require d t o represen t  a  rando m serie s o f  digits ,  whil e th e 
natura l  languag e modifier s woul d b e likel y t o b e 
represente d b y a  singl e symbol .  Thus ,  H 3 a :  W e 
expecte d increase d complexit y o f  task s 
(operationalize d b y tas k forma t  movin g fro m 
"none "  t o "natura l  language "  t o "numeric" ) 
woul d increas e informatio n los s erro r  rates . 

The tw o level s o f  numbe r  o f  task s provid e u s wit h a 
straightforwar d mean s o f  manipulatin g th e amoun t  o f 
informatio n tha t  mus t  b e hel d i n W M durin g tas k 
performance :  singl e task s shoul d requir e les s storag e 
activatio n tha n pair s o f  tasks .  Thus ,  H 3 b :  W e 
expecte d increase d complexit y o f  task s 
(operationalize d b y n u m b e r  o f  task s movin g 
fro m "single "  t o "pair" )  woul d increas e 
informatio n los s erro r  rates . 

Choice Errors 

Our model of phone-based interaction (PBI USER) 
depict s men u optio n choic e a s th e proces s o f  comparin g 
eac h men u optio n t o a  descriptio n o f  th e curren t  task , 
and the n selectin g th e mos t  appropriat e option .  Thi s 
compariso n proces s shoul d b e mor e erro r  pron e whe n 
th e men u option s ar e ambiguou s tha n whe n th e option s 

ar e specifi c  (du e t o insufficien t  knowledge ,  no t  du e t o 
W M constraints) ,  an d s o w e expecte d mor e choic e error s 
when men u option s ar e ambiguous .  I n ou r  study ,  th e 
menu structur e PBI -DEE P mus t  categoriz e al l  o f  th e 
functionalit y o f  th e fina l  8 1 termina l  node s int o 3 
option s a t  th e to p leve l  menu ,  i n contras t  t o th e PBI -
B R O AD structur e whic h ha s 9  option s a t  th e sam e 
level .  Therefore ,  H 4 :  W e expecte d choic e erro r 
rate s woul d b e highe r  fo r  P B I - D E E P tha n fo r 
P B I - B R O A D. 

The PB I  USE R architectur e tell s  u s tha t  W M error s 
do no t  occu r  unles s tas k demand s fo r  activatio n excee d 
th e activatio n constraint .  W e expecte d tha t  th e 
processin g requirement s fo r  choosin g option s i n th e 
menu structur e PBI-DEE P woul d b e greate r  tha n fo r 
P B I - B R O A D.  Thi s increase d processin g requiremen t 
woul d b e th e resul t  o f  th e additiona l  semanti c 
processin g require d t o disambiguat e th e optio n label s i n 
PBI-DEEP .  Thi s disambiguatio n proces s require s (i n 
PBI  U S E R)  th e retrieva l  o f  informatio n fro m long-ter m 
memory tha t  relate s th e ambiguou s optio n labe l  t o th e 
curren t  task .  Thi s additiona l  processin g loa d shoul d 
resul t  i n PBI-DEE P user s bein g mor e likel y tha n PBI -
B R O AD user s t o excee d thei r  W M capacitie s durin g th e 
selectio n o f  options .  O n th e othe r  hand ,  th e mor e 
specifi c  option s o f  P B I - B R O A D shoul d requir e les s 
processin g fo r  disambiguatio n tha n PBI-DEEP ,  an d 
therefor e w e expecte d a  weake r  effec t  betwee n W M 
capacit y an d choic e erro r  rate s fo r  th e broa d men u 
structure .  H 5 :  W e expecte d a n interactio n 
effec t  betwee n W M capacit y an d m e n u 
structur e fo r  choic e erro r  rates .  Fo r  PBI -
D E E P,  subject s wit h highe r  W M capacit y 
woul d hav e lowe r  choic e erro r  rate s tha n 
subject s wit h lowe r  W M capacity .  W e 
expecte d thi s effec t  t o b e weake r  fo r  PBI -
B R O A D. 

Experiment And Results 

The Experiment 

The purpose of the experiment is to provide empirical 
evidenc e fo r  th e impac t  o f  thre e factor s o n W M erro r 
rate s i n a  typica l  PB I  task :  1 )  structur e o f  th e men u 
hierarchy ,  2 )  individua l  difference s i n W M capacity ,  an d 
3)  W M demand s induce d b y tas k characteristics . 

Subjects. Eighty-seven students were recruited and 

pai d $10.0 0 t o participat e i n th e experiment .  Subject s 

wer e categorize d b y thei r  dynami c W M c£̂ )acit y int o 

thre e groups ,  base d o n thei r  score s o n th e readin g spa n 

tes t  (Danema n &  Carpenter ,  1980) :  lo w spa n (2 0 

subject s wit h score s o f  2. 0 2.5) ,  mediu m spa n (4 5 

subject s wit h score s o f  3. 0 -  3.5) ,  an d hig h spa n (2 2 

subject s wit h score s o f  4. 0 -  6.0) . 

Materials and Apparatus. We have implemented 

tw o simulate d telephone-base d studen t  registratio n 
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system s (PBI -DEE P an d P B I - B R O A D )  i n th e N c X T 
workstation .  T h e tw o system s ar e functionall y 
equivalen t  bu t  diffe r  i n th e topolog y o f  thei r  m e n u 
hierarchies .  Th e system s allo w th e performanc e o f  a 
variet y o f  studen t  registratio n tasks ,  suc h a s 
addin&'droppin g classes ,  retrievin g grades ,  payin g fees , 
etc . 

Experimental Design. In addition to the two menu 
structure s ( P B I - B R O A D an d PB I -DEEP) ,  th e othe r 
experimenta l  factor s wer e W M capacit y (low ,  medium , 
and high )  an d tas k typ e (nin e levels) .  Th e nin e level s o f 
tas k typ e resul t  fro m th e crossin g o f  tas k forma t  (n o 
modifier ,  natura l  languag e modifier ,  numeri c modifier ) 
wit h th e thre e level s o f  tas k orde r  (tas k orde r  i s derive d 
fro m numbe r  o f  tasks ,  an d ha s th e level s singl e task , 
firs t  tas k i n a  pai r  o f  tasks ,  an d secon d tas k i n a  pair) . 
Thus ,  w e hav e a  2x3x 9 design ,  wit h men u structur e an d 
W M capacit y bein g between-subject s factors ,  an d tas k 
typ e bein g a  within-subject s factor .  A  tota l  o f  twenty -
seve n task s wer e presente d t o eac h subject ,  allowin g fo r 
thre e replication s o f  eac h o f  th e nin e tas k types . 

Procedure. Each subject was run in two separate 
sessions .  I n th e f̂ s t  session ,  th e readin g spa n tes t  wa s 
administere d t o eac h subjec t  o n a n individua l  basis , 
usin g th e guideline s give n i n Danema n an d Carpente r 
(1980) .  Eac h spa n tes t  too k approximatel y te n minute s 
t o complete .  Tli e secon d sessio n wa s th e mai n sessio n 
of  th e experiment ,  i n whic h th e subject s interacte d wit h 
eithe r  P B I - D E E P o r  P B I - B R O A D .  Fo r  thi s session , 
subject s receive d al l  option s an d feedbac k pertainin g t o 
th e PB I  system s throug h headphones .  Al l  subjec t 
inpu t  wa s mad e b y clickin g o n a  representatio n o f  a  12 -
ke y touch-ton e telephon e keypa d o n th e screen .  Tas k 
description s wer e briefl y presente d o n th e compute r 
scree n an d the n erased .  Afte r  completin g a  serie s o f 
trainin g tasks ,  eac h subjec t  performe d twenty-seve n 
tasks .  Subject s wer e allowe d t o retriev e a  singl e 
paramete r  ( a paramete r  i s a n action ,  a n objec t  o r  a 
modifier )  fo r  eac h tas k i f  needed .  Al l  subjec t  action s 
(mous e clicks) ,  alon g wit h timin g dat a wer e capture d b y 
th e software .  Th e tim e require d t o complet e thi s 
sessio n wa s approximatel y fift y  minutes . 

Data Analysis. Our theoretical classification of 
erro r  type s (informatio n los s error s an d choic e errors ) 
w as operationalize d i n th e followin g manner . 
Informatio n los s wa s operationalize d i n tw o differen t 
ways :  1 )  rehearsa l  errors ,  i n whic h th e subjec t  forgo t  a 
paramete r  o f  a  tas k suc h a s a  modifie r  (e.g .  ad d clas s 
123 )  o r  th e objec t  o f  th e tas k (ad d clas s 123) ,  bu t 
afte r  makin g a  reques t  t o revie w thi s parameter ,  th e 
subjec t  complete d th e tas k successfull y (subject s wer e 
onl y allowe d on e suc h reques t  pe r  task) ,  an d 2 )  tas k 
failure ,  i n whic h th e subjec t  faile d t o complet e th e tas k 
correctl y (b y failin g t o complet e th e task ,  o r  b y 
completin g th e wron g task) .  Tas k failur e m a y occu r 
eve n afte r  a  reques t  fo r  a  forgotte n paramete r  ha s bee n 
made.  I n ou r  experimenta l  sating ,  rehearsa l  error s wer e 

a recoverabl e typ e o f  informatio n loss ,  sinc e th e subjec t 
was abl e t o complet e th e tas k correctly ;  o n th e othe r 
hand ,  w e conside r  tas k failur e t o b e a  mor e sever e typ e 
of  informatio n los s sinc e w e assum e subject s hav e 
forgotte n mor e tha n on e tas k parameter .  However , 
sinc e bot h ar e form s o f  informatio n loss ,  w e expecte d 
hypothese s HI -H3 b t o hol d fo r  bot h rehearsa l  an d tas k 
failur e errors .  Choic e error s wer e operationalize d a s 
navigationa l  errors ,  i n whic h th e subjec t  mad e a t  leas t 
on e incorrec t  optio n choic e whil e traversin g th e men u 
structur e bu t  complete d th e tas k correctl y b y 
backtracking .  W e expecte d W M limitation s t o b e a n 
importan t  facto r  o n th e frequenc y o f  navigationa l  errors . 
and w e expecte d hypothese s H 4 an d H 5 t o hol d fo r 
navigationa l  errors . 

We hav e focuse d o n developin g statistica l  model s an d 
analyse s fro m firs t  principle s rathe r  tha n relyin g o n 
traditiona l  off-the-shel f  statistica l  method s (Junke r  e t 
al. ,  1993) .  Thes e statistica l  model s hav e bee n 
develope d t o addres s man y o f  th e feature s o f  erro r 
behavio r  researc h tha t  m a k e statistica l  analysi s 
challengin g i n ou r  experiment ,  includin g categorica l 
dependen t  variable s an d th e dependenc e o f  categorica l 
response s withi n eac h subjec t  (du e t o th e repeated -
measure s desig n ofte n use d i n erro r  behavio r  research) . 
Overal l  effect s o f  th e experimenta l  factor s wer e assesse d 
by comparin g neste d model s i n G L I M usin g th e 
devianc e statistic ;  a  mode l  devianc e differenc e i s 
identica l  t o bot h th e log-likelihoo d rati o fo r  th e tw o 

model s an d th e statisti c  A G ^  (Bishop ,  Fienber g an d 
Holland ,  1975 )  ofte n use d t o compar e loglinea r  models . 
Thi s statisti c i s approximatel y chi-square d distribute d 
wit h degree s o f  freedo m equa l  t o th e differenc e i n th e 
number  o f  parameter s o f  th e tw o model s whe n th e 
smalle r  mode l  i s correc t  (Se e (Junke r  e t  al. ,  1993 )  fo r 
mor e details) .  S o m e experimenta l  effect s wer e mor e 
easil y assesse d b y performin g a  one-side d tes t  fo r  th e 
hypothesi s tha t  th e rate-predicted-to-be-hig h minu s th e 
rate-predicted-to-be-lo w wa s indee d positiv e (fo r  thes e 
effect s ther e wa s insufficien t  power ,  give n th e sampl e 
size ,  t o d o mor e detaile d comparisons) .  Th e relevan t 
tes t  statisti c ca n b e calculate d fro m th e statistica l  mode l 
usin g th e delt a metho d (Bishop ,  Fienberg .  &  Holland , 
1975) .  I n th e result s section ,  thi s tes t  wil l  b e referre d 
t o a s a  "high-lo w contrast" . 

Results 

Overall Results. Table I shows the observed rates 
fo r  th e five  respons e categories .  M e n u structur e ha d a 
significan t  effec t  o n overal l  respons e rate s ( G L I M 
devianc e o f  52 .  o n 4  degree s o f  freedom ,  p<.001) . 

Thes e result s sugges t  tha t  th e impac t  o f  men u structur e 

i s mainl y o n navigationa l  error s (17.23 % fo r  PBI -

D E E P,  7.74 % fo r  P B I - B R O A D ) . 

W M capacit y wa s highl y significan t  (36 8 o n 8  d.f. , 

p<.001) .  A s a n exampl e o f  th e impac t  o f  W M capacit y 

on respons e rates ,  th e observe d rale s fo r  th e respons e 

"n o errors "  wer e 71 .21 % fo r  th e hig h W M capacit y 
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subjects ,  65.93 % fo r  th e medium ,  an d 59.81 % fo r  th e 
lo w (combine d fo r  bot h men u structures) . 

Finally ,  tas k characteristic s (tas k forma t  an d numbe r 
of  tasks )  wer e als o significan t  (16 7 o n 8  d.f .  fo r  tas k 
format ,  p<.(X)l ;  2(X )  o n 8  d.f .  fo r  numbe r  o f  usks , 
p<.(X)l) .  Th e impac t  o f  tas k forma t  o n respons e rate s 
i s exemplifie d b y th e observe d rate s fo r  (h e "n o errors " 
respons e (combine d for  bot h men u suiictures) :  73.18 % 
fo r  n o modifier ,  67.94 % fo r  natura l  languag e modifier , 
and 56.45 % fo r  numeri c modifier .  Numbe r  o f  task s 
resulte d i n th e observe d "n o errors "  rate s o f  79.44 % fo r 
singl e tasks ,  an d 59.07 % fo r  pair s o f  task s (again , 
combine d fo r  bot h men u structures) . 

Table 1: Overall Response Rates by Menu 

Respons e 
no error s 
tas k failur e 
correc t  w/rehearsa l 

correc t  w/navigationa l 
correc t  w/rehearsa l  &  nav . 

PBI-DEE P 

61.41 % 
10.08 % 
7.32 % 

17.23 % 
3.96 % 

PB l -BROA D 

70.20 % 
10.19 % 
8.25 % 

7.74 % 
3.62 % 

Tas k Failure .  N o significan t  difference s wer e foun d 
betwee n th e tw o men u structure s i n term s o f  overal l 
tas k failur e erro r  rate s (0. 3 o n 2  d.f. ,  ns) ,  wit h PBI -
D E EP an d P B I - B R O A D havin g observe d tas k failur e 
rate s o f  10.08 % an d 10.19% ,  respectively .  Sinc e tas k 
failur e i s a  for m o f  informatio n loss ,  thi s resul t 
support s H I .  Th e factor s o f  W M level ,  tas k format , 
and numbe r  o f  task s al l  ha d significan t  effect s o n th e 
frequency  o f  tas k failur e rate s fo r  bot h men u structure s 
(providin g suppor t  fo r  hypothese s H 2 ,  H3a ,  an d H3b) . 
For  instance ,  th e thre e level s o f  Workin g M e m o r y 
capacit y (high ,  medium ,  an d low )  resulte d i n observe d 
tas k failur e rate s (combine d fo r  th e tw o men u structures ) 
of  5.73% ,  11.19% ,  an d 12.59 % (1 9 o n 2  d.f. ,  p<.001) . 
Tas k forma t  (n o modifier ,  natura l  languag e modifier , 
numeri c modifier )  resulte d i n observe d tas k failur e rate s 
(combine d fo r  men u structure )  o f  5.49% ,  10.73% ,  an d 
14.18 % (3 2 o n 2  d.f. ,  p<.001) .  Finally ,  numbe r  o f 
task s (singl e task ,  pai r  o f  tasks )  resulte d i n observe d 
tas k failur e rate s (combine d fo r  men u structure )  o f 
3.83 % an d 13.28%(5 6 o n 2  d.f. ,  p<.001) . 

I n summary ,  al l  hypothese s concernin g informatio n 
los s wer e supporte d b y th e result s o f  tas k failur e erro r 
rates ,  tha t  is ,  ther e i s n o differenc e betwee n men u 
structures ,  a  significan t  differenc e amon g W M capacit y 
groups ,  an d a  significan t  impac t  o f  tas k characteristics . 

Rehearsal Errors. No significant differences were 
foun d betwee n th e tw o men u structure s i n term s o f 
rehearsa l  erro r  rate s (HI )  ,  wit h PBI -DEE P an d PBI -
B R O AD havin g observe d rehearsa l  erro r  rate s o f  12.55 % 
and 13.21% ,  respectivel y (high-lo w contras t  z=0.10 , 
ns) .  Th e thre e level s o f  W M capacit y (high ,  medium , 
and low )  resulte d i n observe d rehearsa l  erro r  rate s 
(combine d fo r  bot h men u structures )  o f  11.61% , 
12.23% ,  an d 15.89% ,  bu t  thi s effec t  di d no t  reac h 
statistica l  significanc e (high-lo w contras t  z=2.0 ,  n s 

usin g th e conservativ e Bonferron i  correctio n fo r 
multipl e comparisons) .  Th e tas k complexit y feature s o f 
tas k forma t  an d numbe r  o f  task s bot h ha d significan t 
effect s o n th e frequenc y o f  rehearsa l  erro r  rate s (H3 a an d 
H3b) .  Combinin g rehearsa l  erro r  rate s fo r  th e tw o 
menu structures ,  tas k forma t  (n o modifier ,  natura l 
languag e modifier ,  numeri c modifier )  resulte d i n 
observe d rehearsa l  erro r  rate s o f  4.19% ,  12.16% ,  an d 
23.21 % (high-lo w conu-as t  z=10.0 ,  p<.001) .  Numbe r 
of  task s (singl e tas k vs .  pai r  o f  tasks )  resulte d i n 
observe d erro r  rate s (combine d fo r  bot h men u structures ) 
of  3.05 % an d 18.34 % (high-lo w contras t  z=12.5 , 
p<.001) . 

I n summary ,  wit h th e exceptio n o f  H 2 al l  hypothese s 
concernin g informatio n los s wer e supporte d b y th e 
result s o f  rehearsa l  erro r  rates ,  tha t  is ,  ther e i s n o 
differenc e betwee n men u structures ,  an d a  significan t 
impac t  o f  tas k characteristics .  Whil e th e observe d 
rehearsa l  erro r  rate s di d increas e a s W M capacit y 
decrease d (a s hypothesize d i n H 2 ) ,  thi s effec t  wa s no t 
statisticall y significant . 

Navigational Errors. Menu structure was 
significan t  i n term s o f  navigationa l  erro r  rate s (H4) , 
wit h observe d erro r  rate s o f  23.56 % fo r  PBI -DEEP ,  an d 
12.65 % fo r  P B I - B R O A D (high-lo w contras t  z=6.6 , 
p<.001) .  W M leve l  di d no t  hav e a  significan t  effec t  o n 
th e frequenc y o f  observe d navigationa l  erro r  rale s (se e 
Tabl e 2 )  fo r  PBI -DEE P (high-lo w contras t  z=2.47 ,  n s 
usin g th e Bonferron i  correction) ,  o r  fo r  P B I - B R O A D 
(high-lo w contras t  z=0.61 ,  n s usin g th e Bonferron i 
correction) . 

In summary, hypothesis H4 was supported by the 
result s o f  navigationa l  erro r  rates ,  bu t  hypothesi s H 5 
was no t  supported .  Tha t  is ,  ther e i s a  significan t 
differenc e betwee n men u structures ,  an d n o significan t 
interactio n betwee n W M capacit y an d men u structure . 

Table 2: Observed Navigational Error Rates 
by W M an d M e n u Structur e 

WM 

hig h 
mediu m 

lo w 

Navigationa l  Erro r  Rate s 

PBI-DEE P P B I - B R O A D 

19.93 % 12.68 % 

22.21 % 11.81 % 

29.44 % 14.52 % 

Discussio n 

Our hypotheses for information loss errors in PBI were 

supporte d b y th e result s fo r  tas k failur e an d rehearsa l 
erro r  rates ,  wit h th e on e exceptio n o f  H 2 (whic h 

involve s th e impac t  o f  W M capacit y o n informatio n 

loss )  fo r  rehearsa l  errors .  Thes e result s indicat e tha t 

informatio n los s error s ar e mor e likel y t o occu r  a s th e 

demand fo r  W M storag e increases ,  an d tha t  individua l 

difference s i n W M capacit y hav e a  substantia l  impac t  o n 
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th e abilit y  o f  PB I  user s t o maintai n informatio n i n 
W M.  Ou r  result s strongl y indicat e tha t  tw o radicall y 
differen t  men u structure s (PBI-DEE P an d PBI-BROAD ) 
had n o impac t  o n th e probabilit y  o f  informatio n loss . 
Menu structur e di d no t  hav e a n impac t  o n sever e (tas k 
failure )  o r  moderat e (rehearsa l  error )  informatio n loss . 
Thi s support s ou r  clai m tha t  th e primar y determinan t  o f 
informatio n los s i n PB I  i s no t  th e numbe r  o f  option s 
per  menu ,  bu t  rathe r  th e complexit y o f  th e evaluatio n o f 
each individua l  option . 

Hypothesi s H2 ,  whic h predicte d a n increas e i n 
informatio n los s erro r  rale s a s W M leve l  decreased ,  wa s 
not  supporte d b y th e result s fo r  rehearsa l  errors .  Whil e 
observe d rehearsa l  erro r  rate s di d increas e a s W M leve l 
decreased ,  thi s effec t  wa s no t  stron g enoug h t o reac h 
statistica l  significance .  On e explanatio n o f  thi s lac k o f 
significanc e coul d b e ou r  relatively  smal l  sampl e size , 
couple d wit h th e conservativ e multipl e compariso n 
correctio n w e used ,  bu t  w e offe r  a n additiona l 
explanation .  Conside r  th e distributio n o f  W M loa d ove r 
al l  th e task s give n i n th e experiment .  Figur e 1  present s 
suc h a  distribution ,  i n whic h mos t  o f  th e task s hav e 
lo w t o moderat e W M load ,  an d th e proportio n o f  task s 
decrease s a s W M loa d increases . 

> 1 
•  lo w , 

1 b 

*  1 
«hi*h i 
«s|»n , 
« 1 

c d 

Figur e 1 :  Relationshi p o f  W M Capacit y 
Group s an d W M Loa d t o Tas k Frequency . 

In Figure 1 two "bands" of WM capacity are 
represented,  on e extendin g fro m "a "  t o "b "  fo r  th e lo w 
span subjects ,  an d on e extendin g fro m "c "  t o "d "  fo r  th e 
hig h span .  Thes e band s indicat e th e relationship s 
betwee n W M capacity ,  W M loa d o f  tasks ,  an d 
informatio n los s errors .  Fo r  instance ,  th e lo w spa n 
subject s woul d generat e 1 )  n o informatio n los s error s 
fo r  task s wit h W M loa d les s tha n "a" ,  2 )  rehearsa l  error s 
fo r  task s wit h W M loa d betwee n "a "  an d "b" ,  an d 3 ) 
tas k failur e error s fo r  task s wit h loa d greate r  tha n "b" . 
Similarly ,  hig h spa n subject s woul d generat e 1 )  n o 
informatio n los s error s fo r  task s wit h W M loa d les s 
tha n "c" ,  2 )  rehearsal  error s fo r  task s wit h W M loa d 
betwee n "c "  an d "d" ,  an d 3 )  tas k failur e error s fo r  task s 
wit h W M loa d greate r  tha n "d" .  Notic e tha t  althoug h 
th e are a representin g rehearsa l  error s fo r  th e hig h W M 
capacit y grou p i s les s tha n tha t  fo r  th e lo w W M 
capacit y group ,  th e differenc e i s no t  great .  However ,  i f 
we conside r  th e are a representin g tas k failur e fo r  th e lo w 
capacit y grou p (al l  task s beyon d "b") ,  w e not e tha t  i t  i s 
much greate r  tha n th e correspondin g are a fo r  th e hig h 

capacit y grou p (al l  task s beyon d "d") .  Thus ,  althoug h 

th e hig h capacit y subject s d o hav e lowe r  erro r  rate s tha n 

th e lo w capacit y subject s fo r  bot h rehearsa l  an d tas k 

failur e errors ,  i t  i s  easie r  t o distinguis h betwee n th e tas k 
failur e erro r  rates .  Therefore ,  whil e ther e wa s no t  a 
significan t  effec t  o f  W M o n rehearsa l  erro r  rates ,  w e 
believ e tha t  th e tru e tes t  o f  th e importanc e o f  W M a s a 
predicto r  o f  informatio n los s erro r  rate s i s wit h th e 
impac t  o f  W M capacit y o n tas k failur e rates .  Thi s 
belie f  i s  supporte d b y ou r  empirica l  results ,  whic h sho w 
a stron g effec t  o f  W M o n tas k failur e erro r  rales . 

Whil e men u structur e ha d littl e impac t  o n 
informatio n loss ,  i t  wa s highl y significan t  o n choic e 
(navigational )  erro r  rates ,  confirmin g ou r  clai m tha t 
menu structur e shoul d hav e a n impac t  o n processin g 
demands i n W M,  bu t  no t  o n storag e demands . 
Althoug h w e di d no t  observ e a  significan t  interactio n 
betwee n W M capacit y an d men u structur e a s predicte d 
by H5 ,  choic e (navigational )  erro r  rate s fo r  PBI-DEE P 
di d increas e b y nearl y te n percentag e point s a s W M 
decrease d fro m hig h t o low ,  whil e choic e erro r  rale s fo r 
PBI-BROAD increase d b y les s tha n thre e percentag e 
point s i n th e sam e situation .  Ou t  inabilit y  t o fin d a 
significan t  effec t  fo r  th e interactio n ma y hav e bee n du e 
t o a  lac k o f  statistica l  power ,  o r  t o a n actua l  lac k o f  a n 
effect .  I f  th e interactio n effec t  doe s exist ,  the n i t 
appear s t o b e a  wea k effect ,  an d ma y b e du e t o strategi c 
reallocatio n o f  W M resource s betwee n storag e an d 
processing ,  base d o n W M loa d incurre d "o n th e fly " 
durin g men u navigation .  W e ar e i n th e proces s o f 
refinin g th e modelin g o f  W M failur e b y accountin g fo r 
alternativ e resourc e allocatio n strategie s i n W M. 
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