
Ar e We Read y fo r  a  Cognitiv e Engineering ? 
S.  K .  CaRI I .  Xero x Pol o Ali o Researc h Cente r  A N D 

A.  N l iWtLL ,  Camefii-Mello n Untyenll y 

ll IS an interesting irony that psychology is often criliciicd for its 
impracticaUt y an d it s concer n wit h minutia e whil e a t  th e s a m e lim e 
th e crucia l  problem s impedin g m a n y engineerin g development s ar e 
problem s o f  psychologica l  performance .  N o w h e r e i s thi s m o r e Inr e 
tha n i n th e are a o f  h u m a n - c o m p u t e r  interaction ,  whethe r  i t  i s a 
matte r  o f  automatio n i n th e cockpi t  o f  advance d aircraf t  o r  i n th e 
task s o f  offic e workers .  I n bot h case s i t  i s  th e lac k o f  understandin g 
o f  th e determinant s o f  psychologica l  performanc e i n th e use r  tha t 
currentl y set s limit s o n th e us e o f  technology . 

Yet ,  anyon e w h o ha s ha d th e tas k o f  tryin g t o obtai n fro m th e 
literatur e psychologica l  guidanc e fo r  th e desig n o f  a n interactiv e 
c o m p u t e r  syste m i s awar e o f  th e grea t  frustration s engendere d b y th e 
j umb l e o f  empirica l  result s an d micro-theories ,  tightl y b o u n d t o 
expenmenta l  paradigms ,  whic h h e finds.  I t  i s  no t  tha t  psycholog y 
ha s n o informatio n t o offer .  Indeed ,  whil e th e literatur e admittedl y 
contain s quantitie s o f  ill-founde d trivia ,  ther e ha s c o m e t o b e 
establishe d i n cognitiv e psycholog y a  soli d se t  o f  verifie d fact s abou t 
th e workin g o f  th e h u m a n m ind .  Hu t  thes e fact s ar c difficul t  l o 
retriev e an d t o appl y i n n e w circumstances .  Thi s i s tru e partiall y 
becaus e i n psychology ,  unlik e s o m e othe r  fields,  ther e ha s bee n 
insufficien t  effor t  devote d l o codifyin g an d condensin g th e 
knowledg e learne d int o simpl e forms ,  usabl e b y worker s wit h othe r 
specialties .  ITi c codificatio n an d simplificatio n o f  establishe d fact s i s 
importan t  t o th e progres s o f  science  i f  th e result s fro m on e speciall y 
ar e t o b e c o m e ih e tool s o f  anothe r  (Latou r  an d Woolgar ,  1979) ,  i f 
th e result s o f  cognitiv e psycholog y ar c t o coalesc e int o a  science  bas e 
fo r  cognitiv e engineering . 

Uut  ar e w e read y fo r  a  cognitiv e engineering ? I s i t  n o w withi n 
ou r  reac h t o creat e a  systemati c methodolog y fo r  designin g machine s 
optimize d fo r  h u m a n cognitiv e performance ? ITier e i s certainl y th e 
engineerin g nee d an d ther e ar c als o th e promisin g development s i n 
cognitiv e psychology ,  bu t  i t  i s a  grea t  mistak e t o thin k that ,  b y 
merel y listin g a  miscellaneou s collectio n o f  results ,  cognitiv e 
psycholog y i s thereb y rendere d usabl e t o suppor t  a  disciplin e o f 
cogniuv e engineering .  W h a t  i s require d i s a  m o r e radica l  departur e 
fro m wha t  i s  usua l  i n psychologica l  research .  Wherea s th e poin t  o f 
expenmenta l  manipulation s i s  ofte n t o discriminat e betwee n 
compet in g theorie s n o matte r  h o w smiil l  th e discrimination ,  b y 
contras t  i n a  psycholog y usefu l  fo r  engineerin g design ,  smal l 
difference s ar e los t  i n th e m a n y approximation s alway s necessary . 
W h at  i s imponan t  i s th e abilit y  t o d o tas k analysi s (determinin g Ih e 
specific ,  rationa l  m e a n s o f  accomplishin g variou s goals) ,  calculatio n 
(zero-paramete r  prediction s o f  behavio r  capabl e o f  parametri c 
variation) ,  an d approximatio n (simplificatio n o f  th e tas k an d o f 
psychologica l  theory) . 

I n th e remainde r  o f  thi s paper ,  w e wis h t o sugges t  a  w a y i n 
whic h n u m e r o u s result s fro m cognitiv e psycholog y migh t  b e include d 
i n a  singl e mode l ,  usabl e b y compute r  syste m designer s an d others . 
T h o u g h limited ,  thi s mode l  (wliic h w e sh.il l  d u b th e M o d e l  H u m a n 
Processor )  doc s m a k e i t  possibl e t o cal'.ul.ii c  predictions  o f  use r 
performance ,  albei t  o f  a n approximat e kind .  Ili c  purpos e o f  th e 
m o d el  i s no t  t o provid e a  precis e dcscnp l  o n o f  wha t  i s i n th e head , 
bu t  t o provid e a n economica l  an d sufficien t  basi s fo r  applie d 
analysis . 
THE MODEL HUMAN PROCESSOR 
The MiiJd lluiii.in l'nn.> vui i.iii l)e dixribcd by (1) ,i set of 
vMlii 1^1 . -ti vl 1111111.1, i 1 I n,^i.iuiin" tlijiii. .•'I. Ili^ piiii.ii..il 

propertie s o f  th e processor s an d memor ie s ar c summar ize d b y a 
smal l  se l  o f  parameters .  A  simila r  techniqu e ha s prove d successfu l 
fo r  simplifyin g th e analysi s o f  electroni c information-processin g 
system s (se c Sicwiorek ,  llcll ,  an d N e w c H ,  1981) .  I'h e m e m o r y 
parameter s use d i n Ih e njode l  ar c ar e 

/I. the storage capacity in items, 
S.  th e deca y lim e (half-life )  o f  a n item ,  an d 
K.  th e mai n cod e typ e (iconic ,  acoustic ,  visual ,  semantic) . 

The only processor parameter used is 
T, the cycle lime. 
The complete model is elaborated and argued in Card, Moran, and 

Newel l  (i n preparation) .  Here ,  w e wis h onl y l o giv e a n illustratio n o f 
h o w a  singl e paramete r  t  fro m th e mode l  ca n b e use d t o s u p p o n 
syste m engineerin g analysis . 

Accordin g t o th e M o d e l  H u m a n Processor ,  th e m i n d i s comprise d 
of  thre e partiall y  couple d processors ,  th e Perceptua l  Processor ,  th e 
Cognitiv e Processor ,  an d th e Mo to r  Processor ,  eac h wit h a  simila r 
cycl e time ,  derive d fro m th e literature . 
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Pi.  Variable Perceptual Froceisor Rate Principle. The Perceptual Processor 0xU time 
T varies inversely mth stimulus intensity. 
P2.  hncoding Specificity Principle. Specific encoding operations performed on what is 

prrn-nr d Jeiermin e ŷha f  i s store d an d wha t  i s store d determine s wha t  retrieva l  cue s ar e 
rffrciiv e i n providin g acces s t o wha t  t s store d 

P3.  lUscriminatio n Principle .  Th e dijficult y o f  memor y retrieva l  i s  determine d b y th e 
candidate s tha t  exis t  i n th e memory ,  relativ e t o th e retrieva l  clues . 

P4.  Variabl e Cognitiv e Processo r  Rat e Principle .  Th e Cognitiv e Processo r  cycl e lim e r  i s 
shorter for greater task demands and increased information loads; it also diminishes 

îf h practice . 
P5.  fill s  s  Imw .  Th e lim e T  1 0 mov e th e han d t o a  targe t  o f  siz e S  whic h lie s a  distanc e 
Dnnm Kgiven  by  Tpo^^'M^^H^^^^^^  ^''^'^^ 'w~  100ins/biM70~  120nis/bit). 
/ U Powe r  La w o f  Practice .  Th e nmcT ^  t o perfor m a  las k o n th e nt h tria l  follow s a  powe r 
law: T^== r^n- '. where r- 4[ 2- 6]. 
P7.  The Uncertainty Principle. Decision time T increases with uncertainty about the 

Judgement  o r  decisio n t o b e mod t  •  T  ~  l^li ,  wher e I t  i s  th e information-theoreti c 
entropy of the decision and />-.= 150 ms/bil |0-157 ms/bitj. Tor n equally probably 
alternatives  (Hick s Imw). 11 = logj (n + 1) For n alternatives with different 
probabilities of occurring P-. // = ;',log2(I/;»y + 1). 
P8.  Maiionality Principle. A person acts so as to attain his goals through rational action, 

give n th e structur e o f  th e tas k an d hi s input s o f  informatio n an d bounde d b y limitation s 
on hi s knowledg e an d processin g ability : 
Goal s +  Tas k +  Operator s +  Input s +  Knowledg e +  Process-limit s —*  Behavior . 

P9.  rh e ProblemSpac e Principle .  I  h e rationa l  activii v  i n whic h peopl e engag e t o solv e a 
proble m ca n b e describe d i n term s o f  (I )  a  se t  o f  slate s o f  knowledg e (2 )  operator s fo r 
chanfin K on e stat e int o anoiher .  (J )  constraint s o n operato r  movement ,  and(4 )  contro l 
knowledg e fo r  decidin g whic h operato r  t o appl y nex t 

Figur e 2 . 
Operation . 

The Mode t  H u m a n Processoi—Addlliona l  Principle s o f 
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Tp =  10 0 m s (50-200 ) 
T^  =  10 0 m s (25-17 0 ms j 
Tj ^  -  10 0 m s (70-36 0 msJ . 

For some tasks (pressing a key in response lo a light) the system 
must  behav e a s a  seria l  processo r  Fo r  othe r  task s (typing ,  reading . 
and simultaneou s translaiiun )  integrated ,  paralle l  operatio n o f  th e 
thre e subsystem s i s possible ,  i n th e manne r  o f  thre e pipeline d 
processors :  mformatiu n How s continuousl y fro m inpu t  l o output , 
wit h a  la g showin g tha t  al l  thre e processor s ar e workin g 
simultaneously . 

Suppos e a  stimulu s impinge s upo n th e retin a o f  th e ey e a t  tim e ( 
0.  A t  th e en d o f  on e Herccptua l  Processo r  cycle ,  /  =  t ^  ,  th e 

imag e i s assume d t o b e availabl e i n th e Visua l  Imag e Stor e an d th e 
human abl e t o se e i t  Shortl y thereafter ,  a  recognised ,  symbolic , 
acousticdily -  (o r  visually- )  code d representatio n o f  a t  leas t  par t  o f  th e 
Visua l  Imag e Stor e content s i s assume d l o b e presen t  i n Workin g 
Memory.  I n truth ,  thi s descriptio n i s a n approximatio n sinc e 
differen t  informatio n i n th e imag e become s availabl e a t  differen t 
time s muc h a s a  photopr.ip h develops ,  an d a  perso n ca n reac t  befor e 
th e imag e i s fiill y  dc\clopc d o r  h e ca n w.ii i  fo r  a  bette r  image . 
dependin g o n whethe r  spee d o r  accurac y i s th e mor e imporlan L 
Accordin g l o th e model ,  perceptua l  event s occurrin g withi n a  singl e 
cycl e ar c combine d int o a  singl e percep t  i f  the y ar e sufficientl y 
similar . 

Once i n Workin g Memory ,  informatio n i s processe d b y th e 
Cognitiv e 1'roces.sor' s rccuumze-ac l  cycle ,  analogou s l o th e fctch -
cxccut c cvcl e o f  standar d coinpiiters .  O n eac h cycle ,  th e content s o f 
Workin g Memor y iniliiil c  rfSsocLitivclylinkcd  action s i n I  ong-ler m 
MciTidi y ("rcci)gni7e '  )  whic h i n tur n modif y lli e content s o f  Workin g 
Mcnmry ("act) .  seilni B th e stag e fo r  th e nex t  cycle .  I'lans . 
procedures ,  an d othe r  form s o f  organize d behavio r  ca n exist ,  bu i 
Uics c .li e buil t  u p lui l  o f  .II I  organi/c d se t  o f  iccogni/c-.ic l  cycles . 

Conscgiicn t  l o a  decisio n l o ac t  b y th e Cogniiu c Processor ,  th e 
actio n Itsel f  i s  conirollc d h v th e Moto r  Processor .  Ciinlrar y l o casua l 
appearances ,  moiemen t  i s nu l  conliiuious .  hu l  consist s o f  a  serie s o f 
discrei c innroniuvcmtiiis ,  c.ilI i  icquiiiii ;  on e Moto r  I'Kucsso r  cycl e 
ol  .ibiiii i  T,, = 11)1 )  Ill s  I  h o licdb,n.l .  loo p Iron )  .utin n t o perceptio n 
i s •̂iill u iriiil y  liMl| '  I  til l  I-.soi l  ins )  ili.i l  i.ipi d hcll.ivioi.i l  .v.l s  soc h i s 
I  I '  '. r  !  '  I  I .  '.. H I  I  I I  • !  Ml  I  I I  '  *> '  I  t  I  I  '  •:nii u 1 
M'.lii l  I'lii. v  -i i  i  1 . 
CALCULATING HUMAN PERFORMANCE 
We now illustrate how the portion of the Model Human 
Processo r  w e hav e describe d ca n b e use d t o calculat e answer s t o 
problem s o f  huma n performanc e l o addres s uncenainlie s i n th e 
p.irameter s o f  th e model ,  w e defin e thre e mode l  versions :  on e i n 
whic h al l  th e parnmeter s liste d ar e se t  t o giv e th e wors t  performanc e 
iShwmiin) .  on e i n whic h the y ar e se t  t< i  giv e th e bes t  performanc e 
U'asiman) .  an d on e se t  fo r  a  typica l  performanc e [Middleman) . 
Scnsilivit y analyse s t o se c i f  th e result s o f  interes t  ar c affecte d b y th e 
tru e value s o f  th e parameter s ca n b e performe d b y makin g 
calculation s fo r  bot h Slowma n an d Fasunan . 
Example 1. Morse Code listening rate. 
What is the maximum rate, in words/min. at which 

Mors e Cod e ma y b e perceived ? (Assum e th e ol d sor t 
of  America n telegrap h wher e dot s an d dashe s ar e 
made b y th e click s o f  th e armatur e o f  a n 
electromagnet ,  dot s bein g distinguishe d fro m dashe s b y 
a shorte r  interva l  r,etwee n armatur e clicks. ) 

Solution. If a dash takes less than one Perceptual Processor cycle 
7^=10 0 ms ,  ther e woul d b e n o wa y t o tel l  i t  fro m a  do t  since . 
accordin g t o th e model ,  duration s smalle r  tha n ^  p  canno t  b e 
perceived .  Similarly ,  i f  tw o dot s occu r  close r  tha n abou t  10 0 m s the y 
woul d b e perceive d a s th e sam e dot .  S o a  reasonabl e approximatio n 
of  th e fa,stes t  rat e i s 10 0 ms/dol ,  20 0 ms/dash .  an d 10 0 m s betwee n 
Icttere . 

I f  th e probabilitie s fo r  th e variou s letter s i n F.nglis h ar e 
multiplie d b y lli e calculate d lim e pe r  lette r  accordin g t o th e abov e 
nilc ,  w c calculat e a  mea n tim e o f  45 9 ms/letter .  Assumin g 4, 8 
char/wor d (th e valu e fo r  llrya n an d llarter's ,  1898 ,  telegraphi c spee d 
lest) , 
Max reception rate = (.459 s/letler X 4.8 leiter/word) 

+ .20 0 s/word-spac e 
= 2. 4 s/wor d =  2 5 words/min .  I 

This number is in the range quoted by Hryan and Hartcr (1898) 
fo r  \cr y good ,  experienced ,  railroa d telegraphers ,  20-2 5 words/min . 

An uppe r  boun d o n th e maximu m ral e i s give n b y a  Fastma n 
calculation : 

o r  cours e thi s calculatio n doc s no t  guarante e tha i  5 0 words/mi n i s 
actuall y possible ,  onl y tha i  i t  woul d b e surprisin g I f  anyon e wer e t o 
be faster .  I n fact ,  th e fastes t  performanc e know n t o Urya n an d 
Harte r  wa s clos e t o thi s rate ,  4 9 words/min . 

Example 2. Reaching to a button 

Suppose a user needs to move his hand D cm to reach 
a buiu m . S c m wid e o n a  calculato r  (H e canno t  reac h i t 
by louch) .  H o w lon g wil l  th e movemen t  require ? 

llie movement of the hand, as wc have said, is not continuous. 
In n consist s o l  a  scrie s o l  micr o correction s eac h wit h a  certai n 
,H.i.iii.ic\ .  l o ni.ik c . 1 correctio n i.ikc s a t  minimu m on e c>cl c o f  th e 
I'.i i  ,|iM i  i l  I'nn' .  •  I  M .. h .-n c ili c  h  in d iin c lul c o f  ilu- (  (H'liiliv c 
l'nii.i-..i i  t o dv>ul k o n Il k liimclIiiii i  .iii d mi' ,  cycl e o f  tli c  Moto r 
Processo r  t o perfor m th e correction ,  o r  t;, + Tj-+Tj, ^  .  Th e tim e t o 
move th e han d t o th e targe t  i s the n th e tim e l o pcrfon n n  o f  thes e 
correction s o r  n(tp+r^^+rf^) .  Sinc e t ^ + t ^ + t ^  ~  30 0 ms ,  n  i s 
th e numbe r  o f  roughl y 30 0 m s interval s i t  take s t o poin t  t o th e 
target . 

Let  X ^  b e th e distanc e remainin g t o th e targe t  afte r  th e rt h 
correctiv e mov e an d X ^  ( = D )  h e th e startin g poin L Assum e tha i 
th e relativ e accurac y o f  movemen t  i s conslan L tha t  is ,  tha t  A'j/A'̂ _ ] 
= a .  wher e a  ( < 1 )  i s th e constan t  error .  O n th e first  cycl e th e han d 
moves t o 
r, = aX^ = oO. 
On the second cycle, the hand moves to 

Xj = aX, = a(aD) = a^D. 

On the nth cycle it moves to 

X, = a'D. 

The hand slops moving when it is w:thin the target area, that is 
when 

Solving for n gives 

n = -log2(2Z)/5) / logj a. 

Hence th e tou l  movemen t  tim e T i s give n b y 

n(T^+T^+Tj^^ ) 
Tpc, = 'w log,(2Z)/5) 
L « , = 

(1) 
wher e / ^  =  -(t/. + Tj~+tjĵ )  /  log . 

Fx)uatio n 1  i s calle d Fitls' s l.a w (thi s derivatio n base d o n Keele , 
1968) .  I t  say s tha t  th e tim e t o mov e th e han d l o a  targe t  depend s 
onl y o n th e relativ e precisio n required ,  tha t  is ,  th e rati o betwee n th e 
target' s distanc e an d it s size , 

lli e constan t  a  ha s bee n foun d t o b e abou t  .0 7 (Vincc ,  1948) ,  s o 
l̂ f  ca n b e evaluated : 
I^, = -300 ms/log2(,07) bits 

= 7 8 ms/bi L 
Results from various experiments give values in the in the l/^ -
70-12 0 ms/bi t  range . 

Example 3, Reaction time. 

The user is presented with two symbols, one at a time. 
I f  th e secon d symbo l  i s identica l  t o th e first,  h e i s t o 
pus h th e ke y labele d ̂  c s otherwis e h e i s t o pus h No , 
What  i s th e lim e bciwee n signa l  an d respons e fo r  th e 
Yes case ? 

Soluiiiin llie first symbol is presented on the screen where it is 
observe d b y th e use r  ,uk I  pioicssci l  b v hi s Pcrccpuia l  Processo r 
civiii f  ris e I n ;issoci.iIC( l  icprcsoni.ilii'n s i i  th e iiscT s Visn;i l  lin.î c 
Sior e ;ini l  UihIiiil '  Mcmuii a I  li e m'cih u sMiihii l  i s  iim v H.ishc d ml 
th e SLKci i  :iii d i s siniil.iil y  processed .  Si m e  w c .ir e intcieste d I n ho w 

Max ral e = (10 0 ms/5 0 ms )  X  2 5 words/mi n 
= 5 0 words/min . 
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lon g i t  take s t o respon d t o th e secon d symbol ,  w e no w star t  th e cloc k 
at  0 .  Th e Perceptua l  Processo r  processe s th e secon d symbo l  t o ge t 
an iconi c representatio n i n Visua l  Imag e Stor e an d the n a  visua l 
representatio n i n Workin g Memory ,  requirin g on e cycle ,  i p .  I f  no t 
to o muc h tim e ha s passe d sinc e th e first  symbo l  wa s presented ,  It s 
visua l  cod e i s stil l  i n Workin g M e m o r y an d th e Cognitiv e Processo r 
ca n matc h th e visua l  code s o f  th e first  an d secon d symbol s agains t 
eac h othe r  t o se e i f  the y ar e th e same .  1  hi s matc h require s on e 
Cognitiv e Processo r  cycle ,  j^. .  I f  the y match ,  th e Cognitiv e 
Processo r  decide s t o pus h th e Ye s button ,  requirin g anothe r  cycl e 
Tf .  fo r  th e decision .  Finally ,  th e Moto r  Proces,so r  processe s th e 
reques t  t o pus h th e Ye s button ,  requirin g on e Moto r  Processo r  cycl e 
T ^ .  Th e tota l  elapse d reactio n time ,  accordin g t o th e Mode l  H u m a n 
Processor ,  i s 
Reaction time = t^ + 2t(~ + Tj^ 

= 10 0 (50-200 )  +  2X(10 0 |25-170| ) 
+ 10 0 [70-360 1 m s 

= 40 0 [170-900 1 m s . 
This analysis could be repeated for the case ("name match") 
wher e th e use r  i s t o pres s Ye s i f  th e symbol s wer e bot h th e sam e 
letter ,  althoug h on e migh t  b e i n uppe r  case ,  th e othe r  i n lowe r  case . 
Here ,  a n extr a Cognitiv e Processo r  cycl e i s require d t o ge t  th e 
abstrac t  cod e fo r  th e symbo l  (Compute d reactio n tim e =  50 0 
[195-1070 1 ms) .  Likewise ,  i f  th e use r  wer e t o pres s Ye s whe n th e 
symbol s wer e onl y o f  th e sam e clas s ("clas s match") ,  sa y bot h letters , 
yet  anothe r  Cognitiv e Processo r  cycl e woul d b e require d (Compute d 
reactio n tim e =  60 0 [220-1240 1 ms) . 

Experiment s hav e bee n performe d t o collec t  empirica l  dat a o n 
th e question s presente d i n thes e examples ,  lli e finding  i s tha t  nam e 
matche s ar e abou t  7 0 m s slowe r  tha n physica l  matche s an d tha t  clas s 
matche s ar c abou t  7 0 m s slowe r  yet .  a  numbe r  i n lin e wit h ou r  10 0 
ms (25-17 0 ms l  valu e fo r  t ^  . 
The forgoing examples start from task analysis of a problem and 
procee d throug h approximatio n an d calculatio n t o mak e prediction s 
of  h u m a n performanc e o f  th e sor t  tha t  migh t  b e use d i n a n 
engineerin g analysi s o f  cognitiv e behavior .  Althoug h i t  i s  hope d tha t 
th e Mode l  H u m a n Processo r  itsel f  wil l  b e usefu l  fo r  engineering ,  th e 
rea l  poin t  i s  i n th e spiri t  o f  th e enterprise :  tlia t  knowledg e i n 
cognitiv e psycholog y an d collatera l  science s i s sufficientl y advance d 
t o allo w th e analysi s an d improvemen t  o f  c o m m o n menta l  tasks .  I n 
short ,  tha t  a  cognitiv e engineerin g i s no w feasible ,  provide d ther e i s a 
discipline d understandin g o f  ho w th e knowledg e mus t  b e structure d 
t o b e useful .  O f  course ,  suggestion s fo r  improvemen t  t o th e presen t 
model  wil l  occu r  al l  around .  Uu t  tlie n tha t  i s par t  o f  th e ide a an d 
th e challenge :  t o us e th e Mode l  H u m a n Processo r  a s a  framewor k 
int o whic h ne w researc h result s an d insight s ca n b e fit  i n a  wa y 
amenabl e t o us e i n th e cognitiv e engineerin g o f  practica l  menta l 
tasks . 
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