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ABSTRACT 
Larki n an d Simon' s (1987 )  analysi s o f  ho w graphica l  representation s suppor t  tas k performanc e i s 
applie d t o designin g graphica l  display s tha t  streamlin e information-processin g tasks .  Theoreticall y 
thi s streamlinin g i s don e b y designin g externa l  dat a structure s tha t  (a )  allo w user s t o substitut e les s 

effortfu l  visua l  operator s fo r  mor e effortfu l  logica l  operators ,  an d (b )  reduc e searc h fo r  neede d in -

formation .  A  desig n progra m calle d B O Z i s use d t o produc e fou r  alternativ e display s o f  airlin e 

schedul e informatio n t o suppor t  a  tas k o f  makin g airlin e reservations .  W e postulat e severa l  proce -

dure s tha t  us e visua l  operator s t o perfor m th e tas k usin g th e differen t  graphics .  Th e numbe r  o f 

time s eac h operato r  i s  execute d provide s on e measur e o f  tas k difficult y (fo r  a  procedur e an d 

graphic) .  A  secon d measur e i s th e difficult y o f  executin g eac h operator .  Seve n subject s performe d 

th e airiin e reservatio n tas k usin g eac h o f  th e fou r  graphics .  Respons e time s fo r  th e differen t 

graphic s diffe r  b y a  facto r  o f  two ,  whic h i s statisticall y highl y significant .  Detaile d dat a analyse s 

sugges t  tha t  thes e difference s aris e throug h substitutio n o f  visua l  operator s fo r  logica l  one s an d 

throug h th e us e o f  visua l  cue s tha t  hel p reduc e search .  Thes e analyse s provid e quantitativ e esti -

mate s o f  th e tim e save d throug h operato r  substitutions . 

INTRODUCTION 
Empirica l  studie s o f  graphic s find  littl e suppor t  fo r  an y genera l  superiorit y o f  graphica l  representa -

tions .  Instead ,  graphi c display s see m t o var y i n usefulnes s dependin g o n th e tas k involved . 

Twenty-nin e studie s (Jarvenpa a an d Dickson ,  1988 )  foun d graphic s t o b e mor e usefu l  tha n tabula r 

presentation s fo r  som e tasks ,  bu t  les s usefu l  fo r  others .  Thes e result s ar e consisten t  wit h th e theo -

retica l  analysi s o f  Larki n an d Simo n (1987 )  tha t  a  displa y (graphi c o r  otherwise )  i s a  dat a structure . 

It s utilit y  depend s o n th e natur e o f  th e tas k i t  suppon s an d th e natur e o f  th e procedure s employe d 

by th e huma n implemente r  t o perfor m th e task .  W h e n procedure s an d dat a structure s matc h well , 

ther e i s bette r  cognitiv e efficienc y tha n whe n the y d o not . 

Larkin and Simon (1987) suggest that the following forms of cognitive efficiency are offered by 

goo d graphica l  displays . 

Substituting Visual Operators: Graphical displays often allow users to substitute less 

demandin g visua l  operator s i n plac e o f  mor e comple x logica l  operators .  Visua l  operator s 

(e.g. ,  distanc e an d colo r  comparisons ,  spatia l  coincidenc e judgements )  ca n ofte n giv e user s 

th e sam e informatio n a s mor e comple x non-visua l  operators .  Thi s advantag e arise s whe n a 

displa y represent s explicitl y  informatio n tha t  i s  onl y implici t  (o r  computable )  i n a n alternat e 

representation . 

Reducing Search: Effective graphical displays often arrange information so as to reduce 

th e numbe r  o f  item s th e use r  mus t  loo k a t  i n orde r  t o fin d somethin g useful ,  o r  the y grou p 

int o on e locatio n informatio n require d t o dra w a  particula r  inference .  Graphica l  technique s 

lik e shadin g an d spatia l  arrangemen t  ca n hel p guid e th e ey e t o relevan t  informatio n o r  pas t 

irrelevan t  information . 

This paper describes BOZ, a computer-implemented algorithm for designing graphical displays 

(Casner ,  1989) .  B O Z (describe d i n th e secon d section )  systematicall y exploit s th e hypothesize d 
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advantages of graphical displays, substituting visual operators for logical ones, and constraining 
th e groupin g o f  relate d information .  B O Z analyze s a  forma l  descriptio n o f  th e operator s require d 
t o execut e a  tas k an d searche s a  catalo g o f  visua l  operator s t o fin d visua l  operator s tha t  ca n serv e a s 
substitute s fo r  th e logica l  operators .  B O Z the n propose s graphi c display s tha t  suppor t  performanc e 
of  thes e operators .  A  singl e tas k descriptio n typicall y give s ris e t o man y graphi c displays ,  eac h 
supportin g differen t  substitution s o f  visua l  fo r  logica l  operators .  Th e nex t  sectio n describe s fou r 
alternativ e graphica l  display s propose d b y B O Z t o suppor t  th e tas k o f  finding  a n airlin e reservatio n 
satisfyin g tim e an d cos t  constraints .  Fo r  eac h o f  th e fou r  graphics ,  w e hypothesiz e searc h an d in -
formation-generatio n procedure s usin g th e differen t  display-supporte d operators .  Simulation s o f 
thes e procedure s coun t  th e numbe r  o f  time s eac h operato r  execute s fo r  eac h procedur e an d graphic . 
The final  sectio n describe s a n experimen t  i n whic h participant s use d th e fou r  BOZ-designe d 
graphics .  Comparison s o f  participants '  respons e times  wit h th e operato r  count s suppor t  rw o 
mechanism s throug h whic h thes e graphic s improv e cognitiv e efficiency :  (1 )  substitutin g visua l 
operator s fo r  logica l  ones ,  an d (2 )  reducin g searc h b y usin g visua l  cue s t o ignor e items . 

BOZ: DESIGNING EFFECTIVE VISUAL DATA STRUCTURES AND PROCEDURES 
A Logica l  Operato r  Descriptio n Language .  B O Z begin s wit h a  descriptio n o f  th e logica l  operator s 
(LOPs )  require d t o perfor m a  task .  Lx)gica l  operator s ar e genera l  information-processin g activitie s 
independen t  o f  a  particula r  representation .  Fo r  example ,  th e followin g L O P (fmdLayover ) 
describe s finding  th e layove r  betwee n tw o connectin g airlin e flights.  I t  take s tw o flight s a s argu -
ment s an d return s th e layove r  time—the  differenc e betwee n th e arriva l  tim e o f  flighL\  an d th e 
departur e tim e flightB. 

(LO P findLayover  (flighL \  flightB ) 
(D IFFERENCE 

(findDepanur e flightB)  (findArriva l  flightA))) 

A Catalog of Visual Operators. BOZ contains a catalog of visual operators that describe informa-
tion-processing  activitie s tha t  occu r  withi n th e contex t  o f  a  graphica l  dvsp\ay .  Visua l  (o r  percep -
tual )  operator s (POPs )  includ e spatia l  positio n an d coincidenc e judgements ,  interva l  an d distanc e 
judgements ,  comparison s o f  color ,  shape ,  size ,  slope ,  length ,  height ,  width ,  etc .  POPs ar e en -
code d usin g th e sam e formalis m a s LOPs .  Fo r  example ,  th e operato r  fo r  estimatin g horizonta l 
distanc e betwee n tw o graphica l  object s is : 

(POP findHorzDistance  (obj A objB ) 
( D I F F E R E N CE 

(findHorzPo s objA )  (findHorzPo s objB)) ) 

Matching Logical to Visual Operators. A matching algorithm considers each logical operator in a 
tas k descriptio n an d searche s th e catalo g o f  visua l  operator s fo r  substitutes .  A  visua l  operato r 
qualifie s a s a  substitut e i f  renamin g ca n ma p th e visua l  operato r  int o th e logica l  operator .  Fo r  ex -
ample ,  findHorzDistance  an d findLayover  ar e equivalen t  becaus e the y bot h comput e a  differenc e 
betwee n tw o number s (en d times  o f  flight s an d horizonta l  locations) .  Althoug h no t  discusse d 
here ,  i f  n o singl e visua l  operato r  matche s a  LOP ,  B O Z attempt s t o matc h i t  usin g tw o o r  mor e vi -
sual  operator s an d a  se t  o f  combination ,  composition ,  an d repetitio n rules . 

Visually Structuring Related Data. For each proposed substitution of a visual for a logical opera-
tor ,  a  dat a structurin g algorith m assesse s th e informatio n require d t o perfor m th e operato r  an d trie s 
t o ensur e tha t  thi s informatio n i s presente d i n th e sam e spatia l  localit y an d i n a  for m tha t  suppon s 
eas y perceptua l  performanc e o f  tha t  visua l  operator .  Fo r  example ,  i f  findHorzDistance  replace s 
findLayover,  the n th e dat a structurin g algorith m require s that ;  (1 )  al l  times  ar e encode d alon g th e 
same axis ,  allowin g a  huma n t o substitut e estimatin g horizonta l  distanc e betwee n tw o object s fo r 
th e logica l  operato r  o f  subtractin g thei r  coordinates ;  an d (2 )  al l  time  informatio n abou t  a  flight  i s 
encode d usin g th e sam e graphica l  object . 
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EXAMPLE: GRAPHICAL DISPLAYS FOR AIRLINE RESERVATIONS 
We use d B O Z t o desig n a  se t  o f  graphica l  display s t o suppor t  th e followin g airlin e reservatio n tas k 

tha t  manipulate s informatio n abou t  flights ,  thei r  origin s an d destinations ,  departur e an d arriva l 

times ,  an d costs . 

Fin d a  pai r  o f  connectin g flight s tha t  trave l  fro m Pittsburg h t o Mexic o City .  Y o u ar e fre e t o 

choos e an y intermediat e cit y a s lon g a s th e layove r  i n tha t  cit y i s  n o mor e tha n fou r  hours . 

Bot h flight s tha t  yo u choos e mus t  b e available .  Th e combine d cos t  o f  th e flight s canno t  ex -

cee d $500 . 

The task description given to BOZ contained the following logical operators: 

findFlightforigin :  citvl .  destination :  chyl )  Sequentiall y  searche s a  lis t  fo r  a  fligh t  wit h 

origi n an d destinatio n equa l  t o cit y 1  an d city2 .  (on e o f  th e citie s m a y b e lef t  unspecified) . 

Return s th e first  fligh t  meetin g thi s criterion ,  togethe r  wit h th e nam e o f  an y unspecifie d 

city . 

checkAvailabilitv(flight' )  Reuim s tru e i f  a  fligh t  ha s seat s available . 

checkLayover(flightA .  flightB )  Return s tru e i f  th e layove r  betwee n tw o flight s i s accept -

abl e (non-negativ e an d les s tha n 4  hours) . 

checkCost(flightA .  flightB )  Return s tru e i f  th e cos t  o f  th e tw o flight s i s acceptabl e (les s 

tha n $500) . 

Figure 1 shows four of the displays produced by BOZ from these logical operators. We consider 

thes e display s i n turn ,  describin g h o w B O Z create d them ,  an d correspondingl y thei r  hypothesize d 

advantage s t o a  user . 

DISPLAY 1: A CONVENTIONAL AIRLINE SCHEDULE 
I n substitutin g visua l  fo r  logica l  operators ,  B O Z ca n selec t  operator s fo r  fmdin g an d interpretin g 

text .  Therefore ,  amon g BOZ' s representation s i s Displa y 1  (Figur e 1) ,  a  tabula r  presentatio n tha t 

support s substitutin g th e followin g visua l  operators . 

findFIightforigin :  citvl .  destination :  city2 )  searche s th e row s o f  th e tabl e stoppin g a t  a 

ro w tha t  ha s th e specifie d endpoin t  (s) ,  an d renamin g th e fligh t  liste d i n tha t  row . 

readAvailability(flight )  return s tru e i f  secon d colum n read s "ok" ;  els e fals e 

subtractTimesfflightl .  flight! )  find s departur e tim e i n th e flight 2 ro w (colum n 4 )  an d ar -

rival  tim e i n th e fligh t  1  ro w (colum n 5) ;  subtract s arriva l  tim e from  departur e time ;  return s 

tru e i f  greate r  tha n zer o an d les s tha n 4  hours ;  els e fals e 

addCosts(fliehtl .  flight2 )  finds  cos t  i n flight2  ro w (colum n 3 )  an d cos t  i n flight  1  ro w 

(colum n 3) ;  add s th e tw o ;  return s tru e i f  les s tha n $500 ;  els e fals e 

We define the following search procedure (rowSearch) using the four operators and considering 

flights  sequentiall y  i n th e orde r  iht y appea r  i n th e row s o f  th e table .  I t  exploit s th e ro w an d colum n 

indexin g o f  information ,  th e onl y spatia l  structur e availabl e i n Displa y 1 . 

procedur e rowSearc h 

repea t 

findFlight(origin:  pit ;  destination :  any) ;  return s flightl ,  cit y 1 . 

i f  readAvailability(flightl ) 

then :  findFlight(origin :  cit y 1 ,  destination :  mex ) ;  return s flight2. 

i f  readAvailability(flight2 ) 

then :  i f  subtractTimes(flightl,flight2 ) 

then :  i f  addCosts(flightl ,  flight2)  then : 

repor t  answe r 
unti l  answe r  foun d 
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F i g u r e 1 :  F o u r  B O Z - b a s e d display s fo r  th e reservario n task .  (1 )  A  table .  (2 )  Horizonta l  dis -

tanc e encode s time .  (3 )  Shad in g encode s availability .  (4 )  Heigh t  encode s cos t 
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DISPLAY 2 :  HORIZONTAL DISTANC E ENCODES TIME S 
Displa y 2  substitute s th e visua l  findHorzDistance  operato r  fo r  th e logica l  checkLayove r  operator . 
I f  tw o connectin g flight s hav e end s withi n fou r  unit s o f  eac h other ,  the n th e layove r  i s les s tha n 
fou r  hours .  A s require d b y th e dat a strucuirin g algorithm ,  al l  time s ar e encode d a s horizonta l  posi -
tions ,  an d th e tw o time s associate d wit h on e fligh t  ar e encode d b y th e sam e graphica l  object ,  i.e. ,  a 
box . 

Display 2 also supports two variations of the rowSearch procedure. rIghtOfSearch is the same 
as rowSearch ,  bu t  omit s consideratio n o f  fligh t  boxe s tha t  ar e no t  t o th e right  o f  th e en d o f  th e cur -
ren t  fligh t  box .  rightOfSearch  thu s prune s searc h b y eliminatin g automaticall y flight s leavin g be -
for e th e arriva l  o f  flightl .  closeSearch ,  user s firs t  conside r  thos e pair s o f  flight s tha t  no t  over -
lapping ,  bu t  ar e closes t  togethe r  (hav e th e shortes t  layovers) .  closeSearc h thu s prune s searc h b y 
considerin g firs t  fligh t  pair s mos t  likel y t o mee t  th e layove r  criterion . 

DISPLAY 3: SHADING ENCODES AVAILABILITY 
Displa y 3  add s t o displa y 2  suppor t  fo r  th e visua l  judgeShade d operato r  i n plac e o f  th e check -
Availabilit y  operator .  Additionally ,  Displa y 3  let s user s prun e an y searc h procedur e b y skippin g 
al l  shade d fligh t  boxes .  Thes e procedure s ar e indicate d b y rowSearchU ,  rightOfSearchU , 
and closeSearchU ,  wher e th e final  "U "  indicate s searchin g onl y unshade d boxes . 

DISPLAY 4: HEIGHT ENCODES COST 
Displa y 4  add s t o displa y 3  suppor t  fo r  th e visua l  judgeHeight s fo r  th e checkCos t  operator .  A  use r 
can judg e whethe r  th e combine d height s o f  tw o fligh t  boxe s i s greate r  tha n 5  ($500) ,  instea d o f 
addin g th e numerica l  cost s o f  th e tw o flights .  Displa y 4  als o support s prune d searc h procedure s 
(cheapSearc h an d cheapSearchU )  i n whic h th e use r  consider s firs t  th e cheapes t  (leas t  tall ) 
fligh t  boxes ,  thereb y makin g i t  mor e likel y t o satisf y th e cos t  constrain t  earl y i n search . 

DISPLAY SUMMARY 
Operators .  Displa y 1  (th e table )  support s onl y th e arithmeti c an d readin g operator s Uste d a t  th e lef t 
i n Tabl e la .  Eac h othe r  display ,  compare d t o th e previou s on e support s substitutio n o f  on e addi -
tiona l  visua l  operato r  fo r  thes e rea d an d comput e operators .  Tabl e l a list s th e operato r  substitu -
tion s an d th e display s i n whic h eac h i s available . 

Search. Table lb shows the eight search procedures, 4 standard strategies, each with a variant in-
volvin g skippin g shade d boxe s indicatin g filled  flights.  Wit h eac h i s liste d th e display s fo r  whic h 
i t  ca n b e applied .  Th e centra l  searc h procedur e i s rowSearch ,  possibl e fo r  al l  display s (se e Tabl e 
lb) .  Display s 2  -  4  (i n whic h horizonta l  distanc e encode s time )  allo w a  use r  t o short-cu t  row -
Search ,  whe n finding  a  connectin g flight,  b y skippin g row s unles s th e flight  bo x begin s t o th e 

Table 1: (a) Operator substitutions, (b) Three search strategy groups. 

Tabl e Operator s 

subtractTimes 
readAvailabilit y 
addCost s 

Othe r  Displa y (a ) 
Operator s 

findHorzDistanc e 2  3  4 
check s hade d 3'4 ' 
judgeHeight s 4 ' 

(b ) 

1 rowSearc h 
1 rightOfSearch 

closeSearc h 

cheapSearc h 

Standar d 

1,2,3, 4 
2,3, 4 

2,3, 4 

4 

Ignor e 
unshade d 

3, 4 
3, 4 

3, 4 

4 
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right of the initial flight box. This rightOfSearch procedure thus produces a search sequence that is 
a consistentl y ordere d subse t  o f  item s considere d b y rowSearch .  Thes e tw o procedure s therefor e 
yiel d closel y relate d searc h results .  Display s 2- 4 als o mak e possibl e a  for m o f  best-firs t  search ,  b y 
considerin g firs t  connectin g fligh t  boxe s wit h lef t  end s closes t  t o (bu t  right  of )  th e initia l  fligh t  box . 
Thi s closeSearc h algorith m (compare d wit h rowSearc h an d it s varian t  rightOfSearch)  produce s a 
searc h sequenc e wiU i  a  differen t  orderin g o f  items .  Similarly ,  Displa y 4 ,  i n whic h bo x heigh t  en -
code s cost ,  suppon s a  best-firs t  searc h wit h respec t  t o cos t  (cheapSearch) ,  tha t  yield s a  searc h se -
quenc e differen t  fro m tha t  o f  eithe r  rowSearc h o r  closeSearch . 

Displays 3 and 4, in which shading encodes availability, support a search variant in which shaded 
boxe s ar e skipped .  Eac h -Search U varian t  produce s a  consistenti y ordere d subse t  o f  th e searc h se -
quenc e produce d b y th e correspondin g searc h withou t  us e o f  shading . 

To compare search procedures concretely, we used 40 displays, ten instances of each type. A 

LIS P simulatio n o f  eac h searc h procedur e counte d th e numbe r  o f  searc h step s fo r  eac h example . 

We compute d th e correlatio n betwee n th e numbe r  o f  searc h step s fo r  a  displa y fo r  eac h pai r  o f 

searc h strategies .  Onl y pair s withi n on e grou p i n Tabl e l b ha d non-negligibl e correlations . 

Conside r  firs t  a  procedur e an d it s - U varian t  i n whic h unshade d boxe s ar e skipped .  I n th e numbe r 

pai r  (P ,  R^ )  p  i s th e regressio n coefficien t  fo r  th e numbe r  o f  searc h step s wit h th e - U strateg y o n 

th e numbe r  o f  step s wit h th e non- U strategy .  Fo r  thre e o f  th e pairs ,  thes e number s are : 

rowSearc h (.737,.703 )  rightOfSearch  (.502,.646) ,  an d closeSearc h (.741,.446 )  [base d o n 3 0 

cases] .  Thu s skippin g unshade d boxe s cut s searc h consistenti y fo r  eac h strateg y b y amount s fro m 

7 0 % t o abou t  5 0 % .  Fo r  no n - U procedur e pairs ,  non-negligibl e correlation s betwee n numbe r  o f 

searc h step s occurre d onl y fo r  rowSearc h an d rightOfSearch  (P=.66 ,  R^=.703) .  Th e result s o f 

thi s simulatio n tiius  verif y th e groupin g o f  searc h procedure s i n Tabl e lb . 

EMPIRICAL TEST OF DESIGN EFFECTIVENESS 
M E T H OD 
Participants .  Eigh t  employee s o f  th e Learnin g Researc h an d Developmen t  Cente r  a t  th e Universit y 
of  Pittsburgh .  On e participant' s dat a i s currentl y missin g fro m th e analysis . 

Materials. There were a total of 40 problems, ten instances of each of the four displays. Examples 
of  eac h o f  th e fou r  display s ar e show n i n Figur e 1 . 

Apparatus. Displays were presented as 9 x 12 inch screen images on a Xerox 1186 computer. 
Respons e time s wer e compute d usin g th e syste m cloc k whe n th e mous e wa s clicked . 

Procedure. Subjects performed the reservations task forty times, ten times using each display. To 
counterbalanc e learnin g an d practice ,  eigh t  order s (on e fo r  eac h participant )  o f  displa y presentatio n 
wer e use d (1234 ,  2341 ,  3421 ,  2341 ,  4321 ,  3214 ,  2143 ,  1432) .  A t  th e star t  o f  th e experiment ,  al l 
th e visua l  operator s wer e explained .  Participant s wer e show n th e rowSearc h procedur e bu t  wer e 
tol d tha t  the y coul d follo w an y strateg y the y wished .  Thei r  tas k wa s t o find  a  fligh t  tha t  satisfie d 
th e criteri a (no t  necessaril y  th e fligh t  tha t  minimize d an y measure) .  Ther e wa s on e practic e tria l 
wit h eac h displa y version .  Panicipant s wer e tol d no t  t o guess ,  t o wor k a s quickl y a s possibl e bu t 
not  t o compromis e accuracy ,  an d tha t  the y coul d res t  betwee n an y tw o graphics .  Tim e t o complet e 
th e experimen t  wa s typicall y 4 0 minutes . 

EMPIRICAL PREDICTIONS 
Globa l  Efficiency .  Eac h graphi c support s th e advantage s o f  th e previou s one ,  a s wel l  a s th e one s i t 
introduces .  Therefor e th e firs t  predictio n i s tha t  cognitiv e efficienc y shoul d b e linearl y ordere d a s 
i n Figur e 1  wit h th e conventiona l  tabl e wors t  an d Displa y 4  best . 
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Decrease in operator times. For every combination of display and search procedure, we can count 

th e numbe r  o f  times  eac h operato r  i s executed .  I f  respons e time s ar e expresse d a s a  functio n o f  th e 

number  o f  execution s o f  eac h operator ,  a  regressio n analysi s yield s estimate s o f  th e times  asso -

ciate d wit h eac h operator .  I f  substitutin g visua l  operator s fo r  readin g an d computin g improve s ef -

ficiency ,  the n th e time s associate d wit h th e operator s (checkAvailability ,  checkLayover ,  an d 

checkCost )  shoul d b e smalle r  fo r  graphic s tha t  suppor t  substitutio n o f  visua l  operators . 

RESULTS AND DISCUSSION 

Globa l  Efficienc y 
Th e mea n respons e time s fo r  eac h displa y (excludin g five  time s differin g b y mor e tha n thre e stan -

dar d deviation s fro m th e proble m mea n an d th e 3  t o 6  erroneou s response s fo r  eac h graphic )  are : 

Table :  19. 3 (8.4) ;  Horizonta l  distanc e encode s times:  10. 1 (4.7) ;  Shadin g encode s availability : 

7.2(2.7) ;  Heigh t  encode s cost :  7.4(2.4 ) 

Graphic version had a highly significant effect on response time (F(3, 239) = 52.719, 

p <  .0(X)1) ,  an d als o o n th e varianc e o f  respons e tim e (F(3 ,  24 )  =  18.649 ,  p  <  .0001) . 

Fischer' s P L S D fo r  pairwis e compariso n indicate s n o significan t  differenc e betwee n versio n 3  an d 

4 an d difference s significan t  a t  th e .0 5 leve l  betwee n othe r  versio n pair s fo r  bot h m e a n respons e 

time s an d standar d error s o f  th e mean .  Graphic s 3  an d 4  produc e bot h th e lowes t  respons e times 

and th e leas t  variabl e performance .  Graphic s 2  an d 1  eac h i n tur n produc e significantl y highe r  re -

spons e times  an d greate r  variability . 

The visual operators supported by Displays 2 and 3 thus had the predicted effect on global effi-

ciency .  Bu t  allowin g user s t o perfor m judgeHeight s (instea d o f  addCosts )  produce d n o observabl e 

effect .  Thi s shoul d perhap s no t  surpris e u s sinc e i t  i s th e on e visua l  operato r  tha t  require s integrat -

in g quantitativ e estimate s fro m tw o differen t  locations . 

Decrease In Operator Times. 
Preliminar y comparison s o f  th e thre e procedur e group s (rowSearch ,  closeSearch ,  an d cheap -

Search )  wit h th e subjec t  respons e time s fo r  eac h o f  th e fou r  display s sugges t  tha t  onl y th e 

rowSearc h procedure s provid e reasonabl e fits  t o th e data .  Thu s i t  seem s that ,  wit h th e practic e 

available ,  subject s di d no t  adop t  th e th e best-firs t  strategies ,  bu t  use d th e rowSearc h grou p show n 

i n Tabl e lb . 

Based on these preliminary results, we used the following process assess the effect of substitution 

of  visua l  fo r  logica l  operators :  W e assume d fo r  eac h graphi c th e mos t  efficien t  rowSearc h proce -

dur e supporte d b y tha t  graphic ,  i.e. ,  rowSearc h fo r  th e table ,  rightOfSearch  fo r  displa y 2  (wit h 

flight  boxes) ,  an d rightOfSearchU  fo r  display s 3  an d 4  (wit h shade d boxes) .  W e considere d tw o 

alternativ e operator s fo r  assessin g layove r  an d cost .  Th e subtractTime s an d addCost s operator s 

correspon d t o subtractin g o r  addin g numbers .  Thes e operator s wer e assume d fo r  display s tha t  di d 

not  suppor t  alternativ e procedure s (th e tabl e fo r  subtractTimes ,  an d display s 1 ,  2 ,  an d 3  fo r  add -

Costs) .  Fo r  th e remainin g displays ,  w e assume d us e o f  th e mor e efficien t  visua l  operator s find-

HorzDistanc e an d judgeHeights .  W e assume d tha t  th e time  fo r  on e searc h ste p wa s th e sam e i n al l 

graphic s (althoug h th e numbe r  o f  suc h step s varie d wit h th e searc h procedur e supponed) . 

Using these assumptions we computed for each of the 40 graphic exemplars the number of search 

step s an d th e numbe r  o f  cos t  an d layove r  computations .  A  regressio n o f  respons e time s o n thes e 

number s produce d a  well-fittin g statistica l  mode l  wit h F(4 ,  238)=73.108 ,  p  =  .0001 ,  R ^  =  .48 . 

Removin g fro m th e mode l  th e count s fo r  eithe r  searc h o r  checkin g layover s dramaticall y reduce d 

th e fit.  I n contrast ,  removin g th e count s fo r  checkin g cost s ha d n o effec t  o n th e fit.  Thi s mode l 
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yielded the following parameter estimates: 

One searc h ste p require s 330 1 3 5 milliseconds . 

The findHorzDistanc e operato r  i s  2  t  .2 5 second s faste r  tha n th e subtractTime s operator . 

The judgeHeight s operato r  i s negUgibl y (10 0 t  30 0 milliseconds )  slowe r  tha n th e addCost s 
operator . 

These results are consistent with the global time differences given above. The reduced perfor-
mance tim e wit h successiv e graphic s arise s fo r  tw o reasons .  First ,  attendin g onl y t o boxe s t o th e 
righ t  o f  th e curren t  bo x an d t o unshade d boxe s reduce s th e numbe r  o f  item s tha t  mus t  b e searched . 
Second ,  substitutio n o f  findHorzDistance  fo r  subtractTime s produce s a  substantia l  savin g i n time . 
I n contras t  judgeHeights ,  whic h require s integratin g visua l  informatio n fro m tw o separat e loca -
tions ,  provide s n o suc h advantage .  Thes e tw o effect s ar e sufficien t  t o accoun t  fo r  th e respons e 
tim e difference s betwee n display s 1-3 ,  an d fo r  th e lac k o f  differenc e betwee n display s 3  an d 4 ) . 

SUMMARY 
B OZ i s a  compute r  algorith m tha t  start s wit h th e logica l  operator s require d t o perfor m a  tas k an d 
design s graphi c display s supportin g substitutio n o f  visua l  operator s fo r  logica l  ones ,  an d prunin g 
of  searc h throug h visua l  cues .  I n a n initia l  experimenta l  test ,  fou r  BOZ-designe d graphic s eac h 
include d on e additiona l  visua l  operato r  an d correspondin g opportunitie s fo r  prunin g search ,  b y 
usin g visua l  cue s t o ignor e certai n item s o r  b y restructurin g searc h t o conside r  mor e promisin g 
item s earlier .  Analysi s o f  subjects '  response  time s indicat e strongl y tha t  tw o ou t  o f  thes e thre e en -
hancement s dramaticall y an d significantl y improve d respons e time s t o th e task .  Th e unhelpfu l  en -
hancemen t  required  integratio n o f  informatio n from  tw o separat e locations .  Mor e detaile d analyse s 
sugges t  tha t  thes e improvement s wer e du e t o operato r  substitutio n an d usin g visua l  cue s t o omi t 
item s fro m search ,  bu t  no t  du e t o restructurin g search . 

Importantly BOZ is a synthesis algorithm. It starts with an abstract task description, and produces 
a collectio n o f  graphic s whic h should ,  o n th e basi s o f  information-processin g principles ,  reduc e 
human processin g effor t  fo r  th e task .  Thi s wor k i s therefor e a  star t  o n th e practicall y importan t  ef -
for t  o f  puttin g cognitiv e scienc e t o wor k i n practica l  applications . 
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