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• ABSTRACT

Mathemat ica l  models of ta rget acqu i s i t i on  pe rfo rmance , as
representa t ions  of real  world environme nta l s ituations , can be important
and p o w er f u l  tools fo r  use in the desi gn of e l ec t ro-op t ica l  imag ing sensor
sys t ems .  To be u s e f u l , h owever , a model mus t  predict  accura te ly. This
means that a la rge number  of potent ial  pa rameters  and the i r  it~teract ions
m u s t  be cons idered for  i nc lu s ion  in a comp lete model. Categor ies  of

• parameters  include:  the cha rac te r i s t i c s  of the sensor , the disp lay,  the
atmosp here , the observe r , the t a r g e t , and the back ground . An exarnina-
tion of previous  r e sea rch  and an anal ys i s  of the ta rget acquisi t ion process

sugges t s  a simp lif ied two-comp onent  model as a basis for  the development

of a model capable of accommodating these pa rameters .  The development

of the two-component  model and the resu l t s  of two eye - fixation experiments
which examine c r i t i ca l  aspects  of the model are  presented in this report .
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IN T R OD U C T I ON

M a t h e m a t ic a l  mode l s  of ta rge t  a c q u i s i t i o n  pe r f o r m a n c e  a r e  p o t e n t i a l l y

pow e r i u l  t oo l s  to  r use  in the  de s i gn ot e l e c t r o - o p t i c a l  i m a g in g  sy s t e m s .

The e x t e n t  to w h i c h  s u c h  p o t en t i a l is r e a l i z e d , h o w e v e r , depend s upon  the

a c c u r a cy  and g en e  r a l i z a b i l i t y  of the  p r e d i c t i o ns  made  b y the  mode l .  The

c o n d i t i o n s  encoun te red by ope rational sensor-disp lay systems are hi g hl y

c omp lex , and an  a d e q u a te  model  m u s t  i nc l u d e  the c h a r a c t e r i s t i c s  ot  the

sen s o r , p r o c e s s o r , d i sp l a y ,  a t m o sp h e re , t a r g e t , b a c k gr o u n d  scene , and

the observer. The u n u su a l l y la rge number of pa rameters which the model

roust  u l t i m a te l y i n c l u d e  r e q u i r e s a log ica l and s y s t e ma t i c  approach  to i t s

development.

The p r e s e n t  e f f o r t  d e ve l o p s the f o u n d a t i o n  f or  such  a model  b y

inte~ rating a diversity of r e s e a r c h  l i t er a t u r e  into a m a t h e m a t ic a l  f r a m e w o r k

w h i c h  i s  c o n s i s t e n t  w i t h  an a n a l y s i s  of the opera to r ’ s ta rge t  sea rch and

det ection behavior . The gene ral form of the  r e s u l t i n g  m u l t i  - c o m p o nen t

\t,~ rkov  model is o u t l i n ed  initiall y to provide an organizational basis for a

d i s c u s s i o n  u t  the steps which lead to its formulation. Following a

d e s c r i p t ion of the  psycholog ical and phys io log ical ev i d e n ce  in support of

the model and a rev iew of the mathematical aspects of a Markov process ,

the  mode l  is simp lified t o r  initia l verification. Finall y, the validity of

t h e  model  a p pr o ac h  is ex a m i n e d  u s i n g  da ta  f r o m  two e x p er i men t s  w h i c h

recorded eye movements during target acquisition. Because of the limited

scope of the p r e s e n t  r e s e a r c h  e f f o r t , an i n - d e p t h  anal y s i s  of the exp er i -

men ta l  results could not be accomp lished. A preliminary consideratio n of
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t h e  re c l t s  a r e  p r e sen t e d  h er e  w i t h  a w e a l t h  o f pt • r t i n e n t  t e c hn i c a l  d a t a

d1 I t ’ r r ed  o r  f u t u r e  cons  ide r a t  ion.  T u e  data do , how ev e r , d e m o n s  I rate the

v ,t l~~! i t v  of the  . tp p r o a c h  se l e c t e d  and w h e n  f u l l y exp loi ted  can  be expec t ed

p ro \  i d e  b a s i c  mode l  w i th  good predictive a b i l i t y .

\\  by \ l o d o l ’  I ~:\n ad eq u a te  mode l  of the  p e r f o r m a n c e  of a sensor-disp lay system as

t u n c t i u f l  o f t he  a p p r o p r i a t e  s y s t em  pa rame te r s  can be a p o w e r f u l  and cost

.‘‘Je ’. tive too l  f o r  t he  s y s te m  d e s i gn e r  and the m i l i t a r y  s t r a t eg i s t .  The d e s i gn

.‘n g tn e e  r c o n t i n u a l l y f a c e s  co mp lex d e c i s io n s  in the s e l ec t i o n  of the op t imum

t e c h n i c a l  a p pr o a c h  to be fo l lowed  in the  des i gn of a new sys t em .  To make

s u c h  d e c i ~’ions  it is n e c e s s a r y  to con s ider  the t e c h n i c a l  advan t age , the cost ,

and  the  ex p e c t e d  s y s t e m  p e r f o rmance.  W it h ex i s t in g tools , mos t  of the

r e q u i r e d  data  ca n be read i ly  obtained or approximated.  The pe r fo rmance

ot t h e  o p e r a t o r  u s i n g  the sys tem is the except ion . I
At the  p r e s e n t  t ime , data r e g a r d i n g  the operator ’s pe r f or ma nce  rous t

e i t h e r be gu e s s e d  a t  or  eva lua ted  empi r i c a l l y us ing  e i ther  an actua l syst em

or  a s i im t l a t i o n of the sys t em.  B ecause  of the t ime and expense  of the

eni - ,p i r i c . t l  eva l u a t i o n , t h e d es i gne r  mus t  r e ly  on g u e ss i n g  or s eve re l y l imi t

t h e  n u mb e r  of a l t e r n a t i v e  s y s t e m s  to be considered.  In eithe r case , the

p roI )ab i litv of an opt imum or even n e ar  opt imum dec i s ion  is low .

U s i n g  a mo d e l , a d e s i g n e r  can de te rmine  the impact of a large

nun ib e  t~ of con t emp lated d e s i gns w i th o u t  the time and cost of bu i l d i ng  or

s im u l a t i n g  t he s y s t e ms  f o r  tes t .  Wi th  the model implemented on an inter-

ac t ive c o m p u t e r  te rmina l , for  examp le , the eng ineer  could input data

r e g a r d i n g  the  cha r a c t e r i s t i c s  of a candidate sys tem , the manne r in wh ich

i t  w a s  to be used , and the ant ic i pated cost .  The compute r could use  th i s

data and the d e t e c t io n  model to compute and output  the pe r formance  incre-

m e n t  pe r  dol la r cost .  In a matte r of hours  a la rge  number  of a l t e r n a t i v e s

could  be ex p lored and the optim um conf i gura t ion  re ta ined for  fu r the r stud y.

W i t h o u t  the  model , the examinat ion  of the same a lte rnat ives  could r e q u i r e

m a n y  ea r s  of e f f o r t .
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If the model  a l so  r e f l e c t s  the cha r a c t e r i s t i c s  of the u n d e r l y i n g

be hav io ra l mechan i sms , it is poss ib le  to ident i f y those asp ects  of the

s y s t e m  and t a s k  which  a re  the most difficult for the obsc rver . Such

k nowled ge p rov ides  the  n e c e s s a r y  i n f o r m a t i o n  to a l l ow  e f f o r t  to be con -

c e n t  rate d on those p a r am e t e r s  or p rocedures  which  w i l l  r e s u l t  in the

la rgest increase in sys tenh  p e r f o r m a n c e .  As an examp le , know led ge o f the

influenc e of the disp layed scene content  on observe r pe r f o r ma n c e  could

provide  i nva luab l e  d i r e c t i o n  to the development  of hi gh l y  e f f e c t i v e  and

e t f i c i e nt image p r o c e s s i n g  t echn i ques .  A s t r a t eg ist mig ht a l so  exe rc i s e

the n iode l  w i t h  pa r ame te r s  r e p r e s e n t i n g  an e x i s t i n g  sys tem u n d e r  a v a r i e t y

of tactical situations to assess the bes t  method of deploy ing the sy s t em.

Model ing  Approaches

As with any comp lex problem , more than one approach can be taken

to t he development  of a ma themat ica l  model of ta rget  search  and de tec t ion .

The o p t im a l i t y  of an approach depends upon the u l t ima te  goal of the model.

If the goa l is to obtain a s h o r t  t e rm model which predic ts  to a l imited set

of specific condi t ions  then a data f i t t ing  pr  ~edure  may be t he bes t  approach.

On the othe r hand if the goal is to u l t i m a t e l y  obtain a model capable of

p e r f o r m in g  the func t ions  ou t l ined  p r e v i o u s l y ,  then an a l t e rna t i ve  approach

may be requ ired . These a l t erna t i ve  appr oaches a re  exp lored be low .

Equa t ion  F i t t ing  A pproach .  Most  e x i s t i n g  models  of t a r g e t  acquis i-

tion ha ve used data f i t t ing  approaches to obtain equa t ions  w h i c h  pr ed i c t

the probability of detect ion as a f u n c t i o n  of t ime . These models  are  g e n e r a l l y

based on a Poisson process~~
4
~ of the fo rm P ( t)  1~~( l  - e t / T )  b e c a u s e  the

shape of the r e s u l t i n g  cu rve  is s imi la r in s hape to the observed pr obabi l i ty

of de tec t ion  as a func t i on  of t ime .  The p ar a m e t e r s  P~ and T depend upon

certain system pa rameters and are empirically dete rmined using curve

f i t t i n g  t echn i ques .  Models of this type have been successful in predicting

p e r f or m a n c e  for  a b s t r a c t  ta rget s~
7’

~ and for  simp le or unifo rm back ground
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co nd i t i ons .  ~~~ 65) However , these models do not gene ralize to the pre-
diction of p er f o r m a n c e  wi th  real is t ic , comp lex back grounds .  ( 54)

Because  the number  of potentia l scene cha rac t e r i s t i c s  can be la rge
and t h e i r  e f f e c t s  var ied , the two pa ramete r mode l descr ibed  above may not
be capable of describing the observed behavior. For example , Fi gu re  1
p lots the c u m u l a t i v e  p robab i l i ty  of co r r ec t  detection as a func t ion  of t ime
for  two of the conditions from Scanlan . 

(54) As can be readily observed , the
shape of the cumula t ive  probabi l i ty  curve  for  the mo re d i f f icu l t  hi gh
comp lexity scene , low target-to-back ground contrast condition is much

d i f f e r e n t  than the cu rve  for  the Low comp lexity scene , hi g h con t ras t  con-
d ition . Three  paramete r models such as P~ ( 1  - e (t I I’T~~~) or

P~ t i  - e
t
~

’ T 1 (1  - e
t / T  2 ) may be neces sa ry .  This latte r fo rm wi l l  r e su l t

in a cumula t i ve  p robab i l i ty  func t ion  simila r to the top curve of Fi gure  1
as T , approaches 0 but  wi l l  resemble the lower curves  as T z depa rts f rom 0.

ID

LOW COMPLEXITY SCENE
- 
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HIGH TARGET-TO-BACKGROUND CONTRAST
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Fi gure  1. Cumulat ive probabil i ty of ta rget  detect ion
for two ta rget /back ground conditions.
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In addition to  a c h a n ge  in the  e q ua t i o n  f o r m , a t r emendous  am ount  of

new d a t a  wou ld he r e q u i r e d  if the f ina l equa t ion  is to pred j e t  to a Ia rge

numbe r of co n d i t i o n s .  A l i s t  of t h e  v a r i a b l e s  and pa r a me t e r s  w h i c h  c o n  -
cci va lil y mig ht  i of lue nc per fo r  i t i a  uc e , a iid h e n c e , s hou ld  be i n c  I wi ed , ra p id l y

becomes  v er y  long .  l~~~s i l y 50 to l0 ()  v a r i a b l e s  mi g ht  be c o n s i der e d . If

ea c h  ‘a t’ r e e xa i i i  m cci at  oii I y f ive  Ic ye  Is , a ii i n c on ip r e h en  s i b ]  v ha r gt~ q u a n t i t y

of da ta  w o u ld  be r eq u i r e d  to ex a m in e  a l l  p o s s i b le  c om b i n a t i o n s  of e a c h

va r i ab l e  at ea c h  L e v e l .

E x t e n s i v e  u se  of screening s ti id ie s~
6
~~ and co ns id e  r ab le  e x per t

j u d g m e n t  mi g ht r ed u ce  the num b e  r of va riablt’ s to .~ . A s s u rf i n g  the

jud g m e n ts  w e r e  a l l  c o r r e c t , da ta  could  be co l l ec t ed  on the  reduced set  of

v a r i a b l e s  and used  to f i t  the  mode l .  F it  r t h i e  r , i t  it can  be a s s um e d  tha t

mos t  of the  v a r i a n ce  of i n t e r e s t  is  in  the ma in  e f f e c t s  and second o r d e r

in t e r a c t io n s , R e s p o n s e  Su r f a c e  M et h o d o l og y~~ 
~ ~~~ 16 , 60 , 74)  

samp l ing

p r o c e d u r e s cou ld  a g a i n  r e d u ce  the data  r e q u i rem en t s  by s ev er a l  o r d e rs  of

m a g n i t u d e .  Even w i t h  t he se  r e d u ct i o n s , the tota l num b e r  of o b s e r v a t i o n s ,

a s s u m i n g  f i v e  l e v e l s  of ea ch  va r i a l) le  , w o u l d  s t i l l  be a p p ro x i m a t e l y  ~ quad  -

r i l l i o n  or ~ m i l l i o n  m i l l i o n .

Imag in ing  f o r  the  m o m e n t  tha t  su c h  data , or a subse t , could be

obtained , the  r e s u l t in g  eq ua t i o n  w o u l d  onl y be an ap pr o x i m a t i o n  and w o u l d

be limit ed to the specific conditions examined w i t h  a vi ’ ry low p r o b a b i l i t y

tha t  the r e l a t i o n s h ips ob ta ined  wou ld  hold fo r  any  case  not sp e c i f ic a l l y

e x am i n e d .  Thus , each  new t e c h n o lo g i c a l  d e v e l o p m e n t  cou ld r e q u i r e  a new

and m a s s i v e  data co l l e c t i o n  e f f o r t , b e c a u s e  it is not p o ss i ble  to know or

e ven  g u ess  w i t h  a n y  c e r t a i n t y  the  p e r f o r m a n c e  to be ob ta ined  f rom a s ys t e m

not examined  in t h e  d e r i v a t i o n  of the or ig inal  model .  As  a r e s u l t  of t h e

g r o s s  in e f f i c i e n c y  of the d i r e c t  o b ser v a t i on  and c u r v e  f i t t i n g  methods  and

the  i n ab i l i t y  of the r e s u l t i n g  model  to accommoda te  chang ing t e c h n ol o g y .

m i s s i o ns , and en v i r o n men t s , those method s a re  w o e fu l l y inadeq ua te .

I;



An A l t e r n a t i v e  Approach.  The equation f i t t ing  approach as sumes

that  l i t t l e  or nothing can be known about the human ope ra tor  and the under-

l y ing c a u s e s  which  lead to the observed behavior.  This assumpt ion  is f a l s e .

The human  is hi ghl y comp lex and is capable of a wide d ive r s i t y  of response

to what  of ten  appears to be ident ical  s i tuat ions.  This , however , does not

mean that  the human must  a lways be considered as a black box whose inner

w o r k i n g s a re  neve r  to be fathomed. On the cont ra ry  a great  deal of

p s yc h o l o g ica l  and ph ys io log ical  evidence has been obtained wh ich  prov ides

an ins i g ht into the manne r in which informat ion is processed in the huma n

percep tua l sys tem.

An app lication of the knowled ge concerning human percept ion can be

a p o w e r f u l  method of reducing the large number of potential var iables  to a

few c r i t i c a l  ones which re f lec t  the informat ion used by the observer  when

engaged in a search for a target .  If var iables  such as t a rge t - t o -background

con t r a s t , sensor  and disp lay resolut ion , f i e ld -o f -v iew , ta rge t  type , and

scene c h a r a c t e r i s t i c s , to mention only a few , could be integrated into a few

underl ying informational content variables , the prob lem of developing a

model  could be grea t l y s implif ied.  These system parameters a f f ec t  the

amount  and type of data from which the operator may extract  relevant  H
i n fo rma t ion .  The operator  does not par t icular ly care how the data was

obtained but onl y that it c ontain the required information.  Because the

operato r is concerned about information , variables which descr ibe  that

i n f o r m a t i o n  should be the appropr ia te  ones for a model of ope rator per-

fo rnian ce .  The many system variables  would then be transformed in te rms

of t h e i r  a f f e c t  on the info rmation ava i lable to the ope rator.

If these under l y ing variables also reflected the cha racte rist ics of

t he observe r , then it would no longer be necessa ry  to obtain new data each

t ime technolog y produced a new system capability. The cha rac ter i s t ics  of

the new sys tem would merely  be cast  in terms of the underlying var iab les

and the model exerc ised  with  these inputs.  It may sti l l  be des i rable  to

c o n f i r m  the predict ions of the model; howeve r , onl y a few specific

6
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~~~ e ofl(l it i or t s i-teed t u be ex a m i n e d  to i n s u r e  tha t  the  model ont i l i t i e  s t o

pred it t to the new c o n ib i n a t  ion s  of c o n d i t ion s .

A m o d e l i n g  a p p r o a c h  w h i c h  c o n s i d e r s  the  i n f o m n i a t i o n  p r o c e s s i n g

clia r a c t e  m i s t  ic  s of the h u m a n  pe r c ep t u a  I sy s t em is  p it rs  ued in the  p r e s e n t

c i  to  i~f . lii is nw  r ’  g en e  ra I and mo re pow e r f t i l  a p p ro ac h  is h a s  ~‘d on .1 n

a n a l y s i s  of t h e  ope r a t or ’ s t a s k  and i n t e g r a t e d  i n t o  a m a th e m a t i ca l  f r a m e w o r k

w i t  Ii c lea ily de t i t i e d  and tes t a b l e  components .  The model  p r o v i d e s  a means

1 f o r  appropriatel y representing and incorporating b o th  the p r o c e s s i n g  s t a t es

and the  s o u r c e s  of i n f o  r ma t io n  cha racte  r i s t i c  of the  Ia rget search and

deti’ c t ion  t a s k .  I’he n iu l t  i - c omp on ent  mn od t’ l a tid the ’ r a t i o n al e  he hind it a re

b i.ie fl y o u t l i n e d  in the  nex t  sec t i o n .  This  b r i e f  d e s cr i pt ion  is f o l l o we d  b y

a deta i l ed  e x a m i n a t i o n  and in teg  r at i o n  of the a v a i l a b l e  liti’ ratu Vt’  which lead
- 

~ to the model .

[ M u l t i  C omp o n e n t  M o de l

Initia l ev id ence f o r  a m u l t i  - comp onen t  mo d e l  was based on a compari-[ son of the  ope ra to r ’ s p er f o r m a n c e  u n d e r  u n i f o rm bac k g round cond i t ions  and . 
-

t~
4 ) . .

u n d er  comp lex r e a l i s t i c  cond i t ions,  On a s ta tic  m o n o c h r o m e  d i sp lay

I ’ wi th  a s t a t i o n ar y  t a r g e t , d e t e c t i o n  and r ecogn i t i on  can be a cc o mp l i s he d  a l o n g

o n ly  two d imens ions :  l u m i n an c e  and sp a t i a l .  In the cast ’  ol a ta rget  located
~~~

-
~
- Ui n a u n i f o r m  b a ck g r o u n d , the l u min a n c e  f a c t o r s  w i l l  p r edomina te . boca u se

the re is no need to d i s c  r i n i i n a t e  shape cha r a c t e r i st i c s  of the t a r g e t .  How -

E, ev er , a ta rget  located in a rea l  wor ld  ba ck ground  m u s t  be detected on the

b a s i s  of both l un - t i n a n c t ’ and spat ia l cha r a c t e r i s t i c s .

1 
The s h i f t  in r e l a t ive  importance of spatia l cites can be seen in

I F i g u r e  ~ w h i c h  presents the interaction of disp layed resolution and backg round

type on the time required to detect a vehicle target. W i t h  a u n i f o r m  back[ g ro u n d , disp lay resolution had no effect , while w i t h  r e a l i s t i c  b a ck gr ounds ,

a variation in disp lay r e s o l u t i o n  resulted in a better t han  t w i  -to one c h a ng e

in time to  detect. (‘lea rl y, the importance of spatia l detail was minimal
- when the target was located in a uniform back ground hu t  was of considerable

F importance when it was necessary f o r  the target t o  he disc r in~ in a t e d  I ron~
- conflicting objects with sin~i Ia i~ c ha racte rist ics .
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Fi g u r e  ~~~. The e f f e c t s  of back g round and disp lay
reso lu t ion  on the t ime required to
detect  a ta rget  ( f rom ~4)

[ h i s  i n t e r a ct i o n  of b a c k g r o u n d  type and d i sp l a y  r e s o lu t io n  can be
interpreted as  ev idence  for  a m u l t i - c o mp o n e n t  model of ta rget s ea r ch  and
det e ct i o n .  ~~~~~~~~ Da ta f r om o the r  s tudies  a lso lend suppor t  to th is  i nt e rp re -

t a t i on .  ~~~~ 40) 
Although , the hypothesis requires furthe r examination , s u c h

.1 r n i i i t  i - - omp on ent  c o n c ep tu a l i z a t i o n  doe s r econc i l e  m u c h  of the obse rv ed
d . it a . F’u r t h e r , it sepa rates a comp lex task  Into behaviora l ly  m e a n i n g f u l
pa rts w h i c h  c a n  be i nves t i gated ind iv idua l l y to dete rmine the e f f ec t  of the
i np u t  d at a  and the ta sk to be per fo rmed. The potential  bene f i t s  of the
. ip p r o . t ch  .i re s u f f i c i e n t  to j u s t i f y f u r t he r e laborat ion  of the model and an
i n v e s t i g a t i o n  of ’ its a c c u r a c y.

A m u l t i  -comp onent  modeL of ta rget sea rch and detec tion , base d on
.in .in. i l y s i s  of the t a sk  and ex i st ing  l i t e r a t u r e , is g r ap h ica l l y  pr e sen t ed  in
F i g u r e  as a Markov  Process .  The model includes  f o u r  p rocess ing
c omp onents  or sta tes  which have a number  of t rans i tional  p robab i l i t i e s

a sso c i a t e d  with  them . Two te rminal absorbing states  r epr esent  the

S

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —____________
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Fi g u r e  ~~. M u l t i- c o mp o n en t  M a rk o v  proces s
model of target acquisition.

fi nal response ou tcomes .  As shown , t he pr ocess alwa y s be g ins in the

or ienta t ion  s ta te , and r e - e n t e r s  the same state or t r ans i t i on  to anothe r

state at fixed time inc rements. Transition probabilities are a function of

t he la rge  number  of va r iab les  tha t  can af f e c t  detection per formance  and

are  assumed to remain cons tant  ove r t ime. The cumulat ive probabi l i ty  of

ta rget de tec t ion  as a func t i on  of t ime is obtained b y cons ider ing  all the

possible paths to the correct response state and the time required to

t r a v e r s e  those paths .

The f o u r  p rocess ing  states a re  called or ientat ion , search , examina-

t io n and dec i s ion , and are  def ined as fol lows:

Or ien ta t ion  is an ini t ia l p ro cess ing  of larg e and salient
cha rac te r i s t i c s  of the scene.  Under  rea l i s t ic  c onditions ,
or ienta t ion  would cons is t  of a br ief , w ide -ang le look at domina nt
te r rain f ea tu re s  such as roads , t rees  m a s se s , lakes , and f ie lds
which fo rm meaning fu l  pa t terns  and gross  re lationshi ps. These
resu l t  in a g lobal search  s t r a t egy .

Sea rch is the p roces s ing  state in which  s u b -a r e a s  of the scene
are  examined b y shor t  eye f ixat ions  on ob jects  l ike ly  to be t a rge t s .

Examination is the p r ocess ing  state in which an ob ject  selected
as a potential  t a rge t  is s c ru t i n i z e d  in greate r detai l  to dete rmine

J. if it is a ta rget.

I
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D e c i s i o n  is an in t e rna l  s tate in which  pr ev ious  info rmation
obtained f rom obse rva tion  of the scene is compared wi th  known
in fo rma t ion , a s u b j e c t i v e  response c r i t e r i a  is app lied , and a
res ponse choice  is made.

F r o m  the decis ion  state , two possib le response states can be
reached :  c o r r e c t  or i n c o r r e c t .  Two responses  are  possib le f rom the
o b ser v e r f o r  each of these t e rmina l s tates . The observe r may respond
b y s e l e c t i n g  an o b j e c t  as the t a rge t .  If he is co r rec t  he has made a hit .
Co n v e r s e l y ,  if he is i n c o r r e c t  then the response is a fa lse  alarm .
Sim i l a r l y ,  the  observer  may respond indicating that no t a r g e t  is present .
If he is c o r r e c t , th i s  would be te rmed a co r r ec t  re j ec t ion . If he is
i n c o r re c t , the outcome would be a miss.

As i l l u s t r a t e d  in Fi gure  3 , the mu l t i - s t a t e  Markov model is hi g hly
ada ptable  to the complex target  acquis i t ion  s i tua t ion . Given tha t state s
a r e  d e f i n e d  with valid and invariant  character is t ics , the model provides
fo r  a l te rnat ive  paths and sequences such that states may be repeated ,
sk i pped over , or entered in vary ing  temporal order . The model a lso
a llow s for  expansion b y sys temat ica l ly expanding individual states into
se t s  of s u b — s t a tes. For examp le , search is a likel y candidate f o r
expans ion  into a set of sub - st a t e s  representing search within specific
type s of scene a reas.  In an expanded model , the set of t rans i t ion
p r o b a b i l i t i e s  into and out of the sub - s t a t e s  would rep lace the overa l l
t r a n s i t i o n  probab i l i t i e s  into and out of search as a whole. The val idat ion j 

-

of t h e  b a s i c  compon ent stat es , followed b y an expansion of each state
s y s t e m a t i c a l l y provides a log ical app roach necessary for the development
of a model of t a rge t  search  and detection .

Genera l A pproach

In the fo l lowing sections , the severa l  steps in the development of
a p r e l i m i n a ry  mul t i - componen t  Ma rkov process model are presented .
F i r s t , a review of the ava i lable lite ra ture  on perceptua l p rocess ing  is
combined with  an ana lys i s  of the operator ’s ta8k to provide a f r a m e w o r k

10



P
I which  re la tes  the s ea rch  and de tec t ion  t a s k  to measurab le  and behav iora l l y

meaning ful  v a r i ab l e s .  Second . a s imp l i f ied  two component model is

[ developed for  i n i t i a l  e xp e r i m en t a l eva lua t ion . Third , two ex per im ents

wh ich  used opera to r  eye f i x a t io n s  on the image as a method of m e a s u r i n g

[ the p r o b a b i l i t y ,  se q ue n ce , and d u r a t i o n  of the p roces s ing  components  are

deta i led .  F o u r t h , a p r e l im i n a r y  eva lua t ion  of the model and approach is

presented w h i c h  conf i rms the v a l i d i t y  and s t r eng th  of the approach. F inall y ,

d i rec t ions  are  suggested for  f u t u r e  r e sea r ch  and model development.
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H U M A N  INFORMATION PROCESSING
AND TARGET ACQUISITION

The perceptual  information on which ope rator  per fo rmance  ul t imatel y

L 
depends is not a direct  funct ion of the data input throug h the s enso ry

mechanisms of vis ion.  Rather , it is a comp lex funct ion of the input data ,

process ing  mechanisms , and operator  expectation as indicated sche-

matically in Figure  4. Because the perceptua l information used b y the - -

ope rato r re p resen t s a hi ghly processed and t r ansfo rmed  subset  of the

total input data , the development of a model capable of adequatel y predic t -

ing per formance  in realist ic situations mus t  beg in with a considerat ion of

the perceptual  information relevant to ta rget search  and detection .

EXPECTATION

Jr
INPUT DATA PROCESSING ____________ 

PERCEPTUAL
MECHANISMS INFORMATION

I.

Figure 4 . Aspects of perceptual data processing.

An identif icat ion of re levant information require s  a considerat ion

of both the process ing capabilitie s of the operator s as they are cur ren t ly

understood , and the task.  Fu r the r , because the processing  required to

obtain the neces sa ry  perceptual  information changes with the expectation

of the operator , this interna l source  of info rmation must  also be considered .

In the pa ragraphs which follow , input , expectation s and process ing

character is tics  will be examined in the context of the ta rget search and

detection task  to yield h ypotheses concern ing  the relevant pe r ceptual

- ~~~~~~~~~~~~~~~ -- - 1~—w
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i n f o r m a t i o n .  These h ypotheses wi l l  then be integrated into the m u l t i -

com ponent  Markov  model.

Input  Data

A port ion of the visua l world as it imp inges upon the eye is the input

data . M o r e  p r e c i s e ly it may be defined as the objective ph ysical  temporal

and spatia l var ia t ion in luminance intensi ty .  In the most genera l sense the

input  data is the total data required to recons t ruc t  a ph ysical  real world

s i tua t ion  and wi l l  be a funct ion of a la rge number of fac tors .  If a s e n s o r -

d i sp lay sys tem inte rvenes between the world and the observer , the input

data becomes a func t ion  of the sensor , disp lay, and senso r - to -d i splay

t r a n s for m a t i on s  as we ll as the cha racter is t ics  of the object ive world . A

comple te descr iption of the world , obvious ly,  requires an incredib ly la rge

q u a n t i t y  of data and onl y recentl y have ser ious attempts at a descr iption

been considered.

Althoug h a comp lete descr iption of the world might be possible , it

may not be necessa ry .  Because the operator processes the input data to

e x t r a c t  a s u b - s e t  of the ori g ina l data , it may be adequate to descr ibe  onl y

those  aspects  of the world which are  releva nt to the ope rator as he per fo rms
(9 , Z3 , 34 , 65)

the ta rget  search  and detection task . Existing detection models

imp lici t l y recognize this fact  b y selecting onl y certain aspects of the world

fo r  inc lus ion in the model. Similarly,  the research  directed toward the

problem of descr ib ing  real is t ic  scene s for ope rator modeling and computer
(3 , 4 , 22 , 37 , 41 , 46 69)recogni t ion  have concentrated on only certain aspects

of the scene.  The aspects  selected , however , are not necessar i ly those r

of importance to the observe r . Clearl y the requirement is for  an under-

s tanding of the percep tua l information extracted from the input data . This

requ i res  an examination of the processing capability of the operator.

Perceptua l P rocess ing

Evidence f rom both the neurophysiolog ical and psycholog ical

l i t e r a t u r e  ma ke it clea r that the perceptual system extracts fea ture s from

the input  data and that these features  are the bui lding blocks f rom which 
—

perceptua l informat ion is con structed .~
7 ’ 18 ’ 19’ 31 ’ 32 ’ 33 ’ 42 ’ 47 ’ 51 ’ 591
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A r e v i e w  of t h e s e  s tud ies  is beyond the scope of th e p r e s e n t  e f f o r t .  How -

eve r , it is gene ra l ly  agreed  that  f e a t u r e s  such  as i n t e n s i t y ,  s lie , co lo r ,

r e t i n a l  locat ion , o r i e n t a t i o n  of long a x i s , spa t ia l  f r e q u e n cy ,  a c u t e  a n c le .

line length , and motion are  e x t r a c t e d  f r o m  the incoming  v i s u a l  s t in u i lu s .

Ph y s i o l o g ica l  ev idence  a l so  e x i s t s  w h i c h  s u gg e s t s  a h i e r a r c h y ot
(~~0 ~5 ~~~) - -l ea t u r e  p r o c e s s i n g .  ‘ ‘ Low - l e ve l  f e a t u r e s  s u c h  as si ze , c o n t r a s t .

color , and r e t i n a l  p os i t ion  ar e  r e l a t i v e l y a u to m a t i c  in t h e i r  coding , r e q u i r e

l i t t l e  p roces  s ing t ime , and a r e  ext  rac te d at  the more  pe r i phe ra l a reas of

t he v i s u a l  sys tems .  Hi g h - l e v e l  f e a t u r e s w h i c h  may be composed of severa l

component s , su c h  as ed ges  an d ang les , u s u a l l y  have hi gh spatia l f r e q u e n c y

co mpone nts , (44 , ~6 , ~ re q u i r e  fovea l  p r o c e s s i n g , and inc reased time fo r

t he i r  e x t r a c t io n .  These hi g h - l e v e l  f e a t ur e s a re  most  l ike ly  ex trac ted

at the v i s u a l  cor tex .

The ex t r ac t ion  of f e a t u r e s  f rom the input reduces the amount  of

da ta d r a m a t i c a l l y  and codes it in a more  u s e f u l  fo rm. However , th e fea t u re

set req u i res addi t io na l process ing to become perceptua l i n f o r ma t i o n . The

fea t u res  m u s t  be selected , o rdered , wei ghted , and combined in a mean ing f u l

way .  The log ical  bas i s  for  c o n s t r u c t i n g  per cep tua l  info rmat ion  f rom

fea tu res  is a f unc t ion of ex pec tat ion .

E x pec t a t ion

The i n f o r m a t i o n  avai lable  to the ope rator  th roug h memory  is cal led

expectation.  Expectat ion is a func t ion  of the exper ience  and norma l perceptua l

devel opment of t he opera t or , as wel l  as spec i f ic  b r i e f i n g  b e f o r e  the task . It

can be reasonabl y as s u m e d , on the bas is of past r e sea rch , that  the popula t ion

of normal  adult operators  shares  con-in-ion rules fo r  decoding r e a l i s t i c  scenes .

These include:  perspec t ive  ru les  that  map t hr ee - d i m e n si o n a l objec ts  onto

two-d imens iona l disp lays:  segmentat ion rules  which sepa rate d i s c r e t e

ob jec t s  f r o m  the back ground ;  and relationa l ru les  f o r  a r r a n g ing ob jec t s
(1 ~~, ~~ 37 , 4~ S 3 )  . . . , . -

w ithin r ea l i s t i c  scenes .  Br ie f ing  add s spec i f i c  i n f o r m a t i on

about the t arge t , t e r r a i n , m i s s i o n , sensor and disp lay ,  and response  c r i t e r i a

• - w i t h i n  the spec i f i c  t a r g et  a c q u i s i t i o n  task . ~~~~~~~~ ~~~~~~

.. 
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rhe p e r c e ptua l s y s t e m  uses  expec ta t ion  and the f ea tu re  d e s c r i pt ion

of t h e  i n p u t  data to c o n s t r u c t  percep tua l i n fo rma t ion . The s t i m u l u s  data w i l l

be used  to  the g r e a t e s t  extent  poss ib le  cons i s t en t  wi th  expecta t ion  w h i c h

~z o v er n s  the c o n s t r u c t i o n  p roces s .  If s t imulus  informat ion  is inadequate .
the  c o n s t r u c t i o n  p r o c e s s  wi l l  supp lement the s t imulus  mater ia l  to provide  a

r e a s o n a b l e  o r g a n i z a t i o n .  If the input data is conf l ic t ing  when cons ide red

in t h e  c o n t e x t  of the s u b j e c t ’ s expec ta t ion, then some data wi l l  be r e j e c t e d

or d i s t o r t e d .  i
P er c e p t u a l E n f o r m a t i o n  in the Scene

An i d e n t i f i c a t i o n  of ca tegor ies  of in format ion  wi th in  a comp lex , I
r e i l i s t i c  scene  can be ob ta ined b y ask in g  obse rve r s  to desc r ibe  those

cha r a c t e r i s t i c s  of t he scene which might make t a rge t  detect ion easy  or

d i f f i c u l t .  On the assumpt ion  that subjec ts  share common expectations

in t h is s i tua t ion , the ob jec t s  identif ied can be expected to rep resen t  the

c a t e g o r i e s  of potent ia l ly  relevant  perceptua l information.

In a p rev ious  research  progra m , (54) 2 2  su bj ects provided opinion s

as to w h i c h  s c e n e  or t a r g e t  c h a r a c t e r i s t i c s  would aid or hinder  detection

of the  t a r g e t .  A d i s t i l l a t ion  of those  responses y ields four categories  of

scene  i n f o r mation:  ta rget , c lut ter , context , and tex ture .  Each of these

can be described in terms of feature cha racteristics and expectations.

Ta rget .  The ta rget  wi l l  have a set of perceptua l f ea tu res  s imila r to any
(10 , 36 , 43 , 44 , 68 , 78)comp lex v i s u a l  pa t t e rn .  Considerable ta rget  acquis i t ion

r e s e a r c h  has been directed toward identif y ing relevant target  f ea tu res  with

emp has i s  on the low- leve l  fea tures  of size and contrast.~
9’ 34

~ Under
r e a l i s t i c  back ground condition s , these fea tu res  may not be su f f i c i en t.
Detect ion is considered a corre ct response indicating that an object  is
located in the scene;  howeve r , realist ic back grounds introduce many non -

ta rget  ob j ec t s , r equ i r ing  addi t ional  d i scr imina t ion  between ta rget and non-

ta rge t s .  The re fo re , even in detect ion tasks , the ta rget  must  have some hi g h-

level  f e a t u r e s  which  d i s t i ngu i sh  it f rom non - t a rge t s .  The number  and type

16
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of feature s processed under these conditions requires further stud y. It would

be e \pec t ed , h o w e v e r , tha t  cha racteristics such  as spec i f i c  shape or ou t l ine ,
(54 1

inte rna l deta il , and inte rna l modulations a re  l ik e l y f e a tu r e s .

Clutter. Clutter is , collectivel y, those o bJ e ct s  which  are detectable

and s h a r e  some features w i t h  the target . In general , clutter and a t a r g e t  ~v il1

h a v e  s i m i l a r  l o w — l ev e l  l ea tu r c s  but wi l l  d i f f e r  on some hig h — l e v e l  f e a t u r e

cha racteristics . The number of common features between ta rget and

clutter , the proximity of clutter to the target , and the number of clutter

objects are factors which can influence detection p e r f o r m a n c e .

The number of clutte r objects in controlled abstract stud ies can

accou nt fo r  as much  as 97% of the var iance  in the data. (451 Significant

e f f e c t s  of n u m b e r  of clutter objects on time to detect~~ and probability

of detection
173

~ have been found in target acquisition studies. The number
- - of clutte r objects is used as a background parameter in several target

(65)
acquisition models  including CRC and MARSAM models; - however, the

density, or number of objects per unit area may be a better predic tor  of

performance. 
(54) 

Clutte r objects close to the ta rge t  have the l a r g e s t  e f f e c t
(9 , 34,73)on performance. 

- -

Simi la r i ty  is a func t ion  of the number  of f e a t u r e s shared b y c lu t te r
( 20) .an d ta rget  and can have a m aj o r  e f f e c t  on p e r f o r m a n c e .  L o w - l e v e l

feature s such as size and contrast are the most commonly measured
(8, 14, 29, 34, 62) . . . .tea t u r e s . Ob jec t s  having a size range up to four  t imes

the ac tua l  t a rge t  length a re  l ikel y to a f f e c t  pe r formance .  (34) Shape , or

high-level features have not received as much systematic investigation ,

pa r t i cu l a r l y f o r  t ac t ica l  vehicle  images . In gene ra l , the shape fea tures

which  have been studied include a geomet r ic  ca t egory  (circle , squa re ,

r ectang le)~
45 ’ 6.i~ ‘~~~ 73 )

, and the number  and relat ion of l inear  and a n g u l a r
(35 44)  I -

comp onents.  - -

17
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C o n tex t .  C on t ex t  r e l a t e s  to  thost ’  te r r a i n  oh j e ct s  or  a reas w h i c h  have

a sy s t em a t i c  and meaning ful relationshi p w i t h  t a r g e t  loca t ion .  F o r  exam p le

r e a c t s  a re ~. ontext objects with a very strong functional re lation to tactical

ve h i c l e s , and d e t e c t ion may be a f u n c t i o n  of the p r o x i m i t y  of the ta rge t  to roads .

R o a d s  and most othe r te r rain objects are usuall y of low spatial frequency

and a r’ not  likel y to be c o n f u s e d  w i t h  t a r g e t s .  N o r m a l l y ,  co n tex t  ob j e ct s

seelfl to facilitate the search process , because they offer the ope ra to r

information about areas where targets are likely to occur , and a lso a r e a s

wht’ re t a  rcet s are not likel y to occur , thus , indicating a reas the operator

shoul d reasonabl y sea rch or ignore. Context objects may have widel y

‘-a i-v in g  ph o t o m e t r i c  cha rac te  r i s t i c s  bu t  their effect on target acquisition

i s  a u n c t i o n  of the log ical rule s related to expectation.

The concept of context has been included in some anal yses of ta rget
( I )  l I )  40 fl)

i L C (j i l i s i t i O f l . ‘ ‘ ‘ Location constraints or a reas  l i k e ly to co nt a i n

ta rgets affected probability of detection~
73
~ and areas  l ikel y to onta in

t a r g e t s  interacted with amount of clutter in predicting total time to

d e t e c t .  ~~4) Othe r stud ies have reported very little difference in perfo rm -

duct ’ as a function of context. W h i t t en b u r g ,  S c h r i b e r , Rob inson  and

N o  rdl ic (71) did not find d i f f e r e n c e s  in p e r f o r m a n c e  when t a rge t s  w e r e

placed in  open areas as opposed to ta rgets placed near terrain feature s.

K rob s and Graf~
40
~ found only a small trend in perfo rmance with respect

to  p e r c e n t  usable  a rea  wi thin  the scene.
I’hese c o n f l i c t i n g  r e su l t s  a r g u e  f o r  f u r t h e r c l a r i f i c a t i o n  of the

con .-ept “a reas likel y to contain ta rgets ,” and the type of context feature s

w h i c h  have the g r e a t e s t  p red ic t ive  e f f e c t  on pe r fo rmance.  As  an examp le ,

a tactical vehicle such as a tank has very clear perfo rmance limitations

w i t h  respect to terrain , (6 ‘I If the tank’ s grade  ascending l imit  is 60 percent ,

areas with steepe r g rade may be e l iminated f r o m  search. If the tank has

l i m i t e d  fo rd ing  a b i l i t y ,  it is not likel y to be found near  w a t er . The pe r fo rm-

,inc e  cha r a c t e r i s t i c s  of the t a r g e t  art ’ w e l l - k n o w n  to expe r i enced  per sonne l

an d co n t r i b i i t c~ to t h e obse rve r ’ s expec ta t ions .

18
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The e f f e c t s  of p a t t e r n  and m a s k i n g  can be included in c o n t e x t .  It

has been found w i t h  eve  f i x a t i o n  p r e d i c t i o n  models tha t  c e r t a i n  g e o met r i c

p a t t e r n s  a r e  more  l ik -~’ly to be f ixated than o t h e r s .  For examp le . ends of

- 
- s t r a i ght l ines , v e r t i c e s of acute  ang les , and i n t e r s e c t i o n s  of s t r a i g ht lines

- . (49, 50, 64 , 77)a r e  v e r y  li kel y to be fixa ted . Ta rge t s  placed wi th  respect to
va r ious  geome t r i c  pat terns  created by roads,  t ree l ines , r i v e r s , e tc. , may

• be detected par t ia l ly  as a funct ion of such pa t te rn  e f f ec t s .  While not t r u e

log ical context  e f f e c t s , geometr ical  pa t te rns  have been included , bec ause
th ey relate to te r rain f e a t u r e s .  It would be predicted that  acute  ang les.
r ig ht ang les ,  obtuse ang les and s t r a i g h t  l ines will elicit  f ixat ions and wil l .
t h e r e f o r e ,  have sign i f i can t  e f f ec t s  on detection if t a rge t s  a re  located near

:
‘ these  t e r ra in  f e a t u r e s .  Open a reas , i r r e g u l a r  s u r r o u n d i n g  a reas .  and

locations c o n t r a r y  to geometr ic  pa t t e rn  e f f e c t s  should not el ici t  f ixat ions and
may resul t  in a pe r fo rmance  decrement . The masking of t a r g e t s  by t e r r a i n
f e a t u r e s  which occurs  when the t e r r a in  is viewed from low alti tude can also
s igni f icant ly a f f e c t  p e r f o r m a n c e .  ~~ ~ 24 . 34)

The ta rget acqu is i t ion  l i teratu re sugges ts  several  candidate type of

context  objects . R oads , ope n f ie lds , bridges , lakes , fores t edges , and
— . • ( 15 , 34 , 54 , 55 , 58) - -i

ma n-made  objects have been considered . The research on

the automatic  recogni t ion of te r rain fea tu re s such as field s~
31 and ove ra l l ‘ 

-

te r rain typ e~
69

~ may u l t ima te ly  provide additional insi g ht into the

cha rac te r i s t i c s  of context .

Texture . Tex tu re  re f e r s  to a reas  with  re la t ive ly  u n i f o r m  or r e c u r r e n t
(48 , 54)elements  of hig h spatial f r e q u e n c y  and low modulation.  The e f f ec t  of

t e x t u r e  on pe r formance  is expected to be re la t ive ly  small , and wi l l  not be con-

sidered fu r ther  at the p r e sen t  time.

Scene Info rmation and Target  Acqu i s i t i on

The p rev ious  d i scuss ion  conside red the i n f l u e n c e  of ob jec t  f e a tu r e s

and exp ectat ion on the pe rceptual  info rmat ion i i  the scene . These aspects

of perception can be related to the four  s ta tes  of t a rge t  search and de tec t ion

-- -
~~
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g i v e n  in F i g ur e  L The fou r s t a g e s  — orientation , search , examination ,

and (t e c i s  ion - are  s t a t e s  in a Ma rkov p rocess  whic h m a y  be en t e r e d

s equ e nt i a  l l ~’ o r  i te  r a t i v e l y.

Or i e n t a t i o n .  The ini t ia l input  of l o w - l e v e l , g loba l scene f e a t u re s

w i t h  rap id eye f i x a t i o n s  over  a la rge  a rea  of the scene cha r a c t e r i z e s  or ien-

t at i on . Fhe ave rage eye f i x a t i o n  f o r  an ope ra tor  scanning  a d i sp lay is

ap p r o x i m a t e l y  ~00 rnsec . The rap id scann ing  over a wide area  w h i c h  is

ty p i c a l  of picture processing at the beginning of a t a sk~
11 is an i nd i can t  of

o r i e n t a t i o n . rhe outcome of o r i en t a t i on  is a s imp le g loba l scene  d e s c r i pt ion

and a g e n e r a l s t r a t e g y  fo r  sea r c h i n g  se lec ted  a reas .  Expec t a t i on  and con-

t e x t  a r e  p red ic t ed  to be the m aj o r  i n f l u e n c e s  on o r i en t a t i on .  A l t h o u g h

o r i e n ta t ion  d e t e r m i n e s  m u c h  of the sequence  and p r o b a b i l i t y  of f i x a t i o n s

d u r i n g  s e a r c h , it is expected to be r e l a t i v e l y  b r ief  and cons tan t  a c ro s s

c o n d i t i o n s .

Sea rch .  The rap id f ixa t ion  of a reas and o b j e c t s  in the scene accord-

ing  to the  s e a r c h  s t r a t e g y  developed d u r i n g  o r i e n t a t i o n  is called s ea rch .
O b je c t s  a r e  b r i e f l y  f ixa ted  d u r i n g  s e a r c h  and low - level f e a t u r e s a re

ex t  r a c te d . ob j e c t s  h a v i n g  a n u m b e r  of low - leve l  f e a t u r e s  in common w i t h

t h e  t a r g e t  w i l l  elicit a t r ans i t i on  to examina t ion ;  o b j e c t s  not hav ing  the

r e l e v a n t  low - leve l f e a t u r e s  r e s u l t  in a c o n t i n u a t i o n  of s e a r c h .  The n u m b e r

and t yp e  of c l u t t e r  objects can be expected to have a m a j o r  i n f l u e n c e  on

s ea r c h .  B e c a u s e  the d u r a t i o n  of each f ixa t ion  is on ly  .~0O to 400 msec ,

f e a t u r e  e x t r a c t i o n  is l imi ted  to low - l eve l  f e a t u r e s .

Examina t i on . The hi gh - l e v e l  f ea tu r e s  of candida te  t a r g e t  ob j ec t s

found  d u r i n g  sea rch are  ex t rac ted  in the examinat ion  s ta te .  If the candidate

ta rge t o b j e c t  has the re levan t  hi gh - l e v e l  f e a t u r e s , a t r a n s i t i o n  to  the dec i s ion
s ta te  O c c u r s , If the hi g h - l e v e l f e a t u r e s  are  not found , s ea r ch  is r e sumed .
1-’ix a t ion s  in t h i s  p r o c e s s i n g  s ta te  a re  conf ined  to a s m a l l  a r ea  a round the

can didate  t a r g e t . and the total  dura t ion  of these f ixa t ions  w i l l  be longe r

t h a n  the n o m i n a l  .iOO 400 msec c h a r a c t e r i s t i c  of s e a r c h .

V
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Decis ion . The hi gh - l e v e l  f e a t u r e s  ex t r ac t ed  dur ing  examinat ion are

in t e rp re t ed  a c c o r d i n g  to expec ta t ion  and a decis ion to make a response or

cont inue s ea r ch  or ex a m i n a t i o n  is made.  If the decis ion is to respond . then

the se lec t ion  of the appropr ia te  response is a lso made in this  state.

Mathemat ica l  Model

One obvious and we l l -deve loped  mathematica l representa t ion  of a

process  invo lv ing  p r o b a b l i s t i c  t r ans i t i ons  between states is a Markov model.

This model c h a ra c t e r i z e s  sys tems  where  the conditiona l d i s t r ibu t ion  of the

random va r i ab l e s  is independent  of the past h i s to ry  of the system. That is ,

the sys tem does not “ l e ar n . ” This c h a r a c t e r i s t i c  man i f e s t s  i tself  in this

model in the a s sumption  that  the t r ans i t i on  probabi li t i es  from state to state

do not change as a resul t  of the past behavior  of the system.  Althoug h

this  assumpt ion  may not be s t r i c t ly  t rue , it provides a reasonable sta rting

point , and any inadequacies  wi l l  become evident as the model is exercised

in an experimental  se t t ing.

The Markov model is also a t t r ac t i ve  in that it can be treated at

v a r ying levels of complexi ty .  The simp les t  approach, a f i r s t - o r d e r  Markov

pr ocess , is to assume that t r ans i t i ons  f rom one state to another occur

randomly and follow a Poisson d i s t r ibu t ion .  Such an approach is show n

in a subsequent  sect ion to r e s u l t  in a linea r d i f f e r e n t i a l equation .

The Markov  model  is , howeve r , capable of handl ing more comp lex

processes .  V a r y ing levels of “memory ” can be introduced , such that the

t ransi t ions  can be funct ions  of the state of the system for  the previous n state

occupancies , where  n can be any chosen value .

The end product  of th i s  model is a cumula t i ve  probabi l i ty  of a correc t
detection as a func t ion  of t ime. This d is t r ibut ion can be obtained from the

model in var ious  ways . The f ir s t - o r d e r  model , possess ing an anal y tic

solution , can be solved d i r ec t l y as a continuou s funct ion  of t ime. Alter-

nat ivel y ,  the solution can be disc  re t ized in time , with  the state of the system

at t ime t + A t  being dete rmined b y m ul t i p l y ing the state vector  at t ime t b y

the t r ans i t ion  probabi l i ty  ma t r ix .  These evaluat ions  wi l l  necess i ta te  the

use of a di g ital computer .
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VERIFYING THE MODEL

L

To test the model , it is necessary  to estimate the Markov model

I parameters  on the basis of ope rator behavior as a function of task variab les.

- 
The monitoring of eye fixations on the scene during target  search and

detection is an appropriate method . The use of eye fixation measures  is

supported b y resul ts  reported in the research  l i terature , and such

measures  provide the necessa ry  duration , sequence and probabil i ty

estimates required to compute the Markov model parameters . In this

section , the properties of eye fixations will  be reviewed , the modifica-

tions of the mult i -component  Markov mode l into a two-component testable

format will be presented, and the plan for  two experiments will  be

summarized.

Eye Fixations

It has long been established that individual eye fixations with
- 

respect to specific areas of the scene are good indicators of the information 
- 

-

- which is samp led b y the operato r during ta rget search and detec-
• . ( 1 ,20,27 ,41 ,49 ,50,72) . .tion . Eye fixations are a funct ion of the size and

contrast  objects ,~
20 ’ 73) and their relative importance with respect to the

(1 , 26 , 75) . . . .task . Targets  elicit more f requent  fixations than non- t a rge t s ,

and complex targets  more than simple ones. Often in target  acquisit ion tasks ,

the target  is re - fixated several  times before a re sponse is made. (40 ) The —

number , type , and variety of clut ter  objects  in the back ground also a f fec t

f ixations.  For example , if c lu t t e r  objects  are all diffe rent , more fixations
- 

are required to detect a ta rget than when clutte r is essential ly hom o-
1 (45)geneous.
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Overa l l  d i s t r i b u t i o n s  of eye f ixa t ions  over  a va r iety of scenes

d e m o n s t r a t e  some c o n s i s t e n t  t r ends  that  a re  independent  of scene content .

For  examp le , eye f ixa t ions  are more widel y-spaced the l a rge r  the disp lay

s ize  and the c lo se r  the v iewing d i s t ance .  (40 , 70) The re is a lso  a t rend towa rd

fixating the center of a dis p lay r a the r  than the ed ges;~
9
~ and the lower third

of the disp lay which represen ts  closer ob jec t s  when real t e r r a in  is dis -
(27)

played.

Fixat ions  a re  not unifo rml y d i s t r ibu ted  over a rea l i s t i c  scene

d u r i n g  t a rge t  acquis i t ion.  Even when the task is onl y to look at the

scene , (4 9) cer ta in  areas  with hi gh informat ion  content are selected for

f ixa ti on and othe r a reas  are  ignored.  The nature of the task and the

immediately observed cha rac t e r i s t i c s  of the ta rget strong ly inf luence  the
( 7 5 )  . .f ixat ion pattern . For a i r - t o - g r o u n d  ta rge t  search and detection ,

Snyde r ’63
~ reported tha t from 80 to 90 percent of all fixations were

res t r ic ted  to 5 percent  of the available scene area.  The select ivi ty  of the

eye fixa tion pa t te rns  supports the view that eye fixation measurement  may
serve as a method of dete rmining the type of information that is processed
and may be app lied in a model of p rocess ing  components.

Eye fixations have severa l charac ter i s t ics  which may be app lied
to advantage in a Markov process  model. They va ry  spatiall y as a

f u n c t i o n  of i n fo rma t ion.  Fixations a l so  va ry  in their  temporal

characteristics such that the sequence , duration , and frequency of

occurrence may also be measured. Although the instrumentation required

to measu re  eye fixation var iables  has been , until  recent years , extremely
d i f f i c u l t  to obtain , accura te  point of regard systems are  now avai lable.

Another  charac te r i s t i c  of eye fixations which is potentially important : -

in modeling target  search and detection is the size of the info rmation input

area that is active with each fixation . It is general l y understood that the
foveal lobe area subtending about 1 to 2 degrees diameter about the visua l
ax i s  is the p r imary  source of info rmation input from an individual  f ixation.
H oweve r , throug h selective attention and va ry ing information demands • the
ac tua l  Data Input Area (DIA ) at any point of time , may change
si gn i f i can t l y. (4 , 24 , 49 , 76) An average DIA , or lobe a rea is emp loyed in
this  initial modeling effor t , and it is the lack of DIA assessment  method s

24
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which require s an initial s imp lif icat ion in the mult i -component  Markov

model,

Simp lif icat ion of the Model

The multi-component Markov model includes four  process ing

states: orientation , search , examination and decision . Using eye fixation

measurement s , it is possible to operationally define each process ing

state. These operational defini t ions then direct  the modifications that

should be made in s implif y ing the model.

The two states which are diff icul t  to assess  experimentally are

orientation and decision . The operational def ini t ion of orientation would

include a relatively short average duration and a ve ry large lobe or

DIA . Orientation is by definition the state associated with -

the f i r s t  fixation , but subsequent  fixations may also be in that state .

Since there is no easil y imp lemented method of measur ing DIA , orienta-

r t ion at present should be combined with search. Orientation and search

share a short average duration cha racter is t ic ;  and o rientation is relative ly

short and constant in its overall  contribution to performance.

Decision is also dif f icul t  to measure , since it includes b y definition ,

the inte rnal process of response selection. When the decision to be made is

relatively simp le and the number of alternative responses are  small , the

decision process will be short and its contribution to performance relatively

constant thereb y allowing it to be combined with examination.

The s implified model is il lustrated in Figure 5 as a two-component

Markov process model with two te rminal absorbing states representing

correct  and incorrect  responses. The model includes a search state and

examination state , defined b y their d i f fe ren t  temporal and informational

character is t ics .  Search is character ized b y short  durat ion f ixat ions while

examination fixations are longer. Examination fixations include repeated

fixations to an area , as well as c lusters  of sequential f ixations in a

common area . Overall  statistics of eye fixation duration do not necessar i ly

demonstrate the two component dis t r ibut ions .  The model must  be te sted

b y determining whe re the fixations occur , and whether  individua l f ixations

are short  or long. .

I
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Fi gure  5 . Simp lified Markov Model of ta rget
search and detection.

Markov  Equat ions

The derivat ion of the mathematical model of the Markov process is

s t ra ig ht - fo rward.  Fi gure  5 represents  a four - s ta te , f i r s t  order  process in

which  the probabi l i ty  of a t rans i t ion  from state i to state j is denoted by q1~.

It is a s sumed , at this s tage of the modeling e f fo r t , tha t the probabi l i ty  of a

t r a n s i t i o n  from one state to anothe r is a Poisson process.  In a Poisson

pr ocess , where ô t  is small , the probabil i ty  of a t ransi t ion in a time inte rva l

o t i s  propor t ional  to Ot .  Thus , if the system is in the ith state at tim e t ,

the probabil i ty of jump ing to another state at time t + O t i s  b t / ~~~, whe re
is the mean dura t ion  spent in the ith state. f

If a t ransi t ion occurs , it will take one of several  paths , represented

b y 
~~~~~~~~ 

The probabil i ty that the sys tem will  be in state j at time t + O t i s

thus  11~ Ot  q~~. Now let x 1(t) be the probability that the system is in

state i at time t. It will still  be in state i at time t + Ot  if it doe s not undergo

a t rans i t ion  (with probabil i ty 1 - 1/~~16t )  or if it was in another state j and

has a t rans i t ion  into state i. The latter is exp ressed b y

26
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W r i t i n g  these express ion s for  a l l  sys tems states  leads to the express ion

fo r  the state probabi l i ty  func t ion  at t ime t + 6 t , namel y,

(t + a t )  1 - —!~_ o t - ~-— b t q ) 1  ... x
1
(t)

x 2 (t + 6 t~ .
~~~

__ 6tq~ 2 I - _
~~~

__ Ot 
~~
, 6tq 32 x ,( t )

x (t + O t )  x ( t )
ii n

In the l imi t , as 5 t goes t o zero , this  becomes the d i f f e rent ia l  equat ion

~~~~~~~ 

= A x ( t ) ,  to ~~~

— where  the coe f f i c i en t  matr ix  A is g iven b y

1 1 1
- 

~~~
— q ) 1  ~— q 31 . . .

1 1 1A = q 12 - 12

: 
.

.
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In th i s  d e r i v a t i o n  no ment ion was made of the c h ar a c t e r i s t i c s  of the
— pa r a m e t e r s  

~~ 

or q~~. A lthoug h these may be (a nd probabl y are ) f u n c t i o n s
of t ime , cons ide rab le  exper imenta l data would be required to de te rmine  the
fo rm of s u c h  a v a r i at i o n .  A f i r s t  approach toward f i t t i n g  the expe r imenta l
data would  be to a s sume  that  the 

~ 
and remain cons tant  ove r a l l  t; und er

t h i s  a s s u mp t i o n  the d i f f e r e n t i a l  equat ion has the solut ion

A(t  — t0 )
X ( t )  = X e , t ~ t ,

0 0

w ith X ( t 0
) X 0. This is probabl y the simplest mathemat ica l  r ep re sen t a t i~ i

of the model  that re ta ins  the in t eg r i t y  of the pa ramete r s .
This d i f fe rentia l equat ion  can be approximated numer ical l y wi th  the 

i
i

a id of a d ig i ta l  computer .  An init ia l state vec tor  ( X ( o ) )  is entered and
m u l t i p lied b y the t r ans i t i on  mat r ix  conta in ing  the ~a and q~~. The vector
r e s u l t i n g  f rom this is again mult ip lied b y the t rans i t ion  matr ix  to dete rmine - -r the state p robab i l i ty  vector a fte r two t ime s t eps .  This process is cont inued
un t i l  some c o rr e c t  dec is ion  probabi l i ty  c r i t e r ion  is reached. The solut ion
gene rated in th is  way contains a record of the probabi l i ty  that the obse rve r
wi l l  be in each state at any t ime t.

Speci f ica l l y, the continuous time Markov process  may be approximated
b y an equ iva len t  d i sc re te  t ime p rocess  as follows : Let Isi be a row vecto r of
probab i l i t i e s  of state occupancy.

I SI  
= Is 1~ Sz. S 3, S

4 1

and let IT I be the mat r ix  of t rans i t ion  probabili t ies whe re row indices
represent  the c u r r e n t  state and column indices represent the state at
t ime k - 4- t ,  :

q 11 q 12 q 13 q 14

T = 

q 21 q 22 q23 q 24

q 31 q 32 q 33 q 34

q41 q42 q43 q44

28
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Then I S I  at k + l  wi l l  be equa l to I S I  at t ime k t ime ITI.

= IsI 
k 

in .

For the M a r k o v  p rocess  of Fi g ire  4 , ~~ simp l i f i e s  c o n s i d e r a b l y
b e c a u s e  a n u m b e r  of the t r a n s i t i o n  p r o b a b i l i t i e s  a re  e i t h e r  1 or 0 .

q 11 q 1, 0 0

q 21 q 22 q 23  q 24
ITI

0 0 1 0

0 0 0 1

The remaining t rans i s t ion  probabil i t ies  can be de termined  f rom the eye

position data

I . Divide the t ime base into a r b i t r a r y  in te rva ls .
2 , For each in terval  d e t e r m i n e  the state .
3 . Count  the number  of t r an s i t i ons  f rom state i to state j ,  fo r  al l

• i and j a ssuming t rans i t ions  only occur  at end of each time
interva l .

4 . Compute qj 3 
b y d iv id ing  the n u m b e r  of t r a n s i t i o n s  f rom state  i

to b y the tota l number  of t r a n s i t i o n s  from state i . For examp le

N seq 12 - 

N + Nss Se

• where

N = number of search  to examination t rans i t ion sse

N = number  of search to search t rans i t ions
88
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t h e  c u m u l a t i v e  probability of a c o r r e c t  response  as  a f un c t i o n  ef

L I i W  ~ afl  be ob ta ined  by  i t e r a t i v e l y  s a lv i n g

t f l  = ISI t ITt

.t ud p l o t t i n g  the  v a l u e  of S . at  eac h i te r a t ion .

l- x pt ’ r im ent a l 1~ lan

rht’ sim p l i f i e d Ma rkov p rocess  model was eva lua ted  u n d e r  two  type s

of s t im u l u s  conditions us ing  ev e  movement  m e a s u r e s .  A b s t r a c t  s c e ne s

provided  hi g h l y  - con t ro l l ed  f e a t u r e s  fo r  a l l  obj ec t s  in the  scene and

el im ina ted  con tex t  in fo rmation.  R e a l i s t i c  scenes  provided more  comp lex

an d v a r i a b l e  f e a t u r e s  fo r  a l l  o b j e c t s , as would o c c u r  under  na tu ra l cond i t i ons .

The f o c u s  of the  in i t i a l  t e s t s  was on the v a l i d i t y  of the  u n d e r l y i n g

a s s u mpt ions  about obj ec t  f e a t u r e s , p roce s s ing  components , and expec ta t ions .

r h ere  was  a d i r e c t  co r respondence  between the type s of o b j e c t  f e a t u r e s  in

the  A b s t r a c t  scene exper iment  and the Rea l i s t i c  scene experime nt. The

o b j e c t s  used in the A b s t r a c t  scene expe r iment were  based on the f ea t u r e s

ex t r a c t e d  t rom a c t u a l  t ac t i ca l  t a r g e t  images , and it was expected tha t  the

e t t e c t s  of those  f e a t u r e s  on the two m a j o r  p roces s ing  components would

~~cIle r a t  i •- e t o t he  r e a l i s t i c  c o n d i ti o n s . In the f o l l o w i n g  s ec t ions , the  two

cxpc  r t i n e n t s  ar t ’  pr e sen t ed , and the  p r e l i min a r y  r e s ul t s  as  wel l  as  (leta tied

p lan s  to  r a c omp let e  mode I ev a l u a t i o n  and a na lvs  is ar t ’ pm es e nt e d .
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AB STRACT SC E N E  EXPERIMENT

Introduction

The abs t r ac t  scene exper iment  examined the bas ic  f e a t u r e  p roces s ing

components of the s imp l i f i e d  two-s t age  Ma rkov p rocess  model under  c on-

t ro l led  condit ions , whi le  main ta in ing  maximum g e n e r al i z a b i l i t y  to ta rge t

search and detec t ion unde r r ea l i s t i c  condit ions.  Mani pulat ion of input data

and obse rve r  expectat ion provided a means  of a s s e s s i n g  the impact of ob jec t

f e a t u r e  perception on the ta rge t  acqu i s i t ion  p rocess . The s t imul i  were  con -

s t ruc ted  to main ta in  many  of the i~nportant  cha rac te r i s t i c s  of real  t a rge ts

and c l ut te r , the reb y making it po~~sible for  the resu l t s  to cont r ibute  to an

unde r s t and ing  of the percept ion of real scenes .
The exper iment  mani pulated two of the fou r  aspects of input data ,

t a rge t  and c lu t t e r , as wel l  as obse rve r  expectation.  Five cha racte r is t ics  of

t a rge t  and c lu t te r were  sys temat ica l ly varied:  size , con t ras t , or ientat ion , —

conto u r , and in terna l  br i gh tness  modulation . The f i r s t  three were  g lobal

o b j e c t  cha r a c t e r i s t i c s  of re la t ive ly low spatial f r e q u e n c y  content  and w er e

expected to be processed perceptual ly as low - level f e a t u r e s .  Con tour  and

inte rna l br i g h tness  modu la t ion , on the other hand , c ontained hi g her spa t ia l

f r e q u e n c y  data and could be expected to elicit  a relat ively detailed examina -

t ion  for the i r  percept ion , thereby qualif ying them as hig h- leve l  fea tures . As

w i l l  be d i scussed  la ter , the target  could always be dete rmined on the basis  of

i t s  spec i f i c  hi gh - l e v e l  f e a t u r e s .

31

L



- - - 
— - - i -

~~ 
-
~~~ 

— - -~~ ..~~-;: - - -
~~~~~~~~~

The degree  of p r e - tr i a l  knowledge concerning the low - level f ea tu res  of

the t a rge t  to be detected provided two levels of operato r expectat ion.  As

presen ted  earlie r , expectation is the sum of general  l ife exper ience , specific

t r a in ing ,  and a pr ior i  knowledge concerning the task being perfo rmed. In the

present  experiment , the nature  of the abs t rac t  scenes minimized the impact
of prior life exper ience  resul t ing in obse rve r  expectation being pr imar i ly
determined by the br ie f ing  informat ion g iven pr ior  to each experimental t r ial .

Context and tex ture  were  excluded as input data sources  f rom the
a b s t r a c t  scenes to allow a c r i t i ca l  examination of the e f fec t s  of target  and
c lu t t e r  cha racte r is t ics  and obse rver  expectation. Because  context can have

a major  in f luence  on the genera l search s t ra tegy  developed dur ing the initia l
orientat ion stage of perceptual  process ing , its inclusion in the presen t
exper iment  would have , at  best , made the assessment  of target and c lu t te r
fea tu re  e f f ec t s  conside rabl y more d i f f i cu l t .  Furthe r , the addition of context
would have increased the relevance of p r ior  experience which would have been
confounded with the experimental  manipulation of target  b r ie f ing  specif ic i ty .
Final l y, context is more appropriately investi gated in a sepa rate experir ~~ nt
which bui lds  upon the resul ts  of the present  investigations. Texture  was also
not considered in the present  stud y becaus e of its re lative unimportance
compared to the other aspects of input data.

The data f rom this experiment were intended to allow examination of
four  major  question s related to the processing components of the two-s tage
Markov model. F i r s t , doe s the model adequate ly descr ibe  the obtained data
when the t rans i t ion  probabi l i t ies  are determined on the basis of the sequence ,
patte rn , and duration of eye fixations on individua l objects ? Second , is there
evidence for  a h ierarch y of feature  processing when searching for  the target?
Third , does the perceptual process ing  change when the low -leve l fea tures  of
the ta rge t  are known a pr ior i?  Fourth , do hig h~-1evel feature s elicit  detailed
examination? The latter three questions were examined using the number
and durat ion of f ixat ions on objects as a function of their  fea ture  characteris-
t ics .
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oc c u r  red w i t t i  C~t ( ‘Ii p0 5 5  iii It ’ d o  f t c  t’ oh j e c t i’e s u i t i n g  in 27 in i ;e ge s w i t  Ii one

I .e rget  and St  c l u t t e r  ob j ec t s  each .  l’he n i m i b e  r of im ag e s  W O u l ( I  h av e  he ’i ’n
a cc ept abi  e h owe ye r , a t o t a l  of 82 01) )C C I s  Ofl a s i n g le i i t t a g  e w o u l d  h a y  e

resulted in  an u n a t t -ep l.e h i y  hi g h d e n s i t y .  1’he n un t he  r of ob j e c t s  pe tS ima g e

w a s  re d t tc  ed b y b l o c k i n g  t h e  ci t i l t  e t’ oh j e ct 5 i n to  I Ii me e set s  of 27 ea c l i . Flit ’

oh cc ts in c a c ti  b l o c k  we i’C dcl t’ i’m ine ’d u s  ing a pa ml ia I I  y ha l.i ii ced f a c t o  miii  I

des i gn  ( K i r k , l t ) 6 8 , I . ~~~~~~~~~~~~ w i t h  t he ’ t h i rd  and f o u r t h  orde ’ r s t a t i s t i c - a l

iflt e ’ r a ct ion s  con founded  w i t h  b l o c k .

El lock i ng in t h i s  r n . t nn e  1’ , t i  lowed a l l  con ipa r i s o i t  h e t w e c ’n  Ia r ge ’t  and
c l t i t t t ’ r c t ) n ( l % t i c ) I l 5  to be l f l . t ( l e , b i t t  a c ot i ip le ’t t ’  r e i ) l i c . i t e r ( ’( 1u11’ t ’d t h i r c t •  i l n a g t ’s

per  ,t a rget .  E x a n i i n a t  ion of a l l  27 Ia  rge I s cv ith t h r e e  im~c gt ’  s per  Ia rge ’ t  w o u l d

h a ve  r t ’qt i i r cd  a t o t a l  ol  S I tri a ls and t h r e e  e x p e r i n i e n f a l  s e s s i o n s  pe t’ su b j e c t .

A f u r t h e r  r e d u c t i o n  in the  d e si gn  w a s  made b y r e d u c ing  t h e  t o t a l  n u m b e r  of

t a r g e t s  to nine ’ . Fh ie  s e l e c t e d  t a r g t ’ t s  w e r e  the ei g h t c o t i i b t n . c l i o n s  of e x t r e m e ’

v.t lu t e s  of s i  i c ’  , c ont m a s t  • end or  it ’ ni a t  ion p l i ts  the  iii id V .t  l u t e s  of I ) l t ’S t’ t hi ret ’

It  IV. le ve l  I e a t t i  re va r i. e h Ic s
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l’l~ t i n a l dc ’s i g it had cc- u g r ocip s  of l i v e ’  s tib t ’ t t  s e .c ch g roup v iew e d

,t t ot  .el cc l  2 i n i . e g e s  w i t h  one ol n i n e  p o s s ib l e  t a r g e t s  and 27 c l u t t er  oh j ec t s

O c t ’t’ t h e  2 ’  image ’ s , e’ , iC l i  su b j e c t  o b ser v e d  e v e r y  possible  c l u t t er  ob j e c t  w i t h

.e l i  t im e p o s s ib l e  I .e r g et s .  l~ r i e f i n g  was  a b e t w e en -  s u b j e c t s  v a r i ab l e  wi th  one

g t ’oetp re c - c ’ i \ - i u g  spe c i t  ic t a r g e t  i nl o i ’m at  ion and the o t h e r  g roup  r eceiv ing

o n ly  gene ’ r a t  t e t g e ’ t  i n t o r i n a t  ion .

St m uc h . rhe’ I.e t’gt ’ t and - i e i t t e  r oh j ec t s  we’ re sy st en ia t i r ah l y

.ebst ma ct ed  I roni photog rap hs of a c t ua l  vebli -le  s to re ta in  as  many r e a l i s t i c

chi , c r a t - t e r i s t i -s as p o s s i b l e ’ . Flu ’ o r i g ina l t a r g e t s  were broads ide  v iews of

l b  ret’  c-eli i c he ’ type ’ s t a n k , I r uc  k , ano APC — w i t h  an a s p e c t  cons Is ten t  w i t h

a ‘~ I Oni a It itud i’ and s e n s o r  de sp r e ’  ss ion ang le of 0. ~ c rad . The steps in the

abs  I m a c l i o n  p ro c e ss  a re ’ show n in I” igu me Cc and (Iet. l k i e d  beloci’,

A r ec tang le was  c i r c u m s c r i b e d  around  the ori g ina l pho tograp h of the

v e h i c l e .  l’he’ hei g ht c c l  t h e  rec tang le was the d is tance  f roni the longest  f l a t

s u r f a c e ’ (in t hu ’  upper  por t ion  01 the veh ic l e  to  the bottom of the t i r e -  or t read

su r f a c e . I hie ’ w i d t h  of the  r ec tang le was the d i s t ance  between the ex t remes

ccl t he m a i n  bod y of t h e ’  v e h i c le ,  \V i t h i  the  excep tion of the tank gun , a l l  thre e

c ’ehic le s h a v e  a p p r ox im a t e l y  the  same t o u r  — t o  — s e v e n  hei g ht - to --width ratio.

I’he c’i r cu m s c  ribe ’d r ectang le was  c-o live i’ted to a polygon b y reta ining those

p o r t  ions c i t  t he  r e c t a n g le w h i c h  contacted the c’chic he image and connec -t i n g

the’ end s of these  lint ’  s e g m e n t s  w i t h  addi t iona l s t r a i g ht l ines .  -rhe s tr a i g ht

l i nes w e r e’ then  rep laced b y w a v y  l ines  app rox ima t ing  a s ine  wave with  an

.entp l itu de ’  ot ‘ p er c e n t  01 the oh jet-I w i d t h  and wi th  ab out  t h ree  cycles  per

o b je ct  w i d t h ,  This p r o c ed u r e  was  des i gned to simula te  a deg rada t ion  of the

Ia  rget  s i nt i l a  r to tha t obta ined b y ~V i l I i a n i s  et al. (7 ~

l’hc’ bas i c  o u t l i n e s  wer e  next  modif ied to ach ieve  two i n t e r n a l  b r i g ht

ness  m o d u lat i o n  bi g ht - level  f e a t u r e  condi t ions,  E i t he r  a u n i f o r m  whi te  ba r

w i t h  a hei g ht - t o - w i d t h  r a t io  of f ive  - to -n im ’  or a checke rboard pa ttern  was

added to the’ c en t e r  of the s t i m u l us  image.  The che cke rboa rd p a t te rn  was

c’ompos . -d ot wh i t e  s q u a r e s  w i th  s ides equa l to 7 pe rcen t  01 the wid th  of the

st i n i u i lcis ob j e c t .  l’he 21) squares  01 the checke rb o a r i  p a t te rn  had an a rea

34
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equa l to that  of the u n i f o r m  whi te  bar  used in the other in ternal  br i ghtness

modula t ion  condit ion.  En the f ina l s t imulus  prepa ration , the images  were

de f o c u s s e d  to e l imina te  the sharp  ed ges of the checkerboa rd and the bar

patte ’ rn s .  rhe two i n t e r n a l  b r i g htness  modulation condit ions appea red to

t he obse rve r as e i t he r  a u n i f o r m  whi te , in the case of the bar , or a d i f f u s e

i n t e r n a l modulat ion over the cent ra l por t ion of t h e objec t , in the case of the ’

chec  ke’ rboa rd.
l’wo d i s t i n c t  contour  hi g h - l e v e l  f e a t u r e  condit ions were  obta ined b y

eit h er  r e t a i n i n g  the e x i s t i n g  co n t o u r  or b y rep lacing the lower  contour  wi th

a s t r a i g ht l ine  s u c h  that  the tota l a rca of the s t imulus  was not changed . Thus ,

there ’  w e r e  t o u r  combina t ions  of h i gh - l e v e l  f ea tu re s  cons i s t ing  of two con -

t o u r s , wi t h and wi thou t  s t r a i g ht ed ge , and two inte rna l  b r i gh tness  modula -

t i o n s , b a r  and checkerboa rd .
Once the f o u r  ba s i c  ob jec t  shapes were  obtained the low - leve l  f e a t u r e s

of s ize , con t r a s t , and o r i en ta t ion  were  ad ded, The th ree  ob jec t  s izes w e r e

obtaine d b y pho togra ph i c a l l y  r educ ing  or e n l a r g ing the or ig ina l s t i m u l u s .

The small , medium , and large sized o bj e c t s  had area s in the ra t io  0 .46 ,

1.00 , and 1 .46 , r e spec t ive l y. Con t r a s t  was also mani pu lated p hotographi-

( ‘all y b y va ry ing the exposure  time when p r i n t i n g  cop ies of the ob jec t s .  I l - ce ’

low , medium , and hi g h cont rast  va lues  we re :  -0 ,~ )2 , - 4 . 2 , and -5 .4 using

the d e f i n i t i o n  -(13 -13 . /13 . 1. The or ien ta t ion  of each s t imulus  wasmax nun m m
t-nan ipulated when the objec ts  were  composited into the fina l a r r a y s . Th ree

o r i e n t a t i o n s w e r e  used:  hor izonta l , v e r t i ca l , and t i l ted.  The t i l t ed  orien-

t a t i o n was coun te rba lanced  f o r  le ft and ri ght t i l t .
-rhe ta rget  a lways had the s t r a ig ht ed ge con tour  and bar  pa t t e rn

i n te r n a l  modulation hi g h - l e v e l  f e a t u r e s .  Nine  combinat ions of low- leve l

f e a t u r e s  c ombined wi th  these hig h - l e v e l  f ea tu re s def ined the ta rge t  ob ject

set.  The remain ing  three  comb ina t ions  of hi g h - l e v e l  f ea tu re s and the

2 7  c- o n i l cj n at ion s  of low- leve l  f e a t u r e s  def ined  the c lu t te r ob jec t  se t .

rhe st imulua  a r r a y s  eat - h consis ted of 27 c l u t t e r  objec t s  and one

t a rge t  as shown in Fi g u r e  7. The location of objec t s  wi th in  the a r r a y  was

36
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Fi gure  7. Typical  abs t rac t  scene.

the same for  all images.  The locations were dete rmined b y dividing the

disp lay into a s i x -b y - s i x  mat r ix  of equal square cells ,  The 36 cells were

reduced to 28 b y el iminat ing the corners  and fou r  center  cel ls  f rom the

mat r ix .  To avoid having sys tematic  rows and columns of objects , the loca -

tions were  dete rmined b y randoml y o f f se t t ing  the cente r of the 28 ce l l s  one

medium sized ta rget width in one of ei ght radial posit ions defined b y the

secondary  points of the compass.
Stimulus objec ts  were  el iminated from the cente r for two reasons.

M e t a-c o n t r a s t , or fo rward  masking of the objects , mig ht resul t  f rom the

presence  of the cente r f ixa t ion  c ross  used to s tabi l ize the eye mnoven m ents

in the p r e -t r i a l  period. (25)  Second , because  sub jec t s  s tar ted at the cen te r

37
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of the  d i s p lay ,  t a r g e t s  or c lu t te r n ea r  the  cen te r  woe : ld ha y e ’ a h i g h er

p r o b a b i l i t y  of be ing  f ixa ted  r eg a r d les s  of t h e i r  fe a t u r e  c h a ra c t e r i s t i c s . by
e l i m i n a t i n g  the  cen t er  por t ion  of the  a ri’ . iy ,  the  p o s s i b i l i t y of c o n f o u n d i n g

tea tu re  c h a r a c t e r i s t i c s  w i t h  p r ox i mity  to the in i t i a l  f i x a t i o n  was  r e d u ce d ,

The 81 c l u t t e r  ob jec ts  and n ine  ta rgets  were  s y s t e m a t i c a l l y a s s i gne d

to images acco rd ing  to the p a r t i a l l y ba lanced  f a c t o r i i l  desi gn desc - r ibe ’d
pr e v i o u s l y .  W i t h i n  a given image , the a s s i gnment of objects  to loca t ions
was randomly  de te rmined  wi th  the c o n s t r a i n t  that the t a rge t  occu r  in a
d i f t e  ren t  location on each of the 27 images.

Sepa rate p re - - t i 4 a l  ta rget f ami l i a r i za t ion  images were  p repared  fo r

the two b r i e f i n g  condit ions as shown in Fi g u r e  8. In the gene ra l b r i e f i n g
condit ion , a sub j ec t  viewed an image wi th  a l l  nine poss ib le  t a i g e t  o bj e c t s

a r r a n g e d  in a c i r c l e  a round a cen t r a l  f ixa t ion  c ross . For  the spec i f i c -

b r i e f i n g  condi t ion , n ine  d i f f e rent images were gene rated each wi th  one
ta rget .  The c i r cu la r a r r a y  of nine t a rge t s  was rephotographed wi th  ei g ht
t a rge t s  masked out. Al l  b r i e f i ng  condi tions  showed a sp e c i f i c  ta rget in
the same absolu te  location , at a con stant  radia l d i s tance  f rom the s t a r t i n g
fixat ion cross.

When viewed b~ the s u b j e c t , the total s t i m u l u s  a r r a y s  subtended a 
‘ 

- :

v i sua l ang le om 2 50 mn rad. The medium size  objects  were  5 . 0 m rad hi g h b y
8. 8 mrad wide which  is the same as the r ea l i s t i c  t a rge t s  used b y Sc an lan

( 1976 ) .  (5 4 ) The la rge  objects were  6 .0  b y 10. 6 mrad and the small  o b j e c t s
3 .4  b y 5, q mrad .  The b lank  cente r portion of the disp lay had a radius  of

appr oximately  44 n irad , and the dis tance between the cen te rs  of i nd iv idua l
objec ts was at least  ~0 m rad.

A ca l ibra t ion  image was also prepared which consis ted  of a u n i f o r m
field with  a f i v e - b y - f i v e  square  m a t r i x  of small  (2 n-m rad)  b lack dots equa l l y
spaced and cove r ing an a rea 16 / 15 the tota l a rea of the expe r in -t ental  image.
The calib ration matr ix  was made l a r g e r  than the experimenta l images  to

i n s u r e  measu remen t  of a l l  ex t remes  of the image dim r ing a c t u a l  t e s t i ng .

38
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Appa ratus. The experimental apparatus is shown schematically in

Figure 9. The major elements were the Stanford Research Institute

Perkinj i  Image eye t racker  with associated controls , a two-field project ion

tachistoscope , and an Ampex PR- 1300  FM magnetic tape recorder .

I RANDOM
I ACCESS
I SLIDE

PROJECTOR

SHUTTER..,,.,,,,, ,,,, 
U

I SHUTTER

- — 
CONTROL

~~~~~~CTION

_ _

I
I

_

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

__ PANEL

SUBJECT

FM TA PE RECORDER

I S T A N F O R D
RESEARCH

O 
INST I TUTE
PERK INJI

IMAGE
EYE-TRACKER

SUBJECT 
_______________

Figure 9. Schematic diagram of experimenta l apparatus.
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The sub jec t  was seated behind a special bench which  supported the

eye t racke r and an ad jus tab le  bite bar  mount  to provide head s tab i l iza t ion .

The horizonta l and ve r t i c a l  eye posi t ion and b l ink  si gnals  were  recorded b y

• the n -magnetic tape recorder.  The eye posi t ion si gnals we re a lso  connected to

the horizonta l and ver t ica l  def lec t ion inputs of an oscilloscope to allow the

expe rimente r to monitor  a s u b j e c t  dur ing  a t r ia l .

The tachistoscope consis ted of two Kodak Carousal  35 mm slide

p r o j e c t o r s , two Ge rb rand s model Gl 1 6 6  shu t t er s , a combining g lass , and a

rea r  projec t ion  sc reen .  random access  slide p ro jec tor  was used in the

s t imulus  field to allow rap id select ion of the des i red  image. A conventional

manual  select side p ro j ec to r  was used for the b r i e f ing  and f ixa t ion  field .
Shutte r control  was provided b y a spe c ia l control  box which  also gene rated

si gnals , recorded on the magnet ic  tape , indica t ing  the tr ial  number  and the

durat ion of a t r i a l .
The s u b j e c t  viewed the s t imuli  on the rea r project ion screen at the

r dis tance of 1 m, The ove ral l luminance  of  the two field s were matched at

10. 6 cd / rn2 using neut ral dens i ty  f i l t e r s .  Ambient i l lumination was a con-

stant 58 Ix for  all s u b j e c t s ,

Subjec ts .  Ten adult  s u b j e c t s , four  male and six female , w ere

recrui ted  f rom the Stanford Resea rch  Inst i tute  staff  and the Stanford U n i -

ve r s i ty  student population . All sub jec t s  were tested for  uncor rec ted  2 0 / 2 0

visua l  acu i ty .  They were pa id for  the i r  part icipation .

Procedure.  Each subject  part icipated in one session lastin g approxi-
matel y one hour . U pon a r r iva l , the subjects  were  tested with a standard

Snellen chart  to confi rm a normal visual  acu i ty  rat ing of 2 0/ 20  or be t te r .

The sess ion then proceeded with a br ie f ing  session of about 10 minutes .

A subjec t  was g iven a standard information sheet , specif ic  i n s t r u c -

t ion sheet , and an informed consent form to si gn . The standard info rmation

sheet exp lained the gene ra l purpose of the research  and the na ture  of the

eye t racking apparatus.  The consent  fo rm was presented and the s u b j e c t ’ s
quest ions  were answe red so that  fu l l y informed consent  to par t ic i pate could
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be g iven. The specif ic  ins t ruc t ions  which exp lained the experimenta l task

were presented last.

The procedure s for  appa ratus  ad jus tment  and calib rations included

fi t t ing the bite bar , a metal form coated with dental impression compound ,

and adjustment  of the head s upport. The adjustment was made for  maximum

subjec t  comfort .  The sub jec t s  were always allowed to rest and release the

bite bar between tr ials  if they fel t  fati gue . The optical and electrical align-

rrment of the eye t rack ing  device was accomplished in about 10-15 minutes

a f t e r  the f i t t ing of the bite bar  and headrest .

Eye tracke r calibration data were collected both before and af ter  the

experimental session b y having the subject  fixate each of the 25 dots of the

calib ration slide. This procedure provided the data necessary  to compen-

sate for slig ht non- l inear i t ies  in the Perkinji  Image t racker  and for -any

di f fe rences  among individua l eyes.

Ten t ra ining trials proceeded the experimental trials.  For each

trial a briefing slide was initially presented. In the general briefing con -

dition this slide contained all nine possible targets . In the specific briefing

condition , onl y the target for that trial was shown. This visua l briefing was

supp lemented with a verbal description of the ta rge t  to be detected. The

subject  searched for the target and pressed a switch when he had detected

it. Feedback on the correctness  of the response was g iven during training.

The 27 experimenta l stimuli were presented in randomized order

without knowledge of resul ts .  The expe rimenter monitored eye movements

on the oscilloscope and did not start a tria l until the subject steadily fixated

the center fixation cross. The image was on until the subject  made a

response and automatically turned off throug h shutte r control.

Upon completion of the experimental session , a subject was dc -briefed

and allowed to ask questions. No rating of a subject’ s performance was g iven.

The information released to the subjects was of a gene ral nature; none of the

subjects tested requested detailed or sensitive information.
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Results and Discussion

Data Reduction. The raw eve position data on the analog m a g n e t i c

tape were subjected to several data processing steps to obtain the f ina l

sequentia l f ixa t ion  pos i t ion  and d u r a t i o n  data fo r  each t n a I. The seven

channe l s  of analog data w e r e  conver ted  to di g ita l  fo rm at a samp ling I m’e 
—

qu en cv  of 200 ll~~. rhe dig i t a l tapes w e r e  used as input to  a pre - p r o c e s s in g

pr o g r a m  which  el iminated  data i~ei we~~ii t r i a l s , e x t r a c t e d  th e t r i a l  n u mb e r .

and saved the l ow-pas s  t i l t e r e d  h o r i z o n t a l  and v e r t i c a l  eye pos i t ion  data  in

a d isc  f i le . This disc  f i le  was  the n used as input to a c l a s s i f i c a t i o n  p r o g r a m

which  dete rmined when the eye w a s  f i x a t i n g  and ou tpu t  the a v e r a ge  f i x a t i o n

pos i t i on  and its sta rt and end t ime re la t ive  to the beg inn ing  of a t r i a l .  l ’hese

data w e r e  s tored  in ano the r  d i sc  f i l e  keyed b y s ub j e c t  and t r i a l  n u mb e r .

A n u m b e r  of classification programs had been developed pi’e v i o u s l v ,

howeve r, these were either designed for other eye  t ra c ke r s  or used f i r s t

and second de r iva t i v e  ca lcu la t ions  which  a r e  s en s i t i v e  to n o i s e .  A new

c l a s s i f i e r  was developed wh ich  used a f i v e  p oint  e s t i m a t e  of p o s i t i o n  v a r i a n ce

f r o m  the c u r r e n t  f ix a t i o n  to d e t e r m i n e  if the  eve  was  s t a t iona ry or mov ing .

Verification of the c l a s s i f i er  output  w i t h  the origina l data indicated e x ce l l e n t

c o r respondence.

C a l i b r a t i o n  of the t r a c k e r out put was  accomp lished u s in g  the  su b j e c t

f i xa t ions  on the’ f ive  —b y -  f ive  m a t r i x  of spots.  rhe ac tua l  known l o c a t i o n  o~

the spots and the hor izon ta l  and v e r t i c a l  t r a ck e r  outputs  were  used in a

second order  r eg r e ss i o n  ana lys i s  to obtain an equat ion  which  re la ted t r a c k e r

output to absolute position on the disp layed image. A new equa t ion  was  f i t

fo r  each s u b j e c t .  Combined c l a s s i f i e r  and c a l ib r a t i o n  e r r o r s  were  less  t h a n

±~~. mrad .

Sequence of Fixation s. A compute r program was w r i t t e n  to gr a p h i - . e l l v

present the position sequence of fixations using a CALCOMI’ plo t t e r .  The

scale of’ the plot was selected to correspond wit h  photog raphs ot the s t i m u l u s

arrays. Typical plots overlaid on the photographs are shown in F i g u r es

10 to I ~~. Each U g em re dep icts a single stimulus a rray under the two b r i e f i n g
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condit ions,  The ri g ht plot shows the sequence of fixations for  the genera l

brief ing in which the low level t a rge t  f ea tu re s  were not known and the left

plot shows the sequence  for  the spec i f i c  b r i e f ing  condition .

Inspection of the sequence of f ixat ions  shows both d i f f e rences and

s imi lar i t ie s between the two brie fing conditions. For the t r i a l s  shown , the

spec i f i c b r i e f i n g  condit ion resu l t s  in the ta rget being found wi th  a fewe r

number of ob jec t s  being f ixated.  It appears as if at least  some low- leve l

fea tures  can be extracted peri phe ra l l y  without  d i rect  f ixa t ion  of the ob ject .
In the specif ic  b r i e f i n g  condition , it is thus  possible to skip ove r ob j ec ts

w h i c h  do not have the appropriate low-level  fea tures , thereb y reduc ing  the
number  of objects  fLxated .  Periphe ral low - level fea ture  extract ion n-mi ght
also account f o r  those f ixa t ions  which  occur  between two objects.  These

fixat ions allow the low-level  f ea tu re s  of both objects  to be extracted in

pa rallel and can add to the e f f i c i e n c y  of the search.

L Comn--tonalities in the sequence of f ixat ions  a lso  exis t .  R egard less  of

b r i e f i ng ,  there is an ind ica t ion  of a sys temat ic  scan pa t t e rn . Without  con -

text cue s the obse rver  cannot adopt a sea rch  s t ra tegy  based on l ikel y ta rget
locations. The resul t  appea rs to be adoption of a scan pattern which

minimizes  the d is tance  between success ive  f ixat ions.  One such sys temat ic
patte rn is a clockwise c i r c u l a r  scan which  was adop ted on a m a j o r i t y  of

t r i a l s .

As the t r ia l prog resses the sys temat ic  patte rn is genera l l y modif ied

to re - f ixa te  hi gh probabi l i ty  candidate t a rge t s .  In both b r i e f ing  condi t ions

the s u b j e c t  gene ra l ly  fixated the ta rget in the course  of a t r i a l  but did not

choose to respond unt i l  additional ob jec t s  had been considered.  This is ,

of course , a n examp le of the sub jec t ’ s response c r i t e r i o n  in ope rat ion .
On the f i r s t  f ixa t ion  of the ta rget , the obse rve r s  were  not yet wi l l i ng  to 

—

make a response , because additiona l objects had not yet been cons idered .

Onl y a f t e r  other candidates had been found and examined did the observe r

r make a fina l choice and a response.  The tendency to f ixa te  a l l  ob jects
p r io r  to making a response was g rea t e r  in the gene ral b r i e f ing  condit ion
probabl y because  f ewer  ta rget cha rac te r i s t i c s  were  known , making  it
d i f f i c u l t  to exceed the s u b j e c t ’ s response cr i te r ion .
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Knowledge concerning the mult ip le f ea tu res  on which to base a

detect ion decision not onl y reduced the time spent detec t ing the t a rge t  but

also imp ioved the p robab i l i ty  of being co r rec t .  Fi gure  14 show s the

cumulat ive  probabilit y of c o rr e c t  detect ion as a funct ion  of t ime fo r  the two

b r i e f i n g  conditions. The specific br ie f ing  condition dramat ica l l y improved

ta rget detect ion pe r fo rmance .  The p robab i l i ty  of c o r r e c t  detection improved

from 0. 6 to 0. 85 and the time for  a 0. 5 p robabi l i ty  o de tec t ion  dropped

fron’m 18 sec to 6 .4  sec with the specific b r i e f ing .
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Figure 14 . The effect  of b r ie f ing  on the probabili ty of co r rec t
detect ion as a funct ion of t ime.
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Ana lysis  of Var i ance .  A n A L y s e s  of variance we re performed on the
number  and durat ion  of f ixa t ions  on c lu t t e r  objects . The data for  these
analyses  were  obtained b y c lass i f y ing the object  being fixated on the basis
of the known object locat ions.  A 30 mrad diameter  area about each object
was defined , and any  f ixat ion wi th in  that area  was ass igned to that object.
The number  of f ixa t ions , total dura t ion  of f ixations , and the average fix-
at ion dura t ion , were calcula ted as a funct ion of b r ie f ing ,  ta rget , st imulus
block , and f ea tu re  c h a r a c t e r i s t i c s  o the object . Eighteen percent of the f i x .-
ations were el iminated as not being within 30 mrad of an object .

Because the s t imulus  block was par t ia l ly confounded with the orien-
tation fea ture , the f i r s t  anal ysis  examined the block e f fec t.  No reliable

.~5) block inf luences  were  found indicating that blocks had no ef fec t .
The absence of a block e f f ect  indicates that the decision to use three  scenes
to obtain the 81 combinations of c lu t te r  objects  was stat is t ical ly equivalent
to a single image with all clutte r objects.  Object orientation was not con-
founded with image block , making it possible to examine the inf luence of
orientat ion as if it had been comp letely crossed with the remaining feature
charac te r i s t i cs .

Because of l imitat ions in the ana lysis of var iance compute r programs
available , the 81 combinations of fea ture s had to be examined as a single
t rea tment  var iable  rathe r than as four  fea ture  va riables.  Othe r more power-
fu l  s ta t i s t ica l  rout ines  may be used but were  not available at the time of these
anal y ses . As a resu l t , some of the potential  hi gh e r - o r d e r  interact ions
among fea tu res  could not be assessed.  The ana lysis revealed reliable
(p < .00 1)  d i f f e rences in tota l du ra t ion  and average dura t ion  due to b r i e f ing ,
ta rget , and object f ea tu re s. Ta rget and object  featu re s reliably (p !. 001)
a f fe c ted the numbe r of f ixat ions  on ob jects but br ie f ing  did not.

Specif ic  b r i e f ing  did not reliabl y (p > 0. 10) change the number of
f ixat ions  on ob jec t s . This f inding does not appea r to ag ree  w ith the
observat ions  made previousl y based on an examination of the sequence of
f ixa t ions  presented in FI gures  10 to 13 . The most likel y exp lanation for  the
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discrepanc y lies in the manner  used to obtain the data for  the anal ys i s  of
va r iance .  Each t ime an object  was f ixated the n u m b e r  of f i xa t i ons  for  tha t

objec t  was incremented  b y one . The number  of f ixa t ions  used in the a n a l y s i s

of var iance , t he r e f o r e , doe s not cor resp ond to the number  of ob jects  f i xa t ed .

As calculated , it is not possible  to d i s t i ngu i sh  a large number  of f i x a t i o n s
on a few objects f rom a sing le f ixa t ion  on many o b j e c t s .  F u r t h e r anal y s i s
w i l l  be need ed to rect i f y this  ambi g u i t y .

C Spec i f ic  b r i e f i n g  reduced the tota l t ime spent looking at c l u t t e r

ob jec t s  as wel l as the time per  f ixa t ion  on c lu t t e r  objec ts . W hen t he low

level  fea t u r es of a ta r get a re  know n , it is possible for  the- obse rve r  to

r e j e c t  c lut te r objects  more q u i c k l y  than can be accomp lished when only

hi g h - level  f ea tu r e s  are  known . The low - level  f e a t u r e s  can be ex t rac ted  in

less time tha n the hi g h - l eve l  f ea tu r e s  support ing the basic hypothes is  ot

levels  of f ea ture  anal ys i s .  The concept of f ea tu re  levels  was c r i t i c a l  to

the formula t ion  of the ta rge t  search  and detection model p rev ious l y p resen ted ,

and these resu l t s  lend defini te  support to the h ypothesis that  l o w - l e v e l
fea ture s impact search and hi g h - l e v e l  f ea tu re s impact examinat ion . These
data a lso  demons t ra te  the inf luence  expecta t ion can have on the process ing

of input data . R e c a l l  that  the scenes  used in th is  stud y had n o on tex t  cues

w hich reduces the impact of the p r io r  exper ience  aspect  of expec ta t ion .
With rea l i s t ic  scenes , context wi l l  be p resen t  and expectat ion w i l l  l ike l y
have an even l a rge r  in f luence  on search  and fea tu re  ex t rac t ion .

The cha r a c t e r i s t i c s  of the obj ec t  being examined also had a si g n i f i c a n t

e f f e c t  on the t ime spent looking at  the object. Son-m e objects  had an a v e r a g e

dura t ion  of ~ l7  nisec per f ixa t ion  while  others  r equ i red  onl y 66 rnsec per

fixa t ion . Overal l , some ob jects  were cons ide rab l y eas ier  to accept  or

r e j e c t  as t a rge t s  than we re o ther  objects .  The f e a t u r e  c h a r a c t e r i s t ic s
producing these d i f f er ences  have not yet been examined in any  deta i l ;  however ,

it is l ikel y that both size and cont rast  are con t r ibu to r s .  The e f f e c t  indicates

that d i f f e r e n c e s  in ease of ex t r ac t i on  exis t  within the hi gh and low - level

ca tegor ies  of f ea tu re s .
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The ta rget to be detected made a di f ference  in performance also.

The exact nature  of this e f f ec t  cannot be dete rmined from the present

anal ysis .  It is likely, howeve r , that large , hi gh-cont ras t  targets  were

detected more easily because of the higher  visibility of the high-level
fea tu res .  Because feature information could be extracted more easily for

these targets , it was possible for the observer ’ s response criterion to be

reached eithe r sooner or with fewer repeated fixations . Trials where the

high-level  features  of the target were more visible would have been shorter

in length thus reducing the number of possible fixations . It is also likely that

the increased visibility of high-level features  reduced the tim e needed for their

ex t rac t ion, t h e r e by producing changes in the duration of fixations on objects .

Examination of these issue s will require fu r ther  ana lyses of the data using

dependent variables which are less ambiguous with respect to these effects .

Although the prel iminary ana lyses performed leave a number of

questions unanswered and do not even beg in to exploit the data , they do

provide initial support for  the major  hypothesis underlying the proposed

model. The factors hypothesized to have an effect  on the number and C

duration of fixations on clut ter  objects were all found to be reliable . Furthe r

the results are in the expected direction and the magnitudes of the differences
are large.

The data clearl y support the hypothesis that target search and

detection is influenced b y both the feature cha racteristics of individua l

objects and b y the expectation of the observer . When the specific low-level

features of the target are known , the duration of fixations on each object

are reduced , because most objects may be rejected as not being the target

on the basis of these features .  Whe n only a gene ra l briefing Is given , the
durations are longer because the high-level features must be extracted C

before an object can be rejected as the target.

The gene ra l hypotheses of the multi-component model of target  search

and detection are supported b y the ana lyses conducted. Howeve r , more
detailed analyses  must  be undertaken to full y exploit the obtained data .
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f An analysis  of the specif ic  fea ture  character is t ics and their effect  on eye

fixation probability and duration is an obvious f i r s t  step. Further analyses

I which consider  the s imilar i ty  of clut ter  to targets  and the impact of location
and features on the sequence of fixations as well as the duration and

probability of fixation are needed . It is also recomme nded that the prob-

ability of next fixating an object based on the characterist ics of tha t object

and the current eye position be examined. Anal yses such as this can be

used to understand the specifics of the feature extraction process and should
provid e a means for describing the diffe rences between those trials which

required an extensive number of fixations and those which required onl y
a few fixations.

In addition to ana lyses which examine the feature extraction and

expectation processes , it is possible to use the eye fixation data to estimate

the transition probabilitie s in the Ma rkov model of Fi gure 5 . Suitable ,
o operationa l definitions for the various states must  be obtained and app lied
• to the data to allow unambi guous identification of the search and examination

states. It will  then be necessary to verif y tha t the data meet the underly ing

- assumptions of a Markov p rocess and , finally,  that the e~~f’1 .rt ate s of the

- 
transition probabilitie s yield a predicted cumulative probability that is the

same as the obtained curves shown in Fi gure 14. Initial , informal examina-

tion of the data suggests tha t the Ma rkov model can be expected to y ield

good results.
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REALISTIC SCENE EXPERIMENT

Introduction

T~~ Realistic Scene experiment was designed to provide data to
evaluate the predictive power of the two-component Ma rkov process  model
under realistic target  and back ground conditions , to dete rmine the general ity
of results obtained in the Abst rac t  Scene experiment , and to sugges t  the - 

-

impo rtant feature at tr ibutes of real scenes. The experiment yielded
ri performance data and eye fixation measures which could be anal yzed in

term s of the Markov process model. Key questions to be exp lored were:

• Is there evidence for  search and examination processing
components under realistic conditions , and is the evidence
consistent with tha t obtained under the Abs t rac t  Scene s tud y? - 

-

• What is the effect  of context , clutter  and ta rget fea tu res  on the
Markov process  model parameters?

• Is the two-component Markov process  model  an adequate
predictor of observed performance under realist ic conditions ?

• Which aspects of realistic scenes qualif y as perceptua l
information and what are their  feature a t t r ibutes?

The Realistic Scene images contained all aspects of input data. The
inclusion of context information in the task was an important extension of
the conditions previously examined in the Abs t rac t  Scene experiment. Con-
text was expected to have a si gnif icant  effect  on the search state pa rameters.
The realistic target and clut ter  object features were also an extension of
conditions to those likel y to be encounte red in real world app lications.
Hi gh-level  fea tures  in target  and c lutte r we re expected to have re la t ivel y
large effec ts  on the examination state pa rameters .

- .
.--.-----—.——- -- 
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The experiment included a wide range of target  and back ground

conditions. The ove rall comp lexity of the background , the position of the

ta rget within the scene , and target  contrast  we re varied. Ta rget size was

held constant , and br ief ing information was constant for  all subjects .

Because the back ground scenes were photographs of natural ter ra in , certain

background cha racter is t ics  were  not experimentally manipulated , but were

measured throug h a multiple - rate r procedure.  The ratings , similar to the
(54) .scene metr ics  developed in a previous research effor t , identified sub -

areas within each back ground scene which contained various categories of

perceptua l information such as roads , fields , and trees. The input data

in the task , therefore , va ried across experimental trials , and it was

possible to examine the ef fec t  of type of information on the two-component

Markov model parameters .

Meth od

Stimuli .  The st imuli  consisted of tactical vehicle target images

embedded in aerial black and white photographs of rural  New York State , - I

simulating Central  European terrain.  The background scene s were selected

from images employed in a previous experiment. (54) The scenes were

photographed at an elevation of 910m and mean came ra depression ang le of

0. 35 rad. A fie ld of view of 140 mrad x 140 mrad was employed.

The targets were HO scale models of tactical vehicles: M-60 tank ,

2 .5 - ton  t ruck , and armored personnel  carr ier  (APC). The models we re

photographed against a uniform white back ground . The interna l modulation

of each target was art if icial ly enhanced by an artist , and app ropriate shadows

were added. Compositing the selected target and background images was

accomp lished b y supe rpositioning the ta rget ove r the background and

re-photog raphing to 35mm format.  Typical images are shown in Figure 15.

I
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Two sets of 10 back g round scenes were  prepa red with the ta rget
located in d i f f e rent positions for each set. One set of locations was ident ical
to those used in a previous  stud y~

54
~ whi le  the othe r set was selected to

sys temat ica l ly examine the e f f e c t  of ta rget  location within the scene.  Two
back grounds without  ta rgets and 10 t ra in ing  images were also prepa red.

The s t imuli  were  presented at the same 250 mrad angula r subtense
and 1 m viewing distance used in the A b s t r a ct  Scene exper iment. The t a rge t s
subtended a visual  ang le of 5 . 0 b y 8. 8 mrad which is the same as the
medium-s ized  ob jec t  in the Abs t r ac t  Scene stud y.

A cal ibrat ion image was prepared which  consisted of a unifo rm field
with a 5 x S matr ix  of black dots (1 . 5 mrad)  equally - spaced  and covering an
area 16/ 15 the tota l area of the experimental  image disp lay. The calibra-
tion matr ix  was made larger  than the experimental  images to i n su re
measurement  of all extremes of the image during ac tua l  test ing.

A f ixat ion cross (30 mrad)  on a uni form back ground was prepared to
coincide with the center  of the experimental  imag e disp lay. The f ixat ion
cross  was presented before  each tr ial  so that the sub jec t  would be fixa t ing
the exact cente r of the disp lay at the beg inning of each search task.

Appa ratus .  The apparatus for  the Realist ic Scene experiment was
identical to that emp loyed in the Abs t r ac t  Scene experiment.  The disp lay
size was identical , and the overall  luminance of the disp lay was adjusted
with Wrat ten f i l ters  to match the level  used in the previous experiment
(10. 6 cd / rn2 ). Ambient luminance levels were  also held constant  at ~8 lx.

Subjec ts .  Twenty adult  volunteer  subjec ts  were obtained from the
Stanford Research  Institute staff and the Stanford Univers i ty  student popula-
tion . All subjec ts  were tested for  a 2 0 / 2 0  visua l acui ty  rating. Al l  s u b j e c t s
were paid for  part icipation . There were six male and 14 female s u b j e c t s
10 of which also pa rticipated in the Abs t rac t  Scene experiment.  —
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Experimental  Desi gn. A balanced expe rimental desi gn was not

employed , due to the d i f f i c u l t y  of control l ing all var iables  of in teres t  within

a set of real is t ic  back ground scenes.  A set of ta rgets and back ground s were

selected which would represent  a range of value s fo r  the var iables  of in teres t .

The e f fec t s  of va ry ing information within the task on the pr ocess ing  components

was of p r i m a r y  inte rest  in the experiment, and they could be assessed from

the eye fixation data without  a complete ly  crossed desi gn .

The experimental  images included 10 back gr oun d scenes  of va ry ing

levels of sub jec t ive ly rated complexity,  determined for that set of images
(5 4)  . .

in a previous stud y. Each back ground was prepared with a sing le

embedded target  in a real is t ic  location with respect to context , scale , and

shadow . Then , the 10 images were  prepared with the same ta rge t  moved

to a d i f fe ren t  location within the scene , and in a d i f fe ren t  type of context .

If the f i r s t  target  location had been in a likely area , based on t e r ra in  context ,

it was moved to an unlikely area  and vice ve rsa .  The likelihood of fixating an

area as a function of context was determined by type of context fea tu res  and

terra in  pattern.

The two sets of images were presented to d i f f e r en t  groups  of 10

subjects each. Two catch trial s were  also presented, which consis te- ’  of

scenes of moderate complexity without tactical  targets  embedded in them .

All subjec ts  received randomized presentat ions of 10 experimental

images and 2 catch t r ia ls .  A Latin Squa re randomized procedure was used

to dete rmine the order of presentation of the 10 experimental  images. (17)  
—

The catch trials were inserted into the randomized orders in a counter-

balanced scheme such that each catch t r ial  appea red with equal f requenc y

ove r all t r ia l s  and over the f i r s t -ha l f  of the expe r imental session .

Procedure.  The experimental session rep licated the procedures

employed in the Abs t rac t  Scene expe r iment. All subjects  we re init ially

tested for a visual  acui ty rating of 20/20  with a standard Snellen chart ,

and were given info rmation sheets containing general  informat ion , informed

consent forms , and sub jec t  instructions specific to the experiment.  The

59



-— — -~~ —~~~~. r ~’.-’~ - ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~

p roced ure s f or  appara t us ad j u s t m e n t  and cal ib ration we re identica l to those

used in the A b s t r a c t  Scene exper iment .
The exper imen ta l  session began with five tra ining t r ia ls  in a fixed

order  for  al l  s u bj e c t s .  A t ra in ing  t r ia l  consisted of b r ie f ing  by the experi-

men te r , onset  of the image,  ta rget search and detection b y the sub jec t , and

indicat ion by the exper imen ter  of the target  location. The t raining t r ials

p resen ted  the s u b j e c t  w ith samp les of the type of t a rge t s  which were  used in

the experimenta l set , and back grounds  of comparable c omplexity and image

qual i ty .
The 10 exper imenta l t r ia l s  were  conducted as in the A b s t r a c t  Scene

stud y, wi thout  exper imente r feedback on the a c c u r a c y  of subject  responses.

When the experimenta l session was completed , subjec ts  were  paid and

genera l  informat ion about the experiment was g iven .

Resul ts  and Di scus s ion

The basic data reduction procedure for  this experiment was identical

to that used in the A b s t r a c t  Scene experiment.  In addition to the sequence of

f ixa t ion  program described previousl y, an eye fixation scatte r plot program

was wr i t ten . This program generated a small symbol at each position
fixated during all selected tr ials . Any set of trials , conditions , and/or

subjec ts  could be selected , making it possible to examine the dis t r ibut ion

of f ixat ions for  an individual subjec t  or image as two examples.

Scatte r p lots for  thre e images each with two target locations are

show n in Figures  16 to 18. In each fi gure the uppe r plot s how s the distribu--

tion of fixations across  10 subjects  with the-t a rge t  location the same as

used by Scanlan. (54 )  The lowe r p lot presents  the distr ibution for  a second

g roup of 10 subjects  with the same back ground scene but a d i f fe ren t  ta rget C

location. Comparison of the d is t r ibut ions  between the two ta rget locations ,~~ 

-

reveals that many of the same objects are fixated , althoug h the change in

- • 
ta rget location causes a change in the variabil i ty of the dis t r ibut ions.  The

data represented b y these plots may be used in conjunction with an ana lysis j
of the input data in sub -a reas  of the scene to p rovide estimates of the

pe rceptua l informat ion  being extracted . ii -
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Input Data. A pre l iminary  data reduction p rocedure  assessed the
type of input data avai lable  in each image. Two independent r a te r s  we re

presented wi th  the experimenta l images , ove r which a seven b y seven cel l

gr id  was super imposed . The cel ls  covered areas  equivalent  to app roximate ly

36 rn rad on a side , in te rms of image subtense  when viewed b y the s u b j e c t s .

The independent jud ges used standa rdized ins t ruc t ions  to rate the pre sence

of c l u t t e r  ob jec t s , man-made objects , wate r , t r ee masses , roads , an d open

f ie lds  within each sub -a rea  of the image. There was a hi gh degree of

agreement  between ra te r s  and repeated rat ings for  ca tegor ies  of scene data .
Table I show s the total n u m b e r  of cel ls  per image within  each category.

The target  locations within the images were also rated for  a context  —

fea tu re  called t e r ra in  pattern.  Ter ra in  pat tern categorie s were  based on a

lite rature review of geometr ic  pat tern  e f fec t s  on eye fixation behavior .

There were  six ca tegor ies  in descending order  of eye f ixat ion probabi l i ty .

A rating was a funct ion of the hi g hest contrast  t e r ra in  fea tures  wi th in  two 
- 
}

cells of the ta rget. For examp le , the ta rget embedded in an image at the

point where two roads converged was rated on the t e r r a in  pa t te rn  made b y
the road c ontours.  The categories of t e r ra in  patte rn and their  ass igned

numer ica l  rating in order of decreas ing  expected probabi l i ty  of f ixa t ing  were:

1 = target  within the vertex of an acute angle .

2 = ta rget within the ver tex of ang le between 90° and 180°.
3 = ta rget  near a s t ra ight line.

4 target  in open area , or unifo rm area .

5 ta rget near  i r regu la r t e r ra in  contours (as in t ree  l ines ) .

6 ta rget outside the ve rtex of an ang le.

The t e r r a i n  pattern rating s for  the experiment  are  also g iven in Table 1.

Fixation Frequency .  The p .roposed Markov process model would

es t imate  the probabilities of t ransi t ion between states on the basis of the type

of information in the scene . The refore,before the Markov process model can J
:1 -

j

I
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be used , the re la t ionship between eye fixation behavior and input data must
be established . One test would be a comparison of f requency of fixation ,
which may be used to estimate probability of fixation , on specif ic  areas of
the images containing objects wi th  fea ture s el ici t ing ei ther  search or

examination process ing .
A f i r s t  anal ysis  of the relationship between scene input data and per-

ceptual informat ion was accomplished by examining the f requency of f ixation
on categories  of scene data .

One context fea ture  and one clut ter  feature  were selected for  p re-
l iminary  anal ysis.  The presence  of any clut ter  object within a sub-area  and
the presence of a road or portion of a road in a sub-a rea  were  coded for all
experimenta l images b y the multip le ra ter  me thod discussed above. The
sub-a reas  were  the refore coded in a 2 b y 2 matrix: (00) no c lutter ob jects ,
no roads (01)  no clutte r , with roads, ( l 0 )  c lut ter  objects , no roads , and ( 11)
c lut ter  objects  and roads.

Summary scat terp lots of all  f ixations for all subjec ts  viewing each
expe rimental image were gene rated. The same seven b y seven cell  rating
grid used in the input data assessment  procedure was superimposed on the
fixation scatterplots , and individual fixations within each of the 49 cells
were  counted. The cell containing the ta rget was omitted from analysis for
all images. The number of fixations for each cell on each image was coded
for the clutte r and road info rmation conditions , and a total of 480 cells were
summarized . The a~ e rage number  of fixations for each c lu tter - road condi-
tion for the 10 experimenta l images is show n in Table 2.

TABLE 2. AVERAGE FREQUENCY OF FIXATIO N PER SUB-AREA
AS A FUNCTION OF CLUTTER AND ROAD FEATURES

No Roads Roads

No Clutter 2. 35 3. 30 2. 82

Clutter 5.55 8. 89 7. 22

3,95 6. 09 5. 02
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There is a dif ference in rate of f ixat ion as a function of the presence

of clutter and the presence of roads . There is also evidence for an i n t e r -

action between the two types of input data. A pre l iminary  nonparamet ric

anal ysis of the data was comp leted , and an appropriate  analysis of var iancc

based on subject-by-sub jec t  measures  was planned . A Friedman non-
parametr ic  anal ysis (40) showed a reliable effect  on c lu t te r - road  condit ion
(p -< O . 01).

Dif ferences  in f requency of fixation as a function of in format ion
within sub -a reas  of the scene demonstrates  that thc operator d i f f e r e n t i a l l y
uses input data during the ta rget search and detection task as h ypothesized.
Additional anal yses examining other types of info rmation and other eye
fixation parameters such as duration and sequence wi l l  allow a more
definitive understanding of the manne r in which input data is processed .
It is clear , however , tha t the t~ o processes of search and examination are

— identifiable and are rotated to the extraction of varying levels of f ea tu res .

Sequence of Fixations. Plots of the sequence of fixations for  t r ia ls

were also obtained . Figure s 19 to 28 present the data for 10 scenes wi th

the two target  locations shown in each f igure .  Figures 29 and 30 presen t

the two images without  a ta rget. These data may be used to examine the

sequence of fixated objects as well  as the probabil i ty of fixation. It is

anticipated that with sui table measures of scene c ontent and object  f ea tu res ,

cer ta in  commonality in the sequence of fixations will be found .

Informal examination , for  example , suggests  that the ta rget is of ten

fixated early consistent with the Abst rac t  Scene experimental  f indings . There

is also a suggestion that the t ime to the f i r s t  target fixations is much more

consistent than is the total time to detect. Further  consideration needs
to be given to this potential result .

Considerable diffe rences are apparent between ind ividua l sub j ec t s .
1’ Some are unusua l l y fast  and can fixate the target very earl y in a t r i a l .

Others require a much large r number of fixations. It is inte res t ing  to
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speculate tha t such differences  may be related to specific pr ior  experiences

such as speed reading practice.

Fi gures  19 to 30 make it abundantly apparent that a scene dependent

search s t ra tegy is operating. Specific a reas of the scene are examined f i r s t

-

- 

- 

and some areas are  totally ignored. The systematic row b y row scan of the

scene assumed b y many models occurs rarel y and then onl y a f t e r  fa i lure  to

detect the target using the scene dependent search.

•
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CONCLUSIONS AND DIRECTIONS

The form ulation of target  search and detection in te rm s of the

underlying behavioral propertie s of the observe r provides a simple , unified

structure on which to build a comprehensive predictive model. This approach

creates a framework within which the large body of data accumulated on

target  and scene character is t ics can be organized and incorporated into a

mathematical descr iption of search  and detection performance ove r time.
In addition , with the use of eye-fixation measures , this formulation allows 

— 

—

the generation of specific , testable hypotheses about the information con-

tained in particular characterist ics and their function in the search  and

detection process.  The experiments reported were designed to test the
validity of these hypotheses in the context of a multi-component information

processing model. The preliminary results strongly support the validity of 
S

the model through confirmation of key assumptions by means of eye-f ixat ion
data , and suggest that a Markov representation will provide a concise ,

mathematical framework which accurately reflects the under l ying behavioral
processes.

The Abstract  Scene experiment was designed to examine the validity
of the assumptions underlying a multi-component process model. In particu-

lar , it was hypothesized that the observer selects certain aspects of the
input scene for feature analysis , and tha t the selected aspects will va ry

according to information need and expectation. It was f u r t h e r  proposed that
the search and examination states of the model could be character ized by the

selected aspects of the input , which were categorized as high and low level

features on the basis of spatial f requency components. Eye fixation patte rns

ML



were expected to reflect the level of feature processing and thus correspond

to the state s of the model.

To test the validity of these expectations , high and low level fea tures

as well as briefing information were systematically manipulated. The data

verified the major assumptions of the model. The influence of a priori

expectation was evident both in the patterns of eye fixations and in the

probability of target  detection over time. In addition , the scan patterns

demonstrate that the feature  extraction process can be characterized in terms

of high and low level analysis , and that the progress of this analysis can be

followed over time by examination of the fixation patterns. The multi-

component model provide s a correspondence between this overt behavior and

the underlying information extraction processes.  These processes can then

be predicted with the Markov representation to ultimately generate a cumulative
probability of detection curve.

The results of the Realistic Scene experiment provided additional

evidence for  the validity of the multi-component model and demonstrated its

applicability to realistic scenes. In addition , an abundance of data perta ining
to important feature  attributes of real scenes and their relation to search

strategy was generated. The hypothesized organization of perceptual informa- - 
- 

-

tion into target , clutte r , context , and texture results in a useful conceptualiza-

tion for identif ying information requirements for each stage of the target
search and detection task. These four categories of scene information also S

provide a convenient s tructure for quantif ying the content of a scene without
resorting to arbi t rary metrics. Further , because the influence of each

category is different  for  each stage of the task , the effect  of the scene may be
more easily incorporated into the model.

The Realistic Scene experiment y ielded results which are consistent
with those obtained in the abstract scene experiment. The two processes of

search and examination were evident from differences  in the frequency of
fixation as a function of information within sub-areas of the scene . Pre-
lirninary analysis of one context feature and one clutter feature , as well as
an informal examination of fixation sequences , provided evidence that search
strategy is determined by scene content and target  context. There was no
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evidence that a systematic row by row search strategy was used by any

subject , contrary to the assumption used in many search and detection

models. However , the presented anal ysis did not include a consideration of

the sequence of fixation in a definitive way. Furthe r examination and con-

sideration of a dominant search patte rn , if one exists , will be necessary .

Although a large portion of the data remains to be exploited , the

preliminary analyses from both the Abstract  and the Realistic Scene experi-

ments indicate that the mult i-component, feature  extract ion model provides

a valid and highly useful  alternative to the equation-fitt ing approach. The

multi-component behavioral approach integrates and simplifies the large

set of potentially relevant scene parameters into generic fea tures .  The use C

of a Markov process o f fe r s  conside rable promise as a model capable of

incorporating the indicated processing characteristics in a form that can be

t expanded as the level of understanding increases.  Separation of Search and

Examination on the basis of level of f ea tu re  extraction not only appears

warranted but adds significant power to the resulting model. A furthe r

expansion of the feature analytic approach to quantif y ing relevant informa-

S tion has considerable promise as a means of accommodating a large number

of system parameters.  A change in any system paramete r may be described

in te rm s of changes in fea ture  at tr ibutes which in turn influence operator

performance.

Considerable fur ther  analysis must  be accomplished to fully exploit

the obtained data and to allow elaboration of the reported findings.  The

limited analysis of variance reported for the Abst rac t  Scene experiment

should be expanded to include the ef fec ts  of individual object f e a t u r e s .  The

dependent measure s used in these analyses also need to be expanded to allow

an examination of the number of objects fixated as well as the number  of

fixations. The duration measures used also should be expanded.

The results provide the required data to estimate the transit ional

probabilities in the Markov model . Accomplishment of this will require a

careful definition of the search and examination state s as well as an assess-

ment of the extent to which the data meet  the assumptions of the model.

Throug h appropriate analysis it will be possible to obtain a set of transition
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probabilities for each condition . These can then be used to predict the

cumulative probability of detection as a function of time. Discrepancies

between actual and predicted results can be used to further  refine the model.

The data from the Realistic Scene experiment will provide a wealth

of information on the effect  of scene content on the information processed by
the observer. Both the frequency and sequence of fixations may be used to

provide an understanding of scene quantifications. Correlations between
scene objects and areas and fixations will indicate the features being
habitually used by the observer. Knowledge of the feature attributes of 

S

objects can then be combined with knowledge of sex. ~r parameters to relate
design parameters to anticipated performance changes.

These data may also be used to test the gene ralizability of the Markov
model derived unde r the more restricted Abstract Scene conditions. Both
sets of data combined and appropriately analyzed will provide a much 

- 

-

improved understanding of target search and detection, yield an initial Markov

model, and pr ovide the direction necessary fo r furthe r refinement.
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CONCLUDING REMARKS

In summarizing the accomplishments of this phase of the overall

Search and Detection modeling ef for t , one must review them in the context

- - of both previous phase results and the ef fo r t s  which log ically remain to be

- . accomplished. The overall objective of the total program has been to

develop an analytical model of the process of search. This model should be -

capable of predicting the probability of detecting a vehicular type ta rge t  within

a scene which is characteristic of a realistic tactical situation and environ-

rn ent. This probability will be expressed cumulatively as a function of time.

- The developmental concept has been to define a simplified model

- which would have a reasonably high degree of correlation with demonstrable

human performance over a wide range of target-background situations. The

- 

psycho-physical approach to a performance model appears to offe r the

highest degree of predictive accuracy among competing approaches and is

intuitively satisf y ing when structured according to Marlcov modeling theory.

It has a high degree of flexibility and , as such , incorporates convenient
‘ growth potential .

— - - Because the process by which the human per forms an effect ive search

- .  is complex , e ffor ts  to understand it and correctly represent  the potentially

significant factors have led to a relatively complex initial s t ructur ing .

Howeve r we have high confidence that by means of a thoroug h concluding

experimental program, approximations and shortcuts will be def ined which

will simplif y the model without significantly compromising predictive
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capability. The overall program has progressed throug h the following

— 

stages thus far :

Phase 1

• Parametric data on target  search and detection was provided

• Quantitative scene metrics were identified.

• A multi-component process was revealed.

Phase 2

• A multi-component fea ture  analytic model form was developed.

• The Markov mathematical technique was adapted to represent
the model.

• Underlying model assumptions were experimentally confirmed.

• Data was provided for parameter estimation.

Future Directions

At this time, the work remaining to be accomplished includes:

Phase 3

• Incorporation of search strategy into the model.

• Determination of model parameter values.

• Validation of model predictions.

Current  investigation has shown that the multi-component, feature
analytic modeling approach is experimentally valid and most closely
represents what is actually happening in the human search process. This
understanding and characterization of the fundamental aspects of search
represents major progress.  Since the extensive preliminary ground work
in defining a high accuracy predictive model has now been accom plished , it
can be said with confidence that what remains to be done is to f lesh out the
operating details. Specifically this involves:

• Detailing of the Markov search and examination processes.

• Fitting transition probabilities .

• Incorporating search strategy.
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1.

• Incorporating the concept of search area type.
- - ‘-- • Providing for Markov expansion and refinement.

The results of the final recommended effort  will com plete the

- 
- objectives of the ori ginally proposed three phase program .

.4

- 

- :z
I-I

~~~

I

~~~1

_ _ _

L

87 

- _ _



- - - - - - - - 
5 - 

-

REFERENCES

1. Antes , J. R. The time course of picture viewing. Journal of -

Experimental Psychology, 1974 , 103 , 67-70 . -

2. Bailey, H. H. Target acquisition through visua l recognition: An earl y
model. Santa Monica , California: Rand Corpo ration , Technical
Report P-49 18 , September , 1972 , (AD -A030 699) .

3. Bajcsy, R. and Lieberman, L. L. Computer desc r i ption of real outdoor
scenes. In Proceedings of the Second International Joint Conference
on Pattern Recognition. New York: Institute of Electrical  and Elec-
tronics Engineers , 1974 , 174-17 9.

4. Bajcsy, R. and Rosenthal, D. Visual focusing and defocusing - an
essential part of the pattern recognition process . In Proceedings of
the Conference on Computer Graphics,  Patte rn Recognition,  and Data
Structure of the Institute of Electrical and Electronics Engineers C

Computer Society. New York~ Institute of Ele ctr ical and Ele ctronics
- Eng ineers , 1 975 , 130-133 .

5. Bajcsy, R. and Tavakoli , M. Compute r recognition of roads from ]
satellite pictures. In Proceedings of the Second International Joint
Conference on Pattern Recognition. New York: Institute of Electrical
and Electronics Engineers , 1974 , 190-194.

6. Barlow, H. B.,  Hill , R. M. , and Levick, W. R. Retinal ganglion cells
responding selectively to direction and speed of image motion in the
rabbit. Journa l of Ph ysiology, 1964 , 173 , 377-407. C

7, Von Bekesy, G. Sensory inhibition. Princeton , New Jersey: :
Princeton Universi ty Press , 1967,

8. Bergert , J. W. and Fowler , F. D. Target acquisi t ion studies: Visual
angle requirements for TV disp layed targets. Orlando , Florida:

S Martin Marietta Corporation, Technical  Report  0E 10689 , May,  1970 ,
( A D — 7 0 6  369).

9. Biberman , L.M. (Ed . )  Perception of disp layed informatioi~,. New Yo rk: 
S

Plenum Press, 1973.
-I - - 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~-

.--
~~~~ 

-

89 - ~~~~~~ PAQI 
~ LA_* 

— 

IL:



~ __~ -— - - - - S~C~,.-~~---- - ~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~ - - 

~~~ -~ -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

10. Blesser , B. A. ,  Kuklinski , T. T. and Shillmand , R. J. Empirical
tests for features selection based on a psychological  theory of charac-
ter recognition. Pattern Recognition, 1976 , .~ , 77-85.

11. Box , G. E. P. and Hunter , 3. S. Multifacto r experimental desi gns for
exploring response surfaces. Annals of Mathematical Statistics, 1957 ,
.
~~~~~., 195-24 1.

12. Gox , 0. E. P. and Wilson , K. B. On the experimental attainment of
optimum cond itions. Journal of the Royal Statistical Society. Series B
(Methodological), 1950, j

~
, 1-45.

13. Carterette, E . C. and Friedman, M. (Eds .) Handbook of perception
volume V. Seeing. New York: Academic Press , 1975 .

14. Cason , G. Image similarity and visua l a i rcraf t  reco gnition. Catalogs
of Selected Documents in Psychology, 1975, 5, 317.

15. Ciavarelli , A.,, Walht er , L., and Lee, W. Te rrain classification
study. China Lake , California: Naval Weapons Cente r , Technical
Report NWC TP-5766 , May, 1975 , (AD-B 005 535L).

16. Clark , C. and Williges , R. C. Response surface methodology central-
composite desi gn modifications for human performance research.
~~uxnan Factors, 1973 , j~~, 295-310.

17. Cochran, W. G. and Cox , C. M. Experimental desi gns. New York:
Wiley, 1957 .

18. Cornsweet, T. N. Visua l perception. New York: Academic Press ,
1970.

19. Dodwell , P. C. Visua l pattern recognition. New York: Holt , Rinehart ,
and Winston , 1970 .

20. Engel , F. V. Visual conspicuity, visual search, and fixation tendencies
of the eye. Vision Research,  1977 , 17 , 95-108.

21. Erickson, R. A . Empirically determined effects of gross terrain ~ i
features upon ground visibility from low-flying a i rcraf t. China Lake ,
California: Nava l Ordnance Test Station , Technical Report NAVWEPS C

7779, September, 1961.

22. Fishman, D. H.,  Hanson, A . R., and Riseman, E. M. Some cons idera -
tions in a model building system for scene analysis . Amhur st ,
Massachusetts: Universi ty of Massachusetts, Computer and Informa-
tion Science , Technical Report  COINS-TR 75C-2 , March , 1975 ,
(AD-AU 10 149).

90

4_i



AD A056 760 HUGHES AIRCRAFT CO CULVER CITY CALIF F/G 515
A BEHAVIORAL MODEL OF TARGET ACQUISITION IN REALISTIC TERRAIN. (U)
JUN 78 L A SCANLAN, A K AGIN DAAK7O —77—C—OOI3

UNCLASSIFIFO HAr—QFF—nBQR3 Pt

~~~

~ /



—~~~~~~~~~~~F -- - 4 1

23. Greening, C. P. Alternative approaches to modeling visual target
acquisition. China Lake , CaliJo rnia: Naval Weapons Center , Technical
Report NWC-TP-5 698 , September, 1974.

24. Greening, C. P. Mathematical modeling of a i r-to-ground target
acquisition. Human Factors, 1976 , 18, 111-148.

25. Habe r , R. N . (Ed .)  Contemporary theory and research in visual
perception. New York: Ho lt , Rineha rt , and Winston , 1968.

26. Huber , R. N. How we remember what we see. Scientific American
1970 , ~j~ ( 5), 104-112.

27. Ha ll, R. J. and Cusack , B. L. The measurement of eye behavior:
Critical and selected reviews of voluntary eye movement and blinking.
Aberdeen Proving Ground , Mary land: U . S. Army Human Engineering
Labo ratory, Technical Memo randum HEL-TM-18-72 , July, 1972 ,
(AD-752 904).

28. Hansen, A. R . ,  Risernan , E. M., and Fisher , E. Context in wo rd
F recognition. Pattern Recognition, 1976 , 8, 35-45.

29. Hicks , S. A. and Moler , C. G. A field survey of air- to-ground target
detection problems. Aberdeen Proving Ground , Maryland : Human
Engineering Laboratory, Technical Memorandum HEL-TM 1-66 ,
January, 1966, (AD 631 361).

30. Hoffman , J. Hierarchical stages in the processing of visua l info rma-
tion. Perception and psychophysics, 1975, 18. 348-354.

31. Hubel, D.H..,  and Wiesel , T. N. Receptive fields; binocular interaction
and functional architecture in the cat’ s visual cortex~ Journal of
Physiology, 1962, 160, 106-154.

32. Hubel, D. H. and Wiesel, T. N. Receptive fields and functional
architecture in two nonstriate visual areas (18 and 19) of the cat.
Journal of Neurphysiology, 1965, 28, 228-289.

33. Hubel, D. H. and Wiesel, T. N. Receptive fields and functional
architecture of monkey striate cortex. Journal of Physiology (London),
1968, 195, 215-243.

34. Jones, D. B.,, Freitag, M. and Coilyer, S. C. Air-to-ground target
acquisition source book: a review of the literature. Orlando , Florida:
Martin Marietta Aerospace Company, Technical Repo rt DR 12 470,
September, 1974, (AD-A015 079).

35. Julesz, B. Problems of pattern recognition and perceptual psychology.
In L. Kanal (Ed.) Proceedings of the 1st IEEE Workshop on Pattern,
Recognition. Washington, D.C.: Thompson, 1968, 143-154.

91



-F-.,

36. Kana l , L. (Ed . ) Pattern recognit ion.  Washingto n , D. C.,: Thompson ,
1968. 

— —

37. Kasvand , T. Some observations on l inguist ics  for scene anal ysis .
In Proceedings of the conference on Compute r Grap hics, Pattern
Recognition , and Data Structure of the Institute of Electrical aüd
Electronics Eng ineers Com~ ute r Society. New York: Institute of
~~1ectr [cal and Electronics Eng ineers, 1975, 118- 124.

38. Kirk , R. Experimental des~g~~ Procedures for the behavioral sciences.
Belmont , California: Brooks -Cole , 1968.

39. Krebs , M. Scanning patterns in real-time FUR disp lays . In Hale ,
R. N . , McKni ght , R. S.., and Moss , J. R. (Eds . ) Proceedings of the
Nineteenth Annua l Meeting of the Human Factors Society. Santa Monica ,
California: Human Factors Society, October 14-16 , 1975 , 418-422.

40. Krebs , M. J. and Graf , C. P. Real-time parameters stud y. Gr i f f i s s
AFB , New “ork: Rome Ai r  Development Center , Technical Report
RADC TR-73-300 , September , 1973 , (AD-773  850).

41. Lewis , M.S. Determinants of visual attention in real world scenes.
Perceptual and Motor Skills, 1975 , 41, 4 11-416.

42. Lindsay , P. H. and Norman , D. A. Human info rmation processing: An
introduction to psychology. New York~ Academic Press , 1972.

43. Lipkin , B. and Rosenfeld , A. Picture processing and pschopictorics,
New York: Academic Press , 1970.

44. Milner , P. M. A model for  visual shape recognition. Psychological
Review, 1974 , ~~ 

521-535 .

45. Monk , T. H. and Brown , B. The effect of target  surround density on
visua l search performance. Human Factors, 1975 , 17 356-360.

46. Montana n , U. Recent progress in picture analysis . In Proceedings
of the Second International Joint Conference on Pattern Recog~&ition .
New Yo rk: Institute of Electrical and Electronic s Engineers , 1974 ,
513-516.

47. Neisser, U. Cognitive psycholog,~ New York: Appleton-Century-
Crofts, 1967.

48. Newman, C. V . Detection of di f ferences  between visual textures with ~ I
vary ing numbers of dots . Bulletin of the Psychonornic Society , 1974 ,
4, 201-202.

I
92

H
-

~~~~~~~~~~~~~~



!IPP
~~

uIuuu

~

r___

~

__. - ,  

— 
— .  

~~~~~~~~~~~ 
—

~

.1!
. 1.1

49. Noton , D. and Stark , L. Eye movements and visual  percep t ion.
Scientific Amer ican,  1971 , 224 (6),  34-43.

1 50. Noton , D. and Stark , L. Scanpaths in eye movements dur ing  patte rn
• perception. Science, 1971 , 171 , 308-31 1 .

I 51. Ratl iff , F. Mach bands: Quantitative studies on neural  networks in
I. the retina. San F rancisco , California:  Holden-Day, 1965 .

52. Robson , J. C. Receptive fields: Neural  representation of the spat ial

I and intensive at tr ibutes of the visual images . In E. C. Carteret te  and
M. Friedman (Eds .)  Handbook of perception, volume V, Seeing,
1975 , 82-116 .

L ~~~~~ Rosenfeid , A . Picture processing by compute r. New York:  Academic
Press, 1969.

54 , Scanlan , L. A. Target  acquisition model development: Effect  of
realistic terrain. Culver City, California: Hug hes A i r c r a f t  Company ,

• Disp lays Systems Department , Man-Machine  Systems Section , Tech-
nical Report P76-484 , December , 1976 .

55. Scanlan, L. A. Target  acquis ition in real is t ic  te r ra in. In A. S. Neal
( and R. F. Palasek (Eds .) ,  Proceedings of the Human Factors SocJ~~y
I.. 21st Annua l Meeting. Santa Monica , California:  Human Factors

Society, October, 1977 , 249-253.

[ 56. Schnitzler, A. D. Theory of spatial-frequency filtering by the human
visua l system. I. Performance limited by quantum noise. Journal  of
the Optical Society of Americ ,~~ 1976 , 66 , 608-6 17 .

1 
~~~~~ Schnitzer , A. D. Theory of spat ial-frequency f i l t e r ing  of the human

visua l system. II. Performance limited by video noise . Journal  of
the Optical Society of America, 1976 , 66 , 6 17-625 .

58. Self , H. Image evaluation for  the prediction of performance of a
human observer. Paper presented at the NATO symposium on Imaget Evaluation, Kunstlertons , Munich , 1969 , 18-22 .

59. Seifnid ge , 0. Pandemonium: A paradigm for  learning. In ~ymposiurn
on the mechanization of thoug ht processes. London, Eng land:
H. M. Stationery Office , 1959.

1’ 60. SImon, C. W. The use of central-composite desi gns in human factors
engineering expe n imeflt8 . Culver Ci ty ,  California : Hug hes A i r c r a f t
Company, Disp lay Systems and Human Factors Department , Technical
Report A FOSR- 70-6 , Decembe r , 1970.

61. SImon , C. W . Economical multifacto r desi gns for  human factors  eng i-
neering experiments. Culver City , California: Hug hes Ai rc ra f t
Company , Display Systems and Human Factors Department , Technica l

1. Report P74-541, June, l~?73.

II 
93



-~. Smith , S. W . v i sua l  scarch  t ime and perip heral d iscr iminabi l i ty.
Journal of the Qpthamology Society of America,  1961 , 5 1 , 14-62 .

t 3 . Snyder , II . L. Image Quali ty and Observer  Perfo rmance , In L. M.
Biberman (Ed . ) Perception of disp laye4 i~ fgrmat .~on. New York:
Plenum Press , p)73~

64. Srinivasan , M . V . , Thathacha r , M. A . , and Deekshatulu , B. L. A
probabil is t ic  h ypothesis  for  the predic t ion of visual  f ixations . 1~~EE
Transaction of tem_~~ Man, Cy bernet ics,  1975 , SMC-5,  43 1-437 .

b5. Stathacopoulos , A. I) . , Gilmore , H. F. , and Rohr inger , C. Review
of mathemat ica l  models of a i r - to-ground target acquisi t ion using TV
and F U R  sensors. China Lake , California :  N ava l  Weapons Center ,
Technica l  Repo rt N W C - T P - 584 0 , January ,  1976 .

bb. Swets , J. A. , Tanner , W . P. , and l3irdsall , T. C. Decision processes
in perception. Ps_y c ho logical Review,  1961 , ~~~~~~~ 301-340.

o7. U. S. Mar ine  Corps tank dep loyment. Washington , D. C.: U. S. Govern-
ment Print ing Off ice , Technical Report  FMFM9-l , Septembe r , 1970 .

68. Watanabe , S. Fron t ie r s  of pat tern  recognit ion.  New York: Academic
Press, 1972.

69. Weszka , J. and Rosenfeld , A . A comparative stud y of texture measures
for t e r r a in  c lass i f icat ion. In Proceedings of the conference on Com-
pute r Grap hics , Pattern Recognit ion,  and Data St ructure  of the Institute
of Electr ical  and Electronics  Engineers  Computer Society. New York:
Inst i tute of Electrical  and Electronics Engineers , 1975 , 62-64.

70. White , C. T. and Ford , D. E ye movements during simulated radar
search. Journal of the Optical Society of America,  1960 , ~~~~~~, 909-9 13.

71. W hl ttenburg,  J. A., Schribe r , A . L. , Robinson , J. D. , and Nord lie ,
P. C. A field stud y of target  detection and identif icat ion from the air.
Arl ington , Virginia :  Human Sciences Research , Fina l Report
HSR-TN-59/4 Cue , October , 1959.

72. Wil l iams , L. G. A stud y of visual  search using eye movement record-
ings . Minneapolis , Minnesota: Honeywell , Inc . , Systems and Research
Center, Technical Report lZO Ot -) -IR 2, March , 1%7.

73. Will iams , L. G. , Fairchi ld , D. D. , Graf , C. P. , Joula , J. F. , and
Truxnm , C. A. Visua l search effectiveness for nig ht vision devices.
Minneapolis , Minnesota: Honeywell , Inc . Systems and Research
Center , Technical Repor t  12070-FR , May ,  1970.

74. Wi l l i ges , R. C. and Simon , C. W . A pp l ying response surface methodo l-
ogy to problems of target acquisit ion. Human Factors, 1971 , j~ ,
511-5 19.

94

J



—
~~~~

75. Yarbus , A. L. Eye movements and vision. New York: Plenum Press ,
1967.

76. Young, L. R. and Sheena, D. Survey of eye movement recording
methods. Behavio r Research Methods and Instrum entation, 1975 , 7,

1 397-429~ 
—

77. Zavalishin , N. V. Hypothesis concerning the distribution of eye fixa-
tion points during the examination of pictures , Automation and Remote
Cont rol (USSR), 1968 , 12, 1944-1951.

78. Zusne , L. Visual perception of fo rm. New York: Academic Press ,
- 1970.

,

~ ~~

.

~1

¶ 95

I t [ 4
L~~LAI 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-- . - — - ~- . - .-- - —— -—-— — --,—— --


