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A b strac t

iv

C haracteris tics  of Fixations in Human In fants

by

C h ris to p h er M. H arris  

A dvisers: Professors Louise Hainline & Israel Abramov

When we fre e ly  view a scene, o u r eyes move in a sequence of 

saccades and fixa tio n s . O nly  d u rin g  fixa tio n s , when th e  eyes are  

re la tiv e ly  s ta tio n ary , is most ( i f  not a ll) visual inform ation acqu ired . 

C onsequently , it  is w idely believed th a t fixations rep resen t processing  

time and are  d riven  by perceptual a n d /o r  cognitive  processes. This  

view is d isputed  here , and instead, it  is argued th a t visual scanning  

is basically a re flex ive  behavior.

Eye movements w ere recorded from 200 infants and 11 adults using  

a T V -b ased  in fra red  corneal eye tra c k e r . All records w ere manually  

parsed to isolate fixations and saccades.

It  is shown th a t fixatio n  duration  is d is trib u ted  exponentia lly  fo r all 

subjects. T h e  exponential is a basic w aiting -tim e d is trib u tio n  and it is 

deduced th a t fixations are  term inated by saccades tr ig g e re d  randomly 

in time by a memory less mechanism. I t  is also found th a t the  likelihood  

of a saccade increases w ith  stimulus size. T h u s , fixa tio n  term ination is 

influenced by stim ulating the perip hera l retina ra th e r than th e  fovea.

A "m ultiple ta rg e t model" is proposed in which saccades are  

tr ig g e re d  by ta rg e ts  in th e  e n tire  visual fie ld  w ith constant p ro b ab ility
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p er un it tim e. Th is  exogenous process is M arkovian and a theoretical 

treatm ent makes q u a n tita tiv e  predictions which are  corroborated by  

o th er studies.

It  is then shown th a t the likelihood of a saccade increases w ith the  

ra te  of d r i f t  of the  eye d u rin g  a fix a tio n . Th is  is because of the  

increased saliency of visual ta rg e ts  when th ey  d r i f t  across the re tina . 

The occurrence of saccades also increases as arousal level of infants  

increases, as measured by th e  speed of saccades. The  e ffect of state  

is incorporated into the model.

It  is concluded th a t, w hile fre e -v ie w in g , fixa tio n  duration is 

determ ined by the occurrence of saccades which are  tr ig g e re d  by the  

stimulus at the  level of the retina - not at h ig h er levels of the  b ra in .

Although this re flex ive  model is a radical d e p artu re  from the  

c u rre n t cognitive v iew , it  is conceptually simple and tes tab le . It  

makes a strong d istinction  between looking (d ire c tin g  gaze) and seeing 

(acq u irin g  in fo rm atio n ). The  ram ifications of th is  d istinction are  

discussed w ith respect to methodologies used to assess the in fan t 

visual system.
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IN TR O D U C TIO N

When we view an everyd ay  scene, o u r eyes move haphazard ly  

o ver the scene in a sequence of steady gazes (" fix a tio n s ") and fast 

flicks  ("saccades"). It  is genera lly  believed th a t inform ation is g a th ­

ered  by the visual system d u rin g  fixa tio n s , when the  images on th e  

retinas are  stable; and little  or no inform ation is gathered d u rin g  

saccades when the images are  b lu rred  from th e ir  motion across the  

re tin as . Saccades q u ick ly  red irec t the central p a rt of the  re tin a , 

which has b e tte r resolution than the perip hera l re tin a , to d iffe re n t  

fea tu res  of th e  visual scene. It is as if th e  eye w ere tak ing  a 

sequence of "snapshots" of d iffe re n t parts  of the visual scene. This  

behaviour is called "visual scann ing ."

1.1 A d u lt Visual Scanning

We are v e ry  active  in v isua lly  scanning our environm ent and we 

make about two saccades (o r  fixa tio n s ) per second, or about 100,000  

saccades p er day. We can slow down th is  rate when we "pay a tte n ­

tion" to an ob ject, o r we can speed it up w hen, fo r  exam ple, we 

read . A lthough in special circum stances, we can control our eye 

movements v o lu n ta rily , we are  usually unaware o f our eye movements 

and visual scanning seems to be an automatic process. As ad u lts , we
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are  heavily dependent on vision and it  is often thought th a t visual 

scanning plays an in tegra l role in visual perception . Indeed, our 

everyd ay  experience tells us th a t we point our eyes at an object in 

o rd er to see it ,  and it  takes considerable conscious e ffo rt to overcome 

th is re flex  w hen, fo r  exam ple, we have to look to the  side of on an 

object in low illum ination in o rd e r to see it .  I t  is, th e re fo re , u n d er­

standable to consider "looking” and "seeing" as a u n ita ry  function of 

perception . However, we shall make the d istinction between "looking" 

as an oculomotor process of d irec tin g  the eye (usually  by a saccade), 

and "seeing" as th e  acquisition of visual inform ation (d u rin g  f ix ­

ations) ,

An early  approach to understand ing visual scanning was v ir tu ­

a lly  to subjugate visual perception to motor behav iour, as embodied in 

th e  theories of Hebb (1949 ). It  has been contended th a t the actual 

sequence of eye positions d u rin g  visual scanning of an object is the  

neural representation of th a t object in the b ra in . Th is  idea has had 

a few protagonists who have tr ie d  to show th a t the  eye follows the  

same scanning p attern  w henever the  subject views the  same stimulus 

(Noton and S ta rk , 1971), Th is  is an extrem e point of view and has 

not been readily  dem onstrable.

A t the o ther extrem e and more w idely believed today, is th a t 

higher centres of th e  bra in  govern visual scanning behaviour; th a t 

is , "seeing" determ ines "lo o k in g ."  To support th is , th e re  is a large  

l ite ra tu re  showing how scanning behaviour is affected  by the  subject's  

in s tru ctio n s , ta s k , and expectations (Y a rb u s , 1967; Senders, F isher, 

and M onty, 1978; F ish er, M onty, and S enders, 1981). P articu lar
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emphasis has been d irec ted  tow ards the  duration  of fixations ra th e r  

than eye position. Th is  has been due to th e  inclination of th e  cogni­

t iv e  approach to employ the  concept of "processing time" as an impor­

ta n t variab le  of cognition. I t  is also due to th e  d iff ic u lty  in charac­

te ris in g  scanning p a tterns  by a single useful q u a n tity  beyond simple 

statistica l measures (such as d isp ers io n ). In spite o f th is  large  l i te r ­

a tu re , no general model of fixatio n  duration  has em erged, and n o t­

w ithstand ing  the  lack of progress, the  inform ation processing  

approach s till dominates th is  area of research ( e . g . ,  G ro n e r, Menz, 

F ish er, and M onty, 1983). T h e  p reva len t view seems to be th a t f ix ­

ations re flec t both visual and h ig h e r-lev e l processing tim e, and a f i x ­

ation is only term inated by a saccade when processing is complete.

1 .2  In fa n t Visual Scanning

The way we view in fa n t behaviour is in e v ita b ly  shaped by our  

understand ing  of the corresponding adu lt b eh av io u r. I f  ad u lt visual 

scanning is d riven  by h ig h -le ve l processing, then th e  deveiopm ental- 

ist in h erits  the  problem of e ith e r  imbuing the  in fan t w ith  innate h ig h - 

level processes, o r fin d in g  a d iffe re n t and sim pler mechanism fo r  v is ­

ual scanning in th e  in fa n t which develops even tu a lly  into the  fu lly  

in teg ra ted  percep tua l-m otor organization a ttr ib u te d  to adult visual 

scanning.

With th e  advent of corneal ph o to g rap h y , it  became possible to  

record eye position u n o b tru s ive ly  from the  human in fan t (Salapatek  

and Kessen, 1966; H a ith , 1969). Th is  opened up th e  possib ility  of 

observ ing  d ire c tly  the  developm ent of percep tua l-m otor in tegration  in
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visual scanning. Most studies on in fa n t scanning concentrated on 

w here the  in fan t looked when presented w ith a stim ulus, in a sim ilar 

way to the  pioneering studies of Varbus (1967) on adu lts . It  was 

found th a t in fants often only scanned parts  of th e  stimulus and not 

the  total stimulus as adults  usually do (S alapatek and Kessen, 1966; 

Nelson and Kessen, 1969; Salapatek, 1969, 1975). In p a rtic u la r, it 

was claimed th a t in fants p re fe rre d  to look a t th e  edges or vertices of 

geom etric fig u re s , which w ere often used fo r  stim uli. With the  d is ­

covery  of complex cortical cells by Hubei and Wiesel (1 9 68 ), the  so- 

called " fe a tu re -d e te c to rs " , the  notion th a t only stimulus elements are  

scanned by the  young in fan t had considerable appeal. I t  seemed to  

indicate a possible way perceptual learn ing could take  place; the  

young in fan t attends those stimulus fea tu res  th a t excite  th e  tuned  

cortical cells. V isual scanning, th e re fo re , was considered to have the  

function  of exercis ing  and stim ulating th e  grow th of th e  cortex  

(H a ith , 1980). As the cortex m atures, the  in fa n t would scan stimuli 

more broad ly  as th e  stimulus to ta lity  becomes more apprec ia ted . T h u s , 

as w ith ad u lts , "looking" behaviour is controlled by the  visual p ro ­

cessing (a lthough at a rud im en tary  le v e l). H ow ever, th e re  has been 

some controversy  o ver th is  projected developmental tre n d : Salapatek  

(1969) has claimed to fin d  more extensive scanning w ith  age. How­

e v e r in his s tu d y , th e  experim enter simply w atched th e  in fants ' eyes 

and drew  an estimate of eye position by hand on a facsimile of the  

stim ulus. By using more accurate and objective m ethods, Hainline and  

Lemerise (1982) have shown th a t th e re  is no developm ental tre n d  fo r  

breadth  of scan. T h ey  have shown th a t th e  in fan t does not adopt
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any re liab ly  iden tifiab le  scanning s tra teg y  - some infants w ill scan 

only  a subset of stimulus fea tu res  and o th er in fants w ill scan the  

whole stim ulus. No developm ental change was detected , which casts 

doubt on any perceptual-m otor developm ent which m ight be m anifest 

in visual scanning. Th ey  did observe an increase in the dispersion  

of fixatio n  eye position w ith stimulus size, which indicated th a t the  

scanning in infants was at least v isu a lly  sensitive to the  stim ulus.

U n fo rtu n a te ly , th e re  is a methodological problem in in te rp re tin g  

in fa n t scanning data . To be able to state precisely  w here a subject is 

looking, it  is necessary to ca lib ra te  the subject's line of re g ard . This  

is tru e  of any e y e -tra c k e r  technology o r subject. C alib ration  is easy 

w ith adults because th ey  can be in s tru cted  to look at calibration t a r ­

gets . With in fan ts , how ever, calibration is much more d iff ic u lt  and 

tim e-consum ing (H a rr is , H ain line, and Abram ov, 1981). No studies of 

in fan t visual scanning have in d iv id u a lly  calib rated  th e ir  in fan t sub­

jects and they  have relied upon "average" ca lib ra tio n . A lthough  

average  calibration is q u ite  adequate fo r  re la tive  measures of eye  

position, such as dispersion of fixation  eye positions, it is inadequate  

when eye position is to be related to the  fea tu res  of small stimuli 

(averag e  calibration has an accuracy of about 3 - 4  degrees or worse, 

see Hain line and Lemerise (1 9 8 5 )). T h u s , the  claim by Haith (1980) 

and others th a t in fants cross stimulus edges when scanning seems 

untenable considering the  absence of any ca lib ra tio n .

In spite  of its prom ising s ta r t , progress in understand ing visual 

scanning in in fants has been slow, not only because of the awkw ard  

problem of ca lib ra tio n , b u t also because of the  d iffic u lty  in in te rp re t­
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ing scanning p a tte rn s . Q u an tify in g  th e  spatial p a tte rn s  of fixations  

and then  using such a q u a n tity  to  re la te  th e  stim ulus to  perception  

has been a d iff ic u lt  u n d e rta k in g . We w ill attem pt to show th a t many 

aspects of v isual scanning fo r the fre e -v ie w in g  subject can be 

explained at a sensorimotor level in both th e  ad u lt and the  in fan t as 

"looking" ra th e r than "seeing ."

1 .3  Basic Approach

We shall be concerned mostly with the tem poral aspects of visual 

scanning ra th e r than w ith re la ting  eye position to stimulus fea tu res . 

This  avoids the  d ifficu lties  of ind ividual calibrations and in te rp re tin g  

scanning p a tte rn s . We shall also take  a somewhat unusual perspective  

of visual scanning by concentrating  on when fixa tio n s  are  term inated  

(u su a lly  by a saccade, bu t sometimes a head movement o r b lin k ) .  

Fixation duration  is then only the time between term inating  events . 

O f course this is really  only a s h ift in em phasis, bu t it makes no 

a p rio ri asssumptions about any "processes" th a t may occur d u rin g  

fix a tio n s . We shall consider th e  "active" component of scanning to be 

th e  te rm in atin g  event ra th e r than the fix a tio n ; th a t is, we consider 

visual scanning to be a sequence of "looking" behaviours ra th e r than  

as a "seeing" process.

To  beg in , we ask in a broad sense w hat can tr ig g e r  a saccade. 

Four general classes of saccadic etiology can be id e n tified , each 

req u irin g  a d iffe re n t level of neural o rgan ization . In descending le v ­

els of neural o rganization:

( i )  Saccades can be in itia ted  v o lu n ta rily  and consciously. We are
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aware of these d e lib era te  eye movements e ith e r  th rough introspection  

o r by th e  a b ility  o f o thers  to follow in s tru ctio n s .

( i i )  Saccades can be a learned behaviour. Reading is an example of a 

behaviour w here years of p ractice  resu lt in sequences of saccades to 

move the  eye in a specific p a tte rn  across a page. We are usually una­

w are of our eye movements d u rin g  reading.

( i i i )  A t a sim pler level, a saccade can be a re flex ive  behaviour t r ig ­

gered  by th e  sudden appearance of a visual ta rg e t in the  peripheral 

visual fie ld . Th is  reflex is often accompanied by a head movement and 

it  occurs in all species w ith ocular m otility .

( iv )  We also include the possib ility  th a t saccades could occur sponta­

neously w ith no apparen t extern a l stim ulus. Such ocular "tw itches"  

would re q u ire  no a ffe re n t visual system.

The  most parsimonious approach is to attem pt f i r s t  to explain  

scanning at the  lowest level of o rgan ization , nam ely, by postulating  

th a t saccades are  spontaneous and are not tr ig g e re d  v isu a lly . 

Because we are  aware th a t saccades can be tr ig g e re d  v isually  o r vo l­

u n ta rily  does not mean th a t th is  possib ility  should be discounted, 

especially in the  in fa n t. O nly if su ffic ien t evidence can be accumu­

lated to re ject th is  hypothesis should th e  next level of organization be 

e n te rta in e d , and so on. A lthough th is  approach may be se lf-ev id en t, 

it  has not been adhered to , p a rtic u la ry  in respect to visual scanning  

in the in fa n t. As discussed e a r lie r , th e  tendency has been to show 

th a t perceptual o r cognitive  influences on scanning entail th a t visual 

scanning is d riven  by these processes; o r in our scheme, scanning  

saccades are  a learned behaviour dependent on th e  completion of
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h ig h -leve l processes. The possib ility  th a t these saccades are  only  

reflexes has not been thoroug h ly  investigated , and th e  possib ility  

th a t th ey  are spontaneous has not even been considered in th e  lite ra ­

tu re .

The  temporal aspects of scanning from other studies are  d iff ic u lt  

to compare because th e re  has not been a consistent defin ition  of " f ix ­

a t io n .” T h e re  seem to be two in te r-re la te d  reasons fo r th is .

F irs t, w hat constitutes a fixation  depends on w hether scanning  

is considered to be a "seeing” or "looking" behaviour. I f  th e  form er 

view is maintained then "fixations" are  defined re la tive  to th e  stim u­

lus. T h u s , w hile the  eye remains pointing w ith in  a certa in  stimulus  

reg ion , a fixatio n  o r fixation  time is recorded (e .g .  M au re r, 1983). 

This  measure is also known as "looking time" o r "dwell tim e ."  The  

rationale behind this defin ition  is th a t the time spent by th e  subject 

looking at a region reflects some form of visual processing of th a t 

region. Depending on the size of the  reg ion , considerable detail of 

visual scanning can be lost.

If  fixation  is considered to be a motor b eh av io u r, th a t is, eye 

position is held re la tive ly  stable as opposed to d r if ts  o r fas t saccadic 

eye movements, then fixations are  determ ined solely by the  eye move­

ment recording since d iffe re n t eye movements need to be separated  

(p a rs ed ) only in tim e. The position of the eye re la tiv e  to the  stim u­

lus is irre le v a n t fo r  th is  defin ition  (a lthough it may be of g rea t in te r ­

est as a dependent v a r ia b le ). T h is  oculomotor defin ition  is almost 

u n iversa lly  accepted fo r  scoring eye movement recordings from  ad u lts , 

b u t it  has not been applied often to recordings from  in fan ts . In p a r t ,



9

th is  has been because o f the  above-m entioned view  of fixatio n  but 

also because of th e  d iffe re n t technologies th a t have been used to  

record eye movements in infants and ad u lts .

The  second d iff ic u lty  in defin ing  fixatio n  is methodological. Most 

studies of in fan t scanning have used corneal photography w ith poor 

tem poral and spatial resolution (see Hain line and Lem erise, 1985 fo r  a 

re v ie w ). T y p ic a lly , the  sampling ra te  of eye position has been less 

than 4 sam ples/sec w here  each sample has an exposure o f about 100 

msecs. With th is resolution it becomes impossible to draw  any conclu­

sions about th e  duration  of fixa tio n s . Spatial resolution also affects  

th e  apparen t fixatio n  duration  since detecting  the  term ination of a 

fixatio n  depends on the  a b ility  of th e  apparatus to resolve small sac- 

cades. Th is  is a problem  even when recording eye movements from  

adults  (K arsh  and B re itenbach , 1983). Poorer instrum ent resolution  

w ill y ie ld , on average, longer fixatio n  durations because small sac- 

cades go undetected . T h is  probab ly  explains the d iffe ren ce  between  

the  only two published studies w ith  m eaningful sampling rates th a t 

rep o rt on in fan t fixatio n  duration  (Bronson (1982) and Coles and S ig- 

man (1 9 8 6 )).

Bronson’s measurements yie ld  d is trib u tio n s  of fixatio n  durations  

w ith  a modal duration  of about 500 msecs. His instrum ent resolution  

was about 1 -  2 degrees, which Bronson ju s tifies  to be adequate  

because of the  immature in fan t macular region. Coles and Sigman 

found  v e ry  short durations w ith  a mode below 200 msecs. H ow ever, 

th e ir  instrum ent had a resolution of 0 .5  -  1 .0  degrees, which p ro b ­

ab ly  detected many small saccades th a t Bronson's apparatus could
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not. It  is of in te res t to note th a t Bronson in te rp re ted  his long 

duration measurements as s ig n ify in g  "suboptimal visual processing" - 

in contrast to the  view th a t in adu lts , longer fixations indicate more 

processing. A lthough th e re  is evidence th a t th e  in fan t fovea is imma­

tu re  (A bram ov, Gordon, H endrickson, H ain line, Dobson, and LaBossi- 

e re , 1982; Hendrickson and Yuodelis, 1984), it is an empirical ques­

tion w hether and how th is  affects fixatio n  d u ra tio n .

We shall use a T V -b ased  corneal reflection system th a t has a 

sampling ra te  of 60 Hz and a spatial resolution of 0 .5  degrees. This  

is an improvement over many o ther techniques but is still leaves 

problems in defin ing  fixa tio n s . It  must be borne in m ind, th e re fo re , 

th a t fixation  duration  has to be operationally  d efin ed , at least w ith  

the c u rre n tly  available techniques fo r recording eye movements from  

in fan ts . Th is  issue will be discussed fu r th e r  in Section 3 .

We shall examine the duration  of fixations of th e  in fan t under a 

v a rie ty  of stimulus conditions fo r  th e  follow ing reasons. Most studies  

on in fant v isual scanning have concentrated on th e  spatial p a tte rn  of 

fixatio n s. We know v e ry  little  about the duration  of fixations in the  

in fa n t. I t  is d iff ic u lt  to assess th e  value o r "valency" of a stimulus
i

from an in fa n t's  v iew point. P referen tia l looking has shown th a t 

in fan ts ' p re fe ren ce  is sensitive to the  amount of contour in a stimulus 

(Karm el and Maisel, 1975). For simple stim uli, p re feren ce  increases

i
Data from p re fe ren tia l looking must be in te rp re ted  cautiously . I t  

has not y e t been shown w hether th is  paradigm  elic its  tru e  " p re fe r ­
ence" from th e  in fan t (in  term s of cen tra lly  comparing the two stim­
u li) o r it e licits an o rien ting  re flex  depending on th e  re la tive  saliency  
of th e  two stim uli; p re fe ren tia l looking is a special case of visual 
scanning and so this issue w ill be re tu rn ed  to la te r (Section 8 ) .
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w ith th e  amount o f contour up to a maximum and then declines w ith  a 

fu r th e r  increase in the  amount of contour. A t least fo r  checkerboard  

stim uli, an equally  good and perhaps more sensible p red ic to r of this  

preference is the  spatial freq u en cy  content of th e  stim ulus. G ayl, 

R oberts , and W erner (1983) have re -analysed  Karmel and Maisel data  

to show th a t in fan ts ' preference can be pred icted  by th e  total power 

in a freq u en cy  band centred around the  spatial freq u en cy  w ith  the  

highest power a fte r  filte r in g  by the  in fan ts ' visual system . Banks 

and Salapatek (1981) have also shown th a t the  change in p re fe rre d  

checkerboard size w ith age is in agreem ent w ith  th e  developm ent of 

the  in fants ' most sensitive spatial fre q u e n cy . H ow ever, it  is not 

clear th a t the preferences of in fants at all ages is based solely on the  

power o f th e  spatial freq u en cy  content of th e  stim ulus. Banks (p e r ­

sonal communication) suggests th a t in fants become sensitive  to the  

phases of the  spatial frequencies in a stimulus a fte r  about 3 months. 

N everthe less , if d iffe re n t stimuli e lic it d iffe re n t looking tim es, it 

would seem like ly  th a t fixatio n  duration should also be a ffected  by the  

stim uli.

A nother reason fo r  using d iffe re n t stimuli is th a t q u ite  d iffe re n t  

and unexpected effects  can occur. A s tudy on in fa n t saccades showed 

th a t the ratio  of saccadic peak velocity  to saccadic m agnitude  

depended on which stimulus was viewed by th e  in fants  (H a in lin e , 

T u rk e l, A bram ov, Lemerise, and H a rris , 1984; see A ppendix  H ) . This  

ra tio  usually remains constant fo r a le rt ad u lts . I f  only one stimulus  

had been used, q u ite  d iffe re n t conclusions would have formed  

depending on which stimulus was used. Th is  stimulus dependency
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w ill be examined more closely in Section 7, b u t fo r  now, it illustra tes  

th e  advantages of using a v a r ie ty  stim ulus conditions when recording  

eye movements from in fan ts .

1 .4  Preview

It  w ill be shown th a t th e  use of d iffe re n t stim uli and many sub­

jects e lic its  a w ide range of mean fixatio n  durations (Section 3 ) .  In 

Section 4 , th e  method of moments w ill be used to show th a t th e re  is a 

common d is trib u tio n  of fixatio n  durations among in fan ts . T h is  d is t r i ­

bution shape w ill be iden tified  as basically the  Exponential w a itin g ­

time d is trib u tio n  (ac tu a lly  a compound e xp o n en tia l), which has im por­

ta n t implications fo r how fixatio ns  are  te rm inated . In te re s tin g ly , the  

same basic d is trib u tio n  will be found in adults under the  fre e -v ie w in g  

condition. The  identification  of th is  d is trib u tio n  is an im portant clue 

to  th e  u n d erly in g  mechanism fo r  fixatio n  term ination . T h re e  models 

w ill be en te rta in ed  in keeping w ith the  classes of saccadic etiology as 

described e a r lie r . These w ill be a spontaneous saccade model, a 

re flex ive  saccade model (th e  "m ultip le  ta rg e t m odel"), and a learned  

saccade model (th e  "CPU m odel").

In Section 5 th e  e ffe c t of stim ulus size on mean fixatio n  duration  

will be shown and discussed. Th is  w ill lead to the  acceptance of the  

re fle x iv e  model as the best f it t in g  model. The  simple logic of th is  

model w ill be extended to make some pred ictions u nder special stim u­

lus conditions which w ill be corroborated  by o th e r ex is tin g  stud ies. 

I t  w ill then be shown th a t th e  e ffe c t of stimulus size on scanning is 

less pronounced in the in fa n t. Sections 6 and 7 w ill attem pt to



13

explain th is .

In Section 6 an attem pt to measure eye d r i f t  d u rin g  fixations w ill 

be made. Because of instrum ent noise, it w ill only be shown th a t f ix ­

ation duration and d r if t  ra te  are  approxim ately reciprocally  re la ted . 

Th is  will open up th e  possib ility  th a t d r i f t  ra te  may play an im portant 

role in visual scanning.

The fina l analysis in Section 7 w ill examine the  e ffec t of arousal 

on fixation  d u ra tio n . I t  w ill be shown th a t lower levels of arousal are  

associated w ith  sh o rte r fix a tio n s . A simple modification of the  model 

w ill be suggested to account fo r th is  in fluence.

In th e  summary (Section 8 ) ,  th e  results  w ill be reviewed and th e  

model will be compared to the ex is tin g  data on in fan t scanning. 

Because of the  n atu re  of exis ting  data , th is comparison will only be 

q u a lita tiv e . N evertheless, some of the  e a rly  w ork on in fan t p erim etry  

(P . H arris  and M acFarlane, 1974; M acFarlane, P. H a rr is , and B arnes, 

1976) w ill be exp la ined , and an a lte rn a tiv e  description of p re fe ren tia l 

looking will be proposed.

F in a lly , two points need to be emphasised. F irs t, a s tr ic t ly  

em pirical approach will be followed. Assumptions about the  in fan t's  

oculomotor and visual abilities will be kept to a minimum. No assump­

tions on the  existence of perception o r high level processes in the  

in fa n t w ill be made. This is not to imply th a t these processes do not 

ex is t in the  in fa n t, b u t ra th e r , th a t they  are not necessary to  

explain  scanning (a t least under o u r stimulus cond itions). The anal­

yses are  not hypothetico -deductive  and the  model to be described is 

essentially d a ta -d r iv e n .
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Second, because th is  is a behavioural s tu d y , no physiological 

model w ill suggested. A lthough neurophysiological studies have given  

us considerable insight into th e  visual and oculomotor systems, the  

pathways between these systems is large ly  unknow n. In spite of the  

c lear find ings  to be shown h ere , it is fe lt th a t extrapolations to the  

neurophysiological level a re  prem ature. How ever, since we shall be 

concerned w ith v isually  tr ig g e re d  saccades, it w ill be necessary to 

consider the f ilte r in g  action of th e  visual system, p a rtic u la r ly  its spa­

tial inhom ogeneity. To do th is  we shall make continual references to 

th e  retina and the receptive  fie ld  organization of th e  re tin a l ganglion  

cells. We ju s tify  th is  on th e  grounds th a t any visual inform ation  

must pass th rough  the  re tina  and , also, th a t we know much more 

about the  re tina  than any o th e r parts  of the visual system . N e v erth e ­

less, it  should not be construed th a t we are  proposing a d irec t con­

nection between th e  retina and the  oculomotor system and th a t o th er  

parts  of th e  visual sytem play only m inor roles in visual scanning.
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[2]

METHOD AND M ETHODOLOGICAL ISSUES

2.1 A pparatus

Eye movements were recorded from infants and adults using a 

T V -b ased  in fra red  corneal re fle c tio n /b r ig h t pupil system. Th is  was a 

commercially m anufactured system (A pplied  Science Laboratories ,

model 1994), w ith extensive modifications to the optics. An overall

schematic of th e  system is shown in F igure 1.

The basic mode of operation is as follows: A v ir tu a lly  inv is ib le  

collimated in fra red  beam is projected onto the subject's eye. The  

an te rio r surface of the  subject's cornea acts as a p a rtia lly  re flec tive  

convex m irro r by re flec ting  some of the lig h t back to a video camera. 

T h e  remaining lig h t is transm itted  through the ocular media and imp­

inges on the  re tin a . Because the  subject is accommodating a stimulus 

at about 2D , the  transm itted  lig h t does not come to a focus at the  

re tina  b u t is d iffu se ly  re flec ted . A portion of th e  d iffu se  reflection  

back-illum inates the  subject's pupil and re-em erges from  th e  eye 

towards th e  video camera. An in fra red  sensitive video camera forms

two images - an image of the  corneal reflection (the  f ir s t  P u rk in je

im age), and an image of the b r ig h t p u p il. A considerable proportion
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Figure  1

A rrangem ent o f major components fo r  recording  
eye movements from in fan ts . Note: For th e  s in ­
gle ta rg e t and b ar stimuli the rear-p ro jec tio n  
screen is replaced by a C R T m onitor.
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of lig h t is lost th ro u g h  sca tter and absorption in the  ocular media, 

depending on accomodative state and pigm entation. By means of beam 

s p litte rs , the  in fra re d  source, th e  video camera, and th e  stimulus are  

coaxial w ith  th e  subject's r ig h t eye when the eye is in its prim ary  

position. T h u s , when th e  subject is looking s tra ig h t ahead, th e  f ir s t  

P u rk in je  image (P I )  w ill appear a t the centre  of the  b rig h t pupil 

image. As the  eye rotates, both images move at d iffe re n t rates in th e  

direction  of ro tation , and PI no longer appears at th e  cen tre  of the  

pupil image. The  eccen tric ity  of Pi from the  centre  of th e  pupil image 

is a measure of the  amount and d irection  of eye movement (F ig u re  2 ) .  

T h e  advantage of using both images to measure eye position, ra th e r  

than say ju s t P I,  is th a t th e  d iffe ren ce  between PI and th e  cen tre  of 

the  pupil image is independent of head motion. T h e  separation  

between PI and the  pupil cen tre  is calculated from the  video image by  

a m icroprocessor-based (p ro p r ie ta ry ) a lgorithm , which estimates th e  

horizontal and vertica l components of the eye ro tation . These e s ti­

mates are then transm itted  d ig ita lly  to a host com puter fo r storage on 

magnetic tape and la ter o ff- lin e  analysis . The  pupil d iam eter is also 

measured and transm itted  to  th e  host com puter; th is  is useful since it  

allows the eye position data to be cross-checked fo r  v a lid ity  when 

blinks or poor pupil delim iters occur (see below ). The major compo­

nents of th is  system will now be described .

In fra re d  Source

A 150 w att tungsten  filam ent lamp (24 V ) provided s u ffic ien t ra d i­

ation in th e  near in fra red  fo r  successful operation of the  e y e -tra c k e r  

w ith  most subjects. The  lamp was d riven  by a constant DC c u rre n t
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F ig u re  2

S ty liza tion  of the  optical components in th e  eye- 
tra c k e r . Lower panel shows d iffe re n tia l move­
ment of b r ig h t pupil and f ir s t  P u rk in je  image 
(d o t ) .
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source a t a c u rre n t ad justab le  by th e  operato r up to 6 amps - the  

processing electronics in the e y e -tra c k e r  would not to operate p ro p ­

e r ly  if the  IR beam w ere too weak o r too intense, depending on how 

much lig h t was reflected  from  a p a rticu la r subject's re tin a . The v is i­

ble and u ltra v io le t radiation was filte re d  out by two absorption filte rs  

(C o rn in g  7-69 heat f i l te r  and crossed Polaroids, H N -7 , fo r  th e  v is i­

b le ) . The  resu lting  pass region peaked a t 970 nm w ith 100 nm h a lf­

power bandw id th . Th is  was invis ib le  under any of the stimulus condi­

tions (a lthough a fu lly  d a rk  adapted adu lt subject could see a fa in t  

red glow when no stimulus was p re s e n t). A lens w ith  a focal length  

of 30 mm collimated th e  beam. Forced a ir  was used to p re v e n t o v e r­

heating of th e  assem bly. As a safeguard , two photodiodes were  

installed on the  subject's side of the  filte rs  to switch o ff the  filam ent 

c u rre n t in s tan tly  if th e  lig h t in tens ity  suddenly rose. Th is  hazard  

m ight have occurred  (b u t n ever d id ) should a f i l te r  have cracked  

because of excessive heat absorption.

Video Camera

A Hitachi camera (model H V -16S U ) was operated at standard  

television specification (60 Hz) w ith  a one inch silicon v id icon. A 

telephoto lens was attached to provide the necessary m agnification of 

the  subject's pupil at 60 cm (e ffe c tiv e ly  270 mm f /3 .5  -  4 .0 ) .  The  

diam eter of the  image of the pupil usually took up about 1 /3  o f the  

fu ll fram e w id th .

Subject Placement

In fa n t subjects w ere held u p rig h t against the  shoulder of an
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assistant so th a t an in fan t's  chin would rest immobile on the

assistant's shoulder. T h e  assistant's  hand also held the  in fa n t’s head 

la tera lly  firm ly  against the  crook of the ass is tan t’s neck. The  assis­

ta n t faced away from the  stimulus and viewed a T V  monitor which 

displayed th e  IR camera image of the p u p il, which perm itted the

assistant to maintain the subject's  eye in the  fie ld  of view of the IR  

camera. The fie ld  of view was about 2 .5  x 2 .5  cms in which the

whole pupil had to be m aintained in o rd e r fo r  the  processing e lec tron ­

ics to fu n c tio n . The  depth of fie ld  of the  IR camera telephoto lens 

was about 1 cm. T h u s , th is  optical arrangm ent prov ided  an excellent 

means of m aintaining a constant eye position from subject to subject 

since data could not be collected if the subject's eye moved outside  

th is  volume. A d u lt subjects w ere stabilised by a chin res t.

Eye T ra c k e r's  Detection A lgorithm

Provided the  subject's eye m aintained its position in the  volume 

of view of the IR camera, a v e ry  b r ig h t f irs t  P u rk in je  image ( P I )  and 

a somewhat less b r ig h t pupil image w ere formed against a d a rk  back­

g round . T h e  pupil image was g en era lly  an ellipse w ith an eccen tric ity  

th a t depended on th e  angle of eye ro ta tion . PI was small and ap p ro x ­

im ately c irc u la r w ith  a size dependent on the  amount of defocus. 

Defocus was always present since PI and the pupil image are  not 

coplanar, and a compromise plane of focus was necessary. The  p ro b ­

lem fo r the  algorithm  is to fin d  th e  geom etric centres of these two 

images. A lthough th e  details  a re  p ro p r ie ta ry , th e  basic algorithm  

functions in th e  follow ing m anner: Each ra s te r line of the  IR image is 

scanned fo r  two in te n s ity  trans itio ns  - a d a rk  to b r ig h t tran s itio n
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ind icating  the  beginning of the  b r ig h t pupil against the  d a rk  back­

ground; and a b r ig h t to v e ry  b r ig h t tran s itio n  ind icating  the beg in ­

ning of the  v e ry  b rig h t f i r s t  P urkin je  image superimposed on the  

b r ig h t pupil image. W henever these transitions occurred  along a 

ra s te r line, th e ir  coordinates w ere stored in memory and a small 

b rig h t dot was superimposed on th e  image and displayed on the o p er­

a to r's  and assistant's monitors in o rd e r to g ive  feedback on the a lg o r­

ithm ’s perform ance. The  thresholds fo r detecting  these transitio ns  

w ere set by the operator via "delim iters" (potentiom eters) fo r re liab le  

identification  of PI and the  b r ig h t pupil image. O ccasionally, the  

in ten s ity  of the IR beam a n d /o r the  f/s to p  of the IR  camera te lephoto  

lens had to be adjusted (b u t never the fo cu s ). By id en tify in g  these  

trans itio ns  in the re levan t ras te r lines, th e  loci of the le ft edge of 

th e  b r ig h t pupil and PI were d ig itized . Firm ware in th e  resident 

m icroprocessor then found the centres of the b e s t-f itt in g  ellipses to 

each of these boundaries. The  horizontal and vertica l separations of 

the  two estimated centres w ere thus calculated e v e ry  T V  fram e. 

Because of noise, estimates from  every  two consecutive frames w ere  

averaged before being transm itted  to the host com puter.

2.2 System Response

In o rd e r to in te rp re t th e  eye movement data recorded by th is  

ins trum ent, it  is essential to understand the  details of its response to 

any eye movement. It  should be noted th a t these details could not be 

provided by the m anufacturer of the  e y e -tra c k e r  and so th ey  w ere  

w orked out fo r our p a rtic u la r instrum ent.
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L in e arity

As mentioned above, the  m icroprocessor computes th e  coordinates 

of the  centres of the f ir s t  P u rk in je  image and the pupil image. The  

d iffe ren ce  between these two centres is then an estim ate of eye posi­

tio n . In fa c t th is  estimate is proportional to th e  sine of th e  angle  

th rough  which the eye moves re la tive  to the system's axis (Young and 

Sheena, 1975), assuming a spherical cornea. For small angles the  

sine of an angle is approxim ately equal to the angle itse lf (when 

specified in ra d ia n s ). T h e  largest stimulus here subtended a total 

angle of 45 degrees at the  subject so th a t we can exp ect, ro u g h ly , a 

maximum eye rotation of 2 2 .5  degrees from th e  system's axis . This  

causes a d e p artu re  from lin e a rity  of about 0 .6  degrees (2%). Since 

th e  resolution of the e y e -tra c k e r  is about 0 .5  degrees and since the  

eye is much closer to the system's axis most of the  tim e, we can 

ignore th is re la tiv e ly  small d e p artu re  from lin e a r ity .

A possibly more serious d e p artu re  from lin ea rity  m ight be caused 

by the asp h eric ity  of the  cornea. In infants and a d u lts , the  radius of 

c u rv a tu re  increases rad ia lly  from  the corneal pole. Th is  increase can 

be as much as 10% at 3 mm from  the  pole (M andell, 1967). T h e re fo re , 

as th e  eye ro ta tes , P1 and th e  b r ig h t pupil image are  formed by d if ­

fe re n t parts  of the  cornea th a t have d iffe re n t c u rva tu re s  and powers. 

T h is  problem is worked out in A ppendix A using an ellipsoidal 

approxim ation of the  corneal p ro file  as suggested by Mandell and Y ork  

(1 9 69 ). I t  is found th a t th e  e ffec t of ellipsoidal asp h eric ity  on the  

lin e a rity  of th is  e y e -tra c k e r  is small (< 2%).
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Static Calibration

The o u tp u t o f th e  e y e -tra c k e r  was two 8 -b it  d ig ita l numbers (0  - 

255 machine u n its ) which were proportional to th e  horizontal and v e r ­

tical angles subtended by the  o p tic a l a x is  of th e  cornea to th e  axis of 

th e  system. T h e re  are  two unknown factors th a t ideally  need to be 

known, nam ely, th e  constant of p ro p o rtio n a lity  (G a in ) and the D C - 

o ffse t. T h e  gain consists of an instrum ent component and a subject 

component. The instrum ent component depended on th e  optical m agni­

fication of the system and the distance from th e  subject's eye to the  

camera. Because of the  small depth of fie ld  of th e  telephoto lens, the  

instrum ent component o f gain remained e ffec tive ly  constant. The  

sub ject-d ependent component depends on the optics of the  p a rtic u la r  

subject, namely, the distance between the  cen tre  of c u rv a tu re  of the  

cornea and the cen tre  of th e  entrance pupil (Y oung and Sheena, 

1975; A ppendix A ) .  T h is  optical d istance, K , will v a ry  among sub­

jects since it depends on th e  corneal c u rv a tu re  and the depth of the  

a n te rio r cham ber; th u s , each subject w ill have a s lig h tly  d iffe re n t  

g a in . Anatom ically small eyes (such as in fa n ts ') have shallow a n te rio r  

chambers b u t th is  is o ffse t by corneas with small rad ii of c u rv a tu re . 

T h e  opposite occurs fo r  large  eyes. Bronson (1982) has calculated  

th a t the  gain fac to r fo r  in fan t eyes is only s lig h tly  d iffe re n t from  

ad u lt eyes. T h u s , an average gain fac to r describes both in fa n t and  

a d u lt populations equally  w ell. An average gain fa c to r fo r  the  com­

p lete  instrum ent was based on 6 adults and applied to all ad u lt and  

in fa n t subjects. C a lib ration  data from several in fants (H a rr is , H am - 

line and A bram ov, 1981) confirm ed the appropriateness of its value.
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This  is q u ite  adequate fo r  o u r purposes, since we are  only concerned  

w ith the "average" perform ance of subjects, and we are  not concerned  

w ith how a specific subject perform s in relation to  o th er subjects. I t  

should be noted th a t even a gain fac to r is not necessary fo r  estim at­

ing some quantities; in p a rtic u la r , main sequence slope of saccades is 

th e  ratio  of eye velocity  to  saccade am plitude, which is independent 

of gain .

The fovea in th e  typ ica l adu lt retina lies about 5 degrees tempo­

ra lly  from the optic axis o f the  eye (M illodot, 1982). In the  in fa n t, 

th e  fovea (o r its anatomical p recu rso r) appears to lie fu r th e r  eccen­

tr ic  (S la te r and F ind lay , 1972) and appears to move towards the  ad u lt 

location with age. I t  is unclear w hether th is movement is tru e  m igra­

tion or ju s t apparent because of eyeball grow th (S la te r and F ind lay , 

1975). T h u s , knowing w here the  optic axis of the  eye in tersects  th e  

visual scene does not te ll us w here the point of reg ard  is in the  v is ­

ual scene. Each subject has an o ffse t depending on th e  location of 

his fovea w ith respect to th e  optic  axis of the  eye; how ever, in th e  

in fa n t, th is  problem is exacerbated  by the im m aturity of the fovea  

(Bach and S eefe lder, 1914; M ann, 1964; Abram ov, G ordon, H e n d rick ­

son, H ain line, Dobson, and LaBossiere, 1982; H o lly fie ld , F re d eric k , 

and R ayborn , 1983; Hendrickson and Youdelis, 1984) which may not 

be functiona l. Perhaps the  in fan t p re fers  some o th er re tinal locus fo r  

line of re g a rd , or even has no single consistent location. N o tw ith ­

standing th e  various calib ration  schemes th a t have been devised (B u l-  

lin g er and Kaufm ann, 1977; Carm ody, K undel, and Nodine, 1980; 

H a rris , H ain line, and A bram ov, 1981; Kliegl and O lson, 1981; M endel-
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son, H a ith , and G oldm an-R akic, 1981), accurate ly  re la tin g  the  point 

of regard  to a stimulus fe a tu re  is s till a major problem in in fant eye  

movement record ing .

For our purposes absolute calibration  is not necessary, and the  

d ifficu lties  of ind ividual in fan t calibrations can be avoided. We are not 

attem pting to re late  eye position to stimulus fea tu res  because of the  

reasons outlined in th e  In tro d u ctio n ; o u r concern is w ith re la tive  

measures of eye position such as am plitude of movement (saccade 

am plitude) o r standard  deviation of eye position (b re a d th  of scan ). 

For these quantities  th e  constant o ffse t fa c to r subtracts  out and is 

not necessary. O f course, we are assuming th a t th e  in fan t uses a 

single re tinal location o r , at least, a closely packed a rra y  of re tinal 

locations fo r  the line of reg ard .

Dynamic C alibration

The  dynamic properties  of the  e y e -tra c k e r  need also to be 

understood fo r  the  co rrect in te rp re ta tio n  of m easured fa s t eye move­

ments. Here we are  concerned w ith bandw idth and sampling rate  

issues. A lthough th is e y e -tra c k e r  has a much h ig h er bandw idth and 

sampling rate than most o th e r instrum ents th a t have been used w ith  

in fan ts , it  is still low compared to the  bandw idth of saccadic eye 

movements. T h e  e ffec t of low bandw idth is th a t the  measured 

veloc ity  of saccades will be lower than it rea lly  is because the  in s tru ­

ment is unable to respond fas t enough. Th is  also causes saccades to  

appear to have longer durations than th e y  rea lly  have. T h e  effects  

o f bandwidth and sampling rate  is a complex problem  and it is exam­

ined both genera lly  and w ith re ference  to o u r instrum ent in A ppendix
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B. It  is shown th a t peak veloc ity  o f saccades can be recovered from  

th e  eye movement records in sp ite  of th e  suboptimal bandw idth . In  

o rd e r to accomplish th is  calibration  it  was necessary to present th e  

e y e -tra c k e r  w ith a contro llable and known in p u t. An a rtific ia l eye  

was constructed using a contact lens and rotated by a galvanom eter 

motor. Saccades could then be simulated and the e ffe c t of the dynamic 

response of the  e y e -tra c k e r  was m easured. Details of th e  a rtific ia l eye  

are given in A ppendix C.

Noise

It  was also necessary to measure the noise level of th e  eye- 

tra c k e r . Th is  was accomplished by placing the a rtific ia l eye at various  

angles to th e  system axis fo r  periods of fiv e  seconds (300 sam ples). 

The standard deviation of the records was found to be about 0 .5  

degrees at all angles. The  horizontal and vertica l components w ere  

u n corre la ted . The effects  of noise are  discussed extens ive ly  in 

Appendix B.

2 .3  Subjects

In fan t subjects w ere all h ea lth y , fu ll term , and ranged in age 

from 14 to 256 days. Th ey  w ere located th rough  contacts w ith hospi­

ta ls  and physic ians. Parents signed a consent form  before  data col­

lection began. A dults w ere fa c u lty , students and research assis­

tan ts .

2.4 Stimulus Conditions

Two kinds of stimuli w ere used: static  and o p era to r-co n tro lled .
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The static stimuli w ere photographic slides re ar-p ro je c te d  onto a 

view ing screen and advanced by th e  host com puter. The  screen was 

50 cm from  th e  subject's eye and subtended an angle of 45 degrees at 

the subject. T h re e  subcategories of stimuli w ere used: ( i )  simple

black and w hite geom etric forms (c irc le s , squares, and tr ia n g les ) in 

sizes 5, 20, and 30 degrees (H a in line  and Lem erise, 1982); geometric  

forms which were luminous w ith a d a rk  background will be called  

"negative" shapes, and geom etric forms w ith  a d a rk  in te rio r and lum i­

nous background will be called "positive" shapes, ( i i )  tex tu res  con­

sisting of black and w hite  grad ien ts  of lines, and patterns  created  

from juxtaposed checkerboards of d iffe re n t check sizes ( e .g . ,  see 

Gibson, 1950); ( i i i )  Complex coloured scenes. T h e  tex tu re s  and com­

plex scenes filled  the  e n tire  screen.

For the  o p era to r-co n tro lled  stim uli, th e  re a r projection screen  

was removed and replaced by a 19" C R T m onitor (H e w le tt-P a c k a rd , 

model 1310A ). The  C R T  was s ituated 60 cm from  the subject's eye  

and subtended 30 degrees horizonta lly  and 22 degrees v e rtic a lly .  

The phosphor was green (P 3 1 ). The screen was m aintained at a mean 

luminance of about 2 n its and a small b r ig h t spot (1 degree x 1 

deg ree ) was superimposed by a p a tte rn  g en era to r (R o ckefe lle r U n i­

v e rs ity  optical s tim ulator model V 2 ) .  T h e  position of th is  spot could  

be controlled by a host com puter. A pseudo-random  sequence of posi­

tions fo r  th e  spot was stored in the host com puter and stepped  

th rough sequentia lly  as requested by th e  o p erato r via a remote 

sw itch . When the spot had remained at a new position fo r more than  

2 seconds, it was autom atically flashed on and o ff a t 2 Hz w ith equal
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d u ty  cycle. Th is  was done to a ttra c t the in fan t subject in case h e /sh e  

had not noticed th e  change in stimulus position. As soon as the o p er­

a to r requested a new position in the pseudo-random  sequence, the  

flashing was autom atically stopped and the  spot remained on fo r one 

second before being moved to th e  new position, w here it remained fo r  

another two seconds before  flash ing  again , e tc ..

For some sessions, th e  spot was replaced by a vertica l o r h o ri­

zontal b a r (1 degree w ide) th a t tra v e rs ed  th e  screen. The b a r was 

moved in a sim ilar fashion to the  spot except only along its orthogonal 

dimension. Bars w ere used because th ey  possibly prov ided  a more 

salient ta rg e t fo r  the  in fa n t.

In spite of the fla sh in g , most in fant subjects d id  not f in d  these  

operator controlled stim uli p a rtic u la rly  engag ing . It  is not c lear  

w h eth er these stimuli w ere n ever v e ry  salient or ju s t v e ry  b o rin g . 

In o rd e r to increase the likelihood of collecting eye movement da ta , a 

v a rie ty  of sounds (ra tt le s , whistles e tc .)  w ere generated  from  behind  

the  C R T to a ttra c t and o rien t th e  in fan t subject.

2 .5  Procedures

T h e  subject placement (see above) and the  small fie ld  of view  of 

the  camera demanded th a t in fants were in a state of a le rt in a c tiv ity  

w hile eye movements w ere recorded. If  an in fa n t did not m aintain  

th is  state because of sleepiness, fussiness, h u n g er, c ry in g , o r o th er  

untow ard and v ic issitud inous behaviour, the in fa n t was removed from  

the  appara tus . I f  th e  a le r t inactive  state was regained , th e  in fa n t was 

re tu rn ed  to the  apparatus  fo r  fu r th e r  reco rd in g , o therw ise th e  ses­
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sion was term inated . For th e  static  s tim uli, each stimulus was 

presented fo r  10 seconds w ith an in te r-s tim u lu s -in te rv a l of 5 seconds. 

D u rin g  the in te rva l a slide o f a human face was presented b u t no 

data w ere collected. For th e  o p erato r-co n tro lled  stim uli, data were  

collected continuously while the  in fan t was a le r t . Pacifiers w ere used 

only fo r some subjects view ing the complex scenes.

2 .6  Analysis

The  f irs t  and im portant aspect o f data analysis was to segment 

the  eye movement record into the  categories of in te res t (saccades and  

f ix a tio n s ). Then a p a rticu la r param eter of in te res t could be measured  

from  each re levant segment (saccade am plitude, fixatio n  d u ra tio n , 

e tc .)  fo r fu r th e r  analysis. The  problem was to decide how to parse a 

record into each category of eye movements - m anually o r by an au to ­

matic com puter a lgorithm . A successful algorithm  would be many 

times fa s te r than by hand, and the  huge amount of data here p ro ­

vided a strong incentive  to use the  com puter. H ow ever, th e re  are  

some serious problems to be considered which caused us to re ject the  

automatic com puter a lgorithm .

( i )  Com puter algorithm s req u ire  rig id  c rite r ia  in o rd e r to make deci­

sions which must be set up ahead of time by th e  program m er; how­

e v e r, we were not sure w hat to expect from in fa n t subjects . T h ere  

was a strong possib ility  th a t subsequent analysis would be u n w ittin g ly  

biased e ith e r because of a poor choice of c r ite r ia , o r , because of a 

s id e -e ffec t of th e  algorithm  its e lf. As Karsh and B reitenbach (1983) 

have dem onstrated, th is  is a serious problem even in the  automatic
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analysis of ad u lt data . For exam ple, th ey  show th a t by re -an a lys in g  

th e  sam e ad u lt eye movement reco rd , a change in algorithm  c rite r ia  

yielded completely d iffe re n t scanning p a tte rn s , numbers of fixa tio n s , 

and mean fixatio n  d u ra tio n s . T h e ir  e ffec t was large: fo r  exam ple, by  

increasing th e  number of sample points th a t determ ined th e  onset of a 

fixa tio n  from 2 to 6 , th e ir  algorithm  yielded an increase in mean f ix ­

ation duration  from 96 msecs to  249 msecs.

( i i )  A lthough a human o p era to r could d is tingu ish  betw een, fo r  exam­

p le , a small saccade and machine noise, it was unclear how to p ro ­

gram a com puter to make th e  same distinction -  humans are still much 

b e tte r  a t p a ttern  recognition than com puters.

( i i i )  E rro rs  are  inevitab le  in both manual and automatic procedures . 

H ow ever, system atic algorithm s make system atic e rro rs , w hile humans 

are more like ly  to make random e rro rs . The  la tte r  are  p re fe rre d  

when tren d s  and populations are  to be studied .

( iv )  Even if an automatic algorithm  is used, th e  fina l decision is by a 

human. T h is  is e ith e r im plicit when the perform ance of an algorithm  

is assessed at th e  tes tin g  stage; or exp lic it when an u n c erta in ty  

arises. In o th er w ords, automatic parsing is not "b e tte r"  than man­

ual p a rs in g , ju s t fa s te r.

(v )  With an automatic p ro ced u re , one does not see o r  get a "feel" fo r  

the  data; such impressions can be im portant in form ing hypotheses.

I t  was fe lt  th a t th e  disadvantages of com puter algorithm s o u t­

weighed th e ir  advantages o f speed and re lia b ility . T h e re fo re , an
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in te ra c tiv e  program  was developed which allowed th e  o p e ra to r to  parse  

b u t used th e  com puter to compute ra p id ly  all th e  necessary param e­

te rs . T h e  program  fu n ctio n ed  as follow s.

Interactive Parsing Program

A portion  of an eye movement record  (b u f fe r )  was d isp layed  on 

a g rap h ics  oscilloscope as two traces fo r  horizonta l and v e rtic a l eye  

position com ponents. By means of movable d isp lay  c u rso rs , th e  o p e r­

a to r p a rtitio n e d  (p a rs e d ) consecutive segments o f th e  record  in to  v a r ­

ious categories of eye movements. A menu of categories was ava ilab le  

to  th e  o p era to r: "F ix a tio n " , " D r if t " ,  "Saccade", "N o ise", and

" O th e r ."  T h e  "F ixa tio n " categ o ry  was reserved  fo r  segments in w hich  

th e  eye rem ained s ta tio n a ry , th a t is , both th e  traces on th e  oscillo ­

scope w ere  f la t  w ith in  machine noise. T h e  " D r if t"  categ o ry  was used  

when th e  eye was not s ta tio n ary  and had no a c c e le ra tiv e ' com ponent. 

On th e  oscilloscope, " D r ifts "  appeared as inclines on one o r both  

tra c es . I f  an acce le ra tive  component was d iscern ib le  b y  the  o p e ra to r, 

th e  "Saccade" categ o ry  was used. T h e  judgem ent of acceleration was 

le ft to th e  o p era to r and no absolute c rite rio n  was used. U sually  th e re  

was no d if f ic u lty  in id e n tify in g  saccades w ith  a m agnitude g re a te r  

than one d eg ree . Few saccades below about one degree  w ere id e n ti­

fied  because of m achine noise, and sometimes, th e  o p era to r was fo rced  

to make a choice between a slow saccade and a d r i f t .  T h e  "Noise" 

c ateg o ry  was used fo r  unscorable episodes, which w ere e ith e r  head 

movements th a t placed th e  eye out o f th e  fie ld  of v iew  of th e  cam era, 

poor d e lim ite r settings  which would re su lt in non-scorab le  data w h en ­

e v e r th e  sub ject made a saccade, b lin ks  (w h ich  o ccu rred  ra re ly  in
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in fa n ts ) , o r occasionally the  co n tras t of th e  pupil image would fa ll too 

low fo r  detection . I t  is im portant to note th a t, most of th e  tim e, the  

term ination  of a fixa tio n  b y  a "Noise" segment s till re flec ted  a tru e  

term ination  b y  th e  subject in some form  or o th e r , and did not re flec t 

an a rtif ic ia l term ination  by th e  in s tru m en t. T h e  "O th er" categ o ry  was 

reserved  fo r  any unusual movement and th e  o p era to r specified th e  

label -  th is  o ccurred  ra re ly . I f  a m istake was made, th e  o p era to r  

could co rrec t all parses s till v is ib le  on th e  screen. Once th e  o p era to r  

was satis fied , param eters from  each parsed segment w ere computed  

and w ritte n  to an o u tp u t f ile  p re s e rv in g  th e  o rig in a l sequence, and a 

new b u ffe r  of data was d isp layed . In th is  manual m anner, each eye  

movement record was e xh au s tive ly  (and  e x h a u s tin g ly ) p arsed . A log 

book was kep t fo r  unusual eye movements o r im pressions. F ig u re  3 

shows an example of how a record was parsed .

Many param eters w ere  computed from  each parsed segm ent. 

H ow ever, on ly  a few  w ere  e ve n tu a lly  used. T h e  most im portant 

param eters w ere th e  eye position and time at th e  b eg inn in g  and end  

of each parse . T h is  allowed th e  am plitude vec to r and d u ra tio n  to be 

calcu lated . For saccades, peak veloc ity  was m easured. For "F ixations"  

and "D r ifts "  eye position was lin ea rly  regressed  against tim e sepa­

ra te ly  fo r  the  horizonta l and v e rtic a l components. T h is  was intended  

to y ie ld  average  d r i f t  ra te , b u t as discussed la te r (R e s u lts ) proved

to be inadequate because of noise.

Parsing and all subsequent analysis was c a rrie d  o u t on a PDP8/E

w ith  28K of memory and a flo a tin g  po in t p rocessor. Program s w ere  

w ritte n  in F o rtran  IV , PDP8 assem bler, R alf and Basic.
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F ig u re  3

Example of how an eye movement record  was 
p arsed . T h e  u p p er tra c e  rep resen ts  th e  h o ri­
zontal component o f eye position in time  
(a b s c is sa ), and th e  lower tra c e  rep resen ts  the  
v ertic a l component. V e rtic a l lines ind icate  th e  
boundaries between consecutive parsed  seg­
ments: (i"F" - F ixation : "D" - D r if t ;  "S" - Sac- 
cade; "N" - Noise. These boundaries w ere
determ ined b y  the  o p e ra to r.



Parsing an Eye Movement Record
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Ver.

Down
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[3]

RESULTS A ND D ISC U SSIO N S

3 .1  F ixational and D r if t  Segments

As mentioned e a r lie r  (M eth o d s), non-saccadic eye movements 

w ere parsed as e ith e r  "F ixations" or " D r if ts ."  These categories w ere  

made availab le  to the  parse o p era to r since it was q u ite  obvious from  

eye movement records th a t th e  eye d id  not always remain s ta tio n ary  

between saccades (F ig u re  4 ) .  I t  was possible th a t " D r if ts "  d id  not 

belong to the  category  of "F ixation" b u t represen ted  some o th e r d is ­

t in c t oculomotor b ehav iour - such a possib ility  could not be excluded  

a pr ior i .

H ow ever, no evidence was found to su p p o rt th e  notion th a t  

" D r ifts "  w ere d is tin c t from  "F ix a tio n s ."  Th is  is e v id e n t from  th e  

ty p ica l examples shown fo r  fo u r in fa n t subjects in F ig u re  5 . Each 

panel represents  th e  grouped  fre q u e n cy  of occurrence fo r  "D rifts "  

(s h a d e d ), and "F ixations" (un sh ad ed ) a t d iffe re n t d u ra tio n s . By a d d ­

ing th e  frequencies of these two categories, th e  envelope (h e a vy  line) 

shows th e  to tal fre q u e n cy  d is tr ib u tio n  fo r  each su b ject. As can be 

seen, th e re  is considerable o verlap  between the  " D r if t"  and "F ixation"  

d is trib u tio n s  and th e re  is no indication of b im odality in th e  envelope.
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F ig u re  4

Typ ica l examples of eye movement records from  
in fants and a d u lts . In each p a ir  o f tra c e s , the  
upper trace  represen ts  th e  horizontal component 
of eye position , and the  lower represen ts  the  
v ertica l com ponent. T h e  u pper fo u r  pa irs  show 
traces from  subjects fre e -v ie w in g  and th e  lower 
th re e  show traces from  subjects v iew ing  the  
single ta rg e t. Examples of high and low d r i f t  
are  shown. No examples of high d r i f t  could be 
found fo r  adults  v iew ing th e  single ta rg e t .
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F ig u re  5

Frequen cy histograms of the  durations of " F ix ­
ations" and "D rifts "  fo r  fo u r typ ica l in fa n t su b ­
jec ts ; fre e -v ie w in g  stimulus condition in the  le ft 
panels and single ta rg e t condition in th e  r ig h t  
panels . Each b a r represents  th e  fre q u e n c y  of 
"D r ifts "  (shaded p o rtio n ) and "F ixations"  
(unshaded p o rtio n ). Note th e  lack of b im odality  
in d ica tin g  th a t "D r ifts "  and "F ixations" p ro b ­
ab ly  belong to  th e  same categ o ry . Also note th e  
s im ila rity  of the  shapes of these histogram s.
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T h e re  is a s im ilar lack o f bim odality if ,  in s tead , th e  abscissa is d r i f t  

m agnitude o r o r d r if t  ra te . A lthough th e  lack o f bim odality does not 

prove th a t th e re  are  not two populations of "F ixation" and " D r ifts " , it 

does show th a t th e y  a re  not d is tin c t and th a t th e re  is a continuum  

from  s ta tio n ary  to d r if t in g  segments and th e  parse o p era to r was 

m erely presented  w ith a choice of two a rtif ic ia l categories fo r  these  

non-saccadic segm ents. H en cefo rth , "D r ifts "  and "F ixations" w ill be  

combined into a single category called "F ixational segments" (F S ) .

3 .2  M u ltip le  Segments

I t  is ap p aren t from  F ig u re  4 fo r  exam ple, th a t an in te r-saccad ic  

in te rva l ( iS I )  may sometimes contain more than one FS. Th is  is even  

t ru e  fo r adults  w h ile  fre e -v ie w in g  b u t occurs less often  when adults  

view  the  single ta rg e t .  About 20% - 30% of I S i's  which w ere  u n in te r ­

ru p ted  by a "Noise" segment contained more than one FS. T h e re  are  

th re e  plausib le in te rp re ta tio n s  fo r th is  phenomenon:

a) Perhaps, m ultip le  segments re su lt from  noise o r a r t ifa c t such th a t  

a single fixa tio n  becomes broken into more than one segm ent. 

Machine noise is u n like ly  since m ultip le  segments do not appear so 

often when adults  view  th e  s ingle spot, and as w ill be shown la te r , 

th e  am plitude of th e  segments is g re a te r  than would be expected from  

machine noise. T h e  e y e -tra c k e r  is not com pletely insensitive  to head 

movements, w hich m ight account fo r  some in fa n t m ultip le  segments. 

Th is  does not exp la in  w hy fre e -v ie w in g  adults  e x h ib it these m ultip le  

segments since all adu lt subjects used th e  chin re s t.
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b ) M u ltip le  segments a re  not a r t ifa c t  b u t ind ica te  th a t th e  eye  

actua lly  changes d irection  d u rin g  an IS I . in d eed , eye position  

d u rin g  fixa tio n s  is not p e rfe c tly  stab le  even u n d e r th e  ideal condi­

tions when a w ell-m otivated  and practised  subject using a b ite -b a r  is 

in s tru c ted  to fix a te  a small high co n trast ta rg e t ( e . g . ,  Kow ler and 

Steinm an, 1979). U nder these cond itions, th e  s tan d ard  deviation  of 

eye position is about 10 m inarc , and th e  mean speed o f th e  eye is 

about 1 /4  d eg ree /sec  (S k a v e n s k i, Hansen, S teinm an, and W interson , 

1979). I t  seems q u ite  p lausib le th a t in s ta b ility  o f eye position could  

increase if  th e  subjects are  not in s tru c ted  (and hence not m otivated  

to g ive  th e ir  best perform ance) and are  not g iven  a small high con­

tra s t  fixa tio n  ta rg e t , b u t ra th e r , a re  g iven a la rg e  stim ulus w ith  a 

range of fin e  and coarse details  and co n trasts . U n fo rtu n a te ly , th e  

s ta b ility  of the eye d u rin g  u n in s tru c ted  fre e -v ie w in g  has not been  

studied q u a n tita tiv e ly .

A n o th er possib ility  is th a t eye d r i f t  m ight re fle c t th e  v e s tib u la r  

ocular re flex  (V O R ) in th e  in fa n t. H ow ever, as sta ted  in th e  M eth ­

ods, only small amounts o f eye tran s la tio n  a re  p e rm itted  before  th e  

e y e -tra c k e r 's  e lectronics fa il.  M oreover, the  head compensation c irc u i­

t r y  removes most o f th e  p ara llax  caused b y  eye tra n s la tio n  w h e th e r  

th is  is caused by head tran s la tio n  o r  head ro ta tio n . T h e re  m ight be 

some residual uncorrected  VO R d r i f t ,  b u t th e  in fa n t ho lder d id  not

d etect an y  head movement. T h e re fo re , th e  co n trib u tio n  of VO R
2

responses ( i f  a n y ) can only  be small.

2
In  any case, S kavenski e t a l. (1979) re p o rt o n ly  low V O R  gains fo r  

small head ro ta tions .
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T h u s , eye d r i f t  due to  fixa tio n  in s ta b ility  may be a facet of 

f re e -v ie w in g . C le a r ly , if  the  eye is s ta tio n ary  such d irec tion  changes 

cannot occur and would not appear in a typ ica l ad u lt fixa tio n  task  

(v iz .  th e  single ta rg e t p a rad ig m ).

c ) Because of the in s trum ent resolution of about 0 .5  d egrees , it was 

d iff ic u lt  fo r  the  parse o p e ra to r to d etect saccadic eye movements w ith  

an am plitude u n d er 1 d eg ree . M u ltip le  segments may actua lly  be sep­

arated  by small saccades, in which case IS I's  w ith m ultip le  segments 

could re a lly  be m ultip le  IS I's .

We are  unable to d is tin g u ish  among these possib ilities; indeed all 

th re e  may be o ccu rrin g  to  some e x te n t. I t  fo llow s, th e re fo re , th a t  

th e  in te rva ls  between those saccades th a t are  detected  by th e  parse  

o p erato r may be too long some of the  time by argum ent (c ) and so 

henceforth  th is  in te rva l w ill be called an "a p p a re n t in te r-saccad ic  

in te rv a l"  ( A IS I ) .  W here necessary, resu lts  w ill be shown fo r  both  

FS’s and A IS I's  so th a t conclusions w ill not be p red icated  on the  

v a lid ity  o f any of th e  above argum ents. When no d is tinction  is w a r ­

ra n te d , both FS's and A IS I's  w ill be called " fix a tio n s ."

3.3 Fixation Parameters

Most eye movement records from  in fants  conform to  th e  general 

a d u lt b ehav iour in th a t th e  eye passes th ro u g h  a usually  a lte rn a tin g  

sequence of saccades and fix a tio n s . T h is  b eh av io u r is p re se n t at an 

e a rly  age and p robab ly  exists  at b ir th . H ow ever, th e  s ta b ility  o f th e  

eye between saccades is u su ally  worse than a d u lt fixa tio n a l s ta b ility ,
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although even adu lts  a re  fa r  from  stable u n d er the fre e -v ie w in g  

condition . In o rd e r to  q u a n tita tiv e ly  examine in fa n t and adu lt f i x ­

a tions, th re e  param aters w ere  calculated from  each parsed FS: d u ra ­

tion ( T ) ,  average d r i f t  ra te  ( R ) ,  and am plitude ( A ) .  These  

m easured q u an tities  a re  re la ted  fo r  any g iven fix a tio n  b y :

A = R T . (1 )

H ow ever, it is im portant to note th a t th is  equation may only hold in
i

th e  a lg ebra ic  sense and not necessarily  in the  m echanistic sense. 

T h u s , th e  am plitude of d r i f t  may indeed be th e  p ro d u c t of d r i f t  ra te

and d u ra tio n ; on th e  o th e r hand , am plitude may be fix e d  and th e  eye

d r if ts  fo r  a specific d is tance regard less of th e  ra te  o f d r i f t .  D uration  

would then be m echanistically  th e  ra tio  o f am plitude to  d r i f t  ra te . By  

fu r th e r  c o n tra d is tin c tio n , am plitude m ight be m ostly noise and d r i f t  

would th e re fo re  be sp u rio u s. In th is  case th e re  would be no d e te c ta ­

ble mechanism. N everth e less , we can be sure th a t th e re  is a t least 

one degree  of freedom  since fixa tio n s  do te rm in ate , and no more than  

two degrees of freedom  fo r  Equation 1 to be t ru e  even a lg eb ra ica lly  

(a lthough  th e re  may be more than two mechanisms in v o lv e d ).

By "m echanistic" we mean rep resen tin g  a physical process. T h u s , 
A=BC indicates th a t q u a n tity  A p hysica lly  occurs as a resu lt o f th e  
process B times C . On th e  o th e r hand, B =A /C  indicates B is th e  
re su lt o f th e  process A d iv id ed  by C . Thus "=" indicates th e  d ire c ­
tion of cau sa lity .
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[4 ]

D U R A T IO N

L ittle  is known about th e  dura tions  of in fa n t fix a tio n s . Most 

studies have concentrated  on th e  d irec tion  of in fa n ts ' gaze ra th e r  

than th e  du ra tio n  (see In tro d u c tio n ). U n d o u b ted ly , a major reason fo r  

th is  has been th e  lack of tem poral resolution in most of the previous  

techniques used fo r  record ing  eye movements from  in fa n ts . T h e re ­

fo re , th e  in itia l purpose of th is  Section is sim ply to describe  th e  ty p ­

ical durations of fixa tio n s  fo r in fa n t subjects u n d er d if fe re n t stim ulus  

conditions and to compare th e  d u ra tio n s  to those of a d u lts . A more 

am bitious purpose h e re , and in subsequent Sections, is to begin to  

in fe r  th e  mechanism th a t determ ines fixa tio n  d u ra tio n , th a t is , the  

mechanism by which saccades are  tr ig g e re d . T h is  Section w ill lay  th e  

foundation  fo r  a hypothesis w h ich , it w ill be a rg u e d , can be extended  

to adults  and possib ly o th e r species. I f  th is  extension is v a lid , the  

hypothesis w ill s ta r t  to  explain  w hy fixa tio n  du ra tio n  can ap p ear, on 

th e  one hand, to be random , and on the  o th e r, to be q u ite  d e te rm in ­

istic  in ad u lts .

T h e  an tic ip a ted  e rro rs  in m easuring du ra tio n  w ill be outlined  

f i r s t .  T h e  d iffe re n ce  between in fa n t and ad u lt mean d u ra tio n  as well 

as how d u ra tio n  depends on th e  stim ulus conditions w ill then  be 

re p o rte d . I t  w ill then  be shown th a t the  fre q u e n cy  d is tr ib u tio n  of
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d u ratio n s  remains essentia lly  in v a r ia n t in shape across subjects and  

stim uli in spite  of th e  large  varia tio n s  in th e  mean. T h e  shape w ill 

then be id en tified  to be close to th e  Exponentia l w aiting  time d is tr ib u ­

tio n . F in a lly , th e  fin d in g s  w ill be compared to o th e r studies and  

th re e  classes of models w ill be d iscussed.

4.1 Errors in Measuring Duration of Fixations

T h e  problems in id e n tify in g  a fixa tio n  have a lread y  been d is ­

cussed. Results fo r  both FS's (f ix a tio n a l segm ents) and A IS I ’s 

(a p p a re n t in te r-saccad ic  in te rv a ls ) w ill be shown. T h e  tem poral reso­

lution of the  in s trum ent is 16 .7  msecs (60 H z ) .  I f  we assume th a t an 

e ve n t has an equal p ro b a b ility  of fa llin g  anytim e w ith in  a 16 .7  msec 

sampling w indow, then a re c tan g u la r p ro b a b ility  d is trib u tio n  of e r ro r  

and th e  s tandard  devia tion  of m easuring th e  time between two events  

w ill be 6.8  msces. T h is  e rro r  has no bias - th e re  is an equal chance  

of underestim ating  o r overestim ating  d u ra tio n . For o u r purposes th is  

e r ro r  presents only  a m inor problem  since it can be compensated fo r  

(S h ep p ard 's  co rrec tio n ) when estim ating moments.

A more serious problem  arises from  the  bandw idth  lim itations of 

th e  record ing  in s tru m en t. As exp la ined  in A ppendix  B , the m easured  

d u ratio n s  of saccades w ill be increased by th e  poor response tim e of 

th e  e y e -tra c k e r . T h is  e x tra  response time w ill encroach on th e  su b ­

sequent IS I,  and so on a ve ra g e , fixa tio n s  w ill appear s h o rte r than  

th e y  rea lly  a re . T h e  underestim ation on any p a rtic u la r  fix a tio n  will 

depend on th e  am plitude and speed of th e  im m ediately preceeding sac- 

cade ( i f  th e re  was o n e ). T h e  w o rs t underestim ation w ill occur fo r
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fixa tio n s  th a t follow small am plitude saccades because small saccades 

have g re a te r  bandw idth  (see A ppendix  B ) .  We estim ate th is  e r ro r  to  

be about two sampling in te rva ls  (34  msecs) at w o rs t. T h e  u n d e res ti­

mation fo r  fixatio ns  follow ing large  saccades w ill be n eg lig ib le . I t  is 

d iff ic u lt  to  app ly  a correction  fa c to r since it  w ill be stim ulus- 

depen dent because d iffe re n t stim uli w ill evoke saccades w ith  d iffe re n t  

d is trib u tio n s  of am plitude and speed (H a in lin e  et a l . ,  1984).

4 .2  Stim ulus Dependence

T h e  mean du ra tio n  of each in fa n t's  FS o r A IS I showed no d e v e l­

opmental tre n d  o v er th e  age range 7 to 169 days . T h e  mean du ra tio n  

fo r  all in fan ts  view ing a specific  stim ulus ty p e  was calcu lated  fo r  each 

stim ulus ty p e  and is shown fo r  FS's and A IS I's  in F ig u re  6 . Because 

th e re  was considerable v a r ia b ility  in th e  du ra tio n  of fixatio ns  fo r  each 

sub ject, it was necessary to combine subject means to take  both  

w ith in  sub ject and between subject variances into account. T h is  is 

exp la ined in A ppendix  D . For th e  fre e -v ie w in g  stim ulus cond itions, 

th e  average FS d u ra tio n  (open b a rs ) is v e ry  b r ie f  (<200 m secs), 

which is about h a lf the  d u ra tio n  of the  average  a d u lt FS. T h e  

shaded bars in F ig u re  6 show th e  mean durations fo r  A IS I's . These  

are obviously  longer th an  FS's because, fo r  some fix a tio n s , m ultip le  

segments are  now concatenated. N everth e less , A IS I's  are  also v e ry  

b r ie f ,  200-300 msecs, and are  much s h o rte r than a d u lt A IS I ’s which  

last about 400-500 msecs. C le a r ly , in fan ts  make many more saccades 

(about 4 p e r second) than adu lts  (about 2 p e r second) u n d e r o u r  

fre e -v ie w in g  condition .
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F ig u re  6

Mean fix a tio n  d u ra tio n s  fo r  d if fe re n t stimulus  
conditions. Means and s tandard  e rro rs  w ere  
computed from  each subject's  mean and standard  
e rro r  using th e  scheme in A ppendix  D . Open  
bars d ep ic t F ixational segments (F S 's ) and  
shaded bars d ep ic t a p p aren t in te r-saccad ic  
in te rva ls  ( A IS I 's ) .  A du lts  v iew ing  th e  s ingle  
ta rg e t are  not shown because of contam ination  
from  th e  ta rg e t being moved by th e  exp erim en ­
te r ;  th e ir  dura tions  would be o ff th e  o rd in a te  
scale.
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When infants viewed th e  s ingle spot o r bars w ith  sound, th e  

d u ratio n s  of FS's and A IS I ’s w ere much lo n g er, in excess of 500 

msecs fo r  the  spot. A du lts  ty p ic a lly  made saccades only when the  

stim ulus was sh ifted  to a new position, even though th e re  w ere no 

e x p lic it ins tructions  to do so. T h u s , mean d u ra tio n  fo r  adults  does 

not re fle c t any spontaneous a c tiv ity  b u t on ly  the  experim ental condi­

tio n s . In fan ts  s till produce spontaneous saccades even when v iew ing  

th is  ra th e r  sparse stim ulus, a lthough it must be rem em bered, of 

course , th a t in fants  cannot be in s tru c ted  to f ix a te  th e  small spot o r  

b a r . A lthough adults  w ere not in s tru c te d , th e y  w ere  aware o f th e ir  

p artic ip a tio n  and probab ly  form ed an im plicit task  to follow th e  spot. 

(From  an ad u lt v iew p o in t, th e re  was nothing else to  look a t . )

T h u s , the  average in fa n t’s fixa tio n  du ra tio n  is not only s h o rte r  

than  th e  ad u lt's  bu t is also s tim u lu s-d ep en d en t.

While th e  group means in F ig u re  6 illu s tra te  th e  d iffe re n t centra l 

tendencies of fixa tio n  d u ra tio n  u nder d iffe re n t stim ulus conditions, 

th e y  conceal th e  considerable range of means among in fa n ts . T h is  

range is shown by the  histogram  in F ig u re  7. T h is  histogram  shows 

th e  d is trib u tio n  of mean fix a tio n  d ura tion  fo r all in fa n t subjects  

regard less  of stimulus conditions (s im ila r d is tr ib u tio n s  of means b u t  

w ith  n a rro w er ranges are  obta ined fo r each stim ulus condition sepa­

r a te ly ) .  T h e  histogram  in F ig u re  7 is p o s itive ly  skewed and fa r  from  

Normal and suggests th a t th e  sampling va ria n ce , associated w ith  each 

mean, increases w ith  th e  mean in some system atic w ay . Th is  prom pts  

a c loser exam ination of th e  d is trib u tio n s  of d u ra tio n s  fo r  each s u b ­

je c t.
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F ig u re  7

Frequency histogram  of th e  mean d u ra tio n s  of 
all in fa n t sub jects . F ixational segments (F S 's )  
are  shown in th e  u p p er panel and ap p are n t 
in te r-saccad ic  in te rva ls  (A IS I 's )  in th e  lower 
panel. Note th e  range in mean d u ra tio n s .
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4.3 Distribution Identification by the Method of Moments

T h e  large  body of data accum ulated here to g e th e r w ith  th e  wide  

range of means provides an o p p o rtu n ity  to exam ine th e  d is trib u tio n s
k

by th e  method of moments. Moments are  v e ry  e ffic ie n t descrip to rs  

of d is trib u tio n s  since only a few  numbers (in  o u r case - 4 ) are  

needed to convey th e  shape ra th e r  than th e  custom ary fre q u e n cy  

polygon. Th is  is p a rtic u la r ly  w o rth y  when th e re  are  so many d is t r i ­

butions to d escrib e . Moments also have in fe re n tia l va lue  p ro v id ed  

enough moments are  taken  and estim ated w ith  s u ffic ie n t p recis ion . 

This  is a pow erfu l techn ique  if  many d is trib u tio n s  can be obta ined  

w ith  w ide rang ing  values fo r  th e ir  moments (as in o u r case) since th e  

re lationships among moments can then be read ily  seen as tre n d s .

T h e re fo re , fo r each subject the  mean, th e  s tan d ard  d ev ia tio n , th e  

th ird  root moment (cube root of the th ird  cen tra l m om ent), and th e  

fo u rth  root moment ( fo u rth  root of the  the  fo u rth  cen tra l moment) 

w ere computed separa te ly  fo r  FS's and A IS I's .  These moments w ere

then co rrected  fo r  sampling bias and p lo tted  against each o th e r.

Root moments w ere p re fe rre d  since th e  units then become th e  same
2  3 k

(msecs ra th e r  than msecs , msecs , and msecs ) ;  sampling e rro rs  

take  on approxim ate ly  th e  same o rd e r o f m agnitude, and so p lo ttin g  is 

made eas ier. Details o f moments a re  g iven in A ppendix  E.

In F igure  8 th e  sample s tandard  devia tion  and mean of fixa tio n  

d u ra tio n  are  p lo tted  against each o th e r fo r  each subject session, each

k

B u t in e ffic ie n t estim ators (see Kendall and S tu a r t , 1979).
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Figure  8

Plot o f s tandard  deviation  against the  mean o f 
f ix a tio n  duration  fo r  in fa n t sub jects . Each point 
represents  one subject and each symbol re p re ­
sents one stim ulus condition . F ixational seg­
ments a re  shown in th e  le ft  panel and ap p are n t 
in te r-s ac c ad ic  in te rva ls  (A IS I 's )  in th e  r ig h t  
panel. O nly  subjects who produce 10 o r  more 
A IS I ’s are  shown. B iv a ria te  regression  fo r
FS 's: Y  = 1 .23  ( X  -  40 ) ;  r = 0 .9 6 ; fo r
A IS I's :  Y = 1 .28  ( X  -  60 ) ;  r  = 0 .9 3 . S tan ­
d ard  e rro rs  of slopes = 0 .0 3  and 0 .0 4 , and of 
in te rcep ts  = 7 and 18 msecs. T h e  solid line
depicts Exponentia l d is tr ib u tio n s : Y = X  -  50.
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poin t rep resen tin g  one subject session. D iffe re n t symbols correspond

to d iffe re n t stim uli and all ages a re  in c lu d ed . Those sessions w ith

less than 10 A IS I's  w ere excluded in o rd e r  to  m aintain a reasonable

sampling e r ro r . As can be seen, in sp ite  of th e  v a r ia b ility , th e re  is a

lin ea r re la tionsh ip  between th e  s tan d ard  devia tion  and th e  mean w ith

a slope of 1 .23  ± 0 .0 3  fo r FS's (r= 0 .9 6 )  and 1 .28  ± 0 .0 4  fo r  A IS I's
s

(r= Q ,9 3 ), using b iv a ria te  regress ion . T h e  in te rcep ts  on th e  abscissa 

w ere 40 ± 7 msecs fo r  FS's and 60 ± 18 msecs fo r  A IS I's . (We shall 

ta k e  a value  of 50 msecs fo r  th e  abscissa in te rce p t fo r  fu tu re  d iscu s ­

s io n s .) T h is  shows th a t th e re  exists a commonality among th e  d is t r i ­

butions obtained from  d iffe re n t subjects v iew ing d iffe re n t s tim u li, th a t  

is , a s im ilar mechanism or stochastic process is invo lved  in all su b ­

jec ts .

A ny kind of system atic re la tionsh ip  between mean and s tan d ard  

deviation  indicates th a t the  d is trib u tio n s  are  not Norm al. T h e  lin e a r ity  

of the  tre n d  in F igure  8 elim inates some o th e r possib ilities . For exam ­

p le , a lthough the Poisson d is tr ib u tio n  has a sim ilar shape to  th e  

du ra tio n  d is tr ib u tio n s , it has a square  root re la tionsh ip  between its  

mean and standard  devia tion  -  c le a rly  d is tin g u ish ab le  from  a lin ea r  

t re n d . O th e r d is trib u tio n s  can be discounted on sim ilar g ro u n d s . 

T ab le  E l in A ppendix  E shows th e  re la tionsh ip  between th e  mean and  

s tan d ard  devia tion  fo r  a v a r ie ty  o f "classical" d is tr ib u tio n s . As can 

be seen, some d is trib u tio n s  do have a lin ea r re la tio n sh ip  between

9

For b iv a r ia te  regression both variab les  are  considered  to  be random  
ra th e r  than ju s t one as in s tandard  reg ress io n . T h e  "best" s tra ig h t  
line was found which had th e  least square  e r r o r  fo r  both v a ria b les . 
This  line was found by the  "steepest descent" ite ra t iv e  p ro ced u re .
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th e ir  mean and s tan d ard  d e v ia tio n . H ow ever, on ly  th e  Exponential and 

Gamma d is trib u tio n s  could e x h ib it  a slope of u n ity  o r m ore. Both of 

these d is trib u tio n s  are  d eg en era te  cases of th e  Pearson T y p e  I I I  class 

of d is trib u tio n s  and a re  u n iq u e ly  determ ined b y , a t most, th e  f ir s t  

fo u r moments (K endall and S tu a r t , 1977). In fa c t, th e  Exponential 

d is trib u tio n  can be considered as a special case of th e  Gamma d is t r i ­

bution (w h ere  the  la tte r  has an index of u n ity ) ,  b u t th e  Exponential 

is an im portant and basic re fe ren ce  d is trib u tio n  in th e  s tu d y  of 

"w a itin g -tim e" th e o ry  (sometimes called "queuing th e o ry "  o r "s u rv iv a l 

a n a ly s is " ), (T r iv e d i ,  1982; Cox and O akes, 1984).

T h e  p ro b a b ility  d en s ity  o f th e  Exponentia l d is trib u tio n  is g iven

b y ;

1 ( x - A ) /B

B e (2)

w ith  mean and variance:

(3 )
2 2

o = B

and hence:

(4 )

T h u s , th e  s tandard  devia tion  of th e  Exponentia l d is tr ib u tio n  is a lin ­

ear function  of th e  mean w ith  u n it slope and in te rc e p t -A .  T h e  

Exponential d is tr ib u tio n  is depicted  b y  th e  solid line in F ig u re  8 w ith
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an in te rc e p t o f -50  msecs and u n it slope. As can be seen, the data  

have a s lig h tly  h ig h er slope. T h is  d iffe re n c e  w ill be re tu rn e d  to 

la te r .

In F igures 9 and 10, th e  th ird  and fo u rth  root moments (see  

A ppendix  E) are  p lo tted  against th e  s tandard  d ev ia tio n . T h e  solid line  

rep resen ts  th e  theore tica l slope fo r  th e  Exponentia l d is tr ib u tio n . C en ­

tra l moments are  independent o f any o ffs e t param eter and show no 

in te rc e p t when p lotted against each o th e r . For th e  th ird  root moment 

against th e  s tandard  d e v ia tio n , b iv a ria te  regression constrained to  

pass th ro u g h  the  o rig in  y ie lds a slope of 1 .30  ± 0 .0 2  (r= 0 ,9 9 ) fo r  

FS ’s and 1 .23  t  0 .0 3  (r= 0 .9 8 ) fo r  A IS I's ;  th e  Exponentia l d is tr ib u tio n  

has a slope of 1 .26 . For th e  fo u rth  root moments, th e  slopes w ere  

1 .79  t  0 .0 3  (r= 0 .9 8 )  fo r FS's and 1 .73  i  0 .0 3  (r= 0 .9 8 )  fo r  A IS I's ;  the  

Exponentia l has a slope of 1 .7 3 .

I t  should be noted th a t tre n d s  sim ilar to  those in F igures 8 , 9, 

and 10 also appear if each stim ulus condition is p lo tted  sep ara te ly . 

H ow ever, because each condition has few er subjects and a n arro w er  

range of mean d u ra tio n s , th e y  produce lower co rre la tions .

In F ig u re  11, th e  moments of du ra tio n  fo r  11 naive adults  u n d er  

fre e -v ie w in g  conditions are  shown. These adults  w ere g iven no 

in s tru c tio n s  and view ed th e  " te x tu re "  and "geom etric form " stim uli. 

T h e  tre n d s  a re  q u ite  sim ilar to  those obtained from  th e  in fa n t. T h e  

co rre la tio n  between th e  s tan d ard  devia tion  and th e  mean is w eaker fo r  

th e  adults  than  th e  in fan ts : fo r  FS's r= 0 .8 0  and fo r  A IS I's  r= 0 .79  

(com pared to 0 .9 9  and 0 .9 8  fo r  th e  in fa n ts ) . H ow ever, these c o rre la ­

tions a re  still s ig n ifican t (p<0 . 01 ) and a re  lower than  fo r  th e  in fants
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F ig u re  9

Plot of th e  th ird  root moment (cube root of th e  
th ird  cen tra l moment) against th e  standard  
deviation  of fixa tio n  d u ra tio n  fo r  in fa n t su b ­
jec ts . Each po in t represen ts  one subject and 
each symbol represen ts  one stim ulus cond ition . 
Fixations! segments a re  shown in th e  le f t  panel 
and a p p aren t in te r-saccad ic  in te rva ls  (A IS I's )  
in the  r ig h t panel. O n ly  subjects who produce  
10 o r more A IS I's  a re  shown. B iv a ria te  re g re s ­
sion th ro u g h  th e  o rig in  fo r  FS’s: V = 1 .30  X ;
r  = 0 .9 9 ; fo r  A IS I's :  Y  = 1 .2 3 X ;  r  = 0 .9 8 .
S tandard  e rro rs  o f slopes = 0 .0 2  and 0 .0 3 .  
T h e  solid line depicts Exponential d is tr ib u tio n s :  
Y = 1 .26  X .
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Figure  10

Plot of the  fo u rth  root moment ( fo u rth  root o f 
th e  fo u rth  cen tra l moment) against th e  s tandard  
deviation  o f fix a tio n  du ra tio n  fo r  in fa n t su b ­
jec ts . Each point represents  one sub ject and  
each symbol represen ts  one stimulus cond ition . 
Fixational segments are  shown in th e  le ft panel 
and a p p aren t in te r-saccad ic  in te rva ls  (A IS I ’s) 
in th e  r ig h t panel. O n ly  subjects who produce  
10 o r more A IS I's  a re  shown. B iv a ria te  re g re s ­
sion th ro u g h  th e  o rig in  fo r  FS's: Y = 1 .79  X ;
r  = 0 .9 8 ; fo r  A IS I's :  Y = 1 .73  X ; r  = 0 .9 8 .
S tan d ard  e rro rs  of slopes = 0 .0 3 , T h e  solid  
line depicts  Exponentia l d is tr ib u tio n s :  
Y = 1 .73  X .
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F ig u re  11

Plots of root moments o f fixa tio n  d u ra tio n  fo r  11 
fre e -v ie w in g  a d u lts . Left panels show fixa tio n a l 
segments (F S 's ) and r ig h t panels show ap p are n t 
in te r-saccad ic  in te rv a ls  (A IS I 's ) .  U p p er panels  
show th e  s tan d ard  devia tion  v s . th e  mean.
B ivaria te  regression fo r  FS's:
Y = 1 .60  ( X -  170 ) ;  r  = 0 .8 0 ; fo r  A IS I ’s: 
Y =  1.04 ( X -  50 ) ;  r  = 0 .7 9 ; s tan d ard  e r ro r  
of slopes = 0 . 4 ,  o f in te rcep ts  = 100 msecs. 
M iddle panels show th ird  root moment v s .
s tandard  d e v ia tio n . For FS's: Y= 1 .43  X ;
r  = 0 .9 8 ; fo r  A IS I's :  Y  = 1 .37 ; r  = 0 .9 2 ; s tan ­
d ard  e rro rs  o f slopes = 0.1 and 0 .2 .  Lower 
panels show fo u rth  root moment v s . s tandard  
d ev ia tio n . For FS 's: Y = 2 .0  X ; r  = 0 .9 7 ; fo r
A IS I's : Y  = 1 .84  X ; r  = 0 .8 8 ; s tan d ard  e rro rs  
of slopes = 0 .2 .  T h e  solid line in all panels 
shows th e  Exponentia l d is tr ib u tio n  w ith  slopes 
of 1 .0 , 1 .2 6 , and 1 .73  in th e  u p p e r, m iddle, 
and lower panels . T h e  in te rc e p t on th e  abscissa 
fo r th e  Exponentia l in th e  u pper panels is 100 
msecs.
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probab ly  because of th e  reduced sample size and range. B ivaria te  

regression y ie lds slopes of 1 .60  fo r  FS's and 1 .04  fo r  A IS I's  w ith  a 

standard  e r ro r  o f about 0 .4 ,  and in te rcep ts  on th e  abscissa of 170 

msecs fo r  FS's and 50 msecs fo r  A IS I's  w ith  a s tandard  e r ro r  of about 

100 msecs. O u r confidence in the  in te rce p t is poor bu t it  appears to

be g re a te r  than fo r  in fan ts  (50  m secs). We shall ta k e  a value of 100

msecs as a rough estim ate fo r fu tu re  discussions. For the  th ird  root 

moment p lo tted  against th e  s tandard  d ev ia tio n , b iv a ria te  regression  

yie lds slopes of 1 .43  t  0 .1  (r= 0 .9 8 ) fo r  FS's and 1 .37  i  0 .2  (r= 0 .9 2 )

fo r  A IS I's ;  th e  Exponentia l has a slope of 1 .2 6 . For th e  fo u rth  root

moment against s tandard  d ev ia tio n , th e  slopes a re  2 .0  ± 0 .2  (r= 0 .9 7 )  

fo r  FS's and 1 .84  ± 0 .2  ( r= 0 .8 8 ) ;  the  Exponential has a slope o f 1 .7 3 . 

T h e re  is a s im ila rity  between the  observed moments and th e  th e o re ti­

cal moments o f the  Exponentia l d is trib u tio n  (solid  line in 1 1 ), espe­

c ia lly  when a lte rn a tiv e  classical d is trib u tio n s  are  considered . How­

e v e r , th e re  are  d iffe ren ces  between th e  observed moments and the  

moments expected from  th e  p u re  Exponential d is tr ib u tio n  fo r  in fants  

and a d u lts . These d iffe ren ces  w ill be discussed la te r a fte r  an ap p ro ­

p r ia te  co n text has been developed.

4 .4  T h e  Exponentia l D is trib u tio n

We w ill now attem pt to expla in  w hy fixa tio n  durations m ight have  

an Exponentia l (o r  close to ) d is tr ib u tio n . T h e  Exponential d is tr ib u tio n  

belongs to a class of p ro b a b ility  d is tr ib u tio n s  th a t have well known 

mechanisms associated w ith  them; the Exponentia l is th e  basic  

"w a itin g -tim e" d is tr ib u tio n . To  illu s tra te  th is , f i r s t  consider tim e to
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be in d is cre te  un its  o f, say , fit, so th a t time proceeds  

fit, 2 6 t, 3 6 t . . . . e t c . .  A lso, le t th e  oculomotor system be in a s tate  of 

fixatio n  to  begin w ith , a t t= 0 . We now d e fin e  p. as th e  p ro b a b ility  

th a t an even t which w ill te rm inate  the  c u rre n t fix a tio n  (u su a lly  a sac- 

c a d e ), w ill occur at tim e t= ifit. We now wish to f in d  th e  p ro b a b ility  

th a t the  f irs t  te rm in a tin g  even t w ill occur a fte r  t= n fit, th a t is, th e  

p ro b a b ility  th a t a fix a tio n  w ill have a d u ra tio n , T ,  o f a t least nfit. 

C le a rly , th is  is g iven  by th e  p ro b a b ility  th a t no te rm in atin g  events  

occur in th e  f i r s t  n time u n its , which w ill be g iven b y:

n

P (T > n fit) = (1 -  p ^  (1 - p2 ) . . .  (1 - p n ) = IT (1 -  P j) (5 )

T h e  p ro b a b ility  th a t th e  d u ra tio n  w ill be exac tly  nfit is th en  sim ply:

n
P (T = n fit) *  Pn+1 TT (1 -  P j) ( 6 )

I f  we now make the crucia l assumption th a t th e  p ro b a b ility  of a te rm i­

nating  even t is independent of tim e, th a t is, it  has an equal chance  

of o ccu rrin g  a t any time then p^= P2= . . .  = p n= p . T h e  p ro b a b ility  o f 

a fixa tio n  d u ra tio n  equalling  nfit then becomes:

P (T = n fit) = p(1 - p ) n (7 )

T h is  is th e  G eom etric p ro b a b ility  d is tr ib u tio n  and it  describes th e  

p ro b a b ility  of th e  f i r s t  "success" in a sequence of independent B e r­

noulli t r ia ls . I f  fit is allowed to  become a rb it ra r i ly  small in such a way
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th a t th e  p ro b a b ility  p e r u n it tim e o f a te rm in atin g  e v e n t, n p / t ,  

remains a t a constant va lu e , X, th e  d iscre te  Geom etric d is trib u tio n  

becomes, in th e  lim it, th e  continuous Exponentia l d is tr ib u tio n :

P (T > n 6 t) = (1 -  X t /n )n (8 )

From th e  above equation and assum ptions:

. . -X t
P (T < t)  = 1 - [(1  -  X t /n ) n ] = 1 -  e (9 )

which has a p ro b a b ility  d en s ity  of:

f ( t )  = 3 t [ P ( T < t ) ]  = Xe ^  (1 0 )

Thus  th e  Exponentia l d is tr ib u tio n  describes th e  p ro b a b ility  d en sity  of 

th e  "w a itin g -tim e" fo r  th e  f i r s t  even t g iven  th a t th e  p ro b a b ility  of an 

even t remains constant th ro u g h o u t tim e. T h e  Exponentia l d is tr ib u tio n  

has th e  im portant p ro p e rty  of being th e  o n ly  w a itin g -tim e  d is trib u tio n  

th a t req u ires  no mem ory. (C o n v e rs e ly , any o th e r w a itin g -tim e  d is t r i ­

bution must have m em ory.) A more genera l vers ion  of th e  Exponentia l 

can be obta ined  b y  s h iftin g  th e  time o rig in  b y  A (location p a ra m e te r):

-X ( t -A )
f ( t )  = Xe , t£A  (1 1 )

In th is  case no even t occurs d u rin g  th e  tim e A and outs ide  th is  time  

window an e ve n t occurs w ith  constant p ro b a b ility  p e r u n it tim e. F ig -
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F ig u re  12

T h e  p u re  Exponential d is trib u tio n  w ith d iffe re n t  
means b u t w ith  th e  same location p aram eter, A . 
T h e  top d is trib u tio n  has a mean = 0 and a s ta n ­
d ard  devia tion  = 1; th e  m iddle d is tr ib u tio n  has 
a mean -  1 and a s tan d ard  deviation  = 2; th e  
lower d is trib u tio n  has a mean = 3 and a s tan ­
dard  deviation  -  4 .

a
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ure  12 illu s tra tes  th e  genera l Exponentia l d is trib u tio n  w ith  examples  

having  d iffe re n t means b u t th e  same location param eter.

T h e re fo re , th e  general Exponentia l is a w a itin g -tim e  d is trib u tio n  

w ith  tw o <d is tin ct time regim es. I t  is im portant to  note th a t th e  actual 

sequence of these regimes cannot be determ ined from  th e  p ro b a b ility  

d is tr ib u tio n .

T h e  fin d in g  th a t in fa n t and ad u lt fixatio ns  (a t least u nder f re e -  

view ing  conditions) can be closely described by an Exponentia l d is t r i ­

bution  to g e th e r w ith th e  above discussion allow fixa tio n s  to be recast 

in a d if fe re n t p e rsp ec tive . Fixations have two components: T h e re  is 

a minimum period of time in w h ich , on averag e , fixa tio n s  are  not t e r ­

m inated . The  in te rcep ts  in F igures 8 and 11 ind icate  th a t th is  period  

lasts about 50 msecs fo r  in fants  and about 100 msecs fo r  a d u lts , 

although th e re  is considerable v a r ia b ility  between sub jects . Besides 

th is  p e rio d , th e re  is a w a itin g -tim e  d u rin g  which th e re  is a constant 

p ro b a b ility  p e r u n it time of a fixa tio n  being te rm in ated . We shall call 

these tw o periods th e  A -p erio d  and th e  B -p erio d  to  allow easy r e fe r ­

ence and to avoid any implied or accidental connotations.

4.5 Departures From Exponentiality

A lthough the  representa tion  of th e  in fa n t and ad u lt data by the  

Exponentia l d is tr ib u tio n  is reasonable, it is not p e rfe c t. T h e re  are  

two salient d e p artu res  from  E xp o n en tia lity : F irs t , the  slopes of the  

plots in F igures 8 , 9 and 10 are  s lig h tly  h ig h er than th a t expected  

from  a p u re  Exponentia l d is tr ib u tio n . Second, the general shape of 

the  fre q u e n cy  d is trib u tio n s  is more rounded at th e  tran s itio n  from  the
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A -p e rio d  to th e  B -p erio d  than th e  Exponentia l (see modes in F ig u re  

5 ) .

Two views on these d ep artu res  can be ta k e n . One possib ility  is 

th a t th e  u n d e rly in g  d is trib u tio n  is not Exponentia l at all and a com­

p le te ly  d iffe re n t model is necessary. I t  is, o f course , impossible to  

re jec t unequivocally  such an hypothesis because of th e  in f in ity  of 

possible p ro b a b ility  d is tr ib u tio n s . The  second possib ility  is th a t th e  

fundam ental d is tr ib u tio n  is indeed E xpo nentia l, and th a t th e  d e p a r­

tu res  rep resen t e ith e r some p e rtu rb a tio n  of th e  Exponential o r some 

o th e r w a itin g -tim e  d is trib u tio n  closely allied to th e  E xponentia l. 

Because of th e  reasonably good f i t  to th e  Exponentia l (esp ec ia lly  fo r  

th e  cen tra l moments) and because of th e  m echanistic u n d erp in n in g  to 

th e  E xpo nentia l, th is  second p o ssib ility  w ill be p u rsu ed .

As discussed e a r lie r , th e  Exponential is characterised  by th e  

fac t th a t th e  p ro b a b ility  of a te rm in atin g  e ve n t remains constant 

th ro u g h o u t tim e. If  th is p ro b a b ility  does change d u rin g  a fix a tio n , 

then the  d is trib u tio n  is no longer Exponentia l b u t some o th e r w a itin g ­

tim e d is tr ib u tio n . A w a itin g -tim e  d is trib u tio n  is com pletely determ ined  

by th e  time course of th e  p ro b a b ility  o f th e  te rm in atin g  even t ( e .g . ,  

see Papoulis, 1965 and A ppendix  F ) ,  which we shall call th e  "term in a­

tion rate" (also known as " fa ilu re  ra te " , "conditional fa ilu re  ra te " , 

"hazard  fu n c tio n " , "m orta lity  c u rv e " ) .  I f  th e  term ination rate  

increases in tim e, th e  w a itin g -tim e  d is tr ib u tio n  is less d ispers ive  than  

th e  E xpo nentia l, th a t is , it  is "h y p o e x p o n e n tia l." C o n verse ly , if  th e  

term ination  ra te  decreases in time th e  d is tr ib u tio n  becomes " h y p e re x ­

p o n e n tia l."  Among the  h yperexponentia l w a itin g -tim e  d is tr ib u tio n s ,



73

the  well documented a re  th e  H y p e rex p o n e n tia l, Gamma, W eibull, Log 

Norm al, Log Log istic , and the  Compound Exponentia l (see T r iv e d i,  

1982). Cox and Oakes (1984) have suggested th a t by p lo ttin g  th e  

th ird  s tandard ised moment (skew ness, see A p p en d ix  E) against th e  

co effic ien t of v a r ia b ility , w a itin g -tim e  d is trib u tio n s  can be d is tin ­

g u ish ed . Th is  was attem pted . T h e  observed re la tionsh ips  w ere so fa r  

away from  th e  Log Logistic and Log Normal d is trib u tio n s  th a t these  

d is trib u tio n s  w ere im m ediately discounted as possible exp lanations fo r  

o u r d a ta . H ow ever, o u r sample sizes (100 fixatio n s  o r less) produced  

enough sampling e rro r  to obscure any d ifferences among the  W eibull, 

Gamma, and th e  Compound Exponential d is tr ib u tio n s .

4 .6  Compound Exponentia l -  F luctuations in th e  B -p erio d

T h e  W eibull, like  th e  Gamma d is tr ib u tio n , has no c lear mechanism  

fo r an index param eter th a t is less than u n ity  ( th a t  is, h y p ere x p o ­

nentia l d is tr ib u tio n s ). T h e  Compound Exponentia l d is tr ib u tio n , on th e  

o th e r hand, is v e ry  simple to e x p la in . H ere , th e  term ination  ra te  

remains constant d u rin g  a fixa tio n  b u t takes on a new value fo r  each 

new fix a tio n . Each fix a tio n  is then p u re ly  E xpo nentia lly  d is tr ib u te d  

b u t w ith  a d if fe re n t mean (rec ip ro ca l of the  term ination r a te ) .  T h u s , 

o b serv in g  many fixa tio n s  w ill g ive  rise  to an Exponentia l w h ere  th e  

mean v a rie s . Such a d is trib u tio n  is in ev itab ly  h yp erexp o n en tia l 

because of th e  e x tra  v a r ia b ility  associated w ith  th e  mean. T h e  Com­

pound exponentia l d is tr ib u tio n  w ill depend on th e  d is tr ib u tio n  (o r  

v aria tio n s ) o f th e  term ination  ra te  (th e  "com pounding d is tr ib u t io n " ) .  

F ig u re  13 shows a p lot o f th e  sequence of fixa tio n s  (F S 's ) fo r  a ty p i-
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F ig u re  13

A plot of th e  sequence of fixatio n s  (F S 's ) fo r  
an in fa n t showing th e  du ra tio n  of a fixa tio n  
against its ord ina l position in th e  sequence of 
fixa tio n s  in time d u rin g  th e  record ing  session. 
Fixation dura tions  (o rd in a te ) a re  shown in s tan ­
d ard  deviation  un its  from  th e  mean of all d u ra ­
tions in th e  record ing  session. T h e  modal 
d u ra tio n  is at approxim ate ly  -0 .5  s tandard  d e v i­
ations w ith the d en s ity  o f o u tlie rs  fa llin g  o ff 
above the mean. T h e  d ow n-arrow s and dashed  
lines point to  sequences of short durations th a t  
have a s ig n ific a n tly  low p ro b a b ility  of o ccu r­
rence (p < 0 .0 5 ) assum ing an Exponentia l p a ren t 
d is tr ib u tio n . These sequences are  p robab ly  
due to flu c tu a tio n s  in th e  s tandard  deviation  
(th e  B -p e rio d ) o f th e  p a re n t d is tr ib u tio n . Sim­
i la r ly , the  u p -a rro w s  and dashed lines po in t to  
flu c tu atio n s  in th e  modal va lue  (th e  A -p e rio d ) 
of th e  p a re n t d is tr ib u tio n . These causes of 
n o n -s ta tio n a rity  ind icate  th e  existence of a com­
pound Exponentia l (see t e x t ) .
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cal in fa n t subject v iew ing th e  spot w ith  sound. T h e  o rd in a te  is th e  

du ra tio n  in s tan d ard  devia tion  un its  from  th e  mean and th e  abscissa 

is th e  sequentia l position of th e  fixa tio n  d u rin g  the  record ing  session. 

As can be seen th e re  is no system atic change in fixa tio n  duration  b u t 

th e re  are  sequences of b r ie f  FS's shown by th e  dashed lines and  

d o w n -arro w s. T h e  p ro b a b ility  o f any one of these sequences of sh o rt 

durations o c cu rrin g  is less than 0 .0 5 , assuming an Exponentia l p a ren t  

d is tr ib u tio n . These flu c tu a tio n s  can be found in all subjects and c o r­

roborate  the  Compound Exponentia l model.

D iffe re n t compounding d is trib u tio n s  w ill g ive  rise  to d if fe re n t  

overa ll Compound Exponentia ls  which w ill be re flected  in th e ir  

moments. Mathem atical in tra c ta b ility  p reven ts  d ire c t iden tifica tion  of 

th e  compounding d is tr ib u tio n  from  th e  observed moments. H ow ever, 

fo r some special cases, th e  moments of theoretica l Compound Exponen­

tia ls  can be calculated and compared to the observed moments to g iv e , 

at least, a general idea of th e  shape of th e  compounding d is tr ib u tio n  

fo r  fixa tio n  d u ra tio n . One special case is w here th e  compounding  

d is trib u tio n  is the  Gamma d is tr ib u tio n . This y ields the  so-called "P a r­

eto" Compound Exponentia l d is tr ib u tio n  (Cox and O akes, 1984). T h e  

moments of th e  Pareto d is trib u tio n  w ere calculated fo r  a v a r ie ty  of 

param eter values (see A ppendix  F ) .  A param eter va lue  of 7 produced  

the  best f i t  fo r  th e  f i r s t  th re e  moments b u t was fa r  too high w ith  

respect to th e  fo u rth  root moment, ind ica ting  th a t th e  Gamma is a too 

lep to k u rtic  model. A n o th er special case is th e  re c tan g u la r compound­

ing d is trib u tio n  which y ie lds a Compound Exponentia l (w hich we shall 

re fe r  to as th e  "R ectan g u lar E xp o n en tia l") whose moments p ro v id e  a



Table 1 

Comparison of 

Observed Moments to Theoretical Moments of Compound Exponentials

Observed Regression Slopes* Theoretical Slopes *

Constrained  
Through Origin (Unconstrained)

Pure
Exponential

Gamma
Exponential

Rectangular
Exponential

FS AISI oII

++

20% 30% 20% 30%

c
H"A ( 1 . 2 3 ) ( 1 . 2 8 ) 1 . 0 0 1 . 0 4 1 .1 1 1 . 0 4 1 . 1 0

1/3

J / G 1 . 3 0  ( 1 . 3 8 ) 1 . 2 3  ( 1 . 4 6 ) 1 . 2 6 1 . 2 8 1 .3 1 1 .3 1 1 .3 7
1/4

H / ( j 1 .7 9  ( 1 . 8 2 ) 1 .7 3  ( 1 . 9 3 ) 1 .7 3 1 . 8 4 2 .0 1 1 .8 3 1 . 9 5

Standard e rro rs  of b ivaria te  

regression slopes ^  0 .0 3 .

t  -Xx
P (X = x) = Xe , w here X is th e  compounding random variab le .

Pure Exponential: P(X=y) = 6 (y  -
i p - i  -y

Gamma Exponential (P a re to ): P(X=y) = y e

R ectangular Exponential: P(X=y) = 1 / ( b - a ) ,  0<a<b, a<y<b
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b e tte r  f i t  to  th e  observed moments as summarised in T ab le  1. 

C le a rly , if  mathematical tra c ta b ility  w ere  abandoned, perseverance  

w ith num erical techniques would y ie ld  a well f it t in g  p la ty k u r tic  com­

pounding d is tr ib u tio n . T h e  d iffe re n c e  in th e  shape of th e  Pareto d is ­

tr ib u tio n  (solid  lin e ) and the  p u re  Exponentia l d is tr ib u tio n  (d o tted  

lin e) is shown by F igure  14 to be q u ite  small (w h ich  illu s tra te s  the  

finesse of the  method of m om ents).

4.7 Fluctuations in the A-period

T h e  second d e p a rtu re  from  E xp o n en tia lity  is th e  rounded t r a n ­

sition between th e  A -p erio d  and th e  B -p erio d  (see th e  modes in F ig ­

u re  5 ) .  T h e  rounded tran s itio n s  from  th e  A -p e rio d  to th e  B -p erio d  

can be expla ined by fluc tuations  in the  A -p e rio d  from  fixa tio n  to f i x ­

a tio n . T h e  u p -arro w s  in F igure  13 show some possible v aria tio n  in 

th e  A -p e rio d . F luctuations in th e  A -p e rio d  are  also e v id e n t from  the  

d iffe re n ce  in the  sca tte r between F igures 8 , 9 and 10. T h e re  is more 

v a r ia b ility  when the  s tandard  devia tion  is p lo tted  against th e  mean 

than when th e  th ird  o r fo u rth  root moments are  p lo tted  against the  

s tan d ard  d ev ia tio n . T h is  is unusual since one would expect the  

re ve rs e . H ow ever, th e  mean is much more sens itive  to any changes  

in th e  A -p e rio d  than th e  cen tra l moments. C en tra l moments w ill be 

affec ted  to some degree by A -p erio d  flu c tu atio n s  and may account fo r  

some of th e  h y p ere x p o n e n tia lity  discussed above.

4.8  Discussion

We w ill now summarize these results  and compare them to o th e r



79

Figure  14

T h e  "Pareto" d is trib u tio n  (solid  lin e) is an 
example o f a compound Exponentia l. T h e  dotted  
line shows a p u re  Exponential d is trib u tio n  w ith  
th e  same mean and location p aram eter. 
Abscissa is shown in s tandard  deviation units of 
the  Pareto (mean = 0 ) .

»
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w o rk . T h e  im plications fo r  th e  oculom otor system  w ill then  be 

discussed w ith  respect to  a lte rn a tiv e  classes of models.

We have found th a t th e  d is tr ib u tio n  o f fix a tio n  d u ra tio n  (F S ’s or  

A IS I's )  has th e  same form  fo r  all su b jects , inc lu d in g  a d u lts , re g a rd ­

less of age o r stim ulus cond itions. We conclude th a t th e  same mecha­

nism or stochastic process underlies  fixa tio n  term ination  fo r  all sub­

jects  - at least u n d e r fre e -v ie w in g  conditions. T h e  d is tr ib u tio n  shape 

is close to  Exponentia l b u t s lig h tly  more d isp ers ive  (h y p e re x p o n e n tia l)  

which s tro n g ly  suggests th a t fix a tio n  term ination  is a w a itin g -tim e  

process. We have emphasised th e  compound exponentia l model w here  

each fixatio n  is p u re ly  Exponentia l b u t has a d iffe re n t mean. I t  has 

been shown th a t, besides th e  w a itin g -tim e  (B -p e r io d ) ,  th e re  is a m in­

imum period d u rin g  which te rm in a tin g  events do not occur 

(A -p e r io d ) .  We estim ate th is  perio d  to  be about 50 msecs in th e  

in fa n t and about 100 msecs in th e  a d u lt.

Fixation du ra tio n  (o r  in te r-saccad ic  in te rv a l)  has also been fra c ­

tionalised in o th e r studies in an attem pt to  exp la in  how saccades are  

tr ig g e re d  or "program m ed" (B e c k e r and J u rg e n s , 1979; H a lle tt and  

Adams, 1980). By using a double step ta rg e t to e lic it saccades from  

in s tru c ted  subjects (W heeless, B o yn to n , and C ohen, 1966), B ecker 

and Jurgens  (1979) have broken  down an IS I in to  a sequence of sub­

processes, each re q u irin g  an amount o f tim e fo r  com pletion. In p a r ­

t ic u la r , th e y  isolate th re e  subprocesses: an a ffe re n t delay fo r  s ig n al­

ling a new ta rg e t position , a c en tra l decision and com puting stage, 

and an e ffe re n t delay to tran sm it th e  m otor signal to th e  saccade g e n ­

e ra to r . These stages a re  in a "p ip e lin e" so th a t one stage can be
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processing fo r  one saccade w hile  th e  e a r lie r  stage is processing fo r  

the n e x t saccade. An in a p p ro p ria te  saccade a t one stage can be can- 

celled depending on th e  outcome of a la te r stage. B ecker and Jurgens  

set th e  whole process to take  about 280 msecs, b u t o f course , th e re  

can be considerable o verlap  between consecutive saccades because of 

th e  pre -p rogram m ing  cap ab ility  of th e ir  model.

H a lle tt and Adams (1980) have taken a sim ilar approach based on 

th e  "anti-saccad e" paradigm  (H a lle t t , 1978), w here  th e  subject is 

in s tru c ted  to look in the  opposite d irec tion  to a p e rip h era l ta rg e t.  

T h e y  term  a ffe re n t, com putational, and e ffe re n t delays as " lo w -leve l"  

processes which have m o re -o r-less  fix ed  d u ra tio n s , and th e y  term  th e  

decision m aking process as a "h ig h -le v e l"  process which is h ig h ly  

v aria b le  from  one saccade to th e  next and id io syn cratic  fo r  subjects . 

I t  is tem pting  to draw  paralle ls  between H atlet and Adams' low -leve l 

process and o u r A -p e rio d , and th e ir  h ig h -le ve l process and o u r  

B -p e rio d . H ow ever, th ey  set th e  minimum duration  fo r  th e ir  low -level 

process to  be about 110 msecs, which is considerab ly  more than th e  

A -p e rio d  fo r o u r in fa n t subjects (50 msecs) b u t sim ilar fo r  o u r adults  

(100 m secs). A lthough we may have underestim ated o u r A - and 

B -p erio d s  by one o r two sam pling in te rva ls  (17 - 34 msecs) because 

o f bandw id th  (see Section 4 .1 ) ,  both th e  models of B ecker and J u r ­

gens and H a lle tt and Adams re q u ire  processes which are  longer than  

o u r in fa n t A -p e rio d s , even if  we neglect th e  decision processes in 

th e ir  models.

More recen tly  F ischer and Boch (1983) have e lic ited  saccades 

from  w e ll-tra in e d  monkeys w ith  v e ry  sh o rt latencies (70  -  80 m secs).
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In th e ir  parad igm , th e  cen tra l fixa tio n  lig h t was tu rn e d  o ff 200 msecs 

before th e  p e rip h era l ta rg e t lig h t was tu rn e d  on . These extrem ely  

short latencies seem to show th a t saccades can be v is u a lly  tr ig g e re d  

w ithout any decision process (F is ch er and Boch, 1984) and p robab ly  

do not involve cortica l pathw ays (B o ch , F isch er, and R am sperger, 

1984). Boch and F ischer (1983) suggest th a t th e  monkey learns to  

automate its responses at the  subcortical level w ith  tra in in g . Express  

saccades, per se, have not been id en tified  in human sub jects , b u t 

using a sim ilar parad igm , Saslow (1967) measured q u ite  sh o rt latencies  

(110 m secs). I t  is not known w h eth er these are  th e  homologue of th e  

monkey express saccade, N everth e less , it is d iff ic u lt  fo r  th e  models 

of B ecker and Jurgens  (1979) and H a lle tt and Adams (1980) to  

account fo r  these sh o rt latency saccades. I f  we can use results  from  

th e  monkey as a model o f human saccade tr ig g e r in g , then it  seems 

th a t we ought to conclude from  Fischer and Boch (1984) th a t th e re  is 

more than one pathw ay fo r  v isu a lly  tr ig g e re d  saccades depending on 

th e  degree  of cortica l involvem ent in the  ta s k . C le a r ly , th e  degree  

of cortica l involvem ent may become an im portant consideration in 

exam ining fixa tio n  d u ra tio n , especially  in the  in fa n t. We w ill re tu rn  to  

th is  issue la te r in Section 5.

While th e  various varia tio n s  of th e  Wheeless paradigm  to e lic it  

saccades may have some re levance to th e  A -p e rio d  in term s of fix e d  

processes, these models have less to say about the  h ig h ly  v a riab le  

Exponentia l B -p erio d  which dominates most fixatio n s  in fre e -v ie w in g .  

For th is  we must tu rn  to studies which allow the sub ject more freedom  

of v iew ing ta rg e ts .
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A lthough fixa tio n  d u ra tio n  (o r  in te r-saccad ic  in te rv a l)  is 

commonly m easured in eye movement s tu d ies , th e  actual d is trib u tio n  

shape is seldom re p o rte d . N everth e less , all o f th e  studies su rveyed  

dep ict a h igh ly  p o s itive ly  skewed d is trib u tio n  fo r  d u ra tio n . For 

exam ple, Cohen (1 9 7 7 ), rep o rts  a d is trib u tio n  w ith  mean of 0 .3 6  secs, 

a s tandard  deviation of 0 .2 2  secs, and a skewness of 2 .1 8  (skewness  

= 2 .0  fo r  the  E xp o n en tia l), obtained from  a subject u n d er simulated  

automobile d r iv in g  conditions; th is  is also s lig h tly  h yp erexp o n en tia t. 

Ellis and Smith (1985) found th e  d is trib u tio n  of fix a tio n  durations of 

a ir lin e  pilots v iew ing dynam ic d isp lays of a ir  t ra f f ic  to have positive  

skew from  1 .84  to 2 .6 4  (w hich  embraces th e  E xp o n e n tia l), means of 

341 - 554 msecs, and s tan d ard  deviations of 282 - 498 msecs. These  

data would suggest an A -p e rio d  of about 60 msecs. Schoonard, Gould  

and M ille r (1973) show p o s itive ly  skewed d is trib u tio n s  fo r  subjects  

u n d er a v a r ie ty  of inspection ta s ks . S im ilar d is trib u tio n s  are shown 

by M cConkie, Zola and W olverton (1985) in a perceptual span e x p e r i­

m ent in read in g . Some studies show only composite d is trib u tio n s  a v e r­

aged across more than one subject (Enoch, 1959). These d is tr ib u ­

tions a re  s till p o s itive ly  skewed b u t more rounded than s ing le  subject 

d is tr ib u tio n s . H ow ever, th is  would be expected  since averaged  Expo­

nentia ls  re s u lt in Gam m a-like d is trib u tio n s  (e .g .  see Papoulis, 1965).

T u rn in g  to o th e r species, th e  d is trib u tio n  of in tersaccad ic  in te r ­

vals in th e  cat (Y o u n g , 1981) and th e  monkey (F is c h e r and Boch,

1984) are  again p o s itive ly  skewed and appear to be exponentia l in 

shape. Perhaps the  most s tr ik in g  is a re p o rt on two avian species, 

th e  Taw n y  Frogmouth and th e  L ittle  Eagle (Wallman and P e ttig rew ,
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1985). T h e  L ittle  Eagle produces saccades w ith  a mean in te rva l o f 285 

msecs and a s tandard  deviation  of 213 msecs. T h e  Taw ny Frogmouth  

has a much lower ra te  of saccade production w ith  a mean IS I duration  

of 4 0 .8  secs and s tandard  deviation of 3 9 .0  secs. T h is  c le a rly  shows 

th e  almost u n it slope re la tionsh ip  between mean and standard  

deviation  of th e  Exponentia l d is tr ib u tio n .

A lthough we cannot prove  th a t th e  d is trib u tio n  of fixa tio n  d u ra ­

tions from  these studies are  E xpo nentia l, th e y  do appear to be expo­

nential in ch ara c te r regard less of th e  view ing task  o r even species. 

T h e  only exception th a t could be found was fo r  "express saccades" 

(F is ch er and Boch, 1984) whose latency d is trib u tio n s  a re  ro u g h ly  

sym m etrical. H ow ever, it  could be d iscerned from  all o f th e  above  

studies th a t th e re  was a tendency fo r  d is trib u tio n s  w ith  lower means 

to be more rounded . One would expect such a phenomenon if th e  

varia tio n s  in the  A - period w ere independent of th e  B -p e rio d , since 

fo r  v e ry  b r ie f IS I's , th e  A -p erio d  fluc tuations  would dominate the  

o vera ll d is tr ib u tio n  shape. Perhaps th is  is the exp lanation  fo r the  

sym m etry fo r  express saccades which have extrem ely  sh o rt latencies.

We w ill now o utline  th re e  models: a v isual processing model

which we shall call th e  "C en tra l Processing model" (o r  "CPU m odel"), 

an exogenous s tim u lu s-d ep en d en t model, th e  "m ultip le  ta rg e t model", 

and an endogenous "spontaneous saccade m odel."

T h e  CPU Model

D u rin g  fixatio n s  "processing" o f visual inform ation takes place. 

T h e  constitu tion  of th is  inform ation and th e  n a tu re  o f th e  process are
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ra th e r  v ag u e , b u t n everth e less , w h a tev e r is necessary fo r  vision  

takes place d u rin g  fixa tio n s  -  saccades are  much too fas t fo r  any  

m eaningful v isual inform ation to be tra n s fe rre d . S ince th e  processing  

of inform ation must take  a fin ite  tim e, a n a tu ra l step is to postulate  

th a t fixa tio n s  rep resen t th is  v isual processing tim e. Indeed , much 

evidence has been g athered  to show th a t fix a tio n  time increases as 

task  d iff ic u lty  (among many o th e r stim ulus v a ria b le s ) increases. 

T h u s , it  can be argued  th a t even though th e  actual re tinal image 

does not change in com plexity  and hence p ro b ab ly  does not re q u ire  

any more encoding tim e, the fix a tio n  time depends on h ig h er levels of 

processing. T h e  n ext step (o r  leap) in th e  a rg u m en t is to postu late  

th a t fix a tio n  d ura tion  is ac tu a lly  determ ined b y  th e  v isual p rocessing. 

In o th e r w ords , the  eye does not move to a new ta rg e t un til process­

ing of th e  c u rre n t ta rg e t is com plete, in much th e  same way th a t  

"handshaking" is used to contro l th e  flow  of in form ation between a 

com puter term inal and its host (hence "CPU m o d e l"). In th is  k ind of 

model visual processing is seria l and it is synchronous w ith  eye move­

m ents. R ayn er and McConkie (1976) would term  th is  model as be long­

ing to th e  class of "h ig h -le v e l contro l" o r "process m onitoring con­

tro l"  models.

I t  is d if f ic u lt  to reconcile th is  model w ith th e  Exponential w aiting  

time d is trib u tio n s  of fixa tio n  d u ra tio n s  since it  would mean th a t v isual 

processing is term inated  random ly - h a rd ly  an a ttr ib u te  o f "process-

C
For exam ple Aslin  (1985) uses processing to re fe r  to  th e  " tran sm is ­

sion of inform ation to a level o f th e  cen tra l nervous system th a t can 
a ffe c t b eh av io r ( e . g . ,  p e rc e p tio n ), b u t w ith o u t any connotation th a t  
th e  inform ation reached a conscious le v e l."
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in g ."  One m ight exp ect th e re  to be a d is trib u tio n  of processing times 

dependent on the  d is tr ib u tio n  of processing demand among th e  view ed  

ta rg e ts . H ow ever, it  seems v e ry  u n like ly  (b u t  not im possible) th a t  

th is  d is trib u tio n  should be Exponentia l and in v a ria n t in shape across 

subjects and stim uli.

T h e  M u ltip le  T a rg e t Model

A much sim pler model is th a t saccades a re  tr ig g e re d  by " ta rg e ts"  

in the  visual scene, in the  same way th a t a p e rip h era l flash of lig h t 

w ill re fle x iv e ly  e lic it a saccade. In th is  model a potentia l ta rg e t fo r  

fix a tio n  tr ig g e rs  a saccade w ith  a p a rtic u la r  p ro b a b ility , and so 

sooner o r la te r , a saccade w ill occur w ith  th e  a p p ro p ria te  vec to r and  

thus term inate  th e  c u rre n t fix a t io n . When th e  saccade is com plete, 

the  tr ig g e r in g  ta rg e t comes u n d er cen tra l re tin a l s c ru tin y . A new 

potentia l ta rg e t w ill even tu a lly  t r ig g e r  another saccade, and so on. 

I f  th e  p ro b a b ility  of th e  ta rg e t tr ig g e r in g  a saccade remains constant 

in time then the  d is trib u tio n  of fixa tio n  dura tions  w ill, of course, be 

E xponentia l. For most n a tu ra lly  o ccu rrin g  s tim uli, th e re  a re  many 

potential ta rg e ts  which a re  all v y in g  fo r  fo veatio n . One ta rg e t w ill 

even tu a lly  "w in" and a new com petition w ith d iffe re n t potentia l ta rg e ts  

w ill begin a fte r  the saccade. T h is  model does not req u ire  any h ig h -  

level processing b u t on ly  the  saccadic re flex  which most species w ith  

oculomotor a b ility  possess. T h is  is not to  say th a t visual processing  

does not occur bu t ra th e r , fixa tio n  du ra tio n  is not determ ined b y  th e
7

processing. In th is  model th e re  is a s h ift in emphasis from  saccades

7
For an analogy, it  is well known th a t th e  d u ra tio n  of te lephone calls
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being subord inate  to  processing to saccades being th e  d e term inan t of 

d u ra tio n . A n y  processing does not have to be seria l and is asyn ch ­

ronous w ith  eye movements.

Spontaneous Saccade Model

A n o th er possib ility  is th a t saccades a re  th e  re su lt of some ra n ­

dom endogenous fix a tio n  te rm in a to r o r saccade g e n e ra to r. T h e  e f f i ­

cacy of such a g en era to r would be th a t th e  eye is kep t in a visual 

sampling mode even if th e re  is no demand to  f ix a te  a ta rg e t ,  and so 

be more like ly  to d e tec t a fa r  p e rip h era l ob ject. Such a g en era to r  

would not d ire c tly  depend on th e  stim ulus although it could be 

affected  by state (a ro u sa l, a tte n tio n ) w h ich , in tu r n ,  could be 

affected  b y  stim ulus a ttr ib u te s  (s iz e , b rig h tn e s s , novelty  e t c . ) .

R ath er than th e re  being a specific  endogenous g e n era to r, spon­

taneous saccades could be g enera ted  by a "noisy" t r ig g e r .  For exam ­

p le , in th e  saccade g e n e ra to r, "pause" neurons f ir e  ton ica lly  to  keep  

th e  saccade g e n era to r sw itched o ff; s tim ulating  these neurons wilt 

a rre s t a saccade in m id -flig h t (K e lle r , 1977). I f  th e  "latch" signal 

generated  b y  these neurons w ere in s u ffic ie n t o r in c o rre c tly  tim ed, 

then it  is possible th a t random spontaneous saccades (opsoclonus) 

m ight occur because of th e  in h e re n t high gain in s tab ility  of th e  sac­

cade g en era to r (Zee  and Robinson, 1979). A lthough these saccades 

would not occur to  any v isual ta rg e ts , th e y  could be dependent on

in th e  USA (a t a constant ta r i f f )  also follow an Exponentia l d is tr ib u ­
tion -  ind ica ting  th a t a call is te rm in ated  b y  a random impulse  
(F e lle r , 1968). H ow ever, it  would be an exerc ise  in extrem e cynicism  
to propose a lack o f h ig h -le ve l processing d u rin g  te lephone calls .
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th e  subject's  state,, which in tu r n , could be in fluenced by th e  v isual 

stim ulus.

Distinguishing Among Models

A d is tin c tiv e  fe a tu re  among these models is th e ir  d iffe re n t  

dependence on th e  stim ulus. U nder th e  CPU model, fixa tio n  dura tion  

depends on the  processing time of th e  c u rre n t v isual ta rg e t b u t inde­

pendent o f th e  su rro u n d in g  o r p e rip h era l visual scene. On th e  o th e r  

hand, th e  m ultip le ta rg e t model depends on the  presence of potentia l 

p e rip h e ra l ta rg e ts  and would be independent of the  c u rre n t fix a tio n  

ta rg e t. T h e  spontaneous g en era to r would be essentia lly  independent 

of e ith e r  the  cen tra l o r p e rip h era l v isual scene, inasmuch as s tate  is 

not a ffec ted  b y  the  stim ulus.

We will now p u rsu e  these d is tinctions b y  exam ining how fixa tio n  

d u ra tio n  is a ffec ted  by th e  stim ulus conditions. I t  should be noted, 

ho w ever, th a t since du ra tio n  is a random v a ria b le , we cannot expect 

to  fin d  "e ffec ts" at th e  level of th e  single fix a tio n , b u t on ly  at the  

level of the  mean. We are  dealing w ith a stochastic process whose 

average perform ance could be a ffec ted  even though th e  process is
I

"ran d o m ." T h is  po in t was missed b y  R ayn er and McConkie (1 9 7 6 ), 

who re jec t a random model of fixa tio n  du ra tio n  d u rin g  reading on th e  

basis th a t  fixa tio n  du ra tio n  means are  a ffec ted  by stimulus conditions.

•
i t  is w orth  noting th a t "random ness" does not necessarily  im ply non­

determ inism . A process can appear random and y e t be com pletely d e t­
erm in is tic . T h is  occurs when th e re  a re  many degrees o f freedom  a t 
play (e .g .  classical Brow nian m otion ). A lte rn a tiv e ly , an a p p a re n t  
random process may be in h e re n tly  n o n -d ete rm in is tic  ( e . g . ,  th e  U n c e r­
ta in ty  p r in c ip le ) .
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[53

S TIM U LU S  S IZE  EFFECTS

In th is  Section, evidence w ill be presented  to su p p o rt th e  m u lti­

ple ta rg e t model th a t was outlined  a t th e  end of the last Section. T h e  

evidence w ill be supplied by th e  ad u lt data and the  model w ill be d is ­

cussed in more d e ta il. I t  w ill be shown th a t in fants do not f i t  th e  

model as well as a d u lts . Possible reasons fo r  th is  w ill then  be d is ­

cussed.

F irs t , we shall rev iew  a simple experim ent by Enoch (1959) 

which showed a large  change in mean fixa tio n  du ra tio n  as stim ulus  

size was v a rie d . In th is  e xp erim en t, ad u lt subjects w ere  in s tru c ted

to search fo r  a 5 m inarc ta rg e t (L an d h o lt "C ") embedded in h igh ly

te x tu re d  aeria l contour maps. T h e  v is ib le  area of th e  maps was 

changed by c irc u la r  masks of approxim ate ly  th e  same luminance as the  

median of th e  maps. For a 3 degree  d iam eter stim ulus th e  average  

fix a tio n  du ra tio n  fo r  six subjects was 578 msecs. As th e  stimulus size

was increased to a maximum 5 1 .3  degrees , th e  mean fixa tio n  m onotoni-

ca lly  decreased to a minimum of 307 msecs. T h is  experim ent provides  

a c lear example of how fix a tio n  d u ra tio n  depends on th e  area o f th e  

stim ulus being a tten d ed . Enoch (1959) mentions th a t it  is as if th e  

subject keeps his fixa tio n s  b r ie f  in o rd e r to  search more stim ulus  

a re a , b u t, as Enoch him self points o u t, subjects w ere  not aw are of
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any tim e lim it.

In Enoch's experim ent th e  v isual content o f th e  stim ulus areas  

th a t w ere foveated  d id  not change on average  as th e  stim ulus size  

was v a r ie d . I t  seems, th e re fo re , th a t th e  change in du ra tio n  depends  

on th e  area o f th e  stim ulus outs ide th e  immediate area u nder fix a tio n . 

T h is  is consistent w ith  th e  m ultip le  ta rg e t  model: As th e  stim ulus

size increases, more potentia l ta rg e ts  become availab le  and te rm in ate  

fix a tio n s , on averag e , e a r lie r . A ra th e r  w eaker argum ent could be 

made fo r  th e  spontaneous saccade model if  saccade ra te  w ere depen­

d en t on th e  area of re tin a l e xc ita tio n . T h u s , th e  e ffe c t of stimulus  

size on dura tion  does not, p r im a  fa c ie ,  exc lude the  endogenous spon­

taneous saccade model. On th e  o th e r hand , it  is d if f ic u lt  to explain  

th e  stim ulus size e ffe c t b y  the  CPU model. One would have to posit 

th a t v isual processing is a ffec ted  by th e  contents o f th e  v isual scene 

as fa r  as 50 degrees from  th e  fo vea.

T h e  argum ent fo r  th e  m ultip le  ta rg e t model is s tren g th en ed  if it 

can be shown th a t fix a tio n  d u ra tio n s  a re  dependent on stimulus size  

a n d  d is tr ib u te d  E xp o n en tia lly . Since we have a lread y  shown th a t o u r  

ad u lt subjects have E xpo nentia lly  d is tr ib u te d  fix a tio n  d u ra tio n s  (see  

Section 4 ) ,  we w ill now exam ine th e  e ffe c t o f stim ulus size fo r  the  

same subjects.

5 .1  Stim ulus Size and FS D u ratio n  (A d u lts )

Eleven adults  w ere each presented  w ith  stim uli o f d if fe re n t sizes 

as a control g roup  in a p rev io u s ly  pub lished  experim ent on form  

scanning (H a in lin e  and Lem erise, 1982 ). These data w ere  reanalysed
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using th e  p ars in g  tech n iq u e  (M ethods) and compared to  Enoch's 

(1959) re s u lts . T h e  stim uli w ere  re a r-p ro je c te d  geom etric forms (c i r ­

c les , squares , and tr ia n g le s ) whose major dimension v arie d  in s ize; 5, 

20, and 30 d eg rees . T h e  luminance of th e  stim uli was approxim ately  

constan t, and th e  stim uli w ere  presented  in a random sequence.

T h e  mean FS d u ra tio n  is c le a rly  a ffec ted  b y  th e  stimulus size as 

shown in F ig u re  15a and is s ig n ifican t (p < 0 .0005 , Friedman 2 -w ay
9

AN O VA  by ra n ks , S iegel, 1956). T h e  solid line represents  in d iv id u ­

als and th e  dashed line rep resen ts  th e  mean. As a post-hoc te s t, the  

Wilcoxon te s t showed no s ig n ific a n t d iffe re n ce  between th e  mean d u ra ­

tions fo r  th e  20 and 30 d eg ree  stim uli. For com parison, F igure  15b 

shows Enoch's (1959) d a ta . As can be seen, th e re  is a s im ila rity  

between these two sets o f resu lts  which taken  to g e th e r show an 

h yp erb o lic  re la tionsh ip  between stimulus size and mean fixa tio n  d u ra ­

tio n . I t  should be noted th a t changing th e  abscissa in F ig u re  15 to 

stim ulus area ra th e r  than size would only fu r th e r  exag g erate  th e  non- 

l in e a r ity .

5 .2  Stim ulus S ize , B read th  of Scan and Saccadic A m plitude (A d u lts )

I f  th e  m ultip le  ta rg e t model is th e  explanation  fo r  th e  decrease  

in fix a tio n  d u ra tio n  when stim ulus size increases, one would expect 

tw o o th e r re la tionsh ips  to  e x is t: As stimulus size increases, more

eccen tric  potentia l ta rg e ts  become availab le  and should increase th e

9
Param etric  A N O V A  cannot be employed because fix a tio n  durations are  

E xpo nentia lly  d is tr ib u te d . A lthough mean d u ra tio n s  approach Norm al­
i ty ,  the  hom ogeneity of varian ce  assumption in th e  p aram etric  ANO VA  
is seriously  v io la ted .
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F igure  15

E ffec t of stim ulus size on fixa tio n  d ura tion  fo r  
fre e -v ie w in g  a d u lts , (a ) Mean FS d u ra tio n  fo r  
each subject v iew ing 5, 10, and 30 degree  geo­
m etric  f ig u re s . Each subject is connected b y  a 
solid lin e . T h e  dashed line shows th e  mean of 
11 a d u lts . (b )  Comparison of the  means from  
above w ith  results  from  Enoch (1 9 59 ).
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average  am plitude o f saccades because, sometimes, these ta rg e ts  w ill 

"w in" th e  "com petition" fo r  fo veatio n . One would also expect th e  area 

of stimulus scanned b y  th e  eye ("b re a d th  o f scan") to increase fo r  

th e  same reason. These p red ictions w ere tes ted  and confirm ed (F ig ­

ures 16 and 1 7 ). In these F ig u res , each solid line represents  a d i f ­

fe re n t subject and th e  dashed line represents  th e  mean. In F igure  17, 

b read th  of scan was m easured as th e  s tan d ard  deviation  of eye posi­

tion a t th e  end of e v e ry  saccade. B read th  of scan and mean saccadic 

am plitude do not neccessarily  have to be c o rre la te d , since a g iven  

b read th  of scan could be m aintained by e ith e r  many small saccades o r  

few er b u t la rg e r  saccades.

In summary so fa r ,  th e  Exponentia l d is tr ib u tio n  of fixa tio n  d u ra ­

t io n , the  decrease in mean du ra tio n  w ith stim ulus size increase, and 

th e  increase in mean saccadic am plitude and b read th  of scan w ith  

stim ulus s ize, taken to g e th e r su p p o rt th e  m ultip le  ta rg e t model - a t 

least fo r  a d u lts . T h e  CPU model can be re jected  and only  a v e ry  

weak case can be made fo r  the  spontaneous saccade model. T h e  m ul­

tip le  ta rg e t model w ill now be exam ined more closely and some logical 

consequences w ill be discussed.

5 .3  T h e  M u ltip le  T a rg e t Model in A d u lts

T h e  m ultip le  ta rg e t model is conceptu ally  q u ite  simple b u t it  p r e ­

dicts complex p a tte rn s  of eye movements th a t a re  d iff ic u lt  to q u a n ­

t i f y .  U n d er some cond itions, how ever, q u a n tita tiv e  pred ictions can be 

made; some of which w ill be corroborated  b y  ex is tin g  d a ta , and o th ­

ers  remain to  be te s te d . A model o r th e o ry  should be judged not on ly
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F ig u re  16

E ffec t of stim ulus size on mean m agnitude of 
saccades from  11 ad u lt subjects fre e -v ie w in g  
geom etric fig u re s  of d if fe re n t s izes. Each s u b ­
jec t is connected by a solid line. T h e  dashed  
line shows th e  mean.
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Figure 17

E ffect o f stim ulus size on th e  b read th  of scan 
of 11 ad u lt subjects fre e -v ie w in g  geom etric f ig ­
ures of d if fe re n t  sizes. Each subject is con­
nected by a solid lin e . T h e  dashed line  shows 
th e  mean. B read th  o f scan is calculated as the  
standard  d evia tion  of eye position a t th e  end of 
each saccade.
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by its e xp lan a to ry  power b u t also b y  its consequences. T h e re fo re , 

we shall discuss th e  model q u ite  th o ro u g h ly  in term s of its conse­

quences, which may not be a p p aren t from  a c u rs o ry  exam ination. 

Mathem atical r ig o u r w ill be avoided since it  adds noth ing  save o b fu s ­

cation .

T h e re  a re  two basic mechanisms in th is  model: F irs t , in fre e -

v iew in g , saccades a re  tr ig g e re d  b y  v isual ta rg e ts  in a sim ilar fashion  

to th e  saccadic re flex  b u t w ith o u t th e  a b ru p t stim ulus onset. Second, 

visual ta rg e ts  tr ig g e r  saccades p ro b ab ilis tica lly  ra th e r  than w ith  c e r ­

ta in ty . We consider th e  specific  case w here  th e  p ro b a b ility  p e r u n it 

time of ta rg e t tr ig g e r in g  a saccade, X, does not change d u rin g  the  

f ix a tio n . Such a mechanism can be illu s tra te d  eas ily  b y  a ta rg e t g en ­

e ra tin g  a stochastic signal ( fo r  exam ple, th e  f ir in g  p a tte rn  of re tinal 

ganglion ce lls ) whose instantaneous level flu c tu a tes  random ly about 

some mean leve l. T h e re  is a constant p ro b a b ility  p e r u n it time th a t a 

flu c tu atio n  w ill exceed a th resh o ld  and tr ig g e r  a saccade. E ven tua lly  

a saccade w ill occur to  th is  ta rg e t , g iv in g  rise to th e  Exponentia l d is ­

tr ib u tio n  fo r  th e  w aiting  time fo r  th e  saccade w ith  m ean, 1/X (fo r  the  

purpose of th is  discussion we shall ignore the A -p e rio d  of fixa tio n  

d u ra tio n ). In th e  m ultip le  ta rg e t  model, we consider N visual ta rg e ts  

sim ultaneously v y in g  fo r  fo vea tio n . Each ta rg e t has a d if fe re n t b u t  

constant p ro b a b ility  p er u n it tim e, X., of tr ig g e r in g  a saccade to  

its e lf. A lthough not c ru c ia l, we w ill make the  s im p lify in g  assumption  

th a t th e  ta rg e ts  are  independent o f each o th e r so th a t th e  p ro b a b ility  

p e r u n it time of a saccade o c c u rrin g  to  a ta rg e t is in d ep en d en t o f th e  

presence and location of o th e r  ta rg e ts . T h e  p ro b a b ility  p e r u n it time
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of a saccade being tr ig g e re d  b y  a n y  ta rg e t is then EX., which is also 

constan t. T h u s , the  d is tr ib u tio n  of w aiting  tim e is still Exponentia l

b u t now has a mean o f 1 /E X .. Hence, as th e  num ber o f ta rg e ts

increases, th e  mean du ra tio n  w ill decrease in reciprocal fash ion.

O b v io u s ly , th e  num ber of ta rg e ts  w ill increase as th e  stim ulus area  

increases because more re tin a  is being stim ulated .

To  fa c ilita te  fu r th e r  d iscussion, we shall d e fin e  th e  q u a n tity  

"saliency" o f a ta rg e t as th e  p ro b a b ility  p e r u n it time th a t th e  ta rg e t  

w ill t r ig g e r  a saccade. T h u s , d u rin g  any g iven fix a tio n , each ta rg e t  

w ill have an associated sa liency , Xj. For independent ta rg e ts , salien - 

cies are  a d d itive  so th a t th e  to tal stimulus w ill have a to ta l saliency  

equal to  the  sum of in d iv id u a l ta rg e t saliencies, X̂  = EX..

T h e  problem , now, is to  fin d  w hat constitu tes a ta rg e t and w hat 

determ ines a ta rg e t's  sa liency . When using the  term  " ta rg e t"  we have  

been im p lic itly  re fe rr in g  to th e  stim ulus, as if  a ta rg e t exis ts  outs ide  

the  sub ject. A lthough co n ven ien t, such usage is m isleading. A ny  

visual in form ation , w h eth er fo r  tr ig g e r in g  saccades o r  o th erw ise , must 

be f ilte re d  b y  th e  re tin a l n uc lear layers before  being tran sm itted  via  

the  optic  n erve  to  o th e r c en tres . T h u s , th e  image of the  visual scene 

th a t impinges on the  re tin a  w ill be f ilte re d  by th e  recep tive  fie ld

organization  th a t emerges a t th e  re tinal ganglion leve l. I t  fo llow s, 

th e re fo re , th a t th e re  are  d iscre te  channels (each ganglion ce ll) th a t 

tran sm it th e  inform ation fo r  tr ig g e r in g  saccades. A t th e  fovea the  

recep tive  fie lds  a re  v e ry  small and densely  packed. In th e  p e rip h e ry  

th e  size of th e  recep tive  fie ld s  becomes much la rg e r , and although  

recep tive  fie lds  o v e rla p , th e ir  d en sity  fa lls  o ff . I t  is , th e re fo re ,
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more a p p ro p ria te  to consider saccades as being  tr ig g e re d  by  

"re ce p tiv e  fie ld s" a t th e  ganglion level ra th e r  than  b y  th e  visual 

image p e r se. We shall continue to use th e  term  " ta rg e t" , b u t to  

mean the  ta rg e t recep tive  fie ld  excited  b y  th e  stim ulus.

We can now look a t saliency in term s o f w hat stim ulus param eters  

are  needed to  exc ite  p a rtic u la r  re tin a l ganglion ce lls . We w ill assert 

th a t a saccade is more like ly  to  occur to  a recep tive  fie ld  if th e  f ir in g  

ra te  of th e  re tin a l ganglion cell fo r  th a t recep tive  fie ld  increases  

( th a t  is, ON c e lls ). With th is  assumption it  can be seen th a t a high  

luminance element of a stim ulus w ill have more saliency (m ore lik e ly  to  

t r ig g e r  a saccade) than a low lum inance elem ent. A lso, the  saliency of 

a luminance elem ent w ill depend on its tem poral component (d u e  to  

motion o r f la s h in g ) , and g re a te r  tem poral freq u en c ies  o r speeds w ill 

increase saliency up to some maximum before  b lu r  sets in (th is  w ill be 

discussed la te r in Section 6 ) .  F u rth e rm o re , because of th e  c e n tre /  

su rro u n d  antagonism of most recep tive  fie ld s , th e re  w ill be some p a t­

te rn s  of luminance th a t w ill have more salience th a n , say, a large  

high luminance stim ulus elem ent. Th is  spatial fre q u e n c y  tu n in g  w ill 

v a ry  across th e  re tin a  as th e  recep tive  fie lds  change in d iam eter. 

T h u s , v e ry  fin e  deta ils  w ill be more lik e ly  to  t r ig g e r  a saccade when 

th e y  are perifovea l than when th e y  are  in th e  p e r ip h e ry . T h e  e ffe c t  

of re tinal inhom ogeneity on saccades can be seen from  a few  studies: 

F irs t , it is well known th a t saccadic accuracy decreases th e  la rg e r  

th e  saccade (B e c k e r , 1972; Henson, 1979). T h is  is consistent w ith  

th e  notion th a t a p e rip h era l ta rg e t cannot be localised more accu ra te ly  

than  the  size of th e  recep tive  fie ld  which is s tim u lated . A cu ity  fa lls
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o ff ap p ro xim ate ly  lin ea rly  w ith foveal e c c e n tr ic ity  (A lp e rn , 1962). 

T h u s , e r r o r  should be p roportiona l to  e c c e n tr ic ity  and as Henson 

(1979) has shown, saccadic localization e r ro r  is ro u g h ly  a constant 

10% of saccadic demand (o r  ta rg e t e c c e n tric ity  u n d e r o u r m odel).

F ind lay  (1980) has shown th a t th e  area o f a p e rip h era l stimulus  

must be much la rg e r than th e  area o f a less fo v e a lly  eccentric  stim u­

lus to  m aintain th e  same p ro b a b ility  o f tr ig g e r in g  a saccade. F indlay  

shows th a t th e  area increases w ith  th e  s ix th  pow er o f e cc e n tric ity , 

which is much more than would be expected by change in recep tive  

fie ld  d iam eter a lone, and also much more than  th a t expected  from  the  

cortica l m agnification fa c to r . N everth e less , his re su lt c le a rly  shows 

th a t th e  re tin a  is not homogenous in its p ro b a b ility  o f tr ig g e r in g  sac­

cades.

N o n -s ta tio n s rity  o f F ixation  D uration

T h e  inhom ogeneity o f th e  re tin a l tr ig g e r in g  mechanism means th a t  

th e  saliency of a ta rg e t in the  v isual scene w ill not on ly  depend on 

th e  d is tr ib u tio n  of luminance and o th e r visual param eters  (co lour and 

b rig h tn ess  c o n tra s t, tem poral components, adaptation  s ta te ) , b u t also 

on th e  re tin a l locus of th e  ta rg e t's  image. C o n seq u en tly , saliency  

cannot be considered as belonging solely to th e  stim ulus domain bu t 

should be considered as a p ro d u ct of th e  in te rac tio n  of the  stimulus  

param eters and th e  c u rre n t eye position . S ince, according to our  

model, th e  mean fix a tio n  du ra tio n  is depen dent on th e  inverse  of total 

saliency of a v isual scene, we m ust conclude th a t th e  mean fixatio n  

du ra tio n  w ill depend on w here  th e  eye is po in tin g  in th e  visual scene; 

th a t is , mean d u ra tio n  w ill change from  fix a tio n  to  fixa tio n  according
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to how to tal saliency changes across fix a tio n s . Some v isual scenes 

w ill not evoke large  changes in to tal saliency from  fixa tio n  to fix a tio n , 

because no m atter w here  th e  eye  p o in ts , th e  lum inance p a tte rn  w ill 

remain ro u g h ly  the same. Such stim uli would be homogenous in th e ir  

contour p a tte rn s  ( fo r  exam ple, uniform  fie ld s , fin e  checkerboards , 

dense contour maps, e t c . ) .  H ow ever, fo r  less homogenous stim uli one 

would expect large  changes in to tal saliency from  fix a tio n  to  fix a tio n , 

and hence fix a tio n  d u ra tio n  as th e  eye  scans th e  stim ulus.

From a s ta tis tica l po in t o f v iew  fixa tio n  du ra tio n  is a n o n -  

s ta t io n a r y  random process accord ing  to th is  model, because th e  

moments change in tim e. For an y  p a rtic u la r  f ix a t io n , its d u ra tio n  w ill 

be E xpo nentia lly  d is tr ib u te d  because of th e  constant saliency (w ith in  

a f ix a t io n ) .  T h e  n ext fix a tio n  w ill also be E xp o n en tia lly  d is tr ib u te d  

b u t it  w ill have a d if fe re n t mean. O v e r many fixatio n s  th e  d is tr ib u tio n  

of durations w ill appear to  th e  exp erim en ter as a Compound Exponen­

t ia l,  which is indeed w hat is observed  and has a lread y  been discussed  
1 o

in Section 4 .

i o
A leg itim ate concern arises o v e r th e  v a lid ity  o f m easuring moments 

of w hat now appears to be a n o n -s ta tio n a ry  random process. T h e re  
are  two ways to  look at th is  problem . F irs t , the  s e v e rity  o f th e  non- 
s ta tio n a rity  and its time course should be considered . H e re , the  
change in th e  mean (and h ig h e r moments) o f th e  u n d e rly in g  E xponen­
tia l d is tr ib u tio n  is rap id  (e v e ry  o b serva tio n ) so th a t its main e ffe c t 
w ill be to  in fla te  th e  varian ce  - hence th e  h y p e re x p o n e n tia lity . 
C le a rly  th e  change in mean d u ra tio n  from  one fix a tio n  to  an o th er has 
not been so large  as to  p re v e n t us from  a t least id e n tify in g  the  
u n d e rly in g  d is trib u tio n  as E xpo nentia l. Second, if th e  changes in 
mean from  fixa tio n  to  fix a tio n  a re  them selves random , then th e  d is t r i ­
bution is compound b u t s ta tio n a ry . Because total saliency is made of 
m any in d iv id u a l (and  in d ep en d en t) ta rg e t  saliencies, th e re  a re  many 
degrees of freedom  determ in ing  mean du ra tio n  fo r  most s tim uli. T h e  
changes in to ta l saliency from  fixa tio n  to fixa tio n  w ill be d e te rm in is tic  
b u t w ill be q u asi-random .
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Pre-emption and Eminency

Even though we have assumed th e  saliencies o f ta rg e ts  to  be 

independent of each o th e r , we w ill now discuss how ta rg e ts  w ill 

appear to be s tro n g ly  a ffec ted  by each o th e r. T h is  is a logical conse­

quence of th e  m ultip le  ta rg e t model and no o th e r assumptions w ill be 

made.

F irs t , consider a single ta rg e t which is in th e  p e rip h era l v isual 

fie ld  and is s tim ulating  a s ing le  re tin a l ganglion ce ll. Let th is  ta rg e t  

(a t th is  re tinal locus) have a low saliency, say , X = 0 .01  sec"^ . If  

th is  arrangem ent could be repeated  many tim es, w e would have to 

w ait, on averag e , 1 / X = 100 seconds fo r  th e  ta rg e t to  t r ig g e r  a sac­

cade - th e  d is tr ib u tio n  of w aiting  times woutd be E xpo nentia l, of 

course. Let us now add a second ta rg e t a t a d if fe re n t  locus b u t w ith  

th e  same saliency. We would s till have to w a it, on a v e ra g e , 100 sec­

onds fo r  a saccade to a specific  ta rg e t  because of th e  assum ption of 

independence. B u t, now we would have to  w ait on a ve ra g e , only 50 

seconds fo r  a n y  saccade; th a t is, to  e ith e r ta rg e t .  T h u s  th e  addition  

of a ta rg e t reduces th e  w a itin g  time fo r a saccade b y  50%. Now con­

s id er 100 ta rg e ts , all w ith  th e  same sa liency , X = 0.01 s e c . We 

would now have to  w a it, on a v e ra g e , on ly  1 second fo r  th e  f ir s t  sac­

cade. I f  one more ta rg e t w ere  added , th e  w a itin g  tim e would o n ly  be 

reduced b y  1% to  0 .9 9  seconds. From th e  po in t of v iew  of a specific  

single  ta rg e t ,  th e  p ro b a b ility  th a t th e  ta rg e t w ill ac tu a lly  "w in"  

foveation b y  tr ig g e r in g  th e  f i r s t  saccade w ill depend on th e  num ber 

of th e  o th e r ta rg e ts  p re s e n t. For these examples it  w ill be reduced  

from  0 .5  w ith  two ta rg e ts  to  0 .01 w ith  100 ta rg e ts . In o th e r  w ords a
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ta rg e t is e ffe c tiv e ly  p re -em p ted  b y  o th e r ta rg e ts  (even  though the  

saliencies a re  independent of one a n o th e r). More g e n e ra lly , th e  p ro b ­

a b ility  th a t a specific  ta rg e t w ill t ig g e r  a saccade on a g iven  fixa tio n  

w ill be g iven by the  ratio  o f th e  ta rg e t's  saliency to th e  to tal saliency  

of all th e  ta rg e ts . We shall re fe r  to th is  (co n d itio n a l) p ro b a b ility  as 

th e  ta rg e t's  "Em inency" (re la t iv e  im portance). T h u s , "saliency"  

re fe rs  to th e  absolute p ro b a b ility  p e r u n it time th a t a ta rg e t  w ill t r ig ­

g e r  a saccade g iven th a t it is not p re -em p ted  b y  an o th er ta rg e t.  

"Em inency" is the p ro b a b ility  th a t a ta rg e t w ill t r ig g e r  a saccade 

before  th e  o th e r ta rg e ts  do.

Scanning P atterns  and M arkov Sequences

P eriod ically , scanning p a tte rn s  of eye movements fo r  subjects  

view ing stim uli have become of in te re s t in th e  lite ra tu re  ( fo r  exam ple, 

Y a rb u s , 1967; Noton and S ta rk , 1971; S ta rk  and E llis , 1981). T h e re ­

fo re , even though we have made no attem pt to  re la te  eye position  

d u rin g  fixa tio n  to actual stim ulus fe a tu re s , we w ill p u rsu e  th e  s ta tis ­

tical p ro p erties  of th e  m ultip le  ta rg e t model a l i t t le  fu r th e r .

C o n cep tu a lly , th e  model as outlined  here  is q u ite  sim ple, y e t it  

p red icts  complex p a tte rn s  of eye movements which depend on th e  

stim ulus. T h e  com plexity  arises from  th e  sequentia l n a tu re  of eye  

movements. A lthough we m ight be able to p re d ic t which po ten tia l t a r ­

g e t is th e  most sa lien t, and th e re fo re , th e  most like ly  to  be th e  t a r ­

g e t fo r  th e  n e x t fix a t io n , we cannot p re d ic t which ta rg e t w ill a c tu a l ly  

t r ig g e r  th e  saccade - even a ta rg e t  w ith  v e ry  low saliency could win  

fo veatio n . O f course, once th e  eye is in a new position , all ta rg e ts  

ta k e  on d iffe re n t saliencies because of th e ir  new re tin a l loci. T h u s , a
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ta rg e t th a t had a high saliency on one fixa tio n  may have a low sal­

iency on th e  n e x t fix a t io n , and v ice  v e rs a . T h e  spatial p a tte rn  of 

fix a tio n s , o r  scanning p a tte rn , fo r  a fre e -v ie w in g  ad u lt subject w ill 

th e re fo re  appear q u ite  haphazard  y e t s till be in e x tr ic a b ly  linked to  

th e  stim ulus.

A ccording to the model, the  p ro b a b ility  th a t a saccade w ill te rm i­

nate a fixa tio n  depends only  on th e  saliencies o f all th e  potentia l t a r ­

gets at th e ir  re tin a l loci, and does not depend on th e  c u rre n t ta rg e t  

being fo veated . More im p o rtan t, th e  saccade p ro b a b ility  is in d ep en ­

den t o f h o w  th e  eye reached its c u rre n t position - th e re  is no memory 

w ith in  o r between fix a tio n s . T h u s , if th e  eye should repeat a fix a tio n  

(a ra re  o c c u rre n c e ), all potentia l ta rg e ts  w ill have th e  same saliency  

as th e y  d id  on th e  last f ix a tio n . I f  th is  condition holds, then th e  eye  

position of c u rre n t fixa tio n s  can be described  by a M arkov process 

w here  each possible eye position corresponds to  a s tate  o f the  M arkov  

process ( fo r  a descrip tion  of M arkov processes, see F e lle r, 1968). A t 

any g iven in s tan t in tim e, th e  p ro b a b ility  th a t a saccade w ill move the  

eye from its c u rre n t position to a specific  new ta rg e t w ill be given by  

th e  new ta rg e t's  saliency a t its e c c e n tr ic ity  from  the  c u rre n t eye  

position (g iven  no p re -e m p tio n ). T h u s , th e  eye position a t any  

in s tan t is g iven by a process whose tra n s itio n  p ro b ab ilities  are  p ro ­

portional to saliencies o f all ta rg e ts  w ith  respect to each o th e r . In 

fa c t, th e  m ultip le  ta rg e t model can be succ inctly  restated  as p o s tu la t­

ing th a t th e  developm ent o f eye position in time is a s ta tio n a ry , con­

tinuous general M arkov process. N ote, th a t th is  M arkov  process on ly  

describes th e  B -p erio d  of f ix a tio n s . T h e  A -p e rio d  and saccade d u ra ­
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tion a re  not inc luded . I t  is also im portant to note th a t th e  whole  

process is s tim u lu s-d ep en d en t -  each stim ulus o r v isual scene creates  

a d if fe re n t  set of M arkov p ro b a b ility  tra n s it io n s . An illu s tra tio n  of 

th is  k ind  of M arkov process is shown in F igure  18a. Each element in 

th e  m atrix  represents  th e  tra n s itio n  p ro b a b ility  o f th e  eye moving  

from  a specific  position to  an o th er in th e  time in te rv a l, fit. The  

diagonal elements rep resen t th e  p ro b a b ility  th a t th e  eye w ill s tay in 

its c u rre n t position (ig n o rin g  d r i f t )  o r , in o th e r w o rd s , th e  p ro b a b il­

ity  th a t th e  eye w ill not make a saccade in a time in te rv a l. For con­

s ta n t tra n s itio n  p ro b ab ilities  in tim e, th e  p ro b a b ility  d is tr ib u tio n  of 

d u ra tio n  a t any g iven position w ill be E xpo nentia l. Since diagonal e le ­

ments w ill be g en era lly  d if fe re n t , th e  mean du ra tio n  w ill v a ry  from  

one position to  an o th er. T h is  model th e re fo re  describes th e  dura tion  

o f fixa tio n s  b y  a compound Exponentia l d is trib u tio n  (see Section 4 and  

A p p en d ix  F ) .  I t  is necessary to  add on th e  fix e d  A -p e rio d  to each 

fix a tio n  in o rd e r to com pletely d escribe  fix a tio n  d u ra tio n . Saccade 

d u ra tio n  would also have to  be added to obtain eye position in tim e.

T h is  m atrix  rep resen ta tio n  can be sim plified if th e  tran s itio n s  

re p res e n t a saccade ra th e r  than th e  eye position a t e v e ry  tim e in te r ­

v a l, fit . In th is  case, a m atrix  elem ent represen ts  th e  p ro b a b ility  

th a t a saccade w ill occur to a position befo re  a saccade occurs to  

an o th er position , regard less  o f how long the eye stays in its c u rre n t  

position . T h e  fix a tio n  d u ra tio n  inform ation is lost and on ly  spatial 

in form ation of eye position is d escrib ed . In th is  m a trix  th e  leading  

diagonal becomes zero since th e  eye cannot make a saccade to  its c u r ­

re n t position (b y  d e fin itio n  saccades move th e  e y e ) .  Each element
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F ig u re  18

Th e  m ultip le  ta rg e t model can be d e fin ed  in 
term s of M arkov m atrices , (a ) T h e  fu ll m a trix : 
Each elem ent contains th e  saliency of a potentia l 
ta rg e t tr ig g e r in g  a saccade from  one eye posi­
tion (ro w ) to an o th er position (c o lu m n ). A 
leading diagonal elem ent describes th e  p ro b a b il­
ity  p er u n it tim e th a t th e  eye does n o t  move 
and ( fo r  constant saliencies) describes an E xpo­
nential d is tr ib u tio n  fo r  fix a tio n  du ra tio n  a t any  
position . T h is  fu ll m atrix  describes th e  p ro b ­
a b ility  of a tra n s itio n  a t e v e ry  in s tan t o f tim e, 
6t. (b )  S im plified m a trix : Same as th e  fu ll
m a tr ix , except th a t each elem ent is th e  p ro b ­
a b ility  th a t th e  eye w ill make a saccade from  a 
row position to a column position g iv e n  th a t a 
saccade does o ccu r. T h e  leading diagonal 
becomes zero since a saccade must move th e  eye  
(b y  d e fin it io n ). D uration  inform ation is lost in 
th e  sim plified m a tr ix . In both m atrices th e  
A -p e rio d  of du ra tio n  and saccade d u ra tio n  are  
not inc luded .
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now represents  em inency - th e  p ro b a b ility  th a t th e  eye w ill move from

one position to  an o th er g iv e n  th a t th e  eye moves somewhere (F ig u re

1 8 b ). T h e  advantage  of th is  s im plified  chain is th a t it may lead to a

means of tes tin g  th e  model as follows: I f  th e  saliencies o f ta rg e ts  are

t r u ly  independent o f each o th e r, then elements in th e  M arkov m atrix

can be collapsed in to  sub -areas  and so create  new elem ents. These

elements w ill then  re p res e n t th e  p ro b ab ilities  th a t th e  eye moves from

one su b -area  to an o th er. Scanning p a tte rn s  could be observed and

fix a tio n  positions could be grouped  into th e  su b -areas  and tested  fo r
11

d e p artu res  from  a f i r s t  o rd e r  M arkov chain .

Noton and S ta rk  (1971) and a few  o th ers  (see S ta rk  and E llis , 

1981) have shown th a t subjects sometimes repeat th e ir  id iosyncratic  

scanning p a tte rn , "scan p ath ", when th e y  rep ea ted ly  view ed the  same 

stim ulus. T h is  fin d in g  has a ttra c te d  much a tten tio n  because of possi­

ble c o g n itiv e /p e rc e p tu a l im plications (and p ro b ab ly  because it  is ra re  

to fin d  any stable p a tte rn  in v isual scanning exp e rim en ts ). Close 

exam ination of th e  few  pub lished  scanpaths reveals th a t the scanning  

p a tte rn s  are  not identica l b u t have only a resemblance to each o th e r.

11
Ellis and Smith (1985) attem pted th is  kind of analysis w ith ad u lt 

subjects and found a s ig n ific a n t d e p a rtu re  from  f i r s t  o rd e r expected  
p ro b a b ilitie s . H ow ever, it  is d if f ic u lt  to in te rp re t th e ir  resu lt because  
of th e ir  unusual stim ulus cond itions, and because th e ir  analyses  
ap p ear to  be in a p p ro p ria te : T h e y  used stim uli w ith  fea tu res  th a t
moved lin ea rly  a n d /o r  ro ta ted  a t 1 d e g ree /s ec . M oreover, th e ir  stim uli 
w ere  not identical from  one tr ia l  to  th e  n e x t. T h u s , stim ulus salien ­
cies w ere not s ta tio n ary  (s ta tis tic a lly ) e ith e r  w ith in  o r between tr ia ls .  
T h e y  used an autom atic p ars in g  p ro ced u re  w hich has known problems  
(K a rs h  and B re iten b ach , 1983). T h e y  used th e  sim plified m atrix  of 
eminencies (F ig u re  18b) w ith  a n o n -zero  leading d iagonal, and th ey  
used a C h i-S q u a re  te s t even though many of th e ir  cells had v e ry  low 
frequencies  - a w ell known problem  (see S iegel, 1956).
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A ccord ing to  th e  m ultip le  ta rg e t model, th e  p ro b a b ility  o f th e  eye  

passing th ro u g h  th e  same sequence of eye positions is remote (even if 

durations w ere ig n o re d ). I f  th e  ta rg e ts  w ere collapsed into sub-areas  

as mentioned above, th e  p ro b a b ility  o f a scan rep eatin g  its e lf may 

reach observab le  levels in some cases. T h e  likelihood of scanpaths  

would be g re a te r  fo r  stim uli th a t w ere sparse in co n to u r (such as line  

d ra w in g s ) since on any fixa tio n  th e re  would be few  a lte rn a tiv e  t a r ­

g e ts . I t  is possible th a t scanpaths are  ju s t u n lik e ly  events th a t  

a ttra c t much more atten tion  from  th e  exp erim en ter than w arran ted  by  

th e ir  p ro b a b ility  o f occurrence.

Scanning Homogenous Visual Scenes

Because of th e  M arkovian  c h ara c te r o f th is  model of visual scan­

n in g , it is d if f ic u lt  to make any pred ictions  of even average  scanning  

beh av io u r unless we have v e ry  deta iled  knowledge of th e  stim ulus and  

its d is trib u tio n  of saliencies a t all eye positions. T h e  "homogenous" 

stim ulus is one exception to th is  problem . T h e  homogenous stim ulus  

has a uniform  d is trib u tio n  of contour (o r  spatial fre q u e n c y  p e r u n it 

a re a ), so th a t w h e re v e r th e  eye p o in ts , th e re  is a s im ilar d is tr ib u tio n  

of saliencies across th e  re tin a ; such stim uli a re  e v e ry d a y  v iew s, ra n ­

dom p a tte rn s , contour maps (as used by Enoch, 1959 ), e tc . .  Many 

lab o ra to ry  s tim u li, such as geom etric form s, scant line  d raw in g s , 

e tc . ,  a re  not homogenous because th e  d is tr ib u tio n  of saliency w ill 

depend n o n -tr iv ia lly  on w here  the  eye is p o in tin g  (such as th e  cen tre  

of tr ia n g le  as opposed to a v e r te x ) .

For th e  homogenous stim ulus, th e n , we can tre a t  each fixa tio n  

and saccade as tran s itio n s  from  th e  same M arkov chain because th e
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m atrix  o f tran s itio n  p ro b ab ilities  now remains approxim ate ly  th e  same 

from  fixa tio n  to  f ix a t io n . We now need to  estim ate how saliency is

in fluenced b y  re tin a l f i l te r in g ;  we can then make some predictions of

th e  relationships between th e  d is trib u tio n  of saccades, mean saccade  

m agnitude, and th e  B -p erio d  of fix a tio n  d u ra tio n .

As discussed e a r lie r , saccadic tr ig g e r in g  is m ediated by a t least 

th e  re tin a l ganglion cells . T h e  spatial inform ation fo r  tr ig g e r in g  sac­

cades p ro b ab ly  passes th ro u g h  o th e r re tino top ic  ce llu la r laminae (such  

as th e  those in th e  su p erio r colliculus o r , possib ly , th e  v isual c o r­

te x ) .  H ow ever, we w ill assume th a t th e  saccadic system cannot local­

ise more accu ra te ly  than  perm itted  by th e  recep tive  fie ld  organ ization  

a t th e  re tin a . T h u s , we place th e  lim itation th a t th e  d en s ity  c '  t a r ­

gets can be no g re a te r  than  th e  d en s ity  of re ce p tiv e  fie ld s . T h e

diam eter o f recep tive  fie lds  increases ap p ro xim ate ly  lin e a rly  w ith  

foveal e cc e n tric ity  up to  about 25 d egrees , as in fe rre d  b y  the  change  

in a cu ity  ( fo r  exam ple, A lp e rn , 1962). A t eccen tric ities  beyond about 

25 d egrees , acu ity  decreases more ra p id ly  than lin e a r ly  (Woodhouse 

and B arlow , 1982). I f  we assume a constant d eg ree  of o verlap  

between adjacent recep tive  fie ld s , th e  d en s ity  o f recep tive  fie lds  w ill 

be in verse ly  p roportiona l to  th e  square of e c c e n tr ic ity . T h is  is con­

s is ten t w ith  th e  anatomical assay of re tin a l ganglion cell d en s ity  in 

th e  macaque monkey (P e r ry  and Cowey, 1985 ), except fo r  th e  foveal 

region w here  ganglion cells are  displaced (th e  fib re s  o f H e n le ). 

A pprox im ate ly  th e n , th e  d en s ity  of potentia l ta rg e ts  w ill follow th e  

in verse  square o f e c c e n tric ity  from  th e  fo vea . H ow ever, care  must 

be taken in estim ating saliency near th e  fovea since th e  in verse
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square  approaches in f in ity  as e cc e n tric ity  becomes v e ry  small. A 

more accu ra te , b u t s till lin e a r, descrip tion  of recep tive  fie ld  d iam eter, 

d , w ith  e c c e n tr ic ity , r ,  is g iven b y :

d = a ♦ b r  (12)

w here  a is the  d iam eter of th e  most cen tra l foveal recep tive  fie ld  and

b is th e  slope of th e  ra te  of d iam eter increase w ith  e cc e n tr ic ity .
12

Assuming a rad ia lly  sym m etric re tin a  w ith  an homogenous stim ulus, 

th e  saliency, X ( r ) ,  a t an e c c e n tr ic ity , r ,  w ill be g iven  by:

X (r )  = 1 /(a  ♦ b r ) * .  (13 )

For large  eccentric ities  th is  re la tionsh ip  becomes th e  in verse  sq u are , 

b u t fo r  small eccen tric ities  th e  ra tio , a /b ,  becomes q u ite  s ig n ifican t. 

We shall call th is  ra tio , £2 = a /b ,  th e  "acu ity  ratio" which is th e  m ini­

mum foveal recep tive  fie ld  d iam eter d iv id ed  by th e  ra te  of increase in 

recep tive  fie ld  d iam eter w ith  e c c e n tr ic ity . T h e re  is some d iscrepancy  

on th e  value  of th is  ra tio . P robab ly  th e  most accurate  m easure can 

be obta ined from  Jones and H iggins (1947) whose in tra -fo v e a l meas­

urem ents y ie ld  a value  of 0 .5 .  T h is  assumes th a t cen tra l foveal

12
T h is  assumption is rea lly  o n ly  fo r  mathematical convenience. In fac t 

th e  nasal hem iretina has a g re a te r  d en s ity  o f ganglion cells than  the  
tem poral hem iretina (P e rry  and C ow ey, 1985). H ow ever, th is  asym­
m etry  may be cancelled fo r  b inocu lar v iew ing  if  th e  two eyes tr ig g e r  
saccades in d ep en d en tly . B inocular v iew ing increases th e  visual fie ld  
h o rizo n ta lly  ra th e r  than v e rt ic a lly ; how ever, th is  asym m etry is in the  
fa r  p e r ip h e ry  and should have on ly  a v e ry  small e ffe c t on total sa l­
ien cy .
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recep tive  fie ld s  contain o n ly  one cone. A cu ity  measures y ie ld  an acu ­

ity  ra tio  of about 1 .0  ( fo r  an o v e rv ie w , see Jacobs, 1979 ), a lthough  

some studies y ie ld  much h ig h e r ratios o f 5 o r more ( fo r  exam ple, Mil - 

lodot, Johnson, Lamont, and Le ibow itz , 1975). These  d iffe ren ces  may 

be caused by d iffe re n t p ro ced u res , a cu ity  ta rg e ts , and levels o f lum i­

nance. We w ill show pred ictions  using th e  va lues , fl = 0 .5 ,  1 .0 , and  

1 .5 ; th e  low er values are  p ro b ab ly  more accu ra te .

For a rad ia lly  sym m etric and homogenous stim ulus w ith  ra d iu s , 

R, th e  p ro b a b ility  d en s ity  o f saccade m agnitude is g iven  by :

T h e  denom inator normalises th e  d is tr ib u tio n  by assum ing th a t all sac 

cades po in t th e  fovea somewhere inside th e  stim ulus a rea . S u b s titu t  

ing X (r )  from  Equation 13, th is  becomes:

As can be seen, th is  d is tr ib u tio n  depends only on th e  acu ity  ra tio  

and th e  stim ulus size -  th e re  are  no o th e r fre e  param eters . T h is  

theore tica l d is tr ib u tio n  is com pared to  actual d is trib u tio n s  obtained b y  

B ah ill, A d le r , and S ta rk  (1975) in F ig u re  19. Bahill e t a l. m easured  

th e  d is trib u tio n  of saccade m agnitude from  th re e  subjects fre e ly  v ie w ­

ing e v e ry d ay  scenes which we w ill assume to  be ap p ro xim ate ly  

homogenous. Both th e  th eo re tica l and obtained d is trib u tio n s  show th e  

same shape; th e re  is a peak in th e  d is trib u tio n s  around  1 d eg ree  w ith

R

(14 )

0

f s ( r )  = [R/(RM2)V[a/(R+fl) + log(R /!2  + 1) - 1 ] ,  (1 5 )
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F ig u re  19

Comparison of th e  d is trib u tio n  of saccade mag­
n itu d e  between th e  pred iction  of th e  m ultip le  
ta rg e t  model (Equation 15) and th e  data from  
B ahill e t a l. (1 9 7 5 ). Note: Bahill e t a l. 's  d is t r i ­
butions w ere normalised o v er th e  range 1 - 3 0  
d eg rees . T h e  model's d is tr ib u tio n s  are  norm al­
ised o ver th e  range 0 - 3 0  d eg rees , w ith  d i f ­
fe re n t acu ity  ra tio s , R.



•  +  *  Bahill at a I.’*  (1975)
s u b ja e ta

  Modal

Saccade Magnitude (deg)
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a hyperbo lic  fa l l -o f f  fo r  h ig h e r saccade m agnitudes. I t  should be 

noted th a t th e  th eo re tica l d is tr ib u tio n s  w ere  normalised o v e r th e  

range 0 - 3 0  d egrees , w h ile  Bahill e t a l. 's  data w ere  normalised from  

about 1 to 30 degrees because of th e  one degree  resolution of th e ir  

EOG a p p ara tu s . T h is  d iscrepancy in norm alisation accounts fo r  some 

of the  d iffe re n c e  between the  theoretica l and obtained d is tr ib u tio n s , 

especially fo r  small saccades. T h is  comparison between actual and  

theore tica l d is tr ib u tio n s  suggests th a t th e  d iffe re n t d is trib u tio n s  

among Bahill e t a l. 's  subjects re flec t d iffe re n t acu ity  ra tio s . T h u s , 

subjects w ith high acu ity  (low a) w ill produce saccades w ith  m agni­

tu d e  d is trib u tio n s  having  h ig h er modal p ro bab ilities  a t lower m agni­

tudes than  subjects w ith  poor a cu ity .

Since th e  m ultip le  ta rg e t model accu ra te ly  p red ic ts  th e  d is tr ib u ­

tion of saccade m agnitude fo r  homogenous visual scenes, we w ill 

examine th e  mean of th is  d is tr ib u tio n . T h e  mean is g iven  by :

A gain , th e  on ly  fre e  param eter is th e  acu ity  ra tio . In F ig u re  20 th e  

mean saccade m agnitude from  Enoch's data is p lo tted  against th e  diam -

Mean saccade m agnitude o n ly  becomes sensitive  to th e  acu ity  ra tio  fo r

R

(16)

0

which becomes:

f  = R - 2S lo g (R /n  * 1) -  fl2 /(R + f l)  ♦ Si 

fi/(R+J2) + log(R/S! ♦ 1) -  1
(17 )

a te r  o f a homogenous stim ulus fo r  d if fe re n t acu ity  ratios (solid  lin e s ).
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F ig u re  20

Comparison of mean saccade m agnitude between  
th e  m ultip le  ta rg e t's  model's pred iction  (E q u a ­
tion 17) (solid  lines) and data from  Enoch 
(1959) (d o ts ) fo r  d iffe re n t stimulus sizes. D if ­
fe re n t acu ity  ratios a re  shown.



Me
an

 
Sa

cc
ad

e 
M

ag
nit

ud
e 

(d
eg

) 1.5
1.0

8

•  Enoch’s (1 9 59 ) Dsta

4

0
0 30 4020

Stimulus Diameter (deg)



121

la rge  s tim uli. T h e  dots in F ig u re  20 show th e  mean saccade 

m agnitude obta ined b y  Enoch (1959) from  subjects view ing contour 

maps o f d if fe re n t  d iam eters . A lthough Enoch's stim uli w ere  homoge­

nous, th e  small stim uli m ust b reak  the  assumption th a t th e  M arkov  

m atrix  remains constant from  fix a tio n  to fix a tio n  since th e  overa ll re t­

inal image and saliency should change co n s id erab ly , depending on 

w h eth er th e  eye is po in tin g  tow ards th e  m iddle o r th e  edge of th e  

stim ulus. N everth e less , th e re  is close agreem ent between Enoch's 

data and th e  th eo re tica l model. T h is  comes about, in p a r t ,  because  

Enoch’s subjects spent most o f th e ir  tr ia ls  v iew ing th e  cen tre  o f th e
i i

stimuli (even th e  sm allest 3 degree  d iam eter s tim u lu s ). I t  is em pha­

sised th a t these comparisons a re  not th e  re su lt o f "c u rve  f i t t in g ."  

Except fo r  th e  a cu ity  ra tio , £2, th e re  a re  no fre e  p aram eters. T h e  

agreem ent is even more rem arkab le  considering  the  assumption of p e r ­

fe c t homogeneity which can o n ly  be realised th e o re tic a lly . We conclude  

th a t average  saccade m agnitude m ust be a ra th e r  stab le  param eter of 

visual scanning.

We shall now consider fix a tio n  d u ra tio n . T h e  B -p erio d  of f ix -

11
T h e  m ultip le  ta rg e t  model p red ic ts  th a t most fixa tio n s  w ill occur in 

th e  m iddle of a small homogenous stim ulus. T h is  can be seen at least 
in tu it iv e ly : I f  a fix a tio n  occurs away from  th e  c en tre  o f the  s tim u­
lus, th e re  w ill be more po ten tia l ta rg e ts  tr ig g e r in g  saccades back  
tow ards (o r  beyon d) th e  stim ulus c e n tre , than away from  the  c e n tre . 
T h u s , th e  fu r th e r  a fix a tio n  is from  th e  stim ulus c e n tre , th e  more 
lik e ly  th e  n e x t fix a tio n  w ill be c loser to th e  c e n tre . On averag e , th e  
eye w ill w an der around th e  stim ulus c e n tre . U n fo rtu n a te ly , we have  
been unable to  d escrib e  th e  s ta tis tics  o f eye position m athem atically , 
so fa r .

In ad d itio n , th e re  may be a small d irectional bias in eye move­
ments w hich tends to  keep th e  eye  in th e  p rim ary  position (Wallman 
and P e ttig rew , 1985).
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ations is equal to th e  reciprocal o f to tal saliency. H ow ever, fo r  th e  

homogenous stim ulus, we only know th e  re la tiv e  d is trib u tio n  of sal­

ien cy, and not th e  absolute d is tr ib u tio n . T h u s , th e re  is an unknown  

m u ltip lica tive  constan t, 3, which cannot be elim inated by norm alisa­

tio n . A lso, th e  m ultip le  ta rg e t model o n ly  describes th e  B -p erio d  of 

f ix a tio n s , and so th e re  is an unknown a d d itiv e  constant - the  

A -p e r io d , o. Assuming a constant A -p e r io d , th e  mean fix a tio n  d u ra ­

tio n , D , w ill be g iven by :

In F ig u re  21a, the reciprocal of to ta l saliency is p lo tted  against stim ­

ulus d iam eter fo r  d if fe re n t  acu ity  ra tio s . As exp ec ted , th e  B -p erio d  

m onotonically decreases w ith  stim ulus s ize , b u t it  is q u ite  sensitive  to  

th e  acu ity  ra tio  fo r  small s tim uli. I t  was possible to  f i t  these curves  

to  Enoch's measurements o f fix a tio n  du ra tio n  b y  choosing ap p ro p ria te  

constan ts , a and p. Such a f i t  is shown in F ig u re  21b fo r  an acu ity  

ra tio  o f 0 .5 .  In spite  o f th e  freedom  p rov ided  b y  two unknown param ­

e te rs , a reasonable f i t  could only be obtained if th e  A -p erio d  w ere  

assigned a d u ra tio n  of 230 msecs o r more (dashed line in F ig u re  2 1 b ).  

Sim ilar f its  could be obtained fo r  £2 = 1 .0  and 1 .5  b u t it  was neces­

s a ry  to  increase th e  du ra tio n  of th e  A -p erio d  even m ore. These  

A -p erio d s  a re  fa r  longer than th e  A -p erio d s  shown b y  o u r subjects  

(ad u lts  -  100 msecs, in fan ts  -  50 msecs; see F igures  8 and 1 1 ). T h is  

suggests th a t th e  A -p erio d  not only varies  between in fan ts  and  

a d u lts , b u t also between d iffe re n t stim uli o r task  conditions fo r  th e

R

(18)

0
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Figure  21

Model's f i t  to fixa tio n  du ra tio n  d a ta , (a ) Rela­
t iv e  B -p erio d  du ra tio n  p lo tted  against stimulus  
diam eter fo r  an homogenous stim ulus; param etric  
in acu ity  ra tio . (b )  Scaled B -p erio d  and  
A -p e rio d  to f i t  Enoch's (1959) data (Equation  
18) fo r  acu ity  ra tio  = 0 .5 .  Note: For a reason­
able f i t  a minimum A -p erio d  of 230 msecs was 
re q u ire d .



Re
la

tiv
e 

Du
ra

tio
n 

of 
B

-|

124

I

A  =  1.0

A  = 0 .5

0 T T T —r~
30

T “ I
40

600  -

Enoch's (1950) data

o
e•
£

400eo
*k .a
O
eo
a
K
i l 200

0 10 20 4030

Stimulus Diam eter (deg)



125

a d u lt. One would not expect such d iffe ren ces  if  th e  A -p e rio d  w ere  

solely due to saccade p rep ara tio n  time o r  simple conduction d e lays . A  

possible explanation fo r  these d iffe re n t A -p erio d s  w ill be discussed  

n e x t.

Beyond Reflexive Scanning

T h e  basic u n it of th e  m ultip le  ta rg e t model o f fre e -v ie w in g  is th e  

saccadic re flex  in which p e rip h era l v isual ta rg e ts  t r ig g e r  th e  sac­

cades. A lthough th is  process p red ic ts  complex scanning p a tte rn s , it  

also implies th a t visual scanning is com pletely stim ulus d r iv e n . Even 

though most of the time we a re  not aw are of o u r eye movements, 

th e re  is a large  lite ra tu re  which shows th a t fix a tio n  d u ra tio n  is 

affec ted  b y  th e  task o r "co g n itive  load" imposed on th e  subject (S e n ­

d e rs , F ish er, and M onty, 1978; F ish er, M onty, and S end ers , 1981; 

R a y n er, 1983). More complex tasks induce longer fix a tio n  d u ra tio n s . 

T h is  supports th e  CPU model, since it  can be argued  th a t more com­

plex tasks req u ire  more processing than simple tasks .

In tasks which a ffe c t fix a tio n  d u ra tio n , th e  re fle x iv e  scanning  

embodied in th e  m ultip le  ta rg e t model must e ith e r  be o verrid d en  o r  

adapted to  th e  ta s k . As discussed in Section 4 , o th e r studies suggest 

th a t fixa tio n  duration  may be E xp o n en tia lly  d is tr ib u te d  fo r  a v a r ie ty  

of tasks . I t  seems p lausib le , th e re fo re , th a t th e  re fle x iv e  scanning  

is somehow adapted , ra th e r  than  rep laced , by h ig h er levels o f p ro ­

cessing. Two possible ways a re  by m odulating th e  A -p e rio d  o r modu­

la tin g  th e  B -p eriod

I t  is helpfu l a t th is  po in t to d iffe re n tia te  tw o kinds of process­

in g , nam ely, s y n c h ro n o u s  p r o c e s s in g ,  and a s y n c h ro n o u s  p r o c e s s in g .
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When th e y  e x is t, synchronous processes a re  processes th a t must be 

completed before  th e  fix a tio n  is te rm in a ted . Asynchronous processes 

can continue across fix a tio n s .

Th e  most basic synchronous process is th e  transm ission of the  

saccadic tr ig g e r in g  signal from  th e  re tina  to the  saccade g en era to r in 

th e  bra in stem . T h e  conduction time fo r th is  must e x is t fo r  v isu a lly  

tr ig g e re d  saccades, and so it constitu tes a minimum re fra c to ry  period  

between saccades. H ow ever, we now postulate th a t th e re  are  o th er  

synchronous processes, depending on th e  fixa tio n  ta s k . For exam ple, 

some tasks are  sequentia l in n a tu re  because each p a r t of th e  task  

must be successfu lly  completed before th e  n ex t p a r t can be 

attem pted: In read ing  it  is necessary to have understood (c e n tra lly

processed) most of th e  c u rre n t words before  processing th e  next 

w ords simply because of memory lim itations. Even th e  search e x p e r i­

m ent of Enoch's (1959) is p ro b ab ly  a sequentia l task  since th e  visual 

contents o f each fixa tio n  must be compared to memory of th e  ta rg e t (5  

m inarc Landholt " C " ) .  C le a rly  then such tasks impose a delay on the  

subject's  eye movements to th e  same e x te n t as if  th e  e xp e rim en ter had 

in s tru c ted  th e  subject e x p lic it ly , except th a t th e  de lay  seems to occur 

autom atica lly . For these sequentia l ta s ks , it  is im portan t th a t visual 

inform ation be acqu ired  w ith o u t a prem ature  in te rru p tio n  by the  n ext 

saccade. T h e re fo re , because of th e  in h eren t u n c e rta in ty  of when a 

saccade m ight be tr ig g e re d  d u rin g  th e  B -p e rio d , it  seems plausib le  

th a t synchronous processes occur d u rin g  th e  A -p e rio d  and th e re b y  

exten d  it .  O bviously  th e n , those tasks which re q u ire  more inform ation  

p e r fix a tio n  w ill have longer A -p e rio d s .
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T h e  sim plest way th e  A -p e rio d  could be extended  by a 

synchronous process is by in h ib itin g  v is u a lly  tr ig g e re d  saccades. I t  

is o f in te re s t to  note th a t fo r  a constant p ro b a b ility  p e r u n it time fo r  

fix a tio n  te rm in atio n , the  sta tis tics  o f th e  B -p erio d  remain unaltered  

fo r  any extension of the  A -p e r io d , and th e  overa ll p ro b a b ility  d is t r i ­

bution of du ra tio n  w ill always be Exponentia l b u t w ith  a d iffe re n t  

location param eter depending on the  dura tion  of th e  A -p e r io d . T h u s  

we can envisage two in te rac tin g  systems d u rin g  v isual scanning: A t 

th e  simple level th e re  is a stream  of signals re fle x iv e iy  tr ig g e r in g  

saccades a t a ra te  depending on th e  saliency of th e  v isual scene at a 

given fix a tio n . T h is  system is stochastic and has an Exponentia l d is ­

tr ib u t io n . C o n c u r r e n t ly ,  th e re  is a h ig h e r-le v e l system which is 

responsib le fo r  acq u irin g  v isual inform ation d u rin g  a fix a tio n  d ep en d ­

ing on th e  scanning ta s k . T h is  system can in h ib it th e  re fle x iv e  sys­

tem . Once all th e  necessary inform ation has been acq u ire d , th is  sys ­

tem "releases" th e  re fle x iv e  system which then w aits fo r  th e  n ext 

poten tia l ta rg e t to  w in th e  com petition fo r  foveation  (presum ab ly  

ig n o rin g  any tr ig g e r in g  events  th a t may have o ccu rred  d u rin g  the
14

extended  A -p e r io d ) . For th is  dual system to  be e ffe c tiv e , the  

in h ib itio n  m ust occur at a late  stage of saccade generation  (possib ly  

th e  "pause" n e u ro n s ), o therw ise t r ig g e r  signals a lread y  in th e  "p ip e -

14
T h e  s im ila rity  between th is  approach and queu ing  th e o ry  ( e . g . ,  

T r iv e d i,  1982) is q u ite  com pelling: T h e  potentia l ta rg e ts  p resen t a 
Poisson source of "jobs" fo r  "serv ice" by th e  h ig h -le v e l processor and  
th e  saccade g e n e ra to r. T h e  in te res tin g  question is w h e th e r th e re  is a 
queue w ith  a serv ice  d isc ip lin e . T h a t is , a re  potentia l ta rg e ts  remem­
bered  fo r  serv ice  a fte r  th e  n e x t saccade, o r  a re  th e y  lost d u rin g  th e  
c u rre n t A -p e rio d  processes? W hether queu ing  th e o ry  has any ins ights  
to  o ffe r  in fre e -v ie w in g  o r is o n ly  an analogy remains to  be seen.
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line" could s till te rm in ate  a fix a tio n  p re m atu re ly .

T h e  b re v ity  o f th e  A -p e rio d  in in fan ts  ( 50 msecs) suggests th a t  

th e y  have v e ry  lit t le  synchronous processing. I t  also suggests th a t  

th e  minimum transm ission time (o r  re fra c to ry  period between saccades) 

is on ly  50 msecs o r th e ra b o u ts . As m entioned e a r lie r  (Section 4 .8 ) ,  

th is  is much less than most models of saccade program m ing b u t not 

inconsistent w ith  la tency of express saccades (F is c h e r and Boch, 

1983). I t  is possible, th e re fo re , th a t th e  in fa n t A -p erio d s  rep resen t 

no inh ib ition  from  h ig h er levels o f synchronous processing - sim ilar to  

Boch e t a l. 's  (1984) suggestion fo r  monkey express saccades. O f 

course , we cannot argue  w h e th e r th is  is because in fan ts  do not have  

h ig h -le v e l synchronous processes o r w h e th e r th e re  was no need fo r  

them  to  synchronously  process w ith  o u r stim ulus conditions.

T h e  o th e r p o ssib ility  is th a t asynchronous processing can take  

place d u rin g  the  B -p e rio d , even though th is  period  is random and  

stim ulus d r iv e n . O f course such processing cannot be s tro n g ly  

d epen dent on th e  c u rre n t fix a t io n , b u t much visual processing  

req u ires  th e  in teg ratio n  of inform ation from  many fixa tio n s  (such as 

object o r face re co g n itio n ). I t  is suggested here th a t th is  perceptual 

processing can take  place asynchronously  from  fixa tio n s  and does not 

re q u ire  any extension o f th e  A -p e r io d . In s tead , th e  B -p erio d  is mod­

ulated b y  changing th e  o vera ll saliency of th e  stim ulus. Th is  could be 

accomplished by changing th e  saliency of e ith e r  all potentia l ta rg e ts  

o r a selected num ber o f ta rg e ts .

For exam ple, th e  saliency of all ta rg e ts  could be increased o r  

decreased depending on how fa s t th e  eye d r if ts  d u rin g  a fix a tio n . I f
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a subject pays a tten tio n  to  a fin e  deta il by keeping a v e ry  steady  

fixa tio n  (po ss ib ly  b y  increased co n tro lle r g a in ) ,  potentia l p e rip h era l 

ta rg e ts  w ill also become steady and th e ir  saliency w ill d im in ish . I f  on 

th e  o th e r hand , th e  subject pays lit t le  atten tion  and allows his f ix ­

ations to w an d er, p e rip h era l ta rg e ts  w ill acq u ire  re tin a l slip  and 

become more salient and so w ill te rm inate  fixa tio n s  sooner, on a v e r ­

age. T h is  p o ssib ility  w ill be examined more closely in Section 7.

An example of how only selected ta rg e ts  are  p erm itted  to  t r ig g e r  

saccades is found in read in g . A ccord ing  to th e  m u ltip le  ta rg e t model, 

a page of te x t  would e lic it saccades to any w ord o r  le tte r  th a t "won" 

th e  com petition fo r  fo veatio n . These ta rg e ts  could be above, below, 

o r to th e  le ft o f th e  c u rre n t fixa tio n  as well as to  th e  r ig h t as is 

normal in read ing  ( le f t - to - r ig h t  lan g u ag es ). T h u s , th e  read er masks 

o u t all ta rg e ts  which a re  not in th e  narrow  horizonta l "window" to  th e  

r ig h t o f th e  c u rre n t fix a te d  w o rd . O nly potentia l ta rg e ts  in th is  

"window of a tten tio n " have s u ffic ie n t saliency to  ac tu a lly  t r ig g e r  sac­

cades. F ixation  dura tions  w ill s till be E xp o n en tia lly  d is tr ib u te d  

because th e  saccade is tr ig g e re d  by a v isual ta rg e t in th e  window  

(p resum ab ly  w ith  constant saliency d u rin g  the  f ix a t io n ) .  T h is  w in ­

dowing could be accomplished b y  decreasing th e  saliency of ta rg e ts  

outs ide  th e  window (ta rg e t  in h ib itio n ) a n d /o r  b y  increasing  the  sal­

iencies w ith in  the  window ( ta rg e t  fa c ilita t io n ). T h e  sh o rt fixa tio n  

d urations norm ally associated w ith  reading tend  to suggest ta rg e t  

fac ilita tio n  ra th e r  than ta rg e t in h ib itio n . T h e  mean fixa tio n  d u ra tio n s  

obtained b y  th e  "p ercep tu a l span" experim ent ( e . g . ,  R ayn er, In h o ff, 

M orrison , S low iaczek, and B e rte ra , 1981) are  consistent w ith  th e
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notion of a tten tio n  w indow s. In these exp erim en ts , p e rip h era l te x t  is 

masked leaving  a w indow of normal te x t  around th e  c u rre n t fixa tio n  

le t te r . As th e  eye moves, th e  mask also moves so th a t th e re  is always  

a window of normal te x t .  I t  is found th a t as th e  window of normal 

te x t decreases, th e  mean fixa tio n  du ra tio n  increases. T h e  canonical 

explanation  is th a t  th e  mask p reven ts  im portan t p e rip h e ra l processing  

from  ta k in g  place and th e re b y  increases th e  processing load fo r  th e  

cen tra l re tina  w h ich , in tu r n ,  increases fix a tio n  d u ra tio n . An a lte rn a ­

tiv e  explanation is th a t th e  subject sets a window of a tten tio n  around  

th e  normal te x t  (p ro b a b ly  a fte r  a b r ie f lea rn in g  p e r io d ). As th e  w in ­

dow size decreases, th e  num ber o f potentia l ta rg e ts  also decreases
is

and so increases fixa tio n  d u ra tio n .

I t  is possible th a t d iffe re n t scanning s tra teg ies  adopt d if fe re n t  

sized "windows o f a tten tio n " and th e  re fle x iv e  scanning embodied in 

th e  m ultip le  ta rg e t  model then operates w ith in  th is  w indow . Some 

ta s k s , such as Enoch's (1 9 5 9 ), p ro b ab ly  d id  not invoke any s tra te g y  

and th e  window of a tten tio n  encompasses the  whole stim ulus o r v isual 

f ie ld . I f  th e  creation of these windows w ere  v e ry  fa s t and fle x ib le  a 

subject could contro l in d iv id u a l fix a tio n  durations and positions (p ro ­

v id ed  v isual ta rg e ts  e x is t to  t r ig g e r  saccades). H ow ever, it is d u b i­

ous w h e th er th e  model has any exp la n a to ry  power when taken  to  th is

is
T h e  fixa tio n  d u ra tio n s  and saccade m agnitudes rep o rted  in the  p e r ­

ceptual span experim ents b y  R ayn er e t a l. (1981) can be f it te d  b y  
th e  m ultip le  ta rg e t  model w ith  some assumptions about th e  saliency of 
th e  m ask. I t  f its  less well th e  reve rse  exp erim en t w here  th e  cen tra l 
visual fie ld  is masked and only p e rip h era l le tte rs  a re  v is ib le . How­
e v e r , read ing  b reaks  down u n d er these conditions and it  is not c lear  
w hat k ind o f scanning takes p lace. T h is  is s till u n d er s tu d y  and is 
somewhat ta n g en tia l to o u r goals.
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extrem e.

5.4 Stimulus Size Effects with Infants

T h e  evidence fo r  th e  m ultip le  ta rg e t model is based on th e  Expo­

nential d is tr ib u tio n  of fixa tio n  durations shown b y  both in fants  and 

a d u lts , and th e  e ffe c t of size on fix a tio n  durations from  a d u lts . We 

w ill now look fo r  s im ilar stim ulus size e ffects  in th e  in fa n t. In fa n t  

subjects viewed th e  same geom etric forms (c irc le s , squares and t r ia n ­

g les) and sizes, 5, 20, and 30 degrees as the  adults  d id . O n ly  ses­

sions w here th e  in fa n t produced a t least th re e  u n in te rru p te d  A IS I's  

fo r  each stim ulus w ere  inc luded . In addition to  th is  cond ition , each 

subject had to  view  a t least one stim ulus of each size. For o th e r an a l­

yses, a session had to produce a t least ten  u n in te r r u p te d  A IS I's ;  

how ever th is  c r ite r io n  had to be re laxed fo r  th is  analysis in o rd e r to  

p ro v id e  a reasonable sample s ize . T w e n ty  th re e  in fan ts  fu lf ille d  these  

requ irem ents . T h e  mean FS du ra tio n  fo r each o f these subjects is 

shown in F ig u re  22. Each subject is represented  by a po in t a t 5, 20, 

and 30 degrees (w hich a re  disconnected fo r  the sake of c la r i ty ) .  For 

each stimulus s ize , sub ject means w ere  combined to  g ive  an overall 

w eighted  mean according to  th e  scheme in A ppendix  D . These means 

are  shown w ith  ±1 s tan d ard  e r ro r  and th e y  are  connected by the solid  

line in F ig u re  22. T h e re  is a small decrease in FS duration  w ith  

increasing  stimulus s ize . H ow ever, th is  decrease d id  not reach s ig n if­

icance using a Friedman 2 -w ay  A N O V A . As w ith th e  a d u lts , b read th  

of scan and mean saccade m agnitude w ere compared across th e  d i f fe r ­

e n t stimulus sizes (F ig u re s  23 and 2 4 ) .  Saccade m agnitude increased
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F ig u re  22

E ffec t o f stimulus size on fix a tio n  du ra tio n  fo r  
in fa n ts . O nly  23 subjects who produced th re e  
o r more A IS I's  when v iew ing  each of 5 , 20, and 
30 degree geom etric fig u re s  a re  in c lu d ed . T h e  
means are  connected b y  th e  solid line .
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F ig u re  23

E ffec t of stim ulus size on mean saccade m agni­
tu d e  fo r  in fa n ts . O n ly  23 subjects who p ro ­
duced th re e  o r more A IS I's  when v iew ing  each 
o f 5, 20, and 30 degree  geom etric fig u re s  are  
inc luded . T h e  means a re  connected by th e  
solid line.
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F ig u re  24

E ffec t of stim ulus size on th e  b read th  of scan 
of in fa n ts . B read th  of scan is calculated as th e  
standard  deviation  of eye position a t th e  end of 
each saccade. O n ly  23 subjects who produced  
th re e  o r more A IS I's  when view ing each of 5 , 
20, and 30 degree  geom etric fig u re s  are  
inc luded . The  means are  connected b y  th e  
solid line.
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w ith  size b u t d id  not reach s ig n ifican ce . B read th  o f scan also 

increased w ith  stim ulus size and was s ig n ific a n t (p < 0 .0 5 ) .

By com paring these tre n d s  to  th e  e ffe c t o f stim ulus size w ith  

adults  (see F igures  15, 16, and 1 7 ), it can be seen th a t the  overall 

effec t of stim ulus size is much w eaker in th e  in fan ts  than  th e  adu lts . 

H ow ever, all th e  tre n d s  have th e  same d irec tion  as th e  a d u lts , and 

are consistent w ith  th e  m ultip le  ta rg e t model. T h e  o th e r noticeable  

d iffe re n ce  between th e  in fa n t fixatio n s  and th e  adu lts  is th e  b re v ity  

of the  in fan t fixa tio n s  (see also Section 4 ) .  Perhaps saccade rate  is 

satu ra tin g  in th e  in fa n t so th a t stim ulus size can have on ly  a weak  

e ffe c t. T h e  question is, th e re fo re , w hy a re  in fa n t fixa tio n s  so s h o rt. 

A ccording to th e  m ultip le  ta rg e t model, th is  can on ly  come about if 

th e  total saliency o f th e  stim ulus is much h ig h e r in th e  in fa n t than  

th e  a d u lt, which could occur if  th e re  w ere e ith e r more ta rg e ts  fo r  th e  

in fa n t, o r some (o r  a ll) ta rg e ts  had more saliency fo r  th e  in fa n t than  

th e  ad u lt. It  seems u n like ly  th a t th e re  should be more ta rg e ts  fo r  the  

in fa n t; indeed, one m ight expect th e  opposite from  th e  immature  

in fa n t re tin a . T h e re fo re , in th e  n ex t two Sections, we shall exp lore  

th e  possib ility  th a t visual ta rg e ts  have more saliency fo r  th e  in fan t 

than th e  a d u lt.
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[6]

A M P LITU D E  A ND R A T E  OF D R IF T  D U R IN G  F IX A T IO N S

We have found considerable d r i f t  ra te  in both ad u lt and in fa n t  

fixa tio n s  (see F ig u re  4 ) .  T h is  raises th e  possib ility  th a t fix a tio n  

d r i f t  may p lay  a role in fix a tio n  term ination  as follows: When th e  eye

d r if ts  d u rin g  a fix a t io n , th e  image of th e  visual scene slips across  

th e  re tin a . Because of th e  tem poral tu n in g  of th e  re tin a  (o r  motion 

s e n s it iv ity ) , it  seems p lausib le  th a t th e  saliency of potentia l ta rg e ts  

w ill increase as eye d r i f t  increases, at least fo r  d r i f t  rates of a few  

d eg ree s /se c . C onsequen tly , according to th e  m ultip le  ta rg e t model, 

when th e  eye d r if ts ,  mean fix a tio n  du ra tio n  should decrease because  

of th e  increased likelihood of a saccade being tr ig g e re d .

T h e  purpose of th is  Section, th e re fo re , is to exam ine d r i f t  ra te  

in in fants  and adults  to see if  it can be re la ted  to fix a tio n  d u ra tio n . 

H ow ever, th e re  a re  considerable technical problems which p re v e n t any  

m eaningful d ire c t m easurem ent of d r i f t  ra te . We w ill have to reso rt 

to  th e  m easurem ent of d r i f t  am plitude and d isentang le  fixatio n  d u ra ­

tion  as a confounding v a ria b le . T h is  approach is unorthodox and  

req u ires  some unusual applications of moments to  separate d iffe re n t  

random v ariab les . F irs t , in s tru m en t lim itations w ill be discussed.
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Instrument Limitations in Measuring D rift Rate

Id e a lly , motion of th e  eye d u rin g  fixa tio n s  should be analysed by  

m easuring eye ve lo c ity . U n fo rtu n a te ly , machine noise in th is  e y e -  

t ra c k e r  precludes m easurem ent of instantaneous eye veloc ity  (based  

on two consecutive samples of eye p o s itio n ). T h is  is best seen by  

re fe rr in g  to F igure  4b in A ppendix  B: I f  we assume machine noise to  

be b an d -lim ited  to about 15 H z , then th e  r .m .s .  ve lo c ity  noise w ill be 

45 times machine positional noise. T h is  y ie lds a machine ve lo c ity  

noise in excess of 15 d eg /sec  -  com pletely d w arfin g  any small actual 

eye ve lo c ity .

An a lte rn a tiv e  to m easuring eye ve lo c ity  from  two consecutive  

samples is to  compute the  "average" ve loc ity  o v e r a period  of tim e, 

say , th e  fixa tio n  d u ra tio n . A lthough th is  reduces noise, the  re d u c ­

tion is not su ffic ien t to reveal actual average v e lo c ity , and fu r t h e r ­

m ore, th e  amount of noise reduction depends on th e  fix a tio n  du ra tio n  

-  a v e ry  undes irab le  contam ination which w ill be discussed in deta il 

la te r . In v iew  of th e  severe noise leve ls , th e  serious question arises  

as to  how much a p p aren t eye d r i f t  is rea l. To answ er th is  question  

we w ill f i r s t  examine am plitude of d r i f t  in fixa tio n  segments. H ere  

again moments and th e ir  p ro p erties  w ill be used.

6.1 D rift Amplitude and Bias

T h e  am plitude of a fix a tio n  is defined  here  as the net d isp lace­

m ent o f th e  eye d u rin g  a fix a tio n  and is m easured as th e  d iffe re n c e  

between the  last and f ir s t  sample of eye position d u rin g  a FS. A m pli­

tu d e  is a v ec to r q u a n tity  and has tw o components. These components
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can be considered in th e  C artesian  sense w ith  horizontal and v e rtic a l 

com ponents, o r in th e  po lar sense w ith  radial and a n g u la r compo­

nents . A lthough it is simple to  tran sfo rm  a vec to r from  one coordinate  

system to a n o th e r, th e  s ta tistics  o f vectors do not tran s fo rm  so read ­

ily . For exam ple, if  a vec to r has horizontal and v e rtic a l components 

which are  independent and Norm ally d is tr ib u te d  random variab les  w ith  

zero means and identical va ria n ce , the radial component is always 

positive  and has a R ayleigh d is trib u tio n  (see Papoulis, 1965) w ith  a 

no n -zero  mean. A more genera l descrip tion  is taken  up in A ppendix  

G, w here  an approxim ation fo r  tran sfo rm in g  non-Norm al d is trib u tio n s  

from  C artesian  to po lar coordinates is shown. T h u s , care  has to  be 

taken in choosing th e  more a p p ro p ria te  coordinate system  when s ta tis ­

tic a lly  analysing vec to rs . Since th e  instrum ent operates in C artesian  

coord inates , we exp ec t noise also to be in C artesian  coord inates. 

T h e re fo re , we shall f i r s t  exam ine th e  horizontal and v e rtic a l compo­

nents of d r i f t  am plitude.

F ig u re  25a shows th e  mean d r i f t  am plitude o f each C artesian  

component fo r  each in fa n t subject (th e re  w ere too few  a d u lt subjects  

to be show n). As can be seen most subjects e x h ib it a n o n -ze ro  mean 

which m ight ind icate  a possible d irectional b ias, since on average, 

r ig h tw a rd  d r if ts  would tend  to  cancel w ith  le ftw ard  d r if ts  if  no d ire c ­

tional p re fe ren ce  ex is ted , and s im ila rly , upw ard d r if ts  would cancel 

w ith  dow nw ard d r if ts .  H ow ever, each mean in F ig u re  25a is obtained  

from  a f in ite  sample o f FS's from  each sub ject rang ing  in size from  10 

to 450 (samples w ith  less than 10 FS’s w ere e x c lu d e d ). T h e re  w ill be  

random flu c tu a tio n s  in subject means depending on th e  d is tr ib u tio n  of
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F ig u re  25

S ca tte r p lo t of mean horizonta l and v ertica l 
components of d r i f t  am plitude fo r  each in fa n t 
sub ject. Each po in t represents  a subject and  
each symbol represents  a stim ulus condition , 
(a ) Plot o f means in d eg rees , (b )  Plot of each 
standard ised  mean (mean /  s tan d ard  e r r o r ) .  
C irc les re p res e n t th e  95% confidence in te rva l 
around zero  d r i f t  am plitude (H o te llin g 's  T ) ;  
in n er c irc le  fo r  in fin ite  and o u te r c irc le  fo r  8 
degrees of freedom .
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FS am plitude and sample s ize . T h e re fo re , to  assess w h e th e r these  

d r i f t  am plitudes w ere  s ig n ific a n t, we p lot "s tan d ard ised " sub ject 

means: Each in fa n t’s mean is d iv id ed  b y  the s tan d ard  e r ro r  o f th a t

component in o rd e r  to produce a "s tu d e n t t"  fo r  each su b jec t’s mean 

component (F ig u re  2 5 b ) . For s ta tis tica l te s tin g  purposes both compo­

nents must be considered sim ultaneously and th e  a p p ro p ria te  b iv a ria te  

te s t, assuming b iv a r ia te  norm ality , is H ote lling 's  T  (see , fo r  exam ple, 

B atsch elet, 1981 ). In F ig u re  25b th e  solid c irc les show th e  95% co n fi­

dence in te rv a l fo r  a zero population mean, th e  in n e r c irc le  fo r  in fin ite  

sample size and th e  o u te r fo r  a sample size o f 10. T h e  m ajority  of 

means fa ll inside th e  c irc les and only a few  subjects reach s ig n if i­

cance a t th is  level (0 .0 5 )  by fa llin g  outs ide  th e  c irc le s . C a lcu la ting  

each sub ject's  H otelling 's  T  shows th a t 11% of 209 subjects reach s ig ­

nificance at th e  0 .0 5  lev e l, which is more than would be expected  by  

chance. T h is  is due to a small bias down and nasal. We have no 

explanation  fo r  th is  small e ffe c t. H ow ever, it  is c lea r th a t w ith  th is  

level of noise, we cannot rea lly  measure d r i f t  am plitude o r bias 

d ire c tly  w ith  any c e r ta in ty .

D r i f t  A m plitude is th e  P ro d u ct o f Tw o Random V ariab les

We w ill now exam ine h ig h e r moments of th e  C artes ian  components 

of d r i f t  am plitude fo r  in fa n t sub jects . T h e  re la tionsh ip  among these  

moments is unusual and w ill allow us to deduce th a t d r i f t  am plitude is 

a p ro d u c t o f two random variab les  and not a s ingle p rim ary  random  

v a ria b le . T h a t is , we w ill show th a t fixa tio n s  a re  not te rm in ated  

because th e  eye d r if ts  a certa in  d is tan ce .

F ig u re  26 shows th e  s tan d ard  d evia tion  of each am plitude compo-
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F ig u re  26

Plot of th e  s tandard  deviation  v s . mean of d r i f t  
am plitude fo r  in fa n ts . L e ft panel shows the  h o r­
izontal component and th e  r ig h t panel shows the  
v ertic a l component of d r i f t  am plitude. Note 
th a t th e re  is more v a r ia b ility  in th e  standard  
deviation  than th e  mean. A lso, th e re  is more 
v a r ia b ility  in d r i f t  am plitude h o rizo n ta lly  than  
v e r t ic a lly .
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n en t p lo tted  against th e  mean fo r  each su b ject. As would be expected  

from  a ro u g h ly  sym m etrical d is tr ib u tio n , th e re  is no d e fin ite  re la tio n ­

ship between th e  s tan d ard  devia tion  and th e  mean, and as discussed  

above, th e  no n -zero  means p ro b ab ly  re flec t sam pling e r ro r . It seems 

from  F ig u re  26 th a t th e  sca tter fo r  standard  devia tion  is more than  

would be expected  from  sam pling e r ro r  alone. I t  is also noticeable  

th a t th e  horizontal component is more d isp ers ive  than the  vertica l 

com ponent. T h is  is common fe a tu re  th ro u g h o u t and indicates a g re a te r  

tendency fo r  horizonta l d r i f t .

T h e  th ird  root moment is p lo tted  against th e  mean fo r  each com­

ponent in F ig u re  27. T h e  s ca tte r fo r  th e  th ird  root moment is also 

much la rg e r than would be expected  from random sam pling, indicating  

th a t some subjects e x h ib it  skewed d is trib u tio n s  w hile  th e ir  means do 

not d if fe r  s ig n ific a n tly  from  ze ro . T h is  is ra re  since the  th ird  moment 

is usually  re la ted  to th e  mean (especially  th e  sign of th e  m ean). In 

fa c t, a lthough b are ly  d isce rn ib le  from  F ig u re  27, th e  mean is indeed 

proportiona l to  th e  th ird  root moment w ith  a slope of about 0 .0 5  i  

0.01 (r= 0 .3 3 )  fo r  the  horizonta l component and 0 .0 7  i  0 .01  (r= 0 .4 7 )  

fo r  th e  v e rtic a l com ponent, as found by b iv a r ia te  regression . 

A lthough these slopes a re  s ig n ific a n tly  d if fe re n t from  ze ro , th e y  still 

re p res e n t on ly  a v e ry  small change in th e  mean fo r  a corresponding  

la rge  change in th e  th ird  root moment.

Even more unusual and s tr ik in g  is th e  re la tio n sh ip  between th e  

th ird  root moment and th e  s tan d ard  devia tion  fo r  each component 

(F ig u re  2 8 ) . H ere , as th e  s tandard  devia tion  of a subject's  am plitude  

d is tr ib u tio n  increases, th e  th ird  root moment also increases - e ith e r
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F ig u re  27

Plot o f th e  th ird  root moment (cube root of the  
th ird  cen tra l moment) vs . mean of d r i f t  am pli­
tu d e  fo r  in fa n ts . Left panel shows th e  horizon ­
ta l component and th e  r ig h t panel shows th e  
v ertic a l component of d r i f t  am plitude. Note 
th a t th e re  is more v a r ia b ility  in th e  th ird  root 
moment than  th e  mean. Also, note th a t th e  
th ird  root moment splits into positive  and neg­
a tiv e  lobes.
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F ig u re  28

Plot of th e  th ird  root moment (cube root o f the  
th ird  cen tra l moment) v s . th e  s tan d ard  d e v ia ­
tion of d r i f t  am plitude fo r  in fa n ts . L e ft panel 
shows the  horizonta l component and th e  r ig h t  
panel shows th e  v e rtic a l component o f d r i f t  
am plitude. Note th e  b ifu rcatio n  of th e  th ird  
root moment w ith  increasing  standard  d ev ia tio n .
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more po s itive ly  o r more n e g a tive ly . I t  would appear th a t th e re  are  

two populations, those subject sessions th a t have p o s itive ly  skewed

am plitude d is trib u tio n s  and those w ith n egative ly  skewed d is tr ib u ­

tions. The  allocation of sub ject sessions to these two populations  

seems to  be com pletely random . Postulating two populations is really

more d e sc rip tiv e  than exp lan a to ry  and does not account fo r  the

tren d s  in F ig u re  28. In fa c t the  re la tionsh ip  among th e  moments in 

Figures 26, 27, and 28 can only  occur u nder ra th e r  special c ircum ­

stances, nam ely, th a t each component of am plitude is a p ro d u c t o f two 

random variab les . This is complex and is best shown by illu s tra tio n .

For the  sake of a rg u m en t, consider d r i f t  am plitude to  be indeed  

th e  p ro d u c t o f two random v a ria b le s , d u ra tio n , D , and averag e  d r i f t  

rate  (o r  eye v e lo c ity ), R. For s im p lic ity , we shall also assume th a t  

th e  two random variab les  are  independent of each o th e r in C artesian  

coord inates , and th a t th e  d is tr ib u tio n  of d r i f t  ra te  is sym m etrical. 

We shall now be considering  th e  C artesian  components and it  is im por­

ta n t not to confuse th e  a m p litu d e  o f each cartesian  component w ith  

th e  m a g n itu d e  o r radial component o f th e  d r i f t  ra te  and d r i f t  am pli­

tu d e  vec to rs . From A ppendix  G , th e  mean am plitude of each C a rte ­

sian component w ill be g iven b y :

A = R D . (19 )
x -y

T h e  varian ce  of am plitude w ill be:
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*  2 2 ~  2  2  2  2

(20)

and th e  th ird  moment of am plitude w ill reduce to:

2 2 2 2

Now, if  a subject exh ib its  a small bias in d r i f t  ra te  to one d ire c tio n , 

then R is no longer zero  and consequently  from  Equation 21 th e  th ird  

moment o f am plitude w ill also not be ze ro . As th e  d r i f t  ra te  bias 

increases, both th e  second and th ird  (an d  h ig h e r) moments of am pli­

tu d e  w ill also increase, b u t th e  th ird  moment (and h ig h e r odd 

moments) w ill have th e  same sign as th e  d r i f t  ra te  b ias, R, w h ile  th e  

variance (and  h ig h e r even moments) w ill always be p o s itive . T h is  

explains th e  b ifu rca tio n  in F ig u re  28 -  those subjects who have a 

positive  d r i f t  ra te  bias (u p w a rd  a n d /o r  tem poral fo r  th e  r ig h t eye) 

w ill e x h ib it a pos itive  th ird  root moment (o r  skewness) and those w ith  

a negative  bias (nasal o r dow nw ard) w ill e x h ib it negative  skewness. 

Because R is m u ltip lied  b y  q u ite  la rg e  q u an tities  in Equations 20 and  

21, on ly  a small bias is s u ffic ie n t to  y ie ld  large  second and th ird  

moments. T h is  is w hy th e  tre n d s  in F ig u re  26 a re  so shallow and  

b a re ly  d e tectab le , th e  th ird  root moment being about 20 times th e  

bias.

Estimation of D rift Bias

Not on ly  does th is  th e o ry  exp la in  th e  observed  moments o f am pli­
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tu d e , it  also p re d ic ts , from  Equations 20 and 21, th a t th e  am plitude  

moments should depend on th e  d is tr ib u tio n  of d u ra tio n  -  which has 

a lread y  been shown to be close to Exponentia l (Section  4 ) .  By neg­

lecting  the  A -p erio d  of fix a tio n s , th e  moments o f d u ra tio n  can be 

approxim ately  re lated  b y:

°D  = D * '  sVD = 3 ° 2- (22)
»

By s u b s titu tin g  into Equations 20 and 21, we obta in  the  pred iction  

th a t:

’ " V y  ■ [~R* . y <15oR x , /  < " >

T h u s , th e  standard  deviation and th ird  root moment of d r i f t  am plitude  

should be proportional to th e  mean d u ra tio n . These p red ic ted  re la ­

tionships a re  confirm ed in F igures 29 and 30. S ince R « O p , we can 

obtain  from  th e  slopes th e  rough estim ates: R = 0 .1  d e g /se c ; o^= 2

d e g /se c . Despite th e  fa c t th a t these slopes may o n ly  be accurate  to  

an o rd e r of m agnitude because of th e  in h e ren t assum ptions and v a r i­

a b ility  between sub jects , it is now c lear w hy any d r i f t  bias is d i f f i ­

c u lt to m easure w ith th e  c u rre n t apparatus  - a fix a tio n  of 200 msecs 

w ould , o n  a v e r a g e ,  d r i f t  b y  about 0 .0 2  degrees w hich is a th ir t ie th  

of machine noise.
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Figure  29

Plot o f th e  s tandard  devia tion  of d r i f t  am plitude  
v s . mean FS duration  fo r  in fan ts . L e ft panel 
shows th e  horizontal component and th e  r ig h t  
panel shows th e  v e rtic a l component o f d r i f t  
am plitude.
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Figure  30

Plot o f th e  th ird  root moment (cube root o f the  
th ird  cen tra l moment) of d r i f t  am plitude vs. 
mean FS du ra tio n  fo r  in fa n ts . L e ft panel shows 
th e  horizonta l component and th e  r ig h t panel 
shows th e  v e rtic a l component of d r i f t  am plitude.
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T h e  purpose of th is  analysis has been to  estab lish  th a t the  

ap p aren t d r if t in g  in eye position is t r u ly  in tr in s ic  to  th e  subject and  

not an a r t ifa c t o r co n trib u tio n  from  some unknown noise source. 

Exam ining th e  moments of d r i f t  am plitude has shown th a t am plitude is 

th e  p ro d u ct of two random v aria b les , one of which is fixa tio n  d u ra ­

tio n . We are  th e re fo re  led to conclude th a t the  o th e r v a ria b le  is a v e r­

age d r i f t  ra te . T h is  means th a t th e  am plitude of d r i f t  is not a p r i ­

m ary param eter; its d is tr ib u tio n  depends on the d is trib u tio n s  of th e  

d r i f t  ra te  and dura tion  of fix a tio n s . Assuming th e  above analysis to 

be c o rre c t, the  du ra tio n  of a fixatio n  does not depend on th e  eye  

d r if t in g  a p re -d e te rm in e d  d istance. Even if th e  d is tan ce varie d  from  

fixa tio n  to fix a t io n , one would expect am plitude to be a s ing le  random  

v a ria b le  - c e rta in ly  not th e  p ro d u c t o f two random v a ria b le s . Nor 

would one expect th is  d istance to  depend on th e  d u ra tio n  of f ix a tio n s . 

Such a th e o ry  must be discounted - am plitude of d r i f t  is not a p r i ­

m ary fa c to r in fixatio ns  b u t is on ly  th e  distance th e  eye happens to 

d r i f t  d u rin g  a fix a tio n , th a t is , th e  p ro d u ct o f d r i f t  ra te  and d u ra ­

tion .

6 .2  Dependence Between D r i f t  Rate and D u ratio n

H aving estab lished th a t d r i f t  ra te  is a m eaningful param eter, we 

shall exam ine it more closely w ith in  th e  lim itations of ins trum ent 

noise. F irs t , th e  reason w hy d ire c t d ire c t m easurem ent of d r i f t  ra te  

is p recluded  w ill be re -exam in ed , and then an a lte rn a tiv e  way of 

deducing how d r i f t  ra te  changes w ith  d ura tion  w ill be used.

For any fix a tio n  (FS  o r A IS I)  d r i f t  ra te  can be calcu lated  e ith e r
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b y lin ea r regression against time (as was o r ig in a lly  done h e re ) o r by  

d iv id in g  th e  am plitude of d r i f t  b y  d u ra tio n  (ra tio  m ethod). Since the  

measured eye position has noise associated w ith i t ,  th e  computed d r i f t  

rate  w ill also have noise. H ow ever, d r i f t  ra te  noise w ill be r e la t iv e ly  

la rg e r fo r s h o rt dura tions  than  fo r  long d u ra tio n s . For exam ple, 

machine noise has a s tandard  deviation  of about 0 .5  d egrees. I f  a f i x ­

ation had a d u ra tio n  of 50 msecs, th e  d r i f t  ra te  would have a s tan ­

d ard  devia tion  of about 10 deg /sec  b y  th e  ratio  method and 7 .5  d e g / 

sec using regress ion . I f ,  instead, th e  fix a tio n  w ere 500 msecs long, 

th e  s tandard  deviation would be reduced to  about 1 d eg /sec  by the  

ra tio  method and 0 .3  d eg /sec  b y  regress ion . A lthough regression is 

obviously p re fe ra b le  to ta k in g  ra tio s , both methods re su lt in an e rro r  

th a t increases as du ra tio n  decreases. Now, th e  m agnitude of d r i f t  

ra te  is obtained from  its vec to r com ponents. As shown in A ppendix  

G , the  mean m agnitude o f a vec to r depends mostly on th e  variance  of 

th e  components. T h u s , even if th e re  w ere no actual eye d r i f t ,  noise 

a lo n e  would g ive  rise  to an a p p aren t d r i f t  ra te  m agnitude of about 10 

d eg /sec  fo r  a 50 msec fix a tio n  and about 1 deg /sec  fo r  a 500 msec 

f ix a t io n . T h is  in verse  re la tio n sh ip  is observed and it to ta lly  contam i­

nates th e  measurem ent o f any actual d r i f t  ra te .

An a lte rn a tiv e  approach is to ta k e  means and th e re b y  reduce  

e r ro r  b y  th e  square  root of sam pling size. H ow ever, mean d r i f t  ra te  

cannot be found b y  sim ply ta k in g  th e  ra tio  o f mean am plitude to mean 

d u ra tio n  since it  is not y e t known w h e th e r d r i f t  ra te  and du ra tio n  are  

c o rre la te d , v iz :
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A x ,y  = R x , y D '  2c° v (R ,D ) (25 )

and so:

(26 )

In fa c t, Equation 25 should be expressed  in po lar coordinates because  

any e ffe c t by du ra tio n  w ill be on th e  radiai component and not spe­

c ific  to th e  horizontal o r v e rtic a l com ponent. Th is  adds an o th er com­

plication  since s tatis tica l independence and dependence are  not in v a r i­

a n t when tran s fo rm in g  from  C artesian  to p o lar coord inates . Th is  is 

exp la ined  in A ppendix  G , which shows th a t th e  rad ia l component of 

d r i f t  am plitude becomes:

tr ib u tio n  fo r  d u ra tio n  w ith  n eg lig ib le  A -p e r io d . A lthough Equation  

27 is approxim ate , it shows th a t mean d r i f t  m agnitude (rad ia l compo­

n e n t) is p roportiona l to th e  p ro d u c t o f mean d r i f t  ra te  m agnitude and  

mean du ra tio n  i f  d r i f t  ra te  and d u ra tio n  are  independent in C artesian  

coord inates. T h is  allows us to  te s t th is  independence using means to

A r a R r (oQ + d V  - 2 c o v (R ,D ) (27)

if we assume neg lig ib le  d r i f t  bias (R  , R ) and an E xponentia l disx y
1 6

1C
We have used covariance ra th e r  lib e ra lly  here to include any d ep en - 

dance and not ju s t lin ea r co rre la tio n .
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reduce noise b y  decreasing  sampling e r ro r :  F ixations w ere grouped

into  duration  in te rva ls  and th e  mean m agnitude of d r i f t  was found fo r  

each in te rv a l. T h is  g ives a reasonable approxim ation of d r i f t  m agni­

tu d e  fo r d if fe re n t dura tions  provided  th e  in te rv a l w id ths  are  narrow  

enough so th a t th e re  is lit t le  covariance w ith in  a single in te rv a l.  

Fixations w ere grouped by lin ea r in te rv a ls , 50 msec w id e . Since few  

subjects p rov ided  an adequate num ber of fixa tio n s  fo r  each in te rv a l,  

w eighted  means w ere taken  across subjects according to  th e  scheme in 

A ppendix  D . By s u b tra c tin g  machine noise (see A ppendix  G ) ,  e s ti­

mated actual m agnitude of eye d r i f t  can be estim ated. These estimates  

a re  shown fo r  th e  various  stim ulus conditions fo r  in fan ts  and adults  

in F igures 3 1 , 32 , 33 , and 34. T h e  pos itive  shape condition fo r  the  

in fan ts  is not shown because of in s u ffic ie n t d a ta . Data from  adu lts  

v iew ing  th e  spot and b a r  stim uli are  not shown because th e re  is con­

s id erab le  contam ination from  th e  stim ulus being moved b y  th e  o p era -
1 7

to r .

I f  average d r i f t  ra te  w ere independent of fix a tio n  d u ra tio n , then  

am plitude of d r i f t  would increase lin e a rly  w ith  d u ra tio n  (see Equation  

2 7 ) . From F igures 31, 32 , 3 3 , and 34 it can be seen th a t th is  does 

not occur fo r  durations longer than about 100 - 150 msecs, and am pli­

tu d e  e ith e r  remains approxim ate ly  constant o r decreases w ith  longer 

d u ra tio n s . T h is  can on ly  mean th a t averag e  d r i f t  ra te  is not in d e -

1 7
As m entioned in Section 4 , adu lts ' fixa tio n s  usually  lasted u n til the  

stim ulus was moved by th e  o p e ra to r. T h u s , dura tions  w ere  "prem a­
tu re ly "  te rm inated  which g ives rise to  spurious d r i f t  am plitudes. 
N everth e less , th e  small p roportion  of fixa tio n s  th a t w ere  b r ie f  showed 
sim ilar d r i f t  m agnitudes as th e  in fa n ts ' fixa tio n s  fo r  th e  spot and b a r  
stim uli.
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F ig u re  31

Mean d r i f t  m agnitude fo r  fixa tio n a l segments 
grouped  b y  dura tion  fo r  in fants  v iew ing  th e  
te x tu re  stimuli (u p p e r panel) and negative  
shape stim uli (lo w er p a n e l) . Means w ere calcu­
lated from  in d iv id u a l subject means and s tan ­
d ard  e rro rs  using th e  scheme in A ppendix  D. 
Machine noise has been su b trac ted  from  mean 
d r i f t  m agnitude (see Equation G .11 in A ppendix  
G ). Note how mean d r i f t  m agnitude does not 
increase ap p rec iab ly  w ith  durations longer than  
about 150 msecs in d ica tin g  th e  lack of indepen­
dence between these two variab les .
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Figure  32

Mean d r i f t  m agnitude fo r  fixatio n al segments 
grouped by du ra tio n  fo r  in fan ts  v iew ing  the  
complex scenes stim uli (u p p e r panel) and the  
single  ta rg e t w ith  sounds (lo w er p a n e l) . Means 
w ere calcu lated  from  in d iv id u a l subject means 
and s tandard  e rro rs  using th e  scheme in 
A ppendix  D . Machine noise has been su b ­
tra c ted  from  mean d r i f t  m agnitude (see Equation  
G . l l  in A p p en d ix  G ) .  Note how mean d r i f t  mag­
n itu d e  does not increase ap p rec iab ly  w ith  d u ra ­
tions longer than about 150 msecs ind icating  the  
lack of independence between these two v a r i ­
ables.
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F ig u re  33

Mean d r i f t  m agnitude fo r  fixatio n al segments 
grouped by dura tion  fo r  in fan ts  view ing the  
horizontal b a r w ith  sounds (u p p e r p an el) and 
th e  v e rtic a l b a r w ith  sounds (lo w er p a n e l) . 
Means w ere calculated from  in d iv id u a l subject 
means and s tandard  e rro rs  using th e  scheme in 
Appendix  D . Machine noise has been su b ­
tra c ted  from  mean d r i f t  m agnitude (see Equation  
G.11 in A ppendix G ) . Note how mean d r i f t  mag­
n itude does not increase apprec iab ly  w ith  d u ra ­
tions longer than about 150 msecs in d ica tin g  th e  
lack of independence between these two v a r i ­
ables .
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Figure  34

Mean d r i f t  m agnitude fo r  fixa tio n a l segments 
grouped  by d u ra tio n  fo r  fre e -v ie w in g  adu lts . 
Means w ere  calculated from  in d iv idua l subject 
means and s tan d ard  e rro rs  using th e  scheme in 
A ppendix  D . Machine noise has been sub­
tra c te d  from  mean d r i f t  m agnitude (see Equation  
G.11 in A ppendix  G ) . Note how mean d r i f t  mag­
n itu d e  does not increase ap p rec iab ly  w ith  d u ra ­
tion in d ica tin g  th e  lack of independence between  
these two v a riab les .
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pendent of d u ra tio n  -  th e  longer th e  fix a tio n  th e  low er th e  average  

d r i f t  ra te . T h is  is im portant and w arran ts  discussion since it  implies 

th a t average d r i f t  ra te  and du ra tio n  must be causally  lin ke d . T h e re  

are th re e  a  p r io r i  possib ilities: E ith e r d r i f t  ra te  is determ ined by

d u ra tio n , or dura tion  is determ ined by d r i f t  ra te , o r  both d r i f t  ra te  

and dura tion  are  determ ined by some o th e r v a r ia b le (s ) . These w ill 

now be discussed in tu rn .

(i) D rift Rate Affected By Duration?

D r if t  ra te  cannot be a ffec ted  b y  duration  since th is  would vio late  

causality  - th e  even t which term inates a fix a tio n  cannot, i t s e l f , a ffe c t  

th e  d r i f t  ra te  d u rin g  th e  fix a tio n . H ow ever, th e  v a lid ity  o f th is  s ta te ­

ment depends c ru c ia lly  on the fin d in g  th a t d r i f t  ra te  is a tru e  param ­

e te r  of fix a tio n s . O th erw ise , it could be argued  th a t th e  rough ly  

constant am plitude in F igures 31 - 34 re fle c t some unknown noise p ro ­

cess and th a t d r i f t  ra te  is on ly  an a r tifa c t depending on th e  duration  

of the  fix a tio n . T h is  is w hy it  has been im portant to show th a t d r i f t  

ra te  is a physiologic param eter of fixa tio n s  in Section 6 .1 .

(ii) Duration Affected By D rift Rata?

T h e  sim plest and most parsimonious explanation is th a t dura tion  

is a ffected  b y  d r i f t  ra te , even though d ura tion  is a random v a ria b le .  

I t  is well known th a t th e  s e n s itiv ity  of the  re tina  to co n trast depends  

on the  tem poral component o f th e  stim ulus (see K e lly , 1985, fo r  a 

re v ie w ). K e lly  (1979) has shown th a t co n tras t s e n s itiv ity  is 

d ra s tic a lly  reduced if  th e  image of a g ra tin g  is stabilised on the r e t ­

ina . S en s itiv ity  increases as stim ulus ve lo c ity  increases up to  about
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0 .5  d eg ree s /se c . F u rth e r  increases in ve lo c ity  increase s e n s itiv ity  a t 

low spatial frequencies  b u t decrease s e n s itiv ity  a t high spatial f r e ­

quencies. For a th in  line moving across the  fo vea , sen s itiv ity  

increases w ith  ve loc ity  up to about 1 d e g ree /s ec  and th e re a fte r  

decreases (K e lly , 1985). T h e  spatiotem poral response of th e  re tina  to 

moving stim uli is dependent on lum inance, re tin a l e c c e n tr ic ity , and  

th e  spatial fre q u e n cy  content o f th e  stim ulus. I t  seems lik e ly , th e re ­

fo re , th a t potentia l ta rg e ts  would become more sa lien t, th a t is more 

like ly  to t r ig g e r  a saccade, th e  fa s te r  th e ir  images move across th e  

re tina  -  a t least up to some c ritic a l speed. For a p a rtic u la r  fix a tio n , 

th e  te rm in atin g  event would s till be random (E xp o n en tia lly  d is tr ib ­

u te d ) b u t th e  average du ra tio n  would depend on th e  ra te  of d r i f t  fo r  

th a t p a rtic u la r  fix a tio n . In g e n era l, each fixa tio n  w ill have a d iffe re n t  

d r i f t  rate  and th e re fo re  a d if fe re n t  mean d u ra tio n . T h e  d is trib u tio n  

of a s ing le  fix a tio n  is, o f course, not observab le; we can only e s ti­

mate a d is tr ib u tio n  from  many fixa tio n s  -  each E xponentia lly  d is tr ib ­

uted b u t w ith  a d iffe re n t mean. Such an observed d is trib u tio n  is a 

Compound Exponentia l and it  depends on th e  d is trib u tio n  of the  

means, and hence th e  d is tr ib u tio n  of d r i f t  rates across th e  observed  

f ix a tio n s . N everth e less , regard less  of th e  compounding d is tr ib u tio n , 

th e  observed d is trib u tio n  w ill a lw a y s  be h yp erexp o n en tia l as found in 

Section 4 -  th e  p u re  Exponentia l d is tr ib u tio n  would be the  lim iting  

case w here  th e re  is no varian ce  among th e  d u ra tio n  means and th e
i i

d r i f t  rates would have to be identical fo r  each fix a tio n .

i t
In fa c t th e  compounding d is trib u tio n  can have considerable varian ce  

before  th e  Compound Exponentia l is eas ily  d is tin g u ish ab le  from  th e
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T h is  is a simple explanation  of th e  observed re lationships among 

am plitude, d r i f t ,  and du ra tio n  and o n ly  req u ires  th e  postu late  th a t  

th e  saliency of a ta rg e t increases, on averag e  across sub jects , w ith  

th e  speed of th e  ta rg e t's  image on th e  re tin a .

As discussed in Section 5 , re tin a l inform ation must re q u ire  a 

transm ission time to reach th e  oculomotor centres  and so th e re  should  

be a period  d u rin g  a fixa tio n  when a saccade cannot be tr ig g e re d  via  

th e  re tin a  (p a r t  of th e  A -p e r io d ) . In th is  p e rio d , th e n , d r i f t  ra te  

should be independent o f d u ra tio n . T h is  may be th e  exp lanation  fo r  

th e  increase in am plitude w ith  du ra tio n  fo r  fixa tio n s  less th an  about 

100 -  150 msecs (see F igures 31 - 34 ) .  An a lte rn a tiv e  exp lanation  fo r  

th is  tre n d  is th a t th e re  is a lim it to how fa s t th e  eye d r i f ts ,  so th a t  

fo r  v e ry  b r ie f  fixa tio n s  th e re  is also an u p p er lim it to  how fa r  th e  

eye can d r i f t .

I t  can be seen from  F igures 31 - 34 th a t th e  m agnitude of d r i f t  

also depends on th e  stim ulus cond itions. T h e  m agnitude (w h ich  is 

proportiona l to d r i f t  ra te  fo r  a g iven  d u ra tio n , see Equation 27) is 

noticeably h ig h e r fo r  th e  subjects v iew ing  th e  spot and b a r stim uli 

than  th e  o th e r stim uli (excep t th e  geom etric fo rm s ). V e t these stim uli 

y ie ld  th e  longest dura tions  -  seem ingly co n tra d ic tin g  th e  in verse  re la ­

tionsh ip  betw een d r i f t  ra te  and d u ra tio n , so ap p are n t w ith in  each 

stim ulus cond ition . T h is  can be resolved b y  re fe rr in g  again to the  

m ultip le  ta rg e t model outlined  in Section 5: T h e  dura tion  of a fix a tio n  

is determ ined by th e  to tal saliency of th e  potentia l ta rg e ts . T h e  p ro b -

p u re  E xpo nentia l. T h is  is because th e  Exponentia l is a lre a d y  an 
e xtrem ely  d isp ers ive  d is tr ib u tio n .
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a b ility  o f a saccade o ccu rrin g  w ill not o n ly  depend on th e  num ber of 

potentia l ta rg e ts  b u t also, as we now su g g est, the speed of each t a r ­

g e t across th e  re tin a . For s e lf-in d u ce d  re tin a l slip ( d r i f t )  all potentia l
is

ta rg e ts  w ill have the  same v e lo c ity . Assum ing no in teraction  

between ta rg e ts , the  p ro b a b ility  o f saccade occurrence w ill depend  

approxim ate ly  on th e  p r o d u c t  o f the  num ber of ta rg e ts  and th e ir  

speed. T h e re fo re , fixa tio n s  of a g iv e n  mean du ra tio n  can be e lic ited  

e ith e r  b y  a stim ulus w ith  many potentia l ta rg e ts  and slow fixa tio n a l 

d r i f t  ra te , o r , by a stim ulus w ith  few  ta rg e ts  and high d r i f t  ra te . By

necessity , the la tte r  w ill produce g re a te r  d r i f t  am plitudes fo r  the

g iven  d u ra tio n . T h e re  is no doubt th a t th e  spot and b a r stim uli a re  

more sparse in potentia l ta rg e ts  than  th e  o th e r s tim uli. T h e  geome­

tr ic  form  stim uli seem to  be an excep tio n , how ever.

( i i i )  D r i f t  Rate and D u ratio n  are  D eterm ined B y O th e r V a ria b le (s )?

T h e  th ird  p o ssib ility  fo r  th e  in verse  re la tio n sh ip  between d r i f t  

ra te  and dura tion  is th a t an o th er v a riab le  is th e  causative  fa c to r.

1 9
In a d u lts , th e  tem poral response of th e  re tin a  appears to be 

rough ly  th e  same a t eccen tric ities  up to  about 30 d eg reees , b u t the  
spatiotem poral in teractions  a re  v e ry  sens itive  to  e c c e n tr ic ity . L a rg er  
recep tive  fie lds  a re  m axim ally tu n ed  to h ig h er stim ulus velocities  than  
sm aller recep tive  fie lds  (K e lly , 1985). H ow ever, la rg e r  recep tive  
fie ld s  a re  also m axim ally tu n ed  a t lower spatial freq u en c ies . T h u s , the  
p a tte rn  o f response of th e  re tina  to a d r if t in g  stim ulus is complex and  
it is not c lear w h e th er th e re  w ill be any inhom ogeneity in the  change  
in saliency as d r i f t  changes. T h is  s ituation  is fu r th e r  complicated by  
th e  d iffe re n tia l e ffe c t of lum inance at various eccen tric ities  (B ro w n , 
1966). H ow ever, th is  does not a lte r  o u r basic argum ent fo r  velocities  
up to  a few  d e g ree s /se c . For h ig h e r ve lo c ities , th e  loss o f s e n s itiv ­
ity  to high spatial freq u en cies  w ill change th e  p a tte rn  o f saliency  
across th e  re tin a  ap p rec ia b ly  depending  on th e  s tim ulus. H ow ever, 
fo r  in fan ts  who a lread y  have poor high spatia l fre q u e n cy  response, it  
is possible th a t th e  re tin a  can w ith s tan d  h ig h er stim ulus velocities  
before  th e re  is any ap p rec iab le  decrease in s e n s itiv ity .
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T h e re  may e x is t an endogenous v ariab le  w hich sim ultaneously a ffec ts  

d r i f t  ra te  and th e  d u ra tio n  o f fix a tio n s . One could a rg u e  (te leo log i- 

ca lly ) th a t fo r  an in te res tin g  o r salient stim ulus fe a tu re , it  behoves 

th e  subject to m aintain a "long and steady gaze" a t th e  fe a tu re . For 

less salient fea tu res  a "qu ick  glance" may be all th a t is re q u ire d . 

T h u s , maybe some a tten tio n a l/a ro u sa l s tate v ariab le  a ffec ts  both d r i f t  

ra te  and d u ra tio n . A tten tion  could mask ou t a n d /o r  enhance areas of 

th e  v isual f ie ld , th e re b y  a ffec tin g  th e  num ber and saliency of p o ten ­

tia l ta rg e ts  which would a ffe c t mean d u ra tio n . A tten tio n  o r arousal 

could also change average d r i f t  ra te  b y  a lte r in g  th e  gain o f a control 

system governed  b y  re tin a l slip  (smooth p u rs u it a t zero  stim ulus  

v e lo c ity ). A g a in , th o u g h , th e  inverse  re lationsh ip  between d r i f t  ra te  

and dura tion  seems ra th e r  co incidenta l.

While we cannot d iscount the  e ffe c t o f o th e r v a ria b le s , it  seems 

non-parsim onious to consider d r i f t  ra te  and du ra tio n  to  be lin ked  cau ­

sally only by a common dependence on another v a ria b le , especially  in 

view  of th e  simple and p lausib le  hypothesis th a t d u ra tio n  could be 

determ ined d ire c tly  by th e  v isual a ffec t of d r i f t  as o u tlin ed  above.

Summary

In s tru m en t noise has made it impossible to m easure d r i f t  ra te  of 

th e  eye d u rin g  fixa tio n s  d ire c tly . To c ircum vent th is  problem , we 

have established th a t d r i f t  does e x is t by exam ining moments of d r i f t  

am plitude in C artesian  coord inates, it  was then shown th a t fixatio n  

d u ra tio n  is in v e rs e ly  re la ted  to  th e  radial component o f d r i f t  rate  

( d r i f t  ra te  m ag n itu d e ), which supports  th e  notion th a t ta rg e t saliency  

increases w ith  re tin a l image speed. I t  has been d iff ic u lt  to estim ate
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th e  actual m agnitude of d r i f t  ra te  because of th e  complex sta tistica l 

re la tionsh ips  between p o la r and C artesian  coord inates , b u t, fo r  the  

in fa n t i t  appears from  F igures  31 - 3 4 , th a t d r i f t  ra te  m agnitude v a r ­

ies from  about 5 d eg rees /sec  fo r  b r ie f  fixa tio n s  (<200 msecs) to under  

1 d e g ree /s ec  fo r  long fix a tio n s . Even adu lts  show considerable  d r i f t  

(<4 d e g re e s /s e c ), depending on fixa tio n  d u ra tio n .

I t  remains equ ivocal, th e re fo re , w h e th e r in fa n t fixa tio n s  are  so 

b r ie f  because of excessive d r i f t .  In fan ts  do not show d r i f t  rates th a t  

are  o u ts tan d in g ly  more than  a d u lts . N everth e less , as w ill be d is ­

cussed in th e  n ex t Section, maybe fix a tio n  du ra tio n  (o r  sa liency) is 

v e ry  sensitive  to small changes in d r i f t  speed.

T h e  question th a t remains is w hy a re  th e  d r i f t  rates o f o u r sub­

jects so h ig h . I t  is custom ary to  consider fixa tio n s  as being v e ry  s ta ­

b le  and e x h ib itin g  on ly  v e ry  slow d r i f ts ,  usually  less th an  15 m in arc / 

sec - an o rd e r  of m agnitude below o u r d r i f t  ra te s . H ow ever, most 

studies have m easured fix a tio n  s ta b ility  u n d er q u ite  e x tra o rd in a ry  

conditions: Subjects a re  usually  well p ractised  and h ig h ly  m otivated  

(f re q u e n tly  th e  experim enters  th em selves). Subjects use b ite  bars to 

keep th e  head immobile and th e  ta rg e ts  a re  v e ry  small and have high  

c o n tras t in o rd e r  to  encourage precise fix a tio n s . Data records and 

subjects a re  often selected fo r  s ta b ility  o f eye position . These

experim ental conditions te s t w hat th e  fixa tio n a l system  is capable o f,

b u t a re  in m arked co n tras t to  normal e v e ry d a y  v iew ing  conditions. 

In d eed , when th e  head re s tra in t is re la x ed , eye s ta b ility  decreases, 

and d r i f t  ra te  increases to 0 .5  d eg /sec  o r more (S k a v e n s k i, Hansen, 

Steinm an, and W interson, 1979). T h e re  has been no system atic s tu d y
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of how th e  fixa tio n  system perform s u n d er more normal v iew ing  

conditions w here  ta rg e t co n trast is low w ith  many ad jacent and  

p erip h era l p a tte rn s  of lum inance, and subjects are  not m otivated to  

m aintain th e ir  best possible perform ance.

To  m aintain stab le  fix a tio n , feedback of eye position is needed, 

and it  has been argued  th a t d r if ts  and microsaccades te n d , on a v e r ­

age, to c o rrec t eye position d u rin g  fixa tio n  (S t .  C y r  and F en d er, 

1969; de Bie and van den B r in k , 1984). A lthough th e  feedback  e r ro r  

signal is usually  p rov ided  by th e  re tin a , u nder special circum stances  

th is  feedback can be p ro v id ed  e x tra re tin a lly  when th e  subject is in 

th e  d a rk  (S kaven sk i and Steinm an, 1970), o r even p ro v id ed  b y  th e  

exp erim en ter in th e  form  of a u d ito ry  feedback  fo r  am blyopic subjects  

(F lom , K irschen and B ede ll, 1980 ). When using v isu a l feed b ack , f i x ­

ation s ta b ility  w ill depend on th e  in te g r ity  o f th e  re tin a l e r ro r  signal 

and th e  gain in th e  closed loop. I f ,  fo r  any reason, th e  q u a lity  o f 

th e  e r ro r  signal is poor o r  th e  loop gain is low, then fix a tio n  in s ta ­

b ility  w ill increase. P resum ably, th is  is w hy fix a tio n  s ta b ility  is poor 

in th e  d a rk  and fo r  am blyopic eyes. For th is  reason, it could be  

argued  th a t th e  im m ature fovea renders  th e  young in fa n t e ffe c tiv e ly  

"am blyopic'1 and so causes poor fix a tio n  s ta b ility . In d eed , th e  eye  

position records of o u r in fan ts  are  rem iniscent of th e  examples shown 

fo r  an am blyopic subject by C iu ffre d a , K enyon, and S ta rk  (1979) 

which have high d r i f t  rates and saccadic in tru s io n s . N onetheless, th is  

does not exp la in  w hy o ld er in fan ts  and o u r (norm al) adu lts  also 

e xh ib ited  large  d r if ts .

A n o th er po ss ib ility  is th a t subjects f ix a te  as well as th e y  need to
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in o rd e r to m aintain v is ib ility  of th a t aspect o f th e  stim ulus th a t th ey  

a t t e n d .  T h u s , if  a sub ject attends only coarse stim ulus fea tu res  (low  

spatial frequencies  as in recognition tasks ) then h ig h er d r i f t  rates  

are not only perm issib le , b u t may even be p re fe ra b le  to  m aintain high  

v is ib ility  of these fe a tu re s  (K e lly , 1979). I f ,  on th e  o th e r hand , the  

subject is in s tru c ted  to  a ttend  fin e  deta il (h igh  spatia l fre q u e n c ie s ), 

he can to le ra te  on ly  small d r i f t  rates before v is ib ility  is deg rad ed . 

For th e  h ig h ly  m otivated e x p e rim en te r/s u b jec t any sharp  edge could  

p ro v id e  a s u ffic ie n tly  accurate  re tin a l e r ro r  signal to m aintain v e ry  

stable fixatio ns  ( fo r  exam ple, Steinm an, 1965). T h e  obvious e x p e r i­

ment is to record fixa tio n s  using a high resolution e y e -tra c k e r  when 

subjects are  view ing high q u a lity  sinusoidal g ra tin g s .
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[7]

AR O U SA L A N D  F IX A T IO N  D U R A T IO N  IN IN F A N T S

It  is s till not c lear w hy in fants  make such b r ie f fixa tio n s .

A ccord ing  to the  m ultip le  ta rg e t model, po tentia l ta rg e ts  would have  

to  have extrem ely  high saliencies o r th e re  would have to be many 

more ta rg e ts  fo r  th e  in fa n t than fo r  th e  a d u lt. The  last Section  

showed th a t d r i f t  ra te  a ffec ted  saliency b u t th a t th e re  may not be a 

d iffe re n c e  between in fan ts  and adults  to account fo r  th e  d iffe re n c e  in 

fix a tio n  d u ra tio n . In th is  Section we w ill exam ine th e  e ffec ts  of 

arousal and show th a t th e  b r ie f  fixa tio n s  could be accounted fo r  by  

low arousal.

For th e  in fa n t, s ta te  is a much more im portan t v ariab le  of

b ehav iour than fo r  the  a d u lt, and it  is p ro b ab ly  p a r t  o f th e  reason 

fo r  the  notorious v ic issitudes of th e  in fa n t and th e  large  v a r ia b lity  in 

behavioural measures obta ined  from  in fa n ts . An aspect o f using a 

corneal e y e -tra c k e r  w ith  the  in fan ts  held u p r ig h t is th a t eye move­

ments can on ly  be recorded w ith  some cooperation from  the  in fa n t: 

T h e  in fa n t must be s till o r else th e  head w ill move ou t of the  fie ld  of 

view  of th e  in fra re d  cam era. T h e  in fa n t's  eyes must be open in o rd e r  

to  form  th e  optical images needed to compute eye position. In o rd e r

to obtain a useable pupil image, th e  pupil must be q u ite  w ide and

stab le , and the  subject must ro u g h ly  accommodate th e  plane of th e
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stim ulus in o rd e r fo r  enough d iffu s e  re tin a l IR  re flection  to reach the  

cam era. Using th e  s ta te  c lassification a fte r  W olff (1 9 6 6 ), the in fan t 

must be in a continuous s ta te  o f "a le rt in a c tiv ity "  d u rin g  a record ing  

session. A session had to be halted if th e  sub ject fe ll into a state of 

"drow siness" o r became "w aking a c tiv e ."  H ow ever, th is  classification  

is only a coarse ord ina l scheme and th e re  may be considerable v a r ia ­

tion  in arousal w ith in  th e  class of "a le rt in a c t iv ity ."  We shall use the  

ra tio  o f a saccade’s peak veloc ity  to  its m agnitude as a f in e r  measure  

of arousal. T h is  m easure has not been used before  as an independent 

m easure o f arousal in th e  in fa n t o r  a d u lt, a lthough th is  ratio  is some­

times used as a dep en d en t measure o r a screening device in adu lt 

saccade stud ies. We w ill f i r s t  ju s tify  th is  m easure befo re  rep o rtin g  

its re la tionsh ip  w ith  fix a tio n  d u ra tio n .

7 .1  T h e  Main Sequence as a Measure o f A rousal

D u rin g  a saccade, th e  eye accelerates f i r s t  to  a peak veloc ity  

and then decelerates u n til it  reaches its new res tin g  position. For 

normal saccades it  has been found th a t th e  m agnitude of the  peak  

veloc ity  a tta in ed  by th e  eye is s tro n g ly  re la ted  to the  m agnitude of 

th e  saccade (W estheim er, 1954). T h e  peak ve lo c ity  increases lin ea rly  

w ith  m agnitude fo r  small saccades b u t begins to s a tu ra te  as m agnitude  

exceeds about 10 d eg rees . By about 30 d eg rees , saccades have  

reached th e ir  maximum peak ve lo c ity . T h is  re la tio n sh ip  between peak 

ve lo c ity  and m agnitude has been term ed th e  "Main Sequence" by
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20
B ah ill, C la rk  and S ta rk  (1975) and has been used as a re liab le  phe­

nomenon to  id e n tify  saccades (R o n , Robinson and S kaven sk i, 1972). 

Subjects produce saccades th a t have sim ilar Main Sequences, so th a t  

fo r  a g iven saccadic m agnitude, th e re  is a lim ited range of peak  

velocities (B o g h en , T ro o s t, D a ro ff, D ell'O sso, and B irk e t t ,  1974). 

O th e r species also have Main Sequences; th e  m onkey produces fa s te r  

saccades (F uchs , 1967) while th e  cat produces slower saccades (C rom - 

melinck and Roucoux, 1976) than th e  ad u lt human.

A lthough th e  peak veloc ity  of a saccade is not u nder vo lu n ta ry  

co n tro l, it is a ffec ted  by the  a lertness of th e  su b ject. Saccades have  

peak velocities below normal when th e  sub ject is fa tig u ed  (B ah ill and  

S ta rk , 1975; A be l, T ra c c is , T ro o st and D ell'O sso, 1983), o r u nder  

the  in fluence of depressants such as alcohol (D odge and B ened ict, 

1915; M iles, 1924) and diazapam (A s c h o ff, 1968), o r in th e  d a rk  

(B e c ke r and Fuchs, 1969). S im ilar changes in peak veloc ity  are  

found in th e  cat (Crom m elinck and Roucoux, 1976), and in th e  mon­

key (R o n , Robinson and S kaven sk i, 1972).

Physiology of Peak Velocity

Neurophysiological studies perm it a b e tte r  und erstan d in g  of the  

Main Sequence of saccades. D u rin g  a saccade, th e  motoneurons which  

in n erva te  th e  e x tra -o c u la r  muscles e x h ib it ton ic  and phasic compo­

nents (Fuchs and Luschei, 1970). T h e  phasic component provides a 

b u rs t of f ir in g  th a t boosts th e  eye ve lo c ity  to its peak . T h e  b u rs t

2 s
Bahill e t a l. (1975) used the  te rm , "Main Sequence", to  include also 

th e  re la tionsh ip  between saccade du ra tio n  and saccade m agnitude, 
H ow ever, we shall be only concerned w ith  peak ve lo c ity .
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then decays to  a more o r less constant ton ic  f ir in g  ra te  which m ain­

ta ins s u ffic ie n t tension in th e  muscles to keep th e  eye in its new  

position . P re-m otor neurons have been id e n tified  in th e  param edian  

pontine re tic u la r  form ation which a re  s ilen t excep t fo r  th is  b u rs t d u r ­

ing saccades (Luschei and Fuchs, 1972). I t  appears th a t th e  peak  

ve lo c ity  depends on th e  m agnitude and d u ra tio n  of the b u rs t in these  

p re -m o to r neurons. As th e  saccadic demand (d is tan ce  to th e  saccadic 

goal) increases, the  ra te  o f f ir in g  in th e  b u rs t also increases, which  

in tu r n ,  d rive s  th e  eye to a g re a te r  ve lo c ity . H ow ever, e v e n tu a lly , 

th e  b u rs t ra te  satu rates  and the  eye cannot be d riv e n  any fa s te r .  

T h u s , th e  peak ve lo c ity  o f th e  eye saturates w ith  increasing  saccadic 

m agnitude. T h e  actual change in eye position d u rin g  a saccade 

depends on th e  p ro file  of th e  b u rs t and th e  dynam ic mechanical p ro p ­

e rties  of th e  eye inc lud ing  the  muscles e tc . (sometimes called th e  

"ocular p la n t" ) .  The accuracy of saccades is th o u g h t to come about 

because of a closed loop based on "motor c o p y ."  In th is  g e n era lly  

accepted model (R obinson, 1981), a copy of eye position e r ro r  (th e  

d iffe re n c e  between th e  desired  eye position and c u rre n t eye position) 

is used as negative  feedback to d r iv e  th e  p re -m o to r b u rs t u n its . A t 

th e  b eg inn in g  of a saccade, th e re  is a large  e r ro r  which d rive s  the  

b u rs t un its  v e ry  h a rd . As th e  eye approaches its goal, th e  e r ro r  

dim inishes which causes th e  b u rs t to decrease. High loop gain is 

th o u g h t to  be responsib le fo r  th e  v e ry  fa s t rise  time and slower (b u t  

still ra p id ) fa ll time of the  b u rs t. T h e  e ffe c t o f th is  motor copy  

closed loop is to  ensure  th a t th e  eye reaches its desired  ta rg e t  

regard less of th e  p recise  shape of th e  b u rs t com ponent. T h u s , if  th e
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peak f ir in g  ra te  o r loop gain a re  below norm al, th e  loop w ill d r iv e  the  

b u rs t fo r  longer un til th e  eye position e r ro r  (a c tu a lly  its  copied v e r ­

sion) reaches zero . Th is  w ill m anifest as a saccade w ith  low peak  

veloc ity  and long d u ra tio n . C o n verse ly , if  th e  b u rs t ra te  w ere high  

fo r  any reason, th e  saccade would have a high peak ve loc ity  and  

sh o rt du ra tio n  b u t would s till be on ta rg e t.

A reduction  in peak ve lo c ity  fo r  a g iven  saccadic m agnitude  

could be caused by a v a r ie ty  o f fa c to rs . One po ss ib ility  is e x tra ­

ocu lar muscle fa tig u e . In th is  e v e n t, one would expect a d iscrepancy  

between th e  motor copy and th e  actual motor perform ance, which  

would g ive  rise  to slow saccades th a t fa ll short o f th e ir  ta rg e t. One  

would expect these hypom etric saccades to  be compensated by c o rrec ­

tiv e  (o r  m u ltip le ) saccades. Bahill and S ta rk  (1975) have rep o rted  

th is  k ind  of d e fic it in fa tig u ed  su b jects , b u t th e y  note th a t by  

pro m p tin g , th e  subject can produce normal saccades again .

Reduced peak veloc ity  could also be caused b y  low brainstem  

arousal which would resu lt in poor neural perform ance in the  saccadic  

g e n era to r. I f  th e  phasic component w ere low in in te n s ity  because of 

inadequate re c ru itm e n t, low loop g a in , o r  low b u rs t saturation  leve l, 

saccades would s till be accurate  because of the  closed loop b u t the  

eye would now be d riv e n  to  a low peak ve lo c ity  and would take  longer 

to reach its ta rg e t. I f  th e  phasic component w ere  v e ry  depressed in 

m agnitude then  one would e xp e c t, not only low peak velocities, b u t 

also the eye would spend more time at the  end of saccade a t v e ry  low 

v e lo c ity , and th e  eye would ap p ear to  d r i f t  tow ards its ta rg e t. Such 

eye movements (g lissades) have also been rep o rted  in fa tig u ed  sub­
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jects b y  Bahill and S ta rk . H ow ever, even w ith p ro m p tin g , saccades 

in th e ir  fa tig u e d  subjects d id  not reach th e ir  normal leve l.

Fuchs and B in d er (1983) fa iled  to fin d  any fa tig u e  e ffects  in th e  

e x trao c u la r muscles. T h e y  d id  fin d  a modest reduction in peak veloc­

ity  which th e y  a ttr ib u te d  to low arousal o r inatten tion  because th e ir  

subjects could raise peak velocities back to control levels w ith  

p ro m p tin g . Schm idt, A be l, Dell'Osso and D a ro ff (1979) also found  

l it t le  evidence fo r  s h o rt-te rm  muscle fa tig u e  and th e y  a ttr ib u te d  

changes in peak ve loc ity  to "mental fa tig u e" (t ire d n e s s ).

N o tw ithstand ing  some discrepancies among th e  resu lts  of Bahill 

and S ta rk  (1 9 7 5 ), Fuchs and B in d er (1 9 8 3 ), and Schm idt e t a l. 

(1 9 7 9 ), it seems th a t th e  peak ve lo c ity  of saccades is q u ite  sensitive  

to changes in arousal caused by in a tte n tio n , mental fa tig u e , o r  

induced b y  d ru g s .

T h e  Main Sequence in In fan ts

T h e  problem  of using peak veloc ity  as a m easure of state w ith  

in fan ts  is mostly m ethodological. As discussed in M ethods, th e  meas­

urem ent o f eye veloc ity  (espec ia lly  peak v e lo c ity ) is v e ry  sensitive  to  

in s trum ent b an d w id th . T h is  T V -b a s e d  e y e -tra c k e r  has low bandw idth  

because of th e  in h eren t 60 Hz sampling ra te  and also because of th e  

persis tence o f th e  T V  camera's v id ico n . Th is  y ie lds a p p aren t peak  

velocities below th e ir  tru e  values fo r  any sub ject. To overcom e th is  

problem it was necessary to c a lib ra te  th e  e y e -tra c k e r  dynam ically  w ith  

an a rtif ic ia l eye (see Appendices B and C ) .  A fte r  ca lib ra tio n  th e  

peak velocities from  a d u lt saccades w ere in good agreem ent w ith  those  

recorded from  fa s te r  e y e -tra c k e rs  ( e . g . ,  Boghen e t a l . ,  1974).
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A ppend ix  H describes a s tu d y  of saccades from  in fan ts  view ing  

th e  geom etric form s and te x tu re  s tim u li. With respect to  th e  main 

sequence A ppendix  H can be considered as p re lim in a ry . As 

exp ected , th e  peak ve lo c ity  o f fa s t eye movements from  in fan ts  is 

re la ted  to the  m agnitude of th e  movements. T h e re  was no re liab le  

ind ication  th a t peak ve loc ity  s a tu ra ted  fo r  high m agnitude. H ow ever, 

th is  may be because of noise (both  subject and in s tru m en t) and 

because in fan ts  d id  not make many la rg e  saccades u n d e r th e  fre e -  

v iew ing  condition . L inear regression  of peak ve lo c ity  against m agni­

tu d e  was perform ed fo r  each su b ject. I t  was found th a t th e  slopes 

averag ed  across in fan ts  fo r  th e  geom etric forms and te x tu re  stim ulus  

conditions w ere d if fe re n t .  In fa n ts ' saccades fo r  th e  te x tu re  stim ulus  

had slopes sim ilar to a d u lts . T h is  dem onstrates th a t in fants  c a n  

produce saccades of th e  same speed as adu lts  and th a t th e  in fa n t sac­

cadic g e n era to r is not in tr in s ic a lly  im m ature. Since th e  saccadic g e n ­

e ra to r  is located in th e  b ra in stem , it is perhaps not s u rp ris in g  th a t it  

can function  in th e  young in fa n t g iven  the  cerv ico fu g a l developm ent 

o f the  b ra in  (P e ip e r, 1963). For th e  geom etric form  s tim u li, th e  a v e r ­

age Main Sequence slope was much low er. T h is  suggests th a t the  

in fan ts  w ere  at a low er level of arousal when th e y  view ed th is  stim u­

lu s . We w ill now exten d  th is  re su lt to th e  o th e r stim ulus conditions  

and in ves tig a te  its re la tionsh ip  w ith fix a tio n  d u ra tio n .

7.2  Dependence Between Fixation Duration and Main Sequence

F ig u re  35 shows th e  mean d u ra tio n  of all fix a tio n  segments 

against th e  mean Main Sequence slope fo r  all subjects fo r  each stim u-
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F ig u re  35

Plot of mean FS dura tion  against mean Main 
Sequence slope fo r  in fants  v iew ing th e  d iffe re n t  
stimulus conditions. O nly subjects who produced  
ten  o r more A IS I's  and had s ig n ifican t c o rre la ­
tion between saccade peak veloc ity  and saccade 
m agnitude (p < 0 .00 5 , 1 ta il ,  F isher r - z  tra n s ­
form ) are  inc luded . For each stim ulus condition , 
subject means w ere combined using th e  scheme 
in A ppendix  D . Note how d iffe re n t stim ulus  
conditions invoke d iffe re n t Main Sequence slopes 
as well as d iffe re n t mean FS d u ra tio n s .
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lus condition . O n ly  those subject sessions w ere included which had 

more than  ten A iS I's  and whose Main sequence corre la tion  coeffic ients  

w ere s ign icant (p < 0 .0 0 5 , 1 - ta il,  F isher r - z  tra n s fo rm ). Not on ly  do 

th e  d iffe re n t stim uli e lic it d if fe re n t Main Sequence slopes, b u t th e re  

is a s ig n ifican t corre la tion  between mean Main Sequence slope and  

mean FS du ra tio n  (r= 0 .8 0 , p < 0 .0 5 ). T h e  possible lin k  between

arousal level and fix a tio n  duration  is im portant and w arra n ts  fu r th e r  

discussion.

F irs t , we w ill elim inate two possible a rtifa c tu a l exp lanations. It  

could be argued  th a t eye position s ta b ility  is poor w ith  low arousal 

levels: T h e  eye movement records would be more noisy and th e re

would be a g re a te r  likelihood th a t an in te r-saccad ic  in te rv a l would be 

parsed as a sequence of FS's instead of one IS I . T h is  can be ru led  

o u t, how ever, since A IS I's  also show the  same re la tionsh ip  w ith  Main 

Sequence slope (F ig u re  36) fo r  d if fe re n t in fa n t stim ulus conditions. 

As discussed e a r lie r  (see Section 3 ) ,  A iS I’s can o n ly  be an o v e re s ti­

mate of in te r-saccad ic  in te rv a l - not an underestim ate .

A nother possible a r tifa c t could arise  from  the  regression of sac­

cadic peak ve loc ity  against saccadic m agnitude th a t was perform ed on 

each subject session in o rd e r to fin d  th e  main sequence slope: I f

th e re  w ere a s trong  sa tu ra tin g  re la tionsh ip  between peak veloc ity  and 

m agnitude, subjects who only  produced small saccades would y ie ld  

h ig h er regression slopes than those subjects who produced a g re a te r  

range of saccadic m agnitudes. A lthough no saturation  could be d is ­

cerned from any s ing le  sub ject, an average  e ffe c t m ight not be 

d etected , and if it w ere stim ulus depen dent, th is  change in
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Figure  36

Plot of mean A IS I d u ra tio n  against mean Main 
Sequence slope fo r  in fan ts  view ing th e  d iffe re n t  
stimulus conditions. O n ly  subjects who produced  
ten  o r more A iS I ’s and had s ig n ifican t c o rre la ­
tion between saccade peak ve lo c ity  and saccade 
m agnitude (p < 0 .0 0 5 , 1 ta il ,  F isher r - z  tra n s ­
form ) are  inc luded . For each stim ulus cond ition , 
subject means w ere combined using th e  scheme 
in A ppendix  D . Note how d iffe re n t stimulus  
conditions invoke d iffe re n t Main Sequence slopes 
as well as d iffe re n t mean A IS I d u ra tio n s .
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regression slope could cause th e  corre la tion  in F igures 35 and 36. 

T h is  was easily  tested  by p lo ttin g  average saccade m agnitude against 

Main Sequence slope fo r  th e  d iffe re n t stim ulus conditions (F ig u re  37) 

fo r  d if fe re n t in fan t stim ulus conditions. As can be seen, th e re  is l i t ­

t le  re la tionsh ip  between mean saccade m agnitude and mean Main 

Sequence slope, except th a t th e  complex scene stim ulus condition e li­

c ited  much s h o rte r saccades than the  o th e r cond itions, b u t it also 

deviates th e  most from  the  corre la tion  between fixa tio n  d u ra tio n  and 

Main Sequence slope in Figures 35 and 36. We conclude th a t th e  c o r­

re lation  between fixa tio n  du ra tio n  and Main Sequence slope is not 

a r t i f  actua l.

T h is  leaves th re e  possib ilities; changes in saccadic peak ve lo c ity  

are  caused by fixa tio n  d u ra tio n , changes in fix a tio n  d u ra tio n s  are  

caused b y  changes in saccadic peak v e lo c ity , o r both fixa tio n  

d u ra tio n  and saccadic peak ve loc ity  a re  a ffec ted  b y  some stim ulus- 

borne v a r ia b le (s ) .  A lthough fa tig u e  may not have a ffe c t on peak  

ve lo c ity  in the  ad u lt (as discussed a b o v e ), we cannot assume th a t the  

same resistance to fa tig u e  occurs in the  in fa n t. T h e re fo re , we will 

f i r s t  examine th e  possible a ffec ts  of fixa tio n  d u ra tio n  (saccade ra te ) 

on saccade peak ve lo c ity .

Fatigue

S h o rt fix a tio n  dura tions  enta il th e  production of many saccades, 

which in tu r n ,  could lead to  fa tig u e  and lower Main Sequence slopes. 

H ow ever, if fa tig u e  occu rred  because of th e  sheer num ber o f sac­

cades, one would expect a corre la tion  of th e  opposite sign than  shown 

in F igures 35 and 36 . T h is  is because subjects produced many more
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F ig u re  37

Plot o f mean saccade m agnitude against mean 
Main Sequence slope fo r  in fan ts  v iew ing  th e  d if ­
fe re n t stim ulus conditions. O n ly  subjects who 
produced ten  o r more A iS I's  and had s ig n ifican t  
corre la tion  between saccade peak ve lo c ity  and 
saccade m agnitude (p < 0 .00 5 , 1 ta il ,  F ish er r - z  
tran s fo rm ) a re  in c lu d ed . For each stim ulus con­
d itio n , subject means w ere  combined using th e  
scheme in A ppendix  0 .  Note how mean saccade 
m agnitude does not change ap p rec iab ly  w ith  
stim ulus conditions (e x ce p t fo r comple scenes).
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saccades (on averag e , 107 p e r sub ject session) fo r  th e  spot and b a r  

stim uli than th e  s ta tic  stim uli (on ave ra g e , 47 p e r  subject session) 

which w ere p resen ted  fo r  only ten seconds. One would have  

expected , th e re fo re , th a t th e  spot and b a r stim uli w ere  more like ly  to  

induce fa tig u e .

Large saccades have a g re a te r  fa tig u in g  e ffe c t than small sac­

cades (B ah ill and S ta rk , 1975). H ow ever, w ith  th e  exception of the  

complex scene stim ulus, th e re  is litt le  d iffe re n ce  in th e  average  sac­

cade m agnitude (F ig u re  3 7 ) .

I t  seems th a t th e  d iffe ren ces  in mean Main Sequence slope across 

stim ulus conditions are not due to d iffe re n tia l fa tig u in g  induced b y  

th e  d iffe re n t degrees of oculomotor a c t iv ity . It  is more like ly  th a t  

the d iffe ren ce  in Main Sequence slopes are  due to  d iffe re n t levels of 

brainstem  arousal which are  induced, somehow, by th e  d iffe re n t stim ­

ulus conditions.

Stim ulus E ffects  on Arousal

For the sta tic  s tim uli, the  geom etric forms a re  associated w ith  

lowest level o f arousal followed b y  th e  te x tu re  stim uli and then th e  

complex scenes. With respect to these sta tic  s tim u li, th e ir  "com plex­

ity "  (as judged  by an a d u lt) have th e  same ord inal re la tionsh ip . T h e  

geom etric forms have the  least amount of contour and the  least range  

of spatial frequencies  p er u n it area of th e  stim ulus (excep t possibly  

a t th e  boundary  of the  fo rm ). On th e  o th e r hand, th e  complex scenes 

have th e  most contour and spatial fre q u e n c y  range p e r  u n it a rea . T h e  

te x tu re s  lie somewhere between these two extrem es. T h e  co rresp o n ­

dence between arousal and com plexity  is s ig n ifican t since th e  chance
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of fo u r single measurements having  a g iven  sequence is 0 .042  -  and  

because each point in F ig u re  35 rep resen ts  a mean, th is  p ro b a b ility  

w ill be much low er. T h e  h ighest Main Sequence slopes w ere  e lic ited  

by th e  spot and b a r stim uli. A lthough these w ere the  "sim plest" 

stim uli, th e y  w ere accompanied by sounds to a ttra c t th e  in fan ts '

a tten tio n  (M eth o d s). T h u s , the  high arousal could have been induced

by th e  a u d ito ry  and not the  visual content of th e  stim uli. Indeed , 

w ith o u t any sound, it was v e ry  d iff ic u lt  to record any data because

subjects tended not to look at the stim ulus. We, th e re fo re , postu late

th a t d if fe re n t stimuli induce d iffe re n t levels o f arousal. T h e  v isu a lly  

evoked component of th is  arousal seems to increase w ith  th e  ap p are n t 

"com plexity" of th e  v isual p a tte rn  of th e  stim ulus.

T h e  stimuli can also be o rd ered  b y  th e ir  averag e  spatia l f r e ­

quency content p e r u n it area (a lthough  an actual F o u rie r analysis was 

not p e rfo rm e d ). T h u s , the  complex scenes rep resen t a broadband  

stimulus w ith  co n trast a t all spatial frequencies  (v is ib le  to  th e  in fa n t) 

o ver th e ir  e n tire  areas . The te x tu re  s tim uli, which consisted of p e r i­

odic lines and ch eckerb o ard s , have co n tras t m ostly a t d iscre te  spatial 

frequencies  (harm onics of th e ir  p e r io d ic itie s ), also o v er th e ir  en tire  

areas . T h e  geom etric forms (and  spot and b a rs ) have co n trast at 

many spatia l frequencies  because of the  c o n tras t edges, b u t these are  

re s tric te d  to small regions of th e  stim ulus areas . On averag e , these  

stim uli have low co n trast p e r u n it a rea . T h e  spatial fre q u e n cy  con­

te n t o f the  stimuli are  f ilte re d  by th e  v isual system (a t  least at the  

re tin a l leve l) which would depend on th e  in fa n t co n trast s e n s itiv ity  

fu n c tio n , spatial freq u en cy  channels , mean lum inance, and age. It
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seems th e re fo re , th a t a case could be made to  suggest th a t arousal,

as measured b y  Main Sequence slope, is a ffec ted  by th e  level o f e xc i-
2 1

ta tion  reaching th e  brainstem  via th e  optic  n e rve . A sim ilar k ind of 

argum ent has been made by G ay l, Roberts and W e rn e r, (1983) about 

in fan ts ' v isual p re fe ren c e . T h e y  showed th a t the  to ta l in te g ra ted  con­

tra s t  o v e r a band of spatial frequencies  cen tred  on th e  spatia l f r e ­

quency w ith  the  most v is ib le  co n tras t was a good p re d ic to r  o f in fan ts ' 

p re fe ren ce  fo r  re g u la r and random checkerboards .

7 .3  E ffects  o f A rousal on F ixation  D uration

We now re tu rn  to th e  corre la tion  between Main Sequence slope 

and mean fixa tio n  du ra tio n  shown in F igures 35 and 3 6 , assuming th e  

change in Main Sequence slope is due to d iffe re n t levels o f arousal 

e lic ited  by the  stim ulus conditions. T h e  question is w h e th er fixa tio n  

duration  is d ire c tly  dependent on arousal o r  w h e th er th e  corre la tion  

appears because of a common dependence on stimulus conditions.

It  is possible th a t arousal and fix a tio n  d ura tion  are  independent 

of each o th e r fu n c tio n a lly . A ccord ing  to th e  m ultip le  ta rg e t model, 

those stimuli w ith  th e  g rea tes t to ta l saliency w ill e lic it th e  shortest 

f ix a tio n s . Stimuli w ith  th e  g re a tes t total saliency w ill also have th e  

broadest band of spatia l frequencies  ( th a t  is , th e y  w ill appear most 

"com plex"), and so w ill evoke th e  h ighest level of arousa l. T h u s , in 

th is  m anner, th e  v isual p a tte rn  would determ ine separa te ly  arousal

2 i
I f  th is  is the  case, it  suggests th a t th e  in fa n t CSF m ight be 

d e riv e d  from  th e  Main Sequence slope recorded from  saccades made b y  
in fan ts  view ing sinusoidal spatial fre q u e n c y  g ra tin g s .
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and fixa tio n  d u ra tio n . A ccord ing  to th e  m ultip le  ta rg e t model, th e  

small spot and narrow  b a r are  sparse in potentia l saccade ta rg e ts  and  

so fixations would be long. These stim uli w ill also e lic it low levels of 

arousal which explains w hy th e  subjects tended  not to look at them. 

H ow ever, th e  addition of a ttra c tiv e  sounds to th is  stimulus condition  

raises arousal via an o th er m odality b u t does not a ffe c t th e  saliency of 

visual p a tte rn , and so fixa tio n s  remain long. A lthough th is  is a simple 

model to exp la in  the corre la tion  in Figures 35 and 36, it still does not 

explain  w hy th e  fixa tio n s  are  so b r ie f in th e  in fa n t.

A t the  o th e r ex trem e, it  could be postulated th a t fixatio n  d u ra ­

tion  is causally  determ ined by arousal leve l. T h u s , mean fixa tio n  

du ra tio n  changes w ith stim ulus on ly  by v ir tu e  o f th e  d iffe re n t levels  

of arousal th a t th e  stim uli e lic it , and not b y  any d ire c t visual evoca­

tio n . Th is  is not to say th a t th e  in fa n t is b lin d , b u t th a t the  saccadic  

t r ig g e r  is somewhow determ ined by arousal, so th a t ra is ing  the  

arousal level decreases th e  p ro b a b ility  of a saccade o c c u rrin g . Th is  

model of total dependence allows fo r v e ry  b r ie f fixa tio n s  if  th e  level 

of arousal is s u ffic ie n tly  low, b u t it  does not account fo r  the  effects  

of d r i f t  ra te  on fix a tio n  d u ra tio n  th a t was found in Section 6 . F u r ­

therm ore , th e re  is no simple mechanism th a t would account fo r  th is
2 2

dependency a n d  also exp la in  th e  m u ltip le  ta rg e t model in ad u lts .

By re jec tin g  both th e  independent and to ta l dependent models,

2 2
I f  th e  m ultip le  ta rg e t model w ere re jected  in fa v o u r o f an arousal 

mechanism in adults (th e  Spontaneous Saccade model, see Section 4 ) ,  
then it would have to  expla in  w hy increasing  stim ulus size decreases  
fix a tio n  du ra tio n  (F ig u re  15) ra th e r  than increasing  dura tion  as in 
th e  in fa n t (F ig u re s  35 and 3 6 ) .
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we are  le f t  w ith  a m ixed model: F ixation  dura tions  a re  a ffec ted  b y  

both th e  v isual component o f th e  stim ulus and also b y  th e  subject's  

level o f arousal (w hich may also, its e lf , be a ffec ted  by th e  visual 

content o f th e  s tim u lu s).

7 .4  A Model o f In fa n t F ixation  D u ra tio n

We w ill extend  th e  m ultip le  ta rg e t  model to  allow fo r  an in fluence  

from  th e  in fan t's  arousal leve l. T h is  discussion is re s tric te d  to  

in fan ts  who are  in the a le r t- in a c tiv e  s ta te , since th is  is th e  on ly  s ta te  

which perm itted  us to  record eye movements. H ere , we are  not con­

cerned w ith  how arousal level is changed b u t ra th e r  how it  can a ffe c t  

fixa tio n  d u ra tio n . T h e  key to th is  lies in th e  mechanism which d e te r ­

mines a potentia l ta rg e t's  sa lien cy . To  discuss th is , it  is necessary to  

be more specific  about th e  saccadic tr ig g e r in g  mechanism. H ow ever, it  

should be noted at th e  o u tset th a t we a re  not b u ild in g  a physiological 

model, and we leave th e  possible neural mechanisms and pathw ays to 

con jecture .

We have a reasonable idea of how th e  visual system w orks a t 

least a t th e  re tina l leve l. We have a s im ilar level o f und erstan d in g  of 

th e  physio logy of th e  saccadic g en era to r and th e  e x tra o c u la r m uscula­

tu r e .  U n fo rtu n a te ly , we have much less know ledge about th e  in te r ­

ven in g  p athw ays , even to th e  e x te n t o f cortica l and subcortical 

involvm ent in v isu a lly  evoked saccades. H ow ever, because of the  all - 

o r-n o n e  n a tu re  of saccades, it  is reasonable to assume th a t th e re  is a 

saccadic t r ig g e r .  T h a t is , th e re  is a th resh o ld  level which must be 

exceeded b y  some signal in o rd e r  fo r  th e  saccadic g en era to r to be
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switched on. Since th e  eye executes only one saccade a t a tim e, th e re  

can be only  one t r ig g e r ,  a t least conceptu ally; th e re  may be many 

tr ig g e rs  b u t a decision has to be made even tu a lly  ( e . g . ,  firs t-c o m e -  

f i r s t -s e rv e d ) .  A ccord ing  to th e  m ultip le  ta rg e t model, saccades are  

tr ig g e re d  v is u a lly  by many re tin a l channels (th e  re tinal ganglion  

c e lls ). One p o s s ib ility , th e re fo re , is th a t saccades a re  tr ig g e re d  

w henever a signal d e r iv e d  from  a re tin a l ganglion cell's  o u tpu t 

exceeds th e  t r ig g e r ’s th re s h o ld . O f course, a re tin a l ganglion cell's  

o u tp u t undergoes m any transform ations in th e  v isual system before  

being compared to the  saccade tr ig g e r  leve l. H ow ever, fo r  th e  sake of 

s im p lic ity , we w ill re fe r  the  signal back to th e  re tin a l ganglion cell.

Th e  o u tp u t of a re tin a l ganglion cell is ac tu a lly  a stochastic s ig ­

nal and th e re  w ill be random flu c tu a tio n s  in th e  ganglion cell's  o u tp u t 

signal around a mean leve l. T h u s , we a rg u e  th a t w h en ever a f lu c tu a ­

tion (o r a m anifestation of a flu c tu a tio n  la te r in th e  v isual system ) 

crosses th e  t r ig g e r  th re s h o ld , a saccade w ill be tr ig g e re d . Provided  

th e  ganglion cell's  signal is s ta tis tica lly  s ta tio n a ry , th e  p ro b a b ility  of 

such a flu c tu a tio n  is constant in tim e regard less of th e  actual p ro b ­

a b ility  d is tr ib u tio n  in th e  flu c tu a tio n s . T h e re fo re , th e  time before  a 

tr ig g e r in g  flu c tu a tio n  occurs will be an Exponentia l p ro b a b ility  d is tr i ­

b u tion .

Now, the p ro b a b ility  o f a tr ig g e r in g  flu c tu a tio n  w ill depend on 

th e  mean signal leve l, th e  p ro b a b ility  d is tr ib u tio n  of th e  flu c tu a tio n s , 

and the  tr ig g e r in g  th resh o ld  leve l. H ow ever, regard less  of th e  exact 

form  of the  p ro b a b ility  d is tr ib u tio n  of th e  flu c tu a tio n s , th e  p ro b a b ility  

of a tr ig g e r in g  flu c tu a tio n  w ill increase v e ry  ra p id ly  as th e  d iffe re n c e
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between th e  th resh o ld  and mean level decreases. T h is  is illu s tra te d  

in F ig u re  38. For exam ple, consider th e  gang lion 's  mean level to be 

100 sp ikes /sec  w ith  ad d itive  w h ite  Gaussian noise having  a s tandard  

deviation of 10 u n its . If  th e  saccadic t r ig g e r  th resh o ld  w ere a t 130 

u n its , th e  p ro b a b ility  p e r u n it tim e (sa lien cy ) o f a noise fluc tuation  

exceeding the  th resh o ld  is 0 .0 0 1 3 , and we would have to  w a it, on 

a verag e , fo r 769 seconds fo r  such an e ve n t. I f  th e  th resho ld  level 

w ere reduced to 120 s p ik e s /s e c , th e  p ro b a b ility  o f a tr ig g e r in g  f lu c ­

tuation  would increase to  0 .0 2 3 , and now we would w ait only 43 sec­

onds. A fu r th e r  decrease in the  th resh o ld  to  110 sp ikes /sec  would  

decrease the  w aiting  time to  six seconds. T h u s , th e  p ro b a b ility  th a t  

a saccade w ill occur is v e ry  sensitive  to th e  d iffe re n c e  between th e  

mean signal level o f a ganglion 's  o u tp u t and th e  saccadic tr ig g e r  

leve l. I t  can now be ap p rec ia ted  th a t the  saliency of a potentia l v isual 

ta rg e t depends not on ly  on th e  level of exc ita tion  it  causes in a g a n ­

glion cell (v ia  th e  recep tive  f ie ld ) b u t also on th e  level o f th e  sac­

cadic t r ig g e r  th resh o ld .

a) Saccadic T r ig g e r  Level M odulated By Arousal

We propose th a t th e  t r ig g e r  level is a ffec ted  by th e  sub ject’s 

arousal level (a t least in the in fa n t) ,  so th a t h igh arousal elevates  

th e  t r ig g e r  th re s h o ld . C le a rly  th e n , if th e  th resh o ld  is v e ry  high  

because o f h igh a ro u sa l, only h ig h ly  sa lien t ta rg e ts  w ill tr ig g e r  sac­

cades, on average. T h is  w ill y ie ld  v e ry  long fix a tio n s , and it would  

appear to  the e xp e rim en ter as if th e  sub ject w ere  "cap tured" by the  

c u rre n t ta rg e t o r th a t th e  sub ject w ere being  v e ry  a tte n tiv e  to the  

stim ulus. ( In d e e d , arousal seems to be a p re -re q u is ite  o f a t te n tio n .)
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F ig u re  38

H ypothetical re la tionsh ip  among saliency, f i x ­
ation d u ra tio n , and th e  saccade tr ig g e r  leve l. 
U p p er panel illu s tra tes  a noisy signal showing  
mean signal level and th e  saccade tr ig g e r  
th re s h o ld . W henever th e  signal exceeds th e  
th resh o ld  the  saccade g en era to r is tr ig g e re d .  
T h e  low er panel shows th e  p ro b a b ility  p e r u n it 
tim e (sa lien cy ) of such an even t (assum ing  
Gaussian signal noise) fo r  d if fe re n t th resho ld  
levels (in  s tan d ard  devia tion  units  o f th e  signal 
no ise). The  mean w a itin g -tim e  (o r fixa tio n  
d u ra tio n ) is the reciprocal o f saliency.
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I f  th e  saccadic t r ig g e r  th resho ld  w ere of a m oderate leve l, th e  sal­

iency of potentia l ta rg e ts  would increase and s ig n ific a n t "com petition" 

between th e  ta rg e ts  would ap p ear. T h is  is th e  th resh o ld  regime in 

which adu lts  fre e ly  view  stim uli, and all th e  p ro p erties  o f th e  m ultip le  

ta rg e t model (see Section 5 ) would be o b servab le . I f  th e  th resh o ld  is 

v e ry  low because of low arousal, th e  saliency of ta rg e ts  w ill increase  

and fixa tio n s  w ill become b r ie f ,  as observed in m any in fa n ts . Even 

th e  flu c tu a tio n s  from  ganglion cells which are  f ir in g  a t th e ir  sponta­

neous ra te  w ill sometimes exceed th e  t r ig g e r  th resh o ld  and in itia te  

saccades. T h e re  may be so many spontaneous saccades th a t potentia l 

ta rg e ts  could be pre -em pted  (see Section 5 ) .  T h e  exp e rim en te r would  

observe many saccades, many of which w ill place th e  fovea (o r  cen tra l 

re tin a ) w here  th e re  is no a p p are n t stim ulus ta rg e t .  I t  m ight be con­

s tru ed  th a t th e  subject does not see th e  ta rg e t o r does not pay  th e  

stim ulus much a tte n tio n .

b ) O ve ra ll Stim ulus S aliency M odulated B y  A rousal

An eq u iva len t model is th a t th e  saliency of all ta rg e ts , ra th e r  

than th e  t r ig g e r  leve l, is m odulated by th e  subject's  level o f arousal. 

In th is  case, overa ll saliency would have to  be decreased by h ig h er  

arousal. An in tr ig u in g  possib ility  is th a t arousal raises o r  lowers d r i f t  

ra te  which then  a ffec ts  o vera ll saliency o f ta rg e ts  b y  v ir tu e  o f th e ir  

re tin a l m otion. For exam ple, if the  subject has a h igh level of 

arousal, th e  average d r i f t  ra te  is decreased , by say , an increase in a 

c o n tro lle r ’s loop g a in . T h is  lowered d r i f t  ra te  would then e ffe c tiv e ly  

low er th e  saliency of all ta rg e ts  and th e re b y  increase th e  averag e  f i x ­

ation d u ra tio n . As shown in F ig u re  38 , fix a tio n  d u ra tio n  could be
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v e ry  sensitive  to  small changes in averag e  d r i f t  ra te  which m ight be 

undetected  b y  o u r apparatus (see Section 6 ) .

We postu la te  th a t the  d iffe re n c e  between the  t r ig g e r  th resho ld  

and th e  mean signal level is de term ined , in p a r t , by arousal leve l. 

H ow ever, th e re  is an in te res tin g  consequence of th is  model as follows: 

As discussed above, th e  arousal level is a ffec ted  by th e  v isual con­

te n t o f th e  stim ulus (F ig u re  37) and it was suggested th a t th e  arousal 

level was determ ined by th e  to tal excitation  tran sm itted  along th e  

optic  n e rv e . T h is  level of exc ita tion  w ill depend on w here  th e  eye is 

po in ting  in th e  visual scene. T h u s , if  a fix a tio n  places th e  fovea o ver  

an area of th e  stim ulus which has lit t le  co n tras t at a on ly  a few  spa­

tia l frequencies  (on average  p e r u n it area o f th e  stim ulus) then  

arousal w ill be low. T h is  w ill low er th e  saccadic t r ig g e r  th resh o ld  and  

th e  saccade ra te  w ill increase, th e re b y  moving th e  eye q u ic k ly  away  

from  th is  location. I f ,  on the  o th e r hand, th e  eye fix a tes  a high  

c o n tras t b roadband stimulus a rea , arousal w ill be high and the  t r ig ­

g e r level w ill be ra ised , which w ill decrease saccade ra te . T h e  eye  

w ill th e re fo re  spend more tim e o v e r high c o n tras t areas w ith  many 

spatial frequencies  such as edges and d e ta ils . Th is  may be a ru d i­

m entary  form  of a tte n tio n . I f  th e  level o f the  t r ig g e r  th resh o ld  came 

u n d er cortica l co n tro l, then th e  sub ject could in d ire c tly  contro l f i x ­

ation d u ra tio n  by m odulating th e  B -p erio d  and pay more o r  less 

"a tten tio n " to th e  c u rre n t ta rg e t by reducing o r increasing  th e  sac­

cade ra te .
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[8]

SUMMARY A N D  D IS C U S S IO N

In th is  fin a l Section we shall f i r s t  summarise th e  most im portant 

fin d in g s . We shall then discuss how th is  model fits  w ith  o th e r s tu d ­

ies of in fa n t scanning and its im plications fo r in fa n t psychophysics  

and approaches to s tu d y in g  in fants  in g en era l.

8 .1  Summary

(1 ) I t  was shown th a t mean fix a tio n  durations from  in fa n t sub­

jects w ere h ig h ly  v ariab le  and th e re  w ere  strong stim ulus e ffe c ts . On 

averag e, in fan ts ' fixatio ns w ere  much b r ie fe r  than fixatio n s  from  

adults v iew ing  comparable s tim uli.

(2 ) T h e  freq u en cy  d is trib u tio n s  of fixa tio n  duration  had th e  

same form  fo r all in fa n t subjects and fre e -v ie w in g  adu lt subjects . 

T h e  d is tr ib u tio n  was id e n tified  using th e  method of moments as being  

basically  th e  Exponential w ith  a small degree  of h y p e re x p o n e n tia lity .

(3 ) T h e  Exponential d is tr ib u tio n  is in d ica tive  of a w a itin g -tim e  

problem . I t  was shown th a t a fix a tio n  could be d iv id ed  into two tem ­

poral regim es, the  A - and B -p erio d s : T h e  A -p erio d  is ro u g h ly  a con­

s tan t re fra c to ry  period having  a d u ra tio n  of about 50 msecs in in fa n t  

fixa tio n s  and 100 msecs in fixa tio n s  from  adults  u n d e r o u r f r e e -  

view ing conditions. T h e  B -p erio d  is a w a itin g -tim e  fo r  a fix a tio n  t e r ­
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mination e v e n t. T h e  Exponentia l shape of th e  d u ra tio n  d is trib u tio n s  

indicates th a t th e  te rm in atin g  e ve n t occurs random ly in tim e. The  

h y p ere x p o n e n tia lity  could be exp la ined  if  the  mean B -p e rio d  varied  

from  fixa tio n  to  fix a tio n , which would y ie ld  a Compound Exponential 

d is tr ib u tio n .

(4 ) T h re e  models w ere e n te rta in e d  - a spontaneous saccade 

model, a re fle x iv e  saccade model (th e  "m ultip le  ta rg e t m o d e l"), and a 

h ig h -le ve l processing model (th e  "CPU m odel"). I t  was a rg u ed  th a t  

th e  m ultip le  ta rg e t model was th e  most lik e ly  exp lanation  fo r  the  

observed Exponentia l d is trib u tio n  fo r  fixa tio n  d u ra tio n s .

(5 ) T h e  mean fixatio n  du ra tio n  was shown to  be v e ry  sensitive  

to th e  size of the stimulus fo r  the fre e -v ie w in g  a d u lt. T h is  is in 

agreem ent w ith  an early  s tu d y  by Enoch (1 9 5 9 ). F ixations decrease  

in d u ra tio n  as stimulus size increases, even up to  a t least 40 degree  

d iam eters. T h is  supports  the  m ultip le  ta rg e t model.

(6 ) T h e  m ultip le  ta rg e t model was form alised w ith  respect to the  

B -p erio d  of fix a tio n s . S aliency, Em inency, and P re-em ption  were  

d e fin e d . I t  was shown th a t th e  m ultip le  ta rg e t model was e q u iva len t to 

a M arkov process w here th e  tra n s itio n  p ro b ab ilities  rep resen ted  the  

pro b ab ilities  o f saccadic eye movements from  one position to  an o th er. 

These p ro b ab ilities  w ere considered to  be constant in time and set by  

th e  stim ulus and th e  recep tive  fie ld  organ ization  of th e  re tin a . For 

th e  case of th e  homogenous stim ulus, it  was shown th a t th e  model 

p red ic ted  saccade m agnitude d is trib u tio n s  and th e  re la tio n sh ip  

between mean saccade m agnitude and stim ulus size w ith  some p re c i­

sion. T h is  makes fo r  a persuas ive  case fo r  th e  m u ltip le  ta rg e t  model
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of v isual scanning in th e  fre e -v ie w in g  a d u lt.

(7 ) I t  was concluded th a t the  A -p e rio d  of fixa tio n s  depended on 

the subject's  ta s k . In addition  to conduction tim e, it  was arg u ed  th a t 

the A -p e rio d  re flected  some kind of v isual inform ation processing o r  

acquisition tim e. A tw o -leve l system was proposed: A low -level

re fle x iv e  system , which is responsible fo r  th e  B -p e rio d , can be in h ib ­

ited by a h ig h -le ve l process, which is responsible fo r  p a r t  o f the  

A -p e rio d . I t  fo llow s, th e re fo re , th a t th e  b r ie f  in fa n t A -p erio d s  

re flected  v e ry  lit t le  ( i f  a n y ) of th is  k ind of h ig h -le ve l processing .

(8 ) T h e  e ffec ts  of stimulus size w ere much less pronounced in 

the in fa n t. I t  was suggested th a t th is  may be a satu ration  e ffe c t 

because in fa n t fixa tio n s  w ere a lready  v e ry  b r ie f .

(9 ) E ffects o f eye d r i f t  d u rin g  fixatio ns  w ere exam ined. I t  was 

shown th a t d r i f t  ra te  could not be re liab ly  m easured d ire c tly  because 

of in s trum ent noise. By using th e  method of moments, it  was in fe rred  

th a t n on-zero  d r i f t  ra te  exis ted  by showing th a t d r i f t  am plitude was 

the p ro d u ct o f two random v aria b les , one of which was d u ra tio n . It 

was shown th a t fo r  fixatio ns  longer than about 150 msecs, mean d r if t  

m agnitude rem ained approxim ately  constant w ith  fix a tio n  d u ra tio n . It  

was a rg u ed , th e re fo re , th a t fixa tio n  du ra tio n  and d r i f t  ra te  w ere  

rec ip ro cally  re la ted  in such a way th a t increasing d r i f t  ra te  au g ­

mented ta rg e t sa liency, and th e re b y  reduced mean d u ra tio n . The  

change in mean dura tion  from  fixa tio n  to fixa tio n  accounted fo r  th e  

h yp ere x p o n e n tia lity  o f th e  dura tion  d is tr ib u tio n s . We w ere unable to 

show th a t in fa n t fixa tio n s  w ere so b r ie f because of high d r i f t  ra te , 

but th is  remains an in tr ig u in g  p o ss ib ility .
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(10 ) I t  was shown th a t each stim ulus e lic ite d , on averag e , 

d iffe re n t saccadic Main Sequence slopes from  in fa n ts . T h is  was in te r ­

p re ted  as a correla tion  between fix a tio n  du ra tio n  and arousal leve l. 

I t  was proposed th a t overa ll saliency could be changed if  a saccadic 

t r ig g e r  th resho ld  w ere sens itive  to arousal leve l,

8 .2  V isual Scanning in In fan ts

A lthough most of th e  studies on v isual scanning in in fants  s u ffe r  

from  calib ra tion  problem s, th e re  have been some consistent re su lts . 

We will show th a t th e  m ultip le  ta rg e t model is consistent w ith  these  

fin d in g s .

One of th e  most consistent fin d in g s  is th a t in fa n t fixa tio n s  tend  

to c lu ste r around the  edges o r vertices  o f stimulus fig u re s  (S a lapatek  

and Kessen, 1966; S alapatek, 1968; H a ith , 1980). Th is  phenomenon 

is read ily  explained by th e  model: Because edges have more spatial

freq u en cy  content than b lank areas of a stim ulus, edges w ill be more 

salient and th e re fo re  more lik e ly  to  win th e  com petition fo r  fo veatio n . 

T h u s , on averag e , one would exp ect most fixa tio n s  (b u t  not a ll) to  

occur on o r near edges o r v e rtic e s . I t  is also q u ite  possible th a t the  

subject would only fix a te  a small p a r t o f th e  stim ulus because edges 

and vertices  fa r  from  th e  c u rre n t fix a tio n  would have re la tiv e ly  low 

saliency because of th e ir  p e rip h era l re tin a l location. These o th e r  

edges would also have low em inency because o f p re-em ption  by th e  

c u rre n t region of fix a tio n . T h e re fo re , depending on the  size o f th e  

stim ulus f ig u re , th e  subject would be exp ec ted , on averag e , to  f ix a te  

only  a local stim ulus a rea . T h is  would be p a rtic u la r ly  noticeable in
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in fan ts  who have small v isual fie ld s  (d iscussed b e lo w ).

I t  should be rem em bered th a t  th is  is a p ro b a b ilis tic  model. A 

p e rip h era l ta rg e t could win foveation  and then fixa tio n s  would c lu s te r  

around an o th er p a r t  o f th e  stim ulus. T h u s , th e  overa ll b read th  of 

scan (d ispers ion  of fix a tio n s ) w ill be depen dent on th e  dispersion of 

th e  potentia l ta rg e ts . Large stim uli w ill have a ten d en cy  to increase  

th e  b read th  of scan, at least fo r  those subjects who do scan more 

than  one local fe a tu re  of th e  stim ulus. T h is  has been rep o rted  by  

Salapatek (1968) and H ain line  and Lemerise (1982) (see also Section  

5 ) .  T h e  same argum ent can be used to expla in  w hy b read th  of scan 

is less fo r  small stim uli than fo r  a b lan k  fie ld  (S a lap a tek  and Kessen, 

1966; S alapatek, 1968;, Lewis and M a u re r, 1980). A lthough the  b lank  

fie ld  is not an homogenous stim ulus, p e rip h era l ta rg e ts  w ill have more 

em inency when th e re  are  no h ig h ly  salien t cen tra l ta rg e ts  and so 

b read th  of scan should be more fo r  th e  b lank f ie ld .

More q u a n tita tiv e  tests w ill have to w ait u n til more q u a n tita tiv e  

research  has been c a rrie d  out w ith  th e  in fa n t, not only in term s of 

in s tru m en t accuracy (sp a tia l and te m p o ra l), b u t also in term s of care ­

fu l stim ulus d e fin itio n  and constant arousal lev e l. T h e  im portant 

aspect o f th is  model is th a t scanning in th e  in fa n t as well as the  

fre e -v ie w in g  a d u lt is re fle x iv e  and does not n e e d  any complex cortical 

invo lvem ent. T h is  whole mechanism could be m aintained by a re tin a l - 

subcortica l -  oculomotor p a th w ay . T h e  model also separates visual 

processing ("s e e in g ") from  visual o rien ta tio n  (" lo o k in g " ). Th is  is of 

considerab le  im portance and w ill be discussed fu r th e r .
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8.3 Preferential Looking and Visual Perimetry

A common tool fo r assessing v isual functions of th e  in fa n t is to  

presen t stimuli and detect w here th e  in fa n t looks. T h e  rationale  

behind th is  approach is th a t looking b ehav iour re flec ts  visual fu n c ­

tio n . Tw o notable techniques are  p re fe re n tia l looking and v isual fie ld  

estim ation. We shall b r ie f ly  examine th e  basic p rinc ip les  o f these  

techniques fo r  two reasons.. F irs t , we shall p resen t an a lte rn a tiv e  

approach to understand  th e  mechanisnms of these techniques based on 

re fle x iv e  looking ra th e r  than visual processing. Second, we can also 

illu s tra te  how th e  model can be applied w ith o u t deta iled  knowledge of 

th e  s tim uli; th a t is , th e  p rinc ip les  o f the model alone perm it a m oder­

a te ly  sophisticated analysis .

P re fe re n tia l Looking in th e  In fa n t

P re fe ren tia l looking is p ro b ab ly  the  most commonly used te c h ­

nique fo r  assessing an in fa n t’s v isual a b ilitie s . T h e re  are  many v a r i­

ations on th e  basic them e b u t we w ill only consider a simple vers io n . 

H ere , th e  in fa n t is held s ta tio n ary  and is p resented  w ith  two stim uli. 

A su itab ly  chosen measure of th e  in fan t's  looking b ehav iour indicates  

which stim ulus the subject " p re fe rs ."  T h e  assumption (u su a lly  

im plic it) is th a t the  in fa n t c e n tra lly  compares th e  two stimuli and  

th e re b y  creates h is /h e r  p re fe ren c e . H ow ever, th e  subject is not 

u nder any ins truction  and so he w ill fre e ly  scan th e  stim uli (and  any  

o th e r p arts  o f the  visual f ie ld ) and o u r model should th e re fo re  app ly  

to th is  s ituation .

A v a r ie ty  of measures have been used; we shall on ly  consider
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tw o. To  b eg in , we shall consider th e  f irs t- lo o k  m easure because it is 

simple to  analyse. C onsider two ta rg e t s tim uli, L and R , whose cen­

tres  a re  separated b y  a v isual ang le , d . These two stim uli a re  s u r ­

rounded b y  a d a rk  b ackg ro u n d , S . A t th e  beg inn ing  o f a t r ia l ,  th e  

subject is assumed to be looking s tra ig h t ahead b isecting  th e  two  

stim uli. T h e  subject w ill then e ith e r f ir s t  look a t stim ulus L (a  "h it" )  

or look f i r s t  a t stim ulus R (a "m iss"). T h e  tr ia l continues un til one of 

these outcomes occurs . To s im p lify , we shall assume th a t th e  subject's  

behaviour is s ta tio n ary  across tr ia ls , so th a t arousal level remains 

constant a n d /o r  no habituation  occurs to the  s tim uli. T hen  th e  p ro ­

portion of hits o v e r many tr ia ls  w ill asym ptote to th e  p ro b a b ility  th a t  

the  subject w ill f i r s t  o rien t tow ards stim ulus L. A ccord ing  to  the  

m ultip le  ta rg e t model, th is  p ro b a b ility  is g iven  by th e  em inency of 

stim ulus L g iven th a t the  subject is looking between th e  s tim uli.

To  show th is , we consider saliencies to be ad d itive  (as we have  

th ro u g h o u t; see Section 5 ) .  T h e  total saliency of th e  v isual fie ld  can 

be broken down into th re e  components, nam ely, th e  saliencies o f the  

two stim uli, L ^ /2 ' ^ d /2  subscrip ts  re fe r  to th e  eccen tric ities  of

the stim uli centres  re la tiv e  to the point of subject's  re g a rd ) , and the  

saliency of th e  s u rro u n d , S. T h e  to tal saliency w ill then be; l-(j / 2+ 

R j / 2  * S, and th e  reciprocal of th is q u a n tity  will be proportional to  

the  B -p erio d  of fix a tio n  d u ra tio n . To sim plify  fu r th e r ,  we shall 

assume th e  background  saliency to be neg lig ib le  compared to  any  

stim ulus saliency. T h e  p ro b a b ility  of a h it is then g iven b y ;
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P (H it )  = ____ ^ 7 2  =--------------- !---------------  . (2S)

Ld /2  * Rd /2  1 + Rd /2 / L d /2

S im ila rly , th e  p ro b a b ility  o f a miss is g iven  by :

P (M iss) = Rd /2  = --------- ]_________

d /2  * Rd /2  1 + Ld /2 / R d /2

As expected , th e  50°o h it ra te  occurs when th e  two stim uli have the  

same saliency. Note th a t it  is only th e  ra tio  o f th e  saliencies of two 

stimuli th a t determ ines th e  h it and miss ra tes . T h e  im portant p o in t, 

h ere , is th a t th e  saliencies are  a t th e  p e rip h era l re tin a l location, d /2 .

A n o th er im portant v a ria b le  is th e  amount o f time spent looking at 

each stim ulus. We w ill fin d  th e  mean time spent looking a t a stim ulus  

before looking at th e  o th e r stim ulus. T h e  m ultip le  ta rg e t  model p e r ­

mits an approxim ate p red ic tio n  of th is  tim e. A fte r  th e  f i r s t  look, th e  

subject looking at one of th e  s tim u li, say stim ulus R , which we shall 

call th e  "c en tra l"  stim ulus. Now th e  subject can e ith e r  scan th is  stim ­

ulus by m aking saccades w ith in  (o r  n e a rb y ) th is  s tim ulus, o r the  

subject can make a saccade to th e  o th e r s tim ulus, th e  "p erip h era l"  

stim ulus, A . Assuming again th a t all th e  potentia l ta rg e ts  w ith in  and  

between the  stim uli are  independent (a d d itiv e  sa lien cies), th e  total 

amount o f B -p erio d  spent looking a t stim ulus R before  a saccade is 

tr ig g e re d  by th e  stim ulus L is sim ply p roportional to th e  reciprocal of 

th e  saliency of stim ulus L , and (because of o u r assum ption) is in d e ­
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pendent of the c u rre n tly  viewed stim ulus R. H ow ever, th e re  is a 

complication since we have not y e t considered th e  o th e r components of 

looking tim e, nam ely, fixa tio n  A -p erio d s  and saccade d u ra tio n . To  

fin d  actual average looking-tim e a t stim ulus R before  o rien tin g  

tow ards stim ulus L, we must add th e  A -p e rio d  to each fixa tio n  and 

the  saccade du ra tio n  to th e  end of each fixa tio n  (excep t th e  las t) th a t  

occurs w hile  th e  subject is looking a t th e  centra l stim ulus R. T h e  

A -p erio d  seems to be ta s k -d ep e n d e n t (Section 5) and saccade du ra tio n  

depends on saccade m agnitude w h ich , in tu r n ,  depends on stim ulus  

size (Section 5 ) .  Saccade duration  p robab ly  also depends on arousal 

level in th e  in fan t (as peak veloc ity  does). H ow ever, we have not 

found any evidence to suggest th a t these are  ap p rec iab ly  a ffec ted  by  

ta rg e t saliencies and so we can ju s t add a constant to  each fix a tio n .  

We now need to fin d  th e  average num ber of fixatio ns  (and saccades) 

made d u rin g  th e  looking-tim e a t th e  cen tra l stimulus b efo re  th e  su b ­

jec t views the  p e rip h era l stim ulus. T h e  precise d is tr ib u tio n  of th is  

q u a n tity , as p red ic ted  b y  th is  model, is somewhat com plicated and w ill 

not be shown h ere , b u t th e  mean num ber of fixatio ns  is sim ply the  

average total B -p erio d  d iv id ed  by th e  average  B -p erio d  of a single  

fixa tio n  and is g iven b y :

2 1
I t  may seem paradoxical th a t th e  average amount o f B -p erio d  f i x ­

ation time spent on th e  c u rre n t ly  view ed stimulus is independent of 
th e  contents o r saliency of th a t s tim ulus, b u t is dependent on ly  on 
th e  p e rip h era l stim ulus. T h is  is a key fe a tu re  o f the  m ultip le  ta rg e t  
model; th e  p e rip h era l stimulus "pu lls" the eye away from  th e  cen tra l 
stim ulus ra th e r  than th e  cen tra l stim ulus "hold ing" the  eye . I t  is in 
th is  im portant respect th a t we d if fe r  from  th e  more conventional view  
th a t th e  in fa n t evaluates th e  cen tra l stim ulus and makes some decision  
to m aintain th e  c u rre n t gaze.
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(30 )

From th is  we can then fin d  th e  averag e  looking time b y  add ing  the  

B -p e rio d , A -p e rio d , T ^ ,  and saccade d u ra tio n , T g , components:

w here  X is th e  constant of p ro p o rtio n a lity  of sa liency . T h e  mean 

look ing-tim e at th e  o th e r stim ulus is s im ilarly  g iven  b y :

These expressions are  more com plicated than those fo r  th e  f irs t- lo o k  

m easure (Equations 28 and 2 9 ) . N everth e less , mean looking time  

depends m ainly on the  saliency of th e  p e rip h era l stim ulus at an 

ecc e n tric ity  of d (ra th e r  than d /2  w ith  th e  f irs t- lo o k  m easure). 

T h e re  is also a dependency on th e  c en tra l stim ulus (a t  no eccen tric ­

i ty )  which w ill depend on th e  averag e  re la tiv e  d u ra tio n  of A -p erio d  

and saccades to th e  du ra tio n  of th e  B -p e rio d . T h e  major d e te rm i­

nants o f th is  w ill be the  saliency of th e  c u rre n t ly  view ed stim ulus and  

th e  arousal level of the  sub ject (Section 7 ) .  I f  th e  subject's  fixa tio n s  

have long B -p erio d s , so th a t th e  A -p e rio d s  and saccade d u ra tio n s  a re  

re la tiv e ly  b r ie f ,  then  th e  average  looking tim e w ill depend m ostly, on 

th e  saliency of the  p erip h era l s tim ulus. T h is  w ill happen i f ,  fo r  exam ­

p le , th e  stim uli a re  low in to ta l saliency o r  the  sub ject is a t a h igh

( T a  * T S)R Q/ L d ♦ X /L d (31 )

(3 2 )
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level o f arousa l. I f  arousal is low then th e  c e n tra lly  view ed stim ulus  

w ill begin to  have a g re a te r  c o n trib u tio n  to  looking tim e.

A n y  m easure th a t is based on th e  looking b ehav iour o f the  
2 *

in fa n t w ill be determ ined e ith e r  exc lu s ive ly  o r la rg e ly  b y  th e  stim u­

lus not being c u rre n t ly  v iew ed. In certa in  applications of th e  p re fe r ­

entia l looking tech n iq u e, th is  has im portant im plications, especially  

those applications which attem pt to  m easure a v isual capacity  th a t is 

known to be sensitive  to re tinal location. For exam ple, in using p r e f ­

e ren tia l looking to m easure in fa n t co n tras t s e n s itiv ity  functions  

(C S F 's ) ,  one stim ulus contains a sinusoidal g ra tin g  and th e  o th e r  

stim ulus contains a b lank fie ld  a t mean luminance (A tk in s o n , B radd ick  

and M oar, 1977; Banks and S alapatek , 1981). C o n tras t of th e  g ra tin g  

is decreased u n til th e  subject shows no p re fe ren ce  fo r  it o v e r th e  

b lank stim ulus. T h e  CSF obta ined w ill, according to o u r model, be a 

composite C S F, w ith  the  g re a tes t co n trib u tio n  being from  th a t p a rt of 

th e  re tin a  exc ited  by th e  sinusoidal g ra tin g  when th e  subject is v iew ­

ing th e  b lank stim ulus. T h e re  w ill be a smaller co n trib u tio n  to the  

composite CSF from the  cen tra l re tin a . The  obtained CSF w ill depend  

on th e  stim ulus areas , th e ir  separation and th e  actual response meas­

u re  to some d e g ree . N everth e less , if  o u r in te rp re ta tio n  is c o rre c t, 

th e  CSF w ill not be a tru e  m easure of cen tra l re tin a l spatial 

fre q u e n c y  s e n s itiv ity . It  may g ive  th e  wrong im pression of in fan t 

vision (C S F 's  o r acu ity  lim it ) , if th e  cen tra l re tina  of th e  in fa n t has

We have not considered o th e r e ffec ts  th e  stim uli may have on the  
subject such as s ta rtle  a n d /o r  p u p illa ry  re flex e s . These non-looking  
behavioural variab les  may c o n tr ib u te  to an o b s e rv e r’s opinion of which  
stim ulus is p re fe rre d  b y  an in fa n t.
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h ig h er resolution than th e  p e rip h era l re tin a . T h is  may exp la in  w hy  

CSF's obtained by th e  p re fe re n tia l looking tech n iq u e  (A tk inson  e t a l . ,  

1977a,b; Banks and S alapatek , 1981) have low er s e n s itiv ity  and acu ity  

than CSF's obtained b y  c o rtica lly  evoked potentia ls  (N o rc ia , T y le r ,  

and A llen , 1986; see also Dobson and T e lle r , 1978) which p re se n t a 

single stimulus c e n tra lly . T h e  p re fe re n tia l looking tech n iq u e  essen­

tia lly  measures the  s e n s itiv ity  o f th e  p e rip h era l re tin a . T h is  is also 

consistent w ith th e  increased s e n s itiv ity  obtained if  th e  stimulus in 

p re fe ren tia l looking is d r ifte d  (A tk in s o n , B ra d d ick , and M oar, 

197 7 b ). H ere , the  saliency of th e  stim ulus is increased because of its
2 S

temporal component (see Section 6 ) .

P re feren tia l looking has also been used to  estim ate th e  colour 

vision of the  human in fa n t (A n k ru m , C lavad etsch er and T e lle r , 1986; 

Ladenheim and G ordon, 1986). Both of these studies have shown an 

increased s en s itiv ity  fo r  sh o rt w avelengths re la tiv e  to long w ave l­

engths in th e  in fa n t when compared to  th e  a d u lt. H ow ever, th e  ad u lt 

control groups w ere allowed to use th e ir  cen tra l re tin a  w hile the  

in fa n ts , o f course, w ere u n d er th e  p re fe re n tia l looking parad igm . 

T h is  sh o rt w avelength s e n s itiv ity  is consistent w ith th e  spectra l sen ­

s it iv ity  of the ad u lt p e rip h era l re tin a  (A bram ov and G ordon, 1977) 

and does not necessarily  re fle c t a d iffe re n ce  between ad u lt and in fa n t  

spectra l sen s itiv ities .

2 I
I t  should be noted th a t th is  model does not p re d ic t "n eg ative  p r e f ­

erence" which sometimes occurs when th e  in fa n t p re fe rs  th e  b lank  
fie ld  o v er a g ra tin g  near th resho ld  (H e ld , G w iazda, M ohindra and 
W olfe, 1979). H ow ever, "n eg a tive  p re fe ren ce" is not found b y  o th e r  
researchers (B a n k s , S tephens and D annem iller, 1982; T e lle r , M a y er, 
Makous and A llen , 1982).
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The Visual Field in Infants

I t  is well known th a t th e  in fa n t has a small v isual fie ld  compared 

to adults (P .H a r r is  and M acFarlane, 1974; M acFariane, P .H a r r is , and  

B arnes, 1976; Cummings, M ayer, Hansen, and F u lto n , 1986; Dobson, 

S ch w artz , and S an d stro n , 1986; van H o f-va n  Duin and Mohn, 1986). 

T h is  has been measured by p resen tin g  stim uli a t d if fe re n t  e c c e n tr ic i­

ties (u su a lly  in th e  presence of a cen tra l fixa tio n  ta rg e t)  and noting  

th e  saccadic o r head o rien tin g  response. T h e  m u ltip le  ta rg e t model 

shows th a t the  p ro b a b ility  of a response is determ ined  by th e  em i- 

nency of th e  ta rg e t .  H ow ever, em inency depends not o n ly  on th e  sal­

iency of th e  ta rg e t at its re tina l locus, b u t also on th e  to ta l saliency  

of all o th e r ta rg e ts . T h u s , if th e  te s t ta rg e t has to  compete w ith  

o th e r ta rg e ts  (even spontaneous ta rg e ts ) ,  th e re  w ill be less chance of 

o bserv ing  an o rien tin g ’ response b u t  th is  does not mean th a t subject 

does not s ee  th e  tes t ta rg e t w ith  th e  p e rip h era l re tin a . T h e  d epen­

dency of th e  p ro b a b ility  o f an o rien tin g  response on th e  contents of 

th e  visual scene has been observed b y  P. H a rris  and M acFarlane  

(1974) and M acFarlane, P .H a r r is , and Barnes (1 9 7 6 ). T h e y  found th a t  

th e  size o f the  visual fie ld  decreased when a c en tra l dot was also 

p re se n t. M acFarlane e t a l. also found th a t n o n -n u tr it iv e  sucking  

(used to calm th e ir  sub jects) also reduces th e  v isual f ie ld . M acFar­

lane et a l. suggested th a t th is  was due to a decrease in head m obility  

induced b y  su ck in g . An a lte rn a tiv e  exp lanation  is th a t sucking lowers 

th e  in fan t's  level o f arousal which lowers th e  saccadic t r ig g e r  level 

(o r  increases saliency of all ta rg e ts , see Section 7 ) .  T h is  would  

increase th e  em inency of th e  cen tra l ta rg e t a t th e  expense of th e
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p erip h era l te s t ta rg e t ,  and so reduce th e  p ro b a b ility  o f o rien tin g  to  

th e  p e rip h era l ta rg e t.

8 .4  Conclusions

It  has been shown th a t fre e -v ie w in g  by th e  a d u lt o r in fa n t can 

be expla ined by th e  m ultip le  ta rg e t model. T h e  model is based on 

re fle x iv e  saccadic tr ig g e r in g  by visual ta rg e ts  and does not re q u ire  

th e  existence of h ig h -le ve l perceptual processes. T h e  sim plest m ani­

festation  of th is  basic behav iour is th e  saccadic re flex  to  an extrem ely  

salien t ta rg e t ,  bu t th is  re flex  is o ccu rrin g  continuously to ta rg e ts  in 

th e  visual fie ld  in a p robab ilis tic  m anner depending on th e  contents of 

th e  v isual fie ld  and th e ir  re tin a l locations. A lthough we do not deny  

th e  influences of h ig h -le ve l processes, we be lieve  th a t  th e re  is a 

s u b stra te  of p rim itive  scanning b ehav iour th a t exists  from  b ir th .  We 

propose th a t th is  s u b stra te  remains essentia lly  th e  same th ro u g h o u t 

l ife , b u t it  can be modulated by perceptual a n d /o r  a tten tiona l p ro ­

cesses.

An im portant fe a tu re  o f th is  model is th a t it makes q u a n tita tiv e  

pred ictions an d , th e re fo re , it  is tes tab le . Some pred ictions have  

been corroborated  w ith adults  fre e -v ie w in g  homogenous stim uli. For 

non-homogenous stim uli, com puter simulations would be th e  best way  

of te s tin g  th e  model against actual scanning p a tte rn s . Perhaps, the  

most incis ive experim ent to te s t th e  model would m anipulate th e  visual 

ta rg e ts  in num erosity , re tin a l location, lum inance, and in th e ir  tem po­

ral component. T h is  could be accomplished simply by p resen tin g  v a r ­

ious a rray s  of luminous dots , and g iv in g  th e  ad u lt sub ject a v a r ie ty
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of in s tru c tio n s . T h is  experim ent would go a long way to d ire c tly  

tes tin g  th e  basic te n e t o f th e  model, nam ely, th a t scanning saccades 

are  v is u a lly  tr ig g e re d  and th a t th e  B -p erio d  of fix a tio n s  depends on 

to tal ta rg e t saliency of the  stim ulus. T h e  d iffe re n t in s tru ctio n s  m ight 

also ind icate  which h ig h -le ve l processes need to be invoked to cause 

th e  model to b reak  down. D iffe re n t ins tructions  may also g ive  some 

in s ig h t into th e  control and function  of th e  A -p e rio d  of fix a tio n s .

I f  we accept th is  model as th e  u n d erly in g  mechanism by which  

visual scanning operates , then we must also accept th a t "looking" and  

"seeing" are  not n e c e s s a r i ly  th e  same fu n ctio n . T h e  process of o r ie n t­

ing the  eye and the  process of g a th e rin g  visual in form ation are  in h e r­

e n tly  closely lin ke d . Th is  is obvious fo r  foveal vision w here  th e  v is ­

ual inform ation depends c ru c ia lly  on w here th e  eye is p o in tin g . 

H ow ever, it is unclear how much foveal vision is ac tu a lly  used in n o r­

mal fre e -v ie w in g  by a d u lts , and it is also unclear how much foveal 

vision is even possible in th e  newborn w ith  its a tte n d a n t immature  

m acular reg io n .

T h e  d iffe re n c e  between looking and seeing is more than ju s t an 

issue of which p a rt o f the  re tina  is used fo r  g a th e rin g  visual in form a­

tio n . Looking and seeing are  re a lly  d is tin c t and have d iffe re n t p s y ­

chophysical response fu n c tio n s . T h u s , th e  p ro b a b ility  th a t a p e r ip h ­

eral object can be resolved (p e r ip h e ra lly ) decreases approxim ate ly  

lin ea rly  w ith  foveal e c c e n tr ic ity , b u t, th e  p ro b a b ility  th a t a saccade 

w ill occur to  th e  object decreases much more ra p id ly  w ith foveal 

ecc e n tric ity  -  a t least w ith  th e  square of ecc e n tric ity  and possib ly as 

high as th e  s ix th  pow er o f e cc e n tr ic ity  (F in d la y , 1980). T h is  d is ­
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tin c tio n  becomes c rit ic a l when v isual function  o f th e  in fa n t is to be 

assessed. Because th e  in fa n t cannot re p o rt to  th e  exp erim en ter  

w h e th e r he can see an object o r stim ulus, th e  exp erim en ter must 

reso rt to m easuring behavioura l o r physiological responses. T h e re  is a 

d an g er th a t a heavy re liance on looking b eh av io u r as a m easure of 

visual s e n s itiv ity  w ill g ive  a fa lse impression of th e  in fa n t's  visual 

cap ac ity . A sking  w h e th e r an in fa n t looks a t a stim ulus is not e q u iva ­

len t to asking  w h e th e r an ad u lt can see th e  s tim ulus.

F in a lly , considerab le  e ffo r t has been taken here  to  exam ine f i x ­

ations and v isual scanning w ith  as few  e x p lic it o r im plic it a  p r io r i  

assumptions as possible. Such an approach is p a rtic u la r ly  a d v a n ta ­

geous when s tu d y in g  in fa n ts , because it  is v e ry  easy to slide into  

adultom orphism s and a ttr ib u te  to th e  in fa n t s im ilar processes th a t  

appear in th e  a d u lt. A r r iv in g  a t theories  w ith  e ith e r  d a ta -d r iv e n  o r  

"top-dow n" approaches may both come u n d er th e  ru b r ic  o f "em p iri­

cism"; how ever, th e  e lem entary approach is always to be p re fe rre d ,  

as a rticu la ted  by a lesser-know n B ritish  em piric ist:

I t  is a cap ita l m istake to th eo rize  
before  one has da ta . Insensib ly  
one begins to  tw is t facts to su it 
th e o rie s , instead of theories  to su it 
fa c ts .

"A Scandal in Bohemia"
S ir  A .C .D o y le
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A ppendix  A 

D IO P T R IC S  OF TH E  EYE TR A C K E R

T h is  appendix calculates th e  movement o f th e  f i r s t  P u rk in je  

image h i ,  and th e  c en tre  of th e  image of th e  p u p il, h 2, fo r  a ro ta tin g  

eye w ith  an aspheric  cornea. T h e  d iffe re n ce  between these two images

is used by th e  e y e -tra c k e r  to estim ate eye rotation independent of

head position. Young and Sheena (1975) have shown th a t th is  d i f fe r ­

ence is re lated to th e  angle o f eye rotation by :

h i -  h 2 = ksinQ ( A . l )

w here k is the axia l d istance between th e  en trance  pupil (th e  image

of th e  pupil as seen th ro u g h  th e  cornea) and th e  c e n tre  o f c u rv a tu re  

of the cornea; and w here  6 is the  angle (in  rad ian s) between th e  

optical axis o f th e  camera lens and th e  eye's optic  ax is . For th is  s ys ­

tem , th e  e y e -tra c k e r 's  optic  axis is rough ly  co linear w ith th e  eye's  

optic  axis when th e  subject is looking s tra ig h t ahead; thus th e  p r i ­

m ary gaze position of th e  subject corresponds approxim ately  to 0 = 0 . 

T h e  advantage of a co linear e y e -tra c k e r  is th a t fo r  small angles o f 

eye ro ta tio n , S IN0 * 0, and th e  system becomes v ir tu a lly  lin ea r. 

H ow ever, th e  problem  w ith  equation A . l  is th a t it assumes th e  cornea
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is sp h erica l. I t  is well known th a t the  normal human ad u lt and in fa n t 

corneas are  aspherical and have p ro la te  m eridional cross-sections  

( e . g . ,  M andell, 1967). T h e  radius of c u rv a tu re  of th e  cornea from  a 

typ ica l in fa n t (4  -  15 d ays ) changes from  about 6 .8  mm at th e  pole to  

about 7 .5  mm at 3 mm from  th e  pole. For an a d u lt th e  change is less 

-  7 .8  mm to 8 .3  mm (M andell, 1967). As can be seen, th e re  is a 5% 

to 10% increase in the  radius of c u rv a tu re  by 3mm from  th e  corneal 

pole. T h e  problem to be analysed here is w h eth er th is  change in c u r ­

v a tu re  w ill g ive  rise to a s ig n ifican t d e p a rtu re  from  lin e a r ity  a t th e  

o u tp u t o f th e  e y e -tra c k e r .

T h e  inc ident in fra re d  beam of th e  e y e -tra c k e r  is assumed to be 

collimated about the  e y e -tra c k e r 's  optic  axis - th e  re fe ren ce  ax is . T h e  

lig h t re flec ted  back out of th e  eye is collected b y  th e  ob jective  lens 

of the  cam era. T h e  a p e rtu re  of th is  lens and its d is tance from th e  

subject's  eye defines the  maximum angle o f incidence a t th e  cornea. 

For th is  system , the  270 mm f /4  ob jective  has an a p e rtu re  o f about

7 .5  cm and is 60 cm from the  eye. T h is  creates a maximum angle of 

incidence of 1 .8  degrees a t th e  cornea, which is s u ffic ie n tly  small to 

perm it parax ia l analysis of th e  f i r s t  P u rk in je  and pup il images.

A . l  F irs t P u rk in je  Image

T h e  cornea acts as a convex m irro r in fo rm ing th e  f i r s t  P u rk in je  

image, P I .  T h e  image is v ir tu a l and behind th e  cornea. T h e  parax ia l 

focus is m idway between th e  c en tre  o f c u rv a tu re  and th a t p a r t o f th e  

cornea which in tersects  th e  re fe ren ce  axis (inc idence  p o in t) .  As th e  

eye ro ta tes , th e re fo re , P1 w ill move away from  th e  re fe ren ce  axis in
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th e  d irection  of rotation b y  an amount:

h i = y s in 0 .  ( A .2)

For an aspheric  cornea, how ever, both th e  radius of c u rv a tu re  

and th e  cen tre  o f c u rv a tu re  (th e  evo lu te) v a ry  according to the  

shape of the  su rface . Before specify ing  a p a rtic u la r  corneal p ro file , 

th e  general equation fo r  th e  position of the  PI form ed b y  a collimated  

in c id en t beam will be d e r iv e d .

A sagitta l cross-section is taken and assumed to  be rad ia lly  sym­

m etric . T h e  surface  is denoted by th e  function  s = u ( t ) ,  w here a po int 

on th e  corneal surface  ( s , t )  has an axial d is tan ce , s, re la tiv e  to  the  

corneal pole, and a d is tan ce , t ,  p e rp en d ic u la r from  th e  eye's ax is . 

T h e  su rface , u ( t ) ,  has a radius of c u rv a tu re , r ( s , t ) ,  and a cen tre  of 

c u rv a tu re , ( ( t ) ,  ( t ) ) at a po in t ( s , t )  on th e  su rfa ce . T h u s , fo r

exam ple, a spherical cornea w ith  a radius of c u rv a tu re , R, would be
2 2

represented  by s=R -u  , r ( s , t )  = R, and C s ( t )  = R, C t ( t )= 0 .

F ig u re  39 illu s tra te s  the  form ation of PI by an aspheric  cornea 

when the  eye is ro ta ted  th ro u g h  angle 0. PI w ill be displaced  

la te ra lly  by th e  same amount as th e  cen tre  of c u rv a tu re  is displaced  

la te ra lly  (due to eye ro ta tio n ). T h is  can be expressed in term s of the  

corneal evolute:

h i = [C  -  Cs ( t j) ]s in 0  -  Ct (tj)co s0  ( A .3)

w here  C is th e  d is tance from  th e  c e n tre  of ro tation  of th e  eyeball to
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F ig u re  39

Schematic showing th e  form ation of the  f i r s t  
P u rk in je  image ( P I )  by an aspheric  cornea. Eye  
is shown rotated  (dow n) th ro u g h  an ang le , 0. 
Small area of incidence of th e  collimated IR  
beam is at ( s ., t j ) ,  which has a cen tre  o f c u rv a ­

tu re  (e v o lu te ) , C ( t . ) , C . ( t . ) ,  which is not on
S I  v I

the  axis fo r  an aspheric  surface . Note: coor­
d inate  system is s , t  w here s is th e  d istance  
along th e  eye axis and t  is th e  d is tance p e r ­
p en d icu la r to th e  eye ax is . T h e  o rig in  is at the  
corneal pole.



Collimated IR

Centra of corneal 
curvature (evolute)
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th e  corneal pole. For a spherical cornea, th e  evolute is a single po in t 

and the  la tera l displacem ent o f PI w ill be g iven  by (C -R )S IN 0 . For an 

aspherical cornea, it is necessary to fin d  th e  coordinates o f th e  point 

of incidence on the  cornea (S j , t j )  fo r  a g iven  angle of eye ro ta tio n . 

From F ig u re  39 these coordinates can be found by solving th e  sim ul­

taneous equations:

t. = (C  - s .)tan0

-  ( A -4) s. = u ( t . ) ,i i

H ow ever, it is more convenient to solve fo r  8 and use s. as th e  in d e ­

pendent v ariab le :

tane = t . / ( C  -  s .) . ( A . 5)

T h u s , fo r  any g iven Sj, th e  req u ired  eye rotation can be found from  

Equation A .5 and re lated  to the  latera l d isplacem ent o f P1 by Equation  

A .3 . A specific  corneal surface  must be assumed to evaluate  these  

equations.

Mandell and Y o rk  (1969) have shown th a t the  ad u lt cornea can 

be modelled b y  an ellipsoid  w ith  an e c c e n tr ic ity , e=0 .48 , and a radius  

of c u rv a tu re  at th e  corneal pole of r ( 0 ,0 ) - 7 .7  mm. Th is  is a reason­

able approxim ation if th e  p e rip h era l cornea is ignored. Using th is  

approxim ation , th e  corneal su rface , u ( t ) ,  can be modelled b y:



227

h 2 2 i
s = - | ( a  - t  ) *  ( A .6)

w here  a and b are  the sem i-m ajor and -m inor axes. T h e  evolute  of 

th is  e llipse is g iven  by:

Ct ( t )  = ( b 2- a V / b \  C s( t )  = (a"- b*)sVa*.  ( A . 7)

By choosing various num erical values fo r  Sj, these equations perm it 

t.( , C g, and to be fo u n d . T h e n , from  Equations A . 5 and A .3 , th e  

angle of rotation and the  la tera l position of P1 can be fo u n d . Tab le  

A l shows these computations fo r  both an ellipsoidal and a spherical 

cornea. As can be seen th e re  is on ly  a small d iffe re n ce  (<1%) between  

these two p ro file s . T h e re fo re , the a sp h eric ity  of th e  cornea has only  

a small e ffe c t on th e  position of the  f i r s t  P u rk in je  image.

TA B L E  A l

h i h i

t.1 s.i r ( s i ' V 9 Ellipsoid Sphere

mm mm mm deg mm mm

0 0 7 .7 0 0 0

1 .0 0 .0 7 7 .8 4 .8 0 .360 0 .359

2 .0 0 .2 6 8.1 9 .7 0 .726 0 .722

3 .0 0 .6 0 8 .5 14.7 1 .088 1.090

4 .0 1 .08 9 .1 20.1 1 .470 1.479
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A .2 Position of th e  C e n tre  of Pupil

In o rd e r to calculate th e  position of th e  c en tre  of pupil image as 

seen b y  th e  e y e -tra c k e r 's  cam era, we w ill assume th e  cornea and the  

a n te r io r  cham ber to be eq u iva len t to  a simple s ing le  surface  optical 

system ; th is  is th e  approxim ation used in th e  G u lls tran d  eye ( e . g . ,  

see W yszecki and S tiles , 1967). T h e  in fra re d  beam will be d iffu s e ly  

re flec ted  from  th e  re tin a  and it w ill b ack -illu m in a te  th e  p u p il. T h e  

b r ig h t  pupil w ill then be m agnified by th e  d io p tric  pow er of th e  c o r­

nea and imaged by the  e y e -tra c k e r 's  o b jective  lens. T h e  resu ltin g  

image w ill be an ellipse w ith an e cc e n tric ity  depending on th e  angle  of 

eye ro ta tio n .

From F ig u re  40 it can be seen th a t th e  pupil c en tre  w ill be d is ­

placed la te ra lly  in the  d irection  of eye ro ta tio n , and it w ill follow a 

c irc u la r  locus cen tred  at th e  po in t of eyeball ro ta tion :

h i = r p sin8. ( A . 8 )

T h e  e ffe c t of th e  cornea is to  m agnify  th is  displacem ent g iv in g  rise to  

an e rec t and v ir tu a l en tran ce  p u p il. T h e  m agnification w ill depend on 

th e  pow er and hence th e  radius of c u rv a tu re  o f th a t p a r t  o f th e  c o r­

nea th a t is form ing an image of th e  p u p il. T h u s , in genera l th e  la t ­

e ra l d isplacem ent of th e  c en tre  o f th e  en tran ce  pupil w ill be g iven  

b y :
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Figure  40

Schematic of the  form ation of the  image of the  
cen tre  of pupil by an aspheric  cornea. The  
image is formed by the  small area of cornea  
around the  point of incidence, ( s . , t . ) .
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h 2 = m (9 )r  sine ( A .9)
P

w here  m (0) is th e  m agnification of th e  pupil b y  th e  cornea fo r  a 

given eye ro ta tio n , 0. As w ith  P I,  p arax ia l imaging can be considered  

to take  p lace, not about the  corneal pole, b u t about th a t p a rt of the  

cornea between th e  en trance  pupil cen tre  and th e  camera's o b jec tive . 

For re frac tio n  a t a single surface:

n ' / l '  - n / l  = (n  - n ) / r (s . | f t , )  (A . 10)

w here  I and I' are  object and image d is tances, and n and n' a re  th e  

re fra c tiv e  indices specified  a t in fra re d  w ave lengths. Using Snell's  

law fo r  parax ia l im aging:

n h /l  = n 'h '/ l '  ( A . 11)

and th e  m agnification of th e  p up il by th e  cornea is g iven by:

m (0 ) = h /h ' = [1 -  (n ,- n ) r / n r ( s . , t . ) ] " 1> ( A . 12)

S ettin g  th e  depth  of th e  a n te r io r  cham ber, I ’ , to 3 .6  mm (B e n n e tt and  

F ran cis , 1962) and using values from  T ab le  A . l ,  th e  m agnification of 

th e  c en tre  of pupil w ill v a ry  from  1 .18  to 1 .1 6  as th e  eye rotates  

th ro u g h  15 d egrees , which is a change of less than 2%.
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A .3 Summary

Even though th e  corneal radius of c u rv a tu re  can increase by as 

much as 10% from  th e  pole to th e  p e r ip h e ry , th e re  is less than 2% 

change in the displacem ent of e ith e r  th e  f i r s t  P u rk in je  o r  pup il cen tre  

images as compared to  a spherical cornea. T h is  conclusion is based on 

th e  ellipsoidal approxim ation of Mandell and Y o rk  (1969) o f th e  corneal 

p ro file . A ny small e rro rs  in th e ir  approxim ation can have no s ig n if i­

cant e ffec t on this conclusion. T h e re fo re , to a good approxim ation , 

the  response of th e  e y e -tra c k e r  to eye rotation is s till g iven  by  

Equation A . l ,  o r  fo r  small angles of rotation (< 2 0 d e g re e s ):

h i -  h 2 a k 6 . ( A . 13)
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A ppendix  B

Instrument considerations in measuring 
fast eye movements

( R e p r in te d  b y  p e rm is s io n  o f  th e  P s y c h o n o m ic  S o c ie ty ,  I n c . )

CHRISTOPHER M. HARRIS, ISRAEL ABRAMOV, and LOUISE HAINLINE  
Brooklyn College. City University o f New K>nt. Brooklyn. New 1brk

The dynamic limitations of Bye movement recorders can distort the measurement of fast eye 
movements such as saccades and nystagmic quick phases In this paper, the effects of the band­
width and noise of recording methods and the problems incurred by digital mwpHwg are rtienisasd 
theoretically with respect to the measurement of peak velocity and duration of feat aye movements. 
As a practical example, a TV-baaed infrared corneal reflex system is examined and a method for 
calibrating it for peak velocity measurement is described.

The measurement of eye movements (EMs) is becom­
ing increasingly relevant in fields other than those con­
cerned with the analysis of the oculomotor system itself. 
For example, correlations between unusual EMs and neu­
rological pathologies have been made by Hsmarm (1979) 
and Zee, Optican, Cook, Robinson, and Engel (1976). 
There is also a large body of literature on the relationship 
between reading and EMs (e.g., Levy-Schoen St O'Regan, 
1979). Furthermore, EM measurement is beginning to be 
used in the developmental study of the human infant (Aslin 
St Salapatek, 1973; Hainline, 1981). Each application of 
EM measurements has its own technological priorities. 
Some research questions require that the measuring sys­
tem have great speed and resolution, whereas others re­
quire that intrusive ness upon the subject be minimized. 
In most current systems, there is a tradeoff among reso­
lution, intrusivertess, and, of course, cost.

The various instruments and their merits have been dis­
cussed elsewhere (e.g., see Young St Sheens, 1973, for a 
comprehensive review). However, for efficient progress, 
it is essential to be able to compare data from different 
instruments in different settings. Tb this end, McConkie 
(1981) stressed the need for investigators to report the 
quality of their data, such as sampling rate, drift, noise, 
accuracy, and short- and long-term repeatability. But such 
reporting necessitates an intimate understanding of one's 
EM recording instrument.

The need for calibrating an instrument so that the direc­
tion of the subject's eye is precisely mapped onto stimulus 
space is self-evident, and there are various schemes for 
doing this (Bullinger Sl Kaufinann, 1977); Carmody, 
Kundel, St Nodine, 1980; Harris, Hainline, St Abramov, 
1981; Kliegl St Olson, 1981; Mendetson, Haith, St

This work wis supported in part by Grants 13484 and 662199 From 
the PSC-CUNY Research Awind Program and N1H Grant EY-039J7. 
The authors' mailing address is: Department o f Psychology, Brooklyn 
College o f CUNY. Brooklyn. NY 11210.

Goldman-Rakic, 1981). It is less appreciated, though, that 
even an accurate mapping procedure does not calibrate the 
instrument for all purposes. For example, during measure­
ment of fast EMs such as saccades or nystagmic quick 
phases, the bandwidth and noise of the recording system 
can degrade the recording of dynamic responses. The most 
commonly used parameters for describing fast EMs are 
peak velocity (PV) and duration. In this paper, we discuss 
the gene r t f  effects of a system’s bandwidth and noise on 
the measurement of these two parameters of fast EMs. As 
an example, we present the results of a dynamic calibra­
tion of a TV-based, infrared, corneal-reflex system 
(Hainline, 1981) for foe measurement of PV. Although this 
land of instrument is certainly less than ideal for record­
ing fast EMs, it has the advantage of being nonintrusive 
to the subject, which makes it useful for recording from 
infants and young children. We show that PVs of fast EMs 
can be recovered from such slow eye trackers, thereby in­
creasing the information that can be derived from their 
recordings. Even though a slow system is used as an ex­
ample, the arguments we present are generally applicable 
to all eye trackers.

THEORETICAL CONSIDERATIONS 

Bandwidth
The first consideration is the effect of the recording in­

strument's bandwidth on the integrity of fast EM data. 
Here, the recording instrument is taken to include all 
aspects of the system (except the subject) and also any 
digitization process for on- or off-line computation. The 
final recording of the EM will be called the output of foe 
instrument, o(t). During a fast EM such as a saccade, foe 
eye position, e(t), changes rapidly in time with some pro­
file. This profile can be broken down into its spectrum 
of frequencies, E(f). by Fourier analysis, with the result 
that, foe fester the EM, for a given amplitude, foe more 
pronounced are its higher frequency components. I f  the

Behavior Research Methods. Instruments. 41 Computers 
1 9 84 . 16  14). 3 4 1 - 3 5 0 Copyright 1984 Psychonomic Society, Inc.
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instrument acfe as a low-pais filter, these higher frequency 
component* will be attenuated and an apparently slower 
movement will be recorded. Consequently, the duration 
of the EM would be overestimated. Equivalently, band­
width distortion results from an instrument with a time 
constant comparable to, or longer than, die EM itself.

The relationship between the output and the EM is il­
lustrated in stylised form in Figure 1, and can be sum­
marized by:

0 (0  =  H(0E(0- (1)

We will follow the convention that functions denoted by 
uppercase refer to the Fourier transform of the correspond­
ing temporal functions in lowercase.1 Here, B it) is the Fou­
rier transform of the EM, eft); H(f) is the transfer function 
of the instrument or the profile of its filtering action; and 
0 (f) is the transform of the output, o(t). The actual time 
course of the output can be recovered from Equation 1 by 
taking inverse Fourier transforms (e.g., Champeney, 1973):

o(t) = j  h (r)e(t-r)dr. (2)

The output will be a faithful representation of the EM only 
if the instrument's filtering profile is flat to at least the 
highest frequency component in the EM. Although EMs 
do not have a cutoff frequency, but approach zero asymp­
totically, from a practical point of view they have effec­
tive components up to about 50 Hz (see Zuber, Semmlow, 
&  Stark, 1968).

It is frequently more relevant to consider eye velocity 
rather than eye position, and to find the relationship be­
tween the instrument’s output velocity, v(t), and the ac­
tual eye velocity, £(t) (the time derivative of a function will 
be denoted by a dot over it). This can be found by taking 
the time derivative of Equation 2 (see also Figure 1):

v(t) »  j  h (r)i(t-T )d r. (3)

Equations 2 and 3 are similar because the instrument has 
been considered to be linear and time-independent. 
Although the filtering action of the instrument on its in­
put has not changed, it now acts on eye velocity rather 
than position. By taking the Fourier transform of Equa­
tion 3, the spectrum of the output velocity, V (f), is given 
by:

V<f) -  H(f)fe(f) -  2*jfH(f)E(f>. (4)

The spectrum of the actual eye velocity, £ (0 , differs from 
the eye position spectrum by the fector 2 *jf. Apart from 
a phase lead of 90’, this fector indicates that the magnitude 
of any frequency component in the position spectrum must 
be multiplied by the frequency of that component to give 
the corresponding magnitude of the component in the 
velocity spectrum. In other words, the higher frequency 
components of the velocity profile are more prominent than 
those of the position profile, so that any filtering distor­
tion will be worse for velocity measurements than for posi­
tion measurements. Therefore, it is important to bear in 
mind that velocity recording requires a higher bandwidth 
for a given accuracy.

In order to quantify the effect of suboptimal bandwidth, 
it is necessary to specify shapes for the EM profile, e(t) 
or E(f), and the filtering action of the instrument, H(f). 
For clarity, we will represent a fast EM by a unit step ftinc- 
tion. Although this is an extreme case, its mathematical 
treatment is simple; later we will introduce a more realis­
tic representation. A step input has infinite velocity and 
infinitessimal duration and thus represents a physically 
limiting case. The velocity profile of this idealized input 
is given by the impulse function, which has a spectrum 
of unity. Thus, from the inverse transform of Equation 4, 
the velocity profile of the output will be:
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* v(t> -J". H ffle^M f. (5)

This result is quite general for any physically realizable 
system. In any system, there will be a delay between in­
put and output; however, provided this delay is the same 
for all input frequency components, the system acts as a 
pure-delsy passive filter. As a consequence, the pure delay 
can be ignored, but not forgotten, and the output velocity 
of such a filtering system is given simply by the real part 
of Equation 5:

v(t) -  2 j “  H(0cos(2aft)df. (6)

This output has two important features. First, the peak 
velocity (PV) will always occur at t -  0 (since pure delay 
is being ignored and the input is a step function), and will 
be given by;

PV -  2 j “  H (f|df. (7)

In other words, the maximum velocity that such an in­
strument can yield for a unit step input is equal to twice 
the ana under the instrument’s filtering profile (includ­
ing positive frequencies only). For example, consider the 
instrument's filtering profile to be that of a low-pass rect­
angular filter with a cutoff frequency of 20 Hz. For a 1° 
step input, the peak output velocity will be reduced to 
40*/sec by the bandwidth of the instrument. Similarly, for 
a 10* step input, the peak output velocity will be 400<7sec.

The second feature of Equation 6 is that it permits the 
calculation of duration of the output provided H(f) is 
known. If  the start and end of the output are defined as 
occurring when velocity just reaches zero, from a rect­
angular filter with a cutoff frequency f«, the duration of 
the output will be given by 1If*  for a step input of any am­
plitude. Thus, any step input to a 20-Hz low-pass rect­
angular filter will yield an output with a duration of 
50 msec. O f course, the durations of real EMs will vary 
with amplitude, but it will not be possible to record ac­
curately durations less than die minimum duration imposed 
by the instrument's bandwidth.

These examples illustrate the effect of bandwidth in the 
limiting case. Actual fast EMs are not step functions, but 
have finite FVi and nonzero durations. In order to be mote 
realistic, it is useful to model the human saccadic system 
so that computations can easily be made. It is well 
established from physiological work that the saccade is 
generated by the action of a combination of a phasic pulse 
and a tonic step input to the extraocular muscles (e.g., 
Robinson, 1981). We therefore idealize the saccadic 
generator as a second-order system with both accelera­
tive and velocity terms. Actual values for the time con­
stants of these terms are taken from Zee and Robinson 
(1979). The driving input for this system is as
a rectangular pulse superimposed on a step. No assump­
tion is made concerning the mechanism involved in de­

termining the pulse width and pulse height relative to the 
step height. VUues for these parameters are taken from 
Collins (1974) and are slightly modified, when necessary, 
to generate saccades with typical FVi and durations. These 
approximations provide a means of generating a reason­
able facsimile of a human adult saccade in the computer, 
from which spectra and the effects of bandwidth can be 
computed. We have chosen to simulate fast EMs accord­
ing to the above model for the sake of computational sim­
plicity. The general conclusions are affected only in detail 
by variations in the EM profile. Figure 2 shows the effect 
of a recording system with a rectangular filtering profile 
on these simulated saccades. The solid lines represent 
responses to simulated saccades, and the dashed lines 
depict responses to ideal step inputs; amplitudes range 
from 5 to 30*. In Figure 2a, each curve plots the P\% and 
durations that would be measured for any one EM by a 
system with a low-pass rectangular filtering profile with 
a cutoff frequency, ft, shown along the abcissa. For ex-
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ample, consider a simulated 10* saccade. I f  the cutoff fie* 
queacy of the instrument is 10 Hz, the measured PV will 
be only about l30*/sec, as opposed to an actual PV of about 
350*/scc (see asymptote of 10“ curve); to measure this true 
PV, an instrument cutoff frequency of at least 50 Hz is 
needed. For the same 10* simulated saccade with an in­
strument cutoff frequency of 10 Hz, measured duration 
will be 100 msec, instead of about 55 msec. Figure 2b 
shows the power spectra, measured in decibels, for the 
velocity of the simulated saccades and step inputs; the 
spectra have been normalized with respect to a 30° 
saccade.

As expected from the above discussion, once the band­
width of the instrument's filtering profile exceeds that of 
the saccade, the measured PV and duration will be ac­
curate. For instrument bandwidth below about 50 Hz, 
however, distortion becomes pronounced, giving rise to 
an underestimation of PV and an overestimation of dura­
tion. These effects are particularly important for shorter 
saccades, whose power spectra contain higher frequency 
components. The change in spectra with amplitude is a 
direct consequence of the step-pulse mechanism that 
generates saccades; the pulse is more prominent for shorter 
saccades, but the step is dominant in larger saccades. For 
very low instrument bandwidths, the output is determined 
almost entirely by the instrument's bandwidth, and no in­
formation about the input profile (except amplitude) can 
be recorded. Another consequence of low bandwidth (not 
shown here) is “ringing." This easily can be mistaken for, 
or can obscure, actual overshoots in EMs.

Noise
Our second major consideration is the effect of noise 

on the measurement of fast EMs. Only noise with suffi­
cient bandwidth to distort the profile of a fast EM will 
be considered here; slaw “dc" drifts, commonly found in 
electrooculograms (EOGs), will be ignored because they 
belong more to the realm of static calibration. Four in­
dependent noise sources are identified.

(1) Holder. Noise may originate in the device, or the 
person, holding the subject's head stationary. Vibrations 
transmitted to the subject via a chinrest or bite bar are small 
in the laboratory environment. Detectable head movements 
are more likely to occur if the subject's head is minimally 
restrained (e.g.. Bronson, 1982; Haith. 1980) or is held 
by an assistant (Hainline, 1981), which is the case with 
infant subjects.

(2) Head movements. This source of noise is 
distinguished from the above in that it originates in the 
subject rather than in the environment. At one extreme, 
the dental biwbar represents the most effective (and in­
trusive) means of eliminating head movements for human 
subjects. At the other extreme, the head is allowed to move 
freely within a restricted region, and head movements are 
corrected electronically or optically. This compensation 
must require the detection of head movements, and it will 
not only leave a residual noise, but also hove a finite band­
width, thereby increasing the possibility of error caused 
by fast head movements. Since, in free viewing, saccades

often precede head movements, a strong possibility of 
signal-dependent noise arises.

(3) Oculomotor noise. Oculomotor noise may be con­
sidered as time variations in extraocular muscle tension, 
neuronal shot noise, any noise in the target localization 
process of the subject, and so forth. Unlike the other noise 
sources, this noise cannot be considered to be an artifact, 
since it is inherent in the system under scrutiny.

(4) Recording system noise. As with any other measur­
ing device, the instrument will introduce its own noise. 
The most sensitive part of most instruments in this respect 
is the detector, namely, the receiving coil, electrodes, 
photomultiplier, photodiodefs), or TV camera. Although 
most system noise will originate at this level, significant 
sources, such as amplifier noise and analog-to-digital con­
version noise, may be injected later in the system.

Usually, noise from these sources will combine in­
dependently and will be filtered by the instrument along 
with the actual eye position signal. The noise at the out­
put will therefore also be band limited. If  the combined 
noise referred to the instrument's input has a power spec­
trum given by N (f), then, for measures of eye position, 
the root-mean-square (RMS) noise appearing at the out­
put will be given by (see, e.g., Pierce &  Fosner, 1980);

Opo« *  n : .  N (f)|H (f)|Jd f ] '\ (8 )

This describes the well-known phenomenon that, the 
greater the bandwidth of a recording system, the greater 
the RMS noise will be at the output. For the sake of il­
lustration, consider the instrument filtering profile to be 
a low-pass rectangle with cutoff f«, and also assume the 
noise to be white and gaussian with a spectral power den­
sity of No/2. For this case, the RMS positional noise will 
be given by (N0fo)*. In other words, the standard devia­
tion of the noise appearing on the position data will be 
proportional to the square root of the bandwidth of the 
instrument.

Since velocity measures contain augmented high- 
frequency components (see Equation 4), velocity noise 
will be greater than position noise. The RMS noise on 
the velocity signal at the instrument's output will be given 
by:

<Jvei = h \ :  ̂ PNlOIHtDi’df] \  (9)

If , as before, we assume a low-pass rectangular filter for 
H(f) and white noise, the standard deviation of the noise 
on the velocity signal will now be 2r(N 0foJ/3)^; veloc­
ity noise now depends on bandwidth raised to 3/2, rather 
than 1/2. In short, extending the bandwidth of the instru­
ment beyond that of the EM increases the noise unneces­
sarily.

The presence of velocity noise precludes the use of zero 
velocity as the criterion for deciding when a fast EM starts 
and stops, that is, its duration. It is therefore common to 
require that velocity fell below some small criterion.
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However, this would underestimate the duration. Further­
more, if the criterion is held constant, this underestima­
tion will be more severe for small saccades than for large 
saccades. Although this effect is small, it may confound 
the duration/amplitude relationship found for low* 
amplitude saccades (<10°) in human adults (e.g., Howard, 
1982, p. 262). An alternative scheme is to allow the 
criterion to vary proportionately with the amplitude. This 
is particularly useful for noisy data, but becomes in­
operative for small-amplitude movements, since the 
criterion will eventually become embedded in noise.

Sampling
Digitization of analog data for computer analysis must 

involve sampling. Analog-to*digital conversion may take 
place at such a fast rate that there is virtually no distor­
tion in the measurement of PV or duration from digital 
records. However, systems that operate with TV video 
cameras have an intrinsic sampling problem, since eye 
position can be estimated no faster dun TV field rate. In 
order to discuss sampling distortion, it is necessary to 
describe the sampling function utilized by the system. A 
signal can be sampled instantaneously every sampling 
period, or a sample can be obtained by averaging the signal 
throughout each sampling period. These sampling func­
tions represent two extreme forms of sampling, and each 
has its own drawback. The instantaneous sampling func­
tion can give rise to serious aliasing problems. Aliasing 
occurs whenever there exist components in the input signal 
above half the sampling rate—the Nyquist, or "folding." 
frequency. The frequency of these components will be 
translated, or “folded back." to new frequencies below

half the sampling rate, and will confound signal com­
ponents already at these lower frequencies. For example, 
when sampling occurs at 60 Hz (TV rate), the Nyquist 
frequency is 30 Hz. If  the input signal has a component 
at 30 Hz, it will appear in the sampled signal, not at 
30 Hz, but at 10 Hz and will be superimposed on any 
original 10-Hz signal component. The usual remedy for 
aliasing is to filter out the signal components above the 
Nyquist frequency with a low-pass antialiasing filter before 
sampling takes place; however, this is free of distortion 
only if the sampling rate is at least twice the highest fre­
quency component in the signal that is to be sampled. For 
fest EMs with a bandwidth of about 50 Hz (see Figure 2b), 
a minimum sampling rate of WO Hz is needed. At the other 
extreme, a sampling function that lasts the whole sampling 
period reduces aliasing to a minimum, but at the expense 
of bandwidth. For this type of sampling function, any 
movement of the eye occurring within the sampling period 
will be lost or “smeared out," thus effectively reducing 
bandwidth. Formally, the filtering effect of sampling is 
given by the Fourier transform of the sampling function, 
so that the rectangular sampling function, lasting the whole 
sampling period, represents the wont case in lowering 
bandwidth. The tillering effects of sampling at 60 Hz for 
these two extremes are shown in Figure 3 (Curves a and 
b). Depending on the precise method of estimating eye 
position, TV systems will fell somewhere between these 
two extremes.

Another sampling problem, besides general bandwidth 
reduction and aliasing, is that of sampling error. It is com­
mon practice to estimate eye velocity by taking the dif­
ference between two samples of eye position and dividing
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this by the interval. An estimate of eye velocity that is 
based on only two eye position samples is intrinsically in­
accurate. This is true even if the sampling ram (r) is more 
than twice the signal bandwidth because, although the 
samples may contain all the information in the original 
eye position signal, the latter should first be reconstructed 
from the samples by filtering at the Nyquist frequency 
before differentiating to find velocity. If  this is not done, 
the best estimate of eye velocity, 9(t), based on two con­
secutive samples is given by:

*(t) = J fe(f)Hff)sin(irf/r)/(rf/r)e: ,)Mf. (10)

The sampling error term, sin (irf/r)/(rf/r), acts on the true 
velocity spectrum, £ (0 , in addition to the filtering pro­
file of the instrument, H(f), which is in itself partly deter­
mined by the sampling function as described earlier. Thus, 
even if the sampling rate is more than the highest frequency 
component in the instrument’s output, eye velocity will 
still always be underestimated when it is based on only 
two samples of eye position. An important case arises 
when PV is to be measured. If the true PV happens to oc­
cur in the middle of a sampling interval, then the 
underestimation will be at a minimum and is given by the 
above equation. If, however, the PV occurs elsewhere in 
the sample period, there will be furiher underestimation, 
the worst case arising when PV occurs at either end of 
a sampling period. Tb illustrate the degree of underestima­
tion, consider the example shown in Figure 4a. For com­
putational simplicity, a saccade is approximated by a step 
function passed through a low-pass rectangular filter with 
cutoff fa (the results of the computation would not be 
seriously changed if  a more realistic EM were used). The 
bandwidth of the recording instrument can represent this 
filter. Without sampling, the measured PV would be equal 
to 2f0. However, when the output of the instrument's pro­
file is sampled at k times f0 (abcissa in Figure 4a), the 
percentage reduction in measured PV, for both best and 
worst cases, is shown along the ordinate. For example, 
in order to keep sampling error below 5%, a sampling 
rate of at least six times the instrument's bandwidth must 
be employed. Moreover, the absolute error will be pro­
portional to PV. so that larger fast EMs with higher PVs 
will be prone to laiger errors.

Another consequence of estimating eye velocity from 
only two samples is quantization error. Recording systems 
with high sampling rates are particularly prone to this er­
ror, which arises from the digitization process. It is best 
illustrated by example. Consider a system with 12-bit ac­
curacy covering a hill scale of 100° of eye movement. Each 
level of the output will correspond to 0.024". If  the sam­
pling rate is 1 kHz, the minimum detectable velocity based 
on two consecutive samples would be 0.024° in 1 msec, 
or about 24"/sec. Thus, eye velocity could only be 
measured in steps of 24°/sec. On the other hand, a slower 
system with a 100-Hz sampling rate would measure eye 
velocity in steps of 2.4"/sec.

Sampling error, but not quantization error, can be made
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arbitrarily small by sampling at a sufficiently high rate, 
but this may not always be practical and is impossible for 
TV-based systems. Alternatively, sampling error and quan­
tization error in eye velocity measurements can be reduced 
by reconstructing the original EM: eye velocity can then 
be estimated from the “smooth" response, rather than from 
two samples of eye position. Obtaining velocity via a 
reconstructed position signal can be accomplished in one 
step by applying an appropriate digital filter (a weighted 
“window") directly to the position samples (Engelken. 
Stevens, &, Wolfe, 1982). The optimal digital filter will 
depend on the sampling rate, the noise in the instrument's 
output, and the number of data points considered in the 
window. The reader is referred to any standard text for 
further details (e.g., Blackman. 1965; Hamming. 1983).

If  digital filter techniques are not employed, other events, 
such as the beginning and end of a fast EM. cannot be 
determined within a sampling period. Since the start of 
a fest EM can occur at any time during a sample period.
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its detection will have a flat probability distribution with 
a standard deviation of l/v u r. The detection of the end 
of a Hut EM will suffer a similar error. The error in dura­
tion measurements could therefore have a standard devia­
tion of M 'Jit, although, since last EMs tend to have fixed 
durations for a given amplitude, the errors in detecting 
beginning and end will probably be correlated.

Besides the possibility of inaccuracy due to coarse sam­
pling, velocity noise will also be affected by the sampling 
rate. If  the noise characteristics do not change in time (i.e., 
the noise is stationary) and the noise is additive with a 
mean amplitude of zero, the velocity RMS noise will be 
given by the standard deviation of the difference between 
two correlated consecutive position samples divided by the 
sampling interval;

= {2rJteJo, -C O /D lp , <»>

where C (l/r) is the covariance of two consecutive noise 
samples. If  the noise bandwidth is much greater than the 
sampling rate, then consecutive noise samples will be vir­
tually independent with no covariance. This is illustrated 
by the solid line in Figure 4b. As the sampling rate in­
creases. the RMS velocity noise will increase linearly with 
a slope of f t .  However, if the noise source is early in 
the system and is subjected to the instrument's filtering 
profile, then the noise bandwidth w ill be lower than the 
sampling rate, in which case there will be covariance be­
tween consecutive samples and the RMS velocity noise 
will be less. For example, consider white noise with a spec­
tral density given by No/2, subject to a low-pass rectan­
gular filtering profile with cutoff frequency f0. By deriving 
the covariance of two consecutive samples from the in­
verse Fourier transform of this noise spectrum, the RMS 
velocity noise can be shown to be;

[1 -  s in(2*’fo /r)/(2T f0/ r ) ] } ' ' .  (12)

The RMS velocity noise with sampling at Ic times the cutoff 
frequency is shown by the dotted line in Figure 4b. As the 
sampling rate increases, the RMS noise increases, until 
a maximum is reached. This maximum corresponds to the 
analog band-limited RMS velocity noise in Equation 9, 
and is equal to v 4/3irfo<jpot.

In short. Figure 4 shows a tradeoff: Noise can be re­
duced only at the expense of accuracy. If  velocities are 
estimated from consecutive samples, a surprisingly high 
sampling rate is required for a reasonable accuracy; this 
sampling rate is considerably more than twice the Nyquist 
frequency. Therefore, when feasible, digital filtering 
techniques should be used; but this is only successful when 
instrument bandwidth exceeds the highest frequency com­
ponent in the velocity signal. Of course, digital filtering 
will not reduce band-limited noise.

When digital filtering techniques are not used (as with 
systems whose bandwidths are inherently too low) and 
velocities are estimated from consecutive samples, addi­

tional problems arise. For example, estimates of PV will 
be especially distorted by noise. Noise can subtract or add 
to the true velocity in any interval; however, in most cases 
only the interval to which noise has added will be picked 
as the peak. This is a nonlinear effect, since for slow EMs 
a spuriously large PV will usually be found. On foe other 
hand, sampling will produce an underestimation of PV 
because, on the average, foe true peak will occur within 
an interval and be missed; this underestimation is more 
pronounced for fester EMs.

Conclusions
Bandwidth. There are two conflicting bandwidth re­

quirements for the recording of fest EMs; (1) The record­
ing instrument should have a flat frequency response up 
to the maximum frequency component in the fest EM. For 
correctly measuring eye velocity, this component is about 
50 Hz for human adults, although nonhuman fest EMs may 
have significantly different power spectra. (2) Bandwidth 
should be kept as low as possible, since noise, especially 
on the velocity signal, increases with bandwidth.

Sampling. Sampling can have two distinct effects; 
(1) The sampling rale and sampling function can reduce 
foe effective bandwidth; this is unavoidable with systems 
using standard TV video rates. (2) Sampling also causes 
error in the temporal localization of events, such as the 
beginning and end of a saccade or the occurrence of PV, 
Sampling problems can generally be avoided by sampling 
at as high a rate as feasible and employing digital filtering 
techniques to evaluate the EM parameters of interest.

EVALUATING A SPECIFIC  
VIDEO-BASED SYSTEM

To understand the dynamic properties of a specific 
recording system, it is necessary to know the system's 
filtering profile (or transfer function), H(f). The only cer­
tain method for finding H(f) is to present the instrument 
with several known inputs and to measure the correspond­
ing outputs. Our instrument was an infrared corneal- 
reflection eye tracker based on a TV camera (Applied 
Science Laboratories Model 1994 Eye View Monitor; 
Hainline, 1981). This is a common type of TV system for 
EM recording. As the eye rotates, there is a differential 
motion of two images; foe comeal reflection of foe 
tracker's illuminator (first Purkinje image) and foe pupil. 
The instrument analyzes this differential motion to estimate 
the direction of foe optic axis of foe subject's eye.

This instrument produces an estimate of eye position 
at the end of each interlaced TV field (60 Hz), and can 
average consecutive estimates. Averaging has the desired 
effect of reducing noise and increasing resolution, but has 
the drawback of reducing bandwidth (averaging is a sim­
ple low-pass digital filter). This additional reduction in 
bandwidth is illustrated by Curve c in Figure 3.

An "artificial eye” that emulated optically the first Pur­
kinje and pupil images was used to provide known inputs 
to the eye tracker. It was rotated about a point equivalent 
to the center of rotation of an eye. By oscillating foe ar­
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tificial eye sinusoidally with a known amplitude at differ­
ent angular frequencies, the transfer function H(f) was 
measured. This is shewn in Figure 3 for both horizontal 
(Curve e) and vertical (Curve d) axes. As can be seen, 
the bandwidth is lower than would be predicted by sam­
pling at TV rates even with a broad sampling function and 
averaging consecutive fields (Curve c). Investigation of this 
deficit indicated that the persistence of the response of the 
TV camera's vidicon tube extended beyond one sampling 
period. This persistence lengthens the instrument's time 
constant and reduces the bandwidth still further.

As shown earlier, twice the area under'a transfer func­
tion is equal to the PV of the response of the instrument 
to a step input (Equation 7). The areas under the transfer 
functions in Figure 3 (Curves d and e) were about 13 and 
20 Hz. Thus, for horizontal EMs, the greatest PV that can 
be registered for a 10° input is about 300°/sec. However, 
with this instrument we have recorded adult saccades with 
P\A in excess of this theoretical limit. This discrepancy 
suggests that the sinusoidal method of obtaining the transfer 
function did not truly describe the instrument. The dif­
ference in horizontal and vertical transfer functions sug­
gests that this instrument is anisotropic in its response.

Anisotropy
An alternative procedure for describing a system is to 

present it with step inputs in various directions. The ar­
tificial eye could not provide a perfect step but was capable 
of a PV of about l,000°/sec for a 10° excursion—much 
faster than a human EM of the same amplitude. It was 
found that rightward (in the direction of the TV raster) 
inputs produced outputs with PVs different from those pro­
duced by leftward inputs. The amount of this anisotropy 
was found to depend on the precise settings of the elec­
tronics in the TV image analyzer. This is because our par­
ticular model of instrument estimates eye position based 
on only the left half of the pupil and the first Purkinje im­
ages. Any persistence in the system has a differential ef­
fect depending on whether the brighter first Purkinje image 
is moving away from or toward the left half of the pupil 
image, giving rise to erroneous PVs. The vertical/hori­
zontal anisotropy was also found to be caused by TV per­
sistence.

Peak Velocity Calibration
Once the transfer fiinction(s) is found, it becomes pos­

sible to "work backward" from an output to find the true 
input. This deconvolution process is probably worthwhile 
for only "dean” systems with bandwidth sufficient to em­
brace the input spectrum. A more tedious, but simpler, 
approach, more suited for noisy data and instruments with 
low bandwidths, is to simulate mechanically a range of 
inputs and record output values for specific parameters, 
and thus provide a set of lookup calibration curves for these 
parameters. Since we were interested primarily in PV, sin­
gle ramps of various slopes and magnitudes were presented 
to the system. Although actual fest EMs do not have ramp 
profiles, these inputs were considered to be close enough 
with respect to PV and were easy to generate. The results
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for leftward ramps are shown in Figure 3. Similar sets of 
curves exist for other directions. Here, the PV, as mea­
sured on the output (ordinate), is plotted against the actual 
ramp velocity of the input (abcissa) for three amplitudes. 
For example, most of our adult subjects produced 10° sac­
cades with an apparent PV of about 200°/sec. Figure 3 
indicates that the true PV was closer to 350°/sec.

Noise Measurement
By maintaining the artificial eye in a stationary posi­

tion, the static RMS noise of the system was estimated. 
The instrument output was monitored with the artificial 
eye pointing in various horizontal and vertical directions. 
The RMS noise was found to be about 3/8° and to be in­
dependent of direction. This is in good agreement with 
the manufacturer’s claim of 1/2° accuracy. No correlation 
was found between vertical and horizontal noise com­
ponents. From Equation U, a system with a 13-Hz band­
width and a sampling rate of 60 Hz should give a RMS 
velocity noise of about 20°/sec. If  the noise, however, 
originates later in the system, so that there is little 
covariance between noise samples, then a RMS velocity 
of about 30°/sec would be expected. The actual RMS 
velocity noise was measured to be about 22°/sec. This in­
dicates that most of the noise originates in or before the 
detector and only a little noise is introduced later. This 
deduction was confirmed by finding the square root of the 
noise power spectrum and comparing its envelope to the 
transfer functions in Figure 3 (Curves d and e).

Discussion
As a practical demonstration of compensating for the 

dynamic response of our instrument, consider Figure 6 
(left-hand ordinate). Here. PV is plotted against amplitude 
for a series of saccades from an adult human subject (a 
static calibration had been performed for this subject; see
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Harris et al., 1981). There are three main artifectual 
features. First, the variability in measured PV increases 
as PV increases. At least in part, this must be due to sam­
pling error and cannot be reduced without incorporating 
signal reconstruction techniques (see “Sampling," shove). 
Second, the slope of the PV versus amplitude relationship 
is much lower than that normally reported (see “Band­
width." above). This is due to the low bandwidth of the 
system, as shown by Curve e in Figure 3, and can be cor­
rected by the calibration curve in Figure S. Third, the 
nonzero intercept in Figure 6 is due to velocity noise (see 
"Noise,” above) and is also corrected by the calibration 
curve in Figure S. The right-hand ordinate of Figure 6 
shows the corrected PV for this subject. Thus, although 
this TV-based instrument falls short of the ideal in terms 
of dynamic response, it can. nevertheless, be used to 
measure fast EMs.

As stated earlier, each system must be evaluated with 
respect to its application. The authors' experience has been 
that design specifications and manufacturers' claims are 
no substitute for an empirical evaluation of the overall 
system—from the eye via the computer to the final meas­
ured EM parameter.

REFERENCES

A s u n , R. N .. a S a la fa te k ,  P. 11975) Saccadic localization of visual 
targets by the very young infant. P ercep tion  A P svch o p h ys ic s , 17. 
193-302.

B lackm an , R. B. (1965). D ata  sm o o th in g  a n d  p ro cess in g . Reading, MA: 
Addison-Wesley.

Bkonson, G, (19121. T he sca n n in g  p a tte r n s  nf h u m a n  in fa n ts : Im p l ic a ­
tio n s  f o r  v isu a l te a m in g . Norwood. NJ: Ablea.

B u lu n g e r .  A ., a  K a u fm a n n . J. L  tl977 ). Technique d'eiuegistteineni 
et d'analyse dea mouvements ocuiatres Perception. 6. 3*3-353. 

Cahmodv. D. P., R o n d e l,  H. L .. a N o d ine . C. F. (1950). Performance 
of a computer system for recording eye fixaUons using lim bui reflec­
tion B e h a v io r  R ese a rc h  M e th o d s  3  In s tr u m e n ta t io n , 12, 63-66.

C h a m fe n z y ,  D. c .  (1973). f a t t i e r  tra n sfo rm s a n d  th e ir  p h y s ic a l a p p lic a ­
tio n s . London: Academic Press.

C o lu n j .  C. C. (197*). The human oculomotor control system. In G. 
Lcnnerstnnd A  P. Bach-y-Riti (Eds.), B a s ic  m e c h a n is m s  o f  o c u la r  
m o tility  a n d  th e ir  c lin ic a l im p lic a tio n s  (p p . 145-182). Oxford: fttgamon 
Press

E n g e lk e n , E. J., S tevens. K. W., a W ilF t, 1- W. (1982). Application 
o f digital filters in the processing o f eye movement data. B e h a v io r  
Research Methods *  Instrumentation. 14, 314-319.

H a in u n e ,  L. (1981). An automated eye movement recording system for 
use with human infonts. Behavior R ese a r c h  M e th o d s  A In s tr u m e n ta ­
tio n . 13. 20-24.

H a ith .  M. M. (1980). R u le s  th a t  b a b ie s  lo o k  b y : T h e  o rg a n iza tio n  o f  
n e w b o rn  v isu a l a c tiv ity : Hillsdale, NJ: Erlbaum.

H a m an n . K. (1<TO). Utrlangiamte Sakkaden hci verschiedencn 
ncurologischen Erfcnnkungen. O p h th a lm o io g tc a , B a se l. ML 337-364.

Ham m ing. R. W. (1983). D ig i ta l  f i l t e r s  (2nd ed.). Englewood C liffs. 
NJ: Prentice Hall.

Hakm s, C. M . H a in l in e .  L . a  Aeeam ov. I. (1981). A method for 
calibrating an eye-montionng system for use w ith infants. B e h a v io r  
R esea rch  M e th o d s  A In s tr u m e n ta t io n , 13, 11-17.

H o w a rd ,  I. P. (1982). H u m a n  v isu a l o r ie n ta tio n . New York: Wiley.
K u e g l.  R . a O ls o n . R. K 11981). Reduction and calibration o f eye 

monitor data. B e h a v io r  R ese a rc h  M e th o d s  A In s tr u m e n ta t io n . { j, 
107-111.

Levy-Schoen. A .. a O 'Regan. K. ( I9W) The control o f eye movements 
in reading. In P. A . Kolers. M. E. Wrolstad. A  H. Bourne (Eds ), 
P ro c e s s in g  o f  v is ib le  la n g u a g e  I  (pp. 7-36). New York: Plenum.

M cConue, G. W (1981). Evaluating and reporting data quality in eye 
movement research. B e h a v io r  R ese a rc h  M e th o d s  A In s tru m e n ta tio n , 
13. 97-106.

M e n d e ls o n , M. 1. H a ith .  M. M , a  G o lo m a n -R a u c . P. S. (1981). 
Monitoring visual activity in infont rhesus monkeys: Method and 
calibration. B eh a v io r  R esearch  M e th o d s A In stru m en ta tio n , 13. 709-712.

P ie rce . J. R . a FbsNER, E. C. 11980). In tro d u c tio n  to  c o m m u n ic a tio n  
s c ie n c e  a n d  sy s te m s . New York: Plenum.

R oeinson, D. A . (1981). The use of control systems analysis in the 
neurophysiology o f eye movements. A n n u a l R ev iew  o f  N e u ro sc ie n c e , 
4. 463-303.

Y oung. L. R . a S h e e n *. D. (1975). Survey o f eye movement record­
ing methods. B e h a v io r  R ese a rc h  M e th o d s  A In s tr u m e n ta t io n , I, 
397-429.

Zee, D. S., O f t ic a n ,  L . M  .C o o k .  J. D ., RoatNSON, D. A ., a  E n g e l,



242

W. K. (1976). Skw sacradaa is spinocerebellar dejeneratiao. /OeAtwi 
a f N n r o i o t y .  »  2*3-231.

Z £ i. D, S.. *  R o kn so *. Dl A. (199). A hypothetical O ip iinuxxi at 
saccadic Mediations. A/matt o f Neurology. 5, 409-414.

Z u n t, f t  L ., Semmuiw. J, L ., a Stamc. L. (1968). Frequency 
characteristics of the sarredic eye movement. Biophysical Journal. 6  
1288-1298.

NOTE

I. A more comprehensive derivation o f (he formulae presented here 
can be supplied upon request.
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A ppendix  C

Artificial eye for assessing 
corneal-reflection eye trackers

( R e p r in te d  b y  p e rm is s io n  o f  th e  P s y c h o n o m ic  S o c ie ty , t n c . )

ISRAEL ABRAMOV and CHRISTOPHER M. HARRIS 
Brooklyn College o f CUNY. Bnokfyn. New York

An artificial eye for ■ m at ing corneal-reflection eye trackera ia described. H ie "eye” simulates 
an adult human eye and conaieta of a contact lena of the curvature aa the cornea.

To assess the performance of an eye tracker, it is neces­
sary to present it with a precisely known input. For a 
corneal-reflection eye tracker with a bright-pupil (e.g., 
Hainline, 1981; Young &  Sheena, 1975), this can be 
provided only by a device that simulates the optics of the 
human cornea and pupil. Such a device is shown in 
Figure 1. This “ artificial eye” consists of a contact lens 
of the same curvature as the human cornea; the image 
of the illuminator that is reflected by this surface provides 
one of the-two required images for the eye tracker. The 
second image, the bright-pupil, is provided by an aper­
ture situated at the correct optical distance behind the 
"corneal”  pole; this aperture is backed by white paper 
that serves as a diffiise reflector to simulate the fundus. 
The arrangement is routed about a point, equivalent to 
the center of rotation of the human eye, by a fest high- 
torque galvanometer motor. The motor is specified in 
Figure 1; however, a pen motor from a good chart 
recorder would suffice. The shaft of the motor is also con­
nected with a zero-backlash coupling to a linear poten­
tiometer, which provides a precise and continuous readout 
of the angular position of the device. This is a simple and 
inexpensive arrangement and can be driven by a signal 
generator or a computer-generated signal. An outline of 
the artificial eye is shown in Figure la. All surfaces in 
the field of view of the eye tracker are painted flat black.

The optical geometry shown in Figure lb is based on 
a simplified schematic eye of the adult human (see Bennett 
&  Francis, 1962). The meniscus contact lens has zero 
power and the same curvature as the real comes. (Un­
fortunately, a plano-convex tens, although cheaper, also 
produces a very bright reflected image from its second 
surface, and this image confuses the image-processing 
electronics of the eye tracker.) Since this lens has no di­
optric power, it is necessary to position the sharp-edged 
“ pupil" 3.05 mm behind die pole, rather than 3.6 nun.

This work was supported in pan by Grants 661078 and 662199 from 
PSC-CUNY Research Awerd Program and NIH Gnm EY-03957 The 
author's mailing address is: D epartm ent or Psychology, Brooklyn Col­
lege o f CUNY. Brooklyn, NY 11210.
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C ed ar G r a n , N J.

Behavior Research Methods, hutromeius, d  Composers 
1984, 16 (SI, 4)7-438 Copyright 1985 Psychonomic Society, Inc.



244

as in the natural eye. Figure lb also shows the details of 
the lens mounting. Care must be taken in placing the lens 
the correct distance {(a+b) in Figure lb] in front of the 
aperture, since this determines the eye tracker's gain. As­
suming the lens is spherical, the depth of the contact lens 
(dimension labeled “ a” in Figure lb) is r +vTr3—c1), 
where r is the radius of curvature and c is the radial width 
of the lens. Calculation of the depth allows the correct 
indentation of the recesses to be made.

Although the artificial eye can rotate in only one dimen­
sion. it is small enough to be mounted on a camera tripod 
so that the tripod's panhead can be used to set the artifi­
cial eye’s axis of rotation at any angle. Thus, the perfor­
mance of the eye tracker in any direction can be assessed. 
The potentiometer not only provides the necessary readout 
for precisely adjusting the excursion of the "eye," but 
also mechanically damps overshoots from step inputs to 
the motor. By trial and error, we found a potentiometer 
that damped overshoot to less than 5% for a 10° move­
ment while still maintaining a speed of 1,000°/sec for a 
step input; this is adequate to simulate even fast human 
saccades.

This artificial eye simulates an adult human eye, but 
it can also be used to approximate an infant eye. The gain 
of the eye tracker is proportional to the distance between 
the center of curvature of the cornea and the plane of the 
entrance pupil (e.g., see Young &  Sheena, 1975); cor­

neal asphericity has negligible effect. In the infant, the 
depth of the anterior chamber is about 70% of the typical 
adult's (Larsen. 1971). On the other hand, the radius of 
comeal curvature is only about 85% of the adult’s 
(Mandell, 1967). These conditions cause the distance be­
tween die entrance pupil and the center of curvature to 
remain approximately constant from birth (see Bronson, 
1982).
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A ppendix  D

COMBINING SUBJECT MEANS

For d escrip t ive  and in ferentia l purposes it is often useful to f ind  

an average  statistic  based on measurements from a g roup  of subjects  

(o r  trea tm ents ) when the  subject means are themselves prone to 

e r r o r .  Even though this  situation arises f re q u e n t ly ,  it is poorly  

t rea ted  ( i f  at a ll)  by s tandard  te x ts .

We wish to combine M subject means to f in d  a "grand  mean", 5<, 

when each subject mean is itself an estimate w ith an associated s tan­

dard  e r r o r .  We also wish to f in d  the  variance  of th is  g rand  mean so 

th a t confidence in terva ls  can be constructed . We will re s tr ic t  o u r ­

selves to a linear combination of the  subject means as follows:

X = w ,X , • W2X2 * . . . WMXM C D .l )

w here
M

(D.2)
i=l

Here each subject s mean is weighted by  some num ber, Wj, which will 

re flec t the re la tive  importance of each subject's contr ibution  to the
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grand  mean. Assuming subjects a re  independent from one another,  

then th e  variance of the  g ra n d  mean is g iven by:

v a r ( £ )  = ^  w * v a r (K . ) .  (D .3 )

i

In o rd e r  to f ind  these variances, it is necessary to model the  sources 

of e r ro r .  For our purposes the  simple variance-component model as 

used in ANO VA is adequate (see W iner, 1971). Here, the jth  measure­

ment from the  ith subject, x .j ,  is p e r tu rb e d  by  a random v ar ia b le ,  fL,
2

(betw een) with zero mean and v a r ia n ce ,o ^ , and a measurement ra n ­

dom var iab le , u.j, ( withi 

depending on the  subject:

2
dom variab le , (w ith in )  w ith zero mean and variance, a. ,

x ij = v * ei + V  ( D ,4 )

T h e  expected value fo r  the ith subject is then:

Xj = v + Bj + E [Ujj] = v ♦ Bj (D.5)

and the  variance of this expectation is:

v a r ( X . )  = a. * a . / N., ( D .6 )I D l l

S ubstitu ting  Equation D .6  into Equation D .3 ,  the  overall variance  of 

the  g rand  mean is then:
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v a r ( X ) Wj(ob - o . /N .) .
2 2 2

(D .  7)

T h u s ,  the  overall variance is the  weighted sum of the  between v a r i ­

ance and the  variance of each subject's mean. C le a r ly ,  ignoring
2 2

e ith e r  of these components, o r  0 , / N j ,  will underestim ate the total 

variance and th e re b y  infla te  any obtained s ta tis t ic , and increase the  

p ro b a b il i ty  of a ty p e  I e r ro r .

T h e  results in Equations D.1 and D .7  are accurate  regardless of 

the  scheme fo r  choosing the w eights . Choosing a set of weights is a 

separate  problem and depends on the  a p r io r i  assumptions one is w il l ­

ing to make.

T h e  simplest scheme is to w eight each mean equally , so th a t  

Wj=1/M. In th is case, the  g rand  mean is merely the mean of means 

and the  variance is:

O f course th e re  are  still the  two components to th is  var iance  - 

between and w ith in .  How ever, equal weights attach equal importance  

to each subject's  mean. Th is  may not always be a p p ro p r ia te  (as in 

these experim ents) because each subject's mean may not be obtained  

from equal sample sizes, a n d /o r  th e  measurement random variab le , w, 

may be d i f fe re n t  fo r  each subject. I t  would th e re fo re  seem more

( D .8 )
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appropria te  to w eigh t more heavily  those subjects' means which are  

known with more confidence; th a t  is the  weights should depend on 

the  sampling variance of each subject's mean. Th is  is embodied in the  

"minimum variance" approach. By this scheme, th e  w eight are chosen 

to minimise the total variance in Equation D .7 .  Th is  produces the  

optimal set of weights in the  least squares sense. These weights can 

be found from Equation D .7  by  employing Lagrange multip liers using  

the  constra in t th a t  the  weights sum to u n ity  (Equation D .2 ) .  T h e  

optimal weights are  then g iven by:

w i = [ ( ° b + V ' V  X l ( ° b + ( D -9 )

j

T h e  computation of these weights is somewhat involved b u t  easily  

accomplished by computer. No assumption of Norm ality  is necessary  

fo r  these statistics although some param etric  assumption would be 

necessary fo r  constructing  a confidence in terva l around the  g rand  

mean.

One possible draw back  w ith the  minimum variance scheme is th a t  

it  fails to d is tinguish  between d if fe re n t  sources of w ithin variance .  

T h e  mean and variance  of most random variables are  not independent  

and th e re  is the  possib ility  th a t  those subjects w ith ,  say , low means 

may also have low variances and so will have h igher weights by v i r ­

tue  of th e ir  means, not necessarily because of th e ir  measurement 

e r ro r .  A b e tte r  approach may then be to pool th e  w ithin variances  

so th a t  th ey  do not d if fe re n t ia l ly  a ffec t the  w e igh ts . T h e  weights  

would then only v a ry  according to each mean's sample size. This
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possib ility  is noted here b u t not expanded upon because, in pract ice ,  

th is  problem can only occur if th e re  is considerable v a r ia b i l i ty  

between subject means. This  between v a r ia b i l i ty  would automatically  

cause the  w ith in  v a r ia b il i ty  to become neglig ible.

In summary, when combining means both the  variance  between  

the  means and each mean's own sampling variance should be taken  

into account. I f  each mean is known with a high degree  of confidence  

re la tive  to  the  dispersion between means, then th e  w ith in  terms  

become neglig ible and the  optimal weights approach eq u a lity .  I f ,  on 

the  o th er  hand, the  v a r ia b i l i ty  between the  means is small compared  

to variance associated with each subject's mean, then the  between  

term  can be ignored and the optimal weights become:

which is the standard  method fo r  combining independent experimental 

results (B a r fo rd ,  1967). How ever, fo r  many situations n e ith e r  of 

these extremes is valid and the  complete equations must be used.

F ina lly , all the  above are  population variances which a re ,  of 

course, unknown. Since only  linear combinations of variances have  

been considered, these population variances can be replaced by  th e ir  

unbiased estimators, term  fo r  te rm . T h e  variance of the  g rand  mean 

can then be estimated by:

(D .  10)
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v a r ( X )  = ^  w. (s fa ♦ s j /N . )

w here  s. . and s. are  unbiased estimators of a. and a. . Simi- b i b i

la r ly ,  the  weights will be g iven by:

~2 ~2 V  **J ~ I  _1 . 1
w i = ^ sh * Si / N i) s  ^sh + si / N i) ] .1 b  I I b  j  J ( D . 12)

j

Th is  scheme (Equations D.11 and D .1 2 )  is used th ro u g h o u t this  

s tu d y .

D .1  References

B a rfo rd ,  N .C .  (1967 ).  E x p e r im e n ta l m e a s u re m e n ts : P r e c is io n , e r r o r  
a n d  t r u t h . London: Addison-W esley.

W iner, B .J .  (1971 ).  S ta t is t ic a l  p r in c ip le s  in  e x p e r im e n ta l d e s ig n  (2nd  
e d . )  New Y o rk : M cG raw -H ill .



251

Appendix  E

MOMENTS

T h is  appendix discusses moments and th e ir  estimation. Equa­

tions will not be d e r iv e d  w ith  r ig o u r .  For an exhaustive  discussion  

of moments see Kendall and S tu a r t ,  1977.

E.1 Defin itions

C onsider a continuous p ro b ab ili ty  d is tr ib u t io n ,  f ( x ) ,  of th e  ra n ­

dom var iab le ,  x ,  defined  o ver the  reg ion, R. T h e  n th  m om ent a b o u t  

th e  o r ig in  is defined as:

w here Du = 1, and the  f i rs t  moment about the o r ig in ,  ^  , is the
X X

mean, which will be abbrev ia ted  to y. The  prime su p erscr ip t  indicates  

th a t  the  moment is about the o r ig in .  T h e  p resu b scrip t indicates the  

o rd e r  of th e  moment.

T h e  n th  m o m en t a b o u t  th e  m ean  o r  n th  c e n t r a l  m om ent is defined

as:

(E .1 )
R
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nUx -  J  (x  - p ) nf ( x ) . d x  . (E .2 )

R

The  f i r s t  central moment, tpx , is zero and the  second central
2

moment, 2p , is known as the  variance and will be w r it te n  as o .
X X

Moments about the  orig in  and moments about the  mean are  

related by  the  two sets of equations:

°x  = ’ vx ‘ (E .3)

’ y x = iu x - 3
’ V x

= in x - 4 iw x \  + 6 i v x wx " 3 M X

2 2 
i p  = 0  + p1 X X * x (E . 4)

*  3 o  p  ♦ pX"X

T h e  n th  s ta n d a r d is e d  m om ent is defined as:
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(E .5 )

Standardised moments are  dimensionless quantit ies . T h e  th i r d  s ta n d ar­

dised moment is sometimes known as "skewness", and the fo u rth  as 

"kurtos is"  o r  "excess" (how ever, o th e r  defin itions and nomenclature  

exis t;  Abramowitz and Stegun, 1972).

We shall often re fe r  to the n th  ro o t  m om ent as the  nth root of 

the nth central moment.

E .2  Id e n t i fy in g  a D is tr ib u tio n  b y  its Moments

A d is tr ibu tion  can be identified  by  its moments p ro v id ed  the  moments 

are  de fined . To see th is ,  we f in d  the  charac te r is t ic  function  of the  

d is tr ib u t io n ,  $ (w ), by ta k in g  its Fourier transform  o ver th e  region R:

R

We can also f in d  the  p ro b ab ili ty  d is tr ib u tio n  from the  characteris tic  

function by tak in g  the  inverse  Fo u rie r  transform :

(E .6 )

D if fe re n t ia t in g  Equation E .6  n times with respect to u:
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~ ^ { # ( w ) }  s # Cn>(u) = in J x n f ( x ) e iwxd x .  (E  8)

From these relationships it can easily be seen th a t:

# Cn)(0 )  = (E .9 )

T h u s ,  moments about th e  orig in  (and hence centra l moments) can be  

generated  from the  ch aracteris tic  function .

Expanding the charac te r is tic  function in a T a y lo r  series about 

u = 0 , we o b ta in :

H w ) = $ (0 )  ♦ * ’ (0 )  + i \ 0 ) » 2/ 2  ♦ . . .  (E .  10)

w hich , from Equations E .9 ,  becomes

#(w)  = 1 + i u x w + 5vx w / 2  + . . .  f £ . 1 1 )

or

w) = 1 ♦ i °  j<v xwk/ k .* (

k=1
( E . 12)

T h e re fo re  by knowing all the  moments of a d is tr ib u tio n  (about  

the  orig in  or m ean), we know the  charac te r is t ic  function of the  d is ­

t r ib u t io n .  T h e  actual d is tr ib u tio n  can then be recovered from the  

characteris tic  function  by  Equation E .6 .  In o th e r  w ords , a probab il-
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i ty  d is tr ib u tio n  can be identified  by its moments, assuming th a t  they  

are  defined .

To know precisely  a p ro b a b il i ty  d is tr ib u t io n ,  all moments most be 

known. In p ractice , however, the  most common d is tr ibu tions  can be 

identif ied  by only th e ir  f i r s t  few moments. In p a r t ic u la r ,  Pearson has 

shown th a t  d is tr ibu tions  which a re  unimodal and have high o rd e r  con­

ta c t are  completely specified b y ,  a t most, th e  f i r s t  fo u r  moments ( th e  

so-called Pearson ty p e  I I I  d is tr ib u tio n s; see Kendall and S tu a r t ,  

1977). Th is  class of d is tr ibu tions  includes the  Gamma-type d is t r ib u ­

tions , such as the  Exponentia l.  I t  is not usually  w orth  examining  

f i f th  o rd e r  o r  h igher moments because of sampling e r ro r  unless huge  

samples are  available .

We are  in terested  in id e n t ify in g  the  p a re n t  d is tr ib u tio n s  from  

samples from d if fe re n t  subjects and to see if th e re  is any sim ilarity  in 

each subject's p a ren t  d is tr ib u t io n .  Th is  is easily accomplished if we 

plot one moment against another fo r  each subject. A common d is t r ib u ­

tion among subjects will appear as a t r e n d ,  e ith e r  linear or c u r v i l i ­

near, depending on the  form of the  actual d is tr ib u t io n .  This can be a 

pow erfu l technique if th e re  are many subjects with a wide range of 

scale fac to rs .  In T ab le  2 . ,  the  re lationships between th e  f i r s t  fo u r  

moments is summarised fo r  some common p ro b ab ility  d is tr ib u t io n s . Of 

course, th e re  is an in f in ite  num ber of d is tr ib u tio n s , each having d i f ­

fe re n t  moments. How ever, the method of moments does allow classes 

of d is tr ibu tions  to be d is tingu ished . A p a r t ic u la r  class of d is t r ib u ­

tions may sometimes suggest a p a r t ic u la r  mechanism.



Table E1

Relationships Among Root Moments For Some Common Probability

Distributions

NAME FORM MEAN

H
STD. DEV. 

0
1/3 1/4

4H / o

Exponential exp ( - ( x - * ) / ^ ) / ^ oC +0 H - * 1.26 1 .7 3

Gamma x ^ e x p t - x J / R p ) P 1 .2 6 /p 1/* ( 3 + 6 / p ) 1'

Normal e x p ( - t x - p ) z/ 2 o 2) /  2 na2 H a 0 1.32

Rectangular 1 /h ,  0 <x < h h / 2 0.58fJ 0 1.16

Poleeon e x p ( - p ) | / / r l H 'H 1 /p 1/e (3+1 /p )1/4

Laplace e x p ( -  |x -o c | /^ ) /2^ * 1 .41^ 0 1.57

Rayleigh x e x p ( - x 2/ 2 « 2 ) / * 2 1 .25* 0.52(J 1.08 1.69 256
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E .3  Estimating Moments

We shall be concerned with the  estimation of a d is tr ibu tion 's  

moments based on a f in i te  random sample of size, N. We shall only be
i t

concerned with the estimation of centra l moments. We define the  

sampling (c e n tra l)  moments by :

T h e  sampling moments a re  biased estimators of the  p a re n t  d is t r ib u ­

tion's  moments. T h e re fo re ,  sampling moments must be corrected espe­

cially  fo r  small sample sizes. Th is  correction is most fam iliar fo r  v a r i ­

ance w here sample size is replaced b y  degrees of freedom:

i=l

By using tables a fte r  W ishart shown in Kendall and S tu a r t  (1 9 77 ) ,  an 

unbiased estimator of th e  th i rd  centra l moment is:

N

i=1

N

( E . 14)

2
_______ N

’ mx ~ (N - 1 )  (N - 2 )  ’ mx (E .1 5 )

and an unbiased estimator of the  fo u rth  central moment is:

2*
T h e  orig inal s tudy  used centra l moments. With h in d s ig h t,  moments 

about the orig in  would have been computationally s impler.
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~ _ N * ( N * 1 ) * 3 N ( N - 1 )  _  ( E . 16)l  m "  m
x (N - 3 )  (N - 2 )  ( N - 1 ) x

3 N Q - 2 N )  2
(N - 3 )  ( N - 2 ) ( N - 1 )

T h ro u g h o u t our analyses we have used these unbiased estima­

tors . Since we have been ta k in g  root moments, th e re  is still some 

residual bias. How ever, th is  is small and also th e re  does not seem to  

be a scheme fo r  f in d in g  unbiased estimators of root moments.

E .4  Moments o f the  Sum of Two Random Variables

I t  is sometimes useful to be able to express the  moments of a 

random variab le  in terms of the  moments of o th e r  random variab les .  

This  is p a r t ic u la r ly  useful if  a random variab le  is the sum of two 

independent random variab les . This  situation occurs f re q u e n t ly  when 

a random variab le  is p e r tu rb e d  b y  a d d it ive  noise.

We consider a random var iab le ,  z , which is the  sum of two inde­

pendent random variab les , x and y .  We can then express the  nth  

moment about th e  orig in  by  tak in g  the  expectation of the  random  

variab le  raised to the  nth power:
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E [ z " ]  = E [ ( x +y ) n ] , ( E - 17)

Expanding Equation E .17 and transform ing all moments about th e  o r i ­

gin to central moments, we obtain the  relationships:

yz = vx + uy ( E . 18)

2 2 2
0 = 0  + 0 z x y

,y z = 3Vx + ’ vy

2 2
„y = uv * ♦ 6o o .'  z Wfx * y x y

Note th a t  only the  f i r s t  th re e  central moments are  p u re ly  add itive .

E .5  Moments of the Product of Two Random Variables

We now consider the  case w here the  random var iab le ,  z ,  is the  

p roduct of two random varia b les , x and y .  Provid ing  x and y  are  

independent, we can f in d  moments about the  orig in  again by  tak ing  

expectations:

E [z n ] = E [ x ny ° ]  = E [ x n ] E [ y n ] .  (E .1 9 )
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C onverting  to centra l moments, we f in d :

yz = y x uy ' (E .2 0 )

2 2 2 

0  =  0  a  *  y  2 2 *  2 nz x y Mx oy + vy 202

jWz = 3Vx3Vy * 3yx V [3 o y * V 1] ♦ , y y X [3 o *  ♦ X 2] ♦ 6X Y o x oy

- yz = * V yy + [43yy Y * 6 Y * 0y  * *  1 2 X Y ,y x ,y y

- S x V o Y  ♦ 12XY23yxoy ♦ 1 2 Y x \ y ycx
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Appendix  F

TH E  E X P O N E N T IA L  W A IT IN G -T IM E  D IS T R IB U T IO N

F . l  W aiting-T im e D is tr ibu tions

We shall d e r ive  the  Exponential d is tr ibu tion  as a special case of 

the class of w ait ing -tim e  d is tr ib u tio n s . To  do th is  we consider a sys ­

tem to be in it ia l ly  in a p a r t ic u la r  unambiguous state ( th e  oculomotor  

system in the  state of " f ix a t io n " ) .  We define the  "term ination ra te" ,  

3 ( t ) ,  such th a t ,  (J(t)6t is the  p ro b ab ility  th a t  the  state will term inate  

in the  time in terva l ( t , t * 6 t )  g iven th a t the  state has not a lread y  t e r ­

minated. O bviously , we assume th a t  termination is also unambiguous  

("s a cc a d e" ) . I t  follows from the definition of conditional p ro b ab il i ty  

that:

S ( t )  = f ( t | x > t )  = f ( t ) / [ l - F ( t ) ]  ( F . l )

w here F ( t )  is the  p ro b ab ili ty  function th a t  the system will be in the  

state a f te r  time, t ;  and f ( t )  is th e  corresponding p ro b ab il i ty  d e n s ity .  

In teg ra t in g  Equation F . l :
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t

J & ( x ) . d x  = -log [1  - F ( t ) ]  ( F 2 )

0

and p u tt in g  F (0 )=0 :
t

-  I & (x ) .d x  
J ( F .3 )

F ( t )  = 1 - e

and so

- / f j (x )  .d x ( F .4 )

f ( t )  = 6 ( t ) e

which defines the  p ro b ab il i ty  density  of the  class of so-called  

"waiting-tim e" d is tr ibu tions  (see Papoulis, 1965). W aiting-tim e d is t r i ­

butions are un iquely  determ ined by  the  termination ra te ,  & ( t ) .  T h e re  

are , th e re fo re ,  an in f in ite  number of w ait ing -tim e d is tr ibu tions  

depending on the  functional form of the  termination ra te . T h e  only  

restric tions on this function  is th a t  it  be positive and tend to zero as 

time tends to in f in i ty ,  because we assume th a t  term ination must occur  

w ith c erta in ty  a t some f in i te  time. T h e  essential importance of 

w ait ing-tim e d is tr ibu tions  is th a t  it  is the  term ination ra te  which  

defines the  d is tr ib u t io n , th a t  is, th e  w a it ing -tim e  is not th e  u n d e r ly -
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ing random variab le  but ra th e r  the  consequence of th e  termination  

random variab le .

F .2  T h e  Exponentia l D is tr ibu tion

T h e  simplest d is tr ibu tion  is fo r  a constant term ination ra te , •  

p (t )  = X. From Equation F .4 ,  the  w ait ing -tim e  d is tr ib u tio n  becomes 

th e  Exponentia l:

f ( t )  = Xe"X t . ( F .5 )

T h e  constant termination rate  means th a t  the  p ro b a b il i ty  p e r  un it time 

of a temination even t remains the  same th ro u g h o u t time. Since the  

termination ra te  is constant, the Exponential is the  on ly  w a it ing -tim e  

d is tr ibu tion  th a t  has no "m em ory." C onverse ly , any o th e r  termination  

ra te  requires  th a t  the system "knows" w here it is in time, and must 

have memory. In this respect, the  Exponential is an im portant and 

basic w ait ing -tim e  d is tr ib u t io n . T h e  Exponential d is tr ib u tio n  is also 

used as a re ference d is tr ib u tio n . W aiting-tim e d is tr ib u tio n s  whose t e r ­

mination rates increase in time are  more d ispers ive  than the  Exponen­

tial and are  called "h yp ere xp o n en tia l" ,  while  those d is tr ibu tions  whose 

term ination rates decrease in time are  called "hypoexponentia l"  

because th e y  are  less d ispers ive  than the  Exponentia l.

F .3  Moments o f the  Exponential D is tr ibu tion

From Equation F .4 ,  i t  can be seen th a t  th e  modal w ait ing -tim e is 

zero . In many physical and biological processes th e re  is a re fra c to ry
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period d u rin g  which a term ination  cannot occur. T h is  creates a 

minimum w a itin g -tim e , and it  may occur because of some in itia l p re p a ­

ration time o r a period to in s tig a te  the  term ination e v e n t, e tc . .  U n d er  

these circum stances, th e  Exponential d is trib u tio n  is generalised to 

include a location param eter, A:

f ( t )  = X e 'X tt"A). (F .6 )

The f ir s t  fo u r moments about the  orig in  can be found easily to

be:
Ht  = A + 1/X

= A + 2 /X

;v t  = A * 2 4 /X 

T h e  cen tra l moments can then be found:

2 2

(F .7 )

ot = 1/X (F .8 )

,P t  = 2 /X

= 9 / X

w hich , of course , a re  independent of th e  location param eter. We can
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also fin d  th e  root moments and re la te  them b y :

i i
,y tT = 2 * 0  = 1.26o  

= 9^o * 1 .73o .

I f  we have a collection of Exponentia l processes w ith  d iffe re n t  

term ination rates b u t the  same location param eter we can p lot root 

moments to show th e  re lationships in Equations F .9 . T h u s , if  th e  

standard  deviation is p lo tted  against th e  mean, we w ill fin d  a lin ea r  

tre n d  w ith  u n ity  slope and in te rc e p t, -A .  Plots of th e  th ird  and  

fo u rth  root moments against th e  s tandard  deviation  w ill also be lin ea r  

w ith slopes of 1 .26  and 1 .73  and zero in te rce p ts .

O th e r w a itin g -tim e  d is trib u tio n s  w ill have d if fe re n t  slopes (o r  

may not even be lin e a r ) .  H yp erexp o n en tia l d is trib u tio n s  will have  

h ig h er slopes, and hypoexponentia l d is trib u tio n s  w ill have lower 

slopes than th e  Exponentia l d is tr ib u tio n .

F .4  Compound E xponentia l D is trib u tio n s

In p rac tice , if  we wish to id e n tify  a d is tr ib u tio n , we need a 

sample of observations from which to  estim ate th e  moments o f th e  

p a ren t d is tr ib u tio n . For w a itin g -tim e  d is trib u tio n s  th is  usually  en ta ils  

tak in g  samples a t d if fe re n t  tim es. T h is  raises th e  p o ssib ility  th a t th e  

term ination  ra te  may not remain p rec ise ly  th e  same from  one o b s erv a ­
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tion  to  th e  n ex t; e ith e r  because of random flu c tu a tio n s , o r  because of 

system atic changes (n o n -s ta t io n a r ity ) . More spec ifica lly  fo r  the  

Exponentia l d is tr ib u tio n , th e  term ination  ra te  may be at one constant 

value  fo r  one observation  and a t a d if fe re n t constant va lue  fo r  th e  

n e x t o b serva tio n . Changes in th e  term ination  ra te  will always add 

more (n e v e r  less) to th e  variance  and to th e  h ig h e r moments o f th e  

E xpo nentia l, and so th e  resu ltin g  d is trib u tio n  w ill ap p ear h yp erexp o ­

nentia l even though each observation  is p u re ly  E xpo nentia l. T h e  

resu ltin g  d is tr ib u tio n  is a compound Exponentia l and it  w ill depend on 

th e  d is trib u tio n  of th e  flu c tu atio n s  (th e  com pounding d is tr ib u tio n ) of 

th e  term ination ra te . Denoting th is  compounding d is tr ib u tio n  b y  g ( X ), 

th e  compound E xp o n en tia l, f ( t ) ,  is g iven by th e  conditional d is tr ib u -

0

T h e  moments about th e  o rig in  of the compound Exponentia l a re  then  

g en erica lly  g iven b y:

By com paring Equation F . l l  to  Equation F .7 , it can be seen th a t  

these moments a re  always g re a te r  than th e  moments fo r  th e  exponen­

tia l fo r  any compounding d is tr ib u tio n , g (X ) ,  which has no n -zero  v a r i ­

ance.

A closed form  fo r  th e  compound Exponentia l on ly  exists fo r  a few

tion :

( F . 10)

(F .1 1 )

0
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special cases of the  compounding d is tr ib u tio n . We w ill show th is  fo r  

th e  Gamma compounding d is trib u tio n  and th e  R ectan g u lar compounding  

d is tr ib u tio n .

T h e  G am m a-Exponential Compound

We consider th e  compounding d is trib u tio n  to  be th e  Gamma d is ­

tr ib u tio n  :

w here  p is the  index param eter o f th e  Gamma d is tr ib u tio n . T h e  com­

pound Exponential then becomes:

(T h is  d is trib u tio n  is sometimes called th e  ''P are to ", see Cox and  

O akes, 1984). T h e  moments about th e  o rig in  can be found:

9 (X )  = [ y r ( p ) ] " 1[ X / y ] p ’ 1e ‘ X/T ( F . 12)

f ( t )  -  y p / ( y t + i ) p+1 ( F .13)

Vt  = 1 / [ f ( p - 1 ) ] ( F . 14)

2
5ut = 2/tar (p -2 ) (p -1 )]

ivt = 6/[y (p -3 ) (p -2 ) (p -1 ) ]

;n t = 2 4 / [y  ( p - 4 ) ( p - 3 ) ( p - 2 ) ( p - 1 ) ]  .
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T h e  cen tra l moments can be found (somewhat te d io u s ly ) b u t w ill not 

be shown h ere .

The Rectangular-Exponential Compound

We now consider th e  compounding d is trib u tio n  to be th e  R ectan gu lar  

d is tr ib u tio n :

1 / ( b - a ) ,  a£ \£b
g ( x) = b>a . ( F . 15)

0, a>X>b

In th is  case, th e  compound Exponential becomes:

f ( t )  = [ ( a f 1 ) e " a t - ( b t * l ) e ' b t ] / [ ( b - a ) t 2] ( F . 16)

and the moments about th e  o rig in  can be found:

yt  = lo g ( b /a ) / ( b - a )
( F . 17)

2Pt  = 2 / (ab )

2 2

jVt  = 4 (a + b ) / (a  b

*Ht  = b (a " 3 - b"3 ) / ( b - a ) .

From these moments th e  cen tra l moments can be calcu lated .
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T h e  cen tra l moments of both these compound d is trib u tio n s  have  

been calu lated and th e ir  re lationships a re  b r ie f ly  summarised in T ab le  

1 in Section 4.
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A ppendix  G 

S T A T IS T IC S  OF VEC TO R  M A G N ITU D E

T h e  m agnitude or radial component o f a tw o-dim ensional C a rte ­

sian vec to r is g iven by:

■’■ = ( x + y ) ^ .  (G .1 )

T h e  problem to be considered here  is th e  s ta tis tica l re lationship  

between the  radial com ponent, r ,  and th e  C artes ian  components, x 

and y , when these components are  random v aria b les . In th e  special 

case w here  x and y are  independent Normal random variab les  with  

zero means and equal varian ces , the  p ro b a b ility  d is trib u tio n  of r  can 

be found exactly  and is the  so-called Rayleigh d is trib u tio n  ( e . g . ,  

Papoulis, 1965). H ow ever, fo r almost all o th e r d is tr ib u tio n s  fo r  x and 

y , th e re  is no closed form  fo r  the d is trib u tio n  of r .  We w ill th e re fo re  

f in d  an approxim ation fo r  the  mean and varian ce  of r  in term s of th e  

centra l moments o f x and y b y  series expansion.

F irs t we d e fin e  two new random v a ria b le s , U and V  by:
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u = x , V  = y . (G 2 )

S u b s titu tin g  into Equation G .1 and perform ing  a two dimensional T a y ­

lo r expansion of r about the  means of U and V ,  ( U ,V )  we obta in :

r  = (U + V ) * -  [o ’ + V pu v ou ov ] / [ 8 ( U * V ) 3 /2 ] * . . .  (G .3 )

and

° r  = [V V 2 pu v ] / [ 4 ( U +V ) ]  * . . .  ( G .4 )

These radial moments are  approxim ated by re ta in in g  only  f i r s t  and  

second o rd e r moments. I f  we then make the  s im p lify in g  asumptions 

th a t x and y are  independent w ith  zero means:

U = o ’ , V  = o “ ( G . 5)

and

°u  = “yx" V ° v  = “V V Puv = ° ‘

E xpressing  th e  mean and varian ce  of th e  m agnitude vec to r in s ta n d ar­

dised moments:
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° r  = * 0 y ( a y - 1 ) ] / [ 4 ( o * +  o * ) ] .  (G .8 )

These re lationships can be more easily  seen if  x and y have  
2

equal varian ce , o , and k u rto s is ,

r *  J l  n 7 -„ y )o /1 6  (G .9 )

and

2 2 
0r  *  U jr -1 )a  / A .  (G .1 0 )

T h u s , the  mean of th e  vec to r m agnitude is ro u g h ly  proportional 

to the s tandard  devia tion  of the  C artesian  components and is only  

w eakly  dependent on th e  kurtos is  of the components. T h e  variance  of 

vecto r m agnitude is much more sensitive  to th e  kurtosis  (o r  d is tr ib u ­

tion form ) o f th e  C artesian  components. I f  each C artesian  component
2

is p e rtu rb e d  by a d d itiv e  noise w ith  zero mean and v a ria n ce , a , the  

ap p aren t mean v e c to r m agnitude w ill be approxim ate ly :



H ere we have dropped  h ig h er o rd e r in teractions  betw een th e  noise 

and signal moments. A lthough th is  is on ly  approxim ate , it  does allow  

a reasonable estim ate of a v ec to r m agnitude to be reco vered .
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A p p en d ix  H

CHARACTERISTICS OF SACCADES IN HUMAN INFANTS 

( R e p r in t e d  b y  p e rm is s io n  o f  P e rg a m o n  P r e s s , L t d . )

Louise H a in l in e  , Joseph  T u p  e e l , I s r a e l  A b r a m o v , E l iz a b e t h  L em ex ise  and 
C h r is t o p h e r  M . H a r r is  

D epartment o f Psychology, Brooklyn College o f  C U N Y . Brooklyn, N Y  11210, U.S.A.

< Received 30 August 1983; in revised fo rm  6 July  1984)

Abstract— Infants (1 4 -15 1 days) and adults were shown two-dimensional geometric forms o r stim uli from  
a set o f highly textured patterns. Their eye movements were recorded by an infrared corneal reflection 
eye movement recorder as they freely scanned the stim uli. F o r both infants and adults, linear relationships 
were found between the peak velocities o f  fast eye movements and the ir amplitudes (m ain sequences). 
Infants viewing feature stim uli had m ain sequences w ith  slopes comparable to  those o f  adults. Infants 
viewing simple geometric forms made slower saccades. They also showed more eye movement oscillations 
which analyses showed were probably back-to-back saccades. Both the slower saccades and saccadic 
oscillations were attributed to  factors related to the attentions! value o f  the stim uli.

INTRODUCTION

Although the properties of the adult saccadic system 
have been extensively studied (e.g. Yarbus, 1967; 
Carpenter, 1977; Robinson, 1981; Young. 1981), little 
research has been directed at how the oculomotor 
system develops the ability to execute saccades. Com­
pared with the young of other species, the general 
level of neurological and motoric development of the 
human infant might preclude finely controlled rapid 
motor behaviors such as well-executed saccades. 
Studies of smooth pursuit (Aslin, 1981) and of op­
tokinetic nystagmus (Atkinson and Braddick. 1981; 
Naegele and Held, 1982; Hainline et at., 1984) sup­
port the general view that human infants have imma­
ture oculomotor systems. Furthermore, since sac­
cades, particularly those accompanied by head 
movements, are generally seen as attempts to foveate 
some visual detail (Robinson, 1964), one might pre­
dict that the marked immaturity of the human fovea 
at birth (Abramov et at., 1982; Hoilyfield et at., 1983) 
would also adversely affect saccades.

In a saccade. the eye is initially accelerated very 
rapidly to a peak velocity; the acceleration is due to 
the muscular effect of a burst of neural signals in the 
motomeurons of the pontine reticular formation; 
other brain stem motomeurons are responsible for 
the eye's more gradual deceleration (see. e.g. Rob­
inson, 1981). The peak velocity of the eye during the 
saccade depends on the height and width of the 
neural pulse associated with the beginning of the 
saccade. Both pulse height and width increase with 
amplitude, up to a saturation amplitude of about 
lSdeg for human adults (Westheimer. 1934; Boghen

Visum Res. Vol. 2*. No. 12. pp. 1771-17*0, 1914 
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eta l., 1974; Bahill et at., 1975). The tight relationships 
which exist between saccadic peak velocity, saccade 
amplitude, and duration have been termed "main 
sequences” (Bahill et at., 1975). Thus, evaluation of 
the nature of saccadic control in a target population 
(e.g. human infants), can be carried out by comparing 
their main sequences to those of normal adults (see. 
e.g. Hamann, 1979; Howard, 1982, p. 262).

Because of procedural limitations imposed by the 
use of uncalibrated EOG and low bandwidth corneal 
reflection techniques, previous studies of infants’ fast 
eye movements (see Salapatek, 1975) have not ana­
lyzed the velocity parameters of the movements, or 
systematically compared the movements with those 
of adults. Dayton and Jones (1964) analyzed EOG 
recordings of movements which may have been sac­
cades, from one 33-day-old subject, and failed to find 
an amplitude/velocity relationship, although average, 
rather than peak, velocity was considered. We present 
here a quantitative analysis of fast infant eye move­
ments, in part to determine if their velocities are in 
fact saccadic in nature. For comparison, we also 
recorded saccades from adults in the same situation. 
Eye movements were measured while the subjects 
freely scanned visual stimuli presented for relatively 
long periods; this situation is less demanding for the 
infant than the paradigm more commonly used to 
study saccades in adults, in which saccades are elic­
ited by small targets presented briefly at different 
positions in the visual field.

METHODS

Apparatus

Eye movements of infants and adults were 
recorded with a computer-controlled video system.
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using infrared corneal reflection (Hainline, 1981). The 
system is shown schematically in Fig. 1.

Adults’ heads were stabilized by a chin rest. Infants 
were held by an experimenter whose back was to the 
display. The infant looked over the experimenter's 
shoulder while the experimenter stabilized the in­
fant’s head by firmly pressing it against the experi­
menter's cheek and neck. Except for the most active 
infants, head motion could be restricted successfully. 
The small field of view of the camera effectively 
controlled for large head movements, since no data 
could be collected if the eye moved more than about 
a degree from the central position in the camera's 
field. Internal head movement circuitry in the eye 
tracker largely compensated for smaller head move­
ments. T.V. monitors, showing the infant's face and 
eyes, provided the feedback the experimenter needed 
to keep the head upright, stable, and in the correct 
position. The system is based on an Applied Science 
Laboratories Model 1994 Eye View Monitor which 
we have modified for working with infants. The eye 
movement computer provided digital information on 
horizontal and vertical eye position at a 60 Hz rate. 
These data were fed into a larger, on-line computer 
(Digital Equipment Corp., PDP 8/e) which provided 
mass storage and stimulus control. The system esti­
mates eye position from the relative locations of the 
subject's pupil and the corneal reflection of the 
infrared light source. As their eye movements were 
recorded, subjects viewed stimuli presented on a 
rear-projection screen; under these conditions, adult 
subjects could not see the infrared source and re­
ported that the rest of the recording system was 
unobtrusive.

Calibration
The accuracy of the eye-monitoring system can be 

separated into two components; dynamic accuracy 
(correct reproduction of eye velocities) and positional 
accuracy (correct specification of where on the stim­
ulus the eye is pointed). We have devised a spatial 
calibration procedure for use with infants which 
results in a correction polynomial that can be used to 
map eye position onto the stimulus plane correctly 
(Harris et a l„  1981). In most cases, the biggest 
correction is an additive offset term due to the fact 
that the eye is not necessarily on the optic axis of the 
eye monitor. Such a correction is not critical for this 
paper, since we are not relating the eye movements to 
specific features or regions of any stimulus. A second 
correction term is an over-alt scale factor due to 
variations among subjects in the optical parameters 
of the eye; this correction can affect estimates of eye 
movement amplitude. In most cases, higher order 
correction terms are negligible.

For our type of system, the average positional 
calibrations are the same for groups of adults and 
groups of infants. The relevant optical parameters for 
corneal reflection systems are the radius of curvature 
of the corneal pole and the distance from the corneal 
pole to the plane of the entrance pupil (Young and 
Sheena, 1975). Changes in these factors during 
growth (Larsen, 1971; Mandell, 1976) are largely 
offset by each other (Bronson. 1982). With respect to 
measures of amplitude then, although there is indi­
vidual variability in the most appropriate calibration 
settings for each subject, the measured amplitudes 
from infant and adult subjects are on the average 
close to actual amplitudes. More importantly, they

Infant eye-movement monitor
R e»- protection 
screen

"Face" camera

Scene" camera Simulator

Stimulus

'Eye" camera

BeorfP'
splitter

Ixperimenter

Eye-movement
computerEye" monitor

Fig. I. A  schematic representation o f  an eye movement recording system designed fo r use w ith  infants.



276

can be directly compared across the age groups. Since 
the calibration procedure is lengthy and requires a 
very cooperative subject, it was not possible to use it 
on all of the subjects in this study. In order to keep 
the data from all subjects comparable, we analyzed 
data from both infants and adults using the same 
average calibration scale factor for all subjects. Given 
that individual calibrations have not been performed, 
our measures of velocity and amplitude should be 
viewed as relative, rather than absolute, measures. 
This does not present a major problem to the most 
important analyses at issue here. Many of our anal­
yses are of the slopes of main sequences; since these 
functions relate peak velocity (the maximum ampli­
tude moved per sample interval) and amplitude, any 
residual errors in estimates of amplitude will appear 
equally on both sides of the equation, and therefore 
will not contaminate the slope.

A television-based system for tracking eye move­
ments has relatively low bandwidth, and thus is not 
ideal for velocity measurements. However, methods 
with higher bandwidths (see, e.g. Young and Sheena, 
1975) are usually intrusive and difficult to use with 
infants. To obtain corrections for eye velocities as 
measured by our system, we used an artificial eye 
rotated at various velocities through a series of 
"saccades" of different amplitudes (Harris ei at., 
1984). Each known input to the eye tracker was 
repeated many times and the corresponding outputs 
were averaged; these averages were used to create 
nomograms for correcting measured peak velocities. 
When we apply these corrections to peak velocities of 
the fast eye movements of our adult subjects, we 
obtain values close to those reported in the adult eye 
movement literature. However, because of the rela­
tively low sampling rate of a T.V. system, there is an 
inherently large error in specifying the start and end 
of an eye movement; we have no straightforward 
method for correcting the data for this error. We are 
therefore not reporting measures of duration.

Stimuli

Stimuli were rear-projected on a screen viewed 
from a distance of 50 cm; the screen subtended 
approximately 45 deg horizontally and vertically. The 
stimuli projected were of two types; (i) simple black 
and white geometric forms (circles, squares and tri­
angles) ranging in size from 5 to 30 deg (Hainline and 
Lemerise. 1982); (ii) textures consisting of black and 
white'gradients of lines, and patterns created from 
juxtaposed checkerboards of different check sizes 
(e.g. see Gibson, 1950); the textures filled the whole 
viewing screen. The average luminance of the stimuli 
in each of the sets was approximately the same (about 
I0cd/m: ). Stimulus presentation was under com­
puter control. The set of form stimuli consisted of six 
different Forms which were shown one at a time. The 
texture set contained five different patterns, also 
shown one at a time. Each stimulus was viewed for 
10 sec, with a 5 sec interstimulus interval; eye move­

ment data were stored only for the stimulus periods. 
Infants viewed either the form stimuli or the texture 
stimuli, but adult subjects were shown all of the 
stimuli in the two sets. Instructions to adults were 
simply to "look at the stimuli".

Subjects

Data were obtained from 64 infants (ages 14-151 
days) and from 11 adult subjects (ages 18-36 years). 
Infant subjects were all healthy and full term: they 
were located through contacts with hospitals and 
physicians. Adult subjects were faculty, students, and 
research assistants.

Data analysis

The data for each stimulus period were initially 
screened for noise; bad data were usually caused by 
head movements or blinks, so that a dear image of 
the eye could not be maintained. The eye movement 
tecord was then scored with an interactive computer 
procedure which displayed the horizontal and vertical 
eye positions vs time on a CRT screen. An observer 
manipulated a set of cursors on the screen to select 
portions of the record judged to be eye movements. 
Essentially, these included all parts of a record not 
judged to be fixations or noise. All of the data from 
any given subject were scored by one person, to 
maintain consistent standards, but frequent checks 
on inter-rater reliability revealed very high agree­
ment. After the observer determined the portion of 
the record to be analyzed, the computer calculated 
movement amplitude, instantaneous and peak veloc­
ities. All of the movements analyzed had discrimi- 
nable peaks in their velocity profiles. In order to 
eliminate the influence of small-amplitude artifacts in 
the records, movements with amplitudes less than 
2 deg or with extremely noisy velocity profiles were 
excluded from further analysis. Over 75*4 of the 
infant and 90% of the adult fast eye movements were 
retained for further analysis by standard statistical 
packages (BMDP: Dixon, 1981).

RESULTS

Description o f  infant eye movements

A total of 1248 infant and 1224 adult eye move­
ments were analyzed. Examples of some of these eye 
movements are presented in Fig. 2, which shows eye 
position vs time for horizontal and vertical eye 
movement components. As illustrated in Fig. 2(a), 
(b), and (c), many infant eye movements look like 
adult saccades (Fig. 2(0]. Horizontal and oblique 
movements (Fig. 2(a) and (c)| were the most frequent 
type observed in both infant and adult subjects, 
although vertical (Fig. 2(b)] movements were also 
observed at all ages.

Infants also made some eye movements which did 
not resemble those of normal adults. Under some 
conditions, infants' saccades did not attain "normal"
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Fig. 2. Examples o f fast eye movements o f  infants and adults. The top trace in each set is horizontal eye 
position and the bottom  trace is vertical eye position, each p lotted vs time. Examples show: (a) horizonta l 
movements from  a 63-day-old infant: (b) vertical movements from  a I J l-day-o ld  infant; (c) oblique 
movements from  an 88-day-old infant; (d) fast oscillations from  a 109-day-old in fant; (e) fast and slow 

"saccades" from  a 102-day-old in fant: I f )  vertical saccades from  an adult.

adult velocities, although they were otherwise regular 
in form. For example. Fig. 2(e) shows several sac­
cades; except for the first, they are considerably 
slower than either adult saccades or other infant 
saccades of similar amplitudes (Fig. 2(f), and 2(a). (b), 
and (c)]. Figure 2(d) illustrates another example of an 
unusual infant eye movement characteristic, which 
was quite prominent in our data: several movements 
in opposite directions with very brief inter-movement 
intervals. Ordinarily for adults, successive saccades 
are separated by a minimum inter-saccadic interval of 
200-250 msec (Carpenter. 1977; Vaughan. 1983). al­
though for very large saccades or for corrective 
saccades (Becker and Jurgens. 1979), the next move­
ment may be executed with reduced latency. How­
ever. in a high proportion of cases with our infants 
(about 38% of all fast eye movements), we see 
successive eye movements which occur much closer 
together than the canonical quarter second, with 
inter-saccadic intervals of 50 msec or less. These 
movements were often of equal amplitude, and were 
frequently large (5 or 10 deg). They usually occurred 
in groups of two or three, and were episodic rather 
than characteristic of an entire period's data or an 
entire infant's record. These oscillations were only 
seen in infant records. Not all infants showed oscil­
lations, although most showed a few episodes at some 
time in the experiment. The oscillations did not reflect 
a total inability to maintain a steady fixation, and it 
is worth noting that infants were capable of holding 
their eyes steady in fixations of a half second or more 
(e.g. see Fig. 2(a), (b). and (c|).

For our infant subjects, the nonoscillating move­
ments (which, for preliminary discussion, we will 
describe as “saccades") were 43% horizontal. 17% 
vertical, and 40% oblique. The oscillations were more 
likely to be horizontal and oblique; 66% of the 
oscillations were horizontal. 4% vertical and 30% 
oblique. Fewer than 5% of the infant eye movements 
showed a pattern of multiple saccades in the same 
direction. This pattern of "staircase" movements is 
superficially similar to the series of equal-sized hypo- 
metric “steps" described in previous research on 
infant saccades elicited by small flashing targets 
(Aslin and Salapatek, 1975: Salapatek et at., 1980). 
However, the pause times between the steps that we 
measured (100 msec or less) were much briefer than 
the long inter-movement intervals of 500 msec or 
more reported by Salapatek. et at. (1980).

Quantitative analysis

If  the main sequences of infants' movements have 
values like those of the adults, it would be strong 
evidence that infants' fast eye movements are sac­
cades. In order to test whether any infant eye move­
ments were saccadic, we initially treated their two 
types of fast movements (“saccades" and oscillations) 
separately. We plotted individual main sequences of 
peak velocity vs amplitude for each adult and infant 
subject, and tested whether a linear regression 
significantly fit the data (P  < 0.05). In order to obtain 
a valid main sequence function for any given subject, 
we needed a reasonable number of eye movements 
across a range of amplitudes. Thus, we excluded from



278

this analysis subjects from whom we recorded no eye 
movements greater than 5 deg and from whom we did 
not have at least 10 eye movements within either of 
the oscillation or "saccade" categories; this criterion 
meant that in individual cases, there might have been 
fewer than 10 samples of a particular type of move­
ment for a given subject. All the 11 adults met the 
criteria for range, number of eye movements and 
significance of the main sequence regressions. Of the 
infants. 19 (7 one-month olds. 4 two-month olds, 3 
three-month olds and I five-month old) were ex­
cluded for having too few eye movements. Another 
4 (1 one-month old and 3 two-month olds) were 
excluded for having eye movements with an 
insufficient range of amplitudes. O f subjects meeting 
our criteria, another 2 (I each at two- and three- 
months) were excluded because their main sequence 
regressions for both "saccades" and oscillations were 
not significant. This selection process left us with data 
from a total of 39 infants ranging in age from 14 to 
151 days. Because we were recording spontaneously 
occurring eye movements during fixed viewing peri­
ods, we did not collect equal numbers of eye move­
ments from each infant, nor could we insure that a 
particular infant would show us the pattern we have 
described as oscillations.

Main sequences for a typical adult and four repre­
sentative infants are shown in Fig. 3. The left ordi­
nates show uncalibrated peak velocities as measured 
directly from the digital output of the eye tracker. 
The right ordinate in each panel shows peak velocity 
corrected from the peak velocity calibration nomo­
grams (see above). To minimize the effects of noise, 
the corrections were applied to the main sequence 
regression lines, Tather than to the individual sac­
cades. Subsequent analyses are based on the cor­
rected main sequence slopes. The non-zero intercept 
for the uncorrected data is due to the nonlinear effect 
of baseline noise on measures of peak velocity (Harris 
et at., 1984). Figure 3(a) shows results from an adult, 
and Fig. 3(b) and (c) show infant main sequences for 
"saccades” and oscillations; all were viewing textures. 
For textures, the mean slope for all adults was 26.0 
with a standard error (SE) of 5.4; the mean infant 
slope for “saccades" was 25.7 (SE~8.1) and for 
oscillations, the mean infant slope was 29.6 
(SE — 7.1). While the main sequences of adults view­
ing textures or forms were substantially the same, 
there was a marked effect of stimulus type on infants’ 
main sequences; slopes of the main sequences were 
significantly lower when infants viewed forms. Exam­
ples of "saccades" and oscillations for infants viewing 
forms are shown in Fig. 3(d) and (e). The mean slope 
for adults viewing forms was 22.6 (SE -  1.9); the 
mean slope for infants' "saccades" to the form 
stimuli was 14.2 (SE=« 1.5), and for oscillations to 
form stimuli, the mean slope was 12.1 (SE =  4.1). All 
the mean slopes are shown in Fig. 3(f). To test the 
"goodness" of the linear fit of the main sequences, we 
used Fisher's Z ( r )  transform (Ferguson. 1971) on the

correlation coefficient for each individual main se­
quence. Adults had significantly higher correlations 
(mean r -  0.85) than infants (mean r -  0.76). indi­
cating that the infants' data were more variable. The 
correlation coefficients did not differ significantly 
between stimulus types for infants or adults, or 
between movement types for infants.

Comparisons between infants' oscillations and "sac­
cades"

It can be seen from Fig. 3, that for a given stimulus 
type, infant oscillations and "saccades” are similar in 
their main sequence slopes. To support this obser­
vation, the data from a subset of 21 infants who had 
significant main sequence functions for both oscil­
lations and “saccades” were subjected to a repeated- 
measures analysis of variance; movement type (oscil­
lation or "saccade") was a within-subject variable 
and stimulus type (texture or form) was a between- 
subject variable. There were no significant differences 
between the two movement types in the slope of the 
main sequence function. Oscillations and “saccades" 
were also not significantly different in mean ampli­
tude or in distribution of amplitudes. Thus, despite 
the fact that their inter-movement intervals were 
distinctly non-adult-like, we found no other quan­
titative data to indicate that oscillations were not 
“saccades", and so in most subsequent analyses, both 
types of fast movements (oscillations and "saccades") 
were combined into a single category.

Effects o f stimulus on infant saccades

The stimulus being viewed had a strong effect on 
the slope of the infants' main sequences. Their main 
sequence slopes were significantly lower for the form 
stimuli than for the texture stimuli. This difference 
was found for both the combined saccade category, 
and for the sub-types of "saccades" and oscillations 
considered separately. The stimulus effect was found 
both in the repeated-measures analyses on the subset 
of 21 infants, and on the full data set. The magnitude 
of this stimulus effect is illustrated in Fig. 3(f). 
Although there was no significant difference in the 
frequency of eye movements (the number of eye 
movements per second of scoreable data) between the 
stimulus types, there was a higher percentage of 
usable data for textures than for forms. This suggests 
that infants may have paid more attention to the 
texture stimuli. For adults, there were no differences 
in saccade parameters depending on whether forms 
or textures were the stimuli.

In the analyses of variance, there was a single 
significant movement-type by stimulus interaction; 
infants made fewer oscillations than "saccades" to 
texture stimuli, and more oscillations than "sac­
cades" to form stimuli. Either the highly patterned 
texture stimuli caused a suppression of oscillations, 
or alternatively, the geometric forms may have been 
particularly good elicitors of oscillations.
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Fig. 3. Examples o f typical main sequences fo r peak velocity vs amplitude o f  eye movement. The left ordinate shows measured, uncorrected values 
for peak velocity. The right ordinate shows corrected peak velocities fo r each individual's main sequence (see text). The solid lines are the result 
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• Companions o f  infant and adult saccades

For direct comparisons between infants and adults, 
one-way analyses of variance between the age groups 
for a particular stimulus type were performed; since 
adults were more cooperative subjects, for them 
stimulus type could be a within-subject factor, while 
it was a betwcen-subject factor for infants. For the 
texture stimuli, there were no significant differences 
between infants and adults in the slope of the saccade 
main sequence function. However, when the stimuli 
were simple geometric forms, the main sequences of 
infants' saccades had significantly lower slopes than 
those of adults. The means and distributions of 
amplitudes were similar between infants and adults 
for both form and texture stimuli.

Developmental trends in infant saccades

To investigate developmental trends during in­
fancy, regressions over age and analyses of variance 
with age as a factor were done. For neither stimulus 
set was there a change in infants' main sequence 
slopes with age. Infant eye movements did not be­
come faster with age. There was, however, a 
significant decrease in the frequency of oscillations 
over age (25—151 days) for the texture stimuli. Oscil­
lations were more frequent for the form stimuli, and 
their frequency did not show a significant decrease 
over the range of infant ages included here (14-123 
days).

DISCUSSION

The major conclusion of the present work is that, 
under some conditions, infants make mature sac­
cades. Using data from infants as young as several 
weeks who freely scanned visual patterns, we noted 
the absence of tremor or long episodes of apparently 
"out of control" movements reported in neonates 
(Haith, 1980). Fixations were often stable. Although 
we cannot specify precisely at what target the infants 
were "aiming” their eyes, we found that they could 
execute saccades whose mean amplitude was similar 
to that of adults. Their saccades showed regular main 
sequences. If  we use adult main sequences as a 
standard, a significant proportion of infant saccades 
for some stimuli were mature in their execution.

We found two unusual properties of infant sac­
cades, oscillations and slow saccades, whose inci­
dence was strongly related to the type of stimulus 
infants were viewing. Because the oscillations were 
usually of approximately equal amplitude, they do 
not appear to be overshoots or small corrective 
saccades, in which the "return" is a fraction of the 
original movement's amplitude. They may be similar 
to the macro square wave jerks described in a clinical 
patient with a fixational disorder attributed to a 
cerebellar disfunction (Dell'Osso et at., 1975). How­
ever, our infants showed many episodes of stable 
fixation in all regions of their visual field, and their

oscillations, unlike those of the Dell’Osso et al., 
patient, were not exclusively in the horizontal orien­
tation. The infants' oscillations are too large and too 
fast to be vergence movements, which also do not 
typically show a reversal of direction. Because they 
did not have two distinct phases, but rather were fast 
movements in both directions, oscillations differed 
from classical bi-phasic nystagmus, though they may 
be similar to the spontaneous “nystagmus" which 
some adults can voluntarily trigger and in which the 
individual appears to be producing “back to tick"  
saccades (Stark et al.. 1981). Bienfang (1974) and 
Hoyt and colleagues (Hoyt, 1977; Hoyt et al., 1980) 
have observed a pattern of back and forth eye 
movements in young infants which was classified as 
opsoclonus, sometimes called ocular flutter, an eye 
movement disorder indicative of brain damage if 
observed in an adult (Zee and Robinson, 1979). Hoyt 
et al. (1980) comment on the intermittent nature of 
the opsoclonus they observed and mention that it 
seemed most noticeable just before feeding and sleep­
ing; these observations imply a relationship to behav­
ioral state. The so-called opsoclonus previously re­
ported in infants may be the pattern we have called 
oscillation, which appears to be a normal occasional 
phenomenon in young infants and therefore unlikely 
to be related to brain damage.

Slow saccades have also been reported to appear in 
adults with cerebellar lesions (Zee et al., 1976). 
Although the cerebellum develops markedly over the 
first year (Peiper, 1963), infants are not equivalent to 
adults with cerebellar disorders, since slow saccades 
tend to occur only in response to particular stimuli. 
Although there may be some development, the sac­
cadic system appears to be one of the first finely 
controlled motor systems in humans.

We must deal with the possibility that the slow 
saccades are artifacts such as head movements or 
vergence movements. While head and vergence move­
ments may be represented with some small frequency 
in the movements studied here, they cannot be the 
explanation for the slow saccades. Large head move­
ments cannot be a part of the data base, because the 
head could not move more than one or two degrees 
without the eye leaving the camera's field of view. 
Smaller head movements that were not compensated 
for by the instrument would be likely to.be excluded 
because of the amplitude cut-off of 2 deg that we 
imposed on the data. The slow saccades are probably 
not vergence movements either; although they were 
slow as saccades, they were faster than normal ver- 
gences. The average peak velocity for a ten degree 
"normal" saccade from infants or adults in our 
apparatus was on the order of 2SO-300deg/sec, and 
that for a 10 deg "slow" saccade about 130 deg, sec. 
This is still significantly faster than a 10 deg vergence 
movement, which should have a peak velocity of 
considerably less than lOOdeg/scc (Stark. 1983). 
Also, slow saccades were observed to the form stimuli 
only. Because the correlation coefficients of the linear
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fits for the sequences for forms (which elicited 
slow saccade*) were comparable to those for textures 
(which did not), the main sequences in each case 
appear to have been derived largely from a single 
population of movements. If  the slow saccades were 
actually vergenoes, we would need explanations both 
of why infants make faster vergence movements than 
adults, and why they never make saccades when 
viewing a particular type of stimulus. Our expla­
nation that the movements in question are saccades 
slowed because of reduced arousal is more parsi­
monious, and consistent with the existing data on the 
effects of reduced arousal on saccades.

Rather than being permanent characteristics of the 
infant system, or some artifact of recording, we feel 
that the oscillations and slow saccades are the result 
of lapses in attention or changes in levels of arousal. 
It is well-documented that grosser measures of infant 
attention and arousal like “total looking time" are 
related to dimensions of the stimulus such as the 
number of elements or the amount of contour (e.g. 
Karmel, 1969; Kessen et al.. 1972); some of these 
effects are probably mediated by brain stem mech­
anisms (Bronson. 1974). In adult humans, drugs, 
fatigue, and inattention can lower main sequence 
slopes (Aschoff, 1968; Becker and Fuchs. 1969; Bahill 
and Stark. 1975; Abel et al., 1983) to an extent similar 
to the difference we have observed here between 
stimulus types for infants. There are also data from 
cat and monkey linking main sequence slopes to state 
of arousal (Ron et al., 1972; Crommelinck and 
Roucoux, 1975). Both the higher main sequence 
slopes and the higher proportion of usable data for 
the texture stimuli support the idea that infants were 
more aroused by the highly patterned texture stimuli 
than they were by the simpler geometric forms. 
Oscillations were also less frequent for textures. Low­
ered arousal could result in oscillations if lapses in 
attention can interfere with the temporal coordi­
nation of the burst and pause neurons activated 
during the saccade; the failure of this coordination 
can cause the eyes to oscillate back and forth 
(Detl'Osso and Daroff, 1981). Brief fluctuations in 
level of arousal during the experimental session may 
also explain the greater variability that we sometimes 
observed in our infants' data compared to the adult 
data (Ron et al., 1972; Abel et al., 1983). It is 
interesting to note that both the regular velocity- 
amplitude relationships, as well as the existence of 
slow saccades and oscillations, are all entirely com­
patible with Robinson’s (1981) local feedback model 
of saccadic control. In that model, a reduction in the 
ability of pause neurons to inhibit the signal trig­
gering a saccade can lead to a series of back-and- 
forth saccades, and simply lowering the slope and 
amplitude of the function determining the firing of 
the burst neurons (due to reduced reticular arousal) 
can produce slow saccades. Thus the properties of the 
infant saccades reported here are compatible with a 
mature infant saccadic generator early in life, but one

which shows variability because of fluctuations in 
overall arousal.

Although we could not be certain in this study 
what the target for each saccade actually was. the fact 
that the mean amplitudes and distributions of sac­
cade amplitudes for a given stimulus were similar for 
infants and adults suggests that the two age groups 
had intended targets with similar eccentricities. We 
rarely observed the eye movement pattern described 
by Aslin and Salapatek (1975) and Salapatek et al. 
(1981) in elicited saccade experiments with infants, 
namely, a series of equal amplitude steps with long 
inter-saccadic intervals (500 msec or more). These 
data were interpreted by Aslin and colleagues as 
reflecting immaturities in the saccade-generating sys­
tem. The “step" saccades in their elicited-saccade 
condition may reflect deficiencies in something other 
than the saccadic control system. One likely candi­
date is the system responsible for spatial localization 
of the target, which presents a signal specifying 
desired eye position to the saccade generator (e.g. 
Clark and Stark, 1974; Collins. 1975; Robinson, 
1981; Young, 1981). Infants lack significant experi­
ence in spatial localization, and consequently may be 
less able to localize small targets accurately in the 
absence of landmarks and contours. Alternatively, 
the step saccades could be the result of an inattentive 
or drowsy state. Multiple saccades and corrective 
saccades, which are larger than normal, increase with 
fatigue and reductions in arousal (Bahill and Stark. 
1975; Abel et al., 1983).

In subsequent studies of infant saccadic properties, 
it will be important to choose a wide range of stimuli 
to explore these observations more fully. Elicited 
saccade experiments (which emulate the most typical 
design for studying adult saccade properties) can 
sometimes record a different type of saccadic behav­
ior from young infants than “free-scanning” para­
digms do. There also appear to be striking differences 
in "free-scanning" studies, depending on the particu­
lar stimuli used. Experiments which systematically 
manipulate physical parameters of stimuli which are 
equated for infant attention and those which study 
changes in main sequence properties as infant atten­
tion lags, such as in a habituation' paradigm, would 
be helpful in understanding the unusual properties of 
the infant saccadic system.
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