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~~An observer in nrtion often experiences noti on-produced blur patterns
when the relati ve angular velocities of the visual envi ronnr~nt bea)ne
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rrr)tion producing them and thus are ~otentially important sources of visual
orientation in formation . Un less an observer is looking straight to the
side of his rroving craft or perpendi cularly to the path of a noving surface,
typically the individual blur lines mak ing up the pattern diverge or axiverge~. - -
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on his retina. Thus i f the p Lane of notion changes , the di v~ ~r jence chunqes
also and the divergence change beccuos an iport az it cue for or i en tat ion
hearing in formation on notion ;siranuters such as altitude change.

This exper iment ri~ asured hu~ in thresholds for di~~ rqence change in the
form of sinusoidal expansion and con traction of ~i~wri~iard—noving 16—line
ek~rent patterns on the face of an osc i l l~~;cope . The objective was to
determine whether b lu r  pattern Ill V I I  ~ence change sensiti vity wa~ acute
enough to be of any practi cal vdl I~~’ in visual orientation using display
info rmation.

In order to nore ful ly characteri ze this rx)tent i~ Il vi sual capability
thresholds were maasured at five di fferent frc~~uencics of divergence chanae
( 1/4 , 1/2 , 1, 2 and 4 hz . )  and at two diffe rent vertical pattern velocities
(8 and 16°/sec) . This also al1o.~ . 1 separ ite assessnonts of the contributions
of variables related to tF~ fo rm of the notion oath and of those related
to pattern notion j~~ se. Also, a foveal and a peri phera l retinal locus
were studied and divergence ch.nc (Jes were superin~x)sed either upon parallel
pattern notion or upon a putt  eli  1 Icot~ ion that di verged ten degrees at the
display extrenEs, thus providing a cilf ek of the generalizability to other
parts of the retina and of the visua l f ield.

Chservers proved to be very ~c n ~; it ive to di’!? ~rqenc’e dianqe and could e~r~il y
use it for visual orientat ion iir ip rov iri t in  a large nurrber of situations.
Sensitivity was ( ; r ( ’ 1 t 1 ’r for high er— f requency oscillations awl for slo~,er—
noving patterns. A comparison of high-velocity and high—frequen cy pat terns
with lc~ .’-vc’locity and 1c~ri- frequency patterns whi ch would have the sane
elc~1En t paths but s1u~ier l Otion indicated that ei ther  notion sensi t ivi ty

se or fo rm in formation such as path curvature could u’ idei ly the
obtained thresholds .

Foveal vicwinq 1r 1 vided the bes t ;( ‘nsitlvity ; hcMever , the 30—degree
perip~-iera l c ondition was not far hel:ind. Divergence change was only
slightly nore detectable when it was superij~ osed on parallel rather than
diver ;inq trajectories , ind i cating that divergence change in parts of the
blur pattern that already have divergence , . ;  still  useable.
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When an ob serve r i 1 I ~ a p a r t  of h i s  e n v i r o n m e n t  are in
r e l a t i v e  n i o t i or i  w i t h  I r l u l i r  v (1(,(:itie ; tha t exceed a few
degrees per second , t h I r l ’  i ~; u p r l r e c ia b le  m o t i o n— p r o d u c e d
b l u r r i ng  of L l ie  I e xt u r i r ; t h i t  he sees. Textural elements
such us p0 1 n t s  u p~ he lr  t u be e l o nga t e d  in the d i rec t ion  of
mo t ion .  The r e s u l t a n t  b l i r  p a t t e r n s, p a t t e r n s  ot  semi—
p a ra l l e l  s t r e a k s , a r e  lI r l  i p i o l y  r e lat e d  to c e r t a i n  aspects of
the m o t i o n s  t hat  e ro du c e l them and  o f t e n  the  observer  is able to
percep tua l l y aSsOss h i s  ~~~n h i s t o r y  of mot ion us ing  the
i n f o r m a t i o n  th a t  is p r ese n t  in t h e m .  The f i rst  p r e requ i s i t e
of course i s  t h a t  he is able  to detec t  the p e r t i n e n t
in f o r m a t i o n . l i v  p r e r ; ( n t  s tudy  is addressed to th i s  issue
and asks  w h e t her , w h e n  th e r e  is  a sm a ll  change  in the
d ive rgence  m i l e  between the b l u r  l i n e s , the human observer
is able  to det e c t  i t .

S uch d i  v er c i en c e  c h u r i c ~er ; oc ’ur  p r i m a r i l y  when the
observer and the t ar g et  (Th m n j I ’  s p ar a t i o n ;  they can occur
under  v a r i o u s  Cr ) nd  i t  ions of  ey c  rI v veITlen t  or when a craf t
ro l l s  or p i t c hs  (b ar r  i n c t t o m i  m d  l1c rr inq ton , 1977)

The ma j o r  qu e s t i o n s  th at  were  addressed  in th i s  s tudy
were : 1) To wh it  d egr e e  a r e  h uman observers  s ens i t i ve  to
changes in d i v e r g e n ce  of s i m u la t e d  b l u r  p at t e r n s ?  2)  Is
d ivergence  ch u n ro i n f o r m a t i o n  u u e f u l  in the pe r iphe ry  of
the r e t i n a  us  w e l l  as the  fovea?  3) Wha t  are  the e f f e c t s  on
b l u r  p a t t e r n  ii v e rg r - n c e  s e n s i t i v i t y  ( I f  the fr e qu e n c y  of
d ive rgence  Ch: 1 r~ T C1 ( m l  ( I f  t h -  a ng u l a r  ve loc i t  i c - ;  of the
elements producing the UI ur p i t  f e r n s .  in  p rac t i c e  d i v e r g e n c e
of a b l u r  p a t t c r r l  can ( ‘han oI  very  s lowly  as w h en  a p i lot
f l i e s  lowe r an d  lower when l a n d in g  or i t  c i m i  change q u i t e
r a p i d l y  as when i pi lo t  f l i e s  ove r a s har p  r i s e  in the
gr o u n d .

The s i m ul a t  ion W . I S  c d r r i ( 1 1  out . u s i n g  h y b r i d  compute r—
gene rat ed  patterns (Ii r i o  I ayed on an osu 1 1. loneepe  . These
p a t t e r n s  consisted of 16 illumin ated elements that moved
down the screen with an angular velocity of 8°/second or 16°/
second. The e I l m e n t s  of  the  p at  tern would alternately
diverge and then converge as downward  movement  con t inued  as
though each w s  moun ted  on t h e  be l lows  of a s i n u s o i d a l l y
squeezed , i c c o r d i m r i  t h a t  moved a l s o  in the downward d i r e c t i o n .
The p u r p se of  t h i s  choice  of  s t i m u l u s  for  m e a s u r i n g
divergence change  t h re s h o l d s  was  to a l low rcore easy general-
i z a t i o n  f r o m  these  pa r ame te r s  to the more comp lex s i t u a t i o n s
encoun te red  in p r a ct  i c i l  d~’ s i o n .  Sinu soi dal expans ions
and c o n t ra c t i o n s  of  t h ’  pa t t r r n  w r e  chosen because w i t h
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fourier ana lysis i t is possible to break down any complex
divergence cimanqe into component sinusoidal changes. Then ,
know ing the freq uency response of the human operator , we
can assess his ability to process divergence change under
the particular conditions in question .

In the experiment reported here five different
f r e q u e n cie s  of s i nuso ida l  divergence change were employed
and also two d i f f e r e n t  a n g u l a r  veloci t ies  of pa t t e rn
movemen t were used.

DESCR I PTION OF TIl E E X P E R I M E N T

Sub j cc t s

There were  ten sub jec t s  for  this exper iment ;  a l l  we re
students at the University of Nevada , Reno , and they were
paid  for  t h e i r  p a r t i c ipa t ion . Subjec t s  were run individual—
ly for a total of approximately five hours. All had normal
visual  a c u i t y .

Procedure

D u r i n g  a session subjects  were seated in a darkened
viewing booth 29 inches f r o m  a 5-inch diar inter  c i r cu l a r
scope and fam iliarized with the two fixation points
( centra l and per ipheral — 30° left) that they would use
d u r i n g  the e x p e r i m e n t a l  t r i a l s .  Subjec ts ’ eyes were
moni tored to ensure their maintaining the appropriate
fixation.

There were two sub-experiments conducted using the
same subjects . The first considered thresholds for
detecting divergence change (thresholds being the points
at wh ich the subjects changed their judgments about the
pattern ) w ith angular velocity ( 8 and l6° / sec) and frequency
of h o r i z o n t a l  o s c i l l a t i o n  ( 1/ 4 , 1/2 , 1, 2 , or 4 her tz)
v a r y i n g .  One f i x a t i o n  po in t  ( c e n t r a l)  and one d ivergence
value (0° at the beginning of a trial) were used. The
second sub—experiment determined threshold for divergence
change with speed held constant (at 16°/sec) ; two fixation
poin ts were used ( c e n t r a l  and 30 ° peripheral) , and there were
two divergence values at the beginning of a trial (0° and
1 00 ) .  F i gu r e  1 sh ows two d i f f erent d i sp lays, one where
divergence change is superimposed on parallel trajectories
(00 divergence anqle) and one where divergence change is
superimposed on a 10° divergence of the element trajectories .
Five frequencies of oscillation were again used.

- .--- .- -- -

-4
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At the start of a trial subjects were shown a pattern
of moving elements on the screen and instructed to “Say
no , if the elements appear to be moving along a path w i t h
a constant angle; say yes , if the elements appear to be
moving along a path with a constantly changing angle. During
each trial , a pattern of elements moving along a constant
path may gradually begin to move along a changing path.
As soon as you notice ~~~ amount of change , respond with“yes ” ...(a sample was given)...A pattern of elements
moving along a changing path may begin to move along a
constant path . As soon as you notice the path becoming
more constant , say “no” ...(a sample was given)... Sometimes
the pattern of elements will remain the same during the
entire trial. Therefore, you must be somewhat certain that
you notice a change before you respond.”

Threshold was measured as the mean stopping point
(averaged over the ascending and descending trials), and
analysis was bascd on these means (summing over the twenty
trials per condition)

Equipment and Stimulus Generation

The stimuli were electronically generated and presented
on an oscilloscope . Figure 2 shows the arrangement. In
common synchronization with a digital clock a vertical
sawtooth provided the downward motion of the trace, a
16-step generator provided the horizontal levels necessary
for each of the 16 vertical sweeps to be positioned and a
32-step square pulse generator stepped through a memory
that was loaded to provide one “on” location per vertical
line , thus giving one element on each vertical line when
the trace modulation was turned on. Divergence of the
vertical lines employed in other experiments was induced
by mixing some of the vertical signal with the horizontal
signal so that as the trace moved downward its horizontal
component increased to spread out the lines at the bottom.
Curvature of the patterns , employed in a previous experi-
ment , was produced by introducing a controlled amount
of signal from a memory that had been programmed to give the
appropriated magnitudes of offset, into the horizontal
deflection. Curvature change was previously brought about
by sinusoidally attenuating the horizontal signal to the
oscilloscope . In this experiment divergence change was
caused by sinusoidally attenuating the horizontal gain of
the oscilloscope .

In this experiment the rate of pattern advance was
variable , assuming one of two values under control of the
experimenter. Subjectively the impression was of up-and—
down motion imposed upon the flow of the elements as though
one were looking at individual elongated bars on the ground
below a helicopter changing altitude sinusoidally while
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in forward flight (see Figure 2) .

R ESULTS

Two analyses of variance were performed. The results
of the first appear in Table 1 where the effects of
subjects, angular velocity of the pattern and frequency of
lateral pattern oscillation are assessed. All of the main
effects are highly significant but the interactions are not
except for velocity and frequency.

The second analysis measured the effects on threshold
of four variables : subjects , whether the pattern had a
constan t divergence even when no oscillation was present ,
central versus peripheral viewing and frequency with which
the pattern oscillated horizontally. The results of this
analysis appear in Table 2. Aqain , all of the main effects
are significant but only the fixation by frequency inter-
action appears to be.

In Figure 3 the effects of horizontal oscillation
frequency on threshold for the detection of divergent-
covergent (or expansion-contraction frequency ) oscillations
are shown for the two separate pattern velocities. Chang-
ing the frequency of oscillation has a pronounced and
regular effect on threshold with the higher freq iencies
being detected at much lower amplitudes .

Also in Figure 3 it can be seen that decreasing the
pattern velocity allows detection at a more sensitive level
with this advantage being regulai ly stronger as the
frequency of horizontal oscillation is lowered.

In Figure 4 the effects of peripheral vs central
viewing and of whether the divergence oscillation was
superimposed on a constant divergence (10° divergence angle)
as opposed to being superimposed on otherwise parallel
trajectories (0° divergence angle) are shown again at the
five different frequencies of oscillation.

Central viewing shows an appreciable advantage over
periphera l viewing which seems to decline as the horizontal
oscillation frequency increases . Also there is a small
but regular tendency for thresholds to be lower when the
oscillation is superimposed on parallel trajectories rather
than appearing on trajectories that are already diverged .

Table 3 shows reformulated results from an earlier
experiment on the detection of curvature change. These are
included here for comparison with the preseot results. This
will be undertaken in the discussion section .
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Table 1

ANA LYSIS OF VARIANCE SU MMA R Y

SOU RCE DF SS M S P

Sub jec t s  9 2 ,176.67 241.85 < .01

Angular Velocity 1 228.31 228.31 < .01

Error (1) 9 115.25 12.81

Frequency 4 12 ,051.3 3,012.83 < .01

Vel.x Freq . 4 323.64 80.91 < .05

Error (2) 72 2,463.47 34.21
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Table 2

ANALYSIS OF VARIANCE SUMMARY

SOURCE DF SS MS P

Subjects 9 8,072.77 896.97 < .01

Ini tial Divergence 1 257.87 257.87 N . S .

Error (1) 9 481.25 53.47

Fixa t ions 1 8 ,689.57 8,689.57 < .01

D i v .  x Fix. 1 12.65 12.65 N.S.

Er ror ( 2 )  18 2 ,141.61 118.98

Frequency 4 5 3,576.7 13 ,3 9 4 . 2

Div. x Freq. 4 137.96 34.49 N.S.

Fix. x Freq . 4 2,164.39 541.10

D i v .  x F i x .  x Freq . 4 2 2 . 1 0  5 . 5  N . S .

E r r o r  144 7 ,786.05 54.07
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Table  3

CURVATURE CIIAIi i-; ( mm)

C e n t r a l  V i e win ’ ;

hz 8°/sec 16°/sec

1/4 7.6 9.7

1/2 5 . 7  7. 6

1 6 5.3

2 2.8 3.3

4 2 . 3  2 . 8

Perip heral V i e w i n g

(30° beLt )

hz 8°/soc l(°/sec

1/4 1 0 . 2  13.5

1/2 7 . 4  10. 4

1 , . 3  7 .1

2 4.8 (- .1

4 3 .i 4.6
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DISCUSS ION

The maj or finding of this experiment was that the blur
pattern parameter of divergence change is well within the
range of human useability . In the following the effects of
the separate variables under study on this useability will
be discusse d and , although the experiments were not geared
toward di scover ing the u n d e r l y i n g  mecha nisms of divergence
change detection per se some information pertinent to the
question of mechanisms was forthcoming and will be noted as
wel l .

Frecluency of Oscillation

Figu re 3 shows the relation between the expansion-
contract i on f r e q u e n c y  and th reshold  for  the detect ion of
horizontal oscillation (divergence chaaqe th resho ld ) .
There is a ‘iery strong relationship w ith thresholds appear-
ing to decrease a s ymp t o t i c a l l y  to ap p r o x i m a t e l y  one
m i l l i m e t e r  f o v e a l l y .  This value is one of the mos t
impre s s ive  tha t  was  en c o u n t e r e d  in the  i n ve s t i g a t i o n s  on
b l u r  p a t t e r n s  so f ar .  T rans l a t ed  f rom the  e x p e r i m e n t a l
context cx actuality this distance would correspond to a
movement 100 f e e t  below a pilot of on the order of 1.5
inches which in turn would signal a change in altitude of
abou t two fe et . It is poss ib le  tha t  th i s  f igure could be
s ig n i f ic an t l y  irr i ~,roi .,ed if the grain of the blur pattern
were  made a r e d  ably finer as in f a c t  happens  w i t h
na tu r a l l y-occurring blur catterns . Previous work of
Ilarrinqton (1967) showed that as static lines with disparate
slopes (s u c h  as ar e  found  in cliv’- rgont or convergent  b lu r
p a t t e r n s)  a re  packed more c lose ly  toge ther , it becomes
easier and easier for observers to detect  the divergence.
The bl ur omttern :; used in this experiment were somewhat
coarse the el ement s be ing packe d wi th an approximate
densit ~ of o n l y  or 1e element per square inch . This is a
much coar s r pa tte rn than one woul d he l i k e l y  to encounter
in n a t u r e  e xce p t  ir er  very u n u s u a l  c i r c u m s t a n c e s .

There ir e  sev e r a l  pos s ib l e  exp l a n a t i o n s  for  why the
th resho ld  r ises so d m i: r m t i c a l l y  a t  the s lower  h o r i z o n t a l
o s c i l lu  t i on  f ree m enj ’ ie r 3  be ow 2 h e r t z .  One o f these is
tha t  t he  h o r i zo n  ~~~ i i cor ’ ,onen t i f  Ye 1cc i t  y becomes too slow
to be det e ct e d  by a hum an  ‘ i i s u m l  sys tem . It seems unlikely
perhaps that the v i s u a l  s y s t e m  w o u l d  p a r t i t i o n  the mot ions
of the particles into horizontal dnd vertical components in
the sane w m ’~ an ~,sci I loscopo Pes and p r e s e n t l y  there is no
completely ( Il f i n i t e  answer  is  t :n  whether or not this could
happen , but . there are experiments wh ich hint strongly at
th i s  a l t- er n a  t iv- ’. Psychophysi ‘~m l ly llershberger , Stewart
and Lau~ h l i n  ( 19 7 6 )  e x p e r i m e n ta l l y  p it t ed  cues t h a t  would
lead to p er c e p t i o n  of  one d i r e c t i on of projected rotary
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m o t i o n  ~gm in st cues that should cause perception of motion
in the orthosonal direction . Their analysis indicated that
both horizontal-related cues and vertical—related cues had
signif icant e f fec ts  but that the re was no inte raction ,
imp lying that in this case there was functional independence
between some horizontally tuned system and a vertically
t uned  one.  P h y s i o l og i c a l l y  also there are an inf inity of
poss ib le  mechanisms based on c u r r e n t  knowledge t h a t  could
lead to a h o r i z o n t a l — v e r t i c a l  d ichotomy in p roces s ing .

When the data of this experiment is compared with
psychophysical data from velocity threshold experiments there
is a close  match under the speculation that horizontal move-
men t i s  the per tin ent  st imu lus  var i ab le  in divergence
change  d et e c t i o n .  When the s i nuso ida l  o s c i l l a t i o n  used here
to produce  divergence change ~‘as a freq uency of one hertz
t hen  the cor respond ing  excurs ion  on the d i s p l a y  in the
h o r i z o n ta l  d i r e c t i o n  corresponds to a v i s u a l  ang le  of about
5 m i n u t e s  of  arc  wh ich  i m p l i e s  tha t  t h e  h o r i z onta l veloci ty
component is about 5 minutes of arc per second. At one—
<l11~a r t e r  t h e  f r equency , or 1/4 hertz , the velocity is only
about  OYiO m i n u t e  per second.  A ub e r t  ( 1 8 8 6 )  measured
v e l oc i t y  thresholds for moving 1 irm es and found  t h a t  w i t h  a
stationary point ‘-isib le rm e~irby the thresholds were on the
o r d e r  of  one or two degrees  IJer second and t h a t  w i t h o u t  a
s t a t i o n a r y  reference point the’1 ~erar tw i ce that high . Thus
i t  appears  e v i d e n t  t hat  the ho:i zon t  al v e l o c i t y  component
c o u l d  w e l l  be the key v a r i a b le  i ma d i  ver qence  change
d e ta - ct i o n  and , as F igu r e  3 shows , t h a t  a l ack  of adequate
v e l o c i t y  s e n s i t i v i t y  c ou l d  lo a d  t o  the s h a r p  r ise  in thres-
h o l d  e v i d e n t  it  l ower  o.sci 1 l i t  ion f re q u e n c i e s . I f  t h i s  is

r ue however  t h e  ex p l an a t i o n  f~ i I s  t o encompass the
5 i qn i f i  c an t  an d  re -j u l  a r d j ferenee h o t  W een  d ivergence
( ‘h an le di t i - c t  i on i ma t he  f i s t  or  1 6 degrees/ second r at t e r n s
and tho~~e w i t h  h a l f  t h a t  v i ’r t  1( 11 v e l o c i t y .

In the curvature chanqe experiment reported elsewhere
( i l i r r i : m ’ ; t  on a n d  I l a r r i  n qt o n , 1978)  i t was f ound t ha t t h r e r ;—
h o l d s  c o n ce i v a b l y  c o u l d  have been l i m i t e d  b y the amo un t of
curvature in t he  patterns i f  one e n t e r t a i n e d  t h e  parallel
a s su mp t i o n  th dt  to detect curvature change , observers were
o imp1’~ at  tending to the a l t e r n a t e  ( ‘ m r I ( ’ r ( m ( - n ( ’ e s  of  concave—
r i l i t  ir id then c o n c a v e — l e f t  c u r v a t u r e  and  tha t t he  amoun t  of
c u r v a tu r e  present  when b c l ow — t h r e sh o l  ml c u r v a t u re  changes
were  Presen t  was s i m p l y  inadequa te  f o r  det ec t i o n . Compar-
ison w i t h  the da ta  of Pe t tee  ( 1 9 7 8)  and with V il l e (19Sf,)
for detection thresholds for curvature of static lines as a
f u n c t i o n  of line length showed that such could be the case.
Simil arl y here calculations show tha t the max imum curvatures
on the screen at threshold values of divergence change are
in the appropriate threshold range.
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As was the case in the curvature change experiment , it
i s  poss ib le  to isolate  the va r i ab le  of absolute  c u r v a t u r e
presen t  on the screen even though maximum curvature in the
pat ter n s does depend upon the frequency of the horizontal
componen t  of o s c i l l a t i o n  because a s inuso ida l  t r ack  of
h igher freq uency necessarily has sharper curves at the
peaks  and a l t hough  the curvature s of the trajectories
d e p en d s  on the velocity of the pattern . A faster vertical
component  s t r e tches  the s inuso ida l  t r a j e c t ory out and there-
by lessens the sharpness of its curvature . This separation
of t r aj e c t o r y  c u r v a t u r e  from f requency  and veloci ty  is done
by compa ring patterns of similar frequency and velocity
wi th the responses to patterns of half the horizontal
f r equ e n c y  and half the vertical velocity . The result is
t h a t the trajectories traced by the elements is exactly the
same and thus has the same inherent curvatures; the elements
me re ly  move on that  pa t t e rn  twice as f a s t .  F igure  5 show s
such a comparison in which the data seen plotted in Figure 3
h a v e  been replotted shifting the l6degree per second curve
one u n i t  to the l e f t  to b r ing  respective pa tte rns of the two
clas ses into vertical alignment such that each vertically
a l ign e d  p a i r  w i l l  have i d e n t i c a l  t ra jec tories. When this
compar i son  was made for the curvature change data it was
f o u n d  t h a t  t h e r e  were no d i f f e r e n c e s  in c u r v a t u r e  thres-
h o l ds  for the two patterns if the shapes of the trajectories
in the patterns were the same; there fore, t r a j ec to ry
curvature was potentially impl ica ted. Here however i t  is
c l ear  tha t even though two given p at t e r n s  may have identical
paths of travel for their elements the pattern exhibiting
t h e  higher frequency and higher vertical velocity will be
detected  store e a s i l y .

F i g u r e  6 howeve r suggests  t h a t  the shape of the p a t t e r n
may interact with the vigour of its internal dynamics . The
c’) mnpa  r i sons of l ik e — s h a p e d  h u t  d i f f e r e n t— s p e e d e d  p a t t e r n s
of Figure 5 are replotted to show that the relation between
trajecto ry si-ape and the difference between threshold
responses for different-speed patterns exhibits roughly
asymptotic behavior as the sinusoidal element paths on the
scr een  become shor ter and concu rrently the curvat ures of the
patterns become sharper. The possible importance of the
viqour of relative motion , n’- aning primarily the frequency
of the horizontal component , can also be inferred f rom
F igu r e  7 comparing the results of the curvature
change experimen t with those from this divergence change
s tudy. Compare in terms of their differing pattern para-
met ers , the displays from the two experimen ts. For a qiven
vertical pattern velocity and a given horizontal oscillation
f re qu e n c y  the curvature change patterns will have more
overall curvature since all of the track s have a specific
and equa l amp l i t u d e  of oscillation. The divergence change
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pa ths howe ye r no ‘ie r n- ’ ’ji - r~~ cu r  / 1  t U i ’ ’ . t P c omm t r a 1 r ro t  ion
path  s ince  t h e  d i s p l a y  d i ’ i~~de:; h a :  c u r v a t u r e s  i n  o r e  d i r e c -
t ion  t h a t  l i e  on t h e  l e f t  of t f ’  d i s p l a y  f r o m ’  h e i r  r i  n o r
image  c h i r a g e s  on t h e  i i  y ht  . g a x . , : -  a: c ur ’j u L ~~r e  e ;u ~il  t o  the
corres~iomm d 1 fl’J Ifle-~su r e  o r c u r  v a t j r a  in t h e  c u r ’j i tu r e  c h a rg e
experiment is found to he o r e  cm: . f r Omli  e ach  e X t  r eri e
h o r i z o n ta l  ma r g i n  o f  f l i ’ i i S S i j  W a  t } a  i r ~ ‘ ‘r ::me r limt aJ ,omrn t
o f  curvature be ing f r , mn ~ i , e t ’ ,ie -n tl~~- ’’- n t  or  a m m o  t h e  a - x t re r : i e s.

Howeve r the d i  v e r J ’ ’ r c -  - :h ’ir ’ro r , i t f ’ - r n s  r id ’ : I l L S  r e i i t i ’ i o
lack of c ’j eral  1 cur’iat uro for (:ons1der-mi ~ l y J on: rd - a t ly e
i n t e r na l  m o t i o n .  /~‘1 : i l e  ( ‘ i ( ’ : r e r t s in  cu r ’j ~~t i r ’~ c hin e ’ , d i : ; —
plays ~ lway~ mo ve h o r i z o r t a ]  I ‘

~~ 
to ’ :et fer m ; c u l a r

d ist an c e , ele m ’-r ~~ s in t i e  d i v e r - i - r e c: m r , : -  d i s m ~ l ~y s  on
epposi to s i do s  0 the  s o r ’- - : r o y  a, . ’ a y f r o m  each ot h e r
p r o d u c i ng  t w i c e  t~~~e ,i~~~~ a y j t  ‘ f  r a t l , i f m ’j o m o v e m e n t .

F i g u r e  7 cr r r r , a rer ; h r ’ ’ ’; k i o i d  r ’ S r o r So:; f o r  h o r i zo n t a l
oscillati on f o r  t h e  d i  ‘Ja~~r - r e r , ea c h i n :’ - m O  t he  c u r v a t u r e
change  ‘ - x p r : r m r r ( - r a t o .  7 - - ; m ]  Is  m~~o c i~ ~ e c omp ar ab l e  at  h igh e r
f r a ~’g uonc ie s  0 1 h o n  zo~~ t - m l  o s : i  I 1 - a t  i o n  b i t t  wh e n  t h i s  s i d e —
L w — s i  do ad r i  ft i ’-cor es S ow’ r , l a - :  to  m a ’  i c o m a : :  ide r ~m k ly
m or e  ser asi~ j ’fl t y t o  d i ’ ,” r ’ J ( - J r ’e ( ‘h’ i !a f ’  - j r - n  t h o u ’  no
ov e r a l l  o t t  - r n  w i n / a t  -~~ie m -

~ e - : ’:  a l l  t h e  i ’ - : l a e m a c y  of
o sc i l la t i o n  i~~ t h e  S , a m e . It  -~,- - i ] d  :~ ‘- i ’  t h a t  ( ; r o i f e r
r e l at i ve  Pi ~~~t i on: i n  t h e  n m ’ t~~~y u~~/ b r osr ,orasible I o~ tte
q r( ’ . it e r : ; - s m  ~ ‘ii t ‘/ . N - r l : an : :  t r i o r o s t  1 e r a ; i h ] r  : :oecu  - a t  i on
a b o u t  t h a t : ;  i m m t j - r , c : t  or .  ‘~i~~ a l d  h a -  t h a t  - i t  h i e l~~’r  f r ’ r ’ x r :c :  a - s
t h e  dyn a m ics  o f  t he  e’1”- r 0 - i ’: ~ r ( ’r a t  :;‘/ 5~ - I :: a m I
S’/ stor:iS , I - a / i n ’ :  woo r ‘ , -~- — r r e ’ m i i ( n ’” ,’ J e : ;p ~~n :;os , p i : ; :;  t he h i ’ ;h r r
f re qu en c ie s  ad o : - i ’ ’ - l ’ ~ L I  ar e  l i k e l y  to d n i f ~ a l o n g  w i ’
t he I o w l  r oe  ‘ion ’’  . r fl t i e  ad ‘‘e r ’ ; a  r e’o c ia  - m r  I ’ ’  s 1 t n u t  I on
t her e  is re  I a t  . S S / ‘S  - S 0 f WI  i:e t i m e  ‘i ‘ci cci y h a :  c - a  Jo e
t h e  - P - s s - n t s  a r ’  ‘ o i m  ~~h a p - r L  f r o s  ~ :a~~h ‘ ‘ h ’- r  a r i d  t h i s
i : iOvo r : a e r a t  c a n ’ ) t  hr  i gn o r e d  by  a ‘~~i su i l S / S t  ( 5  t I 1 t  h i : ;
t r o uble k e ep  in ’’  r m c k  o f  t h e  o s it  i o n s  o l  s J ’ ~~,’ii—ro’itng
t h i  ra gs bec~~u s -  t h e r a  - i 5 r a - l ~~ t i v ’ -  ‘so’j s o r t or I P - J o ’ I r m a i n
both  I i  r ( ’c t  j a ,r -5 , so t o -  ~t ra~ h er  h an  k i w i  :~~ 

t rd /k o f
al, so l i t  a or ;  i t I Of l  , Y ’  ,/ . 1 -  t - SI; , e’ -‘ a- - s  on e  o I k a a - ’ ] ~ -

t r a ck  o f  ~e l a t i  i’~ 0 0 0 i t  i S T i . Y m i a e h l i  ( l ’ ) ’, 7 )  h - i s  s n e c a i . ~ ted
on t h e  hj : ; j s  of  l a m ’ ;  w o r k  h - t t h e r e  i r e  I - , kind :; of - .~~~t i on
p er c ep t  i o n .  J~ a f t  rn ; m s ‘ , m b s o l a t  ‘ “ wh - r e i r  t l o r e  is fm ’
ex ternal r e f  ‘ ‘ r e r c o  a r i d  t a r ’  ‘ :‘ ‘o ’or l 1:; “ n i - l , m f m  ‘i’’ ” i n  w h i c h
SoniC o x t r i r r i a  I r i ’  f o r  a ce is  or r - r ~~

_’:  t ira t we p a t  t ‘ - i n s .  l i e  fe
t he  c u r v at u r e  c i m ’ i r g o  p - i t t o r r m : ;  I : m ’j o  a ’ r ; b m j t  es of  ho
fo rme r and t h e  O l i n :’’ m c ’ ’  c h a n q t :  r a t  - m r a n ;  ha ’i’’ a t ~ r a b a te S
of th e l i t t e r .  ‘~‘ l , i t - . t o  t h a  :; d i r d i o t  oar :’,’ and h i - i r a  r ;  on
t h e  o x p e r a m ’ a : r i t a l  i - i s ’ m ~ t :; is  I Is ’ I i r a d i  n~ of o t  s’l arm k o r ( 1 9 6 2 )
t ha t  acco l ’r i t i o n  ( ; ‘ t r ’ e t  ioTa  is b et  t a r  i f  t h e re  i s  a ne arby
s tat . i on ar ’/  l , a r a d m r a . r k  i n  t he n i t  t e r r a . In  t h ’:;e ox p er  m m ’ menm t
of course t h ’ I i n d i r a r k  w o i l  i f  b a rie m r b y  p a t  t e r  11 o l  e r r i c - r i t
t h a t , in add  i I j ( 1 I  t 0 l a ’ :  m a ’ ’  mm I - i t  ‘ n a  7 , n ’  va ’d  t )wa rd some
other C le , ’a e nt _ ,  Liii: ; i - a k fag t h  r ib - a i -r a r e  a i r - i  more ( - r ! i T J h a t i O u l —
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l y p a i n t  to r e l a t i v e  movemen t between the two . k lho the r
t h e m e  l a t te r  c on t r i b u t i o n s  to the idea of r e l a t i v e  versus
i b s e lu t e  movement  would  show an i n t : er ’i ct i on  w i t h  r r a o ve r ron t
frequency is not  known ; h owever , the d ynamic  c har a c t e r i s t i c s
of  the visua l system in general would suggest it.

Fl X at  i Ofl

The p a t t e r n s  were or oj e c t e d  onto d i f f e r e n t  r e t i n a l
areas i n  order  to d e t e r m i n e  whe the r  the use of the b l u r
~ a t ter n  p a r am e t o r s  under  s tud y wou ld  he f e a s i b l e  in
Li ’ :r iP h e n a l  v i s i on . F i g u r e  ~ shows t h a t  there  is a d e fin i t e
c e n t r a l  v i e w i n g  a d v a n t ag e .  Whereas  i t  was p rev ious ly noted
t h a t  t h r e s h o l d  in c en t r a l  v iew i ng  would asymptote  at on
the  o rde r  of  one m i l l i r r i o t e r  of p e a k — t o — p e a k  e xc u r s i o n  i t
can ho seen in  the f i g u r e  that  in the per i phery the
t h r e s ho l d  p o a k — t o - p o i k  excu r s ion  of an e lement  1 cm f r o m
the  ed ge of  the d i s p lay  wou ld  asymptote rat perhaps f o u r  or
f i v e  t i m e s  t h a t  va lue  and t h a t  at  lower f r e q u e n c i e s  of
o s c i l l at i o n  tho p er i p h e r a l  r e t i na , w h i l e  s t i l l  f a i r ly
son s  i t j  ye , show s an even gr ea t e r  d i  s a d v a n ta go .

T h i s  d i f f e r e nc e  p r o b a b l y  r e s u l t s , in terms of the
pro’!; oais  d isc u s s  ion of m e c h a n i s m s , f rom the lesser pen —
p h e r i l  r a c u i l y  and s e n s i ti v i t y  to c u r vat u r e  and components  of
J , i t -ra l v e l o c it y  in the pattern and was an expected f i n d i n g .

The I m m m l  ic a t  ion  of t h i s  c e n t r a l —r a o r i p h e r a l  d i f f e r e n c e
‘ m m d of  t h e  i b s o lu t o  sensa tiv a t i e s  in  ge n e r a l  ira  tha t f o r
ve ry  Sa”n s i t i v o  p e r c e p t u a l  t a sks  i n vo l v i n g  d ivergence

for  ex~ar n p l o a l t  i t u d c’  c h a r m rj e  detections , fove a 1
vi  ‘‘wing  0110:1  Id l o  er nplo ’~~~I b u t _ t h at  f o r  coarser j udgments
a di  sp i~a ’~ i n  the p e r i p h e r y  of  t h e  v i s u a l  f i e l d  w o u l d  be
a ad ’ ‘i i ma to

Hi  ‘Jo r q on c e  P as

a r i c e  t h e  m a j o r  e n m h ~a si . s of the e xp e r i m e n t  has been
t OW/a nd i r ’’eSt i ‘ m i t  I r a g  p u t  t c - r am: ;  tha t might be seen dire’~tl y
b e l o w  or in c er t a i n  o t h e r  r e s t r i c t- r i  v i e w i ng  areas , arid

‘ a n ; ’  t h e  ad i ye rq en c o ’uas 5 m e  n i m p o sed  on pa ra 1 lel
tra j a - ’ - ’t o r j a ’S  s : m r : h  - a : ; a rc’ found directly below a craft , a
niop ’a  r a t e  c o r d  i t~ion was  i n c l u de d  to pr o v i d e  an i n i t i a l  t e s t
0 t hi ’ : g ( ’r a e  r ;a l I t y of  tda o fo r e g o i nr i  r e s u l t s  . In  th  LS
cond i t  I a r m t tao di v or ’ Jo r a  c’’ c h an g e  osci 1 Ia  t ions w’ r o  s up i- r—
i mpr s(’d on t . r - a j o r :t  or  l e n ;  t hat  had a max i mum at the outer
e x t e n t s  of the  sc reen  of 10 de’~roos d i v e rg en ce . Th i s  case
wo u l d  be e r m c o u n ~ ore ’!  ir~ ;i ” :t a a a l  f l i g h t  i f f o r  example  the
p i l o t  w er e  t o  look t~~ the  f r o n t  of the  c r a f t  or to the  f r o n t
and to t h e  s ; ad ’’ a:; he f l a w  ove r a SI’ I :m 11 h i l l .
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The r e s u l t s  of t h i s  phase of the investigation are
shown in F i g u r e  4 .  The extremely small decrease in
s e n s i t i v i t y  to divergezace chanqe with the 10° divergent
trajec tory may be the most important point emerging from
the f igu re in that a high degree of similarity apparent ly
exists between these separate locations in the visual field
and  thus  the g e n e r a l i z a b i l i t y  of the r e su l t s  l i k e ly
i rac lude s the  m a j o r i t y  of the o the r  por t ions  of the vis ua l
field as well. However a small but regular advantage can be
seen of the parallel modulated pattern over the one whose
bias dive rgence was 10 degrees. It is f e l t  th a t  th i s  is
probab ly  due to the f ac t tha t par all el t r a j e c t o r i e s  are a
very spec ial case and as such have divergence change cues
p e c u l i a r  to themselves such as un i f o r m i t y  of a cce l e r a t i on
up and down the p a t t e rn s .  I f  t h i s  is t rue  t hen the
advantage  seen is probab ly  not  a f u n c t i o n  of the amo un t o f
“car rier divergence ” upon which the changes are super imposed
(wh ich wou ld correspond to d i f f e r e n t  angles  of regard
-a round in the visua l field). 1’xpeniments employ ing other
values of modulated divergence would need to be carried out
to answer this point.

S u b j e c t i v e  Appearance

V i e w i n g  the dive rgence change p a t t e r n s  when the change
was above threshold gave pronounced visual impressions of
a s u r f a c e  t ha t  moved sin u s o i d al l y  close r and f a r t h er away
as i t  moved a long benea th  (or  beside d epending on the
viewer ’s perceptual set) . When the divergence change was
below threshold the appearance was of flying ove r a surf ace
looking down arid m a i n t a i n i n g  a s t r a i g h t  and leve l a t t i t u d e.
when the ten-degree divergence was present the impression
was the same except that the surface involved appeared to
be tilted.

The visual sensations were by—and—large what would be
pre di cted by the “decoding princip les ” of Joha nnson (1972)
Johannson notes t h a t  a n umber of his movement patterns ,
employing only a few elements in each case , obeyed h is
princip le of min imum object change where the preferred
percept ion  is to see an ob jec t  tha t does not chan ge i ts
own dimensions but rather changes its location or orienta-
tion. This in fact was the case in this experiment and a
rigid surface perhaps ana lagous to the qround or to a
subway wall was seen.
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F I GURE 2

Schematic diagram of the synthetic blur pattern generator.
In common synchronization with the clock , vertical lines on
the display are produced by the vert ical sweep generato r ,
displaced successi ve ly from left to right by the 16—line
generator and modulated to produce one element per line by
the 32—step generator , the memory and the in tensity modulator.
Divergence change is produced by mixin q sinusoidally varying
amounts of sweep sicm nal with the horizontal displacement
generato r ’s siqnal .
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