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itivity 1is to a direction midway between the two possible direc-
tions. Seven experiments, using both reaction time and forced-
choice data, demonstrate the predictive advantages of this midway
model over competing single-band and multiple-band models. Addi-
tionally, the experiments reveal several new properties of human
motion perception: (£ Direction and velocity information have
orthogonal representations in the visual system; (¥ although
motion sensitivity does not vary with direction, the precision
with which small changes in direction can be recognized does, re-
flecting differential breadth of tuning for directionally selec-
tive mechanisms sensitivity to various directions; and ¢& motion-
analﬁzing mechanisms are broadly tuned for direction as well as
speed.
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Sekuler page 1}

For some time we have known that the ability to see and
appraciate the characteristics of moving targets Oepends upon an
interesting class of visual mechanisms designed especially for
this jobe Human psychophysics has provided much detail about
them with data converging from a variety of paradigmss including
selective adaptation (Sekuler & Ganzs 1963)s sub=-threshold
summation {Levinson & Sekulers 1975)s aftereffects (Kecks
Patletas & Pantles 1376)s» and masking (Ball & Sekulery 1979), In
general, these studiess and otherss tetl us how much information
is potentially available in motion-sensitive visual elerents. AsS
you might expects this potential will be one of our concerns in
this paper.,

3ut 4e will have to go well beyond the realm of potential
information if we are to bridge the gap between Ilaboratory
studies of motion perceptidon and the use to which we put motion
perception everydays outside the laboratory. Since the Seminar
is oparticularly concerned with this gaps we shall spend some
time considering the issue.

But first let us establish a foundation for what is to
come. Since one of us recently prepared two extensive treatments
of psychophysical approaches to motion operception (Sekuler,
1975; Sekulers, Pantle € Levinsons 1978)s we shall spare you a
repeat of that material. Insteads we shall summarize briefly one
of two highlights of those reviews and go on to emphasize
insights that postdate the earlier reviews.,

Here is the plan we shatt follow in this paper. Firsts we

shailt describe the stimuli and general methods used in the |

experimental work to be considered. Then we  shall outline the
model that informs our work on motion perception, Next will come
a consideration of the model's detailsy particularly as they
bear upon the character of visual mechanisms that enable wus to
see moving targets., The concluding section of the paper wil!
take us further from the laboratorys to the <consequences for
motion perception of an observert's inability to predict
precisely what moving target he is looking for, This sort of
effecty, called stimulus unscertaintys has occupied a good deal of
our time in the past three years and has taught us much about
motion perception and about perception more generally. In the
brief treatment of stimulus uncertainty heres, we will consider
three separate but compliementary tooics! performance (losses
associated with stimulus uncertaintys how those losses can te
compensated for or mitigateds, and the discrepancy between being
able to gsgg a moving target and being able to jdentify its
dicectiogn of motion,
alinuyli angd Qepengdent MeasurLes

The stimuli used in all the work we sbhall discuss were
patterns of isotropicy random dot patterns presented as
luminance increments on @& cathode ray tube (CRT)., The spatialy
temporalt and intensive properties of the dot patterns were
controlled in real time by a small laboratory computer. Their
isotropy means thast the dot patterns had equal enerqy along sl
axes, This property is Iimnportant since we wished to study
responses to Tovement in as pure a form as possibley without the
complications that would be introduced by the oresence of
oriented contourse. The 1sotropy of our patterns was assessed in
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Sekuler page 2

two ways: by nuymerical two-dimensional Fourier gnalysis and by
visual inspection of the pattern's optical transform (Lipson,
1373).

Typicallyy the CRT on which dot patterns were displayed
was illuminated by a constant veiling tight of sitightty less
than 2 c¢d/m2. In some studiess the incremental lurinance of the
dot patterns was an independent variaotlte; in others it was fixed
at one supratnreshotld levels usually a level 57 times detection
threshold, 0Observers sat with heads supported in a chin rest
some 57 cm from the CRT, Viewing was usually binocutar (we shall
indicate when we come to the two exceptions to this rule). In
additionsy the CRT was most often masked with a circular aperture
of 8 degrees diameter. In any one frame of the display (33
msec)s the computer plotted 512 dots on the CRT; typicallys
slightly more than 400 dots were visible within the 8 degree
aperture at any one time,

The dots w#ithin a pattern moved along paralfel tracks. Put
another ways as the dot patterns moveds dots remained in the
same relative spatial phases With respect tao one another,
Opposite sides of the display were functionally connected so
that a dot moving off one side would reappear a moment later on
the opposite side. This connection gave the display the
appearance of an infinites textured surface moving continuously
behind the aperture,

OQur experiments have made wuse of several different
indicator responses and trial structures. This variety of
approaches is necessary to obtain the converging operations that
we must have to be sure any particular description of motion
sensitivty is not simply a singular outcome of one method.

Wwe shall outline ¢three of the major procedures we have

used: reaction time (RT) to motion onsets two-alternative forced
choice (2=AFC) detection of motion and a rating=scale procedure
derived from signat detection theory., This last method altows us
to measure an otserver's bias as well as his sensitivity to
motion.
RI to Motion Jdaosets In this proceoure, the incremental luminance
of the dot patterns was adjusted to make them easily visible.
Thus we wWere not concerned with detectability in the usual
sens2, On each trial dot patterns appeared first as a stationary
pattern, Then, after a8 random foreperiod ranging from 2 to 13,5
seconds, the dot patterns began moving without warning to the
observer.

The observer pressed a2 sWwitch as soon as he detected the
initiation of ¢the movement, It is important to emphasize thet
the obpserver did ngt have to judge the properties of the
movementy e.ge direction or speed. He only had to press a key at
motion onset, As soon as the key was vpressed the pattern
disappeared and the CRT remaineo blank until the next trial. The
dependent measure was the time between motion onset and the
observer's key press (ioseo» the RT),
2=AEC Iestipnge. Fach trial consisted of twos €00 msec intervais,
defined by co-extensivey hiqgh pitched tones. During one interval
the CRT was blank; during the other moving dot pattarns were
presented on the CRT, The intervaly, first or seconds containing
the moving dot patterns varied randomly from one trialt to the
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Sekuler page 3
next. The observert's task was to identify the interval

containing motion. The dependent measure s the percent of
correct identifications. Usualiy» we converted percent correct
to a corresponding ¢' value, The rationale was that although
percent correct is not linearly related to an observer's sensi-
tivityy, ¢ is.

Rating=Scale Methgedes This was a variant ot the yes=-no rating
scale procedure used in signal detection work (McNicols 1972).
Each trial was defined by a high pitched tone. On half the
trials the CRT was Dblank; on remaining trials moving dot
pattarns were presented. After each trials the otserver useg 2
rating scale (the numbers from 1=-6) to describe his judgment
about whether or not motion had been presented and his
confidence in that judgment.

These ratings are <congitionalized wupon their stimulis
cumufated and converted using standard procedures into two non-
parametric statisticss P(A)y 3 measure of sensitivity, and B, a
measure of the observert's criterion. P(A) is the decimal
fraction of the unit square'’s area that lies below the receiver
operating characteristice @ is analogous to "beta" in parametric
*reatments of signal detection. We transform P(A) to ZP(A) to
obtain a measure linear with sensitivity or d'. The availability
of the Jual measures allows us to separate sensitivity changes
from those associated with criterion or motivation.

Elements of a Model

Jur main theoretical concern is with mechanisms that c¢an
pe described as "directionally-selective”, These mechanisms can
be treated as filterssy attenuating some input signals more
strongly than others. The input signals we have in mind are
stimuli moving in one direction or another, As with other
filtersy, a directionaliy=-selective mechanism can be
characterized in terms of its optimum input (heres its center
direction) and the rate at which its response changes 8s inputs
giverge from that optimum inpute This rate of change in response
is usually referred to as sharpness of tuning.

Figure 1 shows a set of directionatliy-selective mechanisms
arrayed alony the direction continuum, For convenience we Hhave
given the mechanisms triangular sensitivty profiles ==though
much of tne moodel's behavior would be unaltered by substituting
other functions that decline symmetrically and monotonically
with distance from the center directions We nhave settied on
functions that are symmetric and monotonically declining because
of selective-adaptation experiments with random dot patterns,
Levinson and Sekuler (1980) used that procedure to produce a
two-dimensional picture of selectivity tor direccion of motion.
After observers adapted to a pattern of aot patterns moving in
one directions the luminance detection threstold for patterns of
test dot patterns moving in the same or similar directions was
elevated, As adapting and test directions diverged, threshold
elevation produced by the adapting pattern decreased.,

The "tuning curves™ for directional seltectivity measured
by this technique were rather broade In facts some etlevation s
present even when test and adapting directions differ by 45
degrees., 3y tnhe time the directions differ by 70 degrees or so,
their interactions have dropped to zero. We wish to emphasize
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that these effects are girectignals not axial in character,
Firsty tnere is no threshold elevation --nor facilitations, for
that matter—-- when test and adapting directions differ by 180
degrees. Seconds the tuning disappears when observers use an
alternative criteriony one related to the detection of pattern
rather than motion per ses Further detaits are provided in
Levinson and Sekuter {1980},

Otrer 3Jata, too, demonstrate that the tuning curves of
directionaltly-selective mechanisms are symmetric and monotonice.
Here we shall consider only one such demonstrations derived from
tne noise masking experiments of Balil and Sekuler (1979)e They
required observers to detect moving dot patterns following
exposure to noise <containing various directional <components.
Heres two main tyoes of noise are of interest. One kind can be
characterized as "broadband™ --the noise contained equal amounts
of all directions of motion (consider the analogy ¢to white
noise). The other kind was noise from which certain bands of
directions had been digitally filtereds Varying the band of

noise filtered from the noises Ball and Sekuler examine* how

various direction bands affected the detection of some test
direction.

Consider the rationale for this approach. Suppose that the
detection of some test direction depended upon the response of a
particular directionally=-selective mechanism, Depending upon its
directional conentsy the masking stimulus could inject noise into
the filter whose response signals the oresence of the test
direction., As would be true for any real systen, with tempors!
impulse response of greater than 2zero durations the effect of
the visual noise would outlast the masking stimulusy lowering
the =eftective signal/noise ration produced oy the subSequentlty
presented dot patterns moving in one direction,

The dependent measure was RT to the onset of unidirec-
tional motion immediately following the masking noise. Since the
masking noise was of wvariable duration {akin to a random
foreperiod in the usual RT experiment) the observer could not
divine ~=without actually seeing the wunidirectionatl test
motion=- when the motion would occur,. In this wayy, RYT to motion
onset could be used as an index of the visitility of the motion,

For any one test directions RT is elevated by those
components of noise that are most nearly in the same direction
as the test. When those similar components are filtered out of
the noisey the noise is unable to elevate RT, As components are
filtered outy, RT declines symmetrically and monotonically with
respect to tne test direction. Agains the tuning is broad; noise
components as different from the test direction as &5 deqrees
significantly elevate RT to the test direction but the effect of
noise components 70 degrees from the test direction is virtually
nil.

Returning to Figure 1s consider another tfeature of the
directionally=-selective mechanisms protrayea there, The
magnitude of response evoked in any mechanism by motion of
constant speed and contrast is repnresented by the hgjiaht of the
tuning function at the point on the direction continuum that
corresponds to the stinulus direction of interest. Note that all
mechanisms are shown with the same sensitivity at thelir center
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directionss The assumption of equal peak sensitivities derives
from several demonstrations that sensitivity to moving targets
is independent of their direction of motion. Let us briefly
consider tne evidence for this assumption,.

Recent work has provided three separate demonstrations
relevant to this QJuestion. Firsts, Ball and Sekuler (1580)
obtained RTs to the movement of dot patterns in verious direc-
tionse. These RTss measured in the absence of masking noise, were
tnvariant with directions, Seconds Levinson and Sekuler (1980)
measured contrast thresholds for moving dot patterns thesey, too,
were independent of direction. Finallyy, Marshak (1980) measured
the duration of motion after-effects (Wwaterfall ITltusion}
produced by exposure to dot patterns moving in various direc-
tions and found tnat after-etfect duration was constant for ali
directions tested. The results of all three studies are
summarized in Figure 2: using three different measures of
response to motion all demonstrate that sensitivity to motion
does not vary with directione Hences all the tuning functions in
Figure 1 should have the same height,

Returning once again to Figure 1y note that the direc-
tionally-setective mechanisms are represented as hsving uniform
breadth of tuning. While this may be nearly correct within
restricted regions of the direction continuums, it most certainly
is not correct if one tries to describe the entire continuum,
There are several converging demonstrations that tuning varies
with center direction. The ones we shall discuss compare tuning
about an oplique direction (45 degrees) to tuning about a direc-
tion along a major axis (90 degrees). Let us consider each of
these demonstrations in turn.,

Using the noise masking paradigm mentioned earliers Ball
and Sekular (1380) found that tuning functions were broader when
the test direction was 45 degrees than when it was 90 degrees.
Within the logic of their approachs this difference implies that
the directionally~selective mechanism responsible for detecting
upward motion (30 degreeas) ts more narrowly tuned than the
comparable mecnanism responsible for detecting motion in an
oblique directions Since theijr original dependent measure was RT
to motion onsety Rali and Sekuler wanted to verify tbhe
conclusion using 3 procedure more directly related to tuning in
a conventional sense., They reasoned that these differences in
tuning should also show up in a differential ability to deteéct
changes tn direction of motion around 90 cdegrees and changes in
girection around 4% degrees.

As a test, they used the method of constant stimuti to
measure direction difference thresholds with two different
standard directions» 90 and 45 degreess Fach trial consisted of
two intervalsy 603 msec longy separated by an interval of one
seconds, The first interval contained motion in the standard
direction; the second interval contained motion in a comparison
girection ==either tne same as the standards 1 degree or 2
degrees clockwise or counterclockwise relative to the stsndard.
The observer judged the direction of movement in the second
interval rejative ¢to that in the first. Difference thresholds
were obtained from the least squares fits to ¢the psychometric
functions, The difference threshold for upward motion wsas 3,45
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degrees and that tor oblique motion was B,42 degreese A similar
result has been obtained by Machamer (unpublished) as part of a
study of direction difference thresholds for dot patterns moving
at several speeds and in varisous directions. Shes toos» found the
ditference threshold for 90 degrees to be atout=half that for &5
degrees.,

These results with difference thresholds are consistent
with differential tuning for mechanisms sensitive to oblique and
upward motione. The following formalizes the necessary argument.
Consider a stimutus of direction appropriate to produce 2
maximal response from one mechanism in Figure 1 (the mechanism?'s
center girection). The response of the mechanism is
characterizable by the product of a)the intensity of the
stimulus and b)the sensitivity of the mechanism to that
stimulus., Obviouslys if the direction of the stimulus changes,
the mechanism's response will decreases Assume that a just
noticeable cnange in direction requires a criterion change in
the mechanism!s responsees A Droadly tuned mechsnism will vield
that criterion change only after a larger stimuflus change than
would be required to produce the same criterion change in a more
sharply tuned mechanism,

Extensions fo fhe Jimele Madel

The model just sketched fails to provide all the detail we
would like about motion perceptiony even in the simplest
situations, For examples target speed is ignored. One
Justification for this particular omission is that speed and
direction may well are probably coded independently by human
visual mechanisms (Ball & Sekulers, 1980), But both psychorhysics
and physiology suggest that the neural coding of target velocity
presents an intriguing problem all by itselt, Obviousliys no
model of motion perception can claim completeness if it ignored
the problem of perceived speed. At various levels of the
mammalian visual systemy the receptive fields of celts that
respond to moderate and high rates of temporal modulation tend
to be more uniformly distributed across the visual fieloc thean
are those of <cells that are Jess responsive to such temporal
modutation (Fukuda and Stoney 1974; Kirky Levick and Cleland,
1976)s Tnis difference between retinotopic distributions led
Tynan and Sekuler (submitted) to seek corresponding dJdifferences
in retinotopic distribution of psychophysical responsess,

They wondered whether the distributions of receptive
fields of cells responsive to different rates of temporel
modulation might affect psychophysical responses to moving
targets at various eccentricities, This led them to examine two
dependent variables at various retinal eccentricities. Based on
the physiological data above, their hypothesis was that, with
sufficiently high target speeds (and correspondingly high rates
of temporal modulation opsychophysical responses would be
invariant with eccentricity.

In their first experiments Tynan and Sakuler measured RY
to motion onset for upward moving oot patterns presented at
various eccentricities., The screen of the CRT was masked by a 10
degree 4ianeter circular aperture, An electronic blanking
circuit eliminated dot patterns trom either the center of the
screen or fromn its peripherys As a resulty tnhe circuit produced
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either a patgh of dot patterns in the middle of the screeny or a
central area devoid of dot patterns surrounded by an appulys of
dot patterns., With either gentcal peatgch or gappnulyss dots
movining into the blianked zone disappeared; dots leaving the
blanked zone reappeared.

Annuli were either 03y 2, 4y ¢ or 8 degrees in inner dia-
meter; central stimulus patches were either 2y 4y 6» B8 or 10
degrees in diameter. RTS Jdere measured to stimulus velocities of
0.25s 1l 4» and 16 deg/sec, The main results of this experiment
are snown in Figure 3. With annutar stimuli {left panel)y, the
lowest velocitys, 3J3.25 deg/secs vyielded RTs that increasec
steadily with annulus size, At higher velocitiess RT wsas
independent of annulus size. With central patches of moving dot
patterns (rignt panel)s, patch size infiuenced RT only between a
2 degree patch and one of & degrees at the lowest speed used,
For altt higher velocitiesy RTs were invariant with patch size,
Notes in additions that in DbDotnhn panelsy RT declines with
increasing stimulus velocity.

Visual functions that depend upon spatial resolution
-=-acuity ando very likelyy RT to very slow movement—== fall off
dramaticaldy over the portion of the field studied in this
experiment (LeGrand, 1367)., We believe that such visual
functions depend wupon physiological mechanisms that respond
preferentialtly ¢to lower temporal frequencies., The rapid decline
in psychophysical spatial resolution is consistent with the
hypothesis that cells responsive to lower temporal frequencies
are more lixely to have receptive fields in the center of
vision. RTs to moderate speeds of motion show no decline over
this same range of eccentricities. Very likelys cells with
appreciable sensitivity ¢to higher rates of temporal modulation
participate in the detection of such motion. The invariance in
RT with eccentricity is <consistent with the hypothesis that
cells with receptive fields in the periphery respond to higher
temporal rates,

In a seconds related experiment, Tynan and Sekuler
measured the perceived speed of targets at various eccen-
tricitiess These measurements were made for targets covering a
range of speeds, Stimuli were random dot patterns moving wupward
within a strip 28 degrees high by 4.7 degreees wide, Observers
matgched the apparent speed of a target at each several eccen-
tricities with the adjustable speed of simitar dot patterns
presented in the center of visions Test targets could ¢te
presented immediately to the left of the fixation point, or at
various distances from itt 7.5y 155 22455 and 30 degrees. The
duration of any movement varied randomly between 1.5 and 2.5
secondsy» making it impossible to judge velocity simply from the
distance traveled by any perticular element in the pattern,
Target velocities of 0.259 1s %y and 16 deg/sec were factorially
combined with the five eccentricities.

Figure 4 shows the mean velocity matches to dot patterns
moving at (J.25s 1 4y @and 16 deg/sec. Note that no data are
given for the 025 Jeg/sec stimutus at eccentricities beyond 7.5
degrees, These data have been omitted because on more than half
the trials with such eccentricitiess the 0.2% deg/sec stimulus
appeared stationarys a phenomenon reported by Lichtenstein some
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vyears ago (1963). Values plotted against the ordinate have been
normalized by dividing each by the actual speed of the test
pattern, Plotted in this ways ordinate values less than unity
indicate the eccentric target appeared to move more slowly than
it would nhave with central) viewings The results experiments can
be summarized simply: eccentrically-viewed dot patterns appear
to move more slowly than do centrally=-viewed ones. This slowing
effect increases with eccentricity s8nd decreases with target
speed.

In both these experimentssy psychophysical responses to
slowly moving targets change rapidly as a function of eccen-
tricity of opresentation. Alsos in both cases» psychophysical
responses to rapidly moving targets are nesarly invariant with
eccentricity of presentatione. These experiments sought to test
an hypothesis about psychophysical parallels to the retinopic
distributions of neural cells whose temporat responses differ
from one another, The effects obtained seem to parallel the
retinotopic distributions of neural cells that respond best to
low rates of temporal modulation and of neural cells that
respond best to higher rates of mnodulation.

Obviouslys there needs to be to a follow-up with other
kinds ot temporally modulated stimuli at various eccentricities,
Such stimuli should include spatially localized targets whose
eccentricity can be specified more precisely.

Buts foltlow—ups asides the work just described does offer
an important lesson that others should consider. Although many
psychophysical theorists have found it convenient to dichotomize
visval mechanisms into "sustained" and "transient"s the visual
system very likely does not itself always respect this bipartite
classification., But it is easy to see how one could be misled
into believing such a dichotomy characterized the structure. For
exampley, if Tynan and Sekuler had considered only extreme
speedss there would have been a <clear difference {in visual
response as a function of eccentricity. This ctear sepsration
simulated a dichotamye. However, if we also take account of
intermediate speedss responses define a continuum between these
extremes, For such intermediate velocitiesy psychophysical
responses are neither invariant witnh eccentricity nor do they
exhidbit as rapid a decline as do responses to the most siowly
moving targets. As we have been S0 well reminded by Kelly
{1977)s stimuli for many visual responses must be defined on a
caeptiouum of both spatial and temporal dimensions.

Studies af 3timulus Uocertainty

When an observer cannot anticipate vprecisely the
characteristics of a moving target that he has to detect, the
visibility of that tarjet s drastically reduced (Sekuler ¢
Balls 1977)e Outside the flaboratorys the vast bulk of our
responses to moving tagets come in face of such uncertainty., But
what is the effect of not knowingy precisely the sort of moving
target one is looking for? In the tadoratorys and opresumnsbly
outside as welly inability to anticipate a target's precise
speed or its direction of motion produces a substantial
performance losse Such losses in detectability have been
demonstrated using a variety of psychophysical proceduresy
including criterion=free ones. Since our group at Northwestern
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has published extensively an the effects ot uncertainty s we
will not repeat those findings here. Instead, let us descrite
some new work on certain aspects of dirfrection uncertainty that,

may illuminate motion perception in general,
The first experiment is one of a serics dealing with the
amelioration of performance (osses from uncertainty.,. The

strategy wused by Ball and Sekuler (unpublished) was to provide
cues to the observer tnat told him with varying degrees of
reltiability what direction he would have to detect, They asked
how reliable the cue had to be in order to diminish the effect
of direction wuncertainty. For examples did the cue have te be
exactly right in order to help the observer? To answer the
questions three types of blocks of trials were rune In blocks of
Certainty 1trialss all movement was in the same direction. Thus,
there no direction uncertainty. In blocks of Upguegd=-Uncertaintys
the direction in which the dot pattern moved was drawn randomly
from a uniform distribution covering all 360 degrees and no cue
was provided. In blocks of Cued-Upcertaintys an oriented tine
appeared 700 mnsec before the onset of motion to provide the
observer an cue as to direction of motion that woulda occur. Fach
trial consisted ot a warning signaly the cue (oriented line on
for 50 msec), the 700 msec delayy, and finally the observation
interval of 500 msec.,

Seven Jifferent levels of cue reliability were run (360,
300, 240» 182s 120s 60» and O degrees). TOo unrderstand thre
meaning of cue reliabilitys, consider three examples, In the 360
degree condition the cue orientation was perfectly unreliable;
regardless of the cue orientations subsequent movement could be
in any direction., In the 180 degree congition, stimulus movement
following the cue was randomly chosen from a wuniform
distribution within 180 degrees of the indicateas direction. Thus
the motion could vary by 90 degrees either side of the direction
indicated by the cue. In the 0 degree conditions the directionr
of movement was identical to that indicated by the cue. This
condition provides a cerfectly reliable cues. Movement was
presented on half of the 30 trials per blocke On the other half,
the CRT was iftluminated only by the steady veiling light,
Observers judged that a moving pattern had or had not been
presented wusing the rating scale described earlier, Observers
were informed before each block of trials whicn condition was to
be presented,

The results are shown in Figure 5. Sensitivity measures
are plotted ajainst various cue reliabilitiesse The three least
reliable cue conditions (360, 300, @and 240 degrees) were
significantliy worse than all other conditions (p<.05)s The 180
and 120 degree range conditions did not differ significanotly
from esch other, hut were significantly worse tran the 60 or O
degree conditions (p<+.05)s Similarlys 60 and 0 degree conditions
did not differ From each other but were significantiy {tower than
the certainty condition. Thus as the cue became more and more
reliables sensitivity increased and the detrimental effects of
uncertainty declined.

To determine if these results were caused bty a variation
in criterion -=willingness or reluctance to guess that movement
had occurred=-- 8§ values were also calculateds An analysis of
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variance showed no significant change across conditions
indicating that the observer's bias for or asgainst saying that
had been presented did not vary across conditionse.

A very reliable cue delivered 700 msec in advance of the
target virtually eliminates the effect of direction uncertainty.
More importantlys in order to reduce the effects of direction
uncertainty, a cue does not have to specify with perfect
accuracy the dgirection of subsegquent movements A cue that
indicated a direction of movement only within a range of 120
degrees was still sufficient to reduce the uncertainty effect by
half,

These results have clear implications for reducing
uncertainty in non-laboratory situations. If crude but timely
cues aid performances then it will be possible to develop
special hardware that could assist human observers by doing a
quicks rough analysis of a signalt and giving the observer
information to reduce his uncertainty about the target. Such a
sensory cuey reduced to hardware forms could be wuseful to
pilotss driverss, radat operatorss or anyone for whom uncertainty
about moving targets is costly., If devices of this kind are to
be helpfuls howevers they must deliver the information in time
to allow the observer to assimitate it and aadjust his target
search accordingly. Feasible sensory aids would not allow the
observer much advance wWwarnings so it is essential to know how
far in advance this information must be provided to facilitate
performance. Furthermores feasible sensory aids are more likely
to provide only crude information vrather than specifvinrg
stimulus <characteristics precisely, But these developments are
still in the planning stage.

Let us end with a quite different kind of study of direc-
tion uncertainty, one that relates closely to the model
presentea earlier (Figure 1l)s In one experiment by Ball,
Machamer and Sekuler (unpublished) an observer's ability to
identify the direction of motion that he had just seen was
tested at various levels of visibility. As we shall see, there
were some rather striking dispcrepancies between detection
performance --simply seeing the motion=-- and the ability to
assess direction of motion, Ball et al. first established the
2=AFC detection levels for a wide range of combinations of
target duration and contrast. These data are of interest in
their own right, but are not directly relevant here. Howevers we
shall have to cite some of them because they provide reference
points for the identification data that are of primary interest.

A moving dot pattern was presented on every trial and the
observer judged its directione Stimuli were drawn randomly from
a uniform distribution of directions covering the range from 75
to 105 degrees. A protractor around the displsy aided the
observer in reporting percelived direction. A trial consisted of
8 variable duration moving pattern following which the observer
reported the perceived direction of motions In a block of
trialsy each of the 31 possible directions appeared three times
in random order.,

Ball gt 8)l+ calculated aldthe correlation between the
direction actually presented and the observert'!s judgment, as
weli as b)the observer's average error in judgments The average
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error was based upon the absolute value of the difference
between the actual and perceived directions. Some of these
results are shown in Figure 5 where 2-AFC detection performance
for each stimulus is inidicated by the number above each data
point. Significant correlations (p<.05) lie above the dotted
horizontal line.

Firsty note identification performance when the random dot
display was presented at the highest contrast for the 1longest
durationsy 500 msec, Correlations between perceived and actusi
direction of mnovement averaged 0.93 and 06.89 for the two
observers. S0» under optimal conditions observers can report
direction of movement with a fair degree of accuracy. The
average errors (2-4 degrees) correspond well to direction
difference thresholds measured under comparable conditions. At
this high contrast observers detected movement 100% of the time
with virtually no strain. The middle curve shows identification
per formance at a lower contrast value == but one still
permitting 100% or near 100% detection. At this contrast,
ability to report the direction of movement falls off as
duration is shortened. 00diy enoughsy contrast and duration must
be high enough to mediate nearly 100%Z detection if the
observer's judgment of direction is to be better than chance.,
The results demonstrate that detection of moving dot patterns
may sometimes be far easier than judgment of their direction,

These findings were extended in other detection-gup-
identification experiments by Ballt gt al. OCne of those
experiments gJgives another estimate of the breadth of tuning of
directionally-selective mechanisms. The procedure was a 2x2-AFC
experiment, Each trial consisted of two intervals; moving dots
were presented in oney nothing in the other, The motion that did
occur was randomly drawn from pairs of alternative directions.
The observerts first task (detection) was to indicate the
interval that contained motion, The observer's second task
(identification) was to indicate which of the two directions had
been presented. Ball gt als compared detection and
identification levels for various differences between the two
alterative directions. As the difference increaseds detection
fell and identification improved.

when the difference between directions had reached
approximately 150 degreess the two measures were identical and
they remained so for larger differences. The logic of Watson and
Robson (1980) suggests that 150 degrees would be the minimum
difference between center directions (c¢f, Figure 1) that that
produces no overlap between the two mechanisms whose center
directions we are consideringe This corresponds to a range of 75
degrees from the center diraction of some mechanism to the ponint
at which its sensitivity has declined essentially to zero. As
you may notices this value 1is consistent with severatl other
estimates of directionsl selectivity that we have cited eartier,
It seems that operations of widely differing kinds converge on
spproximately this value,

These experiments suggest another point that is quite
important from the perspective of this Seminar. Here we mean the
discrepancy between ease of seeing 8 moving stimulus and the
possibly severe difficulties in correctly assessing its direc-
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tions Military standards specify the aesired visibility for
various tasks in terms of detection levelsy, not in terms of
identification levelss The discrepancy between the two measures
suggests that since those who create such standards are often
really interested in insuring a certain level of
identifiability, the standards must be defined in such terms,
One cannot guarantee good identifisbilty simply by arranging
conditions to produce qood detectability. The two need not go
hand in hand,
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FIGURE LESENDS

Figure 14 A hypothetical set of sensitivity profiles for direc-
tionally~-selective mechanismss A-K, arrayed along a portion
of the direction continuume The magnitude of response evoked
in 8ny mechanism by some stimulus is represented by the
height of the mechanism at the point <corresponding to the
stimulus direction. Mechanism A is most sensitive to direc-
tion g» mechanism 8 is most sensitive to direction Qy and so
ons Note howevery that mechanism A is also sensitive to
movement in directions Ds C» d» g» £» and g, though to a
reduced degree. Mechanism A is not sensitive to movement in
directions h-Kks so movement in those directions evokes no
response in A.

Figure 2. Three different psychophysical responses to motion as
a function of directions Fitled circles represent the
duration of motion after-effect elicitea by various direc-
tions; open squares represent the reaction time to onset of
motion in various <directionss: "x"s represent the contrast
threshold for seeing dot patterns that move in various direc-
tions, All three measures have been scaled so that their
means  coincide,

Figure 3, Reaction times to dot patterns moving at various velo-
cities, Left panel shows results using annular stimuli of
various diameters right panel shows results with stimuli
restricted to central patches. See text for details.

Figure 4. Ratio of perceived to actual speed as a function of
target eccentricity. Data are shown for several different
target speedsy 04255 1y s and 16 deg/secs Missing data are
due to apparent standstil) et certain combinations of speed
and eccentricitye

Figure 5, Sensitivity, ZPla) to moving dot patterns,
Measurements are shown for three observers. Midale section of
x-axiss labelled "range of precision”™, shows the effect of
providing cuess before the motion occurse The reliadility of
the cue increases from Jeft to right and the effect of direc-
tion uncertainty decreases. Data points at extreme left show
performance with complete direction uncertainty and no cue to
help the observer., Data points at the extreme right show
performance with no direction uncertainty (all patterns move
in the same direction).

Figure 6. Pearson product moment <correlation (g) between
reported and actual agirections of motion for patterns of
various duration, The oparameter of the family of curves is
the contrast of the dot pstterns; numbers stove each dats
point indicate the 2-AFC detection performance for thest
point, Dashed horizontal line indicates £ value ot which the
correlation between reported and actual directions s
significant (p<.05).,
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