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ABSTRACT

Assad and Maunsell (1995) found neurons in the primate posterior parietal
cortex {PPC) whose response seemns to be tuned to the animal’s inference of the
motion of a visual target. These neurons maintain an appreciable regponse in the
absence of retinal stimulation when the visual target is inferred to move behind
an oceluder. In the present study we investigated psychophysically the ability of
human observers to predict the position of a visual target after it disappears
behind an imaginary occluder by using a task similar to that by Assad and
Maunsell. The accuracy of the predictions were measured psychophysically as a
function of the velocity of the target and the time the target was visible by using
a forced choice paradigm. The results were interpreted in the context of a simple
model that reflects known properties on neurons in PPC.



34 Lucia M. Vaina and Franco Grulianini
1. Introduction

The 2-dimensional retinal imagcs of objects and surfaces that make up
our visual environment are affected by a high degree of spatio-temporal
discontinuity due to the occlusions of objects and surfaces with each other.
Qcclusion is an obvicus consequence of the fact that we live in a 3-dimensional
world. However, despite the fragmented nature of the retinal images our visual
gystem is capable to *“unconsciously infer” (Helmoltz, 1910) the parts of an
obiect that are occluded by another object, thus preserving its continuity and
imiegrity. The inference of parts of objects that arc occluded in space by another
object is referred to as "amodal completion” (Michotte, Thines & Crabbe 1964),
Amodal integration (Yantis, 1995) is the temporal analoegue of amodal
completion, it refers to the capability of observers to perceive an object as
continuing behind a surface theough time. Amodal integration occurs when a
moving object is occluded for a short time by a surface: despite the absence of a
retinal signal the object is still perceived as continuing behind the surface.

There is emerging evidence that the neurons in the posterioni (Assad &
Maunsell, 1995; Snyder et al, 1997} parietal cortex (PPC) use extra-retinal
information to infer the motion of an object that is temporally occluded by a real
ar imaginary occiuder. Assad and Maunsell (1993), reported that neurons in PPC
maintain an appreciable activity after the disappearance of a moving target that
then reappears at a position consistent with the target continuously moving
during the time it was not visible (like, for example, a moving object that enters
and exits a tunnel). A straightforward sensory-off response could not account for
this phenomenon, since almast half of these nearons were significantly more
active in this task than in a condition where the target disappeared and then
reappeared in the same location after some time, as if it did not move at all
during the time it was not visible. The authors suggest that the difference in
activity between the two tasks is related to the animal’s inference of the motion
of the target. The sustained activity of these neurons may provide the neural
substrate for comstructing an abstract representation of the motion of a visual
target. The capability to create and maintain such representation is of crucial
importance for accurate and stable visual guidance, such as reaching for a
moving object, motor planning, or control of driving.

By using a similar task to that of Assad and Maunsell (1993), in this
study we explored psychophysically the ability of human observers to infer the
motion of a visual target. The display consisted of a dot moving along a circular
trajectory for a fixed time and then continuing its motion behind an imaginary
occluder. Observers were asked to make judgements an the position of the dot at
a time At after it disappeared (see 2. Methods). The measured accuracy of
observers' judgements can be explained by a simple integrator that collects the
information on the target motion while it is visible.
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2. Methods

2.1 Apparatus and stimuli

Stimuli were created and displayed on a Macintosh computer (832 x 624
pixels resolution, 75 Hz screen refresh rate). The display consisted of a 0.24°
diameter white dot that moved along a black circular trajectory 8% in diameter
(see Figure la) at a constant angular velocity. The circle was displayed
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Figure 1. (2) Stmulus set up: the circular trajectory is 8° diameter, the fixation square in
the center of the circle is 0.4° wide and the moving dot is 0.24° in diameter. (b)
Experimental procedure: the dot maves for t, befbre disappesring. Aftet a time AL, a tag is
displayed on the circumference. The tag is displaced from the position where the dot
should be by + 2 displacement angle o, which is adaptively adjusted from trial to trial (see
text). The observer's task is to yeport whether the dot is ahead of or beyond the tag.
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throughout the entire experimental run. A circular trajectory permits to keep
the eccentricity of the moving dot constant, avoiding the complications
resulting from retinal inhomogeneity for motion sensitivity with eccentricity.
Observers were instructed to fixate the center of the display indicated by a
white 0.4° wide white square. Viewing distance was 60 cm, the angular
velocities used in the experiment ranged from 37 deg/sec to 13%1deg/sec.
Angular velocity is expressed in degrees/sec, where “degrees™ refer to angles
measured on the monitor screen with respect to the center of the circle (not
visual angle).

2.2 Procedure

The basic experimental procedure is schematically illustrated in Figure
1b. At time t = 0, the dot starts moving in counter-clockwise direction along the
citele with angular velocity © and, afler a time to, it suddenly disappears. The
observer is asked to assume that while the dot is not visible it continues to move
as if it where behind an imaginaty occluder. After a time interval At, a small tag
appears perpendicular to the circle (see Figure 1a & b) and the observer's task is
to judge whether the invisible dot is ahead of or behind the tag by pressing one
of two keys. In each trial, the tag is randomly placed ahead of or behind the
position where the dot should be. During the experimental run the amount of
displacement is determined by an adaptive staircase, which automatically
tarminates when nine reversals are reached. The staircase increases the angular
displacement o (see Figure 1b) after one incorrect response and decreases it after
three consecutive correct responses. This procedure tracks the 74% correct
response level of the psychometric function (Wetherill & Levitt, 1965). The step
sizes are linearly spaced within each decade of the staircase. The “tninirwm
detectable displacement angle” (mdda) estimated in a single experimental run
was the mean of the last six reversals. The data reported show mean and
standard error based upon six independent runs (i.e. the standard error plotted
reflects between-tuns variability). The measured mdda is an estimate of the
observer’s uncertainty on the angular position of the moving dot at the time At
after it is no longer visible. The observer can only tell that the invisible dot is
somewhere between "m{At + t,) (position where the dot should be) + mdda" (see
Figure 1b). Two different Ats were used: 1250 and 1350 ms. At the beginning of
each {rial the dot initiated its motion from a randomly chosen position on the
circle. Three observers participated in the experiment, one of the authors (F(3)
and two naive observers (MI and DH). Mddas were measured for two different
conditions: (i) the time the dot is visible (t,) and the time it is occluded (At) were
kept constant while the angular velocity o was varied and (i) @ and At were
kept constant while t, was varied.
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In the experiments reported here, the observers were asked to predict the
position of the dot that disappears behind an imaginary occluder. The effect of a
real oceluder, like a surface defined by illusory contours (Kanisza, 1979), on the
accuracy of predictions will be measured in a future experiment.

2.3 Rexults and model
2.3.1 Results

Figures 2a & b show mddas from two observers measured as a function
of angular velocity o, for At= 1250 ms (filled symbols) and At = 1850 ms (open
~ symbols). The graphs in Figure 2 show that for both observers the uncertainty on
the angular position of the dot increases linearly with angular velocity. The
uncertainties in the angular positions of the dot are higher for the longer At. The
lines in the figure represent the best least-square fit to the data of the "mdda = m
@" line. As we will elaborate in the next section, these lines represent the
predictions of a simple integrator model and the slope "m" can be related to the
time-decay parameter 1 of the model (see next section). For observer FG the
slopes arc:
tyase = (.23 (the comelation r between data and the predictions of the best
fitting line is (.97}, myss0 = 0.37 (r = 0.94). For cbserver ML mps= 0.27 (r =
0.99) and myeso= 0.39 (r = 0.96).

Figures 3a & b ijlustrate the data from two observers (DI and FGY) for
the condition in which the mddas were measured as a function of 1, (the time
during which the moving dot was visibie). The angular velocity was fixed at 75
deg/sec, At was1250 ms and t, varied between 200 and 1730 ms. The plots show
relative uncertainties, that 1s "mdda / a" where . = @ At. For both observers, the
relative uncertainty did not vary with the time t;. The horizontal dotted lines in
Figure 3 represent the mean relative uncertainty for the two observers.

The data presented in Figures 2 and 3 are consistent with the predictions
of an integrator mode] discussed in the next section.



%% Lucia M. Vaina and Franco {iulianini

30 — L

e AL = 1250 13
0 ol At-1350ms [ §

mdda {deg)

9 T T | | T T !
0 20 40 4} 80 100 1z0 140
angular velocity {deg/s)
{a)
50 L
—a— At=1230ms ,"!
O -o-- aem1850ms & °

mdda {deg

0 =7 T T | T T T ]
4] 20 43 GO 80 100 120 140

angitdar veloclty (deg/s)

(b)

Figure 2: Mdda as a fimetion of angular velocity for observers FG and MI. The time the
dot is visible was kept constant at 750 ms and two different Atz were uged: 1250 ms (solid
symbols) and 1850 ms (open symbols). (a) Data from observer FG. (b) Data from observer
MI. For both observers the "mdda" increases lineatly with angular velocity. The dotted
lines represent the best fitting model to the data (sec text).
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Figure 3: Relative uncertainty as a function of the time the dot is visible () for observers
HDD {a) and FG (b). The angular velocity is fixed at 75 dep/sec and At = 1250 ms.
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3.2 Model

Figure 4 illustrates the integrator model used to interpret the
psychophysical data. The model involves two distinct sequential processes: (i) a
build-up process during which the visual system collects and integrates the
information about the tnotion of the dot and (ii) a decay process during which
such information extinguishes. The hasic architecture of the model consists of a
group of motion selective units that respond to the velocity of the dot in the
Middle Temporal (MT) area (Maunsell & Van Essen, 1983) and a neural unit,
presumably in PPC, that integrates the signals collected by the MT neurons.

MT units T T T I)iﬂpliy

Figure 4: Schematic representation of the model used to interpret the psychophysics] data,
A. group of MT units respond to the moving dot. The signals from. these nenrons are the
input to a neural integrator. The response of the integrator is proportional to the angular
distance covered by the dot during the time t, while it is visible and provides a nevral

represcntation of the velocity of the target. Such representation decays exponentially with
time.
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The higher the angular velocity of the dot, the larger the angle it runs
and, consequently, the larger the signal collected and integrated during the time
the dot is visible. Since this signal is proportional to the angle covered by the
dot’s motion during the time t; while it is visible, we suggest that it provides a
representation of the angular velocity o of the moving dot. Iimmediately after the
moving dot becomes invisible, the strength of this representation decays
exponentially with time constant .

The linking hypothesis between the behavior of the model and the
observers’ performance s that when, at time At after the dot disappears,
observers make a judgment on the angular position of the dot, their response is
based on the accuracy of the representation of the angular velocity at the
decision time. The observers” uncertainty A in judging the angular velocity of
the target i3 reflected in the psychophysically measured mddas.

Let g be the angular velocity of the dot. We can formulate the model as
follows: at tite t, ,when the dot disappears, the neural integrator has collected a
signal proportional to me. Immediately after the dot disappears, the signal starts
to decay exponentially and so does the representation of the angular velocity:

(AL = moe('?),

where 1 is the time constant that characterizes the decay process. The model
agsumes that immediately after the dot disappears, that is for At = 0, the observer
has no uncertainty on the angular velocity of the target and that her/his
uncertainty increases with At. The observer's uncertainty Ao as a function of At,
can then be expressed as:

AaJ(At): ma_wpe(_*):mo(l “‘E(_Ar‘)) (1)

From (1) we have that at At=0, Aw = 0 (i.e. no uncertainty) and for At — o, Acs
= mp. The latter defines the level of total uncertainty of the observer: when Aw =
g, the observer's estimate of the angular velocity of the target 15 *mg = @7, In
other words the observer cannot tell whether the target is moving or not.

From equation (1), we can obtain the obsetver's uncertainty on the
angular position of the dot (when its motion is masgked by an illusory occluder)
as a function of At;

Ac(Ar)= Aa(aty- At =, A1 - &y = (1 - 7)) ey

where o = mg At. Ag is the "minimum detectable displacement” measured in our
experiment.

Equation 2 makes three predictions: (i) for a fixed value of At there
should be a linear relationship between angular uncertainty on the dot position
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and angular velocity; (ii) for a fixed value of @ the uncertainty on the angular
position should increase with At (since At (l-exp(-Att)) is a monotonically
increasing function of At); (iii) the rclative uncertaitity Ao/ does not depend on
t, and is constant for a given value of Atand 1.

These predictions are qualitatively confirmed by the experimental data
shown in Figures 2 and 3. For both observers, the data in Figure 2 illusirate a
clear linear relationship between uncertainty in angular position and angular
velocity (prediction (1)), the angular uncertainties are larger for At = 1850 ms
(prediction (ii)) and Figure 3 shows that the relative uncertainty on the angular
position of the dot does not depend on tp (prediction (ii))-

The value of the time-decay parameter T can be estimated from the data
in Figure 2. The lines in Figure 2 represent the best least-square fit to the data of
the Ac = me line, where m is the slope. From (2), we have that m = At (1-exp
(-At / 1)), which entails that the time constant T is related to the slope m by:
1=-( At/ (In (1 - m / A1)). Table 1 reports estimates of t for two observers and
for the two different Ats tested.

FG MI
At=1250ms i=6.]15 s8¢ T=25.14 sec
At= 1850 ms 1=8.29 sec =781 sec

Table 1

Data from Fizure 3 also allow to estimate 7. The dotted line in Figure 3 is drawn
by equation Ao/e = k, where k is the mean uncertainty. From Equation (2) we
have Ao/o = (1-exp(-At/ 7)). Substituting Ae/at = k in this expression gives

k — (1-exp(-At / 1)) from which we get = -(At/ In (1 -k)).

For observer MI the mean 1, from the data in Figure 2, is 647 s £ 133 5;
for FG the mean t, from the data in Figure 2 and 3, is 6,74 5 £ 0.78 5. In the
context of the proposed model, this means that it takes several seconds for the
obgerver to have an uncertainty on the angular velocity which is 63% of its
initial value (when At = 1, Aey w,=(1-¢')=063). For observer FG, for
example, a time constant of 6.74 sec means that his uncertainty on the angular
velocity of the dot is about 14% of the total angular velocity after 1 second from
the time the dot disappeared (for At=1, Aa/ @, =(1—¢" *™)= 0.14).
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3. Discussion

The purpose of this study was to characterize psychophysically the
ability of human observers to infer the motion of a moving object when it
disappears behind an imaginary occluder and to relate this capability to possible
neural mechanisms underlying this process. The main result of the study is that
the observer's uncertainty on the position of the invisibly moving dot increases
linearly with the dot's angular velocity and that the slope of the best fitting line
to the data increases with the time At during which the dot motion is
invisible(Figure 2). The second result (Figure 3) is that the relative uncertainty
on the angular position of the dot is independent of the time the motion of the
dot is visible (at least for values of t, = 200 ms}.

We suggested that a simple neural integrator model provides a plausible
neural substrate for the mechanisms mediating this task. Since MT neurons are
sensitive to both speed and direction of the stimulus (Maunsell & Van Essen,
1983), they are a suitable candidate for providing the input to the integrator unit
in the model. This unit creates a representation of the target motion that is
presumably used by observers to make decisions on the target position. As
defined previousty, t, is the time during which the visual system can integrate
the motion information. It is important to determine the critical t;, value
necessary for creating a robust representation of the target motion, In order to
address this question we must measure mddas for a larger range of t, values,
including values shorter than 200 ms (the shortest t, used in this study).
Furihermore we will also measure the minirmum At value for which observers
can make teliable predictions of the target position. Preliminary data showed
that for very short Ats (of the order of about 100 ms), observers cannot do the
task. This suggests that perhaps the building up of the representation of target
motion contitues for some time after the retinal signal is no longer available. It
is possible that, during this time, the observer cannot use the representation to
make decisions on the putative position of the (invisibly moving) target. It is
important to point oul that while the representation of the target motion is
derived from retinal information, the decision process is based on extra-retinal
information. That is, when observers make a decision on the target position at
time (t, + At), the only information available is that acquired during the time t,
(when the dot is visibla).

The use of extra-retinal infortnation is ubiquitous in PPC. This region is
part of the neural pathway involved in the generation of the smooth pursuit
reflex and activily in (his cortical area can be modulated by attertion or the
intentionality of making an eve movement (Barash, Bracewell, Fogassi, Gnadt &
Andersen, 1991a, b; Bushnell, Goldberz & Robinson 1981; Goldberg, Colby &
Duhame] 1990). In the experiments reported here, the observers were instructed
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to fixate at the center of the cireular trajectory and not make eye movements.
However, this would not exclude the possibility that, unconsciously, one pursues
the moving dot by attentionally tracking it. The pursuit reflex is a form of
predictive behaviour (Bamnes, 1993) and is highly dependent on the tarpet
motion: for regular, predictable, motions (like, periodic motions or the motion
used in our task) the eye - displacement follows closely the target displacement.
For target motions that are not predictable the pursuit reflex performance
deteriorates (Barnes, 1993). It is, thus, possible to speculate that the same
information is used for inferring the target position and for regulating the pursuit
response. If this were the case, smooth pursuit of the visual target should not
improve significantly the accuracy of the prediction of the target position in the
psychophysical task we deseribed here. In planned experiments to compare the
performance of observers in the two conditions we will specifically address this
speculation.

Alternatively, it is possible that the spatial position of the target is
represented more abstractly by extraretinal signals in some PPC neurons. We
refer to the representation as abstract because the signals contributing to it are
not sensory (the target is not visible)) nor coupled with eye movements. Colby
and collaborators (1995) suggested that these signals may reflect the observer’s
expectation that the target is at a particular spatial location or that it is moving at
a specific speed, even when the target motion is actually not seen.
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