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This form of temporal recruitment, termed ‘homogeneous recruitment’, reflects
cooperative interactions among bilocal detectors that share a common spatial span,
As, and temporal delay, Ar. Because such detectors are speed selective (for a speed
of As/At) any change in the target speed redefines the set of stimulated bilocal
detectors. Because homogeneous recruitment involves activation of bilocal detectors
tuned to a common direction, and having similar As and A¢, the opportunity for
recruitment is diminished by a change in motion that shifts activation from one set of
bilocal detectors to another. From this perspective, then, it is not surprising that
changing the speed of a target interferes with the extraction of direction information,
as we found in experiment 3 and as Bertenthal et al (1993) found when they intro-
duced speed variation into their display.

The shift in activation from one set of bilocal detectors to another set can also
occur when a target briefly disappears or pauses. In addition, if the target briefly
disappears or pauses, many directionally tuned channels may respond to the transient
in equal measure, adding noise to the current estimate of target trajectory. This noise
would degrade the direction estimate. As mentioned earlier, we suppose that, like
most sampling processes, the direction estimate improves with additional samples
(frames). Thus, the disappearance or pause of a target visible for just a short time
could be particularly disruptive because it introduces noise into a representation that
is particularly vulnerable to even a few erroneous samples. This hypothesis requires
additional research.

8.2 A qualitative model: an extension

As noted before, our experimental task encourages the combination of information
from two sources: a priori information and stimulus-derived information. The former
reflects observers’ expectations about potential trajectories; the latter derives from
observing the actual trajectory. A complete theory of our task and results must
incorporate both sources of information. The statistical explanation sketched out in
the preceding section incorporates only one of these sources of information—stimulus-
derived information; in the present section we seek to flesh out the picture.

We believe that in our experiments the visual system constructs and continuously
refines a mental template of a moving target. This template or representation can
guide the extraction of additional directional information, which in turn further
refines the template. In our experiments, some of the data used in this process
probably come from velocity-tuned bilocal correlators, as suggested in the preceding
section. How, though, might expectation about target trajectory make its mark on the
mental template?

Ball and R Sekuler (1981) showed that explicit attention to specific stimulus
attributes boost the detectability of targets moving in particular directions and/or at
particular speeds. They also demonstrated the converse, that wrong expectations
about target movement can diminish detectability. Empirically, then, expectation
strongly modulates the extraction of directional information. One way to conceptual-
ize such effects is provided by adaptive resonance theory (ART), a family of neural
network architectures that assign an important role to interactions between a priori
and stimulus-derived information (eg Carpenter and Grossberg 1990).

Although a full discussion of ART networks is beyond the scope of this paper,
comments about two of their attributes are in order. First, within the input layer of
the network, each node combines three different influences: incoming sensory data,
specific expectations about the sensory data, and a nonselective modulatory control
signal. Successful activation of a node within the input layer requires that two of its
three potential inputs be active. This two-thirds rule allows the ART system to be
selectively primed by the expectation of some particular event or pattern. Second, the
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input layer of the network and its output or classification layer are interconnected via
feedforward and feedback vectors whose weights adjust or adapt over time. While the
system attempts to recognize or classify some input, information filters back and forth
between layers, leading to mutual reinforcement between layers. In this way, input
data are processed adaptively rather than accumulated passively. As Carpenter and
Grossberg (1992) put it, “... ART systems are ‘intentional’ or ‘goal-oriented’ systems
in the sense that their expectations can be primed to selectively seek out data in
which they are interested”.®) Additional research is needed to determine whether an
ART network, or networks with similar attributes, can capture the interactions
between a priori and stimulus-derived information in motion perception.

8.3 Psychoanatomy
Psychoanatomical techniques, as defined by Julesz (1971), enable one to use inter-
actions among different visual phenomena to illuminate the sequence of processing
steps within the visual system. If the implications of occlusion were registered before
the initial extraction of direction, the visual system should assume that our stimulus
was ‘hidden’ but unchanged, and motion information should be extrapolated across
the spatiotemporal gap. In other words, the development of a direction representa-
tion should be uninterrupted. Our results show that information about direction of
motion is not extrapolated or ‘filled in’ across a spatiotemporal gap, or when the
object moves behind an explicit occluder. Instead, accrual of directional information
is interrupted when an object disappears or is occluded. This suggests that occlusion
constraints are registered after the initial development of a directional representation.
Work with other forms of motion perception suggests a different sequence, namely
that occlusion constraints are processed earlier than some aspects of motion. For
example, Shimojo et al (1989) showed that the visual system takes occlusion into
account before it solves the aperture problem. In particular, the apparent direction of
ambiguous motion depended on whether gaps in the motion field appeared to lie in
front of and occlude the motion. Similarly, Brown and Weisstein (1991) found that
the perception of Tynan-Sekuler moving phantoms (Tynan and R Sekuler 1975)
depends on how blank regions in the motion field were interpreted. When the blank
regions were seen as lying in front of the moving grating, phantoms were seen moving
right across these regions; however, when the same blank regions appeared to lie in
the plane of the grating itself, phantoms were not seen. In both of these situations,
then, information appears to be ‘filled in’ behind an occluder before motion process-
ing is complete; the occluder affects the perceived motion of the occluded object.
These findings are not necessarily incompatible with our own conclusions. It is
likely that the early analysis of direction information—the focus of our study—occurs
at a different processing stage from either of the other motion phenomena just
mentioned. For example, the aperture problem, examined in the experiments of
Shimojo etal, is thought to be ‘resolved’ within the middle temporal area, MT
(Movshon et al 1985). Because occlusion appears to constrain the solution to the
aperture problem, one suspects that occlusion is processed at some stage that feeds
into MT. Our results, though, gave no evidence that occlusion constraints had been
taken into consideration, as they were in the experiments of Shimojo etal. This
suggests that early extraction of direction occurs before MT, and before the stage in
which completion occurs. Furthermore, Driver et al (1992) concluded that direction

() Recently, Carpenter and Grossberg (1992) extended ART to deal with nonstationary data:
samples from a data stream whose statistics vary over time. This extension may be particularly
applicable to various classes of moving targets.
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is initially encoded independently of speed and only at some later stage are the two
integrated. If this conclusion is correct, then it suggests that the extraction of
directional information we are investigating occurs after the initial stage of encoding.
However, we view this conclusion to be tentative because the discriminability and
variability of direction and speed were not equated in the experiments of Driver et al.

The multistage framework for motion perception is consistent both with physiological
investigations of motion processing and with psychophysical studies of motion [see
Nakayama (1985) for a review]. Almost certainly, the perception of motion reflects
contributions from several different specialized processing stages. To explore this
notion further, we plan to identify other types of events that interrupt—or fail to
interrupt—the extraction of direction information. For example, if motion and color
(or motion and form) are functionally separate at the level of direction encoding, a
transient equiluminant color change (or shape change) should not affect the accrual of
direction information. In this way we could compare the level of processing at which
initial direction extraction occurs with that of other processes, such as apparent
motion (Kolers and Pomerantz 1971; Kolers and von Griinau 1976; Morgan and
Cleary 1992), to determine further the loci of various aspects of motion processing.
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