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ABSTRACT

The basal ganglia, especially the ventral striatum,
have been implicated in control of action based on
motivation}234. A prevalent view is that nigro-
striatal dopaminergic neurons carry reinforcement

to modulate
s>

signals the cortico-striatal signal

transmissions®8:7. However, it is still unknown how
such reinforcement signals affect the output of the
striatum in relation to behavior. To answer this
guestion, we devised a memory-guided saccade task in
which only one out of four directions was rewarded,
and examined single cell activity in the caudate nucleus.
We found that visual or memory-related responses of
presumed projection neurons in the caudate were
frequently modulated by expectation of reward, either
as an enhancement or as a reduction of response. The
cell's preferred direction often changed with the change
in the rewarded direction, implying a short-term
synaptic plasticity. The modulation of caudate cell
activity was correlated with changes in saccade
parameters. Our results suggest that the caudate
contributes to the determination of oculomotor outputs

by affiliating motivational valuesto visual information.

METHODS

INTRODUCTION

We used two male Japanese monkeys (Macaca
fuscata). Under general anesthesia, we implanted a
head holder, chambers for unit recording, and a scleral
search coil?l, The monkeys were trained to perform
saccade tasks, especialy a memory-guided saccade
task?’. Eye movements were recorded using the
search coil method. We recorded extracellular spike
activity of presumed projection neurons which showed
very low spontaneous activity28, but not of presumed
interneurons which showed irregular tonic dischargezg.
For each cell that showed visual or memory-related
responses, we used a set of four target locations with
the same eccentricity that were arranged in either
normal or oblique angles, depending on the cell's
receptive field.

using MRI (Hitachi, AIRIS, 0.3T).

The recording sites were verified

The monkeys performed the memory-guided
saccade task in two different reward conditions: all-
(ADR)

direction-rewarded condition (1DR).

directions-rewarded condition and one-

For every
caudate cell recorded, we required the monkeys to
perform one block of ADR and four blocks of 1DR (i.e.,

four different rewarded directions).
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Reward
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I'n both conditions, atask trial started with onset
of a central fixation point. While the monkeys were
fixating the fixation point, a cue stimulus whose
location must be remembered was presented randomly
at one of the four directions. After 1-1.5 s, the fixation
point turned off, and the monkeys were required to
make a saccade to the previously cued location.

In ADR, every correct saccade was rewarded
with a liquid reward together with a tone stimulus.
In 1DR, an asymmetric reward schedule was used in
that only one of the four directions was rewarded while
the other directions were either not rewarded (exclusive
1DR) or rewarded with a smaller amount (about 1/5)
(relative 1DR). The highly rewarded direction was
fixed in a block of experiments which included 60
successful trials. Even for the non-rewarded or less-
rewarded direction, the monkeys had to make a correct
saccade. The correct saccade was indicated by a tone
stimulus with no or small reward, which was followed
by the next trial; if the saccade was incorrect, the same
trial was repeated. The amount of reward per trial was
set approximately the same between 1DR and ADR.
The target cue was chosen pseudo-randomly such that
the four directions were randomized in every sub-block
of four trials; thus, one block of experiment (60 trials)
contained 15 trials for each direction. 1DR was
performed in four blocks, in each of which a different
direction was rewarded highly. Other than the actual
reward, no indication was given to the monkeys as to

which direction was currently rewarded.

For each cell responding to the cue stimulus, we
first determined the duration of the response (test
duration) based on cumulative time histograms, usually
based on the most robust response. A control
duration (usually 500 ms) was set just before the onset
of the fixation point. The cell's response was
calculated, for each trial, as the spike frequency during
the test duration minus the spike frequency during the

control duration.

RESULTSAND DISCUSSION

We trained two monkeys to perform a memory-
guided saccade task in two reward conditions: all-
(ADR)
direction-rewarded condition (1DR). In ADR, which is

directions-rewarded condition and one-
a conventional reward schedule, the monkeys were
rewarded each time they made a memory-guided
saccade correctly. In 1DR, which we devised
specifically for the present study, the monkeys were
rewarded when the cue stimulus was presented in one
particular direction out of four and the saccade was
made correctly; they were not rewarded (exclusive 1DR)
or rewarded with a smaller amount (relative 1DR) for the
other three directions, but had to make a correct
saccade to proceed to the next trial. The rewarded
direction was fixed in a block of 60 trials, and atotal of
four blocks was performed with four different rewarded
directions. Thus, the cue stimulus had two meanings:
(2) the direction of the saccade to be made later, and (2)
whether or not a big reward was to be obtained after
the saccade.

Among 241 cells we recorded in the caudate

nucleus, there were cells showing phasic visua



responses to the cue stimulus (n=114), sustained
activity during the delay period (memory-related
response) (n=79), saccadic responses (n=92), and
activity preceding the cue stimulus (n=89). In this
report, we concentrate on 87 cells with visua or
memory-related responses in which 4 blocks of 1DR
and 1 block of ADR were fully examined. We defined
a visual response to be phasic activity that started
within 200 ms after onset of the cue stimulus and a
memory-related response to be sustained activity that
started 200 ms after the cue onset and ended before or
with the saccade. Among them, 27 out of 45 cells
(60 %) with visual response and 20 out of 50 cells
(40 %) with memory-related response showed clear
direction selectivity when tested in ADR (one-way
ANOVA (cued direction), P<0.01) (c.f., note that the
two types of response could be observed in a single
cell). The preferred direction was usually contralateral
(70 %), asreported previ ously8.

We found, however, that such spatial selectivity
depended on the reward condition. A typical cell is
shown in Fig. 1, which was recorded in the right
caudate nucleus. In ADR, it responded to the left
(contralateral) cue stimulus most vigorously, while the
response to the right cue was meager. The cell's
direction selectivity is shown at top as a polar diagram.

In 1DR, however, the cell's direction selectivity
changed completely. For example, when the rewarded
direction was right, the cell responded to the right cue
stimulus much better than to the other directions.
Accordingly, the cell changed its preferred direction in
different blocks such that the response was greatest for
the rewarded direction. The response was clearly
dependent on the reward condition [two-way ANOVA
(reward condition x cued direction), main effect of

reward condition: F(1, 181)=689.243; P<0.0001].
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Figure 2:

The caudate cell shown in Fig. 2 was also dependent
on reward expectation, but in the opposite manner. In
ADR, the cell showed virtually no response to any of
the four cue stimuli. In 1DR, however, it showed
vigorous responses to the cue that indicated no reward,
while it showed no response to the rewarded cues, no
matter which direction was rewarded.

The cells shown in Fig. 1 and 2 were not
exceptional ones. As shown in Fig. 3A, most caudate
cells showed either a strong enhancement (data points
close to the ordinate) or a reduction (data points close
to the abscissa) of response by expectation of reward.
A statistically significant modulation was found in 76
out of 87 cells (87 %) in either the visual or memory-
response, 36/45 (80 %);
memory response, 43/50 (86 %) [two-way ANOVA

related response: visual

(reward condition x cued direction), main effect of

reward condition; P<0.01]. Among the 76 modulated



cells, 64 cells (visua: 31, memory: 36) showed an
enhancement (‘reward-facilitated cells), while 12 cells
(visual: 5, memory: 7) showed a reduction of response
(‘reward-suppressed cells).
obtained using the exclusive 1DR and relative 1DR.

Similar results were

That the monkeys were more motivated when
reward was expected was indicated in the changes in
saccade parameters. The latencies were shorter (Fig.
3B) and the peak velocities were higher (Fig. 3C) when
the saccades were followed by reward than when they
were not (paired t-test, P<0.0001).

We then asked how the caudate cells changed
their response when the rewarded direction was
changed (Fig. 4). In the first block of 1DR for the
reward-facilitated cell (shown in Fig. 1), the rewarded
direction was left, which was the cell's preferred
direction in ADR (Fig. 4A, left). The responses were
initially strong for all directions except for right, but the
responses to the left cue gradually increased, while the
responses to the other cues decreased rapidly and
stayed close to zero. In the next block (Fig. 4A, right),
the rewarded direction was changed to right which was
the non-preferred direction in ADR. Again, the
responses were initially strong for all directions, but
decreased gradually while only the response to the
right cue survived. The time course for the reward-
suppressed cell (shown in Fig. 2) was quite opposite to
that of the reward-facilitated cell shown in Fig. 4A.
For each block, the cell initialy showed amost no
response to any direction, but then started responding
to the three directions that indicated no reward (Fig.
4B).

A similar time course of response modulation
was observed in the other reward-contingent caudate
especialy the
Specifically, among 64 reward-facilitated cells, 27

cells, for non-rewarded cues.

decreased their response while the others showed no

significant change; among 12 reward-suppressed cells,

4 increased their responses while the others showed no
change [unpaired t-test (comparison between the initial
15 trialsand thefollowing trials, P<0.01].

Neurons that we recorded had low spontaneous
activity and were presumably projection neurons which
are GABAergicg. They are thought to modulate the
final inhibitory outputs of the basal ganglia, either by
disinhibition or by enhancement of inhibition10.11,12
Anatomically, the striatal projection neurons are
characterized by numerous spines on their
dendrites314 to which glutamatergic cortico-striatal
axons and dopaminergic axons make synaptic
contacts1®16,  sSchultz and his colleagues have
demonstrated that dopaminergic neurons in the
substantia nigra show responses to sensory stimuli
that predict the upcoming reward 17", Thus, a
caudate neuron could receive spatial information via
18 and reward-related

the cortico-striatal  inputs

information via the dopaminergic input17.

Cerebral Cortex

Spatial Information

Caudate
Neuron

Reward Information

Dopaminergic ?

Based on these considerations, we propose that
the efficacy of the cortico-striatal synapses would be
enhanced or depressed depending on the combination
of these two inputs. In reward-facilitated cells (as

shown in Fig. 1), the co-activation of these two inputs



would lead to synaptic enhancement, while activation
of either one of them alone would lead to depression.
The scenario would be opposite in the case of reward-
suppressed cells (as shown in Fig. 2). Different
dopaminergic receptors, such as D1 and D2, might be
involved in such excitatory and inhibitory processeslg.
These mechanisms, in fact, have been suggested in
relation to long-term depression and long-term
potentiationzo. The synaptic plasticity in our case
would be a short-term one, because the preferred
direction changed fairly rapidly in ablock of 1DR trials.
The reward-contingent modulation of caudate
cell activity was correlated with the changes in saccade
latency and velocity. A mechanism underlying the
changes may be the serial inhibitory connections from
the caudate to the superior colliculus through the
substantia nigra pars reticulatall2l, An
enhancement of caudate cell activity when reward is
expected (as in Fig. 1) would lead to an enhanced
disinhibition of the superior colliculus and
consequently a reduction of saccade latency and an
increase in saccade velocity, especially for memory-
guided saccadeszz, which we observed in the present
study. On the other hand, an enhancement of caudate
cell activity when reward was not expected (asin Fig. 2)
might affect the so-called indirect pathway (including
the globus pallidus external segment23 and subthalamic
nucleu524), which would lead to the suppression of
saccades to the non-rewarded cues, as observed in our
study. The above scheme, however, needs to be
examined in future studies.
It has been suggested that the basal ganglia
contribute to the selection of action®25,  Our
study suggeststhat a critical determinant for the
selection is expectation of reward (or motivation).
The caudate nucleus, part of the dorsal striatum,
would play an important role in such a decision-

making process.
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Predictive Coding in Recurrent Neocortical Circuits

Rajesh P.N. Rao

Salk Institute for Biological Studies, USA

Neocortical circuits are dominated by recurrent feedback connections. If cortical area A
projects to cortical area B, then area B invariably sends feedback connections to area A.
Similarly, within a given cortical area, there exists massive recurrent excitatory feedback
between pyramidal neurons due to local horizontal connections. What is the role of feedback
in cortical information processing? I will review recent models that postulate that (a) feed-
back connections between cortical areas instantiate statistical generative models of cortical
inputs, and (b) recurrent feedback connections within a cortical area encode the temporal
dynamics associated with these generative models. The resulting network allows predict-
ing coding of spatiotemporal inputs and suggests functional interpretations of nonclassical
surround effects in the visual cortex on the basis of natural image statistics. We show that
recent results on spike timing dependent plasticity in recurrent cortical synapses are consis-
tent with such a model of cortical feedback and present comparisons of model simulations

to electrophysiological data from awake monkey visual cortex.



Roles of attention and form in visual motion processing:
Psychophysical and brain imaging studies

Takeo Watanabe

Department of Psychology, Center for the Adaptive System, Boston University

INTRODUCTION

It goes without saying that the human visual information processing system is very complex.
Marr (1982) proposed that severa principles should be taken into consideration to improve
understanding of this complex system. These include the modularity principle and the
feedforward principle. The modularity principle assumes that the visual system consists of several
processes that are relatively independent of each other in early stages of visual processing (front-
end processing). Therefore, each of these processes can be largely examined independently
without considering the others. The feedforward principle assumes that the majority of visual
functions can be understood without taking feedback effects into consideration.

While research that follows these principles has greatly contributed to understanding some
important aspects of visual information processing, other important aspects of information
processing have been relatively neglected, especially, interactions between different processes
and feedback from higher to lower levels (however, see Grossberg & Mingolla, 1985; Koch &
Davis, 1994).

Research on motion perception is not exceptional in this sense. Over the last decade, as in other
aspects of visual processing, the mgjority of research on the processing of velocity of a moving
object has mainly explored feedforward processing within the motion module (for a review,
Hildreth & Koch, 1987; Nakayama, 1985; Snowden, 1992).

Global interaction/ integration

Local motion detection I

Figure 1 Two stage model

One of the most successful models made from this viewpoaint is the two-stage model. As shown
in Figure 1, this model assumes that visual motion processing includes two stages' of analysis
(Adelson & Movshon, 1982; Hildreth & Koch, 1984; Movshon, Adelson, Gizzi & Newsome,
1986; Snowden et a, 1991; Welch, 1989). The first stage is supposed to measure local
components of motion. The directions of locally measured motion components of an object have
been reported to be orthogonal to the object's local contours (e.g., Gizzi, Katz, Shumer and
Movshon, 1990; Movshon et al, 1986). These locally measured motion components, therefore, do
not necessarily correspond to the perceived motion of the whole object. In the second stage, the
locally measured motion signals for a single object are integrated. For example, as shown in
Figure 2, when two moving gratings overlap, instead of moving in the two different directions
orthogona to the two gratings (Figure 2 (a, b)), they appear to make a "plaid”, moving in one
motion direction (Figure 2 (c)) (Adelson & Movshon, 1982; Movshon et a, 1986)°.
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Figure 2: The gratings appear to move in the directions orthogonal to the stripes as in a and b. However,

when these two gratings are superimposed, they appear to make a "plaid”, moving in one motion direction
(Adelson & Movshon, 1982).

The first stage seems to mainly involve V1 and to a certain extent M T, while the second stage
of processing may occur at MT, but not at V1. Movshon et a (1986) found that when a plaid
consisting of two moving gratings is presented, they found cells in V1 tuned to directions
orthogona to the gratings. However, no cell in V1 was found to be tuned to the integrated motion
direction of the plaid. On the other hand, 40% of the cellsin MT were found to be tuned to the
motion directions orthogonal to the gratings, and 25% of the cells to the integrated motion
direction (also see Rodman & Albright, 1987).

Snowden et a have also proposed the two stage model. Using a "transparent” stimulus
composed of two sets of random dots moving in opposite directions, it has been reported that cells
at V1 tuned to each of the two opposite motion directions gave a similar response to the
transparent stimulus and the single surface stimulus composed only of the dots moving in one of
the two directions. On the other hand, the activity of the cellsin MT stimulated by the transparent
stimulus was found to be constantly supressed’. That is, local velocities are detected in V1 and the
signals of these velocities are interacted in MT (Snowden, Treue, Erickson and Andersen, 1991).



Although this two-stage model has made a great contribution to understanding early motion
processing, it considers only feedforward processing within the motion module. In order to better
understand motion processing, it should be examined from a viewpoint of visual processing as an
interaction of interdependent processes. Recent physiological and anatomical studies show that
there are massive reciprocal projections (De Yoe & Van Essen, 1988). These projections may be
used in at least two ways in motion processing. The first is for carrying signas from higher-level
to lower-level motion processing (feedback projections). When a subject is instructed to pay
attention to a whole or part of a moving object, this kind of active attention should originate in a
high-level stage of neura information processing (e.g., Corbetta et a, 1991; Posner & Corbetta,
1992) and may influence low-level visua processing. The second way is for reciprocal
projections between motion and other types of information processing (inter-module projections).
A signa which is sent from motion processing to another processing and that is modified there
may be sent back to the motion module in order for the visua system to produce a unified surface
reprsentation (Cavanagh, 1987; He & Nakayama, 1992) or representations that are consistent with
each other. These two possible kinds of information—feedback projections and inter-module
projections— flows should be considered in relation to the two-stage model.

Here, we will discuss our research on early motion processing in relation to both attention
(feedback projections) and form processing (inter-module projections)

EFFECT OF ATTENTION ON EARLY MOTION PROCESSING

—FEEDBACK PROJECTIONS—

There has been a good deal of controversy about whether or not attention influences very early
stages of visua information processing. A considerable amount of work has suggested that
attention influences relatively high-level processing, but not the feature analysis level. Treisman
and her colleagues built a feature integration theory in which one role of attention is to integrate
visual features that are independently processed at lower level stages (Treisman & Gelade, 1981).
Neurobiologically, Moran & Desimone (1985) have found that the response of cellsin areas V4
and the inferior temporal area (IT) of macague mokeys to an unattended stimulus is dramatically
reduced. However, they did not find such response reduction in cells in V1, where local
measurement in various stimulus dimensitons occurs(Hubel & Wiesdl, 1959; 1962). On the other
hand, Motter (1993) found that the activity of orientation-tuned cells at V1 was enhanced when
subjects (macague monkeys) attended to a specific orientation.

With regard to the effect of attention on motion processing, Cavanagh (1991) found that motion
can be driven by attention in the absence of low-level motion signals’. Culham and Cavanagh
(1994) also found that motion capture is influenced by attention. These findings suggests that
attention is quite influential in motion processing. Recently, it has been found attention modulates
MT and MST in monkey by means of electrophysiology (Treue & Maunsell, 1996) and the
human homologues of MT and MST by f-MRI technique (O’ Craven & Savoy, 1995). However, it
is not clear whether attention influences each of the first stage of motion processing where local
component motion directions are measured and how attention influences the first and second
stages.

In order to clarify these questions, the roles of attention in the first, local motion component
measurement stage and in the second, integration stage should be examined. To accomplish this,
several questions must be addressed: Can the visua system selectively attend to a locally-
measured component motion? If so, does attention directly activate the local mechanism or unit
for the component maotion? Does attention alter the interactions of the signals from localy
measured-component motions? Does attention operate on different stages of motion processing,
depending on the nature of the task?

If these questions about the influence of attention on motion processing are clearly answered,
we will attain a better insight not only into the role of attention in motion processing but aso
attention in general.



Theroleof attention in thefirst stage with f-MRI

The first question is whether attention can modulate component motion directions that are
measured in the first stage. Assume that a complex object is shown moving at a velocity that is
determined by the integration of locally measured component motions. If directing attention to a
local contour of the complex object makes us perceive it moving in the direction orthogonal to the
local contour, we may say that attention modul ates the component motion.

The previous studies have used either moving random dots or a plaid pattern. Both stimuli
contain problems to be used for the purpose of examining the effect of attention on loca
component motion.

Lankheet and Verstraten (1995) found that when the subject was asked to direct attention to one
of two surfaces of random dots moving in opposite directions, the adaptation to the attended
direction was higher. Although their finding itself isinteresting and very important, using random
dots causes a problem for our experiment in that it is not clear whether the subject directed
attention to alocal motion or a spatially integrated surface moving in a particular direction.

The plaid pattern is also problematic for the purpose of our study. It has been pointed out that
the intersections of two gratings of a plaid pattern, which move in the same direction as the
perceived motion direction of the plaid as a whole, may be used as a loca tracking cue to the
plaid motion (Gorea. & Lorenceau, 1991; Alais, Wenderoth, & Burke, 1994). Alais et a (1994)
found that the inter-ocular transfer of the motion aftereffect to the integrated motion direction of a
plaid pattern was not perfect, suggesting that the monocular motion unit for the motion direction
identical to the integrated motion direction is actually involved when the integrated motion is
perceived. This finding is in accordance with the view that intersections are used as a local
tracking cue. Thus, the plaid motion may not be entirely determined by the internal integration of
locally measured component motions.

Figure 3 : Thetest stimulus consisting of the non-parallel stripes moving either to the lftt or to the right
inacircular aperture.

In order to get around these potential problems to examine the effect of attention to a local
component motion, Watanabe (1995) have developed a new stimulus that is shown in Figure 3. It
consisted of a sequence of black wedges moving against a white background toward the right or

the left in a circular aperture. The black wedges (0.5 cd/m2 in luminance) were 30 deg in angular
subtence and moved either to the right or left at a speed of 2.5 deg/sec within a white circular

aperture (32.0 cd/m2) against a dark gray background (16.0 cd/m2). The radius of the circular
aperture was 7.5 deg. A light gray cross (24.5 cd/m2) was presented in the center of thecircleasa



fixation point. The motion of the wedges as a whole should be the result of the integration of the
signals from component motions that are measured along the right and left contours of the stripes.
Both the 10C hypothesis’ and the vector summation hypothesis predict that the motion
direction(s) of the wedges as a whole should be either rightward or leftward as represented by the
arrow in Figure 3. In this new display, although indeed there are unambiguously moving features,
namely the corners near the top or bottom of the aperture, they do not move in the same directions
as the integrated motion direction. Thus, when the wedges are perceived to move in the integrated
motion direction (either rightward or leftward), unlike the intersectionsin the plaid, these features
should not be tracked as alocal cue for the motion direction of the plaid as awhole.

When these wedges are observed without allocating attention to any particular place or any
particular motion while fixating the fixation point in the center of the display, the wedges appear
to move to the left or right in the true direction of motion. However, once attention is directed
selectively a one of the wedge contours, the whole wedges appear to move in the direction
orthogona to the attended contour. In the experiment, after the disappearance of the wedge
stimulus, the subject was instructed to adjust an arrow to the perceived motion direction of the
wedge. The experimenta result with 6 subjects (Figure 5) confirmed the observation. Eye
movements were observed on a monitor [Panasonic wv-5410] connected to a camera [Panasonic
wv-1850] directed at the right eye of the observer. No significant pursuit eye movements were
observed throughout the experiments. Notice that the component motion direction detected at a
contour is believed to be orthogona to the contour (Movshon et a, 1986). Thus, these results
suggest that attention modulates alocal motion direction.

Next, we presented the subject with the test stimulus shown in Figure 2 and examined blood
flow change (activation) by means of functional Magnetic Resonance Imaging (f-MRI) technique.
So far we found that for all 6 subjects V1 was more activated when they directed attention at one
of the contours of the wedge than when they observed the test stimulus passively (Miyauchi et a,
1995, 1996). Thisis shown in the functional map in Figure 4.

Such an increase in activation in V1 in the attention condition was not found with any subject
when the same wedge was presented stationary. This result suggests that the V1 activation is due
to attention to alocal motion rahter than attention to a spatial location.

In another control experiment, we presented a black rectangle moving in the circular aperture
with the same procedure as in the first experiment. The horizontal width of the rectangle was the
same as the averge width of the wedge in Figure 2. In that case, no significant activation
difference was found in V1 with any of the six subjects between the attention condition and the
passive condition. Since the orientation of both side of the rectangle was vertical, the direction of
the local motion should be the same as the direction of the integrated motion. Thus attention
might not have to strongly activate the unit for the loca motion direction. Similar results were
reportedwith a monkey brain (Motter, 1991).

This finding shows that attention influences V1 where loca motion directions are first
measured (Movshon et a, 1986). How is V1 influenced by attention? One possihility is that the
unit (in V1) which isresponsible for alocal motion was selectively more activated in the attention
tasks. However, the mere fact of an activation increase in V1 may not filter out another possibility
that this activation increase might be merely due to the general arousal of V1, for example,
because of the difficulty of the attention task as compared with no attention task (see Wurtz et al,
1980).



Figure 4 : Functional map of one observer (SM) overlaid on the anatomical map for the right side (right
image) attention conditions after the no attention condition results have been subtracted.

In order to examine which possibility is more likely, Watanabe (1995) conducted
psychophysical experiments that measured motion aftereffects. It is known that after we perceive
an object moving in a direction for several minutes, a physicaly stationary object appears to
move in the opposite direction to that of the previously viewed moving object. This motion
aftereffect is usually thought to be due to the adaptation of a set of units tuned to the direction of a
moving object. This adaptation in turn causes an inbalance between outputs from the two sets of
units responsible for opposing motion directions (e.g., Anstis, 1986). Motion aftereffects have
been regarded as a strong and objective measure used to infer the kind of inner motion process
activated while the moving object was observed before the occurrence of the aftereffect (e.g.,
Alais, Wenderoth, & Burke, 1994). Severa researchers have pointed out that attention can alter
strength and direction of motion aftereffect (Chaudhuri, 1990; Lankheet & Verstraten, 1995;
Verdraten et a, 1994). This suggest that attention influences motion processing. However, it was
not clear which stage of motion processing isinfluenced by attention.

Watanabe (1995) compared the strength of motion aftereffects with inter-ocular viewing to that
with monocular viewing, in both attention and non-attention conditions. On each tria, the same
wedge stimulus as used for the f-MRI experiment (Figure 3) was presented as an adaptation
stimulus for 1 min and was followed by a test stimulus consisting of black and white parallel
stripes whose orientation was varied from trial to trial. The adaptation and test stimuli were
presented either with monocular (same eye) or inter-ocular (one eye to another) viewing . Asin
the previous experiment, there were two attention conditions and one non-attention condition. The
duration of the motion aftereffect was measured as an index of its strength. Before the experiment,
each subject conducted approximatly 100 practice trials to reduce response variability.
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Figure 5: The duration of motion aftereffect as a function of orientation of the test stripes for the left side
attention (left), the non-attention (center), and the right side attention (right) conditions. 0 and 90 (-90) deg
represent vertical and horizontal orientations. The arrows represent the orientation of the side where
attention was directed.

Figure 5 shows the duration of motion aftereffect as a function of test stripe orientation. In the
attention conditions, strongest motion aftereffects were obtained when the orientations of the test
stripes were orthogonal to the local motion directions which attention modulated, with both
monocular and inter-ocular viewings. In the non-attention condition, the aftereffect was strongest
when the orientation of the test stripes was orthogonal to the integrated mation direction (the
rightward direction). These results show that motion aftereffects are modulated by attention to a
local motion.

Second, in both the attention and non-attention conditions, the motion aftereffects were stronger
with monocular viewing than with inter-ocular viewing. The difference in strength of the
aftereffect between monocular and inter-ocular viewing in the non-attention condition may be
attributed to the monocular units' activation, stimulated by the afferent stimulus information only
with the monocular viewing (Wolfe & Held, 1981). However, the difference in the strength
between the two viewings around the peak of the “tuning curves’ was much larger in the attention
conditions than in the non-attention condition. Furthermore, while the "tuning curve' for
monocular viewing is as shalow as for inter-ocular viewing in the non-attention condition, the
tuning curves were significantly steeper for monocular viewing than for inter-ocular viewing in
the attention conditions.

These results suggest that the difference in strength and shape of the two curves in each
attention condition may not be attributable just to the difference between the presence and
absence of the adaptation of the monocular units to the afferent motion information. Presumably,
the monocular units for attended motion directions were strongly activated. Attention seems to
influence monocular units for relevant component motion directions.

Since a majority of monocular cells have been found in and before V1, these psychophysical
results are in accord with the higher activation of V1 in the attention conditions with f-MRI.
Furthermore, since the psychophysical results suggest the activation of a specific unit for relevant
motion directions, they aso eliminate the possibility that the activation of V1 found by f-MRI
technique is due to the general arousal of V1.

Theroleof attention in the second stage of motion processing
As mentioned in the introduction, it has been suggested that locally measured motion signals
interact and integrate at MT (Rodman & Albright, 1989; Movshon et a, 1986; Snowden, 1991).



In the previous section, we showed that attention to alocal motion activates the unitsin V1 which
correspond to local component computations (Movshon et al, 1986).

An important question arises: Does attention to any kind of motion always activate V1 or does
the stage of motion processing that is activated by attention depend on the featue of motion to
which attention is directed?

We examined the blood flow change by means of the f-MRI technique when attention was
directed to an integrated direction of motion, instead of a local motion direction. In the
experiment, the subjects were presented with several bouncing balls (Figure 6(a)).

Perceived Motion of the Ball
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Figure 6: (a) Balls bouncing within a framewok were presnted. In the attention condition, the subject was
instructed to direct attention to particular ball which blinked for a second before the onset of the
measurement of the brain activity. In the passive condition, the subject was instructed to direct attention to
no particular place. In both conditions, the subject had to fixate the fixation point which was presented
either the right or the left side to the framework. (b) The perceived motion (represented by the bold arrow)
of abouncing ball is obtained as aresult of integration of local motions whose directions are perpendicular
to local contours.

A

In the attention condition, the subject was asked to direct attention to one particular ball while
fixating a point in the center of the display. In the non-attention condition, the subject was asked
to watch the display passively while fixating the centra point. As shown in Figure 6(b), the
perceived motion direction of a bouncing ball should be obatained by integrating locally
measured motion signals. Thus, directing attention at a single bouncing ball among many balls
means directing attention to an integrated motion among many integrated motions. We found that
MT/MST areawas significantly more activated in the attention condition than in the non-attention
condition. However, there was no significant difference found in the amount of activation in V1
between the two conditions (Miyauchi et al, 1995, 1996). Basically the same results were
obtained when attention was directed to expanding/contracting motion that may be first measured
in MST (Tanaka, Fukada & Saito, 1989) as a result of interactions and integrations of local
motion units (O'Craven and Savoy, 1995).

Further study



We are now conducting a series of experiments by means of f-MRI and psychophysicsin which
the subject isinstructed to direct attention to a different feature of motion with the same stimulus
under each of severa different conditions. Although this experiment is still underway, the
preliminary results show that the location of an anactivated area due to an attention allocation
depends on atask demand, that is, which feature of motion attention is directed to.

Conclusion for effects of attention on motion processing

The results of the experiments have the following implications. First, when attention is directed
to a component motion direction, V1 is more activated. Second, the V1 activation may be
attributed to the activation of the unitsin V1 for the local motion, but not to an overal activation
in V1 caused by a general awareness. Third, when attention is directed to an integrated motion of
an object, MT is more activated, but V1 remains a baseline. That is, the level of motion
processing attention influences depends on features of motion to which attention is directed.

Why does the stage of motion processing that is influenced by attention vary under different
experimental conditions? Remember that according to the two stage model, the earliest stage at
which local motions are measured is V1 while the area at which the local motion signals interact
and are integrated may be MT/V5 (Movshon et al, 1986; Rodman & Albright, 1989; Snowden et
a,, 1991). Our findings suggest that attention influences a cortical area that is crucia for
measuring or producing signals of a feature of motion (local component motion or global motion)
to which attention is directed.

This makes several important implications regarding the relationship of attention to visual
information processing in general. First, basic visual features such as motion signalsin V1 can be
modulated by attention. Several researchers have argued that visua search for basic features are
in arelatively high-level stage of visual processing (Cavanagh, Arguin & Treisman, 1990; Bravo
& Blake, 1990). Perhaps attention can reach down and modulae basic visua features in
representations that come before the representation on which visual search occurs (Wolfe, 1996).
Second, our results indicate that the units for a relevant mtion feature are activated. This suggests
that attention enhances signals for a relevant feature, rather than just picking up the signals and/or
filtering out irrelevant signals. Third, the visual system seems to activate the specific unit in a
specific stage which is most responsible for the processing of a feature at whcih attention is
directed.

INTER-MODULER INTERACTIONS BETEEN MOTION
PROCESSING AND FORM PROCESSING

The previous section indicated away of sending feedback signals from a high-level cortica area
influence early mation processing. In this section, we will show a novel phoenomenon called
velocity decomposition that may show how inter-cortical interactions occur— specifically, how
motion processing interacts form and other kinds of processing to produce a unified surface
representation or representations that are consistent with each other (Watanabe, 1997).

Watanabe (1997) showed that a transparency configuration makes two different interactions of
motion signals occur in the same retinal region. He demonstrated that motion in one physical
direction appeared to be decomposed into two component mations in atransparency configuration.
Figure 7 () is a physical velocity map of the display that induces the velocity decomposition. It
consists of random dots moving simultaneously in three different directions in three different
regions—a central square and two flanking rotated "L" shapes. In this case, the velocity of the
dotsin the central square appeared to be decomposed into two component velocities; one identical
to the velocity of the dotsin the upper "L" and the other identical to the velocity of the dotsin the
lower "L", as illustrated in Figure 7 (b). In addition, one sguare with dots moving upward and

another with the dots moving rightward appeared to overlap transparently in the central squares.
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(@) (b)

Figure 7: (a) Example of the stimulus that induces velocity decomposition. The three regions are defined
by the different velocities of random dots. There are no black contour lines actually present as used in this
figure. A velocity of the dots within the same areais represented as one vector. (b) Schematic description of
perceived velocities. The velocity of the dots in the central square appears to be decomposed into two
component velocities; one is the same as the velocity of the dotsin the top “L” and the other is the same as
that in the bottom “L".

Watanabe (1997) checked how these dots from the three regions interact. In an experiment, a
fixation point was presented for 1 sec. From trial to trial, its location was varied from the center of
the central square to a point 4.5 deg above the center. Then the test stimulus (Figure 7a) was
presented for one sec. While the dotsin the upper and lower "L"s constantly moved rightward and
upward, respectively, the direction of dotsin the
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Figure 8: Mean frequency (n=2) as afunction of the selected motion direction, for 22.5, 45.0 and 67.5
physically truemotion directions of the dots in the central square. 0, 45, 90 deg represent the upward, upper-
rightward, and rightward motion directions.

central square was varied from trial to trial in 16 different directions ranging from 0 to 337.5 deg
in 22.5 deg steps. 0, 90.0, 180.0, and 270.0deg represent upward, rightward, downward and



leftward motion directions, respectively. The test stimulus was then followed by a set of arrows,
each of which pointed in the 16 different directions. Individual dots existed for about 70 ms and
then disappeared to be replaced by others at random locations so that the subjects could not trace
individual dots to infer their physically true motion directions. This renewal scheme minimizes
the probability that individual dot paths are being tracked (Andersen et a, 1990). The subjects
were ingtructed to choose only one arrow that represented the perceived motion directions in the
central square most appropriately.

In order to examine which motion direction the subjects saw for 22.5, 45.0 and 67.5 deg
physical motion directions of the dots in the central square, the frequency of the mation direction
the subject chose is shown for these three directions in Figure 8, respectively. The data were
obtained when the location of the fixation point was 4.5 deg above the center of the central square.
For 45 deg, they choose 0 and 90 deg nearly equally often. This result is in accord with the
subject's verbal report that they actually saw 0 and 90 deg motions at the same time. However,
since they were instructed to choose only one motion direction, they chose one of the two
randomly. On the other hand, when the physical true motion directions were 22.5 and 67.5 deg,
they saw 0 and 90 deg motion directions most frequently. What was common to al the three
conditions was that with increasing eccentricity from the center of the central square, the
frequency of the subject choosing 0 or 90 motion directions increased, although even with the
foveal viewing the same but weaker tendency was observed.

Watanabe (1997) aso conducted an experiment in which the speed of the dots in the central
square of the same figure as in the previous experiment was systematically varied and found that
velocity decomposition occurred most frequently when the velocity (direction and speed) of the
dotsin the central sguare is the vector sum of the velocities of the dots in the two "L"s. The same
tendency was found with many other combinations of dot motion directions in the three areas.

(a) (b)
Figure 9: (a) A transparency cnfiguration. The two large squares appear to be overlapping in the region

of acentral small square. (b) An occulusion configuration. The central square appears to be opaque,
occluding the two large squares.

Velocity decompasition has been observed in the transparency configuration shown in Figure 9
(@), in which two large squares appear to be overlapping in the region of the central small square.
At times, the top large square appears to be transparent, overlying the bottom sgquare. At others,



the bottom appears to be transparent. Is the transparency configuration necessary for velocity
decomposition?

In order to answer this question, the random dots were put in an occlusion configuration as
shown in Figure 9(b), where the central square appears to be opaque, partialy occluding the two
large squares. In this case, no velocity decomposition was observed even if the velocity of the
dots in the centra square was the vector sum of the velocities of the two "L"s. The subject
constantly chose 45 deg motion direction when this direction was presented in the central square.
These results show that the transparency configuration is necessary for velocity decomposition’.

How do velocity and surface decompositions occur? As mentioned above, the motion condition
necessary for velocity decomposition is also necessary for surface decomposition and the figural
configuration necessary for surface decomposition is also necessary for velocity decomposition.
Since surface decomposition occurs in the figural configuration shown in Figure 9a, form
processing should be involved in the surface decomposition. Thus, the results of the present study
suggest that thereis a strong reciprocal interaction between motion and form processings in order
to produce a uified representation presentation (Cavanagh, 1987) or presentations consistent with
each other. The information of a representation in form processing may influence and change a
representation of motion. This change in motion representation might, in turn, influence the
representation in form processing, and so on. This reciprocal interaction may be accomplished by
inter-modul e projections.

What is happening within motion processing in relation to the two stage motion model while
motion processing and form processing interact? There are at least two possibilities. One is that
an interaction occurs between form processing and the second stage of motion processing.
Velocity decomposition may be a result of two different global interactions of motion direction
signals occurring at two different depth planes in the same retina region. For the 22.5 and 67.5
degs, the mation of the dots in the central square seems to be assimilated to the motion direction
of an"L" which is closer to the direction of the dots in the central square (see, Nawrot & Sekuler,
1990; Watanabe & Cole, 1995). Assimilation may be the result of large-scale interactions such as
smoothing of different motion directions (Bulthof, Little & Poggio, 1989 ; Grossberg & Rudd,
1992; Hildreth, 1984; Yuile & Grzywacz, 1988). When the velocity of the dots in the central
square was the vector sum of the velocities of the dotsin the “L"s, the magnitude of the difference
between the motion directions of the dots in the upper "L" shapes and that in the central square
was the same as the magnitude between those in the lower "L"s and in the central square. When
this velocity condition and the transparency configuration coincide, the two different
assimilations of the dots in the central square to the directions of the dots in the two "L"s could
occur at two different depth planes into which the central square was decomposed. On the other
hand, any assimilation did not occur in the occlusion configuration that does not induce surface
decomposition.

The other possibility isthat the local mation signals only for the decomposed motion directions
are relatively enhanced in the first stage of motion processing. The direction of local motion is
suggested to be orthogonal to the local contour (Gizzi et a, 1990; Worgotter, 1991). Usualy,
local motion signals are integrated into one motion direction if these signals are regarded as
properties of a single object. The speed of each motion component is proportional to the cosine of
the angle between the true motion direction of the object and the local motion direction (Adelson
& Movshon, 1982). When acircular dot is moving, for example, in the upper-right direction, the
speed for the detected local motion for the true motion direction is the highest and much higher
than those for the upward and rightward directions. However, in the surface decomposition
configuration, the speeds of the local motions for the upward and rightward directions detected in
each of the dots in the central square might be enhanced and the local motion signals might be
integrated into these two directions.

CONCLUSION



A research on motion processing has mainly attempted to clarify only feedforward processing
within the motion module. Indeed, research inspired by this framework has made a great progress
and two stage motion processing has been largely accepted. However, a large number of
reciprocal projections have been found between different cortical areas.

This chapter has shown our attempts to understand motion processing from a viewpoint of
visual processing as an interaction of interdependent processes. First, we have shown how
attention works on each of the two stages in motion processing. Using f-MRI technique, we found
that attention directed to a local motion direction enhanced activity in parts of V1, whereas
attention activated MT but not V1 when it is directed to a global motion direction. These findings
have important implications for the role of feedback projections. The visual system seems to
control the destination of feedback processing so well as to activate a specific unit for motion
direction up to a specific stage of motion processing.

Second, we showed a phenomenon called velocity decomposition that may reveal reciprocal
interactions between motion and other processings whose implimentation may be accomplished
by inter-module projections.

Although only two examples are shown in this chapter, there may be many visual functions
whose feedforward processing within a module are largely known but whose interactive aspects
are a mistery. In the near future, more of these interactive aspects are expected to be clarified
through research on visual processing from the viewpoint of visua processing as an interaction of
interdependent processes.

FOOTENOTES

' Many computational models assume that the first stage can be divided into energy extraction
through spatio-temporal filters and construction of alocal velocity from the extracted energy (e.g.,
Adelson & Bergen, 1985; Grzywacz & Y uile, 1991; Heeger, 1987).

* There are two controversial hypotheses as to an integrated velocity. One is the "intersection-of -
constraints’ (10C) hypothesis that assumes that an integrated motion is determined by the
intersection of al the physicaly possible interpretations generated by locally measured
component motions (Adelson & Movshon, 1982; Fennema & Thompson, 1979). The other is the
vector summation hypothesis in which the integrated velocity is determined by summation of
locally measured component motions that are orthogonal to the local contours (e.g., Mingoalla,
Todd & Norman, 1992; Yo & Wilson, 1992).

’ The same transparency configuration causes brightness transparency (Beck, 1986; Beck,
Pradzny, & Ivry,1984; Watanabe & Cavanagh, 1993) and texture laciness (Watanabe & Cavanagh,
1996).

* The way of how suppressive interactions occur was measured psychophysicaly, first, by
Snowden (1990) and, more recently, by Verstraten, Fredericksen, van Wezel, Boulton and van de
Grind (1996) with an improved measurement.

°In contrast, Lu and Sperling (1995) suggest that attention influences a saliency map rahter than
motion measurement. The saliency map is assumed to be in a lower stage than motion
measurement.
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1 XUHIC

Z 2T, HRHSHIIBITIIBNERDZEZF EHETS. BAERLIE, ArhSITEEETE
BRWHEREH TH 5.

—ofEEZEZ LD, 0,1,2,...,9 DBENEMNEMNRLSHZ L LED. ZDOI5B—HREL 5T
LT BLAFZNERT, SEINTWBEFEN L 2OMN T 200, £EF 4200, 10D
AFIA) =D BEDO—DIHEEL V.

EDPFEMNRHINTWEDOM EHEREH L UTEBEATHSL. 5L, ZhWIEEIEI =2V
HEEHTHBZ N5, BRIBFZOENNEREE U TIDEN N T WS DWHEE LT hiE

WF 720,
3 /

1: HFEDOSHE 2: HWEWhEE

Brx Roud, FhEFhDNEHETHTL2FHILTEEbARWESD., HYICH 1D XD A
F=REBEHLEDORD, FEACRD ZL R BFEEERFEESTEZLNTES.

TiE, H2DEDRENENEGSEIEDESD. ZhEBZEDL1ERILEZEIDNLN, 7T
HHEAREERA RV, 2F Y, BFEEVWEARED BoTEVWEOMIEBIBHTEZRVWDT
Hb., ZZFTELL, ZOMEICENEEEHWBEERISEE5 .

EERD L FIIEER L 2R T 258, LOXDRRERZ YO TRIT 2 DONMTE#L W
HTHY, ZZTERHACRW. ZORDYIC, ZOXD RHEEEHRE, BEEFE-CHLLE YR
LZOMEHATS. HERLLT, RBLOBWERDNTESZIDIIRDEERS.

2 Ty bhOv-—liEEE
2.1 T>hoE-—

HOWMREI X 2EX 5. ZOWERLPOEEBEEN p(X) THEALND LTS, ZDLE, T

1ﬂX)=—/mmmymmm (1)



LIEFEIND. X WHEREERSHEICIIBHT S LRICRIL Y,
H(X) = = p(x)logp(z) 2

LEZIND.
BFOBITEZXD L, 10EOBENEHBETHHRT 20, X 2EOBENMBTEINE VD
MR L EL L,
1 1
= Z—log— log10

b, TYMOE—L3HEMEERHOED MBIRS) LEXTATHEN. Z0BE, Lo¥F
MNEMMTVENE WOHEREH X 0>y Mot —, ThabbBiRXid loglo TH 5.

2.2 HHEBEH=

IV ROE—DEZFICOWT, DDLU EFT 5.

4, B12BHILEL TS, 22T, FiERWRER Y 2825, V ZED LD Rz h
ENERTHRZHTHS. HIAXKL 2B LEDOTHNE, YV IR & 42b. ©V IidKkAX:
BYUBZDT, BRERL UTEXTEREWVWESD,

Y 2BILELED X ORHRIEDIRBEAIM. ZHhE X O Y ICKHT 254 EHEEE p(X]|Y)
TH5. PIZIEN 1 DEEICIEZFORRE LTOHFL, WE 1T 131 THAD.

IhERERTEI DI,

p(z €{0,1,2,4,5,6,7,8,9}y =[3) =
ple=3y=[s) =1
5L, ZOHEHHAILELEDTY hOE—

H(Xly=[3) =0 (4)

Lind (FHEH, Olog0=0 & LE) $abb, HE8HTsZLT, BRSAMEATY ROE—H0
LY, RRELUT, logl0 THoETY hOE—N0 oz, ZDEE, logld—0 D “fEEE”
MELNEZ LIRS,

—H 2 D XD RBRAKESL =L 21T,

H(Xly=[1)

FolhbhWwWESES, EOLIICHETEMIBNUT, ZhAN1 THIHERNIORT, 7TTHD
HRIT 10% L T35,

1.1 9 9 9

HX|y=[1) = —l—Ologl—O wloglo log10 — 1—010g9 (5)

b, BHNEBREIL oglo LOETH DML, Flogd Y, KRE L THE-S TWHIBIRS
1E 1ogl0 — Zlog9 TH 5.

ZOEIICENEINEH Y LRBNEHREH X OMICIHEICERLTWS, Z0k>%25

DORERZTBORNC, HEBRELZBZLZLNTES. ¥V OBEBERE V) 352, HAERBH



BIY 2BILEZLEIC, FHLLTEDLILWEHREEZR/OLNEINE LTEHTES.

I(X,Y) = H(X) - / o) H(X |y)dy

— H(X) - Hy(X)

R
R
A

1y () = [4(w [— / p<x|y)logp(w|y)dx] dy ™)

LRFBELUE. p(X) & qY) BREFEIN, SHICpX|Y) WEHBESILNE X & Y OEESHDOHE
B E r(X,Y) =p(X|Y)q(Y) L UTEZETZS. Zhifnse,

I(X,Y) = H(X) — Hy (X)

= H(X)+HY) - HX,Y) 8)
— H(Y) — Hx(Y)
LEFL. 22T,
H(X,)Y)= —/r(m,y)logr(m,y)dmdy 9)

LLE. ZOREMSHEBHRIT X,V ICEHLTHHTHEZ LD 5.
IV MNOE—PHEBHREZEVWRETEXLTHREN, Z2IENVWTHEZLOATIE TR
2V, EREROBRIEESZICUTARLW (L, 2.

3 HAUMHERE

SE T, BRESENEZINTWSEET, WOMDEWHIOWTEHHE2LE, 22T, H5
BEREEDHND > TNWED, ZONTA—ZARRAMDEGE, NIGA—REEIDSTRDZMNID
W, FHORETM RS THIRAHEXHHTS.

BIZIE, T—=RAWNERSBE-S>TWB WD Z L IFBAEL T3, LML, EEEL S8R D
MIDHRNWETE, ZOLEIL, T—EAMONTA—=ZEEIVSTHETEINE VWS EZLICH
5.

0 ENTA—RLTLMHERDA py;0) FBZ 5. T—ANECHESMHENS, MIZIC T H@
{yi,¥2,..,yr} LLTHEBNEL TS, ZOLE, 0 2HELEV. RAHETIE, ply;0) NF
DT —RERTE MR (RE) ERRICTEINGA—ZEHER O LT 5.

0 zau%MXIlpwaa)Za%gmxz;k%p@50) (10)
EHPHTHNE, 0= (u,0%) (EEHLHE) THY,

1 e(f(y;u)z)

p@ﬂﬁ=%ﬁﬁ

THo. MWPAEI ,
s — T
zs:logp(y; 0)=— Z (?4072“) - 510g27ra2

s



ey, ZRNERRICTS po? iE
. 1 o 1 .
M :fzs:ysaaz :T;(ys_ﬂ)z

L%,
22T, EHOEDIRRINE o) LEHTS. BRIy PERIEETRS O THNL,

EFTNERV. 6,,(y) Hy=y; DEEIT1 ZMEBHTH 5.

2 DDHERS A DRE D Kullback-Leibler Divergence 1&(11) D &k D ICEFHES 5. Kullback-Leibler
Divergence [ BHEWDHERSAN—HLUEZLEDHR0ITRY, FALSMIEEDEEES. LENST
SAAEDENEERD T, HAHEITBRRD q(y) & p(y;0) & DRID Kullback-Leibler Divergence
EBUNCT B EDICNTA—RERDEDELEZBND.

D(q,p(0)) = / q(y) log p?ﬁ/;) dy

(11)
= / q(y) log q(y)dy — / a(y) log p(y; 0)dy

HRORDE 2 HIZ(10) ROMNBAELLE L. NSRA—RICETEHPEZOEET DT, f
BAEERRICTEZLIF(11) ROBEEFBNCLTWSZ L LEEE 2 5.

Z DFER B BT (3] EHWTHRT 5. M3 EZDAA—YERLEEDTHS. HHOD S i
y DHERDHDEEEZBZ 0D TH5. ZOE[MHPDELEIT y OMRSHL RS, EFTIVIEO L
WINGA—=REREOEGTHEDT, ZOZEMPTIEIZRE M L UTERDEI WIS, BEROH
REELE, ZZHMBNTA—RERAHET S L, BROMAD 1E q@y) DOHETFIVERE M
ND—TBDHBE L BB, ZOBEDHBIT D(qy),p(y; 0)) 2B/NETEEERDZZ L L%
LV [3].

S

Observation

m- projection

3: HRETHIHERE DBATLHIA X — Y



4 BhABEEFHEOETIVENT A —RHEE
4.1 BhWEHERO>ETIV

FUDICBNEBICOWTHINED, ZZTEIEOIDEMEREZ2 5. £F, BARTOHRWFG %
RU, PIERZATHMTS. =, ZOEIREFIVORAHBICEHLTEHHT 3.

Y LUT, BlITZ2HEREEND =255, —F, T Z IEHTERWE T3, V,Z %
BHEOLETFIDNTA—E% 0 LETIE, 2TOHREH > SUHRBERBII p(y, 2;0) LD
B2, LAL, RHICHHTEZDREBHT — & (y1,y1,-..,yn) DHTHY, BWADEHT — &
S50 2B BRI,

p(y; 0) = /p(y,z;e)dz

EVOHERER Y ICOWTOEBSHICET2EDETTHS.
BIZE, BIZE, EDED% {0,1} ABR2ENHY, Figd D5 DORDENNNHER1/5 T

B[] 4 kS

4: True images

BohdEDed5. UL, ERIERINDIGEICIT ) A XHERY, Y MHEHER p, T
035295, HIZE OLOREBREIADNE LTS, BAMVEICTEIDIXZDEDIICI)IA XD

5: Sample images

o ERDATHD LTS,
ZORFETIE,

BAZEH 2 ERICEREIATWAREEIECEE O b0 XN &\ D MR,
BN DEH y - EBCBHIE NS ) A ITENER 5E]) D & D 2K
b, EFTINVTONTA—230={EBRAOE, p.} THB. ZONTA—REFHNTEE
NEDIDICEREINDIDNEREDS. 5 DX REMESLNEDRBIT,
py;0) =Y ply,20) = plz;0)p(yl2; 0)
"o,
1 1 1
pE6) = pEIEFO) + -pEA B O) + -+ I ER 0)

L5,

ZOEIIHZ p(y;0) BHI-EZLLTE, ¥V ORDNS TR 2 2EBIMZZ N TE ., 22
T Z IBNZE (Latent Variable) &IN5, HFtFETHWONSHERSHD LM, BED
PRFDHDET VD LD ICBNEBEREODEDOAEL H L. £, MOETIVE U THRESLTW

52— )Ry NT—=ZICBWTEBNEBDEZXF2HNWEEDONH L. RELABETWL DHD
Bl ERT.



4.2 BEEEHS A

6: IERRRE ST

¥, BEEBRSHEZX LS. BREH Y OEEN p THHSBITIIN £ OSRTIESS T
ICULEDND LE, TOBERB L Gy;u,Y) LELZLILT 5. BEEHESFIZOERSHOR
BAFL UTEROINEGHHTH S, BERK p(y;0) (EEL 0 ZEFNVDONSA—K) 1L, H5
m (X, m=1) EERMRL LT,

p(y;0) = ZmG(y; Bi, Zi)

%, ZOEFIVIIEBNEE R2F>. TRZFOBNEBIIRAES DD,

2 RTTDIEHDIEN 6 DER - EIERES DA EPNICEA LD, HESHORER 6 LIRS, 2
DHERDIEMN ST —EMBLENTWE L TE., T—2 %2 2RTEEICRRUEDSD RN 6 HIRT.
ZD%E, HHZNET—RZDARMSTIE, ZOT—ANEDERDSHEICLZ2EOMIE-EY LT
AW, Tabb, EOEMRSHANSDT =AM WS ERIFEHIcCERV. Z0 TEDESSTE
MHIELED] EWDIEFRIBNVER L 5. IEFREGSTDSE TR TV 2RI B
RHEREHTHSD. ZOPTHNE, 2 % 1,---  k TTERBEEHROBNEB L LT, p(z,y;0) 1

k
p(ya 23 0) = Z ﬂ,&,(z)G(y, Mi, Ez);

i=1

YEFE, 22T, S(2) R 2=i DEZICOR 1 ERBEHTH .

4.3 Helmholtz ¥V

PR DFREHIIEIC 1T, RO REN O EHOEY a—VAH Y, ZRALMHAEICHEGLT
W3, ZOEVa—- VEOKEGEHEW, FEHEITRDETIVE UT Helmholtz ¥V VW ERIh =,
Helmholtz ¥ ¥ VI3AERE T )V (generative model) & #3%:#8%E T )V (recognition model) @D 2 DD E
VAU BRBZEFNTHS 4. B7IRTON Helmholtz ¥ Y ORRARTH 2. Helmholtz
Y IIANEINS D AT L 72 B Visible variable & AMEA & | XEHETHIT = 72\ Hidden factor % #
D. ZNERDEY 2 — VEOHEDOREEIHIE S, visible variable % R¢D i % KK D HEEHE
H8, hidden factor ZFFOHMIME % ERDOHMEL ESIZ LB dH 5.

ZD 2 DOEHOMICK U, Helmholtz ¥V T 2MDNFTA—&%E5X 5. 1 DI visible
variable %57z &£ Z1C hidden factor DHERS A % 5.2 538 ET )V (recognition model) TH Y, ®



Hidden Factor

Visible Variables

X 7: Helmholtz ¥/ >

9 1 DU visible variable & hidden factor DW 5 D43HE % 52 5 HEBET )V (generative model) T
H5. IS ED L, ERDDERANDFES &R DERADFEEDNLFEL TWDZ LIl 5.
EZXDET VOISO WTIE Helmholtz ¥ Y HERHE L TWaW. %Y, YDLSRET
IVEEHT ZMIE T, Helmholtz ¥ ¥ VIIMEA RO L 5. BIZTERDHEABEIRET VO
56, ZVIHHENLRRTFSTOET IV E—HT 5. £, BEERSHP HMMBEh</)La7E
FI), REBNEREFOETNVIIETIDRTERTZZENTES. ZZTHHBEOHEEDE
FIICOWTEHZ LTHEL [3].
y % n IRFLD visible variable & U, z % 1{RK7tM hidden factor &3 5.
o EEEFIV : y & n RFEOMEBVEEERSA N(0,1) I LR HERI 2 1<k - T
y=gz+e (12)
ICEVERINE LT 5. e lTWAITH] X = diag(o?) EDEITFHIL T HIERSTE N(0, %) I
LENDHETHS. ZOLE, p(y,2:9,%) 13,

a2 ) (2.

o FHBETI : BHISNEFBE y HOXIET S 2 B
z=rTy+46 (13)

DEIICHAETHL TS, EELIEN@O,82) ICLERIHETHS. FHFHETIVCEy B
BHSNEZLED 2 ORBNEGHEEET D, q(zly;r,0?) £TBL,

a(zly;r,0%) = G (z;77y,0%).

PAED & SIS, Helmholtz ¥ VIIBNEHE2ESOETF I ERETE 3 —DDFETHY, EHEETFIV
CABFICTEHMET IV R H UHEREHOMAIK LEET D L ZA RN D 5.

4.4 EM 7)udV XL

T, BhAEBOHZETNVICBITEBRAHRIIEDITHSD. HEHMRER X = {V,Z} BH
Y, ZO—EH Y OHNEHTE, HY Z ZBHTERVWREEEZX S, BT —X {y1,v2,...,y1}



PESNEL IS, BRETIVpy,20) DINTAR O BHEELEVWET S,
p(y;0) = /p(y,z;ﬁ’)dz

LREFZEINDD, ZOFITZLHT LEBEM TR, (10) REEEESDIHLWZLBAZW. 2Dk
IBRBEICHVWSNEFED 1 DICEM 7)VdY XLhH 5.

EM 7))V XAl E-step (Expectation step) & M-step (Maximization step) D DD 5
’Y, ZOBERAICKEYELTINS AR EFEHTLZLICKY, BAHERED S WILERBOMHE
REEBLZENTES.

L FTHE 0 D SR Tt HFEH LERDNT A R % 0, £ LT, E-step & M-step D E{RHyZn
FREIUATO LD ICEZIND.

o E-step
RATREHFEIND Q0,0,) %KkD5.

T

Q(0,6,) = %Z {/p(ZIys;Ot)logp(ys,z;O)dZ} (14)

s=1
e M-step
Q(0,0;) EHmRICTD 0 2R, Zhk 6,17 5.

;11 = argmax Q(6, 6;) (15)
0

ZORRIEONE 0, & 0,41 LORICIE Y logp(ys; 0:) < 3, log p(ys; Oi11) W I BIRDH 5.

Conditinal
Expectation
/

M aximazation
(m—pr"n

X 8: EM 7)vdU XA

EM 7)0dV XL & EERMINICHR T 2. BRRRE TIER 3 0 & O ICRAHERIT S, D SRR
HADFEE UTIRABNS., —F, BIERRFEOETIVTIIEIITE 2HREH v OMRSR
DZEMTIERL, HEEH ¢ = {y, 2} OBRHHOEBMEZZEF VDY HNEENEZ N, ZD2%E
MEZZ L.

S, BETIVOED IEGEI L FARRIC 1 DDZRME M 28T 5. —FHT—XDIEDT y ICBT 3
BEERDAT q(y) ULDGZ W, ZOFE Tz = {y, 2} ODHERSTEOEFDE L IZ RS RVWDT,



2 BT BB 2AMIMNA D (K 8) L WO SRMAEMELT 2 (L YFLIE[3, 6] 23N
7=W). EM 73V XLZZ0 2 DDOEREDEDENZNDHET D & M LaRDIEITHHE
RDBZLIHIELTWS, ZNETECEM 7V3) Xb&2EEHX 25 L HAIC K> TRRINE
em 7IVAV XL b [6].

o e-step Zhk{E D _ET D(q(z;m), p(z;0;)) BRONCT B mery ERDS.

o m-step ZE M ET D(q(z;mi11),p(x;0)) ZBINCT S 0,1 2KRD 5.

5 &

FHTIRTY NOE—DFREOZR AN D, BNH, Z0OPEHE TREBICINE LE. B
DRI %2 X BHNC, BNEBOBERDE XS IO LB,

BIxIE, BROEHRLEROBHREEZR 5 L 210, BROUETIIEDS < BHROEHIMTbIT
VB, EOLE, EROWRMIIC BT 2 HHORANT, EREHOBHMAEINTNSZ LD
GE LV, LENST, EROMEES 20 E X TRL, BROESLHELRE v ©RT
BB, I(X,Y) NSWANEE LW EX N5, RN, HHEOEXFIERELERLT
B—oDiRst R EA B LES.

2% 3
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1 [ZC®IC

B4IIBEABCRBWTEEICEAN., BENRESHZESL TITEHILTWDS, T
= AR ERICK T 54 OEIXEREH P EHEIHAE DI N DTHL L, H
HORFETHX, HiE, BREVOTMEBEDH TRFELIToTWVD, KEHRTIX
FELTIDX ) REBRESNVNCESE SN DD OVWTHERMICEET S,

R, EAREBFIEOREICH L TIE2 207 Fu—FiExbNRS, 12X
H—0OXxy NU—7 CRIBESEZAET 5 H5E T, FIXEMEMEEL X 0 25
SRREICAHEIL, A FBICIZOROB LIk y hU—2 (X 28— ) 2%
WTHREV2TFRY NI X DHETHD, RIBFEHBELTEY 27Xy hU—
7 XD HFEXFEORIE LWV O BHEREEEFD, ThOLEV2TI Xy hU—
7 CIEBEUNCHAE SRR WEFNI T 5% ORENBEY R =% 23— MIRES .,
DT X 28— MITHEERIES 2, Lo TREOZERAE LD, Z0
Z2E ORI S T HRABEZNICE LN TV IBERESEY 27 ) T 4 I2ET
L5015 B LTI T DR ERIEBSIFEDET VL LTIEEY 27Xy T —
I DFEBPBEYITHD EEZ DN,

FVaT7Ry MUIEHAT5HE. BoME~O2EE, TV a— LV OBEROE
AT 5%FOFEICL o THRARBEENEZOND, 2ETREEYV2I7RXy hU—7
D & LT Mixture of Experts [6] 225, ZHIEXERETNVO—FETHY 7F'—7 «
Y7 F v NEMIEND Xy NU—2 TANZEMEHE LEE 2RI L Tmd 28—
cx v b &%E3 %, Mixture of Experts i TRV BV %2 I THEWv
L0, BEOHLWAEHM T —T 4 V7 Xy NIRANZEDL O %5HET 2 HEEKD
TFLLE LTHEY TRV,

3 ETid Multiple Paired Forward and Inverse Models (MPFIM) [8, 4] &\ 5 i&EH)
HIEOBERINTCETNVORAZIT), ZITRF—T 472y VERAVWTE
ITHXRANRN—FDOFRDEEDRCESEHHE~ONEIBRTONE, —KICEY =
7%y NTRE R WO BE~DETHILERD DN ZIALEEDERICH D
BYRNEREFFOMEMEDO—ETHS, MPFIM IZfli2~ L a 7HEOEY 2 —
NEBEEEAL 2 BEOHEEERZLEM 7Y XA (1] ICX 2% ERERT,
ETNADNLERINDITHERICONTHERICAND, 4 ETREEIC—KOBEDY
MPFIM T bz iERICOW TN T 5,



2 ZNMETOWE

Mixture of Experts 7—%7 27 F % [6] IXEJRET NV THY ASIRT by g T
X7 My Ot (z,y) ZZWY 2O OB OBKEREFET S, F'—T 4T Xy
M nfAOTFZAAN—bxy MNIIZ 2 ZANE LTRITWRY, =T 47Xy b
T i FHDOTFAN— Ry FOFER g 2, ( FHOTF A=y MIFHIME
v 2835, =T 47 Fy MIFTFANA— bRy MZHIRT S n@OH %2
BHLZOREE s; &THUT g; 1 soft-max B (1) TEEIND, VAT LAE2KDEK
B2 PRIME y 12 (1) ZAWBRER (2) THEINS,

e’

(1)

9; =
S
j=1€%

Yy = i 9iYi (2)
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3 Multiple Paired Forward-Inverse Models

3.1 MPFIM O#E

AHi T Multiple Paired Forward Inverse Model (MPFIM) [8, 4] & FEIXIV S 7 —F
F I F x IZOWNWTHAT B, NTRTHREIZ MPFIM D& E Y = —) Vi BEHLEDN S
Hlfl o~y R2HETA HET I, §lffla~y ROLEHEZ FRITAHIEET LV,
WRFRE ORI 5TV 2 — L OWY S 2 FHT 5 HLESTHED 350K
DPLEREIND, EFHETIISETY 2 — VBT 58I o~ v ROBRELEEN
5 LIIATHETD D& o~y R b EBMEE TRT IIEETVENT S
VERELD, JEEFAOTR L BEMEE KT 5 2 L CHEDANICHEY 2TV 2 —
NWERRLUEROHRIBER N FEZITO DTH D,

M UCART nlOEY2—VEELD, ZOLX i BHOIEET VI (7) ORRICH
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IITw ik=a—IARy NU—2 ¢ DEZRY MATHB,

Biir = B(w), T4, ur) (7)
JEETF ML D TFRIZAVWTEEY 2 — VOl S 27T B LES N % (8) @ soft-max
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0L 1 DHEOEEZRVBEDRELZESFAPATIEY 2— VI EXREREMLEFHE
WD, (9) ICRTRICEEEFIEESVOEFEICLFAESNG, BEESHEOK
EREV2—NVIEIL DBRELZZITRVEENERT D, BEEFENMLIEHEARE
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EFEVa—)v | MF Bf Kf M B} K]
1 1.0020 | 2.0080 | 8.0000 | 1.0711 | 2.0080 | 8.0000
2 5.0071 | 7.0040 | 4.0000 | 5.0102 | 6.9554 | 4.0089
3 8.0029 | 3.0010 | 0.9999 | 7.8675 | 3.0467 | 0.9527
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Teo RATKRX REBTEY 2 — N2 VBRI TCHEOHE DBEDETRT, EF v
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‘ Initial conditions s.d. ‘ Switching period ‘
- 5 25 50 100 200

20% 0.998 0.887 1.031 0.636 0.443

40% 0.855 0.676 1.147 0.598 0.322
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