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Figure 2 | Comparisons of actual and artificial scanpaths. (a) Actual gaze positions (cyan circles) and model predictions superimposed on a typical frame
in Clip No. 1 (“Okaasan to Issho”’, NHK). Model predictions are represented by an orange dot (“peak” face scanpath), a green square (“physical” saliency
scanpath, intensity channel), and a red diamond (“random” face scanpath). Note that faces were not covered by the circles in the actual experiments.
(b) Distribution of temporo-spatial gaze patterns in the MDS plane. Each symbol represents a full temporo-spatial scanpath from a single participant
(n = 24) under four different replay conditions (cyan: forward replay, magenta: reverse replay, filled: with sound, open: without sound) or an artificially
generated scanpath (orange symbols: “peak” face scanpaths, green squares: “physical” saliency scanpaths, red diamonds: “random” face scanpaths).

Numbers near green squares discriminate between six low-level feature channels (1: colour, 2: intensity, 3: orientation, 4: contrast, 5: flicker, 6: motion)
and all feature channels (7) that were used for generating “physical” saliency scanpaths. (c) Distances between the actual and artificial scanpaths. Box plots
show the distances between the actual scanpaths (Actual/Actual), between the “peak” face and the actual scanpaths (Peak/Actual), between the “random”
face and the actual scanpaths (Random/Actual), between the “physical” saliency and the actual scanpaths (Physical/Actual), between the actual scanpaths
in the forward and those in the reverse replay conditions (Forward/Reverse), between the actual scanpaths in the two replay conditions with and without
sound (Sound on/Sound off), and between the actual and predicted scanpaths from the face saliency model (Model/Actual). The one-way analysis of
variance showed that the means of the 7 groups were significantly different (Fg 377 = 2885, p < 0.0001). Post-hoc analyses (Ryan’s method) showed that
the mean was significantly different in all pairs (p < 0.0001) except in the three pairs shown in brackets (#.s.). One pixel corresponds to 0.05 degrees.
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distance between actual scanpaths (Actual/Actual, 71 = 22 pixels,
Figure 2c, p < 0.0001). Second, the mean distance between actual
scanpaths (Actual/Actual, 71 = 22 pixels) was not affected by the
availability of the sound (Sound on/Sound off, 72 + 22 pixels, p =
0.63). Third, the mean distance between the actual scanpaths
(Actual/Actual, 71 = 22 pixels) became significantly larger when
measured between scanpaths in the forward and reverse replay con-
ditions (Forward/Reverse, 97 = 23 pixels, p < 0.0001).

We are able to draw several important implications from these
results. First, the “peak-face” scanpath, after disregarding all objects
other than faces, still represented the essence of actual gaze beha-
viours. Second, actual gaze behaviours little depended on verbal
semantics that was completely lost when the sound was not provided.
Third, gaze behaviours were not symmetric about the time reversal.
Our proposed model should take account of all these points.

Application of the face saliency model. To test the extent to which
our proposed face saliency model was able to explain the temporal
profiles of the face viewing proportions, we fitted the model to each of
40 data sets (10 video clips X 4 replay conditions). While viewing
video clip No. 4 that featured two boys taking turns in their con-
versation (forward replay condition with sound), most participants
viewed the left boy at 1.83 s with a peak viewing proportion of 0.8
(Figure 3g, blue dotted line). Then, most of them shifted their gazes to
the right boy with a peak viewing proportion of 0.8 at 4.53 s (red
dotted line). More than 80% of this typical gaze behaviour (dotted
lines) was explained by the face saliency model (solid lines) in that
83% of the variance of the viewing proportion was explained by the
model (d.c. = 0.83, Figure 3g). In this particular example, the head
motion contributed the basic temporal profiles, mouth movement
(with ordinary speech sound) added more transients, size provided
basic biases, but the novelty component contributed little (Figure 3f,
leftmost column, Forward/Sound). The features of temporal profiles
and the relative contributions of the four components in the forward
replay condition with sound were carried over to the forward replay
condition without sound (d.c. = 0.78, Forward/No sound, Figure 3f).
However, temporal profiles in the reverse replay condition with
sound were quite different from those in the forward replay con-
ditions. The contribution from the mouth movement component
(with speech sound in reverse) became much larger, and the size
component ceased to contribute (d.c. = 0.76, Reverse/Sound,
Figure 3f). When the video clip was replayed in reverse without
sound, temporal profiles were similar to those in the reverse replay
condition with sound, but the dynamic range of the viewing
proportions had shrunk. As a result, the determination coefficient
in this condition was the worst of the four conditions but was still as
large as 0.62 (Reverse/No sound, Figure 3f). Taken together, the four-
component face saliency model, through adjustments of the relative
weights of the four components, captured the key features of the gaze
behaviours while viewing Clip 4.

Validity of the four component model. The determination coe-
fficient (d.c.) ranged from 0.46 to 0.99 with the mean of 0.79
(Figure 4a, n = 40), and was as large as 0.87 when the d.c. was
calculated over the entire 10 video clips (Table 1, top row, d.f. =
40, d.c. = 0.87). The face saliency model was successful in that the
model explained 87% of the dynamic changes in the face viewing
proportions. When we dropped one of 9 parameters in the four-
component face saliency model, the decrease in d.c. ranged from
0.01 to 0.17 (2™ to 10™ rows in Table 1). However, Akaike’s
information criterion increased (became worse) in all cases (4AIC
> 1500). Thus, we judge that all four components and 9 parameters
were indispensable, although we think that our model has much
room for further improvement, as discussed later.

To further confirm the validity of the four component model, we
made a “model-peak-face” scanpath that followed the face with the
largest value of viewing proportion predicted by the face saliency

model. The mean distance between the “model” peak face scanpath
and the actual scanpaths (Model/Actual, 57 % 27 pixels, Figure 2c)
was as small as that between the original “peak” face scanpath and
the actual scanpaths (Peak/Actual, 49 = 20 pixels). These results also
indicate that the “model-peak-face” scanpaths were significantly
nearer to the actual scanpaths than the actual scanpaths were
between themselves.

We further tested whether the estimated parameters can be
generalized across different video clips. For this purpose, we used
each video clip as test data while using the other 9 as data for
model fitting (Fig. 4c). The d.c. decreased but was still as large as
0.57 when the gaze positions over the entire 10 video clips were
evaluated as a whole.

It is worth noting here that two of the four components, “size” and
“head motion”, correlates with the zooming of the scene, whereas the
other two, “mouth movement” and “novelty”, was assigned a value
of zero or one irrespective of whether the face was zoomed in or out.
Therefore, the model parameters are not necessarily expected to
generalize across different scenes with different magnifications.
This was further confirmed by fitting the full four-component model
to the entire 10 video clips in each of four conditions (the 11 row in
Table 1, degrees of freedom = 36). The d.c. was still as large as 0.66
but the AIC became much larger (AAIC = 21209) than when the
model was fitted to each video clip. Thus, the model parameters
should be estimated for each scene, and we may not compare the
values of estimated parameters across different video clips.

For the purpose of comparison, we introduced the “relative con-
tribution” from each of the four components to the face saliency, as
defined by Eq. 4 in Methods. The sum of the relative contributions
across the four components was normalized to one (Eq. 5), so that the
value can be compared across different conditions and video clips.

Effects of replay and sound conditions on the relative contri-
butions. The relative contributions from the four components
were similar on average (Figure 5, W, = 0.31 = 0.037; W), = 0.25
+0.033; W,,, = 0.27 = 0.030; W,, = 0.18 = 0.026; means * s.e.m.).
To clarify how the weights across the four components were adjusted
depending on the replay conditions with and without sound, we
applied the three-way ANOVA to the relative contributions of the
four components. As a result, the three main effects (component,
replay direction, and the sound condition) were not significant, but
an interaction term between the components (size, head motion,
mouth movement, and novelty) and the replay direction (forward
and reverse) was found to be significant (F; ,, = 3.6, p = 0.026). Post-
hoc tests showed that the relative contribution of novelty was
significantly larger in the reverse replay condition than in the
forward replay condition (p = 0.016, Figure 5). In contrast, the
mean relative contribution of the head movement was significantly
larger in the forward condition than in the reverse condition (p =
0.047, Figure 5).

To summarize, the sound condition did not alter weights across
the four components. By contrast, the replay direction dynamically
adjusted weights on the novelty and the head motion: the weight on
the head motion in the forward replay condition was shifted to the
weight on the novelty in the reverse replay condition.

Effects of gestures. As previously shown in Figure 3, we were able to
explain nearly 60% of gaze behaviours on average by our face saliency
model. The model is by no means perfect with only four components
in the model. To look for directions in which to improve, we searched
for frames in which there was a large discrepancy between the actual
viewing proportion and the value predicted by the present model.
The worst three cases are shown in Figure 6. Of importance, in two of
the three scenes, the main characters were extending the arms
(Figure 6a, d) or raising the right hand (Figure 6b, e). At these
occasions, gazes of the participants moved onto the faces of the
characters that raised or extended their arms but never onto the
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Figure 3 | The face saliency model applied to Clip 4 ("Always: Sunset on Third Street", Toho Co., Ltd). (a—d) The definition of the four components that
constituted face saliency. Size (a), head motion (b), mouth movement (c), and novelty (d). The novelty was weighted by the distance from the screen
centre (cross in (d)). The eyes, nose, and mouth were registered manually in each frame for each face (dots in (a)). The positions of these face parts were
used for calculating the size (a), head motion (b), and distance between the screen centre and the face (d). (e) Examples of the four components were
calculated for a boy on the left (blue) and another on the right (red). The exponential average was further applied to the head motion, mouth movement,
and novelty components. (f) Fitting of the face saliency model to actual face viewing proportions (broken lines in the bottom panels) obtained under four
different replay conditions (one for each column). Face saliency (fifth row) was defined as the weighted sum of the four components (top four rows).
Then, the face saliency was transformed into face viewing probability (solid lines in the bottom row) using a logistic function. Determination coefficients
(d.c.) are shown for each condition. Note that the time axis is inverted in the reverse replay conditions (arrows near the abscissae). (g) Magnification of the
results of model fitting in the forward replay conditions with sound. Distributions of the actual gaze positions are shown at two time points when the
viewing proportions reached a peak for the left (1.83 s) and the right (4.53 s) boys.

hands or the arms that were actually moved. Body gestures in general In the third worst case (Figure 6c, f), the face saliency model
are likely to attract our attention to the face of the owner of the body  assigned a viewing proportion of 25% to a girl (second from the right)
parts in motion. when most participants were looking at the girl (> 70%, magenta
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Figure 4 | Determination coefficients compared across replay
conditions (a, ¢) and the number of faces in each video clip (b).
Histograms in (a) and (c) show the distribution of the determination
coefficient under different replay conditions discriminated by colour
(cyan: forward, magenta: reverse) and filling of the box (filled: sound
on, open: sound off). In (a) the face saliency model was fitted to data in
each of 10 video clips, but in (c) the model was fitted to data in 9 of
them and yielded parameters were used for testing data in the other one
for cross-validation. Arrows in (a) and (c) show the determination
coefficient calculated over the data in 40 video clips. The mean in (a)
was compared using a two-way ANOVA (replay X sound) that yielded
a significant interaction between the replay direction and the availability
of sound (F;, ¢ = 17.9, p = 0.0022). The bracket shows a pair with a
significant difference revealed by post-hoc comparisons (p = 0.004,

Ryan’s method). Error bars show the standard error of the mean.
(b) The determination coefficient (abscissa) plotted against the number
of faces (ordinate). Note that there was no significant correlation.

dotted line). The scene followed the end of a speech of a man who was
standing on the right and was intensely looking at the girl while he
was speaking. We speculate that the attention of the man was shared
by the participants, and the joint attention increased the saliency of
the girl who was supposed to be the next speaker.

Discussion

In the present study, we proposed a model of face selection in viewing
video stories to explain stereo-typed gaze behaviours of typical adults
as indicated by almost simultaneous shifts of their gazes from one
face to another®. We have here demonstrated the following: 1) the
“peak” face scanpath, which followed the face that attracted the
largest number of views but ignored all other objects in the scene,
still retained the key features of actual gaze behaviours, 2) gaze beha-
viours remained unchanged whether the sound was provided or not,
3) the gaze behaviours in the reverse replay condition were distinct
from the simple time-reversal of the gaze behaviours in the forward
replay condition, and 4) nearly 60% of the variance of gaze beha-
viours was explained by the face saliency that was defined as a func-
tion of its size, novelty, head movements, and mouth movements.
We will examine the implications of these key findings.

Strong preference to face. The “peak” face scanpaths were nearer to
the actual scanpaths on average than the actual scanpaths were
between themselves (Figure 2c). This clearly shows that the “peak”
face scanpaths still retained the key features of actual gaze
behaviours, though the scanpaths ignored all other objects in the
scene, like text as exemplified in Figure 2a. In fact, text, in addition
to face, is reported to attract attention of participants who viewed still
pictures”'. However, most of the first fixation in viewing a still
picture fell on a face, not on text’. By using the same video clips
that were used in the present study, we previously showed that the
viewing rate of text was half as large as that of face even at the peak
viewing time of text after presenting a caption®. It is likely that the
strong preference to face was continuously updated in viewing video
clips, in which any one of the faces in the scene never stayed still like a
face in a still picture. The strong preference to face in adults with
typical development explains why the peak face scanpath retained
key features of the actual scanpaths.

It could then be argued that the success of the “peak” face scanpath
just relied on the strong preference toward face in general. However,
the failure of the “random” face scanpaths rejects this possibility. A
random selection of a face among two to five faces yielded scanpaths
that were four times farther from the actual scanpaths than the
“peak” face scanpath. It is the choice of the right face at the right
timing that is essential for reproducing the typical gaze behaviours.

Lack of contribution from verbal semantics. To our surprise, lack
of sound did not make much difference in the scanpaths (Figure 2b,
c). The most striking example is shown in Figure 3: gaze behaviours
in viewing a video clip where two boys took turns in conversation was
amazingly similar whether the sound was presented or not (Figure 3f,
left two panels in the row at the bottom). In both conditions,
approximately 80% of the almost simultaneous shifts of the gazes
from one boy to another was reproduced with similar weights on the
four components. These results strongly suggest that face selection in
our typical gaze behaviours does not primarily depend on verbal
information. This agrees with a recent report that participants look
more at faces, and especially at talking faces, regardless of auditory
conditions™.

However, we are not insisting that our gaze behaviour primarily
depends on low-level physical features in general. On the contrary,
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Table 1 | Model comparisons using Akaike’s Information Criterion (AIC)
# of model Degrees of Determination
Model parameters  # of fitting freedom coefficient AAIC
Face saliency model Full 9 40 360 0.869 0
Excluded Size 8 40 320 0.698 19351
parameter Head 8 40 320 0.854 2428
Mouth 8 40 320 0.756 14361
Novelty ¢} 40 240 0.811 8258
Centre bias in Novelty 8 40 320 0.811 8418
Max prob 8 40 320 0.813 8285
T 8 40 320 0.852 2786
12 8 40 320 0.860 1572
3 8 40 320 0.826 6491
Face saliency model Full 9 4 36 0.665 21209
Alternative model 1 Added parameter Centre bias 10 40 400 0.852 2930
Alternative model 2 Added parameter Color 10 40 400 0.871 -310
(Physical saliency) Intensity 10 40 400 0.871 —~233
Orientation 10 40 400 0.872 —435
Contrast 10 40 400 0.869 130
Flicker 10 40 400 0.869 246
Motion 10 40 400 0.869 94
6 channels 10 40 400 0.870 -133
Each model was fitted to each of 10 clips in each of 4 conditions (# of fitting = 40), or to 10 clips as a whole in each of 4 conditions (# of fitting = 4). AAIC represents the difference of AIC between each model
and the full face saliency model in the top row. Note that the smaller AIC is the better.

we have shown that the typical gaze behaviour cannot be explained
by low-level physical features alone: the “physical” saliency scan-
paths was markedly different from actual scanpaths, as has been
repeatedly shown in recent studies®**. It is the size and motion of
the “face” (and face parts), or the novel appearance of the “face” that
explained our typical gaze behaviours.

Implications of asymmetry in terms of time-reversal. The full-gaze
pattern analysis using multidimensional scaling has demonstrated
that scanpaths in the forward replay condition were distinct from

@® Forward/ Sound
O Forward/ No sound
A Reverse/ Sound
A Reverse/ No sound

p <0.05

p < 0.05

0.3 1

0.2 1

Relative contribution

Size Head Mouth Novelty

Figure 5 | Effects of replay direction and sound conditions on the relative
contributions. The mean relative contributions are plotted with error bars
(s.e.m.). The sum of four relative contributions within each replay
condition was normalized to one. Replay directions are discriminated by
colours (cyan: forward, magenta: reverse), and the sound conditions are
discriminated by the filling of the symbols (filled: sound on, open: off).
Brackets with p-values show results of post-hoc tests after the three-way
ANOVA. Note that the relative contribution of head movement was
significantly larger in the forward replay conditions than in the reverse
replay conditions (head), the relative contribution of novelty was
significantly larger in the reverse replay conditions than in the forward
replay conditions (novelty).

those in the reverse replay condition (Figure 2b). This indicates that
typical gaze behaviours were asymmetric in terms of time-reversal.
This asymmetry may not be surprising, assuming that the face
saliency model is true. First, the novelty component was asym-
metric. What was novel in the forward replay condition at some
point in time was never novel at the same time point when the
stimuli were played in reverse. Second, the kernels for exponential
averaging, which were applied to the head motion, mouth
movement, and the novelty component, were asymmetric in time.

However, we further found that participants depended signifi-
cantly more on the head movement when the stimuli were played
in the forward direction, but depended significantly more on the
novelty component when the stimuli were played in reverse
(Figure 5). We speculate that the participants were able to read into
certain contexts, such as a timing of turn-taking in speech (e.g.
Figure 3), from the head movement when the video was played in
the normal direction. It was indeed reported that a linear head move-
ment, termed as the postural shift, occurs just prior to turn-taking'®.
The significant decrease in the weight of head motion in the reverse
replay condition suggests that this type of “visual” motion informa-
tion that predicted timings of turn-takings in conversation was lost to
some extent in the reverse replay condition (e.g., see changes in
weights for head movements in Figure 3f).

It may then be questioned how the “context” can be read by the
brain. One possibility is that a higher region in the cerebral cortex
processes the semantics of visual information and provides predicted
timings of turn-takings. However, such kind of top-down controls
are often slow, and may not be advantageous for the quick and
amazingly simultaneous shifts of gazes from one face to another.
By contrast, Giese and Possio proposed a simple feed-forward net-
work with some lateral connections, and showed by simulation that
the correct sequences of motion can be learned robustly by “motion
pattern neurons” with a simple time-dependent hebbian learning
rule. Thus, the drop of weight on the head motion in the reverse
replay condition can be explained without assuming a higher cog-
nitive mechanism, but just by assuming such sequence selective
“motion pattern neurons”.

Candidates of other components. The four component facial
saliency model failed to reproduce gaze behaviours when a teacher
raised her hand (Figure 6b, e) and when a gymnastics instructor
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Figure 6 | Effects of gestures on face saliency. Three frames, where the face saliency model (solid lines) yielded the first (a), second (b), and third (c)
largest errors from the actual viewing proportion (dotted line), are shown, respectively, in the bottom (d, e, and f; taken from Clips No. 5, 1, and 2,
respectively; “Okaasan to Issho”, NHK). Shadings show a period when the error exceeded 0.4, and the vertical line shows the timing of peak errors. Note
that a gymnastics instructor was opening or closing his arms (d) and a teacher was raising her hand (e), when most participants were looking at their faces.
Orange bars show periods when they moved their arms. Note that in (f), most participants were looking at a girl (second from the right) who was intensely
looked at by the previous speaker on the right (a tall man). Note that faces were not covered by the white circles in the actual experiments.

opened his arms (Figure 6a, d). Surprisingly, in both cases,
participants did not look at the hand or the arms but looked
directly at the face of the actors in response to their gestures. We
may therefore improve the face saliency model by adding another
component that detects body gestures and attributes the gesture to
the face of the actor (gesture component).

In the third worst occasion, gazes were clustered on a girl who did
not move at all but was apparently making eye contact with a prior
speaker and was most likely to be the next speaker (Figure 6c, f). This
particular example showed that gazes of the participants were greatly
affected by the direction of the gaze of a current speaker to whom
participants were attending. The result agrees with the well-known
effect of joint attention on gaze behaviours™. We may therefore add
another component that detects a different target to whom the cur-
rent target is paying attention (joint attention component).

We may be able to improve the model by adding a centre bias*, a
general tendency to view. the centre of the screen, as the fifth com-
ponent (Alternative model 1, Fig. 7b; 10 parameters). However, the
model was no better than the 9 parameter model in terms of d.c. or
AIC (Table 1). This may be because the centre bias was already
implemented in the novelty component in the 9 parameter model
(Eq. 1). In addition, it is probable that the centre bias is apparent only
at the beginning of each scene? but disappears thereafter.

Another line of improvement may be achieved by adding a phys-
ical saliency as a parallel component®*® (Alternative model 2, Fig. 7b,
10 parameters). In fact, the parallel model was slightly better than the
original model in terms of both d.c. (improvement from 0.869 to
0.872 at best) and AIC, when we used colour (d.c. = 0.871, AAIC =
-310), intensity (0.871, -233), orientation (0.872, -435), or all chan-
nels (0.870, -133). However, the model was slightly worse in terms of
the AIC, when we used contrast (0.869, +130), flicker (0.869, +246),
or motion (0.869, +94).

Te variance that was left unexplained by the current four compon-
ent model could be explained by adding these and other components
to the definition of face saliency.

Neural correlates of the face saliency. It is often assumed that the
subcortical neural circuits, including the superior colliculus, the

pulvinar and the amygdala, contribute to face detection®*°. The
amygdala is also implicated for detection of novelty">'* and is thus
a good candidate that may contribute to the novelty component.

Of course, a number of face areas in the cerebral cortex should be
contributing to the four components. For example, most of the occi-
pitotemporal face areas are responsive both to biological motion and
face stimuli (for review, see Ref. 16) and are candidate neural corre-
lates of the head and mouth movement components. Neurons in the
superior temporal sulcus in monkeys are reported to respond to
articulated head motions*. Human homologues of such neurons
are candidate neural correlates of the head movement component.
As for the size, most studies to date emphasize that neural responses
in the cortical face areas are not altered by size®'. However, a recent
neuroimaging study reported that responses in the fusiform face area
increased with the size of the face stimuli'>. A previous study has also
reported that the size of the face did affect the responses of some face
responsive neurons in the superior temporal sulcus of monkeys®.
Thus, these temporal face areas are among candidates that would
represent the size component.

However, we still do not know anything regarding how multiple
faces are represented in these areas, how the four components that
seem to be represented over several areas, including subcortical and
cortical areas, are combined, or how the face saliency assigned to each
face is to be compared among a number of faces. Neural correlates of
face saliency warrant further investigations.

Methods

Participants. Twenty-four healthy adults (12 men and 12 women) with a mean age of
23 years (s.d.: 5.2 years) participated. They were normal or corrected to normal in
their visual acuity. All experimental protocols were approved by the Ethical Review
Board of Juntendo University School of Medicine, and was performed in accordance
with the approved guidelines and the Declaration of Helsinki. All participants gave
written informed consent before the experiments.

Apparatus, stimuli, and general task designs. Participants were seated on a chair
facing a 17-inch TFT flat-screen monitor (Eizo, FlexScan S1701; full screen was used
at a resolution of 640 X 480 pixels), which was placed 60 cm away from their eyes.
The gaze positions of both eyes were recorded at 50 Hz with a remote eye tracker
(Tobii, X50, Tobii Technology AB) set below the monitor.
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Figure 7 | Alternative models. In (a), the centre bias, a general tendency to
view the face in the centre of the screen, was added as the fifth component
of the face saliency. In (b), a parallel component representing physical
saliency was added to the face saliency. The physical saliency was averaged
around each face and added as the fifth component of the face saliency.

Participants were instructed to view the video stimulus presented on the monitor
with their heads rested on a chin rest. The video stimulus was prepared in a previous
study*. It was 77 s long (2237 frames) and consisted of 12 short video clips, each of
which lasted for approximately 6 s. A blank of 0.5 s was inserted after each clip.

The stimulus was presented to each participant four times under four different
replay conditions: forward replay with or without sound and reverse replay with or
without sound (Figure 1b). The order of the four replay conditions was counter-
balanced across the 24 participants. Six additional participants were tested but were
excluded from the analysis because the percentage of valid data points did not reach
the cutoff of 70%.

Data analysis. The gaze positions of the right and the left eyes were averaged to yield a
single gaze position for each time point. Data points were included for further analysis
only when both eye positions were available. We examined the gaze positions of the
participants while they viewed 10 video clips that featured two or more human
characters (1739 of 2237 frames, Figure 1c).

Calculation of the viewing proportion for each face. To quantify how many
participants viewed a particular face at each frame, we calculated the viewing

proportion for each face as described previously'. We first identified all faces for each
of the 1739 frames. When the number of faces was more than five, we chose the five
faces that were nearest to the centre of the screen. Then, we identified face parts,
including eyes, nose and mouth, manually for each face. The distance between a gaze
position and the registered face parts was then calculated, and a value between zero
and one was assigned using a Gaussian function that yielded one at a distance of zero
and 0.6 at a distance of 30 pixels (1.5 degrees, one S.D. of the Gaussian function, and
three times the spatial resolution of the eye tracker). When the sum of the assigned
values over the registered targets exceeded one, each assigned value was divided by the
sum. The normalized viewing index of face parts was summed for each face, and this
value served as a viewing index of the face. We calculated the viewing proportion of
each face by averaging the viewing index of the face over the 24 participants. The
viewing proportion for each registered face, which took the value of one when all
participants were looking at the particular face, was plotted against the time. The
temporal profiles of the face viewing proportions served as dependent variables to be
explained by our proposed face saliency model.

Comparison of actual and artificial scanpaths. To test whether the face viewing
proportions alone captured the essence of the actual gaze behaviours of the
participants, we generated an artificial scanpath that followed the “peak” face that
attracted the largest viewing proportion at each frame of the motion pictures. Four
“peak-face” scanpaths were prepared, one for each of the four replay conditions. For
comparison, we also generated ten “random” face scanpaths that followed a face that
was chosen at random. We further generated artificial scanpaths based on saliency in
terms of low-level physical features defined by colour, intensity, orientation, contrast,
flicker, or motion (“physical” saliency scanpaths) using the Harel method, termed
GBVS**, We used a MATLAB source code that was openly available on the web
(http://www.vision.caltech.edu/~harel/share/gbvs.php) and prepared seven
“physical” saliency scanpaths based on seven saliency maps, one for each of the six
channels and another by combining all channels.

To quantify differences and similarities in the temporo-spatial patterns of the
actual (24 participants x 4 replay conditions = 96 scanpaths) and artificial scanpaths
(four “peak” face, 10 “random” face, and seven “physical” saliency scanpaths), we
used a multi-dimensional scaling technique described previously®. Briefly, we directly
calculated the absolute distance between a pair of “gaze” points from every pair of
scanpaths at each of the 1739 time points. Then, the median was taken as the distance
between the two scanpaths to define a between-scanpath distance matrix (117 X 117;
96 + 10 + 7 + 4 = 117). With this matrix, we applied multidimensional scaling
(MDS) to plot each scanpath in a two-dimensional plane (MDS plane). If the tem-
poro-spatial trajectories were similar for a pair of scanpaths, they would be plotted
very near each other and vice versa. We used the MATLAB statistics toolbox
(MathWorks) for calculations.

Furthermore, we directly compared the mean distance between the actual scan-
paths and each group of artificial scanpaths (“peak” face, “random” face, and
“physical” saliency), and the mean distance between actual scanpaths by using one-
way analysis of variance and a post-hoc analysis (Ryan’s method, Day & Quinn 1989).
The comparison also included the mean distances between actual scanpaths in the
forward replay conditions and those in the reverse replay conditions, the mean dis-
tances between actual scanpaths in the two replay conditions with sound and those
without sound, and, finally, the mean distances between the actual scanpaths and
those that followed the “peak” face predicted from the face saliency model (“model”
peak scanpaths).

Face saliency model. We hypothesized that the saliency of each face was determined
by a combination of its size, head motion, mouth movement (for speech) and novelty
(weighted by the distance from the screen centre). The size of each face was defined as
an area of a triangle formed by two eyes and a mouth (Face 2, Figure 3a); when two
eyes were not available in a profile view, one eye, nose and mouth were used (Face 1,
Figure 3a). The head motion was defined as the mean of the absolute transition across
two neighbouring frames calculated for each of the three points (Figure 3b). The
mouth movement was assigned a value of zero or one, according to whether the
character was speaking (1) or not (0) (Figure 3c). The novelty was assigned a value of
one for 10 frames (0.33 s) when a face appeared for the first time and then was
dropped to zero. Most human characters appeared at the beginning of each video clip,
and participants generally viewed the area around the centre of the screen during the
preceding 0.5-s blank period. Thus, the novelty was further weighted according to the
distance from the centre using a Gaussian function that yielded a value of one at the
centre and decayed with a standard deviation (o) (Figure 3d). Three of the four time
series, the motion, mouth movement, and novelty, were further subjected to
exponential averaging with two time constants, one (t;) for the motion and the mouth
movement, both of which were assumed to be indicators of speech™, and another (7.)
for the novelty component that was expected to decay much faster than the indicators
of speech (Figure 3e). The size was used without averaging because it was already
stable before introducing a time constant. It is worth noting that the novelty depended
on the direction of replay: a face was judged as novel when it first appeared in the
particular direction of replay. In addition, each face was assigned the same novelty
value of one when it appeared for the first time in each of four presentations. That is,
the number of repeated presentations (1 to 4) was disregarded. This is not
unreasonable because novelty of a visual stimulus is reported to survive even after a
number of repeated presentations®.

We then defined a face saliency (f) for each face as a linear summation of the four
components as follows:
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fi(t) =wsize; (t) +wyhead; (t; 1) +wmmouth; (t; 1) +wanovelty; (t;04,72), (1)

where the subscript i denotes parameters for the i-th face and ¢ denotes the time
measured from the beginning of each video stimulus.

We further normalized the face saliency of each face (s;) by subtracting half of the
saliency summed over all faces:

0 =)= 3 3, (0. @

We further assumed that the viewing proportion of the particular face was deter-
mined by a logistic function of the normalized saliency. The normalized saliency (s;)
took a value of zero when the saliency of the particular face balanced with the saliency
summed over the other faces, in which case the logistic function yielded a value of 0.5.
The final formula that predicted a viewing proportion (p) was defined as follows:

1

P;(t) =Ppuax T el

()
where p,,.. denotes the upper limit of the viewing proportion and 75 denotes the delay
that is required to move the eyes according to the normalized saliency. The MATLAB
global optimization toolbox was used to minimise the squared error between the
model prediction and the actual temporal profiles of the viewing proportions; a total
of 9 parameters (Wy, Wh, Wyms Wy 0 T1, T2, T3, and p,q,) were adjusted. We repeated this
optimization procedure for each video clip (n = 10) for each of the four replay
conditions (n = 4). The determination coefficient was calculated from residual errors
between the data and the model predictions after each optimization process. We
further tested whether the estimated parameters can be generalized across different
video clips. For this purpose, we used each video clip as test data while using the other
9 as data for model fitting.

To quantify the relative contributions of the four components (size, head motion,
mouth movement, novelty) to the face saliency, we further integrated each term in the
right-hand side of Eq. 1 over time and divided each value by the face saliency (left-
hand side of Eq. 1) integrated over time. For example, the relative contribution of the
size (W) was defined as

T T
We=>" JO wisize;(£)dt/ Y L fi(t)dt, (4)
where T denotes the duration of a video clip. Thus the sum of the relative contribu-
tions was normalized to one:

W+ Wi+ W, +W,=1. (5)

Comparison with other models. We examined whether the four-component model
with 9 parameters can be improved by excluding one of them (9 cases), or by adding
another component: the centre bias component (Alternative model 1, Fig. 7), or the
physical saliency component (Alternative model 2).

The centre bias component was defined as a Gaussian function with the peak in the
centre of the screen that decayed with a standard deviation of g,4. The centre bias
consisted the fifth component in the face saliency model as follows:

fi(t) =wsize; (t) +wyhead; (t;11) + wymouth; (t;1,) ©
6

+wynovelty; (t;12) +wecentre; (d;(t),04),

where d;(t) denotes the distance between the i-th face and the centre of the screen at
time . It should be noted that the centre bias that was implemented in the novelty
component in the original model (Eq. 4) was removed.

In another model (Alternative model 2, Fig. 7b), the mean physical saliency around
the face (within a circular area with the diameter of 30 pixels) was added as the fifth
component:

[i(t) =wssize; (t)+wyhead; (t;11) +wymouth; (t;1,) )
7

+ wanovelty; (t; 04,72) +wpphys_saliency; (t).

We actually tested 7 models by substituting the fifth term with physical saliency
defined by colour, intensity, orientation, contrast, flicker, motion, or their com-
bination (Table 1).

To compare these models for their relative goodness of fit, the determination
coefficient (d.c.) and Akaike’s Information Criterion (AIC) were calculated for each
model. The d.c. and AIC were calculated using the formula as follows:

d.c.=1—var(residual error)/var(horizontal error), (8)

and

AIC=n In(var(residual error))+ 2k, 9)

where 7 denotes the number of data points (n = 23196) and k denotes the degrees of
freedom in each model (k, Table 1). The d.c. represents the proportion of the variance
of the data explained by the model: it takes the maximum value of one when there are
no residual errors. However, the d.c. is not suitable for choosing the best model,

because the d.c. increases with the degrees of freedom. AIC takes not only the residual

error but also the degrees of freedom (k) into account: the degrees of freedom are
added as a penalty to the natural logarithm of the variance of the residual error. Thus,
the model that yields the smallest AIC can be judged as the best model. For the sake of
comparison, the AIC difference (4AIC) was calculated by subtracting the AIC of the
standard face saliency model with 9 parameters (Table 1)

Comparison across replay conditions. To evaluate whether typical gaze behaviours
depended on the content of speech and the existence of sound, we compared results of
the model fitting across the four different replay conditions. The determination
coefficient was compared using a two-way repeated measure ANOVA with the two
main factors of the replay condition (forward/reverse) and the existence of the sound
(on/off). Then, a three-way ANOVA (component X replay condition X sound) was
applied to the relative contribution to test whether there is any dynamic adjustment of
the relative contributions (W, Wy, W,,, W,,) depending on the availability of the
speech context and/or sound.

Analysis of discrepancy. The face saliency model proposed in the present study is by
no means perfect and requires improvement. To determine the direction of
improvement, we picked the worst three frames of video stimuli, at which the residual
error between the model prediction and the actual viewing proportion was the first,
second, and the third largest of all frames.
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A fork-shaped retinal stimulator for a wide viewing angle was fabricated and
demonstrated. This stimulator has two flexible fork elements, each with a stimulus head.
The two fork elements can be implanted at different places in the eyeball to cover a
wider area of the retina. The stimulus head has stimulus electrodes with the same shape
as the electrodes utilized in a clinical trial for six weeks. Complementary metal-oxide
semiconductor (CMOS) microchips were integrated into the stimulator and mounted
next to the stimulus electrodes. Since stimulus current generators are integrated into the
microchips, no external wires for stimulus current are required. A multiplexer, which
reduces the number of wirings, was also integrated into the microchips. The fabricated
stimulator was evaluated through in vivo animal experiments. The stimulator was
successfully implanted in two places of the eyeball. Retinal stimulation by the device
evoked nerve responses from optic chiasma and produced a specific peak of evoked
potential. Experimental results demonstrate the proof of concept of a fork-shaped
stimulator and suggest that the same device configuration can realize multiple fork-
shaped stimulators for a wider viewing angle. Moreover, increasing the number of fork
elements of the multifork stimulator without additional wirings becomes possible.
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1. Introduction

A retinal prosthesis is a candidate device for blind patients to regain their
vision. Particularly in the cases of retinitis pigmentosa (RP) and age-related macular
degeneration (AMD), although photoreceptor cells are degenerated, some of the retinal
cells that include ganglion cells remain. Retinal stimulation can be applicable to these
diseases. Electrical stimulation of the remaining cells evokes visual sensation as
phosphene.

There are three methods of retinal stimulation as shown in Fig. 1. Epi-retinal
stimulation? has a lower threshold of electrical stimulation. A retinal stimulator faces
the retina from the inner side of the eyeball. This configuration causes difficulty in fixing
the retinal stimulator. In sub-retinal stimulation,®-9 the fixation of the retinal stimulator
is tighter than that in epi-retinal stimulation. However, surgical operation, which is
the insertion of the retinal stimulator under the retina, is difficult. In suprachoroidal-
transretinal stimulation (STS)® which is the third method, the position of the retinal
stimulator is very different from those in the other methods. The retinal stimulator,
which is implanted outside of the choroid, does not touch the retina directly. Therefore,
intraocular surgery is not required. Invasiveness is lower and safety is higher than the
other methods that require intraocular surgery. In the retinal prosthesis, viewing angle is
also as important as resolution. As explained in the next section, in the case of the STS
method, large-area stimulation of the retina is possible by the implantation of a large
retinal stimulator that covers a large area of the eyeball.

Our research group has been focusing on the STS method. A prototype of the
retinal prosthetic system used in the STS method was developed successfully, and a
semiacute clinical trial was performed.®>'9 As a next-generation retinal stimulator, a
complementary metal-oxide semiconductor (CMOS) integrated retinal stimulator was
also proposed and demonstrated.(™-'9 The possibility of realizing super-multielectrode
arrays, such as an array of one thousand electrodes, was proved using CMOS technology.

(a)
Epi-retinal
stimulation

(b)
Sub-retinal
stimulation

(c)
Suprachoroidal-
transretinal
stimulation (STS)

stimulator
Retina| Sclera
Choroid

Fig. 1. Three approaches for retinal stimulation. (a) Epi-retinal stimulation. (b) Sub-retinal
stimulation. (c) STS.
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In the STS method, the distance between the retina and the stimulus electrodes is
larger than those in the other methods. This distance results in a higher threshold of the
stimulation as a result of the spreading of the stimulus current. Typical threshold current
ranges from several tens of pA to a few hundreds of pA. Large electrodes are necessary
to allow higher stimulus currents. In a semiacute clinical trial, bullet-shaped electrodes
of 500 pm height and diameter were adopted. Also, in the case of CMOS-based retinal
stimulators, an array of larger electrodes was fabricated using stimulus electrodes, which
were the same as the electrodes utilized in the clinical trial.®!9 The electrodes were
hybrid-mounted to a flexible substrate with CMOS microchips. Bulk electrodes become
smart electrodes through the integration of CMOS microchips, and they obtain functions
of a multiplexer and a stimulus current generator. The smart-wiring technology, which
is the integration of individual microchips into the electrode, realizes a reduction in the
number of wires used. The reduction in the number of wires is a critical problem in
realizing a multichannel stimulator.

For expansion of the viewing angle, the integration of CMOS microchips is
suitable because a larger retinal stimulator that covers a wider area of the retina has a
larger number of electrodes. However, even if a larger stimulator can be developed,
implantation of the large stimulator to the eyeball becomes complicated because of
interference with blood vessels and nerve bundles. To solve this problem, we propose an
approach that covers the eyeball with a multifork stimulator as shown in Fig. 2. Stimulus
electrodes are mounted on a flexible multifork-shaped substrate. Each fork element can
be implanted easily and gaps between the forks can be utilized to avoid interference
with blood vessels and nerve bundles. As a first step to develop a multifork stimulator,
a prototype of a fork-shaped stimulator was fabricated in this study. As shown in Fig.
3, a simple forked stimulator with two stimulus heads was fabricated to demonstrate the
proposed concept. The integration of CMOS microchips was performed, and dedicated
microchips were designed and fabricated. The fabrication process was optimized, and
then the stimulator was fabricated using the optimized process. The fabricated stimulator
was evaluated through animal experiments for functional validation.

Stimulus heads

N

Flexible
substrate 4

3 Stimulus
electrode

/

Flexible

substrate Stimulus

electrode  Eyepall )

Fig. 2 (left). Conceptual figure of multifork stimulator.
Fig. 3 (right). Prototype of fork-shaped stimulator.



640 Sensors and Materials, Vol. 26, No. 8 (2014)

2. Device Structure

2.1 Overview of fork-shaped retinal stimulator

Figure 4 shows an overview of the fork-shaped retinal stimulator. A flexible
printed circuit (FPC) made from a polyimide film is used as the flexible substrate of the
stimulator. Other elements of the stimulator, which are stimulus electrodes and CMOS
microchips, are mounted on the flexible substrate. The stimulator is 20 cm long and is
divided into two fork elements at the center. The tips of the elements are stimulus heads
with stimulus electrodes. In this study, only two electrodes are mounted on the stimulus
head to perform animal experiments as functional validation. A small head is required
for experimental animals with smaller eyeballs than humans. If a larger stimulus head
is allowable, more electrodes should be mounted on the stimulus head using the same
device configuration.

The cross-sectional structure of the stimulus head is shown in Fig. 5. The
fundamental structure is the same as in our previous works(%!'” however, a different
method for the fixation of the stimulus electrode is used. Stimulus electrodes and CMOS
microchips are connected to each other. The stimulus electrodes are controlled by
CMOS microchips that supply stimulus current.

Stimult . Flexible . Con
/7 substrate 5

microchip

Fig. 4. Overview of fork-shaped stimulator.

Stimulus
electrode

Flexible
Electrode substrate

Pt
washer

Electrode Epoxy  Parylene C ]
stem resin film microchip

Fig. 5. Cross-sectional structure of stimulus head.
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2.2  CMOS microchip

Dedicated CMOS microchips serve as controllers of the stimulus electrode and
stimulus current generator. The basic architecture of the microchips used in this work
is the same as that in the previous work.!'> As shown in Fig. 6, all of the microchips
mounted on the retinal stimulator are connected to the common bus line for control
signal and power supply. The number of bus lines is not changed by the number of
microchips. In this work, four microchips were connected to the common bus line. The
microchips were designed and fabricated with 0.35 pum standard CMOS technology. The
die size is 400 pm sq. as shown in Fig. 7.

In the previous work,'® an intrinsic chip ID number, which is used for the selection
of a control target, was programmed in the chip design step. Therefore, it was not
practical to provide many different ID numbers, because many different chip designs
should be prepared. To solve this problem, we propose chip ID writing after CMOS
chip fabrication. The chip ID number can be programmed by cutting fuse lines by laser
processing as shown in Fig. 7.
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Fig. 6. Connection of microchips through common bus line.
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Fig. 7. Photograph of CMOS microchip. The enlarged micrograph shows a chip ID generator.
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2.3 Stimulus electrode

Figure 8 shows the stimulus electrode. The electrode is made of platinum and has
the same bullet shape as the electrodes utilized in a semiacute clinical trial.>'9 The
electrodes of 500 pum height and diameter are fabricated by a machining process using a
precision lathe. At the bottom of the electrodes, a stem is formed to fix the electrodes to
a flexible substrate. Platinum washers (Fig. 9) made from a 20-pm-thick platinum film
are also used to fix the electrodes. The fabrication process is explained in the following
chapter in detail.

3. Device Fabrication

The fork-shaped retinal stimulator was fabricated through the process steps shown in
Fig. 10. Details of the fabrication process are shown as follows.
1. Chip ID writing
Fuse lines, which define the chip ID number, were cut by laser processing. 8-Bit
binary ID numbers were assigned to each microchip to be mounted on the stimulator.
2. Stud bump formation on CMOS die
Au stud bumps for flip-chip bonding were formed on the CMOS die. The diameter
of the stud bumps is 80 pm.
3. Chip separation
The CMOS die was scribed to the microchips by a mechanical dicing process.
4. Leveling of electrode pads of flexible substrate
Au stud bumps were formed on electrode pads of the flexible substrate to be used
for connecting the CMOS microchips. Then, the bumps formed were tamped and
leveled by pressing a flat glass.
5. Flip-chip bonding of CMOS microchips
The CMOS microchips were mounted on the flexible substrate by flip-chip bonding
technology. Anisotropic conductive paste (TAP0401C, KYOCERA Chemical
Corporation) was used for sure connection and mechanical reinforcement.

200 pm 200 pum

Fig. 8 (left). Bullet-shaped stimulus electrode.
Fig. 9 (right). Pt washer for electrode fixation.
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Fig. 10. Fabrication process for stimulator.

6. Waterproof coating
The flexible substrate where the CMOS microchips were mounted was entirely
coated by parylene-C for waterproofing and biocompatibility.(!'®
7. Mounting of stimulus electrodes
After the coating, the electrode pads for stimulus electrodes were covered with a
parylene film. To remove the parylene film from the electrode pads, laser processing
was performed. Each stimulus electrode was set to a jig, and then the stem of the
stimulus electrode was passed through a hole of the flexible substrate. After setting
a Pt washer to the stem, the stem was crimped by a die. The stimulus electrode was
fixed mechanically and connected electrically to the flexible substrate.
8. Insulation of stimulus electrodes
The crimped side of the electrodes was covered with epoxy resin for waterproofing.
The fabricated retinal stimulator is shown in Fig. 11. Figure 11(a) shows the front
side of the stimulus head. Four electrodes were mounted on the flexible substrate. Some
white patterns such as scratches are halations of the flexible substrate surface. Figure
11(b) shows the back side of the stimulus head. CMOS microchips were mounted next
to the stimulus electrodes. In an enlarged photograph, the crimped stem of the electrode
can be confirmed. The perimeter of CMOS microchips was surrounded by anisotropic
conductive paste. Figure 11(c) shows the side view of the stimulus head. The bullet
shape of the electrode can be observed in the photograph. The interval of the two
electrodes mounted on the stimulus head is 2 mm.
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: (c) Side view
(a) Front view )

Fig. 11. Photographs of stimulus heads of fabricated stimulator. (a) Front view. (b) Back view. (c)
Side view.

4. Functional Validation

4.1  Experimental setup

Functional validation of the fabricated stimulator was performed through in vivo
animal experiments. All of the animal experiments were regulated by the guidelines
of Osaka University for animal experiments. Figure 12 shows the configuration of the
in vivo animal experiment. An anesthetized cat was used for this animal experiment.
Two stimulus heads were implanted to the eyeball. The connector of the fabricated
stimulator was connected to a control box. The control box, which supplies DC power
and provides control signals to the CMOS microchips mounted on the stimulator, was
linked to a laptop computer. A bipolar electrode for recording was inserted into the optic
chiasma and connected to a recorder through a differential amplifier.!® The timing pulse
of stimulation was generated by the control box and was sent to the recorder as a trigger
signal to start recording.

4.2 Surgery

Two stimulus heads were implanted to the eyeball. Intrascleral pockets for
implantation were formed at two different positions. Each stimulus head was inserted
into each intrascleral pocket as shown in Fig. 13. After the surgery, ophthalmoscopy was
performed. Figure 14 shows a photograph of the fundus. The positions of the stimulus
electrodes can be confirmed clearly from this photograph.
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Fig. 13 (left). Implantation of stimulator to eyeball.
Fig. 14 (right). Fundus photograph after implantation.

4.3  Electrophysiological experiment

The neural response evoked by the retinal stimulation was measured. A cathodic
first biphasic pulse was used for the stimulation. The duration of both the cathodic and
anodic pulses was 500 ps with no interpulse duration. The stimulus current was varied
to 75, 140, and 330 pA. The neural response evoked by the retinal stimulation was
observed at the optic chiasma. The output of the amplifier connected to a recording
electrode was recorded by a recorder.

Figure 15 shows the results of the electrophysiological measurement. In the cases of
140 and 330 pA stimulations, a specific waveform after the stimulation was observed.
The latency of the specific peak observed after the stimulation is the same in both cases.
On the other hand, no specific peak was observed in the case of 75 pA stimulation. From
the results, the threshold of the retinal stimulation was determined to be higher than 75
pA and lower than 140 pA. By comparing the results of 140 and 330 pA stimulations,
a strong stimulation is considered to evoke a large response. Thus, in our in vivo animal
experiments, the fabricated stimulator was successfully implanted to the eyeball and the
stimulus function was also demonstrated successfully.

Stimulus
head 1

Stimulus
head 2
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Fig. 15. Results of electrophysiological measurement.

5. Conclusions

A retinal stimulator for a retinal prosthesis that realizes expansion of the viewing
angle was described in this paper. As one of the approaches, a multifork retinal
stimulator was proposed. A prototype of a fork-shaped retinal stimulator with two
fork elements was fabricated to demonstrate the proposed concept. Smart electrodes
integrated with CMOS microchips were utilized in the stimulator. The integration of
CMOS microchips controls the stimulator with few wires even if the number of stimulus
electrodes is increased.

A dedicated CMOS microchip was designed and fabricated. This microchip
functions as a multiplexer and a stimulus current generator. The chip ID number can
be written arbitrarily after the chip fabrication by laser processing. CMOS microchips
were mounted onto a flexible substrate using flip-chip bonding technology. Stimulus
electrodes with the same bullet shape as the electrodes used in a semiacute clinical
trial were mounted next to the CMOS microchips. An in vivo animal experiment was
performed as a functional validation of the fabricated stimulator. The stimulator was
implanted to the eyeball, and current-controlled retinal stimulation was performed. The
responses to the stimulation were observed at the optic chiasma. The evoked potential of
nerve responses was observed clearly as a result of retinal stimulation.

The proposed concept of the fork-shaped stimulator was successfully demonstrated.
The fabricated simple fork stimulator has expandability toward multifork stimulators
with the same configuration. To realize multifork stimulators, the evoked area of the
retina stimulated by one electrode should be investigated. The spread of stimulation can
be discussed through an estimation of the evoked retina by optical imaging of the fundus. (29
Miniaturization of stimulus electrodes should be realized for multifork stimulators to
mount a large number of electrodes. Miniaturization of the electrodes can be achieved
by surface coating of the electrodes.??» Owing to these technologies, a wide-view
retinal prosthesis might be achieved using multifork stimulators.
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