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ABSTRACT

With the rapid development of autonomous vehicles, robotics, and monitoring systems, the demand for having visual system
capable of recognizing explicit motion information, such as motion direction, state, and speed, has increased substantially. To
address this demand, biomimetic visual systems have garnered considerable attention owing to their high speed and capability
of collecting intricate motion details. However, most biomimetic visual systems are limited to two-dimensional (2D) recognition
via monocular manner. In contrast, binocular visual systems could extend the recognition scope from the 2D plane to three-
dimensional (3D) space. This study proposes a biomimetic binocular visual system for 3D motion recognition based on §-Ga,0,
synaptic devices to gather motion information including motion direction, state, and speed. Based on trap behaviors, the broad
tunability of synaptic behavior endows §-Ga, 05 synaptic device with multiple functions including photodetector (PD), compressor
and activation function generator (AFG), realizing the recognition of nineteen directions in 3D space with a high accuracy of
98.83%. Furthermore, two additional applications, namely motion state and speed recognition, are also validated by this system.
These results pioneer the development of a biomimetic binocular visual system and paves a solid path for future 3D motion

recognition.

1 | Introduction

In recent years, the rapid development of autonomous vehicles,
robotics, and monitoring systems has created a growing demand
for visual systems capable of detecting moving objects [1-3].
Biomimetic visual systems have garnered considerable research
interest because of their high-speed performance and ability to
capture detailed motion information, such as motion direction,
state, and speed. Unlike static object recognition, moving-object
identification generally involves the acquisition and processing
of temporal information. Previously, a typical approach was
to acquire multiple responses at different time points using

photodetector (PD) arrays and combine them to construct a time-
series dataset. For example, temporal information was generated
by superimposing two consecutive responses acquired with an
18 x 18 ripple-assisted optoelectronic array, thereby enabling
all-day motion detection [4]. Nevertheless, massive amounts of
data would be generated, leading to challenge in data storage
and computation. Recently, multiple consecutive signal bits
have been compressed into one single output response using a
biomimetic visual system inspired by flying insects [2, 5, 6]. Via
this biomimetic visual system, explicit motion information, such
as motion direction and speed, can be effectively extracted with
only one single sequence of output bits [2].
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Most existing visual systems for motion recognition typically
operate in a two-dimensional (2D) monocular manner, capturing
2D projection of moving objects, thereby restricting the acquired
motion information within a 2D plane [5-9]. Although four
fundamental directions along horizontal and vertical axes in
a 2D plane have been successfully analyzed and identified,
directions beyond the particular plane remain unexplored [5].
Growing research attention has been directed toward expanding
the recognition scope from a 2D plane to three-dimension
(3D) space. Inspired by flying insects, Chen et al. developed
a biomimetic visual system capable of generating compressed
spatiotemporal representations of motion in seven directions
distributed across three mutually perpendicular axes in 3D space,
demonstrating its potential for 3D motion sensing [2]. However,
in the subsequent recognition experiments, the artificial neural
network (ANN) model was used to identify only five motion
directions confined to a 2D plane, while out-of-plane motion
along the third axis was not included. Therefore, the system’s
capability for full 3D motion recognition remained unverified,
potentially raising safety concerns in real-world applications such
as autonomous driving. Although motional objects in 3D space
have been successfully identified via high-contrast bidirectional
optoelectronic synaptic devices, the detailed motion attributes
including motion direction and speed were still missing [10].
The limited amount of information provided by monocular 2D
imaging constitutes a major obstacle to comprehensive 3D motion
recognition. In contrast, a biomimetic binocular visual system
can acquire complementary information from two distinct 2D
projections, offering a promising approach to extending motion
recognition from a 2D plane to 3D space and enabling the
determination of additional motion attributes, including 3D
direction, state, and speed.

Toward the goal of implementing an intelligent biomimetic visual
system, a variety of device technologies have been developed to
fulfill the demands of key building components in visual systems,
including PD, compressor, differentiator, and so on [2, 5, 10].
Based on high photoresponsivity, Ga,0;/In,Se;-based sensors
have been employed as PD in motion direction recognition,
successfully enabling the identification of four directions [6].
In the preprocessing part, both compressor and differentiator
have been successfully incorporated using optically controlled
bidirectional synaptic behavior of PbS/C60/Pentacene device
[5]. Memory function (ME) has been achieved by leveraging
self-assembled P3HT structure with Schottky barriers to form
exceeding 128 memory states within the solar-blind range [11].
Weight mapping (WM) has also been implemented for motion
detection, using BP/Al,0;/WSe,/h-BN heterostructure, benefit-
ing from its excellent linearity of the multilevel conductance state
[7]. Recently, trap-state-mediated synaptic devices have attracted
significant research interest due to their low power consump-
tion, high repeatability, high regulatory flexibility of synaptic
behaviors, and sensitive response to optical pulse, highlighting
their considerable potential for implementation in visual system.
Furthermore, synaptic device can function as compressor due
to its characteristic responses to multiple optical pulses [5].
Activation function generator (AFG), providing indispensable
nonlinear computing parts, also plays a crucial role in neutral
network. Based on the nonlinear relationship between input
voltage bias and excitatory postsynaptic current (EPSC), trap-
state-mediated synaptic devices are capable of mimicking a

tailor-made activation function, offering a potential alternative
to the rectified linear unit (ReLU) function and accelerating the
training process [12].

In this paper, a biomimetic binocular visual motion recognition
system based on $-Ga,0; synaptic devices is developed. Under
optical pulses, synaptic features such as EPSC, paired-pulse
facilitation (PPF) and voltage-modulated current amplitude are
demonstrated. For moving objects, nineteen directions in 3D
space are successfully identified based on the biomimetic binocu-
lar visual system. With the synaptic behaviors, 3-Ga,0, synaptic
devices function as a photodetector, compressor and activation
function generator not only in the preprocessing part but also in
the neural network. Furthermore, two other functions, motion
state recognition and motion speed recognition, are validated by
this biomimetic binocular visual system as well. These results
provide a promising foundation for the future development of
biomimetic binocular visual systems.

2 | Results and Discussion

The manufactory process began with the wafer fabrication,
which contained ion implantation, wafer bonding, annealing,
exfoliation and polishing. A 2-inch §-Ga,0; wafer with a shallow
damage layer via hydrogen ions implantation was bonded with
a 4-inch 4H-SiC wafer. After annealing at 450°C, a 3-Ga,0; thin
film was exfoliated to the 4H-SiC wafer. The §-Ga,0,/SiC hetero-
geneous integrated wafer was finally achieved after a modified
chemical-mechanical polishing (CMP) process and the high-
temperature treatment. Mesa isolation was formed by inductively
coupled plasma-reactive ion etching (ICP-RIE) and silicon ions
were implanted into 3-Ga,0; conductive channel to improve
the carrier concentration. The enhancement mode S-Ga,0,
metal-oxide-semiconductor field effect transistor (MOSFET) was
realized by gate recess process. Electron-beam evaporation (EBE)
and rapid thermal annealing (RTA) were applied to form ohmic
contact of Ti/Au (20/160 nm). The gate stack contained a 30-
nm-thick Al,O; layer and a Ni/Au (20/160 nm) Schottky contact
deposited by atomic layer deposition (ALD) and EBE, respec-
tively. More detailed information on the fabrication of devices
was published in previous work [13], and the fabrication process
together with the image of 3-Ga,0; MOSFET are plotted in
supporting information (Figures S1 and S2).

The fabricated 3-Ga,0; MOSFET features gate length (L;)/gate-
source distance (Lgg)/gate-drain distance (Lgp)/gate width (W)
of 4/4/20/20 pym. Using the linear extrapolation method, the
threshold voltage (V) extracted from the transfer curves is
determined to be 15.53 V at a drain voltage (Vps) of 9 V. An
extremely low gate leakage current (I;) level smaller than 10
pA validates the excellent reverse blocking characteristics of
the 5-Ga,0; MOSFET. The optical image and detailed electrical
characteristics of -Ga,0; MOSFET are shown in supporting
information (Figure S3).

As shown in Figure la, in biological systems, synapses act as
the channel to transmit biological information between two
neurons, and the transmission start with the exocytosis of
neurotransmitters from presynaptic neurons to synaptic clefts
upon the biological stimulus, followed by the acceptance of
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FIGURE 1 | (a)The schematic of a biological synapse and 3-Ga, 05 synaptic device. (b) EPSC stimulated by an optical pulse. (c) EPSC and energy
consumption (E,,,) with various optical pulse widths (tp,). (d) EPSC stimulated by two adjacent optical pulses. (e) EPSC stimulated by optical pulses
with pulse numbers from 1 to 20. (f) EPSC at gate voltage (Vg) of 0 V. (g) EPSC at Vpg of 0.5 V. (h) Peak EPSC value modulated by Vg and V.

neurotransmitters by receptors on postsynaptic neurons, result-
ing in EPSC [14-19]. In order to emulate the biological synapse,
the gate electrode of the 8-Ga,0; MOSFET acts as the presynaptic
neuron, and the 8-Ga, 0, conductive channel together with drain
electrode and source electrode of the 3-Ga,0; MOSFET operates
as the postsynaptic neuron.

As illustrated in Figure 1b, EPSC of -Ga,0; synaptic device is
triggered by an optical pulse spiking with a tp, of 50 ms and
a wavelength (1) of 405 nm, together with Vg and Vj of 0
and 0.5 V, respectively, achieving a peak current amplitude of
287 pA upon the optical pulse stimulation. During the optical
pulse, photogenerated electron-hole pairs are either captured
by trap states or accumulated in $-Ga,0; conductive channel,
and the resulting photoexcited current, donated as EPSC, is
formed by the accumulated carriers and positive Vj;. Compared
to the sharp increase, the current gradually reduces subsequent
to the excitation due to the relatively slow release process of
carriers from trap states. The high repeatability of EPSC with
errors below 10% and photoexcited current with various ¢, are
shown in supporting information (Figure S4). As exhibited in

Figure 1c, EPSC increases from 287 to 1325 pA with tp, rising from
50 to 1000 ms, proving an enhanced accumulation in §-Ga,0,
conductive channel with increasing tp,, and the corresponding
E.,, of EPSC can be calculated by V¢ and drain current (Iyg):
[20, 21]

JdE, = J VpsXIpgxdt @

where, ¢ represents the time during the optical pulse. With an
optical pulse spanning for 50 ms, an extremely low E_,, of 4.67
pJ is derived, which raises to 1054.23 pJ when ¢, extends to
1000 ms. Additionally, on/off ratio, signal-to-noise ratio (SNR)
and the comparison of EPSC of synaptic devices are displayed in
supporting information (Figure S5 and Table S1).

PPF, a typical temporal enhancement in synaptic connection,
reflects the ability to process the temporal signals in biology
system, and two continuous optical pulses are regarded as stimuli
to mimic biological PPF [22-24]. As exhibited in Figure 1d, PPF
index, defined as the ratio of peak amplitude of second EPSC
(A,) to that of first EPSC (A,), reaches 1.93 with a t,, of 50 ms
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and an interval time (t;,) of 500 ms, which can be attributed
to trap behavior. When the second optical pulse is applied
before the trapped carriers generated by the first optical pulse
are fully released, fewer empty trap states remain available to
capture carriers during the second optical pulse, and a heightened
number of carriers are accumulated in the $-Ga,0; conductive
channel, leading to an enhanced A,. The detailed fitting results
of PPF match well with the biological synapse and prove an
excellent short-term memory (STM), as shown in supporting
information (Figure S6) [12, 25].

With continuous rehearsal of optical pulses, the memory effect
of the §-Ga,0; synaptic device is consolidated, leading to a
transition from short-term memory (STM) to long-term memory
(LTM) [26, 27]. Figure 1e shows EPSC induced by optical pulses
with pulse numbers from 1 to 20, and EPSC rises due to the
enhanced accumulation of photoexcited carriers in the 3-Ga,0,
conductive channel with increasing optical pulse number. When
the optical pulse number is smaller than 5, photogenerated
carriers are primarily captured by shallow trap states in the -
Ga,0; MOSFET, thus forming STM, while a larger fraction of
photogenerated carriers are captured by deep level trap states
which require more time to release carriers in the (-Ga,0,
MOSFET, thereby establishing LTM when the optical pulse
number extends to 20. The schematic of LTM and peak EPSC
value as a function of optical pulse number is shown in supporting
information (Figure S7). Meanwhile, the learning-forgetting-
relearning effect demonstrating an outstanding memory effect is
shown in supporting information (Figure S8).

Figure 1f,g illustrates EPSC stimulated by optical pulses with
various Vg and Vg, respectively, and the corresponding peak
amplitude value of EPSC is plotted in Figure 1h. When V)
spans from 0.25 to 1.25 V in increments of 0.25 V, the peak
EPSC amplitude increases from 92 to 847 pA with a significant
enhancement of 820.65%, indicating the improved generation
process of electron-hole pairs due to the larger electric field from
drain to source. More results on EPSC with V¢ of 0.25 V with ¢,
from 50 to 1000 ms are shown in supporting information (Figure
S9). When Vg is positive, the peak EPSC amplitude increases
with the rising Vg, while it is significantly suppressed with
negative Vg, and the dependence of EPSC on Vg is governed
by trap behaviors. With a positive Vs, narrow depletion region
together with the positive electric field from gate to source leads
to the filled trap states, and only a number of traps states capture
carriers during optical pulses, contributing to the accumulation
in the §-Ga,0; conductive channel. With a rising positive Vg,
a larger gate-source electric field strength is formed, leading to
an augment of generation of electron—hole pairs and improved
accumulation of carriers, thus increasing EPSC. On the contrary,
a negative Vi creates a negative electric field from gate to source
and widens the depletion region, resulting in the empty trap
states which capture the photogenerated carriers before they
are accumulated in -Ga,0; MOSFET, thereby suppressing the
EPSC. The similar trap behaviors with gate voltage stress are also
observed in previous studies [28, 29]. More results on EPSC with
Vs of —0.5 V and tp, from 50 to 1000 ms are shown in supporting
information (Figure S10).

Compared to a monocular visual recognition system, two projec-
tions of a 3D object are observed in a biological binocular visual

recognition system, providing more information and resulting
in a more powerful capability for recognition. Inspired by this
biological mechanism, a biomimetic binocular visual recognition
system based on $-Ga,0; synaptic devices is proposed in this
work, which is depicted in Figure 2a. In order to recognize more
directions in 3D space, two distinct projections of the motional
object are collected (the blue and green projections correspond
to the views perceived by the left and right eyes, respectively).
According to the coordinate system exhibited in Figure 2a, for
example, if the object moves along (0, y*, 0), the blue projections
detected along x~ direction on the y-z coordinate plane are
observed to move toward the right, while the green projections
detected along y~ direction on the x-z coordinate plane is still
regardless the size of the object. Furthermore, the 5-Ga,O; synap-
tic devices are employed to compress three frames into one single
frame preserving all temporal information from the three frames
by encoding three continuous bits of the same pixel at three points
in time as a three-bit optical pulse train. For instance, if the
three-bit pixel exhibits [0 0 0], no optical pulse will be applied
on the $-Ga,0, synaptic device, while [1 1 1] represents three
adjacent optical pulses. According to the normalization of the
output current of the 5-Ga, 0, synaptic device, the corresponding
normalized gray-level is achieved, and the final input gray-level
of the pixel is derived by inverting the corresponding normalized
gray-level. By combining two compressed projections, the final
image carrying temporal information of three frames and two
projections is acquired, and Figure 2b shows four representative
directions, along (x*, y~, z*), (x7, 0, 0), (0, y~, 0), and (x~, y,
z~), for recognition. Figure 2c displays some motion directions
described by the coordinate system, in which the six simple
directions along x*, x~, y*,y~, z" and z~ are hidden for clarity.

Figure 3a illustrates the schematic of the transformation process
from optical pulse train to final input gray-level. Figure 3b,c shows
the current responses to optical pulse train of [1 0 0] and [0 11]
with a tp, of 50 ms and a t;,,, of 50 ms, respectively, in which the cur-
rent level is measured at the moment 250 ms after the onset of the
first bit, yielding current level of 21 and 581 pA with optical pulse
train of [1 0 0] and [0 1 1], respectively. Figure 3d illustrates the
current responses of the 5-Ga,0; synaptic device corresponding
to all three-bit optical pulse sequences. After each transformation
process of the three-bit optical pulse sequence, the synaptic states
of the devices would need to be initialized or reset for the next
three-bit optical pulse sequence. For comparison, corresponding
training images and testing images for the conventional PD and
B-Ga,0; synaptic device are both created. Different from the
B-Ga,0; synaptic device, conventional PD has no capability to
process temporal information, and the corresponding images
only consist of the information of the final frame. More detailed
information of training images and testing images is shown in
supporting information (Figure S11). As plotted in Figure 3e, the
CNN for motion direction recognition consists of two convolution
layers, two max-pool layers, and three full-connection layers,
and the recognition accuracy with epochs from 1 to 30 is shown
in Figure 3f. Only retaining the information of the final frame,
the motion direction cannot be recognized absolutely based on
conventional PD without ability to process temporal information
with the accuracy maintaining around 20% and reaching 19.08%
with an epoch of 30, while the accuracy based on the §-Ga,0,
synaptic device rapidly increases above 90% when epoch reaches
7, and achieves 97.86% with epoch of 30. Figure 3g,h exhibits the
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FIGURE 2 | (a) Biomimetic binocular visual motion recognition system based on 5-Ga,05 synaptic devices. (b) The schematic of four example
directions for recognition. (c) The schematic of some directions for recognition.

confusion matrices of motion direction recognition with an epoch
of 30 based on conventional PD and the 38-Ga,O; synaptic device,
respectively, which further confirm the recognition results. For
simplicity, the directions in the following confusion matrix are
abbreviated, for example, (—, +, 0) represents along (x~, y™,

0). The confusion matrix based on conventional PD without
ability to process temporal information contains almost no red
grids along the diagonal, indicating the wrong recognition for
nineteen motion direction, on the contrary, the confusion matrix
based on the 3-Ga,0; synaptic device exhibits prominent red
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CNN based on conventional PD without the ability to process temporal information and 5-Ga, O3 synaptic device. The confusion matrices based on (g)
conventional PD without ability to process temporal information and (h) 8-Ga, 05 synaptic device.

grids on the diagonal line, representing the excellent recognition
performance. More detailed information of confusion matrices
based on conventional PD and 5-Ga,O; synaptic device is shown
in supporting information (Figures S12 and S13).

In addition to the detection and compression in a biomimetic
binocular visual motion recognition system, 5-Ga,O; synaptic
device can also act as AFG in the CNN model, as shown in
Figure 4a. As illustrated in Figure 4b, the activation function
introduces the essential nonlinear part during the computation
in neural networks, which brings the ability for fitting complex

curves to neural networks. ReLU function is one of the most
common activation functions and can be describe below:

ro={oinse @

nifn>0

In neural network, ReLU function offers the advantages of simple
computing, avoiding vanishing gradients and sparsity of the
model. However, the ReLU function still suffers from certain
limitations during training of neural networks, including the
unsmooth gradient at zero point which leads to a longer training
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FIGURE 4 | (a)Theschematic of full-connection in CNN model. (b) The schematic of single neuron in neural networks. (c) The activation function
based on f-Ga, 05 synaptic devices. (d) The accuracy of the CNN based on the ReLU function and Vg enabled Mish-like function. The confusion

matrices based on (e) ReLU function and (f) V55 enabled Mish-like function.

process and the dying neuron which contributes to the decreasing
overall expressive ability of the model. As displayed in Figure 4c,
a new Vg enabled Mish-like function is obtained by modulating
Vs, and the fitting results of EPSC as a function of Vi is derived
below:

EPSC = 1.68xVgxtanh(In(1 + exp(1.70xV4))) + 0.32  (3)

During the test, optical illumination with a t, of 50 ms is used
to generate optical-induced carriers and form EPSC, together
with V)¢ of 0.5 V. The V¢ enabled Mish-like function possesses
a smooth gradient, resulting in the improved training speed,
together with the non-zero gradient of negative input, avoiding
the dying neuron during training. For comparison, the same
training images, testing images and CNN are employed to verify
the effect of V5 enabled Mish-like function, and the recognition
accuracy with epochs from 1 to 30 is shown in Figure 4d. When

the epoch extends to 30, the accuracy based on V¢ enabled Mish-
like function reaches 98.83%, a little higher than that based on the
ReLU function (97.86%). More importantly, the accuracy with an
epoch of 2 using the ReLU function and Vs enabled Mish-like
function exhibits 16.36% and 76.03%, respectively, demonstrating
that Vg enabled Mish-like function exhibits a substantially
faster training speed than the ReLU function due to the smooth
gradient. Figure 4e,f displays the confusion matrices of motion
direction recognition with an epoch of 2 based on the ReLU
function and Vg enabled Mish-like function, respectively. The
confusion matrix with epoch of 2 using the ReLU function is
dominated by blue and white grids, leading to a largely disordered
classification, while several red grids exist along the diagonal
based on V4 enabled Mish-like function, indicating a much
better recognition performance. More detailed information of
confusion matrices based on V¢ enabled Mish-like function is
shown in supporting information (Figure S14).
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TABLE 1 | The comparison of function of devices and application of visual systems for motion recognition.
Material Dimentions Function ¥ Object Direction State Speed
B-Ga, 05 (This work) 3D CO and AFG v v v
MosS, [2] 2D CcO v v
PbS/C60/Pentacene [5] 2D CO and DI v
Ga, 0,/ In,Se; [6] 2D coO v
Perovskite [31] 2D Cco v v v
BP/AL,0,/WSe,/h-BN [7] 2D DI and WM v
CdS/graphene/Ge [32] 2D DI v
MosS, [4] 2D DI v
P3HT/GaAs [11] 2D ME v
2D molecular crystal [10] 3D Cco v

2To exhibit the table more concisely, the basic function of the photodetector (PD) realized by all reports is hidden. The abbreviation CO, AFG, DI, WM and ME
represent compressor, activation function generator, differentiator, weight mapping, and memory effect, respectively.

Some previous reports have also investigated motion direction
recognition systems and the comparison of motion direction
recognition systems is shown in supporting information (Table
S2) [2, 5, 6, 30]. Compared to the previous studies, the binocular
visual motion recognition system based on 3-Ga,0O; synaptic
devices holds the capability to recognize nineteen directions in
3D space, together with high accuracy above 98%. Although the
present work is confined to simulation of a visual system, the
results substantiate the potential and feasibility of a biomimetic
binocular architecture based on trap-state-mediated $-Ga,O,
devices. Realizing a hardware implementation represents a key
priority for subsequent research.

In addition to motion direction, more motion information can
also be recognized by the binocular visual recognition system,
such as motion state and speed. Figure 5a illustrates the schematic
of four motion states: still, uniform speed, acceleration, and
deceleration, and Figure 5b plots the schematic of two example
states for recognition. More detailed information of training
images and testing images is shown in supporting information
(Figure S15). As plotted in Figure 5c, the accuracy using 5-Ga, 0,
synaptic devices with V¢ enabled Mish-like function achieves
92.68%, demonstrating the ability of this system to handle com-
plex mission. As plotted in Figure 5d,e, the accuracy of still and
deceleration remain extra low, below 1% with an epoch of 1, while
all motion states hold high accuracy above 85% with an epoch of
30, demonstrating the effective training process. More detailed
information of confusion matrices for 8-Ga,0; synaptic devices
with Vs enabled Mish-like function is shown in supporting
information (Figure S16). Figure 5f illustrates the schematic of
four motion speeds, and Figure 5g plots the schematic of two
example speeds for recognition. More detailed information of
training images, testing images, and velocity estimation is shown
in supporting information (Figure S17). As exhibited in Figure 5h,
when the epoch extends to 30, the recognition accuracy based
on the $-Ga,0; synaptic device with Vs enabled Mish-like
function reaches 95.58%, proving the excellent performance of
the binocular visual motion recognition system. As plotted in
Figure 5i,j, extra low accuracy below 1% is also observed of still
with epoch of 1, while all motion speeds hold high accuracy

above 85% with an epoch of 30, validating the effective CNN
model. More detailed information of derivation of the proposed
Vs enabled Mish-like function and confusion matrices for $-
Ga,0; synaptic devices with V¢ enabled Mish-like function is
shown in supporting information (Figure S18).

Table 1 summarizes the function of devices and application of
visual systems in previous reports. Most existing visual systems
for motion recognition are limited to 2D recognition [2, 4-7,
11, 31, 32], and only a few studies focus on 3D moving objects,
while the recognition of detailed motion information such as
direction, state, and speed is still missing [10]. On the contrary,
biomimetic binocular visual recognition system in this work
recognizes the detailed motion information containing motion
direction, state and speed in 3D space. Moreover, in addition to
PD, most of devices operate as a compressor and differentiator
in preprocessing part instead of in the neural network [2, 4-6,
10, 31, 32]. Some reports demonstrated that devices can work as
WM and ME in a neural network, while the detailed motion
information such as direction, state, and speed is unavailable (7,
11]. In contrast, a 3-Ga, 05 synaptic device can work not only as a
compressor, but also as AFG in a neural network, demonstrating
the multifunction of the 3-Ga,0; synaptic device. Furthermore,
a biomimetic binocular visual recognition system based on g-
Ga,0; synaptic device demonstrates three distinct applications
for detailed motion information, indicating the huge potential for
employment in biomimetic systems.

3 | Conclusion

In summary, a biomimetic binocular visual system for motion
recognition based on -Ga,0; synaptic devices is proposed and
demonstrated. The device exhibits outstanding synaptic behav-
iors including EPSC with low E,, and high noise immunity,
PPF, transformation from STM to LTM, and voltage-modulated
current amplitude. By leveraging these synaptic characteristics,
the system successfully recognizes motion in nineteen directions
in 3D space, achieving accuracies of 97.86% and 98.83% using

the ReLU and Vg enabled Mish-like functions, respectively.
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Moreover, the system successfully recognizes two additional
motion attributes—motion state and speed—with accuracies of
92.68% and 95.58%, respectively. These results highlight the con-
siderable potential of the proposed binocular motion recognition
system for future biomimetic vision applications.
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