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(57) ABSTRACT

An apparatus for collision avoidance by surface proximity
detection includes a plurality of piezoelectric elements dis-
posed adjacent to a surface of an object, a memory storing
instructions, and at least one processor configured to execute
the instructions to control a first one among the piezoelectric
elements to generate an acoustic wave along the surface of
the object, and receive, via a second one among the piezo-
electric elements, an acoustic wave signal corresponding to
the generated acoustic wave. The at least one processor is
further configured to execute the instructions to filter the
received acoustic wave signal, using a band-pass filter for
reducing noise of the received acoustic wave signal, obtain
a proximity signal for proximity detection, from the filtered
acoustic wave signal, using a linear time-invariant filter, and
detect whether an obstacle is proximate to the surface of the
object by inputting the obtained proximity signal into a
neural network.
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METHOD AND APPARATUS FOR ROBOT
COLLISION AVOIDANCE BY FULL
SURFACE PROXIMITY DETECTION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is based on and claims priority
under 35 U.S.C. § 119 from U.S. Provisional Application
No. 63/155,126 filed on Mar. 1, 2021, in the U.S. Patent &
Trademark Office, the disclosure of which is incorporated by
reference herein in its entirety.

BACKGROUND

1. Field

[0002] The disclosure relates to a method and an apparatus
for robot collision avoidance by full surface proximity
detection.

2. Description of Related Art

[0003] As robots work in dynamic environments, unex-
pected collisions with people and obstacles must be avoided.
A robot colliding with the environment can damage itself or
its surroundings, and can harm humans in the workspace.
Collision avoidance systems enable the robot to detect
approaching obstacles before collision, and take measures to
avoid or mitigate impact. Such systems may be particularly
necessary for robotic manipulators such as robot arms to
safely operate in uncertain and dynamic environments. As
such, there has been extensive research on collision avoid-
ance systems for robotic manipulators.

[0004] Unlike collision avoidance systems for automo-
biles, robot manipulators may usually operate in confined
spaces, where collision avoidance depends on accurate
short-range sensing in cluttered environments. Many exist-
ing collision avoidance methods use cameras and computer
vision-based object recognition or three-dimensional (3D)
shape reconstruction to detect and react to obstacles. How-
ever, these approaches have several limitations. Their per-
formance suffers when faced with obstacle occlusions, poor
light conditions, and transparent or mirrored objects that are
hard to detect visually. Further, camera-based approaches
are typically not accurate over very short ranges (less than
10 cm) depending on camera focal length, and any single
camera has a limited field of view.

[0005] To address this need for short-range detection,
proximity sensors such as ultrasonic proximity sensors,
millimeter wave radar, infrared proximity sensors, and
short-range light detecting and ranging (LiDAR) have been
proposed for robot collision avoidance. These methods also
have limitations. LiDAR and millimeter wave radar are
expensive, and all these methods are all highly directional.
Effective coverage may require multiple sensors distributed
throughout the robot, and blind spots can be difficult to
eliminate entirely without vast numbers of sensors. This
complicates robotic system design and adds a significant
amount of extra cost and sensor management overhead.

SUMMARY

[0006] In accordance with an aspect of the disclosure,
there is provided an apparatus for collision avoidance by
surface proximity detection, the apparatus including a plu-
rality of piezoelectric elements disposed adjacent to a sur-
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face of an object, a memory storing instructions, and at least
one processor configured to execute the instructions to
control a first one among the piezoelectric elements to
generate an acoustic wave along the surface of the object,
and receive, via a second one among the piezoelectric
elements, an acoustic wave signal corresponding to the
generated acoustic wave. The at least one processor is
further configured to execute the instructions to filter the
received acoustic wave signal, using a band-pass filter for
reducing noise of the received acoustic wave signal, obtain
a proximity signal for proximity detection, from the filtered
acoustic wave signal, using a linear time-invariant filter, and
detect whether an obstacle is proximate to the surface of the
object by inputting the obtained proximity signal into a
neural network.

[0007] In accordance with an aspect of the disclosure,
there is provided a method of collision avoidance by surface
proximity detection, the method being performed by at least
one processor, and the method including controlling a first
one among piezoelectric elements disposed adjacent to a
surface of an object, to generate an acoustic wave along the
surface of the object, and receiving, via a second one among
the piezoelectric elements, an acoustic wave signal corre-
sponding to the generated acoustic wave. The method fur-
ther includes filtering the received acoustic wave signal,
using a band-pass filter for reducing noise of the received
acoustic wave signal, obtaining a proximity signal for prox-
imity detection, from the filtered acoustic wave signal, using
a linear time-invariant filter, and detecting whether an
obstacle is proximate to the surface of the object by inputting
the obtained proximity signal into a neural network.
[0008] In accordance with an aspect of the disclosure,
there is provided a non-transitory computer-readable storage
medium storing instructions that, when executed by at least
one processor, cause the at least one processor to control a
first one among piezoelectric elements disposed adjacent to
a surface of an object, to generate an acoustic wave along the
surface of the object, and receive, via a second one among
the piezoelectric elements, an acoustic wave signal corre-
sponding to the generated acoustic wave. The instructions,
when executed by the at least one processor, further cause
the at least one processor to filter the received acoustic wave
signal, using a band-pass filter for reducing noise of the
received acoustic wave signal, obtain a proximity signal for
proximity detection, from the filtered acoustic wave signal,
using a linear time-invariant filter, and detect whether an
obstacle is proximate to the surface of the object by inputting
the obtained proximity signal into a neural network.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The above and other aspects, features, and advan-
tages of embodiments of the disclosure will be more appar-
ent from the following description taken in conjunction with
the accompanying drawings, in which:

[0010] FIG. 1A is a diagram illustrating an apparatus for
robot collision avoidance by full surface proximity detec-
tion, according to embodiments;

[0011] FIG. 1B is a block diagram illustrating the appa-
ratus of FIG. 1A;

[0012] FIG. 2 is a diagram illustrating a leaky surface
wave (LSW) effect, according to embodiments;

[0013] FIG. 3A shows a graph illustrating a received
signal due to an obstacle approaching, touching and retreat-
ing from an object including the apparatus of FIGS. 1A and



US 2022/0274269 Al

1B, and FIG. 3B shows a graph illustrating a zoom in view
of the received signal due to the obstacle approaching the
object that is illustrated in the graph of FIG. 3A;

[0014] FIG. 4A is a graph illustrating a received signal due
to an obstacle approaching a back of piezoelectric elements
of an object including the apparatus of FIGS. 1A and 1B;
[0015] FIGS. 4B-4D are graphs illustrating a received
signal due to an obstacle approaching three different loca-
tions of an object including the apparatus of FIGS. 1A and
1B;

[0016] FIG. 5A is a graph illustrating a received signal at
different distances between an obstacle and an object includ-
ing the apparatus of FIGS. 1A and 1B, when a piezoelectric
transmitter is attached on the object;

[0017] FIG. 5B is a graph illustrating a received signal at
different distances between an obstacle and an object includ-
ing the apparatus of FIGS. 1A and 1B, when a piezoelectric
transmitter is placed above the object;

[0018] FIG. 6A is a graph illustrating a return loss and an
impedance of a piezoelectric element included in the appa-
ratus of FIGS. 1A and 1B, when the piezoelectric element is
placed in air;

[0019] FIG. 6B is a graph illustrating a return loss and an
impedance of a piezoelectric element included in the appa-
ratus of FIGS. 1A and 1B, when the piezoelectric element is
attached to an object;

[0020] FIG. 7A is a cross-sectional view illustrating a
piezoelectric element disposed on an object including an
apparatus for robot collision avoidance by full surface
proximity detection, according to embodiments;

[0021] FIG. 7B is a graph illustrating a received signal due
to an obstacle approaching and touching the object shown in
FIG. 7A;

[0022] FIG. 8A is a graph illustrating a noise spectrum
when an object is moving;

[0023] FIG. 8B is a graph illustrating a frequency response
that is measured by a piezoelectric receiver included in an
apparatus for robot collision avoidance by full surface
proximity detection, according to embodiments;

[0024] FIG. 9 is a graph illustrating an analytic represen-
tation for a moving object including an apparatus for robot
collision avoidance by full surface proximity detection,
according to embodiments;

[0025] FIG. 10A is a graph illustrating an analytic signal
for a moving object including an apparatus for robot colli-
sion avoidance by full surface proximity detection, accord-
ing to embodiments;

[0026] FIG. 10B is a scalogram illustrating the analytic
signal of FIG. 10A;

[0027] FIG. 11 is a flowchart of a method of robot colli-
sion avoidance by full surface proximity detection, accord-
ing to embodiments;

[0028] FIG. 12 is a flowchart of a method of collision
avoidance by full surface proximity detection, according to
embodiments; and

[0029] FIG. 13 is a block diagram of an electronic device
in which the apparatus of FIGS. 1A and 1B is implemented,
according to embodiments.

DETAILED DESCRIPTION

[0030] Embodiments described herein provide a sensing
modality, which will be referred to as a LSW, enabling
no-dead-spot short-range proximity detection for robot
arms. A proximity detection system using this principle is
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lightweight, is cheap, can be attached to an off-the-shelf
robotic manipulator with minimal modifications, and pro-
vides proximity detection of all objects with sufficient
cross-sectional area across an entire surface of a robot. The
system can perform full surface and omnidirectional on-
robot proximity detection on a linkage using only a single
sensor pair.

[0031] In detail, the embodiments described herein use a
pair of piezoelectric elements attached to a robot arm, and
one of the piezoelectric elements transmits excitation signals
through the robot arm to another of the piezoelectric ele-
ments. This acoustic energy transfers through a whole
surface of the robot arm, which couples with surrounding air
and leaks an acoustic signal. This leaky signal decays in the
air, forming an “aura” surrounding the robot surface. An
approaching obstacle that enters this aura will establish a
standing wave pattern between the obstacle and the robot
surface, changing an acoustic impedance of a system. This
change can be measured by another piezoelectric element
attached to the arm at a point far from the obstacle, allowing
the system to perform proximity detection. The system
according to one or more embodiments of the present
application may be implemented using other sound produc-
ers, such as speakers and microphones without using the
piezoelectric elements.

[0032] To realize the above, a number of technical and
implementation challenges need to be addressed. First, a
major component of a signal is received from a surface of a
robot rather than a leaky over-the-air signal. However, only
the leaky over-the-air signal may contain information useful
for proximity detection. An embodiment employs a set of
hardware tweaks and signal processing techniques to extract
this minor leaky signal from the large surface signal.

[0033] Second, a robot arm itself introduces both
mechanical and electrical noise that can be received by an
attached piezoelectric element. An embodiment solves this
issue by customizing a waveform, and further digitally
filtering the noise.

[0034] Third, a received signal may vary non-linearly
depending on a robot pose and relative obstacle position/
velocity as a robot moves around. Further, a robot arm could
detect itself as an “obstacle” as linkages move closer to each
other, and a surface wave propagating channel changes
drastically. To resolve these issues, an embodiment uses a
lightweight one-dimensional convolutional neural network
(1IDCNN) to identify whether a given received audio
sequence corresponds to a presence of a non-self-obstacle.

[0035] An implementation presents an end-to-end prox-
imity detection system with a pair of low cost piezoelectric
elements attached to a robot arm, and demonstrating no-
dead-spot proximity sensing. The design may be embedded
into a robot with minimum modifications.

[0036] FIG. 1A is a diagram illustrating an apparatus 100
for robot collision avoidance by full surface proximity
detection, according to embodiments. FIG. 1B is a block
diagram illustrating the apparatus 100 of FIG. 1A.

[0037] The apparatus 100 and any portion of the apparatus
100 may be included or implemented in a robot and/or an
electronic device. The electronic device may include any
type of electronic device, for example, a smartphone, a
laptop computer, a personal computer (PC), a smart televi-
sion and the like.



US 2022/0274269 Al

[0038] As shown in FIGS. 1A and 1B, the apparatus 100
includes piezoelectric elements 105, a signal processor 110,
a neural network 115 and a robot controller 120.

[0039] The piezoelectric elements 105 are disposed adja-
cent to a surface 102 of an object, e.g., the robot and/or the
electronic device. For example, the piezoelectric elements
105 may be coupled to, disposed on, or embedded within the
surface 102 of a robot arm.

[0040] At least one processor of the apparatus 100 controls
a first one among the piezoelectric elements 105 to generate
an acoustic wave 104a within and along the surface 102 of
the object. The acoustic wave 104a may be referred to as the
LSW, as it may leak from or surround the surface 102 of the
object. The at least one processor may apply an excitation
signal to the first one among the piezoelectric elements 105
to control the first one among the piezoelectric elements 105
to generate the acoustic wave 104a.

[0041] If the object is made out of elastic materials, such
as plastic or metal, the surface 102 of the object will vibrate
and couple with the air, and the entire surface 102 of the
object functions as an acoustic transducer. Notably, the
source piezoelectric element 105 couples with the object’s
surface 102 instead of air, and could even be embedded
within the object.

[0042] The signal processor 110 receives, via a second one
among the piezoelectric elements 105, an acoustic wave
signal 106a corresponding to the generated acoustic wave
104a.

[0043] Based on an obstacle 108 being nearby the appa-
ratus 100, the generated acoustic wave 104a becomes a
deformed acoustic wave 1045 within and along the surface
102 of the object. The signal processor 110 receives, via the
second one among the piezoelectric elements 105, a
deformed acoustic wave signal 1065 corresponding to the
deformed acoustic wave 1045.

[0044] The signal processor 110 filters the received acous-
tic wave signal 106a or the received deformed acoustic wave
signal 1065, using a band-pass filter for reducing noise of the
received acoustic wave signal 106a or the received
deformed acoustic wave signal 1065. Further, the signal
processor 110 obtains a proximity signal for proximity
detection, from the filtered acoustic wave signal, using a
linear time-invariant filter.

[0045] The neural network 115 detects whether the
obstacle 108 is proximate to the surface 102 of the object by
inputting the obtained proximity signal into the neural
network 115.

[0046] Based on the object being the robot, and based on
the obstacle 108 being detected to be proximate to the
surface 102 of the object, the robot controller 120 controls
the object to avoid collision with the obstacle 108. For
example, the robot controller 120 may control the robot to
output a collision warning 112, which may be an audible
sound.

[0047] FIG. 2 is a diagram illustrating a LSW effect,
according to embodiments.

[0048] A schematic illustrating how the LSW can be
distorted is shown in FIG. 2. While most of an acoustic wave
210 generated by a piezoelectric transmitter 2054 stays on a
surface of an object 200, a small amount “leaks” into air as
a LSW 215. This LSW 215 decays exponentially in the air,
resulting in an acoustic “aura” around the surface of the
object 200. This “aura” is an acoustic pressure field sur-
rounding the object 200.
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[0049] An obstacle 220 close to the surface of the object
200 will establish a standing wave pattern 225 or interfer-
ence pattern between the obstacle 220 and the object surface,
which perturbs the acoustic pressure field and results in an
acoustic impedance change across the entire surface. These
changes can be detected by a piezoelectric receiver 2055
elsewhere on or within the object 200. As the acoustic wave
210 propagates through the object 200, obstacles close to
any point on the object surface will cause distortions that can
be measured at other points on or within the object 200,
allowing for a single transmitter/receiver pair of piezoelec-
tric elements to detect the obstacles close to any part of the
coupled object 200.

[0050] This surface acoustic pressure field distortion dis-
plays a number of useful properties.

[0051] FIG. 3A shows a graph illustrating a received
signal due to an obstacle approaching, touching and retreat-
ing from an object including the apparatus 100 of FIGS. 1A
and 1B. FIG. 3B shows a graph illustrating a zoom in view
of the received signal due to the obstacle approaching the
object that is illustrated in the graph of FIG. 3A.

[0052] As described with respect to FIGS. 1A-2, an
obstacle (e.g., a person’s hand) may approach an object
(e.g., a pipe or robot arm), touch it, and then retreat.
[0053] FIG. 3A shows an acoustic wave signal that is
received by a piezoelectric element. Touching the object (at
2.2-3 seconds) introduces a major signal perturbation.
[0054] Looking closely at a period in which the obstacle is
approaching the object, shown in more detail in the graph of
FIG. 3B, an approach of the obstacle (at 1.5-2.2 seconds) can
be clearly observed as well. Peaks and dips reflect a standing
wave pattern between the obstacle and a surface of the
object, which has a peak-to-peak distance of d=A/2, Abeing
a wavelength of the acoustic wave signal. An amplitude of
a distortion increases as the obstacle gets closer to the object.
This signal pattern varies depending on a nature of the
approaching obstacle, an obstacle’s position and velocity
relative to the object, and an obstacle’s distance from the
surface.

[0055] FIG. 4Ais a graph illustrating a received signal due
to an obstacle approaching a back of piezoelectric elements
of an object including the apparatus 100 of FIGS. 1A and
1B. FIGS. 4B-4D are graphs illustrating a received signal
due to an obstacle approaching three different locations of an
object including the apparatus 100 of FIGS. 1A and 1B.
[0056] FIGS. 4A-4D show that an LSW can enable whole
surface proximity detection.

[0057] As shown in FIG. 4A, when piezoelectric elements
are disposed on a front side of an object, an acoustic wave
signal pattern is clearly visible even if an obstacle (e.g., a
hand) approaches from a back side of the object.

[0058] FIGS. 4B-4D demonstrate received acoustic sig-
nals when an obstacle (e.g., a hand) approaches at three
random locations on an object. The acoustic wave signal
pattern again can be observed.

[0059] FIG. 5A is a graph illustrating a received signal at
different distances between an obstacle and an object includ-
ing the apparatus 100 of FIGS. 1A and 1B, when a piezo-
electric transmitter is attached on the object. FIG. 5B is a
graph illustrating a received signal at different distances
between an obstacle and an object including the apparatus
100 of FIGS. 1A and 1B, when a piezoelectric transmitter is
placed above the object.
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[0060] FIGS. 5A and 5B show how an acoustic wave
signal changes at different distances to a surface of an object.

[0061] As can be seen from FIG. 5A, the acoustic wave
signal is strong only when the obstacle (e.g., a rod) is less
than 10 cm from the object, and there is a decreasing trend
for the acoustic wave signal. Also, a spacing between peaks
is roughly 0.85 cm, which is around half a wavelength
(M2=0.85 cm at 20 kHz). It means a pattern of the acoustic
wave signal is a function of a distance between the obstacle
and a vibrating surface of the object.

[0062] On the other hand, when a piezoelectric transmitter
is detached from a surface of an object (hanging about 1 cm
above the surface), as shown in FIG. 5B, a decreasing signal
pattern does not exist, and it becomes rather random. Also,
an amplitude of the received signal is around 60 times
smaller because a piezoelectric receiver now can no longer
receive the signal coming from the surface.

[0063] The experiment according to FIGS. 5A and 5B
shows that the LSW propagates along the surface of the
object (e.g., a robot) having the piezoelectric transmitter
mounted thereon, instead of propagating over the air path,
since a signal pattern does not exist over the air path when
the piezoelectric transmitter is detached 1 cm above the
surface.

[0064] Compared to other sensing modalities, such as
ultrasonic ranging, capacitive sensing, or video-based detec-
tion, LSW sensing may have no blind spots, require minimal
modifications to a target object (transducers are small and
can be easily and non-permanently attached to a surface),
require no expensive components, operate at low power, and
respond well to objects without specific dielectric constants
only at close range.

[0065] FIG. 6A is a graph illustrating a return loss and an
impedance of a piezoelectric element included in the appa-
ratus 100 of FIGS. 1A and 1B, when the piezoelectric
element is placed in air. FIG. 6B is a graph illustrating a
return loss and an impedance of a piezoelectric element
included in the apparatus 100 of FIGS. 1A and 1B, when the
piezoelectric element is attached to an object. FIG. 7A is a
cross-sectional view illustrating a piezoelectric element 705
disposed on an object 710 including an apparatus for robot
collision avoidance by full surface proximity detection,
according to embodiments. FIG. 7B is a graph illustrating a
received signal due to an obstacle approaching and touching
the object shown in FIG. 7A.

[0066] Inan example, the apparatus 100 is implemented in
a carbon fiber composite based manipulator of a robot. To
obtain an LSW working on the robot, piezoelectric elements
are coupled with a robot surface. Piezoelectric elements are
usually designed to couple with air. It can be seen from FIG.
6A, a piezoelectric element resonates at 7 kHz, 45 kHz, and
83 kHz, at which most of energy goes into the air.

[0067] Referring to FIG. 7A, the piezoelectric element 705
is disposed on the object 710 (e.g., a robot arm). A glue 715
is interposed between the piezoelectric element 705 and the
object 710 to better couple the piezoelectric element 705 to
the object 710. A sound deadener 720 is disposed on a
surface of the object 710 and a surface of the piezoelectric
element 705. To decouple the piezoelectric element 705 with
air, the hot glue 715 glues the piezoelectric element 705 onto
the surface of the object 710, and the sound deadener 720
(e.g., Noico solutions 80 Mil) seals the piezoelectric element
705.
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[0068] FIG. 6B shows that resonances that pump acoustic
energy into air are removed, and an impedance indicates that
a piezoelectric element becomes almost purely capacitive
after attached on a robot. As a result, FIG. 7B shows that an
LSW can successfully be launched on the robot to collect an
acoustic wave or received signal.

[0069] In an example, an LSW is transmitted by one of a
plurality of piezoelectric elements. It passes through a robot
surface and is received by another one of the piezoelectric
elements. A robot arm works as a wireless channel in this
system. Denoting a transmitted signal as s(t) and a wireless
channel as h, a received signal r(t) can be represented as:

#(£)=hs(t)+n ),

[0070] where n is internal and external system noise. A
high level idea is to detect if there is an approaching object
from the received signal r(t) under the time varying channel
response h and the noise n.

[0071] FIG. 8A is a graph illustrating a noise spectrum
when an object is moving. FIG. 8B is a graph illustrating a
frequency response that is measured by a piezoelectric
receiver included in an apparatus for robot collision avoid-
ance by full surface proximity detection, according to
embodiments.

[0072] A next immediate challenge is to address noises n
that come from an object (e.g., a robot arm). There are two
types of noises: (1) electrical noise coming from a power
supply modulated with motors that exists for both moving
and stationary arms; and (2) mechanical noise coming from
the motors and gears operating when the arm is moving.
[0073] FIG. 8A shows a spectrum of measured noise from
a robot. The noise spectrum is calculated from a signal that
records a robot arm randomly moving for 10 minutes, while
no excitation signal is applied on a piezoelectric element. A
majority of a mechanical noise energy resides below a 15
kHz range, and there are also significant electrical noise
spikes at 30 kHz.

[0074] After understanding robot noise characteristics, a
range of useful frequencies can be chosen that do not overlap
with a noise spectrum. On another hand, due to a nonho-
mogeneous nature of a robot arm, an LSW responds differ-
ently across different frequency bins. FIG. 8B shows a
frequency response measured by a piezoelectric receiver. In
this example, a piezoelectric transmitter launches a linear
chirp signal that sweeps from 0-48 kHz, each frequency bin
having an equal intensity. It can be seen that around 18-19
kHz is a sweet spot for both avoiding noise and sending
energy efficiently onto a robot. As such, this example
chooses a frequency f of 19 kHz for a continuous sinusoidal
signal s(t)=sin 2xtft to excite the piezoelectric transmitter,
and applies a narrow 19 kHz band-pass filter to a received
signal for a further denoising. Note that 19 kHz is also
inaudible for most adults.

[0075] FIG. 9 is a graph illustrating an analytic represen-
tation for a moving object including an apparatus for robot
collision avoidance by full surface proximity detection,
according to embodiments.

[0076] Notably, a received acoustic wave signal is orders
of magnitude weaker than a surface guided signal, which can
be seen from FIGS. 3A, 3B, and 7B. A large through surface
signal will hinder a learning process if directly sent to a
learning network.

[0077] Accordingly, after a received signal r(t) has been
filtered by a band-pass filter, an analytic representation or a
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proximity signal can be calculated. Denoting x(t) as the
filtered signal, an analytic signal x(t) can be represented as:

ERORE O 0] 2,

[0078] where j is an imaginary unit. y(t) is the Hilbert
transform of x(t), which is a convolution of x(t) with the
Hilbert transform kernel

al
h(t) = —.
w=—

As a result, the analytic representation is a linear time-
invariant filter process that can be written as:

1 o ®
Xa(8) = ;fX(w)e dw,
o

[0079] where X(w) is the Fourier transform of the filtered
signal x(t). This process may be applied every L sample.
[0080] FIG. 9 shows the analytic signal of the received
signal from FIG. 7B with L equaling 300 samples (a
sampling rate is 96 kHz). It can be seen that a proximity
pattern is represented more clearly in the analytic signal.
[0081] FIG. 10A is a graph illustrating an analytic signal
for a moving object including an apparatus for robot colli-
sion avoidance by full surface proximity detection, accord-
ing to embodiments. FIG. 10B is a scalogram illustrating the
analytic signal of FIG. 10A.

[0082] A wireless channel h in Equation (1) is mainly
determined by mechanical characteristics of a moving
object, e.g., a pose of a robot and an arm internal gear
structure. Therefore, when an arm of the robot is moving, the
wireless channel h is changing and alters a received acoustic
wave signal r(t) as well as its analytic representation x,(t).
On another hand, the robot arm could detect itself as an
“obstacle” as linkages move closer to each other.

[0083] FIG. 10A shows a snapshot of an analytic signal
with a robot arm moving. Note there is also a hand approach-
ing at 1.8-2.2 seconds, but a proximity signal can be barely
seen. However, proximity information does not get lost.
[0084] FIG. 10B shows a scalogram of this analytic signal,
using wavelet analysis. It shows strong channel disturbance
and self-detection signal. But a proximity signal is still
visible at 1.8-2.2 seconds.

[0085] While addressing issues in preceding sections
allows LSW signals to be detected reliably, using them for
proximity detection is not straightforward, as several factors
remain. A signal is heavily affected by robot arm movement,
unfilterable background noise, and nature, position, and
velocity of obstacles. These factors can have highly nonlin-
ear effects on a signal amplitude or timescale, which make
discriminating signals typical of approaching obstacles from
a baseline case difficult.

Learning Proximity

[0086] To address these issues, embodiments use a one-
dimensional (1D) convolutional neural network (CNN) to
perform binary classification on a windowed analytic signal,
classifying each segment as corresponding to an approach-
ing obstacle or to a negative case in which no hazardous
obstacles are close by. The CNN uses a fully-convolutional
architecture, and consists of seven (7) 1D convolutions plus
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a linear output layer outputting a binary prediction (object
approaching or not). This classifier takes as input windows
of a fixed 960 samples collected at a 96 kHz sample rate,
such that each window corresponds to 0.01 seconds of
audio. Each input analytic signal window is normalized to
have 0 mean and unit variance independently to remove
differences in scale between audio samples.

Detector

[0087] While this classifier achieves high accuracy on
0.01 second timescales, for robust detection at human tim-
escales, aggregation across multiple 0.01 second windows is
needed. To make a final decision, embodiments pass N
sequential 0.01-second window predictions into a larger
window detector, and make the final determination of
whether an approaching obstacle is detected or not by a
majority vote among predictions in that larger window. The
classifier’s predictions may not be independent and identi-
cally distributed among windows. N may be chosen to
optimize final detector performance.

[0088] FIG. 11 is a flowchart of a method 1100 of robot
collision avoidance by full surface proximity detection,
according to embodiments.

[0089] The method 1100 may be performed by at least one
processor using the apparatus 100 of FIGS. 1A and 1B.
[0090] Asshown in FIG. 11, in operation 1105, the method
1100 includes controlling a transmission (TX) piezoelectric
element included in an object (e.g., a robot arm) to generate
an LSW adjacent to a surface of the object.

[0091] In operation 1110, the method 1100 includes
receiving the LSW at a reception (RX) piezoelectric element
included in the object.

[0092] In operation 1115, the method 1100 includes trun-
cating the LSW into a first window (e.g., 0.3 seconds) with
overlapping.

[0093] In operation 1120, the method 1100 includes deter-
mining whether the LSW is valid. Based on the LSW being
determined to be valid, the method 1100 continues in
operation 1125. Otherwise, the method 1100 continues in
operation 1130, in which a system is restarted.

[0094] In operation 1125, the method 1100 includes per-
forming band-pass filtering and Hilbert transforming on the
LSW to generate an analytic or proximity signal.

[0095] In operation 1135, the method 1100 includes trun-
cating the proximity signal into multiple smaller second
windows (e.g., 0.01 seconds).

[0096] In operation 1140, the method 1100 includes apply-
ing, to the proximity signal, a IDCNN classifier onto each
of the second windows.

[0097] Inoperation 1145, the method 1100 includes apply-
ing, to a result of the IDCNN classifier being applied to the
proximity signal, a detector based on a receiver operating
characteristic (ROC) curve within the first window.

[0098] In operation 1150, the method 1100 determines
whether an obstacle is approaching the object, based on a
result of the detector being applied to the result of the
IDCNN classifier being applied to the proximity signal.
Based on the obstacle being determined to approach the
object, the method 1100 continues in operation 1155. Oth-
erwise, the method 1100 returns to operation 1105.

[0099] In operation 1155, the method 1100 includes send-
ing an obstacle detected message to a robot controller over
a secure radio link (SRL) socket.
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[0100] In operation 1160 the method 1100 includes con-
trolling the robot controller to control the object to stop
moving.

[0101] FIG. 12 is a flowchart of a method 1200 of fast
motion understanding, according to embodiments.

[0102] The method 1200 may be performed by at least one
processor using the apparatus 100 of FIGS. 1A and 1B.
[0103] As shown in FIG. 12, in operation 1210, the
method 1200 includes controlling a first one among piezo-
electric elements disposed adjacent to a surface of an object,
to generate an acoustic wave along the surface of the object.
[0104] In operation 1220, the method 1200 includes
receiving, via a second one among the piezoelectric ele-
ments, an acoustic wave signal corresponding to the gener-
ated acoustic wave.

[0105] In operation 1230, the method 1200 includes fil-
tering the received acoustic wave signal, using a band-pass
filter for reducing noise of the received acoustic wave signal.
[0106] In operation 1240, the method 1200 includes
obtaining a proximity signal for proximity detection, from
the filtered acoustic wave signal, using a linear time-invari-
ant filter.

[0107] In operation 1250, the method 1200 includes
detecting whether an obstacle is proximate to the surface of
the object by inputting the obtained proximity signal into a
neural network.

[0108] The object may be a robot, and the method 1200
may further include, based on the obstacle being detected to
be proximate to the surface of the object, control the object
to avoid collision with the obstacle.

[0109] The band-pass filter may be for reducing electrical
noise of a power supply of the robot and a mechanical noise
of a motor of the robot, from the received acoustic wave
signal.

[0110] The linear time-invariant filter may include any one
or any combination of a Hilbert transform and a Fourier
transform of the filtered acoustic wave signal.

[0111] The method 1200 may further include truncating
the received acoustic wave signal into a window. The
filtering may include filtering the truncated acoustic wave
signal, using the band-pass filter.

[0112] The method 1200 may further include truncating
the obtained proximity signal into a plurality of windows.
The detecting may include detecting whether the obstacle is
proximate to the surface of the object by inputting the
truncated proximity signal into the neural network.

[0113] The method 1200 may further include truncating
the obtained proximity signal into a plurality of windows,
and inputting the truncated proximity signal into the neural
network to obtain a plurality of predictions of whether the
obstacle is proximate to the surface of the object. The
detecting may include detecting whether the obstacle is
proximate to the surface of the object, based on a majority
vote among the obtained plurality of predictions.

[0114] FIG. 13 is a block diagram of an electronic device
1300 in which the apparatus 100 of FIGS. 1A and 1B is
implemented, according to embodiments.

[0115] FIG. 13 is for illustration only, and other embodi-
ments of the electronic device 1300 could be used without
departing from the scope of this disclosure.

[0116] The electronic device 1300 includes a bus 1310, a
processor 1320, a memory 1330, an interface 1340, and a
display 1350.
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[0117] The bus 1310 includes a circuit for connecting the
components 1320 to 1350 with one another. The bus 1310
functions as a communication system for transferring data
between the components 1320 to 1350 or between electronic
devices.

[0118] The processor 1320 includes one or more of a
central processing unit (CPU), a graphics processor unit
(GPU), an accelerated processing unit (APU), a many inte-
grated core (MIC), a field-programmable gate array (FPGA),
or a digital signal processor (DSP). The processor 1320 is
able to perform control of any one or any combination of the
other components of the electronic device 1300, and/or
perform an operation or data processing relating to commu-
nication. The processor 1320 executes one or more programs
stored in the memory 1330.

[0119] The memory 1330 may include a volatile and/or
non-volatile memory. The memory 1330 stores information,
such as one or more of commands, data, programs (one or
more instructions), applications 1334, etc., which are related
to at least one other component of the electronic device 1300
and for driving and controlling the electronic device 1300.
For example, commands and/or data may formulate an
operating system (OS) 1332. Information stored in the
memory 1330 may be executed by the processor 1320.
[0120] The applications 1334 include the above-discussed
embodiments. These functions can be performed by a single
application or by multiple applications that each carry out
one or more of these functions.

[0121] The display 1350 includes, for example, a liquid
crystal display (LCD), a light emitting diode (LED) display,
an organic light emitting diode (OLED) display, a quantum-
dot light emitting diode (QLED) display, a microelectrome-
chanical systems (MEMS) display, or an electronic paper
display. The display 1350 can also be a depth-aware display,
such as a multi-focal display. The display 1350 is able to
present, for example, various contents, such as text, images,
videos, icons, and symbols.

[0122] The interface 1340 includes input/output (1/O)
interface 1342, communication interface 1344, and/or one or
more sensors 1346. The I/O interface 1342 serves as an
interface that can, for example, transfer commands and/or
data between a user and/or other external devices and other
component(s) of the electronic device 1300.

[0123] The sensor(s) 1346 can meter a physical quantity or
detect an activation state of the electronic device 1300 and
convert metered or detected information into an electrical
signal. For example, the sensor(s) 1346 can include one or
more cameras or other imaging sensors for capturing images
of scenes. The sensor(s) 1346 can also include any one or
any combination of a microphone, a keyboard, a mouse, one
or more buttons for touch input, a gyroscope or gyro sensor,
an air pressure sensor, a magnetic sensor or magnetometer,
an acceleration sensor or accelerometer, a grip sensor, a
proximity sensor, a color sensor (such as a red green blue
(RGB) sensor), a bio-physical sensor, a temperature sensor,
a humidity sensor, an illumination sensor, an ultraviolet
(UV) sensor, an electromyography (EMG) sensor, an elec-
troencephalogram (EEG) sensor, an -electrocardiogram
(ECG) sensor, an infrared (IR) sensor, an ultrasound sensor,
an iris sensor, and a fingerprint sensor. The sensor(s) 1346
can further include an inertial measurement unit. In addition,
the sensor(s) 1346 can include a control circuit for control-
ling at least one of the sensors included herein. Any of these
sensor(s) 1346 can be located within or coupled to the
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electronic device 1300. The sensors 1346 may be used to
detect touch input, gesture input, and hovering input, using
an electronic pen or a body portion of a user, etc.

[0124] The communication interface 1344, for example, is
able to set up communication between the electronic device
1300 and an external electronic device. The communication
interface 1344 can be a wired or wireless transceiver or any
other component for transmitting and receiving signals.
[0125] The embodiments of the disclosure described
above may be written as computer executable programs or
instructions that may be stored in a medium.

[0126] The medium may continuously store the computer-
executable programs or instructions, or temporarily store the
computer-executable programs or instructions for execution
or downloading. Also, the medium may be any one of
various recording media or storage media in which a single
piece or plurality of pieces of hardware are combined, and
the medium is not limited to a medium directly connected to
the electronic device 1300, but may be distributed on a
network. Examples of the medium include magnetic media,
such as a hard disk, a floppy disk, and a magnetic tape,
optical recording media, such as CD-ROM and DVD, mag-
neto-optical media such as a floptical disk, and ROM, RAM,
and a flash memory, which are configured to store program
instructions. Other examples of the medium include record-
ing media and storage media managed by application stores
distributing applications or by websites, servers, and the like
supplying or distributing other various types of software.
[0127] The above described method may be provided in a
form of downloadable software. A computer program prod-
uct may include a product (for example, a downloadable
application) in a form of a software program electronically
distributed through a manufacturer or an electronic market.
For electronic distribution, at least a part of the software
program may be stored in a storage medium or may be
temporarily generated. In this case, the storage medium may
be a server or a storage medium of the server.

[0128] A model related to the CNN described above may
be implemented via a software module. When the CNN
model is implemented via a software module (for example,
a program module including instructions), the CNN model
may be stored in a computer-readable recording medium.
[0129] Also, the CNN model may be a part of the appa-
ratus 100 described above by being integrated in a form of
a hardware chip. For example, the CNN model may be
manufactured in a form of a dedicated hardware chip for
artificial intelligence, or may be manufactured as a part of an
existing general-purpose processor (for example, a CPU or
application processor) or a graphic-dedicated processor (for
example a GPU).

[0130] Also, the CNN model may be provided in a form
of downloadable software. A computer program product
may include a product (for example, a downloadable appli-
cation) in a form of a software program electronically
distributed through a manufacturer or an electronic market.
For electronic distribution, at least a part of the software
program may be stored in a storage medium or may be
temporarily generated. In this case, the storage medium may
be a server of the manufacturer or electronic market, or a
storage medium of a relay server.

[0131] The above-described embodiments may provide a
sensing modality, a LSW, which turns an entire robot surface
into tactile skin that senses no-dead-spot proximity on a
robot arm. The embodiments realize whole surface collision
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avoidance on a robot linkage. Several signal processing
algorithms, hardware tweaks, and a lightweight 1IDCNN
algorithm address challenges in using an LSW signal. The
embodiments may realize close to 100% on-robot proximity
detection true positive rate in approaching scenarios and
close to 0% false positive rate in scenarios in which nothing
approaches the robot arm.

[0132] While the embodiments of the disclosure have been
described with reference to the figures, it will be understood
by those of ordinary skill in the art that various changes in
form and details may be made therein without departing
from the spirit and scope as defined by the following claims.

What is claimed is:

1. An apparatus for collision avoidance by surface prox-
imity detection, the apparatus comprising:

a plurality of piezoelectric elements disposed adjacent to

a surface of an object;
a memory storing instructions; and
at least one processor configured to execute the instruc-
tions to:
control a first one among the piezoelectric elements to
generate an acoustic wave along the surface of the
object;
receive, via a second one among the piezoelectric
elements, an acoustic wave signal corresponding to
the generated acoustic wave;
filter the received acoustic wave signal, using a band-
pass filter for reducing noise of the received acoustic
wave signal;
obtain a proximity signal for proximity detection, from
the filtered acoustic wave signal, using a linear
time-invariant filter; and
detect whether an obstacle is proximate to the surface
of the object by inputting the obtained proximity
signal into a neural network.

2. The apparatus of claim 1, wherein the object is a robot,
and

the at least one processor is further configured to execute

the instructions to, based on the obstacle being detected
to be proximate to the surface of the object, control the
object to avoid collision with the obstacle.

3. The apparatus of claim 2, wherein the band-pass filter
is for reducing electrical noise of a power supply of the robot
and a mechanical noise of a motor of the robot, from the
received acoustic wave signal.

4. The apparatus of claim 1, wherein the linear time-
invariant filter comprises any one or any combination of a
Hilbert transform and a Fourier transform of the filtered
acoustic wave signal.

5. The apparatus of claim 1, wherein the at least one
processor is further configured to execute the instructions to:

truncate the received acoustic wave signal into a window;

and

filter the truncated acoustic wave signal, using the band-

pass filter.

6. The apparatus of claim 1, wherein the at least one
processor is further configured to execute the instructions to:

truncate the obtained proximity signal into a plurality of

windows; and

detect whether the obstacle is proximate to the surface of

the object by inputting the truncated proximity signal
into the neural network.

7. The apparatus of claim 1, wherein the at least one
processor is further configured to execute the instructions to:
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truncate the obtained proximity signal into a plurality of

windows;
input the truncated proximity signal into the neural net-
work to obtain a plurality of predictions of whether the
obstacle is proximate to the surface of the object; and

detect whether the obstacle is proximate to the surface of
the object, based on a majority vote among the obtained
plurality of predictions.
8. A method of collision avoidance by surface proximity
detection, the method being performed by at least one
processor, and the method comprising:
controlling a first one among piezoelectric elements dis-
posed adjacent to a surface of an object, to generate an
acoustic wave along the surface of the object;

receiving, via a second one among the piezoelectric
elements, an acoustic wave signal corresponding to the
generated acoustic wave;

filtering the received acoustic wave signal, using a band-

pass filter for reducing noise of the received acoustic
wave signal;

obtaining a proximity signal for proximity detection, from

the filtered acoustic wave signal, using a linear time-
invariant filter; and

detecting whether an obstacle is proximate to the surface

of the object by inputting the obtained proximity signal
into a neural network.

9. The method of claim 8, wherein the object is a robot,
and

the method further comprises, based on the obstacle being

detected to be proximate to the surface of the object,
control the object to avoid collision with the obstacle.

10. The method of claim 9, wherein the band-pass filter is
for reducing electrical noise of a power supply of the robot
and a mechanical noise of a motor of the robot, from the
received acoustic wave signal.

11. The method of claim 8, wherein the linear time-
invariant filter comprises any one or any combination of a
Hilbert transform and a Fourier transform of the filtered
acoustic wave signal.

12. The method of claim 8, further comprising truncating
the received acoustic wave signal into a window,

wherein the filtering comprises filtering the truncated

acoustic wave signal, using the band-pass filter.

13. The method of claim 8, further comprising truncating
the obtained proximity signal into a plurality of windows,

wherein the detecting comprises detecting whether the

obstacle is proximate to the surface of the object by
inputting the truncated proximity signal into the neural
network.

14. The method of claim 8, further comprising:

truncating the obtained proximity signal into a plurality of

windows; and
inputting the truncated proximity signal into the neural
network to obtain a plurality of predictions of whether
the obstacle is proximate to the surface of the object,

wherein the detecting comprises detecting whether the
obstacle is proximate to the surface of the object, based
on a majority vote among the obtained plurality of
predictions.

15. A non-transitory computer-readable storage medium
storing instructions that, when executed by at least one
processor, cause the at least one processor to:
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control a first one among piezoelectric elements disposed
adjacent to a surface of an object, to generate an
acoustic wave along the surface of the object;

receive, via a second one among the piezoelectric ele-
ments, an acoustic wave signal corresponding to the
generated acoustic wave;

filter the received acoustic wave signal, using a band-pass

filter for reducing noise of the received acoustic wave
signal;

obtain a proximity signal for proximity detection, from

the filtered acoustic wave signal, using a linear time-
invariant filter; and

detect whether an obstacle is proximate to the surface of

the object by inputting the obtained proximity signal
into a neural network.

16. The non-transitory computer-readable storage
medium of claim 15, wherein the object is a robot, and

the instructions, when executed by the at least one pro-

cessor, further cause the at least one processor to, based
on the obstacle being detected to be proximate to the
surface of the object, control the object to avoid colli-
sion with the obstacle, and

the band-pass filter is for reducing electrical noise of a

power supply of the robot and a mechanical noise of a
motor of the robot, from the received acoustic wave
signal.

17. The non-transitory computer-readable storage
medium of claim 15, wherein the linear time-invariant filter
comprises any one or any combination of a Hilbert trans-
form and a Fourier transform of the filtered acoustic wave
signal.

18. The non-transitory computer-readable storage
medium of claim 15, wherein the instructions, when
executed by the at least one processor, further cause the at
least one processor to:

truncate the received acoustic wave signal into a window;

and

filter the truncated acoustic wave signal, using the band-
pass filter.

19. The non-transitory computer-readable storage

medium of claim 15, wherein the instructions, when
executed by the at least one processor, further cause the at
least one processor to:

truncate the obtained proximity signal into a plurality of

windows; and

detect whether the obstacle is proximate to the surface of

the object by inputting the truncated proximity signal
into the neural network.

20. The non-transitory computer-readable storage
medium of claim 15, wherein the instructions, when
executed by the at least one processor, further cause the at
least one processor to:

truncate the obtained proximity signal into a plurality of

windows;
input the truncated proximity signal into the neural net-
work to obtain a plurality of predictions of whether the
obstacle is proximate to the surface of the object; and

detect whether the obstacle is proximate to the surface of
the object, based on a majority vote among the obtained
plurality of predictions.
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