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METHOD AND APPARATUS FOR
ESTIMATING TOUCH LOCATIONS AND
TOUCH PRESSURES

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. 63/241,909 filed on Sep. 8, 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 controlling a tactile sensor to inject an acoustic wave
signal to be distributed over a surface of an object, and when
a touch is made at an arbitrary location of the surface,
estimating either or both of a location and a pressure of the
touch.

2. Description of Related Art

[0003] Tactile sensing is important for many robotic appli-
cations. For example, as robots work in dynamic environ-
ments in collaboration with humans, tactile sensing plays a
key role for human-robot interactions (HRI), such as a safe
robot operation around humans, providing emotional sup-
port to humans, and controlling robot behaviors according to
human guidance.

[0004] Existing approaches for realizing tactile skins on
robots may be divided into two methods: a first method of
using tens to thousands of exteroceptive sensors such as
capacitive, magnetic and infrared (IR) types of sensors, that
are deployed on a robot; and a second method of using
proprioception, such as motor torque, position, velocity and
momentum readings coupled with inverse kinematics and
dynamics, to infer a contact location and a contact force. The
first method may require a bulky structure and a high
manufacturing cost, and the second method may provide
poor estimation results of the contact location and the
contact force due to noisy and time varying properties of
motors. This complicates robotic system design and adds a
significant amount of extra cost and sensor management
overhead.

SUMMARY

[0005] In accordance with an aspect of the disclosure,
there is provided an apparatus for acquiring tactile sensing
data, including: a plurality of piezoelectric elements dis-
posed at an object, and including a transmission (TX)
piezoelectric element and a reception (RX) piezoelectric
element; a memory storing instructions; and at least one
processor configured to execute the instructions to: control
the TX piezoelectric element to generate an acoustic wave
having a chirp spread spectrum (CSS) at every preset time
interval, along a surface of the object, wherein the CSS has
a linearly increasing frequency over time and has a constant
amplitude within a predetermined frequency range; receive,
via the RX piezoelectric element, an acoustic wave signal
corresponding to the generated acoustic wave; select fre-
quency bands from a plurality of frequency bands of the
acoustic wave signal, based on a first variance of the
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acoustic wave signal that is received when the surface of the
object is touched during a movement of the object, and a
second variance of the acoustic wave signal that is received
when there is no touch on the surface of the object during the
movement of the object; and estimate a location of a touch
input on the surface of the object by inputting the acoustic
wave signal of the selected frequency bands into a neural
network configured to provide a touch prediction score for
each of a plurality of predetermined locations on the surface
of the object.

[0006] The least one processor may be further configured
to: filter the received acoustic wave signal, using at least one
filter configured to reduce an electrical noise of the object
and a mechanical noise of the object, from the received
acoustic wave signal.

[0007] The object may be a robot, and the electrical noise
may be a pulse-width modulation (PWM) noise of a motor
of the robot, and the at least one filter may be further
configured to filter the PWM noise at 30 kHz, 60 kHz, and
90 kHz of the received acoustic wave signal, and filter the
mechanical noise that resides below a 20 kHz range of the
received acoustic wave signal.

[0008] The least one processor may be further configured
to: select a predetermined number of the frequency bands in
an ascending order of a ratio of the second variance to the
first variance of the received acoustic wave signal.

[0009] When v is a predetermined number of the fre-
quency bands that are selected from the plurality of fre-
quency bands, the least one processor may be further con-
figured to: predetermine y such that a weighted sum of a
touch prediction accuracy of the neural network and an
inverse of vy is maximized.

[0010] The least one processor may be further configured
to: at a preset calibration interval, obtain a baseline touch
prediction score for the plurality of predetermined locations
on the surface of the object, when the surface of the object
is not touched; and when the surface of the object is touched
after calibration, adjust the touch prediction score obtained
from the neural network based on the baseline touch pre-
diction score.

[0011] The predetermined frequency range is a range from
20 kHz to 80 Hz, and the preset time interval is in a range
from 90 ms to 110 ms.

[0012] The least one processor may be further configured
to: estimate a pressure of the touch input by applying a first
order Fourier model to a total energy of the received acoustic
wave signal across the selected frequency bands.

[0013] In accordance with an aspect of the disclosure,
there is a method for acquiring tactile sensing data, the
method including: controlling a transmission (1X) piezo-
electric element to generate an acoustic wave having a chirp
spread spectrum (CSS) at every preset time interval, along
a surface of an object, wherein the CSS has a linearly
increasing frequency over time and has a constant amplitude
within a predetermined frequency range; receiving, via a
reception (RX) piezoelectric element, an acoustic wave
signal corresponding to the generated acoustic wave; select-
ing frequency bands from a plurality of frequency bands of
the received acoustic wave signal, based on a first variance
of'the acoustic wave signal that is received when the surface
of'the object is touched during a movement of the object, and
a second variance of the acoustic wave signal that is received
when there is no touch on the surface of the object during the
movement of the object; inputting, the received acoustic
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wave signal of the selected frequency bands, into a neural
network that is trained to provide a touch prediction score
for each of a plurality of predetermined locations on the
surface of the object; and estimating a location of a touch
input based on the touch prediction score provided from the
neural network.

[0014] The method may further include: filtering the
received acoustic wave signal to reduce an electrical noise of
the object and a mechanical noise of the object, from the
received acoustic wave signal.

[0015] The object may be a robot, and the electrical noise
may be a pulse-width modulation (PWM) noise of a motor
of'the robot, and the filtering may include: filtering the PWM
noise at 30 kHz, 60 kHz, and 90 kHz of the received acoustic
wave signal; and filtering the mechanical noise that resides
below a 20 kHz range of the received acoustic wave signal.

[0016] The method may further include: selecting a pre-
determined number of the frequency bands in an ascending
order of a ratio of the second variance to the first variance
of the received acoustic wave signal.

[0017] vy may be a predetermined number of the frequency
bands that are selected from the plurality of frequency
bands, and the method may further include: determining vy
such that a weighted sum of a touch prediction accuracy of
the neural network and an inverse of y is maximized.

[0018] The method may further include: at a preset cali-
bration interval, obtaining a baseline touch prediction score
for the plurality of predetermined locations on the surface of
the object, when the surface of the object is not touched; and
based on the surface of the object being touched after
calibration, adjusting the touch prediction score obtained
from the neural network based on the baseline touch pre-
diction score.

[0019] The predetermined frequency range may be a range
from 20 kHz to 80 Hz, and the preset time interval may be
in a range from 90 ms to 110 ms.

[0020] The method may further include: estimating a
pressure of the touch input by applying a first order Fourier
model to a total energy of the received acoustic wave signal
across the selected frequency bands.

[0021] In accordance with an aspect of the disclosure, a
non-transitory computer-readable storage medium may store
instructions that, when executed by at least one processor,
cause the at least one processor to: control a transmission
(TX) piezoelectric element to generate an acoustic wave
having a chirp spread spectrum (CSS) at every preset time
interval, along a surface of an object, wherein the CSS has
a linearly increasing frequency over time and has a constant
amplitude within a predetermined frequency range; receive,
via a reception (RX) piezoelectric element, an acoustic wave
signal corresponding to the generated acoustic wave; select
frequency bands from a plurality of frequency bands of the
acoustic wave signal, based on a first variance of the
acoustic wave signal that is received when the surface of the
object is touched during a movement of the object, and a
second variance of the acoustic wave signal that is received
when there is no touch on the surface of the object during the
movement of the object; and estimate a location of a touch
input on the surface of the object by inputting the acoustic
wave signal of the selected frequency bands into a neural
network configured to provide a touch prediction score for
each of a plurality of predetermined locations on the surface
of the object.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0022] 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:

[0023] FIG. 1 is a diagram illustrating a robot tactile
sensing system, according to embodiments;

[0024] FIG. 2 is a block diagram illustrating the apparatus
of FIG. 1,
[0025] FIG. 3 shows graphs illustrating a received signal

due to touching an object including the apparatus of FIGS.
1 and 2;

[0026] FIG. 4 shows graph (a) illustrating a chirp signal in
a frequency domain, and graph (b) illustrating a spectrogram
of chirp signals that are generated by an piezoelectric
element of an object including the apparatus of FIGS. 1 and
2;

[0027] FIG. 5 shows graphs illustrating channel responses
of received signals when an object including the apparatus
of FIGS. 1 and 2 is not touched, and when the object is
touched at two different locations of the object;

[0028] FIG. 6 is a graph illustrating a spectrogram of a
received signal including a mechanical noise and an elec-
trical noise when an object is moving;

[0029] FIG. 7 is a diagram illustrating an optimal spec-
trum prorating algorithm (OSPA) according to embodi-
ments.

[0030] FIGS. 8A and 8B illustrate a matrix that represents
a spectrogram of SR(t, f) that is received when a robot is
touched during a movement of the robot.

[0031] FIGS. 9A and 9B illustrate a matrix that represents
a spectrogram of SR*(t, f) that is received when a robot is
not touched during a movement of the robot.

[0032] FIG. 10 is a graph illustrating frequencies selected
from originally existing frequencies in a filtered received
chirp signal or a received chirp signal, according to embodi-
ments.

[0033] FIG. 11 is a flowchart of a method of acquiring and
processing tactile sensing data according to embodiments;
[0034] FIG. 12 is a flowchart of a method of estimating a
touch location and a touch pressure of a touch input that is
made at an arbitrary location of an object, according to
embodiments; and

[0035] FIG. 13 is a block diagram of an electronic device
in which the apparatus of FIGS. 1 and 2 is implemented,
according to embodiments.

DETAILED DESCRIPTION

[0036] Atactile sensing system according to embodiments
described herein is lightweight, is cheap, can be attached to
an object, such as an off-the-shelf robotic manipulator, with
minimal modifications, and provides touch detection with
sufficient cross-sectional area across an entire surface of the
object. The system can perform full surface detection using
only a single sensor pair. While example embodiments
described below describe a robotic manipulator, such as a
robotic arm, as an example of an object equipped with the
touch-detection system and methods described herein, this
disclosure contemplates equipping any suitable object with
the systems and methods described herein.

[0037] 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
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through the robot arm to another of the piezoelectric ele-
ments. This acoustic energy transfers through a whole
surface of the robot arm. When a touch is made on the robot
surface, the touch changes an acoustic impedance of the
sensing system. This change can be measured by another
piezoelectric element attached to the arm at a point far from
the touch location, providing the entire surface coverage for
touch detection. The system according to one or more
embodiments of the present application may be imple-
mented using other sound producers, such as speakers and
microphones without using the piezoelectric elements.
[0038] Touches at different locations on the robot surface
with varying force will introduce different changes in the
acoustic impedance for the sensing system. The sensing
system may use the change to identify either or both of a
touch location as well as a touch pressure.

[0039] To realize the above, a number of technical and
implementation challenges need to be addressed.

[0040] First, both a touch location and a touch pressure
will alter a wave pattern of an acoustic signal. An embodi-
ment addresses this challenge by signaling a wideband
acoustic surface wave (ASW) signal, for example, in a range
from 20 kHz to 80 kHz.

[0041] 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 digitally filtering the noise and customizing a
waveform, for example, using an optimal spectrum prorating
algorithm (OSPA).

[0042] Third, the temperature of a robot drifts over time
and alters acoustical features used in estimating a touch
location and a touch pressure. To resolve this issue, an
embodiment uses an online updating mechanism that
enables the system to work robustly even with training data
collected several months ago.

[0043] An implementation presents an end-to-end touch
detection system with a pair of low cost piezoelectric
elements attached to a robot arm, and demonstrating no-
dead-spot touch sensing. The design may be embedded into
a robot with minimum modifications.

[0044] FIG.1 is a diagram illustrating an apparatus 100 for
full surface touch detection, according to embodiments.
FIG. 2 is a block diagram illustrating the apparatus 100 of
FIG. 1.

[0045] 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.

[0046] As shown in FIGS. 1 and 2, the apparatus 100
includes piezoelectric elements 110, a pre-processor 120, a
frequency selector 130, an online updater 140, a touch
detector 150, a touch location estimator 160, a touch pres-
sure estimator 170, and a robot controller 180. The pre-
processor 120, the frequency selector 130, the online updater
140, the touch detector 150, the touch location estimator
160, the touch pressure estimator 170, and the robot con-
troller 180 may be implemented by one or more processors
that use at least one neural network.

[0047] The piezoelectric elements 110 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
110 may be coupled to, disposed on, or embedded within the
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surface 102 of a robot arm. The piezoelectric elements 110
may include a transmission (TX) piezoelectric element 110a
and a reception (RX) piezoelectric element 1105.

[0048] At least one processor of the apparatus 100 controls
the TX piezoelectric element 110a to generate an acoustic
wave within and along the surface 102 of the object. The at
least one processor may apply an excitation signal to the TX
piezoelectric element 110a to control the TX piezoelectric
element 110a to generate an acoustic wave, for example,
such as an acoustic surface wave (ASW). The ASW may be
formed using a linear chirp signal that sweeps from 20 kHz
to 80 kHz. The linear chirp signal may have a frequency that
linearly increases over time, and has a substantially constant
amplitude, within a predetermined frequency range, for
example, in a range from 20 kHz to 80 kHz. The TX
piezoelectric element may generate a linear chirp signal at a
preset time interval T, wherein T may be in a range from 90
ms to 110 ms. While this example describes an ASW as a
linear chirp signal, this disclosure contemplates that any
suitable ASW signal or waveform may be used. For
example, a non-linear chirp signal may be used. As another
example, an ASW may include multiple frequencies at a
given time, for example to increase the rate at which touch
or pressure (or both) is detected. In each case, touch detec-
tion may be processed according to the procedures described
below, e.g., one or more frequency bands of the ASW may
be selected based on a variance of the received ASW to
compute a touch-prediction score.

[0049] If the object is made out of elastic materials, such
as plastic or metal, the surface 102 of the object will vibrate,
and the entire surface 102 of the object functions as an
acoustic transducer. The TX piezoelectric element 110a may
couple with the object’s surface 102 or may be embedded
within the object.

[0050] The pre-processor 120 receives, via the reception
(RX) piezoelectric element 1105, an acoustic wave signal
corresponding to the generated acoustic wave.

[0051] Based on a touch being made on the apparatus 100,
the generated acoustic wave becomes a deformed acoustic
wave within and along the surface 102 of the object. The
pre-processor 120 receives, via the reception (RX) piezo-
electric element 1105, the deformed acoustic wave.

[0052] The pre-processor 120 may determine whether the
received acoustic wave signal is valid. When the TX piezo-
electric element generates the acoustic wave, the pre-pro-
cessor 120 stores the acoustic wave as a reference acoustic
wave, and compares a wave pattern of the received acoustic
wave signal with a wave pattern of the reference acoustic
wave. The pre-processor 120 may determine that the
received acoustic wave signal is valid when a similarity
between the wave pattern of the received acoustic wave
signal and the wave pattern of the reference acoustic wave
is greater than a preset threshold.

[0053] Once the received acoustic wave signal is deter-
mined to be valid, the frequency selector 130 may filter the
received acoustic wave signal using at least one filter for
reducing noise of the received acoustic wave signal. The
frequency selector 130 may filter the received acoustic wave
signal, using at least one filter configured to reduce an
electrical noise of the robot and a mechanical noise of the
robot, from the received acoustic wave signal. The electrical
noise may include a pulse-width modulation (PWM) noise
of' a motor of the robot. The at least one filter may filter the
PWM noise at 30 kHz, 60 kHz, and 90 kHz of the received



US 2023/0081827 Al

acoustic wave signal, and may filter the mechanical noise
that resides below a 20 kHz range of the received acoustic
wave signal.

[0054] The frequency selector 130 may select optimal
frequency bands from a plurality of frequency bands of the
acoustic wave signal, based on a first variance of the
acoustic wave signal that is received when the object is
touched during a movement of the object, and a second
variance of the acoustic wave signal that is received when
the object is not touched during the movement of the robot.
The first and the second variances of the acoustic wave
signal may be computed for each of the plurality of fre-
quency bands.

[0055] In particular, the frequency selector 130 may select
a predetermined number y of the optimal frequency bands in
an ascending order of a ratio of the second variance to the
first variance of the received acoustic wave signal. y may be
set such that a weighted sum of a touch prediction accuracy
of a neural network (e.g., a classifier) and an inverse of y is
maximized.

[0056] The online updater 140 may update prediction
features of the neural network (e.g., a classifier) configured
to provide touch prediction scores for each of a plurality of
predetermined locations on the robot surface, to remove the
temperature drift effect of the robot. At a preset calibration
interval (e.g., every 20 min), the online updater 140 may
obtain a baseline touch prediction score for the plurality of
predetermined locations while the robot is not touched.
When the robot surface is touched after the calibration, the
online updater 140 may adjust the touch prediction score
obtained from the neural network, based on the baseline
touch prediction score. For example, the online updater 140
obtains an updated touch prediction score by subtracting the
baseline touch prediction score from the touch prediction
score that is obtained from the neural network. The online
updater 140 may provide the updated touch prediction score
to the touch detector 150, instead of the touch prediction
score that is directly obtained from the neural network, to
remove the temperature drift effect.

[0057] The touch detector 150 may determine whether
each of the plurality of predetermined locations is touched,
based on the updated touch prediction score for each of the
plurality of predetermined locations. The touch detector 150
may determine that a particular location, among the plurality
of predetermined locations, is touched when a updated touch
prediction score for the particular location is greater than or
equal to a detection threshold, and may otherwise determine
that the particular location is not touched.

[0058] The touch location estimator 160 may determine
which location, among the plurality of predetermined loca-
tions, is touched, based on touch detection results of the
touch detector 150. In particular, the touch location estima-
tor 160 may determine, as a final touch location, a location
having the highest touch prediction scores, among the plu-
rality of predetermined locations.

[0059] The touch pressure estimator 170 may estimate a
pressure (or force) of a detected touch by applying a first
order Fourier model to a total energy of the received acoustic
wave signal across the selected optimal frequency bands.
[0060] Based on the object being the robot, and based on
the touch being made on the robot by a person, the robot
controller 180 controls the object to interact with the person
based on the estimated touch location and the estimated
touch pressure.
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[0061] FIG. 3 shows graphs (a) and (b) illustrating an
amplitude and a phase of a received acoustic wave signal
when a robot is touched at two different locations (e.g., two
different locations A and B apart from each other by 2 cm)
with varying force.

[0062] When an object (e.g., a robot arm) is touched by a
person’s finger, an acoustic wave signal is received by a
piezoelectric element mounted in the object. Touching the
object introduces a major signal perturbation and changes a
wave pattern of the acoustic wave signal, including peaks,
dips, and a peak-to-peak distance.

[0063] This signal pattern varies depending on a location
and a pressure of the touch. The change in the wave pattern
of the acoustic wave signal may reflect where the person
touched the robot and how hard the person touched the
robot.

[0064] As shown in graphs (a) and (b) of FIG. 3, an
amplitude envelope and a phase of a received acoustic wave
signal respond differently to touches at different locations.
The wave patterns of the amplitude envelopes and the
phases shown in graphs (a) and (b) of FIG. 3 allow the tactile
sensing system to differentiate touches at the two close
locations. However, since an acoustic wave signal is also
sensitive to a touch pressure, an embodiment of the present
application customizes an acoustic wave signal to obtain
physical parameters that are invariant to different touch
locations with varying touch pressures.

[0065] Inan embodiment of the present disclosure, the TX
piezoelectric element 110a is controlled to generate an
acoustic surface wave (ASW) signal having a linear chirp
spread spectrum (CSS) in which frequency linearly changes
between two frequencies f; and f,. For example, a linear
acoustic chirp signal according to an embodiment is defined
based on equation (1):

s()=sin(a’+Q +) (€8]

[0066] where a denotes a slope of a frequency change in
the chirp signal, ¢ is an initial phase of the chirp signal, t is
a time vector, 0<t<T, T is a period of the chirp signal,
2nf,=Q,, 2nf,=Q,, and Q,+aT=Q,.

[0067] FIG. 4 shows graph (a) illustrating a linear acoustic
chirp signal in a frequency domain and graph (b) illustrating
a spectrogram of the linear acoustic chirp signal in a
frequency-time domain.

[0068] The TX piezoelectric element 110a launches a
linear chirp signal that sweeps from 20-80 kHz, each fre-
quency bin having a substantially equal intensity. As shown
in graph (a) of FIG. 4, an acoustic chirp signal transmitted
from the TX piezoelectric element 1104 may have a constant
intensity from 20 kHz to 80 kHz, and as shown in graph (b)
of FIG. 4, the frequency of each consecutive chirp signal
may linearly increase over time. In this example, the TX
piezoelectric element 110a launches five (5) consecutive
linear chirp signals, wherein each of the linear chirp signals
sweeps from 20-80 kHz, and each frequency bin has an
equal intensity.

[0069] The TX piezoelectric element 110 may transmit
chirp signals at every preset time interval T, wherein T is in
a range from 900 ms to 110 ms, and for example, may be set
to 106.7 ms for a desirable result. The touch location
estimator 160 and the touch pressure estimator 170 may
estimate a touch location and a touch pressure within one
chirp. The TX piezoelectric element 110a may generate
chirp signals in an ultrasound range so that the chirp signals
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do not disturb humans who interact with the apparatus 100
(e.g., a robot). However, a frequency range of the chirp
signals is not limited to the ultrasound range, and the chirp
signals may be generated to have a different frequency
range.

[0070] In an example, a chirp signal is transmitted from
the TX piezoelectric element 110a passes through a robot
surface and is received by the RX piezoelectric element
1105. A robot arm works as a wireless channel in this
system. Denoting a transmitted chirp signal as s(t), and a
wireless channel between the TX piezoelectric element 110a
and the RX piezoelectric element 1105 as h(t), a received
chirp signal r(t) can be represented as:

FO=R s @)+ () @
[0071] where n(t) is internal and external system noise,
and * denotes a convolution operator. A high level idea is to
detect a touch event, and to estimate a touch location as well
as a touch pressure, from the received signal r(t) under the
time varying channel response h(t) and the noise n(t).
[0072] The channel h(t) is frequency selective and the
received signal r(t) can be represented in a frequency
domain as:

RO=H{@*S(N+N () 3

[0073] The channel h(t) is mainly determined by a com-
bination of mechanical characteristics of a moving object
(e.g., a pose of a robot and an arm internal gear structure),
occurrence of a touch event, and a touch location and a touch
pressure when touch has occurred.

[0074] When a robot is touched, the channel response h(t)
changes accordingly. This change in the channel response
h(t) can be represented as:

RO=THO+AHHISH+NG) Q)

[0075] Where AH(f) denotes a channel alternation intro-
duced by a touch.

[0076] FIG. 5 shows a first channel response when there is
no touch, and a second channel response when a robot is
touched at location A, and a third channel response when the
robot is touched location B which is 2 cm apart from
location A.

[0077] As shown in FIG. 5, the first, second, and third
channel responses are mutually different across the fre-
quency band.

[0078] The tactile sensing system uses AH(f) as features
for estimating a touch location. Given that AH(Y) is also
correlated with a touch pressure as well as a touch location,
the tactile sensing system uses a wide range of frequencies
in ASW signaling, to find a combination of frequency
dependent channel variations AH(T) that can reliably recog-
nize the contact location under varying touch pressure.
[0079] Touch location estimation may be performed in
two phases. In a first phase, the system collects an ASW
signal when a user touches every possible locations only one
time with varying force, calculates AH(f) for each touch, and
performs a one-shot training on a neural network, for
example, using a support vector machine (SVM) with a
radial basis function (RBF) kernel. The trained SVM may be
constituted with a linear combination of frequency depen-
dent channel variations AH(T). In a second phase, the system
uses a pre-trained neural network to estimate the touch
location.

[0080] The RX piezoelectric element 1105 receives a chirp
signal while a robot is moving. The received chirp signal
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may include noises n that come from an object (e.g., a robot
arm). There are two types of noises: (1) electrical noise (e.g.,
pulse width modulation (PWM) 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. The
electric noise and the mechanical noise may distort AH(f)
that is used for estimating a touch location.

[0081] FIG. 6 is a graph illustrating a noise spectrum when
an object is moving.

[0082] 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 20
kHz range, and there are also significant electrical noise
spikes at 30 kHz, 60 kHz, and 90 kHz.

[0083] To address this issue, the frequency selector 130
may perform an Optimal Spectrum Prorating Algorithm
(OSPA).

[0084] FIG. 7 is a diagram illustrating an Optimal Spec-
trum Prorating Algorithm (OSPA) according to embodi-
ments.

[0085] In operation 710A and 710B, the frequency selec-
tor 130 may receive a chirp signal SR(t, f) when all
predetermined touch locations on a robot surface are
touched, and may receive another chirp signal SR*(t, f)
while the robot is not touched. The frequency selector 130
may apply a filter to remove the mechanical noise that
resides below the 20 kHz range, and also to remove the
electrical noises corresponding to 30 kHz, 60 kHz, and 90
kHz from the chirp signal SR(t, f) and the chirp signal SR*(t,
1), where t is a time index and f is a frequency bin index in
the spectrogram. For example, the frequency selector 120
may apply a high pass filter to remove the mechanical noise
that resides below the 20 kHz, and may apply band stop
filters to remove the electrical noises at 30 kHz, 60 kHz, and
90 kHz.

[0086] Inoperation 720A, the frequency selector 130 may
identify a first set of frequency bins that are more sensitive
to touch than the remaining frequency bins, using a spec-
trogram of SR(t, f) that is received when a robot is touched
during a movement of the robot.

[0087] FIGS. 8A and 8B illustrate a matrix that represents
a spectrogram of SR(t, f) that is received when a robot is
touched during a movement of the robot.

[0088] FIG. 8A shows a matrix that represents a spectro-
gram of SR(t, f) that is received when all predetermined
touch locations on a robot surface are touched while the
robot is moving. In this example, there are an n number of
frequency bins (i.e., frequency bin 1, 2, 3, . . ., n), there are
a j number of predetermined touch locations (touch location
1,2,...,])), and each of the j number of predetermined touch
locations is touched with 28 varying forces. For frequency
bin 1, touch location 1 is touched with 28 varying forces to
obtain amplitudes a;, 1y, 8 1y, 83,15 - - - » Acas, 1y, and touch
location 2 is touched with 28 varying forces to obtain
amplitudes a6 1y 01y 81,1y - - - 5 cs7,1y- For each
frequency bin, an m number of training samples are
acquired, wherein m corresponds to 28%j. The number of
frequency bins, the number of predetermined touch loca-
tions, and the number of varying forces, are provided as
examples, and these numbers may be set to different num-
bers.
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[0089] Referring back to FIG. 7, in operation 720A, the
frequency selector 130 may calculate a touch variance
vector TV(f) for each frequency bin based on the following
equation:

n—1 (5)
. "SRG f)
> SR f)- LoD —
V() =

n

[0090] Where n denotes a length of SR(t, f). TV(f) repre-
sents an energy variance of each frequency bin caused by
touching all predetermined locations on the robot. The
higher TV(f) is, the more sensitive the corresponding fre-
quency bin is to touch.

[0091] As shown in FIG. 8B, the frequency selector 130
may calculate touch variance vectors TV, (f), TV,(f), . . .,
TVn(f) for frequency bins 1, 2, . . ., n.

[0092] Referring back to FIG. 7, in operation 720B, the
frequency selector 130 may identify a second set of fre-
quency bins that are less sensitive to robot movement than
the remaining frequency bins, using a spectrogram of SR*(t,
f) that is received when a robot is not touched during a
movement of the robot.

[0093] FIGS. 9A and 9B illustrate a matrix that represents
a spectrogram of SR*(t, f) that is received when a robot is
not touched during a movement of the robot.

[0094] As shown in FIG. 9A, the frequency selector 130
may collect SR*(t, f) while the robot is moving and while
there is no touch on the robot surface.

[0095] As shown in FIG. 9B, the frequency selector 130
may calculate a motor moving variance vector MV(f) for
each frequency bin based on the following equation:

o ©
. )

Do SR~ Z‘*"ff

MY() =

n

[0096] The smaller MV({) is, the less sensitive the corre-
sponding frequency bin is to robot moving.

[0097] Referring back to FIG. 7, in operation 730, the
frequency selector 130 may employ TV (f) and MV (f) in an
adversarial manner. For example, the frequency selector 130
may compute a variance contesting vector VC(f) based on
the following equation:

MV(f) @)
TV(f)

VC(f) =

[0098] The smaller VC(f) is, the better the corresponding
frequency bin works for touch location estimation.

[0099] In operation 740, the frequency selector 130 may
obtain L(f) by sorting VC(f) in an ascending order.

[0100] In operation 750, the frequency selector 130 may
select optimal frequency bins L;, L;,,, . . . L, by applying a
preset threshold ¥, wherein i is 1, and ¥ is an integer less than
a total number of frequency bins, and L(f) increases in the
order of L;, L, . . ., L,. For example, when the entire
frequency range of a received (and filtered) chirp signal r(t)
is classified into 5,000 frequency bins, and the preset thresh-
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old yis set to 300, the frequency selector 130 may select 300
frequency bins from the total frequency bins, in the ascend-
ing order of VC(f).

[0101] The OSPA according to an embodiment may be
implemented as shown in Algorithm 1.

Algorithm 1 Optimal Spectrum Prorating Algorithm

1: function OSPA(R(t, ), R* (t, )

2 Ficteciea = NULL
3: ST, ) and S R* (1, f) « Matched Filtering
R(t, f) and R*¢, )
4. TV(f) « Variance ST (t, f)
5: MV (f) « Variance SR* (t, f)
6: MV(f)
VC(f) = G0
7: L(f) « Ascending Sort VC(f)
8: fori<« 1toydo
o: FyycredD) = L(D)
10: end for
11: return Fg,pocreq
12: end function

[0102] Where R(t, f) and R*(t; f) are spectrograms of
collected signals with touch and without touch, respectively,
during the one-shot training, and 7 is a preset threshold. v is
an integer number less than a total number of frequency bins
of the spectrograms.

[0103] Additionally, the frequency selector 130 may deter-
mine an optimal preset threshold y* based on the following
equation:

v*=max{axaccuracy+b/y) (8)

[0104] Where accuracy denotes a touch prediction accu-
racy of a classifier, and a and b are constants.

[0105] FIG. 10 is a graph illustrating frequencies selected
from originally existing frequencies in a filtered received
chirp signal or a received chirp signal.

[0106] As shown in FIG. 10, the selected frequencies may
be in a range from 40 kHz to 70 kHz. Since the selected
frequencies can be different from the most efficient fre-
quency range (e.g., a frequency range from 20 kHz to 30
kHz) for a piezoelectric transceiver, the OSPA according to
an embodiment may be needed to identify optimal frequen-
cies for estimating a touch location on a robot surface. In an
embodiment, the OSPA is designed based on various factors,
such as sensor efficiency, wavelength, localization resolu-
tion, motor noise profile, and channel inhomogeneity, the
OSPA balances the various factors to select the optimal
frequencies for a moving robot.

[0107] As arobot is moving, the temperature of the robot
surface may continuously rise, and the change in the tem-
perature may affect a wave pattern of a received chirp signal
and may degrade the accuracy in touch location estimation.

[0108] To resolve this issue, the online updater 140 may
update prediction features of a classifier that provides a
touch prediction score S for each of predetermined touch
locations N, during each detection (e.g., every chirp). S is
represented as an Nx1 vector where N is the number of
predetermined touch locations. A final touch location is
determined by identifying a location having the highest
touch prediction score S, from the predetermined touch
locations N. The classifier may be implemented by using at
least one neural network, for example, a linear SVM model.
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[0109] Once the optimal frequencies are selected, a fil-
tered received chirp signal having the selected frequencies is
provided to the classifier to acquire touch prediction scores
S. To have the classifier adapted to the temperature drift, the
tactile sensing system may collect a preset length (e.g., 3
seconds) of chirp signal data for calibration while there is no
touch occurring on the robot surface, every time when the
system is rebooted. The online updater 140 may calculate an
average touch prediction score S_ for all predetermined
touch locations during the calibration. After the calibration,
the tactile sensing system predicts a touch location by using
a new feature, S;,,=S-S.. The online updater 140 may
update S_ at a preset time interval (e.g., every 20 min).
[0110] The calibration may occur according to a user
manipulation, or may be automatically performed in a preset
time interval range (e.g., every 15 min to 20 min) while no
touch event is detected. If a touch is detected in the preset
time interval range, the online updater 140 may output a
voice message or a visual message to guide a user of the
robot not to touch the robot, so that calibration can be
started.

Algorithm 2 Preiction By Online Feature Updating

function UPDATING( R(t, ), &, (t, )
S pinas = NULL
for Every o minutes do
fort < 1to B do
R (4 Fsetecre) < OSPA R (¢, )
5S¢ (0 « Predict R (¢, Fepecrea)
end for
5, < Average S(t)
end for
10: R (L, s oere0) < OSPAR (1, )
11: 5 (1) « Predict R (t, Fsoroorew)
12: S rimalt) = S () — 5,
13: return S gyt
14: end function

R A e

[0111] Where R_(t, f) is a spectrogram of a received chirp
signal during calibration, R(t, f) is a spectrogram of a
received signal during the operation of a robot after cali-
bration, ¢ is an updating rate (e.g., 20 minutes), and [ is a
calibration duration (e.g., 3 seconds).

[0112] The updating rate of may be determined to a value
that maximizes a resulting value of the following equation:

cxprediction accuracy+dxtime [C)]

[0113] Where c and d are constants, and prediction accu-
racy denotes a touch prediction accuracy of a classifier, and
time denotes a time that has elapsed since the robot is
powered on or since the last calibration time.

[0114] When a robot is rebooted and starts running, the
online updater 140 records a received chirp signal for a
predetermined time duration (e.g., 3 seconds) while there is
no touch being made on the robot, and calculates an average
touch prediction score by averaging all touch prediction
scores for all predetermined touch locations, and substrates
the average touch prediction score from a current touch
prediction score to compensate for temperature drift.
[0115] After the online feature updating, a touch predic-
tion score becomes close to zero when there is no touch, but
has a high value when there is a touch input.

[0116] The touch detector 150 applies a detection thresh-
old to determine that touch has occurred when the touch
prediction score is greater than or equal to the detection
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threshold, but determines that there is no touch when the
touch prediction score is less than the detection threshold.
[0117] After determining whether touch has occurred for
each of the predetermined touch locations, the touch loca-
tion estimator 160 may determine, as a final touch location,
a location having the highest touch prediction score, among
the plurality of touch locations.

[0118] The touch pressure estimator 170 may estimate a
touch pressure based on a change in a wave pattern of a
received chirp signal, and a ground truth pressure G(t) that
is measured by a force sensor.

[0119] At a first step, the touch pressure estimator 170
calculates a total energy E(t) across an entire chirp frequency
band from f; to f,, as follows:

i7) (10)
E®= ) R f)
f=h

[0120] In an embodiment of the disclosure, the total
energy may be computed across optimal frequencies
selected by the frequency selector 130 rather than being
calculated across the entire chirp frequency band. The total
energy across the selected frequencies may be expressed as
Eg(t)zzng:ammR(t’ D).
[0121] At a second step, the touch pressure estimator 170
estimates a touch pressure P(t) using a first order Fourier
model based on equation (9) or equation (10):

P(H)=a cos(@E(H))+h sin(@E()y+c (1D

P(f)=a cos(OE°(t)+b sin{ OE()+c (12)

[0122] Where a, ®, b, and c are pressure prediction param-
eters that are calculated based on the following equation:

nel as)
argminz (P — GO

abwe o5

[0123] In calculating the pressure prediction parameters
according to equation (11), the touch pressure estimator 170
may compare an estimated touch pressure P(t) and a ground
truth pressure G(t) that correspond to the same predeter-
mined touch location, among a plurality of predetermined
touch location. The touch pressure estimator 170 may iden-
tify the pressure prediction parameters a, ®, b, and c that
minimize a mean square error of the estimated touch pres-
sure P(t) with respect to the ground truth pressure G(t).
[0124] FIG. 11 is a flowchart of a method 1100 of acquir-
ing and processing tactile sensing data according to embodi-
ments.

[0125] The method 1100 may be performed by at least one
processor using the apparatus 100 of FIGS. 1 and 2.
[0126] 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 inject an
acoustic wave signal to a surface of the object to generate an
acoustic surface wave (ASW). The acoustic wave signal
may be implemented as a linear chirp signal that sweeps
from 20 kHz to 80 kHz. The linear chirp signal may have a
frequency that linearly increases over time, and has a
substantially constant amplitude, within a predetermined
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frequency range, for example, in a range from 20 kHz to 80
kHz. The TX piezoelectric element may generate a linear
chirp signal at every preset time interval T. The present time
interval T may be set to be in a range from 90 ms to 110 ms.
For example, the TX piezoelectric element may generate
five (5) consecutive chirp signals, at the present time interval
T of 106.7 ms, wherein each of the five consecutive chirp
signals has a linearly increasing frequency over time and has
a substantially constant amplitude from 20 kHz to 80 kHz.
[0127] In operation 1110, the method 1100 includes
receiving the ASW at a reception (RX) piezoelectric element
included in the object.

[0128] In operation 1115, the method 1100 includes trun-
cating the ASW into windows of a predetermined time
duration.

[0129] In operation 1120, the method 1100 includes deter-
mining whether the ASW is valid by comparing a reference
ASW and the received ASW. When the TX piezoelectric
element generates the ASW, the system stores a wave pattern
of the generated ASW as the reference ASW, to determine
that the received ASW is valid when a similarity between the
received ASW and the reference ASW is greater than a
preset threshold.

[0130] Based on the ASW 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.

[0131] In operation 1125, the method 1100 includes iden-
tifying optimal frequency bins for estimating a touch loca-
tion and a touch pressure.

[0132] Inoperation 1135, the method 1100 includes updat-
ing prediction features (e.g., prediction scores) of a classifier
at a preset time interval (e.g., every 10 min).

[0133] In operation 1140, the method 1100 includes deter-
mining whether a touch is valid. The classifier may output a
touch prediction score for each of all predetermined touch
locations. After the prediction features of the classifier are
updated in operation 1135, prediction scores of the classifier
become close to zero when there is no touch, but the
prediction scores are high when there is touch. In particular,
if the touch score is higher than a detection threshold, the
touch is determined to be valid, and otherwise, is determined
to be invalid.

[0134] Based on the touch being determined to be valid,
the method 1100 continues in operation 1145 and 1150.
Otherwise, the method 1100 continues in operation 1130, in
which the system is restarted.

[0135] In operation 1145, the method 1100 includes esti-
mating a touch location by inputting the received (and
filtered) ASW of the selected frequencies to the classifier
having the updated prediction features.

[0136] In operation 1150, the method 1100 includes esti-
mating a touch pressure by applying a first order Fourier
model to a total energy of the received acoustic wave signal
across the selected optimal frequency bands.

[0137] FIG. 12 is a flowchart of a method 1200 of a
method of estimating a touch location and a touch pressure
of a touch input that is made at an arbitrary location of an
object, according to embodiments.

[0138] The method 1200 may be performed by at least one
processor using the apparatus 100 of FIGS. 1 and 2.
[0139] As shown in FIG. 12, in operation 1210, the
method 1200 includes controlling a TX piezoelectric ele-
ment to generate an acoustic wave having a chirp spread
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spectrum (CSS) at every preset time interval, along a surface
of an object (e.g., a robot). The CSS may have a linearly
increasing frequency over time and may have a constant
amplitude within a predetermined frequency range.

[0140] In operation 1220, the method 1200 includes
receiving, via an RX piezoelectric element, an acoustic wave
signal corresponding to the generated acoustic wave.
[0141] In operation 1230, the method 1200 includes fil-
tering the received acoustic wave signal, using at least one
filter configured to reduce an electrical noise of the robot and
a mechanical noise of the robot, from the received acoustic
wave signal. The electrical noise may include a pulse-width
modulation (PWM) noise of the robot. The at least one filter
may filter the PWM noise at 30 kHz, 60 kHz, and 90 kHz of
the received acoustic wave signal, and may filter the
mechanical noise that resides below a 20 kHz range of the
received acoustic wave signal.

[0142] In operation 1240, the method 1200 includes
selecting optimal frequency bands from a plurality of fre-
quency bands of the acoustic wave signal, based on a first
variance of the acoustic wave signal that is received when
the object is touched during a movement of the object, and
a second variance of the acoustic wave signal that is received
when the object is not touched during the movement of the
object.

[0143] The selecting the optimal frequency bands may
include selecting a predetermined number y of the optimal
frequency bands in an ascending order of a ratio of the
second variance to the first variance of the received acoustic
wave signal. y may be predetermined such that a weighted
sum of a touch prediction accuracy of a neural network (e.g.,
a classifier) and an inverse of vy is maximized

[0144] In operation 1250, the method 1200 includes
updating prediction features of the neural network to remove
the temperature drift effect of the robot. At a preset calibra-
tion interval (e.g., every 20 min), a baseline touch prediction
score is obtained for a plurality of predetermined locations
on the surface of the object, when the surface of the object
is not touched. When the surface of the object is touched
after calibration, the touch prediction score obtained from
the neural network is adjusted based on the baseline touch
prediction score. For example, an updated touch prediction
score is obtained by subtracting the baseline touch predic-
tion score from the touch prediction score that is directly
obtained from the neural network, and the updated touch
prediction score is used for a touch location estimation and
a touch pressure estimation.

[0145] In operation 1260, the method 1200 includes esti-
mating a location of a touch input on the surface of the object
by inputting the received acoustic wave signal of the
selected optimal frequency bands into the neural network
(e.g., the classifier). The neural network is trained to provide
a touch prediction score for each of a plurality of predeter-
mined locations on the surface of the object. If the touch
prediction score for a predetermined touch location is
greater than or equal to a detection threshold, it is deter-
mined that the predetermined touch location is touched, and
otherwise, it is determined that the predetermined touch
location is touched. When multiple touch locations are
detected, a location having the highest prediction score is
determined as a final touch location, among the multiple
touch locations.

[0146] In operation 1270, the method 1200 includes esti-
mating a pressure of the touch input by applying a first order
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Fourier model to a total energy of the received acoustic wave
signal across the selected optimal frequency bands.

[0147] FIG. 13 is a block diagram of an electronic device
1300 in which the apparatus 100 of FIGS. 1 and 2 is
implemented, according to embodiments.

[0148] 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.

[0149] The electronic device 1300 includes a bus 1310, a
processor 1320, a memory 1330, an interface 1340, and a
display 1350.

[0150] 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.

[0151] 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.

[0152] 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.
[0153] 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.

[0154] 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.

[0155] The interface 1340 includes input/output (1/O)
interface 1342, communication interface 1344, and/or one or
more sensors 1346. The 1/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.

[0156] 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
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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
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.

[0157] 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.

[0158] The embodiments of the disclosure described
above may be written as computer executable programs or
instructions that may be stored in a medium.

[0159] 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.

[0160] 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.

[0161] A neural network model related to estimating a
touch location and a touch pressure described above may be
implemented via a software module. When the neural net-
work model is implemented via a software module (for
example, a program module including instructions), the
neural network model may be stored in a computer-readable
recording medium.

[0162] Also, the neural network model may be a part of
the apparatus 100 described above by being integrated in a
form of a hardware chip. For example, the neural network
model may be manufactured in a form of a dedicated
hardware chip for artificial intelligence, or may be manu-
factured 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).
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[0163] Also, the neural network model may be provided in
a form of downloadable software. A computer program
product may include a product (for example, a download-
able application) in a form of a software program electroni-
cally 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.

[0164] The above-described embodiments may provide a
sensing modality, a ASW, which turns an entire robot surface
into tactile skin that senses no-dead-spot touch on a robot
arm. The embodiments realize whole surface touch detec-
tion on a robot surface, and as discussed above, this disclo-
sure contemplates that the touch-detection systems and
methods disclosure herein may be deployed on any suitable
object. Several signal processing algorithms, hardware
tweaks, and a neural network-based algorithm address chal-
lenges in using an ASW signal for touch location estimation
and touch pressure estimation.

[0165] 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 acquiring tactile sensing data, the

apparatus comprising:
a plurality of piezoelectric elements disposed at an object,
and comprising a transmission (1X) piezoelectric ele-
ment and a reception (RX) piezoelectric element;
a memory storing instructions; and
at least one processor configured to execute the instruc-
tions to:
control the TX piezoelectric element to generate an
acoustic wave having a chirp spread spectrum (CSS)
at every preset time interval, along a surface of the
object, wherein the CSS has a linearly increasing
frequency over time and has a constant amplitude
within a predetermined frequency range;
receive, via the RX piezoelectric element, an acoustic
wave signal corresponding to the generated acoustic
wave;
select frequency bands from a plurality of frequency
bands of the acoustic wave signal, based on a first
variance of the acoustic wave signal that is received
when the surface of the object is touched during a
movement of the object, and a second variance of the
acoustic wave signal that is received when there is no
touch on the surface of the object during the move-
ment of the object; and

estimate a location of a touch input on the surface of the
object by inputting the acoustic wave signal of the
selected frequency bands into a neural network con-
figured to provide a touch prediction score for each
of a plurality of predetermined locations on the
surface of the object.

2. The apparatus of claim 1, wherein the least one

processor is further configured to:

filter the received acoustic wave signal, using at least one
filter configured to reduce an electrical noise of the
object and a mechanical noise of the object, from the
received acoustic wave signal.
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3. The apparatus of claim 2, wherein the object is a robot,
and the electrical noise is a pulse-width modulation (PWM)
noise of a motor of the robot, and

the at least one filter is further configured to filter out the

PWM noise at 30 kHz, 60 kHz, and 90 kHz of the
received acoustic wave signal, and filter out the
mechanical noise that resides below a 20 kHz range of
the received acoustic wave signal.

4. The apparatus of claim 1, wherein the least one
processor is further configured to:

select a predetermined number of the frequency bands in

an ascending order of a ratio of the second variance to
the first variance of the received acoustic wave signal.

5. The apparatus of claim 1, wherein v is a predetermined
number of the frequency bands that are selected from the
plurality of frequency bands, and

wherein the least one processor is further configured to:

predetermine y such that a weighted sum of a touch

prediction accuracy of the neural network and an
inverse of y is maximized.

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

at a preset calibration interval, obtain a baseline touch

prediction score for the plurality of predetermined
locations on the surface of the object, when the surface
of the object is not touched; and

when the surface of the object is touched after calibration,

adjust the touch prediction score obtained from the
neural network based on the baseline touch prediction
score.

7. The apparatus of claim 1, wherein the predetermined
frequency range is a range from 20 kHz to 80 Hz, and the
preset time interval is in a range from 90 ms to 110 ms.

8. The apparatus of claim 1, wherein the least one
processor is further configured to:

estimate a pressure of the touch input by applying a first

order Fourier model to a total energy of the received
acoustic wave signal across the selected frequency
bands.
9. A method for acquiring tactile sensing data, the method
comprising:
controlling a transmission (TX) piezoelectric element to
generate an acoustic wave having a chirp spread spec-
trum (CSS) at every preset time interval, along a
surface of an object, wherein the CSS has a linearly
increasing frequency over time and has a constant
amplitude within a predetermined frequency range;

receiving, via a reception (RX) piezoelectric element, an
acoustic wave signal corresponding to the generated
acoustic wave;

selecting frequency bands from a plurality of frequency

bands of the received acoustic wave signal, based on a
first variance of the acoustic wave signal that is
received when the surface of the object is touched
during a movement of the object, and a second variance
of the acoustic wave signal that is received when there
is no touch on the surface of the object during the
movement of the object;

inputting, the received acoustic wave signal of the

selected frequency bands, into a neural network that is
trained to provide a touch prediction score for each of
a plurality of predetermined locations on the surface of
the object; and
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estimating a location of a touch input based on the touch

prediction score provided from the neural network.

10. The method of claim 9, further comprising:

filtering the received acoustic wave signal to reduce an

electrical noise of the object and a mechanical noise of
the object, from the received acoustic wave signal.

11. The method of claim 10, wherein the object is a robot,
and the electrical noise is a pulse-width modulation (PWM)
noise of a motor of the robot, and

the filtering comprises:

filtering out the PWM noise at 30 kHz, 60 kHz, and 90
kHz of the received acoustic wave signal; and

filtering out the mechanical noise that resides below a
20 kHz range of the received acoustic wave signal.

12. The method of claim 9, further comprising:

selecting a predetermined number of the frequency bands

in an ascending order of a ratio of the second variance
to the first variance of the received acoustic wave
signal.

13. The method of claim 9, wherein y is a predetermined
number of the frequency bands that are selected from the
plurality of frequency bands, and

wherein the method further comprises:

determining y such that a weighted sum of a touch
prediction accuracy of the neural network and an
inverse of v is maximized.

14. The method of claim 9, further comprising:

at a preset calibration interval, obtaining a baseline touch

prediction score for the plurality of predetermined
locations on the surface of the object, when the surface
of the object is not touched; and

based on the surface of the object being touched after

calibration, adjusting the touch prediction score
obtained from the neural network based on the baseline
touch prediction score.

15. The method of claim 9, wherein the predetermined
frequency range is a range from 20 kHz to 80 Hz, and the
preset time interval is in a range from 90 ms to 110 ms.

16. The method of claim 9, further comprising:

estimating a pressure of the touch input by applying a first

order Fourier model to a total energy of the received
acoustic wave signal across the selected frequency
bands.

17. 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 transmission (TX) piezoelectric element to gen-

erate an acoustic wave having a chirp spread spectrum
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(CSS) at every preset time interval, along a surface of
an object, wherein the CSS has a linearly increasing
frequency over time and has a constant amplitude
within a predetermined frequency range;

receive, via a reception (RX) piezoelectric element, an

acoustic wave signal corresponding to the generated
acoustic wave;

select frequency bands from a plurality of frequency

bands of the acoustic wave signal, based on a first
variance of the acoustic wave signal that is received
when the surface of the object is touched during a
movement of the object, and a second variance of the
acoustic wave signal that is received when there is no
touch on the surface of the object during the movement
of the object; and

estimate a location of a touch input on the surface of the

object by inputting the acoustic wave signal of the
selected frequency bands into a neural network config-
ured to provide a touch prediction score for each of a
plurality of predetermined locations on the surface of
the object.

18. The non-transitory computer-readable storage
medium of claim 17, wherein the instructions cause the at
least one processor to:

filter the received acoustic wave signal, using at least one

filter configured to reduce an electrical noise of the
object and a mechanical noise of the object, from the
received acoustic wave signal.

19. The non-transitory computer-readable storage
medium of claim 17, wherein the instructions cause the at
least one processor to:

select a predetermined number of the frequency bands in

an ascending order of a ratio of the second variance to
the first variance of the received acoustic wave signal.

20. The non-transitory computer-readable storage
medium of claim 17, wherein the instructions cause the at
least one processor to:

at a preset calibration interval, obtain a baseline touch

prediction score for the plurality of predetermined
locations on the surface of the object, when the surface
of the object is not touched; and

when the surface of the object is touched after calibration,

adjust the touch prediction score obtained from the
neural network based on the baseline touch prediction
score.



