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(57) ABSTRACT

There 1s provided a program, an information processor, and
an information processing method that make 1t possible to
obtain position iformation for sites of a body with higher
accuracy. The program causes a computer to implement a
correction function of referencing a first output obtained by
performing a first process on sensor data acquired by two or
more motion sensors attached to two or more sites of a body
and a second output obtaimned by performing a second
process on the sensor data, and correcting position informa-
tion for attachment sites to which the motion sensors are
attached.
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PROGRAM, INFORMATION PROCESSOR,
AND INFORMATION PROCESSING
METHOD

CROSS REFERENCE TO PRIOR APPLICATION

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 17/045,024 (filed on Oct. 2, 2020),
which 1s a National Stage Patent Application of PCT Inter-
national Patent Application No. PCT/JP2019/016130 (filed
on Apr. 15, 2019) under 35 U.S.C. § 371, which claims
priority to Japanese Patent Application No. 2018-079335

(filed on Apr. 17, 2018), which are all hereby incorporated
by reference 1n their entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to a program, an
information processor, and an information processing
method.

BACKGROUND ART

[0003] In recent years, motion capture techniques for
acquiring body motion nformation have been actively
developed. The acquired body motion information is used,
for example, for improvement in forms in sports, or in
applications including VR (Virtual Reality) and AR (Aug-
mented reality).

[0004] To acquire body motion information, for example,
a position of a motion sensor attached to a body 1s calculated
from sensor data (sensing data) acquired by the motion
sensor by using an inertial navigation system (INS) (for
example, PIL 1 below).

CITATION LIST

Patent Literature

[0005] PTLI1: International Publication No. WO 2017/
217050
SUMMARY OF THE INVENTION
Problems to be Solved by the Invention
[0006] In the inertial navigation system, however, the

calculation of position 1s accomplished by integrating accel-
eration included 1n the sensor data a plurality of times, and
therefore an error in the obtained position can become large
with time. Accordingly, there has been a demand for a
technique for obtaining, with higher accuracy, information
regarding the position of a site to which the motion sensor
1s attached.

Means for Solving the Problems

[0007] According to the present disclosure, there 1s pro-
vided a program that causes a computer to 1implement a
correction function of referencing a first output obtained by
performing a first process on sensor data acquired by two or
more motion sensors attached to two or more sites of a body
and a second output obtained by performing a second
process on the sensor data, and correcting position imnforma-
tion for attachment sites to which the motion sensors are
attached.

[0008] Furthermore, according to the present disclosure,
there 1s provided an information processor including a

Oct. 19, 2023

corrector that references a first output obtained by perform-
ing a first process on sensor data acquired by two or more
motion sensors attached to two or more sites of a body and
a second output obtained by performing a second process on
the sensor data, and corrects position iformation for attach-
ment sites to which the motion sensors are attached.

[0009] Furthermore, according to the present disclosure,
there 1s provided an information processing method 1nclud-
ing; referencing, by a processor, a first output obtained by
performing a first process on sensor data acquired by two or
more motion sensors attached to two or more sites of a body
and a second output obtamned by performing a second
process on the sensor data; and correcting, by the processor,
position information for attachment sites to which the
motion sensors are attached.

Fftect of the Invention

[0010] As described above, according to the present dis-
closure, it 1s possible to obtain, with higher accuracy,
information regarding the positions of the sites to which the
motion sensors are attached.

[0011] It should be noted that the above-described eflect 1s
not necessarily limiting, and any of the eflects 1llustrated in
the present specification or other eflects that may be
expected from the present specification may be achieved
together with or istead of the above-described eflect.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 1s an mmage diagram that describes an
overview of a first embodiment of the present disclosure.

[0013] FIG. 2 1s an explanatory diagram that describes an
existing motion capture technique using a forward kinemat-
ics calculation.

[0014] FIG. 3 1s an explanatory diagram that describes the
forward kinematics calculation.

[0015] FIG. 4 1s an explanatory diagram that describes an
approach using an inverse kinematics calculation.

[0016] FIG. 5 1s an explanatory diagram that describes the
inverse kinematics calculation.

[0017] FIG. 6 1s an explanatory diagram that describes a
first step according to the embodiment.

[0018] FIG. 7 1s an explanatory diagram that describes a
second step according to the embodiment.

[0019] FIG. 8 1s a schematic diagram illustrating an over-
view ol a position estimation process based on an inertial
navigation system.

[0020] FIG. 9 1s a schematic diagram illustrating a time-
varying image of a position error that can occur in the
position estimation process based on the inertial navigation
system.

[0021] FIG. 10 1s a schematic diagram illustrating an
overview ol a position estimation process based on a dynam-
ics model.

[0022] FIG. 11 1s a schematic diagram 1llustrating a time-
varying image of a position error that can occur in the
position estimation process based on the dynamics model.

[0023] FIG. 12 1s a schematic diagram illustrating an
overview ol a position estimation process according to the
embodiment.

[0024] FIG. 13 15 a schematic diagram 1llustrating a time-
varying image of a position error that can occur in the
position estimation process according to the embodiment.
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[0025] FIG. 14 illustrates an example of a unit configu-
ration of a system according to the embodiment.

[0026] FIG. 15 illustrates an example of a functional
configuration of the system according to the embodiment.
[0027] FIG. 16 1s an explanatory diagram illustrating an
example of a combination of attachment sites and a dynam-
ics model.

[0028] FIG. 17 illustrates an example of reliability 1den-
tification by a rehability 1dentifier 550.

[0029] FIG. 18 1s a flowchart illustrating an operation
example of the system according to the embodiment.
[0030] FIG. 19 illustrates a functional configuration
example of a system according to a first modification
example.

[0031] FIG. 20 illustrates a functional configuration
example of a system according to a second modification
example.

[0032] FIG. 21 illustrates a {functional configuration
example of a system according to a third modification
example.

[0033] FIG. 22 1s an explanatory diagram that describes an
overview ol a non-tracking-type dynamics model.

[0034] FIG. 23 1s an explanatory diagram that describes an
overview of a tracking-type dynamics model.

[0035] FIG. 24 illustrates a functional configuration
example of a system according to a fourth modification
example.

[0036] FIG. 25 1llustrates a unit configuration example of
a system according to a fifth modification example.

[0037] FIG. 26 1s an explanatory diagram (Part 1) that
describes a first ZUPT technique according to a second
embodiment of the present disclosure.

[0038] FIG. 27 1s an explanatory diagram (Part 2) that
describes the first ZUPT technique according to the embodi-
ment.

[0039] FIG. 28 1s an explanatory diagram (Part 1) that
describes a second ZUPT technmique according to the
embodiment.

[0040] FIG. 29 1s an explanatory diagram (Part 2) that
describes the second ZUPT technique according to the
embodiment.

[0041] FIG. 30 illustrates an example of a functional
configuration of a system according to the embodiment.

[0042] FIG. 31 1s a flowchart illustrating an operation
example of the system according to the embodiment.

[0043] FIG. 32 1s an explanatory diagram that describes
estimation of forefoot velocity according to the embodi-
ment.

[0044] FIG. 33 i1s an explanatory diagram that describes
estimation of forefoot position according to the embodi-
ment.

[0045] FIG. 34 1s an explanatory diagram that describes a
ZUPT technique according to modification example 1 of the
embodiment.

[0046] FIG. 35 i1s an explanatory diagram that describes
estimation of a relative position according to modification
example 1 of the embodiment.

[0047] FIG. 36 1s a tlowchart illustrating an operation
example of a system according to modification example 1 of
the embodiment.

[0048] FIG. 37 illustrates an example of a unit configu-
ration of a sensor unit 10 according to modification example
2 of the embodiment.
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[0049] FIG. 38 15 an explanatory diagram that describes a
ZUPT technique according to modification example 2 of the
embodiment.

[0050] FIG. 39 1s an explanatory diagram illustrating a
hardware configuration example.

MODES FOR CARRYING OUT TH
INVENTION

(L]

[0051] Preferred embodiments of the present disclosure
will be described 1n detail below with reference to the
accompanying drawings. It 1s to be noted that, 1n the present
specification and drawings, components that have substan-
tially the same functional configurations are denoted by the
same reference signs, and redundant descriptions thereof are
thus omaitted.

[0052] In addition, in the present specification and draw-
ings, a plurality of components having substantially the
same functional configurations 1s sometimes distinguished
from each other by attaching different alphabets after the
same reference signs. However, 1n a case where 1t 1s unnec-
essary 1n particular to distinguish a plurality of components
having substantially the same functional configurations from
cach other, only the same reference signs are assigned.
[0053] It 1s to be noted that the description will be given
in the following order.

[0054] <<1. Overview of First Embodiment>>
[0055] <<2. Principle of Present Technology>>
[0056] <<3. Configuration Example>>

[0057] <<4. Operation Example>>

[0058] <<5. Modification Examples>>

[0059] <<6. Overview ol Second Embodiment>>
[0060] <<7. Hardware Configuration Example>>
[0061] <<8. Conclusion>>

1. OVERVIEW OF FIRST EMBODIMENT

[0062] For example, skeleton information represented by
a skeleton structure indicating the structure of a body 1s used
to visualize information regarding motions of the body of a
human, an animal, or the like. The skeleton structure
includes information regarding sites, and bones which are
line segments connecting the sites. The sites 1n the skeleton
structure each correspond to, for example, an extremity site,
a jomt site, or the like. Further, the bones 1n the skeleton
structure may correspond to, for example, human bones;
however, the positions and the number of the bones may not
necessarilly be consistent with those in the actual human
skeleton.

[0063] Site positions i the skeleton information are
acquirable by, for example, attaching markers or motion
sensors to respective corresponding sites of the body. For
example, there exists a techmque in which markers are
attached to various sites of the body to acquire positions of
the markers using an external camera or the like, and a
technique 1n which motion sensors are attached to sites of
the body to acquire position information of the motion
sensors on the basis of sensor data acquired by the motion
SEeNSors.

[0064] Compared with the technique using markers
attached to the body, the techmique using motion sensors
attached to the body 1s advantageous 1n that there 1s no need
for any external camera, light source, or marker, resulting 1n
portability and easiness of setting up. Further, the technique
using motion sensors attached to the body i1s free from
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limitations by an 1mage-capturing range of the camera, thus
having an advantage in its availability even 1n a wide
outdoor space, a space having a complicated shape that tends
to generate a blind spot, a narrow and small space, etc.

[0065] However, 1n order to estimate a whole-body skel-
cton with the technique using motion sensors attached to the
body, 1t 1s necessary to attach a motion sensor to every joint,
which sometimes places a heavy load on the user. Further,
although dedicated suits have also been developed to suit-
ably attach a large number of motion sensors to various sites
on the user, the dedicated suits are sometimes costly to
manufacture.

[0066] Accordingly, focusing on the above-described cir-
cumstances, the present inventors have created a first
embodiment of the present disclosure. A system according to
the first embodiment of the present disclosure makes it
possible to acquire position information for a larger number
ol sites than the number of attached motion sensors while
achieving a reduction 1n the number of the motion sensors to
be attached. It 1s to be noted that in the present specification,
a motion sensor 1s a device that senses motion of the body
and may include an 1nertial sensor (an acceleration sensor,
an angular velocity sensor), a geomagnetic sensor, a baro-
metric sensor, an 1mage sensor, and the like. In the follow-
ing, an example i which at least an inertial sensor 1is
attached as a motion sensor to the body will be mainly

described.

[0067] An overview of the present embodiment will be
described with reference to FIG. 1. FIG. 1 1s an image
diagram that describes the overview of the present embodi-
ment. In the example 1llustrated 1n FIG. 1, s1x sensor units
10A to 10F are attached to six sites of the body of a user U1.
The sensor units 10A to 10F include, for example, an inertial
sensor (IMU: Inertial Measurement Unit) such as an accel-
eration sensor that acquires acceleration (Acceleration) or a
ogyro sensor (an angular velocity sensor) that acquires angu-
lar velocity (Angular Velocity). The sensor units 10A to 10F
are preferably attached to a joint site (e.g., waist or head)
serving as a reference in the body or to the near extremities
of the body (wrist, ankle, head, etc.). In the example
illustrated 1n FIG. 1, the sensor unit 10A 1s attached to the
waist; the sensor units 10B and 10E are attached to the
wrists; the sensor units 10C and 10D are attached to the
ankles:; and the sensor unit 10F 1s attached to the head, of the
user Ul. It 1s to be noted that 1n the following description,
the sensor units 10A to 10F may be collectively and simply
referred to as sensor units 10 1 a case where i1t 1s not
necessary to distinguish them from each other. Further, in
the following, sites of the body to which the sensor units 10
are attached may also be referred to as attachment sites. In
addition, the number of the sensor units 10 and attachment
positions (positions of the attachment sites) are not limited
to those 1n the example illustrated 1n FIG. 1.

[0068] The system according to the present embodiment
acquires information regarding position (Position) and ori-
entation (Orientation) of each of the attachment sites on the
basis of sensor data acquired by the sensor units 10. As
information (hereinafter also referred to as attachment site
information) for the attachment sites P101 to P106 to which
the sensor units 10A to 10F are attached, FIG. 1 illustrates
attachment site information PD100 that includes position
information and orientation information.

[0069] Further, on the basis of the position information
and the orientation information for the attachment sites P101
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to P106 to which the sensor units 10A to 10F are attached,
the system according to the present embodiment estimates
skeleton information including position information and
ortentation information for various sites of the skeleton
structure. Here, in the present embodiment, the position
information and the orientation information are estimated
for, among sites of the skeleton structure, not only the
attachment sites to which the sensor units 10 are attached but
also a site to which none of the sensor units 10 1s attached
(hereinafter also referred to as a non-attachment site).
[0070] In the example of FIG. 1, skeleton information
SD100 1s illustrated that includes position information and
orientation information for various sites 1n the skeleton
structure. The skeleton information SDD100 includes infor-
mation for a non-attachment site SP107 as well as informa-
tion for an attachment site SP101 corresponding to the
attachment site P101 and an attachment site SP102 corre-
sponding to the attachment site P102.

[0071] In addition to the information for the sites, the
skeleton information may also include information (position
information, orientation information, etc.) for bones. For
example, 1 the example illustrated 1n FIG. 1, the skeleton
information SD100 may include information for a bone
SB101. For example, on the basis of position mformation
and orientation information for sites 1n the skeleton struc-
ture, 1t 1s possible to 1dentily information for a bone between
the sites.

[0072] As described above, according to the present
embodiment, information for a non-attachment site to which
none of the motion sensors 1s attached 1s estimated on the
basis of information for the attachment sites to which the
motion sensors are attached. This makes 1t possible to reduce
the number of the motion sensors to be attached while
maintaining the number of sites for which information 1s to
be acquired. In the following, a description 1s given of the
technical principle according to the present embodiment for
achieving the above-described effects.

2. PRINCIPLE OF PRESENT TECHNOLOGY

2-1. Approach of Present Embodiment

[0073] As an existing motion capture technique, there 1s a
technique of acquiring skeleton information by forward
kinematics (FK: Forward Kinematics) calculation. The for-
ward kinematics calculation 1s a method of calculating the
position of an extremity site on that basis of orientations of
joint sites.

[0074] FIG. 2 1s an explanatory diagram that describes the
existing motion capture technique using the forward Kkine-
matics calculation. FIG. 2 illustrates skeleton information
SD90 represented by a skeleton structure.

[0075] In the skeleton information SD90 illustrated 1n
FIG. 2, attachment sites to which sensor units including
inertial sensors are attached are marked with circles. Thus,
sites SP91 to SP96 are the attachment sites. Here, 1n a case
where the sensor unmits include angular velocity sensors, 1t 1s
possible to 1dentily orientation information (angle informa-
tion) for the attachment sites by using an attitude measure-
ment technique such as an AHRS (Attitude and Heading
Reference System).

[0076] For example, 1n a case where a body coordinate
system 15 set with the site SP91 corresponding to the waist
of the body as a reference (a point of origin), 1t 1s possible
to 1dentily position information for the sites SP92 to SP96 in
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the body coordinate system by performing the forward
kinematics calculation on the basis of orientation informa-
tion for the sites SP91 to SP95. Note that in the following
description, the site used as a reference 1n the body coordi-
nate system will sometimes be referred to as a root site.

[0077] Here, the forward kinematics calculation will be
described with reference to FIG. 3. FIG. 3 1s an explanatory
diagram that describes the forward kinematics calculation.
For the sake of simplicity, FIG. 3 illustrates an example 1n
which an arm 1s regarded as a simple linkage with two
degrees of freedom.

[0078] In the example 1llustrated in FIG. 3, a site SP81 1s
the root site, and there 1s 1llustrated an Xy coordinate system
(a plane coordinate system) with the site SP81 as the
reference (the point of origin). In the forward kinematics
calculation, as described above, the orientation information
for each site 1s known. In the example 1llustrated in FIG. 3,
an angle 0, formed between a bone SB81 and the x-axis
based on the orientation of the site SP81, and an angle 0,
formed between the bone SB81 and a bone SB82 based on
the orientation of a site SP82 are known. Further, 1in the
forward kinematics calculation, the distances between sites,

that 1s, the lengths of bones are also known. In the example
illustrated 1n FIG. 3, the length 1, of the bone SB81 and the

length 1, of the bone SB82 are known.

[0079] According to the forward kinematics calculation, 1t
1s possible to calculate a position (X,, y, ) of a site SP83 using
the known mformation as described above. Specifically, the
position (X,, v,) ol the site SP83 1s expressed by the
following equations (1) and (2).

'Math. 1]

%=1, cos 0,4+, cos(0,+0.) (1)

v, =1, sin 0+, sin(0,+0,) (2)
[0080] Whle FIG. 3 1llustrates an example of a planar and

simple mechanism, 1t 1s also possible to perform the forward
kinematics calculation 1n a stimilar manner even in a case of
a three-dimensional and more complex mechanism. That 1s,
it 1s possible to i1dentify the position inmformation for an
extremity site by using the orientation information for a joint
site between the root site serving as a reference and the
extremity site, and information regarding the distance
between the sites. In addition, not only the position infor-
mation for the extremity sites but also the position informa-
tion for a joint site located between the root site and an
extremity site in the skeleton structure (for example, the
position information for the site SP82 in the example
illustrated 1n FIG. 3) 1s 1identified by the forward kinematics
calculation.

[0081] One example of existing motion capture techniques
using the forward kinematics calculation has been described
above. However, as has been described with reference to
FIGS. 2 and 3, 1dentifying position information for each site
by using the forward kinematics calculation necessitates
orientation information for each joint site. Thus, the use of
the forward kinematics calculation 1s a factor responsible for

an increase in the number of motion sensors to be attached
to the body.

[0082] Accordingly, 1n the present embodiment, skeleton
information 1s acquired by using inverse kinematics (IK:
Inverse Kinematics) calculation instead of the forward kine-
matics calculation described above. The inverse kinematics
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calculation 1s a method of calculating the ornientation of each
joint site on the basis of the position of an extremity site.
[0083] FIG. 4 1s an explanatory diagram that describes an
approach using the mnverse kinematics calculation. FIG. 4
illustrates skeleton information SD90 represented by a skel-
cton structure similar to FIG. 2.

[0084] In the skeleton information SD90 illustrated 1n
FIG. 4, attachment sites to which sensor units including
inertial sensors are attached are marked with circles. Thus,
sites SP91 to SP96 are the attachment sites. Meanwhile, 1n
the skeleton information SD90 1llustrated 1n FIG. 4, the sites
to which any sensor units including inertial sensors are

unattached are marked with crosses. Specifically, the sites
SP92 to SP95, which are between the site 91 and the site 96,
are the non-attachment sites.

[0085] Assume here that a body coordinate system has
been set with the site SP91 corresponding to the waist of the
body as the reference (the point of origin) and the position
information for the site SP96 in the body coordinate system
has been acquired. In such a case, 1t 1s possible to identify
orientation information and position information for the sites
SP92 to SP95 by performing the imnverse kinematics calcu-
lation on the basis of the position information for the site
SP96, which i1s an extremity site.

[0086] Here, the mnverse kinematics calculation will be
described with reference to FIG. 5. FIG. § 1s an explanatory
diagram that describes the inverse kinematics calculation.
For the sake of simplicity, FIG. 5 illustrates an example 1n
which an arm 1s regarded as a simple linkage with two
degrees of freedom.

[0087] In the example illustrated in FIG. §, the site SP81

1s the root site, and there 1s i1llustrated an Xy coordinate
system (a plane coordinate system) with the site SP81 as the
reference (the point of origin). Here, as illustrated in the
upper left in FIG. §, assume that the length 1, of the bon
SB81 whose one end point 1s the site SP81 and the length 1,
of the bone SP82 whose one end point 1s the site SP83 are
known.

[0088] In the inverse kinematics calculation, an angle
formed between the bone SB81 and the x-axis and an angle
formed between the bone SB81 and the bone SB82 are
calculated using the known information as described above.
In the 1nverse kinematics calculation, however, there can
exist a plurality of solutions. In the example of FIG. 5,
obtained are a solution that, as illustrated in the upper right
in FIG. 5, an angle 0, 1s formed between the bone SB81 and
the x-axis and an angle 0, 1s formed between the bone SB81
and the bone SB82; and a solution that, as 1llustrated in the
lower right in FIG. 5, an angle 0,, 1s formed between the
bone SB81 and the x-axis and an angle 0., 1s formed
between the bone SB81 and the bone SB82. It 1s to be noted
that FIG. § illustrates an example of a planar and simple
mechanism; therefore, there can exist a larger number of
solutions 1n a case of a three-dimensional mechanism or 1n
a case where there are a larger number of joint sites, for
example.

[0089] The approach using the mverse kinematics calcu-
lation has been described above. Next, an overview of
processing according to the present embodiment will be
described. In the present embodiment, as described above,
skeleton 1nformation (positions and orientations of joint
sites) 1s acquired using the inverse kinematics calculation.
Thus, the processing 1s performed 1n two general steps as

illustrated in FIG. 6 and FIG. 7 described below.
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[0090] FIG. 6 1s an explanatory diagram that describes a
first step according to the present embodiment. As has been
described with reference to FIG. 1, in the present embodi-
ment, information regarding acceleration and angular veloc-
ity 1s acquirable from two or more 1nertial sensors attached
to two or more sites of the body. Further, 1t 1s possible to
obtain information regarding acceleration (three-dimen-
sional) and orientation (four-dimensional) 1n a global coor-
dinate system from the information regarding acceleration
and angular velocity acquired from the inertial sensors. It 1s
to be noted that the global coordinate system 1s, for example,
a coordinate system for common use by a plurality of
sensors, devices, etc., and may be a coordinate system
corresponding to a real space. The attachment site informa-
tion PD10 1llustrated in FIG. 6 includes information regard-
ing acceleration and orientation for the attachment sites P11
to P16 acquired by the inertial sensors, and therefore
includes iformation of 6x7=42 dimensions 1n total.

[0091] In the first step, position estimation for the attach-
ment sites 1s performed (S100) on the basis of the attachment
site information PD10, and thereby attachment site infor-
mation P12 1s obtained that includes position information
indicating positions (three-dimensional) of the attachment
sites P11 to P16. It 1s to be noted that 1n a case where the
attachment site information PD12 1s represented 1n a body
coordinate system with the attachment site P11 as a root site,
the position information for the attachment site P11 1s not
necessary and therefore the attachment site information

PD12 includes position mformation of 3x3=15 dimensions
in total. Further, the attachment site information PD12 may
include the orientation information for each of the sites in
the global coordinate system included in the attachment site
information PD10. In such a case, the attachment site
information PD12 includes orientation information of
6x4=24 dimensions 1n total.

[0092] FIG. 7 1s an explanatory diagram that describes a
second step according to the present embodiment. Because
the attachment site information PD12 1llustrated 1n FIG. 7 1s
similar to the attachment site information PD12 1llustrated 1n
FIG. 6, the description thereof 1s omitted here.

[0093] In the second step, position estimation (interpola-
tion) for a non-attachment site 1s performed (S200) on the
basis of the attachment site mnformation PD12, and thereby
skeleton information SD10 1s obtained that includes position
information for the non-attachment site to which no inertial
sensor 1s attached, 1n addition to the position information for
the attachment sites. In the example illustrated in FIG. 7, for
example, sites SP11 and SP12 are the attachment sites and
a site SP20 1s the non-attachment site.

[0094] Here, the position estimation for the non-attach-
ment site, 1.e., the second step, may be performed by the
inverse kinematics calculation as described above. In order
to perform the position estimation for the non-attachment
site with high accuracy, i1t 1s desirable that the attachment
site information PD12 serving as an input thereto be
obtained with high accuracy in the first step. The first step,
1.€., the position estimation for the attachment sites, may be
performed by an inertial navigation system, for example.
However, 1n a case where the position estimation for the
attachment sites 1s performed by the inertial navigation
system, an error 1n the estimated position can become larger
with time. To cope with this, in the present embodiment, the
position mformation for the attachment sites estimated by

the 1nertial navigation system 1s corrected to thereby acquire
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position information for the attachment sites with higher
accuracy. The correction of position information for the
attachment sites according to the present embodiment is
described below.

2-2. Correction of Position Information for
Attachment Site

[0095] First, a description will be given of a position
estimation process based on the inertial navigation system.
The 1nertial navigation system 1s a technique for calculating
a sensor position by performing integration (Integration) of
angular velocity and acceleration a plurality of times, and 1s
employed 1n, for example, vessels, aircrait, or the like. FIG.
8 1s a schematic diagram illustrating an overview of the
position estimation process based on the inertial navigation
system.

[0096] In the inertial navigation system, first, an orienta-
tion of a sensor unit mm a global coordinate system 1s
calculated by integrating an angular velocity (an example of
sensor data) 1n a local coordinate system acquired by a gyro
sensor included 1n the sensor unit (S11). Next, 1n the 1nertial
navigation system, on the basis of the orientation of the
sensor unit 1n the global coordinate system, an acceleration
(an example of sensor data) of the sensor unit 1n the local
coordinate system (a coordinate system set for each sensor
umt) acquired by an acceleration sensor included in the
sensor unit 1s subjected to a coordinate system conversion
into an acceleration of the sensor unmit 1n the global coordi-
nate system (S112). Then, the acceleration of the sensor unit
in the global coordinate system resulting from the coordinate
system conversion 1s integrated (S113) to thereby calculate
a velocity of the sensor unit 1n the global coordinate system.
Next, the velocity of the sensor unit 1n the global coordinate
system 1s integrated (S114) to thereby calculate a moving
distance of the sensor unit. Here, by combining the moving
distances in the global coordinate system for each subdivi-
s10n point, 1t 1s possible to obtain relative position informa-
tion with respect to an initial position as a starting point. I
the initial position 1s known, 1t 1s possible to calculate
absolute position information (i.e., three-dimensional coor-
dinates 1n the global coordinate system) of the sensor unit
from the above information. In the above-described manner,
orientation information and position information of the
sensor unit are outputted by the position estimation process
based on the inertial navigation system.

[0097] The position estimation process based on the iner-
tial navigation system illustrated 1n FIG. 8 1s performable at
a relatively low process load and a high speed.

[0098] Here, 1n the inertial navigation system, only one
integration 1s applied to the angular velocity 1n step S111 1n
order to obtain the orientation information, and further, 1t 1s
possible to acquire the orientation mformation with higher
accuracy by combining a well-known technique such as
AHRS. On the other hand, to obtain the position informa-
tion, two 1ntegrations are applied to the acceleration 1n step
S113 and step S114. Therefore, 1f the acceleration acquired
by the acceleration sensor includes an error, the error can be
accumulated 1n the outputted position information.

[0099] FIG. 9 1s a schematic diagram illustrating a time-
varying image of a position error that can occur in the
position estimation process based on the inertial navigation
system. As illustrated 1n FIG. 9, for a short period of time
after the start of estimation of the position information by the
inertial navigation system, the position error 1s small and 1t
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1s thus possible to estimate the position imnformation with
high accuracy. However, the error included in the position
information estimated by the 1nertial navigation system can
increase with time as illustrated 1n FIG. 9, and therefore if
the estimation 1s performed continuously for a long time, a
significantly large error can be included in the position
information.

[0100] To address this, 1n the present embodiment, posi-
tion estimation for the attachment sites i1s performed by
regression on the basis of a dynamics model (Dynamics
Model). FIG. 10 1s a schematic diagram illustrating an
overview ol a position estimation process based on the
dynamics model.

[0101] The process 1n steps S121 and S122 illustrated 1n
FIG. 10 1s similar to the process in steps S111 and S112
described with reference to FIG. 8, and therefore the
description thereof 1s omitted here. As 1llustrated 1n FIG. 10,
in the position estimation process based on the dynamics
model, position information of the sensor units 1s estimated
by regression (S123) without performing integration of
acceleration. In the regression estimation process in step
S123, position information 1s estimated by regression where
the orientations and accelerations of the sensor units 1n the
global coordinate system are fitted to a dynamics model
prepared 1n advance. Here, it 1s possible to generate the
dynamics model by, for example, learning kinematic con-
straint information (for example, mmformation including a
plurality of samples of positions and orientations of various
sites 1n postures or a series ol motions acquired previously)
in advance. It 1s to be noted that various regression analysis
methods are usable for the regression estimation process in
step S123 and, for example, methods such as DNN (Deep
Neural Network) and Random Forest may be used alone or
in combination.

[0102] Here, because the process illustrated in FIG. 10
involves no integration of acceleration, a position error 1s
likely to become larger with time as with the case with the
inertial navigation system described with reference to FIGS.
8 and 9. FIG. 11 1s a schematic diagram 1illustrating a
time-varying image of a position error that can occur in the
position estimation process based on the dynamics model.
Although a position error also occurs in the position esti-
mation process based on the dynamics model as 1llustrated
in FI1G. 10, 1t does not become larger with time. Accordingly,
a large error 1s less likely to result even if the process i1s
performed continuously for a long time.

[0103] Theretfore, 1t 1s considered that the position esti-
mation process based on the dynamics model illustrated in
FIG. 10 makes 1t possible to estimate position information
with higher accuracy. However, because the position esti-
mation process based on the dynamics model performs
statistical estimation by regression, variations in output
(estimation result) are likely to be discontinuous even 1n a
case where variations 1n input are continuous. As a result, for
example, the finally obtained skeleton information as visu-
alized can tend to give rise to a sense of strangeness. Further,
when compared with the position estimation process based
on the inertial navigation system 1illustrated in FIG. 8, the
position estimation process based on the dynamics model
illustrated in FIG. 10 1s hugher 1n process load, which makes
it diflicult to achieve higher execution speed than the posi-
tion estimation process based on the inertial navigation
system.
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[0104] As described above, the position estimation pro-
cess based on the 1nertial navigation system and the position
estimation process based on the dynamics model have their
respective features. Therefore, 1n the present embodiment,
position mformation 1s estimated with higher accuracy by
combining the position estimation process based on the
inertial navigation system and the position estimation pro-
cess based on the dynamics model, and correcting the
estimated position information. In the following, the posi-
tion estimation process based on the inertial navigation
system may be referred to as a first process, and the position
estimation process based on the dynamics model may be
referred to as a second process.

[0105] FIG. 12 1s a schematic diagram illustrating an
overview of a position estimation process according to the
present embodiment. It 1s to be noted that FIG. 12 illustrates
an overview, and thus the position estimation process
according to the present embodiment may further include a
process unillustrated in FIG. 12.

[0106] As illustrated in FIG. 12, the position estimation
process according to the present embodiment includes a
correction process (S130) 1in addition to the first process
(S111 to S114) based on the nertial navigation system and
the second process (5121 to S123) based on the dynamics
model. In the correction process of step S130, correction 1s
performed by referencing an output of the first process
(hereinafter, also referred to as a first output) and an output
of the second process (hereinafter, also referred to as a
second output). It 1s to be noted that the first output includes
orientation information and position information for the
attachment sites, and the second output includes position
information therefor. Then, 1n step S130, the position infor-
mation 1mcluded 1n the first output 1s corrected on the basis
of the orientation information included 1n the first output and
the position information included 1n the second output. Note
that 1n step S130, the orientation information included in the
first output may be used for correcting the position infor-
mation and be outputted as 1t 1s. Further, the correction
process 1n step S130 1s implementable by a Kalman filter, for
example.

[0107] Moreover, as described above, the first process 1s
executable faster than the second process. Therefore, the
correction process (S130) may be executed at the time when
the second output 1s obtained and, 1f the second output 1s not
obtained but only the first output 1s obtained, the first output
may be outputted as 1t 1s as an output of the position
estimation process according to the present embodiment.

[0108] FIG. 13 15 a schematic diagram 1llustrating a time-
varying image of a position error that can occur in the
position estimation process according to the present embodi-
ment. Assume that in the example illustrated in FIG. 13, the
second output 1s obtained and correction based on the
second output 1s performed at a time t,,. As 1illustrated 1n
FIG. 13, 1n the position estimation process according to the
present embodiment, the position error becomes larger with
time during a period from the start of the process to the time
t,,; however, as a result of the correction based on the
second output performed at the time t, ,, the position error 1s
suppressed.

[0109] Thus, according to the position estimation process
of the present embodiment, position error i1s suppressed
every time correction 1s performed. Therefore, error 1s less
likely to become larger with time, and even if the process 1s
performed continuously for a long period of time, a large
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error 1s less likely to result. Further, 1n the position estima-
tion process according to the present embodiment, the first
output 1s outputted as 1t 1s 1n the case where the second
output 1s not obtainable. This makes 1t possible to estimate
position mformation more frequently as compared with a
case of performing position estimation with only the second
process based on the dynamics model.

3. CONFIGURATION EXAMPL.

L1l

[0110] The principle of the technology according to the
present embodiment has been described above. Next, a
configuration example of the present embodiment will be
described. In the following, a unit configuration example
and a functional configuration example of the present
embodiment will be described 1n order.

3-1. Unit Configuration Example

[0111] FIG. 14 illustrates an example of a unit configura-
tion of a system according to the present embodiment. As
illustrated 1n FIG. 14, the system according to the present
embodiment includes the sensor units 10A to 10F, a hub unit
20, an information processor 30, and an output unit 40.

[0112] The sensor units 10 are units that each include at
least a motion sensor and are to be attached to sites of a body.
The sites to which the sensor units 10A to 10F are attached
have been described with reference to FIG. 1, and individual
descriptions will thus be omitted. For example, as illustrated
in FIG. 14, the sensor units 10 each include a gyro sensor 12,
an acceleration sensor 14, a controller 16, and a communi-
cator 18. Note that the motion sensors included 1n the sensor
units 10 are not limited to nertial sensors (the gyro sensors
12 and the acceleration sensors 14). For example, the sensor
units 10 may include motion sensors such as geomagnetic
sensors, barometric sensors, 1mage sensors or the like 1n
place of the inertial sensors or in addition to the inertial
sensors. Further, while FIG. 14 illustrates the configuration
of only the sensor unit 10 A, the sensor units 10A to 10F may
have 1dentical configurations.

[0113] The gyro sensor 12 1s an inertial sensor that
acquires angular velocity as sensor data. The angular veloc-
ity acquired by the gyro sensor 12 may be an angular
velocity of the sensor unit 10 1n a local coordinate system.

[0114] Further, the acceleration sensor 14 1s an inertial
sensor that acquires acceleration as sensor data. The accel-
eration acquired by the acceleration sensor 14 may be an
acceleration of the sensor unit 10 in a local coordinate
system that 1s set for each sensor unit 10.

[0115] The controller 16 controls operations of the sensor
unit 10. For example, the controller 16 may control com-
munications performed by the communicator 18 and may
cause the sensor data (angular velocity, and acceleration)
acquired by the gyro sensor 12 and the acceleration sensor
14 to be transmitted to the hub unmit 20. Alternatively, the
controller 16 may perform processing on the sensor data
acquired by the gyro sensor 12 and the acceleration sensor
14, and may cause the processing results obtained through
the processing to be transmitted to the hub unit 20.

[0116] The communicator 18 1s a communication module
for transmitting and receiving data to and from other units 1n
a wired manner or wirelessly. The communicator 18 com-
municates wirelessly with external equipment directly or via
a network access point in a scheme such as a wired LAN

(Local Area Network), wireless LAN, Wi-F1 (registered
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trademark) (Wireless Fidelity), infrared communication,
Bluetooth (registered trademark), short-range/contactless
communication or the like, for example.

[0117] The hub unit 20 1s an mmformation processor that
receives mformation from a plurality of sensor units 10 and
aggregates the information. It 1s to be noted that the sensor
units 10 and the hub unmit 20 may be connected to each other
in a wired manner or wirelessly. The hub unit 20 includes,
for example, a communicator 22 and a controller 24 as

illustrated in FIG. 14.

[0118] The communicator 22 1s a communication module
for transmitting and receiving data to and from other units 1n
a wired manner or wirelessly. The communicator 22 com-
municates wirelessly with external equipment directly or via
a network access point 1n a scheme such as a wired LAN,
wireless LAN, Wi-F1, infrared communication, Bluetooth,
short-range/contactless communication or the like, for
example.

[0119] The controller 24 controls operations of the hub
umt 20. For example, the controller 24 may control com-
munications performed by the communicator 22 and may
cause mnformation received from the sensor units 10 to be
transmitted as 1t 1s to the information processor 30. Alter-
natively, the controller 24 may perform processing on the
information received from the sensor units 10, and may
cause the processing results obtained through the processing
to be transmitted to the information processor 30.

[0120] The information processor 30 1s an information
processor that receives information from the hub unit 20 and
processes the information. It 1s to be noted that the hub unit
20 and the information processor 30 may be connected to
cach other in a wired manner or wirelessly. The information
processor 30 includes, for example, a communicator 32 and
a controller 34 as 1illustrated 1n FIG. 14.

[0121] The communicator 32 1s a communication module
for transmitting and receiving data to and from other units 1n
a wired manner or wirelessly. The communicator 32 com-
municates wirelessly with external equipment directly or via
a network access point 1n a scheme such as a wired LAN,
wireless LAN, Wi-Fi1, infrared communication, Bluetooth,
short-range/contactless communication or the like, for
example.

[0122] The controller 34 controls operations of the infor-
mation processor 30. For example, the controller 34 per-
forms processing on information received by the commu-
nicator 32. Further, the controller 34 1s able to control
display of the output unit 40 by controlling and causing the
communicator 32 to transmit the foregoing processing
results to the output unit 40 connected to the mformation
processor 30. For example, the controller 34 may cause the
output unit 40 to display visualized skeleton information, a
3-D model reflecting the skeleton information or the like on
the basis of the skeleton information obtained as a result of
the processing.

[0123] The output unit 40 1s a unit that has at least a
display function, and performs displaying in accordance
with the control by the controller 34 of the information
processor 30. The output unit 40 may be, for example, an
installation-type display or an HMD (Head Mounted Dis-
play) to be worn by a user. Further, the output unit 40 and
the information processor 30 may be an integral unit.
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3-2. Functional Configuration Example

[0124] The unmit configuration example of the system
according to the present embodiment has been described
above. Next, a functional configuration example of the
system according to the present embodiment will be
described. FIG. 15 1llustrates an example of the functional
configuration of the system according to the present embodi-
ment. Note that FIG. 15 illustrates only the functional
configuration that mainly represents the characteristics of
the present embodiment, and the system according to the
present embodiment may thus include a functional configu-
ration unillustrated in FIG. 15.

[0125] Referring to FIG. 15, the system according to the
present embodiment has functions as a global motion accel-
eration orientation calculator 510, an integral calculator 520,
a selector 530, an attachment position regression estimator
540, a reliability 1dentifier 550, a ground contact detector
560, a corrector 570, and an interpolator 580.

[0126] It 1s to be noted that each functional configuration
in FIG. 15 described below may be achieved by any of the
units illustrated in FI1G. 14. For example, the controller 16 of
the sensor unit 10 or the controller 24 of the hub unit 20 may
have a function as the global motion acceleration orientation
calculator 510, and the controller 34 of the information
processor 30 may have other functions as the integral
calculator 520 to the interpolator 580. However, which unit
has which function 1s not limited to such an example.
[0127] The global motion acceleration orientation calcu-
lator 510 has a tunction of performing processing on the
basis of the sensor data (angular velocities and accelera-
tions) acquired by the sensor units 10A to 10F 1illustrated in
FIG. 14. Note that the global motion acceleration orientation
calculator 510 may process pieces ol the sensor data
acquired respectively by the sensor umts 10A to 10F 1nde-
pendently of each other.

[0128] For example, the global motion acceleration orien-
tation calculator 510 performs a process of integrating the
angular velocities of the sensor units 10 1n the local coor-
dinate system included in the sensor data and thereby
calculating orientations of the sensor units 10 1n the global
coordinate system (corresponding to steps S111 and S121 1n
FIG. 12). The global motion acceleration orientation calcu-
lator 510 may calculate the orientations of the sensor units
10 by AHRS. Note that 1n a case where the sensor units 10
include geomagnetic sensors, the global motion acceleration
orientation calculator 510 may use sensor data acquired by
the geomagnetic sensors in calculating the orientations of
the sensor units 10 by AHRS.

[0129] Further, the global motion acceleration orientation
calculator 510 performs a process of converting the calcu-
lated orientations of the sensor umts 10 1n the global
coordinate system into orientation of the attachment sites to
which those sensor units 10 are attached in the global
coordinate system. The global motion acceleration orienta-
tion calculator 510 may convert the orientations of the
sensor units 10 into the orientations of the attachment sites
by using preliminary calibration results.

[0130] Further, on the basis of the orientations of the
attachment sites 1n the global coordinate system, the global
motion acceleration orientation calculator 510 performs a
process of converting the accelerations in the local coordi-
nate system included 1n the sensor data into accelerations in
the global coordinate system (corresponding to steps S112

and S122 1n FIG. 12).
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[0131] Further, the global motion acceleration orientation
calculator 310 performs a process ol removing gravity
components from the accelerations 1n the global coordinate
system obtained as described above. For example, the global
motion acceleration orientation calculator 310 may remove
the gravity components from the accelerations in the global
coordinate system on the basis of the orientations of the
attachment sites 1n the global coordinate system.

[0132] The global motion acceleration orientation calcu-
lator 510 outputs the orientation information for the attach-
ment sites 1n the global coordinate system obtained by the
above-described process and the accelerations in the global
coordinate system, from which the gravity components have
been removed, to the integral calculator 520, the selector
530, and the attachment position regression estimator 540.

[0133] The integral calculator 520 calculates position
information for the attachment sites 1n the global coordinate
system by performing a process (corresponding to steps
S113 and S114 1n FIG. 12) of mntegrating twice the accel-
crations 1n the global coordinate system, from which the
gravity components have been removed, mputted from the
global motion acceleration orientation calculator 510. The
integral calculator 520 outputs to the corrector 570 the
calculated position mformation for the attachment sites 1n
the global coordinate system and the orientation information
for the attachment sites in the global coordinate system
inputted from the global motion acceleration orientation
calculator 510.

[0134] Note that the foregoing first process based on the
inertial navigation system may be performed by the global
motion acceleration orientation calculator 510 and the inte-
gral calculator 520 described above. Further, the position
information and the orientation information outputted from
the 1ntegral calculator 520 correspond to the first output.

[0135] The selector 530 selects a dynamics model for the
attachment position regression estimator 540 to estimate the
positions of the attachment sites by regression. For example,
a plurality of dynamics models may be prepared depending
on patterns of the sites to which the sensor units 10 are
attached and may be stored 1n a memory section (not
illustrated). From among such a plurality of dynamics mod-
cls, the selector 530 selects a dynamics model to be used by
the attachment position regression estimator 540.

[0136] The dynamics models may be prepared 1n advance
for each combination of the attachment sites, for example.
The selector 530 may select an appropriate dynamics model
by 1dentitying the combination of the attachment sites on the
basis of information mputted from the global motion accel-
eration orientation calculator 510. Such a configuration
allows the selector 5330 to dynamically select an appropriate
dynamics model even in a case where, for example, one or
more of the sensor units 10 are detached and re-attached by
the user at some point during operation of the system or
power supply from batteries (not illustrated) 1s lost 1n one or
more of the sensor units 10. Note that FIG. 135 illustrates an
example 1n which the combination of the attachment sites 1s
identified on the basis of the information mnputted from the
global motion acceleration orientation calculator 510; how-
ever, the selector 530 may i1dentily the combination of the
attachment sites by using the sensor data itself as an input or
by using other information.

[0137] FIG. 16 1s an explanatory diagram illustrating
examples of combinations of the attachment sites and the
dynamics models. In each of skeleton information SD101 to
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SD105 1llustrated 1n FIG. 16, the attachment sites to which
the sensor units 10 are attached are marked with circles.
Also, different root sites may be set for diflerent dynamics
models.

[0138] For example, 1n the skeleton information SD101
corresponding to a whole-body model, the attachment site
SP101 corresponding to the waist 1s the root site, and the
sensor units 10 are attached to six attachment sites SP101 to
SP106. In the skeleton information SID102 corresponding to
an upper limb model, the attachment site SP106 correspond-
ing to the head is the root site, and the sensor units 10 are
attached to three attachment sites SP102, P105, and SP106.
Further, in the skeleton information D103 corresponding to
a head-to-arm model, the attachment site SP106 correspond-
ing to the head is the root site, and the sensor units 10 are
attached to two attachment sites SP102 and SP106. Further,
in the skeleton information D104 corresponding to a waist-
to-arm model, the attachment site SP101 corresponding to
the waist 1s the root site, and the sensor units 10 are attached
to two attachment sites SP101 and SP105. Further, in the
skeleton imnformation D105 corresponding to a lower limb
model, the attachment site SP101 corresponding to the waist
1s the root site, and the sensor units 10 are attached to three

attachment sites SP101, SP103, and SP104.

[0139] Note that not only the attachment position regres-
s10n estimator 540 to be described later but also the corrector
570 and the interpolator 580 to be described later perform
processes 1n accordance with the combination of the attach-
ment sites, and therefore combinations ol non-attachment
sites to be estimated can differ depending on the combina-
tion of the attachment sites (1.e., depending on the dynamics
model). Sites for which the system according to the present
embodiment 1s able to estimate position information and
orientation 1nformation may be the attachment sites, and
non-attachment sites that are located between a plurality of
attachment sites 1n a predetermined skeleton structure. In the
skeleton information SD101 to SD105 1n FIG. 16, indicated
by hatching are the sites (including attachment sites and
non-attachment sites) for which it 1s possible to estimate
position information and orientation information in the

present embodiment, 1n accordance with the combinations
of the attachment sites.

[0140] It should be noted that FIG. 16 1illustrates an
example, and combinations of the attachment sites in the
dynamics models usable 1n the present embodiment are not
limited to the example illustrated in FIG. 16.

[0141] Using the dynamics model selected by the selector
530, the attachment position regression estimator 5340 per-
forms a regression estimation process (corresponding to step
S123 i FIG. 12) of estimating position information for the
attachment sites by regression based on the orientation
information for the attachment sites 1n the global coordinate
system and the accelerations 1n the global coordinate system
from which the gravity components have been removed.
Note that the attachment position regression estimator 540
according to the present embodiment estimates the position
information for the attachment sites 1 a body coordinate
system with reference to the root site set for each dynamics
model. The attachment position regression estimator 540
outputs the estimated position information for the attach-

ment sites 1 the body coordinate system to the reliability
identifier 550 and the corrector 570.

[0142] Note that the foregoing second process based on
the dynamics model may be performed by the global motion
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acceleration orientation calculator 510 and the attachment
position regression estimator 540 described above. Further,
the position mformation outputted from the attachment
position regression estimator 540 corresponds to the second
output.

[0143] The reliability 1identifier 550 has a reliability 1den-
tification function of identifying reliability of the position
information for the attachment sites estimated by the attach-
ment position regression estimator 540, which will also be
referred to as position mformation included 1n the second
output. The reliability 1dentified by the reliability 1dentifier
550 may be used 1n corrections by the corrector 570 to be
described later. For example, in a case where the reliability
of the position information included 1n the second output 1s
high, the corrector 570 to be described later places greater
importance on (higher reliability 1n) the position information
included 1n the second output than on the position informa-
tion included 1n the first output and performs a correction: in
a case where the foregoing reliability 1s low, the corrector
570 places greater importance on the position mformation
included 1n the first output than on the position information
included in the second output and performs a correction.

[0144] For example, the reliability identifier 350 may set
higher reliability in a case where the position information
included 1n the second output exhibits a narrower likelihood
distribution. FIG. 17 illustrates an example of rehability
identification by the reliability identifier 350. In FIG. 17, a
position estimated by the attachment position regression
estimator 540 and its likelithood distribution R10 are 1llus-
trated. For example, higher reliability 1s 1dentified 1n a case
where a difference between an upper limit L1 and a lower
limit 1.2 of the likelihood distribution R10 1s smaller. In the
example illustrated 1n FIG. 17, high reliability 1s identified,
that 1s, greater importance 1s placed on the position 1nfor-
mation included in the second output, during an interval
between a time t,, and a time t,, and an interval between a
time t,, and a time t,,. Further, in the example illustrated in
FIG. 17, low reliability 1s 1dentified, that 1s, greater impor-
tance 1s placed on the position information included 1n the
first output, during an interval between the time t,, and the
time t,5.

[0145] The reliability identifier 550 outputs the 1dentified
reliability to the corrector 570.

[0146] The ground contact detector 360 performs a pro-
cess ol detecting contact of a foot of the body with the
ground on the basis of the sensor data (angular velocities and
accelerations) acquired by the sensor units 10A to 10F. Such
a configuration makes 1t possible for the corrector 570
described later to convert the position information in the
body coordinate system estimated by the attachment posi-
tion regression estimator 540 into that 1n the global coordi-
nate system.

[0147] The ground contact detector 560 may detect con-
tact with the ground in, for example, a so-called zero
velocity update (ZUPT: Zero Velocity Update). It 1s to be
noted that ZUPT 1s a technique of correcting position by
detecting a zero-velocity state as a contact state. In a case
where ZUPT 1s used, the function of correcting the position
information by the corrector 370 to be described later 1s also
implementable by ZUPT. Further, methods by which the
ground contact detector 360 detects contact with the ground
are not limited to such an example, and another technique
may be used to detect contact of a foot of the body with the
ground.
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[0148] The corrector 570 references the first output input-
ted from the integral calculator 520 and the second output
inputted from the attachment position regression estimator
540, and corrects the position information for the attachment
sites 1ncluded 1n the first output. Note that 1n the following,
the function of the corrector 570 may be referred to as a
correction function. By virtue of such a correction function,
error 1s less likely to become larger with time as described
with reference to FIGS. 12 and 13, and 1t i1s therefore
possible to estimate position mnformation for the attachment
sites with higher accuracy.

[0149] As described above, the corrector 570 may correct
the position information for the attachment sites on the basis
of the reliability identified by the reliability identifier 550.
Such a configuration makes 1t possible to estimate the
position information for the attachment sites with higher
accuracy.

[0150] Further, on the basis of the results of ground
contact detection by the ground contact detector 560, the
corrector 570 converts the position information for the
attachment sites 1n the body coordinate system (the second
output) estimated by the attachment position regression
estimator 540 into position mformation for the attachment
sites 1n the global coordinate system. With such a configu-
ration, 1t 1s possible to perform correction with the coordi-
nate systems unified into the global coordinate system.

[0151] Note that the correction function of the corrector
570 may be implemented by a Kalman filter. Furthermore, 1t
1s possible for the integration function of the integral cal-
culator 520 described above and the correction function of
the corrector 570 to be implemented in combination by a
Kalman filter. For example, 1t 1s possible to assume a
Kalman filter having the velocity and position of each
attachment site as an internal state. Such a Kalman filter
integrates the accelerations of the attachment sites in the
global coordinate system outputted from the global motion
acceleration orientation calculator 510, and thereby predicts
the velocities and positions of the attachment sites. Then,
such a Kalman filter 1s able to correct the position informa-
tion by updating the internal state using the positions
obtained by converting the position information included 1n
the second output into that 1n the global coordinate system
as an observation.

[0152] On the basis of the position mformation for the
attachment sites corrected by the correcting function of the
corrector 570, the interpolator 580 estimates position infor-
mation for non-attachment sites and generates skeleton
information. The interpolator 380 may estimate the position
information for a non-attachment site located between a
plurality of attachment sites 1n a predetermined skeleton
structure, as has been described with reference to FIG. 16.
Note that 1n the following, the function of interpolator 580
may be referred to as an interpolation function. Such an
interpolation function 1s implementable by, for example, the
inverse kinematics calculation described with reference to

FIGS. 4 and S.

[0153] As has been described with reference to FIGS. 4
and 5, in the inverse kinematics calculation, there are
typically a plurality of solutions, and there may be a large
number of solutions depending on the number of joint sites,
for example. Therefore, 1n order to obtain more accurate
skeleton information, a mechanism 1s desired that makes it
possible to identify a more appropriate solution from among,
a large number of solutions present. Thus, the iterpolator
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580 according to the present embodiment estimates the
position information for the non-attachment sites by regres-
sion with fitting to an iverse kinematics model prepared 1n
advance.

[0154] Here, 1t 1s possible to generate the mverse Kine-
matics model by, for example, learning kinematic constraint
information (e.g., mformation including a plurality of
samples of positions and orientations of various sites 1n
postures or a series of motions acquired previously) in
advance. It should be noted that various regression analysis
methods are usable for the interpolation function of the
interpolator 580 and, for example, methods such as DNN
and Random Forest may be used alone or in combination.

[0155] Note that although 1t 1s described above that the

interpolator 380 estimates position information for each site,
the present embodiment 1s not limited to such an example.
If either one of the position information and the orientation
information for each site 1s obtained, the other 1s identifiable
in accordance with the skeleton structure. Therefore, the
interpolator 580 only has to estimate at least one of the
position information or the orientation information for the
non-attachment sites.

4. OPERATION EXAMPLE

[0156] The unit configuration example and the functional
configuration example of the present embodiment have been
described above. Next, an operation example of the present
embodiment will be described. FIG. 18 i1s a flowchart
illustrating an operation example of the system according to
the present embodiment. Note that FIG. 18 illustrates only
processes that mainly represent the characteristics of the
present embodiment, and the system according to the pres-
ent embodiment may thus execute a process unillustrated 1n

FIG. 18.

[0157] As 1llustrated 1in FIG. 18, first, the global motion
acceleration orientation calculator 510 calculates the orien-

tations of the sensor units 10 in the global coordinate system
(5S502) by AHRS on the basis on the angular velocities

acquired by the gyro sensors 12. Note that step S502
corresponds to steps S11 and S121 i FIG. 12.

[0158] Subsequently, the global motion acceleration ori-
entation calculator 510 converts the orientations of the
sensor units 10 1n the global coordinate system obtained 1n
step S502 1nto orientations of the attachment sites to which
those sensor units 10 are attached in the global coordinate
system (5504).

[0159] Subsequently, the global motion acceleration ori-
entation calculator 510 converts the accelerations in the
local coordinate system acquired by the acceleration sensors
14 mto acceleration 1n the global coordinate system (S506)
on the basis of the orientations of the attachment sites 1n the

global coordinate system obtained 1n step S504. Note that
step S506 corresponds to steps S112 and S122 1n FIG. 12.

[0160] Subsequently, the global motion acceleration ori-
entation calculator 510 removes gravity components from
the accelerations 1n the global coordinate system (S508)
obtained 1n step S506 on the basis of the orientations of the

attachment sites 1n the global coordinate system obtained 1n
step 5304.

[0161] Subsequently, the integral calculator 520 calculates
the position information for the attachment sites in the
global coordinate system by integrating twice the accelera-
tions 1n the global coordinate system (S510), from which the
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gravity components are removed, obtained in step S508.
Note that step S510 corresponds to steps S113 and S114 in
FIG. 12.

[0162] Subsequently, whether or not to perform correction
of step S510 1s determined (S512). As described above, the
position estimation process based on the dynamics model 1s
higher 1n process load than the position estimation process
based on the inertial navigation system. Accordingly, the
execution frequency of the position estimation process based
on the dynamics model (5514) 1s less than that of the
position estimation process based on the inertial navigation
system (S502 to S510). Thus, 1n step S3512, 1t may be
determined that correction 1s to be performed once every
time the process illustrated i FIG. 18 i1s performed a
predetermined number of times. However, the present
embodiment 1s not limited to such an example. For example,
in a case where 1t 1s determinable that the attachment sites
are not stationary on the basis of the sensor data, 1t may be
determined that correction 1s to be performed, whereas 1n a
case where 1t 1s determinable that the attachment sites are
stationary, 1t may be determined that correction 1s not to be
performed.

[0163] In the case where i1t 1s determined that correction 1s
to be performed (YES 1 S512), the attachment position
regression estimator 540 estimates position mformation for
the attachment sites in the body coordinate system by

regression estimation using a dynamics model (5514). Note
that step S514 corresponds to step S123 of FIG. 12.

[0164] Subsequently, the corrector 570 converts the posi-
tion information for the attachment sites 1n the body coor-
dinate system estimated in step S514 1nto position 1nforma-
tion for the attachment sites in the global coordinate system
(S516) on the basis of the result of ground contact detection
by the ground contact detector 560.

[0165] Then, on the basis of the position information for
the attachment sites 1n the global coordinate system obtained
in step S516, the corrector 570 corrects the position infor-

mation for the attachment sites in the global coordinate
system (S518) obtained 1n step S510.

[0166] Subsequently, the interpolator 580 estimates (1nter-
polates) position information for the non-attachment sites
(S520) by regression with fitting to an mverse kinematics
model on the basis of the position nformation for the
attachment sites 1n the global coordinate system. Note that
the position information for the attachment sites used for the
regression estimation of the position immformation for the
non-attachment sites 1n step S520 may differ depending on
the determination result i step S512. In the case where 1t 1s
determined 1n step S512 that correction 1s to be performed,
the position information for the attachment sites corrected in
step S518 1s used for the regression estimation 1n step S520.
Meanwhile, in the case where 1t 1s determined 1n step S512
that correction 1s not to be performed, the position informa-
tion for the attachment sites in the global coordinate system
obtained in step S510 1s used for the regression estimation

in step S520.

[0167] The operation of the system according to the pres-
ent embodiment has been described above. It 1s to be noted
that the processing illustrated 1n FIG. 18 may be repeatedly
executed each time sensor data i1s acquired by the gyro
sensor 12 and the acceleration sensor 14, or at a predeter-
mined frequency.
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>. MODIFICATION EXAMPLES

[0168] One embodiment of the present disclosure has been
described above. In the {following, some modification
examples of the present embodiment will be described. Note
that the modification examples described below may be
applied to the present embodiment singly or in combination.
Further, each of the modification example may be applied 1n
place of or 1n addition to the configuration described in the
present embodiment.

5-1. First Modification Example

[0169] For the foregoing embodiment, an example has
been described 1n which the attachment position regression
estimator 340 performs the regression estimation process on
the basis of the orientation information for the attachment
sites 1n the global coordinate system calculated by the global
motion acceleration orientation calculator 510 and the accel-
crations 1n the global coordinate system from which the
gravity components have been removed. However, the pres-
ent technology 1s not limited to such an example. For
example, angular velocities and accelerations acquired by
the gyro sensors 12 and the acceleration sensors 14 may be
used as mputs to such a regression estimation process. Such
an example will be described as a first modification example.

[0170] FIG. 19 illustrates a functional configuration
example ol a system according to the first modification
example. Of the configuration 1illustrated in FIG. 19, com-
ponents substantially the same as those illustrated in FIG. 15
are denoted by the same reference signs, and description
thereof will thus be omitted here. A description will be given
below of points different from the system 1llustrated 1n FIG.
15. Referring to FIG. 19, the system according to the present
modification example differs from the system 1llustrated in
FIG. 15 1n that 1t includes an attachment position regression
estimator 541 1n place of the attachment position regression
estimator 540.

[0171] The attachment position regression estimator 541
according to the present modification example performs the
regression estimation process using angular velocities and
accelerations acquired by the gyro sensors 12 and the
acceleration sensors 14 as inputs, in addition to or 1n place
of the information calculated by the global motion accel-
eration orientation calculator 510. A dynamics model to be
used for such regression estimation may be prepared in
advance by learming kinematic constraint information
including the same kind of information (angular velocity and
acceleration) as the information used for the regression
estimation.

[0172] The first modification example has been described
above. According to the present modification example, using
more information makes it possible to estimate the position
information for the attachment sites with higher accuracy.
Note that the above description deals with an example in
which the angular velocity and acceleration are used as
inputs to the regression estimation process by the attachment
position regression estimator 341; however, other informa-
tion may further be used as mnputs. For example, 1n a case
where the sensor units 10 include geomagnetic sensors or
barometric sensors 1n addition to the gyro sensors 12 and the
acceleration sensors 14, information about geomagnetism or
barometric pressure may be used as inputs to such a regres-
s10n estimation process.
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5-2. Second Modification Example

[0173] Next, an example 1n which a corrector i1dentifies
reliability will be described as a second modification
example. FIG. 20 illustrates a functional configuration
example of a system according to the present modification
example. Of the configuration illustrated in FIG. 20, com-
ponents substantially the same as those illustrated in FIG. 15
are denoted by the same reference signs, and description
thereol will thus be omitted here. A description will be given
below of points different from the system illustrated 1n FIG.
15. Referring to FI1G. 20, the system according to the present
modification example differs from the system 1llustrated in
FIG. 15 1n that 1t includes a corrector 572 in place of the
reliability identifier 550 and the corrector 570.

[0174] The corrector 572 has, 1n addition to the function of
the corrector 570 described with reference to FIG. 15, a
function of identifying reliability of either the position
information for the attachment sites mputted from the nte-
gral calculator 520 or that inputted from the attachment
position regression estimator 540, or both. For example,
such a function may be implemented by a Kalman filter, may
be mmplemented to be performed on the basis of a rule
determined 1n advance, or may be implemented by regres-
sion estimation using a model prepared in advance by
learning.

5-3. Third Modification Example

[0175] Next, an example 1n which a correction process 1s
performed after the position estimation (interpolation) pro-
cess for the non-attachment sites will be described as a third
modification example. FIG. 21 illustrates a functional con-
figuration example of a system according to the present
modification example. Of the configuration illustrated in
FIG. 21, components substantially the same as those 1llus-
trated mn FIG. 15 are denoted by the same reference signs,
and description thereof will thus be omitted here. A descrip-
tion will be given below of points different from the system
illustrated 1 FIG. 15. Referring to FIG. 21, the system
according to the present modification example diflers from
the system 1llustrated in FIG. 15 1n that 1t includes a
corrector 573 and an interpolator 583 1n place of the reli-
ability identifier 550, the corrector 570, and the interpolator
580.

[0176] The interpolator 383 according to the present modi-
fication example estimates either position mmformation or
orientation information, or both, for the non-attachment sites
by regression on the basis of the orientation information for
the attachment sites in the global coordinate system calcu-
lated by the global motion acceleration orientation calculator
510 and the position information for the attachment sites
estimated by the attachment position regression estimator
540. Note that the regression estimation by the interpolator
583 may be similar to the regression estimation for the
non-attachment sites by the interpolator 380 except that
information to be mputted 1s different. The position infor-
mation or the orientation information for the non-attachment
sites estimated by the interpolator 383 is outputted to the
corrector 373.

[0177] It 1s to be noted that the second process according
to the present modification example includes an interpola-
tion process of estimating, by the foregoing interpolator 583,
either position mformation or orientation information, or
both, for the non-attachment sites. Then, the second output
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(the output of the second process) according to the present
modification example includes either the position informa-
tion or the orientation information, or both, for the non-
attachment sites estimated by the interpolator 383. Further,
the second output according to the present modification
example may include the position information or the orien-
tation information for the attachment sites obtained by the
global motion acceleration orientation calculator 510 or the
attachment position regression estimator 540. That 1s, the
second output according to the present modification example
includes either the position information or the orientation
information, or both, for all the sites targeted for estimation.
[0178] On the basis of the first output (the orientation
information and the position information for the attachment
sites) inputted from integral calculator 520, the corrector 573
according to the present modification example corrects
cither the position information or the orientation informa-
tion, or both, for the non-attachment sites included in the
second output that 1s mputted from the interpolator 583. In
the present modification example, the velocities and posi-
tions of the attachment sites and the positions or orientations
of the non-attachment sites have a nonlinear relationship,
and therefore the correction function of the corrector 573
according to the present modification example may be
implemented by, for example, an extended Kalman filter. In
the following, an example will be described in which a
correction function of correcting the orientation information
for the non-attachment sites 1s implemented by the extended
Kalman filter.

[0179] Such an extended Kalman filter has, as an internal
state, velocities and positions of all the attachment sites and
orientations of all the sites (including the attachment sites
and the non-attachment sites) targeted for estimation. Such
an extended Kalman filter predicts the velocities and posi-
tions of the attachment sites by integrating the accelerations
of the attachment sites in the global coordinate system
outputted from the global motion acceleration orientation
calculator 510. Then, the extended Kalman filter updates the
internal state by using the orientation information for all the
sites targeted for estimation included 1n the second output as
an observation, thereby being able to correct the orientation
information. It 1s to be noted that a covariance matrix of an
error that the extended Kalman filter internally has may be
predicted by using a Jacobian that describes the relationship
between the velocities of the attachment sites and the
orientations of the non-attachment sites used in the 1inverse
kinematics calculation.

[0180] Note that FIG. 21 1illustrates the attachment posi-
tion regression estimator 540 and the interpolator 383 as
separate functional configurations; however, the functions of
the attachment position regression estimator 340 and the
interpolator 583 may be unified. In such a case, position
information and orientation information for all the sites
targeted for estimation may be directly estimated by regres-
sion based on the information inputted from the global
motion acceleration orientation calculator 510. In such a
case, there 1s an effect that the number of models to be
prepared 1n advance for the regression estimation 1s reduced.

5-4. Fourth Modification Example

[0181] In the foregoing embodiment, an example 1n which
the attachment position regression estimator 340 performs
regression estimation using a non-tracking-type dynamics
model has been described; however, a tracking-type dynam-
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ics model may be used. In the following, an overview of the
non-tracking-type dynamics model and the tracking-type
dynamics model will be described with reference to FIGS.
22 and 23.

[0182] FIG. 22 1s an explanatory diagram that describes an
overview of the non-tracking-type dynamics model. As
illustrated 1n FIG. 22, in the regression estimation using the
non-tracking-type dynamics model, information about
acceleration and orientation 1s mputted to allow position
information to be outputted.

[0183] FIG. 23 1s an explanatory diagram that describes an
overview ol the tracking-type dynamics model. As 1llus-
trated 1n FI1G. 23, also 1n the regression estimation using the
tracking-type dynamics model, information about accelera-
tion and orientation 1s mnputted to allow position information
to be outputted. However, 1n the regression estimation using,
the tracking-type dynamics model, position information
delayed by one sample by a delayer D (i.e., the output of a
previous regression estimation process) 1s mputted to a next
regression estimation process 1n addition to the imnformation
about acceleration and onentation. The tracking-type
dynamics model has an advantage that the tracking ability 1s
improvable.

[0184] An example in which position information for the
attachment sites 1s estimated by regression using such a
tracking-type dynamics model will be described as a fourth
embodiment. FIG. 24 illustrates a functional configuration
example of a system according to the present modification
example. Of the configuration illustrated in FIG. 24, com-
ponents substantially the same as those illustrated in FIG. 15
are denoted by the same reference signs, and description
thereol will thus be omitted here. A description will be given
below of points different from the system 1llustrated 1n FIG.
15. Referring to FIG. 24, the system according to the present
modification example differs from the system 1llustrated in
FIG. 24 1n that 1t includes an attachment position regression
estimator 544 and a corrector 574 1n place of the attachment
position regression estimator 540 and the corrector 570.
[0185] The attachment position regression estimator 544
performs the regression estimation process by using, as an
input, position information for the attachment sites that is
corrected by the corrector 574 by using position information
for the attachment sites estimated 1n a previous regression
estimation process, 1n addition to the information calculated
by the global motion acceleration orientation calculator 510.
The dynamics model used for such regression estimation 1s
the tracking-type dynamics model described above, and may
be prepared 1in advance by learning kinematic constraint
information including position information delayed by one
sample, for example.

[0186] The fourth modification example described above
provides improved capability of tracking various motions,
thus making 1t possible to estimate position information for
the attachment sites with higher accuracy.

5-5. Fifth Modification Example

[0187] In the foregoing embodiment, a unit configuration
example has been described with reference to FIG. 14;
however, the present technology 1s not limited to such an
example. In the following, a unit configuration example of
a system that does not include the hub unit 20 will be
described as a fifth modification example. FI1G. 25 illustrates
a unit configuration example of a system according to the
present modification example.
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[0188] As illustrated 1in FIG. 25, the system according to
the present modification example includes the sensor units
10A to 10F, the information processor 30, and the output unit
40. As 1illustrated 1n FIG. 25, in the present modification
example, the sensor units 10 are directly connected to the
information processor 30 without the hub unit 20 therebe-
tween. It 1s to be noted that the sensor umts 10 and the
information processor 30 may be connected to each other 1n
a wired manner or wirelessly. Except for such a connection
relationship, each of the units illustrated in FIG. 25 may
have a similar configuration to that of a corresponding unit
denoted by the same reference sign in FIG. 14.

5-6. Sixth Modification Example

[0189] In the foregoing embodiment, an example 1n which
regression estimation 1s performed using a dynamics model
and an 1nverse kinematics model has been described. The
estimation result of this regression estimation can vary
greatly depending on the kinematic constraint information
used for learning to generate the dynamics model and the
inverse kinematics model. For example, in a case where
kinematic constraint information obtained by sensing a
characteristic posture or motion 1s used for learning, the
estimation result tends to have a characteristic closer to the
motion used for learning than to the actual motion of the

body.

[0190] Examples of the characteristic posture or motion
include, but are not limited to, postures unique to characters
such as zombies, dynamic motions typical of fighting
scenes, postures Irequently appearing in games such as
shooting games, choreographed motions characteristic of
cach genre ol dance, motions based on individual rules of
cach sport, etc.

[0191] By appropnately preparing the kinematic con-
straint information as described above to suit the application
and using it for learning to generate a dynamics model and
an 1nverse kinematics model, 1t 1s possible to estimate
skeleton information appropriate to the application. As a
result, for example, 1n a case of producing an animation on
the basis of skeleton information, 1t 1s possible to produce a
characteristic animation without mvolving postprocessing
on the skeleton information estimated through the series of
processes described above.

6. OVERVIEW OF SECOND EMBODIMENT

[0192] In the foregoing embodiment of the present disclo-
sure, as described previously, the process of detecting con-
tact of a foot of the body with the ground 1s performed by
the ground contact detector 560 1n order to convert the
position information in the body coordinate system esti-
mated by the attachment position regression estimator 540
or the like into that in the global coordinate system. For
example, the ground contact detector 560 1s able to utilize a
technique of correcting position by using ZUPT, in other
words, by detecting a state 1n which the velocity 1s zero (a
predetermined velocity) as a contact state.

6-1. First ZUPT Technique

[0193] First, a description will be given of a first ZUPT
technique with reference to FIGS. 26 and 27. FIGS. 26 and
27 are explanatory diagrams that describe the first ZUPT
technique according to the present embodiment.
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[0194] The first ZUPT technique utilizes sensor data
acquired by the sensor units 10, which include inertial
sensors such as acceleration sensors and gyro sensors,
attached to forefeet (specifically, toes or insteps) as 1llus-
trated 1 FIG. 26.

[0195] Specifically, in the first ZUPT technique, as 1llus-
trated in FIG. 27, the sensor data i1s acquired from the
foregoing sensor units 10, and the accelerations of the sensor
units 10 1n the local coordinate system and the angular
velocities of the sensor umits 10 1n the local coordinate
system included 1n the sensor data are acquired. Then, 1n the
first ZUPT technique, the above-described process based on
the 1nertial navigation system 1s performed on the acquired
accelerations and angular velocities to thereby acquire accel-
erations, velocities, and positions in the global coordinate
system (5600).

[0196] Next, in this technique, the foregoing sensor data 1s
used to detect a state 1n which the velocity of a forefoot 1s
zero (S601). In this detection, 1n the technique, the disper-
sion of the acceleration included in the foregoing sensor
data. the norm of the angular velocity, or the like may be
compared with a threshold value, or the state 1n which the
velocity 1s zero may be detected from the acceleration or
angular velocity by machine learning, and thus there 1s no
specific limitation.

[0197] Then, 1n this technique, 1f 1t 1s detected that the
velocity of a forefoot 1s zero, the position of the forefoot in
the global coordinate system acquired in step S600 by the
process based on the inertial navigation system 1s corrected
(S602) on the assumption that the velocity of the forefoot 1n
the global coordinate system acquired mm S600 by the
process based on the inertial navigation system 1s zero. A
Kalman filter or the like 1s usable for the above correction.
For example, with such a Kalman filter, 1t 1s possible to
predict the position of the forefoot 1n the global coordinate
system by integrating the acceleration of the forefoot in the
global coordinate system. Furthermore, the Kalman filter
makes 1t possible to correct the position of the forefoot in the
global coordinate system by updating the internal state using
an observation value where the velocity of the forefoot 1s
assumed as zero.

6-2. Second ZUPT Technique

[0198] Next, a second ZUPT technique will be described
with reference to FIGS. 28 and 29. FIGS. 28 and 29 are
explanatory diagrams that describe the second ZUPT tech-
nique according to the present embodiment.

[0199] Incidentally, in motion capture, the foregoing sen-
sor unit 10 1s not always attached to a forefoot as illustrated
in FIG. 26 but may be attached to, for example, an ankle,
calt, or the like as 1llustrated 1n FIG. 28. As a characteristic
of a human motion, when a forefoot contacts the ground, the
velocity of the forefoot surely becomes zero within a certain
period of time, whereas the velocity of an ankle or the like
1s less likely to become zero. In a case where, e.g., a running
motion 1s made in motion capture, the above-described
tendency may become noticeable, 1n particular. Accordingly,
in a case where ZUPT 1s performed using sensor data of the
sensor unit 10 attached to an ankle or the like, 1t 1s some-
times diflicult to correct the position 1n the global coordinate
system with high accuracy because the velocity 1s less likely
to become zero within a certain period of time.

[0200] Furthermore, according to the study by the present
inventors, 1 a case where a motion of the body obtained by
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motion capture 1n a configuration in which the sensor unit 10
1s attached to an ankle and no sensor unit 10 1s attached to
a forefoot 1s reproduced 1n a skeleton structure representing
the structure of the body, accurate reproduction 1s achievable
for the region from the waist to the ankle of a human.
However, because a forefoot or a like site places less
constraints on a human body than a knee or a like site, the
motion thereot 1s diflicult to reproduce with high accuracy.
In particular, 1n a case where a body motion obtained by
motion capture 1s applied to an amimation or the like in
which an avatar makes a motion, the avatar’s forefeet may
sometimes be unsteady 1n the animation, resulting in lack of
weilghtiness of the avatar.

[0201] In view of the above-described situations, the pres-
ent 1nventors have conceived their own 1dea of using sensor
data of the sensor unit 10 attached to an ankle or the like to
estimate a state 1n which the velocity of a forefoot 1s zero,
and have consequently created the second ZUPT technique
according to the present embodiment described below. The
second ZUPT technique estimates the velocity of the fore-
foot indirectly. Therefore, even when a running motion 1s
motion-captured, it 1s possible to detect with stability a state
in which the velocity of a forefoot 1s zero, which allows for
more robust correction of the position of the forefoot.
Furthermore, according to the second ZUPT technique, 1t 1s
possible to control the forefeet of an avatar described above
by using the estimated forefoot velocity or forefoot position.
Thus, 1n a case where the motion of the avatar’s forefoot
contacting the ground 1s reproduced 1n an animation, 1t 1s
possible to reproduce a stable forefoot behavior.

[0202] Specifically, 1n the second ZUPT technique, as
illustrated 1n FIG. 29, sensor data 1s acquired from the sensor
umt 10 attached to an ankle, calf, or the like to acquire the
acceleration of the sensor unit 10 in the local coordinate
system and the angular velocity of the sensor unit 10 1n the
local coordinate system included in the sensor data. Then, 1n
the second ZUPT technique, the foregoing process based on
the 1nertial navigation system 1s performed on the acquired
acceleration and angular velocity to thereby acquire the
acceleration and orientation of the sensor unit 10 1n the
global coordinate system (S610).

[0203] Next, in this technique, the velocity of the forefoot
1s estimated (S611) by using the sensor data (the acceleration
and angular velocity of the sensor unit 10 in the local
coordinate system) and the acceleration and ornientation of
the sensor unit 10 1n the global coordinate system based on
the ertial navigation system. Then, 1n this technique, the
position of the forefoot as viewed from the ankle 1s esti-
mated (S612) by using the sensor data (the acceleration and
angular velocity of the sensor unit 10 1n the local coordinate
system) and the acceleration and orientation of the sensor
umt 10 1n the global coordinate system based on the inertial
navigation system. Furthermore, in this technique, a fusion
process of fusing the acceleration and orientation of the
sensor unit 10 1n the global coordinate system, the estima-
tion result for the velocity of the forefoot, and the estimation
result for the position of the forefoot acquired through the
foregoing steps 1s performed (S613). As a result, in this
technique, it 1s possible to acquire corrected positions of the
ankle and forefoot in the global coordinate system. The
details of processing 1n each step will be described later.
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6-3. Functional Configuration Example

[0204] The overviews of the first and second ZUPT tech-
niques according to the present embodiment have been
described above. Next, as one example, a system functional
configuration according to the second ZUPT technique of
the present embodiment will be described with reference to
FIG. 30. FIG. 30 illustrates an example of the functional
configuration of the system according to the present embodi-
ment. Note that FIG. 30 illustrates only the functional
configuration that mainly represents the characteristics of
the present embodiment, and the system according to the
present embodiment may include the functional configura-

tion illustrated in FIG. 15.

[0205] Referring to FIG. 30, the system according to the
present embodiment has functions as the global motion
acceleration orientation calculator 510, the mtegral calcula-
tor 520, the selector 330, the attachment position regression
estimator 540, the reliability identifier 550, the ground
contact detector 560, the corrector 570, the interpolator 580,
and an estimator 561. It 1s to be noted that the global motion
acceleration orientation calculator 510, the integral calcula-
tor 520, the selector 530, the attachment position regression
estimator 540, the rehability identifier 550, the ground
contact detector 560, the corrector 570, and the interpolator
580 1illustrated 1n FIG. 30 are the same as those in the
functional configuration of the system according to the first
embodiment described with reference to FIG. 15. Thus, the
description thereof will be omitted here and only the esti-
mator 561 different from the first embodiment will be
described. Further, each functional configuration of FIG. 30
described below may be implemented by any of the units
illustrated 1n FIG. 14, and 1s not particularly limited.

[0206] The estimator 561 estimates the velocity of the
torefoot and the position of the forefoot as viewed from the
ankle by using the sensor data (the acceleration and angular
velocity of the sensor unit 10 1n the local coordinate system)
and the acceleration and orientation of the sensor unit 10 1n
the global coordinate system from the integral calculator
520, and outputs the estimation results to the corrector 570.

6-4. Operation Example

[0207] The functional configuration example according to
the present embodiment has been described above. Next, an
operation example of the second ZUPT technique of the
present embodiment will be described with reference to FIG.
31. FIG. 31 i1s a flowchart 1llustrating an operation example
of the system according to the present embodiment. Note
that FIG. 31 1illustrates only the processes that mainly
represent the characteristics of the present embodiment, and
the system according to the present embodiment may
execute a process unillustrated in FIG. 31.

[0208] As illustrated 1n FIG. 31, the global motion accel-
cration orientation calculator 510 and the estimator 561
acquire sensor data (the acceleration and angular velocity of
the sensor unit 10 1n the local coordinate system) from the
sensor unit 10 attached to the ankle, calf, or the like (5700).
Then, the global motion acceleration orientation calculator
510 and the integral calculator 520 calculate the acceleration
and orientation of the sensor unit 10 in the global coordinate
system (S702) by performing the foregoing process based on
the inertial navigation system on the acceleration and angu-
lar velocity acquired 1n step S700.
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[0209] Subsequently, the estimator 3561 estimates the
velocity of the forefoot (S704) by using the sensor data (the
acceleration and angular velocity of the sensor unit 10 1n the
local coordinate system) acquired in step S700 and the
acceleration and orientation of the sensor unit 10 1n the
global coordinate system based on the inertial navigation
system calculated 1n step S702. In addition, the estimator
561 estimates the position of the foretoot (S706) as viewed
from the ankle by using the sensor data (the acceleration and
angular velocity of the sensor unit 10 1n the local coordinate
system) acquired in step S700 and the acceleration and
orientation of the sensor unit 10 i the global coordinate
system based on the mertial navigation system calculated 1n
step S702.

[0210] Next, the corrector 570 executes a correction by the
ZUPT process on the velocity of the forefoot estimated 1n
step S704, and executes a fusion process of fusing the
position of the forefoot estimated in step S706 (S708).
[0211] Further, the details of each of steps S704, S706, and
S708 1llustrated 1n FIG. 31 will be described with reference
to FIGS. 32 and 33. FIG. 32 is an explanatory diagram that
describes estimation of forefoot velocity according to the
present embodiment, and FIG. 33 1s an explanatory diagram
that describes estimation of forefoot position according to
the present embodiment.

(Estimation of Velocity of Forefoot)

[0212] The estimator 516 estimates the velocity of the
foretoot 1n step S704 described above. Specifically, first, the
acceleration and the angular velocity of the sensor unit 10 1n
the local coordinate system included in the sensor data
acquired by the sensor unit 10 attached to the ankle are
inputted to the estimator 516, as illustrated in FIG. 32.
Further, the acceleration and the orientation of the sensor
umt 10 i1n the global coordinate system obtained by per-
forming the above-described process based on the inertial
navigation system on the acceleration and the angular veloc-
ity of the sensor unit 10 1n the local coordinate system
included 1n the sensor data are inputted to the estimator 516.
It 1s to be noted that in estimating the velocity of the
forefoot, any one or two of the foregoing sensor data (the
acceleration and the angular velocity 1n the local coordinate
system), the foregoing acceleration 1n the global coordinate
system, or the foregoing orientation in the global coordinate
system may be mnputted to the estimator 516. Further, in
estimating the velocity of the forefoot, sensor data of the
sensor units 10 attached to other sites, or accelerations and
orientations thereof 1n the global coordinate system obtained
by subjecting that sensor data to the process based on the
inertial navigation system may be inputted to the estimator
516, and thus there 1s no specific limitation.

[0213] Based on the mnputs described above, the estimator
516 then estimates the velocity of the forefoot 1n accordance
with pre-described rules. In the present embodiment, the
estimator 516 may estimate the velocity of the forefoot by
using machine-learned classifications and regressions. In
this case, the estimator 516 1s able to output a binary label
in which the velocity of the forefoot i1s either zero or
non-zero as an estimation result. Further, the present
embodiment 1s not limited to outputting such a binary label
as an estimation result. In the present embodiment, for
example, a ternary or higher-valued label in which the
velocity of the forefoot is “0 m/s* or more and less than 0.01

m/s=”, “0.01 m/s* or more and less than 0.10 m/s*”, “0.10
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m/s> or more”, or the like may be outputted. Further, in the
present embodiment, instead of such a label, the velocity
itsell of the forefoot may be estimated and outputted.

(Estimation of Position of Forefoot)

[0214] The estimator 516 estimates the position of the
forefoot as viewed from the ankle in step S706 described
above. Specifically, as 1llustrated in FIG. 33, the acceleration
and the angular velocity in the local coordinate system
included 1n the sensor data acquired by the sensor unit 10
attached to the ankle are mputted to the estimator 516.
Further, the acceleration and the orientation of the sensor
unit 10 1n the global coordinate system obtained by per-
forming the above-described process based on the inertial
navigation system on the acceleration and the angular veloc-
ity of the sensor unit 10 1n the local coordinate system
included in the sensor data are inputted to the estimator 516.
It 1s to be noted that in estimating the position of the
forefoot, one or two of the foregoing sensor data (the
acceleration and the angular velocity 1n the local coordinate
system), the foregoing acceleration 1n the global coordinate
system, or the foregoing orientation in the global coordinate
system may be inputted to the estimator 516. Further, in
estimating the position of the forefoot, sensor data of the
sensor units 10 attached to other sites, or accelerations and
orientations thereof 1n the global coordinate system obtained
by subjecting that sensor data to the process based on the
inertial navigation system may be inputted to the estimator
516, and thus there 1s no specific limitation. Furthermore,
body parameters such as height or lengths of leg parts (for
example, leg length above knees or leg length below knees)
may be iputted to the estimator 516 as illustrated 1n FIG.
33.

[0215] Then, on the basis of the foregoing inputs, the
estimator 516 estimates the position of the forefoot 1n
accordance with pre-described rules. In the present embodi-
ment, the estimator 316 may estimate the velocity of the
forefoot by using machine-learned classifications and
regressions.

(Fusion Process)

[0216] In step S708 described above, the corrector 570

performs a fusion process of fusing the acceleration and the
orientation in the global coordinate system, the estimated
velocity of the forefoot, and the estimated position of the
toretoot. The corrector 370 1s able to perform the fusion
process by using, for example, a Kalman filter or the like that
fuses a plurality of data, placing higher weight on data
having higher reliability. With such a Kalman filter, for
example, 1 a case of a binary label 1n which the velocity of
the forefoot estimated in step S704 1s either zero or non-
zero, 1t 1s possible to correct the observation value for the
label of the zero velocity. Further, with the Kalman filter, for
example, 1n a case ol a multivalued label having three or
more values for the estimated forefoot velocity, it 1s possible
to suitably perform the fusion process by imparting reliabil-
ity 1n a manner 1n which the reliability 1s sequentially made
lower for a label closer to the zero velocity to thereby reduce
the reliability of the vector of the zero velocity.

[0217] As described above, according to the second ZUPT

technique of the present embodiment, 1t 1s possible to
estimate the velocity of the forefoot indirectly. Therefore,
even when a runming motion 1s motion-captured, it 15 pos-
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sible to detect with stability a state 1n which the velocity of
the foretfoot 1s zero, which allows for more robust correction
of the position of the forefoot. Furthermore, according to the
second ZUPT technique, 1t 1s possible to control the fore-
going forefeet of an avatar by using the estimated forefoot
velocity or forefoot position. Thus, in a case where the
motion of the avatar’s forefoot contacting the ground 1s
reproduced 1n an animation, it 1s possible to reproduce a
stable forefoot behavior.

6-5. Modification Example 1

[0218] In the foregoing embodiment, sensor data of the
sensor unit 10 attached to one ankle 1s used; however, 1n the
present embodiment, this 1s non-limiting and sensor data of
the sensor units 10 attached to both ankles may be used. By
doing so, 1t 1s possible to perform ZUPT with higher
accuracy. Thus, a modification example that uses sensor data
of the sensor units 10 attached to both ankles will be
described with reference to FIGS. 34 to 36, as modification
example 1 of the present embodiment. FIG. 34 1s an explana-
tory diagram that describes a ZUPT technique according to
modification example 1. FIG. 35 i1s an explanatory diagram
that describes estimation of a relative position according to
modification example 1. Further, FIG. 36 1s a flowchart
illustrating an operation example of a system according to
modification example 1.

[0219] Specifically, 1n the present modification example 1,
sensor data 1s acquired from the sensor unit 10 attached to
the right ankle, the sensor unit 10 attached to the left ankle,
and the sensor unit 10 attached to another site, as 1llustrated
in FIG. 34. Further, 1n the present modification example 1,
acceleration and angular velocity of the right ankle 1n the
local coordinate system, acceleration and angular velocity of
the left ankle 1n the local coordinate system, and acceleration
and angular velocity of the other site 1n the local coordinate
system are acquired. Then, i the present modification
example 1, the foregoing process based on the inertial
navigation system 1s performed on the acquired acceleration
and angular velocity of the right ankle, and thereby accel-
eration and orientation of the right ankle in the global
coordinate system are acquired (S800).

[0220] Furthermore, similarly to the foregoing, in the
present modification example 1, the above-described pro-
cess based on the inertial navigation system 1s performed on
the acquired acceleration and angular velocity of the left
ankle, and thereby acceleration and orientation of the left
ankle 1n the global coordinate system are acquired (S802).
Furthermore, in the present modification example 1, the
foregoing process based on the 1nertial navigation system 1s
performed on the acquired acceleration and angular velocity
of the other site, and thereby acceleration and orientation of
the other site 1n the global coordinate system are acquired
(S804).

[0221] Next, in the present modification example, respec-
tive velocities of both forefeet are estimated (S806) by using
the accelerations and orientations of the right ankle, the left
ankle, and the other site in the global coordinate system
based on the 1nertial navigation system. Then, 1n the present
modification example, respective positions of both forefeet
are estimated (S808) by using the accelerations and orien-
tations of the right ankle, the leit ankle, and the other site in
the global coordinate system based on the inertial navigation
system. Further, in the present modification example, rela-

tive positions (R20 1llustrated 1n FI1G. 35) of both ankles are
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estimated (S810) by using the accelerations and orientations
of the right ankle, the left ankle, and the other site 1n the
global coordinate system based on the inertial navigation
system.

[0222] In the present modification example, relative posi-
tions of both ankles are newly estimated and this makes it
possible to acquire positions of the ankles and forefeet 1n the
global coordinate system stronger in restriction. In the
estimation, similarly to the estimation 1n the foregoing
embodiment, 1t 1s possible to use machine learming. Further,
in estimating the velocities of both ankles, the positions of
both ankles, and the relative positions of both ankles, not
only the accelerations and orientations of the right ankle, the
left ankle, and other site 1n the global coordinate system
based on the inertial navigation system but also the accel-
erations and angular velocities of the right ankle, the left
ankle, and the other site 1n the local coordinate system
included 1n the sensor data may be used, or body parameters
such as height or lengths of leg parts may be used, and thus
there 1s no particular limitation.

[0223] Further, 1n the present modification example, a
fusion process of fusing the estimation result of the veloci-
ties of both forefeet, the estimation result of the positions of
both forefeet, and the relative positions of both ankles 1s
performed (S812). Note that as with the foregoing, it 1s also
possible to perform processing in the fusion process in the
present modification example by using a Kalman filter or the
like that estimates the states of velocities and positions of
both ankles and both forefeet. As a result, in the present
modification example, 1t 1s possible to acquire corrected
positions of the ankles and forefeet 1n the global coordinate
system.

[0224] The operation of modification example 1 described
above 1s summarized as follows. As 1llustrated 1n FIG. 36,
the global motion acceleration orientation calculator 510 and
the estimator 561 acquire sensor data (accelerations and
angular velocities of both ankles and the other site 1n the
local coordinate system) from the sensor units 10 attached to
both ankles and so on (S820). Then, the global motion
acceleration orientation calculator 510 and the integral cal-
culator 520 perform the foregoing process based on the
inertial navigation system on the accelerations and angular
velocities acquired 1n step S820, and thereby calculate
accelerations and orientations of both ankles and the other
site 1n the global coordinate system (5822).

[0225] Subsequently, the estimator 561 estimates veloci-
ties of both forefeet (5824) by using the accelerations and
orientations of both ankles and the other site 1n the global
coordinate system based on the inertial navigation system
calculated in step S822. In addition, the estimator 561
estimates respective positions of both forefeet as viewed
from both ankles by using both ankles and the other site 1n
the global coordinate system based on the 1nertial navigation
system calculated in step S822.

[0226] Next, the estimator 561 estimates relative positions
(R20 1illustrated in FIG. 35) of both ankles (5828) by using
the accelerations and onentations of both ankles and the
other site 1n the global coordinate system based on the
inertial navigation system. Further, the corrector 570 per-
forms correction by the ZUPT process to the velocities of
both forefeet estimated 1n step S824, and performs the fusion
process (S830) of fusing the positions of both forefeet
estimated in step S826 and the relative positions of both
ankles estimated in step S828.
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[0227] In the present modification example described
above, the relative positions of both ankles are newly
estimated by using the sensor data, etc. of the sensor units 10
attached to both ankles, and therefore 1t 1s possible to acquire
positions of the ankles and forefeet 1n the global coordinate
system stronger in restriction. As a result, in the present
modification example, 1t 1s possible to perform ZUPT with
higher accuracy.

6-6. Modification Example 2

[0228] In the foregoing modification example 1, the rela-
tive positions of both ankles are estimated; however, sensor
data from a distance sensor for measuring relative positions
may further be used. By doing so, 1t becomes possible to
perform ZUPT with higher accuracy. Thus, a modification
example that uses sensor data from a distance sensor for
measuring relative positions will be described with reference
to FIGS. 37 and 38, as modification example 2 of the present
embodiment. FIG. 37 illustrates an example of a unit con-
figuration of the sensor unit 10 according to modification
example 2, and FIG. 38 1s an explanatory diagram that
describes a ZUPT technique according to modification
example 2.

[0229] As illustrated 1n FIG. 37, a system according to the
present modification example 2 may include a sensor unit
10G. The sensor unit 10G includes the gyro sensor 12, the
acceleration sensor 14, the controller 16, and the commu-
nicator 18, for example, like the sensor unit 10 illustrated in
FIG. 14. In addition, the sensor unit 10G may further include
a distance sensor 50 that 1s able to measure a relative
distance between both ankles. The distance sensor 30 may
be, for example, an ultrasonic sensor or the like that 1s able
to measure the distance by the reflection of ultrasonic waves.

[0230] Specifically, 1n the present modification example 2,
as 1llustrated 1 FIG. 34, sensor data 1s acquired from the
sensor unit 10 attached to the right ankle, the sensor unit 10
attached to the left ankle, and the sensor unit 10 attached to
another site. Furthermore, in the present modification
example 2, sensor data regarding the relative distance
between both ankles 1s acquired from the distance sensor 50.
Then, 1n the present modification example 2, the foregoing
process based on the inertial navigation system 1s performed
on the accelerations and angular velocities acquired for both
ankles, and thereby accelerations and orientations of both
ankles 1n the global coordinate system are obtained (S900.
S902). Further, in the present modification example 2, the
foregoing process based on the nertial navigation system 1s
performed on the acceleration and angular velocity acquired
for the other site, and thereby an acceleration and an

orientation of the other site in the global coordinate system
are obtained (5904).

[0231] Next, 1n the present modification example, respec-
tive velocities and positions of both forefeet and further,
relative positions of both ankles are estimated (5906, S908,
S5910) by using the accelerations and orientations of the right
ankle, the left ankle, and the other site in the global coor-
dinate system based on the inertial navigation system, and
further, the relative distance between both ankles included 1n
the sensor data.

[0232] Further, 1n the present modification example, a
fusion process of fusing the estimation result of the veloci-
ties of both forefeet, the estimation result of the positions of
both foreteet, the relative positions of both ankles, and
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further, the relative distance between both ankles included in
the sensor data 1s executed (5912).

[0233] As above, the foregoing modification example 2
makes 1t possible to perform ZUPT with higher accuracy by
newly using the sensor data of the distance sensor that
measures relative positions.

7. HARDWARE CONFIGURATTION EXAMPLE

[0234] The embodiments of the present disclosure have
been described above. Finally, with reference to FIG. 39, a
description will be given of a hardware configuration of an
information processor according to an embodiment of the
present disclosure. FIG. 39 15 a block diagram illustrating an
example of the hardware configuration of the mmformation
processor according to the embodiment of the present dis-
closure. It 1s to be noted that the information processor 900
illustrated 1n FIG. 39 1s able to implement, for example, the
sensor unit 10, the hub unit 20, and the information proces-
sor 30 illustrated in FIG. 14. Information processing by the
sensor unit 10, the hub unit 20, and the information proces-
sor 30 according to the embodiment of the present disclosure
1s 1implemented by cooperation of soitware and hardware
described below.

[0235] Asllustrated 1in FIG. 39, the information processor
900 1ncludes a CPU (Central Processing Unit) 901, a ROM
(Read Only Memory) 902, a RAM (Random Access
Memory) 903, and a host bus 904a. Further, the information
processor 900 includes a bridge 904, an external bus 9045,
an nterface 905, an mput unit 906, an output unit 907, a
storage unit 908, a drnive 909, a connection port 911, a
communication unit 913, and a sensor 915. The information
processor 900 may include a processing circuit such a DSP
or an ASIC 1n place of or 1n conjunction with the CPU 901.
[0236] The CPU 901 functions as an arithmetic processing
unit and a control unit, and controls overall operations in the
information processor 900 1n accordance with various pro-
grams. Further, the CPU 901 may be a microprocessor. The
ROM 902 stores programs, arithmetic parameters, etc. that
the CPU 901 uses. The RAM 903 temporarily stores a
program that 1s used 1n execution of the CPU 901, param-
cters that change appropriately in execution thereof, and the
like. The CPU 901 may form, for example, the controller 16,
the controller 24, and the controller 34.

[0237] 'The CPU 901, the ROM 902, and the RAM 903 are
connected to each other by the host bus 904a including a
CPU bus and the like. The host bus 904a 1s connected to the
external bus 9046 such as a PCI (Peripheral Component
Interconnect/interface) bus via the bridge 904. Note that the
host bus 9044, the bridge 904, and the external bus 9045 are
not necessarily configured separately, and these functions
may be packaged in a single bus.

[0238] The input unit 906 1s implemented by, for example,
a umt through which the user inputs information, such as a
mouse, a keyboard, a touch panel, a button, a microphone,
a switch, and a lever. Further, the mput unit 906 may be a
remote-control unit that uses infrared ray or other electro-
magnetic waves, or may be external connection equipment
such as a mobile phone or a PDA compatible with operations
of the information processor 900. Further, the input unit 906
may 1nclude, for example, an mput control circuit or the like
that generates an 1put signal on the basis of information
inputted by the user using the input means described above
and outputs the generated input signal to the CPU 901. It 1s
possible for the user of the information processor 900 to
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input various data or provide instructions for a processing
operation to the mformation processor 900 by operating the
iput unit 906.

[0239] The output unit 907 1s formed by a unit that 1s able
to notily the user of acquired information visually or audi-
bly. Examples of such a unit include a display unit such as
a CRT display unit, a liquid crystal display unit, a plasma
display unit, an EL display umt and a lamp, a sound output
unit such as a speaker and a headphone, a printer unit, etc.
The output unit 907 outputs, for example, results obtained
through various processes performed by the information
processor 900. Specifically, the display visually displays the
results obtained through various processes performed by the
information processor 900 1n a variety of formats, such as
text, 1mages, tables, graphs, etc. Meanwhile, the sound
output unit converts audio signals including reproduced
sound data, acoustic data or the like 1nto analog signals and
outputs the analog signals audibly.

[0240] The storage unit 908 1s a data storing unit formed
as an example of a memory section of the information
processor 900. The storage unit 908 1s implemented by, for
example, a magnetic memory section device such as an
HDD, a semiconductor memory device, an optical memory
device, a magneto-optical memory device or the like. The
storage unit 908 may 1nclude a storage medium, a recording,
unit for recording data on the storage medium, a reading unit
for reading data from the storage medium, a deletion unit for
deleting data recorded on the storage medium, etc. The
storage unit 908 stores a program to be executed by the CPU
901, various data, and various externally acquired data, etc.

[0241] The drnive 909 1s a reader/writer for a storage
medium, and 1s 1ncorporated 1n or externally attached to the
information processor 900. The drive 909 reads information
recorded on a removable storage medium mounted thereon,
such as a magnetic disk, an optical disk, a magneto-optical
disk, or a semiconductor memory, and outputs the informa-

tion to the RAM 903. The drive 909 1s also able to write
information on the removable storage medium.

[0242] The connection port 911 i1s an interface to be
connected to external equipment, and i1s a connector to the
external equipment that i1s able to transmit data through, for
example, a USB (Universal Serial Bus) or the like.

[0243] The communication unit 913 1s, for example, a
communication interface formed by a communication
device or the like for connection to a network 920. The
communication unit 913 may be, for example, a communi-
cation card or the like for wired or wireless LAN (Local
Area Network), LTE (Long Term Evolution), Bluetooth
(registered trademark), or WUSB (Wireless USB). Further,
the communication unit 913 may be a router for optical
communication, a router for (A ADSL (Asymmetric Digital
Subscriber Line), modems for various types ol communi-
cations, or the like. The communication unit 913 1s able to
transmit and receive signals or the like to and from the
Internet or other communication equipment 1n accordance
with predetermined protocols such as TCP/IP, for example.
The communication unit 913 may form, for example, the
communicator 18, the communicator 22, and the commu-
nicator 32.

[0244] The sensor 913 1s a sensor of any type such as an
acceleration sensor, a gyro sensor, a geomagnetic sensor, an
optical sensor, a sound sensor, a range-linding sensor, or a
force sensor, for example. The sensor 915 acquires infor-
mation about the state of the mformation processor 900
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itself, such as the orientation, moving speed or the like of the
information processor 900, and information about a sur-
rounding environment of the information processor 900,
such as brightness or noise around the information processor
900. Further, the sensor 915 may include a GPS sensor that
receives a GPS signal to measure the latitude, longitude, and
altitude of the unit. The sensor 915 may form, for example,
the gyro sensor 12 and the acceleration sensor 14.

[0245] Note that the network 920 1s a wired or wireless
transmission path for information transmitted from units
connected to the network 920. For example, the network 920
may include a public network such as the Internet, a tele-
phone network or a satellite communication network, vari-
ous LANs (Local Area Networks) including Ethernet (reg-
istered trademark), WAN (Wide Area Network), and the like.
Further, the network 920 may include a dedicated line
network such as an IP-VPN (Internet Protocol-Virtual Pri-
vate Network).

[0246] An example of a hardware configuration that is
able to implement the functions of the information processor
900 according to the embodiment of the present disclosure
has been described above. FEach of the above-described
components may be implemented by using a general-pur-
pose member, or may be implemented by hardware special-
ized for the function of the component. Accordingly, 1t 1s
possible to appropriately change the hardware configuration
to be used 1 accordance with the technical level at the time
of carrying out the embodiments of the present disclosure.
[0247] It 1s to be noted that it 1s possible to create a
computer program for implementing each of the functions of
the information processor 900 according to the embodiments
of the present disclosure as described above and to install the
computer program 1n a PC, etc. Further, 1t 1s also possible to
provide a computer-readable recording medium in which
such a computer program 1s stored. The recording medium
1s, for example, a magnetic disk, an optical disk, a magneto-
optical disk, a flash memory, or the like. In addition, the
computer program described above may be distributed via a
network, for example, without using a recording medium.

3. CONCLUSION

[0248] As described above, according to the embodiments
ol the present disclosure, it 1s possible to obtain, with higher
accuracy, position mformation for the sites of the body to
which the motion sensors are attached. Further, according to
the embodiments of the present disclosure, it 1s also possible
to obtain position information and orientation information
for the sites to which no motion sensors are attached. This
makes 1t possible to obtain skeleton information using a
smaller number of motion sensors.

[0249] Preferred embodiments of the present disclosure
have been described above 1n detail with reference to the
accompanying drawings; however, the technical scope of the
present disclosure 1s not limited to such examples. It 1s
apparent that those skilled 1n the art of the present disclosure
may conceive various alterations or modifications within the
scope of the technical i1dea described in the claims, and 1t
should be understood that such alterations and modifications
are also within the technical scope of the present disclosure.
[0250] For example, in the foregoing embodiments, an
example 1n which an 1nertial sensor 1s attached to the body
as the motion sensor has been mainly described: however,
the present technology 1s not limited to such an example.
The motion sensor only has to be a sensor that senses
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movements of a body, and may be a geomagnetic sensor, a
barometric sensor, an 1image sensor, or the like as described
above.

[0251] Inaddition, the steps 1n the foregoing embodiments
may not necessarily be processed on a time-series basis in
accordance with the order described herein as the tlowchart.
For example, the steps in the processes of the foregoing
embodiments may be processed 1n an order different from
the order described as the flowchart, or may be processed 1n
parallel.

[0252] In addition, the effects described herein are merely
illustrative or exemplary, and are non-limiting. That 1s, the
technology according to the present disclosure may achieve
other eflects that are apparent to those skilled in the art from
the description herein, 1n addition to the effects described
above or 1n place of the eflects described above.

[0253] It 1s to be noted that the following configurations
are also encompassed by the technical scope of the present
disclosure.

(1)

[0254] A program that causes a computer to implement a
correction function of referencing a first output obtained by
performing a first process on sensor data acquired by two or
more motion sensors attached to two or more sites of a body
and a second output obtamnmed by performing a second
process on the sensor data, and correcting position informa-

tion for attachment sites to which the motion sensors are
attached.
(2)
[0255] The program according to (1), in which
[0256] the sensor data includes an acceleration,
[0257] the first process includes integration of the accel-
eration, and
[0258] the first output includes the position information
for the attachment sites obtained by the integration.
(3)

[0259] The program according to (1) or (2), 1n which

[0260] the sensor data includes an acceleration,

[0261] the second process includes a regression estima-
tion process of estimating the position information for
the attachment sites by regression, and

[0262] the regression estimation process 1s performed
on the basis of the acceleration.

(4)
[0263] The program according to (3), 1n which
[0264] the sensor data further includes an angular veloc-
ity, and
[0265] the regression estimation process 1s performed
further on the basis of the angular velocity.
()

[0266] The program according to (4), in which the accel-
cration, after being subjected to a coordinate system con-
version on the basis of the angular velocity, 1s used as an
input to the regression estimation process.

(6)

[0267] The program according to (4) or (5), mn which
orientation information for the attachment sites obtained on
the basis of the angular velocity 1s used as an input to the
regression estimation process.

(7)

[0268] The program according to any one of (4) to (6), 1n
which the acceleration or the angular velocity acquired by
the motion sensors 1s used as an mput to the regression
estimation process.
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(8)

[0269] The program according to any one of (3) to (7), 1n
which the regression estimation process 1s performed on the
basis of position mnformation for the attachment sites previ-
ously estimated by the regression estimation process.

9)

[0270] The program according to any one of (1) to (8),
turther causing the computer to implement an 1nterpolation
function of estimating, on the basis of the position informa-
tion for the attachment sites corrected by the correction
function, position information or orientation information for
a non-attachment site to which none of the motion sensors
1s attached.

(10)

[0271] The program according to (9), in which the inter-
polation function estimates the position information or the
orientation information for the non-attachment site located
between a plurality of the attachment sites 1n a predeter-
mined skeleton structure.

(11)

[0272] The program according to (9) or (10), in which the
interpolation function estimates the position information or
the orientation information for the non-attachment site by
regression.

(12)

[0273] The program according to any one of (9) to (11),
turther causing the computer to implement a rehability
identification function of identitying reliability that indicates
reliability of the position information for the attachment
sites 1ncluded in the first output or the second output.

(13)

[0274] The program according to (12), in which the cor-
rection function corrects the position information for the
attachment sites on the basis of the reliability 1dentified by
the reliability 1dentification function.

(14)

[0275] The program according to any one of (3) to (8), 1n
which the second process further includes an interpolation
process of estimating, on the basis of the position informa-
tion for the attachment sites estimated through the regression
estimation process, position mnformation or orientation infor-
mation for a non-attachment site to which none of the
motion sensors 1s attached.

(15)

[0276] The program according to (14), 1n which the cor-
rection function further corrects the position information or
the orientation information for the non-attachment site
included 1n the second output on the basis of the first output.

(16)
[0277] The program according to any one of (9) to (15), 1n
which the correction function 1s implemented by a Kalman

filter.

(17)
[0278] The program according to (1), in which the cor-
rection function detects a ground contact state and corrects

the position information for the attachment sites on the basis
ol a detection result.

(18)

[0279] The program according to (17), 1n which the cor-
rection function estimates a velocity and a position of a
forefoot using an acceleration and an angular velocity
included in the sensor data, and detects the ground contact
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state on the basis of an estimation result, the ground contact
state being a state in which the forefoot has a predetermined
velocity.

(19)

[0280] An information processor including a corrector that
references a first output obtained by performing a first
process on sensor data acquired by two or more motion
sensors attached to two or more sites of a body and a second
output obtained by performing a second process on the
sensor data, and corrects position information for attachment
sites to which the motion sensors are attached.

(20)

[0281] An information processing method including: ret-
erencing, by a processor, a first output obtained by perform-
ing a first process on sensor data acquired by two or more
motion sensors attached to two or more sites of a body and
a second output obtained by performing a second process on
the sensor data; and correcting, by the processor, position
information for attachment sites to which the motion sensors
are attached.

REFERENCE SIGNS LIST

[0282] 10, 10A, 10B, 10C, 10D, 10E, 10F, 10G: Sensor
unit

[0283] 12: Gyro sensor

[0284] 14: Acceleration sensor

[0285] 16: Controller

[0286] 18, 32: Communicator

[0287] 20: Hub unait

[0288] 22: Communicator

[0289] 24, 34: Controller

[0290] 30: Information processor

[0291] 40, 907: Output unit

[0292] 50: Distance sensor

[0293] 510: Global motion acceleration orientation cal-
culator

[0294] 520: Integral calculator

[0295] 330: Selector

[0296] 540, 541, 544: Attachment position regression
estimator

[0297] 550: Reliability identifier

[0298] 360: Ground contact detector

[0299] 561: Estimator

[0300] 570, 572, 573, 574: Corrector

[0301] 580, 583: Interpolator

[0302] 900: Information processor

[0303] 901: CPU

[0304] 902: ROM

[0305] 903: RAM

[0306] 904: Bridge

[0307] 904a: Host bus

[0308] 9045: External bus

[0309] 905: Interface

[0310] 906: Input unit

[0311] 908: Storage unit

[0312] 909: Drive

[0313] 911: Connection port

[0314] 913: Communication unit

[0313] 915: Sensor

[0316] 920: Network

[0317] D: Delayer

[0318] D103, D104, D105, SD10, SD90, SD100,
SD101, SD102, SD103, SD104, SD105: Skeleton
structure
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[0319] L1: Upper limat
[0320] L2: Lower limit
[0321] P11, P12, P13, P14, P15, P16, P101, P102, P103,

P104, P105, P106, SP101, SP102, SP103, SP105,
SP106, SP107: Attachment site

[0322] PD10, PD12, PD100: Attachment site informa-
tion

[0323] R10: Likelihood distribution

[0324] R20: Relative position

[0325] S100, S111, S112, S113, S114, S121, S122,

S123, S130, S200, S502, S504, S506, S508, S510,
S512, S514, S516, S518, S520, S600, S601, S602,
S610, S611, S612, S613, S700, S702, S704, S706,
S708, S710, S800, S802, S804, S806, S808, S810,
S812, S900, S902, S904, S906, S908, S910, S912: Step
[0326] S53, S34, S55, S356, S57, S58, S59: Position
estimation process
[0327] SB101, SB81, SB82: Bone
[0328] SP11, SP12, SP20, SP81, SP82, SP83, SP9I1,
SP92, SP93, SP94, SP95, SP96: Site
[0329] U1: User
1. A non-transitory computer-readable medium having
embodied thereon a program, which when executed by a
computer causes the computer to execute an information
processing method, the method comprising:
estimating velocity information of a forefoot of a user and
position mformation of the forefoot based on sensor
data retrieved from a sensor attached to an ankle or a
caltl of the user; and
correcting the position information of the forefoot based
on the estimated velocity information of the forefoot.
2. The non-transitory computer-readable medium accord-
ing to claim 1, wherein
the position mnformation of the forefoot 1s estimated from
a position as viewed from a portion where the sensor 1s
attached.
3. The non-transitory computer-readable medium accord-
ing to claim 1, wherein
the velocity information of the forefoot and the position
information of the forefoot are estimated by an inertial
navigation system from a position as viewed from a
portion where the sensor 1s attached by using accelera-
tion data and angular velocity 1 a global coordinate
system retrieved as the sensor data at the portion where
the sensor 1s attached.
4. The non-transitory computer-readable medium accord-
ing to claim 3, wherein the method further comprises:
fusion processing the acceleration data and angular veloc-
ity data at the portion where the sensor 1s attached, the
velocity information of the forefoot, and the position
information of the forefoot.
5. The non-transitory computer-readable medium accord-
ing to claim 4, wherein the method further comprises:
outputting the corrected position imnformation at the por-
tion where the sensor 1s attached and the corrected
position information of the forefoot via the fusion
processing.
6. The non-transitory computer-readable medium accord-
ing to claim 4, wherein
the fusion processing uses a Kalman filter.
7. The non-transitory computer-readable medium accord-
ing to claim 1, wherein the method further comprises:
estimating velocity information of both foretfeet, position
information of both of the forefeet, and relative dis-
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tance between both ankles based on sensor data
retrieved from sensors attached at both of the ankles or
both calves.

8. The non-transitory computer-readable medium accord-
ing to claim 7, wherein the method further comprises:

correcting fusion processing of the estimated velocity

information of both of the forefeet, the estimated posi-
tion information of both of the forefeet, and the relative
distance between both of the ankles.

9. The non-transitory computer-readable medium accord-
ing to claim 7, wherein

the estimating uses machine learning.

10. The non-transitory computer-readable medium
according to claim 8, wherein the relative distance between
both of the ankles 1s retrieved from a distance sensor.

11. The non-transitory computer-readable medium
according to claim 1, wherein the method further comprises:

correcting and further outputting a binary label of the

velocity information of the forefoot as an estimation
result.

12. The non-transitory computer-readable medium
according to claim 1, wherein the method further comprises:

correcting and further outputting a ternary or higher-

valued label of the velocity information of the forefoot
as an estimation result.

13. The non-transitory computer-readable medium
according to claim 1, wherein the method further comprises:

causing an avatar to make a motion in animation by using,

corrected velocity information of the forefoot and the
corrected position mformation of the forefoot.

14. The non-transitory computer-readable medium
according to claim 1, wherein the method further comprises:

reproducing motion of an avatar’s forefoot by using

corrected velocity information of the forefoot and the
corrected position mformation of the forefoot.

15. The non-transitory computer-readable medium
according to claim 1, wherein the method further comprises:

regression estimating position information at a portion

where the sensor 1s attached and other portions where
sensors are attached 1n regression based on the sensor
data retrieved from the portion where the sensor 1s
attached and the other portions where the sensors are
attached, and

correcting the position information at the portion where

the sensor 1s attached and the other portions where the
sensors are attached based on evaluation of the velocity
information of the forefoot.

16. An mformation processor comprising

circuitry configured to:

estimate velocity information of a forefoot of a user and

position mformation of the forefoot based on sensor
data retrieved from a sensor attached to an ankle or a
call of the user; and

correct the position information of the forefoot based on

the estimated velocity information of the forefoot.

17. An information processing method comprising:

estimating velocity information of a forefoot of a user and
position mformation of the forefoot based on sensor
data retrieved from a sensor attached to an ankle or a
calf of the user; and

correcting the position information of the forefoot based
on the estimated velocity information of the forefoot.
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