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(57) Abstract: A position and an orientation of an object are measured with high accuracy. An approximate position-orientation of a
target object is obtained, positional information of the target object is obtained by measuring the target object using a noncontact
sensor, positional information of contact positions touched by a contact sensor is obtained by bringing the contact sensor into con-
tact with the target object, and a position-orientation of the target object is obtained by associating shape information of the target
object with the positional information of the target object and the positional information of the contact positions in accordance with
the approximate position-orientation.
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Description

Title of Invention: INFORMATION PROCESSING APPARATUS,
INFORMATION PROCESSING METHOD, AND PROGRAM

[0001]

[0002]

[0003]

[0004]

[0005]
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Technical Field

The present invention relates to a technique of measuring a position and an ori-
entation of an object having a three-dimensional shape recognized in advance.
Background Art

In automatic assembly of a product by an industrial robot, the robot grasps a
component after measuring a relative position and a relative orientation between the
component to be grasped and the robot (a hand thereof). Examples of a method for
measuring a position and an orientation include a measurement method using model
fitting in which a three-dimensional model of an object is fitted to features detected in
an image captured by a camera attached to the robot or installed in an environment and
a range image obtained by a noncontact sensor (refer to NPL 1).

In an operation of assembling a complicated component, an image suitable for
obtaining a position-orientation of the component may not be captured. In particular,
when the robot grasps the component, the component is hidden by the robot hand, and
therefore, features required for calculating the position-orientation of the component
are lacked, and accordingly, the calculation of the position-orientation may fail. Fur-
thermore, only a portion of the object may be captured by the camera installed near the
robot hand, and therefore, it is likely that the calculation of the position-orientation of
the component fails. Therefore, in general, the number of measurement apparatuses is
required to be increased or an image capturing position is required to be adjusted so
that the features required for the calculation of the position-orientation are sufficiently
captured.

PTL1 discloses a method for obtaining a position of a target object by a detection
unit using a captured image and correcting the obtained position in accordance with a
position touched by a robot hand. However, in the method disclosed in PTLI, it is
difficult to correct the position if the position of the target object is not obtained by the
detection unit in a case where, for example, only a portion of the object is captured as

described above.
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NPL 2: AE. Johnson and M. Hebert, "Using Spin Images for Efficient Object
Recognition in Cluttered 3D Scenes," IEEE Trans. on PAMI, vol.21, no.5, pp.433-449,
1999

NPL 3: W. Hoff and T. Vincent, "Analysis of head pose accuracy in augmented
reality,” IEEE Trans. Visualization and Computer Graphics, Vol 6, No.4, 2000.
Summary of Invention

The present invention provides an information processing apparatus including a data
holding unit configured to hold information on a shape of a target object, an ap-
proximate position-orientation obtaining unit configured to obtain an approximate
position-orientation of the target object, a positional information obtaining unit
configured to obtain positional information of the target object by measuring the target
object by a noncontact sensor, a contact position information obtaining unit configured
to obtain positional information of contact positions touched by a contact sensor when
the contact sensor is brought into contact with the target object, and a position-ori-
entation obtaining unit configured to obtain a position-orientation of the target object
by associating the shape information of the target object held in the data holding unit
with at least one of the positional information of the target object and the positional in-
formation of the contact positions.

According to this specification, even when measurement information of a portion of
an object may not be obtained, a position-orientation of the object may be measured
with high accuracy.

Further features of the present invention will become apparent from the following de-
scription of exemplary embodiments with reference to the attached drawings.

Brief Description of Drawings

[fig.1]Fig. 1 is a diagram illustrating the relationship between an information
processing apparatus and a target object according to a first embodiment.

[fig.2]Fig. 2 is a diagram schematically illustrating contact positions of the information
processing apparatus and range measurement data according to the first embodiment.
[fig.3]Fig. 3 is a diagram illustrating a configuration of the information processing
apparatus according to the first embodiment.

[fig.4]Fig. 4 is a flowchart illustrating a procedure of a process according to the first
embodiment.

[fig.5]Fig. 5 is a diagram schematically illustrating the contact positions of the in-
formation processing apparatus and two-dimensional measurement data according to

the first embodiment.
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[fig.6]Fig. 6 is a diagram illustrating a configuration of an information processing
apparatus according to a second embodiment.

[fig.7]Fig. 7 is a diagram illustrating a configuration of an information processing
apparatus according to a third embodiment.

[fig.8]Fig. 8 is a flowchart illustrating a procedure of a process according to the third
embodiment.

[fig.9]Fig. 9 is a diagram illustrating the relationship between an information
processing apparatus and a target object according to a fourth embodiment.
[fig.10]Fig. 10 is a diagram illustrating a hardware configuration of the information
processing apparatuses according to the present invention.

Description of Embodiments

Before embodiments of the present invention are described, a hardware configuration
of information processing apparatuses according to the embodiments will be described
with reference to Fig. 10.

Fig. 10 is a diagram illustrating a hardware configuration of information processing
apparatuses according to the embodiments of the present invention. In Fig. 10, a CPU
1010 integrally controls devices connected to the CPU 1010 through a bus 1000. The
CPU 1010 reads and executes processing steps and programs stored in a read only
memory (ROM) 1020. In addition to an operating system (OS), various processing
programs, various device drivers, and the like of the embodiments which are stored in
the ROM 1020 are temporarily stored in a random access memory (RAM) 1030, and
executed by the CPU 1010 where appropriate. Furthermore, an input I/F 1040 receives
input signals from external apparatuses (a display apparatus, an operation apparatus,
and the like) in a format which may be processed by an information processing
apparatus 1. Moreover, an input I/F 1050 outputs signals to the external apparatus (the
display apparatus) in a format which may be processed by the display apparatus.
First Embodiment

In a first embodiment, a method for measuring a position-orientation of a target
object in accordance with accuracy information of contact positions of a robot hand
and accuracy information of noncontact measurement data of a noncontact sensor is
described. In this embodiment, a position-orientation is calculated focusing on the
noncontact measurement data and the contact positions which have small error dis-
tributions taking characteristic of the error distributions which are the accuracy in-
formation of the noncontact measurement data and the accuracy information of the
contact positions into consideration. By this, the position-orientation of the target
object may be calculated with high accuracy.

In this embodiment, a noncontact sensor 1003 is attached to a robot arm 1001 having
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a robot hand 1002 attached thereto so as to measure a distance to a target object 1104
as illustrated in Fig. 1. When the target object 1104 is grasped by the robot hand 1002,
an aggregation of range measurement points 1105 is measured as represented by a
captured image 1101 of Fig. 2. The captured image 1101 is captured by an imaging
device included in the noncontact sensor 1003. When the robot hand 1002 grasps the
target object 1104, the noncontact sensor 1003 is positioned near the target object
1104, and therefore, it is highly likely that only a portion of the target object 1104 is
measured as represented by the captured image 1101. In this case, even when the
position-orientation of the target object 1104 having six degrees of freedom is to be
calculated, it is likely that components of a position-orientation which are orthogonal
to a surface of the captured image 1101 are not determined. Therefore, the calculation
of a position-orientation of the target object 1104 is enabled using information on
contact positions of the robot hand 1002 in addition to range measurement points 1105
in this embodiment. Furthermore, the position-orientation may be calculated with
higher accuracy by calculating a position-orientation focusing on the noncontact mea-
surement data and the contact positions having small error distributions taking the error
distributions representing measurement accuracies of the range measurement points
1105 and contact points 1106 into consideration.

Configuration 1

Fig. 3 is a block diagram illustrating a configuration of the information processing
apparatus 1. The configuration of the information processing apparatus 1 of this em-
bodiment will be described hereinafter.

In this embodiment, a scene in which a target object 1104 installed in a prede-
termined position-orientation is grasped is simulated. When the target object 1104 is
grasped, a position-orientation of the target object 1104 is shifted. Therefore, the
position-orientation of the target object 1104 is calculated in accordance with
noncontact measurement data and contact positions of the robot hand 1002.

The information processing apparatus 1 includes a data holding unit 102, an ap-
proximate position-orientation obtaining unit 103, a noncontact measurement data
obtaining unit 104, a contact position obtaining unit 105, an accuracy obtaining unit
106, and a position-orientation calculation unit 107. Then a position-orientation of the
target object 1104 is measured with high accuracy in accordance with accuracy of the
contact positions of the robot hand 1102 and accuracy of the measurement data
obtained by the noncontact sensor 1003. Furthermore, the information processing
apparatus 1 transmits the calculated position-orientation to a robot controller 1005 and
controls the robot arm hand 101 so that the robot arm hand 101 grasps the target object
1104. Note that the robot hand 1002 and the robot arm 1001 illustrated in Fig. 1
correspond to the robot arm hand 101 illustrated in Fig. 3.
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The robot arm hand 101 includes the six-axis robot arm 1001 and the robot hand
1002 attached to a tip end of the robot arm 1001. The tip end of the robot arm 1001
may be moved in an input arbitrary position-orientation under control of the robot
controller 1005. Furthermore, position-orientations of joints of the robot arm 1001 and
a position-orientation of the robot hand 1002 in a reference coordinate system of the
robot arm 1001 are output in accordance with information on joint angles of the robot
arm 1001 and information on a shape of the robot arm hand 101. The robot hand 1002
opens and closes the robot hand 1002 in accordance with an instruction so as to grasp
an object. The robot hand 1002 includes a contact sensor attached thereto which
obtains information on contact positions of the grasping robot hand.

The noncontact sensor 1003 measures information on a distance to a point of a
surface of the object to be measured. A noncontact sensor which outputs a range image
having range values stored in individual pixels is used in this embodiment. The range
image includes the pixels having depth information. As the noncontact sensor 1003, an
active noncontact sensor which captures reflection light of pattern light emitted by a
projector or the like to the target object 1104 by a camera so as to measure a distance
by triangulation is used. However, the noncontact sensor 1003 is not limited to this,
and a noncontact sensor employing a time-of-flight method using flight time of light
may be used. These active noncontact sensors may be suitably employed when an
object having less roughness on a surface thereof is to be measured. Alternatively, a
noncontact sensor employing a passive method for calculating depths of pixels by tri-
angulation from an image captured by a stereo camera may be employed. The passive
noncontact sensor is suitably employed in a case where an object having large
roughness on a surface thereof is to be measured. Furthermore, any noncontact sensor
may be used as long as the noncontact sensor measures a range image since such a
noncontact sensor does not run the essence of the present invention.

The data holding unit 102 holds information on a shape of the target object 1104 to
be used when a position-orientation of the target object 1104 is estimated. In this em-
bodiment, an aggregation of three-dimensional points on a surface of the target object
1104 corresponds to the shape information. The shape information of the target object
1104 is to be used by the position-orientation calculation unit 107. The data holding
unit 102 further holds following information: (1) an approximate position-orientation
of the target object 1104 in the reference coordinate of the robot arm 1001; (2) a
relative position-orientation between the robot arm 1001 and the noncontact sensor
1003; (3) a relative position-orientation between a contact sensor attached to the robot
hand 1002 and the robot hand 1002; and (4) calibration information, such as accuracy
information of noncontact measurement data and accuracy information of the contact

positions. The calibration information is measured in advance.
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The approximate position-orientation obtaining unit 103 obtains an approximate
position-orientation of the target object 1104 in the reference coordinate of the robot
arm 1001. The approximate position-orientation of the target object 1104 is to be used
by the position-orientation calculation unit 107. Furthermore, the approximate
position-orientation of the target object 1104 is transmitted to the robot controller 1005
so as to be used for control of the robot arm hand 101.

The noncontact measurement data obtaining unit 104 obtains an aggregation of three-
dimensional points in the reference coordinate of the robot arm 1001 as noncontact
measurement data measured by the noncontact sensor 1003 attached to the robot arm
1001. The noncontact measurement data is to be used by the position-orientation cal-
culation unit 107.

The contact position obtaining unit 105 obtains an aggregation of three-dimensional
positions of contact positions of the robot hand 1002 obtained when contact is detected
by the contact sensor attached to the robot hand 1002 in the reference coordinate of the
robot arm 1001 (obtainment of contact position information). The obtained contact
positions are to be used by the position-orientation calculation unit 107.

The accuracy obtaining unit 106 obtains accuracy information of a group of the
three-dimensional points (the noncontact measurement data) obtained by the
noncontact measurement data obtaining unit 104 and accuracy information of the
three-dimensional positions of the contact positions obtained by the contact position
obtaining unit 105. Here, the accuracy information corresponds to error distribution
(variation values) of the three-dimensional points. Here, a normalized covariance
matrix is used as the error distribution. The error distribution is obtained by performing
measurement on an object in which a three-dimensional position thereof is recognized
in advance a plurality of times in advance by the noncontact sensor 1003 and the
contact sensor. In the error distribution, error distribution tables using a three-
dimensional coordinate as a key are generated individually for noncontact mea-
surement data and contact position data and are held in the data holding unit 102 as
accuracy information. The held accuracy is to be used by the position-orientation cal-
culation unit 107.

The position-orientation calculation unit 107 calculates a position-orientation of the
target object 1104 (position orientation obtainment). Specifically, a position-ori-
entation of the target object 1104 is calculated in accordance with the following in-
formation: (1) the shape information of the target object 1104 held by the data holding
unit 102; (2) the approximate position-orientation of the target object 1104 obtained by
the approximate position-orientation obtaining unit 103; (3) the noncontact mea-
surement data obtained by the noncontact measurement data obtaining unit 104; (4) the

contact positions of the robot hand 1002 obtained by the contact position obtaining unit
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105; and (5) the accuracy of the noncontact measurement data and the accuracy of the
contact positions of the robot hand 1002 obtained by the accuracy obtaining unit 106.
Specifically, a position-orientation of the target object 1104 is calculated in accordance
with a general iterative closest points (ICP) algorithm using the approximate position-
orientation as an initial value. The calculated position-orientation is transmitted to the
robot controller 1005 so that the robot arm hand 101 is controlled. In this way,
assembly and arrangement of the target object 1104 are realized with high accuracy.

The functional units are realized when the CPU 1010 develops the programs stored
in the ROM 1020 in the RAM 1030 and executes processes in accordance with
flowcharts described below. Furthermore, in a case where hardware is configured as
replacement of a software process using the CPU 1010, a calculation unit and circuits
corresponding to processes of the functional units described herein are configured.
Processing Flow 1

A flow of a process performed by the information processing apparatus 1 of this em-
bodiment will be described with reference to a flowchart of Fig. 4.

<Step S1010>

In step S1010, the shape information of the target object 1104 held in the data
holding unit 102, that is, the aggregation of the three-dimensional points on the surface
of the target object 1104, is obtained. The three-dimensional points are included in a
reference coordinate system of the target object 1104.

<Step S1020>

In step S1020, the approximate position-orientation obtaining unit 103 obtains an ap-
proximate position-orientation of the target object 1104 in the reference coordinate of
the robot arm 1001. Specifically, the approximate position-orientation obtaining unit
103 reads the approximate position-orientation of the target object 1104 in the
reference coordinate of the robot arm 1001 held in the data holding unit 102.

<Step S1030>

In step S1030, the approximate position-orientation obtaining unit 103 transmits the
approximate position-orientation of the target object 1104 obtained in step S1020 to
the robot controller 1005. The robot controller 1005 controls the robot arm hand 101 so
that the target object 1104 is grasped in predetermined positions.

<Step S1040>

In step S1040, the noncontact measurement data obtaining unit 104 obtains an ag-
gregation of three-dimensional points in the reference coordinate of the robot arm 1001
as noncontact measurement data.

Specifically, the noncontact measurement data obtaining unit 104 obtains the group
of the three-dimensional points from the noncontact sensor 1003 attached to the robot

arm 1001. The group of the three-dimensional points obtained from the noncontact
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sensor 1003 is in a local coordinate system of the noncontact sensor 1003. Therefore,
coordinates of the three-dimensional points in the local coordinate system of the
noncontact sensor 1003 are transformed into those in the reference coordinate system
of the robot arm 1001 in accordance with a relative position-orientation between the
noncontact sensor 1003 and the robot arm 1001 and a position-orientation of the robot
arm 1001 including the noncontact sensor 1003 attached thereto.
<Step S1050>

In step S1050, the contact position obtaining unit 105 obtains an aggregation of
three-dimensional coordinates in positions in which the robot hand 1001 is in contact
with the target object 1104 in the reference coordinate of the robot arm 1001 as contact
positions. Specifically, the contact position obtaining unit 105 obtains positions in
which the robot hand 1002 is in contact with the target object 1104 from the contact
sensor, not illustrated, attached to the robot hand 1002. The contact positions obtained
by the contact sensor correspond to three-dimensional points in a local coordinate
system of the contact sensor. Therefore, the three-dimensional points in the local co-
ordinate system of the contact sensor are transformed into those in the reference co-
ordinate system of the robot arm 1001 in accordance with a relative position-ori-
entation between the contact sensor and the robot hand 1002, a relative position-ori-
entation between the robot arm 1001 and the robot hand 1002, and a position-ori-
entation of the robot arm 1001.

<Step S1060>

In step S1060, the accuracy obtaining unit 106 obtains accuracy information of the
noncontact measurement data obtained in step S1040 and the accuracy information of
the contact positions obtained in step S1050. Specifically, error distribution corre-
sponding to the three-dimensional points included in the aggregation of the three-
dimensional points of the noncontact measurement data obtained in step S1040 is
obtained as accuracy information of the three-dimensional points from the error dis-
tribution table of the noncontact measurement data which is accuracy information held
by the data holding unit 102. Similarly, as for the contact positions, error distribution
corresponding to the three-dimensional points included in the aggregation of the three-
dimensional points of the contact positions obtained in step S1050 is obtained as
accuracy information of the three-dimensional points from the error distribution table
of the contact positions held by the data holding unit 102. The error distribution of the
contact positions of the contact sensor spreads in a direction substantially orthogonal to
normal lines on surfaces in the contact positions.

<Step S1070>

In step S1070, the position-orientation calculation unit 107 calculates a position-

orientation of the target object 1104 in the reference coordinate of the robot arm 1001.
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The general ICP algorism is used for the position-orientation calculation. The ICP
algorithm is a method for calculating a relative position-orientation between two
groups of N-dimensional points by repeatedly performing association and position-
orientation calculation.

It is assumed that the noncontact measurement data and the contact positions in the
reference coordinate of the robot arm 1001 which are obtained in step S1040 and step
S1050, respectively, are determined as one of the groups of three-dimensional points.
Furthermore, it is assumed that the group of the three-dimensional points in the
reference coordinate system of the target object 1104 obtained in step S1010 is de-
termined as the other of the groups of three-dimensional points. In this state, a
position-orientation of the target object 1104 in the reference coordinate system of the
robot arm 1001 may be calculated. Specifically, the calculation is performed by the
following procedure.

It is assumed that the aggregation of the three-dimensional points of the noncontact
measurement data in the reference coordinate of the robot arm 1001 obtained in step
S1040 is denoted by "V" and the aggregation of the three-dimensional points of the
contact positions in the reference coordinate of the robot arm 1001 obtained in step
S1050 is denoted by "C". Furthermore, it is assumed that the position-orientation of the
target object 1104 in the reference coordinate system of the robot arm 1001, that is, a
transformation matrix for transformation from the reference coordinate system of the
target object 1104 to the reference coordinate system of the robot arm 1001 is denoted
by "M".

(1) The approximate position-orientation of the target object 1104 in the reference
coordinate of the robot arm 1001 obtained in step S1020 is set as an initial value of the
transformation matrix M.

(2) A three-dimensional point aggregation Q on the surface of the target object 1104
in the reference coordinate system of the target object 1104 obtained in step S1010 is
subjected to coordinate transformation using the transformation matrix M. A three-
dimensional point aggregation obtained after the transformation is denoted by "MQ".

(3) Neighborhood search is performed among the three-dimensional point ag-
gregation V of the noncontact measurement data, the three-dimensional point ag-
gregation C of the contact position, and the target-object-surface point aggregation MQ
in the reference coordinate system of the robot arm 1001. It is assumed that a corre-
spondence point aggregation between the aggregation V and the aggregation MQ is
represented by "(v, q) is an element of Sv" and a correspondence point aggregation
between the aggregation C and the aggregation MQ is represented by "(c, q) is an
element of Sc". Here, the following expressions are satisfied: "v is an element of V"; "c

is an element of C"; and "q is an element of MQ".
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(4) Assuming that the corresponding three-dimensional points are denoted by "p" and

q", a correspondence distance € is represented by the following expression.
[Math.1]

e(p.q)=|p—q|

Error distributions of the aggregations V and C obtained in step S1060, that is,
normalized covariance matrices, are denoted by Zvi and Zcj, respectively. Then a
transformation matrix M' which maximizes the following expression is calculated by

the maximum likelihood estimation.

[Math.2]
L= HN(e(p,q),Evp ) HN(e(p,q), Xc, )
(p.q)eSv (p.q)eSc

Here, "N(e, 2)" denotes normalized distributions of the normalized covariance
matrices 2.

(5) The transformation matrix M' obtained in (4) is assigned to the transformation
matrix M, and the process from (2) to (5) is repeatedly performed until the trans-
formation matrix M is converged.

By the calculation described above, the transformation matrix M used for the trans-
formation from the reference coordinate system of the target object 1104 to the
reference coordinate system of the robot arm 1001, that is, a position-orientation of the
target object 1104 in the reference coordinate system of the robot arm 1001, is
calculated.

The three-dimensional points measured by the noncontact sensor 1003 in stereo mea-
surement, such as active stereo or passive stereo, form oval error distributions
extending in a depth direction as denoted by range measurement points 1105 illustrated
in a side view 1102 of Fig. 2. If a position-orientation of the target object 1104 having
the six degrees of freedom is to be calculated only using an aggregation of the range
measurement points 1105, components of the position-orientation which are or-
thogonal to the captured image surface may not be determined in the scene in which
only a portion of the target object 1104 may be measured as illustrated in Fig. 2.

On the other hand, although accuracy of the contact points 1106 in a normal direction
of a surface of the robot hand 1002 in which the contact sensor is installed is high,
accuracy in a direction orthogonal to the normal direction is low. Therefore, error dis-
tribution of the contact points 1106 spreads in the direction orthogonal to the normal
line on the surface of the robot hand 1002 as illustrated in Fig. 2. In this embodiment,
the position-orientation of the target object 1104 is calculated simultaneously using the

range measurement points 1105 and the contact points 1106 which have the error dis-
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tribution having a tendency different from that of the range measurement points 1105.
Since the accuracy information (the error distribution) of the noncontact measurement
data of the noncontact sensor 1003 and the accuracy information (the error dis-
tribution) of the contact positions of the robot hand 1002 having different tendencies
are taken into consideration, the position-orientation of the target object 1104 may be
calculated with high accuracy since characteristics of the accuracy information (the
error distributions) are mutually compensated for.

Modification 1

In the configuration described above, the noncontact measurement data obtaining
unit 104 obtains a group of three-dimensional points measured by the noncontact
sensor 1003. However, the noncontact measurement data obtaining unit 104 may
obtain an image feature extracted from an image captured by a camera. In a case where
the image feature is edge points, for example, the present invention is particularly
effective in a scene illustrated in Fig. 5. Although accuracy of edge points is low in an
edge direction detected from the image, the accuracy is high in a direction orthogonal
to the edge direction as represented by ovals of the edge points 1205 illustrated in a
side view 1202 of Fig. 5. Furthermore, in a depth direction of an image surface, no in-
formation is determined from a single edge point and error distribution infinitely
spreads in the depth direction. In the scene of Fig. 5, in a case where a position-ori-
entation is calculated only using the edge points, although accuracy of position-ori-
entation components which are orthogonal to a captured image 1201 is high, accuracy
of the position-orientation components in the depth direction of the image surface is
low. Here, taking error distribution of contact points 1206 of a robot hand 1002 which
grasps a target object 1104 as illustrated in Fig. 5 into consideration, as with the
method described above, a position-orientation of the target object 1104 is calculated
simultaneously using error distribution of the edge points 1205 and the error dis-
tribution of the contact points 1206. By this, the position-orientation of the target
object 1104 may be calculated with high accuracy while characteristics of the error dis-
tributions (accuracy information) are mutually compensated for.

Furthermore, a noncontact sensor 1003 and a camera are attached to a robot arm
1001 so that both of a three-dimensional point group supplied from the noncontact
sensor 1003 and an image feature supplied from the camera may be obtained as
noncontact measurement data by a noncontact measurement data obtaining unit 104.

The example in which a position-orientation of the target object 1104 is calculated
with high accuracy simultaneously using the noncontact measurement data and the
contact positions using the maximum likelihood estimation utilizing the error dis-
tributions is illustrated in the foregoing configuration. However, the maximum

likelihood estimation may not be used as a method for calculating a position-ori-
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entation of the target object 1104 simultaneously using the noncontact measurement
data and the contact positions. For example, a position-orientation of the target object
1104 may be calculated by weighted least-squares or the like using distribution of
errors of the noncontact measurement data and distribution of errors of the contact
points as weights. The weights may be determined in accordance with, in addition to
the distribution, reliability of detection of image features and geometric features, such
as range measurement points, signal intensity for detecting the contact points, or the
number of detected points.

With the configuration described above, a position-orientation is calculated focusing
on the noncontact measurement data and the contact positions having small error dis-
tributions taking the accuracy information (the error distribution) of the noncontact
measurement data and the accuracy information (the error distribution) of the contact
positions of the robot hand 1002 having different tendencies into consideration. By
this, a position-orientation of the target object 1104 may be calculated with high
accuracy while characteristics of the accuracy information (the error distributions) are
mutually compensated for.

Second Embodiment

In a second embodiment, a method for calculating a position-orientation of a target
object 1104 by changing measurement data in accordance with accuracy information
of contact positions of a robot hand 1002 and accuracy information of noncontact mea-
surement data of a noncontact sensor 1003 so that only data having high accuracy is
used will be described.

Measurement accuracy of the noncontact sensor 1003 is likely to be degraded in a
case where an object having low reflection luminance, a moving object, or an object
out of a measurement available range is measured. Furthermore, measurement
accuracy of a contact sensor attached to the robot hand 1002 may also be degraded in a
case where a grasped object is slipped or flexible. If a position-orientation of the target
object 1104 is calculated using unreliable measurement data of low accuracy, an inap-
propriate position-orientation may be calculated. Therefore, in this embodiment, a
method for calculating a position-orientation of the target object 1104 with high
accuracy by changing data to be used in accordance with accuracy of contact positions
and accuracy of noncontact measurement data obtained by the noncontact sensor 1003
even if measurement data of low accuracy is mixed will be described.

Configuration 2

A configuration of this embodiment is illustrated in Fig. 6. Only differences from the

first embodiment will be described.

A noncontact measurement data obtaining unit 204 obtains an aggregation of three-
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dimensional points in a reference coordinate of a robot arm 1001 and an aggregation of
measurement reliabilities thereof as noncontact measurement data measured by the
noncontact sensor 1003 attached to the robot arm 1001. The smaller a value of the
measurement reliability is, the higher the reliability is. A time-of-flight (TOF) sensor,
for example, is capable of calculating the measurement reliabilities in accordance with
reflection intensity or the like, and a stereo sensor, for example, is capable of cal-
culating the measurement reliabilities in accordance with a matching degree of pattern
matching or the like.

A contact position obtaining unit 205 obtains an aggregation of three-dimensional
points of the contact positions of the robot hand 1002 in the reference coordinate of the
robot arm 1001 and an aggregation of measurement reliabilities obtained when contact
is detected by the contact sensor attached to the robot hand 1002. The smaller a value
of the measurement reliability is, the higher the reliability is. The reliability of the
contact sensor may be calculated in accordance with intensity, distribution, or the like
of signals detected by the contact sensor.

An accuracy obtaining unit 206 sets the measurement reliability obtained by the
noncontact measurement data obtaining unit 204 as accuracy of a group of the three-
dimensional points obtained by the noncontact measurement data obtaining unit 204.
Similarly, the accuracy obtaining unit 206 sets the measurement reliability obtained by
the contact position obtaining unit 205 as accuracy of the three-dimensional positions
of the contact positions obtained by the contact position obtaining unit 205.

A position-orientation calculation unit 207 calculates a position-orientation of the
target object 1104. Specifically, as with the first embodiment, the position-orientation
calculation unit 207 calculates a position-orientation of the target object 1104 in ac-
cordance with the following information: (1) shape information of the target object
1104 held by a data holding unit 202; (2) an approximate position-orientation of the
target object 1104 obtained by an approximate position-orientation obtaining unit 203;
(3) the noncontact measurement data obtained by the noncontact measurement data
obtaining unit 204; (4) the contact positions of the robot hand 1002 obtained by the
contact position obtaining unit 205; and (5) the accuracy of the noncontact mea-
surement data and the accuracy of the contact positions of the robot hand 1002
obtained by the accuracy obtaining unit 206. Note that, here, the position-orientation
calculation unit 207 calculates a position-orientation of the target object 1104 by
selecting data to be used for the calculation of a position-orientation in accordance
with the accuracy obtained by the accuracy obtaining unit 206.

Processing Flow 2
A processing flow of this embodiment is similar to the flowchart of the first em-

bodiment illustrated in Fig. 4, and only differences are described hereinafter.
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The process from step S1010 to step S1030 of the first embodiment is similarly
performed.

<Step S1040>

In step S1040, the noncontact measurement data obtaining unit 204 obtains an ag-
gregation of three-dimensional points in the reference coordinate of the robot arm 1001
and an aggregation of measurement reliabilities thereof as noncontact measurement
data. As with the first embodiment, coordinates of the three-dimensional points in a
local coordinate system of the noncontact sensor 1003 are transformed into those in the
reference coordinate system of the robot arm 1001 in accordance with a relative
position-orientation between the noncontact sensor 1003 and the robot arm 1001 and a
position-orientation of the robot arm 1001 including the noncontact sensor 1003
attached thereto.

<Step S1050>

In step S1050, the contact position obtaining unit 205 obtains an aggregation of
three-dimensional coordinates in positions in which the robot hand 1002 is in contact
with the target object 1104 in the reference coordinate of the robot arm 1001 as contact
positions and an aggregation of measurement reliabilities thereof. As with the first em-
bodiment, the three-dimensional points of the contact positions in the local coordinate
system are transformed into those in the reference coordinate system of the robot arm
1001 in accordance with a relative position-orientation between the contact sensor and
the robot hand 1002, a relative position-orientation between the robot arm 1001 and the
robot hand 1002, and a position-orientation of the robot hand 1002.

<Step S1060>

In step S1060, the accuracy obtaining unit 206 sets measurement reliabilities as
accuracy of the noncontact measurement data obtained in step S1040 and accuracy of
the contact positions obtained in step S1050.

<Step S1070>

In step S1070, the position-orientation calculation unit 207 calculates a position-
orientation of the target object 1104 in the reference coordinate of the robot arm 1001.
As with the first embodiment, the ICP algorism is used for the position-orientation cal-
culation. Note that only noncontact measurement data having accuracy larger than a
predetermined threshold value t1 is used for the position-orientation calculation. Fur-
thermore, only contact points having accuracy larger than a predetermined threshold
value t2 are used. Therefore, assuming that an aggregation of correspondence points
between the noncontact measurement data having the accuracy larger than the
threshold value t1 and target-object surface points is represented by "(v, q) is an

T

element of Sv"" and an aggregation of correspondence points between the contact

points and the target-object surface points is represented by "(c, q) is an element of
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Sc™, a transformation matrix M' which minimizes the following expression may be
calculated by the least-squares estimation.
[Math.3]

L= Ze(p,q) Ze(p,q)

(p.g)SV' (p.g)eS¢’

By the process described above, a position-orientation of the target object 1104 may
be calculated with high accuracy by changing data to be used in accordance with
accuracy of contact positions and accuracy of noncontact measurement data obtained
by the noncontact sensor 1003 even if measurement data of low accuracy is mixed.
Modification 2

In the second embodiment, points to be used for the position-orientation calculation
are selected by checking accuracy for each noncontact measurement data and each
contact point. However, a position-orientation may be calculated only using contact
points without using entire noncontact measurement data if mean accuracy, minimum
accuracy, and maximum accuracy of the noncontact measurement data which have
been checked are larger than a predetermined threshold value. Conversely, if the mean
accuracy and the like of the contact points are larger than the predetermined threshold
value, a position-orientation may be calculated only using the noncontact measurement
data. Moreover, if both of the accuracy of the noncontact measurement data and the
accuracy of the contact points are smaller than the respective threshold values, at least
one of the noncontact measurement data and the contact positions may be measured
again so that the accuracy is obtained again and a position-orientation is calculated
again. In addition, only one of the noncontact measurement data and the contact points
which has higher accuracy may be used.

With the configuration described above, a position-orientation of the target object
1104 may be calculated with high accuracy by changing data so that only data having
high accuracy is used in accordance with the accuracy of the noncontact measurement
data and the accuracy of contact positions of the robot hand 1002 even if measurement
data of low accuracy is mixed.

Third Embodiment

In a third embodiment, a method for calculating a position-orientation of a target
object 1104 with higher accuracy by determining positions where the target object
1104 is grasped such that ambiguity of a position-orientation calculated in accordance
with contact positions of a robot hand 1002 and noncontact measurement data of a
noncontact sensor 1003 is reduced will be described.

An apparatus configuration of this embodiment is the same as that of the first em-
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bodiment illustrated in Fig. 1. In this embodiment, the target object 1104 is grasped
and touched after grasping positions on the target object 1104 are determined such that
smaller ambiguity of a calculated position-orientation is obtained and measurement
accuracy of range measurement points 1105 and measurement accuracy of contact
points 1106 are taken into consideration.

In this embodiment, a scene in which one of piled objects is grasped as a target
object 1104 is estimated. An approximate position-orientation of the object to be
grasped is obtained by performing noncontact measurement on the piled objects, and
grasping positions are determined before the target object 1104 is grasped. When the
target object 1104 is grasped, a position-orientation of the target object 1104 is shifted.
Therefore, the position-orientation of the target object 1104 is calculated in accordance
with noncontact measurement data and contact positions of the robot hand 1002.
Configuration 3

Fig. 7 is a block diagram illustrating a configuration of an information processing
apparatus 3 according to this embodiment. The configuration of the information
processing apparatus 3 of this embodiment will now be described.

As with the first embodiment, the information processing apparatus 3 transmits a
calculated position-orientation to a robot controller 1005 and controls a robot arm hand
101 so that the robot arm hand 101 grasps a target object 1104. The information
processing apparatus 3 includes a contact position determination unit 308 in addition to
a data holding unit 302, an approximate position-orientation obtaining unit 303, a
noncontact measurement data obtaining unit 304, a contact position obtaining unit 305,
an accuracy obtaining unit 306, and a position-orientation calculation unit 307.

In the configuration of the information processing apparatus 3, only differences from
the first embodiment will be described.

The approximate position-orientation obtaining unit 303 obtains an approximate
position-orientation of the target object 1104 in a reference coordinate of the robot arm
1001. Here, the noncontact sensor 1003 attached to the robot arm 1001 performs three-
dimensional measurement on a scene including the target object 1104 so that a
position-orientation of the target object 1104 is detected from an aggregation of
obtained three-dimensional points in the reference coordinate of the robot arm 1001.
The contact position determination unit 308 determines grasping positions of the target
object 1104. Information on the determined grasping positions is supplied to the robot
controller 1005 so as to be used for control of the grasping of the target object 1104.
Processing Flow 3

A flow of a process performed by the information processing apparatus 3 of this em-

bodiment will be described with reference to a flowchart of Fig. 8. Note that the
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processing flow of this embodiment is similar to the flowchart of the first embodiment
illustrated in Fig. 4, and only differences are described hereinafter.

A process from step S3040 to step S3070 is the same as the process from step S1040
to step S1070 in the first embodiment.

<Step S3010>

In step S3010, the approximate position-orientation obtaining unit 303 obtains in-
formation on a shape of the target object 1104 held in the data holding unit 302, that is,
an aggregation of three-dimensional points and normal lines on a surface of the target
object 1104. The three-dimensional points are included in a reference coordinate
system of the target object 1104. Next, a dictionary to be used for recognition of the
target object 1104 to be performed in step S3020 is generated. A recognition method
using spin images is utilized for detection of the target object 1104. A spin-images
feature value is a local feature value calculated using a range image and a group of
three-dimensional points. Therefore, the spin-images feature value is extracted from
the shape information of the target object 1104 and held as the dictionary. Note that a
dictionary which is generated in advance and stored in the data holding unit 302 may
be read. The recognition method using the spin images are disclosed in NPL 2.

<Step S3020>

In step S3020, the approximate position-orientation obtaining unit 303 obtains an ap-
proximate position-orientation of the target object 1104 in the reference coordinate of
the robot arm 1001. Specifically, the noncontact sensor 1003 attached to the robot arm
1001 performs three-dimensional measurement on a scene including the target object
1104 and a position-orientation of the target object 1104 is detected from an ag-
gregation of obtained three-dimensional points in the reference coordinate of the robot
arm 1001. As described above, the recognition method using spin images is utilized for
detection of the target object 1104. A spin-images feature value is extracted from the
aggregation of the measured three-dimensional points and compared with the
dictionary generated in step S3010 so that a position-orientation of the target object
1104 is calculated. Furthermore, the calculated position-orientation is used as an initial
value and the position-orientation of the target object 1104 is refined by applying the
ICP algorism to the shape information the target object 1104 and the aggregation of the
measured three-dimensional points so that an approximate position-orientation is
obtained. Here, the three-dimensional points and the normal lines on the surface of the
target object 1104 are determined as a local plane, distances between the measured
three-dimensional points and the plane which are associated with each other are
minimized so that a position-orientation of the target object 1104 is calculated.

<Step S3025>

In step S3025, the contact position determination unit 308 determines grasping
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positions of the target object 1104. Using the aggregation (measurement data) of the
three-dimensional points obtained through the three-dimensional measurement
performed by the noncontact sensor 1003 used when the approximate position-ori-
entation is calculated in step S3020, ambiguity of the approximate position-orientation
is calculated, and grasping positions which attain disambiguation is determined.

The ambiguity of the approximate position-orientation is calculated by obtaining a
Jacobian matrix from the shape information of the target object 1104 (the aggregation
of the three-dimensional points and the normal lines on the surface of the target object
1104) and the aggregation (measurement data) of the measured three-dimensional
points. The Jacobian matrix is a value indicating a degree of change of parameters of
six degrees of freedom of a position-orientation obtained when a correspondence
distance of geometric features which are focused on when a position-orientation of the
target object 1104 is to be calculated is changed. Specifically, the Jacobian matrix uses
first-order partial derivatives of elements of a position and an orientation as elements
in a case where distances between points in a three-dimensional space and a plane are
set as functions of the position and the orientation. When the Jacobian matrix of the
geometric feature is checked, one of the parameters of the six degrees of freedom of
the position-orientation which is likely to be affected by the geometric feature is
recognized. In a case where a specific parameter of the Jacobian matrix is small,
influence on the parameter is small, that is, positioning fails since the parameter is not
determined or positioning may not be performed with sufficient accuracy. Hereinafter,
a method for obtaining the Jacobian matrix of a geometric feature will be described.

A method for modeling the relationship between an accidental error of the mea-
surement data, a data amount, space distribution, and an accidental error of the
position-orientation calculation as propagation to an accidental error of a result of
position-orientation estimation caused by the accidental error of the measurement data
has been proposed in NPL 3.

As described in step S3020, the calculation of a position-orientation is performed in
accordance with the ICP algorism in which the three-dimensional points and the
normal lines (shape information) on the surface of the target object 1104 are de-
termined as a local plane and a distance between the local plane and the associated
measured three-dimensional points (measurement data) is minimized. Here, the mea-
surement data is data of the reference coordinate system of the robot arm 1001 and the
shape information of the target object 1104 is data of the reference coordinate system
of the target object 1104. It is assumed that three-dimensional coordinates of the three-
dimensional positions of surface points representing the shape information of the target
object 1104 and the normal lines in the reference coordinate system of the robot arm

1001 are denoted by "(x, y, z)™", normal line directions are denoted by "(n,, n,, n,)™ (a
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unit vector), and coordinates of the three-dimensional points of the measurement data
are denoted by "(x', y', z)™. In this case, a signed distance e in the three-dimensional
space represented by Math. 1 may be calculated by the following expression: € = n(x' -
x)+ny' -y)+n,(z'-z).

[0083]  Then the correspondence distance e is subjected to partial differentiation using a
transformation parameter s=(s1, s2, s3, s4, s5, s6)" for transformation from the
reference coordinate system of the target object 1104 to the reference coordinate
system of the robot arm 1001 so that a Jacobian matrix J;p is calculated as follows.
[Math.4]

J3D = lnx ny n, (nzj‘; - ny"z“) (nx%‘ - nz"f) (nyﬁx“ - nxj;)]

[0084] Here, in Expression 5 below,

indicates an orientation transformation matrix for transformation from the reference
coordinate system of the target object 1104 to the reference coordinate system of the
robot arm 1001, and "(X, Y, Zm)™" represents coordinates of the three-dimensional
points of the shape information in the reference coordinate system of the target object
1104. When a Jacobian matrix J of m rows by 6 columns obtained by connecting the m
Jacobian matrices J;p of 1 row by 6 columns (m is the number of correspondence
points) is used, a minor change between the position-orientation and the observation
data may be represented as an error function of a first-order approximation of (a minor
change A of) the position-orientation as represented by Math. 7. This is a relational ex-
pression representing a minor change of an observation data position caused by a

minor change of a position-orientation.

[Math.5]
X X,
F|=R| yn
zZ Z,,

[Math.6]

R

[Math.7]

JA=e A=J'e (It =@"pH")

[0085]  Using this expression, a covariance matrix Cov(A) of the position-orientation is
calculated from a covariance matrix Cov(e) of the measurement data in accordance

with a framework of error back propagation. Standard deviations of the three-
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dimensional points of the measurement data are obtained from the accuracy obtaining
unit 306 as accuracy of the measurement data and are set as "0y, . The covariance
matrix Cov(e) is represented by Math. 8 below using " Oy

[Math.8]

o 2 0

range ;
Cov(e)

2
0 Cri"a.‘lrige M

The covariance Cov(A) of the position-orientation is calculated using the covariance
Cov(e) of the measurement data and the Jacobian matrices J corresponding to the mea-

surement data as follows.

[Math.9]
Cov(A) = E[AN 1= E[T'e(3'e)"]
=T Elee’ JJ*)"
= J*Cov(e)(JH)"

In accordance with this expression, the covariance matrix Cov(A) representing
ambiguity of an estimated position-orientation parameter is calculated. A maximum
eigenvector u of the covariance matrix Cov(A) represents the most ambiguous
direction of a position-orientation among position-orientations calculated as ap-
proximate position-orientations.

The grasping positions of the target object 1104, that is, the contact points used for
the position-orientation calculation in step S3070, have error distribution which
spreads in directions orthogonal to normal lines of a surface of a robot hand 1002 as
represented by the range measurement points 1105 in Fig. 2. Therefore, to reduce the
ambiguity of the position-orientation calculation, points having normal lines nearest to
the maximum eigenvector u are selected from the shape information of the target
object 1104 so as to be determined as the grasping positions.

<Step S3030>

In step S3030, the contact position determination unit 308 supplies the grasping
positions determined in step S3025 and the approximate position-orientation of the
target object 1104 obtained in step S3020 to the robot controller 1005 which controls
the robot arm hand 101 so that the target object 1104 is grasped.

<Step S3070>

In step S3070, the position-orientation calculation unit 307 calculates a position-
orientation of the target object 1104 by the same process as step S3010. Note that a

transformation matrix M' which maximizes Math. 3 is calculated by the maximum
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likelihood estimation using the correspondence distance e as a measured three-
dimensional point (measurement data) associated with the local plane represented by
the three-dimensional points and the normal lines (the shape information) on the
surface of the target object 1104.

<Step S3080>

In step S3080, the position-orientation calculation unit 307 calculates a covariance
matrix representing the ambiguity of the position-orientation calculated in step S3070
by the method described in step S3025. Note that, in step S3070, both of the
noncontact measurement data and the contact points are used as the measurement data
for calculation of the position-orientation, and therefore, both of the noncontact mea-
surement data and the contact points are used also for calculation the ambiguity. If the
maximum eigenvalue (representing distribution in a direction of the largest variation of
the calculated position-orientation) of the calculated covariance matrix is equal to or
smaller than a predetermined threshold value, the calculation of the position-ori-
entation is terminated, and otherwise, the process returns to step S3020 so that the
measurement is performed again.

In this way, the target object 1104 is grasped and touched after the grasping positions
on the target object 1104 are determined such that smaller ambiguity of a calculated
position-orientation is obtained and the position-orientation of the target object 1104
may be calculated with high accuracy taking accuracy of the noncontact measurement
data and accuracy of the contact positions of the robot hand 1002 having different
tendencies into consideration.

Modification 3

In the method for determining grasping positions in step S3025, grasping positions
are determined only using ambiguity of a calculated position-orientation. However, the
shape information of the robot hand 1002 may be additionally used so that itis de-
termined whether the target object 1104 may be grasped in the determined grasping
positions. For example, simulation may be performed using the shape information of
the robot hand 1002, the position-orientation of the target object 1104, the shape in-
formation of the target object 1104, and the three-dimensional measurement data of the
scene so as to determine whether the target object 1104 may be grasped in the
calculated grasping positions, and the normal lines of the aggregation of the surface
points of the target object 1104 may be checked starting from one of the normal lines
which is nearest to the maximum eigenvector u.

With this configuration described above, since the target object 1104 is grasped in
the grasping positions such that smaller ambiguity of a calculated position-orientation
is obtained, the noncontact measurement data and the contact positions of the robot

hand 1002 which have different tendencies may be reliably obtained, and accordingly,
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the position-orientation of the target object 1104 may be calculated with high accuracy.
Fourth Embodiment

In a fourth embodiment, a contact position is added by controlling a robot hand 1002
such that ambiguity of a position-orientation calculated from the contact positions of
the robot hand 1002 and noncontact measurement data of a noncontact sensor 1003 is
reduced after a target object 1104 is grasped. A method for calculating a position-
orientation with high accuracy in this way will now be described.

A configuration of an apparatus of this embodiment is illustrated in Fig. 9. In the
method described in this embodiment, a point or a plane on a surface of a target object
1104 is determined such that smaller ambiguity of a calculated position-orientation of
the target object 1104 is obtained and the target object 1104 is touched by a contact
finger 3007 included in the robot hand 1002 in the point or the plane, so that a contact
position is added. A position-orientation is calculated again using an aggregation of the
added contact position and contact positions obtained before the addition and
noncontact measurement data obtained by a noncontact sensor 1003 so that a position-
orientation of the target object 1104 is calculated with higher accuracy.

As with the third embodiment, in this embodiment, a scene in which one of piled
objects is grasped as a target object 1104 is estimated. An approximate position-ori-
entation of the object to be grasped is obtained by performing noncontact measurement
on the piled objects, and grasping positions are determined before the target object
1104 is grasped. When the target object 1104 is grasped, a position-orientation of the
target object 1104 is shifted. Therefore, the position-orientation of the target object
1104 is calculated in accordance with noncontact measurement data and contact
positions of the robot hand 1002.

Configuration 4

A configuration of this embodiment is the same as that of the third embodiment il-
lustrated in Fig. 7, and only differences are described hereinafter.

As with the third embodiment, the contact position determination unit 308 de-
termines grasping positions of the target object 1104. Furthermore, the contact position
determination unit 308 determines a position to be touched by the contact finger 3007
so as to additionally obtain a contact position. Information on the determined grasping
positions and information on the contact position is supplied to the robot controller
1005 so as to be used for control of the grasping and touching of the target object 1104.
Processing Flow 4

A flow of a process performed by an information processing apparatus 4 of this em-
bodiment will be described with reference to the flowchart of Fig. 8. The processing

flow of this embodiment is similar to that of the third embodiment, and only dif-
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ferences are described hereinafter.

A process in step S3010 is the same as that of the third embodiment. A first loop of a
process from step S3020 to step S3080 is the same as that of the third embodiment.
However, after a second loop onwards, a target object 1104 is not grasped again but a
contact position is additionally determined by bringing the contact finger 3007 to
contact with the target object 1104. Processes in steps in the second loop onwards will
be described hereinafter.

<Step S3020>

In step S3020, the approximate position-orientation obtaining unit 303 obtains an ap-
proximate position-orientation of a target object 1104 in a reference coordinate of a
robot arm 1001. Specifically, a position-orientation of the target object 1104 calculated
in step S3070 in a preceding loop is set as an approximate position-orientation.

<Step S3025>

In step S3025, the contact position determination unit 308 determines a contact
position of the target object 1104. The contact position determination unit 308
calculates ambiguity of the position-orientation of the target object 1104 calculated in
step S3070 in the preceding loop which is set as the approximate position-orientation
and determines a contact position which attains disambiguation. That is, a Jacobian
matrix is obtained from noncontact measurement data, the contact positions, and shape
information of the target object 1104 (an aggregation of three-dimensional points and
normal lines on a surface of the target object 1104) which have been used for cal-
culation of a position-orientation of the target object 1104 so that the ambiguity is
calculated. A method for calculating the contact position is the same as the method for
calculating the grasping positions in step S3025 according to the third embodiment.

<Step S3030>

In step S3030, the contact position determined in step S3025 and the approximate
position-orientation of the target object 1104 obtained in step S3020 are supplied to the
robot controller 1005 which controls the robot arm hand 101 so that a finger of the
robot hand 1002 touches the surface of the target object 1104.

<Step S3040>

In step S3040, the noncontact measurement data obtaining unit 304 obtains an ag-
gregation of three-dimensional points in the reference coordinate of the robot arm 1001
as noncontact measurement data. Note that noncontact measurement data obtained in
the preceding processing loop may be stored so as to be utilized again.

<Step S3050>

In step S3050, the contact position obtaining unit 305 obtains a position which is
touched by the robot hand 1002 in step S3030. An aggregation of three-dimensional

coordinates obtained by adding the obtained contact position to the contact positions
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obtained in the preceding loop is output as contact positions to be used in the following
steps.
<Step S3060>

In step S3060, the accuracy obtaining unit 306 obtains accuracy of the noncontact
measurement data obtained in step S3040 and accuracy of the contact positions
obtained in step S3050.

<Step S3070>

In step S3070, as with the third embodiment, the position-orientation calculation unit
307 calculates a position-orientation of the target object 1104.

<Step S3080>

In step S3080, as with the third embodiment, the position-orientation calculation unit
307 calculates a covariance matrix representing the ambiguity of the position-ori-
entation calculated in step S3070 by the method described in step S3025. If the
maximum eigenvalue (representing distribution in a direction of the largest variation of
the calculated position-orientation) of the calculated covariance matrix is equal to or
smaller than a predetermined threshold value, the calculation of a position-orientation
is terminated, and otherwise, the process returns to step S3020 so that another contact
position is measured.

In this way, a position-orientation of the target object 1104 may be calculated by suc-
cessively adding contact positions on the target object 1104 such that smaller
ambiguity of the calculated position-orientation is obtained and a position-orientation
of the target object 1104 may be calculated with high accuracy.

Variation

In the fourth embodiment, a contact position is added using the contact finger 3007
as illustrated in Fig. 8. However, a device to be used to add a contact position is not
limited to this. If a plurality of robot arms 1002 are used, one of the robot arms 1002
which is not grasping a target object 1104 may be used to add a contact position. Fur-
thermore, if the target object 1104 is not moved when being touched, a contact position
may be added without grasping the target object 1104.

With the configuration described above, a contact position on the target object 1104
is successively added such that smaller ambiguity of a calculated position-orientation
is obtained. By this, the noncontact measurement data and the contact positions of the
robot hand 1002 which have different tendencies may be reliably obtained, and ac-
cordingly, a position-orientation of the target object 1104 may be calculated with high
accuracy.

Other Embodiments

The present invention may also be realized by executing the following process.
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Specifically, software (programs) which realizes the functions of the foregoing em-
bodiments is supplied to a system or an apparatus through a network or various storage
media, and a computer (or a CPU, an MPU, or the like) of the system or the apparatus
reads and executes the programs.

Effects of Embodiments

In the first embodiment, a position-orientation is calculated focusing on the
noncontact measurement data and the contact positions having small error distributions
taking the accuracy (error distribution) of the noncontact measurement data and the
accuracy (error distribution) of the contact positions of the robot hand 1002 having
different tendencies into consideration. By this, a position-orientation of the target
object 1104 may be calculated with high accuracy without increasing the number of
measurement apparatuses while characteristics of the accuracy information (the error
distributions) are mutually compensated for.

In the second embodiment, the measurement data is changed so that only data having
high accuracy is used in accordance with the accuracy of the noncontact measurement
data and the accuracy of the contact positions of the robot hand 1002. By this, a
position-orientation of the target object 1104 may be calculated with high accuracy
without increasing the number of measurement apparatuses even if measurement data
of low accuracy is mixed.

In the third embodiment, the target object 1104 is grasped in positions on the target
object 1104 such that smaller ambiguity of a calculated position-orientation is
obtained. By this, the noncontact measurement data and the contact positions of the
robot hand 1002 which have different tendencies may be reliably obtained, and ac-
cordingly, the position-orientation of the target object 1104 may be calculated with
high accuracy without increasing the number of measurement apparatuses.

In the fourth embodiment, a contact position on the target object 1104 is successively
added such that smaller ambiguity of a calculated position-orientation is obtained. By
this, the noncontact measurement data and the contact positions of the robot hand 1002
which have different tendencies may be reliably obtained, and accordingly, a position-
orientation of the target object 1104 may be calculated with high accuracy without in-
creasing the number of measurement apparatuses.

Definitions

The robot controller 1005 at least controls a movement of the robot arm 1001 and the
robot hand 1002 to an arbitrary position-orientation and a grasping operation and
outputs a state of a robot including position-orientations and joint angles of the robot
arm 1001 and the robot hand 1002. The robot controller 1005 may control the robot

arm hand 101 by receiving a position-orientation of a tip end of the robot arm 1001, a
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position-orientation of an object to be grasped, and information on joint angles of the
robot arm 1001.

Any shape of the robot arm 1001 may be employed as long as the robot has at least
one operation portion. A plurality of arms may be provided or a plurality of robots may
be provided. A six-axis robot, a scholar robot, or a parallel link robot may be used, and
a shape of the robot is not restricted. Alternatively, an unsubstantial robot in simulation
may be used.

The robot hand 1002 has a mechanism for grasping a component, and the mechanism
may have any configuration as long as the mechanism detects grasping and contacting.
A mechanism of two fingers or multi-fingers may be used or a mechanism of a suction
hand may be employed. A finger for contact measurement may be provided. Alter-
natively, an unsubstantial robot hand in simulation may be used.

The data holding unit at least holds information on a shape of the target object 1104,
information on a shape of the robot arm 1001, and calibration information which are to
be used for estimation of a position-orientation of the target object 1104. The in-
formation on the shape of the target object 1104 may be an aggregation of geometric
features, such as three-dimensional points and normal lines. The information on the
shape of the target object 1104 may represent a three-dimensional mesh model or an
analytic curved surface model, such as a CAD model. The calibration information may
be the following information: an approximate position-orientation of the target object
1104 in the reference coordinate of the robot arm 1001; a relative position-orientation
between the robot arm 1001 and the noncontact sensor 1003; a relative position-ori-
entation between the contact sensor attached to the robot hand 1002 and the robot hand
1002; and information on accuracy of noncontact measurement data, information on
accuracy of contact positions, a camera parameter of the measurement apparatus, and
the like. The data holding unit may be any form, such as an HDD, an SSD, a memory,
and a tape drive, as long as the data holding unit is capable of holding data.

The approximate position-orientation obtaining unit at least obtains an approximate
position-orientation of the target object 1104 in the reference coordinate of the robot
arm 1001. The approximate position-orientation obtaining unit may read a position-
orientation from the data holding unit or may obtain a position-orientation of the target
object 1104 from measurement data obtained by measuring the target object 1104 by
the noncontact sensor 1003 or a camera attached to the robot arm 1001 or installed in
an environment. A recognition method based on feature values, such as spin images, or
a method based on template matching may be used for calculation of a position-ori-
entation using measurement data. Alternatively, a model fitting method using the ICP
algorithm or the like may be used.

The noncontact measurement data obtaining unit at least obtains noncontact mea-
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surement data of the target object 1104 in the reference coordinate of the robot arm
1001. The noncontact measurement data may be measured by the noncontact sensor
1003 attached to the robot arm 1001 or installed in the environment or data which is
measured in advance may be read from a storage device as the noncontact mea-
surement data. The noncontact measurement data may be a two-dimensional image or
a range image, or may be an aggregation of three-dimensional points, normal lines of
the three-dimensional points, and three-dimensional features. The noncontact mea-
surement data may be an aggregation of geometric features, such as edges or feature
points detected in a two-dimensional image, as long as the noncontact measurement
data is information obtained by measuring the target object 1104 in a noncontact
manner. If the obtained noncontact measurement data is a local coordinate system, the
noncontact measurement data may be transformed into that in the reference coordinate
of the robot arm 1001 using the calibration information held in the data holding unit.

The contact position obtaining unit at least obtains contact positions in the target
object 1104 in the reference coordinate of the robot arm 1001. The contact positions
may be obtained by directly detecting touches by the contact sensor or may be obtained
indirectly detecting touches by detecting loads applied to the robot hand 1002 or
fingers. Data measured in advance may be read from the storage device. If the obtained
contact positions are in a local coordinate system, the contact positions may be
transformed into those in the reference coordinate of the robot arm 1001 using the cal-
ibration information held in the data holding unit.

The accuracy obtaining unit at least obtains accuracy information of the noncontact
measurement data obtained by the noncontact measurement data obtaining unit and
accuracy information of the contact positions obtained by the contact position
obtaining unit. Data measured in advance may be read from the storage device. Any
expression may be used for representing the accuracy information as long as the
accuracy of the noncontact measurement data and the accuracy of the contact position
are represented. Error distribution or measurement reliability may be used. Fur-
thermore, a degree of accuracy may be set high when the number of similar mea-
surement points is large, or brightness of a captured image or intensity of geometric
features may be used. The error distribution may be a normalized covariance matrix or
a variance of normal distribution. A table of error distributions which is generated by
performing measurement a plurality of times in advance using a three-dimensional co-
ordinate as a key may be used, a function may be assigned to the table, or the table
may be modeled and used as a parameter. The key of the table and the function is not
limited to the three-dimensional coordinate but also brightness of pixels, intensity of
geometric features, or a direction of a plane.

The position orientation calculation unit at least obtains a position-orientation of the
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target object 1104 in the reference coordinate of the robot arm 1001 in accordance with
the following information: (1) information on a shape of the target object 1104 held by
the data holding unit; (2) the approximate position-orientation of the target object 1104
obtained by the approximate position-orientation obtaining unit; (3) the noncontact
measurement data obtained by the noncontact measurement data obtaining unit; (4) the
contact positions of the robot hand 1002 obtained by the contact position obtaining
unit; and (5) the accuracy of the noncontact measurement data and the accuracy of the
contact positions of the robot hand 1002 obtained by the accuracy obtaining unit. The
position-orientation may be calculated by the ICP algorithm. Alternatively, a similarity
degree between a geometric feature extracted from the information on the shape of the
target object 1104 and a geometric feature extracted from the noncontact measurement
data and the contact positions is measured and a position-orientation may be calculated
in accordance with a distance between geometric features having similarity. Fur-
thermore, a distance between points or a distance between a point and a plane may be
used as a distance between shape information of the target object 1104 and the
noncontact measurement data and the contact positions. Furthermore, an optimization
method, such as the maximum likelihood estimation or the least-squares estimation,
may be used for the calculation of a position-orientation, or a position-orientation
which has the highest evaluation value based on a distance may be searched for by full
search.

Furthermore, the accuracy of the noncontact measurement data and the accuracy of
the contact positions may be used as a covariance matrix in the maximum likelihood
estimation or a weight of the least-squares estimation, or may be used as a weight of
the evaluation value. Furthermore, data having accuracy which is equal to or smaller
than a predetermined threshold value may not be used for the calculation of a position-
orientation. A position-orientation may be calculated only using the contact points
without using the entire noncontact measurement data if mean accuracy, minimum
accuracy, and maximum accuracy of the noncontact measurement data which have
been checked are larger than a predetermined threshold value. On the other hand, if the
mean accuracy and the like of the contact points are larger than a predetermined
threshold value, the position-orientation may be calculated only using the noncontact
measurement data. Moreover, if both of the accuracy of the noncontact measurement
data and the accuracy of the contact points are smaller than the respective threshold
values, at least one of the noncontact measurement data and the contact positions may
be measured again so that the accuracy is obtained again and the position-orientation is
calculated again. In addition, only one of the noncontact measurement data and the
contact points which has higher accuracy may be used.

The contact position determination unit at least determines at least one of the
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grasping positions and the contact positions of the target object 1104 so that smaller
ambiguity of a calculated position-orientation is obtained. The grasping positions and
the contact positions may be determined by selecting points or planes having normal
lines which extend in a direction the most similar to the most ambiguous direction of
the calculated position-orientation of the target object 1104. Moreover, it is determined
whether the grasping positions and the contact positions are available for touching
using the shape information of the robot hand 1002 and only touchable positions may
be selected.

According to this specification, even when measurement information of a portion of
an object may not be obtained, a position-orientation may be measured with high
accuracy.

Embodiments of the present invention can also be realized by a computer of a system
or apparatus that reads out and executes computer executable instructions recorded on
a storage medium (e.g., non-transitory computer-readable storage medium) to perform
the functions of one or more of the above-described embodiments of the present
invention, and by a method performed by the computer of the system or apparatus by,
for example, reading out and executing the computer executable instructions from the
storage medium to perform the functions of one or more of the above-described em-
bodiments. The computer may comprise one or more of a central processing unit
(CPU), micro processing unit (MPU), or other circuitry, and may include a network of
separate computers or separate computer processors. The computer executable in-
structions may be provided to the computer, for example, from a network or the
storage medium. The storage medium may include, for example, one or more of a hard
disk, a random-access memory (RAM), a read only memory (ROM), a storage of dis-
tributed computing systems, an optical disk (such as a compact disc (CD), digital
versatile disc (DVD), or Blu-ray Disc (BD)™), a flash memory device, a memory card,
and the like.

While the present invention has been described with reference to exemplary em-
bodiments, it is to be understood that the invention is not limited to the disclosed
exemplary embodiments. The scope of the following claims is to be accorded the
broadest interpretation so as to encompass all such modifications and equivalent
structures and functions.

This application claims the benefit of Japanese Patent Application No. 2014-249426,
filed December 9, 2014, which is hereby incorporated by reference herein in its

entirety.
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Claims

An information processing apparatus comprising:

a data holding unit configured to hold information on a shape of a
target object;

an approximate position-orientation obtaining unit configured to obtain
an approximate position-orientation of the target object;

a positional information obtaining unit configured to obtain positional
information of the target object by measuring the target object by a
noncontact sensor;

a contact position information obtaining unit configured to obtain po-
sitional information of contact positions touched by a contact sensor
when the contact sensor is brought into contact with the target object;
and

a position-orientation obtaining unit configured to obtain a position-
orientation of the target object by associating the shape information of
the target object held in the data holding unit with at least one of the
positional information of the target object and the positional in-
formation of the contact positions.

The information processing apparatus according to claim 1, further
comprising:

an obtaining unit configured to obtain first accuracy information in-
dicating accuracy of the positional information of the target object
obtained by the positional information obtaining unit and second
accuracy information indicating accuracy of the positional information
of the contact positions obtained by the contact position obtaining unit,
wherein the position-orientation obtaining unit obtains a position-
orientation of the target object by associating the shape information of
the target object held in the data holding unit with at least one of the
positional information of the target object and the positional in-
formation of the contact positions in accordance with the approximate
position-orientation, the first accuracy information, and the second
accuracy information.

The information processing apparatus according to claim 2, wherein the
first accuracy information is error distribution of data measured by the
noncontact sensor.

The information processing apparatus according to claim 2, wherein the

second accuracy information is error distribution which spreads in di-
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rections orthogonal to normal lines of planes of the target object in the
contact positions.

The information processing apparatus according to claim 2, wherein the
position-orientation obtaining unit calculates a position-orientation of
the target object by assigning a large weight to more probable po-
sitional information selected from among the positional information of
the target object and the positional information of the contact positions
in accordance with the first accuracy information and the second
accuracy information.

The information processing apparatus according to claim 2, wherein
the first accuracy information and the second accuracy information
indicate spread of error distribution of positional information, and

the position-orientation obtaining unit calculates a position-orientation
of the target object in accordance with weights set to the positional in-
formation of the target object and the positional information of the
contact positions in accordance with the spread of the error distribution
of the positional information of the target object and the spread of the
error distribution of the positional information of the contact positions.
The information processing apparatus according to claim 1, further
comprising:

a contact position determination unit configured to determine a contact
position to be touched by the contact sensor in accordance with the po-
sitional information of the target object obtained by the positional in-
formation obtaining unit.

The information processing apparatus according to claim 1, wherein the
noncontact sensor is an imaging device and the positional information
is a feature of the target object extracted from an image obtained by the
imaging device.

The information processing apparatus according to claim 1, wherein the
contact sensor is attached to a robot hand used to grasp the target
object.

The information processing apparatus according to claim 1, wherein the
position-orientation obtaining unit calculates a position-orientation of
the target object by associating the shape information of the target
object with a selected one of the positional information of the target
object and the positional information of the contact positions.

A system comprising:

the information processing apparatus set forth in claim 1; and
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a holding/grasping unit configured to hold or grasp the target object.
An information processing method comprising:

obtaining an approximate position-orientation of a target object;
obtaining positional information of the target object by measuring the
target object using a noncontact sensor;

obtaining positional information of contact positions touched by a
contact sensor when the contact sensor is brought into contact with the
target object;

obtaining a position-orientation of the target object by associating held
information on a shape of the target object with at least one of the po-
sitional information of the target object and the positional information
of the contact positions; and

calculating a position-orientation of the target object by associating the
shape information of the target object with a selected one of the po-
sitional information of the target object and the positional information
of the contact positions in accordance with first accuracy information
and second accuracy information.

A program that causes a computer to function as:

a data holding unit configured to hold information on a shape of a
target object;

an approximate position-orientation obtaining unit configured to obtain
an approximate position-orientation of the target object;

a positional information obtaining unit configured to obtain positional
information of the target object by measuring the target object by a
noncontact sensor;

a contact position information obtaining unit configured to obtain po-
sitional information of contact positions touched by a contact sensor
when the contact sensor is brought into contact with the target object;
an obtaining unit configured to obtain first accuracy information in-
dicating accuracy of the positional information of the target object
obtained by the positional information obtaining unit and second
accuracy information indicating accuracy of the positional information
of the contact positions obtained by the contact position obtaining unit;
and

a position-orientation obtaining unit configured to obtain a position-
orientation of the target object by associating the shape information of
the target object held in the data holding unit with at least one of the

positional information of the target object and the positional in-
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formation of the contact positions.
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