wo 2012/081687 A1 |1 1F 1 00O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

~
é

\\

(10) International Publication Number

WO 2012/081687 Al

21 June 2012 (21.06.2012) WIPOIPCT
(51) International Patent Classification: (74) Agents: ABE, Takuma et al.; C/O CANON KABUSHIKI
GO6T 7/00 (2006.01) KAISHA, 30-2, Shimomaruko 3-chome, Ohta-ku, Tokyo,
(21) International Application Number: 1468501 (JP).
PCT/JP2011/079122 (81) Designated States (uniess otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, 151", AU, Aéj, BA, BB, BG, B}{, BR, BW, BY, BZ.
9 December 2011 (09.12.2011) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
) HR, HU, ID, IL, IN, IS, KE, KG, KM, KN, KP, KR, KZ,
(26) Publication Language: English LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME, MG,
(30) Priority Data: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
2010-279516 15 December 2010 (15.12.2010) P PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD, SE,
SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT,
(71) Applicant (for all designated States except US): CANON TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
KABUSHIKI KAISHA [JP/JP]; 30-2, Shimomaruko 3- . L
chome, Ohta-ku, Tokyo, 1468501 (JP). (84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventor; and GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(75) Inventor/Applicant (for US only): WATANABE, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,

Daisuke [JP/JP]; C/O CANON KABUSHIKI KAISHA,
30-2, Shimomaruko 3-chome, Ohta-ku, Tokyo, 1468501
(JP).

TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

[Continued on next page]

(54) Title: INFORMATION PROCESSING APPARATUS, INFORMATION PROCESSING METHOD, AND PROGRAM

FIG. 1

3D MEASUREMENT APPARATUS

2
5
1
§

MODEL GENERATION DEVICE
110 100

BASE 3D- SHAPED- ENCE
POSITION-POSTURE POSITION POSTURE
SETTING UNIT INPUT UNIT

\ LN\ L

DETECTION SIMILARITY
" |CALCULATION UNIT

/ 150

EVALUATION-VALUE
CALCULATION UNIT

/

POSITION-POSTURE [~ 160

CALCULATION MODEL \

GENERATION UNIT
N 180

POSITION-POSTURE
CALCULATION UNIT

130

170
IMAGE PICKUP
UNIT

(57) Abstract: An information processing apparatus in-
cludes a first setting unit setting a relative position-posture
relationship between a 3D-shaped model of an object and a
viewpoint from which the model is observed as a base posi-
tion-posture, a detector detecting geometric features ot the
model observed from the viewpoint in the base posi-
tion-posture as base geometric features, a second setting unit
setting a relative position-posture relationship between the
model and a viewpoint as a reference position-posture, a re-
trieval unit retrieving reference geometric features corres-
ponding to the base geometric features of the model ob-
served from the viewpoint in the reference position-posture,
a first calculation unit calculating similarity degrees between
the base geometric features and the reference geometric fea-
tures, and a second calculation unit calculating evaluation
values of correspondences between the base geometric fea-
tures and the reference geometric features in accordance
with the similarity degrees.
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DESCRIPTION

INFORMATION PROCESSING APPARATUS, INFORMATION
PROCESSING METHOD, AND PROGRAM

Technical Field

[0001] The present invention relates to a technique of
calculating a position and a posturé of a certain object
ﬁaving a given 3D shape.

Background Art

[0002] In recent years, as a robot technology i1s developed,
robots are executing complicated tasks which have been
performed thus far by humans. Examples of the complicated
tasks include assembly of industrial products. To
autonomously execute an assembling operation, a robot grasps
a component using an end effector such as a hand. To grasp
a component using a robot hand, a relative position and a
relative posture between the'component to be grasped and the
robot are to be measured. Such measurement of a position
and a posture 1s required to be performed in various cases,
in addition to assembly of industrial products performed by
a robot, such as estimation of a position and a posture for
self position identification and re-configuration of a 3D
space performed by an autonomous mobile robot.

[0003] Examples of a method for measuring a positicn and a
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posture include a method using model fitting. In the model
fitting, 3D-shaped models of an object are assigned to
geometric features detected from monochrome images or color
images captured by a camera and assigned to distance images
obtained by individually measuring the images using a
distance sensor. The monochrome images and the color images
described above are collectively referred to as 2D images
hereinafter. In model fitting performed on a 2D image,
geometric features of a 3D-shaped model are projected on the
image so as to obtain correspondences with geometric
features detected in the image. Then, a poéition and a
posture are repeatedly corrected so that distances in the
individual correspondences are minimized. In this way, the
relationship between a position and a posture of the camera
and a position and a posture of the object is calculated.

In model fitting performed on a distance image, measurement
points in the distance image are converted into 3D points
having 3D coordinates, and correspondences between the 3D
points obtained by the conversion and 3D points on a 3D-
shaped model are obtained.

[0004] Then, a position and a posture are repeatedly
corrected so that distances in the individual
correspondences are minimized. In this way, a position-and-
posture relationship between a camera and an object is

calculated.
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[0005] In a measurement method utilizing the model fitting,
it is important to accurately obtain correspondences between
geometric features of a 3D-shaped model and geometric
features of a captured image. In the method described above,
approximate values of a position and a posture are input as
initial values of the position and the posture, and the
correspondences between the geometric features of the 3D-
shaped model and the geometric features of the captured
image are obtained in accordance with the approximate values
of the position and the posture. In this method, when the
approximate values of the position and the posture are
shifted from true values of the position and the posture,
generation of failure correspondences is not avoidable.

When a number of failure correspondences are generated, a
process of estimating the position and the posture fails and
accuracy of estimation of the position and the posture is
deteriorated.

[0006] To address this problem, a method for reducing
influence of failure correspondences by using M estimation
for correspondences between geometric features of a 3D-
shaped model and geometric features of a captured image has
been discussed (refer to NPL 1, for example).

[0007] In this method, when a distance of a correspondence
is near an average value, a large weight is applied whereas

when a distance of a correspondence is far from the average
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value, a small weight is applied. In this way, it is
estimated that a correspondence point far from the average
value has a low correspondence reliability so that influence
on calculation of a position and a posture is minimized.
[0008] However, in the method disclosed in Non-Patent
Literature 1, degrees of contributions of the individual
correspondences to a result of a process of calculating the
position and the posture are controlled in accordance with
the distances between the geometric features of the 3D-
shaped model and the geometric features of the captured
image in the correspondences. Specifically, the smaller a
distance in a correspondence is, the larger a degree of a
contribution sets. However, this method is merely used for
excepting outliers in numerical calculation, and the
determination is not performed on the individual
correspondences taking geometric similarities based on an
object shape such as positions of the geometric features of
the 3D-shaped model and the geometric features of the
captured image in the object and shapes of the geometric
features of the 3D-shaped model and the geometric features
of the captured image into consideration. Therefore, when a
failure correspondence is generated but a distance between a
geometric feature of the 3D-shaped model and a geometric
feature of the captured image in the correspondence

incidentally becomes small due to the shift of approximate



WO 2012/081687 PCT/JP2011/079122

values of the position and the posture from true values of
the position and the posture, it is difficult to remove
adverse effect caused by the failure correspondence using
the M-estimation.

Citation List

Non Patent Literature

[0009] NPL 1 "Robust ICP Registration Algorithm Extended
by M-Estimation”, Yuki KONDO, Atsushi MIYAMOTO, Shunichi
KANEKO, Satoru IGARASHI, Technical report of IEICE. PRMU
100(507) pp. 21-26 20001207

Summary of Invention

[0010] The present invention has been made in
consideration of the above situation, and has as its object
to obtain appropriate correspondences between geometric
features of a 3D-shaped model and geometric features of a
captured image and perform robust calculation to obtain a
position and posture of an object.

[0011] According to the present invention, the foregoing
object is attained by providing an information processing
apparatus including a first setting unit configured to set a
relative position-and-posture relationship between a three-
dimensional-shaped model of an object and a viewpoint from
which the three-dimensional-shaped model is observed as a
base position-posture, a detector configured to detect

geometric features of the three-dimensional-shaped model
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observed from the viewpoint in the base position-posture as
base geometric features, a second setting unit configured to
set a relative position-and-posture relationship between the
three-dimensional-shaped model of the object and a viewpoint
from which the three-dimensional-shaped model is observed as
a reference position-posture which is different from the
base position-posture, a retrieval unit configured to
retrieve reference geometric features corresponding to the
base geometric features of the three-dimensional-shaped
model observed from the viewpoint in the reference position-
posture, a first calculation unit configured to calculate
degrees of similarity between the base geometric features
and the reference geometric features, and a second
calculation unit configured to calculate evaluation values
of correspondences between the base geometric features and
the reference geometric features in accordance with the
degrees of similarity calculated by the first calculation
unit.

[0012] Other features and advantages of the present
invention will be apparent from the following description
taken in conjunction with the accompanying drawings, in
which like reference characters designate the same or
similar parts throughout the figures thereof.

Brief Description of Drawings

[0013] The accompanying drawings, which are incorporated
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in and constitute a part of the specification, illustrate
embodiments of the invention and, together with the
description, serve to explain the principles of the
invention.

[0014] Fig. 1 is a diagram illustrating a configuration of
a model generation device which performs off-line model
generation and a configuration of a 3D measurement apparatus
which performs on-line position-and-posture calculation.
[0015] Fig. 2 is a diagram illustrating an example of a
3D-shaped model.

[001l6] Figs. 3A and 3B are flowcharts illustrating a
procedure of a model generation process.

[0017] Fig. 4 is a flowchart illustrating a position-and-
posture estimation process.

[0018] Fig. 5 is a diagram illustrating base position-and-
postures.

[0019] Figs. 6A and 6B are diagrams illustrating states in
which a 3D-shaped model is projected on an observation image
plane of a virtual camera disposed in the base position-and-
posture and in a reference position-and-posture.

[0020] Fig. 7 i1s a flowchart illustrating an evaluation
calculation process shown in Fig. 3A in detail.
Description of Embodiments

[0021] Preferred embodiments of the present invention will

be described in detail in accordance with the accompanying
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drawings.

[0022] A first embodiment of the present invention will
now be described. In the following description, first, an
off-line model generation process performed as a preparation
step of a position-and-posture estimation process will be
described.

[0023] Thereafter, an on-line process of estimating a
position and a posture (hereinafter referred to as a
"position-posture") of an object using a position-posture
calculation model which is generated through the model
generation process and which will be described hereinafter
will be described.

[0024] Note that a term "a position-posture of an object"
described in the following description means a position-
posture of an object relative to a camera which captures an
image of the object.

[0025] In the model generation process, evaluation values
representing rates of correspondences of geometric features
of a 3D-shaped model (hereinafter referred to as "model
geometric features") which are successfully performed are
calculated in advance, and the model geometric features and
the evaluation values are used in combination to generate a
position-posture calculation model. Furthermore, in the
position-posture estimation process, a position-posture of

the object is calculated by selecting some of the model
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geometric features to be used for the position-posture
estimation in accordance with the evaluation wvalues
corresponding to the model geometric features.

[0026] In the position-posture estimation method according
to this embodiment, correspondences between 3D points in the
position-posture calculation model and 3D points in a
distance image are obtained in accordance with an
approximate position-and-posture (hereinafter referred to as
an "approximate position-posture") given as an initial value.
Then, a position-posture of the object is calculated by
repeatedly correcting the position-posture so that a sum of
distances in the correspondences is minimized. In this case,
when the approximate position-posture is shifted from a true
value of the position-posture, failures occur in the
correspondences of the 3D points. Accordingly, in this
embodiment, a number of cases of shifts of the approximate
position-posture are simulated so that correspondences
between the 3D points in the position-posture calculation
model and the 3D points in the distance image are simulated.
[0027] Thereafter, rates of the number of appropriate
correspondences to the number of all trials of the
simulation are calculated so that evaluation values of the
3D points in the position-posture calculation model are
calculated. When the position-posture is estimated, in the

position-posture calculation model, 3D points (model
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geometric features) having low evaluation values are
eliminated and only 3D points (model geometric features)
having high evaluation values are selected for calculation
of the position-posture of the object. By this, robust
estimation of the position-posture of the object can be
performed.

[0028] Note that when a viewpoint of the camera which
captures the image is changed, the 3D points observed in the
image are also changed. Furthermore, the rates of
appropriate correspondences of the 3D points are also
changed.

[0029] Accordingly, in this embodiment, a plurality of
representative viewpoints of the camera are set and groups
of combinations of model geometric features and evaluation
values are generated for individual viewpoints. Note that
the groups of combinations of model geometric features and
evaluation values for individual viewpoints are referred to
as "each-viewpoint position-posture calculation models".
Furthermore, a number of each-viewpoint position-posture
calculation models which correspond to the number of
viewpoints are collectively stored as a "position-posture
calculation model".

[0030] Fig. 1 is a diagram illustrating a configuration of
a model generation device 1 which performs off-line model

generation and a configuration of a 3D measurement apparatus
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2 which performs on-line position-posture calculation
according to this embodiment. |

[0031] As shown in Fig. 1, the model generation device 1
includes a 3D-shaped-model input unit 100, a base position-
posture setting unit 110, a detection unit 120, a reference-
position-posture setting unit 130, a similarity calculation
unit 140, an evaluation-value calculation unit 150, and a
position~-posture-calculation model generation unit 160.
Furthermore, the 3D measurement apparatus 2 includes the
model generation device 1, an image pickup unit 170 and a
position-posture calculation unit 180. The configuration
shown in Fig. 1 corresponds to an application example of an
image processing apparatus according to the present
invention.

[0032] The 3D-shaped-model input unit 100 inputs a 3D-
shaped model representing a shape of an object. Fig. 2 is a
diagram illustrating an example of the 3D-shaped model. As
shown in Fig. 2, the 3D-shaped model is configured by a
combination of a plurality of surface patches. Each of the
surface patches is defined by a surface and a parameter
representing a contour of the surface. 1In the example of
Fig. 2, the 3D-shaped model includes six patches, i.e.,
circle surface patches A and F and half-cylinder surface
patches B to E. Note that the 3D-shaped model is not

limited to this. For example, a polygon model including
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triangle polygons representing individual patches may be
used as the 3D-shaped model. Furthermore, any model may be
used as long as a shape of an object is represented by a
plurality of surface patches.

[0033] The base position-posture setting unit 110 inputs,
as a base position-posture, the relative position-posture
relationship between the 3D-shaped model and a virtual
camera used to observe the 3D-shaped model. The base
position-posture corresponds to a true value of a position-
posture obtained when the object is actually captured by the
camera. Note that the base position-posture setting unit
110 corresponds to an application example of a first setting
unit.

[0034] The detection unit 120 detects geometric features
(model geometric features) observed in the 3D-shaped model
in base position-posture. In this embodiment, a process of
capturing an image of the 3D-shaped model in the base
position-posture is simulated so that a pseudo distance
image is generated, and 3D points obtained in accordance
with coordinates and depth values of pixels in the distance
image are detected as model geometric features. Here, the
detected model geometric features are referred to as "base
geometric features" hereinafter.

[0035] The reference-position-posture setting unit 130

sets a plurality of position-postures, as reference
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position-postures, by shifting the base position-posture set
by the base position-posture setting unit 110. The
reference position-postures correspond to approximate
position-postures obtained at a time of position-posture
estimation. Degrees of shifts of the position-posture are
preferably determined in accordance with an error range of
approximate position-postures input when on-line model
fitting is performed. If an error rénge of approximate
position-postures relative to a true value of a position-
posture is estimated in advance, shifts having degrees
within the range are randomly performed. Alternatively, if
a tendency of directions or degrees of the shifts of the
approximate position-posture relative to the true value of
the position-posture is given in advance, the shifts may be
performed with a similar tendency. Furthermore, any method
may be employed as long as shifts similar to those applied
to the approximate position-postures estimated in the
position-posture estimation can be applied. Moreover, a
single reference position-posture may be set instead of the
plurality of reference position-postures. For example, if a
direction of a shift of the position-posture is limited to a
fixed direction, a position-posture shifted in the direction
may be input as a representative. Note that the reference
position-posture setting unit 130 corresponds to an

application example of a second setting unit.
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[0036] The similarity calculation unit 140 retrieves
correspondence points (reference geometric features) of the
reference position postures in the 3D-shaped model relative
to the base geometric features detected by the detection
unit 120 and calculates degrees of similarity in the
correspondence points. A general method may be used for a
method for retrieving the correspondence points relative to
the base geometric features.

[0037] Specifically, unique IDs and colors are assigned to
the surface patches included in the 3D-shaped model and the
3D-shaped model is rendered on observation image planes
corresponding to the reference position features. On the
observation image planes, points in the 3D-shaped model
which are rendered on pixels in which the base geometric
features are detected are determined as the correspondence
points corresponding to the base geometric features.

[0038] Calculation of the degrees of similarity is
performed by determining whether the surface patches to
which the base geometric features belong in the 3D-shaped
model are the same as the surface patches to which the
correspondence points belong in the observation image planes
of the reference position-postures. The caléulation of the
degrees of similarity is performed for each base geometric
feature. Note that the similarity calculation unit 140

corresponds to an application example of a first calculation
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unit.

[0039] The evaluation-value calculation unit 150
calculates evaluation values representing rates of success
of correspondences of the individual base geometric features
in accordance with the degrees of similarity calculated by
the similarity calculation unit 140. Each of the evaluation
values is calculated as a rate of a number of reference
position-postures in which similar correspondences are
obtained to the set reference position-postures. Note that
the evaluation-value calculation unit 150 corresponds to an
application example of a second calculation unit.

[0040] The position-posture-calculation model generation
unit 160 makes combinations of the base geometric features
and the respective evaluation values calculated by the
evaluation-value calculation unit 150 and records the
corresponding base position-posture along with the
combinations so that an each-viewpoint position-posture
calculation model is generated, which will be described
hereinafter. Then, the position-posture-calculation model
generation unit 160 puts together each-viewpoint position-
posture calculation models of all base position-postures to
generate a position-posture calculation model.

[0041] The image pickup unit 170 serves as a distance
sensor which generates a distance image. The distance image

includes pixels having depth information. Examples of the
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distance sensor include an active distance sensor which
captures laser light irradiated on an object or reflection
light of slit light by a camera and measures a distance by
triangulation. However, the distance sensor is not limited
to this and a time-of-flight distance sensor which utilizing
a flight time of light may be used.

[0042] Alternatively, a passive distance sensor which
calculates depths of pixels in an image captured by a stereo
camera by triangulation may be used. Furthermore, any
distance sensor does not detract from the principle of the
present invention as long as the distance sensor obtains a
distance image.

[0043] The position-posture calculation unit 180
calculates a position-posture of the object using the
position-posture calculation model generated by the
position-posture-calculation model generation unit 160.
Specifically, the position-posture calculation unit 180
measures the position-posture of the object by assigning 3D
points of the position-posture calculation model to 3D
points of the distance image input by the image pickup unit
170. Note that the position-posture calculation unit 180
corresponds to an application example of a third calculation
unit.

[0044] Figs. 3A and 3B are flowcharts illustrating a

procedure of the model generation process according to the



WO 2012/081687 PCT/JP2011/079122
17

first embodiment.

[0045] Operations in the model generation process will be
described hereinafter with reference to Figs. 3A and 3B.
Note that Fig. 3A illustrates an entire procedure of the
model generation process and Fig. 3B illustrates a detailed
operation in step S1400 shown in Fig. 3A.

[0046] In step S1000, the 3D-shaped-model input unit 100
inputs a 3D-shaped model. In step S1100, the base position-
posture setting unit 110 sets a plurality of base position-
postures of the virtual camera which observes the 3D-shaped
model. As described before, the plurality of base position-
postures are set since, when a viewpoint of the camera used
to capture the object is changed, rates of appropriate
correspondences between geometric features in a captured
image and geometric features on the 3D-shaped model are also
changed.

[0047] To set the plurality of base position-postures, a
geodesic dome which encloses the object is used, for example,
as shown in Fig. 5. Specifically, the base position-
postures are set such that vertices of the geodesic dome are
determined as positions of a virtual camera 501 and
directions from the vertices to a 3D-shaped model 502 are
determined as viewpoints of the virtual camera 501. In this
case, an arbitrary value may be set to a rolling direction

of the virtual camera 501. Note that a radius of a ball
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which is approximated by the geodesic dome is equal to a
distance between the virtual camera 501 and the 3D-shaped
model 502. Accordingly, when an image pickup distance of an
image used for the position-posture estimation is estimated
in advance, the distance is preferably equal to the radius
of the geodesic dome. Alternatively, geodesic domes having
different sizes in a stepwise fashion may be provided and
vertices of the geodesic domes may be set as base poison-
postures. Note that the method for setting the base
position-postures is not limited to these. For example,
latitudes and longitudes may be assigned to the ball which
encloses the object and viewpoints may be set at a regular
interval in a latitude direction and a longitude direction.
Alternatively, a base position-posture which is highly
likely to be generated as an initial value in the position-
posture estimation may be set so as to have a high density.
Furthermore, any method may be employed as long as the
relative position-posture relationship between the camera
and the object can be simulated in the actual position-
posture estimation.

[0048] In step S1200, the base position-posture setting
unit 110 selects an unprocessed base position-posture from
among the base position-postures set in step S1100 and sets
the unprocessed base position-posture. In step S1300, the

detection unit 120 detects model geometric features of the
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3D-shaped model observed in the base position-posture set in
step S1200 as base geometric features. Specifically, the
detection unit 120 obtains a distance image of the 3D-shaped
model observed in the base position-posture set in step
S51200. More specifically, the detection unit 120 renders
the 3D-shaped model on the observation image plane of the
virtual camera which is positioned in the base position-
posture and calculates distance values of pixels using data
stored in a depth buffer so as to obtain the distance image.
A camera parameter used when the rendering is performed on
the observation image plane is preferably obtained from a
camera to be actually used in the position-posture
calculation.

[0049] Note that it is not necessarily the case that the
distance image is obtained by calculating all the pixels on
a captured image plane. For example, some pixels are
sampled at a regular interval, i.e., every ten pixels, in
vertical and horizontal directions on the captured image and
distance wvalues of the pixelé are calculated. 1In this case,
different colors serving as IDs are assigned to the surface
patches which form the 3D-shaped model and the surface
patches are rendered so that the surface patches are
distinguished from one another by the assigned ID colors.
[0050] Subsequently, the detection unit 120 multiplies the

obtained distance values of the pixels by respective
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components of sight-line vectors corresponding to positions
of the pixels so as to obtain data of 3D points having 3D
coordinates in a base coordinate system. The 3D points in
which the 3D coordinates are calculated through this process
are determined as base geometric features. In this case,

IDs of surface patches including the base geometric features
are recorded.

[0051] Fig. 6A is a diagram illustrating a state in which
the 3D-shaped model is projected on the observation image
plane of the virtual camera positioned in the base position-
posture. In the example shown in Fig. 6A, for example, the
ID representing the surface patch B is recorded in base
geometric features a to f. Note that the method for
obtaining the base geometric features is not limited to this.
For example, a number of 3D points on the surface patches of
the 3D-shaped model may be sampled in advance to be used.

In this method, the sampled 3D points are projected on the
observation image plane in accordance with an observation
position posture, and among the 3D points projected on
pixels, 3D points which are positioned on the nearest side
of a viewpoint are used. In this case, in the 3D points,
IDs of surface patches corresponding to the 3D points are
recorded with reference to the IDs assigned to the surface
patches which form the 3D-shaped model. Note that any

method may be employed as long as the 3D points observed
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from the base position-posture can be extracted from the 3D-
shaped model.

[0052] In step S1400, evaluation values corresponding to
the base geometric features detected in step S1300 are
calculated. This step includes step S1410 to step S1490
shown in Fig. 3B. Hereinafter, the operation in step S1400
will be described in detail with reference to Fig. 3B.
[0053] In step S1410, the reference-position-posture
setting unit 130 sets a plurality of position-postures, as
reference position-postures, obtained by shifting the base
position-posture. The reference position-postures
correspond to approximate position-postures assigned as
initial values at the time of the position-posture
estimation. Assuming that the number of set reference
position-postures is denoted by "N", the model generation
device 1 attempts to perform a correspondence-obtaining
operation N times on each of the base geometric features.
Here, the model generation device 1 sets the number of base
geometric features detected in step S1300 to M, and a value
of a counter which counts the numbef of times appropriate
correspondences (i1 = 1 to M) are obtained in each of the
base geometric features to Ci. All values Cl to CM are set
to 0.

[0054] In step S1420, the reference-position-posture

setting unit 130 selects an unprocessed reference position-
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posture from among the reference position-postures set in
step S1410 and sets the unprocessed reference position-
posture. In step S1430, the detection unit 120 selects an
unprocessed base geometric feature from among the base
geometric features detected in step S1300. It is assumed
that an identification number of the selected base geometric
feature is 1i.

[0055] In step 51440, the similarity calculation unit 140
retrieves a pixel (corresponding point) corresponding to the
base geometric feature i selected in step S1430 from an
observation image plane of the reference position-posture.
In retrieval of correspondence points in on-line position-
posture estimation, 3D points of a 3D-shaped model are
projected on a captured image plane and the 3D points
projected on an image coordinate serve as corresponding
points. Here, to simulate the retrieval, a base geometric
feature is projected on the observation image plane of the
reference position-posture so that a pixel (correspondence
point) corresponding to the base geometric feature is
obtained. Specifically, the similarity calculation unit 140
renders the 3D-shaped model on the observation image plane
of the virtual camera positioned in the reference position-
posture in a method similar to the method for detecting the
base geometric features performed in step S1300. Here, the

similarity calculation unit 140 performs the rendering by
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assigning IDs the same as those assigned in step S1300 to
the surface patches. Next, the similarity calculation unit
140 refers to the pixel (correspondence point) corresponding
to a coordinate in which the base geometric feature is
detected in the observation image plane subjected to the
rendering. Then, the similarity calculation unit 140
determines a color ID of one of the surface patch which
includes the pixel as an ID of the correspondence point.
[0056] In step S1450, the similarity calculation unit 140
compares the ID of the correspondence point determined in
step S1440 with the ID of the base geometric feature
recorded in step S1300 so that a degree of similarity is
calculated. When the two IDs coincide with each other, the
similarity calculation unit 140 determines that an
appropriate correspondence is obtained and sets a similarity
degree of 1. Thereafter, the process proceeds to step S1460.
On the other hand, when the two IDs do not coincide with
each other, the similarity calculation unit 140 determines
that a failure correspondence is obtained and sets a
similarity degree of 0. Thereafter, the process proceeds to
step S1470.

[0057] Fig. 6B is a diagram illustrating a state in which
the 3D-shaped model is projected on the observation image
plane of the virtual camera positioned in the reference

position-posture. In step S1300, the ID of the surface
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patch B is recorded in the base geometric features a to f as
shown in Fig. 6A. On the other hand, as shown in Fig. 6B,
among pixels (correspondence points) corresponding to the
base gecmetric features on the observation image plane of
the virtual camera positioned in the reference position-
posture, the ID of the surface patch B is recorded in the
correspondence points a, b, ¢, and d and the ID of the
surface patch C is recorded in the correspondence points e
and f. In this case, it is determined that the base
geometric features a, b, ¢, and d have appropriate
correspondence and similarity degrees thereof are 1 whereas
the base geometric features e and f have failure
correspondence and similarity degrees thereof are 0.

[0058] In step 51460, the similarity calculation unit 140
updates, to Ci+l, the value Ci of the counter which counts
the number of times an appropriate correspondence 1is
successfully obtained in the base geometric feature i. 1In
step S1470, the similarity calculation unit 140 determines
whether a series of operations from step S1430 to step $1460
has been performed on all the M base geometric features.
When the determination is affirmative, the process proceeds
to step S1480.

[0059] On the other hand, when the determination is
negative, the process returns to step 51430 and the same

operations are performed on the next base geometric feature.
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[0060] In step 51480, the similarity calculation unit 140
determines whether a series of operations from step S1420 to
step S1470 has been performed on all the reference geometric
features. When the determination is affirmative, the
process proceeds to step S1490. On the other hand, when the
determination is negative, the process returns to step S1420
and the same operations are performed on the next reference
position-posture. Specifically, the process from step S1420
to step S1480 is performed a number of times corresponding
to the number of reference position-postures, that is, N
times.

[0061] In step 51490, the evaluation-value calculation
unit 150 calculates evaluation values in accordance with the
numbers of appropriate correspondences obtained in the N-
times attempts performed to obtain correspondences for
individual base geometric features detected in step S1300.
Specifically, the value of the counter Ci representing the
number of appropriate correspondences of the base geometric
feature i is set to Ci, and the evaluation-value calculation
unit 150 calculates an evaluation value Vi in accordance
with Expression 1 below.

Vi = Ci/N (1)

[0062] In step S1500, the position-posture-calculation
model generation unit 160 makes combinations of the M base

geometric features detected in step S1300 and the M
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evaluation values calculated in step $1400.

[0063] Then, the position-posture-calculation model
generation unit 160 stores the combinations of the M base
geometric features and the evaluation values and the
corresponding base position-posture as an each-viewpoint
position-posture calculation model in the base position-
posture.

[0064] In step 51600, the model generation device 1
determines whether the process from step S1200 to step S1500
has been performed on all the base position-postures. When
the determination is negative, the process returns to step
S1200 and the same process is performed on the next base
position-posture. On the other hand, when the determination
is affirmative, the process is terminated. Consequently,
each-viewpoint position-posture calculation models for all
the set base position-postures are stored whereby a
position-posture calculation model can be obtained.

[0065] Next, operations in a position-posture estimation
process using a position-posture calculation model will be
described with reference to Fig. 4. Fig. 4 is a flowchart
illustrating a position-posture estimation process. Note
that the position-posture estimation process described
hereinafter may be performed by an external apparatus which
receives a result of the process shown in Fig. 3A.

[0066] In step S2000, the position-posture calculation
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unit 180 inputs an approximate position-posture. In the
position-posture calculation unit 180, a 3D coordinate
system (base coordinate system) serving as a base of
position-posture measurement is prescribed. A position-
posture of the object in the position-posture calculation
unit 180 represents a position-posture of the object in the
base coordinate system. In this embodiment, the center of
the camera is determined as an origin and an optical axis of
the camera is determined as a z axis in the base coordinate
system.

[0067] Furthermore, in this embodiment, the position-
posture calculation unit 180 consecutively performs
measurements in a time axis direction, and a preceding
measurement value (at a preceding measurement time) is used
as an apprqximate position-posture. However, the method for
inputting the approximate position-posture is not limited to
this. For example, a current position-posture may be
estimated in accordance with a preceding position-posture
and an amount of change of a position-posture estimated in
accordance with a result of a measurement of the preceding
position-posture. Alternatively, in a case where a
position-posture of the object is roughly obtained in
advance, a value of the position-posture may be set as the
approximate position-posture.

[0068] In step 52100, the position-posture calculation
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unit 180 selects one of each-viewpoint position-posture
calculation models in the position-posture calculation model.
Specifically, the position-posture calculation unit 180
selects, from among the each-viewpoint position-posture
calculation models stored as the position-posture
calculation model, an each-viewpoint position-posture
calculation model corresponding to a base position-posture
which is most similar to the approximate position-posture
input in step S2000. To select the most similar base
position-posture, the position-posture calculation unit 180
calculates differences AR between the approximate position-
posture and the base position-postures, and selects one of
the base position-postures corresponding to the smallest
difference AR.

[0069] Alternatively, the position-posture calculation
unit 180 may calculate position differences AT or posture
differences AR between the approximate position-posture and
the base position-postures, rank the position differences AT
and the posture differences AR of all the base position-
postures, and select one of the base position-postures
corresponding to the smallest sum of the rank of the
position difference AT and the rank of the posture
difference AR.

[0070] In step S2200, the image pickup unit 170 captures a

distance image which includes information on a depth from
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the distance sensor and supplies the distance image to the
position-posture calculation unit 180. In step S2300, the
position-posture calculation unit 180 obtains a
correspondence between the each-viewpoint position-posture
calculation model input in step S2100 and the distance image
supplied in step S2200. Here, the position-posture
calculation unit 180 eliminates base geometric features

which have low evaluation values in the each-viewpoint
position-posture calculation model. Specifically, the
position-posture calculation unit 180 sets a threshold value
for the evaluation values in advance (threshold wvalue is 0.3,
for example), and selects base geometric features having
evaluation values Vi larger than the threshold value. 1In
this way, since the base geometric features which are likely
to generate failure correspondence are eliminated in advance,
adverse effect to the position-posture estimation is reduced.
Alternatively, if a high threshold value is set (threshold
value is 0.8, for example), only base geometric features
which ensure appropriate correspondences may be used.
Subsequently, the position-posture calculation unit 180
projects the selected base geometric features on a distance
image plane and refers to distance values of pixels
positioned nearest to projection positions from the distance
image. Then, the position-posture calculation unit 180

multiplies the distance values of the pixels by sight-line
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vectors corresponding to positions of the pixels so as to
obtain coordinates of 3D points. The obtained 3D points
serve as model geometric features (correspondence points) in
the 3D-shaped model which correspond to the geometric
features in the distance image.

[0071] In step S2400, the position-posture calculation
unit 180 minimizes a sum of distances between the geometric
features in the distance image obtained in step 52300 and
the correspondence points in the 3D-shaped model by a
nonlinear optimization method so as to obtain a position-
posture of the object. Specifically, the position-posture
calculation unit 180 establishes an observation equation
used for calculating a position-posture of the object in
accordance with the correspondences between the geometric
features in the distance image and the correspondence points
in the 3D-shaped model. 3D coordinates (x', y', z') in the
3D points in the base coordinate system are converted into
3D coordinates (x, y, z) in a coocrdinate system of the 3D-
shaped model in accordance with a position-posture s of the
object. It is assumed that a certain point in the 3D point
data is converted into a coordinate of the object using the
approximate position-posture. The coordinates (x, y, z) are
changed in accordance with the position-posture of the
object and can be approximated to the coordinates (x', y',

z') by one-dimensional Taylor expansion as represented by
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Expression 2.

[0072] The position-posture calculation unit 180
establishes observation equations represented by Egquation 2
for all the 3D points which have been subjected to the
correspondence operation. Subsequently, the position-
posture calculation unit 180 calculates correction values of
the position-posture in accordance with Expression 2 and
corrects the approximate position-posture. Since Expression
2 1s used to obtain minimal changes Asi (i is one of 1 to 6)
of components of the position-posture s, a linear
simultaneous equation relative to the minimal changes Asi

can be obtained as represented by Expression 3.
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By calculating the simultaneous equation, the minimal
changes Asi serving as the correction values of the
position-posture are obtained. The position-posture
calculation unit 180 corrects the approximate position-
posture using the correction values Asi so as to obtain a
final position-posture of the object. Here, Expression 3 is
represented as Expression 4 below.

JAs = E (4)

[0073] The position-posture calculation unit 180
multiplies values of both sides of Expression 4 by a
generalized inverse matrix (JT'J)-1-JT of a matrix J so as
to obtain a correction value As for the position-posture and
corrects the approximate position-posture.

[0074] Note that although the correctien of the position-
posture is performed only once in the embodiment described
hereinabove, the correction of the position-posture may be
repeatedly performed by repeatedly performing a
Correspondence process in accordance with the corrected
approximated position-posture.

[0075] In the first embodiment described hereinabove, a
method for adding the evaluation values of the
correspondences to the 3D-shaped model in advance at a time
of the model fitting between the distance image and the 3D-
shaped model has been described. Specifically, in this

embodiment, a margin of error of an initial position-posture
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which is expected at the time of the model fitting is given,
simulation of correspondences is performed a number of times,
and rates df correspondences successfully performed are
determined as the evaluation values of the base geometric
features. In this way, since base geometric features having
low evaluation values are not used at the time of the
calculation of the position-posture of the object, the
probability of generation of failure correspondences is
reduced and robust measurement can be performed.

[0076] Furthermore, in this method, the number of base
geometric features used for the position-posture estimation
is reduced. As a result, high-speed calculation is
simultaneously realized.

[0077] Next, a second embodiment of the present invention
will be described. According to the first embodiment, the
similarity calculation unit 140 compares the IDs of the
surface patches to which the base geometric features belong
in the 3D-shaped model with the IDs of the surface patches
to which the correspondence points belong in the captured
image plane of the reference position-posture in the 3D-
shaped model.

[0078] Then, determinations as to whether an appropriate
correspondence or a failure correspondence is obtained are
made in accordance with correspondences between the IDs. On

the other hand, in the second embodiment, IDs of surface
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patches are not used for determinations as to whether an
appropriate correspondence or a failure correspondence is
obtained, but the determinations as to whether an
appropriate correspondence or a failure correspondence are
made by calculating degrees of similarity of planes using 3D
points of a 3D-shaped model and 3D points of a captured
image. Specifically, in the second embodiment, combinations
of base geometric features and normal vectors of the base
geometric features on 3D-shaped model planes are obtained
and the combinations are recorded.

[0079] Then, sameness of distances and normal directions
between planes which are defined by coordinates of the base
geometric features and the normal vectors and planes which
have correspondences with the base geometric features in the
3D-shaped model is calculated as degrees of similarity so
that appropriate correspondences or failure correspondences
are determined.

[0080] A basic confiqguration of the second embodiment is
the same as that shown in Fig. 1, and therefore, a
description thereof is omitted. Furthermore, operations
performed in the second embodiment are substantially the
same as those shown in Figs. 3A, 3B, and 4. Note that, in
the second embodiment, an operation corresponding to the
operation in step S1400 shown in Fig. 3A is performed as

shown in Fig. 7 in detail.
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[0081] Here, step S7410 to step S7430, step S7460, and
step S7470 are the same as step S1410 to step S1430, step
51470, and step 51480, and therefore, descriptions thereof
are omitted. The entire process is different from that of
the first embodiment in step S1300, step S7440, step S7450,
and step S7480. Hereinafter, the steps different from those
of the firstvembodiment will be described.

[0082] First, an operation in step S1300 will be described.
In the second embodiment, IDs of surface patches to which 3D
points detected as base geometric features belong are not
assigned. Instead normal vectors of the base geometric
features in the 3D-shaped model are calculated and are
recorded along with coordinates of the base geometric
features in combination. Specifically, the base geometric
features are detected from a depth buffer of an observation
image plane in a method similar to that of the first
embodiment.

[0083] In this case, surface patches are formed by
connecting the adjacent base geometric features with each
other in the observation image plane, mean vectors of the
normal vectors of the surface patches which share the same
base geometric features are calculated, and the mean vectors
are recorded along with the coordinates of the base
geometric features in combination. Alternatively, a number

of 3D points are sampled from a 3D-shaped model plane in
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advance, and when base geometric features are to be detected
by projecting the 3D points on the observation image plane,
normal vectors are calculated and recorded along with
coordinates of the base geometric features.

[0084] In step S7440, a similarity calculation unit 140
retrieves a pixel (corresponding point) corresponding to one
of base geometric features selected in step S$7430 from the
observation image plane of a reference position-posture.
Specifically, the similarity calculation unit 140 renders
the 3D-shaped model on the observation image plane in a
method similar to that performed in step S1300 and
calculates coordinates of the 3D points in a method similar
to that performed in step S1300 in accordance with distance
values of pixels calculated with reference to the depth
buffer.

[0085] The 3D points calculated here serve as reference
geometric features. Furthermore, the similarity calculation
unit 140 forms surface patches by connecting the adjacent
reference geometric features to each other using the
obtained reference geometric features, obtains
correspondences between the mean vectors of the normal
vectors of the surface patches which share the same
reference geometric features and the reference geometric
features, and records the correspondences. Note that

correspondences between the base geometric features and the
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reference geometric features corresponding to the same 2D
coordinates in the observation image plane are obtained.
[0086] In step S7450, the similarity calculation unit 140
calculates a degree of similarity of the correspondence
between the base geometric feature obtained in step 357440
and a corresponding one of the reference geometric features.
Here, a coordinate of the base geometric feature is denoted
by "pl" and a normal vector recorded in step S1300 in
combination with the coordinate pl is denoted by "nl".
[0087] Furthermore, a coordinate of the reference
geometric feature is denoted by "p2" and a normal vector
recorded in step 57440 in combination with the coordinate p2
is denoted by "n2". Here, a distance between a plane which
is vertical to the normal vector nl and which includes the
point pl to the point p2 is denoted by "dist" and an angle
defined by the normal vectors nl and n2 is denoted by "6",
and the similarity calculation unit 140 calculétes the
distance dist and the angle 0 as degrees of similarity.
[0088] In step 57480, an evaluation-value calculation unit
150 calculates evaluation values of correspondences by
integrating degrees of similarity of the base geometric
features calculated relative to the reference position-
postures. Specifically, the evaluation-value calculation
unit 150 normalizes values of distances dist calculated

relative to the relationships between the base geometric
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features and the reference position-postures so that the
values of the distances dist are included within a range
from 0 to 1 and similarly normalizes angles 0.

[0089] Next, the evaluation-value calculation unit 150
calculates evaluation values Vi for base geometric features
i in accordance with Expression 5 below.

Vi = (1 - Z(dist(3) -6(3)))/N (5)

[0090] Note that wvalues dist(j) and 9(j) are obtained in
j-th reference position-posture, and a value Z(dist(j) -0(j))
represents a sum of products of the similarity degrees dist
and 6 in all the reference position-postures. Furthermore,
"N" denotes the number of reference position-postures.
[0091] Note that a method for calculating evaluation
values 1s not limited to this. For example, an evaluation
values may be calculated for each base geometric feature
such that, when values dist and 0 calculated in each of the
reference position-postures satisfy Expressions 6 and 7
below, it is determined that an appropriate correspondence
is obtained and a degree of similarity is determined to 1
and otherwise the degree of similarity is determined to 0.
dist < threshl (6)

0 < thresh? (7)

[0092] Note that "threshl" and "thresh2" denote threshold
values and appropriate values are set to the threshold

values in advance. Note that any method may be employed as
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long as degrees of geometric similarity are calculated
between the base geometric features and the correspondence
reference geometric features.

[0093] For example, it may be determined that an
appropriate correspondence is obtained when one of
Expressions 6 and 7 is satisfied. Alternatively, the
determination as to whether an appropriate correspondence is
obtained may be made only using one of Expressions 6 and 7.
[0094] According to the first embodiment, the
determination as to whether appropriate correspondences are
obtained is made by comparing the IDs of the surface patches
to which the base geometric features belong in the 3D-shaped
model with the IDs of the surface patches to which the
correspondence points belong in the captured image plane of
the reference position-posture in the 3D-shaped model.

[0095] Accordingly, the evaluation values of the base
geometric features depend on a patch-division method for
obtaining surface patches which form the 3D-shaped model.
[0096] On the other hand, in the second embodiment, since
the determination as to whether appropriate correspondences
are obtained is made in accordance with the base geometric
features, the coordinates of the reference geometric
features, and the normal vectors, the evaluation wvalues can

be calculated independently from the division method for

obtaining the surface patches which form the 3D-shaped model.
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[0097] Next, a third embodiment of the present invention
will be described. In the first embodiment, as a method for
obtaining correspondences in the position-posture estimation
process, a method for projecting the base geometric features
of the 3D-shaped model on the distance image plane in
accordance with the approximate position-postures and
obtaining correspondences between the base geometric
features and the 3D points converted from the distance
values of the pixels corresponding to the projected base
geometric features is employed.

[0098] Accordingly, also when the evaluation values of the
base geometric features are calculated, the correspondence
points corresponding to thé base geometric features are
retrieved from the projected image by simulating
correspondences performed at the time of the position-
posture estimation process. On the other hahd, in the third
embodiment, among 3D points obtained from a distance image,
correspondences between base geometric features and 3D
points positioned nearest to the base geometric features in
a 3D-shaped model are obtained in the position-posture
estimation process. Accordingly, also in a model generation
process, evaluation values are calculated by retrieving
correspondence points by retrieving points positioned
nearest to the base geometric features.

[0099] Note that a basic configuration of the third
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embodiment is the same as that shown in Fig. 1, and
therefore, a description thereof is omitted. Furthermore,
operations in the third embodiment are substantially the
same as those shown in Figs. 3A, 3B, and 4.

[00100] Operations in the third embodiment are different
from those shown in Figs. 3A, 3B, and 4 in step S1440, step
51450, and step S2300.

[00101] In step S1440, a similarity calculation unit 140
retrieves 3D points from an observation image plane of a
reference position-posture. This operation is performed by
a method similar to that for detecting the base geometric
features from the observation image plane of base position-
postures in step S1300 according to the first embodiment.
In this embodiment, the 3D points detected in step S1440 are
determined as reference geometric features. Thereafter, a
point, among the reference geometric features, which is
positioned spatially nearest to a selected one of base
geometric features is retrieved as a correspondence point.
[00102] In step S1450, the similarity calculation unit 140
determines whether an ID of a surface patch of the base
geometric feature in a 3D-shaped model coincides with an ID
of a surface patch of the reference geometric feature in the
3D-shaped model with each other, the base geometric feature
corresponding to the reference geometric feature. When the

determination is affirmative, the similarity calculation
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unit 140 determines that an appropriate correspondence is
obtained. On the other hand, when the determination 1is
negative, the similarity calculation unit 140 determines.
that a failure correspondence is obtained. Alternatively,
as with the second embodiment, a degree of similarity may be
calculated in accordance with coordinates of the base
geometric feature and the reference geometric feature and
normal vectors of planes including the coordinates.

[00103] In step $2300, a position-posture calculation unit
180 determines, among the 3D points obtained from a distance
image, points which are positioned nearest to the base
geometric features in the 3D-shaped model as correspondence
points. Note that, any correspondence method may be
employed as long as a method for retrieving correspondence
points in a position-posture estimation process is similar
to a method for retrieving correspondence points in a
process of calculating evaluation values of the base
geometric features. For example, as the method for
retrieving correspondence points in the position-posture
estimation process, a sco-called normal shooting method may
be employed. In the normal shooting method, retrieval is
performed in normal directions relative to 3D-shaped model
planes including 3D points of a 3D-shaped model arranged in
an approximate position-posture. In this case, when a model

is to be generated, evaluation values are calculated by
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correspondence retrieval employing the normal shooting
method.

[00104] The model generation which is suitable for the
correspondence method is basically performed in a method
similar to that of the first embodiment, but the following
steps are modified. Specifically, in step S1440, the
similarity calculation unit 140 obtains the 3D points of the
distance image from the observation image plane of the 3D-
shaped model of the reference position-posture by a method
similar to that performed in step S7440 according to the
second embodiment. The similarity calculation unit 140
generates surface patches of the distance image by
connecting the adjacent 3D points corresponding to pixels in
the distance image with one another. Next, the similarity
calculation unit 140 retrieves intersections between lines
extending from the points of the base geometric features in
normal directions and the plane patches of the distance
image. As a result, correspondences between combinations of
3D coordinates of the base geometric features and normal
lines and combinations of coordinates of the surface patches
of the distance image and normal lines are obtained. 1In
step S1450, the similarity calculation unit 140 determines
whether an appropriate correspondence is obtained in
accordance with the obtained correspondences between the

coordinates and the normal lines in a method similar to that
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of the second embodiment.

[00105] Furthermore, position-posture estimation using the
3D-shaped model is also basically performed in a method the
same as that of the first embodiment, but the following
steps are modified. Specifically, the position-posture
calculation unit 180 forms surface patches by connecting
measurement points of adjacent pixels of a distance image
input in step S2200. Then, in step S2400, the position-
posture calculation unit 180 performs retrieval in normal
directions relative to the 3D points in the 3D-shaped model
and obtains correspondences between the 3D points and
intersections of a mesh formed from the distance image.
Succeeding processes are pérformed in a method similar to
that of the first embodiment.

[00106] Note that any correspondence method may be employed
as long as retrieval of a correspondence point at a time of
model generation is performed in a method similar to the
correspondence retrieval method at the time of position-
posture estimation.

[00107] Next, a fourth embodiment will be described.
According to the first embodiment, when evaluation values of
some of the base gecmetric features are smaller than the
threshold value, the base geometric features are not used
since it is highly possible that the base geometric features

have inappropriate correspondences. On the other hand, in
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the fourth embodiment, evaluation values are not used to
select base geometric features to be used but the evaluation
values are used to set degrees of contribution to position-
posture calculation. In this case, the selection of the
base geometric features using the threshold value in step
S$2300 is not performed. Instead, in step 52400, high
contribution degrees are set to base geometric features
having large evaluation values whereas low contribution
degrees are set to base geometric features having small
evaluation values in accordance with evaluation values of
the base geometric features. Accordingly, the contribution
degrees of the base geometric features which are highly
likely to have appropriate correspondences are set high.
Specifically, a weight to a base geometric feature i is
denoted by "Vi" and a weighting matrix W is defined as

Expression 8.
V1 0

| V2
W= . (8)

0 Vn
[00108] The weighting matrix W is a square matrix including
0 in all elements other than diagonal elements, and
evaluation values Vi of the base geometric features in a
selected viewpoint are assigned to the diagonal elements.
Note that any weighting function may be employed as long as

large weights are applied to the base geometric features
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having the large evaluation values and small weights are
applied to the base geometric features having the small
evaluation values. Using the weighting matrix W, Expression
4 is changed to Expression 9.

WJAs = WE (9)

[00109] When Expression 9 is solved as represented by
Expression 10, a correction value As is obtained.

As = J"WJ) 'J"WE (10)

[00110] Note that the selection of the base geometric
features may be performed in accordance with the evaluation
values in a method similar to that of the first embodiment
and thereafter weighting may be performed on the selected
base geometric features in accordance with the evaluation
values.

[00111] Next, a fifth embodiment of the present invention
will be described. 1In the first embodiment, the method for
performing the position-posture estimation process using the
position-posture calculation model generated to be used for
fitting with the distance image is described. On the other
hand, in the fifth embodiment, generation of a position-
posture calculation model used for fitting with a 2D image
and position-posture estimation using the generated
position-posture calculation model will be described.
[00112] Note that a base position-posture setting unit 110,

a reference-position-posture setting unit 130, and an



WO 2012/081687 PCT/JP2011/079122
47

evaluation-value calculation unit 150 in the fifth
embodiment are the same as those of the first embodiment,
and therefore, descriptions thereof are omitted.

[00113] A 3D—shaped;model input unit 100 of this embodiment
inputs a model representing a shape of an object. 1In this
embodiment, as the 3D-shaped model, a polygon model
including surface patches represented by triangle polygons
is input.

[00114] A detection unit 120 detects base geometric
features from an image obtained by observing the 3D-shaped
model in a base posiﬁion—posture. In this embodiment, edges
(boundary lines) detected from a 2D image as a contour of
the object are used in the position-posture estimation as
base geometric features. Specifically, the detection unit
120 detects, among edges of the surface patches which form
the 3D-shaped model, the edges serving as the contour in an
observation image obtained when the 3D-shaped model is
observed in the base position-posture. Here, the detection
unit 120 divides a line of the edges in a 3D space such that
the line of the edges is divided at a regular interval in an
observation image plane. In this embodiment, division
points are determined as control points and combinations of
3D coordinates of the control points and 3D vectors
representing directions of the edges are determined as base

geometric features.
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[00115] A similarity calculation unit 140 retrieves the
edges corresponding to the base geometric features detected
by the detection unit 120 from observation image planes of
reference position-postures and calculates degrees of
similarity with the base geometric features.

[00116] The evaluation-value calculation unit 150
calculates evaluation values representing degrees of success
of correspondences of the individual base geometric features
in accordance with the degrees of similarity calculated by
the similarity calculation unit 140.. The evaluation wvalues
are calculated as rates of a number of reference position-
postures in which similarity correspondences are obtained to
a number of set reference position-postures.

[00117] A position-posture-calculation model generation
unit 160 obtains correspondences between the base geometric
features and the respective evaluation values calculated by
the evaluation-value calculation unit 150 as combinations
and also records the combinations and corresponding base
position-postures so that each-viewpolnt position-posture
calculation models are generated.

[00118] A image pickup unit 170 captures a 2D image of the
object. A position-posture calculation unit 180 .calculates
a position-posture of the object using a position-posture
calculation model generated by the position-posture-

calculation model generation unit 160. Specifically, the
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position-posture calculation unit 180 measures the position-
posture of the object by assigning the edges of the
position-posture calculation model to edges in the 2D image
input by the image pickup unit 170.

[00119] Subsequently, operations will be described. 1In
this embodiment, basic operations are the same as those
shown in Figs. 3A, 3B, and 4. Specifically, operations in
step S1000 to step S1200, step S1410 to step S1430, step
S1460 to step S1490, step S1500, and step $S2000 are the same
as those of the first embodiment, and therefore,
descriptions thereof are omitted.

[00120] In step S1300, the detection unit 120 arranges a
3D-shaped model in a base position-posture and detects base
geometric features. As described above, in this embodiment,
edges of the 3D-shaped model observed as the contour in the
observation image plane are detected. Therefore, the
detection unit 120 extracts, among edges of polygons
included in the 3D-shaped model, lines which serve
boundaries of observation when viewed from a sight-line
direction using the observation image plane as a boundary
plane, as an occluding contour. It is assumed that the line
E is an edge shared by polygons A and B in the 3D-shaped
model. 1In this case, when a normal vector of the polygon A
is denoted by "nl", a normal vector of the polygon B is

denoted by "n2", and a sight-line vector directing to the
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center of the observation image plane is denoted by "e"
using a coordinate system of a virtual camera as a reference,
the detection unit 120 detects the line E which satisfies
the relationship represented by Expression 11 below as an
occluding contour.

(nl -e) (n2:e) <0 (11)

[00121] Note that "nl -e" denotes an inner product of the
vector nl and the vector e and "n2-e" denotes an inner
product of the vector n2 and the vector e. Note that all
the normal lines of the 3D-shaped model extend from an
object inner region to an object outer region.

[00122] After extracting the edge which satisfies the
relationship from the 3D-shaped model, the detection unit
120 divides the edge in the 3D space and sets points
obtained through the division as control points. Here, the
detection unit 120 sets the control points such that the
edges are divided in a regular interval in the observation
image plane (for example, each length has four pixels in the
image) when the 3D-shaped model is observed in the base
position-posture. Combinations of 3D coordinates of the
control points and a 3D vector representing a direction of
the edge are determined as base geometric features.

[00123] In step S1440, a similarity calculation unit 140
retrieves a geometric featﬁre (reference geometric feature)

corresponding to one of the base geometric features from the
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observation image plane of a reference position-posture. 1In
retrieval of a correspondence point in on-line position-
posture estimation, a 3D-shaped model is projected on a
captured image plane and brightness gradient is detected
within a certain range in a vertical direction relative to
an edge direction from coordinates of the projected image
whereby an edge is retrieved. Here, to simulate this
operation, the similarity calculation unit 140 projects the
base geometric features on the observation image plane and
obtains reference geometric features corresponding to the
base geometric features.

[00124] First, the similarity calculation unit 140 arranges
the 3D-shaped model in a reference position-posture and
detects reference geometric features in a method similar to
that performed in step S1300. Note that, although the
similarity calculation unit 140 divides the projected edge
such that the edge is divided into portions each of which
has four pixels in the observation image plane in step S1300,
the edge is divided into portions each of which has a pixel
in the observation image plane in this step whereby
reference geometric features are detected.

[00125] Next, the similarity calculation unit 140 projects
a base geometric feature (a coordinate of a control point
and a 3D vector representing an edge direction) on the

observation image plane in which the reference geometric
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features are detected and obtains a 2D coordinate of the
base geometric feature and a 2D vector representing an edge
direction. When the edge is projected on the observation
image plane, a camera parameter suitable for a camera used
in the on-line position-posture calculation is preferably
obtained and used. Furthermore, the similarity calculation
unit 140 projects a 3D coordinates of a control point of a
reference geometric feature on the observation image plane
and obtains a 2D coordinate of the reference geometric
feature. Here, the similarity calculation unit 140 performs
retrieval in a certain range (50 pixels, for example) in a
direction vertical to the 2D vector in the 2D coordinate of
the base geometric feature and determines whether the
projected reference geometric feature is included in the
range. Note that, when a plurality of reference geometric
features are included in the certain range, one of the |
reference geometric features which has a control point
positioned nearest to the control point of the base
geometric feature is determined as a reference geometric
feature.

[00126] Furthermore, the similarity calculation unit 140
determines whether the base geometric feature and the
reference geometric feature which correspond to each other
are located on the same contour line and determines whether

angles defined the two geometric features are similar to



WO 2012/081687 PCT/JP2011/079122
53

each other so as to calculate a degree of similarity of the
two geometric features. Here, the 3D coordinate of the
control point of the base geometric feature is denoted by
"posA", the 3D vector representing the direction is denoted
by "dirA", the 3D coordinate of the control point of the
corresponding reference geometric feature is denoted by
"posB", and the 3D vector representing the direction is
represented by "dirB". In this case, when the relationships
represented by Expressions 12 and 13 are satisfied, the
similarity calculation unit 140 determines that the
correspondence between the base geometric feature and the
reference geometric feature is an appropriate correspondence
and sets a degree of similarity of 1 and otherwise the
similarity calculation unit 140 determines that the
correspondence between the base geometric feature and the
reference geometric feature is a failure correspondence and
sets a degree of similarity of O.

| Inormal (posB - posA) ‘dirA|| > thresh3 (12)

| {dirA -dirB]| > threshid (13)

[00127] Here, "normal (x)" represents a normal vector of a
vector x, a dot (-) represents an inner product, and "||x]||"
represents an absolute value of x. Furthermore, " (posB -
posA)" represents a value obtained by normalizing a length
of a vector which extends from a coordinate A to coordinate

B to 1. Note that "thresh3" and "thresh4" represents
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threshold values and values which are approximately 1 are
set to the threshold values, for example. Note that any
similarity calculation method may be employed as long as the
degree of similarity of the correspondence of the edges can
be geometrically obtained. For example, the determination
may be made in accordance with the degrees of similarity in
Expression 12 or Expression 13.

[00128] In step S1500, a position-posture-calculation model
generation unit 160 obtains correspondences between base
geometric features detected in step S1300 and evaluation
values calculated in step S1400.

[00129] Furthermore, the position-posture-calculation model
generation unit 160 stores the correspondences along with a
base position-posture selected in step S1200 and obtains an
each-viewpoint position-posture calculation model in the
base position-posture. By repeatedly performing the process
above on all the base position-postures, each-viewpoint
position-posture calculation models of all the base
position-postures are obtained as position-posture
calculation models.

[00130] The process from step S1000 to step S1600 described
above corresponds to a model generation process.
Subsequently, a position-posture estimation process
utilizing a position-posture calculation model will be

described.
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[00131] In step S2100, a position-posture calculation unit
180 inputs a position-posture calculation model generated
through the model generation process. In step S2200, the
position-posture calculation unit 180 inputs a 2D image
captured by the image pickup unit 170.

[00132] In step $2300, the position-posture calculation
unit 180 obtains a correspondence between the position-
posture calculation model supplied in step S2100 and an edge
observed in the 2D image input in step S$2200. Therefore,
the position-posture calculation unit 180 selects, from
among the position-posture calculation models, an each-
viewpoint position-posture calculation model including base
geometric features having evaluation values larger than a
threshold value. Thereafter, the position-posture
calculation unit 180 projects the selected each-viewpoint
position-posture calculation model on the observation image
plane and obtains a 2D coordinate and a 2D vector.
Subsequently, the position-posture calculation unit 180
detects an extreme value of concentration gradient within a
certain range in a normal direction of the 2D vector from
the obtained 2D coordinate to thereby detect a coordinate of
a corresponding edge in the 2D image. Note that since the
edge is detected as the extreme value of the concentration
gradient of pixel values, a plurality of edges may be

detected in the vicinity of the detected edge. In this
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embodiment, among the detected edges, an edge located
nearest to the projected control point is determined as a
corresponding edge.

[00133] In step S2400, the position-posture calculation
unit 180 establishes an observation equation used to
calculate a position-posture of an object in accordance with
a correspondence between the position-posture calculation
model obtained in step S2300 and the 2D image and corrects
the position-posture of the object. To perform this
operation, a method proposed by Vacchetti et al. (L.
Vacchetti, V. Lepetit, and P.Fua, "Combining edge and
texture information for real-time accurate 3D camera
tracking”, Proc.3rd IEEE/ACM International Symposium on
Mixed and Augmented Reality (ISMAR'04), pp.48-57, 2004) is
utilized. Note that, instead of use of the selected base
geometric features, all the base geometric features méy be
used and contribution degrees at a time of position-posture
calculation may be weighted in accordance with evaluation
values. Alternatively, after the base geometric features
are selected, weighting may be performed in accordance with
the evaluation values.

[00134] As described above, in the fifth embodiment, the
evaluation values obtained by simulating accuracy of the
correspondences are added to the 3D-shaped model in advance

in model fitting with the 2D image. Then, base geometric
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features which are highly likely to obtain appropriate
correspondences in accordance with the evaluation values are
selected so that the position-posture of the object is
calculated. In this way, robust measurement can be
performed while influence of failure correspondences is
reduced.

Other Embodiments

[00135] Aspects of the present invention can also be
realized by a computer of a system or apparatus (or devices
such as a CPU or MPU) that reads out and executes a program
recorded on a memory device to perform the functions of the
above-described embodiment(s), and by a method, the steps of
which are performed by a computer of a system or apparatus
by, for example, reading out and executing a program
recorded on a memory device to perform the functions of the
above-described embodiment(s). For this purpose, the
program 1s provided to the computer for example via a
network or from a recording medium of various types serving
as the memory device (e.g., computer-readable medium).
[00136] While the present invention has been described with
reference to exemplary embodiments, 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.



PCT/JP2011/079122

WO 2012/081687
58

[00137] This application claims the benefit of Japanese

Patent Application No. 2010-279516, filed December 15, 2010,

which is hereby incorporated by reference herein in its

entirety.
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CLAIMS
[1] An information processing apparatus comprising:

a first setting unit configured to set a relative
position-and-posture relationship between a three-
dimensional-shaped model of an object and a viewpoint from
which the three-dimensional-shaped model is observed as a
base position-posture;

a detector configured to detect geometric features of
the three-dimensional-shaped model observed from the
viewpoint in the base position-posture as base geometric
features;

a second setting unit configured to set a relative
position-and-posture relationship between the three-
dimensional-shaped model of the object and a viewpoint from
which the three-dimensional-shaped model is observed as a
reference position-posture which is different from the base
position-posture;

a retrieval unit configured to retrieve reference
geometric features corresponding to the base geometric
features of the three-dimensional-shaped model observed from
the viewpoint in the reference position-posture;

a first calculation unit configured to calculate
degrees of similarity between the base geometric features
and the reference geometric features; and

a second calculation unit configured to calculate
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evaluation values of correspondences between the base
geometric features and the reference geometric features in
accordance with the degrees of similarity calculated by the
first calculation unit.

[2] The information processing apparatus according to Claim
1, further comprising:

a third calculation unit configured to calculate a
position and a posture of the object by fitting the base
geometric features selected in accordance with the
evaluation values to geometric features in data of an image
of the object captured by an image pickup unit.

[3] The information processing apparatus according to Claim
2,

wherein the second setting unit sets a plurality of
reference posiﬁion—postures, the first calculation unit
calculates degrees of similarity between the base geometric
features and the reference geometric features for individual
reference position-postures, the second calculation unit
calculates evaluation values of correspondences between the
base geometric features and the reference geometric features
for individual base geometric features in accordance with
the degrees of similarity calculated by the first
calculation unit.

[4] The information processing apparatus according to Claim

3,
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wherein the second calculation unit calculates rates of
the number of appropriate correspondences between the base
geometric features and the reference geometric features to
the number of reference position-postures in accordance with
the degrees of similarity calculated by the first
calculation unit as the evaluation values.
[5] The information processing apparatus according to any
one of Claims 1 to 4,

wherein the base geometric features are points on the
three~-dimensional-shaped model or points having directions
on the three-dimensional-shaped model.
[6] The information processing apparatus according to Claim
1,

wherein the first calculation unit calculates degrees
of similarity between the base geometric features and the
reference geometric features in accordance with sameness of
surface patches of the three-dimensional-shaped model to
which the base geometric features belong and surface patches
of the three-dimensional-shaped model to whicﬁ the reference
geometric features belong.
[7] The information processing apparatus according to Claim
1,

wherein the first calculation unit calculates degrees
of similarity between the base geometric features and the

reference geometric features in accordance with sameness of
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positions and directions of the base geometric features on
the three-dimensional-shaped model and positions and
directions of the reference geometric features on the three-
dimensional-shaped model.
[8] The information processing apparatus according to Claim
2,

wherein the third calculation unit selects the base
geometric features having the evaluation values equal to or
larger than a predetermined value and calculates a position
and a posture of the object by fitting the selected base
geometric features to geometric features in the data of the
image of the object.
[9] The information processing apparatus according to Claim
2,

wherein the third calculation unit sets weights
corresponding to the evaluation values to the base geometric
features and calculates a position and a posture of the
object by fitting the base geometric features to which the
weights are added to geometric features in the data of the
image of the object.
[10] An information processing method comprising:

a first setting step of setting a relative position-
and-posture relationship between a three-dimensional-shaped
model of an object and a viewpoint from which the three-

dimensional-shaped model is observed as a base position-
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posture;

a detection step of detecting geometric features of the
three-dimensional-shaped model observed from the viewpoint
in the base position-posture as base geometric features;

a second setting step of setting a relative position-
and-posture relationship between the three-dimensional-
shaped model of the object and a viewpoint from which the
three-dimensional-shaped model is observed as a reference
position-posture which is different from the base position-
posture;

a retrieval step of retrieving reference geometric
features corresponding to the base geometric features of the
three-dimensional-shaped model observed from the viewpoint
in the reference position-posture;

a first calculation step of calculating degrees of
similarity between the base geometric features and the
reference geometric features; and

a second calculation step of calculating evaluation
values of correspondences between the base geometric
features and the reference geometric features in accordance
with the degrees of similarity calculated in the first
calculation step.

[11] A computer readable recording medium which stores a
program which causes a computer to execute:

a first setting step of setting a relative position-
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and-posture relationship between a three-dimensional-shaped
model of an ébject and a viewpoint from which the three-
dimensional-shaped model is observed as a base position-
posture;

a detection step of detecting geometric features of the
three-dimensional-shaped model observed from the viewpoint
in the base position-posture as base geometric features;

a second setting step of setting a relative position-
and-posture relationship between the three-dimensional-
shaped model of the object and a viewpoint from which the
three-dimensional-shaped model is observed as a reference
position-posture which is different from the base position-
posture;

a retrieval step of retrieving reference geometric
features corresponding to the base geometric features of the
three-dimensional-shaped model observed from the viewpoint
in the reference position-posture;

a first calculation step of calculating degrees of
similarity between the base geometric features and the
reference geometric features; and

a second calculation step of calculating evaluation
values of correspondences between the base geometric
features and the reference geometric features in accordance
with the degrees of similarity calculated in the first

calculation step.
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