wo 2011/105615 A1 1IN0 OO A

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

.. TN
(19) World Intellectual Property Organization /g [} 11N A0 0010000 0 0 0
ernational Bureau V,& ‘ ) |
. L MEY (10) International Publication Number
(43) International Publication Date \,!:,: #
1 September 2011 (01.09.2011) WO 2011/105615 Al
(51) International Patent Classification: UCHIYAMA, Shinji [JP/JP]; ¢/o CANON KABUSHIKI
GO01B 11/00 (2006.01) GO6T 1/00 (2006.01) KAISHA, 30-2, Shimomaruko 3-chome, Ohta-ku, Tokyo,
GO01B 11/26 (2006.01) GO6T 7/60 (2006.01) 1468501 (JP).
(21) International Application Number: (74) Agents: OHTSUKA, Yasunori et al.; 7th FL., KIOICHO
PCT/IP2011/054677 PARK BLDG., 3-6, KIOICHO, CHIYODA-KU, Tokyo,

. . 1020094 (JP).
(22) International Filing Date:
23 February 2011 (23.02.2011) (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(26) Publication Language: English CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
o DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT,

(30) Priority Data: HN, HR, HU, ID, IL, IN, IS, KE, KG, KM, KN, KP, KR,
2010-043059 26 February 2010 (26.02.2010) JpP KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

(71) Applicant (for all designated States except US): CANON MG, MK, MN, MW, MX, MY, MZ, NA, NG, NL, NO,
KABUSHIKI KAISHA [JP/JP]; 30-2, Shimomaruko 3- NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE,
chome, Ohta-ku, Tokyo, 1468501 (IP). SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT,

TZ,UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.
(72) Inventors; and . .
(75) Inventors/Applicants (for US only): FUIIKI, Masakazu (84) Designated States (unless otherwise indicated, for every

[JP/JP] c/o CANON KABUSHIKI KAISHA. 30-2. Shi- kind ofregional p}"Ol@C’ﬁOI’Z avaz'lable): ARIPO (BW, GH,
momaruko 3-chome, Ohta-ku, Tokyo, 1468501 (JP). GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

[Continued on next page]

(54) Title: POSITION AND ORIENTATION MEASUREMENT APPARATUS, POSITION AND ORIENTATION MEASURE-
MENT METHOD, AND PROGRAM

(57) Abstract: A position and orientation measurement

apparatus for measuring the position and orientation of a

target object includes a first search unit which searches a

F I G 4 geometric model for a lost model region corresponding to
. a lost image region in a range image, a determination unit

which determines whether or not a point on a geometric

START model co.rresponding to a pixel on the range image of the
target object falls within the lost model region, a correc-

tion unit which corrects combinations of pixels on the
range image and corresponding points which are deter-

INITIALIZATION ~S401 mined to fall within the lost model region, and a calcula-
+ tion unit which calculates the position and orientation of
the target object based on the corrected combinations of
OBTAIN RANGE IMAGE ~3S402 the pixels on the range image and points on the geometric
‘ model.
DETECT LOST IMAGE REGION ~S403
'
SEARCH FOR LOST MODEL REGION |-S404
'

EXECUTE MODEL FITTING -S405




WO 2011/105615 A1 W00 ) A0 0 O O

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, Published:
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

—  with international search report (Art. 21(3))



WO 2011/105615 PCT/JP2011/054677

DESCRIPTION
TITLE OF INVENTION
POSITION AND ORIENTATION MEASUREMENT APPARATUS,
POSiTION AND ORIENTATION MEASUREMENT METHOD, AND

PROGRAM

TECHNICAL FIELD

[0001] The present invention relates to a technique for
measuring the position and orientation of a target
object whose three-dimensional shape is given and, more
particularly, to a position and orientation measurement
technique for measuring the position and orientation of
a target object based on a range image obtained by

capturing an image of the target object.

BACKGROUND ART

[0002] Along with the development of robot technologies
in recent years, robots perform complicated tasks,
which, up until now, were performed manually. As an
example of such complicated tasks, assembling processes
of industrial products are known. Such a robot has to
‘hold a component and to fit the component to another
component by an end effecter such as a robot hand, so

as to control the robot to perform assembling processes.
For this purpose, a relative position and orientation
between the component to be held or fit and the robot

have to be measured. Then, a moving plan of the robot
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hand has to be designed based on the measurement result
so as to control actuators required to actually drive
the robot hand.

[0003] Conventionally, the position and orientation of
the robot are measured using a camera or distance
sensor mounted on the robot, and methods using a twb—
dimensional image and range image are typical.
Especially, the method using a range image has
following advantages compared to that using a two-
dimensional image. That 1is, the method using a range
image can directly obtain position information in an
image capturing direction, can obtain geometric
information even when a target object has poor texture
information, and is insusceptible to a surrounding
light source environment. For this reason, the method
using a range image takes on increasing importance in
pfactical applications such as product assembling in a
factory.

[0004] As a method to estimate the position and
orientation of an object in a captured scene from a
range image, a method to fit a geometric model of the
object to the range image predominates, many studies
have been conventionally made. For example, non-patent
reference 1 (P.J. Besl and N.D. McKay, "A mefhod for
registration of 3-D shapes," IEEE Transactions on
Pattern Analysis.and Machine Intelligence, vol. 14, no.

2, pp. 239 - 256, 1992.) discloses a method of
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measuring the position and orientation of an object by
converting a range image into three-dimensional point
cloud data, and fitting a three-dimensional model to
the point cloud data (model fitting method). That is,
the position and orientation are calculated by
searching for neighboring planes of the three-
dimensional model in association with respective points
of the point cloud data based on approximate values of
the position and orientation, and repeating
optimization of the position and orientation so as to
minimize a sum of distances between the points and
planes.

[0005] The aforementioned model fitting method searches
for correspondences between measurement data and a
model, and minimizes differences between corresponding
pairs. However, obviously wrong correspondence pairs
are often detected due to causes such aé noise of
measurement data and errors of initial position and
orientation estimated values. A method group called
robust estimation which sets a small weight for such
obvious errors ("outliers") to prevent outliers from
adversely affecting the estimation result is used. As
a typical method of the robust estimation, M-estimation
is known.

[0006] Depending on the measurement principle of an
image capturing apparatus which captures a range image,

data may often be lost in the captured range image.
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For example, in a light-section method, light which is
projected by an illumination apparatus onto a target
object is observed by a camera from a direction
different from the projection direction. At this time,
a light projected region may be partially occluded by
the target object itself, and may often not be observed
by the camera. In such case, data of the range image
is lost for the region on the object, which cannot be
observed from the camera. Figs. 1A and 1B show an
example in which data of a range image is lost. Fig.
1A shows a range image obtained by capturing an image
of a target object, and Fig. 1B shows, for example;
regions such as concave portions when viewed from the
surface of the target object, where data (distance
values) are lost since depth values cannot be measured.
[0007] When a geometric model of the target object is
to be fitted to such range image which suffers lost
data, the range image and géometric model are often
erroneously associated with each other. The concept of
an association error will be described below with
reference tb Fig. 2. A sectional shape 201 is formed
by cutting the geometric model by a plane parallel to
the plane of drawing. A sectional shape 202 is that of
a plane defined by a point cloud on a three-dimensional
space corresponding to pixels of the range image. Also,
a spatial région 203 represents a spatial region where

distance values cannot be measured due to occlusion
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from the camera. As for a three-dimensional point
cloud (a portion indicated by the broken line of the
sectional shape 202), depth data of the range image are
lost. A case will be examined below wherein, for
example, of a measurement point cloud, a point on a
model having a minimum distance from a point A is
searched for as a corresponding point of the point A.
Since the point A is located on the bottom surface of a
concave portion of the sectional shape, it is desirably
associated with a point on the bottom surface of the
model such as a point B. However, in this case, a
corresponding point of the point A having the shortest
distance is a point C on the model, thus causing an
association error.. When the geometric model and
measurement point cloud are erroneously associated with
each other, since the influence of attempting to
minimize distances between wrong correspondence pairs
appears in position/orientation estimation calculations,
thus lowering the position/orientation estimation
accuracy.

[0008] Use of the aforementioned robust estimation
cannot always reduce the adverse influence of wrong
correspondence pairs. This is because distances
between wrong correspondence pairs due to measurement
losses are not always sufficiently larger than
distances between correct correspondence pairs, and

their degrees of contribution to the
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position/orientation estimation calculations are

equivalent to those of the correct correspondence pairs.

SUMMARY OF INVENTION
[0009] The present invention has been made in
consideration of the aforementioned problems, and
provides a position and orientation measurement
technique which can reduce an accuracy drop caused by
lost measurement values of a range image when the
position and orientation of an object in the range
image are calculated.
[0010] According to one aspect of the present invention,
there is provided a position and orientation
measurement apparatus comprising: obtaining means for
obtaining a range image of a target object captured by
image capturing means; detection means for detecting a
lost image region where distance values are not
measured from the obtained range image; first search
means for searching a geometric model which indicates a
given three-dimensional shape of the target object for
a lost model region corresponding to the detected lost
image region; second search means for searching for
combinations of pixels on the range image and
corresponding points on the geometric model based on
information indicating positions of the pixels on the
range image, and information indicating positions of

the points on the geometric model; determination means
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for determining whether or not each corresponding point
on the geometric model detected by the second search
means with respect to the pixel on the range image
falls within the lost model region; correction means
for, when the determination means determines that the
corresponding point on the geometric model falls within
the lost model region, correcting that combination of
the pixel on the range image and the corresponding
point on the geometric model detected by the second
search means; and calculation means for calculating a
position and an orientation of the target object based
on the combinations of the pixels on the range image
and the points on the geometric model, which are
corrected by the correction means.

[0011] According to another aspect of the present
invention, there is provided a position and orientation
measurement method executed by a position and
orientation measurement apparatus, comprising: an
obtaining step of obtaining a range image of a target
object captured by image capturing means; a detection
step of detecting a lost image region where distance
values are not measured from the range image obtained
in the obtaining step; a first search step of searching
a geometric model which indicates a given three-
dimensional shape of the target object for a lost model
region corresponding to the detected lost image region;

a second search step of searching for combinations of
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pixels on the range image and corresponding points on
the geometric model based on information indicating
positions of the pixels on the‘range image, and
information indicating positions of the points on the
geometric model; a determination step of determining
whether or not each corresponding point on the
geometric model obtained in the second search step with
respect to the pixel on the range image falls within
the lost model region; a correction step of correcting,
when it is determined in the determination step that
the corresponding point on the geometric model falls
within the lost model region, that combination of the
pixel on the range image and the corresponding point on
the geometric model obtained in the second search step;
and a calculation step of calculating a position and an
orientation of the target object based on the
combinations of the pixels on the range image and the
points on the geometric model, which are corrected in
the correction step.

[0012] According to the present invention, a position
and orientation measurement technique which can reduce
an accuracy drop caused by lost measurement values of a
range image when the position and orientation of an
object in the range image are calculated can be
provided.

[0013] Further features of the present invention will

become apparent from the following description of
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exemplary embodiments (with reference to the attached

drawings) .

BRIEF DESCRIPTION OF DRAWINGS
[0014] Figs. 1A and 1B are views showing an example of
lost measurement values of a range image;
[0015] Fig. 2 is an exemplary view of an association
error with a geometric model due to lost data of a
range image;
[0016] Fig. 3 is an exemplary block diagram for
explaining the hardware arrangement of a position and
orientation measurement apparatus according to an
embodiment of the present invention;
[0017] Fig. 4 is a flowchart for explaining the
sequence of processing of a position and orientation
measurement method according to the first embodiment;
[0018] Fig. 5 is a view for explaining the processing
contents of a lost model region search process;
[0019] Fig. 6A is a flowchart showing the sequence of a
model fitting process according to the first

embodiment; and

[0020] Fig. 6B is a flowchart showing the sequence of a
model fitting process according to the second

embodiment.

DESCRIPTION OF EMBODIMENTS

[0021] (First Embodiment)
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A position and orientation measurement method of
this embodiment extracts a region on a geometric model
(to be referred to as a "lost model region"
hereinafter) corresponding to a region where data
(distance values) are lost on a range image (to be
referred to as a "lost image region" hereinafter).

Upon fitting the geometric model to the range image,
the lost model region is excluded from a fitting
processing target. Assume that the geometric model
used in this embodiment is a triangular patch model
which expresses a surface of an object as a set of
triangular planes.

[0022] Assume that a pixel value of a pixel whose depth
data is lost in a range image is set to be "0O".
Depending on the characteristics of a measurement
apparatus which measures a range image (to be referred
to as a "range image measurement apparatus"”
hereinafter), a pixel value of a lost portion does not
always assume "0", but "O" is set as a special constant
value which indicates that the value is not a normal
depth value. Therefore, when a pixel value in a range
image is equal to the special constant value, it is
determined that measurement data of that pixel is lost;
otherwise, it is determined that measurement data is
not lost.

[0023] The hardware arrangement of a position and

orientation measurement apparatus according to the
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embodiment of the present invention will be described
below with reference to Fig. 3. A CPU 301 controls the
operation of the overall apparatus. A memory 302
stores progréms and data used in the operation of the
CPU 301. A bus 303 controls data transfer between
respective modules. The bus 303 and respective devices
are connected to an interface 304. An external storage
device 305 stores programs and data to be loaded by the
CPU 301. A keyboard 306 and mouse 307 serve as input
devices used to launch a program and to designate an
operation of the program. A display unit 308 displays
the operation results of processes. A data
input/output unit 309 can exchange data with an
external apparatus. A range image measurement
apparatus is connected to the position and orientation
measurement apparatus via the data input/output unit
3009.

[0024] The sequence of processing of a position and
orientation measurement method according to the first
embodiment will be described below with reference to
Fig. 4. This processing is executed under the global
control of the CPU 301. 1In step S401, the CPU 301
initializes data used in processing. More specifically,
the CPU 301 loads geometric model data from the
external storage device 305 onto the memory 302. The
geometric model data is configured by identification

numbers and coordinates of respective vertices of
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triangular patches, identification numbers of these
triangular patches, and those of vertices which form
each patch. Also, the CPU 301 inputs camera parameters
(a principal point position and focal length) of an
image capturing unit of a range image measurement
apparatus from the range image measurement apparatus
(not shown) connected to the data input/output unit 309.
It is possible to calibrate in advance the camera -
parameters by a method disclosed in, for example, non-
patent reference 2 (Z. Zhang, A flexible new technique
for camera calibration, IEEE Transactions on Pattern
Analysis and Machine Intelligence, vol. 22, no. 11, pp.
1330 - 1334, 2000.).

[0025]In step S402, the CPU 301 inputs range image data
(to be also simply referred to as a "range image"
hereinafter) measured by the range image measurement
apparatus (not shown) connected to the data
input/output unit 309, and stores it in the memory 302.
Note that an arbitrary unit for capturing a range image
can be used. For example, a range image can be
captured by a light-section method or stereo method.
[0026] In step S403, the CPU 301 detects regions where
depth values are lost on the range image, that is, lost
image regions. More specifically, the CPU 301 checks
whether or not a pixel value of each pixel is "0". If
the pixel value is "0", since the CPU 301 determines

that a depth value is lost, it adds the coordinates of
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that pixel to data of a lost image region assured on
the memory 302.
[0027]In step S404, the CPU 301 searches for lost model
regions as regions on the geometric model, which
correspond to the lost image regions detected in step
S403. Details of this step will be described later.
Finally, in step S405 the CPU 301 fits the geometric
model to the range image obtained in step S402 to
estimate the position and orientation of the target
object. Details of this step will also be described
later.
[0028] (Processing of Lost Model Region Search Process)
Details of the lost model region search process
(step S404) will be described below with reference to
Fig. 5. Referring to Fig. 5, a viewpoint position 501
indicates a position with reference to a position and
érientation at which the range image measurement
apparatus is arranged, an image plane 502 indicates a
plane on the range image, and a lost image region 503
indicates that oﬁ.the image plane 502. 1In the lost
model region search process, as shown in Fig. 5, the
lost image region 503 is.projected from the viewpoint
position 501 onto a geometric model 504 which
represents a given three-dimensional shape of a target
object. A region that intersects the geometric model
504 first (a region projected onto the geometric model

504) is extracted as a lost model region 505. Assume
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that the relative position and orientation between the
geometric model 504 and viewpoint position 501
approximately match those between a camera of the image
capturing unit of the range image measurement apparatus
and the target object.

[0029]As the first step of the lost model region search
process, the CPU 301 approximately calculates the
relative position and orientation between the camera of
the image capturing unit and the target object. In
this step, an arbitrary calculation method can be used.
For example, a method of Japanese Patent Laid-Open No.
01-009307 can be used.

[0030] As practical processing for extracting the lost
model region 505, regions obtained by projeéting
guadrate regions on the range image (image plane 502),
which correspond to respective pixels of the lost image
region 503, onto respective triangular patches included
in the geometric model 504 are calculated. Letting El,
;2, and ;3 be coordinates of three vertices of one
triangular patch, a region obtained by projecting a
gquadrate region corresponding to one pixel on the range
image (image plane 502) onto the triangular patch has a
polygonal shape having the number of vertices ranging

from 3 to 6, and vertex coordinates are expressed by:
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m: = u,;r: + v,rz + w,;I's

u,r1 + V,rz + w,rs

mz

— —

mi u,ri1 + v,rz2 + w,rs

where i1 is an integer ranging from 3 to 6, ux + vy + wg
=1, ux, € [0, 1], vk € [0, 1], and wx € [0, 1] (k =1,
2,..., 1). The extracted lost model region 505 is
stored in the memory 302 as identification numbers of
triangular patches and coefficient sets (ux, vk, wx) (kK
=1, 2,..., 1) which express each vertex of a pixel
region projected onto each triangular patch in the form
of formulas (1). Since a plurality of lost pixels are
likely to be projected onto one triangular patch, one
or a plurality of regions are registered ?er triangular
patch.

[0031] (Details of Model Fitting Process)

Details of the model fitting process (step S405)
will be described below with reference to Fig. 6A. 1In
step S601, the CPU 301 calculates combinations (nearest
neighbor point pairs) which yield nearest neighbor
(minimum) distances between pixels on the range image
and points on the geometric model. The CPU 301
searches for each combination which yields the minimum
distance between the pixel on the range image and the
point on the geometric model based on information
indicating the position of the pixel on the range image

and information indicating the position of the point on



WO 2011/105615 PCT/JP2011/054677

- 16 -

the geometric model. The CPU 301 stores the calculated
nearest neighbor.point pairs in the memory 302 as a
nearest neighbor point pair list. More specifically,
the CPU 301 selects a sample pixel as a candidate of
the nearest neighbor point pair from those on the range
image. The sample pixel may be selected one by one
from the range image, or may be selected by decimating
an image region for every predetermined number of
pixels (a plurality of pixels, for example, 5 pixels).
However, a measurement lost pixel is not selected as a
sample pixel.

[0032]Next, the CPU 301 calculates position coordinates
of a sample point'E on a three-dimensional space,

which corresponds to the sample pixel, on a coordinate
system of the target object. The CPU 301 implements
this processing as follows. That is, the CPU 301
calculates the three-dimensional coordinates on a
coordinate system of the image capturing unit from two-
dimensional coordinates and a pixel value of the sample
pixel based on the camera parameters of the image
capturing unit of the range image measurement apparatus,
which are loaded in step S401. Then, the CPU 301
converts the coordinates on the coordinate system of
the image capturing unit into those on the coordinate
system of the target object based on the approximate
relative position and orientation between the image

capturing unit and target object, which are calculated -
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in step S403.

[0033] Subsequently, the CPU 301 calculates a nearest
neighbor point on the geometric model, which
corresponds to the sample point 5. A minimum distance

d between the sample point 5 and a triangular patch t

defined by three vertices ri, r2, and r: is expressed

by:

-

d(E, t) = min |ur: + v;z + wfz - EH (2)

u+v+w=1l

for uw e [0, 1), v € [0, 1], and w € [0, 1]. Assuming
that a geometric model T is configured by N triangular
patches ti, ..., ty, a distance between the sample point

E and the nearest neighbor point on the geometric

model T is expressed by:
d(p, T) = ieI?linN} d(p, ti) ' (3)

.....

[0034] In order to calculate a nearest neighbor point
of the sample point, the CPU 301 calculates minimum
distances between the sample point and respective
triangular patches and sets of coefficients (u, v, w)
that represent the coordinates of nearest neighbor
points. Then, the CPU 301 searches all the triangular-
patches for a triangular patch having the smallest
minimum distance from the sample point and a set of
coefficients (u, v, w).

[0035]The processing of the nearest neighbor point pair
search process (step S601) have been described. The

processing result is recorded in the memory 302 as a
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list which enﬁmerates, for all the sample points, the
three-dimensional coordinates of each sample point, an
identification number of a triangular patch where a
nearest neighbor point on the geometric model is
located, and a set of coefficients (u, v, w) which
express the coordinates of the nearest neighbor point.
[0036] In step S602, the CPU 301 checks in association
with each nearest neighbor point pair whether or not
the nearest neighbor point on the geometric model side
is located within the lost model region. More
specifically, the CPU 301 searches the lost model
region data calculated in step S404 for data in which
an identification number of a triangular patch matches
that of a triangular patch where the nearest neighbor
point on the geometric model side is located. Next,
the CPU 301 checks if uvw coordinates which express the
nearest neighbor point are included in one or a
plurality of polygonal regions on a uvw space
registered in that triangular patch.

[0037] If the checking result in step S602 is "true" in
step S603, the process advances to step S604; if the
checking result in step S602 is "false", the process
advances to step S$605.

[0038] In step S604, the CPU 301 corrects the nearest
neighbor point pair list stored in the memory 302.

That is, when the nearest neighbor point on the

geometric model side is located within the lost model
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region, the CPU 301 deletes the corresponding nearest
neighbor point pair data, thereby correcting the
nearest neighbor point pair list stored in the memory
302.

[0039] On the other hand, the CPU 301 checks in step
S605 whether or not the processes in steps S602 to S604
are completed for all the nearest neighbor point pairs.
If it is determined that the processes are completed,
the process advances to step S606; if it is determined
that corresponding point pairs to be processed still
remain, the process returns to step S602 to repeat the
same processes.

[0040]In step S606, the CPU 301 calculates the position
and orientation of the model so as to minimize the sum
total of distances between nearest neighbor point pairs
registered in the nearest neighbor point pair list, and
sets the calculation results as the position and
orientation of the target object. Three-dimensional
coordinates on the coordinate éystem of the image
capturing unit of the range image measurement apparatus
can be converted into three-dimensional coordinates (x,
y, z) on the coordinate system of the target object
using a position/orientation s of the target object.

In this case, the position and orientation of the
measurement target object are expressed in six degrees
of freedom. That is, s is a six-dimensional vector,

which includes three elements that represent the
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position of the measurement target object, and three
elements that represent the orientation of the
measurement target object. Assume that a certain .point
on the image capturing unit coordinate system is
converted into a point (Xo, VYo, Zo) on the target object
coordinate system based on the approximate position and
orientation of the target object, which are calculated
in step S403. The coordinates (x, y, z) change
depending on the position and orientation of the target
object, and can be approximated using a linear Taylor

expansion in the vicinity of (xo, Yo, 2Zo), as described

by: .
& 0
X = x0+-Z;E§TAsl
yzyo+§aa?yié&si (4)
z ~ zo+-§;gZTAsi

[0041] An equation on the target object coordinate
system of a triangular patch plane where a nearest
neighbor point on the geometric model side of a certain
nearest neighbor point pair stored in the memory 302 is
located is described by ax + by + cz = e (a? + b2 + c? =
1, and a, b, ¢, d, and e are constants). Assume that
(x, y, z) converted using correct s satisfies the
equation of plane ax + by + cz = e (a? + b? + ¢ = 1).
Substitution of formulas (4) into the equation of plane

yields:
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6

6 6
azﬁ(—Asi+bZ%Asi+czﬁAsi=e—q (5)
i=1 i

im Os; i1 Os,
where g = axg + byg + czg (constant).

[0042] Since equation (5) holds for all the nearest
neighbér point pairs, simultaneous linear equations

about As; hold, as described by:

As
ox ox o 1% o 1
a, 1+bl—aﬁ+c1azl a1—1—+b1%+clim ali+blayl+c1_2‘:LAs
0Os, Os, Os, Js, Os, Js, Os, Os, Os, 2 e, - q,
ox a 0 Ox 2 As
a, Z+b29y—2+c2i azax’+1c>2%+c2 o g, 2+bza—yl+czi 1 =le, - q
0s, Os, Os, Js, Os, Os, Osq Os, Os, | As,

In this case, equations (6) are expressed as:

JAs = E (7)
[0043] Based on equation (7), As is calculated using a
generalized inverse matrix (0%.J) 1.3 of a matrix J.
However, since a measurement point cloud of the range
image includes many outliers due to noise, a robust
estimation method to be described below is used. In
general, in measurement point cloud data as an outlier,
an error e - q becomes large. For this reason, such
data has a large degree of contribution to the
simultaneous equations (6) and (7), and the accuracy of
As obtained as a result of these equations lowers.
Hence, a small weight is given to data having a large
error e - g, and a large weight is given to data having
a small error e - q. The weight can be given by a

Tukey function, which is described by:
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where ¢ is a constant. Note that a function used to
give a weight need not always be the Tukey function,
and other functions such as a Huber function may be
used as long as they give a small weight to data with a
large error and a large weight to data with a small
error. Let w; be a weight corresponding to each data.

In this case, a weighting matrix W is defined by:
W, 0

W,

0 Wy

c

[0044] The weighting matrix W is a square matrix in
which all components assume "0" except for diagonal
components, which assume weights wj. Nc is the number
of nearest neighbor point pairs (except for
corresponding point pairs including the point on the
lost model region). Using this weighting matrix W,
equation (7) is modified like:

WJAs = WE (10)
A correction value As is calculated by solving equation
(10) like:

As = (7"w3) 3 WE (11)
[0045] The approximate values of»the position and
orientation of the model are corrected by the
correction value As calculated in this way, and the

results are stored in the memory 302 or are output to
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the external apparatus via the data input/output unit
309. Note that the aforementioned position and
orientation optimization calculation method is based on
a Gauss-Newton method. However, the present invention
is not limited to this, and other methods such as a
Levenberg-Marquardt method and steepest descent method
may be used.

[0046] The sequence of the processing of the position
and orientation measurement apparatus aCcording to this
embodiment has been described. According to this
embodiment, regions where depth values are lost on the
range image can be excluded from the processing for
estimating the position and orientation of the target
object. As a result, a risk to use bad data in the
processing for calculating the position and orientation
of the target object can be lightened, thus reducing
position and orientation errors.

[0047] Especially, the measurement lost regions on the
range image can be surely detected by the simple
checking processing for inspecting whether or not a
pixel value assumes a predetermined value. On the
other hand, the aforementioned robust estimation method
adjusts the degrees of contribution of outliers based
only on the magnitudes of errors. In this embodiment
as well, the robust estimation is used. However,
processing for assuring a region which is not used in

calculations on the geometric model side by positively
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~using lost information of the range image is executed
before the robust estimation. Errors caused by
measurement losses do not always assume larger values
than errors due to other causes. Therefore, the robust
estimation method alone cannot always lower the degrees
of contribution of measurement lost data. That is, the
method of the present embodiment can enhance the
calculation accuracy by excluding outliers more surely
than a case using only the robust estimation method.
[0048] (Modification 1-1)

The embodiment of the present invention is not
limited to the above description, and allows various
modifications. For example, in the above description,
the position and orientation calculations of the target
object are executed once in the lost model region
search process (S404) and model fitting process (S405).
However, the gist of the present invention is not
limited to such specific example, and the estimation
accuracy of the position and orientation can be
asymptotically enhanced by repeating these processes.
In this case, after completion of step S405, the CPU
301 checks whether or not the number of repetition
times reaches a predetermined value. If the number of
repetition times reaches the predetermined value, the
entire processing ends; otherwise, the process returns
to step S404 to repeat the same processes.

[0049] Alternatively, the CPU 301 calculates a model



WO 2011/105615 PCT/JP2011/054677
- 25 -~

fitting error after completion of step S405, and
compares a magnitude relation with a predetermined
threshold. If the error is less than the threshold,
the entire processing ends. If the error is equal to
or larger than the threshold, the process returns to
step S404 to repeat the same processing. In this case,
the model fitting error assumes a value obtained by
adding all distances between the nearest neighbor point
pairs for all the nearest neighbor point pairs. With
this method, since the estimation accuracy of the lost
model regions can be higher as that of the position and
orientation becomes higher, the influence of
measurement losses can be eliminated.

[0050] (Modification 1-2)

In the abéve description, the nearest neighbor
points on the lost model regions are excluded, and the
position and orientation estimation processing is then
executed. However, the method of excluding the lost
model regions from the processing target is not limited
to this. For example, a region on each triangular
patch which is determined to be included in the lost
region in the lost model region search process (step
S404) may be excluded from the nearest neighbor pdint
pair search processing target in the model fitting
process (step S405).

[0051]Alternatively, in place of excluding each nearest

neighbor point pair in the lost model region from the
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processing target, a model obtained by excluding the
lost model regions from the geometric model méy be -
generated, and may be used as processing target data of
the model fitting process (step S405). However, in
this case, the need for the processes for checking if
each nearest neighbor point is included in the lost
model region and excluding the nearest neighbor point
pair (steps S602 to S605) can be obviated. This is
because since the lost model regions are removed from
the geometric model, the nearest neighbor point is
unlikely to be located within the lost model region.
[0052] As a method of excluding the lost model regions
from the geometric model, for example, the surface of
the patch model can be re-divided using an edge on the
geometric model, which corresponds to a boundary of the
lost image region, as a side of a new plane patch. The
patch model re-division processing can be implemented
as follows. That is, vertices of the lost model region
which are projected onto original plane patch planes,
and intersections between the boundaries of the lost
model region and the sides of plane patches are added
as vertices of new patches. Then, patches are
generated by Delaunay division according to a method
described in non-patent reference 3 (Hiroshi Inagaki,
Kokichi Sugihara, Three-dimensional Constrained
Delaunay Triangulation Algorithm, IPSJ Study Report, AL,

Algorithm Study Group Report, 94(26), pp. 41 - 48,
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1994.) under a constraint that a side of the original
plane patch and that of the lost model region are used
as those of re-divided patches. Using the method of
this modification, since the position and orientation
of the target object can be estimated without reducing
the number of nearest neighbor point pairs, the
position and orientation can be calculated more
accurately.

[0053] (Modification 1-3)

In step S404, the lost model region on each
triangular patch is'detected as a polygon on the
coordinate system with reference to the two sides of
that triangular patch. However, the lost model region
expression method is not limited to this. For example,
two-dimensional texture coordinates may be assigned in
advance to vertices of each triangular patch like in
model data frequently used in computer graphics, so as
to express the lost model region using the texture
coordinate system. Furthermore, texture images may
also be assigned to each triangular patch in addition
to the texture coordinates, so as to store the lost
model region data as image data. More specifically,
pixel values of pixels on a texture image corresponding
to the lost model region are set to be "0", and pixel
values of other regions are set to be "1". 1In the
model fitting process (step S405), the pixel value of

the texture image corresponding to a point on the
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geometric model of a nearest neighbor point pair is
referred to, and if the pixel value = 0, the
corresponding nearest neighbor point pair is excluded
from the position and orientation calculations of the
target object.

[0054] (Modification 1-4)

In the above describtion, each lost image region
is handled as a set of pixels. The configuration of
the lost image region data is not limited to this, and
it may be approximated. For example, a region group
formed by connecting regions where depth data are lost
on the range image may be detected, and a set of closed
regions such as polygons or ellipses which include
respective connected regions may be used as the lost
image région. In this case, regions obtained by
projecting the respective closed regions onto the
geometric model from the viewpoiht of the image
capturing unit of the range image measurement apparatus
are used as lost model regions. With this method,
although the geometric accuracy of each lost model
region lowefs, the processing load required to
calculate the lost model region can be reduced.

[0055] (Modification 1-5)

The lost model region may also be approximated by
setting, for example, it to have geometric elements of
the geometric model as units in place of the shape

intact obtained by projecting the lost image region.
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For example, when the geometric model is configured by
triangular patches, the lost model region can be set
using triangular patches as units. In this case, a
geometric element of the geometric model with which a
line segment that connects the viewpoint of the range
image measurement apparatus and a lost pixel intersects
first may be extracted as a lost model region.
Alternatively, a geometric element included in a cone
obtained by projecting the connected region of
modification 1-4 from the viewpoint of the image
capturing unit onto the three-dimensional space may be
extracted as a lost model région. With this method,
although the geometric accuracy of the lost model
region becomes low, geometric elements included in the
lost model region can be excluded from processing
targets of the model fitting process, and the
processing load can be reduced.

[0056] (Modification 1-6)

The configuration of data of the geometric model
is not limited to a triangular patch, and the following
data can be applied.

(1) a line segment group: u;1 + (1 —1n£z (where ;1 and ;2
are vectors which represent the coordinates of the end
points of a line segment)

(2) a parametric curve (x(u), y(u), z(u))

(3) a parametric curved surface (x(u, V), y(u, v), z(u,

v))
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[0057] In any of these cases, as a result of detection
of intersections between a cone formed by projecting
the lost image region onto the three-dimensional space
and the geometric model, the lost model region can be
described as a space specified by parameters u and (u,
v). Also, the position on the geometric model side of
the nearest neighbor point pair can be described using
parameters u and (u, v). Therefore, by checking
whether or not the nearest neighbor point on the
geometric model side is included in a parameter space
that specifies the lost model region, the lost region
can be excluded from the model fitting target. Note
that even when data of the geometric model adopts the
configuration of any of the above cases, the nearest
neighbor point can be calculated by the method
disclosed in non-patent reference 1.

[0058] (Modification 1-7)

Tﬁe algorithm for fitting the model to the range
image is not limited to the aforementioned method and,
for example, a method disclosed in non-patent reference
4 (Y. Chen, G. Medioni, Object modeling by registration
of multiple range images, Proceedings of IEEE
International Conference on Robotics and Automation,
vol. 3, pp. 2724 - 2729, 1991.) can be used. Also,
geometric features used in the model fitting processing
are not limited to points. For example, the position

and orientation of the target object may be estimated
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by fitting of edges (roof edges or jump edges)
extracted from the range image and those extracted from
. the model. Even when the edges are used, whether or
not an edge on the geometric model is included in the
lost model region is checked. If the edge is included,
that edge can be excluded from the fitting processing
target.
[0059] (Second Embodiment)

In the first embodiment, lost model regions are
completely excluded from the arithmetic processing
(position and orientation calculations) for estimating
the position and orientation of the target object. 1In
this embodiment, in the arithmetic processing for
estimating the position and oriéntation, the degrees of
contribution of the lost model regions are set to be
relatively lower than the geometric model regions other
than the lost model regions, thereby reducing errors
caused by measurement losses of the range image. 1In
this case, the degree of contribution of each lost
model region is set as the weight (w;i) of the weighting
matrix W given by equation (9). Assume that the number
N. of nearest neighbor points includes corresponding
point pairs on the lost model regionmns.

[0060] The sequence of the overall processing of this
embodiment is the same as that of the first embodiment
except for the model fitting process (step S405). The

sequence of the processing in the model fitting process
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according to the second embodiment will be described
below with reference to Fig. 6B.

[0061] Since steps S601 to S603 in Fig. 6B are the same
as steps S601 to S603 in Fig. 6A, a description thereof
will not be repeated. If it is determined that a
nearest neighbor point detected in step S601 falls
within the lost model region (YES in step S603), the
CPU 301 sets a predetermined constant € (first weight)
in a distance between the nearest neighbor point pair
as the weight w; (S704). The constant € is, for example,
a positive decimal number close to "0". When a nearest
neighbor point on the geometric model side is included
in the lost model region, data of the corresponding
nearest neighbor point pair are corrected by setting
the predetermined constant € (first weight).

[0062] On the other hand, if it is determined that the
nearest neighbor point falls outside the lost model
region (NO in step S603), the process advances to step
$705, and the CPU 301 sets a weight wj as a second
weight in the distance between the nearest neighbor
point pair according to equation (8) (S705). If the
nearest neighbor point on the geometric model side
falls outside the lost model region, the data of the
corresponding nearest neighbor point pair are corrected
by setting the second weight. By setting the second
weight set in step S705 to be larger than the first

weight set in step S704, the influence of the nearest
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neighbor point included in the lost model region on the
calculation result (degree of contribution) can be
reduced upon calculating the measurement values of the
position and orientation of the target object. Note
that in order to reduce the degree of contribution of
the nearest neighbor point included in the lost model
region, the nearest neighbor point included in the lost
model region can be multiplied by a relétively smaller
weight than that falling outside the lost model region.
For this reason, either one of steps S704 and S705 may
be executed.

[0063] In step S706, the CPU 301 registers a set of the
weight and the data of the nearest neighbor point pair
in the memory 302. Then, the CPU 301 repeats the
aforementioned processes until processes for setting
weights for all the nearest neighbor point pairs are
completed (NO in step S707). If the processes for
setting weights for all the nearest neighbor point
pairs are complete (YES in step S707), the process
advances to step S708.

[0064]In step S708, the CPU 301 calculates the position
and orientation of the geometric ﬁodel which minimizes
the sum total of values obtained by multiplying the
distances between the nearest neighbor point pairs by
the weights. More specifically, the CPU 301 corrects
the approximate values of the position and orientation

of the geometric model using a correction value AS of
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the position and orientation calculated according to
equation (11), and stores the calculation results
(position and orientation data) of the corrected
position and orientation of the geometric model in the
memory 302. Alternatively, the position and
orientation data are output to an external apparatus
via the data input/output unit 309 under the control of
the CPU 301.

[0065] According to this embodiment, by setting a lower
weight for the nearest neighbor point included in the
lost model region without excluding that point, data
which does not actually correspond to a lost portion
can be prevented from being erroneously excluded from
the position/orientation estimation processing.
Especially, when the accuracy of the approximate
position and orientation of the target object is
expected to be low, this effect becomes large. Note
that various modifications described in the first
embodiment can also be applied to this embodiment, and
effects of these modifications can be attained.

[0066] (Third Embodiment)

In the first embodiment, lost model regions are
completely excluded from the arithmetic processing
(position and orientation calculations) for estimating
the position and orientation of the target object. 1In
the second embodiment, errors caused by measurement

losses of the range image are eliminated by setting
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relatively lower degrees of contribution of lost model
regions than geometric model regions other than the
lost model regions. These methods are not exclusive
methods, and they can be used together.

[0067] For example, when the position and orientation
estimated values of the target object are corrected by
repeating the lost model region search process (S404)
and model fitting process (S405), as described in
modification 1-1, the two methods can be combined. For
example, of the predetermined number of repetition
times (2M: M is a natural number), the method of the
second embodiment can be applied to the former half
repetition times, and the method of the first
embodiment can be applied to the latter half repetition
times. At this time, after the arithmetic processing
for estimating the position and orientation based on
the method of the second embodiment is repeated the
predetermined number of times, that for estimating the
position and orientation based on the method of the
first embodiment can be executed. For example, the CPU
301 measures the number of repetition times of the
arithmetic processing for estimating the position and
orientation based on the method of the second
embodiment. Then, the CPU 301 can control to switch
the arithmetic processing methods so that after the
arithmetic processing is repeated the predetermined

number of times, that for estimating the position and
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orientation based on the method of the first embodiment
is executed. Alternatively, the CPU 301 checks whether
or not the sum total of the distances between the
nearest neighbor points becomes less than a
predetermined threshold in the arithmetic processing
based on the method of the second embodiment. Then,
the CPU 301 can control to switch the arithmetic
processing methods so that after the sum total becomes
less than the threshold, the arithmetic processing for
estimating the position and orientation based on the
method of the first embodiment is executed.

[0068] As a combination of the methods of the first and
second embodiments, for example, the method of the
first embodiment may be applied to former half
repetition times of the predetermined number of
repetition times (2M: M is a natural number), and the
method of the second embodiment may be applied to the
latter half repetition times.

[0069]According to this embodiment, in a stage in which
the accufacy of the position and orientation of the
target object is low, a model région which does not
correspond to a lost portion can be prevented from
being erroneously excluded from the position and
orientation estimation calculations, and in a stage in
which the accuracy of the position and orientation is
improved, the influence of data losses can be reliably

excluded. For this reason, by combining the two
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different methods that eliminate the influence of ‘lost
regions, the accuracy of the position and orientation
estimation (position and orieﬁtation calculations) can
be more improved.

[0070] (Fourth Embodiment)

In the first to third embodiments, the lost model
region 505 is set as that on the surface of the
geometric model 504, but it may be a spatial region on
the coordinate system of the geometric model 504. For
example, a set of quadrangular pyramids formed by
projecting regions on the range image of respective
pixels which belong to the lost image region 503 may be
set as a lost model region. Alternatively, as in
modification 1-4, a lost model region may be configured
by cones formed by projecting polygons or ellipses that
include image regions where data are lost onto the
three-dimensional space.

[0071] In this case, when a nearest neighbor point on
the geometric model side of the nearest neighbor point
pair is included any one of cones which configure the
lost model region, that nearest neighbor point pair is
excluded from a target of the position and orientation
estimation processing of the target object.
Alternatively, as described in the second embodiment,
the degree of contribution of that nearest neighbor
point pair is set to be low. Likewise, when features

used in the model fitting process are other than points
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(for example, edges are used), if each feature is
included in any one of cones that configure the lost
model region, that feature can be excluded from the
target of the fitting processing. Alternatively, as
described in the second embodiment, the degree of
contribution of that feature can be set to be low.
[0072] In general, when the geometric model is a curve
or curved surface expressed by an implicit function or
is expressed by metaballs, it is difficult to express a
region on a model surface using parameters. However,
this embodiment can be applied even to such geometric

" model. Furthermore, this embodiment can be applied
when the geometric model is expressed by a three-
dimensional point cloud. That is, when each individual
three-dimensional point is included in any one of cones
that configure the lost model region, that point can be
excluded from the target of the model fitting
processing.
[0073]0ther Embodiments

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) thét 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
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recorded on a memory device to perform the functions of
the above-described embodiment(s). For this purpose,
the program is provided to the computer‘for example via
a network or from a recording medium of various types
serving as the memory device (for example, computer-
readable medium) .

[0074] 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.
[0075] This application claims the benefit of Japaneée
Patent Application No. 2010-043059, filed February 26,
2010, which is hereby incorporated by reference herein

in its entirety.
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CLAIMS

1. A position and orientation measurement apparatus
comprising:

obtaining means for obtaining a range image of a
target object captured by image capturing means;

detection means for detecting a lost image region
where distance values are not measured from the
obtained range image;

first search means for searching a geometric
model which indicates a given three-dimensional shape
of the target object for a lost-model region
corresponding to the detected lost image region;

second search means for searching for
combinations of pixels on the range image and
corresponding points on the geometric model based on
information indicating positions of the pixels on the
range image, and information indicating positions of
the points on the geometric model;

determination means for determining whether or
not each corresponding point on the geometric model
detected by said second search means with respect to
the pixel on the range image falls within the lost
model region;

correction means for, when said determination
means determines that the corresponding point on the
geometric model falls within the lost model region,

correcting that combination of the pixel on the range
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image and the corresponding point on the geometric
model detected by said second search means; and
calculation means for calculating a position and
an orientation of the target object based on the
combinations of the pixels on the range image and the
points on the geometric model, which are corrected by
said correction means.
2. The apparatus according to claim 1, wherein said
correction means deletes combinations of points on the
geometric model and pixels on the range image, which
are determined to fall within the lost model region,
from the combinations obtained by said second search
means.
3. The apparatus according to claim 1, wherein said
second search means searches for the combinations to
have, as corresponding points, points on the geometric
model, which have minimum distances from pixels on the
range image.
4. The apparatus according to claim 3, wherein said
calculation means calculates a position and an
orientation of the geometric model, which minimize a
sum total of distances between the pixels on the range
image and the points on the geometric model in the
combinations, as measurement values of the position and
the orientation of the target object.
5. The apparatus according to claim 4, wherein said

correction means performs a correction for multiplying
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distances in combinations of points on the geometric
model and pixels on the range image, which are
determined to fall within the lost model region, by a
weight which is smaller than that for distances in
combinations of points on the geometric model and
pixels on the range image, which are determined to fall
éutside the lost model region, of the combinations
obtained by said second search means.
6. The apparatus according to claim 5, wherein said
correction means sets a first weight for distances in
combinations of points on the geometric model and
pixels on the range image, which are determined to fall
within the lost model region, and sets a second weight,
which assumes a larger value than the first weight, for
distances in combinations of points on the geometric
model and pixels on the range image, which are
determined to fall outside the lost model region.
7. The apparatus according to claim 6, wherein said
correction means determines for the combinations of the
pixels on the range image and the points on the
geometric model, which are corrected by the weighting,
whether or not a sum total of the distances calculated
by said calculation means is less than a threshold, and
after the sum total is less than the threshold,
said correction means deletes combinations of points on
the geometric model and pixels on the range image,

which are determined to fall within the lost model
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region, from the combinations obtained by said second
search means.

8. The apparatus according to claim 1, wherein said
first search means projects the lost image region onto
the geometric model with reference to a position and an
orientation of the image capturing means, and extracts
the projected region as the lost model region.

9. A position and orientation measurement method
executed by a position and orientation measurement
apparatus, comprising:

an obtaining step of obtaining a range image of a
target object captured by image capturing means;

a detection step of detecting a lost image region
where distance values are not measured from the range
image obtained in the obtaining step;

a first search step of searching a geometric
model which indicates a given three-dimensional shape
of the target object for a lost model region
corresponding to the detected lost image region;

a second search step of searching for
combinations of pixels on the range image and
corresponding points on the geometric model based on
information indicating positions of the pixels on the
range image, and information indicating positions of
the points on the geometric model;

a determination step of determining whether or

not each corresponding point on the geometric model
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obtained in the second search step with respect to the
pixel on the range image falls within the lost model
region;

a correction step of correcting, when it 1is
determined in the determination step that the
corresponding point on the geometric model falls within
the lost model region, that combination of the pixel on
the range image and the corresponding point on the
geometric model obtained in the second search step; and

a caiculation step of calculating a position and
an orientation of the target object based on the
combinations of the pixels on the range image and the
points on the geometric model, which are corrected in
the correction step.

10. A program for controlling a computer to function
as respective means of a position and orientation

measurement apparatus according to claim 1.
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