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IMAGING APPARATUS, METHOD OF
PROCESSING IMAGE, AND STORAGE
MEDIUM

BACKGROUND OF THE INVENTION
Field of the Invention

The aspect of the embodiments relates to a method of
processing an image in which shape information of an object
can be calculated, and an imaging apparatus.

Description of the Related Art

When an object is imaged, image processing can be
performed on the basis of a physical model after imaging in
a manner in which the object is imaged such that shape
information such as distance information and surface normal
information can be obtained. For this reason, it is desired
that a technique that enables precise shape information to be
readily obtained is developed.

Japanese Patent [aid-Open No. 61-198015 discloses that
the calculation speed of distance information can be
increased in a manner in which a photometric stereo method,
which is known as a method of obtaining the surface normal
of an object directly, is used together with distance mea-
surement of a stereo camera.

In the method disclosed in Japanese Patent Laid-Open
No. 61-198015, an imaging area is divided into areas on the
basis of surface normal information that is obtained by the
photometric stereo method, the distance between the centers
of gravity of the divided areas is obtained from parallax
images by the stereo camera, and a relative distance in an
object that is located in each area is obtained from the
surface normal information that is obtained by the photo-
metric stereo method.

With this method, however, plural optical systems are
used to obtain the parallax images. Accordingly, an appara-
tus becomes complex, and the size thereof increases. In
addition, it is difficult to calculate matching between the
parallax images because of aberration and occlusion of the
optical systems. Furthermore, it is necessary to provide
calibration of each optical system of the stereo camera and
a structure for a relationship between the optical systems.

SUMMARY OF THE INVENTION

The aspect of the embodiments provides an apparatus
including an imaging element for obtaining a plurality of
parallax images by receiving a plurality of light flux that
passes through different areas of a pupil of an optical system
by different pixels, and a processor for performing image
processing on an image that is obtained by using the imaging
element. The processor includes a first obtaining unit that
obtains first shape information of an object based on a
plurality of photometric stereo images that are shot by using
the imaging element in light source conditions that include
at least three different light source conditions, a second
obtaining unit that obtains second shape information of the
object by using the plurality of parallax images, and a third
obtaining unit that obtains third shape information of the
object by using the first shape information and the second
shape information.

Further features of the disclosure will become apparent
from the following description of exemplary embodiments
with reference to the attached drawings.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an imaging apparatus according to an
embodiment.

FIG. 2 illustrates the imaging apparatus according to the
embodiment.

FIG. 3 is a block diagram of the imaging apparatus
according to the embodiment.

FIG. 4 is a flowchart illustrating image processing that is
performed by an image processor of the imaging apparatus
according to the embodiment.

FIG. 5 illustrates an imaging apparatus and an image-
processing apparatus according to another embodiment.

FIG. 6 is a block diagram of the image-processing appa-
ratus according to the other embodiment.

FIG. 7 is a flowchart illustrating image processing that is
performed by the image-processing apparatus according to
the other embodiment.

FIG. 8 illustrates a specular reflection component.

FIG. 9 illustrates a two-viewpoint shooting method.

FIG. 10 illustrates a relationship between light-receiving
units of an imaging element and a pupil of an imaging
optical system according to the embodiment.

FIG. 11 illustrates a relationship between the light-receiv-
ing units of the imaging element and an object according to
the embodiment.

DESCRIPTION OF THE EMBODIMENTS

An imaging apparatus that includes an image processor
that performs image processing according to an embodiment
of'the disclosure will hereinafter be described with reference
to the drawings.

The image processor of the imaging apparatus according
to the present embodiment obtains precise shape information
(third shape information) by using shape information (first
shape information) that is obtained by a photometric stereo
method and shape information (second shape information)
that is obtained from parallax images. In the description of
the present application, the shape information includes sur-
face normal information of an object, absolute distance
information about an absolute distance from a reference
position such as the position of an optical system, and
relative distance information about a relative distance in an
object area.

Before description of the structure of the imaging appa-
ratus according to the present embodiment, a method of
calculating the surface normal information by the photomet-
ric stereo method and a method of calculating the distance
information by using the parallax images will be described.

The photometric stereo method is a method of calculating
surface-surface normal information from luminance infor-
mation of the object at positions of light sources and
reflection properties of the object that are presumed on the
basis of the surface normal of the object and the direction
(light source direction) from the object toward each light
source. In the case where reflectance is not uniquely deter-
mined when a predetermined surface normal and the posi-
tion of each light source are given, the reflection properties
may be approximated by a Lambertian reflection model in
accordance with Lamberts cosine law. As illustrated in FIG.
8, a specular reflection component depends on a bisector
between a light source vector s and an eye vector v and an
angle o of a surface normal n. Accordingly, the reflection
properties may be based on an eye direction. The luminance
information may be information from which an influence of
a light source other than, for example, an ambient light
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source is removed in a manner in which an image of the
object is shot when the light source is turned on and when
the light source is turned off and a difference therebetween
is calculated.

In the following description, the reflection properties are
presumed by using the Lambertian reflection model. A
luminance value i is expressed as the following expression
(1) from the Lamberts cosine law, where 1 is the luminance
value of reflected light, p,, is Lambertian diffuse reflectance
of an object, E is the intensity of incident light, s is a unit
vector (vector in the light source direction) that represents
the direction from the object toward the light source, and n
is a unit surface normal vector of the object.

ey

The expression (1) is expressed as the following expres-
sion (2), where s, s,, . . . , 5,, are components of different
light source vectors the number of which is M (M=z3), and
iy, 1y, . . . 15, are luminance values of the components of the
light source vectors.

i=Epgsn

[Math. 1]
i sT (2)

=| ! |Epsn

In the expression (2), the left side is a luminance vector
in M rows and 1 column, [s,7, . . ., s,,7] on the right side
is an incident light matrix S that represents the light source
direction in M rows and 3 columns, and n is a unit surface
normal vector in 3 rows and 1 column. In the case of M=3,
Ep,n is expressed as the following expression (3) by using
an inverse matrix S™* of the incident light matrix S.

[Math. 2]

The norm of the vector of the left side in the expression
(3) is the product of the intensity E of the incident light and
the Lambertian diffuse reflectance p ;. A normalized vector is
calculated as the surface normal vector of the object. That is,
the intensity E of the incident light and the Lambertian
diffuse reflectance p, appear in conditional expressions only
in the form of product. For this reason, when Ep, is regarded
as a single variable, the expression (3) is regarded as a
simultaneous equation to determine three unknown vari-
ables in addition to two degrees of freedom of the unit
surface normal vector n. Accordingly, each variable can be
determined by obtaining the luminance information by using
at least three light sources. When the incident light matrix S
is not a regular matrix, there is no inverse matrix, and the
components s, to s; of the incident light matrix S is selected
such that the incident light matrix S is a regular matrix. That
is, the component s, is selected linearly independent from
the components s, and s,.

In the case of M>3, the number of the conditional
expressions that are obtained is more than the number of the
unknown variables to be obtained. Accordingly, the unit
surface normal vector n is calculated in the same manner as
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4

in the case of M=3 from three conditional expressions that
are freely selected. In the case where four or more condi-
tional expressions are used, the incident light matrix S is not
a regular matrix, and an approximate solution may be
calculated by using, for example, a Moore-Penrose pseudo-
inverse matrix. The unit surface normal vector n may be
calculated by a fitting method or an optimization method.

In some cases where the reflection properties of the object
are presumed by using a model that differs from the Lam-
bertian reflection model, the conditional expressions are not
linear expressions for the components of the unit surface
normal vector n. In this case, obtaining the conditional
expressions the number of which is equal to or more than the
unknown variables enables the fitting method or the opti-
mization method to be used.

In the case of M>3, the number of the conditional
expressions that are obtained is no less than 3 and no more
than M-1, and candidates for the solution of the unit surface
normal vector n can be obtained. In this case, the solution
may be selected from the candidates for the solution by
using another condition. For example, continuity of the unit
surface normal vector n can be used as the condition. When
the surface normal vector n is calculated for every pixel of
the imaging apparatus, the solution may be selected such
that an evaluation function that is expressed as the following
expression (4) is minimized, where n (x, y) is the surface
normal vector of the pixel (%, y), and n (x-1, y) is known.

Q)

In the case where n (x+1, y) and n (%, yx1) are also known,
the solution may be selected such that the following expres-
sion (5) is minimized.

L-n(x.y)n(x-1y)

A-n(x.y)ne=-1y)-nxy)nx+1y)-n(xy)nxy-1)-n

y)ny+l) ®

When there are no known surface normal and no surface
normal is certain at positions of all of the pixels, the solution
may be selected such that the sum total of the expression (5)
in all of the pixels, which is expressed as the following
expression (6), is minimized.

[Math. 3]

6
D H=n ) ntx =1, y) = nlx, )-nr+ 1 y) - ©

Xy

n(x, y)-nx, y— 1) —nx, y)-nx, y+ 1}

The surface normal of a pixel that is not the nearest pixel
may be used. An evaluation function weighted depending on
the distance from the position of the pixel to which attention
is paid may be used.

Luminance information at the position of a freely selected
light source may be used as another condition. In a diffuse
reflection model that is represented by the Lambertian
reflection model, the luminance of reflected light increases
as the distance between the unit surface normal vector and
the vector in the light source direction decreases. Accord-
ingly, the unit surface normal vector can be determined by
selecting the solution such that the solution is close to the
vector in the light source direction when the luminance
value is the maximum among luminance values in light
source directions.

In a specular reflection model, the following expression
(7) holds, where s is the light source vector and v is the unit
vector (eye vector of the camera) in the direction from the
object toward the camera.

s+v=2(vu)n

M



US 11,159,778 B2

5

As expressed in the expression (7), the unit surface
normal vector n can be calculated when the light source
vector s and the eye vector v of the camera are known. When
the object has a rough surface, an exit angle increases even
in specular reflection. In this case, specular reflection light
spreads near the solution that is obtained in the case of a
smooth surface, and a candidate that is closest to the solution
in the case of the smooth surface may be selected from the
candidates for the solution. The true solution may be deter-
mined by using the average of the candidates for the
solution.

The principle of distance calculation of the object by
using the parallax images will now be described. FIG. 9
illustrates a model of a two-viewpoint shooting method. The
origin of coordinates is the center of left and right cameras
C1 and C2. The x-axis thereof extends in the horizontal
direction. The y-axis thereof extends in the depth direction.
The height direction is omitted for simplicity. The principal
point of an image-forming optical system of the left camera
C1 is located at (-Wc, 0). The principal point of an image-
forming optical system of the right camera C2 is located at
(Wc, 0). The focal length of each image-forming optical
system of the left and right cameras is represented by f. It is
considered that, in this state, images of an object A that is
located at (0, y1) on the y-axis are shot by the cameras.
Differences in position of the images of the object A from the
center of sensors (imaging elements) of the left and right
cameras are referred to as shooting parallax and are repre-
sented by Plc and Prc, which can be expressed as the
following expressions.

[Math. 4]
Prc = % -f ®
[Math. 5]

__re (©)]
Plc = 3T f

In accordance with the above principle, images of the
same object are shot from different viewpoints, and left and
right parallax images that have the differences expressed as
the expressions (8) and (9) in viewpoint difference directions
(directions parallel to a base line) can be obtained. A
distance yl to the object A can be calculated from the
differences by using the following expression.

[Math. 6]

2we
“Pre-Pic’

10

yl= f

Accordingly, an object area that is related to the parallax
images is specified to calculate the distance of the object by
using the parallax images. Various method can be used to
specify the same object area for the images. For example, a
block matching method, in which one of the parallax images
is used as a reference image, may be used.

The parallax images can be obtained by using an imager
that guides a plurality of light flux that has passed through
different areas of a pupil of a single imaging optical system
to different light-receiving units (pixels) of a single imaging
element for photoelectric conversion. That is, the single
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6
imager (including a single optical system and a single
imaging element) can obtain the parallax images that are
needed for distance calculation.

FIG. 10 illustrates a relationship between the light-receiv-
ing units of the imaging element and the pupil of the imaging
optical system in the imager. Micro lenses are represented by
ML. A color filter is represented by CF. An exit pupil of the
imaging optical system is represented by EXP. The light-
receiving units (referred to below as G1 pixels and G2
pixels) are represented by G1 and G2. A single G1 pixel and
a single G2 pixel are paired with each other. Pairs of the G1
pixel and the G2 pixel (pixel pairs) are arranged in the
imaging element. The pairs of the G1 pixel and the G2 pixel
have a conjugate relationship with the exit pupil EXP with
the common micro lens ML (disposed for every pixel pair)
interposed therebetween. The G1 pixels that are arranged in
the imaging element are referred to as a G1 pixel group.
Similarly, the G2 pixels that are arranged in the imaging
element are referred to as a G2 pixel group.

FIG. 11 schematically illustrates the imager that is pre-
sumed to include a thin lens at the position of the exit pupil
EXP in FIG. 10. One of the G1 pixels receives light flux that
has passed through a P1 area of the exit pupil EXP. One of
the G2 pixels receives light flux that has passed through a P2
area of the exit pupil EXP. An object point that is shot is
represented by OSP. The object is not necessarily located at
the object point OSP. The light flux that has passed through
this point is incident on the G1 pixel or the G2 pixel
depending on areas (positions) in the pupil through which
the light flux passes. That the light flux passes through
different areas in the pupil means incident light form the
object point OSP is divided at angles (parallax). That is, an
image that is generated by using an output signal from the
G1 pixel and an image that is generated by using an output
signal from the G2 pixel among the G1 and G2 pixels that
are arranged against the respective micro lenses ML are the
parallax images (a pair) that have parallax. In the above
description, reception of the light flux that has passed
through different areas in the pupil by the different light-
receiving units (pixels) is referred to as pupil division. In the
structures illustrated in FIG. 10 and FIG. 11, an image that
is obtained by adding the G1 and G2 pixels and an image
that is obtained by using the G1 pixel or the G2 pixel also
have parallax. Accordingly, the image that is obtained by
adding the G1 and G2 pixels can be one of the parallax
images.

In FIG. 10 and FIG. 11, in some cases, the above
conjugate relationship becomes imperfect or the P1 area and
the P2 area partly overlap, for example, when the exit pupil
EXP shifts. Also, in this case, the obtained images can be
dealt with as the parallax images.

The distance information is calculated from the parallax
images by the above method. This enables the single imager
to calculate the distance by extracting a pixel that is related
to the parallax images.

The imaging apparatus according to the present embodi-
ment will now be described. The image processor of the
imaging apparatus according to the present embodiment
obtains the shape information with high precision by using
the surface normal information as shape information that is
obtained by the photometric stereo method and the distance
information as shape information that is obtained from the
parallax images.

FIG. 1 illustrates an imaging apparatus 1000 and an
illumination device 1001 according to the present embodi-
ment. The illumination device 1001 includes a light emitter
200 and an emission light source control unit 106 and can be



US 11,159,778 B2

7

installed in and removed from the imaging apparatus that
includes an imager 100. FIG. 2 illustrates the imaging
apparatus 1000 that serves as a digital camera in which the
illumination device 1001 is installed.

FIG. 3 is a block diagram of the imaging apparatus 1000
according to the present embodiment.

The imaging apparatus 1000 includes the imager that
images an object and the light emitter (light sources) 200.
The imager includes an imaging optical system 101 and an
imaging element 102.

According to the present embodiment, the light emitter
200 includes eight light sources that are concentrically
arranged in a rotationally symmetric manner about the
optical axis of the imaging optical system 101. The light
emitter 200 can irradiate the object with light in light sources
conditions by a combination of turning-on (light emission)
and turning-off of the light sources. The number of the light
sources that are used for carrying out the photometric stereo
method is at least three, and the light emitter 200 includes
three or more light sources. According to the present
embodiment, the light sources of the light emitter 200 are
concentrically arranged in a rotationally symmetric manner
about the optical axis of the imaging optical system 101.
However, the light sources are not necessarily arranged at
regular intervals but may be arranged at irregular intervals.
According to the present embodiment, the light emitter 200
can be installed in and removed from the imaging apparatus
1000 but may be built in.

The imaging optical system 101 includes lenses and a stop
101a and condenses light that is emitted from the object on
the imaging element 102. According to the present embodi-
ment, the imaging optical system 101 is removably installed
as an interchangeable lens in the imaging apparatus 1000 but
may be integrally formed with the imaging apparatus 1000.
The imaging element 102 includes a photoelectric conver-
sion element such as a CCD sensor or a CMOS sensor. The
overall structure of the imager 100 is illustrated in FIG. 10
and FIG. 11. The imager 100 can obtain images from
different viewpoints. That is, the plurality of light flux that
has passed through different area of the pupil of the imaging
optical system 101 is guided to different light-receiving units
(pixels) of the imaging element 102 for photoelectric con-
version.

An analog electrical signal that is generated by photo-
electric conversion of the imaging element 102 is converted
into a digital signal by an A/D converter 103 and inputted
into an image processor 104.

The image processor 104 has a function of image pro-
cessing that is typically performed on a digital signal and a
function of obtaining the surface normal information and the
distance information as the shape information of the object.
The surface normal information is information for determin-
ing at least one or more candidates of one degree of freedom
for the surface normal, information for selecting the true
solution from the candidates for the surface normal, and
information about validity of the obtained surface normal.
The distance information is information about the depth of
the object based on a predetermined position and represents
the distance from a reference position such as a focal plane
or a predetermined position in the imager. In particular,
when the reference position is the focal plane, the informa-
tion is defocus information of the object. For the imager 100,
which guides the plurality of light flux that has passed
through different areas of the pupil of the imaging optical
system 101 to the different light-receiving units of the
imaging element 102, a reference of a parallax difference
(difference in a positional relationship of the object due to
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the parallax) is the focal plane, and the parallax difference
and the defocus information correspond to each other.

A specific structure of the image processor 104 will be
described. The image processor 104 includes a first obtain-
ing unit (surface normal information-obtaining unit) 104a
that obtains the surface normal information (first shape
information) of the object from photometric stereo images
by the photometric stereo method. The photometric stereo
images are obtained by using different turning-on patterns of
the light emitter 200. According to the present embodiment,
the photometric stereo images are shot in light sources
conditions that include at least three different turning-on
patterns (light source conditions).

The image processor 104 also includes a second obtaining
unit (distance-information-obtaining unit) 1044 that obtains
the distance information (second shape information) from
the parallax images. The image processor 104 also includes
a third obtaining unit 104¢ that obtains third shape infor-
mation from the surface normal information and the distance
information.

An output image that is processed by the image processor
104 is saved in an image storage unit 109 such as a
semiconductor memory or an optical disk. The output image
may be displayed on a display unit 105.

An information input unit 108 supplies imaging condi-
tions (such as a stop value, an exposure time, and the focal
length) that are selected by a user to a system controller 110.

The emission light source control unit 106 controls a state
of light emission of the light emitter 200 in response to an
instruction that is outputted from the system controller 110.

An imaging control unit 107 obtains an image in desired
shooting conditions that are selected by the user on the basis
of information that is outputted from the system controller
110.

A ROM 111 stores various programs that are performed
by the system controller 110 and data that is needed for the
programs.

A ROM 112 that is built in the illumination device stores
a table in which properties such as light distribution prop-
erties of the light emitter and the amount of emitted light of
the light emitter are included. The stored information may be
transmitted to the image processor 104 as needed, and the
first obtaining unit 104a may use the information to obtain
the first shape information.

According to the present embodiment, the image proces-
sor 104 obtains the shape information (third shape informa-
tion) of the object by using the surface normal information
that is obtained by the photometric stereo method and the
distance information that is obtained from the parallax
images as described above. This enables the shape informa-
tion (third shape information) of the object to be obtained
with high precision.

For example, the distance information can be obtained by
integrating the surface normal information that is obtained
by the photometric stereo method. However, the precision of
absolute distance is less than that of the distance information
that can be obtained from the parallax images because of
error during integrating. In the case where the distance
varies along an edge of the object as in the case of a
foreground and a background, the distance information as
the shape information cannot be obtained from the surface
normal information.

However, the use of the distance information that is
calculated from the parallax images enables a systematic
error due to integration to be removed and the absolute
distance along the edge of the object to be reflected to the
shape information. In the photometric stereo method, the
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precision of the surface normal information decreases when
presumed reflection properties differ from the actual reflec-
tion properties of the object. However, the distance infor-
mation that is obtained from the parallax images is not
affected by the reflection properties. The surface normal
information from the photometric stereo images is suscep-
tible to small variation in distance more than the distance
information from the parallax images, and resolution in the
horizontal and vertical directions is more readily improved.

In the case of distance calculation from the parallax
images, it is difficult to calculate the distance information in
a low-contrast image area. However, the calculation can be
readily carried out by the photometric stereo method.

Accordingly, an advantageous combination of the surface
normal information by the photometric stereo method and
the distance information from the parallax images enables
precise third shape information to be obtained. The third
shape information may be the distance information or the
surface normal information.

According to the present embodiment, the image proces-
sor 104 obtains the parallax images and the photometric
stereo images that are obtained by the single imager 100. For
this reason, it is not necessary to use plural imagers or plural
imaging apparatuses, and the images that are needed to
obtain the shape information of the object can be obtained.
Accordingly, the structure of the imaging apparatus that
images the images that are needed to obtain the shape
information can be simple.

In addition, since the distance information is calculated
from the parallax images that are obtained by the single
imager, influence of the difference due to distortion aberra-
tion and eccentricity can be reduced. In addition, influence
of another optical aberration can be reduced, and a distance
calculation process along the boundary between the fore-
ground and the background can be inhibited from being
affected by the parallax difference of the optical system. For
example, an example of the effect on the distance calculation
process along the boundary between the foreground and the
background is that occlusion makes it difficult to extract a
corresponding area.

In addition, since the photometric stereo images and the
parallax images are obtained by the single imager, influence
of the optical aberration and influence of the parallax
difference in the shape information can be reduced also
when the third shape information is obtained, and the third
shape information can be obtained with precision. The
influence of the parallax difference between the first shape
information and the second shape information differs from
the influence of the parallax difference between the parallax
images because the shape information is based on data that
is obtained by different principles. For example, in the case
of'images such as the parallax images, color information and
luminance information about the foreground are common
even along the boundary between the foreground and the
background. However, the surface normal information and
the distance information are not common, and it is difficult
to determine a common foreground portion from the surface
normal information and the distance information. Accord-
ingly, it is difficult to reduce the influence of the parallax
difference from the surface normal information and the
distance information.

The surface normal information may be converted into the
distance information by integration to obtain the first shape
information. In this case, however, precise distance infor-
mation cannot be obtained from the first shape information
as above, and it is difficult to find similarity to the second
shape information. Accordingly, it is important to reduce the
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parallax difference between the shot images from which the
shape information is obtained in order to obtain the third
shape information on the basis of the first shape information
and the second shape information with precision.

FIG. 4 is a flowchart of a method of obtaining the shape
information (method of processing an image) in the imaging
apparatus 1000 according to the present embodiment.
According to the present embodiment, the method of obtain-
ing the shape information is performed in accordance with
an image processing program that causes a computer to
function as an image-processing apparatus by using the
system controller 110 and the image processor 104. For
example, the image processing program may be stored in a
storage medium that can be read by the computer.

At a step S101, the system controller 110 obtains the
imaging conditions (such as the stop value, the exposure
time, or the focal length) that are set by the user from the
information input unit 108. Subsequently, in conjunction
with full-press operation of a release button (not illustrated),
the object is imaged in the set imaging conditions with the
light sources disposed at different positions to obtain the
photometric stereo images and the parallax images. Specifi-
cally, the system controller 110 causes the light emitter 200
that is divided into eight sections to successively irradiate
the object with light from at least three or more different
positions by using the emission light source control unit 106
and causes the imager 100 to image the object by using the
imaging control unit 107. The object is imaged also in a state
in which no light is emitted to obtain the parallax images.
The A/D converter 103 performs A/D conversion of an
analog signal that is outputted from the imaging element 102
to form a shot image (luminance information) and outputs
the image to the image processor 104. The image processor
104 may perform a typical developing process and various
image correction processes to generate the image.

At a step S102, the first obtaining unit 104a presumes the
first shape information (surface normal information) of the
object by the photometric stereo method by using the
luminance value of the photometric stereo images that are
obtained at the step S101.

At a step S103, reliability of the surface normal informa-
tion is obtained by referring a difference between the lumi-
nance of the imaged image and luminance on the presump-
tion of the Lambertian reflection when the first obtaining
unit 104a obtains the surface normal information. This step
may be performed at the same time as the surface normal
information is obtained at the step S102.

At a step S104, the second obtaining unit 1045 obtains the
parallax difference by a known method such as block
matching by using the parallax images that are obtained at
the step S101 and also obtains the distance information.

At a step S105, the second obtaining unit 1045 obtains
reliability of the distance information on the basis of simi-
larity during block matching.

At astep S106, the third obtaining unit 104¢ calculates the
distance information by integrating the surface normal infor-
mation.

At a step S107, the third obtaining unit 104¢ combines the
distance information that is obtained at the S106 and the
distance information that is obtained at the step S104 to
obtain precise distance information as the third shape infor-
mation.

Specifically, the third obtaining unit 104¢ obtains the third
shape information in the following manner. The distance
information that is obtained at the S106 is based on the
surface normal information, has high resolution, and enables
fine irregularities of the object to be obtained. In some cases,
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however, a systematic error is made, for example, because
variation in the amount of light from the light emitter causes
an error of surface normal, and a sloping (mistaken) object
surface is obtained. The distance information that is obtained
at the 8105 has low resolution and does not enable the fine
irregularities to be obtained but enables the absolute distance
to be obtained with precision. Accordingly, precise shape
information can be obtained by correcting a linear slope
such that the surface shape of the object that is calculated
from the distance information that is obtained at the S106
matches the distance information that is obtained at the
S105. Precise distance information (third shape information)
can also be obtained in a manner in which a weighted
average is applied on the basis of the reliability that is
obtained at the steps S103 and S105 such that a weight
increases as the reliability increases.

The image storage unit 109 saves the third shape infor-
mation and the image information that are finally obtained,
and the flow is finished.

The flow at the steps S102 and S103 and the flow at the
steps S104 and S105 may be serial (whether which flow is
earlier than the other is not limited) or parallel. At the step
S106, the third obtaining unit 104¢ performs the conversion
from the surface normal information (first shape informa-
tion) into the distance information. However, the first obtain-
ing unit 104a may performed the conversion. The reliability
is not necessarily used at the step S107.

According to the present embodiment, precise shape
information can be obtained with a simple structure as
described above.

In an example described according to the present embodi-
ment, the distance information is obtained as the third shape
information. However, the surface normal information may
be obtained by using the first shape information and the
second shape information. In this case, specifically, the
distance information that is obtained at the step S104 is
differentiated and converted into the surface normal infor-
mation instead of integrating the surface normal information
by the third obtaining unit 104¢ at the step S106. At the step
S107, the surface normal information that is obtained at the
S102 and the surface normal information that is obtained at
the S106 are combined to obtain precise surface normal
information as the third shape information. When the surface
normal information is combined, a weighted average may be
applied on the basis of the reliability that is obtained at the
steps S103 and S105 such that a weight increases as the
reliability increases as with the combination of the distance
information. For example, in the case where the presumed
reflection properties differ from the actual reflection prop-
erties of the object, the reliability of the surface normal
information that is obtained by the photometric stereo
method decreases, and the weight of the surface normal
information that is obtained from the parallax images
increases. Consequently, more precise surface normal infor-
mation can be obtained from the first shape information and
the second shape information.

A structure according to the present embodiment will now
be described.

The first shape information is the surface normal infor-
mation of the object. The second shape information is the
distance information of the object.

The surface normal information is calculated as the first
shape information from the photometric stereo images, and
the distance information is calculated as the second shape
information from the parallax images. This enables advan-
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tages thereof can be complementary combined as above.
Consequently, the third shape information can be obtained
with precision.

According to the present embodiment, when the third
shape information is obtained, first reliability information
that represents the reliability of the first shape information is
used.

The first reliability information may be information that
represents whether presumed precision decreases when the
photometric stereo method is used. Examples of the case
where the presumed precision decreases when the photo-
metric stereo method is used include the case where the
photometric stereo images have a low luminance value, and
a SN ratio is not good, the case where many images have an
area that light does not strike and a shadow is created in the
area, and the case where there is a large difference from
luminance that is expected from Lambertian reflection prop-
erties. Examples of an indicator (magnitude) of the first
reliability information may include the number of the pho-
tometric stereo images the luminance value of which
exceeds a certain value and the sum total of the differences
from the luminance that is expected from the Lambertian
reflection properties between the photometric stereo images.
In an object area that has low reliability of the first shape
information, the third shape information can be obtained
with precision by increasing contribution by the second
shape information.

Similarly, according to the present embodiment, when the
third shape information is obtained, second reliability infor-
mation that represents the reliability of the second shape
information is used.

The second reliability information may be information
that represents whether the precision of calculation of the
distance information from the parallax images decreases.
Examples of the case where the precision of calculation of
the distance information from the parallax images decreases
include the case where the degree of similarity is low during
matching between the parallax images, and the case where
matching is difficult because the images on which matching
is based have low contrast. Examples of an indicator (mag-
nitude) of the second reliability information may include the
similarity during matching and the contrast of the reference
image. In an object area that has low reliability of the second
shape information, the third shape information can be
obtained with precision by increasing contribution by the
first shape information.

The area of the pupil of the imaging optical system 101
through which light flux passes when each photometric
stereo image is shot contains at least a part of the area
through which light flux passes when at least one of the
parallax images is shot.

In the case where the area of the pupil through which light
flux passes when each photometric stereo image is shot has
a common portion to the area of the pupil through which
light flux passes when at least one of the parallax images is
shot, the influence (decrease in the precision) of the optical
aberration and the parallax difference when the third shape
information is obtained can be reduced. For example, one of
the parallax images is obtained by the G1 pixel in FIG. 10,
and the photometric stereo image is obtained by the same G1
pixel as above. This enables the images to be obtained with
the light flux that is related to the common pupil area.
However, the size of the pupil varies depending on the stop
value during imaging, and the common portion is not
completely common (identical) when the stop value varies.
It can be said that the photometric stereo image and the
parallax image are obtained such that the area of the pupil
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has the common portion also in the case where the photo-
metric stereo image is obtained as the sum of the G1 pixel
and the G2 pixel (that is, an image that is related to the G1
pixel and an image that is related to the G2 pixel are added
to obtain the photometric stereo image).

In addition, the area of the pupil of the imaging optical
system 101 through which light flux passes when each
photometric stereo image is shot is the same as the area
through which light flux passes when at least one of the
parallax images is shot. This enables the influence of the
optical aberration and the parallax difference to be further
reduced.

In the case where, regarding the area of the pupil through
which light flux passes, one of the parallax images that has
the common portion to the photometric stereo images is the
reference image in the distance calculation, the influence of
the optical aberration and the parallax difference between
the first shape information and the second shape information
can be reduced. For example, when the reference image is
the parallax image that is related to the Gl pixel, the
photometric stereo images may be obtained by only the G1
pixel or as the sum of the G1 pixel and the G2 pixel. In the
above description, the pupil is divided into two sections.
However, the same is true when the pupil is divided into
three sections or more.

The area of the pupil of the imaging optical system 101
through which light flux passes when each photometric
stereo image is shot contains at least a part of the area
through which light flux passes when each image that is
included in the parallax images is shot. That is, all of the
areas of the pupil through which light flux passes when each
parallax image is shot have the common portion to the area
of the pupil through which light flux passes when the
photometric stereo image is shot.

This enables the influence of the optical aberration and the
parallax difference when the third shape information is
obtained can be reduced. Consequently, the third shape
information can be obtained with higher precision. For
example, when the parallax images are the images that are
related to the G1 pixels and the images that are related to the
G2 pixels, it can be said that the photometric stereo images
are obtained as the sum of the G1 pixels and the G2 pixels
such that the areas of the pupil through which light flux
passes when all of the photometric stereo images and all of
the parallax images are shot have the common portion.

The photometric stereo images are obtained by adding all
of the pixels that are related to the parallax images. The
pixels that are related to the parallax images mean pixels are
used to obtain the parallax images among the pixels that are
included in each micro lens. For example, when two parallax
images are obtained by the imaging element illustrated in
FIG. 10 and FIG. 11, the G1 pixel is related to one of the two
parallax images, and the pixel G2 is related to the other
parallax image. That is, as illustrated in FIG. 10 and FIG. 11,
the imaging element 102 includes the pixels in each micro
lens, and all of the pixels that are included in the micro lens
are used to obtain the photometric stereo images.

Use efficiency of light from the object can be improved in
a manner in which the photometric stereo images are
obtained by adding all of the pixels that are related to the
parallax images. This is beneficial in the perspective of
dynamic range and the SN ratio of the photometric stereo
images. This enables the first shape information to be
obtained with precision. Consequently, the third shape infor-
mation can be obtained with precision.

In the case where the second obtaining unit 1045 obtains
the distance information as the second shape information,

25

30

40

45

55

65

14

the photometric stereo images are obtained by the pixel that
is related to the reference image of the parallax images on
which the distance information is based.

This enables the influence of the optical aberration and the
parallax difference between the first shape information and
the second shape information to be reduced. Consequently,
the third shape information can be obtained with precision.

When the parallax images are obtained (shot), in one
embodiment, light is not emitted from the light emitter 200
or light is emitted from all of the light sources.

During matching of the parallax images in the distance
calculation, the entire object is irradiated with light without
nonuniformity. This facilitates matching and prevents the
entire area of the object from being darkened, and the
precision of the distance calculation is improved. When light
is emitted from a part of the light emitter, the object is
nonuniformly irradiated with the light and a dark area or
shadow is created thereon. When the light is emitted from
the entire light emitter, the object can be uniformly irradiated
with the light. When ambient light is sufficiently bright for
imaging, the object can be uniformly irradiated with the light
when shot with only the ambient light.

The parallax images may be obtained by applying the
weighted average on images that are included in the photo-
metric stereo images in the light source conditions. Each
image that is included in the photometric stereo images that
are obtained by the imaging element according to the present
embodiment as illustrated in FIG. 10 and FIG. 11 can be
divided into the parallax images by extracting some of the
pixels that are included in each micro lens. Accordingly, the
images that are included in the photometric stereo images
and that are related to the light source conditions can be
divided into the parallax images. The weighted average may
be applied to the parallax images that are thus obtained in the
light source conditions. Images that are included in the
photometric stereo images may be divided into the parallax
images after the weighted average is applied.

In this case, the parallax images can be obtained at the
same time as the photometric stereo images are shot. The
application of the weighted average to the photometric
stereo images enables the entire object in each parallax
image to be bright without depending on the light source
conditions.

The parallax images may be obtained by using one of the
photometric stereo images.

The use of one of the photometric stereo images as the
parallax images for the distance calculation eliminates the
necessity of shooting the parallax images in the light source
conditions that differ from those for the photometric stereo
images and enables the number of the images that are needed
to be decreased. In addition, the use of one of the photo-
metric stereo images enables the number of the parallax
images that are used for the distance calculation to be
decreased and enables data capacity and calculation load to
be reduced.

Exposure conditions in which the photometric stereo
images are imaged differ from exposure conditions in which
the parallax images are imaged.

In one embodiment, the exposure conditions mean setting
conditions of the imaging apparatus such as a shutter speed,
the stop value, and ISO sensitivity. The exposure conditions
differ from the brightness of the light emitter and the
ambient light. For the photometric stereo images, the stop
value is increased to increase depth of field at which the first
shape information can be obtained. For the parallax images,
the depth of field is increased, and the stop value is
decreased to a certain extent to improve the precision of the
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distance calculation. For this reason, the exposure conditions
are changed when the photometric stereo images and the
parallax images are imaged.

For the photometric stereo images, the amount of light
from the light emitter can be increased by setting the
exposure conditions to include a dark condition, and the
precision of obtaining the first shape information based on
variation in how the object is viewed depending on the light
from the light emitter can be improved. Consequently, the
precision of obtaining the third shape information can be
improved.

At least one of the light sources of the light emitter 200
emits pattern light.

The use of the parallax images that are obtained by
emitting the pattern light from at least one of the light
sources of the light emitter improves the precision of match-
ing in the distance calculation for the object that has low
contrast. Accordingly, the precision of obtaining the second
shape information can be improved. Consequently, the pre-
cision of obtaining the third shape information can be
improved.

Other embodiments will now be described.

According to the above embodiment, the image processor
104 of the imaging apparatus 1000 calculates the shape
information of the object. However, the shape information of
the object may be calculated by using an image-processing
apparatus 2000 that differs from the imaging apparatus 1000.
An example of the image-processing apparatus 2000 is a PC.
FIG. 5 schematically illustrates the structure thereof. FIG. 6
illustrates a block diagram of the image-processing appara-
tus 2000.

The image-processing apparatus 2000 is connected to the
imaging apparatus with a cable or wireless and can obtain
the photometric stereo images and the parallax images that
are obtained by the imaging apparatus through communica-
tion. The image-processing apparatus 2000 includes a first
obtaining unit 204a, a second obtaining unit 2045, and a
third obtaining unit 204¢ that correspond to the first obtain-
ing unit 104q, the second obtaining unit 1045, the third
obtaining unit 104¢ described above. The image-processing
apparatus 2000 also includes a rendering unit 204d.

FIG. 7 is a flowchart illustrating a process of obtaining the
shape information according to the present embodiment.

Steps S201 to S207 in FIG. 7 are the same as the steps
S101 to S107 according to the above first embodiment, and
a description thereof is omitted.

At a step S208, the rendering unit 2044 generates a virtual
light source image on the basis of the shape information that
is obtained. Specifically, the use of the third shape informa-
tion and the Lambertian diffuse reflectance that is calculated
by the photometric stereo method enables a rendering pro-
cess to generate an image in which the appearance of the
object is reproduced on the basis of the positions of the light
sources and the amount of light that are virtually set. The
reason is that the appearance of the object is determined by,
for example, the shape information of the object, informa-
tion about the reflectance of the object, and information
about the light sources. Since the distance information is
obtained, a relationship between the front and rear of the
object can be seen, and a shadow that is produced by
shielding light from the light sources can be reproduced. The
image storage unit saves a rendering image. The processes
are finished.

The exemplary embodiments of the disclosure are
described above. The disclosure, however, is not limited to
the embodiments. Various combinations, modifications, and
alterations can be made within the range of the sprit thereof.
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According to the aspect of the embodiments, the image-
processing apparatus can obtain precise shape information
with a simple structure.

Other Embodiments

Embodiment(s) of the disclosure can also be realized by
a computer of a system or apparatus that reads out and
executes computer executable instructions (e.g., one or more
programs) recorded on a storage medium (which may also
be referred to more fully as a ‘non-transitory computer-
readable storage medium’) to perform the functions of one
or more of the above-described embodiment(s) and/or that
includes one or more circuits (e.g., application specific
integrated circuit (ASIC)) for performing the functions of
one or more of the above-described embodiment(s), and by
a method performed by the computer of the system or
apparatus by, for example, reading out and executing the
computer executable instructions from the storage medium
to perform the functions of one or more of the above-
described embodiment(s) and/or controlling the one or more
circuits to perform the functions of one or more of the
above-described embodiment(s). The computer may com-
prise one or more processors (e.g., central processing unit
(CPU), micro processing unit (MPU)) and may include a
network of separate computers or separate processors to read
out and execute the computer executable instructions. The
computer executable instructions may be provided to the
computer, for example, from a network or the storage
medium. The storage medium may include, for example, one
or more of a hard disk, a random-access memory (RAM), a
read only memory (ROM), a storage of distributed comput-
ing systems, an optical disk (such as a compact disc (CD),
digital versatile disc (DVD), or Blu-ray Disc (BD)™), a
flash memory device, a memory card, and the like.

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

This application claims the benefit of Japanese Patent
Application No. JP 2018-125527, filed Jun. 29, 2018, which
is hereby incorporated by reference herein in its entirety.

What is claimed is:

1. An apparatus comprising:

an imaging element for obtaining a plurality of parallax
images by receiving a plurality of light flux that passes
through different areas of a pupil of an optical system
by different pixels; and

a processor for performing image processing on an image
that is obtained by using the imaging element,

wherein the processor includes:

a first obtaining unit that obtains first shape information of
an object based on a plurality of photometric stereo
images that are shot by using the imaging element in
light source conditions that include at least three dif-
ferent light source conditions;

a second obtaining unit that obtains second shape infor-
mation of the object by using the plurality of parallax
images; and

a third obtaining unit that obtains third shape information
of the object by using the first shape information and
the second shape information, the third shape informa-
tion being different from the first shape information and
the second shape information.
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2. The apparatus according to claim 1,

wherein the first shape information is surface normal
information, and the second shape information is dis-
tance information.

3. The apparatus according to claim 1,

wherein an area of the pupil through which light flux
passes when an image that is included in the plurality
of photometric stereo images is shot contains at least a
part of the area through which light flux passes when at
least one of the plurality of parallax images is shot.

4. The apparatus according to claim 1,

wherein an area of the pupil through which light flux
passes when each image that is included in the plurality
of parallax images is shot has a common portion to an
area through which light flux passes when an image
that is included in the plurality of photometric stereo
images is shot.

5. The apparatus according to claim 1,

wherein an image that is included in the plurality of
photometric stereo images is obtained by adding all of
the pixels that are related to the plurality of parallax
images.

6. The apparatus according to claim 1,

wherein an area of the pupil through which light flux
passes when an image that is included in the plurality
of photometric stereo images is shot is the same as the
area through which light flux passes when at least one
of the plurality of parallax images is shot.

7. The apparatus according to claim 1,

wherein the second shape information is distance infor-
mation, and

wherein each image that is included in the plurality of
photometric stereo images is obtained by a pixel that is
related to a reference image of the plurality of parallax
images on which the distance information is based.

8. The apparatus according to claim 1,

wherein the light source conditions are conditions of
combination of turning-on or turning-off of a plurality
of light sources, and

wherein all of the plurality of light sources are turned off
when the plurality of parallax images are shot.

9. The apparatus according to claim 1,

wherein the light source conditions are conditions of
combination of turning-on or turning-off of a plurality
of light sources, and

wherein all of the plurality of light sources are turned on
when the plurality of parallax images are shot.

10. The apparatus according to claim 8,

wherein the apparatus includes a light emitter that
includes the plurality of light sources.

11. The apparatus according to claim 1,

wherein the plurality of parallax images include an image
that is obtained by applying a weighted average of
images that are included in the plurality of photometric
stereo images.

12. The apparatus according to claim 1,

wherein the plurality of parallax images include an image
that is obtained by using one of the plurality of pho-
tometric stereo images.

13. The apparatus according to claim 1,

wherein an exposure condition when an image that is
included in the plurality of photometric stereo images
is shot differs from an exposure condition when the
plurality of parallax images are shot.
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14. The apparatus according to claim 1,

wherein the third shape information is surface normal
information or distance information.

15. A method of processing an image, the method com-
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obtaining first shape information based on a plurality of
photometric stereo images that are shot in light source
conditions that include at least three different light
source conditions by using an imaging element for
obtaining a plurality of parallax images by receiving a
plurality of light flux that passes through different areas
of a pupil of an optical system by different pixels;

obtaining second shape information by using the plurality
of parallax images; and

obtaining third shape information by using the first shape
information and the second shape information, the third
shape information being different from the first shape
information and the second shape.

16. The method according to claim 15,

wherein an area of the pupil through which light flux
passes when an image that is included in the plurality
of photometric stereo images is shot contains at least a
part of the area through which light flux passes when at
least one of the plurality of parallax images is shot.

17. The method according to claim 15,

wherein an area of the pupil through which light flux
passes when each image that is included in the plurality
of parallax images is shot has a common portion to an
area through which light flux passes when an image
that is included in the plurality of photometric stereo
images is shot.

18. A non-transitory storage medium in which a program

that causes a computer to perform a method comprising:

obtaining first shape information based on a plurality of
photometric stereo images that are shot in light source
conditions that include at least three different light
source conditions by using an imaging element for
obtaining a plurality of parallax images by receiving a
plurality of light flux that passes through different areas
of a pupil of an optical system by different pixels;

obtaining second shape information by using the plurality
of parallax images; and

obtaining third shape information by using the first shape
information and the second shape information, the third
shape information being different from the first shape
information and the second shape.

19. The non-transitory storage medium according to claim

18,

wherein an area of the pupil through which light flux
passes when an image that is included in the plurality
of photometric stereo images is shot contains at least a
part of the area through which light flux passes when at
least one of the plurality of parallax images is shot.

20. The non-transitory storage medium according to claim

18,

wherein an area of the pupil through which light flux
passes when each image that is included in the plurality
of parallax images is shot has a common portion to an
area through which light flux passes when an image
that is included in the plurality of photometric stereo
images is shot.



