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Description
Title of Invention: INFORMATION PROCESSING APPARATTUS,
METHOD OF DERIVING REFLECTION CHARACTERISTICS,

PROGRAM, AND REFLECTION CHARACTERISTIC PROFILE
Technical Field

[0001]  The present invention relates to a technique of obtaining the reflection characteristics

of an object.

Background Art

[0002] There is provided a bidirectional reflectance distribution function (BRDF) as a
method of representing the reflection characteristics of an object. A BRDF is obtained
by describing a reflection characteristic for each angle of the object. It is possible to
reproduce the appearance of the object in accordance with a light source/viewpoint by
reproducing a BRDF. If the BRDF is processed intact, the data amount is huge. Thus, a
method of defining a model called a reflection model and approximating/representing
the BRDF by the parameters of the model is often used.

[0003]  As areflection model, a model representing a specular reflection characteristic in-
dicating the characteristic of reflected light in a specular reflection direction on an
object surface with respect to incident light and a diffuse reflection characteristic in-
dicating the characteristic of light reflected in a direction other than the specular re-
flection direction is common. Patent literature (PTL) 1 describes a technique of re-
producing, on a monitor, an image of a printed material under observation illumination
using colorimetric values of specular reflection light and diffuse reflection light for the
printed material.

[0004] It is known that the diffuse reflection light includes internal diffuse reflection light
and surface diffuse reflection light. The internal diffuse reflection light is light which
exits again from the surface after scattering and absorption in the object. The surface
diffuse reflection light is light which is diffused and reflected in all directions due to
the fine unevenness of the object surface. PTL 2 describes a technique of detecting
polarized components of internal diffuse reflection light included in diffuse reflection
light from a printing sheet, and specifying the type of the printing sheet.

[0005]  To reproduce the appearance of an object, it is only necessary to correctly obtain and
reproduce the above-described specular reflection characteristic and diffuse reflection
characteristic. However, as described above, diffuse reflection includes two reflected
light components different in property, that is, internal diffuse reflection light and
surface diffuse reflection light, and the diffuse reflection characteristic changes non-

linearly depending on an observation light source. Thus, for example, even if the
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[0006]

[0007]

[0008]

[0009]

[0010]

[0011]

diffuse reflection characteristic under a given measurement light source is reproduced,

diffuse reflection light under another observation light source cannot be reproduced.

Citation List

Patent Literature

PTL 1: Japanese Patent Laid-Open No. 2012-044421
PTL 2: Japanese Patent Laid-Open No. 2013-181797
Summary of Invention

According to one aspect of the present invention, an information processing
apparatus comprises: obtaining means for obtaining a plurality of measurement values
by receiving, from each of a plurality of directions, reflected light from an object il-
luminated by light from a given direction; and deriving means for deriving, based on
the plurality of measurement values, a characteristic of specular reflection light as a
reflected light component in a specular reflection direction corresponding to the given
direction with respect to a surface of the object, a characteristic of internal diffuse re-
flection light as a reflected light component after scattering and absorption in the
object, and a characteristic of surface diffuse reflection light as a reflected light
component which has been diffused on the surface of the object.

The present invention provides a technique of obtaining the reflection characteristics
of an object which can reproduce the appearance of the object more correctly.

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

The accompanying drawings, which are incorporated in and constitute a part of the
specification, illustrate embodiments of the invention and, together with the de-
scription, serve to explain the principles of the invention.

[fig.1A]Fig. 1A is a schematic view for explaining reflected light from an object with
respect to incident light.

[fig.1B]Fig. 1B is a schematic view for explaining reflected light from an object with
respect to incident light.

[fig.2]Fig. 2 is a block diagram showing the arrangement of an image processing
apparatus according to the first embodiment.

[fig.3]Fig. 3 is a flowchart illustrating processing executed by the image processing
apparatus according to the first embodiment.

[fig.4A]Fig. 4A is a view for explaining a method of measuring reflected light by a
measurement unit.

[fig.4B]Fig. 4B is a view for explaining a method of measuring reflected light by a

measurement unit.
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[0013]

[fig.4C]Fig. 4C is a view for explaining a method of measuring reflected light by a
measurement unit.
[fig.5]Fig. 5 is a table exemplifying a measurement file.
[fig.6]Fig. 6 is a view for explaining generation of a plurality of measurement files
based on a measurement image.
[fig.7]Fig. 7 is a graph for explaining the correspondence between three kinds of
reflected light components and measurement values.
[fig.8]Fig. 8 is a flowchart illustrating processing executed by a calculation unit 103.
[fig.9]Fig. 9 is a flowchart illustrating processing executed by a calculation unit 104.
[fig.10]Fig. 10 is a flowchart illustrating processing executed by a calculation unit 105.
[fig.11]Fig. 11 is a flowchart illustrating details of processing in step S143.
[fig.12]Fig. 12 is a view exemplifying a reflection characteristic profile.
[fig.13]Fig. 13 is a view exemplifying a reflection characteristic profile in another
form.
[fig.14]Fig. 14 is a block diagram showing the arrangement of an image processing
apparatus according to the second embodiment.
[fig.15]Fig. 15 is a flowchart illustrating processing executed by the image processing
apparatus according to the second embodiment.
[fig.16A]Fig. 16A is a table exemplifying a measurement file.
[fig.16B]Fig. 16B is a table exemplifying a measurement file.
[fig.17]Fig. 17 is a block diagram showing the arrangement of an image processing
apparatus according to the third embodiment.
[fig.18]Fig. 18 is a flowchart illustrating processing executed by the image processing
apparatus according to the third embodiment.
[fig.19]Fig. 19 is a table exemplifying a measurement file.
[fig.20]Fig. 20 is a flowchart illustrating processing executed by a calculation unit 306.
[fig.21]Fig. 21 is a table exemplifying the characteristic table of surface diffuse re-
flection light.
[fig.22]Fig. 22 is a block diagram for explaining formation of an image based on a re-
flection characteristic profile.
[fig.23]Fig. 23 is a block diagram showing the hardware arrangement of the image
processing apparatus.
Description of Embodiments
Preferred embodiments of the present invention will be described in detail below
with reference to the accompanying drawings. Note that the following embodiments
are merely examples, and are not intended to limit the scope of the present invention.
(First Embodiment)
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As the first embodiment of an information processing apparatus according to the
present invention, an image processing apparatus which processes data obtained by a
measurement unit for measuring reflected light from an object will be exemplified
below.

--- Components of Reflected Light ---

Fig. 1A is a schematic view for explaining reflected light from an object with respect
to incident light. As shown in Fig. 1A, the reflected light includes specular reflection
light as reflected light in the specular reflection direction and diffuse reflection light as
reflected light in a direction other than the specular reflection direction. Furthermore,
the diffuse reflection light includes internal diffuse reflection light which exits again
from the surface after scattering and absorption in the object and surface diffuse re-
flection light which is diffused and reflected in all directions due to the fine un-
evenness of the object surface.

The internal diffuse reflection light has a characteristic to change depending on the
color absorptance of the object, and the surface diffuse reflection light has a charac-
teristic to change depending on the surface shape of the object and the refractive index
of the material of the object. Therefore, if the geometric conditions or light amount of
an observation light source changes, different change amounts are obtained.

For example, as exemplarily shown in Fig. 1B, the absolute amount and component
ratio of reflected light are different between observation from viewpoint A (a direction
of 0°) and observation from viewpoint B (a direction of 60°). Thus, it is impossible to
reproduce a change in appearance of a color when the viewpoint position changes, by
only matching the light amounts of diffuse reflection light. Therefore, to correctly
reproduce the appearance of the object such as color and gloss, it is necessary to obtain
and reproduce the specular reflection characteristic, internal diffuse reflection charac-
teristic, and surface diffuse reflection characteristic as the reflection characteristics of
the object.

In the first embodiment, a method of measuring the light amount of reflected light
from an object from each of a plurality of angles and deriving the above-described
three reflection characteristics will be described. Especially, a method of calculating
the above-described three reflection characteristics based on the light amounts of
reflected light from an object, which have been obtained under different polarization
conditions will be described below.

--- Apparatus Arrangement ---

Fig. 2 is a block diagram showing the arrangement of an image processing apparatus
101 according to the first embodiment. A measurement unit 102 is a functional unit for
measuring the amount of reflected light from an object. A calculation unit 103 is a

functional unit for calculating the characteristic of specular reflection light from a
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[0020]

[0021]

[0022]

[0023]

[0024]

group of measurement values measured by the measurement unit 102. A calculation
unit 104 is a functional unit for calculating the characteristic of internal diffuse re-
flection light from the group of measurement values measured by the measurement
unit 102. A calculation unit 105 is a functional unit for calculating the characteristic of
surface diffuse reflection light from the group of measurement values measured by the
measurement unit 102. Note that Fig. 2 shows the measurement unit 102 as an external
measurement apparatus but the image processing apparatus 101 may include the mea-
surement unit 102.

A generation unit 106 is a functional unit for generating data (profile) in a prede-
termined format based on the characteristics of the specular reflection light, internal
diffuse reflection light, and surface diffuse reflection light calculated by the calculation
units 103 to 105. A data holding unit 107 holds the generated data.

Fig. 23 is a block diagram showing the hardware arrangement of the image
processing apparatus 101. The image processing apparatus 101 includes a CPU 1001, a
main memory 1002, an HDD 1003, a general-purpose interface (I/F) 1004, a monitor
1005, a main bus 1006, an instruction input unit 1007, and a measurement unit
interface (I/F) 1008.

The general-purpose I/F 1004 is, for example, a universal serial bus (USB). Alter-
natively, a communication interface such as Ethernet(r) may be used. The instruction
input unit 1007 is a device such as a keyboard and mouse for accepting an operation
from the user. The measurement unit I/F 1008 is an interface for connection to the
measurement unit 102.

A form in which the respective functional units of the image processing apparatus
101 shown in Fig. 2 are implemented when the CPU 1001 executes software programs
will be described below. However, some or all of the functional units of the image
processing apparatus 101 may be processed by hardware such as an application
specific integrated circuit (ASIC) or FPGA. Note that FPGA is an abbreviation for
field programmable gate array.

In response to a user instruction to the instruction input unit 1007, the CPU 1001
activates an application stored in the HDD 1003. The CPU 1001 displays a user
interface on the monitor 1005 while loading the application into the main memory
1002. Subsequently, various data stored in the HDD 1003 are transferred to the main
memory 1002 based on a command from the CPU 1001. The various data transferred
to the main memory 1002 undergo predetermined calculation processing in response to
a command from the CPU 1001. The result of the calculation processing is displayed
on, for example, the monitor 1005.

--- Operation of Apparatus ---

Fig. 3 is a flowchart illustrating processing executed by the image processing



WO 2017/199691 PCT/JP2017/016143

[0025]

[0026]

[0027]

[0028]

[0029]

apparatus 101 according to the first embodiment.

In step S11, the image processing apparatus 101 issues a measurement instruction to
the measurement unit 102, and obtains a measurement file including a group of mea-
surement values obtained by measurement.

Figs. 4A to 4C are views for explaining a method of measuring reflected light by the
measurement unit. Fig. 5 is a table exemplifying the measurement file. In the mea-
surement file, a measurement ID is an ID for identifying each measurement sample.
The first character represents the name of a measurement target, and the last number
represents a serial number when performing measurement by changing a measurement
angle.

An incident elevation angle (01), a light receiving elevation angle (0Or), an incident
azimuth (@1), and a light receiving azimuth (@r) represent the incident direction of light
on a sample surface (object) and a light receiving direction in a light receiving unit,
and are defined, as shown in Fig. 4A. Note that in this example, the incident elevation
angle (given direction) as the illumination direction from the light source is fixed to
45°, and the incident azimuth of the light source is changed from 0° to 180° every 30°.
Assume that the light receiving elevation angle of the light receiving unit is changed
from -60° to 60° every 5°, and the light receiving azimuth of the light receiving unit is
changed from 0° to 180° every 30°. Note that measurement values measured using
different steps under different angle conditions may be described in a measurement
file.

XYZ tristimulus values obtained when measuring reflected light under the above-
described angle conditions are described as XYZ (parallel) and X"Y'Z' (orthogonal).
Especially, measurement values obtained when polarization filters on the light source
side (light before reflection) and the light receiving side (light after reflection) are
parallel to each other, as shown in Fig. 4B, are described as XYZ (parallel). On the
other hand, measurement values obtained when polarization filters on the light source
side and the light receiving side are orthogonal to each other, as shown in Fig. 4C, are
described as X'Y'Z' (orthogonal).

As for XYZ (parallel), measurement values at an angle in the specular reflection
direction in which the light source is reflected represent the characteristic of the
specular reflection light, and measurement values at an angle other than the specular
reflection direction represent the characteristic of the diffuse reflection light. The mea-
surement values as X'Y'Z' (orthogonal) represent the characteristic of the internal
diffuse reflection light. Note that in addition to the reflected light, the half width of the
reflected light or information of an angle at which the reflected light has an intensity
equal to that of the diffuse reflection light may be obtained and held as the charac-

teristic of the specular reflection light.
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Fig. 7 is a graph for explaining the correspondence between three kinds of reflected
light components and the measurement values. More specifically, Fig. 7 schematically
shows the luminance when the object is measured while changing the angle, in which
the abscissa represents the angle and the ordinate represents a reflection luminance.
The measurement values of XYZ (parallel) described in the measurement file
correspond to solid circles in Fig. 7, and the measurement values of X'Y'Z'
(orthogonal) correspond to open circles in Fig. 7.

The characteristic of the specular reflection light is calculated by subtracting XYZ
(parallel) at an angle other than the specular reflection direction from XYZ (parallel) of
the reflected light at an angle in the specular reflection direction. In addition, surface
diffuse reflection is calculated by subtracting X'Y'Z' (orthogonal) from XYZ (parallel)
at an angle other than the specular reflection direction.

Note that two-dimensional sensor such as a camera may be used as a sensor for
receiving the reflected light from the object. In this case, for example, the measurement
ID indicates the x- and y-coordinates of an obtained image and RGB values indicating
the shooting signal values of the camera are described as measurement values.

Fig. 6 is a view for explaining generation of a plurality of measurement files based
on a measurement image obtained using a two-dimensional sensor. As shown in Fig. 6,
the measurement file described with reference to Fig. 5 is held for each position of the
image data. Note that the correspondence between shooting values and XYZ
tristimulus values is preferably calibrated before measurement so that the camera
shooting values ensure luminance linearity with the XYZ tristimulus values. However,
after measurement, conversion may be performed to ensure luminance linearity
between the shooting values and the XYZ tristimulus values. The two-dimensional
sensor is not limited to an RGB camera. An XYZ camera for measuring XYZ
tristimulus values may be used, or a multiband camera for measuring the spectral re-
flection luminance of the object may be used.

In step S12, the calculation unit 103 calculates specular reflection light based on the
measurement values obtained in step S11. Note that details of the processing of the cal-
culation unit 103 will be described later. In step S13, the calculation unit 104 calculates
internal diffuse reflection light based on the measurement values obtained in step S11.
Note that details of the processing of the calculation unit 104 will be described later. In
step S14, the calculation unit 105 calculates surface diffuse reflection light based on
the measurement values obtained in step S11. Note that details of the processing of the
calculation unit 105 will be described later.

In step S15, the generation unit 106 generates a reflection characteristic profile based
on the specular reflection light calculated in step S12, the internal diffuse reflection

light calculated in step S13, and the surface diffuse reflection light calculated in step
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S14. The generated profile is held in the data holding unit 107.

Fig. 12 is a view exemplifying the reflection characteristic profile. Referring to Fig.
12, light source information when measuring the object, and the XYZ tristimulus
values of each of the specular reflection light, internal diffuse reflection light, and
surface diffuse reflection light are described. Note that as for the surface diffuse re-
flection light, if the light is reflected isotropically, one representative value is
described; otherwise, surface diffuse reflection light at each angle is described.

Note that the format of the profile is not limited to that shown in Fig. 12. For
example, if a camera is used as a sensor, the XYZ tristimulus values of the specular re-
flection light, internal diffuse reflection light, and surface diffuse reflection light are
held at each x-y coordinate point of the image, as shown in Fig. 13. Referring to Fig.
13, an individual image is held for each of the three reflected light components.
However, one image may include a plurality of layers to hold the characteristics of the
respective reflected light components. Furthermore, the characteristic of each of the
reflected light components held as data is not limited to the representation of the XYZ
tristimulus values, and may be a luminance reflectance, shooting signal values, a
spectral reflection luminance, or a spectral reflectance.

--- Operation (S12) of Calculation Unit 103 ---

Fig. 8 is a flowchart illustrating the processing executed by the calculation unit 103.
More specifically, Fig. 8 is a flowchart illustrating the processing of calculating the
characteristic of specular reflection light, which is executed in step S12.

In step S121, the calculation unit 103 obtains the measurement values of the same
measurement ID with reference to the measurement file in which the group of mea-
surement values obtained in step S11 is described. The same measurement ID indicates
the measurement IDs having the same first character. If the measurement file is the
image file shown in Fig. 6, the measurement values at the same coordinate point are
obtained.

In step S122, the calculation unit 103 calculates, from the measurement values
obtained in step S121, the differences between the maximum values (max) and
minimum values (min) of XYZ (parallel) indicating the tristimulus values measured

under the condition that the polarization state (polarization direction) is a parallel state,

as given by:
[Math.1]
X=X_—X_
Ys =Y, —Y. C e (1)

Zs=Z —Z_.



WO 2017/199691 PCT/JP2017/016143

[0041]

[0042]

[0043]

[0044]

[0045]

[0046]

where Xs represents the X value of the specular reflection light, Ys represents the Y
value of the specular reflection light, and Zs represents the Z value of the specular re-
flection light.

Note that the specular reflection is calculated from the difference values between the
maximum values and minimum values of XYZ (parallel). However, a method of cal-
culating the difference values with reference to the values of XYZ (parallel) at a prede-
termined angle may be used. For example, if the incident angle of the light source is
45°, specular reflection may be calculated by subtracting, from the XYZ values at a
light receiving angle of 45° as an angle in the specular reflection direction, the XYZ
values at 180° which is farthest from 45°.

In step S123, the calculation unit 103 calculates a specular reflectance Ysr by
dividing Y's calculated in step S122 by a luminance Yp of the incident light of the light
source. In step S124, the calculation unit 103 saves, in a buffer, the specular reflection
light (XYZ values) calculated in step S122 and the reflectance (Ysr) calculated in step
S123.

In step S125, the calculation unit 103 determines whether the characteristic of the
specular reflection light has been calculated for all the measurement IDs. If the cal-
culation is complete, the calculation unit 103 ends the process; otherwise, the cal-
culation unit 103 returns to step S121 to advance the process.

--- Operation (S13) of Calculation Unit 104 ---

Fig. 9 is a flowchart illustrating the processing executed by the calculation unit 104.
More specifically, Fig. 9 is a flowchart illustrating the processing of calculating the
characteristic of the internal diffuse reflection light, which is executed in step S13.

In step S131, the calculation unit 104 obtains the measurement values of the same
measurement ID with reference to the file in which the group of measurement values
obtained in step S11 are described. The same measurement ID indicates the mea-
surement IDs having the same first character. If the measurement file is the image file
shown in Fig. 6, the measurement values at the same coordinate point are obtained.

In step S132, the calculation unit 104 obtains, from the measurement values obtained
in step S131, the values of X'Y'Z' (orthogonal) of the same ID for all the angles, and
calculates the average value of the obtained measurement values. The internal diffuse

reflection light is calculated by:
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1,
Xi= _ZXJ
n =1
vi=lyy Cee (@)
=2
&,
Zi =—sz
n =1

[0047]

[0048]

[0049]

[0050]

[0051]

where n represents the number of angle samples, Xi represents the X value of the
internal diffuse reflection light, Yi represents the Y value of the internal diffuse re-
flection light, and Zi represents the Z value of the internal diffuse reflection light.

Note that in this example, the average value of the obtained measurement values, at
all the angles, of the same ID is obtained as the internal diffuse reflection light.
Another statistic such as a mode or median may be used. Alternatively, the mea-
surement values of X'Y'Z' (orthogonal) for the reflected light in a predetermined angle
direction may be used as the internal diffuse reflection light.

In step S133, the calculation unit 104 calculates an internal diffuse reflectance Yir by
dividing Yi calculated in step S132 by the luminance Yp of the incident light of the
light source. In step S134, the calculation unit 104 saves, in a buffer, the internal
diffuse reflection light (XYZ values) calculated in step S132 and the reflectance (Yir)
calculated in step S133.

In step S135, the calculation unit 104 determines whether the characteristic of the
internal diffuse reflection light has been calculated for all the measurement IDs. If the
calculation is complete, the calculation unit 104 ends the process; otherwise, the cal-
culation unit 104 returns to step S131 to advance the process.

--- Operation (S14) of Calculation Unit 105 ---

As described above, in step S14, the processing of calculating, as the surface diffuse
reflection light, the difference value between the internal diffuse reflection light beams
from the diffuse reflection light. Note that depending on the angle, specular reflection
light is included in XYZ (parallel) described in the measurement file. Thus, the
processing of calculating the surface diffuse reflection light is performed after
excluding the angle including the specular reflection light.

Furthermore, determination for discriminating whether the surface diffuse reflection
light is reflected isotropically or anisotropically is performed. If the light is reflected
isotropically, one characteristic of the surface diffuse reflection light is saved. On the
other hand, if the light is reflected anisotropically, the characteristic of the surface

diffuse reflection light is saved for each of two or more angle directions.
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In this example, the difference value between the luminance values of surface diffuse
reflection light beams at adjacent angles is calculated. If the difference value is equal
to or larger than a threshold, it is determined that the light is reflected anisotropically.
If the difference value is smaller than the threshold, it is determined that the light is
reflected isotropically. However, a method of determining isotropy or anisotropy is not
limited to this. For example, the standard deviation or kurtosis of the luminance values
of the surface diffuse reflection light beams may be calculated and then isotropy or
anisotropy may be determined based on the shape of a frequency distribution. Alter-
natively, without determining isotropy or anisotropy, the difference value between the
internal diffuse reflection light and the diffuse reflection light in a predetermined angle
direction may be calculated and held as surface diffuse reflection light a plurality of
times, regardless of whether the surface diffuse reflection light is reflected isotropically
or anisotropically.

Fig. 10 is a flowchart illustrating the processing executed by the calculation unit 105.
More specifically, Fig. 10 is a flowchart illustrating the processing of calculating the
characteristic of the surface diffuse reflection light, which is executed in step S14.

In step S141, the calculation unit 105 obtains the measurement values of the same
measurement ID from the file in which the measurement values obtained in step S11
are described. The same measurement ID indicates the measurement IDs having the
same first character. If the measurement file is the image file shown in Fig. 6, the mea-
surement values at the same coordinate point are obtained.

In step S142, with reference to XYZ (parallel) and X"Y'Z' (orthogonal) described in
the measurement file obtained in step S141, the calculation unit 105 calculates the
surface diffuse reflection light beams, the number of which is equal to that of light
receiving elevation angles Or, under the respective angle conditions, as given by:
[Math.3]

X, =X—X",
Y, =Y,— Y, -e- (8)

where k represents an index value indicating the angle condition, X1 represent the X
value of the surface diffuse reflection light, Y1 represents the Y value of the surface
diffuse reflection light, and ZI represents the Z value of the surface diffuse reflection
light.

In step S143, the calculation unit 105 excludes reflected light at an angle including
specular reflection light. Details of the processing in step S143 will be described later.

In step S144, the calculation unit 105 obtains the surface diffuse reflection light beams
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from which the specular reflection light has been excluded in step S143, and calculates
the difference value between the luminance values of the surface diffuse reflection
light beams at the adjacent angles.

In step S145, for each of all the difference values, the calculation unit 105 determines
whether the difference value calculated in step S144 is equal to or larger than the
threshold. If there is the difference value equal to or larger than the threshold, the
process advances to step S147. If all the difference values are smaller than the
threshold, the process advances to step S146. A value of 10% of the luminance value
of the surface diffuse reflection light beam as a calculation target is assumed to be set
as the threshold. Another ratio may be used.

In step S146, the calculation unit 105 saves, in a buffer, one characteristic of the
surface diffuse reflection light. In this example, the calculation unit 105 calculates the
average value of the surface diffuse reflection light beams for which it is determined in
step S145 that the difference value is smaller than the threshold, and saves it in the
buffer. Note that another statistic value such as a mode or median may be used, or the
surface diffuse reflection light at a predetermined angle may be saved in the buffer.

In step S147, the calculation unit 105 saves the characteristic of the surface diffuse
reflection light for each angle. This example assumes that the surface diffuse reflection
light beams at all the angles are saved. However, only the surface diffuse reflection
light at an angle corresponding to the difference value which has been determined in
step S145 to be equal to or larger than the threshold may be extracted and saved.

In step S148, the calculation unit 105 determines whether the surface diffuse re-
flection light has been calculated for all the measurement IDs. If the calculation is
complete, the calculation unit 105 ends the process; otherwise, the calculation unit 105
returns to step S141 to advance the process.

--- Detailed Operation in Step S143 ---

The method of excluding, from the reflected light beams, reflected light at an angle
including specular reflection light in step S143 will now be described. Note that to dis-
criminate between the specular reflection light and the diffuse reflection light, a
threshold is set based on the difference values between XYZ (parallel) and X'Y'Z'
(orthogonal), and it is determined whether the specular reflection light is included.
However, a method of discriminating between the specular reflection light and the
diffuse reflection light is not limited to this. For example, the standard deviation or
kurtosis of the luminance values of the surface diffuse reflection light beams or diffuse
reflection light beams may be calculated, and whether the specular reflection light is
included may be determined based on the shape of a frequency distribution.

Fig. 11 is a flowchart illustrating details of the processing in step S143. In step
S1431, the calculation unit 105 obtains the surface diffuse reflection light calculated in
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step S142. In step S1432, the calculation unit 105 determines whether the luminance of
the surface diffuse reflection light obtained in step S1431 is smaller than a threshold. If
the luminance is smaller than the threshold, the process advances to step S1433;
otherwise, the process advances to step S1434. In this example, with reference to the
luminance values of the surface diffuse reflection light beams calculated in step S142,
a luminance value which is twice a smallest one of the luminance values is set as the
threshold for discriminating between the specular reflection light and the diffuse re-
flection light. However, a value based on another criterion may be used as the
threshold.

In step S1433, the calculation unit 105 saves, in the buffer, as the surface diffuse re-
flection light without the specular reflection light, the reflected light for which it is de-
termined in step S1432 that the luminance is smaller than the threshold. In step S1434,
the calculation unit 105 determines whether the threshold determination processing for
determining whether the specular reflection light is included has been performed for all
the angles. If the determination processing is complete, the calculation unit 105 ends
the process; otherwise, the calculation unit 105 returns to step S1431 to advance the
process.

With the above processing, the image processing apparatus 101 can generate a profile
including pieces of reflection characteristic information of three reflected light
components (specular reflection light, internal diffuse reflection light, and surface
diffuse reflection light) from the object.

--- Image Formation Using Profile ---

To explain the effect of the profile holding the three reflection characteristics, an
example of creating a printed material which reproduces the color and gloss of the
object will be described.

In general, a color material layer (the amounts of CMYK inks and their discharge
methods) is determined based on the diffuse reflection characteristic of the object, and
a gloss layer (the amount of clear ink discharged to a color material surface and the
discharge method of the clear ink) is determined based on the specular reflection char-
acteristic of the object. However, the gloss layer influences not only the specular re-
flection characteristic but also the surface diffuse reflection characteristic of the printed
material. Therefore, the diffuse reflection characteristic of the printed material also
changes, and it is thus impossible to reproduce the correct color and gloss of the object
as a reproduction target. To cope with this, an example of forming an image based on
the above-described profile holding the three reflection characteristics, and creating a
printed material which reproduces the color and gloss of the object more correctly.

Fig. 22 is a block diagram for explaining formation of an image based on the re-

flection characteristic profile. More specifically, to implement the three characteristics
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described in the profile, the parameters of the color material layer are calculated based
on the internal diffuse reflection characteristic, and the parameters of the clear ink
layer are calculated based on the surface diffuse reflection characteristic and specular
reflection characteristic. Print data is formed based on the calculated parameters of the
color material layer and clear ink layer, and output from an output apparatus, thereby
making it possible to obtain a printed material which reproduces the color and gloss of
the object more correctly.

As described above, according to the first embodiment, three reflection charac-
teristics (specular reflection light, internal diffuse reflection light, and surface diffuse
reflection light) are calculated based on a group of measurement values obtained by
measuring the reflected light from an object under a plurality of different conditions.
By using a profile storing the three reflection characteristics for image formation, it is
possible to reproduce the reflection characteristics of the object more correctly.

(Second Embodiment)

The second embodiment will describe a form in which a measurement device for
measuring reflected light calculates three reflection characteristics.

--- Apparatus Arrangement ---

Fig. 14 is a block diagram showing the arrangement of an image processing
apparatus 201 according to the second embodiment. A measurement unit 202 is a
functional unit for measuring reflected light from an object. As described above, the
measurement unit 202 has a function of calculating three reflection characteristics.

An obtaining unit 203 is a functional unit for obtaining the characteristic of specular
reflection light from the object. An obtaining unit 204 is a functional unit for obtaining
the characteristic of internal diffuse reflection light from the object. An obtaining unit
205 is a functional unit for obtaining the characteristic of surface diffuse reflection
light from the object.

A generation unit 206 is a functional unit for generating data (profile) in a prede-
termined format based on the characteristics of the specular reflection light, internal
diffuse reflection light, and surface diffuse reflection light respectively obtained by the
obtaining units 203 to 205. A data holding unit 207 holds the generated data.

--- Operation of Apparatus ---

Fig. 15 is a flowchart illustrating processing executed by the image processing
apparatus 201 according to the second embodiment.

In step S21, the image processing apparatus 201 issues a measurement instruction to
the measurement unit 202, and obtains a measurement file obtained by measurement.
Note that the measurement unit 202 calculates three reflection characteristics by the
same calculation methods as those of the calculation units 103 to 105 in the first em-

bodiment.
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Figs. 16A and 16B are a table exemplifying the measurement file. The measurement
file includes three reflection characteristics in addition to the items of the measurement
file (Fig. 5) in the first embodiment. That is, the characteristics of the specular re-
flection light, internal diffuse reflection light, and surface diffuse reflection light
calculated from a group of measurement values are added. Note that XYZ tristimulus
values are described as characteristics. However, reflectances may be described or
RGB values indicating shooting signal values may be described. If RGB values are
described, a conversion profile for converting shooting signal values into a luminance
signal value may be included.

In step S22, the obtaining unit 203 obtains the characteristic of the specular reflection
light from the measurement file obtained in step S21. In step S23, the obtaining unit
204 obtains the characteristic of the internal diffuse reflection light from the mea-
surement file obtained in step S21. In step S24, the obtaining unit 205 obtains the char-
acteristic of the surface diffuse reflection light from the measurement file obtained in
step S21.

In step S25, the generation unit 206 generates a reflection characteristic profile based
on the specular reflection light obtained in step S22, the internal diffuse reflection light
obtained in step S23, and the surface diffuse reflection light obtained in step S24. The
generated profile is held in the data holding unit 207.

As described above, according to the second embodiment, three reflection charac-
teristics (specular reflection light, internal diffuse reflection light, and surface diffuse
reflection light) calculated by the measurement unit are obtained from the mea-
surement unit, and a profile storing the three reflection characteristics is generated. By
using the profile for image formation, it is possible to reproduce the reflection charac-
teristics of the object more correctly.

(Third Embodiment)

The third embodiment will describe a form in which a surface diffuse reflection char-
acteristic is calculated from the shape of an object and the refractive index of the
material of an object surface, instead of polarimetry of reflected light.

--- Apparatus Arrangement ---

Fig. 17 is a block diagram showing the arrangement of an image processing
apparatus 301 according to the third embodiment. A measurement unit 302 is a
functional unit for measuring the amount of reflected light from an object. A shape
measurement unit 303 is a functional unit for measuring the unevenness (shape) of an
object surface. A refractive index measurement unit 304 is a functional unit for
measuring the refractive index of the material of the object surface.

A calculation unit 305 is a functional unit for calculating the characteristic of

specular reflection light. A calculation unit 306 is a functional unit for deriving the



16

WO 2017/199691 PCT/JP2017/016143

[0082]

[0083]

[0084]

[0085]

[0086]

[0087]

[0088]

surface diffuse characteristic of the object. A table holding unit 307 holds a reflection
characteristic table based on the shape and refractive index. A calculation unit 308 is a
functional unit for calculating the characteristic of internal diffuse reflection light from
the object.

A generation unit 309 is a functional unit for generating data (profile) in a prede-
termined format based on the characteristics of the specular reflection light, internal
diffuse reflection light, and surface diffuse reflection light respectively obtained by the
calculation units 305, 306, and 308. A data holding unit 310 holds the generated data.

--- Operation of Apparatus ---

Fig. 18 is a flowchart illustrating processing executed by the image processing
apparatus 301 according to the third embodiment.

In step S31, the image processing apparatus 301 obtains a measurement file as a mea-
surement result of the measurement unit 302. Fig. 19 is a table exemplifying the mea-
surement file. The measurement file includes XYZ values obtained by measuring
reflected light without using any polarization filters. On the other hand, the X'Y'Z'
values described in the first embodiment are not included.

In step S32, the calculation unit 305 calculates the characteristic of the specular re-
flection light from the measurement file obtained in step S31. Note that the processing
of the calculation unit 305 is the same as the operation (step S12) of the calculation
unit 103 according to the first embodiment and a description thereof will be omitted.

In step S33, the calculation unit 306 derives the surface diffuse characteristic of the
object. In this example, calculation is performed with reference to a table which stores
surface diffuse characteristics respectively associated with combinations of the shapes
and refractive indices of objects, and is held in the table holding unit 307. Details of
the processing of the calculation unit 306 will be described later.

In step S34, the calculation unit 308 calculates the characteristic of the internal
diffuse reflection light from the object. More specifically, an internal diffuse re-
flectance is calculated as the characteristic of the internal diffuse reflection light by
equation (4) below. A diffuse reflectance is calculated by obtaining, from the mea-
surement file, a luminance value Y at an angle (an angle other than the specular re-
flection direction) at which no light source is reflected, and dividing the luminance
value Y by a luminance Yp of the incident light of the light source.

[Math.4]

r=1—k e e e (4)

where r represents the internal diffuse reflectance, 1 represents the diffuse reflectance,

and k represents a surface diffuse reflectance.
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In step S35, the generation unit 309 generates a reflection characteristic profile based
on the specular reflection light calculated in step S32, the surface diffuse reflection
light calculated in step S33, and the internal diffuse reflection light calculated in step
S34. The generated profile is held in the data holding unit 310.

As the characteristic of the reflected light, a reflectance may be described or a
luminance value obtained by multiplying the reflectance by the tristimulus values of
the incident light of the light source may be described. Alternatively, the tristimulus
values of the reflected light may be converted into shooting signal values and
described as RGB values.

--- Operation (S33) of Calculation Unit 306 ---

Fig. 20 is a flowchart illustrating processing executed by the calculation unit 306.

In step S331, the calculation unit 306 obtains the shape of the object and the re-
fractive index of the material of the object (object information obtaining means). In
this example, the shape measurement unit 303 obtains the shape of the object. The
shape measurement unit 303 obtains the shape of the unevenness of the surface of the
object by a known shape measurement method such as a light-section method or stereo
shooting method. The refractive index measurement unit 304 obtains the refractive
index of the material of the object. The refractive index measurement unit 304 obtains
the refractive index of the material of the object by a known refractive index mea-
surement method such as a critical angle method or V-block method.

In step S332, the calculation unit 306 obtains, from the table holding unit 307, the
table storing surface diffuse characteristics respectively associated with combinations
of the shapes and refractive indices of objects.

Fig. 21 is a table exemplifying the characteristic table of the surface diffuse reflection
light. The characteristic table stores surface diffuse characteristics for combinations of
the shapes and refractive indices of objects. The characteristic table is created in
advance by measuring the shape and refractive index of the unevenness of the surface
of an object and the characteristic of the surface diffuse reflection light of the object
and associating them with each other.

In this example, as the shape of the unevenness of the surface of the object, an
arithmetic average roughness N of data in the height direction is used. However,
another statistic value such as the standard deviation or kurtosis may be used. Fur-
thermore, in this example, a reflectance is used as a corresponding surface diffuse
characteristic. However, the luminance value of the reflected light may be used. If the
refractive index of the object is known, a table in which a shape and a surface diffuse
reflectance are associated with each other may be used as a characteristic table.

In step S333, with reference to the characteristic table obtained in step S332, the cal-

culation unit 306 selects the surface diffuse characteristic of the object based on the
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shape of the object and the measurement value of the refractive index, which have
been obtained in step S331. In step S334, the calculation unit 306 saves, in a buffer, the
surface diffuse characteristic calculated in step S333, and ends the process.

As described above, according to the third embodiment, a surface diffuse reflection
characteristic is calculated based on the shape of an object and the refractive index of
the material of an object surface. With this arrangement, it is possible to derive a
surface diffuse reflection characteristic without performing measurement using po-
larization filters.

(Other Embodiments)

Embodiment(s) of the present invention 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 em-
bodiment(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 comprise one or
more processors (€.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 in-
structions may be provided to the computer, for example, from a network or the
storage medium. The storage medium may include, for example, one or more of a hard
disk, a random-access memory (RAM), a read only memory (ROM), a storage of dis-
tributed computing systems, an optical disk (such as a compact disc (CD), digital
versatile disc (DVD), or Blu-ray Disc (BD)™), a flash memory device, a memory card,
and the like.

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

This application claims the benefit of Japanese Patent Application No. 2016-099821,
filed May 18, 2016 which is hereby incorporated by reference herein in its entirety.
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Claims

An information processing apparatus comprising:

obtaining means for obtaining a plurality of measurement values by
receiving, from each of a plurality of directions, reflected light from an
object illuminated by light from a given direction; and

deriving means for deriving, based on the plurality of measurement
values, a characteristic of specular reflection light as a reflected light
component in a specular reflection direction corresponding to the given
direction with respect to a surface of the object, a characteristic of
internal diffuse reflection light as a reflected light component after
scattering and absorption in the object, and a characteristic of surface
diffuse reflection light as a reflected light component which has been
diffused on the surface of the object.

The apparatus according to claim 1, further comprising:

generation means for generating a reflection characteristic profile as-
sociated with the object based on the characteristic of the specular re-
flection light, the characteristic of the internal diffuse reflection light,
and the characteristic of the surface diffuse reflection light, which have
been derived by the deriving means.

The apparatus according to claim 1 or 2, wherein

the plurality of measurement values include a first measurement value
group obtained when light is received under a polarization condition
that a polarization direction of the light is parallel to that before re-
flection, and a second measurement value group obtained when light is
received under a polarization condition that a polarization direction of
the light is orthogonal to that before reflection, and

the deriving unit derives the characteristic of the specular reflection
light based on a difference between a maximum value and a minimum
value in the first measurement value group, derives the characteristic of
the internal diffuse reflection light based on an average value in the
second measurement value group, and derives the characteristic of the
surface diffuse reflection light based on a difference between a mea-
surement value of the first measurement group and a measurement
value of the second measurement value group in a direction other than
the specular reflection direction.

The apparatus according to any one of claims 1 to 3, wherein the

deriving unit drives the characteristic of the surface diffuse reflection
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light in each of at least two different directions.

The apparatus according to claim 1 or 2, further comprising:

object information obtaining means for obtaining information about a
surface shape and a refractive index of the object,

wherein the deriving means derives the characteristic of the surface
diffuse reflection light based on the surface shape and the refractive
index, which have been obtained by the object information obtaining
means.

The apparatus according to claim 5, further comprising:

storage means for holding a reflection characteristic table which stores
a surface diffuse characteristic corresponding to a combination of a
surface shape and a refractive index,

wherein the deriving means selects, from the reflection characteristic
table, a surface diffuse characteristic corresponding to a combination of
the surface shape and the refractive index, which have been obtained by
the object information obtaining means.

The apparatus according to any one of claims 1 to 6, wherein the
obtaining means obtains, via communication, a plurality of mea-
surement values obtained by an external measurement apparatus for
measuring reflected light from an object.

A method of deriving reflection characteristics of an object,
comprising:

an obtaining step of obtaining a plurality of measurement values by
receiving, from each of a plurality of directions, reflected light from an
object illuminated by light from a given direction; and

a deriving step of deriving, based on the plurality of measurement
values, a characteristic of specular reflection light as a reflected light
component in a specular reflection direction corresponding to the given
direction with respect to a surface of the object, a characteristic of
internal diffuse reflection light as a reflected light component after
scattering and absorption in the object, and a characteristic of surface
diffuse reflection light as a reflected light component which has been
diffused on the surface of the object.

A program for causing a computer to function as each means of an in-
formation processing apparatus defined in any one of claims 1 to 7.

A reflection characteristic profile associated with an object, storing:
characteristic information of specular reflection light as a reflected light

component in a specular reflection direction with respect to a surface of
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the object;

characteristic information of internal diffuse reflection light as a
reflected light component after scattering and absorption in the object;
and

characteristic information of surface diffuse reflection light as a
reflected light component which has been diffused on the surface of the
object,

wherein the characteristic information of the surface diffuse reflection
light includes pieces of characteristic information associated with at

least two different directions.
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[Fig. 1B]
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[Fig. 2]

L1INN ©NITTOH
v1vd

L0l

LINN
NOILYH3INIO

(3sn4410 30v44NS)
LINN NOILYIND D

il

\\
g0l

(3SN441a TYNYILND
LINN NOILYTND WD

—
ol

YY)

7
901

(NOILD3 143 ¥Y1ND3dS)
LINN NOILYTIND WD

7
€ol

SNLVHVYddY ONISS3FO0dd FOVIAI

LINN

INJNIHNSYIN

—
10l

7
ol




4/26

WO 2017/199691 PCT/JP2017/016143

[Fig. 3]
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[Fig. 12]

LIGHT SOURCED : D30

SPECULAR REFLECTION LIGHT: Xs1, Ys1, Zs1
INTERNAL DIFFUSE REFLECTION LIGHT : Xi1, Yiq, Ziy

SURFACE DIFFUSE REFLECTION LIGHT (0°) : Xl41, Yly1, Zl11

SURFACE DIFFUSE REFLECTION LIGHT (10°) : Xl12, Yl12, Zl12
1 SURFACE DIFFUSE REFLECTION LIGHT (20°) : Xly3, Yl13, Zl13
SURFACE DIFFUSE REFLECTION LIGHT (30°) : Xl14, Yl14, Zl14
SURFACE DIFFUSE REFLECTION LIGHT (40°) : Xlys, Yl1s, Zl45
SURFACE DIFFUSE REFLECTION LIGHT (20°) : Xl1g, Yl16, Zl16
SURFACE DIFFUSE REFLECTION LIGHT (60°) : Xl47, Yl17, Zl47
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[Fig. 15]
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[Fig. 18]
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LIGHT
MEASURE- | JNGIDENT | RECEIVING | INCIDENT LIGHT
AT | S RO e
A1 45 260 0 0 X1Y1Z1)
A2 45 55 0 0 X2.Y2.22)
A3 45 250 0 0 (X3,Y3 Z3)
A4 45 45 0 0 (X4.Y474)
A5 45 Z40 0 0 (X5,Y5 Z5)
AG 45 35 0 0 (X6,Y6 Z6)
A7 45 230 0 0 (X7.Y7.Z7)
A8 45 25 0 0 (X8.Y8 Z8)
A9 45 20 0 0 (X9.Y9 Z9)
A-10 45 Z15 0 0 (X10.Y10.Z10)
A-11 45 10 0 0 X11.Y11.211)
A-12 45 5 0 0 (X12.Y12.212)
A-13 45 0 0 0 (X13.Y13Z13)
A-14 45 5 0 0 (X14.Y14 Z14)
A-15 45 10 0 0 (X15.Y15 Z15)
A-16 45 15 0 0 (X16.Y16 Z16)
A7 45 20 0 0 (X17.Y17.217)
A-18 45 25 0 0 (X18 Y18 Z18)
A-19 45 30 0 0 (X19Y19,219)
A20 45 35 0 0 (X20.Y20 220
A21 45 40 0 0 (X21Y21.221)
A22 45 45 0 0 (X22.Y22.222)
A23 45 50 0 0 (X23.Y23.223)
A24 45 55 0 0 (X24.Y24 724)
A25 45 50 0 0 (X25.Y25 225)
A26 45 260 0 30 (X26 Y26 726)
A27 45 55 0 30 (X27.Y21.227)
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[Fig. 20]
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SHAPE
REFRACTIVE N1 N2 N3 N4 ren Nn
INDEX
R1 k11 k12 k13 k14 k1n
R2 k21 ko2 k3 k24 b kon
R3 K31 k32 k33 k34 e k3n
R4 ka1 ka2 ka3 ks e kan
RS K51 ks2 Ks3 ks4 e ksn
Rn Kn1 kn2 kn3 kna e knn
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[Fig. 23]
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