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FIG. 15
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FIG. 16
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FIG. 17
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FIG. 18
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FIG. 19
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FIG. 20
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FIG. 22
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FIG. 24
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FIG. 26
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1
IMAGE PROCESSING APPARATUS AND
METHOD, RECORDING MEDIUM, AND
PROGRAM

CROSS REFERENCES TO RELATED
APPLICATIONS

The present invention contains subject matter related to
Japanese Patent Application JP 2005-233320 filed in the
Japanese Patent Office on Aug. 11, 2005, the entire contents
of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to image processing appara-
tuses and methods, recording media, and programs. More
specifically, the present invention relates to an image process-
ing apparatus and method, recording medium, and program
that can be used suitably when a dynamic range of an image
is converted to a narrower dynamic range.

2. Description of the Related Art

Recently, with the improvement in the performance of
image sensors, the dynamic range of images that can be
captured by a video camera is increasing. However, in some
cases, a dynamic range of display possible with a display
device is narrower than the dynamic range of an image cap-
tured by a video camera that is capable of capturing images
with a large dynamic range. In view of this situation, tone
compression techniques for reducing the dynamic range of an
image while avoiding substantial reduction in the contrast of
the image have been proposed, for example, as disclosed in
Japanese Unexamined Patent Application Publication No.
2004-221644 and Japanese Unexamined Patent Application
Publication No. 2004-221645.

FIG. 1 is a block diagram showing an example of the
functional configuration of a digital signal processor (DSP)
that tone-compresses pixel values of an image, described in
Japanese Unexamined Patent Application Publication No.
2004-221645.

A logarithmic converter 11 logarithmically converts lumi-
nance values L(p) of an input image, and outputs resulting
logarithmic luminance values logl.(p) to a tone-curve correc-
tor 12. The tone-curve corrector 12 tone-compresses the loga-
rithmic luminance values logl.(p) according to a predefined
tone curve, and outputs resulting logarithmic luminance val-
ues logL.(p) to a reduced-image generator 13 and a contrast
corrector 15. Also, the tone-curve corrector 12 outputs a
representative value y representing the slope of the tone curve
used to the contrast corrector 15.

The reduced-image generator 13 generates a reduced
image logl., onthebasis of the logarithmic luminance values
logl. (p) of one frame, input from the tone-curve corrector 12,
and stores the reduced image logl.., in a reduced-image
memory 14.

The contrast corrector 15 corrects the contrast, which has
been reduced through the tone-curve-based correction of the
logarithmic luminance values logl..(p) of a current frame
input from the tone-curve corrector 12, on the basis of the
representative value y and a reduced image logl.., of an
immediately preceding frame, stored in the reduced-image
memory 14. The contrast corrector 15 then outputs resulting
logarithmic luminance values logl, (p) to an inverse logarith-
mic converter 16. The inverse logarithmic converter 16
executes inverse logarithmic conversion of the contrast-cor-
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rected logarithmic luminance values logl., (p), and outputs
resulting luminance values L (p) on a linear axis to a gamma
corrector 17.

The gamma corrector 17 executes gamma correction on the
luminance values L, (p) input from the inverse logarithmic
converter 16, in consideration of gamma characteristics of a
display device used, and outputs gamma-corrected luminance
values Y (p) to a luminance-information calculator 18 and a
luminance-range normalizer 20. The luminance-information
calculator 18 calculates luminance-range information [Yd,
Yb] representing a highest luminance value Yd and a lowest
luminance value Yb of the luminance values Y(p) of one
frame input from the gamma corrector 17, and stores the
luminance-range information [ Yd, Yb] in a luminance-range-
information memory 19.

The luminance-range normalizer 20 converts the lumi-
nance values Y(p) of the current frame, input from the gamma
corrector 17, on the basis of luminance-range information
[Yd, Yb] of the immediately preceding frame, stored in the
luminance-range-information memory 19, so that the range
of distribution thereof matches a range that can be displayed
by the display device. The luminance-range normalizer 20
then outputs resulting luminance values Yn(p) to a subse-
quent stage as pixel values of reduced-dynamic-range image.

SUMMARY OF THE INVENTION

However, according to the techniques disclosed in Japa-
nese Unexamined Patent Application Publication No. 2004-
221644 and Japanese Unexamined Patent Application Publi-
cation No. 2004-221645, since the shape of the tone curve
used for tone compression is fixed, in some cases, suitable
tone compression is not achieved when the dynamic range is
wider than expected or when image data captured with insuf-
ficient exposure is input.

Furthermore, according to the techniques disclosed in
Japanese Unexamined Patent Application Publication No.
2004-221645, the logarithmic converter 11, the tone-curve
converter 12, the contrast corrector 15, the gamma corrector
17, and the luminance-range normalizer 20 complete pro-
cessing on a pixel-by-pixel basis, while generation of a
reduced image by the reduced-image generator 13 and calcu-
lation of luminance-range information by the luminance-
range-information calculator 18 is completed only after scan-
ning all the pixels in an image. Furthermore, generation of a
reduced image and calculation of luminance-range informa-
tion are executed sequentially, and parallel processing is not
allowed.

Thus, according to the techniques disclosed in Japanese
Unexamined Patent Application Publication No. 2004-
221645, when tone conversion is executed on the basis of a
reduced image and luminance-range information generated
and calculated within the same frame, the contrast corrector
15 waits until generation of a reduced image is completed,
and the luminance-range normalizer 20 waits until calcula-
tion of luminance-range information is completed, so that the
processing time increases. Furthermore, even when tone con-
version is executed using a reduced image and luminance-
range information generated and calculated in processing of
the immediately preceding frame, it is not possible to calcu-
late luminance-range information until generation of a
reduced image is completed. Thus, the contrast corrector 15
waits until generation of a reduced image is completed, so
that the processing time increases.
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It is desired that it is possible to execute tone compression
of luminance values or color values more quickly without
degrading contrast, suitably in accordance with individual
images.

According to a first embodiment of the present invention,
there is provided an image processing apparatus that tone-
compresses input luminance values representing luminance
values of an input image. The image processing apparatus
includes conversion-curve calculating means for calculating
a conversion curve that is used for tone-compressing lumi-
nance values, on the basis of a distribution of the input lumi-
nance values; global-luminance calculating means for calcu-
lating global luminance values representing luminance
values of a global-luminance image composed of low-fre-
quency components of the input image; tone compressing
means for tone-compressing the input luminance values and
the global luminance values according to the conversion
curve; and contrast correcting means for correcting contrast
of a tone-compressed input image composed of the tone-
compressed input luminance values, on the basis of a slope of
the conversion curve and the tone-compressed global lumi-
nance values.

The conversion-curve calculating means may calculate the
conversion curve on the basis of an average luminance value
representing an average of the input luminance values, a first
boundary value with which the ratio of the number of pixels
having luminance values less than or equal to the first bound-
ary value to the number of pixels in the input image is sub-
stantially a first predetermined value, and a second boundary
value with which the ratio of the number of pixels having
luminance values greater than or equal to the second bound-
ary value to the number of pixels in the input image is sub-
stantially a second predetermined value.

The conversion-curve calculating means may calculate the
conversion curve so that the conversion curve monotonically
increases and so that the slope of the conversion curve
becomes smaller in the proximity of a point where the lumi-
nance value before tone compression becomes the average
luminance value and becomes substantially 1 in the proximi-
ties of points where the luminance value before tone com-
pression becomes the first boundary value or the second
boundary value.

The average luminance value may be an average luminance
value of luminance values in a user-specified region in the
input image.

The image processing apparatus may further include tem-
poral smoothing means for temporally smoothing the average
luminance value, the first boundary value, and the second
boundary value between a current frame and a frame preced-
ing the current frame by one or more intervals so that the
conversion-curve calculating means can calculate the conver-
sion curve on the basis of the temporally smoothed average
value, the temporally smoothed first boundary value, and the
temporally smoothed second boundary value.

The global-luminance calculating means may include
reduced-image generating means for generating a reduced
image by reducing the input image; and interpolating means
for calculating the global luminance values by interpolating
the reduced image so that the global-luminance image has the
same number of pixels as the input image.

The reduced image generating means may generate the
reduced image by dividing the input image into a predeter-
mined number of blocks and arranging block average lumi-
nance values correspondingly to an order of the blocks, the
block average luminance values representing averages of
luminance values of pixels included in the individual blocks.
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The interpolating means may calculate the global lumi-
nance values by interpolating a reduced image corresponding
to an input image of an immediately preceding frame.

The tone compressing means may tone-compress the input
luminance values and the global luminance values according
to a conversion curve that is based on a distribution of input
luminance values of an input image of an immediately pre-
ceding frame.

The contrast correcting means may correct the contrast of
the tone-compressed input image on the basis of the slope of
the conversion curve in the proximity of a point where the
luminance value before tone compression becomes an aver-
age luminance value.

The contrast correcting means may correct the contrast of
the tone-compressed input image so that contrast of lumi-
nance values in the proximity of a predetermined intermedi-
ate level of the tone-compressed input image is enhanced
compared with contrast of luminance values in the proximity
of' a minimum value or a maximum value of possible lumi-
nance values of the tone-compressed input image.

The contrast correcting means may enhance contrast of
frequency components of the tone-compressed input image
except frequency components included in the tone-com-
pressed global-luminance image.

The image processing apparatus may further include non-
linear converting means for logarithm-converting or gamma-
converting the input luminance values. In this case, the con-
version-curve calculating means calculates the conversion
curve on the basis of a distribution of the logarithm-converted
or gamma-converted input luminance values, the global-lu-
minance calculator calculates the global luminance values
representing luminance values of the global-luminance
image composed of low-frequency components of the input
image composed of the logarithm-converted or gamma-con-
verted input luminance values, the tone-compressing means
tone-compresses the logarithm-converted or gamma-con-
verted input luminance values, and the contrast correcting
means corrects the contrast of the tone-compressed input
image composed of the input luminance values that have been
logarithm-converted or gamma-converted and that have been
tone-compressed.

According to the first embodiment of the present invention,
there is also provided an image processing method for tone-
compressing input luminance values representing luminance
values of an input image, or a program for allowing a com-
puter to execute the image processing. The image processing
method or image processing includes the steps of calculating
a conversion curve that is used for tone-compressing the
luminance values, on the basis of a distribution of the input
luminance values; calculating global luminance values rep-
resenting luminance values of a global-luminance image
composed of low-frequency components of the input image;
tone-compressing the input luminance values and the global
luminance values according to the conversion curve; and
correcting contrast of a tone-compressed input image com-
posed of the tone-compressed input luminance values, on the
basis of a slope of the conversion curve and the tone-com-
pressed global luminance values.

According to a second embodiment of the present inven-
tion, there is provided an image processing apparatus that
tone-compresses color values representing values of color
components of an input image. The image processing appa-
ratus includes input-luminance calculating means for calcu-
lating input luminance values representing luminance values
of individual pixels of the input image, on the basis of the
color values; conversion-curve calculating means for calcu-
lating a conversion curve that is used for tone-compressing
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luminance values, on the basis of a distribution of the input
luminance values; global-luminance calculating means for
calculating global luminance values representing luminance
values of a global-luminance image composed of low-fre-
quency components of a luminance image composed of the
input luminance values; tone compressing means for tone-
compressing the input luminance values and the global lumi-
nance values according to the conversion curve; contrast cor-
recting means for correcting contrast of a tone-compressed
luminance image composed of the tone-compressed input
luminance values, on the basis of a slope of the conversion
curve and the tone-compressed global luminance values; and
tone converting means for tone-converting the color values of
the input image by multiplying individual pixel values of a
differential image by a predetermined coefficient, the differ-
ential image representing a difference between the input
image and the luminance image, and adding the contrast-
corrected tone-compressed luminance image.

The image processing apparatus may further include first
non-linear converting means for logarithm-converting or
gamma-converting the input luminance values; and second
non-linear converting means for logarithm-converting or
gamma-converting the color values of the input image. In this
case, the conversion-curve calculating means calculates the
conversion curve on the basis of a distribution of the loga-
rithm-converted or gamma-converted input luminance val-
ues, the global-luminance calculator calculates the global
luminance values representing luminance values of the glo-
bal-luminance image composed of low-frequency compo-
nents of the luminance image composed of the logarithm-
converted or gamma-converted input luminance values, the
tone-compressing means tone-compresses the logarithm-
converted or gamma-converted input luminance values, the
contrast correcting means corrects the contrast of the tone-
compressed input image composed of the input luminance
values that have been logarithm-converted or gamma-con-
verted and that have been tone-compressed, and the tone
converting means tone-converts the color values of the input
image by multiplying individual pixel values of a differential
image by a predetermined coefficient, the differential image
representing a difference between the input image composed
of'the logarithm-converted or gamma-converted color values
and the luminance image composed of the logarithm-con-
verted or gamma converted input luminance values, and add-
ing the contrast-corrected tone-compressed luminance
image.

According to the second embodiment of the present inven-
tion, there is also provided an image processing method for
tone-compressing color values representing values of color
components of an input image, or a program for allowing a
computer to execute the image processing. The image pro-
cessing method or image processing includes the steps of
calculating input luminance values representing luminance
values of individual pixels of the input image, on the basis of
the color values; calculating a conversion curve that is used
for tone-compressing luminance values, on the basis of a
distribution of the input luminance values; calculating global
luminance values representing luminance values of a global-
luminance image composed of low-frequency components of
a luminance image composed of the input luminance values;
tone-compressing the input luminance values and the global
luminance values according to the conversion curve; correct-
ing contrast of a tone-compressed luminance image com-
posed of the tone-compressed input luminance values, on the
basis of a slope of the conversion curve and the tone-com-
pressed global luminance values; and tone-converting the
color values of the input image by multiplying individual
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pixel values of a differential image by a predetermined coef-
ficient, the differential image representing a difference
between the input image and the luminance image, and add-
ing the contrast-corrected tone-compressed luminance
image.

According to the first embodiment of the present invention,
a conversion curve that is used for tone-compressing lumi-
nance values is calculated on the basis of a distribution of
input luminance values representing luminance values of an
input image, global luminance values representing luminance
values of a global-luminance image composed of low-fre-
quency components of the input image are calculated, the
input luminance values and the global luminance values are
tone-compressed according to the conversion curve, and con-
trast of a tone-compressed input image composed of the tone-
compressed input luminance values is corrected on the basis
of a slope of the conversion curve and the tone-compressed
global luminance values.

According to the second embodiment of the present inven-
tion, input luminance values representing luminance values
of individual pixels of an input image are calculated on the
basis of color values representing values of color components
of the input image, a conversion curve that is used for tone-
compressing luminance values is calculated on the basis of a
distribution of the input luminance values, global luminance
values representing luminance values of a global-luminance
image composed of low-frequency components of a lumi-
nance image composed of the input luminance values are
calculated, the input luminance values and the global lumi-
nance values are tone-compressed according to the conver-
sion curve, contrast of a tone-compressed luminance image
composed of the tone-compressed input luminance values is
compressed on the basis of a slope of the conversion curve
and the tone-compressed global luminance values, and the
color values of the input image are tone-converted by multi-
plying individual pixel values of a differential image by a
predetermined coefficient, the differential image representing
a difference between the input image and the luminance
image, and adding the contrast-corrected tone-compressed
luminance image.

As described above, according to the first or second
embodiment of the present invention, it is possible to tone-
compress luminance values or color values of an image. Also,
according to the first or second embodiment of the present
invention, it is possible to tone-compress luminance values or
color values more quickly without degrading contrast, suit-
ably in accordance with individual images.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing an example of the
functional configuration of a DSP according to the related art;

FIG. 2 is a block diagram of a digital video camera accord-
ing to an embodiment of the present invention;

FIG. 3 is a block diagram showing an example of the
functional configuration of a DSP block shown in FIG. 2;

FIG. 4 is a block diagram showing an example of the
functional configuration of a tone converter shown in FIG. 3;

FIG. 5 is a block diagram showing an example of the
functional configuration of a non-linear converter shown in
FIG. 4,

FIG. 6 is a block diagram showing an example of the
functional configuration of a tone-curve generator shown in
FIG. 4,

FIG. 7 is a block diagram showing an example of the
functional configuration of a luminance-range calculator
shown in FIG. 6;
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FIG. 8 is a block diagram showing an example of the
functional configuration of'an average-level calculator shown
in FIG. 6;

FIG. 9 is a block diagram showing an example of the
functional configuration of a temporal smoother shown in
FIG. 6;

FIG. 10 is a block diagram showing an example of the
functional configuration of a spline generator shown in FIG.
6,

FIG. 11 is a block diagram showing an example of the
functional configuration of a reduced-image generator shown
in FIG. 4;

FIG. 12 is a block diagram showing an example of the
functional configuration of an interpolator shown in FIG. 4;

FIG. 13 is a block diagram showing an example of the
functional configuration of a contrast corrector shown in FIG.
4;

FIG. 14 is a block diagram showing an example of the
functional configuration of a non-linear inverse converter
shown in FIG. 4;

FIG. 15 is a flowchart for explaining image processing
executed by the DSP block shown in FIG. 2;

FIG. 16 is a flowchart for explaining details of a tone
conversion process executed in step S4 shown in FIG. 15;

FIG. 17 is a flowchart for explaining details of the tone
conversion process executed in step S4 shown in FIG. 15;

FIG. 18 is a flowchart for explaining details of pixel pro-
cessing for calculation of a tone curve, executed in step S26
shown in FIG. 16;

FIG. 19 is a flowchart for explaining details of pixel pro-
cessing for generation of a reduced image, executed in step
S27 shown in FIG. 16;

FIG. 20 is a flowchart for explaining details of a global-
luminance calculating process executed in step S28 shown in
FIG. 16;

FIG. 21 is a diagram for explaining processing executed by
the interpolator shown in FIG. 4;

FIG. 22 is a flowchart for explaining details of a contrast
correcting process executed in step S30 shown in FIG. 16;

FIG. 23 is a graph showing relationship between gain g(p)
and luminance value L_“"(p);

FIG. 24 is a flowchart for explaining details of a tone-curve
and y_comp calculating process executed in step S36 shown
in FIG. 17,

FIG. 25 is a graph showing an example of a tone curve;

FIG. 26 is a flowchart for explaining details of a reduced-
image generating process executed in step S37 shown in FIG.
17,

FIG. 27 is a block diagram of a tone converter in another
embodiment of the present invention;

FIG. 28 is a block diagram of a DSP block in another
embodiment of the present invention;

FIG. 29 is a block diagram showing an example of the
functional configuration of the tone converter shown in FIG.
28; and

FIG. 30 is a block diagram showing an example of the
configuration of a personal computer.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Before describing embodiments of the present invention,
the correspondence between the features of the claims and
specific examples in the embodiments of the present inven-
tion will be described below. This description is intended to
assure that specific examples supporting the claimed inven-
tion are included in the description of the embodiments. Thus,
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even if a specific example in the following embodiments is
not described as corresponding to a certain feature in the
claims, that does not necessarily mean that the specific
example does not correspond to that feature in the claims.
Conversely, even if a specific example is described herein as
corresponding to a certain feature in the claims, that does not
necessarily mean that the element does not correspond to
other features in the claims.

Furthermore, this description should not be construed to
mean that all the aspects of the invention corresponding to the
specific examples included in the description of the embodi-
ments are described in the claims. That is, the description
does not deny the existence of aspects of the present invention
corresponding to specific examples included in the descrip-
tion of the embodiments but not claimed in this application,
i.e., the existence of aspects of the present invention that in
future may be claimed by a divisional application or addition-
ally claimed through amendments.

An image processing apparatus (e.g., a tone converter 143
shown in FIG. 3) according to a first embodiment of the
present invention is an image processing apparatus that tone-
compresses input luminance values representing luminance
values of an input image. The image processing apparatus
includes conversion-curve calculating means (e.g., a tone-
curve calculator 163 shown in FIG. 4) for calculating a con-
version curve (e.g., a tone curve CL shown in FIG. 25) that is
used for tone-compressing luminance values, on the basis of
a distribution of the input luminance values; global-lumi-
nance calculating means (e.g., a global-luminance calculator
166 shown in FIG. 4) for calculating global luminance values
representing luminance values of a global-luminance image
composed of low-frequency components of the input image;
tone compressing means (e.g., a tone converter 167 shown in
FIG. 4) for tone-compressing the input luminance values and
the global luminance values according to the conversion
curve; and contrast correcting means (e.g., a contrast correc-
tor 168 shown in FIG. 4) for correcting contrast of a tone-
compressed input image composed of the tone-compressed
input luminance values, on the basis of a slope of the conver-
sion curve and the tone-compressed global luminance values.

In the image processing apparatus according to the first
embodiment of the present invention, the conversion-curve
calculating means may calculate the conversion curve on the
basis of an average luminance value (e.g., an average level

avemge(”l)) representing an average of the input luminance
values, a first boundary value (e.g., a skirt value L, ")
with which the ratio of the number of pixels having luminance
values less than or equal to the first boundary value to the
number of pixels in the input image is substantially a first
predetermined value, and a second boundary value (e.g., a
skirt value Lbn.ght(”l)) with which the ratio of the number of
pixels having luminance values greater than or equal to the
second boundary value to the number of pixels in the input
image is substantially a second predetermined value.

In the image processing apparatus according to the first
embodiment of the present invention, the image processing
apparatus may further include temporal smoothing means
(e.g., a temporal smoothing unit 223 shown in FIG. 6) for
temporally smoothing the average luminance value, the first
boundary value, and the second boundary value between a
current frame and a frame preceding the current frame by one
or more intervals so that the conversion-curve calculating
means can calculate the conversion curve on the basis of the
temporally smoothed average value (e.g., an average level
Lavemge_ts(”l)) the temporally smoothed first boundary value
(e.g., a skirt value L, ,."") and the temporally smoothed
second boundary value (e.g., a skirt value Lb,ight_ts(”l)).
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In the image processing apparatus according to the first
embodiment of the present invention, the global-luminance
calculating means may include reduced-image generating
means (e.g., a reduced-image generator 181 shown in FI1G. 4)
for generating a reduced image by reducing the input image;
and interpolating means (e.g., an interpolator 183 shown in
FIG. 4) for calculating the global luminance values by inter-
polating the reduced image so that the global-luminance
image has the same number of pixels as the input image.

The image processing apparatus according to the first
embodiment of the present invention may further include
non-linear converting means (e.g., a non-linear converter
162-4 shown in FIG. 4) for logarithm-converting or gamma-
converting the input luminance values. In this case, the con-
version-curve calculating means calculates the conversion
curve on the basis of a distribution of the logarithm-converted
or gamma-converted input luminance values, the global-lu-
minance calculator calculates the global luminance values
representing luminance values of the global-luminance
image composed of low-frequency components of the input
image composed of the logarithm-converted or gamma-con-
verted input luminance values, the tone-compressing means
tone-compresses the logarithm-converted or gamma-con-
verted input luminance values, and the contrast correcting
means corrects the contrast of the tone-compressed input
image composed of the input luminance values that have been
logarithm-converted or gamma-converted and that have been
tone-compressed.

An image processing method or program according to the
first embodiment of the present invention is an image pro-
cessing method fortone-compressing input luminance values
representing luminance values of an input image, or a pro-
gram for allowing a computer to execute the image process-
ing. The image processing method or image processing
includes the steps of calculating a conversion curve that is
used for tone-compressing the luminance values, on the basis
of'a distribution of the input luminance values (e.g., steps S26
and S36 shown in FIG. 17); calculating global luminance
values representing luminance values of a global-luminance
image composed of low-frequency components of the input
image (e.g., steps S27, S28, and S37 shown in FIG. 16);
tone-compressing the input luminance values and the global
luminance values according to the conversion curve (e.g.,
step S29 shown in FIG. 16); and correcting contrast of a
tone-compressed input image composed of the tone-com-
pressed input luminance values, on the basis of a slope of the
conversion curve and the tone-compressed global luminance
values (e.g., step S30 shown in FIG. 16).

An image processing apparatus (e.g., the tone converter
143 shown in FIG. 3) according to a second embodiment of
the present invention is an image processing apparatus that
tone-compresses color values representing values of color
components of an input image. The image processing appa-
ratus includes input-luminance calculating means (e.g., a
luminance calculator 161 shown in FIG. 4) for calculating
input luminance values representing luminance values of
individual pixels of the input image, on the basis of the color
values; conversion-curve calculating means (e.g., the tone-
curve calculator 163 shown in FIG. 4) for calculating a con-
version curve (e.g., the tone curve CL shown in FIG. 25) that
is used for tone-compressing luminance values, on the basis
of a distribution of the input luminance values; global-lumi-
nance calculating means (e.g., the global-luminance calcula-
tor 166 shown in FIG. 4) for calculating global luminance
values representing luminance values of a global-luminance
image composed of low-frequency components of a lumi-
nance image composed of the input luminance values; tone
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compressing means (e.g., the tone converter 167 shown in
FIG. 4) for tone-compressing the input luminance values and
the global luminance values according to the conversion
curve; contrast correcting means (e.g., the contrast corrector
168 shown in FIG. 4) for correcting contrast of a tone-com-
pressed luminance image composed of the tone-compressed
input luminance values, on the basis of a slope of the conver-
sion curve and the tone-compressed global luminance values;
and tone converting means (e.g., tone correctors 169-1 to
169-3 shown in FIG. 4) for tone-converting the color values of
the input image by multiplying individual pixel values of a
differential image by a predetermined coefficient, the differ-
ential image representing a difference between the input
image and the luminance image, and adding the contrast-
corrected tone-compressed luminance image.

The image processing apparatus according to the second
embodiment of the present invention may further include first
non-linear converting means (e.g., the non-linear converter
162-4 shown in FIG. 4) for logarithm-converting or gamma-
converting the input luminance values; and second non-linear
converting means (e.g., non-linear converters 162-1 to 162-3
shown in FIG. 4) for logarithm-converting or gamma-con-
verting the color values of the input image. In this case, the
conversion-curve calculating means calculates the conver-
sion curve on the basis of a distribution of the logarithm-
converted or gamma-converted input luminance values, the
global-luminance calculator calculates the global luminance
values representing luminance values of the global-lumi-
nance image composed of low-frequency components of the
luminance image composed of the logarithm-converted or
gamma-converted input luminance values, the tone-com-
pressing means tone-compresses the logarithm-converted or
gamma-converted input luminance values, the contrast cor-
recting means corrects the contrast of the tone-compressed
input image composed of the input luminance values that
have been logarithm-converted or gamma-converted and that
have been tone-compressed, and the tone converting means
tone-converts the color values of the input image by multi-
plying individual pixel values of a differential image by a
predetermined coefficient, the differential image representing
a difference between the input image composed of the loga-
rithm-converted or gamma-converted color values and the
luminance image composed of the logarithm-converted or
gamma converted input luminance values, and adding the
contrast-corrected tone-compressed luminance image.

An image processing method or program according to the
second embodiment of the present invention is an image
processing method for tone-compressing color values repre-
senting values of color components of an input image, or a
program for allowing a computer to execute the image pro-
cessing. The image processing method or image processing
includes the steps of calculating input luminance values rep-
resenting luminance values of individual pixels of the input
image, on the basis of the color values (e.g., step S24 shown
in FIG. 16); calculating a conversion curve that is used for
tone-compressing luminance values, on the basis of a distri-
bution of the input luminance values (e.g., steps S26 and S36
shown in FIG. 17); calculating global luminance values rep-
resenting luminance values of a global-luminance image
composed of low-frequency components of a luminance
image composed of the input luminance values (e.g., steps
S27, S28, and S37 shown in FIG. 16); tone-compressing the
input luminance values and the global luminance values
according to the conversion curve (e.g., step S29 shown in
FIG. 16); correcting contrast of a tone-compressed luminance
image composed of the tone-compressed input luminance
values, on the basis of a slope of the conversion curve and the
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tone-compressed global luminance values (e.g., step S30
shown in FIG. 16); and tone-converting the color values of the
input image by multiplying individual pixel values of a dif-
ferential image by a predetermined coefficient, the differen-
tial image representing a difference between the input image
and the luminance image, and adding the contrast-corrected
tone-compressed luminance image (e.g., step S32 shown in
FIG. 17).

Now, embodiments of the present invention will be
described with reference to the drawings.

FIG. 2 is a block diagram of a digital video camera accord-
ing to an embodiment of the present invention. A digital video
camera 101 includes a lens 111, an iris 112, an image sensor
113, a correlated double sampling (CDS) circuit 114, an
analog-to-digital (A/D) converter 115, a digital signal proces-
sor (DSP) block 116, a timing generator (TG) 117, a liquid
crystal display (LCD) driver 118, an LCD 119, a compressor/
decompressor (CODEC) 120, a memory 121, a central pro-
cessing unit (CPU) 122, and an input device 123. The DSP
block 116 is a block including a signal processor (e.g., a
DSP), amemory such as a random access memory (RAM) for
storing image data, and other associated parts. The signal
processor executes image processing described later by
executing a certain program. Hereinafter, the DSP block 116
will be referred to simply as a DSP 116.

Light coming from an object and passing through an opti-
cal system including the lens 111 and the iris 112 first reaches
photoreceptors on an imaging surface of the image sensor 113
and converted into electric signals through photoelectric con-
version by the photoreceptors. The correlated double sam-
pling circuit 114 removes noise from the electric signals
output from the image sensor 113, the A/D converter 115
digitizes the resulting signals, and the resulting digitized
image data is temporarily stored in the memory of the DSP
116. The timing generator 117 controls the signal processing
system including the correlated double sampling circuit 114,
the A/D converter 115, and the DSP 116 so that image data is
captured at a constant frame rate. That is, a stream of image
data is supplied to the DSP 116 at a constant frame rate.

The image sensor 113 has a dynamic range wider than the
dynamic range of an image sensor formed by an ordinary
charge coupled device (CCD), so that it is possible to capture
an image of an object including dark regions to bright regions
without causing saturation or generating noise. Thus, the A/D
converter 115 converts the electric signals input thereto into
image data having a larger number of possible shades (e.g.,
the number of shades that can be represented by data having
about 14 to 16 bits) than the number of possible shades of an
ordinary digital video camera (e.g., the number of shades that
can be represented by about 10 to 12 bits).

The DSP 116 executes image processing described later on
the image data so that the dynamic range of the image data
becomes compatible with, for example, the dynamic range of
display by the LCD 119, and supplies the resulting image data
to the LCD driver 118 or the CODEC 120 as appropriate.

The LCD driver 118 converts the image data supplied from
the DSP 116 into analog image signals. The LCD driver 118
supplies the analog image signals to the LCD 119 that serves
as a finder of the digital camera 101 so that an image based on
the image signals is displayed.

The CODEC 120 encodes the image data supplied from the
DSP 116 according to a predetermined scheme, and records
the resulting encoded image data in the memory 121. The
memory 121 is, for example, a semiconductor memory, a
magnetic recording medium, a magneto-optical recording
medium, or an optical recording medium.
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The CPU 122 controls the overall operation of the digital
video camera 101, for example, according to instructions
input by a user by operating the input device 123. For
example, the input device includes operation buttons, such as
a shutter button.

FIG. 3 is a block diagram showing an example configura-
tion of functions that are achieved by execution of certain
programs by an internal processor (processing unit) of the
DSP 116. By execution of the programs by the internal pro-
cessor of the DSP 116, functions of a demosaicking unit 141,
a white-balancing unit 142, a tone converter 143, a gamma
corrector 144, aYC converter 145, and so forth are achieved.

The demosaicking unit 141 obtains a mosaic image, i.e.,
image data obtained through A/D conversion by the A/D
converter 115. In the mosaic image, each pixel stores data
corresponding to one of R, G, and B color components, and
pixels are arranged according to what is called the Bayer
pattern. The demosaicking unit 141 executes demosaicking
on the mosaic image so that each single pixel has all R, G, and
B components, thereby generating three pieces of image data,
namely, an R image, a G image, and a B image corresponding
to the three individual components of R, G, and B. The demo-
saicking unit 141 supplies the three pieces of image data
generated, i.e., the R image, the G image, and the B image, to
the white-balancing unit 142.

Hereinafter, the three pieces of image data, i.e., the R
image, the G image, and the B image, will be referred to
collectively as RGB images. Furthermore, the pixel value at a
pixel position p of the mosaic image will be denoted as M(p).
Furthermore, the pixel value at the pixel position p in the
image data obtained through demosaicking will be denoted as
[R(p), G(p), B(p)], where R(p) denotes the pixel value of the
R component, G(p) denotes the pixel value of the G compo-
nent, and B(p) denotes the pixel value of the B component.

The white-balancing unit 142 adjusts the white balance of
the RGB images by multiplying the individual pixel values of
the RGB images by appropriate coefficients so that the color
balance of an achromatic region of an object is actually rep-
resented as achromatic. The white-balancing unit 142 sup-
plies the RGB images with the white balance thereof having
been adjusted to the tone converter 143. Hereinafter, the pixel
value at the pixel position p of the image data having the
adjusted white balance will be denoted as [R, (p), G,,.(p), and
B,.(p)]; where R (p) denotes the pixel value of the R compo-
nent, G, (p) denotes the pixel value of the G component, and
B,.(p) denotes the pixel value of the B component.

As will be described later with reference to FIG. 16 and
other relevant figures, the tone converter 143 executes tone
conversion on the RGB images having the adjusted white
balance. The tone converter 143 supplies the RGB images
obtained through the tone conversion to the gamma corrector
144. Hereinafter, the pixel value at the pixel position p of the
image data obtained through the tone conversion will be
denoted as [R,(p), G, (p), and B (p)], where R (p) denotes the
pixel value of the R component, G, (p) denotes the pixel value
of'the G component, and B,,(p) denotes the pixel value of the
B component.

The gamma corrector 144 executes gamma correction on
the RGB images obtained through the tone conversion. The
gamma corrector 144 supplies the RGB images obtained
through the gamma correction to the YC converter 145. Here-
inafter, the pixel value at the pixel position p of the image data
obtained through the gamma correction will be denoted as
[R,(p), G,Y(p), and B,Y(p)], where R, Y(p) denotes the pixel
value of the R component, G,'(p) denotes the pixel value of
the G component, and B, '(p) denotes the pixel value of the B
component.
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The YC converter 145 executes YC matrix processing and
chroma-component band limiting on the RGB images
obtained through the gamma correction, thereby generating a
Y image composed of a luminance component (Y compo-
nent) and a C image composed of a chrominance component
(Cb or Cr component). The YC converter 145 supplies the’ Y
mage and C image generated to the LCD driver 118 or the
CODEC 120 as appropriate. Hereinafter, the pixel value at the
pixel position p of the image data output from the YC con-
verter 145 will be denoted as [Y(p), C(p)], where Y (p) denotes
the value of the luminance component in the Y image and
C(p) denotes the value of the chrominance component in the
C image.

FIG. 4 is a block diagram showing an example of the
functional configuration of the tone converter 143. The tone
converter 143 includes a luminance calculator 161, non-lin-
ear converters 162-1 to 162-4, a tone-curve calculator 163, a
tone-curve memory 164, ay_comp parameter memory 165, a
global-luminance calculator 166, a tone converter 167, a con-
trast corrector 168, tone correctors 169-1 to 169-3, and non-
linear inverse converters 170-1 to 170-3.

As will be described later with reference to FIG. 16, the
luminance calculator 161 calculates the value of a luminance
component (luminance value L(p)) at a pixel position from
the pixel values R, (p), G,.(p), and B, (p) at the corresponding
pixel position of the RGB images having the adjusted white
balance. The luminance calculator 161 outputs the luminance
value L(p) to the non-linear converter 162-4.

As will be described later with reference to FIG. 16, the
non-linear converters 162-1 to 162-3 non-linearly convert the
pixel values R, (p), G,.(p), and B, (p) of the RGB images
having the adjusted white balance, respectively. The non-
linear converters 162-1 to 162-3 outputs pixel values R“(p),
G (p), and B“"(p) calculated through the non-linear con-
version to the tone correctors 169-1 to 169-3.

As will be described later with reference to FIG. 16, the
non-linear converter 162-4 non-linearly converts the lumi-
nance value L(p). The non-linear converter 162-4 outputs a
luminance value L*"(p) calculated through the non-linear
conversion to the tone-curve calculator 163, the tone correc-
tors 169-1 to 169-3, a reduced-image generator 181, an inter-
polator 183, and a mapping unit 191-1.

Hereinafter, each of the non-linear converters 162-1 to
162-4 will be referred to simply as a non-linear converter 162
unless distinction is to be made among the individual non-
linear converters 162-1 to 162-4.

As will be described later with reference to FIG. 24, the
tone-curve calculator 163 calculates a tone curve that is used
for tone-compressing luminance values L“(p) obtained
through the non-linear conversion and global luminance val-
ues L, “"(p) described later. The tone-curve calculator 163
stores a lookup table (translation table of luminance values)
representing the tone curve in the tone-curve memory 164.
Furthermore, as will be described later with reference to FIG.
24, the tone-curve calculator 163 calculates ay_comp param-
eter that serves as a representative value of the slope the tone
curve. The tone-curve calculator 163 stores the y_comp
parameter in the y_comp parameter memory 165.

The global-luminance calculator 166 calculates global
luminance values L,“"(p) representing luminance values of
an image (hereinafter referred to as a global-luminance
image) composed of quite-low-frequency components of an
image composed of luminance values L%"(p). The global-
luminance calculator 166 includes a reduced-image generator
181, a reduced-image memory 182, and an interpolator 183.

As will be described later with reference to FIG. 26, the
reduced-image generator 181 generates a reduced image cor-
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responding to the image composed of luminance values L%"
(p). More specifically, the reduced-image generator 181
divides the image composed of luminance values L""(p) into
w, (horizontally)xh, (vertically) blocks, and generates a
reduced image composed of w, (horizontally)xh, (vertically)
pixels in which average values of the luminance values L%"
(p) in the individual blocks are arranged correspondingly to
the order of the blocks. The reduced-image generator 181
stores the reduced image in the reduced-image memory 182.

As will be described later with reference to FIG. 20, the
interpolator 183 calculates global luminance values L, " (p)
of an enlarged image generated by enlarging the reduced
image through third-order interpolation so that the enlarged
image has the same number of pixels as the original image.
The interpolator 183 outputs the global luminance values
L,“"(p) to a mapping unit 191-2.

The tone converter 167 tone-compresses the luminance
values L¢V(p) and the global luminance values L, “*(p). The
tone converter 167 includes mapping units 191-1 and 191-2.

The mapping unit 191-1 reads a lookup table representing
a tone curve from the tone-curve memory 164. The mapping
unit 191-1 compresses the tones of luminance values LY (p)
according to the lookup table, i.e., according to the tone
curve. The mapping unit 191-1 outputs tone-compressed
luminance values L_“"(p) to the contrast corrector 168.

The mapping unit 191-2 reads the lookup table represent-
ing the tone curve from the tone-curve memory 164. The
mapping unit 191-2 tone-compresses the global luminance
values L, “"(p) according to the lookup table, i.e., according
to the tone curve. The mapping unit 191-2 outputs the tone-
compressed global luminance values L_, “*(p) to the contrast
corrector 168.

As will be described later with reference to FIG. 22, the
contrast corrector 168 corrects the contrast of an image com-
posed of the luminance values I..“"(p) that have been tone-
compressed according to the tone curve, on the basis of the
vy_comp parameter and the global luminance values L, “*(p)
that have been tone-compressed according to the tone curve.
The contrast corrector 168 outputs luminance values L, " (p)
having the corrected contrast to the tone correctors 169-1 to
169-3.

As will be described later with reference to FIG. 17, the
tone correctors 169-1 to 169-3 correct (convert) the tones of
pixel values R“Y(p), G"V(p), and BV (p) obtained through
non-linear conversion, respectively. The tone correctors
169-1 to 169-3 output pixel values R, "V (p), G, (p), and
B,"Y(p) having corrected tones to the non-linear inverse
converters 170-1 to 170-3, respectively.

The non-linear inverse converters 170-1 to 170-3 execute
non-linear inverse conversion on the pixel values R, “"(p),
G, "Y(p), and B,”"(p) having corrected tones, the non-linear
inverse conversion being the inverse of the non-linear conver-
sion executed by the non-linear converters 162-1 to 162-3.
The non-linear inverse converters 170-1 to 170-3 output pixel
values R, (p), G, (p), and B,(p) obtained through the non-
linear inverse conversion to the gamma corrector 144.

The tone converter 143 can be generally classified into
three parts on the basis of the types of processing executed. A
first part includes the luminance calculator 161, the non-
linear converter 162-4, the tone-curve calculator 163, and the
reduced-image generator 181. That is, the first part generates
a reduced image and calculates a tone curve and a y_comp
parameter. A second part includes the luminance calculator
161, the non-linear converter 162-4, and the tone-curve cal-
culator 163 to the contrast corrector 168. That is, the second
part compresses the tones of luminance values of pixels of an
input image to correct the contrast using the reduced image,
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the tone curve, and the y_comp parameter generated and
calculated by the first part. A third part includes the non-linear
converters 162-1to 162-3, the tone correctors 169-1 to 169-3,
and the non-linear inverse converters 170-1 to 170-3. That is,
the third part adjusts the tones of RGB values of pixels using
the luminance values of the pixels having tones converted by
the second part.

FIG. 5 is a block diagram showing an example of the
functional configuration of the non-linear converter 162
shown in FIG. 4. The non-linear converter 162 includes a
mapping unit 201 and a conversion-curve memory 202.

The mapping unit 201 non-linearly converts a pixel value
or luminance value input from outside, according to a lookup
table representing a conversion curve, stored in the conver-
sion-curve memory 202. The mapping unit 201 outputs a
pixel value or luminance value obtained through the non-
linear conversion to outside.

FIG. 6 is a block diagram showing an example of the
functional configuration of the tone-curve calculator 163
shown in FIG. 4. The tone-curve calculator 163 includes a
luminance-range calculator 221, an average-level calculator
222, a temporal smoothing unit 223, and a spline generator
224. The temporal smoothing unit 223 includes three tempo-
ral smoothers 223-1 to 223-3.

The luminance-range calculator 221 obtains luminance
values LV(p) from the non-linear converter 162-4. Also, the
luminance-range calculator 221 reads noiseLevel " repre-
senting a noise level of luminance values and saturationlevel
™1 representing a saturation level of luminance values from
the internal memory (not shown) of the DSP 116. As will be
described later with reference to FIG. 24, the luminance-
range calculator 221 calculates a skirt value L, %" and a
skirt value L,,,.,,”"". The skirt value L, " is such a
boundary value that the ratio of the number of pixels having
luminance values less than or equal to a predetermined
boundary value to the total number of pixels is substantially a
predetermined value (e.g., 0.5%). the skirt value Lb,ight("l) is
such a boundary value that the ratio of the number of pixels
having luminance values greater than or equal to a predeter-
mined boundary value to the total number of pixels is sub-
stantially a predetermined value (e.g., 0.5%). The luminance-
range calculator 221 outputs the skirt value L., %" to the
temporal smoother 223-1 and outputs the skirt value
Lbﬁght("l) to the temporal smoother 223-2.

The average-level calculator 222 obtains luminance values
L“Y(p) from the non-linear converter 162-4. The average-
level calculator 222 reads noiseLevel”™" and saturation
Level ™" from the internal memory (not shown) of the DSP
116. As will be described later with reference to FI1G. 24, the
average-level calculator 222 calculates an average level
Lavemge("l) of the luminance values L”")(p) The average-
level calculator 222 outputs the average level Lavemge("l) to
the temporal smoother 223-3.

The temporal smoothers 223-1 to 223-3 are formed, for
example, by infinite impulse response (IIR) filters. The tem-
poral smoother 223-1 temporally smoothes the skirt value
and outputs a temporally smoothed skirt value
L e to the spline generator 224. The temporal smoother
223-2 temporally smoothes the skirt value Lb,ight("l), and
outputs a temporally smoothed skirt value Lb,ight_ts("l) to the
spline generator 224. The temporal smoother 223-3 tempo-
rally smoothes the average level Lavemge("l) and outputs a
temporally smoothed average value Lavemge_ts(”l) to the
spline generator 224.

As will be described later with reference to FIG. 24, the
spline generator 224 generates (calculates) a tone curve on the
basis of the skirt value L, ,_,.”"", the skirt value Lb,ight_ts("l),
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and the average value Lavemge_ts(”l). The spline generator 224
stores a lookup table representing the tone curve in the tone-
curve memory 164. Also, as will be described later with
reference to FIG. 24, the spline generator 224 generates a
y_comp parameter. The spline generator 224 stores the
y_comp parameter in the y_comp parameter memory 165.

FIG. 7 is a diagram showing an example of the functional
configuration of the luminance-range calculator 221 shown in
FIG. 6. The luminance-range calculator 221 includes a deci-
mator 241, a saturated-pixel remover 242, a sorter 243, and a
sorter 244.

The decimator 241 checks whether the pixel position p of
a luminance value L%"(p) input from the non-linear con-
verter 162-4 coincides with one of sampling positions pro-
vided at predetermined intervals. When it is determined that
the pixel position p coincides with a sampling position, the
decimator 241 outputs the luminance value L”"(p) to the
saturated-pixel remover 242.

The saturated-pixel remover 242 reads noiseLevel™!) and
saturationLevel ™" from the internal memory (not shown) of
the DSP 116. When it is determined that the luminance value
L®Y(p) input from the decimator 241 is greater than or equal
to noiseLevel ™V and less than or equal to saturationLevel "),
the saturated-pixel remover 242 outputs the luminance value
L#(p) to the sorters 243 and 244.

The sorter 243 includes comparators 251-1 to 251-, and
registers 252-1 to 252-k respectively associated with the com-
parators 251-1 to 251-k. Hereinafter, each of the comparators
251-1 to 251-k will be referred to simply as a comparator 251
unless distinction is to be made among the individual com-
parators 251-1 to 251-%. Also, each of the registers 252-1 to
252-k will be referred to simply as a register 252 unless
distinction is to be made among the individual registers 252-1
to 252-k.

The comparator 251-1 compares the luminance value L")
(p) input from the saturated-pixel remover 242 with the value
of the register 252-1. When the luminance value L“"(p) is
less than the value of the register 252-1, the comparator 251-1
outputs the current value of the register 252-1 to the succeed-
ing comparator 251-2, and stores the luminance value L""(p)
in the register 252-1. On the other hand, when the luminance
value L"(p) is greater than or equal to the value of the
register 252-1, the comparator 251-1 outputs the luminance
value L(p) directly to the succeeding comparator 251-2.

The comparator 251-2 compares the value input from the
preceding comparator 251-1 with the value of the register
252-2. When the value input from the comparator 251-1 is
less than the value of the register 252-2, the comparator 251-2
outputs the value of the register 252-2 to the succeeding
comparator 251-3, and stores the value input from the com-
parator 251-1 in the register 252-2. On the other hand, when
the value input from the comparator 251-1 is greater than or
equal to the value of the register 252-2, the comparator 251-2
outputs the value input from the comparator 251-1 directly to
the succeeding comparator 251-3. The comparators 251-3 to
251-k execute processing similarly to the comparator 251-2.
Thus, among luminance values LY (p) input, the smallest to
k-th smallest values are stored in the registers 252-1 to 252-%
in ascending order.

After sorting the luminance values L%“"(p) of an image of
one frame, the sorter 243 outputs the value stored in the
register 252-k as a skirt value L,,,"" to the temporal
smoother 223-1.

The sorter 244 includes comparators 261-1 to 261-%, and
registers 262-1 to 262-k respectively associated with the com-
parators 261-1 to 261-k. Hereinafter, each of the comparators
261-1to 261-k will be referred to simply as a comparator 261
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unless distinction is to be made among the individual com-
parators 261-1 to 261-%. Also, each of the registers 262-1 to
262-k will be referred to simply as a register 262 unless
distinction is to be made among the individual registers 262-1
to 262-k.

The comparator 261-1 compares the luminance value L%
(p) input from the saturated-pixel remover 242 with the value
of the register 262-1. When the luminance value L“"(p) is
greater than the value of the register 262-1, the comparator
261-1 outputs the current value of the register 262-1 to the
succeeding comparator 261-2, and stores the luminance value
L(p) in the register 262-1. On the other hand, when the
luminance value L%")(p) is less than or equal to the value of
the register 262-1, the comparator 261-1 outputs the lumi-
nance value L(p) directly to the succeeding comparator
261-2.

The comparator 261-2 compares the value input from the
preceding comparator 261-1 with the value of the register
262-2. When the value input from the comparator 261-1 is
greater than the value of the register 262-2, the comparator
261-2 outputs the value of the register 262-2 to the succeeding
comparator 261-3, and stores the value input from the com-
parator 261-1 in the register 262-2. On the other hand, when
the value input from the comparator 261-1 is less than or
equal to the value of the register 262-2, the comparator 261-2
outputs the value input from the comparator 261-1 directly to
the succeeding comparator 261-3. The comparators 261-3 to
261-k execute processing similarly to the comparator 261-2.
Thus, among luminance values L%"(p) input, the largest to
k-th largest values are stored in the registers 262-1 to 262-kin
descending order.

After sorting the luminance values L%"(p) of an image of
one frame, the sorter 244 outputs the value stored in the
register 262-k as a skirt value Lbn.ght("l) to the temporal
smoother 223-2.

FIG. 8 is a block diagram showing an example of the
functional configuration of the average-level calculator 222
shown in FIG. 6. The average-level calculator 222 includes a
saturated-pixel remover 281 and an average calculator 282.

The saturated-pixel remover 281 reads noiseLevel " and
saturationLevel ™" from the internal memory (not shown) of
the DSP 116. When a luminance value LV(p) input from the
non-linear converter 162-4 is greater than or equal to
noiseLevel ™" and less than or equal to saturationLevel®",
the saturated-pixel remover 281 outputs the luminance value
LY(p) to an adder 291 and a counter 293 of the average
calculator 282.

The average calculator 282 includes an adder 291, a regis-
ter 292, a counter 293, and a divider 294.

The adder 291 adds the luminance value L¢"(p) input
from the saturated-pixel remover 281 to a value stored in the
register 292 and stores the result in the register 292. That is,
the register 292 stores a total luminance representing a sum of
luminance values LV (p).

The counter 293 increments its counter value each time a
luminance value L"(p) is input from the saturated-pixel
remover 281, thereby counting the number of luminance val-
ues LY(p) (number of pixels) included in the total lumi-
nance stored in the register 292.

The divider 294 divides the value of the register 292 by the
counter value of the counter 293 after the luminance values
L“Y(p) of the pixels of one frame have been summed up,
thereby calculating an average level Lavemge("l) of the lumi-
nance values LY (p). The divider 294 outputs the average
level Lavemge(”l) to the temporal smoother 223-3.

FIG. 9 is a block diagram showing an example of the
functional configuration of the temporal smoothers 223-1 to
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223-3. Each of the temporal smoothers 223-1 to 223-3
includes a multiplier 311, a multiplier 312, an adder 313, and
a register 314.

The multiplier 311 reads a predetermined smoothing coef-
ficient sc1 from the internal memory (not shown) of the DSP
116. The multiplier 311 multiplies a value input from outside
(e.g., a skirt value L, ", a skirt value L,,,.,, """, or an
average level Lavemge(”l)) by the smoothing coefficient scl,
and outputs the result to the adder 313.

The multiplier 312 reads a predetermined smoothing coef-
ficient sc2 from the internal memory (not shown) of the DSP
116. The multiplier 312 multiplies a value stored in the reg-
ister 314 (e.g., a temporally smoothed skirt wvalue
@Y a  temporally smoothed skirt value
D or a temporally smoothed average value

avemge_ts_p,e("l), associated with an immediately preceding
frame), by the smoothing coefficient sc2, and outputs the
result to the adder 313.

The adder 313 adds together the values input from the
multipliers 311 and 312, and outputs the result (e.g., a tem-
porally smoothed skirt value L., """, a temporally
smoothed skirt value L,,,_,, " or a temporally smoothed
average level L, ... W 1%) to outside and stores the result in
the register 314.

FIG. 10 is a block diagram showing an example of the
functional configuration of the spline generator 224 shown in
FIG. 6. The spline generator 224 includes a control-point
setter 331, a curve drawer 332, and a y calculator 333.

The control-point setter 331 obtains a skirt value L ;"
from the temporal smoother 223-1, obtains a skirt value
Lb,ight_ts("l) from the temporal smoother 223-2, and obtains
an average level Lavemge_ts("l) from the temporal smoother
223-3. As will be described later with reference to FI1G. 24, the
control-point setter 331 sets control points for generating
(calculating) a tone curve, and outputs a control-point set
representing the positions of the control points to the curve
drawer 332 and the y calculator 333.

As will be described later with reference to FIG. 24, the
curve drawer 332 draws (generates) a tone curve on the basis
of the control points set by the control-point setter 331. The
curve drawer 332 stores a lookup table representing the tone
curve in the tone-curve memory 164.

As will be described later with reference to FIG. 24, the y
calculator 333 calculates a y_comp parameter. The y calcula-
tor 333 stores the y_comp parameter in the y_comp parameter
memory 165.

FIG. 11 is a diagram showing an example of the functional
configuration of the reduced-image generator 181 shown in
FIG. 4. The reduced-image generator 181 includes a sorter
351 and average calculators 352-1 to 352-n.

The sorter 351 divides an image composed of luminance
values L"(p) into w,. (horizontally)xh, (vertically) blocks,
and determines which of the blocks the pixel position p of a
luminance value LY (p) input from the non-linear converter
162-4 belongs to. The sorter 351 outputs the luminance value
L®"(p) to an average calculator that calculates an average of
luminance values in the block including the pixel position p
among the average calculators 352-1 to 352-7.

Each of the average calculators 352-1 to 352-r (n=w,xh,)
has the same configuration as the average calculator 282
shown in FIG. 8, and it calculates an average of luminance
values L"V(p) included in a block associated with the aver-
age calculator. The average calculators 352-1 to 352-» store
average luminance values in the blocks individually associ-
ated therewith in the reduced-image memory 182 corre-
spondingly to the order of blocks. Thus, a reduced image

Lda vk-ts-pre
n
bright-ts-pre



US 7,899,266 B2

19

composed of w,. (horizontally)xh, (vertically) pixels having
average values of luminance values L"")(p) in the individual
blocks is generated.

FIG. 12 is a block diagram showing an example of the
functional configuration of the interpolator 183. The interpo-
lator 183 includes a neighbor selector 371, a horizontal-co-
efficient calculator 372, a vertical-coefficient calculator 373,
and a sum-of-products calculator 374.

The neighbor selector 371 obtains the pixel position p of a
pixel relevant to the non-linear conversion executed by the
non-linear converter 162-4. As will be described later with
reference to FIG. 20, the neighbor selector 371 calculates a
position q on a reduced image corresponding to the pixel
position p. The neighbor selector 371 extracts neighboring
pixels included in a range of 4 (horizontally)x4 (vertically)
pixels in the neighborhood of the position q. The neighbor
selector 371 outputs pixel values a[i][j] (i and j are natural
numbers in ranges of 1=1=4 and 1=j=4) of the neighboring
pixels to the sum-of-products calculator 374. Also, the neigh-
bor selector 371 calculates a horizontal positional deviation
dx and a vertical positional deviation dy between the pixel
position p and the neighboring pixels. The neighbor selector
371 outputs the horizontal positional deviation dx to the hori-
zontal-coefficient calculator 372, and outputs the vertical
positional deviation dy to the vertical-coefficient calculator
373.

As will be described later with reference to FIG. 20, the
horizontal-coefficient calculator 372 calculates third-order
horizontal-interpolation coefficients kx[i] (i is a natural num-
ber in a range of 1=i=4) on the basis of the horizontal
positional deviation dx. The horizontal-coefficient calculator
372 outputs the interpolation coefficients kx[i] to the sum-of-
products calculator 374.

As will be described later with reference to FIG. 20, the
vertical-coefficient calculator 373 calculates third-order ver-
tical-interpolation coefficients ky[j] (j is a natural number in a
range of 1=j=4) on the basis of the vertical positional devia-
tion dy. The vertical-coefficient calculator 373 outputs the
interpolation coefficients ky/[j] to the sum-of-products calcu-
lator 374.

As will be described later with reference to FIG. 20, the
sum-of-products calculator 374 calculates global luminance
values L,“"(p) representing luminance values of a global-
luminance image generated by enlarging the reduced image
to the original size (number of pixels) through third-order
interpolation, using the pixel values a[i][j] of the neighboring
pixels, the horizontal-interpolation coefficients kx[i], and the
vertical-interpolation coefficient ky[j]. The sum-of-products
calculator 374 outputs the global luminance values L, " (p)
to the mapping unit 191-2.

FIG. 13 is a block diagram showing an example of the
functional configuration of the contrast corrector 168 shown
in FIG. 4. The contrast corrector 168 includes a gain calcula-
tor 391 and a contrast enhancer 392.

The gain calculator 391 obtains luminance values L (p)
from the mapping unit 191-1. As will be described later with
reference to FIG. 22, the gain calculator 391 calculates a gain
g(p) that is used to correct the contrast of luminance values
L_Y(p) that have been tone-compressed according to a tone
curve, on the basis of the y_comp parameter stored in the
y_comp parameter memory 165. The gain calculator 391
outputs the gain g(p) to the contrast enhancer 392.

The contrast enhancer 392 obtains the luminance values
L_"(p) from the mapping unit 191-1, and obtains the global
luminance values L, """ (p) from the mapping unit 191-2. As
will be described later with reference to FIG. 22, the contrast
enhancer 392 corrects contrast so as to enhance the contrast of
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the image composed of the luminance values L_“"(p),
reduced by tone compression. The contrast enhancer 392
outputs the luminance values L,“"(p) having the corrected
contrast to the tone correctors 169-1 to 169-3.

FIG. 14 is a block diagram showing an example of the
functional configuration of the non-linear inverse converter
170. The non-linear inverse converter 170 includes an inverse
mapping unit 411 and a conversion-curve memory 412.

The inverse mapping unit 411 executes non-linear inverse
conversion on pixel values or luminance values input from
outside, according to a lookup table representing a conversion
curve, stored in the conversion-curve memory 412, the non-
linear inverse conversion being the inverse of the non-linear
conversion executed by the non-linear converter 162. The
inverse mapping unit 411 outputs pixel values or luminance
values obtained through the non-linear inverse conversion to
outside.

Next, image processing executed by the DSP 116 will be
described with reference to a flowchart shown in FIG. 15. The
processing is started when, for example, imaging by the digi-
tal camera 101 has been started so that supply of a stream of
image data (mosaic image) from the A/D converter 115 to the
DSP 116 has been started. The image data supplied to the DSP
116 is stored in the internal memory (not shown) of the DSP
116 on arrival.

In step S1, the demosaicking unit 141 reads a mosaic
image. More specifically, the demosaicking unit 141 reads a
mosaic image of the first frame stored in the internal memory
(not shown) of the DSP 116.

In step S2, the demosaicking unit 141 executes demosaick-
ing. That is, the demosaicking unit 141 executes demosaick-
ing on the mosaic image that has been read, thereby generat-
ing RGB images. The demosaicking unit 141 supplies the
RGB images to the white-balancing unit 142.

In step S3, the white-balancing unit 142 adjusts the white
balance of the RGB images. The white-balancing unit 142
supplies the RGB images having the adjusted white balance
to the tone converter 143.

In step S4, the tone converter 143 executes a tone conver-
sion process. As will be described later in detail with refer-
enceto FIGS. 16 and 17, through the tone conversion process,
the tones of the RGB images are converted, and the RGB
images having the converted tones are supplied to the gamma
corrector 144.

In step S5, the gamma corrector 144 executes gamma cor-
rection on the RGB images the gamma corrector 144 supplies
the RGB images obtained through the gamma correction to
the YC converter 145.

In step S6, the YC converter 145 executes YC conversion.
More specifically, the YC converter 145 executes YC matrix
processing and chroma-component band limiting, thereby
generating a Y image and a C image from the RGB images.

In step S7, the YC converter 145 outputs the Y image and
the C image. More specifically, the YC converter 145 outputs
the Y image and the C image to the LCD driver 118 or the
CODEC 120 as appropriate.

In step S8, the demosaicking unit 141 determines whether
a succeeding frame exists. The demosaicking unit 141 deter-
mines that a succeeding frame exists when a mosaic image of
a succeeding frame is stored in the internal memory (not
shown) of the DSP 116, and then the process returns to step
S1.

The mosaic image of the next frame is read in step S1, and
processing in step S2 and the subsequent steps are executed
on the mosaic image.

Then, the processing in steps S1 to S8 is repeated until it is
determined in step S8 that no succeeding frame exists, so that
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mosaic images supplied from the A/D converter 115 are pro-
cessed sequentially on a frame-by-frame basis.

When it is determined in step S8 that no succeeding frame
exists, the process is exited.

Next, the tone conversion process in step S4 shown in FIG.
15 will be described in detail with reference to flowcharts
shown in FIGS. 16 and 17.

In step S21, the tone converter 143 reads a reduced image,
a tone curve, and y_comp. More specifically, in the tone
converter 143, the neighbor selector 371 (FIG. 12) of the
interpolator 183 reads from the reduced-image memory 182 a
reduced image generated by the tone conversion process for
an immediately preceding frame. The mapping units 191-1
and 191-2 read from the tone-curve memory 164 a lookup
table representing a tone curve calculated by the tone conver-
sion process for the immediately preceding frame. The gain
calculator 391 (FIG. 13) of the contrast corrector 168 reads
from the y_comp parameter memory 165 ay_comp parameter
calculated by the tone conversion process for the immediately
preceding frame.

In step S22, the tone-curve calculator 163 reads noise
Level®”? and saturationLevel”". More specifically, in the
tone-curve calculator 163, the saturated-pixel remover 242
(FIG. 7) of the luminance-range calculator 221 and the satu-
rated-pixel remover 281 (FIG. 8) of the average-level calcu-
lator 222 read noiseLevel ™" and saturationLevel " from the
internal memory (not shown) of the DSP 116.

In step S23, the tone converter 143 reads RGB values of a
next pixel for tone conversion. More specifically, in the tone
converter 143, the luminance calculator 161 and the non-
linear converters 162-1 to 162-3 read the pixel values R, (p),
G,,(p), and B, (p) atthe pixel position p of a next pixel fortone
conversion from the internal memory (not shown) of the DSP
116.

In step S24, the luminance calculator 161 calculates a
luminance value. More specifically, the luminance calculator
161 calculates a luminance value L(p) associated with the
pixel position p, for example, according to equation (1)
below:

cr - Ruwlp) + cc - Gwlp) + cg- Bulp) M

L =
(p) CrR+cc+cCp

In equation (1), coefficients cg, ¢, and ¢ serve to balance
the R, G, and B components. For example, (cg, ¢s, ¢5)=(0.3,
0.6,0.1) or (0.25, 0.5, 0.25).

The method of calculating the luminance value L(p) is not
limited to the method described above. For example, the
luminance value L(p) may be calculated according to equa-
tion (2) below, without limitation to a linear combination of
the R, G, and B components.

Lp)=max(R,,©),G..(0),B..p)) @

The luminance calculator 161 outputs the luminance value
L(p) to the non-linear converter 162-4.

In step S25, the non-linear converter 162-4 non-linearly
converts the luminance value L(p). More specifically, in the
non-linear converter 162-4, the mapping unit 201 (FIG. 5)
reads a lookup table representing a conversion curve from the
conversion-curve memory 202, and non-linearly converts the
luminance value L(p) according to the lookup table (e.g.,
logarithmic conversion or gamma conversion).

The non-linear conversion in step S25 need not necessarily
be executed. However, by executing non-linear conversion
according to a monotonically increasing conversion curve as
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represented with reference to a horizontal axis representing
luminance value before the non-linear conversion and a ver-
tical axis representing luminance value after the non-linear
conversion, the shape of a histogram of luminance values is
prevented from becoming extremely biased towards the dark
luminance side or the bright luminance side. This facilitates
analysis of the histogram. For example, the conversion curve
used for the non-linear conversion may be an exponential
curve (with an exponent less than 1), a logarithmic curve, or
a curve represented by a function based on an exponential
function or logarithmic function.

The mapping unit 201 outputs the luminance value L% (p)
obtained through the non-linear conversion to the tone-curve
calculator 163, the reduced-image generator 181, the map-
ping unit 191-1, and the tone correctors 169-1 to 169-3.

In step S26, the tone-curve calculator 163 executes pixel
processing for calculating a tone curve. The pixel processing
for calculating a tone curve will be described later in detail
with reference to FIG. 18. In the pixel processing, luminance
values L%")(p) are sorted and the total luminance of an entire
image is calculated in order to calculate a tone curve.

In step S27, the reduced-image generator 181 executes
pixel processing for generating a reduced image. The pixel
processing for generating a reduced image will be described
later in detail with reference to FIG. 19. In the pixel process-
ing, the total luminance of luminance values L% (p) in each
block is calculated in order to generate a reduced image.

In step S28, the interpolator 183 executes a global-lumi-
nance calculating process. The global-luminance calculating
process will be described later in detail with reference to FI1G.
20. In the global-luminance calculating process, a global
luminance value L, “"(p) associated with the pixel position p
is calculated.

In step S29, the tone converter 143 applies a tone curve to
luminance values and global luminance values obtained
through non-linear conversion. More specifically, in the tone
converter 143, the mapping unit 191-1 converts the luminance
values L"(p) into luminance values L_“"(p) according to
the tone curve calculated in the tone conversion process for
the immediately preceding frame, thereby tone-compressing
the luminance values L% "(p). The mapping unit 191-1 out-
puts the luminance values I,_“"(p) to the contrast corrector
168. The mapping unit 191-2 converts the global luminance
values L,“"(p) into global luminance values L_, “"(p)
according to the tone curve calculated in the tone conversion
process for the immediately preceding frame, thereby tone-
compressing the global luminance values L, “"(p). The map-
ping unit 191-2 outputs the global luminance values L_, "
(p) to the contrast corrector 168.

In step S30, the contrast corrector 168 executes a contrast
correcting process. The contrast correcting process will be
described later in detail with reference to FIG. 22. In the
contrast correcting process, the contrast of the image com-
posed of the luminance values L_“"(p) is corrected.

In step S31, the non-linear converters 162-1 to 162-3 non-
linearly convert the RGB values, respectively. More specifi-
cally, in each of the non-linear converters 162-1 to 162-3, the
mapping unit 201 (FIG. 5) reads a lookup table representing
a conversion curve from the conversion-curve memory 202,
and non-linearly converts the pixel value R, (p), G,.(p), or
B,.(p) read in step S23 according to the lookup table. The
mapping units 201 of the non-linear converters 162-1 to
162-3 output the non-linearly converted pixel values R?V(p),
G“(p), and B“"(p) to the tone correctors 169-1 to 169-3,
respectively.

The lookup table used by the non-linear converters 162-1
10 162-3 is the same as the lookup table used by the non-linear
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converter 162-4 in step S25. That is, the pixel values R, (p),
G, (p), and B, (p) are non-linearly converted in the same
manner as the luminance value L(p).

In step S32, the tone correctors 169-1 to 169-3 correct the
tones of the non-linearly converted RGB values, respectively.
More specifically, the tone correctors 169-1 to 169-3 calcu-
late pixel values R “V(p), G, "V (p), and B, " (p) by correct-
ing the tones of the pixel values R”"(p), G“"(p), and B**
(p) according to equations (3) to (5) below:

R,"V(p)=chromagain- (R"V(p)-L"V(p))+L, " (p) 3)

G,"V(p)=chromagain-(G"V(p)-L@V(p)+L "V (p) 4

B, "Y(p)=chromagain- (B (p)-L"V(p)+L, " V(p) 4
where chromagain is a predetermined coefficient for adjust-
ing the color saturation of each of the RGB components.

That is, the pixel value R, “(p), G, (p), or B, (p) is
calculated by multiplying a pixel value of a differential image
by chromagain, the differential image representing the differ-
ence between an image having the pixel value R“"(p), G**
(p), or B®Y(p) and an image having the luminance value
L"Y(p) before tone conversion, and adding an image having
the luminance value L, (p) obtained through contrast cor-
rection. Thus, the luminance values obtained through tone
conversion are reflected on the non-linearly converted RGB
values.

The tone correctors 169-1 to 169-3 output the pixel values
R, "P(p), G,"(p), and B, )(p) having the corrected tones
to the non-linear inverse converters 170-1 to 170-3, respec-
tively.

In step S33, the non-linear inverse converters 170-1 to
170-3 execute non-linear inverse conversion on the RGB
values having the corrected tones. More specifically, in each
of the non-linear inverse converters 170-1 to 170-3, the
inverse mapping unit 411 (FIG. 14) reads a lookup table
representing a conversion curve from the conversion-curve
memory 412, and executes non-linear inverse conversion on
the pixel value R ,“(p), G, (p), or B,""(p) according to
the lookup table, the non-linear inverse conversion being the
inverse of the non-linear conversion executed in step S31.

In step S34, the non-linear inverse converters 170-1 to
170-3 output the RGB values obtained through the non-linear
inverse conversion. More specifically, the inverse mapping
units 411 of the non-linear inverse converters 170-1 to 170-3
output the pixel values R (p), G, (p), and B, (p) to the gamma
corrector 144, respectively.

In step S35, the tone converter 143 checks whether all the
pixels in the frame have been processed. When it is deter-
mined that all the pixels in the frame have not been processed,
the process returns to step S23, and the processing in steps
S23to S35is repeated until it is determined in step S35 thatall
the pixels in the frame have been processed. That is, tone
conversion is executed on all the pixels in the frame that is
currently being processed, sequentially on a pixel-by-pixel
basis (e.g., in order of raster scanning).

When it is determined in step S35 that all the pixels in the
frame have been processed, the process proceeds to step S36.

In step S36, the tone-curve calculator 163 executes a tone-
curve and y_comp calculating process. The tone-curve and
y_comp calculating process will be described later in detail
with reference to FIG. 24. In the tone-curve and y_comp
calculating process, a tone-curve and a y_comp parameter for
the current frame under tone conversion are calculated.

In step S37, the reduced-image generator 181 executes a
reduced-image generating process. The reduced-image gen-
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erating process will be described later in detail with reference
to FIG. 26. In the reduced-image generating process, a
reduced image is generated.

Next, the pixel processing for calculation of a tone curve in
step S26 shown in FIG. 16 will be described in detail with
reference to a flowchart shown in FIG. 18.

In step S51, the tone-curve calculator 163 reads the lumi-
nance value of a next pixel to be processed. More specifically,
in the tone-curve calculator 163, the decimator 241 (FIG. 7)
of'the luminance-range calculator 221 and the saturated-pixel
remover 281 of the average-level calculator 222 read from the
non-linear converter 162-4 the luminance value L (p) of a
pixel at a pixel position p, the luminance value L""(p) having
been obtained through the non-linear conversion in step S25
described earlier with reference to FI1G. 16.

In step S52, the decimator 241 checks whether the pixel
position p coincides with a sampling position. More specifi-
cally, the decimator 241 checks whether the pixel position p
of the luminance value L""(p) that has been read coincides
with one of sampling positions provided at predetermined
intervals. The decimator 241 outputs the luminance value
L®(p) when it is determined that the pixel position p coin-
cides with one of the sampling positions.

In step S53, the saturated-pixel remover 242 checks
whether the luminance value L”"(p) is greater than or equal
to noiseLevel ™V and less than or equal to saturationLevel ™).
When it is determined that the luminance value L""(p) is
greater than or equal to noiseLevel”" and less than or equal
to saturationLevel™", the saturated-pixel remover 242 out-
puts the luminance value LV(p) to the sorters 243 and 244.
The process then proceeds to step S54.

In step S54, the sorter 243 executes dark-side sorting. More
specifically, in the sorter 243, the comparator 251-1 compares
a value stored in the register 252-1 with the luminance value
L(p). When the luminance value L”V(p) is less than the
value of the register 252-1, the comparator 251-1 outputs the
value stored in the register 252-1 to the succeeding compara-
tor 251-2 and stores the luminance value L”"(p) in the reg-
ister 252-1. On the other hand, when the luminance value
L®(p) is greater than or equal to the value of the register
252-1, the comparator 251-1 outputs the luminance value
L&D(p) directly to the succeeding comparator 251-2. The
succeeding comparators 251-2 to 251-% execute processing in
similar manners. Thus in the end, among the luminance val-
ues L&Y (p) of pixels at the sampling positions in the frame,
the smallest luminance value L""(p) to the k-th smallest
luminance value L”(p) are stored in the registers 252-1 to
252-k in ascending order.

In step S55, the sorter 244 executes bright-side sorting.
More specifically, in the sorter 244, the comparator 261-1
compares a value stored in the register 262-1 with the lumi-
nance value LV(p). When the luminance value LV (p) is
greater than the value of the register 262-1, the comparator
261-1 outputs the value stored in the register 262-1 to the
succeeding comparator 261-2 and stores the luminance value
L(p) in the register 262-1. On the other hand, when the
luminance value L%"(p) is less than or equal to the value of
the register 262-1, the comparator 261-1 outputs the lumi-
nance value L%(p) directly to the succeeding comparator
261-2. The succeeding comparators 261-2 to 261-k execute
processing in similar manners. Thus, in the end, among the
luminance values L% (p) of pixels at the sampling positions
in the frame, the largest luminance value L""(p) to the k-th
largest luminance value L% (p) are stored in the registers
262-1 to 262-k in descending order.

When it is determined in step S53 that the luminance value
L®(p) is less than noiseLevel ™" or greater than saturation-
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Level ™, the process skips steps S54 and S55 and proceeds to
step S56. That is, luminance values L¢(p) less than
noiseLevel ™™ or greater than saturationLevel®™" are
excluded from items that are considered in the dark-side
sorting and bright-side sorting.

When it is determined in step S52 that the pixel position p
does not coincide with any sampling position, the process
skips steps S53 to S55 and proceeds to step S56. Thus, the
number of pixels that are considered in the dark-side sorting
and bright-side sorting is restricted.

In step S56, the saturated-pixel remover 281 (FIG. 8) of the
average-level calculator 222 checks whether the luminance
value LY (p) is greater than or equal to noiseLevel®" and
less than or equal to saturationLevel ™, similarly to the pro-
cessing in step S53 by the saturated-pixel remover 242 of the
luminance-range calculator 221. When it is determined that
the luminance value L""(p) is greater than or equal to
noiseLevel ™" and less than or equal to saturationLevel®",
the saturated-pixel remover 281 outputs the luminance value
LY(p) to the adder 291 and the counter 293 of the average
calculator 282. The process then proceeds to step S57.

In step S57, the average-level calculator 222 calculates a
total luminance value. The pixel processing for calculation of
a tone curve is then exited. More specifically, the adder 291
reads a total luminance value representing a current sum of
luminance values, stored in the register 292, and adds the
input luminance value L"(p). The adder 291 stores the
result in the register 292. Furthermore, the counter 293 incre-
ments its counter value by 1. That is, the counter value of the
counter 293 represents the number of pixels whose luminance
values L%“"(p) have been summed into the total luminance
value.

When it is determined in step S56 that the luminance value
L®Y(p) is less than noiseLevel ™" or greater than saturation-
Level®?, the process skips step $57, and the pixel processing
for calculation of a tone curve is exited. That is, luminance
values L"(p) less than noiseLevel ™" or greater than satu-
rationLevel """ are excluded from items that are considered in
calculating an average luminance value.

Next, the pixel processing for generation of a reduced
image, executed in step S27 shown in FIG. 16, will be
described in detail with reference to a flowchart shown in
FIG. 19.

In step S71, the sorter 351 (FIG. 11) of the reduced-image
generator 181 reads the luminance value of a next pixel to be
processed. More specifically, the sorter 351 reads from the
non-linear converter 162-4 the luminance value L"V(p) of
the pixel at a pixel position p, the luminance value L% (p)
having been obtained through the non-linear conversion
executed in step S25 described earlier with reference to FIG.
16.

In step S72, the sorter 351 determines a relevant block.
More specifically, the sorter 351 determines which of the w,
(horizontally)xh, (vertically) predetermined blocks of the
image the pixel position p belongs to.

In step S73, the average calculator 352 adds the luminance
value L% (p) to the total luminance value of the relevant
block. The pixel processing for generation of areduced image
is exited. More specifically, the sorter 351 outputs the lumi-
nance value L“"(p) to the average calculator 352, which
calculates an average luminance value of the block including
the pixel position p. The average calculator 352 adds the
luminance value L*"(p) to the total luminance value of the
relevant block.

Next, the global-luminance calculating process executed in
step S28 shown in FIG. 16 will be described with reference to
a flowchart shown in FIG. 20.
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In step 591, the neighbor selector 371 (FIG. 12) of the
interpolator 183 reads the pixel position of a pixel to be
processed next. More specifically, the neighbor selector 371
reads the pixel position p of a next pixel to be processed from
the non-linear converter 162-4.

In step S92, the neighbor selector 371 calculates positional
deviations between the next pixel to be processed and asso-
ciated neighboring pixels on a reduced image. More specifi-
cally, assuming that the number of pixels of the mosaic image
is w,, (horizontally)xh,, (vertically) and that the number of
pixels of the reduced image is w, (horizontally)xh, (verti-
cally), the neighbor selector 371 calculates a position q=(qx,
qy) on the reduced image corresponding to the pixel position
p=(p%, py) according to equations (6) to (8) below:

bx=w,/w, 6

by=h,/h, M

q=(gx,qy)=(px/bx=0.5,py/by-0.5) (®)

The neighbor selector 371 extracts neighboring pixels, i.e.,
pixels in the range of 4 (horizontally)x4 (vertically) pixels in
the neighborhood of the position q. In the case of an example
shown in FIG. 21, pixels indicated by “+” marks, located in
the range of qx-2<x<qx+2 and qy-2<y<qy+2, are extracted

as neighboring pixels.

The neighbor selector 371 defines the horizontal positional
deviation dx and vertical positional deviation dy between the
pixel position p and the neighboring pixels by the difference
between the position q and the position of a pixel that is
nearest to the position q in the left downward direction in the
reduced image. That is, the positional deviations (dx, dy)=
(fractional part of gx, fractional part of qy).

The neighbor selector 371 outputs the horizontal positional
deviation dx to the horizontal-coefficient calculator 372, out-
puts the vertical positional deviation dy to the vertical-coef-
ficient calculator 373, and outputs the pixel values a[i][j] (i
and j are natural numbers in ranges of 1=i=4 and 1=j=4) of
the neighboring pixels to the sum-of-products calculator 374.

In step S93, the horizontal-coefficient calculator 372 cal-
culates third-order horizontal-interpolation coefficients.
More specifically, on the basis of the horizontal positional
deviation dx, the horizontal-coefficient calculator 372 calcu-
lates third-order horizontal-interpolation coefficients kx[i] (i
is a natural number in a range of 1=1=4) according to equa-
tions (9) and (10) below:

z=ldyx—i+2| 9)

(32} 622 +4)/6 <D (10)
(-2 +622-122+8)/6 (1<=z<2)

0 Otherwise

kil =

The horizontal-coefficient calculator 372 outputs the inter-
polation coefficients kx[i] to the sum-of-products calculator
374.

In step S94, the vertical-coefficient calculator 373 calcu-
lates third-order vertical-interpolation coefficients. More spe-
cifically, on the basis of the vertical positional deviation dy,
the vertical-coefficient calculator 373 calculates third-order
vertical-interpolation coefficients ky[j] (j is a natural number
in a range of 1=j=4) according to equations (11) and (12)
below:
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z=ldy—j+2 an

B -62+4)/6 z<1 (12)
(-2 +622—122+8)/6 (1<=z<2)

0 Otherwise

kylj] =

The vertical-coefficient calculator 373 outputs the interpo-
lation coefficients ky[j] to the sum-of-products calculator
374.

Equations (9) to (12) given above are examples of equa-
tions that are often used for third-order interpolation. The
interpolation coefficients kx[i] and ky[j] may be calculated
according to other equations as long as sufficiently smooth
interpolation can be achieved.

In step S95, the sum-of-products calculator 374 calculates
a global luminance value. More specifically, the sum-of-
products calculator 374 calculates a sum of products accord-
ing to equation (13) below using the pixel values a[i][j] of the
neighboring pixels, the horizontal-interpolation coefficients
kx([i], and the vertical-interpolation coefficients ky[j], thereby
calculating a global luminance value L,“"(p) at the pixel
position p:

1 (p) =

4 (13)
ali][J1- kL] - ky /]
=1

NES

i

S

In step S96, the sum-of-products calculator 374 outputs the
global luminance value L,“"(p) to the mapping unit 191-2.
The global-luminance calculating process is then exited.

A global-luminance image composed of global luminance
values L, “"(p) is an image generated by enlarging a reduced
image composed of w, (horizontally)xh, (vertically) pixels
into an original size (number of pixels) through third-order
interpolation. That is, a global-luminance image is an image
composed of components of quite low frequencies extracted
from an original image (composed of luminance values L%"

(9)2

Next, a contrast correcting process in step S30 shown in
FIG. 16 will be described with reference to a flowchart shown
in FIG. 22.

In step S111, the contrast corrector 168 reads a tone-com-
pressed luminance value and global luminance value of a
pixel to be processed next. More specifically, in the contrast
corrector 168, the gain calculator 391 and the contrast
enhancer 392 (FIG. 13) read from the mapping unit 191-1 a
luminance value L_“"(p) that has been tone-compressed
according to a tone curve in step S29 described earlier with
reference to FIG. 16. Also, the contrast enhancer 392 reads
from the mapping unit 191-2 a global luminance value
L_,“"(p) that has been tone-compressed according to a tone
curve in step S29 described earlier with reference to FIG. 16.

In step S112, the gain calculator 391 calculates a gain on
the basis of'a tone-compressed luminance value and ay_comp
parameter. More specifically, the gain calculator 391 calcu-
lates a gain g(p) on the basis of a luminance value L_.“"(p)
that has been tone-compressed according to a tone curve and
on the basis of a y_comp parameter, according to equations
(14) and (15) below:
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In equation (15), contrastGain is a predetermined constant.

The gain calculator 391 outputs the gain g(p) to the contrast
enhancer 392.

In step S113, the contrast enhancer 392 calculates a con-
trast-corrected luminance value using the tone-compressed
luminance value and global luminance value and the gain.
More specifically, the contrast enhancer 392 calculates a con-
trast-corrected luminance value L,V (p) using the tone-com-
pressed luminance value L_“"(p) and global luminance
value L_, “"(p) and the gain g(p), according to equation (16)
below:

L@@ L)L oL ) 16

The image composed of luminance values (L_V(p)-
L., “"(p)) is obtained by subtracting a global-luminance
image from an image composed of luminance values I, "
(p), the global luminance image being composed of compo-
nents of quite low frequencies of the image composed of
luminance values L_"(p). Thus, the image composed of
luminance values L, """ (p) is an image in which the frequency
components other than components of quite low frequencies
of the image composed of luminance values L_“"(p) are
enhanced by the gain g(p).

In the image composed of luminance values L_""(p) that
have been tone-compressed according to a tone curve, con-
trast is reduced compared with the original image composed
of luminance values L%“"(p). The degree of reduction of
contrast depends on the slope of the tone curve, and the degree
of'reduction increases as the slope of the tone curve decreases.
Thus, by executing correction so as to enhance the contrast of
atone-compressed image in accordance with the reciprocal of
the slope of the tone curve, it is possible to achieve a contrast
that is global to the contrast of an image before tone compres-
sion. However, when correction is executed similarly for
pixels having luminance value L_“"(p) in the vicinity of
noiseLevel ™ or saturationLevel ™", clipping could occur,
i.e., corrected luminance values could be less than noise
Level ™ or greater than saturationLevel™". This results in
loss of details of the image in some cases.

FIG. 23 is a graph showing relationship between the lumi-
nance value L_""(p) and the gain g(p) calculated according
to equations (14) and (15). The gain g(p) takes on a maximum
value when the luminance value L_“"(p) is at a predeter-
mined intermediate luminance level L, " that is substan-
tially in the middle of a range of possible values of luminance
values L_""(p), the gain g(p) linearly decreases as the lumi-
nance value L,_"""(p) approaches a minimum value L, ,,*" or
a maximum value L, " of the range of possible values of
luminance values L_“"(p), and the gain g(p) is 0 when the
luminance value L_“"(p) is less than the minimum value
L, " or greater than the maximum value L,,, “". Thus,
the contrast of luminance components in the vicinity of the
intermediate luminance level L,,, """ is enhanced compared
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with the contrast of luminance components in the vicinity of
the minimum value L,,,,,*" or the maximum value L, “*".
More specifically, contrast is enhanced more strongly as
luminance values become closer to the intermediate lumi-
nance level L, Y, and contrast is not substantially
enhanced for luminance values in the vicinity of the minimum
value L, " or the maximum value L, , "

In step S114, the contrast enhancer 392 outputs the con-
trast-corrected luminance value. The contrast correcting pro-
cess is then exited. More specifically, the contrast enhancer
392 outputs the contrast-corrected luminance value L, (p)
to the tone correctors 169-1 to 169-3.

As described above, the contrast corrector 168 enhances
contrast of components of lower-intermediate to high fre-
quencies, not including components of quite low frequencies,
of the image composed of the luminance values L_“")(p).
Thus, local overshoot of edge portions, which become appar-
ent when contrast of only high-frequency components is
enhanced, does not occur, so that an image that appears natu-
ral with an enhanced contrast can be obtained.

Furthermore, since correction is executed so that contrast is
enhanced more strongly as luminance levels become closerto
the intermediate luminance level L, and contrast is not
substantially corrected for luminance values in the vicinity of
the minimum value L,,,,*" or the maximum value L,,,, “",
white clipping or black clipping rarely occurs.

Next, the tone-curve and y_comp calculating process
executed in step S36 shown in FIG. 17 will be described with
reference to FIG. 17.

In step S131, the luminance-range calculator 221 (FIG. 6)
of the tone-curve calculator 163 calculates dark-side and
bright-side luminance values from results of dark-side and
bright-side sorting. More specifically, the sorter 243 (FIG. 7)
ofthe luminance-range calculator 221 sets a luminance value
stored in the register 252-k to the skirt value L,,,,". Also,
the sorter 244 of the luminance-range calculator 221 sets a
luminance value stored in the register 262-% as the skirt value
Lbr’ight(nl)'

For example, if the number of pixels sampled per frame by
the decimator 241 is 1,206 and the number of the registers 252
in the sorter 243 is 6 (k=6), when all the pixels in one frame
have been processed, of the pixels sampled, the smallest to
sixth smallest (strictly speaking, not necessarily the sixth
smallest since pixels having luminance values L%"(p) less
than noiseLevel”" have been removed) luminance values
L®Y(p) are stored in the registers 252-1 to 252-6. Thus, it is
estimated that the ratio of the number of luminance values
L&Y(p) stored in the registers 252-1 to 252-6, i.e., the number
of pixels having luminance values less than or equal to the
skirt value L, to the number of pixels in the entire
frame is approximately 0.5% (=6/1,200). Similarly, it is esti-
mated that the ratio of the number of luminance values L%
(p) stored in the registers 262-1 to 262-6, i.c., the number of
pixels having luminance values greater than or equal to the
skirt value Lb,ight(”l), to the number of pixels in the entire
frame is approximately 0.5% (=6/1,200).

The ratio of the number of pixels used for setting the skirt
valueL ., orthe skirt value L brigh S may be values other
than 0.5% in the example described above. Also, the number
of registers in the sorter 243 or 244 is set in accordance with
the number of pixels sampled and the ratio of the number of
pixels used for setting the skirt value L, " or the skirt
value Lbn.ght("l)

The sorter 243 outputs the skirt value L, " to the tem-
poral smoother 223-1, and the sorter 244 outputs the skirt
value Lb,ight("l) to the temporal smoother 223-2.
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In step S132, the average-level calculator 222 (FIG. 6) of
the tone-curve calculator 163 calculates an average level from
a total luminance value. More specifically, in the average-
level calculator 222, the divider 294 (FIG. 8) of the average
calculator 282 reads a total luminance value stored in the
register 292 and the counter value (representing the number
of'pixels) of the counter 293. The divider 294 divides the total
luminance value by the counter value of the counter 293,
thereby calculating ah average level Lavemge("l) of luminance
values LU(p) the divider 294 outputs the average level
Lavemge("l) to the temporal smoother 223-3.

In step S133, the temporal smoothing unit 223 temporally
smoothes the skirt values and average level. More specifi-
cally, the multiplier 311 (FIG. 9) of the temporal smoother
223-1 multiplies the skirt value L., *" by the predetermined
smoothing coefficient scl1, and outputs the result to the adder
313. The multiplier 312 of the temporal smoother 223-1 reads
from the register 314 the temporally smoothed skirt value
L da,k_ts_p,e("l) of the immediately preceding frame. The mul-
tiplier 312 multiplies the skirt value L da,k_ts_p,e("l) by the
predetermined smoothing coefficient sc2, and outputs the
result to the adder 313. The adder 313 adds together the value
output from the multiplier 311 and the value output from the
multiplier 312, thereby calculating a temporally smoothed
skirt value L, ,.*". That is, the skirt value L, """ can
be expressed by equation (17) below:

Do 1 1
Ldark—ts(n ’=scl 'Ldark(" tsc2 .Ldark—ts—pre(n > 17)

That is, smoothing is executed between the skirt value
L ;. of the current frame and the skirt value L, ;. """
of'the immediately preceding frame according to the smooth-
ing coefficients scl and sc2.

The adder 313 outputs the skirt value L, " to the
spline generator 224, and stores the skirt value L, " in
the register 314.

Similarly, the temporal smoother 223-2 calculates a tem-
porally smoothed skirt value Lb,ight_ts("l) according to equa-
tion (18) below, and outputs the skirt value Lb,ight_ts("l) to the
spline generator 224 and stores the skirt value Lb,ight_ts("l) in
the register 314.

Lbright—ts(nl):SC 1 'Lbrighz("l)"'scz .Lbright—ts—pre(nl) (18)
where Lb,ight_ts_p,e(”l) denotes a temporally smoothed skirt
value of the immediately preceding frame.

Similarly, the temporal smoother 223-3 calculates a tem-
porally smoothed average level Lavemge_ts(”l) according to
equation (19) below, and outputs the average level
@1 10 the spline generator 224 and stores the aver-
@1 in the register 314.

average-1s

age level L

average-ts

"Dysc2 I, @b

average average-ts-pre

L D=gcl-L

average-ts

(19)
whereL,, ., ge_ts_p,e("l) denotes a temporally smoothed aver-
age level of the immediately preceding frame.

Thus, rapid change or fluctuation of the skirt values and
average value between frames is prevented.

In step S315, the spline generator 224 generates a tone
curve. Now, a method of generating a tone curve will be
described with reference to FIG. 25. FIG. 25 shows an
example of a tone curve generated by the spline generator
224. In the graph shown in FIG. 25, the horizontal axis rep-
resents logarithmic value of input luminance before tone cor-
rection, and the vertical axis represents logarithmic value of
output luminance after tone correction according to a tone
curve CL.

The control-point setter 331 (FIG. 10) of the spline gen-
erator 224 sets nine control points P1 to P9. The control point
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P1 is set at a point where the input luminance is a predeter-
mined minimum level and the output luminance is a prede-
termined minimum level L, ., “". The control point P2 is set
ata point where the input luminance is a predetermined noise
levelL,,,,.. %" corresponding to a luminance value that can be
considered as a noise level and the output luminance is the
minimum level L, ,.,%". The control point P3 is set at a point
where the input luminance is a luminance value that is double
the noise level L, “" and the output luminance is the
minimum level L, .

The control point P4 is set at a point where the input
luminance is the dark-side skirt value L, ,.”"" and the out-
put luminance is a luminance value L,,,,,""" substantially
corresponding to the black level. The control point P5 is set at
a point where the input luminance is double the skirt value
L™ and the output luminance is double a luminance
valueL ,,,,"". The control point P6 is set at a point where the
input luminance is the average level Lavemge_ts("l) of input
luminance values and the output luminance is a predeter-
mined intermediate luminance level L, " that is substan-
tially in the middle of the luminance range of output lumi-
nance values. The control point P7 is set at a point where the
input luminance is half the bright-side skirt value L, ght_ts(”l)
and the output luminance is half a luminance value
Losonsae substantially corresponding to the white level.
The control point P8 is set at a point where the input lumi-
nance is the skirt value Lb,ight_ts("l) and the output luminance
is the luminance value L, ,.,"*". The control point P9 is set
at a point where the input luminance is a predetermined
maximum value of input luminance and the output luminance
is a predetermined maximum value of output luminance.

The control-point setter 331 supplies a control point set
representing the positions of the control points P1 to P9 to the
curve drawer 332 and the v calculator 333. The curve drawer
332 calculates coordinates on a third-order spline curve inter-
polating points between the control points P1 to P9, thereby
generating a lookup table representing a tone curve CL.

By setting the control point P3 as an auxiliary point, it is
ensured that the tone curve CL passes through the control
point P2 or the proximity thereof. That is, when the input
luminance is substantially the noise level L, **", the input
luminance is mapped through tone conversion to a value
substantially equal to the minimum level L, %" of output
luminance. Also, by setting the control point P5 as an auxil-
iary point, the slope of the tone curve CL in the proximity of
the control point P4, where the input luminance is the skirt
value L,,_,"*" and the output luminance is the luminance
valueL,,,,, """ substantially corresponding to the black level,
is prevented from becoming extremely steep or flat. Also, by
setting the control point P7 as an auxiliary point, the slope of
the tone curve CL in the proximity of the control point P8,
where the input luminance is the skirt value L;,,,,_,.”"" and the
output luminance is the luminance value L, .., """ substan-
tially corresponding to the white level, is prevented from
becoming extremely steep or flat.

Thus, the tone curve CL is an inverse-S-shaped, monotoni-
cally increasing curved line with the slope thereof becoming
rather flat in the proximity of the control point P6 and sub-
stantially 1 in the proximity of the control point P4 and in the
proximity of the control point P8. That is, the tone compres-
sion rate is relatively high in the proximity of the intermediate
luminance level L, " of output luminance, and the tone
compression rate decreases as the output luminance becomes
higher or lower. This is because when tone compression is
executed according to the tone curve CL and then contrast is
corrected, as described earlier, contrast is enhanced more
strongly for luminance values in the proximity of the inter-
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mediate luminance level L, " so that a contrast global to

that in the original image before tone compression can be
achieved, while contrast is not substantially corrected for
luminance values in the proximity of the minimum value
L, or the maximum value L,,, " in order to prevent
clipping of luminance values.

Thus, by combining tone compression according to the
tone curve CL and contrast correction in step S30, it is pos-
sible to execute tone compression on an image while substan-
tially maintaining details of the image and substantially pre-
venting black clipping and white clipping.

Furthermore, since a tone curve CL is generated for each
image on the basis of the skirt value L, ", skirt value
L igness s and average level L, ... calculated from
input image data, it is possible to execute tone compression
suitably in accordance with the distribution of pixel values
(luminance values) of input image data.

In step S135, the y calculator 333 calculates a y_comp
parameter on the basis of the shape of the tone curve CL.
More specifically, in order to obtain a global value ofthe slope
of'the tone curve CL in the proximity of the control point P6,
the y calculator 333 calculates the slope of a line segment AL
connecting the control points P5 and P7, and sets the slope as
the y_comp parameter.

In step S136, the tone-curve calculator 163 stores the tone
curve and the y_comp parameter in memories. The tone-curve
and y_comp calculating process is then exited. More specifi-
cally, the curve drawer 332 stores a lookup table representing
the tone curve in the tone-curve memory 164. Also, the y_cal-
culator 333 stores the y_comp parameter in the y_comp
parameter memory 165.

Next, the reduced-image generating process executed in
step S37 shown in FIG. 17 will be described with reference to
a flowchart shown in FIG. 26.

In step S151, the reduced-image generator 181 calculates
an average luminance value of pixels in a block. More spe-
cifically, the average calculator 352-1 (FIG. 11) of the
reduced-image generator 181 calculates an average lumi-
nance value of the first block, for example, by dividing the
total luminance value of pixels in the first block by the number
of pixels in the block.

In step S152, the reduced-image generator 181 stores the
block average luminance value at the position of a corre-
sponding pixel on the reduced-image memory 182. More
specifically, for example, the average calculator 352-1 stores
the average luminance value of the first block at the position
of a corresponding pixel (e.g., the top left pixel) on the
reduced-image memory 182.

In step S153, the reduced-image generator 181 checks
whether all the blocks have been processed. When it is deter-
mined that all the blocks have not been processed, the process
returns to step S151, and the processing in steps S151 to S153
is repeated until it is determined in step S153 that all the
blocks have been processed. That is, an average luminance
value is calculated similarly for each of the second and sub-
sequent blocks, and the average luminance values is stored at
the position of a corresponding pixel on the reduced-image
memory 182.

When it is determined in step S153 that all the blocks have
been processed, the reduced-image generating process is
exited.

Thus, an image composed of luminance values L% (p) is
divided into w, (horizontally)xh, (vertically) blocks, and
average values of the luminance values L“"(p) in the indi-
vidual blocks are arranged correspondingly to the order of the
blocks, whereby a reduced image composed of w,. (horizon-
tally)xh, (vertically) pixels is generated.
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As described above, it is possible to execute tone compres-
sion of an image while substantially maintaining details of the
image and substantially preventing black clipping and white
clipping. Also, tone compression can be executed suitably in
accordance with the distribution of pixel values (luminance
values) of input image data.

Furthermore, by executing tone conversion using a reduced
image, tone curve, and y_comp parameter generated and cal-
culated in processing of an immediately preceding frame,
compared with a case where tone conversion is executed
using a reduced image, tone curve, and y_comp parameter
generated and calculated within the same frame, a delay does
not substantially occur in the processing for generating a
reduced image and calculating a tone curve and y_comp
parameter. Thus, processing time can be reduced. Further-
more, it is not needed to store, for example, an image of one
frame in order to wait for completion of generation of a
reduced image or calculation of a tone curve and y_comp
parameter. This serves to reduce the amount of memory used.

The reduced image, tone curve, and y_comp parameter are
information that does not depend on details of an image, so
that temporal deviation associated with use of information of
an immediately preceding frame does not raise a substantial
problem. For example, in the case of information including
high-frequency components, such as edge information of an
object, deviation in the position of the object could occur
between frames in a moving picture, so that processing is
executed in order to compensate for the positional deviation.
In contrast, such a problem does not arise in the case of a
reduced image, tone curve, or y_comp parameter.

Furthermore, even when tone conversion is executed using
a reduced image, tone curve, and y_comp parameter gener-
ated within the same frame, generation of a reduced image
and calculation of a tone curve and y_comp parameter can be
executed in parallel, so that processing time can be reduced.

Next, another embodiment of the present invention, which
is different from the embodiment described above, will be
described.

FIG. 27 is a block diagram showing an example of the
functional configuration of a tone converter in a case where a
black and white image is processed. A tone converter 501
includes the non-linear converter 162-4, the tone-curve cal-
culator 163, the tone-curve memory 164, the y_comp param-
eter memory 165, the global-luminance calculator 166, the
tone converter 167, the contrast corrector 168, and the non-
linear inverse converter 170-1 similarly to the tone converter
143 shown in FIG. 4, but differs in that the luminance calcu-
lator 161, the non-linear converters 162-1 to 162-3, the tone
correctors 169-1 to 169-3, and the non-linear inverse convert-
ers 170-2 and 170-3 are not included.

That is, since color components (RGB components) of
individual pixels need not be processed, the tone converter
501 has a configuration corresponding to the part of the tone
converter 143 for processing luminance components. The
non-linear inverse converter 170-1 of the tone converter 501
outputs a luminance value L (p) obtained by non-linear
inverse conversion of a contrast-corrected luminance value
L, “"(p) as an output of the tone converter 501, as opposed to
the non-linear inverse converter 170-1 of the tone converter
143.

By replacing the processing for non-linear conversion by
the non-linear converters 162-1 to 162-4 shown in FIG. 4 by
gamma correction thatis often used in camera signal process-
ing, it is possible to simplify the configuration of the tone
converter.

FIG. 28 is a diagram showing an example of the functional
configuration of a DSP block in a case where non-linear
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conversion is replaced by gamma correction. A DSP 551
includes the demosaicking unit 141, the white-balancing unit
142, the gamma corrector 144, and the YC converter 145
similarly to the DSP 116 shown in FIG. 3, but differs in that a
tone converter 561 is included instead of the tone converter
143.

Furthermore, in the DSP 551, as opposed to the DSP 116,
the gamma corrector 144 executes gamma correction on pixel
values [R, (p), G,(p), and B, (p)] with the white balance
thereof having been corrected by the white-balancing unit
142, and outputs the gamma corrected pixel values [R,,(p),
G,'(p), and B,'(p)] to the YC converter 145. Then, the YC
converter 145 executes YC conversion, and outputs lumi-
nance values Y(p) of a resulting Y image to the tone converter
561 and outputs chrominance values C(p) of a resulting C
image to the outside. Furthermore, the tone converter 561
executes tone conversion on the luminance values Y(p)
gamma-corrected by the gamma corrector 144, and outputs
the results to the outside.

FIG. 29 is a block diagram showing an example of the
functional configuration of the tone converter 561 shown in
FIG. 28. The tone converter 561 includes the tone-curve
calculator 163, the tone-curve memory 164, the y_comp
parameter memory 165, the global-luminance calculator 166,
the tone converter 167, and the contrast corrector 168 simi-
larly to the tone converter 501 shown in FIG. 27, but differs in
that the non-linear converter 162-4 and the non-linear inverse
converter 170-1 are not included. That is, since the luminance
values Y (p) input to the tone converter 561 have already been
gamma-corrected, i.e., non-linearly converted, by the gamma
corrector 144, arrangement for non-linear conversion and
non-linear inverse conversion can be omitted from the tone
converter 561.

As described above, when a conversion curve that is used
for tone-compressing luminance values is calculated on the
basis of a distribution of input luminance values representing
luminance values of an input image, global luminance values
representing luminance values of a global-luminance image
composed of low-frequency components of the input image
are calculated, the input luminance values and the global
luminance values are tone-compressed according to the con-
version curve, and contrast of a tone-compressed input image
composed of the tone-compressed input luminance values is
corrected on the basis of a slope of the conversion curve and
the tone-compressed global luminance values, it is possible to
execute tone-compression of luminance values or color val-
ues of an image. Furthermore, it is possible to execute tone
compression of luminance values or color values more
quickly without degrading contrast, suitably in accordance
with individual images.

Also, when input luminance values representing lumi-
nance values of individual pixels of an input image are cal-
culated on the basis of color values representing values of
color components of the input image, a conversion curve that
is used for tone-compressing luminance values is calculated
on the basis of a distribution of the input luminance values,
global luminance values representing luminance values of a
global-luminance image composed of low-frequency compo-
nents of a luminance image composed of the input luminance
values are calculated, the input luminance values and the
global luminance values are tone-compressed according to
the conversion curve, contrast of a tone-compressed lumi-
nance image composed of the tone-compressed input lumi-
nance values is compressed on the basis of a slope of the
conversion curve and the tone-compressed global luminance
values, and the color values of the input image are tone-
converted by multiplying individual pixel values of a differ-
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ential image by a predetermined coefficient, the differential
image representing a difference between the input image and
the luminance image, and adding the contrast-corrected tone-
compressed luminance image, it is possible to execute tone-
compression of luminance values or color values of an image.
Furthermore, it is possible to execute tone compression of
luminance values or color values more quickly without
degrading contrast, suitably in accordance with individual
images.

The orders of processes described above with reference to
flowcharts are only examples, and the orders of processes
may be changed or a plurality of processes may be executed
concurrently without departing from the spirit of the present
invention. For example, it is possible to execute non-linear
conversion of RGB components of an input image and the
calculate luminance values. Also, it is possible to generate a
reduced image before executing non-linear conversion. Fur-
thermore, it is possibleto calculate skirt values and an average
level of a histogram of luminance values from a histogram of
luminance values before executing non-linear conversion.

Furthermore, arrangements for executing similar process-
ing may be integrated or shared. For example, it is possible to
form the mapping units 191-1 and 191-2, the mapping unit
201 of the non-linear converter 162, and the inverse mapping
unit 411 of the non-linear inverse converter 170 using a com-
mon circuit.

Furthermore, although an average luminance value of the
entire image is used as an average luminance level used for
generating a tone curve in the embodiments described above,
alternatively, for example, an average luminance value of a
reduced image may be used. In this case, time taken for
calculating an average level is reduced. Also, for example, it
is possible to measure the brightness of the entirety or a part
of'an image using an auto exposure (AE) control mechanism,
which is often included in control systems of cameras, or to
measure the brightness of an object region recognized by the
AE control mechanism as a main object, and to use a lumi-
nance value based on the measured brightness as an average
level. Furthermore, it is possible to allow a user to specify a
desired region in an image so that an average level can be
calculated with an emphasis on the specified region. This
allows calculating a tone curve more global to a tone curve
desired by the user.

The present invention can be applied to devices that
execute tone compression on luminance values or color val-
ues (pixel values) of images (e.g., image playback appara-
tuses, image recording apparatuses, or image display appara-
tuses) as well as digital video cameras described above.

The series of processes described above can be executed by
hardware or by software. When the series of processes are
executed by software, programs constituting the software are
installed via a network or a recording medium onto a com-
puter embedded in special hardware or onto a general-pur-
pose computer or the like that is capable of executing various
functions with various programs installed thereon.

FIG. 30 is a diagram showing an example of the internal
configuration of a general-purpose personal computer 900. A
central processing unit (CPU) 901 executes various processes
according to programs stored in a read-only memory (ROM)
902 programs loaded from a recording unit 908 to a random
access memory (RAM) 903. The RAM 903 also stores data or
the like used for execution of various processes by the CPU
901 or data as needed.

The CPU 901, the ROM 902, and the RAM 903 are con-
nected to each other via a bus 904. The bus 904 is also
connected to an input/output interface 905.
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The input/output interface 905 is connected to an input unit
906 including, for example, buttons, switches, a keyboard,
and a mouse, an output unit 906 including a display such as a
liquid crystal display (LCD) or a cathode ray tube (CRT)
display and including a speaker, a recording unit 908 such as
a hard disc, and a communication unit 909 such as a modem
ora terminal adaptor. The communication unit 909 carries out
communications via networks including the Internet.

The input/output interface 905 is also connected to a drive
910 as needed. A removable medium 911, such as a magnetic
disc, an optical disc, a magneto-optical disc, or a semicon-
ductor memory, is mounted on the drive 910 as needed, and
computer programs read therefrom are installed on the
recording unit 908.

As shown in FIG. 30, the recording medium for installing
programs on a computer so that the programs can be executed
by the computer may be, for example, the removable medium
911 having recorded the programs thereon and distributed
separately from the main unit of the computer to provided the
programs to a user, such as a magnetic disc (e.g., a flexible
disc), an optical disc (e.g., a compact disc read-only memory
(CD-ROM) or a digital versatile disc (DVD)), a magneto-
optical (MO) disc (e.g., a Mini Disc® (MD)), or a semicon-
ductor memory. Alternatively, the recording medium may be
the ROM 902 or a hard disc included in the recording unit 908
having recorded the programs thereon, provided to a user as
included in the main unit of the computer.

Steps defining the programs stored in the program record-
ing medium need not necessarily be executed sequentially in
the orders described herein, and may include steps executed
in parallel or individually.

It should be understood by those skilled in the art that
various modifications, combinations, sub-combinations and
alterations may occur depending on design requirements and
other factors insofar as they are within the scope of the
appended claims or the equivalents thereof.

What is claimed is:

1. An image processing apparatus that tone-compresses
input luminance values representing luminance values of an
input image, the image processing apparatus comprising:

conversion-curve calculating means for calculating a con-

version curve that is used for tone-compressing lumi-
nance values, on the basis of a distribution of the input
luminance values;

global-luminance calculating means for calculating global

luminance values representing luminance values of a
global-luminance image composed of low-frequency
components of the input image;

tone compressing means for tone-compressing the input

luminance values and the global luminance values
according to the conversion curve; and

contrast correcting means for correcting contrast of a tone-

compressed input image composed of the tone-com-
pressed input luminance values, on the basis of a slope of
the conversion curve and the tone-compressed global
luminance values.

2. The image processing apparatus according to claim 1,

wherein the conversion-curve calculating means calculates

the conversion curve on the basis of an average lumi-
nance value representing an average of the input lumi-
nance values, a first boundary value with which the ratio
of the number of pixels having luminance values less
than or equal to the first boundary value to the number of
pixels in the input image is substantially a first predeter-
mined value, and a second boundary value with which
the ratio of the number of pixels having luminance val-
ues greater than or equal to the second boundary value to
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the number of pixels in the input image is substantially a
second predetermined value.
3. The image processing apparatus according to claim 2,
wherein the conversion-curve calculating means calculates
the conversion curve so that the conversion curve mono-
tonically increases and so that the slope of the conver-
sion curve becomes smaller in the proximity of a point
where the luminance value before tone compression
becomes the average luminance value and becomes sub-
stantially in the proximities of points where the lumi-
nance value before tone compression becomes the first
boundary value or the second boundary value.
4. The image processing apparatus according to claim 2,
wherein the average luminance value is an average lumi-
nance value of luminance values in a user-specified
region in the input image.
5. The image processing apparatus according to claim 2,
further comprising:
temporal smoothing means for temporally smoothing the
average luminance value, the first boundary value, and
the second boundary value between a current frame and
a frame preceding the current frame by one or more
intervals,
wherein the conversion-curve calculating means calculates
the conversion curve on the basis of the temporally
smoothed average value, the temporally smoothed first
boundary value, and the temporally smoothed second
boundary value.
6. The image processing apparatus according to claim 1,
wherein the global-luminance calculating means includes
reduced-image generating means for generating a
reduced image by reducing the input image; and
interpolating means for calculating the global lumi-
nance values by interpolating the reduced image so
that the global-luminance image has the same number
of pixels as the input image.
7. The image processing apparatus according to claim 6,
wherein the reduced image generating means generates the
reduced image by dividing the input image into a prede-
termined number of blocks and arranging block average
luminance values correspondingly to an order of the
blocks, the block average luminance values representing
averages of luminance values of pixels included in the
individual blocks.
8. The image processing apparatus according to claim 6,
wherein the interpolating means calculates the global lumi-
nance values by interpolating a reduced image corre-
sponding to an input image of an immediately preceding
frame.
9. The image processing apparatus according to claim 1,
wherein the tone compressing means tone-compresses the
input luminance values and the global luminance values
according to a conversion curve that is based on a dis-

tribution of input luminance values of an input image of

an immediately preceding frame.
10. The image processing apparatus according to claim 1,
wherein the contrast correcting means corrects the contrast
of the tone-compressed input image on the basis of the
slope of the conversion curve in the proximity of a point
where the luminance value before tone compression
becomes an average luminance value.
11. The image processing apparatus according to claim 1,
wherein the contrast correcting means corrects the contrast

of the tone-compressed input image so that contrast of

luminance values in the proximity of a predetermined
intermediate level of the tone-compressed input image is
enhanced compared with contrast of luminance values

10

20

25

30

35

40

45

50

55

60

65

38

in the proximity of a minimum value or a maximum
value of possible luminance values of the tone-com-
pressed input image.

12. The image processing apparatus according to claim 1,

wherein the contrast correcting means enhances contrast of

frequency components of the tone-compressed input
image except frequency components included in the
tone-compressed global-luminance image.
13. The image processing apparatus according to claim 1,
further comprising:
non-linear converting means for logarithm-converting or
gamma-converting the input luminance values,

wherein the conversion-curve calculating means calculates
the conversion curve on the basis of a distribution of the
logarithm-converted or gamma-converted input lumi-
nance values,

wherein the global-luminance calculator calculates the

global luminance values representing luminance values
of the global-luminance image composed of low-fre-
quency components of the input image composed of the
logarithm-converted or gamma-converted input lumi-
nance values,

wherein the tone-compressing means tone-compresses the

logarithm-converted or gamma-converted input lumi-
nance values, and

wherein the contrast correcting means corrects the contrast

of the tone-compressed input image composed of the
input luminance values that have been logarithm-con-
verted or gamma-converted and that have been tone-
compressed.

14. An image processing method for tone-compressing
input luminance values representing luminance values of an
input image, the image processing method comprising the
steps of:

calculating a conversion curve that is used for tone-com-

pressing the luminance values, on the basis of a distri-
bution of the input luminance values;
calculating global luminance values representing lumi-
nance values of a global-luminance image composed of
low-frequency components of the input image;

tone-compressing the input luminance values and the glo-
bal luminance values according to the conversion curve;
and

correcting contrast of a tone-compressed input image com-

posed of the tone-compressed input luminance values,
on the basis of a slope of the conversion curve and the
tone-compressed global luminance values.

15. A program tangibly embodied on a computer-readable
recording medium for allowing a computer to execute image
processing for tone-compressing input luminance values rep-
resenting luminance values of an input image, the image
processing comprising the steps of:

calculating a conversion curve that is used for tone-com-

pressing the luminance values, on the basis of a distri-
bution of the input luminance values;
calculating global luminance values representing lumi-
nance values of a global-luminance image composed of
low-frequency components of the input image;

tone-compressing the input luminance values and the glo-
bal luminance values according to the conversion curve;
and

correcting contrast of a tone-compressed input image com-

posed of the tone-compressed input luminance values,
on the basis of a slope of the conversion curve and the
tone-compressed global luminance values.
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16. An image processing apparatus that tone-compresses

color values representing values of color components of an
input image, the image processing apparatus comprising:

input-luminance calculating means for calculating input
luminance values representing luminance values of indi-
vidual pixels of the input image, on the basis of the color
values;

conversion-curve calculating means for calculating a con-
version curve that is used for tone-compressing lumi-
nance values, on the basis of a distribution of the input
luminance values;

global-luminance calculating means for calculating global
luminance values representing luminance values of a
global-luminance image composed of low-frequency
components of a luminance image composed of the
input luminance values;

tone compressing means for tone-compressing the input
luminance values and the global luminance values
according to the conversion curve;

contrast correcting means for correcting contrast of a tone-
compressed luminance image composed of the tone-
compressed input luminance values, on the basis of a
slope of the conversion curve and the tone-compressed
global luminance values; and

tone converting means for tone-converting the color values
of'the input image by multiplying individual pixel values
of a differential image by a predetermined coefficient,
the differential image representing a difference between
the inputimage and the luminance image, and adding the
contrast-corrected tone-compressed luminance image.

17. The image processing apparatus according to claim 16,

further comprising

first non-linear converting means for logarithm-converting
or gamma-converting the input luminance values; and

second non-linear converting means for logarithm-con-
verting or gamma-converting the color values of the
input image;

wherein the conversion-curve calculating means calculates
the conversion curve on the basis of a distribution of the
logarithm-converted or gamma-converted input lumi-
nance values,

wherein the global-luminance calculator calculates the
global luminance values representing luminance values
of the global-luminance image composed of low-fre-
quency components of the luminance image composed
of the logarithm-converted or gamma-converted input
luminance values,

wherein the tone-compressing means tone-compresses the
logarithm-converted or gamma-converted input lumi-
nance values,

wherein the contrast correcting means corrects the contrast
of the tone-compressed input image composed of the
input luminance values that have been logarithm-con-
verted or gamma-converted and that have been tone-
compressed, and

the tone converting means tone-converts the color values of
the inputimage by multiplying individual pixel values of
a differential image by a predetermined coefficient, the
differential image representing a difference between the
input image composed of the logarithm-converted or
gamma-converted color values and the luminance image
composed of the logarithm-converted or gamma con-
verted input luminance values, and adding the contrast-
corrected tone-compressed luminance image.
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18. An image processing method for tone-compressing

color values representing values of color components of an
input image, the image processing method comprising the
steps of:

calculating input luminance values representing luminance
values of individual pixels of the input image, on the
basis of the color values;

calculating a conversion curve that is used for tone-com-
pressing luminance values, on the basis of a distribution
of the input luminance values;

calculating global luminance values representing lumi-
nance values of a global-luminance image composed of
low-frequency components of a luminance image com-
posed of the input luminance values;

tone-compressing the input luminance values and the glo-
bal luminance values according to the conversion curve;

correcting contrast of a tone-compressed luminance image
composed of the tone-compressed input luminance val-
ues, on the basis of a slope of the conversion curve and
the tone-compressed global luminance values; and

tone-converting the color values of the input image by
multiplying individual pixel values of a differential
image by a predetermined coefficient, the differential
image representing a difference between the input image
and the luminance image, and adding the contrast-cor-
rected tone-compressed luminance image.

19. A program tangibly embodied on a computer-readable

recording medium that allows a computer to execute image
processing for tone-compressing color values representing
values of color components of an input image, the image
processing comprising the steps of:

calculating input luminance values representing luminance
values of individual pixels of the input image, on the
basis of the color values;

calculating a conversion curve that is used for tone-com-
pressing luminance values, on the basis of a distribution
of the input luminance values;

calculating global luminance values representing lumi-
nance values of a global-luminance image composed of
low-frequency components of a luminance image com-
posed of the input luminance values;

tone-compressing the input luminance values and the glo-
bal luminance values according to the conversion curve;

correcting contrast of a tone-compressed luminance image
composed of the tone-compressed input luminance val-
ues, on the basis of a slope of the conversion curve and
the tone-compressed global luminance values; and

tone-converting the color values of the input image by
multiplying individual pixel values of a differential
image by a predetermined coefficient, the differential
image representing a difference between the input image
and the luminance image, and adding the contrast-cor-
rected tone-compressed luminance image.

20. An image processing apparatus that tone-compresses

55 input luminance values representing luminance values of an

60
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input image, the image processing apparatus comprising:

a conversion-curve calculator configured to calculate a
conversion curve that is used for tone-compressing
luminance values, on the basis of a distribution of the
input luminance values;

a global-luminance calculator configured to calculate glo-
bal luminance values representing luminance values of a
global-luminance image composed of low-frequency
components of the input image;

a tone compressor configured to tone-compress the input
luminance values and the global luminance values
according to the conversion curve; and
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a contrast corrector configured to correct contrast of a a global-luminance image composed of low-frequency
tone-compressed input image composed of the tone- components of a luminance image composed of the
compressed input luminance values, on the basis of a input luminance values;
slope of the conversion curve and the tone-compressed a tone compressor configured to tone-compress the input
global luminance values. 5 luminance values and the global luminance values
21. An image processing apparatus that tone-compresses according to the conversion curve;
color values representing values of color components of an a contrast corrector configured to correct contrast of a
input image, the image processing apparatus comprising: tone-compressed.luminanc.e image composed Of. the
an input-luminance calculator configured to calculate input tone-compressed input luminance values, on the basis of
luminance values representing luminance values of indi- 19 aslope of the conversion curve and the tone-compressed
vidual pixels of the input image, on the basis of the color global luminance values; and
values; atone converter configured to tone-convert the color values

ofthe input image by multiplying individual pixel values
of a differential image by a predetermined coefficient,
15 the differential image representing a difference between
the inputimage and the luminance image, and adding the
contrast-corrected tone-compressed luminance image.

a conversion-curve calculator configured to calculate a
conversion curve that is used for tone-compressing
luminance values, on the basis of a distribution of the
input luminance values;

a global-luminance calculator configured to calculate glo-
bal:luminance values representing luminance values of % % % %



