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(57) Abstract: A method and imaging device are provided. An image is di-

vided into N zones, and a histogram is generated for each of the N zones. A
tone curve is determined for each of the N zones, where tone curve paramet-
ers including the controlling of shape and transition point of the curve are
based on the histogram of each zone. A tone -mapped value for each pixel of
the image is determined based on a sum of M weighted values determined by
applying tone curves of M zones to a value of the pixel.
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SYSTEM AND METHOD FOR TONE MAPPING OF IMAGES

CROSS-REFERENCE TO RELATED APPLICATIONS

18001} This disclosure claims priority to U.S. Provisional Patent Application No. 61/926,673,
filed on January 13, 2014, which is incorporated herein by reference in ils entirety.
3 { ¥ 3

TECHNICAL FIELD

{8602} The technology described in this document relates generally to image signal processing
{ISP) methods and more particularly to systerns and methods for tone mapping of tmages.

BACKGROUND

{8603]  Semiconductor tmage sensors are used to sense radiation that includes, for example,
visible light. Complementary metal-oxide-semiconductor (CMOS} image sensors and charge-
coupled device (CCD) sensors are widely used in digital cameras and mobile phone cameras.
These sensors utilize an array of pixels located i a substrate, where the pixels include
photodiodes and transistors.  The pixels absorb radiation projected toward the substrate and
convert the absorbed radiation into clectrical signals, and these electrical signals are used in
forming digital images. Tone mapping technigues may be used in transforming digital images to
produce irnages that are more visually appesling to a viewer. Tone mapping techniques arc used,
gencrally, to map one set of colors or image characteristics to another set of values.
SUMMARY

18004] The present disclosure is directed to an imaging device and a method of processing an
image. In an example method of processing an image, an image is divided mnto N zones, A
histogram is generated for each of the N zones. A tone curve s deterroned for cach of the

N zones, where each of the tone curves is determined based on the histogram for the zone. A
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tone-mapped value for cach pixel of the image is determined based on a sum of M weighted
values determined by applying tone curves of M zones to a value of the pixel.

{B605]  In another exarmple, an imaging device mcludes a pixel arvay and a processor for
processing pixel output signals received from the pixel array. The processor is configured to
divide an image into N zones and gencrate a histogram for cach of the N zones. The processor is
further configured to determine a tone curve for each of the N zouncs, where cach of the tone
curves is determined based oun the histograro for the zone. The processor s also configured to
determine a tone-mapped value for cach pixel of the image based on a sum of M weighted values
determined by applying tone curves of M zones to a value of the pixel,

BRIEF DESCRIPTION OF THE FIGURES

[8606] Fig. 1A depicts an image divided into a plarality of zones.

{B607]  Fig. 1B depicts a determining of a tone-mapped value for a pixel of the image based on
a sum of M weighted values.

{0008]  Figs. 2A and 2B depict cxample S-shaped tone curves.

[G009]  Fig. 3 depicts an example luma histogram for a zone that is used in deternuning a tone
curve for the zone,

{6618} Fip 4 is a flowchart of an cxample process for determining tone curves for cach of the
N zones of an image.

{8611} Fig. 5A depicts an image including pixels, where tone-roapped values are determived
for cach of the pixels based on a sum of M weighted values.

{8012} Fig. 5B depicts an image divided into an & zone x 8 zone matrix, where 5 zone x 5 zone

neighborhoods are used 1o determining the tone-mapped values for pixels of the muage.

[
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(G013} Fip 6 depicts a dividing of an image into N zones and a detection of a face zone
included in the N zones.

[8614] Fig. 7 s a block diagram of an exarople tmaging device that includes an image
processing unit configured to perform image processing according to the approaches described
herein.

G615}  Fig. 8 1s a flowchart tllustrating an example method of processing an image according
to the approaches described hereiu.

DETAILED BESCRIPTION

{6616} Fip. 1A depicts an image 100 divided into a plurality of zones 154-16Z. In an example,
the tmage 100 is a digital 1mage captured with a personal electronic device, such as a digital
camera, digital video camera, smariphone, mobile device {e.g., tablet computer, ¢tc.), or other
imaging device. In capturing a scene, these devices may produce digital images having a linear
mapping between scene radiance and pixel intensity. For this reason and others, the digital
images produced by these devices may be visually unappealing. To render these digital imaages
maore visually appealing, the tone mapping techmques described heremn are applied. In general,
tone mapping is a technique used in image processing fo map one set of colors or image
characteristics to another set of values.

{8017} The tone mapping techniques deseribed herein uitlize a local tone mapping rocthod,
rather than a global tone mapping wethod. Global tone mapping methods apply a single tone
curve to all pixels of an image. A tone curve is a function that maps original pixel values of an
image to new pixel values and may be based on, for example, a power function, a logarithmic
function, & sigmoidal {7 e., S-shaped) function, or another function (e.g., a function that is image

dependent). In the global tone mapping methods, one nput value results in one and only one

(2
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output vaiue. By contrast, in the local tone mapping method described herein, one input value
may result i multiple different tonc-mapped output valucs, with the tonc-mapped output values
varyiug based on a spatial location of a pixel being transformed.

{B6I8]  As an example of the local processing used in the local tone mapping method, a first
pixel is located at a first location of the image 100, and a second pixel is located at a second
iocation of the irsage 100. The second location is different from the first location. The first and
second pixels cach have a same pixel value x;. The local tone mapping method 1s applied to the
first pixel, with the pixel value x; being processed to generate a tone-mapped value v, for the first
pixel. The local tone mapping method is further applied to the second pixel, with the pixel value
x; being processed to gencrate a tone-mapped value y; for the second pixel. Due to the local
processing methods apphied, the tone~-mapped value v, is differcnt from ;.

{6319}  To apply the local tone mapping method to the image 100 of Fig. 14, the image 100 is
divided into N zones 154-162. In the example of Fig. 1A, N is cqual to nine, and the image 100
is thus divided into the nine non-overlapping zones 154-162 depicted in the figure. For cach of
the N zones 154-162, a histogram of the luroa compounents of the pixels that forro the zone 18
generated. A luma component for a pixel indicates an intensity or brightness of the pixel. The
resulting luma histogram for cach zone is a representation of the frequency of occurrence of cach
intensity or brightness value for pixels in the zone. An example fuma histogram 300 is depicted
in Fig. 3 and described in further detail below. It should be understood that the uma histogram
generated for each of the N zones 154-162 need not include a graphical representation. In an
example, the luma histogram for a zone includes only data {e.g., luma values and corresponding

pixel counts) from which statistics of the histogram arc caleulated.
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{0028} For cach of the N zones 154-162, a local tone curve is determined.  As explained
above, a tone curve is a function that maps oniginal pixel values of an image to new pixel values.
In the tmage 100, a first zone 154 is associated with a first local tone curve Tyy, a second zone
155 1s associated with a second local tone curve Tio, and so on. Each of the different tone curves
T11-T13 associated with the zones 154-162 may have different parameters that are based on the
iocal image statistics for cach of the zones 154-162. Specifically, as described in further detail
below with refercnce to Fig. 3, each of the tone curves is determined based on the luma
histogram for the zone. Thus, for the first zone 154, the first local tone curve Ty; is based on the
fuma histogram for the first zone 154, and for the sccond zone 155, the second local tone curve
Ti2 1s based on the luma histogram for the second zone 155, and so on.

{8021]  After determuining the tone curves for each of the zones 154-162, tone-mapped values
for cach of the pixels in the image 100 are determined. As described in further detail below with
reference to Figs. 5SA and 5B, the determining of a tone-mapped value for a pixel of the image
100 is based on a sum of M weighted values. The M weighted values are deterrnimed by
applying tone curves of M zones to a value of the pixel. Determining a single weighted value of
the M weighted values inchudes 1) applying to the value of the pixel a tone curve for a particular
zone to determine a non-weighted value, and it} weighting the non-weighted value based on a
distance from the pixel to a center point of the particular zone and an intcusity diffcrence
between the value of the pixel and an average pixel value of the particular zone. The applying
and weighting steps are performed for cach of the M zones to determine the M weighted vahies
for the pixel. The tone-mapped value for the pixel is based on the sum of the M weighted vahues,

with the sum being normalized as described below with reference to Figs. 5A and 5B, The M

W
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zones include a first zone of the N zones 154-162 in which the pixel is located and one or more
other zones of the N zones 154-162 that arc within a neighborhood of the first zoune.

186221 To illustrate the determining of a tone-mapped value for a pixel of the image 100,
Fig. 1B depicts a pixel 152 located within a zone 158 of the image. The determining of a tone-
mapped value for the pixel 152 is based on a sum of M weighted values. In the example of
Fig. 1B, M 18 cqual to N, but it should be understood that in other exaropics, M is less than N.
Such other examples are tusirated in Figs. SA and 5B and descubed m detail below. The
M weighted valies are determined by applying tone curves of M zones to a value of the pixel
152, In the example of Fig. 1B, with M cqual to N, tone curves for all of the N zones 154-162
are apphied to the valuc of the pixel 152, To determine a first weighted value of the M weighted
values, a toune curve for the zone 138 1s applied to the value of the pixel 152 to determine a furst
non-weighted value. The first non-weighted value 1s weighted based on i) a distance from the
pixel 152 to a center point of the zone 158, and i1} an intensity difference between the value of
the pixel 152 and an average pixel value of the zone 158, The weighting of the first non-
weighted value yields the first weighted value of the M weighted values.

{80231  Similarly, to determine a second weighted value of the M weighted values, a tone
curve for the zone 154 is applied to the value of the pixel 152 to determine a second non-
weighted value. The second non-weighted valuc is weighted based on a distance from the pixel
152 to a center point of the zone 154 and an wiensity difference between the value of the pixel
152 and ap average pixel value of the zone 154. The rest of the M weighted vahlues for the
pixel 152 are determined by repeating these steps for the remaining zones {i.e. zones 155-157
and 159-162). The tone-mapped value for the pixel 152 15 determined based on a surn of the M

weighted values.
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{¢624] In dectermining the tone-mapped value for the pixel 152, tone curves for a
neighborhood of zoncs are applicd to the valuc of the pixel 152, Although the example of
Fig. 1B utilizes a “3 zone x 3 zone” neighborhood, it should be understood that other types of
neighborhoods are used in other examples. In another example, the image 100 is divided into an
§ zone x 8 zone matrix, and neighborhoods used in determining the tonc-mapped values are
3 zone x 3 zone neighborhoods or 5 zone x 5 zone neighborhoods, for example. Suchan 8 x §
zone matrtix with 3 x 3 and 5 x 5 zone neighborhoods are illustraied in Figs. 5A and 5B,
respectively.

(#0625} The local tone mapping method described herein is used for a variety of purposes, such
as reproducing color tmages captured with a normal sensor for a visually pleasing display.
Although the described systems and wethods are said to implernent a “local tone roapping
method,” it should be understoed that if the image 100 i3 considered to comprise a single zone
{i.e., the image 100 is not divided into multiple zones), then the systems and methods implement
a global tone mapping method.

[6026] Figs. 2A and 2B arc graphs 200, 230, respectively, showing example S-shaped tone
curves having different parameter values. As explained above, a tone curve applied in a tone
mapping method may be based on, for example, a power function, a logarithmic function, a
sigmotdal function, or another function. In an example of the approach described herein, an S-

shaped curve functionis used. An example S-shaped toue curve for a particular zone 18

= y=1-{1-a" "1 -5 a <x< 1, (Bauation 1)

{y = gl VxV, 0<x<a,
where x is a value of a pixel to which the tone curve is applied, v is an output value of the tone

curve, and ¢ and v are parameters of the tone curve. In the systems and methods described

hercin, cach zone of an image has its own tone curve with g and vy paramecters deterrmined

~1
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specifically for the zone. In considering a particular zone of the image, the parameters @ and y of
the tone curve arc sct based on a determination that the particular zone is over-exposed, under-
exposed, or of normal exposure. This 18 described in further detail below with reference to
Fig. 3.

186271 In Equation 1, the parameter ¢ controls the transition point in the piccewise function 7,
and the pararacter v controls the shape of the tone curve. Iy is equal to 1.0, then the tone curve
is a hnear curve with the output value v being equal to the value x of the pixel. Fig. 2A 15 a
graphical depiction of the S-shaped tone curve described by Equation 1. In Fig. 2A, the value v
is equal to 2.0 for all curves, and a first tone curve 402 has a value of g equal to 0.2, a sccond
tone curve 404 has a valuc of @ equal to 0.4, & third tone curve 406 has a valuc of ¢ cqual to 0.6,
and a fourth tone curve 408 has a value of ¢ equal to 0.8. Fig. 2B is another graphical depiction
of the S-shaped tone curve described in Equation 1. In Fig. 2B, the value ¢ is equal to 0.5 for all
curves, and a first tone curve 452 has a value of v equal to 0.5, a sccond tone curve 454 has a
valuc of v cqual to 1.0, a third tone curve 456 has a value of 7 equal to 1.5, and a fourth tone
curve 458 has a value of v equal 1o 2.0,

{8028] Fig. 3 depicts an example luma histogram 300. In the local tone mapping method
described herein, an input tmage 18 divided into N zones, and each of the N zones has its own
tone curve. As explained above with reference to Figs. 2A and 2B, pararuciers g and y for a tone
curve of a particalar zone are set based on a determunation that the particular zone 18 over-
exposed, under-exposed, or of normal exposure. This determination is made based on a luma
histogram for the particular zone. Fig. 3 depicts the example luma histogram 300 that is
associated with a particular zonc of an input 1mage. An x-axis of the huma histogram 300

represents differcut furoa valoes (ie., brightness ot intensity values), and a y-axis represents a
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number of pixels. Thus, the luma histogram 300 shows a count of the pixels in the 2one having
cach of the different fuma values reprosented on the x-axis. A luma value My, on the x-axis
represents a maximum luma value of the joput data (e, 8 maximum lama value of the entire
input image, as opposed o a maximum luma value of the particular zone), and the luma
histouram 300 shows that the particular zone wncludes only a small number of pixels having this
maximum luma valoe

166291  The determination of whether the particular zone is over-sxposed, under-exposed, or of
normal exposure includes determining a normatized average luma value YNy, for the particular
zone based on the luma histogram 300, The value YN is oqual to an average luma valoe Yo,

of the zone normalized by the maximum luma vilue My, 0f the input data:
YNaye ® Yave / Miumas {Eguation 1)

The average luma valoe Yo used in deternining the value YNy Is determinad from the luma
histogrant 300 for the particular zone.

[0030]  1f YNy, is greater than a first threshold value (e.g., a threshold “overkx thre” referred

YE

1o herein), the particular zone is determined to be over-exposed. Then, in setting the parameters

o]

aand v for the tome curve of the particular zone, the parameter ¢ is set equal to approxi mately 11
{e.g., (.03, and the parameter 7 is set equal to a value greater than 1O {e g, L1). fnan example,
the parameter @ §s approximately equal to 1.0 i the parameter @ has @ value botween 0.80 and
1.20.

[0031] 1§ YN, is less than a second threshold value (e.g., a threshold “underx_thre™ referred

VE

tn herein), the particular zone is determined to be under-expased. Then, in setting the parameters
o and v for the tone curve of the particular zone, the parameter g is set equal to approximately 0.0

{e.g., 0.02), and the parameter y is set equal to a value greater than 1.0 {e.g, L1, Inanexam ple

SUBSTITUTE SHEET (RULE 26)
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the parameter « is approximately equal to 0.0 if the parameter ¢ has a value between 0.00 and
0.20.

18632} The particular zone is determined to be of nowrsal exposure if the zone is vot
determined to be over-exposed, and the zone is not determined to be under-exposed. It the
particular zone s of normal exposure, the parameter ¢ for the tone curve of the zone is set equal
t0 (Hpar / Miuma).  Huar 18 2 SO-percentile luma value, where fifty percent of the pixels in the
particular zone have a luma value that is less than or equal to the 50-percentile luma value (ie.,
Hiae 18 2 fuma value where the histogram reaches percentile 580%). Mime 18 the maximum luma
value for the whole input data, as noted above. The value Hiur 18 determined from the luma
histogram 300 for the particular zone.

{8633]  Additionally, if the particular zone s of normal exposure, it is determoined, based on the
fuma histogram 300 for the particular zone, whether the zone has a wide dynamic range, a
narrow dynamic range, or a normal dynamic range. The parameter vy is set based on this
determination.  Specifically, if the particular zonc is of normal cxposure, a value DR is
deterroined from the huma histogram 300, and the determining of whether the particular zone has
the wide dynamic range, the narrow dynamic range, or the normal dynamic range is based on the
value DR. The value DR is a difference between a low-end histogram point, Hiw, and a high-
end histogram point, Hyen. Higw 18 @ g-percentile luma value where the histograrm 300 reaches a
predetfined percentile ¢% (7.e., Hisw 18 the g-percentile Juma value, where ¢ percent of the pixels
in the particular zone have a luma value that s less than or equal to the g-percentile luma value).
An example Hy. value is depicted on the example luma histogram 300 of Fig. 3, which shows
the Hiow luma valuc that is less than the Hyer luma value, Hyen 18 a (100 — g)-percentile luma

value where the histograrn 300 reaches a predefined percentile (100 — )% (e, Hug 15 the

10
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{100 - g)-percentile fuma valae, where (100 — ¢) percent of the pixels in the particular zone have
4 luma value that is less than or equal 1o the (100 - g)-percentife tuma value).

10034]  Using the DR value, it is determined whether the particular zone has a wide dynamic
range, a narrow dynamic range, or a normal dynamic range, and based on this determ ination, the
tone curve parameter y for the particular zome is set.  Specifically. the particular zone is
determined o have a wide dynamic range and v is set equal 10 Ymin if DR i greater than DR
e 15 @ predetermined minimum vatue for v, and DRma Is @ predetermined maximam threshold
valie for DR, The particular zone is determined to have a narrow dynamic range and y is set
equal 10 Yue 3T DR is loss than DR Vow 15 & predetermined maximum value {or vy, and DRy,
is-a predetermined minintun threshold value for DR, Setting v equal 10 Y avoids the over-
amphification of noise. In an example, 0r 9 flat area like a wall v, 18 set fo 1.0, Further, in

g gain applied so that e, s 2 small value for a

another example, vas 15 361 hased on an analog
Jow light scone with high gain.

{035]  The particular zone is determined to have a normal dysamic range if the zone is not
determined to have the wide dyvnamic range, and the zone is not determined t© have the narrow
dynamic range. f the particular zone is determined to have the normal dynamic range, ¥ is set

equal 1o

(DR-DRmax *ymax~Ymin)
£ )
\PRipax R

n + Ymin- {Eqguation 3}
min:

[0636]  Fig. 4 is a flowchart 400 of an example process for determining tone curves for each of
the N zones of an image. At 402, the input iage is divided inte N zones, and at 404, a luma
histogram is generated for each of the N zones. To determine a tone cwve for each of the N
zones. subseguent steps of the floswchart 400 are performed. Specifically, for a first zone of the

N zones, at 406, a deterraination is made as to whether the first zone is over-exposed. 11 the zone

il
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is over-exposed, at 408, a value o for a tone curve for the first zome is set 10 a value
approximately squal to 1.0 (e.g. 0.9) and 7 is set to a suitable value (e, LU It shoudd he
understood that the paremeters @ snd v discussed herein with reference to Fig. 4 are the
parameters for the tone curve included in Equation 1. At 410, a determination is made as o
whether all zones of the N zones have been processed. If all zones have been processed, the
process ends, and if all zones Bave not been processed, the flowchart returns (o the determination
at 406, and a determination is made as to whether & second zove of the N zones i5 over-exposed.
0037 If it is determined at 406 that the first zong is not over-exposed, at 412, a determination
is made as to whether the first zone is under-exposed. 1f the zone is under-exposed, at 414, the
value @ for the tone curve for the first zone is set to a vahse approximately equal to 0.0 (e.g,
(.02 and vJs set to a suitable value (e.g, 1.D). At416, a determination ts made as to whether gl
zones of the N zones have heen processed. I all xones have been processed, the process ends,
and if all zones have not been processed, the flowchart returns o the determination at 406, and &
determination is made as 1o whether the second zone of the N zanes i over-exposed.

{0038] I it is determined at 412 that the first zone is not under-exposed, at 418, the first xone
is determined to be of normal exposure, Consequently, at 418, the parameters « and y of the tone

curve for the first zone are set as follows:

a = Hpait / Magma (Equation 4}
rE Ymin if DR = DRyay

Pmax else if DR <DRypin
(DR -~ DRiax) *Crman = Fmind £ { DRma ~ DRanind * P £l50 (Fquation 3)
Variables included in Equations 4 and § above (2.2, Hhar Migma Yo Ymaxe DR DRppees DRegind
are described above with reference to Fig. 3. At 420, a determination Is made as (o whether all
zones of the N zones have been processed. 1f all zones have been processed, the process ends,
12
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and if all zones have not been processed, the flowchart returns to the determination at 406, and a
determination 18 made as to whether a second zone of the N zones 18 over-cxposed.

[8639] Fig. SA depicts an umage 500 including pixels 502, 512, 526, 546, where tone-roapped
values are determined for cach of the pixels 502, 512, 526, 546 based on a sum of M weighted
values. The image 500 is divided into zones, and in the example of Fig. 5A, the image 500 is
divided up into a matrix of 8 zones x 8 zones. Each of the zones of the frnage 300 has its own
tone curve with corresponding ¢ and v parameters, with the @ and v parameters being set based
on cach zone's fuma histogram statistics, as described above. After determining the tone curves
for cach of the zones of the image 500, tone-mapped values for cach of the pixels in the mage
500 are deterruined.

{8646] For cach pixel in the mage 500, the pixel’s tone~-mapped value is based ou a sum of
M weighted values. The M weighted values are determined by applying tone curves of M zones
to a value of the pixel. Determining a single weighted value of the M weighted values includes
1) applying to the valuc of the pixel a tone curve for a particular zone to deternune a non-
weighted value, and ) weighting the von-weighted value based on a distance from the pixel o a
center point of the particular zone and an intensity difference between the value of the pixel and
an average pixel value of the particular zone. The applying and weighting steps are performed
for cach of the M zones to determine the M weighted values for the pixel. The M zones include
a first zone of the & zone x 8 zone matrix in which the pixel is located and one or wore other
zones of the 8 zone x 8 zone matrix that are located within a neighborhood of the first zone.
18041} To illustrate this approach to finding a tone-mapped cutput value for a pixel, Fig. 5A
depicts a pixel 502 located within a zone 504 of the mmage 500. The deterrmoining of a tone-

mapped value for the pixel 502 is based on a sum of M weighted values. For the pixel 502, M is
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equal to four, hased on the neighborhaod of zones 503 used in the caleulation. The M weighted
vadues are determined by applying tone carves of M zones to a value of the pixel 302, With M
equal to four for the pixel 302, tone curves for the zones 304, 506, S08, 310 are applied to the
value of the pixel 502. To determine a first weighted value of the M weighted values, a tone
curve for the zone 504 is applied to the value of the pixel 502 to determine a first non-weighted
valug, The first non-weighted value is weighied based on i) a distance from the pixel 502 o a
center point of the zone 304, and i)y an intensity difference between the value of the pixel 502
and an average pixgl vatue of the zone S04, The weighting of the first non-weighted value yields
the first weighted value of the M weighted values. Similarly. to determine a second weighted
value of the M weighted values, a tong curve for the zone 506 is applied 1o the value of the pixel
502 to determing a second non-weighted value, The second now-weighted value is weighted
based on a distance from the pixel 302 to a center point of the zone 506 and an intensity
difference betwean the value of the pixel 302 and an average pixel value of the zone 306, The
rest of the M weighted values for the pixel 502 are determined by vepeating these steps for the
remaining zones (fe. zones 308 and 510). The tone-mapped value for the pixel 302
determined based on a sum of the M weighted values.

[0642] 1o an example, the determining of the tone-mapped value for the pixel 502 is based on

PRI {Trplxrawipnyain)
yix) =15 '
n =1

{Eguation 6}

(wippsedey)

where y is the tone-mapped value for the pixel 502, x is the original value of the pixel 502, T, is
a tone curve for a zone # of the M zones 504, 306, 508, 510 defining the neighborhood 503, wl,,
is a distance weighting function based on a distance from the pixel 302 10 a center puint of the
yone n, w2, is a similarity weighting function based on an intensity difference between the value
of the pixel 502 and an average pixel value of the zone n.
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{0043} In an cxample, the distance weighting function wl, is based on a first Gaussian
function with values that vary based on the distance, and the similarity weighting function w2, is
based on a second Gaussian function with values that vary based on the intensity differcuce. The
first Gaussian function has values that decrease with increasing distance, such that a value of the
distance weighting function wi, decreases as the distance between the pixel 502 and the center
point of the zone » increases. Sumilarly, the sccond Gaussian function has valucs that decrecase
with mncreasing ntensity difference, such that a value of the similarity weighting function w2,
decreases as the intensity difference between the value of the pixel 502 and the average pixel
value of the zone # increases. In other examples, the distance weighting function wl, and the
similarity weighting function w2, are not Gaussian functions and are instead other functions.
{8644] Tone-mapped values for other pixels of the image 500 are determuned in a similar
manner using Equation 6. When considering different pixels of the image 500, a neighborhood
of zones used in making the calculation varies. For example, in calculating the tone-mapped
valuc for the pixel 502, four zones arc used, where the four zones include the zone 504 1 which
the pixel 502 1s located and the three zones 506, 508, 510 located within the neighborhood 505
of the zone 504, By contrast, in calculating the tone-mapped value for the pixel 526, nine zones
arc used {i.e., M 1s cqual to nine in Equation 0), where the nine rones include the zone 536 in
which the pixel 526 1s located and the eight zones 528, 530, 532, 534, 53§, 540, 542, 544 located
within a neighborhood 503 of the zone 536, In calculating the tone~-mapped values for the pixels
512 and 546, six zones included within neighborhoods 307 and 509, respectively, are used.
18045] Each of the ncighborhoods of zones 503, 503, 507, 509 illustrated in Fig. 5A is
considered to be a 3 zone x 3 zone neighborhood. For the pixel 526 located within an interior of

the image 500, all wine zones of the 3 zone x 3 zoue neighborhood 503 are used. By contrast, for

[
N
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the pixels 502, 512, 546 located near a periphery of the image 500, less than all nine zones of the
3 zone X 3 zone neighborhood are used. Thus, special treatment is used in applying the
3 zone x 3 zone neighborhood to pixels located near the edges of the 1mage 500.

{6046]  To further tllustrate the variations in neighborhood size for calculating tone-mapped
values for different pixels of an image, Fig. 5B depicts an image 560 with neighborhoods 568,
570, 572 used in calculating tone-mapped values for pixels 562, 364, 566, respectively. The
image S60 is divided into an 8 zone X § zoune malrix, and cach of the neighborhoods of zoues
568, 5704, 572 13 counsidered to be a 5 zone x 5 zone neighborhood. For the pixel 566 located
within an interior of the tmage 560, all twenty-five zones of the 5 zone x 5 zone neighborhood
5372 are used (e, M is cqual to twenty-five in Equation 6). By contrast, for the pixel 562
located near a corner of the image 560, only nine zones of the § zone x 5 zone neighborhood 568
arc used. Similarly, for the pixel 564 located near a top edge of the image 560, only fifteen
zones of the 5 zone x 5 zone neighborhood 570 are used. It should be understood that the
features of Figs. 5A and 5B are exemplary only. For exarmaple, although both Figs. 5A and 5B
itustrate dividing an image 1uto an § zone X & zone matrix, fewer zones or additional zones are
used in other examples. Similarly, the 3 x 3 zone and 5 x 5 zone neighborhoods tlhustrated in
these figures are examples only, and other neighborhood systems are used in other examples
{e.g., neighborhoods of different sizes and/or shapes). In Figs. 5A and 3B, the arrows exiending
from the pixels illustrate distances between the pixels and center poiuts of the relevant zones.
{63471 Fig. 6 depicts an image 600 divided mto N zones, where one of the N zones is
determined to be a face zone 602, Determining a tone curve for cach of the N zones of the image
600 includes determining whether the zone 18 over-exposed, under-exposed, or of normal

exposure, where the determination is based on a normalized average luma value YNu, for the
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zone. Specifically, the value YN,y is compared to first and second threshold values overEx thre
and underEx_thre, respectively, to deterraine if the zone is over-cxposed, under-exposed, or of
normal exposure, as described above. As referred to heven, the threshold value overEx thre
the over-exposed threshold vahue used in determining if the zone is over-cxposed, and the
threshold value underEx thre is the under-exposed threshold value used in determining if the
zone 18 under-exposed. However, if the zone is determimed to melude a face of a human being,
then the overEx _thre and underEx thre threshold values are modified 1o order to modify the tone
curve parameters for the zone. Thus, in an example, the tone mapping methods described above
are supplemented with face detection methods.

{0048] In imoplementing the face detection mcthods, 1t 18 determined, for each of the N zones
of the image 600, if the zone includes a face of a human being. For cach zone including the face,
the under-exposed threshold valie underEx thre is selected differently to cause an increase in
the brightness of the zone including the under-exposed face. Similarly, for each zone including
the face, the over-exposed threshold value overEx thre 1s selecied differently based on the
inclusion of the face in the zone. The YN, 18 calculated for the zone based ou the skin-tone
pixel values included in the zone and compared to the medified threshold values for the zone.
Additionally, for cach zone inchading the detected face, the y parameter of the tone curve {e.g., as
used in the S-shaped tone curve defined in Equation 1) 18 set to approxiroately 1.0 to avoid the
cohancement of the contrast in the face.

{6349] Fig. 7 is a block diagram of an example imaging device 700 that includes an image
processing unit 704 configured to perform image processing according to the approaches
described herein. Embodiments of the exaraple froaging device shown in Fig. 7 are included

stand-alone digital cameras and 1o digital cameras embedded in other electronic devices, such as
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cellular phones, laptop computers, and hand-held personal computing devices. As shown in
Fig. 7, example imaging device 700 includes an optical sensing unit 702, an image processing
unit 704, a data storage unit 706, and an input/output miterface 708, In other exaroples, the
example imaging device 700 further inchudes memory (e.g., as part of the data storage unit 706,
the input/output interface 708, or as a standalone component) and a bus that connects one or
more of the components 702, 704, 706, 708,

{6058]  The components of the imaging device 700 are configured to provide image acquisition
and tone mapping. In providing the tmage acquisition, the optical sensing unit 702 ncludes a
pixel array or other components used to form a complementary metal-oxide-semiconductor
(CMOS) mmage sensor or charge-coupled device (CCD) image sensor.  In providing the tone
roapping, the fmage processing unit 704 juclades one or more processors for processing image
pixel output signals that are generated by the optical sensing unit 702. The one or more
processors of the image processing unit 704 obtain the pixel ountput signals and perform
procedures to adjust the pixel output signals as necessary for the tone mapping.

{6651] The data storage voit 706 and mewory are configured to hold persistent and von-
persistent copies of computer code and data. The computer code includes instructions that when
accessed by the timage processing unit 704 result in the imaging device 700 performing the tone
mapping operations as described above. The data includes data to be acted upon by the
fnstructions of the code, and in an exarmple, the data includes stored pixel output sigoals and/or
digital images formed by the pixel output signals. The processing unit 704 includes one or more
single-core processors, multiple-core processors, controllers, or application-specific integrated

circuits {ASICs), among other types of processing compounents. The memery inchudes randor

i8



WO 2015/105643 PCT/US2014/070568

access memory (RAM), dynamic RAM (DRAM), static RAM (SRAM), synchronous DRAM
(SDRAM), or dual-data rate RAM (DDRRAM), amnong other types of memory.

{86582]  The data storage untt 706 mchudes integrated or peripheral storvage devices, such as, but
not limited to, disks and associated drives {e.g., magnetic, optical), USB storage devices and
associated ports, flash memory, read-only memory (ROM), or non-velatile semiconductor
devices, among others. In an example, data storage unit 706 18 a storage resource physically part
of the imaging device 700, and 1n another example, the data storage unit 706 1s accessibie by, but
not a part of, the tmaging device 700. The input/output interface 708 includes interfaces
designed to communicate with peripheral hardware (e.g., remote optical imaging sensors or other
remote devices). In various embodiments, imaging device 700 has more or less elements or a
different architecture,

{B653]  Fig. 8 is a flowchart R00 illustrating an example method of processing an image
according to the approaches described herein. At 802, an image is divided into N zones. At 804,
a luma histogram is generated for cach of the N zones. At 806, a tone curve for cach of the N
zones 1s determined, where cach of the tone curves 18 determined based on the luma histogram
for the zone. At 808, a tone-mapped value is determined for each pixel of the image based on a
sum of M weighted values determined by applying tone curves of M zones to a value of the
pixel. Determuning the M weighted values includes, at 810, applying to the value of the pixel a
tone curve for a zone to determine a non-weighted value. Determining the M weighted values
further inchudes, at 812, weighting the non-weighted value based on 1} a distance from the pixel
to a center point of the zone, and it} an intensity difference between the value of the pixel and an
average pixel value of the zone. At 814, the applying and weighting steps arc performed for

each of the M zones to deterroine the M weighted values for the pixel. The M zouves jnclade a
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first zone in which the pixel is located and one or more other zones located within a
neighborhood of the first zone.

[86584] This written description uses examples to disclose the invention, including the best
mode, and also to eunable a person skilled in the art to make and use the mvention. The
patentable scope of the invention includes other examples. Additionally, the methods and
systems described herein may be implemented on many different types of processing devices by
programn code comprising program isiructions that are execcutable by the device processing
subsystem. The software program instructions may include source code, object code, machine
code, or any other stored data that is operable to cause a processing systemn to perform the
methods and operations described herein. Other fraplementations may alse be used, however,
such as firmware or even appropriately designed hardware configured to carry out the methods
and systems described herein.

18055]  The systems’ and methods” data {e.g., associations, mappings, data input, data output,
mtermediate data results, final data results, eic.) may be stored and mmpleraented i one or more
different types of computer-implemented data stores, such as different types of storage devices
and programming constructs (e.g., RAM, ROM, Flash memory, flat files, databases,
programuming data structures, programmpuing variables, IF-THEN {or similar type} statement
constructs, etc.}. It is noted that data structures describe formats for use in organizing and
storing data in databases, programs, memory, or other computer-readable media for use by a
computer program.

18056} The computer components, software modules, functions, data stores and data structures
described herein may be connected directly or indirectly to cach other in order 1o allow the flow

of data needed for their operations. 1t s also noted that a module or processor includes but is not
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{tmited to a unit of code that performs a software operation, and can be implemented for example
as a subroutine unit of code, or as a seftware function unit of code, or as an object {as i an
object-oriented paradigmy}, or as an applet, or in a compuler script language, or as another type of
computer code. The software components and/or functionality may be located on a single
computer or distributed across multiple computers depending upon the situation at hand.

{66571 1t should be understood that as used 1n the description herein and throughout the claims

2%

that follow, the meaning of “a,” “an,” and “the” includes plural reference unless the context
clearly dictates otherwise. Also, as used in the description herein and throughout the claims that
follow, the meaning of “in” includes “in” and “on’ unless the context clearly dictates otherwise.
Further, a5 used in the description herein and throughout the claims that follow, the meaning of
“cach” does not require “each and every” unless the context clearly dictates otherwise. Fiually,
as used in the deseription herein and throughout the claims that follow, the meanings of “and”
and “or” include both the conjunctive and disjunctive and may be used interchangeably unless
the context expressly dictates otherwise; the phrase “exclusive of” may be used to indicate

stinations where only the disjunctive meaning may apply.
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{t is claimed:
I A method of processing an image, the method comprising:
dividing an tmage into N zoves and generating a histogram for cach of the N zones;
determining a tone curve for cach of the N zones, wherein cach of the tone curves is
determined based on the histogram for the zone; and
determining a tone-mapped value for cach pixel of the image based on a sum of

M weighted values determained by applyiog tone curves of M zones 1o a value of the pixel.

2. The method of claim 1, wherein determining the M weighted values comprises:
applying to the value of the pixel a tone curve for a zone to deternmine a non-weighted valae;
weighting the non-weighted value based on 1) a distance from the pixel to a center point
of the zone, and 1) an intensity difference between the value of the pixel and an average pixel
value of the zone; and
perforrning the applying and weighting steps for cach of the M zones to deterraine the
M weighted values for the pixel, wherein the M zones include a first zone in which the pixelis

located and one or more other zones within a neighborhood of the first zone.

3. The method of claim 1, wherein the determining of the tone curve for cach of the N zones
focludes:

determining, based on the histogram for the zone, whether the zone is over-exposed,
under-cxposed, or of normal exposure; and

based on the deterroination that the zone 18 over-exposed, under-exposed, or of normal

exposure, setting parameters of the tone carve for the zone.



WO 2015/105643 PCT/US2014/070568

4. The method of claim 3, wherein the determining of whether the zone 18 over-cxposed,
under-exposed, or of normal exposure includes:

determining, based on the histogram for the zone, a normalized average luma value YNy
for the zone, YN, being equal to an average luma value of the zone normalized by a maximum
furma valuc of the image;

determining that the zone is over-exposed if YNu g 15 greater thau a first threshold value;

determining that the zone is under-exposed if YN,y 15 less than a second threshold vahue;
and

determining that the zone 1s of normal exposure if the zone s not deterrmned to be over-

exposed, and the zone s not determined to be under-exposed.

5. The method of claim 4, wherein the tone curve for the zone is based on
{y =g V¥, 0<x<ag,
y=1—{1-a)"(1-x), a<x<i,

where x 1s the value of the pixel to which the tone curve is applicd, v is an output value of the
tone curve, and a and vy ave the parameters of the tone curve set based on the deterroination that

the zone is over-exposed, under-exposed, or of normal exposure.

6. The method of claim S comprising:
i the zone 1s of normal exposure:
determining a value DR from the histogram, wherein DR is a difference between Hiow

and Hiien, wherein Hyoy, 1S a g-percentile luma value that is less than Hygr, and Hyp 15 2 (100 - ¢)-

N
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percentile fuma value, and wherein the determining of whether the zone has the wide dynamic
range, the narrow dynaric range, or the normal dynamic range 1s based on the value DR;

determining that the zone has the wide dynarc range and setting v equal {0 v 1t DR 18
greater than DR py, DRuex being a maximum threshold value for DR and v being a minimum
value for v,

determining that the zone has the narrow dynamic range and sctiing y cqual 10 Y 1f DR
is less than DR i, DRy being a minimum threshold value for DR and yima being a moaximuam
value for v; and

determining that the zone has a normal dynamic range and setting v equal to

(DR-DR o) *(Yemax~Vesin) +y .
(DRmax"DRmin) e

if the zone is vot determined to have the wide dynamic range and vot determined to have the

narrow dynamic range.

7. The racthod of claim 1 comprising:
determining, for cach of the N zones, if the zone wnchudes a face of & huwman being; and

modifying the tone curve for cach of the N zones determined to include the face.

g, The method of claim 1, wherein the determining of the tone-mapped value for cach pixel
is based on

N %:1(7111(3@ *wl, *wi,}
yix) = <

n=1

?

(wi, w2}
where v is the tone-mapped value, x ts the value of the pixel, 7, 1s a tone curve for a zone »n of the

M zones, wi, is a distance weighting function based on a distance from the pixel to a center
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point of the zone #, w2, 18 a similarity weighting function based on an intensity difference
between the value of the pixel and an average pixel value of the zone n, wherein the distance

weighting function and the simtlarity weighting function are based on Gaussian functions.

3. The method of claim 1,

wherein in the determining of the tonc-mapped value for a first pixel of the tmage, M is
equal to N, and

wherein in the determining of the tone-mapped value for a second pixel of the image, M

is less than N,

19, The method of claim 1,
wherein in the determining of the tone-mapped value for a first pixel of the image, M is
equal to a first value, the first pixel being in a zone that is Iocated at a boundary of the image,
wherein in the determining of the tone-mapped value for a second pixel of the fmage, M
is equal to a second value, the second pixel being in a zone that is not located at the boundary of

the image, and wherein the second value is not equal to the first value.

11, Ap imaging dovice comprising:

a pixel array; and

a processor for processing an image received from the pixel array, the processor being
configured to:

divide the image into N zones and generate g histogram for cach of the N zones;

]
N
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ictermine a tone curve for cach of the N zones, wherein cach of the tone curves is
deterrained based on the hustogram for the zone; and
determine a tone-mapped value for each pixel of the image based on a sum of

M weighted values determined by applying tone curves of M zones to a value of the pixel.

12, The imaging device of claim 11, wherein the processor 1s configured to determine the
M weighted values, the determining of the M weighied values corprising:
applying to the value of the pixel a tone curve for a zone to determine a non-weighted value;
weighting the non-weighted value based on 1) a distance from the pixel to a center point
of the zone, and 11} an intensity difference between the value of the pixel and an average pixel
value of the zone; and
performing the applying and weighting steps for each of the M zones to determine the
M weighted values for the pixel, wherein the M zones include a first zone in which the pixel is

located and one or more other zones within a neighborhood of the first zoune.

13, Theimaging device of claim 11, wherein the determining of the tone curve for each of
the N zones includes:

determining, based on the histogram for the zone, whether the zone 18 over-exposcd,
under-exposed, or of normal exposure; and

based on the determination that the zone s over-exposed, under-exposed, or of normal

exposure, setting parameters of the tone curve for the zone.
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14, The imaging device of claim 13, wherein the determining of whether the zone is over-
exposed, under-exposed, or of normal exposure includes:

determining, based on the histogram for the zone, a vormalized average luma value YNy,
for the zone, YN, being equal to an average fuma value of the zone normalized by a maximum
luma value of the image;

determining that the zone i1s over-exposed 1f YN, 18 greater than a first threshold value;

determining that the zone is under~exposed if YNgy. 18 less than a second threshold value;
and

determining that the zone is of normal exposure if the zone 18 not determined to be over-

exposed, and the zone 18 not determined to be under-exposed.

15.  The imaging device of claim 14, wherein the tone curve for the zone is based on

A

{y = gl"VxY, 0<x <aq,
yv=1—-(1—-a)'7{1-x}), a<x <1,

where x is the value of the pixel to which the tone curve s applied, y is an output value of the
tone curve, and @ and v are the parameters of the tone curve sct based on the determination that

the zone is over-exposed, vnder-exposed, or of normal exposure.

16, The imaging device of claim 15, wherein the processor is further configured to:
if the zone is of normal exposure:
determine a valoe DR from the histogram, wherein DR 1s a difference between Hioy and
Huien, wherein Hi 18 a g-percentile luma value that is less than Hyae and Hyop 18 2 (100 - g)-
249 4 gh
percentile lnma value, and wherein the determining of whether the zone has the wide dynamic

range, the narrow dynamic range, or the normal dynamic range is based on the value DR;
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ictermine that the zone has the wide dynamic range and setting v equal to v if DR s
greater than DR, DRy being a maximum threshold value for DR and v, being a minimum
value forv;

determine that the zone has the narrow dynamic range and setting v equal 10 Yo if BR i
less than DRy, DRy, being a minimum threshold value for DR and v boing a maximum
valuc for v; and

determine that the zoune has a normal dynamic range and setting v equal to

(BR~DRpax)*(Ymax=~Vmin ) + .
(Df{max'“DRmm} T

if the zone is not determined to have the wide dynamic range and not determined to have the

narrow dynamic range.

17 The imaging device of claim 11, wherein the processor is configured to:
determine, for each of the N zones, if the zone includes a face of a human being; and
modity the tone curve for cach of the N zones deternmined to include the face.

I8, The imaging device of claim 11, wherein the determining of the tone-mapped value for

cach pixel is based on

} e Zﬂ"[ (},@71n ES %72n>

n=1

?
where y 1s the tone-mapped value, x 18 the value of the pixel, 7, is 4 tone curve for a zone » of the

M zones, wl, is a distance weighting function based on a distance from the pixel to a center

point of the zone #, w2, is a similarity weighting function based on an intensity difference
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between the value of the pixel and an average pixel value of the zone », wherein the distance

weighting function and the similarity weighting function are based on Gaussian functions.

19.  The imaging device of claim 11,

wherein in the determining of the tone-mapped value for a first pixel of the image, M is
equal to N, and

wherein in the determiming of the tone-mapped value for a second pixel of the image, M
is less than N.
20.  The imaging device of claim 11,

wherein in the determining of the tonc-mapped value for a first pixel of the image, M is
equal to a first value, the first pixel being in a zone that is located at a boundary of the image,

wherein in the determining of the tone-mapped value for a second pixel of the image, M
is cqual to a sceond value, the second pixel being in g zone that 18 not located at the boundary of

the image, wherein the second value 18 not equal to the first value.
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