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20  CCD arrays are capable of acquiring images having high dynamic ranges.

There are displays, such as the displays available from Dolby Canada

Corporation are capable of displaying high dynamic range images.

However, many computer displays, televisions and the like have limited

dynamic ranges and are incapable of displaying such high dynamic range
25  images.

[0004] Some image data has low dynamic range because of the way
that the image data is acquired or generated. In other cases, the dynamic
range of image data may be reduced to match the characteristics of

30 displays on which image of the image data will be reproduced. A tone
mapping operator can be applied to higher dynamic range image data to
reduce the dynamic range of the image data. This may be done, for
example, to provide image data that matches the dynamic range of a type
of display or a particular image data format.
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the dynamic range of original image data representing an image. The
20 method comprises, in any order: applying an expansion function to

generate from the original image data expanded data having a dynamic
range greater than that of the original image data; and, obtaining an
expand map comprising data indicative of a degree of luminance of
regions associated with pixels in the image. The method combines the

25  original image data and the expanded data according to the expand map to
yield enhanced image data.

[0009] Another aspect of the invention provides apparatus for
expanding the dynamic range of original image data. The apparatus

30 comprises: a dynamic range expander connected to receive original image
data and to output expanded data having a dynamic range greater than that
of the original image data; a luminance distribution analyzer configured to
generate an expand map indicative of the luminance of regions associated
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Li(x,y)+ —g—(l ~ Ly(x, y))Lw(x‘, y) = Ly(x, )=

W

Lh

<

7

white

or a mathematical equivalent thereof, where «, L., and Ew are

parameters and L, is a luminance value corresponding to a pixel in the
original image data.

15 {0011} In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments are described below
and/or will become apparent by reference to the drawings and by study of
the following detailed description.

20 Brief Description of Drawings

[0012]} The appended drawings which illustrate non-limiting
embodiments of the invention.
{0013] Figure 1 is a flow chart illustrating a method according to an
embodiment of the invention.

25  [0014) Figure 2 is a block diagram of an apparatus according to the
invention.
{0015] Figure 3 is a block diagram of an apparatus according to

another embodiment of the invention.
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range. For example, the first range may permit values in the range of 0 to
255 while the second, expanded, range may permit values in the range of
0 to 1023 or values in the range of 0.00 to 1.00 to some specified
precision, In some embodiments, the luminosity value of a pixel in

25 expanded image data 25 is a function of the luminosity value of the
corresponding pixel in original image data 23.

[0019] Expanding may involve any of: linear scaling, non-linear
scaling or applying a more complicated expansion function such as the

30 inverse of a tone mapping function. Where block 26 applies an inverse
tone-mapping function, the inverse tone-mapping function applied in block
26 is not necessarily the inverse of any particular tone mapping function
used in the creation of original image data 23. Indeed, in some cases,
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L,(x.¥)= —%_ L,(x.¥) (1)

w

20 where L, is the scaled value, o is a user parameter, L,, is the luminosity of
the pixel in original image data 23. If original image data 23 is in an RGB
format then L, may be given by:

L, =0213R, +0715G, +00728,, 2
where R, G, and B, are respectively the red, green and blue pixel values
25  for the pixel in the RGB color space. L, is the geometric average defined
by:
- 1 , N
L, = exp[ m?log(c?%- L {x, 1))J 3)
;\r 5{ , ‘ 4

4
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where L, 1s the compressed value for the pixel at (x, y). In a more flexible

embodiment, the compression is provided by:

ol 1 )
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white

L (x,v)=
2 (% 0) 1+ L, (v, »)

(5)

where L, is a parameter that corresponds to the smallest luminance value
from the uncompressed data that will be mapped to white in the
compressed data.

[0023] Equation (5) can be inverted by solving the quadratic
equation:

2
B i L) Lm)=0

wh: te

In Equation (5), L,, can be replaced by the value from Equation (1) to
yield:

mﬁ'—TL?v(x-‘J/}

white *w w

= (1= Ly(v )L, (x,9) - L{v.y)=0 O

t“il ™
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embodiments, the parameters may be autornatically set or predetermined.
In some embodiments, some or all of the parameters are set automatically
to initial values and a user can vary the parameter values from those initial
values, if desired.
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[0025] One way to assign [_:w is to use the geometric average

luminance of the lower dynamic range image being processed. It has been
found that the geometric average luminance of a higher- and lower-
dynamic range images of the same scene are typically quite similar (unless

20  the lower-dynamic-range image is significantly over- or under-exposed).
Certain tone-mapping operators tend to change the geometric average
luminance. Where such tone mapping operators have been used in the
generation of original image data 23 it may be desirable to use a function
of the geometric average luminance of the lower dynamic range image

25  being processed for Ew . The function may be chosen based upon

knowledge of the tone-mapping operator used to generate original image
data 23 or may be determined empirically.

[0026] One way to assign a value to the parameter L, (x,y) is to
30 realize that L, is the luminance of the lower-dynamic range image being
processed.
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10 mapped image will have luminance values similar to those in the original
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20

25

30

lower-dynamic range image scaled by the factor L, . In typical
applications, setting L,,,, and L,.." to have values that are equal or of the
same order tends to produce reasonable results.

[0028} The expansion function applied in block 26 may produce an
expanded image that is not completely acceptable, If the expansion
function produces output luminance values that are high then the resulting
image may be “blocky” in appearance.

[6029] Method 20 obtains an output image 33 by combining
expanded image 25 with original image 23 according to an expand map 29
generated in block 28. Expand map 29 identifies higher-luminance and
lower-luminance areas of original image 23. Using expand map 29,
method 20 bases output image 33 more heavily on expanded image 25 in
higher-luminance areas and bases output image 33 more heavily on
original image 23 in lower-luminance areas. Block 28 may use any
suitable method for evaluating the luminance level of an area to which a
pixel belongs. For example, block 28 may compute an average luminance
or weighted average luminance of pixels in an area to which each pixel
belongs. Expand map 29 includes weights associated with each pixel. The
weights indicate the relative degree to which original image 23 and
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[0033] In some implementations, the point light sources may be

stored in a data structure comprising a 2D tree to facilitate nearest-

neighbour searches that may be performed in creation of expand map 29.
30

{0034] It is not mandatory that the original image 23 be used for

identification of higher- and lower-luminance areas. The distribution of

higher- and lower-luminance areas will be similar in original image data
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i dentified by the medighycut)=afForithm performed in )
bl ock 28A is to deternine for emch pixel (x,y) the
density of |ight 'sources Wi thin an° area surroundi ng

t he p| xel . The area mmy conveniently conprise a

I 0]
o SRS A T AR AP 58 TRe RSN ek nl A o et o
15deimnmbn@b valubddra ¢ighabourPatit poimt f asdi, fA pahe ee @Ansbide
Editjion,. Wley |Int Er sci.ence 2001

0036
foWﬁ".Eﬁl%“}%fFaﬁwrs Raving f‘%ﬂ‘ S AR f391g %@(ﬂrbﬁw gxample)

that correspond to light sources identified by the median cut algorithm. »

[0037] The density estimation can be improved in a number of ways
20 including:
® iterating the median cut algorithm to obtain a greater number of
light sources (i.e. making » larger);
® applying a smoothing filter to the results of the density estimation;
® requiring that at least a threshold number of light sources (for
25 example, where there are 1024 or more light sources - #=10 the
threshold number could be 4 or more - in some cases 4-6 light
sources) be within a region of influence of a pixel (e.g. within a
radius r of the pixel) before assigning a non-zero density A to the
pixel.
30



Vp AXA=PeP 2 m- Max (9) where: Ais the
density; X is the location (x.y) in the imge; Tv is

m nance value for a |ight source at point p;
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I's the set of points within the are&€
having radius r and centergﬂ at X in this exanple)
that correspond to |light Sdurces identified by the

negi cut a [ 7] The .densi ty..estimation..
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where there are 1024 or fore]light”ssolrces - n=10 the
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where: w/ is the kernel; v and 3 are parameters. This filter is described,
for example in Pavicic, Convenient Anti-Aliasing Filters that Minimize
Bumpy Sampling, Morgan Kaufmann, (1990). Example values for vy and §
are y=0.918 and $=1.953. This filter is normalized and can be applied
by scaling the luminances by w,” when computing the density estimation as
described above. It can be seen that this filter weights light sources that
are closer to the pixel more deavily than light sources that are farther from
the pixel.

[6039] In block 30, original data 23 and expanded data 25 are
combined using expand map 29 to yield enhanced data 33. In an
illustrative example, expand map 29 provides a value in the range [0,1] for
each pixel. This value can be used as weights for a linear interpolation
between original data 23 and expanded data 25. For example:

Ll .5)= ML (50)+ (1= A( )Ly (5. ) an

where: L, is a pixel luminance value in enhanced data 33 for a pixel at
location (x,y); L, is a luminance value for the pixel in expanded data 25;
L, is a luminance value for the pixel in original data 23; and A is a weight
for the pixel in the range [0,1] from expand map 29.



[0038] A snoothing filter may conprise a Gaussian
snmoothing filter. For exanple, a prototype enbodi nent

Gaussian filter defined by the wei <9f _the
%?ﬁggﬁggﬁven by: 5 where: wgP is the kerﬁgl?%m%/{'ﬁg%”s
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exanple in Pavicic, Conveniént Anti-Aliasing Filters
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[0043] Typical images contain hundreds of thousands of pixels and,

20 more typically, millions of pixels. The methods described herein are
performed using automated apparatus, such as specialized hardware and/or
programmed compuier systems.

{0044] Figure 2 shows schematically apparatus 40 for producing
25  images having expanded dynamic ranges from original image data 23.
Apparatus 40 comprises a dynamic range expander 44 that processes
original image data 23 to yield expanded data 25. In some embodiments,
dynamic range expander 44 comprises a software module that takes
original image data 23 and applies a dynamic range expansion function to
30 each luminance value in original image data 23 to yield expanded data 25.

[0045] Apparatus 40 comprises a luminance distribution analyzer 46
that processes original image data 23 (or optionally expanded data 25) to



5 [0041] The net hods descri bed herein may be applied to
enhance the dynam c range of digital still |nages or
for exanple. Enhanced data 33 nma

i deo i mages, y
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range t at the display system is capa le of reproducing.

[0048] Figure 3 illustrates apparatus 50 according to another
embodiment of the invention. Apparatus 50 has a user interface 52 which
permits a user to control values of parameters 31 in a data store 54.

25 Parameters 31 control the operation of a dynamic range boosting system
56 that processes original image data 23 to obtain enhanced image data 33
as described herein. Enhanced image data 33 is displayed on a display 60
controlled by a high dynamic range display driver 58. In the illustrated
embodiment, a user can view the effect of a particular set of parameters 31

30 on the image displayed on display 60 and then alter the values of one or
more parameters 31 by way of user interface 52 to achieve a desired
appearance of the image. The user can then save the enhanced image data
33 for later display on display 60 or on other high dynamic range displays.



[ 0046] Conmbi ner 48 conbi nes original inmage data 23 and
expanded data 25 to yield enhanced data 33. The

| ye,degree to which each pixel of enhanced data
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30 [0051] While a number of exemplary aspects and embodiments have

been discussed above, those of skill in the art will recognize certain
modifications, permutations, additions and sub-combinations thereof. For

example:



program product may conprise, for exanple, physica
medi a such as magnetic data storage nedi a incl uding

f lj skettes, hard disk drives, 15 optical data
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information from which | um nance val ues can be

derived. For exanple, where inmage data is represented

in a RGB format, |um nance val ues can be derived

t hrough the application of 10Equation (2) or other

suitabl e relationship which produces a val ue rel ated

to | um nance fromval ues for individual colours in the

image. It is therefore intended that the foll ow ng

appended cl ains and clains hereafter introduced are

interpreted to include all such nodifications, 15

pernut ati ons, additions and sub-conbi nations as are

wWithin their true spirit and scope.



- 16 - WHAT IS CLAIMED IS: 1. A nethod for increasing
dynam c range of original inmage data representing an

W %“gﬂe nmet hod conprising: in any order:

appl yi ng an expansion function to generate T Lie T S
original imge data expande]t%hdata having a dynam c

range greater than that of the original image data;

andwHAT IS@;E&M?YQI@” expand map conpri sing data
indicative of a degree of |um nance of regions
associated with pixels in the inmage; and,
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i mage datpaeseAtingtanddiagectrednafot coatpaismg: wher ei n

5obt aini ﬂg?fﬁ)ﬁﬁ{‘%ﬁpand map conprises perform ng a nedian

cut al gor data representing the i mage. A nethod
accordi ng to cl akppl2inghar eipansioa fdad(:jta’nrr &pg@&eﬁﬁifgtgnttm
i mage conprises the original i ta. A netho

accor di ng. t SR ERRRCTPan Y darchaVing b d¥painicgronae
i mage conprigeset anakpesitivd ofatisal iﬁagtetdla@@ aggcor di ng

to any one of cl wherein o
p#

jms .2 to 4 ai.ning the .
expand map conpr %@Ql%ﬁpﬁé H@p@@ﬁ%ﬁrﬁ}n%a%ﬁilgﬁzpatwe of

10sources i denf ddgrédobyurhin@nfeef Apist assbaRket (AR bikeldid the

regi ons assqciated with the pixels. A nmethod according
to claim5 WiE8B®i n the regions associated with the

pi xel s ggyrpri se circular regions centered on the

pi xel s. WD 2008/ 066840PCOU52007/ 024498 - 17 - 7. A
net hod accorc@miuning the arigingl Whagedatatand the espanged data

regi ons,Qa¥ging S ithe tfbdnReEmiSRIGicH edfarkc8d ZRaplh UStaS

15

2. A method according to claim 1 wherein obtaining the expand map
comprises performing a median cut algorithm on data representing
the image.

20 3. A method according to claim 2 wherein the data representing the

image comprises the original image data.

4. A method according to claim 2 wherein the data representing the
image comprises the expanded data.

25
5. A method according to any one of claims 2 to 4 wherein obtaining
the expand map comprises estimating a density of light sources
identified by the median cut algorithm in the regions associated with
the pixels.
30

6. A method according to claim 5 wherein the regions associated with
the pixels comprise circular regions centered on the pixels.



8. A nethod according to any one of clains 5 to 7
wherein estimating 5the density conprises weighti ng

' sources according to a snmoothing functio
‘%&gw\m&%}od according to claim8 wherein thé’cgﬂlﬁé({”ﬂp%‘f@’s
function conprises conputi an exponential of a
negative value that is a 10f'uncti on of a distance of
they | i ght C
ac?or " %gm?%fcc%?&ﬁ%?@%la%’%ﬂv&e{e@ngi% e&rdgﬁ’rdregions have
est i mat Faslg mﬁémengqt of/ 10 ¢0 26 ppkelsl conpri ses wei ghti ng
the light sources according to their distance fromthe
pi xel with |ight sources closer to 15the pixel weighed
noré& heavinkthodheeotdighto aoyboesf tlaimberiofl T witetdie estimating

pi xel . hod. accok one of c 2

Po 7 colfbrderthehURRERPRIENE heuRRY s@ifeaosbrdindlo fo
obt ai n shobihasgy fidictibnght ZOsour ces wherein n is at

| east 9. 12. A method according to claim211l conprising
setting a pixel value in the expand map to a

pr édet eArmt&@dVa%lcdﬁimﬁ té bRif SwheRel (Rt sth@RBIng&unction

t hreshol d nunber of ght sources | t he regi
associ a?%PWququﬂ%“tﬁﬁpM%’I‘POHEQ“&W F%&"ﬁé’ég’r&o‘hﬁblst%

1ocl ai m 1f@inohen of & difantdhbeaRaight ssuRk ft@Aghe Pixel. 14.
A nmet hod according to claim 13 wherein the threshol d
is in the 30range of 4 to 6. - 18 - 15. A nethod
acqgy di R%&&o@@éc@ftﬁn%fto Sﬂ}f‘bﬂ@ of clafind 4 tlﬁ"!?e%ﬁérl"ém estlrgatmg

appl yi n%‘:t e expansi 0 tion conprises a

i nver set &%S%ﬁ{?ﬁ APlehspapsises waighting dee kg Tomfﬁifl} to
any onea&() g'tHFthéllr td?stzi'rfce\gf’&ﬁqh@ %PW h”l%l{trb%urﬁes closer to

expan5|on tron conpri's |ne I sca
131 umi nostihcwwdlwu@gh@d nm're heavigy thah light geurdes ﬁlrtuerrfewmahe
accordhggF%o any one of clains 1 to 14 wherein

A

appl yi ie expansion function conprises non-linear
scaling pixel lumnosity values of the original inmage
datlzi". A method according to any one of claims 2 to 7 comprising
performing the median cut algorithm to obtain at least 2" light
20 sources wherein » is at least 9.

12. A method according io claim 11 comprising setting a pixel value in
the expand map to a predetermined value if there are not at least a
threshold number of light sources in the region associated with the
25 pixel.

13. A method according to claim 12 wherein the threshold is at least 4.

14, A method according to claim 13 wherein the threshold is in the
30 range of 4 to 6.



A nmet hod according to any one of clains 1 to 14
wher ei n appl yi ng the expansi on function conprises

Vf(?(’g(}(}'iug(gsfoor LH, in the quadratic equation: 0 P@@ﬁ%@%&“%

4= -CA -X))L,wmX, 3)) - L(x))).
or a mat hematical equival ent; thereof, where cc,
L,"",,,, and E paraneters and 4, is a |um nance val ue
corfyg£spangdi t [ ' I: Qi ' .
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set t i ngtI®' expagsian functipnyemnprtises apalinggs ihverss soneenapping
the ori %i)%kori mage dat a. 20. A nethod according
to cl ai of 19 conprising setting r"" and 25L,"h,,,
to have values that are of the sane order of
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t he expérdegadsiva fonetipm cesptespinean gcaligigghikelduminosity
aver ages Iof 81%% I.umélnance | ues of the original

i mage Y4PES T Yt %Er%g"d data with wei ghting
val ues determ ned fromthe expand map. 22. A nethod
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t he ori gi nal ge . data and expanded data w
wei ght i ﬁ@luv%Pthe QretBrlninigs dfom t he expand map. 10

23. Apparatus for expandi ng the dynam c range of
origi nal image data, the apparatus conpri si ng: ] a
dyra&mi cArpgedacse e ahere ebickims ddei Mewbetein applying

ange oray Bamkiph ARMtCRRATIRE SBhand R LoiPueXRARc

v

15 equation:
e’ o a | o | '
Ll Ly + jﬁ‘( 1— L, (v 3 W (%.3) = Ly (%.3)= 0

or a mathematical equivalent thereof, where «, L,,;,,, and f:w are

parameters and L, is a luminance value corresponding to a pixel in
the original image data.

20
19. A method according to claim 18 comprising setting ij equal to a
geometric average luminance of the original image data.
20. A method according to claim 18 or 19 comprising setting Ew and
23 L, t0 have values that are of the same order of magnitude.

21. A method according to any one of claims 1 to 20 wherein combining
the original image data and the expanded data comprises computing
weighted averages of pixel luminance values of the original image



15a lum nance distribution anal yzer configured to
generate an expand nmap indicative of the |um nance of

W

i ons associated with pixels in the imge of the
§Y4584%i mage dat a; an i mage comnbi ner PEGHFIOGTITAHS

to conbi ne the original ir_rzl%e data with the expanded

data fromthe dynam c rang
the exp

Appar at

expander 20according to

A8 ARG e P DS SRR e By e

di st ri betpax mapgl yzer is configured to performa
medi an cut algorithm 25 25. Apparatus according to
clai m 24 wherein the | um nance distribution anal yzer
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20

25

23.

24,

25.

/ a .
ginal image <Pafa an expanded data comprises
interpolating pixel luminance values of the original image data and
expanded data with weighting values determined from the expand

map.

Apparatus for expanding the dynamic range of original image data,
the apparatus comprising:

a dynamic range expander connected to receive original image
data and output expanded data having a dynamic range greater than
that of the original image data;

a luminance distribution analyzer configured to generate an
expand map indicative of the luminance of regions associated with
pixels in the image of the original image data;

an image combiner configured to combine the original image
data with the expanded data from the dynamic range expander
according to the expand map to yield enhanced image data.

Apparatus according to claim 23 wherein the luminance distribution
analyzer is configured to perform a median cut algorithm.

Apparatus according to claim 24 wherein the luminance distribution
analyzer is configured to generate at least 512 light sources by
applying the median cut algorithm.



