10

15

ADAPTI VE CONTRAST ENHANCEMENT by | nventors: Caba
Mol dvai 5 BACKGROUND OF THE | NVENTI ON [ 0011 The
present invention relates generally to contrast
enhancenent and, nore particularly, to a nethod-for.

E‘ELCESF’W%HY@WNE%%&B FS‘S@FNT

Traditional contrast adjustnent nethods in displays
and TVs do not take into A¥&¥EAOShe i nput i mage
content and result in unirt@éadddldxgier age bri ght ness
shifts as well as saturation or clipping. For

exanpl e, poor results are obtained when increasing the

has good contrast,
gﬂgﬁmm}‘%tlmg the image has a
ortion of very bright or very dark pixels.
§0 | ¢ ypreghat rigyention rdlaes jgnereHy rigs conirast anmppiceniehty and, more
"black out" images that already have poor contrast.

[pafidhilafyetoed plethodi fopisdMEsHe Rive haatfef BleBC@ R Atrate transfer curves for
techniques are desired. 1 SUMVARY OF THE | NVENTI ON

ﬁﬁf’ve\%ﬁfr ¢ SnidrR%hegd, therefore, is an adaptive
tr

ast e ancenent nethod that allows expansion of
the nunber of avail able reference transfer curves

%dzﬁ‘ ijrtadljtlrc])%zrtleggﬂtrr;igt adjustment methods in displays and TVs do not take into

-

account the input image content and result in unintended average brightness shifis as well
as saturation or clipping. For example, poor results are obtained when increasing the
contrast on an image which already has good contrast, and poor contrast is obtained when
the image has a large portion of very bright or very dark pixels. Similarly, decréasing the

contrast will typically “black out” images that already have poor contrast.

[003] Therefore, improved contrast enhancement techniques are desired.




the nunber of | um nance ranges. G ven an input inmage,

a lum nance histogramis 5 generated. The | um nance

hi stogramis then expressed as a wei ghted sum of a set

of predefined "printive" histograns. Each primtive .
hi st ogram has an associ ated reference transfer curve.

A Uﬁﬂ\lﬂ@f r NVE ed as a correspondi ng
vveslg te sum%oFF?gtYassoaﬁra eg‘ereference transfer

c Swlhe. i ) 1. nance. can_then be adjusted
o OB T, P, SRS e P adiVe dPoBst FBbiicempg: method tha
i n_enhanced inmage contrast. 2 BRI EF DESCRI PTI ON OF THE
DRUGW AP gnsipg|of Thrempnkas cf avilabdnraferandegransfer suves withewt increasing
way of exanple, and not by way of Ilimtation, in the
f ilgunaabef of wmmanc@mmgyd. ngGidenwnNgsun iflade) aWiinfifarlce Kifistogram is
reference nunerals refer to simlar elenments and in

biehate® G- Tubni LT 0r, gDkl TRGE
etk I8 it S A R RS M Pl B9 a et of
e L ment of..t he .present 1 nventi.on. Fig. | b shows an
eﬁ%ﬁgﬁ%ﬁd Rrifiye it B, Fodh Prmitiee laﬁfa%éﬂ}ﬁ@taagf\smated reference
for the image, in accordance with an enbodi nent of
t Fnshi cuBie: Ag fivelranster cmivg is produdedwes atchrrespoastiagmweighted sum of the
| um nance ranges, in accordance with an 10 enbodi nent

cissddised rrefoettice | MY OivedTi ITh@ AmaBOBMAAINEX ¥AR! Ben be adjusted
i mge, and Fig. 2b shows a | um nance hi stogram for

t20€or@itRTRE & MERRE! GEREE 2hR4Y, R85AA, ﬂpenthgl?ceﬁl}ﬁlgge SRR ©

| um nance ranges.




Fig. 3 shows an exanple set of nine primtive

histogranms H,., ... 3 H9, in accordance with an
enbodi ment of the present invention. 15 Fig. 4a. shows
an exanpl e input inmage ang associ ated hi stogram and .

Fig. 4b shows a contrast enhanced version of the

[ gq@l'm [ @p{_]@]) ance wth an
eg%gglﬁ&gﬁ%ﬁ% preseﬁ)tmzqi\]/‘en |on.R‘Eivgg.thg, 5b and 5c '
il e three ex l.e reference transfer curves TFE7

(0031 T ork ol S GRER 6 GRERRL BT ol RS ol iy B by way of
primtive histograns H H, and H9, in 20 accordance

wi litpitatione ik dbg esoif thReacpermpamting drasvingsosnd irFiwhicls like reference
is a flowmhart illustrating a nmethod for adaptively

emuarcalsgefette sitoildrlebdientf andlin iwh@e, | n accordance with
an enbodi nent of the present invention. 4 DETAILED

DESCRI PTI ON OF THE | NVENTI ON [006] Reference wi |l now
5 be madegif nadgbab LmE%Igﬂfeghﬁﬁ'-lbﬁﬁhﬁ%ggbﬂ@ggis?grgr%rﬁgor the image, in

I nvention, exanples of are”l trate
e the invention wll be

acconpanving dr aw S. il

dééccog‘lﬁ)%ltgg W a&&ﬁ}vﬂﬁﬁgﬁ“&\f/{%etpﬁeﬁeﬁkmﬁ%m{%u| ar

enbodi nents, it will. be understood 5 that it is not
intended to limt the invention to the descri bed

enbodi Fignt8 shaws @p examplst dask (low-brighiness} snaizsdandoa hisegram for the
al ternatives, nodifications, and equivalents as may be
| medgedinchcobrtiios wittears@hbodimambfIkopRsail idvetiovent i on
as defined by the appended cl ai ns.
Fig. 1c shows three example luminance ramges, in accordance with an

10 embodiment of the present invention.

Fig. 2a shows an example image, and Fig. 2b shows a luminance histogram for

the example image generated based on the three example luminance ranges.

Fig. 3 shows an example set of nine primitive histograms H,, oy, Hy, in

accordance with an embodiment of the present invention.

15 Fig. 4a shows an example input image and associated histogram, and Fig. 4b
shows a contrast enhanced version of the image and associated histogram, in accordance

with an embodiment of present invention.

Figs. 5a, 5b and 5c illustrate three example reference transfer curves TF,(x),
TF;(x) and TF,(x) corresponding to the three primitive histograms H. ,» Hy and H,,in

20  accordance with an embodiment of the present invention.




[0071 When preparing an imge for presentation, for
exanple on a display such as a Liquid Crystal D splay
(LCD), an Organic Light Emtting D ode (CLED) screen,
a 10 Digital Light Processor (DLP), a Cathode Ray Tube

(CRT), : PR
desi r abPe % 0" en ance lltu%tga %ﬁe 1?18121%5@ g?r ﬂﬁ%ﬂe’%ﬁbﬂ)ﬁg&h@ tl‘lescont_;rast of
adj usting pi xel nance | evel A transfer curve

cHhingge. 8 dgear °8é‘§ ARk d'ém p)g,ﬂﬁgprggpm FRti%ut

| um nance | evel s and output |um nance |evels. Since
different imges have different | um nance hi stograns,
it is desirable to tailor the transfer curve to the
particular image at 15 hand in order to obtain

opti mal contrast enhancenent. 10081 One approach is to
di vide the |lum nance spectruminto a nunber of:

| um nance ranges each associated with a reference
transfer curve, sumthe reference transfer curves
proportional to the representation of their |um nance
ranges in the inmage, and use the sum as a transfer
curve for processing the image |um nance. Wile this
~approach works well, .20 inproving contrast
enhancement by expandi ng the nunber of avail able
reference transfer curves requires an increase in the
nunber of | um nance ranges, thereby addi ng boundary
cases and produci ng uneven contrast enhancenent during
fade-ins and fade-outs (e.g. in a video stream. It is
therefore desirable to expand the nunber of avail abl e
reference transfer curves w thout increasing the
nunber of predefined |um nance ranges. (009]
Accordingly, the present invention expands the nunber
of available reference transfer curves w thout

i ncreasi ng the nunber of |um nance ranges. First, a

| um nance
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5 histogramis generated for the inmge at hand. Then,
the lum nance histogramis expressed as a wei ghted
sum of a set of predefined "primtive" histograns. The
nunber of primtive histograns is Larger than the
nunber of | um nance ranges, but the nunber of

Py it A ' r oxi mat e

PRETANCER DO RO O N Y N et he

total nunber of available primtive histogranms. Each
primtive 10 hi stogram has an associ ated reference

t (@64 f Refersnea/will powibeahaderindstaidito e pattizulas embodinematl of the invention,
a correspondi ng wei ghted sum of the associ at ed

r @i:ﬁﬁ%@@ 6f WhdhSArerillastal&Bin (hD dctdMERyingWHhRBRSE Whlle the invention
then be processed according to the final transfer

cyr | L. I s ] c t. . f:

£t B Sl if Sohluc O T MERRR AR ATbs, {7 e understood
hi.stogram for the image,. 15 and Fig. | b shows an

gk s %%wteelﬂs@% rhl@lﬁtth%é%v)env%gé%aﬁwéesgnhﬁtétegﬁwogment& To the
for the image. The horizontal axes of the histograns

r emitagse nt isl mdnded ¢@ cowdredtermtidest neodificationg |l andaeq@ivalents as may be
represent the nunber of pixels having a given

| Bl RhinZhe! SpiriMHd R¥PEBF e ifvehtiord NeddREL b2 o

Fig. I'b, the |Ium nance histogramindi cates t
of the pixels have [|ow |lum nance, while for the

iU [ ene.i.n Frg. |a e | um nance hi st ogr.am
O b RSP SRR ap e PR EAE. P ¥ 958 b s o
[Q011] The invention wll now be described using an
e[%S‘H'éI Crgtel disRlay | (hha 48 Oreanigels eht Bpnitfingg Diode (GBER) screen, a
| um nance spectrum It should be noted, however, that
thgitsldligltiragessor (DLP), a Cathode Ray Tube (CRT), a plasma panel or other type

kfided claims.
st

of display, it is desirable to emhance the contrast of the image by adjusting pixel
luminance levels. A transfer curve can be used for describing a mapping between input
luminance levels and output luminance levels. Sincerdifferent images have different
luminance histograms, it is desirable to tailor the transfer curve to the particular image at

hand in order to obtain optimal contrast enhancement.

[008] One approach is to divide the luminance spectrum into a number of luminance
ranges each associated With a reference transfer curve, sum the reference transfer curves
proportional to the representation of fheir luminance ranges in the image, and use the sum
as a transfer curve for processing the image luminance. While this approach works well,
imprbving contrast enhancement by expanding the number of available reference transfer
curves requires an increase in the number of luminance ranges, thereby adding boundary

cases and producing uneven contrast enhancement during fade-ins and fade-outs (e.g. in a
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description is exenplary in nature and shoul d
therefore not be construed as limting either the
scope or intent of the invention. [0012] In the"
present description, three exanple |um nance ranges

ar fdss Seand). IItoﬁ" 1h¥:‘f9f&@%§1rﬁlﬁ9 9% ’exﬁaﬂ‘ﬁeﬂifuﬁ%hﬁls{? JP4Maflable reference

range and a um nance range

% exa thu .nance r n esbll 12 nd. 13,. in
GR6E TR F O Rt e REmba ot pgledpeL Biinance ranges.
invention. The |um nance ranges are user-definable and

r{ﬁ be chosen to overlap in order to provide for
sriBh Acsardingly, GatprescatrimventiBy ewpandsf the amyhee of aavailable reference
| ow- | um nance range of 0%to 40% a medi um | um nance

r aragefen tursO9mithoutOfrreasiflg she Mirfiber! diMuAiGBe E:ﬁfg@@ Pfrst a luminance
60%to 100% | um nance have been found to work 10

gener aﬁgeg&{aﬁé an arﬁﬁltr:]e ?‘é‘?%ng ?g%aﬁ ?ﬁéﬂ ntgl rlblggléagmsfhlstogram is
hﬁggrse(g]gg %‘ﬁ%%h fﬁi o ?‘:?‘r?te T %mteg hgl%l#lnmtflieg glpﬁg@grams The number

ranges. I n the exa case of three | um nance ranges,
s eépnmltimulgst@@rams: ebehani tbe/ntnbercbfdsmimutagngés; dat the number of
bars, each bar representing the proportion of inage

ppriitivei RistgPiis nééted! tol Wilqnae aﬁ;ﬁﬁﬂﬁnatg itHe 18RiAEY histogram is
an exanple imge, and 15 Fig. Zb shows a | um nance

h%eﬂeﬁﬂsr SRaf1Ef thh ﬁleqmﬁlﬁq%{n&%gﬁ%‘%gete ﬁ%ﬁﬁgp%% 25 Eaﬁ’l primitive

['um nance ranges

Iurrclnanc hi st ogr.a is preferably done in_ hardware,
APPtRE s Ansgssorigfe Eefaspre et ureat Atfmad tremsferaguree is produced
be done partially or entirely in software or other

@@meﬁgmdaggewelgptad Tuin ofithe nssgeinredatfengica tlansfen@ross. The image
hi st ogram (hereinafter referred to as the source
luminance can then be processed according to the final transfer curve, resulting in

enhanced image contrast.

[0010] Fig. 1a shows an example medium-brighf image and a histogram for the image,
and Fig. Ib shows an example dark (low-brightness) image and a histogram for the

image. The horizontal axes of the histograms represent luminance values and the vertical

~axes represent the number of pixels having a given luminance valie. For example, for

the dark scene in Fig. 1b, the luminance histogram indicates that most of the pixels have
low luminance, while for the medium-bright scene in Fig. 1a the luminance histogram

indicates a larger number of brighter pixels.

[0011] The invention will now be described using an example of three luminance ranges

dividing the image luminance spectrum. It should be noted, however, that the following
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20 histogram for an input image, the goal is to
express the source histogramas a wei ghted sum of a
set of predefined prinmtive histograns. Fig. 3 shows
an exanpl.e set of nine primtive histograns H1, ... ,

eSS Yy R R B s miin it

dar kness nmonotonjcally.falling, H2 as bright with the

bt eﬁ?%@@%ﬁ&%ﬁ?@&ﬁql‘ip'r-i sing, H3 as unifornly

bright, H4 as dark wthout distinct bright details,

H5 as bright without distinct dark details, Hb as

d{0d2hdn theaptesentd discrigtion,r dyconsxamgle dumimange degpges |8 used: a
as medium bright, and H, as very bright. [0015] The

S RW-BiRniAhrEde QaH BINaCABII IR - DS E efhge nd 4/BipMiethafitttadfe. Fig. lc
two or nore 5 primtive histograns (wWwith positive

WGl ifidee eﬁl‘ﬁg]}@%ﬂﬂ%ﬁ% %#E%V\sn ?,/ 129hd 1 ,;iﬁ Iacé(}?(?%ﬁg l&{iﬁlgan embodiment

hi'st ogr am exa clos rese

sour ce hi st.ogram e greedy algorithmfqr genegati

S eﬁffiﬁé‘i‘tdﬁ\g@@m%u %Pég@{f‘a&m%esaﬁf? PF%IJCEP? i Elay%% chosen to
hi stogram whi ch, when appropriately weighted using a
neverlamlin poddrt toveovide gt smbethventrestecnbamdelrest. By way of example, a
difference with the source histogram The remaining

dbwilgmeimee rarfgeadty0% hehogen hofukOudmnes ritgs lITBBAto 70%, and a
and the first weighted primtive histogramis then

L A N SRR e

maxi mal positive wei ght and added to the first
| eaves the smalles

(ghted primtjve histogra )
Eﬁéﬁir@wﬁs @Pméwq%w@%%dssﬁﬂemg PHEMIFGFE Bistogram for the
hi stogram [0016] By way of exanple, assum ng that H,
anpokis aidhe podsadanvariongoakdpondieto counting the number of image pixels in
each of the luminance ranges. In the example case of three luminance ranges, such a
histogram can be visualized as having three bars, each bar representing the proportion of
image pixels in a particular luminance range. Fig. 2a shows an example image, and
Fig. 2b shows a luminance histogram for the example image generated based on the three
luminance ranges. The generation of image luminance histograms is preferably done in

hardware, although it should be appreciated that this can also be done partially or entirely

in software or other computing layer.

[0014] After generating a luminance histogram (hereinafter referred to as the source
histogram) for an input image, the goal is to express the source histogram as a weighted
sum of a set of predefined primitive histograms. Fig. 3 shows an example set of nine

primitive histograms H,, ... , H,, in accordance with an embodiment of the present

invention. H, can be described as dark with the darkness monotonically falling, H, as
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15 primtive histograns to serve as the first and
second primtive histograns in the above al gorithm
their weighted sumcan be witten as w, H + w2 H5 ,
with w, and wz representing the appropriately chosen
positive weights. Optionally, the above algorithm  ca
bbrigttrwith el brighthess| memotapigally BAAE btsi A8 Epajermly right, "}, as dark
hi stogranms for producing a weighted sumof three or

r il i r diett ViRt ERiatatk ddidls, &, as distinct
mng/l{tgﬂ@eddméltﬂngﬁgmtd\%ﬁgbygfast%%ie 6ri mtive histograns ¢
wi | | approximate source hi'stogranms closely enough to )
edakland brightgbgiyns Fhans eety idakg & cavmedium brighp ppd #, as very bright.
Anot her heuristic for generating a wei ghted sum of
primtive histograns for the image first generates a
Prodi 5T R L Sl éﬁ{:ﬂf he prJRGE 24S BBicBRGY sitiof two or more
bfoﬁg?m\}*vlﬂghsgl]%g%%g S &&E} b%e%( esent ﬁ%;a thlgﬁ owsér hal f °
of . the | um nance spectrum and_t he second, bi,n
rwzé@édvﬁtﬁgapﬁe(“ﬂﬁﬂgnwﬂ%wghiﬂse eewelﬁh%%?lm may not maich the
histogramis then used to indicate whether 5 the inmge
heardechistbgrainnaxacty, (biut itswilbilosetyoresembls the spviréd kigiogram. One greedy
nmore pixels than second bin), nediumlumnance (first
%}gorﬁﬁﬁa%? gehdsifP MRl 9 walidd &8 i aimehdvdsTaefirspprimitive histogram
pI

el s) or high-1Tum nance (second bin contains

si,gni fi.cantly nop I..X 20—

WP UfeR aiorelefePritled bRt REfAr e s, teaves the smallest
the |l ess represented_bin contains 4_5%@# t he ijxel b th
didferepgegwith Shel senise dustegramay dhergemaiping Pifeenee (fnyg between the
the inmage is declared 10 |ow | um nance or o
Isbyyee histogramaed thofirsh wetghtddpriimiive didtogrem, is them similarly diminished
hi gh-l um nance primtive histograns H .and H9 are

By LheesiHs bl LB fORHhARE A bBRrahPWhiche wieh aPpdBriat} welpifed using a
a“hi gh-1tm nance i nage, the | ow | um nance hi stogramns

'fr'iax?rﬂ% pko%itg/%ewgél%l an ea%‘ded to the first weighted primitive histogram, leaves the

smallest difference between the weighted sum and the source histogram.

[0016] By way of example, assuming that H, and H; were chosen among all the

primitive histograms to serve as the first and second primitive histograms in the above
algorithm, their weighted sum can be written as w, -H, +w, -H, with w, and w,

representing the appropriately chosen positive weights. Optionally, the above algorithm

“can be continued to include additional primitive histograms for producing a weighted

sum of three or more primitive histograms. It is contemplated that a weighted sum of two

or three primitive histograms will approximate source histograms closely enough to

enable a highly enhanced image contrast.
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For a medi um | um nance i nmage, the | ow | um nance and

hi gh-1um nance primtive histograns H2, H9, H, and H7
are excluded. The source histogramis then expressed
15 as a weighted sum of the non-excluded primtive

hi st ograns using the above greedy algorithm [00181
THO0XH | Anathercheniistio firgraerating p vedghtabbum off psieritieetistograms for the
added by firmmvare for inproved perfornmance, although

| imafofitstighiRraARDS pRtidlifdy hiedgrimifSr 188 InbSik}ol9 BP0 bins, with the

fully or partially in software or other conputihg

I M C riate weighted sum.o .
ot in SRorteng RGP JARNGO R Rlaats EAbGu g0 sccond bin
curve is g nef_&at ed. Corresponding . to the primtive,
hfProghtingsthe higher half.  The prglaningrydystorrpmyis dhencyssd dp indicate whether
transfer curves TF, (x), ... , TF9 (x) , wherein TF

( sie mmge deedos-laminaned ¢fimhbm tomaind eipnificanidy gene patebdthan second
to be suitable for enhancing the contrast of an inmage

WHi$, endllitrh Q@MmAEREE L Brdedi | i
[OO;O] By way ofée%@elgﬁs@ﬁ%a,&tgg%gﬁﬁdﬁ %ggélﬁéfhiﬂnber of pixels)

[ r sugh ex le.reference trapsfer :

(i HEhAdthSahdl GEcokd By SRR S icEh Y ioes PERIHGH segong bin). The
the primtive histograns 5 H , H and H9, in
cihresheld G beflencd xalieiii Fenvabmla, icihpiess sapresented bin contains 45%
invention. Note that TF, (x) decreases the |um nance

i of théhpixelay the irmggeois slecthredhe haveagediwint Inpiitianse,ddcahé irahde)is declared
changi ng the |um nance in the nmedium and

No&NnmHELEARE GisK dirRignce] T Fof %) ldv&lﬁfrﬁﬁﬁ%%t nhég& R fph-luminance

in the bright réegions of the inmage wt
subst.anii al | y changi t he
pnmlhve stograms EPZ gncp 9{9 are excluded from consideration for the weighted sum.

-

For a high-luminance image, the low-luminance histograms H, and H ; are excluded.

For a medium-luminance image, the low-luminance and high-luminance primitive

histograms H,, H,, H, and H, are excluded. The source histogram is then expressed

as a weighted sum of the non-excluded primitive histograms using the above greedy

| algorithm,

10018] The primitive histograms are preferably chosen and added by firmware for

‘improved performance, although it should be appreciated that this can also be done fuily

or partially in software or other computing layer.

[0019] Once an appropriate weighted sum of primitive histograms is obtained, a final

- transfer curve is generated. Corresponding to the primitive histograms H 1s 0.y Hy are

user-defined reference transfer curves 7F(x), ..., TF,(x), wherein TF,(x) represents a
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| um nance in the nmedium and | ow | um nance regions;
and TF, (x) increases the 10 |lum nance in the

hi gh- 1 um nance regi ons and decreases the |um nance in
the | ow- | um nance regi ons w thout substanti aI I y

ngl n | umi nance in the di um l.um na r
o’fe STRSE] W&@@r cpeyg2eerpid toi bequitels fat enphapcipg db %?fﬂ?%of an image
produced as a wei ghted sum of the corresponding
r whesechistegramansdheblecthe pestitivi(djtogram, H, TF, (x) + w2 -
TF5 (x) . The weights used to produce 15 the fi nal
transfer curve correspond to the weights used for the

"~ h
clon T Bk SR Eiftice ohaRy sk %@%::%@ho?‘é‘%‘ﬁb reference
i mage, thereby enhancing the contrast of the img

[W@f cpryey et A, Thie) audidds (0f coroshprdins th m@gnawg histograms

used in a wei ght ed sum and therefore the nunber of

r ﬁf er e%f‘ds 2y aﬁﬁ;%&rorﬁgé/ Wl:‘thlﬁﬁeeﬂlyoﬁhﬁelﬁ QF E&ﬂt {i¥ention. Note that

\NEIg elimted to two or ree per
wei ght ed sum However, the above exanples are for
i TR 45} detreases the pwsiesncerin the Trkrregions ob theaimyage umitheut gfibstantially
primtive histograns H, and 10 correspondi ng reference
nunber

tpansfe urves Ti. t o ,choose .f.r an .
ShRReiES s Hbgs dhv e bRafEn G iR T iicd WERER i =) inoreases
the weighted sumw, H, for approximting the source
tirainangeeain thadbrhgit ocgionsseOkd image ittioud f subetaptidlyc ehanging the
transfer curves can be chosen for inclusion in the

Wehdh&d j 1?“(??: Yneditim Xand §R-SREREARO ridibnd | R 7 A S iRkeases the

5 curve

luminance in the high-luminance regions and decreases the luminance in the
low-luminance regions without ‘substantially changing the luminance in the

medium-luminance range of the image.

- [0021] The final transfer curve 7'(x) is produced as a weighted sum of the corresponding

- reference transfer curves: I'(x) =w, -TF,(x)+w, - TF,(x). The weights used to produce

the final transfer curve correspond to the weights used for the primitive histograms. The

- final transfer curve T(x) can then be used to adjust the pixel luminances of the image,

- thereby enhancing the contrast of the image.

[0022] In general, the number of primitive histograms used in a weighted sum, and
therefore the number of reference transfer curves used in a corresponding weighted sum,

can be limited to two or three per weighted sum. However, the above examples are for

illustration purposes only. There can be any number of primitive histograms H,; and

10
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[0023] Fig. -6 is a flowhart illustrating a nethod for
adaptively enhancing the contrast of an inmage, in
accordance with an enbodi nent of the present
invention. Gven an input image, generate 101 a

hi st ogr am and, express_102 the histo S a \NEI%n% f
searicsponding raterenee Fnstes grares 1 AR %@Hiﬁr PR, ggyznumber of primitive

final transfer curve as a correspondi ng 10 wei ghted

f’lﬁg@oglt andsten e ﬁ{)%ﬁ%‘r ihLiafsh gth‘é %%@ﬁ?c?%ﬁ?zr aﬁg] Wot Bpproximating

mirve ograns. cet
curve is generated, the inmage |um nance can be

S S S bersh 903 R o7 e CRFR S hrves can be

video stream, the final transfer function can be
gihosmafardinblusied ionthe tecighiedisami Yewi o 1preseniing thet final transfer
of the nost recent frames. One iinplenentation of this

techni que conprises accumul ating the histograns of
tdaevenDEd).recent set of frames and conputing their

average. The resulting average histogramis then

expressed as a weighted sumof primtive histograns,

T4 Fiare B 4 MGk AR e adebic By BhafR é’% %ﬂ%fhe contrast of

a buffer of 5 to 15 franmes has been found

Wi |image, Jo Bsgordpece il A bodiment of ghepresnt |1%KP€H?1F \Aﬁ{lY@ an input
faster devel opnment of the reference transfer curves. A

Ginyed) geadrateeltiea histapgdrarand wxprss 402 ebe histhigngn tas aaweighted sum of

given primtive 11 histogram needs only be verified on
LERSGER hiWerhiAve ThR BaGRe NSt £ WA Graabl lcifvel & bN&rresponding
weighted sum of the reference transfer curves associated with the primitive histograms.

Once the final transfer curve is generated, the image luminance can be adjusted 104

accordingly.

[0024] For smooth contrast enhancement in a sequence of images (such as in a video
stream), the final transfer function can be generated based on the cumulative image
content of the most recent frames. One implementation of this technique comprises
accumulating the histograms of the most recent set of frames and computing their
average. The resulting average histogram is then expressed as a weighted sum of
primitive histograms, producing a final transfer function as described above. When
implementing such an averaging technique, a buffer of 5 to 15 frames has been found to

work well.

[0025]) One advantage of the present invention is faster development of the reference

transfer curves. A given reference transfer curve corresponding to a given primitive

11
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given primtive histogram In the above exanple set of

nine primtive histograns, only nine corresponding

transfer curves.need to be designed and thusly

verified. This dramatically cuts devel opnent tinmne,

since the reference transfer curves do not need to be
shigtogram agedsaliohn vemfted @ndmagesthathayg | %ﬂﬁ%cegtstogms similar to the
mat eri al enconpassing nany different primtive

hgivtogriatitivé histogeher. Trothdi sboow exarspldseedff iEne privhitivet istograms, only
i nterdependence of reference transfer curves. [0026]

ARk NGfreRAN 2 48nddtr bhSePREEND bd\REEAGN ahé tBusly verified. This
reduced need or hardware resources. i ng the above

N gq}ég aél& ctlgsn&%/cf’?gl o {1 agcéén%lotité o%ferensf‘er @%‘%ﬁ&% c(lgyes do not need to be
contrast enhancemsnt per f or nance corrpar able to or

beartfied andappligized) agaispt mwenyihesrs Al matersdenrppgssing many different
contrast enhancenent approach. 10027] Anot her

gutiraitiva éstadrarnb & rdesterdisdonsreside effedtsduengprimeridpendence of reference
contrast dynam c range wthout sacrificing the ,

| bk 2R BESed. €50l ution of the inage. By way of exanple,

an input original imge and associated histogram are

shown in Fi g 4a and the enhanced output 15 image and

gr.am e shown .in Fig..A4b. te that
TR0 A i Pt es O G, SR pRartifvisn aaioid giedd fog hardware
dark and br| ht pi xel s are spread out further (i.e.
|T?ﬁ9ﬁr§§§;e@s%gh‘?rﬁ hove gxgfaple ofisabed diminancedustogramuanges{eehistogram
pi xel s are nostly unaffected. [00281 Wiile the
bineT) itois fasibletnachiser ¢dmddst enHaheentan tpexfbrmdnce comparable to or
di splaying an image on a 20 digital display device,
blurctiR ks BPRS GiRk B £HladifiBial bBftr P hahCaAH: dPSidadR"

be used

[0027] Another advantage of the present invention is improved contrast dynamic range
without sacrificing the luminance resolution of the image. By way of example, an input
original image and associated histogram are shown in Fig. 4a, and the elthanced output
image and associated histogram are shown in Fig. 4b. Note that in the luminance -
histogram of the enhanced image, the dark and bright pixels are spread out further

(i.e. increased dynamic range), whereas the medium-luminance pixels are mostly

unaffected.

[0028] While the invention has been described in the context of displaying an image on a
digital display device, it should be appreciated that the same techniques can be used in an

environment where the adaptive contrast enhancement is limited to a region in the

| display. By way of example, adaptive contrast enhancement for a movie may exclude the

upper and lower black bands that run horizontally across the display or screen. By way of

12




envi ronnment where the adaptive contrast enhancenent is
limted to a region in the display. By way of

exanpl e, adaptive contrast enhancenent for a novie nay

excl ude the upper and | ower black bands that run

har i ontaII Se the djsplay or  screen. Qf

1 30efhE PRl P ETe SOHPE SRR SO0C IR SRS fayper-definable
be restricted to a user-definable region of the

direghvragf the dishlagssugh af asonday ona phwmag@gwn@gf tsrdisplay.he

di spl ay. (0029] Foregoi ng descri bed enbodi mrents of the
invention are provided as illustrations and

d¢G029| [Forepoing ddsenbell enbadiminits eyfdbel ifventiomite prbeided as illustrations
|nvent|on to precise formdescribed. Oher variations

S& ?ra?e PASRteRb& 1oNi tgml QentRIAQY Drecise form described.

teac |nggﬂ I's thus Inten at the cope of

b eq?tg(%iﬁ%;o%gby e b {:Fénqrgq g%\ﬂto% th% @ﬁa&%%? Lrs? "¥nd it is thus
nmet hod for generatlng a transfer functlon r|3|n

ainendsed that thegeepe ofmymntion mohbmbwited by dug Enﬁaﬁw emnpélpn, but rather
wei ghted sum of a set of primtive histogranms, each

pby Glalihy eollowali@gr am associ ated with a correspondi ng

reference 5 transfer function froma set of reference
transfer functions; and generating a final transfer

function expressed as a second wei ghted sum of the set

of reference functions;

i3
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wherein the reference functions in the second wei ghted
sum are wei ghted according to the associ ated
primtive histograns in the first weighted sum 10 2.
A nethod as recited in claim1, further conprising:
generating the image | um nance hi stogram based on an

[ i 2. 3. Anethod as recited in claim]l,

wh ethglgﬁh reference transfer function of the set of
15 reference transfer functions is chosen to optimally
erfhériagthe frgsnerpting a tansferdyedsionheqmurising: | uni nance

val ues distributed according to the primtive

hi st ogrpproamsatinganéshayé uminirte histieim My firkiweibRled sum of a set of
function. 4. A nethod as recited in claim1, erein a

fiokisditiveiligh ddct ?ﬁﬁflvé Hidfo gtaﬁpas%cﬁtjé wifila QJnesﬁ&dlng reference

reference transter UnCtI ons decreases Um nan

dar k . I egi ut substantially altering
ﬁﬁ?tf%f%ﬂgt%' Pﬁmquﬁ%@ﬁﬁg%g GenFAdnance i mage
regions, the f| rst reference transfer function

associ Btnsmtingarinal pensfent fuoeioni exprgsedras hsatondi welgltad ewm of the set
predom nantly bright inmages. 14 5. A nethod as recited

i of refeaénee Tunciibag;ein a first reference transfer
function of the set of reference transfer functi ons

t
ubst anra e RATERS Mntond T o TRARAETART il fbighned

and |.ow | um nance gions, .the fi rst ref erence
PR o R ASp e B vaDtio Baing s wighted summ

hi st ogramt hat | nd| cates

2. A method as recited in claim 1, further comprising:

generating the image luminance histogram based on an input image,

3. A method as recited in claim 1, wherein each reference transfer function of the set of
reference transfer functions is chosen to optimally enhance the contrast of images that
have luminance values distributed according to the primitive histogram associated with

the reference transfer function.

4. A method as recited in claim 1, wherein a first reference transfer function of the set of
reference transfer functions decreases Iumilnance in dark image regions without
substantially altering luminance in medium-luminance and high-luminance image
regions, the first reference transfer function associated with a primitive histogram that

indicates predominantly bright images.

14
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5 predomi nantly dark images. 6. A nmethod as recited in
claim1, wherein the first weighted sum conprises at
nost two primtive histograns with positive weights,
and the second wei ghted sum conprises at nost two

reference. transfer curves . With positdve wei ght :
oot BT Tt E Paptieie B koreréiod i Fupeton O theset of
wei ghted sum conprises at nost three  primtive .
hrefersraedransior fnciens inrirasepdirgiance iy rb@gﬁh@agé &egiens without

wei ghted sum conprises at nost three reference

t subsmhiallycalteyviag Iwninangomirédienimngiahce antiHo®-luMinance image regions,
apparatus for generating a transfer function,

CORétShRnce Brakdat ﬁlﬂétio‘?lras%d)}'iageé @ith thﬂﬁ{f@gigiogﬁb%?&g% indicates

i mage | um nance hi stogram I rst wel ght

a set of primtive histograns, each primtive
hﬁ’@??fﬂ%?ﬁ%@%k&@ﬁgeéd with a correspondi ng reference
transfer function froma set of reference 20 transfer
functions; and (b) generating a final transfer

function expressed as a second wei ghted sum of the

SetA method e rezited i clains t ewhdreinchd 6136 welghesdesum éddprises at most two
reference transfer functions in the second wei ghted

PHRBYEnNRIBRLEFith %gﬁﬂ(fgiv@%hgsoaﬂﬂﬁe @éc%%t‘ai\?@ﬂ?ﬁi supy comprises at

primtive Nl stogra Inth frst weighte

most two reference transfer curves with positive weights.

7. A method as recited in claim 1, wherein the first weighted sum comprises at most three
primitive histograms with positive weights, and the second weighted sum comprises at

most three reference transfer curves with positive weights.

8. An apparatus for generating a transfer function, comprising:
a controller for:

(2) approximating an image luminance histogram by a first weighted sum
of a set of primitive histograms, each primitive histogram ass;ociated
with a corresponding reference transfer function from a set of reference
transfer functions; and

(b) generating a final transfer function expressed as a second weighted
sum of the set of reference transfer functions;

wherein the reference transfer functions in the second weighted sum are weighted

. according to the associated primitive histograms in the first weighted sum.
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9. An apparatus as recited in claim8, the controller
further for: generating the inmage | um nance hi stogram
based on an input imge. 5 10. An apparatus as recited
in claim8, wherein each reference transfer function
of the set of reference transfer functions is chosen
to optimally enhance the contrast of images that have
| um nance val ues, dj stri buted accor dli;a%ht 0. t he

pPi AR epRAEatHs 3% Geitedineladnd, tesgnitpiler fufther %7 er ence

“transfer function. 10 11. An apparatus as recited in

cl ai m genevdtimpehainzagkiluminanes ldstegmm basedef en inpuhicndgen
of the set of reference transfer functions decreases
| um nance in dark image regi ons without substantially
altering |um nance in nmedi um| um nance and

Iumn nce | e egi,on the fer
Jr(g 516G eg an 8%?@?9%3%6%%5 Eﬁfs rﬁ{ufe sfeP fihction of the set
hi st ogr am that _indicates predomn nant bri ght i nmages.
10f referengp trangfer finefiong ds ¢hosen f@d)nﬂmaélw&r'ﬁm 0£ images that
first reference transfer function of the set of
riefve heminenderaahsk eistdibned accoslingiorthapemitivertistagram dssociated with
bri ght image regions wi thout substantially altering
|t REBAE thdhsi Ridéfbh. UM nance and | ow | umi nance i mage
regions, the first reference transfer function
associated with a primtive histogramthat indicates
20 predom nantly dark inmages. 13. An apparatus as
recited in claim8, wherein the first weighted sum
dénfriapparais apsited ingdaipy §,whersia airsitrofprenes transfer function of the
positive weights, and the second wei ghted sum
cengirefBeAce transfer functions decreases luminance in dark image regions without

substantially altering luminance in medivm-luminance and high-luminance image
regions, the first reference transfer function associated with a primitive histogram that

indicates predominantly bright images.

12. An apparatus as recited in claim 8,l wherein a first reference transfer function of the
set of reference transfer functions increases luminance in bri ght image regions without
substantially altering luminance in medium-luminance and low-luminance image regions,
the first reference transfer function associated with a primitive histogram that indicates

predominantly dark images.

13. An apparatus as recited in claim 8, wherein the first weighted sum comprises at most

two primitive histograms with positive weights, and the second weighted sum comprises

at most two reference transfer curves with positive weights.

16




at nost two reference transfer curves wth positive

wei ghts. 16 14. An apparatus as recited in claimS8,
wherein the first weighted sum conprises at nost

three primtive histograns with positive weights, and .
the second wei ghted. sum conprises at nost three

reference transfer curves with positive weights. 5 17

14. An apparatus as recited in claim 8, wherein the first weighted sum comprises at most
three primitive histograms with positive weights, and the second weighted sum comprises

at most three reference transfer curves with positive weights.
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