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ADAPTI VE CONTRAST ENHANCEMENT by Inventors: Caba
Mol dvai 5 BACKGROUND OF THE | NVENTI ON [ 001] The
present invention relates generally to contrast
enhancenent and, nore particularly, to a nmethod for

s51 0 o S TV IO RA S EN AN CEMENT

Traditional contrast adjustnent nethods in displays

and TVs do not take into by duuentors:he i nput i mage

content and result in unint@agadorival age bri ght ness

shifts as well as saturation or clipping. For

exanpl e, poor results are obtained when increasing the

contrast on an inage whi ch al ready has good contrast,
anBA@KGB@IMtO%sTBHEJWEN\'EBGNthe i mge has a

| arge portion of very bright or very dark pixels.

Si [001pMhy, prdent ciavemnidnt belated Spedonllyagt cohirdstt otibaficdnient and, more
"bI ack out” images that already have poor contrast.

hni ques ﬁg? gﬁggg irf?%%s\ﬁéjp @%MA&WP E%%gfﬁs%%awmm' curves for

[gﬁeﬁtgacogﬂﬁ%ﬁﬁé%ﬁg tLESr?LQI @ leanadative

[002] Traditional contrast ad_;ustment methods in dlsplays and TVs do not take into

account the input image content and result in unintended average brightness shifts 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, decreasing the

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

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



al | ows expansi on of the nunber of avail able reference
transfer curves w thout increasing the nunber of

| um nance ranges. G ven an input imge, a |unm nance
hi stogramis 5 generated. The |um nance histogramis
t hen expressed as a Viei ghted sum of a set of

pr r to ns. Each primtive

hi er Qﬁ]ﬁﬁﬁw&é 'l(glés ence transfer curve.
A final transfer:curve is produced as a corresponding
welQ eWhetuis pfovided, thesefors, dt enl adeptive momtrast @nbdmrement method thaat
curves. The inmage | um nance can then be adjusted

acaliéws Bepahkion lof tHAB P alAiRIbE RferSite (Bnsfel Sitvid %hout increasing
in enhanced i mge contrast. 2 BRI EF DESCRI PTI ON (J:

0 r nt|0n|3|llust [ y .
ey piAL TR 1%?13%5‘ (B E0h ol aieen . ffineshistogram is
ures%cgf,l,&IG acc orrpan ng dravvl ngs and in which |ike
aycq BiSiagrtB is b epressedrah B sweightefl sum of a set of
vvh| ch: 5 Fig. la shows an exanpl e medi um bright inage
arieredefiriedt“pymitive dristogremisnitzeh primitivecidstoganckasvint d3s6vlated reference
enbodi ment of the present invention. Fig. Ib shows an

exearRle coiiek A oM RhBPERGE 39 profRGA é’tﬁ ﬁg:ggogioﬁﬁﬁgr\@%]khted sum of the

for the image, in accordance with

1 R RAERE Tord 8 bRy P TR PRE I ReTRE 5, M bo adjusted.

nance ranges,
of thﬁ1 seq& invention. Fig. 2a shows an exanple

i r?ﬁ&%r e fipgl teansies curvie resHting in enhercesgrimagé opntrast.



i ntende®id, ablshowk ahhxampeddrk Qovk-BripBedy ShksdEM a histogram for the

t he exanpl e i mage generated based on the three exanple

| um nance ranges. Fig. 3 shows an exanple set of nine

primtive histograns H' ... , H9, in accordance with

an enbodi ment of the present invention. 15 Fig. 4a

shows an exanpl e input imfe and associ ated hi st ogram

an ' enhanced version of the

e BEsTARIP o eIt DA NG e Wi th an

enbodi nent  of present invention. Figs. 5a, 5b and 5c

i 111985} dhe nreseat inveatiph as rilfigiratec byt wan sif eexample; endTEG by way of
(x) , TF8 (x) and TF9 (x) corresponding to the three

priifhitation, th IO FgafR ¢f7the 4dBompshyitth didingamf 4P WAREE Sike referernce
with an enbodi nent of the present invention. 3 Fig. 6

S | S ting a nmethod for adaptively
enh%#%#%sg%ﬁ#gg{&#%ﬂn% , In accordance

with an enbodi nent of the present invention. t 4

DETAI LE Dgl%]%gl PTI ON OF THE | NVENT] ON [ 006] Reference X .
wi |1 now'$e 3FHaws AR cxumplp medging-byght image apd @ hibegram der the image, in
of the invention, exanples of which are illustrated

i n ag¢redanse witheamanmhpdimeviof e prident iavertioni nvent i on

will be described in conjunction with the particul ar

enbodi nents, it will be understood 5 that it is not

5

enbodi nents. To the
image, in accordance with an embodiment of the present invention.

Fig. 1c shows three example Iuminance ranges, in accordance with an

10 embodiment of the present invention.
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- 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,, e, Hy, In

accordance with an embodiment of the present invention.

Fig. 4a shows an example input image and associated histogram, and Fig. 4b
shows a contrast enthanced 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,, Hs and H,,in

accordance with an embodiment of the present invention.
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contrary, it is intended to cover alternatives,
nodi fi cations, and equi valents as may be included
within the spirit and scope of the invention as
defined by the appended clains. [007] Wen preparing
an i mage for presentation, for exanple on_a _display

such asFig. 6 is yflpwciartdluatratingssymathod famdapiyelneshanrss the contrast o f

Light Emtting D ode (OLED) screen, a 10 Digital Light
Pr 8ciafge)in GBdrilance wi diodebddimerfiwiend febSent inveplias ma
panel or other type of display, it is desirable to
enhance the contrast of the inmge by adjusting pixe

| um nance | evels. A transfer curve can be used for
descri bing a mappi ng between input |um nance |evels
and output |um nance |l evels. Since different inmages
have different |um nance histograns, it is desirable
to tailor the transfer curve to the particular imge
at 15 hand in order to obtain optimal contrast
enhancenent. [008] One approach is to divide the

| um nance spectruminto a nunber of |um nance ranges
each associated with a reference transfer curve, sum
the reference transfer curves proportional to the
representation of their [um nance ranges in the inmge,

the i mage | um nance. Wiile this approach works well,
20 inproving contrast enhancenent by expanding the
nunber of avail able reference transfer curves

requi res an increase in the nunber of |um nance
ranges, thereby addi ng boundary cases and producing
uneven contrast enhancenent during fade-ins and
fade-outs (e.g. ina 5 video stream). It is therefore
desirabl e to expand the nunber of avail abl e reference
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transfer curves w thout increasing the nunber of
predefined | um nance ranges. [009] Accordingly, the
present invention expands the nunber of avail able
reference transfer curves w thout increasing t he

“nunber of |um nance ranges. First, a’luminance 5

histoaramis generated for the i e at hand Then
t hdDEdeAHaRd2 SC@I%HO@%'@&E Bht ed sum

of a set of predefined "primtive" hist ograms The
nunber of primtive hi stograrrs is larger than the

ﬁéfe At W‘ﬁ@wrlﬁr}ﬂ t&é{aﬂ JB & f&ﬁqﬁ‘ﬁ{r effbodiment of the invention,

prlm |ve |stograrrs nee toaeq ately approxi mate
the |lu , . generally smaller th

t oEXFRR AL Pich Hro s %ﬂt%f i e apdn B i ERBHS The invention
primtive 10 hi stogram has_an associ ated reference

t r &l fherdeserihed. in gonjungtion with ghe partignlae embodimsuisc gawvillabe understood
a correspondi ng wei ghted sum of the associ at ed

5r eflex éngendr anaided toUinik She TheentioRde thé Wekdibad enttydiments. To the

then be processed according to the final transfer

cu tond
pi Glracy 3 el o GPUALRSEEEHoRRBIRAS and Qi Mlents os may be
st m.f or theJnra and F| A
ex%ﬁ{%sg it e SRirl Ang pone 8t theiIRye Bﬁﬂgﬁéﬂﬁdwdg? ghpended claims. -
for the inmmge. The horizontal axes of the histograns
represent |um nance values and the vertical axes
&08]5 SWken peepatng en inkge ifrepresendationg for giample on a display such as a
| um nance val ue. For exanple, for the dark scene in

Fi DiquidoCrystal Displaya(IGD))i 81t Ogiganie LAt CBhitng MibdOYOLED) screen, a
of the pixels have Iow I um nance, while for the

10 TS DhPlcSpEPIOL € s ATERoE i BT e e
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of display, it is desirable to enhance the contrast of the image by adjusting pixel
luminance levels. A transfer curve can be used for describing a2 mapping between input
luminance levels and output luminance levels, Since different 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,
impreving 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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[0011] The invention wll now be described using an

exanpl e of three |um nance ranges dividing the inage

| um nance spectrum It should be noted, however, that

the followng 6 description is exenplary in nature

and should therefore not be construed as l'imting

ei t Hdpo strpank cdipts Greraforecdnsirahle ita eoxpands thei @nanromfzyaﬂable refererace
In the present description, three exanple |um nance

r antyesfacerves eithoat ind:rewiniglﬁiielmaﬁxber sfprgiefingd luminance ranges.

medi um | um nance range and a hi gh-1um nance range.

Fig. 1 ¢ 5 shows three exanple |um nance ranges 11,

12 g %COfdinQ9cﬁfe$ﬁt@ t Wb dhtidh | i HurnMer' S¥available referernce
present invention um nance ranges are

user-defi nabl e osen . to .overlap in order )

to parngf}r ) W@'ﬁﬂ%’tﬂﬁ %P“’é‘hﬁra‘?ﬁ:]é‘m%mncg BIEREy %eélfst» a luminarxce
exanpl e, a, |owlum nance range of 0%to 40% a
neélﬂﬁgfﬁ@ni%smafﬁ@rfge th¢ igEgs tab Ivod Jihdn.athe luminance histogram is
hi gh-1 um nance range of 60%to 100% | um nance have

be erpfesseddistaovsiplitsd v@hl of aldt bPPrkddfifdacpriblifvd IO 3AGR. The number
ranges are defined, generating a |um nance histogram

folfh Hﬁlltl%%gl%ﬁ‘ﬁ?r% 1&@& tH&Fﬁlg %Idb@lv ?Pl‘i&n?ﬂan%g r#eggg (ﬁug ghe number of

to counting th pixe n-eac

Lh

'Ium" ace .t n e e case of three '
| uRTiFRRYS h}sg‘}% E‘Ef}ﬁ‘h ¥ ﬂﬁP@%‘g}' APEoximeie Ui slymingncg hlstogram is

as haV|ng three bars each bar representing the
pr 8pftstallyosmalier thardlpstotdl maimber of avaglable prinditive histograanc Each primitive
range. Fig. 2a shows an exanple inmage, and 15 Fig. 2b

10 shhistogean has anaseciated roffaide tRhsfehaureX amPhgal tFRSRr curve is produced
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generated based on the three [|um nance ranges. The

gg%‘;ﬁ i@(?]ﬂré%ﬁo&fmé R MBABP R AN AtBehd RISEEARY, The i image

luminance can then be processed according to the final transfer curve, resulting in

enhanced image contrast.

[0010] Fig. 1a shows.an exémple medium-brighf image and a histogram for the image,
and Fig. 1b 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 value. 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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har dwar e, although it should be appreciated that this

can al so be done partially or entirely in software or

ot her conputing |ayer. [0014] After generating a

| um nance hi st ogram (hereinafter refer Ted to as the

source 20, hi stogram for an jnp ge t he goal

t odgsepplensisieyemplsny Wanaire #ag Fla?ﬂlcigle%? nghbeernstyeg i limiting eithor
a set of predefined pri mtlve hi stograms. Fig. 3 shows
anthexsaofel ar istent afftherinventigar.i m tive histograns H' ... ,

H9, in accordance wth an enbodi nent of the present

i nvention. H can be described as dark with the

dajdoaSF tn "B OpfBE A libstri @ﬁbﬁ' Rttee HkaDle TuliadBé Minpds are used: a
t he brlghtness nonot oni aIIy rising, H3 as unifornly

br | h as_dark ut .di stinct bright etall .
retoShugyieR Tafi, & e aPbinotandt, e opl o Bn A Rigne range. Fig. 1c
distinct dark and bright regions, H7 as ver dark H,
asshewgithies srargple lumivaneeranges/dy 2 lgrd ghin acc[(@%qs

source hi stogram can be expressed as a wei ghted sum of
t veif the proseret ifveptiond The durhirgibhegrabpss dravutdr-defifabile wad may be chosen to
wei ghts). The wei ghted sum may not match the source

embodimenit

_22"3%@2}5 AToRIAh ol ol bbb o FhARSIMAERRAD, By Uy of example, @
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gYV(}a wei ght ed S%iﬂ“gﬁ’;r"}g‘g? a first gr' m tqfslf%t%m%, and a

maX| nal posi t ive weight, |eaves the small est

ditighshnipenogirangetod §0%otor 9% lusingics kaverbesn feunsd toi wierk well.

difference (if any) between the 10 source histogram

and the first weighted primtive histogramis then

Si[0013}r Oycecthelurinibeet faygashee defigedagareaing adamihdncy distogram for the

hi st ogram whi ch, when appropriately wei ghted using a
purposes of the present invention corresponds to 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 (hereinafier 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 éxample 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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maxi mal positive weight and added to the first

wei ghted primtive histogram |eaves the smallest

di fference between the wei ghted sum and the source

hi stogram [0016] By way of exanple, assum ng that H,

and HS were chesen anong all the 15 primtive -

hi ﬁﬁ%ﬂf@i@ tﬁ@bﬁ%{tﬁ@ss%ﬁoﬁ&t@m’ﬁﬁl[ﬁﬁsiﬁ@,d}ﬁeﬁﬁ ngfifpmilyitright H, as dark
hi stograms I n the above algorithm their weighted sum

can be witten asw, H_+ w2 H5_, with w and w2 .

r epitbewrdistingt bright alspilep H sapsebrjeht Ratent ‘é}‘é’%‘?‘i‘ id@a‘ details, H, as distinct
wei ghts. Optionally, the above algorithm can be

copt | 518 £l L ianaly phd Mbdil ing tandr very bright.
7 o A LR rblGi T, B G B0 e AN b oA 2)TRs vry brigh
primtive histograns. It is contenplated that a

wei ghted sum of two 20 or three primtive histograns

wi [0015) Fhesonme chistogrape can dreogirasssed: 2o fe Mpighiish g#mt ¢f two or more
enabl e a highly enhanced i mage contrast. 8 [0017]

ve HRtD gr@bls C(With P@ﬁﬁ% alcights)2 Tid glighteds sumahay not maich the
primtive histograns for the 1mge first generates a

D ot i Stapit 3 il Qe FRAGHE (P Ry sz, One greedly

of the | um nance spectrum and {he second bin e ey .
't g foR gensrating gRly améﬁlé]ﬂefirﬁlgn A8 &9 icgr?‘?'fgray first primitive histograrm
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histogramis then used to indicate whether 5 the inmage
hashitlwhenrdppropeiately weightddi usingeamnaximal posjive weight, [lgaves the smallest
nore pixels than second bin), nmediumlum nance (first

angfreRaQNWithi S serkahiftogRalt ThEaemaiingdiftteéncef(if any) between the
pi xel s) or high-1um nance (second bin contains

signi fie r i . ' . .  minish
P Pt G S B A Wil i T sty aimiishog
the |l ess represented. bin containg.45% . . .

by choosing a second primitive histogram which, when appropriately weighted using a

maximal positive weight and added 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 choseﬁ 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.



of the pixels, the image is declared to have

medi um | um nance, else the inmage is declared 10

| ow I um nance or high-lum nance. For a | ow | um nance

i mge, the high-lum nance primtive histogranms H2 and

H9 are excluded from consideration for the weighted -

Su | - | - . .

i QAT R H T 3R Gl i o o YFRNE fstograms for the
medi um L um nance i mage, the, | ow | um pance and . .

hi gﬂ@%ﬁ%&qﬁl@@%ﬁ% rekmjaary Ristagsigp Aorhe gmagagising only gvapins, with the
are excluded. The source histogramis then expressed

15figg hin wepngernsing sthm lower felfnainthexlumintnde ppectrum vand the second bin
hi st ogranms using the above greedy algorithm [0018]

Theeppdseiitirip the higtel G8IFA MThe PrindibSryeHiABEranCil IR&H uRA Do indicate wheth er
added by firmnare for 1inproved performnce, although

5 L 5940y L 35 e s
o1 DR e SR S CAGARPTHERINS SO APOUL 18 RS pumber of pixels)

curve is generated. Corresponding to the primtive
hi et igh-dumsinkhce (second Uil canteins sipnificiefly nede pifely that second bin). The
... transfer curves TF, (x), ... , TF9 (x), wherein TF. - o
( XthrdsB6lE @8@ Bé efinedexptel € Pofeddnd)S [iPthe Qe YoprBRNRIA¥iL Eontains 4524
f_) to be suitable for enhanCing the c_on_tras:]_ o{ an | ml:ge
e es . the primtive.nistogram€b,. .
[ 0O Mg RLERTER A Phuuh s e nago is declared
illustrate three such, exanple reference transfer . .
10 ¢ Jpvydumigence oy ighsheminapcesn dor o lqwlumingpee: énageiithe high-luminance

the primtive histograns
primitive histograms H, and H,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

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

élgon'thm.

[0018] The primitive histograms are preferably chosen and added by firmware for
improved performance, although it should be appreciated that this can also be done fully

or partially in software or other computing layer.

20 [0019] Once an appropriate weighted sum of primitive histograms is obtained, a final

transfer curve is generated. Corresponding to the primitive histograms H,, ..., H, are

user-defined reference transfer curves 7F(x), ..., TF9 (x), wherein TF,(x) represents a
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5 H7, H3 and H9, in accordance with an enbodi nent of

the present invention. Note that TF7 (x) decreases the

| um nance in the dark regions of the inmge w thout
substantially changing the |um nance in the nedium

and hi gh-lum nance regions; TF, (x) increases - -
| UigFeRées Grangfet BErveIdeiétatetagibernaitaile fhieerihangng the dumtthst of an image
substantially changing the |um nance in the nedium

angd, | | unl nance .redi " . X}r I Nncreases the

T R S AT S A

decreases the lumnance in the |owlum nance regions

wi t hout substantially changing the |lumnance in the .

Ne@020% By wayasfoexampiey Figd. Sahsb and Ge illish@z] threghsuch iewample reference
transfer curve T(x) is produced as a wei ghted sum of

t ' ' n iM8%6 thepdmifive histogramy
w, R pENROTA R IS SRS I e e Yo Uiy histogram.s
15 the final transfer curve correspond to the weights

usHq, FarandnH,pin ascordapchwith @y embedirmens of thespresenhinyertjon. Note that

curve T(x) can then be used to adjust the pixel

coltoREL ey s, U0 caRAey jn T HERRNC BF DI without substantally

of primtive histograms used in a weighted sum and

't lehanginy thet lomimancbdn thé mediver-emdehiph-amainance regioms; FEHd) increases
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in a correspondi ng weighted sum 20 can be limted to

t or thre weighted s However.. t he .

o nnte” 7 B brid) SRS, BE The, ARG Srcnont) st3tfay, ghoneing e
be any nunber of primtive histograns H, and 10 .

c bppiagwrenén rfhe rl@ﬁ&l@n cand dewdeminanes vegions; (snd (I (x) mcreases the
choose from any nunber of primtive

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: T(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 7'(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



hi st ograns can be chosen for inclusion in the weighted
sumw, H, for approximating the source histogram

-and any correspondi ng nunber of reference transfer

curves can be chosen for inclusion in the weighted

sumw, T,,(x) representing the final transfer 5 curve

T( ¥orresh@ifRsd rdfer@nctramfa duhaschent to dHodsé ki, pgy aumber of primitiv-e
nmet hod for adaptively enhancing the contrast of an

I mage, in accordance with an _enbodi nent of e present e

i nbistesrams. cagibgeshosen frisolusion i the wejshied sue gm- -41; for approximatin g
hi st ogram and express 102 the histogramas & wei ghted

sumof primtive histograns. Then generate 103 a

f i thalsotnce hitegramy andeamyscarespondéngpomober pf Tefevancy rapsfer curves can be
sum of the reference transfer curves associated wth

h R L oio £ )

cu(fql\?g&% 26 r:;iél\ré@rs%{ne%l, ﬂlt%ﬁ\gaghrrtggeﬁﬁlu ' ﬁvén%gﬁc gn‘s be Eﬁé the final transfer
adj usted 104 accordingly. [0024] For snooth contrast
enhanc%@nt in a sequence of inmages (such as in a

vi ¢&° ream), the final transfer function can be

gener ated based on the cunul ative i mage 15 content of

the nost recent franmes. One inplenentation of this

t f0023]qEig. 6 dp flowekartilivstratingta megthoth dorrdeptiain eshanting ke contrast of

~nost recent set of franmes and conputing their

AV idlige, ThNRcHBantd With af \iRAAN&it TFAHE praskst fketion, Given an input
expressed as a weighted sumof primtive histograns,
pr. i fipal .t er, f ' I.he .
CHBEE' e O AR o MRS R P JEREEA R, g som of

a buffer of 5 to 15 franes has been found to 20 work )
wdrimitive histograms. Then generate 103 a final transfer curve as a corresponding

10  weighted sum of the reference transfer curves associated with the primitive histograms.
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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



[ 0025] One advantage of the present invention is

faster devel opnent of the reference transfer curves.

A given reference transfer curve corresponding to a

given primtive 11 histogram needs only be verified

on i mages that have | um nance histograns simlar to

t hﬁstogta‘ﬁﬁﬂeddﬁ bAlytbeerified bAGmagaes that Hahehibiexecediqogiams similar to thie
set of nine primtive histogranms, only nine

co%(ﬁs/ B@@?@‘% Eg{,@,{%ﬁ{ *In 472667 8 r&,y]& gle}?é;f gﬁﬂ-ﬁgvé‘{ihgtograms, only

tine, since the reference tran fer v.es

t G SIFERAPIGTERRETOBYVA 2B 5 ab JesiF S hudlg erificd.  This
material enco ssing many different prinmtive

hi drawgticably dutsr%vdepnmm ttnecsinger the referenéd wansfercdueveasalo not need to be
i nt erdependence of reference transfer curves. [0026]

Angdifiet @dv?'lhﬁﬁ@d QfaihSiermRh P 3RREs bNWRIraP enkdmPassing many different
reduced need for hardware Tesources. Using the above

Ko
h| X og?g ﬂmIsto%MsD%néergP tBalﬁs?c?)ng%é S%%EQ él?er@qﬁ c{'@ergendence of reference
contrast enhancenent perfornance conparable to or -

bd¥Fasler EWXEeS- using 8 or 16 bins in a traditional

contrast enhancenent approach. [0027] Another

~advantage of the present invention is inproved

10

15

20

c 40263 sAnatheraadvantage g thei plesut iswentiohi isi agedived need for hardware
| um nance resol ution of the imge. By way of exanpl e,

aRedolifteé. USing dhé'Move BRAIEG, EFB?o%ﬁSS’ﬁhﬂnﬁﬁcé]h%gﬁiﬁfﬁngéﬁ(or histogram
shown in Fig. 4a, and the enhanced out put 1571 mage and

PRI AT SRR bl e o

dg d bright Io%gels are_spread out further
etter than using 6 bins 1n a traditional contrast enhancement approach.

[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 enhanced output
image and associated histogram are shown in Fig. 4b. Note that in the luminance
histogram of the ephanced image, the dark and bright pixels are spread out further

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

maffected.

[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



(i.e. increased dynamc range), whereas the
medi um | um nance pixels are nostly unaffected. [0028]
VWil e the invention has been described in the context
of displaying an inage on a 20 digital display
device, it should be appreciated that thke sane
t eahstheuesngpde) ddaptivee Contrast enhagoerert nanbe whsirieted He a user-definab le
adapti ve contrast enhancenent is linmted to a region
t
enﬁéﬂﬁ%nent rygﬁ%%é?évﬁ%%ﬁixc|@%@u@ﬁ%@kﬁéggﬁ@g%ﬁﬁﬁ
Iomer bl ack bands that run horizontally across t he

i8] 2tsahecmoirt At Bmen iy e M RREPY AroRrOyied o illusuations

user definable region of the display, such as a
wi Aabdeseriptionshyiiey ate netgnisndest totljmit @neswalwor[ togaregise form described.
For egoi ng descri bed enbodi nents of the invention are

5 pr Owhedtadrigtions lahd ehibatingdits aredssibiedn ilight ehsbovEheachimpe, and it is thus
not intended to limt the invention to precise form

degd dg?@ that 31% %&%f MO Rh BB ARfteE BY RMS PRIk @e@créption, but rather

p033| eln ove teachings, and it 1s

E%gp ?q the scope of invention not be limted by
th X &1 &mﬁéscrlptlon but rather by Cains
followng, 13 CLAIMS. 1. A method for generating a
transfer function, conprising: { approximting an
i mage | um nance hlstogran1by a first weighted sun1of a
set of

13



primtive histograns, each primtive histogram
associated with a correspondi ng reference transfer
function froma set of reference transfer functions,
wherein the first weighted sum conprises at nost two
primtive histograns with positive weights; and
crefgeating a final transfer function expressed as a
second wei ghted sum of the set of reference
functions, wherein the second wei ght.ed sum conpri ses
1. A aE0R RS APGHER BHGESTEL AU FORHRYES it h posi t1 ve
wei ghts, and the reference functions in the second
wei GRPONIEaRS Arimage |ypipaeredudogamty a Brst weightedoumpglaget of
primtive histograns in the first weighted sum 2. A
prmgtiolbliswgranes; e4dhcprimitive histegiam fassoctatad witinp coséspgnding reference
generating the inmage | um nance hi st ogram based on an

tranfetfuncti@ofomd sefofRidtattcatnsRE filn@Hons) whbrirmht ikt weighted sum
claim?2, wherein each reference transfer function of

: < f £ ' osen to
cofél%ﬁsessaﬂnogf tWEhEhARE Ridid %&ﬁgg‘s{nh &6@&1% QWPetits ahfl

timal 'y enhance the contr I mges that have

L umi / . . :
or RGBS L BB CEREER TR pBpstagm ot e scof
s recited in an

ransfer .function. 4. A t haqd one
' 'refI&}‘ienE? éﬁ“ﬁ%onffi"’iie@}n %ﬁé?céinﬂe Wl qﬁ?‘?ﬁ“@'&?‘”@?’é#@ ét Wé%%@érﬁfefeﬂce o

function of the set of reference transfer functions

tragefer ausessvithpesiaveceeights dandidhe redereneedyneinnsvin theggeond weighted sum
substantially altering | um nance in nmedi um| um nance

arcanel ghtied hedowding donthe assoeipeed @irhivive hitdpgamt i de firgfvasightedsum.
transfer function associated with a primtive
hi stogram that indicates predom nantly bright imges.
14 ‘

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 or claim 2, 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 any one of claims 1 to 3, wherein a first reference transfer function

of the set of reference transfer functions decreases luminance 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



5. A nethod as recited in any one of clains 1 to 4,
wherein a first reference transfer function of the
set of reference transfer functions increases

| um nance in bright inmge regi ons wthout
substantially altering | um nance in nedi um| um nance

5. 3R ch R AL RANA Gnl BROSE (flﬁﬂigolvn\ﬁﬁi% Wireid b ik rERLHEERG S fer function

transfer function associate a primtive
i S hat. i ndi cat es predoni nantl|y dark. i es. 6, .
o b tf R AR I e Rl S PSR AR ek RAEER reglons without
onmpr i Si ng:, appr.oxi mati ng. an_i nmage | um_nance. hi st ogram .
Suﬁﬁfgfﬁl41v@§t?n%f%fﬂweé% Hedu hirmaARe mgﬁ?vﬁivmwnce imbge regions, the
hi stogranms, each primtive histogram associated with a
firgigefeaanse rahsgr fatdonasseciated witbfagprithiive histogrimdhat andieates
of reference transfer functions, wherein the first
predonghdregly daknimageepri ses at nost three primtive
hi stogranms with positive weights; and generating a
final transfer function expressed as a second wei ght ed
sum of the set of reference functions, wherein the

6. ?ﬁﬁ@tﬂ?d ‘ﬁﬁ'ic%ﬁéﬁﬁn%h't ﬁ&pfubétﬁﬁl %mgﬁ%{gg:t hree reference

transter rves positive wel and the

reference functi.ons in the second ighted sum, are

o GROBAT AR (TGEE BT Hcs ISR BRI EIEEd Shfofa setof

histograms in the first weighted sum_7. An apparatus

P“%F"@%ﬁf@%?m%ﬂ A AriBifye Bistoerame assopiatedoith p spmesponding reference
controller for: (a) approximating an inmage |um nance

trah$fet igetaon figma fet pLtefaneicglitapsfes fumcdénsa wherein the first weighted sum
primtive histograns, each primtive histogram

copHaBiadhrdt thidethrinitiohiseppandivitd positios Qeiphts aadsf er

function froma set of reference transfer
generating a final transfer function expressed as a second weighted sum of the set of
reference functions, wherein the second weighted sum comprises at most three reference

transfer curves with positive weights, and the reference functions in the second weighted sum

are weighted according to the associated primitive histograms in the first weighted sum.

7. An apparatus for generating a transfer function, comprising:
a controller for:
(a) approximating an image luminance histogram by a first weighted sum of a
| set of primitive histograms, each primitive histogram associated with a
corresponding reference transfer function from a set of reference transfer
- functions, wherein the first weighted sum comprises at most two primitive
histograms with positive weights; and
(b) generating a final transfer function expressed as a second weighted sum of

the set of reference transfer functions;, wherein the second weighted sum
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functions, wherein the first weighted sum conprises at
nost two primtive histograns with positive weights;
and (b) generating a final transfer function expressed
as a second wei ghted sumof the set of reference
transfer functions,, wherein the second wei ghted sum

15 conpri segombrifR%t moOwoSEREGRE SrahsfeNaleds Witk ¥&itive weights, and
with positive weights, and the reference transter

functions iQt Faht ed. . I L.aht .
accordi ng tcE:)}1 etlﬁgere}gg g@?%\ e%'ggttrl(?n%filﬁ ﬁ@eéﬁ?%ﬁélggtﬁg glllrrrll are weighted
the first weighted sum 8, apparatus as recited in
i m 7. 1 nacDONiRe i Mg IRER e Dittectias o ige i weighted sum.
i mage | um nance hi st ogram based on an i nput inmage. 9.

An apparatus as recited in claim7, wherein each
reference transfer function of the set of -- -

8. Aefappemnte as remtsd éx clhinm @ the wentraller fiothen faro opti nmal |y
enhance the contrast of inmages that have | um nance

val yegerdiisg thebmhgdlvateaicd hitfodrmbagedXdd 41 inp¥Eimage.
hi st ogram associated with the reference transfer
function. 10. An apparatus as recited in claim?7,
wherein a first reference transfer function of the set

f _reference.transfer.functions decreases lum nance
- Ry g TR LA SR 1y VRGO SRR Ryt BRBPR g e setof
um nance in nedi ym | um nance and hi gh-|um nance i nage
regF@@F%H@I}S‘f’ rr@mmoelgfs choggndtopiimally spiagnee the goufray et images that have
associated with a primtive histogramthat indicates
lurpinesksyaheastdisjributed according to the primitive histogram associated with the

reference transfer function.

10. An apparatus as recited in claim 7, wherein a first reference transfer function of the set of
reference transfer functions decreases luminance in dark image regions without substantially
éltering luminance in medium-luminance and high-luminance image regions, the first

| reference transfer function associated with a primitive histogram that indicates predominantly

‘bright images.

11. An apparatus as recited in claim 7, wherein a first reference transfer function of the set of
* reference transfer functions increases luminance in bright 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.

12. An apparatus for generating a transfer function, comprising:
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bright images. 11. An apparatus as recited in claim?7,
wherein a first reference transfer function of the set
of reference transfer functions increases |um nance
in bright inmage regions wthout substantially
altering | um nance in nmedi um | um nance and

| owd datBp&CEr:i mage regions, the first reference
transfer function associ ated with a pr| mtive

hi st ogr ag%f %]% odi ﬁr‘f@&?ﬁn i agl?[nfu rf]ir@q;?e%ghted sum of é

12. An a gene tlnga ran

conprisin roller for. roxi mat i ng, an
mage | uﬁ?h%fﬁaanﬁrsﬁﬁg%mﬁiwaﬂi R A
set of pri mtlve hi st ograns, each pri mtlve hi st ogr am
associ at €TgsRoRding refsranse H@hﬁ@r@n@témefr@n@@er plasterance transfer
function froma set of reference transfer functions,

wher ei n tfhections,svhenein gt Bidt waightedspmi @epraes amﬂd)stlﬂh'eeprimitive
primtive histograns with positive weights; and (b)

gener at i hist@erhind alithtgositsk eveighiiGhiion expressed as a

second wei ghted sum of the setof reference transfer

functi ongp) gepBRkiRLD fﬁqﬁ?ﬁ&r@s@&%é@ﬁh%ﬁéﬁ%eﬁ%@a se&mrwagaed sum of

at nost hree reference transfer curves with posit

i ght s, 1R %{ o%re?erg:t?ge Sraaafe SLH} nsf,grl&%glgll %I spe‘tncgn#-ﬂrglg%?ed-sumu T

second wei g sum are

associated primtive histo rarrslntheflrst wei_ght ed,
sum comprises at most ee reference transfer curves with posifive weights, and

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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17 ABSTRACT ADAPTI VE CONTRAST ENHANCEMENT Di scl osed
is a method for generating transfer curves for
adaptive contrast enhancenment. G ven an input image,
a lum nance histogramis generated based on a set of
predefined i nput | um nanceranges. The | um nance

hi stogramis then expressedyg§TRATPEI ghted sum of a
set of predefined "primtive" ’{II stograns. Each
primtive hist og\mammﬂasomsmsmiﬁmwam ef erence

0o DR iy A LB P e coni

reference transfer curves. The image _|um nance can

t heshameemen}.u Sivan arciaprbimage; » Bimigancecistogram isrgspgiisd based on a set
curve, resulting in enhanced image contrast. The

di sfpredefihedeifin dumiraint € sangegp alhe uminindeHdstograneis then ERpressed as a

avail abl e reference transfer curves w thout increasing
U NGeiBHER ShmOSf & YO0 S15tEGetlrRA 9PRmitive  histBgrafhs. Each primitive histogram

has an associated reference transfer curve. A final transfer curve is produced as a

corresponding weighted sum of the associated reference transfer curves. The unage

luminance can then be adjusted according the to the final transfer curve, resulting in
enhanced image contrast. The disclosed method enables expansion of the number of.

available reference transfer curves without increasing the number of luminance ranges.

Fig. 6 '
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