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HDR Demystified

EMERGING UHDTV SYSTEMS

By Tom Schulte , with Joel Barsotti

The CE industry is currently migrating from High
Definition TV (HDTV) to Ultra High Definition TV
(UHDTV). In additionto higherresolution,UHDTV
benefis greatly from additional visual quality
enhancementtike Higher Dynamic Range (HDR)
andWideColor Gamut(WCG).

Theseenhancedfeatures have been receivedvery
positivelyby consumes, and CE manufacturersare
moving very quickly to introduce equipmentto the
marketwith various levelsof UHD capability. This
fast movemenin the industry has left many of us
confused about UHDTV capabilities, proposed
systenfeatures systentompatibility,and standards.

In this preliminary draft document we attemptto

shedsomelight on High DynamicRangeand Wide
Color Gamut,thetwo significantfeaturesof UHDTV

that will affecthow we testand calibrate the image
accuracy othesenewgenerationTVs.

We coverthe differentindustry proposalsrelatedto
HDR and WCGandwe briefly discusshow CaIMAN
display calibration software addressesthese new
technologies.

UHDTV Capabilities

The new UHDTV systentomprises a number of
advancedechnologiesThose technologies include

High Resolution Video 1 Higher spatialresolution
was the first promotedfeatureof UHDTV. A UHD

TV's nativeresolutionwill be3840xX2160pixels.This

is four timesthe total numberof pixels producedby

HDTV at1920x1080.However thevisibleresolution
improvementover HDTV could be lesspronounced
in a home environment due to the limitations of

humanvisual acuity, screensize,and homeviewing

distances.

High Dynamic Range(HDR) i The dynamicrange
of a TV refersto its luminance,the maximumand
minimum amount of light the TV is capable of

producing.

High DynamicRangeis the capabilityto represent
large luminancevariation in the video signal, i.e.,
from verydarkvalues(0.00005cd/m2)to very bright
values(greaterthan 1000 cd/m2). Existing systems
now referredto as StandardDynamicRange(SDR),

supportuminancevaluesonly in therangeof 0.0002
to 100cd/m2.

HDR createsbrighter whites, darker blacks, and
brightercolorsthatbettermatchimageswe seein the
realworld. The enhanced image quality due to HDR
Is appreciable under virtually any viewing condition.

Wide Color Gamut (WCG) i A T V &cslor gamut
indicatesthelevel of saturatiorandnumberof colors
thata TV canproduce Wide Color Gamutindicates
thecapabilityof displayingimageswith awiderrange
of colorsthanhavebeensupportedoy conventional
systems.

Video systemsup to now have beenbasedon the
BT.709andBT.601color spaceswhich containonly
a small percentagdabout 33.5%) of all 1976 CIE
visible chromaticityvalues This legacycolor space
leavesa large set of visible colors that cannotbe
renderecbn SDTV or HDTV displays.

Note: The NTSColor gamut was never used, even
for the NTSC system, and is totally irrelevant.

LargercolorspacessuchasDCI-P3andBT.2020can
representa much larger set of visible colors (about
41.8% and57.3% respectively) Displayscapableof
producingamajority of thesecolor spacesanrender
morecolorful andrealisticcontent.

The UHD specwill call for a wider color gamut,
creatingmore vivid colors and more detailedcolor
gradationthanwith HDTVs.
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High Dynamic Range (HDR)
High dynamicrangewill potentiallyprovidethemost
significant UHD picture quality improvementover

HDTV. HDR providesamorelifelike rangeof image
light levelsthanpreviouslypossible.

Theaveragepicturelevel (APL) of UHD imageswill
remainfairly consistent with HDTV imagesut the

black level detail will be enhanced and the highest
occur only in specular

luminance levels will
highlights within the HDR images.

The contrast range and light levels in specular
highlights will increasedramatically,coming closer
to reproducingthe rich contrast tonal details, and
bright picturehighlightsthatwe seein therealworld.

HDR, alongwith wide color gamut,enablesa more
natural saturation of bright colors, without the
artificially muted saturationinherentin the BT.709
HDTV system(figure 1)

Figure 1: HDR produces bright highlights, but it
also yields brighter , hatural  colors and improved
shadow detail Image credit: Scott Wilkinson,

AVS Forum  post

High Dynamic Range Photography i The first

experiencemany of us had with HDR was with a
smartphoneamerathat providedan HDR function

HDR photography is about overcoming the
limitations of consumermagesensorgo increasean
i ma gexpbsurerange. It typically does this by

automatically capturing three images, at different
exposuresthencombiningthe bestexposedartsof

thethreeimagesnto asingleHDR phota Thisresults
in acapturedmagewith increasedonaldetailin both

thedarkandbrightareasf thephoto.However there
is no expandedange;it doesnot makethedarkareas
of the photodarkeror the bright areasof the photo
brighter.

HDR photographyentirely involves optimizing the
image exposurecapture process basically to tone
map an HDR imageinto an SDR container It does

not increaseani ma gdgn@micrange,nor doesit
involve the method with which the image is
transmittedto a display device or the methodwith
whichtheimageis renderednthedisplay.

High Dynamic RangeTV 7 HDR TV is not about
overcominglimitations on the captureend as with
consumemphotographyProfessionafilm anddigital
video camerasavelong had greaterdynamicrange
thanthe 6 exposurestops(or a few more with camera
s-curves and grading correctiosjpportedby the
BT.709HDTV SDR system.(An exposurestopis a
doubling or halving of light.) Most digital cinema
camerastoday can capture at least 14 stops of
exposurerange but this wide dynamicrangeis not
currently preserved,even for cinema presentation
HDR gradingfor the homecanbe deliveredwith 8-
10 stopsof exposurgange.

HDR TV is also not primarily about overcoming
limitationsontheplaybackend LatemodelTVs have
becomecapableof displayingmuch brighterimages
than the currentBT.709 HDTV luminancespecof
100cd/m2(now commonlyknownasnits).

Evenbeforethe pushto HDR, manyTVs with LED
backlights could produce brighter colors than the
BT.709 standardand could producepeakluminance
levels over 400 nits. Currentdisplayscan produce
greaterdynamicrangethanthe currentspecifications
for the contentdistributionchaincanhandle.Trends
suggesthat HDR-capableconsumerTVs shouldbe
ableto produce'specularhighlights”with luminance
of 1,0001,500nits or brighterin thenextfew years.
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Figure 2: The original dynamic range of captured
content will be able to be substantially preserved

by a new HDR TV system, compared to the
current SDR TV system. Image credit: Dolby
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Dual modulation backlights and zoneLED

backwardcompatibility of HDR contentwith SDR

backlighting vere both introduced prior to HDR and displays.

are prime enablersof HDR,ut unt i |
fully take advantage of these technologies.

TVs with LED backlights, OLED displays, or
guantumdots can also producea wider range of
colors,includingmorehighly saturateatolors,which
also look brighter. To accuratelyrender BT.709
images HDTVs currentlyneedto limit any of these
enhanceaapabilities.

The main challengesthat needto be addressedo

enableHDR TV are primarily the specificationsand

systems for the middle processesof mastering,
encodingand delivering TV imagesto consumer
displaydevices.

HDR TV Standards

Standardshave beenand continueto be formulated
for everyaspeciof HDR contentcreation,transport,
delivery, and display. The International
Telecommunicationgnion (ITU), Societyof Motion
Picture and Television Engineers (SMPTBE),
ConsumerElectronics Association (CEA), Motion
PictureExpertsGroup(MPEG),andtheBlu-ray Disc
Association (BDA) have all developedstandards
relatingto someaspecof UHDTV andHDR.
SMPTE 7 SMPTE ST2084:2014(and CEA-861-3)
standardizesan Electro-Optical Transfer Function
(EOTF)for HDR thatwasdevelopediy Dolby Labs
to definethe processy which digital code word are
convertednto visible light.

SMPTE i SMPTE standardST2086:2014defines
staticmetadatametadata that does not chamgeing
playback of theassociated videcontent
SMPTEstandardsT2094 whichis beingconsidered
in committeealongwith CEA-861-G/HDMI 2.x, will
definecontentdependenfdynamic)metadata.

ITU 7 ITU-R Recommendation BT.2020 defines a
wide gamut color space, among other aspects of a

UHDTV system.

ITU-R ReportBT.23810 (07/2015), Requirements
for High Dynamic Range Television (HDR-TV)
Systemsis a summaryof performancecriteria that
should be met by a newly implementedHDR TV
delivery system that includes the criterion of

NowWeTH e 8 EdndiA& ‘}‘echnology Association

(CTA), formerly the Consumer Electronics
Association (CEA), has defined the following
minimum guidelinesfor a TV, monitor, or projector
to bereferredto asan HDR-CompatibleDisplay:

1 Includes at least one interface that supports
HDR signaling

1 Receivesand processestatic HDR metadata.
(An HDMI inputneeddo beHDMI 2.0ato pass
HDR metadata.)

1 Receivesand processesthe HDR10 Media
Profile from IP, HDMI or othervideo delivery
sourcesThis requires HDMI 2.0aDthermedia
profilesmayadditionallybe supported.

1 Applies an appropriate ElectroOptical
TransferFunction(EOTF) beforerenderinghe
image.

UHD Alliance i The UHD Alliance is a multi-
industry alliance that formed to promote UHD
standards developmentand UHD branding and
certification.The alliance members inclu@dl major
production studios, content distributors, and display
manufacturers

The UHD Alliance has defined an ULTRA HD
PREMIUM certificationandlogofor devicesgcontent
andserviceghat meetthe following minimum UHD
specs.

A Resolution  3840x2160 for
distribution,andplaybackdisplays.

A Color bit depth: 10 bits minimum for content
anddistribution, 10 bits for playbackdisplays.

A Color representation BT.2020 for content,
distribution,andplaybackdisplays.

A Mastering display; transferfunction SMPTE
ST2084inverse EQF; color space:minimum
100% of P3; peak luminance more than 1,000
nits; blacklevel: lessthan0.03nits.

A Content transfer function: SMPTEST2084

A Playback display; transfer function: SMPTE
ST2084EOTF; color space: minimum 90% of
P3; peakluminancemore than 1,000 nits and
black level less than 0.05 nits OR peak
luminancemore than 540 nits and black level
lessthan0.0005nits

content,
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Onegoal of the UHD Alliance is that UHD content The traditional gamma curves (e.d@8T.709 or
will be backwardscompatiblewith SDR displays BT.1886)were based on CRT physics and are similar

Thisis akey challengefor HDR deliverysystems. to human perception at relatively lokght levels

BDA - TheBlu-ray Disc Associationhasreleasedts ~ They cover luminance values up to 100 nits.

new Ultra HD Blu-ray Disc specification, which When conventional EOTFs are stretched beyond a

includesprovisionfor baselayer HDR10 video and few hundred nits, even with a-blt signal, they start

optionalDolby Vision. to produceimage contouring,due to the inefficient
way they use bits relative to the humasual system.

HDR Transfer Function The SMPTE ST2084 EOTF curve is a 10 orhi?

The image content of a video signal is defined by guantization of absolute brightness. liais absolute
what is seen on the mastering reference display, sincdUminance function requiring the EOTF of the
coloristsadjust and make decisions on the appearancePlayback display texactlymatch the EOTF of the
of the content based on the look of the reference Mastering reference display

display. The ST2084 EOTF was designed with headroom for

In the case of live production, this may be performed future expansion and covers a range of luminance
by a creativeat a camera control unit or by the from 0.00005 nits up to 10,000 nits (figue ST2084

application of a simple loekp table (LUT) for tone ~ Maps each video signal code word to the same
mapping. For off-line production, this usually absolute luminance and chromaticity in every display

involves artistic color grading of the content ipcst (i.e. 10-bit code word 691 always maps to 500 nits).
productionsuite. This allows each playback display to exactly match

The reference displayos :E?gm%?sge%?n% Fhr[r?{n%t'(é'% ththoewmas\}ei”n@e
signal values are converted to linear light values. piay. _
Since the production of both live and-tiffe content ~ This HDR EOTEstandardized as SMPTE ST2084,

is guided by a reference display, the EOTF of the based on the contrast sensitivity functioh the

reference display always fitees thecontent human eye, as measuredBgrtenandreferenced in
ITU-R ReportBT.22465. It is called a perceptual
EOTFs qguantizer (PQ) curve.
.0 Since SMPTE ST2084 corresponds closely to the
EEZ ' e human perceptual model, it makes the most efficient
Eor | N use of signal bits throughout the entire luminance
206 range. An ST2084 encoded signal can represent
EOS- luminance levels up to 10,000 nits at the cost of
3 2‘; 1 relativelyfew extra code words (figu®. A majority
T, | of the ST2084 codes represent lower luminance
So l evel s, to complement toh
0.0 e — greater contrast sensitivity at lower luminance levels
Normalised Codeword and to minimize visible banding at those lower levels.

Half of the HDR codes are in the SDR range, meaning
that 10bit HDR doubles the number of code values

in the SDR range, compared to traditionddiBvideo.

The legacyBT.709and BT.1886 power law gamma | g display system were &mply reproduce a linear
curves ar@quantization of relative brightness. These representation of theeene light, it woulgroduce dw
curves are relative luminance allowing each  contrast, washed out imagdhis is because scenes
playback display to map tatark lichBdoat bfightSe8sddvels tnuchBwet thaH
code word to the peak luminance of tisiecific  the original scene are perceived to have much lower
display. contrast than the original scene

Figure 3: ST2084 HDR EOTF vs. legacy gamma
power function. Image credit: IBC/Litwic et.al.
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To optimize the image an Scurvefunctionis used

to map scea light to display light. This Optical to
Optical Transfer Function (OOT¥often referred to
as rendering intent or system gamma

will enable color transformatido bevariable along
the content timeline.

Samsung has also proposed a standaradotent
dependent dynamic metadata and color volume

compresses/clips the extreme highlights and dark mapping of HDR content to displays with a smaller

areas and contrast enhances therade light levels
with a gamma >1 chacteristic (typically 1.1 to 1.6)

TheSMPTE ST2084Q systemwhich is defined by
its EOTF,was designetb havethe OOTFapplied in
the camerar the production procegfigure 4).

r Y
Inverse
oo EOTE m

Decoding

Scene Light » | Display Light
Encoding

Y Y
Camera Signal Display

Figure 4: In an ST2084 PQ system, the OOTF
(rendering intent) is applied in the production
process . Image credit: ITU

HDR Metadata

dynamic range and narrower color gan(atore
below on color volume mapping)

Wide Color Gamut (WCG)

From CES 2016, it appearsthat almostall UHD
contentthatis HDR will also be wide color gamut.
Wide color gamutdescribesontentor displayswith
the capability of representinga larger volume of
colors than have been supportedby existing color
standards.

Wide color gamut enables more trieelife hues and
saturation levels, especially in very bright arety
dark imageareas It allows you to see morédelike
color representations ofividly colored objects like
flowers and eggplantsports jerseys, otaned glass

SMPTE ST2086 defines static metadata that is To produce a wider color gamut, a display needs to

supported by HDMI 2.0a, and iscluded with
mastered HDR content to convey ttedor volume of
the mastering displayand the luminance of the
content This is described bthe chromaticityof the
red, green, and blue display primargesl whitepoint
of the mastering display, plus l$ack level and peak
luminance levelST2086 also conveye following
luminance attributes of the mastered coent
(calculated in linear light domain)

1 MaxCLL (MaximumContentLight Level)

TheMaxCLL cd/n?levelis theluminanceof the
brightestpixel in thecontent.

1 MaxFALL (MaximumFrameAverageLight
Level)

The averageluminance of all pixels in each
frame is first determined (frameaverage
maxRGB).The MaxFALL cd/n? level is then
the maximumvalueof frameaveragenaxRGB
for all framesin the content.

SMPTE ST2094 (pending) will define content

dependent (dynamic) metadata be supported in
HDMI 2.1. Dynamic metadata will convey franisy-
frame or scendy-scene Color Remapping
Information (CRI) developed byrechnicolorwhich

have higher saturation narrow spectral bandwidth
RGB primary colors thaneasureloser to the edges
of the CIE Chromaticity Diagraniigure5). Theedge
colors on the diagram are purmonochromatic
100% saturatedolors;created by light energy that is
concentrated at a single wavelength.

The current color gamut standard for HDTV is
specified by ITUR Rec. BT.709As seen ifigure 5,

the P3 color gamut that is currently specifiedtly
DCI for cinema presentation is significantly larg
than theBT.709HDTV gamut. The recently specified
color spacefor HDR, ITU-R Rec. BT.2020 with
absolutely pure RGB primary colors, is the ultimate
limit of the UHDTV system.

TheBT.2020color spacés a large container for color
gamut information, but the size of the container does
not define thecolor gamutof any particulacontent.
The color gamutvolume within the BT.2020
container, as specified WDR metadata, can be any
gamut content that isorlarger than the BT.202flor
space container. As wide color gamut is being
implemented within the UHDTYV system, the DCI P3
gamut (egacycinema content) is a popular content
gamut.
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Figure 5: The BT.2020 color gamut is the goal for
UHD TV. The P3 gamut is currently used for
cinema theater presentations and will be an
intermediate gamut for UHD content . The BT.709
color gamut, with much lower saturation colors,
is the current HDTV standard. Image credit: W3C

Until recently, RGB LED and RG phosphedoped
LED backlights have beenthe principal sourceof
highly saturatedorimary colors, getting closeto the
P3 gamut.OLED emissivedisplays,primarily from
LG, are now availablewith color gamutsalso very
closeto theP3gamut.

QuantumDot redandgreennanocrystalsywhich emit
light atvery narrowbandwidthsvhenexcitedby blue
LED photonenergy,arenow beyondDCI-P3 and are
getting narrower and wideras the technology
matures.

Laser light sources, as recently implemented in the
Dolby Cinema and IMAX Laser projectigystems,
produce narrow bandwidth, highly saturated colors
andareableto preciselyreproducghe BT.2020color
gamut.

Pointerds gamut i s an ap
4,000 diffuse surface colors found in nature, as seen
by the human eye and measured by Dr. Michael R.
Pointer in1980 (figure6). Every color that can be
reflected by the surface of an object of aayual or

06 G
05
04}t

03Ff

ITU-R BT.709
—— DCIP3
—— ITU-R BT.2020

0.2F

0.1F Pointer’s gamut of

real surface colours

Y 0.1 0.2 03 04 05 06 u

© Richard Salmon, BBC R&D

Figure 6: Pointer 6 sgamut, containing the colors
of all real surfaces, is mostly contained within the
BT.2020 color gamut . Image credit: BBC

As indicated in figures, BT.2020 covers 99.9% of
Pointerds gamut . Hence,
occurring colors that could not be descritvaithin

the BT.2020color spaceSo, BT.2020 would appear
to be a sufficient color space for television systems to
display realistiamages (including neon lights, LED
lights, and computer generated images).

The chromaticities of theBT.2020 colorspaceare
plotted in fgure 7, as compared to the smaller HDTV
BT.709color gamut.

The BT.2020 primaries, which are represented at the
very elges of the CIE Diagram, are maximum
saturation pure colors, created by extremely narrow
spectral slices of light energy. As with all other
consumer color standards, BT.2020 specifies a D65
white point.

proxi mation of the gamut

manmademat er i al i s inside Pointeré6s gamut.
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0.3
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0.2
0.1
0.0 5( ‘ Figure 8: The color volume of the new BT.2020
090 01 O 03 04 05 06 07 08 color gamut, compared to the current BT.709
color gamut. Image credit: Sony
Figure 7: BT.2020 (dotted) vs. BT.709 (solid) .
color gamut chromaticiies, ~ as plotted on 1931 Color volume mapping denotes the process of
CIE  Chromaticity Diagram. Image  credit: mappingcontentthat was created on a largelor
Geoffrey Morrison/  CNET , Sakurambo volumemastering display down topgaybackdisplay

The BT.2020 color spacecontainercan represent that hasa reducedolor volume(d:olorgamuﬁoftgn
BT.709 P3, or anyggamut up to and including the full €vokesa 2D area)In some HDR systems this
BT.2020 spec. Figur8 shows the color gamut of Mappingis being called idi sptdapt ar

BT.709content, as it would be represented within the 1 d 1 Stpunaiyng. o
larger BT.2020 container. Luminance - Thepeakluminanceof aplaybackHDR

If a playback display is BT.2020 compatible, content displaywil ofter_l be lower thanthe peaklumingnce
with any smaller color gamut, but represented within ©f thereferencalisplaythatwasusedto mastenideo
the BT.2020color spacecontainer, will be redered cpntentthat IS be!ng played backn this case,the
with its original saturation and hughe large color ~ Mghercontentiuminancecanbe tonemappedo the
volume specification oBT.2020 allows the color ~ OWerdynamicrangeof the playbackdisplay, with a

gamuts of each combination of video content and lUminanceroll-off of the brighest highlights that
playback display to be utilized to the fullest extent 2V0Iidshardclipping. Tone mappingieedso bedone

possible in a fashionthat minimizes the perceptuakffectsof
' the luminanceroll-off.
Color Volume Mapping Chromaticity - The primary colors of a playback

HDR display will often be less saturatedthan the
primariesof thereferenceHDR displaythatwasused
to mastewvideocontentlIn thiscasethewidercontent
gamutcanbegamutmappedo thenarrowergamutof
the playbackdisplay Gamut mappingneedsto be
done in a perceptualfashion to maintain relative
saturationdifferencesbut also not desaturatdower
saturationmagesandwashout theimage.

High dynamic range and wider color spaces are
becoming linked by standards bodies into what is
often referred to as color volume (figuB. The
higher the luminance range and the wider the color
space, the larger the overall color volume.
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Luminance and Chromaticity - Becauseof the
perceptuainteractionof luminanceandchromaticity,
whena lower dynamicrangedisplayrolls off thetop
endof higherluminancecontentthatalso affec$ the
chromaticityof brighter pixels and both need to be
taken i nto account i n
mapping strategy

For tone mapping and gamut mapping t@abkieved

in the playback display, the display deeto be
informed by static metadata of the luminance and
chromaticity attributes of both the mastering display
andthe content. These attributese represented by
the static metadata fieldshat aredefined in the
SMPTE ST2086 standard.

However, if color volume mapping is performed
without scenéby-scene content informationthe
mapping will bebasednly on thebrightest scenand
the widest gamut sceni@ the content The majority
of the content will have greater compression of
dynamic range and color gamtian would be
necessary

Dynamic metadatallows a compatible display to
map the content ta smaller color volumenly as
needed, when the content exceeds#pabilityof the
playback displayThe perception model can change
dynamically, based on th&iminance and gamut
requirement®f eachscene.

Color volume mapping is more important thmre
difference there is betwedine masgering display and
the playback displagndwill be an essential part of
the future proofing oHDR technology.It ensurs
thatplayback displays that can do accunatapping
will still show content well when mastering displays
areat or nearthe BT.2020 gamutlimits, with many
thousands of nits.

ICtCp Color Representation

YOCODLODRO S lcadogoaponent based
encoding schemé#hat separate luma from chroma
information for the purposes of chroma subsampling
With the large color volume that results from high
dynamic range and wider cologamui the
shortcomings in usiny 6 C 6 hoGhap luminance,

hue, and saturation differences from one color volume

to another have becommagnified also yielding

color space The shortcomings are due to the
perceptual Crosstdn bnkl @b et
signal channels.

As saturation changesin this color space, the
luminancechangesand the hue shifts, especially in

the bfié rediohBReYcOaSu s @0 lt fe Y B8 £ B B
constant luminance, saturated colors (especially red
and blue) are rendered too bright. AlsoYa8 C6 b C 6
chroma is subsampldd 4:2:2 or 4:2:0quantization
errorsdue to bit depth limitationare introduced in

the chroma.

The BT.2020 standard provides the Y'cC'bcC'rc
constant luminance formaas an alternative to

Y 6 C0O b(§6 ITU-R Report BT.224%). This
format resolves the issue of chroma leakage into the
Y 6luma signalyielding improved tone mapping and
luminance encodingt does nathowever,solve the
problem of luminancéeakage intd h ebc &Crodrc C 6
signals

Dolby has proposed the use of alternatelCtCp
color representationapproved by ITUR SG 6 that
better conforms to the neural processing
characteristics of the human visual systean either
YO CO b Y&eC'bc@re ICtCp is acolor-opponent
space thatepresents color in terms ah Intensity
(blackwhite) channel(l), a Tritan (blue-yellow)
channel(Ct), and a Protafred-green)channel(Cp).
As saturationchangesin the ICtCp color space,
luminance and hue remain almost constamb
crosstalk.

The ICtCp color representatioresults in constant
intensity, hue linearityand perceptual uniformity.
This yieldsefficient encoding of high dynamic range
and wide gamut color differee signalswith lower
guantization errgras well asmore accurate color
volume mapping

larger color crosstalk encoding errors and
amplification of noise near the edges of the RGB
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HDR TV Delivery Systems

A number of systems have been proposed for
deliveringHDR contentto consumedisplays These
HDR systemswhich combineexistingandproposed
standards, are outlined here and discussed
individually in the following sections.

Systeml: HDR10; usesST2084EOTF, a single
contentlayerwith staticmetadatanot compatible
with SDR TVs, specified by CTA for HDR-
compatibleTVs andmandatedor Ultra HD Blu-
ray.

System2: Dolby Vision; usesST2084EOTF, a
basecontentlayer with static metadata and an
enhancedcontentlayer with dynamic metadata;
optionally compatiblewith HDR10TVs andSDR
TVs; optionalfor Ultra HD Blu-ray.

System3: BBC/NHK ; usesa hybrid log-gamma
(HLG) EOTF with no metadata;playback on
HLG-compatible HDR TVs 06DRTVSs.

System 4. Technicolor/Philips; usesST2084
EOTF, a single content layer with metadata
optional for Ultra HD Blu-ray, compdible with
SDRTVsthroughanexternaldecodedevice(e.g.
STBorBD player)
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System 1: HDR10

The MPEG group studied HDR requirementsand
concluded that the HEVC Main 10 profile
compression(H.265) provided the efficiency and
signal quality neededfor HDR delivery. Other
industry groups also determinedthat an optimum
implementationof a 10-bit 4:2:0 format basevideo
signal would meet the requirementsfor delivering
HDR andWCG.

Based on these conclusions, the Blu-ray Disc
Association(BDA), the High-Definition Multimedia
Interface (HDMI) Forum, and the UHD Alliance
(UHDA) adopeda delivery format, basedon HEVC
Main 10, for the compressiorand delivery of HDR
and WCG content. This baselevel HDR delivery
format is now commonlyreferredto asfi HD R 100
TheCTA (formerCEA) mandatedhe HDR10media
profile in their HDR-compatibledisplayspec.

This HDR10 open platform version of HD&notyet
acompletestandardlt is a collectionof technologies
andspecificationsputit is incompleteasan endto-
endsystem(more below)

Linearlight imagedatafrom a cameras first subject
to someform of live or off-line grading as judged by
the visual results on an HDEmpatible mastering
display(figure 9). The color volumeof the contentis
always representedwvithin a BT.2020 color space
container.

Y'CbCr

4:2:0

ST2084 Mainl10
10 Bits Bitstream

(5T2084) conversion

Figure 9: HDR10 content mastering process.
Image credit: NGCodec

The RGB 4:4:4imagedatais thenencodedo video
signal code word that best exploit human sight
characteristicsby using the SMPTE ST2084 PQ
curve(figure 10).

SMPTE ST 2084 (OETF)

0.3

Non-linear color value

0.2

0.1

oL ; ; : ‘ ‘ £
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Linear light

Figure 10: The SMPTE ST2084 inverse EO TF (PQ)
curve is used to convert image data to video
signal values in a manner that best exploits
human sight  characteristics . Image credit:
SMPTE

The encodeddata is then quantized to 10 bits per
channelfigure 9). Color conversiorandchromasub>
samplingis then performedto convertthe signalto
Y&ChaCrg 4:2:0 before it issent to an encoder for
HEVC compression
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HDR10 Playback

1 Minimum signal interfaceHDMI 2.0a

1 Playback color representatidfU-R BT.2020

1 Playbackransferfunction(EOTF): SMPTE
ST2084

1 Static netadataSMPTEST2086

1 Playback bit depthl0 bits

The playback process for an HDR10 display pretty

to playbackdisplayswith a smallerdynamicrangeor
narrowercolor gamut.The playbackattributesof an
HDR10displaycanbetestedputthereis currentlyno
way to validate accurateimage rendering of an
HDR10display against a standard.

Some current HDR10 displays seem to ignore parts of
the ST2086 metadata, which is concerning

much reverses the signal mastering process. The

signal is decoded and the color conversion and sub
samplingarethenreversed to recover an RGB 4:4:4

signal figure 10).

Inverse Transfer
intization - » function Display
10 bits (5T2084) Adaptation

Y'CbCr Linear

4:2:0 Light

Bitstream ST2084 RGB
10 Bits 4:4:4

Figure 11:
Image credit:

HDR10 content decoding process.
NGCodec

The signal is then applied to the SMPTE ST2084
playback transfer function (EOTF) to recover linear

light values from thencoded video signal values.

The ST2086 metadata conveys the black level and
peak luminance level of the mastering display, plus

luminance attributes of the mastered conténthe

color gamut of a playback display is narrower than
that ofthevideo contet or if the peak luminance of
the display is lower than that of the content, the
content can be perceptually mapped to the narrower

gamut or lower luminance display.

Theplaybackdisplayshouldfollow ST2084asmuch
aspossiblefor luminance and therroll off smoothly

from somepoint below the playbackd i s p peaky 6 s

luminanceto not clip the highestluminancelevelsin
themasteredignal.

Because,with metadata,the playback display can
knowthepeakluminanceof thecontenftheplayback
displayonly needgo remapto the peakluminanceof

the contentnotto the ST208410,000nits maximum.

For HDR10, though, this perceptualuminanceand
gamutmappingis not defined.Thereis currentlyno
industry standardfor the method of color volume
mappinganHDR s i g ntamdlréangeor color gamut
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System 2: Dolby Vision

TheDolby LabsHDR systemcalledDolby Vision, is
a proprietary HDR system requiring display
manufacturericensing. Dolby Visionis an endto-
end scalable solution that is included in the
specifications for 4K Ultra HD Bliay and can
optionally provide compatibility with HDR10 and
SDRdisplays

Dolby developedRGB tunnelingover HDMI, with
the metadat@mbedded in the signal itsetf allow
proprietary Dolby Vision 1:bit video and metadata
to travel through HDMI 2.0 interfaces without
having to wait for the standdization of HDMI 2.0a

Dolby Vision usesproprietaryendto-end dynamic
metadatato preciselydefine image luminanceand
chromaticity It conveys the black level and peak
luminance level of the mastering display plus overall
luminanceattributesof the mastered conterit also
conves color volumeattributesfor each new scene

EDR Encoder

.
HDR / WCG
L]
.
.

Content .
Metadata
[

mastering

Figure
process.

12: Dolby Vision content
Image credit: Dolby Labs

Dolby refers to imageswith higher dynamicrange
and wider color gamut than SDR as Extended
DynamicRange(EDR).

Dolby Vision offersthefollowing choicesto a Dolby
Vision content creatoil he choice as terhich profile
to use depends on whethétre content distributor
requiresbackward compatibility

1 A duaktlayer profile with a 1Gbit baselayer of
eitherSDRHDTV (not on Ultra HD Bluray) or

HDR10 (optional on Ultra HD Bluray) for
compatibility anda 2bit enhancement layer for
high dynamic range and wide color gamtitis
comes at the cost afly a bit more bandwidth
required for the enhancement layer.

This system, which is more optimized for -off
line production, transmits existing standards as
a base layer, while an EDR enhancement layer
provides information necessary to recreate the
Dolby Vision EDR. The solution works with any
spatial resolution, bit depth, color primaries, and
color volumes ugo 10,000 nits for either an 8

bit AVC base layeor an 8/16bit HEVC base
layer.

1 A singlelayer 10-bit profile for reattime HDR
content such as live broadcasir OTT
applications This nonbackwards compatible
solution provides greater bitragfficiency. This
single layer offerghe ability to use dynamic
metadata and with the Dolby proprietary
tunneling technology, retains the 1dit
mastering fidelity, even though the transport is
10-bit HEVC.

Much of the currenDolby Vision content is bem
mastered with the Dolby Pulsar reference display that
has 4000 nits peak luminance, P3 color volume, and
D65 white point.

Metadatais generatedto describethe black level,
peakluminance and color volume of the mastering
display plus the maximum and average frame
luminance of the content Dynamic metadatais
generatedo describethe frameby-frameluminance
of the content ands usedto mapthe contentto the
peakluminanceof aparticularplaybackdisplay.

During EDR masteringdynamicmetadatdor Dolby
Vision is generatedo reflectthe relationship between
the HDR and SDR versions of each video fraies
dynamic metadata is carried in the Dolby Vision
enhancement layer.
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Dolby Vision Playback

1 Minimum signal interfaceHDMI 1.4

1 Playbackcolor representatiodnTU-R BT.2020

1 Playbackransferfunction(EOTF): SMPTE
ST2084

1 Maximum playback luminance: 10,000 nits

All Dolby Vision playback devices are compatible

with both singlelayerandduatlayer profile content

EDR Decoder

SDR
Video

TV Display
Characteristics

|

EDR
Video
EDR To Display

Metadata e

Figure 13: Dolby Vision content decoding
process. Image credit: Dolby Labs

A Dolby Visionduaklayer stream with an SDR base
layer and an enhancement layer can be decoded,
combining the SDR stream with the enhancement
layer stream and dynamic metadata, to produdkyDo
Vision HDR video, with dynamic metadata, to drive

a Dolby Vision display. Or, the SDR streamran
simply be decoded to produce SDR videdrive an
SDR display

A Dolby Vision duatlayer stream with an HDR10
baselayer and an enhancement layer camiéeoded
to produceDolby Vision HDR videoHDR10 video,
or SDR video.

In a Dolby Vision EDR decodethe originaimastered
12-bit PQ contents reconstructed by combinirtge
10-bit SDR or HDR10 stream, thel#t enhancement
layer stream, and the dynamic metadatgproduce
12-bit EDR videoat the decoder outputith dynamic
metadata

A Dolby Vision displayusesthe dynamicmetadata
along with the display characteristicsmapthe EDR
video to the capabilitiesof eachparticularplayback
display.
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System 3: BBC/NHK HLG

The BBC of the UK andNHK of Japarhavejointly
proposedan HDR delivery systemthat is optimized
morefor reaktime broadcasproduction.

The Hybrid Log Gamma(HLG) systemhas been
approved as STD-B67 by ARIB, the Japanese
organizatiorthat i the equivalentof ATSC in North

AmericaandDVB in Europe.The proposalhasbeen

submitted to the ITU and SMPTE for potential

standardization

The Hybrid Log Gammanamerefersto the fact that
the OETF is a hybrid curve that appliesa standard
gammacurve for darker pixels in the legacy SDR
rangeand a logarithmic curve for higher brightness
highlights(figure 14).

The hybrid OETF makesit possibleto broadcasta
singlesignal/streanthat iscompatiblewith bothSDR
and HDR televisions. HLG does not dependon
metadatdeingsentwith the content,sothe signalis
displayindependernandcanberenderedinprocessed
onanSDRdisplay

The HLG technologyis royalty free and does not
require licensing by either broadcasteror display
equipmenmanufacturers.

12

(=]
o

SOR gamma curve
....... SOR with Knee
/ — .- — HDR hybnd-gamma

Q 05 1 15 2 25 3

Signal Value

(=]
=

o
(X}
—t

Linear |lght
Figure 14 : Hybrid log -gamma  OETF vs. SDR
OETFs. Image credit: BBC/NHK

The HLG proposal is fully specified from end to end.

It has a completenasteringspec and a complete

playback spec, so proper playback can be validated.

On Decemberl4, 2015, Vatican Television Center
broadcasthe ceremonyof the Holy Door usingHLG
andtheBT.2020color space.

HLG is compatiblewith existing 10-bit production
workflows, accordinggo BBC andNHK.

Linear light image data from a camera is mapped to
the HLG OETF curve and to the wide color gamut
color space defined by ITU BT.2020.

The HLG signals can be seamlessly carried via
satellite, cable, IP anather distribution methods.

HLG Playback

1 Minimum signal interface: HDMI 1.4
1 Playback color representatidiU-R BT.2020
1 Playback transfer function (EOTF): inverse
OETF plus rendering intent gamma
‘ﬂ MetadataNone
Playback bit depthl0 bits

Wi

HLG ~ HDR Camera Setup

- 3

HLG ~ HDR Sou

-»

SDR - Sou

nnnnnnnnnn

Standard - SDR Display

Figure 15: HLG encoded content can b
back on both HDR and SD R displays
credit: BBC

e played
Image

To receive an HLG broadcast,T&% needso switch
to high brightnessmode and use the HLG EOTF,
rather than a gamma powerBT.1886, or ST2084
EOTF.

TheHLG systentakesarelative luminanc@pproach

to its HDR transferfunction, like BT.709 allowing
each playback display to ma p a video
maximum code word to the peak luminance of that
specific display rather than to a specific luminance
level.

TraditionalSDRvideosystems have capture OETF
andadisplay EOTFthahr e n 6t exact i
other, to provide a systemgamma (OOTF) of
approximately 1.1 to 1.2. This system gamma,
referred to as the rendering intenbmpensates for
the effects of ambient light in the viewing
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environmentA byproduct ofvariablesystemgamma However, this backwards compatibility of HLG with
is thatimagesaturatiordepend®n thesystemgamma SDR displays applies only to SDR displays
produced byeachparticular display. Highesystem implementinghe BT.2020 colorspace
gammeacreats a more saturated image.

In the HLG system, thesystem gamma is
automatically adjusted in each playback display,
based onts dynamic range and the ambidigfhting
surroundhgthe display. A playback display with very
high dynamic range and low ambient surround might
producea systemgamma as high as 1.6. A display
with just better than SDRapabilitymight producea
systemgamma of only 1.3.

To avoid saturationdifferenceswith the differences

in systemgamma an HLG-compliant displayfirst

inverts the capture OETF and calculaties relative

Y value for each pixelA rendering intent gamma is

then developedor each pixelbased onthe i x el 6 s

derived Y value, plus the displayés black | evel,
luminance, and surround light level. The rendering

intent gamma isappliedtoeach®é t he RGB x el 6s
components in unison.
Thisi ncl usi on of each pixelds relative Y value 1in

rendering intentpreserves the colorimetry of each
pixel valuedespite differentendering intentgsystem
gamma) This amounts to HLG displays doing a
limited form of color volume mapping, despite
metadata ndbeing used by the system.

Unlike HDR systems that use the SMPTE ST2084 PQ
curve,the HLGsystemis defined by its OETHt was
designed to have the OOTifendering intentapplied

in thedisplay(figure 16).

@ Y
. Inverse q
Scene Light OETF OOTF + Display Light

Encoding Decoding

AN J \ J
v v

Camera Signal Display

Figure 16: In an HLG system, the OOTF
(rendering intent) is applied in the display .
Image credit: ITU

HLG mastered content renders on b&tbR and
SDRTVs. WhenHLG HDR content is decoded and
displayedon an SDR displaytheimagemay look a
bit different from a nofHLG HDR image, but it will
be perceptibly HDRooking according to BBC/NHK.
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System 4: Technicolor/Philips HDR
Technology

Technicolor and Philips are combining their

technologiedo proposeanHDR deliverysystenthat

is intendedprimarily to boostadoptionof HDR by

overthetop (OTT) video-streaming services and

pay-TV providers.Company epresentativesaidthat

a finished systemshouldbe readyfor demonstration
attheNAB 2016show.

The information available to datsuggestghat the
Technicolor/Philips HDR Technology will be a
singlestream EOTF independentppen standard
delivery mechanism rather than a fully specified
HDR format A Technicolor preprocessowill take a
10-bit HDR video signal from a cameregnvertthe
HDR to 8bit SDR, and createa single SDR video
streanthatincludesframeby-frameHDR conversion
metadata.

When played back by an SDRwce, the device will
simply ignorethe extra metadatand play back the
SDR video When played back through a
Technicolor/Philips HDR decod&r an HDR display
the metadatawill allow the full HDR image to be
reconstructethy the HDR display.

Technicolor has said that leading Systemon-Chip

(SoC) manufacturersare integratingT e c hni col or 0 s

HDR decodettechnologyinto their offeringsfor Set
TopBox (STB)andTVs.
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Synthesized HDR

Some HDR TVs and LUT processorkave been
attempting tosynthesizeHDR contentfrom legacy
SDR HDTV content With the demand for HDR
content not yet being satisfied in the market, being
able to creatpseuddiDR contenfrom existingSDR
content is an attractivabjective. However, youecn 0 t
turn a peach pit back into a peach without knowing
whatfruit was takerawayto get to the pit

There are two basic methods of transporting HDR
content to an HDR display.

You can (send the entire peach)

1. CaptureHDR content from aideocamera.
2. Sendafull range HDR signal to the display
3. Display the original HDR content.

Or, you can(reconstruct the peach)

1. CaptureHDR content from aideocamera

2. Gradethe HDR content down to SDR levels
while recording thegradingchanges that are
made in eacframe.

Sendthe SDR signal to the display along with
the gradinglata (metadata).

Use the metadata to reverse the grading
changesthat were madan each frame to
reconstruct the original HDR signal.

5. Display the reconstructed HDR content.

When systems attempt to crepseeuddHDR content
from existing SDR HDTVcontent, without HDR
conversioomet adat a, anyinfoemat®n dns n
what thecamerasignal might have been before the
content was graded down to SDR leyels on what
the creatie intent would have been if an HDR grade
had been createwithout metadata, a display or LUT
box can only compress most of ti8DR signal,
leaving the brightest signal lewels as prominent
highlights.

Thi s uni nformed process
pixels that should integrate with their surrounding
pixels from bright pixels that should be isolated
highlights And, when an &it SDR HDTV signal is
stretched to HDR levels, image contouring (banding)
will be createct some levels.

On a brightHDR display, the converte&DR signal

may look like the familiar uncalibrated SDR torch
mode with brighter highlightsand neoncolors but

thepicturec er t ai nl'y wondét be H
biggerandmore pitted b ut it di dnodt
into a peach.

Expanding the top 5% of the signal to ceeat
highlights is similar tahe familiarDynamic mode on
existing TVs. It looks different than the original

i ntent, but 1tds not uUsSuU:

term viewing.

Also, a number of studios respergative intent to the
point that theyd o npfah on remasteringxisting
content to HDR unless there is a member of the
contentdés original gudea at i
approvethe newly graded HDR content.

Automatic conversion of SDR to HDR by a Tof
other device is somewhat similar to automatic
conversionghat have been dorieom 2D flat content

to synthesized3D stereoscopic content. Without a
colorist or other creative guiding the conversion, the
results araisuallyless thardesirable

Viewing Conditions

For SDR, lighting on the back wall surrounding the
display has typically been specified to be no more
than 10% of the luminance of the content APL. For
HDR, the industry is considering 5 nits (cd/m2) to be
adesirablesurround luminance levéery dark)

The 0.0005 cd/m2 black level specified by CTA for
OLED bl ack | evel wonot
ar one with white walls, so the lowérightnessof
SLep may notbe abenefit unless you have a very
dark surround.

HDR Display Calibration

Color calibratingthe new HDR TVs is morecritical
than ever to assurethe highest possible image
accuracy to theoriginal creative intent Calibrating
thereferepcemonijqrspisedior evaluptinggndeolory,
gradingHDR contentis alsomorecrucialnowfor the
productionandpostproductionindustry.

With the ST2084 EOTF being the first absolute
luminance EOTF and with HDR UHDTVs mapping
the color volume of HDRnastered content to each
di splayés color vol ume,

new paradigm compared traditional calibration.
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The PQ curve covers a much wider luminance range Currently, the only test pattern source capable of

than HDTV and maps each signal value directlytotheenc odi ng
same absolute luminance level on every HDR display,

t he Dol by
pattern windowThetest patternmetadataonveysto

unlike the traditional gamma curve, where a specific the display the attributesof the virtual mastering

signal value produces different luminance level on
each different display,
peak luminance.

Calibratorswill need to use proper tools proper
proceduresandcalibrateto the new HDR and WCG
standardsCalibrationsoftwareneeds tosupportthe
wider BT.2020 UHD color space and the new
SMPTEST2084EOTF (PQcurve)for HDR.

Calibratorswill alsoneedalight meterthataccurately
readsthe higherHDR luminancelevels such as the
C6 HDR andan HDR test patternsourcethat can
generatethe requiredtest patternsand metadatato
enablethe appropriate HDR moden the display
undertest.

CalMAN® HDR Calibration

CalMAN display calibration software containsthe
tools for testingand calibratingthe new HDR/WCG
displays.

Dolby Vision

CalMAN providesaDolby Vision testandcalibration
workflow that was developedin collaborationwith
Dolby engineers$o ensureoptimalresultswith Dolby
Vision displays

A review of the workflow reveas that Dolby Vision
calibration is similar to and yet different than for
existing SDTV and HDTV displays. The goal of
legacy calibration has beento matcha di s pl a
performanceto industry standards(e.g. BT.709
BT.1886, etc.). However, Dolby Vision displays
perform a reaktime color volume mappingof HDR
contentto ad i s p pragyatmedcapabilities,its
GoldenReference.

Due to the processn which contentis mappedto a

di s p |Galged Reference values testing and
calibrationof a Dolby Vision displayis focusedon

the display performing as closely as possibleto its
GoldenReferenceralues Complianceof adisplayto

its Golden Referencevalues will insure accurate
pictureresultsaftercontentis mappedothed i s p |l a
programmedapabilities.

displayandcontent.

ok BaBhNsBppdtt&d DYIRY OVisio® @isply, theé S P |
CalMAN workflow loadsa setof GoldenReference
test targets that define the di s p |eapgcied
measuremenvalues The definedtest targetsallow
CalMAN to test whethera Dolby Vision displayd s
contentmappingand luminancemappingroll-off is
functioningproperly.

HDR10

CalMAN providesthe ST2084EOTF specifiedfor
HDR10-compatibledisplays.CalMAN also controls
externalpatterngeneratorshat now include ST2086
metadatavith their video outputsignals.

CalMAN alsoallows usto selectdifferentmastering
display capabilitiesto be conveyedin the metadata.
This enablesan HDR10 display to be testedwith
various mastering display conditions, to test the
mapping performanceof the display, basedon the
metadata.

Currently, the testpattern sources supported by
CalMAN that are capable of encoding HDR10 test
patterns are the Quantum D&@&0 or 804athe Astro
876 or 877 and the Murideo SI>G generators.

HDR10is not yet fully specifiedfrom endto end.lIt
hasa completemasteringspec butthe playbackspec
is not complete,asthereis no standardfor HDR10
color volume mappingon playback This allows the
Y)/hjt% point and EOTFo be verified and calibrated,

ut the color gamut a échlibratedasthere areo
standardizedargets.

HDR Mastering Displays

Testing orcalibrating an HDR mastering displa/a
bit different than an HDR playback displd&ecause
metadata ireither normally present noequired at
the input to a mastering display atie displays are
manuallyswitched to the desired EOTF, white point
and gamut modes special pattern generator is not
required

An_ HDR mastering display should be set to its
$12§84 modeThereshould beno luminanceoll off
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on a mastering display. Each display simply hard
clipsat its peak luminance capability.

A mastering display will be calibrated to the D65 Conclusion

white point, or, in the case of an OLED display, to the \we have attempted to bring some order to the
OLED offset from theD65 point. information that is currently available on high
For the garuat target, there are two optional use cases dynamic range and wide color gamut as it is likely to
being usedThe display maybe operated inits P3 exist in the UHDTV system. This situation is still
gamut modeln this case, the studio will convert the changing, however. SpectraCaWwill continue to
content to BT.2020 later in their workfloalMAN update ths preliminary paper as additional
should be setb test and/or calibrate to the P3 gamut information on proposed systems becomes available
target. and as industry standards amere fully defined

Or, thedisplay may be operated in B§.2020 gamut
mode In this caseCalMAN should be set to tesd

the BT.2020gamut target, expecting the display to
clip at its native gamut limits.

A good practice would be to just use a 10% window

size in all cases, as it is required for accurate OLED
measurements.
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