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Gamma correction in recording equipment (red) to compensate for phosphor gamma (blue) 

Gamma Correction

CRT Gamma Response

y = 0.45
y = 1.0
y = 2.2

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0 10 20 30 40 50 60 70

Input level (IRE)

Re
la

tiv
e 

lu
m

in
an

ce

80 90 100

2

Introduction Although the Baird mechanical system was eventually ca-
pable of 240 lines, it could not provide the quality and ver-
satility of all-electronic systems then under development. 
The Baird system was shut down by the BBC in 1937 in 
favor of the world’s first “high definition” TV service using 
the 405-line EMI-Marconi system

Over the next few decades, television systems were signif-
icantly improved with increasing resolution and the intro-
duction of color broadcasts around the world. The cathode 
ray tube (CRT) eventually became the display technology 
of choice and the entire broadcast chain was optimized to 
minimize the well-known imperfections of CRT displays. 
For example, various “gamma curves” were used to com-
pensate for the nonlinear response of CRTs to brightness 
and color.

These gamma curves were not formally standardized until 
the publication in 2011 of ITU-R BT.1886. This standard en-
sured that SDTV and HDTV content looked similar to CRT 
displays when viewed on LCD or LED panels.

It is important to note that BT.1886 and many other stan-
dards such as BT.709 (which defined the color space for 
SD and HDTV) were limited by the physical properties of 
CRTs that had been developed more than half a century 
previously. Clearly, the latest generation of cameras and 
display technologies are capable of much brighter displays 
in higher resolution with many more colors.

While post production systems have been using enhanced 
professional displays for many years, it was the introduc-
tion of UHDTV displays for consumer use that has trig-
gered the development and standardization of high dy-
namic range (HDR) and wide color gamut (WCG) displays 
for broadcast applications.

Picture quality has been the most important topic 
for everyone involved in video production ever since 
television broadcasting began in the 1930s. The very 
first transmissions in 1925 were made using the 
Baird mechanical scanning system in the very low 
resolution of 30 lines per frame, barely enough to 
recognize faces.
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Development of resolutions and field of view (FOV)

UHD-1: 3840 × 2160 

HD: 1920 × 1080

DCI 4K: 4096 ×
 2160

2160p 100/120
1080p 100/120 (base layer)

Bit depth:  10 bit, 12 bit
Color space:  BT.2020
Dynamic range: HDR
Subsampling:  4:2:0, 4:2:2 and 4:4:4
Audio:   beyond 5.1 or object based
Coding:   HEVC Main 10

4320p 100/120

Bit depth:  10 bit, 12 bit, 14 bit
Color space:   Rec. 2020
Dynamic range: HDR
Subsampling:  4:2:0, 4:2:2 and 4:4:4
Audio:  beyond 5.1 or object based
Scalability:   Yes 
Coding:   HEVC Main 10

2160p 50/60

Bit depth:  10 bit
Color space:     Rec. 709, 
     optional: BT.2020
Dynamic range: SDR
Subsampling:     4:2:0
Audio:     Existing DVB toolbox
Coding:     HEVC Main 10

2020+

2017/2018

2014/2015

Phase 1
(specified by DVB, Jan. 14)

Phase 2

Phase 3

HDTV: 32 ° FOV 4K UHDTV: 62 ° FOVSDTV: 20 ° FOV
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UHDTV resolutions
The launch in 1936 of the first regular analog 405-line 
services by the BBC was said to be in high defini-
tion, but the definition generally accepted nowadays is 
1920 pixel × 1080lines.

Initially there was some similar confusion over the name 
and exact size for ultra high definition (UHD) content. The 
European Broadcasting Union has adopted the follow-
ing definitions with either two or four times the pixels and 
lines of HDTV with frame rates up to 120 fps:
 ❙ UHD-13840×2160progressive
 ❙ UHD-27680×4320progressive

Note that UHD formats are always progressive. Many dif-
ferent camera formats and resolutions used in the broad-
casting and TV industry are often loosely referred to as 
either 4K or 8K or simply UHDTV. Consumers (and some 
professionals!) are often confused by a bewildering array 
of similarly named but different formats.

For example, the Digital Cinema Initiative (DCI) defined 4K 
as4096 × 2160,adigitalformatdesignedtohaveasimilar
resolutionas35 mmcelluloidfilm.AlthoughUHD-1and
4K appear to be very similar, they are not identical and 
conversion between these formats is always required in 
order to avoid picture distortion.

Beyond resolution – the “wow” factors
It was originally expected that UHDTV services would see 
a fast and widespread adoption similar to the way digital 
HDTV services replaced SDTV services. Unfortunately, 
early trials revealed that in many cases consumers could 
not perceive any significant “wow” factor with the new 
services.

There are many reasons for this different response, but 
the transition from SD to HD largely involved replacing old 
analog CRT televisions with much higher resolution and 
geometric distortion-free digital panels. For most consum-
ers, the new HDTVs could offer a clear improvement in 
perceived picture quality compared with analog SDTVs.

In contrast, early UHDTVs were made from exactly the 
same panel technology as HDTVs with little or no real 
improvement in picture quality. The increased resolu-
tion enabled larger panels to be viewed without obvious 
pixelization and with a wider field of view (FOV), but in 
practice most consumers could see few other advantages 
of simply increasing the spatial resolution. Further features 
were clearly needed to achieve the “wow” factor for a suc-
cessful commercial deployment of UHDTV.
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Color depth

1 bit (2 gradations)

2 bit (4 gradations)

4 bit (16 gradations)

8 bit (256 gradations)

10 bit (1024 gradations)

12 bit (4096 gradations)
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Although SD and HD video are normally broadcast with 
only 8-bit color depth, most content has been recorded in 
10-, 12- or even 16-bit color depths. For example, the al-
most universally deployed serial digital interconnect (SDI) 
cabling used 10 bits for SD, HD and UHD, whereas 12-bit 
or 16-bit formats are widely used for file-based post pro-
duction workflows.

The main issue with going to greater bit depths was the 
additional bandwidth potentially needed compared with 
existing 8-bit systems. In practice the latest broadcast 
compression system, HEVC/H.265, is not only far more 
 efficient than H.264 but can also require less bit rate for 
10-bit or 12-bit than for 8-bit for the same picture quality.

Increased bit depth
One of the simplest ways to increase picture quality is to 
increase the number of bits per pixel from the 8-bit color 
depths routinely used for SDTV and HDTV. Apart from po-
tentially extending the range of colors available for display, 
higher bit depths significantly reduced visible banding or 
contouring in areas of similar colors, such as blue skies, or 
in areas of high brightness or darkness.

BT.709 color space. BT.2020 color space.
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Wide color gamut (WCG)

CIE 1931 chromaticity diagram
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Wide color gamut (WCG)
BT.709 defined the color space (or color gamut) used for 
SD and HDTV on the basis of the physical properties of 
CRT-based televisions. Apart from having a limited range 
of usable colors (about 36 % of the CIE 1931 color space), 
CRT TVs also had a typical maximum pixel brightness of 
100 nits (or more formally, candela per square meter, or 
cd/m2).

BT.2020 defines the color space and volume for current 
and future display technologies that can support much 
higher brightness up to 10 000 nits per pixel. The BT.2020 
color space (i.e. the WCG) is based on the experimental 
work of Pointer that mapped all the colors found in the 
real world (as opposed to computer generated). It is much 
larger than BT.709 (covering about 76 % of the CIE 1931 
color space) and is fully capable of enabling rich, vibrant 
and lifelike images on a fully compliant display.

In practice, few – if any – commercial displays can current-
ly reproduce either the complete color space or the maxi-
mum volume (brightness). In recognition of this, BT.2020-
compliant consumer displays must display significantly 
more of the color gamut than a BT.709 display (at least 
90 % of the Digital Cinema Initiative’s P3 color space) but 
do not yet need to cover the entire BT.2020 color space.

Similarly, the best consumer televisions have a maximum 
brightness of around 1400 nits with professional monitors 
achieving around 4000 nits. Only cinema projectors can 
approach the maximum defined 10 000 nits, hardly practi-
cal for the average living room even with sunglasses!

Note that the stated brightness of display normally refers 
to the maximum brightness of any individual pixel that is 
displayed and not to the overall brightness of the complete 
display.

Forexample,theBVM-X300 monitorhasamaximumpixel
brightness of 1000 nits but the overall frame brightness 
cannot exceed about 180 nits due to the amount of power 
required and heat generated if every pixel were set to the 
brightest white (as well as requiring sunglasses for the 
viewer!).

BT.2020 color space is much larger than BT.709 (covering about 76 % of the 

CIE 1931 color space) and is fully capable of enabling rich, vibrant and life-

like images on a fully compliant display.
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High frame rate (HFR)
The frame rate (i.e. frames per second, fps) of a video se-
quence has a very significant effect on the perceived pic-
ture quality, potentially greater than an increase in resolu-
tion alone. There is experimental evidence that consumers 
prefer a 2K resolution picture at 48 fps to a 4K picture at 
24 fps. There are two reasons for this. Firstly a, high frame 
rate will reduce judder on moving objects. This is particu-
larly noticeable on scrolling text and titles, etc.

Secondly, a high frame rate can reduce motion blur and, in 
combination with a fast shutter speed, results in a gener-
ally sharper image. Note that faster shutter speeds require 
bright lighting, which is especially problematical for live 
action sports where it may be impractical to supply addi-
tional outdoor lighting. Recent advances in camera tech-
nology can minimize this issue.

The first step toward HFR for HD and UHD broadcast is 
to eliminate interlacing and move toward 50 fps or 60 fps 
progressive formats. Interlacing has long been a source 
of unwelcome artifacts, and 50/60 fps is already in use in 
many video productions. The benefits of a full progressive 
format are not limited to just UHD formats, since both HD 
and SD can also be significantly improved.

The benefits of HFR beyond 50/60 fps have been exten-
sively researched, especially by the BBC in the UK. Picture 
quality improvements are noticeable with 100/120 fps with 
the EBU specifying 100/120 fps in phase 2 of its UHD-1 
rollout. Future plans for UHD-2 formats (8K) will also in-
clude HFR.

The highest frame rate proposed for broadcast use is 
300 fps.Therearetechnologychallengestoimplementing
and delivering content at such high frame rates but, as it is 
the lowest common multiple of 50 fps and 60 fps, it offers 
the additional benefit of simplifying and improving conver-
sion between the different frame rates.

High dynamic range (HDR)
The final – and arguably biggest – improvement in per-
ceived picture quality arises from the ability to simultane-
ously display details in bright and dark regions of an im-
age. BT.2020 supports displays capable of up to 10 000 
nits but real-world luminosity can exceed that by several 
orders of magnitude. Direct full sunlight can exceed 1 000 
000 nits and specular reflections –typically bright points of 
reflected sunlight – can exceed 100 000 nits.

HDR principles
While the principles of HDR are well known from still pho-
tography applications, there are many issues with regard 
to standardizing video systems that can capture, edit, 
transmit and display HDR content across a wide variety of 
equipment capabilities.

Although state-of-the-art professional systems can cope 
with14stopsfrom< 0.1nitsupto10000nits,thecapa-
bilities of consumer equipment are significantly less and 
vary according to the display technology used.
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Development of display brightness

Increasing display brightness
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A variety of different HDR solutions based on using gam-
ma curves (strictly speaking: an electro-optical transfer 
function, or EOTF) have therefore been developed to ad-
dress the fundamental issue of how to consistently map 
10 000-nit content onto one or more different and less 
bright consumer displays in a heterogeneous broadcast 
environment. The additional requirement for backward 
compatibility with existing standard dynamic range (SDR) 
displays adds another level of complexity.

The complexity is such that no single proposed HDR stan-
dard can currently optimally address all applications. For 
example, the 16-bit depth SLog3 from Sony is widely 
used in post production but is considered too complex for 
consumer broadcast, while two very different approaches 
to HDR have been proposed for broadcast applications: 
“scene referred” and “display referred”.
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Scene referred vs. display referred
A typical video workflow involves three main steps:
 ❙ Capturing the scene with a camera
 ❙ Making artistic adjustments such as editing and color 
correction

 ❙ Presenting the adjusted content on a display

An opto-electrical transfer function (OETF) defines how to 
capture light from the scene in an HDR camera, i.e. how 
to map scene light to a digital code value.

An electro-optical transfer function (EOTF) defines how the 
content is converted back to light in an HDR display, i.e. 
how to map digital code values to a display luminance.

An opto-optical transfer function (OOTF) defines how input 
light is converted to output light by the overall post pro-
duction (artistic) process, i.e. how to map scene light to 
display luminance. OETF and EOTF are both nonlinear and 
so the OOTF is also a nonlinear function.

In a scene-referred system such as hybrid log gamma 
(HLG), the EOTF output is normalized against the original 
scene brightness levels and not to any specific display. The 
output values can therefore be considered as a percentage 
relative to the scene light by the display, thus simplifying 
processing by the display to display light.

A scene-referred system does not need metadata, making 
it suitable for live video production. It has the additional 
benefit of never needing further mastering and color cor-
rection for future displays.

In addition, the entire range of brightness values (1023 
steps for a 10-bit system) can always be used by the dis-
play, which minimizes banding and contouring and maxi-
mizes detail in bright areas.

In a display-referred system such as Dolby Vision’s PQ, 
the EOTF produces the absolute brightness levels as set 
on a reference display during the post production pro-
cess. The brightness and color levels can be changed on 
a frame-by-frame (or scene-by-scene) basis by the color-
ist as part of the artistic process to maintain the highest 
picture quality and rendering/artistic intent during the post 
production process.

The downside is that metadata is required in order to in-
form the consumer display of these changes as they oc-
cur. Typical metadata would include the white point used 
and the brightest pixel (MaxCLL) and the highest average 
frame brightness (MaxFALL) across a sequence of one or 
more frames.
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Scene-referred (HLG) vs. display-referred (PQ)
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MaxFALL and MaxCLL are used by the display device for 
brightness management during a sequence or scene to 
maintain the optimum brightness level across the whole 
sequence while avoiding damage due to overheating. 
Realtime frame-by-frame processing of metadata changes 
by the consumer display also requires significant process-
ing power.

The metadata must be distributed synchronously with the 
video data. This is straightforward for file-based systems 
such as the HDR10 or Dolby Vision Home Blu-ray™ disk 
standards, but currently there is no standard for distribut-
ing and synchronizing dynamic (frame-by-frame) metadata 
through a live broadcast chain. The HEVC and VP9/AV1 
compression standards, however, do support the carriage 
of metadata, for example as supplemental equipment in-
formation (SEI) streams.

PQ metadata also typically needs to be regenerated after 
each step (e.g. logo insertions or graphics overlays) in a 
broadcast chain to preserve the highest HDR picture qual-
ity. This is not an issue in off-line post production work-
flows but is especially problematical for live broadcasting 
environments. A display-referred system may also require 
remastering in the future to support new display types.

Currently broadcasts using PQ can therefore only use stat-
ic metadata during any single event to avoid picture distur-
bance, and DVB requires static metadata to be transmitted 
via SEI with each program or event. Although this is inevi-
tably a compromise in terms of picture quality, it still pro-
vides a very significant improvement compared with SDR.

Note also that the PQ curve’s maximum brightness is al-
ways mapped to the maximum brightness of the reference 
display to ensure the highest fidelity if the reference and 
consumer display have similar properties.

However, if the consumer display has a much lower maxi-
mum brightness than the reference display, then the entire 
PQ curve cannot be utilized, resulting in greater quanti-
zation (loss of brightness resolution), which can lead to 
visible contouring artifacts in bright areas. For example, 
10-bit content mastered on a 10 000-nit display would use 
all 1023 values for the brightness level. However, when 
viewed on a 1000-nit consumer display, only 769 values 
can be viewed. Currently most content is mastered on 
4000-nit displays, which minimizes this problem.

Despite the practical issues over metadata signaling and 
processing, display-referred systems such as PQ, Dolby 
Vision Home, HDR10 and HDR10+ offer the potential for 
extremely high picture quality.
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Hybrid log gamma (HLG)
HLG was developed by the BBC in the UK and NHK in Ja-
pan, with the goal of maintaining as much backward com-
patibility as possible within the constraints of maximizing 
the picture quality of a live broadcast chain. HLG has also 
been standardized by the Japanese ARIB standards body 
for HDR broadcasting and is currently in use for 4K and 8K 
HDR transmissions in Japan.

It is a scene-referred system requiring no metadata, since 
the output values are effectively a percentage of the origi-
nal scene brightness. This also simplifies the conversion 
to the actual brightness of a specific display, and content 
does not need to be remastered in the future as new dis-
play technologies are developed.

As the name suggests, HLG combines a gamma curve at 
lower brightness levels and a logarithmic curve at higher 
brightness.

The gamma curve part is very similar to the SDR gamma 
curve, which ensures reasonable (but not perfect) back-
ward compatibility with BT.2020 SDR displays. It was also 
chosen to be similar to the gamma curve used in most 
existing high definition (HD) video cameras (not to be con-
fused with true HDR cameras!) for lower luminosities.

HLG uses a logarithmic curve for higher luminosities, since 
the human eye responds logarithmically to increasing 
brightness.

Many HD cameras used a linear response for higher lumi-
nosities starting from a “knee” point on the SDR gamma 
curve. Although not a perfect match, it is a reasonable ap-
proximation to the HLG curve to further assist in backward 
compatibility.

Broadcast HDR standards
In July 2016, the ITU published ITU-R BT.2100, which con-
tained a number of recommendations for future broadcast 
systems. These included standardizing on the BT.2020 
color space with either 10 bit or 12-bit color depths, and 
on the use of progressive-only formats for HD, UHD-1 (4K) 
and UHD-2 (8K) resolutions.

It also recommended two different HDR systems, one 
scene referred (HLG from the BBC/NHK) and the other dis-
play referred (PQ from Dolby Vision):
 ❙ HLG is optimized for live broadcasts and is natively 
(somewhat) SDR compatible (on a BT.2020 display)

 ❙ PQ is optimized for prerecorded content but is not 
directly backward compatible with SDR (but a true SDR 
signal can be easily generated during post production if 
needed)

Both systems require the use of gamma curves in order to 
compensate for the nonlinearity of brightness perception 
by the human eye.

The DVB Bluebook A157 and ETSI TS101 154 endorse 
both HLG and PQ broadcasts, whereas the ARIB B67 stan-
dard specifies that only HLG can be used for broadcast ap-
plications in Japan.
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For completeness, HLG is formally defined mathematically 
as:
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where:
E represents the signal value of the red, green or blue 
component in the scene 
and
 a = 0.17883277, b = 0.28466892, c = 0.55991073

Note that the formal definition of HLG is simply a mathe-
matical function that does not contain restrictions on color 
bit depths. This means it is forward compatible with 10-, 
12- or 16-bit future implementations.

HLG10 has therefore been used to indicate a specific im-
plementation of a broadcast system using the HLG EOTF 
with 10-bit color depth and BT.2020 color space but is not 
formally part of the HLG definition.

Perceptual quantizer (PQ)
The PQ EOTF curve was developed by Dolby Vision using 
a series of experiments to investigate the response and 
sensitivity of the human eye to changes in display bright-
ness. The maximum brightness of the reference display 
is limited to 10 000 nits, since changes beyond that level 
could not be easily and consistently discerned. Currently 
lower brightness reference displays (~4000 nits) are nor-
mally used during the mastering process.

Dolby Vision has submitted the PQ EOTF curve to SMPTE, 
and it is now formally defined in ST.2084 as:
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where:   
E = nonlinear color
F = linear luminance
Y = linear color

PQ requires the use of at least one set of metadata defined 
in another SMPTE document. ST.2086.

Currently (for the reasons outlined above) only fixed/de-
fault or no metadata is defined for broadcast PQ applica-
tions. Metadata could be changed from e.g. one film to 
the next, but the behavior of the display on encountering 
such a change is currently undefined and typically leads 
to two to three seconds of picture disturbance during any 
such changeover.

Note that (same as for HLG) the formal definition of PQ 
is simply a mathematical function that does not contain 
restrictions on color bit depths. This means it is forward 
compatible with 10-, 12- or 16-bit future implementations.

PQ10 has therefore been used to indicate a specific imple-
mentation of a broadcast system using the PQ EOTF with 
10-bit color depth and BT.2020 color space but is not for-
mally part of the PQ definition.

Beyond resolution_HDR_WCG_and HFR_fly_5215-4775-32_v0100.indd   11 11.09.2017   10:51:13



Dolby® is a registered trademark of Dolby Laboratories.

12

Nonbroadcast HDR standards
Currently only HLG and PQ are recommended for use for 
broadcast applications. There are, however, a number of 
different HDR standards for other applications and use 
cases.

HDR10
HDR10 is the mandated format for use on HDR Blu-ray™ 
disks and uses the PQ curve to a resolution of 10-bit color 
depth and up to 1000 nits. It is restricted to a single set of 
metadata for any individual content on the disk and does 
not permit changes of metadata during playback. The dis-
play does not need to continually process metadata, so no 
additional hardware processing is required.

HDR10 picture content is significantly improved compared 
with SDR content, but a single set of metadata for an en-
tire film is inevitably a compromise between practicality 
and picture quality.

Dolby Vision
Dolby Vision is optional within the HDR Blu-ray™ stan-
dard. The format is similar to HDR10 but includes addi-
tional metadata streams (defined in SMPTE2094-10) that 
can significantly improve the picture quality on a scene-by-
scene or frame-by-frame basis. When the metadata is ap-
plied to the standard (10-bit/1000 nits) HDR10 content, the 
resulting bitstream can have a peak brightness of 10 000 
nits with up to 12-bit color depth.

However, applying the dynamic metadata streams requires 
significant processing power and currently requires ad-
ditional hardware modules in every display, which means 
there are associated complexity and cost issues. These 
modules are already in many high-end TVs and are be-
coming increasingly available on less expensive displays.
Dolby Vision Home is a proprietary standard requiring roy-
alty payments.

HDR10+ from Samsung and Amazon Video
HDR10+ is an open standard developed by Samsung and 
Amazon Video. It is also based on the HDR10  Blu-ray™ 
format with an additional dynamic metadata stream 
(defined in SMPTE2094-40) that enhances the display. 
HDR10+ is royalty free and can be relatively simply gen-
erated using a suitable HEVC encoder and mastering 
platform.

Online streaming is particularly straightforward with 
HDR10+, since servers need only a software update to de-
liver high-quality content to compatible TVs. Amazon has 
already committed to supporting the HDR10+ standard 
during 2017.

Advanced HDR from Technicolor
Technicolor’s Advanced HDR was developed to be EOTF 
agnostic while combining a true SDR signal and an HDR 
signal into one single delivery stream. It supports PQ, HLG 
and other professional formats, such as Sony’s SLog3, and 
is easily integrated into any content creation and master-
ing workflow.

It claims to offer full backward compatibility with SDR 
playback on an SDR device. An “Advanced HDR by Tech-
nicolor” device can generate a full HDR display from the 
SDR single bitstream by applying a metadata stream (de-
fined in SMPTE2094-30) sent as SEI messages to the SDR 
base layer. The single-layer solution has the potential to 
achieve substantial cost savings in storage, management, 
transmission and network infrastructure.
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Conclusions Despite the introduction of the various techniques outlined 
above, the quest for the perfect picture is by no means 
over. It will no doubt carry on for many years to come, 
driven by the desire to bring true-to-life images into the 
home.

Nevertheless, the abandonment of the limitations of the 
cathode ray tube, which have so dominated broadcast-
ing for many decades, is a significant step forward in that 
quest. The new, larger and brighter color spaces intro-
duced with BT.2020, the higher display resolutions such 
asUHD-1andUHD-2withframeratesupto120 Hzand
– last but not least – the transition to progressive-only im-
ages have been nearly universally accepted and will be 
widely deployed over the next decade and beyond.

HDR techniques can be applied with visually stunning re-
sults to all resolutions and frame rates and especially to 
HD and UHD. However, at the present time (mid-2017) 
there is less agreement on the “best” HDR solution, but 
clear trends are developing.

HLG is emerging as the clear front-runner (at least in Eu-
rope and Japan) for traditional broadcast services. The 
absence of meta data simplifies the entire broadcast chain 
especially for live events and, as a scene referred technol-
ogy, HLG does not need re-mastering for different master 
displays. 

The PQ curve defined in SMPTE2084 has been widely 
adopted as the basis for many different HDR standards, 
which mainly differ in the amount of metadata used and 
how that metadata is delivered synchronously alongside 
the content. It is likely that many of the competing non-
broadcast HDR standards will continue for many years in 
the same way that DTS audio or 7.1 audio have co-existed 
on DVDs in the past.

From the consumer perspective, the downside will be the 
inevitable confusion and incompatibilities arising during 
the transition period. But the upside is very high, since 
all the competing solutions offer rich, vibrant and lifelike 
images.

The future of video does indeed look bright.
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