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(57) Abstract: A method of processing a video signal from a source to produce an output signal comprises converting between a lu -
minance value and signal value using a conversion that has a power of the luminance value for the lower range of luminance values
and a logarithm of luminance value for an upper range of luminance values. Such an arrangement allows the signal to be compatible
with existing transfer functions using a power law over the bottom part of the range and to maintain some compatibility with existing
systems over the upper part of the range. A signal produced by the method may therefore be used both with high dynamic range and
standard dynamic range displays.
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METHOD AND APPARATUS FOR SIGNAL PROCESSING FOR HIGH
DYNAMIC RANGE VIDEO

BACKGROUND OF THE INVENTION
This invention relates 1o processing a video signal from a source,

involving converting between a luminance value and signal value.

A particular non-limiting example is conversion of a luminance value from
a camera to a “voltage” signal value for subsequent processing. For many years,
a power law with exponent 0.5 (i.e. square roof) has ubiquitously been used in
cameras to convert from luminance to voltage. This opto-electronic transfer
function (OETF) is defined in standard ITU Rec 709 (hereafter “Rec 709”) as:

V- 4.5L for0< L <0.018
1099 0,099 for0.018< L<1

where:

L is luminance of the image 0sL<1
V is the corresponding electrical signal Note that although the Rec 708
characteristic is defined in terms of the power 0.45, overall, including the linear
potion of the characteristic, the characterisiic is closely approximated by a pure
power law with exponent 0.5.

Combined with a display gamma of 2.4 this gives an overall sysiem
gamma of 1.2. This deliberate overall system non-linearity is designed 1o
compensate for the subjective effects of viewing pictures in a dark surround and
at relatively low brighiness. This compensation is somelimes known as
“‘rendering intent”. The power law of approximately 0.5 is specified in Rec 709
and the display gamma of 2.4 is specified in ITU Rec 1886. Whilst the above
processing performs well in many systems, for various historic reasons discussed
later, we would like to improve the dynamic range of signals beyond current
standard displays.

Various attempts have been made to improve upon the existing standard.
For example, Dolby Laboratories have proposed a new OETF o provide higher
dynamic range for video and movie production and distribution. This OETF is
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based on the human conirast sensitivity model. The proposed “ideal” OETF is
approximated by a model given in the equations below. Here V is the signal value
and Y is the brightness.

yolarar )
I+ Y )
where
n= 2610 Xi = (3.153930176
4056 4
=222 128 = 78.84375
4096
’%,
=00l == w2 0.8359375
‘ ) 4096
o, =23 30 188515625
44096

Over a wide dynamic range, from Y=0.001 to 1, the proposed Dolby
OETF, quantised o 10 bits, has a remarkably constant Weber fraction of about
1% (the difference in brightness represented by adjacent quantisation levels, as a
fraction of the brightness, is known as the Weber fraction). Exiending the
dynamic range o encompass Y=0.0001, a dynamic range of 10000:1, the Weber
fraction increases only slightly to 2%. However the Dolby proposal extends the
dynamic range to 107:1, from 0.001 cd/m? to 10" cd/m®. This is achieved by
increasing the Weber fraction to 4% at Y=10", 9% at Y=10"®, and a huge 29% at
Y=10". This can be justified by equating the value of Y=1 to be 10* cd/m®,
because then the tiny values of Y (<10 correspond to very iow light level to
which the eye is much less sensitive. At these low light levels the threshold for
just noticeable differences is a much higher than at more typical levels of

Hiumination.

Doloy’s proposal to link the camera OETF {o the absolute luminance level
has potentially far reaching consequences. Previously the photographic, movie
and television industries have always worked with relative, rather than absoclute,
luminance levels. Changing to absolute luminance levels will require significant

changes to the way television is produced and viewed. Whilst the objective of
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achieving a wider dynamic range is admirable, the practicality of such a change
has yet o be established. Nor is it clear that such a large dynamic range is
needed for image display, since the simultaneous dynamic range of the eye is
probably less than 10*. Furthermore the dynamic range of film and the best
electronic cameras is also about 10%. And a dynamic range of 10* (100 times
more than conventional television) may be achieved with a simple 10 bit log
OETF with a Weber fraction of less than 1%.

Given the need to produce a video signal with higher dynamic range, and
the limitations of the Rec 709 OETF, many elecironic camera manufacturers
have designed their own OETF (mostly 10 bit). These include: Filestream
[Thomson] (Thomson), S-Log [Sony] (Sony), Panalog [Galt][Panavision]
{Panavision), Log C [Brendel] (Arri), Canon Log [Thorpe] (Canon, only 8 bit).

Modern digital motion imaging sensors can originate linear video signals
having dynamic ranges up to 80dB or more requiring A/D conversion up to about
14 bits. Examples of cameras that support such dynamic range are the Cannon
EOS €300 and the Arri Alexa. This dynamic range is similar to the simultaneous
dynamic range of the human visual system, which is about 10000:1. That is,
humans can simultaneously, in the same scene, see brighiness variations of this
range, for example between shadows and highlights. Such dynamic range far
exceeds the dynamic range of printed material (less than 100:1), of (now
obsolete) CRT dispiays {(less than 100:1) and, in practice, of modern flat panel
displays (which, despite claiming huge dynamic ranges, are limited by the low
dynamic range signals supported on their interfaces).

For practical and historical reasons digital video, for the overwhelming
majority of cases, is limited to 10 bits in professional video production systems,
and to 8 bits for consumer equipment and computer graphics. For video
programme production we need {0 preserve as much dynamic range as possible
o provide latitude for processing (e.q. “colour grading”) during “post production”.
For consumer applications we would like to preserve dynamic range 1o
simultaneously support details in shadows and highlights. By preserving more
dynamic range we hope to provide a more compelling and immersive experience
to viewers on newer displays that could, potentially, suppert higher dynamic

range.
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SUMMARY OF THE INVENTION

We have appreciaied the need to improve upon existing standards 1o
increase dynamic range. We have also appreciated, though, the need to maintain
compatibility with exisling equipment in the broadcast chain as well as aliowing
for diversity of viewing devices (screens), user preference and viewing

environment.

In broad terms, the invention provides a method of processing a video
signal from a source, comprising converting between a luminance value and
signal value according to a conversion in which: a power law is used for a lower
range of luminance values in which the signal value is a function that includes a
power of the luminance value; and a log law is used for an upper range of
luminance values in which the signal value is a function that includes a log of the

luminance value.

The use of the two differing functions over the two ranges has various
advantages. Over a lower range of luminance values, the power law function may
be substantially the same as the Rec 709 standard noted above. As a
conseguence, any existing display system processing a signal so produced in
accordance with the inverse function of Rec 709 will produce an acceptable
resuit. A level of backward compatibility to existing egquipment is therefore
maintained. Over an upper range of luminance values, the dynamic range may
be extended, when processed by equipment using the inverse of the log law
function, but the signal can still be processed in this range by any existing display
system using the inverse function of Rec 709 and produce an acceptable result.
Again, a level of compatibility is achieved.

The problem as o how to encode g high dynamic range signal into only
an 8 or a 10 bit signal is therefore addressed. This becomes possibie because
the human visual system has a non-uniform sensitivity o light, which allows a
non-linear transfer characteristic as described above 10 be used. Unlike previcus
proposals, processing according to an embodiment of the invention is somewhat

compatible with the ubiquitous ITU Rec 709 characteristic.



WO 2015/128603 PCT/GB2015/050334

10

15

20

25

30

35

40

45

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in more detail by way of example with

reference to the accompanying drawings, in which:

Fig. 1 is a pair of images showing a “contour” effect when guantisation is
insufficient to render subtle shading changes;

Fig. 2 is a graph showing an example “Knee” characteristic as used in some
cameras to extend dynamic range;

Fig.3 is a graph showing a comparison of known opto electronic fransfer
functions in comparison to a function of the present invention;

Fig. 4 shows a graph of Weber fractions comparing known oplo elecironic
transfer functions to a function for the present invention;

Fig. 3 shows a schematic system diagram for a known proposed opto electronic
transfer function and the signals processed;

Fig. 6 shows the arrangement of Figure 5 but with the improvement of the
present embodiment of the invention showing a reduction in signals
processed;

Fig. 7 is a schematic diagram of a processing component of the embodiment of
the invention; and

Fig. 8 is a schematic diagram of a display device of the embodiment of the
invention.

DESCRIPTION OF A PREFERRED EMBODIMENT OF THE INVENTION

We will first discusses the historic and practical use of non-linearities in
television, by way of background. This includes a discussion of the psycho-visual
reasons for the use of non-linearities and the different reasons for non-linearity in
analogue and digital systems. We will then discuss a new oplo electronic transfer
function (OETF) embodying the invention, which is intend to support significantly
higher dynamic range whilst retaining a high degree of compatibility with the
conventional “Rec 709" non-linearity. The mathematical basis of the proposal is
explained along with its psycho visual rationale.
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For many years the dynamic range of television displays was limited {0 a
about 100:1 by CRT technology. A non-linear “gamma” curve was used o
equalise the effect of noise at different brightnesses in analogue TV systems.
With the advent of digital TV the same gamma curve also allowed video to be
quantised to 8 bits with minimal visible contouring. Modern displays potentially
support higher dynamic range images, but remain limited to 100:1 dynamic range
by existing infrastructure and standards, particularly for interfaces to TVs. The
conventional Rec 709 gamma curve does not support higher dynamic range (or
at least brighter images), even if exiended to 12 bits, because of the expectation
that the & most significant bits are equivalent irrespective of the precision of the
signal. Film and cameras have long been able to capture higher dynamic range,
with modern film and electronic cameras suppoerting dynamic range up to 14
stops, i.e. >10000:1. The Rec 709 gamma curve is often modified in cameras,
though the use, of a “knee” to extend the dynamic range and prevent the signal
saturating. This is adequate for live television but for higher quality production
higher dynamic range is achieved through the use of numerous non-standard,
guast logarithmic, OETFs.

The non-linearily in television was originally introduced to make the
effects of noise more uniform at different brightness. The CIE (International
Committee on lllumination) specifies a function, lightness or L*, which closely
approximates human vision’s lightness response [ClE 1976]. It is, more or less, a
power function with exponent 0.42. As a result of this non-linear visual response
the same level of noise is much more visible in dark regions of an image than in
bright regions. In an analogue television system, a non-linearity is required to
make the subjective effect of noise uniform for regions with different brightness.
Hence the signal was non-linearly compressed, with a power law of
approximately 0.42, at the camera, and expanded again at the display to produce
an approximately linear system overall but with more or less uniform visibility of
noise. Early television engineers took advantage of the non-linear characteristic
of CRT displays achieve this, since the non-linearity of a CRT closely
approximates a power law of 2.4 (and 2.4 is approximately the reciprocal of 0.42).
These power laws are commonly referred to as gamma laws. So the gamma of a

CRT display is about 2.4 (and is specified in {TU Recommendation 1886), and
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the overali gamma of the system described in this paragraph is 0.42x2.4, which is
approximately unity.

In practice a power law with exponent 0.5 (i.e. square root) is ubiquitously
used in the camera. Combined with a display gamma of 2.4 this gives an overall
system gamma of 1.2. This deliberate overall system non-linearity is designed to
compensate for the subjective effects of viewing pictures in a dark surround and
at relatively low brighiness. This compensation is somelimes known as
“rendering intent”. The power laws of 0.5 is specified in Rec 709 and the display
gamma of 2.4 is specified in ITU Rec 1886. In relation to an embodiment of the
invention, the rendering intent implied by the overall system gamma is not very
important as focus is on the OETF (Opto Electronic transfer Function) of the

source such as camera.

With the advent of digital video a problem is noted as to how many bits
were required o represent the gamma corrected signal from the camera without
introducing additional artefacis? The artefact introduced by using insufficient bits
is spurious boundaries introduced in smooth regions of the picture. This artefact
is known as “banding”, “confouring” or “posterisation”. Figure 1 provides an

extremne example of effects of contouring.

A BBC Research Depariment Report from 1874 [Moore] provides both
theoretical analysis and subjective experiments o estimate the number of bits
required o quantise a gamma corrected video signal. Given a signal with 100:1
dynamic range, i.e. with black level (zero signal) luminance set at one 1% of the
maximum {70cd/m®) contouring was barely perceptible in a worst case scenario
{a grey level ramp) using 9 bits, which could be reduced by two bits by dithering
the digital signal. These resulis were in line with their theoretical analysis. They
also tested real pictures, which they found required only 6 bits with or without
dither. However only 3 images were used which may not have been
representative of critical modern images. The report recommended using 7 bits
but noted that visible contouring could still arise under some circumstances.
Subsequently widespread use of 8 bit signals has shown that 8 bits is sufficient

for 100:1 dynamic range signals using a gamma curve non-linearity.
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Ten bit quantisation has been increasingly used in video production.
Unfortunately in practice, using Rec 708 gamma, this is of limited help in
increasing the dynamic range of the image that can be supported. This is
because it is expected that the 8 most significant bits (MSBs) of a 10 bit Rec 708
signal may be treated as an 8 bit signal. This often happens when, for example,
the signal is coded for transmission (many fransmission paths are only 8 bits) or
when the signal is sent to a television or computer monitor {most televisions and
monitors only display 8 bits). So the additional two bits are the least significant
bits of the signal. They can reduce the minimum black level, but they cant
increase the brighiness of the scene, even though it is often more desirable o
increase the maximum scene brightness. Similarly a 12 bit Rec 709 signal, which
is specified in {TU Recommendation 2020, does not increase the maximum
scene brightness that can be supporied either.

Camera manufacturers would like o be able to support higher dynamic
range and, particularly, brighter scenes. Their camera sensors have a dynamic
range significantly greater than 100:1 and, if they could provide this dynamic
range through to the display, pictures from their camera would look betiter. But
with a standard Rec 709 signal about 100:1 dynamic range is all that can be
achieved. To try to circumvent this limit camera manufacturers commonly modify
the standard Rec 709 transfer characteristic and add a “kneg” to the
characteristic. In order 1o extend contrast at the bright end, camera
manufacturers introduce a knee in the OETF transfer characteristic. The knee
puts a break point in the OETF and compresses the contrast above the break
point to fit into available signal range. An example of a knee characteristic is
shown in figure 2 {for a 10 bit signal).

In this example the knee is at 100% reference white and the headroom
available in the signal {levels 941 to 1019 in SMPTE standards 259 & 292) is
used to increase the available exposure to 300% of reference white. Often the
break point is set at about 85% of reference white cutput level (corresponding to
an input exposure of about 70% of peak white). With an 85% break peint the
exposure may be extended up to 500% or 800% of reference white. indeed
[Roberts] suggests that, by using a knee, exposure may even be exiended 1o
800% of reference white.
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There is a price o pay for using a knee in the Rec 709 OETF. To achieve
improvemenis in exposure, and maintain image guality, the camera must be
carefully configured, and the output quality may easily be wrecked by
inappropriate adjustments. Even when the camera is well adjusted there is a risk
of visible contouring (discussed in more detail below). The characteristics of the
knee depend on the camera and are not standardised. This makes it difficuit to
take full advantage of the enhanced dynamic range because it is difficult to undo
the knee characteristic to return 1o a linear light format for processing.
Consequently whilst a Bec 709 OETF with knee would typically be used for live
TV programmes alternative approaches may be used for non-live content such as

dramas.

We have appreciated that the dynamic range of the video signal may be
increased by using an alternative OETF. In particular, we note that the gamma
curve specified in Rec 709 was designed to produce an approximately uniform
perception of video noise in an analogue signal. So it was designed to
approximate the subjective lightness curve experience by the human visual
system. But in quantising a video signal the objective is io avoid contouring, not
to provide uniform perception of noise. So in quantising a video signal the
important characteristic is the human visual system’s ability to distinguish similar
values of brightness.

in quantising a video signal we wish o avoid contouring, and so it is the
likelihood of detecting the difference between adjacent quantisation levels that is
important (not lightness). The just noticeable difference in brightness is governed
by Weber's law mentioned above (modified to the De Vries-Rose law at low
luminance as discussed below). Weber's law is that deteciable difference
between brightnesses (or, more generally, other stimuli 100) is proportional to the
brightness. That is that just noticeable difference in brightness is a constant
fraction of the brightness, known as the Weber fraction. For brightness the Weber
fraction of cone cells in the eye is belween 2% and 3%, which means that
subjects can reliably detect a change of between 2% and 3% in brighiness.
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We have appreciated that Weber's law suggests that a logarithmic OETF
(signal o log(relative luminance)) would provide the maximum dynamic range
whilst rendering quantisation steps imperceptible. A Weber fraction of 2% means
we could quantise a 100:1 dynamic range, without perceptible contouring, using
233 gquantisation levels, i.e. 8 bits. The aforementioned BBC report suggests only
9 bits are needed worst case, for a Rec 709 OETF, and fewer bits in practice. So
for a required dynamic range of 100:1 there is little {0 be gained from using a
logarithmic OETF, which would be incompatible with pre-existing TV equipment.

For movie production the formulation of the film stock ensures a more or
less logarithmic response to light. For decades this has been digitally scanned
using a linear analcgue to digital converter (ADC). The resulting “Cineon” format
is essentially a 10 bit signal with a logarithmic OETF. Film provides about 14
stops (i.e. 27*14) of dynamic range, which is satisfactorily captured in the 10 bit

Cineon format.

The present embodiment provides benefils in terms of dynamic range
using a logarithmic transfer characteristic that has not previously been adopted
for video production and distribution. We note that, hitherto, the dynamic range of
television signals has been limited to 100:1, which may not require a logarithmic
curve, and that a logarithmic curve would be appear (o be incompatible with the
installed television infrastructure. if a higher dynamic range for the end viewer is
required in new ielevision standards a conventional gamma curve, even
extended to 12 bits, is no longer adequate.

We will refer {o the processing as used in embodiments of the invention
as a compatible OETF for enhanced and high dynamic range. Modern displays
support higher brighiness, higher dynamic range and lower noise than
conventional, obsolete, CRT displays. Yet they remain limited by conventional
gamma non-linearity, and the standard interfaces based on it, to the dynamic
range of about 100:1 supported by CRT displays.

In order to exploit the potential of modern displays a signal format, based
on a new OETF, is needed. We propose a new OETF for high dynamic range
video which is broadly compatible with Rec 709. Clearly no new OETF can be
completely compatible with Rec 709 {else it would be Rec 709). However the new
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OETF should have similar characteristics o Rec 709, and so facilitate
compression, video processing and aliow the display of good quality pictures on
existing displays.

A new OETF would allow video to provide greater impact and a more
immersive experience. It should support a dynamic range of more than 1000:1
and preferably significantly more. Even a dynamic range of 1000:1, using a
logarithmic, OETF, would require a Weber fraction of about 3% if the signal is
guantised to 8 bits. And a 3% Weber fraction is barely, if at all, adequate to avoid
visible contouring in the displayed image. Which suggests a new OETF may
need more than § bits of precision.

Any new OETF should, we appreciate, also interoperate with existing
standards and infra-structure. Ideally a new signal format should be able 1o be
carried over existing video connections (including compression) and be
displayed, in a broadly compatible fashion, on existing 8 and 10 bit displays.
Television will increasingly encompass multiple formats (e.g. SO, HD and UHD)
and frame rates. So a new signal format should also, ideally, be compatible with
processing such as spatial up and down conversion and frame rate {"standards”)

conversion.

Not all OETFs would be equally compatible with existing standards and
infra-structure. Any reasonable 10 bit OETF may be carried over existing 10 bit
interconnects. However the more the signal differs from the conventional Rec 709
characteristic the less compatible it will be with existing video compression,
processing and, particularly, displays. Video compression is optimised for the
characteristics of conventional video, so that new formats are likely to require
greater bit rate and/or exhibit more artefacts. Video processing is typically
performed on non-linear signals so a new signal format may degrade the quality
of such processing. And clearly a signal that is radically different from Rec 708
will be significantly distorted on a conventional display. Potential display distortion
include aliered brighiness, changed colours, reduced or excessive sharpness
and, perhaps, contouring. For this reason both {(guasi) logarithmic OETFs and
Dolby’s perceptual quantiser OETF, are likely to present considerable practical
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difficulties if used with conventional infra-siructure. Clearly there are advantages
ic a new format that is broadly similar to Rec 709.

The construction of the proposed OETF is based on Rec 709 but deparis
from both this and the "knee” characteristics in cameras mentioned above. Rec
709 is a two part curve with a linear part near black and a power law (gamma
curve) for the majority of the input range. it is designed so that the value and the
gradient of both curves malch at the fransition between them. Camera makers
modify the OETF by adding a third section near white, by using a “knee”, 1o
increase dynamic range and avoid clipping the signal. Unfortunately the section
added above the "knee” risks infroducing contouring artefacts (assuming an
inverse ETOF) by failing to take full account of the psychovisual aspects of vision.

The present embodiment adds a further (third) part to the Rec 709 curve,
at higher input luminance, 1o extend the dynamic range without re-introducing the
risk of contouring. The new, upper portion, of the curve is a logarithmic function to
allow for the non-linear response of the eye. And, as with the linear portion of the
Rec 709 curve, the oculput value and the gradient of both curves are designed o
matich at the transition between them. Because this new proposal has some
similarities to the widely used knee characteristic in cameras we can be confident

that it is broadly compatible with Rec 709.

As a reminder, the OETF defined in Rec 709 is:

r
{
H
H

4.5L for0< L<0.018
=1 VA5 ~
|1.099L —0.099 for0.018<L<1

where:
L is luminance of the image 0sL<1

V is the corresponding electrical signal

in Recommendation ITU-R BT.2020 (Parameter values for ultra-high
definition television systems for production and international programme

exchange) the same equation is specified as:



WO 2015/128603 PCT/GB2015/050334

10

15

20

25

30

13

, [45E, 0<E<f

:<§\(ZE°‘45——(53~1), B<E<]

“where E is voltage normalized by the reference while level and
proportional to the implicit light intensity that would be detected with a reference
camera colour channel R, G, B; E'is the resulting non-linear signal.

a=1.099 and B = 0.018 for 10-bit system
a=1.0993 and B = 0.0181 for 12-bit system”

Although not explicitly stated a and B are the solution to the following

simuitaneocus equations:

458 =aB" —(a-1)
4.5=045057"

The first eguates the values of a linear function and the gamma function
at BE= B, and the second equates the gradient of the two functions also at E= §,
thereby ensuring a smooth transition between the two parts of the curve.

The present embodiment adds a third, logarithmic, portion to the transfer
function at higher values of luminance such that {equation A}

45L for0<L<f

V= ol ~(a-1) for f<SL<p
\ nin(L)+p forL.>u

We have used the V and L notation from Rec 709 to avoid the confusion
of having both dashed and undashed versions of the same variable (as in RBec
2020). Here L is still normalised 1o the same reference white level, but now L can
exceed unity, i.e. this transfer function supporis luminance greater than reference
white. a and B are as defined in Rec 2020. u, the breakpoint between the gamma
and logarithmic sections of the curve, determines the maximum value of L for
which V<1, which is discussed in more detail below. The values of y and p are
determined by eguating the derivatives and the values of the gamma and log

curves at the breakpoint .

Equating the derivalives vields:
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7 =0.4500""

And equating the values of the curves at u (and substituting for 1) vields:

p=ou" (1 -045m u)—{a—1)

The breakpoint between the gamma and log paris of the curves must be
seiected. It determines by how much the inpul luminance level may exceed
reference white. it also determines how compatible the proposed transfer function
is with Rec 709/Rec 2020. A low value of p gives a higher dynamic range but a
poorer compatibility with Rec 709. So the choice of u is a compromise. With a
little algebra the value of luminance at the maximum oufput V=1, may be found to
be:

4 i \‘.

Pl
L =Hexp —| —— 1
L 045 w7 )

We propose that a maximum value of luminance (when V=1), relative fo
reference white, should be Lmax=4. This implies a breakpoint of u=0.12314858.
The corresponding oufput level is V=0.33 bui, in practice, Rec 709 and this
proposal are very similar for the whole of lower half of the output range. Taking
into account headroom above V=1, which is allowed in the 10 bit coding scheme
defined in Rec 709 & Rec 2020, this choice of breakpoint allows more than 600%
of reference white 1o be coded before clipping is required.

A 10 bit signal conforming to the proposed OETF provides a sixteen fold
increasing in dynamic range compared {0 an 8 bit Rec 709 signal. The maximum
luminance is increased by a factor of 4 as above. Increasing the signal depth
from 8 to 10 bits reduces the difference between successive guantisation levels
by a further facior of 4, thereby increasing the dynamic range a low luminance
{“in the blacks™).

Figure 3 shows a comparative plot of several OETFs. The Rec 709 curve
(partially hidden by the "knee” curve), clips at reference white. Clipping is avoided
up o 400% of reference white by using the camera knee characteristic illustrated.
The proposed OETF offers the same exiension in dynamic range but with a
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smogther curve. At the bottom end it is (by design) very similar {o the Rec 709
curve. At the upper end il is similar to the knee curve. Based on indusiry
experience of cameras with knee curves we may be confident that the proposed
curve has a high degree of compatibility with Rec 709. The known “perceptual
quantiser” OETF is included for comparison. Over the range plotted it is
extremely similar to a pure logarithmic transfer function with a (10 bit) Weber
fraction of about 1% (see below). As a logarithmic transfer function it is clearly
highly incompatible with the Rec 709 curve. However the perceptual quantiser is
designed to be used over a much wider dynamic range so incompatibility is
unavoidable. The comparison is only intended 1o show that a perceptual
quantiser or, equivalently, a pure logarithmic transfer characteristic is not

compatible with Rec 709.

To gauge the likely subjective guality of this proposal it is instructive fo
consider the Weber fraction, that is, the fractional steps between guantisation
levels. This is illustrated in figure 4 for the 4 OETFs compared above. The Weber
fractions for all OETFs are comfortably below the 2% to 3% threshold of visibility
{except at very low relative luminance). The Rec 709 Weber fraction decreases
monotonically up to reference white. lis low values indicate thal courser
quantisation could be used, without being visible, for higher relative luminances.
And this is what the knee function response does. But unfortunately it introduces
a sharp increase in Weber fraction at the knee point and also has too low a
Weber fraction at high reiative luminance. The proposed OETF prevents the
Weber fraction from reducing to unnecessarily low values and by doing so allows
a higher dynamic range. The Perceptual Quantiser has a more or less constant
Weber fraction of 0.09 across the range plotted and so corresponds closely with

a pure logarithmic transfer function over this range.

Al low values of luminance the Weber threshold of visibility is replaced by
the De Vries-Rose law. This says the threshold of visibility is proportional to the
square roct of the brighiness rather than to brightness. The brightness
corresponding to the transition between De Vries-Rose and Weber depends on
conditions, such as the size, frequency and duration of the {visual} signal.
Typically the transition brightness is between .04 and 25 cd/m® [Sezan]. This
fransition brightness approximately corresponds to the breakpoint belween the
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gamma and logarithmic sections of the curve in the proposed OETF.
Consequently higher Weber fractions in Rec 708 (and therefore in this proposal},
at low values of luminance, do not result in visible contouring. Furthermore, if the
peak brightness of a display using the proposed OETF is approximately a few
hundred cd/m?, then the OETF approximately corresponds to the psychovisual

sensitivity of the eye.

Reducing the depth of the signal from 10 to 8 bits increases the Weber
fractions by a factor of 4. The Weber fraction for the proposed OETF would
increase to 2.4%. This is still only at or below the threshold of visibility,
particularly if dither is added or there is {a low level of) noise in the image.
Consequently an 8 bit version of this OETF should be able to produce a higher
dynamic range image without visible artefacis. It should be noted that an 8 bit
HDR signal would include little exposure latlitude to support post processing such
as grading, and so would be unsuitable for production applications. Similarly
artefacts from end user compression are likely to be more visible with an 8 bit
OETF. Nevertheless this would allow a higher dynamic range image to be
iransferred to a display via an 8 bit interface. Note that an 8 bit version of a Rec
709 OETF with a knee would have a peak Weber fraction of about 5%, which
would be clearly visible on some pictures.

A 10 bit signal using the proposed OETF provides a dynamic range of at
least 1600:1 (10.6 stops), compared to 100:1 for Rec 709. This is sufficient for
consumer displays and for some video production. However film and modern
electronic cameras can support dynamic ranges up to 14 stops. A higher dynamic
range signal is needed to support high quality video and movie production.

We further suggest using the proposed OETF with a 12 bit signal to
support an extremely high dynamic range image suitable for video and movie
production. Conventionally 2 “precision” bits are added as the least significant
bits {0 extend an 8§ bit Rec 709 signal to 10 bits. This nominally extends the
dynamic range by a factor of 4 (because the bottom part of the Rec 709 curve is
linear). However, as noted above, there is no increase in the maximum
luminance that can be capltured relative to reference white. If the proposed 10 bit
signal were extended to 12 bits in the same way, by adding two LSBs, it would
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not adeguately support the needs of video and movie production. Such a 12 bit
signal would support a dynamic range of only about 13 stops and a maximum

luminance of 4 times reference white.

it is proposed to extend the 10 bit signal to 12 bits by adding one MSB
plus one LSB. This means doubling the range of the signal (V or E in the
equations above), from 0 to 2, and increasing its precision by a factor of two. A
signal value V=2.0 with the proposed OETF corresponds to a (relative) luminance
of about 1000 times reference white. The additional bit of precision also extends
the dynamic range by a factor of two, L.e. 1 stop, “in the blacks”. Overall a 12 bit
signal, constructed in this way would have a dynamic range of more than 20
stops. This is many stops more than the best film or electronic cameras providing
plenty of scope for future improvements and, potentially, plenty of exposure
latifude to meet the most demanding production reguirements.

For video production in standard definition (Rec. [TU-R BT.801) or HD
{(Rec 709) both 8 and 10 bit signals are valid formats. 10 bit signals have been
increasingly used for video production (although 8 bit signals are still sometimes
used) but only 8 bits are currently ever used for end user distribution. To allow
interoperation of 8 and 10 bit equipment simple conversion between the 8 and 10
bit signals is essential. if 8 bit signals continue to be used for HDR (which is
possible as discussed above) this will continue to be frue. Simple conversion is
afforded through the addition of precision bits to the 8 bit signal as the LSBs (as
discussed above). This remains true for the proposal herein.

There is no requirement, in exiending an HDR video format to 12 bits, {0
use only precision bits. There is virtually no 12 bit video equipment in existing
broadcast infrastructure. So there is no requirement for backward compatibility.
Indeed, as already noted, the use of only precision bits would not support the
needs of high quality production.

Using the 12 bit format proposed here would support easy interoperation
with 10 {and 8) bit equipment. There are no proposals to use 12 bits for end user
distribution. So the 12 bit format would only be used for production to provide
exposure latitude during grading and post production. Today's non standard
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higher dynamic range formats (such as Log © or Panalog discussed above) are
graded on monitors with 10 input bits (higher bit depth monitors are virtually
unavailable). Similarly the final grading of HDR video will be performed using 10
bit monitors (because consumer monitors will be no more than 10 bit). This is
facilitated by using the same OETF with a wider signal range (V=0 fo 2} as
proposed here. The 10 bit signal for the moniior could be derived by simply
omitting the MSB and the LGB of the 12 bit signal. Of course, sometimes, the 12
bit signal would exceed the range of the 10 bit signal (precisely the reason for
using the 12 bit signal). But in this case the over range signal would be easily
seen because the signal would “wrap round” fo black. Such out of range signals
would be corrected during grading {(one of the purposes of grading) to produce
the final 10 bit output. In practice, 1o provide a more robust conversion from 12 to
10 bits, it would be more appropriate o clip the 12 bit signal to limit ifs range and
round the signal, rather than simply omitting the MSB and LSB.

So far, we have focused on the opto-electronic transfer function of the
video system. To complete the picture a brief discussion of the corresponding
electro-optical transfer function (EOQTF) for the display follows. The electro-optical
transfer corresponding to Rec 709 is specified in Recommendation ITU-R
BT.1886 {Rec 1866). Rec 1886 includes adjustment for legacy “brightness” and
“contrast” controls, but discounting those the EOTF is specified as:

L=yt
That is the screen luminance, L, is a pure power law, with a exponent

{gammaj of 2.4, of the signal, V.

The overall gamma of the system, from scene luminance to screen
luminance, is 1.2. As noted above, the OETF specified in Rec 709 closely
approximates a pure power law with exponent 0.5 once allowance is made for the
linear part of the curve near black. Combining this with the power law from Rec
1886 vields the overall system gamma of 1.2. This overall system non-linearity is

intentional and designed o compensaie for viewing conditions.
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To be compatible with Rec 709 & Rec 1886 an eleciro-optical transfer
function carresponding to the proposal herein should also provide an overall
system gamma of 1.2. This implies the following EOTF {Equation B):

-
|

v for0sv <¢

L= [ 1.2(v = p))

exp| forV>¢

where & is signal value V corresponding to the breakpoint luminance p
{(=0.12314858) given by:
&=’ —(a—1)=0.32906248
Figures 5 and 6 demaonstrate the reduction in processing needed
with an embodiment of the invention in comparison to a proposed transfer
function that departs from the Rec 709 standard. Figure 5 shows the process in
which two signals need o be produced to remain compatible with an existing
standard dynamic range screen as well as a true high dynamic range screen. A
raw image is captured at capture step 10 and may be previewed at preview step
12 and passed to an imaging screen for editing at siep 14. At this point, a
separate colour grading 16 may be performed on the HDR and SDR images and
separate oufput files 18 produced in a format such as MXF which are then
separately provided to a play out server at step 20. A HDR and SDR
transmission encoder 22 then provides two signals, a first standard dynamic
range signal and a second different signal from which the HDR signal may be
derived using the SDR signal. This is then sent to a broadcast chain 24 such as
a satellite at step where both signals must be broadcast. As can be seen, there
is redundancy in the chain as two separate signais must be prepared and
transmitted. Separate SD and HD receivers 26,28 are then able {o receive the
respective signals/

Figure 6 shows the conirast with the improvement of the present
invention. As with Figure &, an image is capiured at step 10 but at step 12 a new
transfer function according to the present disclosure is applied prior to editing in a
single editing screen at step 14 and colour grading at step 16. A single MXF file
is produced 18 and sent to a transmission server 20 prior to encoding 22 and
satellite uplink at step 24. The single signal is now receivable and can be
displayed by both the SDR and HDR receivers in the manner described above. A

significant saving is thus achieved.
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Figures 7 and 8, respectively show an image caplure device such as a
camera, and a display device such as a TV screen embodying the invention. The
camera of Figure 7 includes a detector CCD or CMOS 30, processor 34 and
memory 36 and an ouiput 38. The memory 36 holds the EOTF funclion as
described above, particularly in Equation A, by which the processor processes
the incoming luminance signal. The display device of Figure 8 has an input 40 for
receiving a signal, processor 44 and memory 42 and display 46. The memory 42
holds the OEFT function such as in Equation B herein.

Figure 9 shows a further embodiment of the OETF that provides  for  a
lower range of luminance values that the signal value is derived using a first
function that includes a power of the luminance value, and for an upper range of
luminance values the signal value is derived using a second function that
includes a log of the luminance value. The compressive function of this
embodiment ouipuls the same value as is input (linear) until the signal level
reaches a threshold, or breakpoint. Thereafter, for larger values of the input
signal, the output is a logarithmic function that compresses the input. The second
stage of the OETF applies a power law function as defined in Rec 709.
Therefore, overall, for the lower part of the input signal domain the OETF is a
power law defined, for example, by ITU Rec 709 (because combining the linear
function and power law gives a power law). For the upper part of the signal
domain the OETF is a power of a logarithm.

The choice of compressive function is explained below. A compressive
function may be obtained by generating a two part curve in which the lower part
of the curve is the straight line:

y=x

And in which the upper part of the curve is a logarithmic function:

y=flnx+o
That is the compressive function is:

X 0<x<a

y= o
Plnx+d  a<x
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The function is intended to have a domain [0:k] and compress this fo a
range [0:1].

5 The desired function is continuous and has a continuous first derivalive.
This provides a pair of simultaneous equations, below, from which the curve may

be defined.
a=pFhha+d
B
o
10 These equations may be solved fo vield:
B=a

& =all~In(a))
The breakpoint, o, determines the amount of compression that the

15 function provides. For a given breakpoint the compression factor, K, is defined by:

l=aluk +all-1n(a))
This may be solved o yield the compression factor as a function of the
breakpoint, that is:
20
f1 )
k=qa exp —-—1]
@
So, for example, with a breakpoint of 0.25 this function provides

compression by a factor of, approximately, 5.02.

25
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CLAIMS

1. A method of processing a video signal from a source to produce an cutput
signal, comprising converting beilween a luminance value and signal value
according to a conversion in which:

for a lower range of luminance values the signal value is derived using a
first function that includes a power of the luminance value; and

for an upper range of luminance values the signal value is derived using a

second function that includes a log of the luminance value.

2. A method according o claim 1, wherein the first function, for the lower
range, is compatible with existing systems.

3. A method according to claim 1 or 2, wherein the first function, for the
lower range, is in accordance with ITU-R BT.601, ITU-R BT.708, ITU-R BT.2020

or similar standards.

4. A method according to any preceding claim, wherein the second function,
for the upper range, exiends the dynamic range.

5. A method according to claim 4, wherein the second function, for the upper
range extends, the dynamic range beyond that of the first function used for the

lower range.

6. A method according o any preceding claim, wherein the signal is
compatible with exisling systems such that existing systems may produce an
acceptable image from the signal.

7. A method according to any preceding claim, wherein the lower range and
upper range are contiguous in luminance values and signal values at an

intersection.

8. A method according to claim 7, wherein the gradient of the first function
substantially matches the gradient of the second function at the intersection.
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9. A method according fo claim 7 or 8, wherein the intersection is chosen as
fo maintain compatibility with existing systems whilst exiending the dynamic
range of the signal.

10. A method according to any preceding claim, wherein the upper range of

fluminance values extends to an integer power of 2 multiple of existing ranges.

1. A method according to any preceding claim, wherein for a range below
the lower range of luminance values the signal vailue is derived using a third
function that is a linear relationship of luminance value, wherein the functions are

in accordance with equation A herein.

12. A method according o any preceding claim, wherein the signal value is
quantised 1o an 8 bit or 10 bit bit depth.

13. A method according to any preceding claim, wherein the signal value is
guantised to a 10 bit bit depth and reduced to an 8 bit signal for acceptable
display on existing sysiems.

14. A method according o any preceding claim, wherein the signal value is
guantised to a 12 bit bit depth and reduced 10 a 10 bit signal by clipping so as to
remove the most significant bit, and by removing the least significant.

15. A method according to claim 7, wherein the point of intersection is a
controllable variable fo oplimise a balance beiween compatibility with existing
systems and dynamic range.
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16. A method of processing the output signal of any preceding claim,
comprising processing the signal with an inverse function of a conversion in
which:

for a lower range of luminance values the signal value is derived using a
first function that includes a power of the luminance value; and

for an upper range of luminance values the signal value is derived using a

second function that includes a exponential of the luminance value.

17. A method according to claim 16, wherein the functions are in accordance

with equation B herein.

18. A display operable to process the oulput signal of any of claims 1 to 15,
having means for processing the signal with an inverse function of a conversion
in which:

for a lower range of luminance values the signal value is derived using a
first function that includes a power of the luminance value; and

for an upper range of luminance values the signal value is derived using a

second function that includes a exponential of the luminance value.

19. A method according to claim 18, wherein the functions are in accordance
with equation B herein.

20. A transmitter comprising means arranged {o undertake the method of any
of claims 1 {0 15.

21. A camera comprising means arranged to undertake the method of any of
claims 1 to 15.

22. Apparatus being part of a studio chain comprising means arranged f{o
undertake the method of any of claims 1 {0 15.

23. A method according to any of claims 1 to 15, wherein
the first function is a power of the luminance value and the second

function that is a power of a logarithm.
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