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Abstract

The JCT-VC established the HEVC Range extensions test model 7 at its 17th meeting in Valencia from 30 March to 4 April 2014. This document serves as a source of general tutorial information on HEVC range extensions and also provides an encoder-side description of the HM-14.0-RExt7 software.
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1 Introduction

The 7th HEVC Range extensions test model (HM-14.0-RExt7.2) was specified by decisions taken at the 17th meeting of the JCT-VC held in Valencia from 30 March to 4 April 2014.
The 7th HEVC Range extensions test model is built on top of the 14th HEVC test model (HM-14.0). Tools from HM-14.0 are also present in HEVC range extensions, unless otherwise indicated. This document describes only aspects of the encoder relevant for HEVC range extensions. For an understanding of the encoder upon which HEVC range extensions is built, refer to [1].
1.1 Obtaining the HEVC Range extensions test model 7
The current version of the 7th HEVC Range extensions test model (HM-14.0-RExt7.0) is available from the following locations:

https://hevc.hhi.fraunhofer.de/svn/svn_HEVCSoftware/tags/HM-14.0+RExt-7.0/
https://hevc.hhi.fraunhofer.de/trac/hevc/browser/tags/HM-14.0%2BRExt-7.0
2 Scope

This document provides an encoder-side description of the HEVC Range extensions test model 7 (HM-RExt), which serves as a tutorial on the encoding model implemented in the HM-RExt software. The purpose of this text is to share a common understanding on reference encoding methods supported in the HM-RExt software, in order to facilitate the assessment of the technical impact of proposed new technologies during the HEVC standardization process. Although brief descriptions of the HEVC design are provided to help understanding of the HM-RExt, the corresponding sections of the HEVC draft specification [2] should be referred to for any descriptions regarding normative processes. A further document [3] defines the common test conditions and software reference configurations that should be used for experimental work.
3 Encoder control of the HEVC Range extensions test model 7
3.1 Encoder compile-time options

The HEVC Range extensions test model 7 includes additional compile-time options to enable adopted tools and to configure the encoder and/or decoder relative to the HEVC test model. Options relating to the control of adopted tools are not further discussed here. Options relating to the configuration of the encoder and/or decoder are documented here.
3.1.1 High bit depth support

The following compile-time macro (#define) is used to enable the encoder and decoder to support operation with extended_precision_processing_flag set equal to one.
RExt__HIGH_BIT_DEPTH_SUPPORT
When this macro is set to 1, the FULL_NBIT and RExt__HIGH_PRECISION_FORWARD_TRANSFORM macros are also set to 1. This can also be controlled externally be the build environment.
FULL_NBIT
The FULL_NBIT macro, when enabled, results in the use of a distortion measure derived from all bits of source data, otherwise the distortion measure is scaled such that it is equivalent in magnitude to that of an 8-bit system. Note that this macro is also present in the HM software.
RExt__HIGH_PRECISION_FORWARD_TRANSFORM
When set to 0 (default) the RExt__HIGH_PRECISION_FORWARD_TRANSFORM macro results in the forward transform of the HEVC Range extensions test model 7 being the transpose of the HEVC inverse transform (6-bit precision).
When set to 1, the RExt__HIGH_PRECISION_FORWARD_TRANSFORM macro results in the forward transform of the HEVC Range extensions test model 7 being an integer approximation of a DCT, with 14-bit precision, formed from matrix-inverting and rounding the corresponding 6-bit precision inverse transform with scaling to produce output having magnitude that corresponds to the magnitude of the 6-bit forward transform output.
The supplied makefile for Linux includes targets that build executables with RExt__HIGH_BIT_DEPTH_SUPPORT set to zero and one.
3.2 Encoder configuration options
Table 1 provides a list of encoder configuration options for the HEVC Range extensions test model 7 (HM-14.0-RExt7.2).
Table 1. Encoder configuration options.
	Configuration option
	Section reference

	AlignCABACBeforeBypass
	4.6.1

	ChromaFormatIDC
	4.1

	CostMode
	7.3

	CrossComponentPrediction
	4.8

	ExplicitResidualDPCM
	4.5

	ExtendedPrecision
	4.4.6

	GolombRiceParameterAdaptation
	4.7.3

	HighPrecisionPredictionWeighting
	4.3.1

	ImplicitResidualDPCM
	4.5

	InputChromaFormat
	4.1

	InputColourSpaceConvert
	4.1

	IntraConstraintFlag
	6

	IntraReferenceSmoothing
	4.2.2

	Level
	6

	LowerBitRateConstraintFlag
	6

	MaxBitDepthConstraint
	6

	MaxCUChromaQpAdjustmentDepth
	4.4.7

	MaxChromaFormatConstraint
	6

	MSBExtendedBitDepth
	4.1

	MSBExtendedBitDepthC
	4.1

	MSEBasedSequencePSNR
	4.1

	OutputInternalColourSpace
	4.1

	PrintFrameMSE
	4.1

	PrintSequenceMSE
	4.1

	Profile
	6

	ReconBasedCrossCPredictionEstimate
	4.8

	ResidualRotation
	4.7.1

	SaoLumaOffsetBitShift
	4.9.2

	SaoChromaOffsetBitShift
	4.9.2

	SEIChromaSamplingFilterHint
	5.3

	SEIChromaSamplingHorizontalFilterType
	5.3

	SEIChromaSamplingVerticalFilterType
	5.3

	SEIKneeFunctionCancelFlag
	5.5

	SEIKneeFunctionId
	5.5

	SEIKneeFunctionInfo
	5.5

	SEIKneeFunctionInputDispLuminance
	5.5

	SEIKneeFunctionInputDrange
	5.5

	SEIKneeFunctionInputKneePointValue
	5.5

	SEIKneeFunctionMappingFlag
	5.5

	SEIKneeFunctionNumKneePointsMinus1
	5.5

	SEIKneeFunctionOutputDispLuminance
	5.5

	SEIKneeFunctionOutputDrange
	5.5

	SEIKneeFunctionOutputKneePointValue
	5.5

	SEIKneeFunctionPersistenceFlag
	5.5

	SEIMasteringDisplayColourVolume
	5.6

	SEIMasteringDisplayMaxLuminance
	5.6

	SEIMasteringDisplayMinLuminance
	5.6

	SEIMasteringDisplayPrimaries
	5.6

	SEIMasteringDisplayWhitePoint
	5.6

	SEINoDisplay
	5.1

	SEITempMotionConstrainedTileSets
	5.4

	SEITimeCode
	5.2

	SingleComponentLoopInterSearch
	7.4

	SingleSignificanceMapContext
	4.7.2

	SNRInternalColourSpace
	4.1

	Tier
	6

	TransformSkipLog2MaxSize
	4.4.2


4 Description of tools in the HEVC Range extensions test model 7
4.1 Colour space and chroma format support

The HEVC Range extensions test model 7 supports the following options in addition to those provided by the HEVC test model:

· Supported chroma formats: 4:0:0, 4:2:0, 4:2:2 and 4:4:4, as configured by ChromaFormatIDC and InputChromaFormat.
· The luma channel and chroma channels bit-depth can be independently increased with zero-valued MSBs added, as configured by MSBExtendedBitDepth and MSBExtendedBitDepthC.
· To facilitate handling input data with various ordering of colour channels, the following conversions are provided in the encoder: YCbCrtoYCrCb, YCbCrtoYYY or RGBtoGBR. Corresponding conversions are provided during the PSNR calculations and in the decoder to allow producing output that is compatible with the input test sequence. These are configured by InputColourSpaceConvert, SNRInternalColourSpace and OutputInternalColourSpace.
· Sequence PSNR can be reported either as a linear average of frame PSNRs, or a sequence-level PSNR can be produced, as configured by MSEBasedSequencePSNR.

· Reporting of frame MSE and sequence MSE can be enabled using PrintFrameMSE and PrintSequenceMSE.
4.2 Intra Prediction
4.2.1 4:2:2 chroma format mode adjustment
When the DM_CHROMA mode is selected (i.e. intra_chroma_pred_mode is equal to 4) and the 4:2:2 chroma format is in use, the chroma intra prediction mode is derived from intra prediction mode for luma and 4:2:0/4:4:4 chroma as specified in Table 2.
Table 2. Specification of intra prediction mode for 4:2:2 chroma (Proposal 2)

	intra pred mode
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

	intra pred mode for 4:2:2 chroma
	0
	1
	2
	2
	2
	2
	2
	4
	6
	8
	10
	12
	14
	16
	18
	18
	18
	18

	intra pred mode
	
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34

	intra pred mode for 4:2:2 chroma
	
	22
	22
	23
	23
	24
	24
	25
	25
	26
	27
	27
	28
	28
	29
	29
	30
	30


The result of this mapping table is illustrated in Figure 1, which shows the intra prediction angles for the 4:2:2 chroma format.
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Figure 1. Intra prediction angle for 4:2:2 chroma format.
4.2.2 Reference sample filtering
The neighbouring samples filtering process for intra prediction is skipped when intra_smoothing_disabled_flag is set to 1 (as configured by the IntraReferenceSmoothing enable flag). This method is currently chosen in common test conditions only when sequence-level lossless coding is used.
4.3 Inter Prediction
4.3.1 Weighted prediction
A factor ( 1 << ( bitDepth – 8 ) ) is applied to the weighted prediction offsets when high_precision_offsets_enabled_flag is equal to zero. At higher bit depths, this factor increases in magnitude, reducing the performance of weighted prediction.

When the high_precision_offsets_enabled_flag is equal to one, the offsets (o0 and o1) have the same precision as the input (i.e. the factor above is removed) in order to provide enough precision for the weighted prediction process.

The high_precision_offsets_enabled_flag is configured by HighPrecisionPredictionWeighting in the encoder.
4.4 Transform and quantization (scaling)
4.4.1 Transform selection for the 4:2:2 chroma format
When the 4:2:2 chroma format is in use, a TU has a rectangular chroma block. In this case, the rectangular chroma blocks are divided into two square blocks and existing square transforms are used for each block. A separate coded block flag is signalled for each block. Intra-prediction reconstruction occurs separately for the two square blocks within a rectangular chroma block, enabling the lower block to be predicted from the reconstructed upper block. Deblocking of these new boundaries is described in Section 4.9.
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Figure 2. Square transform arrangement for the 4:2:2 chroma format.
4.4.2 Transform skip
Transform skip is supported on all TU sizes. The maximum sized TU for which transform skip is available is signaled by log2_max_transform_skip_block_size_minus2 (as configured by TransformSkipLog2MaxSize)
4.4.3 Scaling lists for the 4:4:4 chroma format

Scaling lists are included in the picture parameter set, which must not depend on any information in the sequence parameter set (including the chroma format). Thus, the scaling list for 32x32 chroma blocks (for the 4:4:4 chroma format) is derived from the 16x16 chroma scaling list. This derivation is shown in Figure 3.
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Figure 3. Scaling list set showing derivation of 32x32 chroma scaling lists from 16x16 chroma scaling lists
4.4.4 Scaling lists for transform skipped TUs

Scaling lists are not used for any transform-skipped TUs, other than 4x4.
4.4.5 Chroma QP initialization offset table
When the chroma format is set to 4:2:2 or 4:4:4, the chroma QPc is initialized according to the luma qPi using the formula Min( qPi, 51 ). In particular, the mapping relationship of Table 8-10 of [2] is not used.
4.4.6 Extended precision processing
An extended_precision_processing_flag (as configured by ExtendedPrecision) is provided to allow increased internal precision, particularly for use at higher bit depths. When this flag is set to one, the internal width of the transform and the entropy coder (g_maxTrDynamicRange[channel]in the software model) are increased according to the selected bit depth. Figure 4 shows the bit depths in the HEVC encoding path.
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Figure 4. Diagram showing magnitude bit depths in HEVC encoding path

Table 3 shows the relationship between the internal precisions and the bit depth.
Table 3. g_maxTrDynamicRange[channel]
	extended_precision_processing_flag
	Bit depth[channel]

	
	16
	15
	14
	13
	12
	11
	10
	9
	8

	1
	22
	21
	20
	19
	18
	17
	16
	15

	0
	15


4.4.7 CU-adaptive chroma QP offset

A chroma QP offset adjustment may be signalled at the CU level, for CUs down to a particular depth (signalled via diff_cu_chroma_qp_adjustment_depth). The same QP offset may also be applied to subsequent sibling or child CUs within the CTU tree if the maximum depth is reached. This is similar in principle to the operation of delta QP signalling in the current HEVC specification. To provide additional flexibility in terms of number of offsets, each CU that invokes the mode may signal an index into an offset table. This offset table contains up to five pairs of chroma QP offset values (cb_qp_adjustment, cr_qp_adjustment). The offset table is signalled in the PPS, limiting the rate cost of providing the chroma QP offsets. If the table contains one offset then no index is signalled. The chroma QP adjustment values are restricted such that the total deviation from the luma QP is limited to ±12.
For a CU where the offset is applied, each chroma QP adjustment value in a pair is applied to the corresponding chroma component. The feature is globally enabled through use of a picture parameter set flag chroma_qp_adjustment_enabled_flag, and locally through a slice header flag slice_chroma_qp_adjustment_enabled_flag.
4.4.8 Quantization rounding for residual DPCM
Over blocks where both transform skip and Residual DPCM (RDPCM, see Section 4.5) are applied, the quantization rounding offset is different from the one used in spatially transformed blocks. More precisely, the HM-RExt 7 software applies a dead zone uniform quantizer with quantization step Q and rounding offset α as shown in Figure 5. For blocks where spatial transformation is applied, α is equal to 1/3 and 1/6 for intra and inter coding modes, respectively. Conversely, over blocks where transform skip and RDPCM are used, the offset α is set equal to1/2.
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Most works regard all the coefficients using one rate parameter
A. That means they use one distribution to categorize all the
DCT coefficients. However, in intra frame, after prediction and
DCT-like transform, there is still directional information left in
the residue and the distribution of each coefficient is quite dif-
ferent. Therefore, we should consider mode dependent param-
eters in each frequency component. In the following, we will
investigate such phenomena.

Generally speaking, the transform coefficients cluster around
0" point. But the variances differ quite a lot among different
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For DC component, located at left-up corner (0.0) in the co-
efficient matrix, exhibits a larger variance than high frequency
components. Therefore, the distribution peak of DC is not as
sharp as high frequency components’. Additionally. the vari-
ances are highly related with intra prediction mode. Let’s take
vertical prediction (mode 0) for example. After prediction and
transform, the variances of transformed coefficients are larger in
the horizontal direction than in the vertical direction. It means
the nonzero coefficients tend to exist along the horizontal direc-
tion rather than vertical direction. For the horizontal prediction,
the situation is just the opposite. Such statistical property can be
seen from Fig 3. From experiments. we observe that DC. ver-
tical prediction and horizontal prediction modes are most fre-
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Figure 5. Dead zone uniform quantizer with rounding offset.
4.5 Residual prediction in case of transquant bypass and transform skip

When lossless coding is used (i.e. cu_transquant_bypass_flag is equal to one) and implicit_rdpcm_enabled_flag is equal to one, the residues obtained from intra prediction are further predicted using DPCM. Residual DPCM is only applied when the intra prediction direction is either horizontal or vertical. For residues obtained from inter prediction or intra block copy prediction, RDPCM is applied if explicit_rdpcm_enabled_flag is equal to one. In this case the encoder selects whether to apply RDPCM on the residues and if it is applied, whether to perform RDPCM along the horizontal or vertical direction. This decision is based on the sum of absolute difference (SAD) computed over the residues. The decision which minimises the SAD is selected as the best and signalled to the decoder using two binary flags: one to signal whether RDPCM is applied and one to signal the direction in which RDPCM is applied. 
When lossy coding is used (i.e. cu_transquant_bypass_flag is equal to zero), RDPCM may be applied at TU level and only for those TUs which are transform skipped (e.g. 4×4 transform units). For intra TUs, RDPCM is always applied when implicit_rdpcm_enabled flag is equal to one for intra coded transform-skip TUs with horizontal or vertical intra prediction mode, so there is no additional signalling. For inter TUs or intra block copy TUs, when explicit_rdpcm_enabled_flag is equal to one, the same mechanism used for lossless coding is followed. For intra, intra block copy and inter coding, RDPCM is computed using the reconstructed residues (i.e. after inverse quantization) in order to avoid any drift between the encoder and the decoder. In particular the process can be formalized as follows. Let 
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where Q denotes the forward quantization operation.
The implicit_rdpcm_enabled_flag and explicit_rdpcm_enabled_flag are configured by the command line options ImplicitResidualDPCM and ExplicitResidualDPCM respectively.
4.6 Entropy coding

4.6.1 CABAC alignment

When cabac_bypass_alignment_enabled_flag is equal to one (as configured by AlignCABACBeforeBypass), the CABAC engine is bit-aligned (i.e. range is set to 256) prior to the coding of sign bits if there are any coefficients that require coeff_abs_level_remaining syntax elements. Note that once the CABAC engine is bit-aligned, it will remain bit-aligned until a context coded bin is encountered. Alignment prior to decoding equi-probable CABAC bins allows those bins to be read directly from the bit-stream.
4.7 Coefficient Coding
4.7.1 Transform skip residual rotation

When transform_skip_rotation_enabled_flag is equal to one (as configured by ResidualRotation), the residual of a 4x4 transform-skipped block or transquant-bypass block is rotated by 180 degrees. Due to the symmetry of the scans used in HEVC, this is equivalent to reversing the scan orders.
4.7.2 Significance map context modelling
When transform_skip_context_enabled_flag is equal to one (as configured by SingleSignificanceMapContext), a separate single context is used for the sig_coeff_flag for TUs that are transform-skipped or transquant-bypassed
4.7.3 Rice parameter adaptation
When persistent_rice_adaptation_enabled_flag is equal to one (as configured by GolombRiceParameterAdaptation), an alternative mechanism for initializing the Rice parameter used for coding coeff_abs_level_remaining is available.
In this scheme, the 4×4 sub-blocks are divided into different categories (“sbType”). For each sub-block, the initial Rice parameter is derived based on previously coded sub-blocks in the same category. The categorization is based on whether the block is a transform-skip block (“isTSFlag”) or in trans-quant bypass (isTQBFlag) and whether it is the luma component

sbType = isLuma * 2 + (isTSFlag | | isTQBFlag)
Stats statCoeff are maintained for each sub-block type (sbType) depending on the absolute coefficient value (uiLevel):



if (uiLevel >= ( 3 << ( statCoeff[ sbType ] / 4 ) ) )

statCoeff[ sbType ] ++;
else
if ( ( 2 * uiLevel ) < ( 1 << ( statCoeff[ sbType ] / 4 ) ) )
statCoeff[ sbType ] --;

This variable is updated at most once per 4×4 sub-block using the value of the first coded coeff_abs_level_remaining of the sub-block. The entries of statCoeff are reset to 0 at the beginning of the slice (like the CABAC context variables).
The value of statCoeff is used to initialize the Rice parameter at the beginning of each 4×4 sub-block as

cRiceParam = Min( maxRicePara, statCoeff/4 ).
When this mechanism for initialization is enabled, the maximum Rice parameter value is unrestricted (i.e. limited only by the maximum transform dynamic range).
4.7.4 Maximum coeff_abs_level_remaining codeword length restriction
When extended_precision_processing_flag is enabled, the maximum codeword length of the coeff_abs_level_remaining syntax element is limited to 32-bits.  The maximum codeword length is achieved with the Rice parameter is equal to zero.  The maximum codeword length is dependent on the dynamic range of transform and quantizer stages, referred to as ‘MAX_TR_DYNAMIC_RANGE’ in the HM-RExt software.  When extended_precision_processing_flag is enabled, MAX_TR_DYNAMIC_RANGE is set equal to the bit-depth plus six bits.

Binarization of coeff_abs_level_remaining is modified such that the maximum prefix length is given by:

maximumPrefixLength = 32 – (3 + MAX_TR_DYNAMIC_RANGE) 

When this prefix length is reached, the corresponding suffix length is then given by:

suffixLength = MAX_TR_DYNAMIC_RANGE – rParam
This results in a maximum codeword length of 32-bits.
4.8 Cross-component prediction
An adaptive cross-component residual prediction scheme (i.e., between colour channels) is provided, where a prediction is performed between the luma residual signal and the chroma residual signals. The chroma residual signal is predicted from the luma residual signal at the encoder side as:
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and it is compensated at the decoder side as:
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where 
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denotes the reconstructed signal after coding and decoding 
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The variable α is chosen from 
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. This set of values allows good utilization of the correlation between luma and chroma residual signals, including when they are negatively correlated. The absolute value of α, abs(α) is mapped to M(α) according to Table 4 before binarization. M(α) is binarized using truncated unary (TU) code and coded using CABAC, with a separate context for each bin in the TU code. If α is not zero, another bin is used to code the sign of α. At the decoder side, after CABAC decoding, M(α) is inversely mapped back to abs(α).
Table 4. α Mapping Table.

	abs(α)
	M(α)

	0
	0

	1
	1

	2
	2

	4
	3

	8
	4


This prediction is performed both for intra- and inter-coded blocks. However, in case of intra-coded blocks, only those with DM chroma mode are allowed to use this prediction.
For each TU, if the coded block flag of the luma component is zero, α is not signaled and no prediction is performed. Otherwise, α is signalled separately for each chroma component.
When encoding an RGB test sequence, the G component should be encoded as the luma component.
The use of cross-component prediction is signalled using cross_component_prediction_enabled flag and is configured using CrossComponentPrediction.

When reconstruction based cross-component prediction estimate is enabled, use the decoded residual rather than the pre-transform encoder-side residual for determining the alpha value. This is configured using ReconBasedCrossCPredictionEstimate.

If the luma bit-depth differs from the chroma bit-depth, for cross component prediction the luma residual is scaled to align with the chroma bit-depth by either a right-shift or a left-shift operation.
4.9 Loop Filtering
4.9.1 Deblocking filter
When the 4:2:2 chroma format is in use, each chroma block has a rectangular shape and is coded using up to two square transforms. This process introduces additional boundaries between the transform blocks in chroma. These boundaries are not deblocked (blue dotted lines in Figure 6.)


[image: image23.emf]32x32 

transform

16x16 

transform

16x16 

transform

Luma Chroma

8x8

transform

8x8

transform

16x16

transform


Figure 6. Deblocking behaviour in the 4:2:2 chroma format.
4.9.2 Sample adaptive offset filter

Shift values for luma and chroma for the offset value are included in the PPS. There is no change to classification and the shift values are in the range of 0 to Max(BitDepth – 10, 0). The shift values for luma and chroma are configured in the encoder using SaoLumaOffsetBitShift and SaoChromaOffsetBitShift, respectively.
5 SEI messages

5.1 No Display

When SEINoDisplay is greater than zero, all pictures with a temporal layer higher than the value of SEINoDisplay are marked with an SEI message as No Display, and will subsequently be decoded but not output to the reconstructed sequence file by the decoder.
5.2 Time code
This SEI message signals the information related to the time code associated to different programmes in the elementary stream. The transmission of the SEI message is enabled using SEITimeCode. The values for the remaining parameters described are currently hard coded and provided as an example in the function xCreateLeadingSEIMessages().
5.3 Chroma sampling filter hint
The following configuration parameters are provided for controlling generation of Chroma sampling filter hint SEI messages by the HM-RExt encoder:

· SEIChromaSamplingFilterHint
· SEIChromaSamplingHorizontalFilterType
· SEIChromaSamplingVerticalFilterType
SEIChromaSamplingFilterHint signals insertion of a chroma sampling filter hint SEI message into the bitstream.  Table 5 and Table 6 show how the chroma sampling filter hint SEI message contents are controlled by SEIChromaSamplingHorizontalFilterType and SEIChromaSamplingVerticalFilterType, respectively.

Table 5. Horizontal filter type control.
	SEIChromaSamplingHorizontalFilterType
	Filter coefficients

	0
	Not included in bitstream.

	1
	Use the following 3 hard-coded filter coefficients:

1, 6, 1.

	2
	ITU-T Rec. T.800 | ISO/IEC15444-1, 5/3 filter


Table 6. Vertical filter type control.
	SEIChromaSamplingVerticalFilterType
	Filter coefficients

	0
	Not included in bitstream.

	1
	Use the following 5, 3, 3 hard-coded filter coefficients:

-3, 13, 31, 23, 3, -3.

-1 ,25, 247, -15.

-20, 186, 100, -10.

	2
	ITU-T Rec. T.800 | ISO/IEC15444-1, 5/3 filter


5.4 Temporal motion constrained tile sets

NOTE: This HM-RExt encoder functionality relates to an implementation of an SEI message not currently adopted into RExt.  The provided implementation is subject to further change.
The following configuration parameters are provided for controlling generation of a Temporal motion constrained tile sets SEI message by the HM-RExt encoder:

· SEITempMotionConstrainedTileSets

This SEI message can only be transmitted when tiles are enabled. The SEI message values are hard-coded in the function xCreateSEITempMotionConstrainedTileSets().
5.5 Knee function information

Table 7 lists the configuration parameters provided for controlling generation of Knee function information SEI messages by the HM-RExt encoder. The default values and the usage are also documented.
Table 7. Knee function information SEI message.

	Configuration parameter
	Default value
	Usage

	SEIKneeFunctionInfo
	False
	Control generation of Knee function SEI messages

	SEIKneeFunctionId
	0
	Specifies Id of Knee function SEI message for a given session

	SEIKneeFunctionCancelFlag
	False
	Indicates that Knee function SEI message cancels the persistence or follows

	SEIKneeFunctionPersistenceFlag
	True
	Specifies the persistence of the Knee function SEI message

	SEIKneeFunctionMappingFlag
	False
	Specifies the mapping mode of the Knee function SEI message

	SEIKneeFunctionInputDrange
	1000
	Specifies the peak luminance level for the input picture of Knee function SEI messages

	SEIKneeFunctionInputDispLuminance
	100
	Specifies the expected display brightness for the input picture of Knee function SEI messages

	SEIKneeFunctionOutputDrange
	4000
	Specifies the peak luminance level for the output picture of Knee function SEI messages

	SEIKneeFunctionOutputDispLuminance
	800
	Specifies the expected display brightness for the output picture of Knee function SEI messages

	SEIKneeFunctionNumKneePointsMinus1
	2
	Specifies the number of knee points - 1

	SEIKneeFunctionInputKneePointValue
	600 800 900
	Array of input knee point

	SEIKneeFunctionOutputKneePointValue
	100 250 450
	Array of output knee point


5.6 Mastering display colour volume 

Table 8 lists the configuration parameters provided for controlling generation of Mastering display colour volume SEI messages by the HM-RExt encoder. The default values and the usage are also documented.

Table 8. Mastering display colour volume SEI message.

	Configuration parameter
	Default value
	Usage

	SEIMasteringDisplayColourVolume
	False
	Control generation of mastering display colour volume SEI messages

	SEIMasteringDisplayMaxLuminance
	10000
	Specifies the mastering display maximum luminance value in units of 1/10000 candela per square metre (32-bit code value)

	SEIMasteringDisplayMinLuminance
	0
	Specifies the mastering display minimum luminance value in units of 1/10000 candela per square metre (32-bit code value)

	SEIMasteringDisplayPrimaries
	0 65535
0 0
65535 0
	Mastering display primaries for all three colour planes in CIE xy coordinates (16-bit unsigned code value) in increments of 0.00002. The values should be in the range 0 to 50 000 inclusive, and the defaults will be changed in a future software revision.

	SEIMasteringDisplayWhitePoint
	21823 21823
	Mastering display white point CIE xy coordinates, in normalized increments of 0.00002 (e.g. 0.333 = 16-bit unsigned code value: 16667). The values should be in the range 0 to 50 000 inclusive, and the defaults will be changed in a future software revision.


6 Profiles, Levels and Tiers

The HEVC Range extensions test model 7 contains additional tools compared to the 14th HEVC test model (HM-14.0). To enable the use of these additional tools, the Profile encoder option is set to the value main-RExt or high-RExt.
Further control of the profile of the format range extensions profiles is provided as shown in Table 9.

Table 9. Bitstream indications for format range extensions profiles.

	Configuration option
	Description

	IntraConstraintFlag
	When the encoder is configured with IntraConstraintFlag, the general_intra_constraint_flag is set accordingly.

If this flag is set to 1, only intra slices may be used.

	LowerBitRateConstraintFlag
	When the encoder is configured with LowerBitRateConstraintFlag, the general_lower_bit_rate_constraint_flag is set accordingly.
Note that LowerBitRateConstraintFlag cannot be false if IntraConstraintFlag is false.

	MaxBitDepthConstraint
	Specifies the maximum allowed luma and chroma internal bit-depths.

If no value (or 0) is specified, the MaxBitDepthConstraint is assumed to be the internal bit depth. The value of MaxBitDepthConstraint controls the setting of the following syntax elements:

· general_max_12bit_constraint_flag
· general_max_10bit_constraint_flag
· general_max_8bit_constraint_flag

	MaxChromaFormatConstraint
	Specifies the maximum allowed chroma format.

If no value (or 0) is specified, the MaxChromaFormatConstraint is assumed to be that of the internal chroma format. The value of MaxChromaFormatConstraint controls the setting of the following syntax elements:

· general_max_422chroma_constraint_flag
· general_max_420chroma_constraint_flag
· general_max_monochrome_constraint_flag


The following syntax elements specify the profile being used:

· general_max_12bit_constraint_flag
· general_max_10bit_constraint_flag
· general_max_8bit_constraint_flag
· general_max_422chroma_constraint_flag
· general_max_420chroma_constraint_flag
· general_max_monochrome_constraint_flag
· general_intra_constraint_flag
· general_one_picture_only_constraint_flag (HM-RExt always writes a ‘0’ for this flag)
· general_lower_bit_rate_constraint_flag

· general_profile_idc (set to 4 for all profiles currently specified for the format range extensions profiles).

The encoder does not currently verify that the combination of constraints flags describe a format range extensions profile. However, it is likely that automatic generation of the constraint flags will follow the rules defined in Table 10.
Table 10. Mapping between user configuration and automatically calculated bitstream format range extensions profile indication.

	Mode
	Chroma format
	General RExt tools
	Extended precision
	Chroma QP tool
	Maximum bit depth of all components

	
	
	
	
	
	8
	9, 10
	11, 12
	13, 14, 15, 16

	Intra
	4:0:0
	None
	Off
	n/a
	Main Intra
	Main 10 Intra
	Main 12 Intra
	Main 4:4:4 16 Intra

	
	4:2:0
	None
	Off
	Off
	
	
	
	

	
	
	
	
	On
	Main 4:2:2 10 Intra
	Main 4:2:2 12 Intra
	

	
	4:2:2
	None
	Off
	-
	
	
	

	
	4:4:4
	None
	Off
	-
	Main 4:4:4 Intra
	Main 4:4:4 10 Intra
	Main 4:4:4 12 Intra
	

	
	-
	Some/All
	Off
	-
	
	
	
	

	
	-
	-
	On
	-
	
	

	Inter
	4:0:0
	None
	Off
	n/a
	Monochrome 12
	Monochrome 16

	
	
	-
	On
	n/a
	
	

	
	
	Some/All
	Off
	n/a
	
	

	
	4:2:0
	None
	Off
	Off
	Main 12
	

	
	
	-
	On
	-
	
	
	
	
	
	

	
	
	Some/All
	Off
	-
	Main 4:4:4
	Main 4:4:4 10
	Main 4:4:4 12
	

	
	
	None
	Off
	On
	Main 4:2:2 10
	Main 4:2:2 12
	

	
	4:2:2
	None
	Off
	-
	
	
	n/a

	
	
	-
	On
	-
	
	
	
	
	
	

	
	
	Some/All
	Off
	-
	Main 4:4:4
	Main 4:4:4 10
	Main 4:4:4 12
	

	
	4:4:4
	-
	Off
	-
	
	
	
	

	
	
	-
	On
	-
	
	
	
	
	
	


7 Description of encoding methods
7.1 Cross-component prediction
When calculating the α, the luma residual before scaling and transformation (i.e. the difference between original luma sample and its prediction) is used rather than the reconstructed luma residual signal as in Experiment 1. Specifically, at the encoder side instead of (1) below equation is used.
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This can reduce the implementation complexity by facilitating pipelining and parallel processing as the prediction can be performed without waiting until reconstruction of luma residual signal. This requires only encoder side modification, and the decoding part is the same as Experiment 1.

7.2 Transform skip selection
The transform skip is allowed for large TUs by a RDO with the transform mode. The maximum size allowed is specified by TransformSkipLog2MaxSize. There is one fast mode decision specified by setting TransformSkipFast to 1, which skips the transform skip on luminance intra coding when the PartMode is not PART_NxN and on chrominance intra coding when all corresponding luminance TUs are not coded in transform skip mode. Therefore, to enable the transform skip on large TUs when the PartMode is PART_2Nx2N for intra coding, the TransformSkipFast option should be set to 0. Another fast method for transform skip is to disable the RDOQ when a TU chooses the transform skip mode, which is achieved by setting RDOQTS to 0.

7.3 Cost mode

The cost equation used by the encoder can be configured using CostMode. This can take one of the following four strings:
· lossy – this is the standard cost equation, where cost = distortion + (bits * lambda).
· sequence_level_lossless – this is equivalent to the HM macro cost equation, although includes distortion, which may be present in mixed lossless and lossy scenarios. Cost = (distortion / lambda) + bits.
· lossless – this is equivalent to sequence_level_lossless, but also sets QP to the value of RExt__LOSSLESS_AND_MIXED_LOSSLESS_RD_COST_TEST_QP (by default 0) (since the QP is used during the encoder search for testing intra modes). This may be deprecated in future versions in favour of the user setting the QP manually.
· mixed_lossless_lossy – this uses the same cost equation as sequence level lossless, but also uses a lambda evaluated at the value of the macro RExt__LOSSLESS_AND_MIXED_LOSSLESS_RD_COST_TEST_QP_PRIME (by default 4) to derive lambdas so that lossless coded blocks are not affected by QP during their encoder search. This affects the intra search during fast evaluation of intra directions and inter search during evaluation of motion vector cost.
7.4 Inter-prediction search
The inter-prediction search function in the encoder includes two modes of operation, a pre-existing search derived from the HM software inter search function and a ‘single component loop inter search’ mode. The single component loop inter search is enabled using SingleComponentLoopInterSearch
The pre-existing inter-prediction search function includes three loops over the colour channels, as follows:
· In the first component loop, the entropy coder is reset, blocks are transformed and quantized, then the entropy coding cost for the block is estimated.

· In the second component loop, the entropy coder is reset, then if the absolute sum of the quantized coefficients is non-zero, the block is dequantized and inverse-transformed and a cost is derived using the result of the first loop. Also, a cost is derived for the case where all residual coefficients are zero. The costs are compared and the lowest is selected. If the absolute sum of the quantized coefficients is zero, only the cost for this case is derived.

· In the third component loop, for each tested mode of transform skip and cross-component prediction the following occurs. Firstly, the entropy coder is restored and reset if the component is not Cr (i.e. cIdx < 2). Then the block is transform skipped and quantized, the block is then entropy code estimated and a cost is derived, and selected if it is an improvement upon the previous best cost.
After the three component loops, the entropy coder is restored and then reset and the decisions are encoded.

When the encoder is configured to use the single component loop inter search mode, the following occurs:

· A loop over each component occurs. For each tested mode of transform skip and (optionally) cross-component prediction, the following occurs. The entropy coder is restored and then reset. The block is then transformed and quantized. The entropy coding cost of the block is then estimated. If the absolute sum of the quantized coefficients is non-zero, the block is dequantized and inverse-transformed, otherwise the inverse-transformed block is set to all zeros. Then a cost is derived. If all optional tools are disabled, then a cost is derived for the tested mode for the case of all coefficients being zero. Then, the best cost is selected.
After the component loop, the entropy coder is restored and then reset and the decisions are encoded.
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