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Abstract

This contribution describes three tools that were submitted as a part of video coding technology proposal in response to CfP. The three tools are: orthogonal mode dependent directional transform (OMDDT) which is a simplification of mode dependent directional transform in KTA2.6r1, massively parallel CABAC for CABAC throughput improvement, and compressed reference frame buffer for memory bandwidth and memory size reduction. The video coding technology proposal consisted of these three tools plus the following tools of KTA2.6r1: extended macroblock size, adaptive loop filter, motion vector competition, and adaptive interpolation filter. OMDDT is found to save half the memory required to store transform matrix coefficients when compared to mode dependent directional transform (MDDT) of KTA2.6r1. On some hardwired architectures, OMDDT is expected to use about half the area of the original MDDT. Massively parallel CABAC is found to achieve an effective throughput improvement between 2.78x to 4.49x for Constraint Set 1 (CS1) conditions and 1.68x to 4.81x for Constraint Set 2 (CS2) on Class A, B and E video sequences. Compressed reference frame buffer tool is found to achieve 50% reduction in reference frame memory access bandwidth and memory size on Class A, B, and E video sequences. These gains in complexity reduction, throughput increase, and memory bandwidth and memory size reduction are achieved at a cost of average bit-rate increase of 0.48% for CS1 and 0.58% for CS2 when compared to KTA2.6r1 under similar coding conditions. 
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1. Introduction
Memory access bandwidth reduction, enhanced parallelism support, memory size reduction are important requirements for next-generation video standard [17]

 REF _Ref257886379 \w \h 
 \* MERGEFORMAT [18]

 REF _Ref233178154 \w \h 
 \* MERGEFORMAT [1] . This contribution describes three tools that were submitted as a part of video coding technology proposal in response to CfP. The three tools are: orthogonal mode dependent directional transform (OMDDT) which is a simplification of mode dependent directional transform in KTA2.6r1, massively parallel CABAC for CABAC throughput improvement, and compressed reference frame buffer for memory bandwidth and memory size reduction. The video coding technology proposal consisted of these three tools plus the following tools of KTA2.6r1: extended macroblock size, adaptive loop filter, motion vector competition, and adaptive interpolation filter. OMDDT is found to save half the memory required to store transform matrix coefficients when compared to mode dependent directional transform (MDDT) of KTA2.6r1. On some hardwired architectures, OMDDT is expected to use about half the area of the original MDDT. Massively parallel CABAC is found to achieve an effective throughput improvement between 2.78x to 4.49x for Constraint Set 1 (CS1) conditions and 1.68x to 4.81x for Constraint Set 2 (CS2) on Class A, B and E video sequences. Compressed reference frame buffer tool is found to achieve 50% reduction in reference frame memory access bandwidth and memory size on Class A, B, and E video sequences. These gains in complexity reduction, throughput increase, and memory bandwidth and memory size reduction are achieved at a cost of average bit-rate increase of 0.48% for CS1 and 0.58% for CS2 when compared to KTA2.6r1 under similar coding conditions. 

2. Algorithm description
Compressed reference frame buffer, orthogonal mode dependent directional transforms, and massively parallel CABAC tools are added on top of KTA2.6r1. KTA2.6r1 with KTA common conditions configuration given in [8] are used in the simulations. KTA tools enabled were as follows:

UseAdaptiveFilter       = 5  # Enhanced AIF

MVCompetition           = 1  # Enabled with default parameters

UseIntraMDDT            = 1  # Use MDDT for intra blocks    

UseHPFilter             = 1  # Use High Precision H.264 filter

UseAdaptiveLoopFilter   = 1  # Use adaptive loop filtering

UseExtMB                = 2  # Use extended block size (64x64)
2.1 Motion representation
Same as in KTA2.6r1. No modifications were done.

2.2 Intra-frame prediction
Same as in KTA2.6r1. No modifications were done.

2.3 Spatial transforms
No modifications were done to transforms used for Inter coding. They are the same as in KTA2.6r1. Mode dependent directional transform (MDDT) used for Intra coding [9] is replaced with the orthogonal version that had been presented in [10]. MDDT was introduced in [9] to improve efficiency of coding Intra macroblocks. In MDDT a set of transform matrices (Bi, Ai) are introduced, one for each of the Intra prediction directions i = 0, .., 8 for block sizes 4x4 and 8x8, and i = 0,..,3 for block size 16x16. Let X be the input block that is coded with Intra prediction direction of i. In MDDT, the transformed version of X is obtained as: Y = BiTXAi. Proposed orthogonal version of MDDT (OMDDT) calculates the transformed version of X as: Y = SiTXSi. The OMDDT requires half the memory to store transform matrix coefficients – only one transform matrix (Si) per Intra prediction direction needs to be stored instead of two (Bi, Ai) for MDDT. Also on some hardwired architectures, OMDDT uses about half the area of the original MDDT since hardwired matrix multiplication logic of the first matrix multiplication can be reused for the second matrix multiplication in the transform. In [10], only the 4x4 version of OMDDT had been presented by the authors. Since then OMDDT is extended to 8x8 and 16x16 block sizes. In this video encoding technology proposal, OMDDT is used for all block sizes – 4x4, 8x8, and 16x16. See Appendix A for actual 4x4, 8x8, and 16x16 OMDDT transform matrices.
2.4 Quantization
Same as in KTA2.6r1. No modifications were done. To match the rate points of CfP closely, at most one QP setting change was allowed during the encoding.
2.5 In-loop filtering

Same as is in KTA2.6r1. No modifications were done.

2.6 Entropy coding

Low power and high frame rate/resolution requirements for future video coding applications make the need for parallelism in the video ever more important [1].  The CABAC entropy coding engine has been identified as a key bottleneck in the H.264/AVC video decoder [2]. However, parallelism is difficult to achieve with the existing H.264/AVC CABAC due to its inherent serial nature. 
This contribution uses a modified version of the massively parallel CABAC (MP-CABAC), proposed in contribution VCEG-AL21[3] and demonstrated in KTA2.7 software [4], which has an improved trade-off between coding efficiency and throughput relative to H.264/AVC CABAC. MP-CABAC leverages a combination of three forms of parallelism at different data partition levels to enable improved coding efficiency vs. throughput trade-off and area cost vs. throughput trade-off.  First, it uses syntax element parallelism by processing different syntax element partitions simultaneously, allowing the context training to be performed across all instances of the elements, thus retaining good coding efficiency with low area cost. Second, macroblock/slice parallelism is achieved by processing interleaved entropy slices simultaneously with simple synchronization and minimal impact on coding efficiency. Finally, both this techniques can be combined with bin parallelism, which uses conditional context selection as proposed in [19] for additional throughput increase. Bin-level parallelism was not included in this contribution because of time constraints.
2.6.1 Syntax element partitions (SEP)
Recall that the statistics of the syntax elements are unknown at the beginning of encoding/decoding and vary for different video sequences. Consequently, one of the properties that give CABAC its high coding efficiency is that the contexts are adaptive. Specifically, while encoding/decoding, the contexts undergo training to achieve an accurate estimate of the syntax element probability distribution. A better estimate of the probability results in better coding efficiency. One of the drawbacks of breaking up a picture into several slices is that there are fewer macroblocks, and consequently fewer syntax elements, per slice. Since the entropy coding engine is reset every slice, this means that the context undergoes less training and can results in a poorer estimate of the probability distribution. 

To avoid reducing the training, rather than encoding/decoding various macroblocks/slices in parallel, this contribution proposes processing syntax elements in parallel. In other words, rather than grouping binary symbols (bins) by macroblocks and placing them in different slices, bins are grouped based on syntax elements and placed in different partitions which are then processed in parallel. As a result, each partition contains all the bins pertaining to the assigned syntax elements, and the context can then undergo the maximum amount of training (e.g. across all occurrences of the element in the frame) to eliminate the coding efficiency penalty from reduced training. Details of the syntax element to partition mapping can be found in contribution VCEG-AL21 and KTA2.7. The mapping should be done to enable optimal workload balance.
Figure 1 illustrates how concurrency is achieved with SEP. A start code prefix for demarcation is required at the beginning of each partition. The workload (i.e. processing cycles) for each partition is much less than if the bins were left in a single slice.

[image: image1]
Figure 1 - Concurrency with syntax element partitions.

It should be noted that while throughput is correlated with degree of parallelism, it is not equal to it. It depends strongly on the workload balance between the parallel engines. If the workload is not equally distributed, some engines will be idle, and the effective throughput is reduced (i.e. Nx parallel hardware blocks will not result in an Nx throughput increase). Accordingly, to further improve the throughput, the entropy coding algorithm in this contribution features a new scheme which adaptively allocates syntax elements to partitions based on the quantization parameter (QP). This enables the workload (i.e. number of bins) per partition to be better balanced resulting in higher throughput, while reducing the overhead due to partition header bits (i.e. start code and terminate/byte alignment bits). The five groups of syntax elements described in VCEG-AL21 (i.e. MBINFO, PRED, CBP, SIGMAP, COEFF) are assigned to three partitions. There are two different modes used in this scheme: High QP and Low QP. In High QP, CBP, SIGMAP and COEFF are assigned to the same partition, while MBINFO and PRED are each assigned to their own partition. In Low QP, MBINFO, PRED and CBP are assigned to the same partition, while SIGMAP and COEFF are each assigned to their own partition. A threshold value can be sent in the PPS and slice QP is then compared to this threshold to determine whether it is encoded in the high or low QP mode. 
2.6.2 Interleaved Entropy Slices (IES)
To achieve additional throughput improvement, the previous approach (as well as bin level parallelism [19]) can be combined with interleaved entropy slices. As presented in [5], entropy slices can undergo independent entropy (de)coding. However, to achieve better coding efficiency than fully independent slices (i.e. H.264/AVC slices), there remains dependencies between the entropy slices for spatial and motion vector prediction. 
The macroblocks are allocated to interleaved entropy slices as shown in Figure 2. Within each slice, the raster scan order processing is retained. Benefits of interleaved entropy slices [6] include

1) cross slice context selection 

2) simple synchronization 

3) reduction in memory bandwidth 

4) low latency

5) improved workload balance 


[image: image2]
Figure 2 - Macroblock allocation for interleaved entropy slices.

[image: image3]
Figure 3 - Interleaved Entropy Slices architecture example for 2x parallel decoding. Note that the full decode path is parallelized.

With interleaved entropy slices, as long as the slice 0 decoding process is one macroblock ahead of slice 1 decoding process, the top-macroblock dependency is retained, which enables cross slice context selection during parallel processing. At the decoder, synchronization between entropy slices can easily be implemented through the use of FIFOs between the slices (Figure 3). Furthermore, both the front-end entropy processing and the back-end prediction processing can be done in this order (i.e. the entire decoder path is parallelized), which allows the decoded syntax elements to be immediately processed by the back-end. Consequently, no buffering is required to store the decoded syntax elements, which reduces memory costs. This can have benefits in terms of reducing system power and possibly improving performance (by avoiding read conflicts). Retaining raster scan order processing within each entropy slice also provides a favorable memory access pattern which enables caching techniques for further bandwidth reduction. Another benefit of interleaved entropy slices is that its latency D (as defined in [6]) is always equal to 2 regardless of the number of slices per frame. Thus interleaved entropy slices are suitable for low latency applications (e.g. video conferencing). Finally, in interleaved entropy slices the number of bins per slice tends to be more equally balanced; consequently, a higher effective throughput can be achieved for the same amount of parallelism.
2.6.3 Bin-level parallelism

The previous two forms of parallelism can be used in conjunction with the bin level parallelism proposed in [19] for further increase in throughput.  Bin-level parallelism was found to have negligible impact on coding efficiency.  For a 2-bin/cycle implementation, the average coding efficiency penalty (Bjontegaard ∆Bitrate) was 0.76% relative to H.264/AVC., with a throughput improvement of 1.79 to 1.98x. Bin-level parallelism was not included in this submission because of time constraints.
2.7 Compressed Reference Frame Buffer (CRFB)

The purpose of this algorithm is to reduce external memory access bandwidth and the reference frame buffer memory size in video coding. The reference frames are compressed before being stored in memory and they are decompressed after being read from the memory. Figure 4 illustrates where the compressed reference frame buffer (CRFB) algorithm is executed within the simplified video encoding block diagram. Decoder implementation is similar. An initial version of this algorithm was proposed in [12]. Two key steps in the proposed technique are: (1) Using fixed-length compression (FLC) to compress reference frames in order to maintain random access for predefined blocks of pixels in memory. (2) Carrying out reference frame compression in the core video coding loop so that quantization errors encountered during FLC show up in the residual after motion compensation thereby preventing drift between the encoder and the decoder. Proposed algorithm operates on the raw YUV format (YUV420 and 8-bit assumed in implementation) frames.
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Figure 4- Video coding using compressed reference frame buffers (CRFB). 
Reference frame compression algorithm is designed based on the following goals:

· Random memory access to predefined pixel blocks.

· Low-complexity implementation.

· Minimal quality degradation.

To provide random memory access capability compression ratio is fixed for a predefined block of YUV pixel data, which will be referred as memory access unit (MAU) here on, corresponding to a row of macroblocks (MBs). This video coding technology proposal uses 64x64 pixels MB size and CRFB compression ratio of 2. 

Compressed reference frame buffer algorithm consists of basic image compression tools as depicted in Figure 5. Transformation, quantization, DC prediction and entropy coding are designed to minimize the hardware and software implementation complexity. 
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Figure 5 – Compressed reference frame buffer (CRFB) algorithm block diagram.

2.7.1 CRFB Transformation Algorithm

2-D S transform, which is an integer transform based on lifting scheme, is selected as the transform [13], [14]. Transform operates on 8x8 Y, 4x4 U, and 4x4 V pixel blocks, which will be referred as CRFB block here on. 2-D S transform is separable and applied in horizontal and vertical directions consecutively. The order is not important, however, the forward and inverse transforms should have reverse orders of each other.

S transform has several advantages: 1) enables direct fixed-point implementation, 2) enables lossless coding, and 3) enables low-complexity implementation. S transform is reversible and implementable with only addition, subtraction and shift operations. 

Illustration of forward one lifting step is shown in Figure 6, where P denotes prediction and U denotes the update stages. Inverse transform is obtained by reversing the steps of the forward transform and flipping the signs. 
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Figure 6 - Illustration of one step forward lifting 

Forward and inverse S transformation equations for one lifting step are as below:
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where x, y[2n], and y[2n+1] are input, low-pass subband, and high-pass subband signal, respectively

Three lifting steps are employed. To achieve that, illustration in Figure 6 is cascaded for approximation terms for 3 times. Inverse lifting step is also obtained similarly 

2.7.2 CRFB Quantization Algorithm

A midtread quantizer is used for transform coefficients other than the lowest frequency coefficients of each CRFB block. The below equation defines the quantization process where x is the transform coefficient, k is and integer representing the quantization scale, sgn() is the signature function, and ((( represents rounding towards zero.
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2.7.3 CRFB DC Prediction Algorithm

Proposed technique involves predicting lowest frequency transform coefficients (DC coefficient) of a CRFB block using its left, top and, top-left neighbor blocks. The prediction method is same as the MPEG-4 DC prediction [20].

The residual DC coefficient is computed by subtracting the prediction from the actual DC coefficient value. The decoder performs exact same prediction procedure and reconstructs the luma and chroma DC coefficients by adding the residual to the prediction. 
2.7.4 CRFB Entropy Coding Algorithm

Exponential-Golomb (EG)[15] and Unary [16] variable length coding (VLC) techniques are employed. EG0 and EG3 codes are used to compress DC prediction residuals and quantized transform coefficients. Quantization indices are signaled after unary coding. 
2.7.4.1 CRFB Encoder Rate Control

CRFB algorithm guarantees fixed compression ratio for a MAU to support random memory access in motion estimation and motion compensation. The MAU is selected as a row of MBs (MB size is 64x64) to minimize the distortion caused by CRFB. The objective of the CRFB encoder is to guarantee number of bits spent to compress a MAU is less than half the size of the uncompressed pixels. A simple leaky-bucket like rate control technique is used.
3. Compression performance discussion

3.1 Objective versus subjective compression performance
Informal subjective tests confirmed that proposed video coding technology had subjective quality improvement over anchors commensurate with the PSNR improvements that were observed in Section 3.2 and 3.3.
3.2 Constraint set 1 configuration relative to Alpha anchor

3.2.1 Class A
Table 1 – Class A, constraint set 1 rate-distortion comparison to Alpha anchor
	Sequence name
	Sequence number and rate point
	Alpha_anchor
	Proposal
	Proposal - Alpha_anchor
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	Traffic
	S01R1
	34.29
	2432.58
	36.03
	2473.8
	1.33
	-30.46
	BD-Low

	 
	S01R2
	35.81
	3430.24
	37.34
	3494.55
	1.08
	-28.06
	BD-High

	 
	S01R3
	37.19
	4863.48
	38.55
	4995.91
	 
	 
	

	 
	S01R4
	38.96
	7891.16
	39.98
	7940.66
	 
	 
	

	 
	S01R5
	40.7
	13780.54
	41.46
	13905.87
	 
	 
	

	PeopleOnStreet
	S02R1
	26.44
	2457.6
	27.91
	2484.09
	1.19
	-20.73
	BD-Low

	 
	S02R2
	28.22
	3482.94
	29.56
	3497.79
	1.02
	-18.27
	BD-High

	 
	S02R3
	30.11
	4938.25
	31.29
	4982.56
	 
	 
	

	 
	S02R4
	32.55
	7844.08
	33.57
	7959.72
	 
	 
	

	 
	S02R5
	35.32
	13745.59
	36.24
	13987.77
	 
	 
	

	Note:
	
	
	
	
	Average
	1.16
	-24.38
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	1.33
	-18.27
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	1.02
	-30.46
	


3.2.2 Class B
Table 2 - Class B, constraint set 1 rate-distortion comparison to Alpha anchor

	Sequence name
	Sequence number and rate point
	Alpha_anchor
	Proposal
	Proposal - Alpha_anchor
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	Kimono
	S03R1
	34.68
	997.34
	36.54
	999.59
	1.43
	-33.38
	BD-Low

	 
	S03R2
	36.64
	1588.5
	38.22
	1599.82
	1.15
	-31.20
	BD-High

	 
	S03R3
	38.34
	2493.93
	39.65
	2487.57
	 
	 
	

	 
	S03R4
	39.99
	3999.06
	40.92
	3978.12
	 
	 
	

	 
	S03R5
	41
	5980.18
	41.76
	5962.16
	 
	 
	

	ParkScene
	S04R1
	31.76
	989.23
	33.01
	999.27
	0.94
	-22.91
	BD-Low

	 
	S04R2
	33.53
	1589.84
	34.57
	1594.45
	0.77
	-19.57
	BD-High

	 
	S04R3
	35.21
	2480.19
	36.1
	2499.03
	 
	 
	

	 
	S04R4
	37.01
	3987.78
	37.66
	3989.19
	 
	 
	

	 
	S04R5
	38.36
	5986.46
	38.93
	5993.07
	 
	 
	

	Cactus
	S05R1
	32.18
	1997.66
	33.54
	1991.09
	1.05
	-29.12
	BD-Low

	 
	S05R2
	33.72
	2997.26
	34.87
	2997.64
	0.85
	-28.49
	BD-High

	 
	S05R3
	35.06
	4494.98
	36.01
	4469.46
	 
	 
	

	 
	S05R4
	36.29
	6979.8
	37
	6974.09
	 
	 
	

	 
	S05R5
	37.04
	9977.41
	37.57
	9927.38
	 
	 
	

	BasketballDrive
	S06R1
	32.2
	1993.55
	33.86
	1988.00
	1.15
	-30.44
	BD-Low

	 
	S06R2
	33.86
	2980.56
	35.14
	2970.96
	0.90
	-28.38
	BD-High

	 
	S06R3
	35.3
	4490.39
	36.3
	4483.43
	 
	 
	

	 
	S06R4
	36.59
	6967.81
	37.32
	6949.92
	 
	 
	

	 
	S06R5
	37.43
	9966.3
	38.01
	9940.46
	 
	 
	

	BQTerrace
	S07R1
	32.03
	1979.59
	33.33
	1988.32
	0.85
	-39.58
	BD-Low

	 
	S07R2
	33.1
	2972.94
	34.05
	2976.52
	0.66
	-40.28
	BD-High

	 
	S07R3
	33.89
	4452.56
	34.61
	4455.55
	 
	 
	

	 
	S07R4
	34.52
	6940.69
	35.07
	6949.83
	 
	 
	

	 
	S07R5
	34.92
	9943.07
	35.39
	9949.46
	 
	 
	

	Note:
	
	
	
	
	Average
	0.97
	-30.33
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	1.43
	-19.57
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	0.66
	-40.28
	


3.2.3 Class C
Table 3 - Class C, constraint set 1 rate-distortion comparison to Alpha anchor
	Sequence name
	Sequence number and rate point
	Alpha_anchor
	Proposal
	Proposal - Alpha_anchor
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	BasketballDrill
	S08R1
	29.16
	382.94
	30.8
	382.6
	1.42
	-30.11
	BD-Low

	 
	S08R2
	30.41
	510.98
	31.92
	510.05
	1.32
	-28.64
	BD-High

	 
	S08R3
	32.1
	766.84
	33.45
	765.16
	 
	 
	

	 
	S08R4
	33.85
	1196.35
	35.12
	1194.89
	 
	 
	

	 
	S08R5
	35.92
	1999.13
	37.14
	1990.25
	 
	 
	

	BQMall
	S09R1
	28.54
	383.47
	30.67
	382.89
	1.56
	-28.26
	BD-Low

	 
	S09R2
	30.17
	511.8
	31.84
	509.65
	1.35
	-26.28
	BD-High

	 
	S09R3
	32.16
	766.05
	33.59
	764.75
	 
	 
	

	 
	S09R4
	34.23
	1197.24
	35.51
	1193.46
	 
	 
	

	 
	S09R5
	36.47
	1996.41
	37.5
	1987.21
	 
	 
	

	PartyScene
	S10R1
	25.11
	382.86
	26.33
	382.37
	1.27
	-30.27
	BD-Low

	 
	S10R2
	25.93
	510.31
	27.3
	508.97
	1.25
	-28.75
	BD-High

	 
	S10R3
	27.44
	767.5
	28.65
	764.79
	 
	 
	

	 
	S10R4
	29.05
	1199.76
	30.28
	1196.08
	 
	 
	

	 
	S10R5
	31.03
	1997.68
	32.28
	1993.91
	 
	 
	

	RaceHorses
	S11R1
	27.59
	383.3
	29.08
	383.34
	1.27
	-27.57
	BD-Low

	 
	S11R2
	28.72
	509.69
	30.1
	510.03
	1.13
	-24.97
	BD-High

	 
	S11R3
	30.41
	765.84
	31.61
	764.62
	 
	 
	

	 
	S11R4
	32.18
	1198.06
	33.28
	1192.78
	 
	 
	

	 
	S11R5
	34.42
	1996.27
	35.22
	1995.78
	 
	 
	

	Note:
	
	
	
	
	Average
	1.32
	-28.10
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	1.56
	-24.97
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	1.13
	-30.27
	


3.2.4 Class D
Table 4 - Class D, constraint set 1 rate-distortion comparison to Alpha anchor
	Sequence name
	Sequence number and rate point
	Alpha_anchor
	Proposal
	Proposal - Alpha_anchor
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	BasketballPass
	S12R1
	30.11
	255.86
	31.17
	255.38
	1.04
	-20.22
	BD-Low

	 
	S12R2
	31.84
	383.32
	32.89
	383.14
	1.03
	-18.39
	BD-High

	 
	S12R3
	33.16
	511.73
	34.19
	511.54
	 
	 
	

	 
	S12R4
	35.65
	849.4
	36.67
	846.77
	 
	 
	

	 
	S12R5
	38.76
	1496.82
	39.72
	1497.19
	 
	 
	

	BQSquare
	S13R1
	29.16
	255.52
	30.67
	254.99
	1.52
	-35.95
	BD-Low

	 
	S13R2
	30.59
	383.42
	32.11
	383.1
	1.42
	-33.79
	BD-High

	 
	S13R3
	31.56
	511.51
	33.1
	510.34
	 
	 
	

	 
	S13R4
	33.33
	848.09
	34.74
	846.2
	 
	 
	

	 
	S13R5
	35.51
	1498.19
	36.66
	1493.7
	 
	 
	

	BlowingBubbles
	S14R1
	28.97
	255
	29.87
	253.37
	0.95
	-21.22
	BD-Low

	 
	S14R2
	30.49
	382.49
	31.41
	380.91
	1.02
	-21.91
	BD-High

	 
	S14R3
	31.64
	511.69
	32.53
	507.51
	 
	 
	

	 
	S14R4
	33.64
	847.6
	34.7
	844.05
	 
	 
	

	 
	S14R5
	36.11
	1498.08
	37.12
	1489.18
	 
	 
	

	RaceHorsesD
	S15R1
	30.25
	255.82
	31.19
	255.88
	0.91
	-17.46
	BD-Low

	 
	S15R2
	32.01
	383.16
	32.94
	383.29
	0.87
	-15.61
	BD-High

	 
	S15R3
	33.36
	509.68
	34.27
	510.03
	 
	 
	

	 
	S15R4
	35.94
	845.7
	36.82
	845.97
	 
	 
	

	 
	S15R5
	39.07
	1493.18
	39.84
	1494.74
	 
	 
	

	Note:
	
	
	
	
	Average
	1.10
	-23.07
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	1.52
	-15.61
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	0.87
	-35.95
	


3.2.5 Overall
Table 5 - Constraint set 1 overall rate-distortion comparison to Alpha anchor
	
	Proposal - Alpha_anchor

	 
	BD-PSNR
	BD-Rate

	 
	Avg
	Max
	Min
	Avg
	Max
	Min

	Class A
	1.16
	1.33
	1.02
	-24.38
	-18.27
	-30.46

	Class B
	0.97
	1.43
	0.66
	-30.33
	-19.57
	-40.28

	Class C
	1.32
	1.56
	1.13
	-28.10
	-24.97
	-30.27

	Class D
	1.10
	1.52
	0.87
	-23.07
	-15.61
	-35.95

	Overall
	1.12
	1.56
	0.66
	-27.01
	-15.61
	-40.28


3.3 Constraint set 2 configuration relative to Beta and Gamma anchors
For constraint set 2 configuration, IPPP coding was used instead of Hierarchical-P coding because of better delay profile of IPPP when compared to Hierarchical-P. However it should be noted that, under similar coding conditions, Hierarchical-P can provide better coding performance than IPPP coding especially for sequences with low and moderate motion. The coding performance of proposal v/s Beta anchor is affected by this since Beta anchor uses Hierarchical-P and  proposal uses IPPP. The drop in coding performance is noticeable for BQSquare and BlowingBubbles. Note that KTA2.6r1 IPPP also shows identical drop in coding performance.  
3.3.1 Class B
Table 6 - Class B, constraint set 2 rate-distortion comparison to Beta and Gamma anchor
	Sequence name
	Sequence number and rate point
	Beta_anchor
	Gamma_anchor
	Proposal
	Proposal - Beta_anchor
	Proposal - Gamma_anchor
	

	
	
	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	

	Kimono
	S03R1
	33.95
	995.88
	33.01
	999.36
	35.8
	996.47
	1.57
	-34.63
	2.55
	-49.66
	BD-Low

	 
	S03R2
	35.94
	1598.18
	34.93
	1599
	37.59
	1598.16
	1.35
	-33.36
	2.32
	-49.79
	BD-High

	 
	S03R3
	37.66
	2499.09
	36.69
	2499.2
	39.18
	2499.15
	 
	 
	 
	 
	

	 
	S03R4
	39.41
	3997.71
	38.42
	3996.58
	40.59
	3997.19
	 
	 
	 
	 
	

	 
	S03R5
	40.63
	5998.53
	39.79
	5998.08
	41.6
	5995.4
	 
	 
	 
	 
	

	ParkScene
	S04R1
	31.38
	998.44
	30.22
	996.81
	32.16
	997.49
	0.42
	-11.02
	1.48
	-33.92
	BD-Low

	 
	S04R2
	33.11
	1598.96
	32.02
	1599.88
	33.6
	1599.51
	0.28
	-7.68
	1.25
	-29.43
	BD-High

	 
	S04R3
	34.73
	2499.44
	33.69
	2497.77
	35.03
	2497.3
	 
	 
	 
	 
	

	 
	S04R4
	36.4
	3987.26
	35.48
	3997.85
	36.61
	3993.03
	 
	 
	 
	 
	

	 
	S04R5
	37.74
	5999.1
	36.97
	5998.31
	37.95
	5992.37
	 
	 
	 
	 
	

	Cactus
	S05R1
	31.67
	1998.87
	30.76
	1999.7
	32.59
	1994.8
	0.62
	-17.80
	1.62
	-40.12
	BD-Low

	 
	S05R2
	33.23
	2999.54
	32.12
	2998.4
	33.87
	2993.37
	0.50
	-16.47
	1.41
	-38.04
	BD-High

	 
	S05R3
	34.51
	4498.71
	33.53
	4498.7
	35.05
	4488.38
	 
	 
	 
	 
	

	 
	S05R4
	35.8
	6998.63
	34.93
	6999.17
	36.23
	6975.17
	 
	 
	 
	 
	

	 
	S05R5
	36.68
	9999.55
	36.08
	9997.46
	37.04
	9993.41
	 
	 
	 
	 
	

	BasketballDrive
	S06R1
	31.37
	1998.18
	30.16
	1998.53
	33.11
	1978.91
	1.26
	-31.61
	2.21
	-46.88
	BD-Low

	 
	S06R2
	33.09
	2997.26
	32.07
	2999.03
	34.48
	2975.04
	1.01
	-29.33
	1.82
	-44.95
	BD-High

	 
	S06R3
	34.59
	4498.5
	33.72
	4499.19
	35.68
	4472.6
	 
	 
	 
	 
	

	 
	S06R4
	35.97
	6997.97
	35.25
	6998.37
	36.82
	6978.18
	 
	 
	 
	 
	

	 
	S06R5
	36.94
	9999.82
	36.3
	9999.84
	37.68
	9982.9
	 
	 
	 
	 
	

	BQTerrace
	S07R1
	31.35
	1997.94
	29.58
	1999.98
	32.34
	1965.11
	0.64
	-26.89
	1.90
	-55.44
	BD-Low

	 
	S07R2
	32.42
	2998.66
	31.01
	2997.93
	33.12
	2972.16
	0.51
	-26.03
	1.47
	-51.23
	BD-High

	 
	S07R3
	33.35
	4498.87
	32.22
	4499.1
	33.84
	4461.86
	 
	 
	 
	 
	

	 
	S07R4
	34.08
	6998.4
	33.31
	6995.12
	34.52
	6960.08
	 
	 
	 
	 
	

	 
	S07R5
	34.53
	9997.31
	34.09
	9997.93
	35.02
	9972.18
	 
	 
	 
	 
	

	Note:
	
	
	
	
	
	
	Average
	0.82
	-23.48
	1.80
	-43.95
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	
	Max
	1.57
	-7.68
	2.55
	-29.43
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	
	Min
	0.28
	-34.63
	1.25
	-55.44
	


3.3.2 Class C
Table 7 - Class C, constraint set 2 rate-distortion comparison to Beta and Gamma anchor
	Sequence name
	Sequence number and rate point
	Beta_anchor
	Gamma_anchor
	Proposal
	Proposal - Beta_anchor
	Proposal - Gamma_anchor
	

	
	
	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	

	BasketballDrill
	S08R1
	28.92
	382.02
	27.82
	383.44
	29.81
	383.5
	0.75
	-17.73
	1.92
	-39.42
	BD-Low

	 
	S08R2
	30.13
	509.38
	28.97
	511.98
	30.95
	511.74
	0.68
	-16.83
	1.86
	-39.51
	BD-High

	 
	S08R3
	31.74
	764.57
	30.58
	767.82
	32.47
	766.86
	 
	 
	 
	 
	

	 
	S08R4
	33.41
	1194.36
	32.26
	1199.32
	34.12
	1198.99
	 
	 
	 
	 
	

	 
	S08R5
	35.39
	1991.56
	34.17
	1999.59
	35.87
	1999.45
	 
	 
	 
	 
	

	BQMall
	S09R1
	27.78
	381.58
	26.58
	383.75
	29.33
	383.81
	1.07
	-20.64
	2.22
	-38.16
	BD-Low

	 
	S09R2
	29.35
	509.35
	28.2
	511.68
	30.58
	508.82
	0.85
	-17.19
	1.94
	-34.93
	BD-High

	 
	S09R3
	31.29
	762.98
	30.19
	767.72
	32.29
	767.18
	 
	 
	 
	 
	

	 
	S09R4
	33.42
	1193.48
	32.37
	1198.85
	34.19
	1199.8
	 
	 
	 
	 
	

	 
	S09R5
	35.67
	1991.04
	34.65
	1999.31
	36.23
	1998.19
	 
	 
	 
	 
	

	PartyScene
	S10R1
	24.26
	382.71
	23.22
	383.8
	24.7
	383.45
	0.13
	-3.39
	1.30
	-33.84
	BD-Low

	 
	S10R2
	25.16
	511.34
	24.15
	511.58
	25.4
	510.46
	0.01
	-0.19
	1.30
	-31.62
	BD-High

	 
	S10R3
	26.61
	766.94
	25.37
	767.92
	26.65
	766.61
	 
	 
	 
	 
	

	 
	S10R4
	28.2
	1194.82
	26.87
	1199.12
	28.19
	1197.96
	 
	 
	 
	 
	

	 
	S10R5
	30.29
	1997.48
	28.76
	1999.38
	30.08
	1997.95
	 
	 
	 
	 
	

	RaceHorses
	S11R1
	27.86
	382.27
	27.5
	383.57
	28.82
	382.55
	0.77
	-18.45
	1.25
	-28.66
	BD-Low

	 
	S11R2
	28.93
	511.64
	28.47
	511.94
	29.76
	510.56
	0.72
	-16.89
	1.20
	-26.69
	BD-High

	 
	S11R3
	30.46
	761.92
	29.98
	767.55
	31.2
	767.75
	 
	 
	 
	 
	

	 
	S11R4
	32.19
	1190.98
	31.73
	1199.79
	32.91
	1197.32
	 
	 
	 
	 
	

	 
	S11R5
	34.22
	1989.74
	33.78
	1999
	34.91
	1994.08
	 
	 
	 
	 
	

	Note:
	
	
	
	
	
	
	Average
	0.62
	-13.91
	1.63
	-34.10
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	
	Max
	1.07
	-0.19
	2.22
	-26.69
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	
	Min
	0.01
	-20.64
	1.20
	-39.51
	


3.3.3 Class D
Table 8 - Class D, constraint set 2 rate-distortion comparison to Beta and Gamma anchor
	Sequence name
	Sequence number and rate point
	Beta_anchor
	Gamma_anchor
	Proposal
	Proposal - Beta_anchor
	Proposal - Gamma_anchor
	

	
	
	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	

	BasketballPass
	S12R1
	29.78
	255.1
	29.17
	255.59
	30.48
	255.72
	0.71
	-14.85
	1.38
	-27.39
	BD-Low

	 
	S12R2
	31.45
	383.06
	30.82
	383.97
	32.17
	383.51
	0.68
	-12.86
	1.44
	-25.99
	BD-High

	 
	S12R3
	32.68
	510.56
	32.02
	512
	33.41
	511.73
	 
	 
	 
	 
	

	 
	S12R4
	35.11
	847.23
	34.32
	849.85
	35.77
	846.3
	 
	 
	 
	 
	

	 
	S12R5
	38.15
	1494.99
	37.32
	1499.93
	38.8
	1498.74
	 
	 
	 
	 
	

	BQSquare
	S13R1
	28.52
	255.29
	26.76
	255.36
	28.53
	254.96
	-0.32
	10.30
	1.67
	-44.01
	BD-Low

	 
	S13R2
	29.91
	383.26
	27.99
	383.87
	29.68
	383.62
	-0.47
	15.70
	1.63
	-39.54
	BD-High

	 
	S13R3
	30.85
	510.78
	28.82
	511.87
	30.46
	510.41
	 
	 
	 
	 
	

	 
	S13R4
	32.53
	847.7
	30.38
	849.52
	31.98
	848.96
	 
	 
	 
	 
	

	 
	S13R5
	34.49
	1494.97
	32.43
	1499.18
	34.04
	1492.02
	 
	 
	 
	 
	

	BlowingBubbles
	S14R1
	28.31
	254.86
	27.11
	255.9
	28.1
	255.54
	-0.28
	7.77
	1.04
	-24.11
	BD-Low

	 
	S14R2
	29.71
	383.55
	28.5
	383.95
	29.52
	382.55
	-0.31
	7.92
	1.08
	-23.45
	BD-High

	 
	S14R3
	30.94
	510.65
	29.58
	511.64
	30.61
	511.36
	 
	 
	 
	 
	

	 
	S14R4
	32.99
	848.74
	31.53
	849.55
	32.63
	848.29
	 
	 
	 
	 
	

	 
	S14R5
	35.34
	1496.67
	34.04
	1499.71
	35.16
	1498.75
	 
	 
	 
	 
	

	RaceHorses
	S15R1
	30.15
	254.34
	29.83
	255.87
	30.73
	255.92
	0.51
	-10.37
	0.98
	-19.19
	BD-Low

	 
	S15R2
	31.88
	383.48
	31.38
	383.97
	32.36
	382.79
	0.51
	-9.56
	0.97
	-17.08
	BD-High

	 
	S15R3
	33.17
	510.52
	32.68
	511.69
	33.68
	511.89
	 
	 
	 
	 
	

	 
	S15R4
	35.7
	843.48
	35.27
	849.7
	36.23
	846.33
	 
	 
	 
	 
	

	 
	S15R5
	38.78
	1498.13
	38.47
	1499.83
	39.35
	1498.09
	 
	 
	 
	 
	

	Note:
	
	
	
	
	
	
	Average
	0.13
	-0.74
	1.27
	-27.59
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	
	Max
	0.71
	15.70
	1.67
	-17.08
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	
	Min
	-0.47
	-14.85
	0.97
	-44.01
	


3.3.4 Class E
Table 9 - Class E, constraint set 2 rate-distortion comparison to Beta and Gamma anchor
	Sequence name
	Sequence number and rate point
	Beta_anchor
	Gamma_anchor
	Proposal
	Proposal - Beta_anchor
	Proposal - Gamma_anchor
	

	
	
	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	BD-PSNR
	BD-Rate
	

	vidyo1
	S16R1
	33.67
	233.72
	32.56
	255.96
	36.03
	255.72
	1.52
	-30.03
	2.71
	-46.44
	BD-Low

	 
	S16R2
	35.84
	365.92
	34.81
	383.91
	37.74
	383.53
	1.17
	-28.60
	2.22
	-46.58
	BD-High

	 
	S16R3
	37
	460.85
	36.3
	511.83
	38.86
	511.33
	 
	 
	 
	 
	

	 
	S16R4
	39.09
	776.35
	38.37
	849.11
	40.47
	849.4
	 
	 
	 
	 
	

	 
	S16R5
	41.13
	1430.89
	40.42
	1499.95
	42.01
	1498.68
	 
	 
	 
	 
	

	vidyo3
	S17R1
	32.8
	228.93
	31.85
	255.56
	34.56
	255.07
	1.07
	-21.93
	2.38
	-41.83
	BD-Low

	 
	S17R2
	34.66
	335.07
	33.95
	383.79
	36.46
	382.6
	0.82
	-20.36
	1.97
	-40.22
	BD-High

	 
	S17R3
	36.56
	503.12
	35.3
	511.84
	37.66
	510.85
	 
	 
	 
	 
	

	 
	S17R4
	38.33
	765.88
	37.6
	849.98
	39.44
	847.08
	 
	 
	 
	 
	

	 
	S17R5
	40.45
	1472.8
	39.71
	1498.56
	41.07
	1498.75
	 
	 
	 
	 
	

	vidyo4
	S18R1
	34.03
	249.94
	32.55
	255.95
	35.99
	255.57
	1.33
	-28.24
	2.59
	-47.12
	BD-Low

	 
	S18R2
	35.72
	346.25
	34.84
	383.46
	37.59
	383.03
	0.91
	-25.02
	2.08
	-47.19
	BD-High

	 
	S18R3
	37.28
	494.1
	36.21
	511.77
	38.63
	511.09
	 
	 
	 
	 
	

	 
	S18R4
	38.9
	747.2
	38.14
	849.39
	40.14
	848.02
	 
	 
	 
	 
	

	 
	S18R5
	40.89
	1470.11
	40.07
	1499.68
	41.41
	1495.26
	 
	 
	 
	 
	

	Note:
	
	
	
	
	
	
	Average
	1.14
	-25.70
	2.32
	-44.90
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	
	Max
	1.52
	-20.36
	2.71
	-40.22
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	
	Min
	0.82
	-30.03
	1.97
	-47.19
	


3.3.5 Overall
Table 10 - Constraint set 2 overall rate-distortion comparison to Beta anchor
	
	Proposal - Beta_anchor

	 
	BD-PSNR
	BD-Rate

	 
	Avg
	Max
	Min
	Avg
	Max
	Min

	Class B
	0.82
	1.57
	0.28
	-23.48
	-7.68
	-34.63

	Class C
	0.62
	1.07
	0.01
	-13.91
	-0.19
	-20.64

	Class D
	0.13
	0.71
	-0.47
	-0.74
	15.70
	-14.85

	Class E
	1.14
	1.52
	0.82
	-25.70
	-20.36
	-30.03

	Overall
	0.66
	1.57
	-0.47
	-15.82
	15.70
	-34.63


Table 11 - Constraint set 2 overall rate-distortion comparison to Gamma anchor
	
	Proposal - Gamma_anchor

	 
	BD-PSNR
	BD-Rate

	 
	Avg
	Max
	Min
	Avg
	Max
	Min

	Class B
	1.80
	2.55
	1.25
	-43.95
	-29.43
	-55.44

	Class C
	1.63
	2.22
	1.20
	-34.10
	-26.69
	-39.51

	Class D
	1.27
	1.67
	0.97
	-27.59
	-17.08
	-44.01

	Class E
	2.32
	2.71
	1.97
	-44.90
	-40.22
	-47.19

	Overall
	1.72
	2.71
	0.97
	-37.58
	-17.08
	-55.44


3.4 Constraint set 1 configuration relative to KTA2.6r1 Hierarchical-B coding

KTA common conditions configuration given in [8] were used in this comparison. KTA tools enabled were as follows:

UseAdaptiveFilter       = 5  # Enhanced AIF

MVCompetition           = 1  # Enabled with default parameters

UseIntraMDDT            = 1  # Use MDDT for intra blocks    

UseHPFilter             = 1  # Use High Precision H.264 filter

UseAdaptiveLoopFilter   = 1  # Use adaptive loop filtering

UseExtMB                = 2  # Use extended block size (64x64)
3.4.1 Class A
Table 12 - Class A, constraint set 1 rate-distortion comparison to KTA2.6r1 Hierarchical-B
	Sequence name
	Sequence number and rate point
	KTA_HierB
	Proposal_HierB
	Proposal_HierB - KTA_HierB
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	Traffic
	S01R1
	36.04
	2457.31
	36.03
	2473.8
	-0.02
	0.67
	BD-Low

	 
	S01R2
	37.34
	3469.63
	37.34
	3494.55
	-0.02
	0.54
	BD-High

	 
	S01R3
	38.55
	4966.61
	38.55
	4995.91
	 
	 
	

	 
	S01R4
	39.98
	7900.2
	39.98
	7940.66
	 
	 
	

	 
	S01R5
	41.46
	13861.1
	41.46
	13905.87
	 
	 
	

	PeopleOnStreet
	S02R1
	27.91
	2472.92
	27.91
	2484.09
	-0.02
	0.48
	BD-Low

	 
	S02R2
	29.57
	3480.48
	29.56
	3497.79
	-0.01
	0.31
	BD-High

	 
	S02R3
	31.29
	4960.67
	31.29
	4982.56
	 
	 
	

	 
	S02R4
	33.56
	7925.97
	33.57
	7959.72
	 
	 
	

	 
	S02R5
	36.23
	13945.19
	36.24
	13987.77
	 
	 
	

	Note:
	
	
	
	
	Average
	-0.02
	0.50
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	-0.01
	0.67
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.02
	0.31
	


3.4.2 Class B
Table 13 - Class B, constraint set 1 rate-distortion comparison to KTA2.6r1 Hierarchical-B

	Sequence name
	Sequence number and rate point
	KTA_HierB
	Proposal_HierB
	Proposal_HierB - KTA_HierB
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	Kimono
	S03R1
	36.55
	991.09
	36.54
	999.59
	-0.03
	0.89
	BD-Low

	 
	S03R2
	38.23
	1588.18
	38.22
	1599.82
	-0.02
	0.66
	BD-High

	 
	S03R3
	39.66
	2477.68
	39.65
	2487.57
	 
	 
	

	 
	S03R4
	40.92
	3960.95
	40.92
	3978.12
	 
	 
	

	 
	S03R5
	41.76
	5941.33
	41.76
	5962.16
	 
	 
	

	ParkScene
	S04R1
	33.02
	987.68
	33.01
	999.27
	-0.03
	0.81
	BD-Low

	 
	S04R2
	34.57
	1582.16
	34.57
	1594.45
	-0.02
	0.67
	BD-High

	 
	S04R3
	36.1
	2483.41
	36.1
	2499.03
	 
	 
	

	 
	S04R4
	37.67
	3969.65
	37.66
	3989.19
	 
	 
	

	 
	S04R5
	38.93
	5972.27
	38.93
	5993.07
	 
	 
	

	Cactus
	S05R1
	33.55
	1967.17
	33.54
	1991.09
	-0.03
	1.03
	BD-Low

	 
	S05R2
	34.88
	2974.75
	34.87
	2997.64
	-0.02
	0.80
	BD-High

	 
	S05R3
	36.01
	4438.69
	36.01
	4469.46
	 
	 
	

	 
	S05R4
	37.01
	6938.59
	37
	6974.09
	 
	 
	

	 
	S05R5
	37.57
	9889.46
	37.57
	9927.38
	 
	 
	

	BasketballDrive
	S06R1
	33.88
	1964.69
	33.86
	1988
	-0.03
	1.03
	BD-Low

	 
	S06R2
	35.15
	2961.14
	35.14
	2970.96
	-0.02
	0.96
	BD-High

	 
	S06R3
	36.31
	4439.53
	36.3
	4483.43
	 
	 
	

	 
	S06R4
	37.32
	6910.61
	37.32
	6949.92
	 
	 
	

	 
	S06R5
	38.01
	9911.86
	38.01
	9940.46
	 
	 
	

	BQTerrace
	S07R1
	33.34
	1975.42
	33.33
	1988.32
	-0.02
	1.41
	BD-Low

	 
	S07R2
	34.06
	2964.63
	34.05
	2976.52
	-0.02
	2.06
	BD-High

	 
	S07R3
	34.62
	4435.57
	34.61
	4455.55
	 
	 
	

	 
	S07R4
	35.1
	6931.73
	35.07
	6949.83
	 
	 
	

	 
	S07R5
	35.42
	9884.79
	35.39
	9949.46
	 
	 
	

	Note:
	
	
	
	
	Average
	-0.02
	1.03
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	-0.02
	2.06
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.03
	0.66
	


3.4.3 Class C
Table 14 - Class C, constraint set 1 rate-distortion comparison to KTA2.6r1 Hierarchical-B

	Sequence name
	Sequence number and rate point
	KTA_HierB
	Proposal_HierB
	Proposal_HierB - KTA_HierB
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	BasketballDrill
	S08R1
	30.8
	382.15
	30.8
	382.6
	0.00
	-0.04
	BD-Low

	 
	S08R2
	31.9
	509.15
	31.92
	510.05
	0.00
	0.03
	BD-High

	 
	S08R3
	33.45
	764.74
	33.45
	765.16
	 
	 
	

	 
	S08R4
	35.12
	1193.73
	35.12
	1194.89
	 
	 
	

	 
	S08R5
	37.14
	1988.53
	37.14
	1990.25
	 
	 
	

	BQMall
	S09R1
	30.67
	382.46
	30.67
	382.89
	-0.02
	0.41
	BD-Low

	 
	S09R2
	31.85
	508.32
	31.84
	509.65
	-0.02
	0.44
	BD-High

	 
	S09R3
	33.6
	763.51
	33.59
	764.75
	 
	 
	

	 
	S09R4
	35.53
	1192.87
	35.51
	1193.46
	 
	 
	

	 
	S09R5
	37.51
	1988.82
	37.5
	1987.21
	 
	 
	

	PartyScene
	S10R1
	26.34
	382.45
	26.33
	382.37
	-0.01
	0.17
	BD-Low

	 
	S10R2
	27.3
	507.7
	27.3
	508.97
	0.00
	0.13
	BD-High

	 
	S10R3
	28.65
	763.89
	28.65
	764.79
	 
	 
	

	 
	S10R4
	30.29
	1196.9
	30.28
	1196.08
	 
	 
	

	 
	S10R5
	32.27
	1992.64
	32.28
	1993.91
	 
	 
	

	RaceHorses
	S11R1
	29.08
	382.83
	29.08
	383.34
	-0.01
	0.18
	BD-Low

	 
	S11R2
	30.11
	509.78
	30.1
	510.03
	-0.01
	0.13
	BD-High

	 
	S11R3
	31.61
	763.32
	31.61
	764.62
	 
	 
	

	 
	S11R4
	33.28
	1192.6
	33.28
	1192.78
	 
	 
	

	 
	S11R5
	35.23
	1995.28
	35.22
	1995.78
	 
	 
	

	Note:
	
	
	
	
	Average
	-0.01
	0.18
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	0.00
	0.44
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.02
	-0.04
	


3.4.4 Class D

Table 15 - Class D, constraint set 1 rate-distortion comparison to KTA2.6r1 Hierarchical-B
	Sequence name
	Sequence number and rate point
	KTA_HierB
	Proposal_HierB
	Proposal_HierB - KTA_HierB
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	BasketballPass
	S12R1
	31.18
	255.36
	31.17
	255.38
	0.00
	0.10
	BD-Low

	 
	S12R2
	32.88
	382.98
	32.89
	383.14
	-0.01
	0.16
	BD-High

	 
	S12R3
	34.19
	510.96
	34.19
	511.54
	 
	 
	

	 
	S12R4
	36.68
	846.83
	36.67
	846.77
	 
	 
	

	 
	S12R5
	39.73
	1494.25
	39.72
	1497.19
	 
	 
	

	BQSquare
	S13R1
	30.65
	254.54
	30.67
	254.99
	0.00
	0.03
	BD-Low

	 
	S13R2
	32.11
	382.09
	32.11
	383.1
	0.00
	0.07
	BD-High

	 
	S13R3
	33.1
	510.48
	33.1
	510.34
	 
	 
	

	 
	S13R4
	34.74
	845.43
	34.74
	846.2
	 
	 
	

	 
	S13R5
	36.66
	1493.74
	36.66
	1493.7
	 
	 
	

	BlowingBubbles
	S14R1
	29.87
	253.61
	29.87
	253.37
	0.00
	0.00
	BD-Low

	 
	S14R2
	31.41
	381.33
	31.41
	380.91
	0.00
	0.06
	BD-High

	 
	S14R3
	32.54
	508.67
	32.53
	507.51
	 
	 
	

	 
	S14R4
	34.7
	843.01
	34.7
	844.05
	 
	 
	

	 
	S14R5
	37.12
	1488.77
	37.12
	1489.18
	 
	 
	

	RaceHorses
	S15R1
	31.2
	256.06
	31.19
	255.88
	-0.01
	0.12
	BD-Low

	 
	S15R2
	32.93
	382.2
	32.94
	383.29
	0.00
	0.03
	BD-High

	 
	S15R3
	34.27
	509.25
	34.27
	510.03
	 
	 
	

	 
	S15R4
	36.82
	846.07
	36.82
	845.97
	 
	 
	

	 
	S15R5
	39.84
	1494.1
	39.84
	1494.74
	 
	 
	

	Note:
	
	
	
	
	Average
	0.00
	0.07
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	0.00
	0.16
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.01
	0.00
	


3.4.5 Overall
Table 16 - Constraint set 1 overall rate-distortion comparison to KTA2.6r1 Hierarchical-B

	
	Proposal_HierB - KTA_HierB

	 
	BD-PSNR
	BD-Rate

	 
	Avg
	Max
	Min
	Avg
	Max
	Min

	Class A
	-0.02
	-0.01
	-0.02
	0.50
	0.67
	0.31

	Class B
	-0.02
	-0.02
	-0.03
	1.03
	2.06
	0.66

	Class C
	-0.01
	0.00
	-0.02
	0.18
	0.44
	-0.04

	Class D
	0.00
	0.00
	-0.01
	0.07
	0.16
	0.00

	Overall
	-0.01
	0.00
	-0.03
	0.48
	2.06
	-0.04


3.5 Constraint set 2 configuration relative to KTA2.6r1 IPPP coding

KTA common conditions configuration given in [8] were used in this comparison. KTA tools enabled were as follows:

UseAdaptiveFilter       = 5  # Enhanced AIF

MVCompetition           = 1  # Enabled with default parameters

UseIntraMDDT            = 1  # Use MDDT for intra blocks    

UseHPFilter             = 1  # Use High Precision H.264 filter

UseAdaptiveLoopFilter   = 1  # Use adaptive loop filtering

UseExtMB                = 2  # Use extended block size (64x64)
3.5.1 Class B
Table 17 - Class B, constraint set 2 rate-distortion comparison to KTA2.6r1 IPPP

	Sequence name
	Sequence number and rate point
	KTA_IPPP
	Proposal_IPPP
	Proposal_IPPP - KTA_IPPP
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	Kimono
	S03R1
	35.81
	988.91
	35.8
	996.47
	-0.02
	0.53
	BD-Low

	 
	S03R2
	37.59
	1589.39
	37.59
	1598.16
	-0.01
	0.36
	BD-High

	 
	S03R3
	39.18
	2489.51
	39.18
	2499.15
	 
	 
	

	 
	S03R4
	40.59
	3986.12
	40.59
	3997.19
	 
	 
	

	 
	S03R5
	41.6
	5985.71
	41.6
	5995.4
	 
	 
	

	ParkScene
	S04R1
	32.15
	986.88
	32.16
	997.49
	-0.02
	0.51
	BD-Low

	 
	S04R2
	33.6
	1590.35
	33.6
	1599.51
	-0.01
	0.37
	BD-High

	 
	S04R3
	35.03
	2485.99
	35.03
	2497.3
	 
	 
	

	 
	S04R4
	36.61
	3982.68
	36.61
	3993.03
	 
	 
	

	 
	S04R5
	37.95
	5977.64
	37.95
	5992.37
	 
	 
	

	Cactus
	S05R1
	32.59
	1972.36
	32.59
	1994.8
	-0.03
	1.01
	BD-Low

	 
	S05R2
	33.88
	2965.11
	33.87
	2993.37
	-0.02
	0.85
	BD-High

	 
	S05R3
	35.05
	4456.43
	35.05
	4488.38
	 
	 
	

	 
	S05R4
	36.24
	6945.43
	36.23
	6975.17
	 
	 
	

	 
	S05R5
	37.05
	9951.2
	37.04
	9993.41
	 
	 
	

	BasketballDrive
	S06R1
	33.12
	1958.84
	33.11
	1978.91
	-0.03
	1.00
	BD-Low

	 
	S06R2
	34.49
	2952.69
	34.48
	2975.04
	-0.02
	0.83
	BD-High

	 
	S06R3
	35.69
	4449
	35.68
	4472.6
	 
	 
	

	 
	S06R4
	36.83
	6960.13
	36.82
	6978.18
	 
	 
	

	 
	S06R5
	37.69
	9955.49
	37.68
	9982.9
	 
	 
	

	BQTerrace
	S07R1
	32.35
	1949.2
	32.34
	1965.11
	-0.02
	1.21
	BD-Low

	 
	S07R2
	33.13
	2952.5
	33.12
	2972.16
	-0.02
	1.19
	BD-High

	 
	S07R3
	33.85
	4438.74
	33.84
	4461.86
	 
	 
	

	 
	S07R4
	34.53
	6923.03
	34.52
	6960.08
	 
	 
	

	 
	S07R5
	35.03
	9916.79
	35.02
	9972.18
	 
	 
	

	Note:
	
	
	
	
	Average
	-0.02
	0.79
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	-0.01
	1.21
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.03
	0.36
	


3.5.2 Class C
Table 18 - Class C, constraint set 2 rate-distortion comparison to KTA2.6r1 IPPP

	Sequence name
	Sequence number and rate point
	KTA_IPPP
	Proposal_IPPP
	Proposal_IPPP - KTA_IPPP
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	BasketballDrill
	S08R1
	29.81
	383.71
	29.81
	383.5
	0.00
	-0.13
	BD-Low

	 
	S08R2
	30.94
	510.78
	30.95
	511.74
	0.01
	-0.19
	BD-High

	 
	S08R3
	32.47
	767.59
	32.47
	766.86
	 
	 
	

	 
	S08R4
	34.11
	1200.78
	34.12
	1198.99
	 
	 
	

	 
	S08R5
	35.88
	2000.45
	35.87
	1999.45
	 
	 
	

	BQMall
	S09R1
	29.33
	384.1
	29.33
	383.81
	-0.01
	0.14
	BD-Low

	 
	S09R2
	30.58
	508.63
	30.58
	508.82
	0.00
	0.11
	BD-High

	 
	S09R3
	32.3
	766.95
	32.29
	767.18
	 
	 
	

	 
	S09R4
	34.19
	1198.87
	34.19
	1199.8
	 
	 
	

	 
	S09R5
	36.23
	2000.14
	36.23
	1998.19
	 
	 
	

	PartyScene
	S10R1
	24.7
	383.12
	24.7
	383.45
	0.00
	0.04
	BD-Low

	 
	S10R2
	25.4
	510.23
	25.4
	510.46
	0.00
	0.12
	BD-High

	 
	S10R3
	26.65
	766.7
	26.65
	766.61
	 
	 
	

	 
	S10R4
	28.2
	1198.91
	28.19
	1197.96
	 
	 
	

	 
	S10R5
	30.08
	1995.34
	30.08
	1997.95
	 
	 
	

	RaceHorses
	S11R1
	28.81
	382.82
	28.82
	382.55
	0.00
	-0.01
	BD-Low

	 
	S11R2
	29.76
	510.54
	29.76
	510.56
	0.00
	0.03
	BD-High

	 
	S11R3
	31.2
	767.4
	31.2
	767.75
	 
	 
	

	 
	S11R4
	32.91
	1196.96
	32.91
	1197.32
	 
	 
	

	 
	S11R5
	34.91
	1993.85
	34.91
	1994.08
	 
	 
	

	Note:
	
	
	
	
	Average
	0.00
	0.01
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	0.01
	0.14
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.01
	-0.19
	


3.5.3 Class D
Table 19 - Class D, constraint set 2 rate-distortion comparison to KTA2.6r1 IPPP

	Sequence name
	Sequence number and rate point
	KTA_IPPP
	Proposal_IPPP
	Proposal_IPPP - KTA_IPPP
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	BasketballPass
	S12R1
	30.47
	255.25
	30.48
	255.72
	0.00
	0.06
	BD-Low

	 
	S12R2
	32.19
	384.2
	32.17
	383.51
	0.00
	0.01
	BD-High

	 
	S12R3
	33.4
	510.27
	33.41
	511.73
	 
	 
	

	 
	S12R4
	35.76
	845.32
	35.77
	846.3
	 
	 
	

	 
	S12R5
	38.81
	1499.92
	38.8
	1498.74
	 
	 
	

	BQSquare
	S13R1
	28.53
	254.58
	28.53
	254.96
	-0.01
	0.41
	BD-Low

	 
	S13R2
	29.69
	383.58
	29.68
	383.62
	-0.01
	0.32
	BD-High

	 
	S13R3
	30.47
	509.52
	30.46
	510.41
	 
	 
	

	 
	S13R4
	31.99
	848.89
	31.98
	848.96
	 
	 
	

	 
	S13R5
	34.05
	1493.45
	34.04
	1492.02
	 
	 
	

	BlowingBubbles
	S14R1
	28.09
	255.58
	28.1
	255.54
	0.00
	0.07
	BD-Low

	 
	S14R2
	29.52
	381.93
	29.52
	382.55
	0.00
	0.02
	BD-High

	 
	S14R3
	30.62
	511.83
	30.61
	511.36
	 
	 
	

	 
	S14R4
	32.63
	848.33
	32.63
	848.29
	 
	 
	

	 
	S14R5
	35.15
	1497.79
	35.16
	1498.75
	 
	 
	

	RaceHorses
	S15R1
	30.74
	256.17
	30.73
	255.92
	0.01
	-0.11
	BD-Low

	 
	S15R2
	32.35
	382.75
	32.36
	382.79
	0.00
	-0.08
	BD-High

	 
	S15R3
	33.67
	511.72
	33.68
	511.89
	 
	 
	

	 
	S15R4
	36.22
	845.15
	36.23
	846.33
	 
	 
	

	 
	S15R5
	39.36
	1500.53
	39.35
	1498.09
	 
	 
	

	Note:
	
	
	
	
	Average
	0.00
	0.09
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	0.01
	0.41
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.01
	-0.11
	


3.5.4 Class E
Table 20 - Class E, constraint set 2 rate-distortion comparison to KTA2.6r1 IPPP

	Sequence name
	Sequence number and rate point
	KTA_IPPP
	Proposal_IPPP
	Proposal_IPPP - KTA_IPPP
	

	
	
	
	
	
	

	
	
	PSNR
	Bitrate
	PSNR
	Bitrate
	BD-PSNR
	BD-Rate
	

	vidyo1
	S16R1
	36.02
	249.13
	36.03
	255.72
	-0.07
	2.06
	BD-Low

	 
	S16R2
	37.76
	376.01
	37.74
	383.53
	-0.05
	1.60
	BD-High

	 
	S16R3
	38.86
	503.95
	38.86
	511.33
	 
	 
	

	 
	S16R4
	40.5
	842.7
	40.47
	849.4
	 
	 
	

	 
	S16R5
	42.01
	1493.11
	42.01
	1498.68
	 
	 
	

	vidyo3
	S17R1
	34.52
	248.15
	34.56
	255.07
	-0.06
	1.60
	BD-Low

	 
	S17R2
	36.47
	375.73
	36.46
	382.6
	-0.04
	1.15
	BD-High

	 
	S17R3
	37.64
	502.77
	37.66
	510.85
	 
	 
	

	 
	S17R4
	39.45
	840.37
	39.44
	847.08
	 
	 
	

	 
	S17R5
	41.08
	1493.2
	41.07
	1498.75
	 
	 
	

	vidyo4
	S18R1
	36
	249.56
	35.99
	255.57
	-0.06
	1.92
	BD-Low

	 
	S18R2
	37.6
	376.17
	37.59
	383.03
	-0.04
	1.57
	BD-High

	 
	S18R3
	38.64
	504.89
	38.63
	511.09
	 
	 
	

	 
	S18R4
	40.16
	841.22
	40.14
	848.02
	 
	 
	

	 
	S18R5
	41.42
	1485.42
	41.41
	1495.26
	 
	 
	

	Note:
	
	
	
	
	Average
	-0.05
	1.65
	

	BD-Low: BD metrics for rate points R1, R2, R3, R4
	
	Max
	-0.04
	2.06
	

	BD-High: BD metrics for rate points R2, R3, R4, R5
	
	Min
	-0.07
	1.15
	


3.5.5 Overall
Table 21 - Constraint set 2 overall rate-distortion comparison to KTA2.6r1 IPPP
	
	Proposal_IPPP - KTA_IPPP

	 
	BD-PSNR
	BD-Rate

	 
	Avg
	Max
	Min
	Avg
	Max
	Min

	Class B
	-0.02
	-0.01
	-0.03
	0.79
	1.21
	0.36

	Class C
	0.00
	0.01
	-0.01
	0.01
	0.14
	-0.19

	Class D
	0.00
	0.01
	-0.01
	0.09
	0.41
	-0.11

	Class E
	-0.05
	-0.04
	-0.07
	1.65
	2.06
	1.15

	Overall
	-0.02
	0.01
	-0.07
	0.58
	2.06
	-0.19


4. Complexity analysis

4.1 Encoding time and measurement methodology
Table 22, Table 23, Table 24, and Table 25 list the encoding time of the software implementation for each constraint set 1 CfP bitstream. Table 26, Table 27, Table 28, and Table 29 list the encoding time of the software implementation for each constraint set 2 CfP bitstream. Encoder is compiled and executed on 64-bit Linux operating system. Above mentioned tables also list the CPU model, frequency, and cache size of the execution platform. Encoding time is calculated using the encoder trace, which is same as the KTA 2.6 output trace. KTA software calculates the encoding times using the time and ftime functions of the C programming language UNIX platform implementation [11]. YUV file output is disabled in encoder executions.

4.1.1 Constraint set 1 bitstream encoding times and used encoding platform

Table 22 – Class A, constraint set 1 encoding times
	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	A
	Traffic
	2500
	206133
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	3500
	200586
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	5000
	202058
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	8000
	207160
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	14000
	240712
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	People on Street
	2500
	186532
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	3500
	187320
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	5000
	190803
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	8000
	228401
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	14000
	240853
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144


Table 23 – Class B, constraint set 1 encoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	B1
	Kimono
	1000
	164233
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	1600
	182700
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	2500
	179785
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	4000
	193156
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	6000
	202864
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	ParkScene
	1000
	202964
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1600
	212391
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	2500
	180487
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	4000
	190435
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	6000
	177987
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	B2
	Cactus
	2000
	368062
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	3000
	383229
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	4500
	377229
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	7000
	413979
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	10000
	478983
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	BasketballDrive
	2000
	421338
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	3000
	394649
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	4500
	403470
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	7000
	361667
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	10000
	396275
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	BQTerrace
	2000
	426571
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	3000
	415793
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	4500
	458105
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	7000
	463176
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	10000
	460674
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144


Table 24 – Class C, constraint set 1 encoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	C
	BasketballDrill
	384
	92942
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	512
	89457
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	768
	89358
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1200
	89244
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	2000
	101560
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	BQMall
	384
	116876
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	512
	126962
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	768
	98934
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	1200
	91584
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	2000
	121730
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	PartyScene
	384
	93832
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	512
	78266
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	768
	90770
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1200
	71066
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	2000
	78358
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	RaceHorses
	384
	46183
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	512
	56061
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	768
	58243
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1200
	58212
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	2000
	63703
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144


Table 25 – Class D, constraint set 1 encoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	D
	BasketballPass
	256
	27282
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	384
	25564
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	512
	21526
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	850
	26478
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1500
	29337
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	BQSquare
	256
	43448
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	384
	31761
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	512
	34645
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	850
	38349
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1500
	40016
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	BlowingBubbles
	256
	24425
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	384
	25962
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	512
	25649
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	850
	26354
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1500
	32441
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	RaceHorses
	256
	16236
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	384
	16356
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	512
	16351
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	850
	19199
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1500
	20775
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144


4.1.2 Constraint set 2 bitstream encoding times and used encoding platform

Table 26 – Class B, constraint set 2 encoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	B1
	Kimono
	1000
	81556
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	1600
	79520
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	2500
	93800
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	4000
	92199
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	6000
	92963
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	ParkScene
	1000
	91783
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1600
	94663
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	2500
	96528
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	4000
	85462
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	6000
	102206
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	B2
	Cactus
	2000
	214196
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	3000
	190704
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	4500
	193009
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	7000
	203288
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	10000
	192995
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	BasketballDrive
	2000
	172536
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	3000
	165224
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	4500
	161858
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	7000
	178533
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	10000
	178887
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	BQTerrace
	2000
	179008
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	3000
	181399
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	4500
	253112
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	7000
	193557
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	10000
	221572
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192


Table 27 – Class C, constraint set 2 encoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	C
	BasketballDrill
	384
	40856
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	512
	50893
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	768
	50215
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1200
	51209
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	2000
	52289
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	BQMall
	384
	52335
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	512
	63009
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	768
	60791
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1200
	62525
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	2000
	55827
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	PartyScene
	384
	56074
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	512
	50688
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	768
	47783
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1200
	38070
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	2000
	39064
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	RaceHorses
	384
	27808
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	512
	32351
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	768
	36288
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1200
	36806
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	2000
	37650
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144


Table 28 – Class D, constraint set 2 encoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	D
	BasketballPass
	256
	13743
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	384
	13757
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	512
	15431
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	850
	16095
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1500
	16594
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	BQSquare
	256
	10182
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	384
	10514
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	512
	14323
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	850
	11642
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	1500
	11906
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	BlowingBubbles
	256
	11691
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	384
	12236
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	512
	13366
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	850
	14037
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	1500
	15931
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	RaceHorses
	256
	10217
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	384
	8394
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	512
	9574
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	850
	11768
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1500
	9529
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192


Table 29 – Class E, constraint set 2 encoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Encoding time (sec)
	Cpu Model
	Cpu Freq. (GHz)
	Cache Size (KB)

	E
	Vidyo1
	256
	80992
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	384
	63347
	 Intel(R) Xeon(R) CPU X5260
	3.33
	6144

	
	
	512
	93750
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	850
	104007
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	1500
	77658
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	Vidyo3
	256
	87156
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	384
	70206
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	512
	78902
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	850
	93011
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1500
	71677
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	Vidyo4
	256
	76491
	 Intel(R) Xeon(R) CPU X5570
	2.93
	8192

	
	
	384
	102067
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	512
	103517
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144

	
	
	850
	102311
	 Intel(R) Xeon(R) CPU X5470
	3.33
	6144

	
	
	1500
	95100
	 Intel(R) Xeon(R) CPU X5460
	3.16
	6144


4.2 Decoding time and measurement methodology
Table 30, Table 31, Table 32, and Table 33 list the decoding time of the software implementation for each constraint set 1 CfP bitstream. Table 34, Table 35, Table 36, and Table 37 list the decoding time of the software implementation for each constraint set 2 CfP bitstream. Decoder is compiled and executed on 32-bit Windows XP SP2 operating system. Above mentioned tables also list the decoding times of the anchor bitstreams using JM16.2 decoder. Decoding time is calculated using the decoder trace, which is same as the KTA 2.6/JM16.2 output trace. KTA/JM16.2 software calculates the decoding times using the time and _ftime functions of the C programming language [11]. YUV file output is enabled in decoder executions.

Decoding platform CPU specifications are as follows:

· CPU Model: Intel(R) Core(R) 2 CPU 6600

· CPU Frequency: 2.4 GHz

· Cache: 4 MB

The decoder run-time after optimization is expected to be significantly less.
4.2.1 Constraint set 1 bitstream decoding times and comparison with anchors

Table 30 – Class A, constraint set 1 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Alpha Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	A
	Traffic
	2500
	39.16
	506.47

	
	
	3500
	39.47
	497.24

	
	
	5000
	40.50
	486.77

	
	
	8000
	42.32
	466.19

	
	
	14000
	46.19
	471.14

	
	People on Street
	2500
	39.19
	416.66

	
	
	3500
	39.88
	430.19

	
	
	5000
	40.79
	427.27

	
	
	8000
	42.74
	432.74

	
	
	14000
	46.51
	443.80


Table 31 – Class B, constraint set 1 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Alpha Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	B1
	Kimono
	1000
	33.19
	350.99

	
	
	1600
	35.25
	366.43

	
	
	2500
	36.84
	383.47

	
	
	4000
	38.77
	396.96

	
	
	6000
	41.46
	409.29

	
	ParkScene
	1000
	32.60
	344.37

	
	
	1600
	34.87
	363.68

	
	
	2500
	36.69
	375.91

	
	
	4000
	38.30
	391.35

	
	
	6000
	40.66
	403.46

	B2
	Cactus
	2000
	61.16
	601.90

	
	
	3000
	63.16
	627.24

	
	
	4500
	65.04
	649.74

	
	
	7000
	67.33
	680.08

	
	
	10000
	70.94
	699.88

	
	BasketballDrive
	2000
	68.48
	725.26

	
	
	3000
	71.15
	745.60

	
	
	4500
	73.61
	778.60

	
	
	7000
	77.52
	796.83

	
	
	10000
	82.02
	824.51

	
	BQTerrace
	2000
	84.62
	953.24

	
	
	3000
	87.00
	944.40

	
	
	4500
	89.02
	953.13

	
	
	7000
	89.57
	976.52

	
	
	10000
	93.00
	1002.77


Table 32 – Class C, constraint set 1 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Alpha Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	C
	BasketballDrill
	384
	10.79
	57.38

	
	
	512
	11.37
	61.75

	
	
	768
	11.70
	66.33

	
	
	1200
	12.10
	74.51

	
	
	2000
	12.63
	84.52

	
	BQMall
	384
	13.22
	77.34

	
	
	512
	14.09
	80.22

	
	
	768
	15.22
	86.83

	
	
	1200
	15.07
	94.78

	
	
	2000
	15.87
	101.92

	
	PartyScene
	384
	11.21
	73.45

	
	
	512
	11.71
	79.55

	
	
	768
	12.25
	90.61

	
	
	1200
	13.06
	98.00

	
	
	2000
	13.89
	103.84

	
	RaceHorses
	384
	7.68
	42.92

	
	
	512
	7.83
	45.83

	
	
	768
	8.32
	50.39

	
	
	1200
	8.77
	56.92

	
	
	2000
	9.51
	62.55


Table 33 – Class D, constraint set 1 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	Alpha Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	D
	BasketballPass
	256
	3.08
	15.42

	
	
	384
	2.99
	16.88

	
	
	512
	3.31
	18.05

	
	
	850
	3.71
	19.56

	
	
	1500
	4.22
	21.09

	
	BQSquare
	256
	3.63
	29.22

	
	
	384
	3.77
	30.83

	
	
	512
	4.08
	31.47

	
	
	850
	4.45
	32.69

	
	
	1500
	4.99
	33.94

	
	BlowingBubbles
	256
	2.90
	16.27

	
	
	384
	3.11
	17.84

	
	
	512
	3.28
	19.17

	
	
	850
	3.52
	21.11

	
	
	1500
	4.14
	22.73

	
	RaceHorses
	256
	2.07
	11.56

	
	
	384
	2.27
	12.44

	
	
	512
	2.37
	13.36

	
	
	850
	2.67
	14.74

	
	
	1500
	3.17
	15.50


4.2.2 Constraint set 2 bitstream decoding times and comparison with anchors

Table 34 – Class B, constraint set 2 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	 Beta Anchor Decoding time (sec)
	 Gamma Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	B1
	Kimono
	1000
	24.64
	23.83
	370.77

	
	
	1600
	26.82
	25.43
	389.52

	
	
	2500
	28.71
	26.97
	415.49

	
	
	4000
	31.33
	29.26
	429.46

	
	
	6000
	34.03
	32.20
	439.02

	
	ParkScene
	1000
	23.52
	22.13
	337.77

	
	
	1600
	25.78
	24.06
	358.66

	
	
	2500
	27.99
	25.93
	367.82

	
	
	4000
	30.19
	28.38
	378.69

	
	
	6000
	32.71
	31.18
	395.86

	B2
	Cactus
	2000
	45.96
	43.51
	606.56

	
	
	3000
	49.07
	45.74
	648.09

	
	
	4500
	51.60
	48.70
	673.91

	
	
	7000
	54.67
	51.79
	702.90

	
	
	10000
	58.57
	55.85
	724.68

	
	BasketballDrive
	2000
	49.97
	47.07
	711.29

	
	
	3000
	54.03
	50.23
	761.52

	
	
	4500
	58.85
	54.15
	794.51

	
	
	7000
	62.50
	57.79
	826.99

	
	
	10000
	66.66
	62.03
	851.83

	
	BQTerrace
	2000
	59.77
	56.57
	844.96

	
	
	3000
	62.56
	58.94
	869.29

	
	
	4500
	65.47
	61.27
	894.29

	
	
	7000
	69.42
	64.95
	939.89

	
	
	10000
	74.07
	68.93
	966.01


Table 35 – Class C, constraint set 2 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	 Beta Anchor Decoding time (sec)
	 Gamma Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	C
	BasketballDrill
	384
	9.21
	8.53
	57.62

	
	
	512
	9.13
	8.79
	61.08

	
	
	768
	9.19
	8.84
	68.03

	
	
	1200
	9.85
	9.34
	77.72

	
	
	2000
	10.70
	9.92
	87.56

	
	BQMall
	384
	10.76
	10.45
	74.56

	
	
	512
	11.05
	10.73
	77.97

	
	
	768
	11.21
	10.87
	83.83

	
	
	1200
	11.99
	11.66
	91.12

	
	
	2000
	13.26
	12.11
	100.81

	
	PartyScene
	384
	8.98
	8.46
	63.48

	
	
	512
	9.11
	9.02
	66.33

	
	
	768
	9.79
	9.53
	74.22

	
	
	1200
	10.56
	10.28
	85.44

	
	
	2000
	11.70
	11.10
	96.25

	
	RaceHorses
	384
	5.99
	5.88
	42.81

	
	
	512
	6.32
	5.87
	45.92

	
	
	768
	6.81
	6.38
	53.11

	
	
	1200
	7.75
	6.97
	60.58

	
	
	2000
	8.54
	7.80
	67.44


Table 36 – Class D, constraint set 2 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	 Beta Anchor Decoding time (sec)
	 Gamma Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	D
	BasketballPass
	256
	2.47
	2.17
	15.44

	
	
	384
	2.57
	2.44
	16.50

	
	
	512
	2.65
	2.69
	17.17

	
	
	850
	3.21
	3.03
	19.19

	
	
	1500
	3.84
	3.48
	21.89

	
	BQSquare
	256
	2.78
	2.79
	22.58

	
	
	384
	3.05
	2.81
	24.63

	
	
	512
	3.30
	3.10
	25.83

	
	
	850
	3.77
	3.41
	27.69

	
	
	1500
	4.44
	3.98
	28.30

	
	BlowingBubbles
	256
	2.36
	2.25
	14.42

	
	
	384
	2.44
	2.31
	15.98

	
	
	512
	2.80
	2.56
	17.63

	
	
	850
	3.37
	3.00
	20.45

	
	
	1500
	4.03
	3.37
	22.13

	
	RaceHorses
	256
	1.73
	1.57
	11.86

	
	
	384
	1.94
	1.79
	13.12

	
	
	512
	2.09
	1.95
	14.03

	
	
	850
	2.50
	2.31
	15.63

	
	
	1500
	3.03
	2.66
	17.06


Table 37 – Class E, constraint set 2 decoding times

	CLASS
	Sequence Name
	Bitrate (kbits/s) 
	 Beta Anchor Decoding time (sec)
	 Gamma Anchor Decoding time (sec)
	Proposal Decoding time (sec)

	E
	Vidyo1
	256
	20.17
	19.82
	258.22

	
	
	384
	20.80
	19.86
	265.81

	
	
	512
	21.05
	20.36
	273.31

	
	
	850
	21.59
	20.42
	283.95

	
	
	1500
	22.45
	21.94
	302.06

	
	Vidyo3
	256
	20.20
	19.80
	260.79

	
	
	384
	20.20
	20.18
	270.26

	
	
	512
	20.79
	20.38
	279.42

	
	
	850
	21.32
	20.82
	291.06

	
	
	1500
	22.56
	21.83
	302.98

	
	Vidyo4
	256
	20.25
	19.99
	264.79

	
	
	384
	20.92
	20.27
	276.68

	
	
	512
	20.84
	20.45
	282.98

	
	
	850
	21.63
	20.92
	298.54

	
	
	1500
	22.56
	21.70
	311.11


4.3 Expected memory usage of encoder
The approximate maximum memory space used by the encoder software implementation (physical memory and swap) is measured. Table 38 and Table 39 list the expected memory usage for constraint set 1 and constraint set 2, respectively. Encoder is compiled and executed on 64-bit Linux operating system. The memory usage listed in Table 38 and Table 39 is what has been reported by the computer running the encoder. The actual memory usage in an optimized system is expected to be significantly less.
Table 38 – Constraint set 1 approximate encoder memory usage
	Class
	Expected Memory Usage Range (MB)

	A
	~ 6600 - 6700

	B
	~ 3600 - 3700

	C
	~ 590 – 600

	D
	~ 220 – 240


Table 39 – Constraint set 2 approximate encoder memory usage

	Class
	Expected Memory Usage Range (MB)

	B
	~ 2500 - 3100

	C
	~ 530 - 530

	D
	~ 200 - 230

	E
	~ 980 - 1110


4.4 Expected memory usage of decoder
The approximate maximum memory space used by the decoder software implementation (physical memory and swap) is measured. Table 40 and Table 41 list the expected memory usage for constraint set 1 and constraint set 2, respectively. Decoder is compiled and executed on 64-bit Linux operating system. The memory usage listed in Table 40 and Table 41 is what has been reported by the computer running the decoder. The actual memory usage in an optimized system is expected to be significantly less.

Table 40 - Constraint set 1 approximate decoder memory usage

	Class
	Expected Memory Usage Range (MB)

	A
	~ 970 - 980

	B
	~ 780 - 810

	C
	~ 10 - 20

	D
	~ 10


Table 41 - Constraint set 2 approximate decoder memory usage

	Class
	Expected Memory Usage Range (MB)

	B
	~ 710 - 730

	C
	~ 10

	D
	~ 10

	E
	~ 10


4.5 Complexity characteristics of encoder motion estimation and motion segmentation selection
Same as in KTA2.6r1. No modifications were done.

4.6 Complexity characteristics of decoder motion compensation
Same as in KTA2.6r1. No modifications were done.

4.7 Complexity characteristics of encoder intra-frame prediction type selection
Same as in KTA2.6r1. No modifications were done.

4.8 Complexity characteristics of decoder intra-frame prediction operation
Same as in KTA2.6r1. No modifications were done.

4.9 Complexity characteristics of encoder transforms and transform type selection
Transform type selection is same as in KTA2.6r1 for both Inter and Intra modes. The main difference is OMDDT [10] is used instead of MDDT [9] for Intra coding. OMDDT used half the number of transform matrix coefficients when compared to MDDT. The table below summarizes the memory requirement.
Table 42 - Memory requirements for MDDT and OMDDT transform coefficients
	 
	Total storage for transform matrices
(bytes)

	 
	MDDT
	OMDDT

	16x16
	2*4*16*16 = 2048
	4*16*16 = 1024

	8x8
	2*9*8*8 = 1152
	9*8*8 = 576

	4x4
	2*9*4*4 = 288
	9*4*4 = 144

	Total
	3488
	1744


The computational complexity of OMDDT is the same as MDDT. However on some hardwired architectures, OMDDT uses about half the area of the original MDDT since hardwired matrix multiplication logic of the first matrix multiplication can be reused for the second matrix multiplication in the transform.
4.10 Complexity characteristics of decoder inverse transform operation
Transform used for Inter is same as in KTA2.6r1. For inverse transform in the case of Intra coding, OMDDT [10] is used instead of MDDT [9] for Intra coding. OMDDT used half the number of transform matrix coefficients when compared to MDDT as shown in Table 42 . 

The computational complexity of OMDDT inverse transform is the same as MDDT inverse transform. However on some hardwired architectures, OMDDT uses about half the area of the original MDDT since hardwired matrix multiplication logic of the first matrix multiplication can be reused for the second matrix multiplication in the inverse transform.
4.11 Complexity characteristics of encoder quantization and quantization type selection
Same as in KTA2.6r1. No modifications were done.

4.12 Complexity characteristics of decoder inverse quantization
Same as in KTA2.6r1. No modifications were done.

4.13 Complexity characteristics of encoder in-loop filtering type selection
Same as in KTA2.6r1. No modifications were done.

4.14 Complexity characteristics of decoder in-loop filtering operation
Same as in KTA2.6r1. No modifications were done.

4.15 Complexity characteristics of encoder entropy coding type selection

Syntax Element Partitions (SEP)
Implementations for parallel slice processing require that the entire CABAC be replicated which can lead to significant hardware area cost. An important benefit to syntax element parallelism is that the area cost is quite low since the finite state machine used for context selection, and the context memory, do not need to be replicated. The arithmetic coding engine needs to be replicated, which accounts for only a small percentage of the total hardware area (~15% of the CABAC area). 
Furthermore, much of the existing H.264/AVC CABAC architecture can be reused for this approach. As a result, this approach can be easily integrated into multi-standard solutions that support H.264/AVC.

Adaptive allocation based on QP will require the encoder to set the QP threshold. This can be done manually in the configuration file, which was the method used in this contribution. Smart encoder algorithms can be developed to determine the threshold that would provide balanced partitions which will result in higher throughput.
Interleaved Entropy Slices (IES)
The hardware area of the entire CABAC (including the context memory) must be replicated for IES. Thus the area increases linearly with parallelism. However, IES tend to have more balanced workloads as compared to H.264/AVC slices, resulting in higher throughput; thus to achieve the same throughput, IES requires less area increase. Additional area savings is achieved when IES is combined with SEP. Please see contribution VCEG-AL21 for throughput-area tradeoff.
Retaining raster scan order processing within each entropy slice also provides a favorable memory access pattern which enables caching techniques for further bandwidth reduction. 
It should be noted that another benefit of this approach is that the access to a large last line buffer is reduced [6]. Out of N slices, N-1 will access a small FIFO for the last line (top) data, and only one will access the large memory (full last line). The small FIFOs can be stored on-chip, and thus the off-chip memory bandwidth for last-line access is reduced by 1/N.

Bin-level parallelism

In bin-level parallelism [19], the context memory which typically dominates the area does not need to be replicated; only the decision tree needs to be added.  The arithmetic coding engine also needs to be extended from 9-bit to 14-bits.  A true multiplier can be used to avoid a large look up table.

4.16 Complexity characteristics of decoder entropy decoding operation

The complexity characteristics of the decoder are similar to those described for the encoder (see above), with the exception that it does not need to choose the QP threshold. Furthermore, to address dependencies at the decoder between partitions and interleaved entropy slices, FIFOs can be used for synchronization. The simplicity of this approach allows the whole processing path to be parallelized. Consequently, no intermediate buffering is required to store the syntax elements between the entropy coding and the rest of the codec. This reduces memory cost and can have benefits in terms of reducing system power and possibly improving performance (by avoiding read conflicts). 
4.17 Degree of capability for encoder parallel processing

4.17.1 OMDDT

The transforms can be implemented using matrix multiplication which is highly parallel operation.

4.17.2 Massively Parallel CABAC

Syntax element partitions along with the adaptive allocation based on QP delivers up to 3x parallelism (i.e. the three partitions can be processed in parallel). SEP was enabled for all HD sequences (1280x720 and above). The number of interleaved entropy slices per frame is configurable. For 1920x1080 resolution sequences, the encoder was configured to use two interleaved entropy slices per frame. The impact syntax element partitioning and interleaved entropy slices are multiplicative, thus providing up to 6x parallelism. 
4.17.3 Compressed Reference Frame Buffer (CRFB)

CRFB encoder is suitable for parallel processing. Only dependency among the encoding process of CRFB blocks (8x8 Y, 4x4 U and 4x4 V pixels) and memory access units (MAU) are created by the DC prediction technique. MAUs can be encoded in parallel if DC prediction is restricted in MAU boundaries. 
4.18 Degree of capability for decoder parallel processing

4.18.1 OMDDT

The inverse transform can be implemented using matrix multiplication which is highly parallel operation.
4.18.2 Massively Parallel CABAC

The degree of parallelism at the decoder is similar to the encoder (see above). 
4.18.3 Compressed Reference Frame Buffer (CRFB)

CRFB decoder is suitable for parallel processing similar to the encoder. MAUs can be decoded in parallel if DC prediction is restricted in MAU boundaries. 
Decoder implementation may choose to store reconstructed CRFB pixels instead of compressed. This approach will make the decoder memory access architecture same as KTA, however the memory bandwidth saving will not be achieved.  
4.19 Complexity characteristics of compressed reference frame buffer (CRFB) algorithm

CRFB algorithms can be implemented using basic addition and shift operations. 
Approximate number of arithmetic operations performed by the CRFB encoder are listed in Table 43.
Table 43 – CRFB encoder complexity

	Algorithm
	Number of Arithmetic Operations per Pixel

	Transform
	- (1+1/4+1/16) *(2 additions and 1 shift) per Luma pixel

- (1+1/4)*(2 additions and 1 shift) per Chroma pixel

	Quantization
	- 1 addition and 1 shift per pixel

	Entropy coding
	- 1 EG coding per pixel (additions and shifts depend on image statistics)

	Rate Control
	- log(12)*2 EG coding length computation to select Qidx(12 candidates) and k=0,3 (2 candidates) per pixel. 
- log(12)*2 additions per pixel to accumulate the bit size of a CRFB block.


Approximate number of arithmetic operations performed by the CRFB decoder are listed in Table 44.

Table 44 – CRFB decoder complexity

	Algorithm
	Number of Arithmetic Operations per Pixel

	Inverse Transform
	- (1+1/4+1/16) *(2 additions and 1 shift) per Luma pixel

- (1+1/4)*(2 additions and 1 shift) per Chroma pixel

	Inverse Quantization
	- 1 shift per pixel

	Entropy decoding
	- 1 EG decoding per pixel (additions and shifts depend on image statistics)


CRFB algorithm cuts the memory access bandwidth demanded by reference frame store and read operations by half.

CRFB algorithm requires a line memory to store DC coefficients to be used in DC prediction. The size of the line memory is 3*W/8 bytes, where W is the picture width. 
5. Algorithmic characteristics

5.1 Random access characteristics
Same as in KTA2.6r1 with KTA common conditions configuration given in [8]. For constraint set 1, Hierarchical-B coding is used with 4 levels (structural delay of processing units not larger than 8-picture “group of pictures”) with Intra period less than 1.1 sec. For constraint set 2, IPPP coding is used with only one I frame in the beginning of the sequence.
5.2 Delay characteristics
Same as in KTA2.6r1 with KTA common conditions configuration given in [8]. For constraint set 1, Hierarchical-B coding is used with 4 levels (structural delay of processing units not larger than 8-picture “group of pictures”) with Intra period less than 1.1 sec. For constraint set 2, IPPP coding is used with only one I frame in the beginning of the sequence.

6. Software implementation description
OMDDT, massively parallel CABAC, and compressed reference frame buffer were all implemented on top of KTA2.6r1. No optimization of the software was done.
7. Highlighted aspects discussion
This video coding technology proposal focused on complexity reduction, throughput increase, and memory bandwidth and memory size reduction with minimal impact to coding efficiency. With the improvements presented in this proposal, we expect to reduce power consumption and cost of video codecs for coding high resolution video.

8. Closing remarks
Memory access bandwidth and video throughput are key limiting factors in video codec chip design. Therefore, in addition to coding efficiency improvements, memory access bandwidth reduction and enhanced parallelism to increase throughput are important for the new video coding standard. 
This contribution describes three tools that were submitted as a part of video coding technology proposal in response to CfP. The three tools are: orthogonal mode dependent directional transform (OMDDT) which is a simplification of mode dependent directional transform in KTA2.6r1, massively parallel CABAC for CABAC throughput improvement, and compressed reference frame buffer for memory bandwidth and memory size reduction. OMDDT is found to save half the memory required to store transform matrix coefficients when compared to mode dependent directional transform (MDDT) of KTA2.6r1. On some hardwired architectures, OMDDT is expected to use about half the area of the original MDDT. Massively parallel CABAC is found to achieve an effective throughput improvement between 2.78x to 4.49x for Constraint Set 1 (CS1) conditions and 1.68x to 4.81x for Constraint Set 2 (CS2) on Class A, B and E video sequences. Compressed reference frame buffer tool is found to achieve 50% reduction in reference frame memory access bandwidth and memory size on Class A, B, and E video sequences.  These gains in complexity reduction, throughput increase, and memory bandwidth and memory size reduction are achieved at a cost of average bit-rate increase of 0.48% for CS1 and 0.58% for CS2 when compared to KTA2.6r1 under similar coding conditions. 
We request that core experiments be launched on MDDT simplification, parallel CABAC, and reference frame buffer compression for subsequent inclusion into the test model.
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Appendix A: OMDDT transform matrices

4x4 OMDDT transform matrices

const int KLTCol[9][4][4]=

{

{

{    38,    58,    75,    78},

{   -80,   -71,    25,    66},

{    78,   -53,   -61,    61},

{    50,   -72,    80,   -47},

},

{

{    34,    54,    73,    84},

{    64,    76,     7,   -80},

{   -80,     8,    87,   -49},

{    69,   -88,    59,   -22},

},

{

{    32,    59,    76,    78},

{   -71,   -77,    15,    72},

{    84,   -35,   -68,    59},

{    58,   -76,    75,   -40},

},

{

{    54,    67,    69,    65},

{   -94,   -35,    48,    64},

{   -58,    76,    42,   -74},

{    36,   -70,    87,   -51},

},

{

{    30,    58,    79,    77},

{   -65,   -80,    10,    75},

{    85,   -23,   -72,    59},

{    64,   -78,    70,   -37},

},

{

{    30,    54,    77,    82},

{   -58,   -84,     0,    77},

{   -88,    16,    77,   -50},

{    65,   -78,    68,   -37},

},

{

{    31,    57,    77,    79},

{    60,    81,    -5,   -78},

{   -82,    12,    80,   -55},

{    71,   -80,    63,   -32},

},

{

{    45,    66,    73,    68},

{    94,    46,   -44,   -60},

{    64,   -74,   -40,    72},

{    39,   -66,    87,   -54},

},

{

{    29,    57,    78,    79},

{    65,    80,    -6,   -76},

{   -83,    18,    76,   -58},

{    66,   -80,    67,   -32},

},

};

const int KLTRow[9][4][4]=

{

{

{    38,   -80,    78,    50},

{    58,   -71,   -53,   -72},

{    75,    25,   -61,    80},

{    78,    66,    61,   -47},

},

{

{    34,    64,   -80,    69},

{    54,    76,     8,   -88},

{    73,     7,    87,    59},

{    84,   -80,   -49,   -22},

},

{

{    32,   -71,    84,    58},

{    59,   -77,   -35,   -76},

{    76,    15,   -68,    75},

{    78,    72,    59,   -40},

},

{

{    54,   -94,   -58,    36},

{    67,   -35,    76,   -70},

{    69,    48,    42,    87},

{    65,    64,   -74,   -51},

},

{

{    30,   -65,    85,    64},

{    58,   -80,   -23,   -78},

{    79,    10,   -72,    70},

{    77,    75,    59,   -37},

},

{

{    30,   -58,   -88,    65},

{    54,   -84,    16,   -78},

{    77,     0,    77,    68},

{    82,    77,   -50,   -37},

},

{

{    31,    60,   -82,    71},

{    57,    81,    12,   -80},

{    77,    -5,    80,    63},

{    79,   -78,   -55,   -32},

},

{

{    45,    94,    64,    39},

{    66,    46,   -74,   -66},

{    73,   -44,   -40,    87},

{    68,   -60,    72,   -54},

},

{

{    29,    65,   -83,    66},

{    57,    80,    18,   -80},

{    78,    -6,    76,    67},

{    79,   -76,   -58,   -32},

},

};

8x8 OMDDT transform matrices

const int KLTRow8[9][8][8] = 

{

{

{    14,    41,   -50,    56,    50,    57,   -47,    30},

{    25,    55,   -54,    31,     0,   -41,    65,   -54},

{    34,    57,   -20,   -37,   -60,   -39,   -35,    62},

{    43,    46,    29,   -59,    -5,    67,   -10,   -60},

{    51,    20,    60,    -4,    67,   -18,    47,    51},

{    56,   -13,    47,    62,   -14,   -39,   -60,   -40},

{    59,   -45,   -11,    32,   -60,    54,    49,    28},

{    58,   -61,   -62,   -51,    43,   -24,   -21,   -11},

},

{

{    24,   -58,    60,    55,    43,    45,   -37,    23},

{    32,   -64,    40,     4,   -31,   -57,    61,   -42},

{    38,   -51,   -17,   -65,   -53,     0,   -50,    51},

{    45,   -30,   -56,   -35,    47,    56,    21,   -57},

{    50,     0,   -58,    42,    43,   -57,    17,    58},

{    54,    29,   -21,    61,   -58,     3,   -49,   -51},

{    55,    48,    32,    -4,   -30,    55,    65,    43},

{    52,    49,    54,   -50,    48,   -42,   -37,   -21},

},

{

{    27,   -57,    61,    58,    50,    40,   -32,   -17},

{    34,   -62,    36,     3,   -38,   -59,    61,    37},

{    41,   -50,   -14,   -61,   -50,     7,   -56,   -49},

{    47,   -28,   -54,   -37,    48,    54,    29,    55},

{    52,     5,   -58,    37,    42,   -58,    14,   -60},

{    54,    31,   -22,    59,   -50,     2,   -52,    58},

{    52,    48,    30,     4,   -36,    57,    62,   -44},

{    49,    52,    58,   -55,    46,   -40,   -29,    20},

},

{

{    12,    31,   -42,   -64,   -60,   -55,   -46,   -27},

{    24,    56,   -59,   -39,     8,    47,    59,    43},

{    35,    62,   -24,    44,    60,    11,   -47,   -53},

{    44,    49,    33,    54,   -28,   -60,    13,    60},

{    52,    17,    63,   -13,   -51,    47,    30,   -60},

{    57,   -18,    41,   -58,    41,    17,   -57,    50},

{    58,   -46,   -19,   -15,    44,   -61,    59,   -34},

{    56,   -57,   -59,    48,   -46,    35,   -27,    14},

},

{

{     9,    22,   -47,   -55,   -57,   -57,   -55,   -32},

{    21,    46,   -66,   -45,    -3,    33,    63,    49},

{    34,    61,   -33,    32,    61,    32,   -37,   -57},

{    43,    56,    22,    58,   -12,   -63,    -4,    59},

{    53,    26,    57,    -7,   -62,    31,    41,   -55},

{    59,   -12,    44,   -62,    29,    29,   -57,    45},

{    59,   -47,   -11,   -18,    51,   -64,    50,   -31},

{    56,   -63,   -53,    53,   -44,    34,   -22,    14},

},

{

{    11,    29,   -43,   -57,   -62,   -55,   -48,   -34},

{    21,    50,   -58,   -43,    -3,    35,    62,    57},

{    31,    61,   -32,    25,    62,    35,   -33,   -62},

{    42,    52,    17,    62,     0,   -65,   -14,    58},

{    53,    26,    58,     9,   -63,    25,    50,   -49},

{    59,   -11,    50,   -59,    18,    35,   -61,    39},

{    61,   -46,   -11,   -28,    54,   -61,    48,   -27},

{    56,   -61,   -62,    50,   -40,    32,   -22,    10},

},

{

{    14,   -31,    47,    55,    57,    57,   -50,    31},

{    25,   -52,    62,    37,     1,   -41,    62,   -49},

{    35,   -57,    28,   -37,   -66,   -26,   -38,    57},

{    45,   -49,   -29,   -59,    10,    65,     1,   -58},

{    53,   -22,   -62,     4,    61,   -39,    35,    54},

{    57,    16,   -42,    64,   -33,   -23,   -57,   -45},

{    58,    50,    15,    19,   -44,    59,    58,    34},

{    53,    62,    55,   -52,    44,   -33,   -28,   -15},

},

{

{    10,    31,   -45,   -61,   -52,   -59,    53,    24},

{    21,    54,   -59,   -39,     0,    38,   -69,   -43},

{    33,    61,   -29,    36,    60,    32,    46,    53},

{    43,    51,    26,    60,   -10,   -65,    -3,   -58},

{    51,    25,    61,    -6,   -62,    31,   -33,    58},

{    57,   -13,    46,   -61,    32,    29,    51,   -52},

{    61,   -46,   -14,   -18,    53,   -58,   -50,    38},

{    58,   -58,   -58,    46,   -48,    32,    23,   -16},

},

{

{    35,   -64,    66,    55,    44,    34,   -22,   -11},

{    43,   -61,    24,   -21,   -53,   -64,    48,    25},

{    45,   -40,   -36,   -66,   -25,    36,   -59,   -41},

{    46,   -14,   -62,   -10,    65,    28,    47,    54},

{    47,    14,   -50,    57,    16,   -63,    -8,   -63},

{    48,    35,   -10,    52,   -62,    25,   -41,    62},

{    48,    50,    32,    -8,   -23,    51,    69,   -51},

{    47,    54,    52,   -50,    47,   -44,   -38,    23},

},

};

const int KLTCol8[9][8][8] = 

{

{

{    14,    25,    34,    43,    51,    56,    59,    58},

{    41,    55,    57,    46,    20,   -13,   -45,   -61},

{   -50,   -54,   -20,    29,    60,    47,   -11,   -62},

{    56,    31,   -37,   -59,    -4,    62,    32,   -51},

{    50,     0,   -60,    -5,    67,   -14,   -60,    43},

{    57,   -41,   -39,    67,   -18,   -39,    54,   -24},

{   -47,    65,   -35,   -10,    47,   -60,    49,   -21},

{    30,   -54,    62,   -60,    51,   -40,    28,   -11},

},

{

{    24,    32,    38,    45,    50,    54,    55,    52},

{   -58,   -64,   -51,   -30,     0,    29,    48,    49},

{    60,    40,   -17,   -56,   -58,   -21,    32,    54},

{    55,     4,   -65,   -35,    42,    61,    -4,   -50},

{    43,   -31,   -53,    47,    43,   -58,   -30,    48},

{    45,   -57,     0,    56,   -57,     3,    55,   -42},

{   -37,    61,   -50,    21,    17,   -49,    65,   -37},

{    23,   -42,    51,   -57,    58,   -51,    43,   -21},

},

{

{    27,    34,    41,    47,    52,    54,    52,    49},

{   -57,   -62,   -50,   -28,     5,    31,    48,    52},

{    61,    36,   -14,   -54,   -58,   -22,    30,    58},

{    58,     3,   -61,   -37,    37,    59,     4,   -55},

{    50,   -38,   -50,    48,    42,   -50,   -36,    46},

{    40,   -59,     7,    54,   -58,     2,    57,   -40},

{   -32,    61,   -56,    29,    14,   -52,    62,   -29},

{   -17,    37,   -49,    55,   -60,    58,   -44,    20},

},

{

{    12,    24,    35,    44,    52,    57,    58,    56},

{    31,    56,    62,    49,    17,   -18,   -46,   -57},

{   -42,   -59,   -24,    33,    63,    41,   -19,   -59},

{   -64,   -39,    44,    54,   -13,   -58,   -15,    48},

{   -60,     8,    60,   -28,   -51,    41,    44,   -46},

{   -55,    47,    11,   -60,    47,    17,   -61,    35},

{   -46,    59,   -47,    13,    30,   -57,    59,   -27},

{   -27,    43,   -53,    60,   -60,    50,   -34,    14},

},

{

{     9,    21,    34,    43,    53,    59,    59,    56},

{    22,    46,    61,    56,    26,   -12,   -47,   -63},

{   -47,   -66,   -33,    22,    57,    44,   -11,   -53},

{   -55,   -45,    32,    58,    -7,   -62,   -18,    53},

{   -57,    -3,    61,   -12,   -62,    29,    51,   -44},

{   -57,    33,    32,   -63,    31,    29,   -64,    34},

{   -55,    63,   -37,    -4,    41,   -57,    50,   -22},

{   -32,    49,   -57,    59,   -55,    45,   -31,    14},

},

{

{    11,    21,    31,    42,    53,    59,    61,    56},

{    29,    50,    61,    52,    26,   -11,   -46,   -61},

{   -43,   -58,   -32,    17,    58,    50,   -11,   -62},

{   -57,   -43,    25,    62,     9,   -59,   -28,    50},

{   -62,    -3,    62,     0,   -63,    18,    54,   -40},

{   -55,    35,    35,   -65,    25,    35,   -61,    32},

{   -48,    62,   -33,   -14,    50,   -61,    48,   -22},

{   -34,    57,   -62,    58,   -49,    39,   -27,    10},

},

{

{    14,    25,    35,    45,    53,    57,    58,    53},

{   -31,   -52,   -57,   -49,   -22,    16,    50,    62},

{    47,    62,    28,   -29,   -62,   -42,    15,    55},

{    55,    37,   -37,   -59,     4,    64,    19,   -52},

{    57,     1,   -66,    10,    61,   -33,   -44,    44},

{    57,   -41,   -26,    65,   -39,   -23,    59,   -33},

{   -50,    62,   -38,     1,    35,   -57,    58,   -28},

{    31,   -49,    57,   -58,    54,   -45,    34,   -15},

},

{

{    10,    21,    33,    43,    51,    57,    61,    58},

{    31,    54,    61,    51,    25,   -13,   -46,   -58},

{   -45,   -59,   -29,    26,    61,    46,   -14,   -58},

{   -61,   -39,    36,    60,    -6,   -61,   -18,    46},

{   -52,     0,    60,   -10,   -62,    32,    53,   -48},

{   -59,    38,    32,   -65,    31,    29,   -58,    32},

{    53,   -69,    46,    -3,   -33,    51,   -50,    23},

{    24,   -43,    53,   -58,    58,   -52,    38,   -16},

},

{

{    35,    43,    45,    46,    47,    48,    48,    47},

{   -64,   -61,   -40,   -14,    14,    35,    50,    54},

{    66,    24,   -36,   -62,   -50,   -10,    32,    52},

{    55,   -21,   -66,   -10,    57,    52,    -8,   -50},

{    44,   -53,   -25,    65,    16,   -62,   -23,    47},

{    34,   -64,    36,    28,   -63,    25,    51,   -44},

{   -22,    48,   -59,    47,    -8,   -41,    69,   -38},

{   -11,    25,   -41,    54,   -63,    62,   -51,    23},

},

};

16x16 OMDDT transform matrices

const int KLTCol16[4][16][16] = 

{

{

{     5,     9,    12,    15,    20,    24,    27,    30,    34,    37,    40,    41,    43,    44,    44,    43},

{   -10,   -18,   -24,   -30,   -36,   -40,   -40,   -38,   -34,   -24,    -9,     8,    24,    37,    47,    50},

{   -18,   -31,   -39,   -43,   -38,   -25,   -10,     7,    23,    38,    46,    40,    21,    -5,   -33,   -48},

{    17,    32,    37,    35,    17,    -6,   -25,   -40,   -39,   -19,    14,    41,    49,    26,   -19,   -53},

{    27,    42,    40,    15,   -22,   -46,   -44,   -18,    20,    46,    35,    -2,   -34,   -33,    -3,    33},

{    26,    33,    18,   -14,   -38,   -31,     2,    33,    41,     6,   -43,   -42,    15,    55,    16,   -44},

{    29,    39,    13,   -31,   -46,    -4,    39,    37,   -14,   -50,    -7,    44,    19,   -39,   -22,    29},

{    28,    30,   -10,   -39,   -14,    31,    32,   -18,   -43,     6,    51,    -9,   -53,    21,    43,   -32},

{    43,    31,   -33,   -47,    19,    46,   -13,   -44,    12,    35,   -26,   -19,    37,     0,   -39,    25},

{    35,    14,   -40,   -12,    47,    -3,   -52,    20,    40,   -37,   -10,    42,   -23,   -19,    42,   -23},

{    40,     0,   -47,    21,    29,   -40,    -1,    43,   -28,   -16,    41,   -32,    -3,    37,   -47,    22},

{    50,   -19,   -42,    49,   -13,   -31,    46,   -20,   -17,    38,   -31,    10,    16,   -35,    33,   -14},

{    28,   -25,    -8,    35,   -40,    22,    13,   -44,    51,   -32,     0,    29,   -44,    44,   -33,    13},

{   -53,    58,   -26,    -9,    34,   -47,    42,   -24,     6,    12,   -27,    33,   -30,    23,   -16,     6},

{   -33,    45,   -41,    32,   -21,     8,     8,   -25,    37,   -40,    44,   -44,    37,   -28,    18,    -6},

{    25,   -37,    40,   -43,    45,   -45,    44,   -40,    33,   -29,    25,   -20,    16,   -11,     6,    -2},

},

{

{    22,    27,    30,    31,    31,    34,    33,    32,    33,    34,    34,    35,    34,    34,    33,    31},

{   -48,   -51,   -47,   -40,   -30,   -22,   -11,    -1,    11,    19,    24,    29,    32,    34,    34,    32},

{    46,    43,    23,     0,   -24,   -42,   -49,   -41,   -30,   -21,    -9,     6,    22,    32,    36,    33},

{    39,    25,    -1,   -26,   -41,   -37,   -16,    12,    33,    46,    45,    32,     0,   -22,   -37,   -43},

{    52,    18,   -35,   -55,   -31,     9,    46,    41,    14,   -10,   -27,   -33,   -24,     1,    24,    32},

{    29,     4,   -36,   -31,    17,    40,    22,   -16,   -42,   -33,     0,    36,    53,    27,   -22,   -49},

{    34,    -5,   -46,   -13,    51,    33,   -33,   -47,    -5,    29,    31,     6,   -32,   -37,     3,    40},

{    22,   -10,   -34,    12,    42,   -16,   -41,     7,    50,    24,   -38,   -46,    17,    46,     7,   -40},

{    35,   -34,   -30,    42,    20,   -47,    -7,    49,     2,   -42,   -13,    38,    20,   -34,   -21,    30},

{    49,   -63,    -5,    52,   -36,    -4,    36,   -26,   -24,    15,    26,   -14,   -27,    23,    23,   -25},

{    20,   -32,    22,     4,   -42,    40,    -1,   -40,    40,    16,   -47,    -2,    48,   -19,   -40,    33},

{     7,   -16,    14,    -6,   -13,    35,   -31,    -2,    47,   -42,   -21,    57,   -39,   -11,    55,   -35},

{   -20,    39,   -39,    26,     3,   -35,    54,   -46,    10,    28,   -46,    31,     6,   -30,    30,   -14},

{   -17,    38,   -45,    40,   -28,    13,     3,   -21,    41,   -45,    27,     1,   -28,    45,   -44,    20},

{   -11,    27,   -40,    43,   -46,    44,   -39,    34,   -25,    11,    10,   -26,    35,   -39,    33,   -14},

{     2,    -4,     9,   -12,    14,   -18,    22,   -30,    44,   -52,    54,   -47,    44,   -40,    29,   -12},

},

{

{    12,    16,    20,    24,    28,    31,    33,    36,    38,    39,    39,    39,    38,    36,    34,    31},

{   -38,   -43,   -45,   -44,   -40,   -34,   -25,   -15,    -3,     8,    17,    25,    31,    35,    36,    34},

{    43,    44,    35,    20,     1,   -18,   -33,   -42,   -41,   -33,   -19,    -2,    16,    31,    40,    42},

{    43,    36,    14,   -13,   -35,   -44,   -35,   -12,    16,    37,    45,    36,    15,   -12,   -34,   -43},

{    44,    26,   -11,   -39,   -44,   -19,    19,    43,    41,    12,   -23,   -43,   -36,    -8,    24,    39},

{    44,    10,   -33,   -43,   -13,    31,    43,    15,   -26,   -44,   -21,    22,    45,    29,   -12,   -40},

{    41,    -3,   -44,   -24,    23,    43,     5,   -41,   -32,    19,    45,    15,   -34,   -42,     1,    40},

{    35,   -16,   -43,     4,    45,    12,   -44,   -24,    36,    35,   -23,   -42,     4,    44,    16,   -38},

{    35,   -28,   -36,    34,    33,   -38,   -28,    39,    22,   -37,   -20,    34,    22,   -35,   -26,    35},

{    29,   -35,   -17,    48,   -10,   -44,    33,    24,   -41,    -4,    39,    -7,   -40,    23,    37,   -34},

{    24,   -37,     3,    41,   -40,    -3,    44,   -38,    -9,    46,   -26,   -27,    45,    -4,   -39,    27},

{    24,   -46,    28,    15,   -44,    41,   -10,   -29,    46,   -23,   -22,    46,   -23,   -20,    41,   -22},

{    23,   -45,    38,   -13,   -16,    35,   -39,    29,    -3,   -28,    47,   -35,    -5,    39,   -46,    22},

{    18,   -39,    45,   -39,    24,    -3,   -18,    35,   -44,    39,   -19,    -9,    34,   -46,    39,   -16},

{    13,   -29,    37,   -42,    43,   -39,    33,   -23,     6,    12,   -28,    39,   -44,    41,   -30,    13},

{     5,   -13,    17,   -23,    28,   -33,    37,   -41,    44,   -47,    46,   -42,    35,   -28,    20,    -8},

},

{

{    10,    14,    18,    22,    27,    31,    34,    37,    39,    40,    40,    39,    38,    36,    33,    31},

{   -26,   -33,   -38,   -40,   -41,   -39,   -32,   -22,   -10,     2,    14,    25,    33,    39,    41,    40},

{    36,    42,    42,    34,    18,    -3,   -21,   -36,   -42,   -39,   -27,   -10,    11,    27,    39,    42},

{    47,    43,    25,    -2,   -28,   -42,   -41,   -24,     7,    33,    42,    37,    17,    -8,   -29,   -38},

{    44,    33,     1,   -34,   -47,   -26,    11,    43,    41,    11,   -20,   -41,   -38,    -8,    24,    38},

{    44,    16,   -26,   -42,   -19,    23,    42,    22,   -22,   -45,   -26,    20,    47,    31,   -12,   -40},

{    38,     6,   -35,   -34,    11,    44,    19,   -34,   -40,     9,    47,    20,   -36,   -42,     4,    39},

{    41,    -8,   -51,    -7,    47,    21,   -38,   -32,    31,    40,   -21,   -43,     4,    37,    10,   -25},

{    30,   -15,   -37,    19,    38,   -26,   -35,    32,    30,   -37,   -25,    44,    20,   -46,   -22,    37},

{    32,   -28,   -29,    43,    13,   -49,    13,    41,   -40,   -14,    47,   -12,   -36,    28,    22,   -27},

{   -21,    23,    12,   -36,    21,    23,   -43,    14,    31,   -51,    20,    34,   -50,    13,    43,   -36},

{   -38,    60,   -15,   -37,    48,   -21,   -17,    38,   -33,     5,    26,   -36,    21,    11,   -35,    21},

{   -23,    41,   -28,     1,    25,   -40,    35,   -12,   -15,    37,   -45,    33,    -4,   -34,    55,   -30},

{    21,   -43,    46,   -34,    13,    14,   -35,    44,   -41,    28,    -8,   -13,    30,   -41,    39,   -18},

{   -14,    32,   -40,    43,   -40,    31,   -20,     5,     9,   -22,    33,   -39,    44,   -44,    37,   -17},

{     9,   -19,    25,   -32,    37,   -42,    44,   -41,    40,   -38,    36,   -35,    31,   -25,    18,    -7},

},

};

const int KLTRow16[4][16][16] = 

{

{

{     5,   -10,   -18,    17,    27,    26,    29,    28,    43,    35,    40,    50,    28,   -53,   -33,    25},

{     9,   -18,   -31,    32,    42,    33,    39,    30,    31,    14,     0,   -19,   -25,    58,    45,   -37},

{    12,   -24,   -39,    37,    40,    18,    13,   -10,   -33,   -40,   -47,   -42,    -8,   -26,   -41,    40},

{    15,   -30,   -43,    35,    15,   -14,   -31,   -39,   -47,   -12,    21,    49,    35,    -9,    32,   -43},

{    20,   -36,   -38,    17,   -22,   -38,   -46,   -14,    19,    47,    29,   -13,   -40,    34,   -21,    45},

{    24,   -40,   -25,    -6,   -46,   -31,    -4,    31,    46,    -3,   -40,   -31,    22,   -47,     8,   -45},

{    27,   -40,   -10,   -25,   -44,     2,    39,    32,   -13,   -52,    -1,    46,    13,    42,     8,    44},

{    30,   -38,     7,   -40,   -18,    33,    37,   -18,   -44,    20,    43,   -20,   -44,   -24,   -25,   -40},

{    34,   -34,    23,   -39,    20,    41,   -14,   -43,    12,    40,   -28,   -17,    51,     6,    37,    33},

{    37,   -24,    38,   -19,    46,     6,   -50,     6,    35,   -37,   -16,    38,   -32,    12,   -40,   -29},

{    40,    -9,    46,    14,    35,   -43,    -7,    51,   -26,   -10,    41,   -31,     0,   -27,    44,    25},

{    41,     8,    40,    41,    -2,   -42,    44,    -9,   -19,    42,   -32,    10,    29,    33,   -44,   -20},

{    43,    24,    21,    49,   -34,    15,    19,   -53,    37,   -23,    -3,    16,   -44,   -30,    37,    16},

{    44,    37,    -5,    26,   -33,    55,   -39,    21,     0,   -19,    37,   -35,    44,    23,   -28,   -11},

{    44,    47,   -33,   -19,    -3,    16,   -22,    43,   -39,    42,   -47,    33,   -33,   -16,    18,     6},

{    43,    50,   -48,   -53,    33,   -44,    29,   -32,    25,   -23,    22,   -14,    13,     6,    -6,    -2},

},

{

{    22,   -48,    46,    39,    52,    29,    34,    22,    35,    49,    20,     7,   -20,   -17,   -11,     2},

{    27,   -51,    43,    25,    18,     4,    -5,   -10,   -34,   -63,   -32,   -16,    39,    38,    27,    -4},

{    30,   -47,    23,    -1,   -35,   -36,   -46,   -34,   -30,    -5,    22,    14,   -39,   -45,   -40,     9},

{    31,   -40,     0,   -26,   -55,   -31,   -13,    12,    42,    52,     4,    -6,    26,    40,    43,   -12},

{    31,   -30,   -24,   -41,   -31,    17,    51,    42,    20,   -36,   -42,   -13,     3,   -28,   -46,    14},

{    34,   -22,   -42,   -37,     9,    40,    33,   -16,   -47,    -4,    40,    35,   -35,    13,    44,   -18},

{    33,   -11,   -49,   -16,    46,    22,   -33,   -41,    -7,    36,    -1,   -31,    54,     3,   -39,    22},

{    32,    -1,   -41,    12,    41,   -16,   -47,     7,    49,   -26,   -40,    -2,   -46,   -21,    34,   -30},

{    33,    11,   -30,    33,    14,   -42,    -5,    50,     2,   -24,    40,    47,    10,    41,   -25,    44},

{    34,    19,   -21,    46,   -10,   -33,    29,    24,   -42,    15,    16,   -42,    28,   -45,    11,   -52},

{    34,    24,    -9,    45,   -27,     0,    31,   -38,   -13,    26,   -47,   -21,   -46,    27,    10,    54},

{    35,    29,     6,    32,   -33,    36,     6,   -46,    38,   -14,    -2,    57,    31,     1,   -26,   -47},

{    34,    32,    22,     0,   -24,    53,   -32,    17,    20,   -27,    48,   -39,     6,   -28,    35,    44},

{    34,    34,    32,   -22,     1,    27,   -37,    46,   -34,    23,   -19,   -11,   -30,    45,   -39,   -40},

{    33,    34,    36,   -37,    24,   -22,     3,     7,   -21,    23,   -40,    55,    30,   -44,    33,    29},

{    31,    32,    33,   -43,    32,   -49,    40,   -40,    30,   -25,    33,   -35,   -14,    20,   -14,   -12},

},

{

{    12,   -38,    43,    43,    44,    44,    41,    35,    35,    29,    24,    24,    23,    18,    13,     5},

{    16,   -43,    44,    36,    26,    10,    -3,   -16,   -28,   -35,   -37,   -46,   -45,   -39,   -29,   -13},

{    20,   -45,    35,    14,   -11,   -33,   -44,   -43,   -36,   -17,     3,    28,    38,    45,    37,    17},

{    24,   -44,    20,   -13,   -39,   -43,   -24,     4,    34,    48,    41,    15,   -13,   -39,   -42,   -23},

{    28,   -40,     1,   -35,   -44,   -13,    23,    45,    33,   -10,   -40,   -44,   -16,    24,    43,    28},

{    31,   -34,   -18,   -44,   -19,    31,    43,    12,   -38,   -44,    -3,    41,    35,    -3,   -39,   -33},

{    33,   -25,   -33,   -35,    19,    43,     5,   -44,   -28,    33,    44,   -10,   -39,   -18,    33,    37},

{    36,   -15,   -42,   -12,    43,    15,   -41,   -24,    39,    24,   -38,   -29,    29,    35,   -23,   -41},

{    38,    -3,   -41,    16,    41,   -26,   -32,    36,    22,   -41,    -9,    46,    -3,   -44,     6,    44},

{    39,     8,   -33,    37,    12,   -44,    19,    35,   -37,    -4,    46,   -23,   -28,    39,    12,   -47},

{    39,    17,   -19,    45,   -23,   -21,    45,   -23,   -20,    39,   -26,   -22,    47,   -19,   -28,    46},

{    39,    25,    -2,    36,   -43,    22,    15,   -42,    34,    -7,   -27,    46,   -35,    -9,    39,   -42},

{    38,    31,    16,    15,   -36,    45,   -34,     4,    22,   -40,    45,   -23,    -5,    34,   -44,    35},

{    36,    35,    31,   -12,    -8,    29,   -42,    44,   -35,    23,    -4,   -20,    39,   -46,    41,   -28},

{    34,    36,    40,   -34,    24,   -12,     1,    16,   -26,    37,   -39,    41,   -46,    39,   -30,    20},

{    31,    34,    42,   -43,    39,   -40,    40,   -38,    35,   -34,    27,   -22,    22,   -16,    13,    -8},

},

{

{    10,   -26,    36,    47,    44,    44,    38,    41,    30,    32,   -21,   -38,   -23,    21,   -14,     9},

{    14,   -33,    42,    43,    33,    16,     6,    -8,   -15,   -28,    23,    60,    41,   -43,    32,   -19},

{    18,   -38,    42,    25,     1,   -26,   -35,   -51,   -37,   -29,    12,   -15,   -28,    46,   -40,    25},

{    22,   -40,    34,    -2,   -34,   -42,   -34,    -7,    19,    43,   -36,   -37,     1,   -34,    43,   -32},

{    27,   -41,    18,   -28,   -47,   -19,    11,    47,    38,    13,    21,    48,    25,    13,   -40,    37},

{    31,   -39,    -3,   -42,   -26,    23,    44,    21,   -26,   -49,    23,   -21,   -40,    14,    31,   -42},

{    34,   -32,   -21,   -41,    11,    42,    19,   -38,   -35,    13,   -43,   -17,    35,   -35,   -20,    44},

{    37,   -22,   -36,   -24,    43,    22,   -34,   -32,    32,    41,    14,    38,   -12,    44,     5,   -41},

{    39,   -10,   -42,     7,    41,   -22,   -40,    31,    30,   -40,    31,   -33,   -15,   -41,     9,    40},

{    40,     2,   -39,    33,    11,   -45,     9,    40,   -37,   -14,   -51,     5,    37,    28,   -22,   -38},

{    40,    14,   -27,    42,   -20,   -26,    47,   -21,   -25,    47,    20,    26,   -45,    -8,    33,    36},

{    39,    25,   -10,    37,   -41,    20,    20,   -43,    44,   -12,    34,   -36,    33,   -13,   -39,   -35},

{    38,    33,    11,    17,   -38,    47,   -36,     4,    20,   -36,   -50,    21,    -4,    30,    44,    31},

{    36,    39,    27,    -8,    -8,    31,   -42,    37,   -46,    28,    13,    11,   -34,   -41,   -44,   -25},

{    33,    41,    39,   -29,    24,   -12,     4,    10,   -22,    22,    43,   -35,    55,    39,    37,    18},

{    31,    40,    42,   -38,    38,   -40,    39,   -25,    37,   -27,   -36,    21,   -30,   -18,   -17,    -7},

},

};
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