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Abstract

This contribution describes about the ETRI’s response to the Joint CfP on Video Compression Technology [1]. The proposed codec employs some tools from KTA2.3 [6] and AVC High Profile [4]. Based on these codec, some intra coding and loop filter tools are newly designed and integrated; 32x32 extended block size is used for Intra-Slice coding and 4 modes and 9 modes directional intra prediction schemes with new MDDT (Mode-Dependent Directional Transform) kernels are proposed for 32x32 and 16x16 partitions, respectively. For I_8x8 and I_16x16 prediction, AVC’s directional prediction is extended in a recursive way (RIP: Recursive Intra Prediction) and adaptive low-pass filter (AFP: Adaptive Filtering Process) is applied before and after the intra prediction stage. A simplified version of AVC deblocking filter (SDF: Simplified Deblocking Filter) is designed and an extended version of QALF [13] (E-QALF: Enhanced QALF) is proposed.
Under the constraint set 1 (CS1) condition, average BD-Rates [3] against Alpha anchor amount to minimum -23.45% for Class D and maximum -33.74% for Class B. Under the constraint set 2 (CS2) condition, average BD-Rates against Beta (Gamma) anchor amount to minimum -10.85% (-33.23%) for Class D and maximum -34.96% (-51.80%) for Class E. The relative decoding times are ranged from 4.6 to 7.0 for CS1 and from 3.9 to 7.1 for CS2, without any non-automatic optimization involved.
Contents
1Abstract


2Contents


41
Algorithm description


41.0
Introduction


51.1
Motion representation


61.2
Intra-frame prediction


61.2.1
Encoder operations


81.2.2
Decoder operations


91.3
Spatial transforms


91.3.0
Overview


91.3.1
Encoder operations


91.3.2
Decoder operations


101.4
Quantization


101.4.0
Overview


101.4.1
Encoder operations


111.4.2
Decoder operations


111.5
In-loop filtering


111.5.0
Overview


121.5.1
Encoder operations


121.5.2
Decoder operations


121.6
Entropy coding


132
Compression performance discussion


132.1
Objective vs. subjective compression performance


152.2
Constraint set 1 configuration relative to Alpha anchor


152.2.0
Class A


152.2.1
Class B


162.2.2
Class C


172.2.3
Class D


182.2.4
Overall


192.3
Constraint set 2 configuration relative to Beta and Gamma anchors


192.3.0
Class B


202.3.1
Class C


212.3.2
Class D


222.3.3
Class E


232.3.4
Overall


253
Complexity analysis


253.1
Encoding and Decoding Time with measurement methodology


253.1.0
Time measurement method and platform


253.1.1
Encoding time


263.1.2
Decoding time


283.2
Expected memory usage


283.2.1
Encoder memory


283.2.2
Decoder memory


283.3
Complexity characteristics


283.3.1
Encoder motion estimation and motion segmentation selection


293.3.2
Decoder motion compensation


293.3.3
Encoder intra-frame prediction type selection


293.3.4
Decoder intra-frame prediction operation


293.3.5
Encoder transforms and transform type selection


293.3.6
Decoder inverse transform operation


293.3.7
Encoder quantization and quantization type selection


303.3.8
Decoder inverse quantization


303.3.9
Encoder in-loop filtering type selection


303.3.10
Decoder in-loop filtering operation


303.3.11
Encoder entropy coding type selection


303.3.12
Decoder entropy decoding operation


303.4
Degree of capability for parallel processing


303.4.1
Encoder


303.4.2
Decoder


314
Algorithm characteristics


314.1
Random access


314.2
Delay


325
Software implementation description


336
References


347
Patent rights declaration


35Annex A – Encoder configuration summary




1 Algorithm description
1.1 Introduction
The proposed codec employed some tools from KTA2.3 [6] and AVC High Profile [4]. Based on these codec, some intra coding and loop filter tools were newly designed and integrated as summarized in Figure 1.1. For more detail, please refer to Annex A – Encoder Configuration Summary.
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Figure 1.1 – Tools used in the proposed codec
Except for the E-QALF, the added complexity to KTA2.3 is mostly from Intra-Slice tools so that complexity balance between Intra-Slice and Inter-Slice coding could be achieved to some extent.
The proposed codec strictly follows all the constraints defined in the CfP [1] as described in Table 1.1. In addition, most coding parameters were aligned to anchors, i.e., CS1 to Alpha and CS2 to Beta anchor.
Table 1.1 – The proposed codec operations regarding the constraints in the CfP

	Type
	Constraint Set 1
	Constraint Set 2

	delay
	· structural delay not larger than 8-picture GOPs (see subcluase1.1)
	· no picture reordering

	random access
	· random access intervals less than 1.1sec (see subclause 4.1)
	-

	further description
	-
	· bitrate fluctuation (described in Excel)
· frame-level multi-pass encoding (described in subclause 4.2)

	Type
	Additional Constraints

	pre-processing
	· not used

	post-processing
	· used only as a part of decoding process

	quant. settings
	· kept static (except for possible 1-time change for each bitstream to meet the rate)

	enc. parameters
	· no non-automatic optimization

	training set
	· test seq. were not used for training 


1.2 Motion representation
All the motion representation scheme and coding tools of the proposed codec are from KTA2.3 [6]. Some of the coding options are summarized below for convenience:
· Tree-structured variable block sizes (4x4, 8x4, 4x8, 8x8, 16x8, 8x16, and 16x16) in [4] 
with the extended variable block sizes (32x16, 16x32, 32x32, 64x32, 32x64, and 64x64) in [7]
· Up to 2 MVs per block partition

· Motion accuracy: 1/4- and 1/8-pel for luminance and chrominance component, respectively.
· Sub-pel interpolation by the enhanced adaptive interpolation filter (E-AIF) [8]
· Max 2 reference frames per list are allowed in B-Slices

· Max 4 reference frames are allowed in P-Slices
· Weighted prediction with NewOffset [9]
· Motion inference: P_SKIP mode, B_SKIP mode, spatial direct mode
· Motion vector prediction in [4]
· Fast motion estimation by the EPZS (enhanced predictive zonal search) in 128x128 range [5]
The prediction structure for each constraint set (CS) is almost the same as the corresponding anchor. For the CS1, the 4-level hierarchical-B structure (open GoP with size=8) of the Alpha anchor is used. For the CS2, the 3-level hierarchical-P structure (open GoP with size=4) of the Beta anchor is used. The prediction structures with the QP-scaling settings are shown in Figure 1.2, where a “maximum frame reordering” case and a “maximum number of reference frames” case are also illustrated in (a) and (b), respectively.
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(a) CS1: max 3 frames are reordered (numbered arrows)
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(b) CS2: no frame reordering, max 4 frames are referenced (purple arrows)
Figure 1.2 – The prediction structure and QP-scaling for (a) CS1 and (b) CS1, 
with some features illustrated additionally
For the encoding and decoding operations, please refer to KTA2.3 [6].
1.3 Intra-frame prediction

1.3.0 Encoder operations
For intra coding in Intra-Slices, 32x32 extended block structure, a.k.a. 32x32 SMB (Super-Macroblock), proposed in [10] were used. The extended structure collects 4 16x16 MBs of AVC in raster scan order as illustrated in Figure 1.3. Each 32x32 SMB can be coded in one 32x32 prediction partition or can be further portioned into four 16x16 partitions. A 1-bit flag, intra_smb_flag, is signaled for each SMB to identify whether the 32x32 prediction is used or not. Each of the four 16x16 partitions can also be further partitioned into either four 8x8 or sixteen 4x4 blocks. The optimal partition for each 32x32 SMB is determined through RDO-based competition.
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Figure 1.3 – The 32x32 SMB structure

For the newly added 32x32 partition, a 4-modes (i.e., vertical, horizontal, DC, and plane modes) directional prediction scheme similar to AVC I_16x16 prediction was designed and applied to both 32x32 Luma and 16x16 Chroma blocks. For the 16x16 Luma partitions, AVC 9-modes directional prediction for I_4x4 were used instead of the conventional 4-modes directional prediction in AVC I_16x16. For this modified I_16x16 block, mb_type and cbp were coded separately and MPM (Most Probable Mode) syntax was adopted for coding of the prediction mode. 
For I_16x16 and I_8x8 Luma prediction, two new tools were designed and used: Recursive Intra Prediction (RIP) and Adaptive Filtering Process (AFP).
RIP extends the AVC’s directional prediction in a recursive fasion. It applies only for 6 directional modes among the 9 modes by excluding vertical, horizontal, and DC modes. For given a directional mode, RIP recursively calculate the predicted sample values along the directional lines by the following rules:
(1) The first pixels along the directional lines (e.g., a1 through o1 in Figure 1.4) are predicted from the reconstructed reference pixels in the same way as the AVC’s.

(2) The nth (n>1) pixels along the directional lines (e.g., a2 through n2 in Figure 1.4) are predicted from the (n-1)th predicted values (e.g., a1 through o1 in Figure 1.4) using the same prediction filters used in (1).

Figure 1.4 illustrates the I_8x8 Vertical-Left directional prediction procedure of RIP. Note that a parallel implementation for each directional line could be achieved easily since there is no data dependency among the lines.
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Figure 1.4 – Illustration of I_8x8 Vertical-Left prediction of RIP
AFP comprises of a pre-filter and a post-filter before and after the I_8x8 and I_16x16 Luma prediction stage as shown in Figure 1.5. The pre-filter operates on the reconstructed reference samples and with the 3-tap low-pass filter coefficients (¼, ½, ¼), which are the same as those used in I_8x8 reference filtering of AVC High Profile. The post-filter uses the same 3-tap low-pass filter coefficients (¼, ½, ¼) but applied recursively to the intra-predicted samples in vertical and then horizontal directions. As illustrated in Figure 1.6, the vertical filtering is applied recursively along the vertical lines (i.e., on a1~h1 followed by filtering on a2~h2 recursively and so on) and then the horizontal filtering is applied recursively along the horizontal lines (i.e., on V[a1]~V[a8] followed by V[b1]~V[b8] and so on). Note that AFP can also be implemented in parallel for each directional line since there is no data dependency among the lines.
Unlike RIP, RDO-based filter on/off decision was carried out for the AFP pre- and post-filters. The possible filter on/off combinations for AFP are shown in Table 1.2. Note that the pre-filter was not applied for I_16x16.
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Figure 1.5 – AFP flowchart
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Figure 1.6 – Illustration of I_8x8 post-filtering of AFP
Table 1.2 – The possible on/off combinations of AFP pre- and post-filters
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Note that the proposed 32x32 SMB and associated prediction/filtering tools were applied only to Intra-Slices. In Inter-Slices, the 64x64 SMB structure proposed in [7] were used instead.
1.3.1 Decoder operations
RIP and AFP procedures without the RDO-competition are also carried in decoders. Other decoder operations are similar to AVC.

1.4 Spatial transforms
1.4.0 Overview
For Inter-Slices, transform tools from KTA2.3 [6] were used without any modification. For Intra-Slices, however, some modifications were made for the newly added 32x32 and 16x16 directional prediction modes: namely, 32x32 MDDT (Mode-Dependent Directional Transform) kernels for the 4 prediction modes and 16x16 MDDT kernels for the 9 prediction modes were designed and used for Luma transforms. In addition, 8x8 ICT (Integer Cosine Transform) and 2x2 HT (Hadamard Transform) from AVC [4] were used for the Chroma transforms. Note that for the newly designed MDDT, zigzag-scanning was used instead of Adaptive Scanning in KTA 2.3 MDDT .
3,350 frames from some 27 MPEG and VCEG test sequences (8 CIFs, 5 4CIFs, 7 720ps, and 7 1080ps) were used for the training set of the added MDDT kernels. None of the test sequences were drawn from the CFP test sequences.
Table 1.3 summarizes the transforms used in the proposed codec.
Table 1.3 – Summary of Transforms

	Slice type
	Luma
	Chroma

	
	Block size
	Transform
	Block size
	Transform

	I
	32x32 
	ETRI-MDDT: 32x32 
	16x16 
	8x8 ICT + 2x2 HT 

	
	16x16 
	ETRI-MDDT: 16x16 
	8x8 
	4x4 ICT + 2x2 HT 

	
	8x8 
	KTA-MDDT: 8x8 
	
	

	
	4x4 
	KTA-MDDT: 4x4 
	
	

	P or B
	64x64, 64x32, 32x64,
32x32, 32x16, 16x32
	ICT: 16x16, 8x8, 4x4
	8x8 
	4x4 ICT + 2x2 HT 

	
	16x16 
	ICT: 16x16, 8x8, 4x4 
(KTA-MDDT: 16x16 for I) 
	
	

	
	16x8 
	ICT: 16x8, 8x8, 4x4
	
	

	
	8x16 
	ICT: 8x16, 8x8, 4x4
	
	

	
	8x8 
	ICT: 8x8, 4x4 (KTA-MDDT: 8x8 for I) 
	
	

	
	8x4, 4x8, 4x4 
	ICT: 4x4 (KTA-MDDT: 4x4 for I) 
	
	


1.4.1 Encoder operations
Refer to 1.4.1.
1.4.2 Decoder operations
Refer to 1.4.2.

1.5 Quantization
1.5.0 Overview
Quantization scheme and tools of the proposed codec are also based on KTA2.3 [6]. Some of the features are summarized below:

· Scalar quantization as a part of transform procedure as in AVC [4]
· Quantization step sizes and QPs as in AVC [4]
· RDO (Rate-Distortion Optimization) based reconstruction level and QP adjustment as in RDO-Q & Adaptive QP [12]
· Coefficient Thresholding of KTA2.3 [6]
1.5.1 Encoder operations
A high-level pseudo codes for transform and quantization operations are given below:

<For Inter-Slices>
	// For luminance components
For (each block partition) {

For (each QP) {                           // Adaptive QP (KTA2.3)

      If (Intra partition)   MDDT();   // KTA2.3
Else              ICT();      // AVC or KTA2.3 depending on the partition size
RDO-Quantization();              // RDO-Q (KTA 2.3)
Coeff-Thresholding();             // JM11.0

}

}

	// For chrominance components
For (each block partition) {

For (each QP) {                             // Adaptive QP (KTA2.3) 

ICT();                            // AVC
HT2x2();                   // AVC
RDO-Quantization();           // RDO-Q (KTA 2.3)

Coeff-Thresholding();          // JM11.0

}

}


<For Intra-Slices>

	// For luminance components
For (each block partition) {

For (each QP) {                           // Adaptive QP (KTA2.3)

      For (each prediction mode) {

 MDDT();              // KTA2.3 or Proposed depending on the partition size
       AdaptiveScanning();     // for KTA-MDDT
RDO-Quantization();     // RDO-Q (KTA 2.3)

}

}

}

	// For chrominance components
For (each block partition) {

For (each QP) {                               // Adaptive QP (KTA2.3) 

For (each prediction mode) {

ICT();                       // AVC
HT2x2();              // AVC
RDO-Quantization();      // RDO-Q (KTA 2.3)
}

}

}


1.5.2 Decoder operations
Decoder operations for transform and quantization are just the inverse-process of the encoder operations, other than partition size, QP, and prediction mode being known in advance.
1.6 In-loop filtering

1.6.0 Overview
Two new in-loop filters were used in the proposed codec: the simplified deblocking filter (SDF) in [14] followed by an enhanced version of QALF (Enhanced-QALF or E-QALF).
The SDF is a simplified version of the AVC [4] deblocking filter. It applies AVC deblocking filter only applied to the boundary pixels (i.e., p0 and q0) and restricts the BS (boundary strength) types to ‘0’ and ‘2’. The overall procedure is illustrated in Figure 1.7. Note that the main effects of the simplification would be the reduced filter tap-size for all the block types and the reduced filtering strength especially for the intra-coded blocks.
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Figure 1.7 – The simplified deblocking filter (SDF)
The E-QALF is a simple extension of the QALF (Quadtree-based Adaptive Loop Filter) [13] implemented in KTA2.3 [6]. In addition to the Centro-symmetry defined in QALF, E-QALF uses 3 more symmetries as shown in Figure 1.8. 
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Figure 1.8 – Filter coefficient symmetries defined for E-QALF
1.6.1 Encoder operations
The encoder operations for the SDF are shown in Figure 1.7.

The encoder operations for the E-QALF are shown in Figure 1.9, where RD cost for each symmetry is calculated and then compared with each other to determine the best symmetry type. 
[image: image11.wmf]Centro

Symmetry

(5x5

)

Block Filtering 

On/Off

(Quad

-

tree)

TAP Size

Decision

Vertical

Symmetry

(5x5

)

Block Filtering 

On/Off

(Quad

-

tree)

TAP Size

Decision

Horizontal

Symmetry

(5x5

)

Block Filtering 

On/Off

(Quad

-

tree)

TAP Size

Decision

Diagonal

Symmetry

(5x5

)

Block Filtering 

On/Off

(Quad

-

tree)

TAP Size

Decision

RDO

QALF


Figure 1.9 – Encoder operations for the E-QALF
1.6.2 Decoder operations
The decoder operations for the SDF are the same as encoder’s.

The decoder operations for the E-QALF are the same as those of QALF, other than possibly a different symmetry being applied depending on the parsed symmetry type value.

1.7 Entropy coding

CABAC (Context-Adaptive Binary Arithmetic Coding) tool in AVC [4] is used for entropy coding.

For the newly added Syntax Elements (SEs), the binarization procedure and the context models were designed similarly to AVC.
2 Compression performance discussion
2.1 Objective vs. subjective compression performance
Figure 2.1 shows some reconstructed samples from the Alpha anchor and the proposed bitstreams coded at 2.5Mbps. The 4-points (R1~R4) BD-Rates against anchor amount to -32.20% and -19.72% for S01 and S02, respectively. 

[image: image12.wmf]
Figure 2.1 – Class A subjective quality comparison with anchors (CS1 R1 (2.5Mbps)):
left – S01, right – S02, top – anchors, and bottom – proposed
Figure 2.2 shows reconstructed samples from the Beta anchor and the proposed bitstreams. In this figure, S03 (24fps) and S06 (50fps) were coded at 1Mbps and 2Mbps, respectively. The 4-points (R1~R4) BD-Rates against anchor amount to -35.91% and -31.82% for S03 and S06, respectively. 
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Figure 2.2 – Class B subjective quality comparison with Beta anchors (CS2 R1):
left – S03, right – S06, top – anchors, and bottom – proposed
Figure 2.3 shows another reconstructed samples from the Alpha anchor and the proposed bitstreams. In this figure, S08 (50fps) was coded at 384Kbps. The 4-points (R1~R4) BD-Rates against anchor amount to -29.98%. 

[image: image14.wmf]
Figure 2.3 - Class C subjective quality comparison with Beta anchors (CS1 R1 S08):
left – anchor and right – proposed
As exemplified in the figures, the proposed codec generally improves picture quality than AVC anchors; it show much less blocking artifacts while preserving more texture details especially in low-bitrate condition. It is also observed that coding gain and subjective quality improves better as the resolution of the test sequences becomes higher.
2.2 Constraint set 1 configuration relative to Alpha anchor
2.2.0 Class A
The bitrates and PSNRs for each sequence are summarized below:

	Class
	A
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)

	Id
	S01
	
	2432.578
	36.181
	37.751
	40.040

	Sequence
	Traffic
	
	3430.245
	37.412
	38.432
	40.718

	Frame Rate
	30
	
	4863.482
	38.636
	39.125
	41.423

	NbFrames
	150
	
	7891.155
	40.041
	40.030
	42.366

	
	
	
	13780.536
	41.467
	40.990
	43.347

	Id
	S02
	
	2491.770
	27.856
	37.929
	38.964

	Sequence
	PeopleOnStreet
	
	3491.829
	29.480
	38.455
	39.431

	Frame Rate
	30
	
	4983.382
	31.235
	39.131
	40.104

	NbFrames 
	150
	
	7963.203
	33.564
	40.175
	41.098

	
	
	
	13916.760
	36.243
	41.640
	42.319


The 4-point BD metrics [3] against Alpha anchor with the class averages are shown below:
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2.2.1 Class B
The bitrates and PSNRs for each sequence are summarized below:

	Class
	B
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)

	Id
	S03
	　
	994.886
	36.840
	40.087
	41.189

	Sequence
	Kimono
	　
	1599.160
	38.425
	40.934
	42.020

	Frame Rate
	24
	　
	2498.113
	39.839
	41.729
	42.877

	NbFrames
	240
	　
	3984.950
	41.066
	42.581
	43.899

	
	
	　
	5999.397
	41.880
	43.239
	44.761

	Id
	S04
	　
	999.273
	33.310
	37.441
	38.895

	Sequence
	ParkScene 
	
	1595.898
	34.846
	38.385
	39.518

	Frame Rate
	24
	　
	2493.981
	36.319
	39.274
	40.232

	NbFrames 
	S04
	　
	999.273
	33.310
	37.441
	38.895

	
	
	
	1595.898
	34.846
	38.385
	39.518

	Id
	S05
	　
	1995.439
	33.633
	37.219
	38.615

	Sequence
	Cactus
	　
	2995.070
	34.960
	37.852
	39.594

	Frame Rate
	50
	　
	4477.214
	36.092
	38.390
	40.477

	NbFrames
	500
	　
	6994.774
	37.079
	38.946
	41.430

	
	
	　
	9995.480
	37.653
	39.261
	42.013

	Id
	S06
	　
	1995.739
	34.035
	39.324
	38.825

	Sequence
	BasketballDrive 
	
	2989.695
	35.315
	40.181
	39.919

	Frame Rate
	50
	　
	4492.882
	36.466
	41.016
	41.025

	NbFrames
	500
	　
	6988.266
	37.488
	41.822
	42.184

	
	
	　
	9978.694
	38.151
	42.378
	43.001

	Id
	S07
	　
	1994.778
	33.415
	38.946
	41.529

	Sequence
	BQTerrace 
	
	2996.898
	34.113
	39.448
	41.918

	Frame Rate
	60
	　
	4479.713
	34.666
	39.841
	42.240

	NbFrames
	600
	　
	6972.658
	35.158
	40.223
	42.586

	
	
	　
	9977.866
	35.504
	40.486
	42.774


The 4-point BD metrics [3] against Alpha anchor with the class averages are shown below:
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2.2.2 Class C
The bitrates and PSNRs for each sequence are summarized below:

	Class
	C
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)

	Id
	S08
	　
	381.674
	30.707
	35.000
	34.427

	Sequence
	BasketballDrill
	　
	510.311
	31.892
	35.708
	35.424

	Frame Rate
	50
	　
	765.057
	33.504
	36.805
	36.712

	NbFrames
	500
	　
	1193.426
	35.188
	38.185
	38.234

	
	
	　
	1997.999
	37.308
	39.800
	40.031

	Id
	S09
	　
	383.421
	30.563
	36.906
	37.575

	Sequence
	BQMall
	
	511.544
	31.861
	37.562
	38.279

	Frame Rate
	60
	　
	765.998
	33.609
	38.432
	39.283

	NbFrames 
	600
	　
	1195.464
	35.439
	39.595
	40.496

	
	
	
	1986.727
	37.486
	40.835
	41.900

	Id
	S10
	　
	382.440
	26.366
	33.778
	34.541

	Sequence
	PartyScene
	　
	510.795
	27.286
	34.154
	34.935

	Frame Rate
	50
	　
	767.829
	28.719
	34.823
	35.568

	NbFrames
	500
	　
	1199.468
	30.339
	35.638
	36.397

	
	
	　
	1991.372
	32.299
	36.761
	37.591

	Id
	S11
	　
	382.826
	29.138
	34.266
	35.935

	Sequence
	RaceHorses
	
	509.459
	30.111
	34.841
	36.560

	Frame Rate
	30
	　
	763.667
	31.737
	35.761
	37.513

	NbFrames
	300
	　
	1189.654
	33.360
	36.691
	38.469

	
	
	　
	1993.371
	35.325
	37.992
	39.641


The 4-point BD metrics [3] against Alpha anchor with the class averages are shown below:
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2.2.3 Class D

The bitrates and PSNRs for each sequence are summarized below:

	Class
	D
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)

	Id
	S12
	　
	255.557
	31.230
	36.611
	35.010

	Sequence
	BasketballPass
	　
	382.120
	32.969
	37.763
	36.309

	Frame Rate
	50
	　
	508.986
	34.270
	38.590
	37.237

	NbFrames
	500
	　
	846.772
	36.765
	40.124
	39.042

	
	
	　
	1497.714
	39.747
	42.178
	41.431

	Id
	S13
	　
	254.870
	30.632
	38.670
	39.460

	Sequence
	BQSquare
	
	383.732
	32.106
	39.302
	40.245

	Frame Rate
	60
	　
	508.874
	33.057
	39.706
	40.620

	NbFrames 
	600
	　
	845.843
	34.702
	40.485
	41.389

	
	
	
	1497.458
	36.601
	41.333
	42.291

	Id
	S14
	　
	255.414
	29.823
	35.075
	35.589

	Sequence
	BlowingBubbles
	　
	380.746
	31.408
	36.013
	36.597

	Frame Rate
	50
	　
	509.682
	32.544
	36.662
	37.311

	NbFrames
	500
	　
	843.658
	34.662
	38.023
	38.668

	
	
	　
	1495.854
	37.030
	39.680
	40.391

	Id
	S15
	　
	255.715
	31.258
	35.187
	36.349

	Sequence
	RaceHorses
	
	382.157
	32.971
	36.246
	37.457

	Frame Rate
	30
	　
	511.446
	34.331
	37.052
	38.250

	NbFrames
	300
	　
	847.151
	36.887
	38.723
	39.884

	
	
	　
	1491.057
	39.852
	40.868
	41.870


The 4-point BD metrics [3] against Alpha anchor with the class averages are shown below:
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2.2.4 Overall
The per-class and per-constraint average BD metrics are shown below:
	Class
	BD-Rate (Avg.)
	BD-PSNR (Avg.)

	A
	-24.89
	1.17

	B
	-33.74
	1.11

	C
	-28.68
	1.36

	D
	-23.45
	1.12

	Avg.
	-28.47
	1.19


The RD-curves for the best and worst BD-Rate case sequences are shown below:
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2.3 Constraint set 2 configuration relative to Beta and Gamma anchors
2.3.0 Class B
The bitrates and PSNRs for each sequence are summarized below:

	Class
	B
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)
	RVM

	Id
	S03
	　
	999.105
	35.942
	39.465
	40.607
	1.539

	Sequence
	Kimono
	　
	1599.234
	37.694
	40.425
	41.508
	1.449

	Frame Rate
	24
	　
	2498.848
	39.126
	41.162
	42.269
	1.355

	NbFrames
	240
	　
	3995.661
	40.581
	42.157
	43.384
	1.300

	
	
	　
	5988.836
	41.513
	42.947
	44.367
	1.294

	Id
	S04
	　
	998.398
	32.599
	37.017
	38.598
	1.646

	Sequence
	ParkScene 
	
	1599.701
	34.090
	37.783
	39.143
	1.610

	Frame Rate
	24
	　
	2494.350
	35.527
	38.597
	39.743
	1.585

	NbFrames 
	S04
	　
	3987.655
	37.039
	39.603
	40.597
	1.560

	
	
	
	5975.786
	38.298
	40.540
	41.476
	1.552

	Id
	S05
	　
	1996.926
	32.946
	36.876
	37.995
	1.284

	Sequence
	Cactus
	　
	2987.835
	34.248
	37.473
	38.960
	1.292

	Frame Rate
	50
	　
	4493.886
	35.414
	38.073
	39.938
	1.290

	NbFrames
	500
	　
	6999.263
	36.445
	38.606
	40.880
	1.311

	
	
	　
	9985.851
	37.116
	38.995
	41.586
	1.371

	Id
	S06
	　
	1998.883
	33.155
	38.542
	37.932
	1.134

	Sequence
	BasketballDrive 
	
	2999.302
	34.510
	39.327
	38.928
	1.130

	Frame Rate
	50
	　
	4496.957
	35.717
	40.211
	40.091
	1.122

	NbFrames
	500
	　
	6987.428
	36.897
	41.163
	41.331
	1.118

	
	
	　
	9975.005
	37.667
	41.843
	42.262
	1.176

	Id
	S07
	　
	1994.866
	32.799
	38.441
	41.069
	1.724

	Sequence
	BQTerrace 
	
	2997.661
	33.538
	38.812
	41.439
	1.798

	Frame Rate
	60
	　
	4493.064
	34.159
	39.273
	41.798
	1.865

	NbFrames
	600
	　
	6995.508
	34.654
	39.611
	42.104
	2.062

	
	
	　
	9960.862
	35.073
	39.962
	42.394
	1.986


The 4-point BD metrics [3] against Beta and Gamma anchors with the class averages are shown below:
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2.3.1 Class C
The bitrates and PSNRs for each sequence are summarized below:

	Class
	C
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)
	RVM

	Id
	S08
	　
	383.810
	30.048
	34.419
	33.950
	1.056

	Sequence
	BasketballDrill
	　
	511.535
	31.217
	35.124
	34.699
	1.018

	Frame Rate
	50
	　
	767.602
	32.735
	36.070
	35.909
	1.010

	NbFrames
	500
	　
	1199.946
	34.323
	37.216
	37.262
	0.989

	
	
	　
	1998.523
	36.333
	38.846
	39.010
	0.985

	Id
	S09
	　
	383.346
	29.420
	36.225
	36.750
	1.455

	Sequence
	BQMall
	
	511.852
	30.656
	36.824
	37.488
	1.426

	Frame Rate
	60
	　
	767.841
	32.340
	37.636
	38.374
	1.441

	NbFrames 
	600
	　
	1199.695
	34.282
	38.689
	39.522
	1.405

	
	
	
	1998.623
	36.347
	39.955
	40.824
	1.433

	Id
	S10
	　
	383.233
	25.351
	33.279
	34.003
	1.574

	Sequence
	PartyScene
	　
	511.517
	26.220
	33.772
	34.495
	1.530

	Frame Rate
	50
	　
	765.406
	27.543
	34.316
	35.011
	1.449

	NbFrames
	500
	　
	1198.280
	29.016
	34.989
	35.683
	1.463

	
	
	　
	1998.042
	30.909
	35.891
	36.590
	1.454

	Id
	S11
	　
	383.435
	28.640
	34.116
	35.703
	1.152

	Sequence
	RaceHorses
	
	509.966
	29.617
	34.595
	36.228
	1.204

	Frame Rate
	30
	　
	767.847
	31.158
	35.383
	37.043
	1.202

	NbFrames
	300
	　
	1199.162
	32.834
	36.191
	37.895
	1.287

	
	
	　
	1991.054
	34.822
	37.369
	39.044
	1.252


The 4-point BD metrics [3] against Beta and Gamma anchors with the class averages are shown below:
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R2~R5 -35.78 2.02 -13.82 0.37 -11.88 0.35

R1~R4 -49.02 2.14 -37.77 0.74 -27.82 0.50

R2~R5 -46.91 2.15 -35.59 0.69 -26.36 0.48

R1~R4 -26.73 1.16 -8.46 0.20 -11.48 0.32

R2~R5 -25.35 1.13 -4.72 0.11 -4.66 0.13

R1~R4 -39.54 1.94 -23.07 0.57 -21.36 0.59
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2.3.2 Class D 
The bitrates and PSNRs for each sequence are summarized below:
	Class
	D
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)
	RVM

	Id
	S12
	　
	255.903
	30.338
	36.117
	34.725
	1.199

	Sequence
	BasketballPass
	　
	383.609
	32.048
	37.030
	35.764
	1.170

	Frame Rate
	50
	　
	510.574
	33.345
	37.685
	36.557
	1.148

	NbFrames
	500
	　
	846.922
	35.759
	39.206
	38.257
	1.070

	
	
	　
	1499.346
	38.746
	41.361
	40.612
	1.001

	Id
	S13
	　
	255.704
	29.267
	38.121
	38.673
	1.864

	Sequence
	BQSquare
	
	383.502
	30.514
	38.575
	39.195
	1.886

	Frame Rate
	60
	　
	511.212
	31.404
	38.969
	39.672
	1.841

	NbFrames 
	600
	　
	849.913
	33.030
	39.531
	40.348
	1.722

	
	
	
	1499.464
	34.999
	40.470
	41.355
	1.480

	Id
	S14
	　
	255.646
	28.737
	34.339
	34.795
	1.793

	Sequence
	BlowingBubbles
	　
	383.038
	30.250
	35.092
	35.560
	1.657

	Frame Rate
	50
	　
	511.906
	31.239
	35.707
	36.158
	1.695

	NbFrames
	500
	　
	849.922
	33.326
	36.833
	37.331
	1.641

	
	
	　
	1499.866
	35.738
	38.645
	39.169
	1.540

	Id
	S15
	　
	255.782
	30.471
	34.723
	35.852
	1.170

	Sequence
	RaceHorses
	
	382.866
	32.204
	35.693
	36.808
	1.150

	Frame Rate
	30
	　
	511.442
	33.547
	36.495
	37.596
	1.117

	NbFrames
	300
	　
	848.311
	36.070
	38.009
	39.140
	1.039

	
	
	　
	1499.625
	39.151
	40.195
	41.236
	0.972


The 4-point BD metrics [3] against Beta and Gamma anchors with the class averages are shown below:
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R1~R4 -13.16 0.63 14.40 -0.32 0.88 -0.02

R2~R5 -12.17 0.64 7.16 -0.23 2.37 -0.09

R1~R4 -16.27 0.58 37.77 -0.36 6.11 -0.12

R2~R5 -14.26 0.52 24.46 -0.25 7.33 -0.11

R1~R4 -8.90 0.38 6.50 -0.14 9.81 -0.22

R2~R5 -8.16 0.35 9.28 -0.21 10.11 -0.23

R1~R4 -7.23 0.35 1.48 -0.05 4.14 -0.12

R2~R5 -6.61 0.35 2.43 -0.07 4.43 -0.14

R1~R4 -11.39 0.48 15.04 -0.22 5.23 -0.12

R2~R5 -10.30 0.46 10.83 -0.19 6.06 -0.14

total -10.85 0.47 12.94 -0.21 5.65 -0.13
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R1~R4 -25.67 1.30 -3.05 0.08 -11.09 0.37

R2~R5 -25.36 1.40 -6.79 0.22 -8.08 0.31

R1~R4 -57.11 2.57 -17.92 0.27 -42.39 0.74

R2~R5 -55.08 2.61 -40.54 0.52 -52.72 0.92

R1~R4 -36.88 1.70 -22.91 0.54 -20.11 0.46

R2~R5 -34.94 1.75 -23.69 0.65 -24.09 0.65

R1~R4 -16.34 0.82 -6.02 0.15 -3.74 0.09

R2~R5 -14.46 0.81 -2.96 0.12 -0.88 0.04

R1~R4 -34.00 1.60 -12.47 0.26 -19.33 0.42

R2~R5 -32.46 1.64 -18.49 0.38 -21.44 0.48

total -33.23 1.62 -15.48 0.32 -20.39 0.45
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2.3.3 Class E

The bitrates and PSNRs for each sequence are summarized below:
	Class
	E
	
	Rate (Kbps)
	Y-PSNR (dB)
	U-PSNR (dB)
	V-PSNR (dB)
	RVM

	Id
	S16
	　
	255.699
	36.501
	42.322
	42.211
	1.680

	Sequence
	Vidyo1
	　
	382.428
	38.279
	43.342
	43.531
	1.587

	Frame Rate
	60
	　
	508.950
	39.291
	43.936
	44.276
	1.571

	NbFrames
	600
	　
	849.418
	40.815
	44.901
	45.448
	1.605

	
	
	　
	1490.128
	42.209
	45.826
	46.658
	1.548

	Id
	S17
	　
	254.992
	35.254
	43.544
	41.778
	1.616

	Sequence
	Vidyo2
	
	382.440
	37.052
	44.494
	42.844
	1.563

	Frame Rate
	60
	　
	511.686
	38.160
	45.092
	43.657
	1.564

	NbFrames 
	600
	　
	849.000
	39.947
	46.151
	44.966
	1.573

	
	
	
	1496.455
	41.356
	47.036
	46.222
	1.578

	Id
	S18
	　
	255.285
	36.491
	42.830
	42.558
	1.494

	Sequence
	Vidyo3
	　
	383.801
	38.086
	43.957
	43.735
	1.509

	Frame Rate
	60
	　
	509.502
	39.062
	44.702
	44.557
	1.539

	NbFrames
	600
	　
	849.542
	40.563
	45.867
	45.737
	1.630

	
	
	　
	1492.837
	41.792
	46.851
	46.976
	1.703


The 4-point BD metrics [3] against Beta and Gamma anchors with the class averages are shown below:
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R1~R4 -38.41 1.99 -5.75 0.14 -6.06 0.17

R2~R5 -36.98 1.54 -0.83 0.03 -4.91 0.12

R1~R4 -32.00 1.63 5.94 -0.08 -11.96 0.34

R2~R5 -30.81 1.30 0.28 0.00 -15.37 0.41
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R2~R5 -34.78 1.34 -5.52 0.11 -3.47 0.08

R1~R4 -35.73 1.80 -2.54 0.10 -9.37 0.28

R2~R5 -34.19 1.39 -2.02 0.05 -7.92 0.20

total -34.96 1.60 -2.28 0.07 -8.65 0.24
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R1~R4 -53.02 3.17 -27.94 0.81 -30.61 1.10

R2~R5 -53.00 2.59 -26.34 0.62 -32.51 0.94

R1~R4 -49.56 2.93 -30.82 0.86 -32.75 1.05

R2~R5 -47.74 2.45 -25.30 0.63 -34.69 1.07

R1~R4 -53.59 3.05 -31.06 1.11 -33.68 1.39

R2~R5 -53.88 2.51 -31.21 0.88 -32.64 1.04

R1~R4 -52.06 3.05 -29.94 0.93 -32.35 1.18

R2~R5 -51.54 2.51 -27.62 0.71 -33.28 1.01

total -51.80 2.78 -28.78 0.82 -32.81 1.10
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S17
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2.3.4 Overall
The per-class and per-constraint average BD metrics are shown below:
	Class
	Relative to Beta anchor
	Relative to Gamma anchor

	
	BD-Rate (Avg.)
	BD-PSNR (Avg.)
	BD-Rate(Avg.)
	BD-PSNR (Avg.)

	B
	-30.58
	0.77
	-48.94
	2.02

	C
	-20.36
	0.89
	-38.72
	1.90

	D
	-10.85
	0.47
	-33.23
	1.62

	E
	-34.96
	1.60
	-51.80
	2.78

	Avg.
	-25.51
	0.94
	-45.86
	2.17


The RD-curves for the best and worst BD-Rate (against Beta anchor) case sequences are shown below:
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3 Complexity analysis
3.1 Encoding and Decoding Time with measurement methodology 

3.1.0 Time measurement method and platform
To measure the encoding and decoding time, ‘ntimer’ for Windows systems were used. 

All the measurements (including anchors) were performed on the same platform:
· Microsoft Windows Vista Business K 64bit Edition

· Intel Xeon CPU X5482 (3.2GHz 2-CPUs, 8 Core) with 8GB RAM

All the binary executables (including anchors) were compiled with the 64-bit option.
3.1.1 Encoding time
Encoding time for each bitstream is summarized in the tables below:
Table 3.1 – Encoding time with CS1 configuration
	Class
	Seq.
	R1
	R2
	R3
	R4
	R5
	Ave. (sec)
	fps

	A
	S01
	110,582 
	109,342 
	108,447 
	114,402 
	123,507 
	113,256 
	0.0013 

	
	S02
	130,280 
	130,419 
	130,955 
	133,782 
	138,559 
	132,799 
	0.0011 

	B
	S03
	110,318 
	116,490 
	116,826 
	120,955 
	123,589 
	117,636 
	0.0020 

	
	S04
	107,405 
	105,241 
	103,112 
	106,843 
	114,506 
	107,421 
	0.0022 

	
	S05
	235,846 
	236,460 
	239,373 
	245,930 
	252,881 
	242,098 
	0.0021 

	
	S06
	246,389 
	242,276 
	239,156 
	242,374 
	255,099 
	245,059 
	0.0020 

	
	S07
	270,066 
	258,858 
	258,329 
	265,034 
	273,849 
	265,227 
	0.0023 

	C
	S08
	50,132 
	51,083 
	47,499 
	50,131 
	50,317 
	49,832 
	0.0100 

	
	S09
	69,695 
	69,069 
	66,445 
	65,622 
	65,114 
	67,189 
	0.0089 

	
	S10
	55,101 
	53,435 
	52,863 
	53,149 
	53,105 
	53,531 
	0.0093 

	
	S11
	31,697 
	33,861 
	33,408 
	34,579 
	37,842 
	34,277 
	0.0088 

	D
	S12
	15,643 
	15,860 
	16,330 
	17,260 
	18,713 
	16,761 
	0.0298 

	
	S13
	15,289 
	15,543 
	15,882 
	15,969 
	16,585 
	15,854 
	0.0378 

	
	S14
	15,503 
	15,677 
	16,139 
	17,128 
	18,722 
	16,633 
	0.0301 

	
	S15
	9,671 
	10,110 
	10,717 
	11,543 
	12,645 
	10,937 
	0.0274 


Table 3.2 – Encoding time with CS2 configuration
	Class
	Seq.
	R1
	R2
	R3
	R4
	R5
	Ave. (sec)
	fps

	B
	S03
	90,225 
	92,822 
	95,237 
	95,259 
	98,321 
	94,373 
	0.0025 

	
	S04
	87,097 
	88,563 
	87,671 
	87,267 
	92,622 
	88,644 
	0.0027 

	
	S05
	187,469 
	192,257 
	194,977 
	198,846 
	202,953 
	195,300 
	0.0026 

	
	S06
	191,629 
	190,811 
	193,879 
	196,491 
	200,147 
	194,591 
	0.0026 

	
	S07
	193,851 
	197,144 
	201,642 
	208,096 
	216,462 
	203,439 
	0.0029 

	C
	S08
	39,444 
	39,563 
	39,775 
	40,708 
	42,034 
	40,305 
	0.0124 

	
	S09
	52,079 
	52,832 
	52,619 
	52,838 
	54,655 
	53,004 
	0.0113 

	
	S10
	40,659 
	40,628 
	41,083 
	42,088 
	42,749 
	41,442 
	0.0121 

	
	S11
	29,956 
	31,121 
	32,496 
	33,654 
	36,286 
	32,702 
	0.0092 

	D
	S12
	12,459 
	13,039 
	13,338 
	14,154 
	15,118 
	13,621 
	0.0367 

	
	S13
	10,649 
	10,594 
	10,728 
	11,289 
	12,105 
	11,073 
	0.0542 

	
	S14
	11,486 
	11,978 
	12,411 
	13,321 
	14,705 
	12,780 
	0.0391 

	
	S15
	8,862 
	9,310 
	9,733 
	10,472 
	11,211 
	9,917 
	0.0302 

	E
	S16
	87,280 
	82,779 
	80,239 
	79,498 
	78,594 
	81,678 
	0.0073 

	
	S17
	86,877 
	83,754 
	81,892 
	78,415 
	77,927 
	81,773 
	0.0073 

	
	S18
	87,404 
	83,589 
	81,344 
	78,897 
	78,670 
	81,981 
	0.0073 


3.1.2 Decoding time
Decoding time for each bitstream is summarized in the tables below:
Table 3.3 – Decoding time of CS1 bitstreams

	Class
	Seq.
	　
	R1
	R2
	R3
	R4
	R5
	Ave. (sec)
	fps
	Ratio to anchors

	A
	S01
	proposal
	265.336
	264.749
	264.436
	264.451
	266.79
	265.2 
	0.6 
	　

	
	
	anchor(α)
	37.617
	38.536
	38.764
	39.687
	43.187
	39.6 
	3.8 
	6.7 

	
	S02
	proposal
	212.627
	220.648
	221.692
	233.922
	259.334
	229.6 
	0.7 
	　

	
	
	anchor(α)
	37.911
	38.893
	39.194
	40.008
	42.516
	39.7 
	3.8 
	5.8 

	B
	S03
	proposal
	218.914
	232.175
	239.352
	245.949
	270.411
	241.4 
	1.0 
	　

	
	
	anchor(α)
	35.606
	34.818
	35.303
	38.123
	38.982
	36.6 
	6.6 
	6.6 

	
	S04
	proposal
	197.433
	214.485
	224.016
	225.778
	248.243
	222.0 
	1.1 
	　

	
	
	anchor(α)
	33.77
	34.02
	35.193
	35.189
	38.312
	35.3 
	6.8 
	6.3 

	
	S05
	proposal
	288.381
	301.813
	319.83
	335.18
	399.704
	329.0 
	1.5 
	　

	
	
	anchor(α)
	71.31
	72.672
	70.01
	71.051
	71.774
	71.4 
	7.0 
	4.6 

	
	S06
	proposal
	398.377
	423.648
	433.82
	467.235
	510.868
	446.8 
	1.1 
	　

	
	
	anchor(α)
	72.79
	75.846
	74.601
	82.351
	79.191
	77.0 
	6.5 
	5.8 

	
	S07
	proposal
	478.079
	475.208
	470.745
	482.977
	537.81
	489.0 
	1.2 
	　

	
	
	anchor(α)
	86.543
	87.718
	94.817
	90.804
	99.542
	91.9 
	6.5 
	5.3 

	C
	S08
	proposal
	43.837
	45.428
	49.155
	54.054
	71.401
	52.8 
	9.5 
	　

	
	
	anchor(α)
	9.672
	9.407
	10.412
	10.127
	9.967
	9.9 
	50.4 
	5.3 

	
	S09
	proposal
	57.595
	61.246
	66.019
	69.544
	86.408
	68.2 
	8.8 
	　

	
	
	anchor(α)
	12.242
	12.342
	12.273
	13.07
	14.16
	12.8 
	46.8 
	5.3 

	
	S10
	proposal
	56.082
	61.058
	63.68
	68.999
	77.875
	65.5 
	7.6 
	　

	
	
	anchor(α)
	9.397
	10.333
	10.69
	11.067
	11.334
	10.6 
	47.3 
	6.2 

	
	S11
	proposal
	36.457
	37.892
	40.591
	44.008
	56.175
	43.0 
	7.0 
	　

	
	
	anchor(α)
	5.526
	5.802
	6.011
	6.553
	7.016
	6.2 
	48.5 
	7.0 

	D
	S12
	proposal
	12.465
	13.525
	13.714
	15.212
	19.173
	14.8 
	33.7 
	　

	
	
	anchor(α)
	2.143
	2.281
	3.095
	2.618
	3.176
	2.7 
	187.8 
	5.6 

	
	S13
	proposal
	20.311
	20.889
	20.53
	20.997
	25.49
	21.6 
	27.7 
	　

	
	
	anchor(α)
	3.337
	2.665
	3.17
	3.908
	3.75
	3.4 
	178.3 
	6.4 

	
	S14
	proposal
	11.84
	13.261
	14.057
	14.836
	19.016
	14.6 
	34.2 
	　

	
	
	anchor(α)
	2.102
	2.517
	2.356
	2.863
	3.121
	2.6 
	192.9 
	5.6 

	
	S15
	proposal
	9.126
	9.968
	10.655
	11.935
	14.587
	11.3 
	26.7 
	　

	
	
	anchor(α)
	1.579
	1.933
	1.719
	2.087
	2.481
	2.0 
	153.1 
	5.7 


Table 3.4 Decoding time of CS2 bitstreams

	Class
	Seq.
	　
	R1
	R2
	R3
	R4
	R5
	Ave. (sec)
	fps
	Ratio to anchors

	B
	S03
	proposal
	170.836
	179.836
	184.485
	188.385
	200.881
	184.9 
	1.3 
	　

	
	
	anchor(β)
	31.15
	32.185
	33.652
	33.737
	36.592
	33.5 
	7.2 
	5.5 

	
	
	anchor(γ)
	28.849
	30.103
	30.708
	32.874
	35.606
	31.6 
	7.6 
	5.8 

	
	S04
	proposal
	159.496
	171.164
	179.117
	187.544
	203.44
	180.2 
	1.3 
	　

	
	
	anchor(β)
	29.759
	31.34
	32.254
	32.507
	34.559
	32.1 
	7.5 
	5.6 

	
	
	anchor(γ)
	27.365
	29.335
	30.873
	32.559
	35.959
	31.2 
	7.7 
	5.8 

	
	S05
	proposal
	250.177
	260.768
	265.795
	288.426
	323.541
	277.7 
	1.8 
	　

	
	
	anchor(β)
	58.978
	64.256
	65.79
	67.731
	70.259
	65.4 
	7.6 
	4.2 

	
	
	anchor(γ)
	58.1
	58.974
	60.753
	63.77
	65.386
	61.4 
	8.1 
	4.5 

	
	S06
	proposal
	327.162
	344.042
	364.839
	376.754
	420.532
	366.7 
	1.4 
	　

	
	
	anchor(β)
	61.975
	63.42
	68.586
	69.915
	75.815
	67.9 
	7.4 
	5.4 

	
	
	anchor(γ)
	62.184
	61.733
	65.346
	70.993
	69.212
	65.9 
	7.6 
	5.6 

	
	S07
	proposal
	395.536
	397.08
	408.986
	417.769
	450.886
	414.1 
	1.4 
	　

	
	
	anchor(β)
	77.003
	75.257
	76.923
	78.967
	85.237
	78.7 
	7.6 
	5.3 

	
	
	anchor(γ)
	72.272
	75.243
	77.168
	77.597
	80.268
	76.5 
	7.8 
	5.4 

	C
	S08
	proposal
	39.264
	41.122
	45.629
	50.528
	62.711
	47.9 
	10.4 
	　

	
	
	anchor(β)
	8.482
	8.819
	9.043
	9.337
	9.895
	9.1 
	54.9 
	5.2 

	
	
	anchor(γ)
	8.546
	8.382
	8.896
	9.878
	9.541
	9.0 
	55.3 
	5.3 

	
	S09
	proposal
	54.131
	58.64
	61.962
	66.955
	81.012
	64.5 
	9.3 
	　

	
	
	anchor(β)
	10.216
	11.301
	11.177
	12.125
	11.514
	11.3 
	53.3 
	5.7 

	
	
	anchor(γ)
	10.314
	10.935
	11.224
	10.729
	12.25
	11.1 
	54.1 
	5.8 

	
	S10
	proposal
	49.218
	50.154
	55.722
	61.621
	65.13
	56.4 
	8.9 
	　

	
	
	anchor(β)
	9.116
	9.175
	9.205
	9.474
	10.27
	9.4 
	52.9 
	6.0 

	
	
	anchor(γ)
	7.98
	9.018
	9.173
	9.936
	10.001
	9.2 
	54.2 
	6.1 

	
	S11
	proposal
	34.663
	34.352
	35.724
	38.188
	41.823
	37.0 
	8.1 
	　

	
	
	anchor(β)
	4.837
	5.032
	5.239
	5.835
	6.493
	5.5 
	54.7 
	6.7 

	
	
	anchor(γ)
	4.962
	5.092
	5.385
	5.589
	6.292
	5.5 
	54.9 
	6.8 

	D
	S12
	proposal
	11.498
	12.325
	12.527
	13.853
	15.756
	13.2 
	37.9 
	　

	
	
	anchor(β)
	1.768
	1.938
	2.027
	2.496
	2.948
	2.2 
	223.7 
	5.9 

	
	
	anchor(γ)
	1.656
	2.237
	2.55
	2.284
	2.555
	2.3 
	221.6 
	5.8 

	
	S13
	proposal
	16.926
	18.174
	19.048
	19.688
	20.139
	18.8 
	31.9 
	　

	
	
	anchor(β)
	2.082
	2.666
	2.425
	2.659
	3.362
	2.6 
	227.4 
	7.1 

	
	
	anchor(γ)
	2.359
	2.189
	3.282
	2.435
	3.064
	2.7 
	225.1 
	7.1 

	
	S14
	proposal
	11.248
	12.261
	13.01
	14.165
	15.147
	13.2 
	38.0 
	　

	
	
	anchor(β)
	1.846
	2.121
	2.097
	2.334
	3.02
	2.3 
	219.0 
	5.8 

	
	
	anchor(γ)
	1.616
	1.892
	2.495
	2.061
	2.528
	2.1 
	236.0 
	6.2 

	
	S15
	proposal
	8.689
	9.313
	9.579
	10.624
	11.761
	10.0 
	30.0 
	　

	
	
	anchor(β)
	1.35
	1.425
	1.655
	2.051
	2.482
	1.8 
	167.4 
	5.6 

	
	
	anchor(γ)
	1.097
	1.493
	1.98
	2.163
	2.05
	1.8 
	170.8 
	5.7 

	E
	S16
	proposal
	98.857
	106.626
	109.512
	118.265
	136.952
	114.0 
	5.3 
	　

	
	
	anchor(β)
	28.171
	28.328
	28.985
	29.27
	31.111
	29.2 
	20.6 
	3.9 

	
	
	anchor(γ)
	28.692
	28.981
	29.075
	30.21
	30.573
	29.5 
	20.3 
	3.9 

	
	S17
	proposal
	100.807
	108.685
	109.888
	117.046
	138.731
	115.0 
	5.2 
	　

	
	
	anchor(β)
	28.655
	28.557
	28.866
	29.149
	31.403
	29.3 
	20.5 
	3.9 

	
	
	anchor(γ)
	28.147
	29.392
	29.166
	30.103
	29.665
	29.3 
	20.5 
	3.9 

	
	S18
	proposal
	105.924
	114.643
	121.275
	124.332
	146.78
	122.6 
	4.9 
	　

	
	
	anchor(β)
	28.642
	28.457
	28.68
	29.024
	31.332
	29.2 
	20.5 
	4.2 

	
	
	anchor(γ)
	29.106
	28.594
	29.022
	29.352
	30.991
	29.4 
	20.4 
	4.2 


For easier comparison, relative decoding times to anchors are summarized in Figure 3.1.
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Figure 3.1 – Relative decoding time to anchors
3.2 Expected memory usage

3.2.0 Encoder memory
E-QALF uses about two-times the frame memory that used by QALF [13]. The other proposed tools have little effect on memory usage compared with KTA 2.3 in the proposed codec configuration (See Annex A).
3.2.1 Decoder memory
The decoder memory usage is almost the same as KTA 2.3 in the proposed codec configuration (See Annex A).
3.3 Complexity characteristics
3.3.0 Encoder motion estimation and motion segmentation selection
Complexity of ME/MC is the same as the KTA2.3 with E-AIF [8] and NewOffset [9] enabled. As stated in subclause 1.1, max 2 reference frames per list were allowed in B-Slices whereas max 4 reference frames were allowed in P-Slices. 1/4- and 1/8-pel accuracy ME were used for luminance and chrominance component, respectively. Fast motion estimation by the EPZS (enhanced predictive zonal search) [5] in 128x128 range was used.
Due to the E-AIF and NewOffset tools, frame-level multipass encoding was used. Subclause 4.2 describes about it in detail.
3.3.1 Decoder motion compensation
Again, decoder MC procedure is the same as that of the KTA 2.3 with E-AIF and NewOffset enabled. For more details, please refer to [8] and [6].

Note that no decoder-side motion estimation tools were involved.

3.3.2 Encoder intra-frame prediction type selection
Due to the added 32x32 and 16x16 directional modes, the mode decision complexity increases compared with AVC.
With RIP and AFP, encoding times for Intra-Slices increased roughly about 1.7 times than the case without RIP and AFP. RIP and AFP can be implemented with 16-bit integer arithmetic operations only (i.e., integer addition, shift, and multiplication). As noted in subclause 1.2.1, RIP and AFP can be implemented in a parallel fashion so that the complexity can be much reduced.
3.3.3 Decoder intra-frame prediction operation
With RIP and AFP, decoding times for Intra-Slices increased roughly about 1.1 times than the case without RIP and AFP. As noted in subclause 1.2.1, RIP and AFP can be implemented in a parallel fashion so that the complexity can be much reduced.

3.3.4 Encoder transforms and transform type selection
A little complexity would be added to KTA2.3 transforms due to the added 32x32 MDDT operations.
All the transform kernels used were integer-based and implemented using 32-bit integer arithmetic operations (i.e., integer addition, shift, and multiplication).

3.3.5 Decoder inverse transform operation
A little complexity would be added to KTA2.3 inverse transforms due to the added 32x32 MDDT inverse operations.

3.3.6 Encoder quantization and quantization type selection
Complexity of the quantization process is the same as KTA 2.3 with RDO-Q enabled.
3.3.7 Decoder inverse quantization
Complexity of the dequantization process is similar to AVC.
3.3.8 Encoder in-loop filtering type selection
AVC deblocking filter complexity was reduced by SDF. In addition, since there is much less if-else decision stages in the SDF algorithm, there are many chances for low-level optimization.

However, due to the added symmetries, E-QALF has about four-times the complexity than QALF [13] has. Fortunately, since the data path of each symmetry are independent, parallel implementation can make the complexity of E-QALF to a similar level to QALF.
3.3.9 Decoder in-loop filtering operation
Again, AVC deblocking filter complexity was reduced by SDF. In addition, since there is much less if-else decision stages in the SDF algorithm, there are many chances for low-level optimization.

Decoder complexity regarding E-QALF is the same as QALF.
3.3.10 Encoder entropy coding type selection
Entropy coding complexity is the same as CABAC in AVC.

3.3.11 Decoder entropy decoding operation
Entropy decoding complexity is the same as CABAC in AVC.

3.4 Degree of capability for parallel processing
3.4.0 Encoder
Intra prediction mode decisions can be carried out in a parallel fashion.

As noted in subclause 1.2.1, RIP and AFP can be implemented in a parallel fashion.
As noted in subclause 3.3.9, E-QALF can be implemented in a parallel fashion.

3.4.1 Decoder
Again, as noted in subclause 1.2.1, RIP and AFP can be implemented in a parallel fashion.

4 Algorithm characteristics
4.1 Random access
Since the maximum number of reference frames was limited to 4 as stated in subclause 1.1, the maximum number of frames that must be decoded to access any frame is 4 for both CS1 and CS2.
For some illustrations of random access operations, please refer to Figure 1.2 in subclause 1.1.
4.2 Delay
Referring to Figure 1.2 in subclause 1.1, the maximum structural delay due to the prediction structure is 7 and 0 for CS1 and CS2, respectively. For CS1, maximum 3-frame reordering is required while no reordering is needed for CS2.

Since the proposed codec uses E-AIF and Weighted Prediction with NewOffset, frame-level multipass encoding is needed. As illustrated in Figure 4.1, maximum 4 passes for P and B Slice encoding are needed, which is the same number as KTA2.3 with the following options:
· RDPictureDecision 
= 1 (on) 

· GenerateMultiplePPS 
= 1 (on) 

· WeightedPrediction 
= 1 (on) 

· WeightedBiprediction 
= 1 (on) 

· UseNewOffset 

= 1 (on)

· UseAdaptiveFilter 
= 5 (E-AIF) 
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Figure 4.1 – Frame-level multipass decision flow of the proposed encoder
(the same as KTA2.3 with E-AIF and NewOffset enabled)
Note that the encoder delay introduced by the frame-level multipass decision can be minimized by using parallel implementation of stage (1) through (4) in Figure 4.1.

5 Software implementation description
The software implementation was based on JM11.0KTA2.3 [6].

The software was written in C language and compiled with Microsoft Visual Studio 2008 on Microsoft Windows 7 64-bit Edition. It was built with “Release mode” options where some speed-up optimization options were enabled. However, neither low-level programming optimizations nor external video libraries were used. For the CfP response, both the 64-bit and 32-bit compiled versions were provided.
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Annex A – Encoder configuration summary
	##########################################################################################

# Unfixed Parameters
##########################################################################################

SearchRange

= 128  # Max search range

BiPredMESearchRange

= 128  # Bipredictive ME Search range. Note that range is halved for every extra refinement.

Transform8x8Mode

= 1  # (0: only 4x4 transform, 1: allow using 8x8 transform additionally, 2: only 8x8 transform)

NumberReferenceFrames

= 4  # Number of previous frames used for inter motion search (1-16)

##########################################################################################

# Weighted Prediction & Picture based Multi-pass encoding
#########################################################################################

GenerateMultiplePPS

= 1  # Transmit multiple parameter sets. Currently parameters basically enable all WP modes (0: diabled, 1: enabled)

WeightedPrediction

= 1  # P picture Weighted Prediction (0=off, 1=explicit mode)  

WeightedBiprediction

= 1  # B picture Weighted Prediciton (0=off, 1=explicit mode,  2=implicit mode)  

UseWeightedReferenceME
= 1  # Use weighted reference for ME (0=off, 1=on)

RDPictureDecision

= 1  # Perform RD optimal decision between different coded picture versions. 

# If GenerateMultiplePPS is enabled then this will test different WP methods. 

# Otherwise it will test QP +-1 (0: disabled, 1: enabled)
RDPictureIntra

= 0  # Perform RD optimal decision also for intra coded pictures (0: disabled (default), 1: enabled).

RDPSliceWeightOnly

= 1  # Only consider Weighted Prediction for P slices in Picture RD decision. (0: disabled, 1: enabled (default))

RDBSliceWeightOnly

= 0  # Only consider Weighted Prediction for B slices in Picture RD decision. (0: disabled (default), 1: enabled )

##########################################################################################

# KTA STUFF for ETRI HVC
##########################################################################################

UseAdaptiveFilter

= 5  # Use adaptive interpolation filter 

# (0=disable, 1=2D Filter, 2=Separable Filter, 3=Directional Interpolation Filter 4=Enhanced DAIF 5=Enhanced AIF)

UseHPFilter


= 0  # Use high precision filtering

# (0=disable, 1=High Precision filter, 2=Enhanced Fixed Directional Filter, 3=Switched Filters)

UseIntraMDDT

= 1  # Use Mode Dependent Directional Transform for intra blocks (0=disable, 1=enable)

SimplifiedRDPicDecision
= 1  # VCEG-AJ25 (RD picture simplification for B-slices)

UseExtMB


= 2  # Use extended block size (0:disable, 1:32x32, 2:64x64)

##########################################################################################

# KTA Reference Tools
##########################################################################################

InputBitDepth

= 8  # InputBitDepth for internal bit depth increase. (<= Min(BitDepthLuma, BitDepthChroma))

# InputBitDepth defines the bit depth of input video source.

# BitDepthLuma and BitDepthChroma define the internal bit depth in codec.

UseRDO_Q


= 1  # Use Rate Distortion Optimized Quantization (0=disable, 1=enable)

UseNewOffset

= 1  # Use new offset for wetihed prediction (0=disable, 1=enable)

##########################################################################################

# Encoder Control
##########################################################################################

ChromaQPOffset

= 0  # Chroma QP offset (-51..51)

UseHadamard

= 1  # Hadamard transform (0=not used, 1=used)

PList0References

= 0  # P slice List 0 reference override (0 disable, N <= NumberReferenceFrames)

##########################################################################################

# B Slices
##########################################################################################

BRefPicQPOffset

= 0  # Quantization offset for reference B coded pictures (-51..51)

DirectModeType

= 1  # Direct Mode Type (0:Temporal 1:Spatial)

DirectInferenceFlag

= 1  # Direct Inference Flag (0: Disable 1: Enable)

HierarchyLevelQPEnable
= 1  # Adjust QP based on Pyramid Level (in increments of 1). Overrides BRefPicQPOffset behavior. (0=off, 1=on)

ReferenceReorder

= 1  # Reorder References according to Poc distance for PyramidCoding (0=off, 1=enable)

PocMemoryManagement
          = 1  # Memory management based on Poc Distances for PyramidCoding (0=off, 1=on)

BiPredMotionEstimation

= 1  # Enable Bipredictive based Motion Estimation (0:disabled, 1:enabled)

BiPredMERefinements

= 3  # Bipredictive ME extra refinements (0: single, N: N extra refinements (1 default)

BiPredMESubPel

= 2  # Bipredictive ME Subpixel Consideration (0: disabled, 1: single level, 2: dual level)

##########################################################################################

# Output Control, NALs
##########################################################################################

SymbolMode

= 1  # Symbol mode (Entropy coding method: 0=UVLC, 1=CABAC)

OutFileMode

= 0  # Output file mode, 0:Annex B, 1:RTP

PartitionMode

= 0  # Partition Mode, 0: no DP, 1: 3 Partitions per Slice

##########################################################################################

# CABAC context initialization
##########################################################################################

ContextInitMethod

= 1  # Context init (0: fixed, 1: adaptive)

FixedModelNumber

= 0  # model number for fixed decision for inter slices ( 0, 1, or 2 )

##########################################################################################

# Interlace Handling
#########################################################################################

PicInterlace


= 0  # Picture AFF    (0: frame coding, 1: field coding, 2:adaptive frame/field coding)

MbInterlace


= 0  # Macroblock AFF (0: frame coding, 1: field coding, 2:adaptive frame/field coding, 3:combined with PicInterlace=0, to do frame MBAFF))

IntraBottom


= 0  # Force Intra Bottom at GOP Period
##########################################################################################

# Loop filter parameters
##########################################################################################

LoopFilterParametersFlag
= 0  # Configure loop filter (0=parameter below ingored, 1=parameters sent)

LoopFilterDisable

= 0  # Disable loop filter in slice header (0=Filter, 1=No Filter)

LoopFilterAlphaC0Offset
= 0  # Alpha & C0 offset div. 2, {-6, -5, ... 0, +1, .. +6}

LoopFilterBetaOffset

= 0  # Beta offset div. 2, {-6, -5, ... 0, +1, .. +6}

##########################################################################################

# Error Resilience / Slices
##########################################################################################

SliceMode


= 0  # Slice mode (0=off 1=fixed #mb in slice 2=fixed #bytes in slice 3=use callback)

SliceArgument

= 50  # Slice argument (Arguments to modes 1 and 2 above)

num_slice_groups_minus1
= 0  # Number of Slice Groups Minus 1, 0 == no FMO, 1 == two slice groups, etc.

slice_group_map_type

= 0  # 0:  Interleave, 1: Dispersed,    2: Foreground with left-over, 

# 3:  Box-out,    4: Raster Scan   5: Wipe

# 6:  Explicit, slice_group_id read from SliceGroupConfigFileName

slice_group_change_direction_flag
= 0  # 0: box-out clockwise, raster scan or wipe right, 

# 1: box-out counter clockwise, reverse raster scan or wipe left

slice_group_change_rate_minus1
= 85

SliceGroupConfigFileName
= "sg0conf.cfg"  # Used for slice_group_map_type 0, 2, 6

UseRedundantPicture

= 0  # 0: not used, 1: one redundant slice used for each slice (other modes not supported yet)

##########################################################################################

# Search Range Restriction / RD Optimization 

##########################################################################################

RestrictSearchRange

= 2  # restriction for (0: blocks and ref, 1: ref, 2: no restrictions)

RDOptimization

= 1  # rd-optimized mode decision 

# 0: RD-off (Low complexity mode)

# 1: RD-on (High complexity mode)
# 2: RD-on (Fast high complexity mode - not work in FREX Profiles)

# 3: with losses

DisableThresholding

= 0  # Disable Thresholding of Transform Coefficients (0:off, 1:on)

DisableBSkipRDO

= 0  # Disable B Skip Mode consideration from RDO Mode decision (0:off, 1:on)

SkipIntraInInterSlices

= 0  # Skips Intra mode checking in inter slices if certain mode decisions are satisfied (0: off, 1: on)

#######################################################################################

# Additional Stuff
#######################################################################################

UseConstrainedIntraPred

= 0  # If 1, Inter pixels are not used for Intra macroblock prediction.

PicOrderCntType

= 0  # (0: POC mode 0, 1: POC mode 1, 2: POC mode 2)

########################################################################################

#Fast Mode Decision
########################################################################################

EarlySkipEnable

= 0  # Early skip detection (0: Disable 1: Enable)

SelectiveIntraEnable

= 0  # Selective Intra mode decision (0: Disable 1: Enable)

########################################################################################

#Q-Matrix (FREXT)
########################################################################################

OffsetMatrixPresentFlag

= 0    # Enable Explicit Offset Quantization Matrices  (0: disable 1: enable)
QmatrixFile


= "q_matrix_def.cfg"

ScalingMatrixPresentFlag
= 0  # Enable Q_Matrix  (0 Not present, 1 Present in SPS, 2 Present in PPS, 3 Present in both SPS & PPS)

########################################################################################

#Rounding Offset control
########################################################################################

OffsetMatrixPresentFlag

= 0  # Enable Explicit Offset Quantization Matrices  (0: disable 1: enable)

QOffsetMatrixFile

= "q_offset.cfg" # Explicit Quantization Matrices file

AdaptiveRounding

= 0  # Enable Adaptive Rounding based on JVT-N011 (0: disable, 1: enable)

########################################################################################

#Fast Motion Estimation Control Parameters
########################################################################################

UseFME


= 3  # Use fast motion estimation (0=disable/default, 1=UMHexagonS, 2=Simplified UMHexagonS, 3=EPZS patterns)

EPZSPattern

= 2  # Select EPZS primary refinement pattern.

# (0: small diamond, 1: square, 2: extended diamond/default, 3: large diamond) 

EPZSDualRefinement 

= 3  # Enables secondary refinement pattern.

# (0:disabled, 1: small diamond, 2: square, 3: extended diamond/default, 4: large diamond) 

EPZSFixedPredictors

= 2  # Enables Window based predictors

# (0:disabled, 1: P only, 2: P and B/default)

EPZSTemporal

= 1  # Enables temporal predictors 

# (0: disabled, 1: enabled/default) 

EPZSSpatialMem

= 1  # Enables spatial memory predictors 

# (0: disabled, 1: enabled/default)

EPZSMinThresScale

= 0  # Scaler for EPZS minimum threshold (0 default). 

# Increasing value can speed up encoding.

EPZSMedThresScale

= 1  # Scaler for EPZS median threshold (1 default). 

# Increasing value can speed up encoding.

EPZSMaxThresScale

= 1  # Scaler for EPZS maximum threshold (1 default).

# Increasing value can speed up encoding.

##########################################################################################

# KTA STUFF (not used in the proposal)
##########################################################################################

ImpType


= 0  # Use of 16-bit implementation of DAIF (0=disable, 1=enable)

AdaptiveFilterDecision

= 0  # Decision Rule for Adaptive Filter (0=RDO based, 1=Fast Decision) 

MVResolution

= 0  # (0=1/4-pel , 1=1/8-pel)

APEC_in_FD_and_SD

= 0  # Use Adaptive Prediction error coding in the Frequency and Spatial Domain  (0=disable, 1=enable)

SD_Quantizer

= 1  # (0:Subjectively weighted quantization error optimization, 1:Mean squared quantization error optimization)

MVCompetition

= 0  # Use competition for motion vector prediction

#  (0=disabled,

#  1=enabled with default parameters (lines below ignored),

#  2=enabled with user parameters)  

UsePostFilter

= 0  # Use post filtering (0=disable, 1=enable)
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