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Abstract

This document presents the Tandberg-Ericsson-Nokia Test Model (TENTM), which is designed to fulfill the requirements of the mobile, video-conferencing and broadcast industries. For more detailed description of the TENTM codec, please refer to the attached decoder description document including the syntax and semantics of the TENTM bitstreams. 
TENTM is a codec providing both high performance and low decoding complexity enabling high resolution video services everywhere. It is argued that TENTM provides significant visual improvement over H.264/AVC (both High Profile and Baseline Profile) with decoder complexity lower than H.264/AVC Baseline Profile.  These improvements can be achieved with significantly lower encoding complexity than for H.264/AVC (both High Profile and Baseline Profile) which is valuable for real-time communication and services on mobile devices. In order to have a clean design from the start, TENTM is designed with a back-to-basics approach in mind. Several possible extensions could be added during the standardization process to improve the coding gain significantly, e.g. CABAC, additional reference frames, etc.

Encoder time measurements show that the complete CS1 test set (all sequences, 5 ratepoints) can be simulated in 5 ½ hours while the CS2 test set can be simulated in less than 4 hours. In the same computing platform, TENTM encoding is around 25 times faster than JM17.0 for coding alpha and beta anchors and around 10 times faster for coding gamma anchor. TENTM encoding is significantly faster than JM as the software is written from scratch in a clean fashion, and many brute-force techniques such as frame-level multipass encoding; large number of reference frames etc. are avoided. 

Decoder simulations show that the TENTM decoder runs more than twice as fast as the JM17.0 High Profile decoder on average. This is because TENTM decoder has less algorithmic complexity than H.264/AVC and it is implemented in a clean fashion from scratch.
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1 Introduction

The TENTM algorithm consists of the following normative tools that provide a coding gain over H.264/AVC:

· Improved interpolation filters.

· Larger macroblock sizes.

· Improved definition of skip mode, including the possibility of two MV skip candidates.

· Improved bi-directional prediction.

· Improved Intra prediction.

· Larger transform sizes (16x4, 16x16, 32x32, and 64x64).

· Special intra mode (planar mode) for improved subjective quality.

· Improved adaptive (non-arithmetic) entropy coding compared to CAVLC.

· Improved in-loop filtering.

This document provides an overview of the TENTM algorithm. More details could be found on the TENTM decoder description document attached to the contribution, which has significantly more detail and includes the syntax and semantics of the bitstreams used by TENTM.

The following experts have contributed to the development of TENTM:

Nokia: 
Kemal Ugur, Jani Lainema, Antti Hallapuro, Justin Ridge, Cixun Zhang, Dmytro Rusanovskyy

Ericsson:
Kenneth Andersson, Per Fröjdh, Andrey Norkin, Clinton Priddle, Thomas Rusert,  Jonatan Samuelsson, Rickard Sjöberg, Jacob Ström, Per Wennersten, Zhuangfei Wu
Tandberg:
Gisle Bjøntegaard, Arild Fuldseth, Lars Petter Endresen, Robert Folland, Greg Håkonsen, Mark Blake
2 Algorithm description

2.1 Motion representation
TENTM utilizes a translational motion model with motion vectors having quarter pixel accuracy. Motion vectors can be signalled for macroblocks of size 64x64, 32x32, and 16x16. In addition, motion vectors can be signalled for the following sub-partitions of 16x16 macroblocks: 16x8, 8x16, and 8x8.

Motion vectors are encoded separately in the x and y dimension, as the difference between the motion vector and a motion vector predictor. The motion vector predictor is derived from neighbour macroblocks but using a slightly different method from H.264/AVC. For more details, see the attached decoder description document. 
For the 9 innermost quarter-pixel positions, one additional bit is signalled to choose between two different sets of interpolation filters.

The first set of interpolation filter is referred to as the Directional Interpolation Filter (DIF) and is used for all 15 quarter-pixel positions. For each of the three horizontal positions and the three vertical positions which are aligned with full pixel positions, a single 6-tap filter is used. For the 9 innermost quarter-pixel positions two 6-tap filters at +45 degree and -45 degree angles are used. The exception is the center position where a 12-tap non-separable filter is used.

The second set of interpolation filters consists of Separable Filters (SF) where interpolated samples are calculated by first applying a 6-tap filter horizontally and then vertically.

The filter coefficients for FDIF and SF are 

[3 -15 111 37 -10 2]/128 for ¼ displacement (and mirrored for ¾ displacement)

[3 -17 78 78 -17 3]/128 for ½ displacement 

For the center position of FDIF, the filter coefficients are:

[0   5    5    0

5   22  22   5

5   22  22   5

0    5    5    0 ] / 128

All interpolated sample values can be calculated using 16 bit arithmetic. The resulting interpolated values are scaled, clipped and stored using 8 bit/sample.

2.1.1 Supported reference frame structures
Inter prediction can be performed using one or two reference frames. Both forward and backward prediction, as well as bi-prediction is supported. Hierarchical B frames similar to H.264/AVC is supported. For IPPP coding structure, a simple signalling scheme for long term reference frames is supported. This provides coding gains similar to “Hierarchical P frames” in the beta anchor.

2.1.2 Skip MB

Skip MBs are encoded as runs similar to H.264/AVC. Depending on motion vectors of neighbour macroblocks, a skip MB can have one or two candidate motion vectors. If there are two candidate motion vectors and the magnitudes of these motion vectors are different, an extra bit is signalled to choose between the two skip MV candidates. For B pictures, the Skip MBs are always bi-predicted using skip motion vectors rounded to integer.
2.1.3 Bi-prediction

For B pictures, the reference index indicates whether the macroblock or large-macroblock uses forward, backward or bi-directional prediction, see Figure 1. The reference index is predictively coded from the reference indices of neighbouring macroblocks.



[image: image1]
2.1.4 DIRECT Mode

TENTM supports DIRECT mode, similar to spatial DIRECT mode in H.264/AVC. In addition, the motion vectors used for DIRECT mode are rounded to integer.

2.2 Intra-frame prediction

Intra-prediction is performed within intra macroblocks for blocks of size 16x16, 8x8, and 4x4. The block sizes used for intra prediction conforms to the transform size. Intra prediction is performed using reconstructed pixels of previously coded blocks. 

For 16x16 blocks, four prediction modes are used: DC, vertical, horizontal and planar.
For 8x8 blocks, DC prediction and freely selected angular prediction are used.

For 4x4 blocks, three prediction modes are used: DC, vertical, and horizontal. 
The vertical, horizontal and angular intra prediction modes use filtered samples that are calculated using a three-tap filter similar to H.264/AVC. The DC prediction is also calculated similarly to H.264/AVC utilizing the reconstructed border pixels of the neighboring block. The 16x16 planar prediction and 8x8 angular prediction are further described in the sections below.

2.2.1 Planar prediction for Intra 16x16
The planar prediction is designed to be able to reconstruct smooth image segments in a visually pleasing way. It provides maximal continuity of the image plane at the macroblock borders and is able to follow gradual changes of the pixel values by signalling a planar gradient for each macroblock coded in this mode.  When a macroblock is coded in planar mode its bottom-right sample is signalled in the bitstream, the rightmost and bottom samples of the macroblock are linearly interpolated, and the middle samples are bilinearly interpolated from the border samples. When planar mode is signalled, the same algorithm is applied to luminance and both chrominance components separately with individual signalling of the bottom-right samples (16x16 based operation for luminance and 8x8 based for chrominance). The process is illlustrated in the picture below.

[image: image2.png]


         [image: image3.png]



Figure 2 Planar prediction of an 8x8 (chrominance) block. Bottom-right sample is signalled in the bitstream, rightmost and bottom samples are interpolated linearly, and the middle samples are interpolated bi-linearly.
2.2.2 Angular prediction for Intra 8x8
In order to be able to accurately represent directional structures the Intra 8x8 coding mode provides a possibility to predict the blocks at any direction shown below.
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Figure 3 Available prediction directions in the angular mode of Intra 8x8 macroblocks.
In the angular mode the prediction direction is given by the displacement of the bottom row of the block and the reference row above the block in the case of vertical prediction or displacement of the rightmost column of the block and reference column left from the block in the case of the horizontal prediction. The displacement is signalled at 1 pixel accuracy. When projection of the predicted pixel falls inbetween reference samples, the predicted value for the pixel is linearly interpolated from the reference samples (at 1/8th pel accuracy). The process is illustrated in the picture below for the sixth row of the block when building vertical prediction at +1 pixel displacement.
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Figure 4 An example of angular prediction when operating the sixth row of the block with +1 pixel displacement. Projections of the pixels now fall at the 6/8 sub-pixel location (circles) in the reference row of pixels.
2.3 Spatial Transforms
Spatial transforms of size 64x64, 32x32, 16x16, 8x8, and 4x4 are used. The 64x64 and 32x32 transforms are used for 64x64 and 32x32 macroblocks respectively. The 16x16, 8x8, and 4x4 transforms are used for 16x16 macroblocks and their use is restricted to fall within the motion vector partitions of sizes 16x16, 16x8, 8x16, and 8x8. The one dimensional basis vectors of the 4 pixel and 8 pixel transforms are shown in Figure 5 (16, 32 and 64 pixel transform details could be found in the attached decoder description document).
Note that except for the 4 pixel transform, the basis vectors are not exactly orthogonal and do not have exactly the same norm.  However, the deviations represent no bigger inaccuracy than is introduced by necessary rounding/truncations in the inverse transformations. 



[image: image6]
For the 64x64, 32x32, and 16x16 transforms, the basis vectors corresponding to the highest frequency components are set to zero so that only the 8 low frequency basis vectors are used. This implies that quantization operates on block sizes no larger than 8x8.

After horizontal and vertical transforms (forward and inverse), appropriate scaling is applied to ensure that all intermediate results can be stored with 16 bit.

All transforms are defined so that the same norm can be obtained for all transform coefficients by appropriate shifts, regardless of the transform size. This means that all coefficients are scaled equally during quantization, and that only one quantization function is needed for all transform sizes.

In addition, spatially varying transforms (SVT) are used. In SVT, only one transform block is coded inside one macroblock. The transform block is either 8x8, 16x4 or 4x16 and its position inside the macroblock can be varied. This is shown in Figure 6 and Figure 7. When 8x8 SVT is used as shown in Figure 6, the position of the transform block is denoted by (Δx, Δy) where it is selected from the set Φ8×8={(Δx, Δy), Δx=0,…,8, Δy=0; Δx=0,…,8, Δy=8; Δx=0, Δy=1,…,7; Δx=8, Δy=1,…,7}. When 16x4 SVT or 4x16 SVT is used as shown in Figure 7, the position of the transform block is denoted by Δy or Δx and it can be selected form the set Φ16×4={Δy, Δy=0,…,12} or set Φ4×16={Δx, Δx=0,…,12}. The edges between the SVT transform block and the remaining of the macroblock are filtered. 
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Figure 6 Illustration of SVT, type 0
[image: image8.emf]
Figure 7 Illustration of SVT, type 1
If an SVT block straddles over at least two different motion compensation partitions and the absolute difference of x and y components of the motion vector of these two different motion compensation partitions is larger than or equal to 1 pixel, then this SVT position is marked as not available. The selected SVT position and size is coded using an index value using variable length code.

Whether a full set of SVT indexes or only a partial set of SVT indexes is used is specified by one bit in the picture header. The partial set of SVT indexes is a combination of Φ’8×8={(Δx, Δy), Δx=0, 8, Δy=0; Δx=0, 8, Δy=8}, Φ’16×4={Δy, Δy=0, 4, 8, 12} and Φ’4×16={Δx, Δx=0, 4, 8, 12}.    

2.4 Quantization

Scalar quantization using a quantization parameter similar to H.264/AVC is used. On the encoder side, zero-memory Rate Distortion Optimized Quantization (RDOQ) is used (no trellis quantization). 
2.5 In-loop filtering

An in-loop deblocking filter is applied on block boundaries between transform blocks of size 8x8 or larger. Both a weak and a strong filter is used to be able to remove blocking artifacts efficiently while avoiding removal of desirable structures. The deblocking filter has lower computational complexity than the H.264/AVC deblocking filter since only half the number of block edges are filtered, and also due to less complex logic for enabling/disabling the filter on each 8x8 block edge. The filtering process can be performed in parallel first for each of the vertical block edges and in the second step for each of the horizontal block edges. 
2.6 Entropy coding
General
All syntax elements are encoded using either FLC or “UVLC-like” VLC tables. Each syntax element use one out of 10 pre-determined VLC tables that are designed for different probability distributions. All VLC tables are organized in the conventional way with the shortest binary codeword at the beginning. 

Encoding of a parameter/event using a VLC table is typically done in three steps:

1) Convert the parameter/event value to a table index by using some enumeration scheme.
2) Use the table index to generate a code number through lookup in a sorting table. The purpose of the sorting table is to assign code numbers according to increasing probability so that parameters/events with the high probability are assigned a code number with a low value.

3) Use the code number to generate a binary codeword by lookup in the pre-determined VLC table.

The VLC encoding process is illustrated in Figure 8, while the VLC decoding process is illustrated in Figure 9.
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Adaptivity

Two different forms of adaptivity are applied to VLC encoding:

1) For some parameters/events, the particular VLC table to be used depends on the value of previously encoded parameters/events. A context variable is maintained that indicates expected probability distribution of the events. This variable is updated as the events are encoded and it is used to look-up VLC table number.

2) For some parameters/events, the sorting table is made adaptive. This process is most easily described in terms of decoder operations as follows: For each binary codeword that is decoded into a code number, determine the corresponding table index by lookup into an inverse sorting table. Next, swap that entry in the inverse sorting table with the entry immediately above. This mechanism ensures that a table index value that occurs frequently eventually propagates towards the top of the inverse sorting table, corresponding to the most likely value and the shortest binary codeword. On the encoder side, both a sorting table and the corresponding inverse sorting table need to be updated simultaneously.  Updating the inverse sorting table on the decoder side is illustrated in Figure 10.
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Transform coefficients

Entropy coding of transform coefficients is performed by an improved version of CAVLC as follows:

1) Organize the quantized transform coefficients, each represented by a level and sign in a 1D array using the conventional zig-zag scan.

2) Coefficients are encoded backwards along the 1D array from the most high frequency coefficient towards the DC coefficients.

3) Each event (to be described below) is encoded using an “UVLC-like” table. Different VLC tables are used for different events.

4) First, the last significant coefficient (last_coeff) is coded in two steps:

i. Code the position (in backward scan order) of last_coeff (last_pos) and a flag (levelFlag = level>1) as a combined event.

ii. If level>1 code the value of level as a single event

iii. Code the sign as one bit

5) If level==1, continue encoding non-zero levels in run-mode.

6) If level>1, switch to level-mode if any of the following is true:
i. Cumulative sum of all level of coefficients coded so far >1 (excluding the level of last_coeff), is bigger than a threshold
ii. The position of the current level is bigger than the threshold position
7) In run-mode, encode each non-zero coefficient using the preceding run and levelFlag as a combined event. Then encode the sign and level (if levelFlag==1).

8) In level-mode, encode each coefficient (including zero coefficients) as level and sign.
For the combined last_coeff/levelFlag event, an adaptive sorting table is used. 

Side information

The following parameters are coded as a combined event for each macroblock:
· macroblock mode
· motion vector partition
· transform size

· macroblock level CBP information
· reference frame index for P frames
· dqp flag (indicating whether or not dqp is signalled for that MB) 
For this combined event, an adaptive sorting table is used.

The following side information parameters are encoded separately as single events:

· block level CBP

· motion vector differences

· reference frame index for B frames

· intra prediction modes

Block level CBP is encoded using an adaptive sorting table.
2.7 Macroblock scan order and syntax to support large macroblocks
Macroblocks of size 32x32 and 64x64 are supported by the MB scan order illustrated in Figure 11. Macroblocks of size 16x16, 32x32, and 64x64, can be combined in various ways as illustrated in Figure 12. For simplicity, both figures assume a picture width of 8 MBs (or 128 pixels).
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Signalling to support various macroblock sizes can be described as follows:
1) Runs of skip MB is always signalled on the 16x16 MB level.

2) If a skip run terminates at the upper left corner of a 64x64 MB, one bit is used to signal 16x16 MB size or 32x32/64x64 MB size. If 32x32/64x64 is signalled, one additional bit is used to signal 32x32 MB or 64x64 MB.

3) If a skip run terminates on the upper left corner of a 32x32 MB that is not the upper left corner of a 64x64 MB, one bit is used to signal 16x16 or 32x32 MB.
2.8 Non-normative encoder features
Mode decision

RDO-based mode decision is used to determine the following parameters:

1) MB size (16x16, 32x32, or 64x64)

2) MB mode (Skip, Direct, Intra, or Inter)

3) MV sub partitions (16x16, 16x8, 8x16, 8x8)

4) Transform sizes (16x16, 8x8, or 4x4)

5) Reference frame index

The cost function is based on either Sum of Squared Differences (SSD) or Sum of Absolute Differences (SAD). Using SAD instead of SSD reduces the implementation cost at a marginal cost in objective performance.  It might however improve the subjective performance somewhat. 

Planar intra coding mode is checked only if one of the following conditions holds:
- The intra mode decision results to Intra 16x16 and all the quantized AC coefficients are zero.

- High frequency energy of the original block is below a threshold or there is an edge on the boundary pixels.

If the reconstruction of planar mode is similar to Intra 16x16, then Intra 16x16 mode is chosen.

The corner sample indicating the gradient of the surface is selected by averaging the 2x2 samples in the original image at the lower right corner of the macroblock.
Spatially Varying Transform

The best SVT index is selected from the set of available SVT indexes using RDO to achieve the minimum RD cost of the whole macroblock. The total number of SVT positions and candidates is 58, but only 10 of those are checked in RDO. The 10 candidate positions/sizes are calculated using the SAD of the prediction error for each one of the respective positions and sizes.

Whether full set or partial set of SVT indexes is used for the current picture is determined based on the coded bits of the previous coded picture.

Interpolation

To reduce complexity, only DIF interpolation filters are used for high resolution sequences (resolutions larger or equal to 720p) at high QP’s (larger than 20). 
High Quality Reference frames
In order to provide coding gains similar to “Hierarchical P frames” the concept of High Quality Reference (HQR) frames is used. When using the HQR frame scheme, one short-term and a long-term frame are used for prediction. The long-term frames are inserted periodically, and have higher quality (typically QP = QPref – 5) than the other frames. Inter prediction is performed by referring to either the most recent frame (short term) or the most recent HQR (long-term) frame. In the submitted bitstreams we use a period of 4 and 8 for 24/30 fps and 50/60 fps respectively. The reference frame usage with HQR frames using a period of 4 is illustrated in Figure 13.
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QP values

Similar to the anchor bitstreams, different QP values are used for different frame types. The QP values for various frame types can be expressed relative to a ‘nominal’ QP value as follows:

CS1 bitstreams:

· I frames:

QP-2

· P frames:

QP

· B frames – level 1:
QP+4

· B frames – level 2:
QP+5

· B frames – level 3:
QP+6

CS2 bitstreams:

· I frames:

QP-2

· P frames, HQR:
QP

· P frames, non-HQR:
QP+5

The nominal QP value is kept unchanged for the entire sequence except that it is increased by one once to hit the target bitrates. The frame numbers where the nominal QP value is increased is shown in Table 1

Table 1. Frame number where the nominal QP value increases by one.

	Sequence
	Number
	Rate
	CS1
	CS2

	Traffic_2560x1600_30_crop
	S01
	R5
	8
	NA

	Traffic_2560x1600_30_crop
	S01
	R4
	95
	NA

	Traffic_2560x1600_30_crop
	S01
	R3
	20
	NA

	Traffic_2560x1600_30_crop
	S01
	R2
	90
	NA

	Traffic_2560x1600_30_crop
	S01
	R1
	135
	NA

	PeopleOnStreet_2560x1600_30_crop
	S02
	R5
	35
	NA

	PeopleOnStreet_2560x1600_30_crop
	S02
	R4
	50
	NA

	PeopleOnStreet_2560x1600_30_crop
	S02
	R3
	80
	NA

	PeopleOnStreet_2560x1600_30_crop
	S02
	R2
	80
	NA

	PeopleOnStreet_2560x1600_30_crop
	S02
	R1
	15
	NA

	Kimono_1920x1080_24
	S03
	R5
	180
	30

	Kimono_1920x1080_24
	S03
	R4
	239
	140

	Kimono_1920x1080_24
	S03
	R3
	100
	170

	Kimono_1920x1080_24
	S03
	R2
	40
	130

	Kimono_1920x1080_24
	S03
	R1
	100
	225

	Parkscene_1920x1080_24
	S04
	R5
	202
	12

	Parkscene_1920x1080_24
	S04
	R4
	50
	150

	Parkscene_1920x1080_24
	S04
	R3
	197
	175

	Parkscene_1920x1080_24
	S04
	R2
	5
	50

	Parkscene_1920x1080_24
	S04
	R1
	180
	60

	Cactus_1920x1080_50
	S05
	R5
	155
	360

	Cactus_1920x1080_50
	S05
	R4
	100
	380

	Cactus_1920x1080_50
	S05
	R3
	36
	385

	Cactus_1920x1080_50
	S05
	R2
	100
	70

	Cactus_1920x1080_50
	S05
	R1
	76
	32

	BasketballDrive_1920x1080_50
	S06
	R5
	0
	25

	BasketballDrive_1920x1080_50
	S06
	R4
	233
	291

	BasketballDrive_1920x1080_50
	S06
	R3
	216
	297

	BasketballDrive_1920x1080_50
	S06
	R2
	91
	207

	BasketballDrive_1920x1080_50
	S06
	R1
	126
	209

	BQTerrace_1920x1080_60
	S07
	R5
	0
	250

	BQTerrace_1920x1080_60
	S07
	R4
	160
	0

	BQTerrace_1920x1080_60
	S07
	R3
	227
	60

	BQTerrace_1920x1080_60
	S07
	R2
	246
	326

	BQTerrace_1920x1080_60
	S07
	R1
	465
	260

	BasketballDrill_832x480_50
	S08
	R5
	445
	173

	BasketballDrill_832x480_50
	S08
	R4
	73
	310

	BasketballDrill_832x480_50
	S08
	R3
	305
	60

	BasketballDrill_832x480_50
	S08
	R2
	387
	138

	BasketballDrill_832x480_50
	S08
	R1
	224
	430

	BQMall_832x480_60
	S09
	R5
	484
	5

	BQMall_832x480_60
	S09
	R4
	50
	270

	BQMall_832x480_60
	S09
	R3
	300
	50

	BQMall_832x480_60
	S09
	R2
	550
	230

	BQMall_832x480_60
	S09
	R1
	400
	70

	PartyScene_832x480_50
	S10
	R5
	30
	320

	PartyScene_832x480_50
	S10
	R4
	216
	230

	PartyScene_832x480_50
	S10
	R3
	15
	60

	PartyScene_832x480_50
	S10
	R2
	229
	500

	PartyScene_832x480_50
	S10
	R1
	465
	50

	Racehorses_832x480_30
	S11
	R5
	139
	8

	Racehorses_832x480_30
	S11
	R4
	30
	260

	Racehorses_832x480_30
	S11
	R3
	270
	285

	Racehorses_832x480_30
	S11
	R2
	130
	150

	Racehorses_832x480_30
	S11
	R1
	146
	200

	BasketballPass_416x240_50
	S12
	R5
	25
	418

	BasketballPass_416x240_50
	S12
	R4
	266
	381

	BasketballPass_416x240_50
	S12
	R3
	456
	150

	BasketballPass_416x240_50
	S12
	R2
	348
	100

	BasketballPass_416x240_50
	S12
	R1
	425
	130

	BQSquare_416x240_60
	S13
	R5
	224
	440

	BQSquare_416x240_60
	S13
	R4
	300
	270

	BQSquare_416x240_60
	S13
	R3
	340
	591

	BQSquare_416x240_60
	S13
	R2
	10
	370

	BQSquare_416x240_60
	S13
	R1
	565
	180

	BlowingBubbles_416x240_50
	S14
	R5
	491
	312

	BlowingBubbles_416x240_50
	S14
	R4
	16
	233

	BlowingBubbles_416x240_50
	S14
	R3
	326
	208

	BlowingBubbles_416x240_50
	S14
	R2
	464
	490

	BlowingBubbles_416x240_50
	S14
	R1
	108
	236

	Racehorses_416x240_30
	S15
	R5
	264
	250

	Racehorses_416x240_30
	S15
	R4
	133
	0

	Racehorses_416x240_30
	S15
	R3
	150
	80

	Racehorses_416x240_30
	S15
	R2
	203
	155

	Racehorses_416x240_30
	S15
	R1
	212
	175

	Vidyo1_1280x720_60
	S16
	R5
	NA
	400

	Vidyo1_1280x720_60
	S16
	R4
	NA
	302

	Vidyo1_1280x720_60
	S16
	R3
	NA
	10

	Vidyo1_1280x720_60
	S16
	R2
	NA
	556

	Vidyo1_1280x720_60
	S16
	R1
	NA
	300

	Vidyo3_1280x720_60
	S17
	R5
	NA
	300

	Vidyo3_1280x720_60
	S17
	R4
	NA
	10

	Vidyo3_1280x720_60
	S17
	R3
	NA
	5

	Vidyo3_1280x720_60
	S17
	R2
	NA
	419

	Vidyo3_1280x720_60
	S17
	R1
	NA
	400

	Vidyo4_1280x720_60
	S18
	R5
	NA
	250

	Vidyo4_1280x720_60
	S18
	R4
	NA
	350

	Vidyo4_1280x720_60
	S18
	R3
	NA
	200

	Vidyo4_1280x720_60
	S18
	R2
	NA
	300

	Vidyo4_1280x720_60
	S18
	R1
	NA
	90


2.9 Future extensions and additional features
Several well-know tools that are known to provide additional coding gain have not been implemented in the current algorithm, and could be added during the course of standardization:

· CABAC:

The work with TENTM was started with a low complexity perspective.  Hence VLC based entropy coding was chosen.  It represents both higher coding efficiency and lower implementation complexity compared to the CAVLC in H.264/AVC.  But we see no particular reason why CABAC can’t be implemented in TENTM and we expect it to provide a significant gain

· Additional reference frames:
For complexity reasons the number of reference frames in TENTM is limited to 2.  However, we see it as a natural extension to increase this number.  We have done some work on this in combination with different coding structures.  Preliminary results indicate 3-4% additional BDR gain by increasing the average number of reference frames from 2 to about 2.5-3.

· Sub LMB partitions (e.g. 64x32):
Preliminary results indicate 1-2% BDR gain from this.

· Improved MV coding:
Preliminary results indicate that 2% additional BDR gain can be achieved by allowing for more prediction possibilities in the encoding of MVs for constrained set 1 configuration and 1% for constrained set 2.
· Frame-level multi-pass techniques
For complexity and delay reasons, frame-level multi-pass techniques such as those used for AIF and WP in the JM&KTA sw have not been implemented in TENTM. However, such tools can easily be added for high complexity/high delay operating points.
· In-loop Wiener post-filter
We consider this a high complexity tool that can easily be added to TENTM.
Also, some features that provide additional functionality can easily be added:

· High level syntax
High level syntax elements such as slices, SPS, PPS, etc. could be added.

· Scalability
We foresee that some scalability tools could be added.

3 Compression performance discussion

3.1 Objective versus subjective compression performance

The main focus has been on producing good subjective quality - especially at high resolutions.  Therefore we also believe that the subjective gain over the anchor bitstreams is significantly higher than the objective gain, especially at resolutions WVGA and above.
3.2 Constraint set 1 configuration relative to Alpha anchor

BDPSNR results are most adequate to use when both anchor and test have similar bitrates but the PSNR differs, see ‎[3]. Average BDrate numbers are also shown but they have less reliability in this case than the BDPSNR numbers but give at least a good hint of the performance at fixed PSNR. The average BDPSNR for luma is computed by integration between the highest and lowest rate point using polynomials fitted to go through the PSNR values similar as in ‎[1]. The average BDrate for luma is also computed similar as in ‎[1]. Since the 5 pair of data points (PSNR,bitrate) is used a fourth order polynomial is used here. The computation of the low and high BDPSNR for luma is in accordance with ‎[2]. 
3.2.1 Class A

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Traffic_2560x1600_30_crop
	-13,86
	0,52
	0,75
	0,33

	PeopleOnStreet_2560x1600_30_crop
	-4,00
	0,22
	0,55
	-0,04


3.2.2 Class B

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Kimono1_1920x1080_24
	-20,59
	0,76
	1,13
	0,36

	ParkScene_1920x1080_24
	-10,62
	0,41
	0,71
	0,11

	Cactus_1920x1080_50
	-11,12
	0,34
	0,63
	0,06

	BQTerrace_1920x1080_60
	-12,45
	0,23
	0,43
	0,10

	BasketballDrive_1920x1080_50
	-15,76
	0,53
	0,89
	0,21


3.2.3 Class C

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	BQMall_832x480_60
	-16,24
	0,83
	1,47
	0,44

	PartyScene_832x480_50
	-16,71
	0,66
	0,88
	0,48

	RaceHorses_832x480_30
	-14,68
	0,65
	1,03
	0,34

	BasketballDrill_832x480_50
	-17,75
	0,78
	0,99
	0,66


3.2.4 Class D

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	BQSquare_416x240_60
	-8,92
	0,33
	0,58
	0,07

	RaceHorses_416x240_30
	-1,07
	0,06
	0,38
	-0,19

	BasketballPass_416x240_50
	-8,61
	0,44
	0,70
	0,20

	BlowingBubbles_416x240_50
	-9,02
	0,38
	0,48
	0,30


3.2.5 Overall

	Test Class
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Class A
	-8,93
	0,37
	0,65
	0,15

	Class B
	-14,11
	0,45
	0,76
	0,17

	Class C
	-16,34
	0,73
	1,09
	0,48

	Class D
	-6,90
	0,30
	0,53
	0,09


3.3 Constraint set 2 configuration relative to Beta anchor
3.3.1 Class B 
	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Kimono1_1920x1080_24
	-26,76
	1,08
	1,39
	0,72

	ParkScene_1920x1080_24
	-15,54
	0,59
	0,86
	0,36

	Cactus_1920x1080_50
	-18,86
	0,60
	0,90
	0,29

	BQTerrace_1920x1080_60
	-23,77
	0,50
	0,88
	0,17

	BasketballDrive_1920x1080_50
	-22,36
	0,81
	1,20
	0,46


3.3.2 Class C

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	BQMall_832x480_60
	-15,29
	0,77
	1,33
	0,38

	PartyScene_832x480_50
	-21,80
	0,87
	1,15
	0,62

	RaceHorses_832x480_30
	-5,42
	0,23
	0,55
	0,03

	BasketballDrill_832x480_50
	-12,59
	0,52
	0,64
	0,49


3.3.3 Class D

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	BQSquare_416x240_60
	-7,97
	0,28
	0,68
	-0,07

	RaceHorses_416x240_30
	3,14
	-0,15
	0,06
	-0,30

	BasketballPass_416x240_50
	-7,66
	0,38
	0,53
	0,22

	BlowingBubbles_416x240_50
	-4,55
	0,19
	0,52
	-0,07


3.3.4 Class E

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Vidyo1_1280x720_60
	-32,90
	1,50
	2,03
	0,98

	Vidyo3_1280x720_60
	-26,66
	1,16
	1,57
	0,77

	Vidyo4_1280x720_60
	-31,44
	1,29
	1,95
	0,80


3.3.5 Overall

	Test Class
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Class E
	-30,33
	1,31
	1,80
	0,87

	Class B
	-21,46
	0,72
	1,05
	0,40

	Class C
	-13,78
	0,60
	0,92
	0,38

	Class D
	-4,26
	0,18
	0,45
	-0,06


3.4 Constraint set 2 configuration relative to Gamma anchor

3.4.1 Class B

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Kimono1_1920x1080_24
	-44,39
	2,07
	2,39
	1,65

	ParkScene_1920x1080_24
	-36,28
	1,60
	1,98
	1,21

	Cactus_1920x1080_50
	-40,88
	1,56
	1,94
	1,04

	BQTerrace_1920x1080_60
	-52,74
	1,61
	2,47
	0,78

	BasketballDrive_1920x1080_50
	-39,64
	1,70
	2,31
	1,14


3.4.2 Class C

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	BQMall_832x480_60
	-34,15
	1,88
	2,53
	1,44

	PartyScene_832x480_50
	-47,02
	2,10
	2,16
	2,05

	RaceHorses_832x480_30
	-16,97
	0,71
	0,96
	0,50

	BasketballDrill_832x480_50
	-35,90
	1,70
	1,79
	1,68


3.4.3 Class D

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	BQSquare_416x240_60
	-54,09
	2,31
	2,52
	2,05

	RaceHorses_416x240_30
	-6,25
	0,31
	0,50
	0,10

	BasketballPass_416x240_50
	-21,80
	1,12
	1,16
	1,06

	BlowingBubbles_416x240_50
	-33,07
	1,53
	1,72
	1,34


3.4.4 Class E

	Sequence
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Vidyo1_1280x720_60
	-49,40
	2,61
	3,41
	1,91

	Vidyo3_1280x720_60
	-45,17
	2,35
	2,97
	1,73

	Vidyo4_1280x720_60
	-51,06
	2,54
	3,39
	1,85


3.4.5 Overall

	Test Class
	BDrate

Average
	BDPSNR

Average
	BDPSNR

Low
	BDPSNR

High

	Class E
	-48,54
	1,31
	1,80
	0,87

	Class B
	-42,79
	0,72
	1,05
	0,40

	Class C
	-33,51
	0,60
	0,92
	0,38

	Class D
	-28,80
	0,18
	0,45
	-0,06


4 Complexity analysis

4.1 Encoding time and measurement methodology

The encoder timing results for CS1 and CS2 are shown in Table 2 and Table 3 respectively. To report encoder times, internal timing within the C source code was used (clock function).
Table 2 Encoder times (in seconds) for CS1
	Sequence
	Number
	Rate
	Seconds

	Traffic_2560x1600_30_crop
	S01
	R5
	615,287

	Traffic_2560x1600_30_crop
	S01
	R4
	433,284

	Traffic_2560x1600_30_crop
	S01
	R3
	319,811

	Traffic_2560x1600_30_crop
	S01
	R2
	252,264

	Traffic_2560x1600_30_crop
	S01
	R1
	207,945

	PeopleOnStreet_2560x1600_30_crop
	S02
	R5
	559,393

	PeopleOnStreet_2560x1600_30_crop
	S02
	R4
	425,641

	PeopleOnStreet_2560x1600_30_crop
	S02
	R3
	346,908

	PeopleOnStreet_2560x1600_30_crop
	S02
	R2
	303,899

	PeopleOnStreet_2560x1600_30_crop
	S02
	R1
	268,878

	Kimono_1920x1080_24
	S03
	R5
	570,094

	Kimono_1920x1080_24
	S03
	R4
	426,326

	Kimono_1920x1080_24
	S03
	R3
	333,617

	Kimono_1920x1080_24
	S03
	R2
	263,324

	Kimono_1920x1080_24
	S03
	R1
	211,221

	Parkscene_1920x1080_24
	S04
	R5
	494,622

	Parkscene_1920x1080_24
	S04
	R4
	356,907

	Parkscene_1920x1080_24
	S04
	R3
	262,123

	Parkscene_1920x1080_24
	S04
	R2
	208,210

	Parkscene_1920x1080_24
	S04
	R1
	162,409

	Cactus_1920x1080_50
	S05
	R5
	887,004

	Cactus_1920x1080_50
	S05
	R4
	693,754

	Cactus_1920x1080_50
	S05
	R3
	564,806

	Cactus_1920x1080_50
	S05
	R2
	466,481

	Cactus_1920x1080_50
	S05
	R1
	402,178

	BasketballDrive_1920x1080_50
	S06
	R5
	983,146

	BasketballDrive_1920x1080_50
	S06
	R4
	825,666

	BasketballDrive_1920x1080_50
	S06
	R3
	676,937

	BasketballDrive_1920x1080_50
	S06
	R2
	551,952

	BasketballDrive_1920x1080_50
	S06
	R1
	454,858

	BQTerrace_1920x1080_60
	S07
	R5
	1091,206

	BQTerrace_1920x1080_60
	S07
	R4
	866,413

	BQTerrace_1920x1080_60
	S07
	R3
	704,518

	BQTerrace_1920x1080_60
	S07
	R2
	581,700

	BQTerrace_1920x1080_60
	S07
	R1
	574,852

	BasketballDrill_832x480_50
	S08
	R5
	180,505

	BasketballDrill_832x480_50
	S08
	R4
	129,805

	BasketballDrill_832x480_50
	S08
	R3
	107,014

	BasketballDrill_832x480_50
	S08
	R2
	89,512

	BasketballDrill_832x480_50
	S08
	R1
	80,385

	BQMall_832x480_60
	S09
	R5
	177,525

	BQMall_832x480_60
	S09
	R4
	128,542

	BQMall_832x480_60
	S09
	R3
	106,000

	BQMall_832x480_60
	S09
	R2
	89,854

	BQMall_832x480_60
	S09
	R1
	81,057

	PartyScene_832x480_50
	S10
	R5
	142,082

	PartyScene_832x480_50
	S10
	R4
	106,484

	PartyScene_832x480_50
	S10
	R3
	88,138

	PartyScene_832x480_50
	S10
	R2
	74,535

	PartyScene_832x480_50
	S10
	R1
	66,548

	Racehorses_832x480_30
	S11
	R5
	157,121

	Racehorses_832x480_30
	S11
	R4
	112,583

	Racehorses_832x480_30
	S11
	R3
	93,099

	Racehorses_832x480_30
	S11
	R2
	80,962

	Racehorses_832x480_30
	S11
	R1
	73,428

	BasketballPass_416x240_50
	S12
	R5
	63,859

	BasketballPass_416x240_50
	S12
	R4
	47,890

	BasketballPass_416x240_50
	S12
	R3
	38,500

	BasketballPass_416x240_50
	S12
	R2
	34,573

	BasketballPass_416x240_50
	S12
	R1
	29,579

	BQSquare_416x240_60
	S13
	R5
	77,985

	BQSquare_416x240_60
	S13
	R4
	52,529

	BQSquare_416x240_60
	S13
	R3
	39,654

	BQSquare_416x240_60
	S13
	R2
	33,211

	BQSquare_416x240_60
	S13
	R1
	24,819

	BlowingBubbles_416x240_50
	S14
	R5
	56,767

	BlowingBubbles_416x240_50
	S14
	R4
	39,265

	BlowingBubbles_416x240_50
	S14
	R3
	31,933

	BlowingBubbles_416x240_50
	S14
	R2
	28,547

	BlowingBubbles_416x240_50
	S14
	R1
	23,945

	Racehorses_416x240_30
	S15
	R5
	63,366

	Racehorses_416x240_30
	S15
	R4
	42,384

	Racehorses_416x240_30
	S15
	R3
	33,882

	Racehorses_416x240_30
	S15
	R2
	29,936

	Racehorses_416x240_30
	S15
	R1
	25,287

	Class A average
	 
	 
	373,331

	Class B average
	
	
	544,573

	Class C average
	
	
	108,259

	Class D average
	
	
	40,896

	Average
	 
	 
	271,076


Table 3 Encoder times (in seconds) for CS2
	Sequence
	Number
	Rate
	Seconds

	Kimono_1920x1080_24
	S03
	R5
	390,665

	Kimono_1920x1080_24
	S03
	R4
	324,413

	Kimono_1920x1080_24
	S03
	R3
	258,239

	Kimono_1920x1080_24
	S03
	R2
	210,192

	Kimono_1920x1080_24
	S03
	R1
	168,088

	Parkscene_1920x1080_24
	S04
	R5
	361,650

	Parkscene_1920x1080_24
	S04
	R4
	299,157

	Parkscene_1920x1080_24
	S04
	R3
	255,057

	Parkscene_1920x1080_24
	S04
	R2
	209,396

	Parkscene_1920x1080_24
	S04
	R1
	173,922

	Cactus_1920x1080_50
	S05
	R5
	650,917

	Cactus_1920x1080_50
	S05
	R4
	537,584

	Cactus_1920x1080_50
	S05
	R3
	462,322

	Cactus_1920x1080_50
	S05
	R2
	384,566

	Cactus_1920x1080_50
	S05
	R1
	326,145

	BasketballDrive_1920x1080_50
	S06
	R5
	677,327

	BasketballDrive_1920x1080_50
	S06
	R4
	555,165

	BasketballDrive_1920x1080_50
	S06
	R3
	457,713

	BasketballDrive_1920x1080_50
	S06
	R2
	375,190

	BasketballDrive_1920x1080_50
	S06
	R1
	317,752

	BQTerrace_1920x1080_60
	S07
	R5
	758,165

	BQTerrace_1920x1080_60
	S07
	R4
	641,666

	BQTerrace_1920x1080_60
	S07
	R3
	553,886

	BQTerrace_1920x1080_60
	S07
	R2
	456,496

	BQTerrace_1920x1080_60
	S07
	R1
	378,607

	BasketballDrill_832x480_50
	S08
	R5
	118,792

	BasketballDrill_832x480_50
	S08
	R4
	96,219

	BasketballDrill_832x480_50
	S08
	R3
	80,214

	BasketballDrill_832x480_50
	S08
	R2
	67,422

	BasketballDrill_832x480_50
	S08
	R1
	59,342

	BQMall_832x480_60
	S09
	R5
	130,383

	BQMall_832x480_60
	S09
	R4
	106,796

	BQMall_832x480_60
	S09
	R3
	89,449

	BQMall_832x480_60
	S09
	R2
	76,719

	BQMall_832x480_60
	S09
	R1
	67,266

	PartyScene_832x480_50
	S10
	R5
	116,436

	PartyScene_832x480_50
	S10
	R4
	95,267

	PartyScene_832x480_50
	S10
	R3
	85,081

	PartyScene_832x480_50
	S10
	R2
	74,005

	PartyScene_832x480_50
	S10
	R1
	64,505

	Racehorses_832x480_30
	S11
	R5
	95,470

	Racehorses_832x480_30
	S11
	R4
	77,749

	Racehorses_832x480_30
	S11
	R3
	65,535

	Racehorses_832x480_30
	S11
	R2
	54,833

	Racehorses_832x480_30
	S11
	R1
	48,218

	BasketballPass_416x240_50
	S12
	R5
	43,868

	BasketballPass_416x240_50
	S12
	R4
	35,362

	BasketballPass_416x240_50
	S12
	R3
	30,059

	BasketballPass_416x240_50
	S12
	R2
	27,034

	BasketballPass_416x240_50
	S12
	R1
	23,527

	BQSquare_416x240_60
	S13
	R5
	49,017

	BQSquare_416x240_60
	S13
	R4
	39,943

	BQSquare_416x240_60
	S13
	R3
	34,289

	BQSquare_416x240_60
	S13
	R2
	28,494

	BQSquare_416x240_60
	S13
	R1
	22,619

	BlowingBubbles_416x240_50
	S14
	R5
	46,674

	BlowingBubbles_416x240_50
	S14
	R4
	37,423

	BlowingBubbles_416x240_50
	S14
	R3
	32,213

	BlowingBubbles_416x240_50
	S14
	R2
	28,844

	BlowingBubbles_416x240_50
	S14
	R1
	24,913

	Racehorses_416x240_30
	S15
	R5
	34,881

	Racehorses_416x240_30
	S15
	R4
	28,875

	Racehorses_416x240_30
	S15
	R3
	24,538

	Racehorses_416x240_30
	S15
	R2
	22,354

	Racehorses_416x240_30
	S15
	R1
	19,156

	Vidyo1_1280x720_60
	S16
	R5
	184,296

	Vidyo1_1280x720_60
	S16
	R4
	141,646

	Vidyo1_1280x720_60
	S16
	R3
	114,284

	Vidyo1_1280x720_60
	S16
	R2
	101,632

	Vidyo1_1280x720_60
	S16
	R1
	87,156

	Vidyo3_1280x720_60
	S17
	R5
	165,373

	Vidyo3_1280x720_60
	S17
	R4
	131,335

	Vidyo3_1280x720_60
	S17
	R3
	106,578

	Vidyo3_1280x720_60
	S17
	R2
	94,831

	Vidyo3_1280x720_60
	S17
	R1
	82,944

	Vidyo4_1280x720_60
	S18
	R5
	177,229

	Vidyo4_1280x720_60
	S18
	R4
	139,572

	Vidyo4_1280x720_60
	S18
	R3
	114,128

	Vidyo4_1280x720_60
	S18
	R2
	100,353

	Vidyo4_1280x720_60
	S18
	R1
	87,702

	Class B average
	 
	 
	407,371

	Class C average
	
	
	83,485

	Class D average
	
	
	31,704

	Class E average
	
	
	121,937

	Average
	 
	 
	178,964


4.2 Decoding time and measurement methodology and comparison vs. anchor bitstreams decoded by JM 17.0
The decoder times for alpha anchor vs. TENTM-CS1, beta anchor vs. TENTM-CS2, and gamma anchor vs. TENTM-CS2 and are shown in Table 4, Table 5, and Table 6 respectively. To report decoder times for the JM17.0 decoder and the TENTM decoder, the time command was used running cygwin under Windows.
Table 4 Decoding times (in seconds) for JM 17.0 (alpha anchor bitstreams) and TENTM-CS1
	
	
	
	YUV output enabled
	YUV output disabled

	Sequence
	Number
	Rate
	JM17.0
	TENTM
	Ratio
	JM17.0
	TENTM
	Ratio

	Traffic_2560x1600_30_crop
	S01
	R1
	14,89
	5,88
	0,395
	14,72
	4,71
	0,320

	Traffic_2560x1600_30_crop
	S01
	R2
	15,06
	5,58
	0,371
	14,83
	4,97
	0,335

	Traffic_2560x1600_30_crop
	S01
	R3
	16,19
	6,08
	0,376
	16,08
	5,53
	0,344

	Traffic_2560x1600_30_crop
	S01
	R4
	17,51
	6,89
	0,393
	17,32
	6,66
	0,385

	Traffic_2560x1600_30_crop
	S01
	R5
	19,89
	9,03
	0,454
	19,69
	8,71
	0,442

	PeopleOnStreet_2560x1600_30_crop
	S02
	R1
	14,85
	6,08
	0,409
	14,92
	5,64
	0,378

	PeopleOnStreet_2560x1600_30_crop
	S02
	R2
	15,56
	6,66
	0,428
	15,19
	6,21
	0,409

	PeopleOnStreet_2560x1600_30_crop
	S02
	R3
	16,59
	7,09
	0,427
	16,65
	6,97
	0,419

	PeopleOnStreet_2560x1600_30_crop
	S02
	R4
	18,29
	7,76
	0,424
	17,98
	8,33
	0,463

	PeopleOnStreet_2560x1600_30_crop
	S02
	R5
	20,40
	9,28
	0,455
	20,25
	10,10
	0,499

	Kimono_1920x1080_24
	S03
	R1
	18,23
	5,61
	0,308
	18,56
	5,11
	0,275

	Kimono_1920x1080_24
	S03
	R2
	16,89
	6,42
	0,380
	16,70
	5,89
	0,353

	Kimono_1920x1080_24
	S03
	R3
	19,42
	7,03
	0,362
	19,80
	6,92
	0,349

	Kimono_1920x1080_24
	S03
	R4
	20,77
	8,44
	0,406
	20,76
	8,12
	0,391

	Kimono_1920x1080_24
	S03
	R5
	22,63
	9,23
	0,408
	22,84
	9,59
	0,420

	Parkscene_1920x1080_24
	S04
	R1
	16,16
	4,85
	0,300
	15,75
	4,04
	0,257

	Parkscene_1920x1080_24
	S04
	R2
	17,67
	4,94
	0,280
	17,30
	4,50
	0,260

	Parkscene_1920x1080_24
	S04
	R3
	19,09
	5,57
	0,292
	18,76
	5,17
	0,276

	Parkscene_1920x1080_24
	S04
	R4
	20,32
	6,05
	0,298
	19,90
	6,07
	0,305

	Parkscene_1920x1080_24
	S04
	R5
	21,51
	7,31
	0,340
	21,21
	7,32
	0,345

	Cactus_1920x1080_50
	S05
	R1
	27,53
	10,90
	0,396
	26,52
	9,07
	0,342

	Cactus_1920x1080_50
	S05
	R2
	28,47
	12,02
	0,422
	27,64
	9,85
	0,356

	Cactus_1920x1080_50
	S05
	R3
	29,99
	11,82
	0,394
	29,01
	10,83
	0,373

	Cactus_1920x1080_50
	S05
	R4
	31,96
	12,63
	0,395
	31,12
	12,17
	0,391

	Cactus_1920x1080_50
	S05
	R5
	34,97
	14,08
	0,403
	33,52
	13,45
	0,401

	BasketballDrive_1920x1080_50
	S06
	R1
	34,03
	12,05
	0,354
	33,19
	10,47
	0,315

	BasketballDrive_1920x1080_50
	S06
	R2
	36,86
	12,68
	0,344
	35,69
	11,76
	0,330

	BasketballDrive_1920x1080_50
	S06
	R3
	38,98
	13,80
	0,354
	37,73
	13,28
	0,352

	BasketballDrive_1920x1080_50
	S06
	R4
	41,02
	15,49
	0,378
	40,07
	15,26
	0,381

	BasketballDrive_1920x1080_50
	S06
	R5
	43,07
	16,78
	0,390
	42,18
	17,17
	0,407

	BQTerrace_1920x1080_60
	S07
	R1
	43,13
	14,11
	0,327
	41,91
	8,78
	0,209

	BQTerrace_1920x1080_60
	S07
	R2
	44,00
	13,44
	0,305
	42,97
	9,65
	0,225

	BQTerrace_1920x1080_60
	S07
	R3
	45,17
	14,58
	0,323
	43,78
	10,84
	0,248

	BQTerrace_1920x1080_60
	S07
	R4
	46,36
	14,77
	0,319
	44,92
	11,87
	0,264

	BQTerrace_1920x1080_60
	S07
	R5
	48,34
	15,30
	0,317
	47,00
	13,43
	0,286

	BasketballDrill_832x480_50
	S08
	R1
	4,08
	2,09
	0,512
	3,80
	1,46
	0,384

	BasketballDrill_832x480_50
	S08
	R2
	4,22
	2,10
	0,498
	4,07
	1,57
	0,386

	BasketballDrill_832x480_50
	S08
	R3
	4,53
	2,30
	0,508
	4,38
	1,84
	0,420

	BasketballDrill_832x480_50
	S08
	R4
	4,93
	2,59
	0,525
	4,72
	2,16
	0,458

	BasketballDrill_832x480_50
	S08
	R5
	5,56
	3,07
	0,552
	5,36
	2,69
	0,502

	BQMall_832x480_60
	S09
	R1
	5,94
	1,95
	0,328
	5,33
	1,52
	0,285

	BQMall_832x480_60
	S09
	R2
	5,95
	2,04
	0,343
	5,77
	1,48
	0,256

	BQMall_832x480_60
	S09
	R3
	6,39
	2,21
	0,346
	6,14
	1,66
	0,270

	BQMall_832x480_60
	S09
	R4
	6,80
	2,52
	0,371
	6,59
	1,99
	0,302

	BQMall_832x480_60
	S09
	R5
	7,39
	2,91
	0,394
	7,11
	2,32
	0,326

	PartyScene_832x480_50
	S10
	R1
	4,71
	1,84
	0,391
	4,47
	1,18
	0,264

	PartyScene_832x480_50
	S10
	R2
	5,10
	1,80
	0,353
	4,88
	1,29
	0,264

	PartyScene_832x480_50
	S10
	R3
	5,50
	1,87
	0,340
	5,25
	1,49
	0,284

	PartyScene_832x480_50
	S10
	R4
	5,95
	2,15
	0,361
	5,80
	1,66
	0,286

	PartyScene_832x480_50
	S10
	R5
	6,53
	2,41
	0,369
	6,36
	2,01
	0,316

	Racehorses_832x480_30
	S11
	R1
	3,41
	1,29
	0,378
	3,26
	1,04
	0,319

	Racehorses_832x480_30
	S11
	R2
	3,76
	1,48
	0,394
	3,57
	1,15
	0,322

	Racehorses_832x480_30
	S11
	R3
	3,99
	1,52
	0,381
	3,83
	1,31
	0,342

	Racehorses_832x480_30
	S11
	R4
	4,29
	1,77
	0,413
	4,21
	1,51
	0,359

	Racehorses_832x480_30
	S11
	R5
	4,82
	2,10
	0,436
	4,68
	1,77
	0,378

	BasketballPass_416x240_50
	S12
	R1
	1,31
	0,62
	0,473
	1,26
	0,59
	0,468

	BasketballPass_416x240_50
	S12
	R2
	1,45
	0,68
	0,469
	1,38
	0,68
	0,493

	BasketballPass_416x240_50
	S12
	R3
	1,57
	0,74
	0,471
	1,51
	0,74
	0,490

	BasketballPass_416x240_50
	S12
	R4
	1,76
	0,82
	0,466
	1,68
	0,88
	0,524

	BasketballPass_416x240_50
	S12
	R5
	2,09
	0,96
	0,459
	2,04
	1,06
	0,520

	BQSquare_416x240_60
	S13
	R1
	1,71
	0,56
	0,327
	1,65
	0,51
	0,309

	BQSquare_416x240_60
	S13
	R2
	1,82
	0,67
	0,368
	1,80
	0,59
	0,328

	BQSquare_416x240_60
	S13
	R3
	1,93
	0,71
	0,368
	1,95
	0,65
	0,333

	BQSquare_416x240_60
	S13
	R4
	2,15
	0,82
	0,381
	2,12
	0,81
	0,382

	BQSquare_416x240_60
	S13
	R5
	2,57
	0,98
	0,381
	2,46
	1,04
	0,423

	BlowingBubbles_416x240_50
	S14
	R1
	1,23
	0,57
	0,463
	1,18
	0,51
	0,432

	BlowingBubbles_416x240_50
	S14
	R2
	1,40
	0,60
	0,429
	1,31
	0,56
	0,427

	BlowingBubbles_416x240_50
	S14
	R3
	1,46
	0,64
	0,438
	1,37
	0,62
	0,453

	BlowingBubbles_416x240_50
	S14
	R4
	1,65
	0,73
	0,442
	1,62
	0,74
	0,457

	BlowingBubbles_416x240_50
	S14
	R5
	2,04
	0,96
	0,471
	2,01
	0,93
	0,463

	Racehorses_416x240_30
	S15
	R1
	1,06
	0,51
	0,481
	0,98
	0,46
	0,469

	Racehorses_416x240_30
	S15
	R2
	1,12
	0,49
	0,438
	1,12
	0,54
	0,482

	Racehorses_416x240_30
	S15
	R3
	1,29
	0,59
	0,457
	1,23
	0,59
	0,480

	Racehorses_416x240_30
	S15
	R4
	1,46
	0,60
	0,411
	1,37
	0,68
	0,496

	Racehorses_416x240_30
	S15
	R5
	1,74
	0,76
	0,437
	1,68
	0,82
	0,488

	Class A average
	 
	 
	16,923
	7,033
	0,416
	16,763
	6,783
	0,405

	Class B average
	
	 
	30,663
	10,796
	0,352
	29,953
	9,624
	0,321

	Class C average
	
	 
	5,193
	2,101
	0,405
	4,979
	1,655
	0,332

	Class D average
	
	 
	1,641
	0,701
	0,427
	1,586
	0,700
	0,441

	Average
	
	 
	14,299
	5,283
	0,369
	13,970
	4,741
	0,339

	Total (minutes)
	 
	 
	17,874
	6,604
	 
	17,463
	5,926
	 


Table 5 Decoding times (in seconds) for JM 17.0 (beta anchor bitstreams) and TENTM-CS2

	
	
	
	YUV output enabled
	YUV output disabled

	Sequence
	Number
	Rate
	JM17.0
	TENTM
	Ratio
	JM17.0
	TENTM
	Ratio

	Kimono_1920x1080_24
	S03
	R1
	13,49
	6,53
	0,484
	12,65
	5,60
	0,443

	Kimono_1920x1080_24
	S03
	R2
	14,66
	6,67
	0,455
	14,18
	6,40
	0,451

	Kimono_1920x1080_24
	S03
	R3
	15,83
	7,55
	0,477
	15,28
	7,13
	0,467

	Kimono_1920x1080_24
	S03
	R4
	17,26
	8,22
	0,476
	16,67
	8,05
	0,483

	Kimono_1920x1080_24
	S03
	R5
	18,64
	8,59
	0,461
	18,17
	8,96
	0,493

	Parkscene_1920x1080_24
	S04
	R1
	12,24
	4,85
	0,396
	11,90
	4,02
	0,338

	Parkscene_1920x1080_24
	S04
	R2
	13,94
	4,94
	0,354
	13,33
	4,53
	0,340

	Parkscene_1920x1080_24
	S04
	R3
	15,38
	5,47
	0,356
	14,75
	5,19
	0,352

	Parkscene_1920x1080_24
	S04
	R4
	16,72
	6,00
	0,359
	16,13
	6,13
	0,380

	Parkscene_1920x1080_24
	S04
	R5
	18,34
	6,75
	0,368
	17,86
	7,09
	0,397

	Cactus_1920x1080_50
	S05
	R1
	22,13
	11,26
	0,509
	21,02
	10,07
	0,479

	Cactus_1920x1080_50
	S05
	R2
	24,46
	12,10
	0,495
	23,49
	11,06
	0,471

	Cactus_1920x1080_50
	S05
	R3
	26,20
	12,80
	0,489
	25,14
	12,06
	0,480

	Cactus_1920x1080_50
	S05
	R4
	28,01
	13,60
	0,486
	27,06
	13,15
	0,486

	Cactus_1920x1080_50
	S05
	R5
	30,52
	14,22
	0,466
	29,43
	14,35
	0,488

	BasketballDrive_1920x1080_50
	S06
	R1
	25,42
	13,15
	0,517
	24,46
	11,33
	0,463

	BasketballDrive_1920x1080_50
	S06
	R2
	28,11
	13,97
	0,497
	27,15
	12,92
	0,476

	BasketballDrive_1920x1080_50
	S06
	R3
	31,55
	15,22
	0,482
	30,62
	14,73
	0,481

	BasketballDrive_1920x1080_50
	S06
	R4
	34,35
	16,72
	0,487
	33,11
	16,62
	0,502

	BasketballDrive_1920x1080_50
	S06
	R5
	36,41
	17,83
	0,490
	35,33
	18,07
	0,511

	BQTerrace_1920x1080_60
	S07
	R1
	31,91
	13,05
	0,409
	30,24
	8,85
	0,293

	BQTerrace_1920x1080_60
	S07
	R2
	33,44
	13,99
	0,418
	32,12
	10,05
	0,313

	BQTerrace_1920x1080_60
	S07
	R3
	35,22
	13,96
	0,396
	33,88
	10,49
	0,310

	BQTerrace_1920x1080_60
	S07
	R4
	37,84
	14,29
	0,378
	36,53
	11,71
	0,321

	BQTerrace_1920x1080_60
	S07
	R5
	40,71
	14,46
	0,355
	39,32
	12,80
	0,326

	BasketballDrill_832x480_50
	S08
	R1
	3,43
	2,24
	0,653
	2,93
	1,65
	0,563

	BasketballDrill_832x480_50
	S08
	R2
	3,30
	2,21
	0,670
	3,16
	1,91
	0,604

	BasketballDrill_832x480_50
	S08
	R3
	3,74
	2,66
	0,711
	3,52
	2,23
	0,634

	BasketballDrill_832x480_50
	S08
	R4
	4,29
	3,07
	0,716
	4,11
	2,58
	0,628

	BasketballDrill_832x480_50
	S08
	R5
	5,08
	3,36
	0,661
	4,93
	2,98
	0,604

	BQMall_832x480_60
	S09
	R1
	4,58
	1,95
	0,426
	3,96
	1,46
	0,369

	BQMall_832x480_60
	S09
	R2
	4,43
	2,05
	0,463
	4,29
	1,59
	0,371

	BQMall_832x480_60
	S09
	R3
	4,97
	2,35
	0,473
	4,74
	1,82
	0,384

	BQMall_832x480_60
	S09
	R4
	5,47
	2,46
	0,450
	5,33
	2,02
	0,379

	BQMall_832x480_60
	S09
	R5
	6,31
	2,83
	0,448
	6,06
	2,35
	0,388

	PartyScene_832x480_50
	S10
	R1
	3,43
	1,88
	0,548
	3,27
	1,38
	0,422

	PartyScene_832x480_50
	S10
	R2
	3,91
	2,10
	0,537
	3,68
	1,46
	0,397

	PartyScene_832x480_50
	S10
	R3
	4,46
	2,07
	0,464
	4,35
	1,65
	0,379

	PartyScene_832x480_50
	S10
	R4
	5,13
	2,18
	0,425
	4,97
	1,82
	0,366

	PartyScene_832x480_50
	S10
	R5
	6,06
	2,41
	0,398
	5,83
	2,10
	0,360

	Racehorses_832x480_30
	S11
	R1
	2,82
	1,42
	0,504
	2,65
	1,17
	0,442

	Racehorses_832x480_30
	S11
	R2
	2,96
	1,52
	0,514
	2,93
	1,34
	0,457

	Racehorses_832x480_30
	S11
	R3
	3,36
	1,65
	0,491
	3,21
	1,49
	0,464

	Racehorses_832x480_30
	S11
	R4
	3,94
	1,79
	0,454
	3,72
	1,70
	0,457

	Racehorses_832x480_30
	S11
	R5
	4,57
	1,99
	0,435
	4,35
	1,85
	0,425

	BasketballPass_416x240_50
	S12
	R1
	1,13
	0,65
	0,575
	1,09
	0,62
	0,569

	BasketballPass_416x240_50
	S12
	R2
	1,29
	0,68
	0,527
	1,26
	0,70
	0,556

	BasketballPass_416x240_50
	S12
	R3
	1,40
	0,73
	0,521
	1,37
	0,74
	0,540

	BasketballPass_416x240_50
	S12
	R4
	1,70
	0,79
	0,465
	1,57
	0,87
	0,554

	BasketballPass_416x240_50
	S12
	R5
	2,01
	0,92
	0,458
	1,98
	0,99
	0,500

	BQSquare_416x240_60
	S13
	R1
	1,40
	0,57
	0,407
	1,32
	0,51
	0,386

	BQSquare_416x240_60
	S13
	R2
	1,56
	0,60
	0,385
	1,48
	0,60
	0,405

	BQSquare_416x240_60
	S13
	R3
	1,66
	0,62
	0,373
	1,56
	0,67
	0,429

	BQSquare_416x240_60
	S13
	R4
	1,96
	0,70
	0,357
	1,87
	0,73
	0,390

	BQSquare_416x240_60
	S13
	R5
	2,37
	0,82
	0,346
	2,30
	0,88
	0,383

	BlowingBubbles_416x240_50
	S14
	R1
	1,18
	0,56
	0,475
	1,09
	0,54
	0,495

	BlowingBubbles_416x240_50
	S14
	R2
	1,29
	0,62
	0,481
	1,26
	0,59
	0,468

	BlowingBubbles_416x240_50
	S14
	R3
	1,42
	0,67
	0,472
	1,35
	0,67
	0,496

	BlowingBubbles_416x240_50
	S14
	R4
	1,76
	0,71
	0,403
	1,62
	0,76
	0,469

	BlowingBubbles_416x240_50
	S14
	R5
	2,15
	0,82
	0,381
	2,07
	0,92
	0,444

	Racehorses_416x240_30
	S15
	R1
	0,93
	0,48
	0,516
	0,93
	0,48
	0,516

	Racehorses_416x240_30
	S15
	R2
	1,04
	0,49
	0,471
	1,04
	0,53
	0,510

	Racehorses_416x240_30
	S15
	R3
	1,15
	0,53
	0,461
	1,17
	0,62
	0,530

	Racehorses_416x240_30
	S15
	R4
	1,40
	0,59
	0,421
	1,37
	0,67
	0,489

	Racehorses_416x240_30
	S15
	R5
	1,68
	0,68
	0,405
	1,70
	0,78
	0,459

	Vidyo1_1280x720_60
	S16
	R1
	6,39
	3,68
	0,576
	5,88
	2,38
	0,405

	Vidyo1_1280x720_60
	S16
	R2
	7,14
	3,63
	0,508
	6,47
	2,46
	0,380

	Vidyo1_1280x720_60
	S16
	R3
	7,28
	4,44
	0,610
	6,75
	2,65
	0,393

	Vidyo1_1280x720_60
	S16
	R4
	7,89
	4,27
	0,541
	7,42
	3,02
	0,407

	Vidyo1_1280x720_60
	S16
	R5
	8,90
	4,74
	0,533
	8,42
	3,41
	0,405

	Vidyo3_1280x720_60
	S17
	R1
	6,44
	3,58
	0,556
	5,86
	2,13
	0,363

	Vidyo3_1280x720_60
	S17
	R2
	6,84
	3,54
	0,518
	6,24
	2,29
	0,367

	Vidyo3_1280x720_60
	S17
	R3
	7,69
	3,77
	0,490
	6,69
	2,49
	0,372

	Vidyo3_1280x720_60
	S17
	R4
	7,89
	4,32
	0,548
	7,22
	2,82
	0,391

	Vidyo3_1280x720_60
	S17
	R5
	9,01
	4,47
	0,496
	8,37
	3,24
	0,387

	Vidyo4_1280x720_60
	S18
	R1
	6,78
	3,74
	0,552
	6,17
	2,30
	0,373

	Vidyo4_1280x720_60
	S18
	R2
	7,09
	3,79
	0,535
	6,61
	2,57
	0,389

	Vidyo4_1280x720_60
	S18
	R3
	7,50
	4,10
	0,547
	6,91
	2,71
	0,392

	Vidyo4_1280x720_60
	S18
	R4
	8,03
	4,33
	0,539
	7,64
	2,98
	0,390

	Vidyo4_1280x720_60
	S18
	R5
	9,01
	4,66
	0,517
	8,51
	3,37
	0,396

	Class B average
	 
	 
	24,054
	11,048
	0,459
	23,163
	10,054
	0,434

	Class C average
	
	
	4,097
	2,210
	0,539
	3,913
	1,828
	0,467

	Class D average
	
	
	1,524
	0,662
	0,434
	1,470
	0,694
	0,472

	Class E average
	
	
	7,592
	4,071
	0,536
	7,011
	2,721
	0,388

	Average
	
	
	10,667
	4,933
	0,462
	10,205
	4,283
	0,420

	Total (minutes)
	 
	 
	14,223
	6,578
	 
	13,606
	5,710
	 


Table 6 Decoding times (in seconds) for JM 17.0 (gamma anchor bitstreams) and TENTM-CS2
	
	
	
	YUV output enabled
	YUV output disabled

	Sequence
	Number
	Rate
	JM17.0
	TENTM
	Ratio
	JM17.0
	TENTM
	Ratio

	Kimono_1920x1080_24
	S03
	R1
	13,32
	6,53
	0,490
	12,35
	5,60
	0,453

	Kimono_1920x1080_24
	S03
	R2
	14,08
	6,67
	0,474
	13,44
	6,40
	0,476

	Kimono_1920x1080_24
	S03
	R3
	15,16
	7,55
	0,498
	14,50
	7,13
	0,492

	Kimono_1920x1080_24
	S03
	R4
	16,59
	8,22
	0,495
	15,97
	8,05
	0,504

	Kimono_1920x1080_24
	S03
	R5
	18,03
	8,59
	0,476
	18,12
	8,96
	0,494

	Parkscene_1920x1080_24
	S04
	R1
	11,77
	4,85
	0,412
	11,31
	4,02
	0,355

	Parkscene_1920x1080_24
	S04
	R2
	13,18
	4,94
	0,375
	12,65
	4,53
	0,358

	Parkscene_1920x1080_24
	S04
	R3
	14,41
	5,47
	0,380
	13,94
	5,19
	0,372

	Parkscene_1920x1080_24
	S04
	R4
	15,89
	6,00
	0,378
	15,53
	6,13
	0,395

	Parkscene_1920x1080_24
	S04
	R5
	17,69
	6,75
	0,382
	17,19
	7,09
	0,412

	Cactus_1920x1080_50
	S05
	R1
	21,52
	11,26
	0,523
	20,60
	10,07
	0,489

	Cactus_1920x1080_50
	S05
	R2
	23,22
	12,10
	0,521
	22,10
	11,06
	0,500

	Cactus_1920x1080_50
	S05
	R3
	24,75
	12,80
	0,517
	23,85
	12,06
	0,506

	Cactus_1920x1080_50
	S05
	R4
	27,08
	13,60
	0,502
	25,80
	13,15
	0,510

	Cactus_1920x1080_50
	S05
	R5
	28,81
	14,22
	0,494
	27,90
	14,35
	0,514

	BasketballDrive_1920x1080_50
	S06
	R1
	24,33
	13,15
	0,540
	23,35
	11,33
	0,485

	BasketballDrive_1920x1080_50
	S06
	R2
	27,01
	13,97
	0,517
	25,91
	12,92
	0,499

	BasketballDrive_1920x1080_50
	S06
	R3
	29,23
	15,22
	0,521
	28,08
	14,73
	0,525

	BasketballDrive_1920x1080_50
	S06
	R4
	31,66
	16,72
	0,528
	30,62
	16,62
	0,543

	BasketballDrive_1920x1080_50
	S06
	R5
	33,97
	17,83
	0,525
	32,94
	18,07
	0,549

	BQTerrace_1920x1080_60
	S07
	R1
	30,04
	13,05
	0,434
	28,84
	8,85
	0,307

	BQTerrace_1920x1080_60
	S07
	R2
	31,77
	13,99
	0,440
	30,28
	10,05
	0,332

	BQTerrace_1920x1080_60
	S07
	R3
	33,43
	13,96
	0,418
	32,01
	10,49
	0,328

	BQTerrace_1920x1080_60
	S07
	R4
	35,75
	14,29
	0,400
	34,19
	11,71
	0,342

	BQTerrace_1920x1080_60
	S07
	R5
	38,22
	14,46
	0,378
	36,55
	12,80
	0,350

	BasketballDrill_832x480_50
	S08
	R1
	3,07
	2,24
	0,730
	2,74
	1,65
	0,602

	BasketballDrill_832x480_50
	S08
	R2
	3,24
	2,21
	0,682
	2,99
	1,91
	0,639

	BasketballDrill_832x480_50
	S08
	R3
	3,46
	2,66
	0,769
	3,24
	2,23
	0,688

	BasketballDrill_832x480_50
	S08
	R4
	3,91
	3,07
	0,785
	3,71
	2,58
	0,695

	BasketballDrill_832x480_50
	S08
	R5
	4,57
	3,36
	0,735
	4,35
	2,98
	0,685

	BQMall_832x480_60
	S09
	R1
	4,04
	1,95
	0,483
	3,82
	1,46
	0,382

	BQMall_832x480_60
	S09
	R2
	4,27
	2,05
	0,480
	4,08
	1,59
	0,390

	BQMall_832x480_60
	S09
	R3
	4,75
	2,35
	0,495
	4,39
	1,82
	0,415

	BQMall_832x480_60
	S09
	R4
	5,07
	2,46
	0,485
	4,78
	2,02
	0,423

	BQMall_832x480_60
	S09
	R5
	5,71
	2,83
	0,496
	5,49
	2,35
	0,428

	PartyScene_832x480_50
	S10
	R1
	3,13
	1,88
	0,601
	2,93
	1,38
	0,471

	PartyScene_832x480_50
	S10
	R2
	3,63
	2,10
	0,579
	3,43
	1,46
	0,426

	PartyScene_832x480_50
	S10
	R3
	4,36
	2,07
	0,475
	4,04
	1,65
	0,408

	PartyScene_832x480_50
	S10
	R4
	5,21
	2,18
	0,418
	4,61
	1,82
	0,395

	PartyScene_832x480_50
	S10
	R5
	5,49
	2,41
	0,439
	5,35
	2,10
	0,393

	Racehorses_832x480_30
	S11
	R1
	2,60
	1,42
	0,546
	2,41
	1,17
	0,485

	Racehorses_832x480_30
	S11
	R2
	2,77
	1,52
	0,549
	2,73
	1,34
	0,491

	Racehorses_832x480_30
	S11
	R3
	3,18
	1,65
	0,519
	3,05
	1,49
	0,489

	Racehorses_832x480_30
	S11
	R4
	3,51
	1,79
	0,510
	3,40
	1,70
	0,500

	Racehorses_832x480_30
	S11
	R5
	4,02
	1,99
	0,495
	3,91
	1,85
	0,473

	BasketballPass_416x240_50
	S12
	R1
	1,20
	0,65
	0,542
	1,03
	0,62
	0,602

	BasketballPass_416x240_50
	S12
	R2
	1,17
	0,68
	0,581
	1,12
	0,70
	0,625

	BasketballPass_416x240_50
	S12
	R3
	1,24
	0,73
	0,589
	1,17
	0,74
	0,632

	BasketballPass_416x240_50
	S12
	R4
	1,48
	0,79
	0,534
	1,40
	0,87
	0,621

	BasketballPass_416x240_50
	S12
	R5
	1,76
	0,92
	0,523
	1,68
	0,99
	0,589

	BQSquare_416x240_60
	S13
	R1
	1,35
	0,57
	0,422
	1,27
	0,51
	0,402

	BQSquare_416x240_60
	S13
	R2
	1,45
	0,60
	0,414
	1,37
	0,60
	0,438

	BQSquare_416x240_60
	S13
	R3
	1,57
	0,62
	0,395
	1,48
	0,67
	0,453

	BQSquare_416x240_60
	S13
	R4
	1,74
	0,70
	0,402
	1,71
	0,73
	0,427

	BQSquare_416x240_60
	S13
	R5
	2,10
	0,82
	0,390
	2,01
	0,88
	0,438

	BlowingBubbles_416x240_50
	S14
	R1
	1,03
	0,56
	0,544
	0,99
	0,54
	0,545

	BlowingBubbles_416x240_50
	S14
	R2
	1,10
	0,62
	0,564
	1,10
	0,59
	0,536

	BlowingBubbles_416x240_50
	S14
	R3
	1,29
	0,67
	0,519
	1,21
	0,67
	0,554

	BlowingBubbles_416x240_50
	S14
	R4
	1,48
	0,71
	0,480
	1,40
	0,76
	0,543

	BlowingBubbles_416x240_50
	S14
	R5
	1,77
	0,82
	0,463
	1,76
	0,92
	0,523

	Racehorses_416x240_30
	S15
	R1
	0,87
	0,48
	0,552
	0,84
	0,48
	0,571

	Racehorses_416x240_30
	S15
	R2
	0,95
	0,49
	0,516
	0,96
	0,53
	0,552

	Racehorses_416x240_30
	S15
	R3
	1,10
	0,53
	0,482
	0,98
	0,62
	0,633

	Racehorses_416x240_30
	S15
	R4
	1,28
	0,59
	0,461
	1,24
	0,67
	0,540

	Racehorses_416x240_30
	S15
	R5
	1,52
	0,68
	0,447
	1,51
	0,78
	0,517

	Vidyo1_1280x720_60
	S16
	R1
	6,39
	3,68
	0,576
	5,94
	2,38
	0,401

	Vidyo1_1280x720_60
	S16
	R2
	7,00
	3,63
	0,519
	6,42
	2,46
	0,383

	Vidyo1_1280x720_60
	S16
	R3
	7,30
	4,44
	0,608
	6,74
	2,65
	0,393

	Vidyo1_1280x720_60
	S16
	R4
	7,91
	4,27
	0,540
	7,37
	3,02
	0,410

	Vidyo1_1280x720_60
	S16
	R5
	8,98
	4,74
	0,528
	8,33
	3,41
	0,409

	Vidyo3_1280x720_60
	S17
	R1
	6,55
	3,58
	0,547
	5,92
	2,13
	0,360

	Vidyo3_1280x720_60
	S17
	R2
	6,84
	3,54
	0,518
	6,28
	2,29
	0,365

	Vidyo3_1280x720_60
	S17
	R3
	7,16
	3,77
	0,527
	6,50
	2,49
	0,383

	Vidyo3_1280x720_60
	S17
	R4
	7,80
	4,32
	0,554
	7,11
	2,82
	0,397

	Vidyo3_1280x720_60
	S17
	R5
	8,51
	4,47
	0,525
	8,00
	3,24
	0,405

	Vidyo4_1280x720_60
	S18
	R1
	6,67
	3,74
	0,561
	6,10
	2,30
	0,377

	Vidyo4_1280x720_60
	S18
	R2
	7,02
	3,79
	0,540
	6,50
	2,57
	0,395

	Vidyo4_1280x720_60
	S18
	R3
	7,31
	4,10
	0,561
	6,78
	2,71
	0,400

	Vidyo4_1280x720_60
	S18
	R4
	8,33
	4,33
	0,520
	7,37
	2,98
	0,404

	Vidyo4_1280x720_60
	S18
	R5
	8,76
	4,66
	0,532
	8,20
	3,37
	0,411

	Class B average
	 
	 
	22,793
	11,048
	0,485
	21,918
	10,054
	0,459

	Class C average
	
	
	3,803
	2,210
	0,581
	3,594
	1,828
	0,509

	Class D average
	
	
	1,373
	0,662
	0,482
	1,312
	0,694
	0,529

	Class E average
	
	
	7,502
	4,071
	0,543
	6,904
	2,721
	0,394

	Average
	
	
	10,136
	4,933
	0,487
	9,666
	4,283
	0,443

	Total (minutes)
	 
	 
	13,515
	6,578
	 
	12,888
	5,710
	 


4.3 Description of computing platform used to determine encoding and decoding times reported in sections ‎4.1 and ‎4.2
Encoding/decoding time for each sequence/rate point is measured using a single core on the following platform:

· OS: 


Windows 7, 64 bit

· Processor:

Intel Core i5 670 @ 3,47 GHz

· Cache:

L1 Data: 
2x32 KBytes

L1 Inst.: 
2x32 KBytes

L2:

2x256 Kbytes

L3:

4 Mbytes

· RAM:

DDR3, 6MB

· Compiler:

Intel(R) C++ Compiler Professional Edition 11.1

4.4 Expected memory usage of encoder

The minimum requirement is mainly given by the number of reference frames (2) plus the reconstructed frame. Depending on the preferred CPU/memory/compression tradeoffs one might choose to pre-compute the result of quarter pixel interpolation and/or use estimated interpolation during ME.
4.5 Expected memory usage of decoder

The minimum requirement is mainly given by the number of reference frames (2) plus the reconstructed frame. We expect most implementations to do quarter pixel interpolations on-the-fly implying no significant contribution to memory requirements from the quarter pixel interpolation.
4.6 Complexity characteristics of encoder motion estimation and motion segmentation selection

For each MB, motion estimation is done independently for each:

· reference frame (0 and 1)

· MV partition (16x16, 16x8, 8x16, 8x8)

For each combination of the above, ME is performed as follows:

· Full integer search (16x4) on reference frame 0 for 16x16 MV partition. For CS1, this search window scales with the prediction distance for P frames.

· Candidate integer search among 4 MV candidates

· Diamond search with adaptive number of layers. Less than 3 layers is used in most cases.

· Half-pixel search among 8 candidates

· Quarter-pixel search among 9 candidates

· For the 9 innermost quarter pixel positions, the half-pixel and quarter-pixel search is repeated for the separable interpolation filter.

Two early exit techniques for good complexity/compression trade-offs are used:

· Early skip exit based on residual of skip MV residual.

· If small MV partitions provide identical MVs, don’t do ME for larger MV partitions.  
4.7 Complexity characteristics of decoder motion compensation

The worst case complexity of TENTM interpolation is the same as H.264/AVC interpolation (due to the 6x6 separable filters), whereas average interpolation complexity of TENTM is less than H.264/AVC (due to DIF). 6x6 separable filters are disabled for high resolution sequences at low bitrates, making the worst case interpolation complexity of TENTM lower than that of H.264/AVC.

The memory bandwidth due to motion compensation is less in TENTM than in H.264/AVC. This is because motion partitions smaller than 8x8 are not used.

The interpolation complexity for B pictures is less in TENTM than in H.264/AVC as the SKIP and DIRECT modes use motion vectors rounded to integer. In addition, since temporal DIRECT mode is not utilizied, the memory requirement for TENTM is somewhat less than in H.264/AVC.
4.8 Complexity characteristics of encoder intra-frame prediction type selection

4x4 transform:
Less prediction modes (6) than H.264/AVC.

8x8 transform:
Higher than H.264/AVC due to the additional prediction directions. However, TENTM encoder uses SAD based decision for P&B pictures instead of RDO and same coding efficiency is observed, making the additional complexity negligible. 

16x16 transform:
Similar to H.264/AVC. 

Intra prediction mode selection is done as follows:

· RDO-based for I pictures

· SAD-based for P&B pictures
4.9 Complexity characteristics of decoder intra-frame prediction operation

Similar to H.264/AVC.
4.10 Complexity characteristics of encoder transforms and transform type selection

The transform size selection is RDO-based. Only macroblocks of size 16x16 have more than one transform size (16x16, 8x8, and 4x4).

The complexity of the larger transform sizes (>= 16x16) is significantly reduced by using only the 8 basis vectors in each dimension. This means that the number of multiply/adds per pixel (horizontal plus vertical) for the various transform sizes (without exploiting symmetry properties) can be expressed as follows: 

4x4 transform:
(4*4*4 + 4*4*4)/(4x4) = 8

8x8 transform:
(8*8*8  + 8*8*8)/(8x8) = 16

16x16 transform:
(8*16*16 + 8*8*16)/(16*16) = 12

32x32 transform:
(8*32*32 + 8*8*32)/(32*32) = 10

64x64 transform:
(8*64*64 + 8*8*64)/(64x64) = 9

This implies that for the larger transform sizes (>8x8), the number of operations per pixel decreases with the transform size.

The transforms (and inverse transforms) have been designed with appropriate shift between the first and second pass. Together with appropriate scaling in the inverse quantization, this ensures that all intermediate and output values can be represented with 16 bit resolution. 
4.11 Complexity characteristics of decoder inverse transform operation

Same as for the forward transform.
4.12 Complexity characteristics of encoder quantization and quantization type selection

RDOQ is used for quantization. The choice of representation level is done on a sample-by-sample basis without any delayed decision trellis-like decisions. This implies that the only additional complexity as compared to traditional quantization is the determination of number of bits, and evaluation of the Lagrangian cost function.
4.13 Complexity characteristics of decoder inverse quantization

This is a simple multiplication with a QP-dependent scale factor for each non-zero coefficient.
4.14 Complexity characteristics of encoder in-loop filtering type selection

There is no frame- or macroblock-level decision between different in-loop filter types.
4.15 Complexity characteristics of decoder in-loop filtering operation

In-loop filtering is similar to the H.264/AVC deblocking filter in structure, but with significantly lower computational complexity. There are two reasons for this:

1) No filtering is done on 4x4 block edges inside an 8x8 block. 

2) The decision on whether to apply filtering or not (similar to computation of the filterSamplesFlag in H.264/AVC) is performed once for each 8x8 block edge rather than once for each row/column.  
4.16 Complexity characteristics of encoder entropy coding type selection

There is no selection between different entropy coding types.
4.17 Complexity characteristics of decoder entropy decoding operation

Entropy decoding of transform coefficients is lower than CAVLC in H.264/AVC. This is because TENTM algorithm requires less branching (if-elseif-else) than CAVLC, and uses a higher degree of repetitive operations when going through the 1D scan of transform coefficients.
4.18 Degree of capability for encoder parallel processing
This is similar to H.264/AVC JM encoder used to generate gamma anchor.
4.19  Degree of capability for decoder parallel processing

This is similar or slightly better than H.264/AVC Baseline Profile. Frame-level parallelism can be achieved by breaking dependencies between macroblocks. 

For inter macroblocks, MB-level parallelism can be achieve by processing transform blocks of size 4x4 and 8x8 in parallel.

The in-loop deblocking filter is easier to parallelize as the deblocking filter does not process 4x4 block edges (no pixel values across the edges overlaps). 

Since arithmetic coding is not utilized, TENTM does not suffer from the parallelism issues associated with CABAC. 
4.20 Non-normative encoder complexity issues
In terms of reference frames and multi- vs. single pass, the encoder complexity is closer to the gamma anchor than to the beta anchor, since only single-pass and 2 reference frames is used.
5 Algorithmic characteristics

5.1 Random access characteristics

CS1 bitstreams: Random access is supported by intra frames that are inserted with the same intervals as in the alpha anchor.

CS2 bitstreams. There is no random access. Decoding from the first frame is necessary.
5.2 Delay characteristics

Frame reordering is used within the limitations of the CfP for CS1 and CS2 respectively.

Since frame-level multipass is not used, the encoding delay for CS2 is limited by the size of the largest macroblock size. This means that the encoder can start transmitting bits after having received 64 pixel rows from the input device.

For use of HQR frames (see Section 2.l), there is some additional delay due to bitrate fluctuations. This can be reduced significantly applying HQR at different frames for the top and bottom half of each frame (see Figure 14). In the CfP bitstream submission we choose not to use this technique due to the static QP requirement of the CfP.  


[image: image15]
6 Software implementation description

TENTM is implemented using clean ANSI-C programming language, without any low level optimizations.
7 Highlighted aspects discussion

8 Closing remarks

Several contributions have been made earlier arguing a need for i) significant improvement in coding efficiency, ii) a low complexity operating point (with complexity not higher than H.264/AVC Baseline Profile) with high coding efficiency and iii) faster standardization for the low complexity operating point‎[4]

 REF _Ref258328028 \r \h 
‎[5]

 REF _Ref258328029 \r \h 
‎[6]

 REF _Ref258328031 \r \h 
‎[7]

 REF _Ref258328032 \r \h 
‎[8]

 REF _Ref258328033 \r \h 
‎[9]. TENTM was designed to fulfill these requirements.

We believe TENTM is a good candidate for standardization of both a low complexity operating point and a high coding efficiency operating point, due to its clean and low-complexity design.
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Figure � SEQ Figure \* ARABIC �1� Illustration of prediction possibilities of a frame with hierarchical 7 B frame coding
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Figure � SEQ Figure \* ARABIC �5� 4x4 and 8x8 transforms





Figure � SEQ Figure \* ARABIC �10� Update of inverse sorting table - example





Figure � SEQ Figure \* ARABIC �9� VLC decoding process





Figure � SEQ Figure \* ARABIC �8� VLC encoding process
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Figure � SEQ Figure \* ARABIC �11� Scan order to support large macroblocks.





Figure � SEQ Figure \* ARABIC �12� Possible combinations of various macroblock sizes.
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Figure � SEQ Figure \* ARABIC �13� Prediction structure with High Quality Reference (HQR) Frames. The arrows indicate that the choice between inter prediction from the most recent frame (short arrow) and from a HQR frame (long arrow) is possible on MB level. For HQR  and I pictures, SSD based cost function is used in mode decision and for P pictures SAD based cost function is used.
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Figure � SEQ Figure \* ARABIC �14� Reduced delay HQR
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