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1. Introduction
In a scalable video coding, down and up samplings of video sequences are incorporated for spatial scalability. The rate-distortion performance of spatial scalable video coding directly depends on the down and up sampling methods used in the encoder and decoder. A new up-sampling method is proposed for SVC. Also a new down-sampling method that can be efficiently matched with the proposed up-sampling method is developed. The main idea is derived from the DCT domain down/up-sampling scheme, which is efficiently derived from combination of the forward and backward DCT kernels. Current down/up-sampling filters of SVC have no phase-shift after employment of filters. Typical down-sampling from YUV444 to YUV420 suffers half-pel shift. Therefore we propose two down/up sampling methods, which should be used appropriately in the encoder and decoder of SVC. First, we propose down/up-sampling filters derived from the type-2 DCT, which is a typical DCT for image compression. It suffers half-pel shift due to characteristics of the type-2 DCT. Therefore, encoder and decoder should use the same type-2 DCT filters. Second proposal employs the type-1 DCT filters. Due to characteristics of the type-1 DCT, the developed down/up-sampling kernels have no phase shift. Also, the developed down/up-sampling methods can use overlapping pixels near the block boundary to reduce the block artifacts. Since current SVC requires only two-fold down/up-sampling, we developed the two-fold down/up-sampling filters to meet the requirements. The developed down/up-sampling methods provide more accurate results than that of SVM 3.0. The developed type-2 DCT down/up-sampling and its experimental results are given in sections 3 and 4, respectively. Type-1 DCT down/up-sampling and its experimental results are given in sections 5 and 6, respectively. Section 7 shows frequency response curves of the proposed type-1, type-2, and SVM 3.0 up-sampling filters.        
2.  Down/up-sampling methods of the current SVM 3.0 

Fig. 1 shows the pixel coordinates in 1D for down/up-sampling with/without phase shift. In svm 3.0, the down-sampling filter produces the pixel coordinates represented by star in Fig. 1(a), which uses 13-tap linear phase filter. Also the up-sampling filter of the SVM 3.0 produces the pixel coordinates of X in Fig. 1(a). In the practical implementation, the even-index pixels do not change its values in the two-fold interpolation, and only odd-index pixels are interpolated, which uses 6-tap filter. The down-sampling and interpolation filters are given as follows,
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In SVM 3.0, up-sampling of the decoded images is performed only for I_BL mode [1], whereas up-sampling of the residual signal uses a simple bi-linear interpolation. Hence, the developed up-sampling method can be used for I_BL mode. Although down-sampling method is an informative issue of standardization, the exact match of filters in down/up sampling is necessary.  

Typical down-sampling filters suffer half-pel shift like YUV420 down-sampling as shown in Fig. 1(b). Therefore, we propose new down/up-sampling filters having half-pel shift. Also we propose other filters without phase shift. The latter up-sampling filter can be used in conjunction with the down-sampling filter of SVM 3.0, since the SVM 3.0 down-sampling filter has no phase shift. Also the up-sampling filter of SVM 3.0 can be used with the proposed down-sampling filter without phase-shift.   
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Fig. 1. Pixel coordinates in 1D. 

3.  Down/up-sampling methods using type-2 DCT 

DCT family has four classes of DCT, such as type-1, 2, 3, and 4. The most common DCT is the type-2, which is used in the image compression due to asymptotic equivalence of the optimal KL transform. The definition of type-2 DCT is given as follows,
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where 
[image: image6.wmf]()

xn

 is the input signal and N is the input sample size. If the type-2 DCT is used in down-sampling, the down/up-sampled coordinates have a half-pel shifted result. However, up-sampling using type-2 DCT recovers original pixel coordinates as shown in Fig. 2. 
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Fig. 2. Pixel coordinate of down/up sampling using type-2 DCT. 

Figure 3 represents the down-sampling scheme using type-2 DCT. The signal length of type-2 DCT is N. After type-2 DCT of N-sample signal, take N/2 samples of low frequency. Then, the type-2 IDCT is performed on the N/2 samples, resulting in the down-sampled signal. We can make the efficiently combined down-sampling matrix as follows:
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                               eq. (4)
where D2 is the down-sampling matrix using type-2 DCT, which consists of the N/2xN matrix. The 2D down-sampling can be separately performed using columnwise (vertical) down-sampling followed by row (horizontal) down-sampling. 
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Fig. 3. Down-sampling method using type-2 DCT. 

Figure 4 represents the up-sampling scheme using type-2 DCT. The signal length of type-2 DCT is N, and N zeros are appended in the high frequency region after type-2 DCT. Then type-2 IDCT of 2N samples is performed to obtain two-fold up-sampled data. We can also make the combined up-sampling matrix as follows:
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                               eq. (5)
where U2 is the up-sampling matrix using type-2 DCT, which consists of the 2NxN matrix. The 2D up-sampling can be also  separately performed using columnwise (vertical) up-sampling followed by row (horizontal) up-sampling. 
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Fig. 4. Up-sampling method using type-2 DCT. 

Although the down/up sampling kernels are derived from the floating-point DCT, it is possible to implement using 16-bit integer-type operations in the up-sampling and down-sampling. Even though the down-sampling matrix size is different from the up-sampling one, the calculation procedure for down-sampling is identical to that for up-sampling. Therefore, the computational complexities of down/up-sampling are the same. Although an efficient implementation of the proposed method is not described in this documents, it is possible to make fast filtering of the proposed down/up-sampling filter. Table 1 shows comparison of the computational complexity of the SVM 3.0 and the proposed up-sampling method. The number of additions in Table 1 includes the final rounding operation.

Table 1. The computational complexity of the up-sampling method 

(N=8 was applied for the proposed method.)

	Per pixel
	Multiplication
	Addition

	SVM 3.0
	1.5
	4.5

	Proposed
	2.34
	8.66


Thankful to efficient filtering scheme, the computational complexity of the proposed method is comparable to that of SVM 3.0. Since the residual signal should also be up-sampled with phase shift in the proposed type-2 filtering method and the bi-linear interpolation of SVM 3.0 has no phase shift, the residual upsampling should be performed by the proposed type-2 up-sampling filter instead of the bi-linear interpolation. Or more simple filter with phase shift can be applied for the efficiency of computational complexity. For example, N=2 type-2 DCT up-sampling filter can be used with phase shift, where its computational complexity is very low.

4.  Experimental results using type-2 DCT down/up-sampling filters 

We implemented the proposed down/up-sampling method in the SVM 3.0 video codec [2]. For an impartial comparison, the proposed down/up-sampling kernels were converted to the 16-bit integer type. Although the PSNR loss is expected in the integer-type conversion, the loss is negligible. The value of 32 is multiplied to the kernel and then rounded to the nearest integer for converting the proposed kernels to integer format. We can further reduce the number of multiplications by using shift operation in the integer implementation. 

We used two video sequences City and Harbour which have a spatial resolution of 704(576 (4CIF) and 30 Hz frame rate. The base layer were encoded with 352(288 (CIF) after down-sampling of SVM 3.0 and the proposed method. The enhancement layer has the 4CIF resolution by using up-sampling of SVM 3.0 and the proposed method for inter-layer prediction [1]. Although the rate control does not exist in SVC, we tried to set nearly the same bitrate in base layer. The GOP was 1, i.e., all frames were coded as intra frames. The proposed method is efficient for high-bitrate coding of base-layer, i.e., less quantization of base-layer gives more accurate up-sampling results. Therefore, we use an extreme experiment condition, where QP of the base-layer is set to zero. Actually, the base-layer images from the proposed method and SVM 3.0 are different due to their different down-sampling methods. To meet the same bitrate condition in the base layer, we set QPs of base-layer for the proposed method and SVM 3.0 as shown in Table 2. 

Table 2. QP of the base layer images for the proposed and SVM 3.0 methods

	Sequence
	Proposed (QP)
	SVM 3.0 (QP)

	City (high)
	2
	0

	City (middle)
	23
	21

	Harbour (high)
	3
	0

	Harbour (middle)
	21.5
	20


The high and middle in Table 2 denote the high and medium image quality of the base layer images. Fig. 5 shows the rate-PSNR curves of the proposed one and svm 3.0 with high bitrate of the base-layer. In Fig.5, D2 and U2 denote the proposed down and up-sampling filters using type-2 DCT, respectively. SVM (down) and SVM (up) mean the applied SVM 3.0 down and up-sampling filters, respectively. 
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(a) City 30 Hz
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Fig. 5. Rate-PSNR curves of proposed type-1 DCT and SVM 3.0 down/up-sampling with high bitrates. 

As shown in Fig. 5, the proposed method outperforms the SVM 3.0 down/up-sampling. The maximum improvements of PSNR are about 1~3 dB. Figure 6 shows rate-PSNR curves of middle bitrates of the base layer.   
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Fig. 6. Rate-PSNR curves of proposed and SVM 3.0 down/up-sampling with middle bitrates. 

The proposed method outperforms SVM 3.0 also in middle bitrate. The improvements of PSNR are 1.5 dB (City), and 2.5 dB (Harbour). 

5.  Down/up-sampling methods using type-1 DCT 

The type-1 DCT has no phase-shift in down/up-sampling. The definition of type-1 DCT is given as follows,
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                            eq. (6)
where 
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 is the input signal and N is the input sample size. If the type-1 DCT is used in down-sampling, the down-sampled coordinate has no phase shift. Also the up-sampling using type-1 DCT introduces no phase shift as shown in Fig. 7. 
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Fig. 7. Pixel coordinate of down/up sampling using type-1 DCT. 

Figure 8 represents the down-sampling scheme using type-1 DCT. The signal length of type-1 DCT is N+1. After the type-1 DCT, take only N/2+1 samples of low frequency. Then, the type-1 IDCT is performed on the N/2+1 samples, resulting in the down-sampled signal. We can make the efficiently combined down-sampling matrix as follows:
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where D1 is the down-sampling matrix using type-1 DCT, which consists of the (N/2+1)x(N+1) matrix. The 2D down-sampling can be separately performed using columnwise (vertical) down-sampling followed by row (horizontal) down-sampling. 
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Fig. 8. Down-sampling method using type-1 DCT. 

Figure 9 represents the up-sampling scheme using type-1 DCT. The original type-1 DCT cannot provide the Nyquist interpolation kernel. To make the Nyquist interpolation kernel, the highest frequency coefficient in the transform domain should be halved. The signal length of type-1 DCT is N+1, and N zeros are appended in the high frequency region after type-1 DCT. Then, type-1 IDCT of 2N+1 samples is performed to obtain up-sampled data. 
We can make the combined up-sampling matrix as follows:
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                                  eq. (8)
where U1 is the down-sampling matrix using type-1 DCT, which consists of the (2N+1)x(N+1) matrix. The 2D up-sampling can be also separately performed using columnwise (vertical) up-sampling followed by row (horizontal) up-sampling. 
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Fig. 9. Up-sampling method using type-1 DCT. 

In our implementation with pixel overlapping, type-1 DCT with N+1=11 and type-1 IDCT with 2N+1=21 samples are used for the two-fold up-sampling. Therefore, 1D input signal is 11 point data and the up-sampled signal becomes 21 point data. The left and right parts (or upper and lower parts) of the current 11x11 block are from the left and right blocks (or upper and lower blocks in vertical direction) of the current 8x8 block in Fig. 10. The additional 3 points of input signal make the up-sampling process to reduce the block artifacts, which is visually annoying. However, the required number of up-sampling points is 16. Therefore, we can use the remaining up-sampled pixels for overlapping of up-sampling block. Figure 11
Figure F shows the proposed overlapping scheme of up-sampling. 
The points of 16~20 at the previous block (or current block) and 0~4 at the current block (or next block) overlap with each other. It should be noted that the even points are un-changed due to characteristics of the two-fold Nyquist interpolation kernel. The points of 2~17 are the up-sampled 16 points of the current block. Therefore, two pairs of 17 (current block) and 1(next block), and 19 (previous block) and 3 (current block) are overlapped as shown in Fig.11. The overlapped points will be averaged or filtered to further reduce the blocking artifacts. Also down-sampling filter can use this overlapping scheme. Actually, for the sake of computational efficiency, the overlapping pixels after up-sampling can be simply truncated instead of averaging.  
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Fig. 10. Overlapping blocks of input signal for up-sampling. 
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Fig. 11. Reuse of overlapping pixels in up-sampled signal. 

Although the down/up sampling kernels are derived from the floating-point DCT, it is possible to implement using 16-bit integer-type operations in the up-samping and down-sampling. The calculation procedure of down and up-samplings using type-1 DCT are different due to some manipulation to make Nyquist interpolation kernel in up-sampling. However, the down and up-samplings can use fast implementation scheme like type-2 DCT kernels. The efficient implementation of the proposed method is not described in the document. Table 3 shows comparison of the computational complexity of SVM 3.0, and the proposed up-sampling methods. 

Table 3. The computational complexity of up-sampling method 

(N=10 was applied for the proposed method.)

	Per pixel
	Multiplication
	Addition

	SVM 3.0
	1.5
	4.5

	Proposed
	2.21
	8.23


The computational complexity of the proposed method is larger than that of SVM 3.0. Since the type-1 DCT method produces no phase shift, both or one of SVC down/up-sampling filters can be replaced with the proposed type-1 DCT filters.

6.  Experimental results of type-1 DCT down/up-sampling filters 

We implemented the proposed type-1 down/up-sampling methods in SVM 3.0 video codec [2]. The proposed down/up-sampling kernels were converted to the 16-bit integer type. Although the PSNR loss is expected in the integer-type conversion, the loss is negligible. 

We used two video sequences of City and Harbour which have a spatial resolution of 704(576 (4CIF), 30 Hz frame rate, and 298 frames. The base layer were encoded with 352(288 (CIF) after down-sampling of SVM 3.0 and the proposed method. The enhancement layer uses the 4CIF resolution with up-sampling of SVM 3.0 and the proposed method for inter-layer prediction [1]. Although the rate control does not exist in SVM 3.0, we set nearly the same bitrate in the base layer. The GOP size was 1, i.e., all frames were coded as intra frames. The proposed method is efficient for high-bitrate coding of base-layer, i.e., less quantization of base layer images gives more accurate up-sampling results. Therefore, we use an extreme experiment condition, where QP of base-layer is set to zero. Since the type-1 DCT down/up-sampling introduces no phase shift, we perform three experiments. The comparisons of the proposed type-1 DCT up-sampling and the SVM 3.0 up-sampling is performed for the down-sampled image from the SVM 3.0 down-sampling or the proposed type-1 DCT down-sampling. Also the comparison of the proposed type-1 DCT down/up-sampling and the SVM 3.0 down/up-sampling is performed. To meet the same bitrate condition in the base-layer, we set QP of the base-layer for the proposed method and SVM 3.0 as shown in Table 4. 

Table 4. QP of thew base layer images for the proposed and SVM 3.0 methods

	Sequence
	Proposed (QP)
	SVM 3.0 (QP)

	City (high)
	0
	0

	City (middle)
	20
	20

	Harbour (high)
	0
	0

	Harbour (middle)
	20
	20


The high and middle in Table 4 denote the high and medium image quality of the base-layer images. We can set the same QP due to the same down-sampling filter in Table 4. Figure 12 shows the rate-PSNR curves of the proposed up-sampling and the SVM 3.0 up-sampling both with the proposed type-1 DCT down-sampling filter. In Fig.12, D1 and U1 denote the proposed down and up-sampling using type-1 DCT, respectively. SVM (down) and SVM (up) mean the applied SVM 3.0 down and up-sampling filters, respectively. 
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(a) City 30 Hz (High)
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       (c) Harbour 30 Hz (High)


[image: image28.wmf]31.5

32

32.5

33

33.5

34

34.5

35

35.5

36

9250

9450

9650

9850

10050

rate [kbits]

PSNR [dB]

D1-U1 : middle

D1-SVM(up) : middle


                                   (d) Harbour 30 Hz (Middle)

Fig. 12. Rate-PSNR curves of proposed and SVM 3.0 up-sampling with down-sampling using type-1 DCT.

As shown in Fig. 12, the proposed method is significantly better than SVM 3.0 up-sampling. The maximum improvements of PSNR are about 0.5 dB (a), 0.35 dB (b), 0.5 dB (c), and 0.4 dB (d). In the middle bitrates with base-layer QP of 20, the performance is still better than SVM 3.0. The proposed up-sampling filter using type-1 DCT gives better performance than SVM 3.0 with slightly increased computational complexity. Figure 13 shows the rate-distortion curves of the proposed type-1 DCT up-sampling and the SVM 3.0 up-sampling with the same SVM 3.0 down-sampling filter. 
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Fig. 13. Rate-PSNR curves of proposed and SVM 3.0 up-sampling with down-sampling using SVC. 

As shown in Fig. 13, the proposed up-sampling method using type-1 DCT is slightly better than SVM 3.0 up-sampling. The maximum improvements of PSNR are about 0.25 dB (a), 0.2 dB (b), 0.2 dB (c), and 0.15 dB (d). 
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Fig. 14. Rate-PSNR curves of the proposed type-1 DCT down/up-sampling and the SVM 3.0 down/up-sampling. 

Figure 14 shows performance of the proposed down/up-sampling filters using type-1 DCT compared with the SVM 3.0 down/up-sampling filters. The QPs of base-layer in the proposed type-1 up-sampling are selected to 2.5 (a) and 3.0 (b).  As shown in Fig. 14, the proposed down/up-sampling method using type-1 DCT outperforms the SVM 3.0 down/up-sampling method. The maximum improvements of PSNR are about 2 dB (a) and 3 dB (b).
7.  Frequency response of the proposed up-sampling filters and the SVM up-sampling filters 

We proposed type-1 and type-2 DCT down/up-sampling filters. The proposed down/up-sampling methods are perfomed by using block by block processing. Hence, multirate filter-banks system is required to obtain frequency response of down/up-sampling filters. We obtain frequency response of the proposed method by using multirate filter-banks. Fig. 15 shows frequency response of the proposed up-sampling filter using type-2 DCT and the SVM up-sampling filter. In Fig. 15, the proposed type-2 DCT up-sampling (N=8) has narrow transition region around /2. If we apply larger N, the frequency response can be further improved with increased computational complexity. Fig. 16 shows frequency response of the proposed up-sampling filter using type-1 DCT and the SVM up-sampling filter. In Fig.16, the proposed type-1 DCT up-sampling (N=10) method shows very narrow transition band.
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Fig. 15. Frequency response of the proposed up-sampling filter using type-2 DCT and the SVM up-sampling filter. 
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Fig. 16. Frequency response of the proposed up-sampling filter using type-1 DCT and the SVM up-sampling filter. 

8.  Conclusion

In this contribution, we proposed two new down/up-sampling methods for performance improvement of spatial scalability in the SVC. When the half-pel shift is required in the down/up-sampling, type-2 DCT kernels can be exploited for spatial scalability in the SVC. Type-1 DCT kernels provides no phase shift. The proposed two methods show the improved rate-PSNR performance. The proposed contribution will help SVC spatial scalability be more realistic in many applications of video coding. 
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		1.296		36.28		37.97		37.71		31877		0		1.626																				32.008		34.229		34.114		657287		0		0.438																31.535		34.095		33.986		795850		0		0.438

		1.244		31.85		35.04		34.71		17643		0		1.487																				28.008		31.71		31.444		275611		0		0.516																27.609		31.571		31.332		341875		0		0.516

		1.217		27.82		33.09		32.6		9032		0		1.375																				24.429		29.75		29.326		121863		0		0.607																24.111		29.69		29.277		151477		0		0.607

		1.162		24.21		31.93		31.46		4464		0		1.296																				21.203		28.301		27.676		60468		0		0.705																20.849		28.242		27.711		71905		0		0.705

		1.087		20.98		31.07		30.57		1912		0		1.244																				18.025		26.408		25.236		32976		0		0.793																17.75		26.059		24.793		37660		0		0.793

		1.008		18.54		29.9		29.32		539		0		1.217																				46.47		46.935		46.964		5617815		0		0																46.517		46.906		46.931		6028962		0		0		0.704

		0.974												1.5714444444																				43.687		44.19		44.209		3800546		0		0																43.71		44.163		44.173		4163507		0		0		0.683

		0.928				proposed no intra (prna)																												40.008		40.655		40.651		2364171		0		0																39.937		40.597		40.608		2625821		0		0		0.649

		0.887																																36.192		37.146		37.119		1380655		0		0																36.034		37.095		37.069		1545477		0		0		0.594

		0.869		46.66		47.25		47.26		105962		0		1.162																				31.942		34.214		34.073		662491		0		0																31.738		34.157		34.034		754176		0		0		0.512

		0.854		43.85		44.71		44.68		76626		0		1.087																				27.959		31.698		31.405		278146		0		0																27.778		31.607		31.365		321559		0		0		0.375

		0.839		40.12		41.38		41.22		52321		0		1.008																				24.399		29.742		29.32		124265		0		0																24.225		29.699		29.291		143817		0		0		0.21

		3.594		36.11		37.96		37.72		33645		0		0.974																				21.159		28.214		27.624		60607		0		0																20.918		28.17		27.591		69609		0		0		0.086

		3.535		31.65		35.15		34.82		19058		0		0.928																				17.987		26.323		25.082		33550		0		0																17.78		26.03		24.807		37934		0		0		0.015

		3.495		27.57		33.24		32.75		10008		0		0.887																				46.528		46.955		46.988		5595501																				46.62		47.003		47.031		5374383		0

		3.443		23.9		32.06		31.56		4970		0		0.869																				43.763		44.207		44.222		3776517																				43.881		44.249		44.274		3570078		0

		3.435		20.57		31.15		30.66		2036		0		0.854																				40.088		40.672		40.674		2347359																				40.233		40.718		40.718		2174410		0

		3.439		17.76		29.39		28.74		381		0		0.839																				36.263		37.17		37.13		1367453																				36.445		37.23		37.204		1241865		0

		3.449												0.9564444444																				32.019		34.239		34.115		655185																				32.267		34.321		34.193		587644		0

		3.486				determined mode and me (dm)																												28.035		31.72		31.435		274006																				28.365		31.807		31.558		248371		0

		3.292																																24.462		29.769		29.323		121475																				24.739		29.829		29.353		112197		0

		0.991		46.37		47.19		47.22		91748		0		3.594																				21.23		28.218		27.681		60054																				21.386		28.156		27.518		54194		0

		0.963		43.8		44.71		44.67		64252		0		3.535																				18.008		26.39		25.187		33118																				18.366		26.529		25.429		31702		0

		0.948		40.22		41.39		41.24		41605		0		3.495																				46.62		47.003		47.031		5374383

		0.921		36.49		37.98		37.73		26109		0		3.443																				43.881		44.249		44.274		3570078

		0.921		32.25		35.33		34.97		14382		0		3.435																				40.233		40.718		40.718		2174410

		0.929		28.33		33.44		32.99		7963		0		3.439																				36.445		37.23		37.204		1241865

		0.947		24.88		32.33		31.78		4919		0		3.449																				32.267		34.321		34.193		587644

		0.994		21.61		31.52		31.03		2888		0		3.486																				28.365		31.807		31.558		248371

		1.002		22.85		32.89		34.52		872		0		3.292																				24.739		29.829		29.353		112197

		11.153												3.4631111111																				21.386		28.156		27.518		54194

		10.667				same using amvr ref																												18.366		26.529		25.429		31702

		10.199

		9.738		46.44		47.16		47.21		95366		0		0.991

		9.271		43.69		44.66		44.63		67528		0		0.963

		8.835		40.11		41.34		41.21		45237		0		0.948

		8.301		36.4		37.94		37.72		28585		0		0.921

		7.599		32.1		35.32		34.93		16339		0		0.921

		6.259		28.16		33.33		32.87		9441		0		0.929

				24.6		32.16		31.67		5695		0		0.947

				21.32		31.49		30.95		3482		0		0.994

				18.6		30.69		30.03		2019		0		1.002

														0.9573333333

						cascade

				46.92		47.37		47.38		88498		0		11.153

				44.2		44.86		44.83		60416		0		10.667

				40.6		41.51		41.37		38210		0		10.199

				36.81		38.04		37.82		22885		0		9.738

				32.49		35.32		34.98		11965		0		9.271

				28.47		33.46		32.99		5985		0		8.835

				24.85		32.27		31.79		3063		0		8.301

				21.48		31.38		30.88		1407		0		7.599

				18.8		30.1		29.49		491		0		6.259
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						paris																						paris

						only amvr (na)

		0.507		46.25		47.08		47.11		112203		0		0.507

		0.475		43.49		44.58		44.53		82998		0		0.475

		0.459		39.87		41.3		41.16		58878		0		0.459																				47.062		47.842		48.333		2791715		0																		46.335		46.828		46.858		6343531		0

		0.443		36.04		37.91		37.72		40794		0		0.443																				44.654		45.778		45.99		1540874		0																		43.517		44.085		44.105		4498487		0

		0.432		31.66		35.15		34.85		26048		0		0.432																				41.376		43.02		43.074		849258		0																		39.813		40.599		40.6		2996842		0

		0.421		27.54		33.21		32.7		16070		0		0.421																				37.855		40.253		40.27		530494		0																		35.991		37.16		37.111		1935580		0

		0.416		23.83		32.12		31.62		10085		0		0.416																				33.896		37.538		37.517		317634		0																		31.745		34.282		34.149		1126132		0

		0.413		20.57		31.48		30.92		6679		0		0.413																				30.169		35.223		35.371		197043		0																		27.821		31.855		31.616		647021		0

		0.411		17.99		31.09		30.48		5290		0		0.411																				26.714		33.386		33.779		135671		0																		24.346		30.194		29.769		414355		0

		2.162												0.4418888889																				23.452		32.139		32.595		100318		0																		21.071		29.172		28.562		311147		0

		1.96				proposed (pr)																												19.958		30.89		31.493		77706		0																		17.84		28.137		27.394		266242		0

		1.776																																47.156		47.946		48.46		2797971		0		0.335																46.447		46.867		46.895		6219883		0		0.335

		1.626		46.82		47.3		47.3		103483		0		2.162																				44.568		45.838		46.092		1446823		0		0.347																43.596		44.125		44.148		4327298		0		0.347

		1.487		44.04		44.75		44.71		74575		0		1.96																				41.141		42.952		43.085		777630		0		0.361																39.769		40.557		40.558		2743018		0		0.361

		1.375		40.32		41.4		41.21		50487		0		1.776																				37.548		39.946		40.147		463309		0		0.389																35.844		37.049		37.02		1622170		0		0.389

		1.296		36.28		37.97		37.71		31877		0		1.626																				33.636		37.134		37.214		252238		0		0.438																31.535		34.095		33.986		795850		0		0.438

		1.244		31.85		35.04		34.71		17643		0		1.487																				29.939		34.714		35.005		126690		0		0.516																27.609		31.571		31.332		341875		0		0.516

		1.217		27.82		33.09		32.6		9032		0		1.375																				26.556		32.806		33.28		60742		0		0.607																24.111		29.69		29.277		151477		0		0.607

		1.162		24.21		31.93		31.46		4464		0		1.296																				23.233		31.321		31.992		26056		0		0.705																20.849		28.242		27.711		71905		0		0.705

		1.087		20.98		31.07		30.57		1912		0		1.244																				20.098		29.863		30.477		9440		0		0.793																17.75		26.059		24.793		37660		0		0.793

		1.008		18.54		29.9		29.32		539		0		1.217																				47.182		47.891		48.409		2767780		0		0																46.517		46.906		46.931		6028962		0		0		0.704

		0.974												1.5714444444																				44.63		45.842		46.098		1425754		0		0																43.71		44.163		44.173		4163507		0		0		0.683

		0.928				proposed no intra (prna)																												41.201		42.954		43.037		759937		0		0																39.937		40.597		40.608		2625821		0		0		0.649

		0.887																																37.603		40.004		40.133		450594		0		0																36.034		37.095		37.069		1545477		0		0		0.594

		0.869		46.66		47.25		47.26		105962		0		1.162																				33.711		37.271		37.313		243577		0		0																31.738		34.157		34.034		754176		0		0		0.512

		0.854		43.85		44.71		44.68		76626		0		1.087																				30.013		34.791		35.102		122170		0		0																27.778		31.607		31.365		321559		0		0		0.375

		0.839		40.12		41.38		41.22		52321		0		1.008																				26.567		32.844		33.439		58754		0		0																24.225		29.699		29.291		143817		0		0		0.21

		3.594		36.11		37.96		37.72		33645		0		0.974																				23.253		31.482		32.032		25614		0		0																20.918		28.17		27.591		69609		0		0		0.086

		3.535		31.65		35.15		34.82		19058		0		0.928																				20.11		29.961		30.537		9478		0		0																17.78		26.03		24.807		37934		0		0		0.015

		3.495		27.57		33.24		32.75		10008		0		0.887																				47.27		47.971		48.456		2748916		0																		46.62		47.003		47.031		5374383		0

		3.443		23.9		32.06		31.56		4970		0		0.869																				44.71		45.866		46.105		1397629		0																		43.881		44.249		44.274		3570078		0

		3.435		20.57		31.15		30.66		2036		0		0.854																				41.284		43.001		43.076		741025		0																		40.233		40.718		40.718		2174410		0

		3.439		17.76		29.39		28.74		381		0		0.839																				37.677		40.017		40.197		436534		0																		36.445		37.23		37.204		1241865		0

		3.449												0.9564444444																				33.762		37.25		37.303		234343		0																		32.267		34.321		34.193		587644		0

		3.486				determined mode and me (dm)																												30.062		34.813		35.037		116555		0																		28.365		31.807		31.558		248371		0

		3.292																																26.629		32.862		33.359		56588		0																		24.739		29.829		29.353		112197		0

		0.991		46.37		47.19		47.22		91748		0		3.594																				23.323		31.388		32.021		25161		0																		21.386		28.156		27.518		54194		0

		0.963		43.8		44.71		44.67		64252		0		3.535																				20.111		29.953		30.563		9164		0																		18.366		26.529		25.429		31702		0

		0.948		40.22		41.39		41.24		41605		0		3.495																				47.314		47.99		48.492		2728743

		0.921		36.49		37.98		37.73		26109		0		3.443																				44.771		45.892		46.179		1379617

		0.921		32.25		35.33		34.97		14382		0		3.435																				41.326		43.032		43.135		725578

		0.929		28.33		33.44		32.99		7963		0		3.439																				37.739		40.13		40.222		423646

		0.947		24.88		32.33		31.78		4919		0		3.449																				33.813		37.267		37.375		224321

		0.994		21.61		31.52		31.03		2888		0		3.486																				30.161		34.92		35.135		110631

		1.002		22.85		32.89		34.52		872		0		3.292																				24.739		29.829		29.353		112197

		11.153												3.4631111111																				21.386		28.156		27.518		54194

		10.667				same using amvr ref																												18.366		26.529		25.429		31702

		10.199

		9.738		46.44		47.16		47.21		95366		0		0.991

		9.271		43.69		44.66		44.63		67528		0		0.963

		8.835		40.11		41.34		41.21		45237		0		0.948

		8.301		36.4		37.94		37.72		28585		0		0.921

		7.599		32.1		35.32		34.93		16339		0		0.921

		6.259		28.16		33.33		32.87		9441		0		0.929

				24.6		32.16		31.67		5695		0		0.947

				21.32		31.49		30.95		3482		0		0.994

				18.6		30.69		30.03		2019		0		1.002

														0.9573333333

						cascade

				46.92		47.37		47.38		88498		0		11.153

				44.2		44.86		44.83		60416		0		10.667

				40.6		41.51		41.37		38210		0		10.199

				36.81		38.04		37.82		22885		0		9.738

				32.49		35.32		34.98		11965		0		9.271

				28.47		33.46		32.99		5985		0		8.835

				24.85		32.27		31.79		3063		0		8.301

				21.48		31.38		30.88		1407		0		7.599

				18.8		30.1		29.49		491		0		6.259
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		7132		33.28				6725		31.01

		6651		32.2				6331		30

		6290		30.46				6184		29.38

		6239		29.52				6112		28.52

		25577		37.25

		24370		35.72				26142		36.02

		23502		34.16				24473		34.36

		23041		32.89				23984		33.72

								23254		32.7





		0

		0

		0

		0

		0

		0



mode decision

rate [bits]

Hit ratio [%]

Hit Ratio

0

0

0

0

0

0



		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



D2-U2 : middle

SVM(down)-SVM(up) : middle

rate [kbits]

PSNR [dB]

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0

		0		0

		0		0

		0		0

		0		0



D2-U2 : high

SVM(down)-SVM(up) : high

rate [kbits]

PSNR [dB]

0

0

0

0

0

0

0

0

0

0



		

						mobile																				mobile

						only amvr (na)

		0.507		46.25		47.08		47.11		112203		0		0.507

		0.475		43.49		44.58		44.53		82998		0		0.475

		0.459		39.87		41.3		41.16		58878		0		0.459																				46.371		46.891		46.914		5744389		0																		46.335		46.828		46.858		6343531		0

		0.443		36.04		37.91		37.72		40794		0		0.443																				43.587		44.134		44.151		3938771		0																		43.517		44.085		44.105		4498487		0

		0.432		31.66		35.15		34.85		26048		0		0.432																				39.917		40.619		40.608		2499232		0																		39.813		40.599		40.6		2996842		0

		0.421		27.54		33.21		32.7		16070		0		0.421																				36.141		37.134		37.111		1516072		0																		35.991		37.16		37.111		1935580		0

		0.416		23.83		32.12		31.62		10085		0		0.416																				31.939		34.279		34.138		796001		0																		31.745		34.282		34.149		1126132		0

		0.413		20.57		31.48		30.92		6679		0		0.413																				28.082		31.914		31.667		410847		0																		27.821		31.855		31.616		647021		0

		0.411		17.99		31.09		30.48		5290		0		0.411																				24.723		30.306		29.874		251460		0																		24.346		30.194		29.769		414355		0

		2.162												0.4418888889																				21.601		29.305		28.725		182963		0																		21.071		29.172		28.562		311147		0

		1.96				proposed (pr)																												18.299		28.289		27.541		137942		0																		17.84		28.137		27.394		266242		0

		1.776																																46.514		46.942		46.968		5594907		0		0.335																46.447		46.867		46.895		6219883		0		0.335

		1.626		46.82		47.3		47.3		103483		0		2.162																				43.752		44.194		44.218		3777437		0		0.347																43.596		44.125		44.148		4327298		0		0.347

		1.487		44.04		44.75		44.71		74575		0		1.96																				40.08		40.664		40.661		2348057		0		0.361																39.769		40.557		40.558		2743018		0		0.361

		1.375		40.32		41.4		41.21		50487		0		1.776																				36.261		37.156		37.135		1368414		0		0.389																35.844		37.049		37.02		1622170		0		0.389

		1.296		36.28		37.97		37.71		31877		0		1.626																				32.008		34.229		34.114		657287		0		0.438																31.535		34.095		33.986		795850		0		0.438

		1.244		31.85		35.04		34.71		17643		0		1.487																				28.008		31.71		31.444		275611		0		0.516																27.609		31.571		31.332		341875		0		0.516

		1.217		27.82		33.09		32.6		9032		0		1.375																				24.429		29.75		29.326		121863		0		0.607																24.111		29.69		29.277		151477		0		0.607

		1.162		24.21		31.93		31.46		4464		0		1.296																				21.203		28.301		27.676		60468		0		0.705																20.849		28.242		27.711		71905		0		0.705

		1.087		20.98		31.07		30.57		1912		0		1.244																				18.025		26.408		25.236		32976		0		0.793																17.75		26.059		24.793		37660		0		0.793

		1.008		18.54		29.9		29.32		539		0		1.217																				46.47		46.935		46.964		5617815		0		0																46.517		46.906		46.931		6028962		0		0		0.704

		0.974												1.5714444444																				43.687		44.19		44.209		3800546		0		0																43.71		44.163		44.173		4163507		0		0		0.683

		0.928				proposed no intra (prna)																												40.008		40.655		40.651		2364171		0		0																39.937		40.597		40.608		2625821		0		0		0.649

		0.887																																36.192		37.146		37.119		1380655		0		0																36.034		37.095		37.069		1545477		0		0		0.594

		0.869		46.66		47.25		47.26		105962		0		1.162																				31.942		34.214		34.073		662491		0		0																31.738		34.157		34.034		754176		0		0		0.512

		0.854		43.85		44.71		44.68		76626		0		1.087																				27.959		31.698		31.405		278146		0		0																27.778		31.607		31.365		321559		0		0		0.375

		0.839		40.12		41.38		41.22		52321		0		1.008																				24.399		29.742		29.32		124265		0		0																24.225		29.699		29.291		143817		0		0		0.21

		3.594		36.11		37.96		37.72		33645		0		0.974																				21.159		28.214		27.624		60607		0		0																20.918		28.17		27.591		69609		0		0		0.086

		3.535		31.65		35.15		34.82		19058		0		0.928																				17.987		26.323		25.082		33550		0		0																17.78		26.03		24.807		37934		0		0		0.015

		3.495		27.57		33.24		32.75		10008		0		0.887																				46.528		46.955		46.988		5595501																				46.62		47.003		47.031		5374383		0

		3.443		23.9		32.06		31.56		4970		0		0.869																				43.763		44.207		44.222		3776517																				43.881		44.249		44.274		3570078		0

		3.435		20.57		31.15		30.66		2036		0		0.854																				40.088		40.672		40.674		2347359																				40.233		40.718		40.718		2174410		0

		3.439		17.76		29.39		28.74		381		0		0.839																				36.263		37.17		37.13		1367453																				36.445		37.23		37.204		1241865		0

		3.449												0.9564444444																				32.019		34.239		34.115		655185																				32.267		34.321		34.193		587644		0

		3.486				determined mode and me (dm)																												28.035		31.72		31.435		274006																				28.365		31.807		31.558		248371		0

		3.292																																24.462		29.769		29.323		121475																				24.739		29.829		29.353		112197		0

		0.991		46.37		47.19		47.22		91748		0		3.594																				21.23		28.218		27.681		60054																				21.386		28.156		27.518		54194		0

		0.963		43.8		44.71		44.67		64252		0		3.535																				18.008		26.39		25.187		33118																				18.366		26.529		25.429		31702		0

		0.948		40.22		41.39		41.24		41605		0		3.495																				46.62		47.003		47.031		5374383

		0.921		36.49		37.98		37.73		26109		0		3.443																				43.881		44.249		44.274		3570078

		0.921		32.25		35.33		34.97		14382		0		3.435																				40.233		40.718		40.718		2174410

		0.929		28.33		33.44		32.99		7963		0		3.439																				36.445		37.23		37.204		1241865

		0.947		24.88		32.33		31.78		4919		0		3.449																				32.267		34.321		34.193		587644

		0.994		21.61		31.52		31.03		2888		0		3.486																				28.365		31.807		31.558		248371

		1.002		22.85		32.89		34.52		872		0		3.292																				24.739		29.829		29.353		112197

		11.153												3.4631111111																				21.386		28.156		27.518		54194

		10.667				same using amvr ref																												18.366		26.529		25.429		31702

		10.199

		9.738		46.44		47.16		47.21		95366		0		0.991

		9.271		43.69		44.66		44.63		67528		0		0.963

		8.835		40.11		41.34		41.21		45237		0		0.948

		8.301		36.4		37.94		37.72		28585		0		0.921

		7.599		32.1		35.32		34.93		16339		0		0.921

		6.259		28.16		33.33		32.87		9441		0		0.929

				24.6		32.16		31.67		5695		0		0.947

				21.32		31.49		30.95		3482		0		0.994

				18.6		30.69		30.03		2019		0		1.002

														0.9573333333

						cascade

				46.92		47.37		47.38		88498		0		11.153

				44.2		44.86		44.83		60416		0		10.667

				40.6		41.51		41.37		38210		0		10.199

				36.81		38.04		37.82		22885		0		9.738

				32.49		35.32		34.98		11965		0		9.271

				28.47		33.46		32.99		5985		0		8.835

				24.85		32.27		31.79		3063		0		8.301

				21.48		31.38		30.88		1407		0		7.599

				18.8		30.1		29.49		491		0		6.259

														9.1135555556





		



only amvr

full-rdo w/o me

full-rdo w/o me and intra

determiend mode and me

determiend mode and only determined ref

cascade

Computational complexity

The computational complexity



		



full rdo w/o me

determined mode and me

determined mode and only determiend ref

rate [bits]

psnr [db]

Rate-Psnr curve
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mode decision

rate [bits]

Hit ratio [%]

Hit Ratio
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only BAMVR

RDO with BAMVR

full-ME cascade

Simplified prediction

Preferred type

rate [kbits]

PSNR [dB]

Rate-Psnr curve, 15 Hz
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						paris																						paris

						only amvr (na)

		0.507		46.25		47.08		47.11		112203		0		0.507

		0.475		43.49		44.58		44.53		82998		0		0.475

		0.459		39.87		41.3		41.16		58878		0		0.459																				47.062		47.842		48.333		2791715		0																		46.335		46.828		46.858		6343531		0

		0.443		36.04		37.91		37.72		40794		0		0.443																				44.654		45.778		45.99		1540874		0																		43.517		44.085		44.105		4498487		0

		0.432		31.66		35.15		34.85		26048		0		0.432																				41.376		43.02		43.074		849258		0																		39.813		40.599		40.6		2996842		0

		0.421		27.54		33.21		32.7		16070		0		0.421																				37.855		40.253		40.27		530494		0																		35.991		37.16		37.111		1935580		0

		0.416		23.83		32.12		31.62		10085		0		0.416																				33.896		37.538		37.517		317634		0																		31.745		34.282		34.149		1126132		0

		0.413		20.57		31.48		30.92		6679		0		0.413																				30.169		35.223		35.371		197043		0																		27.821		31.855		31.616		647021		0

		0.411		17.99		31.09		30.48		5290		0		0.411																				26.714		33.386		33.779		135671		0																		24.346		30.194		29.769		414355		0

		2.162												0.4418888889																				23.452		32.139		32.595		100318		0																		21.071		29.172		28.562		311147		0

		1.96				proposed (pr)																												19.958		30.89		31.493		77706		0																		17.84		28.137		27.394		266242		0

		1.776																																47.156		47.946		48.46		2797971		0		0.335																46.447		46.867		46.895		6219883		0		0.335

		1.626		46.82		47.3		47.3		103483		0		2.162																				44.568		45.838		46.092		1446823		0		0.347																43.596		44.125		44.148		4327298		0		0.347

		1.487		44.04		44.75		44.71		74575		0		1.96																				41.141		42.952		43.085		777630		0		0.361																39.769		40.557		40.558		2743018		0		0.361

		1.375		40.32		41.4		41.21		50487		0		1.776																				37.548		39.946		40.147		463309		0		0.389																35.844		37.049		37.02		1622170		0		0.389

		1.296		36.28		37.97		37.71		31877		0		1.626																				33.636		37.134		37.214		252238		0		0.438																31.535		34.095		33.986		795850		0		0.438

		1.244		31.85		35.04		34.71		17643		0		1.487																				29.939		34.714		35.005		126690		0		0.516																27.609		31.571		31.332		341875		0		0.516

		1.217		27.82		33.09		32.6		9032		0		1.375																				26.556		32.806		33.28		60742		0		0.607																24.111		29.69		29.277		151477		0		0.607

		1.162		24.21		31.93		31.46		4464		0		1.296																				23.233		31.321		31.992		26056		0		0.705																20.849		28.242		27.711		71905		0		0.705

		1.087		20.98		31.07		30.57		1912		0		1.244																				20.098		29.863		30.477		9440		0		0.793																17.75		26.059		24.793		37660		0		0.793

		1.008		18.54		29.9		29.32		539		0		1.217																				47.182		47.891		48.409		2767780		0		0																46.517		46.906		46.931		6028962		0		0		0.704

		0.974												1.5714444444																				44.63		45.842		46.098		1425754		0		0																43.71		44.163		44.173		4163507		0		0		0.683

		0.928				proposed no intra (prna)																												41.201		42.954		43.037		759937		0		0																39.937		40.597		40.608		2625821		0		0		0.649

		0.887																																37.603		40.004		40.133		450594		0		0																36.034		37.095		37.069		1545477		0		0		0.594

		0.869		46.66		47.25		47.26		105962		0		1.162																				33.711		37.271		37.313		243577		0		0																31.738		34.157		34.034		754176		0		0		0.512

		0.854		43.85		44.71		44.68		76626		0		1.087																				30.013		34.791		35.102		122170		0		0																27.778		31.607		31.365		321559		0		0		0.375

		0.839		40.12		41.38		41.22		52321		0		1.008																				26.567		32.844		33.439		58754		0		0																24.225		29.699		29.291		143817		0		0		0.21

		3.594		36.11		37.96		37.72		33645		0		0.974																				23.253		31.482		32.032		25614		0		0																20.918		28.17		27.591		69609		0		0		0.086

		3.535		31.65		35.15		34.82		19058		0		0.928																				20.11		29.961		30.537		9478		0		0																17.78		26.03		24.807		37934		0		0		0.015

		3.495		27.57		33.24		32.75		10008		0		0.887																				47.27		47.971		48.456		2748916		0																		46.62		47.003		47.031		5374383		0

		3.443		23.9		32.06		31.56		4970		0		0.869																				44.71		45.866		46.105		1397629		0																		43.881		44.249		44.274		3570078		0

		3.435		20.57		31.15		30.66		2036		0		0.854																				41.284		43.001		43.076		741025		0																		40.233		40.718		40.718		2174410		0

		3.439		17.76		29.39		28.74		381		0		0.839																				37.677		40.017		40.197		436534		0																		36.445		37.23		37.204		1241865		0

		3.449												0.9564444444																				33.762		37.25		37.303		234343		0																		32.267		34.321		34.193		587644		0

		3.486				determined mode and me (dm)																												30.062		34.813		35.037		116555		0																		28.365		31.807		31.558		248371		0

		3.292																																26.629		32.862		33.359		56588		0																		24.739		29.829		29.353		112197		0

		0.991		46.37		47.19		47.22		91748		0		3.594																				23.323		31.388		32.021		25161		0																		21.386		28.156		27.518		54194		0
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