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INTRODUCTION

Possible approaches to extending the sample depth were investigated in response to the Call for Proposals [1]. Simply widening the storage and data paths, per se, results in a codec that has QP intertwined with sample depth. We propose modifying the quantization and de-quantization formulae to include the effects of sample depth so that the rate distortion for a given QP is essentially independent of sample depth.

BACKGROUND

The FDIS [2] defines a codec that reproduces 8-bit sample values in the range [0,255]. Our desire is to extend the standard to allow higher sample depths, particularly 10 bits although there are requirements today for coding up to 14 bits [3]. 

In keeping with the “lean and mean” design philosophy in place since the beginning of H.26L, we set two goals:

(1) Minimal changes to the specification and JM

(2) Minimal changes in codec behavior

The existing work on extended sample depth seems limited to investigating novel scaling methods in the encoder to avoid 32-bit multiplications [4]. Since these are entirely in the encoder they are non-normative and we do not consider them further.

In order to compare coding at different sample depths we need appropriate versions of PSNR. Let’s consider the case of comparing 8-bit and 10-bit coding of the “same” sequence. Currently, for 8-bit sample depth, the PSNR is defined as
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where MSE is the mean-squared-error. The corresponding PSNR for 10-bit sample depth is
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The appropriate equation is used to calculate the various PSNR values shown in Figure 1.
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Figure 1 Processing for 8- and 10-bits
Figure 1 shows the overall processing flow for comparative 8- and 10-bit processing of 10-bit source material. Conversion from 10-bit to 8-bit data is performed by rounding, saturating, and shifting right by 2 bits. Conversion from 8-bit to 10-bit data is performed by shifting left 2 bits. We consider three main processing paths:


(1) 10-bit original source with 10-bit codec


(2) 8-bit derived source with 8-bit codec


(3) 8-bit derived source coded at 10 bits with 10-bit codec

By comparing the top two paths we can characterize the PSNR loss in going from 10-bit to 8-bit coding. Analogously, by comparing the bottom two paths we can characterize the PSNR gain from maintaining sub-sample precision internally to the codec. Figure 1 shows five distinct PSNR values:

(1) PSNR10@10: PSNR for 10-bit data using a 10-bit codec

(2) PSNRconv: This PSNR measures the MSE introduced by rounding the original 10-bit source to 8-bits. The theoretical value is 59.20 dB, from -10log[1/(12*2552)-1/(12*10232)].

(3) PSNR8@8: PSNR for 8-bit data using an 8-bit codec

(4) PSNR8vs10: The total PSNR for coding 10-bit data at 8-bits

(5) PSNR8@10: PSNR for coding 8-bit data at 10-bits

In the results section we discuss how these PSNRs are related,

FIRST ATTEMPT: USE MORE BITS

Our initial implementation extended the JM by, first, using more bits to store component data and, second, setting signal limits as a function of sample depth (e.g. for the Clip() functions). A more complete description of these essential changes is given in Appendix A.

We viewed these as the absolute minimum number of changes possible in accordance with our first goal. These changes are sufficient, when CABAC is used for entropy coding, to yield a functioning codec. Exploratory results were submitted to the JVT last year [4]. 

The first thing that strikes one when examining the rate-distortion curves in [4] is how high PSNR can be at higher sample depths. This is exactly what we would anticipate.

On the other hand this implementation is not QP invariant. In order to achieve roughly equivalent rate distortion performance it was necessary to specify
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. This leads to undesired side-effects wherever the codec is dependent upon QP. One area where this occurs is the luma QP to chroma QP mapping (Table 8-13 in [2]). This gives rise to unexpected gains in chroma PSNR for 10-bit coding compared to 8-bit coding.

So to achieve our second goal, minimal behavioral changes, we needed to make QP an invariant to changes in sample depth.

PROPSED IMPLEMENTION: QP INVARIANT

QP is just a parameter that ought to be independent of sample depth. That’s just good design. This can be achieved by modifying the current quantization and de-quantization formulae. To first order, simply replace shifts of QP/6 with shifts of QP/6 + (BitDepth-8).
 With this substitution the transformed and quantized residuals for a given QP should be very similar independent of sample depth. Thus, with QP invariant with respect to sample depth, it is possible to approximately decode a 10-bit encoding using an 8-bit decoder.

Furthermore, to allow coding at the same quantization scale regardless of bit depth we need to extend the value range of QP as function of sample depth:


[image: image5.wmf][

]

51

),

8

(

6

-

-

Î

BitDepth

QP


This formula expresses an important property of QP invariant coding: that higher sample depths allow coding at higher quality levels.  Allowing QP to become negative demands care with regard to rounding since the symbol / signifies division with rounding towards zero. The easiest solution is simply to replace QP with QP+6(BitDepth-8) in the quantization and de-quantization formulae, since the latter is always positive. The complete equations are given in Appendix B.

EXPERIMENTAL RESULTS

In this section we present results for the Habour dataset available by anonymous ftp from ftp://ftp.ldv.e-technik.tu-muenchen.de/pub/test_sequences/dpx/.
Figure 2 shows rate-distortion curves for the first implementation at 10 bits and the standard 8-bit codec. The curves for luma seem reasonable: at lower PSNRs they are essentially the same and then somewhere around 30 mbps the 10-bit coding shows increasing improvement as QP decreases and PSNR increases. On the other hand the curves for chroma never collapse at lower PSNRs.  This is at least partially due to the non-linear mapping of luma QP to chroma QP.
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Figure 2 Rate-Distortion for the Initial Implementation
Figure 3 shows rate-distortion curves for the QP invariant implementation. The curves for luma don’t change noticeably, but now the chroma curves collapse at lower PSNRs (higher QP).
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Figure 3 Rate-Distortion for the Proposed QP Invariant Implementation
At this point we only need to better characterize the observed differences between 8- and 10-bit PSNRs. In particular, can the differences be explained by simple round-off errors? Figure 4 compares luma and one chroma channel for the standard 8-bit PSNR with the 8-bits coded at 10-bits PSNR. In addition, we estimate the effect of adding a single 8-bit round-off error to the 8-bits coded at 10-bits PSNRs by simply adding the appropriate normalized MSE. The combination turns out to lie very close to the 8-bits coded at 8 bits. In other words, the difference is explained to first order by a single round-off error.
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Figure 4 Round-Off Error at 8 Bits

We can apply the same methodology to comparing the 8- and 10-bit curves shown in Figure 3. However, in this case we need to account for two independent rounding errors, one from deriving the 8-bit source from the original 10-bit data, and a second for the 8-bit codec itself. Assuming the MSE are additive we get the result shown in Figure 5. The luma curves lie essentially on top of one another and the chroma curves are very close, the difference being less than another rounding error.
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Figure 5 Comparing 8-bit Coding with 10-bit Coding Adjusted for Round-Off
In conclusion the differences between the PSNR for 10-bit coding of 10-bit data and 8-bit coding of 8-bit data are on the order of their respective round-off errors.

FUTURE WORK

For those applications where higher bit depths are required, high quality (high PSNR) coding is most likely demanded. We believe the tools and parameters for these applications are not yet extensively explored. This may precipitate further work to address these quality issues.

Deblocking is one of these issues. The current tests were run with the loop filter on. For the 10-bit codec this doesn’t mean much since the loop filter design is tuned to 8-bit samples. We did not invest any time towards recasting the loop filter for higher sample depths because the quality likely demanded in 10-bit applications requires QP values where the loop filter is effectively off anyway.
SUMMARY

We propose that sample depth extensions should comprise

(1) Increased word-length for component storage and internal calculations

(2) Parameterization as a function of sample depth

(3) Changes to de-quantization formulae such that the rate distortion for a given QP is essentially independent of sample depth

The necessary text changes to the Specification are given in a companion submission [6].
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APPENDIX A

The following describes general changes required to accommodate higher sample depths. These guidelines only address transformation and quantization. With CABAC selected for entropy coding, no other changes appear to be necessary.

We first need to define a variable to signify the bit depth and expand the 8-bit storage arrays used for 8-bit components to 16-bits when the sample depth is greater than 8 bits.

The architecture of the JM makes it straightforward to compile an 8-, 10-, or 12- bit version of the codec. First define a compile time constant, PEL_BITS, which can be set to 8, 10, or 12 to signify bit depth. Then define some constants MAX_PEL and HALF_PEL as a function of PEL_BITS. These more general constants are used instead of the 8-bit constants 255, 128, 127, 512, and so forth wherever they occur in the code. For example the definition of Clip1(a) becomes



((a)>MAX_PEL?MAX_PEL:((a)<0?0:(a))

Secondly, we change the definition of the storage class pel_t and use it rather than “byte” to store component data in either 8-bit or 16-bit arrays. Thus most instances of the storage class “byte” are replaced by pel_t (many arrays, function prototypes and a few pointers). Unfortunately, some of the identifiers that require pel_t are not currently “byte” but rather char or unsigned char. It is also necessary to check calls to memory allocation routines and memcpy() since they sometimes assume byte-sized arrays.

Specifically, our global.h contains these definitions (you can see where we put it in the code by the first and last lines shown below):

typedef unsigned char byte;    //!< byte type definition

#define PEL_BITS    8  // values should be 8, 10 or 12

#define MAX_PEL ((1 << PEL_BITS) - 1)

#define HALF_PEL (1 << (PEL_BITS - 1))

#if (PEL_BITS <= 8)

typedef unsigned char pel_t;

#else

typedef unsigned short pel_t;

#endif

//typedef byte pel_t

Encoder routines that required MAX_PEL, HALF_PEL, and/or pel_t modifications were defines.h, global.h, mbuffer.h, memalloc.h, sei.h, block.c, decoder.c, image.c, lencode.c, loopFilter.c, macroblock.c, mbuffer.c, mmemalloc.c, mv-search.c, rdopt.c, sei.c. Analogous changes must be also made in the decoder.

Once the overall sample depth and storage class are modified, there are just a few other changes. First, the ceilings for SAD and distortion calculations must be increased. These are identified by “1<<20” in the code. Second, the size (and range) of img->quad is proportional to MAX_PEL. Lastly, we’ve changed the SNR calculations to use double rather than float.

Of course, input and output routines need to be modified to accommodate increased sample depth.

APPENDIX B

De-quantization equations 

(1). 4x4 residue block
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(2). 4x4 luma DC block for Intra_16x16 
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(3). 2x2 chroma DC block
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� This was first pointed out by Thomas Weigand.


� It is also necessary to modify the encoder’s values of lambda used in the rate distortion calculations, since lambda is expressed in terms of QP and integer distortion values are dependent upon sample depth.
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