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Introduction 

Decoder complexity is an issue in the current TML.  Issues of algorithm complexity have been discussed in the past, [4].  An important issue for a hardware implementation is the precision required during operations.  Requiring 32 bits of precision places a burden on a hardware implementation increasing the die size and cost while reducing operating speed.  We investigate the ability to have a 16-bit implementation of the entire encoding and decoding processes.  By a 16-bit implementation we don’t require all results to stay within 16 bits.  We assume a larger register is available for accumulation, but all memory accesses are restricted to 16 bits.  The three tasks that control the necessary precision are: sub-pixel interpolation, loop filtering, and DCT/quantization.  Interpolation and loop filtering are computationally intense placing demands on both hardware and software.  Our related contributions deal with complexity reductions of the loop filter calculations [1] and sub pixel interpolation [2].  An important goal of H.26L is a bit exact definition of inverse transform calculations.  This eliminates drift between encoder and decoder except in the case of error.  The dequantization and IDCT are less computationally demanding but require 32 bits of precision to avoid mismatch.  A requirement of 32-bits of precision places demands on hardware implementations.  In the present document we discuss dequantization and IDCT.  We examine the dynamic range of TML transform and quantization calculations.  Our primary motivation is 8-bit input data, but we conduct the analysis for 12-bit data as well.  With 12-bit data, the goal is to remain within 32-bits of precision at all points.

In prior standards work, the IDCT has not been specified with a bit-exact definition.  This gives implementers freedom to develop IDCT implementations suitable different architectures.  Different architectures are sensitive to different issue floating vs. fixed point, bits of precision, IDCT algorithm.  Without a bit-exact definition of the IDCT, the potential for ‘IDCT mismatch’ arises and must be addressed.  H.26L avoids this mismatch problem by specifying a bit-exact transform.  This includes the dequantization, the IDCT calculations themselves, and the final normalization.  Analysis shows the current specification requires a large number of bits of precision during calculation.  These requirements on the decoder have significant disadvantages for hardware implementations as well as limiting the use of SIMD operations in software.  We propose a slightly modified set of quantization/dequantization parameters that significantly reduce the dynamic range of values at the decoder.  The encoder implementation described in the TML text also requires high precision but the encoder has freedom in implementing the forward DCT and quantization so dynamic range is not a fundamental issue with the forward DCT and quantization.  

The remainder of this document is organized as follows.  In the first section, we examine the dynamic range of the DCT and IDCT ignoring quantization and normalization.  Next, we examine the dynamic range of the TML DCT and IDCT including quantization and normalization.  We propose a modified set of quantization parameters and the IDCT calculations.  We introduce these parameters and examine their accuracy in achieving normalization of the DCT/IDCT combination.  We determine the dynamic range of the proposed calculations.  We compare the RD performance of our proposal with that of TML.  

DCT/IDCT Dynamic Range

We will refer to the transform defined in H.26L as a DCT.  Details are given in [3].  The series of calculations is shown in Equation 1.  The matrix T is given in Equation 6.  Each matrix calculation consists of four 4-tap FIR filter calculations.  We determined the dynamic range of these results as well as the dynamic range of intermediate values.  The dynamic range of the FIR results determines the requirements on the hardware/software implementation.  The dynamic range of intermediate values is larger and determines the register size needed to perform these FIR calculations.  

Equation 1 DCT/IDCT calculation
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The transform is not normalized so 
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.  In the forward transform each matrix multiplication increases the dynamic range by a factor of 52.  For the inverse transform the dynamic range does not increase as significantly.  The input to the IDCT is the result of a DCT calculation.  Following the transform and inverse, the dynamic range of X is increased by a factor of 676 under the product 
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.  From this we conclude that when applied to the result of a DCT, the dynamic range is only increased by 13=676/52, Equation 18.  In this case, each matrix multiplication increases the dynamic range of the output by a factor of only 13.  When all stages are combined, the dynamic range of X is increased by a factor of 6762.  Intermediate values such as IK’Y’ require a slightly larger dynamic range at most 26 times the input.  Results are summarized below.

Table 1 Dynamic range scaling

	Y/X
	K/Y
	IY'/K'
	Y'/K'
	IX'/Y'
	X'/Y'

	52
	52
	26
	13
	26
	13


Dynamic range including quantization

We examine the dynamic range including quantization of three transform calculations used in TML referred to as DCT_LUMA, DCT_CHROMA, and DCT_LUMA2.  Details of the calculations are shown in the appendix Equation 12 through Equation 14.  The dynamic range is computed according to the expressions given in Equation 19 through Equation 21.  The basic transform is called DCT_LUMA and is the only transform that applies to AC values.  An additional transform is applied to the DC components of chroma blocks.  Divisions by 2 at the encoder and decoder normalize this transform.  We refer to this as DCT_CHROMA.  The calculation on AC values is the same as DCT_LUMA.  For the 16x16 intra modes, the DC components of 16 blocks are subjected to the same 4x4 transform used for DCT_LUMA.  Normalization is included in this additional transform by scaling at the encoder by 49/215 before the second transform and at the decoder by 48/215=3/211 after the first inverse transform.  This transform is normalized so that the dynamic range of the original DC coefficients is restored following the inverse transform.  We refer to this as DCT_LUMA2.  Since the DC transforms are normalized the analysis of DCT_LUMA holds for the dynamic range of AC values.  

These transforms consist of a series of FIR filter calculations.  The result of each filter calculation corresponds to one of the given equations Equation 12 through Equation 14.  We present the dynamic range of these results together with the range of intermediate values occurring within a single FIR filter calculation.  The intermediate results determine the register size that must be maintained during the calculations.  The dynamic range of the FIR results determines the size of memory access.  Results are summarized below for 8-bit and 12-bit source data.

Table 2 Dynamic range of TML encoder (bits)

	8-bit
	DCT_LUMA
	DCT_CHROMA
	DCT_LUMA2

	Register
	30
	31
	32

	Memory
	21
	22
	23


Table 3 Dynamic range of TML decoder (bits)

	8-bit
	iDCT_LUMA
	iDCT_CHROMA
	iDCT_LUMA2

	Register
	30
	24
	33

	Memory
	26
	23
	32


Table 4 Dynamic range of TML encoder (bits)

	12-bit
	DCT_LUMA
	DCT_CHROMA
	DCT_LUMA2

	Register
	34
	35
	36

	Memory
	25
	26
	27


Table 5 Dynamic range of TML decoder (bits)

	12-bit
	iDCT_LUMA
	iDCT_CHROMA
	iDCT_LUMA2

	Register
	34
	28
	37

	Memory
	30
	27
	36


Significant precision must be maintained to guarantee exact reconstruction.  The most significant observation from these results is that iDCT_LUMA2 requires a register with more than 32-bits even on 8-bit data.  For 12-bit data, DCT_LUMA, DCT_CHROMA, DCT_LUMA, and iDCT_LUMA all require more than 32 bits.

Proposed Quantization values

We propose slightly modified values for A(QP) and B(QP).  The goal is to reduce the number of bits of precision required by encoder and decoder.  The values are specified using integer mantissa and exponent for 2.  The exponent term can be factored into the final shift reducing the intermediate dynamic range.

Equation 2 Form of proposed quantization values
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To reduce the precision requirements on the decoder, the mantissa values use a relatively low number of bits.  The goal is to keep the memory access at the decoder within 16 bits and all intermediate register sizes 32 bits or below.  We retain the logrithmic quantization scale used in TML.  We define (A, B) pairs for the first six quantization values QP=0, 1, 2, 3, 4, 5.  The remaining (A, B) pairs are derived recursively Equation 4.  The mantissa repeats every six QP values while Aexponent decreases by one each six QP and Bexponent increases by one each QP.  This regular structure of the quantization values allows them to be easily extended to higher or lower ranges.  These quantization parameters approximate the TML values, 
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The structure of the proposed quantization parameters allows us to generate a pair (A, B) for every QP>0.  We use this rule to select 32 quantization parameters for use with 8-bit and 12-bit data from this set of proposed quantization values, Equation 5.  To realize the goal of 16-bit memory access when using 8-bit data, we don’t use the finest quantization values, the value QP is offset by seven.  For 12-bit data we use the proposed quantization values directly. 

Quanitzer comparison

To compare the TML and proposed quantization methods, we compute the quantization error in representing a coefficient K, Equation 3.  The actual values of quantization error are difficult to interpret since the transform is not normalized but both quantization parameters give very similar quantization error.  The quantization error associated with each parameter set is shown in Figure 1.  

Equation 3 Quantization error
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Figure 1 Comparison of TML and proposed quantization error

Accuracy

We ignore data lost during quantization and evaluate the normalization of the proposed values.  The relation
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 links the quantization and dequantization values.  For integer values of A and B this equality is not exactly satisfied, but the ratio 
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 measures the deviation from identity.  We compare the normalization of the current TML values, the proposed values, and the values used to normalize DCT_LUMA2 with the ratios 8-bit high and 8-bit low.  These limits are at the extremes for proper normalization subject to rounding.  Final rounding and quantization error hide small differences in normallization.  There is no encoder-decoder mismatch however since both encoder and decoder use identical dequantization and IDCT.   
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Figure 2 Comparison of normalization ratios R=A(QP)B(QP)6762/240
Proposed Transform Calculations

With this structure of the quantization parameters factoring the exponent terms into the final normalization can reduce the dynamic range.  We present a detailed description of the calculations based on the proposed quantization values in Equation 15 through Equation 17.  The use of two unnormalized transforms in DCT_LUMA2 prevents us from reaching our target of 16-bit memory access at the decoder.  We replace the DCT used on the 4x4 matrix of DC values by a 4x4 Hadamard transform, Equation 10.  We do not modify the DC values before this second transform.  The existing definition During calculation, the proposed value is separated into mantissa and exponent terms.  The exponent term is factored out until the end of the calculation where it modifies the normalization shift.  The intermediate dynamic range is significantly reduced if the values Amantissa and Bmantissa require only a few bits of precision.  In TML, the result of the inverse 2x2 DCT are divided by two to normalize the results.  Similarly, the 4x4 inverse Hadamard transform is divided by four to normalize its results.  The presence of this rounding causes a mismatch if the exponent factor of dequantization is incorporated in the final shift since multiplication and integer division do not commute, B(x/2)!=(Bx)/2.  To eliminate this issue we modify the inverse calculations multiplying all levels by four, L’=4L.  This factor is taken in to account in the final normalization.  This factor of four is used to cancel the division in the DC inverse transforms.  A description of these calculations is given in Equation 15, Equation 16, and Equation 17.  Dynamic range results are presented below.

Table 6 Dynamic range of proposed encoder (bits)

	8-bit
	dct_luma
	dct_chroma
	dct_luma2

	Register
	28
	29
	30

	Memory
	21
	22
	23


Table 7 Dynamic range of proposed decoder (bits)

	8-bit
	idct_luma
	idct_chroma
	idct_luma2

	Register
	19
	12
	13

	Memory
	15
	11
	11


Table 8 Dynamic range of proposed encoder (bits)

	12-bit
	dct_luma
	dct_chroma
	dct_luma2

	Register
	32
	33
	34

	Memory
	25
	26
	27


Table 9 Dynamic range of proposed decoder (bits)

	12-bit
	idct_luma
	idct_chroma
	idct_luma2

	Register
	25
	17
	18

	Memory
	20
	16
	16


Overflow

The bounds above were established knowing that the coefficients resulted from a DCT with possible modifications do to quantization.  It is possible to decode a set of levels that cause overflow.  In this case, the coefficients are not the result of a DCT calculation and indicate the presence of an error.

Performance

The TML source code was modified to use the proposed quantization parameters.  The DCT_LUMA2 was replaced by a 4x4 Hadamard transform.  The set of common conditions was tested with this modified code.  The results are nearly identical to those of TML.  The RD curves are nearly identical.  The proposed quantization values give points with slightly larger bitrate but the PSNT is slightly larger with the effect that they are on the existing RD curve.  One difference is a slight increase in chrominance PSNR.  In the TML 2x2 IDCT, the results of the 2x2 transform are rounded immediately.  We postpone this rounding until the final normalization.  This may be the source of this minor PSNR increase. 

Patent Statement

Sharp has intellectual property related to this contribution and has chosen to subscribe to sub clause 2.2 of the ITU-T patent policy under the condition of reciprocity.

Summary

We examined the dynamic range and accuracy of the transforms and quantization for 8-bit and 12-bit data.  We propose a modified set of quantization parameters that reduce the dynamic range requirements of a H.26L codec.  For 8-bit data, the IDCT and dequantization can be implemented with 16-bit data accesses and a register of a 22-bit register.  For 12-bit data, the TML parameters require more than 32-bits while the proposed quantization values remain below this limit.  The 2x2 IDCT is modified slightly moving its normalization to the end of the calculation by compensating with a factor of 2 in the dequantization of chroma coefficients.  Analysis dct_luma2 shows that to remain within 32-bits the quantization must be done before the dct_luma2 calculation.  In this case, the normalization of dct_luma_2 is correct for 8-bit data but is inaccurate for 12-bit data.  We propose replacing this 4x4 transform on the 16 DC coefficients with four2x2 DCT calculation one on each 2x2 block of the 4x4 set of DC coefficients.  
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Appendix

Table 10 Proposed Quantization values 0-5

	QP
	Amantissa
	Aexponent
	Bmantissa
	Bexponent
	Aproposed
	Bproposed

	0
	5
	7
	235
	4
	640
	3760

	1
	9
	6
	261
	4
	576
	4176

	2
	127
	2
	37
	7
	508
	4736

	3
	114
	2
	165
	5
	456
	5280

	4
	25
	4
	47
	7
	400
	6016

	5
	87
	2
	27
	8
	348
	6912


Equation 4 Recursion relations
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Equation 5 Quantization parameters for 8-bit and 12-bit usage
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Equation 6 LUMA_DCT
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Equation 7 LUMA_DCT and transpose
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Equation 8 2x2 CHROMA DCT
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Equation 9 2x2 CHROMA DCT and transpose
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Equation 10 4x4 Hadamard transform used in DCT_LUMA2
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Equation 11 4x4 Hadamard transform and transpose
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Calculation formulae

Details of the transform and quantization calculations are given below.  We use rounding toward the nearest integer for all integer divisions.

Equation 12 DCT_LUMA (TML8)
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Equation 13 DCT_CHROMA (TML8)


[image: image21.wmf]2

/

)

'

(

'

)

(

'

2

/

)

)

(

(

2

/

)

(

20

M

K

M

K

L

QP

B

K

K

QP

A

L

M

K

M

K

DC

T

DC

TML

TML

T

DC

DC

×

×

=

×

=

×

=

×

×

=


Equation 14 DCT_LUMA2 (TML8)
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The DCT_LUMA2 transform requires significant dynamic range.  As an alternative we propose a normalized 4x4 Hadamard transform matrix.  The normalization of the 2x2 CHROMA DC transform and the proposed 4x4 Hadamard transform require division at the decoder.  The presence of division eliminates the ability to move the dequantiztion value B to the end of the calculation.  To eliminate the influence of rounding in these transforms, all levels are multiplied by four immediately after decoding, L’=4L.  This factor of four is compensated for in the final normalization.  In the 2x2 CHROMA DC transform, this factor used to cancel the division by two.  In the 4x4 Hadamard inverse transform, this factor is used to cancel the division by four.  Details of the calculations are given below.

Equation 15 proposed DCT_LUMA
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Equation 16 proposed DCT_CHROMA 
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Equation 17 proposed DCT_LUMA2
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Dynamic range Formulae

Analysis of the dynamic range of calculations is shown below.  Matrix multiplies are replaced by scalars representing the scaling of dynamic range.  The forward transform the matrix T or TT scales the dynamic range by 52=13+13+13+13.  For the inverse transforms, the matrix T or TT scales the dynamic range by only 13 since it is applied to the result of a transform, Equation 18.  For intermediate values of the inverse transform matrix multiply scale the dynamic range by at most 26.

Equation 18 Inverse transform dynamic range
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The dynamic range of the TML and proposed transform and quantization calculations are shown below.

Equation 19 DCT_LUMA (TML8)
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Equation 20 DCT_CHROMA (TML8)
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Equation 21 DCT_LUMA2 (TML8)


[image: image29.wmf]11

"

'

"

'

"

'

'

20

15

'

2

/

)

"

3

(

'

"

"

3

'

13

"

'

26

'

13

'

'

26

)

(

'

2

/

)

)

(

(

)

(

52

'

52

2

/

)

49

(

'

49

DC

DC

DC

K

K

DC

Z

K

C

Z

DC

TML

TML

DC

TML

C

L

DC

DC

DC

DC

K

K

K

K

K

I

Z

K

Z

I

C

Z

C

I

L

QP

B

C

C

QP

A

L

C

QP

A

I

Z

C

K

Z

K

K

K

I

DC

DC

DC

DC

DC

DC

×

=

×

=

×

=

×

£

×

=

×

£

×

=

×

=

×

=

×

=

×

=

×

=

×

=


Equation 22 proposed DCT_LUMA
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