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Abstract
This contribution proposed an improved quantization scheme for residual coding based on adaptive reconstruction levels, consisting of three steps. First, the hard decision quantization with rounding off being zero is conducted, and a reconstruction level is computed as the centroid for each quantization output. Second, fix the reconstruction level for each quantization output, apply the RDOQ algorithm to re-calculate quantization outputs. Third, given the quantization decision by RDOQ, update the reconstruction levels. Simulation results show 0.2 to 0.5dB gain, compared with RDOQ. 

1 Introduction
While the performance of a quantization process generally involves in two factors as space partitioning and sample reconstruction, quantization designs in video coding have been largely centralized around one parameter of quantization step size, which tends to bind partitioning and reconstruction together and limits the quantization performance. For example, given a quantization step size q, a conventional hard-decision-based quantization operates by the following:
                                          u = round ( c / q + δ )                 ,                (1)

where c denotes a positive real number to be quantized, δ is the rounding offset, and u is called quantization output. In this case, the de-quantization is carried out as 

                                          cˆ = u * q         .         
Accordingly, the reconstruction space is given by a series of points of

                  (0, q, 2q, 3q, …).                                                                (2)
Correspondingly, the partition is given as a series of boundaries of 

                  (  (0.5- δ)q,  (1.5- δ)q,  (2.5- δ)q,   … ).                              (3)
For the best distortion performance, the rounding offset δ needs to be zero; if considering the rate distortion performance, δ may be adaptively selected, as seen in the TMuC reference software [6] and the JM codec of the AVC standard [7]. Still, within the hard-decision quantization scheme, both the partitioning and the reconstruction are largely determined by the quantization step size.
Studies on soft-decision quantization [3] started to explore the rate distortion coding gain of relaxing the partitioning from the fixed boundaries of (3). Essentially, given the reconstruction space of (2), the partitioning is carried out by a rate distortion optimization process as
                                    min    |  c – u ( q  | 2 +  ( ( r(u)                                  (4)

                                      u
where c is used to denote a matrix of transform coefficients, q is the corresponding quantization step sizes, u is the quantized coefficients (also called levels in video coding communities), and ( means element-wise multiplication.  ( is a constant, which is determined by end users based on their preference of the coding rate and the video quality. (A small ( puts more preference on better quality, while a large  ( emphasizes on a lower coding rate.) r(u) represents the rate function by entropy coding for u. Clearly, the partitioning is not determined by the deterministic boundaries of (3) anymore, but is the output of an optimization process that relates to both the rate and the distortion. The soft-decision quantization design was latterly simplified to a practical algorithm in [4], called RDOQ, which has been adopted in various codec. Still, there is an assumption that the reconstruction space is given by the uniform lattice of (2).
For video data, which is generally non-uniformly distributed, a non-uniform quantization design generally gives a better rate distortion coding performance than a quantizer with a uniform reconstruction space. However, in practice, there are two main problems related to non-uniform quantization: 1) the source distribution is often unknown. Thus in order to design a good non-uniform quantizer, one often needs off-line training to find its partitions and reconstruction levels. Note that even with training, there might still be mismatch between the statistics used to design the quantizer and the actual statistics of the data to be quantized; and 2) the quantization involves a time-consuming search within the non-uniformly distributed partitions. 

This contribution presents a method with adaptive reconstruction space selection to tackle the problem of the source non-uniformity. Specifically, the reconstruction levels for different quantization outputs are adaptively selected based on a given data sequence,  
                                          cˆ =  q1,     |u|=1               

                                                   q2,     |u|=2               

                                                   q3,     |u|=3                (5)

                                                  ….

In cases where the computational complexity is highly, the partitioning (or forward quantization) may be carried out based on a uniformly distributed boundaries such as (3); for the best rate distortion performance, the partitioning is conducted with modified soft decision quantization, or soft decision quantization based on given non-uniform reconstruction levels. 

In terms of modifying the reconstruction space, a related work is the adaptive quantization step size selections, such as using different reconstruction lattices for different macro-blocks [1], or further using different reconstruction lattices for different DCT frequency components [2]. Essentially, these techniques fall into a category of methods which try to reduce the source non-uniformity by partitioning the source into sub-sources and applying a uniform quantization to each of them. For any sub-source, the non-uniformity of the source is still overlooked.

2 The proposed solution

Essentially, the idea is to allow different reconstruction levels for different quantization outputs. Based on this idea, the quantization becomes a three-stage process, as follows,

1. Given a group of blocks cn and an initial quantization step size qini, find the HDQ outputs un by applying the hard decision quantization with the rounding offset being zero. Then, for two quantization outputs, |u|=1, and  |u|=2, corresponding to samples in (0.5 qini, 1.5 qini) or  (1.5 qini, 2.5 qini),  compute their new reconstruction levels as the centroid within (0.5 qini, 1.5 qini) and (1.5 qini, 2.5 qini), respectively. Denote them as qu=1  and qu=2 . For other quantization outputs, compute a new reconstruction series as (3q, 4q, 5q, … ) to replace the remaining reconstruction levels of (3 qini , 4 qini, 5 qini, … ). 
2. Given the reconstruction set (qu=1 , qu=2 ,  3 qini , 4 qini, 5 qini, …), for each input block c, find the quantization indices u by solving 

                                    min    |  c – u ( qu  | 2 +  ( ( r(u)                                  ,

                                      u
               which can be done by slightly modifying the distortion calculation in RDOQ.

3. Based on quantization outputs in the second step, update qu=1 , qu=2 and q. Transmit the reconstruction levels to the decoder.

3 Simulation results

Simulations have been conducted based on [6]. The frame patterns are IPPP… The coding performance is reported only for P frames. As 6 DCT sizes are supported in Samsung codec, up to 6 sets of reconstruction levels may be computed and transmitted. In the results reported below, the 240p sequences uses 4 sets reconstruction (corresponding to size 4x4 to 32x32) levels for each frame, while the 480p sequences use 5 sets of reconstruction levels (corresponding to size 4x4 to 64x64). Each reconstruction level is represented by a 10bit precision. Note that intra prediction is disabled in P frames, since at this point the proposed method is not implemented for Intra prediction. The bit rate is reported as kbps, and PSNR is by dB. 
BQsquare (416x240))
	
	       RDOQ
	   Proposed

	QP
	BitRate
	PSNR
	BitRate
	PSNR

	27
	1517.4
	35.0678
	1202.72
	34.4577

	30
	767.22
	32.7269
	576.48
	32.2734

	33
	342
	30.7754
	267.38
	30.5076

	35
	213
	29.6
	168.92
	29.4006


BD-PSNR gain = 0.27dB           BD-Rate saving = -9.9%

BD-PSNR gains and BD-Rate savings are calculated by using the tool provided in [5]. 
====================================================
Racehorses (416x240)
	
	RDOQ
	Proposed

	
	BitRate
	PSNR
	BitRate
	PSNR

	25
	2646.78
	37.5987
	2298.92
	36.9167

	27
	2029.68
	36.0814
	1761.02
	35.4345

	30
	1342.02
	33.9161
	1146.74
	33.3172

	33
	846.18
	31.7994
	731.06
	31.3323


BD-PSNR gain = 0.14dB             BD-Rate saving = -2.8%

====================================================

BQmall (832x480)
	
	RDOQ
	Proposed

	QP
	Bitrate
	PSNR
	Bitrate
	PSNR

	27
	1868.1
	37.0705
	1507.4
	36.706

	30
	1162.86
	35.2954
	959.72
	34.9904

	33
	736.8
	33.4943
	612.92
	33.2406

	35
	553.8
	32.2512
	458.6
	32.0072


BD-PSNR gain = 0.46dB   BD-Rate saving = -11.1%
====================================================

Basketball drill (832x480)
	
	RDOQ
	Proposed

	QP
	Bitrate
	PSNR
	Bitrate
	PSNR

	27
	1726.75
	37.3502
	1475.25
	37.128

	30
	1086.45
	35.7271
	937.65
	35.5418

	33
	694
	34.2392
	609.8
	34.0664

	35
	511.4
	33.2043
	453.65
	33.0434


BD-PSNR gain = 0.29 dB   BD-Rate saving = -8.3%
====================================================

PartyScene (832x480)
	
	RDOQ
	Proposed

	QP
	Bitrate
	PSNR
	Bitrate
	PSNR

	27
	6112.35
	35.0492
	5078.7
	34.61

	30
	3691.3
	32.764
	3066.3
	32.4034

	33
	2210.45
	30.6462
	1856.8
	30.3863

	35
	1573.5
	29.2505
	1307.55
	29.0118


BD-PSNR gain = 0.43dB    BD-Rate saving = -9.8%
====================================================

	Sequence 

	BD-PSNR (dB) 
	BD-bitrate (%) 

	BQ-Square 240p 
	0.27 
	-9.9 

	Race-horse 240p 
	0.14 
	-2.8 

	Basketball pass 240p
	0.25
	-6.3

	BlowingBubble 240p 
	0.23 
	-7.1 

	BQ-Mall 480p 
	0.46 
	-11.1 

	Basketball drill 480p 
	0.29 
	-8.3 

	PartyScene 480p 
	0.43 
	-9.8 

	Racehorse 480p 
	0.07 
	-1.9 

	Vidyo-1 720p 
	0.30 
	-12.2 

	Vidyo-3 720p 
	0.21 
	-9.1 

	Vidyo-4 720p 
	0.31 
	-14.6 
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