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Abstract—The second generation of the audio video coding 

standard (AVS2), which is going to be issued as IEEE 1857.4, 

doubles the coding efficiency of AVS1 and H.264/AVC. However, 

the advanced techniques in AVS2 also dramatically increase the 

computational complexity. The research on a commercial encoder 

for AVS2 is still at an early stage. In this paper, we propose the 

first fast intra encoding platform for AVS2, which we term iAVS2. 

The platform uses numerous speedup methods, including code 

optimization, SIMD acceleration, and fast algorithms for almost 

all of the time-consuming modules. To meet different application 

scenarios, five different speed levels are designed in iAVS2 to 

provide flexible tradeoffs between compression efficiency and 

encoding speed. Experimental results show that the fastest speed 

level of iAVS2 can accelerate the AVS2 reference software 

(RD12.0) by 144x on average. Compared with the well-known 

HEVC encoder platform x265, iAVS2 can provide over 10% 

bitrate saving at a similar coding speed. For the UHD and 1080 

sequences, iAVS2 outperforms x265 at all speed levels. 

 
Index Terms—IEEE 1857.4, video coding, AVS2, fast algorithm, 

image coding. 

 

I. INTRODUCTION 

VS2, the second generation of the audio video coding 

standard [1][2][3], was recently going to be issued as 

IEEE 1857.4. The new standard provides double the coding 

efficiency relative to the previous H.264/AVC and AVS1. 

Although the basic coding framework of AVS2 is similar to 

that of HEVC [4][5][6], AVS2 supports more intelligent tools 

for surveillance video applications. Moreover, some of the 

advanced tools used in AVS2 render its intra coding 

performance superior even to HEVC. However, the new 

standard is also accompanied by a massive increase in 

computational complexity. The reference software of AVS2 is 

thousands of times slower than the real-time coding 

requirements. Thus, accelerating the video encoding process is 

a new technical challenge for AVS2 to be used in practice. This 

paper focuses on a platform for accelerating the AVS2 intra 

encoder, which can be used in all-intra video coding and image 

coding scenarios. 

Numerous fast algorithms for the HEVC intra encoder have 

been proposed. Some of the algorithms can also be applied in 

AVS2 owing to the similar coding frameworks of AVS2 and 
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HEVC. Generally, these algorithms can be classified into two 

categories: fast intra mode decisions and the optimization of 

rough mode decision (RMD), and the fast coding unit (CU) 

depth decision. These algorithms are briefly reviewed in the 

following paragraphs. 

Kim et al. [7] proposed using intra prediction modes of 

previous-depth prediction units (PUs) to make early decisions 

and reduce the number of intra modes for full rate distortion 

optimization (RDO). Zhao et al. [8] suggested choosing fewer 

intra modes ordered by the RMD stage for full RDO. Based on 

the work of [8], Yan et al. [13] attempted to further reduce the 

number of intra candidate modes. Zhang et al. [9] proposed 

adaptively removing the intra prediction candidates according 

to the texture characteristics. In [10], the estimated Hadamard 

cost was used to simplify the computation in the RMD stage. A 

fast intra mode decision algorithm was presented in [11] to 

choose a reduced set of candidate modes using edge 

information. In [12], a small number of the candidate modes 

were chosen for the RMD and RDO processes according to the 

gradient directions of the CUs. In [15] and [18], the authors also 

tried to reduce the number of intra modes for RDOQ by 

skipping directionally adjacent intra modes. In addition, Zhang 

and Ma [18] proposed the progressive rough mode search 

(pRMS) to selectively examine intra prediction modes instead 

of the traversal of 35 directions in the RMD stage. In [16], some 

of the prediction modes rarely used in the upper depth CUs or 

spatially neighboring CUs were skipped. An adaptive intra 

mode decision algorithm for the RMD stage, using the 

prediction modes from the larger CU and neighboring PUs, was 

proposed in [17]. Wang and Siu [14] also proposed an adaptive 

scheme for the mode decision and signaling processes to 

improve both the intra compression efficiency and the encoding 

speed. In [24], the authors proposed replacing DCT with the 

Hadamard transform in the intra mode selection and 

simplifying the distortion estimation. 

Zhang et al. [15] proposed several early termination schemes 

for the intra CU depth decision. In addition, the RDO process 

can be early terminated according to the overall cost estimated 

from the costs of the encoded sub-CUs [15][18]. Shen et al. 

[16][19] proposed to skip some of the depth levels rarely used 

in neighboring CUs. In [20][21], the CU depth predicted from 

that of the co-located LCU was applied to skip some unlikely 

CU sizes. In [22], the texture complexities and the information 

of neighboring blocks were analyzed and some CU sizes were 

filtered out. In [23], the CU size was determined by comparing 

the preset thresholds and the variance of the CUs. 
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However, the abovementioned methods for fast CU depth 

decisions are empirical, and are not sufficiently robust. 

Recently, training and learning techniques were proposed to 

enhance the robustness of fast CU selection or thresholds in fast 

algorithms. Sun et al. [10] proposed using the Hadamard based 

cost to replace the rate-distortion (R-D) cost for CU size 

determination. The thresholds of Hadamard costs are trained 

offline based on the test results of the HEVC reference software. 

Shen et al. [25] used Bayesian probability to construct the rule 

of early determination for inter CU splitting. In [26], a fast CU 

splitting and pruning method based on the Bayesian decision 

rule was proposed for HEVC intra coding. In [27], the early 

termination technique of CU splitting was proposed based on 

the statistics of the R-D costs. Min and Cheung [28] designed 

the global and local edge complexities to early decide the 

partitioning of a CU. The thresholds were selected according to 

the rate of the CU size mismatching. In [29], a decision tree was 

used to early terminate the partition structure for HEVC inter 

coding, although it cannot be directly applied to intra coding. 

In addition to the above fast algorithms, some engineering 

tools are also useful for speeding up video encoders, such as 

code optimization, single-instruction-multiple-data (SIMD) 

[40][41], and parallelism [42][43][44]. In this paper, we focus 

on exploiting fast algorithms and accelerating the AVS2 

encoder under a single thread. Therefore, we only apply code 

optimization and SIMD as the preparatory works before 

designing the fast algorithms. 

Although the above methods have been proposed to 

accelerate the intra prediction mode decision or to simplify the 

CU size determination for HEVC, most of them only focus on 

one or two factors. As a result, substantial speed improvement 

cannot be achieved, and the accelerated HM is still far away 

from being used in practice. x265 (available: http://x265.org/) 

is a well-known open source encoder for HEVC that accelerates 

the encoding process at the cost of significant performance loss. 

To the best of our knowledge, a fast implementation has yet to 

be proposed for AVS2. Moreover, the intra coding tools of 

AVS2 are even more complex than those of HEVC. 

In this paper, we propose the first fast intra coding platform 

for AVS2, named iAVS2. Code and SIMD optimizations are 

used to accelerate the computation-intensive modules. Five 

speed levels are designed for the different encoding scenario 

requirements. Various fast algorithms are utilized in different 

speed levels. A novel CU depth decision method based on the 

C4.5 classifier is proposed. Our experimental results show that 

the proposed iAVS2 platform increases the speed of the 

reference software of AVS2 by more than 140 times, and 

guarantees that the degradation of the compression efficiency 

lies within an acceptable range. In addition, iAVS2 

outperforms x265 at almost all speed levels. 

The rest of this paper is organized as follows. Section II gives 

the features of the AVS2 intra coding. The speedup methods 

and fast algorithms for AVS2 intra encoding are described in 

Section III. The system-level design of the intra encoding 

platform and the experimental results are presented in Section 

IV. Section V concludes the paper. 

II. FEATURES OF AVS2 INTRA ENCODING 

The architecture of AVS2 intra coding is similar to that of 

HEVC, and consists of intra prediction, transform, quantization, 

entropy coding, and in-loop filtering. Several new coding 

technologies that offer considerable coding flexibility and 

performance promotion are adopted in AVS2. The CU with the 

recursive quadtree structure [30] is used to adapt to various 

video characteristics. First, pictures are split into a number of 

largest coding units (LCUs). The optimal CU sizes in one LCU 

are derived by recursive RDO among the whole quadtree 

structure. The recursive CU structure is illustrated in Fig. 1. 

In addition to CUs with the quadtree structure, more types of 

PU are supported in the AVS2 intra encoder to achieve more 

flexible prediction. An intra CU can be split into one, two, or 

even four PUs according to the different PU types. For HEVC, 

two PU types (2Nx2N, NxN) are used in the intra prediction. In 

AVS2, short distance intra prediction (SDIP) [31] including 

two PU types (2Nx0.5N, 0.5Nx2N) is adopted in addition to 

2Nx2N and NxN. The intra PU splitting types of AVS2 and 

HEVC are presented in Fig. 2. For each CU, different PU types 

are also checked in the RDO stage, and the best PU partition is 

the PU type with the minimum R-D cost. 

 
Integer DCT transform with variable sizes (4x4, 8x8, 16x16, 

32x32 and 64x64) is used in AVS2. For the AVS2 intra encoder, 

the size of transform is coincident with the prediction block size 

for the 2Nx2N and NxN PU types. Non-square transform [35] 

is used if the SDIP prediction is enabled. Furthermore, to 

reduce the complexity of the 64 × 64 transform, logical 

transform (LOT) [34] is applied to the 64x64 residual blocks. 

More specifically, a 2D integer wavelet transform is first 

performed, followed by an integer 32x32 DCT transform. 

Moreover, as shown in Fig. 3, if the prediction block size is 

larger than or equal to 8×8, a 4 × 4 secondary transform to the 

left-top corner of the transform blocks is used to further reduce 

Fig. 2. PU types for intra coding supported by HEVC and AVS2. 

Fig. 1. Example of an LCU with the recursive quadtree structure under the 
default configuration in which the size of the LCU is 64x64 and the maximum

depth of the quadtree is 3. (a) LCU splitting example (b) Corresponding 

quadtree structure. CUs (leaf nodes) of the quadtree are marked by solid dots.
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the correlation among the low-frequency transform 

coefficients. 

For the intra prediction, a total of 33 modes are supported in 

AVS2 [32]. As illustrated in Fig. 4, AVS2 adopts the DC, plane, 

bilinear, and 30 angular modes. To reduce the number of RDOs 

in the intra mode decision of AVS2, the RMD process [38][39] 

is included in the AVS2 reference software. With the help of 

RMD, all intra modes are sorted by the ascending order of the 

Hadamard costs, and the first several candidates with small 

Hadamard costs, instead of all 33 intra modes, are inputted to 

the RDO stage. The encoding time is reduced by skipping the 

RDO processes for the majority of the intra modes. 

For the in-loop filters, in addition to the de-blocking and 

SAO filters, an adaptive loop filter (ALF) [36][37] is included 

in AVS2 to reduce the coding error of the reconstructed 

pictures. The ALF in AVS2 is a 7×7 cross superposing a 3×3 

square shape, as illustrated in Fig. 5. The filter coefficients are 

calculated by minimizing the mean square error between the 

original samples and reconstructed samples. 

When these new techniques, especially the various CU sizes, 

PU shapes, and flexible intra prediction modes, are combined, 

the complexity of the intra video encoding increases 

dramatically. Therefore, it is a great challenge to accelerate the 

AVS2 intra encoder, especially for high-resolution videos. 

III. FAST ALGORITHMS 

Three levels of fast algorithms are designed for our proposed 

platform iAVS2: the mode-level, CU/PU-level, and RDO-level, 

which aim to accelerate the intra mode selection, CU and PU 

decisions, and the inherent computation of R-D cost, 

respectively. 

A. Preparatory Works 

Reference design (RD) is the reference software for AVS2, 

and provides a common test platform for evaluating new coding 

technologies. RD is very slow because the best coding 

parameters are selected by performing brute-force RDO for 

every combination of CU sizes, PU partitions, and intra 

prediction modes. iAVS2 is established based on RD12.0, 

which is the latest reference software of AVS2. 

First, code and SIMD optimizations are conducted. Code 

optimization reduces the redundant computation by tidying the 

codes of the reference software, and some data structures are 

redesigned to improve the efficiency of the cache accessing, e.g. 

by changing multidimensional arrays to one-dimensional arrays. 

SIMD optimization is a common and practical approach for 

speeding up video encoders by exploiting the data level 

parallelism. These two methods introduce no loss of coding 

efficiency. In iAVS2, almost all of the time-consuming 

modules are replaced by the corresponding SIMD instruction 

sets, which include: intra prediction, sum of absolute 

transformed difference (SATD), transform and inverse 

transform, quantization and inverse quantization, de-blocking, 

SAO, ALF, and memory copy. Compared with [40] and [41], 

more modules are optimized. 

B. Mode-level 

Before establishing the mode-level fast scheme for the intra 

encoding, the time distribution of intra coding is first analyzed 

to guide the speedup strategy. Fig. 6 shows the time distribution 

of the time-consuming modules when encoding the sequence 

“BQMall” with QP32 under the all intra constraint. We use the 

AVS2 reference software (RD12.0) accelerated by code and 

SIMD optimization to obtain this analytical report.  

At first glance, “Intra Luma RDO” marked in red in Fig. 6 is 

Fig. 6. The time distribution of RD12.0 accelerated by code and SIMD 

optimization. 

 
Fig. 5. Illustration of the ALF shape in AVS2 

 
Fig. 3. Illustration of secondary transform in AVS2. 

 
Fig. 4. Intra modes in AVS2. 
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dominant in the intra encoder. Therefore, although the number 

of full RDO is decreased by the preprocessing of RMD, further 

reduction of the RDO time is desirable. 

For the purpose of designing some practical mode-level 

algorithms, we evaluate a number of algorithms [7]-[13] 

[15]-[17] for intra mode-level acceleration in HEVC. Almost 

all of these algorithms provide about 20%-30% time decrement 

with approximately 1% BD-rate loss. Given the similar 

performance achieved by most of the fast algorithms on the 

intra mode selection of the Luma component, the simplest one 

would be the best choice. Thus, the method in [7] and [8], in 

which the number of full RDOs is reduced further according to 

the order of the intra modes sorted by RMD, is selected as the 

mode-level algorithm for the intra Luma encoding. 

In [18], pRMS was proposed to reduce the number of intra 

modes checked in the RMD stage. pRMS is a practical method 

for speeding up the RMD stage. Actually, the corresponding 

prediction process can also be discarded together with the 

skipped RMD checking by pRMS. Therefore, in the proposed 

platform, pRMS is chosen as the speedup method for the 

prediction and RMD processes. 

In Fig. 6, we find that the intra coding for the Chroma 

component also occupies a great deal of time. After involving 

fast algorithms for the intra Luma coding, it is self-evident that 

the time ratio cost of the Chroma coding ascends rapidly. 

Therefore, it is essential to accelerate the Chroma coding. 

As demonstrated by [7][8] for Luma RDO acceleration, the 

Hadamard cost is a very efficient tool for sorting intra 

prediction candidates by the descending order of the probability 

of being the best mode. Therefore, we speed up the Chroma 

RDO process by implementing the same method as that of 

[7][8]. More specifically, before the RDO process of the 

Chroma component, the Chroma RMD stage is inserted to 

select a subset of the possible intra Chroma modes. 

For every significantly time-consuming module in Fig. 6, we 

exploit the corresponding fast algorithms, which constitute our 

mode-level strategy. Next, we apply the proposed mode-level 

strategy to the AVS2 intra encoder. 

In RD12.0, 9 of 33 intra Luma modes would be selected by 

the RMD scheme. To satisfy the different demands for speed 

and coding efficiency, the proposed mode-level strategy 

provides four candidate settings for the intra Luma coding, 

which are listed in Table I. The RDO numbers in Table I are 

decided according to the experiments in RD12.0 by balancing 

the coding speed and the performance loss. For “Slow MD” 

(MD stands for mode decision), there are 5, 5, 4, 4, and 3 

prediction mode candidates for the 4x4, 8x8, 16x16, 32x32, and 

64x64 PU sizes, respectively. For “Medium MD” and “Fast 

MD”, the number of prediction mode candidates is decreased 

by 1 and 2, respectively. Only 1 candidate is retained in 

“Ultrafast MD” for all PU sizes. Particularly for the SDIP 

prediction units, the 2Nx0.5N and 0.5Nx2N PU types are 

considered as NxN PU. For example, in 32x32 CU (2N=32), 

2Nx0.5N and 0.5Nx2N PUs are considered to be 16x16 PUs.  

Different from intra Luma prediction, only five prediction 

modes are supported in AVS2 intra Chroma coding. These five 

prediction modes are exhibited in Table II, which shows that 

the DC, Horizontal, Vertical, and Bilinear modes are in line 

with corresponding prediction modes of the Luma component. 

The derived mode (DM) [33] is generated by inheriting the best 

prediction mode from the first Luma PU in the current CU. 

Taking both time saving and performance loss into 

consideration, the number of Chroma modes selected by the 

Chroma RMD stage is set to 2 for all PU sizes in the first three 

settings, while only one mode is checked for “Ultrafast MD”. 

C. CU-level & PU-level 

In our proposed platform, we use the C4.5 classifier in the 

intra CU-level and PU-level accelerating strategies for the first 

time. The inherent problems of using the traditional C4.5 in the 

decisions of  CUs and PUs are first studied and a novel 

algorithm for the CU and PU partition decisions is then 

proposed based on the improved C4.5 classifier. 

Decision tree is a simple and practical tool for the description, 

classification, and generalization of data, and has been proven 

to be very efficient for data mining and machine learning 

[45][46]. Furthermore, decision tree is more powerful than 

Bayesian decision, because the best features can be 

automatically selected in each internal node. 

C4.5 is a good classifier for generating decision trees that 

was developed by Ross Quinlan [47][48]. C4.5 is also a 

descendant of Quinlan’s earlier ID3 algorithm and is able to 

provide a more accurate and efficient solution for classification. 

The most significant improvement of C4.5 is that the selection 

of features is directed by information gain ratio (IGR) rather 

than information gain (IG). 

When applying the C4.5 classifier to decide the CU size or 

PU partitioning, two problems influence its performance. The 

first problem is the definition of the target classes. In previous 

algorithms for fast CU decisions [10][25][27], the data sets 

only contain two complementary classes: “split” and “not-split”. 

However, these methods are inclined to involve large loss of 

compression efficiency, because in many cases the features do 

not show a strong tendency to belong to one certain category. A 

TABLE I 

DIFFERENT SETTINGS FOR THE PROPOSED MODE-LEVEL 

STRATEGY 

Mode-level 

Settings 

Luma RDO 

number 

Chroma 

RDO 

number 

Slow MD 5, 5, 4, 4, 3 

2 Medium MD 4, 4, 3, 3, 2 

Fast MD 3, 3, 2, 2, 1 

Ultrafast MD 1 1 
 

TABLE II 

CHROMA PREDICTION MODES IN AVS2 

Mode index Prediction modes 

0 Derived mode (DM) 

1 DC mode 

2 Horizontal mode 

3 Vertical mode 

4 Bilinear mode 
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recent paper [28] introduced a new “undetermined” class in 

addition to “split” and “not-split”, which leads to a better 

balance between speed and BD-rate loss. In our training, split 

and not-split are considered as two independent decision 

problems and are dealt with separately. (For the sake of clarity, 

we use quotes “” to label classes, e.g. the “split” class and 

“not-split” class, while, split and not-split without quotes stand 

for decision problems.) The class “uncertain” is added for both 

the split and not-split problems. The split and not-split 

decisions are illustrated in Fig. 7. Note that the task of the split 

problem is to discriminate “split” from “uncertain”. If “split” is 

hit, the CU will early split to sub-CUs without the full R-D cost 

computation for the current CU size. While the target of the 

not-split decision is to distinguish “not-split” from “uncertain”. 

If “not-split” is hit, the subsequent CU splitting and checking 

will be terminated. Apart from “split” and “not-split”, other 

CUs belong to uncertain and they are processed by the original 

RDO. By adopting the “uncertain” class and separating the split 

and not-split decisions, the problem of “either split or not split” 

can be avoided. 

The second problem of the C4.5 classifier is the approach for 

selecting the splitting feature, which has not been previously 

addressed. The traditional C4.5 algorithm measures features 

with information gain ratio (IGR), which is not directly 

correlated to the loss of compression efficiency or the speed 

promotion of video encoders. Therefore, IGR does not have the 

ability to reasonably select the best feature for the CU or PU 

partition decisions. In practice, the loss of compression 

efficiency plays a dominant role in assessing the effects of fast 

algorithms, while the speed increment can reflect the capacity 

of fast algorithms straightforward. Accordingly, a good metric 

should consider these two factors comprehensively. The 

methods in [26][27][28] suggest using the error rate of the CU 

size decision, i.e., the probability of wrong decisions, which 

can represent the loss of compression efficiency to some degree, 

however, regardless of the speed increment. Synthesizing the 

loss and speed of video encoders, we combine the error rate and 

the correct rate of the CU size decision to evaluate the features. 

As shown in equation (1), speedup-per-error rate (SPE) is 

defined to serve as the criterion for the features. 

                        (1) 

where Rdec is the proportion of samples, which can be early 

decided through the decision tree without processing the RDO 

stage. Essentially, Rdec is the sum of the correct rate (Rcor) and 

error rate (Rerr), which are illustrated in Fig. 7. 

The error rate (Rerr) of making decisions corresponds to the 

loss of coding efficiency. However, the early decided rate (Rdec) 

indicates the time saving by skipping some CU sizes or PU 

types. Therefore, SPE is capable of revealing the performance 

of features for early fast CU and PU decisions. Thus SPE, 

instead of IGR, is used to evaluate the features and select the 

best splitting point for each internal node of the decision tree. 

In the procedure of the traditional C4.5 classifier, only one 

feature is selected as the best splitting condition for each 

internal node of the decision tree. The combination of multiple 

features is achieved by traversing the final decision tree from 

the root node to the leaf nodes. The pattern of the traditional 

C4.5 classifier is a binary tree, as illustrated in Fig. 8(a). From 

the root node to the leaf nodes, more pure data subsets are 

generated. However, the objective of the split and not-split 

decision problems in the proposed solution is only to split one 

relatively pure data set from the “uncertain” samples, rather 

than compose multiple pure data subsets. In addition, given the 

allowed maximum error rate, SPE can instantly pick out the 

most efficient feature that brings the maximum time saving. 

Nonetheless, the one-time decision would not obtain the best 

classification result, because it neglects the other features. To 

make full use of all of the potential features, the splitting of the 

“uncertain” samples needs to be repeated multiple times. Each 

time, one target data subset is split from the “uncertain” 

samples by one feature selected by SPE. As a result, the tree 

structure of the modified C4.5 is different from that of the 

traditional C4.5 classifier and its tree shape is illustrated in Fig. 

8(b). Fig. 8(b) is a typical tree structure of split decisions 

formed by our modified C4.5 classifier. For each internal node, 

one pure subset of “split” is picked out from the “uncertain” 

samples. In Fig. 8(b), the final “split” data set is comprised of 

three subsets. The remaining samples belong to “uncertain”. 

To carefully control the overall loss of coding efficiency, the 

maximum error rate (Rerr_max) allowed in each decision is set 

before training. In addition, to avoid overfitting, the minimum 

error rate (Rerr_min) in each internal node decision is also set in 

advance. In the proposed C4.5 structure, the maximum and 

minimum error rates are set at 4% and 1%, respectively. 

After redefining the target categories, changing the criterion 

SPE=
����

��		
=

��		
���	

��		

Fig. 7. Split and not-split decision problems. 

Fig. 8. The tree structures of the traditional C4.5 classifier (a) and the modified 

C4.5 classifier (b). 
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for selecting the best feature, and modifying the shape of the 

decision tree pattern, the structure of the traditional C4.5 

classifier should be renewed. Thus, we propose an improved 

structure of the C4.5 classifier (Imp_C4.5 for short) for the 

decision of the unit sizes in the video encoders. The flow chat 

of Imp_C4.5 is shown in Fig. 9. 

The notations in Fig. 9 are listed in Table III. The procedure 

of Imp_C4.5 is explained as follows. 

Step1, set Rerr_max and Rerr_min for the following decision 

process.  

Step2, initialize Dunc using data set D. 

Step3, check whether all of the samples of Dunc belong to 

“split” in the split decision or “not-split” in the not-split 

decision. 

Step4, if Dunc meets the condition of Step3, then the leaf node 

belonging to “split” or “not-split” is returned. Further 

classification decisions are needless. 

Step5, otherwise, the SPEs of all of the available features are 

calculated under the restraints of Rerr_max and Rerr_min. The 

maximum allowed error rate is limited by Rerr_max for the whole 

decision process. At the same time, the error rate of each 

iteration must be larger than Rerr_min to alleviate overfitting. 

Step6, by comparison across all of the features, feature Ag 

with the maximum SPE is selected as the best splitting feature. 

Step7, the SPE of Ag is compared with the pre-set threshold 

of SPE (thspe), and overfitting can also be avoided to some 

extent. 

Step8, if the SPE of Ag is smaller than thspe, which indicates 

no good feature is available to further distinguish the “split” 

and “not-split” samples, the growth of the decision tree is early 

terminated. The final class of the returned leaf node cannot be 

judged and is therefore labeled as “uncertain”. 

Step9, if the SPE of Ag is larger than thspe, the data set is 

partitioned into two subsets in terms of Ag. One is the “split” or 

“not-split” subset. The other is the “uncertain” subset, because 

it is still chaotic and filled with the mixture of all kinds of 

samples. The same procedures from Step3 to Step9 are repeated 

on the “uncertain” subset until all of the branches of the 

decision tree end up with leaf nodes. 

After constructing the improved C4.5 classifier for the 

decision of the CU sizes, we apply Imp_C4.5 to the AVS2 intra 

encoder for the fast decision of the CU sizes. In general, the 

solution of the classification problems is comprised of three 

stages, i.e., feature selection, training, and testing. The same 

procedure is performed in our solution. 

The feature selection plays a crucial part in attaining accurate 

classification results. In [26], the statistical parameters of the 

Hadamard cost and full R-D cost are collected for Bayesian 

decision. R-D cost is also used in [27]. As stated in [22][23], the 

variances of CUs are always used to design the thresholds for 

the CU size decision. In addition, many other features used in 

image processing have great potential to differentiate “split” 

and “not-split” from the mixture of samples. At the same time, 

the complexity of the features should be considered together 

with the classification ability. Accordingly, some complicated 

features are discarded, while simple features are evaluated by 

the proposed Imp_C4.5 classifier, including: 

1) The Hadamard cost 

2) The Luma R-D cost, and the total R-D cost of the Luma 

and Chroma components 

3) The mean of the current block 

4) The variance of the current block 

5) The entropy of the current block 

6) The variance of the averages of four sub-blocks 

7) The variance of the variances of four sub-blocks 

8) The variance of the entropies of four sub-blocks 

9) The variance of the entropy averages of four sub-blocks 

Inherited from the traditional C4.5 algorithm, Imp_C4.5 is 

also able to select features automatically. Moreover, with the 

help of SPE, the proposed Imp_C4.5 provides closer 

correlation with the encoding results, so that the features can be 

measured more rationally. 

Experiments show that the Hadamard cost, the R-D cost of 

the Luma component, and the variance of the variances of the 

TABLE III 

NOTATIONS IN THE C4.5 FLOW DIAGRAM 

Notations Descriptions 

D The data set for training 

Dunc Uncertain data set to be 

checked 

A1, A2, A3, … Features 

C1, C2, C3, … The target classes 

thspe The threshold of SPE 

 

Fig. 9. The flow diagram of the improved C4.5 classifier (Imp_C4.5). 
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four sub-blocks have high probabilities of being the best 

splitting features among all of the listed features. With the aim 

of reducing the computational complexity of the variance of the 

four variances, the 64x64 and 32x32 CUs are down-sampled to 

16x16. Taking the first frame of the “BQMall” sequence as an 

example, Fig. 10 shows the normal variance of the four 

variances and the down-sampling version for the 64x64 CUs 

and 32x32 CUs. As shown, the values of the normal and 

down-sampling features for the 64x64 CUs and 32x32 CUs are 

almost same. Accordingly, the down-sampling operation has a 

negligible effect on this feature. For the split decision, the early 

split test for each CU is invoked before the full RDO process. 

Thus, the R-D cost is inaccessible for the split decision. As for 

the not-split decision, all of the features can be used and the 

R-D cost becomes the most practical feature. 

To generate a more reasonable decision tree, all of the test 

sequences of AVS2 are used, which are listed in Table IV in 

Section IV. However, only the first frames of each sequence are 

involved in the training set and the remaining frames serve as 

the testing set. Although the classifier is only trained with the 

first pictures of all of the test sequences, the outputted 

thresholds are still effective. Because they contain rich 

variations of video contents and abundant changes of image 

characteristics for training. 

It is well-known that the optimal CU size strongly relies to 

the QP (quantization parameter) value. In addition, the values 

of each feature for the different CU sizes differ greatly. Thus, 

all of the decision trees of the different QP values (QP27, QP32, 

QP38, QP45) and different CU sizes (64x64, 32x32, 16x16, 

8x8) are trained separately. The features are also collected 

under the different CU sizes and the four QPs for the different 

decision cases, respectively. 

The decision conditions, i.e. thresholds of features, are 

generated off-line through the Imp_C4.5 classifier. An example 

of the final decision tree for the 16x16 CU not-split decision 

under QP32 is illustrated in Fig. 11. After training the four QPs, 

polynomial fitting is applied to generate the decision thresholds 

for all the QP points. For each decision case, the thresholds are 

stored in a look-up table to provide fast access in the encoding 

process. An example of the R-D cost thresholds in all the QP 

points is depicted in Fig. 12. 

The proposed algorithm is not only designed for the CU size 

decision, it is also appropriate for the PU size decision in the 

8x8 CU and SDIP PU type selection. As illustrated in Section II, 

in the current HEVC and AVS2 standards, the 8x8 CU can be 

split into four 4x4 PUs. In addition, for the 32x32 and 16x16 

CUs, AVS2 allows the SDIP PU types, including the 2Nx0.5N 

and 0.5Nx2N partitions. We also propose to apply the proposed 

algorithm to early determine the best PU partition. The 4x4 PUs 

and SDIP PUs are labeled as the “split” class, while the 2Nx2N 

PUs belong to the “not-split” class. 

The method for the CU size determination is marked as the 

“Fast CU” algorithm. The early PU decision for the 8x8 CUs is 

marked as “Fast PU8x8”, while the fast SDIP type selection for 

the 32x32 and 16x16 CUs is named “Fast SDIP”. These three 

parts compose the CU/PU-level strategy for fast AVS2 intra 

encoding. 

D. RDO-level 

The RDO process needs to be performed for each 

combination of different CU sizes, PU types, and intra 

prediction modes to obtain the optimal R-D performance. 

Transform, quantization, and entropy coding are applied to 

residual blocks to get the bit cost (rate), followed by inverse 

quantization and inverse transform to get the reconstructed 

blocks, and the difference between the reconstructed blocks and 

the raw blocks forms the distortion. 

During this process, the quantization method based on the 

R-D assessment, which is called rate distortion optimized 

quantization (RDOQ), is very time-consuming. It is reported in 

our experiments that the average encoding time of the AVS2 

NotSplit

NotSplit uncertain

NotSplit

 Luma 

 Rdcost
< 3911

var of

 vars
< 559.7

 Luma 

 Rdcost
< 5053

var of vars : the variance of variances of four sub-blocks  
Fig. 11. An example of decision tree generated by Imp_C4.5. 
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Fig. 10. The curves of the normal and down-sampling variances of four 

variances for (a) 64x64 CUs and (b) 32x32 CUs in the first frame of the

“BQMall” sequence. 

 
Fig. 12. The curve of R-D cost thresholds. 
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reference software can be halved if RDOQ is turned off. 

However, approximately 4~6% BD-rate loss is incurred 

simultaneously. Thus, the fast algorithm of RDOQ is desired. 

When the RDOQ is turned off, the uniform quantizer is 

applied with the same quantization step for all the transform 

coefficients. Owing to the lack of self-adaptation, the uniform 

quantization is inferior to RDOQ, whereas our experiments 

verify that the uniform quantizer is still practical for the intra 

mode selection and the determination of the PU types. Thus, the 

uniform quantizer can be applied to substitute for RDOQ in the 

intra mode selection stage and the PU type decision stage. After 

the RDO checking is completed in one CU, the best intra mode 

and PU type are acquired without RDOQ. Subsequently, the 

R-D cost is calculated again with RDOQ for the sake of an 

accurate CU size selection. 

This algorithm, which is named “Fast RDOQ”, is able to 

eliminate most of the computational complexity of RDOQ, 

while partially maintaining the advantages of RDOQ. 

E. Others 

Other than the abovementioned fast algorithms, the early 

termination (ET) method based on the coded block flag (CBF) 

is proposed to complement the PU-level and mode-level 

optimization. This approach is inspired by previous research on 

fast inter coding [49][50]. In [49], the differential motion vector 

(DMV) and CBF are checked. If both are equal to zero, the 

SKIP mode is considered to be the best mode and all of the 

remaining PU modes are skipped. In [50], the PU checking is 

early terminated if the CBF of the current PU partition is zero. 

It has been proved that CBF is very useful for reducing the 

PU-level complexity. 

However, from the descriptions of [49] and [50], it can be 

seen that these two methods only use CBF to accelerate the 

examination of the PUs. In our proposed algorithm, the 

examination of the PUs is not only sped up, the RDO checking 

of the intra modes is also early terminated using CBF. 

Specifically, after encoding a PU with zero CBF, the remaining 

PUs are abandoned, and the best PU type is selected. In addition, 

when the CBF of the current intra mode is zero and the current 

mode has minimum R-D cost, the intra mode searching is early 

terminated. The current intra mode is considered the best intra 

mode for the current PU. 

This algorithm, which is named “ET of CBF”, provides two 

types of early termination based on CBF. 

IV. EXPERIMENTAL RESULTS 

First, we give the hardware and software environments for 

the evaluation of the proposed methods. For the hardware 

environment, the experiments run on the Intel Core™ i7-4790K 

CPU @ 4.00GHz with 16GB RAM. The detailed software 

configuration is described as follows. 

1) All intra profile 

2) QP values: 27, 32, 38, 45 

3) Test sequences: All of the AVS2 common test sequences 

shown in Table IV 

4) Single thread 

The experimental results in this paper are the average values 

among the test sequences and four QP points. 

A. Results for each method 

To demonstrate the efficiency of the proposed methods, 

RD12.0 is used as the anchor software. Table V presents the 

performances of all the optimization methods, the fast 

algorithms presented in Section III, and some on-off operations 

of the encoding tools. 

In this paper, the speedup ratio (Rspeed), which denotes the 

ratio between time saving and coding performance loss, is 

proposed to evaluate the fast algorithms. Rspeed can be expressed 

as 

/speedR Time Bdrate= ∆ ∆                   (2) 

where △Time is the percentage of time saving, and △Bdrate is 

the loss of compression efficiency represented by BD-rate. 

From equation (2), a high Rspeed indicates large speedup and 

TABLE IV 

TEST SEQUENCES OF THE AVS2 STANDARD 

UHD 

Traffic_2560x1600_30_crop 

pku_girls_3840x2160_50 

pku_parkwalk_3840x2160_50 

1080p 

Kimono_1920x1080_24 

beach_1920x1080_25 

taishan_1920x1080_25 

Cactus_1920x1080_50 

BasketballDrive_1920x1080_50 

720p 

City 

Crew 

Vidyo1_720p_60 

Vidyo3_720p_60 

WVGA 

RaceHorses_832x480_30  

Bsketballdrill_832x480_50  

PartyScene_832x480_50 

BQmall_832x480_60 

WQVGA 

RaceHorses_416x240_30  

Basketballpass_416x240_50  

BlowingBubbles_416x240_50 

BQSquare_416x240_60 

 

TABLE V 

TIME SAVING, BD-RATE LOSS, AND RSPEED FOR ALL OF THE 

AVAILABLE SPEEDUP METHODS 

methods 
Time 

saving 
BD-rate 

loss R(speed) 

Slow MD 38.9% 0.59% 65.9 

Medium MD 45.6% 1.09% 41.8 

Fast MD 52.7% 2.59% 20.3 

Ultrafast MD 57.3% 4.31% 13.3 

Fast CU 38.5% 0.84% 45.8 

Fast PU8x8 10.25% 0.23% 44.6 

Fast SDIP 36.0% 1.27% 28.3 

Fast RDOQ 45.3% 1.49% 30.4 

pRMS[18] 10.6% 0.69% 15.4 

ET of CBF 9.4% 0.39% 24.1 

Disable 4x4 PU 13.8% 2.26% 6.1 

Close SDIP 42.2% 1.96% 21.5 

Close SAO 1.2% 0.43% 2.8 
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little loss of coding efficiency, while a low Rspeed implies small 

speedup and/or large loss. Thus, the performance of the 

speedup methods can be represented by Rspeed. With the help of 

Rspeed, the proposed fast algorithms are inserted into the 

proposed fast encoding platform in the descending order of 

Rspeed. But if several algorithms have the same or very similar 

Rspeed , the fast algorithms are evaluated according to the 

application scenarios. If the coding performance is preferred, 

the method with the lowest performance loss is considered to be 

superior to the other methods. When the coding speed is 

preferred, the method with the highest speedup is considered to 

be better. Given the time saving and BD-rate loss, the 

corresponding Rspeed is calculated and listed in the last column 

of Table V. 

As observed from Table V, “Slow MD” and “Fast CU” with 

Rspeed of 65.9 and 45.8, respectively, are very effective, and 

have high priorities to be adopted into the proposed platform. In 

addition, “Medium MD”, “Fast PU8x8”, “Fast SDIP” and “Fast 

RDOQ” are capable of attaining large time reductions and 

satisfying Rspeed. In the last few lines of Table V, some switches 

of the encoding tools, including 4x4 PU, SDIP, and SAO are 

closed. In general, from the view of Rspeed, these on-off 

operations are inefficient and inferior to the proposed fast 

algorithms. Thus, these on-off switches are applied only if 

extremely fast speed is required. 

The proposed mode-level, CU/PU-level, and RDO-level 

algorithms achieve remarkable performance in both speedup 

and coding efficiency. In particular, the fast CU and PU 

algorithms based on Imp_C4.5 are very efficient. Significant 

encoding time can be saved with very small BD-rate loss. To 

further demonstrate the effectiveness of the proposed 

CU/PU-level algorithm, we implement the proposed “Fast CU” 

and “Fast PU8x8” in HM10.0, and compare them with 

state-of-the-art method in [28] for HEVC. The common test 

condition for HEVC [51] is used in this experiment. Table VI 

shows the comparison results. As shown, the method in [28] 

obtains ~52% time saving with a ~0.8 BD-rate increase in 

HM10.0, while the proposed CU/PU-level algorithm achieves a 

51.17% reduction in encoding time on average with only a 0.76% 

BD-rate increase. Compared with [28], our proposed method 

achieves very similar encoding time saving, but slightly less 

coding performance loss. 

B. Results for the iAVS2 platform 

To meet the diverse application requirements, five speed 

levels, “Slowest Speed”, “Slow Speed”, “Medium Speed”, 

“Fast Speed” and “Fastest Speed” are designed by grouping the 

methods in terms of Rspeed in an incremental manner. That is, 

the faster speed levels involve the methods in the current speed 

level and all of the methods used in the slower speed levels. 

According to Rspeed, the algorithms are distributed along 

different speed levels. The five speed levels are listed below 

from the slowest to the fastest level along with the 

corresponding fast schemes. 

1) Slowest Speed, including 

Code optimization 

SIMD optimization 

2) Slow Speed 

Slow MD 

Fast CU 

3) Medium Speed 

Medium MD 

Fast PU8x8 

Fast SDIP 

Fast RDOQ 

4) Fast Speed 

Fast MD 

pRMS 

ET of CBF 

Close SDIP 

5) Fastest Speed 

Disable 4x4 PU 

Ultrafast MD 

Close SAO 

The “Slowest Speed” only involves code optimization and 

SIMD acceleration because these methods do not lead to any 

loss. “Slow Speed” includes some very efficient algorithms, 

such as “Slow MD” and “Fast CU”. For “Medium Speed”, four 

fast algorithms including “Medium MD”, “Fast PU8x8”, “Fast 

SDIP” and “Fast RDOQ” are embedded for further acceleration 

without large degradation of the coding performance. “Fast 

Speed” includes three additional algorithms, and SDIP is closed. 

Finally, in “Fastest Speed”, more on-off operations are 

introduced to disable the 4x4 PU checking and close SAO. 

“Ultrafast MD” is also included. 

The performance of the iAVS2 is measured by the average 

time saving (TS) and speedup ratio (SR), which are defined in 

equations (3) and (4), respectively. The TS and SR are both 

represented by two parts: Tenc(anchor), which denotes the 

encoding time of the anchor software, and Tenc(Prop), which 

denotes the encoding time of iAVS2. TS reflects the amount of 

time saving, while SR indicates the speed increment relative to 

the anchor. 

               (3) 

                                (4) 

The experimental results under the five speed levels of 

iAVS2 are presented in Table VII. In addition to TS and SR, the 

relative SR (rSR), which is the SR of the current speed level 

relative to its immediately previous speed level, is listed in the 

last column of Table VII. For example, the rSR of “Fast Speed” 

is the SR of “Fast Speed” relative to “Medium Speed”. The rSR 

of “Slowest Speed” is the SR of “Slowest Speed” relative to the 

TS=
�����������������������

������������

SR=
������������

����������

TABLE VII 

EXPERIMENTAL RESULTS OF IAVS2 FOR FIVE SPEED LEVELS 

RELATIVE TO RD12.0 

Speed Level BD-rate loss TS (%) SR rSR 

Slowest 0% 82.7% 6.1 6.1 

Slow 1.60% 94.0% 17.2  2.8 

Medium 4.61% 97.8% 47.3  2.8 

Fast 6.12% 98.5% 69.5 1.5 

Fastest 16.23% 99.3% 144.2 2.1 
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anchor software RD12.0. As can be seen from Table VII, by 

applying the SIMD and code optimization in the “Slowest 

Speed”, more than 80% of the total encoding time can be saved 

without any loss of compression efficiency. From the “Slowest 

Speed” to the “Fastest Speed”, the encoding speed of the 

proposed platform ascends sharply, while the BD-rate loss 

increases smoothly except for the “Fastest Speed”. The iAVS2 

under the “Fastest Speed” is capable of increasing the speed of 

the reference software (RD12.0) by 144 times on average with 

16.23% BD-rate loss. 

Fig. 13 illustrates the test results of all the speed levels in 

Table VII, and the experimental results of the UHD and 1080p 

sequences. It can be seen that the performance of iAVS2 on 

large size videos (UHD and 1080p) is more remarkable and less 

degradation of compression efficiency is imposed when the 

same speedup ratio is required. 

We also compare the proposed fast intra encoding platform 

iAVS2 with the x265 intra encoder. Similar to iAVS2, x265 

provides a number of speed levels, which are controlled by the 

“preset” command. Table VIII shows the primary settings 

corresponding to the different “preset” settings in the x265 intra 

encoder. From Table VIII, it can be seen that the different 

preset settings of the x265 intra encoder are mainly derived 

from the direct removal of some CU and TU sizes, and the 

on-off operations of some functional modules. The fast 

algorithms of x265 are implemented in different R-D functions, 

which are selected according to the “rdLevel”. A higher 

“rdLevel” provides more precise R-D costs, while only 

approximate R-D costs are estimated in a lower “rdLevel”. 

To make a fair comparison of the iAVS2 and the x265 intra 

encoder, HM16.0 is used as the anchor encoder for both the 

iAVS2 and x265 platforms. Furthermore, x265 runs under a 

single thread because we only accelerate RD12.0 using a single 

thread. 

Table IX presents the results for the five speed levels in 

iAVS2 relative to HM16.0. It can be observed from Table IX 

that all of the SRs decrease to about a third of those of Table VII, 

indicating that RD12.0 demands more computational 

complexity than HM16.0. However, the loss of iAVS2 

decreases relative to that of Table VII. In particular, for 

“Slowest Speed” in Table IX, iAVS2 acquires better 

compression efficiency than HM16.0 and faster encoding speed. 

Because RD12.0 has the same coding efficiency as the 

“Slowest Speed” of iAVS2, it is proved that RD12.0 provides 

higher compression efficiency for intra encoding than HM16.0. 

The better performance primarily originates from the adoption 

of SDIP and ALF. As show in Table IX, the “Fastest Speed” of 

iAVS2 achieves 42.7 times greater speed relative to HM16.0, 

along with nearly 16% BD-rate loss. 

Table X shows the experimental results for the x265 intra 

encoder relative to HM16.0. In the first of several preset 

settings, the loss is very low, although a good speedup ratio is 

obtained. As the preset setting becomes faster, the BD-rate loss 

increases rapidly. Despite the outstanding time saving in the 

“ultrafast” preset setting of x265, the loss of compression 

efficiency is greater than 27%. 

For clarity, the results in Table IX and Table X are illustrated 

in Fig. 14. It can be seen from the curves of iAVS2 and x265 

TABLE X 

EXPERIMENTAL RESULTS OF X265 ALL INTRA ENCODING 

RELATIVE TO HM16.0 

Preset 

Setting 
BD-rate loss TS SR 

placebo -0.08% -73% 4.02 

veryslow -0.14% -78% 4.85 

slower -0.01% -80% 5.21 

slow 0.38% -83% 5.98 

medium 5.65% -89% 8.98 

fast 5.85% -89% 9.34 

faster 5.85% -89% 9.34 

veryfast 6.91% -90% 10.51 

superfast 7.02% -91% 10.97 

ultrafast 27.49% -97% 38.64 

 

Fig. 13. The speed ratio (SR) and BD-rate loss of the iAVS2 platform at

different speed levels. 

TABLE VIII 

DETAILED CONFIGURATIONS OF DIFFERENT “PRESET” 

Preset 

Setting 

CU 

size 
rdLevel Rdoq TU depth SAO 

placebo 64~8 6 on 4 on 

placebo 64~8 6 on 4 on 

veryslow 64~8 6 on 3 on 

slower 64~8 6 on 2 on 

slow 64~8 4 on 2 on 

medium 64~8 3 off 2 on 

fast 64~8 2 off 2 on 

faster 64~8 2 off 2 on 

veryfast 32~8 2 off 2 on 

superfast 32~8 2 off 2 off 

ultrafast 16~8 2 off 2 off 

 

TABLE IX 

EXPERIMENTAL RESULTS OF IAVS2 FOR FIVE SPEED LEVELS 

RELATIVE TO HM16.0 

Speed Level BD-rate loss TS SR 

Slowest -1.12% -37.87% 1.8 

Slow 0.36% -79.00% 5.1 

Medium 3.52% -92.39% 14.0 

Fast 5.12% -94.67% 20.6 

Fastest 15.96% -97.45% 42.7 
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that iAVS2 outperforms the x265 intra encoder except for some 

overlapping regions around the “Slow Speed” configuration. 

The iAVS2 introduces less degradation of coding efficiency 

than the x265 intra encoder when the same speed is required. 

Compared with x265, iAVS2 can save more than 10% of the 

bitrate if the speedup ratio is larger than 20. For the “Fastest 

Speed”, the proposed iAVS2 can reach a higher speedup ratio 

than x265, while iAVS2 incurs lower performance loss 

(15.96%) than that of x265 (27.49%). The results of iAVS2 

with ALF turned off are also provided in Fig. 14. The BD-rate 

loss increases by 2%-3%, while the speed also increases. When 

ALF is turned off, iAVS2 is slightly inferior to x265 in 

“Slowest Speed” and “Slow Speed”, while for other speed 

levels, the iAVS2 is still much better than x265. 

The results of all the speed levels of iAVS2 and x265 for the 

UHD and 1080p sequences are presented in Fig. 15 and Fig. 16, 

respectively. As shown, iAVS2 outperforms x265 at all speed 

levels for the UHD and 1080p sequences. Compared with x265, 

a much higher speedup ratio is obtained by iAVS2 with the 

same BD-rate loss. In particular, iAVS2 can obtain more than 

40 times acceleration in the UHD sequences compared to 

HM16.0 with only a cost of approximately 6% BD-rate loss, 

while x265 can only obtain 10 times acceleration relative to 

HM16.0 at similar BD-rate loss. 

V. CONCLUSION 

In this paper, we propose the first fast intra encoding 

platform for AVS2, which we term iAVS2. Code optimization 

and SIMD optimization are used as the underlying acceleration 

methods, and mode-level, CU/PU-level, and RDO-level fast 

algorithms are applied. For the CU/PU-level algorithms, we 

propose an improved C4.5 classifier (Imp_C4.5). Based on 

Imp_C4.5, we establish efficient fast decision algorithms for 

the CU sizes and PU partitions. In iAVS2, five different speed 

levels are defined for different application scenarios. Our 

experimental results show that the proposed iAVS2 platform is 

capable of achieving efficient acceleration with relatively little 

loss of coding performance. At the fastest speed level, iAVS2 is 

able to increase the speed of the AVS2 reference software 

(RD12.0) by 144x on average, with about 16% BD-rate loss. 

Furthermore, much better performance can be obtained for the 

UHD and 1080p sequences in iAVS2. Compared with x265, 

iAVS2 can obtain a higher speed and achieve a better balance 

between speed and compression efficiency loss, especially for 

large size videos (UHD and 1080p). Owing to their similar 

frameworks, the proposed systematic solution and the fast 

algorithms can also be applied in HEVC intra encoder design. 
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