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<Summary> This paper presents a fixed-complexity inter mode filtering algorithm for High Efficiency Video Coding (HEVC). 

Motion estimation (ME) particularly the fractional motion estimation (FME) is the most computational challenge part because 

of the optimized Rate-Distortion (RD) evaluation for coding blocks with different sizes and prediction modes. Especially when 

HEVC introduces new tools like the coding tree unit and asymmetric motion partition (AMP), complexity of ME has increased 

furthermore. There are many approaches to reducing the ME complexity by removing the unlikely prediction modes. However, 

most mode filtering methods cannot guarantee the worst-case performance and limit overall speed in a pipelined video encoder. 

Thus, a fixed number of modes is required to ensure the worst-case performance and realize the pipeline design. By 

investigating the cost correlation of integer motion estimation (IME) and FME, we utilize the confidence interval (CI) of the 

cost ratio to remove fixed number of modes. Moreover, the dedicated configurable mode filtering makes the complexity of 

FME adaptive to different requirements of RD performance. According to experiment in HEVC reference software HM 16.0 

with full FME, the proposed scheme achieves at almost 82.75% complexity reduction of the FME with an average of 1.63% 

BD rate loss. 

Keywords: IME, FME, cost ratio, inter mode, HEVC 

 

1. Introduction 

With the enormous development of electronic devices, 

high definition videos such as High Definition (HD), Quad 

Full High Definition (QFHD), even Super Hi-Vision (SHV) 

videos have appeared in our daily lives which brings 

challenges to the existing video compression formats. As a 

successor to H.264/AVC (advanced video coding)1), 

HEVC2) is developed by the Joint Collaborative Team on 

Video Coding (JCT-VC) group to meet the increasing 

demand of compression efficiency. By adopting many new 

tools such as hierarchical quad-tree coding structure, 

asymmetric motion partition (AMP), advanced motion 

vector prediction (AMVP), and merge2)-4), HEVC greatly 

improves the coding efficiency. It is shown that HEVC 

reference video codec HM5) currently achieves about 50% 

bitrate reduction with same subjective quality compared to 

H.264/AVC. However, these innovations also increase the 

encoding complexity that is not friendly for real-time 

applications. Motion estimation (ME) is one of the most 

complex part in HEVC, which is the major issue involved in 

this work. 

ME is a coding method of exploiting redundancy 

between frames. It creates prediction blocks from previously 

coded frames and finds the optimal match for the current 

block, which leads to high complexity in the encoding from 

the following three aspects. Firstly, it invokes a series of 

computationally expensive operations, such as interpolation 

for fractional motion vector and Rate-Distortion (RD) 

evaluation. Secondly, with the quad-tree coding structure, a 

coding tree unit (CTU) can be split into four coding units 

(CU) recursively in multiple depths. Thirdly, additional 

AMP modes are introduced. Traversal on CU in different 

depths and prediction modes results in high computation 

complexity. It is reported that ME brings 50%~70% 

complexity of the whole encoding in HEVC.  

There are many previous works for reducing 

computation complexity of ME that can be classified into 

two categories6)-13). The first category is to simplify the 

process of motion search, for example, fast motion search 

algorithm of reducing the searched points or iterations6)-8). 

The second one is reducing the ME operations by removing 

some traversal nodes of CU types and prediction modes. 

Our proposal belongs to the second one that is usually called 

mode filtering method. There are also plenty of literatures 

about the mode filtering 9) -13). J. Kim et.al give a method that 

detects skip mode early and removes most of inter mode 

evaluations in the CU level9). Q. Yu et. al employ a CU 

splitting early termination scheme to skip CUs in some 

depths when the coding block coefficient meets certain 

IIEEJ Transactions on Image Electronics and Visual Computing Vol.8 No.1 （2020）

58



 

 

conditions10). L Shen et. al propose a depth selection method 

based on the information of neighboring blocks11). However, 

the main problem of these works is that the number of kept 

modes is highly content-dependent and uncertain. It cannot 

guarantee the worst-case of performance for the architecture, 

which limits their overall speed in a pipelined video encoder. 

G.Y. Zhong et. al12) give a solution that chooses a fixed 

number of modes for each depth. However, it does not 

consider the content difference of CTUs and there are still 

quite a few kept modes. The time reduction and video 

quality can be improved furthermore. 

Our previous publication13) gave a fixed-complexity 

mode filtering method based on cost ratio of integer motion 

estimation-fractional motion estimation (IME-FME), and 

the related confidence intervals. This work achieves great 

RD performance enhancement through selecting the 

different cost function and applying different confidences 

intervals with various quantization parameters (QPs) and 

depths. The rest of this paper is organized as follows. 

Section 2 introduces the related ME techniques and analyzes 

the complexity of them. Section 3 investigates the different 

cost ratio of IME-FME and presents a configurable 

fixed-complexity schemes. Section 4 discusses the 

simulation results based on HM 16.0 5). Final conclusions 

are drawn in section 5. 

2. Motion Estimation in HEVC 

2.1 Quad-tree coding structure and inter mode 

HEVC incorporates the flexible quad-tree structure for 

content adaptive coding. A picture is divided into a sequence 

of CTUs. A CTU can be represented by a single CU, or it 

can be further divided into CUs in a quad-tree structure 

recursively until the smallest CU (SCU) size is reached. 

CTU size can be as large as 64×64 and SCU can be as small 

as 8×8. Figure 1 gives an example that 64×64 CTU is 

partitioned into CUs with four quad-tree depth2)-4). The CU 

in bold is further split into four CUs in the next depth. 

In inter prediction, each CU can be partitioned into one 

or more prediction units (PUs). As shown in Fig.2, for a CU 

of 2N×2N, besides symmetric partition modes that already 

known from H.264/AVC, another four asymmetric motion 

partition (AMP) modes are defined in HEVC. In this figure, 

N equals half of the width/height at the CU; n equals to N/2. 

The indices U, D, L and R denote the partition orientation 

Up, Down, Left and Right. PART_N×N is only used for 

SCU to avoid redundant representation. According to 

default  HM,  for the CU of  8×8,  only  three  modes 

(PART_2N×2N, PART_2N×N, PART_N×2N) are in use to 

limit the complexity of coding scheme 2)-4). 

2.2 Motion estimation and Rate-Distortion measure 

As illustrated in Fig.3, ME is a process that uses block 

matching algorithm to find the best matching block in 

previously coded pictures (reference pictures) for a current 

block. The search is performed in a search range around the 

collocated block. The displacement of the collocated block 

and best match is known as motion vector. The 

determination of the best matching is subject to the 

Rate-Distortion (RD) cost function J=D+λ×B, wherein D 

measures the difference of the Matching block, B represents 

the bit cost on the motion vector 3) . 

According to HM, ME is usually divided into integer 

motion estimation (IME) and fractional motion estimation 

(FME). IME performs a coarse search over the search range 

and generates an integer-pixel motion vector. Cost functions 

of Eq. (1) is used in IME, where sum of absolute difference 

(SAD) is the distortion measure and ����� 	specifies the bit 

cost on motion information.	�����is a QP based Lagrangian  

 
Fig.1  Quad-tree partitioning of a CTU 

 
Fig. 2  Inter partition modes for a CU of size 2N×2N 
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Fig. 3  Motion estimation  

 

multiplier for motion vector decision. 

 

								����,�� = ��� + ����� × ����� (1) 

  

FME performs a fine search in sub-pixel accuracy 

around the integer motion vector derived in IME. In this 

process, computation intensive interpolation filtering is 

involved to generate the half-pixel and quarter-pixel samples. 

Since the distortion costs among neighboring sub-pixel 

samples are similar, higher accuracy is required for the 

distortion computation for motion estimation. Cost function 

of Eq. (2) is employed in FME. Hadamard transformed 

difference (HAD) is the distortion measure, which is more 

complex than SAD since it involves the transform of a block. 

With the processes of transform and interpolation mentioned 

above, FME has much higher computation complexity than 

IME, especially when IME is greatly accelerated by the fast 

search tools such as TZ search that implemented in HM 4).  

  
								����,�� = ��� + ����� × �����  (2) 

  
After the decision of fractional motion vector, partition 

modes of each CU are evaluated, and the best mode is 

selected. Then, the cost of the CU will be compared to the 

cost sum of the four sub-CUs in the next depth for deciding 

whether the further split is needed or not. More precise 

decision is required to maximize the coding gain in the 

mode decision and CU depth selection. Thus, sum of square 

error (SSE) based cost function of Eq. (3) is used in these 

processes. �mode is the Lagrangian multiplier for mode 

decision. �mode represents bit cost of encoding the whole 

block that includes the information of motion, mode and 

residual. The calculation of 	����  needs intensive 

computation since it involves (inverse) transform, (inverse) 

quantization, reconstruction and entropy coding. These 

procedures are highly dependent with each other and results 

in high cost in real-time implementations. The 	���� 

cost-based decision is also called full rate distortion 

optimization (full RDO) 4), 5). 

 	mode = ��� + �mode× �mode (3)
   

Above all, different RD cost functions are employed in 

different steps of ME. RD cost checks traversing on the 

quad-tree structure and multiple prediction modes make ME 

the most computational challenging part in HEVC encoding. 

Motion search for IME part requires large external memory 

access, which is a power consuming part in hardware design. 

Literatures 14), 15) have proposed several efficient solutions 

for the IME part and greatly reduced the external memory 

bandwidth. Moreover, interpolation of FME also brings high 

cost in hardware area which is discussed in the next section. 

3. Proposed Fixed-Complexity FME Mode Filtering 

FME is the major part in ME in terms of computation 

expense on the processes of interpolation and RD cost 

evaluation. Our simulation shows that even with only one 

reference frame, the FME occupies more than 50% of the 

encoding time. Therefore, low complexity FME algorithm is 

critical for realizing fast encoding. Moreover, the 

interpolation and the full RDO result in high hardware cost. 

Reducing the operation times of interpolation and full RDO 

can save a lot of cost on logical gates 14) 16). Our work 

proposes a mode filtering algorithm to reduce the number of 

modes to a fixed level for the FME part. This section firstly 

introduces a two-loop ME structure and the incorporated 

module of mode filtering. A new complexity measurement 

is defined and how the proposed mode filtering module 

effects on the FME complexity is explained. Then the 

investigation on the cost ratio of IME-FME and a cost 

ratio-based mode filtering algorithm is presented. Finally, 

the configurable scheme is discussed.  

3.1 Overview of the proposed mode filtering  

In original HM, IME and FME for each CU are 

performed sequentially in one loop, as illustrated in Fig. 4(a), 
the RD cost of all the partition modes are checked by IME 

and FME in sequence. After that, inter mode with the 

selected partition mode is compared with the modes of PCM, 

intra and skip for the CU compress. When a CTU is 

compressed with the one loop ME structure, the processing 

of next CU will not be started until both IME and FME of 

the current CU are all finished. In order to increase the 

parallelism, the inter-dependency of IME and FME in one 

CU are usually removed in real-time applications. 

best

match

curren

block current picture reference picture

collocated 
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 In this work, IME and FME in a CTU are departed into 

two loops and the proposed mode filtering algorithm is 

applied based on a two-loop ME structure, as illustrated in 

Fig.4(b). The left part is the IME loop, in which all the 

prediction modes for all the CUs across different depths are 

checked by IME. The generated integer motion vectors and 

IME costs for all CUs will be transmitted to the module of 

mode filtering that selects a certain amount of modes for the 

following FME loop. The integer motion vectors of the 

selected modes are fed into the FME loop wherein the 

fractional motion search and estimation are performed to 

decide the best inter mode. With the two-loop ME structure, 

FME for a CU will not be started before the IME for all the 

CU in the same CTU are completed.  

Since motion vectors are predicted from neighboring 

blocks, separation of IME and FME inevitably leads to 

inaccurate prediction of MVs. Our simulation shows that the 

two-loop structure without mode filtering module increases 

the BD rate by 0.09% and the encoding time by 3% 

compared with one loop structure. The coding efficiency 

loss is negligible. With the two-loop ME structure, the most 

computationally intensive FME and the following mode 

decision process is departed from IME. By applying 

efficient mode filtering algorithm before FME, only a 

limited number of modes with good IME costs will be 

selected for the FME and full RDO. If the complexity of 

FME can be reduced to a fixed level, it will benefit the 

pipeline design for IME and FME. 

In this paper, we introduce a new complexity 

measurement for FME. Usually, execution time is used as 

complexity measurement that is related to the content of the 

processed picture, and other coding parameter like QP 

values. However, for a CU with the same size, the number 

of pixels that needs to be processed in the FME is the same. 

In other words, the operation times related to hardware cost 

are the same. Therefore, we introduce a more direct and 

simple definition ‘layer’ to measure the complexity of FME. 

The layer is proportional to the size of CU no matter what 

partition mode they use. According to the HM with default 

configuration, CTU is configured as 64×64 and four depths 

are allowed. Seven modes can be selected for the CU in 

depth 0, 1, 2 and three modes can be selected for the CU in 

depth 3. We define the FME complexity of processing a 

64×64 CU for one mode as 1 layer. If seven modes are 

evaluated, the complexity of depth 0 is 7 layers. In depth 1, 

the CU size is 32×32 and FME complexity is 1/4 layer for 

one mode. Since there are 4 CPUs and seven modes in depth 

1, the FME complexity of depth 1 is still 7 layers. It is easy   

 
(a) One loop ME structure 

 

(b)  Two-loop ME structure with an inter mode filtering module 

Fig. 4  One loop and two-loop ME structures  

to find that the complexity of each depth is the same with 

the allowed number of modes for this depth. Therefore, the 

FME complexity for the whole CTU is 24(=7+7+7+3) 

layers. 

3.2 Proposed cost ratio-based mode filtering algorithm 

The mode selection includes two aspects. One is mode 

selection in the same depth. The other is mode selection 

across different depths, which is called depth selection here. 

In the latter case, a CU can be further split into 4 sub-CUs, 

the RD cost of this CU in the upper depth is compared with 

the cost sum of the four sub-CUs in the next depth in order 

to decide whether the further split is necessary. If the depth 

is selected, the corresponding mode of the CU in this depth 

is necessary. Otherwise, the corresponding modes can be 

omitted. In depth selection, since the number of partitions 

increases a lot after being split into lower depth, the side 

information of encoding motion vectors increases 

significantly, especially for the case of low motion (since the 

distortion is also small). Thus, it will lead to great error if the 

IME cost is directly used for the depth selection. In order to 

make better use of IME costs for the depth selection, the 

relationship of IME cost and FME cost is investigated in the 

next section. The FME cost here does not only refer to the 
cost of 	����,�� that used in the fractional motion vector 

decision but also the cost calculated based on the derived 

fractional motion vector, such as 	����. Similarly, IME cost 

Compress a CU

Check RD Cost_Inter

IME

For all the modes 

For all the CUs in a CTU 

FME

PCM

Intra

Skip

IME-FME loop

Compress a CU

Check RD Cost_Inter

IME

Compress a CU

Inter mode 

filtering

For all the modes 

Check RD Cost_Inter

FME

For the remaining modes 
PCM

Intra

Skip

IME loop FME loop

For all the CUs in a CTU For all the CUs in a CTU 

IIEEJ Transactions on Image Electronics and Visual Computing Vol.8 No.1 （2020）

61



 

 

refers to the cost calculated based on the integer motion 

vector. 

3.2.1 Distribution of cost ratio and the related confidence 
interval 

Figure5 depicts a scatter plot of IME cost and FME cost 

for the sequence of BQSquare with QP equals to 22. The 

horizontal axis ��  refers to the cost of IME while the 

vertical axis �� refers to the cost of FME. The cost ratio of 

IME-FME is defined as Eq. (4) . 

��/� = ��/�� (4) 

In Fig.5, IME cost is 	����,�� and FME cost is 	����. 

As shown in the figure, most of the points distribute in the 
area that clamped by line � and line �. The value of ��/� 
can be thought of being distributed within a range of ��, � . 
That is 

�	 ! ��/� ! � .  (5)

It implies that large IME cost does not necessarily 

results in large FME cost. That is why the IME costs are not 

used directly for the mode decision for all the cases. 
Supposing the cost ratio of ��/� confirms to normal 

distribution, ��, �  can be regarded as a confidence interval 

(CI) that constructed with a given confidence level. By 
fitting a probability distribution to the sample data of ��/� 
with MATLAB, normal distribution of ��/�  with two   

parameters " (mean value) and	# (standard deviation) can 

be created. If we choose a confidence level $ ∈ &0,1), the 

upper limit and lower limit of the confidence interval can be 

calculated as " * +,/- . /
√12, where the critical value +,/- 

can be derived by checking the Z-table17). Giving different 

confidence levels, different confidence intervals can be 

derived.  

 
Fig. 5  IME cost and FME cost for the sequence of BQSquare 

Figure 6 gives the probability density function (PDF) of 
the ��/� related to 	����,�� and 	����. It is obvious that 

there are some bias and the function is not completely fit 

with the normal distribution. From our investigation, we find 

that the cost ratio can generally follow the normal 

distribution if the cost functions of the IME and FME are 

carefully selected. As shown in Fig.7, if the SAD is used as 
IME cost and HAD is used as FME cost, the PDF of ��/� 
fits well with normal distribution. According to the 

distribution of cost ratio, it is possible to estimate the 

confidence interval of FME cost with the IME cost. 

3.2.2 Confidence interval-based mode filtering (CI-MF)  

Our simulation shows that the confidence interval varies 

with QP and depth for a given confidence level. 

If the cost ratio and related confidence interval of depth 

n is represented as Eq. (6), 

�1 	! 	�&�/�)3 = 453
463

	! 	 �1	,  
(6) 

for different depth 7 and 8, we get 

�9 	! 	�&�/�): = 45:
46:

	! 	 �9 , 
 

(7) 

	   

�; 	! 	�&�/�)< = 45<
46<

	! 	 �; .	  

 

 
(8) 

If the following condition of Eq. (9) is satisfied,  

	�;��< =	�9��:  (that is 
46:
46<

	> ?@
A:

)  

 

 

(9) 

we can get 

��: > ��< 		. 
 

(10) 

 

Fig. 6  PDF of cost ratio of 	����,��-	���� for the sequence 

       of BQSquare  
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Fig.7  PDF of cost ratio of SAD-HAD for the sequence of  

 BQSquare  

 

If depth k is the upper depth, this conclusion means that 

FME cost of the CU in depth k is lar ger than the cost sum of 

the corresponding sub-CUs in depth j. In other words, depth 

k should have lower priority and is more likely to be 

removed for this CU. From the above derivation, we find 

that the depth selection is realized by comparing the IME 

cost ratio to a parameter that is related to the confidence 

intervals. The parameter is called mode filtering parameter 

(MFP) and this depth selection method is called confidence 

interval-based mode filtering (CI-MF). The related 

confidence intervals can be derived from training based on 

the distribution of cost ratio from the statistics.  

Since there are up to seven modes in one depth, it is 

complex to compare each mode in the current depth to the 

other mode combinations in the lower depth. In order to 

simplify the comparison, some unlikely modes are firstly 

removed for each depth. Then the depth selection is 

performed among the kept modes. For the same depth, since 

each mode includes one or two partitions, bit cost of all the 

modes are in the same level. Thus, the SAD-based IME cost 

is directly used for the mode selection in the same depth. To 

avoid large performance loss, two modes with the smallest 

IME costs are kept. 

For the depth selection, the previous work13) uses the 

cost ratio of 	����,��-	���� which is in accord with the 

original HM. This work employs the cost ratio of 

SAD-HAD for the following three reasons. Firstly, the 

confidence interval is derived from the statistic of cost ratio 
��/�. Based on the assumption that the cost ratio conforms 

to the normal distribution, cost ratio of SAD-HAD is much 

better in terms of the conformity with normal distribution. 

Secondly, since depths are checked from upper to lower, 

modes in the upper depth that meet certain conditions will 

be selected firstly, which gives higher priority to the upper 

depth. It can be taken as a complement of removing the part 

of bit cost from the cost function. Thirdly, it is very common 

that HAD or HAD based cost are directly used as the 

measurement of mode decision, since the calculation of 

	���� is complex and relatively hard to be implemented in 

real application18)-20). 

The other problem is how to reduce the complexity to a 

fixed level. The complexity of a CU in terms of layers is 

proportional to size and allowed number of modes of this 

CU. For each CTU, there are up to 85 CUs with 339 modes 

needs to be checked in some order. It is difficult to control 

the whole complexity of a CTU in a fixed level if the 

number of kept modes for each CU is different and random. 

This work keeps the same number of modes for the CUs in 

the same depth. CUs in the depth with higher priority will be 

assigned more modes. The complexity of each depth in 

terms layers is equals to the allowed number of modes, and 

the whole complexity of a CTU equals to the sum of the 

allowed numbers for all the depths. By adjusting the allowed 

number of modes for each depth, the whole complexity of 

the CTU can be controlled easily. 

Figure 8 depicts the process of CI-MF for one depth. 

Cost of the current depth is compared with that of other 

lower depths to evaluate their priorities. For depth 0, the 

lower depths are depth 1, 2 and 3. Cost of a depth is defined 

as the cost sum of all the CUs in this depth. As mentioned 

previously, before depth selection, the best two modes with 

smaller IME cost are kept for each CU. Therefore, the cost 

of a depth has a range with a minimum and a maximum 

value. For depth 0, there is only one CU, thus the minimum 

and maximum cost of this depth are the cost of the best 

mode and the second-best mode of the CU, respectively. In 

the flow chat of Fig.8, depth n is the current depth needs to 

be processed. For depth n, the minimum cost and maximum 

cost are marked as �1B and �1C. �1B equals the cost sum 

of the best modes for all the CUs in this depth and �1C 

equals the cost sum of all the second-best modes. Two cost 

values of the current depth are compared to the average cost 

of other lower depths respectively to decide how many 

modes are kept for this depth. �1D�E��  is used to represent 

the average cost of the lower depths, which is calculated as 

Eq. (11). �1D�E��  is the average upper limit of CIs of other 

lower depths which is calculated as Eq. (12). FGH1 is the 

mode filtering parameter that related to CI. It is defined in 

Eq. (13), where �1 is the lower limit of CI for depth n. All 

the parameters mentioned above are not used for depth 3 (n 
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should not be 3), since the allowed number of modes of the 

last depth can be calculated directly when the upper depths 

are all processed.  

	�1D�E�� = 1
&3 − K) L �MB +	�MC

2 ,
O

MP1QC
&0 ! K ! 2) 

(11)

  

	�1D�E�� = 1
∑ 4MOMP1QC

L 4M�M ,
O

MP1QC
&0 ! K ! 2)	 

(12)

  

	FGH1 = �1D�E��
�1

, &0 ! K ! 2) (13)

F1 in the flow chart is used to record the number of 

kept modes and it is initialized to 0. For the complexity 

control of the whole CTU, F1 should be limited in a range 

of �T1 , U1 , where T1  is the lower limit and U1  is the 

upper limit for depth K. The limits are decided by the 

number of modes that have been kept for the upper depths 

and the expected complexity of the whole CTU. They are 

updated instantly with the progress of mode filtering. If 

T1 = U1, as shown in Fig.8, the number of modes need to 

be kept is fixed and the following evaluation is unnecessary. 

For example, there is no mode for depth 0 and 1 that is kept 

in the previous process, but the expected complexity is 4. In 

this case, for depth 2 and depth 3, both T1 and U1 are 

equal to 2. F1  is also equal to 2.  

For the normal case that U1 is larger than T1, F1 is 

derived by comparing the two cost ratios of �1B/�1D�E�� 

and �1C/�1D�E��  to the mode filtering parameter FGH1. 

Then, F1 is adjusted based on the limits of T1and U1 .  

�1B is smaller than �1C and the comparison starts with 

�1B/�1D�E��. The progress mainly includes the following 

three cases. 

(1) If �1B/�1D�E�� is larger than FGH1, depth n with 
the best mode has no priority compared to other 
lower depths. The best mode in depth n is removed in 
the mode filtering. In this case, the second-best mode 
should also be removed and F1  equals to 0. If 
T1 	> 0, it means that the kept modes are not enough 
for keeping the whole complexity in a fixed level. 
Although both modes are not good enough, one or 
two modes should be remained. In this case, F1	is 
set to T1, (F1 = T1). 

(2) If the ratio of �1B/�1D�E�� is equal or smaller than 
FGH1, It implies that the best mode in depth n is 
better than modes in other lower depths. The best  

 
Fig. 8  CI-MF for one depth 

mode should be kept for depth n. Thus, F1 is updated 
to 1. Then, �1C/�1D�E�� will be checked and the 
process goes to the case (3). 

(3) If �1C/�1D�E�� is larger than FGH1, the second-best 

mode should be removed, F1 is still equal to 1 and 

finally determined. If �1C/�1D�E�� is smaller or equal 

than FGH1the second-best mode should be kept and 

F1 is updated to 2.In this case, the maximum number 

of allowed modes for this depth should be checked. If 

F1 > U1, the final value of F1 should be adjusted to 

U1 (F1 = U1).  

 

By applying the same process for each depth, the kept 

modes across all the depths are decided. The FME will be 

performed to the kept modes. 

3. 3 Proposed configurable CI- MF with k layers (CI- 
MF-k) 

For a CTU, layers of FME equals to the sum of numbers 

of kept modes for all the depths. As described in previous 

section, CI-MF generates the number of kept modes F1 

for each depth. It is related to the number of modes that have  

been decided as far and the expected complexity on FME. 

Figure 9 describes the configurable scheme, wherein k 
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Calculte [L(n+1) , U(n +1)];

Step to depth (n+1) 

N

Y

Y

N

N

Y

N

Y

Mn> Un Mn=Un

Y

N
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Fig.9  Configurable CI-MF-k scheme 

represents layers of FME for each CTU that should be fixed 

by applying CI-MF. The range of F1  changes with 

different value of k. Accordingly, F1 may be different. By 

using this method, the complexity of the FME can be 

adjustable for different encoding requirement. 

4. Simulation Results and Analysis 

   Simulation is implemented in HM 16.0 with the test 

configuration of Low-Delay-P (LDP) main 21). Since one 

reference  frame  scheme is  quite common in real-time 

application, only one reference frame is employed in this 

simulation. Other coding parameters are exactly accord with 

the default configuration recommended by JCT-VC. 

Simulation includes confidence intervals training and 

performance evaluation of CI-MF. The confidence intervals 

for different QPs and depths are obtained by training. As 

listed in Table 1, 21 Sequences from Class A to Class E that 

are recommended by JCT-VC are tested in the simulation. 

In the training, 3 sequences are randomly selected from each 

class, and 15 sequences are employed.  

Firstly, the samples of cost ratio are taken from the 

training sequences. Based on the statistic computation with 

MATLAB, the mean value and standard deviations for 

different QPs and depths are derived. Then, for the training 

sequences, the confidence level is set from 50% to 95% with 

a step of 5%. The confidence intervals with the smallest 

average BD rate for the training sequences are selected and 

implemented in the CI-MF algorithm. Four training sessions 

with different training sequences are used to verify the 

reliability of the training method.  In our experiments, it is  

found that the trained confidence intervals and the 

corresponding BD rate results of the four sessions are close 

with each other.  

Therefore, it is possible to get reliable confidence 

intervals with the proposed training method. The confidence 

intervals derived from one of the training sessions are used 

for the final simulation. The sequences of this training 

session are listed in the second row of Table 1. Table 2 
shows confidence intervals from the training. 

Cases 1, 2, 3 in Table 1 are executed with the proposed 

configurable CI-MF-k with k equals to 4, 5 and 6 

respectively. They are all compared to the anchor of original 

HM to evaluate the efficiency of the proposed CI-MF 

algorithm. Moreover, the three cases are compared with 

each other to show how the RD performance and encoding 

time change with the different FME complexity setting.  

Since this work is focused on reducing the complexity of

FME part, the FME complexity is firstly measured by a 

parameter of layers for each CTU. This measurement is 

related to the complexity in terms of hardware cost since it is 

related to the number of pixels needs to be processed in the 

FME. By keeping the same number of modes for CUs with 

the same size and limiting the total number of modes across 

four depths, CI-MF-k fixes the complexity of FME in k 

layers for each CTU. The result is fixed regardless of video 

content and some encoding parameters like QP. HM has 

Give k
Calculate [Ln , Un] 

based on k and stored  Mi ( i<n )

Perform CI-MF;

 store Mn 

For depth n

Table 1  Experiment Condition 

 Sequences 

for 

simulation 

21 Sequences from Class A～E; 

Class A (2560×1600): Traffic, PeopleOnStreet, Nebuta, 

SteamLocomotive; 

Class B (1920×1080): Kimono, ParkScene, Cactus, 

BasketballDrive, BQTerrace; 

Class C (832×480): BasketballDrill, BQMall, 

PartyScene, RaceHorsesC 

Class D (416×240): BasketballPass, BQSquare, 

BlowingBubbles, RaceHorses 

Class E (1280×720): Johnny, Vidyo1, Vidyo3, Vidyo4 

Training 

sequences 

(Resolution) 

15 sequences; 3 sequences from each class. 

Class A: Traffic, Nebuta, SteamLocomotive;  

Class B: Cactus, BasketballDrive, BQTerrace;  

Class C: BasketballDrill, BQMall, PartyScene; 

Class D: BasketballPass, BlowingBubbles, RaceHorses;  

Class E: Vidyo1, Vidyo3, Vidyo4. 

Max 
CU/depth 

64/4 

GOP 
structure 

LDP configuration (IPPP, reference frame number:1) 

QP 22, 27, 32, 37 

Comparison 

cases 

Anchor: Original HM; 

Case1: HM with CI-MF-4; 

Case2: HM with CI-MF-5; 

Case3: HM with CI-MF-6. 

 

Table 2  Confidence intervals from training 

an/bn /QP 22 27 32 37  

a0 1.7158  1.6987  1.6654  1.6092   

b0 1.7822  1.7592  1.7206  1.6611   

a1 1.7405  1.7227  1.6871  1.6272   

b1 1.8136  1.7896  1.7493  1.6880   

a2 1.7637  1.7432  1.7052  1.6437   

b2 1.8374  1.8112  1.7701  1.7090   

a3 1.7565  1.7402  1.7062  1.6524   

b3 1.8331  1.8146  1.7809  1.7298   
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incorporated many fast mode decision tools such as ESD 

(early skip detection), CFM (coding block flag based fast 

mode) and ECU (early CU termination) 22). By enabling 

these tools, some CU or PU modes will be skipped, but the 

layers for each CTU will not be fixed. All the fast tools are 

disabled in default in HM. Our simulation employs the 

default setting that all the CU and PU modes should be 

traversed and the FME complexity is 24 layers for each 

CTU. FME complexity results in terms of layers for each 

CTU is shown in Fig. 10. 

The performance of the proposed work is compared to 

the original HM and the result is listed in Table 3. WXYZ[  

and WX[1\  are FME time reduction and encoding time 

reduction of the proposed work compared to Original HM, 

which are calculated as Eq. (14) and Eq. (15). 

XYZ[&]^_`_K�a)  and XYZ[&b^]b]cde)	 represent FME 

time for the original HM and the proposed work, 

respectively. X[1\&]^_`_K�a)  and X[1\&b^]b]cde) 
represent the encoding time for the original HM and the 

proposed work, respectively. RD performance of the 

proposed algorithm is measured by the Bjøntegaard-Delta 

rate (BD rate), which is calculated based on the results of 

PSNR and bitrate with four QPs. It corresponds to the 

average bitrate difference in percent for the same PSNR 23). 

WXYZ[ = XYZ[&]^_`_K�a) − XYZ[&b^]b]cde)
XYZ[&]^_`_K�a)  (14)

  

WX[1\ = X[1\&]^_`_K�a) − X[1\&b^]b]cde)
X[1\&]^_`_K�a)  (15)

For the same sequence, WXYZ[  with different QP 

values is close since the reduced number of layers is the 

same. While the WX[1\ increases as QP value increases. In 

the following paper, we only discuss the average result 

across different QP values. Taking the proposed HM with 

CI-MF-6 for an example, we discuss how the proposal 

effects the complexity and BD rate. By keeping only 6 

modes across 4 depths, the FME complexity is reduced from 

24 layers to 6 layers. FME is accelerated by 72.70% as 

expected. The whole encoding is accelerated by 44.22% as 

well. The proposed algorithm works better for the sequences 

with larger size. For example, the BD rate loss is even less 

than 0.1% for some sequences like SteamLocomotive from 

Class A.  

However, for sequences from Class D with small size, 

the BD rate loss is significant. It is because that CTUs in the 

pictures with small size contains much more details 

compared to those in large size. Therefore, keeping the same 

number of modes for all the CUs in the same depth and 

reducing the number of modes to a low value bring much 

more loss for these videos. Comparing the results of the 

three cases, it is obvious that for each reduced one layer (k 

reduced by 1), WXYZ[  increases by 5% while the WX[1\ 

increases by 3%. When only 4 layers are kept, the FME time 

and encoding time reduction are up to 82.75% and 49.42% 

respectively. The BD rate loss is 1.63% on average. When 

the FME complexity is set from 4 to 6, the BD rate shows 

large improvement. We can set the complexity of the FME 

to different level for different encoding requirement. 

The performance comparison between original HM and  

HM with CI-MF-4 for six sequences from different class is 

also shown in Fig. 11 by RD curves. The RD curve in black 

represents the performance of original HM while the curve 

in red represents the performance of HM with CI-MF-4. The 

high conformity of two RD curves means that the 

performance of the two cases is quite close, such as the 

curves of the sequence of SteamLocomotive, as shown in 

Fig.11(b). For the sequence of BQSquare, the curve of 

CI-MF-4 is obviously below the curve of original HM, 

which means that the performance of CI-MF-4 is decreased 

compared the original HM, as shown in Fig.11(e). Our result 

shows that the BD rate of BQSquare is increased by 3.25% 

(PSNR loss 0.085dB and the bitrate increases 1.21% on 

average.) 

The subjective visual quality comparison between 

original HM and HM with CI-MF-4 for the sequence of 

Kimono that has obvious texture and high motions are 

displayed. The reconstructed pictures with two QP values 

(22, 32) for the sixth frame are shown in Fig. 12. A 960×540 

window is zoomed out from the frame of 1920×1080 size to 

show the details. Fig. 12(a) and Fig. 12(b) are the pictures 

encoded with QP of 22;  Fig. 12(c)  and Fig. 12(d) are the 

 

Fig.10  Complexity of FME 
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pictures encoded with QP of 32. With the proposed 

CI-MF-4, PSNR is decreased by 0.03dB and 0.14dB for the 

QP of 22 and 32 respectively compared to original HM. But 

the quality difference cannot be captured by human eyes. In 

other words, the proposal has almost the same subjective 

quality with the original HM. 

Table 4 shows the comparison results between CI-MF-4 

and the previous work13). The results of CI-MF-4 in this 

table are corresponding to the result that listed in Table 3. In 

the performance comparison, we firstly implemented the 

previous method with HM16.0 that we used for this work. 

Secondly, we performed the simulation with the same 

environment and conditions.  Both previous work and our  

proposal reduce  FME  from 24 layers to 4 layers.  They  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

achieved  84.56%  and  82.75% FME time  reduction, 

respectively. But improving the cost function and applying 

the adaptive CI according to different QP and depth, the 

performance of this work is much better. The BD rate loss is 

reduced from 2.18% to 1.63% on average.  

5. Conclusion 

In this paper, we present a low-complexity FME mode 

filt ering algorithm CI-MF. It utilizes the ratio of IME-FME 

and the related confidence intervals to select the modes for 

different depths and keep the complexity of FME to a fixed 

level. The proposed CI-MF can be configurable for different 

encoding time and RD performance requirements.  

 

 

 Table3 Performance comparison of HM with CI-MF-4, CI-MF-5, CI-MF-6, with original HM 

Class Sequence 
HM with CI-MF-4 HM with CI-MF-5 HM with CI-MF-6 

BD rate 
[%] 

∆XYZ[ 	
 

∆X[1\ 
 

BD rate 
[%] 

∆XYZ[ 
 

∆X[1\ 
 

BD rate 
[%] 

∆XYZ[ 	
	

∆X[1\ 		

 A 

Traffic 1.53% 83.46% 52.40% 0.91% 78.06% 49.44% 0.82% 72.65% 46.30% 

PeopleOnStreet 1.27% 77.70% 42.52% 1.00% 73.38% 40.84% 0.98% 68.92% 38.60% 

Nebuta 1.28% 79.10% 39.70% 0.88% 74.39% 37.82% 0.38% 69.69% 35.65% 

SteamLocomotive 0.06% 85.83% 51.19% 0.01% 80.16% 48.30% 0.00% 74.27% 45.09% 

Average 1.03% 81.52% 46.45% 0.70% 76.50% 44.10% 0.55% 71.38% 41.41% 

B 

Kimono 3.12% 78.00% 44.66% 1.56% 73.46% 42.64% 1.24% 69.06% 39.82% 

ParkScene 1.40% 84.08% 52.33% 0.80% 78.39% 49.44% 0.74% 73.32% 46.61% 

Cactus 1.62% 83.62% 50.79% 1.08% 78.67% 48.21% 1.16% 73.35% 45.40% 

BasketballDrive 2.17% 82.85% 49.32% 1.36% 77.79% 46.97% 1.19% 72.74% 44.33% 

BQTerrace 1.34% 84.52% 51.30% 0.85% 79.07% 48.58% 0.73% 73.48% 45.57% 

Average 1.93% 82.62% 49.68% 1.13% 77.48% 47.17% 1.01% 72.39% 44.35% 

C 

BasketballDrill 1.77% 82.38% 48.81% 1.21% 78.80% 46.59% 1.01% 73.11% 43.90% 

BQMall 1.39% 83.67% 50.95% 0.80% 78.77% 48.22% 0.82% 73.30% 45.64% 

PartyScene 1.09% 82.58% 45.10% 0.73% 78.03% 43.03% 0.66% 72.56% 40.42% 

RaceHorsesC 1.95% 78.48% 40.06% 1.37% 74.17% 38.70% 1.00% 68.85% 36.56% 

Average 1.55% 81.78% 46.23% 1.03% 77.45% 44.14% 0.87% 71.96% 41.63% 

D 

BasketballPass 1.45% 82.88% 50.92% 1.30% 77.46% 48.83% 0.66% 74.14% 46.63% 

BQSquare 3.25% 85.85% 48.66% 1.95% 81.45% 46.47% 1.88% 75.07% 42.71% 

BlowingBubbles 2.41% 80.53% 46.04% 1.57% 76.77% 43.12% 1.40% 73.23% 42.26% 

RaceHorses 1.82% 77.91% 39.47% 1.68% 74.36% 37.55% 1.44% 71.57% 36.64% 

Average 2.23% 81.79% 46.27% 1.63% 77.51% 43.99% 1.35% 73.50% 42.06% 

E 

Johnny 1.43% 86.14% 59.31% 1.59% 80.21% 55.99% 0.74% 74.72% 52.44% 

Vidyo1 0.93% 86.22% 58.91% 0.61% 80.35% 55.62% 0.53% 74.37% 52.16% 

Vidyo3 1.90% 85.62% 56.73% 1.29% 79.62% 53.72% 0.90% 73.74% 50.18% 

Vidyo4 1.09% 86.30% 58.73% 0.57% 80.28% 55.30% 0.44% 74.53% 51.73% 

Average 1.34% 86.07% 58.42% 1.02% 80.12% 55.16% 0.65% 74.34% 51.63% 

Average for all 1.63% 82.75% 49.42% 1.10% 77.79% 46.92% 0.89% 72.70% 44.22% 
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Simulation results demonstrate that the proposed 

CI-MF-4 scheme achieves 82.75% FME time reduction with 

1.63% BD rate increasement compared to the original HM 

with full FME. The proposed algorithm is friendly to the 

hardware design. It will be applied to the ME part to solve 

the complexity problem in the real-time application in the 

future. 
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(c) BQTerrace  (d) PartyScene 

  

(e)BQSquare (f) Vidyo3 
 

Fig. 11  RD curves for different sequences 
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