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Abstract

The introduction of the newest H.265/HEVC video compression stan-
dard provided a wide field for different research topics. The main goal is
to reduce compression and decompression complexity making the wide
usage of H.265/HEVC-based systems possible. In this paper we focus
on the development of fast algorithm to find intra prediction mode for
a coding unit. We propose a modification of the reference algorithm
that provides up to 45% speed up of compression time with only 2.49%
bitrate overhead on average in "All Intra Main" configuration.
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1 Introduction
Contemporary H.265/HEVC standard provides techniques for advanced

compression of digital video sequences and makes it possible to save up to
50% of the bandwidth [1, 2] compared to the previous industrial standard
H.264/AVC. At the same time, increased computational complexity of the
H.265/HEVC compression workflow prevents its rapid introduction to indus-
trial systems. One of the main research topics today is the development of
complexity reduction schemes for H.265/HEVC compression.

In this paper we propose a modified fast algorithm of intra prediction mode
selection in H.265/HEVC compression. In Section 2 we review the widely used
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approach to perform block coding decisions and outline its computational com-
plexity. In Section 3 we describe the conventional algorithm of intra prediction
mode selection implemented in the reference HM software. In Section 4 we ob-
serve potential ways to reduce compression complexity. Experimental results
and our analysis of the compression performance of the proposed modified
algorithm are provided in Section 5.

2 Rate-Distortion Based Coding Decisions

The H.265/HEVC standard elaborates the block-based hybrid video com-
pression technique. This technique utilizes spatial and temporal redundancies
within a video sequence. Each frame of a video sequence is partitioned into a
set of non-overlapping image regions called Coding Tree Units (CTUs). Those
CTUs are partitioned further into Coding Units (CUs) in a quad-tree manner.
CUs are pixel regions compressed in three stages: 1) prediction of pixels of a
CU; 2) Discrete Fourier Transform (DFT) and quantization of the residuals
after subtraction of the predicted values from the original pixels; 3) entropy
coding of the transformed residual signal and supplemental information.

The encoder has a lot of possibilities to predict pixels of a CU. Search for
the best prediction option is a computationally expensive procedure, as soon
as it involves entropy coding. At the same time, the compression efficiency
strongly depends on the prediction mode selected by the encoder because of
its influence on the final compression rate R and distortion D.

To estimate the efficiency of a certain prediction mode and a certain com-
pression option the available options are compared with each other through
the Lagrangian RDO cost [3]:

RDcost = D + λR, (1)

where λ is the Lagrangian multiplier. This technique is called Rate-Distortion
Optimization (RDO).

Rate R estimation involves entropy coder. The more there are prediction
options, the more RDcost calculations are involved, the higher computational
complexity is. To reduce complexity entropy coder in RDO is often emu-
lated [4, 5] as soon as the bits themselves are not required: only their number
is the subject of rate estimation. Still this such emulations do not provide
necessary complexity reduction.

The region of a CU being predicted is called a PU (short for Prediction
Unit). There are two ways to predict pixel values of a PU: spatial intra predic-
tion and temporal inter prediction. Temporal inter prediction of a PU is also
known as the motion compensation: prediction of pixel values of a PU by some
region of a previously coded frame. At the same time intra prediction involves
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only pixels within the frame being coded (intra coded frame). Such intra coded
frames are the starting point of any block-based hybrid compression. Also in-
tra coding may be applied to the CUs in the following inter-coded frames. This
highlights the idea that the complexity of the search for intra prediction is to
be reduced first. Furthermore, there is a total of 35 intra prediction modes in
H.265/HEVC, which basically requires 35 calculations of the RDcost value for
every CU in a video frame. Meanwhile, finding the appropriate inter predic-
tion is a well-studied process that almost has not changed since the previous
H.264/AVC standard. The common way to find inter prediction is to compare
several regions from the reference frame with the CU being predicted, find the
most similar region and calculate RDcost for this very prediction.

Therefore our further research is focused on the search for intra prediction.

3 Conventional Intra Prediction Search
There are 35 intra prediction modes in H.265/HEVC: 33 angular modes,

DC mode and Planar mode. The most accurate way to find the most RD-
optimal mode is obviously to calculate RDcost for all those 35 intra prediction
modes. In terms of computational complexity each calculation of the RDcost

is comparable to the actual compression of a CU. This means that the less
RDcost calculations the encoder performs, the faster the video is compressed.
That is why even in the HM reference software the RDcost is calculated for the
reduced set of intra prediction modes.

The conventional intra prediction search algorithm implemented in the HM
reference software [6] has three stages. On the first stage called RMD (short
for Rough Mode Decision) the SATD-based (Sum of Absolute Transformed
Difference) error E(m) is calculated for all the available 35 intra prediction
modes m:

E(m) = SATD +
√
λ ·Rm,

SATD =
w−1∑
i=0

h−1∑
j=0

|hij| ,

where w and h are width and height of a PU; Rm is the number of bits required
to code the selected prediction mode; hi,j is an element in position (i, j) of the
Hadamard transform H:

H = TH · (PO − PP ) · T T
H .

Here (PO − PP ) is the difference between the original pixel values PO and
the predicted pixel values PP of the PU; TH is the Hadamard matrix.

Once E(m) values for all 35 intra prediction modes are calculated, some
of these modes with least E(m) form the initial list of intra prediction mode
candidates. The number of modes depends on the size of a PU (Table 1).
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On the second stage of the algorithm the candidate modes list is appended
with the intra prediction modes of the two neighbor PUs if available (above
and left). This stage is based on the statistical results [7] showing that one of
the intra prediction modes used in these neighbor blocks appears to have the
least RDcost for the current block with a probability of 20% – 40%.

Table 1: Number of intra prediction candidates
PU size 4×4 8×8 16×16 32×32 64×64

Number of candidates 8 8 3 3 3

Finally, on the third stage the RDcost of intra prediction modes in the
candidates list is estimated and the mode with least RDcost is selected for the
current CU.

This way the first two stages of the algorithm reduce the number of intra
prediction modes to be estimated with the expensive RDcost metric, exclud-
ing the modes that are least probable to be RD-optimal. However this still
requires from 3 to 10 calculations of RDcost metric which still has rather high
impact on the encoder performance. Our experiments show that on average
the calculation of the RDcost for the candidate modes list (third stage) on av-
erage takes 73% of time for the conventional intra prediction search algorithm,
while the rest two stages form only 27% of the computations.

4 Modified Fast Intra Prediction Search

Aiming to reduce the number of RDcost calculations we conduct a research
on the impact of the number of intra prediction modes in the candidates list on
the compression efficiency of the HM encoder. We use the Bjontegaard delta-
Rate (BD-Rate) metric [8] to estimate the bitrate overhead introduced by our
modifications of the HM v. 16.1 encoder with respect to the similar distortion
levels measured with PSNR metric. The “All Intra – Main” [9] configuration is
used. The experiments are carried out on the JCT-VC test sequences set [9],
where the sequences are grouped by six classes A–F.

First we shorten the size of the candidates list to include only one mode
with the least E(m) value. This provides 5.13% of bitrate overhead on average
and 13.15% at maximum (Table 2). In the second experiment the candidates
list contains intra prediction mode with least E(m) value and intra prediction
modes of the two neighbor PUs. Those modes are a part of the most probable
modes (MPM) list that additionally includes some modes that are considered
the most probable for the current PU [10]. Coding of MPM takes less bits than
coding of non MPM [11], which means that potentially MPM may have least
RDcost. The results in Table 2 show that this approach provides 2.60% bitrate
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overhead on average and 5.98% at maximum. As soon as there are up to two
neighbor PUs, the second approach to candidates list formation requires up
to three calculations of RDcost instead of 3–10 calculations in the conventional
algorithm. This should significantly reduce complexity.

Table 2: The effect of the number of intra prediction candidates on the coding
efficiency

Class
1 candidate 1 candidate + 2 neighbors
AVG.

BD-RATE, %
MAX

BD-RATE, %
AVG.

BD-RATE, %
MAX

BD-RATE, %
A 2.90 4.25 1.34 1.97
B 3.91 4.45 1.67 2.27
C 4.27 4.72 2.40 2.56
D 4.73 4.88 2.72 2.91
E 5.24 5.50 2.74 3.16
F 9.72 13.15 4.73 5.98
On average 5.13 6.16 2.60 3.14

The modified list of intra prediction mode candidates makes it possible to
state that the RMD stage aims to find the mode with least E(m) value. In our
previous work [12] we introduced iterative intra prediction search scheme for
RMD stage. The scheme is based on mathematical optimization of the search
for the mode with least E(m) value.

The above observations and conclusions allow us to introduce the algorithm
of fast search for intra prediction illustrated in Algorithm 1. The initial stage
of the algorithm is the search for E(m)→ min. As we have shown in [12] the
33 angular intra prediction modes have correlation in E(m) values making it
possibly to apply optimization techniques. The lines 3–10 represent the fist
search loop among nine equally distant intra prediction modes. The next two
loops (lines 12–25) check local neighborhood of the mode with least E(m)
found after the first loop. Planar mode 0 and DC mode 1 are checked in the
end. The mode with least E(m) forms candidates list. Intra prediction modes
of the two neighbor PUs are included in the list (line 26). Finally RDcost

of candidate mode is calculated (lines 27–34). Mode m∗ is selected as intra
prediction mode for the PU.

We implemented the fast intra prediction search algorithm in the HM refer-
ence software v. 16.1. Results of emulation experiments are provided in Table 3.
The “All Intra – Main” (AI-Main) and “Random Access Main” (RA-Main) [9]
configurations are used.

On the most part of test video sequences the bitrate overhead is below
3% with 40–44% time savings for AI-Main configuration. The bitrate over-
head for compression of the sequences Traffic, NebutaFestival, SteamLocomo-
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tive, ParkScene, Cactus, BasketballDrive, RaceHorses (C) is below 2%. These
sequences also have the lowest impact of RMD candidates list shortening on
the bitrate overhead (Table 2).

Algorithm 1 Modified Fast Intra Prediction Search
1: procedure FindIntraPrediction(MNB)
2: M ← {m |m ∈ N, 2 ≤ m ≤ 34}
3: M1 ← {m1 |m1 ∈M, m1 = 4 · n + 2, n ∈ Z, n = [0; 8]}
4: Emin ←∞
5: m∗ ← −1
6: for all m1 ∈M1 do
7: if Emin < E(m1) then
8: Emin ← E(m1)
9: m∗ ← m1

10: end if
11: end for
12: M2 ← {m2 |m2 ∈M, m∗ + 2 · n, n ∈ Z, n = [−1; 1]}
13: for all m2 ∈M2 do
14: if Emin < E(m2) then
15: Emin ← E(m2)
16: m∗ ← m2
17: end if
18: end for
19: M3 ← {0, 1, m3 |m3 = m∗ + n, n ∈ Z, n = [−1; 1]}
20: for all m3 ∈M3 do
21: if Emin < E(m3) then
22: Emin ← E(m3)
23: m∗ ← m3
24: end if
25: end for
26: S ← m∗ ⋃MNB
27: RDmin ←∞
28: m∗ ← −1
29: for all m ∈ S do
30: if RDmin < RDcost(m) then
31: Emin ← RDcost(m)
32: m∗ ← m
33: end if
34: end for
35: return m∗, RDmin
36: end procedure

The algorithm tends to slightly increase the amount of DC and Planar intra
prediction modes in the coded sequences in favor of angular prediction modes.
Some regions with clear angular textures loose in compression efficiency as
soon as in most cases only one suitable angular mode is checked with RDcost,
while a few neighbor directions may result in less RDcost.

The average compression speed up in RA-Main configuration is 6.79% with
bitrate overhead of 2.12% on average and 5.06 at maximum. The highest
overhead is on SliceEditing test sequence where the impact of misselection of
intra prediction mode is also very high. At the same time on ChinaSpeed test
sequence those misselections have lower impact in RA-Main configuration.



Modified fast search for intra prediction mode in H.265/HEVC 6915

Table 3: Compression performance of the HM ecnoder with the proposed intra
prediction mode selection algorithm

Class Sequence Resolution
AI-Main RA-Main

BD-RATE,
%

∆T, % BD-RATE,
%

∆T, %

A

Traffic

2560×1600

1.41 45.32 1.48 8.52
PeopleOnStreet 2.27 44.98 1.02 11.03
NebutaFestival 0.35 43.16 0.52 6.35
SteamLocomotive 0.20 43.24 0.79 5.87

B

Kimono

1920×1080

1.12 39.90 0.57 9.35
ParkScene 0.85 40.36 0.94 8.16
Cactus 1.63 41.35 1.78 6.22
BQTerrace 2.00 42.33 1.86 7.84
BasketballDrive 1.53 41.74 1.51 8.11

C

RaceHorses (C)

832×480

1.85 41.30 1.06 6.87
BQMall 2.64 40.87 2.09 9.10
PartyScene 2.25 41.64 2.10 8.85
BasketballDrill 2.87 41.28 2.01 7.66

D

RaceHorses (D)

416×240

3.09 42.03 1.36 6.41
BQSquare 3.05 42.12 3.08 3.73
BlowingBubbles 2.49 43.40 1.43 6.98
BasketballPass 3.29 43.40 2.18 6.31

E
FourPeople

1280×720
2.33 44.50 2.96 4.52

Johnny 3.24 44.37 3.75 4.86
KristenAndSara 3.00 44.61 3.35 5.60

F

BaskeballDrillText 832×480 3.20 40.89 2.41 6.75
ChinaSpeed 1024×768 5.92 42.16 3.36 4.36
SlideEditing

1280×720
5.31 44.60 5.06 6.00

SlideShow 3.81 45.58 4.21 3.41
On average: 2.49 42.71 2.12 6.79

5 Conclusion

We proposed fast intra prediction search algorithm for H.265/HEVC com-
pression. The provided bitrate overhead of 2.49% in AI-Main configuration
can be considered insignificant, while 42% complexity reduction has rather
high benefit. The bitrate overhead of 2.12% in RA-Main configuration may
also be considered insignificant. The compression speed up for RA-Main con-
figuration is 6.79% on average and describes the impact of intra prediction
search algorithm on the general compression time.

The proposed algorithm may be further modified to meet the needs of the
target compression systems, e.g., change the number of RD-candidates, utilize
some CABAC models to reduce rate estimation complexity, etc.



6916 Maxim P. Sharabayko and Nikolay G. Markov

References
[1] M.P. Sharabayko, Next Generation Video Codecs: HEVC, VP9 and

DAALA, In Youth and Contemporary Information Technologies, Tomsk
Polytechnic University: Tomsk, Russia, 2013; Vol. 13, 35-37.

[2] M.P. Sharabayko, O.G. Ponomarev, R.I. Chernyak, Intra Compression
Efficiency in VP9 and HEVC, Applied Mathematical Sciences, 7 (2013),
6803-6824. http://dx.doi.org/10.12988/ams.2013.311644

[3] T. Berger, Rate Distortion Theory: Mathematical Basis for Data Com-
pression, Prentice-Hall series in information and system sciences, Prentice-
Hall, Endlewood Cliffs, New Jersey, 1971, 352.

[4] F. Bossen, CE1: Table-based bit estimation for CABAC, In Document of
ITU-T Q.6/SG16 JCTVC-G763, ITU-T: Geneva, CH, 2011.

[5] M.P. Sharabayko, O.G. Ponomarev, Fast rate estimation for RDO mode
decision in HEVC, Entropy, 16 (2014), no. 12, 6667-6685.
http://dx.doi.org/10.3390/e16126667

[6] https://hevc.hhi.fraunhofer.de/svn/svn_HEVCSoftware/, HEVC
Software Repository.

[7] L. Zhao, L. Zhang, S. Ma, D. Zhao, Fast mode decision algorithm for
intra prediction in HEVC, Visual Communications and Image Processing
(VCIP), IEEE, (2011), 1-4. http://dx.doi.org/10.1109/vcip.2011.6115979

[8] G. Bjontegaard, Improvements of the BD-PSNR model, Input Document
to ITU-T Q.6/SG16 JCTVC-G323, ITU-T: Berling, Germany, 2008.

[9] Bossen, F. Common test conditions and software reference configurations.
In Document of ITU-T Q.6/SG16 JCTVC-K1100. ITU-T: Shanghai, CN,
2012.

[10] Recommendation ITU-T H.265: High Efficiency Video coding, 2013.

[11] M.P. Sharabayko, O.G. Ponomarev Intra prediction header bits estimation
algorithm for RDO in H.265/HEVC, Applied Mathematical Sciences, 8
(2014), 8721-8736. http://dx.doi.org/10.12988/ams.2014.411945

[12] M.P. Sharabayko, N.G. Markov, Iterative intra prediction search for
H.265/HEVC, Control and Communications (SIBCON), 2013 Interna-
tional Siberian Conference on, 2013, 1-4.
http://dx.doi.org/10.1109/sibcon.2013.6693615

Received: October 14, 2015; Published: November 28, 2015


