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Abstract. In a rate-distortion optimized (RDO) video coder, the best mode with the
minimal Lagrange cost is selected after calculating the rate-distortion cost which simul-
taneously considers the distortion and the coding bits of all possible modes. The proposed
method, called two-staged mode decision (TSMD), employs a two-staged decision process:
the first stage is to predict some probable encoding modes according to the information
when one encodes the preceding macro-blocks and video frames. The second stage refines
the decision with either the pre-computed look-up-table or the pre-constructed Back Prop-
agation Neural (BPN) network. According to our experiment results, over 50% of the
computation time is reduced with a small loss in Peak Signal-to-Noise ratio (PSNR) and
a slight bit-rate is incremented which are not easily sensed by human eyes.
Keyword: Video coding, Mode decision, Look-up-table, Rate distortion optimization,
Back propagation neural network.

1. Introduction. The famous video coding standards H.264/AVC [1] and H.265/HEVC
[33] proposed jointly by ITU-T and MPEG provide outstanding compression performance.
There are many new features recommended by H.264/AVC standard, including motion
estimation based on image blocks of various sizes, quarter-pixel motion estimation, com-
plicated intra prediction, in-loop de-blocking filter and content-adaptive binary arithmetic
coding (CABAC) [2]. Besides, a rate distortion optimization (RDO) algorithm [3] used
in H.263 is also recommended in H.264/AVC as an option. The complexity of the mode
prediction and block partitions during rate distortion optimization is also particularly
influenced in the performance of HEVC coding scheme [34]. The H.264/AVC with rate-
distortion optimization (H.264/RDO) is applied to the mode decision part of the encoder
to select the most encoding probable modes for the sub-blocks of a macro-block (MB).
RDO effectively improves both the compression ratio and the video quality of H.264/AVC
with the rate-distortion (R-D) cost J generally expressed by

J = D + λ ·R (1)
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where λ is the Lagrange multiplier, D is the reconstruction distortion, and R is the number
of coded bits of a MB [24] [26]. In a H.264/RDO coder, luma samples of a MB may be
divided into sixteen 4×4 blocks when performing intra prediction. There are 9 modes for
each 4×4 luma block. One can also use an entire luma MB for the prediction. For chroma
part, a 8×8 block is used exclusively. There are four modes for a MB luma block, and
four modes for a 8×8 chroma block, respectively. Therefore, the number of combinations
for luma and chroma components for intra prediction a MB is 4×(9×16+4). That means
one has to calculate 592 R-D costs before the actual coding modes are determined [4].
For inter prediction, there are seven block types ( 16×16, 16×8, 8times16, 8×8, 8×4,
4×8, 4×4). If five reference frames are used, totally 4×(1+2+2+4+8+8+16)×5 motion
estimations have to be completed before one can decide which mode gives the best RD-
cost. Therefore all of the Lagrange costs used in equation 1 for all possible block partitions
should be completed for the modes in a H.264/RDO coder, and the actual computation of
the distortion and the bit consumption required for all candidate modes is quite large. For
small systems such as mobile devices and DSP-based computing engines, the realization
of standard RDO video coders becomes a very difficult work.

Many papers were proposed to reduce the computation complexity of a H.264/RDO
coder and H.265/HEVC coder. For example, [4-7] are designed for intra prediction part,
[8-10] are proposed for inter prediction part and [11-20], [30-32] are proposed for macro-
block mode decision. [34-37] are also proposed for inter prediction in H.265/HEVC. The
proposed method is designed for macro-block mode decision. In this paper, a mode
decision algorithm called two-staged mode decision (TSMD) is proposed to speed up
the encoding process with little sacrifice in quality. TSMD disables the useless modes
of a coding block and only examines the modes which might be the best mode used in
H.264/RDO coder. All comparisons were based on JM18.6 reference software and all
programs are modified from JM18.6 only when it is necessary [29]. At first, to determine
the coding mode at a MB, TSMD looks at the MB’s neighborhood in its current and the
last frames, moreover, the mode which is mostly used in the neighborhood is assigned to
the MB. The second stage in TSMD chooses the most probable mode from the modes
picked in the previous stage with either a pre-computed look-up-table or a pre-constructed
back-propagation neural (BPN) network [21]. The look-up-table, which records the most
probable mode of a MB according to the Baye’s probability model when given a candidate
mode in the first stage, makes the mode decision faster. Moreover, the BPN which is pre-
constructed with the available information of a MB increases the precision of the mode
decision. Since TSMD is a supervisor learning algorithm, we use sample video sequences
for training a look-up-table and a BPN. The training phase is simple, and should be
done for the H.264/RDO coding method at different quantization parameter (QP). All
the parameters in the table and the BPN are generated by analyzing the training video
sequences. The simulation results of eleven QCIF and six CIF sequences show that, in
most cases, TSMD reduces at least 50% of the computation time with similar quality
when compared to H.264/RDO of JM18.6. Moreover, six high resolution video sequences,
like 1280x720 and full-HD, are adopted in our experiments with good performance by
using the proposed algorithm.

The rest of this paper is organized as follows. Our observations of a H.264/RDO coder
and the motivation of this paper are briefly explained in Section II. The proposed TSMD
algorithm is presented in Section III. Experiment results and comparisons with other
algorithms are shown in Section IV followed by the conclusion in Section V.

2. Observations and Motivation. The filtered frame is referred in the proceeding en-
coding process. H.264/AVC recommends RDO as an option proposed in [3] to improve
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the compression efficiency. Thus, H.264/RDO introduces the R-D optimization formu-
lated in Equation 1 to minimize the R-D cost function subject to the distortion and the
number of bits used to encode the image blocks a number of constraints. Because the
actual number of bits required to encode the image block is involved in its cost function, it
is inevitable that one has to complete all the encoding process including DCT-like integer
transform, quantization and so on for each possible mode before the actual cost can be
derived. After the RD-costs of all possible coding modes are calculated, the mode with
minimum RD-cost is chosen. According to the block size and the coding type of coding
modes, in this paper, all possible coding modes of a MB are named as Skip, Inter 16x16,
Inter 16x8, Inter 8x16, Inter 8x8, Inter 8x4, Inter 4x8, Inter 4x4, Intra 4x4 and Intra
16x16. To display the performance of a video coder, moreover, three statistics, bit rate,
PSNR and computation time, are collected. No other program modifications are made to
the JM18.6 except the mode decision part to maintain the result as fair as possible. The
configuration used in the section is set as follows:

1. Baseline profile encoder is used.
2. GOP size is 30.
3. The number of reference frames is 10.
4. Frame rate is 30 fps.
5. Rate control and Hadamard transform is turned off.
6. Fixed QP.
7. Search range is ±16 pels.
8. Full search is used.
9. The QCIF “Foreman” sequence with 300 frames is used.

The programs run on a Pentium IV-3.0 GHz with 1 GB memory and Microsoft Window-
XP sp2 system. In the paper, changes of PSNR, Bit-rate and Encoding-Time with respect
to JM18.6 coder are calculated by using the Equation 2 4, respectively.

∆PSNR = PSNRJM(RDO) − PSNRCompared (2)

∆BitRate =
(BitRateJM(RDO) − BitRateCompared)

BitRateJM(RDO)

× 100% (3)

∆Time =
(TimeJM(RDO) − TimeCompared)

TimeJM(RDO)

× 100% (4)

In order to predict whether a mode should be disable or not, two definitions in the
paper are required: the first is to partition the coding modes into four sets according
to block size and characteristics of coding modes. The four mode sets are Skip, Intra,
Inter Big, and Inter Small, and each set may contain one or more inclusive modes, as
shown in Table 1.

Table 1. Mode Groups.

Sets No. of Sets Inclusive Modes
Skit 1 Skip
Intra 2 Intra 16x16, Intra 4x4

Inter Big 3 Inter 16x16, 16x8 and 8x16
Inter Small 4 Inter 8x8, 8x4, 4x8 and 4x4
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The other definition is to collect the modes of the thirteen MBs which have been pro-
cessed, as shown in Fig. 1. The locations of the MBs are all the current MBs neighborhood
which has been processed in the current frame and nine MBs in the previous frame. More-
over, the location of the center one of those MBs in the previous frame is the same as
that of the current one.

Figure 1. Thirteen reference MBs. The X is the current MB.

Furthermore, the mode set that appears most frequently in the above thirteen MBs
is selected as the candidate mode set of the current MB. Once the current MBs mode
set is selected, the inclusive modes in the candidate mode set are only enabled and all
the encoding processes of each inclusive mode are completed before the actual cost can
be derived. After the RD-costs of all the inclusive modes are calculated, the mode with
minimum RD-cost is chosen. Since the MBs of the first Inter frame in a group of pictures
(GOP) have no coding mode which can be referred, they are encoded by the original H.264
with RDO algorithm. Besides the Intra frame is also encoded by the original algorithm.
Therefore, we gathered the encoding mode set of all MBs in some sequences at QP=24
except for the two frames of all GOPs. In the next section, therefore, a two-staged mode
selection (TSMD) algorithm is proposed to improve image quality of the above prediction
method; meanwhile, its execution time is also quite small.

3. Two-Staged Mode Decision Algorithm (TSMD). For reducing the computation,
a two-staged mode decision (TSMD) algorithm is proposed to disable some useless modes
and only examine the probable modes which might be the best one used in H.264/RDO
coders.

3.1. The TSMD’s first stage. At first, TSMD also collects the thirteen MBs’ modes
mentioned in last section. The mode set that appears most frequently in the thirteen
MBs is selected as the candidate mode set, PreSet1. This predicted mode set PreSet1
is one of the four coding mode sets, Skip, Intra, Inter Big, and Inter Small. Then, the
RD-costs of all the inclusive modes in PreSet1 are calculated, the mode with minimum
RD-cost is chosen. In the stage, moreover, the “Skip” set is always checked because bits
can be saved without sacrificing the quality too much if “Skip” is the most probable set
and the computation to check the “Skip” set is little. However, Table 4 already reveals
that PreSet1 may be not the optimal one, so the second stage is required. The coding
flow of the TSMD’s first-stage is shown in Fig. 2.

3.2. The TSMD’s second stage. Briefly, the coding flow of the second stage is shown
in Fig. 3. The second predicted mode set, PreSet2, is first obtained by the pre-computed
look-up-table method. PreSet2 is selected by the pre-constructed BPN networks when-
ever necessary. Then, the RD cost parameters of all modes in PreSet2 are calculated.
The results are compared with those obtained in the first stage. The modes has minimal
RD cost is selected as an optimal mode. The detail description of the TSMD’s second
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Figure 2. The coding flow of the TSMD’s first stage.

stage is shown as follows. Moreover, complete computer simulations can be seen in section
IV.

Figure 3. The coding flow of the second stage of TSMD algorithm.

3.3. Overall TSMD algorithm. The simple TSMD algorithm is summarized in the
following pseudo-code.
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For (all frames)
{

If (I frame or the first Inter frame of GOP)
Encode with H.264/RDO method.

Else
{ // Stage 1
Gather 13 referenced MBs’ coding modes.
Assign PreSet1 = the mode set which appears most frequently in 13
MBs.
Calculate R-D cost of all modes in PreSet1.
If (PreSet1 ̸= “Skip”)

Calculate R-D cost of all modes in “Skip” mode set
Assign the Best mode = the mode having the minimal R-D cost in Skip
and PreSet1.
// Stage 2

Get the SSD of the best mode selected in stage 1.
Obtain the region of the SSD and the current QP.
Assign PreSet2 = LUT(PreSet1, RSSD, QP).
If (PreSet1 = “Ambiguous Transition”)

Obtain the bit consumption used in texture coding and MV coding
when the mode selected in stage 1 is encoded.
PreSet2 = BPNPreSet1(SSD, QP, Bitstexture, BitsMV ).

If (PreSet2 ̸= “Skip” or PreSet1)
Calculate R-D cost of all modes in PreSet2.

Select the best mode = the mode having the minimal R-D cost in Skip,
PreSet1 and PreSet2.
}

}

4. Experiment Results. 300 frames of eleven QCIF and six high-resolution video se-
quences are used. Both slow motion and fast motion video sequences are included. JM18.6
is the base of all the testing software encoders. No other program modification is made
to the JM18.6 except the mode decision part to maintain the result as fair as possible.

The experiments are divided into two parts: inside testing and outside testing. Five
QCIF video sequences, “Akiyo”, “Foreman”, “Carphone”, “Coastguard” and “Mobile”,
are used to construct the look-up-table and all the parameters of four BPN networks.
Experiment results of the training sequences and the other sequences are shown in inside
testing and in outside testing, respectively. Tables 2 show related information when
encoding various sequences with QP=24.

4.1. Inside Testing. Tables 3 and 4 show that Foreman sequence is encoded at QP
= 18, 24 and 30, when Hadamard transform is turned on and fast motion estimation
(FME) is used, respectively. In the tables, the PSNR and bit-rate performance of TSMD
is middle high among the three methods, but its reduction in executing time is also quite
significant. TSMD is to enable and examine the predicted modes, and no other changes
of the encoding algorithm of an MB are taken place. According to the experiments shown
in tables, the improvements of the TSMD’s encoding efficiency are similar whether or not
Hadamard transform and FME are used.
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Table 2. My caption

Sequence Type
PSNR
Y(dB)

∆PSNR
Y(dB)

Bit Rate
(kb/s)

∆Bit Rate
(%)

Total
Time(s)

∆Time
(%)

Foreman
QCIF

RDO Only 38.85 0 232.71 0 3092.65 0
No RDO 38.65 0.2 243.89 -4.8 2449.82 20.8
TSMD 38.74 0.11 238.66 -2.55 1450.14 53.11

AKiyo
QCIF

RDO Only 41.352 0 64.65 0 1286.40 0
No RDO 40.987 0.365 70.18 -8.54 1129.09 12.22
TSMD 41.045 0.307 65.12 -0.72 169.22 86.84

Carphone
QCIF

RDO Only 39.77 0 257.45 0 2150.72 0
No RDO 39.5 0.27 270.05 -4.89 1957.64 8.97
TSMD 39.585 0.185 259.39 -0.75 1135.13 50.22

Coast-
guard
QCIF

RDO Only 37.29 0 416.72 0 3127.03 0
No RDO 37.141 0.149 428.12 -2.37 2907.90 7.01
TSMD 37.221 0.069 427.58 -2.60 1294.74 58.59

Mobile
QCIF

RDO Only 36.752 0 748.10 0 2754.73 0
No RDO 36.587 0.165 769.28 -2.83 2510.31 8.87
TSMD 36.689 0.063 760.10 -1.60 1377.20 50.01

Table 3. Executing results of Foreman QCIF sequence with 300 frames at
different QPs when Hadamard transform is turned on.

QP Type
PSNR Y
(dB)

∆PSNR Y
(dB)

Bit Rate
(kb/s)

∆Bit Rate
(%)

Total Time
(s)

∆Time
(%)

18
RDO 43.60 0 524.37 0 2955.73 0

No RDO 43.54 0.053 547.79 -4.46 2743.34 7.18
TSMD 43.38 0.222 544.48 -3.83 1367.56 53.73

24
RDO 38.98 0 234.08 0 2777.78 0

No RDO 38.97 0.0118 244.51 -4.45 2572.31 7.39
TSMD 38.862 0.118 239.12 -2.15 1330.92 52.08

30
RDO 34.86 0 110.46 0 2556.75 0

No RDO 34.85 0.015 115.64 -4.68 2361.92 7.62
TSMD 34.65 0.208 113.05 -2.34 925.75 63.79

4.2. Outside Testing. “Container”, “Hall Objects”, “Mother and Daughter”, “News”,
“Silent” and “Stefan”, are used in this part. Both QCIF and CIF formats of these se-
quences are included. All configurations of the encoder are the same as the list mentioned
in the above section. Again, the outside testing results at QP=24 are shown in Table 5,
and six QCIF/CIF video sequences are processed by JM18.6 with RDO, JM18.6 without
RDO, TSMD, respectively. Therefore, it is observe that the proposed TSMD also out-
performs JM18.6 without RDO in terms of both encoding time and compression ratio in
most cases. Compared to JM18.6 with RDO, the PSNR loss is also within 0.4 dB and
the bit rate increase is within 10% for the worst case. In some cases, the bit-rates are
even less than those produced by JM18.6 with RDO, of course, with sacrifice of quality.
The reduction in encoding time is also quite significant for both slow and fast motion
sequences, such as Stefan and Container, respectively.
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Table 4. Executing results of Foreman QCIF sequence with 300 frames at
different QPs when FME is used.

QP Type
PSNR Y
(dB)

∆PSNR Y
(dB)

Bit Rate
(kb/s)

∆Bit Rate
(%)

Total Time
(s)

∆Time
(%)

18
RDO 43.47 0 525.91 0 839.64 0

No RDO 43.30 0.174 544.93 -3.61 653.10 22.21
TSMD 43.30 0.174 543.78 -3.39 371.06 55.80

24
RDO 38.84 0 232.73 0 811.92 0

No RDO 38.64 0.193 242.26 -4.09 653.75 19.48
TSMD 38.73 0.0102 238.38 -2.43 395.62 51.27

30
RDO 34.69 0 108.79 0 788.73 0

No RDO 34.44 0.251 112.90 -3.77 650.68 17.50
TSMD 34.5 0.19 110.81 -1.85 392.45 50.24

Table 5. Experiment results of the QCIF outside testing at QP=24.

Sequence Type
PSNR
Y(dB)

∆PSNR
Y(dB)

Bit Rate
(kb/s)

∆Bit Rate
(%)

Total
Time(s)

∆Time
(%)

Container
QCIF

RDO Only 38.791 0 100.06 0 1926.89 0
No RDO 38.606 0.185 115.26 -15.1 1726.68 10.38
TSMD 38.692 0.099 110.35 -0.28 695.86 63.88

Hall-
Objects
QCIF

RDO Only 40.106 0 113.90 0 1401.18 0
No RDO 39.82 0.286 132.08 -15.96 1215.81 13.22
TSMD 39.907 0.199 110.51 2.97 340.71 75.68

Mother and
Daughter
QCIF

RDO Only 40.361 0 91.89 0 1656.79 0
No RDO 40.066 0.295 99.44 -8.21 1480.81 10.62
TSMD 40.215 0.146 92.68 -0.86 581.046 64.92

News
QCIF

RDO Only 39.896 0 144.73 0 1614.90 0
No RDO 39.567 0.329 154.60 -6.82 1435.62 11.10
TSMD 39.744 0.152 147.61 -1.98 491.094 69.58

Silent
QCIF

RDO Only 39.013 0 164.23 0 1822.46 0
No RDO 38.575 0.438 172.34 -4.93 1645.20 9.72
TSMD 38.907 0.106 167.80 -2.17 771.81 57.65

Stefan
QCIF

RDO Only 37.493 0 958.69 0 3392.03 0
No RDO 37.286 0.207 988.37 -3.09 3179.81 6.25
TSMD 37.329 0.164 977.88 -2.01 1324.01 60.96

Furthermore, in Table 6, the proposed speed-ups are compared with other algorithms
in different sequences. It is noted that the reduction in encoding time is quite significant
when TSMD is applied. Therefore, it is more practical to implement a H.264 coder in
small systems such as mobile devices and DSP-based computing engines. Furthermore, it
is our future work to decrease the losses in coding efficiency under the proposed framework.
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Table 6. Comparison of four fast mode decision algorithms with different sequences.

Algorithms TSMD
Kim’s
[30]

Zeng’s
[31]

Hilmi’s
[32]

Akiyo

DPSNR
(dB)

-0.01 -0.04 -0.11 -0.05

DBR
(%)

0.25 -0.36 0.58 -0.08

∆Time
(%)

88.11 78.56 87.12 86.20

Container

DPSNR
(dB)

-0.068 -0.05 -0.06 -0.07

DBR
(%)

0.701 0.34 0.09 0.23

∆Time
(%)

81.73 80.12 74.12 85.41

Stefan

DPSNR
(dB)

-0.10 -0.09 -0.10 -0.10

DBR
(%)

0.50 2.11 0.98 -0.12

∆Time
(%)

77.84 70.64 66.99 76.08

Foreman

DPSNR
(dB)

-0.145 -0.06 -0.12 -0.10

DBR
(%)

1.548 0.71 3.37 0.96

∆Time
(%)

78.33 71.01 68.84 77.83

5. Conclusion. Because the rate-distortion optimized H.264/AVC coders has to com-
plete the process, which includes transform, quantization and entropy coding, of all modes
of a coding block, the best mode is picked up according to the minimum Lagrange cost
function. Though the H.264/RDO coders achieve a good balance between bit rate and
image distortion, lots of additional computing power is demanded. The TSMD proposed
uses the Baye’s probability model and BPN to predict the modes which might be the
best one used in H.264/RDO. Besides, the best mode having the minimal Lagrange cost
is chosen when only the modes predicted in TSMD are completed. TSMD successfully
reduces the computation complexity of H.264/AVC with RDO. The loss in video quality
is slight and the bit rate increase is not much. Compared to the original encoder without
RDO, TSMD is still better even for fast moving sequences, such as Foreman and Stefan
sequences. Furthermore, TSMD has good performance in high resolution video sequence,
such as 1280x720 and 1920x1080, in our experiment. The proposed algorithm, however,
may have some further modifications to achieve better performance. For example, TSMD
has to examine all the modes in a certain mode set before the decision is made. It is
possible to reduce the number of modes to examine to decide the final mode. There are
still methods other than mode decision to combine with the proposed algorithm to reduce
the computation time of the H.264/RDO encoder.
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