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Abstract. Optimal stopping theory is developed to achieve a good
trade-off between decision performance and decision efforts such as the
consumed decision time. In this paper, the optimal stopping theory is ap-
plied to fast mode decision for multiview video coding in order to reduce
the tremendous encoding computational complexity, with the benefit of
theoretical decision-making expectation and predictable decision perfor-
mance. The characteristics of encoding modes in multiview video coding
are studied to derive an optimal stopping theory-based model to early
terminate mode decision and thus a fast mode decision algorithm is de-
signed. Extensive experimental results demonstrate that the proposed
algorithm can save a great amount of encoding time for multiview video
coding and meanwhile keep the compression performance more or less
intact.

1 Introduction

Multiview (or multi-camera) videos have attracted much attention in a wide
range of multimedia applications, such as three-dimensional television, free-
viewpoint television, medical imaging, etc. A multiview video consists of video
sequences of the same scenario captured by multiple cameras, but from different
angles and locations, resulting in the need to store and/or transmit tremen-
dous amounts of data. This subsequently induces a large amount of inter-view
statistical dependencies and redundancies in multiview video. Efficient encod-
ing/compression technique is vital for the success of multiview video. As an
extension of H.264/Advanced Video Coding (AVC) [1], Multiview Video Coding
(MVC) [2] is designed for efficiently exploring not only temporal but also inter-
view redundancies, to provide higher coding performance than the independent
mono-view coding. In MVC, besides the Motion Estimation (ME) technique to
remove temporal redundancy, the Disparity Estimation (DE) is further employed
to remove the inter-view redundancy [3], which is achieved by employing more
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sophisticated prediction structures [4] with an example as shown in Fig. 1. In
each view, either the IBBP or the Hierarchical B-frame Prediction (HBP) struc-
ture [5] is supported. Among all views, the first view (i.e., S0 in Fig. 1, also
known as the base view) is coded independently; while for the other views, all
frames are predicted with temporal ME and/or inter-view DE. Moreover, as the
extension of H.264/AVC, variable-block-size ME and DE are employed in MVC,
which achieves significant gains in compression efficiency. However, the coding
performance improvement is at the cost of dramatically increased coding com-
plexity due to the temporal/inter-view prediction structure and variable-block-
size mode decision. Therefore, it is necessary to design optimization approaches
to remove the computational obstacles for MVC.

Fig. 1. Multiview video coding with 8 views

To address this issue, a number of researches [6–12] have been investigated
on fast mode decision and ME/DE algorithms because most of the coding com-
putations of MVC are consumed by mode decision and the related ME/DE pro-
cedures. In almost all these algorithms, the technique of neighboring prediction
is applied, by utilizing the neighboring and/or reference information, including
but not limited to encoding mode, texture, motion, Rate-Distortion (RD) cost,
reference index, and so on. The correlation of encoding modes are studied for
fast mode decision such as [6, 11] in which a few encoding modes are checked
first and it is determined whether some of the remaining modes can be skipped
according to the encoding mode correlation. In particular, fast mode decision
based on the SKIP mode is widely applied for early termination of mode de-
cision [7, 8, 10–12]. In these works, the SKIP mode is firstly examined. Then
a predefined early termination condition is performed, if the early termination
condition holds true, the SKIP mode is considered as the best and thus checking
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all the other encoding modes can be skipped. Another major type of fast cod-
ing approaches relies on RD cost-based threshold estimation, including [6–12].
These approaches apply early termination to mode decision, multiple reference
selection as well as ME/DE processes with termination thresholds derived from
correlations of RD costs, motion vectors and disparity vectors.

Despite the above research efforts, fast mode decision for MVC can still be
further improved in the following two aspects. Firstly, the mode characteristics
and inter-view correlations can be further investigated to reduce the computa-
tional complexity. Secondly, the early termination condition for mode decision is
usually set empirically, and there is much room to decide the optimal termina-
tion condition to skip unnecessary coding modes while keeping the compression
efficiency. To this aim, the optimal stopping theory-based model in [13] is further
refined and employed in this work for MVC mode decision. Extensive experimen-
tal results on benchmark multiview video sequences demonstrate that efficient
encoding time reduction and robust decision performance can be achieved by the
proposed algorithm. The rest of the paper is organized as follows. In Section 2,
based on the investigation of mode characteristics in MVC, an optimal stopping
theory-based model is developed. Section 3 provides the overall algorithm with
parameter estimation. The experimental results are given in Section 4. Finally,
Section 5 concludes this paper.

2 Optimal Stopping Model for MVC Mode Decision

In general, an optimal stopping problem can be defined by a sequence of random
variables with known joint distribution and a sequence of real-valued reward
functions. The decision-maker examines these variables sequentially to obtain
the observed value and decides a time to stop, aiming to maximize the expected
reward [14, 15]. By considering the encoding modes as random variables and
exploiting joint distribution of modes, the problem of mode decision can be
solved with the optimal stopping theory.

2.1 Related Work

In [16], Ferguson et.al. proposed an optimal stopping problem known as the
duration problem, which states that during a decision process, if a variable is with
better observed value than any variable before it, then it is called a Relatively
Best Object (RBO). The aim of the duration problem is to decide a time to stop
with the maximum expected duration until the next RBO. A longer expected
duration indicates both a higher probability of no RBO after the current stopping
choice and a larger time saving without unnecessary variable examination. In
other words, the solution to the duration problem can be considered as a good
trade-off between decision accuracy and time reduction, which can be employed
to fast mode decision in video coding.
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In [13], the solution to the duration problem is investigated for mode deci-
sion of scalable video coding and a constrained duration model is developed.
In this model, it is assumed there are N candidate encoding modes (which
can be regarded as the random variables in the duration problem), denoted
as Xk, k = 1, 2, · · · , N , and the corresponding probabilities of these modes to be
the best are predicted as p̂k, k = 1, 2, · · · , N . With the constraint threshold for
decision τ ∈ [N,N+1), all the candidate modes can be ranked in the descending
order of probabilities as

p̂i ≥ p̂j , ∀i, j ∈ [1, N ], i < j, (1)

where p̂k, k = 1, 2, · · · , N , represent the sorted probabilities. With the rank con-
dition in Eq. (1), the optimal stop for early termination is theoretically derived
to be at

K∗ = max {Kα,Kβ} , (2)

where

Kα = min
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. (4)

2.2 Mode Characteristics of MVC

In the proposed optimal stopping model as given in Eqs. (2-4), the predicated
probabilities p̂k, k = 1, 2, · · · , N , of all candidate modes are utilized to derive
the optimal stopping point. In order to make an accurate estimation of these
predicated probabilities, the mode characteristics of MVC are investigated. In
MVC, the probability of each mode to be the best could be predicted based
on the statistical history information and spatial/inter-view correlations. It is
highly probable that the co-located MacroBlocks (MBs) in neighboring views
have exactly the same best coding mode.

To justify this, for each MB with inter-view prediction being applied to, the
intra-view spatially upper, intra-view spatially left, forward inter-view co-located
and backward inter-view co-located MBs are separately evaluated in terms of
the probability to have the same best mode as that of the target MB. These
probabilities are summarized in Table 1, where four benchmark multiview video
sequences including Ballet and Breakdancer in the resolution of 1024×768 as
well as Champagnetower and Dog in the resolution of 1280×960 are tested with
8 views and different Quantization parameters (Qp); and || denotes the “or”
condition. From the table, it can be observed that there exist high probabilities
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that these intra-view spatially neighboring and inter-view co-located MBs have
the same best encoding mode as the target MB, and the probability gets even
higher as Qp becomes larger. As a consequence, both the intra-view and inter-
view correlations of encoding modes can be used for mode probability estimation.

Table 1. Percentage of having the same best encoding mode in MVC

upper forward

Sequence Qp upper left || left forward backward || backward

Ballet
20 69.39 69.12 81.05 69.45 68.90 81.30

36 85.82 85.18 91.23 90.91 90.79 94.77

Breakdancer
20 44.04 44.80 61.10 38.68 39.35 55.19

36 74.43 73.37 84.17 78.23 76.73 86.66

Champagnetower
20 76.89 76.66 85.78 81.06 81.79 89.66

36 93.99 93.98 96.50 98.03 97.70 99.04

Dog
20 68.35 65.97 80.04 68.19 70.61 81.31

36 88.95 86.60 92.70 94.81 94.52 96.73

3 Proposed Overall Algorithm

3.1 Speedup with Fast Mode Decision

To illustrate how much time reduction can be saved by fast mode decision ap-
proaches, the best encoding mode for each MB is recorded for several benchmark
video sequences and then reloaded under the same coding environment. In such a
scenario, the original and reloaded schemes obtain exactly the same coding per-
formance in terms of video quality and compression ratio. However, the encoding
computations with the reloaded scheme is dramatically less than the original en-
coder with two examples shown in Fig. 2, since the mode decision process is not
performed by the reloaded scheme.

As observed in Fig. 2, the overall coding time could be significantly saved in
all cases, which indicates that there exists a great potential to reduce the MVC
encoding computational complexity by skipping unnecessary coding modes or
even predicting the best coding mode without the entire mode decision process.

3.2 Model Parameter Estimation

In MVC, there are N = 6 types of modes to be decided, as SKIP, 16×16, 16×8,
8×16, P8×8 (including 8×8, 8×4, 4×8 and 4×4) and INTRA modes (includ-
ing INTRA16×16, INTRA8×8 and INTRA4×4). In order to apply the optimal
stopping model for early termination of mode decision, the mode probabilities
should be estimated as required in Eqs. (2-4). To this aim, an extension of the
adaptive statistical method for mode parameter estimation in [13] is employed
based on intra/inter-view mode correlations.
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(a) (b)

Fig. 2. Two examples of encoding speedup without mode decision. 8 views are encoded
with the view coding order 0-2-1-4-3-6-5-7. Y-axis: time reduction (%), X-axis: Qp. (a)
Ballet (1024×768). (b) Dog (1280×960).

As shown in Table 1, there exists a very high correlation in the best coding
mode between an MB and its intra-view neighboring MBs (including intra-view
spatially upper MB and intra-view spatially left MB) as well as forward/backward
inter-view co-located MBs. Therefore, the information of the best coding modes
of the above-mentioned intra/inter-view related MBs is utilized to estimate
p̂k, k = 1, 2, · · · , N , with four adaptive prediction matrices being defined as
follows.

1. Upper prediction matrix Tu(M,k), k = 1, 2, · · · , N,M = 1, 2, · · · , N , which
indicates the percentage of mode k being the best when the best mode of
the intra-view upper MB is M ;

2. Left prediction matrix Tl(M,k), k = 1, 2, · · · , N,M = 1, 2, · · · , N , which
indicates the percentage of mode k being the best when the best mode of
the intra-view left MB is M ;

3. Forward prediction matrixTf (M,k), k = 1, 2, · · · , N,M = 1, 2, · · · , N , which
indicates the percentage of mode k being the best when the best mode of
the forward inter-view co-located MB is M ;

4. Backward prediction matrix Tb(M,k), k = 1, 2, · · · , N,M = 1, 2, · · · , N ,
which indicates the percentage of mode k being the best when the best
mode of the backward inter-view co-located MB is M .

With the above prediction matrices, for an MB to be coded, its probability p̂k
as in Eqs. (2-4) could be estimated as

p̂k ≈ Tu(Mu, k) +Tl(Ml, k) +Tf(Mf , k) +Tb(Mb, k)
N∑

r=1

(Tu(Mu, r) +Tl(Ml, r) +Tf(Mf , r) +Tb(Mb, r))

, (5)

where Mu, Ml, Mf and Mb represent the best encoding mode of the intra-
view upper, intra-view left, forward inter-view and backward inter-view MBs,
respectively.
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After encoding an MB, if early termination is triggered with Eq. (2), the
prediction matrices are updated based on the coding results. If the best mode
of the coded MB is obtained as j ≤ K∗, the posterior probability of mode k to
be the best is derived as [13]:

�
pk=

⎧
⎪⎪⎨

⎪⎪⎩

K∗∑

r=1
p̂r, if k = j,

0 , if k ≤ K∗, k �= j,
p̂k , otherwise.

(6)

And the prediction matrices are linearly updated as

T(M,k) = T(M,k) · (1− γ) +
�
pk · γ, (7)

where γ is a regulation parameter with a typical value 0.08 based on exhaustive
experiments.

3.3 Overall Algorithm

Based on the above analysis, the proposed overall algorithm is described with
the following four steps. In this work, the initial probability for each mode is set
as 1

6 , i.e., p̂k = 1
6 , k = 1, 2, · · · , N where N = 6; and the initial mode checking

order is SKIP → 16×16 → 16×8 → 8×16 → P8×8 → INTRA. In order to
achieve a relatively high coding performance, the constraint threshold τ in Eq.
(3) is set to be N + 4/5.

Step 1. Mode probability estimation: compute the mode probabilities p̂k, k =
1, 2, ..., N with intra/inter-view neighboring/co-located MBs as in Eq.
(5). Then the optimal stopping point K∗ as in Eq. (2) is derived.

Step 2. Mode checking order recalculation: reorganize the candidate mode check-
ing list based on the mode probabilities p̂k in the descending order, i.e.,
the larger the probability, the earlier the corresponding mode is to be
checked.

Step 3. Mode decision: check all the candidate modes according to the checking
order (which is derived in Step 2) with optimal stop, and then decide the
best coding mode among all examined modes.

Step 4. Parameter update: update the posterior probabilities and the related
prediction matrices as in Eqs. (6-7).

4 Experimental Results

In order to evaluate the proposed optimal stopping theory-based algorithm, it is
implemented on the MVC reference software JMVC with version of 8.3.1. Eight
benchmark multiview video sequences are employed for testing, including the
640×480 sequences Ballroom, Exit, Race1, Vassar; the 1024×768 sequences Bal-
let, Breakdancer, Doorflowers; and the 1280×960 sequence Dog. The experiment
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Table 2. Experimental setting

Encoder JMVC 8.3.1

Qp 20, 26, 32, 38

Resolution 640×480, 1024×768, 1280×960

Configuration

Views: 8

ViewOrder: 0-2-1-4-3-6-5-7

GOP size: 12

Frames coded: 8 GOPs (97 frames)

Number of reference frames: 2

RDO: enabled

BiPredIter: 4

IterSearchRange: 8

ME: fast search with 1/4 pixel

Search range: ±96

Entropy coding: CABAC

Table 3. Experimental results of all 8 views

Sequence Qp TS ΔPSNR ΔBR Sequence Qp TS ΔPSNR ΔBR

20 69.51 -0.046 1.98 20 58.62 -0.035 1.18
26 65.51 -0.049 2.28 26 68.27 -0.042 2.53

Ballroom 32 66.81 -0.063 2.51 Exit 32 68.62 -0.063 3.45
38 69.49 -0.090 2.59 38 69.93 -0.100 2.95

Average 67.83 -0.062 2.33 Average 66.36 -0.060 2.53

20 63.84 -0.040 1.38 20 69.57 -0.026 -0.01
26 64.21 -0.037 1.44 26 74.13 -0.020 0.69

Race1 32 63.81 -0.046 1.49 Vassar 32 75.52 -0.037 1.97
38 63.49 -0.071 1.46 38 73.46 -0.066 2.51

Average 63.84 -0.049 1.44 Average 73.17 -0.037 1.29

20 70.34 -0.031 2.09 20 56.07 -0.065 3.14
26 73.12 -0.041 3.07 26 54.31 -0.067 5.10

Ballet 32 72.98 -0.073 3.35 Breakdancer 32 55.39 -0.088 5.02
38 71.76 -0.111 3.05 38 55.78 -0.125 3.81

Average 72.05 -0.064 2.89 Average 55.39 -0.086 4.27

20 71.21 -0.041 2.14 20 66.51 -0.019 0.21
26 73.11 -0.036 3.05 26 62.02 -0.016 0.66

Doorflowers 32 73.12 -0.042 3.02 Dog 32 59.56 -0.030 0.74
38 70.08 -0.056 2.77 38 60.74 -0.059 0.64

Average 71.88 -0.043 2.75 Average 62.21 -0.031 0.56

Average: TS = 66.59, ΔPSNR = -0.054, ΔBR = 2.26

is executed on a PC of 3.20GHz CPU and 2.00GB memory, with the JMVC
configuration parameters given in Table 2.

The proposed algorithm is implemented in all the encoding views with the
comprehensive experimental results summarized in Table 3. Three evaluation
criteria are used, including TS (%) for time reduction, ΔPSNR (dB) for Peak
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3. RD curves. (a) Ballroom. (b) Exit. (c) Race1. (d) Vassar. (e) Ballet. (f) Break-
dancer. (g) Doorflowers. (h) Dog.

Signal-to-Noise Ratio (PSNR) degradation and ΔBR (%) for bitrate increase,
as compared to the original encoder, which are defined as:

TS =
To − Tp

To
× 100% (8)
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ΔPSNR = Pp − Po (9)

ΔBR =
BRp −BRo

BRo
× 100% (10)

where To, Po and BRo stand for the entire encoding time, PSNR and coded
bitrate of the original MVC encoder; Tp, Pp and BRp are the entire encoding
time, PSNR and bitrate of the MVC encoder with the proposed algorithm.

For each sequence, the average results of the proposed algorithm are shown
in Table 3, and finally the overall average results are presented at the bottom of
the table. In average, the proposed algorithm could achieve a significant gain of
66.59% in time reduction with 0.054 dB PSNR degradation and 2.26% bitrate
increase, which demonstrates the efficiency and robustness of the proposed algo-
rithm. Moreover, the RD curves are illustrate in Fig. 3, where it can be observed
that the RD performance can be kept almost intact as compared to the original
encoder.

5 Conclusion

In this paper, the optimal stopping theory is investigated for MVC fast mode
decision. The mode correlations in MVC are employed to estimate the proba-
bilities of each candidate mode being the best, and the estimated probabilities
are utilized in the proposed optimal stopping model to derive the early termi-
nation condition for mode decision. Extensive experimental results demonstrate
that the proposed optimal stopping theory-based algorithm is very efficient in
reducing MVC encoding computations while maintaining the video quality and
compression ratio more or less intact.
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