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Bayesian Early Mode Decision Technique for View
Synthesis Prediction-enhanced Multiview Video

Coding
Shadan Khattak, Thomas Maugey, Raouf Hamzaoui, Shakeel Ahmad, and Pascal Frossard

Abstract—View synthesis prediction (VSP) is a coding mode
that predicts video blocks from synthesised frames. It is partic-
ularly useful in a multi-camera setup with large inter-camera
distances. Adding a VSP-based SKIP mode to a standard
Multiview Video Coding (MVC) framework improves the rate-
distortion (RD) performance but increases the time complexity
of the encoder. This paper proposes an early mode decision
technique for VSP SKIP-enhanced MVC. Our method uses the
correlation between the RD costs of the VSP SKIP mode in
neighbouring views and Bayesian decision theory to reduce the
number of candidate coding modes for a given macroblock.
Simulation results showed that our technique can save up to
36.20% of the encoding time without any significant loss in RD
performance.

Index Terms—Multiview video coding, view synthesis predic-
tion, fast mode decision.

EDICS Category: IMD-CODE

I. INTRODUCTION

THE multiview plus depth representation is one of the
most promising methods for providing multiview video

services [1]. In a multiview plus depth representation, the in-
formation consists of multiple texture views together with their
associated per-pixel depth maps. View synthesis uses the per-
pixel depth maps and interpolation techniques to synthesize
virtual views between camera views. Traditionally, it has been
used to reduce the network and storage resource consumption
of multiview video by providing N views (camera views plus
synthesized views) at the decoder side while only K (K < N )
camera views are captured, encoded, and transmitted. How-
ever, view synthesis can also improve the RD performance
of MVC by providing new prediction modes for blocks to
be encoded [2]. In particular, a VSP-based SKIP mode has
been shown [3] to significantly improve the RD performance
of MVC. Unlike the conventional SKIP mode, the VSP SKIP
mode predicts a macroblock using a synthetic reference frame.
However, the RD optimized framework of MVC already uses
a computationally complex motion and disparity estimation
process. Adding the VSP SKIP mode in this framework further
increases the computational complexity of the encoding.

In this paper, we propose an early mode selection technique
to reduce the time complexity of a VSP SKIP-enhanced MVC
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coder. We exploit the inter-view correlation between the RD
costs of the VSP SKIP mode and use Bayesian decision
theory to restrict the number of candidate coding modes
that are tested during the encoding. In this way, motion and
disparity estimation can be skipped for a large proportion
of macroblocks. Our results show that the encoding time
can be reduced by up to 36.20% compared to the latest
version of the MVC Joint Multiview Video Coding (JMVC)
reference software with integrated VSP SKIP mode, without
any significant penalty on the RD performance.

No previous work has specifically addressed the problem
of early mode selection for VSP SKIP-enhanced MVC. Most
of the related work has focused on improving the quality
of view synthesis [4], generating better depth maps [5], or
pre- and post-processing of synthesized images for better
prediction [6]. A number of fast algorithms [7], [8], [9], [10],
[11], [12] have been proposed to reduce the time complexity
of motion estimation, disparity estimation, reference frame
selection, and mode decision processes in MVC. An early
prediction technique for the Conventional SKIP mode in MVC
was proposed in [13]. The method selects the Conventional
SKIP mode for a macroblock if the corresponding macroblock
identified by the Global Disparity Vector (GDV) [14] and its
eight neighbouring macroblocks in a neighbouring view are
encoded using this mode.

Bayesian decision theory was previously used for fast mode
decision of H.264/AVC in [15] and Scalable Video Coding
(SVC) in [16]. The techniques presented in these papers are
not suitable for the proposed VSP-SKIP enhanced MVC coder
as they do not exploit inter-view correlation. Moreover, our
technique is unique in its use of the RD cost of a mode as the
observed feature in the Bayesian decision rule.

The remainder of the paper is organized as follows. Sec-
tion II presents the VSP SKIP-enhanced MVC coder con-
sidered in this paper and studies optimal coding modes for
this coder. Section III proposes our Bayesian early mode
decision technique. Section IV evaluates the performance of
our method in terms of encoding time, bitrate, and peak signal-
to-noise ratio (PSNR) and compares it to a baseline approach
based on inter-view mode correlation. Conclusions are given
in Section V.

II. PRELIMINARIES

In this paper, we consider an extended MVC coder where
a VSP SKIP mode is added to the existing eight Inter
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Fig. 1. Prediction structure using view synthesis. V0, V1, and V2 represent
camera views while S1 and S2 represent synthesized views. The dotted lines
represent the reference view(s) for view synthesis and the solid lines refer to
the prediction direction. The synthesized frames are used as reference frames
for VSP prediction.

modes (Conventional SKIP, Inter16x16, Inter16x8, Inter8x16,
Inter8x8, Inter8x4, Inter4x8, and Inter 4x4) and two Intra
modes (Intra16 and Intra4) [10]. An example of the encoding
structure with three camera views, V0, V1, and V2, and two
synthesized views S1 and S2 is illustrated in Fig. 1.

Conventional SKIP is a special mode in which the mac-
roblock is reconstructed by motion-compensated prediction
using a motion vector predicted from previously decoded
motion vectors [17]. The VSP SKIP mode differs from the
conventional SKIP mode in that the macroblock is recon-
structed using the macroblock at the same position in a
synthesized version of the current frame [2].

To synthesize the views required for VSP SKIP, we use the
method proposed in [18], which is based on the image coor-
dinate system, the camera coordinate system, and the world
coordinate system. A pixel in the image coordinate system
of the camera view is projected onto a pixel in the image
coordinate system of the virtual view in two steps. First, using
the intrinsic and extrinsic parameters of the reference camera
and the depth information, the 3D point that corresponds to the
pixel in the camera view is projected onto the world coordinate
system. Then, from the world coordinate system it is projected
onto the image coordinate system of the virtual view (using
the camera parameters of the virtual view). When switching
viewpoints, some background regions which are hidden behind
foreground objects in the reference view, might appear in the
virtual view and vice versa. This induces the hole problem.
When a synthesized frame is created using only one reference
frame, holes cannot be efficiently filled. This problem is solved
by using two reference frames where the second reference
frame is used to fill the holes.

Table I shows the proportion of modes selected for view V1

in the settings of Fig. 1 and a VSP SKIP-enhanced JMVC
6.0 reference software [19]. We used two test sequences

TABLE I
PROPORTION (%) OF CODING MODES.

Breakdancers sequence
Mode\QP (Texture) 36 32 28 24 20 Avg.
VSP SKIP 40.36 34.50 28.82 24.69 20.16 29.70
Conventional SKIP 45.48 46.82 46.09 41.98 32.83 42.64
Inter16x16 11.60 14.37 17.73 20.62 23.64 17.59
Inter16x8 0.96 1.63 2.49 4.23 6.44 3.15
Inter8x16 0.97 1.46 2.75 4.33 6.19 3.14
Inter8x8 0.59 1.14 1.96 3.58 7.7 2.99
Intra modes 0.04 0.08 0.16 0.58 3.25 0.82

Ballet sequence
Mode\QP (Texture) 36 32 28 24 20 Avg.
VSP SKIP 29.91 26.54 23.46 20.76 18.28 23.79
Conventional SKIP 64.30 65.66 66.41 65.97 61.86 64.84
Inter16x16 4.80 6.16 7.61 9.38 13.68 8.33
Inter16x8 0.45 0.72 1.10 1.51 2.17 1.19
Inter8x16 0.36 0.60 0.91 1.48 2.25 1.12
Inter8x8 0.19 0.29 0.47 0.83 1.56 0.66
Intra modes 0.00 0.03 0.03 0.08 0.20 0.06

(Breakdancers and Ballet [20]) of resolution 1024x768 and
five quantization parameter (QP) values (20, 24, 28, 32, 36).
The number of frames in each sequence is 100, the Group of
Pictures (GOP) size is 16, and the search range is [±16,±16].
In the table, Inter8x8 includes sub modes Inter8x4, Inter4x8,
and Inter4x4. We observe that VSP SKIP and conventional
SKIP are the dominant modes. The dominance is more promi-
nent in the presence of large homogeneous regions (as in the
Ballet sequence). We also observe that the other modes are
rarely used.

III. BAYESIAN EARLY MODE DECISION TECHNIQUE

In the standard encoding scheme, the encoder considers
all coding modes and selects one with minimum RD cost.
The reference views (V0 and V2 in Fig. 1) are encoded first,
followed by the bidirectionally predicted view (V1 in Fig. 1).
However, as observed in Section II, VSP SKIP or Conventional
SKIP may be selected much more often than the other modes.
In this section, we propose to exploit the correlation between
RD costs across views and Bayesian decision theory to avoid
testing unlikely coding modes during the encoding of V1.

Let m1,m2, . . . ,m8 denote VSP SKIP, Conventional SKIP,
Inter16x16, Inter16x8, Inter8x16, Inter8x8, Intra16, and In-
tra4 modes, respectively, where, as before, Inter8x8 includes
sub modes Inter8x4, Inter4x8, and Inter4x4. For a given
macroblock in the predicted view (V1), let P (mi|x) denote
the a posteriori probability of selecting mode mi given an
observation x of the VSP SKIP RD cost of this macroblock
in V1. From Bayes theorem, we have P (mi|x) = P (mi)p(x|mi)

p(x)

where P (mi) is the a priori probability of mode mi, p(x|mi)
is the conditional probability density function, and p(x) is the
mixture density function. Since p(x) > 0, Bayes decision rule
implies that mode mi should be selected if P (mi)p(x|mi) >
P (mj)p(x|mj). While the values of P (mi) and p(x|mi) are
unknown in V1, we can estimate them from their respective
values in V2. Fig. 2 shows that this approach is reasonable
since the probability density functions p(x|mi) in V1 and V2

are similar. Here we used a lognormal distribution to model
the probability density function of random variable x (Fig. 3).
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Fig. 2. Comparison of conditional probability density functions (PDFs) in
V1 and V2 for the Breakdancers sequence (QP=36).
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Fig. 3. Normalized histograms of VSP SKIP RD cost for different modes
and lognormal distribution fit for the Breakdancers sequence (QP=36).

We considered several models and selected the lognormal one
based on the Bayesian information criterion [22].

Bayes decision rule does not lead to perfect mode selection
as its optimality holds in a probabilistic sense only. To account
for the Bayes error and the fact that P (mi) and p(x|mi)
are estimates from a different view, we introduce a tolerance
threshold e and select not only the optimal mode m∗i in
Bayesian sense but also any other mode mi such that

P (m∗i )p(x|m∗i )− P (mi)p(x|mi)∑8
j=1 P (mj)p(x|mj)

≤ e (1)

Our algorithm is summarized in Algorithm 1.

IV. EXPERIMENTAL RESULTS

We implemented our fast mode decision technique in the
VSP SKIP-enhanced MVC coder described in Section II. As
a baseline approach, we used a method that extends the inter-
view correlation technique proposed in [13] by selecting a
SKIP mode (Conventional SKIP or VSP SKIP) for a mac-
roblock if the corresponding macroblock identified by GDV
and its eight neighbouring macroblocks in V2 are encoded
using the same SKIP mode. The simulations were run on a
machine with Intel Core i5 dual core 2.67 GHz CPU and 4
GB RAM.

Table II compares the performance of our technique and
the baseline approach to that of the standard coder. The
encoder settings were as for Table I. Parameters ∆PSNR,
∆R, and ∆T denote the increase in PSNR, increase in bitrate,
and saving in encoding time, respectively, compared to the

Algorithm 1 Bayesian Early Mode Decision Technique
Pre-Processing:

1: Encode V0.
2: Encode V2.

Input: Threshold e.
Output: Modes to be checked for all macroblocks in V1.

1: Calculate the a priori probabilities P (mi), i = 1, . . . , 8
in V2.

2: Estimate the conditional probability density functions
p(x|mi), i = 1, . . . , 8 in V2.

3: while not all macroblocks in V1 are encoded do
4: Determine the RD cost x of VSP SKIP for the current

macroblock in V1.
5: Determine i∗ = arg maxi P (mi)p(x|mi), i =

1, . . . , 8 from V2.
6: for i = 1 to 8 do
7: if P (m∗

i )p(x|m
∗
i )−P (mi)p(x|mi)∑8

j=1 P (mj)p(x|mj)
≤ e then

8: check mode i.
9: end if

10: end for
11: end while

0.00002

0.00004

0.00006

0.00008

 0  10000  20000  30000  40000  50000

p(
x|

m
).

P
(m

)

VSP SKIP RD cost (x)

VSP SKIP

Conv. SKIP

Inter16x16

Inter16x8

Inter8x16

Inter8x8

Intra16

Intra4

Fig. 4. Product of conditional PDFs and a priori probabilities of different
modes for the Breakdancers sequence (QP=36).

standard coder. For our technique, all encoding steps are taken
into consideration in the calculation of the encoding time.
This includes the estimation of P (mi) and the fitting of the
lognormal distribution model to the samples in V2 (Steps 1
and 2 in the main part of Algorithm 1).

The table shows results that correspond to the Bayes de-
cision rule (e = 0 in Algorithm 1) and to e = 0.995. For
e = 0, our approach reduced the encoding time by 48.93% on
average. However, the loss in rate-distortion performance was
significant. For e = 0.995, the average saving in encoding time
was smaller but still significant (29.91%) while the loss in rate-
distortion performance was negligible. Further measurements
showed that for this value of e, our algorithm found the optimal
mode for 96.14% and 92.68% of the macroblocks for the
Breakdancers and Ballet sequence, respectively.

Overall, the time saving for the Breakdancers sequence
was slightly greater than for the Ballet sequence because the
proportion of VSP SKIP coded macroblocks is higher in the
Breakdancers sequence (Table I). The results also show that
the reduction in encoding time, generally, increases as QP
increases. This is because when QP increases, the quantization
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TABLE II
COMPARISON OF THE BASELINE APPROACH AND THE PROPOSED METHOD

WITH THE STANDARD CODER.

Baseline Proposed (e = 0) Proposed (e = 0.995)

QP ∆PSNR ∆R(%) ∆T(%) ∆PSNR ∆R(%) ∆T(%) ∆PSNR ∆R(%) ∆T(%)

Breakdancers sequence

20 -0.01 0.17 5.19 -0.77 12.10 44.81 -0.06 0.89 26.74

24 0.00 0.01 9.22 -0.63 14.22 46.89 -0.06 0.91 28.84

28 -0.01 0.04 9.57 -0.41 14.56 46.41 -0.07 0.29 29.64

32 -0.01 -0.17 13.39 -0.21 11.07 50.51 -0.07 0.14 34.01

36 -0.01 -0.03 14.91 -0.15 4.94 55.05 -0.05 0.06 36.20

Average -0.01 0.00 10.46 -0.43 11.38 48.73 -0.06 0.46 31.09
Ballet sequence

20 -0.02 0.02 9.85 -0.38 12.86 48.24 -0.04 0.43 22.32

24 -0.03 0.21 20.23 -0.32 13.70 49.65 -0.05 0.81 25.15

28 -0.07 1.05 27.79 -0.22 12.16 50.31 -0.07 0.77 27.27

32 -0.08 0.59 28.56 -0.15 9.37 50.44 -0.07 0.66 33.11

36 -0.07 0.43 27.60 -0.10 4.87 47.08 -0.03 0.26 35.82

Average -0.06 0.46 22.80 -0.23 10.59 49.14 -0.05 0.59 28.73

Average -0.03 0.23 16.63 -0.33 10.98 48.93 -0.055 0.52 29.91

becomes coarser, fewer details are preserved, and more large
modes are selected. This benefits our method, which mostly
predicts large modes such as VSP SKIP, Conventional SKIP,
and Inter16x16 (Fig. 4).

The baseline approach reduced the encoding time by only
17.4% on average. Since the synthesized view S2 is con-
structed using only one reference frame, its quality is lower
than that of S1, which is constructed from two reference
frames (Fig. 1). Consequently, the contribution of VSP SKIP
in V2 is smaller than in V1, and the VSP SKIP mode decisions
in V1 cannot be efficiently predicted using the VSP SKIP mode
decisions in V2.

We obtained similar results for two more test sequences
(Poznan Street and Poznan Hall2 [21], both of resolution
1920x1088). For example, the average speedup for Poz-
nan Street and Poznan Hall2 was 27.03% and 31.15%, re-
spectively, with negligible loss in rate distortion performance.

V. CONCLUSION

We proposed an early mode decision technique for View
Synthesis Prediction-enhanced Multiview Video Coding. Our
method uses Bayesian decision theory to speed up the en-
coding by reducing the number of candidate coding modes.
Our approach reduced the encoding time of the VSP SKIP-
enhanced JMVC 6.0 by up to 36.20% while preserving the
RD performance. We expect that more time savings can be
achieved if we combine our method with techniques ([23],
[24]) that can efficiently predict non-VSP coding modes.
Our results also show that the methods based on inter-view
mode correlation might not be suitable for predicting the VSP
SKIP mode because of the difference in the quality of the
synthesized reference frames in neighbouring views.
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