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Abstract SC-MMH (Service Compatible 3DTV using Main and Mobile Hybrid) is a kind of
hybrid 3DTV system where the resolutions of stereoscopic views are not identical and has
become one of ATSC standards for terrestrial 3DTV. And CRA (Conditional Replenishment
Algorithm) has been proposed to enhance the visual quality of this asymmetrical hybrid 3DTV
with mixed resolution. CRA uses a variable-sized square block as a PU (Processing Unit) and
the quad-tree is employed to represent the overall hierarchical structure. The largest and
smallest sizes of PU of quad-tree affect the RD (Rate-Distortion) performance as well as the
computational complexity of CRA. In this paper, we examine the effect of quad-tree levels on
the BD-PSNR and the processing time. And we suggest the proper set of top and bottom levels
which reduces the complexity of CRAwith a negligible degradation of quality. Simulation for
the stereoscopic sequences of HD resolution showed that the processing time of CRA can be
considerably reduced to 70 % but the decrease of BD-PSNR is only 0.02 dB by employing of
the combination of (7, 2) levels instead of conventional combination of (8, 0) levels. And the
processing time could be more reduced to 60 % for UHD sequences when we used the
combination of (7, 3) levels.

Keywords Hybrid 3DTV. CRA (Conditional Replenishment Algorithm) . VEI (Video
Enhancement Information) . Quad-tree . Inter-view vector
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1 Introduction

There have been various kinds of approaches to initiate the stereoscopic 3D broadcasting
service [3]. And SC-MMH (Service Compatible 3DTV using Main and Mobile Hybrid)
system has become one of prominent standards for terrestrial 3DTV by ATSC [4, 11]. The
stereoscopic 3D video can be transmitted via two independent video elementary streams in
SC-MMH system, where one video (e.g. left view) is compatible with the legacy 2D TV
service based on ATSC A/53 and the other (e.g. right view) is compatible with ATSC Mobile
DTV service based on ATSC A/153 [1, 2]. Therefore the backward-compatibility with the
existing fixed and mobile 2D services is completely guaranteed and it is the main advantage of
SC-MMH 3DTV. Figure 1 illustrates the concept of SC-MMH system.

The environments for fixed and mobile services in SC-MMH system are quite different, that
is, one view is encoded by theMPEG-2 codec with HD resolution of higher quality and the other
view is encoded by the AVC codec with mobile resolution of lower quality. This problem of
resolution or quality mismatch can be resolved by the binocular suppression effect which says the
perceived quality of the stereoscopic views by human visual system is strongly weighted towards
that of the higher quality viewwhen the qualities are different from each other [12]. However, it is
required to improve the quality of mobile view especially when the quality gap between two
views is quite large or there exist severe coding artifacts. The CRA (Conditional Replenishment
Algorithm) has been proposed to deal with this mismatch problem [10].

In order to compose 3D video at the receiver, the small-sized view frommobile channel needs
to be enlarged to the same size of the view from main channel. The straightforward method is to
simply interpolate it. But we know there is strong correlation between two stereoscopic views and
the basic concept of CRA is to utilize this correlation. CRA can be considered as a switching
process between two candidate as shown in Fig. 2; one is the viewwhich is compensated from the
main view by disparity or inter-view vector and the other is simply interpolated from the mobile
view. The inter-view vector means 2D vector which represents the shifted amount between the
left and right views of 3D video. And the better substitute is selected and assigned as mode to
generate the enhanced view. The optimum inter-view vector and mode information need to be
estimated at the encoder and transmitted as overhead data to be utilized at 3DTV receiver. This
supplemental information is generated at the encoder and called as VEI (Video Enhancement
Information) [5]. When VEI is transmitted, A SC-MMH receiver decodes VEI and can generate
the 3D view of enhanced quality. It was showed that just a small amount of overhead data could
greatly improve the visual quality of 3D video by using CRA [10].

Since VEI requires some additional bandwidth, it is desirable to keep the amount of it as
small as possible. Thus the pixels which have the same inter-view vector and mode are merged

Fig. 1 Block diagram of SC-MMH 3DTV system [11]
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into a single PU (Processing Unit) and the hierarchical quad-tree structure is employed to
represent the overall distribution of PUs in CRA. Another issue of CRA is the computational
complexity to obtain VEI. In order to find the optimum mode and inter-view vector of
variable-sized PU, we need to calculate every inter-view vectors at each level of CRA and
compare their rate-distortion performances. Thus it is undesirable to excessively increase the
depth of quad-tree structure from the viewpoint of complexity.

In this paper, we investigate the effect of hierarchical structure of quad-tree on the performance
and complexity of CRA. In section 2, the quad-tree structure of VEI is discussed. And the top and
bottom level of quad-tree are determined in section 3 by examining the trade-off relationship
between quality degradation and processing time. Finally, the conclusion is given in section 4.

2 The hierarchical quad-tree structure of CRA

CRA adopt a hierarchical quad-tree structure which is composed of PUs, to represent the
switching mode for 3D composition. PU plays a role of basic unit for CRA and every pixel in a
single PU has the same mode or inter-view vector. The optimum size and mode of PU depends
on the spatial characteristics and inter-view correlation of two stereoscopic views.

In order to estimate the optimum mode, the RD (Rate-Distortion) cost function is employed
as Eq. (1) where D and R denote MAD (Mean Absolute Difference) and the amount of
required bits, respectively, and λ corresponds to the Lagrange multiplier.

J ¼ Dþ λR ð1Þ
At a given level, the cost functions of every possible modes are calculated for each PU of

which size is fixed as 2level � 2level. And the mode which has the smallest cost is selected as the
candidate mode of that PU. As described in introduction, there are basically twomodes; one is ‘M
mode’ to select the inter-view compensated view and the other is ‘H mode’ to select the simply
interpolated view. In addition, the third candidate is considered because there is much temporal
correlation in inter-view vectors and modes of consecutive frames. This third ‘S mode’ indicates
the mode and inter-view vector are the same as those of the collocated PU in previous frame. But
the third mode is not always allowed in order to create a random access point. Therefore there are
two frame types in mode decision of CRA; one is INTRA type in which ‘Mmode’ and ‘Hmode’

Inter-view vector
View from main channel The compensated view

The interpolated view

The enhanced view

View from mobile channel

mode

Fig. 2 The concept of CRA (Conditional Replenishment Algorithm)
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are available and the other is INTER type in which the third ‘S mode’ is also included [5]. The
resulting mode and frame type of CRA are summarized in Table 1.

After every PU at every level is examined, the next step is to determine whether four child-
PUs need to be merged or not. The sum of costs of four child-PUs at the current level is
compared with the cost of their parent PU at the upper level. And they are merged into a single
PU when the cost at the upper level is smaller. Consequently, CRA generates a hierarchical
distribution of variable-sized PUs with quad-tree structure.

The Lagrange multiplier λ, which used for RD optimization process, plays an important
role to control the partition of quad-tree and to regulate the bitrate of additional data. When we
use smaller λ, the small-sized PU is preferred and vice versa. When we use fixed λ, the amount
of overhead bitrate for VEI is variable but it can be controlled as constant as possible by
adopting variable λ [6]. Typical examples of applying CRA are shown in Fig. 3, where black
empty PU denotes ‘H mode’ and the other PU denotes ‘Mmode’ and the PUs are successfully
partitioned into hierarchical quad-tree structure. As expected, the higher PSNR gain was
obtained when more bitrate is used for VEI.

Meanwhile, the hierarchical depth of quad-tree which is specified by the largest PU (LPU)
and the smallest PU (SPU) is another important parameter of CRA. Generally speaking, as the
size of PU becomes smaller, the tiny details are likely to be well recovered and the PSNR gain
becomes greater. On the contrary, we can expect more coding gain when the size of PU
becomes larger because only a single mode is assigned to each PU. As a result, it is better to
keep the levels of quad-tree structure as large as possible from the viewpoint of PSNR gain.

However, the complexity can be a critical problem when the number of levels is too large
since the inter-view vectors need to be estimated at every level and the computational load for
calculation of inter-view vectors is considerable. Thus it is required to limit the depth of quad-
tree in order to reduce the complexity. That is the reason why it is important to determine the
smallest and largest size of PU, that is, the bottom and top level to balance the PSNR
performance and complexity.

3 Determination of quad-tree levels of CRA

3.1 Simulation environment for HD sequences

Firstly, total 10 HD sequences with vertical resolution of 1080p are used for simulation. Figure 4
shows typical scenes of test sequences which are obtained from real video and animation. As you
can see, the spatial and temporal characteristics of test sequences are quite diverse.

According to the service scenario of SC-MMH system, the left view is encoded by MPEG-
2 with 12Mbps. And the right view is firstly resized to the resolution of 240p and encoded by

Table 1 The mode and frame type of CRA

Mode Description Available frame type

M mode To compensate the main view by inter-view vector INTRA, INTER

H mode To interpolate the mobile view INTRA, INTER

S mode To use the mode and inter-view vector of previous frame INTER
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AVC with 480 kbps. The reference case is when the SPU is at level 0 and LPU is at level 8,
that is, the smallest and largest sized of PU are 1×1 and 256×256, respectively.

In order to measure the quality gain of CRA, we use the BD-PSNR [7]. The PSNRs of the
enhanced right view of test sequences are calculated and averaged. And the differences of BD-
PSNR between the reference and comparison cases are compared. It can be thought that the
quality degradation is less when the difference is smaller.

And the TR (Time Ratio) is used as relative measure of computational complexity [9]. The
TR can be calculated as Eq. (2), where Tc and Tr are the processing times of comparison and
reference cases, respectively. The processing times of CRA are measured and averaged for
every test sequences. And the ratio between the processing time of comparison case and that of
reference case is calculated. As the complexity reduces, we can get the smaller TR.

TR ¼ Tc=Tr � 100 %ð Þ ð2Þ

3.2 Decision of the top and bottom levels of quad-tree

The first experiment is to decide the top level, that is, the size of LPU (Largest PU). We fix the
smallest size of PU to 1×1 (level 0). And the sizes of LPU are changed from 32×32 (level 5)
to 256×256 (level 8). As said before, the reference is taken as the case when the top level is 8,
and the remaining three cases are compared. For this experiment, the Lagrange multiplier λ is
fixed to 100, 200, 400, and 800.

It can be found from Fig. 5 that the difference of BD-PSNR decays exponentially as the top
level decreases.When LPU is 128×128 (level 7), the difference of BD-PSNR is quite small. But it
decreases to -0.07 dB when LPU is 64×64 (level 6) and there is a considerable gap of -0.33 dB
when LPU is further reduced to 32×32 (level 5). Therefore, it is desirable to select the size of LPU
not as small as 64×64. Meanwhile, Fig. 5 says that TR decreases almost linearly as the top level
decreases. If the level of LPU is reduced by one, then the decrease rate of TR is about 13 %.

It is worthy to notice the unique characteristic especially when the sequence is obtained
from computer graphics. The Fig. 6 shows the difference of BD-PSNR according to the top

(a) (b)

Fig. 3 Examples of quad-tree structure (PSNR at additional bitrate). a 36.6 dB at 120 kbps b 37.5 dB at
480 kbps

Fig. 4 Test HD sequences
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level when we divide the test sequences into two groups; one is from real video and the other is
from animation. As expected, the BD-PSNR shows a remarkable drop for animation sequence
as the top level decreases since the PSNR gain from using large-sized PU disappears. This fact
means that it is desirable to determine the sizes of PUs according to the genre of sequence.

Next experiment is to decide the bottom level, that is, the size of SPU (Smallest PU). For
this purpose, the largest size of PU is fixed to 256×256 (level 8) and the sizes of SPU are
changed from 1×1 (level 0) to 8×8 (level 3). The bottom level of reference case is level 0, that
is, the size of SPU is 1×1, and the remaining three cases are compared.

Figure 7 shows the experimental result. It can be noticed that the difference of BD-PSNR is
negligible until the size of SPU becomes 4×4 (level 2), but there is a considerable drop when
the bottom level is 3. Therefore, it is desirable to limit the size of SPU not as large as 8 ×8 in
order to avoid severe degradation in BD-PSNR. Meanwhile, TR decreases as the bottom level
increases as before and the average rate of decrease is about 10 %.
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Fig. 5 TR and ΔBD-PSNR according to the top level for HD sequences
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3.3 The result of combining the top and bottom levels

From the above experimental results, it is reasonable to choose the level 7 as a top level and level
2 as a bottom level, that is, to employ the combination of (7, 2) levels. In this case, the size of LPU
is 128×128 and that of SPU is 4×4 and the hierarchical depth of quad-tree is six. Next
experiment is to examine the performance and complexity when we employ this combination.
The target of reference is when the sizes of PU is from 1×1 to 256×256, that is, the combination
of (8, 0) levels is used. For this experiment, the Lagrange multiplier λ is variable and the target
bitrate for VEI are changed from about 120 to 480 kbps with a step size of 120 kbps.

Figure 8 shows that the RD curves of reference and comparison cases are very close. The
quality gap between them is only −0.02 dB in terms of BD-PSNR and almost indistinguishable
from the perceptual point of view. Meanwhile, it can be noticed from Fig. 9 that the TR remains
nearly constant and slightly over than 70% regardless of the amount of additional bitrate for VEI.

100.0
95.9

83.6

72.3

0.00 -0.01
-0.02

-0.11

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

(8,0) (8,1) (8,2) (8,3)

TR
(%

)

BD
-P

SN
R(

dB
)

TR △BD-PSNR

Fig. 7 TR and ΔBD-PSNR according to the bottom level for HD sequences
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Consequently, we can get about 30 % reduction of computational complexity but the penalty of
PSNR degradation is almost negligible by using the combination of (7, 2) levels.

3.4 The quad-tree levels of CRA for UHD sequences

Similar experiment is performed for several UHD sequences as shown in Fig. 10. In this case,
the vertical resolution of left view is 2160p and we used 240p as a vertical resolution of right
view. Both views are encoded by HEVC and the bitrates are 19 and 500 kbps, respectively [8].
And the reference case is when the SPU is at level 0 and LPU is at level 8, as before.

Figure 11 shows that the results of CRA according to the top level when SPU is fixed to
level 0. The difference of BD-PSNR is only −0.010 dB when we use (7, 0) combinations but
there is considerable decrease when the LPU is at level 5. The complexity decreases almost
linearly and the slope is about 13 % as the level of LPU is reduced by one.

Meanwhile Fig. 12 shows that the results of CRA according to the bottom level when LPU
is fixed to level 8. As you can see, the difference of BD-PSNR is only −0.006 dB when we use
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Fig. 9 TR of combination of (7, 2) level according to overhead bitrate for HD sequences

Fig. 10 Test UHD sequences
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(8, 2) or (8, 3) combinations. The average PSNR degradation is lower than that of HD
sequences, since there is much spatial correlation in UHD sequences. The complexity de-
creases almost linearly and the slope is about 9 % as the level of SPU increments by one.

Based on the above experiments, the combination of (7, 3) levels can be a good choice for
UHD sequences in terms of complexity. The Figs. 13 and 14 shows the RD curves and TR
when we apply CRA and use (7, 3) combination for UHD sequences. The computational
complexity can be greatly reduced by about 40 % without PSNR penalty.

4 Conclusion

SC-MMH is one of the ATSC standards for terrestrial 3DTV system and CRA is a very
efficient solution to deal with the quality gap between two stereoscopic views of SC-MMH.
The 3D visual quality can be greatly enhanced with additional of VEI which is generated by
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applying CRA. We showed that the top or bottom levels of quad-tree are closely related to not
only the RD performances but also the computational complexity. From the viewpoint of
PSNR gain, the large depth of quad-tree is advantageous. But when the depth is too large, the
processing time of CRA can be one of the critical factors to be considered. Therefore the
hierarchical structure of quad-tree needs to be carefully determined.

In this paper, we examined the effect of the sizes of largest and smallest PU on the quality and the
complexity of CRA. Total 10 HD and 4 UHD video sequences were tested for simulation. To find
the effect of top level, SPUwas fixed to 1×1 (level 0) and TR andBD-PSNRwere compared as the
LPU varied from 32×32 (level 5) to 256×256 (level 8). On the contrary, LPU was fixed to
256×256 (level 8) and TR and BD-PSNRwere compared as the SPU varied from 1×1 (level 0) to
8×8 (level 3) or 16×16 (level 4) to decide the bottom level. Simulation results showed that the
complexity and RD performances are in the trade-off relation. In case of HD sequences, the
processing time can be reduced by 30 % when we employed the combination of (7, 2) levels.
And we could get 40 % reduction of computational complexity by using the combination of (7, 3)
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levels for UHD sequences. However the decrease of BD-PSNR is nearly negligible as compared to
the conventional combination of (8, 0) levels. Therefore it is expected that the suggested set of top
and bottom levels is used for fast implementation of CRA.
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