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Abstract: With the increasing number of video applications, it is essential to resolve issues such as
ineffective search of video content, tampered/forged video content, packet loss, to name a few. Data
embedding is typically utilized as one of the solutions to address the aforementioned issues. One of
the important requirements of data embedding is to maximize embedding capacity with minimal bit
rate overhead while ensuring imperceptibility of the inserted data. However, embedding capacity
varies depending on the video content and increasing the embedding capacity usually leads to video
quality degradation. In this work, a threshold-controlled block splitting technique is proposed for
embedding data into SHVC video. Specifically, the embedding capacity can be increased by coding
the host video by using more small blocks, which can be achieved by tuning a threshold-controlled
parameter in the rate distortion optimization process. Subsequently, the predictive syntax elements
in both intra and inter-coded blocks are jointly utilized to embed data, which ensures that data can
be embedded regardless of the prediction mode used in coding a block. Results suggest that the
proposed method can achieve a trade-off between the increase in embedding capacity and bit rate
overhead while maintaining video quality. In the best case scenario, the sequence PartyScene can
embed 516.9 kbps with an average bit rate overhead of +7.0% for the Low Delay P configuration,
while the same video can embed 1578.6 kbps with an average bit rate overhead of +2.9% for the All
Intra configuration.

Keywords: SHVC; data embedding; quad-tree block splitting; threshold-controlled

1. Introduction

Nowadays, we rely on video technology for various purposes, including dashcam
recording/surveillance video as evidence in the event of an incident, movie streaming for
entertainment, and endoscopic video for health care. During the COVID-19 pandemic,
many companies and organizations are also adopting video conferencing technology for
virtual meeting to ensure business continuity. In addition, lecture/tutorial recording makes
teaching and learning possible while teachers and students are physically apart.

As a result, several issues associated with video arise, including ineffective search
of video content, unauthorized utilization, tampered/forged video content and packet
loss. To address the aforementioned issues, data embedding, which inserts some data
into the video, has gained increasing research interest [1]. For instance, hash codes are
inserted into a video for efficient searching and retrieval purposes. Relevant information is
embedded into a video to serve as hyperlinks for facilitating efficient exploration of large
video repositories. Specifically, a hyper-linked video combines other videos by using a non-
linear information structure, which allows a user to make choices based on the content of
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the video as well as to navigate between videos and other hypermedia based on the user’s
interests [2]. In another application, error concealment suppresses interruption caused
by abrupt bandwidth changes or packet losses by using data embedding techniques [3].
As one of the fastest growing technologies, machine learning requires huge a volume of
data to train the machine learning model of interest. Ground truth, or more generally,
metadata, can be inserted into a video as the training data to facilitate automated computer
vision-based applications such as object tracking and localization. There are also security
concerns over adversarial videos aiming to corrupt the training process [4], which can be
addressed by data embedding to ensure that only genuine training videos are utilized.
Furthermore, a biometric signature or fingerprint can be embedded into a video so that
only authorized users can access the video content [5,6]. Moreover, a cryptographic hash
of a video can be inserted into the video of interest so that the receiver can verify its
originality [7].

Even with the recent breakthroughs in network and storage technologies, handling
video in the raw (i.e., uncompressed) form is still a challenging task due to the large volume
of data in the video. Therefore, most videos are stored and transmitted in the encoded form,
each being compliant to specific video coding standards [8]. As an extension of the high
efficiency video coding (HEVC) standard [9], the Scalable High Efficiency Video Coding
(SHVC) standard [10] encodes a high definition video into a single bit stream with multiple
resolutions/qualities. It emerges as an efficient video coding solution for adaptive video
streaming applications. The scalability feature is essential, notably when considering the
heterogeneity in the transmission environment and decoding devices. Many applications
such as smart surveillance and monitoring systems have benefited from this technology.
For example, it allows users at different locations to monitor an area in real-time at different
display resolutions or frame rates depending on the network condition and constraint
of the decoding device. However, the underlying architecture of SHVC differs from the
previous scalable video coding standards such as H.264/SVC [11] or MPEG-2 [12]. As
a result, the conventional data embedding methods cannot be applied directly in SHVC
video. In addition, irregardless of the video standard in use, it is essential to design a
data embedding method which can increase embedding capacity while maintaining the
perceptual quality of the processed video. However, increasing the embedding capacity
usually leads to greater distortion or quality degradation, and vice versa.

Therefore, in this work a data embedding method for SHVC video is proposed as
illustrated in Figure 1. Specifically, a tunable threshold-controlled parameter is put for-
ward to guide the rate distortion optimizer (RDO) to favor small split blocks over larger
blocks. By tuning the threshold-controlled parameter to a higher value, more small split
blocks are coded, which provides more predictive syntax elements that can be utilized
for embedding data. Here, both intra and inter-coded blocks are jointly utilized to embed
data into the smallest prediction blocks. Unlike the existing methods which are only able
to embed data into blocks coded in either intra picture or inter picture prediction mode,
this paper proposes a pair of data embedding techniques (viz., one for intra and another
for inter picture prediction), where one of them can eventually be deployed to embed
data regardless of the prediction mode used in coding the block. We increase the number
of syntax elements, which in turns provides more venues for data embedding purposes.
In addition, the proposed method is able to achieve a desired trade-off between the in-
crease in embedding capacity versus bit rate overhead, which is crucial for applications
such as error concealment, integrated video content management, video hyper-linking,
steganography, and video annotation. For example, the efficiency of the video content
search and retrieval system is particularly important for managing a huge volume of video
files each of large size, which requires high embedding capacity. Therefore, this work aims
to increase the embedding capacity without compromising the video quality. Our work
makes the following contributions: (a) manipulating quad-tree block partitioning structure
of a video frame so that more smaller blocks are coded; (b) minimizing the prediction error
energy by selecting the best prediction mode for each block while matching the payload
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bit to be embedded, and; (c) designing a pair of data embedding techniques, one for intra
picture prediction and another for an inter picture prediction block, to ensure that data can
be embedded regardless of the prediction mode used in coding a block.

Figure 1. Flow of processes in the proposed method.

The rest of this paper is organized as follows: Section 2 briefly reviews the existing
data embedding methods for compressed video. Section 3 describes the proposed data
embedding technique in intra and intra-coded blocks. The experiment results are discussed
in Section 4, and Section 5 concludes this paper.

2. Related Work

In this section, we briefly review methods designed for compressed video, where
data embedding can take place during intra/inter picture prediction, transformation,
quantization, and/or entropy coding.

In general, modifying an intra prediction directional mode to its adjacent directional
mode has minimal impact on the video quality, although the file size is slightly increased.
Therefore, this technique has been widely exploited to embed data in the literature. For
example, Yang et al. [13] embed data by using the I4-blocks intra prediction mode in
H.264/AVC video. They adopt matrix encoding to minimize the number of changes
needed, viz., changing not more than one intra prediction mode when embedding two bits
from the payload by using three I4-blocks. As newer standards, HEVC and its extension
have more directional modes (i.e., more angles) for intra picture prediction, hence more
data can be embedded by using the same technique. Sheng et al. manipulate the difference
of two consecutive intra prediction directional modes or a pair of continuous planar and DC
mode in HEVC to embed data [14]. To suppress the distortion caused by data embedding,
Mareen et al. restrict the modification on the intra prediction mode by ±1 so that the
changes are imperceptible to the viewer [15]. Recently, Saberi et al. selected the smallest
intra-coded prediction units in a coding tree unit (CTU) for data embedding purposes. In
their work, a random function and an embedding threshold are defined to select CTUs for
data embedding, but their proposed method suffers from low embedding capacity [16].

On the other hand, the motion vectors (MVs) of inter-coded blocks are also commonly
exploited to embed data. For example, the least significant bit (LSB) of either the horizontal
or vertical component of MV is modified to match one payload bit [17,18]. Instead of using
all MVs, Aly only embeds data into MVs with high prediction errors in MPEG-2 video [19].
To increase the chances of successful data embedding, Van et al. exploit motion vector
differences (MVD) and transformed coefficients in HEVC video [20]. Recently, Pang et al.
proposed to associate payload bit with a motion vector predictor (MVP), which is utilized
during inter picture prediction, to embed data without changing any MVs [21]. Changing
the MVP causes insignificant/nearly no distortion to the video, although the difference
between the MVP and the actual coded MV (denoted by MVD) is modified to embed
data. While both the intra prediction mode and MVs are attractive techniques to embed
data, there are situations where data cannot be embedded into a block. It is because the
syntax element exploited for data embedding is simply unavailable; for example, the intra
prediction mode is non-existence in an inter predicted block, hence the intra prediction
mode cannot be exploited. Taking a different approach, Tew et al. manipulate the prediction
block (PB) size and nonzero AC coefficients to increase the capacity [22], while Shanableh
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associates each payload bit to a split flag which is utilized in HEVC to indicate whether a
block is split into smaller blocks [23]. Yang et al. divide block partition modes into three
groups to represent different data bits [24]. Although data are also embedded into the
transformed coefficients [22,25–27], there are several drawbacks. Specifically, embedding
data into the mid-frequency and high-frequency AC coefficients usually results in bit rate
overhead, while embedding data in the low-frequency coefficients results in perceptual
quality degradation. In addition, manipulating DC coefficients will change the entire
block of pixel values. Therefore, embedding data into transformed coefficients may cause
perceptible and notably degradation, which must be implemented appropriately in order
to minimize the embedding artifact as well as error propagation.

To embed data into a scalable coded video, researchers often exploit the multi-layer
coding structure defined in the scalable video coding standards. Specifically, a scalable
coded video consists of a base layer (BL) and multiple enhancement layers (ELs). Shanableh
exploits quantization parameters and MVs in all layers of an SNR scalable coded MPEG
video to hide data [28]. Buhari et al. identify highly textured blocks in H.264/SVC video
based on a predefined complexity model. They restrict data embedding to these identified
blocks so that the error caused by coefficient manipulation is less noticeable [25]. Taking a
similar approach, Amiri et al. restrict data embedding to regions with high texture and
high contrast in H.264/SVC video [29]. Both Buhari et al. and Amiri et al. embed data
by manipulating the AC coefficients. On the other hand, Pang et al. associate the data bit
with the intra prediction mode in SHVC video when the selected mode disagrees with the
payload bit [30]. The proposed method carries additional payload in multiple layers while
suppressing video quality degradation by using a self-cancelling method, but it is only
applicable to intra-coded blocks. Recently, Sun et al. embeded data into AC coefficients
chosen by using a key-control selection algorithm in H.264/SVC [31].

While some data embedding methods have been put forward by researchers for
scalable coded video, most methods are designed for an older generation of scalable video
coding standard, namely H.264/SVC. This situation further motivated us to design a data
embedding method for SHVC video.

3. Proposed Data Embedding Method

In this work, we propose a tunable threshold-controlled block splitting and data
embedding method to increase the embedding capacity. Embedding capacity is the number
of bits that can be embedded into the video sequence. Recall that, in SHVC, each video
frame is partitioned into multiple blocks based on the quad-tree structure. Specifically,
each frame is partitioned into multiple blocks called the coding tree blocks (CTBs) of size
64× 64. Each CTB (i.e., at partitioning depth level 0, denoted by d0) can in turn be split
into multiple blocks called coding blocks (CBs) of size 32 × 32 (i.e., at level 1, denoted
by d1), where each CB can further be split into blocks of size 16 × 16 (i.e., at level 2,
denoted by d2), and eventually into blocks of size 8× 8 (i.e., at level 3, denoted by d3)
as illustrated in Figure 2. Subsequently, a CB can be partitioned into multiple PBs. The
smallest prediction block size for intra-coded block is 4 × 4 pixels, while the smallest
prediction block size for inter-coded blocks is 4× 8 or 8× 4 pixels. During encoding, rate
distortion optimization is performed to achieve a trade-off between the visual quality and
the number of bits spent on coding as a rate distortion cost (RDC) function. The an encoder
calculates RDC = D + λR, where D is the distortion between the original signal and the
reconstructed signals, while R is the compression rate which represents the total number
of bits spent on coding. The parameter λ is the Lagrange multiplier used for Lagrangian
optimization. Conceptually, coding a video frame using more (small) prediction blocks
leads to more embedding opportunities due to the availability of the predictive syntax
elements. Therefore, a threshold-controlled parameter τ is introduced to favor splitting
of (small) blocks during rate-distortion optimization. The value of τ can be tuned to
achieve a desired trade-off between the increase in capacity versus bit rate overhead while
maintaining the perceptual quality of the output video. Specifically, when the scaled RDC
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for a bigger block size (denoted by (1 + τ)×Pd) is larger than the accumulated RDC of
the split blocks (denoted by Pd+1), the split blocks option is adopted for coding instead of
using the size suggested by RDO. Here,

Pd =
nd−1

∑
i=0

RDCd(i), (1)

where nd is the total number of split blocks at partitioning depth level d. An illustration of
rate-distortion threshold guided split block is depicted in Figure 3. This assumes that x
is the RDC at the current partitioning depth level di while y is the total RDC for the split
block at depth level di+1. When y < x× (1 + τ), the split blocks option is adopted. It can
be observed that more small blocks (highlighted in green) are coded when τ is set to some
constant a. When τ is increased to some constant b where b > a, additional blocks are split
into smaller blocks (highlighted in blue). These blocks offers additional venues for data
embedding purposes. Note that the bit rate overhead can be adjusted by tuning the value
of the threshold-controlled parameter.

Figure 2. Example of block splitting.

Figure 3. Example of threshold guided block splitting.

3.1. Data Embedding

To embed data, the payload bits are associated with the intra prediction modes of
intra-coded blocks, as well as the MVP of the inter-coded blocks during intra and inter
picture predictions, respectively. Let M = {mi}N

1 be the payload, where mi ∈ {0, 1} and
let N denote the length of M. The process in threshold guided block splitting and data
embedding is shown in Algorithm 1. The RDC comparison process (i.e., line 19 to 22 in
Algorithm 1) is performed for each partitioning depth level, and the process is repeated
until all blocks are compared. Here, the intra prediction mode and MVP candidate selection
decision in all scalable coded layers are manipulated to realize data embedding. Without
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loss of generality, the descriptions for data embedding are based on a two-layer setting in a
scalable coded video. Let ϑ denote the intra prediction mode, and let p denote the parity of
the intra prediction mode, i.e., p = f (ϑ). When coding in intra mode, the RDO determines
the best intra prediction mode to be coded. When the payload bit to be embedded differs
from the parity of the best prediction mode (i.e., mi 6= p) in the smallest PB, viz., 4× 4,
the intra prediction mode with the opposite parity bit with the best RDC from the candidate
list is selected in place of the originally recommended one. In most cases, the second best
prediction direction deviates slightly from the best intra prediction mode ϑbest, viz., either
ϑbest + 1 or ϑbest − 1. For example, when a payload bit mi to be embedded in BL differs
from the parity bit of the intra prediction mode p, the intra prediction direction angle is
either increased or decreased to the next angle. The selection of optimum mode ϑBest is
formulated below:

ϑBest = arg min
p=mi

{RDC(ϑ, p)}. (2)

To facilitate further presentation, let the term spatially co-located blocks refer to two or
more groups of blocks in different (resolutions) layers encoding the same visual information,
but each in different resolution. Inter-layer prediction in SHVC uses the reconstructed
video signal from a reference layer (denoted by ELk, for k < c where BL = EL0) to improve
the coding efficiency of the current enhancement layer ELc. During inter-layer prediction,
the co-located reconstructed blocks (viz., the visual information) from the reference layer
ELk are tagged with reference indices in the reference picture lists in addition to other
prediction information in the current encoding layer ELc. In order to achieve inter-layer
prediction, EL requires the reconstructed pictures from the BL decoded picture buffer,
which includes the reconstructed texture samples, and other prediction information [10].
Therefore, the intra prediction mode of the spatially co-located reconstructed block in the
reference layer ELk can be included as a candidate for the intra prediction mode in ELi to
improve the coding efficiency. When a block is selected for data embedding, the inter-layer
intra prediction mode is set to the highest priority and labelled as the top performer in
the candidate list so that it is selected for coding. Recall that the intra prediction mode
assumes an integer value in the interval of [0, 34], hence up to five bits (i.e., blog2(35)c = 5)
can be embedded. Here, a threshold parameter ξ can be introduced to limit the number of
bits to be embedded. To embed data, the sequence of bits induced by the intra prediction
mode, namely pξ−1 pξ−2 · · · p0, is utilized to perform the bitwise-XOR operation with the
payload bits mi, i.e., p′i = pi ⊕mi. The resulting sequence {p′i} is converted into a decimal
value. The encoder will then compute the prediction error by comparing the predicted
values (obtained by using this new mode) to the original ones. The prediction error is
then transformed, quantized and entropy coded. Note that embedding more data using
the intra prediction mode may lead to larger prediction error, and when the error is too
large the other mode might be selected. Therefore, careful consideration is required when
determining the number of bits embedded per intra predicted block.

Naturally, if a spatial scalable encoded video contains more layers, then more bits can
be embedded. Likewise, when both intra- and inter-coded blocks are jointly utilized to
embed data, more data can certainly be embedded. Therefore, we propose to utilize both
intra prediction mode and MVP in all coded layers to embed data. Here, instead of using
the MV of the inter-coded block, the parity bit of MVP indices is utilized to represent the
payload bits. Recall that the predictive syntax element MVP was introduced in the HEVC
and its extensions to improve the predictive coding of MVs for a coding block by using the
neighboring motion information. Specifically, the difference between the MV of the block
to be coded and the selected MVP is reduced (i.e., smaller range) so that the number of bits
to be coded also becomes smaller. As an extension of the HEVC standard, the MVs from
the spatial and temporally adjacent blocks are utilized as the MVP candidates.
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Algorithm 1: Threshold-controlled Block Splitting and Data Embedding
TBS-DE(CU, di , M)

1 perform motion estimation
2 if (di == dmax) then
3 obtain mi from M
4 associate mi to MVP /* inter mode */
5 end
6 perform motion compensation
7 perform intra prediction
8 if (di == dmax) then
9 embed mi into IPM /* intra mode */

10 end
11 perform prediction error calculation
12 select intra or inter mode based on RDC
13 if (di < dmax) then
14 split CU into cuj, j ∈ 1..4
15 for (j← 1 to 4 ) do
16 TBS-DE(cuj, di+1, M)
17 end
18 calculate accumulated RDC, Pdi+1
19 if (Pdi+1

< (Pd × (1 + τ)) then
20 Pd ← Pdi+1

21 CU ← cuj, j ∈ 1..4
22 end
23 end
24 return;

Then, an MVP can be flexibly selected by specifying the MVP index from this candidate
list. Subsequently, MVD, which captures the difference between the current MV and the
MVP, together with the MVP index, are encoded and signaled to the decoder. In particular,
MVP is derived from the MVs of the spatially neighboring blocks (i.e., A0, A1, B0, B1 and
B2) and/or temporally co-located neighboring block (i.e., C0, C1, D0 and D1) as shown
in Figure 4. The temporal MVP candidate for predicting MV for the current block can
selected from more than one reference picture. For example, the first temporal MVP
candidate is from the reference picture in the same coding layer while the second MVP
candidate is from an inter-layer reference picture. Here, the selection of the MVP candidate
depends on the value of mi ∈ {0, 1}. Instead of using the MVP determined by RDO,
motion information of the MVP candidate whose index (parity) matches mi is selected for
coding. Note that the selected MVP is either the best or first runner-up candidate with the
minimum cost for inter picture prediction. The advantages of using MVP as a data carrier
as compared to the conventional MV technique is that the predicted MV (magnitude and
angle) remains unchanged (i.e., MV = MVP + MVD), hence the quality of inter-coded block
can be preserved [21]. In addition, visual quality degradation in the processed video can
be kept to the minimum by restricting data embedding to the smallest blocks (i.e., 4× 4 in
intra mode as well as 8× 4 or 4× 8 in inter mode) while skipping the rest. Therefore, in this
work, only the smallest-coded blocks are leveraged to embed data. Beside that, a key κ can
be utilized to select/skip blocks to distribute the payload bits across the entire video.

One of the advantages of joint utilization of the intra prediction mode and MVP for
data embedding is that the payload is distributed into both intra and inter-coded blocks.
The competition between the intra and inter prediction modes ensures that only the one
with the better RDC is adopted for coding and data embedding purposes. Specifically,
the RDO evaluates and decides the optimal mode (i.e., either intra or inter mode) to
be coded. When the cost of embedding more bits in intra mode is higher than inter
mode, inter mode will be coded, and vice versa. It is noteworthy that utilizing predictive
syntax element to embed data can maintain the perceptual quality of the video without
the introduction of drift error [32]. Specifically, the encoder calculates and encodes the
prediction error/residual signal by taking the difference between the original and predicted
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(after associated with data bits) values. Therefore, the reconstructed video is a close
approximation of the original video.

Figure 4. MVP candidates where ‘X’ is the current block to be coded.

3.2. Data Extraction

The embedded data can be extracted when decoding the processed video. Here,
the same key κ, which is only known to the authorized parties, is utilized to identify the
blocks selected for data embedding, i.e., which one is selected/skipped. The embedded data
are then retrieved from the intra-coded block by extracting the parity of the intra prediction
mode in BL, as well as the first ξ bits from the intra prediction mode in EL. Specifically,
the embedded data in EL are derived from the coded mode and the spatial decoded mode
of the spatially co-located block of the reference layer by using the bitwise-XOR operation.
Similarly, the parity bits of the MVP indices are extracted from the inter-coded blocks in all
coded layers.

The SHVC reference software SHM-12.0 [33] was modified to implement the proposed
data embedding techniques. Here, we adopted the QP parameter settings as suggested
in the SHM test conditions (CSTC) [34], i.e., QP = 22, 26, 30, and 34. Experiments were
conducted by using two layers of spatial scalability for Low Delay P (LDP) and All Intra
(AI) settings with a group of pictures (GOP) structure of 4, i.e., IPPPIPPP· · · . The remaining
parameters were set to the SHM default configuration. The experiments were conducted by
using a PC with AMD Ryzen 5 3500U 2.10 GHz CPU and 8 GB of RAM running on a 64-bit
Windows 10 operating system. Six standard video test sequences for SHVC from [35,36]
as shown in Figure 5 were considered to evaluate the performance of the proposed data
embedding method. A pseudo-random number generator was employed to generate a
sequence of binary numbers (i.e., 0’s and 1’s), which was then embedded as the payload by
using both the intra and inter picture prediction techniques. Unless specified otherwise, all
available embedding venues were utilized, i.e., embedding at the maximum rate. Using
SHVC compressed video as the baseline, the processed videos (containing embedded
payload) were evaluated. It was verified that the resulting bit streams were still format
compliant and they could be decoded by SHVC decoders while the embedded data could
be extracted correctly for all settings. All results were collected by processing the first 200
frames in each video test sequence. It is crucial to note that the AI setting is considered
here to capture the performance of embedding data by using the intra prediction mode,
while the LDP setting captures the performance of embedding data by using both the intra
prediction mode and the motion vector predictor.
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(a) RushHour (b) FourPeople (c) BlueSky

(d) BasketballDrill (e) PartyScene (f) RaceHorses

Figure 5. Video test sequences considered for experiments in this work.

4. Experimental Results
4.1. Variation in Bit Rate

Let τ0, τ5 and τ10 refer to the setting when τ = 0, 5 and 10%, respectively. Table 1
records the bit rate before and after data embedding by using the proposed techniques.

Table 1. Bit rate overhead (%) for the processed video.

Sequence QP LDP AI
τ0 τ5 τ10 τ0 τ5 τ10

RushHour 22 0.4 6.5 21.0 0.3 3.3 8.1
@30 Hz 26 0.1 3.9 16.5 0.1 2.6 6.8

BL(960× 540) 30 0.1 3.7 13.4 0.0 2.1 5.9
EL(1280× 720) 34 0.0 4.6 13.0 0.0 2.1 5.7

Average 0.1 4.3 15.2 0.1 2.4 6.3

FourPeople 22 1.3 8.9 16.3 1.2 3.7 6.7
@60 Hz 26 1.5 7.3 13.9 1.2 3.6 6.5

BL(640× 360) 30 1.5 6.4 12.1 1.0 3.3 6.5
EL(1280× 720) 34 0.3 6.0 13.3 0.5 3.1 6.6

Average 1.2 6.8 13.3 1.0 3.5 6.6

BlueSky 22 0.5 4.6 8.0 0.6 3.3 6.2
@24 Hz 26 0.7 5.5 10.1 0.6 3.5 6.6

BL(640× 360) 30 0.8 6.0 11.4 0.4 3.8 7.5
EL(1280× 720) 34 0.5 7.2 15.2 0.0 4.3 9.0

Average 0.7 6.0 11.6 0.4 3.8 7.6

BasketballDrill 22 0.8 7.0 13.2 1.1 3.9 7.1
@50 Hz 26 0.9 7.4 15.1 1.0 3.7 7.0

BL(416× 240) 30 0.9 7.9 16.4 1.0 3.7 7.2
EL(832× 480) 34 0.6 8.9 18.1 0.8 3.5 7.5

Average 0.8 7.8 15.9 0.9 3.6 7.1

PartyScene 22 0.7 4.3 7.0 0.9 4.1 2.9
@50 Hz 26 1.1 5.7 9.7 1.1 3.4 4.9

BL(416× 240) 30 1.2 7.2 13.4 1.2 3.9 5.9
EL(832× 480) 34 0.6 9.9 19.1 0.9 4.6 7.6

Average 1.0 7.2 13.3 1.0 4.0 6.0

RaceHorses 22 0.4 4.3 8.7 0.2 5.0 7.8
@30 Hz 26 0.5 5.3 11.1 0.3 4.9 8.3

BL(416× 240) 30 0.5 6.5 14.9 0.3 5.2 9.5
EL(832× 480) 34 0.4 9.8 20.7 0.0 5.9 11.6

Average 0.5 6.8 14.8 0.3 5.2 9.6

Figure 5. Video test sequences considered for experiments in this work.

4. Experimental Results
4.1. Variation in Bit Rate

Let τ0, τ5 and τ10 refer to the setting when τ = 0, 5 and 10%, respectively. Table 1
records the bit rate before and after data embedding by using the proposed techniques.

Table 1. Bit rate overhead (%) for the processed video.

Sequence QP LDP AI
τ0 τ5 τ10 τ0 τ5 τ10

RushHour 22 0.4 6.5 21.0 0.3 3.3 8.1
@30 Hz 26 0.1 3.9 16.5 0.1 2.6 6.8

BL(960× 540) 30 0.1 3.7 13.4 0.0 2.1 5.9
EL(1280× 720) 34 0.0 4.6 13.0 0.0 2.1 5.7

Average 0.1 4.3 15.2 0.1 2.4 6.3

FourPeople 22 1.3 8.9 16.3 1.2 3.7 6.7
@60 Hz 26 1.5 7.3 13.9 1.2 3.6 6.5

BL(640× 360) 30 1.5 6.4 12.1 1.0 3.3 6.5
EL(1280× 720) 34 0.3 6.0 13.3 0.5 3.1 6.6

Average 1.2 6.8 13.3 1.0 3.5 6.6

BlueSky 22 0.5 4.6 8.0 0.6 3.3 6.2
@24 Hz 26 0.7 5.5 10.1 0.6 3.5 6.6

BL(640× 360) 30 0.8 6.0 11.4 0.4 3.8 7.5
EL(1280× 720) 34 0.5 7.2 15.2 0.0 4.3 9.0

Average 0.7 6.0 11.6 0.4 3.8 7.6

BasketballDrill 22 0.8 7.0 13.2 1.1 3.9 7.1
@50 Hz 26 0.9 7.4 15.1 1.0 3.7 7.0

BL(416× 240) 30 0.9 7.9 16.4 1.0 3.7 7.2
EL(832× 480) 34 0.6 8.9 18.1 0.8 3.5 7.5

Average 0.8 7.8 15.9 0.9 3.6 7.1

PartyScene 22 0.7 4.3 7.0 0.9 4.1 2.9
@50 Hz 26 1.1 5.7 9.7 1.1 3.4 4.9

BL(416× 240) 30 1.2 7.2 13.4 1.2 3.9 5.9
EL(832× 480) 34 0.6 9.9 19.1 0.9 4.6 7.6

Average 1.0 7.2 13.3 1.0 4.0 6.0

RaceHorses 22 0.4 4.3 8.7 0.2 5.0 7.8
@30 Hz 26 0.5 5.3 11.1 0.3 4.9 8.3

BL(416× 240) 30 0.5 6.5 14.9 0.3 5.2 9.5
EL(832× 480) 34 0.4 9.8 20.7 0.0 5.9 11.6

Average 0.5 6.8 14.8 0.3 5.2 9.6
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Results suggest that, for both LDP and AI configurations, the bit rate increases as
τ increases. This is an expected result because larger τ permits more split blocks to be
coded (hence increasing embedding capacity) instead of larger blocks which are more cost
effective. The lowest average bit variation is observed in BlueSky for the LDP configuration
and PartyScene for the AI configuration. A reason for such outcome is that these sequences
are originally coded with 80∼90% of small blocks at partitioning depth level d3 in both
layers. On the other hand, the largest average bit variation is observed in BasketballDrill for
the LDP configuration and RaceHorses for the AI configuration. A reason for such outcome
is due to large homogeneous regions in both video sequences. These smooth regions can
be effectively coded by using larger blocks, but instead they are partitioned into smaller
blocks for increasing the embedding capacity. Based on these observations, we conclude
that: (a) a video sequence with textured scene offers higher embedding capacity and; (b)
the total number of the smallest sized PB to be coded can be controlled by using τ so that
barely sufficient capacity is offered to accommodate the data, without over-supplying,
which leads to a higher bit rate overhead.

4.2. Video Quality

The effect of data embedding on video quality is reported in Table 2. In all cases,
the average PSNR degradation is less than 0.17 dB and 0.13 dB for the LDP and AI
configurations, respectively. In terms of SSIM [37], the degradation is less than 0.0027 and
0.0022 for the LDP and AI configurations, respectively. The sequence PartyScene experiences
slightly greater degradation due to its high embedding capacity for all considered τ values.
On the other hand, the lowest average quality degradation is observed in the sequence
BlueSky and RushHour for the AI configurations, respectively. It is also observed that video
coded by using the AI configuration is slightly inferior in terms of video quality. It is
mainly caused by the significantly higher payload carried by the all-intra-coded sequences.
Nonetheless, the results for both configuration settings show comparable video quality
after embedding data, and these outcomes suggest that the manipulation of PB size has
negligible impact on the video quality for all video sequences.

To visualize the performance of the proposed technique, we also plot the RD curves
comparing the original (compressed) and processed videos for the LDP and AI configu-
rations in Figures 6 and 7, respectively. Results suggest that data embedding leads to a
slight drop in coding efficiency. The graphs also suggest that implementing the proposed
techniques at higher QP causes greater loss in coding efficiency, and vice versa. To further
analyze the video quality degradation and bit rate overhead, the Bjøntegaard Delta of
bit rate (BD-RATE) and Bjøntegaard Delta of PSNR (BD-PSNR) are computed [38]. The
average bit rate overhead and visual quality degradation caused by data embedding are
recorded in Table 3. The results suggest that the average bit rate overheads for the LDP
and AI configurations fall in the ranges of [1.01, 13.84] and [1.51, 7.07] percent, respectively.
On the other hand, the average quality degradation for LDP and AI configurations fall in
the ranges of [0.05, 0.63] dB and [0.10, 0.45] dB, respectively.
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Table 2. Visual quality degradation in term of PSNR (dB) and SSIM for the processed video.

Sequence
PSNR (10−2) SSIM (10−4)

QP LDP AI LDP AI
τ0 τ5 τ10 τ0 τ5 τ10 τ0 τ5 τ10 τ0 τ5 τ10

RushHour

22 BL 0.6 0.0 5.4 3.5 0.0 1.3 0.2 0.0 0.3 0.5 0.0 0.0
EL 0.0 3.2 0.0 1.1 0.0 0.0 0.0 1.0 0.0 0.1 0.0 0.0

26 BL 0.6 0.0 7.1 3.6 0.0 0.0 0.0 0.0 1.2 0.9 0.0 0.0
EL 0.8 8.0 2.8 1.3 0.0 0.0 0.2 3.4 2.1 0.1 0.0 0.0

30 BL 0.7 0.0 7.9 2.7 0.0 0.0 0.2 0.0 3.1 0.7 0.0 0.0
EL 0.0 6.9 13.1 1.1 0.0 0.0 0.1 4.3 10.6 0.2 0.0 0.0

34 BL 1.6 0.0 5.3 1.8 0.0 0.0 2.1 0.0 0.9 0.0 0.0 0.0
EL 0.2 2.2 16.4 0.7 0.0 0.0 1.0 2.7 19.7 0.0 0.0 0.0

FourPeople

22 BL 3.9 0.0 0.0 10.3 6.4 8.1 1.4 0.0 0.0 3.0 1.3 1.4
EL 0.2 0.0 0.0 2.5 0.3 2.5 0.0 0.0 0.0 0.2 0.0 0.0

26 BL 2.6 0.0 0.0 9.9 6.3 8.6 1.6 0.0 0.0 5.3 2.6 3.0
EL 0.6 0.0 0.0 3.3 0.3 2.8 0.1 0.3 0.1 0.3 0.0 0.0

30 BL 4.1 0.0 0.0 10.4 4.5 4.8 3.0 0.0 0.0 9.9 2.1 0.1
EL 1.4 0.3 3.9 3.5 0.0 1.6 0.0 1.0 2.2 0.4 0.0 0.0

34 BL 4.4 0.0 0.0 9.2 2.1 1.6 6.4 0.0 0.0 13.2 0.0 0.0
EL 2.5 0.8 1.1 3.8 0.0 0.0 0.3 1.6 2.2 0.9 0.0 0.0

BlueSky

22 BL 1.0 0.5 5.9 6.3 0.0 1.1 0.5 0.0 0.0 2.7 0.4 0.1
EL 0.2 0.0 4.6 2.8 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0

26 BL 0.4 0.0 4.0 5.2 1.8 8.4 0.4 0.0 0.0 4.1 0.4 0.9
EL 0.0 0.0 2.8 3.2 0.0 3.1 0.0 0.0 0.0 0.4 0.0 0.0

30 BL 0.4 0.0 5.7 5.2 3.3 12.0 0.6 1.5 2.3 6.6 1.1 2.2
EL 0.0 0.0 6.7 3.6 0.0 3.4 0.0 0.0 0.0 0.8 0.0 0.0

34 BL 0.4 0.0 0.2 5.7 2.1 9.5 0.3 0.0 1.7 10.0 0.6 2.2
EL 0.2 0.0 0.0 4.3 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0

BasketballDrill

22 BL 2.9 0.0 3.5 7.4 5.6 7.7 2.5 0.3 4.1 4.4 4.1 5.9
EL 1.1 0.4 5.6 4.1 1.4 1.4 0.0 0.0 1.1 1.4 0.0 0.0

26 BL 3.0 1.4 3.9 6.3 4.7 6.6 3.5 1.7 5.7 6.1 6.0 6.2
EL 0.4 0.9 4.4 4.4 1.9 1.7 0.0 0.4 3.3 1.9 1.1 0.3

30 BL 0.4 0.0 1.8 7.1 4.2 6.2 2.9 0.0 0.0 8.6 5.7 7.2
EL 0.9 0.9 3.0 3.9 0.5 1.1 1.5 0.9 0.0 2.3 0.0 0.9

34 BL 1.5 0.0 0.0 7.0 3.4 3.3 3.1 0.0 0.0 9.9 2.6 0.0
EL 0.1 0.0 1.7 3.8 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0

PartyScene

22 BL 1.9 0.0 4.0 13.0 7.1 6.2 0.6 0.0 2.8 4.8 2.1 2.6
EL 0.7 0.0 2.0 6.4 0.0 0.0 0.0 0.0 0.4 1.0 0.0 0.0

26 BL 1.3 0.1 4.1 12.2 5.3 6.2 1.2 1.3 7.5 8.3 3.4 4.0
EL 0.0 0.0 1.4 5.5 0.0 0.0 0.0 0.0 1.2 1.8 0.0 0.0

30 BL 1.5 0.6 4.6 10.7 3.2 3.7 2.0 7.3 20.6 15.0 4.1 4.0
EL 0.5 0.0 1.0 5.4 0.0 0.0 0.0 0.0 1.3 2.7 0.0 0.0

34 BL 3.8 0.0 4.1 9.9 1.2 0.7 11.3 8.7 27.0 21.6 5.4 4.6
EL 0.9 0.0 0.0 6.1 0.0 0.0 0.0 0.0 0.0 5.2 0.0 0.0

RaceHorses

22 BL 1.3 0.3 6.1 7.4 0.0 1.8 1.3 0.0 2.5 3.8 0.3 0.0
EL 0.1 2.6 5.5 4.2 0.0 0.0 0.0 0.7 0.6 0.3 0.0 0.0

26 BL 1.4 1.1 6.0 6.7 1.0 3.7 8.2 3.9 10.0 4.7 0.9 2.4
EL 0.0 1.4 5.7 4.1 0.0 0.0 0.6 0.4 2.7 0.9 0.0 0.0

30 BL 1.5 0.0 0.7 6.0 0.7 0.6 0.0 0.0 0.0 7.4 0.2 0.0
EL 0.3 1.0 4.0 4.1 0.0 0.0 0.0 6.8 8.0 1.7 0.0 0.0

34 BL 1.1 0.0 0.0 5.6 0.0 0.0 0.0 1.6 6.1 16.1 4.5 0.0
EL 0.2 0.0 0.0 4.7 0.0 0.0 0.0 0.0 0.0 5.2 0.0 0.0
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(a) RushHour (b) FourPeople

(c) BlueSky (d) BasketballDrill

(e) PartyScene (f) RaceHorses

Figure 6. Rate distortion curve for the original compressed videos (Ori) and the processed videos
using LDP configuration.

Table 3. Comparison in term of BD-RATE and BD-PSNR for the processed video.

Sequence
BD-BR (%) BD-PSNR (dB)

LDP AI LDP AI
τ0 τ5 τ10 τ0 τ5 τ10 τ0 τ5 τ10 τ0 τ5 τ10

RushHour 0.26 4.76 17.63 0.44 1.42 5.35 0.01 0.20 0.70 0.02 0.07 0.27
FourPeople 1.91 6.23 12.30 2.11 3.86 7.13 0.10 0.29 0.55 0.14 0.26 0.47
BlueSky 0.71 5.17 11.36 1.01 3.73 7.99 0.04 0.28 0.61 0.08 0.30 0.63
BasketballDrill 1.13 7.42 15.83 2.02 4.10 7.58 0.05 0.33 0.68 0.11 0.22 0.40
PartyScene 1.34 6.23 12.04 2.17 3.87 5.84 0.07 0.32 0.60 0.16 0.29 0.43
RaceHorses 0.73 5.99 13.89 1.31 4.39 8.53 0.03 0.27 0.61 0.08 0.26 0.49

Average 1.01 5.97 13.84 1.51 3.56 7.07 0.05 0.28 0.63 0.10 0.23 0.45
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(a) RushHour (b) FourPeople

(c) BlueSky (d) BasketballDrill

(e) PartyScene (f) RaceHorses

Figure 7. Rate distortion curve for the original compressed videos and the processed videos using
the AI configuration.

4.3. Embedding Capacity

The embedding capacity of each video using the proposed method is recorded in
Tables 4 and 5 for the LDP and AI configurations, respectively. Generally, video se-
quences with complex texture or fast-moving scenes (e.g., PartyScene and BasketballDrill),
which are predicted by using more small PBs, can offer more rooms for data embedding,
and vice versa (e.g., RushHour). In the best case scenario, the sequence PartyScene embeds
516.9 kbps with an average 7.0% bit rate overhead for the LDP configuration, while it
embeds 1578.6 kbps with an average 2.9% bit rate overhead for the AI configuration. On
the other hand, the sequence RushHour, which contains smooth regions of different sizes
and mostly static background (due to the air ripples caused by heat) offers the smallest
embedding capacity. The embedding capacity for this video sequence is expected to be
small because most slices in the video are coded by using large PB.
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Table 4. Embedding capacity (kbps) for the proposed embedding technique using LDP configuration.

Sequence QP τ0 τ5 τ10
BL EL Total BL EL Total BL EL Total

RushHour
22 15.7 6.7 22.4 42.9 36.1 79.1 79.5 138.8 218.3
26 6.4 2.3 8.7 19.0 12.0 31.1 35.2 45.8 81.0

@30 Hz 30 2.3 0.7 3.0 7.7 4.4 12.2 15.7 17.5 33.2
34 0.7 0.2 0.8 2.6 1.3 3.9 6.1 6.5 12.6

FourPeople
22 43.6 79.7 123.3 78.7 182.4 261.1 106.6 296.7 403.2
26 28.7 49.2 77.9 54.0 107.0 161.0 78.3 178.1 256.4

@60 Hz 30 14.9 24.7 39.6 31.0 56.6 87.6 48.2 99.8 148.0
34 5.0 8.1 13.1 12.1 20.7 32.8 22.1 43.4 65.6

BlueSky
22 21.5 78.9 100.4 47.5 174.1 221.6 66.3 242.4 308.7
26 14.1 47.1 61.2 35.5 120.4 155.9 54.4 185.0 239.3

@24 Hz 30 7.5 22.3 29.8 25.4 78.7 104.0 41.1 126.8 167.9
34 3.5 7.9 11.5 13.3 35.1 48.3 29.6 82.9 112.6

BasketballDrill
22 23.0 67.6 90.6 44.8 141.8 186.6 65.6 218.5 284.1
26 14.8 34.9 49.7 28.7 72.2 100.9 44.1 113.0 157.1

@50 Hz 30 8.4 18.8 27.2 17.4 38.8 56.1 27.9 64.6 92.5
34 3.5 7.9 11.4 8.2 18.6 26.9 14.9 33.5 48.4

PartyScene
22 43.9 190.5 234.4 86.7 341.2 427.9 108.6 408.4 516.9
26 30.7 142.1 172.8 63.7 255.4 319.1 86.8 316.1 402.9

@50 Hz 30 17.4 91.2 108.6 39.5 172.7 212.2 59.5 225.5 285.0
34 6.6 37.8 44.4 17.9 85.2 103.1 31.4 127.9 159.4

RaceHorses
22 17.7 44.6 62.3 36.1 128.9 165.0 54.9 184.8 239.6
26 12.2 32.1 44.3 24.2 88.0 112.2 38.7 131.7 170.4

@30 Hz 30 6.9 18.6 25.5 13.9 51.0 64.9 22.5 81.8 104.3
34 3.2 8.3 11.4 6.9 21.5 28.5 12.0 35.6 47.6

Table 5. Embedding capacity (kbps) for the proposed embedding technique using AI configuration.

Sequence QP τ0 τ5 τ10
BL EL Total BL EL Total BL EL Total

RushHour
22 28.3 41.9 70.1 81.7 139.3 221.0 163.4 311.5 474.8
26 15.7 21.2 37.0 44.5 69.3 113.8 96.0 163.2 259.1

@30 Hz 30 7.1 9.3 16.3 21.2 30.4 51.6 48.8 77.4 126.2
34 2.6 3.2 5.8 8.7 11.7 20.4 22.0 32.8 54.8

FourPeople
22 175.8 401.4 577.3 290.9 828.9 1119.8 376.1 1251.0 1627.1
26 138.7 304.7 443.4 235.5 602.1 837.7 315.5 921.0 1236.5

@60 Hz 30 95.5 202.2 297.7 171.9 406.0 577.9 245.4 642.0 887.4
34 52.9 112.4 165.3 106.4 238.8 345.1 165.7 409.4 575.1

BlueSky
22 57.2 301.8 359.0 126.3 607.7 734.0 181.3 835.0 1016.3
26 44.5 228.8 273.3 107.1 500.6 607.7 161.6 722.3 883.9

@24 Hz 30 30.5 153.8 184.3 87.2 388.5 475.8 141.9 608.9 750.8
34 18.0 86.0 104.0 65.1 273.5 338.7 119.0 488.1 607.1

BasketballDrill
22 67.3 353.8 421.1 131.3 657.6 788.9 186.9 938.4 1125.3
26 47.6 198.8 246.4 89.7 374.7 464.4 131.3 570.7 701.9

@50 Hz 30 31.7 112.7 144.4 60.8 207.4 268.2 90.4 316.6 406.9
34 18.9 65.0 83.9 38.8 122.3 161.1 62.5 187.9 250.4

PartyScene
22 135.3 752.2 887.5 233.5 1125.0 1358.5 271.6 1307.1 1578.6
26 114.0 625.1 739.2 200.8 939.6 1140.3 245.8 1120.3 1366.2

@50 Hz 30 83.0 498.7 581.7 157.0 756.3 913.2 206.3 919.6 1125.9
34 47.8 345.0 392.8 105.5 567.4 672.9 155.2 724.1 879.3

RaceHorses
22 32.9 134.5 167.4 75.3 383.0 458.3 116.2 525.7 642.0
26 26.9 109.3 136.2 58.9 297.9 356.8 94.9 429.0 523.9

@30 Hz 30 19.0 83.6 102.6 42.0 221.9 263.9 71.6 337.7 409.3
34 11.2 50.2 61.4 23.1 143.9 167.0 41.3 236.6 277.8
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Results also suggest that when τ is set to a larger value, higher embedding capacity is
achieved. This trend is most apparent for the sequence RushHour because, when τ increases,
more split blocks are coded instead of the block sizes suggested by RDO. Hence, a trade-off
between embedding capacity and bit rate overhead can be achieved by tuning τ. It is
observed that AI achieves, in general, a higher embedding capacity in comparison to LDP.
The largest difference is observed in the sequence FourPeople, followed by BasketballDrill,
BlueSky, PartyScene, RaceHorses and RushHour. Notably, for the sequence FourPeople, AI
achieves, on average, ∼5.9 × more embedding capacity for τ10 in comparison to LDP. This
is because the sequence FourPeople contains 70% static background scenes. On the other
hand, for the sequence RushHour, AI achieves 2.2∼4.3 × more embedding capacity in
comparison to LDP for τ10.

4.4. Comparison with Conventional Methods

For the purposes of fair comparison and analysis, the experiment environment and
data set should be exactly the same, viz., using the same video encoder settings and the
same video test sequences. However, we face three major challenges: (a) different video
test sequences are used in the literature; (b) most experiments reported in the literature
are conducted by using earlier video coding standards, and; (c) incomplete information
about the parameter settings used for conducting experiments. These challenges prevent
us from conducting and furnishing a thorough, fair and meaningful experiment using the
conventional methods. Despite these challenges, we do however still provide a comparative
analysis based on the available information for the completion of discussion.

Specifically, for performance comparison, we define the embedding cost γ = (ne −
no)/ρ as the number of bits spent on the video test sequence for encoding one payload bit,
where no and ne are the numbers of bits spent on coding (bit stream size) the original and
processed video sequences, respectively, and ρ is number of payload bits embedded into
the video sequence of interest. Based on the results, for τ0, on average, 1.65 and 1.40 bits
are required to embed 1 bit for the LDP and AI configurations, respectively.

In comparison, to embed one payload bit into the video, Aly et al’s method for
MPEG-2 video requires 5.36 bits, while Noorkami et al.’s method for H.264 video requires
1.50 bits [39]. On the other hand, Mareen et al.’s embedding method implemented by
using HEVC requires 1.69 bits [15]. When τ is increased, more bits are spent to embed
each payload bit because split blocks might be coded (instead of a bigger block), which
required some signaling to the decoder. In other words, the increase in bit stream size
is due to data embedding (i.e., a sub-optimal mode is selected hence larger prediction
error) as well as additional signaling to the decoder. For example, for τ5, the embedding
cost falls in the range of [3.09, 6.75] and [1.96, 3.28] for the LDP and AI configurations,
respectively. Similarly, for τ10, the ranges are [4.06, 6.84] and [2.30, 3.43] for the LDP and AI
configurations, respectively.

Tables 6 and 7 record the embedding capacity for the proposed and conventional
methods [15,20,21,30] using the same QP settings. It is observed that the proposed method
(which uses multiple syntax elements) achieves higher embedding capacity in comparison
to the conventional methods (which uses a single syntax element) considered. The embed-
ding capacity is doubled for LDP when both MVP and intra prediction mode are utilized
for data embedding. It is also observed that higher embedding capacity is achieved for AI
configuration. This is because more prediction modes are manipulated for data embedding
in the proposed method.

A relative functional comparison is conducted by considering the conventional methods
proposed for MPEG-2 [19], H.264/AVC [39,40], H.264/SVC [25,31], and HEVC [15,16,20,22–24,41].
Table 8 compares the aforementioned methods in terms of embedding venue, applicability
to intra/inter picture prediction, embedding capacity, video quality and bit rate overhead.
Here, a relative comparison is performed because the results and values reported by
the respective authors in the existing works are collected by using different test videos,
video coding standards, parameter settings, etc. The labels of high (H), moderate (M)
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and low (L) are context-dependent and they are relative in nature. Firstly, for embedding
capacity, we assign one of the three labels depending on the number of available syntax
elements in a video. Specifically, more syntax elements provide more venues for data
embedding, and vice versa [42]. While classical venues such as the coefficient offer high
embedding capacity, recently identified venues (e.g., MVD in HEVC) will, in general, offer
less embedding capacity. Nonetheless, the proposed technique has the flexibility to embed
different amounts of payload by adjusting τ. When the required embedding capacity is
low, τ0 can be adopted so that the bit rate overhead and distortion can be reduced. On
the other hand, more embedding capacity could be achieved by using a larger τ so that
each CTU can be split into smaller blocks. Note that the total number of smaller blocks in a
CTU is determined by the RDC, and it is guided by τ so that block-splitting will not be
performed when the cost is higher than τ.

Table 6. Comparison of embedding capacity (kbps) for the LDP configuration.

Sequence τ0 τ5 τ10
[20] [21] Proposed [21] Proposed [21] Proposed

RushHour 11.44 12.1 22.04 46.84 81.16 145.18 222.96
FourPeople 13.12 14.71 80.32 39.58 179.96 59.3 297.27
BlueSky 28.63 33.88 69.18 65.01 161.98 75.34 261.31
BasketballDrill 19.88 22.48 71.83 41.04 156.86 54.18 245.52
PartyScene 47.76 56.53 144.87 102.78 332.51 118.92 447.22

Table 7. Comparison of embedding capacity (kbps) for the AI configuration.

Sequence [30] [15] Proposed

RushHour 48.58 52.22 57.81
FourPeople 180.89 285.96 346.73
BlueSky 114.52 116.67 206.29
BasketballDrill 141.71 171.75 281.63
PartyScene 238.05 304.11 462.46

Table 8. Relative functional comparison of conventional and proposed data embedding techniques within various video
coding standards.

Functional Embedding Applicable to Embedding Quality after Bit Rate
Comparison Venue I-Frame P/B Frame Capacity Embedding Overhead

[15,16,30,40] Intra prediction mode X X H H M
[19,20] MVD X X L H L
[23,24] Block partition X X H M M
[25,31,39,41] Coefficient X X H M M
[43] Merge mode X X M H L
[22] Block partition + Coefficient X X H M M
Proposed Intra prediction mode + MVP X X H H M

H: High, M: Moderate, and L: Low.

Next, we analyze the impact of data embedding on the quality of the video. It is
observed that the quality of the video may be affected depending on when (i.e., at which
stage) data are embedded within the video encoding process as well as the embedding
capacity. For example, when data embedding takes place before the computation of the
prediction error/residual such as using intra prediction mode and MV, the residual will
be obtained by using the new predicted value; therefore, the quality of the video can be
maintained, although the residual is slightly larger. On the other hand, manipulating
coding block structure may affect the selection of the optimal prediction block size and
prediction mode, which will indirectly cause higher prediction error. Therefore the quality
of the video is affected. Similarly, manipulating the transformed coefficients causes the
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entire block of pixel values to change. The perceived quality of these two methods will
then be affected by the quantization process applied on the prediction residues. Similar
findings are observed from related works; for example, the perceptual quality degradation
for the intra prediction mode and merge mode is less than 0.2 dB [15,16,40] while MVD [19]
is less than 0.06 dB. Since the quality degradation is less than 1 dB, which is negligible,
therefore we label the quality as ‘H’. In addition, it is observed that the quality degradation
for coefficient-based methods [25,39] and coding block structure-based methods [22–24]
falls in the range of [0.2, 4.8] dB and [1.0, 2.3] dB, respectively. Since the quality is slightly
inferior in comparison to the former, it is labeled‘M’ for these methods.

Subsequently, we analyze the impact of data embedding on the bit rate based on these
works. Generally, when more bits are embedded into a video sequence, the bit rate overhead
will be higher. Besides that, more bits are required to code the non-optimal block structure
or predicted values, as well as additional syntax elements resulting from data embedding.
Therefore, when more changes to the syntax elements or more syntax elements are coded
due to data embedding, the bit rate overhead increases accordingly. These findings are
consistent with the observation. Specifically, it is observed that the number of MVD is
relatively low as compared to other syntax elements, and the bit rate overhead incurred is
less than 1% [19]. A coding block and its neighboring blocks are usually correlated with
each other and they contain the same moving object with similar motion. The MV after
mapping the merging block to the payload bit is likely to be maintained. Therefore, the bit
rate overhead after manipulating merge mode can be maintained at a relatively low value
(e.g., 2.3% as reported in [43]). Since the bit rate overhead is maintained at a minimum level,
these methods are labeled as ‘L’. On the other hand, the bit rate overhead caused by using
the intra prediction mode to embed data in [15] is capped at 4%, while the bit rate overhead
caused by manipulating coding block structure falls in the range of [5, 5.5] in Yang et al.’s
method [24]. In addition, the bit rate overhead caused by manipulating coefficient falls in
the range of [1.4, 5.0] in Noorkami et al.’s method [39] and Buhari et al.’s method [25]. Since
the bit rate overhead for these methods is relatively higher in comparison to the former
methods, they are labeled as ‘M’.

In general, all considered methods embed data during the encoding process. However,
depending on the eventual mode of encoding of a block (i.e., MB in H.264 or CU in
HEVC/SHVC), most existing methods may or may not be able to embed data. For example,
the intra picture prediction-based method will not be able to embed data into a block
when the inter picture prediction mode turns out to be more cost effective (hence the
block is coded by the using inter prediction mode), and vice versa. On the other hand,
the proposed method is able to embed data into both intra and inter predicted blocks. In
other words, eventually one mode will be chosen (i.e., intra or inter), and in any case, data
can be embedded by the proposed method. Similar to the proposed method, Tew et al.’s
method [22] can embed data in each CU since block size is exploited, while Shanableh [23]
offers the same capability by exploiting the block-splitting flag.

Since technology constantly advances to newer standards, we also evaluate the fea-
sibility of applying the conventional data embedding methods to the SHVC standard.
The MVD in [19] is not feasible for data embedding in EL when an inter-layer reference
picture is utilized in EL, because all MVs are set to zero to fulfil the requirement of bit
stream conformance in EL(s) [44]. On the other hand, when the fast encoder mode setting
is enabled, only blocks with size 2N × 2N are coded, hence any method that is based on
block partitioning (e.g., [23]) can only be applied to BL, unless the fast encoder mode is
disabled. Likewise, although a coefficient-based method can be easily adopted in SHVC,
propagation of error should be handled carefully to avoid poor perceptual quality for
inter-layer predicted picture.

All in all, in comparison to AVC-based and HEVC-based methods, the achievable em-
bedding capacity in scalable coded video by the proposed method is encouraging because
the syntax elements in all coded layers can be exploited for data embedding purposes.
Furthermore, some existing techniques can be combined with our work to achieve better
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trade-off among embedding capacity, quality, and bit rate. For example, the PB embedding
technique can be applied to BL while the MVD, coefficient and merge mode can be applied
to all layers to achieve a higher combined embedding capacity. This trade-off will be further
investigated as part of our future work.

5. Conclusions

In this paper, a tunable threshold-controlled block splitting and data embedding
method is proposed. The embedding capacity is improved by making the PBs assume
smaller sizes, which directly results in having more manipulable predictive syntax elements
for data embedding purposes. Specifically, the strength of our proposed method is that the
embedding capacity can be tuned according to the varying payload requirements. When
the required embedding capacity is low, the room given to code more smaller blocks can
be reduced (i.e., reducing τ) so that the bit rate overhead and distortion can be kept to the
minimum. On the other hand, when there is a need to accommodate more data, the video
encoding process is made to code more coding blocks by using the smallest block size (i.e.,
increasing τ). Both intra prediction mode and MVP of SHVC video are jointly utilized
to embed data. The data embedding opportunity is hence increased by jointly utilizing
both intra prediction mode and MVP. The encoder calculates the prediction errors based
on the original and the predicted values after the predictive syntax elements are modified
to match the payload bits. Therefore, the reconstructed video is a close approximation
of the original video and the perceptual quality of the video is maintained without error-
drift. Experimental results suggest that the achieved embedding capacity is encouraging
while the video quality and bit rate are maintained. A trade-off between the increase
in embedding capacity and bit rate overhead can be achieved by tuning the threshold τ
depending on the application of interest.

As future work, we aim to explore different venues for data embedding in SHVC
and investigate into their impact on the video quality as well as the bit rate overhead.
We will also explore potential joint utilization of the proposed and the conventional data
embedding methods.
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