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The objective of digital broadcasting has evolved from 
providing a plain video service to offering a realistic visual 
experience. Technologies such as 3DTV and UHDTV have 
been suggested to achieve this new objective by providing 
an immersive and stereoscopic visual experience. However, 
owing to the high bandwidth requirements of such 
services, the broadcasting industry has faced a challenge 
to find a new transport mechanism for overcoming the 
bandwidth limitation. The standardization organizations, 
the Advanced Television Systems Committee, Digital 
Video Broadcasting, and Telecommunications Technology 
Association, have been working on the integration of 
broadcasting and a broadband network (IP) to resolve the 
bandwidth issue of realistic video services. This paper 
introduces a frame-level timeline synchronization and 
transport system target decoder model for providing     
a stable 3DTV service over a hybrid network. The 
experimental results indicate that the proposed 
technologies can be successfully adopted as a reference 
model in a broadcast-broadband hybrid 3DTV service 
and other IP-associated hybrid broadcasting services. 
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I. Introduction 

3DTV has been regarded as a promising service for 
providing an immersive visual experience to viewers [1], [2]. 
There are several 3DTV service schemes, including frame-
compatible (F/C) and service-compatible (S/C) schemes, most 
commonly used in the industry. The F/C scheme [3] is a first-
generation 3DTV scheme. However, to overcome the image 
quality degradation and incompatibility with legacy DTV 
systems, advanced F/C schemes such as F/C Full Resolution 
[4] and HEVC-based 3DTV [5] have been developed. 

The S/C scheme [6] provides not only backward 
compatibility with a legacy DTV system, but also a better 
image quality than the F/C scheme. However, the limitation of 
the S/C scheme is that it cannot maintain full HD quality over 
the existing DTV scheme owing to a bandwidth limitation. 
Therefore, the S/C scheme requires a higher bandwidth 
compared to the DTV system to maintain the image quality. To 
overcome the above-mentioned problem, various S/C schemes 
focusing on codecs [7], delivery [8], or both [9] have been 
developed. 

Through the development of 3DTV services, the Advanced 
Television Systems Committee (ATSC) has been working on 
the standardization of a hybrid 3D UHDTV service as a part  
of the upcoming ATSC 3.0 standard [10]. In contrast, after 
completing the standardization for full HD and UHD F/C 
services using the HEVC codec, Digital Video Broadcasting 
(DVB) is scheduled to proceed with the standardization for S/C 
3D UHDTV and multi-view 3DTV given the progress of 
UHDTV and auto-stereoscopic display solutions [11]. The 
Telecommunications Technology Association has also recently 
carried on discussions regarding immersive media services 
including hybrid 3D UHDTV, panorama video [12], and multi-
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view 3DTV [13]. Specifically, the standardization of a hybrid 
3D UHDTV service is scheduled for the beginning of 2017. 
However, owing to differences in the technical characteristics 
of the delivery systems and networks, various problems reside 
in terms of the quality, synchronization, and transport system 
target decoder (T-STD) model for 3DTV service over a hybrid 
network. 

In this paper, we propose a frame-level timeline 
synchronization and T-STD model for providing a stable 
3DTV service over a hybrid network while resolving the afore-
mentioned problems. We also introduce a broadcast-broadband 
hybrid 3DTV service system using an MPEG-2 transport 
stream (TS) and MPEG-Dynamic Adaptive Streaming over 
HTTP (DASH) based on the proposed technology.  

The remainder of this paper is organized as follows:  
Section II lists previous works related to hybrid 3DTV services. 
In Section III, the system architecture, frame-level 
synchronization, and buffering model based on the proposed 
technology are provided. In Section IV, implementation details 
and experimental results are provided, followed by some 
concluding remarks in Section V. 

II. Related Works 

Kim and others [14] introduced a dual-channel based hybrid 
3DTV service using DTV and ATSC-M/H channels. In this 
work, the same timestamp information on a common wall 
clock is allocated to the base video and additional video 
transport streams for a synchronized 3D presentation. However, 
because the additional video is sub-sampled and transmitted 
using an M/H channel, quality degradation is inevitable. 
Moreover, it has a limitation in that 3D video must always use 
the same timestamp information.  

Baba and others [15] proposed a broadcast-broadband based 
hybrid 3DTV service that transmits additional video in advance 
of the scheduled broadcasting time of the base video because 
the packet-arrival time on a broadband network normally 
fluctuates. This scheme also shares the same timestamp 
information to synchronize 3D video at the encoder side. 
Although this scheme can provide full HD quality, it is 
applicable only for on-demand 3D content.  

Kwon and others [16] introduced an ATSC non-real-time 
(NRT) based hybrid 3DTV service that downloads the 
additional video to the receiver before the corresponding real-
time base video transmission. To provide a hybrid 3DTV 
service using two time-shifted streams, the scheme informs the 
receiver of the initial presentation timestamp (PTS) of the first 
frame of the base video. The initial PTS indicates the start time 
of the base video stream through real-time feedback from   
the MPEG-2 TS multiplexer. Because the value of the PTS 

linearly increases according to the frame sequence order, the 
receiver is able to calculate which frame is currently sent over 
the MPEG-2 TS and decode the additional video already stored 
from the corresponding calculated frame. However, this 
scheme can degrade the quality of the video because the NRT 
system shares the same physical channel as a legacy DTV. To 
achieve synchronization between the base video stream and 
additional stored video stream, this scheme requires a 
recalculation of the PTS value of the additional video stream 
based on the initial PTS value. 

Kim and others [17] introduced a broadcast-broadband 
hybrid 3DTV service using MPEG-2 TS and HTTP Live 
Streaming (HLS). Because the presentation timing models of 
MPEG-2 TS and HLS are different, this scheme utilizes the 
Society of Motion Picture and Television Engineers (SMPTE) 
timecode based method, which can provide robust 
synchronization even when the timestamp information of the 
3D video is different. The synchronization method provides 
backward compatibility with the MPEG-2 Video and 
H.264/AVC standards by inserting the identical timecode value 
in the MPEG-2 Group of Picture header and AVC picture 
timing supplemental enhancement information. However, 
recognition of the SMPTE timecode occurs after the decoding 
of both views of 3D video, and thus it requires a 
synchronization buffer large enough to hold a decoded 
broadcast transmitted stream until the broadband delivered 
stream is decoded. 

Consequently, these hybrid 3DTV services have been 
developed to provide a high 3D visual quality over hybrid 
networks or channels. However, the methods of Kim and 
others [14] and Baba and others [15] have a service limitation 
because 3D video must always use the same timestamp 
information. Kwon and others [16] cannot maintain the 
existing DTV resolution by using the same physical channel. 
Moreover, it is necessary to recalculate the PTS value of the 
additional video stream for a synchronized 3D presentation. 
Kim and others [17] cannot provide backward compatibility 
with the existing T-STD model because it requests an 
additional buffer to hold a decoded base video stream.  

III. Proposed 3DTV Service over Hybrid Networks 

1. System Architecture  

In this paper, we propose a broadcast-broadband hybrid 
3DTV service system using MPEG-2 TS [18] and MPEG-
DASH [19], which provides a full-HD quality 3D presentation. 
Figure 1 shows the conceptual system architecture. The system 
utilizes the existing DTV system to encode and transmit the 
base video for providing backward compatibility, whereas  
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Fig. 1. Conceptual system architecture of hybrid 3DTV service.
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H.264/AVC and MPEG-DASH are used to encode and 
transmit the additional video over an IP network. 

Because the proposed system uses different video codecs to 
encode each view of 3D video and deliver them through 
different networks, the following issues have to be considered 
to provide a successful 3DTV service: The proposed     
system should provide the means of frame-level timeline 
synchronization, as well as a new tolerant T-STD model for a 
stable 3D video presentation in the hybrid 3DTV receiver 
while resolving the differences in the delivery systems and 
networks. 

The legacy DTV system relies on the PTS and program 
clock reference to present video at the scheduled broadcasting 
time, whereas MPEG-DASH relies on universal time, which is 
also called wall-clock time. Therefore, the hybrid 3DTV 
system cannot provide synchronized 3D video at the frame 
level without any frame-level timeline synchronization scheme.  

The additional video cannot arrive in the hybrid 3DTV 
receiver at the same time as the broadcast-transmitted base 
video because the delivery systems and network nature are 
different from each other, such as broadcast versus broadband 
[17]. Therefore, the base video should be buffered for a 
meaningful duration prior to synchronization for a stable 3D 
video presentation. 

2. Frame-Level Timeline Synchronization  

The proposed hybrid 3DTV service is realized through an 
arbitrary pairing of a broadcast-transmitted base video stream 
and additional broadband-delivered video stream. Because 3D 
video streams are transmitted over hybrid networks, the PTS of 
such streams may be different. Therefore, it is necessary to 
provide a timeline synchronization scheme at the frame level 
for a robust 3D presentation [20], [21].  

This paper proposes metadata-based timeline 
synchronization that fully resolves the problems described in 
Section II. The proposed metadata are transmitted as a 
packetized elementary stream (PES) similar to an AV stream 
with stream_type 0x06 (PES packets containing private data). 
The payload of the PES packet includes the frame number 

 

Fig. 2. Proposed synchronization scheme and PES structure. 
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value for a video stream pairing. Figure 2 illustrates the 
metadata-based frame-level timeline synchronization scheme 
and PES stream structure. In the metadata-based timeline 
synchronization scheme, MPEG-2 TS is used as a delivery 
format of additional video to minimize the complexity of 
synchronization in the hybrid 3DTV receiver.  

As shown in Fig. 2, the synchronization process at the hybrid 
3DTV receiver is as follows: First, as the PES streams of both 
videos are received, the hybrid 3DTV receiver extracts and 
analyzes the metadata for matching the frame numbers fA(n) = 
fB(n). Once the matching frame numbers are found, PTS(i) of 
fA(n) is copied for compensation. Then, fB(n) corresponding to 
AUB(n) is identified, and the PTS(k) of AUB(n) is compensated 
using PTS(i). Finally, AUA(n) and AUB(n) are passed onto the 
renderer for presentation at PTS(i). 

As another approach for frame-level timeline 
synchronization, MPEG-2 Timeline and the External Media 
Information scheme [22] can be used. This scheme specifies a 
format for carriage of the timeline and location of external 
media resources that may be used as a synchronized 
enhancement of an MPEG-2 TS. The mapping of the 
embedded timeline indicated in the PES packet payload with 
the PTS value of the PES header of the PES packet provides  
a stable timeline for media streams in the program.  

Because the synchronization is carried out based on the 
embedded timeline information included in the PES packet, we 
confirm that these approaches can be applied for frame-level 
timeline synchronization in a hybrid 3DTV service regardless 
of timestamp differences that may occur in hybrid networks 
such as broadcast and broadband.  

3. T-STD Model for Hybrid 3DTV Service  

The T-STD model specified in ISO/IEC 13818-1 is a 
hypothetical decoder model for representing the process of de-
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multiplexing an MPEG-2 TS stream, obtaining individually 
coded AV streams making up a single program, buffering these 
streams for the corresponding AV decoders, and outputting 
them in synchronized form. However, the proposed hybrid 
3DTV service was designed to use MPEG-DASH to transmit 
the additional video. Therefore, the legacy T-STD model 
should be redesigned to accommodate the MPEG-DASH-
based delivery. In other words, the TS containing the 
H.264/AVC stream is put into the DASH media encoder server, 
where it is converted into temporally segmented TS files 
depending on the segment duration specified in the media 
presentation description (MPD). This conversion can cause a 
processing delay because the streaming server cannot start to 
transmit the segmented TS files before the completion of the 
segment file conversion. In addition, the hybrid 3DTV receiver 
will receive and process an MPD file, and request the 
segmented TS files; however, the decoder cannot initiate the 
decoding process until the segment TS files are completely 
received depending on the minBufferTime specified in the 
MPD. This processing can also cause an additional delay. As a 
result, the additional video cannot arrive and be presented at the 
hybrid 3DTV receiver at the same time as the broadcast-
transmitted base video owing to differences in the delivery 
systems and networks. 

In this paper, we propose a new T-STD model (hereafter, the 
hybrid T-STD model) reflecting the differences in the 
processing time of the delivery systems for a broadcast-
broadband hybrid 3DTV service.  

Figure 3 shows a block diagram and processing time of the 
system for broadcast-transmitted base video. The processing 
time of the encoding, transmission, and decoding are defined as 
BE, BR, and BD, respectively. The total processing time can be 
represented as follows:  

BTotal = BE + BR + BD.             (1) 
Similarly, a block diagram and the processing time of the 

system for transmitting additional video over broadband are 
shown in Fig. 4. The processing time of the encoding, 
segmentation, transmission, initial segment buffering, and 
decoding are defined as IE, IS, IR, IINI, and ID, respectively, and 
the total processing time can be represented as follows: 

ITotal = IE + IS + IR + IINI + ID.                  (2) 
In this paper, we assume that the transmission over hybrid 

networks has a constant delay without jitter by applying 
dedicated broadcast and broadband networks in a laboratory 
environment, and that the encoding and decoding processing 
time are the same. The encoding represents the processing time 
required for the encoding and TS multiplexing for each video. 
Actually, it was carried out in non-real-time in this experiment. 
The decoding represents the processing time required for TS 
de-multiplexing, decoding, and rendering based on the legacy 

 

Fig. 3. Block diagram and processing time of the system to 
transmit the base video over a broadcast. 
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Fig. 4. Block diagram and processing time of the system to transmit
additional video over broadband. 
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T-STD model. Thus, it is regarded as an identical process for 
each video in the hybrid 3DTV receiver.  

Under these assumptions, the processing time difference in 
the delivery systems for a broadcast-broadband hybrid 3DTV 
service can be represented as follows: 

 TDIFF = IS + IINI,               (3) 
where IS represents the segmented generation time for the TS 
and MPD files based on the segment duration. The segment 
duration is calculated based on the duration and timescale 
information specified within the SegmentTemplate element of 
MPD. In addition, IINI represents the initial buffering time of 
the segmented TS files based on the minBufferTime specified 
in the MPD. Consequently, the processing time difference for 
the broadcast-broadband hybrid 3DTV service depends on the 
generation of segmented TS and MPD files, and the initial 
buffering of the segmented TS files. Therefore, the base video 
should be buffered for a meaningful duration before 
synchronization for a 3D video presentation. 

Figure 5 shows the experimental results of IS and IINI 
according to the segment duration, which is defined as Sd, as 
well as the minBufferTime specified in the MPD. In this 
experiment, the DASH media encoder operates using the 
segment list method with the main profile of MPEG-DASH 
TS. The additional video is encoded using H.264/AVC with 
two different encoding rates. 

Based on the experimental results, IS is composed of Sd and 
the processing time for the generation of the segmented TS and 
MPD files. Hence, IS can be specifically represented as 
follows: 

IS = Sd + Sp,                           (4) 
where Sd represents the above-mentioned segment duration, 
and Sp is the actual processing time for the generation of 
segmented TS and MPD files. However, Sp holds about 37 ms 
regardless of the segment duration, as shown in Fig. 5. Thus, it 
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Fig. 5. Experimental results of IS and IINI: (a) Sd = 0.5 s and minBufferTime = 1 s, (b) Sd = 1 s and minBufferTime = 2 s, and (c) Sd = 2 s
and minBufferTime = 4 s. 
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is regarded as a constant. Moreover, it can be neglected 
because it is much smaller compared to the performance of the 
DASH media encoder. Consequently, IS can be represented as 
Sd .  

Here, IINI represents the above-mentioned initial buffering 
time of the segmented TS files. Based on the experimental 
results, we confirmed that the segmented TS files are processed 
before the minBufferTime has passed because IINI is smaller 
than minBufferTime specified in the MPD.  

The initial buffering time depends on the encoding rate of the 
segmented TS file and the IP bandwidth following (5). If a 
segmented TS file including an encoded stream of 10 Mbps is 
transmitted over a 10 Mbps bandwidth, IINI is 1 s under the 
assumption of minBufferTime = 1 s. However, IINI is 0.3 s if the 

segmented TS file includes an encoded stream of 3 Mbps. 
IINI = (Encoding rate × minBufferTime) / Bandwidth,   (5)    

(0 < IINI ≤ minBufferTime). 
As shown in (5), the maximum IINI is the minBufferTime 

specified in the MPD. Hence, the difference in the processing 
times of the delivery systems for a broadcast-broadband hybrid 
3DTV service can finally be estimated as follows: 

TDIFF = Sd + minBufferTime.            (6) 
Consequently, TDIFF indicates the minimum buffering time of 

a broadcast-transmitted base video stream for a stable 3D video 
presentation.  

Figure 6 shows the proposed hybrid T-STD model for a 
broadcast-broadband hybrid 3DTV service. For a stable 3DTV 
service, the base video should be buffered for a meaningful 
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Fig. 6. Proposed hybrid T-STD model. 
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duration, as mentioned above. Therefore, the proposed model 
adds a hybrid buffer (HB) in front of the transport buffer (TB) 
specified in ISO/IEC 13818-1 to buffer the base video stream. 
The minimum buffer size of the HB must guarantee TDIFF as 
specified in (6). As shown in Fig. 6, the proposed model has a 
merit in that it maintains the T-STD model applied to a legacy 
DTV after buffering a transmitted based video stream. 

IV. Implementation and Experimental Results 

The purpose of this experiment is to verify the validity of the 
proposed technologies using the implemented hybrid 3DTV 
system. Figure 7 shows a block diagram and data flow of the 
system.  

The hybrid 3DTV transmitter utilizes the existing DTV 
system to encode and transmit the base video and provide 
backward compatibility, whereas H.264/AVC and MPEG-
DASH are used to encode and transmit the additional video 
over an IP network. The hybrid 3DTV receiver synchronizes 
and renders both streams over hybrid networks using the 
proposed technologies. Specifically, the MPD analyzer in the 
DASH client checks the validity of the transmitted MPD file 
and obtains the attributes of each segmented TS file. The 
segmented TS manager plays a role in transmitting the 
segmented TS file information according to the network status 
to the MPD manager. The MPD manager requests a 
corresponding segmented TS file on the current network status 
and continuously manages the MPD file. The de-multiplexer 
parses the transmitted segmented TS file. 

Table 1 and Fig. 8 show the details of the test conditions and 
environment. For the proposed technologies, we configured a 
dedicated broadcast network using DVB-ASI and a broadband 
network with a bandwidth of 10 Mbps. The base video is 
encoded using MPEG-2 Video MP@HL at 17 Mbps. The 
additional video is encoded using H.264/AVC MP@Level 4.0 
[23] at 3 Mbps and 6 Mbps to provide an appropriate picture 

 

Fig. 7. Block diagram of hybrid 3DTV service system: (a) 
transmitter and (b) receiver. 
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Table 1. Test conditions. 

Items Base video Additional video 

Resolution 1,920 × 1,080 
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Fig. 8. Test environment of hybrid 3DTV service system. 
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Table 2. Results of synchronization based on the proposed metadata.

3D video Encoded stream Presented stream 

PTS gap 6,700 ms 0 ms 

 
(a) Playback without metadata 

Image gap 

 
(b) Playback with metadata 

 

  
quality according to the IP network status. The MPEG-2 TS is 
used as a delivery format of an additional video to minimize 
the complexity of frame-level timeline synchronization and 
rendering in a hybrid 3DTV receiver. 

1. Experimental Results of Synchronization  

Table 2 shows the frame-level timeline synchronization 
results from the proposed metadata in Section III, which 
evaluates the performance by extracting the actual PTS values 
within the encoded and presented streams.  

The synchronization results are expressed in terms of PTS 
Gap and Image Gap, which represent the difference in PTS and 
the image difference between the base video stream and 
additional video stream, respectively. As shown in this table, 
the proposed frame-level timeline synchronization scheme was 
successfully validated through the PTS compensation process 
based on the frame number in the metadata.  

2. Experimental Results for Hybrid T-STD Model 

The proposed hybrid T-STD model reflecting the differences 
in processing time of the delivery systems for the broadcast-
broadband hybrid 3DTV service is inevitably used to provide a 
stable 3D video presentation in the hybrid 3DTV receiver. 
Figure 9 shows the results of a 3D video presentation with and 
without the hybrid T-STD model. 

As shown in Fig. 9(a), the additional video cannot arrive at 
and be presented by the hybrid 3DTV receiver at the same time 
as the broadcast-transmitted base video based on the 
differences in the processing times of the delivery systems. 
This problem yields an unsuccessful broadcast-broadband 
hybrid 3DTV service because the base video is already 
decoded and presented compared to the additional video. In 

 

Fig. 9. Results of 3D video presentation: (a) without and (b) with 
hybrid T-STD model. 
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other words, the experimental results show that the base video 
should be buffered for a meaningful duration for the broadcast-
broadband hybrid 3DTV service. Figure 9(b) shows the results 
of a stable 3D video presentation using the proposed hybrid T-
STD model. During this experiment, we applied a buffer size 
of HB = 3 s (Sd = 1 s, minBufferTime = 2 s) for the base video 
stream buffering in the hybrid 3DTV receiver.  

3. Experimental Results for Backward Compatibility 

Figure 10 represents the implemented system and a stable 
broadcast-broadband hybrid 3DTV service without affecting a 
legacy DTV. The 3D video over a hybrid network is rendered 
later than a legacy DTV through the buffering of the base video 
stream with TDIFF specified in (6), as shown in Fig. 10. 
However, we confirmed that the proposed technologies 
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provide not only backward compatibility without quality 
degradation because the base video is encoded with MPEG-2 
video at the same coding rate applied for legacy DTV [24], but 
also an existing T-STD model. Specifically, we confirmed that 
the proposed hybrid T-STD model can be used as guidelines 
for the buffering of a broadcast-transmitted base video stream. 

V. Conclusion 

In this paper, we presented technical issues related to a 
broadcast-broadband hybrid 3DTV service, reviewed other 
approaches, and proposed a new frame level synchronization 
and hybrid T-STD model. The proposed service provides 
backward compatibility with legacy DTV by utilizing a hybrid 
network using MPEG-2 TS and MPEG-DASH. By utilizing  
a heterogeneous network for a 3D video transmission, the 
proposed service overcomes the quality degradation issue of 
legacy DTV. Moreover, the proposed technologies provide not 
only a stable 3D video presentation, but also the extensibility of 
being easily combined with an existing T-STD model while 
resolving the PTS recalculation and backward compatibility 
issues of other 3DTV approaches. Based on the experimental 
results, it was confirmed that the proposed technologies can  
be applied as a reference model for other various hybrid 
broadcasting services. In future work, we will research how to 
achieve further efficiency of the hybrid T-STD model in terms 
of reducing the buffering time for a base video stream as well 
as a live hybrid 3D UHDTV service.  
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