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ABSTRACT

This paper presents a study on the design and implementation of a web playback framework capable of efficiently rendering

stereoscopic 3D media content in web environments across various platforms, based on scalable 3D media codec technology.

With the recent surge in online media consumption, users are increasingly demanding immersive and vivid visual experiences

through realistic content. Stereoscopic 3D media content, in particular, offers users a sense of depth and immersion that provides

a viewing experience unparalleled by traditional 2D content. In this paper, we propose a web playback framework that applies

scalable encoding technology, demonstrating its ability to deliver high-resolution 3D media content in a stable and consistent

manner within web environments. Experimental results show that the proposed scalable 3D media web playback framework

(S3WPF) can successfully stream stereoscopic 3D media content at 1920 x 1080 resolution and 30fps in real-time across various

web environments. This confirms the framework’s practicality and commercial viability, as it meets the quality level required for

commercial OTT services.

1 | Introduction

The rapid increase in online media consumption, driven by the
widespread use of various digital devices such as smartphones,
tablets, and smart TVs, has led to a growing demand for
immersive and vivid visual experiences. Stereoscopic 3D media
content, in particular, offers users a depth and immersion that
far surpasses traditional 2D content. For example, 3D movies
make viewers feel as though they are inside the screen, while
3D games allow players to interact more deeply with virtual
environments. Additionally, extended reality (XR) technologies,
including virtual reality (VR), further enhance the immersion and
realism of 3D media content, significantly improving the user
experience. To ensure the widespread use of 3D media content,
it is essential to guarantee accessibility across various platforms,
and the web environment plays a crucial role in achieving this

accessibility. Web-based media playback frameworks offer cross-
platform solutions that provide a consistent user experience
regardless of the operating system or device type. However,
existing research in web-based 3D media playback reveals several
limitations. First, current approaches often focus on rendering
basic 3D content and provide limited support for stereoscopic 3D
media, which is essential for delivering immersive experiences.
Second, scalability remains a challenge, as solutions do not
consistently adapt to varying device capabilities or network
conditions. Lastly, interoperability across diverse platforms is
frequently constrained, leading to inconsistencies in user expe-
rience depending on the operating system or browser [1, 2].
Additionally, efficiently playing stereoscopic 3D media content in
web environments requires a different approach from traditional
video compression techniques. Scalable high-efficiency video
coding (SHVC) is a codec technology that supports multiple
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resolutions and quality layers, enabling interoperability between
2D and 3D media services while optimising network bandwidth
and storage space. From the head-end server perspective, the
scalable 3D media encoder uses downsampled low-resolution
auxiliary video as the base layer (BL) and encodes the high-
resolution reference video as the enhancement layer (EL). In this
process, the auxiliary video is upsampled again, and prediction
is performed with the high-resolution reference video, with the
difference used to encode the enhancement layer. On the client-
side playback framework, the base layer stream is received and
decoded, allowing viewers to receive low-resolution 2D media
services using the auxiliary video. Additionally, by decoding
both the base and enhancement layers, the client can selectively
provide either high-resolution 2D media services using only the
reference video or high-resolution 3D media services using both
the reference and auxiliary videos. However, previous research on
scalable video decoders has generally provided solutions limited
to specific platforms, which have hindered cross-platform support
in web environments. This has made it challenging to use these
frameworks as modules for 2D/3D media content-compatible
services across various devices and operating systems [3-7].

Therefore, this paper aims to design and implement S3WPF
based on SHVC, enabling efficient playback of stereoscopic 3D
media content in cross-platform web environments. The key
contributions of this work are as follows:

* OTT Service Integration: Validation of SSWPF’s applicability
through seamless integration with a commercial OTT client
web interface.

* Enhanced Playback Experience: Stable and consistent 3D
media playback across various devices and network condi-
tions.

* Market Impact: Contribution to the adoption and commer-
cialisation of 3D media in the online media market.

These contributions underline the novelty and practical signifi-
cance of the proposed framework, advancing the state of the art
in web-based 3D media playback.

2 | Web Playback Framework Architecture for
Scalable 3D Media Sequences

The proposed S3WPF features a scalable 3D media decoder and
a WebGL-based scalable 3D media renderer as its core modules.
Additionally, it includes various components such as a media
presentation description (MPD) parser, a buffer controller, an ISO
base media file format (ISOBMFF) decoder, an audio decoder,
a pulse-code modulation (PCM) renderer, and a framework
GUIL The MPD, an XML-based file format used in dynamic
adaptive streaming over HTTP (MPEG-DASH), describes media
content, its timing, and available adaptation options, enabling
smooth and flexible playback. MPEG-DASH, as a streaming
protocol, dynamically adjusts media quality based on network
conditions to ensure uninterrupted viewing. The ISOBMFF acts
as the container format for storing timed media, serving as the
foundation for formats such as MP4 and DASH segments. For
audio, the PCM renderer handles lossless digital audio signals to
deliver high-quality playback.
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FIGURE 1 | The architecture of the web playback framework from a
server/client perspective.

Figure 1 illustrates the structural relationships among the key
modules of the proposed S3WPF from a server/client perspective.
Modules already present in typical OTT commercial services are
depicted using dashed outlines. The ISOBMFF decoder analyses
the received segment files to extract the network abstraction
layer unit (NALU) contained within the files. The NALU serves
as a fundamental building block of video coding standards,
encapsulating encoded video data and metadata in a structured
format to enable efficient transmission and decoding. Each NALU
consists of a header, which specifies the type of data (e.g., video
slice, parameter set), and a payload containing the actual encoded
information. The extracted NALU is then referenced against
the codec information and timing metadata to determine which
codec should be used for decoding. Subsequently, the ISOBMFF
decoder sends each NALU to the appropriate codec decoder to
ensure the smooth playback of the video stream. The scalable 3D
media decoder and audio decoder decode the received NALUSs
to generate video and audio frames, which are then input into
the playback buffer. The scalable 3D media decoder supports
compatible services for 2D/3D media content and is implemented
based on the open-source software OpenHEVC [8,9]. OpenHEVC
is a multimedia codec package written in C/C++ that can decode
content compressed with the HEVC codec but cannot be executed
directly in HTML5-based web browsers [10-12]. To address
this limitation, OpenHEVC is cross-compiled into WebAssembly
(WASM) using Emscripten, producing a binary file that can
be executed within web browsers. The API connecting these
components is written in JavaScript. Emscripten is an LLVM-
based open-source compiler toolchain that compiles C/C++ code
into WASM or asm.js, enabling execution in web browsers. This
approach allows the scalable 3D media decoder to function
smoothly within web environments, effectively playing 2D/3D
media content. Subsequently, the playback buffer sequentially
sends video and audio frames to the scalable 3D media renderer,
which renders the video frames based on the audio’s presentation
time stamp (PTS) to synchronise the video and audio. The
PTS is a metadata value assigned to each audio and video
frame, specifying the exact timing at which the frame should
be presented during playback. The buffer controller analyses
the PTS difference between the first and last frames stored
in the video buffer to manage playback and buffering states.
Additionally, it dynamically adjusts the amount of data requested
from the server based on the bandwidth specified in the MPD
to maintain optimal playback conditions under varying network
states.
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FIGURE 2 | Detailed workflow among key modules in the web
playback framework.

3 | Systematic Workflow of the Web Playback
Framework

This section provides a detailed explanation of the workflow
among the key modules of the proposed S3WPF at the function
level, illustrating the roles each module performs and how data is
transferred between them.

Figure 2 depicts the detailed workflow among the major mod-
ules of the proposed S3WPF at the function level. Modules
already present in typical OTT commercial services are depicted
using dashed outlines. The proposed web playback framework
is designed to allow users to access immersive media con-
tent through the OTT client web interface by connecting via
‘index.html.” The media playback process is initiated when the
user clicks the play button on the web interface, triggering the
‘playvideo()’ function, which in turn calls the ‘play()’ function
within the ‘s3player.js’ module to start playback.

First, the ‘play()’ function initialises the player by verifying the
metadata of the media file based on the input URL. If the media
stream is in DASH format, the ‘plaympd()’ function is used to
parse the MPD file and set up the playback queues that manage
the segments. Second, after the MPD file is parsed, the BL/EL
video segments and audio segments are initialised and passed
to the decoder via the ‘init_dash_playback_q()’ function. Third,
once the initialisation is complete, the ‘onopendecoder()’ func-
tion is called to activate the decoder, and the decoding process
begins through the ‘startdecoding()’ function. The ‘startdecod-
ing()’ function utilises a worker thread, known as ‘decodeworker,’
to perform the decoding tasks. The ‘decodeworker’ leverages
a WASM-based decoder to decode each segment. Fourth, the
decoded video and audio frames are stored in the frame buffer
through the ‘onvideoframe()’ and ‘onaudioframe()’ functions.
These frames are then periodically processed and rendered on
the screen by the ‘displayloop()’ function. During this process,
the ‘displayvideoframe()’ function renders video frames in 2D
or 3D using WebGL, while the ‘displayaudioframe()’ function
plays audio frames using the ‘s3pcmplayer.js’ module. Fifth, the
‘rendervideoframe()’ function integrates the video frames from
the BL and EL layers to render 3D video or renders 2D video
using only a specific layer, depending on the user’s selection.
This allows users to choose from high-resolution 3D, high-
resolution 2D-L, or low-resolution 2D-R viewing options. As a

Algorithm 1 | Rendering 3D frame in WebGL.

Input:

frame_bl: Low-resolution base layer video frame

width_bl, height_bl: Width and height of the base layer frame
frame_el: High-resolution enhancement layer video frame

width_el, height_el: Width and height of the enhancement
layer frame

Output:

Rendered 3D video frame in WebGL canvas
1: if WebGL is not supported then
2:  Log error message

3 return

4: end if

5: gl « Initialize WebGL context
6: gl.clearcolor()

7: gl.clear()

8

: // Render enhancement layer frame on the left side of the
canvas

9: gl.viewport(0, 0, gl.canvas.width/2, gl.canvas.height)
10:gl.y.fill(width_el, height_el, frame_el)

11: gl.u fill(width_el, height_el, frame_el)
12:gl.v.fill(width_el, height_el, frame_el)
13:gl.drawarrays(gl. TRIANGLE_STRIP, 0, 4)

14:// Render base layer frame on the right side of the canvas

15: gl.viewport(gl.canvas.width/2, 0, gl.canvas.width/2,
gl.canvas.height)

16:gl.y.fill(width_bl, height_bl, frame_bl)
17: gl.u fill(width_bl, height_bl, frame_bl)
18:gl.v.fill(width_bl, height_bl, frame_bl)
19:gl.drawarrays(gl. TRIANGLE_STRIP, 0, 4)

20return

result, the proposed S3WPF efficiently manages and executes
the entire process from video content playback to rendering, in
conjunction with the OTT client web interface. This enables users
to freely enjoy high-resolution 3D media content within a web
browser while providing the reliability needed for application in
commercial OTT services.

Algorithm 1 describes the process of rendering a 3D video frame
using WebGL within the ‘renderframe()’ function as depicted in
Figure 2. The algorithm first checks whether WebGL is supported
by the web browser. If WebGL is not supported, it logs an error
message and halts the rendering process. If WebGL is supported,
the WebGL context is initialised, and the canvas is prepared
for rendering. The algorithm then proceeds to render the high-
resolution EL frame on the left side of the canvas and the
low-resolution BL frame on the right side. This involves setting
the appropriate viewports for each layer, filling the Y, U, and
V texture channels with the frame data, and finally calling the
‘gl.drawarrays()’ function to render the frames on the canvas.
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Example1 | MPD syntax for scalable 3D media streaming.

1: <?xml version = “1.0” encoding = “UTF-8"7>

2: <MPD xmlns:xsi = “http://www.w3.0rg/2001/XMLSchema-instance” xmlns = “urn:mpeg:dash:schema:mpd:2011”
xmlns:xlink = “http://www.w3.0rg/1999/xlink” xsi:schemalLocation = “urn:mpeg:DASH:schema:MPD:2011
http://standards.iso.org/ittf/PubliclyAvailableStandards/MPEG-DASH_schema_files/DASH-MPD.xsd” profiles =
“urn:mpeg:dash:profile:isoff-on-demand: 2011” type = “static” mediaPresentationDuration = “PT29.5685” publishTime
= “2023-10-12T09:37:39Z” suggested PresentationDelay = “PT0.0005” minBufferTime = “PT2.0005”>

<Period id = “PO”>
4: <AdaptationSet segmentAlignment = “true”>
<Representation bandwidth = “128004” startWithSAP = “1” codecs = “mhm1.0 X 0D” id = “a0” mimeType =
“audio/mp4”>

6: <AudioChannelConfiguration value = “2” schemeldUri = “urn:mpeg:mpegB:cicp: ChannelConfiguration”/>

7: <SegmentTemplate initialization = “3d_shvc_stream_index0_init.mp4” duration = “92160” startNumber = “3”
media = “3d_shvc_stream_index0_$Number$.mp4” timescale = “90000”/>

8: </Representation>

9: </AdaptationSet>

10: <AdaptationSet par = “16:9” segmentAlignment = “true” id = “0”>

11: <Essential Property value = “1” scheme IdUri = “http://dashif.org/guidelines/dash-atsc-videoposition”/>

12: <Representation bandwidth = “3351673” startWithSAP = “1” sar = “1:1” frameRate = “24/1” height = “1080”

width = “1920” codecs = “lhel” mimeType = “video/mp4” id = “el” dependencyld = “bl” lhevcptl =

“0,1.0.7.80.L153.BD.88”>

13: <SegmentTemplate initialization = “3d_shvc_stream index1 init.mp4” duration = “90000” startNumber = “3”
media = “3d_shvc_stream_indexl_$Number$.mp4” timescale = “90000”/>

14: </Representation>

15: </AdaptationSet>

16: <AdaptationSet par = “16:9” segmentAlignment = “true” id = “1”>

17: <Representation bandwidth = “1671008” startWithSAP = “1” sar = “1:1” frameRate = “24/1” height = “540” width

= “960” codecs = “hev1.2.4.L153.B0” mimeType = “video/mp4” id = “bl”>

18: <SegmentTemplate initialization = “3d_shvc_stream_index2_init.mp4” duration = “90000” startNumber =
“3” media = “3d_shvc_stream_index2_$Number$.mp4” timescale = “90000”/>

19: </Representation>

20: </AdaptationSet>

21: </Period>

22: </MPD>

Example 1 illustrates an example MPD file configuration for
scalable 3D media streaming within the proposed S3WPF. The
S3WPF is designed based on the MPEG-DASH standard, and
its structure is defined by the MPD file. This MPD file follows
the ISO-based on-demand streaming profile, indicating that the
content is pre-produced VOD content. The MPD file is composed
of a single period where multiple versions of audio and video
are defined in separate AdaptationSets. An AdaptationSet defines
various versions of the same content (e.g., audio, video, subtitles),
and each Representation describes the specific attributes of that
content version. This MPD file includes an audio track and
two video tracks (BL, EL). The BL represents the base layer
in SHVC, encoded with HEVC at a resolution of 960 x 540
and a frame rate of 24fps. The EL represents the enhancement
layer, using layered HEVC (L-HEVC) to provide a resolution of
1920 x 1080 at 24fps. This MPD file structure effectively facilitates
the transmission of audio and video content at various resolutions

in a VOD streaming environment, allowing the client to select
the appropriate representation based on network conditions to
ensure smooth media playback.

4 | 2D/3D Media Content-Compatible Service in
the Client-Side Web Playback Framework

The proposed S3WPF enables selective delivery of high-resolution
3D, high-resolution 2D-L, and low-resolution 2D-R video content
to the user within a web browser at the client end by processing
BL/EL video segments and audio segments through a WASM-
based scalable 3D media decoder and a WebGL-based scalable
3D media renderer [13]. Figure 3 illustrates the workflow for
2D/3D media content compatibility within the web playback
framework. The scalable 3D media decoder in the proposed
S3WPF takes in ISOBMFF files consisting of low-resolution
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FIGURE 3 | Workflow of 2D/3D media content compatibility service
in the web playback framework.

BL video, high-resolution EL video, and audio segments. This
decoder generates video frames by decoding the BL and EL video
segments separately, while the audio decoder generates audio
frames. The resulting video and audio frames are then stored in
their respective frame buffers. ISOBMFF, commonly known as
the MP4 file format, serves as a container for video streams and
includes video and audio codec information, metadata, and high-
level syntax (HLS) information. The decoded frames are passed
to the WebGL-based scalable 3D media renderer’s 2D-R renderer,
2D-L renderer, or 3D renderer, depending on the mode selected
by the user via the framework’s GUI, and then rendered in the
web browser. The 3D renderer receives two frames and renders
them side-by-side in stereoscopic format on the web browser’s
canvas. The 2D-R renderer receives only the BL video frame for
single rendering, while the 2D-L renderer receives only the EL
video frame for single rendering. By applying scalable 3D media
encoding technology based on WASM within the client-side web
browser’s playback framework, the proposed S3WPF effectively
provides compatible services for both 2D and 3D media content.

5 | Experimental Results

To validate the performance of the proposed S3SWPF, experiments
were conducted using both animated and live-action content
across various web environments. The experimental setup and
configuration for evaluating the SSWPF’s real-time rendering and
playback performance of 2D/3D media content was carefully
designed and implemented in a controlled environment. The
experimental setup comprised a structured architecture that
included three servers and client systems. The configuration and
roles of the servers and client systems are outlined below. The
server infrastructure was built using three Mac mini devices, each
equipped with the M1 chip. The content management system
(CMS) server was responsible for managing content delivery
and system control. It was configured to run Nginx as the web
server, Node.js with the Express framework for API handling, and
process manager 2 (PM2) for efficient process management. The
streaming server, designed specifically for media streaming, was
configured with Nginx, Node.js, and PM2 to ensure the stable
and efficient delivery of media streams. The proposed S3WPF
was seamlessly integrated into the server, enabling scalable 3D
media streaming capabilities. The database server handled the
storage and management of media metadata and user-related
data using MariaDB. The client systems used in the experiments
included both Windows and macOS environments. On Windows,
tests were conducted using the latest versions of Chrome and
Edge browsers. For macOS, compatibility and performance were

evaluated using Chrome and Safari browsers. To ensure seamless
communication and efficient data transfer, all servers and client
devices were connected via a high-speed Ethernet network.
The network maintained an average bandwidth of 150 to 200
Mbps, with an average delay of less than 10 ms and a packet
loss rate of 0%. These conditions ensured stable and reliable
data transmission throughout the experimental setup. All client
devices adhered to the minimum hardware requirements for
optimal performance. The minimum CPU requirement is a
modern multi-core processor with a clock speed of at least 3.0
GHz, as playback performance is more dependent on clock speed
than on the number of cores due to limited optimisation for multi-
threading in the system. The minimum GPU requirement for the
framework is a device with a base clock speed of at least 1.5 GHz
and a minimum of 8GB of VRAM. Additionally, the GPU must
support WebGL 2.0 or higher to fully leverage the framework’s
3D rendering capabilities.

The test sequences described in Tables 1 and 2 included both
animated and live-action stereoscopic 3D content, encoded into
SHVC bitstreams and packaged using the DASH protocol. These
3D stereoscopic videos were carefully selected and customized to
assess the performance and applicability of the proposed SSWPF.
Produced under research licenses, they were adapted into stereo-
scopic 3D formats to align with the framework’s requirements.
The animated sequence from The Nut Job 2 (2017, directed by
Cal Brunker) was selected to showcase the framework’s capability
to handle dynamic and visually intricate content, emphasizing
its potential for commercial applications. Meanwhile, the live-
action documentary sequence from Secrets of the Universe
(2019, directed by Stephen Low) demonstrated the framework’s
ability to process realistic and immersive stereoscopic 3D media.
Together, these sequences provided complementary use cases,
effectively highlighting the versatility and robustness of the
proposed framework.

The frame drop rate (FDR) quantifies the percentage of frames
lost during the streaming process. It is calculated based on
the total number of frames in the original video (F,) and the
total number of decoded frames in the streamed video (F). A
higher FDR indicates a greater loss of frames, which can degrade
playback smoothness.

FDR = <1— 5) % 100. @
F,
The PTS time loss rate (PTL) measures the percentage of PTS loss,
which indicates whether the streamed video reaches the same
final timestamp as the original video. It is calculated using the last
frame’s PTS value in the original video (P,) and the last decoded
frame’s PTS value in the streamed video (P;). A higher PTL value
indicates that the streamed video fails to reach the original video’s
full playback duration, which may imply buffer underruns or
synchronisation issues.

P
PTL = (1 - P—") x 100. ®)

S

The effective FPS deviation (EFD) measures how much the
average frame rate of the streamed video deviates from that of the
original video. It is calculated using the original video’s average
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TABLE 1 | Quality evaluation of streaming in the proposed S3WPF (3D animated content: The Nut Job 2, 3D live-action content: Secrets of the

Universe).
Content Resolution Framerate Bitrate VMATF score
type (width x height, px) (fps) (Kbps) (0~100)
3D animated 1920 x 1080 24 1671.5 99.776561
3D animated 1920 x 1080 30 2092.0 97.551201
3D live-action 1920 x 1080 24 1669.5 98.963553
3D live-action 1920 x 1080 30 2088.7 97.858739

TABLE 2 | Performance evaluation of real-time playback in the proposed S3WPF (3D animated content: The Nut Job 2, 3D live-action content:

Secrets of the Universe).

Content Resolution Framerate Frame drop PTS time loss Effective FPS
type (width X height, px) (fps) rate (%) rate (%) deviation (%)
3D animated 1920 x 1080 24 0.43 0.17 0.60
3D animated 1920 x 1080 30 1.71 1.25 0.47
3D live-action 1920 x 1080 24 0.43 0.17 0.60
3D live-action 1920 x 1080 30 1.71 1.25 0.47

frame rate (FPS,) and the streamed video’s average frame rate
(FPS;). A higher EFD value indicates that the streamed video
has a larger variation in playback speed compared to the original,
potentially causing noticeable stutter or lag.

©))

FPS, — FPS,
EFD = [ —2 ) x100.

FPS,

Table 1 presents the streaming quality assessment of the proposed
S3WPF using the video multimethod assessment fusion (VMAF)
metric, which ranges from 0 to 100, with higher scores indicating
better perceived visual quality. The results demonstrate that all
tested scenarios achieve high VMAF scores, exceeding 97 across
different content types, resolutions, and frame rates. This indi-
cates that the proposed S3SWPF ensures high-quality streaming for
both 3D animated and 3D live-action content.

Table 2 presents the performance evaluation of real-time playback
in the proposed S3WPF. The results indicate that the FDR, PTS
time loss rate, and effective FPS deviation remain consistently
low at 1920 x 1080 resolution across different content types and
frame rates. This demonstrates that the proposed SSWPF provides
stable and reliable real-time playback performance for both 3D
animated and 3D live-action content.

Figure 4 illustrates the functional GUI layout of the proposed
S3WPF. The overall interface includes components such as a
play/pause toggle button, stop button, progress bar, play time
stamp, total time display, full-screen button, rendering mode
combo box, input URL text editor, and POC/PTS display. The
picture order count (POC) specifies the decoding or display order
of video frames, ensuring proper sequencing, particularly in cases
with inter-frame dependencies. The high-resolution EL frame is
rendered on the left side of the canvas, while the low-resolution
BL frame is rendered on the right side. The user can seamlessly

Rendering mode
- _combo box

,Input URL fext editor

hitps://player?url=http://localhost/720_24_nutjob.m|

)

3D
Enhancemnet layer video ;g; Base layer video &

- Display canvas

POC,PTSof
last frame in ~~
buffer

I

00:0013/000059 (53]

Play/Pause [”] * Stop
Toggle button
button

< = 7 N
Progress bar Play Total Full screen
time stamp time button

FIGURE 4 | GUI configuration of the proposed SSWPF (3D ani-
mated content: The Nut Job 2).

switch between 2D and 3D media content using the rendering
mode combo box.

6 | Conclusion

The proposed S3WPF enables efficient rendering and playback of
2D/3D media content in diverse web environments using scalable
3D media codec technology. Experimental results demonstrated
that the SSWPF delivers stable performance at 1920 x 1080 res-
olution and 30fps across multiple platforms, including Windows
and macOS. These results confirm its practicality and commercial
viability by meeting the quality requirements of commercial OTT
services, providing a robust solution for delivering immersive 3D
media experiences. Future work will focus on further enhancing
the real-time playback performance of the SSWPF. In particular,
system optimisation will be pursued to ensure stable support
for ultra-high resolutions, such as 4K, and higher frame rates
exceeding 60fps in real-time, addressing the growing demand for
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more immersive and vivid visual experiences in online media
consumption.
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