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Interactive Screen Video Streaming-Based
Pervasive Mobile Workstyle
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Abstract—In this paper, we develop an interactive screen
video streaming-based system to enable the ubiquitous mobile
workstyle, which is referred to as personal computer to pervasive
computing (PC2PC). The desktop screens of virtualized systems
are compressed in the PC2PC servers and delivered to remote
end users for stream decoding, rendering, and interactions. We
have implemented a system from the scratch, where the emerging
screen content coding extension of high-efficiency video coding
is implemented to compress and stream the desktop screens of
the virtualized system in real time. Three core asset channels,
system, display, and inputs, are defined to enable systematic end-
to-end communication. Compared with Red Hat SPICE virtual
desktop infrastructure scheme, the proposed PC2PC could save
network bandwidth consumption by a factor of 2, 7, and 4,
respectively, in terms of typical video streaming, web browsing, and
stationary office applications at the same visual quality. Meanwhile,
we have also measured the delays of the system and presented
preliminary results on the user experience aspect. A simple network
estimation is applied to optimize the quality bandwidth adaptation
for both single user and multiuser scenarios to consider the network
dynamics.

Index Terms—High-efficiency video coding, pervasive
computing, screen content coding, virtual desktop infrastructure.

I. INTRODUCTION

OBILE workstyle is an emerging office fashion that al-
lows employees to manage and operate their daily tasks
remotely. Such mobile workstyle is supported by the virtual
desktop infrastructure (VDI) where routine desktop operating
systems (OSs) are hosted at data centers (i.e., private or pub-
lic cloud) to provide the ubiquitous computing and storage. It
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enables people to strike a better work-life balance and work
from anywhere, unrestricted by location, time or device [1], [2].
Meanwhile, it also provides better security by concealing sen-
sitive and confidential information processed and stored in data
centers.

Industry leaders in the area of information technology (IT)
actively embrace the mobile workstyles and have developed sev-
eral well-known platforms to enable such service, for instance,
VMware Horizon [3], Citrix XenDesktop [4], Microsoft Re-
mote Desktop Protocol (RDP) [5], Red Hat Simple Protocol for
Independent Computing Environments (SPICE) [6], etc. These
popular VDI technologies follow the similar procedure: an in-
stantaneous desktop screen is first analyzed to identify different
regions, such as text, icon, graphics, images, etc, and each region
will be processed individually using compression methods for
network delivery. They require complex protocols to maintain
the communication between the client and remote server. Be-
cause of the noticeable involvements from the client for desktop
rendering, it is also referred to as the “client rendering’ solution.

Due to the advances in communication (such as 4G/LTE,
emerging 5G) and mobile computing capability, we envision the
increasing market demand of the mobile workstyle through the
VDI technologies. However, most existing technical solutions
are not well suited due to high complexity of “client rendering”
protocols. In this work, we propose a complete “server ren-
dering” solution where the server renders and compresses the
instantaneous desktop screen, and the client only decodes the
compressed screen stream and sends back mouse and keyboard
commands for user interaction. This is motivated by the fact
that instantaneous desktop screen rendering is actually a video
playback application refreshed at 60 frames per second (FPS)!
for a typical display.

Note that offering the pervasive mobile workstyle requires
substantial effort in various aspects, such as OS virtualization,
cloud load balancing, VDI, etc. In this work we focus on VDI
that is applied to enable the interaction between hosted OSs
and remote clients. The overall PC2PC system is illustrated
in Fig. 1. A real-time HEVC based SCC compression engine
encodes instantaneous desktop screens of a virtualized OS at
the server side. This is referred to as the Display Channel to
deliver the compressed streams. To enable the systematic end-
to-end communication, we have also defined another two asset
channels, i.e., the System Channel to convey the messages so
as to initiate, maintain/monitor and destroy the communication

I Different LCD/LED displays may have different refresh rate in practice.
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Fig. 1. Illustration of our proposed PC2PC architecture and implementation.

channel and the Input (feedback) Channel to collect the user
interaction commands (e.g., keyboard, mouse, joysticks, etc)
from the client. TCP is used to manage the stream delivery
between the server and the client.

This work mainly focuses on the interactive screen video
system design and analysis, which is a typical video applica-
tion over the network. To the best of our knowledge, this is the
first work that proposes to use (and actually has implemented)
recently approved screen content coding standard to compress
instantaneous screens and stream to remote users over the Inter-
net. Different from the existing client rendering solutions, this is
a complete server rendering scheme with managed computing
at the server farm exclusively and an ultra-light-weight client
just for user interaction. Our proposal significantly reduces the
protocol complexity to enable the VDI service in reality.

Meanwhile, VDI has become a typical interactive video
streaming optimization to maximize the visual quality with the
constraints of both network bandwidth and delay. Convention-
ally, video (or media) researchers mainly focus on the trade-off
between network bandwidth and quality (i.e., live streaming
such as Netflix or YouTube). Delay is another crucial factor
since VDI offers the interaction between the user and remote
server. Thus, how to jointly optimize quality with respect to the
network bandwidth and delay is an interesting and inevitable
challenge.

Towards this end, we then implement such interactive video
streaming based VDI system from the scratch and perform the
preliminary study on its bandwidth consumption, delay mea-
surement as well as the quality-bandwidth optimization. With
these studies, we would like to encourage more researchers to in-
vestigate this interactive video streaming problem and develop
advanced algorithms to further enhance current implementa-
tion [7]. On the other hand, we have already shown quite an im-
pressive improvement compared with the conventional SPICE
platform, with the bandwidth consumption reduction by a fac-
tor of 2, 7 and 4 for typical video streaming, web browsing and
stationary office applications at the same visual quality. This
promises the brilliant future of such system from the theoreti-
cal analysis to the practical application. Thus, we believe this
work holds significant impacts to media society and sheds some
insights as summarized in the paper.

The remainder of this paper is organized as follows: Section II
reviews the functions in SPICE protocol. Section III introduces
the PC2PC architecture followed by its implementation detailed
in Section IV. A comparative study is performed in Section V
to demonstrate the performance of proposed system and finally
we will conclude this work and discuss a few future directions
in Section VI
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Fig. 2. Illustration of open-source SPICE architecture.

II. RELATED WORK: A GLANCE OF RED
HAT SPICE PROTOCOL

Pioneers have devoted tremendous efforts to manage the com-
puter for work remotely. It starts from the basic shell command
from the legacy UNIX time. Then it comes to the windows
time using remote display, such as the famous RDP developed
by Microsoft, SPICE supported by Red Hat, etc. SPICE is an
open standard while RDP is a proprietary solution owned by
Microsoft. We use the SPICE function as the example. RDP and
other protocols [3], [4] share similar architecture.

SPICE is built for virtual OS to allow the end user to con-
nect the server from anywhere, at anytime, through any device.
There are multiple data channels defined to carry the command
messages and information from the server desktop to the client
side. Fig. 2 shows the data channels specified in SPICE protocol.
As shown, guest OS is hosted using QEMU [8] hypervisor, and
communication between the server and the client is bridged by
multiple channels. Each channel is dedicated to a specific type
of data. For example, main channel is for system control and
configuration; display channel is for graphic commands, images
and video streams; inputs channel is for keyboard and mouse
feedback; record and playback channel is reserved for audio pro-
cessing and communication, and so on. SPICE client requires
extensive interaction with the hosted OS and SPICE protocol
stack to interpret messages and render the server screen over the
network properly.

Display channel would consume a great amount of transmis-
sion bandwidth because of the large amount of data involved in
the delivery of rich screen content over the network. Basically,
the server sends messages with primitive graphical commands
and data to the client to draw/update/reset the area for render-
ing. OS dependent items, such as icon, window, glyphs, etc, are
rendered at the client side using various message commands.
For raw image, SPICE can apply the QUIC or LZ [9] methods
for compression directly. Alternatively, SPICE introduces the
palette and pixel map (i.e., index map) representation of the raw
image, where LZ algorithm (and its variants?) are adopted to
compress the palette and pixel index map [10]. Besides, it has
a “copy mode” in which images are cached at the client side

2LZ with dictionary is used to improve the compression performance.
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so that they can be directly retrieved for re-rendering at a later
time under the assumption that images may be presented on the
screen for an extended period of time. Moreover, a video area
could be lossy compressed using a specific video codec (such as
motion JPEG, MPEG, etc). Users demand the smooth (without
flickering, motion jerkiness, freezing frame, etc) video play-
back for a pleasant quality of experience (QoE) at clients. Often
times, buffers are utilized, but sometimes frames have to be
dropped due to the severe network congestion. Frame-dropping
may introduce the QoE degradation due to the motion discon-
tinuity. How many frames can be dropped in a second without
any loss of perception of quality is content dependent [11].
For motion intensive videos, such as sports or gaming [12],
higher frame rate (30 frames per second [FPS] or more) is pre-
ferred while lower frame rate (15 FPS or less) can still offer
sufficient quality for stationary content like conferencing. Al-
ternatively, frames can be heavily compressed to trade-off spa-
tial quality for temporal motion smoothness without dropping
frames [13].

III. ARCHITECTURE OF PERSONAL COMPUTER TO PERVASIVE
COMPUTING (PC2PC)

Most existing VDI solutions are based on the client rendering
framework where complicated protocols are required to main-
tain multiple data communication channels (see Fig. 2) between
the server and client. It has noticeable system complexity when
applied in practice. Meanwhile, another crucial issue that limits
the massive adoption of existing VDI solutions over the Internet
is the large network bandwidth consumption. Fig. 3 illustrates
the typical desktop screen snapshots. As we can see, SPICE or
similar methods could well present the desktop window items
at old times because of its simple structural layout, color distri-
bution, etc. For instance, text rendering is just binary black and
white as shown in Fig. 3(a), which is much easier to signal with
limited bandwidth requirement using the glyphs commands.
However, advanced sub-pixel rendering techniques [14] are de-
veloped nowadays to enhance the text quality and to improve the
user experience [see Fig. 3(b)]. With these advanced technolo-
gies, desktop elements, such as icon, text, glyph, etc are built up
with more complex structural layout and color mixtures, result-
ing in significant bandwidth requirement if we want to display
the high-fidelity desktop screens at the client over the network.

Traditional remote desktop control in the computer architec-
ture area is actually an interactive video streaming (i.e., encod-
ing, delivery, decoding, and interaction) problem in the media
society. Ideas that have been developed so far for efficient video
compression and streaming could be borrowed extensively to
enhance the system.

We build the PC2PC framework from the scratch with three
core asset channels to fulfill the required functions. System
channel is used to deliver messages for communication initial-
ization, maintenance/monitoring and destruction; SCC is used
for screen compression in display channel while input channel
offers the capability to manage the end user interaction. Other
channels could be extended in future to support additional func-
tionalities, such as USB, network sharing folder, printer, etc.
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Fig.3. Desktop representation example in (a) old times and (b) modern times.

As shown in Fig. 1, PC2PC is much simpler than the legacy
SPICE/RDP solution shown in Fig. 2. Note that with the pro-
posed PC2PC framework, we provide the complete “server ren-
dering” solution in comparison to the current client rendering
methods.

Existing VDI technologies first analyze the desktop screens
into various regions with different content, then apply multi-
ple schemes (with or without compression) to represent these
regions in display channel. They require that messages are ex-
plicitly defined to include all possibilities (such as text, im-
age, glyph, icon, etc) for a specific region by its attributes (i.e.,
position, area, characteristics, etc). Together with other data
channels, a great amount of messages and their associated op-
erational protocols (e.g., synchronization) have to be carefully
followed to ensure the end-to-end communication [6]. Mes-
sages are encapsulated at the server (in a pre-defined manner)
and interpreted at the client. For some of them, particularly those
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messages associated with the display channel, client OS related
processes are often triggered to facilitate the rendering, such as
to draw/update/reset screen regions.

From the client rendering to server rendering, we significantly
simplify the overall system implementation without requiring
the complicated protocols (particularly for the display channel).
Instantaneous screen frames are encoded using a single SCC
encoder without complex region segmentation and processing.
Client could be an ultra-light-weight device with just video
stream decoding and user interaction capabilities.

IV. IMPLEMENTATION DETAILS OF PROPOSED PC2PC SYSTEM

This section unfolds the implementation details of the pro-
posed PC2PC system.

A. Screen Video Compression

As aforementioned, a computer screen is another typical
video frame. Rather than the traditional camera captured nat-
ural video, it is with mixed resolutions of text, icon, glyphs,
graphics, image, video, etc. It plays at a fixed frame rate
at 60 frames per second aligned with the display refresh
rate. Legacy coding standards, for instance, H.264/AVC [15],
HEVC [16], VP9 [17], AVS [18], etc., are primarily devel-
oped for the continuous-tone camera captured video. The com-
puter screen mixes discontinuous-tone content such as text,
icon, graphics, and continuous-tone content such as video se-
quences and images with natural content. Continuous-tone and
discontinuous-tone content have quite different statistical dis-
tributions [19], [20]. For instance, pixels in continuous-tone
content evolve smaller intensity changes among local neighbors
while neighboring pixel intensity could vary unexpectedly for
discontinuous-tone samples. Furthermore, discontinuous-tone
content may contain less distinct colors than the rich color dis-
tribution in continuous-tone content. On the other hand, local
samples of continuous-tone content typically present more com-
plex textures and orientations compared with the discontinuous-
tone content. For instance, HEVC employs up-to 35 modes for
spatial intra prediction to encode the natural content [16]. It
might be good enough to have few angular modes (such as hori-
zontal, vertical, etc) since screen content typically contains well
structured local orientations [10].

It motivates the development of new tools to leverage the char-
acteristics of screen content which are not exploited in natural
camera-captured videos to compress the screen content more
efficiently in both the academia and the industry [19]-[22].
Furthermore, the international standard committee decided to
launch the screen content extension (SCC) development based
on the recent HEVC framework after evaluating multiple Call-
for-Proposal responses [23] in April 2014. After several meet-
ing cycles, key tools that provide substantial coding efficiency
improvement and reasonable complexity trade-off, have been
adopted into the standard specification for the final approval
of the SCC recommendation in March 2016. These tools in-
cludes intra block copy (intraBC) [24]-[26], color table/palette
coding [27]-[30], adaptive motion vector resolution [31], color
transform [32], etc. Ideally, SCC profile of the HEVC would
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TABLE I
BAsIC TOOLS IN OUR REAL-TIME SCC ENCODER

Tools Description

8-bit YUV 420
IPPP

Input Source
Prediction Structure

Coding Unit 64 x 64108 x 8

Prediction Unit 2N x 2N, N x 2N, 2N x N
Transforms 32 x 32 to 4 x 4 (no recursive decision)
Filtering deblocking, sample adaptive offset
Modes spatial intra, inter, intraBC, palette
Motion Vector integer MV resolution (no interpolation)
Parallelism Multiple slices

provide the state-of-the-art compression performance for screen
applications.

To analyze and understand the impact of applying video com-
pression for VDI solutions, we implement the emerging SCC
into our proposed PC2PC framework to provide the ubiquitous
computing environment. The encoder is configured with a set of
simplified parameters as shown in Table I in order to provide the
required smoothness and low-delay for real-time application.

Even though screens are typically rendered in the 8-bit RGB
format, we use the YUV420 as the input video source in our
study to demonstrate our ideas. Color format conversion (i.e.,
RGB-t0-YUV420 in encoder and YUV420-to-RGB in decoder)
is performed independently using the libyuv [33]. This is mainly
because YUV420 content requires less computational resource
and bit rate as compared with the corresponding RGB sam-
ples [34]. In the meantime, in order to quickly demonstrate our
ideas, we refer to the encoder implementation optimization in
FFmpeg [35] where most of them focus on the YUV420 color
space. RGB content has its advantages to maintain the signal
fidelity, particularly for areas with sharp edges (e.g., texts) [10].
In the next step, we plan to extend the current implementation
to support the RGB color space.

Multiple reference frames are used in both H.264/AVC [15]
and HEVC [36] to improve the coding efficiency by searching
the best candidate multiple times in different reference frames.
In our SCC encoder, we constrain the encoder to only use the
nearest decoded reference picture.

Low-delay B picture is adopted in HEVC by allocating the
same references in both forward and backward reference lists.
Because of the recursive block matching, it provides 6-8% [36]
compression gain compared with the conventional low-delay P
structure. Concerning with the almost 3x complexity increase,
we use the legacy P picture rather B picture for low-delay
prediction.

Recursive coding unit (CU) [37] is implemented from 64
X 64 to 8 x 8 given that it contributes the significant per-
formance improvement from the flat macroblock structure in
H.264/AVC [15]. Prediction unit (PU) is coupled with the CU
for intra mode, while only symmetric partitions is enabled in
inter mode, i.e., 2N X 2N CU comes with the 2N x 2N, 2N
x N and N x 2N PUs. There is no PU size less than 8 x 8.
Furthermore, transform unit (TU) is also attached to the CU
with only two-level decision, i.e., a 2N x 2N CU will try 2N x
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2N and N x N. Recursive quad-tree transform is not supported
in the current implementation.

In addition to the conventional spatial intra and temporal inter
modes, intraBC and palette modes are included to efficiently
process the screen contents. Note that we use a small local
search window [10] (i.e., 3 x 3) for intraBC mode rather than
the full frame search in SCC reference model. Only integer
motion vector (MV) resolution is enabled right now without
the requirement of the interpolation filter. Both deblocking and
sample adaptive offset (SAO) are equipped to improve the visual
quality.

Slice mechanism is used to provide the parallel processing.
Note that in order to quickly demonstrate our baseline prototype,
encoder parameters are almost all fixed (such as the CU sizes)
except the slice number. We allow the flexibility of the slice
number to evaluate the delay impact in Section V-A3.

These algorithm simplifications and appropriate platform op-
timization (such as SSE and MMX) enable real-time encoding
of the SCC content on general purpose CPUs.

B. A Simple Network Bandwidth Estimation

We often face the network dynamics because of the conges-
tion, channel fading, etc. The key issue to maintain the quality
of the service is adapting the sending rate based on the real-time
network status probing.

Google Congestion Control (GCC) algorithm offers great per-
formance and is adopted in WebRTC framework for real-time
communication. GCC employs two controllers: a sender-side
controller, which computes the target sending bitrate A, and
a receiver-side controller, which computes the rate A, that is
returned to the sender. The sender will adjust the sending bitrate
to the min(Ay, A,). The sender-side controller estimates the
sending rate according to the packet loss rate reported periodi-
cally by the client. The receiver-side controller is a delay-based
congestion control algorithm based on the packet arrival time
estimation.

In our baseline system, we provide a simplified version of
the GCC where only the client side bandwidth estimation is
utilized. Such network status is conveyed in system asset chan-
nel to adapt the server sending rate. Our tests have shown that
video consumes over 95% of the total network bandwidth. Con-
servatively, we scale the estimated sending rate by 0.9 as the
screen compression bit rate. Network dynamics are inferred by
the estimated sending rate.

As an aggressive strategy, GCC will consume any residual
bandwidth. So the “best” quality of all users can not be guar-
anteed. Allocating each user equal bandwidth is the easiest but
obviously not the best solution because different services have
different requirements for network resources. Some efforts have
been made to provide a good solution of bandwidth allocation
for competitive users, such as the game theoretic framework [38]
and dynamic bandwidth allocation [39].

For VDI service, the server is aware of the screen content
characteristics of different users. Hence, the server can manage
network bandwidth according to the individual application ser-
vice. A simple solution is to allocate the network resources to
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get the best video quality (such as Peak Signal-to-Noise Ratio
PSNR) balance among all the users. Intuitively, more bandwidth
should be given to the user who is watching videos (e.g., high
frame rate and high bit rate case) than the user who is just editing
a slides (e.g., lower frame rate and lower bit rate case).

C. Client Implementation

At the client side, we choose the Firefly RK3288 [40] devel-
opment board to implement our PC2PC client algorithm. All
functions are realized in pure software fashion on its Quad-core
ARM platform. Since the stream is compliant with the emerging
SCC standard and there is no ASIC chip available in the market
yet, it is preferable to use the optimized software decoder. Ba-
sically, PC2PC client decodes the received stream and renders
it on the display. Meanwhile, it also captures the user inter-
action commands, such as the keyboard and mouse messages,
and sends back to the server. Since the decoded screen image
is YUV420 format, color conversion is performed to translate
it to the RGB space before rendering it on display. Such color
conversion is also conducted on the ARM core, which requires
substantial computing power, particular for videos with higher
spatial resolution, i.e., 1080p or even 4K content. A potential
improvement is shifting the color conversion to the GPU that
will offload the ARM computing resource massively. Since Fire-
fly RK3288 offers similar computing power as the recent tablets
and SmartPhones, we can migrate our implementation on those
platforms as well.

V. EXPERIMENTAL STUDY AND DISCUSSION

Two major tests are carried out to demonstrate the perfor-
mance of our proposed PC2PC system. One performs the actual
field tests for practical virtual desktop applications using our
PC2PC platform as well as the default SPICE system. The other
test discusses the quality-bandwidth adaptation for our PC2PC
system.

A. Office-in-Pocket: PC2PC Versus SPICE

We perform the experiments by collecting the actual network
bandwidth consumption in real life applications for commer-
cial Red Hat SPICE system and our proposed PC2PC platform.
Towards this goal, we build two small private clouds shown in
Fig. 4. These two clouds are hosted at N-city and S-city with
200 miles distance, respectively. Each one uses 10 high perfor-
mance servers. Each server is equipped with two 20-core Xeon
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Fig. 5. Illustration of the mobile workstyle — “office in pocket”: our PC2PC
server is deployed on centralized servers and PC2PC client could be imple-
mented on any mobile devices, such as dedicated mobile platform (i.e., Firefly
RK3288 as an example), tablet, SmartPhone, ultrabook, etc.

CPUs, 128 Gigabytes RAM and 2 Tera-bytes hard disks. Servers
are interconnected using the 10G Ethernet.

With the above private cloud setup, we can enable the per-
vasive computing to fulfill the actual “office in pocket” shown
in Fig. 5. PC2PC framework provides the ubiquitous way for
users to connect their office environment at any time, any place
over any network. For instance, users can connect to the office
server using wired Ethernet when they are present in office;
users can also log into the office desktop using home network
such as ADSL or Fiber; users can even continue their office
work without interruption during the business travel through
4G or Wi-Fi networks. Data between the server and the client in
PC2PC system can be optionally encrypted to provide enhanced
secure computing and communication.

1) Wireless Bandwidth Measurement: Before jumping into
the actual performance comparison between Red Hat SPICE and
our PC2PC platforms, we have implemented a daemon to mon-
itor the wireless network bandwidth (i.e., Wi-Fi, China Mobile
4G and 3G). We measure the Wi-Fi, 4G and 3G bandwidth con-
sumptions using a PC2PC client at N-city to the N-city PC2PC
server farm; while only measure 4G and 3G bandwidth con-
sumptions at N-city to the S-city servers. We measure the net-
work bandwidth every 30 minutes for five weekdays. Network
measurement is performed everyday at a frequency of every
half an hour from 11 AM to 11 PM, i.e., 11:00 AM, 11:30 AM,
12:00 AM, ..., 10:30 PM, 11:00 PM. To better present the data,
we organize the measurement data in terms of the down-link
bandwidth BDL, up-link bandwidth BUL and round-trip delay
7 in Table II, each of which includes the corresponding mean
value, standard deviation, maximal and minimal.

We observe that China Mobile 4G offers impressive wireless
connections for both intra and inter city scenarios, with better
performance in comparison to the Wi-Fi using the minimum
bandwidth as the measurement criterion. Even for inter-city 4G
network, it provides 500 KB/s down-link and 130 KB/s up-link
bandwidth, respectively, which is sufficient to maintain the sta-
ble connection for typical applications using PC2PC platform
(cp. Section V-A.2). However, the round trip delay 7 of inter-
city 4G is significantly worse, about 4x larger for averaged case
and 6x larger for maximum delay criterion. This would heavily

2327

TABLE II
WIRELESS STATISTICS (DOWN-LINK BANDWIDTH BDL, UP-LINK
BANDWIDTH BUL AND ROUND-TRIP DELAY 7)

Ave.  Std.

intra-city measurement

Wi-Fi BDL(MB/s) 1.1 03 17 03
BUL (MB/s) 0.6
7 (ms) 57 15 92 38
4G BDL (MB/s) 35 20 58 24
BUL(MB/s) 0.6 03 1.1

7 (ms) 41 15 73 19

3G BDL (MB/s)
BUL(KB/s) 10 63 35 47

T (ms) 125 36 272 85

inter-city measurement

4G BDL (MB/s) 33 1.8 5.7 0.5

BUL (MB/s) 048 029 L1 0.13
7 (ms) 154 120 401 45
3G BDL (MB/s) 0.18 0.02 020 0.14

BUL (KB/s) 10 73 36 35
7 (ms) 310 165 796 110

degrade the user experience, particularly for those delay sensi-
tive applications such as gaming. For those stationary applica-
tions, such as word editing, email drafting, etc, higher delay (and
lower frame rate) could be tolerated where we can try to drop
some frames for better subjective quality spatially [11], [13].
Compared with the Wi-Fi and 4G networks, China Mobile 3G
could only enable very limited applications with low bandwidth
requirement upon its network conditions.

Note that the network delay could be partially resolved by
deploying the PC2PC server farm inside the high rank data
centers, instead of using current family-type ISP. Usually,
advanced data centers are geographically distributed. User’s
data (e.g., guest OS) can be cached and synchronized among
several places. The one producing the least network delay is
chosen to perform the work [41].

2) Network Bandwidth Impact: In this section, we mainly
compare the (downlink) display channel data bandwidth given
that complete different methods for screen display delivery are
used in Red Hat SPICE and the proposed PC2PC. System and
input channels are implemented in a similar way to the SPICE
counterparts (i.e., main and inputs channels respectively) in our
PC2PC system. We would expect similar network behavior for
both methods. Experiments are carried out to ensure the visually
lossless quality (i.e., with about 55 dB Peak Signal-to-Noise
Ratio PSNR) for both SPICE and our PC2PC methods.

We have collected the data for three typical scenarios when
the users are using Microsoft Windows 7 environments.

1) “office” represents the scenario that a user performs typi-
cal daily assignments, such as word editing, slides show,
email drafting, etc.

2) “web” is for typical web surfing where users scroll the
web pages quickly to track and locate interesting topics.

3) “video” is for the on-line video streaming service (such as
YouTube) where users also fast scrolls the web browser
to locate a video (at the beginning).
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Fig. 6.  Up-link bandwidth trace for SPICE and PC2PC system.

It is often very stationary with few keyboard and mouse hits
and very slow page scrolling for “office” application, while
“web” and “video” applications would have an intensive inter-
action at the very beginning to fast locate the specific content.
PC2PC and SPICE exhibit similar uplink behavior according
to the experiments for system and input channels. Fig. 6 de-
picts the up-link bandwidth for the three use cases. Significant
lower bandwidth is required for the stationary “office” applica-
tion, while the peak impulses are observed for both “web” and
“video” scenarios, corresponding to the relative intensive user
interaction period for topic retrieval.

Based on the wireless bandwidth measurements shown in
Table II, Wi-Fi and 4G networks are feasible to offer sufficient
room to support the up-link stream. Even for the minimal band-
width criterion, Wi-Fi and 4G offers 140 KB/s and 130 KB/s
respectively, which is larger than the peak bandwidth require-
ment of our PC2PC and SPICE up-link shown in Fig. 6. Such
peak bandwidth requirement happens when user switches win-
dows or scrolls the pages intensively.

However, 3G up-link can not sustain the service with con-
sistent quality. On the other hand, round-trip delay is also the
practical obstacle for service enabling. For instance, it has about
4-frame delay (for a 30 Hz video) on average for intra-city 3G
connection, but about 10-frame delay for inter-city 3G network
(which makes it impossible to provide the acceptable QoE).

Fig. 7 shows the down-link traces of three application sce-
narios for both SPICE and PC2PC systems. Note that display
data channel in SPICE platform requires a tremendous amount
of bandwidth for visual lossless user experience. Particularly
the instantaneous bandwidth jumps to about 9.8 MB/s when
the screen content has changed significantly due to the inten-
sive user interaction, such as fast content scrolling in “web”
application around 125 second shown in Fig. 7(b). As shown in
Table III, on average, PC2PC system only requires 25%, 13%
and 59% network bandwidth of SPICE protocol for “office”,
“web” and “video” use cases with the same picture quality, re-
spectively. We also give the maximum bandwidth requirement
for both systems, where our PC2PC system consumes 56%,
8% and 23% bandwidth of default SPICE for those scenarios,
respectively.

SCC video encoder is deployed to compress the instanta-
neous desktop screen where the first picture is placed using
the intra frame (I-frame) followed by the all forward predictive
frames (P-frame). I-frame typically requires more than 5x bits
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compared with the P-frame. Thus, there is a bit rate jump for the
first frame. If the following pictures share the similar content,
bit rate consumption will be reduced massively due to the effi-
cient temporal prediction [see 0—10 s of Fig. 7(b) and 7(c)]. But,
if the screen refreshes intensively (i.e., window switch, page
scrolling) with completely different content, bit rate consump-
tion will jump noticeably (see 0-10 and 150-275 s of Fig. 7(a)
where we switch the window very often!). In such circumstance,
intra prediction is preferred, rather than more efficient tempo-
ral inter prediction. Even if we fast scroll the pages for “web”
and “video” applications, since there are still stationary regions
(i.e., homogeneous background block, similar texts, etc), tem-
poral prediction still works very well with much less bandwidth
requirement compared with the SPICE system (cp. Table III).

Note that SPICE is not feasible to enable the VDI service
over the mobile networks because of its significant bandwidth
consumption as illustrated in Tables II and III. But both Wi-
Fi and 4G networks could offer sufficient bandwidth for our
PC2PC system.

3) Delay Impact: There are various delays in the overall
system. To fully understand this problem, we plot the process-
ing pipeline in Fig. 8. Delays are categorized into two parts:
the server processing delay 7y and the network transmission
delay 7.

Since we only implement the slice threading in our baseline
SCC encoder for parallel processing, we evaluate the overall
server processing delay using different numbers of slices for
1080p screen video. Both stationary (office and web surfing)
and motion intensive (action movie or gaming) screen scenarios
are considered with collected data shown in Table IV. When we
increase the slice number, we see the server processing delay is
decreased noticeably, for instance, 8 slices per frame requires
only 50% processing time compared with the 1 slice per frame.
Note that the there isn’t clear benefits when increasing the slice
number from 8 to 16. This might be the reason that 16-thread
parallelism requires more system overhead than 8-thread case
in our current implementation. Hence, we constrain our SCC
encoder using 8 slices per frame.

Network delay is simulated in an intranet setup to avoid un-
expected traffic over the Internet. Intranet is connected using the
1000 Mbps wired connection. Normally, its delay is less than
1 ms. We use clumsy [42] to control the intranet delay scale.
We have invited 10 gaming fans to play the League of Legends
(i.e., one of the most profitable games in China) with different
network delay setup, and ask them to provide the subjective
feedback about the delay configuration, as listed in Table V. If
network delay 7 is less than 20 ms, no one perceives the differ-
ence between playing games over the network or locally. If 7y is
between 20 ms to 50 ms, it still meets the gaming requirements
for majority players. Gaming experience is not sufficient good
when 50 ms < 7y < 100 ms, and delay is unbearable when
71 > 100 ms.

B. Quality-Bandwidth Adaptation

1) Quality-Bandwidth Optimization for Single User Case:
Previously, we have developed an analytical model [43] to
express the relationship between video stream bit rate and its
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TABLE IV
SERVER PROCESSING DELAY MEASUREMENT

slice##  stationary (ms)  motion intensive (ms)
1 5.1 8.8
2 3.6 5.5
4 2.9 4.4
8 24 3.6
16 2.7 3.7
TABLE V

NETWORK DELAY 71 AND OVERALL DELAY 7 = 7 + 7|
(MS) IMPACT ON USER GAMING EXPERIENCE

network  overall user feedback

<20 <25 excellent experience without noticing delay
20-50 25-55 3 out of 10 feel some certain delay
50-100  55-105 7 out of 10 feel the obvious delay
>100 >105 Too bad. Gaming is over!

perceptual quality, i.e.,

(1 elrts)"™)
(=)

Q(R) =

Network Delay

(D

with & as the video content dependent model parameter, ranging
from 2 to 6 for typical samples (i.e., from stationary to motion
intensive). Ry, .« is the maximum bandwidth allocated to a single
user.

In the 4G test case, we mark 200 KB/s as the highest sustain-
able bandwidth. Server encoding is adapted according to the
periodic channel probe from the client. As shown in Fig. 9, the
connection starts from the very low bit rate, and the quality is
improved as long as the bit rate is increasing. Once it reaches
the ceiling, it will fluctuate because of the congestion-induced
packet drop. User’s visual system typically tolerates a certain
degree of packet drop (such as frame drop with slight frame rate
variation) without noticeable visual degradation [11]. Hence,
we can observe the quality fluctuation is much smaller than the
rate variation as captured in the simulation.

2) Quality-Bandwidth Optimization for Multiuser Case: Al-
though GCC can provide good network utilization for a single
user, it has obvious drawbacks for typical multi-user applica-
tions. Here we would have an upper bound of the total network
bandwidth shared by all users. As discussed in previous sec-
tions, we could have two schemes to do the bandwidth alloca-
tion shown in Fig. 10, i.e., one is the equal allocation and the
other is the application driven allocation.

For application driven allocation, our intuition is shifting
more resource for bandwidth hungry applications so as to im-
prove the overall quality for all users. Ideally, we would like to
find out the optimal combination of different users (with differ-
ent applications) that yields the maximum overall quality Q+ot.-
For different applications, its quality depends on its content
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characteristics and bit rate [43]. Together with (1), we could
formulate the optimization problem as

max Quor = Z Q:(R;), subject toz R, <a-Biw )

where By, is the total bandwidth presumably allocated for all
users. However, due to the network dynamics, itis also a variable
over the time. o = 0.9 is used in this work.

Referring to the typical scenarios aforementioned, i.e., “of-
fice”, “web” and “video”, we have demonstrated the application
driven bandwidth allocation as shown in Fig. 11. Here, we as-
sume the maximum network bandwidth at 8 Mbps for these three
typical users. Total bandwidth varies due to the network dynam-
ics, such as the wireless channel fading, congestions, etc. Given
any instant total bandwidth, we can dynamically allocate opti-
mal bandwidth resources to different users to maximize overall
delivered video quality. Specifically, we perform the exhaustive
search to solve this problem. For example, we assume the step
size of bit rate variation is 100 kbps (resulting in 81 discrete bit
rate points from O to 8 Mbps). For any given By, (), we look
up all possibilities that ), R;(t) < aByot(t) and pick the one
yielding the best quality. Even for the worst case, we need to
calculate 81 x 81 x 81 = 531411 times. For any mainstream
CPU offering Gigahertz frequency, it takes several milliseconds
which is negligible.

As we can see, motion intensive content (e.g., video) demands
more network bandwidth while stationary content (i.e., office)
could be managed with less bandwidth shown in Fig. 11(a)
with better overall quality compared with the most straightfor-
ward equal allocation strategy depicted in Fig. 11(b). But if the
network is too bad or too good, there isn’t difference between
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two allocation mechanisms. This is also consistent with our
expectation.

VI. CONCLUSION

In this paper, we proposed an interactive screen video stream-
ing based system to enable the pervasive mobile workstyle,
which is referred to as the PC2PC, where the PC2PC server
compresses the desktop screens using HEVC based SCC en-
coder, and delivers the stream through network to the client for
stream decoding, rendering and end-user interaction. Network
bandwidth is estimated at client side and reported back to the
server side using system message for quality-bandwidth adap-
tation. Extensive studies have demonstrated the efficiency of
the proposed system, by massively reducing the network band-
width consumption for the same visual quality in comparison
to SPICE, by a factor of 2, 7 and 4 respectively for typical
video streaming, web browsing and stationary office applica-
tions. Gaming experience is close to local console or PC when
the network delay is less than 50 ms. Quality-bandwidth trade-
off is studied for both single user and multi-user scenarios,
where bandwidth estimation is based on the packet arrival tim-
ing measurement at the client. We envision the huge potential
of the PC2PC system to be used in our daily life, migrating the
computing from the PC era to the true mobile era. We make the
PC2PC platform after further refinement available to the pub-
lic and welcome the opportunities to work with any interested
parties.
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