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Message from MMTC Chair 
 

Dear MMTC fellow members, 
 
Times flies, in 2 months we will meet again 
during IEEE ICC’13 conference at Ottawa, 
Canada, where the MMTC meeting will be held 
on 
     10:30-12:30, Tuesday, June 12, 2012 
     (Lunch included) 
We do encourage our members to spend a few 
days at beautiful Ottawa during summer time to 
hang out with our colleagues. Some great ideas 
or collaboration opportunities may raise up 
unexpectedly during this gathering, you never 
know, why not start to plan your trip now! 
 
An important topic of this meeting is to elect 
new leadership team (term 2012-2014) for this 
TC, as the current TC leadership team has served 
for almost 2 years and their term will be expiring 
at June 2012 during ICC conference. As our TC 
has been growing into a community with 1500 
members, in order to better serve for the 
community, besides the tradition TC leadership 
team, it is proposed to setup a Steering 
Committee, which will be running by 
experienced leaders in this community to 
determine the future directions and major policy 
auditing of this TC. The TC Chair will be part of 
the Steering Committee, and the Steering 
Committee will work with the TC Chair to make 
future major decisions before their execution by 
the TC leadership team. 
 
An ad-hoc election committee has been formed 
by past TC Chair, Dr. Qian Zhang, Hong Kong 
University of Science and Technology, with a 
few past TC Chairs and senior members, to 
coordinate the election. We encourage all 
members to participate into this election. Please 
send your nomination (including self-nomination) 
to Dr. Zhang at <qianzh@cse.ust.hk> by May 
15, for the following positions: 
  

(1) MMTC Chair 
(2) MMTC Steering Committee Chair 
(3) MMTC Vice Chair - North America 
(4) MMTC Vice Chair - South America 
(5) MMTC Vice Chair - Asia 
(6) MMTC Vice Chair - Europe 
(7) MMTC Vice Chair - Letters and Member 

Communications 
(8) MMTC Secretary  

 

The final 
election will be 
held at the ICC 
conference 
during MMTC 
meeting on June 
12 (Tuesday). 
Please address 
all your 
questions 
regarding to the 
election directly 
to Dr. Zhang.  
  
In this letter, I 
would like to thank all TC members for your 
great support as always. I am also very thankful 
for my partners, including Vice Chairs, IG 
Chairs and Board Directors; indeed we cannot 
achieve anything without their hard work and 
enthusiastic supports. During the past two years, 
we are very proud of many things including: 

• The E-Letter was very successful, which 
plays a significant role in promoting 
member communications via this platform; 

• We founded R-Letter to promote good 
research papers in this community; 

• We setup an annual workshop for this TC, 
MMCOM, which is held in conjunction 
with GLOBECOM every year; 

• More than 30 high-quality journal Special 
Issues have been proposed (and partially 
implemented already) by our 13 IGs to 
promote the advanced research topic 
exploration in this community; 

• The TC has been constantly expanded by 
involving more researchers into this 
community, and now we are a group with 
around 1500 members. 

 
On the other hand, we have also been struggling 
sometimes, for example, we were seeking for 
building an online platform for our TC members, 
however, this effort was not sufficiently 
successful after 6 months trial. We believe the 
elected new leaders will do better job and may 
find good solutions for these remaining issues. 
 
Thank you very much! 
 
Haohong Wang 
Chair of Multimedia Communication TC of 
IEEE ComSoc 
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SPECIAL ISSUE ON “CROSS-LAYER DESIGN AND OPTIMIZATI ON FOR 
VIDEO SURVEILLANCE SYSTEMS” 

 
Cross-layer Design and Optimization for Video Surveillance Systems 

Shiwen Mao 
Auburn University, Auburn, AL 

smao@ieee.org

In a video surveillance system, one or more 
video cameras are used to capture video and/or 
audio data, and usually the captured data are 
transmitted through a network to a remote 
control center for analysis and storage. Recent 
years have witnessed considerable growth in 
video surveillance systems. Specifically, there is 
a paradigm change from the traditional analog 
videos and wireline transmissions to digital 
videos transmitted through wireless links 
adopting the TCP/IP protocol architecture.  
 
To some extent, video surveillance systems can 
be categorized as a special type of sensor 
networks. However, unlike sensing and 
transmitting certain simple types of low rate data, 
such as temperature or motion, video 
surveillance systems capture and deliver video 
and audio data, with much higher data rates, 
larger rate variations, as well as stringent real-
time and quality of service (QoS) requirements.  
To some degree video surveillance systems are 
also like Cyber-Physical Systems (CPS), since 
they are closely coupled with a specific physical 
environment with two-way information flow: the 
flow of captured video/audio data from cameras 
to the control center, and the flow of control 
instructions to the cameras or other associated 
actuators. Video surveillance systems have wide 
applications in our community. Although many 
wireless sensor network (WSN) and CPS 
researchers assume generic network models and 
application scenarios, video surveillance may 
represent a canonic WSN/CPS application with 
the much needed impact in society.  
 
The design of video surveillance systems is a 
multi-disciplinary research problem, involving 
video capturing and coding, camera control, 
wireless communications and wireless 
networking, resource allocation, QoS 
provisioning, video content analysis, learning 
and decision making, etc. This is no doubt a rich 
area with many interesting research problems. 
For such multifaceted systems, cross-layer 
design and optimization seem to be a natural, 

effective, and indispensable approach for 
achieving superior system performance. 
 
This special issue provides a sample of the recent 
literature on video surveillance systems to 
demonstrate the advances in this important 
problem area, with a focus on cross-layer design 
and optimization. The first paper in this special 
issue is titled “Towards Efficient Wireless Video 
Sensor Networks: An HW/SW Cross Layer 
Approach to Enabling Sensor Node Platforms” 
by Adolph Seema and Martin Reisslein. This 
paper provides a literature review of wireless 
video sensor node platforms (WVSNPs). The 
authors describe a classification of the existing 
node architectures, and propose a cross-layer 
focused hardware/software (HW/SW) design 
approach as a result of their thorough survey and 
contrast of existing architectures.  
 
The second paper is titled “Cross-layer Design 
and Optimization for Video Surveillance 
Systems” by Yun Ye, Song Ci, Dalei Wu, 
Haohong Wang, and Aggelos K. Katsaggelos.  
The authors describe a design for a real-time 
video surveillance systems with active pan-tilt 
unit (PTU) camera control and content-aware 
video transmissions. A cross-layer optimization 
framework is developed for real-time video 
surveillance over wireless sensor and actuator 
networks (WSAN) to achieve system-level 
optimal performance.  
 
The third paper also addresses the problem of 
effective video streaming over wireless networks 
with a cross-layer approach. This paper is titled 
“From Talking Heads to Real Video Systems” by 
Yang Xiao. In particular, the authors aim to 
overcome the limited bandwidth in wireless local 
area networks (WLAN) to enable full real-time 
video conferencing. A cross-layer design 
framework is presented to improve MPEG-4 
transmissions over WLANs via four different 
procedures, along with discussions of potential 
future work.  
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The fourth paper in this special issue is titled 
“Snowballing Rate Adaptation: A Hurdle for 
Video Surveillance” by Michael Loiacono, 
Justinian Rosca, and Wade Trappe. The authors 
present an interesting study of the impact of the 
so-called “Snowball Effect” on networked 
surveillance systems. By examining the rate 
adaptation mechanism in local area wireless 
technologies, the authors provide an explanation 
for the cause of the Snowball Effect, and explore 
how fast a networked surveillance system can 
recover from the Snowball Effect. 
 
Last but not least, it is highly appealing to make 
video surveillance systems adaptive, since user 
preferences in the video content are subject to 
change in the application layer, and the wireless 
network environment is also highly dynamic. 
This problem is investigated in the fifth paper in 
this special issue, titled “content-based filtering 
and adaptation at the application layer in video 
surveillance systems” by Peter Beling, Barry 
Horowitz, Tamal Bose, and Haris I. Volos. The 
authors propose to infer user preferences using 
machine learning techniques and automated 
analysis of video content, and to adopt wireless 
distributed computing to implement the adaptive 
capabilities to overcome the limitations of single 
wireless node.  
 
We believe that this special issue, with the four 
papers, presents a representative sample of the 
broad spectrum of research problems in video 
surveillance systems. We hope that readers find 
these papers timely, informative, and enjoyable. 
On behalf of the CMCIG co-chairs, we thank our 
advisor, Dr. Ness B. Shroff, and our members for 
their continued support, and special thanks to all 
the contributors and the E-Letter Board for 
making this special issue possible.  
 
 
 
 
 
 

 
Shiwen Mao (S’99-M’04-SM’09) received Ph.D. 
in Electrical and Computer Engineering from 
Polytechnic University, Brooklyn, NY (now 
Polytechnic Institute of New York University) in 
2004. He was a Postdoctoral Research 
Associate/Research Scientist in the Department 
of Electrical and Computer Engineering at 
Virginia Polytechnic Institute and State 
University, Blacksburg, VA from 2003 to 2006.  
He was a research staff member with IBM China 
Research Lab from 1997 to 1998. Currently, he 
is an Associate Professor in the Department of 
Electrical and Computer Engineering at Auburn 
University, Auburn, AL. 
 
His research interests include cross-layer 
optimization of wireless networks and 
multimedia communications, with current focus 
on cognitive radio networks, femtocell networks, 
free space optics, and 60 GHz networks. He is on 
the Editorial Board of IEEE Transactions on 
Wireless Communications, IEEE 
Communications Surveys and Tutorials, Elsevier 
Ad Hoc Networks Journal, Wiley International 
Journal of Communication Systems, and ICST 
Transactions on Mobile Communications and 
Applications. He also serves as the Symposium 
Co-Chair, Program Committee Co-Chair, or 
Organizing Committee Member for a few 
conferences such as IEEE GLOBECOM. He 
chairs the MMTC Interest Group on Cross-layer 
Design for Multimedia Communications. 
 
Dr. Mao is a recipient of the US NSF Faculty 
Early Career Development Award (CAREER) in 
2010 and a co-recipient of The 2004 IEEE 
Communications Society Leonard G. Abraham 
Prize in the Field of Communications Systems. 
He also received Auburn Alumni Council 
Research Awards for Excellence–Junior Award 
in 2011 and two Auburn Author Awards in 2011. 
Dr. Mao is the co-author of a textbook TCP/IP 
Essentials: A Lab-Based Approach (Cambridge 
University Press, 2004), and holds one US patent.  
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Towards Efficient Wireless Video Sensor Networks: A HW/SW Cross Layer 
Approach to Enabling Sensor Node Platforms 

Adolph Seema and Martin Reisslein 
 Arizona State University,, USA 

{adolph.seema, reisslein}@asu.edu

1. Introduction 
Wireless sensor networks (WSNs) capable of 
capturing video at distributed video sensor nodes 
and transmitting the video via multiple wireless 
hops to sink nodes have received significant 
interest in the recent literature. The video 
capture, processing, and communication in 
wireless video sensor networks (WVSNs) 
critically depends on the resources of the nodes 
forming the sensor networks. This letter 
introduces our comprehensive literature review 
of wireless video sensor node platforms 
(WVSNPs). We concluded that existing 
WVSNPs could be divided into three main 
architectural categories: General-purpose 
architectures, heavily coupled architectures, and 
externally dependent architectures [1]. A 
thorough survey and contrast of these 
architectures led to a cross-layer focused 
hardware/software (HW/SW) design approach 
we named Flexi-WVSNP. This node design 
includes dual-radio communication, a middle-
ware for sensor operation and communication 
control, as well as a cohesive HW/SW design 
that enables a highly adaptable low cost wireless 
video sensor (WVS) deployment. The design’s 
target applications range from the less 
demanding low duty cycle video acquisition, to 
more demanding surveillance and internet-wide 
distributed video acquisition and delivery. A 
novel baseline adaptive video acquisition and 
delivery application is also proposed. This is 
intended to demonstrate the capabilities of the 
node design and how it fits in the nascent 
Internet of things framework, without violating 
the core requirements of WVSNPs defined in [1]. 
 
WVSNs target applications include computer 
vision, video tracking, video surveillance, remote 
live video and control, and assisted living. Many 
aspects of wireless video sensor networks have 
been extensively researched, including multi-tier 
network structures, multi-sensor image fusion, 
image and video compression techniques, 
wireless communication protocols, distributed 
algorithms, light-weight operating systems, 
middleware, and resource allocation strategies. 
Generally, a large portion of the research has 
focused on software-based mechanisms. Past 

surveys such as [2], [3] collected a subset of the 
generic sensor nodes typically used in the sensor 
network community. We specifically surveyed 
wireless video sensor node platforms (WVSNPs) 
[1] by considering the HW/SW components 
required for implementing the WVS node 
functions. That is, all cross-layer aspects, ranging 
from video capture, filtering, compression, to 
wireless transmission and forwarding to the sink 
node. The node/platform’s HW/SW design 
governs, to a large extent, sensor network 
performance parameters, such as power 
consumption (which governs network lifetime), 
sensor size, adaptability, data security, 
robustness, cost [4] and computation capabilities. 
An in-depth understanding of the state-of-the-art 
in WVSNPs is therefore important for essentially 
all aspects of cross-layer WVSN research and 
operation. To the best of our knowledge, there is 
no prior survey of the field of WVSNPs. Closest, 
related to our survey are the general review 
articles on the components of general WSNs 
(data), e.g., [4]–[6], which do not consider video 
sensing or transmission, and other general 
surveys on multimedia sensor networks, e.g., [2], 
which include only very brief overviews of 
sensor platforms. 
 
We summarize the insights gained from our 
detailed survey, including the key shortcomings 
that cause existing WVSNPs to fail the ideal 
practical requirements. Building on these 
insights, we proposed a novel Flexi-WVSNP 
design that addresses the shortcomings of 
existing WVSNPs through a number of 
innovative cross-layer architectural features. We 
also outline a baseline application that is 
designed to be a benchmark for revealing the 
capabilities of a cross-layer highly-adaptable 
WVSNP. This will be used to demonstrate 
objectively how our design could be compared to 
future and existing WVSNPs candidates. 
 
2. Selection and organization of wireless video 
sensor node platforms for review 
We first outlined the sensor node requirements 
and defined our ideal, yet reasonable and 
practical requirements for a WVSNP 
(Pronounced Wave-Snap). From detailed reviews 
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of the requirements for WVSNPs [1], we 
identified three core requirements, namely power 
consumption, throughput, and cost. The power 
requirements are influenced by a wide range of 
design choices, including power source type, 
component selection, power management HW 
and SW, and importantly node and network 
management algorithms, such as implemented by 
a real time operating system (RTOS) or sensor 
network duty cycling schedules. We defined the 
desirable power consumption of an entire node 
platform to be less than 100 mW when idle (also 
referred to in the literature as standby or deep 
sleep mode). We also require that a WVSNP 
have an instantaneous power consumption of less 
than 500 mW. These requirements are based on 
rule of thumb calculations: a node running on 
two AA batteries lasts a year if it consumes, on 
average, less than 0.2 mA. A cell phone typically 
consumes more than 4 mA. To satisfy these 
stringent power consumption requirements, a 
sensor node has to provide most, if not all, of the 
power modes defined in [1]. That is On, Ready, 
Doze, Sleep, Idle, and Hibernate. Power modes 
enable a cross layer node design and control that 
trades off the power savings achieved by duty 
cycling through these power modes with the 
transition costs and frequency of checking the 
radio channels. Other key cross-layer design 
points defined in [1] are source to sink 
throughput. Minimum throughput is defined as at 
least fifteen common inter-frame format (CIF, 
352 x 288 pixels) frames per second (fps). 15 fps 
is an acceptable frame rate for human perception 
of natural motion. 
 
From the review, we concluded that 32-bit 
MCUs consume typically two orders of 
magnitude less power than an 8-bit MCUs for 
the same work load [1], [2], [7]. Therefore cross-
layer design optimization should target 32-bit 
based MCUs. Radio communication and the 
image acquisition components are other major 
throughput limiting factors in a design. Field 
programmable gate arrays (FPGAs) have 
advantages for highly specialized tasks such as 
routing, Forward Error Correction (FEC), 
Cryptography and Digital Rights Management 
(DRM) algorithms [8], [9]. Popular use of 
hardware acceleration modules on recent 
multimedia SoCs have eroded this advantage. 
FPGA based designs, therefore, fail the cost rule 
due to very limited off-the-shelf economies of 
scale. FPGAs have low computation 
performance relative to power consumption [10], 
[11]. They also have limited standardized 

intellectual property (IP), which often requires 
vendor specific tools to program. These increase 
their cost given the unrivaled open source 
community support for SoCs. The cost of a node 
depends primarily on the technology chosen for 
the architecture, the type and maintenance cost 
of the selected components, the intellectual 
accessibility of the SW/HW components, and the 
scalability, manufacturability and upgrade ability 
of the architecture. A low-cost platform 
generally has very few, if any, proprietary 
components. It should be possible to substitute 
components based on competitive pricing in a 
modular manner. Such substitutions require 
cross-layer in-depth knowledge of the functions 
and limitations of each HW/SW component, 
which is rare for proprietary platforms. 
Therefore, standardized HW/SW components 
and well architected open source SW and open 
HW cores that benefit from economies of scale 
are important for meeting the low-cost objective. 
 
A WVSNP can be designed to use minimal 
physical and middle-ware-level input from its 
environment. e.g., a surveillance node can use 
low power motion sensors to decide when to 
capture a frame. We call a node with this 
capability a smart node. Smart nodes further 
reduce power consumption and improve 
effective throughput beyond the manufacturer’s 
stated hardware capabilities for a specific 
application. Our comprehensive review found 
that none of the existing nodes met the outlined 
ideal set of requirements. To conduct an 
insightful survey that uncovers the underlying 
structural shortcomings we relaxed our 
requirements. We organized the platforms that 
satisfy our relaxed selection criteria into 
architectural classes: General Purpose 
Architectures: MeshEye [12] and WiSN Mote 
[7], Panoptes [13], XYZ [14], and NIT-Hohai 
Node [15]; Heavily Coupled Architectures: 
eCAM and WiSNAP [16], Cyclops [17], Smart 
Camera Mote [18], and CMUcam3 [19], and 
Externally Dependent Architectures: DSPCam 
[20], Stargate [21], Imote2/Stargate 2 [2], [22], 
CITRIC [23], Scatter-Web [24], FleckTM-3 [25] 
and Fox node [26].  
 
3. Flexi-WVSNP Design 
Most of the existing nodes have some image 
acquisition capability but lack the necessary 
cross layer integration to achieve commensurate 
processing and wireless transmission speeds. The 
HW/SW integration and performance 
considerations have not been consistently 
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examined across all major stages of the video 
acquisition, processing, and delivery path. 
Further, consistent attention to power 
management has been lacking. We designed 
Flexi-WVSNP as a video sensor node capable of 
wireless video streaming via both Zigbee and 
Wi-Fi. Such a dual-radio system (i) integrates 
well with other Zigbee sensors, and (ii) provides 
gateway access for the sensors to the Internet. 
The Flexi-WVSNP design is highly adaptable 
and cost flexible. In its barest form, it may 
consist of only a SoC with the requisite 
swappable HW/SW modules. We believe that a 
WVSNP design needs to be application-
targetable within a few days if it is to cover a 
wide array of cost-sensitive applications ranging 
from low-cost surveillance to remote instrument 
monitoring and distributed computer vision.    
 
The Flexi-WVSNP architecture [1] introduces a 
design concept that (i) eliminates the hard 
choices of anticipating a specific application 
scenario and (ii) initially bypasses the tedious 
process of designing a comprehensive WVSNP. 
The design assumes that hardware and 
semiconductor processes will continue to 
improve, and that power savings will depend on 
the main components added for the specific 
application. The design is centered on a powerful 
yet efficient SoC that satisfies essentially all 
requirements for a WVSNP. Each module within 
the SoC is independently controlled from active 
power state all the way to off. The SoC has 
hardware supported coprocessor module 
capability and accelerators useful for video 
capture, encoding, and streaming. Flexible 
connectors can achieve application functionality. 
Each HW module has a corresponding SW 
module which can be turned off/on based on 
payload content. Neither exists if its other layer 
counterpart does not exist, which saves storage 
and power. 
 
Core components of the Flexi-WVSNP design 
are (i) a dual WiFi-Zigbee radio for flexible 
video streaming and low power network 
management, (ii) a middle-ware layer that 
transparently controls the novel HW/SW module 
match architecture, and (iiii) dynamic SW co-
driver modules in full control of HW modules. 
We are in the process of implementing a client 
driven video acquisition and dynamic delivery 
application that differs radically from a 
traditional synchronized server-client source sink 
scheme, while mapping well to WSN algorithm 
implementations. 
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1. Introduction 
In this work, we designed a real-time video 
surveillance system with active pan-tilt unit 
(PTU) camera control and content-aware video 
transmission. A cross-layer controller is 
proposed to jointly consider the procedures of 
camera control, video coding and transmission 
over wireless sensor and actuator networks 
(WSAN). Specifically, based on the content 
analysis from camera output, and channel 
information feedback, decisions of video coding 
in application layer, path selection in network 
layer, packet retransmission in link layer, and 
modulation and coding scheme (MCS) in 
physical layer are determined by the controller to 
achieve system-level optimization. 
 
       Wireless video sensor networks with active 
cameras are gaining increasing popularity in 
various WSAN applications such as intelligent 
transportation, environmental monitoring, 
homeland security, construction site monitoring, 
and public safety [1]. Current work on video 
surveillance with active cameras mainly focused 
on automatic camera control. Control algorithms 
for single [2] and multiple PTU cameras [3], or 
pan-tilt-zoom (PTZ) cameras [4], were proposed 
for automated surveillance systems. To extend 
these methods into video surveillance over 
WSANs, both video transmission and its impact 
on the accuracy of camera control need to be 
considered. In order to achieve system-level 
optimal performance, we proposed a cross-layer 
framework for real-time video surveillance over 
WSANs in which the moving objects (targets) of 
interest are tracked by PTU cameras, and the 
captured video is sent to a remote control unit 
(RCU).  The main contributions of this work are: 
i) an object detection method was proposed 
based on automatic PTU camera control for 

moving object tracking with consideration of the 
impact of video transmission delay on camera 
control decision; ii) a content-aware video 
coding and transmission scheme with cross-layer 
optimization is investigated to save network 
node resources and to maximize the received 
video quality under the delay constraint for 
moving object monitoring. 
 
2. System model 
Figure 1(a) shows the proposed system model 
for video surveillance over WSAN [5]. The 
captured videos are encoded at the camera. Each 
captured video frame is assumed to be composed 
of a target part and a background part. The target 
part is coded and transmitted with a higher 
priority than the background part. The RCU 
reconstructs received video data for target 
monitoring and sends control feedback to the 
transmitter for camera redirection. Figure 1(b) 
depicts these major functional modules: object 
tracking with camera control, object detection, 
cross-layer control for content-aware video 
coding and transmission, and the RCU. 
 

 
(a) Surveillance system [5] 

 
(b) Cross-layer optimization 

 

Figure 1. Video surveillance over WSAN 
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3. Camera control, object tracking and 
detection 
On a PTU device, the camera projection center 
remains unchanged while the pan and tilt angles 
are controllable. Figure 2 (a) illustrates the PTU 
camera control algorithm introduced in [2]. 

    
 (a) Object tracking [2]      (b) Corresponding points [7] 
 

Figure 2. PTU camera model  
 

       For object tracking, the MeanShift algorithm 
[6] is adopted to interact with the camera control 
algorithm [7]. Using PTU cameras, object 
detection has to handle the background change in 
different frames. Homography is applied to 
estimate the mapping of corresponding points. 
The multi-layer homography problem [8] is not 
considered an issue here since a point on one 
projection ray will always be projected to a fixed 
position in the image plane regardless of its 
depth, as shown in Figure 2 (b) [7]. 
 
4. Content-aware video coding and 
transmission 
With the detected target area, class information 
is attached in each packet header to denote 
whether it is target or background data. When a 
target packet arrives at a node, it will be put 
ahead of all background packets in the queue 
waiting to be served. If the packet gets lost 
during transmission due to signal fading over the 
link, it will be retransmitted until it is either 
successfully received or discarded because its 
delay deadline is exceeded. This transmission 
scheme results in different packet loss rate for 
target and background packets [9]. In turn 
different source coding decisions will be made 
for these two types of packets according to 
estimated distortion [10]. The over-all decision 
making process for source coding and 
transmission modules can be formulated as a 
distortion minimization problem under packet 
delay constraint [5]. This problem involves 
different network layers in the communication 
system, hence the cross-layer design comes as a 
natural solution. Figure 3 illustrates the idea of 
system level optimization by a cross-layer 
controller [11]. The processes of source coding 
decision, path selection and MCS configuration 
are coordinated by the controller based on video 

content and channel feedback information. 
Detailed solution strategies are referred to the 
work in [11, 12]. 
 

 
 

Figure 3. Cross-layer design [11] 
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1. Introduction 
Bandwidth is limited in wireless networks, 
which promise video, voice, and data, delivered 
to any place, any time, and in any form. 
Sometime ago, full real-time video conference 
over cellular networks remains infeasible 
although non-real-time video messages have 
been achieved in 3G cellular networks such as 
downloadable videos (in which the download 
time of the video exceeds the video playing time) 
and still images instead of video with real-time 
voice [1]. Nowadays, we experience Apple 
FaceTime, in which video-calling becomes 
reality. FaceTime for Mac supports video calls 
up to 720p and widescreen 16:9 aspect ratio with 
a built-in FaceTime HD camera so that family 
and friends  can gather around for a video call 
[2]. 
 
On the other hand, there are many efforts to 
better utilize bandwidth via cross-layer designs 
[3-8]. Particularly, in [3], a cross-layer approach 
was proposed to improve MPEG-4 transmissions 
over WLANs via four different procedures. 
 
In this letter, we briefly introduce the talking 
head approach in [1], the cross-layer design in 
[3], and discuss some potential future work.  
 
2. Using Talking Heads for Real-time Virtual 
Videophone in Wireless Networks 
 
According to [1], a real-time virtual videophone 
that includes voice and 3D talking heads was 
proposed as a different approach to tackle the 
bandwidth problem. Three basic components 
were used: 1) an image processing package to 
extract visual features from raster images and to 
capture voice at the source, 2) a standard for 
synchronized voice and data transport, and 3) a 
talking head capable of reproducing the voice 
and visualizing the abstract description of the 
facial displays [1]. Some surface features 
provided good enough reactions related to face-
to-face communication. A 3D talking head called 
Artsie was used in [1] to construct a 3D 
computer animation with facial features of 
mouth, lips, eyes, gaze, eyelids, and eyebrows, 
and synchronizes the voice stream with the facial 
features. In one example of videophones using 

talking heads [1], three steps were included: 1) a 
mini-video recorder captures a person’s head and 
voice; 2) the video and voice are converted into 
MPEG-4 format and emotional features are 
extracted through feature extraction and pre-
processing of the movement of eyebrows, 
eyelids, lip contours, direction of gaze, and head 
position and direction; synchronization 
information and emotional states are encoded 
into MPEG-4 objects; 3) the MPEG-4 or other 
format will be transmitted over wireless 
networks (such as 3G, Wireless LANs, etc.)  
 
3. A Cross-layer Approach for Prioritized 
Frame Transmissions of MPEG-4 over the 
IEEE 802.11 and IEEE 802.11e 
In [3], simulation results of MPEG-4 using 
OPNET over the WLANs show that a higher 
throughput does not always yield a better quality 
MPEG-4 video. The authors in [3] also proposed 
prioritized frame cross-layer transmission 
approach, 1) P and B frames will be discarded by 
the MPEG-4 decoder at the receiver’s Medium 
Access Control (MAC) layer if the 
corresponding I frame is lost; 2) the individual 
MPEG-4 frames are prioritized at the MAC layer 
so that I frames have a higher priority than P 
frames, which have a higher priority than B 
frames; 3) each frame (I, B, P) has a time 
deadline field for this frame so that, if the 
deadline cannot be reached, the frame and other 
related P and B frames in the same GOP should 
be deleted without further transmissions/re-
transmissions; 4) if the delay between an I frame 
and the next P frame is too long, then it may be 
better to drop the least important B frames in an 
attempt to allow the video to catch up. 
Furthermore, admission control and data control 
schemes were coupled with the proposed 
prioritized frame cross-layer transmission 
approach to MPEG4 transmissions [3]. The 
cross-layer design is between the application 
layer and the IEEE 802.11e MAC layer. 
 
4. Future Research   
 
Our potential future work includes cross-layer 
designs for video communications over 3GPP 
Long Term Evolution (LTE) and LTE advanced, 
and cross-layer designs for emerging 
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applications. For example, use FaceTime as a 
telemedicine purpose for patient diagnosis and 
care.  
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1. Introduction 
Commercial wireless technologies, such as 
802.11, have led to significant enhancements in 
consumer access and connectivity.  Many of 
these wireless technologies, however, are not 
well suited for use in sophisticated video 
surveillance applications because their 
underlying protocols were not designed to cope 
with such extreme congestion usage scenarios.  
For example, one notable flaw in many local area 
wireless technologies is their use of simplistic 
rate adaptation mechanisms, which can cause a 
wireless application to experience sudden, severe 
and often irrecoverable drops in throughput. This 
effect, which we have termed the “Snowball” 
effect has been witnessed recently by many 
researchers. 

Rate adaptation refers to techniques for 
dynamically and adaptively choosing modulation 
schemes according to channel conditions. The 
modulation schemes that yield high PHY rates 
are susceptible to corruption from interference. 
On the other hand, more resilient modulation 
schemes can be employed at the expense of 
lower PHY rates. For this reason, there was 
considerable effort in the past decade into 
developing new algorithms for effectively using 
the wireless channel.  

Transmission failures in wireless systems 
occur for two reasons: collisions and poor 
channels. Many rate adaptation algorithms 
typically address one or the other of these issues, 
and generally not both. A consequence of such a 
design is that the responses taken may not be 
suitable for alleviating the actual cause of 
transmission failure and might, in fact, worsen 
the problem. In particular, an algorithm that 
assumes errors are due to poor channel 
conditions will severely malfunction if the errors 
are actually due to collisions, and vice-versa. 

In this paper, we examine the cause of the 
problem of how rate adaptation can respond 
incorrectly to poor wireless conditions. The main 
contributions of this work are: i) an explanation 
for the cause of the Snowball Effect; ii) an 
exploration of how fast a networked surveillance 

system can recover from the Snowball Effect. 
2. An Illustrative Experiment 
We begin by showing how the “Snowball 
Effect” manifests itself in a real-world wireless 
surveillance setting. Our real-world experimental 
setup is based on a wireless, real-time, 
surveillance/security system. We consider the 
following scenario: Six to ten Axis 207w 

cameras stream video (3Mbps Constant Bitrate 
MPEG4/RTP) wirelessly (802.11g) to the central 
security center (a Dell OptiPlex GX280) via a 
wireless access point (Linksys WRT54G). The 
GX280 processes the video in real-time to 
perform actions such as: face detection, person 
tracking, forbidden zone detection, etc. Such 
systems are commonly used to secure airports, 
subway systems, and other civil infrastructure. 

Since there are so many contending wireless 
stations, we expect the main cause of 
transmission failures to be collisions, not poor 
channel conditions. Given this setup, our system 
is at high risk for the Snowball Effect (since the 
rate adaptation mechanisms will react assuming 
that the failed transmissions are due to a bad 
channel while they are really due to collisions). 

We monitored a plethora of system statistics 
in real-time using AiroPeek SE. The 
experimental procedure itself was as follows: We 
started 6 cameras, and simultaneously used 
AiroPeek to sniff the ether while the screen 
capture utility recorded the live video. We let the 
system run until the Snowball Effect occurred. 
When we operate the network as described, it 
suffers a catastrophic failure after a short amount 
of time, as illustrated in Figure 1, where the 
throughput dramatically decreases at time t=35, 
when the combination of 6 camera feeds became 
too much for rate control to cope with. 
 

 



 
IEEE COMSOC MMTC E-Letter 

http://www.comsoc.org/~mmc/                        17/23                   Vol.7, No.4, April 2012 

Figure 1. Prior to t=35, the system obtains nearly 18Mbps 
total throughput. After t=35, the system crashes and 
throughput is driven nearly to zero. In addition to throughput, 
the figure shows the breakdown of throughput into 
CTRL/MGMT traffic and video traffic, and it also shows 
goodput. 
 
3. Understanding the Cause of the “Snowball 
Effect” 
When the Snowball Effect kicks in, the 
throughput, goodput and PHY rates drop 
abruptly, leading to video quality becoming very 
bad. We now explain the causes of this sudden 
change. 

A high-level description of why the 
SnowBall Effect occurs can be summarized as 
follows: When a station lowers its PHY rate, the 
global probability of a collision, P[collision], 
increases, which in turn, causes a rate adaptation 
“trigger” criteria to be satisfied. Therefore the 
rate adaptation mechanism lowers the PHY rate 
further, thinking that the correct response to poor 
channel conditions is to try a physical layer 
modulation scheme that is more robust to noise. 
Unfortunately, this only worsens the situation, as 
now the PHY rate has become even lower, 
increasing the probability of a collision even 
further. As one can guess, this sequence of 
events spirals down into the case where the 
lowest PHY rate is selected even though the 
channel conditions remain adequate for 54Mbps 
transport. 

In [2], a formal queuing analysis was 
performed to explain the causes and effects of 
the Snowball Effect. In particular, if one 
assumed that one had a collection of wireless 
cameras operating under a normal 802.11 basic 
service set (BSS), then the probability qi that a 
newly created packet for node i would find the 
“queue” corresponding to the channel’s 
occupancy empty would decrease as the PHY 
rate decreases. Hence, we have a new qi that is 
lower than the original qi. This occurs because 
the service rate for that node would decrease 
since its lower PHY rate implies slower 
transmission and hence processing of packets.    
This result is quite intuitive. 

However, a more interesting result follows 
when the MAC layer employs throughput-
fairness, such as exists with 802.11’s DCF. It 
was shown in [3] that the existence of 
throughput-fairness in 802.11 causes faster rate 
nodes to experience roughly the same throughput 
as slower nodes. The net result and its 
implication for the Snowball Effect are quite 
profound: When one node decides to adapt to a 
lower PHY rate, the new effective (and slower) 

service rate for that node applies globally to all 
nodes. As a result, all nodes obtain a new, 
effectively lower qi than they had before! And, 
as a result, one node decreasing its PHY rate 
ultimately results in an increased probability of 
there being a collision on the channel. 
  
 

4. Recovering from a Snowball Catastrophe 
Once the network suffers a catastrophic failure, 
what does it take to get the system back at a high 
rate? To investigate this question, we performed 
an experiment where we had 6 Axis cameras, we 
started all 6 cameras simultaneously and, then, 
when the network experiences a “Snowball” 
crash, we stopped all but one of the cameras. We 
then recorded the time it took for the one 
remaining camera to recover back to the original 
PHY rate of 54Mbps, and achieve a source 
throughput of 3Mbps. 

We also repeated this exact experiment, but 
instead of stopping all but one camera, we 
stopped all but two cameras, then all but three 
cameras, etc. Figure 2 details our results. The 
captions under each figure show the number of 
active cameras after the crash and the average 
recovery times for each experiment. As 
expected, the recovery time for each experiment 
increases as we try to recover more and more 
cameras. In fact, apparently, we cannot recover 
four or more cameras (c.f. Figure 2(d)). 
 
 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 

Figure 2. Recovery from the Snowball Effect by 
intentionally stopping a subset cameras. (Recovery time is: 
(a) 12 sec. when 5 of 6 cameras are stopped after the crash; 
(b) 24 sec. when 4 of 6 cameras are stopped after the crash; 
(c) 54 sec. when 3 of 6 cameras are stopped after the crash; 
(d) System never recovers when 2 of 6 cameras are stopped 
after the crash 
 
It is clearly desirable, then to be able to predict 
the onset of a Snowball Effect before it happens, 
and from our studies we found that one should 
expect decreases in goodput to indicate the onset 
of potential problems. We identified that if one 
looked at the ratio of goodput to video data 
throughput across the total system, then one will 
typically witness a dip in this “gap statistic” prior 
to the onset of a Snowball crash. Using this 
statistic as a predictor for the bad effects of rate 
adaptation, a central coordinator should instead 
help restore the network of video surveillance 
cameras to a healthy state by either “turning off” 
the camera (thereby pre-empting the need to 
force a hard recovery of the entire system), or to 
instruct all cameras to adapt their “application 
layer” data rate (e.g. increase compression, or 
drop frames, etc.). Utilizing these two options, or 
a combination of the two, is an exciting area for 
investigation, as it becomes possible for the 
application administrator to decide whether it is 
more important to keep all cameras functioning 
at a lower quality, or to cut out unimportant 
cameras so as to help preserve the functionality 
of more critical surveillance cameras.     
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1. Introduction 
Coding, routing, and wireless transmission 
power can be optimized with respect to the 
individual user's preferences regarding basic 
video tradeoffs, such as frame rate versus 
resolution.  Such optimization is complicated 
considerably when user preferences are 
dependent on the content of the video, and thus 
subject to change at the application layer.  In 
many scenarios, such as occur in emergency 
response and military settings where a user may 
frequently switch tasks or objectives, the 
dependency of preference on content is itself 
subject to change.  This may raise a need to 
dynamically elicit or infer user preferences, and 
then interpret content relative to those 
preferences, as the basis for delivery system 
adaptation. 
 
In this article, we discuss methods for managing 
delivery quality adaptively, responding to 
changes in preferences for content inferred from 
user feedback.  We propose to infer user 
preferences using machine learning techniques 
and automated analysis of video content.   We 
propose to use a wireless distributed computing 
approach to implement adaptive capabilities in 
the cognitive radio network, allowing it to 
dynamically adapt its operation in response to 
shifts in user preferences and changes in video 
content. 
 
2. Content-based Retrieval of Video 
Content-based video retrieval is a core technical 
problem for the development of video 
distribution systems that can adapt to changes in 
user preferences that relate to application layer 
content.  The aim in content-based retrieval is to 
use training interaction with a human user to gain 
an understanding of the media content that is of 
interest to the user. Multiple instance learning 
(MIL) is an approach to the learning tasks 
common in content-based retrieval.  MIL is a 
variant of semi-supervised learning in which 
there is ambiguity associated with labels. We 
have developed a framework called self-taught 

multiple-instance learning (STMIL) that can be 
viewed as a combination of transfer learning 
with MIL [1]. To learn from a limited number of 
ambiguously labeled examples, STMIL uses a 
sparse representation for examples belonging to 
different classes in terms of a shared dictionary 
derived from the unlabeled data. This sparse 
representation can be optimized under the 
multiple instance setting to construct high-level 
features.  
 
As an initial domain for the exploration of 
content-based video retrieval, we have worked 
with instructional video taken from high school 
and college classrooms.  The goal was to develop 
an approach to content-based retrieval of 
classroom video for the purpose of supporting 
humans assessing the learning environment.  As 
with surveillance video, classroom footage has a 
number of idiosyncratic properties that present 
both challenges and opportunities in retrieval.   
Difficulties in interpretation arise from the 
complicated and dynamic nature of classroom 
events, occlusion among students, and pragmatic 
aspects of human communication.  On the other 
hand, the structured environment of a classroom 
means that, within the context of a particular 
assessment methodology, it may be possible to 
decompose dynamic events into a set of simpler 
components that are amenable to machine 
measurement.    
 
The learning aspects of our system, which we 
call the Classroom Evaluation and Video 
Retrieval (CLEVER) system, are similar to MIL 
approaches that have been used for content-based 
image and video retrieval, but differ in an 
important manner, namely that instances and the 
feature space are defined in ways that exploit the 
structure of classroom learning and the nature of 
the assessment system [2].  The key element in 
CLEVER is a mapping between the semantic 
concepts of the assessment system and features 
of the video that can be measured using 
techniques from the fields of computer vision 
and speech analysis. 
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3. Wireless Distributed Computing for Video 
Applications 
Modern wireless applications involve complex 
computational processing and communication 
tasks under stringent hardware and quality-of-
service (QoS) constraints, such as power/energy 
consumption, latency, and range. Such 
applications are prevalent in wireless sensor 
networks, tactical radio networks and smart 
phones. Tactical radio networks, for instance, 
involve complex data and signal processing in 
order to gather military intelligence and enable 
highly robust communication among military 
units. In the commercial arena, the grand success 
of smart phones has opened up the need for user-
friendly applications, which are resource 
intensive. The complex computations can be 
executed either locally on a single radio node or 
in a distributed manner on a collaborative radio 
network.   
 
Wireless Distributed Computing (WDC) is a new 
field that has been studied for only the last few 
years [3-6]. WDC addresses two key challenges: 
the wireless link QoS (availability and quality) 
and the limited power resources available in 
mobiles nodes. The wireless link’s availability 
and quality may cause delays and variations in 
throughput that need to be taken in account. 
Furthermore, when mobile nodes are used, the 
link quality will affect the node’s power 
consumption, in addition to the processing 
assigned to the specific node. Therefore, all the 
parameters need to be optimized and configured 
jointly [9]. 
 
4. Machine Learning of User Preferences and 
WDC Implementation on Cognitive Radio 
Network  
The focus of our current work is to develop the 
capability to infer from brief training sessions the 
preferences of users for video content in the 
context of surveillance scenarios.  While 
laboratory in nature, training scenarios contain 
key elements of interest to mobile users, such as 
facility security and monitoring and local 
situational awareness for military patrols.   Our 
approach is to leverage our experience with 
retrieval of classroom video described above, 
using MIL and following a semantic-driven 
approach to feature definition.  
WDC is a prime candidate for data intensive 
tasks such as video processing, as it can be used 
to distribute tasks such as video compression and 
distribution to multiple mobile nodes, reducing 

processing time and the power burden on 
individual nodes.  We plan to develop an 
adaptive compression capability on the Cognitive 
Radio Network Testbed (CORNET) [6, 8], the 
only general-purpose, academic software-defined 
and cognitive radio testbed. With 48 state-of-the-
art USRP radio nodes scattered throughout an 
academic building, CORNET allows testing of 
diverse wireless topologies. The USRPs 
synthesize the RF signals, while a rack of servers 
perform the associated digital signal processing.  
 
In the formative experiments that we are in the 
process of performing, Virginia Tech's cognitive 
radio network manages delivery quality 
adaptively, responding to changes in preferences 
for content inferred from user feedback. The 
radios receive a priority-tagged video that must 
be compressed and distributed.  Subsequently, 
the WDC system arranges for parts of the video 
to be received by the different nodes for 
processing and further distribution.   After a 
proof-of-concept demonstration, we will gather 
data on the relationships between network 
operation, machine learning accuracy, and 
perceived utility to the user, all in the context of 
content changes corresponding to the events 
unfolding in the scenes under video observation.    
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