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ABSTRACT
TOWARD ZERO DELAY VIDEO STREAMING
By
Hothaifa Tariq Al-Qassab

Video streaming has been growing rapidly since the beginning of this century and it is
expected to continue growing. Meanwhile, transmission delay is a well-known problem in video
streaming and it has been addressed by many prior works that demonstrated the feasibility of
reducing packet delays over the Internet by employing a variety of end-to-end techniques.

This thesis consists of two parts that introduce new video streaming frameworks over the
Internet and over connected-vehicle networks, respectively. Our objective in the first part of this
thesis is to improve video streaming over the Internet. The emerging of new technology such as
the HTTP-based Adaptive Streaming (HAS) approach has emerged as the dominant framework
for video streaming mainly due to its simplicity, firewall friendliness, and ease of deployment.
However, recent studies have shown that HAS solutions suffer from major shortcomings,
including unfairness, significant bitrate oscillation under different conditions and significant
delay. On the other hand, Quality-of-Service (QoS) based mechanisms, most notably multi-
priority queue mechanisms such as DiffServ, can provide optimal video experience but at a
major cost in complexity within the network. Our objective in this thesis is to design an efficient,
low complexity and low delay video streaming framework.

We call our proposed Internet streaming framework Erasable Packets within Internet Queues
(EPIQ). Our proposed solution is based on a novel packetization of the video content in a way
that exploits the inherent multi-priority nature of video. An important notion of our proposed
framework is Partially Erasable Packet (PEP). Furthermore, to evaluate our framework

performance, we developed an analytical model for EPIQ that shows significant improvements



when compared to the conventional and multi-priority queue video transmission models. Under
congestion, a best-effort AQM router can simply erase an arbitrary portion of a PEP packet
starting from its tail where we denote this process as Partial Erasing (PE). To complement partial
erasing in the AQM, a rate control protocol similar to TFRC is proposed to ensure fairness for
video and non-video traffic. Our results show that EPIQ provides improvements in video quality
in terms of PSNR by at least 3dB over traditional video streaming formworks. In addition, packet
loss ratio and delay jitter performance are comparable to the optimal video streaming mechanism
that is offered by multi-priority systems such as DiffServ.

The main objective of the second part of the thesis is to develop a vehicle active safety
framework that utilizes video streaming and vehicle-to-vehicle (V2V) communication for driver
warning. Most prior efforts for V2V safety applications have been limited to sharing vehicle
status data between connected vehicles.

We propose a Cooperative Advanced Driver Assistance System (C-ADAS) where vehicles
share visual information and fuse it with local visuals to improve the performance of driver
assistance systems. In our proposed system, vehicles share detected objects (e.g., pedestrians,
vehicles, cyclists, etc.) and important camera data using the DSRC technology. The vehicle
receiving the data from an adjacent vehicle can then fuse the received visual data with its own
camera views to create a much richer visual scene. The sharing of data is motivated by the fact
that some critical visual views captured by one vehicle are not visible or captured by many other
vehicles in the same environment. The experimental results showed that our proposed system
performed as intended and was able to warn drivers ahead of time, and consequently, it could

mitigate major accidents and safe lives.
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Chapter 1 Introduction

1.1 Video Streaming

Video streaming has been growing rapidly since the beginning of this century and it is expected
to continue growing. In 2015, the video traffic occupied 70% of total internet traffic and it is
expected to reach 82% by the end of 2020. With rapid growth of internet traffic led by video
traffic, the Internet busy hours will double before the end of this decade [1].

One of the most popular video streaming solutions today is based on the HTTP Adaptive
Streaming (HAS) [2]. HAS client uses HTTP signals to request video chunk with certain bit-rate
from the server. The user estimates the TCP throughput, which is used to carry video stream
data, to select the corresponding video chunk from the server. This method is called Pull-Based
video streaming. It is more suitable for Over-The-Top (OTT) streaming services that do not need
high QoS.

HTTP-based Adaptive Streaming (HAS) has emerged as the dominant framework for video
streaming mainly due to its simplicity, firewall friendliness, and ease of deployment [3]. HAS
solutions rely on popular protocols, such as HTTP and TCP, and on standard network services
supported currently by the best-effort Internet. An important example of HAS is the well-known
and popular MPEG Dynamic Adaptive Streaming over HTTP (DASH) standard that is supported
by many major industry players [2]. Consequently, HAS has been receiving a great deal of
attention, and many efforts have been proposed toward improving its performance and
addressing many of its technical challenges. Some of the primary challenges that have been
highlighted and studied by recent efforts include HAS’s inefficiency in using network resources,

and its inherent reliance on TCP, which leads to key issues such as delays and a highly



undesirable oscillatory behavior that changes the streamed video bitrate and its quality profile
rather frequently [4][5][6]. Recent studies have been proposed to improve the performance of
HAS technology by improving the rate adaption algorithm and its approach for estimating
available bandwidth (e.g. [7][8][9]). Meanwhile, the popularity of multimedia applications and
the unprecedented growth of video traffic over the best-effort Internet have arguably aggravated
DASH’s challenges and led to a noticeable increase in the frequency and severity of network
congestion events [7][9][11]. All of these challenges and issues have resulted in well-
documented problems in degrading the end users’ Quality-of-Experience (QoE). More
importantly, and as highlighted recently by key marketing studies[12][13], continued degradation
in consumer’s QoE could lead to a negative impact on the overall HAS and Over-The-Top
(OTT) video market in a very significant way.

Another type of a video streaming method is called Push-Based streaming. In this streaming
method the server keeps streaming video contents until the client interrupts or stops the server.
The server collects information from the client and determines the sending rate. This method
usually relies on multimedia transport protocol (like Real-Time Streaming Transport Protocol
(RSTP)) rather than TCP. RSTP provides an efficient and low latency medium to multimedia
contents. Since this method provides low latency, it is often used for real time streaming
applications such as video conference and video broadcasting. One important advantage of Push-
based method is Multicast support which is essential in broadcasting. However, the Push-based
method has a high overhead on the servers and requires special multimedia servers which make
it not commercially profitable as the HTTP/TCP Pull-based method [3]. Additionally, because it

uses especial multimedia transport protocol, the Push-based method is not network firewall



friendly. Nowadays, real-time transport protocol use is limited to video conference applications
like Skype, Google Hangout and Apple Facetime.

In addition to smooth video streaming, Multimedia Transport protocol also provides a
congestion control mechanism that is essential for fair network resources sharing. For a
multimedia transport protocol to achieve the high quality of experience it has to offer the
following: a) low network latency and jitter b) high data rate and low queueing delay c) fast
response to any change in network bandwidth d) can handle fluctuation in the send video bit rate
due to variable rate video coding e) the congestion control mechanism has to be TCP friendly,

and f) react to both explicit and implicit congestion indications from the network [14].

1.2 Video Streaming Related Work

HAS is currently the most used technology for video streaming. There have been several works
that study the performance of commercial HAS solutions. In [7] the authors summarize the
drawbacks of the conventional HAS systems. These drawbacks include: (a) Unfairness among
video and non-video flows; (b) Oscillation in the requested video bit rate; and (c) Inefficient
video bit-rate selection; and a forth drawback, (d) large delays, especially for live streaming, was
studied in [15].

To improve the performance of HAS, several approaches were proposed. The authors of [9]
proposed a four-step model (estimate, smooth, quantize and schedule) to design a rate adaptation
algorithm. Several studies proposed using control theoretic approaches to govern the rate
adaptation process. For example, in [8] proportional integral derivative (PID) controller is used.
A stochastic Markov Decision Process (MDP) approach was proposed in [16] to maximize video

quality. In [17] the author suggests using an online algorithm to adapt the video bitrate to achieve



a stable video quality experience. Scalable Video Coding (SVC) was proposed by [18] and [19]
to minimize the required storage for video files and to increase the supported video rates. In [20],
the authors proposed a scheduling algorithm to deliver different SVC priority packets over
HTTP. The authors in [15] suggested using new a HTTP 2 to reduce the HTTP delay.

Regarding Push based method, One of the first real time protocol is the TCP Friendly Rate
Control protocol (TFRC)[21] which is a rate-based protocol and the main part of IETF Real
Time protocol (RTP). Rate-based protocols offer a smooth video transmission by using TCP
sending rate equation. The early Multimedia protocol is focused on maintaining TCP friendliness
by using packet loss as the sole indication for congestion in the network, similar to the loss based
TCP[22]. However, loss based algorithms tend to fill bottleneck queues and cause buffer
bloating [32] . Delay based congestion control algorithms represent the best alternative to loss
based congestion control algorithm since they react to increase buffer size [22]. However, it is
well known that delay based congestion control algorithms don’t share resources fairly with loss
based congestion control algorithms [14]. New real time streaming protocols like Network
Assisted Dynamic Adaptation (NADA) and Google Congestion Control (GCC) use delay in
addition to packet loss in computing the sending rate to achieve smooth video streaming[14]
[22]. IETF Real Time Communication for Web (RTCWeb) proposes to uses GCC algorithm for
real time video communication. GCC uses a loss based rate calculation algorithm at the sender,
but a delay based rate calculation at the receiver. The algorithm uses both rates to compute the
appropriate sending rate [23]. However, the author in [22] found that GCC does not share
bottleneck bandwidth fairly with other flows. Another recent algorithm is Network Assisted
Dynamic Adaptation (NADA). The algorithm combines packet loss, one-way delay and packet

marking into a composite signal that is sent periodically from the receiver to the sender. The



sender uses the composite signal to compute a reference sending signal and a rate shaping buffer
to achieve a smooth sending rate. Results show that NADA[14] achieves good results in

multiple video stream scenarios while it achieves mixed results when competing with TCP flows.

1.3 Multimedia Priority Dropping

Quality of service (QoS) is one of the most interesting topics for in computer networking
nowadays. A network with QoS provides better performance than best-effort to end flows.
Applications such as multimedia requires high quality QoS characteristics (low delay and packet
loss) for end to end data flow that the current best effort internet does not offer. Significant
research efforts have been made to improve the current internet [24] .

It is well known that delivery of optimal video over variable bandwidth networks, such as the
Internet, can be achieved by exploiting the multi-priority nature of video content. A primary
example of a video-streaming framework that can achieve consistent high-quality video delivery
is based on multi-priority queuing of the video packets. In particular, DiffServ [25] has emerged
as the leading multi-priority video queueing solution.

Under DiffServ, the video stream is divided into sub streams that are marked with different
dropping precedence. As packets travel in the DiffServ network, low priority packets are
dropped during congestion. To reduce queue management overhead and overall network
complexity, the number of DiffServ priority queues is limited to only a few. Another related
framework is based on a single network node that utilizes Active Queue Management (AQM) in
conjunction with Priority Dropping, or AQM-PD. The single node may use single or multiple
queues. Using a single queue with a priority dropping mechanism causes significant overhead

when compared with DiffServ. When multi queue is used it is limited to few to reduce



complexity. Consequently, despite the broad support for DiffServ within network routers, it has
not been utilized in a significant way, and certainly not at the level that HTTP Adaptive

Streaming (HAS) based solutions have been employed and used.

1.4 Multimedia Priority Dropping Related Work

Priority-based video transmission is a vast area that emerged from the early days of video
streaming. Here, we briefly outline a very short list of key solutions that are relevant to the
proposed EPIQ framework. In particular, complete system solutions that include end-to-end
solutions with full network support and are not limited to network edge solutions like PET
(Priority Encoding Transmission) and Unequal Error Protection (UEP) that are widely used in
lossy wireless interface (i.e. network edge)

One of the first successful efforts to introduce QoS guarantees was DiffServ. Its scalable and
distributed mechanism made it the most widely deployed QoS supported technology
nowadays[25] . One early example for exploiting unequal priority of video packets using
DiffServ was proposed in[26][27]. To take advantage of DiffServ, the packets of a video stream
are divided and marked using a rather sophisticated mechanism to adhere to certain ISPs’
policies. The authors of [28] proposed a DiffServ, UMTS and DVB cross-technology system
solution that provides priority dropping to video streams across all systems. Because DiffServ
packets marking polices are defined by the ISPs not by the end users, any network condition
changes inside the DiffServ network would force video packets remarking to maintain adherence
to ISPs’ policies[29][30]. However, to overcome DiffServ packet marking polices, authors
of[31] proposed a simple differentiated service by supporting multi service profiles (e.g. low

delay) for video streams.



Other mechanisms were proposed to improve priority-based video transmission using AQM.
In general, an AQM algorithm operates on a single network device queue to improve channel
utilization and minimize network delay and congestion (See[27] for a comprehensive survey
about AQM.). In recent years, AQM has also been proposed to solve buffer bloating within
Internet queues[32]. AQM with priority dropping (AQM-PD) provides the desired video stream
priority packet dropping. In REDN3[33] , a multi queue AQM algorithm was proposed where
each queue use Random Early Detection (RED) [34] algorithm with different packet dropping
probability to provide priority dropping. Similarly, the authors in [35] proposed PID-PD, a single
queue algorithm that employs proportional-integral-derivative (PID) controller to perform AQM
and a sorting algorithm that sorts packets according to their dropping precedence. An analytical
model of best effort video transmission is proposed in[36]. The model shows the importance of
priority dropping over random dropping in layered video streams. In addition, the author
proposed a multi queues mechanism that has different dropping precedence and congestion
control algorithm to mark the video packets according to network condition. However, all of the
proposed solutions that use multi queues to support video priority dropping have a limited
number of queues. If the number of the video priority levels is more than the number of queues
then the usefulness (or utility) of the packets delivered to the video decoder cannot be

guaranteed.

1.5 Vehicle to Vehicle Safety Systems
Vehicle-accident related fatalities, especially those caused by human errors exceed one million
every year worldwide [37]. In response to such statistics, a variety of safety measures have been

proposed. In particular, in the United States, the US Department of Transportation (USDOT) in



collaboration with state-level DOTs and experts nationwide have pursued the development of the
Dedicated Short-Range Communications (DSRC) technology and related standards, which are
designed for significantly improving safety measures through vehicle-to-vehicle (V2V) and
vehicle-to-infrastructure (V2I) communications [38]. The USDOT pilot test program concluded
that DSRC can reduce vehicle related accidents significantly. The USDOT also issued a
recommendation that the DSRC technology should be mandated for all new light vehicles in the
near future [39].

One important category of vehicle-related accidents involves pedestrian-vehicle collision. In
the US in 2015, the number of pedestrian fatalities caused by vehicle accidents was 5,376, a 23%
increase from 2009. Pedestrians’ fatality is one of the few categories that experienced an increase
in the past few years. Furthermore, most of the pedestrian accidents happen in urban areas [40].

One of the many accident scenarios that involve pedestrians is when a stopping vehicle
occludes a crossing pedestrian from being viewed by other vehicles. A second passing vehicle’s
driver only notices the presence of a crossing pedestrian after the pedestrian is within a very
close proximity to the second vehicle. In such scenario, the passing vehicle driver may fail to
stop the vehicle in a timely manner, due to the close proximity to the pedestrian, and this leads to

a potential injury or even fatality for the pedestrian.

1.6 Vehicle to Vehicle Safety Systems Related Work

DSRC is designed to support a variety of Vehicle to Infrastructure (V2I) and Vehicle to Vehicle
(V2V) safety applications. In academic literature, extensive research has been done on vehicle
communication applications. One of the important applications that rely on DSRC for active

safety is C-ADAS. However, many of these safety applications, for example cooperative



adaptive cruise control (CACC)[41][42] Cooperative Active Blind-Spot Assistance (CABSA)
[43] and Cooperative Frontal Collision Avoidance (CFCA)[44], use DSRC to share only vehicle
status information to the surrounding vehicles ( i.e. no radar, lidar or visual information is
shared) .See [45] for a comprehensive survey about C-ADAS . In this section we will focus on
the work that is related to video streaming over DSRC.

Video streaming for safety applications is challenging because such applications require low
end-to-end delay and good visual quality. In[46][46] the authors suggest using radar to determine
distances between vehicles for efficient power control and to enhance the video quality. In
[47]the authors proposed using adaptive MAC that adjusts the retransmission limit based on
channel condition. In [48] and [49] the authors proposed using hybrid DSRC/LTE system. The
authors suggested using QoS-aware and handover algorithm to switch between the two
communication interfaces[50]. From a safety application prospective, in [51][52] the authors
proposed using video transmission in overtaking maneuver assistance system (see-through
system (STS)). The authors of[53], further improved the system by using adaptive channel
coding and heuristic-based power control algorithm. To the best of our knowledge, STS is the
only safety application that has been proposed to improve road safety. STS only provides visual
information without any additional information. Meanwhile, our proposed system processes and
shares both visual and computational information to further improve road safety.

A variety of new vehicle models typically include an Advanced Driver Assistance System
(ADAS) that helps prevent pedestrian and other forms of accidents. The success of such system
usually depends on the distance between the moving vehicle and pedestrian and on the vehicle
speed [54]. On the other hand, standard DSRC’s Basic Service Messaging (BSM) application

only shares information about the vehicle conditions and status [55].



1.7 Summary of Contributions

In this thesis, we introduce novel solutions for video streaming and vehicle safety systems. Our
contribution can be summarize to two topics as follows;

a) Video streaming: We proposed a novel video streaming framework that is capable of
delivering optimal and consistent quality-of-experience similar to the quality promised by
DiffServ while requiring minimal low-complexity network support similar to the support
provided by standard and popular AQM algorithms over the best-effort Internet. We refer to our
framework as Erasable Packets within Internet Queues (EPIQ). There are two important aspects
of the proposed EPIQ framework. First, EPIQ is based on a novel packetization of the video
content in a way that exploits the inherent multi-priority nature of video. In short, each EPIQ
packet consists of multiple segments, and where each segment consists of video data of a
different priority (see Fig. 2.1). The highest priority segment is placed next to the packet header
whereas the lowest priority segment is placed at the tail of the packet. For example, an EPIQ
packet can include Intra-coded frame (I-frame) bytes next to the header, followed by Prediction
frame (P-frame) bytes, and then Bi-directional (B-frame) bytes at the tail of the packet. This
novel packetization enables the second major aspect of the proposed EPIQ framework. Under
congestion, a simple AQM mechanism can be realized where a network router could drop (or
erase) only small portions located toward the tail of EPIQ packets instead of dropping complete
packets as traditionally done by current routers. Hence, EPIQ enables a novel partial erasing
paradigm within the network. Thus, we refer to an EPIQ packet as Partially Erasable Packet
(PEP). Throughout this dissertation, we will use the two terms “EPIQ packets” and “PEP
packets” interchangeably. It is important to note that EPIQ does not require multi-priority queues

or highly complex marking algorithms. There is no need to maintain state information of any set
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of separate flows or multiple queues. EPIQ can be realized using a single queue, and the only
added complexity is that the router needs to distinguish between PEP packets and traditional
packets.

b) Vehicle Safety: We propose a novel Cooperative Advanced Driver Assistance System (C-
ADAS) and we call it Cooperative Pedestrian Collision Avoidance System (CPCAS). The
system could improve vehicle safety significantly, and consequently, it could save thousands of
lives and prevent many injuries annually. Our system’s aim is to improve road safety by enabling
vehicles to share sensors information to improve their on-board active safety systems and driver
assistance system. Our novel system design is flexible and comprehensive because it can share
any type of sensor information with other vehicles. Here, we mainly focus on visual information
sharing in reducing pedestrian accidents. In particular, the system shares vehicle’s visual and
data information about detected objects that are occluded from other surrounding vehicles. Our
proposed system includes a novel selective sharing algorithm. Specifically, the system provides
low latency information sharing that enables the driver and active safety systems to make a real-
time emergency decision. The low latency is attributed to DSRC equipment and, more
importantly, to our selective sharing algorithm. We present results that are based on actual road
tests. We conducted our experiments using DSRC compatible devices and off the shelf sensors to

validate our system performance and functionality.

1.8 Thesis Organization
The remainder of the Thesis is organized as follows.

* Chapter 2 presents the EPIQ framework and its analytical model.
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Chapter 3 describes the detailed aspects of EPIQ including the AQM (EPIQ-RED) and
rate control mechanisms (EPIQ-TFRC).

Chapter 4 presents our extensive ns-2 based simulation results.

Chapter 5 presents our vehicle to vehicle safety system design and implementation

Chapter 6 provides a brief summary of the dissertation
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Chapter 2 EPIQ System Design and Analysis

2.1 EPIQ System Overview
Traditional random packet dropping by the network could cause severe degradation in the quality
of user experience of streamed video applications. This quality-of-experience degradation is
usually manifested by frequent video-freeze events [36]. A root cause of this phenomenon is the
well-known dependency among video packets and the inherent multi-priority nature of
compressed video content. The proposed EPIQ framework mitigates these issues through a novel
packet design that we call a Partially Erasable Packet (PEP) structure. A PEP structure is
conceptually simple, and it is illustrated in Fig. 2.1. For any set of compressed video frames, we
can identify different levels of priority for the content of such set. These levels could correspond
to different picture types (i.e., I, P, and B frames) of a non-scalable video stream; or, they could
correspond to different layers of a scalable video frame (i.e., a base-layer and multiple
enhancement layers); or, a combination of both. Whatever the case, a video stream can be
divided into different priority levels as shown in Fig. 2.1. Under EPIQ, we partition the video
content of each priority-level and distribute that content into multiple PEP packets. More
importantly, we place the highest priority content next to the header while placing the lowest
priority content at the tail end of the packet. All other priority levels are placed progressively
between the highest and lowest priority level content between the header and the tail of the
packet as shown in Fig. 2.1.

For the sake of clarity in the presentation and analysis, we present a few definitions
associated with the proposed EPIQ framework and PEP structure. EPIQ Video Set (EVS)

represents a set of prioritized video content. In general, EVS could represent any set of video
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frames that can be partitioned into multiple priorities. For example, an EVS can correspond to a

GoP for non-scalable video.

EPIQ Video Set (EVS) EPIQ Packet Set (EPS)

Figure 2.1: The mapping of multi-priority video content from an EPIQ Video Set (left) to
Partially Erasable Packets of an EPIQ Packet Set (right)

EVS could also correspond to a single scalable frame that includes multiple layers of a
scalable video stream. Hence, an EVS represents a video content that can be partitioned into
multiple priority levels (the left side of Fig. 2.1). EPIQ Packet Set (EPS) represents the set of
PEP packets that carry the content of one EVS. Thus, we divide each EVS priority level into
different segments that we distribute among the packets of an EPS. Although not necessarily the
case, in Fig. 2.1, each EVS priority level is divided into equal-size segments, which are
uniformly distributed among the EPS packets.

The novelty and power of the proposed EPIQ packet structure is that it enables a simple and
best-effort-like queue management mechanism while mimicking and achieving the benefits of
multi-priority queue management approaches. During congestion, and instead of dropping a
complete packet, a router can now simply erase an arbitrary portion of a PEP packet starting

from its tail. It is important to note that the router does not have to be aware of the number of
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priority segments or their sizes within a PEP packet. Based on a RED-like AQM algorithm, the
router can decide the size of the portion to be dropped from any randomly selected set of PEP
packets. Hence, this partial erasing paradigm leads to dropping low-priority content and
preserving high-priority content. Consequently, an EPIQ streaming solution can achieve the
performance of complex multi-queue systems while maintaining the low-complexity of best-
effort solutions without the need to manage a large number of queues or maintain the state
information of a large number of flows. The only added complexity for an EPIQ-based solution
is that the router needs to simply identify if the packet has a traditional structure or if it is a PEP
packet. This requirement can be simply achieved, for example, by using the IPv4 header’s
differentiated services code point (DSCP) and flag fields. Also, to increase the speed of the
packets selection process, the router could maintain a list that points to the starting locations of
the PEP packets in the queue. Finally, it is worth noting the following. For a given EPIQ packet
set, the EPIQ sender usually generates equal-priority packets since each PEP packet contains the
same priority levels. This notion reinforces the need for single queue AQM management since

all PEP packets are, in general, equally important.

2.2 Systems Analytical Model
In this section, we develop an analytical model for the performance of the proposed system. This
analytical model is intended to provide an insight into how our system performs in comparison

with other traditional streaming systems.

2.2.1 EPIQ
Our analysis is applied to an EPIQ packet set (EPS) that carries the content of multi-priority

video. An EPIQ packet set can represent the content associated with a single scalable video
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frame that is mapped onto this packet set. Or, an EPS set can carry the content of a complete
GoP of scalable or non-scalable frames. In general, successful decoding of low-priority data
requires successful delivery and decoding of higher-priority data; otherwise, lower-priority data
become useless even if they are delivered. Hence, regardless of the form of an EPIQ packet set, it
is crucial to evaluate the utility of the data delivered. Thus, our objective here is to quantify the
performance of our system by measuring the utility of the delivered data to the decoder. This is
crucial for achieving optimal video delivery since reducing congestion by dropping video content
should have minimal detrimental effect on video quality.

Let p be the probability of dropping a packet within the network under traditional best-effort
streaming (e.g., using HAS or RTP). If the average size of a packet is S bytes, then p is also the
probability of dropping S bytes. Under the proposed EPIQ framework, p becomes the probability
of erasing the same number (S) bytes from PEP packets in the network queue. Hence, in either
case, p represents the average loss rate.

For our analysis, we use a set of parameters that are outlined and described in Table 2.1.
Further, Fig. 2.2 shows an example for mapping a traditional scalable video frame with Np
packets into an EPIQ packet set using the same number Np of Partially Erasable Packets (PEPs).

Let By be the size of one EPIQ packet set in bytes. Since S is the packet size in bytes, for

both the traditional and EPIQ packetization we have the following:

Br=N, -S 2.1)
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Table 2.1: Stochastic model parameters

Parameter Description
Np Number of packets in an EPIQ packet set (EPS). For consistency, this is
the same number of packets used to packetize the corresponding video
data according to a traditional approach.

S Size of each packet in bytes. This can be the average size of a packet
when the packets have variable sizes. Or, it can be a constant if the same
size used for all transmitted packets.

Ng Number of packets (from an EPIQ packet set) that are subjected to partial
erasing.

é Number of bytes that are erased (or “deleted”) from each of the Ng
Partially Erasable Packets (PEPs) of an EPIQ packet set. Note that §
varies from one EPS to another.

5 The expected value of §.

A Expected loss in one layer

Br Total number of bytes in an EPIQ packet set:
BT = NP - S
Biost The total number of bytes that are erased (lost) by a router due to a
congestion event. Under EPIQ), this erasing takes place over N Partially
Erasable Packets (PEPs).
Biost = 6 - Ng
For consistency, B, also represents the total number of bytes lost due to
packet dropping under a traditional approach.
Byn The number of bytes of an EPS that become useless (or unused by the
video decoder) due to a loss/erasing event.
By Useful data, measured by number of bytes from an EPIQ packet set, that

are used by the video decoder:

By = By — (Blost + Bun)
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Note that Eq. (2.1) is valid for both our proposed solution and a conventional system. One of
the important aspects of our proposed analysis is that it maintains consistency in terms of the
amount of lost data in comparison with a conventional system. To capture this consistency, let
B;,s: be the number of bytes that would be lost in a conventional system due to packet dropping.
Now, if the probability of dropping a packet is p, then the expected value of the number of bytes
to be lost within an EPIQ packet set can be written as:

E[Biose]l =p - Br (2.2)

Similarly, we use B,z to represent the total number of bytes lost from an EPIQ packet set
due to partial erasing. Note that in a conventional system, B;,s; corresponds to the number of
bytes lost due to dropping complete packets; while in our proposed solution B, represents the
number of bytes lost due to erasing portions of multiple packets. Either case, we use the same
value for B, for the sake of consistency and fairness when comparing the two solutions
(traditional and EPIQ).

To capture our partial erasing (PE) process for distributing the loss B;,s; bytes over multiple
packets, we define two parameters Ny and §. Fig. 2.2 shows an illustrative example, where N =
3 packets that have been randomly selected by the network for partial erasing. In general, each
selected packet that is subjected to partial erasing encounters a different level of erasing. Note
that the Fig 2.2 shows that the Ny = 3 selected packets are contiguous. This is not necessarily
the case; contiguous packets are shown in the Fig 2.2 mainly for ease of presentation. Also, the
dropped portions are arbitrary, and they do not have to coincide with the border of video slices
within the selected PEP packets. While there are many PEP packets in the queue, the EPIQ AQM
algorithm can select any number of PEP packets. As our analysis and simulations will

demonstrate, optimum video quality can be achieved by selecting the maximum possible number
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of packets in the queue for partial erasing. This process, however, leads to a variable number
(Ng) of packets (from a given EPIQ packet set) that encounter partial erasing. Consequently,
when congestion occurs at the network, then at the receiver, we may observe anywhere from a
single packet to a maximum number of Np packets that have suffered from partial erasing for a

given EPIQ packet set. Hence, under congestion, Ny is a uniform random variable with a
probability mass function i. It is important to note that we are assuming that the erasing
happens at the slice boundary. We call this EPIQ Fine Grain Scalability (FGS) model.

The second parameter in this analysis, §, represents the average number of bytes that are

erased from the Ny packets selected for partial erasing. Consequently, for an EPIQ based loss

event, on average, we have the following:

B lost] (2.3)

6=E[NE

Useful | Loss

K EPIQ System / \ Conventional System J

Figure 2.2: EPIQ vs. conventional packetization

Now, we would like to compute the amount of useful data received by the decoder. Let By be

the useful data (measured in bytes) recovered from one EPIQ packet set (EPS), which consists of
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Np PEP packets. As illustrated in Fig. 2.2, the useful portion is the lower part of PEP packets that
belong to the same EPIQ packet set. Hence, under this model, on average, erasing a set of §
bytes from the Ny packets that have been subjected to partial erasing will, on average, cause &
bytes from all other (Np — Nj) packets of an EPIQ packet set to become useless. Consequently,

we have the following:

B
E[Bylrgs = By — 6 - Np = By E[ lo“] - Np (2.4)
Ng
E [BZOSt] ~ ElBiost] _ cov@Biose, N) | var(Ne)E[Biost] (2.5)
Ng I E[Ng] E2[Ng] E3[Ng]

Here, we assume that: (a) the variation in Ny value is rather small relative to its mean; and
(b) the correlation between B, and N is also small relative to the expected value of Ng. Our
simulation results confirm that these assumptions are quite reasonable. This leads to the first

order approximation of Eq. (2.5).

Blost] ~ E[Blost]

N, E|N

E [Ng] 2.6)

Hence,
E[B;ys 2.7
E[BU]FGS = Br — E['[Ii/E]t] *Np @7

Or,
_ B p-Np\ _ B 2.p.Np (2.8)
ElBylres = Br (1 E[NE])_BT (1 1+Np)

In the FGS model we assume that the erasing happens at the EPIQ slice boundary. We would

consider the FGS an ideal model for our system performance when we have Multi Grain
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Scalability (MGS) coding like Scalable Video Coding (SVC). In practice, the lower priority
frames tend to be small, thus it is more likely to experience drop at the boundary rather than
experiencing partial erasing. When a layer experiences partial erasing the whole layer become

useless. Fig. 2.3 shows the difference between the two models.

FGS MGS

Figure 2.3: EPIQ FGS vs. EPIQ MGS packetization

As we stated earlier, the EPIQ Packet Set (EPS) may carry one frame and its enhancement
layers or a GoP frames. Let’s assume that each PEP consists of k slices ( L; ... L) and a slice
size of m; bytes. Low priority layers are small which results in small slices size that reduces our
useless data. However, for simplicity, let’s assume all layers that are carried by one EPS have a
similar size of M such that

K (2.9)
By = N, (Zmi) = Np (k * M)

1

Even losing the smallest portion of a layer will result in a useless layer. Since we are
assuming equally sized slices, then we can find the useless portion of the layer A in one PEP

using [By] in Eq. (2.8) as

_( [By] [By] (2.10)
A= <M*NP_[M*NP ) M
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The expected usefulness for our MGS model [By |65 can be rewritten as follows

E[Bylugs = Br — (6 +A) - Np (2.11)

To further normalize the models, we define a utility function U:

g ElB]
E[BU]Capacity
(2.12)
Where E[By]capacity is the channel capacity which is:
E[BU]Capacity = Np(]- - p)
(2.13)
B, —6-N
UEPIQ_FGS = Tlfplz
(2.14)
By — (5 +A) Ny (2.15)
UEPIQ_MGS = 1-p

A comparison between the two models is shown in Fig. 2.4. It is clear that the ideal model (FGS)
performs better than the MGS model. However, we can notice that increasing the number of
layers in each packet improves the performance. Hence, we can improve the performance by

increasing the size of EPIQ Packet Set (EPS)
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Figure 2.4: EPIQ FGS vs. EPIQ MGS utilization

2.2.2 Best Effort

In Best Effort (BE) video transmission, all video packets are treated equally regardless of the
packets contents priority. Similar to our proposed system, EPIQ, we measure the performance of
the BE system by computing the usefulness of the received packets. An analytical model for Fine
Granularity Scalability (FGS) stream is developed in[36] for Best Effort streaming. The model
can be used to measure the performance of a packet with sequential dependency. Using the same
terminology for EPIQ, let p be the probability of packets dropping and Np be the number of
packets in a video set. The video set can be GoP or SVC frame. Now, let us assume that the

distance between two packets drop locations is a geometric random variable. If packet i
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experiences packet loss, then i — 1 packets are useful. The expected usefulness of BE can be

written as:
Np 0 (2.16)
ElBylpsgs = ) (= DA =p)'p+ ) Np(1—p)p
i=1 i=Np+1
Np Np (2.17)
E[Bylspes =P ) (1= DA =p) + Np(1=p ) (1=p)™)
i=1 i=1
Np-1 Np-1 (2.18)
ElBylsses =P ) 1A1=p) +No(1=p > (1-p)")
i=0 i=0
The two summations terms can be reduced to :
1_
E[Bylsgees == (1= (1 —p)"") 2.19)

Similar to the EPIQ system , we developed an MGS model for the Best effort system. Fig
3.5 shows the difference between the FGS and the MGS models of BE system.
The expected usefulness for the MGS model of the Best Effort model can be written as

k
E[BU]BEMGS = <Z L )

i=1

K (2.20)
[[a- p)Li] (1= (1 =p)ne)

Similar to EPIQ, we compare the utilization of the MGS and the FGS models of the BE
system. Fig. 2.6 shows a comparison between the two Best Effort models. It is clear that the FGS

model performs better than the MGS model.
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Figure 2.5: BE FGS vs. BE MGS packetization
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Figure 2.6: BE FGS vs. BE MGS utilization
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2.2.3 Multi Priority Queue (MPQ)

In MPQ, the system manages a number of queues where each queue has a different packet
dropping precedence. Hence, Np packets are enqueued into MPQ system according to packet
importance. In an ideal scenario, only packets that belong to the lowest priority queue are
dropped during congestion. In that case, we can consider Eq.(2.12) to represent the expected
useful data of the last queue (least important) of the MPQ system while higher priority queues do
not experience any packet dropping. Assuming that the MPQ system has m queues and each

queue can accommodate k; packets, then, the useful data of the MPQ system E[By]ypq can be
expressed in terms of the variable E[By]ypq , Which is the expected usefulness of the myy,

queue. Thus, Eq. (2.11) can be rewritten as:

m-—1

E[Bylmpores = Z ki + E[Bylmpo
= 2.21)

Where E[By]ipq is the expected usefulness of the my;, queue. Eq. (2.13) can be rewritten
as:

1—pm (2.22)

m

E[Bylmpores = (Np — km) + (1= (1 =pp))km

It is important to note that p,, is not the same as the p that is found in Eq.(2.12); however, it
is related to it. p,, can be calculated using the following relationship :

N, —k (2.23)
+p=p(1+ u)
km

_ P(Np - km)

m km
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To develop our MGS model for the MPQ system, we use the same concept that we used in
developing the FGS model. Using the BE MGS model as our reference, the MGS model for the

MPQ system can be written as follows:

Lm K K (2.24)
ElBylupayes = ) L+ | D Lo ||| [ —pw| = =puyne)
7 =L =L,

The FGS and MGS performances of the MPQ system are shown in Fig. 2.7. It is evidently
that the FGS performs better performance. Furthermore, we can measure the performance of the
MPQ system by comparing the number of priority queues with the number of packets carried.
The best performance can be achieved when both the number of priority queues and the number

of video layers are the same.
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Figure 2.7: MPQ FGS vs. MPQ MGS utilization
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The utility function represents the ratio of the useful information received relative to channel
capacity. Fig. 2.8 shows a comparison of the utility as a function of the number of packets in an
EPIQ packet set (Np) for EPIQ, MPQ and BE FGS models. It is obvious that our system delivers
significantly higher levels of useful data to the receiver when compared with BE. In addition, it
also outperforms MPQ with 3 priority queues usefulness. For example, EPIQ at Np = 20
achieves 90% utility while MPQ-3 and BE achieve 85.5% and 40% utility respectively. To
Further illustrate the difference, when Np = 100, EPIQ achieves 89% while MPQ-3 and BE
could only maintain 76% and 10% respectively. Our extensive simulations will further validate

the results of this model.
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Figure 2.8: FGS utility for EPIQ, BE and MPQ
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Figure 2.9: MGS utility as a function of video-set size for EPIQ, BE and MPQ

Fig. 2.9 shows a comparison of the utility as a function of the number of packets in an EPIQ
packet set (Np) for EPIQ, MPQ and BE MGS models for a frame with 3 and 8 layers. For the
case of MPQ, we used 3 priority queues. For the 3 layers video, only the lowest layer
experienced packet loss while for the 8 layers video, the last two layers experienced packet loss.
It is obvious that for the 8 layer frame, our system delivers a higher level of useful data to the
receiver when compared with the BE and MPQ models. It is also clear that MPQ achieves
optimum performance when only the lowest priority experiences lost at the lowest priority
queue. In other words, the MPQ model achieves the optimum performance when the number of

queues equals the number of layers. It is important to note that the BE model with 8 layers has
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higher utility than BE with 3 layers. Hence, utility increases as the number of layers increases.

Our extensive simulations will further validate the results of this model.

2.3 Experimental Evaluation

In this section we discuss the experiment that is conducted to verify our model

2.3.1 Experimental Setup

We used the ns-2 simulator to implement the EPIQ framework. The simulation topology
consisted of a sender, receiver and a middle box that represents the congested network. The
video content was generated and evaluated using JVT reference software[56], SAEF framework
[57] and Open SVC Decoder[58]. We simulate both AVC and SVC [59] video stream of Park
Run video sequence encoded at 50 FPS and GoP of size 8. The SVC stream consisted of one
base layer and two enhancement layers and GOP of size 8. Both streams have Peak Signal to
Noise Ratio (PSNR) quality of 36.6 dB. We evaluated the performance of our proposed method
and multi-priority systems at packet loss probability p of 1%, 5%, 10%, 20% and 30%. Best
effort video transmission results were not included in our experiment because the results were
always showing the same result of 17dB which is the same as random noise data. Therefore, we
only compared our model with Multi-Priority Queue system.

a) EPIQ

To configure EPIQ, we need to determine the content of our EPS and the number of packets to
be erased during congestion. For the AVC video stream, we specified that each EPIQ video set
(EPS) carry the content of one GoP, which consists, in our simulations, of 8 frames. In the SVC
case, we have chosen two different configurations; in the first configuration; the EPS carried the

content of one SVC frame (3 layers), while in the second configuration, the EPS carried the
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content of one SVC GoP frames. As stated earlier in the analysis section, any number of EPS
packets can be selected during congestion.

b) Multi Priority Queue (MPQ)

In the multi-priority system case, one queue is assigned for each priority in the congested node
so that during congestion the lowest priority queue drops its packets. For AVC stream, we
decided to use the most common number of priority queues which is three based on frame types
(I, P and B) classification. In a second scenario, we decided to use the maximum number of
possible priorities that the video supports to capture the frame’s dependency. In such ideal case,
the number of priorities is the GoP size, which is eight in our configuration. For SVC video, first
we decided to use three priority queues and assign the highest priority to the base layer while the
second and third (lowest priority) are assigned to the first and second enhancement layers
respectively. In another SVC scenario, similar to AVC 2nd scenario, we set the number of
priorities to the maximum number of priorities that can be supported by the SVC stream. In such
case, the number of priorities is set to the GoP size multiplied by the number of video layers (i.e.,

the total number of priorities is 24 in the ideal SVC case).

2.3.2 Experimental Results

Fig..2. shows the average PSNR of the received video of both EPIQ and the multi-priority
solution for the AVC stream case. Our proposed method (EPIQ-GoP), on average, is both 6dB
better than the system supporting three-priority queues (Pri-3) within the network, and only 0.8
dB less than the significantly more complex (ideal) eight-priority system (Pri-8). The reason
behind the poor performance of the three-priority system is that although it gives highest priority

to I and P frames, it assigns the same lowest priority to all B frames without taking into
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consideration the dependability among B frames. Meanwhile, the eight-priority system takes into
consideration all frame dependencies with added overhead of managing eight queues rather than
three. On the other hand, our system employs a single queue without complex management or
significant overhead, and its performance is independent of the number of priority levels that are

carried by the video packets.
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Figure: 2.10: PSNR of EPIQ and MPQ for AVC stream

Fig. 2.5 shows the results of SVC video streaming for both EPIQ and the multi-priority
system. For the three-priority queues (Pri-3), it is noticeable that the PSNR values do not change
even when the number of dropped packets increases. The reason for such behavior is that the
decoder is only decoding the first enhancement layer. Similar to the AVC case, not all of layer
two (enhancement layer) packets have the same priority. Our proposed system performance with
EPS carrying only one frame content (EPIQ-Frame) is 3 dB better than the three-priority systems

(Pri-3). It is important to note that EPIQ with EPS carrying GoP (EPIQ-GoP) achieves, on
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average, virtually the same performance of the ideal high-complexity 24 -priority system (Pri-

24); the difference in performance is only 0.3dB.
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Figure 2.11: PSNR of EPIQ and MPQ for SVC stream
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Chapter 3 EPIQ System Implementation

To implement the concept that we discussed in previous chapter, we use Active Queue
Management (AQM) that exists in the network nodes. So in this chapter, we first discuss our
proposed AQM algorithm. Also, to complement our AQM role, we implement rate control

algorithm which is discussed in the second part of this chapter.

3.1 Active Queue Management
In this section we propose a mechanism as a part of our framework. The goal of the algorithm is

to maximize the performance of Partial Erasing process in addition to its role as AQM algorithm.

3.1.1 EPIQ-Random Early Detection algorithm (EPIQ-RED)
Despite the many AQM approaches that have been proposed, only a few have been incorporated
in Internet routers and are being used in practice[27]. Hence, we are interested in focusing on
employing existing AQM algorithms and concepts that have been used in practice in conjunction
with the proposed EPIQ framework. In particular, our AQM algorithm is built on the popular
Random Early Detection (RED) algorithm[60]. In light of efforts that studied, analyzed, and
improved RED [60][61], we designed our algorithm by taking these approaches into
consideration; and we call our approach EPIQ Random Early Detection (EPIQ-RED). It is
important to note that we use Byte version (Byte mode) and packet marking (Explicit Congestion
Notification (ECN)) of the RED algorithm.

Under RED, the AQM algorithm drops a packet entering the queue with a certain probability
when the queue size operates within certain thresholds. Here, p, represents the AQM algorithm

packet dropping probability, and q,,4 is the queue average size in bytes. The ming, and max,

34



parameters are the RED maximum and minimum thresholds, respectively. To calculate the
dropping probability p,, we modified the original RED algorithm by fixing the max,, parameter
of RED to 1. Thus leading to:

_ (qavg - minth) (3.0)
maxe, — ming,

Pa

The advantage of fixing the parameter max, is to have a continuous linear dropping
probability. Discontinuity in the dropping probability has a negative effect on the performance
[61][21]. Many studies have proposed a modified RED that enables automatic parameters
configuration; however, in many cases such configuration is dynamic in nature. In our case, we
introduce simple modifications to the original RED, where we take into consideration the
proposed EPIQ system requirements in terms of delivering optimal video performance while
maintaining RED automation. One key EPIQ-RED parameter is N, which is related to (but not
the same as) the parameter Ny described in Chapter 2. Here, N represents the number of PEP
packets that are selected randomly from the queue for partial erasing. These N packets that are
selected for partial erasing might belong to multiple EPIQ packet sets that belong to multiple
users. On the other hand, Ng, which was employed by our analysis in Chapter 2, is the number of
packets within a single EPIQ packet set that suffer from partial erasing (as observed by a given
single receiver). Hence, under EPIQ-RED, N PEP packets, which may belong to one or more
EPIQ packet sets, are randomly selected from the queue for partial erasing. As explained earlier,
for an optimal EPIQ performance, we need to have the value of N as large as possible.
Consequently, it is possible that all the PEP packets that belong to the same EPS can be selected.
Assuming that we have different EPIQ packet sets with different sizes in the queue, under EPIQ-

RED, we set N to some maximum value N,,,,. Here, N4, can be thought of as the maximum
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number of packets of an EPIQ packet set. However, in cases when N,,,, is larger than the
current number of PEP packets in the queue, N is set to the current number of EPIQ packets in
the queue ggq. Hence,
N = min(qq, Npax) (3.1)

Recall that PEP packets have a size of S bytes. Although it is possible to erase more than one
packet size S of bytes at a time, we use the RED standard queue management procedure where
one packet is dropped (or erased) at a time. This is also important to achieve fairness with
different non-EPIQ flows. The amount of data that are erased from each of the N selected
packets is represented by §:

_S (3.2)
0= N

It is important to note that in our design of EPIQ-RED, we take into consideration that the
network queues might have a mix of EPIQ and traditional packets. Hence, to accelerate the
process of packet erasing, EPIQ-RED has to maintain the location and the number of EPIQ
packets in the queue. A virtual list can be used to point to the location of the EPIQ packets in the
queue. The minimum number of packets for RED threshold min,, is usually set to a number of
bytes equivalent to five packets as recommended by [60][62]. However, and since we are
planning to spread the erasing process over as many EPIQ packets as possible, a small queue will
affect EPIQ transmitted video quality as shown in Eq. (3.1)-(3.2). Thus, we set the minimum
threshold min,;, as the maximum between the RED recommended threshold and the average
value of the EPIQ packet set size Np. On the other hand, a large queue will cause long delays. As
discussed in [32], limiting the number of packets in the queue reduces packet latency and

prevents buffer-bloating. Hence, we set max;, as the minimum between: (a) The number of
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packets in the queue Ny (7) that is equivalent to a T = 0.2 second packet delay; and (b) Twice the
maximum size N,,,, of an EPIQ packet set. The motivation for choosing twice the size of N, 4y,
is because EPIQ video content will most likely occupy more than half of the queue. Setting
maxp, to 2N, a0, allows Ny, or a higher number of PEP packets in the queue. Hence, in terms
of bytes, we employ the following expressions for min,, and max:
ming, = S - max(5,0.5Np). (3.3)
maxy, =S - min( No(7),2 - Nypgx) (3.4)

To have a more stable queue we let min;, and max,, be increasing functions and updated
every 5 minutes. In Section 3.3, we show the stability of our proposed AQM algorithm.

The algorithm works by evaluating p, for every incoming packet. If the packet that is
marked to be dropped is a Partially Erased Packet (PEP), the packet is enqueued and N PEP
packets are randomly selected from the queue by using the virtual list and are partially erased,
and only one packet is marked as lost. If it is not a PEP packet, the packet is dropped. Thus, we

guarantee fairness between the different data types of traffic in the queue.

3.1.2 Stability analysis of EPIQ-Random Early Detection algorithm (EPIQ-RED)

To prove the functionality of our proposed algorithm, we used the linearized TCP model that was
developed in [61]. The proposed model paved the way for the control theoretic AQM algorithm.
The following is a brief review. Starting with the fluid model of a network that consists of a TCP

sender, AQM and receiver.

o1 w®W(t—-R(T)) (3.5)
W = R(t)  2R(t—R(D)) p(t —R()

w 3.6

10 = N G0
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Where W, q, R, C, N and p are expected TCP windows size in packets, expected queue length
in packets, round trip time, link capacity, number of TCP session and probability of packet
marking/dropping, respectively. Since the TCP model is a nonlinear system, the model must be
linearized to be able to do classical linear system analysis. The linearization process starts with

defining an equilibrium point (Wy, qo, po) When W (t) = 0 and ¢(t) = 0, So that

W=0 = Wip, =2 (3.7)
RoC 3.8

Where
W=0 = Wip, =2 (3.9)

Where T, is propagation delay. The TCP model is linearized about the equilibrium points.

Using Taylor series linearization method, the linearized model after simplification is

SW(t) = ;(Z)—NC(SW(t) - I;(;VCZZ Sp(t — Ry) (3.10)
5q(t) = R%SW(t) —Rioaq(t) (3.11)
Where
SW =W —W, (3.12)
04 =4~ao (3.13)
P =P =Py (3.14)

The control system for the linearized system is depicted in Fig 3.1.
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AQM Control Law

C(s) e ~SRo Psz? (s) Pqueue (s)

Figure 3.1: Linearized control system

R, C? (3.15)
2N?
2N?
s+ _R(Z)C

Ptcp =

N (3.16)
R
Pqueue = . 1

Stz

From the above system, since both poles are negative the system is stable. Let assume that W
C(S) is the AQM control function. Since RED is a low pass filter then the transfer function of

the system can be represented as [ low pass filter analysis]

Lyeq 3.17
C(5) = Croqs) = 224 G.17)

E-F 1

Where
Poax (3.18)
Lred - ;

maxg, — ming,

K- loge(1—wyg) (3.19)

)

Hence, the system transfer function can be written as:
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2
= G(s)e SRo

(s+}§g—NC>(s+Rio)(%+ 1)

LemmaForall N € [N~,») and R° € (0,R"], then if wy is chosen based (3.21)

C(s).P(s) =

w, 0 <x< 0.5

C(2NT 1
gzocmm{ },

(RH2C’R*

Then L,.4 and K satisfy the following condition

22
Lred(R+C)3 - Wgz 1 (3 )
(2N-)?2 ~ K2

And the closed-loop system Eq. 3.20 will be stable VN € [N~, %) and R® € (0,R*]
Proof:

let s = jw then we can rewrite Eq. 3.20 as follows:

L ( % ) (3.23)

G(jw)e R0 = —
e G+ 1) (o + 226) O + )

The magnitude of (jw)e/"Ro :-
| GGw)e ™ WRo| = | G(jw)| (3.24)

The transfer function G (jw) can be rewritten as:

L (ReC)? (3.25)
red (N2
G(jw) = (2)
jw jw jw
(7 + 1) N +1 I +1
RiC Ro

Suppose N € [N~,) and R, € (0,R™], in this case if N~ - o and R* - 0
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. (R¥C) (3.26)

R red W
G(jw) » G(jw) = % ,Vw € [O,Wg]
&+1)
Where wy, : gain cross-over freq.
For stability requirements, it is required that
| GOwy)| <1 (3.27)
This implies that
L (RTC) (3.28)
red (ON—)2
ENT)
W2
1423
3.29
Lred(R+C)3 < Wg2 +1 ( )
(2N—)?2 T |K?
The phase of G (jw)e/WFo .-
(3.30)
. w w w
P —JWRg — _ _ -1(_Y\ _ -1 | — -1
2G(jw)e 0 WR, — tan (K) tan 5N tan T
R3C Ry

Againif N € [N™,) and Ry € (0,R™], and for stability requirement (Nyquist stability

criterion), it is needed to have

£G(jwy)e /WoRo > —180 (3.31)
(3.32)
w w w,
—wyR* —tan™! (79) —tan~?! 21\;’_ —tan~?! Tg +1>0
®H2C I

Let
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2N~ 1}

Proa = min (g 7

(3.33)

The idea to achieve condition Eq. 3.32 above, we choose K such that the C(s) will dominate the

closed-loop system, to do that it is needed to choose % < Py

If

This implies that the term

w, w w i
—wyR* —tan™? (79) —tan ! 2]\;]‘ —tan~?! Tg < - >
(RM)2C RY

(3.34)

(3.35)

If the inequality Eq. 3.35 satisfied, then it implies that inequality Eq. 3.32 will be satisfied.

Therefore, let

Wg = O.].Pred

(3.36)

In this analysis, we evaluated the RED stability boundaries. We will use Eq. (3.22) of

analysis to make sure that our proposed system is stable.

3.2 Rate Control

In this section, we propose a mechanism as a part of our framework. The goal of the algorithm is

to maximize data rate and share network resources fairly with other network flows .

3.2.1 EPIQ- TCP Friendly Control Protocol (EPIQ-TFRC)

The channel between the sender and the receiver should be monitored to ensure high-quality

video delivery. Because of the changing condition of the network, rate control is necessary to
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maintain quality video streaming while ensuring fairness to other competing real-time and non-
real-time sessions. Based on the reported available bandwidth, the sender adjusts the sending rate
of the video stream. In general, the rate control mechanism that is used in video transmission
either relies on the traditional Transmission Control Protocol (TCP) or multimedia oriented TCP
friendly protocols. Each has its own advantages and disadvantages. The most popular video
streaming mechanism, DASH, employs HTTP/TCP to transport video over the network. The
video rate is adjusted according to reported available bandwidth by TCP. Other methods include
Real-time Transport Protocol (RTP). Several congestion control mechanisms were proposed to
be used in conjunction with RTP[3] like TFRC[21] GCC[22] and Kelly[62]. Equation based
congestion control methods are the most widely used with RTP. Protocols like Datagram
Congestion Control Protocol (DCCP)[63] and TCP-friendly Rate Control Protocol (TFRC) are
well known RTP solutions. The congestion algorithm can be implemented as an application that
uses UDP as a transport layer. Equation based control protocols use TCP response function to
estimate the sending rate:

S (3.37)
R /2?19 + trro <3 /%)p(l + 32p?)

where T is the sending rate in bytes/sec. while S, R, p and tzro are the packet size, round trip

T =

time, study state loss event rate and TCP retransmission timeout, respectively. The loss event is
defined as a packet loss within a single Round Trip Time (RTT). Since our proposed solution
does not drop whole packets but partially erases them, using a multimedia oriented rate control
protocol is easier to implement. It is possible to employ TCP in conjunction with the EPIQ
framework. However, mapping partially erased packets into equivalent conventional packet loss

is a complex task. Our objective is to employ a rate control algorithm that achieves fairness with
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other flows that share the network resources yet is compatible with our novel solution. Hence,
we propose a modified TCP-Friendly Rate Control protocol (TFRC) and refer to it as EPIQ-
TFRC which is implemented as an application and uses UPD as a transport protocol. It is also
important to note that we use Explicit Congestion Notification (ECN) mode of the TFRC
algorithm. The TCP response function (Eq.(3.37) ) is used by TFRC to achieve TCP-friendly
sending rate that maintains fairness with other TCP flows in the network. In our proposed
solution, evaluating the round trip time R and TCP time-out tzr, is similar to the proposed
methods that are used in the TFRC standard[21].

In a conventional network, packet dropping is considered an indication of congestion.
Meanwhile, in our solution we drop only portion of the packets and we only mark one of the
partially erased packets using ECN bit in the header. The receiver detects only marked packets as
a congestion indicator. Using ECN mode of the TFRC standard, packet loss is calculated such
that we achieve fairness with other TCP flows in the network.

After computing the packet loss, we use Exponential Weighted Moving Average (EWMA) to

compute the packet event loss p as shown in Eq. (3.31).

Peventnew = B * Peur + (1 = B)Pevent 14 (3.38)
Where p.,,, 1s the current loss probability reported by TFRC while p,pen: and S are the event
probability that is used to calculate current sending rate as Eq.(3.30) and history parameters
respectively. The standard TFRC/RFC 5348 protocol uses Average Loss Interval (ALI) method
to compute the event loss rate p. ALI response to network changes is better than EWMA. On the
other hand, under EPIQ, we observed that EWMA provides smoother video transmission than

the ALI averaging method.
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Since the packet size S in the TFRC standard is fixed, our solution has to be adaptable to
such scenario. One possible resolution to this constraint is to pad the tail of a packet with zeros in
case the packet is less than the desired packet size S. Because the zero padding is at the tail of the
packet, the padding is first dropped during congestion. This method can be enforced on all EPIQ
packets to provide extra protection to video slices during heavy congestion. In Section (3.3) we
discuss the fairness of our rate control protocol.

Another modification to standard TFRC that we included is a video streaming profile control
algorithm. EPIQ-TFRC selects the appropriate video transmission rate (video quality profile) by
calculating the running average of sending bitrate using:

A = {aﬁ(i —D+(A-)RE) i>1 (3.39)
PR () i=1

We used @ = 0.8 in our simulation. R(i) represents the average sending rate at event i
where, here, the event duration is 10 seconds. Also, reducing the quality profile of the video is
allowed only if the playback buffer size is less than 5 seconds. Hence, based on the running

average and the playback buffer size, the closest video quality profile is selected.

3.3 Experimental Evaluation

In this section, we validate our proposed EPIQ-RED and EPIQ-TFRC by simulation.

3.3.1 EPIQ-RED

The main role of AQM algorithm is to improve channel utilization, minimize delay and prevent
network collapse during congestion. Our work is based on the original Random Early Detection
(RED) algorithm. In Fig. 3.2 we show an example of unstable RED performance while Fig 3.3

shows a stable RED performance of the same network configuration. The instantaneous queues
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size is changing rapidly which causes poor performance. The unstable AQM causes low channel
utilization. Fig. 3.4 depicts a comparison of low and high channel utilization of Fig 3.2 and Fig
3.3 respectively. Due to unstable AQM, only 15% of the bottleneck bandwidth was utilized. The
average network delay can affect network performance negatively. However, delay jitter has far
worse implication than average delay on applications like multimedia and broadcasting.

Furthermore, Table 3.1 shows the different parameters results for both stable and unstable AQM.

350 \ \

| _
Unstable RED \

300 -

250 B

200 -

150 -

100 -

Queue size (packets)

0 \ \ \ \ \ \ \ \ \
0 20 40 60 80 100 120 140 160 180 200
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Figure 3.2: Unstable RED instantaneous queue size

Table 3.1: Comparison between stable and unstable AQM performance

Avg. Throughput | Ch. Utilization | Delay (ms) Delay Jitter (ms)
Unstable AQM 2.8 Mbps 15 220 42
Stable AQM 13.4 Mbps 97 240 16

It is clear from Table 3.1 that a stable AQM performance is necessary to have optimum

network performance.
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We tested our proposed EPIQ-RED algorithm with different network configuration to verify
its performance. Fig. 3.5 shows instantaneous queue size of 75Mbps channel. The min;, and
max,y are set to 75 and 575 respectively. Also, Fig 3.6 shows the network utilization of the

bottleneck channel. Our AQM converges to 100% channel utilization and has minimal delay

jitter.
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Figure 3.3: Stable RED instantaneous queue size

It is clear that our proposed algorithm has a stable network configuration. In another network
configuration, the channel is set to 15 Mbps and min,, and max,, are set to 35 and 125
respectively. Fig. 3.7 and 3.8 depict the instantons queue size and channel utilization. Similar to

the previous network configuration, the performance of our proposed queue is optimal.
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Figure 3.4: Comparison between stable and unstable AQM throughput
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Figure 3.5: Instantaneous queue size of example 1
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Figure 3.8: Channel utilization of example 2

3.3.2 EPIQ-TFRC
The main role of the rate control algorithm is to provide maximized data rate while
simultaneously sharing network resources fairly with other flows. In this section, we will test our
proposed EPIQ-TFRC and compare our proposed EWMA with ALI algorithm. Fairness is an
important attribute of the rate control algorithm. To test the fairness of EPIQ-TFRC, the test
network consists of three video streaming users, three TCP users and a bottleneck link of 15
Mbps. We tested EPIQ-TFRC with both EWMA and ALI. We tested EWMA with three history
values of 0.5, 0.7 and 0.9. Table 3.2 shows the comparison of EWMA to ALL

The algorithms were tested on fixed (F) and varied (V) bottleneck link bandwidth. The
standard deviation of video flows represents the fairness between video flows, while the video
share ratio represents the fairness between video flows and TCP flows. It is clear that ALI has
the best performance in a fixed network. However, on a network with varying bandwidth, ALI

has the worst fairness. On the other hand, we can see that EWMA 0.7 has optimum performance
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in a fixed and varied bottleneck network. Fig. 3.9 shows the performance of EWMA and ALI on

a varied bandwidth bottleneck. It is clear that EWMA 0.9 has the best performance. However, it

is less fair to other flows in the network. From the Table 3.2, we consider using EWMA 0.7 as

the optimum method to compute packet loss average p.

Table 3.2: EPIQ-TFRC event loss calculation methods comparison

Loss Calculation | Intra-fairness | Intra-fairness | EIPQ share ratio | EIPQ share
Method STD (%)-F STD (%)-V (%)-F ratio (%)-V
EWMA 0.5 6.3 12 49.9 47.7
EWMA 0.7 3.5 4.6 49.8 49.6
EWMA 0.9 9.2 1.15 52.7 49
ALI 1.15 3.7 49.6 44.1
14 ‘
EWMA-0.5
12 e EWMA-0.7 [
— — EWMA-0.9
101 — 77 AL M

Mbps

Seconds

Figure 3.9: Comparison between ALI and EWMA throughput
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Chapter 4 EPIQ Applications

In this chapter we discuss the application of EPIQ system. EPIQ framework can applied on both

Video On Demand (VOD) and delay sensitive live streaming.

4.1 Video On Demand (VOD) Experimental Evaluation
Most of today’s video traffic is generated by VOD websites like Netflix and YouTube. Also,
most VOD providers use DASH technology as their streaming framework because of its

simplicity and economic feasibility. In this section we will compare our proposed framework,

EPIQ, with DiffServ and DASH.

4.1.1 Experimental Setup

We used the ns-2 simulator to implement the EPIQ framework. As shown in Fig. 4.1, we
employed the widely used bar-bell topology with multiple sources connected to a single
bottleneck link with 800 packet queue size. In our experiments we used two bottleneck link
bandwidth scenarios. In the first scenario, the capacity of the bottleneck link was set to 200
Mbps, which we refer to as Fixed (F) bottleneck, while in the second scenario, the bottleneck
link bandwidth varied between 200Mbps and 60Mbps, thus we denote this configuration as
Varied (V) bottleneck. Meanwhile the rest of the links were fixed to 350 Mbps.

In our simulations, the traffic is generated by two equal member application groups where
each group has 10 sources (users). The first group is setup as FTP/TCP traffic generator while
video streaming applications are setup as the second traffic group. For the video content, we
used JSVM [56] and OpenSVCDecoder [58] to both generate trace files for our simulations and

to evaluate the received video quality. Eight High Definition (HD) video sequences[64] , with
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total video duration of 80 seconds, were encoded as a single video streaming sequence in our
simulation. The video was encoded as AVC stream at 30 FPS. Four versions of the video were
generated to simulate different video quality profiles. The video supports the following quality
profiles: 2, 3.5, 5.1, and 10 Mbps. To evaluate the performance of our system, we compare it
with commonly used video streaming methods. In the following subsection, we discuss the

configuration related to each system.

; 350 Mbps 350 Mbps

200 Mbps @
R, BB
e 35 OMbps 350 Mbps
M

Figure 4.1: Simulation topology

A) EPIQ

Our proposed EPIQ video streaming system was configured according to Chapter 3. In our
simulations, each AVC GoP represents one EPIQ video set (EVS), and it was carried by one
EPIQ packet set (EPS). EPIQ-RED and EPIQ-TFRC were preconfigured to the ns-2 default
parameters.

B) Multi Priority Queue (MPQ)

Multi-based video streaming is the prominent traditional solution to benefit from the priority
structure of video. Our multi-queue comparison model is based on DiffServ. We implemented a
simple multi-queue similar to the one found in[26]. The AQM for DiffServ employs two sets of

queues. The first set of queues is for streaming data and the second set, which consists of a single
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queue, is used for FTP data. The multimedia queue set is divided into three virtual queues
(Green, Yellow and Red) with each having different dropping precedence. The most important
video traffic is queued in the Green queue while the least important is queued in the RED queue.
At the sender, the AVC video stream was divided into three different priority streams. We used a
simple packet marking method where the packets are marked based on frame type (i.e. I, P and B
frames). In the mentioned method, I frames packets have the highest priority and B frames
packets have the lowest priority. Also, to control the video sending rate we used standard TCP
Friendly Congestion Control (TFRC) protocol[21]. Similar to the EPIQ system, the AVC quality
profile was selected in a similar manner. The system used the default ns-2 TFRC and DiffServ
parameters.

C) HTTP Steaming

Nowadays, one of the most widely used video streaming algorithm is Dynamic Adaptive
Streaming over HTTP (DASH). DASH video traffic is streamed over best effort Internet. Hence,
in our simulations, Drop Tail was used as the AQM algorithm in the bottleneck network. At the
sender, The H.264 AVC video Quality profiles were used as DASH supported bitrates similar to
EPIQ and DiffServ systems. In standard DASH, data are transported using TCP, which provides
bandwidth estimate to the application layer to adjust the sending rate accordingly. We used the

DASH standard method to control the selected video bitrate.

4.1.2 Experimental Results
In this section we present the results of our experiment.

A) AQM Stability
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Our EPIQ-RED algorithm shares the core principles of RED. According to Eq. (3.3)-(3.4),
ming, and max,, are set automatically to 79 and 412 packets, respectively, while the average
queue size is 120 packets. We found that our algorithm is relatively stable in comparison to what
is found in [34] and consistent with RED performance that we discussed in previous section.
Table 4.1 shows AQM performance of the three systems.

Table 4.1: AQM performance of EPIQ, DiffServ and DASH

Avg. Thro. (Mbps) | Ch. Utilization | Delay (ms) | Delay Jitter (ms)
EPIQ-F 196.1 98 18 2.8
DiffServ-F 195.6 97.5 17 6.3
DASH-F 186.8 93.4 18 4.5
EPIQ-V 117.2 99.3 20.5 4.5
DiffServ-V 116.8 98.5 21.6 34
DASH-V 113.9 96.5 43 83

It is clear from Table 4.1 that EPIQ and DiffServ performances are close in all aspects.
However, DASH didn’t achieve the full channel utilization as well as it had the highest end to
end delay compared to EPIQ and DiffServ. Drop-tail buffers are widely known for not achieving
full channel utilization.

B) Congestion Control

Congestion control is necessary to achieve smooth video streaming while maintaining fairness
with other flows in the network. For a completed 80 seconds simulation, the average share ratios
are show in table 4.2. It is clear that DiffServ-TFRC and EPIQ-TFRC connections provide a

higher level of fairness toward FTP/TCP than DASH and DiffServ. It is important to note that
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despite the fact that we introduce changes to the original TFRC work, we find our system
operates within original TFRC boundaries.

Table 4.2: Network resources sharing fairness of EPIQ, DiffServ and DASH

Video Fairness | Video Fairness | Video share ratio Video share

STD (%)-F STD(%)-V (%)-F ratio (%)-V
EPIQ 3.7 4.6 100.6 99.2
DiffServ 32 36 104.2 102.4
DASH 44 17 80.4 82.5

It is clear from Table 4.2 that DiffServ has the highest share ratio where 100% mean FTP and
Video sessions share bottleneck bandwidth equally. However, DiffServ video sessions have high
STD network share values compared to EPIQ, indicating that the difference in data rate between
DiffServ video sessions flows are high. The difference in video means some users experience
very high quality video streaming while other users experience low quality. On the other hand,
DASH suffers from low network resources sharing ratio in addition to high video share STD
similar to DiffServ.

C) Video Quality

A key goal of our work is to provide high quality video transmission. The performance metrics
used to evaluate the quality of the received video traffic include the average Peak Signal to Noise
Ratio (PSNR) of the luminance (Y) component, packet retransmission, delay, average download,
and video quality profile changes. Also, we compared the performance of two startup buffer
sizes of 5 seconds and 15 seconds. In our simulations, retransmissions were allowed only for I

frame packets of the AVC video for both EPIQ and DiffServ. Meanwhile, the retransmission
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function was allowed for all DASH packets, which include both control packets and video
streaming packets because of the necessity of all packets to DASH operation.

Table 4.3: Transmission and video quality of EPIQ, DiffServ and DASH

App. Packet Avg. Quality Change | PSNR (dB)
Delay Retransmit Download Ss. 15s. Ss. 15s.

(msec) (%) (Mbps)
EPIQ-F 19.2 0 9.88 2.2 1.8 375 | 38.0
DiffServ-F 17.5 0.02 10.08 1.8 1.6 344 | 348
DASH-F 393 0.163 8.75 3.2 2.5 33.6 | 34.0
EPIQ-V 242 0 5.8 3.5 34 355 | 36.2
DiffServ-V 22.6 0.17 5.92 3.1 2.56 325 | 334
DASH-V 403 0.48 5.0 4.5 4.8 325 | 345

We tested our proposed solution and computed the average results for the performance
metrics that we stated earlier. All results represent the average per user over 80 seconds, where
this average is evaluated over 10 video sessions corresponding to the 10 users in our simulations.
Important performance parameters include application to application data delay. Table 4.3
shows the average delay parameters in both fixed and varied bottleneck bandwidth of the three
mechanisms as seen by user application layer. EPIQ delay is slightly higher than DiffServ
because the EPIQ receiver forwards the received data to the application after receiving all EPS’s
packets. DASH on the other hand, has very high delay because it relies on TCP to deliver data.
Both the packet retransmission process and the TCP buffer contribute to the delay. Fig. 4.2

shows a comparison between EPIQ, DiffServ and DASH application to application Delay.
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Regarding retransmission, EPIQ did not retransmit any packet while DiffServ retransmitted
0.02% and 0.17% of the total number of packets transmitted in fixed and varied bottleneck
bandwidth respectively. Because DASH uses HTTP/TCP, it retransmitted 0.16% and 0.48% of
the total packets in both fixed and varied bottleneck respectively. Also, as shown in Table 4.3,

DiffServ has the highest download rate compared to EPIQ and DASH, because it has the highest

network share ratio as shown in Table 4.2.
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Figure 4.2: Application to application delay of EPIQ, DiffServ and DASH

Also shown in Table 4.3, the performance of the different video transmission mechanisms from
the user prospective with startup buffering of 5 seconds and 15 seconds. It is crucial to highlight
that EPIQ achieves on average 4.0 dB and 2.3 dB in PSNR improvements over DASH in fixed
and vary bottleneck respectively. Furthermore, EPIQ outperforms DiffServ by 3.15 dB and 2.3
dB in fixed and varied bottleneck respectively. Although the average DiffServ video session had
the highest average download rate compared to both EPIQ and DASH video users’ sessions,

DiffServ had the lowest average PSNR. The main reason is that DiffServ users had high video
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share STD as we explained earlier which causes some sessions to have poor PSNR. Regarding
video quality-profile changes (which correspond to bitrate changes), DASH suffers from around
30% more quality changes when compared to EPIQ and DiffServ while DiffServ and EPIQ have
close profile changes. Note that neither EPIQ, DiffServ nor DASH suffer from any stalling. It
should be clear from these results the importance of quality/bitrate adaptation, such bitrate
changes are necessary to avoid video stalling. (During the stalling time, the video playback stops

for buffering.)
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Chapter S Vehicle to Vehicle Safety System

5.1 Cooperative Advanced Driver Assistance System (C-ADAS) Overview

The development of connected-vehicle technology, which includes vehicle-vehicle and vehicle-
infrastructure communications, opens the door for unprecedented active safety and driver-
enhanced systems. In addition to exchanging basic traffic messages among vehicles for safety
applications, a significantly higher level of safety can be achieved when vehicles and designated
infrastructure-locations share their sensor data. For example, while cameras installed in one
vehicle can provide visual information for mitigating many avoidable accidents, we envision a
whole new level of improved safety paradigm where visual data captured by multiple vehicles
are shared and fused for significantly more optimized active safety and driver assistance systems.
Under this example, we envision a new system where cameras installed on multiple vehicles and
infrastructure-locations share and fuse their visual data and detected objects in real-time. The
transmission of camera data and/or detected objects (e.g., pedestrians, vehicles, cyclists, etc.) can
be accomplished by many communication methods. In particular, such communications can be
accomplished using the emerging Dedicated Short-Range Communications (DSRC) technology.
The vehicle receiving the visual data from an adjacent vehicle, for example, can fuse the
received visual data with its own camera views to create a much richer visual scene. The sharing
of visual data is motivated by the fact that some critical visual views captured by one vehicle or
by an infrastructure-location are not visible or captured by many other vehicles in the same
environment. Sharing such data in real-time provides an invaluable new level of awareness that
can significantly enhance a driver-assistance, connected vehicle, and/or autonomous vehicle’s

safety-system. An example of such scenario is illustrated in the Fig. 5.1, where the view captured
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by the “U-Haul” van is fused by an adjacent-vehicle camera view. This enables the adjacent
vehicle’s active-safety system and/or driver to clearly recognize that there is a pedestrian
crossing; without such fusion the vehicle’s system/driver would be completely oblivious to the
presence of the pedestrian. It is worth noting that the proposed new framework can be used by

new driver-assistance systems, and it can be employed by future connected/autonomous vehicles.

Figure 5.1: Pedestrian collision scenario

5.2 C-ADAS Architecture
Fig. 5.2 illustrates the architecture of our concept which is applicable to both autonomous and
human driven vehicles. The system can be generalized to include any form of the following three
sensor types:

1. Position Sensors: This includes any GPS-based and IMU sensors.

2. Active Sensors: This includes radars, lidars, and ultrasonic sensors.

3. Passive Sensors: This includes vision cameras and multi-spectral imaging sensors.
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An integrated two subsystems architecture is shown in Figure Z. The architecture includes

the following two subsystems:

A) A Capture-and-Transmit (CAT) subsystem that includes all sensors devices , sensor
fusion, object detection, classification, tracking, trajectory estimation, ego motion
estimation and other objects’ absolute and relative position estimation, object selection
for sharing with remote vehicles or the infrastructure, and compression, multiplexing,
communication and transportation functions and modules.

B) A Receive-and-Fuse (RAF) subsystem that receives objects’ position and description data
captured by other remote entities (e.g., other vehicles and/or infrastructure entities) and
fuse this data with locally detected objects to create a complete view of the 3D
environment surrounding the vehicle.

The final fused data and objects can be used by an autonomous system for path planning,

selection. The fused data and objects can also be used by an HMI system and can be displayed
for human use (e.g., a driver in a manually-driven vehicle or for occupants in an autonomous

vehicle).
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Figure 5.2: An integrated system for multi-modal sensor data sharing and fusion

In Fig. 5.3, we describe the baseline architecture for the proposed system using a camera
sensor as an example. However, the system can employ any sensor modality including lidars,
radars, ultrasonic sensors, etc. A more powerful system can be realized by the fusion of the
multimodal-sensor system. For example, one possible realization is a system that employs any
combination of camera, lidar, radar, and/or ultrasonic sensors.

Within each vehicle, the proposed system will include a video capturing unit (i.e., camera(s)
and lenses) and object detection/recognition processor (e.g., for pedestrians, cyclists, other
vehicles etc.) in addition to a complete chain of compression/decompression, streaming, and
fusion units. Fig. 5.3 illustrates a simplified architecture that includes: (a) the transmission
section within the vehicle transmitting the video and detected objects; and (b) the receiver
section within the vehicle that is receiving the video and objects. (Both vehicles will also include
the other receiver/transmitter sections, which are not shown for simplicity.) The video cameras
and object detection/recognition can be based on any state-of-the-art cameras or visual systems

that are capable of object detection, classification, and/or recognition.
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Figure 5.3: Example of baseline system architecture

Receiving Vehicle

In cases of sensor modalities that generate a large amount of data, the need for data
compression could become necessary. Hence, in the case of using visual sensors, video
compression/decompression will be critical for achieving efficient communication among the
vehicles and/or infrastructure. Any state-of-the-art video coding standards or technologies that
are either standalone or built-in within popular cameras can be used. The video-streaming
framework can be based on advanced solutions or popular standards such as the Real-Time
Streaming Protocol (RTSP). The wireless network can be based on underlying DSRC
transceivers that adhere to the Intelligent Transportation System of America (ITSA) and 802.11p
WAVE standards, and which are certified by the US DOT. Other communication mechanisms
can also be used, including traditional wireless and cellular services such as LTE, 5G, or other
mechanisms.

The system is applicable for single-lane, double-lane, and any multi-lane roadways and
highways in urban or rural environments. Furthermore, the system includes intelligence that
utilizes localization and mapping algorithms in conjunction with real-time messages to enable a

vehicle or an infrastructure-location to determine if its video and/or detected objects can be
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utilized by other nearby vehicles. For example, in a three-lane road, vehicles driving in the
middle-lane can broadcast their video; this will enable vehicles driving on both the right and left

lanes to receive the middle-lane vehicle’s videos and fuse them with their own visuals.
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Figure 5.4: System architecture with object localization, positioning, and trajectory estimation
Fig. 5.4 also highlights the integration of key modules of the baseline system (red) with other
modules (blue). Examples of particular solutions for the baseline system models are shown in the
Fig 5.3 as well. For instance, video compression is shown based on the popular H.264 standard.
However, any other video compression (or even uncompressed video stream over high-
bandwidth communication links) can be used. The overall system includes the following
modules and functions:
1 Object detection and classification: There are many options under this area. Here, we list
three examples. First, deep learning approaches that use visuals (only) or fused sensor

data (e.g., visuals-plus-lidar signals) can be employed. Due to the high-complexity of
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deep learning, a second option is to employ traditional computer vision object detection
and classification methods that can operate fast and reliably in real-time. A third option
would be to employ a sensor platform (most notably camera) that supports built-in object
detection such as a Mobileye vision system.

Selective object sharing and emergency detection: The system has to be selective towards
which objects to share with other vehicle(s). In principle, there is no point in sharing
objects that can be observed and detected by other vehicles. This decision can be
determined through intelligent 2D/3D localization and mapping algorithms of the 2D/3D
scene surrounding the vehicles. The system could identify emergency situations when the
vehicle detects objects that can’t be observed by other vehicles, and hence it declares an
emergency that triggers the rapid transmission of the detected occluded objects.
Integrated fusion and localization: As mentioned above, the system has to perform highly
accurate fusion and localization of multiple objects, both captured remotely and locally.
In addition to cameras, lidar and GPS-based localization can play a key role in this
integrated fusion-localization framework.

a. RTK GNSS: RTK GNSS is a high accuracy system that provides up to 1 cm
localization. It allows a very accurate estimation of object distances and visual
fusion. High end GNSS fuses IMU (Inertial Measurement Unit) measurements
with GNSS signal to improve location accuracy.

b. Lidar and Radar: A 360 degrees Lidar can measure the distance between the car
and various objects to build a 3D model of the vehicle surroundings. This
technology can achieve around 10 cm accuracy and is very useful when the GNSS

service is not available. Radar provides robust sensing under a wide range of
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weather conditions. It is also an excellent modality for estimation of range and
object motion trajectory.

c. Fusion and Localization: GNSS service might not always be available or reliable.
lidar-based localization can also suffer from degradation under many scenarios.
By analyzing the surrounding environment and positioning accuracy, an
Integrated Fusion-Localization paradigm fuses GNSS and lidar (and possibly
other sensors) data and computes the most accurate positions. Fusing IMU
measurements with both lidar and GNSS data also contributes to overall system
reliability and stability. Lidar can also play a role in a fused camera-lidar learning

based on object detection and classification.
4 Human-Machine Interface (HMI) and cockpit integration: For vehicles operated by
human drivers, the final presentation of the fused visual data is another crucial
component. This can be achieved by using visual and audible warnings, and a variety of

display devices such as Head-Up Display (HUD) or dashboard display..

5.3 C-ADAS Design and Operation
In order to share information between vehicles, a connection has to be setup between the

connected vehicles. By default, DSRC equipment periodically sends Basic Safety Messages

(BSM) [55].
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Figure 5.5: Proposed system (Cooperative Pedestrian Collision Avoidance System (CPCAS) )
operation flowchart

The messages contain vehicle status and applications information. In our system, we are
assuming that all vehicles have Pedestrian Collision Avoidance System (PCAS) also known as
Pedestrian Automatic Emergency Braking (PAEB) system, which is available in many new

vehicles [65] nowadays. The PCAS system can detect crossing pedestrians and apply breaks
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when it detects imminent collision. We call our system Cooperative Pedestrian Collision
Avoidance System (CPCAS).

Table 5.1: Variables used in our proposed system calculations

Variable Description

A Vehicle A

B Vehicle B

C Pedestrian

D Expected collision point

w Vehicle width

d Vertical distance between vehicle A and B (similar to AZ )
l Distance between vehicle B and pedestrian

e Horizontal distance between vehicle A and B (similar to AX )
r Horizontal distance between pedestrian and vehicle B

a Angle between vehicle A and pedestrian

B Angle between vehicle B and pedestrian

n Euclidian distance between vehicle A and pedestrian

k Euclidian distance between vehicle B and pedestrian
AY Difference between camera A and camera B altitude

Fig. 5.5 shows our system operation flowchart and a corresponding sketch illustrating a
typical scenario involving two vehicles (Vehicle A and Vehicle B) and a pedestrian. Fig. 5.6

shows a top view of Fig. 5.5 with the variables that we use in our calculations. In addition, Table
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5.1 defines the variables that are used in our system parameter calculations. The reported
locations could be measured in any distance units. For example, they could be in meters as used
in the Universal Transverse Mercator (UTM) coordinate format. Also, we consider the camera
location as our vehicle reference location. If more than one pedestrian is detected, we perform
the same calculations for each pedestrian. Meanwhile, it is possible to combine two pedestrians,
who are adjacent or in close proximity, as one pedestrian. Here, and for illustrative purposes
only, we focus on a single pedestrian crossing. Each vehicle has a Vehicle of Interest (Vol) list
that includes all vehicles that may share useful information to the ego-vehicle. For our proposed
system, the criteria includes: (a) the other vehicle transmitting the visual information should be
heading in the same direction, and it is already ahead of the receiving ego-vehicle (b) the vehicle
with clear view of the pedestrian should have a distance [ that is within a certain threshold from
the pedestrian; for example, in our experiments the distance between the transmitting vehicle and
the pedestrian has to be less than 50 meters (i.e., [ < 50) (c) no more than two lane horizontal
distance e . When vehicle B detects a pedestrian crossing, it estimates the pedestrian distance [ as

follows;

R 5.1
l:fyl_: (5.1)

Where f,, is the focal length and Rj, and I, are the real pedestrian height in meter and height
in image pixels, respectively. When one of vehicle A’s Vehicle-of-Interest (Vol) lists sends a
BSM that contains information regarding a possible pedestrian detection, the egovehicle A starts

the driver alert processing and requests more information about the detected pedestrian. Once

the requested information is shared, vehicle A estimates both Distance to Collision (DTC) and
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Time to Collision (TTC) regarding point D, which represents the expected position of the

pedestrian where a potential collision may occur, as shown in Fig. 5.6.

DTC =1+d (5.2)
DTC
— (5.3)
Sa

Where S, is the speed of vehicle A (e.g., in meters per second). Our goal is to warn the driver
five seconds before collision. After vehicle B receives a request for video streaming, vehicle B
shares only the Region of the image containing the detected pedestrian, also called Region of
Interest (Rol). Before sending the Rol to vehicle A, the Rol is compressed into a video stream.
When the vehicle receives the first image of the video stream, it has to determine if it is within
the local camera Horizontal Field Of Viewing (HFOV). Hence, we calculate angle za as

follows,

r+e
Za = arctan( ) (54)
d+1
Where

r =tan(p) * [ (5.5)

Note that r might be negative if 2f is negative. The £f is estimated by vehicle B. A simple
way to estimate an object’s horizontal angle is by measuring the average horizontal object pixels’

locations to the camera Horizontal Field of View (HFOV) as follow;

__HFov (5.6)

u
W ( * HFOV)
2 umax
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Figure 5.6: Top-view schematic of collision scenario with variables

When 24p is positive, the object is on the left side of the camera and vise versa. Now if Za is
larger than the HOFV of vehicle A, only audible warning is made to the driver. Otherwise, the
pedestrian image is transposed on the local video stream image. As shown in Fig. 5.7, using the
camera pinhole model, we transfer the object from camera B image plane to camera A image

plane as follows,

(X +AX) (5.7)
W=7 Az

£, +AY)
1T T Az

AX,AY and AZ are the differences in coordinate between the two cameras’ locations which
are similar to variables shown in Fig.5.5 . Both variables X and Y are estimated from camera B

using:
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Z xu, (5.8)

After imposing the detected object on camera A image, the fused image is presented to the
driver. The process is repeated until vehicle B stops sharing detected object information. To
avoid sharing unnecessary information, vehicle B stops sharing detected object information when
the object is no longer in front of the vehicle and visible to other vehicles (i.e. r > %) It is
important to note that shared sensors information might be updated at a different rate. As a

result, time (clock) synchronization between the two vehicles is necessary.

Image plane
camera B

Image plane
camera A

Figure 5.7: Pin hole model and image transpose calculations

5.4 Experimental Setup

In this section, we discuss our experiment setup. We divided our experiment into two parts. In
the first part, we collected on-road data and in the second part we evaluated the performance of

our system using the collected data.
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A) Data collection
Our experimental setup consists of two vehicles (SUV and Sedan). We installed a Cohda MK5
DSRC transceiver ( shown in Fig. 5.8), Global Navigation Satellite System (GNSS) and a
dashboard camera (DashCam) on each vehicle. Although DSRC transceivers are equipped with
GNSS, we opted to use our own separate Real-Time Kinematic (RTK) GNSS because RTK-
GNSS offers a high-accuracy location estimates when compared to standalone GNSS that is used
in DSRC transvers. In our experiment, we used Emlid Reach RTK GNSS receiver (shown in Fig
5.9), which is a low-cost off-the-shelf device [66]. To store the collected data, all sensors on each
vehicle are connected to a laptop that has Robotic Operation System (ROS) installed on it. We
connected the two vehicles’ laptops via DSRC transceivers during the data collection to
synchronize laptop clocks. In addition, we conducted a bandwidth test experiment between two
vehicles to verify the available bandwidth and to emulate channel performance when conducting

the experiment in the lab.

Figure 5.8: Cohda MKS transceiver
The RTK-GNSS output was set to the maximum limit of 5SHz and the camera to 24 Frame
Per second (FPS). The DSRC data rate channel was set to 6 Mbps. We performed our experiment

on the Michigan State University campus and surrounding areas (as shown in Fig. 5.14) with
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wide ranging speed limits up to 55 kilometer-per-hour (kph). All of our experiments were
conducted during daytime. In the first part, we collected channel bandwidth data while driving at
a speed ranging between 0 and 55 kph; and the distance between the two vehicles” DSRC
transceivers ranged from 5 to 100 meters. In the second part, we simulated a pedestrian pre-
collision scenario which was coordinated by our test team.
B) Lab experiment

In our lab setup, we conducted two experiments. In the first experiment, we compared the
performance of two video coding and streaming techniques. The techniques are H.264 encoding
and Motion JPEG. The goal of the experiment was to determine which method is more suitable
for our work. We used two ROS supported PCs that are connected to each other directly via
Ethernet cable. We used wired connection instead of DSRC wireless connection to minimize the
network queuing delay effect. Our goal was to measure the bandwidth and the delay of each
encoding technique. We configured the H.264 encoder to use the zero latency profile to minimize
the delay. However, this configuration reduced the compression efficiency and increased the
streaming bandwidth. For Motion JPEG, we used the standard JPEG compression. We tried to
match the PNSR of both video streaming techniques as close as possible. H.264 encoder uses
dynamic compression techniques that change the image compression quality. Our most important

objective was to transport the visual information with minimal delay.
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Figure 5.9: Emlid GNNS receiver
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Figure 5.10: H.264 frame delay
Fig. 5.10 and Fig. 5.11 shows the average frame end to end delay for H264 and MJPEG,
respectively. The H264 encoder had almost four times the delay of MJPEG. In fact, the average

start up delay for H264 was 15 ms, meanwhile MJPEG had only a 4ms delay. It is worth noting
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that a 15 ms delay is considered acceptable for streaming. However, H264 suffers from a 560 ms
startup delay which is very high compared to only 6 ms for MJPEG.

Furthermore, the biggest advantage of H.264 is bandwidth saving, hence, we compared the
bandwidth used by the two techniques. A comparison between the MJPEG and H.264 bandwidth
for 3 seconds of the test video is shown in Fig. 5.12.
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Figure 5.11: MJPEG frame delay
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Figure 5.12: H.264 vs. MJPEG bandwidth usage

Our algorithm is made flexible by only sharing regions of interest (ROI), in other words, only
portions of the image is shared. To show the effectiveness of our selective sharing in reducing
the required bandwidth; we simulated selective sharing by resizing the original frame resolution
and then compared its transmission bandwidth with the original frame size: An MJPEG
bandwidth compression of a 480x640 image from 100% to 10% of the original size is shown in
Fig. 5.13. At the 100% scale, the bandwidth H.264 and MJPEG are 550Kbps and 1750Kbs
respectively. The MJIPEG bandwidth is three times that of H.264 at 100% . However, the needed
bandwidth is reduced to less than half when the image size is decreased to 10% of the original.
Moreover, we reduced the file size online without shutting down the streaming process. Such
online resolution change is only possible using MJPEG and not with H.264. If a change in
resolution occurs, then the encoder and decoder have to reset, causing a 550 ms delay. In our

application, the image resolution is always changing from frame to another. By combining
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selective sharing with MJPEG, we could achieve minimum delay and bandwidth with frame
changing size flexibility.

In our second experiment, we used two ROS supported desktop PCs that were connected
with stationary DSRC transceivers. The distance between the two transceivers was fixed to 5
meters. To emulate the moving vehicle, based on our road test findings, we added a random
delay of 5 to 15 milliseconds to the channel and set the maximum channel bandwidth to
2.8Mbps. Both PCs have core 17 processors and one PC has NVIDIA GTX 1080ti GPU. The
GPU capable PC represents vehicle B, while the other PC represents vehicle A. We implemented

our proposed system components as ROS nodes.
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Figure 5.13: H.264 vs. MJPEG bandwidth with scaled image
We used the You Only Look Once (YOLO) object detection algorithm in our lab experiment
[67]. We trained the algorithm for pedestrian detection using Visual Object Classes (VOC)

dataset [68]. Also, we used Motion JPEG (MJPEG) as our video/image encoding/decoding
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technique. Using ROS replay feature, we replayed our pedestrian pre-collision scenario data and

evaluated our system performance.

5.5 Experimental Results

Fig. 5.15 and Fig 5.16 show a sample of DSRC bandwidth and packet delay test results,
respectively. During this sample results, the distance between the two vehicles was between 90
to 120 meters and at a speed of 55 kph. The average bandwidth and delay were 2.85 Mbps and
34.5 ms respectively. We found that DSRC equipment can carry high quality video stream with

minimal delay. Similar findings are found in [52].
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Figure 5.14: DSRCs test route
Object detection algorithm YOLO was able to process 8-10 FPS which is considered

acceptable. However, it is possible to achieve higher processing using automotive oriented
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hardware. As we discussed in Section 5.3, after a pedestrian is detected, the pedestrian distance
and angle is estimated. The Region of Interest (ROI) is extracted from the original image and
sent to the video/image encoder. Our MJPEG encoder compresses each image individually as
JPEG image.

This compression method saves a significant amount of time compared to other advance
video compression techniques as we shown in our experiment. The average compressed image
size is 3.5KB which is much smaller than sharing the full image at high quality setting.
However, we limit the video streaming rate to 5 Hz similar to GNSS update rate to achieve best

accuracy. Pedestrian distance [ and £ are sent at the detection rate which is 8 to 10 Hz.
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Figure 5.15: Bandwidth between two DSRC units

Fig.5.17 depicts the delay at every step of operation, where overall delay is between two
consecutive images fusions including the display of the final fused image. The average overall

delay is 200 ms which is similar to the video sharing rate of 5 Hz, mainly due to the fact that the
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GNSS update is limited to 5 Hz. The fusion processes delay average is 33 ms and includes the
delay caused by calculation, fusion and synchronization between remote and local data.
Meanwhile the average channel object detection delays are 10ms and 122ms respectively. It is
clear that the sum of the fusion, channel and object detection is less than overall delay,
suggesting the 200ms delay is not processing delay but due to the SHz update rate of GNSS. It is
possible to increase the information sharing rate by a) improving object detection processing rate

without decreasing detection accuracy b) increasing GNSS rate.
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Figure 5.16: Packet delay between two DSRC units
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Figure 5.17: The delay of proposed system (CPCAS).
Table (5.2) shows the calculations that are conducted during our pre-collision interaction which
lasted 2.4 seconds. During that interaction, the driver is warned about pedestrian crossing. A

sample of the fused images is shown in Fig. 5.18.
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Table 5.2: Proposed system (CPCAS) calculations results

Time (seconds) Speed (m/s) DTC (m) TTC (seconds)
0 8.98 20.1 2.25
0.2 8.94 19.1 2.18
0.4 8.65 17.99 2
0.6 8.64 16.5 1.9
0.8 8.49 15.62 1.8
1 8.31 14.4 1.61
1.2 7.77 12.79 1.53
1.4 7.64 11.5 1.47
1.6 7.64 10.8 1.42
1.8 7.10 10.1 1.41
2 6.52 9.4 1.43
2.2 6.13 9.1 1.4
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Figure 5.18: A sample of CPCAS system image fusion results
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Chapter 6 Conclusions

In the first three sections of this thesis, we developed a novel approach, Erasable Packets within
Internet Queues (EPIQ), for video streaming. EPIQ provides high quality video transmission
with minimal network complexity. Under congestion, EPIQ works by erasing portions of
multiple video packets within a network queue rather than the conventional packet dropping
mechanism. We developed analytical models for our proposed solution for ideal and non- ideal
operation then we verified them using simulation. We further introduced EPIQ-RED AQM,
based on the well know RED algorithm, to implement our partial packet erasing. Furthermore, to
maintain fairness and to control the rate of competing video streams, we presented EPIQ-TFRC.
Our simulation results show that our system can achieve better performance than both multi-
queue and HTTP-based video streaming. In summary, the proposed EPIQ solution introduces a
new paradigm in video streaming by partially erasing packets to control congestion in the
network while maintaining the highest video transmission quality.

In the last section of this thesis, we proposed a new Cooperative Advance Driver Assistance
system (C-ADAS) that will potentially reduce the number of pedestrian accidents significantly.
Our proposed system tries to eliminate obstruction of view problem that vehicle drivers face
every day. Our system achieves low end-to-end delay .We introduced a selective sharing
algorithm that decided what to share and with whom, thus minimizing the amount needed
bandwidth for visual information sharing. Our proposed system can be utilized with various
types of sensors to improve its performance. Our experiment shows that our system can achieve

the desired results with minimum bandwidth usage and low delay.
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