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1 Introduction

The widespread adoption of mobile computing, and the vast number of embedded
devices connected to the worldwide telecommunication network are merely the tip of
the iceberg among the factors that contribute to the current exponential growth in the
volume of communication. In my dissertation I focus on two distinct, but similarly
rapidly growing areas of networking: Inter-Vehicle Communication (IVC) for traffic
safety, and Video on Demand (VoD) assisted by Peer-to-peer (P2P) technology.

1.1 Inter-Vehicle Communication

The primary goal of an Intelligent Transportation System (ITS) is to increase road
safety, and traffic efficiency by detecting, and reporting phenomena that are otherwise
unperceivable by the drivers. The vehicles should communicate with each other to
share their measurements and to coordinate their movements to optimize traffic status
on a larger scale. Such Inter-Vehicle Communication (IVC) may be performed through
a managed infrastructure (Vehicle-to-Infrastructure – V2I), or directly among the
vehicles (Vehicle-to-Vehicle – V2V). The latter is not only easier, and cheaper to be
deployed, and operated, but promises more flexibility and fault tolerance as well.

V2V communication can be used to build a special kind of ad hoc network (Ve-
hicular Ad hoc Network – VANET), which has remarkably distinct characteristics
from conventional mobile ad hoc networks (MANETs). The network nodes are cars
that move at high speed, but their mobility pattern is restricted by the road network,
and the traffic rules. The resulting wireless network grows huge with regard to both
the number of nodes involved, and the covered area. Under these circumstances the
conventional ad hoc routing protocols perform poorly. However, traffic safety applica-
tions usually require one-to-many message dissemination, rather than point-to-point
routing, and the group of the intended receivers can be defined using geographical
areas. Additionally, VANET nodes are transceivers built into vehicles; thus, unlike
other mobile nodes, they do not have significantly limited battery capacity.

A significant part of VANET research is focused around fast, and reliable mes-
sage broadcasting by selecting the farthest node to rebroadcast the received message.
Without this, the superfluous rebroadcasts would consume the scarce radio resources,
an effect called broadcast storm [19]. There are numerous solutions for limiting a mes-
sage flood into a specified geographic area, or for reaching that area, if the source is
outside of it. These solutions are called geocasting, and they are not only proposed for
ad hoc networks in general, but for vehicular systems as well [18]. The size, and shape
of the destination area is, however, not defined by the protocols themselves, but a re-
gion is set manually. A distinctively different approach is when the emergency vehicle
broadcasts its route plan, and vehicles forward this warning along the given path to
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notify the others about the coming ambulance that needs fast pass-through [11].
Some proposals focus on the duration of the warning instead of the destination

area, as the phenomenon they want to inform the drivers about lasts for a prolonged
time. For example, [24] proposes to reduce the number of broadcasted messages by
keeping the instances of the message (tokens) at the border of the alert region; the
vehicles should pass the token as they are about to leave the border band. The alert
lasts for a predefined time, or until a canceling message arrives.

1.2 Video on Demand

Video on Demand (VoD) systems are becoming an increasingly popular choice of
entertainment, not only for short clips, but full length movies as well. The wide
range of content combined with easy navigation and interactive access makes VoD
a viable alternative to conventional television, which might be completely replaced
by it in the near future. To be able to deliver the vast amount of traffic required to
transmit Full HD quality videos across the network, VoD systems need decentralized
architectures. As these services usually generate financial revenues, error resilience
must also be provided to ensure uninterrupted access.

Peer-to-peer networks gained high popularity in the last decade. They can pro-
vide decentralized content indexing, data distribution, or both of them. Perhaps the
best known P2P protocol is BitTorrent [7]. Its popularity can be attributed to its
relatively simple design, efficient, and flexible operation, and its open specification.
It is also resilient against network, and node failures [16], which certainly helped its
adoption as a distribution method of large files. It divides the content into small
pieces, called chunks, which are exchanged among the clients interested in the con-
tent: each participant is a downloader, and an uploader at the same time. Those who
have all pieces, and therefore are not downloading anymore, are called seeders, while
the others are the leechers. The incentive to upload is raised through the peer selec-
tion method of BitTorrent. It uses the tit-for-tat algorithm, which is the best known
solution to the repeated prisoner’s dilemma [4]. In this algorithm the clients prefer
uploading to other clients who were willing to upload recently, punish denial with
denial, called the choking mechanism, but are quick to forgive (optimistic unchoke).
It is possible to free-ride in this system [17], and to build false reputation, but there
are several proposed optimizations to avoid these [31]. To maximize the throughput
by eliminating bottlenecks, BitTorrent clients try to download the rarest chunks first.
This method efficiently equalizes the availability of the chunks within the content.

However, despite the numerous advantages of BitTorrent, it is not directly suitable
for video delivery, because the rarest-first chunk selection policy prevents the playback
until a significant portion of the video is downloaded. To alleviate this issue the
segment selection algorithm of BitTorrent must be modified to provide more-or-less
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in-order download policy. The usual approach is to introduce a download window,
and only allow BitTorrent within the window [23]. Some proposals let the client
select chunks from outside the window with a given probability [28], and others use
an exponentially weighted priority instead of a window [6], which may increase the
efficiency of data sharing, but they also increase the chance of a buffer underrun.

2 Research Objectives

This dissertation contains the results of the following three research objectives:

1. Examine the possibility of using random drops for localized flooding in vehicu-
lar environment, and use it to build a lightweight, stateless point-to-multipoint
message dissemination protocol for emergency, and traffic optimization appli-
cations.

2. Analyze the performance of a generic P2P-assisted VoD system through sim-
ulations, and investigate the interactions between caches, and the P2P swarm
when they cooperate in offloading a video server.

3. Construct an analytical model of the download process of the windowed P2P
client, and compare its performance with different window positioning, and
segment selection methods.

3 Methodology

The foundation of my IVC protocol, Carefully Localized Urban Dissemination (CLoUD),
is a mathematical model; it’s a twist on the well-known gossiping algorithm. I vali-
dated its suitability using probability theory, and some results from percolation the-
ory. I wrote a small simulator in Perl to study the message flood on a lattice graph,
and I used Network Simulator 3 (ns-3) to verify that the CLoUD protocol works in a
realistic environment.

Unlike the development of CLoUD protocol, the VoD part of the dissertation is a
performance analysis of a VoD system assisted by P2P, and caching. In the first part
I used my custom-made flow-based network simulator, called CdnSim. In the second
part I analyze the performance of the P2P VoD client mainly with probability theory,
and a few ideas from queuing theory. I also validated the analytical results with a
simple simulator.
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4 New Results

4.1 Emergency Message Propagation in Inter-Vehicle Com-
munication

I proposed a novel method of emergency message dissemination for IVC in urban
environments. Previous solutions for emergency message dissemination were either
targeted for highway scenarios, or depended on information that was expensive to
gather. On a highway the main problem is the fast, and reliable message propagation
along the road [27]. In an urban environment, however, there is a dense web of short
road segments; thus, the vehicles can find alternative paths to their destinations;
therefore, the messages are only needed to be delivered to relatively short distances.
The dissemination protocols proposed in the literature either require neighbor discov-
ery [15], or advertisement of interests [8], which consume significant amounts of radio
resources, and data storage on the nodes. My goal was to create a message dissemi-
nation protocol that uses as few signaling messages, and stored states as possible, to
make the protocol truly light-weight, and scalable.

When I designed the CLoUD protocol I had four fundamental assumptions about
the IVC network, and the requirements of the application that uses my protocol.

First, the vehicles want to inform other vehicles about a locally detected anomaly.
This forbids spreading rumors, and thus improves the reliability of the information
spread over the network. Since the event is tied to a location, the vehicles that are
interested in the advertisement are the ones that will go to that location in the near
future. This implies a localized flooding (i.e. position-based multicast) method, where
the coverage area of a message should include the interested vehicles.

Second, the messages are only valid for a short time, and persistent anomalies
require repeated warnings instead of persistent warnings with cancelling messages.
The consequence is that under normal circumstances lots of messages are sent; thus,
the overhead that comes from extra transmissions needs to be minimized to ensure
throughput, and minimize delay. It also means that the message flood should be
localized to the area, where it is really useful.

Third, the vehicle traffic is dense, and the average speed of the vehicles is high
during the whole operation of the IVC. Therefore, the set of other vehicles in the radio
range of a vehicle is changing rapidly. This renders neighbor detection, and neighbor
list maintenance hopeless. Without knowing the intended path of the neighboring
vehicles, we can only use estimates based on the usual behavior of the vehicles to
determine the coverage area for the messages. The dense traffic is advantageous,
because the connectivity of the network makes the implementation of store-and-carry
solutions unnecessary.

Fourth, the protocol is deployed in city centers, and similar densely developed
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areas, were the buildings block the propagation of the wireless signals from spreading
into parallel streets; thus, the message spread follows the road network. My flood lo-
calization protocol exploits this feature by using the digital map to route the message
flood into areas, where it is expected to be relevant.

Thesis 1. [C1, C2, J1, J2, J3, B1] I invented a novel protocol, called Carefully Local-
ized Urban Dissemination (CLoUD), for point-multipoint emergency message dissem-
ination among vehicles in urban environments. The protocol uses a modified version
of the Gossiping algorithm to limit the message flood; the rebroadcast probability p is
adjusted by each vehicle according to the usual traffic conditions. I analyzed the math-
ematical properties of this algorithm in detail to test its suitability for the task. The
most notable feature of this new protocol is that the group of receivers is dynamically
determined without sending any signaling messages.

The Gossiping algorithm was first introduced to reduce the overhead in synchro-
nizing distributed databases [9]. With this algorithm in each round the sites select a
random subset of the available peers to synchronize with. This reduces the network
load and improves the convergence speed of the synchronization. In mobile ad hoc
networks the cost to reach a peer is not uniform, but depends on the distance between
the two nodes. In this case the multi-hop Gossiping algorithm is implemented as a
flooding, where every node rebroadcasts the received packets, but some packets are
randomly dropped with a predefined probability. This is still the same Gossiping
algorithm, with a non-uniform peer selection method [14]. In both cases the goal
of the Gossiping algorithm is to deliver the data to all nodes; thus, in the ad hoc
case the rebroadcast probability needs to be fine-tuned to minimize the number of
rebroadcasts, yet deliver the message to all nodes in the network.

This situation is similar to the spread of an epidemic in a population, and the
diffusion of fluids in porous materials. This has been studied by mathematicians as
well, under the name of percolation theory [13], which considers the theoretical model
as an infinite connected graph G from which each edge is removed with probability
(1 − p). The question is: for a given p, what is the probability P that there is a
connected subgraph of G that is infinite? The surprising result is that there is a
critical point pc such that P = 0 if p < pc, and with a sharp transition P suddenly
starts to increase at p > pc as a

√
p-like function, reaching P = 1 at p = 1. These two

phases are called subcritical, and supercritical phases, respectively. The value of pc
only depends on the large-scale topology of the graph, and it is insensitive to the local
disturbances. In general, pc can only be determined via simulations, the analytical
results cover only a handful of topologies.

Usual Gossiping algorithms aim to operate in the supercritical phase by setting
p > pc, but stay as close to pc as possible to minimize the number of sent messages.
As opposed to these, the main idea behind my own message distribution algorithm is
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to localize the message flood by using the subcritical phase of Gossiping.
The CLoUD protocol is thus a form of geocasting, where the target group is

determined randomly.

Thesis 1.1. [C1, C2, J2, J3, B1] I showed that using the Gossiping algorithm in
the subcritical phase (p < pc) is suitable for flood localization. This way the average
distance a message reaches can be controlled with the rebroadcast probability p. I call
this new algorithm Whispering.

If using the Gossiping algorithm on a single path, the distance (number of hops)
the message can travel follows Geometric distribution, as the forwarding process is a
Bernoulli trial. Although the support of the Geometric distribution is [0,∞), which
means the message may travel to the end of the world with nonzero probability, this
is an exceptionally rare event, as the distribution has a finite mean, and variance;
thus, the flood can be considered localized.

On a network of roads, where there are multiple possible paths between two points,
we can use the following theorem from percolation theory to see that an upper bound
for the size of the coverage area exists: ∃ϕ̃(p) > 0 : P(|C| ≥ n) < e−ϕ̃(p)n

1/d , where
|C| is the volume of the largest connected subgraph, d is the dimension, and n > 0
is arbitrary [13]. The message flooding is thus always localized, if p < pc, and just
like on the single road. The size of the coverage area can be controlled with the
rebroadcast probability p.

While it’s true that the coverage area is not precisely defined, the set of vehicles
that need to receive the message is not known in advance due to the lack of neighbor
detection.

Thesis 1.2. [C1, C2, J2, J3, B1] I showed that r, the probability that the vehicles in
a certain area are interested in the message, is the probability that they go towards
the originator of the message, and I showed that the optimal rebroadcast probability
in that area is p = r. I call this connection the Relevance Equation (RE).

When a vehicle receives a message, it needs to decide whether to rebroadcast it. If
there was neighbor discovery, the obvious solution would be to rebroadcast whenever
there is a vehicle is in the radio range that has to be notified. Without neighbor
discovery the vehicles can only rely on pre-existing information, like statistics about
the usual traffic conditions.

The messages contain information about a locally detected anomaly; therefore,
the vehicles that are interested in the message, i.e. the ones that are affected by the
anomaly, are the ones that are heading to the position of the originator of the message
flow. If the usual vehicle behavior is known, we can estimate the probability that the
nearby vehicles need to be informed.
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I proved that the optimal rebroadcast probability is p = r, because on average
this ensures that the correct number of vehicles are informed.

The limitation of this approach is that although it notifies the correct number
of vehicles, we cannot know whether the correct vehicles have been notified, and we
cannot guarantee that all interested vehicle receives the message with 100% certainty.
The main advantage on the other hand is that, as I show later, r can be estimated
without signaling; thus, we can compensate the lack of accuracy with efficiency in
resource utilization.

Thesis 1.3. [C1, C2, J2, J3, B1] I showed that if there is only one possible path
between the current position, and the originator of the message, the Relevance Equa-
tion becomes p = r = ĥ

√
qabc−→

(1− sx); I call this Single Path Relevance (SPR). Here
qabc−→

is the probability of turning to the correct direction in the last junction, sx is the
stop probability on the current road segment, and ĥ is an estimate of the length of the
current road segment in wireless hops. Although this formula is only mathematically
correct for a single path, I showed with simulations that it gives a good estimate when
there are multiple possible paths.

Several different methods can be used to describe the statistics of vehicle traffic.
A practical choice is to define turning probabilities in junctions [26, 21]: for each
incoming road segment it specifies the relative frequency of vehicles choosing one of
the possible outgoing road segments. This defines a matrix of probabilities, where
the sum of each row is 1. Additionally, we can consider the stopping probability of
the vehicles on each road segment. I use the letter q for the turning probabilities, and
the letter s for stopping probabilities with the following subscript notation: vehicles
arriving at junction b from neighboring junction a go to the neighboring junction
c with probability qabc−→; the probability of stopping on road segment x is sx. I also
assume that the vehicles are capable of computing ĥ by estimating the length of the
road segment in hops they are currently on: they have measurements of the radio
range, and they know the metric length form the digital map.

If there is only a single path between the current position, and the origin of the
message, the probability of getting there is the product of the turning probabilities,
and the probabilities of not stopping along that path. The probability of the message
arriving at the current position can be similarly constructed: assuming there is a
different pi rebroadcast probability on each road segment (including the junction
on one end), and it takes ĥi wireless hops to go through road segment i, the total
probability of the message surviving until the current position is

∏n pi
ĥi .
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Combining the two probabilities in one equation yields

n∏
i∈S

pi
ĥi =

∏
abc−→∈Q

qabc−→

∏
x∈S

(1− sx), (1)

where Q is the set of junctions along the path, and S is the set of road segments.
This formula is recursive, because it is expanded with one term after each road

segment along the path of the message. Unfolding the recursion reveals that in each
step the terms corresponding to the previous steps cancel out, and only the newest
term remains; thus, (1) reduces to

pĥ = qabc−→
(1− sx). (2)

The calculation thus doesn’t require information about the previous paths of the
message, and the vehicles.

A simple explanation of the phenomenon that the previous path of the message
instance becomes irrelevant is that the distance traveled along a path has Geometric
distribution for both the messages, and the vehicles. It is a well-known property of
the Geometric distribution that the conditional probability of “what is the probability
of this message reaching the next vehicle if it reached me” is independent of the path
traveled previously.

Thesis 1.4. [C2, J3] I developed the Audible Whispering algorithm to improve the
reliability of the Whispering algorithm. In this new algorithm the message has to
collect k > 1 votes to drop, instead of being dropped immediately. I proved that if there
is only a single path between the current position, and the originator, using Audible
Whispering with p′ = p

k+p(1−k) sends the messages to the same distance on average,
but with significantly lower variance compared to the original algorithm. I showed
with simulations that Audible Whispering is also viable, when there are multiple paths
between the origin of the message, and the current position.

The distance a message travels on a single path in the Whispering algorithm
follows Geometric distribution. The standard deviation of the hop count is thus σ =√
p/(1−p), which almost equals its mean (p/(1−p)). This causes high fluctuations in

the size of the coverage area. To improve the reliability of the dissemination I proposed
a modified, Audible Whispering algorithm that uses a voting mechanism instead of a
single Bernoulli trial to decide if the message should be forwarded. When a Bernoulli
trial fails, the node only “votes” for the message to be dropped, i.e., it increases a
counter in the message header instead of dropping the message immediately. The
message is only dropped if the counter reached a threshold (k). This changes the
distribution of the distance traveled by the message from Geometric to Negative
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Binomial with parameters (p, k).
The size of the coverage area is also affected by the change of the message drop

algorithm. To restore the original size I considered the distance traveled by the
message on a single road, where the expected value of the Geometric distribution is
p/(1− p), and the expected value of the negative binomial distribution is kp/(1− p).
These become equal, if Audible Whispering uses

p′ =
p

(k + p(1− k))
(3)

as the rebroadcast probability. With this the standard deviation of the hop count
becomes σ′ = (1− p+ p/k)σ, which is significantly less than the original when k > 1;
thus, the dissemination has indeed become more reliable. There is no hard limit on
the value of k; however, it doesn’t provide noticeable changes, if increased above 100.

With this modification the protocol is not memoryless anymore, but the stored
state is in the messages themselves, and not at the nodes. It also deviates from the
Relevance Equation, because vehicles near the source receive the message with higher
probability than prescribed, while vehicles farther away are less likely to receive it.

If there are multiple paths between the origin of the message, and the current
position, the single-path solution doesn’t hold. Unfortunately, there is no suitable
mathematical model for this case, because percolation theory is not applicable for the
modified forwarding game. I conducted simulations on a square lattice to compare
Audible Whispering to simple Whispering, and I found that it doesn’t exhibit the
two-phase behavior, and its coverage area is always finite, provided p < 1. This
deviates from the Relevance Equation, but on the other hand it provides stronger
guarantee for a finite coverage area.

Thesis 1.5. [C1, C2, J2, J3, B1] I created two variants for the vehicles to set the
rebroadcast probability by simplifying the Single Path Relevance formula based on the
wireless range of the vehicles. The Dense variant assumes short radio range (h > 1),
and dense vehicle traffic; it sets p = q in the junctions, and p = ĥ−1

√
(1− s) along

the road segments. The Sparse variant assumes that the radio range is longer than
the road segments (h = 1), and it also works with fewer vehicles; it sets p = q(1− s)
when the message reached a new road segment, p = 1 otherwise.

In the Dense variant the short wireless range corresponds to a Wireless Personal
Area Networking (WPAN) technology, like Bluetooth. These are rarely considered
for ad-hoc IVC, but they are a viable alternative. I assume that the vehicles have
a method of calculating an estimate ĥ for the current road segment based on their
measurements about the radio range, and interference.

The Sparse variant assumes that radio range is longer than the road segments.
The IEEE 802.11p wireless standard [2], which is intended for IVC, promises several
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hundred metres range in an open field; usual road segments are shorter than that,
and due to interference it’s unlikely that a transmission is heard from 2 junctions
away.

In both variants I assume that the vehicle density is such that the network doesn’t
get partitioned often. If network partitioning is a serious issue in a scenario, CLoUD
needs to be extended with a store-and-forward mechanism.

Thesis 1.6. [C1, C2, J2, J3] I designed the appropriate message forwarding algorithm
of CLoUD. It is an improved version of the contention-based next node selection al-
gorithm that assigns the shortest rebroadcast delay to the farthest node in a given
direction; I extended this algorithm to also use the digital map for finding the optimal
next hop. To cancel the transmissions of the other candidates even when the optimal
next hop voted to drop the message, I proposed to rebroadcast the message with the
“dropped” flag.

The CLoUD protocol has to ensure that a message will only be rebroadcasted by
the vehicle that is in the most advantageous position for increasing the area covered
by the message flow.

There is a simple way of selecting the most suitable repeater node, if the message
flow has a specific destination point. There are several independent papers [5, 12, 3,
10] that contain essentially the same idea: all receiver nodes schedule the rebroadcast,
but the closer they are to the destination, the shorter their delay is. The nodes that
hear an other node rebroadcasting before them, cancel their transmission. Since there
is a specific direction the message is intended to, there is no hidden terminal, because
the nodes that select short delay are close to each other, and the nodes that are
farther from the destination than the previous node don’t even try to rebroadcast.
The delay is best calculated as a linear function of the distance, because this gives
the same resolution over the entire transmission range.

I adapted the delay-based contention algorithm to consider the road network when
calculating the delay, and deciding whether to cancel their transmission when receiv-
ing another instance of the message. My algorithm sets the rebroadcast delay based
on the distance from junction_dst. It issues shorter delay to the vehicles that are in
junction_dst for the Dense variant, and the ones that are on the next road segment
for the Sparse variant. If a vehicle hears a transmission, it must cancel its pending
transmission of the same message in the following cases: the received message has the
same junction_dst as the pending one, or the junction_src of the received message
instance is the same as junction_dst of the pending one.

Since the vehicle in the best position always needs to override the others, it has to
send something even if it had to drop the message due to the Whispering algorithm.
The CLoUD protocol solves this by also rebroadcasting the dropped messages, but
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with the dropped flag set in the message header; such messages may never be rebroad-
casted.

4.2 Performance Analysis of a P2P-assisted Video on Demand
System

The next two thesis groups focus on a P2P-assisted VoD system, for which the general
model is specified here. Thesis group 2 is a simulation study of the complete VoD
system, while thesis group 3 is an analytical examination of the download process of
a P2P VoD client.

The VoD system consists of a video server, which stores all video files, and the
clients that download videos, and start playing them while downloading. Any client
can request any video at any time; thus, the sessions cannot be merged into multicast
groups. In the simulation study I also examined the feasibility of adding a cache
between the video server, and the clients in addition to the P2P system.

This stored video distribution system is fundamentally different from live video
streaming, where the video is an infinite stream continuously created by the central
server, and delivered to the clients. In this latter case the playback position is the
same for all clients, and they don’t have to store anything that has already been
played.

The videos are split into even-sized segments, and transferring a segment is an
atomic operation in this system. I define the unit of time, the timeframe, to be the
time to play back a segment; it is at most a few seconds. The theoretical model
assumes constant segment transfer times over the network, which is T timeframes. In
reality, the transfer time is usually determined by the uplink speed of the clients; thus,
the simulation study uses probabilistic transfer times with distribution T + Exp(λ).

The clients can re-distribute the segments they already downloaded to other clients
via a peer-to-peer data delivery system. There are several such systems available, I
chose BitTorrent [7] as the basic model, because it is efficient, well studied in the
research community, and it has seen wide-spread usage around the world.

Standard BitTorrent is not suitable for video delivery, because it downloads the
segments in a pseudo-random order (rarest first); thus, in the worst case the client
would need to wait until the entire file is downloaded before it can start playback.
Several modifications were proposed in the literature [23, 28, 6], most of them add a
download window to prioritize the downloading of the segments that will be needed
shortly.

I chose a conservative windowing method, because it provides the strongest guar-
antee for Quality of Experience, i.e. the least chance for a buffer underrun. In this
method the P2P system can only select segments that are inside the download win-
dow, which is W segments long. I distinguish two states of the segments in a video:
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the Full are the ones being downloaded, or already downloaded, while the Empty are
the yet untouched ones.

I examined two algorithms for positioning the P2P window:

Streaminglike maintains a fixed distance between the window, and the playback
position

Progressive the window advances, if its first segment is Full

These two algorithms represent the two extremities.
Some segments may leave the P2P window in Empty state, such missed segments

must be retrieved from the server to provide continuous playback experience, which
means that a fallback window is needed between the playback position, and the P2P
window, where the missing segments are detected, and downloaded from the server.

In both thesis groups I consider the case, when the clients have finite downlink
capacity, i.e., they can only handle D ongoing downloads. Of course, D > T is
required, because the downlink has to be faster than the video bitrate. In group 2 D
is always finite, in group 3 D =∞ except in the last thesis.

I examined three segment selection algorithms within the P2P download window:

Rarest selects the segments in the P2P window in increasing order of availability

Random selects in a completely random order

Linear starts at the beginning of the window, and stops the first time it fails to
initiate a download

Linear is restrictive, but it is useful for performance evaluation, and it has some in-
teresting mathematical properties. The default selection algorithm in the simulations
is Rarest.

In the simulation study I also considered that the clients don’t watch the entire
video each time. This is a well known phenomenon that has already been observed in
e.g. video cassette rental services, and has been studied by several authors [25, 30]. I
adopted the terminology of [25], where this is called prefix, and a probability distri-
bution is given for the session lengths. I used their video server workload generator
tool, called MediSyn, which implements the prefix model described in their paper.
With incomplete sessions the definition of “seeder” peers has to be altered: they don’t
have the entire video, just the parts they downloaded during the playback, but they
keep uploading for a while after their playback has stopped.

In the simulations, before the playback can begin, the client has to download the
first PB segments, such that the first segment after that can be safely downloaded
during the playback before it needs to be played. This means that PB > T + 1.
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Table 1: Comparison of the features of the models used in the thesis groups
Thesis group 2 Thesis group 3

Number of clients examined All of them (10000) 1
Number of videos examined All of them (15000) 1

Arriving of new clients Realistic session ar-
rival process gener-
ated with MediSyn

Poisson process with
constant λ intensity

Leaving of seeders Poisson process with
constant µ intensity

Poisson process with
constant µ intensity

Segment availability Real client stor-
age and availability
tracking

Constant supply-
demand ratio

Segment transfer time Probabilistic
T + Exp(λ)

Constant T time-
frames

Fallback mechanism Yes No
Abort mechanism Yes No

Prebuffering Yes No
Scope of the analysis The whole process Steady state of the

download process
Performance metric Bandwidth-dependent

cost of the system
Number of segments
missed by P2P

I distinguish two major versions of prebuffering. Server Prebuffring means that
the prebuffering source is the server, or the cache, if the segment is available in the
cache. Peer Prebuffring means that the primary source is the P2P system, with the
two reliable sources acting as backup, if no peer has the required segment, or all peers
are occupied.

The theoretical calculations of thesis group 3 assume an ongoing download process,
and most of the results are only applicable to the steady-state of the download process.
Therefore, the prebuffering phase does not appear there at all.

My model for the P2P system is based on the model of [20], which in turn is
based on [22]. This model constructs a formula for the segment download initiation
probability, i.e., the probability p that a P2P client finds a suitable uploader peer for
a segment, and the download can be initiated.

In my model the P2P download window is handled by the clients periodically in
three steps: advance the window, start new downloads, wait a timeframe. There are
two marked points in this process: (B)efore advance, and (A)fter advance. In the
equations the quantities will be marked according to these points like XA, or XB to
show where those values are measured.
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I used two simulators to study the P2P system. The sim.pl models only a single
client, and the global status of the P2P swarm is an input in the form of a constant
segment download initiation probability p. The simulator executes the window han-
dling algorithm for a fixed length video, and prints detailed statistics (including plots)
for the average of a given number of simulation runs. I used this simulator to validate
the theoretical calculations in thesis group 3.

For the simulation study presented in thesis group 2 I developed my own network
simulator, called CdnSim. It is implemented in C++, and I used some Perl scripts
to automate running it with various settings, and to analyze its output. The basic
objects have similar design to the basic structure of ns-2 [1], but the way data transfer
is modeled is totally different: I use a flow-based approach, where each segment of a
video is one data flow, which simultaneously occupies bandwidth on all links along
its path.

The system models used in the two thesis groups regarding P2P assisted VoD are
compared in table 1. They use the same model for the operation of the P2P clients,
but some details that are included in the simulation study had to be omitted in the
theoretical calculations.

4.2.1 Analysis of a VoD System Assisted by P2P and Caches

In this simulation study the P2P VoD system serves several videos to a large client
base with realistic session distributions, and probabilistic segment transfer times.
Due to the complexity of the system the analysis is limited to simulations. In the last
thesis I also introduce a new element compared to the basic model: a content cache
between the central video server, and the clients.

Thesis 2. [C4] I conducted a detailed simulation study on a VoD system, where P2P,
and a cache offload the central video server, and the incomplete sessions are modeled
realistically. I showed that optimal values exist for the parameters of the P2P system,
even though the system performance is not sensitive to the input parameters. I showed
that using a cache alongside the P2P system can simultaneously increase the offloading
of the server, and provide fast startup.

I measured the performance of the VoD system with a cost function that considers
only the outgoing bandwidth of the content sources. As I don’t know the exact
equipment prices, I couldn’t incorporate the deployment cost into the calculations. I
don’t know the unit price of transmitting the traffic either; thus, I treated those prices
as variables, and I present the results as a function of those prices. The formula for
the total cost of the system is

TC = P1CFLTS + P2CFcache + P3CFP2P. (4)
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Figure 1: Optimal P2P parameters, and total system cost as a function of downlink
capacity; Streaminglike, Server preloading, P2P price is 0.1

The bandwidths and the Pi unit prices will be given as normalized. The price of the
server link is 1, and the Cost Factor of the server output is 1, if no other content
source is activated.

Thesis 2.1. [C4] I showed with simulations that there exist an optimal size, and
initial position for the P2P window, and an optimal prebuffer window size, where
the bandwidth-dependent cost of the system is minimal. I also showed that a large
deviation from the optimal settings does not significantly increase the system cost.

Fig. 1 shows an example of how the optimum point depends on the system pa-
rameters, in this case the uplink capacity of the clients. In the dissertation I also
examined the dependency on the cost of the P2P traffic, the uplink speed, and the
average seed time. Fig. 2 gives an example of the sensitivity of the P2P system to
its window settings. The most insensitive is the window size: a tenfold change in the
window size increases the total system cost with less than 10%; the other two are
more sensitive, but even the prebuffer window size has to be five times the optimal
to make the P2P disadvantageous.

Thesis 2.2. [C4] I showed with simulations that the bandwidth-dependent cost of the
P2P system is not sensitive to the window positioning algorithm.

The two window positioning algorithms I use represent the two extremities: Streamin-
glike is the most conservative advance policy, and Progressive pushes the window
forward as aggressively as possible. Although Progressive downloads more segments
than required, these extra downloads increase the availability of the segments, and
thus increasing the efficiency of the P2P system. Therefore, without simulations
it is difficult to tell how it performs compared to Streaminglike. As Fig. 3 shows,
the two algorithms perform almost identically with server prebuffering. With peer
prebuffering there is a few percent difference when the P2P traffic is expensive.
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Thesis 2.3. [C4] I showed with simulations that the Random segment selection al-
gorithm is not a good model of the Rarest-fist segment selection, because Rarest-first
favors downloading the segments of the P2P window in reverse order. This can also
manifest in measurable performance difference between the two algorithms.

In the literature sometimes Random selection is used as a simple substitute for
Rarest-first [20], because it is easier to handle in a mathematical analysis. However,
this assumption needs verification. In this simulation study I chose Rarest-first as the
default algorithm, but I also compared it to Random.

The availability of the segments roughly corresponds to their popularity. The
segment popularity curve is decreasing monotonically within a video; thus, the Rarest-
first algorithm tries to fill the window linearly from behind, as seen in Fig. 4. This
suggests that Random is not a good model of Rarest in VoD applications. The
difference in the segment selection order also creates a slight performance difference
between the two algorithms, because Rarest-first tends to download more segments
that will not be played due to the session termination.
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selection algorithm; seed time is 1 day, W=30

Thesis 2.4. [C4] I used simulations to compare two optimizations for the P2P system:
prebuffering from the peers, and adding a cache. I showed that they can achieve similar
reduction in the bandwidth-dependent cost of the system, and, in addition, the cache
also retains the fast session startup. I also showed that when the P2P traffic is more
expensive than the cache, the optimal setting is to turn the P2P system off; however,
no matter how expensive the cache traffic is, it is never optimal to turn it off.

The P2P system can greatly offload the video server, but it is less than ideal as
a prebuffering source, because the peers are unreliable, and their long transfer times
result in huge startup delay. Placing the P2P window far enough from the playback
position can mitigate the problem of slow transfers during playback, but this solution
is not applicable for prebuffering.

Although prebuffering from the server is fast, it is also expensive: since each video
session begins with a prebuffering phase, but lots of the sessions are aborted quite
early, the relative server load can be high, because the P2P system might not even
have a chance to activate in several sessions.

Adding a cache to the system can solve the prebuffering problem in an elegant
way: it can provide as fast transfers as the server, yet it is cheaper to use; thus,
it is great for cost reduction even in the prebuffering phase. The combined system
performs better than caching, and P2P individually.

When the P2P traffic gets more expensive than the cache traffic, the optimal
settings quickly converge to a zero sized P2P window. When the cache traffic gets
more expensive, the optimal amount of videos to be cached decreases a bit, but it
never becomes zero.

4.2.2 Performance Analysis of a P2P VoD Client

This section presents analytical results for the average behavior of the VoD clients,
and their performance characteristics. Some of the results contain approximations;
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therefore, I also verified the results via simulations to avoid modeling, and calculation
errors. The model used in the mathematical analysis is a somewhat simplified version
of the model used in the previous simulation study. The last thesis of this group is
an exception, because it is a simulation result.

Thesis 3. [C3, J4, J5] I analyzed the performance of a P2P VoD client that uses a
windowed BitTorrent algorithm for retrieving the video segments. I developed formulas
for the number of Empty segments the window, the advance speed of the window, and
the probability of missing a segment. Furthermore, I examined the effect of limited
downlink speed on the system performance.

The state variables are all non-negative integer valued random numbers. In most
cases I’ll only consider their expected values, because their distributions are difficult
to determine. I use the notation X for the expected value of X, calculated as the
ensemble average. Obviously, the expected values are not necessarily integer.

I measure time in timeframes, one timeframe is the time it takes to play one
segment of the video. Downloading a segment from an other peer takes T timeframes,
which is a constant in this thesis group. The number of ongoing downloads is O.

Within the P2P window the segments can be in two different states. The Full
segments are the ones, which are being downloaded, or already downloaded. The rest
of the segments are Empty, and the goal of the download process is to convert as
many Empty segments into Full as possible, before they leave the P2P window. The
number of Full segments in the window is F , the number of Empty segments is E.

Since the P2P window must remain ahead of the playback position, it might
happen that an Empty segment has to be shifted out. That event is a Miss, and the
probability of missing a segment is M . The main goal of this study is to determine
the p required for Miss-free operation, if it can be achieved.

The download process works in rounds. In each round the algorithm scans the
P2P window, and tries to start as many new downloads as it can. The number of
newly started downloads in a round is S.

The number of Full segments at the beginning of the P2P window is a, and the
advance speed of the P2P window is A. With the Streaminglike algorithm A = 1,
with the Progressive algorithm A = max(aB, 1) using the subscript notation for the
measurement point B.

Thesis 3.1. [C3, J4, J5] I described the state of the P2P window with the system
equation ∆E = A − S −M . I showed that a steady-state (∆E = 0) exists in this
system.

In each round the number Empty segments is changed by the following three
factors:

1. Some of them are converted to Full

18



2. When the window advances, new Empty segments are shifted in

3. Miss occurs, if the segment shifted out is Empty

We get the system equation by combining these.
The steady-state is a constant response of the system for constant input. The

sufficient condition for the steady-state to exist is the asymptotic stability of the sys-
tem. I proved that the system is asymptotically stable for both Linear, and Random
segment selection.

Thesis 3.2. [J5] I proved for both the Linear, and the Random segment selection
algorithms that with Progressive window placement aB = S in the steady-state, i.e.,
the average number of Full segments at the beginning of the P2P window equals the
average number of segments started in a round.

This is an interesting phenomenon. The Random segment selection algorithm
starts downloads all over the P2P window, yet the number of newly started downloads
equals the number of Full segments at the beginning of the window. Note that only the
average value of these two quantities equal – they have entirely different probability
distributions. Their domain can also be different, if D < ∞, because a ∈ {0 . . .W},
and S ∈ {0 . . .min(D,W )}.

Thesis 3.3. [C3, J4, J5] I determined analytically the average number of newly
started segment downloads in a round for Linear, and Random segment selections.

With Random segment selection the number of new downloads started in a round
is

S = pEA. (5)

With Linear segment selection the number of new downloads started in a round
is

S = p
1− pEA

1− p
. (6)

These results are applicable for the system at any time, not just the steady-state,
but they require EA, which is unfortunately only known in the steady-state, as the
next thesis shows.

Thesis 3.4. [C3, J4, J5] I determined analytically the average number of Empty
segments in the P2P window for the Streaminglike algorithm in the steady-state.

With Linear segment selection the expected value of the number of Empty seg-
ments in the steady-state is

EA =

{
log(2p−1)−log(p)

log(p)
if p > 0.5

W if p ≤ 0.5
(7)
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With Random segment selection the expected value of the number of Empty
segments in the steady-state is

EA =
1− (1− p)W

p
. (8)

The Linear algorithm results in a two-phase behavior depending on p. With the
Random algorithm there is no phase change, EA decreases smoothly with increasing
p.

Thesis 3.5. [C3, J4, J5] I determined the average advance speed A(p) of the P2P
window for the Progressive algorithm, and the sufficient pc for a(p) ≥ 1, and thus
A(p) ≥ 1. These results are obtained numerically due to the lack of closed-form
expressions. For the Random segment selection my solution is an approximation that
underestimates a(p) by a few percent.

With Linear segment selection the advance speed of the P2P window is

A =

{
S if S > 1

1 if S < 1
(9)

To calculate the download initiation probability p required for S ≥ 1, and thus
M = 0, equation (6) has to be evaluated for S = 1, and EA = W . That is a
polynomial of degree W + 1, but general solution formulas for the roots only exist for
degrees less than 5. I solved it numerically, and compared the results to the Random
algorithm in Fig. 5. As expected, p = 0.5 is the threshold value for reasonable window
sizes (W > 10), which is significantly higher than the threshold value of the Random
algorithm.
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Determining the advance speed for Random segment selection is significantly
harder than for Linear segment selection. Instead of an exact solution, I decided to
construct an approximation that ignores the inter-dependency of the segment states,
yet gives usable results.

If we ignore the inter-dependency between the distributions of A, and E, and
assume near constant A in at least the previous W/A rounds, the segment in the kth
position has been in the window for (W − k + 1)/A rounds, including the current
one (in point B). In other words, it had exactly that many opportunities to become
Full so far. The first one is special, because it must have been left Empty in the last
round, otherwise the window would have advanced at least one segment more. The
number of opportunities each segment had so far is thus

g(k) =

{
W−k+1

A
if k > 1

1 if k = 1.
(10)

The approximation for the expected value of the advance speed is

A =aB = E{f(p)} = (11)

=
W∑
i=2

(i− 1)(1− p)g(i)
i−1∏
j=1

(1− (1− p)g(j)) +W
W∏
j=1

(1− (1− p)g(j)).

This can only be solved numerically, because g(k) in the exponents also contain
aB. I computed the fixed point of (11) numerically by fine-tuning the A substituted
into g(k) until (11) returned the same A, for the given p, and W . When comparing
the results with simulation results for aB, I found that the probability distribution
of the approximation is completely different from the real distribution; however, aB
from (11) always underestimates the real one, and it’s usually about 95-98% of it.

Solving (11) numerically for aB = 1 yields a threshold value of p for the P2P system
to be self-sufficient. This result overestimates the real threshold value, because the
approximation underestimates aB. This threshold is shown in Fig. 5, compared to
the threshold value for Linear selection. As expected, Random selection is much more
efficient than Linear selection.

Thesis 3.6. [J5] I determined the average number of segments missed in a round
in the steady-state for all four combinations of the segment selection, and the win-
dow placement algorithms. I determined the conditions for miss-free operation in the
steady-state.
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With Linear segment selection the miss probability in the steady-state is

M =

{
1− S if p < 0.5

0 if p ≥ 0.5.
(12)

With the Progressive algorithm the threshold is higher for tiny P2P windows (see
Fig. 5), but that can be safely ignored.

The exact value of M in the steady-state can be computed from (6), by substi-
tuting (7).

The advantage of the Linear segment selection algorithm is thus the ability to run
the system without missed segments regardless of the window positioning algorithm,
even though the required p is rather high.

With Random selection the window placement algorithm can heavily influence the
miss probability.

In the steady-state of the Streaminglike Random case the number of segments
missed is

M = (1− p)W (13)

In the steady-state of the Progressive Random case the number of segments missed
is

M =

{
1− aB if aB < 1

0 otherwise
(14)

In the Progressive Random case the numerical result for aB can be used to estimate
pc, and it can also give a crude estimate of M .

Although the Random segment selection algorithm cannot guarantee that the
system is self-sufficient in all cases, the probability of a missed segment can be kept
minimal by choosing a sufficiently large P2P window. Fig. 6 shows a comparison
of the Miss probability for all four combinations. Random selection is much more
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efficient than Linear selection for low p values, but when the download initiation
probability is high enough, the performance of the two segment selection algorithms
is identical.

Thesis 3.7. [J5] I showed with simulations that the performance of a P2P client is
limited by its downlink capacity, and the uplink capacity of the other clients at the
same time. This contradicts with the usual assumption in the literature, where the
system is only limited by one of those at any time.

In the literature it is generally assumed that the performance of a P2P system is
limited by either the uplink speed of the clients, or their downlink speed [29, 20]. I
showed that these two kinds of limitation can occur at the same time.

Previously, the download initiation probability p was a segment supply/demand
ratio that represented the global state of the P2P swarm. The real download initiation
probability q is

q = p ∗P(O < D), (15)

which may be smaller than p due to the limited downlink capacity. It is obvious
that q changes even within a round, because O is increased with each new successful
download attempt.

To determine whether D limits S, we need to know the distribution of O, and to
compute that we need the distribution of S. The distribution of S obviously depends
on the distributions of EA, and O; thus, constructing an exact formula for q is quite
complicated. So far I only have simulation results for limited downlink.

Fig. 7 shows the download initiation probability q in sim.pl, where p is an input
parameter. The figure also shows p∗P(OB < D) for comparison, and in this parameter
configuration the two almost perfectly match. With other parameter settings the
difference between them can be larger, because the downlink can get filled anywhere
between point A, and point B during the round. I also have similar figures for this
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phenomenon occurring in CdnSim, but in that simulator p, and q are harder to
separate.

This description of the limited downlink has the advantage that the effect of
D <∞ is contained entirely in the download initiation probability; thus, the results
previously stated in this section still hold, if q is used in place of p in the formulas.

5 Application of the Results
The results of the first thesis group build a probabilistic dissemination protocol for
emergency messages in vehicular networks that doesn’t need any signaling. The
ideas presented here may not only be applied to vehicular networks, but also in
environments, where fast, and stateless message propagation is required. The CLoUD
protocol was also integrated into the communication framework developed in the
EFIPSANS project.

The second, and the third thesis groups contain an in-depth analysis of a generic
P2P-assisted Video on Demand system. I examined the performance of a windowed
BitTorrent client, and the cost advantage of offloading the video servers with a P2P
network and/or dedicated caches. The second thesis group proves that P2P systems
are inherently scalable, and resistant to failures even when used in this environ-
ment. The third thesis group provides insight into the processes happening in the
P2P window, and gives explanations for the mechanisms behind some of the curious
phenomena occurring in the system. The results of these two thesis groups enable
deep understanding of the inner workings of the windowed P2P system, which will
be tremendously useful in designing new distributed VoD systems.
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