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Abstract—Most commercial video streaming systems rely on
Content Distribution Networks (CDNSs) to distribute video con-
tent. HTTP adaptive streaming has been recently adopted by
major video streaming providers and is now considered the
standard technique used with CDN-based streaming systems.
Despite the success of these systems, cost-effective scalability
continues to be of concern in their design and deployment. To
address this, recent work has proposed the use of hybrid CDN
and Peer-to-peer (P2P) live streaming systems. The design of
these systems aims to combine the scalability of P2P systems
and the desirable performance properties of CDN-based systems.
However, the use of adaptive streaming, has not been explored
extensively in such hybrid systems.

Designing and operating an adaptive hybrid streaming system
is very challenging. Two design decisions are very critical in
the operation of any such system. The first one is the bitrate
adaptation strategy which specifies how different bitrates are
assigned to different users while maximizing user satisfaction.
The second is defining the operational guidelines for switching
the system between the CDN and the P2P modes while efficiently
utilizing the available resources. In this paper we present a model
and analysis of a hybrid CDN-P2P adaptive live streaming system
with the objective of answering these two design questions. We
first present a stochastic fluid model to the hybrid streaming
system with a single video bitrate and we obtain theoretical
results to guide the system operation as described above. We
then extend the analysis to the adaptive streaming case with
multiple video bitrates. We model adaptive streaming as a linear
optimization problem to obtain the best bitrate adaptation strat-
egy. We validate our analysis using simulations. Our conclusion
is that adaptive hybrid streaming can significantly improve the
ability of the system to satisfy more users with higher video
bitrates over CDN-based systems.

I. INTRODUCTION

Video is widely believed to dominate traffic of the Internet.
According to Cisco’s visual networking index report [1],
Internet video traffic slightly exceeded one third of the total
traffic of the Internet in 2010 and is expected to continue its
growth to reach 57% by the year 2014. This portion of the
Internet traffic is mainly consumed by streaming stored and
live video content and does not even include P2P video file
sharing. This growth has happened in part due to the increasing
availability of broadband access networks that give users high
bandwidth access to the Internet which enables them to stream
video with high quality. Although stored video forms the
bigger portion of video content on the Internet, live video
streaming is growing in volume and importance specially with
important events being broadcast over the Internet [2] and new
live streaming services becoming free to the public (e.g., the
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new live service from YouTube [3]).

Content Distribution Networks (CDNs) are currently con-
sidered the main pillar of video distribution over the Internet.
The purpose of CDNs is to improve user performance in terms
of delay and throughput. CDNs accomplish this by deploying
multiple nodes, usually called edge servers, distributed geo-
graphically in multiple ISPs. Each edge server implements a
streaming server, and when a user requests a video stream it is
redirected to the closest edge server to start the desired stream.
In recent years, CDN-based video streaming has evolved to
provide a new adaptive streaming service where a single video
can be streamed in multiple qualities at the server and a video
player can choose the best quality that fits the condition of
the Internet connection of the user. Although much work has
been done on adaptive streaming over the years [4], [5], it
was not commercially popular until the widespread adoption of
HTTP adaptive streaming technology which is now being used
by many video streaming providers (e.g., Microsoft Smooth
Streaming, Netflix, Adobe).

Another important source of video traffic on the Internet is
Peer-to-Peer (P2P) networks. Some P2P video systems have
recently succeeded in attracting significant numbers of users
[6]-[8]. According to [1], the volume of P2P TV monthly traf-
fic exceeded 280 peta bytes in 2009. Some adaptive streaming
techniques have been proposed in P2P systems such as [9] and
[10]. These approaches use layered streaming as opposed to
HTTP streaming. Although layered streaming has existed for a
long time, its complicated design and need for high processing
power specially at the clients does not make it attractive for
major commercial video providers.

Despite the popularity and success of CDN-based systems,
some concerns arise about their cost-effective scalability spe-
cially when supporting high quality videos to a large popu-
lation of users. In order to address these issues, some recent
work has proposed hybrid streaming systems that combine
CDNs and Peer-to-Peer technology [8], [11]. These systems
promise to achieve the scalability of P2P networks and the
desired low delay and high throughput of CDNs. LiveSky
[11] is an operational commercial live streaming system with
more than ten million users that adopts the hybrid CDN-P2P
approach. Although hybrid systems have a significant potential
for providing an attractive video streaming scheme, adaptive
streaming has not been extensively explored in such systems.

Designing and operating adaptive hybrid streaming systems
is very challenging. By definition, these systems come with
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two degrees of freedom in their operation; one is the adaptive
property of the system where users can switch among different
streams of different qualities for the same video, and the other
one is the hybrid operation mode which means users may re-
ceive data either from the server or from other peers streaming
the same video. That said, two decisions are very critical in the
design of any adaptive hybrid streaming system. The first one
is the bitrate adaptation strategy which specifies how different
bitrates are assigned to different users while maximizing the
overall user satisfaction. The second is defining the operational
guidelines a system can use to switch between the CDN and
the P2P modes while efficiently utilizing both server and peer
upload capacity. Another challenging issue is the interaction
between these two decisions and understanding how they
affect each other.

In this paper we present an analysis of adaptive streaming in
a hybrid live video system with the goal of providing answers
to these two design questions and studying the interactions be-
tween them. We model a system that adopts the HTTP adaptive
streaming technology which makes it very easy to integrate
into real CDN-based systems. We first present a stochastic
fluid model to the hybrid streaming system with a single video
bitrate and we obtain a lower bound on the number of users
that should receive the stream from a CDN server in order
to be able to support delivering that video stream to other
users. This lower bound can be described as the switching
point between the CDN and the P2P modes. We then extend
this analysis to the adaptive streaming case with multiple video
bitrates. We model adaptive streaming as a linear optimization
problem to obtain the best bitrate adaptation strategy. In order
to compare our results to CDN-based adaptive systems, we
also derive results for these systems similar to what we did
to the hybrid system. We developed a discrete event simulator
and used simulations to validate our analysis. Our results show
that adaptive streaming in hybrid systems can significantly
improve the ability to satisfy more users with higher video
bitrates over adaptive CDN-based systems. We also show that
adaptive hybrid systems can lead to significant savings in CDN
resources as opposed to CDN systems.

Related work. P2PLive [7] is one of the most famous
P2P TV systems in China where users can play tens of live
video channels and hundreds of on-demand movies. Multiple
adaptive streaming techniques have been proposed in P2P
streaming systems. For example, the work in [9] uses layered
video encoding to adaptively deliver different layers of the
video to clients. Another approach was used in [10] where
network coding is used to make SVC more feasible in adaptive
streaming. Some recent work has shown the potential benefits
of using hybrid video-on-demand systems [8]. Using a nine-
month trace from the MSN video service, the work in [8]
shows that a hybrid P2P-CDN system could significantly
reduce server bandwidth costs. The most relevant work to ours
is LiveSky [11]. LiveSky is a hybrid live streaming system,
however it does not support adaptive streaming. Some work
has been done also in analyzing hybrid streaming systems [12],
[13], however, none of them studies adaptive streaming.
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Fig. 1: System architecture

Paper outline. The rest of this paper is organized as follows.
In section II we present a description of the system architecture
and the main goals of our analysis throughout the paper. We
present analysis for the single bitrate system in section III then
in section IV we present analysis for the adaptive streaming
system with multiple bitrates. We validate our analysis through
simulation in section V. Evaluation results of a case study are
presented in section VI. Finally, we conclude the paper in
section VIL.

II. SYSTEM DESCRIPTION

In this section we briefly describe how video streaming
works in CDN-based systems, then we describe the compo-
nents of the hybrid system and how they interact with each
other.

A content distribution network consists of a set of core
servers and a set of edge (surrogate) servers [14]. Core servers
are responsible for managing the CDN, saving the content
being distributed and when needed forwarding content to
edge servers to serve requesting clients. Edge servers are the
ones that actually serve client requests and they are usually
distributed geographically to bring content close to as many
users as possible. This helps to increase the CDN’s system
scalability and to improve response time for user requests.

User requests are forwarded to different edge servers in a
CDN in the following manner. When a web client tries to
retrieve an object for a web page it first uses DNS to resolve
the server name of the URL of the object. If a CDN is used
to distribute that web object, a popular way to direct a client
to the best edge server is using DNS redirection. In that case,
the requesting client is directed to an authoritative DNS name
server that belongs to the CDN which in turn redirects the
client to an edge server [15]. For a detailed description of
how DNS redirection is done, the reader is referred to [16].

Broadcasting live video over CDNS is slightly different than
distributing stored content. In the latter case, content is stored
at edge servers hard drives and different caching techniques
may be used to decide how to replace old (outdated) content
with new content depending on client requests. On the other
hand, in the live video case, a CDN usually has an entry point
to live video where the video is encoded into a single bitrate
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or multiple bitrates and then the resulting streams (of different
bitrates) are forwarded to edge servers when needed [17].
Note that multiple bitrates are used when adaptive streaming is
enabled where clients are allowed to switch among streams of
different qualities according to network and server conditions.

It is important to mention here that adaptive streaming in
this paper does not mean that clients switch among different
streams according to changes in their download rates. Client
download rate is assumed to be variable among clients but
constant over time which is true for wired connections that
are not shared by multiple users. Changes in user download
rates over time can be modeled as a composition of two events:
departure of a user with the old bitrate, and the arrival of a new
user with the new bitrate. Adaptivity in this paper comes from
the fact that a CDN server has a limited capacity and it may not
be able to satisfy all client requests. In that case, the server can
follow one of two different strategies: 1)Serve clients with their
desired bitrates in a first come first serve manner and reject any
new clients when the server capacity is fully consumed. 2)Try
to accommodate as many clients as possible by considering
the possibility of delivering streams of lower bitrates to some
clients in order to save some of the server capacity. Based on
user arrival rates, video viewing duration, and the distribution
of requested different video birates, we will show how the
server can compute the best adaptation strategy.

A hybrid CDN/P2P streaming system usually uses the above
described infrastructure of CDNs with the addition of new
mechanisms for integrating peer coordination into the system.
We propose the system architecture in figure 1 as our hybrid
streaming system. We assume that each edge server in the
CDN will have a proxy server attached to it. The proxy
server can be either a software entity on the same edge server
machine, or a separate machine that is connected to the edge
server. When a client requests to start a live video stream, the
request is directed to the proxy server through the edge server.
The proxy server is responsible for the following tasks.

o Compute the best bitrate adaptation strategy.

o Keep a directory service in which it maintains a mapping
between all video streams currently being transmitted and
clients that are currently connected to the proxy.

o For any new streaming request, the proxy will have to
make two decisions. The first one is to allocate a bitrate
to the client based on the computed adaptation strategy;
this bitrate could be the one originally requested by the
client or could be a different, typically lower, bitrate. The
second decision is whether to serve that request directly
(CDN mode) or to redirect the requesting client to other
clients (peers) that are streaming the same video (P2P
mode). A client served in the CDN mode is called a
seeder while a client in the P2P mode will be called
a leecher.

Although peer selection strategies are not the focus of this
paper, it is important to emphasize here that we assume that
peers form random mesh networks. In the next sections we
will show how the proxy server can make such decisions in a

way to optimize the system performance.

III. SINGLE RATE SYSTEM MODEL

In this section we present a model for hybrid streaming
using a single video bitrate, we present the adaptive streaming
model with multiple bitrates in the next section. The model
we develop is a stochastic fluid model similar to the one used
in [18]. In our analysis, we do answer the following question
to the single bitrate system: when the proxy server receives a
new streaming request, should the server treat the incoming
client as a seeder or as a leecher. In other words, we aim to
find out how many seeders will be sufficient to provide a live
stream to a certain number of leechers.

We analyze the system for the theoretical unconstrained
case when peers can have an unlimited number of connections
with other peers and for the more realistic constrained case
when peers can only have a limited number of incoming
and outgoing connections. Moreover, for these two cases we
develop the analysis for systems with churn when clients come
and go and also for churnless systems when the number of
clients is fixed. Throughout the rest of this section we assume
that the proxy server is providing a video stream with bit rate
r bps, and the upload capacity of the proxy is Cprozy (bps).

For churn analysis, we assume that users join the system at
random points in time, stay in the system for a random period,
then leave the system. Previous studies of client behavior in
real live streaming systems show that client arrival follows
a Poisson process over short time scales [19]. Considering
that our analysis can be applied to the system over short time
scales, it is reasonable to assume that user arrival follows a
Poisson process with rate . Users stay in the system for a
period of time that follows a general probability distribution
with mean 1/+. Define N(t) as the number of users in the
system at time ¢, then it is clear that N (¢) can be represented
as the number of customers in a M/G/oco queue [20].

A. Unconstrained churnless system

Denote n; as the number of leechers and n as the number of
seeders in the system. Also define ugl), ugs) as the upload rates
of leecher i and seeder j respectively. Note that the following
two conditions must hold: Cprogy > nsr Z?;l u‘g‘s) > r.
The first inequality represents the server capacity constraint
and the second one is necessary to guarantee that the set
of seeders have the minimum upload capacity to support
the video bitrate. In this system, the maximum achievable

streaming rate for each client r,,,, is given by

n 1)
Us, Yot limts iz
ny

} ey
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where U; is the total upload rate of all seeders and U, =
S u§8). The proof of this result can be found in [18].
For analysis purposes, we assume that all leechers have the
same upload rate of u; and all seeders have the same upload
rate of u,. Alternatively, u; and us can be considered as the
average upload rates over all leechers and seeders respectively.
We also assume that r > wu; which means that the average
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upload rate of a single leecher is not enough to support sharing
the whole stream with other peers. In that case 7,4, can be
reduced to 7,4, = min {nus, ”S“nif"“”} When the system
is in steady state condition, is it reasonable to assume that
ngtlg > MebatMU then we conclude that a churnless system

ng
can support a streaming rate of

r S NslUs + NyUY (2)

n

%_“’) on the number of

which gives the lower bound ng >
seeders to support bitrate r.

B. Unconstrained system with churn

As we explained earlier, N(t) is the total number of users
in the system at time ¢ (including seeders and leechers) and
N follows a Poisson distribution with rate p = A\/7.

We now compute the probability that the system will be
able to support a streaming rate r in case of node churn. In
order to do that and to simplify the analysis we assume that
node churn happens only in leecher nodes. This means that the
number of seeders in the system are assumed to be constant
and only leechers arrive to and leave the system. This can
be done by using the following simple admission policy: 1)
the system starts admitting all new arrivals as seeders until
ns clients have arrived. 2) All new arrivals after that point
are admitted as leechers. 3) When a seeder leaves the system,
one of the leechers is randomly selected by the proxy server
and is promoted to become a seeder. Following this policy
will always keep the number of seeders to ng, and then the
random variable N (t) will represent the number of leechers
in the system at time ¢. Now, we can compute the probability
of supporting a bitrate r as following

sus + N
P(support bitrate ) = P(r < %4-%)
= P(NS NsUs _F nsus)
L) r—u

where F(w) = >0, % We know that for large p we
can approximate the Poisson distribution with a Gaussian
distribution with mean ;1 = p and standard deviation o = /p.
Hence, we can compute the probability of supporting a stream

of rate r as

NslUsg

. N—-p = TP
P(support bitrate r) = P( < = )
NG VP
— gt

NG

where ®(z) is the cumulative distribution function of the
standard Normal random variable. Now let ¢;_,, be a positive
real number such that ®(¢1_,) = 1 — a, then a sufficient
condition to guarantee supporting bitrate r with confidence
(1 —a) x 100% is (% —p)/\/P > $1-o Which gives the
following lower bound on the number of seeders

(¢17&\/,5+ p)(’l" - ul)

Us

3)

ng >

C. Constrained churnless system

Now we consider a realistic P2P client configuration where
each client has a limited number of inbound and outbound
connections. We define these limits as following.

e S, is the maximum number of incoming connections a
seeder can accept. Each one of these connections should
have a leecher on the other end of the connection. Note
that data will only be flowing from the seeder to leechers
in these connections.

e Y, is the maximum number of incoming connections a
leecher can accept. Again, each one of these connections
should have another leecher on the other end of the
connection. Data should flow in both directions between
leechers.

e Y, is the number connections a leecher can initiate,
where connections can be initiated to either seeders or
other leechers. We assume that there is no limit on
the number of connections a leecher can initiate which
means the bottleneck is in the number of connections that
actually get established. This number is mainly controlled
by the two parameters S, Yi.

As in [21], we define 7 as the efficiency of the P2P protocol
which can be computed as the probability of any leecher
finding new content at other leechers when they establish a
connection. It was shown in [22] that BitTorrent efficiency
can exceed 0.9 if the file has more than ten pieces. It is clear
that 7 is a function of many parameters of the P2P protocol
specially the algorithm used for data exchange among peers
(e.g. rarest piece first in BitTorrent protocol). The P2P protocol
efficiency means that a leecher has an effective upload rate of
nu;. Denote d as the average download rate for any leecher in
the swarm, then d can be computed as

d = Z E[d|leecher is connected to = seeders] x Pr{x}
TUg (Yout - ﬂﬁ)ﬁul
= —_— P
zz: (Si i Yin xprit
Youttrtiy g - ZIPT{I} 4

Note that ) axPr{z} is the average number of seeders
connected to each leecher which can be approximated by
the value ngsS;,/n;. Note also that when n; > n,, we can
calculate an approximate value for the number of connections
each leecher can establish by Y,u: = (nsSin + mYin)/nu.
Substituting these two expressions in equation 4, then d can

be reduced to
NsUs + NNIUY

ny

d= (5)

Since d can be considered the average bitrate that can be
supported by the system, then the number of seeders sufficient
to support that bitrate is ns = n;(r —nu;)/us . The expression
in equation 5 is interesting in two aspects. First, the average
leecher download rate is not directly related to the constraints
of the system, namely the maximum number of uploading
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connections for both seeders and leechers. Second, comparing
the above expression to the maximum bitrate that can be
achieved in the unconstrained churnless system in equation
2 we can see that the only difference is n, the P2P protocol
efficiency. This is intuitive because the difference between the
unconstrained and the constrained systems is in the ability to
use the upload capacity of leechers efficiently with a limited
number of connections which is represented by the efficiency
of the P2P protocol.

D. Constrained system with churn

Since we only have an estimate of the average bitrate that
can be supported by a constrained churnless system, not an
upper bound as we had with the unconstrained system, we
will develop our analysis to obtain a confidence interval for
the number of seeders that should be sufficient for supporting
a bitrate r. Since we know the average bitrate that can be
supported in a churnless constrained system from equation 5,
we can now compute the probability of supporting a range of
bitrates around r in a system with churn as follows

sHs N SsHs N
Pir) = P<W‘GSTSW“)
= P <N (©)
r—nu;+e€ T—nNu —€

As we did earlier, N can be approximated by a Gaussian
random variable with mean p and variance p. In order to
compute a (1 — «) x 100% confidence interval for N we set
the following conditions

NsUs NsUs

r—nu;+e —-P T—NuU;—€ —-P > ¢17 /o
VP Y/

We define ¢3 = @1_q/2, then we get the following confidence
interval for the number of seeders

(04 OyP)r = =€) _ _ (p= by/p)lr —mu +)

Us Us

S _¢17a/2 s

It is important to mention here that this inequality generates
valid intervals only for e values that satisfy the condition
€> M. We can see that e is inversely proportional
to p which means that the higher client arrival rates and the
longer clients stay in the system, the lower € becomes. Lower
values of e mean a smaller interval in inequality 6 which yields
a higher guarantee that the number of seeders given by the
above interval will be sufficient for supporting the bitrate 7.
In figure 2 we plot the lower bound of the number of seeders
against p for both constrained and unconstrained systems with
node churn. These plots assume a 95% confidence interval on
the number of seeders sufficient to support bitrate . We can
observe that the difference in the number of seeder sufficient
to support different bitrates is not large.

IV. ADAPTIVE HYBRID LIVE VIDEO STREAMING

In the previous section we assumed that the CDN proxy
server has a single bitrate for the live stream, in this section we
consider the case when the proxy has multiple bitrates of the
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Fig. 2: ng vs p for different video bitrates for systems with
churn, a = 0.05

same live video and clients try to get the best stream according
to the quality of their Internet connection. Recall that adaptive
streaming in this paper comes from the fact that the CDN
proxy server has a limited capacity and it may not be able to
satisfy all client requests, note here that by clients we mean
only seeders because they are the only clients that actually
receive data from the proxy. In that case, the proxy will try
to accommodate as many clients as possible by considering
the possibility of delivering streams of lower bitrates to some
clients in order to save proxy capacity.

In this section we answer the following questions about
the operation of the adaptive streaming strategy:“which clients
should be downgraded to streams of lower bitrates?”, “what
should these new lower bitrates be?”, “how to get an opti-
mal allocation of bitrates to clients while minimizing client
downgrading?”, and “does the adaptive solution always exist?”
In order to answer these questions we formulate the adaptive
streaming strategy as a linear optimization problem. We as-
sume that when a client connects to the proxy it has a good
estimate of its available bandwidth and then it requests the
stream with the best bitrate accordingly. The proxy will then
try to give each client the bitrate it requested or if necessary
will give the client a lower bitrate, we call the difference
between these two bitrates client dissatisfaction. The objective
of our formulation is to minimize total client dissatisfaction
over all clients.

A. Unconstrained case

Denote r1,...,rg as the different bitrates provided by the
CDN proxy and assume that r; > 72 > ... > rg. Also denote
ny, as the number of leechers that request a video stream of
bitrate 7; and ms, as the number of seeders that receive a
stream of bitrate r; where ¢ = 1,..., R. Define x;; as the
fraction of clients that request bitrate r; but receive bitrate
r; where j = 4,..., R and Zf:i xz;; = 1. When z;; = 1,
this means that bitrate r; will be delivered to all clients that
requested that rate and none of them will be downgraded to a
lower bitrate.

Churnless system. We know from equation 2 for the
unconstrained churnless system that the relation between the
number of seeders and number of leechers for each bitrate
r; can be written as ns,us > ny, (r; — u;). Now the adaptive
streaming problem can be formulated as the following linear
optimization problem

280



R R
min Z Z iy, (ri — 15) @)

i=1 j=i
subject to: Ef:ixij =1,0<z;<1lfori=1,...,R
i—1
Mg, Us > (nzx” +) gk — nsi> (ri—w) (8)
k=1
R
Z Ng, T < Cproxy (9)
i=1

As we mentioned previously, we would like to minimize
the total client dissatisfaction which is represented by the
min objective function above. It is interesting to observe that
minimizing client dissatisfaction is equivalent to maximizing
inter-client fairness defined in [23]. Inter-client fairness is a
measure of “utility” acquired by clients in the system, where
greater utility means more user satisfaction. Fairness for a
single client is defined as the ratio of the delivered bitrate
to the actual requested bitrate. Inter-client fairness is defined
as the weighted average of client fairness over all clients. To
see how we make this observation, we rewrite the objective
function as following

R R r R R R r

§ § Jy § § § J
xijnliri(l——) = nyr; — ’I’i< nlixij)

T P T

i=1 j=i i=1 j=i

The term Zf;l ny,7; has no variables and hence could be
removed from the objective function. In the latter term, the
weighted sum of ratios r;/r; can be normalized to get inter-
client fairness as in [23]. Finally, minimizing this sum with a
negative sign is equivalent to maximizing inter-client fairness.

Inequality 8 represents the condition for the number of seed-
ers necessary to support bitrate ;. Recall that after excluding
the seeders themselves there are two sets of leechers that are
going to get that bitrate. The first set contains the leechers
who actually requested bitrate ; and were not downgraded to
a lower bitrate and these are represented by the term n;, z;;.
The second set consists of leechers that requested a higher
bitrate and were downgraded to bitrate 7; and this set is
represented by the term 22;11 Ny, Tk Inequality 9 represents
the proxy server capacity constraint. Note here that seeders are
the only clients that receive data from the proxy and this is why
leechers are not included in this condition. This optimization
problem is guaranteed to have a solution only if the system
can support the lowest bitrate r for all clients, which can be
interpreted as the following condition

Oproxy TR — U &
2 Z i,
"R Us i

Solving this problem will result in values for x;; and ng, for
all ¢, j. Clearly, n,, will be the number of seeders that should
receive video of bitrate r; from the proxy. If ns, = 0 for any
1 it means that bitrate r; will not be supported by the server.
Moreover, ns, = 0 means either no clients requested bitrate

r; or some clients requested r; but the server decided not to
deliver it and downgraded these clients to lower bitrates due
to overload and lack of server capacity. Alternatively, ns, > 0
does not necessarily mean that some clients requested bitrate
i, it could mean that no clients requested rate r; but the server
chose to downgrade some of the clients who requested a higher
bitrate to bitrate r;. The values we get for x;; can be used to
randomly choose a fraction of leechers who requested bitrate
r; and deliver bitrate r; to them.

System with churn. Assume that any arriving client will
request a video stream of bitrate ; with probability 6;, and
define \; = 6; A where )\ is the general client arrival rate. We
also assume that any client will stay in the system for a random
period of time with average 1/u. Then the number of clients of
bitrate r; at any time in the system becomes a Poisson random
variable with an average p; = A;/u. In this case we observe
that n;, in equations 7, 8 is a Poisson random variable with
mean p;. Using equation 3 we can solve the same optimzation
problem after replacing inequality 8 with the following one

Ng, Us Z (d)lfa\//?i—"_ ﬁi)(ri - ul)

where f; = pitii + Yo PEThi

Solving such a nonlinear optimization problem can be
complicated and since the number of seeders ng, we get from
solving this problem is approximate we choose to use a linear
approximation of the above inequality. We set v/p = a-+bp and
we use curve fitting tools to find values of constants a, b. Our
simulation results show that this is a very good approximation
and we do not lose the accuracy of our model. In this case
the value of z;; is considered as the probability that when a
new client requests bitrate r; it is granted bitrate 7.

B. Constrained case

We know from equation 5 that the relation between the
number of seeders and number of leechers for bitrate r; in
a constrained churnless system is ngus > ng,(r; — nuy).
Hence, in order to find the optimal solution for the adaptation
strategy for the constrained churnless system we can solve the
optimization problem in equation 7 after replacing inequality
8 with the following one

i—1

Mg, Us > (nzixn + ) nu R — ns,i) (ri—nmu)  (10)

k=1

Similar to what we did in the previous section, in order to
find the optimal adaptive strategy for the constrained system
with churn, we can solve the same optimization problem after
replacing inequality 8 with the following one

N, Us > (¢1—a/2\/17i + pi)(ri — nu — €)
where p is defined as in the previous section.

C. CDN adaptive live streaming

One of our aims in this paper is to answer the following
question “is a hybrid adaptive system better than a classic CDN
adaptive system?”, and if so, how much better will that be?
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By a classic CDN system, we mean the system where clients
are served by the closest edge server of the CDN. Moreover,
by a CDN adaptive system we mean that edge servers have
multiple streams of different bitrates for the same video and
clients can request different bitrates according to the quality of
their Internet connection. Adaptive streaming here is defined
in the same way as it was defined in section IV, where edge
servers can decide to downgrade some of the clients to lower
bitrates in case the server capacity is not sufficient to give each
client its desired bitrate.

We will first develop an analysis for the system with a
single bitrate by following similar steps to what we did in the
hybrid system. Consider a CDN system with a fixed number
of users n. Assume the CDN edge server has capacity C, and
provides a video stream of bitrate . We can clearly see that
the maximum bitrate that can be delivered by the server of all
users is C./n. Now consider a system with churn, we follow
the same assumptions of section III of Poisson arrivals of rate
A and general distribution of duration in the system with an
average 1/v. Then, the number of clients in the system at any
time N(t) is a Poisson random variable with mean p = \/~.
Now we can compute the probability that the system will
support clients with bitrate r as follows

P(support ) =

And then we can obtain the following condition on the edge
server capacity similar to what we did before C. > 7(p +
$1—a+/p) Which guarantees with confidence (1 — a) x 100%
that edge server capacity will be sufficient for providing bitrate
r to arriving clients with rate p.

There are many performance metrics that could be used to
compare the performance of CDN and hybrid adaptive stream-
ing systems. For example, we could use the total number of
clients that could be accommodated with a certain level of
service, or we could use the quality of service received by
clients in these two systems. We select client dissatisfaction as
our performance metric because we believe it is a reasonable
quantified measure of the quality of the service received by
clients. Similar to what we did in section IV-A, we model
the adaptive streaming problem of a CDN system as a linear
optimization problem with the objective of minimizing total
client dissatisfaction.

Assume CDN edge servers have bitrates 7y, ...,rr where
r1 > T9 > ... > rgr. Denote n; as the number of clients that
request bitrate r; at the edge server. Define x;; as the fraction
of clients that request bitrate r; but receive bitrate r;. The
CDN adaptive streaming problem can now be formulated as
following

(11

R R
minz injni(ﬁ - ’r‘]‘)

i=1 j=i

subject to: ZR iy =1,0<z;; <lfori=1,...,R

j=t

i—1
o (ml‘m +) nkxki> < Ce (12)
i=1 k=1

Equation 11 represents our objective function of minimizing
total client dissatisfaction. Edge server capacity constraint is
represented by inequality 12. Recall that in a CDN system all
clients receive data only from the edge server as compared to
inequality 9 in the hybrid system where only seeders receive
data from the proxy server. This condition means that total data
rate delivered to all clients should not exceed the edge server
link capacity. In order to understand inequality 12 remember
that there are two sets of clients that receive bitrate r;; the first
one is represented by the term n;x;; and these are the clients
that requested bitrate r; and were not downgraded to a lower
bitrate. The second set is represented by the term Z;;ll NETh;
and these are the cliets that requested a bitrate higher than r;
but were downgraded by the server and eventually received
bitrate r;. It is important to mention that this optimization
problem is guaranteed to have a solution only if the condition
C. > rr Zle n; holds, which means that the CDN edge
server can support the stream with the minimum bitrate rp
to all of its clients. Solving this problem, we can get the
real positive values x;; which can be used by the system to
implement an admission control policy where the edge server
should downgrade each client requesting bitrate r; to a lower
bitrate r; with probabilty x;;.

For the system with churn we can solve the same op-
timization problem after replacing inequality 12 with the
inequality Zf’:lri(p}- + ¢1_aVpi) < C,. We also use the
linear approximation v/p = a + bp we used before.

V. ANALYSIS VALIDATION

A. Hybrid CDN/P2P streaming

In this section we validate our analytical results through
simulation. We validate single bitrate analysis only because
adaptive streaming results are based on the same analysis.
We wrote a discrete event simulator for the system with a
BitTorrent like client. We choose BitTorrent because it is one
of most popular P2P clients and because we believe it is
possible to integrate our system in real BitTorrent clients. We
simulate the basic BitTorrent protocol and ignore some of the
complicated details (such as tit-for-tat, peer choking, etc.).

In our simulator we assume that the proxy creates a torrent
file for each video file (chunk). When a client connects to the
proxy, if the proxy decides to treat the client as a seeder then
the client downloads both the torrent and video files for each
video chunk. Once a seeder has these two files for a chunk, it
starts seeding the torrent file in the BitTorrent like client. On
the other hand, if the proxy decides that the current seeders
are enough, the requesting client is treated as a leecher and it
downloads only torrent files for video chunks as soon as they
are created. Once a leecher downloads a torrent file, it starts
downloading the corresponding video file from the seeding
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peers. We assume that the BitTorrent tracker functionality is
implemented by the proxy server.

Throughout the rest of this section we assume the following
simulation setting. Video streams are split at the proxy server
into chunks of ten seconds long. The upload rate of any client
is selected randomly as either 350Kbps or 500Kbps. Client
arrival is assumed to follow a Poisson process with arrival
rates ranging from 100 to 400 clients/hour, and recall that this
is a good approximation of client arrivals in real live streaming
systems [19]. According to multiple studies of live streaming
systems [19], [24], client viewing duration was found to follow
a heavy-tailed distribution. We follow the model in [24] and
assume that client viewing duration is represented by a mixed-
exponential distribution. The mixed-exponential probability
density function (PDF) is f(z) = >, a;\;e~**. This can
easily be described as a set of n exponential distributions,
with \; as the rate of exponential distribution ¢ and a; as the
probability of selecting the ‘" distribution. We also use the
values of parameters a;, \; that were obtained in [24]. For the
constrained case we set S;, = 20,Y;, = 10.

We execute multiple simulation runs with multiple video
bitrates ranging from 300K bps to 2.4 M bps. For each simula-
tion run, we fix the video bitrate, number of seeders, and the
number of leechers (churnless) or client arrival rate (churn).
Each simulation run is worth ten hours or video streaming and
at the end of each run we compute the average delivered bitrate
for each leecher then we compute the cumulative distribution
function (CDF) of the delivered bitrate for all leechers. In
figure 3(a) we plot the CDF of delivered data rate using
different number of seeders when the streamed video bitrate
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is 700Kbps and the arrival rate is 50 clients/hour. In figure
3(b) we repeat the same thing when the streamed bitrate is
1100Kbps. Similarly, in figures 4(a) and 4(b) we plot the CDF
of delivered data rate when the streamed bitrate is 1100Kbps
and client arrival rates are 50, 200 clients/hour respectively.
In these plots, we can clearly see that solid lines represent
the number of seeders that are sufficient to support respective
bitrates to leechers, while other lines which represent lower
number of seeders are not sufficient to support respective
bitrates. This result matches the analysis we developed earlier
in figure 2. For example, in figure 4(a) we can see that n; = 90
is the minimum number of seeders that are sufficient to support
the bitrate 1100Kbps, and this matches the lower bound of n
we can get from figure 2(b) for » = 1100Kbps and p = 50.

B. CDN streaming

We wrote a client/server simulator to validate our analytical
results of the single bitrate CDN-based system in section
IV-C. Similar to the hybrid case, we use a Poisson process to
simulate client arrivals and a mixed-exponential distribution to
simulate video viewing duration. Our objective in this section
is to validate the following condition we developed in section
IV-C for single rate systems, Cc > 7(p + ¢1_q/p). We
use this condition to plot the lower bound on server capacity
required for supplying bitrate r for different bitrates in figure
5(a). We execute multiple simulation runs with different video
bitrates and different client behaviors. In figure 5(b) we plot
the CDF of data rates delivered to clients when p = 100 and
the server is streaming a bitrate of 700Kbps for different values
of the server capacity, C.. We can see that C, = 80Mbps is
the minimum server capacity sufficient for delivering a video
bitrate of 700Kbps which matches the lower bound on C, in
figure 5(a).

VI. ILLUSTRATIVE CASE STUDY

In the previous section we developed analysis for general
CDN and hybrid live streaming systems. It should be empha-
sized that our results can be applied to a wide variety of system
configurations and parameters. In this section we consider a
case study of two systems with typical configurations and we
use our analysis to evaluate the performance of adaptive live
video streaming in these systems. Our goal in this case study
is to measure the improvement in performance (if any) from
using hybrid CDN/P2P systems.
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We use two evaluation metrics for this purpose. The first one
is the inter-client fairness described in section IV-A. Recall
that inter-client fairness has a value of 100% when all clients
receive the bitrates they originally requested and as clients start
to get lower bitrates (due to adaptation) this value becomes
lower. The second evaluation metric is quantifying the savings
in CDN server capacity when we use the hybrid scheme as
compared to the CDN scheme.

We assume a CDN system that offers a live video stream
encoded in eight different qualities with the minimum bitrate
as 350Kbps and the maximum bitrate as 2.4Mbps. We also
consider three different profiles of streaming requests, namely
low, uniform, and high. Each profile represents a different dis-
tribution of client requests over the different available bitrates.
In the low profile, client requests are mainly focused on the
four lowest bitrates from 350Kbps to 1.1Mbps. Similarly, in
the high profile, clients request streams of the four highest
bitrates from 1.3Mbsp to 2.4Mbps. On the other hand, all
bitrates have the same probability of being requested in the
uniform profile. In the hybrid system, the average upload rate
of a leecher, u;, is assumed to be 300Kbps and the average
upload rate of a seeder, ug, is assumed to be 500Kbps.

We performed evaluation for systems with and without
churn but we show results only to the more important case
of systems with churn. We assume the CDN has a fixed
server/proxy capacity of 500Mbps then we change client
arrival rates and also change request distributions to be one
of the profiles mentioned above.

In figure 6 we plot inter-client fairness against p, the average
number of customers in the system, for both hybrid and CDN
systems. In addition, we plot the same metric for a single-rate
hybrid streaming system. Although in this case clients request
different bitrates, we can apply single-rate hybrid streaming
in the following manner: if the system is able to support the
lowest bitrate that was requested by some clients then this
bitrate is provided for all clients. Otherwise, the system will
try all lower bitrates until it finds a bitrate that can be supported
to all clients. Note that a client is always capable of receiving
a bitrate lower than the bitrate it requested, but the reverse is
not true.

One expected observation for both hybrid adaptive and CDN
systems and for all profiles is that inter-client fairness starts
as 100% for lower number of customers in the system then
it drops when there are more customers in the system. This
is because the server(proxy) capacity is sufficient to satisfy
client requests when the number of clients in the system is
low, but when this number grows high, the server becomes
over-loaded and unable to satisfy all clients with the bitrates
they asked for. At this point, the server(proxy) applies the
adaptation strategy for the CDN(hybrid) system and decides to
downgrade some clients to lower bitrates. The only exception
to this observation is the low profile in figure 6(c) where inter-
client fairness stays at 100% even when the number of clients
in the system increases. This is because in the low profile
case, the server(proxy) was able to give each client the bitrate
it asked for without having to downgrade any client.
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Fig. 7: Required server capacity for CDN/P2P and CDN
systems with churn

On the other hand, the single-rate hybrid system starts with
inter-client fairness less than 100% for all profiles. This is
because the best bitrate this system can provide is the lowest
bitrate requested by some clients, for example in the high
profile case, the best bitrate that can be provided for all
clients is 1.3Mbps. Additionally, since the lowest bitrate (in
this system), 350Kbps, is requested by some clients in the low
and uniform profiles, the system has to provide that bitrate to
all clients no matter how many clients are in the system, and
this is why inter-client fairness remains constant in these two
profiles. An important observation is that, as the number of
customers in the system increases, the CDN adaptive system
performance approaches the performance of the single-rate
hybrid system, and in some cases (high profile), single-rate
systems can even do better. From figure 6 we can see that
hybrid systems can improve inter-client fairness from 20% to
40% over CDN systems depending on the distribution of the
number of requests to different bitrates and the average number
of customers in the system.

In order to measure savings in CDN server capacity from
using the hybrid system compared to CDN systems we ask the
following question; if we were to achieve inter-client fairness
of 100%, how much server capacity do we need for both
the hybrid and CDN cases? To do that, we fix all system
parameters including client arrival rate and request distribution
profile then we compute the server(proxy) capacity that will
satisfy all client requests with their desired bitrates for both
the CDN and the hybrid cases. Using the analysis developed in
sections III-D, IV-C we can calculate savings in CDN server
capacity as

R

Ce - Cprowy = Z((blfa\/ﬁ + Pi)(nul + 6)

i=1
It is interesting to see that capacity saving from using hybrid
systems is directly proportional to both the average number
of clients in the system p; and the average client upload rate
u;. This means that as the number of clients in the system
increases, hybrid systems become more effective which can
be observed from figures 6, 7.

In figure 7 we plot the computed server(proxy) capacity
against the average number of customers in the system. We can
see that hybrid systems can save about 21%, 32%, and 100%
of CDN server capacity in the high, uniform, and low profiles
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respectively. The reason capacity savings is less in the high
profile than other profiles is that peer contribution in hybrid
systems become more limited when clients request higher
bitrates. This is because we assume clients have asymmetric
upload and download rates which means client upload rate is
much less than client download rate. For example, a standard
cable connection in the United States has a download rate
of 3Mbps while the upload rate is usually in the range
380/760Kbps. On the other hand, hybrid systems can be
much more effective in other countries where users have more
symmetric download/upload rates (e.g. China).

VII. CONCLUSION

In this paper, we analyze adaptive streaming in a hybrid
CDN/P2P live streaming system. Our analysis is driven by the
need to develop solutions to two important design questions
in hybrid systems. The first question is how to find a way
to switch the operation of the system between the CDN and
P2P modes. The second question is how to find the best
bitrate adaptation strategy. This strategy basically specifies
how bitrates are assigned to different clients when the CDN
server can not satisfy each client with the bitrate it requested
due to capacity constraints. We believe that these two design
decisions mostly control the effectiveness of any hybrid adap-
tive streaming system.

We develop a stochastic fluid model for a hybrid streaming
system with a single video bitrate. We obtain theoretical results
that help the CDN server decide when to switch from the CDN
to P2P mode. After that, we extend that model to the multiple
bitrate case and we develop a linear optimization formulation
to get the best bitrate adaptation strategy. Using simulations,
we validate our analysis. We use our analysis to evaluate a case
study of typical CDN and hybrid systems. Results show that
hybrid systems can improve average user satisfaction about
20% to 40% as compared to CDN systems depending on the
distribution of client requests to different bitrates. We also
find that hybrid systems can achieve significant savings in
CDN server capacities as compared to CDN systems; these
savings could be from 21% to 100% again depending on the
distribution of client requests to different bitrates.
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