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Abstract

In this paper, we propose aloopbak approach in atwo-level streaming architedure to exploit coll ab-
orative dient/proxy bufersfor improving the quality and efficiency of large-scde streaming applications.
At the upper level we use aContent Delivery Network (CDN) to deliver video from a central server to
proxy servers. At the lower level aproxy server delivers video with the help of collaborative dient cades.
In particular, a proxy server andits clientsin alocd domain cade diff erent portions of a video and form
delivery loops. In eath loop, a single video stream originates at the proxy, passes througha number of
clients, and finally is passed bad to the proxy. As a result, with limited bandwidth and storage space
contributed by collaborative dients, we ae ale to significantly reduce the required network bandwidth,
I/0 bandwidth, and cade spaceof a proxy. Furthermore, we develop a locd repair scheme to address
the dient failure isaue for enhancing service quality and eliminating most required repairing load at the
central server. For popuar videos, our locd repair scheme is able to handle most of single-client failures
without service disruption and retransmissons from the central server. Our analysis and simulations have
shown the dfedivenessof the proposed Looplkad< Scheme.

EDICS. 5-STRM

. INTRODUCTION

Video-on-demand has bemme one of the most popuar applicaions over the Internet and many
approades to video streaming have been proposed in the past two decades. Generally, there ae three
basic types of video streaming architedures: an architedure based on the dient-server model, Content
Distribution Network (CDN) and most recently introduced Pee-to-Pea (P2P) approadh. One of the main
requirements with resped to a streaming architecure is scdability. A number of mechanisms have been
propaosed to improve the scdability of traditional client-server based schemes. These include batching [2],
patching [10] and periodic broadcast [9]. Unfortunately, due to ladk of multicast capability in current
IP networks, these schemes are difficult to implement and client-server based solutions are so far not
suitable for alarge-scde operation. A CDN architedure on the other hand, is based ona number of CDN
servers placed at the edges of the Internet. The video content is first distributed to these servers and then
delivered by ead CDN server to the dients in its neighbahood Such an approach requires expensive
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investment for a broad delivery infrastructure and demands a rather large anourt of resources to achieve
scdability. Moreover, a CDN has fixed resources which makes it difficult to ded with the flash crowd
problem [12], [19].

A P2P approac offers a passble solution bu also presents some challenges. In a P2P scheme a dient
not only recaves srvice but also offers srvice to ather clients as a pea. The dients collaborate with
one ancther to reduce the video server load and to improve the scdability. The cgadty of a P2P system
built by collaborating pees adjusts to the demand. The cguadty increases with an increase in demand
which alows us to address the flash crowd issue. However, the anount of resources contributed by a
single peeq, such as dorage space ad network bandwidth, is limited. The pees are usually willing to
participate in video streaming ory for a limited amourt of time. Moreover, a P2P system is not as
reliable as client-server and CDN based system, and daes not offer quality asaurance

In this paper we propcse and analyze a dient coll aboration mechanism for Video-on-Demand (VoD)
streaming that allows us to efficiently utili ze the P2P capadty. We assume that ead client dynamicdly
cades a portion o the video it receves and makes it available to other clients. The storage space
contributed by a dient is limited and may be sufficient to store only a small part of a video. A client
is cgpable of delivering orly one stream at a time and is willing to cooperate only during the video
playbadk and for a short period o time &ter the playbadk ends. Thus, the resources offered by a dient
are limited and it is important to utilize them efficiently. Moreover, we assume that there is a cetain
probability that a dient may fail or choose to leare while delivering a video to its pees.

Based onthe above asumptions we propose aLoopbak medianism to addressthe dhallenges posed
by a P2P approach. First, we organize dient collaboration in a locd environment with the help of a
CDN server which we refer to as a proxy server. Thus, we asdume that there exists a CDN to deliver
video from a central server to a number of proxies rving locd communities. A proxy server streams
videos to the dients in its community with the asdstance of a dient-coll aborative network formed with
the Loopbak scheme. Hence, we utili ze ahybrid CDN-P2P architecure as proposed in [5] but our focus
in this paper is on the local client cooperation. Building an owerlay for client communicaion ona large
scdeis naot very efficient due to a need for considering properties of the physicd conredivity. In alocd
environment, on the other hand, such problems do nd occur. It is the network bandwidth between the
central server and a proxy server that may be limited and expensive. Therefore, it is important to utili ze
CDN bandwidth efficiently.

A proxy server often has limited resources and is unable to cade an entire video. Instead, a prefix of

avideo is caded [13], [14]. We show how client coll aboration is organized to complement such type of



video cading by the proxy. In Loopbak, clients arriving close to ead other in time form a forwarding
ring with the first client recaving data from the proxy and the last client returning data to the proxy.
Thus, we cdl this group d clients aloop. A video stream is forwarded from one dient to another within
a loop in the order of their arrival. Each client dynamicdly cades only a small portion o a video. If
a dient buffer fills up before the next client arrives, the video frames are evicted from the buffer by
either forwarding them bad to the proxy or by simply discarding them if the proxy buffer spaceis also
filled up. The next client unable to join the existing loop starts a new loop receving data diredly from
the proxy or from the central server. We show that Loopback significantly reduces dorage space ad
bandwidth requirements of the proxy and the load of the central server even if the resources provided by
ead peea are limited. Our scheme is espedally efficient for videos with high popuiarity. For such videos,
the proxy server nedals to cade only a small portion o the video or nore and wses only a few streams
to service alarger number of clients. We address also the reliability of the Loopback with redundant
cading. Our approach daes nat require any additional resources beyond the anournt dedared by clients
for a regular operation.

The remainder of this paper is organized as follows. In Sedion Il we summarize the related work
on P2P-related approadhes to video streaming. In Sedion Il we describe the principles of Loopbak
operation. In Sedions IV and V, we present a formal performance analysis of the Loopback approach
for serving a single video. In Sedion VI we extend the analysis to include the performance of Loopback
with multiple videos. In Sedion VIl we analyze the influence of client failures and in Sedion VIII, we
develop a locd-repair medhanism to ded with the failures of collaborative cates for ensuring service

quality. In Sedion IX we conclude this paper and dscussour future reseach.

Il. RELATED WORK

The ideaof client collaboration has been widely applied to file sharing [16], [20Q], [17] and applicdion
level multicast for both live and ondemand video streaming services. Collaboration schemes utili ze
resources contributed by clients ading as peas and can be very efficient in reducing central server and
network load. A number of isales have to be addressed to efficiently organized client collaboration.
Collaborating clients may have limited resources aich as upstream bandwidth and storage space ad may
be willi ng to offer services to other peas only for a limited amourt of time. Their service may be dso
unreliable due to unannourced departures. In most cases a server keeps tradk of participating pees and
is resporsible for efficient resource utili zation.

A number of solutions have been proposed to pea collaboration under different assumptions of pee

cgpabiliti es. In P2Cast [7] a dient may be cagable of providing multiple streams. An application-level



forwarding tree onsisting of a set of adive dientsin a sessonis constructed for VoD service. A sesson
is formed by a group d clients arriving close in time. The first client in a sesson recaves video diredly
from the server. Each next client recdves the video from the server or from one of the preceding clients
depending on landwidth avail ability. In addition, the dient recaves also a patch strean for a part of
the video aready transmitted within the sesgon. Each client cadhes an initial portion o a video and the
patch source seledion is the same & the seledion for the base stream. In our scheme a dient buffer
content is nat fixed. Each client caches certain amourt of the most recently played data and makes this
data available to the subsequent client. The anournt caded depends on the dient inter-arrival time. In
this way there is no neel for patch streams within a single sesson.

In P2cast one dient may serve multiple peas smultaneously but its avail ability is required orly for
the duration o a video playbadk. In the hybrid architedure presented in [22] a dient is capable of
transmitting data & a fradion d the playbad rate. Hence a many-to-one delivery model is assumed.
One dient recaves video stream from multiple peeas. Client avail ability, on the other hand, is increased
to a multiple of the video playbadk length so that one dient may provide service to multiple peas. A
client has to cade an entire video resulting in a substantial storage spacerequirements. In contrast, we
asume the dient storage spaceis limited to a small portion of a video and the dient has to participate
in streaming orly for a short time dter the end o video playbad, namely the time required to stream
the cated data. However, the dient’s upstrean bandwidth (used to deliver frames to ancother client or to
proxy) is asaumed to be sufficient for only one video stream. The extended client avail ability considered
in [22] increases the influence of a dient failure on the performance. We do nd asuume that the peas
provide areliable service and propase amedhanism to prevent playbadk disruption.

Unreliability of peeas is one of the most important challenges in organizing client collaboration. An
ealy departure of one pea may affed potentialy alarge number of dependent pea's resulting in playbadk
disruptions and a nee to reorganize the service Playbadk disruption caused by an ealy departure of
a dient in P2Cast is prevented with playbadk delay that allows client buffer to buld up, and with
shifted forwarding. In [6] live video playbadk disruption is prevented with time shifted transmissons
for video patching and initial buffering. A server provides the original video strean and a number of
time shifted streams. A client experiencing service disconredion patches a portion o the video missed
during time neaded to remnned to the multicast tree from an appropriate time shifted transmisson. In
CoopNet [15] which is designed for live streaming, client failure issue is addressed with redundancy of
data and distribution peths. The dataredundancy is achieved with Multi ple Description Coding. Eadh client

recaves multiple description streans from a number of pees. The video content can be reconstructed



from a subset of al these streans. Thus, a failure of one pee, and consequently a discontinuity of one
stream, does nat disrupt the playbad but may only affed its quality. Path redundancy is achieved with
multiple goplicaionlevel multicast trees, one for ead video description. In Loopback we utili ze buffer
space ontributed by ead pee for redundant cadiing. Such an approach allows us to prevent playbadk
disruption with probability that increases with the popdarity of the content. In addition, the buffer is
built up withou playbadk delay.

Live streaming systems are often designed as an application-level multicast tree The treeheight affeds
the distribution delay which is an important parameter in live streaming. Thus, an efficient method for
building an applicaion level multicast treeis required. Such methods are presented in [4], [11], [3], [21],
[15]. A pee seledion processis faced for both live and VoD service Given a number of candidates, a set
of supdying peasfor anew pee is sleded based on kandwidth avail ability and some other network path
charaderistics auch as delay used in P2Cast [7]. Promise with Coll etCast [8] exploit the properties of the
underlying network, topdogy and performance, for seledion o suppying pees. A network tomography
method is used to buld a graph representing conredivity between candidate pea's and the receéver. Each
network segment is charaderized by lossrate, available bandwidth and delay. A set of supdying peas
and a set of standby pees are seleded based on the olleded information. The sesgon is continuowsly
monitored and a switch to another pee from a standby set is exeauted in case of a peea failure. We use
a hybrid architedure [5] in which client coll aboration takes placewithin a loca community. In such an
environment pea seledion can be based on pea availability only since the network path charaderistics
is dmilar for al pees.

Our Loopback medhanism further exploits the idea of pasdng data dong in clients as proposed in
chaining [18] which is one of the ealy proposed P2P techniques. However, in chaining, a dient may
have to cade an entire video in the worst case, which is a rather high requirement for a common client.
In this paper, we asume that ead client contributes only a limited small buffer spacefor cading. In
addition, the extended chaining scheme [18] reduces server resource usage by delaying client to extend
the chain length. Thus, the improvement is achieved at the st of an additional delay. In our scheme
ead client starts recaving dataimmediately. The fundamental diff erence between chaining and loopback
is that both the proxy server and client collabaration play the key roles in our Loopback scheme. A
client request always goes to the proxy server so that the proxy server can manage oollaborative dients

for caching data dficiently.



1. CLIENT COLLABORATION WITH LOOPBACK

In this ®dion we describe how client collaboration is organized with the Loopback approach. First,
we list the asumptions that we make abou a oll aborating client. We asssume that the dient cades only
data it recaves for playbadk. The buffer used for cadingis afficient to store asmall portion o a video.
Data caded in client buffer is available during the video playbadk and for a period o time dter the
playbadk. The upstrean bandwidth (used for delivering frames to anather client or loopkadk to the proxy)
for a dient is wfficient for only one transmisson at the playbad rate. Thus, ead client contributes a
small storage space ad bandwidth. Initially we sssume dso that ead client is reliable. The isaue of
client failure probability and quality assuranceis addressed in Sedion VIII.

The proxy server in a community of clients is part of a CDN. The proxy cades video data obtained
from the central server, delivers video to the dients in its locd community and arganizes clients into a
coll aborative network. The main gaal of this collaboration is to reduce the anourt of data required from
the central server acossWANSs. The proxy storage space ad bandwidth are limited. Therefore, the proxy
is not capable of cadiing all data requested by its clients. However, at first we asaume that the proxy
cades an entire video and show how client collaboration can reduce the storage space ad bandwidth
requirements of the proxy. In this way we demonstrate how many proxy resources are required for a
video of a given popuarity so that no data has to be requested from the central server. Next, we anayze
the case when the proxy cades the video only partially and some data potentialy has to be requested
from he central server. For this case we analyze the Loopbak influence on the central server load.

All client requests for a video are direded to a proxy so that the proxy can manage dients for efficient
data cading. The first client requesting a video recaves data from the proxy. The video frames receved
are played and cadhed in the dient’s buffer for alimited time with alimited buffer space Once aframeis
transmitted, the proxy discards the frame to make room for other streams. If the next client requesting the
same video arrives before the first client’s buffer fills up, the frames are streamed to the newcomer. The
frames that have been aready transmitted are removed from the buffer to make room for the subsequent
frames. If the next request for the video daes nat arrive on time and the buffer of the first client becomes
full, the oldest frames are passed bad to the proxy and evicted from the buffer in this way. Recdl that
for now we asaume that proxy has enoughstorage spaceto cade the entire video.

If avideois popuar, there ae anumber of clients whose requests arrive before their respedive previous
client buffer fills up. Then, ead of these dients recaves the video from the previous client in the order of
their arrivals, and forwards the video to the next client. The dients form a forwarding ring with the first

client recaving data from the proxy. Eventually the next request for the video arrives after the previous
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client buffer fills up. Then, the data is passed bad to the proxy closing the forwarding loop. The late
newcomer starts a new loop and receaves the video from the proxy. Given a substantial length of the
video, there may exist a number of loops at the same time. The proxy server is a member of ead loop
and ead loop contains at least one dient beside the proxy.

Fig. 1 illustrates three loops formed by eight client requests for a single video, consisting o threg
four and ore dient, respedively. Each square represents a small client buffer. The shaded areas how
the distribution o different portions of video data & the dients and at the proxy. The arows show the
diredions of data flows between the proxy and ead loop. Clealy, no data sharing and noconflicts exist
between loops, i.e., a loop always returns data to the proxy before the first client in the next loop reeds
the data.

We assaume that the proxy does not maintain a copy o a frame dter transmitting to a dient. The
frames are passed from one dient to ancther in aloop and eventually returned to the proxy. As a result,
the entire video is dynamicdly distributed among the dients and the proxy. The amourt of data caded
by clients depends on the popuarity of a video, i.e., the arival rate of requests for the video. If the
demand is high, there ae few long loops containing many clients. Potentially al clients join the same
loop for a very popuar video. In this case the entire video may be cated by the dients releasing the
proxy of storing any part of the video. In addition, the proxy does not use any bandwidth for this video
except for bandwidth used to deliver the video to the first client. If the demand for a video is medium,
the number of loops is larger and the number of clients in a loop is gnaller. The proxy dynamicdly
cades chunks of frames distributed throughou the entire video alternated with the chunks of frames
caded by collaborating clients. The proxy orly uses the bandwidth needed to forward ore stream to
ead loop and to recave one strean from ead loop. Hence, the bandwidth requirement is dgnificantly

reduced. Overall, for a popuar video, proxy can use afew streams to service alarge number of clients



with a low /O bandwidth and orly a small portion o a video or nore cadied by the proxy.

IV. LOOPBACK ANALYTICAL MODEL

In this sedion, we analyzethe basic properties of Loopbak scheme. We describe the aggregate storage
space ontributed by collaborating clients and show its dependency on video popuarity. We assume that a
proxy server is cgpable of storing as much of a video as necessary to avoid data transfer from the central
server. Our goal is to analyze the resource usage & the proxy for a single video under a given client
arrival process We derive the expeded proxy bufer utilizaion and the expeded proxy 1/0O bandwidth.
In this way we obtain the resource requirements that would eliminate the high cost of transferring data
throughWAN. In this analysis, we dso assume that there ae no client failures.

Let us first introduce the notations used for the performance analysis of Loopbak scheme. Let § be
the buffer size a@ ead client and ¢; dencte the arival time of the i*" client. In order to simplify the
notations without lossof generality, we ssume that the transmisgon rate and the playbadk rate of a video
are egual to 1. Then if ¢, —t;_1 < 4, the i** client recéves the video from (i — 1) client; otherwise,
it recéves the video from the proxy. In the latter case, the (i — 1)*" client starts forwarding video back
to the proxy at time ¢;_; + J. Note that ead client in the loop except for the last one may buffer less
than §. Let n/ be the number of clients participating in the j** loop and t{ be the arival time of the it
client in the j** loop. In some cases, we may drop the superscript j indicating loop index to simplify
the notation when analyzing the performance of clients within a single loop. We assume that the dient
inter-arrival time X is exporentially distributed with the mean equal to % The notations are summarized
in Table I.

A. Proxy Buffer Space \s. Aggregate Loop Buffer Space

The amourt of data cadied by a proxy for a given video depends on the number of clients recaving
the video simultaneously. The proxy bandwidth usage depends on the number of concurrent loops. Thus,
in the following, we first analyze the average loop length and the expeded number of loops based onthe
mean client arrival rate. As a result, we are ale to estimate how much data is distributed among clients
in the concurrent loops of a video.

We oonsider two types of loops: singe-client loops and multi-client loops. The distinction is made
due to the fad that the anourt of data caded by clients in a multi-client loop is gnaller than § with
the exception d the last client. The last client in ead loop, including ore-client loops, cades exadly ¢
amourt of data. The arival rate of one-client loops is equal to Ae~2*9. Therefore, the average number of

concurrent one-client loops is (L + §)A\e™2*, where L is the video length. Recdl that the last client has
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to return its buffer content to the proxy at § time dter playbadk. The average anount of data buffered by
one-client loopis L‘s—fé Thus, the arerage amourt of data distributed among ore-client loops is equal to
LX\3e™2M_ An n-client loop cades an amourt of data equal to § + (¢, — t;) and the average amourt of

data cadied by a multi-client loopis equal to ff:ﬁ where ¢ is the mean diff erence between the arival

time of the last and the first client given by

1—Ne 0 — e
AeM (1 — =) (1)

t=
The arival rate of multi-client loopsis derived as \(1—e~*%)e~*9. Then, the average number of concurrent
multi-client loops is equal to (L + ¢ + §)A(1 — e~*)e* and the average amourt of data caded by

these loops is L(f + )\ (1 — e *)e . Based onthe éove analysis, the average anourt of data caded
by the dients at a given time is estimated as:

B =LXe 225 + L( + 6)de (1 — &™) )

Fig.2 presents the anourt of data cated by the proxy as a function o client arrival rate for three
different values of client buffer size §. The length of a video is st to 3600s and the buffer sizes are
30 s, 60 s and 120s. We ohserve that the amourt of data caded by the proxy deaeases as the dient
arrival rate increases. Each client cades cetain amount of data, thus, the larger the number of clients
recaving the video, the less data the proxy bufers. For buffer size equal to 120s and the arival rate of
one dient per four minutes, the proxy neels to cade aound 5%%6 of the video. When the arival rate
increases to ore dient per two minutes the proxy neeals to cade lessthan 40% of the video. The proxy
buffer occupancy eventually approaches 0 when all clients join the same loop and the entire video flows
throughthis loop.

Increasing client buffer size dso deaeases the anount of data caded by the proxy. With the arival

rate of one dient per two minutes, the proxy neals to cade éou 60% and 40% of the video when the
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clients cade 60 s and 12 of video respedively. We observe that for a high demand, the amount of
data cated by the proxy for the given video is sgnificantly reduced.

B. Proxy I/O Bandwidth

The proxy 1/0 bandwidth usage is given by a number of streans originating at the proxy and forwarded
badk to the proxy. The arerage number of streams due to a one-client loopis equal to Lz—fé andthe average
number of streams due to a multi-client loop is equal to % where ¢ is given by Eq. 1. The average
I/0 bandwidth usage is propartional also to the number of concurrent one-client and multi-client loops:
(L+8)Ae 22 and (L + 14 5)A(1 — e ?)e™, respedively. Note that the total number of loops is equal
to (LA — 1)e=* 4+ 1 and approaches 1 as the arival rate increases. The average 1/0 bandwidth due to
al concurrent loops is equal to :

P =2L\ (3)

Fig. 3 shows the proxy I/0 bandwidth usage & afunction o client arrival rates for threedifferent sizes of
client buffer. The results presented in Fig. 3 correspondto the results presented in Fig.2. Video playbadk
rate is used as a unit for I/O bandwidth usage. For a given bufer size, the 1/O bandwidth usage initially
increases almost linealy due to an increase in the number of mostly one-client loops. As the arival
rate keeps increasing, the number of clients in a loop increases but aso the number of loops increases
resulting in further increase in 1/0 bandwidth usage. The maximum usage equal to 2L5—18 is readed for
A= % From this paint on the arerage loop length increases and the number of loops deaeases. Thus,
we observe adeaease in the 1/0 bandwidth usage. The usage eventually approaches 0. We observe dso
that the larger the dient buffer is, the lower the 1/0 bandwidth usage & the proxy.

Fig. 3 shows aso the proxy 1/O bandwidth usage withou Loopbak mechanism. It equals LA due
to a transmisson o one video strean per client. Althoughinitially the 1/0 bandwidth usage without
Loopbak is lower than that with Loopladk, the situation changes very quickly with an increease in the
client arrival rate. Clealy, Loopbak significantly reduces the requirement of proxy 1/O bandwidth for

popuar videos.

V. LooPBACK MODEL WITH LIMITED PROXY BUFFER

We now relax the ssumption that the proxy server can store an entire video. Since proxy has fewer
resources than the central server, thus, it is impaossble to cade dl videos of interest. For some videos
the proxy may be ale to cade only a portion o the video. We first describe Loopback operation with

partial cading provided by the proxy. Next, we examine how much data is avail able locdly, i.e., the size
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of the aggregate cate spaceof the proxy and the wllaborating clients for a given client arrival process
and analyze the cantral server load due to a given video. We show that Loopbak significantly reduces

the server load and further describe the &bility of the system to adapt to variable video popuarity.

A. Loopbak Operation with Limited Proxy Buffer

We first describe how client collaboration is organized provided that the proxy cadies only a portion
of a video. We assume that the storage spaceof the proxy dedicated to a given video is equal to oL,
where 0 < o < 1 and L is the video length. In common proxy cading schemes, the prefix of a video
is cated by proxy server. Each client receaves the prefix from the proxy and the remaining pation o
a video from the central server. Similarly, in the Loopback scheme we assume that the proxy initially
cades a prefix of the video.

When the request arrival rate is very low, there is usually only one dient recaving the prefix from the
proxy. The prefix frames are returned to the proxy after the playbad and the dient requests the suffix
of the video from the central server. Hence, the operation without and with the Loopback mecdhanism is
very similar in this range of client arrival rate. Asthe dient arrival rate increases, multiple loops receve
and return data to the proxy at the same time. Since eab loop cates ome data recaved from the proxy,
it deaeases the anourt that neals to be catied by the proxy. There is room (i.e., proxy has reserved a.L
buffer spacefor this video) in the proxy bufer for the loops to return more than just the initial prefix
data. Fig.4 shows an example of such a behavior. The first client in the first loop has aready played the
prefix and is recaving the subsequent frames from the server. Since the second loop has removed some
frames from the proxy bufer and made more buffer space aail able, the first loop can return data beyond
the prefix to the proxy. The anourt of this additional data is equal to the anount of data buffered by
the second loop. Note that the second loop will nat only recave the prefix from the proxy bu will also
recave the aditional amourt of data that is deposited in the proxy bufer by the first loop.

In a general case, the ealiest loop recaving data from the proxy can return the amount of data equal
to the aygregate anourt buffered by all subsequent loops. As a result, this additional amourt of datais
avail able from the proxy to the subsequent loops. The video prefix currently available locdly becomes
larger than the initial prefix of size aL. The larger prefix is buffered partially by the proxy and partially
by the dients.

Aslongasthere is data buffered by reither the proxy nar the dients, some frames have to be requested
from the central server. Recdl that the amourt of data buffered by the dients increases with the arival
rate. For some value of the arival rate, the dients buffer at least (1 — «) L and the community becomes

independent of the central server since the entire video is avail able locdly. The proxy bufers chunks of
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Fig. 4. Client “loops’ with limited proxy space

frames distributed throughou the entire video and the aumulative size of these chunksis analler than or

equal to the proxy buffer spacereserved for this video: aL.

B. Local Data Availability

We now evaluate how much data is available locdly for a given client arrival rate under the limited

proxy bufer assumption. Let @ denote the average amourt of data buffered by a loop:
W= (1—e ) min(L,{+6) +e 6 (4

where £ is the aerage difference between the arival time of the last and the first client in a multi-client
loop gven by Eq. 1. The average loop inter-arrival time is:

1

Let k& be the number of loops such that the total amourt of datain the proxy bufer (separating the loops)
is no larger than the reserved bufer space k(At — w) < aL. The following condtion also has to be
satisfied: kAt < L. Thus,

(6)

L L
k:min( @ )

At At — b
Then, the aggregate anourt of data stored in the proxy bufer and dstributed among clients (which does
not have to be requested from the central server) is equal to:

L al
=min|—,— | At 7
w mm(At’At—ﬁ)) (7)

Fig.5 shows the amount of data available locdly, 1, as the function o the dient arrival rate for five
values of a: 1.0, 0.8, 0.6, 0.4 and 0.2. The video length is st to 3600s and the dient buffer is 6=30s
of the video. The values of W are expressd as a percentage of the video length. We observe that as
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the arival rate increases, the anount of data beyond prefix depaosited at the proxy increases. Beyond a
threshold arrival rate, the proxy has aufficient buffer space due to the concurrent loops, for ead loop to
return all recaved data bad to the proxy withou discarding any frames. Eventually, the total amount of
data the proxy needs to cade becomes anall er than the avail able storage space ad the system becomes
independent of the central server, i.e., al video frames are avail able dther at the proxy or at client buffers.
For example, if the proxy can cace 20% of the video (12 minutes), the aitire video is available locdly
for the arival rate of alittl e over 3 requests per minute. Beyondthis paint, the performance of the system
is the same &s that of the system with unlimited proxy bufer.

Given client arrival rate A, we can identify the minimum amourt of data that the proxy neals to cace
to make an entire video available locdly. The amourt of data buffered by the dientsis equal to B given
by Eq. 2. Thus, the proxy nedls to cade the remaining amourt L — B. Let «,, denote the minimum
amount proxy bufer spaceneeded for an entire video to be available locdly (expressed as a percentage
of the video length). Then:

B
L

oy =1 —

(8)
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Naturaly ., deaeases with an increase in the arival rate since dients provide more and more buffer

space

C. Resource Usage Analysis

We now analyze proxy resource usage and the central server load as the functions of client arrival rate
A and avail able proxy bufer spaceaL. The proxy bufer utilization remains at 100% for a range of low
arrival rates. In other words, the proxy cades oL of data as presented in Fig. 6. As the dient arrival rate
A increases, the locdly avail able data increases and the proxy buffer utili zation deaeases. Recdl that the
minimum amount of data the proxy neals to cade, a,,, is afunction o . When «,,, deaeasesto « as
A increases, the entire video is available locdly. The higher the ) is, the lower the o, is. The anourt
of data that the proxy needs to cade deaeases with the increase of A and eventually approacdhes 0. The
resource usage presented in Figs. 6, 7 and 8 show values correspondng to the behavior presented in
Fig. 5. That is, for video length L=3600s, client buffer size 6= 30 s and five different values of o = 1.0,
0.8, 0.6, 0.4 and 02. The required proxy I/O bandwidth and central server load are presented with the
video playbad rate set as a unit.

The proxy I/0O bandwidth usage is propartional to the number of loops recaving and returning data
to the proxy, i.e, the gproximate 1/O rate is 2k. Fig.7 shows 1/O bandwidth usage for various values
of « including the case when the proxy can cade the entire video (unlimited proxy bufer spacg for
the comparison. Since the proxy initially buffers a smaller amount of data in the limited bufer case,
the 1/O bandwidth usage is lower than that with the unlimited buffer case. As the arival rate increases,
the amourt caded in the limited buffer case initialy remains fixed («L) but the cated data is divided
into a larger number of chunks due to the increased number of loops. Consequently the 1/0O bandwidth
usage increases but still remains lower than that in the unlimited bufer case. For the arival rate large
enoughto make «,,, = «, the anourt of data cadied by the proxy in bah, unlimited and limited proxy
buffer cases, is the same. From this paoint on, the anount caded by bah systems remains the same and
deaeases with an increase in the arival rate. The I/O bandwidth usage is consequently the same in bath
systems. We observe in Fig. 7 that the aurvesfor a = 1.0 and o < 1.0 merge & the point where «,,, = «.
The smaller the value of «, the later (for a higher arrival rate) the merging takes place

The central server load is propartional to the number of loops recaving data from the central server:
(LA —1)e™ 41 — k. Recdl that (LA — 1)e=* + 1 is the total number of loops and  is the number of
loops that need no data from the central server. Fig. 8 presents central server load as a function o client
arrival rate . We seethat the load initially increases with the arival rate and then deaeases. The number

of loops requesting suffix from the central server initially increases with the arival rate. However, more
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loops no longer nead data from central server as the arival rate increases further and the requested suffix
size deaeases with the arival rate increases. The number of loops aso eventually deaeases with larger
arrival rates. Thus, the load reades a maximum for a cetain arrival rate and starts to deaease & the rate
increases further. The larger the anount caded by the proxy, the lower the server load pesks and the
ealier (for a lower arrival rate) it occurs. The server load approaches 0 when the entire video becomes

available locdly, i.e., for a A that makes a = ay,.

D. Analysis Validation

In order to evaluate the analysis of the aove model, we condwted a number of simulations. The
length of a video in these simulations is st to 3600s and the proxy is cgpable of cading a= 0.2, 0.4,
0.6 and 1.0 times the video length. The dient buffer sizeis st to 30s. Figure 9 shows the simulation
results colleaed for a number of request arrival rates. These results are presented as dats in the Figure.
The analyticd results obtained with the model presented in this sdion are shown with diff erent types of
cortinuots lines in the Figure as the functions of the request arrival rate. The comparisons between the
simulation results and the analyticd results are conducted for the proxy resource usage and the amourt
of data available locdly. The simulation results are areraged over a period d 6 hous. Overal, the

simulations data ae very close to the obtained analyticd results.

V1. PROXY BUFFER UTILIZATION FOR MULTIPLE VIDEOS

In order to evaluate the influence of Loopback on the overall resource usage, we consider a set of
videos accessed from a community of users. We assume that the storage space ad the 1/0 bandwidth
available & the proxy are limited. Hence, we have to dedde what portion o ead video shoud be caded
by the proxy so that the proxy resources are utili zed in the most efficient way. The goal isto minimizethe

amoun of data requested from the central server by the users under the proxy storage and 1/O bandwidth

avail ability constraints.
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A choice is made for an amourt of data of ead video that shoud be caded. The portion o data,
denoted as previously by «, may be zeo indicaing that no part of avideo is caded. The amourt may be
also equal to 1indicating that the entire video is caded by the proxy. Generaly, 0 < a < 1. We asume
that if some part of a video is cadted by a proxy, al users recave that part from the proxy and do na
request it from the ceantral server. Thus, cacing a portion o avideo implies certain 1/O bandwidth usage
at the proxy. Next, we formulate and solve the problem of seleding a catied amourt for ead video in
the proxy server withou Loopbak and with Loopback. The resource @nstraints are the same in bah

cases. Our goal is to compare the dficiency of both schemes.

A. Problem Formulation

We first formulate an optimizaion problem for the system withou Loopbak The value of the
optimizaion function expresses the anournt of data requested from the central server and depends on
two fadors: the amourt of data not caded by the proxy and the popuarity of the video. Naturally, the
smallest value of the function is readed when the entire video set is caded by the proxy. However,
the proxy has limited 1/0 bandwidth and limited disk space We consider the second constraint to be of
lesser importance since the disk capability increases faster than 1/0 bandwidth. The problem is formally
defined as follows:

Minimize SN, (1 — a;)Li\;
subedto 1) N, \eyL; < P,
2) Y, aiLi < B,
where i is the index of the video and N is the total number of videos, P, denotes the available I/O

9)

bandwidth and B,, denotes the avail able disk space & the proxy, respedively. Variable «; determines the
size of the prefix of video ¢ that shoud be caded. The problem formulated in such a way is a linea
programming problem. Sinceit is not posshble to cade the entire video set, intuitively, the most popuar
videos houd have the largest prefixes cached. When storage spaceis the battlenedk, then the largest
prefixes are indead seleded for the most popuar videos. Such a choice dlows us to utili ze the available
disk spacein the most efficient way. However, when 1/O bandwidth is the battlened, there ae anumber
of possgble solutions, ead yielding the same minimal value of the optimizaion function. Choasing the
largest prefixes for the most popuar videos yields the most efficient disk-usage solution. On the other
hand, there is an advantage in having at least a small prefix cacted for ead video if passhle. Thus, there
is a variety of posdble choices in this case but we ncentrate on the most efficient disk-usage solution.

Similarly we formulate an ogtimization problem for the system utilizing Loopbak. In this case o

determines the anournt of buffer spaceused by the proxy for cading video. Recdl that in Loopbak
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the proxy cades nonconseadtive chunks of frames and the locdly available prefix is caded partially
by the proxy and partialy by the dients. The total amourt of data cated can be bigger than aLL. The

optimizaion problem is formulated as foll ows:

Minimize YN (Li\; —1)e % +1 —k;
subjedto 1) YN, oiL; < B,
2) i, 2k < P,
where k; is the number of loops recaving video ¢ data only from the proxy and is given by Eq. 6. The

(10

value of the optimization function is expressed as a number of loops nealed to recave data from the
central server. This value for video ¢ is equal to the difference between the total number of concurrent
loops for this video given by (L;\; — 1)e~*% + 1 and the number of loops receaving data only from
the proxy k;. The amourt of data requested from the central server in this case is equal to the difference
between the video length and the anourt of data cated by the proxy and bythe dients within the loops.
The 1/0 bandwidth usage & the proxy is propartional to the number of loops recaving data from the
proxy. Problem formulated in such away is anortlinea optimizaion problem with nonlinea constraints.
After analyzing solutions obtained using nunericd methods for various values of A\, we concluded that
the amount of data cadied and the space needed for the most popuar videos is the minimum space
required such that these videos are entirely locdly available, i.e., o; = «u,,. Increasing the amourt
of data cated beyond «,,, does not affed the I/0O bandwidth usage & the proxy or the value of the
optimizaion function bu increases the required disk spaceusage. In other words there is no use cading
more than «,,, for a given video. Thus, the solution to the optimizaion problem can be obtained by
choasing value «,, for as many videos as possble starting with the most popuar ones, and as large

amourt as possble for the first video for which «,,, canna be caded.

B. Numerical Test Results

We evaluate the performance of Loopback mechanism with a set of videos through a number of
numericd tests. In the first set of tests, we use asmall video set. The set consists of five videos. We
assume that the size of ead video is 3600s and the popuarity is generated using Zipf distribution with
the shape parameter 0.27[1], i.e., \; = Bi' =027, where i is the rank of a video acrding to its popuarity
and 3 is a scding fador. Each user buffers at most 30 s of a video (6 = 30 9).

In the first example, the average number of requests per seaondfor the most popuar video is equal to
0.125 (roughy 7.5 requests per minute) with g = 0.125. The amourt of 1/O bandwidth available & the
proxy is equal to 30% of the total amount needed to serve dl videos from the proxy and I/O bandwidth
at the proxy is the bottlened.
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Fig. 10. Prefix chaice for 3=0.125 with 1/0O bottlened

Figure 10(a) shows the popuarity for five videos. Figure 10(b) presents the most efficient disk-usage
of al optimal solutions for the prefix seledion problem in the system withou Loopback Figure 10(c)
presents the prefix choice made for eadh video in the system with Loopbak. It is interesting to olserve
that the largest amourt of datais ssleded for the least popuar video. Figure 10(c) presents also, beside
the amount seleded, the minimum amourt «,,, needed for ead video for the given popuarity to make
the entire video available locdly. We observe that the largest amourt is naturally needed for the least
popdar video. In fad in this example the anourt of the available 1/O bandwidth is wufficient enoughto
seled «,, for ead video. Thus, we seethat the largest amourt is sleded for the least popuar video.

In the second example, the anourt of the resources available & the proxy is no longer sufficient to
choose the minimum amourt to make eat video available locdly in the case with Loopback medianism.
We adieve this effed by deaeasing the popuarity of the video set. The average number of requests per
seoond for the most popuar video is st to 0.0625(rougHy 3.75 requests per minute) with 3 = 0.0625.
The popuarity is presented in Figure 11(a). Asin the first example, the anourt of 1/0 bandwidth avail able
still equals 30% of the total amourt needed to serve dl videos from the proxy withou Loopbak We
present the most efficient disk-usage prefix seledion for the system withou Loopbak in Figure 11(b).
We ae ale to cade ebou 90% of the most popuar video. In the case with Loopback, due to insufficient
amourt of 1/0 bandwidth, the maximum amourt «,, is €leded orly for the most popuar videos. We see
in Figure 11(c) that only the two most popuar videos are entirely avail able locdly. The amourt cacted
for the third most popuar video is analler than the anount nealed to achieve such an effed. The results
obtained in these settings with a storage bottlened< are similar. Due to the spacelimitation, we do na

present the results for the cases with storage as bottlened.
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C. Resource Usage Dependence on Popuarity

Next we compare the resource usage & the proxy: I/O bandwidth and dsk space and the bandwidth
at the central server in bah systems. We increase the video set to 100 vdeos. Similarly to the previous
set of tests, ead video has length of 3600s and the popuarity is generated from the Zipf distribution.
A user cadhes at most 30 s of a video. The range for the popuarity scding fador 3 is from 3—12 to 1/

1) 1/0 Bandwidth Bottleneck First, we set the I/O bandwidth available & the proxy equal to 30%
of the amount nealed to serve dl requests from the proxy withou Loopbak Note that as the video
popuarity increases, the required 1/0 bandwidth increases and is always kept at 30% level throughou
the entire test.

Figure 12(a) presents the disk usage a the proxy as a percentage of the disk spaceneealed to cade the
entire video set. We use the most efficient disk-usage choice of prefixesin the system withou Loopbak
in this comparison. We observe that in the system without Loopback the disk usage remains constant and
is below 10%. Recdl that as the video popuarity increases, so dces the required I/O bandwidth and the
available 1/0 bandwidth is always equal to 30 of the required bandwidth. The disk spaceusage in the
system with Loopback changes with the popuarity. Initially, for low popdarities, the disk usage is low.
The spacenedaled to make the entire video available locdly is large and the amourt of 1/O bandwidth
available dlows to cade enough dta to make only a small number of the most popuar videos avail able
locdly. As the popuarity increases the spaceneealed for locd avail ability deaeases and the number of
videos for which such an amourt is caded increases. Thus, we observe an increease in the disk space
usage. For some value of popuarity (6 ~ 0.45) the amount caded for ead video ensures its locd
avail ability. From this point on, the disk spaceusage starts deaeasing as the amount caded deaeases.
The disk usage with Loopbak is lower than that without Loopback for low popuarities when most loops
contain ony one dient. Recdl that the I/O bandwidth consumption at the proxy due to a loopis twice
the 1/0 bandwidth consumption dwe to ore dient withou Loopback. Thus, even if both systems use the
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Fig. 12 Resource usage with 1/O bandwidth batlened

same amourt of I/O bandwidth, system with Loopback cades less

Figure 12(b) shows the 1/0 bandwidth usage & the proxy. In the system withou Loopbak, the I/O
bandwidth usage increases linealy with the popuarity with the slope of 0.3. The behavior of the system
with Loopbak is initially similar. However, when the popuarity increases beyond Q45 and all videos
are available locdly, the system does nat utili ze the entire anount of 1/O bandwidth. A smaller amourt
is afficient to make the system independent of the central server. Figure 12(c) shows the same values as
a percentage of the total amourt needed to serve the entire video set from the proxy withou Loopback.

Figure 12(d) shows the value of the optimization function, i.e., the central server load resulting from
a given proxy cading choice & a function o video popuarity. We observe that in the system withou
Loopbak, the central server load increases with the popdarity in a linea manner. In the system with
Loopbak, the load first slightly increases and then deaeases reading 0 for 3 =~ 0.45. At that point, all
videos beme avail able locdly. Figure 12(e) presents the central server load as a fradion o the load we
would observe withou proxy cading. We seethat in the system without Loopback, the ratio is constant
and close to 0.7, while in the system with Loopback, the ratio deaeases urtil it reades 0.

We draw the following conclusion from this st of tests. Loopback allows us to reduce the central
server load much more than the standad proxy caching medhanism withou Loopback The difference
is larger for larger video popdarities. AlthoughLoopbak uses generally more disk space it needs less

proxy 1/0O bandwidth at the same time. The results confirm also that Loopback becomes more and more
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Fig. 13. Resource usage with storage space bottlenedk

efficient as the popuarity increases.

2) Disk Space Bottleneck In the next set of tests, the storage spaceis the battlened, i.e., the proxy
can cade no more than 30% of the entire video set. Figure 13(a) presents the disk usage & the proxy as
afunction o popuarity. We observe that the disk spaceusage in the system withou Loopbak is constant
and equal to 30. The disk spaceusage with Loopbak starts at value 30% for low video popuarity and
then deaeases. A deaease is caused by the fad that the amount caded for ead video to ensure locd
avail ability keeps deaeasing with increasing popuarity.

Figure 13(b) shows the I/O bandwidth usage & the proxy in bah systems. The usage increases linealy
with the popuarity in the system withou Loopback. It remains close to 6% of the amourt needed to serve
the entire video set from the proxy. The 1/0O bandwidth usage & the proxy in the system with Loopback
is initially larger than that withou Loopbak Recdl that for low popuarity most loops contain ony
one dient and consume more bandwidth than ore dient in a nonLoopbak system. The 1/0O bandwidth
usage initially increases with the popuarity. Note that the proxy cades the same amount of data but the
popuarity of this data increases. For some value of disk spaceusage, the proxy is able to cade enough
data for the system to become independent of the central server. From this paint on, the I/O bandwidth
usage deaeases dncethe anourt of data cated and the number of client loops deaeases.

The central server load is lower than in the previous st of tests but its behavior as a function o

popuarity is dmilar. The load keeps increasing linealy in the system withou Loopback and its ratio to
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maximum load is constant. In the system with Loopbak, the central server load first slightly increases
as the popuarity incresses and then starts deaeasing.

We draw the following conclusions from this st of tests. Loopback is more dficient in using proxy
resources, i.e., it uses less gorage space andless|/O bandwidth. The central server load is much lower

with Loopbak than that with the traditiond non-Loopbak caching.

VII. CLIENT FAILURE INFLUENCE ON LOOPBACK PERFORMANCE

Since Loopback depends on client collaboration, we need to clealy understand hov unreliable dients
affed the dfediveness of the proposed scheme. We first describe the dfed a dient falure has on the
playbadk of other clients recaving a given video and onthe resource usage & the central server and the

proxy. Next, we show how redundant cading increases the reliability of our scheme.

A. Failure Influence on Playback

When a dient failure occurs, the data buffered by the dient is lost. Recdl that the proxy server does
not keeg frames that have been forwarded to clients. Thus, the lost data has to be obtained from the
central server which incurs certain delay. Due to the nature of the dient collaboration df Loopback such
a failure may affea only clients succealing the one that failed. The number of clients affeaed and the
length of playbadk disruption experienced by these dients depend onthe dient arrival rate and the buffer
Size

Let us assume that the i*" client in a loop failed. Then, the (i + 1) client experiences playbac
disruption o length equal to d,, the time nealed for the central server to deliver the lost data. However,
this client till t ransmits data it has in its own buffer to the (i+2)* client. The (i+2)*" client experiences
disruption orly if the time needed to transmit data caded by (i 4 1)** client is shorter than delay d,. The
disruption, if experienced by the (i + 2)*" client, lasts for d, — b; 1, where b;; is the buffer occupancy
of the (i + 1) client. Similarly, the (i + 3)*" client experiences disruption orly if the anourt of data
caded by the two precaling clientsis not sufficient to play for aduration o d,. Clients in the subsequent
loops may be dfeded by the failure only if ds > o. Typicdly, d, is snaler than 6 and we consider only
the failure dfed on the dients within the same loop.

Generally, the probability that the number of clients C' affeded by the failure within the same loop is
equal to or larger than a number ¢, is equal to the probability that at least C' conseautive dients arrived

within a time interval of length d, (for ds < §):

c—1 ‘
P(C>c¢)=P(X; <6Xo+Xg+ ...+ X, <dg) = (1—e) (1 —e My %) (12
=0 :
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where X; is arandam variable representing the dient inter-arrival time distributed exporentially. Fig. 14
shows the probability that the number of clients affeded is larger than or equal to ¢ for several different
values of client arrival rate. In this example the dients buffer no more than 30 s of a video and d,=
10 s. The number of clients affeded is smaller for a lower arrival rate due to that fad that the dient
arrivals are more spread in time and ead client buffers more data. For example, with the average of 6
requests arriving per minute, the probability that two or more dients are dfeded by a failure is close to
0.6, while for 0.6 requests per minute this probability is equal to only 0.025

The probability that the length of disruption experienced by the (i + ¢)** client is no shorter than d is
given by

PD>d)=P(X,<6,Xo+..+X.<dg—d)=(1—e) (1 — e~ Mded) f M) (12)
=0 :

Fig. 15 shows P(D > d) for a number of clients succeeling the dient which failed. Recdl that the
disruption experienced by the first succealing client last exadly ds. The dients buffer no more than 30
s of avideo and the arival rate is 6 requests per minute. We observe that the second client experiences
delay with probability close to 0.6. The probability that the delay for this client is larger than or equal
to 3sis equal to 0.48, for the third client the probability is equal to 0.15 and for the fourth client the
probahility is equal to 0.03. We observe that for lower arrival rates the delays are shorter. For example,
the probability of a delay longer than or equal to 3 s for the arival rate of 3 requests per minute is equal
to 0.28 for the second client and 0.05 for the third client.

These observations show that the higher the demand for a video, the larger the influence of a failure
on the performance This effed of a failure can be limited with redundant cadiing. Fortunately, clients
of a very popuar video use only a small portion o their buffer space ad the remaining part can be

utili zed to increase reliability. We show how to achieve such an increase in the next Sedion.
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B. Failure Influence on Resource Usage

We now evaluate the influence that a dient failure has on the resource usage of the central server and
of the proxy. An increase in the resource usage is caused by a failure of a dient which has at least one
successor in aloop A failure causes a multi-client loop to be broken into two separate loogs. If the "
client fails, all clients precading the i‘" client in a loop form a separate loop with the (i — 1) client
returning data to the proxy. Meanwhile, all clients after the i client form ancther separate loop with the
(i + 1)t client recéving data from the proxy. Hence, the proxy has to acoommodate two more streams,
one incoming and ore outgoing. On the other hand, a failure in a one-client loop ceaeases the number

of streans by two. The average I/0O bandwidth usage & the proxy is computed as

. 1
P, =2LXe — 5 (ZL)\ Foe20 _2LNf(1 — e—M)Z) = LA2eM + f.(27M - 1)) (13

From the average I/0O bandwidth usage given by Eq. 3, we subtrad two streams due to the fail ure of
one-client loops and add two streams creaed due to the dient failures in multi-client loops. We assume
that the dient failure is equally likely to happen at any time of the dient’s lifetime. Therefore, the
probability that the failure has already happened for a given client is on the arerage equal to % and we
use this fador to scae the number of clients which have failed. Fig. 16 ill ustrates the dfed of failure
probability on the proxy I/O bandwidth usage for threevalues of client buffer size 30 s, 60 s and 120s,
and for failure probability equal to 0.1. For comparison pupose we show also proxy I/O bandwidth
usage withou failures. We observe that the increase of the proxy I/O bandwidth is more significant for
high client arrival rates snce most fail ures increase the number of loops by ore in that region. However,
the 1/0O bandwidth usage depends also strondy on the failure probability and for small values of f., the

increase is not significant.
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Fig. 18 Buffer immediately and fill a buffer to its maximum

Data lost due to client failures has to be obtained from the central server as a patching stream. We
now estimate server’'s transmisson rate due to failures. The average anourt of data buffered by a dient
is equal to de=*° 4 a(1 —e~*?), where G is an average amourt buffered by a dient in a multi-client loop
andis equal to % Given the dient failure probability f., the anourt of data requested from
the server over a unit of time is equal to

(14)

A
Fig. 17 shows srver's average transmisgon rate (in the units of video playbadk rate) due to failures asa

_ oA
Re= fAGe™ +a(1 — ) = foa (ge—ml e <A6+1>)

function o the dient arrival rate for threevalues of the dient buffer size We observe that the transmisson

rate increases as the arival rate increases and approaches a value ejual to the failure probability.

VIII. ENHANCING PERFORMANCE AND RELIABILITY WITH DUPLICATION

In the basic scheme discussed in the previous sdion, when a wllaborative dient fail s, other clients may
experience service disruptions and the server has to transmit extra data to repair such failures. To address
these isaues and further ensure service quality and survivability, we propose asimple caching dugication
that exploits coll aborative dient buffers to cate multiple copies of datato ded with coll aboration fail ures.
This dmple gproach na only significantly reduces srver load by localy repairing fail ures with client
collaboration but also shortens the repairing delay caused by transmitting missng deta from the central
server in the basic repair scheme.

The basic scheme does not fully utili ze the cgadty of client buffers. A client starts to bufer and to
play the video immediately at ¢; so that there is no startup delay. A client stops to increase the anount
of data buffered at ¢; . = t;11, Where t;;, = t; is the instant that a dient starts to colled the data into
its cade and ¢; . is the instant that a dient starts to replacethe aurrent buffer content with new data.
Therefore, the buffer occupancy at client i is b; = t;11 — t;. Since the mean distance between a pair of
arrival is 1/, we know that the average size of data buffered at a dient is no more than 1/\, where we

asume that the CBR video rate is 1. So the buffer utili zation is only around %
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In order to improve the system performance and service avail ability, we propcse a cabing dupicaion
that employs a Buffer-imnediately-to-maximum Policy. Under this pdlicy, a dient starts to bufer data
withou any delay and bufers as much as possble, i.e., t;, =t;, andt; . = t; + 9, where ¢ is the given
client buffer size As dhown in Fig. 18, this palicy allows the dugdicaion o data agoss collaborative
cades dauch that we can utili ze these naturally dugicated data to fix single- (and even multiple-) client
failures. In the example, we have four clients arriving at time 0, 2, 3, and 5 and ead client has a buffer
of four units. Withou failures, for a loop with & clients, we have a @ntinuows squence of L., units,
where Liyop =t — tip + 1 units from unit (¢ — Lj,0p + 1) to unt ¢, where t is the aurrent time. Ly,
can be expressd as § + ¢ given in Sedion IV. At time 9, we have a omplete sequence of unit 1 to
unit 9 from ¢4 to ¢ .. In addition, we have dugicae mpies of these units, marked in ellipses. The
amount of dupicate data is determined by the dient arrival times. The total number of dugicate units
IS k-0 — Lijoep. An important property of this approacd is that the higher the dient arrival rate (i.e., a
video with higher popuarity), the better fault-tolerance is provided.

A. Complete- and Partial- Local Repair of Sngle Failures

In the previous basic scheme, when a failure occurs at client 4, i.e., when client 4 fails to passdata
to the next client in the loop, we &k the server to send a patching stream of the missng deta to client
(i+1). Therefore, every client downstream in aloop may experience aservice disruption o d, secnds.
We oonsider this type of failures as dngle failures. Note that multiple single failures may occur at the
same time & long as they are not conseautive in a loop. To avoid the data transmisson from the central
server, we let client (: — 1) diredly passthe dupicaed data to client (i + 1) in a loop so that only
minimum amount of data needs to be delivered from the central server to client (i + 1) in a repair. We
name this operation as a local repair.

Fig. 19 show the relations between the buffers at conseautive dients. The overlap between client i's
buffer b; and client (i — 1)’s buffer b;_; is denoted as o;, where o; = t;_1 + § — t;. The overlap between
client 7’s buffer b; and client (i 4+ 1)’s buffer b;,, is denoted as 0,11, where 0,41 = t; + § — t;11. When
client i fails, its preceding client (¢ — 1) may be ale to provide dl or partial data that are suppcsed to be
passed to client (i + 1) by client 7 in aloop. In particular, as shown in Fig. 19a), when ¢;,1 —t;—1 < 6,
i.e., there is no gap between b;,_; and b,,1, we ae ale to perform a complete-local repair to fix the
failure of client ¢ by asking client (i — 1) to passdata diredly to client (i + 1). Otherwise, as shown in
Fig. 19(b), when t;.1 — t;_1 > ¢, there is a gap g; between b,_; and b;; due to the failure of client i,

where g; = 6 — 0; — 0;41 = ti+1 — (ti—1 + 0). We then perform a partial-local repair, in which client
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(i+1) obtains a portion of missng data (shown as o;) from client (¢ — 1) and the gap g; from the central
server.

In a complete-locd repair, client (i — 1) provides all data that client (i + 1) needs, because there is no
gap between their buffers, i.e., t;11 — t;—1 < d. Given an exporential arrival rate with a mean of A, the
probability p; of a succesful completely-locd repair for a single failure is equal to the probability that
the distance between the arivals of client (: — 1) and client (< + 1) is no more than § in a loop, given

as follows.
pr= PX14+X2<6X;<6X,<8]= 1-e(1+AJ) (15)

In a partial-locd repair, § < t;41 — t;—1, client (i — 1) contributes a portion d missng data (as o;
in Fig. 19(b)) to client (i + 1), and we neeal the central server to send the missng data (as gap g;
in Fig. 19(b)) to client (i + 1). Since dient 7 and client (i + 1) are in the same loop, we dso have
tir1 —ti—1 < 20. Similar to the reasoning o EQ.15, we obtain the probability of a partial-locd-repair as

follows.
P2 =Pl6 < X1+ X2 <20, X1 <6,Xo <8 = (e —e 227 — 1) + A5(e™ — 27M) (16)

Fig. 20 shows the probabiliti es of successul complete- and partial locd repairs. As the mean arrival
rate increases, we ae more likely to repair a single failure locdly with a complete-locd repair, shown
as the midde aurve. In the meantime, a partial locd repair is less likely, shown as the bottom curve
since the arivals tend to overlap with ead cther as shown in fig. 19(a). The top curves show the total
probability of locd repairs. Clealy, we have a good chance to perform locd repair and reduce most
repair-related load at the central server as presented in the foll owing.

Using locd repairs, we can significantly reduce repair-related overheads on the central server(s) when

the request arrival rate is moderately high. Withou a locd repair, the central server needsto deliver [y,
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data to client (i + 1) for a singe failure, where ly,s;c = 0; - p1 + (0; + gi) - p2. With alocd repair, the
server only needs to deliver [,,q; data to client (i 4+ 1) for a single failure, l,cpeir = gi - p2. Clealy,

lrepair /lbasic < 1. We denote this ratio as psq.eq, representing the percentage of additional repair-related
load saved by exploiting locd repairs.

E(o; - (p1+ p2)) 1

B A 1
0i - p1 + (0i + gi) - p2) 1+% ”

where @ is the mean distance between clients in a multi-client loop equal to %

Fig. 21 shows that we can eliminate most repair-related load at the central server. Espedally, when the

Psaved = E(

arrival is moderately high, e.g., three arivals per §, we can save more than 80% of repair-related load.

B. Complete- and Partial-Local-Repair of Multiple Failures

We can easily extend the ebove model for single failures to multiple cnseautive failures. In this case,
multiple conseautive dients in aloopfail together. When the dient arrival rate is high o the dient buffer
size is large, we have more dugicae units that form a continuows ubsequence of the data held by a
loop. Due to spacelimitation, we only present the complete locd repair for multiple conseautive failure
case in this paper. Other cases can also be obtained throughsimilar procedures as the aéowve. In general,
when the distance between client (i — m) and client (i + 1) is not more than §, we can fix a burst of
conseautive m client failures (including client i — m + 1 to client 7) with a probability as

L emi(1 4 Ay
A

pm=PXi+Xo+ -+ X, <0,X; <6,X0<9,---, X1 <] =

(18

C. Smulation Evaluation o Caching Duplication

To confirm the ébove analysis, we dso use simulations to evaluate the propaosed locd-repair approaches.

In these simulations, we choase the given client buffer size § as 2% of the video length, and we examine
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different arrival rates relative to 9, i.e, one arival per § to five arivals per §. Furthermore, we use four
different client failure probabiliti es, i.e., f. = 1%, 5%, 10%, and 50%, in ou test for covering a broad
failure range. The length of simulation is over 10 times of the video length.

Fig. 22 shows the probabiliti es of complete- and pertial-locd repairs. The upper group d four curves
are the probability of complete-locd repairs under the four client fail ure probabiliti es. As we can seg the
trends of these aurves are very close to the middle aurve in Fig. 20, which further confirms our analysis.
The lower group d four curves are the probabiliti es of partial locd repairs under the four client failure
probabiliti es. The trends of these aurves are very close to the bottom curve in Fig. 20. Fig. 23 shows
the total probabiliti es of al locd repairs under the four client failure probabiliti es. The trends of these
curves are very close to the top curve in Fig. 20.

Fig. 24 shows the adua percentages of repair-related load measured in our simulation. Clealy, for
al different arrival rates and client failure probabiliti es, locd repairs are ale to save more than 90% of

repair-related load used in the basic scheme.

IX. CONCLUSIONS AND FUTURE WORK

We have introduced a loopback mecdhanism for exploiting client collaboration in a two-level video
streaming architedure. We have analyzed the resource usage of the proposed mechanism, namely, server
1/0 and retwork bandwidth, proxy I/0O and retwork bandwidth, and proxy storage space We have shown
that even with limited client resources, Loopbak can significantly reduce the requirements of network
bandwidth, I/0 bandwidth and bufer space & proxy servers, for moderately and highly popuar videos.
We have dso analyzed the dfed of client failures and developed locd repair approaches to minimize
playbadk disruption and the costs of repairs. Finally, we have shown that, even with limited proxy bufer
space the Loopbak schemeis dill able to significantly reduce the resource requirements at proxy servers.

We ae investigating the broad enhancement of the basic Loopback model to allow varying amourt
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of resources committed by ead client. In other words, we will consider the cae when ead client may

spedfy how much disk space ca be utilized, how many clients ead client is willi ng to serve, and for

what period o time.
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