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Abstract: Peer-to-peer storage systems rely on data fragmentatiordistributed storage. Un-
reachable fragments are continuously recovered, reguinultiple fragments of data (constituting a
“block”) to be downloaded in parallel. Recent modeling effdhave assumed the recovery process
to follow an exponential distribution, an assumption madenty in the absence of studies charac-
terizing the “real” distribution of the recovery processhig report aims at filling this gap through
an empirical study. To that end, we implement the distridi®rage protocol in the NS-2 network
simulator and run a total of six experiments covering a lasggety of scenarios. We show that the
fragment download time follows approximately an exporardistribution. We also show that the
block download time and the recovery time essentially f@llohypo-exponential distribution with
many distinct phases (maximum of as many exponentials). $#eeMpectation maximization and
least square estimation algorithms to fit the empiricakitistions. We also provide a good approx-
imation of the number of phases of the hypo-exponentiatibigion that applies in all scenarios
considered. Last, we test the goodness of our fits usingttali (Kolmogorov-Smirnov test) and
graphical methods.
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Analyse par simulation des temps de téléchargement et de
réparation des données dans les systemes de stockage papedr

Résumé :Les systemes pair-a-pair de stockage de données reposémtigmentation des don-
nées et le stockage décentralisé. Les fragments deveratessibles sont constamment récupérés,
ce qui nécessite le téléchargement en paralléle de plssiegments (constituant “un bloc”). Des
études récentes de nature théorique supposent que le gusads récupération suit une distribu-
tion exponentielle, une hypothése faite surtout fauteudiés caractérisant la distribution “réelle” du
processus de récupération. Ce rapport vise a combler eett@é par une étude empirique. Tout
d’abord, nous implémentons le protocole de stockage bigérdans le simulateur de réseau NS-2.
Nous effectuons une série de simulations couvrant une greawiété de scénarios. Nous montrons
par la suite que le temps de téléchargement d’un fragmenphutdt une distribution exponen-
tielle. Nous montrons aussi que le temps de téléchargemembtbc et le temps de réparation des
données suivent plutdt une distribution hypo-expondeta}ant plusieurs phases distinctes. Nous
utilisons la méthode des moindres carrés et I'algorithnespérance-maximisation pour ajuster les
distributions empiriques avec des distributions stafisgs. Nous trouvons aussi une bonne approxi-
mation du nombre de phases de la distribution hypo-exp@ikentPour finir, nous effectuons le test
d’hypothése de Kolmogorov-Smirnov sur les distributioteistiques identifiées pour corroborer
nos conclusions.

Mots-clés : Systémes pair-a-pair, systemes de stockage, évaluatigerfiermance, temps de
téléchargement, réparation des données, distributionJexponentielle
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1 Introduction

The peer-to-peer (P2P) model has proved to be an altern@titiee Client/Server model and a
promising paradigm for Grid computing, file sharing, voiaseplP, backup and storage applications.
A major advantage of P2P systems is that peers can buildual/averlay network on top of existing
architecture and topology. Each peer receives/providesndce from/to other peers through the
overlay network; examples of such a service are sharingdpadity of its central processing unit,
sharing its bandwidth capacity, sharing its free storagespand sharing local information about
neighbors to help each other locating resources.

P2P storage systems (P2PSS) have emerged as a cheap,esaatalskelf-repairing solution.
Such distributed systems rely on data fragmentation artdluited storage. Files are partitioned
into fixed-size blocks that are themselves partitioned fragments. Fragments are usually stored
on different peers. Given this configuration, a user wishimgetrieve a given data would need
to perform multiple downloads, generally in parallel for anhanced service. To mitigate churn
of peers, redundant fragments are continuously injectethensystem, thus maintaining data re-
dundancy above a minimum desired level. When the amount i@fachable fragments attains a
predefined threshold,r@covery process is initiated.

In this report, we consider systems relying on erasure ctzdgsnerate the redundant fragments.
If s denotes the initial number of fragments andenotes the amount of additional redundant frag-
ments, then any out of thes + r fragments can be used to generate a new redundant fragneent (e
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4 A. Dandoush, S. Alouf, P. Nain

[20]). Observe that this notation covers the case of refilinebased systems, with = 1 andr
denoting the number of replicas.

The recovery process includes the download of a full block fstaAgments. P2PSS may rely on
a central authority that initiates the recovery processmiecessary. This central authority could
reconstruct all missing fragments of a given block of datd @motely store them on as many new
peersﬂ Alternatively, secure agents running on new peers couldrrsttuct by themselves missing
fragments to be stored on the peers disks. A more detailectigésn of P2PSS, their recovery
schemes and their policies is presented in Seflion 2.

1.1 Motivation

There have been recent modeling efforts focusing on thepagnce analysis of P2PSS in terms of
data durability and data availability. 1A7]19], Ramabhademd Pasquale analyze systems that use
full replication for data reliability. They develop a Markov chain analy#ign derive an expression
for the lifetime of the replicated state and study the impzEfcbandwidth and storage limits on
the system. This study relies on the assumption that theveggrocess follows an exponential
distribution. Observe that in replication-based systeting,recovery process lasts mainly for the
download of one fragment of data. In other words, the autbb&9] are implicitly assuming that
the fragment download time is exponentially distributed.

In our previous work[[2], we developed a more general modah tthat in [I8], which applies
to both replicated and erasure-coded P2PSS. Also, urilf fiur model accounts for transient
disconnections of peers, namely, the churn in the systemalgéeassumed the recovery process
to be exponentially distributed. However, this assumptidfers substantially between replicated
and erasure-coded P2PSS, as in the latter systems the nepoweess is much more complex than
in the former systems. Furthermore, the recovery procefésrslifrom centralized to distributed
implementation.

More recently (se€]6]), we have fine-tuned the model[bf [2Jalsguming that both fragment
download and upload times are exponentially distributetti warametera and respectively. This
assumption is in line with that made {n]19].

In all above-mentioned studies, findings and conclusiolysaie the assumption that either the
fragment download time or the recovery process or both apwraentially distributed. However,
none of these assumptions are backed up by experimentalldatiae best of our knowledge, there
has been no empirical study characterizing these procassesl P2PSS.

This work aims at filling this gap through a simulation anéysWe believe it is essential to
characterize the distribution of download and recoverypsses in P2PSS. Evaluating these distri-
butions is crucial to validate (or invalidate) the resultegented in the above works and to better
understand the availability and durability of data in thegstems.

We will show through intensive simulations of many reatistcenarios that the fragment down-
load time follows closely an exponential distribution. &ivthat in erasure-coded systems, the block
download time consists of downloading several fragmengsinallel, it follows that the recovery pro-

1By “new” peers, we refer to peers that do not already stomgrfrents of the same block. We assume the system enforces
the rule that a peer can store at most one fragment of any bieek.

INRIA
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cess should follow approximately a hypo-exponential ifigtion of several phases. (This is nothing
but the sum of several random variables exponentiallyitigied having each its own rafe]12].) We
will show that this is indeed the case in the simulated datfikdd that the exponential assumption
made on the block download time and on the recovery processtisnet in most cases that we
considered. Therefore, our results support the assungpii@ue in[[19] and]6].

1.2 Why do we use simulations?

To collect traces of fragment download/upload times, oEkidownload times and of recovery times,
one can choose to perform simulations or experimentatighsreon testbeds or on real networks.
We would like to consider situations where peers are eitbardgeneous or heterogeneous, different
underlying network topologies, and different propagatiehays in the network. Also, we would
like to consider systems with a large number of peers. Toewehall this with experiments over
real networks is very difficult. Setting up experiments ogetledicated network like Planet-Lab
[L8] would require a long time, and there will be limitatioos changing the topology and the peers
characteristics.

We find it most attractive to implement the distributed sggrarotocol in a well-known network
simulator and to simulate different scenarios. We choose&NS network simulator because it is
an open source discrete event simulator targeted at neitvgpr&search. NS-2 provides substantial
support for simulation of TCP and routing and it is well knoamd well validated.

1.3 Contributions
Our contributions are as follows:
» Implementation of the download and the recovery processi$-2.

 Evaluation of the fragment/block download time and theoweey process, under a variety of
conditions: different network topologies, heterogeneityeers, different propagation delay,
centralized vs. distributed recovery process.

 Data fitting: the distribution of the block download timedarecovery time are fitted using
the Expectation Maximization (EM) algorithm and the distiion of the fragment download
time is fitted using the Maximum Likelihood Estimation (MLE)d Least Square Estimation
(LSE).

« Statistical goodness-of-fit test, namely, the Kolmoge&mirnov test[[15].

The rest of this report is organized as follows. Secfibn 2raeevs the storage protocol that
we consider. Sectidd 3 describes the simulation architecthe methodology and the setup of the
simulations. In Sectiofl4, some of our experimental resutsdiscussed. Sectifh 5 briefly reviews
related work. Last, Sectidd 6 concludes the report.

RR n° 6858
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2 System Description

We will describe in this section the storage protocol thatvemt to simulate:

* Files are partitioned into fixed-size blocks (the blocles&S z) that are themselves partitioned
into s fragments (the fragment size $5-).

» Each block is stored as a total of- » fragmentsy- of them are redundant and generated using
erasure codes.

 Fixing block and fragment sizes helps to fix the value of taemmeters andr in the system
for all stored blocks. These+ r fragments are stored over+ r different peers.

» Mainly for privacy issues, a peer can store at most one feagrof any block of data.

» The system has perfect knowledge of the location of fragew@rany given time, e.g. by using
a Distributed Hash Table (DHT) or a central authority. Otilg tatest known location of each
fragment is tracked, whether it is a connected or discomuepter.

» To overcome churn and maintain data reliability and awdity, unreachable fragments are
continuously recovered.

» The number of connected peers at any time is typically madlel than the number of frag-
ments associated with a block of data, i+ . Therefore, there are always at least r
new connected peers which are ready to receive and store fragroka block of data.

» Once an unreachable fragmentis recovered, any other dapihat “reappears” in the system
due to a peer reconnection is simply ignored, as only onditotaf the fragment (the newest
one) is recorded in the system. Similarly, if a fragment isaachable, the system knows of
only one disconnected peer that stores the unreachablaérg

Two implementations of the recovery process are considefiéds process is triggered for each
block whose number of unreachable fragments reaches dtidds

In the centralized implementation, a central authority:wil) downloadin parallel s fragments
from the peers which are connected, (2) reconstruct at ohagmeeachable fragments (by now
considered as missing), and (3) upload themraflarallel onto as many new peers for storage. In
fact, Step 2 executes in a negligible time compared to thewtian time of Steps 1 and 3. Step
1 (resp. Step 3) execution completes when the last fragn@npletes being downloaded (resp.
uploaded).

In the distributed implementation, a secure agent on onepeav is notified of the identity of
oneout of thek unreachable fragments for it to reconstruct it. Upon natifian, the secure agent (1)
downloadss fragments from the peers which are connected to the stosagers, (2) reconstructs
the specified fragment and stores it on the peer’s disk; (8)sécure agent then discards the
downloaded fragments so as to meet the privacy constraihbtily one fragment of a block of data
is held by a peer. This operation iterates until less thélagments are sensed unreachable and stops
if the number of missing fragments reachies 1. The recovery of one fragment lasts mainly for
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the execution time of Step 1; the recovery is completed tlsespan as the last fragment (outf
completes being downloaded.

Whenk = 1, the recovery process is said todsger; whenk € {2,...,r}, the recovery process
is said to bdazy.

3 Simulation Architecture and Setup

3.1 Architecture and Assumptions Overview

We implemented an application and a wrapper layers in NS&&{on 2.33) following the architec-
ture depicted in Figufd 1. The application layer represtm@$2PSS application. As for the wrapper
layer, it is an intermediate layer that passes the data leetwedransport agent object in NS-2 and
the P2PSS application.

We did minor changes to the following NS-2 files: node.cc,eabgagent.cc, agent.h, tcp-full.cc,
and tcp-full.h. We use FullTcp since it supports bidiregibdata transfers. We follow the same
methodology as the Web cash application presented in the BiSuM (cf. [9, Chap. 40]) and use
some of the technical ideas presentedln [8].

Implementing a new protocol at the application level of NiS-2ery well documented in the NS
Manual. We will therefore skip the description of technidatails of the implementation, and refer
the interested reader ol [9, pp. 344-360].

We consider two different storage applications, a backkgdpplication and an e-library-like
application (“e” stands for “electronic”) . In the first, adiktored in the system can be requested for
retrieval only by the peer that has produced the file. In ttooisd, any file can be downloaded by
any peer in the system. In both applications, the storag®gobfollows the description of Section

[ P2PSS Application )

send_data(AppData) A process_data(AppD
\

( P2PSS Agent Wrappe)

send(bytes) A recv(bytes)
\
( Agent (FullTcp) )

I packets

Figure 1: Simulator architecture.
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8 A. Dandoush, S. Alouf, P. Nain

B. In particular, thes + r peers associated with a given block are chosen uniformlynartize peers
in the system.

Two types or requests are issued in the system. The firstyipsied by the users of the system:
a user issues a request to retrieve one of its files in the Ipalik& application, or a public document
in the e-library-like application. The second type corsistmanagement requests. These are issued
by the central authority (in the centralized implementatd the recovery process) or by a peer (in
the distributed implementation) as soon as the threshiddeached for any stored block of data.

File download requests are translated into (i) a requesigtalirectory service to obtain, for each
block of the desired file, a list of at leasipeers that store fragments of the block, (ii) opening TCP
connections with each peer in the said list to download cagnfient. All download requests issued
by a given peer form a Poisson process.

Recovery requests are issued only in the scenarios whereithehurn in the network. A recov-
ery request concerning a given block translates into (igaest to the directory service to obtain a
list of at leasts peers that store fragments of said block, (ii) opening TQfheations with each peer
in the said list to download one fragment. Oncesdilagments have been downloaded, the process
proceeds with Steps 2 and 3, according to the implementat®explained in Sectidi 2.

All peers in the simulator have the architecture reporteBigure[1. Peers share their available
upload bandwidths and their free storage volumes.

3.2 Network Topology

Having a representative view of enterprise networks or tiierhet topology is very important for a
simulator to predict the behavior of a network protocol oplagation if it were to be deployed. In
fact, the simulated topology often influences the outcoméhefsimulations. Realistic topologies
are thus needed to produce realistic simulation resultsstMbexisting simulations studies have
used representations of a real topology (e.g. the Arpasietple models (e.g. a star topology), or
random flat graphs (i.e. non-hierarchical) that are gerdray Waxman'’s edge-probability function
[22).

However, random models offer very little control over theusture of the resulting topologies.
In particular, they do not capture the hierarchy that is @néf the Internet. Recently, tools such as
(BRITE [1€] and GT-ITM [4]) have been designed to generateer@ammplex random graphs, that
are hierarchical, to better approximate the Internet'sarhical structure.

To produce realistic topologies for our simulations, we thsetool GT-ITM [4] to generate a
total of six random graphs. Three levels of hierarchy arelwsgresponding to transit domains, stub
domains, and local area networks (LANs) attached to stubailzen Each graph has one transient
domain of four nodes; each of the nodes is connected to tworee bther transit nodes. Each transit
node is connected on average to two stub nodes, and eachostalisrin turn connected on average
to four routers. Behind every router there is a certain nunatbéully-connected peers constituting
a LAN. The first of these six graphs is depicted in Figire 2, ishge have used the notation TN
for “transit node” and SN for “stub node”. The total numberpEers in each graph is in the set
{480, 640,800, 960}.

INRIA
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0" P
pé 51mbps

/ /O O
622mbps .
0 622mbps

>

622mbps

LAN router

Stub Node (SN)

@)
@ Transit Node (TN)

Figure 2: Three-level hierarchical random graph of Expeiiil.

3.3 Experiments Setup

We ran a total of seven experiments. Experiments 1-5 usehtttom graphs generated with the
GT-ITM tool as detailed before, whereas a simple star togyle used in Experiment 6. Regarding
the intra- and inter-domain capacities, we rely on the imfation provided by RENATER21] and
GEANT [I0] web sites. In those networks, the links are wetiyisioned. To have a more complete
study, we will consider, in Experiments 4 and 5, links withadler capacities, as can be seen in rows
4—6 of TablddL. Propagation delays over TN-SN edges vary &dge to edge as can be seen in row
7 of Table1.

Let C,, andC; denote respectively the upload and download capacity ofea peo set these
values, we rely mainly on the findings df]11] arld][14]. The exmental study of file sharing
systems and of the Skype P2P voice over IP sysfein [11] fouamtdhtore thard0% of users have
upload capacity”, between 30Kbps and 384Kbps. However, the measurement [@ddgone on
BitTorrent clients in 2007 reports th@% of peers have an upload capadaity between 350Kbps
and 1Mbps and evet0% of peers have an upload capacity between 10Mbps and 110 Mibes.
capacities that we have selected in the simulations varydeei the values of the ISDN and ADSL
technologies; they can be found in rows 8-9 of Table 1. Olestinat across all experiments peers are
heterogeneous. We will attribute the propagation delags muters-peers edges randomly between
1ms and 25ms as can be seen in row 10 of Table 1.

RR n° 6858
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Table 1: Experiments setup

| Experiment number | 1 2 3 4 5 6 |
Topology random random random random random sta
Number of peers 960 480 960 640 800 480
TN-TN capa. (Gbps) 1 1 1 1 1 —
TN-SN capa. (Mbps 622 622 622 10-34 10-34 —
SN-R capa. (Mbps) | 34-155 34-155 34-155 4-10 4-10 —
TN-SN delays (ms) 5-25 5-75 5-50 5-25 5-25 —

C, of peers (Kbps) | 150-1000 128-1000 128-1000 256-700 256-1000 256+700
C, of peers (Kbps) 8 x O 8 x O, 8 x O, 10 x C,, 4 x C, 2048

R-peers delays (ms) 1-20 1-20 1-20 1-10 1-25 1-25
Background traffic yes yes no yes yes no
Application type e-library backup e-library  backup  e-library e-library
Peers churn no no no yes yes yes
Recovery process — — — dist. dist. cent.

r — — — s s s/2

1/X (min.) 80 80 144e3 160 13 16

Sp (MB) 8 8 8 4 8 8

Sr (KB) 1024 1024 1024 512 1024 1024
s 8 8 8 8 8 8

In Experiments 1, 2, 4 and 5, there exists a background traffteveen three pairs of routers
across the common backbone. This traffic consists in rancgareential and CBR traffic over UDP
protocol and FTP traffic over TCP.

In each of the experiments, the amount of data transferrédees routers and peers in the
system during the observed time (that is from 4e+5 up to 5e¢6rwds) are, on average, 4.5-9 GB
of P2P application traffic, and when applicable 150-350 MB-oP, 200-400 MB of CBR, and
250-500 MB of the exponential traffic.

Experiments 2 and 4 simulate a backup-like application eagthe other five experiments sim-
ulate an e-library-like application. Churn is consideretiyan Experiments 4—6. As a consequence,
redundancy is added and maintained only in these experim&he storage overheads is either
1 or0.5. We consider the distributed implementation of the recgyeocess in Experiments 4 and
5, and the centralized implementation of the same in Expning; the eager policyk(= 1) is
considered in all three experiments. In other words, onceex gdisconnects from the system, all
fragments that are stored on it must be recovered.

Churn is implemented as follows. We assume that each pemnates between a connected
state, that lasts for a duration called “on-time”, and a distected state, that lasts for a duration
called “off-time”. We assume in the simulations that thecassive on-times (respectively off-times)
of a peer are independent and identically distributed ramdariables with a common exponential

INRIA
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distribution function with parameter; > 0 (respectivelyus > 0). This assumption is in agreement
with the analysis in[[19]. We considéyn, = 3 hours and. /2 = 1 hours.

Download requests are generated at each peer accordingoissoR process. This assumption
is met in real networks as found inJ11]. We assume all peers ttee same request generation rate,
denoted\. We vary the value ok across the experiments as reported in row 16 of Table 1.

The last setting concerns the files that are stored in the 82P&gment sizeSr (resp. block
sizesSp) in P2P systems are typically between 64KB and 4MB each (régpween 4MB and
9MB each). We will consider in most of our experimests = 1MB and Sy = 8MB, except in
Experiment 4 wherér = 512KB and Sy = 4MB. Therefores = 8 is all experiments. As for
the file size, we assume for now that it is equal to the block.stherefore, the file download size
is actually the block download size. We leave the case of rgereral file sizes to a future study.
Observe that the recovery process is related to the blockbas time and not to the file download
time.

Tablel summarizes the key settings of the experiments.

4 Experimental Results

In this section, we present the results of our simulatiorts the inference that we can draw from
them. For each experiment, we collect the fragment downtima€, the block download time and
the recovery time when applicable. In Experiments 4 and Strjluted recovery), the two latter
durations are collected to the same dataset as there is edtiesslifference between them. Having
collected these samples, we compute the sample averageaMLIE, LSE and EM algorithms to fit

the empirical distributions. Concerning the fragment dtmad time, we perform the Kolmogorov-
Smirnov test[[15] on the fitted distribution. In the follovginwe will present selected results from
Experiments 1, 5 and 6. The results of the other experimeatsréfly reported in Tabldd P}-3.

4.1 Experiment 1

We have collected 76331 samples of the fragment downloael tehh column 2 of Tabl€l2). The
empirical cumulative distribution function (CDF) is defsd in Figure[3(@). We can see that it
is remarkably close to the exponential distribution. Twgamxential distributions are plotted in
Figure[3(d), each having a different parameter, derivethfeodifferent fitting technique. The two
techniques that we used are MLE and LSE. The parameter ezttiy MLE is nothing but the
inverse of the sample average and is denateskte row 2 of TablEI2.

Beyond the graphical match between the empirical distidluand the exponential distribution,
we did a hypothesis test. L& be a vector storing the collected fragment download timese T
Kolmogorov-Smirnov test compares the vec¥omwith a CDF function, denotedif (in the present
case, it is the exponential distribution), to determinénéd sampleX could have the hypothesized
continuous distributioredf. The null hypothesis is thaX has the distribution defined iif, the
alternative one being th& does not have that distribution. We reject the null hypathiéshe test
is significant at thé% level. In Experiment 1, the null hypothesis with= 1,/40.35 is not rejected
forl = 7%.

RR n° 6858
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Table 2: Summary of experiments results

| Experiment number | 1 2 3 4 5 6 |
Av. frag. down. time= 1/« 40.35 44.89 30.66 34.7367 108.86 40.722
Samples number 76331 12617 4851 9737 80301 4669
t.n (sec.) 8.77 8.631 8.71 6.84 8.743 16.4
1/& (sec.) 39.351 39.622 27.3392 32.106 103.635 32.0b
1/68,1/0 (sec.) — — — — — 6.22,5.11
Av. recov. or block down. time| 102.75 105.254 82.88 92.4762 278.71 89.848
Samples number 9197 1516 602 589 10025 561

Table 3: Block download time or recovery process: Validatd the approximations introduced in
Egs. 1))

| Experiment number | 1 2 3 4 5 6 |
Sample average 102.75 105.25 82.88 9248 278.71 89.85
Inferred average from Eqd](1](2) 109.66 122.00 83.33 94.40 295.86 116,89
Relative error {) 6.7 15.9 0.5 2.1 6.2 30.1
Inferred average from Eqd](31(4) 106.95 116.32 83.01 94.10 290.41 92.p1
Relative error {) 4.1 10.5 0.2 1.8 4.2 2.6

Regarding the block download times, we have collected 9a87ptes. The sample average is
given in row 7 of Tabldl2). The empirical CDF is plotted in Fig[B(b)}. We followed the same
methodology and computed the closest exponential disivibusing MLE. However, the match be-
tween the two distribution appears to be poor, and actufityalternative hypothesis is not rejected
in this case.

To find a distribution that will more likely fit the empiricabda, we make the following analysis.
To get a block of datas fragments, stored or different peers, have to be downloaded. This is
more efficiently done in parallel and this is how we implengehit in the simulator. We have seen
that the download of a single fragment is well-modeled by gmoeential random variable with
parametery. Therefore, downloading fragments in parallel is distributed like the maximumsof
exponential random variables. Assuming these downloakls toutually independent—assumption
not necessarily met in the simulations—the maximum is thersim ofs independent exponential
random variables with parametesa, (s — 1)a, ..., «, due to the memoryless property (see also
[L2]). This distribution is called the hypo-exponentiadtiibution and its expectation is

S

E[T)=1/a) 1/i (1)

=1

whereT" denotes the block download time (or equivalently the distied recovery duration).
In Experiment 1,E[T] = 109.66 seconds, while the sample average is equal to 102.75; cf.
column 2 of Tabld13. The relative error is 857 The hypo-exponential distribution withphases
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Figure 3: Experiment 1: Fragment and block download times.

and parametersy, (s —1)a, ..., avis plotted in Figur@ 3(®). This distribution has a very godsbmal
match with the empirical CDF of the block download time.

As a next step, we apply an EM algorithiid [7] to find the best hggponential distribution
with s phases that fits the empirical data. In particular, we use I@&NIbA], which is a program
for fitting phase-type distributions to collected data. Videndt plot the outcome of this program in
Figurg3(D) as it mainly overlaps with the hypo-exponemtisiribution withs phases and parameters
sa, (s—1)q, ..., athatis already plotted there. After performing the KolmomeSmirnov test, we
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find that the null hypothesis is not rejected tor 7% (same significance level as for the fragment
download times).
We conclude the analysis of the first experiment’s resulth tiree important points:

» The exponential assumption on the block download time ismei in realistic simulations.

» The fragment download time could be modeled by an expoaladisitribution with parameter
« equal to the inverse of its average.

» As a consequence, the block download time could be modelediypo-exponential distri-
bution with s phases and parameteis, (s — 1)a, ..., a.

4.2 Experiment5

In this experiment, peers are not always connected. Ea@hdipeer disconnects from the network,
all the fragments that were stored on his disk will have to émovered. The recovery process is
implemented in a distributed way.

The empirical CDF of the fragment download time and that efltlock download time or the
recovery time are reported in Figute 4. Following the saméhodology as that used to analyze
the results of Experiment 1, we reach the same conclusions.rdlevant parameters are reported
in column 6 of Table§l2 anld 3. However, the null hypothesigtierblock download time or the
recovery process is not always rejected. This is the caseméfiment 6, as seen next.

4.3 Experiment 6

Experiment 6 is the only one that uses a centralized recopmyess. Also, it is the only one
using a simple star topology. In this experiment, the aliive hypothesis on the recovery process
distribution is not rejected.

There is a simple reason for that. We actually know that thendoad of a single fragment
cannot be infinitely small, as suggested by the exponensailltion. Lett,, be the duration of
the fastest fragment download amongsatlownloads. All other (slower) downloads are necessarily
bounded by,,,. The effect of this minimum value can be neglected as long,as negligible with
respect to the average fragment download time. Otherwisenered to consider that the fragment
download/upload time is composed of two components: (i)angtant) minimum delay,,, and
(i) a random variable distributed exponentially with pawetera (resp. 3). This random variable
models the collected data, shifted left by the valué,of The minimum delay can be approximated
asRTT + (Sr + Headery/ max{C,}, whereRT'T stands for round-trip time.

The value of,, is clearly visible in Figur¢ 5(h). We plot in this figure the inical CDF of the
fragment download time, the MLE exponential fit to the caiéetdata and the MLE exponential fit
to the shifted data. The null hypothesis is not rejected ih lbases.

This is not the case of the recovery process, whose empi@ibdl is plotted in Figur§ 5(b).
Repeating the same analysis than in Se¢fioh 4.1, and asgtimirthe fragment upload time follows
an exponential distribution with parametgy then the centralized recovery process, dendtgd
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Figure 4: Experiment 5: Download and distributed recovencpsses.

would be modeled by a hypo-exponential distribution with- & phasesi = 1 in Experiment 6)
having expectation

s k
E[T.)=1/a) 1/i+1/8) 1/j. )

i=1 j=1
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Figure 5: Experiment 6: Fragment and recovery time, ceiaerdIrecovery.

Considering this distribution, we find that the null hypattseof the KoImogorov-Smimov test for
the collected data with parametdrsy = 40.72 and1/3 = 6.22 is rejectell for 1 = 6%, while it is
not rejected for the shifted data with parametefé = 32.05 and1/5 = 5.11.

2Even though it is rejected, this distribution is still mudbser to the empirical data than the exponential distriiuti
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Equationsl{ll) and12) should then be replaced with
E[T)=tm+1/a» 1/i, (3)
i=1
s k
BT =tm+1/aY 1/i+1/3> 1/j. (4)
i=1 j=1

The averages inferred from Eq&l (I}-(4) are listed in rowa@%of TabldB, and their relative
errors with respect to the sample average are listed in roasd46 of the same table. Observe
that the inferred average improves across all experimehenveonsidering shifted data. The best
improvement seen is that in Experiment 6. By considering tirashifted recovery time is hypo-
exponentially distributed with + 1 phases and parametes, (s — 1)q, .. ., &, ﬁ the relative error
on the inferred average drops fra#f.1% to 2.6%.

The conclusion of this discussion is that the exponent&@l@ption on fragments download/upload
time is met in most cases. The same assumption does not htthé tock download time. The re-
covery time and the block download time are well approxirddig a hypo-exponential distribution
in most cases.

5 Related work

Although the literature on modeling and simulating P2Peyst and parallel downloading is abun-
dant, the recovery process in P2PSS is a subject that hageoinalyzed.

In [3], the authors propose a multiple-access protocol twimize the download time of a docu-
ment from multiple mirror sites in parallel using Tornadasure codes based on the idea of digital
fountain. A document of siz85 is encoded on each mirror server with redundant informafidre
encoded document consistsiof= s + r different fragments of siz6r wherenSg > sSgp > Spg.

To minimize the number of duplicated packets received atdhaester, each mirror encodes the doc-
ument with Tornado codes and generates alktimgments, then it permutes the order of packets
before sending, and finally starts to deliver the packetgicoausly to the requester of the docu-
ment. The receiver can then reconstruct the docurGgrafter collectings distinct packets of size
S from the mirrors. In[[5], the authors have focused on theageidownload time of each userin a
P2P network while considering the heterogeneity of sereaggacities of peers. They point out that
the common approach of analyzing the average download tasedon average service capacity is
fundamentally flawed.

K. Eger et al. implement ir[[8] a BitTorrent file sharing protdin NS-2 and compare packet-
level simulation results with flow-level for the downloadng of one file among an active peer-
set. They show that the propagation delay can significanflyence the download performance of
BitTorrent. V. Aggarwal et al. implement ifii]1] a Gnutellagfisharing protocol in SSFNet simulator
and compare also the packet-level and the flow-level sinmaesults. The user behavior model
is reflected in their simulation framework. Q. He et al. impknt in [13] a framework of P2P file
sharing, in particular Gnutella, for NS, and show how Gratgystem performance can be impacted
by the network characteristics.
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6 Conclusion

This report performs a simulation analysis of download awbvery processes in P2PSS. Imple-
menting a storage protocol in NS-2, we set up seven simualgtichich enables us to collect frag-
ment/block download times and recoveries times under &tyadf conditions. We show that the
exponential assumption on the block download time does oldt lThe same assumption on frag-
ments download/upload time is met in most cases implyingttieboth the block download time
and the recovery process could be modeled by a hypo-expahphases with a pre-determined
number of phases.
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