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Abstract

The transfer of large input data files in P2P computing Grids often
leads to delays in Task completion times. Existing research related
to this topic has been focused on the spatial grouping of Tasks,
i.e. reuse of available data through data caching and data-aware
scheduling. However, it tends to decrease the level of parallelism of
Task execution. In this paper, this issue is addressed by integrat-
ing the BitTorrent P2P file sharing protocol, a novel Task selection
scheduling algorithm, an existing online, data-aware Resource se-
lection algorithm (similar to Storage Affinity), and caching support.
These algorithms have been implemented in the Lightweight Bar-
tering Grid middleware. The Java implementation relies exclusively
on Free and Open Source data transfer software (Azureus, Apache
FTP server, edtF'TPj). The proposed data transfer architecture
does not need Predictive Communications Ordering or an explicit
deployment of an overlay network. It is also easily deployable. Our
main contribution is the joint use of P2P computing and P2P file
sharing technologies, enabling a highly scalable and adaptive data

transfer architecture to support P2P computing.
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1 Introduction

Peer-to-Peer (P2P) Grid computing, which seeks the convergence of Grid and Peer-
to-Peer technologies, is defined as computational resource sharing in Grids organized
into P2P networks. A P2P Grid is defined as a transient Virtual Organization that
emerges in a bottom-up fashion, out of exchanges of computing time between Peers
connected through a P2P network. Resources providing computing time are man-
aged by Peers. As P2P networks operate at the edge of the Internet, Resources are
typically edge computers, i.e. unmanaged, not necessarily fast or reliable processing
units. A consumer Peer is a Peer which consumes computing time of Resources
from other Peers. A supplier Peer is a Peer which supplies the computing time of
its Resources to other Peers.

A Bag of Tasks (BoT) is a set of independent computational Tasks, that may
process identical input data files. A Data-Intensive BoT [19, 29, 30] is a Bag of Tasks
that processes large input data files. User Agents, which are submission interfaces to
the Grid, submit BoTs to Peers. In turn, Peers schedule BoT's to their Resources or
other Peers’ Resources. Scheduling Data-Intensive BoTs is not trivial in a P2P Grid
because transfers of large data files have an impact both on the overall completion
times of the Tasks and on the willingness of Peers to actually supply computing
time. Indeed, a Peer may lose patience while waiting for its turn to download input
data files required by external Tasks it has accepted to compute. Data transfers
should therefore be taken into account to prevent multiple simultaneous transfers
of identical large data files from creating performance bottlenecks. Furthermore,
to achieve low completion times, Task execution parallelism should be maintained
rather than avoided.

We propose to maximize both data reuse and parallelism of Task execution by
combining (1) the BitTorrent P2P file sharing protocol to transfer input data files,
(2) a Grid-wide deployment of data caching support, (3) data-aware Peer and Re-
source selection scheduling algorithms (similarly to Storage Affinity [30]), and (4) a
novel Task selection scheduling algorithm, called Temporal Tasks Grouping (TTG).
A flash crowd is a large number of downloaders simultaneously downloading in-
put data files. TTG is based on the concurrent scheduling of Tasks depending on
identical input data files. It generates so-called flash crowds in a controlled way in
order to synchronize data transfers on Tasks schedule so as to benefit from the full

performance of BitTorrent.



This paper, which is an extended version of recent work [9], is structured as
follows. The proposed data transfer architecture and the Task scheduling algorithms
are introduced in Sections 2 and 3, respectively. Experimental results are presented
in Section 4 and discussed in Section 5. Related work and state of the art in the

domain are reviewed in Section 6. Finally, Section 7 concludes the paper.

2 Data Transfer Architecture

Our proposed data transfer architecture enables the transfer of input data files with
either BitTorrent or FTP. It also takes into account the nature of P2P Grids and of
the data transfer protocols themselves. It is also highly scalable.

In this paper, the context involves both P2P Grids and P2P file sharing networks.
Consequently, in the following the term Peer, when designating a BitTorrent Peer,
will be systematically substituted with the term BitTorrent Node. The term Peer
will also be substituted with the term Grid Peer, except if it is already prefixed,

i.e. consumer Peer or supplier Peer. This disambiguates the usage of the term Peer.

2.1 Data Preprocessing

When a BoT is submitted to a Grid Peer by a User Agent, all input data files to
be processed by Tasks of a BoT are transferred with the BoT. Before the Grid Peer
queues the BoT, it preprocesses the embedded input data files. These files are stored
into the Grid Peer data cache, and stripped from the Tasks as necessary. Metadata
are created for each input data file, then embedded into the BoT. The metadata of
an input data file [18] consist of a Grid-level file name, a digital fingerprint of the file
(i.e. a SHA-256-generated hash) and some location data. As the embedded input
data files are removed and summarized by their metadata, Tasks themselves can be
quickly transferred to multiple Resources or other Grid Peers.

A simple file naming scheme is used to provide Grid-wide naming unicity, e.g. Peer-
Name.UserName.FileName. Location data is either an FTP URL or BitTorrent
torrent metadata generated with the automated creation of a torrent out of the file.

As metadata generation can take some time for large files, the operation of
submitting Tasks (i.e. transferring Tasks from a User Agent to a Peer) will inherently
be faster if input data files are already cached (data caches will be presented in

Section 2.5) because their metadata will already be computed.



2.2 Data Scheduling

The data transfer mechanism is the following: Input data files of a given Task
are transferred synchronously upon scheduling of the Task to a given Resource.
When a Task is scheduled to a Resource, this triggers the Resource to initiate the
downloading of the required, uncached input data files. It is the Resource that
actually initiates and controls the file download, similarly to what is proposed in
the Super-Peer model [16]. The data transfer mechanism is thus pull-based.

The timing of data transfers, or data scheduling, is automatically synchronized

with the timing of Tasks scheduling, which is explained in Section 3.

2.3 Data Paths
2.3.1 Data Transfer Endpoints

A Grid Peer may schedule its Tasks to its own Resources, or to other Grid Peers.
A Grid Peer may also schedule external Tasks from other Grid Peers to its own
Resources. Endpoints of a data transfer in a P2P Grid vary according to the type
of Task for which it is required.

A data transfer is initiated similarly for local Tasks and external Tasks. It is the
Resource where the Task is scheduled that initiates, and constitutes the sink of, the
data transfer. The source of a data transfer for a local Task is the owner Peer of the
Resource running the Task, which acts as both consumer and supplier Peer. The
source of a data transfer for an external Task is its consumer Peer, not the supplier
Peer that owns the Resource running the Task.

A consumer Peer consumes computing time to other Grid Peers and it can be
remarked that it “supplies” its input data files to Resources. Input data files are not
transferred immediately upon submission of a local Task to a supplier Peer. Data
transfers take place only after the supplier Peer has scheduled this Task - perceived
as an external Task - to one of its Resources. Moreover, such transfers never involve

the supplier Peer and are strictly between the consumer Peer and supplied Resources.

2.3.2 Path of Data Transferred with FTP

If a Resource uses the FTP data transfer protocol to download a given input data
file, this file is directly downloaded from the Grid Peer that shares it.



2.3.3 Path of Data Transferred with BitTorrent

If a Resource uses the BitTorrent data transfer protocol to download a given input
data file, this file is simultaneously downloaded from, and shared with, other Grid
Peers and Resources already sharing or downloading it. The data path of a given
file in the Grid overlay, from the Grid Peer that shares it to the Resource that
downloads it, may therefore not be direct. Moreover, a Resource may download an
input data file using BitTorrent entirely from other Resources which have already

downloaded it, and not at all from the Grid Peer that shares it.

2.3.4 Path of Metadata

As explained in Section 2.1, metadata describing an input data file required by a
Task are actually embedded within the Task, and thus transferred to a Resource
along with the Task. In particular, the BitTorrent torrent metadata of a given
input data file - which is used to locate the BitTorrent tracker for the given file,
as explained in Section 6.2 - are communicated in this way. The path and transfer

timing of metadata are thus identical to those of the Tasks they are embedded into.

2.3.5 Summary of Possible Data Paths

Figure 1 shows the multiple data paths of input data files and, implicitly, of metadata
in the Grid overlay. Plain lines represent the path of a Task from a consumer Peer
to a supplier Peer, and then to the Resource where it is actually scheduled. Plain
lines thus also represent the path of metadata, which are embedded within Tasks.
It should be noted that when a Grid Peer schedules the Task directly to one of its
own Resources, the representations of the consumer Peer and supplier Peer should be
collapsed on Figure 1. Long-dashed lines represent the data path of FTP-transferred
input data files. Short-dashed lines represent the data path of BitTorrent-transferred
input data files. Resources in the cloud of Resources represented at the bottom of
Figure 1 may belong either to the consumer Peer, to the supplier Peer, or to other
Peers that are not involved in the represented Resource exchange but that have

previously acted as supplier Peers to the represented consumer Peer.

2.4 Data Managers

A software component called Data Manager equips each Grid Peer and each Re-

source. It manages data transfers (sharing, download) and data storage. A Data
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Figure 1: Possible data paths for the transfer of a single file from a consumer Peer

(top left) to a supplier Peer (top right) and finally to a Resource of the latter.

Manager provides support for (1) data storage, (2) BitTorrent data sharing, tracking
and downloading, and (3) FTP data sharing and downloading.

A Data Manager running on a Grid Peer manages input data files of its own Tasks
only. The Peer’s Data Manager is used to download input data files from its User
Agents, and to store and share them with Resources processing Tasks depending on
them.

A Data Manager running on a Resource manages input data files of Tasks be-
longing to its owner Peer and possibly to any consumer Peer of its owner Peer. The
Resource’s Data Manager is used to download input data files from its owner Peer or
from other Resources, and to store and share them with other Resources processing
Tasks depending on them.

Responsibilities of a Data Manager running on a Grid Peer and on a Resource
therefore overlap but are not equal.

Each Data Manager is equipped with FTP and BitTorrent software components
to manage data transfers. It is also equipped with one data cache software com-
ponent, in order to manage data storage. Each Data Manager running on a Grid
Peer runs a BitTorrent tracker, a BitTorrent client, and an FTP server. Each Data
Manager running on a Resource runs a BitTorrent client and an FTP client.

All the data transfer software, both clients and servers, are embedded within the

Data Managers, not requiring any extra support.



2.5 Data Caches

Each Data Manager is equipped with a data cache that manages the storage of data
files. A Peer data cache is very basic, while more requirements are imposed on a
Resource data cache.

A data cache running on a Grid Peer has an unlimited file capacity because it
stores input data files of its own Tasks and a Grid Peer is supposed to be able to
accept Tasks submitted by its User Agents. Of course, some limit could be imposed
as a practical measure.

The available storage capacity on Resources is considered to be finite, as opposed
to related works [30]. A data cache running on a Resource has a finite file capacity

because Resources in a P2P Grid are typically edge computers.

2.5.1 Data Cache Parameters

The only supported operation on a data cache running on a Resource is the syn-
chronization with a set of files, called working set, communicated by the Grid Peer
that owns the Resource. A Resource’s data cache is controlled by three parameters:

(1) a cache size, (2) a working set and (3) a cache replacement policy.

2.5.2 Cache Size

The cache size bounds the maximum number of files that can be stored and is

configured statically by the human administrator of the Resource.

2.5.3 Working Set

Each Grid Peer maintains a separate working set for each of its Resources. The
working set is the set of files that the data cache of the Resource must have in
storage. It is communicated by the Grid Peer each time a Task is scheduled to the
Resource (see Section 2.2), and may also be communicated asynchronously. Each
item in the working set is the metadata of an input data file (see Section 2.1).
Upon reception of a working set, a data cache synchronizes its contents with items
described in the working set. It first verifies which items are already cached. The
verification that a file belonging to the working set is already stored in a data cache
is based on some of the metadata computed by the consumer Peer at submission

time, i.e. Grid-level file name and hash.



When a file in the working set is not stored in the data cache, the Resource
downloads it from the Grid Peer sharing it (which is either its owner Grid Peer or
the consumer Peer, depending upon the origin of the Task using this file). As already
mentioned, when BitTorrent is used, the Resource may also very well download it
from other Grid nodes.

Each Grid Peer guarantees a property for each of the working set it maintains
for its Resources: The working set maintained for a given Resource always includes
the files needed by the Task running on, or scheduled to, the Resource. Each Grid
Peer also guarantees that the working set defined for a Resource can always be fully
stored in the Resource data cache. Consequently, a Grid Peer never schedules a

Task to a Resource with insufficient cache size.

2.5.4 Cache Replacement Policy

Files are first downloaded before being inserted into the cache. The cache replace-
ment policy selects which files to eject from the cache when the insertion of files from
the working set causes an overflow (e.g. when the number of files exceeds the cache
size). Files not part of the working set are ejected from the cache following a Least
Recently Used (LRU) policy until the working set is fully stored. As a consequence
of the cache replacement policy, an input data file cannot be ejected from a Resource
data cache as long as it is needed by the currently running Task.

A BitTorrent network for a given file at a given moment in time is defined as the
network of BitTorrent Nodes that store one or more pieces of this file. Aslong as a file
is stored in a data cache, it remains shared with BitTorrent. BitTorrent networks are
intrinsically transient. In the context of P2P Grids, the size of BitTorrent networks
is variable and depends upon the contents of Resource data caches. On a given Grid
Peer, as long as there is at least one BoT yet to be completed that depends on a
given input data file, the size of the BitTorrent network for this file will be at least
one, as the Grid Peer will continue to share this file until it is not needed by any
Task of its queued BoT.

2.6 Data Trackers

Each Grid Peer is equipped with a software component called Data Tracker. It is not
related to the BitTorrent tracker although it derives its name from a related purpose.
It has the responsibility to continuously track the contents of the data caches of its

Resources. It is actually a reverse mapping of input data files to the Resources



where they are stored. It is based on a 2-level data structure backed by balanced
binary trees. This management data can be searched to locate Resources, e.g. all
Resources storing a given set of input data files, or the idle Resource maximizing
the Storage Affinity with the input data files of a given Task (ties are broken by
selecting the Resource with the most empty data cache in order to balance storage

among Resources).

2.7 Scalability of the Data Transfer Architecture

As explained in the previous sections, the BitTorrent-based data transfer overlay is
distinct from the Grid overlay. Endpoints from both are connected (see Section 2.3).
A P2P Grid is intrinsically scalable, by design: How scalable does it remain when
transfers of large input data files occur?

The proposed data transfer architecture is extremely scalable for BitTorrent
transfers. The load of BitTorrent data transfers is almost entirely on Resources, not
at all on supplier Peers, and only minimally on consumer Peers (see Figure 1 again
for an illustration). The proposed use of BitTorrent can be classified as following
the BitTorrent hybrid model [5], where the original data source, i.e. the consumer
Peer serves data along with other BitTorrent Nodes, i.e. Resources. Consequently,
a consumer Peer sharing data files indeed experiences some load, but considerably
less than with FTP transfers.

To completely remove the load from consumer Peers, it could be imagined that
each consumer Peer first updates the working set of a handful of its Resources with
replicas of the input data files that are going to be needed by one of its Tasks soon to
be scheduled. The consumer Peer would not schedule any Task to these Resources
so that they are used exclusively to share input data files on its behalf. Immediately
after these Resources have downloaded the input data files to share, the consumer
Peer could entirely stop to share these files, effectively removing from itself any load
due to their sharing.

The proposed architecture of data transfers is not immediately scalable for FTP
transfers. The load of FTP data transfers is totally on consumer Peers, not at
all on supplier Peers and only minimally on Resources (see Figure 1 again). More
accurately, the load due to FTP transfers is completely on the FTP servers co-located
with consumer Peers.

Better scalability of FTP transfers could be achieved with Content Distribution

Networks [27, 31] (CDN). This would however come at the expense of maintain-



ing multiple F'TP servers. Interestingly, BitTorrent could be used to synchronize

multiple CDN servers efficiently.

3 Task Scheduling

When there are queued Tasks on a Grid Peer, and either some of its Resources or
some supplier Peers are available, this Grid Peer schedules as many Tasks as it can.
Task scheduling involves selecting (1) which Task to schedule (2) on which Resource
(3) of which Grid Peer (4) with which data transfer protocol.

3.1 Task Selection

The order in which Tasks are scheduled, i.e. selected execution, is now discussed.
Let 0 = 0y,...,0,_1 be a Bag of n Tasks. Let A; be the set of input data files of
Task 6;, Al its j** input data file and |A?| the size (in bytes) of the latter.

Two Tasks 6;, 0, are said to be related when they have at least one input data file
in common, i.e. 35,1 : Al = AL A set of Tasks 6 is said to be connected if every 6;
is related to at least one other Task, i.e. Vidk : 0;, 0, are related. Any BoT can be
partitioned into disjoint connected sets of Tasks by repeatedly applying a transitive
closure algorithm. A sequence o(f) of a connected set 6 of Tasks is an ordering
of . A subsequence () is a section of this ordering, and its length is noted
|os(0)]. The distance between the sets of input data files of the two Tasks 6;, 0y
is the sum of the sizes of the input data files of 0, that are not identical with 6;:
d(Ai, Ag) = 3 [AL]VE: A ¢ A

To schedule at the same time Tasks sharing some input data files, it could be effi-
cient to minimize the sum of distances between subsequent Tasks within sequences.
This would require to take into account the variability of the number of available
Resources, and to solve an asymmetric Travelling Salesman Problem [24] for each
sequence, which is not desirable in practice. Instead, Tasks sharing input data files
can be scheduled at the same time.

The following definitions are introduced to facilitate the discussion. Two Tasks
are said to be data-equal when they have all their input data files in common,
ie. d(A;, Ax) = 0. A data-equal subsequence of § is an extensive subsequence of
data-equal Tasks, meaning that the Tasks immediately before and after the subse-
quence are not data-equal to those belonging to it. The Temporal Tasks Grouping

(TTG) algorithm then consists in sorting by decreasing length |,(0)| the data-
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Original Tasks input data files of Bag of Tasks 6 Sorted Tasks input data files of Bag of Tasks 6

Ag A1 Ay Az Ay Ay Ag  Ag Ag  Ax  Ag Ag | Az A7 | A | A6
{9y  {id {9y {r} {9t {9t {d} {r} {9y {9} {fg} Afg} | {r} {r} | {i} | {d}

Figure 2: Tasks of Bag of Tasks 6 (here with 1 input data file per Task) are grouped

into data-equal subsequences, which are sorted by decreasing length |g,(6)|.

equal subsequences of a sequence of Tasks (see Figure 2). Multiple data-equal
subsequences of similar length may then be sorted using a nearest neighbor algo-
rithm [24] (the metric being the distance d(A;, Ax) between two Tasks of neighbor
subsequences).

Importantly, this ordering can be performed similarly to batch-mode [26, 12], but
statically at the submission time of the BoT. Indeed, it depends only on the Bag of
Tasks itself and does not need any information from other Grid Peers. Actual Task
selection is therefore simple and consists in following the precomputed ordering.

The main benefit of Temporal Tasks Grouping is to ensure that the scheduling
of data~equal Tasks is temporally grouped so as to maximize efficiency of BitTorrent
transfers. Another benefit in the context of a P2P Grid is to schedule first the largest
groups of data-equal Tasks. This ensures that large data-equal subsequences, which
benefit the most from the use of BitTorrent, are scheduled presumably at a time
when there is a large number of available supplied Resources. Upon BoT submission
to a Grid Peer, negotiation is immediately performed (if necessary) in order to gather
as many Resources to consume as soon as possible. It might be interesting to explore
the impact of considering the size of the next group of data-equal Tasks to schedule
when negotiating access to Resources of other Grid Peers, in order to negotiate
enough Resources to maximize the utility of Temporal Tasks Grouping. It should
be noted that, within a given Bag of Tasks scheduled with Temporal Tasks Grouping,

the size of the groups of data-equal Tasks is necessarily decreasing.

3.2 Resource Selection

Data placement, or Spatial Tasks Grouping, is explicitly taken into account when
selecting a Resource to schedule Local and external Tasks. Let Ag, be the contents
of the data cache of Resource R,. At a given time, it contains input data files
accumulated from previous Task executions.

When a Grid Peer is scheduling a local or external Task 6;, a Resource is located
by minimizing the distance d(A;, Ag,) between the input data set A; of the Task to

schedule and the data cache of each Resource. This distance, computed dynamically,
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represents the transfer cost of scheduling 6; on R,. It requires data tracking support:
Each Grid Peer knows the contents of the data cache of each of its Resources at any
time, which is made possible by the way data caches operations have been designed,
e.g. the contents of a data cache of a Resource is synchronized on the working set
communicated by the Grid Peer that owns the Resource.

The minimum distance will usually be small as there will probably be one Re-
source with a data cache already storing most of input data files of A; due to the
execution of previous Tasks. This minimization is equivalent to maximizing the
Storage Affinity [17] (without Task replication) of the given Task with the contents

of the data caches of the Grid Peer’s Resources.

3.3 Supplier Peer Selection

Data placement, or Spatial Tasks Grouping, is also explicitly taken into account
when selecting a supplier Peer. For each BoT that has been submitted by one of
its User Agents, a Grid Peer maintains a list of supplier Peers that have supplied
Resources for at least one Task of the BoT. For each BoT, a mapping of supplier
Peers to the data required by the external Tasks that were submitted to them is
also maintained.

Scheduling a local Task to a supplier Peer involves selecting an appropriate sup-
plier. Supplier Peers that already processed other Tasks of the same BoT are ranked
first. The ranking is performed using the same distance that was defined in Sec-
tion 3.2, except that it is applied to the estimated contents of the set of data caches
of the target Grid Peer’s Resources instead of the data cache of one Resource. In-
stead, given the context of P2P Grids, the state of the data caches of any other
Grid Peers is not available to a given Peer. The mapping between supplier Peers
and uploaded data is therefore used as an approximation of this state.

Of course, there are two risks: (1) The expected input data files might have been
ejected from the data caches of the Resources of any given supplier Peer, or (2) the
Resources of a given supplier Peer storing the data might already be busy when the
Task has to be actually scheduled. These risks are unavoidable given the lack of
trust between Grid Peers and given the requirement for scalability that excludes a
Grid-level monitoring infrastructure.

It is important to highlight the fact that both data-aware Peer selection by
consumer Peers and data-aware Resource selection by supplier Peers are needed to

provide end-to-end Spatial Tasks Grouping capabilities.
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3.4 Data Transfer Protocol Selection

There are several circumstances under which transfer times are longer with BitTor-
rent than with FTP. The larger overhead comes from choking and the large number
of TCP connections to handle. There also is an initial latency caused by the fact
that a BitTorrent Node starting to share a file has to wait to obtain permission
(i.e. by random chance via so-called optimistic unchoking) to download a few initial
pieces before it can start to exchange pieces with other BitTorrent Nodes. Therefore,
it would not be efficient to use BitTorrent to share input data files that are small in
size or that belong to Tasks of data-equal subsequences that are short in length.
To decide whether to download a given input data file with BitTorrent or FTP,
a simplified data transfer protocol selection algorithm is derived [9, 18] from an
existing analytical time model [33, 34] of multiple simultaneous transfers of a given
file with BitTorrent. The original model gives an estimate of download times. It
is a function of the number of BitTorrent Nodes interested in the file to download,
file size, network bandwidth and protocol latency, and a factor that is logarithmic
in the number of downloaders (i.e. BitTorrent Nodes). Our model is a function of

the number of BitTorrent Nodes interested in the file to download and file size.

4 Experimental Results

4.1 Details of Implementation

In a P2P Grid, each Grid Peer hosts its own data server, as opposed to a Desktop
Grid, which depends on a centralized data server. Therefore, each Grid Peer runs
a BitTorrent client, a BitTorrent tracker, as well as an FTP server, and offers data
caching support for the input data files of the Tasks of its User Agents. Likewise,
each Resource runs a BitTorrent client and an FTP client, and offers data caching
support, enabling Resources to act as transient data servers to other Resources by
contributing to BitTorrent data transfers.

The described algorithms and data transfer architecture have been implemented
in the Java language (J2SE 5.0). The implementation [11] relies on widely available,
off-the-shelf, Free and Open Source data transfer software, deeply integrated as Java
libraries: Azureus BitTorrent client and tracker (version 2.5.0.4), Apache FTP server
(version 20061027, slightly patched to enhance security by denying several FTP
commands), and edtF'TPj FTP client (version 1.5.3). It is thus easily deployable

as-is on a great number of platforms.
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4.2 Useful Metrics

A measure of the diversity (and, conversely, of the redundancy) of input data files
between Tasks of a BoT is the Data Diversity Ratio (DDR). It corresponds exactly
to the Shared Data Ratio used in recent works [9, 34], but has been renamed to
reflect more accurately its semantic. The DDR is defined as the size (in bytes) of
all the distinct input data files among all Tasks of the BoT, divided by the total
size (in bytes) of all input data files of the Tasks. If there is no sharing of data,
DDR = 1. The DDR decreases towards 0 as the level of sharing increases. It has a
lower bound that is the size of the smallest file of the BoT divided by the number

of bytes of all files in the BoT: 0 < ”“mberb of bytes of smallest Jile — DR < 1. For
number of bytes of all files

example, the DDR of a Bag of three Tasks depending on the same input data file
is 1/3, which also corresponds to the lower bound.

Inter-Task data sharing is a criterion related to data sharing within a BoT. It
was introduced by Santos et al. as “inter-task data reutilization” [30]. It states that
there is data sharing within a BoT whenever at least two Tasks share at least one
input data file. It is equivalent to the condition DDR < 1.

Inter-BoT' data sharing is a criterion related to data sharing between two BoTs.
It was introduced by Santos et al. as “inter-job data reutilization” [30]. It states
that there is data sharing between two subsequently submitted BoTs whenever at
least one input or output data file of the firstly submitted BoT is included as one
input data file of the secondly submitted BoT. In this paper, Inter-BoT data sharing
is considered to be restricted to input data files only because there is currently no
support for the caching of output data files in the Lightweight Bartering Grid.

The BoT response time is a widespread metric measuring the time a BoT spends
in a distributed computing system. It is defined as the elapsed time (in seconds)
between the submission time of a BoT by a User Agent to a Grid Peer and the time
when results of all Tasks have been uploaded back to the User Agent. Human users
of the Grid typically expect low BoT response times, which constitute an indicator
of fast system turnaround.

The cache hit ratio of a Resource is the number of cache hits, divided by the
number of cache queries, of the Resource’s data cache. It is thus a real number
between 0 and 1 included. The mean cache hit ratio of a Grid Peer is the mean of
the cache hit ratios of Resources of this Grid Peer. It is thus also a real number
between 0 and 1 included. Human administrators of Grid Peers typically expect high

mean cache hit ratios, which constitute an indicator of efficient system utilization.
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4.3 Deployment

The experiments have been conducted on a cluster of 30 x86 PC (Intel P-IV 3GHz
with 1GB RAM), all equipped with standard hard drives, and connected with
switched 100 Mbps Ethernet.

The P2P Grids considered in the experiments presented in the next sections
may consist of up to: 4 Peers (1 Peer acting in a consumer role, 3 Peers acting
in a supplier role), 24 Resources (8 assigned to each supplier Peer), 1 User Agent
(submitting Bags of Tasks to the consumer Peer) and 1 search engine. 24 PC (out
of 30 available) are used as Resources. 6 PC are used as other Grid nodes: 4 Peers,
1 User Agent and 1 search engine.

In order to avoid interferences arising from queueing issues in the presented
experiments, the deployed consumer Peer has no Resource. For the same reason,
only the single consumer Peer submits Tasks to the supplier Peers, which have no
User Agent and thus are not submitted any local Task. Having only one consumer
Peer prevents response times to be influenced by queueing issues.

The activity of each Task consists in simply pausing for 2 seconds and then
hashing its associated input data file. These simple Tasks allow to control the
impact of Task runtimes on the overall response time of Bags of Tasks.

One large input data file is associated to each Task of each submitted BoT. In
case of data redundancy between Tasks, i.e. DDR < 1, Tasks within a submitted
BoT are ordered so as to maximize the distance between data-equal Tasks. Identical
data files are spread as much as possible within the BoT, which degrades BitTorrent
performance the most if a FIFO Task selection algorithm is used instead of TTG.
There may exist several such permutations for a given BoT. Multiple BoTs are
always submitted sequentially.

Several parameters are taken into account: BoT size, BoT count, input data file
size (bytes count), DDR, data transfer protocol, Resource selection algorithm, Task
selection algorithm, caching support (file capacity). BoT response times and, when

appropriate, mean cache hit ratios (see Section 4.2), are evaluated for each.

4.4 Varying Data Protocol, Task Selection, Caching

Multiple combinations of data transfer protocols, Task selection algorithm and
caching support are evaluated. One BoT of 100 Tasks with a medium DDR of
0.25 is submitted, i.e. 25 groups of 4 Tasks depending on an identical input data

file, with Tasks depending on the same input data file spread as much as possible in
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Figure 3: Varying data protocol, Task selection, caching.

the submission order. Results presented in Figure 3 and Table 1 show that in this
setup BoT response times are much lower with both BitTorrent data transfers and
Temporal Tasks Grouping activated.

In this setup, when Temporal Tasks Grouping is activated, the caching mecha-
nism has no effect, i.e. cache hit ratio equals 0.0, because there is no possibility of
cache hits. Indeed, the sets of four Tasks are scheduled concurrently to four separate
Resources.

When Temporal Tasks Grouping is not activated, increasing caching support
leads to increasing cache hit ratios and decreasing BoT response times, as might
be expected. Performance is severely degraded if BitTorrent data transfers are not

combined with both caching support and TTG activation.

4.5 Varying Data Protocol, Data Configuration
4.5.1 Comparison of Data Protocols

The impact of file size and DDR on BitTorrent and FTP data transfers is now
evaluated. One BoT of 24 Tasks, i.e. exactly one Task per Resource, is submitted

so that caching and Resource selection play no role. Resource selection is done with
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Fixed parameters Varying parameters

e 1 BoT of 100 Tasks e data transfer = { BitTorrent | FTP }
o file size = 256 MB e Task selection = { TTG | FIFO }
e DDR = 0.25 e cachesize={0]1]2|4]8|16}

e Resource selection = data-aware

data transfer = BT, Task selection = FIFO

cache 0 1 2 4 8 16
cache hit ratio 0.0 0.02 0.07 0.09 0.10 0.11
BoT response time (s) | 4260 | 2388 | 1874 | 1814 | 1739 | 1806

data transfer = BT, Task selection = TTG

cache 0 1 2 4 8 16
cache hit ratio 0.0 0.0 0.0 0.0 0.0 0.0

BoT response time (s) | 935 950 948 961 984 972

data transfer = FTP, Task selection = FIFO

cache 0 1 2 4 8 16
cache hit ratio 0.0 0.05 0.06 0.07 0.08 0.18
BoT response time (s) | 2297 | 2137 | 2146 | 2093 | 2092 | 1850

data transfer = FTP, Task selection = TTG

cache 0 1 2 4 8 16
cache hit ratio 0.0 0.0 0.0 0.0 0.0 0.0
BoT response time (s) | 2297 | 2298 | 2296 | 2298 | 2296 | 2298

Table 1: Varying data protocol, Task selection, caching.
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Figure 4: Varying data protocol, data configuration - comparison of data protocols.

Temporal Tasks Grouping.

Results presented in Figure 4 and Table 2 show that BitTorrent data transfers
lead to excellent performance in most configurations. They also show that there
is a threshold in the range of DDR values beyond which BitTorrent data transfers
become more interesting than FTP data transfers (independently of any extra gain
from an increased cache size). In the evaluated setup, this threshold is expected to
be 0.5 and is indeed close to 0.5. A DDR of 0.5 means that there are 12 independent
input data files, with exactly 2 Tasks depending on each of them. A high DDR leads
to mediocre performance with BitTorrent data transfers, as there is no opportunity
to exploit orthogonal bandwidth. As expected, the results also show that the DDR

has no impact on FTP data transfers.

4.5.2 BitTorrent Efficiency with a Small Number of Downloaders

A well-known downside of BitTorrent is its overhead, which is higher than FTP’s
overhead, as has also been shown in the previous experiment. The performance of
BitTorrent with a small number of downloaders and varying levels of caching support
is now evaluated. Only one supplier (with 8 Resources) is used in this experiment.

A BoT of 100 Tasks depending on an identical input data file is submitted, which is
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Fixed parameters

e 1 BoT of 24 Tasks

Varying parameters

o file size = {16 MB | 64 MB | 256 MB}
e DDR ={0.04 | 0.25 | 0.40 | 0.50 |
0.60 | 0.75] 1.0 }

e data transfer = { BitTorrent | FTP }

e Resource selection = data-aware
e Task selection = TTG

e cache size = 1

file size = 16 MB, data transfer = BT

DDR 1.0 | 0.75 | 0.60 | 0.50 | 0.40 | 0.25 | 0.04
BoT response time (s) | 49 43 40 38 35 31 30
file size = 16 MB, data transfer = FTP
DDR 1.0 | 075 | 0.25 | 0.04
BoT response time (s) | 38 38 38
file size = 64 MB, data transfer = BT
DDR 1.0 | 0.75 | 0.60 | 0.50 | 0.40 | 0.25 | 0.04
BoT response time (s) | 413 | 235 | 144 | 108 93 75 66
file size = 64 MB, data transfer = FTP
DDR 1.0 | 075 | 0.25 | 0.04
BoT response time (s) | 145 | 142 | 141 | 141
file size = 256 MB, data transfer = BT
DDR 1.0 | 0.75 | 0.60 | 0.50 | 0.40 | 0.25 | 0.04
BoT response time (s) | 1497 | 1160 | 760 | 539 | 377 | 232 | 109

file size = 256 MB, data transfer = FTP

DDR

1.0

0.75

0.25

0.04

BoT response time (s)

562

562

565

558
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Fixed parameters (1 supplier only)
e 1 BoT of 100 Tasks
o file size = 256 MB

Varying parameters
e data transfer = { BitTorrent | FTP }
e cachesize={ 0|1}

¢ DDR = 0.01

e Task selection = TTG

e Resource selection = data-aware

data transfer BT BT FTP FTP
cache 0 1 0 1

cache hit ratio 0.0 0.92 0.0 0.92

BoT response time (s) 2331 201 2300 303

Table 3: Varying data protocol, data configuration - BitTorrent efficiency with a

small number of downloaders.

typical of parameter sweeps applications. Temporal Tasks Grouping and data-aware
Resource selection are both activated.

Results in Table 3 first show that having caching support, even very limited,
brings considerable performance gains. With limited caching support, the data-
aware Resource selection and Temporal Tasks Grouping algorithms bring their ben-

efits: BitTorrent outperforms FTP, even with only 8 downloaders.

4.6 Inter-Task Data Sharing, Varying Task Selection

The impact of Temporal Tasks Grouping is now evaluated. A BoT of 48 Tasks,
which is twice the number of available Resources, is submitted. Different levels of
data sharing are tested, with and without activation of TTG. Two observations can
be made about results presented in Figure 5 and Table 4.

First, all else being equal, BoT response times obtained with TTG-based Re-
source selection are much better, i.e. shorter, except for a very low DDR. In this
latter case, caching plays a greater role, leading to BoT response times roughly
equivalent between TTG-based and FIFO-based Resource selection. The difference
between the two policies is that network bandwidth is traded for storage space.

Second, caching has a huge impact, even at very low levels of cache hit ratios.
Deploying Resources with limited caching support has a strong practical interest

due to the combination of Data-Intensive BoT and the use of edge Resources.
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Figure 5: Inter-Task data sharing, varying Task selection.

Fixed parameters

Varying parameters

e 1 BoT of 48 Tasks
o file size = 256 MB

e data transfer = BitTorrent

e Resource selection = data-aware

e cache size = 6

¢ DDR = {0.04] 0.08 | 0.17 | 0.50 | 1.0}
e Task selection = { TTG | FIFO }

Task selection = FIFO

DDR 1.0 0.50 0.17 0.08 0.04

cache hit ratio 0.0 0.02 0.07 0.33 0.61

BoT response time (s) 2775 1854 442 201 142
Task selection = TTG

DDR 1.0 0.50 0.17 0.08 0.04

cache hit ratio 0.0 0.0 0.0 0.04 0.38

BoT response time (s) 2783 1039 361 223 113

Table 4: Inter-Task data sharing, varying Task selection.
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4.7 Inter-BoT Data Sharing, Varying Resource Selection

A common and widespread scenario is that of a scientist who sequentially submits
multiple times the same BoT with high DDR - i.e. there is little or no inter-Task
data sharing - and the same algorithm run by all Tasks. Only the input parameters
or the algorithm are modified between consecutive executions of the BoT after an
out-of-Grid analysis of computed results, i.e. an experiments session. The input
data files of a given Task thus remain the same from one execution of the BoT to
another.

An experiment is run for this relevant scenario. Eight Bags of 24 Tasks are sub-
mitted. Data-aware Resource selection is varying between fully activated, activated
for Peers only, activated for Resources only, and completely deactivated. Results in
Figure 6 and Table 5 show that the cache hit ratio increases with the level of data-
awareness in the Resource selection. It is optimal, i.e. 7/8 in this experiment, when
both Peer-level and Resource-level data-aware Resource selection algorithms are ac-

tivated. BoT response times also decrease sharply when the cache hit ratio increases.

5 Discussion

5.1 BitTorrent vs. GridFTP
5.1.1 Why BitTorrent Is Relevant

The relevance of using BitTorrent - rather than other P2P file sharing protocols - in
P2P Grids is now discussed.

e First, BitTorrent is both highly scalable [32] and highly adaptive to unreliable

network conditions, making it suitable for P2P Grids.

e Second, the built-in BitTorrent incentive mechanism discourages malicious Grid

nodes to run misbehaved BitTorrent Nodes.

e Third, piece-level data exchanges enable Temporal Tasks Grouping, whereas file-

level data exchanges would not.

e Fourth, the default behavior upon completion of a download is to continue sharing
the downloaded file. This behavior actually encourages Grid Peers to schedule

Tasks using Temporal Tasks Grouping as this has the effect of maintaining a
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Fixed parameters

Varying parameters

e 8 BoT of 24 Tasks each

e DDR =1.0

e data transfer = BitTorrent

e Task selection = TTG

e cache size = 1

data-aware }

data-aware for Peers only |

o file size = { 64 MB | 256 MB }

e Resource selection = { random |

data-aware for Resources only |

file size = 64 MB

Resource selection random data-aware | data-aware | data-aware
Peers only Res. only
cache hit ratio 0.05 0.11 0.25 0.88
BoT response time (s) 192 181 151 56.5
file size = 256 MB
Resource selection random data-aware | data-aware | data-aware
Peers only Res. only
cache hit ratio 0.04 0.15 0.22 0.88
BoT response time (s) 401 453 350 196

Table 5: Inter-BoT data sharing, varying Resource selection.

24




large number of data sources even if a flash crowd is not totally synchronized.
It is important to remark that, when supplementary storage space is needed, a
Grid node will eventually stop sharing a completely downloaded input data file
not needed by the currently running Task, thus effectively precluding down-

loaded files from saturating the storage capacities of a P2P Grid.

e Fifth, the BitTorrent Node discovery service, i.e. the BitTorrent tracker, operates
at an appropriate level of granularity, as each Grid Peer can operate its own
BitTorrent tracker to manage a discovery service for its own files. Indeed, as
explained in Section 6.2.3 there is no need for a global Grid-level tracker that

would manage a BitTorrent discovery service for all files of a P2P Grid.

Introducing QoS in BitTorrent [5, 23] has been proposed in recent research work
in Content Networks, which are very relevant to the context of P2P Grids. This

may lead to variants of BitTorrent enhanced for usage in P2P Grids.

5.1.2 Why GridFTP Is Not Relevant

GridFTP [3] is an extended FTP protocol specifically designed for high performance,
highly managed Grids.

Historically, GridF'TP has targeted controlled, high performance environments in
general, and cluster-to-cluster file transfers in particular. A key strength of GridF'TP
is striping support. Striping is the ability to perform striped (parallel) data transfers
of a file through several network interfaces. “Data striping refers to the segmentation
of logically sequential data, such as a single file, so that segments can be assigned to

multiple physical devices [...] and thus written concurrently” [35].

e But striping support, which is a key strength of GridF'TP, is of little value in a
P2P Grid context. Clearly, it cannot be used in a P2P environment because
P2P networks are constituted of edge computers, rarely with more than one

active network interface or a lot of available network bandwidth.

e More importantly, GridF TP does not exploit orthogonal bandwidth, i.e. the net-

work links between downloaders, whereas it is the key strength of BitTorrent.

Despite all its strengths, GridF'TP is not an appropriate technology for multiple
simultaneous transfers of the same data file in a P2P Grid. It cannot be used as a
baseline protocol of a data transfer architecture in a P2P Grid, but could be used as

a secondary protocol to optimize some BitTorrent operations. As Allcock et al. [3]
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have pointed out, GridF'TP “could be used to good effect as a data transfer tool
in” BitTorrent to augment the reliability and performance of TCP/IP connections

between BitTorrent Nodes.

5.2 Impact of the Involved Technologies
5.2.1 Impact of BitTorrent

If no BitTorrent support is available, TTG is not useful and the only gains of per-
formance would come from caching and data reuse. BitTorrent must be activated
for TTG to have a favorable impact on transfer times of identical input data files.
Reciprocally, excellent performance of BitTorrent data transfers is achieved only if
the scheduling of Tasks with identical input data files is temporally grouped.

FTP should be activated instead of BitTorrent to transfer small files or files of

a BoT where the number of identical files is limited.

5.2.2 Impact of Temporal Tasks Grouping

Task selection with the Temporal Tasks Grouping algorithm temporally groups the
scheduling of Tasks with identical input data files. This maximizes the number
of simultaneous BitTorrent Nodes downloading identical files, thereby dramatically
decreasing the mean file transfer times.

The activation of TTG has no impact on FTP transfers: The order of some
direct data transfers from the consumer Peer is merely different from the initial

order between Tasks in the BoT.

5.2.3 Impact of Caching

Caching of data on Resources naturally brings important benefits as it can prevent
unnecessary data transfers. A larger cache capacity brings even greater benefits. On
the downside, caching has a cost in terms of storage space. However, it is important
to highlight that even limited caching support already brings considerable benefits.

Even in the presence of strong caching support, TTG is very important in case
of inter-Task data sharing within a BoT. TTG is indeed the only means for efficient
data transfers of files that are introduced in the Grid for the first time.

Conversely, when TTG is not activated or has a limited effect - i.e. for BoTs

with a high DDR or if BitTorrent is not activated - caching is very important.
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It should also be noted that the proposed management of data caches is fully
dynamic, and thus more adapted to P2P Grids than existing data cache management

policies that are statically precomputed [28].

5.2.4 Impact of the Cache Replacement Policy

Using a pure LRU cache replacement policy is sub-optimal. Better performance
would probably be achieved by taking into account the size of the cached files.

For example, let us consider a P2P Grid of 24 Resources, each having a cache
size of 2 files. Those Resources can use two different cache replacement policies:
pure LRU (the least recently used file in the cache is ejected first) or weight-based
(the smallest file in the cache is ejected first). Task selection is based on Temporal
Tasks Grouping and Resource selection is data-aware.

3 BoTs of N Tasks (61, 0, 63) are submitted sequentially. All Tasks of a given
BoT depend on an identical file (A? AJ, AJ respectively): The DDR of each BoT
is thus 5;. Let us assume as an example that A weighs 200 MB; A9 and A} both
weigh 1 MB.

With Temporal Tasks Grouping, all Resources hold both AY and AY in their
cache after the completion of ;. When 63 is submitted, depending on the cache re-
placement policy (LRU or weight-based), either A{ (the oldest) or AJ (the smallest)
is ejected from the caches and replaced by AS. At this point, cache hit ratios are all
equal to zero (for both policies) since a different file was required for every Task.

Let us hypothesize that 6, is then resubmitted. Depending on the cache re-
placement policy (LRU or weight-based), AY has to be downloaded again (which is
expensive since it is a 200 MB file) or is loaded from the caches (in this case, yielding
a cache hit ratio of 0.25). With LRU, the BoT response time will be larger and the
perceived performance will be lower.

It can be argued that a purely weight-based replacement policy is not optimal
either. A hybrid cache replacement policy, maybe also involving additional factors,

could lead to even better performance.

5.2.5 Impact of Data-Aware Resource/Peer Selection

The impact of data-aware supplier Peer selection is that the supplier Peer possibly
storing the maximum number of input data files required by a scheduled Task is
selected. Additionally, the impact of data-aware Resource selection is that the Re-

source of the selected supplier that stores the maximum number of required files is
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guaranteed to be selected.

Deactivating data-aware Resource selection or supplier Peer selection severely
degrades BoT response times and cache hit ratio when scheduling BoTs with a low
DDR, i.e. highly identical input data files. Reciprocally, data-aware Resource selec-
tion and Peer selection are useless without caching support. For a BoT exhibiting a
high DDR, i.e. there is no inter-Task data sharing, data-aware Resource or supplier

Peer selection has a strong practical interest in the case of inter-BoT data sharing.

5.2.6 Performance of BitTorrent Data Transfers

Temporal Tasks Grouping enables the excellent performance of BitTorrent data
transfers in situations of inter-Task data sharing, i.e. when several Tasks of a given
BoT share input data files.

Caching support also increases performance of BitTorrent transfers in situations
of inter-BoT data sharing, i.e. when Tasks of multiple, successive BoTs share input
data files. Therefore, caching support can be viewed as an indirect way to increase
the number of BitTorrent Nodes sharing input data files. This is very useful as
it supports opportunistic scheduling of Tasks to extra supplementary Resources as
they become available. This could be summarized by stating that the effect of TTG
on performance of BitTorrent transfers is immediate, while the effect of caching

support is temporally delayed.

5.3 Recommended Deployment Options

Maximization of data reuse is enabled by combining caching support and data-aware
Resource and supplier Peer selection. Caching support should be configured to use
as much storage space as possible on each Resource.

Temporal Tasks Grouping and BitTorrent support enable to maximize paral-
lelism of Tasks execution. BitTorrent support should be made systematically avail-
able, and Temporal Tasks Grouping should be systematically activated. It should
be emphasized that the deployment of BitTorrent software does not mean that all
transfers will be performed with BitTorrent, but only that it is available. Peers
can be configured to use BitTorrent either systematically, not at all or following an
adaptive data transfer protocol selection algorithm.

If Resources of a given Grid Peer exhibit large variation in reliability or per-
formance, Task replication [30] or a performance- or reliability-aware [10] Resource

selection algorithm should be used.
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6 Related Work

6.1 Scheduling Bags of Tasks

Task scheduling essentially consists in matching queued Tasks and available Re-
sources. Classic Task scheduling strategies [6, 13, 16, 17, 19, 29, 30] data replication
and Spatial Tasks Grouping, are first presented. Temporal Tasks Grouping, a novel
strategy that we have recently proposed [9] to enable high levels of Task execution

parallelism, is also presented.

6.1.1 Data Replication

A possibility to avoid that massive data transfers degrade performance is to perform
them when it will not increase Bag of Tasks response times. Proactively replicating
data on multiple Resources may increase the efficiency of subsequent data-aware
Task scheduling, but with a possibly large storage cost due to data caching.

In relatively stable environments, more typical of Desktop Grids rather than of
P2P Grids, it is possible to complete all data replication before scheduling a BoT. A
recent example of state-of-the-art synchronous data replication in a Desktop Grid,
in the context of life sciences applications [19], proposes an integer programming
scheduling algorithm. It is limited to a steady state context. It is therefore not
applicable in the context of P2P Grids because of the unreliability and constant
change of P2P environments.

It has been shown [29] that data replication can be performed proactively and
asynchronously from Task scheduling, with simple and cost-efficient algorithms, as
long as the Task scheduler is aware of data placement. As proactive data replica-
tion in a very dynamic environment will seldom achieve perfect data placement, a
trade-off [8] must be found between creating new replicas in order to balance the

computational load and using existing replicas in order to avoid data transfers.

6.1.2 Spatial Tasks Grouping

The costs incurred by data replication can also be very high in terms of transfer
times and of infrastructure overload. The overload of a consumer Peer may lead
to performance bottlenecks due to the thrashing caused by the handling of data
management threads or by the saturation of the network bandwidth.

Another Task scheduling strategy is therefore to avoid data replication by simply

relying on data caching. If each Resource is equipped with a data cache, only the
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first Task requiring a particular data file will trigger its transfer. Subsequent Tasks
requiring the same data file will not trigger its transfer if it is still present in the
data cache. Data caching, however, is of limited use if Task scheduling does not
take account of data placement.

When prior availability of data on Resources is taken into account, Task schedul-
ing is said to be data-aware. The goal of data-aware Task scheduling is to maximize
data reuse and prevent unnecessary transfers of input data files. In this paper, for
clarity, the term Spatial Tasks Grouping designates the strategy which consists in
combining data caching and awareness of data placement. Task execution paral-
lelism is naturally reduced when following the Spatial Tasks Grouping strategy.

A Task scheduling algorithm [17] has been proposed to take advantage of data
caching. It sequentially schedules to the same Resources the Tasks requiring identical
input data files.

Another proposed Task scheduling algorithm [17] schedules to the same Resource
all Tasks requiring the same set of large data files, which of course decreases exe-
cution parallelism but could prove to be very efficient in P2P Grids connected with
slow data links, or when the data files are so large that it would not be practical to
transfer them more than once [7].

A proposed Storage-aware Workflow scheduling algorithm [28] is based on a
statically precomputed schedule of data reuse and cache cleaning operations.

The Storage Affinity [30] Task scheduling algorithm available in the OurGrid [13]
P2P Grid middleware dynamically takes data placement into account and is thus
perfectly adapted to P2P Grids. It schedules Tasks first to computational resources
where most of the required input data files are already available before considering
other resources where the unavailability of some input data files requires data repli-
cation. The data transfer architecture presented with Storage Affinity [30] does not
rely on multiple Resource-level data caches per Peer, but on a single Peer-level data
cache on each Peer. The Peer-level data cache is accessed by Resources through an
NF'S file system, which is not highly scalable.

As it is operating in a P2P environment, Storage Affinity proposes to deal with
the unavailability of accurate data about computational times. Task replication [30]
is proposed as a heuristic to find good Task-to-Resource assignments. Redundancy
brings excellent tolerance to Resource faults and variability in performance, but at a
cost [14]. It can be remarked that Task replication has the side effect that any BoT
de facto becomes Data-Intensive, in the sense that its input data files are transferred

multiple times.
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As Spatial Tasks Grouping depends on the presence of data caching support, its
cost in terms of storage space on Resources should not be neglected. Indeed, on
one hand, files processed by Data-Intensive BoT's are inherently large and, on the
other hand, storage capacity on Resources in a P2P Grid are inherently variable and

potentially limited.

6.1.3 Temporal Tasks Grouping

Task selection can be done so as to increase the parallelism of Task execution on
multiple Resources, A performance bottleneck may arise if flash crowds are not
handled efficiently.

As opposed to other related protocols, the BitTorrent P2P file sharing protocol is
able to prevent such performance bottlenecks. Most of the few recent works study-
ing the use of BitTorrent-based data transfers [9, 21, 33, 34], exhibit deployment
constraints that are not adapted to P2P Grids: Either data scheduling is central-
ized [33, 34] and requires that all Resources follow a statically defined data transfer
schedule (this is called Predictive Communications Ordering), or Task scheduling is
very basic and unadapted to P2P Grids [21].

We have recently proposed the Temporal Tasks Grouping [9] Task scheduling
algorithm. Any Data-Intensive Bag of Tasks may be partitioned into several groups
of Tasks, with each group depending on a different subset of input data files. Tem-
poral Tasks Grouping relies on BitTorrent to perform data transfers. Its goal is
to simultaneously schedule a maximum number of Tasks needing the same input
data files. In order to exploit the efficiency of BitTorrent, Temporal Tasks Grouping
provokes flash crowds by minimizing the time span during which any given file will
be required by the Resources of a P2P Grid.

6.1.4 Tasks Execution Parallelism vs. Data Reuse

In existing research, Task execution parallelism and data reuse are usually presented
as mutually exclusive.

Great parallelism in Task scheduling, leading to lower overall BoT response times,
can be achieved by simultaneously scheduling a large number of Tasks. However,
the simultaneous transfer of the input data files of several Tasks scheduled at the
same time rapidly leads to performance bottlenecks.

Spatial Tasks Grouping entirely avoids the problem of multiple simultaneous

data transfers, leading to a lower impact of data transfers. On the downside, Tasks
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- notably those sharing the same input data - are scheduled sequentially rather than
simultaneously. This leads to higher BoT response times and it is more difficult to
offer nontrivial QoS [20]. Moreover, in practice it is not always possible to massively
use data caching as the availability of storage space on P2P Resources is highly
variable and may be quite limited.

To achieve a good level of performance in all situations, both Task execution
parallelism and data reuse should be activated. Temporal Tasks Grouping [9] and
BitTorrent must be combined to prevent performance bottlenecks that arise from

multiple simultaneous data transfers.

6.2 Distributed Data Transfers
6.2.1 Optimized Direct Data Transfers

Grids exhibit certain features that can be taken advantage of, such as high speed
networks and the presence of multiple network interfaces on many Grid nodes. Some
direct data transfer protocols have been modified specifically for use in Grids with
the goal to speed up massive data transfers.

GridFTP [3] is “a high-performance, secure, reliable data transfer protocol op-
timized for high-bandwidth wide-area networks. It is based upon the Internet F'TP
protocol, and it implements extensions for high-performance operation that were ei-
ther already specified in the FTP specification but mot commonly implemented or

that were proposed as extensions by [the Globus alliance].”

6.2.2 Group-based Data Transfers

Another possibility to efficiently transfer a given data file simultaneously to multiple
downloaders is to use multiple sources of data sharing, which can be seen as a variant
of data replication. Using a set of data caches scattered over a P2P Grid leverages
the bandwidth of several Peers and partially redistributes the transfer load across the
P2P Grid. Recent work includes the Super-Peer model [16], and also the File Mover
overlay network [6]: “An overlay network is a computer network which is built on
top of another network. Nodes in the overlay can be thought of as being connected by
virtual or logical links, each of which corresponds to a path, perhaps through many
physical links, in the underlying network. For example, many P2P networks are
overlay networks because they run on top of the Internet” [35]. Both the Super-Peer

Model and File Mover require the explicit deployment of Peer-independent data
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caches as well as of a routing substrate, the overlay.

Yet another, even more efficient possibility to efficiently transfer a given data file
simultaneously to multiple downloaders is that downloaders act cooperatively as a
group with a common interest.

The BitTorrent [15, 25] P2P file sharing protocol is a protocol that enforces the
cooperative behavior of a group of downloaders with a common interest. Other
P2P file sharing protocols are available, but BitTorrent exhibits several features
that are useful in a P2P Grid environment. First, BitTorrent P2P networks are
unstructured P2P networks that do not need the centrally controlled construction
of an overlay on top of Peers and, as such, are easy to deploy. Second, collaboration
between downloaders starts very early, as pieces of files, rather than whole files, are

exchanged. Third, BitTorrent already has a record of successful integration with
Grid middlewares [21, 33, 34].

6.2.3 An Overview of BitTorrent

BitTorrent [15, 25] enables computers running the BitTorrent client software (called
BitTorrent Peer) to exchange files with one another in a P2P fashion. As opposed to
what happens in other P2P file sharing protocols, a BitTorrent P2P network comes
into existence for a single file only, i.e. a given BitTorrent Peer downloading two files
in parallel is a member of two BitTorrent P2P networks.

It should be noted that some Grid Peers may never exchange files with Bit-
Torrent, thus they will never become BitTorrent Peers, i.e. they will never become
members of any BitTorrent P2P network. Some Resources may exchange files with
BitTorrent, making them BitTorrent Peers of BitTorrent P2P networks. Conse-
quently, two types of Grid nodes, i.e. Grid Peers and Grid Resources, may act as
BitTorrent Peers. As BitTorrent is used by Grid nodes, two overlays are implicitly
coexisting: a Grid overlay and a BitTorrent overlay.

A BitTorrent Node that shares a complete file with other BitTorrent Nodes is
called a seeder. It must first split the file to share into pieces and create so-called
torrent metadata describing this file as well as the location of the tracker that will
be used.

The BitTorrent tracker software is the file-level BitTorrent Node discovery ser-
vice, which introduces to one another BitTorrent Nodes interested in a given file. A
BitTorrent Node sharing files must either launch its own tracker or use a publicly

available tracker. There are potentially as many trackers as there are Grid Peers.
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Each tracker manages the discovery service of all files shared by the Grid Peer that
operates it.

As each Grid Peer runs a BitTorrent tracker, the proposed data transfer archi-
tecture is already very scalable in this regard. The location data (i.e. host name,
network address) of the BitTorrent tracker used for a given file has to be communi-
cated somehow to BitTorrent Nodes that want to download the given file. Trackerless
versions of the BitTorrent protocol are beginning to appear. Given their recency,
it is not clear yet whether they are resistant to sabotage by malicious BitTorrent
Nodes attempting to corrupt or to slow down the propagation of, information that

would be communicated by the BitTorrent tracker.

Each BitTorrent Node that wants to download a given file initially downloads
a first piece from any of the BitTorrent Nodes communicated by the tracker. It
then begins to exchange pieces with other BitTorrent Nodes. A Peer invites other
BitTorrent Nodes to cooperate by allowing them to download its pieces.

As opposed to several other P2P file sharing protocols (Napster, Gnutella, .. .),
BitTorrent Nodes do not have to wait for a file to be completely downloaded to
begin uploading some of its pieces to other BitTorrent Nodes. Indeed, the BitTor-
rent protocol enables BitTorrent Nodes to simultaneously act as downloaders and
uploaders from the very beginning, i.e. as soon as one piece of the file has been
downloaded. The BitTorrent protocol also specifies the default behavior that each
BitTorrent Node continues to act as uploader after its role as a downloader is fin-
ished, i.e. sharing of a given file continues after its download has been completed.
As it will be explained, this behavior is interesting in the context of P2P Grids.

With BitTorrent, as opposed to what happens with direct file transfer proto-
cols, network links between BitTorrent Nodes are exploited: As each downloader is
also an uploader, the network load is removed from the seeder and distributed to
participating BitTorrent Nodes. BitTorrent is able to exploit so-called orthogonal
network bandwidth, which is made up of the “physical network paths not included
in a source-rooted application level tree.” [1] The resulting advantage over direct file
transfer protocols, e.g. File Transfer Protocol (FTP), is that the total transfer time
of a file by multiple downloaders increases slowly with their number [33], i.e. less
than linearly. This property makes BitTorrent able to handle efficiently flash crowds
of downloaders.

Very recent studies [1, 2, 22, 36] on the use of BitTorrent in Grid environments

show that BitTorrent performs nearly as well as explicit overlay-based technolo-

34



gies in over-provisioned network cores. More importantly, they also indicate that
BitTorrent sustains “equivalent undegraded performance” as the available network
bandwidth decreases. In other words, BitTorrent performs well in managed and over-
provisioned networks and, as opposed to explicit overlay-based techniques, maintains
good performance in bandwidth-constrained networks that are more typical of P2P
Grids environments.

Transferring data with the BitTorrent P2P file sharing protocol in a P2P Grid
opens a very interesting perspective: As more Tasks sharing the same input data
files are scheduled at the same time, the overall cost of the multiple simultaneous
data transfers remains close to the cost of transferring it only once. In turn, this
enables the use of Temporal Tasks Grouping, without excluding the use of Spatial

Tasks Grouping.

6.2.4 BitTorrent Support in Various Grid Types

The idea of using the BitTorrent file sharing protocol in distributed computing
systems has been proposed in several research works. BitTorrent has first been in-
troduced in stable distributed environments (Desktop Grids and clusters) usually
as loosely coupled, script-based implementations [21], but also as a well-integrated,
but specially modified, BitTorrent library [33, 34]. BitTorrent has also been consid-
ered, but not yet implemented, in mainstream Grids and Volunteer Grids. We have
recently proposed the use of BitTorrent in P2P Grids [9], relying on an off-the-shelf
BitTorrent library deeply integrated with the P2P Grid middleware.

Desktop Grids and Clusters Using BitTorrent in a Desktop Grid has been
recently and independently proposed in two studies, one by Wei, Fedak and Cap-
pello [34], and one by us [21].

In the first mentioned study [34], a model of BitTorrent transfer times is de-
scribed (building upon previous work [33]), along with a BitTorrent data transfer
architecture and BitTorrent-aware Task scheduling.

Several BitTorrent-aware versions of classic, knowledge-based scheduling heuris-
tics (BT-MinMin, BT-MaxMin, BT-Sufferage) are proposed. The BT-X knowledge-
based scheduling heuristics [34] are designed to operate in a cluster or Desktop Grid
environment. They require “knowledge about communication performance and CPU
load performance.” However, this data is not generally easy to obtain, and it is

specifically not to be trusted in a P2P environment.
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Furthermore, the proposed heuristics use a modified version of BitTorrent. The
standard algorithm used to select with which BitTorrent Nodes data will be ex-
changed - called the choking algorithm because it is said to unchoke BitTorrent
Nodes - is based on a loose reciprocity-based policy, i.e. tit-for-tat. It has been re-
placed by Predictive Communications Ordering (PCO). This is only possible when
Grid Peers downloading input data can be centrally managed, which is not the case
in P2P Grids. For these two reasons (requirement of hard-to-obtain knowledge and
PCO), the BT-X heuristics cannot be applied to the context of P2P Grids.

This very interesting work is, to the best of our knowledge, the first published
proposal to combine Task scheduling and BitTorrent data transfers.

In the second mentioned study [21], a Computer Vision Learning problem, struc-
tured as a Data-Intensive Bag of Tasks application, is presented. This BoT is shown
to be successfully computed with a non-dedicated Desktop Grid running a basic, pro-
prietary middleware. In this context, BitTorrent is used to simultaneously transfer
half-gigabyte-sized data to several dozens of Resources.

Finally, loosely coupled BitTorrent support has been implemented? in a computer

cluster but, again to the best of our knowledge, there is no relevant publication.

Volunteer Grids BitTorrent support for data transfers in Volunteer Grids has
been considered [4] but, to the best of our knowledge, there is no relevant publication

that proposes a complete mechanism or architecture.

Mainstream Grids Recent research [1, 2] has shown through simulation that
BitTorrent is indeed an excellent choice of data transfer technology in networks that
are typical of a P2P Grid environment. It has also been shown that in the near
future BitTorrent will become an excellent choice in networks that are typical of a
mainstream Grids.

The main goal of this recent research was to investigate the possibility of using
BitTorrent in highly managed Grids, such as those running glite in the context
of the CERN LHC experiments. A conclusion is that BitTorrent support will be
required in future mainstream Grids as the deluge of data to process increases year
after year and will eventually overcome the capacity of every existing network. This
conclusion is supported by a recent BitTorrent-like protocol, called GridTorrent [22],

that has been designed specifically for mainstream Grids.

’http://www.umiacs.umd.edu/~nedwards/research/bittorrent_for_clusters.html

36



P2P Grids The environment of P2P Grids is different from the stable environment
of Desktop Grids, clusters and mainstream Grids. A data transfer architecture based
on BitTorrent is even more relevant in P2P Grids. Our recent work [9] has proposed
and shown how to use BitTorrent in P2P Grids.

7 Conclusion

The research presented in this paper can be summarized as combining P2P com-
puting with P2P file sharing technologies. The issue of scheduling Data-Intensive
Bags of Tasks in P2P Grids is addressed by combining algorithms enabling both
data reuse and high parallelism of Task execution.

Several existing state of the art research works in Grid Task scheduling [11,
13] and P2P Grid Task scheduling (Storage Affinity algorithm [30] and Super-Peer
model [16]) have been synthesized.

Caching support is used jointly with data-aware Resource and supplier Peer
selection scheduling algorithms in order to exploit the locality principle. This maxi-
mizes data reuse and avoids unnecessary transfers of recently downloaded data files.
However, the storage costs of caching can be very high, and sets of input data files
not previously downloaded in the P2P Grid do not benefit from data reuse.

The main contribution of this paper is our proposal to use the BitTorrent P2P
file sharing protocol jointly with a novel Task selection scheduling algorithm (Tem-
poral Tasks Grouping), which generates flash crowds in a controlled way in order to
synchronize data transfers on Tasks schedule.

Another major, original contribution is our Java (J2SE 5.0) implementation.® To
the best of our knowledge, it is the first to propose the joint use of P2P file sharing
and P2P computing technologies, relying on a standard, off-the-shelf BitTorrent li-
brary. It relies exclusively on Free and Open Source data transfer software (Azureus,
Apache FTP server, edtF'TPj). The proposed data transfer architecture is highly
scalable and adaptive and it does not need Predictive Communications Ordering or
an explicit deployment of an overlay network. It is also easily deployable.

The next step in the evolution of the research presented in this paper is to
evaluate the suggested deployment options with the Lightweight Bartering Grid
middleware running on large-scale P2P Grids. It will also be interesting to evaluate

the integration of reliability- and performance-aware Resource and supplier Peer

Shttp://www.montefiore.ulg.ac.be/~briquet/
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selection algorithms with the current data-aware selection algorithms. This will

enable us to tackle issues arising from large variations in reliability and performance
of Grid nodes.
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