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ABSTRACT

Distributed systems and clustering have both grovm
mainstream phenomena, now used throughout academia
and industry. Despite advances in a wide variety of
interconnects, including home Internet connectiats
speeds and latencies only available in a data ceeteral
years ago, the scheduling and use of these systestiti
firmly rooted in the era of batch processing. Batch
processing provides a basic scheduler and simple
programming model for many types of computationt, bu
lacks the flexibility and efficient resource utdizon of
even the most rudimentary of time-sharing systefish

a large number of use cases now constrained b thes
limitations, time-sharing concepts must once agaime

to the rescue. Based on experience from the
distributed.net, Folding@home, and Storage@home
systems, it can be demonstrated that the Interast h
advanced and can now meet the higher requirements f
time-sharing. This paper will explore those requieats
and the potential benefits of moving beyond batch
processing and into time-sharing for Internet-scale
computations, and lay out a method for determmisti
checkpointing required to implement such a system.
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1. Introduction

Time-sharing as a concept was put in print in 18%Bob
Bemer [1] with the critical insight that to achielegher
throughput and eliminate as much idle time as pbssi
multiple jobs could share the same hardware. Byetrby
1960s time-sharing was clearly the way things shdd
done, and the idea that computation power coulddeel
like a utility was introduced publicly by John Mo@ay in
his Massachusetts Institute of Technology centénnia
speech.

Distributed computing evolved along side the early
prototypes of the Internet, into fully capable syss such
as the Distributed Computing System [2] by the yearl
1970s, and has changed remarkably little in thestipitig
concepts since then. Submission of a job to a batch
scheduler which matches jobs to hardware and queues

them is still the model used even today. Everythinogn
early idle-time harvesting tools like Condor [3] the
most modern web server servicing HTTP requestsvoll
this model. The job may not have exclusive acceshe
hardware, which is likely running a time-sharingeoating
system, but for computational tasks the assumjsidhat
the job will have full access to the machine ufitished
and the job cannot be migrated or stopped oncgressi
without failure.

For volunteer distributed computing projects sush a
GIMPS [4], distributed.net [5], and SETI@home {6§
same model is followed - a machine on the Intechetks
in and is assigned a job and the results returfntbey are
completed. The evolution of distributed.net and
SETI@home lead to the multi-project frameworks
Folding@home [7][8], and BOINC [9] which have the
ability to schedule jobs from many projects, bilt seat
all jobs in a batch scheduling model.

Enterprise clusters and cloud computing are
commonly used for large scale computation. Cluster
schedulers employ simple batch scheduling withrjtigs.
Since the jobs are either arbitrary, or often imeoulti-
machine coordination such as MPI that requires gang
scheduling, this is seen as an efficient enough wago
things. In the cloud, which is implemented withger
clusters, even simple jobs are bundled with a cetepl
image of the file system, and are normally longning
servers. While migration of a running VM is now
possible, it involves the migration of the compldile
system and memory state of the VM, requiring veaghh
bandwidth low latency networks limiting the migats to
within a single data center. That this VM migratitm
being done for load balancing shows that this &= d¢s
important, and bringing time-sharing concepts doovihe
job level is both useful and desired. Job levelratign
would also improve the efficiency in the enterprise
situation, where often thousands of identical sanare
started needing only a few kilobytes of configuatfiles.

Bringing time-sharing concepts to distributed
computing enables significant improvements in olera
throughput and a number of abilities the systeneeatly
do not have. A job that has one hour until completiut
is on a host that will go down for the night cargrate the
job to another machine before shutdown, allowirag fbb
to finish sooner by not leaving the job on a shutdo
machine to be completed later. When a researclesisre



result immediately, such as right before a confegen
deadline, a higher priority job can simply be seut and

it will be run immediately, with the host resumitige
lower priority job when it's complete. Even cheakion
the status of all jobs in the system is difficuttday
because the hosts only come online when they faifgib
and want more work to do. Job migration and adwance
scheduling cannot be done with current systemsuseca
both the infrastructure and the software run otadk
these abilities, so both must be addressed.

Before software is able to take advantage of &gyt
the hardware infrastructure it needs must be ioeknd
widely available, and this is where there has baen
significant change. Widely available and cheap tbaad
connections have brought 24/7 connectivity, loverat,
and high bandwidth to a large number of homes dijnba
This means that the use of time-sharing can be
reconsidered, with the possibility that the resivits that
force the use of batch processing may no longelyapp

The purpose of this paper is to examine the feigibi
of deploying a more capable volunteer distributed
computing platform incorporating the abilities amé-
sharing systems such as checkpointing, procesatiagr
priority scheduling, and monitoring. There are glan
build and deploy a volunteer distributed computggtem
called Storage@home [10] that will involve both
computation and data storage, taking advantaghesfet
capabilities. This will be built using CosmFS and
CosmJob [11] which incorporate many of the ideas of
distributed operating system as applied to stoeagkjob
management. The evidence in this paper will shatttie
time-sharing aspect of such a system are now ithess
can be implemented on the Internet, something vilzest
unreasonable only a few years ago.

In section 2 data from Folding@home and the
Storage@home monitoring project is presented, and
demonstrated that the past barriers to more addance
systems are no longer limiting factors. Sectionf3his
paper will discuss the requirements for time-shgaiinthe
context of the Internet with unreliable hosts aimiited
bandwidth. Section 4 will discuss the mechanism and
method of deterministic checkpointing to enablesjab
be stopped and restarted without disrupting theltes
The remainder will draw conclusions and mentiomgla
for future work.

2. Experimental Results

Data has been collected from two primary sources.
Folding@home is a project to simulate the folding o
protein, and involves ~300k hosts spanning Windds,

X, Linux, ATl and NVIDIA GPUs, and the Sony
PlayStation 3. It sustains several petaFLOPS of
computational power, and is currently the largest
volunteer distributed computing project. Folding@rteo
logs were used, which span many years but contain o
coarse-grained data. It is used primarily to show kong

volunteers keep their machines signed up and adative
volunteer projects. Storage@home is a new projeatit
persistent reliable storage to such volunteer idigied
systems. Using the monitoring parts of the Storagyege
project, we collected fine-grain timing and availiép
data during September 2009 from a subset of the
Folding@home users.

2.1 Host Retention

Figure 1 shows host retention and the loss rate filam
hosts running the CPU client and using the main
Folding@home assignment server over the span of 3.5
year from Jan®, 2006 to July ¥2009. A large number of
host identifiers were removed from the data becalusg
never returned completed work. Some are certaailgd
installs, or volunteers that lost interest immesligt but
several million were attempts by volunteers to etk
units that gave more points per day. The remaidirg
million hosts participated in the system for atstea full
day and returned work.

Hosts disappear or acquire a new ID for a large
variety of reasons: hardware failure, reformatting,
complete uninstalls during upgrades, and volunteers
leaving the project. For the purpose of buildinginae-
sharing system out of these hosts, the importastofas
not why they leave, but how often and how reliathlg
host history can predict the likelihood of the hiestving.
The rate at which they leave is plotted on thetrakis,
and shows that while newly seen hosts have a griwte
5% chance of leaving the next day, this rate drapgily
to below one percent by 21 days. The loss ratddenfé
near 0.7%/day at 60 days and is consistently rlesr t
value out to 180 days. These rates are seen evemuwi
long-term commitment of any kind from the volunteer
they can leave at any time and are told there i®abloss
if they do.

Collected data on the observed bandwidth speeds
from GPU clients in Folding@home was analyzed. It
unfortunately reflects the congested network anfstd
and the large number of simultaneous connectiormito
servers, not the bandwidth available to home userthe
Internet.
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2.2  Host Availability

While the Folding@home logs provide data on lonmgnte
host availability and loss rates, to provide tirharing
functionality the hosts need to be reliably reatdand
available at all times they claim to be availafile.gather
this data, the monitoring part of Storage@home was
deployed and volunteer hosts were set up on home
Internet connections, with only one client per userthat
normal usage data could be collected. Volunteene we
also asked to not take any additional measuresy tand
appear online or leave their machines on more then
would normally.

Because the hosts were required to be accesdinte fr
the Internet, not just have access to it, the uelenrs
needed to install the software, properly set upt por
forwarding on their DSL/Cable router, and also éunle
their OS firewall to allow traffic between the sséire and
the central server. 234 people completed registrafi92
(82%) were able to successfully install the cliemtgd 169
(72%) users were able to get the port forwardind an
firewalls configured correctly at least briefly agdt the
software fully operational. Based on a small pgllof the
users unable to get the client working, the leadiagses
of setup failure were routers and ISP blocks.

Table 1 shows the mix of hosts that were instadied
configured fully, their operating system and CPpetyas
well as the total memory available by type. Lindiemts
did not ship with auto-startup scripts to restag tlient
after a reboot and 64-bit Linux clients did declimer the
period of the experiment, but no more so than thdi6
Windows clients which run as a service and stagrmwine
machine boots up. No overall differences between th
platforms were seen in the data beyond 64-bit nmeshi
having more RAM on average, but this may be duiéo
small number of hosts per platform, and variatiams
reliability may be observable once the larger syste
deployed.

Because successful installation and configuration
proved challenging to the users, and the volunteers
recruited from a subset of Folding@home users more
likely to be technically able to accomplish thise toverall
percentage of people able to get the software fully
working is expected to be lower in the publiclyesded
project until clear guides are developed. Unfortelya
due to the large variety of routers and firewatisuge all
with different configuration options, developingides is
a difficult task and users are pointed to existingles.

0S CPU Hosts Memory (MiB)
Win32 x86 69 171,652
Win64 x64 46 254,104

Mac OS X x64 7 30,720

Linux x86 15 25,577

Linux x64 32 135,914
Totals: 169 617,967

Table 1. Hosts in the Storage@home Monitoring syste

Once clients were active and had checked in wih th
server, the server began sending UDP packets divery
minutes and timing the round trip times and loggimgm.

In cases where no response was received, four imese
over the course of 30 seconds were made beforesia ho
was marked as offine since UDP packets are not
guaranteed to arrive and short term network glgchee
common. If the server was not heard from for sirutes,

the client attempted to check-in, and repeated ahey

six minutes.

A client available and online all the time is exiget
to generate ~288 round trip measurements per day.
419,803 latency measurements were taken over trseo
of data collection. As a measure of Internet distathe
minimum latency measurement seen for each hosteid.u
The observed average and median for these lateaes
124 and 125 ms. Since many hosts are across aleas
ocean, this means that the Internet has beconsalter
with DSL and cable than it was with the high laiesdhat
modems and leased lines used to involve. Lookinipet
per-host average latency measurements, except fiew a
hosts where there are bad data points skewingattze the
average latency is 10-30 ms longer than the minisaum
This slows that these connections are also notlyhigh
congested over time, which is another beneficiange
over the recent past, and is important to buildingliable
distributed system.

Figure 2 shows host availability data from the
Storage@home Monitor project, ranked by availahilit
with the number of successful pings per day noedli
into hours per day of availability. For a machimhattis
turned off 8 hours a day, only 16 hours of avaligbi
would be expected, but this does not mean the st
failed, it is simply unavailable. 159 hosts werdirmand
sampling for more than 24 hours. The results o$ thi
sampling show that about 120 or three quartershef t
hosts were highly available, and the remainder were
offine for various amounts of time per day. The
whitespace on the chart represents unnecessarysdala
job completion if migration were not used. All kusmall
number were available more than 12 hours a day on
average and would make perfectly reasonable hosss i
time-sharing system.
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Figure 2. Hours/day that hosts were available.



2.3 Network Stability

Figure 3 shows a scatter plot of the number ofrdisiP
addresses a host was seen on and the number &fiokec
from the client when the server was not heard from.
During the setup process check-ins may be geneeaten
before the port forwarding and firewalls are fully
configured, and a client may stop working, so artlgck-

ins between the first and last ping that worked are
counted. These are in contrast to planned and texpor
client shutdowns, in which the client informs theer it

is going offline and shuts down in an orderly fashi
Since the clients check-in every 6 minutes if tieynot

hear from the server, IP address changes due to ISP 3.1

DHCP leases expiring are dealt with quickly if thast is
still online. As one would hope to see, there iduster
along the one to one trend line which is from DHCP
expires and shows the clients are functioning pig@nd
highly reliable. The points along the bottom of Xewxis

are hosts with a fixed IP address, but intermittent
connectivity issues, but all are of a low numbeeroa
long period of time. Hosts that are much to thétrignd
below the diagonal are those with trouble staying
reachable from the central server, but overall most
networks are now very well behaved. Eight hostsstiolw
greater than 100 check-ins - several were BitTdmsprs
which congested their Internet connections or @aztéd
routers, and the other outlier appear to have dldkeir
router/firewall but did not stop their client.

3. From Batch to Time-sharing

Existing systems for doing computation both on the
Internet and in clustering are based on batch sdimed
This has largely been a success, and for the naosthe
only option when legacy software is involved. The
approach to making software able to run on many
machines in parallel has historically been to pagk
reasonably large units of work, and have them mnunhe
available machines. No further scheduling, movement
configuration is done. This avoids the softwareimg\o

be aware of the complications of checkpointing or
handling of the failure scenarios that may occua large
scale system. Each job is simply considered teejpass

or fail, with any failed, interrupted, or otherwigaable to
finish job simply discarded. The goal is to gaip bility

to do better scheduling options - priorities, prpéon,
and pausing - while increasing the overall throughgn
completely unreliable hosts scattered around ttegript.

The three primary limitations in past systems that
have prevented the time-sharing approach are aiaita
the ability to move jobs during their run, and theerhead
of scheduling relative to its benefits. Each ofsthenust
be directly addressed before treating a collectadn
systems as a single time-sharing system is possible
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Figure 3. Distinct host IP addresses vs. check-ins.
Host Availability and Reliability

The first requirement for deploying a time-shargygtem

on the Internet is that hosts are reliable andbeareached
whenever the host claims it will be online. There &awo
kinds of errors in a network - network outages apdts
failures. Intermittent network errors where a hast
unreachable are very common, and can occur forge la
number of reasons. The data on the host is stéicin
programs are still running, and the only problenthat it
cannot be reached. The proper response is to sivgity
for the intact resource to return, until such tiageit must
be considered a failure case. Host failures areemor
severe, resulting in the loss of jobs and data trat
permanently lost from the perspective of the systdore
common than catastrophic hardware failure is ine@at
removal of the resource when the owner of the host
uninstalls the software or otherwise takes the baostof
the system. In either case the failure results hia t
permanent loss of the resource, and the host naustken
out of the system.

Always-on home Internet connections combined with
port forwarding make it possible for a host to bdire
and make itself reachable from other parts of therhet.
Unlike in batch processing, a host in a time-shgarin
system needs to be reachable at any time since the
resources it currently has may be needed by otbstsh
Since IP addresses are not fixed, the locationcaticie
status of every host must be monitored and trasketthat
it can be located when needed. The bandwidth dleita
a home user has been growing exponentially whickesa
it possible to allocate more data intensive jobsetmote
hosts. Speedtest.net has a large collection of data
measured all over the world that is very encourgdm
the idea of Internet time-sharing, with most usake to
get multimegabit speeds to the Internet.

3.2 ProcessMigration

The implementation details of process migration wé
dealt with in detail in Section 4, but the conceptmeed
for it will be addressed here. In batch processirjgb is
limited to three states through which it proceededrly -



waiting to run, running, and finished. This meahsatt
anything that goes wrong while running is fatald ahe
job and any dependent or connected jobs will atsb f
There is also no flexibility in the system oncead jis
started, it must be allowed to finish or be killédeally,
the system would be more flexible allowing a jolmtove
to a variety of other states from running - pausiog
reboot or maintenance, migrating the job to anottoest,
or pausing and while a higher priority job is cogtpt. In
a distributed system, all the other states thaharmal in
a time-sharing OS require the ability to do fulbpess
migration, even if the migration is to the same hiae.
The job needs to be checkpointed and bundled wupant
file that can be restarted, or moved to anotherhinag¢
with no loss of data or state.

Currently the common way to handle process
migration is to migrate the entire virtual machihat is
running the job. This approach has both overheath fr
running in a virtual machine, and from having towmdhe
saved machine state, entire machine memory, anfilehe
system. A virtual machine is many times larger thasi
the state of the job of interest, which may be \&mnall.
For many types of workloads temporary data strestur
can be generated at startup, and only a smallidract
needs to be stored as part of the job and properly
checkpointed. Some systems like Condor move ordy th
job and its working memory, but this is still oftenders
of magnitude larger than a checkpoint and is notghde
across platforms. These approaches and their high
overhead can work in a data center, but cannosbd an
the Internet where bandwidth and storage is faremor
limited, and the overhead becomes fractionally much
higher.

3.3  Scheduling and Overhead

Once it can be assumed that hosts are reliablegenand
that process migration is viable, the last steptirtee-
sharing on an Internet scale is to make the overloéa
scheduling and migration small enough that theitgkib
use more machines remotely outweighs the increased
overhead. The computation required to schedule riegisd
of thousands of jobs onto compatible and avail&lolsts
is a simple and well understood problem with a iude
of standard solutions, even when gang schedulingbrea
required. So here only the overhead of starting and
migrating processes across the Internet compared to
running them locally is of concern. In the contextta
distributed system, the additional overhead invelve
moving the job to and from the host it will run and any
additional time spent checkpointing, moving, ortoesg
from checkpoints if the job needs to be moved. Dyiri
execution a job has the normal overhead, and ocie of
starting up the job and writing the results is alsva
required, so is not counted as an increase in eaerh

For jobs that contain a reasonable amount of data,
tens of megabytes, transfer overhead is now oroittier
of seconds. Since jobs are designed to be largdaded

many hours, this overhead is negligible as a péagenof
run time. The transfer overhead can also be oveeldp
with other operations by transferring a new job ridio
before the old one finishes, so the effect on thhput
can be reduced to almost zero even for very laops.
Jobs that need to migrate to a new host need not be
transferred to the originating host during the migm
(though this may be desirable for security reassagshey
only impose the scheduling overhead on the origigat
host, not the migration bandwidth. For small jobe-p
transfers and batching can be employed to ovetiap t
computation and transfer operations.

This leaves the cost of bandwidth for moving thesjo
to and from their origin, and the limitations omahghput
that it will impose. This is the fundamental lintitan on
distributed computing in any setting, including the
enterprise, but the enterprise has the advantadecaf
bandwidth which is orders of magnitude faster than
Internet links. This makes it important in the hmigt
context that the amount of computation needed pier df
data be relatively high, measured on the order iofitas
of CPU time per megabyte.

4. Deterministic Checkpointing

A guarantee of a deterministic result for a cheahkiadle
and relocatable process is needed for the types of
computation used in a distributed time-sharing esyst
This means that the outcome of the job is not cédng
regardless of the checkpointing activities. Thednerun
jobs for a long period of time means that chechiiog is
already needed to cope with power outages and soft
errors, but the desire to use process checkpoirfting
migration make this a core requirement. One mefood
assuring deterministic checkpoints is the one ulsgd
Cosm which is described below.

A job is created in the initial start stateg, @Qvith all
inputs available and defined at this state. No tspu user
interaction are allowed during the job, as this ldallow
nondeterministic results. The job proceeds evelyttala
final finished state Cwhere the outputs are committed.
During the course of execution, the job passesutitra
series of any number of possible checkpoint stat€g
Cu -, G1, G ). Ajob could run from gto G on one
system uninterrupted, or may pause and/or movenat a
subset of the intermediate states. Our requiretisetitat
regardless of what this subset of checkpointecestas,
the results at Onust be the same. To accomplish this the
results at ¢.; must be the same regardless of if there was
a move at ¢ or not, making the overall result
deterministic.

In the case of a program using only integer
operations, the state of all initial and temponeajues are
stored when a checkpoint is needed and then radoade
any machine when the process resumes. No informegio
lost because of a checkpoint. This situation becomere
complicated when floating point values are involuethe



calculation, because it is no longer enough to kirsfore
the values and resume later or elsewhere. The first
complication is that floating point math is donéetiently
on each hardware platform, and some hardware cambe
in multiple configurable modes. Rounding modes he t
handling of infinity, NaN, and denormalized nhumberay
differ. Floating point registers are also oftengkar
internally than the 32-bit or 64-bit standard
representations. On the Intel 80x87 co-processirit
registers and calculations are used internallypregision

is lost any time values are saved and loaded fitueset
registers.

The first required fix is to control for the paraeres
that must be controlled. If a job is started and on one
type of hardware, it is only deterministic if conted on
that same type of floating point unit set to themsa
modes. This applies both to the CPU families likeel,
ARM, MIPS, or PowerPC, but to the accelerators fmow
common use such as AMD or NVIDIA GPUs, and Intel's
upcoming Larrabee architecture. While this is auinfy to
some degree, it is also the easiest factor to abhyr not
allowing moves between differing floating point é®s
where the modes cannot be configured before caionla
begins or is resumed from a checkpoint. If a job is
nondeterministic due to floating point instructiobsing
reordering among threads or other ordering due to
parallelism, that nondeterminism remains for that
platform.

While a process cannot be made to act like it was
never stopped or moved on its way fromt€ G due to
the larger internal registers and other issuesgcait be
made to act like the process was moved at all plessi
checkpointable locations. At any point that can &e
checkpoint, all floating point values must be pdlteut of
registers or device-specific formats, and put stendard
32-bit or 64-bit formats, and then reloaded before
computation resumes. Integer values do not neesl thi
treatment if they are in integer registers, but ikistored
or used in floating point registers.

The increasing use of XML files for storage brings
with it an additional problem. Floating point anther
data will be converted to text for storage usualfgh
great loss of precision. XML can also make cheackiiag
somewhat slow since where XML will be used, data
values will need a round trip from their binary was$ to
text and back. The complete XML parsing can besdp
if a checkpoint is not going to be written, butued must
still be converted.

Only a small amount of software currently takes thi
requirement into consideration, as it was desigted
either run uninterrupted with no checkpointing, the
amount of nondeterminism due to checkpointing was
ignored or deemed to be acceptable. However orise th
shortcoming is pointed out, the fixes are oftenyetms
implement. The code to save/load values is already
present if checkpointing is used, it just needsbw®
triggered at all possible checkpointing locatiofis.is
likely that this operation can be more lightweighan a

true checkpoint since writing data to persisteiragie
may not be required, just a round-trip to the gjera
format for the values that may be changed in tlhegss.
For code that is not yet able to do checkpointthgre is
not a large amount of additional work required to
implement deterministic checkpointing compared to
nondeterministic checkpointing.

For performance reasons when using deterministic
checkpointing, the possible checkpointing locations
should not occur too often in wall-clock time. Sinc
checkpointing is generally only done every few nhésu
for the purposes of power loss and machine faijufgs
does not add a high amount of overhead, and has the
benefit of allowing process migration. For a pracésat
needs to stop immediately and cannot make it tmnée
checkpointable location before the machine willdgavn,
work must be discarded rather then saved or the
determinism will be lost, so this may favor havimgpre
frequent checkpointable locations.

Randomness requires special consideration since the
random numbers must be used in a deterministic agay
the computations proceed. Many types of computai8m
pseudorandom numbers to provide randomness to a
simulation, while still maintaining the ability t@peat the
simulation for verification. This means the intdrsgate of
the pseudorandom number generator must be
checkpointed fully, or the generator reseeded tuitwn
values at the beginning of each checkpointable stat

During development the testing of software that wil
be run in a distributed manner is critical. Vesfiion must
be done that the results are indeed deterministicirty
hardware errors, and that the checkpointing is detap
Unit tests must be developed to verify that thelltesf a
single long run are identical to the results ofia that is
restarted from checkpoints both on the same referen
system, or on any other hardware combinations lithei
allowed to run on when deployed.

5. Conclusion and Future Work

After a short period of involvement in a volunteer
distributed system the rate at which machines lehee
system is remarkably low, and it is reasonablexjpeet
that if volunteers know there is a loss involvedthiem
leaving the project without notice, they are farentikely
to give that notice. They will remove machines frdme
system in a way allowing for data and jobs to bgrated
off without loss, lowering the number of hosts ddased
to be failed even more. The observed loss ratealaoein
order of days while the monitoring and recoverycass
is on the scale of minutes, and this makes recofrerg
lost hosts a reasonably quick process.

All of the availability data is highly encouraginand
shows that large numbers of hosts on the Intemgehaw
stable and available enough to participate in aetim
sharing system. This will enable projects that aoct
currently possible with a strictly batch based eystsuch



as those with tight feedback loops or ones reqgi@n
small amount of communication between nodes. Hosts
that are not reliable enough or cannot set up topegy
port forwarding to be on the Internet can stilldssigned
batch jobs that do not need the features offeretinbg-
sharing such as migration or priority scheduling.

The one roadblock that remains to time-sharing on
the Internet is the software. Designing new soféwar
refactoring the old software to properly handle
deterministic checkpointing will take some amourit o
training and time.

A distributed time-sharing system is currently logein
deployed in the Storage@home project, treatingrgela
number of volunteer contributed systems as a highly
adaptable time-sharing system combining computation
and storage in a volunteer system. Data colledtipithe
monitoring portion of Storage@home will continuetlire
deployed system, and the results of adding moresuse
many not as technically savvy as the initial usesif,be
discovered. Further surveying of the volunteerslso
planned, as running a new system with time-sharing,
storage, and the potentially tricky setup proceduwiiée
involve a shift in thinking by the volunteers.

While the overall goals and the method of
deterministic checkpointing is discussed here, ethaare
many more issues and details for building a diatetd
time-sharing system both technological and sobgtl will
be discussed in future papers.

Acknowledgments

Distributed computing relies on many volunteers \ghe
access to their machines, teams that promote tijeqgps,
and the moderators and other people that answetigong
and allow the projects to scale not only to mangmzes,
but to the many people and organizations that
involved. It would be impossible to conduct thisearch,
or the research these systems enables, withoat #ikese
volunteers.

The development of the direct experience and
libraries involved has spanned a period of almdst 2
years, with many people involved in the software
engineering, testing, and deployment of these syste
And we are all standing on the shoulders of giawtsy
envisioned this all in the late 1950's.

Finally, we thank NSF and NIH for their support of
this work.

are

References

[1] R.W. Bemer, "How to consider a computer,”
Automatic Control Magazine, pp. 66-69, 1957.

[2] David J. Farber, K. Larson, "The Architecturé @
Distributed Computer System - An Informal Descoptl'
University of California, Irvine, CA, Technical Req
Number 11, September 1970.

[3] M. Litzkow, M. Livny, M. Mutka, "Condor - A Huter

of Idle Workstations", Proceedings of the 8th
International Conference of Distributed Computing
Systems, pages 104-111, June, 1988.

[4] The Great Internet Mersenne Prime Search (GIMPS
1996. [Online]. Available: http://www.mersenne.org/

[5] The distributed.net website (DCTI). 1997. [Ond].
Available: http://www.distributed.net/

[6] The SETI@home website. 1999. [Online] Available
http://setiathome.berkeley.edu/

[7]1 S. M. Larson, C. Snow, V. S. Pande, "Folding@it¢o
and Genome@Home: Using distributed computing to
tackle previously intractable problems in compuatadil
biology," Modern Methods in Computational Biology, R.
Grant, ed, Horizon Press (2003).

[8] A. L. Beberg, D. L. Ensign, G. Jayachandran, S.
Khalig, V. S. Pande, "Folding@home: Lessons From
Eight Years of Volunteer Distributed Computing,”
Proceedings of the 2009 IEEE International Parallel and
Distributed Processing Symposium (IPDPS 2009), May
2009.

[9] D. P. Anderson. "BOINC: A System for Public-
Resource Computing and Storagebth |EEE/ACM
International Workshop on Grid Computing, pp. 365-372,
Nov. 8 2004, Pittsburgh, PA.

[10] A. L. Beberg, V. S. Pande, "Storage@home:
Petascale Distributed Storagé®;oceedings of the 2007
IEEE International Parallel and Distributed Processing
Symposium (IPDPS 2007), Long Beach, CA, March 2007.
[11] The Mithral website (Cosm). 1995. [Online].
Available: http://www.mithral.com/



