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Introduction
In the computingworld therearemany areas
where technical developmentcan't keep up
with the demandfor computationalresources.
Sometimes,workaroundsused to overcome
suchdeficienciesgaina life on their own and
become the basis for new developments.
As an example, modern particle physics
experiments,such as the upcoming LHC
experiments[2] at CERN/Switzerlandor the
BaBar experimentat SLAC (Stanford,USA)
[3] will, over the years,producemore data
thancan be realistically processedandstored
in onelocation,evenwhenusingsophisticated
cluster architectures.Predictionsfor the data
productionof the four LHC experimentsare
in the rangeof one Petabyteper experiment
per year, or altogether a data rate of 40 GBit/s.
What'smore, as the experimentsevolve and
particle accelerators become more
sophisticated,the predicted growth in data
production over the years far exceedsthe
predictedgrowth of computing power. The
latter is describedby Moore'sLaw, according
to which the processingpowerdoublesevery
18 months.So a local clusterof a given size
won't be ableto keepup with processingthis
data,evenif it is constantlybeingupgradedto
the newest technology.
In sucha situation,onehasbut two choices:
One can try to find additional monetary
resources to frequently increase the
computingand storagepower in the location
wherethe dataoriginates.Or, one can try to
use distributed computing- and storage-
resourcesalready available in participating
institutions- particle physicsexperimentsare
internationalby design.Singlecountriestoday
cannot afford the huge cost involved in
building and maintaining particle detectors
and accelerators any more.
While, from a technical perspective,
maintaining and administering local
computing resourcesis of coursepreferable
over distributed approaches, it becomes

immediately clear that, in times of tight
budgets,using availabledistributedresources
is the only possiblesolution to the challenges
imposed by modern particle physics.
It should be pointed out that the need to
examinemore data than can be realistically
storedandprocessedin asinglelocationis not
particular to particle physics. Thus, an
additional cost saving effect stemsfrom the
possibility to share distributed computing
resourcesnot only amongphysicists,but also
with other researchdisciplinesand business
ventures.

The Vision

The lack of suitable, standardisedsolutions
for distributed, large-scalecomputation has
sparked a new research discipline, called
GRID computing.The vision behindthis new
approachwas first put forward by Ian Foster
andCarl Kesselmanin their book„The GRID
- Blueprint for a new computing
infrastructure“[4]. In short, it could be
describedas „Computing Powerfrom a Plug
in thewall“. In theend,oneshouldn'tneedto
care for the location where data is being
processed.Really importantarespeed,safety,
and reproducibility of results. It is this
obviousanalogywith theelectricalpowergrid
that has also given the name to GRID
computing:You do not needto know where
electricalpoweris beingproduced.All that is
importantto you is that it is deliveredto your
home in a reliable way. 

Distributed Computing
DistributedComputingis not a newparadigm.
But up until a few yearsago networkswere
too slow to allow efficient use of remote
resources.But asthebandwidthof high-speed
WAN’s today even exceedsthe bandwidth
found in the internal links of commodity
computers, it becomes inevitable that
distributedcomputingis takento a new level.
It now becomesfeasibleto actuallythink of a
set of computerscoupled through a high-
speed network as one large computational
device.Or in otherwords:„The world is your
computer“.Of coursethere are still limiting
factors. The „speed“ of a network is a
complexvariable.It consistsof thebandwidth
(thenumberof bits you receiveper secondon
oneend of the network) and the latency(the
amountof time it hastakenthesebits to travel
from the sourceto the recipient.While you



can today scalethe bandwidthof a network
connectionto virtually any level - provided
you canpayfor it - therearephysicallimits to
its latency. Obviously, data cannot travel
faster than the speedof light. So there is a
lower limit to the amountof time neededto
transferthe data,no matterhow sophisticated
your networkhardwareis. But sincethis data
will haveto passrepeatersand routersalong
the way, the actual latency will be much
higher than the physical limit. E.g., the
latencyacrossthe USA is in the rangeof 50
msec.Still, this is not a very high value.As a
comparison,a modern IDE hard drive with
7200 RPM has mean accesstimes of 8.5
msec.So while latencydoesform a limiting
factor, and will continue to do so in the
foreseeablefuture, network latencyis already
in the rangeof, say, the meanaccesstimesof
old MFM hard drives.

Overcoming Latency
While latency is a limiting factor, there do
exist somepossibilitiesto reduceits effects.
One exampleis a semi-commercialapproach
by Canada-basedCanarie,Inc. [7], called the
WavelengthDisk Drive (WDD). The idea is
to usethe network itself as a storagedevice.
An opticalnetworkis usedto form a loop, i.e.,
datastaysin the network until it is removed
by someinterestedparty. As the datadoesn't
need to be transferred into the network
anymore– the network is thestoragedevice-
andsinceit is, with certainlikelihood, already
closeto its recipient,accesstimesto dataare
reduced.Unfortunately, the storagecapacity
of sucha deviceis limited to a few Gigabytes.
But it is still sufficient to allow the usageof
Wavelength Disk Drives as cache-like
devices.One could think of other ways to
reducelatency,suchasspeculativecopyingof
frequentlyuseddata,a techniqueoftenusedin
modern processorsto overcome the speed
difference between CPU-cachesand main
memory.

Requirements of distributed computing
Imagineyou want to submita computejob to
the GRID. There are certain parametersyou
want to be sure of. First of all, you want to
know thatyour job is submittedto a computer
that fits the requirementsof your program.
Suchrequirementsmay includethe processor
type, local storage capacity for temporary
files, amount of RAM and various other
hardwareparameters.Still, the idea behind

GRID computingis that you do not needto
know where your program is actually
executed.So insteadof choosinga machine
from a list, you need to describe the
requirementsof your programin a way that
canbe understoodby someGRID component
responsible for choosing the target machine.
If you arehandlingsensitivedata,you needto
know that no unauthorisedparty can gain
accessto it. Likewise, the owner of the
machineusedto do your computationneedsto
know that you areusinghis hardwareonly in
the way it is intendedto. In short,theremust
bea trust relationshipbetweenthepersonwho
submitsthe job and the owner of the target
machine.The complicatedpart is that these
two peopledo notknow eachotherandindeed
shouldnot needto haveto interactin anyway
in order to allow the job submission.
Before program execution starts, any data
neededby your programin orderto do its job
must be accessibleto it from the target
machine.Usually this meanscopying some
dataset over the network before transferring
the program code. Alternatively, one could
bring the programto the dataratherthanvice
versa.
During and after the calculationyou needto
get accessto the output created by your
program, so this information needs to be
transported back to you.
Last, but not least, you needto pay for the
computing time you've used. The cost can
vary from very tiny amountsof money to
hugesums,but in any casetheremustbe an
accountinginfrastructureacrosscountry and
currency boundaries.
Most of these requirements of GRID
computingcould probably be satisfiedusing
existing tools. E.g., With a Virtual Private
Network and batch submissionsystemssuch
asPBSit would bepossibleto submitjobs on
remotemachinesin a secureandreliableway.
But while many tools for distributed
computingare available,they do not form –
and,moreimportantly,do not intendto form –
a homogeneous approach.
So the task at handnow is the creationof a
standardised software infrastructuresuitable
to the requirementsof distributedcomputing.
Collectively, efforts to create such an
infrastructureare today often referred to as
„GRID computing“.

The World Wide GRID
There is a striking resemblanceof GRID



computingto theWorld Wide Web.TheWeb
was startedat CERN in late 1990 by Tim
Berners-Lee as a means of efficient
information exchangebetweenphysicistsall
over the world [5]. GRID computingaimsat
providing a meansfor efficient exchangeof
computing power and storage capacities
betweenphysicistsand, just like the Web, it
owes many of its current featuresto work
done by computer scientists at CERN. 
Just like it was the case in the beginning of the
World Wide Web, there are currently many
specialpurposeGRIDs,which usuallyusethe
Internet for data transportation.It'll take its
time until these GRIDs grow together and
form a World Wide GRID, but the ultimate
goalis a global,standardisedinfrastructurefor
transparentexecutionof computejobs across
network boundaries.Mind you, we are not
talking about every-day jobs here like, for
example,spell checking of text documents.
The taskslikely to be executedover a GRID
will be huge analysis jobs like weather
forecastsor simulationof particledecays.As
describedin the beginning,local clustersor
workstations have become insufficient for
such large-scale computation.

Data GRIDs vs. Computing GRIDs
So far we haveoffered the needsof particle
physics as an explanation, why GRID
Computing was started. Distributed data
processingrequiresparallelisation.A typical
particlephysicsanalysisrequiresthe analysis
of millions of collisions of particles (or in
short„events“).Usually,whenprocessingone
event, there is no need to have any
information about the processingof another
event. Thus, the analysisof a given set of
eventsis an embarassinglyparallel problem,
asoneonly hasto run the sameanalysiswith
a portion of the dataseton more than one
computenode,and collect and assemblethe
resultsin the end.This is the typical situation
foundin dataGRIDs,i.e. GRID environments
tailoredto theneedsof theprocessingof huge
data samples.In comparison,a computing
GRID deals with the execution of parallel
algorithms rather than the distributed
processing of huge amounts of data. A
computingGRID couldthusbedescribedasa
„Super-Cluster“, assembled from local
clusters and single machines all over the
world. As we havedescribedabove,latencyis
the limiting factor for parallel computation.
Usually parallel algorithmsneedto exchange

data between participating compute nodes
during the computation, so the degree of
parallelisationandthusthespeedupdependon
the amount of data they need to exchange.
One could arguethat, for this reason,GRID
techniquesare more suitableto Data GRIDs
thancomputationalGRIDs, as the numberof
possible applications tolerant to the
comparativelylarge latenciesis limited. But
we havealsoseenthatthedistinctionbetween
local machineand GRID becomesmore and
more blurred.Latency is today much lessof
an issuethanit was5 yearsagoandthereare
interestingnew developmentsin the field of
latency tolerant algorithms. So while the
majority of GRID applications can be
expected to be of the data GRID type,
computingGRIDs will soonstart to play an
important role as well.

Hardware-Infrastructure
It shouldn'tcome as a surprisethat someof
the main initiatives related to GRID
computingdeal with the formation of high-
speednetworks and the provision of large
clusters.Herearetwo of themorewell-known
efforts:

� Geant[8] is a four yearproject,setup by a
consortium of 27 European national
researchandeducationnetworks,to form a
fast, pan-Europeannetwork infrastructure.
It incorporatesnine circuits operating at
speedsof 10 Gbit/s plus eleven others
running at 2.5 Gbit/s.

� TheTeraGrid[10] is aneffort to build and
deploy the world's largest and fastest
distributed infrastructure for open
scientific research.When completed,the
TeraGrid will include 13.6 teraflops of
Linux Clustercomputingpowerdistributed
at thefour TeraGridsites,facilities capable
of managingand storing more than 450
terabytes of data, high-resolution
visualization environments, and toolkits
for GRID computing.Thesecomponents
will be tightly integratedand connected
through a network that will initially
operateat 40 gigabitsper secondandlater
be upgraded to 50-80 gigabits/second.

Software-Infrastructure
In GRID computing, the link between
applications and the physical GRID
infrastructureis providedby a „middleware“.
It is the middleware'stask to addressesmost
of the requirementsof distributedcomputing



mentioned above. 
Due to the huge variety of projects, the
following list can only be a subsetof the
middleware packages used in science:

� The mostcommonsoftwarecomponentin
GRID computing today is the Globus
toolkit [9].  

� Cactus[11] is a higher-levelmiddleware
targetedmoreat computingGRID projects
than data GRIDs.

� Legion[13] falls into thesamecategoryas
Globus, but aims more at generatingthe
illusion of a single, distributed computer.

� Unicore allows for seamless inter-
operation of supercomputers over WAN

� The Sun Grid Engine is a commercial
GRID middleware,incorporatingmany of
the features of a load leveller

Traditionally, in local compute clusters the
taskof sendinginformationfrom onenodeto
another has been handled by the Message
PassingInterface.Thereis an implementation
of MPI, called MPICH-G [19] that usesthe
Globus toolkit for authentication.It doesn't
fall into the category of middleware, but
shouldneverthelessbe mentionedheredueto
its importancein computingGRIDs.Basically
it allows treatinga GRID environmentlike a
local cluster, albeit with a larger latency.

GRID Initiatives
Again this can only be an incomplete list.

� The Global Grid Forum [14] acts as a
standardisingbody in GRID computing,
similar to the Internet EngineeringTask
Force (IETF). Between two and three
meetingsperyearaim atprovidinga forum
for the discussion of new technical
developments.

� The European DataGrid project [15]
(EDG) was initially startedwith the needs
of particle physics experimentsin mind,
but todayincorporatesmanyotherresearch
disciplines, including genome research.
The project, which is funded by the
European Union, aims at setting up a
„computationaland data-intensivegrid of
resourcesfor the analysisof datacoming
from scientificexploration“.Like thename
suggests,the EDG is purely targetedat
data GRID applications.

� The CrossGrid [16] aimsat providing an
application framework for interactive
computationon top of the infrastructure
provided by the EDG.

� The Grid Physics Network, or in short
GriPhyN [17], is the American
counterpartto theEDG. It is mostlyaimed
at particle physics experiments.

� LCG aims at providing a virtual
computingenvironmentfor the upcoming
LHC experiments(CERN). It collaborates
closely with Geant, EDG, GriPhyN and
other GRID initiatives.

� GridPP [18] „is a collaborationof particle
physicistsandcomputerscientistsfrom the
UK andCERN, who arebuilding a GRID
for particle physics“.

GRID Computing and Linux
We haveseenthat thereis a hugevariety of
GRID computing projects. Open research
benefitsfrom openplatforms.As an example,
it can be expected that, should GRID
computingbe successful,themiddlewarewill
becomepart of the OperatingSystem.In an
idealGRID environment,usersandauthorsof
software packagesshould need to know as
little as possibleaboutGRID computing,just
like today an ordinary user doesn'tneed to
know anything aboutnetworking in order to
sendanemail.This is nowadaysoftenreferred
to by theterm“Invisible Computing”.In order
to developan integrated,GRID-awareOS the
free availability of the source code is
mandatory.This eventuallymakesLinux (and
other Open Source Operating Systems)the
ideal platform for GRID computing. Linux
already has a strong position in GRID
research, owing to the fact that GRID
computing inherits many of its featuresand
ideasfrom clustering.Linux is strongin this
area.

Conclusion and Outlook
It should have become clear by now that
GRID computingis still very much„work in
progress“and, in some ways, a buzz word.
While, thanks to the involvement of many
commercialand non-commercialinstitutions,
it is safe to concludethat GRID computing
will play an importantrole in the future, it is
not yet possibleto exactlydetermineall areas
in which GRID computing will have an
impact on society. Competing (but lower-
scale) efforts such as .Net, Mono, .Gnu or
OneNet might fulfil some of the roles
„traditionally“ assignedto GRID computing.
Possiblyeventhe namingconventionsmight
changeand„GRID computing“might become
a catch-all term for everything related to



distributedcomputation.The importantpoint
is that a lot of work is being investedin the
momentin orderto takedistributedcomputing
to the next level. Similar to the World Wide
Web, this might even be the next job-engine.
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