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1. Introduction

Since 1985, the ECMWF MeteorologicalArchival and Retrieval System(MARS) has grown both in size and
diversity. At its startin 1985,theoperationalarchivewasgrowing at70Mbytes/day. In 1996,thegrowth ratewas125
Gbytes/dayof operationaldataand7 Gbytes/dayof researchdata,the total archive was22 Tbytes.The numberof
individual itemsarchivedis alsovery large:120,000operationalfields/day, 140,000reports/dayand200,000research
fields/day.

Figure1 showsthevariousdatatypesthatarein MARS andtheyearin which they havebeenintroduced.Weactually
havemoredata,for examplewehaveobservationssince1979,but thedatatype“observation” wasaddedto MARS in
july 1990. Earlier data was them back-archived. Since this chart was drawn, new types have beenadded:4D
variationalanalysis,climatologicalsimulations,seasonalforecasting,ensembletubesandmuchmore.As you can
see, the curve shown is exponential, and we add new types more and more often.

Figure 1: MARS - Data Types

We still have to add ocean models, coupled models, private datasets,... The list is endless.

MARS is usedin batchfrom the super-computers,interactively throughMetview andremotelyfrom the Member
States. Every day, 30,000 requests are processed, 1,500,000 fields and 100 Gbytes are moved.

In orderto copewith thisgrowing archiveandtheeverchangingrequirements,aprojectwassetup in 1996,calledthe
DHS project(DataHandlingSystem).MARS wastotally redesignedto run on a Unix platform.It is written in C++
and uses ObjectStore to store its metadata and ADSM to store the actual data.

Thenew MARS hadto becompatiblewith theold system.It hasto provide a servicefor thenext 10 years,andlike
everycomputerprogram,it hasto beefficient,scalableandflexible. Thispaperdescribeshow wetry to achieve those
goals.
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2. Decoupling physical and logical organisation of the data

Fromtheexperiencegainedwith thepreviousMARS systems,weknew wecouldbuild asystemscalableit wecould
decouplethephysicalorganisationof thedatafrom its logical organisation.For thatwe split thesystemin two parts.
Thefirst part,theMARS Server, hasa semanticknowledgeof thedata.It knows whata meteorologicalfield is, what
a forecastis. Thesecondpart,theDataServer, hasa physicalknowledgeof thedata.It knows if a pieceof datain on
tape, on disk or cached. Figure2 shows the architecture of MARS.

Figure 2: Architecture

The MARS Server doesnot handlefiles but datareferences.Whena userrequestis processed,the MARS Server
translatesit in a list of datareferences,thatarepassedto theDataServer. TheDataServer translatesdatareferencesin
actual files and returns the data.

By usingthis design,we have a systemthat is independentfrom the underlyinghardwareandfrom the underlying
software(ADSM). Thedatacanbephysically re-organisedwithout any impacton thesystem.Datafiles aresplit or
joined,movedfrom disk to tapewithoutaneedfor theMARS Server to know aboutit. Somethingelsewehave learnt
from theprevioussystemis thatthefewer thefiles we have, themoremanageablethesystemis. Most of theexisting
systemshave problemsmanagingmorethata few million files. With this architecture,we canreducethenumberof
files by merging them into larger files. Nowadays, we have more than 30 Tbytes in less than 200,000 files.

3. The metadata

Themetadatais “the datathatdescribesthedata”.In MARS, thedataarefieldsor observations.Themetadatais the
datathatknows whereis which field or observation.This metadatais storedin anobjectorienteddatabase,managed
by a commercialproductcalledObjectStore.As we saw earlier, we needto split the logical organisationof thedata
form its physical organisation.This split will be reflectedin the metadata.In orderto definethis metadata,we first
need to have a look at the data and answer the following question:
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3.1 What is a meteorological field?

For MARS, a meteorologicalfield is thesmallestaddressableobject.It is definedby variousattributessuchasthose
shown in the following table:

The attributesmay be differentfor differentdatatypes.For example,thenumber attribute is only usedto selecta
specific forecast number in an EPS (Ensemble Prediction System).

3.2 Archive objects

Therearetoomany fieldsto storethemindividually. Weneedto grouptheminto logicalentitiessuchas“a forecast”,
“a month of analyses”or “a researchexperiment”.This provides a naturaldataco-locationfor a fasteraccessto
relateddata.Thoseentitiesarecalledarchive objects. Wecanstackall thefieldsfor a forecastin a“cube” asshown in
Figure3. We groupthefieldsusingthreeattributes:level, parameter andstep. This would representa single
forecast,for a givendate,a givenbasetime,anda givenversion.Thethreeattributesarethethreedimensionsof the
archive object.

Figure 3: Archive object

Becausewe groupthefieldsusingmorethanthreeattributes,thearchive objectsareactuallyhypercubes.Figure4 is
anattemptto draw a six thedimensionhypercubethatwould representall thefieldsof all theforecastsof anEPSfor
a month.
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Figure 4: Archive objects are hypercubes

3.3 Shapes and Layouts

We split the description of anarchive object into itsshape and itslayout. The shape will be:

• Its meteorological content.
• Its logical organisation.
• Part of MARS metadata.

And its layout will be:

• Its physical organisation.
• Its physical location.
• Part of the Data Server metadata.

Figure5 shows how we performthis split: thearchive objectis representedasa cube.TheMARS Server metadatais
simply thelist of eachdimensionof thecube.In thiscase,threeaxesandtheir labels.This is calledthe“shape”of the
archive object.

The DataServer metadatawill containthe sizeof eachfield, the file it is in, andits offset in this file. This is the
“layout” of thearchiveobject.Eachlayoutis givenauniqueidentifierthatwill besaveby theMARS Serverwith the
shape.

Figure 5: Shapes and Layouts
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3.4 MARS Server metadata

All theshapesareorganisedin a treefashion,asshown in Figure6. Thenodesof thetreearedefinedby theattributes
that are not used to describe the dimensions of the archive objects.

Whena userrequestis received, it is usedto navigate the tree.The highlightedpath in Figure6 correspondsto a
request for some fields from the operational analysis of february 1996.

Figure 6: MARS Tree

Becausethedesignis objectoriented,eachnodeandeachshapecanbedifferent(polymorphism).New nodescanbe
addedlater, asnew attributesare inventedandnew shapescanbe addedlatter, asnew datatypesarecreated.The
branches of the tree can all be different and the tree can span several physical databases

3.5 Data Server Metadata

Thelayoutsareall organisedin a largetable,usingtheiruniqueidentifierasanindex (Figure7). A layoutcanbefully
expanded,in this caseit is itself a threecolumntable.Thefirst line correspondto thefirst field, thesecondline to the
secondfield andsoon.A layoutcanalsobecompacted.Mostof thetime, thefieldshaveafixedsize,sowecanusea
simplerun-lengthencodingschemeto reducethesizeof themetadata.In Figure7, thelayout12349 represents8400
lines compacted into 3. The first one is the repeating factor of the two next lines.
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Figure 7: Data Server Metadata

Again,thedesignbeingobject-oriented,thelayoutsarepolymorphicobjects.Futuretypeof layoutmaybeintroduced
without any changecode.Thefiles alsoarepolymorphicobjects:supportfor new mediaor file storagesystemswill
be donewithout difficulty. A layout can spanseveral files, tapeor disk and a file can be sharedamongstseveral
layouts.

Eachfile knows how many layout lines point to them (the numbersshown in Figure7). This is called reference
counting and is use to perform garbage collection: files that are not pointed to are automatically deleted.

3.6 Adding a new fields in an existing archive object

Thedesigndescribedabove givesusanew featurethatdid notexist in theprevioussystem:incrementalarchiving. A
field canbeaddedlatterto anexistingarchiveobject.If oneof is attributeshasanew value,it automaticallyinserted.

Is an archive object has three dimensions, there are three ways it can grow, as shown in Figure8:

Figure 8: Reshaping hypercubes
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In generaltherea n waysto grow a n dimensionhypercube,by insertinga n-1 dimensionshyperplan.It is a lot easier
to performthesameinsertionon themetadataonceit is split. If we archive a new parameterw in anarchive object
(Figure9), we simply insert a string in a array (MARS Server) and some empty slots in a other array (Data Server).

Figure 9:Updating metadata

4. MARS in action

4.1 Archiving

Whenanarchive requestis issuedfrom aclient, therequestvisits thetree(Figure6) until it reachesashape.If it does
not, the tree is grown accordingly, anda new emptyshapeis added.Figure10 shows an incrementalarchive. The
namesat thetop arethevariouscomponentsinvolved.Thetime flows from top to bottom.Thedashedarrows arethe
messages sent between the components. The dotted arrows are the data transfers.

File a andb containsdatathathasbeenbeenarchivedearlier. Thedatais transferredfrom theclient machineinto a
disk file c. This file containstwo 57000bytelong fields.Thelayout is resizedto accommodatethenew fields,andit
is updated to point to filec. The data held inc in still on disk, and said to be in “pre-archive” stage.

Figure 10: Incremental archiving
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4.2 Retrieving from disk

While thedatais still in “pre-archive” stage,retrieving is very fast.As in archive,theMARS treeis visitedin orderto
find oneor moreshapematchingtheuserrequest.Therequestis translatedinto a list of indexesin thelayout,andthe
data is read directly from the disk files and sent to the user.

Figure 11: Retrieving, data is on disk

4.3 Flushing

Flushingoccurswhenanarchiveobjectis complete,or whenthedisksarefull. A flushrequestwrite all thefieldsthat
arein the “pre-archive” stageon tape.The layout will be updatedto reflectthe change,an the dataon-line will be
deleted.The layout is thencompacted.Figure12 shows that the layout 42 is composedof files a, b, c andmore.
Thosefiles aremergedinto a singletapefile x. Thelayout is compactedfrom 8400linesto threelines,noticingthat
thefield sizesare4200times57000and32000byteslong.Oncethetapeexist, thearchive objectis no longerin the
“pre-archive” stage.

Figure 12: Flushing

4.4 Retrieving from tape

Whenthedatais on tape,it mustbecopiedfirst to a setof disksthataretheMARS cache.ADSM is very usefulasit
canreadonly portionsof a tapefile, soonly the requesteddatawill becached.Whendatais retrieve from a tape,a
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temporarylayout,calledthe“cachelayout” is created.This layoutcontainsthepointersto all thedatathathasbeen
cachedfor aparticulararchiveobject.Figure13show theflow of requestanddata.Therequesteddatais copiedfrom
tapey into cachefile z. Thedatais thensentto theuserasdescribepreviously. Thecacheis emptiedusinga least
recently used algorithm.

Figure 13: Retrieving data that is on tape

4.5 Patching

To correctafield thatis wrong,theusersimplyneedto archive it again.If thelayouthasbeenflushed,it is mutatedin
its expandedshapeagain,andthefield is simpleaddedasfor anormalarchive (Figure14).Thereferencecountingof
the tapefile is decremented.If it reacheszero,that meanthat all the fields have beenreplaced,andthe tapefile is
automaticallydeleted.The layout canbe flushedagain. In this case,only the new datawill be written to tape.The
layoutwill now point to severaltapefiles.Whena layoutis too fragmented(it pointsto too many tapefiles) it canbe
defragmented by copying all of its data back to disk and flushing it again, into a single tape file.
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Figure 14: Patching

5. Conclusion

After oneyearof service,thenew MARS keepsis promises.It now contains520millions of meteorologicalfields,
representing32 Tbytes in only 180,000files. More than 7 millions requestshave beenprocessed.The metadata
database represents 0.03% of the size of the archive.

Thiswouldnothavebeenpossiblewithoutanobjectorienteddesign,themetadatabeingtoocomplex for a relational
approach,and yet very simple for an object orientedapproach.The systemis extendable,new datatypescan be
supported and the underlying storage management can evolve.
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