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1. Introduction

Since 1985, the ECMWF Meteorological Archival and Retrieval System(MARS) has grown both in size and
diversity At its startin 1985 the operationahrchive wasgrowing at 70 Mbytes/dayIn 1996,thegrowth ratewas125
Ghytes/dayof operationaldataand 7 Gbytes/dayof researchdata,the total archive was 22 Thytes.The numberof
individual itemsarchivedis alsoverylarge: 120,0000perationafields/day 140,000reports/dayand200,000research
fields/day

Figurel shavsthevariousdatatypesthatarein MARS andtheyearin whichthey have beenintroduced We actually
have moredata,for examplewe have obsenationssince1979,but the datatype“obsenation” wasaddedo MARS in
july 1990. Earlier data was them back-archied. Since this chart was drawvn, newv types have beenadded:4D
variationalanalysis,climatologicalsimulations,seasonaforecasting.ensemblgubesand much more. As you can
see, the cueyshavn is exponential, and we add waypes more and more often.

Figure 1: MARS - Dataylpes
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We still have to add ocean models, coupled modelsapeidatasets,... The list is endless.

MARS is usedin batchfrom the supercomputersjnteractively throughMetview and remotelyfrom the Member
States. Egry day 30,000 requests are processed, 1,500,000 fields and 100 Gbyteseae mo

In orderto copewith this growing archive andthe ever changingrequirementsa projectwassetupin 1996,calledthe
DHS project(DataHandling System) MARS wastotally redesignedo run on a Unix platform.It is writtenin C++
and uses ObjectStore to store its metadata and ADSM to store the actual data.

Thenew MARS hadto be compatiblewith the old system .t hasto provide a servicefor the next 10 years,andlike
every computemprogramit hasto be efficient, scalableandflexible. This paperdescribediow we try to achieve those
goals.



2. Decoupling physical and logical organisation of the data

Fromtheexperiencegainedwith the previousMARS systemswe knew we couldbuild a systemscalablat we could
decouplehe physical organisationof the datafrom its logical organisation For thatwe split the systemin two parts.
Thefirst part,the MARS Sener, hasa semantidknowledgeof the data.lt knows whata meteorologicafield is, what
aforecasts. The secondpart,the DataSener, hasa physicalknowledgeof thedata.lt knowsif a pieceof datain on
tape, on disk or cached. Figiteshavs the architecture of MARS.

Figure 2: Architecture
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The MARS Sener doesnot handlefiles but datareferencesWhena userrequestis processedithe MARS Sener

translatest in alist of datareferenceshatarepassedo the DataSener. The DataSenertranslateslatareferencen
actual files and returns the data.

By usingthis design,we have a systemthatis independenfrom the underlyinghardware andfrom the underlying
software (ADSM). The datacanbe physically re-oiganisedwithout arny impacton the system Datafiles aresplit or
joined,movedfrom disk to tapewithout a needfor the MARS Senerto know aboutit. Somethingelsewe have learnt
from the previous systemis thatthe fewer the files we have, the moremanageabléhe systemis. Most of the existing
systemshave problemsmanagingmorethata few million files. With this architectureywe canreducethe numberof
files by meging them into lager files. Navadays, we hae more than 30 Thytes in less than 200,000 files.

3. The metadata

Themetadatas “the datathatdescribeghe data”.In MARS, the dataarefields or obsenations.The metadatas the
datathatknows whereis which field or obsenation. This metadatas storedin anobjectorienteddatabasenanaged
by a commercialproductcalled ObjectStore As we saw earlier we needto split the logical organisationof the data
form its physical organisation.This split will bereflectedin the metadataln orderto definethis metadataye first
need to hee a look at the data and answer the foihg question:



3.1 What is a meteorological field?

For MARS, ameteorologicafield is the smallestaddressablebject.It is definedby variousattributessuchasthose
shavn in the follaving table:

Attribute Val ue
Cl ass Oper ati onal
Ver si on 1
Stream Dai ly archive
Par anet er Tenperature
Level 1000 hPa
Dat e 1993- 08- 10
Base Tine 127
Time Step 120 H
Menber 42

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

3.2 Archive objects

Therearetoo mary fieldsto storethemindividually. We needto grouptheminto logical entitiessuchas*“a forecast”,
“a month of analyses”or “a researchexperiment”. This provides a naturaldataco-locationfor a fasteraccesgo
relateddata. Thoseentitiesarecalledarchive objects. We canstackall thefieldsfor aforecasin a“cube” asshovnin
Figure3. We groupthefields usingthreeattributes:| evel , par anet er andst ep. This would represent single
forecastfor a givendate,a givenbasetime, anda givenversion.The threeattributesarethe threedimensionof the
archive object.

Figure 3: Archie object
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Becauseve groupthefields usingmorethanthreeattributes,the archive objectsareactuallyhypercubesFigure4 is
anattemptto draw a six the dimensionhypercubethatwould represenall thefields of all the forecastsof an EPSfor
a month.



Figure 4: Archve objects areypercubes
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3.3 Shapes and Layouts
We split the description of aarchive object into its shape and itslayout. The shape will be:

» Its meteorological content.
» Its logical oganisation.
» Part of MARS metadata.

And its layout will be:

» Its physical oganisation.
» lIts physical location.
» Part of the Data Seer metadata.

Figure5 shavs how we performthis split: the archive objectis representedsa cube.The MARS Sener metadatas
simply thelist of eachdimensionof thecube.In this casethreeaxesandtheirlabels.Thisis calledthe“shape”of the
archive object.

The Data Sener metadatawill containthe size of eachfield, thefile it is in, andits offsetin this file. This is the
“layout” of thearchive object.Eachlayoutis givenauniqueidentifierthatwill besase by the MARS Senerwith the
shape.

Figure 5: Shapes and Layouts
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3.4 MARS Server metadata

All theshapesreorganisedn atreefashion,asshavn in Figure6. Thenodesof thetreearedefinedby theattributes
that are not used to describe the dimensions of thevarohjects.

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

Figure 6: MARS Tee
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Becausehe designis objectoriented eachnodeandeachshapecanbe different(polymorphism) New nodescanbe
addedlater, asnew attributesare inventedand new shapesanbe addedlatter, asnew datatypesare created.The
branches of the tree can all bef@iént and the tree can spamesal plysical databases

3.5 Data Server Metadata

Thelayoutsareall organisedn alargetable,usingtheir uniqueidentifierasanindex (Figure7). A layoutcanbefully

expandedjn this caseit is itself athreecolumntable. Thefirst line correspondo thefirst field, the secondine to the
secondield andsoon. A layoutcanalsobecompactedMost of thetime, thefieldshave afixedsize,sowe canusea
simplerun-lengthencodingschemeo reducethesizeof the metadataln Figure7, thelayout12349 represent8400
lines compacted into 3. The first one is the repeatintpf of the tw next lines.



Figure 7: Data Seer Metadata

‘ 12345 ‘ 12346 ‘ 12347 ‘ 12348 ‘ 12349 ‘

O fset Length File
0 32000

32000 57000

89000 32000

121000 57000
0 32000

32000 57000

89000 32000

121000 57000
0 32000

32000 57000

89000 32000

121000 57000 -]

I
>
— ¥
]
—= (5
iiii
| >
— | >
B
—
>

Length

(4200)

57000

32000

File
o]
8400

Again,thedesignbeingobject-orientedthelayoutsarepolymorphicobjects Futuretype of layoutmaybeintroduced
without ary changecode.Thefiles alsoarepolymorphicobjects:supportfor nev mediaor file storagesystemaswill
be donewithout difficulty. A layout can spanseveral files, tape or disk and a file can be sharedamongstseveral

layouts.

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

3.6 Adding a new fields in an existing archive object

Thedesigndescribedabove givesusa new featurethatdid not exist in the previous systemincrementahrchiing. A
field canbeaddedatterto anexisting archive object.If oneof is attributeshasa new value,it automaticallyinserted.

Is an archie object has three dimensions, there are theges W can grev, as shan in Figures:

Figure 8: Reshapingypercubes
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In generaktherean waysto grow an dimensiorhypercubeby insertinga n-1 dimensiondyperplan.t is alot easier
to performthe sameinsertionon the metadataonceit is split. If we archive a new parameterw in anarchive object
(Figure9), we simply insert a string in a array (MARS Sehand some empty slots in a other array (DataeBerv

Figure 9:Updating metadata
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4. MARS in action

4.1 Archiving

Whenanarchive requesis issuedrom aclient, therequesvisits thetree(Figure6) until it reaches shapelf it does
not, the treeis grown accordingly anda new empty shapeis added.Figure10 shawvs an incrementalarchive. The
namesatthetop arethe variouscomponenténvolved. The time flows from top to bottom.The dashedarrons arethe
messages sent between the components. The dotted anethe data transfers.

File a andb containsdatathathasbeenbeenarchived earlier The datais transferredrom the client machineinto a
diskfile c. Thisfile containstwo 57000byte long fields. The layoutis resizedio accommodatéhe new fields,andit
is updated to point to file. The data held in in still on disk, and said to be in “pre-ane#il stage.

Figure 10: Incremental araling
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4.2 Retrieving from disk

While the datais still in “pre-archve” stageretrieving is veryfast.As in archive,the MARS treeis visitedin orderto
find oneor moreshapamatchingtheuserrequestTherequesis translatednto alist of indexesin thelayout,andthe
data is read directly from the disk files and sent to the user

Figure 11: Retriging, data is on disk
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4.3 Flushing

Flushingoccurswhenanarchive objectis complete or whenthedisksarefull. A flushrequestwvrite all thefieldsthat
arein the “pre-archve” stageon tape.The layoutwill be updatedto reflectthe changeanthe dataon-line will be
deleted.The layoutis then compactedFigure12 shaws that the layout 42 is composedof files a, b, ¢ andmore.
Thosefiles aremeigedinto a singletapefile x. Thelayoutis compactedrom 8400linesto threelines, noticingthat
thefield sizesare4200times57000and 32000byteslong. Oncethe tapeexist, the archive objectis nolongerin the
“pre-archve” stage.

Figure 12: Flushing

dient MARS Data Server ADSM
Flush(
Dat e=1997-10-10)  — -~ —, — —
° ) Flush( L - — _— _ _ __ |

ID = 42) Wit e(

Source = (a, b, c )

Target = x)
57000
32000 — e _________________ | ...
57000 : !
32000 ' ‘
57000 (b . ;

-
32000 %u ' V
57000 '

' X
32000 '
(4200)
' 8400
57000 o 57000
o 32000

4.4 Retrieving from tape

Whenthedatais ontape,it mustbe copiedfirst to a setof disksthatarethe MARS cache ADSM is very usefulasit
canreadonly portionsof a tapefile, soonly therequestedlatawill be cachedWhendatais retrieve from atape,a



temporarylayout, calledthe “cachelayout” is created This layout containsthe pointersto all the datathathasbeen
cachedor aparticulararchive object.Figure13 shav theflow of requestainddata.Therequestedlatais copiedfrom
tapey into cachefile z. The datais thensentto the userasdescribepreviously. The cacheis emptiedusinga least
recently used algorithm.

Figure 13: Retrieing data that is on tape
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4.5 Patching

To correctafield thatis wrong, the usersimply needto archive it again. If thelayouthasbeenflushed,t is mutatedn
its expandedshapeagain, andthefield is simpleaddedasfor anormalarchive (Figure14). Thereferencecountingof
the tapefile is decrementedf it reachesero,that meanthat all the fields have beenreplacedandthe tapefile is
automaticallydeleted.The layout canbe flushedagain. In this case,only the new datawill be written to tape.The
layoutwill now pointto severaltapefiles. Whena layoutis too fragmentedit pointsto too mary tapefiles) it canbe
defragmented by cepng all of its data back to disk and flushing iaayg into a single tape file.



Figure 14: Rtching
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5. Conclusion

After oneyearof service the nev MARS keepsis promisesit now contains520 millions of meteorologicafields,
representing32 Thytesin only 180,000files. More than 7 millions requestshave beenprocessedThe metadata
database represents 0.03% of the size of thevarchi

This would not have beenpossiblewithout anobjectorienteddesign the metadatdeingtoo complex for arelational
approachandyet very simple for an object orientedapproach.The systemis extendable nenv datatypescanbe
supported and the underlying storage managementvoaree



