Representing Virtual Data:
A Catalog Architecture for Location and Materialization Transparency
— Draft of January 26, 2001—

Ewa Deelmanlan Foster, Carl Kesselman, Miron Livny

R | 11 oo [F{ox 1 o o PR UUUUUUUPUPUPPRRR 2
2 ATCNITECIUIE OVEIVIEWN. ... .uueiiiiiiiieieeee e e s e e e e e sttt e e e e e e e e e e e 2
3 A SIMPIE EXAMPIE ...t —— 5
4 Catalog Detas...........oiieiiiiiiiiie ettt ————————— 6
4.1  Metadata Catalog.........ooviiiiiiiiiiiei et e e e e e e 6
4.2  Replica Catalog.......cceuieriiiiieeiii i ettt e ettt et — 7
4.3 Derived Meti Data CatalOg..........uuuvruuuruummuiimmmneeeeeeeeeeeeeeeeeeeeeess e e e eeee s 8
4.4  Derived Data CatalOg........uuueeeiiiieiiiiiiim et 8
4.5  Transformation CatalOg.........ooeeeiveeriiun e e e s e e e e e 9
5 Detailed EXAMPIE.......uuiiiiiiiiiiiiieee s 10
ACKNOWIEAGMENTS. ...ttt st e e e e e e et b e e e e e e e et s s e e eanas 12
BiDIOGrapRY......ccoeeie e ——————————— 12



1 Introduction

Data Grid systems can facilitate distributed access to, and analysis of, large amounts of data by
providing:

1. Data access and replication services focused on enatalitgparency with respect to
locationas a means of improving@ass performance (with respect to speed and/or
reliability). These services will provide for secure, reliable, and-$igled access to
metadata and data, as well as replication and distribution of data in wide area
environments.

2. Data derivation servigefocused on enablirtgansparency with respect to
materialization as a means of facilitating the definition, sharing, and use of data
derivation mechanisms.

These two transparencies are sometimes referred to collectively as “virtual data.”

We have arguedisewherg5] for a clean separation between (1) the data access, replication, and
derivation services used to operate on virtual data and (2) the catalogs used to characterize virtual
data with respect to its properties, where it istedaand (for derived data) how it is generated.

The design of such catalogs is basically a database design problem. While we do not yet know
enough about virtual data to be able to say anything definitive about this problem, we can (and do
in this artick) propose a candidate architecture to be explored in future research.

2 Architecture Overview
Our candidate catalog architecture feattingsdistinct catalogs.

» The metadata catalog (MDC) maps from some set of attributes to logical file names. This
element is a conventional metadata catgBigwith the exception that it maps from
attributes to logical rather than physical file names.

» The replica catalog (RC) maps logical files to one or more physical files, hence providing
the infomation required to obtain access to a physical copy of a logical file. This
element provides the information required to support data replication in a Data Grid
environmentil, 4].

» The derived data catalog (DDC) records information aatetiwith derived datasets,
such as the transformatioeeded to generate the derived dataset, the cost of that
transformation, and a unique derived datasete “Meta attributes” of derived data,
such as owner, name, author, and credfrae are also recorded her&his element, and
the two that follow, introduce the additional information required to support the
manipulation of derived data.

» The derived metadata catalog (DMDC) is similar to the MDCtbutps from a set of
apdication-specific attributegthese attributes are specific to the physics experiments
producing the datauchas the instrument channel nain LIGO)to aderived data id(s)
thatindexesinto theDDC.

* The transformation catalog (TC) records information about the transformations used to
create derived data: executable name, arguments, etc.

Thesdfive elements operate as follows (3ee



» Each materialized dataset (whether “raw” data, or the result of a derivation) is
represented by an entry in the RC. One or more MDC entries will typically also be
provided, to support accesg attribute rather than name. An MDC query returns the
logical file name(s) of materialized datasets that match the supplied attributes. A query
to the RC will then return the physical file name(s) associated with a supplied logical file
name. The RC ahMDC thus providdéransparency with respect to location

» Each derivation procedure registered with the Data Grid is represented by an entry in the
DDC. This entry includes a unique derived data id plus a transformation skeleton (e.g.,
F(P).X) comprisinga transformation name (F, in our example), the names dbgicgl
files to which the derivation program is to be applied (X), and information about any
parameters (P). One or more DMDC entries are typically also provided for the derivation
procedureto support access to DDC entries by attribute rather than id. An DMDC query
returns one or morgerived data ids;orresponding tthe way(s) to materialized the
requested dat@® DDC query returns the transformation skeletwat matcbsthe
supplidid. The TC then provides information about the program that must be executed
to perform a derivation, such as its name, location, anddestDDC,DMDC, and TC
thus providdransparency with respect to materialization

» The execution of a diwation procedure generates a new materialized dataset. A new
entry is then created in the RC (and MDC) so that other programs can discover and
access it.
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Figure 1: Virtual data catalog architectur e, showing the five catalogs with some of their attributes
and (as dashed lines), the linkages between them. The example derivations and file names are used to
illustrate discussion in the text.



An issue to be determined is the nature of the refereocetfire DDC to the TC. We

propose here that the reference be simply the transformation name. But some TC attributes
such as cost may depend on other DDC values: for example, cost(F.X) may be different than
cost(F.Y).

This is clearly not the only possildatalog organization. One alternative would be to
eliminate the DMDC and maintain all information about data, whether materialized or not, in
the MDC. We could then use standard query mechanisms to manipulate materialized and
unmaterialized data, distinghing between the two only when it came time to access data.
(The RC would be extended with DDC information, so that a RC lookup would reveal
whether or not a requested data item was materialized.) However, we are concerned that
achieving this degred transparency will be difficult when we know so little about how to
represent derived data. For example, it is easy to define derived data sets of infinite extent.
How do we represent such datasets in an MDC? Maintaining the DDC and DMDC
separately frm the MDC and RC simplifies experimentation with derived data
representations. It also makes it easier to use standard MDCs and RCs, which is important
because many application domains already have MDCs.

Another possibly is to merge the DMDC and DDC. Heerethis introduces application
specific attributes into the DDC structure, making it less generic. There are several
advantages to having separate catalogs:

* We separate logically distinct components: the DMDC helps us to identify the data
requested andhé DDC tells us how to produce that data.

* We recognize that there may be several ways to obtain a desired data, so that maintaining
separate catalogs is more efficient. For example, in LIGO, if we request a channel C in
the time interval 1010, this piee of data can be constructed in more than one way.

For example we can concatenate smaller time intervals of channel C or extract the 100
110 interval from a longer time interval of C. This results in one entry in the DMDC
containing two derived data idshich match two entries in the DDC, one representing
concatenation and the other extraction. (See Segfion

» Constructing a generic DDC simplifies implementation issues, as applisagaific
attributes need not be considerin the queries.

The process of data access is depicted in F@gufest, the attributes used to identify the
data in the physics domain are used to query the MDC.

If the data has been materialized (either through data derivation of as raw daw#pQhwill
provide the logical file namia which the data is preserithis name is then used to find the
correspondinghysical file names and their locations (via a query to the RC). Finally, this
information is used to access the data.

If the data hasat been materialized, tladtributes are used to find the transformation(s) that
can produce the data (by querying the DDC). We assume that the query is well constructed
and that a means ofaterializingthe data is providedThe DDC provides the logicaiput

file names andransformatiorparameterswhich are needed to materialize the data.
Additionally, the DDC provides theecessaryransformatiots name. Using that name the

TC provides the codased inthe execution of the request.order to materiie the data, the

RC might need to be consulted to provide the physical inputditeeand their locationgOf
course, the input file itself might not be materialized, which would require a new chain of
DDC and TC queries (not shown)).



Once the data imaterialized, it needs to be published in the MDC and RC. In order to
achieve this, additional dapsocessing might need to occinformation about how to
publish the data ispecified in the DDC along with the logical file name.
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Figure 2: Simplified Process of Data Access.

3 A Simple Example

We use a simple example to illustrate how we see these catalogs opdratingre complex
example in the context of LIGO can be founéilater sectionYVe consider a seried cases of
increasing sophistication.

Materialized data and known file nam®Ve first consider the case in which the data is already
materialized and we know the logical file name for the desired dataset. In this case, we need
simply to consult the Rtdetermine the location of the corresponding physical file(s). For
example, if the logical file name is logF2 (Siggeire) then we will determine that there are



physical copies of this file at locations URL2 and URL3. In ordeetect between these two
copies, we might then consult the MDC to determine the size of logF2 and an information service
to determine transfer costs and resource availability.

If we did not know the logical file name, we would of course consult the MD@ap(ying
appropriate attributes) to determine the name to be supplied to the RC.

Unmaterialized data, parametégss derivation programe next consider a simple case in

which the required data has not been materializedus assume that the uniqdeof the dataf
interest is known, and let that id be Queryingthe DDCwith id i1, wefind out thatthe desired
datacan be produced by running a program F on a dataset X and will result in a data product
named F.XAs illustrated in, the DDC entry records that to produce F.X, we need to invoke a
transformation F on file X, with in this case other parameters. (The DDC also records that to
produce F.Y, we run F on file Y.) Consulting the TC then reveals that transformation F
corresponds to the program at location URL:f and also provides other information about the
program, such as its dogThe executable location might itself by a logical rather than a physical
name, but we do not consider that issue here.) This information allows a request planner to
determine how to generate the required data. When request execution is comgldteawe

entry to the MDC (“F.X logF1”) and RC (“logF1 URL1") to indicate the availability of the new
physical datalnitially, we assumed that the id of the derived data was known, however, if this is
not the case, the id can be obtainedjbgrying the DMIT.

Derivation program with parameters The programs used to produce derived data may have
parameters that can take different values. It will often be impractical to create a DDC entry for
every possible parameter valutnstead, the DDC can specify that a transformation program has
parameters and indicate how the name of the materialized data produced by running that program
is to be created. For example, ithe DDC includes an entry for a pragm G that takes a single
parameter. This entry tells us that running G with parameter values P=1, P=2, etc., on file Y
produces materialized data G(1).Y, G(2).Y, etc.

4 Catalog Details

In general, we view catalogs as being organized and maintained atrtimeiigity level.For

example, a given community will decide how to organize the materialized data, will develop a set
of comnonly agreed upon transformations and make them available. Once the information is
entered in the catalog, it cannot be removed orifieddWe place this restriction, because of the
interdependencies between the catalogs. For example, the MDC has links to the DDC to indicate
how the data was materialized (if the data was not raw). If then the DDC entry is allowed to be
modified the cosistency will be brokenThe samargument applies to the TC.

We now provide a detailed description of the attributes required in each of the catalogs.

4.1 Metadata Catalog

TheMDC recordsattributesthat can be useo identfy a particulardata itemysuch as the
following:

» Physicsapplicationspecific attributessuch as channel name, time interval
boundaries, etc.

* File size
* Creator's name and modifier's name.

» Creator’'s timestamp and modify timestamp.



» Logical file name: thais, a reference to an RC entry.

It is frequently the case thapplicationghat are taise Data Gridervices already have MDCs
(For exampleLIGO maintains informatioabout events and their associated dataaDB2
databas@ Such applicatioispecifc MDCs require just two relatively small changes to be used
within a Data Grid environment. First, the physical file names typically provided in an MDC
must be replaced with a logical file name: that is, with a reference to the RC entry for the file.
Seond, if we are dealing with derived data, then we also nemeitdain information about how
the data was materialized

MDC attributes about derived data are intended to provide sufficient information to regenerate

the derived data. They include, firstyn attribute naming the appropriate DDC entry, which of
course names the transformation used to generate the data, the input files and parameters passed
to that transformation program, and so forth. Hence, the MDC must contain attributes:

* DCC entry id a foreign key to the DCC entry thdgscribes how the data was
created

» The parameter values passed to the transformation program.
In addition, we might want to provide the following attributes:

* Information about the computer system on which the transfammaas run, if this
affects the result obtained.

» Executions runtime, how long it took to materialize data.

A complicating factor that we need to explore further is that a materialized dataset might be
generated via a series of transformations (e.g., the exanéewdnS), in which case the BIC
entry presumably needs to contain multiple DDC entries.

4.2 Replica Catalog

We take the RC structure defined1 as a starting point. A complicating factor in this design is
that fles are grouped into collectisso as to facilitate management and manipulation of related
files; files can benanipulated both individually and at the collection lev@ur DDC, DMDC,

and MDC designs should presumably also support collections. However, we do not address that
issue here

RC wllections are usedefinedand allow users to group together and manipulatetfilztsre
logically relatedCollectionscontain the followingoptional)attributes:

» File name, creator's name, modifier's name (most recent modifier) and
correspondig create time timestamp and modified time timestamp.

The mapping of a particular file collection to a physical location is dofiedgtions” Each
locationentry corresponds to exactly one physical storage system. Associated with locations are
one requied attribute:

« URL constructor,

and nine optional attributes:
* Filenamelist of the filenames at the location
» Hostnamehost were the location is present

* Protocolused to access the files



» Portrequired to access the system

» Pathwhere the replica fileare located

» Creator's name and modifier's name of the location entry.

e Creator’s timestamp and modify timestamp of the location entry.

In addition, we note that decision procedures used to pepiaratctivedata replicatioomay
requireinformation about he often given data is accessed and when it was accessed last. This
information can benaintainedn theRC. An issue to be addressed in the future is whether this
information is best kept on a pile, percollection, or petocation basis.Maintaining

information on a pefile basiscan allow for finetuning of replication decisionbut may

introduce significant overheald however, the information is kept on a ffecation basis, the
replica creation decisigrare coarse, such as replicate the etdration, regardless of which

files are frequently accessedpaint in favorfor perlocation performance is that even if only

one file in the location is often accessedaiaffect the access times of othessused files, so
replicating the entiréocation might make sense.

If we decide to maintain performance information on alpeation basis, we need to add two
new optional attributes to the location object, sucth@ashumber of times a location was accessed
and when was the last time the laoatwas accessed.

To maintain pefile performance information, we can use the logical file structure prestm in
replica catalogWe can use this structurenmintain usage information of the files such as how
many times the file was accessed, whas e last time the file wascessed.

Additional information needed for proactive replica creatsmtch as average storage system
bandwidth can be obtained from the information services.

4.3 Derived Meta Data Catalog

DMDC informationhelps identifythe desiredderivation procedures. The DMDC implemeats
(possibly ongo-many)mappingof applicationspecificattributesto theDDC, which describes
how to produce the desired data.

The following attributes are required:
» Applicationspecific attribues, such as event time in CMS.
+ Derived data idwhich indexes into the DDC.
» Creators name and modifier's name.

» Creator’'s timestamp and modify timestamp.

4.4 Derived Data Catalog
TheDDC contains information necessary to produce a specified (via an id)atata it

The following are required attributes:
* Derived data id(we need to be able to generate unique ids).

» Transformatiorid, used to identify the program used to produce the dEtiés id
indexes into th@C.

* Input file(s) name(s)names of the files nded by the program, these carrae data
files, or derived datals, if the input file is a result of a transformation.



Parameter listlist of parameters used by the transformation.

Name resulting materialized data nanTéhis name indexes into theC.
Creator’'s name.

Creator’s timestamp.

Publish procedure: instructions on how to place (and possibly further process) the
data into the MDC and RC.

Valid field: since we provide only write once capability for this catalog, the entry is
used to invalidate ssneous derived data descriptions.

4.5 Transformation Catalog

The transformation catalog maintains all the necessary information abgpettific
transformations used to produce derived data.

The following attributes are required:

Transformationd.
Program name.

The name of the creator.
The time of creation.
Version number.

Supported architectuand OSthe architecturand OSfor which theprogram has
been compiled.

URL: repository(s) where program may be found, aaith in the repository

In addition, we can specify the followirgtionalattributes

Language the program is written in

Configuration file(name and locatiorgontaining the parameters for the program and
their default values

The compiler used to generate fitegram.
Transformation description
Cost of running program.

Logical expression specifying the resource requirements, such as min of processors,
maximum number of processors (by default we can assume a single processor system),
use only a square numbermbcessors etc...

Valid field: since we provide only write once capability for this catalog, the entry is
used to invalidate erroneoastransformations



5 Detailed Example

We use an applicatiespecific example to illustrate how we seevhsous Virtual Dataatalogs
operatirg. We consider LIGO data, which comprises a number of “derived” channels computed
from physical data via the application of various transformaf@jn&|GO data is stored in a

“frame file,” where each file containga&ctly two seconds of data from a collection of channels.
One of these channels is the actual instrument data, while the remaining channels contain
engineering data that is used to condition the instrument data to determine if a significant event
occurred We consider a series of cases of increasing sophistication.

Materialized data and known file name&Ve first consider the case in which the data is already
maerialized and we know the name of the file in which the data was stored. In this cased we ne
simply to consult the replica catalog that contains this information. For, example, if we want time
100-110 from channel C, the file might be nameel,@-110, and a replica catalog will tell us

where to find a copy of that file:

RC | Logical File Name L ocations

C-100-110 ftp://hpss.sdsc.edu/ligo/C00-110,
ftp://ligo.caltech.edu/cache/000-110
If we did not know the name of the file, we would of course consult the MDC to determine the
name.

LA

To support the ability to derive performance estimates)eee to acquirsnformation relating to
size of data, and transfer costs. Sidermationis presenin the MDC,and thdransfer costs can
be obtained using the information service.

Unmaterialized data, parametégss derivation programWe next consler a simple case in

which the data has not been materializ@id.order to determine whether a given data iiem
materialized, we can query the RC with the logical file name for the data, or if this name is not
available, we can query the MDC using épgion-specific attributeslf the data is not present
either of the above queries will indicate that fadte assume that the data for channel C is
contained in a file named L-AIGO containing multiple channels from the time interval-100.

We assumalso that we can extract Channel C from this file into a separate frame file, hence
materializing the datasetf00-110, by running a prograextractc. So to materialize our

virtual data, we need to know that if we are looking for data fil®@110,we have to run

extractc to generate the data. We keep this information in the derived data catalog:

DDC | Id Transformation Input File Derived Data Name
i10 | extractc(LIGO-100-110) | LIGO-100-110 | C-100-110

LA N

Given the above derived data catalog, a requlasher can determine how to generate the
required data. When the request execution is complete, we add an entry to the replica catalog to
indicate the availability of the new physical data.

In some cases, it might be important to keep track of exaetiyextractc was run, including

what version of the code was used, what compiler was used to generate the program, who wrote
the program, what machine it ran on, etc. We consider this auxiliary information to be metadata
associated with the materializddrived data. As such, it is no different then any of the other
metadata associated with this file and is associated with the metadata catalog deployed as part of
the overall data management solution.

Derivation program with parameters There are severalproblems with the catalog structures
described above. We would like to have the ability to have a general extract program that we can
use to get any channel. We could achieve this by generalizingextractc to become extract
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channel(argwherearg is thename of the channel to be extracted. We could therefore construct
a DDC that looks like:

DDC | Id Transformation Input File Derived Data Name <
i10 | extractchannel(C,LIGGL00-110) | LIGO-100-110 C-100-110
i25 | extractchannel(D,LIGG100-110) | LIGO-100-110 D-100-110

AN AN

This is still limited by the fact that we must enumerate all of the potential derived data files in the
derived data catalog. In the case of channel names, this is possible, although somewhat
inconvenient. A more flexible solution might be towvda single entry to represent all the

channel extractions

DDC |Id | Transformation Input File Derived Data Name

i40 | extract LIGO-%(start}%(stop) | %(channeh%(start}%(stop)
channel(%channel)

Ve Ve Ve VaNaNaN|

We can take this one step further, by considering the fadtiG® frame files are generated in
two second intervals, thus we need to concatenate 5 files in order to get the required times.

DDC |id | Transformation Input File Derived Data Name 5
<

i40 | extractchannel(%channel) i22 %(channeh%o(start} s
%(stop) ¢

i22 | concatenate(%F) %F= { LIGO-%(t0)-%(t1) | LIGO-%(start}%(stop) 2

t& start, tI< stop } i

Thus using thi®DC, a request planner can create a series of program executions that will
concatenate the appropriate frame files and extract a channel. Note that we have defined the
concatenation program to work only over two second intervals. Thus if one wantadsatdat

starting at an odd second, the end application will still have to manipulate the returned data to fine
the appropriate starting point. In order to promote reuse, we might want to make further
restrictions, such as limit the derived data to stad day or week boundary, etc. Thus we

conclude that virtual data does not remove all data manipulation responsibilities from the
application.

Note: The input file for the first entry is an id indexing into the DDC. It is possible that this file
was alrady materialized, so the derived data name for the entry i22 needs to be instantiated and
the existence of the file established by querying the RC.

The template language proposed in the preceding example is quite limited and will clearly
prohibit many inteesting types of derived data. An interesting research question will be to
determine what type of language should be used to express derived data.
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In the beginning of our discussion, we assumed that we knew the name of the file we were
looking for. In g@aeral, this may not be the case. In such situations, we would rely on-a meta
data catalog to map the properties of interest into the appropriate file names. For example, the
following MDC might be defined for physical data:100-110:

MDC | StartTime StopTime Channel Instrument File Name
100 110 C LA C-100110

LA

Likewise,the DMDCwould map attributes into virtual data file names.
DMDC | StartTime StopTime Channel Derived Data Id
%start %stop %channel i40, i57

LA

Note: It is possible that a desiredalaan be constructed in more than one \Wway.example we
can concatenate smaller time intervals of channel C or extract tHeLQ06terval from a longer
time interval of C.

The final catalog defined in our architecture, titamsformation catalogis utsed to map program
names into specific executables. For example:

TC Program Executable Name | Version | Repository Cost

NN

extractchannel| extract.exe 1.0b cvs://code.griphyn.org | O(fileSize)

SANA

The schemaescribecdereis very similar to what has evolved owke past 2 years within LIGO.
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